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Short communication

SHORT COMMUNICATION
Novel one-pot processfor the synthesis of ethyl 2-imino-4-
-methyl-2,3-dihydr othiazole-5-car boxylates

HAMID BEYZAEI*, REZA ARYAN and HADI MOGHADAS
Department of Chemistry, Faculty of Science, University of Zabol, Zabol 9861335856, Iran
(Received 21 October, revised 13 December, accepted 17 December 2014)

Abstract: A facile one-pot, two-step process for the synthesis of ethyl 2-imino-
-4-methyl-2,3-dihydrothiazole-5-carboxylates via the cyclocondensation of
ethyl 3-oxo-2-thiocyanatobutanoate with a variety of hydrazine and hydrazide
derivatives was developed. Ethyl 3-oxo-2-thiocyanatobutanoate itself was syn-
thesized as an intermediate from the reaction of ethyl 2-chloroacetoacetate with
potassium thiocyanate (KSCN). The molecular structures of these newly syn-
thesized compounds were elucidated based on elemental analysis and spectral
data.

Keywords. three-component reaction; thiocyanation; thiazole derivatives; cyc-
locondensation; hydrazines; hydrazides.

INTRODUCTION

Thiazoles are of eminent importance because of their potential as bioactive
compounds!2 and versatile building blocks for natural products and pharma-
ceuticals.34 Thiazole heterocycles are important subunits in many complex nat-
ural compounds and drugs, e.g., vitamin B1, epothilones, thiostrepton, nizatidine
(ulcer therapeutic), ritonavir (a potent inhibitor of HIV protease, Fig. 1) and
thiamine pyrophosphate (TPP, a coenzyme that is part of the Krebs cycle in the
process of cellular respiration).36 A tetrahydrothiazole also appears in the
skeleton of penicillin, which is one of the first and most important broad spec-
trum antibiotics. Thiazole derivatives display a wide range of biological acti-
vities, such as cardiotonic, fungicidal, sedative, anesthetic, bactericidal and anti-
-inflammatory.”12 Furthermore, there are many other applications of thiazole
derivatives, for examplein liquid crystals or cosmetics (sunscreens).13.14

The synthesis of thiazole derivativesisimportant because of their wide range
of pharmaceutical and biological properties. Many methods have been developed

* Corresponding author. E-mail: hbeyzael @yahoo.com
doi: 10.2298/JSC141021124B
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454 BEYZAEI, ARYAN and MOGHADAS

for the construction of thiazole ring systems. One classical and widely used
method is the condensation of a-haloketones with thioamide derivatives, which is
known as the Hantzsch reaction.15-17 Another efficient method is the intro-
duction of substituents onto a thiazole core structure through Stille coupling,
which involves the use of organostannane intermediates.18 In recent years, a new
and fregquently encountered method for thiazole synthesis is the conversion of
thiazoline derivatives through the use of dehydrogenating reagents, such as sul-
fur, KMnQyg, Cu(l)/Cu(l1)/peroxide oxidation, MnO,, NaH/DBU, etc.19-26

N~ I S
H

N—
Nizatidine
S o Ph oH N
NA ALt o M
= NN N s
Il : s |\ Il
(6] PN oh O
Ritonavir

Fig. 1. Thiazoles as part of some natural compounds and drugs.

These findings prompted the present synthesis of new ethyl 2-imino-4-
-methyl-2,3-dihydrothiazole-5-carboxylates. These synthesized compounds were
characterized by NMR and IR spectral data, and elemental analysis data.

EXPERIMENTAL

All chemicals and solvents were purchased from Merck and TCI Chemica Companies
and were used without purification. All yields refer to isolated products and are expressed in
%. Melting points were recorded on a Kruss type KSPIN melting point meter and are
uncorrected. The IR spectra of the products in the range 400-4,000 cm! were recorded on a
Bruker Tensor-27 FT-IR spectrometer and only noteworthy absorptions are listed. The 1H-
and 13C-NMR spectra of DMSO-dg solutions were recorded on a Bruker FT-NMR Ultra
Shield-400 spectrometer with residual protons of the solvent as interna standard (2.50 ppm
for IH and 39.48 ppm for 13C). Elemental analyses were performed for C, H, N and S on a
Thermo Finnigan Flash EA microanalyzer. Monitoring of the progress of the reactions and the
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SYNTHESIS OF SUBSTITUTED 2,3-DIHY DROTHIAZOLE-5-CARBOXYLATES 455

purity of the products were affected by TLC on aufoil plates pre-coated with silica gel (60,
Merck); the eluent was CHCI3:CH30H, 9:1 and visualization was with |, vapor.

Physical, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material to this paper.

General procedure for the synthesis of ethyl 2-imino-4-methyl-2,3-dihydrothiazole-5-
carboxylates (4a—f)

A suspension of ethyl 2-chloroacetoacetate (1, 1.65 g, 10 mmol) and potassium thio-
cyanate (KSCN) (0.97 g, 10 mmol) in acetonitrile (10 mL) was stirred at room temperature for
2 h. Then, hydrazine or hydrazide derivatives 3a—f were added dropwise to the reaction
mixture and the mixture was stirred for a further 1 h at the same temperature before it was
heated under reflux for 2.5-5 h (2.5 h for 4a and b; 4 h for 4c and 5h for 4d—f). The reaction
mixture was cooled to room temperature, the precipitate was filtered off, and washed with
water (10 mL) and ethanol (10 mL), dried in air, and recrystallized from methanol, to give the
pure products 4a—f aswhite, yellow or red crystals.

RESULTS AND DISCUSSION
Ethyl 2-imino-4-methyl-2,3-dihydrothiazole-5-carboxylates 4a—f were pre-
pared in a simple and facile one-pot, two-step procedure. First, ethyl 2-chloro-
acetoacetate (1) was reacted with potassium thiocyanate (KSCN) in acetonitrile
as a solvent at room temperature for 2 h to give ethyl 3-oxo-2-thiocyanatobuta-
noate (2) as an intermediate. Then, treatment of this compound with various hyd-
razine or hydrazide derivatives (3a—f) under reflux for 2.5-5 h gave new thia-
zoles 4a—f in 48-83 % yields after recrystallization from methanol (Scheme 1).

The structures of all products are presented in Tablel.

Q@ 0 R—NHNH, S N
3a-f Q N R
EtOMth * KSCN 5 CTLON, 1, 2n / /l\
Cl i) reflux, 2.5-5 h EtO S NH
1 4a-f

R= H, C(,HS; 2,4-[N02]2-C6H3; CGHSCO, 4'OH'C6H4CO, CH}CO
Scheme 1. Total synthesis of thiazole derivatives 4a—f.

A plausible mechanism is depicted in Scheme 2 for the formation of these
compounds. As shown, first, ethyl 3-oxo-2-thiocyanatobutanoate (2) as an inter-
mediate was probably produced from the substitution reaction between ethyl
2-chloroacetoacetate (1) and potassium thiocyanate (KSCN). Then, condensation
of compound 2 with hydrazine and hydrazide derivatives 3a—f generated inter-
mediates 3'a—f or 3"a—f. Finaly, ethyl 2-imino-4-methyl-2,3-dihydrothiazole-5-
-carboxylates 4a—f were afforded from intramolecular addition reactions of inter-
mediates 3"a—f by attack of the NH group to the carbon atom of the C=N bond.
Note that in this multistep synthesis, none of the likely key intermediates was
isolated.
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456 BEYZAEI, ARYAN and MOGHADAS

TABLE |. Synthesis of thiazole derivatives 4a—f

No. Product R Reagent 3a—f Yield,% M.p,°C
4da H;C H Hydrazine 50 285-286
o _NH,
/ /L
EtO S NH
4b H;C H CeHs Phenylhydrazine 55 280281
OMN/N\Q (Decomp.)
EtO S/KNH
4c ON 2,4-[NO5],-CgH3  2,4-Dinitrophe- 83 218-219
H;C H .
o w N nylhydrazine (Decomp.)
/ N
EtO S/I\NH N2
4d CeHsCO Benzhydrazide 68 200201
H;C H
N
o} ) N
0
EtO S/KNH
de OH 4-OH-CgH4CO  4-Hydroxybenz- 48 185-186
hydrazide
H;C H
N
O>—_2\ s
/ N
(6]
EtO S/]\NH
Af H,C H CH5CO Acetohydrazide 60 179-180

hasl

The structural assignments of compounds 4a—f were based on their anal-
ytical and spectral data. The 1H-NMR spectra of compounds 4a—f showed triplet
and quartet signals due to methyl and methylene protons included in the ethoxy
group within ¢ 1.23-1.30 and 4.15-4.27 ppm (J = 7.1 Hz), signals due to the
methyl and -NH- groups of the thiazole ring within 6 1.91-2.55 and 10.02-11.44

o}

Q Q " R—NHNH,
EtO CH, EtO CH " ho

Cl SCN

1 2
H;C
0 CH; (@] CH3 3 H
- 0 A~g
. N

EIOJ\KKNNHR‘_ EtO NHNHR — //K

S A) EtO S NH

3ag SCN C 4af
SN

3"af N

Scheme 2. The proposed mechanism of formation of products 4a—.
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ppm, respectively, and signals within ¢ 7.81-11.00 ppm belonging to the -NNH-
groups of compounds 4b—f. The 13C-NMR spectra of the products exhibited
signals within ¢ 14.00-14.44, 59.67-62.81 and 162.44-169.91 ppm attributed to
methyl, methylene and carbonyl carbons, respectively, included in the —COoEt
group, signals within ¢ 11.31-22.41, 106.08-107.95, 161.35-163.03 and 157.06—
—161.58 ppm, attributed to the -C=CCH3, -C=CCH3, -C=CCH3 and —-C=NH
carbons, respectively, signals within ¢ 165.11-167.73 ppm belonging to the car-
bonyl carbons adjacent to the -NH- groups of compounds 4d—f. The FT-IR spec-
tra of 4a—f in KBr disks showed absorption bands within v 3305-3467 cm1
corresponding to -NH- groups, 1647-1715 cm2 belonging to carbonyl groups,
1601-1666 cm— belonging to imine groups and 1406-1611 cm1 attributed to
the —C=C- bonds. All this evidence plus microanalytical data strongly supports
the formation of al products.

CONCLUSIONS

In summary, several new ethyl 2-imino-4-methyl-2,3-dihydrothiazole-5-car-
boxylates were synthesized in a one-pot, two-step process from the cyclo-
condensation of ethyl 3-oxo-2-thiocyanatobutanoate as an intermediate with
various hydrazines and hydrazides, which constitute potential precursors for the
synthesis of various biological and pharmaceutical compounds.

SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data of the synthesized compounds are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgments. The authors would like to thank Mrs. Marzieh Akbari for recording
the NMR spectra.
H3BO[J

HOB ITIOCTYITAK CUHTE3E ETHUJI-2-UMHUHO-4-METHJI-2,3-JUXUIPOTHUA30JI-5-
-KAPBOKCHJIATA 'Y JETHOM PEAKIIMOHOM KOPAKY

HAMID BEYZAEI, REZA ARYAN u HADI MOGHADAS
Department of Chemistry, Faculty of Science, University of Zabol, Zabol 9861335856, Iran

Pa3BuUjeH je HOB MOCTyNaK CHHTE3€ €TH/I-2-UMHUHO-4-METUNI-2,3-TUXULPOTHA30II-5-Kap-
dokcunara, y jefTHOM peaklMOHOM KOpaKy LIMKIOKOHZIEH3aluje eTHI-3-0KCo-2-THOLMjaHaTo-
OyTaHOaTa M XWUOpasWHAa WIM XUAPA3WHCKUX JepuBaTa. [1071a3HO jeOumeme eTHII-3-0KCOo-2-
-TUOLIMjaHAaTODYyTaHOAT CHUHTETHCAH je M3 eTWI-2-Xjopalerata M KajdHjyM-THOLHjaHaTa
(KSCN). Crpyktypa nodujeHuX jenumemna ofpeleHa je Ha OCHOBY pe3ysiTaTa CIeKTPOCKOIICKe
U eJIEMEHTAJIHE aHaJIU3e.

(ITpumsbeHo 21. oxtodpa, peBunupano 13. neuemdpa, mpuxsaheno 17. neuemdpa 2014)
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SUPPLEMENTARY MATERIAL TO
Novel one-pot processfor the synthesis of ethyl 2-imino-4-
-methyl-2,3-dihydr othiazole-5-car boxylates

HAMID BEYZAEI*, REZA ARYAN and HADI MOGHADAS
Department of Chemistry, Faculty of Science, University of Zabol, Zabol 9861335856, Iran
J. Serb. Chem. Soc. 80 (4) (2015) 453-458

PHYSICAL, ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED
COMPOUNDS

Ethyl  3-amino-2-imino-4-methyl-2,3-dihydr othiazole-5-carboxylate  (4a).
Yield: 50 %; white crystals; m.p.: 285-286 °C; Anal. Calcd. for C;H11N305S: C,
41.78; H, 5.51; N, 20.88; S, 15.93 %. Found: C, 41.82; H, 5.56; N, 20.86, S,
15.85 %; IR (KBr, cm1): 1585 (C=C stretching of thiazole ring), 1623 (C=N
stretching of imine group), 1693 (C=0 stretching of COoEt group), 3467, 3434
(NH stretching of imine and primary amine groups); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 1.24 (3H, t, J = 7.1 Hz, CH3), 2.07 (3H, s, =CCH3), 4.16
(2H, q, J=7.1 Hz, OCHy), 7.91 (2H, s, NH», D20 exchangeable), 10.16 (1H, s,
NH, DO exchangeable); 133C-NMR (100 MHz, DMSO-dg, ¢ / ppm): 169.91
(C=0), 161.32 (=CCHg3y), 159.99 (C=NH), 106.65 (C=CCH3y), 59.73 (OCHy>),
19.91 (C=CCHy3), 14.44 (CH2CH3j).

Ethyl 2-imino-4-methyl-3-(phenylamino)-2,3-dihydrothiazol e-5-carboxylate
(4b). Yield: 55 %; white crystals, Decomp. 280281 °C; Ana. Calcd. for
C13H15N302S: C, 56.30; H, 5.45; N, 15.15; S, 11.56 %. Found: C, 56.24; H,
5.52; N, 15.18, S, 11.48 %; IR (KBr, cm1): 1406, 1545 (C=C stretching of
aromatic ring), 1611 (C=C- stretching of thiazole ring), 1666 (C=N stretching of
imine group), 1709 (C=0 stretching of CO>Et group), 3349 (NH stretching of
imine and secondary amine); H-NMR (400 MHz, DMSO-dg, ¢ / ppm): 1.30
(3H, t, J= 7.1 Hz, CH3), 2.09 (3H, s, =CCH3), 4.27 (2H, q, J = 7.1 Hz, OCH>),
7.43, 7.72 (3H, m, 2H, d, J = 10.1 Hz, aromatic), 7.81 (1H, s, NHPh, D,O
exchangeable), 10.06 (1H, s, C=NH, D,0 exchangeable); 13C-NMR (100 MHz,
DMSO-dg, J / ppm): 162.44 (C=0), 161.44 (=CCHg), 157.06 (C=NH), 145.85,
130.72, 123.05, 115.79 (aromatic), 106.93 (C=CCHg), 60.96 (OCHy), 17.31
(=CCHg3), 14.13 (CH2CH3).

* Corresponding author. E-mail: hbeyzael @yahoo.com
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Ethyl 3-((2,4-dinitrophenyl)amino)-2-imino-4-methyl-2,3-dihydr othiazol e-5-
carboxylate (4c). Yield: 83 %; red crystals, Decomp. 218-219 °C; Anal. Calcd.
for C13H13Ns506S: C, 42.51; H, 3.57; N, 19.07; S, 8.73 %. Found: C, 42.55; H,
3.53; N, 19.14, S, 8.67 %; IR (KBr, cm1): 1338, 1427 (N-O stretching of NO»
group), 1498, 1594 (C=C stretching of aromatic and thiazole rings), 1613 (C=N
stretching of imine group), 1715 (C=0 stretching of CO2Et group), 3089, 3305
(NH stretching of imine and secondary amine); 1H-NMR (400 MHz, DM SO-dg,
o/ ppm): 1.26 (3H, t, J=7.1Hz, CH3), 2.55(3H, s,=CCH3), 4.26 (2H,q,J=7.1
Hz, OCH>), 8.30, 8.33,9.03 (1H, d, J=2.6 Hz, 1H,d, J=2.6 Hz, 1H,d, J=9.3
Hz, aromatic), 8.95 (1H, s, NHPh, DO exchangeable), 11.44 (1H, s, C=NH,
D,0 exchangeable); 13C-NMR (100 MHz, DMSO-dg, J / ppm): 168.65 (C=0),
161.83 (C=CCHg), 159.11 (C=NH), 148.99, 143.07, 138.47, 130.25, 122.79,
116.27 (aromatic), 107.95 (C=CCHgy), 62.81 (OCHy), 14.00 (CH2CH3), 11.31
(=CCHy).

Ethyl 3-benzamido-2-imino-4-methyl-2,3-dihydr othiazol e-5-carboxyl ate
(4d). Yield: 68 9%; white crystals, m.p.: 200201 °C; Ana. Cacd. for
C14H15N303S: C, 55.07; H, 4.95; N, 13.76; S, 10.50 %. Found: C, 55.00; H,
5.01; N, 13.79, S, 10.45 %; IR (KBr, cnrL): 1463, 1509 (C=C stretching of
aromatic and thiazole rings), 1601 (C=N stretching of imine group), 1647 (C=0
stretching of CONH group), 1669 (C=0 stretching of CO>Et group), 3442 (NH
stretching of imine and amide); 1H-NMR (400 MHz, DMSO-dg, J / ppm): 1.23
(3H, t, J=7.0 Hz, CH3), 2.12 (3H, s, =CCH3), 4.15 (2H, q, J = 7.0 Hz, OCHJ>),
7.53-7.98 (5H, m, aromatic), 10.72 (1H, s, C=NH, D,O exchangeable), 11.00
(1H, s, CONH, D,0 exchangeable); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm):
168.47 (COoEt), 165.11 (CONH), 161.35 (=CCHa), 159.72 (C=NH), 132.14,
131.92, 128,53, 127.60 (aromatic), 106.08 (C=CCHg), 59.67 (OCH,), 16.96
(=CCHg3y), 14.44 (CH2CH3).

Ethyl 3-(4-hydroxybenzamido)-2-imino-4-methyl-2,3-dihydr othiazole-5-car -
boxylate (4€). Yield: 48 %; yellow crystals, m.p.: 185-186 °C; Anal. Calcd. for
C14H15N304S: C, 52.33 %; H, 4.71; N, 13.08; S, 9.98 %. Found: C, 52.39; H,
4.66; N, 13.15, S, 9.90 %; IR (KBr, cmrl): 1472, 1506 (C=C- stretching of
aromatic and thiazole rings), 1609 (C=N stretching of imine group), 1674 (C=0
stretching of CONH group), 1702 (C=0 stretching of CO>Et group), 3419 (NH
stretching of imine and amide); 1H-NMR (400 MHz, DMSO-dg, ¢ / ppm): 1.24
(3H, t, J=7.0 Hz, CH3), 2.16 (3H, s, =CCH3), 4.17 (2H, q, J = 7.0 Hz, OCH>),
6.93, 7.80 (2H, d, J=8.2 Hz, 2H, d, J = 8.2 Hz, aromatic), 8.15 (1H, s, OH, D,O
exchangeable), 10.13 (1H, s, C=NH, D,0O exchangeable), 10.59 (1H, s, CONH,
D,0 exchangeable); 133C-NMR (100 MHz, DMSO-dg, 6 / ppm): 169.85 (CO5EY),
167.73 (CONH), 163.03 (=CCH3g), 161.58 (C=NH), 159.73, 132.32, 129.41,
114.93 (aromatic), 106.63 (C=CCH3j), 60.40 (OCHy), 22.41 (=CCH3j), 14.35
(CHoCHg).
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Ethyl 3-acetamido-2-imino-4-methyl-2,3-dihydrothiazole-5-carboxylate (4f).
Yield: 60 %; white crystals; m.p.: 179-180 °C; Anal. Calcd. for CgH13N303S: C,
44.43; H, 5.39; N, 17.27; S, 13.18 %. Found: C, 44.39; H, 5.37; N, 17.33, S,
13.14 %; IR (KBr, cmr1): 1590 (C=C stretching of aromatic and thiazole rings),
1616 (C=N stretching of imine group), 1673 (C=0 stretching of CONH group),
1703 (C=0 stretching of CO»Et group), 3253, 3382 (NH stretching of imine and
amide); IH-NMR (400 MHz, DMSO-dg, § / ppm): 1.23 (3H, t, J = 7.1 Hz, CH3),
1.91 (3H, s, =CCH3), 2.43 (3H, s, COCH3), 4.16 (2H, g, J = 7.1 Hz, OCH)),
10.02 (1H, s, C=NH, D0 exchangeable), 10.39 (1H, s, CONH, D>0 exchange-
able); 13C-NMR (100 MHz, DMSO-dg, 6 / ppm): 168.99 (CO.Et), 167.72
(CONH), 161.79 (=CCH3), 161.49 (C=NH), 106.86 (C=CCH3;), 60.03 (OCH>),
20.45 (=CCH3j), 17.29 (COCH3j), 14.24 (CH>CH3).
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Abstract: A microwave-assisted three-component reaction was established for
the synthesis of aryl akyl ethers. The reaction was performed under solvent-
-free conditions in the presence of N-methylimidazole and dialkyl acetylene-
dicarboxylate to furnish a novel approach to O-alkylation of phenol derivatives
in high yield.

Keywords. microwave-assisted; three-component reaction; N-methylimidazole;
O-alkylation; dialkyl acetylenedicarboxylate.

INTRODUCTION

Aryl ethers are used as raw materials for the manufacture of a variety of
durable surface coatings, paints, varnishes, printing inks, wire enamels, surface-
active agents, rubber chemicals, antioxidants, fungicides, heat carriers, foaming
agents, synthetic resins and perfumes.1# These compounds can be prepared by
different approaches.

It was found that alkylation of phenol could be performed with homogenous
catalytic systems, such as imidazolium salts ionic liquids,® use of bases such as
NaOH and K>COg3 in the presence of dimethyl sulfate (DMSA) catalyzed by
solid base zeolites,® Cs-loaded zeolites,” dimethyl carbonate under solid/liquid
phase transfer systems® and KNOg/NaY.® Though high catalytic performances
were achieved in homogenous systems, the drawbacks were poor catalyst rec-
overy and product separation. Hence, some heterogeneous catalysts for the sel-
ective synthesis of aryl alkyl ether were investigated.10 Basic zeolites, alumina or
alumina-silica were usually used as catalysts for the vapor phase alkylation of

* Corresponding author. E-mail: jahanbani.ho@gmail.com
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phenol,11 but considerable amounts of by-products (C-alkylation) were always
present.

Thus, the development of an efficient, safe, and environmentaly friendly
method for O-alkylation constitutes an important challenge; moreover, synthesis
without solvents under microwave irradiation offers several advantages. The
absence of solvent may reduce the risk of hazardous explosions when the reac-
tion occurs in a closed vessel in an oven.12.13 The addition of phenol derivatives
to tert-butyl propiolate in the presence of triphenylphosphine, which led to akyl
aryloxypropenoates, in CH,Cl, at room temperature was previously described.3
In connection with ongoing work on the development of new synthetic methods
to heterocyclic compounds using phenol derivatives,14.15 herein, a method to
redize O-akylation of some OH acids by nucleophilic substitution reactions
(Scheme 1) is reported.

CO,R
Ar—OH + / I\\] MW, Solvent free
! * VY ——— A—or
N 100 °C, 4-7 min
1 |
Me 4
CO,R 3
2
1 Ar 2| R 4 Ar R Yield %
a | 4-hydroxycoumarin a| Me 47C | 4-hydroxycoumarin Me 95
b | 7-hydroxycoumarin b| Et b | 4-hydroxycoumarin Et 90
¢ | 4-hydroxyquinoline ¢ | 'Bu d=f | 7-hydroxycoumarin ~ Me 98
d | 6-hydroxyquinoline e | 7-hydroxycoumarin Et 95
e | 8-hydroxyquinoline g | 4-hydroxyquinoline ~ Me 85
f | 2-naphthol h [6-hydroxyquinoline Me 85
i=j | 8-hydroxyquinoline Me 95
k | 2-naphthol Me 90

Scheme 1. Typical procedure for the preparation of compounds 4a—k.

RESULTS AND DISCUSSION

Our studies were initiated by the reaction of 4-hydroxycoumarin (1a) with
dimethyl acetylenedicarboxylate (DMAD) (2a) or diethyl acetylenedicarboxylate
(DEAD) (2b) in the presence of N-methylimidazole (3) without solvent under
microwave irradiation (green chemistry), which afforded the 4-alkoxy coumarins
4a and b, respectively, in high yields after 4—7 min.

Surprisingly, when this reaction was performed with di-tert-butyl acetylene-
dicarboxylate (DTAD, 2c), TLC and the IH-NMR spectrum of the product
showed that the obtained product was 4-methoxycoumarin (4a). Then the sub-
strate scope of this reaction was investigated by using hydroxyquinoline deri-
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vatives and naphthols under the same conditions. As expected, using DMAD and
DEAD, the products were methoxy and ethoxy derivatives, respectively. When
the reaction occurred with DTAD, the isolated products were methoxy deri-
vatives. The structures, yields and melting points of the products are summarized
inTablel.

TABLE I. O-Alkylation of hydroxycoumarins, hydroxyquinolines and 2-naphthol

Entry Ar R Product Time, min  Yield, %
1 4-Hydroxycoumarin Me OMe 6 95

2 4-Hydroxycoumarin Et Ot 7 90
Cﬁj\
\
(e) (0]

3 4-Hydroxycoumarin t-Bu @%’\“i 5 80
S
[e] o

4 7-Hydroxycoumarin Me m 4 98
M O o
5 7-Hydroxycoumarin Et m 4 95
(e] @]

6 7-Hydroxycoumarin t-Bu m 5 70
M (©]

7 4-Hydroxyquinoline Me OMe 7 85

8 6-Hydroxyquinoline Me Meom 6 85
=
N

/
(@]

9 8-Hydroxyquinoline Me X 7 95
o
N
OMe
10 8-Hydroxyquinoline t-Bu X 7 85
X
N
OMe

11 2-Naphthol Me OO OMe 7 90

To illustrate the role of N-methylimidazole (3), the reaction of 2-naphthol
with DMAD was studied in the absence of N-methylimidazole. The formation of

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



462 DJAHANIANI, AGHADADASHI-ABHARI and MOHTAT

the O-methylated product was not observed in the absence of N-methylimidazole.
The TLC and 1H-NMR spectra of the reaction mixture confirmed only 2-naph-
thol.

It is reasonable to assume that the products 4a, b, d, e, g- and k result from
initial addition of N-methylimidazole to the dialkyl acetylenedicarboxylates 2a
and b and subsequent protonation of the zwitterions 5 by OH acids.16 Then the
reactions proceed via a protonated intermediate that activates the electrophile for
attack by the conjugate base of phenol onto the carbon atom group of the acetyl-
enic ester, which provides the stable products (Scheme 2). The fact that DMAD
and DEAD reacted showed that the displacement step could have Sy2 char-
acter.1/

RO.C COR

N It{‘ -

B RO,C—=-COR —| [ 3 _Ar-OH
N N

Me Me

5
0

R02C7>\—<O\-RA_\

/ﬂw H -
[y A0 roc——-n

) -3,C0O,
Me

Scheme 2. A possible mechanism for the preparation of 4a, b, d, e, g+ and k.

Formation of the product 4c, 4f and 4j using DTAD suggests that steric
effects are important and hence, the conjugate base of phenol attacks into the
methyl group of N-methylimidazole instead of the akyl group of the acetylenic
ester, which again suggests that the displacement step could have Sy2 character
(Scheme 3).

Bu'0,C,_ CO,Bu
N O
[) + BU'0,C—==—C0,'Bu [‘ /\ I
N N _OH
Me Me Ar
5 \/

Bu'0,C CO,'Bu
N
s L)
N

Scheme 3. A possible mechanism for reactions of DTAD.
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EXPERIMENTAL

Microwave irradiation was performed with a Milestone ETHOS 1600 microwave oven.
The chemicals were purchased from Fluka and used without further purification. The melting
points were measured on an Electrothermal 9100 apparatus. The IR spectra were recorded on
a Shimadzu IR-460 spectrometer. The 1H- and 13C-NMR spectra were obtained on a Bruker
Avance DRX-400 spectrometer using CDCl; as the applied solvent and TMS as an internal
standard.

Physical, analytical and spectral data for the compounds 4a—k are given in the Sup-
plementary material to this paper.

Typical procedure for the synthesis of alkoxycoumarin (4)

In a 10-mL reaction via, a mixture of N-methylimidazole (3, 0.26 g, 2.0 mmol) and
dimethyl acetylenedicarboxylate (2a, 0.24 mL, 2.0 mmol) under solvent-free condition was
stirred for 1 min. Subsequently, 4-hydroxycoumarin (1a, 0.32 g, 2.0 mmol) was added to the
reaction mixture, and the reaction vial was capped and pre-stirred for 20 s. The mixture was
subjected to microwave irradiation at a power of 600 W for 6 min at 100 °C. Upon com-
pletion, monitored by TLC, the reaction mixture was cooled to room temperature. The result-
ing precipitate was separated by filtration and recrystallized from diethyl ether (Et,0O) to
afford the pure compound 4a.

CONCLUSIONS

In the present investigation, a simple and economical one-step procedure for
ethers of coumarin, quinoline and naphthol under microwave irradiation was
developed. This method offers marked improvements concerning high isolated
yields of the products, avoidance of hazardous organic solvents and toxic cat-
alysts and a simple protocol of the alkylation of different phenols.

SUPPLEMENTARY MATERIAL

Physical, analytical and spectral data for the compounds 4a—k are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOJ

CHUHTE3A AJIKUJI-APUJI-ETAPA Y [TPUCYCTBY N-METWIMMHJIA3O0JIA 110
YTUIAJEM MUKPOTAJIACA 1Y OOCYCTBY PACTBAPAYA
HOORIEH DJAHANIANT', LAILA AGHADADASHI-ABHARI” u BITA MOHTAT®

1 Chemistry Department, Islamic Azad University, East Tehran Branch, Tehran, Iran, ZChemistry
Department, East Tehran Branch, Payame Noor University, Tehran, Iran u 3Chemistry Department,
Islamic Azad University, Karaj Branch, Karaj, Iran

Pa3ByjeH je mocrynak 3a TPOKOMIIOHEHTHY peakiujy 3a CHHTe3y apuil-aJKWi-eTapa oL
yTHLIajeM MHUKpoTanaca. Peakuuje cy BplleHe y IPHUCYCTBY N-METWIMMHAA307Ia M JUATIKHI
aneTwieHAuKapdokcunaTta 6e3 pactBapada. OBUM IOCTYIIKOM je ocTBapeHa CHHTe3a O-alku-
J0BaHUX (peHOMA Y BUCOKOM IIPUHOCY.

(ITpumibeHo 23. nenemdpa 2013, peunupano ¥ npuxsaheHo 16. mapra 2014)
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microwave irradiation and solvent free conditions
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PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE COMPOUNDS 4a—k

4-Methoxy-2H-chromen-2-one  (4-methoxycoumarin, 4a). [20280-81-3]
Yield: 0.33 g (95 %); pae yellow crystals; m.p.: 121-123 °C [lit.: 123-125 °CY];
IR (KBr, cm1): 1705 (—C=0 stretching of -COOR group), 1238 and 1030 (-C-O
stretching of —C—O group); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 4.02 (3H, s,
CHg), 5.72 (1H, s, vinyl), 7.28-7.35 (2H, m, aromatic), 7.57 (1H, dt, J = 7.2 Hz,
J = 1.6 Hz, aromatic), 7.84 (1H, dd, J =6.4 Hz, J =1.6 Hz, aromatic); 13C-NMR
(100.6 MHz, CDCl3, ¢ / ppm): 56.4 (OCH3), 90.1 (CH=), 115.6 (CH=), 116.8
(CH=), 123.0 (CH=), 123.9 (CH=), 132.4 (C), 153.3 (C-0), 162.9 (C=0), 166.5
(C-0).

4-Ethoxy-2H-chromen-2-one (4-ethoxycoumarin, 4b). Yield: 0.34 g (90 %);
yellow crystals; m.p.: 135-137 °C; IR (KBr, cm1): 1721 (-C=0 stretching of
—COOR group), 1238 and 1027 (-C-O stretching of —C-O group); 1H-NMR
(400 MHz, CDCl3, o / ppm): 1.57 (3H, t, J = 7.2 Hz, CH3), 423 (2H, q, J= 7.2
Hz, OCHy), 5.69 (1H, s, vinyl), 7.29-7.35 (2H, m, aromatic), 7.57 (1H, dt, J =
=7.2Hz, J=1.6 Hz, aromatic), 7.86 (1H, dd, J = 6.4 Hz, J = 1.6 Hz, aromatic);
13C-NMR (100.6 MHz, CDCl3, § / ppm): 14.1 (CH3), 65.2 (OCHy), 90.4 (CH=),
115.8 (CH=), 116.9 (CH=), 123.1 (CH=), 123.8 (CH=), 132.3 (C), 153.4 (C-0),
163.1 (C = 0), 165.7 (C-O).

7-Methoxy-2H-chromen-2-one (7-methoxycoumarin,4d). [531-59-9] Yield:
0.34 g (98 %), pale yellow crystals; m.p.: 119-121 [lit. 117-121 °C1]; IR (KB,
cm1): 1702 (-C=0 stretching of —COOR group), 1230 (-C-O stretching of -C-O
group); H-NMR (400 MHz, CDCl3, 6 / ppm): 3.91 (3H, s, OCH3), 6.29 (1H, d,
J = 9.5 Hz, aromatic), 6.85-6.89 (1H, m, aromatic), 7.40 (1H, d, J = 8.5 Hz,
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aromatic), 7.67 (1H, d, J = 9.5 Hz, aromatic); 133C-NMR (100.6 MHz, CDCl3,
o | ppm): 55.8 (OCH3), 101.0 (CH=), 112.6 (C), 112.7 (CH=), 113.2 (CH=),
128.8 (CH=), 143.8 (CH=), 156.0 (C-0), 161.3 (C=0), 163.0 (C-0O).

7-Ethoxy-2H-chromen-2-one (7-ethoxycoumarin, 4e). [31005-02-4] Yield:
0.36 g (95 %); golden yellow crystals; m.p.: 84-86 °C [lit. 89-90 °C1]. IR (KBr,
cmrl): 1734 (—C=0 stretching of -COOR group), 1231 and 1044 (-C-O,
stretching of —C-O group); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 1.46 (3H, t,
J = 6.8 Hz, CH3y), 4.08 (2H, q, J = 6.8 Hz, OCH>), 6.24 (1H, d, J = 9.2 Hz,
aromatic), 6.79-6.85 (2H, m, aromatic), 7.37 (1H, d, J = 8.8 Hz, aromatic), 7.64
(1H, d, J = 9.6 Hz, aromatic); 13C-NMR (100.6 MHz, CDCl3, § / ppm): 14.6
(CH3), 64.2 (OCH»), 101.3 (CH=), 112.4 (C), 112.9 (CH=), 112.9 (CH=), 128.7
(CH=), 143.5 (CH=), 155.9 (C-0), 161.3 (C=0), 162.2 (C-0O).

4-Methoxyquinoline (4g). [607-31-8] Yield: 0.27 g (85 %); dark yellow ail;
IR (KBr, cm1): 1273 and 1073 (-C-O, stretching of -C-O group), 1618-1506
(C=C, stretching of —C=C aromatic group); 1H-NMR (400 MHz, CDCl3, § / ppm):
4.09 (3H, s, OCH3), 6.79 (1H, d, J = 5.6 Hz, aromatic), 7.55 (1H, dt, J = 6.8 Hz,
J=0.8 Hz, aromatic), 7.74 (1H, dd, J = 7.2 Hz, J = 1.6 Hz, aromatic). 8.1 (1H, d,
J = 8.4 Hz, aromatic), 8.24 (1H, dd, J = 8.4 Hz, J = 1.2 Hz, aromatic), 8.80 (1H,
d, J = 5.2 Hz, aromatic); 13C-NMR (100.6 MHz, CDCls, ¢ / ppm): 55.8 (OCH3),
100.1 (CH=), 121.4 (CH=), 121.9 (CH=), 125.9 (CH=), 128.4 (C), 130.1 (CH=),
1485 (C), 151.0 (CN), 162.7 (C-0O).

6-Methoxyquinoline (4h). [5263-87-6] Yield: 0.27 g (85 %); brown oil; m.p.:
[lit. 18-20 °CY]; IR (KBr, cmrl): 1247 and 1037 (-C-O, stretching of -C-O
group), 1600-1500 (C=C, stretching of —C=C aromatic group); 1H-NMR (400
MHz, CDCl3, ¢ / ppm): 3.92 (3H, s, OCH3), 7.12 (1H, d, J = 2.8 Hz, aromatic),
7.41-7.44 (2H, m, aromatic), 8.08-8.15 (2H, m, aromatic), 8.8 (1H, d, J = 3.2 Hz,
aromatic); 13C-NMR (100.6 MHz, CDCl3, 6 / ppm): 55.6 (OCH3), 105.1 (CH=),
121.4 (CH=), 121.7 (CH=), 122.8 (CH=), 129.5 (C), 130.3 (CH=), 135.5 (CH=),
147.3 (C-N), 158.0 (C-O).

8-Methoxyquinoline (4i). [938-33-0] Yield: 0.3 g (95 %); dark brown qil; IR
(KBr, cmrl): 1258 and 1076 (—C-O, stretching of -C-O group), 1600-1500
(C=C, stretching of —C=C aromatic group); 1H-NMR (400 MHz, CDCl3, § / ppm):
4.1 (3H, s, OCHg), 7.04 (1H, d, J = 7.6 Hz, aromatic), 7.30-7.46 (3H, m,
aromatic), 8.11 (1H, dd, J = 8.3 Hz, J = 1.6 Hz, aromatic), 8.92 (1H, dd, J = 4.2
Hz, J = 1.6 Hz, aromatic); 13C-NMR (100.6 MHz, CDCl3, ¢ / ppm): 56.1
(OCHg), 108.0 (CH=), 119.9 (CH=), 122.1 (CH=), 127.1 (C), 129.7 (CH=),
136.4 (CH=), 140.4 (C), 149.5 (N-C), 155.7 (C-O).

2-Methoxynaphthalene (4k). [93-04-9] Yield: 0.28 g (90 %); gray solid;
m.p.. 70-72 °C [lit. 70-73 °Cl]; IR (KBr, cm1): 1256 and 1027 (-C-O,
stretching of —C-O group), 1593-1506 (C=C, stretching of —C=C aromatic
group); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 3.96 (3H, s, OCH3), 7.17 (1H, s,
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aromatic), 7.19 (1H, d, J = 2.4 Hz, aromatic), 7.38-7.47 (2H, m, aromatic), 7.76—
—7.81 (3H, m, aromatic); 13C-NMR (100.6 MHz, CDCl3, ¢ / ppm): 55.3 (OCH3),
105.7 (CH=), 118.7 (CH=), 123.6 (CH=), 126.4 (CH=), 126.7 (CH=), 127.7
(CH=), 129.0 (C), 129.4 (CH=), 134.5 (C), 157.6 (C-O).
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Abstract: The chemical constituents of the essential oils (EOs) obtained from
stem and root of Tephrosia purpurea (L.) Pers. and Ipomoea carnea Jacq. were
investigated by gas chromatography—mass spectrometry (GC-MS). The total
contents of lipid and oil were higher in the stem than in the root of T. purpurea
and |. carnea. The essential oils extracted from the stem and root of T.
purpurea and |. carnea contained 9 and 8 compounds, respectively. Hexa
decanoic acid was found to be the principa constituent of stem (69.61 %) and
root (46.97 %) of T. purpurea and of the stem (70.61 %) and root (88.89 %) of
I. carnea. The findings of the present study suggest that the EOs of T. purpurea
and |. carnea could be a source of hexadecanoic acid that could be used for
industrial purposes. The essential oils of T. purpurea and |. carnea showed
stronger repellent activity for males (—0.73 and —0.70 for T. purpurea and |I.
carnea stem EO, respectively) than for femaes (-0.63 and —-0.59 for T.
purpurea and |. carnea stem EO, respectively) of the banana pseudostem
weevil Odoiporus longicoallis. The results indicated that the active compounds
of essential oils from stems of T. purpurea and |. carnea could be explored as
natural repellents for the control of Odoiporus longicoallis.

Keywords. Tephrosia purpurea; Ipomoea carnea; essential oils, hexadecanoic
acid; repellent activity.

INTRODUCTION

Essential oils are complex mixtures of volatile compounds characterized by
a strong odor, and are utilized in pest control measures. Tephrosia purpurea
(Linn.) Pers (Fabaceae) is a copiously branched, herbaceous, perennial and medi-
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cinaly important plant.1 It possesses antitumor? antiplasmodial3 and anti-dia-
betic*> activities. T. purpurea extracts showed insecticidal activity against
houseflies, mosquitoes, rice weevil and flour beetle Myzus persicae adults, third
instar larvae of Pluttella xylostella’ and adults of Dysdercus cingulatus (Fab.).8
Phytochemical investigations of T. purpurea indicated the presence of terpu-
rinflavone,3 semiglabrin, pongamol, lanceolatins A and B, rutin, lupeol, and
S-sitosterol. Flavonoids including (+)-tephrorin A and B, (+)-tephrosone; 7,4'-
-dihydroxy-3',5'-dimethoxyisoflavone (isoflavone) and a chalcone, (+)-tephro-
purpurin,® tephroglabrin, tepurindiol,10 apollinine, tephropurpulin A1l and iso-
glabratephrinl2 were reported to be present.

Ipomoea carnea Jacg. (Convolvulaceae) is a common weed as well as atoxic
plant found abundantly in India, Brazil, USA, etc.13 Different extracts of I. car-
nea possess antibacterial, antifungal, anti-oxidant, anticancer, anticonvulsant,
immunomodulatory, hepatoprotective, anti-inflammatory, anxiolytic, sedative,
wound healing1#415 and skin disease healing activities.16 This weed also has dep-
ressant,1” HIV type 1 reverse transcriptase inhibitory18 and antidiabetic acti-
vities.19 The toxic principles of this plant include calystegines B2, C1, swain-
sonine?0 2-epi-lentiginosine, calystegines B1, B2, B3, C1, and N-methyl-trans-4-
-hydroxy-L-proline,2! whereas non-toxic principles, such as chitinase, were rec-
orded.1322 Various solvent extracts of Ipomoea carnea had ovicida activity
against the gelechiid Phthorimaea operculella23 and insecticidal activity on Achaea
janata.24

Odoiporus longicoallis (Oliv.) (Insecta: Coleoptera: Curculionidag) or banana
stem weevil (BSW) is one of the most widely spread and serious monophagous
pests of banana. It has been estimated that the BSW causes 10-90 % yield losses
depending on the infestation stage and management efficiency. Control of the
BSW relies heavily on the use of synthetic insecticides, which has led to severad
adverse effects on the environment, induced insect resistance and toxicity to non-
target species.2® Hence, botanical insecticides, such as neem azal,2> azadi-
rachtinZ6 and Gin-Dulaw—Luya?’ (a combination of ginger, turmeric and gin)
were tested for their efficacy against this weevil to develop an alternative control
method that is safe for the environment and highly efficient for the management
of O. longicallis.

The essential oils of these plants, with ovicidal, larvicidal, repellent, deter-
rent, antifeedant and toxic effects against a wide range of insects have the pot-
ential for use in crop protection.28-31 There are no reports on the chemical con-
stituents and repellent properties of T. purpurea and |. carnea essential oils. This
paper presents the first report on the essential oils of these plants and their
chemical composition aswell as repellent activity against O. longicollis adults.
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MATERIALS AND METHODS
Plant materials

Root and stem of T. purpurea and |. carnea were collected from in and around
Palayamkottai (8.7166° N and 77.7333° E). The plant materials were identified by the
Department of Plant Biology and Plant Biotechnology, St. Xavier's College (Autonomous),
Palayamkottai. Voucher specimens were deposited with the Crop Protection Research Centre,
St. Xavier's College, Palayamkottai (herbarium specimen number: CPRC TP-006 and CPRC
TP-007 for T. purpurea and |. carnea respectively). Immediately after collection, the stem and
root portions were separated and air-dried for two weeks under laboratory conditions at 28+2
°C and 60+10 % RH at an 8L:16D photoperiod. The dried materials were partially ground
using a domestic blender (Preethi model 7540; Preethi Kitchen Appliances Pvt. Ltd., Chennai)
and transferred into each of four plastic jars of 1 L capacity, and stored at room temperature
for further studies.

Extraction of essential ail

The essential oils were obtained by steam distillation from the air-dried stem and root
samples (100 g each) of T. purpurea and I. carnea using a Clevenger apparatus for 6 h. The
volatile distillate was collected. The distillate was saturated with sodium chloride solution and
added to 0.5-1.0 mL diethyl ether. Then, the ether layer and aqueous layer were separated and
the organic layer was dried over anhydrous sodium sulfate to remove the moisture and the
ether was distilled off over a water bath maintained at 50 °C. The remainder, i.e., oils, were
dried over anhydrous sodium sulfate, weighed and stored at 5 °C for further analysis.

Gas Chromatography—Mass Spectrometry (GC-MS) analyses

Essential oils of T. purpurea and |I. carnea were subjected to gas chromatography
(Hewlett-Packard gas chromatography model 5890) equipped with megabore column (10
mx0.53 mmi.d., fused silica) packed with OV-1 and a nitrogen phosphorous detector (NPD).
The temperature program used for the analysis was as follows: initia temperature at 80 °C,
held for 2 min, increased to 120 °C at 28 °C min', held isothermal at 120 °C for 1 min,
increase to 200 °C at 58 °C minl, and held isothermal at 200 °C for 2 min; injection
temperature, 220 °C; detector temperature, 250 °C; and nitrogen (1.0 mL min'l) was the
carrier gas. The samples (0.1 % in absolute ethanol) were injected into the GC by split mode
with a split ratio of 1/20. Methy| salicylate was used as an internal standard. The percentages
of the constituents were calculated by electronic integration of FID peak areas without res-
ponse factor correction. GC-M S analyses were performed using JEOL JMS-D300 mass spec-
trophotometer at 70 eV using electron impact ionization with the source at ambient tempera-
ture. The conditions were same as those described above. Injector temperature, 250 °C; split
flow, 50 mL min'L; carrier gas, He (1.0 mL min'1). Diluted sample (1.0 mL, 1:10 in Et,O) was
injected manually. MS: at 70 €V; mass range 35425 amu; ion source temperature, 200 °C;
interface temperature, 250 °C. The chemical constituents were identified based on the
comparison of their mass spectral pattern and retention indices with those obtained from the
Wiley 138.L, NBS 75K.L, and SDBS libraries, as well as those published by Adams.32 The
retention indices (RI) were calcul ated according to the literature.33

Estimation of percentage of essential oil

Five gram coarsely powdered T. purpurea and |. carnea stem and root were extracted
with petroleum ether in a Soxhlet apparatus for about 1 h. The thimble containing unextracted
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portion was taken out, dried and weighed. The percentage of oil present in the material was
calculated.3

Extraction and estimation of total lipids

One gram of partially powdered plant material was mixed with 10 mL mixture of diethyl
ether and ethanol (3:1) in a mortar and centrifuged at 2000 rpm for 10 min. The supernatant
was transferred into a separating funnel and 2 mL of 0.05 M potassium chloride solution
added. The mixture was allowed to stand until two layers separated. The lipids were present in
organic layer. The salt prevented any emulsion formation.34
Insect rearing

O. longicollis adults (Fig. 1) were obtained from a colony maintained in the Crop
Protection Research Centre, St. Xavier's College (Autonomous), Palayamkottai, Tamil Nadu,
India. The insects were reared on fresh banana pseudostem. Cultures were maintained in the
dark at 28+1 °C and 70+5 % relative humidity.

4

Fig. 1. Banana pseudostem weevil Odoiporus longicollis
adult.

Repellent activity bioassay

Bioassays were conducted according to the method of Sahayaraj and Kombiah.3®> A
Whatman number 1 paper strip of 1.5 cmx1.5 cm was selected for the determination of the
repellent activity. A Y-shaped olfactometer3® was used to conduct two-choice bioassays. A
piece of paper soaked in 1 mL of essential oil was placed in the experimental arm, whereas the
control arm contained a piece of paper soaked in the same amount of solvent, diethyl ether
and ethanol in 3:1 ratio (negative control) only. Three one-week old adult male beetles were
introduced into the non-reacting base arm of the olfactometer. The numbers of insects in each
arm were counted after 30, 60, 90, 120, 150 and 180 min. The insects chose either the test
chamber or control chamber or neither. Insects that moved towards the solvent showed
attractant phenomena while those moving towards the EOs showed a repellency effect. If the
insect chose neither of the chambers, then it was considered that the insect made no choice.
The experiment was replicated six times with different insects of the same age group. A
similar protocol was followed for one-week old adult female beetles.

Satistical analysis
The weevils preferred either fresh EOs, solvent or neither. Weevil choosing the EOs was
considered as attractant. If the weevil chose neither of the chambers then it was considered

that weevil made no choice. From the recorded observations, the Access Proportion Index
(API) was calculated using the formula:3®

APl = NS-NC/NS+NC

where NS = number of insects choosing the sample (EO) side and NC = number of insects
choosing the control (solvent) side.
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The approaching behavior of the insect between EOs and solvent was subjected to the 2
test and the significance was expressed at 5 % level using MS-Excel 2007. The same package
was used to analyze the approaching data of male and female beetles.

RESULTS AND DISCUSSION
Total lipid and oil contents

More total lipid (4.8 mL g1 dry weight stem) and content of oil (12.53 mL
g1 dry weight stem) was found in the stem of T. purpurea than in root (4.0 mL
g1 dry weight root and 8.0 % for total lipid and oil, respectively). Similarly, a
higher oil (13.75 % oil) and total lipid content (4.5 mL g~ dry weight stem) was
observed in the stem of . carnea than in the root (4.0 ml g1 dry weight root and
5.75 % of total lipid and ail, respectively). However, |. carnea yielded only 0.15
to 0.2 % of oil by the steam distillation method.36 In general, the total lipid
content as well as biosynthesis of essential oil was higher in the stem than in the
root of flowering plants, depending on the metabolic state and preset develop-
mental differentiation program of the synthesizing tissue.3’

Chemical composition of essential oil

The steam-distillation of T. purpurea and |. carnea stem and root yielded
yellowish and dightly viscous essential oils. The EOs of T. purpurea and I. car-
nea showed distinct unpleasant odors. This might be due to the presence of car-
yophyllene, geraniol, linalool, eugenol,38 linalool, methyl chavicol, 1,8-cineole,
a-pinene, pB-pinene, myrcene, ocimene, terpinolene, camphor, terpinen-4-ol,
a-terpineol, eugenol and sesquiterpenes.39

Inall, 9 and 10 compounds were identified by gas chromatography and mass
spectrometry data in the essential oils of stem and root of T. purpurea and I.
carnea, respectively (Tables | and II). Of these, three volatile compounds were

TABLE |. Chemical constituents of the essential oils from T. purpurea stem and root analyzed
by GC-MS; RT: retention time relative to n-akanes (Cg—C,,4) on an RTX-5 MS column

Plant part Compound name Molecular formula RT/min  Content, %
Stem pB-Caryophyllene oxide CisHyy O 21.69 3.53
Bulnesol C15H26O 22.10 3.30
Tetradecanoic acid Ci4H2505 22.32 248
Caryophyllene oxide Ci5H240 22.69 10.03
Hexadecanoic acid C16H3202 25.62 69.61
Linoleic Acid CigH3,0, 27.29 11.05
Root Isolongifolan-8-al CisHoy 20.45 5.74
Ep| gl obulol C15H 260 20.98 12.66
Azulene C10H8 22.10 10.28
Bulnesol Ci5Ho60 22.85 16.82
Hexadecanoic acid C16H3202 25.63 46.97
Linoleic acid C18H3202 27.29 7.52
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common in both the stem and root of the plants. However, Tephrosia egregia
Sandw. stem oil consisted of 10 volatile compounds.#9 The essential oils mainly
contained hexadecanoic acid with a-pinene, y-terpinene, s-pinene, isoamyl bro-
mide, p-cymene, limonene and geraniol being minor components.

TABLE Il. Chemical constituents of the essential oils from I. carnea stem and root analyzed
by GC-MS; RT: retention time relative to n-alkanes (Cs—Cy4) 0n an RTX-5 MS column

Plant part Compound name Molecular formula RT/min  Content, %
Stem 2-(12-Pentadecynyloxy)tetrahydro- CocHscO, 2382 o84
2H-pyran
1-Octadecanol C1gH30 26.82 3.22
Hexadecanoic acid C16H320, 25.64 70.61
Epiglobulol C15H560 22,52 4.35
Squalene CsoHso 28.16 3.00
1-Octadecanol C1gH350 27.29 15.99
Root 2-Ethyl-1,3-dimethylbenzene CioH14 10.11 152
2-(12 Pentad_e;cgg}l/?;rg/)tetrahydro CooHacOs 2382 170
3-Furanyl[2-hydroxy-4-methyl-2-
-(2-methylpropyl)cyclopentyl]- Ci5H205 24.47 1.68
methanone
2,2-Dideuterooctadecanal C1gH350 24.80 246
Hexadecanoic acid C16H2205 25.64 88.89
Linoleic acid C18H3202 27.28 3.76

To the best of our knowledge, this is the first report regarding the presence
of the chemical constituents in the oils of stem and root of T. purpurea and I.
carnea. Six compounds each were identified in stem and root of T. purpurea.
Hexadecanoic acid was the main compound of the stem (69.61 %) and root
(46.97 %) of T. purpurea. Other common components in the oil of T. purpurea
were linoleic acid, bulnesol and epiglobulol. Similarly, in I. carnea, the fatty acid
(hexadecanoic acid) was found to be the principal and common constituent of the
root (88.89 %) and stem (70.61 %) oils. Other minor chemical components in the
ail of I. carnea were epiglobulol, 1-octadecanol, squalene and 2-(12-pentadecy-
nyloxy)-tetrahydro-2H-pyran in the stem and linoleic acid, 2,2-dideuteroocta-
decanal, 2-(12-pentadecynyloxy)-tetrahydro-2H-pyran, 3-furanyl[2-hydroxy-4-
-methyl-2-(2-methylpropyl)-cyclopentyl]methanone and 2-ethyl-1,3-dimethyl-
benzene in the root. Chemo-profiling of these oils showed differences in the
composition among the studied species athough volatile constituents were pre-
viously reported in other species of the Tephrosia genus.40:41 Caryophyllene
oxide was the major component (63.9 %) of leaves of T. cinerea Pers,41 whereas
the major components of the stem oil of T. egregia Sandw. were geijerene and
pregeijerene. 40 T. vogelii Hook f. seed consisted more hexadecanoic acid (pal-
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mitic acid, 18.70 %) along with tetradecanoic acid, pentadecanoic acid, heptade-
canoic acid, stearic acid, oleic acid, linoleic acid, linolenic acid, eicosanoic acid,
henel cosanoic acid, docosanoic acid, tricosanoic acid and tetracosanoic acid.42

Repellent activity

T. purpurea stem oil showed pronounced repellency (overall mean API =
=-0.73) (df1, p = 3.94, p < 0.005) of O. longicoallis adults followed by I. carnea
stem oil (overal mean APl = -0.70) (dfy, p = 3.86, p < 0.05, Table III).
Invariably, the tested oils deterred the male adults of O. longicollis more than the
female adults (t = 1.743; p < 0.05). Similarly, both neem oil and pongamia oil
showed strong repellent effects on O. longicollis.43 The results showed that rep-
ellent activity of the oil might be due to the presence of hexadecanoic acid or the
mixture of this with the other chemical constituents of the EOs that are toxic to
the insect and are present in the oil. The principlal compound, hexadecanoic acid
possesses a variety of biological activities including insecticidal activity.44-46

TABLE Ill. Repellent activity of T. purpurea and |. carnea oils on pseudostem weevil
Odoiporus longicallis; t test performed between male and female of the same category; the
same |etter means insignificant at the 5 % level

Plant Part  Insect Time after the introduction of insect, min Mean
Used sex 30 60 90 120 150 180 repellence

T. Stem Mae -064° —069° -075P -0.79° -0.80° -0.86° -—0.73°

purpurea Female -0.522 -0.632 -0.672 -0.672 -0.70*@ -0.722 -0.632

Root Male -0.16° -033* -0502 -062° -0.63° -10° —0.33°

Female -0.092 -0.15%8 -0.208 -0.272 -0.572 -0.762 -0.38

I Stem Mae -033® -055° -067° -0.78° -081° 100 -0.70°
carnea Female -0.142 -0.372 -0.55%8 -0.75% -0.808 -0.89% -0.59
Root Male -0.28° -040° 053 0772 —091° —10° —0.69°

Female -0.252 -0.302 -0.33% -0.742 -0.80* -0.822 -0.562

To the best of our knowledge, thisisthe first report on the repellent action of
the essential oils from the root and stem of these plants against any pests, parti-
cularly O. longicollis. Furthermore, this fatty acid should be separated during
bio-oil production and utilized as a source of an effective insect repellent com-
pound. The essential oils of the stem (70 %) and root (89 %) of T. purpurea and
I. carnea contained high levels of hexadecanoic acid, which could be utilized as
an insect repellent. The development and utilization of this natural pesticide
would also help to decrease the negative impact of synthetic chemicals, such as
residues, resistance and environmental pol lution.
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U3BOL
XEMHWJCKHU CACTAB ETAPCKUX YJbA Tephrosia purpurea U Ipomoea carnea U (bUXOBA
PETIEJIEHTHA AKTUBHOCT CITPAM XUIIKA Odoiporus longicollis

KITHERIAN SAHAYARAJi, POOLPANDI KOMBIAH‘I, ANAND K. DIKSHIT? 1 J. MARTIN RATHI®

1Crop Protection Research Centre, St. Xavier’'s College (autonomous), Palayamkottai — 627 002, Tamil Nadu,
India, 2Division of Agrochemicals, Indian Agricultural Research Institute, New Delhi - 110 012, India u
3Department of Chemistry, St. Mary's College, Thoothukudi — 628 002, Tamil Nadu, India

XeMUjCKH cacTaB eTapcKuX yiba JoOujeHux u3 crabia U kopeHa dusmaka Tephrosia pur-
purea (Linn.) Pers. u Ipomoea carned Jacq. je aHanIu3UpaH raCHO—MaceHOM CIEKTPOMETPHjOM
(GC-MS). VxynHH yneo nunuza 4 yspa je OWO BUCOK y CBUM y3opuuma. Etapcko yre u3
ctabna u xopeHa T. purpurea je campasno 9 cacrojaka, a u3 I. carnea 8. XekcagekaHCKa KHce-
JIMHa je duia IJIaBHM CacTojak y CBUM y3opuuMma: y ctabny U xopeHy T. purpured je YMHWIA
69,61 u 46,97 %, a xog T. purpurea 70,61, omHocHo 88,89 %. Hanasu oBe cryauje ykasyjy na
Ou ce erapcka yma T. purpurea U I. carned MOITa KODUCTUTH Kao H3BOP XeKCafeKaHCKe
KUCEIMHE 33 MHAYCTpHjcke cBpxe. ETapcka yba Cy HCIOBMIA jauy PENeNeHTHY aKTHBHOCT
cnpam mysxkjaka (—0,73 u —0,70, yma u3 crabana T. purpurea u 1. carnea) Hero xeHkH (—0,63 u
—0,59) wumka danane, Odoiporus longicollis. PesynTati cy nokasaid Oa akTMBHH CAacTOjLU
eTapckux yma ctadna T. purpurea v 1. carnea mory Hahy MpUMeHy Kao NPUPOSHU PENEIeHTH
3a koHTpoiy xuuka O. longicollis.

(ITpumibeHo 25. anpuia, pesugupato 29 jyna, npuxsaheno 29. jyna 2014)
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Abstract: Extensive use of synthetic insecticides, herbicides and other pesti-
cides has negative effects on the environment and on human and animal health.
Therefore, scientists are turning towards natural pesticides, such as active com-
ponents of plant extracts. The effect of two concentrations (0.1 and 0.2 %) of a
Saturgja montana L. aqueous extract on the lipid peroxidation process, as well
as on the activity of the antioxidant enzymes superoxide dismutase (SOD),
guaiacol peroxidase (GPX), pyrogallol peroxidase (PPX) and catalase (CAT) in
the leaves and roots of pepper and black nightshade seedlings were examined
24, 72 and 120 h after treatment. The results showed that the higher con-
centration of S montana aqueous extract induced lipid peroxidation in black
nightshade roots. Furthermore, significant increases of pyrogallol and guaiacol
peroxidase were detected in black nightshade leaves treated with 0.2 % of the
S. montana aqueous extract. The second aim was to evaluate effectiveness of
the agueous extract as a contact toxicant against whitefly. It was observed that
the 0.2% aqueous extract exhibited a toxic effect with 68.33 % mortality after
96 h.

Keywords: allelochemicals; antioxidants; biopesticides.

INTRODUCTION

The synthetic agrochemicals, such as herbicides, may cause imbaance of
soil microorganisms and nutrient deficiency, resulting in decreases in crop pro-
ductivity. The application of alelochemicals into natural and agricultural practice
may reduce the use of herbicides, insecticides, and other pesticides, thereby red-
ucing environmental pollution and diminishing auto-toxicity hazards. Allelo-
chemicals are secondary metabolites of plants and may be present in al plant
organs, including leaves, flowers, fruits, roots, rhizomes, stems and seeds.1.2
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Allelochemicals extracted from the roots or shoots of plants were shown to dir-
ectly inhibit or stimulate growth and development of other plants.3 Some plant
extracts imparted insecticidal effects on adult insects by killing them or inducing
complete inhibition of the feeding activity of the insect pests.#

One of the effects of allelochemicals on target plants, and one of the impor-
tant mechanism by which plants are damaged, is the excess production of reac-
tive oxygen species (ROS), such as superoxide anions (O,™), and the more reac-
tive hydroxyl (*OH) or hydroperoxyl (HO,*) radicals®>6 These plant—plant
allelopathic interactions generates a cascade of signaling events, including Ca2*
influx and proton efflux that activates the nicotinamide adenine dinucleotide
phosphate (NADPH)-oxidase complex (generating O,~*), and pH-sensible cell
wall peroxidases (producing HoO), which initiate an oxidative burst.” Enhan-
cement of ROS production during an oxidative burst is one of the earliest reac-
tions dlicited in response to various abiotic and biotic stimuli. These molecules
are very toxic to cells and their excessive production is accompanied by the acti-
vation of the cellular antioxidant system.6:8° Thus, H,O, can act as an inter-
cellular messenger to induce some enzymes, such as superoxide dismutase (SOD),
glutathione peroxidase (GSHPx), catalase (CAT), etc.10 These enzymes play
important roles in protecting a cell against the potentially deleterious effects of
reactive oxygen species.! Within a cell, the superoxide dismutases (SODs) con-
stitute the first line of defense against ROS.12 Superoxide dismutases (SODs) are
metal-containing enzymes that catalyze the dismutation of superoxide free radi-
cal anions, converting them to H,0,.13-15 Plants contain several types of enz-
ymes that are able to metabolize hydrogen peroxide. These include catalases and
peroxidases. Catalases are highly expressed enzymes, particularly in certain plant
cell types, and are thus an integral part of the plant oxidative system.16 Catalases
are peroxisomal enzymes that, in contrast to peroxidases, do not require a reduc-
ing substrate for their activity.> Catalases are also distinguished from many other
peroxide-metabolizing enzymes by their high specificity for HoOo, but weak acti-
vity against organic peroxides.16 The cellular level of H,O» could be sufficiently
toxic to inhibit the activity of the enzymes, leaving the plant vulnerable to oxi-
dative damage.10 Some allelochemicals rapidly depolarize the cell membrane,
increasing the permeability of the membrane, inducing lipid peroxidation and
causing a generalized cellular disruption that ultimately leads to cell death.17-19

Saturegja montana L., commonly called winter or mountain savory, belongs
to the Lamiaceae family and is native to the Mediterranean regions.20-22 This
aromatic herb, found in nature and aso cultivated, is a well known medicinal
plant that contains various biologically active constituents, such as, essential oil,
triterpenes and flavonoids.22:23 It has been used in traditional medicine for vari-
ous diseases, such as. asthma and peptic ulcer, as adiarrheic, antipyretic, anti-inf-
lammatory, antibacterial and antiviral medicine and for its insecticidal acti-
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vities.21 An agueous extract of winter savory had a high antioxidant capacity.24
Furthermore, aqueous extracts of Satureja species had inhibitory effects on the
growth of the root, stem, leaf, shoot, germination rate and germination percent-
age of seeded weeds, Chenopodium album and Portulaca oleracea.2>

Due to an increase in the number of herbicide-resistant weeds and environ-
mental concerns in the use of synthetic herbicides, there have been considerable
efforts in designing alternative weed management strategies. Extensive use of
synthetic insecticides usually has negative effects on the environment and on
human and animal health and resistance develops among insects. Therefore, sci-
entists are turning towards natural insect suppressants.#

The am of this study was to examine the effects of agueous extract of S
montana L. on pepper and black nightshade antioxidant activity and to explore
the potential of this species in weed control. The second aim was to evaluate the
effectiveness of S. montana aqueous extract as a contact toxicant against green-
house whitefly.

EXPERIMENTAL
Plant material and preparation of the aqueous extract

The wild, aromatic plant, S. montana was collected at localities near the Adriatic coast in
Montenegro, in June, 2012. Voucher specimens of the collected plant were confirmed and
deposited at the Herbarium of The Department of Biology and Ecology, Faculty of Science,
University of Novi Sad.

The air-dried plant material was ground into powder. The powdery material (10 g) was
extracted with 100 mL distilled water. After 24 h, the extract was filtered through filter paper
and kept at 4 °C until application.

Determination of total phenolic and flavonoid contents in S. montana aqueous extract

The total phenolic content of S. montana agueous extract was determined according to
the Folin—Ciocalteu method.?® Extract (0.02 mL) was mixed with 3.36 mL of deionized water,
0.4 mL of 20 % sodium carbonate and 0.2 mL of 33 % Folin—Ciocalteu reagent. After incub-
ation at room temperature for 30 min, the absorbance of the reaction mixture was measured at
720 nm. The data are expressed as mg gallic acid equivalents g1 dry weight (mg GA equi-
valentsgl d.w.).

The total flavonoids were estimated according to the method described by Markham.2”
Extract (0.4 mL) was mixed with 1 mL of deionized water and 2.5 mL of 2 % auminum
chloride hexahydrate solution. After incubation at room temperature for 15 min, the
absorbance of the reaction mixture was measured at 430 nm. The data are expressed as mg
rutin equivalents g1 dry weight (mg rutin equivalents gt d.w.).

Determination of phenolic compoundsin S. montana aqueous extract

Chemicals and apparatus. All solvents used were of chromatography grade and were
obtained from J. T. Baker (Deventer, The Netherlands). Ferulic acid (99.0 %), trans-cinnamic
acid (99.0 %), gallic acid (99.9 %), caffeic acid (98.0 %), 2-hydroxycinamic acid (97.0 %),
p-coumaric acid (98.0 %), chlorogenic acid (95.0 %), quercetin (98.0 %) and kaempferol
(97.0 %), all Sigma-Aldrich, were used as analytical standards. The stock standard solutions
were prepared by dissolving the required analytical standard in methanol, while the working
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solution, i.e., the mixture of the studied phenol compounds, was obtained by mixing and
diluting the stock standards with mobile phase, resulting in a final mass concentration of 100
ug mL-1. The composite mixtures of all phenol compounds at appropriate concentrations were
used to spike samplesin the data validation settings. Acetic acid was of p.a. grade (Carl Roth).

HPLC analysis. The chromatographic separation for phenolic compounds was achieved
using an Agilent 1100 (Agilent Technologies, USA) HPLC system with a binary pump and
diode array detector - DAD. The phenolic acids were separated on a ZORBAX SB-Aq (5 um
particle size: 4.6 mmx250 mm, Agilent) column. The agueous extract was filtered through
0.45-pm syringe filters and directly injected through a 30 pL fixed loop onto the column.

The mobile phase was acetonitrile with 2.0 % acetic acid (solvent A) and Milli-Q water
with 2.0 % acetic acid (solvent B) in gradient mode, at a flow rate of 1.0 mL min'l. The gra-
dient was as follows: 92 % A at 0 min, 80 % A at 18 min, 60 % A at 25 min, 55 % A at 30
min, 35% A at 40 min and 20 % A at 42 min. Stop time was 2.5 min.

Validation parameters. The repeatability of the method was determined by analyzing a
sample of the same mass concentration level (10.0 ug mL™1) in six replicates and shown
through the relative standard deviation (RSD). The detection limit (LOD) was defined as the
amount of phenolic compounds that produces a signal three times the noise signal. The limit
of quantification (LOQ) is the amount of phenolic compounds that produces a signal ten times
the noise signal. The LODs were determined by adding 100 pL of the standard mixture of the
phenol compounds to a concentration of 1.0 pg mL-1 into 0.5 g of the sample in six replicates
and the LODs were calculated.

Seedling growth

The pepper (Capsicum annuum L.) cultivars Anita and black nightshade (Solanum
nigrum L.) seeds were grown in a controlled climate chamber a 28 °C, 60 % relative
humidity, a photoperiod of 18 h, and a light intensity of 175 pmol m?2 s in plastic pots
containing sterile sand. After 30 days, the seedlings were transplanted into plastic pots con-
taining 700 mL of Hoagland solution prepared according to Hoagland and Arnon,28 and 7 and
14 mL of S. montana aqueous extract, while the pots of the control contained the same volume
of Hoagland solution. Seedlings were harvested for further biochemical analyzes 24, 72 and
120 h after the treatments.

Enzyme extraction

Fresh leaves and roots (2 g each) were homogenized in 10 mL of phosphate buffer (0.1
M, pH 7.0). The homogenates were centrifuged for 20 min at 10,000xg and filtered. The
supernatants were used to test enzyme activity and to determine intensity of lipid perox-
idation.

Membrane lipid peroxidation

Lipid peroxidation was measured at 532 nm using the thiobarbituric acid (TBA) test. The
enzyme extract (0.5 mL) was incubated with 2 mL of 20 % trichloroacetic acid (TCA) con-
taining 0.5 % thiobarbituric acid for 40 min at 95 °C. The reaction was stopped by cooling on
ice for 10 min and the product was centrifuged at 10,000xg for 15 min. The total amount of
TBA-reactive substances is given as nmol malondialdenyde (MDA) equivalents mg? pro-
tein.?®
Assay of catalase activity

The catalase (CAT) (EC 1.11.1.6) activity was determined according to Sathya and
Bjorn. The decomposition of H,0, was followed as a decrease in absorbance at 240 nm. The
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enzyme extract (0.02 mL extract of leaves or 0.1 mL extract of roots, separately) was added to
the assay mixture containing 1 mL for leaves and 1.5 mL for roots of 50 mM potassium
phosphate buffer (pH 7.0) and 10 mM H,0,. The activity of the enzyme is expressed as U per
1 g of protein (U g protein).

Assay of superoxide dismutase activity

Superoxide dismutase (SOD) (EC 1.15.1.1) activity was assayed according to a slightly
modified method of Mandal et al.2® by measuring its ability to inhibit photochemical red-
uction of nitro blue tetrazolium (NBT) chloride. The reaction mixture contained 50 mM phos-
phate buffer (pH 7.8), 13 mM L-methionine, 75 uM NBT, 0.1 mM EDTA, 2 uM riboflavin
and 0.02 mL of the enzyme extract. It was kept under a fluorescent lamp for 30 min, and then
the absorbance was read at 560 nm. One unit of the SOD activity is defined as the amount of
enzyme required to inhibit the reduction of NBT by 50 %. The activity of the enzyme is
expressed as U per 1 mg of protein (U mg'! protein).

Assay of peroxidase activity

Peroxidase (EC 1.11.1.7) activity was measured using guaiacol (guaiacol peroxidase;
GPX) and pyrogallol (pyrogallol peroxidase; PPX) as substrates according to Morkunas and
Gmerek.3! The peroxidase activity (GPX and PPX) is expressed as U per 1 mg of protein
(U mg'1 protein).

Pyrogallol peroxidase activity. This method is based on the measurement of the content
of purpurogallin —a product of pyrogallol oxidation. The enzyme extract (0.02 mL) was added
to the assay mixture containing 3 mL of 180 mM pyrogallol and 0.02 mL of 2 mM H,0,. The
absorbance was recorded at 430 nm.

Guaiacol peroxidase activity. This method consists of an assay of tetraguaiacol — a
colored product of guaiacol oxidation in the investigated sample. The enzyme extract (0.04
mL) was added to the assay mixture containing 3 mL of 20 pM guaiacol and 0.02 mL of
3 mM H,0,. The absorbance was recorded at 436 nm.

Insects

The experiment on the adult of whitefly, Trialeurodes vaporariorum (Westwood, 1856)
(Hemiptera: Aleyrodidag), collected in a greenhouse, was performed at the Faculty of Agri-
culture, University of Novi Sad.

Toxicity test

The bioassays were realized using groups of 20 adult insects T. vaporariorum, kept
in transparent laboratory dishes (25 cmx12 cm), fed on the pepper nursery plants containing
a known concentration (0.1 and 0.2 %) of aqueous extract. The aqueous extracts were
applied together with adjuvant (Trend) for better adhesion to the leaf surface. Pepper
plants with water adjuvant and 20 insects for each dish were used as the controls. The expe-
riment was set up in three replicates and a control. The no-choice method, in which control
and treated plants were placed individually in each dish, was adopted in this experiment. The
mortality was checked after 24, 48 and 96 h.

Satistical analysis

Values of the biochemical parameters were expressed as means + standard error (SE) of
determinations made in triplicates and tested by ANOVA followed by comparison of the
means by the Duncan multiple range test (P < 0.05). Data were analyzed using Statistica for
Windows, version 11.0.
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RESULTS AND DISCUSSION
Chemical composition

The total amount of phenols in S, montana aqueous extract was 53.96+3.9
mg GA equivalents g1 dry weight. Flavonoids were found in an amount of
0.36+0.01 mg rutin equivalents g~1 d.w. According to Tahirovi¢ et al.32, the total
amount of phenolsin S montana herbal teainfusion was 78.5+23.49 mg GA 100
mL-1. On the other hand, Chrpova et al.24, found a lower amount of phenols
(27.1 mg GA g1). The different amounts of the active substances found confirms
that the chemical composition of the plants depends on the season in which they
were collected, on the geographical area and other factors, such as environmental
temperatures prevailing during plant growth,33:34

The main constituent of phenol components was caffeic acid (78.17 ug g1).
The second largest component was gallic acid (15.36 pg g—1). Quercetin, p-cou-
maric acid, chlorogenic acid and ferulic acid were represented at concentration of
2.36, 1.59, 1.36 and 0.50 pg g1, respectively. The HPLC-DAD chromatogram of
standard solutions of the phenolic compounds prepared in mobile phase is shown
in Fig. S-1 of the Supplementary material to this paper. Some of the validation
parameters are given in Table S| of the Supplementary material. The obtained
LOD values for all the investigated phenolic compounds were 0.01 pg mL—1,
with LOQ values of 0.03 pg mL—1.

The chemical composition study of S. montana agqueous extract enabled its
properties to be understood, pending clarification of this work by a structure—act-
ivity relationship study.

Effect of extracts on MDA content and antioxidant enzyme activity in pepper and
black nightshade seedlings

The response of plants to damaging adverse circumstances is closely related
to their enzyme activity.35 The obtained results showed a significant increase of
peroxidases activities in the roots of black nightshade treated with 0.2 % S. mon-
tana aqueous extract 24 h after the treatment (Table S-11 of the Supplementary
material). The higher concentration had the same effect on the activity of CAT
after 72 h. In the leaves of black nightshade, the activities of SOD and CAT were
significantly increased by the lower concentration (0.1 %) of S, montana aqueous
extract, while significant increases of the peroxidases activities were observed in
plants treated with the higher concentration (0.2 %) 72 and 120 h after the treat-
ment (Table S-111 of the Supplementary material). The increases in the activities
of SOD, CAT and peroxidases probably occur in response to stress.3 Significant
increases in lipid peroxidation were previously observed in various plant species
under oxidative stress.36 The malondialdehyde (MDA) content, an end-product
of the lipid peroxidation process, is used as an oxidant biomarker. It was sug-
gested that different concentrations of allelochemicals induce the production of
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MDA ; however, due to their antagonistic and synergistic effect, the MDA con-
tent is not always in reciprocity with the concentration of these substances.36.37
In the roots of black nightshade, significant increases in the MDA content were
recorded 72 and 120 h after the treatment (Table S-11). Two tested extract
concentrations affected lipid peroxidation in the roots of black nightshade in the
same way, but the higher level of MDA was observed in the roots treated with
the higher concentration (0.2 %). The MDA content increased with the duration
of the experiment. An increase in the MDA content indicates a high concen-
tration of ROS that was beyond the threshold of scavenging by the antioxidant
enzymes.35 In spite of the increased activity of the enzymes, there were no
significant changes in the LP intensity in the leaves of black nightshade between
the plants from the control group and the treatments. This could indicate that the
alelopathy-provoked stress was not strong enough and scavenging effects of
SOD, CAT and the peroxidases could still prevent an oxidative burst and the
induction of LP. The higher production of MDA in the roots of black nightshade
compared with the MDA content in leaves showed that the roots were more
affected by the alelochemicals than leaves. This may be attributed to the per-
meability of allelochemicals to root tissues arising from direct contact with the
phytotoxic compounds present in the extract.3° This finding is in agreement with
the results of a previous study in which it was found that roots are more sensitive
to allel opathic substances than shoots.38

In the roots and in the leaves of the pepper, there were no significant inc-
reases in the activities of CAT and peroxidases (Tables S 1V and SV of the
Supplementary material). An increase in the activity of SOD was detected after
120 hin plants treated with both concentrations of S. montana agueous extract. In
the leaves of pepper, no significant difference was recorded in the LP intensity. A
significant increase in LP intensity was recorded 120 h after the treatment only in
roots of pepper plants treated with the lower concentration (0.1 %).

The alelopathic effects of Thymus kotschyanus were studied on the growth
of Bromus tomentellus and Trifolium repens seedling.3 The phytotoxic effects of
the extracts were found to be different between the two species under study,
which points to different sensitivity of species when facing allelochemicals. Res-
earch on alelopathy of some plants of the Lamiaceae family on weeds showed
that a water extract promoted growth of the test plants at low concentration, but
inhibited them at high, and inhibition became stronger with increasing concen-
tration.39

Toxicity test

Plant extracts are currently being studied as an ecologicaly friendly ater-
native to manage plant pests. Natural products have low mammalian toxicity as
well as high target specificity and biodegradability, and contain many active ing-
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redients, thus possessing biopesticide activity against multiple pests and patho-
gens.40 In the present work, the agueous extract of S. montana was evaluated on
greenhouse whitefly. The mortality rate of greenhouse whiteflies after 96 h was
above 50 % (Table 1). The higher-concentrated S. montana agueous extract (0.2
%) was more effective with a mortality of 68.33 %. The main constituent of the
extract was caffeic acid, which was proved to have insecticidal activity.4142
According to some authors,#! the presence of caffeic acid in Impatiens parviflora
might be the reason for the insecticidal activity of this plant and the mortality of
green peach aphid. Caffeic acid is one of the many phenolics considered as
important parts of the defense mechanism of plants against microbial infection,
insects and other predators.42 The results of other authors indicate a potential use
of aqueous plant extracts in pest management of greenhouse whiteflies.43

TABLE I. Mortdlity (%) of Trialeurodes vaporariorum adult fed for 4 days with formulations
containing a known concentration (0.1 and 0.2 %) of Satureja montana aqueous extracts; a—d:
values without the same superscripts within each column differ significantly (P < 0.001)

. Time, h
Formulation o1 28 %
Control 8.33¢ 10.00¢ 16.66°¢
0.1% 1.6d 8.33v 41.662b
0.2 % 3.33d 41.662 68.332
CONCLUSIONS

Extracts from different plant species and their active components are natural
sources of biopesticides. This study contributes to an assessment of the potential
use of medicinal plants as insecticides. The S montana agueous extracts were
evaluated for their effect on greenhouse whitefly, an important insect pest of
many plants, including pepper. It was observed that the agueous extract with a
concentration of 0.2 % showed a toxic effect with a high mortality rate 68.33 %
after 96 h. The obtained results showed that use of natural substances could be an
aternative method of insect control. This was supported by the results on the
antioxidant properties of pepper seedlings. The extract did not exhibit any phyto-
toxic effect on the pepper or black nightshade seedlings. Therefore, it could be
concluded that this plant should be explored in the development of bioinsect-
icides.

SUPPLEMENTARY MATERIAL
HPLC-DAD analysis and effects of the agueous extracts of Satureja montana on the

anti-oxidant enzymes and lipid peroxidation are available electronically from http://
/lwww.shd.org.r/JSCS/, or from the corresponding author on request.
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U3BOJ
AJIEJIONTATCKHU YTULIAJ U MHCEKTULIMIHA AKTUBHOCT BOOEHOT EKCTPAKTA
BUJBKE Satureja montana L.

JOBAHA LUIYRYP', AEKCAH/IPA [TOTTIOBUR', MUJIOLL TIETPOBUR', TOPAH AHAYKOB?, BOJUCJIABA
BYPCUR', BUJbAHA KUITIPOBCKU' 1 JEJAH TIPBYJIOBUE'

1H0moﬁpu6peguu paxyniuewi, Ynueepsuitei y Hosom Cagy, Tpi Jocutiieja Odpagosuha 8, 21000 Hosu Cag
u ZHpupogHo—M(lWeMquuxu paxyniteni, Ynusepsutieii y Hosom Cagy, Tpi Jocuiieja Odpagosuha 3,
21000 Hosu Cag

[IIvpoka ymorpeda CUHTETMYKUX HMHCEKTHLIWAA, XepOULUAA M JPYTUX MecTHlHUia Uma
HEeraTHBaH YTHULaj Ha OKOJMHY, Ka0 Y Ha 37ApaB/be JbyOU U XKHUBOTHHA. CTOra HayYHHULW CBe
BUllle nocBehyjy Nmaxkwy NPUPOAHHUM INECTULUIUMA, Tj. aKkTUBHUM KOMIIOHEHTaMa OWBHMX
eKcTpakaTa. Y OBOM pafly je MCIUTaH yTuuaj Ase koHueHTpauuje (0,1 u 0,2 %) BofeHOT eKc-
TpakTa dwbKe Satureja montana L. Ha mpouec JIUIHUAHE NEPOKCHAALN]j€E, ¥ HA aKTUBHOCT aHTH-
OKCHIJAHTHUX €H3WMa y JIUCTy U KOPeHy mampuke U IpHe nomohHuue 24, 72 u 120 h HakoH
TperMaHa. [lobujeHu pesynTary cy nokasanu na 0,2 % KkoHLeHTpaudja BOLEHOT eKCTpakTa S.
montana nosehasa MHTEH3UTET JUNUOHE NEpOKCHAALMje Y KOpeHy LpHe nomohHuue. Ilopen
TOra, CTaTUCTUYKM 3HA4yajHO MoBehame aKkTUBHOCTM MUPOrajoji- M TIBajaKkoyi-epoOKcHase
YOYeH je y JIMCTOBUMA LpHe nmomMohHuIle HakoH TpeTmaHa ca 0,2% BOJEHMM eKCTPaKTOM S.
montana. Jpyru nws paja OHMO je HCIUTHBame TOKCUYHOCTH BOJEHOI €KCTpakaTa mnpema
JIeNTUpacToj Balu. BoneHu excrpakT koHueHTpauuje 0,2 % IpoOy3poKOBao je CMPTHOCT Of
68,33 %.

(TTpumiseHo 2. jyna, peBuaupano 15. okrodpa, mpuxsaheno 28. oktobpa 2014)
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RESULTS OF THE HPLC-DAD ANALYSISOF THE INVESTIGATED PHENOLIC
COMPOUNDS

Fig. 1. HPLC-DAD chromatogram of phenolic compounds, 1 — gallic acid; 2 — chlorogenic
acid; 3 —caffeic acid; 4 — p-coumaric acid; 5—ferulic acid; 6 — 2-hydroxy cinnamic acid;
7 —trans-cinnamic acid; 8 — kaempferol; 9 — quercetin.
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TABLE S. Retention time, linearity (R?) and repeatability (RSD) for the investigated
phenolic compounds

Phenolic acid Retention time, min R2 RD / %
Gdlic acid 4.58 0.9998 6.76
Ferulic acid 22.48 0.9966 242
2-Hydroxy cinnamic acid 24.00 0.9967 9.61
trans-Cinnamic acid 26.43 0.9949 5.09
Caffeic acid 13.29 0.9984 9.48
p-Coumaric acid 18.94 0.9985 274
Chlorogenic acid 11.21 0.9996 4.18
Kaempferol 37.67 0.9996 11.93
Quercetin 40.75 0.9992 7.25

EFFECT OF THE AQUEOUS EXTRACTS OF Satureja montana ON THE
ANTI-OXIDANT ENZYMES AND LIPID PEROXIDATION IN THE ROOTS
AND LEAVES OF BLACK NIGHTSHADE AND PEPPER SEEDLINGS

TABLE S-1l. Effect of two concentrations of S. montana aqueous extracts on the activities of
CAT, SOD, GPX and PPX and on the MDA content in the roots of black nightshade
seedlings; the data are mean values + SE; a—f values without the same superscripts within each
column differ significantly (P < 0.05); CAT, catalase; SOD, superoxide dismutase; GPX,
guaiacol peroxidase; PPX, pyrogallol peroxidase; LP, lipid peroxidation

Time, h 24 72 120
CAT /U g1 protein

Control 3.61+0.072 20.06 + 0.59¢ 9.36 + 0.33P

0.1 % 6.50 + 0.062 13.13+1.39b 11.15+1.77°

0.2 % 13.04 + 0.93° 35.55 + 2,794 12.67 + 0.47°
SOD / U mg'! protein

Control 33.82+0.082 25.90 + 1.91P 11.37 + 0.68f

0.1% 75.65 + 0.444 26.04 + 0.15P 27.09 + 1.53°

0.2% 59.80 + 0.48° 25.60 + 3.06° 19.36 + 0.258
GPX /U mg1 protein

Control 1478 + 602P 1474 + 802b 2077 + 764

0.1% 1545 + 113ab 1363 + 772b 1811 + 68°

0.2 % 2742 + 1228 1601 + 83a¢ 1218 + 712
PPX /U mg protein

Control 1305 + 24ab 1348 + 212 1273 + 54ab

0.1 % 1020 + 47bc 1143 + 60P 1225 + 39abP

0.2 % 1729 + 99d 1690 + 76¢ 947 + 22¢

LP (MDA content / nmol mg® protein)

Control 2.38+0.082 3.37+0.07° 1.88 + 0.05P

0.1% 3.46 + 0.06¢ 3.41 + 0.04¢ 354+ 0.11¢

0.2% 3.33+0.03¢ 457 +0.10¢ 3.45 + 0.08¢
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TABLE SHII. Effect of two concentrations of S. montana agueous extracts on the activities of
CAT; SOD, GPX and PPX and on the MDA content in the leaves of black nightshade
seedlings; the data are mean values + standard error; a—g values without the same superscripts
within each column differ significantly (P < 0.05); CAT, catalase; SOD, superoxide
dismutase; GPX, guaiacol peroxidase; PPX, pyrogallol peroxidase; LP, lipid peroxidation

Time, h 24 72 120
CAT /U g1 protein

Control 10.34 + 0.112 25.83 + 1.764 15.28 + 0.15P

0.1 % 46.29 + 0.21f 32.13 + 1.42¢ 20.67 + 0.55¢

0.2 % 31.41+0.97¢ 26.15 + 2.494 11.81+0.772
SOD / U mg'! protein

Control 16.50 + 0.042 16.28 + 0.192 9.88 + 0.11¢

0.1% 21.72 + 0.22d 23.15 + 0.069 19.49 + 0.14P

0.2% 22.69 + 0.13f 21.96 + 0.154 13.80 + 0.05¢
GPX /U mg? protein

Control 99.26 + 6.032 94.99 + 7.022 85.71+5.182

0.1% 127.18 + 7.73° 08.31 + 6.162 104.41 + 5.473b

0.2 % 99,10 + 5.142 134.73 + 15.72b 136.44 + 10.84b
PPX /U mg protein

Control 145.90 + 3.992 151.05 + 3.542 112.65 + 3.88P

0.1 % 137.38 + 5.312b 152.53 + 7.592 94.00 + 1.45¢

0.2 % 147.96 + 4.702 209.90 + 13.764 120.86 + 3.31P

LP (MDA content / nmol mg® protein)

Control 1.68 + 0.042 2.15 + 0.05¢ 1.96 + 0.08P

0.1% 2.38+ 0.03¢ 2.39 + 0.03d 2.67 + 0.05¢

0.2% 1.91 + 0.02b 2.64 + 0.05¢ 2.17 + 0.03¢

TABLE S-IV. Effect of two concentrations of S. montana agueous extracts on the activities of
CAT, SOD, GPX and PPX and on the MDA content in the roots of pepper seedlings; the data
are mean vaues * standard error; a—g values without the same superscripts within each
column differ significantly (P < 0.05); CAT, catalase; SOD, superoxide dismutase; GPX,
guaiacol peroxidase; PPX, pyrogallol peroxidase; LP, lipid peroxidation

Time, h 24 72 120
CAT /U g1 protein

Control 22.93+ 0.672 20.40 + 0.73P 10.56 + 0.22f

0.1% 12.41 + 0.408f 11.55 + 0.39¢f 33.37+1.03¢

0.2% 14.87 + 0.80¢ 13.01 + 0.35¢ 11.05 + 0.54f
SOD / U mg'! protein

Control 7.27 +0.152 7.99 + 0.072 9.34+0.21°

0.1% 9.85 + 0.20° 2.10 + 0.06° 21.41+0.72f

0.2% 0.88 + 0.03¢ 11.87 + 0.54¢ 25.28 + 0.499
GPX /U mg? protein

Control 2.66 +0.222 3.59 + 0.150¢ 3.32+0.17°

0.1% 2.26 + 0.052 3.44 +0.080c¢ 2.68+0.13

0.2% 2.30+ 0.202 5.03 + 0.10d 3.84+0.17¢
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TABLE S1V. Continued
Time, h 24 72 120
PPX /U mg1 protein
Control 2.62+0.032 2.41+0.12° 1.88 + 0.07d
0.1% 1.48 + 0.04ef 2.10 + 0.06° 1.59 + 0.07¢
0.2% 1.35 + 0.02f 2.24 + 0.06° 2.40 £ 0.09°
LP (MDA content / nmol mg® protein)

Control 2.23+0.172 2.98 + 0.06° 2.85 + 0.24°¢
0.1% 2.29 + 0.15a¢ 2.92 + 0.08° 5.37 + 0.449
0.2% 2.61 + 0.088P 2.92 + 0.06° 2.55 + 0.118P

TABLE S-V. Effect of two concentrations of S montana agueous extracts on the activities of
CAT; SOD, GPX and PPX and on the MDA content in the leaves of pepper seedlings, The
data are mean values * standard error; a—g values without the same superscripts within each
column differ significantly (P < 0.05); CAT, catalase; SOD, superoxide dismutase; GPX,
guaiacol peroxidase; PPX, pyrogallol peroxidase; LP, lipid peroxidation

Time, h 24 72 120
CAT /U g1 protein

Control 18.32 + 0.482 16.84 + 0.53?2 17.88+0.772

0.1% 34.27 + 0.37¢ 23.64+0.78" 31.43 +0.584

0.2% 31.77 + 1.484 35.76 + 0.50¢ 27.06 + 0.33¢
SOD / U mg! protein

Control 11.23 + 0.062 7.42 + 0.04f 5.96 + 0.289

0.1% 8.70 + 0.14¢ 477 +0.12" 14.41 + 0.34¢

0.2% 10.38 + 0.08P 6.36 + 0.069 12.86 + 0.11¢
GPX /U mg? protein

Control 0.55 + 0.012 0.48 + 0.01° 0.55 + 0.022

0.1% 0.30 + 0.02d 0.35 + 0.02¢d 0.60 + 0.022

0.2% 0.38 + 0.04¢ 0.46 + 0.01° 0.56 + 0.022
PPX /U mg1 protein

Control 0.59 + 0.012 0.71 + 0.02¢ 0.77 + 0.01d

0.1% 0.53+0.01¢ 0.67 + 0.020¢ 0.74 + 0.01¢d

0.2% 0.59 + 0.012 0.66 + 0.03° 0.61 + 0.02ab

LP (MDA content / nmol mg® protein)

Control 2.76 + 0.142 2.86 + 0.062 3.29 + 0.07¢

0.1% 2.38 + 0.05° 2.81+0.072 2.83+0.052

0.2% 248+ 0.11° 2.95 + 0.042 2.72 + 0.052
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Abstract: Zofenopril calcium (ZOF) is one of the newest angiotensin-con-
verting enzyme (ACE) inhibitors, highly lipophilic and with low water solu-
bility. This research investigates the interaction between ZOF and a chemically
modified derivative of S-cyclodextrin, 2-hydroxypropyl-5-cyclodextrin (HPBCD),
in order to prove the formation of an inclusion complex with an enhanced
water solubility profile of ZOF. In this research, for the first time, the physico-
chemical characterization and the solubility profile of an inclusion complex
between ZOF and HPBCD are reported. Different spectroscopic techniques
(UV absorption spectrometry, powder X-ray diffraction, attenuated total ref-
lectance Fourier transform IR spectroscopy) were applied in order to prove the
formation of the ZOF/HPBCD inclusion complex, both in water and in the
solid state, backed by therma analysis (TGA/DTG/HF). The obtained results
confirmed that the physicochemical properties of the ZOF/HPBCD binary sys-
tem, prepared using the kneading method, are different in comparison to both
with the parent substances and the corresponding physical mixture, thus sug-
gesting that an inclusion complex was formed. After the formation of the inc-
lusion complex with HPBCD, the solubility test indicated that the water solu-
bility of ZOF was increased 5-fold.

Key words: Job's plot; ATR-FTIR; PXRD; thermal anaysis; solubility.

INTRODUCTION
Zofenopril calcium (ZOF), chemically named calcium (2549)-1-[(29)-3-(ben-
zoylsulfanyl)-2-methyl propanoyl!]-4-(phenylsulfanyl)pyrrolidine-2-carboxylate, is
a sulfhydryl-containing ACE inhibitor (Fig. 1A). It is a selective cardiac ACE

*** Corresponding authors. E-mail: (*)udrescu.lucretia@umft.ro; (**)sbarcea.laura@umft.ro
doi: 10.2298/J5C140828118U
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inhibitor, being an effective antihypertensive agent and a valuable therapeutic
option in congestive heart failure and in acute myocardial infarction.1—3

A B

, S,
o} 1 Ca?* ",
’ : j
s Y 0 o,

2 CH,

Qm
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Fig. 1. The chemical structures of: A) zofenopril calcium and B) its active form, zofenoprilat.

ZOF is an ester prodrug of the active acid form, namely zofenoprilat (Fig.
1B), which contains a sulfhydryl group.# This potent ACE inhibitor also pos-
sesses remarkable antioxidant and cardioprotective properties.>6 The major
inconvenience is the low water solubility of the calcium salt of zofenopril (0.3
mg mi~1 reported by Subissi et al.l), this form being utilized in the oral dosage
forms. On the other hand, zofenopril calcium exhibits the tendency of forming
numerous polymorph forms,” resulting in its decreasing water solubility.

According to the biopharmaceutics classification system (BCS), a drug that
has low water solubility and high permeability is assigned to Class Il. Therefore,
the formul ation effects and the biological parameters can hamper the dissolution
profile, this type of drugs presenting variable absorption.8 Based on the low
water solubility and its good permeability, ZOF is categorized as Class |1 under
the BCS framework. The polymorphism is a critical aspect for BCS Class |1 com-
pounds.® Considering these outlooks, the employment of inclusion complexation
using cyclodextrin becomes a useful approach.10

The cyclodetrins are a class of cyclic oligosaccharides made up of six, seven
or eight a-D-glucopyranose units, named a-, -, and y-cyclodextrin, respectively.
Their particular cavity structure is of biomedical and pharmaceutical interest,
because they are able to form inclusion complexes with drugs (or lipophilic moi-
eties) with improved solubility, stability or other physicochemical properties 11,12
The rendered amorphous solid state following the complexation with cyclodex-
trins!113 has a potential benefit for oral tablets containing ZOF, because of the
increased water solubility and the opportunity of transferring ZOF from Class |1
into Class| of BCS (i.e., into a highly soluble and highly permeable drug).8

Hitherto, there have been a few studies on ZOF inclusion complexes with
native f-cyclodextrin,14 but no scientific report on ZOF inclusion complex with
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HPBCD. In this study, the formation of the inclusion complexes between ZOF
and HPBCD because of ZOF molecular encapsulation within cyclodextrin cavity
was investigated. Thus, spectroscopic techniques and TGA/DTG/HF thermal
analysis were applied as the most facile and reliable methods for the study of the
host—guest interaction (e.g., HPBCD and ZOF).

EXPERIMENTAL
Materials

Zofenopril calcium was a gift sample from Berlin-Chemie Menarini (Berlin, Germany).
2-Hydroxypropyl-p-cyclodextrin (average formula weight 1309.3, DS = 3) was purchased
from Cyclolab R&D Ltd. (Budapest, Hungary). The substances were used as received. All
other chemicals and reagents were of analytical grade. All experiments were performed using
ultrapure water.

Soichiometry determination using the Job’ s plot and Benesi—Hildebrand method

The spectrophotometric measurements were performed using a Spectronic Unicam — UV
300 UV-Visible double beam spectrophotometer with 1 cm matched quartz cells.

The stoichiometry of the inclusion complex was determined by application of the Job’s
method of continuous variation.1>16 Thus, equimolar 4x10-4 M solutions of ZOF and HPBCD
were mixed in volumetric flasks to a standard volume of 10 ml (1:9; 2:8, etc.), varying the
mole ratio while the total concentration of the species was kept constant. An analogous set of
ZOF solutions was prepared using ultrapure water as references. After stirring for 24 h at the
room temperature, the absorbance for al solutions was measured. The differences between the
absorbance values in the presence (A) and in the absence (Ag) of HPBCD were calculated as
AA = A — Ay The AA (ZOF) vaues were plotted against the mole fractions, R, where
R =[ZOF]/([ZOF] + [HPBCD]).

The Benesi—Hildebrand method was performed by measuring the ZOF absorbance
values under complexation-free conditions and in the presence of increasing concentrations of
HPBCD. Hence, the concentration of ZOF was kept constant at 0.02 mM and the HPBCD
concentration was varied from 0 to 4.5 mM. All the absorption spectra were collected in the
UV spectral range of 220-320 nm using 1 cm quartz cells.

Binary systems preparation

The accurate weight of HPBCD for a 1:1 mole ratio ZOF:HPBCD was triturated with an
appropriate quantity of water at ambient temperature for 10 min, up to homogenization. Then
ZOF was slowly added to the paste. While grinding, a small quantity of water was blended
with the mixture in order to assist the dissolution of the drug. The paste was kneaded for 1 h.
During this process, an appropriate quantity of water was added in order to maintain a suitable
paste consistency. The paste rendered by this process was dried in the oven at 40 °C for 24 h.
Then, the dried kneaded product, named ZOF/HPBCD KP, was pulverized and passed
through a 75-um size sieve.

The aforementioned kneaded product was compared with the corresponding physical
mixture. Hence, the stoichiometric quantities of ZOF and HPBCD corresponding to a 1:1
mole ratio were gently mixed in amortar at ambient temperature for 10 min, in order to obtain
a homogenous blend. Thereby, a 1:1 mole ratio physical mixture consisting of ZOF and
HPBCD at the samerratio as for the inclusion complex was obtained (ZOF/HPBCD PM).
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ATR-FTIR analysis

The FTIR spectra were recorded using a Bruker Vertex 70 spectrometer equipped with a
platinum ATR unit, type Bruker Diamond A225/Q. Each spectrum represents 64 co-added
scans, achieved at aresolution of 2 cmrl, in the 4000-400 cmr! wavenumber range.

PXRD analysis

X-Ray diffraction studies of the pure substances (ZOF and HPBCD) and of their binary
systems (the corresponding PM and KP) were performed using a Bruker D8 Advance powder
X-ray diffractometer, in the range of 5-45° angular domain (26), with CuK radiation gen-
erated at 40 mA, 40 kV and a Ni filter.

Thermal analysis

The pure substances and the binary systems were characterized by performing thermal
anaysis. A Perkin-ElImer Diamond simultaneous TGA/DTA instrument was used. The
samples were placed in aluminum crucibles. The DTA curves (in pV) were changed with the
heat flow (HF) curves (in mW) in order to determine the heat effects. The therma behavior of
the substances were studied under an air atmosphere, at a flow rate of 100 mL min1, under
non-isothermal conditions by increasing the ambient temperature up to 350 °C at a constant
heating rate of 10 °C min'.

Sandard curve for ZOF and the solubility profile of the kneaded product

A set of ZOF agueous solutions was prepared with concentrations ranging between 9-70
ug mi-1, The absorbance was recorded at 248 nm at 25 °C in order to represent absorbance (A)
as afunction of concentration (¢ / pg ml-1) to obtain the standard curve for ZOF.

The water solubility of ZOF within its inclusion complex was determined as follows: an
excess amount of kneaded product was placed in 2 mL of distilled water, to obtain a saturated
solution. The mixture was shaken for 24 h at 25 °C. The insoluble substance was removed by
filtration using a 0.45-pum cellulose acetate filter. The clear supernatant was properly diluted
and its absorbance was measured at 248 nm at 25 °C. The residue dosing was calculated by
means of the standard ZOF curve.

RESULTS AND DISCUSSION
Soichiometry determination

According to the Job’s method,15 if a physical parameter directly related to
the concentration (i.e., absorbance) of the complex can be measured for a series
of samples with continuously varying mole fraction of its components, then the
maximum concentration of the complex will be obtained when the mole ratio R
corresponds to the complexation stoichiometry. The maximum variation in absor-
bance AA was consequently observed for the mole ratio R = 0.5 (Fig. 2A), thus
indicating that the ZOF/HPBCD stoichiometry is 1:1.

Additional investigations using the Benesi—Hildebrand method were per-
formed, in order to verify the stoichiometry. A good linear relationship by
double-reciprocal plotting of 1/AA vs. /[HPBCD] (R2 = 0.9996) was accom-
plished (as presented in Fig. 2B) using the Benesi—Hildebrand Equation:17.18
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1 1 L1
AA  [ZOF|[HPBCD]A¢eKs Ag[ZOF]

The results highlighted the 1:1 stoichiometry of the ZOF/HPBCD binary system
under these experimental conditions.

(1)
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Fig. 2. A) Job’'s plot for different mole ratios of ZOF and HPBCD from absorbance
measurements and B) Benesi—Hildebrand linear plot for 1/AA vs. /[HPBCD].

ATR-FTIR analysis

FTIR spectroscopy is an important method regarding an evauation of the
interactions between the components of a mixture. The changes in the position or
intensity, as well as the disappearance or appearance of absorption bands are
irrefutable proofs for an interaction between a host-cyclodextrin and a drug-
-guest. The major benefits of the ATR-FTIR technique in comparison with the
KBr pellets technique are the small amount of the samples, the rapidity and
accuracy, and the lack of the extra interactions induced by the mechanical press,
as accursin the formulation of a KBr pellet.

The ATR-FTIR spectra of the pure ZOF and HPBCD, aong with their
physical mixture and kneaded product are presented in Fig. 3. The characteristic
absorbance peaks of ZOF and HPBCD, as well as the changes which appear after
the physical mixing and the kneading process, are summarized in Tablel.

The ATR-FTIR spectrum of pure ZOF, as shown in Fig. 3A, is characterized
by the presence of peaks for the proline group (at 1470 cm1),19 the carboxyl
groups (the anti-symmetric and symmetric stretching C=0 vibrations at 1659 and
1612 cmL, respectively) and the aromatic ring (the Cq—H stretching vibration
arises at 3061 cmr1, the skeletal vibration of the aromatic ring appears at 1582
cm1, and the C4—H and C4—C4 bending vibrations appear at 772 and 746 cnr1,
respectively).20
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TABLE |. Wavenumbers, cml, and peak assignments from the ATR-FTIR spectra of ZOF,
HPBCD, ZOF/HPBCD PM and ZOF/HPBCD KP

ZOF HPBCD ZOF/HPBCD PM ZOF/HPBCD KP
3325, v(O—H) 3319 3321
3061, v(C4—H)
2978, v(C-H) from 2974 2970
CH, + CH3
2936, v(C-H) from 2924, v(C-H) from CH, 2928 2926
CH2 + CH3
1659, Vagym(C=0) from 1659 1659
carboxylate
1612, vg;m(C=0) from 1614 1614
carboxylate
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TABLE I. Continued

ZOF HPBCD ZOF/HPBCD PM ZOF/HPBCD KP
1582, skeletal vibration 1584 1584
aromatic ring
1470, proline group vibration 1468
1456, 5(C-H) from CH, 1448 1448
+ CHj;
1435, 1412, 5(C-H) from
CH2 and CH3
1364, 5(C-H) from CH3 1371 1371
1331, coupled 3(O-C-H), 1327 1329
8(C-OH), 5(H—CH)
1152, $(C-0-C)
1024, v(C-C-O) from 1024 1026
C-OH
947, skeletal vibration 945 945
involving a-1,4 linkage
851, 3(C-C-H), (C-0), 854 854
(C-C) from anomeric
vibration
772, 5(C4—H) from the phenyl 772 770
ring
746, 3(C4—C4) fromthe 746 748
phenyl ring
513, y(aromatic ring) 513 511

The O—H stretching vibrations from HPBCD (see Fig. 3A) exhibit a broad
band with a maximum value at 3325 cm1, and characteristic peaks that cor-
respond to C—H, C-O-H, O—C-H, and C-O-C bending vibrations in the 1000
—1500 cm1 spectral range. These data are in agreement with previously reported
results, 18.21,22

The IR spectrum of the inclusion complex prepared by kneading, shown in
Fig. 3B, revealed some differences in comparison with the corresponding phys-
ical mixture and the parent substances. Almost all the characteristic peaks of
ZOF are intact in the physical mixture spectrum, but they are shifted (or absent)
in the ZOF/HPBCD KP spectrum, thus indicating inclusion interaction between
the two components. On analyzing the spectral data, it was found that the ZOF
Ca—H stretching vibration is present neither in ZOF/HPBCD PM, nor in the
ZOF/HPBCD KP, which indicate that one from the two ZOF aromatic rings is
entrapped within the HPBCD cavity. The C=0 stretching vibrations and aromatic
ring skeletal vibration of ZOF are still present in the spectra of the binary sys-
tems, albeit shifted and attenuated in ZOF/HPBCD KP, as a consequence of the
drug—cyclodextrin interaction when the kneading method was employed. Simul-
taneously, the proline group vibration, which was identified at 1470 cmr1 in the
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ZOF spectrum, was shifted to 1468 cm1 in the ZOF/HPBCD PM spectrum, and
was no longer present in the ZOF/HPBCD KP spectrum, thus suggesting that an
inclusion complex was formed and the 4-(phenylsulfanyl)pyrrolidine was enc-
losed in the cavity of the cyclodextrin.

PXRD analysis

PXRD is a fast analytical method that is applied for an assessment of the
crystalline nature of a sample. This technique allowed the observation of sharp
peaks attenuation of the crystalline substance (i.e., ZOF) due to the interaction by
inclusion with the amorphous cyclodextrin (HPBCD).

The PXRD patterns of the native ZOF and HPBCD and of their physical
mixture and kneaded product are depicted in Fig. 4.

A B

—— ZOF/HPBCD PM

—HPBCD — ZOF/HPBCD KP
—ZOF

28/ degrees 26/ degrees

Fig. 4. PXRD patterns of: A) the native substances and B) their binary systems.

The PXRD spectrum of ZOF, presented in Fig 4A, emphasizes its highly
crystalline nature by its characteristic diffraction peaks at 20 9.72, 13.74, 14.48,
16.00, 17.70, 18.42, 18.52, 19.00, 19.98, 20.56, 22.34 and 24.60°.22 The XRD
pattern of HPBCD (Fig. 4A) had two broad peaks and many diffuse peaks of low
intensity, reflecting the amorphous nature of this cyclodextrin. The XRD spec-
trum of ZOF/HPBCD PM (Fig. 4B) almost overlapped with the individua pat-
terns. In contrast, the XRD pattern of the kneaded product (Fig. 4B) revealed that
the crystallinity of ZOF was drastically reduced, as inferred by the mitigated
intensities of the characteristic sharp peaks (i.e., at 20 16.00, 17.70, 19.00, 19.98
and 21.93°). This was the result of modifications in the environment of ZOF and
HPBCD when inclusion complexation occurred.18

Thermal analysis

Thermal analysis techniques led to valuable outcomes regarding the for-
mation of cyclodextrin inclusion complexes. The thermal behavior of the studied
products under non-isothermal conditionsis presented in Fig. 5.
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Fig. 5. A) Thermogravimetric, B) derivative thermogravimetric and C) heat flow curves of

ZOF, HPBCD, ZOF/HPBCD PM and ZOF/HPBCD KP.
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The TG diagrams obtained for native compounds, as well as for their binary
systems, are presented in Fig. 5A. ZOF exhibited thermal stability up to 250 °C,
followed by decomposition processes. The pure HPBCD and the studied binary
systems exhibit a small mass loss corresponding to their dehydration, which
occurred between 50 and 130 °C. The water loss of HPBCD, as well as of the
binary systems, was aso revealed by small and broad endothermic peaks, as
indicated by the DTG curvesin Fig. 5B.

The melting peak of ZOF appeared at 265 °C,23 as given by the HF diagram
(Fig. 5C). The endothermic process was followed by thermal degradation — a pro-
cess that was confirmed by the TG curve (Fig. 5A). The broad endothermic HF
peak also indicated HPBCD dehydration within the same temperature interval;
the melting point of HPBCD had a higher value than that of ZOF (336 °C),
proven by both the HF and DTG curves, which is consistent with the previously
reported value.24 The HF curve, corresponding to ZOF/HPBCD PM, indicated
that the ZOF melting peak was shifted to 254.5 °C. The endothermic peak of
ZOF melting process from ZOF/HPBCD KP was reduced in comparison with
that from the physical mixture and was shifted to a lower temperature of 240.6
°C. Hence, a decrease in the thermal stability of the kneaded product was obs-
erved, which was the consequence of ZOF amorphization through the formation
of the inclusion complex.2> Similar results were also reported for the inclusion
process of other substances, 26,16

By corroborating the DTG and HF results, a different thermal pattern of ZOF
was observed within the kneaded product, because the melting point of the ZOF
guest molecule, which is entrapped within HPBCD cavity, was shifted to a dif-
ferent, lower temperature and therefore the peak intensity was decreased. These
results indicate a molecular interaction between ZOF and HPBCD, endorsing the
hypothesis of the existence of an inclusion complex between the two components
when the kneading method was employed.

Solubility

The water solubility appraisal of the ZOF/HPBCD inclusion complex pre-
pared by kneading was the milestone in our experimental efforts. Hence, the
saturation shake-flask method2’ was employed for measuring the water solubility
at 25 °C of ZOF in ZOF/HPBCD KP using the standard curve of ZOF in water,
at 25 °C (Fig. 6).

The obtained standard curve of ZOF was characterized by the equation
A = 0.02909c + 0.01022 (R = 0.9999), where A stands for absorbance, measured
at 248 nm, and c is the concentration in ug mi—1,

The water solubility of the ZOF/HPBCD KP was estimated by preparing a
concentrated solution.282° The UV  spectrophotometric measurements  were
achieved after adequate dilution, indicating that the water solubility of the inc-
luded ZOF was 1.510+0.005 mg mL~1 (an average value of five experimental

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



ZOFENOPRIL/2-HYDROXY PROPY L-3-CY CLODEXTRIN INCLUSION COMPLEX 495

determinations). This result emphasizes that the water solubility of ZOF was
increased five-fold in comparison with the free ZOF (0.3 mg mL—1), due to the
solubilizing effect of HPBCD.

Absorbance

0.5 4

0.0 T T T T T T

0 0 40 o0 Fig. 6. Standard curve of ZOF (water,

[ZOF]/ pg ml® 25°C).

A standard control experiment was further performed by dissolving the ZOF/
/HPBCD kneaded complex (59.2 mg), thus obtaining a clear solution that was
equivalent to 1.51 mg of ZOF. This indicates that the solubility of the ZOF/
/HPBCD inclusion complex was adequate for tablet dosage form.2829

CONCLUSIONS

Thisisthe first work to report the physicochemical characterization of an inc-
lusion complex between ZOF and HPBCD. Simultaneoudly, it brings forth the role
of cyclodextrins, and HPBCD in particular, in improving the water solubility of
the cacium sat of zofenopril. The formation of the 1:1 inclusion complex between
ZOF and HPBCD, prepared by the kneading method, was proven by ATR-FTIR
spectroscopy, PXRD and thermal analysis. The ZOF/HPBCD KP exhibited lower
crystalinity and enhanced water solubility in comparison with free ZOF.

H3BOI
®U3UUYKOXEMUICKA KAPAKTEPU3ALIUIA UHKTY3UOHOT KOMITJIEKCA KOJU

HACTAJE UHTEPAKIIMJOM U3MERY 309PEHOITPUIIA U
XUOPOKCHUIIPOITUJI-FIIUKIIOJEKCTPHHA

LUCRETIA UDRESCU"?, LAURA SBARCEA', ADRIANA FULIAS', IONUT LEDETI", TITUS VLASE?,
PAUL BARVINSCHI' ¥ LUDOVIC KURUNCZI"?

IFaculty of Pharmacy, University of Medicine and Pharmacy, 300041 Timisoara, Romania, 2Institute of
Chemistry Timisoara of the Romanian Academy, 300223 Timisoara, Romania, 3Research Center for Thermal
Analysis in Environmental Problems, West University of Timisoara, 300115 Timisoara, Romania u *Faculty

of Physics, West University of Timisoara, 300223 Timisoara, Romania

Kanmuujym-zodenonpun (ZOF) je jenaH o5 HQjHOBHUjUX MHXWOUTOpPA aHTMOTEH3UH- KOH-
seprupajyher ensuma (ACE), koju je BUCOKO nunoduIaH U c1abo pacTBOpaH y BOOH. Y LIUIBY
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noTBpzAe GopMupama HHKIY3HOHOI KOMIUIeKca KOju MMa Behy pacTBOpP/bHMBOCT Y OJHOCY Ha
ZOF, ucniutrBaHa je uHTepakudja usmehy ZOF U xeMujcku MomudUKOBAHOT [-LUKIONEKC-
TpHUHA (2-XUApoKcunponui-S-unkinogekctpud, HPBCD). Ilo npBu myT y oBOM pany zarte Cy
(usnuxkoxemujcke KapakTePUCTHKE M OIMCAaHA je PacTBOP/BUBOCT KOMILIEKCA KOjU HacTaje
unkiaysujom usmehy ZOF u HPBCD. ®opmupame uHKiIysuoHor kommiexca ZOF/HPBCD,
KaKO y UBDCTOM CTaly TakO U Y BOAEHOM DPacTBOPY, MOTBPHEHO je IPUMEHOM Pa3IUUUTHX
cnekTpockonckux texHuka (UV amcoprnmuoHa cnektpodoromerpuja, Judpaxiija peHareH-
CKHX 3paka ca mpaxoBa, IR cnexrpockonuja ca dypujeoBom TpaHchopmauujom). JodujeHu
pe3y/TaTH OBUX MCIUTHBama Cy JOAATHO NOTBpheHu Ha ocHOBY TepMaiHe aHanuse (TG/DTG/
/HF). Ha ocHOBy fodHjeHuX pesyiTaTta NOTBpHEHO je fa Cy (PU3HUYKOXEMHjCKE KapaKTEpHUC-
tuke duHapHor ZOF/HPBCD cucteMa pasnuuMTeE y OBHOCY Ha MOJa3HE CyNCTaHLE, Kao U
BUXOBY CMeIly, LITO HEJBOCMHUCIEHO YKasdyje Ha (opMHpame HHKIY3UOHOT KOMILUIEKCA.
HabheHo je ma oBaj MHKIY3MOHH KOMIUIEKC MMa IeT IyTa Behy pacTBOP/EHBOCT Y BOAU Y
onHocy Ha nosnasiu ZOF.

(ITpumibeHo 28. aBrycra, peBuaupano 15. Hopemdpa, mpuxsaheno 24. Hopembpa 2014)
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Abstract: The quantitative structure property relationship (QSPR) for super-
cooled liquid vapour pressures (p.) of polybrominated diphenyl ethers
(PBDESs) was investigated. The molecular distance—edge vector (MDEV) index
was used as the structural descriptor. The quantitative relationship between the
MDEV index and log p. was modelled by multivariate linear regression (MLR)
and an artificia neural network (ANN). The leave-one-out cross validation and
k-fold cross validation were performed to assess the prediction ability of the
developed models. For the MLR method, the prediction root mean square rel-
ative error (RMSRE) of the leave-one-out cross validation and the k-fold cross
validation were 9.95 and 9.05, respectively. For the ANN method, the pre-
diction RMSRE of the |eave-one-out cross validation and the k-fold cross valid-
ation were 8.75 and 8.31, respectively. It was demonstrated that the established
models were practicable for predicting the log p_ values of PBDEs. The
MDEV index was quantitatively related to the log p, of PBDEs. MLR and
linear ANN were practicable for modelling this relationship. Compared with
the MLR, the ANN method exhibited slightly higher prediction accuracy. Sub-
sequently, an MLR model, the regression equation of which was log p. =
= 0.2868M; — 0.8449M,, — 0.0605, and an ANN model, which was a two-
-input linear network, were developed. The two models could be used to pre-
dict the log p_ value of each PBDE.

Keywords: QSPR; PBDEs; supercooled liquid vapour pressures; molecular dis-
tance—edge vector index; artificial neural network.

INTRODUCTION

Polybrominated diphenyl ethers (PBDES) are a group of brominated organic
compounds that have been widely used as flame-retardants in many products,

* Corresponding author. E-mail: mop@xsyu.edu.cn
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such as building materials, electronics, furnishings, coatings, plastics, textiles,
etc.12 There are 209 PBDE congeners, distinguished by the number and position
of bromine atoms. Although the production of some PBDES has been restricted
under the Stockholm Convention since 2010, PBDEs already exist in many envi-
ronmental compartments, such as water, air, soil, vegetation, animals and
humans.>6 They have gained increasing attention due to their environmental
persistence, tendency to bioaccumulate through the food chain and risk to eco-
systems and human health.1.7.8 Being volatile organic compounds, the volatility
of PBDEs may affect their fate and distribution in the environment. The super-
-cooled liquid vapour pressures at 298.15 K (p.) is usually used to describe the
volatility of non-polar organic pollutants and the equilibrium partitioning of a
compound between the vapour phase and the liquid state. Thus, a quantitative
study on the p_ of PBDEs is of great importance to understand the distribution,
fate and transportation of PBDESs in the environment. A study on the pp is aso
necessary for the design of extraction and cleanup techniques and for the envi-
ronmental modelling of PBDEs. 4910 Many studies focused on the p_ of PBDEs
have been reported.14-14 However, the determination of pi is still a hard diffi-
cult due to the complexity of the analytical methods, high cost of experiments,
and lack of chemical standards of some PBDEs.#9:10 To overcome this problem,
much attention has been given to the quantitative structure property relationship
(QSPR) method for a preliminarily estimate the p_. of PBDEs. Several QSPR
models for the p of PBDEs were proposed.%-14 These studies demonstrated that
it is practicable to predict the p_. of PBDEs by using QSPR methods. However,
some of the proposed QSPR models were not global models for the P of PBDES
and the used structural descriptors were not satisfactory. There are many limit-
ations in the use of such models.4 In addition, the development of some QSPR
models was not easy because quantum chemical descriptors were used.10 Act-
ually, the generation and selection of quantum chemical descriptors are always
time-consuming and complicated in QSPR studies. The need to develop more
easy-to-use QSPR models for the p_ of PBDEs still exists. Therefore, the QSPR
model for the p_ of PBDEs was investigated in this work. The molecular dis-
tance—edge vector (MDEV) index1®-19 was used as the structural descriptor of
PBDEs. Multivariate linear regression (MLR) and linear artificial neural network
(L-ANN) were employed to model the quantitative relationship between the pi
and the MDEV index of PBDEs.

CALCULATION METHODS

Data set

The MDEV index was calculated according to the approach presented in the following
section. The calculated MDEV indexes are listed in Table S-I of the Supplementary material
to this paper. The experimental p_ values of the 22 PBDEs given in Table Sl of the
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Supplementary material are the super-cooled liquid vapour pressures at 298 K. The values of
the p_ were taken from the literature.®

Root mean square relative error (RMSRE) was used to indicate the prediction perfor-
mance of the obtained QSPR models. The RMSRE is defined as:

2
RMSRE = 2(RE)° 1)

n
where RE; isthe relative error of the it" sample, and n is the number of samples.
MDEYV index

When calculating the MDEV index of a PBDE molecule, each non-hydrogen atom is
regarded as a point and each chemical bond is considered as an edge. The whole molecule is
regarded as a topological graph. The relative electronegativity of each bromine atom and
benzene ring is defined as 1. Correspondingly, the MDEV index is defined as:

My =

2
j=i dik,jI

k1=12and | 2K @)

In EQ. (2), k and | are the type of atoms (k=1 or | = 1 denotes the bromine atom, and k =
2 or | = 2 denotes the benzene ring); itemsi and j are the coding number of a bromine atom or
benzene ring. Additionally, i and j belongs to the k" and I type, respectively. The dj; value
represents the nearest relative distance between the it and j'" atom. For example, diy j; means
the shortest relative distance between the ith and jt bromine atom. The relative distance
between the two adjacent non-hydrogen atoms is defined asd = 1. According to Eq. (2), there
are three elements, M1, M5 and M,,, in the MDEV index for a PBDE molecule. For instance,
the MDEV index of 2,2',4,4'-PBDE should be calculated as follows:

o RORORORERERS
Mm(1T+(1T+£1T+(éf(+£}ij+(:f+(1T+(2T4-1806

Obvioudly, the M,, value of each PBDE is equa to 0.25. Thus, My; and M1, were used
to quantitatively describe the structure of the PBDEs.

Artificial neural network

ANNZ-30 js a multivariate calibration method capable of modelling complex functions.
Its basic processing unit is the neuron (node). An ANN comprises a number of neurons
organized in different layers. A linear artificial neural network,26-% is a kind of neural net-
work having no hidden layers, but an output layer with fully linear neurons (i.e., linear
neurons with a linear activation function). It is the ssmplest ANN and is usually used to
develop a linear model, In a L-ANN, the neurons between the input and output layers fully
connect, while the neurons in the same layer do not. The basic architecture of a L-ANN is
showninFig. 1.
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Tbj Fig. 1. The architecture of the employed linear
Input layer Output layer artificial neural network.

InFig. 1, x (i=1,2..,n),y (=1 2,..., m and w; are the input variables, output
variables and the element of connection weight matrix W, respectively, and b is the bias
vector, which corresponds to the thresholds. The symbol fo() denotes the activation function.
Prior to a training procedure, the input and output variables require normalization. When the
network is executed, it effectively multiplies the input variables by the weights matrix, and
then adds the bias vector. Hence, the post synaptic potential (PSP) function of a neuron can be
described asfollows:

n
Vj =D XWj +by @)
i=1
Routinely, the activation function used in aL-ANN isalinear function described by:
Yi =V ®)

As there are no non-linear functions or hidden neurons in the network, aL-ANN isideal
for dealing with linear problems. Actually, the training of a linear network means finding the
optimal setting for the weight matrix W to minimize the root-mean-sguared-error of the calib-
ration set. In order to achieve this aim, known samples are generally divided into two sets: a
training set and a verification set. The network is trained using the training set, but is aso
tested after each epoch using the verification set. The training should be stopped once a det-
erioration in the verification error is observed. Overfitting and overlearning can be effectively
avoided in this way. Although the verification set is used to identify the best network, actu-
aly, training algorithms do not use the verification set to adjust the weights of the network. A
standard pseudo-inverse linear optimization algorithm?® is usually employed to train the net-
work. This algorithm uses the singular value decomposition technique to calculate the pseudo-
inverse of the matrix needed to set the weights in a linear output layer, so as to find the |east
mean squared solution. Essentialy, it guarantees finding the optimal setting for the weightsin
alinear layer.

The main difference between a MLR and a L-ANN is the optimization algorithm. In a
MLR, the aim of the least square algorithm is to minimize the sum of the squared residuals of
the training set. Asfor L-ANN, the aim of the training algorithm is to minimize the root mean
squared error of the verification set.26 Thus, the prediction ability of a L-ANN is usually
superior to that of aMLR.
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Leave-one-out cross validation

The leave-one-out cross validation82027.31 js g conventional agorithm for estimating
the predictive performance of a multivariable calibration model. Usually, practical calibration
experiments have to be based on alimited set of available samples. The idea behind the leave-
-one-out cross validation algorithm is to predict the property value of each samplein turn with
the calibration model developed with the remaining samples. When applying the algorithm to
a dataset with N samples, the calibration modelling is performed N times, each time using N-1
samples for the modelling and one sample for testing. Thus, the procedure of leave-one-out
cross validation can be divided into N segment. In each segment i (i = 1,..., N), there are three
steps: 1) taking sample i out as temporary ‘test set’, which is not used to develop the calib-
ration model, 2) developing a calibration model with the remaining N-1 samples, 3) testing
the developed model with sample i, calculating and storing the prediction error of the sample.
The advantage of |eave-one-out cross validation over random sub-sampling is that each sample
isused for both training and validation, and each sample is used for validation exactly once.
k-Fold cross validation

In k-fold cross validation,3233 the original N samples are randomly partitioned into k
equal size subgroups, called folds (if k = N, this is equivalent to the leave-one-out cross
validation). Of the k subgroups, a single subgroup is retained as the test set for testing the
model, and the remaining k—1 subgroups are used as the training set for generating the model.
The cross validation process is then repeated k times, with each of the k subgroups used
exactly once as the test set. The k results from the folds can then be averaged (or otherwise
combined) to produce a single estimation.

Software

All data processing was realized with subroutines devel oped under Matlab (ver. 7.0). The
computation was performed on a personal computer equipped with Core2 T9400 processor.

RESULTS AND DISCUSSION

The MDEV index of the investigated 22 PBDEs was caculated. The
obtained MDEV indexes are listed in Table S-| of the Supplementary material.
Clearly, the MDEV indexes of different PBDE molecules are quite different. It
was demonstrated that MDEV index can describe the structural differences
among these PBDE molecules. Thus, it is reasonable to use the MDEV index as
the structural descriptor for developing a QSPR model of PBDEs.

MLR model

Generally, a simple model should always be chosen in preference to a com-
plex model unless the latter fits the data better. Thus, first, it was investigated
whether MLR is practicable to model the quantitative relationship between the
MDEV index and log p_ value of these PBDEs. The MDEV index was used as
the independent variable and log pp as the dependent variable to develop the
regression model. In order to assess the predictive ability of the developed model,
two validation methods, leave-one-out cross validation and k-fold cross valid-
ation, were performed. The results of the leave-one-out cross validation are pre-
sented in Table S-11 of the Supplementary material, from which it could be seen
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that the predicted log p. values were in agreement with the experimental values
of log p. For the 22 compounds, the RMSRE of prediction was 9.95. Moreover,
the predicted log p_ values were plotted versus the experimental values (shown
in Fig. 2a) and the plot showed a linear relationship (y = 0.9470x — 0.1433 with
R = 0.9853) between the predicted and experimental log p_ values. Subsequently,
k-fold cross validation was performed to assess further the predictive ability of
the MLR model. In this procedure, the 22 samples were partitioned into 7 folds.
There were 4 samples in each fold. The prediction results of the k-fold cross val-
idation are given in Table S-I11 of the Supplementary material. As shown in this
table, the predicted log p. values were still in agreement with the experimental
values. For the 7 folds, the total prediction RMSRE was 9.05. A plot of the pre-
dicted log p. values versus the experimental values (presented in Fig. 2b) shows
a linear relationship (y = 0.9591x — 0.0722 with R = 0.9818). The results of the
leave-one-out and k-fold cross validation demonstrate that the MDEV index is
quantitatively related to the log pp of these PBDES. MLR was shown to be prac-
ticable for modelling the quantitative relationship between the MDEV index and
log p_. Obviously, a linear QSPR model based on the MDEV index could be
used to predict the log p. values of PBDES. Hence, an MLR model was dev-
eloped using the 22 PBDEs listed in Table S| of the Supplementary material.
The obtained regression equation was log p. = 0.2868M11 — 0.8449M 1> — 0.0605.
The R2, standard error of the estimate and the F value of the regression model
were 0.9800, 0.2007 and 466.5, respectively. Thus, this model could be used to
predict the log p_ value of all the PBDEs.

a b

Predicted Ig (P, / kPa)
Predicted Ig (P, / kPa)
4

7 . \ . . . . 7 L L L L L L
-7 -6 5 4 3 2 -1 -7 -6 5 4 3 2 -1

E_xperirr-1ental I_g (P, /_kPa)

E_xperirr;ental [g (P, /_kPa)

Fig. 2. Experimental log p, valuesvs. the log p, values predicted by the MLR model: a)
results of the leave-one-out cross validation and b) results of the k-fold cross validation.
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L-ANN model

Besides MLR, L-ANN, which is the simplest artificial neural network, is a
commonly used linear calibration method in QSPR studies. Thus, it was inves-
tigated whether a better model could be established using aL-ANN. A 2-1 L-ANN
(i.e.,, 2 input variables and 1 output variable in the network) was used to establish
the calibration model. The used activation function is presented as Eq. (5). The
MDEYV index and log p_ were used as input and output variables, respectively.
Prior to the training procedure, the input and output variables were normalized.
In each run of the ANN, the verification set comprised four randomly selected
samples.

The leave-one-out cross validation and k-fold cross validation were still
performed to assess the prediction performance of the developed model. The
results of the leave-one-out cross validation are listed in Table S-1I of the Sup-
plementary material. As shown in Table S-11, the predicted log p_ values werein
good agreement with the experimental log pp values. For all 22 compounds, the
RMSRE of the prediction was 8.75. Moreover, the predicted log p_ value were
plotted versus the experimental ones (presented in Fig. 3a) and the plot showed a
linear relationship (y = 0.9515x — 0.1309 with R = 0.9873) between the predicted
and experimental log p. vaues. The results of the k-fold cross validation are
givenin Table S-111. As shown in the table, the predicted log p_ values were also
in good agreement with the experimental log pp values. For the 7 folds, the total
prediction RMSRE was 8.31. The plot of the predicted log p_ versus the
experimental log pp values (presented in Fig. 3b) showed a linear relationship (y
= 0.9643x — 0.0557 with R = 0.9826). Obviously, the prediction accuracy of the
L-ANN model was dightly better than that of the MLR model. Using the L-ANN
was dlightly better than using the MLR for the prediction of the log p_ values of

a b

Predicted Ig (P, / kPa)
>

Predicted Ig (P, / kPa)
>

B r B |

7 5 5 4 3 2 A 7 % 5 2 3 2 a
Experimental Ig (P, / kPa) Experimental Ig (P_/ kPa)

Fig. 3. Experimental log p_ values vs. the log p_ values predicted by the L-ANN model: a)

results of the leave-one-out cross validation and b) the results of the k-fold cross validation.
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the PBDEs. It was demonstrated that L-ANN is a practicable and promising
method for modelling the quantitative relationship between the MDEV index and
log p. of PBDEs. Thus, a 2-1 L-ANN model was developed by using the 22
PBDEs listed in Table S-1 of the Supplementary material as the calibration set.
The verification set for training the model comprises 4 randomly selected
samples. The input and output variables were normalized in the training
procedure. This model could be used to predict the log p_ values of all PBDEs.

CONCLUSIONS

A method for developing a QSPR model of the supercooled liquid vapour
pressures of PBDES was investigated. The MDEV index, which can be generated
easier than quantum chemical descriptors, was used as the structural descriptor of
the PBDESs. Accordingly, the use of the MDEV index as structural descriptor was
more convenient than using quantum chemical descriptor when developing a
QSPR modé for the p. of PBDEs. Calibration models between the MDEV index
and log p. were established using MLR and ANN methods. The predictive abil-
ity of the developed models was assessed using leave-one-out cross validation
and k-fold cross validation. The validation result demonstrated that the MDEV
indexes of the PBDEs were quantitatively related to the log p. values of the
PBDEs. Thus, it was reasonable to establish the QSPR maodel for the log p_
values of the PBDEs based on the MDEV index. In addition, the result indicated
that both MLR and L-ANN are practicable for modelling the quantitative rel-
ationship between the MDEYV index and log pp value of PBDES. In summary, the
proposed method should be easy-to-use and practicable for predicting the log pp
values of PBDEs. Therefore, an MLR model and an ANN model, which could be
used to predict the log p. values of al PBDEs, were developed. The regression
equation of the MLR model was log p. = 0.2868M11 — 0.8449M1, — 0.0605. The
ANN model was a 2-1 L-ANN that was trained using the 22 known PBDEs as a
calibration set.

SUPPLEMENTARY MATERIAL

MDEV indexes of the investigated PBDEs and results of the leave-one-out cross
validation and k-fold cross validation, Tables S-1-S-11. respectively, are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ

QSPR CTYJUJA HATIOHA ITAPE CYITEPOXJIABEHUX ITOJIMBPOMOBAHUX TU®EHWIT

ETAPA [IPUMEHOM MOJIEKYJICKOT BEKTOPCKOTI MHIEKCA

LING JIAO"? XIAOFEI WANG?, SHAN BING', ZHIWEI XUE® u HUA LI

Ixiran Shiyou University, Xi'an, P. R. China, ZNorthwest University, Xi'an, P. R. China u 3Research Institute

of Nuclear Industry, Xianyang, P. R. China

HcnutrBaHa je KBaHTHUTaTHBHA penaudja usmehy crpyxrype u cBojcraBa (QSPR) 3a

HaIOH nape cynepoxnahenux nonudpomosaHux nudenun erapa (PBDE). Kao cTpykrypHH
IEeCKpUITOp, IPHUMEHBEH je MOJIEeKYJICKH BeKkTopcku uHiekc MDEV. Kopenauuja usmeby
HaroHa mape 1 MDEV aHanusvpaHa je My/ITHBapHjaHTHOM JHHeapHOM perpecujom (MLR)
nmomohy BemrtTaukux HeypoHckux mpexa (ANN). TToka3aHo je na nodujenu mopenu omoryhyjy
KBAaHTHUTATUBHO IMpefiBHiame HanoHa nape 3a PBDE. Metogom ANN ce MOCTH)Xy HEIITO Tay-
HUjU pe3ynTaTd Hero ca MLR.

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.

20.

(ITpumsbeHo 17. jyna, pesupupano 30. aBrycra, npuxsaheno 1. centemdpa 2014)

REFERENCES

H. A. Anderson, P. Imma, L. Knobeloch, M. Turyk, J. Mathew, C. Buelow, V. Persky,
Chemosphere 73 (2008) 187

EPA, http://www.epa.gov/ace/pdfs/Biomonitoring-PBDEs.pdf (accessed in Jan, 2014)
Stockholm  Convention,  http://chm.pops.int/TheConvention/ThePOPS/Listingof POPs/
/tabid/2509/Default.aspx (accessed on 10t July, 2014)

C.Y.Yue L.Y.Li, Environ. Pollut. 180 (2013) 312

M. Alaee, R. J. Wenning. Chemosphere 46 (2002) 579

F. M. Jaward, N. J. Farrar, T. Harner, A. J. Sweetman, K. C. Jones, Environ. Sci. Technol.
38 (2004) 34

Y. W. Wang, C. Y. Zhao, W. P. Mg, H. X. Liu, T. Wang, G. B. Jiang, Chemosphere 64
(2006) 515

D. J. Watkins, M. D. McClean, A. J. Fraser, J. Weinberg, H. M. Stapleton, T. F. Webster,
Environ. Int. 59 (2013) 124

H. Y. Xu, J W. Zou, Q. S. Yu, Y. H. Wang, J. Y. Zhang, H. X. Jin, Chemosphere 66
(2007) 1998

Z.Y.Wang, X. L. Zeng, Z. C. Zhai, ci. Total Environ. 389 (2008) 296

E. Papa, S. Kovarich, P. Gramatica, QSAR Comb. Sci. 28 (2009) 790

A.Wong, Y. D. Lei, M. Alaee, F. Wania, J. Chem. Eng. Data 46 (2001) 239

S. A. Tittlemier, G. T. Tomy, Environ. Toxicol. Chem. 20(2001) 146

S. A. Tittlemier, T. Halldorson, G. A. Stern, G. T. Tomy, Environ. Toxicol. Chem. 21
(2002) 1804

S. S. Liy, H. L. Liu, Z. N. Xia, C. Z. Cao, Z. L. Li, J. Chem. Inf. Comput. Sci. 39 (1999)
951

C.S.Yin,W.M. Guo, T. Lin, S. S. Liu, R. Q. Fu, Z. X. Pan, L. S. Wang, J. Chin. Chem.
Soc. 48 (2001) 739

H. H. Liu, X. Xiao, J. Qin, Y. M. Liu, J. Chongqing Inst. Tech. 19 (2005) 67 (In Chinese)
L. Jiao, X. Wang, H. Li, Y. Wang, J. Serb. Chem. Soc. 79 (2014) 965

L. Jiao, Z. W. Xue, G. F. Wang, X. F. Wang, H. Li, Chemometr. Intell. Lab. Syst. 137
(2014) 91

L. Jiao, Chemosphere 80 (2010) 671

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



508

21.

22.
23.

24.

25.
26.
27.
28.
29.

30.
3L
32.
33.

JAOetal.

M. Jalai-Heravi, M. Asadollahi-Babali, P. Shahbazikhah, Euro. J. Med. Chem. 43 (2008)
548

M. H. Fatemi, Z. G. Chahi, SAR QSAR Environ. Res. 23 (2012) 155

R. Smiljanic, D. Lazic, M. Gligoric, M. Jotanovic, Z. Zivkovic, I. Mihglovic, J. Serb.
Chem. Soc. 76 (2011) 1163

X. J. Yao, A. Panaye, J. P. Doucet, H. F. Chen, R. S. Zhang, B. T. Fan, M. C. Liu, Z. D.
Hu, Anal. Chim. Acta 535 (2005) 259

M. Fatemi, Z. Ghorbannezhad, J. Serb. Chem. Soc. 76 (2011) 1003

Statsoft, http://www.statsoft.com/textbook/neural-networks (accessed on 101 July, 2014)
L. Jiao, H. Li, Chemometr. Intell. Lab. Syst. 103 (2010) 90

Y. X. Zhang, H. Li, A. X. Hou, J. Havel, Chemometr. Intell. Lab. Syst. 82 (2006) 165
C.S.Yin, Y. Shen, S. S. Liu, Q. S. Yin, W. M. Guo, Z. X. Pan, Comput. Chem. 25 (2001)
239

W. J. Zhang, X. Q. Zhong, G. H. Liu, Soch. Environ. Res. Risk, A 22 (2008) 207

H. A. Martens, P. Dardenne, Chemometr. Intell. Lab. Syst. 44 (1998) 99

M. Zounemat-Kermani, O. Kisi, T. Rajaee, Appl. Soft Comput. 13 (2013) 4633
Wikipedia, http://en.wikipedia.org/wiki/Cross-validation(statistics) (accessed on 10t July
2014).

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



J. Serb. Chem. Soc. 80 (4) S129-S131 (2015)

SUPPLEMENTARY MATERIAL TO
QSPR study of supercooled liquid vapour pressures of
polybrominated diphenyl ethersusing the molecular distance—

edge vector index

Supplementary material

LONG JAOQOLZ*, XIAOFElI WANG?, SHAN BING!, ZHIWEI XUE? and HUA LI2

1College of Chemistry and Chemical Engineering, Xi’an Shiyou University, Xi’an 710065,
P. R. China, 2College of Chemistry and Materials Science, Northwest University, Xi’ an
710069, P. R. China and 3No. 203 Research Institute of the Nuclear Industry,

Xianyang 712000, P. R. China

J. Serb. Chem. Soc. 80 (4) (2015) 499-508

TABLE S-I. MDEV indexes of the investigated PBDES

No. PBDE Mll M12

1 2-BDE 0 1.0625
2 3-BDE 0 1.04

3 2,4-BDE 0.0625 2.0903
4 2,4'-BDE 0.0156 2.0903
5 2,6-BDE 0.0625 2.125
6 3,4-BDE 0.1111 2.0678
7 3,4-BDE 0.0123 2.0678
8 4,4'-BDE 0.01 2.0556
9 2,4,6-BDE 0.1875 3.1528
10 2,4',6-BDE 0.0938 3.1528
11 3,3,4-BDE 0.1391 3.1078
12 3,4,4-BDE 0.1335 3.0956
13 2,2',4,4'-BDE 0.194 4.1806
14 2,3',4,4-BDE 0.232 4.1581
15 2,3',4,6-BDE 0.2407 4.1928
16 2,4,4'.6-BDE 0.2288 4.1806
17 3,3'4,4-BDE 0.2725 4.1356
18 2,2',3,3',4-BDE 0.508 5.2328
19 2,2',4,4' 5-BDE 0.3779 5.2206
20 2,3',4,4',6-BDE 0.393 5.2206
21 2,2',4,4' 55 -BDE 0.5774 6.2606
22 2,3,3,4,4 5,6-BDE 1.0359 7.3006

* Corresponding author. E-mail: mop@xsyu.edu.cn
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TABLE S-l. Results of the leave-one-out cross validation

. Predicted log p_ Relative error, %
No. PBDE Experimental log p_ VLR ANN MLR ANN
1 2-BDE -0.79 -1.01 096 27.85 21.52
2 3-BDE -0.89 -095 093 6.74 4.49
3 2,4-BDE =177 -181 -1.79 2.26 113
4 2,4-BDE -1.86 -1.82 -18 215 -0.54
5 2,6-BDE -1.56 -1.86 -185 19.23 18.59
6 3,4-BDE -1.92 -1.76 -1.78 -8.33 —7.29
7 3,4-BDE -1.88 -180 -l1l81 —4.26 -3.72
8 4,4-BDE -2.01 -177 -180 -1194 -1045
9 2,4,6-BDE -2.34 -2.69 -2.68 14.96 14.53
10 2,4'.6-BDE —2.65 270 -2.69 1.89 151
11 3,3,4-BDE —2.86 -2.63 265 -804 -7.34
12 3,4,4-BDE —2.99 -2.62 264 1237 -1171
13 2,2',4,4-BDE -35 -354 355 114 143
14 2,3,4,4-BDE -3.62 -350 350 -3.31 =331
15 2,3,4,6-BDE -34 -355 355 441 441
16 2,4,4',6-BDE -3.31 -355 354 7.25 6.95
17 3,3,4,4'-BDE -3.81 -346 347 -9.19 -8.92
18 2,2',3,3,4-BDE -4.19 435 434 3.82 3.58
19 2,2',4,4' 5-BDE —4.17 439 437 5.28 4.80
20 2,3,4,4',6-BDE —4.52 434 435 398 -3.76
21 2,2',4,4'55-BDE -5.07 521 519 2.76 2.37
22 2,33,4,45,6-BDE —6.04 554 558 -8.28 —7.62

TABLE S-l1. Results of the k-fold cross validation

Experimental Predicted log p_

Relative error, %

Fold PBDE
log p MLR ANN MLR ANN
1 2-BDE —-0.79 095 -0.89 20.25 12.66
3,4-BDE -1.92 -177 172 -781 -1042
3,3,4-BDE -2.86 265 264 734  -7.69
2,4,4',6-BDE -3.31 -353 -354 6.65 6.95
2 3-BDE -0.89 -092 -090 3.37 112
3,4-BDE -1.88 -176 -179 638 -479
3,4,4-BDE —2.99 259 261 1338 -12.71
3,3,4,4-BDE -381 343 343 997 997
3 2,4-BDE -1.77 -180 -179 1.69 1.13
4,4-BDE —2.01 -178 178 1144 -11.44
2,2' 4.4'-BDE -3.50 -354  -356 1.14 171
2,2'3,3',4-BDE -4.19 436 435 4.06 3.82
4 2,4-BDE -1.86 -184 18 -108 -215
2,4,6-BDE 234 269  -2.68 14.96 14.53
2,3,4,4-BDE -3.62 353 353 249  -2.49
2,2'4,4' 5-BDE -4.17 439 440 5.28 5.52
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SUPPLEMENTARY MATERIAL

S131

Fold PBDE Experimental  Predicted log p. Relative error, %
log p MLR ANN MLR ANN
5 2,6-BDE -1.56 -187 -185 19.87 18.59
2,4' 6-BDE -2.65 272 270 264 1.89
2,3,4,6-BDE -3.40 -354 -354 412 412
2,3,4,4',6-BDE 452 435 436 376 354
6 3,4-BDE -1.92 -174 179 938  -6.77
3,3,4-BDE -2.86 265 267 134 664
2,4,4' 6-BDE -3.31 -355  -3.56 7.25 7.55
2,2'4.4'55-BDE -5.07 524 523 3.35 3.16
7 3,4-BDE -1.88 -180 -181 426 372
3,4,4-BDE -2.99 261 262 1271 -12.37
3,3,4,4-BDE -3.81 —342 342 -1024 -10.24
2,3,3,4,4' 5,6-BDE —-6.04 557 557 778  —71.78
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Thermodynamic solubility of piroxicam in propylene
glycol + water mixturesat 298.2-323.2 K —data report
and modeling
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Abstract: The solubility of piroxicam (66 data points) in binary mixtures of
propylene glycol (PG) + water at six different temperatures ranging from 298.2
to 323.2 K are reported. Three different cosolvency models, i.e., the Yakow-
sky, the Jouyban—Acree and a combined version of the Jouyban—Acree model
with the van't Hoff approach, were used for correlating the reported data. All
the results of the analyses showed an acceptable range of the error percentages.

Keywords. thermodynamic; solubility; piroxicam; propylene glycol.

INTRODUCTION

The solubility of drugs is an important field in the pharmaceutical area,
because it permits the scientist to choose the best solvent or solvent mixture for
dissolving a drug or a combination of drugs. Solutions of drugs could be used to
measure the purity of the bulk drug, prepare a liquid formulation and/or extract
an ingredient from a synthetic mixture or a natural source. Hence, it is important
to determine systematically the solubility of pharmaceutical compounds. The
dependence of the solubility enhancement at higher temperatures to the mole-
cular mechanisms enables respective thermodynamic analyses.

Piroxicam is a nonsteroidal anti-inflammatory drug, which is used for pain
relieving and anti-inflammatory effects. The anhydrate form of piroxicam can be
hydrated to dihydrate species by crystallization with water or exposure to a
relative humidity over 43 %. The drug is described as a poorly water soluble and
highly permeable drug (class Il of the Biopharmaceutics Classification System
(BCS)).12

To achieve an optimized solvent composition of a mixture for dissolving a
certain amount of a drug in a given volume of the solvent, the trial and error
approach is employed in practice, which is time consuming and expensive.

* Corresponding author. E-mail: shahla.soltanpour@gmail.com
doi: 10.2298/J5C131110036S
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510 SOLTANPOUR and BASTAMI

Therefore, using cosolvency models could be an appropriate solution. Numerous
models have been presented for correlation/prediction of the solubility of drugs
in mixed solvents.3 The final goal of developing cosolvency equations is to pre-
dict the solute solubility in mixed solvents using a minimum number of experi-
mental data points or even without them.

COMPUTATIONAL METHOD END EXPERIMENTAL

One of the main cosolvency models is the log-inear model of Yakowsky, which has a
linear relationship between the solute solubility and the solvent fraction and is very simple and
suitable for mixtures. It can be written as:4

log X5 =w;log X7 + w, log X5 (@)

where X is the solubility of the solute in the solvent mixture; X3t and X532 denote the
solubility in neat solvents 1 and 2, respectively; and wq and wo represent the mass fraction of
solvents 1 (cosolvent) and 2 (water) in the absence of the solute. Equation (1) can be
rearranged as Eq. (2) by considering wo=1-w1:

log X5 = log X5 + Kyw; 2
or
log X3 = Ky + Kywy 3

By further mv&stlganons K;=A+BlogP was obtained in which logP is the partition
coefficient of the drug:

log X3 =log X5 + (A+ Blog P)w 4

where A and B are model constants and w1 is the mass fraction of the cosolvent.

If there is no interaction between solvent—solvent or solvent—solute, the model of
Y alkowsky can predict the solubility well. However, most solvent mixtures are not ideal and
interactions occur; therefore, other terms need to be added to the basic log-inear model in
order to illustrate the roles of these interactions in the solute solubility.

For showing the variation of the solubility with both temperature and solvent
composition, the Jouyban—Acree model, which can compute the mathematical descriptors for
the probable interactions in the mixture, can be used. The general form of the model for the
solubility in binary solvent mixture at various temperatures can be written as:3

log X3 =w log X3 +W2|09X2T+?ZJ (W~ Wp) ®)
i=0

in which an]afT isthe molar solubility of the solute in the solvent mixture at temperature T, w;
and w, are the mass fractions of solvents 1 and 2, respectively. X151al and XZSaTI are the
solubility of the solute in the neat solvents 1 and 2, respectively, and J; are the constants of the
model computed by regression analysis. A limitation for the Jouyban—Acree model is
computing the model constants that require a number of experimental solubility data of the
solute in the binary solvent mixtures.

Solubility of the drugs in mono-solvents at different temperatures can be predicted using
the van't Hoff approach (Eq. (6)).6 The required experimental data are the solubilities in the

solvents mixture (log X2 ).
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THERMODYNAMIC SOLUBILITY OF PIROXICAM 511

log X5 :A+$ (6)

where A and B are the model constants cal culated by regression method.

A combination of the Jouyban-Acree and van't Hoff models enables the prediction of
drug solubility in mixed solvents at different temperatures after a training process using
solubility data points; e.g. at the lowest and highest temperatures.”8 The combined version
could be represented as:

2
l0g X% =wl[A1+5j+w2[Ag+§j+MZJi(wl—w2)i ™
: T T T 5

where Ay, By, Ay, B, and J; terms are the model constants. With this combination, the
experimental solubility data are replaced with the calculated ones, which in this case, Eq. (7)
is a valuable model for fitting the solubility data because the input includes no experimental
data.

In a previous study,® a generaly trained version of the Jouyban-Acree model was
reported for propylene glycol (PG)—water binary mixtures:

W2
T
In this step, this equation was used for predicting the solubilities of piroxicam at 6
different temperatures.
To evauate the accuracy of the computational parts, the mean relative deviation (MRD)
between the calculated and observed solubilities was used. The MRD value is caculated
using:

log X3& =w;log X$2 +ws log X5 + [37.030+ 319.490(w; — W») | 8

MRD

©)

_ @ |Xr]C1?_lrculaed _ Xnoq‘k_)rserved|
N xr(%?l_served

where N is the number of data pointsin each set.
Materials

Piroxicam (0.999 mass fraction) was purchased from Alborz—Daru (Qazvin, Iran). The
purity of piroxicam was checked by measuring the melting point range (471-473 K) and by
comparing the measured solubilities in monosolvents with the corresponding data from the
literature.10 PG (0.995 mass fraction) was purchased from Merck (Germany). Double distilled
water was used for the preparation of the solutions.

Drug solution preparation

All binary mixtures were prepared with an accuracy of 0.001 mass fractions.
Solubility determination

The solubility of piroxicam was determined by equilibrating an excess amount of the
solid in the prepared binary solvent mixtures using a shaker (Behdad, Tehran, Iran) placed in
an incubator equipped with a temperature-controlling system at different temperatures with an
uncertainty of 0.2 K (Hoorteb, Tehran, Iran) for 3 days to reach the equilibrium at 298.2 K.
After solubility determination and density measurement at 298.2 K, the remaining solutions
containing the excess solid were placed at 303.2 K for 2 day and the measurements were
performed. The same procedure was repeated for the other temperatures. The solutions were
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512 SOLTANPOUR and BASTAMI

filtered using hydrophilic Durapore filters (0.45 pm, Millipore, Ireland) and after diluting with
methanol, the absorbance of these solutions were recorded at 360 nm using a UV—-Vis
spectrophotometer (Beckman DU-650, Fullerton, USA). The reported concentrations of the
dilute solutions are an average of at least three experimental measurements, and the mean
relative standard deviation (RSD) of three repetitive experiments was 2.6 %. The densities of
the saturated solutions were determined using a5 mL pycnometer.

RESULTS AND DISCUSSION

The minimum solubility of piroxicam was observed in agueous solution
(2.8x10> M or 1.3x10~" mole fraction), which isin agreement with the literature
value,11 and the maximum solubility of piroxicam was observed in neat PG at
323.2 K (1.95x104 M). As aclear result for the experimental solubility data, the
addition of the cosolvent to the agqueous solutions and increasing the temperature
led to solubility enhancement. Table S| of the Supplementary material to this
paper presents the mass fractions of the binary solvent mixtures, the densities of
the saturated solutions, the experimental and calculated solubilities of piroxicam
at different temperatures using three analyses, which are described as follow.

Numerical analysis | includes fitting the binary solubility data to Eq. (4)
(Yakowsky). The highest and lowest MRDs belong to the solubility set at 298.2
and 318.2 K with 16.6 and 1.4 %, respectively, and the overall mean relative
deviation (OMRD) was 9.6 %. Asit is clear from the eguation, the agueous solu-
bility is the only input data that was used for the fitting process, and the purpose
of the modeling was to use a model with less input data and the simplest view.
Thus, the OMRD value of 9.6 % for Eq. (4) isvery good and acceptable.

In numerical analysis |1, the solubility data were fitted to the Eq. (5) (the
Jouyban—Acree model) and the highest MRD was 6.6 % for the solubilities at
323.2 K, and the lowest one was 0.7 % for the solubilities at 318.2 K. In this
model, the solubilities of piroxicam in the neat solvents were the input data, and
some terms were aso added to the model to cover the interactions between
solvent—solvent and solvent—solute molecules. Overall, these additions in this
model resulted in avery low OMRD (2.5 %) for fitting process, which was com-
pletely good and acceptable. The produced moddl is:

log Xr?f-tr = f;log Xf?t + fylog ng%t +
f,f, 2 (10)
+—12(1244-20174( - 1)-30.080(f; - f) )

In numerical analysis I11, the reported solubility data were fitted to Eq. (7),
the Jouyban—-Acree model combined with the van’'t Hoff equation. The highest
and lowest MRDs were for the solubilities at 298.2 and 318.2 K with 29.9 and 4.5
%, respectively. In this analysis, the input data contained no experimental values,
and the solubilities in the neat solvents were replaced by the constants from the
van't Hoff approach. Hence, despite its complicated view compared with that of
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the Y akowsky model, this model is very valuable for cases for which thereis no
experimental data available. The OMRD for the fitting process was 13.8 %,
which is acceptable.

The back-calculated MRD values of piroxicam solubility calculated by the
different numerical analyses at different temperatures are presented in Table I.
The results show that the highest and lowest OMRD values were achieved in
analysis Il and 11, with 13.8 and 2.5 %, respectively.

TABLE |I. MRDs and OMRDs of the three fitting analyses of piroxicam solubility in binary
aqueous mixtures of PG at six different temperatures

Anaysis
T/K I, Eq. (4) I, Eq. (5) 11, Eq. (7)
298.2 16.6 21 299
303.2 15.8 2.0 191
308.2 9.7 18 12.3
313.2 6.0 19 51
318.2 14 0.7 45
323.2 8.1 6.6 12.2
OMRD 9.6 2.5 13.8

In numerical analysis IV, Eq. (8) was used for predicting the solubility of
piroxicam in the reported mixtures at 6 different temperatures. The highest and
lowest prediction MRDs were for the solubility sets at 323.2 and 318.2 K with
19.1 and 14.2 %, respectively, and the OMRD value was 15.4 % for all 66 data
points. The predicted solubilities and the MRD values are listed in TableIl.

TABLE I1. Predicted solubilities ( X P »105) of piroxicam in PG (1) + water (2) mixtures
at different temperatures (T), prediction MRDs and OMRD obtained by the trained version

(Eq. (9))

T/K

W 298.2 303.2 308.2 313.2 318.2 3232
0.00 2.8 7.6 8.1 8.7 9.1 9.7
0.10 2.7 6.9 74 7.9 8.3 9.0
0.20 3.0 6.9 7.4 7.9 8.4 9.3
0.30 35 7.6 8.1 8.6 9.2 10.4
0.40 4.4 8.7 9.4 9.9 10.6 12.2
0.50 5.6 10.3 11.0 115 12.5 14.7
0.60 7.2 12.1 12.9 135 14.6 175
0.70 8.9 13.7 14.6 15.2 16.6 20.3
0.80 10.2 145 15.6 16.1 17.7 22.0
0.90 10.7 14.1 151 15.6 17.2 22.0
1.00 9.9 12.1 13.0 134 15.0 19.5
MRD 15.4 14.9 14.6 14.3 14.2 19.1
OMRD 15.4
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CONCLUSIONS

Experimental solubilities of piroxicam are reported in agueous binary
mixtures of PG at six different temperatures ranging from 298.2 to 323.2 K,
which extended the available solubility database of pharmaceuticals in mixed
solvents.12

The main goa of this research was to improve the agueous solubility of
piroxicam by adding a cosolvent and increasing the temperature. The additions of
PG and temperature enhancement increased the solubility of piroxicam drama-
tically. PG is a safe pharmaceutical cosolvent and could be used for formulating
piroxicam in liquid forms (oral or parenteral) after performance of the appro-
priate toxicity tests.

The linear model of Yakowsky, the Jouyban—Acree model and the version
of the Jouyban—-Acree model combined with the van't Hoff approach fitted the
experimental solubility data for piroxicam well at amost all compositions of the
solvent mixtures. These findings were supported by the acceptable MRD values
of the back-calculated and experimental solubility data.

In modeling, the simplest model is the best unless its error percentage is
high. The results of this study showed that the Jouyban—Acree model has the
lowest fitting MRD values in comparison with the other two models. The
noticeable point is that in the Jouyban—Acree model, the solubilities of piroxicam
in the neat solvents at each temperature were added to the model; hence, for
modeling the solubility data, these experimental values were required. Also in the
Y alkowsky linear model, one must know the agueous solubility of the drug at
each temperature. However, when the van't Hoff approach was used in con-
junction with the Jouyban—Acree model, in fact, the experimental data were rep-
laced with calculated values.

SUPPLEMENTARY MATERIAL

Mass fractions of PG, experimental molar solubility of piroxicam in PG (1) + water (2)
mixtures at various temperatures, the predicted solubilities by numerical analyses|, Il and I,
the densities of the saturated solutions and the fitting OMRDs are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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HU3BO[J
PACTBOPJBUBOCT IIMPOKCUKAMA Y CMEIIIH ITPOITHUIEH-TJIUKOJT
(1,2-TIPOTIAHIIMOJT)-BOJIA HA TEMITEPATYPAMA O] 298,2 11O 323,2 K

SHAHLA SOLTANPOUR u ZAHRA BASTAMI
Faculty of Pharmacy, Zanjan University of Medical Sciences, Zanjan 45139, Iran

OnpeheHa je pacTBOp/EMBOCT MHUPOKCHMKaMa y OMHApHUM cmelnama 1,2-mpomaHmuon—
—BOJla Ha IIECT TeMmneparypa y uHTepBaixy on 298,2 mo 323,2 K (66 excrepUMeHTaIHUX
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tTavyaka). Kopuurhena cy Tpu Mogena 3a Kopeiauujy eKCepUMEeHTATHUX pe3yiTara: Mozen
Yalkowsky, Jouyban—Acree mozmen u obnuK mocienwmer Monena MOOUGUKOBAH MPUCTYIIOM
van't Hoff-a. AHanu3a pesysraTa odpazne MO#eNInMa je NoKa3asaa NPUXBAT/bUB OIICET Ipelike.

=

arwN

No

11

12.

(ITpumseHo 10. HoBemOpa 2013, peBunupano 23. mapra, npuxsaheno 24. mapra 2014)
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Faculty of Pharmacy, Zanjan University of Medical Sciences, Zanjan 45139, Iran
J. Serb. Chem. Soc. 80 (4) (2015) 509-515
TABLE S-1. Mass fractions (w;) of PG, experimental molar solubility ( X&) of piroxicamin

PG (1) + water (2) mixtures at various temperatures, the predicted solubilities by numerical
analyses|, Il and I11, the densities ( p3 ) of the saturated solutions and the fitting OMRDs

- - Analysis
Wi P X I Eq (@) i1, Eq. (5) I, Eq. (7)
2982 K
0.00 1006 0.000028 0.000028 0.000028 0.000044
0.10 1016  0.000031 0.000030 0.000031 0.000047
0.20 1020  0.000035 0.000033 0.000036 0.000052
0.30 1027  0.000041 0.000036 0.000041 0.000057
0.40 1035  0.000045 0.000039 0.000047 0.000062
0.50 1039  0.000050 0.000043 0.000053 0.000067
0.60 1043 0.000062 0.000047 0.000059 0.000073
0.70 1046  0.000068 0.000051 0.000066 0.000078
0.80 1048  0.000075 0.000056 0.000075 0.000085
0.90 1050  0.000082 0.000061 0.000085 0.000093
1.00 1054  0.000099 0.000066 0.000099 0.000104
3032K
0.00 1.008 _ 0.000076 0.000076 0.000076 0.000054
0.10 1.018  0.000081 0.000082 0.000079 0.000058
0.20 1.023 0000084  0.000089 0.000083 0.000062
0.30 1.027  0.000089 0.000096 0.000088 0.000068
0.40 1.037  0.000096 0.000104 0.000092 0.000073
0.50 1.043  0.000100 0.000112 0.000096 0.000079
0.60 1.046  0.000103 0.000121 0.000100 0.000084
0.70 1.048  0.000106 0.000130 0.000103 0.000090
0.80 1.050  0.000109 0.000141 0.000107 0.000096
0.90 1.052  0.000113 0.000152 0.000112 0.000104
1.00 1.058  0.000121 0.000164 0.000121 0.000116

* Corresponding author. E-mail: shahla.soltanpour@gmail.com
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- - Andysis
W P Xin I, Eq. (4) 11, Eq. (5) 11, Eq. (7)
3082K
0.00 1010 0000081  0.000082 0.000081 0.000065
0.10 1020 0000086  0.000087 0.000085 0.000070
0.20 1027 0000091  0.000093 0.000089 0.000075
0.30 1029 0000095  0.000100 0.000094 0.000080
0.40 1039 0000102  0.000107 0.000099 0.000086
0.50 1046 0000107  0.000114 0.000103 0.000092
0.60 1048 0000110  0.000122 0.000107 0.000097
0.70 1050 0000113  0.000130 0.000111 0.000103
0.80 1052 0000117  0.000139 0.000115 0.000109
0.90 1056 0000124  0.000148 0.000121 0.000117
1.00 1060 0000130  0.000158 0.000130 0.000129
3132K
0.00 1012 0000087  0.000087 0.000087 0.000079
0.10 1023 0000092  0.000002 0.000090 0.000084
0.20 1029 0000097  0.000098 0.000095 0.000089
0.30 1033 0000101  0.000103 0.000099 0.000095
0.40 1041 0000107  0.000109 0.000104 0.000101
0.50 1050 0000111  0.000116 0.000108 0.000107
0.60 1052 0000115  0.000122 0.000112 0.000112
0.70 1056 0000119  0.000130 0.000115 0.000117
0.80 1058 0000125  0.000137 0.000119 0.000123
0.90 1060 0000126  0.000145 0.000125 0.000131
1.00 1062 0000134  0.000153 0.000134 0.000143
3182K
0.00 1016 0000091  0.000091 0.000091 0.000095
0.10 1027 0000095  0.000095 0.000095 0.000100
0.20 1031 0000101  0.000100 0.000100 0.000105
0.30 1037 0000106  0.000105 0.000106 0.000111
0.40 1044 0000112  0.000110 0.000112 0.000117
0.50 1052 0000118  0.000115 0.000117 0.000123
0.60 1056 0000123  0.000121 0.000122 0.000128
0.70 1060 0000129  0.000126 0.000126 0.000133
0.80 1064 0000134  0.000133 0.000132 0.000139
0.90 1066 0000140  0.000139 0.000139 0.000146
1.00 1068 0000150  0.000146 0.000150 0.000158
3232K
0.00 1020 0000097  0.000097 0.000097 0.000114
0.10 1029 0000101  0.000101 0.000103 0.000119
0.20 1035 0000107  0.000105 0.000111 0.000124
0.30 1039 0000112  0.000109 0.000120 0.000130
0.40 1046 0000120  0.000113 0.000129 0.000136
0.50 1054 0000126  0.000118 0.000138 0.000141
0.60 1058 0000132  0.000122 0.000146 0.000146
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- - Analysis
W P X I, Eq. (4) i1, Eq. (5) 111, Eq. (7)
3232K
0.70 1062 0000135  0.000127 0.000155 0.000150
0.80 1068 0000149  0.000132 0.000165 0.000155
0.90 1071 0000168  0.000137 0.000177 0.000162
1.00 1077 0000195  0.000142 0.000195 0.000174
OMRD 96 2.5 138
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Abstract: A bioactive flavonol, 3-hydroxyflavone (3-HF), in systems based on
dextran 70 (Dx70, an important bio-relevant polysaccharide) and bovine serum
abumin (BSA, a carrier protein) was studied by fluorescence and circular
dichroism. Changes produced by different concentrations of Dx70 on the
fluorescent characteristics of 3-HF and on the excited-state intramolecular
proton transfer (ESIPT) process were studied. The influences of 3-HF binding
and of Dx70 on the secondary structure of BSA were investigated by circular
dichroism spectroscopy. The influence of temperature (30-80 °C range) on the
intrinsic tryptophan fluorescence in 3-HF/BSA/Dx70 systems was investigated.
The results are discussed with relevance to 3-HF as a sensitive fluorescence
probe for exploring flavone—protein interactions in plasma expander media and
for its biological evaluation.

Keywords:. flavones; proteins; dextran 70; fluorescence spectroscopy; ESIPT.

INTRODUCTION

Flavones and related compounds of the flavonoid group in plant polyphe-
nolic compounds have various therapeutic properties, such as. antioxidant, anti-
radical, angioprotective, making them effective agents against cancers, tumors,
cardiac problems, inflammations, allergies and acquired immune deficiency syn-
drome.16 Other remarkable types of activity of flavones are based on their dual
fluorescence behavior, known as systems exhibiting excited state intramolecular
proton transfer, ESIPT, which is useful for exploring the structure, function, dyn-
amics, interactions and microenvironment in biological systems, e.g., proteins.”12

The interaction between flavonoid compounds and serum albumins were
reported.913-22 Bovine serum albumin (BSA) represents the major globular pro-
tein of bovine blood plasma. BSA is structurally a polypeptide chain containing

* Corresponding author. E-mail: voicescu@icf.ro
doi: 10.2298/JS5C140425075V
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582 amino acids residues, which, due to its relatively high agueous solubility,
binds to several types of biological molecules and thus determines physiological
function.23.24 The two tryptophan (Trp) residues in the BSA structure are res-
ponsible for its intrinsic fluorescence: Trp212 that belongs to subdomain 1A
within a hydrophobic binding pocket and Trpl34 that belongs to the first sub-
domain IB, located on the surface of the albumin molecule. Based on this, fluor-
escence spectroscopy is a suitable tool to monitor changes in the intrinsic fluor-
escence of BSA on binding of various ligands.2>

Dextran is a family of microbial 1—6-o~D—glucans derived from Leuco-
nostoc mesenteroides with varying proportions of other types of linkages, (1—2)-
-0, (1-3)-0- and (1—4)-o-branch linkages, which is used as plasma expan-
der.26 Due to its solubility in water and organic solvents, dextran is a versatile
biomacromolecule for preparing nanofibrous electro-spun membranes for bio-
medical applications.2” In line with this, it was found that BSA and lysozyme
were directly incorporated into an electro-spun dextran membrane without com-
promising its morphology.2? According to Jung et al., depending on the ratio of
dextran to BSA used, about 0.5-1 mol of dextran could be bound to 1 mol of
native BSA, indicating that the BSA surface in the conjugates was covered with
dextran without disruption of its native conformation.28

This study deals with an analysis of the bioactive flavonol, 3-hydroxyflavone
(3-HF) in systems based on dextran 70 (Dx70) and bovine serum albumin (BSA)
(acarrier protein), by fluorescence and circular dichroism spectroscopy.

EXPERIMENTAL
Materials

A stock solution of 3-hydroxyflavone (3-HF, Sigma) was prepared in methanol (spec-
trophotometric grade, Sigma). Aliquots from stock solution were used to prepare the working
solutions of concentration 6x10> M. A stock solution of dextran 70 (Dx70) was prepared in
distilled water, with working concentrations in the range 0.33-1.66 uM. The molecular
structure of 3-HF and Dx70 are shown in Scheme 1. Bovine serum albumin (BSA) was pur-
chased from Merck, Darmstadt. Phosphate buffer used was 0.1 M, pH 7.4. A phosphate buffer
was purchased from Sigma-Aldrich, Steinheim, Germany.

--f--0-cH,
o]
<0
OH --0-CH,
OH o
-n
a-1,6 OH
+ OH
a-1,3 OH
m
a-16
3-Hydroxyflavone (3-HF) Dextran

Scheme 1. Molecular structure of 3-hydroxyflavone (3-HF) and dextran.
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Methods and apparatus

The fluorescence emission and excitation spectra were recorded with a Jasco FP-6500
spectrofluorometer, using 3 nm bandpasses for the excitation and the emission monochro-
mators, a detector response of 1 sec, data pitch of 1 nm, a scanning speed of 100 nm min-1,
The excitation wavelengths were 365 nm (for hydroxyflavone emission) and 280 nm (for Trp
emission of the BSA protein).

The fluorescence lifetime decays were recorded in a time-correlated, single photon
counting FLS920 system from Edinburgh Instruments, with laser excitation at 375 nm, a
lifetime scale of 100 ns and 2048 channels. The laser had a width of 1.5£0.5 nm, and a pulse
duration of 50 ps. The data were fitted with a multi-exponentia decay (reconvolution) and the
accuracy of the fit was checked on grounds of x2, which was less than 1.2. Intensity-averaged
lifetimes were calculated according to the equation:2°

D oitd
i 4T (2]
)= i ; f = (Kd : a = I
) Yarn | Yo >0
i i i
The circular dichroism spectra were measured on a Jasco J-815 spectropolarimeter in the

wavelength range of 200-300 nm. The experimental data was fitted with Dichroweb3° in
order to obtain the secondary structure with the K2D neural network algorithm.3?

RESULTS AND DISCUSSION

Seady-state fluorescence analysis

The fluorescence emission spectra of 6x10° M, 3-HF in the presence of
Dx70, for an excitation wavelength, Aex = 365 nm, is shown in Fig. 1A. Two
fluorescence emission bands were observed: a broad band at 470 nm, which cor-
responds to the norma (N*) form (S; (n—n*) — Sp, where no proton transfer
process occurs) and at 528 nm, attributed to the tautomer (T*) form, which is
generated from an excited-state intramolecular proton transfer (ESIPT) process
of the internal H-bond, C(4)=0---HO-C(3).” No significant changes in emission
wavelengths for the N* and T* forms were observed with increasing con-
centration of DX 70, but the fluorescence intensity of the bands increased slightly.
In the fluorescence excitation spectra of 3-HF, monitored at 530 nm, of 3-HF in
the presence of Dx70 and in direct comparison with 3-HF at pH 7.4 (Fig. 5B),
two bands at Agx around 304 and 350 nm were observed, which are attributed to
the absorption of 3-HF. According to Schipfer et al., the UV-absorption spectra
of flavones are characterized by two absorption bands (n—r*), Band | (300-380
nm) attributed to the absorption by the cinnamoylic portion (B+C rings) and band
I1 (240-285 nm), by the benzoy! portion (A+C rings) of flavornoid molecules.32

Addition of BSA (Fig. 1C) leads to a 5-nm red-shifted fluorescence emission
of the N* form, Aem = 475 nm, and a 4-nm red-shifted fluorescence emission of
the T* form, Aem = 532 nm. As could be observed, the fluorescence intensity of
both forms increased with increasing concentration of BSA. It could be noticed
that the T* emission was higher than the N* emission, indicating an efficient
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excited-state proton transfer process. In addition, with increasing BSA concen-
tration, the intensity ratio of N*:T* fluorescence (In+/IT+) decreased from
In*/I7+ = 0.625 for a concentration of 0.33 uM BSA to In+/l7+ = 0.406 for 1.66
uM BSA. This feature was attributed to the more hydrophobic environment of
3-HF in the presence of BSA. Moreover, a high affinity binding of 3-HF on BSA
in the presence of Dx70 was considered. The fluorescence excitation spectra of
3-HF, monitored at 530 nm, in the presence of Dx70 with varying BSA con-
centrations is presented in Fig. 1D. Comparing the spectrain Fig. 1D with those
in Fig. 1B, the bands with Agy in the region 285-293 nm are attributed to n—m*
transitions of the aromatic amino acid residues, Tyr and Trp.33:34 The broad band
at Aex = 312 nm may be due to 3-HF binding to the BSA structure, while the
band in the region 353-372 nm corresponds to the absorption of 3-HF. The band
with Aex = 419 nm, attributed to the anion form 3-HF,12 was 3 nm red-shifted
(Aex = 422 nm) with increasing BSA concentration. These features are due to
specific interactions of 3-HF anion form with the environment of amino acid
residuesin the BSA structure.

o
B s}
250 A g 3-HF_Dx 70 (0.33)M) 250+ 2 —----3-HF_Dx70 (0.33 M)
© 3-HF_Dx 70 (1pM) =S - 3-HF_Dx70 (1.66 pM)
S ———-3-HF_DX 70 (1.66nM @ — 3-HF pH 7.4
200+ AV F_pl)—<| 7.4( " 2004 -
> ]
S 1501 © 150
~ ~
'S
L 00 = 100
504, 4 50-
0 0 T T T T 1
250 300 350 400 450 500
A/nm A/nm
200, C o L 3HFBSA (310100 D § —— 3-HF/BSA /DX70
w o 3HF/BSA (6.21uM) @ S 3-HF/BSA / Dx70
-\ 200 ER) N 3-HF/BSA / Dx70
1604 N 3-HF/BSA (9.32 ;M) Q o 5\ L3 HF/BSA/ Dx70
. 3-HF/BSA (12.43 M) & /% L 3HF/BSA/ Dx70
e 3-HF/BSA (15.50 M) 150 I ¥ i
= 1204 [Dx70]= 166 4 5 g BSA, 15.50 uM
© © i
E 804 E 100 L BSA, 310 M
= - —— \ \\ [DX70] = 466 uM
40+ 504
o i . ; : . 0 ; : : : ;
450 650 250 300 350 400 450 500
A/nm A/nm

Fig. 1. Fluorescence emission spectra of 6 x10°> M 3-HF in Dx70 medium without (A) and
with BSA(C), 4 = 365 nm, and their corresponding excitation spectra (B and D);
Aem =530 nm.
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The influence of temperature on intramolecular ESPT

The influence of temperature in the range of 30-80 °C on the excited-state
intramolecular proton transfer (ESIPT) tautomer emission of 3-HF in the pre-
sence of BSA and Dx70 at pH 7.4 for an excitation wavelength of 365 nm, is
shown in Fig. 2A. No changes in the fluorescence emission wavelengths of the
N* (dem = 475 nm) and T* (Adem = 532nm) forms were observed but their
intensities decreased with increasing temperature. With gradual increase in tem-
perature, the intensity ratio In+/IT+ decreased, Table I, providing a less hydro-
phobic environment of 3-HF, in that the internal H-bonds at the binding sites in
BSA are weak. Without Dx70, it was found that the intensity ratio In«/I+ of
3-HF increased, a fact corresponding to the more hydrophobic environment of
3-HF, Table I. The intramolecular ESPT tautomer emission of 3-HF in the pre-
sence of BSA and Dx70 was notably even when the temperature increased. From
the excitation spectra in Fig. 2B, it could be seen that with increasing tempera-
ture, the bands at Adex = 293 nm, characteristic for Tyr and Trp absorption,
strongly decrease at 80 °C and a broad absorption band appeared around 306 nm.
The broad band around 357 nm corresponds to 3-HF absorption. This is indi-

200~ A

—— 3-HF /BSA / Dx70
- 3-HF /BSA /DxT0
30°C 3-HF / BSA / D70
160 - —-—-3-HF [ BSA / Dx70
------ 3-HF /BSA/DxT0

1204

3
[
2
w
80
40
0 . T i :
450 500 550 600 650
A/nm

B o ——3-HF/BSADx70

g e 3-HF / BSA 1 Dx70

2004 - - 3-HF / BSA /Dx70

e === 3-HF / BSA /DX 70

2 - 3-HF / BSA [ Dx70

o™
1504 30°C

S
©
g
w

1000 e N . Fig. 2. A) Fluorescence emission
: and B) excitation spectra of 3-HF/
/BSA interaction in the presence of
R Dx70 at pH 7.4 vs. temperature:
T S Dx70:BSA = 1:1 (VIV);
250 300 350 400 450 500 [3-HF] = 6x10° M;
2/nm Aex =365 NM, Agm = 530 nm.

50
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cative of 3-HF binding to BSA, especially at the site in the proximity of the Trp
212 residue. The band at Aex = 422 nm was attributed to the absorption of the
anion form of 3-HF12 and as the temperature increased, a slight bathochromic
shift to 425 nm was registered at 80 °C. A dlight denaturation of BSA at this
temperature should also be taken into consideration.

TABLE |. Fluorescence characteristics of the 3-HF/BSA interaction with and without Dx70,
in phosphate buffer pH 7.4 (PBS). Ay« and Ar«, position of the fluorescence emission maxima
of the normal (N*) and tautomer (T*) forms; 1 = 365 nm

System t/°C An+ / nm A+ Inm INTA L
25 471 530 0.460
30 475 530 0.469
40 475 530 0.477

3-HF/BSA/PBS 50 475 530 0.495
60 475 529 0.525
80 475 528 0.545
25 476 532 0.406
30 476 532 0.402
40 476 531 0.381

3-HF / BSA / Dx70/ PBS 50 476 £a1 0.368
60 474 531 0.333
80 - 528 0

The influence of temperature on the intrinsic fluorescence emission of BSA

It is known that BSA has two Trp residues involved in its intrinsic fluor-
escence emission: Trp212, in a hydrophobic binding pocket of the subdomain
IA, and Trpl34, belonging to the first subdomain IB, on the surface, more
exposed to hydrophilic environment.3> The fluorescence emission of the native
BSA at an excitation wavelength of 279 nm, is 340 nm,28 and changes in the
intrinsic fluorescence of BSA may occur in dependence on the environment of
the Trp residues.

Intrinsic tryptophan fluorescence emission spectra of 3-HF binding and
Dx70 on the BSA structure at pH 7.4 for an excitation wavelength Agx = 280 nm
are shown in Fig. 3A. It was registered that with increasing BSA concentration,
the fluorescence intensity of Trp gradualy increased, but with no significant
emission shifts Agm to 334-336 nm. Thus, 3-HF in the presence of Dx70 does not
cause conformational changes in the secondary structure of BSA.

The secondary structure of the BSA undergoes conformational changes
under thermal treatment. The helicity of the protein (66 %) decreased with rising
temperature; half of the original helicity was lost at 80 °C, while a helicity of 16
% was still maintained even at 130 °C.36 As the temperature increases, Fig. 3B,
an 8-nm blue-shift in the fluorescence emission was observed, Agm = 327 nm,
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and the feature corresponds to a more hydrophobic environment of the Trp 212
residue when 3-HF binds to BSA.

A § ——— 3-HF /BSA (3.10pM) / Dx70
4004 L. e 3-HF /BSA (6.21uM / Dx70
re o 3-HF [ BSA (9.321M) / D70
P — = 3-HF [ BSA (12 43uM / Dx70
/"/' 1. ‘\\\ -omem 3-HF [ BSA (15.50uM / Dx70
3001 /2 I [Dx70] = 1.66 uM
5 e .
©
w2004
1004 /7
0 ; :
330 360
A/lnm
400 3
300
5 30°C
®
w2004 B
80°C
100 '
ol : : ‘ ‘
300 330 360 390 420
x/nm
oot C -
0.012 . S
Fig. 3. Tryptophan intrinsic fluores-
w cence emission spectra of 3-HF
< 0008 | binding and Dx70 on the BSA struc-

ture, A) a different BSA concen-

trations and B) at different tempe-

0.004 . ratures at Dx70: BSA = 1:1 (V/V), pH

7.4 and Ag = 280 nm. C) The variation

' ‘ ‘ ‘ ' ‘ ‘ VAF of Trp fluorescence emission as a

’ ' ’ ’ ’ ' function of the molar concentration of
1/BSA] I g™ BSA.

The binding constant between 3-HF and BSA in Dx70 medium could be
estimated from the fluorescence emission data using a modified Benesi—Hil-
debrand equation, as follows:37
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R S
AF ~ AFmaxK[BSA]  AFmax

where AF = Fx — Fo, whereby Fyx and Fq represent the Trp fluorescence inten-
sitiesin the presence of Dx70 at pH 7.4 and in the absence of Dx70, respectively.
AFmax is the maximum change in the Trp fluorescence intensity and K is the
binding constant. The variation 1/AF for the intrinsic Trp fluorescence emission
intensity for various molar concentrations of BSA is presented in Fig. 3C, from
which the K value was estimated to be 5.13x104 M-1 (SE = 7.17x107%4,
r2 = 0.975). Thus, a high binding affinity of 3-HF to BSA in the presence of
Dx70 was registered. For human serum albumin (HSA), Sytnik and Litvinyuk!2
reported that the higher affinity site of HSA has an association constant of
K = 7.2x105 M~1 and predominantly hosts the 3-HF anion, while the normal
tautomer has alower affinity, K = 2.5x10° M1,

Time-resolved fluorescence analysis

Lifetime measurements on the 3-HF band were performed in order to see the
effect that the presence of Dx70 has on the species present in solution. The
results are presented in Table Il and the decay profiles in Fig. 4. When bound
with BSA, 3-HF had three lifetime components, as was found in pH 7.4
phosphate buffer solution (PBS) as well. In order of increasing lifetime, the three
components were attributed to the tautomer, T* (0.18 ns), anion, A* (1.46 ns)
and normal, N* (5.39 ns), species of 3-HF.38 Lifetime measurements can also
yield information on the relative population of these species and the changes that
occur upon interaction with BSA.

TABLE Il. Lifetimes (z / ns), fractional intensities (f / %) and relative populations (a / %) of
3-HF excited species under different experimental conditions

%/ stem 71 [7) 73 fl f2 f3 a a as <r>
PBS 018 146 539 4439 3160 24.02 9020 816 1.63 1.82
BSA 103 411 808 1392 4774 3834 4513 3894 1593 521

BSA/Dx70 1.07 375 794 2034 4755 3211 5308 3538 1154 458

In the presence of BSA, all the lifetimes increased to 1.03, 4.11, 8.08 ns,
respectively, and the average lifetime increased as well from 1.82 to 5.21 ns. The
relative population of the T* form decreased two-fold, from 90.20 to 45.13, while
both the anion and the normal species increased, which determined a similar
trend for the fractional intensities. As both T* and N* are tautomers of the
neutral molecule, the anion increased from 8.16 to 38.94 % in BSA, at the
expense of neutral 3-HF, which decreased from 91.84 to 61.96 %. This means
that deprotonated 3-HF is favored as the binding species. A third effect of bind-
ing to BSA was perturbation of the excited state processes, as the T*/N* popul-
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ation ratio dramatically decreased from 55.34 to 2.83 and the intensity ratio from
1.85t0 0.36.

10000 4 K PBS
| ——BSA
iF —— BSA-Dx70
10004 it
n i,
£ T
s 1004 &
O .
L

10 3

r/ns

Fig. 4. Decay profilesfor 3-HF in PBS, BSA and BSA in the presence of Dx70:
(o) —instrument response; (o) — experimental data; lines— fitted data.

The addition of Dx70 had a dlight tendency of reverting the effect that BSA
had on 3-HF, i.e, a dight decrease in the lifetimes to 1.07, 3.75 and 7.94 ns,
respectively, and of the average lifetime to 4.58 ns, on one hand, and on the other
a dight decrease of the deprotonated 3-HF to 35.38 %, while the neutral mole-
cule percentage rises to 64.62 %. The reverting tendency is valid also for the
excited state processes, as the population ratio becomes 4.60 and the intensity
ratio 0.63.

Circular dichroism analysis

A circular dichroism spectrum of a protein can be considered the sum of the
characteristic individual spectra of each type of secondary structure present in the
protein. Thus, by deconvolution, the contents of each of the secondary structures
of proteins can be determined. The data in Table Il show that binding of 3HF
decreased the a-helix percentage by 6 %, from 59 to 53 %, increasing thereby the
content of the random cail structure the most, as is the case with most ligands.
On the other hand, Dx70 increased the a-helix percentage by 3-5 % at the exp-
ense of both the #-sheet and random coil structures, both in the absence and in
the presence of the ligand. It can be seen that bound BSA in the presence of
Dx70 reverts to a structure very similar to the native one, 58, 8 and 34 % for the
content a-helix, f-sheet and random coil, respectively, compared to 59, 8 and 33
%, respectively, for the native protein. Thus, Dx70 had the effect of renaturation
on the serum abumin.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



526 VOICESCU and IONESCU

TABLE I1. The effect of 3HF binding and Dx70 on the secondary structure of BSA; NRSMD:
normalized root mean sguare deviation

System o-helix, % [sheet, %  Random cail, % NRMSD*
BSA 59 8 33 0.109
BSA /Dx70 62 6 31 0.185
3-HF /BSA 53 10 37 0.187
3-HF /BSA /Dx70 58 8 34 0.202

The reverting effect of Dx70 on both BSA in the presence of the ligand and
on 3-HF bound to BSA may be due to both a competitive interaction of the 3-HF
to BSA and Dx70 and to slight structural modifications that the presence of Dx70
induced on the protein that increased the percentage of the a-helix structure.

CONCLUSIONS

In Dx70 medium and with gradual increase in the temperature, the intensity
ratio of N* and T* fluorescence (In+/IT+) in the 3-HF / BSA systems decreased,
leading to aless hydrophobic environment of 3-HF, because the internal H-bonds
at the binding sitesin BSA are weak.

In Dx70 medium, 3-HF binds to BSA especiadly at the site in the proximity
of Trp 212 residue. The value of binding constant, 3-HF to BSA in the presence
of Dx70 was K = 5.13x104 M1,

Dx70 increased the a-helix percentage by 3-5 % at the expense of both the
p-sheet and random coil structures, both in the absence and in the presence of
3-HF. It was observed that the bound BSA in the presence of Dx70 reverted to a
structure very similar to the native one, 58, 8 and 34 % for a-helix, f-sheet and
random coil, respectively, compared to 59, 8 and 33 %, for the native protein.
Thus, Dx70 had an effect of renaturation on the serum albumin.

The data have relevance in future studies concerning flavone—protein inter-
action with 3-HF as a sensitive fluorescence probe in plasma expanders media, as
well asin the future studies concerning its biological eva uation.

ABBREVIATION LIST

3-HF — 3-Hydroxyflavone

Dx70 — Dextran 70

BSA — Bovine serum albumin

Trp — Tryptophan

ESIPT — Excited-state Intramolecular Proton Transfer
N* and T* — Normal and tautomer forms

In+/IT+ — Theintensity ratio of N*:T* fluorescence
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U3BOJ
UHTEPAKIIUJA 3-XUJPOKCHU®JIABOH-TOBEBY CEPYMCKHU AJIBYMHUH Y MEIUJYMY
JEKCTPAHA

MARIANA VOICESCU" 1 SORANA IONESCU”

TRomanian Academy, Institute of Physical Chemistry “Ilie Murqulescu”, Splaiul Independentei 202, 060021
Bucharest, Romania u 2Department of Physical Chemistry, University of Bucharest, Blvd. Regina Elisabeta
4—12, Bucharest 030018, Romania

CriekTpockorncka aHanu3a droakTuBHOTr (aBoHONA, 3-xunpoxkcudnasona (3-HF), y cuc-
Temy Sa3upaHoMm Ha gekctpaHy 70 (Dx70, BakaH duo-peneBaHTaH monucaxapun) U roseher
cepymckor andymuHa (BSA, mporewH Hocad), u3BeleHa je MpHUMeHOM diyopecleHIje |
UUPKyJapHOT auxpous3ma. CTyaupaHe Ccy IPOMEHE HacTale NPUMEHOM PasIMYUTHUX KOHLEH-
Tpauuja Dx70 Ha dmayopecuenTHe kapaxkrtepucTuke 3-HF, kao u nodyheHo crame — npouecu
HMHTpaMoJeKynapHux Tpancdepa npotona (ESIPT). Ytuuaj sesusama 3-HF u Dx70 Ha cexyH-
IapHy CTpyKTypy BSA mcCIUTHBaH je IpeKko LUUPKyJIapHOr guxpousma. HMcnurtusaH je Takobhe
ytunaj remeneparype (30—-80 °C) Ha cBojcTBeHy uryopecueHLHjy TpUnTodaHa y cuctemy 3-
HF/BSA/Dx70. Pe3ynraT cy OUCKYTOBAaHH y ONHOCY Ha peneBaHTHOCT 3-HF, kao ocetssuBe
(iryopecuieHTHe pode 3a UCIIUTHBAWBE UHTEpaKLUja (1aBOH—TIPOTEHH Y IJIa3MH, kao MeJu-
jyMy, kao ¥ y CMUCITy OHOJIOLIKe eBalTyalnyje.

(ITpumibeHo 25. anpuia, pesugupao 18. jyHa, mpuxsaheno 15. jyna 2014)
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Abstract: Two series of poly(&-caprolactone) poly(oxepan-2-one) nanocom-
posites with different organo-modified clays (1 to 8 wt. %) were prepared by
the solution casting method. Organoclays with polar (Cloisite® C30B) and
nonpolar (Cloisite® C15A) organic modifiers and with different miscibility
with the poly(&-caprolactone) matrix were chosen. Exfoliated and/or intercal-
ated structures of the nanocomposite were obtained using high dilution and
ultrasonic treatment for the preparation of the composite. The effects of the
surface modification and clay content on the morphology, and mechanical and
thermal properties of the nanocomposites were studied. Scanning electron
microscopy excluded the formation of microcomposites. The wide-angle X-ray
diffraction analysis revealed that the tendency toward exfoliated structures was
higher with Cloisite® C30B, which had better miscibility with poly(e-capro-
lactone) matrix, than with Cloisite® C15A. Differences in the sizes of the
spherulites and morphology between two series of the nanocomposites were
observed by optical microscopy performed on as-cast films. The enthalpies of
fusion and degrees of crystallinity were higher for the nanocomposites than for
the neat poly(e-caprolactone) and increased with clay loading in both series,
because of the nucleating effect of the clay. The decreased thermal stability of
the nanocomposites was ascribed to the thermal instability of the organic
modifiers of the clays. The Halpin-Tsai model was used to compare the theo-
retically predicted values of the Y oung’'s modulus with the ones experimentally
obtained in tensile tests.

Keywords. biodegradable; aliphatic polyester; layered silicate; solution casting.

INTRODUCTION

Polymer nanocomposites are already established as materials with remark-
ably enhanced and improved properties compared to the pure polymers and con-

* Corresponding author. E-mail: mnikolic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC140924119N

529

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



530 NIKOLIC etal.

ventional microcomposites. If a very low amount of nanometer filler is success-
fully dispersed in a polymer matrix, the interface between the filler and the
matrix dramatically increases, alowing a full contribution of the filler to the
improvement of the properties. Among polymer/inorganic filler composites,
polymer/layered silicate nanocomposites have induced a great interest in indus-
try, as well as in academial4 Layered silicates found such a prominent place
among other nanofillers due to their natural abundance, high mechanical strength,
chemical resistance and well-investigated intercalation chemistry. Different poly-
mers, such as polyamides, polypropylene, polyurethane, aliphatic polyesters,
aimed at diverse applications, were investigated as matrices in polymer/layer
silicate nanocomposites. The resulting nanocomposites often exhibit higher stiff-
ness, lower permeability, reduced coefficient of thermal expansion and reduced
flammability than the corresponding neat polymer.4-7

A layered silicate with a layer thickens of 1 nm and high aspect ratio (10—
—1000) is organized in stacks with regular gaps between them, called interlayers
or galleries. The clay layers are negatively charged with this charge being
counterbalanced by alkali or alkaline earth cations that reside in the galleries. In a
preparation of polymer/layered silicate nanocomposite, the tendency is to obtain
afull, nanometer dispersion of clay layers, i.e. exfoliation, in order to achieve the
best performance. It was also shown that the intercalation of polymer chainsinto
the interlayer space, resulting in a well-ordered multilayer morphology with a
few clay layers in dispersed stacks, can also result in a substantial improvement
of material properties.89 The particular structure that is obtained is influenced by
the elaboration route and the favorable polymer—clay interactions. Clay is usualy
modified by exchanging the interlayer inorganic cations with organic ions, which
enables more favorable interactions with the desired, usualy hydrophobic, mat-
rix. At the same time, the tethering of long alkyl chains to the surface of the layer
increases the interlayer spacing, allowing an easier approach of a polymer chain.
A range of commercial organoclays is available, intercalated with different org-
anic cations, usually quaternary ammonium ions.

Poly(&-caprolactone), PCL (poly(oxepan-2-one)) belongs to an important
class of biodegradable polymers — aliphatic polyesters. It is a semi-crystaline
polymer with low melting and glass transition temperatures. PCL degrades by
hydrolytic cleavage of the ester bonds along the polymer chain, yet with a much
slower rate compared to those of other aliphatic polyesters, such as poly(L,D-
-lactic acid). Therefore, when medica applications are in question, this polyester
has been investigated for some long-term applications, such as in some prolonged
controlled release systems or for different scaffolds, where physical and mech-
anical properties should be maintained for at least 6 months.19 In the case of
scaffolds in bone tissue engineering, the mechanical properties of PCL might not
be adequate for such high-load-bearing applications and therefore need some
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improvements. PCL is also considered as a suitable, environmentally friendly
replacement for some non-biodegradable commodity polymers that are currently
in use, e.g., for packaging or in agriculture. It is, therefore, of considerable inter-
est to investigate and develop improvements of PCL-based materials in terms of
mechanical, barrier and thermal properties. Judging from the literature citations,
a nanocomposite approach has been especially investigated.11-1> Nanoclays
which provide a range of aforementioned improvements of materials seems to be
aparticularly promising filler for materials based on a PCL -matrix.16

The main elaboration routes to PCL/clay nanocomposites are in situ poly-
merization of the &caprolactone monomer intercalated in the clay galleries, melt
processing and casting from solution. By in situ intercalative polymerization,
well-defined exfoliated nanocomposites could be obtained, though high mole-
cular weights of the matrix are not easy to attain.1’-23 A process was also
developed in which an exfoliated master batch, prepared by in situ polymer-
ization, was dispersed in the desired matrix by melt processing.24 Melt process-
ing was not so efficient as in situ polymerization in achieving exfoliated state,
even though it is the simplest and industrially most acceptable route to nanocom-
posites.2>-30 An important point in melt processing when used for organically
modified clay is the thermal stability of the organic modifiers. A number of
papers dealing with commercia organoclays presented the influence of the ther-
mal instability of the organic modifier on the final performance of melt processed
nanocomposites.31.32 Early work on the preparation of PCL/clay nanocomposites
by solution casting resulted in only dightly intercalated nanocomposites.33
Unlike poly(lactic acid)/clay nanocomposites, for which solution casting was
proved to be a good method for obtaining exfoliated/intercalated and intercal ated
structures of nanocomposites,3435 in the preparation of PCL/clay nanocom-
posites, this route was not that successful. However, recent reports on PCL/clay
composites claimed that an intercalated/exfoliated structure could be achieved by
the proper choice of solvent in respect to the clay and PCL and a highly dilute
starting suspension.36 By applying the solution casting method, the danger of
thermal degradation of the organic modifier is eliminated. This allows the inves-
tigation and better understanding of the impact of interactions between an org-
anic modifier and the PCL matrix on clay dispersion and the final performance of
the nanocomposites.37

In this report, an attempt to obtain PCL/clay nanocomposites via the film
casting technique is described. The aim was to explore the influence of organic
modifiers on clay dispersion within a PCL matrix. Two organoclays (Cloisite®
30B and Cloisite® 15A), which differ in respect to their affinity toward the used
solvent and the PCL matrix, were investigated. The organo-modifier in the case
of Cloisité® 30B was the methyl bis-2-hydroxyethyl tallow quaternary ammo-
nium cation and in the case of Cloisite® 15A, the dimethyl dehydrogenated
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tallow quaternary ammonium cation (Fig. 1). In addition, the thermal and mech-
anical properties of the as-prepared samples were investigated and the results
interpreted in terms of the achieved clay dispersion and interactions between the
clay organic modifier and the matrix.

{J\/\/\/O\L
n
PCL
CH,CH,0H CHy Fig. 1. Chemical structur&s.of PCL and
organic modifier of the clays: for Cloisite®
HaC—NET HsC—NE—HT  30B methyl bis-2-hydroxyethyl tallow (T)
quaternary ammonium cation and for Cloi-
CHZCHZ0H HT ste® 15A dimethyl dehydrogenated tallow
(HT) quaternary ammonium cation (T is
Cloisite®C30B Cloisite®c15A  tallow (=65 % C18, ~30 % C16, ~5 % C14).

EXPERIMENTAL
Materials

Poly(e-caprolactone) was synthesized by ring-opening polymerization of e-caprolactone
in the presence of stannous octoate catalyst.8 The stannous octoate was purchased from
Aldrich and used as received. The number average molecular weight of the synthesized PCL
was 43300 g mol-1 with a polydispersity of 1.95, as obtained from size exclusion chroma-
tography measurements performed in chloroform (solution concentration 10 mg mL-1; mobile
phase flow rate 1 mL min1) with polystyrene calibration. The two organo-modified clays
were supplied by Southern Clay Products, Inc. (Texas, USA) under the trade name Cloisite®
30B and Cloisite® 15A (hereafter denoted as C30B and C15A, respectively). The cation
exchange capacity (CEC) was 90 mmol M* 100 g1 for C30B and 125 mmol M* 100 g* for
C15A. The organic content of the organo-modified clay was determined by thermogravimetric
analysis TGA, i.e.,, 30 wt. % for C30B and 43 wt% for C15A. All solvents were purchased
from Merck and used as received.

Preparation of PCL/organoclay nanocomposites

PCL/organoclay nanocomposites were prepared by a solvent casting method. The
compositions of the nanocomposites with used designation of the samples are presented in
Table|. Dispersion of clay and a solution of PCL in chloroform were prepared separately. For
the clay dispersion (10 mg mi-1), intensive mixing with a magnetic stirrer (1000 s1) and
ultrasonic treatment in two 10 min cycles were applied. A predetermined amount of clay
dispersion was added dropwise in the PCL solution and final dispersion was treated in an
ultrasonic bath for 15 min, followed by intensive mixing at 1000 s on a magnetic stirrer for
one hour. The resultant dispersion was poured into Petri dishes and chloroform was allowed to
evaporate under atmospheric conditions. The films of around 200 um thickness were peeled
from the dishes and subjected to further analysis.

X-Ray diffraction

Wide-angle X-ray diffraction (WAXD) patterns were recorded on an ItalStructure
APD2000 powder diffractometer in a Bragg—Brentano geometry using CuK,, radiation (4 =
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= 0.15418 nm) and step—scan mode (range: 3-10° 20, step-time: 4 s, step-width: 0.02°). The
organoclays were in the form of powder and the nanocomposites were analyzed as obtained in
aform of thin flat films. The interlayer mean d-spacing of the clays was calculated by means
of Bragg'slaw.

Optical microscopy

The surface of nanocomposite films was observed by an optical microscope Leica DM
ILM in reflected light. The spherulites’ diameters were measured from obtained microphoto-
graphs and given as a mean value calculated from 200 independent measurements.
Scanning electron microscopy

Scanning electron microscopy (SEM) measurements were carried out on a JEOL JSM-
-6610LV microscope operating at 30 kV acceleration voltage. The surfaces of the as-cast
films as well as fractured surfaces of the nanocomposite films were observed. The samples
were cryo-fractured in liquid nitrogen and coated with a thin layer of gold prior to the mea-
surements.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) tests were performed on an SDT Q600 (TA
instruments, USA) instrument. The samples (around 5 mg) were scanned from 30 to 200 °C at
arate of 10 °C min1in anitrogen atmosphere.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out with an SDT Q600 (TA instruments,
USA) instrument by recording the weight loss during the heating of the samples of around
5 mg to 800 °C with a 10 °C min! heating rate under a nitrogen flow of 0.1 dm3 min1.
Tensile properties

The mechanical properties were studied using an AG-Xplus Testing machine (Shimadzu,
Japan) at a crosshead speed of 1 mm min-L. The tests were performed on as-obtained samples
after solution casting, which were shaped in rectangular form with the dimensions 40 mmx10
mm and thickness of around 200 um. An average of five measurements was taken for each
sample. The samples were conditioned prior to the measurements at 25 °C and 65 % relative
humidity for 24 h.

RESULTS AND DISCUSSION
Sructural and morphological characterization

The clay dispersion in the nanocomposites was analyzed by wide-angle
X-ray diffraction. The WAXD patterns for the pure clays and the corresponding
nanocomposites are presented in Fig. 2. The pattern of the PCL maitrix is also
presented as a baseline to compare the difference between the matrix and the
nanocomposites. The mean interlayer spacing in C30B clay, elucidated from
(001) plane diffraction at 26 4.7° was about 1.88 nm. The absence of a (001)
reflection in investigated 26 region in the diffractograms of the nanocomposites
with C30B (Fig. 2d) is astrong indication that the clay was dispersed at a level of
a single platelet, or that an intercalated structure with an interlayer spacing
greater than 2.94 nm was obtained (as indicated with the asterisk in Fig. 2a). If an
intercalated structure is assumed, the increase in the interlayer spacing obtained
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for the C30B clay was thus greater than 1.06 nm. The WAXD pattern for the
C15A clay, presented in the Fig. 2b exhibits reflections at around 26 3.0, 4.2 and
6.9°. As stated by the supplier, the interlayer spacing of the (001) plane (dggy) for
this type of organically modified clay is 3.15 nm; thus, the corresponding ref-
lection in the WAXD pattern should appear at 3.10° 26, just within the mea-
surable range of the instrument, as indicated with the arrow in Fig. 2b. Asin the
case of the nanocomposites with the C30B clay, the absence of reflections in the
WAXD patterns of the nanocomposites implies that the dispersion of the clay in
the nanocomposites was either intercalated, with a d-spacing greater than 3.15
nm, or exfoliated. Only in the case of nanocomposite PCL/C15A-8, could an
intercalated structure be confirmed from the observed shift in the diffraction peak
at 26 6.9° (1.28 nm) in pristine clay to 26 4.5° (1.96 nm) in the nanocomposite.
The well pronounced broad diffraction peak at 26 4.5° could imply that the clay
created a dispersion of stacks with very well defined interlayer distances.34

‘Bum =3.15nm b)
1.28 nm
' C15A

; PCL
rer b s . oAt
PCL/C15A-1
PCL/C15A-3
PCL/C15A-5

PCL/C15A-8

" i
d>294nm | poL

Intensity, a.u.

PCL/C30B-1

Intensity, a.u.

PCLIC30B-3 A

1

PCLIC30B:5
PCLIC30B8 1.6 nm |

T — T T T T 1 — T T T T T 1
3 4 5 6 7 8 9 10 3 4 5 6 o7 8 9 10
20/° 26/

Fig. 2. WAXD patterns for pristine organoclays and the corresponding nanocomposites with
a) C30B and b) C15A organoclay.

The nanocomposites reported in the literature prepared by solution casting
usually possessed an intercalated structure. Using dichloromethane as a disper-
sion medium, Ahmed et al.39 obtained an intercalated structure of PCL/C30B
nanocomposites unaffected by the clay amount, with a reported interlayer dis-
tance increase of 1.14 nm compared to pristine C30B clay, even with the lowest
amount of clay (2.5 wt. %). The authors applied the same experimental procedure
using the C15A clay; however, no intercalation of PCL into the galleries of this
clay was obtained. Ludiiena with coworkers reported a mixed exfoliated/inter-
calated structure of PCL/C30B nanocomposites obtained from dichloromethane
and a mixture of dichloromethane/dimethylformamide, judging from the broad-
ening of the diffraction peak in comparison to the clay alone.#® Neppali reported
an intercalated structure for a PCL/C15A nanocomposite prepared from chloro-
form solution, with an achieved increase in interlayer distance of 0.8 nm.41 The
experimental protocol for the preparation of nanocomposites applied in the pre-
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sent study included high dilution of the clay dispersion prior to the addition of
this dispersion to the PCL solution. The applied ultrasonic treatment, although
not optimized in the term of duration, seems to be well chosen for promoting
PCL inclusion into the clay galleries. A similar experimental protocol in terms of
high dilution was recently successfully applied for the preparation of exfoliated
PCL/clay nanocomposites, even from unmodified clay.36

In the elaboration of a solvent casting route, the first thing that must be
considered for the achievement of good clay dispersion is the interaction of the
solvent with the clay and the polymer. In this study, chloroform was chosen as
the dispersion medium being a good solvent for PCL. Moreover, the interaction
of chloroform with the two types of clays and its ability to macroscopically swell
the clay as well as to increase the interlayer spacing of the clay platelets was
thoroughly investigated.#2 Both these parameters, the degree of swelling of the
clay in the chloroform (with free swelling factor of 0.5 for C15A and 0.25 for
C30B) and the increase in the interlayer spacing in the presence of the solvent,
are in favor of C15A, due to the better interactions of the dispersive type of
organic modifier of the C15A clay with chloroform. The polarity of the organic
modifier of C30B did not provide for good interaction with chloroform. At the
same time, the initial basal spacing of C15A (3.15 nm), caused by the tethering
of organic ammonium ions on the platelet surface, is higher compared to C30B
(1.88 nm). This fact also supports the expectation of better clay dispersion in the
polymer matrix in the former case.

However, besides these initial requirements of compatibility of the disper-
sion medium and blend components, a factor that also influences the fina clay
dispersion is a good enthalpic interaction between the matrix and the organic
modifiers of the clay. The interaction between the organic modifiers and the
polymer chain serves to promote the inclusion of the polymer chainsin between
the clay platelets and to promote exfoliation. As a rough estimation of the inter-
action of the chosen organic modifiers and PCL, the solubility parameters (9),
calculated by the Hoftyzer—Van Krevelen group contribution method, of the
organic modifiers and PCL were compared.3443 The ¢ values. 16.74 for the
organic modifier of C15A and 18.73 for organic modifier of C30B in comparison
to ¢ value of 19.44 calculated for the PCL show the better compatibility of PCL
and the organic modifier of C30B clay. Thus, from the presented results, it could
be concluded that good compatibility between the polymer matrix and the
organic modifier of the clay plays the main role in achieving a good clay
dispersion, although the process for clay dispersion in the polymer has to be
carefully designed.

The surface and cryo-fractured surface morphology of nanocomposite films
was observed via SEM analysis. Some representative micrographs are presented
in Fig. S-1 of the Supplementary material to this paper. The surface of the
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as-prepared films was smooth (the micrographs are not presented) without any
observable holes, which could be created through fast chloroform evaporation, as
previously reported for nanocomposites prepared from low-boiling solvents.40
However, in the cryo-fractured surfaces, some holes in the sample bulk were
registered, which could have an impact on the mechanical properties of the
nanocomposites as weak places in the structures. No observable aggregates of the
inorganic part of the nanocomposites could be detected by SEM, which is in
agreement with the exfoliated/intercalated structure claimed from the WAXD
anaysis. However, there was a difference in the cryo-fractured surface morpho-
logy, which followed the trend of the observed differences in the nanocomposite
morphology deduced from WAXD. The fractured surface of PCL was relatively
smooth with observable plastic deformations typical for a ductile polymer. With
the addition of C30B clay, no change in the cryo-fractured surface morphol ogy
was observed. In the case of nanocomposites with higher amount of the C15A
clay, large voids and cavities were observable in the cryo-fractured surface. This
was especially pronounced for the nanocomposite PCL/C15A-8 with the proven
presence of an intercalated morphology. Presumably, the clay stacks present in
the PCL/C15A-8 nanocomposite acted as microvoid nucleation sites in this case.
The microvoids further grow through debonding between clay and PCL matrix.
The smaller interaction between C15A and PCL could possibly favor this pro-
cess, leading to the formation of many voids. As aresult, the coalescence of mic-
rovoids leads to the formation of large voids and cavities protruding through the
matrix bulk. Fibrillation of the polymer observed for some samples is highly
atypical for cryo-fractured surfaces. Some earlier reports on hanocomposites with
organically modified clays found that the organic modifier could have a plasti-
cizing effect.2044 The possible plasticizing effect of the organic modifier present
in the highest amount in PCL/C15A-8 (Table I) could be a reason for the obs-
erved fibrillation of the polymer matrix.

TABLE |. Composition of PCL/clay nanocomposites

PCL content Organoclay content?® el
Sample Typeof clay wt. % wt. % vol %A)
PCL/C30B-1  Cloisite® 30B 99.0 1.0(0.7) 0.6
PCL/C30B-3 97.0 3.0(22) 18
PCL/C30B-5 95.0 5.0 (3.6) 29
PCL/C30B-8 92.0 8.0 (5.8) 4.6
PCL/C15A-1  Cloisite® 15A 99.0 1.0 (0.6) 0.7
PCL/C15A-3 97.0 3.0(1.8) 21
PCL/C15A-5 95.0 5.0 (2.9) 35
PCL/C15A-8 92.0 8.0 (4.6) 5.5

3/ alues in the brackets refer to inorganic part; Bthe volume fraction of the clay calculated using the following

values of the densities of the composite constituents: ppc = 1.2 9 cm3, pc3os = 1989 cm3, pcisa = 1669
-3

cm
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Thermal properties and crystallization

Melting temperatures and heats of fusion of PCL/clay nanocomposites were
probed by DSC analysis. The results of the analysis of the DSC thermograms are
summarized in Table 11, from which it could be seen that there were no differ-
ences (within experimental error) in melting temperatures of the nanocomposites
compared to that of the neat matrix. This means that the crystalline lamellae
structure was not affected by the presence of the clay. However, marked differ-
ences were observed for the heat of fusion of the nanocomposites compared to
that of neat PCL. The heats of fusion were determined by integration of the
endothermic peak on the DSC thermograms. The values of the enthalpies of
fusion of the nanocomposites exhibited differences that follow a similar, inc-
reasing trend with the increasing clay content in both series. The degree of crys-
tallinity of the PCL matrix (X¢) in the samples was obtained from the values of
enthalpies of fusion, by normalizing them to the PCL content and comparing to
the heat of fusion of 100 % crystaline PCL (136.1 J g1).19 Judging from
obtained values for the degree of crystallinity of the nanocomposites, the amount
of the crystalline PCL fraction was increased in the presence of the clay and this
enhancement was influenced by the clay content.

TABLE Il. Melting temperatures, heats of fusion, degree of crystallinity and spherulite dia-
meters measured for neat PCL and PCL/clay nanocomposites

Sample T2/ °C AH,/Jg? X! % dspherulite / LM
PCL 66 85.2 63 84+12
PCL/C30B-1 66 90.5 67 79+ 14
PCL/C30B-3 68 98.9 75 -
PCL/C30B-5 66 88.5 69 -
PCL/C30B-8 67 105.4 84 -
PCL/C15A-1 67 85.8 64 73+ 15
PCL/C15A-3 66 97.0 73 94 + 20
PCL/C15A-5 67 81.9 63 90+ 20
PCL/C15A-8 66 95.9 7 92+ 19

@Determined as the temperature of the maximum of the endothermic peak in DSC thermograms

The diameters of spherulites, observed by optical microscopy, are also given
in Table II. In the images obtained using optical microscopy (Fig. S-2 of the
Supplementary material), no holes or voids could be detected at the surface, as
also shown by SEM. In the images of the surface of the nanocomposites formed
in contact with a flat glass surface, a developed spherulite structure could be
nicely observed. The spherulites structure and their border in neat PCL could be
very well captured.

With the addition of the clay, the spherulite structure was severely destroyed
with their borders fusing together. The effect was more pronounced in the case of
the PCL/C30B nanocomposites, where the spherulite borders were observable
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only for the nanocomposite with the lowest amount of clay. The diameter of
spherulites decreased from around 84 um for neat PCL to 79 um for PCL/C30B-1
and 73 um for PCL/C15A-1. The decrease in the diameter of the spherulites with
increasing clay content, which is very often observed, is a conseguence of the
nucleating effect of the clay. As a result, the nanocomposites contained a higher
number of smaller spherulites with increasing clay content. This trend was
obviously continued in the case of the nanocomposites with C30B clay, for
which, with increasing clay content, no clear spherulite borders could be disting-
uished. The change in the morphology of the spherulites can be explained if it is
assumed that C30B clay, besides acting as a nucleating agent, disturbs the sphe-
rulite radial growth by a network of finely dispersed platelets/tactoids (clay
stacks). Simultaneously, samplesin PCL/C30B series had higher degrees of crys-
tallinity compared to neat PCL and the nanocomposites containing C15A clay.
An increased degree of crystallinity of nanocomposites compared to the matrix
polymer is rarely observed in the literature and is explained with the nucleating
effect of the clay.20

Interestingly, in the case of nanocomposites with C15A clay, an increase in
spherulite diameter compared to neat PCL, for clay loadings higher than 1 wt. %
was observed. The increase of spherulites in the presence of the clay was
reported for poly(L-lactic acid)/clay nanocomposites,3® albeit in nanocomposites
where exfoliation of the clay was achieved, which is quite contrary to the present
situation. The highest value of spherulite diameters for presented series of nano-
composites were observed in the case of an intercalated structure. The observed
higher diameters of spherulites in the as-cast films might be a consequence of
more effective heterogeneous nucleation in the PCL/C15A series, which accel-
erates the overall process of crystalization from the solution. Thus, the crys-
tallization process was not restricted by the evaporation of the solvent and was
accompanied with no disturbances by the silicate layer network. Since a larger
portion of the silicate layers is present as tactoids rather than as single platelets,
the possibility of network formation was lower or a less dense network was
formed. In the case of PCL/C30B nanocomposites, which have a better disper-
sion of the clay platelets silicates layer network, formed from the single clay
platelets, the radia growth of spherulites was disturbed, resulting in a quite dif-
ferent morphology of nanocomposites. In the PCL/C15A series, the degree of
crystallinity was higher for nanocomposites in comparison to that of neat PCL,
and followed a similar trend to that observed in the PCL/C30B series.

Thermal stability of nanocomposites

Thermal degradation of nanocomposites was investigated in non-isothermal
TG experiments under a nitrogen atmosphere at a heating rate of 10 °C min-1.
The TG thermograms of PCL and PCL/clay nanocomposites of different com-
positions are presented in Fig. 3aand b.
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Fig. 3. TG curves obtained in a nitrogen atmosphere at a heating rate of 10 °C min® for

nanocomposites with a) C30B clay and b) C15A clay.

The characteristic temperatures for a mass loss of 3 wt. %, taken as an
indication of the beginning of the degradation, and for a mass loss of 50 wt. %
are summarized in Table I1l. The onset temperature of thermal degradation is
dightly higher for almost all nanocomposites in comparison to the neat PCL,
with the exceptions of the nanocomposites with the lowest amount of both types
of the clay. However, after this initial stage, a pronounced decomposition of the
nanocomposites occurred with all TG curves shifted to lower temperature values
relative to the curve for the matrix polymer. The temperatures of the maximum
rate of weight loss, obtained from the corresponding DTG curves (not presented)
were shifted to lower temperatures, in a trend that followed the increase in the
amount of clay in the nanocomposites. Thus, the nanocomposites were less
thermally stable, which was unexpected in comparison to some previous findings
where an improvement in thermal stability was observed with the inclusion of
clay in a polymer matrix.18:25:36 On the other hand, there are reports of worsened
thermal stability of nanocomposites containing clay.204547According to the
literature, the observed enhancement in thermal stability of polymer/clay nano-
composites is usually ascribed to the shielding effect of clay layers, which act as
a barrier to the gasses and volatile degradation products. Moreover, the clay
platelets are considered as heat barriers and obstacles for polymer chain motion,
leading to further stabilization.#8 However, the organically modified clays pos-
sess organic ions, in an amount of 30 to 40 wt. %, which are more prone to
thermal degradation compared to the matrix and could affect the overall degrad-
ation process. The thermal degradation of the organoclays occurred between 220
and 450 °C (TG curves not presented) under the applied experimental conditions
and was connected with the degradation of the organic modifiers. It could be
assumed that the degradation of the organic ions had an accelerating effect on the
degradation of the polymer. This was further supported by the trend of thermal
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stability decrease with increasing amount of organic modifier present in the
nanocomposite. Nanocomposites with the C30B clay had lower thermal stability
than the corresponding nanocomposites with the C15A clay, even though the
content of organic modifier was higher in the latter case. This could be connected
to the different thermal stabilities of the corresponding organic modifiers of
C30B and C15A31 and/or the state of the clay dispersion,® which could override
the influence of the amount of thermally labile organic ions. The results are con-
sistent with previously reported ones, i.e, that a lower therma stability was
noticed for PCL/C30B due to PCL hydrolysis caused by the presence of hydroxyl
groups in the modifier compared to nanocomposites with organoclays whose
modifier contained only nonpolar groups.23

TABLE Ill. Characteristic temperatures obtained from the TG and DTG curves of PCL and
the PCL/clay nanocomposites

PCL 319 405 410
PCL/C30B-1 303 401 410
PCL/C30B-3 329 395 403
PCL/C30B-5 320 394 401
PCL/C30B-8 322 376 385
PCL/C15A-1 310 402 407
PCL/C15A-3 330 385 383
PCL/C15A-5 326 377 378
PCL/C15A-8 319 371 374

Mechanical properties of the nanocomposites

The characteristic properties of the as-prepared nanocomposite films were
determined from tensile tests.

The results of these experiments, i.e., Young's modulus, stress at break and
strain at break are summarized in Table 1V.

TABLE IV. Tensile properties of PCL and its nanocomposites; E and E,, refer to Young's
modulus of the nanocomposite and matrix, respectively

Sample Young's Modus, MPa E/E2 Stress at break, MPa  Strain at break, %

PCL 327+21 1 150+1.1 9.8+0.9
PCL/C30B-1 313+26 0.96 14.4+0.7 9.0£1.0
PCL/C30B-3 339+23 1.04 14.1+0.5 9.3+0.9
PCL/C30B-5 289+ 11 0.89 11.7+x1.4 7.1+1.2
PCL/C30B-8 332+9 1.02 11.9+0.3 6.2+0.4
PCL/C15A-1 331+13 101 13.2+0.6 7.3+0.3
PCL/C15A-3 318+14 0.97 10.3+0.4 4.9+1.1
PCL/C15A-5 352+18 1.08 9.6+0.5 4.3+0.5
PCL/C15A-8 417+12 1.28 9.0+0.3 3.2+0.6
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PCL is ductile polymer with moderate values of eastic modulus and high
values of strain at break. The usually observed effect of the addition of afiller to
a polymer matrix is increased stiffness accompanied with embrittlement. The
embrittlement is usually ascribed to the formation of agglomerates, particularly at
higher clay loadings, which induce weak places in the nanocomposite structure.
A lowering of the strain at break from 700 to 7 % was reported for a PCL
nanocomposite with 10 wt. % of organo-modified clay, which was ascribed to
agglomerate formation.2> In the present case, the reason for the measured low
absolute values of the strain at break, even at very low clay contents and also for
the neat PCL, accompanied with the absence of yielding, probably lies in the
structure of the specimens. The specimens used in the tensile tests were as-
prepared solution cast films with holes and voids as weak places. However, the
addition of clay also contributes to the embrittlement of the material. A trend of
decreasing strain at break with increasing clay loading was observed, similar to
the usualy found embrittlement effect of clay. A distinction could be made
between the different clays used; at all compositions, the nanocomposite con-
taining C30B exhibited higher values of the strain at break in comparison to the
nanocomposite containing C15A, as a consegquence of better clay dispersion,
better interaction of organic modifier of C30B with PCL and, consequently, less
weak places for the initiation of the cracks.

The values of stress at break were typical for PCL and its nanocomposites
reported in the literature. The stress at break followed a similar trend to that of
the strain at break, with higher values for the nanocomposites with C30B clay.
Analogous argumentation proposed for the trends in the strain at break values
probably holds for the observed change in the stress at break values.

The value of the elastic modulus obtained for the PCL matrix was com-
parable to those hitherto reported for this polyester. Some of the nanocomposites,
especialy those containing the C30B clay, exhibited lower values of the modulus
compared to the PCL matrix. Such unexpected behavior is very rarely reported or
explained in the literature. Pentoustier et al. reported a decrease in the modulus
of a nanocomposite with unmodified clay prepared by in situ intercalative
polymerization.18 Ludiiena et al. observed a reduced modulus relative to the PCL
matrix for some nanocomposites prepared by solution casting from dichloro-
methane or dichloromethane/dimethylformamide.4? PCL nanocomposites with
C15A clay and varying molecular weights of the matrix, studied by Causin et al.,
showed a reduced modulus in comparison to the neat PCL, in the whole inves-
tigated range of clay loadings for nanocomposites prepared by solution casting
from tetrahydrofuran.41,50

It was interesting to compare the obtained experimental data with theoretical
predictions for elastic modulus of nanocomposites with plate-like fillers. The
most frequently used Halpin—Tsai Equation was applied to calculate the theo-
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retical values for eastic moduli.>0-52 The longitudinal, Ey, and transverse, E|,
modulus of Halpin—Tsai model can be expressed by the following equation:
_E _1+ndhine
Em  1-7Killer
where E and En, are the Young's modulus of the composite and matrix, res-
pectively, ijer IS the volume fraction of the filler in the nanocomposite and {'is
a shape parameter: ¢'= 2(1/t)sij1er for the longitudinal modulus (Ep and g=2for
perpendicular modulus (E ), where | and t are the length and thickness of the
dispersed phase, i.e., clay. The parameter 77 is defined as:
_ (Eviller / Em) -1
(Efiller / Em) + ¢
In the case of randomly oriented clay platelets, the equation for the calcul-
ation of the modulusis:

(D

)

E=049E+05LE, 3)

In the calculations of the eastic modulus, when good exfoliation could be
assumed, single platelets are treated as filler particles or, in the case of inter-
calated structure, afiller particle is a stack of clay platelets with gallery material.
In the case of composites with C30B clay, good exfoliation was assumed and the
parameters used for the calculation were Efjjjer = Eglay = 178 GPa0 and gijjer =
= @olay (Tablel). Em was assumed equal to the modulus of the PCL matrix, 327
MPa (Table IV). The calculations were performed for two different aspect ratios
of the clay platelets, I/t = 80 and 10, and compared to the experimentally obs-
erved modulus of the nanocomposite (Fig. 4a). It could be observed that the
values predicted by the Halpin-Tsai Model were higher than those experiment-
ally determined and that, even on decreasing the aspect ratio to 10, these cor-
responding modulus values could not fit to those experimentally determined. It
was previously observed that the model cannot accurately predict the E values for
particles less than 100 nm in size.>3 Namely, the Halpin-Tsai method does not
take into account interfacial molecular structure, which probably played the
dominant role for the nanocomposites with particle sizes less than 100 nm.

The second approach, i.e., the intercalated case, was applied for the calcul-
ation of the theoretical modulus for the series of nanocomposites with C15A
clay. The effective modulus of the filler (a stack of clay platelets in this case)
could be approximated by using the rule of mixtures:

Efiller = SplaeletEclay + PgaleryEgallery (4)
where gpjaelet aNd dgallery are the volume fractions of clay platelets and gallery

space in the stack, respectively, while E¢gy and Egglery ae the modulus of
silicate platelets and the intercalated material in the gallery, respectively. The
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volume fraction of clay platelets in the lamellar stacks, gpjaelet, Was calculated as
the ratio of the total thickness of the clay platelet (obtained by multiplying the
thickness of a single platelet, tpjaeiet, Dy the number of the platelets per stuck,
Nplaele) and the thickness of the entire lamellar stack (tsack) and could be
expressed as follows:
doialet = Nplatelet tplatelet _ tolatelet (5)
tstack doo1

Thus, the volume fraction of clay platelets can be calculated by using the
thickness of a single platelet (1 nm)S! and the number of platelets in the stack
(which is usualy determined from TEM measurements), or by using the d-spac-
ing of the nanocomposite determined by WAXD. Here, the literature value of
doo1=3.63 nm from a similar pattern asin the present case was used.3° The value
of 27.5 vol. % for the volume fraction of silicate platelets, gyjatelet, Was Obtained.
A vaue of 178 GPa was used for the modulus of the silicate platelets. The
modulus of the organic interlayer material (organic modifier of C15A and PCL
chains) was expected to be significantly smaller than the modulus of the clay
platelets. Thus, the contribution of Egglery to the Egjjler could be neglected.
Hence, the calculated modulus of the filler decreased form 178 GPa to 49 GPa,
because of the intercalation. In this way, the calculated modulus of the filler was
reduced by 72 %. However, there are some reports that the so-obtained modulus
isstill an overestimation of the real filler modulus.>4

The intercalation of the clay by PCL will increase the effective volume frac-
tion of the filler. Under the assumption that the effective volume is proportional
to the interlayer spacing,53 the increase in the volume fraction was taken to be
equal to the increase in the dgpi-spacing, which was 1.15 times. Although
intercalation was not proven for the nanocomposites with less than 8 wt. % of
C15A, all theoretical predictions were also performed for these nanocomposites
for the sake of comparison (Fig. 4b).

Based on a comparison of theoretica and experimental nanocomposite
modulus, it is clear that the theoretical Halpin—Tasai modulus could approach the
experimentally observed values if the aspect ratio of the filler was lowered, in the
case of nanocomposites with C15A clay even to a value of (I/t)sijje= 4. For the
nanocomposite PCL/C15A-8, with proven intercalated structure and with dggy =
= 3.63 nm, which was used for the calculations, the number of platelets per filler
stack is greater than 7, if the value of | is assumed to be 100 nm. However, as
shown in the case of nanocomposites of C30B clay, the value of | is possibly
lower than 100 nm, which would decrease the number of platelets in the clay
stack.

In summary, the Halpin-Tsai Model can better predict the modulus in the
case of intercalated nanocomposites obtained with the C15A clay, while for the

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



544 NIKOLIC etal.

exfoliated structure, this model overestimates the modulus as was shown
previously for PLA nanocomposites.®3

35 20
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Fig. 4. Comparison of the experimental relative modulus and predictions by the Halpin-Tsai
Model for the nanocomposites with @) C30B and b) C15A clay.

CONCLUSIONS

Two series of PCL nanocomposites with organoclays possessing different
organic modifiers were prepared from chloroform solution. The conditions of
experimental protocol for composite preparation were optimal from the aspect of
achieving the best clay dispersion. WAXD and SEM confirmed that exfoliated or
exfoliated/intercalated nanocomposite morphology was obtained. The favorable
interaction between organic modifier of the clay and PCL is the most important
factor that must be optimized in order to achieve the best clay dispersion. The
differences in nanocomposite morphology and degree of crystallinity are ascribed
to the differences in the dispersion of the clay. The nanocomposites are less ther-
mally stable than the neat PCL. The decreased thermal stability of the nanocom-
positesis the consequence of the presence of thermally less stable organic ammo-
nium ions, which accel erate the degradation of the matrix. In terms of mechanical
properties, despite the good clay dispersion, amost al nanocomposites have
reduced values of the characteristic parameters obtained in tensile tests per-
formed on as-prepared films. The strain at break is reduced with the increasing
clay loading. The highest modulus was obtained for the nanocomposite with the
intercalated structure. For the composites with exfoliated structure, the Halpin—
Tsai Model was found to be inappropriate, while for the intercalated composite,
the model was able to capture modulus increase with avery low value of the clay
“stuck” aspect ratio.
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SUPPLEMENTARY MATERIAL

SEM micrographs of the fractured surface of the nanocomposites and images of PCL and
PCL/clay nanocomposite films obtained by optical microscopy are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on reguest.
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U3BOJ
YTHULAJ OPTAHCKOI MOOU®HUKATOPA IJIMHA HA MOP®OJIOTHUIY U
MEP®OPMAHCE PCL/TJTMHA HAHOKOMITIO3UTA

MAPHJA C. HUKOJIMR, HATAIIIA OPBEBHWH, JEJIEHA POT'AH u JACHA HOHJIATUR
Texnonowxo—memanrypwxu Gaxyniteid, Ynugepsuiueil y beoipagy, Kapneiujesa 4, 11000 Beoipag

[TpunpemibeHe Cy [Be Cepuje HAaHOKOMIIO3WUTa Ha 0a3u MNONU(&-KamposiakToHa) U IBe
BPCTE OPraHoMoIu(HUKOBaHUX ITIMHA, Pa3MUUUTHX cacTasa (1 no 8 mac. %), MeTogom U3 pac-
tBOpa. OnaSpane opranomomuduKoBaHe rIMHE Hocemyjy noxapu (Cloisite® C30B) u nemo-
napuu (Cloisite® C15A) oprancku MogudHKaTOp M Pa3lUKY]y Ce MO0 MEIBMBOCTH Ca IONH-
MEpHOM MaTpuLoM. Benuko pasdnaxeme U TpeTMaH yJITPa3ByKOM, KOpPUIThEHH Y IOCTYIIKY
npunpeme oMmoryhuiu cy nodvjare HAaHOKOMIIO3UTA ca eKChHOMUPaHOM U eKCHOTUpaHOM/HH-
TEpKaJapHOM CTPYKTypoM. MCIUTHBAH je yThlaj MoguduKaLWje U canpiKaja IIMHA Ha MOp-
(omoryjy, MexaHu4yKka ¥ TEpMHUYKa CBOjCTBA HaHOKOMNO3uTa. CkeHHpajyhoM eneKTpOHCKOM
MMKDPOCKOIHjOM je yTBpheHo ma HUCy NoOWjeHHM MHMKPOKOMITO3UTH. JudpaxkunjomM peHireH-
CKHX 3paKa Ha BeJIMKUM YITIOBHMa je yTBpheHo Ha ce Hosba HHUCIep3Hja MOCTHXKE KOI HAaHO-
KoMIo3uTa ca oHom rmuHom (Cloisite® C30B) umju opraHckd MomH(MUKATOPH MMajy GObY
HHTEpaKLHjy ca MOJIMMEPHOM MaTpulioM. ONTHYKOM MHUKPOCKOIIHjOM je YOU€eHO fia GUIMOBHU
IoDMjeHHX HaHOKOMIIO3UTa HMajy cQepynuTe paslIuuWTe BEIWYMHE U Mopdonoryje.
[TpomeHe eHTaIIHje TOIUbEha M CTEIEHH KPUCTATMHUYHOCTH Cy Behd KOJ HAHOKOMIIO3UTaA Y
OIHOCY Ha YHCTY MaTpHLY U UMajy pactyhu TpeHA ca nosehaweM yrena IvHe y ode cepyje,
IITO je THociegulla [AejcTBAa HAHOIIMHA KAao ILIeHTapa 3a HykiIeauwjy. Mama TepMmHuka
CTaDMIHOCT HAHOKOMIIO3UTAa y OJHOCY HAa YWCTy MaTpully je NpUIIHUCaHa TEPMHYKOj
HecTabM/IHOCTH CaMHMX OpraHCKMX Mopucdukaropa. BpemHocTM Mogysa e€l1acTHYHOCTH,
nodujeHe y TeCTOBUMa UCTe3amwa, Cy yrnopeheHe ca TeopHjcku npopauyHaTtum npema Halpin—
Tsai mopeny.

(ITpumsbeHo 24. centemdpa, pesugupato 19. HoBemdpa, npuxsaheHo 20. HoBembpa 2014)
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Fig. S-1 (Continued). SEM micrographs of the fractured surface of the nanocomposites.

Fig. S-2. Images of PCL and PCL/clay nanocomposite films obtained by optical microscopy
(bar 100 um).
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Fig. S-2 (Continued). Images of PCL and PCL/clay nanocomposite films obtained by optical
microscopy (bar 100 um).
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Abstract: A mathematical model of calcium sorbent reactions for the simul-
ation of sulfur dioxide reduction from pulverized coal combustion flue gasses
was developed, implemented within a numerical code and validated against
available measurements under controlled conditions. The model attempts to
resemble closely the reactions of calcination, sintering and sulfation occurring
during the motion of the sorbent particles in the furnace. The sulfation was
based on the partialy sintered spheres model (PSSM), coupled with simulated
particle calcination and sintering. The complex geometry of the particle was
taken into account, with the assumption that it consists of spherical grains in
contact with each other. Numerical simulations of drop down tube reactors
were performed for both CaCO; and Ca(OH), sorbent particles and results
were compared with experimental data available from the literature. The model
of the sorbent reactions will be further used for simulations of desulfurization
reactionsin turbulent gas—particle flow under coal combustion conditions.

Keywords: lime; particle; desulfurization; flue gas; model.

INTRODUCTION

In order to investigate in detail the possible reduction of sulfur oxidesin flue
gas by injection of a pulverized sorbent into coal-fired boiler furnaces, a model of
sorbent reactions is required. In the literature, various models are available that
can be roughly divided into groups according to the way they treat the sorbent
particles. The simplest of them are shrinking unreacted core models, such as the
one described by Borgwardt.1 More complex and computationally demanding
models are the E)artial ly sintered spheres model (PSSM),Z_5 the pore model ,2'3 the
network model“> and their variations. The PSSM and pore models have a certain
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level of similarity, both observing the particle structure during reactions and highly
depending on particle transformation over time.

The Borgwardt model was implemented in previous research in a numerical
model and used to simulate reactions of larger particle fractions (around 90 um
and a few larger and smaller fractions) in a fixed bed reactor as a method of
vaidation® and in a complex model of the boiler furnace.” Implementation
showed good agreement with experimental results, however, due to the short par-
ticle residence time, effects of sulfur reduction were not sufficient, and sorbent
utilization was low. For this reason, the possible use of finely pulverized particle
fractions (smaller than, or around 10 um) had to be analyzed. Due to the lack of
data and different reaction mechanism, this model could not be used to describe
the reaction of smaJIer parti cIes a high temg)eratur&e Experl mental studies con-
ducted by Borgwardt Flament,® Miline,**** Silcox,™® Fan™ and Chen™ showed
the great potential for the use of finely pulverized sorbent particles when the sor-
bent is |n£ ected d|rectly into the boiler furnace. Several models are available in
literature.2~>8:10-

The most used sorbents are calcium-based, i.e., CaCO3 and Ca(OH)», due to
their availability and good reactivity with sulfur oxides under combustion con-
ditions. Reactions of particles consist of calcination, sintering and sulfation.
During the calcination process, CaCOs3 is converted to CaO whereby the BET
surface available for reaction increases greatly89 If the reactant in use is
Ca(OH)», then during a short period, a dehydration reaction occurs®™ that is fol-
lowed by arapid increase in the BET surface, much faster in comparison with the
development of the surface obtained by calcination of calcium carbonate. These
reactions are shown in Eq. (1).

At high temperatures together with calcmatlon smterlng of the particles
occurs, which leads to rapid loss of BET surface.®3® The final reaction that
occurs together with the two previous ones is sulfation of sorbent in atmospheres
containing sulfur oxides:

CaCO3 — CaO+CO»
Ca(OH)> — CaO+H»0 Q)
Ca0 + SO, + 0.50, — CaSO04
THE SORBENT REACTIONS MODEL, ITSNUMERICAL IMPLEMENTATION AND
EXPERIMENTAL

The model is based on the sulfation PSSM approach combined with the calcination
model, both presented by Alvfors® for a single particle. A brief description of the mode! is
presented, with most significant equations given for reference. Further details on the model
for single particle sulfation can be found in the papers by Lindner,2 Kocafe® and Alvfors.4®
This model is implemented and used with a complex numerical code for the simulations. The
particle calcination model, used to determine the development of the particle surface during
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reaction time, was first introduced by Alvfors® in combination with the PSSM. Alvfors®
showed that the expression given by Beruto,® together with the German-Munir sintering
formula,l” could give good agreement with the measured® particle calcination and surface
development.®

Expression used for the calcination model given by Beruto!® describes the extent of
calcination at agiven time:

In(L— X (t)) = —KcMm,cacoz Scacost )

The extent of calcination was determined by expressing Xg(t) from Eq. (2) used to
calculate surface area of the calcium sorbent given later in Eq. (4).
Loss of surface due to sintering of a particle is modeled by the German—Munir

formula:
_S)_S yth 3
{ S } ° ®

Equation (3) assumes the particle consists of spherical grains connected by necks
between neighboring grains, and when sintering occurs, the necks connecting the grains begin
to overlap.

Surface area of calcium sorbent, expressed in m? cm3, at a given time step consists of a
CaCOg part and a CaO part, depending on the extent of calcination Xg(t):

Seu- (Xe(tn) SLaoMm,cao + (1= Xc(th)) Scaco;Mm,cacos)
2 Xe(th)Vm,cao + (1= Xc(th))Vm,caco,

At a given time step, the surface area of the calcium oxide part, derived from Egs. (2)
and (3), is.

(1-£ca) (4)

o =2 So.cao (1= (Ks(Tta)Y7T) (X (t) — Xc(t-1)) (5)
k=1

As suggested by Alvfora5 the PSSM should take into account the development of the
BET surface, obtained by application of the calcination and sintering model, and use it as the
basis for the determination of the sulfation rate. 5

The coefficients for calcination of CaCOg, given by Alvfors,™ show good agreement
with the available experimental data for small particles; however, the development of the BET
surface is significantly slower, compared to the experimental one. Due to this, the calcination
and sintering coefficients for CaCOj; given by Borgwardt ™ are used. For temperatures above
950 °C, the calculated BET surfaces show excellent agreement with the experimental data.
The porosity of the particle is considered to be initially small, but afterwards, the porosity of
the particle increases during the reaction. 14

The model for the development of the BET surface of Ca(OH), particles given by Fan
is more complex compared to the one described above. In order to sSimplify the calculations,
the above model was used and the experimental data given by Fan™ were fitted with it. The
coefficients used for the calculations of kg, Ks and y are given in Table I. The initia porosity
of Ca(OH), was considered to be high, and to decrease with time. 5

Sulfation model used was the PSS moddl introduced by Lindner™ and further described
in the literature.” ~ The model assumes that a sorbent particle consists of small non-porous
spherical grainsin contact with m other grains (Fig. 1). During the initial time step, all grains
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are the same and have radius rg. When reaction begins, unreacted core reduces in size and its
radius changes to r, (in dimensionless form g, = rJ/rg), while the product layer increases in
size and has radius rq (in dimensionless form g; = r4/rg). The change of the unreacted core
over time, due to conversion, can be given by the differential equation:

b, S,

d S, (6)

TABLE I. Coefficients used for the calculations of calcination and sintering of the sorbent
particle, and the particle porosity

. Sorbent
Coefficient 5 i
CaCOg3 (Borgwardt°) Ca(OH), (Fan'?)
ke / mol m2 st % ;1—;11
3.405x107 e TP 2.2x106eRTo
11660 2000
1 6.735— —14-22
Ks/s o T, o T,
y 0.0018T,+0.8154 0.002T,+0.89694

Conversion is obtained by comparing the initial and sulfated particle geometries, and it
can be expressed by:

3-TME(g,.4
9% (92,4)

Xe=1-——r
1~ A= 2)2(2+2)

()

When the values of g, and X are known, the following volumetric balance can be used
to determine value of g, if the molar volume ratio («) between the solid product and solid
reactant is known:

m m
913—93—2((91—/1)2(291+/1)— F(gz.l))=aXs(l—Z(l—/1)2(2+ /1)) ()
The reaction rate on the particle surface can be given by ra = —k ca ¢S, while the

diffusion through product layer is ra = —Dg(Ca—Ca d)Swg/L. From these two equations, an
expression for local reaction rate is derived:

e U C
s S, DAS ®
SZ IOsaz\/g

The interaction between the local kinetics and pore diffusion is obtained by differentia
mass balance for the gaseous reactant, assuming pseudo steady state conditions:

1 df59C )\ _p 2 ¢
zzdz(zgdzj P S/ S +DaLSy /pSag (9

From Eq. (9), the average reaction rate in the particle, which depends on pore diffusion,
is obtained. Furthermore, it is used to determine the rate of sulfur oxide depletion from the
surrounding gas.
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Fig. 1. Model of a sorbent particle.

A particle is considered to consist entirely of calcium. The initial %agtgcle parameters
used are the ones given for the experimental data described in the literature:™” BET = 0.9 m?
gl &0 =3 %, Scao = 104 m? gt and 1 = 80 %. Sulfation rate coefficients, and diffusion
coefficients are the ones given by Alvfors’, as follows: k = 20exp(-25/RTp), m sl Dy =
= 1.5x104(T/1123)17, m? s, and Dg = 1.913x10-%exp(—125/RT), m? s,

Two drop down tube reactors were modeled in a 2D model with a grid of 600 cellsx30
cells in size (estimated to provide stable numerical solutions). The system of gas phase
transport equations of momentum, continuity and energy in an Eulerian field were solved by
using the control volume numerical method. The fluid flow equations were coupled with the
chemical reactions equations. The general form of the conservation equations used in the
model could be written in index notation as:

0 d 0D o
X (pU@) X (rq) ™ J+ Sp + S} (11)

& represents a general variable, such as U, V, W, Xo,, X,» Xco, XH,0: Xso,» EfC. TErmsin
Eq. (11) from left to right are convection, diffusion, source term for variable @, and additional
source term due to particles.

The tubes considered in the simulations had the same dimensions and gas phase flow
conditions as in the experiments conducted by Flament® with CaCOs; and Fan* with Ca(OH)..
Gas mixture components and their concentrations used in the simulations correspond to those
found in experiments®14, The conditions are also similar to the flue gas composition that can
be found during the pulverized coa combustion, providing useful data in simulations of large
boiler furnaces.

Sorbent particles are injected at the beginning of a reactor tube. Their velocity is deter-
mined from gas velocity field in the reactor, and interphase slipping is considered to have no
influence on particle velocity. Particles are tracked in Lagrangian system.

Conservation equation for every gaseous component in fluid mixture can be written in a
form derived from the general Eq. (11). In thisform, I, is a transport coefficient for variable
“A”:

d 3 ( oy
< . =2 %&A
X (pUJlA) IXj ( A IXj

J+ ,T’A (12)

Here the “A” represents O,, N, CO,, H,0O, SO, and other components if needed. The source
term for these gaseous components represents their generation or depletion in a two-phase
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flow due to particle reactions. The conservation equation for the SO, component of a gas
mixture has two source terms due to the particles; one is from combustion of coal particles,
while the other is due to absorption of SO, by the CaO particle:
d [ 9¥so
oo 202
j,S0.
2 aX]

d
E(ﬂulzsoz)za ]+Sp,502 +Sg‘as.62 (13)

For each time step, the particle obtains information about the temperature and gas
concentration in the cell corresponding to the particle position at the given time.

After obtaining these values as input for the particle reactions model, the BET surface is
calculated. The most important influential factor in determining the BET surface is the particle
temperature. For this temperature, the calcination rate, and sintering parameter and exponent
are determined for each time step. After this, for the current time step, the surface of the
calcium oxide part is determined using Eq. (5), with respect to the thermal history of the par-
ticle from previous time steps. With knowledge of extent of calcination, we can estimate the
particle porosity can be estimated. After this, a specific particle surface is determined using
Eq. (4). Knowing this particle surface, the sulfation reaction is calculated for the same time
step.

The sulfation model considers the reactions of a single grain in the particle with an
averaged reaction rate over the entire particle. Particle temperature is considered the same as
the temperature of surrounding gas; this approximation is valid due to the rapid heating rate
of the particle. The particle velocity in the reactor tube is considered to be the same as gas
velocity.14 Particle position in the axial direction at each time step is determined from the pre-
vious position and time of the particle. Reaction rate constant and diffusion coefficients are
determined for the current temperature of the particle and surrounding gas. The concentration
of sulfur dioxide at the surface is calculated based on the numerical grid cell in which the
particle currently is. The dimensionless time step is calculated using the particle parameters:
grain radius, sulfur dioxide and calcium oxide concentration. Specific surfaces are determined
using expressions given in the literature;” these expressions are derived from the assumed
particle geometry. Dimensionless unreacted core radius, g, is determined from dimensionless
rate and dimensionless time using Eq. (6). Thisis employed to determine further the extent of
sulfation, X5 (Eg. (7)). When the dimensionless unreacted core radius and extent of sulfation
are known, the dimensionless radius of reaction products, g;, can be estimated using Eqg. (8).
From this radius, the current porosity can be determined, and from it the effective diffusion.
With this data, the differential Eq. (10) is used to determine concentration profile within the
particle, from which the overall reaction rate is obtained, Eq. (9). This reaction rate is used to
estimate the sulfur reduction for given tragjectory, in a given cell during the residence time of
the particle in the reactor.

RESULTS AND DISCUSSION

Comparison of calculated particle calcination showed that the Alvfors® cal-
cination rate constant provided better agreement with the experimental data than
the ones given by Borgwardt;&5 however, the results for the simulation of BET
surface development, shown in Fig. 2A, suggest that use of the combined calcin-
ation and sintering models with the Borgwardt coefficients gave a faster surface
development and better agreement with the experimental data. The results sug-
gest that simulated surface for temperatures below 950 °C would give poor
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agreement with experimental data. Due to relatively high local temperatures in
pulverized coal-fired boiler, this will probably not be a problem but it could be
overcome by switching between the use of Alvfors and Borgwardt coefficients,
depending on whether the current temperature is below or above 950 °C.
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Fig. 2. Development of the BET surface — simulated with coefficients calculated by
Borgwardt for CaCO3, compared to experimental data of Flament and with fitted
coefficients for Ca(OH), sorbent, based on experimental data by Fan.14

The calculated calcination rates for calcium hydroxide are higher, compared
to the ones obtained in the experiments by Fan,™ but the calculated BET surface
development agrees well with the experimental data. The fitted data for BET
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surfaces when calcium hydroxide was used as the sorbent for the simulations of
the reactor used by Fan are shown in Fig. 2B.* For the entire temperature range
considered, the calculated data is in good agreement with the experimental data,
especially when the residence time of the sorbent particle was longer than 0.1 s.
It should be stressed that the typical residence time of a sorbent particle within a
pulverized coal-fired furnace is around 2 to 5 s, or longer, depending on the sorb-
ent injection location and aerodynamic conditions in the furnace. As expected,
the BET surface was lower for higher temperatures, due to more intensive sinter-
ing reactions.

The sulfur dioxide concentration field along the simulated experimental
IFRF reactor tube is shown in Fig. 3. It is noticeable that fastest reduction is
achieved near the center of the reactor, while it is dower near the walls, but as
the fluid flow devel ops, concentration level evens out over the tube cross-section.

xS02, gkg"
T T —
E 05 15 25 35 45 55
g
3
: ——
0245 5

05
Axial distance, m

Fig. 3. Axia SO, concentration profile over the ssimulated | FRF reactor
(total simulated length 3 m, sorbent CaCOs).

Extent of calcination, shown in Fig. 4A, follows well the trend of experi-
mental data in the case of CaCOs sorbent, giving better agreement when reaction
temperatures were higher, while in the case of Ca(OH), sorbent, the predicted
calcination (Fig. 4B) was lower than the experimentally one obtained in the expe-
riments by Fan,14 suggesting that corresponding reaction model used for Ca(OH),
needs to be improved — an initial surface development model is required to pro-
vide higher initial BET surfaces in order to properly simulate the more intensive
initial sulfur capture.

The simulation results obtained for sulfur capture with CaCO3 using the
diffusion rates and reaction rate constant suggested by Alvfors? are compared
with the experimental results of Flament® in Fig. 5A for a range of Ca/S mole
ratios. Figure 5B shows the results for simulated sulfur capture when Ca(OH)»
was used as sorbent are presented in Fig. 5B for a range of temperatures with a
fixed Ca/S mole ratio = 2.0. From Fig. 5, it is clear that reactivity of Ca(OH)»
was significantly higher during the initial period compared to the reactivity of
CaCO3 for the same Ca/S mole ratios. This could be attributed to the faster
development of the BET surface of Ca(OH); in this initial period. However, at
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higher temperatures, Ca(OH)» lost its reactivity more rapidly due to the rapid loss
of internal surface. The calcination and sintering surface area development were
simulated using the data of Borgwardt data for the calcination and sintering rate
coefficients in the case of CaCO3 and with the use of fitted data based on the
experimental data of Fan™ in the case of the Ca(OH)» reactor. Using these data
in the model, good agreement was obtained between the experimental and simul-
ated reduction of sulfur oxides, but it is expected that with further improvements,

CALCIUM SORBENT SULFUR DIOXIDE RETENTION

the calculated sulfation of Ca(OH), would be more accurate.
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Fig. 4. Simulated extent of calcination of sorbent compared to experimental results by
Flament (CaCOj5 sorbent)® and experimental results by Fan (Ca(OH), sorbent).14

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



558 TOMANOVIC et al.

60

- --exp. A sim. Ca/S=30
——exp. O sim.Ca/S=25
..... exp. ® sim.Ca/S=1.5
504 ---exp. 0 sim. CaS=10
——exp. m sim.Ca/S=05
S0, conc. =3.0gkg”
o 404 T2
& t=1000 °C
=
pe
T 304
=1
o
o
Ow 20 4
wn
10
0
0.0
807 ... sim.t= 900°C
---sim.t= 950°C
59] ——sm. t=1050°C
SO,conc.=30g kg'1
Ca/S ratio= 2.0 T
c\o40— a/S rato -t
" e
8 -
G 30 - -
3 -
o -
Q -
~ i :
o 20 By
(5] N
.I‘
104 ¥
0 . T T T T 1
0o 0.2 04 06
Time, s
(B

Fig. 5. Simulated data compared to experimental data from Flament for SO, reduction
(CaCO5 sorbent)? and simulated data for SO, reduction (Ca(OH), sorbent).

CONCLUSIONS

Simulations with selected models particle calcination, sintering and sulfation
reactions of Ca-based sorbents, coupled with particle tracking in the gas phase of
a referent drop down tube reactors, provided the basis for the validation of the
model and showed a considerable reduction in sulfur oxides. In the case of
CaCO3, experimental and simulation data showed good agreement, while the
simulation with Ca(OH)> underestimated calcium utilization at lower tempera-
tures. This could probably be attributed to the BET surface development model
not capturing the narrow time interval with extremely high BET surfaces. With
high Ca/S mole ratios, the reduction was estimated to be up to 35 % during first
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0.5 sof reaction for an initial sulfur concentration of 3.0 g kg~1. With Ca/S molar
ratios around 2.0, the smulated reduction at the reactor exit was over 25 %
(when sorbent was CaCQOs3), and over 30 % (for Ca(OH), as the sorbent), with
respect to the given temperature ranges in the simulations. Considering the
obtained agreement with experimental results, the model will be further imp-
roved and adapted to be used in conjunction with a complex flow, heat transfer
and combustion model of a pulverized coal-fired boiler furnace. Due to higher
particle residence times, ranging from 2 to about 5 seconds in the boiler furnace,
it is expected that with a proper distribution of particles over the furnace cross-
section, sorbent injection would achieve good results in emission reduction of
sulfur oxides.

The model for prediction of calcium sorbent particles reaction with sulfur
dioxide, together with numerical code for fluid flow ssimulation could be used to
obtain insight into the complex processes in boiler furnaces. The simulation
results depend highly on the prediction of the development of the reactive (BET)
surface. The model underestimates to some extent Ca(OH)- surface development,
thus underestimating utilization of CaO obtained during calcination of Ca(OH)».
Conseguently, this results in an underestimation of the final amount of reduced
SO, with this sorbent. For CaCOs3, the surface development estimation was in
good agreement with experimental results, which influence the final results,
giving good agreement with measured utilization of Ca and reduction of SO,.
The model is intended to be used in the simulation of sorbent particles injection
into utility boiler furnaces with pulverized coa combustion. For simulations of
CaCOg3, the model is usable in the temperature range from 950 °C to 1250 °C,
and results are in good agreement with the measured values, while for Ca(OH)» a
sorbent, compared with available experimental results, the usable temperature
range is from 950 to 1100 °C, but it must be kept in mind that the predictions
underestimated SO, reduction to a certain extent. With these limitations, the
model could be used to ssmulate CaCO3 sorbent injection into a boiler furnace,
giving good qualitative and quantitative predictions, and in the case of Ca(OH)»
sorbent, it could be used for qualitative analysis, but it should be further imp-
roved to provide better agreement, and to be able to give better quantitative pre-
dictions.

Acknowledgements. This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (project: “Increase in energy and

ecology efficiency of processes in pulverized coal-fired furnaces and optimization of utility
steam boiler air preheater by using in-house developed software tools’, No. TR-33018).

NOMENCLATURE

BET =initial particle surface (measured), m? g1
Cao» Cgo — concentrations of reactants (SO, and Ca0), mol m3
C - local reactant concentration at position z
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Da — Damkohler number , Da = klg/Dg
D — effective diffusion coefficient in the particle, m? s
D, — diffusion coefficient in the bulk gas phase, m? s1
D, — diffusion coefficient of the solid product layer, m? s1
F(g,,4) — structural function that depends on the extent of particle sulfation
0o, 91, 9o — dimensionless grain radius
k — sulfation reaction rate constant, m s1
k. — calcination rate constant, mol m2 s1
K, — sintering rate kinetic factor, s1
lo — characteristic distance, m
L — product layer thickness, m
M caco, — molar mass of calcium carbonate, g mol-*
M cao — Molar mass of calcium oxide, g mol-t
m— number of particlesin contact
ro, 1, o — grain radius for initial time step, unreacted core and product layer, respectively, m
Swg — average specific surface area, Sc%,g =SS
S the surface after sintering, m? g2
Scaco, — Surface of calcium carbonate part, m? gt
2, — surface area of calcium oxide part at a given time, m? gt
S — theinitial specific surface of particle, m? m3
Sp,ca0 — hascent calcium surface area, Borgwardt,'® m? g
S, — specific surface of product layer, m? m3
S, — specific surface of unreacted core, m2 m3
S50, — Source term for SO, due to particles
t —reactiontime, s
t* — dimensionless time, t*=(kcaqt)/(roCro)
U; — velocity component, m sl
VM ,caco, — molar volume of calcium carbonate
Vm.cao — molar volumes of calcium oxide
X(t) — extent of calcination at a given time step, -
X4(t) — extent of sulfation at a given time step, -
Xso, — concentration of component in gas phase, kg kg
z— dimensionless position inside the particle, -
a — molar volume ratio
y — exponent
I'p — Effective diffusion (transport coefficient for variable @)
0 — relation between effective diffusivity at the beginning and at the current time step
eca — particle porosity, influenced by sintering of particle
A — structural parameter, and depends on connected grains neck overlapping
p — 0gas mixture density, kg m3
&1, — Thiele modulus, ®12 = R3kSy / Dt o
@ — general scalar variable
Subscript
n — acurrent time step at which the surfaces are cal culated.
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U3BOJ
MOJEJIOBAE PEAKIIUJA COPBEHTA HA BA3U KAJNIIIUJYMA CA
CYMIIOP-IUOKCHIOM

HWBAH TOMAHOBI/IT11, CPHAH BEHOLHEBI/I'E1, AJIEKCAHIAP MHJTHREBHE' n JOPATAH TYL[AKOBI/IEZ

1YHueep3uu7€u7 y Beoipagy, Hnctiuiniyii 3a HykieapHe nayxe ,Bunua”, Muxe Ietuposuha Anaca 12—14, 1.
up. 522, 11001 Beoipag u ZYHueepsuu_/.eu_Ay Beoipagy, Mawuncku Qaxyniueii, Kpanuue Mapuje 16, 11120
Beoipag

MartemaTHuku MOpen peakuuja copdeHTa Ha 0asM Kaauujyma pajgd CUMyJanuje cMma-
Belha eMHUCHje CyMIOp-OUKOCHIA U3 OMMHHX racoBa IIPU caropeBamy CIpaLIeHOr yriba je
pasBHjeH, yrpaheH y HyMepHuKd KOZ U ITpoBepeH nopehemeM ca JOCTYTHUM MepemHMa IoT
KOHTPOJINCAaHUM yciIoBAMa. Mogjen Ou Tpebano ma JeTa/bHO OMHMILE peakluje KaaluHauuje,
CHUHTepOBawa U cyndarusalydje, Koje ce 0ofBHjajy TOKOM KpeTama YeCTHULla COpdeHTa Kpo3
noxuire. Mogen cyndarusandje je 3acCHOBAaH Ha T3B. MOJENy AEIUMHUYHO CHHTEPOBAHUX
cdepa, nosesaHor ca uzabpaHUM MoOfenMMa KallMHalWje U CUHTepoBamwa. Mopen ysuma y
003Up CJI0KEeHy TeOMeTpHUjy YecTHIle, TI0f MPeTIOCTaBKOM Iia Ce CacToju o chepHUuHUX 3pHa
y mopupy. Hymepuuke cumynanyje peakropa ca BEPTUKaJIHOM LIeBH Cy U3BefIeHe 3a YeCTHLle
CaCO3 u Ca(OH), xao copdeHrta u pesyntatu cy ynopeheHH ca HOCTYNMHUM eKCIepUMEH-
TaJIHUM ToJauuMa U3 nuTepaType. Mogpen peaxuuja copdenrta he d0utu name xopumheH 3a
CUMYyJalyjy peaklidja ogCyMIIOpaBama y TypOyJIeHTHOM ABO(Aa3HOM TOKy raca ¥ yecTHua y
YCJIOBUMA KOjH BIIafiajy P CarOpeBamy yIjba.

(ITpumibeHo 3. cenTembpa, peBUAMpaHo 6. HoBembpa, mpuxsaheHo 19. HoBembpa 2014)
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Abstract: Batch adsorption experiments for the removal of Methylene Blue
from agueous solutions onto talcum powder were investigated using micro-
wave-assisted and acetic acid-modified talcum powder. In batch adsorption
experiments for the removal of Methylene Blue by the new sorbents, the inf-
luences of particle size of the talcum powder, the acid concentration, acidif-
ication time and temperature, and radiation time and power were investigated.
The results showed that the efficiency for the removal of Methylene Blue was
up to 83.03 % under the optimum conditions, namely, talcum powder of 10 um
treated with 1.0 M acetic acid at 313 K for 9 h under 600 W microwave
radiation for 5 min. The modified talcum powder was characterized by Fourier
transform infrared spectroscopy, X-ray diffraction and scanning electron mic-
roscopy. The adsorptive capability of the adsorbent was greatly enhanced
because of the active groups OH- and broken Si—O- and the cracks produced in
the face of talcum powder on modification.

Keywords. talcum powder; microwave; acidification; adsorption; Methylene
Blue.

INTRODUCTION

Talc, Mg3(SizO10)(OH)2, is a magjor hydrous magnesium silicate with the
chemical composition MgO 31.72, SIO, 63.52 and H2O 4.76 %. The crystal
structure of talc is a monoclinic system consisting of layers of brucite octahedral,
sandwiched between silica tetrahedron sheets.! Such successive layers of talc,
resulting in the breaking of sheets during grinding, are bonded together by weak
van der Waals forces and have no other cation is present. A successive network
of silica tetrahedron is formed through bridging oxygen atoms and the reactive
oxygens are al toward one side in the crystalline lattice, as shown in Fig. 1. The
difference in the surface energy between face surfaces and edge surfaces is
relatively large in talc. In addition, some intrinsic properties of talc, such as

* Corresponding author. E-mail: yangchun_bj @126.com
doi: 10.2298/JSC140718116L
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chemical inertness, high therma stability, good lubricity, low electrical con-
ductivity, unique pore structure, high specific surface area, low cost and abundant
resources, are beneficial for some applications.

—O0---Mg----0O— s>/__9
Si—o0---Mg-0— s’/o

o\ Ho’-i-/--Mg;-:-(-‘am \/o Fig. 1. Schematic diagram of the crystal structure of
talc.

The proven talc reserves in China are 250 million tons, which are the second
largest in the world. China is the largest exporter of talc in the world, with an
estimated annual output accounting for 40 % of the total World exports.2 Tac is
used extensively in industry, such as, in the automotive, ceramics and coating
industries.3 It is also used as an adsorbent in sewage treatment. In addition,
talcum powder was employed as a filter aid for the treatment of papermaking
wastewater in a membrane bioreactor. The results showed that there was a
decrease both in membrane resistance and filter cake resistance when 1.2 g L-1
of talcum powder was added to the membrane bioreactor.4 In other studies, tal-
cum powder was used as a coagulant aid in the treatment of papermaking waste-
water, and the effects were remarkable.>~" In addition, the adsorption of heavy
metal ions was studied, and it was found that talcum powder showed fairly good
adsorption for lead ions and the data conformed to the Langmuir model.8 More-
over, benzene and toluene removal from aromatic organic wastewater was rep-
orted to be much better using talcum powder than when mesoporous silica mater-
ials were employed.® Furthermore, the adsorption of a cationic dye using talcum
powder was also studied and favorable adsorption of the dye on the adsorbent
was evidenced.10.11 |n conclusion, talc is a promising adsorbent for wastewater
treatment, but with some shortcomings. For example, the scope and adsorption
amounts of pollutants on talc are limited. In addition, the selectivity of talc for
pollutants is low. Therefore, it seemed especially important to study methods of
talc modification to improve further its performance in wastewater treatment.

Hitherto, very little work has been performed on the modification of talc
using the microwave radiation technology. Modification by microwave heating is
more rapid and more uniform, and thus could greatly reduce the heating time and
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energy consumption, and the heating quality could also be improved.12 Mean-
while, minerals treated by acid are more pure. Research showed that associated
mineras in talc were dissolved away by monocarboxylic organic acids, with the
result that the talc as more pure and particle size of the talc was smaller.13 Simul-
taneously, it was found that the adsorptive ability of talcum powder modified by
nitric acid was increased compared to that of unmodified talcum powder, and that
the acid could dissolve inorganic salts, which open the internal pores of the
talcum powder.10 Taken together, acid treatments could improve the adsorptive
ability of minerals. Furthermore, the adsorption capacity of diatomite treated with
vitriol and microwave irradiation was greatly increased, the removal efficiency of
sulfide was up to 87 %.14

Talc has a structure similar to diatomite and they are both porous materials.
Therefore, the work presented herein represents a first attempt to modify talcum
powder with microwave and acetic acid. The modified adsorbents were applied
to Methylene Blue in aqueous solution. The optimum conditions are determined
for batch adsorption and a modified mechanism determined by characterization
of unmodified and modified talcum powder is discussed.

EXPERIMENTAL
Material

Talcum powder (1250 mesh) samples from Liaoning Haicheng Talcum Powder Com-
pany (Haicheng, China), acetic acid 99.5 % purity and Methylene Blue (MB, C.I: 52015,
chemical formula: C;H1gCIN3S-3H,0, molecular weight: 373.90 g mol-1, maximum absorp-
tion: 664 nm) from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) were used in
this study.

Modification methods

Pretreatment of talcum powder. The talcum powder samples were treated before use in
the experiments as follows. Different mesh sizes of talcum powder were mixed with 300 mL
distilled water, and the mixtures were stirred for 1 h. After stirring, all mixtures were stood for
1 h and the small impurities suspended in the supernatant were removed with a pipette. This
process was repeated until the supernatant was clear. The resulting products were then dried at
105 °C.

Acid modified. Talcum powder (10 g) of different mesh sizes was mixed with different
concentrations of acetic acid solutions 100 mL at different temperatures for different times.
The mixtures were then filtered, washed with distilled water to neutral, and dried at 105 °C.

Microwave-assisted acid modified. The acid modified talcum powder suspensions were
placed in flasks and then transferred to the MAS-I microwave synthesis system (Shanghai
Sineo Microwave Chemical Technology Co., Ltd.) for different times at 40 °C. The treated
products were then dried at 120 °C. The samples were designated M-A-T.

Batch adsorption experiments

To 50 mL of MB solution (20 mg L-1), 0.25 g of unmodified or modified talcum powder
were added. The suspension was placed in a water bath shaker at 293 K for 1 h. After the
adsorption of MB, the mixtures were centrifuged, and the absorbance of the supernatant was
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measured at a wavelength of 664 nm using a 752-B UV-visible spectrophotometer. The
efficiency of MB removal, g, was calculated using the following formula:

Ao— A
=100—— 1
q ) D

where Ag and A, are the absorbance of Methylene Blue before and after adsorption.
Characterization

Chemical bonds of in the unmodified and modified talcum powder were determined by
Fourier Transform Infrared Spectroscopy (FTIR) using a Perkin Elmer Spectrum Two ins-
trument (USA). The spectra were obtained in the wavenumber range from 400 to 4000 cm™.,
X-Ray diffraction (XRD) was used to identify the phase constitution of the original talcum
powder and modified talcum powder. The diffraction patterns were obtained in a Rigaku
D/max RB diffractometer (Japan) at 40 kV and 30 mA in the 26 range from 5 to 70°. The
particle sizes of the modified and unmodified talcum powders were calculated using the
Scherrer Equation:

KA
S cosd

where D is the particle size (hnm), K is the Scherrer constant (K = 0.89), 1 is the X-ray
wavelength (1 = 0.15418 nm), g is the half-high width of the diffraction peak and 6 is
diffraction angle (20 = 5.12°).

The morphologies of the powders were examined by scanning electron microscopy
(SEM) using a VEGA3 instrument (Tescan, Czech Republic).

RESULTS AND DISCUSSION
Effect of the particle size of the talcum powder on adsorption
Talcum powder of different particle sizes (33, 15, 10, 6.5 um) were modified
with 1 mol L1 acetic acid at 313 K for 3 h. The effect on the removal efficiency
of MB on the particle size of the talcum powder is shown in Fig. 2, from which it
is clear that the efficiency of MB removal increased with increasing particle size
of the talcum powder, but then decreased when the particle size exceeded 10 um.

This might be because more surface bonds were exposed in the larger particles
size during grinding.1> Thus the surface structures tended to be more active, and
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the surface activity increased. However, the talcum powder with the largest par-
ticle size (i.e., 33 um) removed less MB in the adsorption process, which might
be caused by deformation of the lattice and a weakening of the forces between
successive layers during grinding. Thus, for remaining adsorption studies, the
particle size talcum powder was kept at 10 pm.

Effect of acid concentration on adsor ption of talcum powder

In order to study the effect of the acetic acid concentration on the modi-
fication of talcum powder, 10 um powder was modified in 0.1, 1, 2, 3, 4 and 5
mol L—1 acetic acid solutions at 313 K for 3 h. The efficiency of MB removal by
the modified talcum powders was found to increase from 64 % to 68 % on inc-
reasing the acetic acid concentration employed in the modification from 0.1 to 1
mol L-1. When the acetic acid concentrations were higher than 1 mol L1, the
removal efficiencies of the modified talcum powders decreased; the value dec-
reased by 17.4 % when the acetic acid concentration was increased to 5 mol L1,
Thus, a high acetic acid concentration had no positive effects on the adsorption of
MB by the acidified talcum powder. This might be because the acetic acid
blocked the active sites and more acetic acid was bonded with the groups on talc
surface with increasing acetic acid concentration. On the other hand, the particles
of talcum powder modified with 1 mol L1 acetic acid were more homogeneous
in size, which made the adsorption of MB easier. The best adsorptive capability
of talcum powder was then shown.

Effect of acidification time on the adsor ption of talcum powder

Talcum powder of 10 um were mixed with 1 mol L1 acetic acid at 313 K
for different times (3, 6, 9, 12, 15 and 18 h). The effect of different acidification
time on the adsorption of MB by the modified talcum powder isillustrated in Fig.
3, curve 2. It can be seen that the efficiency of MB removal increased with the
acidification time and reached its highest value (73.4 %) at 9 h. Thereafter, it
tended to decrease gradually. The above results were probably because the
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reaction between talcum powder and acetic acid was not sufficient at shorter time
for the internal pores to be opened completely. While at longer times, unreacted
acetic acid would enter into the holes of the talcum powder, which might reduce
the amount of adsorbed MB. Therefore, the best modification time was 9 h.

Effect of acidification temperature on the adsor ption by talcum powder

Talcum powder of 10 um was mixed with 1 mol L1 acetic acid at the
desired temperatures, namely 303, 313, 323, 333, 343 and 353 K, for 3 h. The
effect of the modification temperature on the adsorption of MB by the resulting
talcum powder is shown in Fig. 3, curve 1. It could be seen that the removal
efficiency were all above 63.1 % and differed by only 4.7 % from the highest to
the lowest removal efficiency. Thus, it could be considered that there was no
apparent effect of acidification temperature on the adsorption efficiencies of the
talcum powder over the studied temperature range. The reason might be that
more acetic acid would volatilize with increasing temperature and then the tal-
cum powder would become insoluble in the small amounts of remaining acetic
acid solution.

Effect of microwave radiation time on the adsor ption by talcum powder

Talcum powder of 10 um and acetic acid (1 mol L-1) were placed in a flask
and then transferred to the microwave synthesis system for different times (5, 10,
15, 20, 25 min) at 400 W working power. The effect of M-A-T on the removal of
MB for different radiation times is presented in Fig. 4, curve 2. It was observed
that as the time of microwave radiation increased, the efficiency of MB removal
by the treated talcum powder decreased. The highest MB removal efficiency
(80.1 %) was attained at 5 min radiation time, which was about 6.7 % higher than
the removal efficiency of MB onto talcum powder modified only by acid. Mean-
while, the two sets of data were equivalent between 10 min and 20min. Thus,
microwave radiation for 5 min was the best.
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Effect of microwave radiation power on the adsor ption by talcum powder

Talcum powder of 10 pm and acetic acid (1 mol L—1) were placed in a flask
and then transferred to the microwave synthesis system for 5 min at different
working powers (100, 200, 400, 600 and 800 W). The effect of M-A-T and mic-
rowave radiation of different powers on the adsorption of MB is shown in Fig. 4,
curve 1. It was noted that the removal efficiency increased at first but then
decreased with increasing power of the microwave radiation. The highest rem-
ova efficiency was 83.03 % when the microwave radiation power was 600W.
Moreover, the efficiencies of MB remova under microwave irradiation were
higher than on the acetic acid modified talcum powder when the power of the
microwave radiation exceeded 400 W.

The observations that a suitable power of microwave radiation for a short
period was beneficia in improving the adsorption capability of M-A-T might
result from two reasons. On the one hand, the unigue thermal effect from mic-
rowave radiation provided heat from the interior to external in the acidification
process, making reactive bonds tend to break into negatively charged groups in
the reaction between talcum powder and acetic acid. Then the adsorptive capabil-
ity of talcum powder was improved. On the other hand, more impurities and
water in M-A-T were eliminated by microwave radiation. This led to more pores
within the talc. However, as the microwave radiation time and power increased,
the structure of M-A-T would be destroyed, then the internal pores would col-
lapse, which would be unfavorable for the adsorption of MB.

Characterization of talcum powder and its mechanism

FTIR spectra. The FTIR spectra of the unmodified and modified talcum
powder are presented in Fig. 5. An analysis of the unmodified talcum powder
was redlized in Fig. 5.13,16,17.

The peak areas of Mg-O bonds (463 cm1) and Si—-O-Mg bonds (539 cm1)
were both decreased in the spectrum of M-A-T. This showed that the ordering
and bonding effects were influenced in the layer structure of M-A-T, because
some of the Mg—O bonds were broken with radiant energy from the microwave
synthesis system, making the binding force weaken in the interlayer, then the Si—
O~ and Mg" were exposed. The active S—O~ and OH~ groups that were
unchanged after modification from edge surface could adsorb MB cations.
Hence, the efficiency of MB removal was improved. Moreover, the absorption
peak of carbonate minerals decreased, or even disappeared. This also indicated
that the purity of M-A-T samples were increased, which might be because
impurities in the pores of talcum powder were removed by acetic acid.13

X-Ray diffraction. The results of characterization by XRD of unmodified
talcum powder and M-A-T are presented in Fig. 6. The diffraction angles that
indicated typical diffraction peaks of the unmodified talcum powder were 9.451°,
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Fig.5. FTIR spectra of the unmodified talcum powder (spectrum 1) and M-A-T (spectrum 2).

®
o Talc

4 Dolomite

m Magnesite

.J L A,l,/\ A 1 Fig. 6. XRD patterns of unmodified

; . ; : ; : talcum powder (pattern 1) (max. inten-
10 20 30 40 50 60 70 &ty = 16593 counts) and M-A-T (pat-
20/° tern 2) (max. intensity = 7580 counts).

18.988 and 28.586°. The values of the interplane spacing, d, corresponding to
d(002). d(oo4) and d(ooe), Were 9.35, 4.67 and 3.12 A, respectively. The intensities
of the typical M-A-T diffraction peaks were significantly decreased compared
with those of the unmodified talcum powder. The interlayer and constituent water
were lost and then the layer structure was slightly damaged under the short mic-
rowave radiation. Meanwhile, more pores were exposed on the surface of M-A-
T. This contributed more MB being adsorbed from the agqueous solution. Accord-
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ing to the Scherrer formula, the particle size of talcum powder decreased from
31.5 nm to 22.9 nm after modification. The specific surface area and the activity
of the particles could be increased with decreasing particle size This contributed
to the increasing rate of adsorption of MB.

Moreover, as can be seen from Fig. 6, the diffraction peaks for dolomite
(26 = 30.962°) and magnesite (20 = 32.629°) had both disappeared completely,
which corresponded to the results of the FTIR analysis.

SEM micrographs. The SEM micrographs from the unmodified talcum pow-
der and M-A-T at 2000-times magnification are given in Fig. 7a and b, respect-
ively. A large number of attachments, such as fine fragments, could be seen on
the unmodified talcum powder surface (Fig. 7a), and these attachments were dec-
reased grestly after microwave radiation and acidification (Fig. 7b). In case of

sEMiv 0Ky woitssame ||
SEM MAG: 208 kx etsE  z0pm
View fiedd: 95.4 ym _ Date[misty): 011812

SEM HV: 38 KV wo: s mm | VEGAI TESCY

SEM MAD: 5,00 kn SEM MAG: 5.00 kx Det: SE 18 ym

Wiew iedd: 383 ym  Datafmidly]: 011812

iew fleld: 38.2 g ate{midiy): 0111812

(b)
Fig.7. SEM micrographs of: & unmodified talcum powder and b) M-A-T at 2000x
magnification; ¢) unmodified talcum powder and d) M-A-T at 5000x magnification.
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talc, which has a wetting angle a 64°, a lower roughness of the surface hinders
wetting.18 In Fig. 7b, The surface of M-A-T was more clear and orderly, the
roughness was lower and the particles were in loose accumulation. Therefore, the
hydrophobic character of M-A-T was enhanced compared to that of the unmod-
ified talcum powder.

The SEM micrographs of the unmodified talcum powder and M-A-T at
5000-times magnification are shown in Fig. 7c and d, respectively. The boundary
layers were significant in Fig. 7d. Many cracks occurred in the interparticles on
the face surface, which might increase the specific surface area of the pores.
Furthermore, these cracks could aso produce small fissures, and thus most of the
MB adsorption occurred inside the fissures. Overall, the breakage of some of the
Mg—-O bonds and Si—-O-Mg bonds produced cracks on the surface of the M-A-T
particles. This corresponded with the results of the FTIR and XRD analyses.

It could be inferred that acetic acid as a polar molecule could absorb the
microwave energy strongly.1® Then arapid and intensive internal mixing process
between acetic acid and the talcum powder occurred in a short period. This
enabled the impurities to be removed more completely; hence, the channels of
talcum powder could be further enlarged. Likewise, most fine attachments dis-
solved through the reaction of talcum powder and acetic acid, forming charged
states around the interface. These fine attachments then rapidly broke away from
the surface of the talcum powder in an instant because of electrostatic repulsion
of the interparticles.20 As the fine attachments remaining were removed, most
surface groups and pores were exposed. Therefore, the adsorptive capability of
M-A-T was gresatly enhanced.

CONCLUSIONS

In this work, talcum powder modified by microwave and acetic acid was
utilized for the removal of MB from agueous solution. The chemical bonds,
phase constitution and morphology of the unmodified and modified talcum pow-
der were aso studied by FTIR, XRD and SEM, respectively. It was found that
the particle size of talcum powder, acid concentration, acidification time, and
radiation time and radiation power had important influences on the removal
process of MB in agueous solution. The optimum conditions for the microwave-
assisted acidification talcum powder were treatment of talcum powder of 10 um
with acetic acid at 313 K for 9 h. The optima microwave radiation power and
time were found to be 600 W and 5 min, respectively. The efficiency of MB
removal reached 83.03 % for the microwave-assisted modified and 73.4 % for
the acetic acid-modified talcum powder, while the unmodified talcum powder
had the lowest removal efficiency of 29.0 %.

The Si-O-Mg bonds from edge surface of talcum powder that were mod-
ified by microwave and acid were broken into Si—O— groups, providing more
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adsorption sites of higher activity. Moreover, the impurities dolomite and mag-
nesite were completely removed. In addition, the talcum powder surface was
more pure. Its roughness was greatly decreased, while many cracks were pro-
duced on the face surface by microwave-assisted acidification. Consequently, the
adsorption capability of the talcum powder was greatly enhanced. The amount of
MB cations adsorbed was increased due to more exposed pores and small cracks
and the active S—O~ and OH~ groups formed.

Besides, the M-A-T adsorbent shows potential for the treatment of anionic
dye wastewater because of the possible adsorption of anionic pollutants between
Mg ions.

Acknowledgement. This work was financially supported by the Liaoning Provincia
Industrial Special Resources Protection Office (NO.HSY F-2012-05).

H3BOJ
TAJIK MOOUO®HNKOBAH MUKPOTAJTACUMA U KUCEJIMHOM KAO AJCOPBEHC
METHWJIEHCKOT ITJIABOT' Y BOOEHOM PACTBOPY

SI-FAN LI, SHUANG-CHUN YANG*, SHAN-LIN ZHAO, PING LI n JIN-HUI ZHANG

College of Chemistry Chemical Engineering and Environment Engineering, Liaoning Shihua University,
FuShun 113001, China

H3BeneHM Cy IIap)KHe eKCIIEPUMEHTH aficCOpILKje 3a yKlambambe METHIEHCKOT IIaBor U3
BOJEHOT pacTBOpa Ha TalKy KOju je d10o Monmu@HUKOBaH MHUKPOTAJaCHMa WM KHCETHHOM.
HcnuTrBaHM Cy yTHLIaju BEeJMYMHE 3pHa Ipaxa Tajka, KOHIIeHTpaluje KHUCeIuHe, BpeMeHa
anupuduUkanyje, TemnepaType aungudukalyje, BpeMeHa 03paurBamka M CHare 03pavyuBama.
Pesynrati cy nokasanu fa je epuKacHOCT yklawawma METWIEHCKOr IuiaBor go 83,03 % y
ONTHMAJIHUM YCJIOBUMA, Tj. Ta/lk BeIWYMHE 3pHa of 10 um je Tpetupan ca 1,0 M cuphetHom
kucennHoM Ha 313 K Tokom 9 h, a cHara u BpeMe 03payrBamka MUKpOTarsacuma dumu cy 600
W u 5 min, pegom. MonudukoBanu Tank je kapakrepucal nomohy FTIR, nudpakcuje X-3pa-
ka u SEM. 36or aktuBHux OH™ rpyma u packuHytux Si—O” Be3a, Kao W MyKOTHHA Koje cy
mpouv3BeieHe Ha MOBPIIMHMU 3pHA Talka, 3Ha4ajHo je yBehaHa werosa agcopninoHa Moh.

(TTpumsseHro 18. jyna, pesuaupano 19. Hopemdpa, mpuxsaheno 21. Hopembpa 2014)
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Abstract: The study was aimed at determining the origin and geological evol-
ution of lignites from the Smederevsko Pomoravlje field (Kostolac Basin,
Serbia). The possibility of arationa utilization of the coal was aso considered.
For this purpose, numerous organic geochemical analyses were applied to
representative lignite samples. The obtained results showed that the coal from
the Smederevsko Pomoravlje field is a typical humic coa. The peat-forming
vegetation was dominated by gymnosperm plants. The coal-forming plants
belonged to the gymnosperm families Taxodiaceae, Cupressaceae, Phyllo-
cladaceae and Pinaceae. Other precursors of organic matter (OM) were mic-
robial biomass, ferns and angiosperms. It was established that peatification
occurred in aneutral to sightly acidic, fresh water environment under anoxic to
suboxic redox conditions. The maturity of the OM is low, in the phase of
intense diagenetic processes. The biomarker compositions and values of the
corresponding parameters revealed that the Smederevsko Pomoravlje field, the
Drmno field (Kostolac Basin) and the “A” field (Kovin deposit) represent a
part of a unique lignite basin. The results of this study suggest possible rational
utilization of the Smederevsko Pomoravlje lignites in thermal power plants.
This is particularly related to samples from coal seam I. A significant amount
of gas could be generated from lignites at higher maturities. Eight samples met
the basic assumptions for effective gasification.
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INTRODUCTION

Concerning the significance of the various fossil fuel resources of Serbia,
brown coals, particularly lignites, are of great economic importance as they
represent the main source for energy production.1 A significant number of coal
bearing basins with huge coal reserves were formed during the Miocene in the
territory of Serbia, as a result of favourable peat-forming conditions. The eco-
nomically most important Upper Miocene coa basins — the Kolubara, Kostolac
and Kovin deposits were formed within the Pannonian Basin System in shallow
lacustrine, delta plain and fluvial environments.2 During the early Late Miocene,
the Pannonian Basin evolved into the Pannon Lake.3 The coal deposits have large
reserves and resources, and relatively simple exploitation conditions. Annualy,
the Kolubara Basin produces about 30 Mt of lignite,4 while the Kostolac Basin
produces about 7 Mt.5> Most of lignite produced (90 %) is used for electricity
generation in the therma power plants (TPP) in Obrenovac and Veiki Crljeni
(KolubaraBasin), aswell asin Kostolac (Kostolac Basin).

In the past few decades, organic geochemical analysis of coal organic matter
has been proved to be a promising tool for an assessment of the possibility of
rational utilization of coal,59 as well as for the reconstruction of the vegetation
assemblage and palaeoenvironmental conditions in peatlands during the for-
mation of coal-bearing strata.l0-12 For this purpose, proximate and ultimate
analyses, Rock—Eval pyrolysis and biomarker analysis were most often used.

In recent years, a new lignite field in the west part of the Kostlac Basin
(Serbia), namely Smederevsko Pomoravlje has been investigated. The field is
under detailed exploration. In this paper, the organic geochemical features of the
Smederevsko Pomoravlje lignite field are presented in detail. Based on com-
prehensive biomarker analyses, the origin of the organic matter (OM) and the
characteristics of the depositional environment of lignites from the Smederevsko
Pomoravlje field were reconstructed. The results are compared with lignites from
the Drmno field (Kostolac Basin) and the “A” field (Kovin deposit) in order to
examine whether the three fields represent a unique productive basin. Moreover,
the possibility of rational utilization of coal in order to supply the next generation
of Serbian coal-fired power plants or to use lignite as a good raw-materia for
gasification was al so considered.

The lignite samples investigated in this study were of Upper Pontian age (ca.
6 Ma) and originated from the boreholes A-339, A2I-414 and A1J-369 of the
Smederevsko Pomoravlje field (Fig. S-1 of the Supplementary material to this
paper). Samples were collected from the two coal seams, | at a depth interval
23.30 to 67.25 m, and |l at a depth interval 56.30 to 85.20 m (Table 1). The
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thickness of each sample interval was determined as per the changes in the
macroscopic lithology of the coal.

EXPERIMENTAL

Elemental analysis was applied to determine the contents of sulphur, nitrogen and
organic carbon (Cyg). The organic carbon content was determined after removal of carbonates
with diluted hydrochloric acid (1:3, V/V). The measurements were performed using a Vario
EL I1l, CHNS/O Elemental Analyser, Elementar Analysensysteme GmbH. The ash content
measurements followed the standard procedure 1SO 1171 (1997).13 Analytical moisture deter-
mination followed the SRPS B.H8.390/1987 standard (1987).14 The calorific value measure-
ments were performed on IKA-Calorimeter adiabatic C400, following the standard procedure
SRPS B.H8.318/1972 (1972).15

TABLE . A list of the investigated samples

Borehole Coa seam  Sample Depth interval, m Lithology
A-339 | 1 23.30-26.00 Xylite-rich coal
| 2 26.00-28.00 Mixture of matrix and mineral-
rich cod
| 3 34.30-37.00 Xylite-rich coal
| 4 40.50-42.70 Mixture of matrix and mineral-
rich coa
| 5 43.20-46.90 Xylite-rich coal
I 6 56.30-58.20 Matrix coal
A2l-414 | 7 27.40-30.40 Xylite-rich coal
| 8 30.40-33.30 Mixture of xylite-rich and
matrix coal
| 9 34.90-38.00 Xylite-rich coal
| 10 41.00-44.00 Mixture of mineral-rich and
matrix coal
| 11 44.00-46.20 Mineral-rich coal
| 12 65.45-67.25 Mixture of xylite-rich and
matrix coal
I 13 67.95-69.50 Mixture of matrix and mineral-
rich cod
A13369 | 14 43.85-48.35 Xylite-rich coal
| 15 48.35-50.70 Mineral-rich coal
| 16 51.80-54.80 Mixture of xylite-rich and
matrix coal
| 17 54.80-56.35 Xylite-rich coal
| 18 57.10-60.00 Mineral-rich coal
| 19 60.00-63.05 Mixture of matrix and mineral-
rich cod
I 20 80.25-83.20 Mixture of matrix and mineral-
rich coa
I 21 83.20-85.20 Mineral-rich coal

Rock—Eval pyrolysis was performed using a TOC/Rock—Eval-6 apparatus.1® The sample
aliquot was 12-14 mg. The IFP 160000 standard (~60 mg) was used for calibration.
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Bitumens were extracted (42 h) using a Soxhlet apparatus with an azeotropic mixture of
dichloromethane and methanol. The asphaltenes were precipitated with n-heptane and the
remainder (maltenes) was separated into three fractions using column chromatography over
silica gel. The saturated hydrocarbons fraction was eluted with n-hexane, the aromatic hydro-
carbons with a mixture of n-hexane and dichloromethane (3:1, V/V) and the NSO fractions
(polar fraction, which contains nitrogen, sulphur, and oxygen compounds) with a mixture of
chloroform and methanol (1: 1, V/V).

The saturated fractions isolated from the bitumen were analyzed by gas chromatography-
mass spectrometry (GC-MS). A gas chromatograph Agilent 7890A GC (HP5-MS capillary
column, 30 mx0.25 mm, He carrier gas 1.5 cm3 min'1) coupled to an Agilent 5975C mass
selective detector (70 eV) was used. The column was heated from 80 °C to 310 °C at arate of
2 °C min1, and the final temperature of 310 °C was maintained for an additional 25 min. The
individual pesks were identified by comparison with the literature datal”2% and based on the
mass spectra (library: NIST5a). Quantification of the compounds for calculating the biomar-
ker parameters was performed by integration of peak areas (software GCMS Data Analysis) in
the appropriate mass chromatograms (m/z 71 for n-alkanes, m/z 215 for sterenes and m/z 191
for hopanoids), with the exception of the diterpenoids and non-hopanoid triterpenoids that
were integrated from the total ion currents (TICs) of the saturated fraction.

RESULTS AND DISCUSSION
Group organic geochemical parameters

The organic carbon contents (Corg) are within the limits typical for lignite?1—23
and vary between 29.7 and 55.3 % (Table S| of the Supplementary materia to
this paper). The gross and net calorific value (dry basis) of the lignite samples
ranges from 9.0 to 25.3 MJ kg1 and from 8.5 to 24.5 MJ kg1, respectively,
which isin range for rational utilization of lignite in thermal power plants (TPPs)
recommended by the American Lignite Council.23 Moreover, all samples (with
exception of sample 20) have higher net calorific values than recommended for
SFR Yugoslavia (8.89 MJ kg1).24 A significant positive correlation between the
cdorific value and Corg Was observed (correlation coefficient, r = 0.92), as
expected. Therefore, organic carbon contents and calorific values represent the
first criteria that indicate possible rational utilization of Smederevsko Pomoravlje
lignites in TPPs. This is particularly related to samples from coal seam | at a
depth down to 50 m, which generally have higher Cqyrg and calorific value (Table
S1). The significant negative correlation between Cqyg and ash content (r =
= -0.97) indicates that the differences in the Cqrg contents of the lignites are
mainly controlled by the varying amounts of mineral matter.

One of the basic assumptions ensuring efficiency of fluidized bed gasific-
ation is the optimal maximum ash content recalculated to a dry basis at 20 %.2°
Data from Table S-I show that 8 samples, particularly those from the upper part
of coal seam | meet this basic criteria. Concerning the utilization of this deposit
for power production, it is evident that the high proportion of ash, attaining more
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than 40 % in some samples (Table S-I), should be taken into consideration in
order to optimize the burnout behaviour.

The content of sulphur (dry basis) does not exceed 1.5 %, with the exception
of samples 13 and 16 (Table S-1). This result implies a relatively low content of
sulphate in the waters within the peat (peatification in a fresh water environ-
ment).26:27 On the other hand, the content of sulphur is an important quality
parameter of lignite, due to its corrosive influence on the furnace and is the main
cause of “acid rains’ after combustion. The sulphur content of Smederevsko
Pomoravlje lignites is in range as for other Serbian lignites (Drmno filed, Kos-
tolac Basin, “A” field, Kovin deposit, “D” field, Kolubara Basin, Table S
-1),28.21.22 Achlada and Mavropigi Basins in Greece® and even lower than in
lignites from Bulgarian deposits (Staniantsi and Beli Breg),11 which have been
extensively utilized for electric energy production. This indicates that the content
of this element is not a limiting factor for usage of Smederevsko Pomoravlje
lignitesin TPPs.

The values of the C/N mole ratio exceed 60 in al the studied samples (Table
S1), which is typical for terrestrial flora29.30 This result indicates that
Smederevsko Pomoravlje lignites are typical humic coas. This observation is
important, because recent investigations showed that coal should contain at |east
80 % huminite (mineral-matter free basis) to be useful for fluidized bed gasif-
ication.2> However, the possibility of gasification of Smederevsko Pomoravlje
lignites should be further investigated in more detail by petrographic analysis. On
the other hand, recent investigations showed that extremely high values of C/N
mole ratio (>100), which indicate terrestrial plants with a domination of lignin
tissug,31 may hinder the grindability properties of lignite, also important para-
meter for coal utilization. According to data from Table S, only two samples (3
and 15) have unfavourable C/N ratios.

Taking into account all aforementioned data, it could be assumed that lignite
from coal seam | of borehole A-339 shows the best quality.

The yield of the soluble organic matter (bitumen) varies in a wide range
12754-36409 ppm. The soluble organic matter is mainly represented by asphalt-
enes (40.1-53.2 %) and polar, NSO compounds (36.7-47.1 %). The relative
contents of saturated and aromatic hydrocarbons are low, which is as expected
for immature terrestrial organic material (Table S-).

Rock—Eval pyrolysis

Rock Eval analysis revealed a high amount of free (S) and pyrolysable
hydrocarbons (S), consistent with the high content of biogenic and diagenetic
compounds. The Sz peak, which is proportional to the content of oxygen in kero-
gen, is aso relatively high in accordance with immature terrestrial OM rich in
lignin and cellulose (Table S-11 of the Supplementary material). As expected, a
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significant positive correlation was observed between the content of organic
carbon and values of S;, S, and S3 (correlation coefficients > 0.80).

The production index (Pl) and maximal temperature (Tmax) imply low OM
maturity (phase of intense diagenesis, Table S-11).32

The values of the S/S3 ratio and the hydrogen index (HI), in the ranges
2.08-3.39 and 157200, respectively, indicate sufficient gas potential of lignite at
higher maturity.32 The modified van Krevelen hydrogen index vs. oxygen index
diagram (Fig. 2) indicates kerogen type |11, with a certain contribution of kerogen
type 11/111, confirming the respectable gas potential. Moreover, the contribution
of kerogen type Il/111 suggests some liquid hydrocarbon potential. The presence
of kerogen type I1/111 is consistent with the presence of short chain n-alkanes (see
Section n-Alkanes and isoprenoids later on) and Cy7—Cog sterene homologues
(Section Steroids and hopanoids later on).

| ] | [

Fig. 2. Modified van Krevelen dia-
gram — hydrogen index (HI) vs.
oxygen index (Ol).

Molecular composition of the organic matter

General characteristics. The main constituents of the saturated fraction of
the coals are diterpenoids, followed by n-alkanes and hopanoids. Steroids and
non-hopanoid triterpenoids were identified in low amounts (Fig. S-2 of the
Supplementary material).

Domination of diterpenoids shows that the main sources of organic matter
were gymnosperms (conifers), which confirms that the investigate lignites are
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typical humic coals. The presence of hopanoid biomarkers indicates a contri-
bution of prokaryotic organisms, such as bacteria and fungi, whereas the ident-
ification of non-hopanoid triterpenoids implies a contribution of angiosperms to
thelignite OM (Fig. S-2).

n-Alkanes and isoprenoids. Considering the low OM maturity, n-alkanes
were abundant in the total ion current (TIC) of the saturated fraction of the
lignites (Fig. S-2). Based on the myVz 71 mass chromatogram of the saturated frac-
tion (Fig. S-3a of the Supplementary material), n-alkanes were identified in the
range C15—Css, or C15—C3s (Table S-11I). The n-alkane patterns were dominated
by long-chain homologues (Co7—C31), maximizing at n-Cog (Fig. S-3a; Table S-l11)
and an expressed odd over even predominance, indicating a significant contri-
bution of epicuticular waxes. The values of carbon preference index (CPI)33 for
the full range of n-alkanes C16—C34 and an odd—even predominance34 (OEP) 2
value higher than 3, i.e, 2, respectively (Table S-I11) are in accordance with the
low rank of the lignites. Mid-chain n-alkanes (n-C»1—-Cos), originating from
vascular plants, microalgae, cyanobacteria, sphagnum and submerged aquatic
macrophytes,35-38 are present in lower amount in comparison with the long-
chain odd homologues (Fig. S-3a). The predominance of odd over even carbon-
number n-alkanes in the mid-range n-alkanes (parameter OEP 1; Table SI1),
suggests a microbia input, consistent with presence of hopanoids (Fig. S-3c).
Moreover, the dominance of Coz and Cps n-alkane homologues in mid chain
range (Fig. S-3a) implies an input of submerged aquatic macrophytes. Variations
of OEP 1 ratio (Table S-111) suggest variations in bacterial input/communities
and the contribution of submerged aquatic macrophytes to the precursor OM.
These variations most probably could be attributed to changes in the depositional
environment (water column level), due to the pronounced seasonality during the
Upper Miocene (hot and humid summers and dry and relatively cold win-
ters).39.40

In all the investigated samples, short chain n-alkanes (< Cpp) were present in
low quantities (Fig. S-3a), consistent with typical humic OM. The main precur-
sors of the short chain n-alkanes are algae, and photosynthetic and non-photo-
synthetic bacteria. 4142 The low values of the sterane to hopane ratio (see Section
Seroids and hopanoids later on and Table S-V) indicate a greater contribution of
prokaryotic organisms than eukaryotic algae to the OM. Therefore, it could be
assumed that the short chain n-alkanes mainly originated from bacteria. The sig-
nificant variations of the CPI values for the short chain n-alkanes (CPl1_20;
Table S-111) confirmed changes in bacterial communities during diagenesis, con-
sistent with above discussed OEP 1 ratio.

Isoprenoids pristane (Pr) and phytane (Ph) were present in low amounts in
the lignite extracts (Figs. S-2 and S-3a). Low concentrations of pristane and phy-
tane were often reported in immature organic matter.4345 The Pr/Ph ratio is
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widely used as an indicator for the redox (Eh) conditions of the depositional
environment.46 However, this parameter is also known to be affected by
maturation?! and by differences in the precursors for acyclic isoprenoids, i.e.,
bacterial origin, 4748 and the formation of pristane from tocopherols or chro-
manes.49 For this lignite sample set, an influence of maturity on the pristane/
/phytane ratio could be ruled out. In addition, the low maturity of the lignite pro-
bably argues against the formation of pristane from tocopherols.4® Therefore, the
Pr/Ph ratio, varying between 0.66-1.65 (Table S-I11), may be considered as an
indicator of the changing of the Eh settings from anoxic to slightly oxic during
peat deposition. This change was also related to a change in the water leve, i.e.,
pronounced seasonality. Namely, an increase in Eh of the environment is often
associated with a decrease in water level and in some cases drainage of peat
bogs.

Vaues of aforementioned n-alkane parameters and Pr/Ph ratio are in range
for those parameters observed for lignite extracts from the Drmno field (Kostolac
Basin) and “A” field (Kovin deposit) (Table S-111), suggesting very similar origin
and pal aeoenvironment of the precursor OM.21.28

Diterpenoids and triterpenoids with a non-hopanoid skeleton. Diterpenoids
were the main constituents of lignite extracts, indicating a significant contri-
bution of gymnosperms to the precursor OM. Pimarane and particularly 16c(H)-
-phyllocladane were dominant by far in the saturated fractions (Fig. S-2). A high
amount of 16a(H)-phyllocladane indicates that the coal-forming plants belonged
to the conifer families Taxodiaceae, Podocarpaceae, Cupressaceae, Araucari-
aceae and Phyllocladaceae, while a high abundance of pimarane suggests Pina-
ceae, Taxodiaceae and Cupressaceae.50-53 Other diterpenoid type constituents of
the saturated fraction were o~labdane, S-labdane, isopimaradienes, norisopimar-
ane, pimaradiene, atisene, norpimarane, beyerane, isophyllocladene, isopimarane,
fichtelite, 16/(H)-phyllocladane and 16 (H)-kaurane (Fig. S-2). In al samples, tet-
racyclic terpenoids predominated over tricyclic terpenoids (with exception of
sample 18), whereas bicyclic diterpenoids were present in low amounts (Table S-
-1V of the Supplementary material).

The pimarane/16(H)-phyllocladane ratio and the ratio of tricyclic to tet-
racyclic diterpenoids are higher in the upper part of coal seam | in al three bore-
holes (Table S-1V), which may imply a greater contribution of Pinacea to the
precursor OM. These samples also contained higher amount of Cqrg (Table SH).
The mentioned results indicate peatification of lignite from the upper part of coal
seam | under a higher water level, which contributed to better preservation of
OM and growth of Pinacea.

The non-hopanoid triterpenoids were present in low amount in the saturated
fraction of Smederevsko Pomoravlje lignites and consisted exclusively of des-A-
-degraded triterpenocids: des-A-olean-enes, des-A-urs-enes, des-A-oleanadiene,
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des-A-oleanane and des-A-lupane (Fig. S-2). The presence of des-A-degraded
triterpenoids implies microbial activity, consistent with relatively abundant hopa-
noids (Figs. S-2 and S-3c). The smal amount of non-hopanoid triterpenoids
indicates a small contribution of angiosperms to the precursor OM. Thisresult is
also important for lignite utilization, because recent studies* showed that ele-
vated amounts of angiosperm organic matter may lower the grindability pro-
perties of lignite.

Very similar distributions of diterpenoids and non-hopanoid triterpenoids
were observed during investigations of lignites from the Drmno field (Kostolac
Basin) and the “A* field (Kovin deposit),21.28 Table SV, indicating that these
two fields along with the Smederevsko Pomoravlje field represent parts of a
unique basin.

Seroids and hopanoids. Steroid biomarkers of Smederevsko Pomoravlje
lignites (based on the m/z 215 mass chromatogram of the saturated fraction; Fig.
S-3b) consisted predominantly of Cog A%, A2- and AS-sterenes. The Cy7- and
Cog-homologues were identified in notably lower amounts (Table S-V). The
marked predominance of Cyg sterenes (Fig. S-3b; Table S-V) clearly indicates
peat formation from terrigenous plants.

Hopanoids were more abundant than steroid biomarkers in the coal extracts
(Zsteroids/=hopanoids ratio < 0.26; Table S-V). These results indicate a bacteria-
influenced facies and argue for the role of microorganisms in the degradation of
the plant tissue.

Based on the myz 191 mass chromatogram of the saturated fraction, the
hopane composition was characterized by the presence of 17q(H)214(H),
178(H)21a(H) and 174(H)214H) compounds with 27 and 29-32 carbon atoms
(Fig. S-3¢). Other hopanoid-type constituents of the saturated fraction were Cy7
hop-13(18)-ene, Co7 hop-17(21)-ene and Czg hop-17(21)-ene. Moreover, several
samples contained hopanoid ketones, Co7 hop-21-one and Cgg hop-17(21)-en-20-
-one (Fig. S-3c). Cy7 Hop-21-one was also observed in lignite extracts from the
Drmno field, Serbia,28 and it was reported in microbial mats and the black sand-
stone from the Be eri deposit, Isragl.> Czg hop-17(21)-en-20-one could have
been formed by oxidation of the highly sensitive alylic position of hop-17(21)-
-ene present in the herein studied samples (Fig. S-3c) and resulting either from
elimination of an alcohol group on hydroxyhopanoids followed by migration of
the double-bond (favoured in acidic conditions),>> or by bacterial dehydro-
genation of saturated hopane skeletons.®® Therefore, the presence of Csg hop-
-17(21)-en-20-one could indicate slightly acidic suboxic conditions in the mire,
which is consistent with the relatively low sulphur content.

In the mgjority of the samples, the hopane distribution was dominated by
Co7174(H)-hopane; however, in several samples, the most abundant hopanoid

* A. Bechtel, personal communication, 2013.
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biomarker was Cz1 17a(H)215(H)22(R)-hopane (Table S-V). The prominent
Co717B(H)-hopane in distribution of total hopanoids, followed by sharp domi-
nation of lower homologues, Cy717B(H) and Cp9l7B(H)21B(H) in the distri-
bution of Co7—C3; PBB-hopanes in al samples (Fig. S-3c; Table S-V) could
signify that the precursor hopanoid lipids partly originated from methanotrophic
bacteria (e.g., Methylococcus capsulatus or Methylomonas methanica).>’ On the
other hand, prominent Csi1o/AR)-hopane was often reported in low rank
coals. 455253 Killops et al.58 suggested that the decarboxylation of 31,32-
bishomohopanoic acid, which is generally abundant in peats and soils,>9.60
could result in the formation of C3117o(H)215(H)-hopane in immature coals.
The presence of 22(R)-bishomohopanoic acid in the *‘geological” 17o(H)215(H)
configuration in living microbial mats,%1 supports the assumption that the Cs;
off-hopane could be derived directly from microorganisms by decarboxylation.
According to van Dorselaer et al.,62 a high amount of C3;0/4R)-hopane implies
complex reactions in acidic environments under oxic conditions. The observed
distributions of hopanes in the Smederevsko Pomoravlje lignites indicate changes
in the microbia population, which is consistent with changes in palaeoenviron-
ment, from anoxic to suboxic.

Theratio of 178(H)21B(H) to (178(H)21B(H) + 17a(H)21p(H)) C3o-hopanes
is within the limits established for lignite (0.5-0.7; Table S-V),83 in accordance
with low thermal maturity of the OM.

Based on the myz 191 mass chromatogram, compounds with the fernene
skeleton, fern-9(11)-ene and fern-8-ene, were also identified (Fig. S-3c). Fer-
nenes mainly originate from ferns, which are often typical members of herba-
ceous precursor vegetation.39.64 |t was shown that ferns could also be the source
of hopanes with fewer than 30 carbon atoms. Therefore, it could be speculate that
the predominance of Cy7 and Cyg hopanoids with the gf-configuration in the
studied lignites could be attributed, at least to some extent, to sources other than
bacteria, probably ferns.

CONCLUSIONS

Smederevsko Pomoravlje lignites are typical humic coals. The main sources
of the organic matter were gymnosperms (conifers). Other precursors of OM
were microbial biomass, ferns and angiosperms. Based on the composition of
diterpenoids, it was established that the coal-forming plants belonged to the gym-
nosperm families Taxodiaceae, Podocarpaceae, Cupressaceae, Araucariaceae,
Phyllocladaceae and Pinaceae.

Peatification was realized in a neutral to slightly acidic, fresh water environ-
ment. Pronounced seasonality caused changes in the water table, which resulted
in changes in the redox potential (Eh) during peatification, as well as microbial
and to lesser extent, vegetation differentiations in the palaco-communities.
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The obtained results indicated low OM maturity (phase of intense diagenetic
processes).

Based on the very similar distributions of molecular “fingerprints’ and the
values of biomarker ratios in Smederevsko Pomoravlje lignites and lignites from
the Drmno field (Kostolac Basin) and the “A* field (Kovin deposit), it was estab-
lished that these three fields represent part of a unique productive basin.

Concerning potential rational utilization of Smederevsko Pomoravlje lig-
nites, the following conclusions were drawn. The group organic geochemical
data and net calorific value signified possible usage of the lignites in thermal
power plants. This was particularly related to samples from coal seam | (depth
down to 50 m). The investigated lignites demonstrated sufficient gas potential
and some liquid hydrocarbons potential at higher maturities. Eight samples meet
the basic conditions to ensure efficiency of fluidized bed gasification of the
lignite.

SUPPLEMENTARY MATERIAL

Geological settings, group organic geochemical parameters, results of the Rock Eval
pyrolysis, abundance data for of n-alkanes, isoprenoids, diterpenocids, non-hopanoid triter-
penoids, steroids and hopanoids, as well as figures sowing total ionic currents and GC-MS
diagrams are available electronically from http://www.shd.org.rs/JJSCS/, or from the corres-
ponding author on request.
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U3BOJ
IMPEJIMMHUHAPHA OPTAHCKO-TEOXEMHJCKA CTYOWUJA JIMTHUTHOTI I1OJbA
CMEJEPEBCKO ITOMOPABJBE (FACEH KOCTOJIALT) - PEKOHCTPYKIIUJA
T'EOJIOIIKE EBOJIYIOHUJE U MOTYRHOCT PAITMOHAJTHE YIIOTPEBE YIJbA

HATAILIA BOKOBUE', JAHULIA MUTPOBUR', IIPATAHA XKMBOTHR, IAPKO LUTTAHWE®, TAMAPA TPOCKOT —
YOPBUR®, OJITA LIBETKOBUR' 1 KCEHUJA CTOJAHOBUR’

THnosayuonu yentap, Xemujcku paxyniuei, Ynusepsuiteii y Beoipagy, Ciiygenitucku wipi 12—16,
11000 Beoipag, ZPygapcxo—ieonomKu paxyniteti, Ynugep3uiiieii y Beoipagy, Bywuna 7, 1100 Beoipag,
3INA - Industrija nafte d.d., Exploration & Production BD, Exploration Sector, E&P Laboratory Department,
Lovinciceva 4, 10002 Zagreb, Croatia, 4 UXTM — Lentnap 3a xemujy, Ynusep3uineii y beoipagy, beiowesa
12, 11000 Beoipag u 5Xemujcxu paxyniteii, Ynugep3uitiein y Beoipagy, Ctygeniticku wwipi 12—16,
11000 Beoipag

Llum pama je 6o na ce yTBpAM MOPEKIIO U reosiollika eBOJyLHja JIMTHUTA U3 mojka Cme-
nepescko ITomopasiee, Bacen KocTtonau. PasmaTtpana je u MmoryhHOCT pauuoHanHe ymnorpebe
yrma. bpojHe oprancko-TeoxeMujcke aHaqW3e Cy U3BeleHe Ha pelpe3eHTaTUBHUM y30pLHMa
nurHuTa. JJodujenu pesynTaTy nokasyjy na Cy JUTHUTH noka CmeznepeBcko [Tomopasibe TUNH-
YHU XyMYCHHU yIJbeBH. [MMHOCIEpMe (rosocemeHuLe) Cy Ouie TIaBHH U3BOP OpPraHCKe CyI-
CTaHIe TUrHUTa. MaTepujan notude ox cinepehux damuinuja rumHocnepmu: Taxodiaceae, Cup-
ressaceae, Phyllocladaceae v Pinaceae. OcTtany U3BOPH OpPraHCKe CYICTaHLe JTUTHUTA OWIH Cy

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



586

POKOVIC et al.

muKkpodHa dromMaca, manmpaTy U aHTHOCIIepMe (CKpUBeHOCeMeHHIle). YTBphEHO je [a ce XyMu-
¢uKauvja opraHcke CymCcTaHIle OJBHjasia Y CIaTKOBOLHO]j, HEYTPaIHOj no c1abo Kucemnoj cpe-
OVHY, TIPU aHOKCHYHUM 70 Onaro okCMYHMM yciaoBuma. OpraHcka cyncTaHua je Hespena U
Ha/lasy ce Ha CcTagujymy nujareHese. CactaB duomapkepa U BPeJHOCTH onrosapajyhux mapa-
MeTapa yka3yjy Ha To fga nosba CMenepescko [Tomopasme, JpmHo (dacen Kocromau) u ,A“
(nmexxuinrte KoBHH) mpencTaBbajy [eo jemUHCTBEHOr daceHa. Pe3ynTaTd OBOI HCTpaKHBama
ynyhyjy Ha Moryhy panuonanHy ynotpedy nuraura CMenepescko IToMopasike y TepMoesiex-
TpaHama. To ce mocedHO OFHOCH Ha Y30pke M3 HPBOT YIJbeHOr cyoja. OpraHcka cyrncraHua
JIMTHHATa MOXXE T€HEpUCATH 3HavyajHe KOJIMYMHE raca Ha BUILEM CTyNmy 3penocTd. Ocam y3o-
paka 3afioBa/baBa OCHOBHE KPUTEPHjyMe 3a e(PUKACHY TracUpUKanujy.
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GEOLOGICAL SETTINGS

The Kostolac Coal Basin, covering an area of 145 km2, is located about 90
km east of Belgrade. It is divided into three coal fields: the Drmno field in the
eastern, the Cirikovac field in the central and the Smederevsko Podunavlje field
in the western part of the Basin (Fig. S-1). The Drmno field is exploited, while
the Smederevsko Podunavije field is still under preliminary exploration.
Exploitation in the Cirikovac field was ceased a few years ago.

The basement of the Kostolac Basin is formed of Devonian crystalline rocks
overlain by Neogene sediments. The total thickness of the Neogene sediments
ranges from 300 to 5000 m in the central part of the depression.! The complete
Neogene generally dips towards the north—west at a low angle of 5-15° with the
coa seams following the same dip. The Neogene complex consists of several
units, which were explained in detail in a previous paper.2

The Upper Pontian coal-bearing series in the Smederevsko Pomoravlje field
were studied in detail by Zivoti¢3 and were found to consist of sand, clayey sand,
siltstone, clay, sandy clay, carbonaceous clay and five coal seams, named from
bottom to top I, I1-a II, I-a and I, respectively. Coa seams Ill, Il and | are
considered to be important for rational exploitation, whereas coal seams Il-a and

* Corresponding author. E-mail: ksenija@chem.bg.ac.rs and xenasyu@yahoo.com
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I-a are only locally developed. About 100 exploration boreholes were drilled in
the Smederevsko Pomoravlje field.

Fig. S-1. Location and coal fields of the Kostolac Basin.

The thickness of coal seam Il varies over a wide range due to interbedding,
from 18.50 m to 76.00 m (average 38.47 m). Coal seam |1l splits into three coal
layers, the thicknesses of which, from bottom to top, are 0.15-9.00 m (average
2.81 m), 1.00-15.70 m (average 6.93 m) and 0.80-12.40 m (average 4.35 m), res-
pectively. The interbedded waste rocks consist of sand, clay, carbonaceous clay,
marly clay, silt and thin coal layers. Their thicknesses between the third and sec-
ond, and, second and first coal layers vary from a few to 32 m and 36 m, res-
pectively. The coal seam I1-awas formed locally in the southern part of the field.
The seam thickness varies from 0.15 to 1.00 m. The coal seam Il occurs across
the entire Smederevsko Pomoravlje field. Typical features of this coal seam are
stratification followed by a high content of clayey—sandy sediments. The seam
thickness varies from 0.20 to 16.20 m (average 5.69 m). The coa seam I-ais
developed in the central, north, north—east, north—west and west parts of the field.
The seam thickness varies from 0.10 to 6.00 m (average 2.11 m). The coal seam |
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occurs in the central, north, north—east and north-west parts of the field, and it is
sratified across the entire area. The thickness of coa seam | varies from 1.40 to
47.50 m (average 28.30 m). Coal seam | splitsinto two coal layers with thickness
from bottom to top of 0.20-12.70 m (average 5.74 m) and 5.65-20.90 m (average
15.70 m), respectively. The interbedded waste sediments between the second and
first coal layers comprise sand, carbonaceous-, sandy- and marly-clays, and silt.
The thickness of this package varies from 1.72 to 24.50 m (average 8.95 m).

The youngest Upper Pontian sediments, overlying coa seam |, include sand,
clayey sand and clays with thin layers of carbonaceous clays, coal and limestone.
The thickness of this package varies from 0.80 m to 76.50 m (average 26.92 m).

Quaternary series of Pleistocene age is made of gravel and sand, occasion-
aly with clay and loess. The thickness of the Quaternary sediments varies from
16.70 to 42.40 m (average 22.59 m).

ORGANIC AND OTHER GEOCHEMICAL PARAMETERS

TABLE S-I. Vaues of group organic geochemical parameters

e f Bitu-
Bore- Coa Sam- CAshab Corg” 02 ’ 0,/1 N M\?lzg’l, Mfig’l, men, Cap’ Csa HC" CaromHc Cnsol
hole seam ple %, db> %, db ppm, % % % %
do db db db
db
A-339 | 1 9.7 553 15 0.8 80.6 215 211 29228 532 52 49 36.7
| 2 121 532 10 0.7 887 20.2 193 32872 49.1 59 48 403
| 3 183 509 10 0.6 99.0 18.4 176 27302 434 57 56 452
| 4 255 441 14 08 643 17.1 16.4 34673 404 6.0 65 471
| 5 281 473 13 06 920 146 140 24641 428 60 53 459
I 6 362 400 10 07 667 132 126 31312 470 56 54 420
A2l- | 7 112 552 13 09 716 21.0 20.1 31034 528 53 43 376
414 | 8 348 441 12 0.7 735 14.2 135 27608 483 4.7 50 420
| 9 16,8 510 13 0.7 850 19.1 184 34698 426 5.6 58 46.0
| 10 435 360 0.7 0.6 700 9.9 9.4 15662 50.3 4.7 38 412
| 11 467 299 08 05 698 10.0 95 20828 471 54 50 425
| 12 315 443 13 0.7 738 134 12,7 33387 46.2 5.0 54 433
1 13 268 452 17 0.6 879 15.2 144 21443 421 54 6.2 46.3
AlJ | 14 113 545 09 09 706 25.3 245 23841 419 54 6.6 46.1
369 | 15 474 300 06 03 1167 116 114 29638 479 54 43 424
| 16 152 515 22 06 1001 231 223 36409 493 47 43 418
| 17 111 538 10 0.8 785 22.9 221 27510 524 34 3.7 405
| 18 418 405 10 0.6 788 15.1 146 19315 525 40 39 397
| 19 308 435 09 06 846 16.9 16.4 24335 485 4.4 47 424
Il 20 457 297 10 05 69.3 9.0 85 16870 40.1 6.6 6.3 470
1 21 453 334 14 06 64.9 10.2 9.7 12754 434 53 50 46.3
Drmno 8.7- 30.7- 0.6-N.D. 6642— 41.4- 22— 13.7-
field? 11, 111 Range 470 581 34 X N.D. N.D. N.D. 79400 709 132 2.2-55 503
“A” 1,1l Range 126- 8.9 0.2- 0.3- 55.2- N.D. N.D. 3326- N.D. 1.2-5.22.0-2.8 N.D.
fiedd* 826 609 17 12 971 28145
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(Table S-I footnote) 8cagh — ash content; Bab — dry basis, CCO,—g — organic carbon content; de/N — carbon to
nitrogen ratio is given as the molar ratio; ng — gross calorific value;_de — net calorific value; gcAsp -
asphaltene content; hCSat HC — content of saturated hydrocarbons, 'carom HC — content of aromatic
hydrocarbons; JcN 50 — content of NSO fraction (polar fraction, which contains nitrogen-, sulphur- and oxygen-
-containing compounds); KN.D. - not determined

TABLE S-1. Results of the Rock Eval pyrolysis

ﬁ;ree“ ;Zi S;rg TCO)/OC Mg HC (g mgHC (gmg CO, (1gTTgX PI9 Sy/S3 mgHC (9 M COz (g
sample)™™ sample)™™ sample)” TOC)” TOC)”
A-339 | 1 51.06 4.66 86.89 32.44 349 0.05 2.68 170 64
| 2 4951 5.62 93.86 28.79 348 0.06 3.26 190 58
| 3 4381 4.86 85.93 27.89 349 0.05 3.08 196 64
| 4 3994 411 79.57 3153 350 0.05 252 162 64
| 5 3742 441 67.59 2621 366 0.06 258 169 66
1 6 3341 4.65 68.22 23.19 352 006 294 182 62
A21-414 | 7 49.15 521 83.17 31.72 347 0.06 2.62 169 65
| 8 3585 3.59 70.33 21.89 347 005 321 196 61
| 9 4654 6.60 91.97 2715 347 0.07 3.39 198 58
| 10 26.55 1.07 43.20 19.86 350 0.02 218 163 75
| 11 26.72 1.88 44,12 17.15 347 0.04 257 165 64
| 12 36.83 491 72.59 23.26 371 006 3.12 197 63
1 13 38.11 3.46 76.33 22.89 346 0.04 3.33 200 60
A1J-369 | 14 52.31 5.27 90.73 33.02 346 0.05 275 173 63
| 15 2412 161 44.77 1505 346 0.03 297 186 62
| 16 47.48 6.66 89.16 2745 346 0.07 3.25 188 58
| 17 50.66 4.27 84.75 30.94 346 005 274 167 61
| 18 32.61 2.34 53.24 21.17 349 0.04 251 163 65
| 19 37.85 3.23 70.21 22.72 349 0.04 3.09 185 60
1 20 25.35 1.10 44.69 13.96 354 0.02 320 176 55
1l 21 26.93 1.20 42.37 20.34 387 0.03 2.08 157 76

arOC — total organic carbon obtained from Rock—Eval pyrolysis; bS]_ — free hydrocarbons, ®HC -
hydrocarbons; dSQ — pyrolysate hydrocarbons; eSg — amount of CO» generated from oxygenated functional
roups, 'Tmax — temperature corresponding to the Sy peak maximum; 9PI — production Index = S1/(S1+Sp);
HI — hydrogen index = (Spx100/TOC); 10l — oxygen index = (S3x100/TOC); note: Rock—Eval pyrolysis was
not performed on samples from the Drmno and “A” fields; therefore, data could not be compared

TABLE S-1I. Values of parameters cal culated from distributions and abundances of n-alkanes
and isoprenoids

n-Al-

Cod n-Alkane a p, OEP OEP Pristane/
Borehole Sample krz;r:; ((; maximum CPl1g.342 CPlyg.og 1 20 phytane
A-339 16-35 n-Cy 4.30 1.09 124 334 075

16-35 n-Cy, 512 098 174 365 095
1535 n-Cp 437 133 168 320 114
1535 nCy  6.14 211 253 408 142
1535 n-Cp 431 171 217 319 150
1535 nCy 495 160 233 375 127

OO WNPR
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TABLE Sl Continued

n-Al- .
Borehole =03 Sample kaneC n-Alkene op, 16382 CPlygog® OECP O%P Pristanef
seam range maximum 1 2% phytane
A2-414 | 7 1635 nCyx 367 091 146 299 107
| 8 1635 nC, 490 075 201 364 072
| 9 1535 nC, 791 253 180 312 115
| 10 1635 nChx 400 141 158 283 1.09
| 11 1635 nCx 335 171 142 342 067
| 12 1635 nCyx 415 258 194 277 105
I 13 1535 n-Cyx 346 214 325 378 165
A1}369 | 14 1535 nCx 459 041 280 367 113
| 15 1535 nCx 407 081 126 313 1.06
| 16 1635 nCx 385 045 166 339 112
| 17 1535 nCx 362 059 133 342 105
| 18 1535 nChx 380 063 127 335 140
| 19 1635 nCyx 301 101 165 296 066
I 20 1535 nCh, 382 156 200 308 1.07
I 21 1535 nC, 378 064 177 319 097
ﬁggg‘o Il Range 1633 n-C, 2.87-5.30 0.50-2.34 05'?520‘ 3;_)2;43— 01'_02%‘
“A" field n-Cyy OF N- 114~ 168 0.74-
LIl Range 15-33 "% "123.504065-161 Tor By, 11

8CPl16.34 — Carbon Preference Index determined for the full distribution of n-alkanes C1g-C34 (mass
chromatogram m/z 71), CPI15_36; = 1/2 [Zodd(n-C17 — n-C33)/Zeven(n-C16 — N-C3p) + Zodd(n-C17 — n-
-C33)/Xeven(n-C18 — n-C3y4)]; “CPl1g-20 — Carbon Preference Index determined for the distribution of
n-alkanes C16—Cp( (mass chromatogram m/z 71), CPl1g.20 = 1/2 [Zodd(n-C17 — n-Cq1g)/Zeven(n-C16 — N-
-C1g) + Zodd(n-C17 — n-Cqg)/Zeven(n-C1g — n-Coq)]; “OEP 1 = 1/4 [(n-Cpq + 6 n-Co3 + n-Cog)/(n-Cop +
+ n-Cpy)], OEP — odd—even predominance; doEp 2= 1/4 [(n-C25 + 6 N-Co7 + N-Cog)/(n-Cog + N-Cog)]

TABLE S1V. Vaues of parameters calculated from the distributions and abundances of
diterpenoids and non-hopanoid triterpenoids

Bicyclic Tricyclic Tetracyc- Tricyclic  Pimarane/ éggg%ep
Coal diterpe- diterpe- lic diter- diterpenoids/ 16c(H)- ;

Borehole Sample X X . . terpe-noids

seam noids® noids® penoids® tetracyclic  -phyllo- .

. . + XTriter-

% % % diterpenoids  cladane - d
penoids)
A-339 | 1 0.07 36.01 63.93 0.56 0.52 0.9983
| 2 0.04 36.05 63.90 0.56 0.48 0.9990
| 3 0.39 33.44 66.17 0.51 0.47 0.9958
| 4 0.29 8.20 91.51 0.09 0.07 0.9765
| 5 0.47 24.38 75.16 0.32 0.27 0.9879
I 6 0.90 27.47 71.64 0.38 0.32 0.9746
A2l-414 | 7 0.07 42.74 57.19 0.75 0.65 0.9975
| 8 0.10 46.94 52.96 0.89 0.84 0.9899
| 9 0.05 30.50 69.45 0.44 0.25 0.9896
| 10 0.19 31.58 68.23 0.46 0.44 0.9936
I 11 0.03 46.87 53.10 0.88 0.89 0.9945
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TABLE S1V. Continued

Bicyclic Tricyclic Tetracyc- Tricyclic ~ Pimarane/ ézgg%ep
Coa diterpe- diterpe- lic diter- diterpenoids/ 16c(H)- ;
Borehole Sample X . . . terpe-noids
seam noids® noids® penoids® tetracyclic  -phyllo- .
% % % diterpenoids cladane > et
p d
penoids)
A21-414 I 12 0.13 5.61 94.27 0.06 0.05 0.9915
I 13 025 3531 6444 0.55 0.51 0.9933
A13-369 I 14 029 4475 5496 0.81 0.79 0.9975
I 15 005 4225 57.69 0.73 0.69 0.9980
I 16 004 4890 51.06 0.96 0.90 0.9996
I 17 009 3166 68.25 0.46 0.43 0.9958
| 18 0.15 52.92 46.94 113 111 0.9972
I 19 020 4828 5152 0.94 0.93 0.9938
I 20 058 2589 7354 0.35 0.31 0.9923
I 21 0.47 36.09 63.44 0.57 041 0.9331
Drmno 1,11l Range N.D.6 439- 24.81- 0.05-3.03 0.03-3.22 0.8096-
field? 7519  25.60 1.0000
“A” field* I,Il Range N.D. 1297- 4263- 0.15-1.35 0.06-0.69 0.9441—
57.37  87.03 1.0000

3Bicyclic diterpenoids = (o+labdane + B-labdane)x100 / £Diterpenoids, EDiterpencids = ¢-labdane + p-labdane
+ isopimaradienes + norisopimarane + pimaradiene + atisene + norpimarane + beyerane + isophyllocladene +
isopimarane + fichtelite + pimarane + 164(H)-phyllocladane + 160(H)-phyllocladane + 16(H)-kaurane, cal-
culated from the TIC of the saturated fraction; btrit:yclic diterpenoids = (isopimaradienes + norisopimarane +
pimaradiene + norpimarane + isopimarane + fichtelite + pimarane)x100 / ZDiterpenoids, calculated from the
TIC of the saturated fraction; Ctetracyclic diterpenoids = (atisene + beyerane + isophyllocladene + 168(H)-phyl-
locladane + 16o(H)-phyllocladane + 160(H)-kaurane)x100 / IDiterpenoids, calculated from the TIC of the
saturated fraction; “EDiterpenoids = o~labdane + S-labdane + isopimaradienes + norisopimarane + pimaradiene
+ atisene + norpimarane + beyerane + isophyllocladene + isopimarane + fichtelite + pimarane + 164(H)-phyllo-
cladane + 16a(H)-phyllocladane + 16a(H)-kaurane, Triterpenoids = (des-A-olean-13(18)-ene + des-A-olean-
12-ene + des-A-olean-18-ene + des-A-urs-13(18)-ene + des-A-oleanadiene + des-A-urs-12-ene + des-A-lupane
+ des-A-triterpene + des-A-oleanane), calculated from the TIC of the saturated fraction; ®N.D. — not determined

TABLE S-V. Vaues of parameters calculated from the distributions and abundances of
steroids and hopanoids

sSte- Caolp
Cor Cas - Co7p- Coafp- C30Bp- C314p- Hopane
29 roids/
Bore-  Coa Sample Stere-  Stere- SterenesCHop- Hopane Hop- Hop- Hop- Hop- toCgp
hole  seam P€ e ned o anol-j maximum® ane  anel  and  and’  (BBrap)
% % R % % % % -Hop-
anes
A-339 202 874 89.24 0.15 Co7p 3981 2791 2052 1176 0.80

182 618 9201 018 Cpy7p 3879 2843 2028 1250 0.80
135 747 9117 009 C3108(R) 36.15 2541 2046 1798 0.78
173 641 918 008 Cpy7p 4055 2625 2083 1237 0.78
179 489 9331 009 Copyp 4406 2839 1773 982 0.77
354 796 8850 006 Copyp 4287 2573 2019 1121 0.78

o O WN P
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TABLE S-V. Continued

sSe Caofp
Co7 C8 : Co78- Co9Bf- C3086- C3156- Hopane
29  roids/

Bore-  Coa Samole Stere-  Stere- Sterene<CsHo Hopane Hop- Hop- Hop- Hop- toCgp
hole  seam Pe et ned % anopmaxmume and  and  andf el (BBrap)
9 9 0 % % % %  -Hop-

) % id sd (} () () () Hop

anes

A2l-414 226 849 8924 002 Cz106(R) 4320 3179 930 1571 0.62

7

8 422 1091 84.86 003 Cz108(R) 4843 2334 1559 1265 057
9 217 982 8301 0.04 Cz10p(R) 4125 2769 1715 1391 0.71
10 346 657 8997 011 Copyp 4335 2712 1935 1018 0.74
11 402 449 9150 0.24 Cz10p(R) 56.97 2418 1164 721  0.52
12 306 711 8983 008 Cpys 5136 2533 1449 881 0.65
I 13 111 575 9314 026 Copy7p 4385 2536 1969 1110 0.63

A1J369 | 14 253 865 8882 012 Cp7p 4547 2546 1815 1093 0.64
| 15 396 1085 8520 009 Cp78 5388 2425 1399 788 057
| 16 1.02 725 9173 0.02 Czj06(R) 4554 2359 1821 12,67 0.59
| 17 162 9.07 8931 006 C3108(R) 4512 2619 18.06 10.64 0.67
| 18 213 10.04 8783 003 Copys 4359 26.20 1847 11.74 0.59
| 19 310 746 8943 017 Copyp 5856 2591 1044 510 061
Il 20 307 614 9078 002 Cp7f 5190 24.04 1557 848 0.58
I 21 445 788 8767 004 Co7p 4357 2531 1968 1144 0.68
Drmno I, 11l Range 0.00- 0.00- 84.06- 0.07— Cp7for 26.93- 23.98- 11.52- 8.38- 0.53-
field4 455 1594 100.00 0.25 Cziof(R) 5024 36.78 31.17 1393 0.90
“A” I,II Range 1.20- 2.88- 86.95- 0.04— Cp7por 24.93- 23.38- 1516- 891- 0.52-
field® 416 1064 9540 020 C3108(R) 46.13 39.11 23.93 2535 0.82

8Cy7-Sterenes = 100 x C27(A2 +A%+ A5) sterenes/ [2( 527—(:29)(A2 +A% 4 A5) steren% + Co A22_sterene
+ ngzsterene] bC28 Sterenes = 100 x C28(A +A% A )- steren%/iz(c Qgg(Az + A% + AO)-sterenes +
CogA -Sterene + C%? sterene] CCog._Sterenes = 100 x [ng(A +A )-sterenes + Cog-sterene] /
[2(C27—C29)(A + A +A ) -sterenes + ngA 2_sterene + Cog-sterene]; d):Stermds/ ~Hopanoids = [2(Co7—
Coo)(A2 + A% + AD)-sterenes + CogAZZ-sterene + Cogrsterene] / [2(Cpg-Cap)17a(H)218(H)-hopanes +
3(C29—C32)17p(H)21a(H)-hopanes + X(Cpg—C3z2)174(H)215(H)-hopanes + Co717a(H)-Hopane +
Co717B(H)-Hopane + C3g-Hop-17(21)-ene + Cp7-Hop-17(21)-ene +Co7-Hop-13(18)-ene]; €Hopane maximum
— The most abundant hopanoid in the m/z 191 mass chromatogram, £ and of designate the configurations at
C17 and Co1 in hopanes, (R) designates the configuration at Co2 in the hopanes; Sterenes were quantified from
he nmV/z 215 mass chromatogram, hopenes and hopanes were quantified from the m/z 191 mass chromatogram,;

against (C27+2Cp9-C31)-#-hopanes
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CHROMATOGRAPHIC AND SPECTROMETRY DATA
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Fig. S-2. Total ion current (TIC) of the saturated fraction typical for the investigated samples.
Peak assignments: n-alkanes are labelled according to their carbon number; Pr — pristane;
Ph — phytane; D1 — isopimaradiene; D2 — 84(H)-Labdane; D3 — isopimaradiene; D4 — nori-
sopimarane; D5 — 8a(H) — labdane; D6 — atisene; D7 — norpimarane; D8 — beyerane;

D9 —isophyllocladene; D10 —fichtelite; D11 — pimarane; D12 — 164(H)-phyllocladane;
D13 —-16(H)-phyllocladane; D14 — 16 (H)-kaurane; T1 — des-A-olean-13(18)-ene; T2 — des-
A-olean-12-ene; T3 — des-A-olean-18-ene + Des-A-urs-13(18)-ene; T4 — des-A-oleanadiene;
T5 — des-A-urs-12-ene; T6 — des-A-lupane; T7 — des-A-triterpene;® T8 — des-A-oleanane;® i,
Pa and aff designate configurations at C;7 and C»; in hopanes; (S) and (R) designate
configuration at C,, in hopanes.
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Fig. S-3. GC-MS mass chromatograms of : @) n-alkanes, m/z 71, b) sterenes, m/z 215 and
¢) hopanoids, m/z 191, typical for the investigated samples. For peak assignments,
seethelegend to Fig. S-2.
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INFORMATION FROM THE EUCHEMS DIVISION OF ANALYTICAL CHEMISTRY
(DAC)

The 45™ Annual Meeting of the DAC was successfully held on August 31,
2014, in Istanbul prior to the opening of the 5" EuCheMS Chemistry Congress
(ECC 5). Paul Worsfold as current Chair of the DAC welcomed Delegates and
Observers from 15 countries attending the meeting. The updated DAC strategy
for 2015-2017 was approved at the meeting and can be found at http:/
/Iwww.euchems.eu/divisions/analyti cal-chemistry.html.

In 2015, the prime event within the activities of the DAC will be
EUROANALY SIS XVIII, which will be held in Bordeaux, France, at the Con-
gress Center (Bordeaux-Lac), 6-10 September 2015, under the auspices of the
Societé Chimique de France. EUROANALY SIS started in 1972 and represents a
broad-spectrum conference on Analytical Chemistry organized on aregular basis
with its venue rotating between European countries. EUROANALY SIS has
established itself as the premier European meeting for discussion and pre-
sentation of analytical chemistry in a global sense and constitutes a forum for
analytical chemists from academia, governance and industry, alowing the for-
mation of networks between chemical societies and their members working in the
diverse fields of analytical sciences. This scientific event returns to France after
nearly 40 years and will be a unique chance to gain comprehensive insights into
contemporary analytical chemistry. Among the highlights of EUROANALY SIS
XVII1 will be the Robert Kellner Lecture given by Bernhard Lendl from Vienna,
Austria, and the presentation of the newly established DAC-EuCheM S Award to

* Corresponding author. E-mail: pworsfold@plymouth.ac.uk
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Miguel Valcarcel from Cordoba, Spain. Both the Robert Kellner Lecture and the
DAC-EuCheM S Award are sponsored by Springer.

EUROANALYSIS XIX will be organized in Stockholm, Sweden, by the
Swedish Chemical Society. The tentative date is August 27-31, 2017.

The next Annual Meeting of the DAC will be held in Bordeaux on Sep-
tember 6, 2015, and a decision about a new Chair of the DAC for the period
2017-2019 will be made. The Steering Committee of the DAC has nominated
Slavica Razic to succeed Paul Worsfold. Other nominations are welcome, and an
official letter from a member society of the DAC should be sent to the chair or
the secretary.

Currently, DAC operates six Study Groups devoted to major topics of
particular importance, namely “Education in Anaytica Chemistry”, “Bioana-
ytics’, “History”, “Quality Assurance and Accreditation”, “Chemometrics’ and
“Archeometry and Cultural Heritage in Analytica Chemistry” (see http://
/Iwww.euchems.eu/divisions/anal ytical -chemi stry/news-current-activities-confer-
ences-and-events/study-groups-and-task-forces.html). These Study Groups are
evaluated after a period of three years and may be renewed.

In this European Analytical Column, Ivo Leito provides a personal view on
metrology in chemical analysis.

Metrology in Chemical Analysis

Metrology lies at the foundation of any measurement. Metrology in Physics
has been a mature science for a long time and metrology of chemical mea-
surements (Metrology in Chemistry, MiC) as a discipline is also approaching
maturity. The main concepts have now been firmly established! and the tools —
certified reference materials (CRMs) and interlaboratory comparisons (ILCs) —
are available in increasing diversity. There are guidance materials23 text-
books,46 training courses’:8 and even university study programmes®-11 addres-
sing MiC or some of its sub-topics. Also, when it comes to practical application
by laboratories involved in routine analysis, the situation has improved con-
siderably during the last decade. Nevertheless, challenges still remain as evi-
denced by, for example, discrepancies between participant results in interlabor-
atory comparisons (ILCs).12-14 The aim of this contribution is to briefly review
why thisis so and give some guidance on the most important MiC activities for
any laboratory.

The difficulties in applying metrological concepts in chemistry originate
largely in the following.

1. In chemical analysis, the analyteistypically determined in the presence of
(often numerous) other substances in the sample, many of them at higher (often
by orders of magnitude) concentrations than the analyte. Many of them can, in
principle, contribute to the analytical signal, leading to higher results (sometimes
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they can lead to lower results, e.g., matrix effects in LC-ESI-MS9). Thus, there
is the problem of limited selectivity: the question therefore is often not “How
accurately can one measure the analytical signal?’ but rather “How can one
assure that the signal is wholly due to the analyte and does not include a con-
tribution from some interferent(s)?”.16

2. In order to achieve sufficient selectivity, most analytical methods involve
one or more separation steps (e.g., extraction, precipitation, chromatography).
Whilst these steps are quite successful in removing interferents, they often
(mostly) also remove some of the analyte, leading to lower results.

As can be seen, the main problems (i.e., the main uncertainty contributions)
in a chemical measurement usually come not from the measurement technique
itself but rather from the object under investigation (see, e.g.,1” for examples in
spectrophotometry).

In this complex situation, what should a routine laboratory do? The author
has attempted to formulate some simple and pragmatic advice below. It islargely
based on the author’s experience of collaboration with such laboratories. What is
described below is by no means “the full story” but rather a “starting point”. It
assumes that the methods used in alaboratory are, with reasonable probability, fit
for purpose (which is usually the case).

3. Compare your values with reference values. Comparing your results for a
sample with an independent reference value for the same (or identical) sample is
useful for confirming that your results have acceptable trueness and that the mea-
surement uncertainty estimate is adequate (or at least suitable for obtaining data
for measurement uncertainty evaluation). However, such a comparison gives an
additional benefit: good agreement between your result and the reference value
also indicates that the selectivity of your analytical method (procedure) is pro-
bably adequate and that the robustness is good. The result of such a comparison
can, depending on its intended further use, be expressed in different ways, e.g.,
asazetaor E,, scorel8 or asabias.19

There are several ways of “realising” a reference value, all of which have
different levels of reliability. The guidance below should therefore be considered
in the broadest possible sense.

Perhaps the most obvious approach is analysing certified reference materials
(CRMs) using the analytical method established in your laboratory. The refer-
ence values carried by CRMs are highly reliable. In order to be useful, the
certified analyte(s) of the CRM have to be the same as those required in the tar-
get sample(s) and the matrix and concentration range(s) of the anayte(s) in the
CRM have to be similar to what is commonly encountered in your laboratory.
The main obstacle that frequently emerges is that there is no CRM available for
the required anal yte-matrix-concentration combination. CRMs can be unavailable
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because the analyte-matrix combination is not common or because the anayte
(e.g., dissolved oxygen, peroxides) and/or the matrix is unstable.

In the case of many anayte-matrix combinations, satisfactory reference
values can be achieved by spiking or preparing in-house reference materials (lab-
oratory reference materials, LRM). The main prerequisite is that the matrix hasto
enable homogenisation of the spiked analyte content.

CRMs can be unavailable for a particular analyte-matrix-concentration com-
bination and the preparation of LRMs can be difficult (e.g., if the matrix is solid
and highly inhomogeneous). In such cases, nevertheless, ILCs can be available.
In contrast to CRMs, ILC samples need not be stable for an extended period,
which means that ILCs can also be undertaken with less stable analytes. Most of
the ILCs in which commercial |aboratories participate are the so-called profi-
ciency tests (PTs) and instead of metrological reference values they use con-
sensus values based on the participant’s results, which are generally of lower
reliability. However, comparison with PT consensus values is still much better
than no comparison at al. Participation in ILCs is, of course, highly recom-
mended (in fact mandatory), even if suitable CRMs exist. When no suitable ILC
is available, one can be organized by the participating laboratories themselves.
Although it cannot be considered arigorous ILC, even as few as 2-3 |aboratories
analysing a few split samples and comparing results is much better than no com-
parison at all.

Obviously, in order to compare two analytical results obtained for the same
sample (or identical samples), the results must refer to the same measurand.

4. Collect data over long periods. Repeated measurements are essential
when precision or trueness (e.g., using a CRM as described above) is evaluated.
Replicate measurements performed within asingle day enable repeatability, sr, to
be obtained whereas replicate measurements over a longer period can be used to
determine intermediate precision, sgy (also known as within-laboratory repro-
ducibility).19 While both of these characteristics have their uses, intermediate
precision is certainly more useful, asit takes into account a (much) larger number
of effects influencing the measurement results (uncertainty sources) for one
particular parameter. This is because many effects that are systematic within a
day (and are thus not accounted for by sr) become random over a longer period
and are accounted for by spw.2° This also means that if correctly determined,
SrRw > Sr. The longer the period, the more effects are included in sgyw and con-
sequently the more adequate and useful this characteristic becomes.

When sy is evaluated then it is often asked, “How many data points do we
need for a reliable sy estimate?’. In fact an even more important question is
“How long a period should be used?’. The answer is the longer the better: SRW
found from 8 values collected over 8 months (one per month) more adequately
characterises the method than sgy from 16 values collected on 16 consecutive
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days. It is of course a necessary prerequisite that the sample that is analyzed is
homogenous enough and is stable during the time period used.

When trueness/bias is evaluated using a CRM then again, rather than making
four replicate measurements (the amount of CRM in a container is often low and
it may be impossible to do many more replicates) in one day, they should be
made over a period of several weeks (or a couple of months) and then the
obtained average value compared with the reference value or used for bias
calculation. It is of course again important to be sure that the CRM is stable over
that period.

The determined intermediate precision and bias can be conveniently used by
the practical and “safe” within-laboratory validation approach of measurement
uncertainty estimation, perhaps best known by the formalisation published by
Nordtest.19 The word “safe” here means that this uncertainty estimation approach
tends to lead to somewhat overestimated rather than underestimated measure-
ment uncertainties.

5. “Do not stop there” . People from routine laboratories often ask questions
similar to the following: “How long should the period be for determining inter-
mediate precision?’, “ Should | determine parameter X with all my analyte-matrix
combinations?’, “How many different CRMs should | use for estimating the
average bias of my method?’. These questions are difficult to answer in an “abs-
olute” way. If rigorous answers are given then the probability is high that the
laboratory will find that it should not use the method because so much more
needs to be done to meet the ultimate requirements. In the opinion of the author,
the best answer is this: when you implement a new method, you can start with a
limited objective but you must not stop there and should add new data on a
regular basis. So, an sgy value obtained from data collected over four weeks
cannot be considered sufficient (preferably data collected over one year should
be used [19]) and just one CRM for the evaluation of bias is generaly not
enough. However, these data can be documented and used as a first approx-
imation and a first measurement uncertainty estimate can already be obtained. As
time goes by, spw can be recalculated based on longer time intervals, bias can be
estimated using several reference values and the measurement uncertainty esti-
mate can be recal culated accordingly.

In conclusion: constant improvement is the key to reliable analytical results.
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