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An efficient one-pot synthesis of highly substituted furans 
catalyzed by N-bromosuccinimide 

HASSAN GHASEMNEJAD–BOSRA1*, MOHAMMAD FARAJE1, 
SETAREH HABIBZADEH2 and FARHAD RAMZANIAN-LEHMALI3 

1Islamic Azad University-Babol Branch, School of Science, P.O. Box 755, Babol, 2Industrial 
Noshiravani University, Babol and 3University of Payamenoor, Babol, Iran 

(Received 24 August, revised 25 December 2009) 

Abstract: N-Bromosuccinimide was found to  efficiently catalyze the sy nthesis 
of highly  functionalized, tetra- substituted fura n derivative s in  the one-pot re -
actions of but-2-ene-1,4-diones and acetoacetate esters in the presence of i-PrOH 
as solvent u nder mild and neutral conditi ons at 8 0–90 °C f or 3–7 h in  hi gh 
yields (87–94 %). 

Keywords: hig hly substitut ed furans; N-bromosuccinimide; but-2-ene-1,4-di-
ones; acetoacetate esters. 

INTRODUCTION 
Highly substi tuted furans are a structural co mponent of a vast number of 

biologically active natural and s ynthetic co mpounds.1–4 These com pounds ar e 
found as stru ctural units i n many natural products, s uch as kallolides, 5 combra-
nolides,6 pheromones7 and polyether antibiotics.8 These heterocycles have found 
applications in many pharmaceuticals, fragrances and dyes.9 Furan subunits have 
also been used as building blocks for a large number of heterocyclic compounds 
and as s ynthons in natural product synthesis.10 As a consequence, the s ynthesis 
of furan derivatives has been a subject of research  for over a century, and a 
variety of well-established classical methods are now available in the litera tu-
re.11–14 The development of newer approaches for heterocy cle syntheses e m-
ploying efficient and econom ic routes i s a popular resear ch area nowadays. The 
most common strategy involved in the s ynthesis of furans is  the cyclization15 of 
1,4-dicarbonyl com pounds. Of the othe r various m ethods, s yntheses involving 
transition-metal salts have  recently  bee n described for the preparation of sub-
stituted furan derivatives. 16,17 Oh et al.18 sy nthesized highly subs tituted furans 
via Pt-catalyzed hy droxyl- or alkoxy-assist ed cy clization of 2-(1-alkynyl)-2-al-
kene-1-ones. More recen tly, Dey  and coworkers r eported a novel method t o 
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highly su bstituted furans b y I nCl3-catalyzed nucleophilic  addition followed by  
cyclization reaction, although it is limited to specific substrate classes.19 

EXPERIMENTAL 
The employed chemicals were obtained from either Merck or Fluka. The IR spectra were 

recorded using a Shimadzu 435-U-04 spectrophotometer (KBr pellets) and the NMR spectra 
were obtaine d in CD Cl3 using  a 90 MH z JE OL FT NMR spectrometer. Al l melting point s 
were determined on a Büchi 530 melting point apparatus and are reported uncorrected. 
Typical procedure for the synthesis of tetra-substituted furans  

To a stirred sol ution of but-2-ene-1,4-dione, 1a (0.24 g, 1.0 mmol), and methyl aceto-
acetate, 2a (0.18 g, 1.0 m mol), in dry  i-PrOH (7.0 ml) was added anhydrous N-bromosucci-
nimide, NBS (52 mg, 0.23 mmol). The reaction mixture was then stirred und er reflux at 80– 
–90 °C for 3.1 h. After co mplete disappearance of the startin g materials (monitored by TLC 
using petroleum ether–chloroform (6:4)), the  solvent was removed from the reaction mixture 
on a rot ary evaporator. The re sidue was then diluted  with water (15 ml) and extracted with 
CHCl3 (4×15 m l). The organ ic lay er was se parated, washe d with brine an d then dried ov er 
anhydrous Mg SO4. Re moval of the solvent r esulted in a  sol id which  wa s c hromatographed 
over silica gel using petroleum ether and an increasing proportion of ethy l acetate as eluent. 
Petroleum ether–ethyl acetate (96:4) eluent gave a solid which was recrystallized from chloro-
form–petroleum ether (2:8): 3a (0.31 g, 93 %). white solid, m.p. 92 °C. 

The product s 3b–j were  obtained in  a similar manner using the appropriate but-2-ene-  
-1,4-dione and acetoacetate ester. 

The product s were chara cterized on t he ba sis of their phy sical and spectral analy sis 
(Table I) and by direct comparison with literature data.19 

TABLE I. IR (KBr), 1H-NMR and 13C-NMR spectral data of the tetra-substituted furans 3a–j 

Product IR, ν~ / cm-1 1H-NMR, δ / ppm 13C-NMR, δ / ppm 
3a 3068, 1712, 

1610, 1452, 
1058, 772 

2.35 (3H, s, –CH3), 3.28 (3H, 
s, –OCH3), 4.45 (2H, s, 

 –CH2–) , 7.36–7.55 
(10H, m, Ar,) 

14.40 (–CH3), 35.63 (–CH2–), 51.12 
(–OCH3), 107.69 (C3), 122.79 (C4), 

126.01–134.57 (Ph), 149.02 (C5), 155.15 
(C2), 166.78 (–CO2Me), 196.69 (CO) 

3b 3063, 1716, 
1625, 1460, 
1050, 796 

1.24 (3H, t, –CH2–CH3), 
2.34 (3H, s, –CH3), 4.12 
(2H, q, –CH2–CH3), 4.42 
(2H, s, –CH2–), 7.30–7.57 

(10H, m, Ar) 

14.01 (–CH2–CH3), 16.49 (–CH3), 37.57 
(–CH2–), 59.74 (–OCH2–), 111.32 (C3), 

125.65 (C4), 127.97–135.12 (Ph) 
149.02 (C5), 155.74 (C2), 166.49 

(–CO2Et), 196.62 (CO) 
3c 3058, 2933, 

1783, 1678, 
1509, 1316, 
1050, 827 

2.31 (3H, s, –CH3), 2.35 
(3H, s, –CH3), 2.44 (3H, s,

–CH3), 3.62 (3H, s, 
–OCH3), 4.43 (2H, s, 

–CH2–), 7.18–7.33 (4H, 
dd, Ar), 7.35 (2H, d, Ar), 

7.96 (2H, d, Ar) 

14.85 (–CH3), 21.08 (–CH3), 21.67 
(–CH3), 35.78 (–CH2–), 51.38 (–OCH3) 
114.36 (C3), 114.85 (C4), 127.03–144.15 

(Ph), 150.79 (C5), 159.27 (C2), 165.08 
(–CO2Me), 197.33 (CO) 
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TABLE I. Continued 
Product IR, ν~ / cm-1 1H-NMR, δ / ppm 13C-NMR, δ / ppm 
3d 3070, 1710, 

1609, 1448, 
1250, 1108, 

770 

1.22 (3H, t, –CH2–CH3), 
2.32 (3H, s, –CH3), 2.34 

(3H, s, –CH3), 2.37 (3H, s,
–CH3), 4.10 (2H, q, –CH2–
CH3), 4.45 (2H, s, –CH2–), 

7.03–7.19 (4H, dd, Ar), 7.76 
(2H, d, Ar), 8.02 (2H, d, Ar)

14.15 (–CH2–CH3), 16.58 (–CH3), 21.10 
(–CH3), 21.82 (–CH3), 35.79 (–CH2–), 
58.45 (–OCH2–), 115.01 (C3), 114.97 
(C4) 127.03–143.47 (Ph), 157.98 (C5), 

164.35 (C2), 166.08 (–CO2Et), 
197.97 (CO) 

3e 3080, 1704, 
1605, 1442, 
1238, 1025, 

785 

2.36 (3H, s, –CH3), 3.30 (3H, 
s, –OCH3), 4.47 (2H, s, 
–CH2–), 7.48–7.56 (4H, 
dd, Ar), 7.70–7.81 (4H, 

dd, Ar) 

15.32 (–CH3), 31.29 (–CH2–), 50.73 
(–OCH3), 118.49 (C3), 123.84 (C4), 

126.03–141.49 (Ph), 149.02 (C5), 155.17 
(C2), 165.23 (–CO2Me), 196.70 (CO) 

3f 3085, 1709, 
1611, 1437, 
1245, 1062, 

788 

1.24 (3H, t, CH2–CH3), 2.41 
(3H, s, –CH3), 4.13 (2H, q,
–CH2–CH3), 4.48 (2H, s, 

–CH2–), 7.41–7.50 (4H dd, 
Ar), 7.68–7.76 (4H, dd, Ar)

16.01 (CH2–CH3), 17.07 (–CH3), 36.11 
(–CH2–), 59.82 (–OCH2–), 116.12 (C3), 

116.97 (C4), 131.17–147.53 (Ph), 158.38 
(C5), 165.25 (C2) , 165.98 (–CO2Et), 

198.17 (CO) 
3g 3100, 1705, 

1610, 1450, 
1248, 1055, 

792 

2.35 (3H, s, –CH3), 3.28 (3H, 
s, –OCH3), 4.45 (2H, s, 

–CH2–), 7.39 (2H, d, Ar), 
7.50–7.58 (4H, dd, Ar), 7.85 

(2H, d, Ar) 

14.68 (–CH3), 31.57 (–CH2–), 51.38 
(–OCH3), 116.33 (C3), 127.81 (C4), 

129.10–142.40 (Ph), 151.03 (C5), 156.37 
(C2), 167.03 (–CO2Me), 196.19 (CO) 

3h 3090, 1706, 
1613, 1458, 
1090, 838 

1.20 (3H, t, –CH2–CH3), 2.32 
(3H, s, –CH3,), 4.08 (2H, q, –

CH2–CH3), 4.51 (2H, s, –
CH2–), 7.31 (2H, d, Ar), 

7.45–7.51 (4H, dd, Ar), 7.73 
(2H, d, Ar) 

15.01 (–CH2–CH3), 17.19 (–CH3), 34.24 
(–CH2–), 59.01 (–OCH2–), 116.57 (C3), 

115.87 (C4), 132.54–147.78 (Ph), 157.44 
(C5), 166.05 (C2), 167.01 (–CO2Et), 

197.18 (CO) 

3i 3110, 1703, 
1606, 1451, 
1100, 840 

2.18 (3H, s, –CH3), 2.21 (3H, 
s, –CH3), 2.29 (3H, s, –CH3), 
3.32 (3H, s, –OCH3,), 4.56 

(2H, s, –CH2–) 7.24 (3H, m, 
Ar), 7.51 (3H, m, Ar) 

14.11 (–CH3), 25.98 (–CH3), 26.29 
(–CH3), 37.12 (–CH2–), 51.74 (–OCH3) 
116.30 (C3), 116.84 (C4), 129.14–145.35 

(Ph), 159.70 (C5), 169.47 (C2), 170.22 
(–CO2Me), 198.35 (CO) 

3j 3105, 1707, 
1611, 1452, 
1235, 1039, 

770 

1.23 (3H, t, CH2–CH3), 2.17 
(3H, s, –CH3), 2.28 (3H, s,
–CH3), 2.31 (3H s, –CH3), 

4.10 (2H q, –CH2–CH3), 4.53 
(2H, s, –CH2–), 7.12 (3H, m, 

Ar), 7.49 (3H, m, Ar) 

14.15 (–CH2–CH3), 16.58 (–CH3) 26.78 
(–CH3), 27.27 (–CH3), 37.48 (–CH2–), 
59.37 (–OCH2–), 115.01 (C3), 116.13 
(C4) 130.12–145.25 (Ph), 160.15 (C5), 

170.31 (C2), 172.15 (–CO2Et), 
198.54 (CO) 

RESULTS AND DISCUSSION 

In continuation of on-going research o n various tr ansformations by haloge-
nating agents  and s ydnones,20–26 and also in order to avoid the drawbacks ge-
nerally resulting from  the  use of stron g acidic media in nitrosation reactions, 
herein is rep orted the use of NBS as a more robust and efficient cataly st in the 
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one-pot synthesis of the highl y functionalized tetra-substituted fur an derivatives 
3a–j by reaction of but-2-ene-1,4-diones 1a–e and acetoacetate esters 2a or 2b in 
i-PrOH in satisfactory  yields (87–94 %) under neutral conditions (Scheme 1, 
Table II). As shown in Table II, the reac tions occurred satisfactoril y within 3.1– 
–6.1 h u nder reflux cond itions. The ex perimental results indicate that the m ost 
effective conversion occurred when a 1:0. 23 substrate:NBS mole ratio was used. 
Longer reaction tim es were required when lower am ounts of NBS were 
employed. It is important to note that n o furan deriv atives were afforded when  
the reactions were performed in the absence of NBS in the reaction mixture. 

 
Scheme 1. Proposed mechanism for the synthesis of highly substituted furans.26 

TABLE II. NBS-catalyzed synthesis of furans 3a–j 
Entry Product a Ar R Time, h Yield, %b M .p., °C 
1 3a C6H5 Me  3.1 93 92 
2 3b C6H5 Et 3.9 91 89 
3 3c 4-Me-C6H4 Me  4.0 89 83 
4 3d 4-Me-C6H4 Et 3.8 87 80 
5 3e 4-Br-C6H4 Me  3.3 89 87 
6 3f 4-Br-C6H4 Et 5.2 94 85 
7 3g 4-Cl-C6H4 Me  4.7 90 96 
8 3h 4-Cl-C6H4 Et 5.5 91 94 
9 3i 3-Cl,4-Me-C6H3 Me  6.0 93 79 
10 3j 3-Cl,4-Me-C6H3 Et 6.1 94 77 
aAll the isolated products wer e char acterized by  their  phy sical pr operties, by  1H-NMR, 13C-NMR and IR  
spectra and by direct comparison with literature data;19 bisolated yields 

The mechanism shown in Sche me 2 is proposed for these reactions.26 Thus, t he 
1,4-diarylbut-2-ene-1,4-diones act as Michael acceptors and the acetoacetates as 
nucleophiles resulting in a Michael adduct that under the influence of NBS forms 
a hemiketal, which undergoes spontaneous dehydration to afford the furans. It is 
important to note that no furan derivatives were formed when the reactions w ere 
performed in the presence of HBr as cat alyst. Furthermore, no reaction was see n 
when the 1,4-diary lbut-2-ene-1,4-diones and acetoacetates were used separ ately 
as substrates with NBS as the catalyst in the presence of i-PrOH under reflux. 

The advantages or the char acteristic aspects of the method described in this 
paper in comparison with other previou sly reported ones are the following: the 
yields of products were b etter than the pr evious reported yields and in addition, 
the catalyst NBS in co mparison with 1,3-dibromo-5,5-dimethylhydantoin (DBH) 
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and InCl3 is inexpensive, has no moisture sensitivity, and no special measures are 
required for the reaction. 

 
Scheme 2. 

The role of the solvent w as also inv estigated. Among the various solvents  
tested, i-PrOH afforded the maximum yield of the furan derivative 3a (Table III). 
It is well known that reactions of this type are m ore efficient in polar solvents,  
which was corroborated i n this study  (Table III). It was also observed that t he 
inclusion of water had very little or no effect on this reaction. 

TABLE III. Role of the solvent in the synthesis of furan 3a 
Solvent Ti me,a h Isolated yield of 3a, % 
i-PrOH 3.0 93 
i-PrOH–H2O (6:4) 11 60 
MeOH 9.0 52 
CH3CN 18 44 
CH2Cl2 15 38 
THF 14 61 
aExtension of the reaction did not improve the product yield 
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CONCLUSIONS 

The present methodology shows that  N-bromosuccinimide (NBS) is an effi-
cient cataly st in t he one-pot s ynthesis of hi ghly functionalized tetra-substituted 
furan derivatives. The main advantages of the presented protocol a re mild, clean 
and environmentally benign reaction cond itions, as well as the high yields. Fur-
thermore, this method is also expected  to find appli cation in org anic sy nthesis 
due to the low cost of the reagent. It is believed that this method will be a useful 
addition to modern synthetic methodologies. 

Acknowledgements. W e wish to thank the Isla mic Azad  University –Babol Branch , 
Babol, Iran, for financial support during the realization of this research. 

И З В О Д  

ЕФИКАСНА СИНТЕЗА У ЈЕДНОМ СУДУ ВИСОКО СУПСТИТУИСАНИХ ФУРАНА 
КАТАЛИЗОВАНА N-БРОМСУКЦИНИМИДОМ 

HASSAN GHASEMNEJAD-BOSRA1, MOHAMMAD FARAJE1, SETAREH HABIBZADEH2 
и FARHAD RAMZANIAN-LEHMALI3 

1Islamic Azad University-Babol Branch, School of Science, P.O. Box 755, Babol, 2Industrial Noshiravani 
University, Babol и 3University of Payamenoor, Babol, Iran 

Утврђено је да N-бромсукцинимид ефикасно катализује синтезу високо функционали-
зованих, тетрасупституисаних деривата фурана у реакцији у једном суду бут-2-ен-1,4-диона 
и ацатоацетатних естара у i-PrOH као растварачу под благим и неутралним условима на 80– 
–90 °С током 3–7 h уз високе приносе (87–94 %). 

(Примљено 24. августа, ревидирано 25. децембра 2009) 
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Abstract: An e fficient proced ure for the ch emoselective o xidation of alk yl 
(aryl) sulfides t o the corresponding sulfoxides u sing urea hydrogen peroxi de 
(UHP) in the p resence of a ca talytic a mount of molybdatophosphoric acid at 
room temperature is described. The advantages of described method are: gene-
rality, high yield and che moselectivity, short reaction ti me, low cost a nd com-
pliment with green chemistry protocols. 

Keywords: molybdatophosphoric acid; urea hydrogen peroxide (UHP); chemo-
selective; oxidation; sulfides; sulfoxides. 

INTRODUCTION 
The development of efficient catalytic systems for selective organic transfor-

mations is currently one of the challengi ng tasks in synthetic organi c chemistry.1 
In recent years, the search for environmentally benign chemical processes or me-
thodologies has received m uch attention from  chemists, because they  are essen -
tial for the conservation o f the global ecos ystem. From this viewpoint, cataly tic 
oxidation is a valuable process because the use of stoichiometric r eagents, which 
are often toxic, poses inherent limitations from both economical and environmen-
tal viewpoints regarding product purification and waste management.2 

Heteropolyacids (HPAs) are more acti ve cataly sts than conventi onal inor-
ganic and organic acids  for a variety  of organic reacti ons.3 They have been used 
as the cataly st for several  ty pes of reac tions such as Freidel–Cra fts acy lation,4 
hetero-Michael addition reaction5 and t he oxidation of anilines to their nitro com-
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pounds.6 Among heteropolyacids, molybdatophosphoric acid is a good promoter 
due to its hi gh acid strength, therm al stability, l ow reducibilit y and atom  eco-
nomy.7 

Concentrated H 2O2 is very  dangerous to handl e and not readily available.  
Hence this reagent has been replaced by its more stable and safe complexes. The 
strongly H-b onded urea h ydrogen pe roxide (UHP, H 2NCONH2···H2O2),8 is 
nowadays commercially available,9 and its applications in organ ic and analytical 
chemistry, as well as in industr y, are quickly widening. Its stability at room tem-
perature, high hydrogen peroxide content (36.2 %) and the potential for releasing 
it in a controlled manner, as well as its so lubility in organic solvents, make it a 
good and safe substitute as a “dry  carrier” of the hazardous and unstable hy dro-
gen peroxide in most oxidation reactions . Moreover, selectivity can be achieved 
by replacing the potentially explosive hydrogen peroxide with the safer cry stal-
line UHP for the controlled release of the oxidant and it is a well-recognized 
source of oxygen.10 

The selective oxidation of organic sulfides to sulfox ides without any  over-
oxidation to sulfones is a c hallenging research topic in synthetic organic chemis -
try, partly because of the im portance of sulfoxides as intermediates in a range of 
biologically active molecules, including therapeutic agents such as anti-ulcer, an-
tibacterial, antifungal, anti-atherosclerotic, antihypertensive and cardiotonic agents 
as well as psychotropic and vasodilators.11 There are many reagents available for 
the oxidation of sulfides to sulfoxides. 12–23 However, most of t he existing me-
thods use sophisticated reagents, complex catalysts, toxic metallic compounds, or 
rare oxidizing agents that are difficult to  prepare. Many  of these procedures also 
suffer fro m p oor selectivity  or undesirable products,  such as aro matic halogen-
nation, C–S bond cleavage and over-oxidation to sulfone. Hence, for the facile 
conversion of sulfides to sulfoxides, careful selection of the oxidiz ing agent and 
the reaction conditions are prerequisites. 

Before commencing the results and discussion section, a list of the employed 
abbreviations is given in Table I. 

TABLE I. List of abbreviations 
Abbreviation Nam e 
UHP Urea hydrogen peroxide 
MPA Moly bdatophosphoric acid 
TPA Tungstopho sphoric acid 
BTPPDC n-Butyltriphenylphosphonium dichromate 
CAN Ceric ammonium nitrate 
CPCC 3-Carboxy pyridinium chlorochromate 
NBS N-Bromosuccinimide 
THF Tetrahydrofura n 
DMF Di methylformamide 
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RESULTS AND DISCUSSION 

In continuation of our i nterest in th e development of synthetic methods for  
the transformation of organic functional groups, in particularly the application of 
heteropolyacids, H2O2 adducts and catalytic oxidation reactions,24 urea hydrogen 
peroxide is introduced in this report as a safe and eco-friendly oxidant for the se-
lective conversion of sulfides to sulfoxid es in the presence of a catalytic amount 
of molybdatophosphoric acid (Scheme 1). 

Scheme 1. 

In order to optim ize the reaction cond itions, the oxidation of benzy l phenyl 
sulfide using urea hydrogen peroxide (UHP) in methanol was chosen as a m odel 
reaction to provide the corresponding sulfoxide (Scheme 2). 

 
Scheme 2. 

The obtained results are summarized in Table II. First, a model run was per-
formed with benzyl phenyl sulfide and UHP in the a bsence of catalyst in metha-
nol at room temperature (Table II, Entries 1 and 2). It was found that the reacti on 
did not go to completion even using a ten-fold excess of UHP and a long reaction 
time (4 h). Thus, the effect of various activators as promoter or catalyst on the re-
activity of UHP for the o xidation of model co mpound was studied, Scheme 2. 
The results ar e summarized in Table II, fro m which it can be seen that although 
tungstophosphoric acid ga ve a goo d yield of benzyl phenyl sulfoxide (Table I I, 
entry 8), an excellent yield of the product was obtained in the presence of molyb-
datophosphoric acid in a shorter reaction time (Table II, entry 3). The other tested 
catalysts or activators had one or more of the following disadvantages: long reac-
tion time, low yield and selectivity and the use of large amount of activator. The-
refore, molybdatophosphoric acid (MPA) is an effective catalyst for the oxidation 
of sulfide to sulfoxide and it was used as catalyst for all subsequent reactions. In 
this study, the effects of various am ounts of m olybdatophosphoric acid and va -
rious amounts of UHP were investigated (see, T able II, entries 3–7). The highest 
yield in an a ppropriate reaction time for the sulfoxidation reaction was obtained  
when 0.1 mmol MPA was used for the reaction of 1 mmol benzy l phenyl sulfide 
with 2 mmol UHP in 5 mL CH3OH at room temperature (Table II, entry 3). 
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TABLE II. Oxidation of be nzyl phenyl sulfide (1 mmol) to the corresponding sulfoxide using 
UHP in the presence of various catalysts/activators in CH3OH (5 mL) at room temperature 
Entry Catalyst (amount) UHP, mmol Time Yield of sulfoxide, %a 

1 Abs b 2 4 h trace 
2 Abs  10 4 h 30 
3 MPA (0.1 mmol) 2 17 min 100 
4 MPA (0.2 mmol) 2 10 min 100 
5 MPA (0.05 mmol) 2 2 h 97 
6 MPA (0.1 mmol) 1 3 h 80 
7 MPA (0.1 mmol) 1.5 2 h 86 
8 TPA c (0.1 mmol) 2 3 h 80 
9 TPA (0.3 mmol) 2 2 h 90 
10 AlCl 3 (0.5 mmol) 2 3 h ncd 
11 Al(HSO 4)3 (0.5 mmol) 2 3 h nc 
12 Na 2HPO4 (0.5 mmol) 2 3 h trace 
13 ZnCl 2 (0.3 mmol) 2 3 h 30 
14 CaCl 2.2H2O (0.5 mmol) 2 3 h 20 
15 Al 2O3 (0.5 g) 2 3 h trace 
16 SiO 2 (0.5 g) 2 3 h 20 
17 ZrCl 4 (0.2 mmol) 2 3 h trace 
18 NaHSO 4 2 3 h trace 
19 ZnO (0.5 mmol) 2 3 h trace 
20 MgO (0.5 mmol) 2 3 h trace 
21 NH 2SO3H 2 3 h nc 
aIsolated yield; bin the absence of catalyst; ctungstophosphoric acid; dreaction did not go to completion 

In the next st ep, the eff ect of various s olvents on the progress of  the re ac-
tions was investigated. As illustrated in Table III, methanol was t he solvent of  
choice for the above-mentioned reaction. 

TABLE III.  Solvent effect on the oxidation of benzyl phenyl  sulfide us ing UHP in the pre-
sence of MPA as catalyst 
Entry Solvent  Time Conversion, % 

1 CH 2Cl2 6 h 0 
2 CH Cl3 5 h 0 
3 EtOAc  3 h 70 
4 Acetone  6 h 50 
5 n-Hexane 5 h 0 
6 THF 5 h 45 
7 CH 3CN 3 h 60 
8 DMF  3 h 45 
9 CH 3OH 17 min 100 
10 C 2H5OH 2 h 65 
11 H 2O 2 h 0 
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To determine the scope of this proce dure, the oxidation of other sulfides to  
sulfoxides was studied. A wide range of substrates, i.e., aryl alkyl, diaryl and di-
alkyl sulfides were selectively oxidized to their corresponding sulfoxides (Table IV). 

TABLE IV. Ch emoselective oxidation of sulfide (1.0 mmol) to the corresp onding sulfoxide 
using UHP (2.0 mmol) in the presence of MPA (0.10 mmol) as cataly st in CH 3OH at roo m 
temperature 
Entry Substrate  Time Yield, %a 

1 17 min 100 

2 10 min 90 

3 18 min 91 

4 6.5 h 95c 

5 15 min 90 
6 10 min udpb 

7 3 h 100 

8 13 min 100 

9 17 min 92 

10 40 min 80 

11 90 min 91 

12 20 min 87 

aIsolated yields, UHP (1 mmol), MPA (0.2 mmol), 50 °C; bundesired products 

It is noteworth y that sulfid es containing functional gr oups, such as alcohol,  
aldehyde and ester, were selectively oxidized without any interference from these 
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groups (Table IV, entries 5, 9 and 11). To further determine the chemoselectivity 
of the descri bed sy stem, some competitive reactions wer e desig ned. Thus, the 
competitive oxidation of sulfides in the  presence of sulfoxide, aldehyde, oxim e, 
nitrile, benz ylic alcohol and alkene w as monitored. These observations clearly  
show that the method is applicable for the chemoselective oxidation of sulfides to 
sulfoxides in the presence of the previously mentioned functional groups and can 
be considered as a useful practical method for the oxidation of sulfides to sulfo-
xides without general oxidation (Scheme 3). 

 
Scheme 3. 
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In order to assess the capabilit y of th e present method with respect to the 
reported methods for the oxidation of sulfide to sulfoxide, the oxidation of benzyl 
phenyl sulfide by  the present method was compared with oxidat ion by  the re-
ported m ethods (Table V). It is clear fr om Table V that the present method is 
superior to some previously reported methods in terms of chemoselectivity, yield, 
reaction time and am ount of the cataly st and reagent required for successful oxi-
dation without having to resort to co mplex cataly sts, a hazardous and unstable 
oxidant, microwave heating or toxic metallic compounds. 

TABLE V. Co mparison of the  oxidation of b enzyl phenyl sulfide (1.0 mmol) by UHP/MPA 
with some reagents reported in the literature 

Entry 
Reagent (oxidant/substrate) 

Time 
Yield, % 

Ref. 
Sulfoxide Sulfone 

1 UHP/MPA/CH 3OH/rt (2:0.1) 17 min 100 0 – 
2 BT PPDC/AlCl3/CH3CN/reflux (1.5:1) 90 min 93 nra 14 
3 BT PPDC/AlCl3/MW (1.2:1) 2 min 94 nr 14 
4 NaIO 4/wet SiO2/MW (1.7:1) 2.5 min 83 nr 15 
5 PhCH 2PPh3HSO5/CH3CN/reflux (1.5:1) 12 h 88 nr 16 
6 Ba(MnO 4)2/CH3CN/reflux (6:1) 4 h 88 nr 13 
7 CAN/ wet SiO2/CH2Cl2/rt (2:1) 45 min 96 nr 17 
8 BT PPDC/AlCl3/MW (2.5:1) 2.5 min nr 97 14 
9 CPCC/Al Cl3/CH3CN/reflux (1:1) 75 min 93 nr 18 
10 CPCC/Al Cl3/MW (0.8:1) 1.5 min 92 nr 18 
11 H 2O2/Silica sulfuric acid/CH3CN/rt (1:0.1 g) 40 min 96 nr 19 
12 H 2O2/Amberlyst 15/CH3OH/rt (2:0.5) 6.5 h 95 nr 20 
13 H 2O2/Amberlyst IR-400/CH3OH/rt (3:0.5) 7.5 h 92 nr 20 
14 HIO 3/wet SiO2/ solvent-free 50 °C (1:3) 170 min 93 nr 21 
15 H 2O2/Silica-based tungstate/CH2Cl2:CH3OH 

(4:0.1) 
3 h 85 nr 22 

16 H 2O2/NBS/CH3CN (3:0.1) 15 h 90 nr 22b 

17 H 2O2/ZrCl4/CH3OH (7:2) 2 min 96 nr 23 
aNot reported 

The observation that the oxidatio n of benzy l p henyl sulfide and dibenzy l 
sulfide y ields the corresponding sulfo xide (Table IV, entries 1 and 2) indicates 
that the reac tion proceeds via an oxy gen transfer mechanism. If the reactio n 
involved electron transfer instead of oxygen transfer, substantial am ounts of  
benzaldehyde would have been formed.25 According to a literature survey,26–33 a 
reasonable mechanism for the oxidation of sulfide to the corresponding sulfoxide 
using UHP i n the presence of MPA i s outlined in Scheme 4. This observation 
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probably indi cates that molybdenum ions generate Mo 5+-peroxo species on in-
teraction with UHP, which is possibly the active intermediate species.26 Then the 
reaction can proceed via the 1,3-dipolar mechanism. 

 
Scheme 4. 

EXPERIMENTAL 
General 

The e mployed chemicals were purcha sed from  Fluka, Merck or Aldric h. The quot ed 
yields refer to isolated  pure p roducts. The o xidation produ cts w ere chara cterized by  co m-
parison of their  spectral (IR and 1H-NMR) and physical data with those of a uthentic samples, 
which were synthesized by other reported procedures.12-23 
General procedure for the oxidation of sulfides 

A mixture of sulfide (1.0 m mol), UHP (2.0 mmol) and molybdatophosphoric acid (0.10  
mmol) in methanol (5.0 mL) was vigorously stirred for the r equired time (see Table III). The 
progress of the reaction was monitored by TLC. After completion of the reaction, the CH3OH 
was evaporated and the crude product was purified by short column chromatography on silica 
gel with EtOAc/n-hexane (1:5 to 1:2) as the eluent. 
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CONCLUSIONS 

In su mmary, it was found that molybdatophosphoric acid efficiently  cata-
lyzed the selective oxidation of sulfides to sulfoxides by the urea hydrogen pero-
xide adduct ( UHP) at roo m tem perature. This method offers the following a d-
vantages: a) the procedure is highly efficient, b) the yield of sulfoxide is high, c) 
the reagent is cheap, safe, and available and d) the selectivity of the method is 
remarkable with regards to sulfides. Also, its compatibility with sensitive functio-
nalities, such as ester, aldehyde, oxime, nitrile and double bonds, with regards to 
economic and ecological considerations allows the belief that this method repre-
sents a valuable alternative to the exist ing reagents reported in the literature for 
the oxidation of sulfides to sulfoxides. 
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Описан је ефикасан поступак хемоселективне оксидације алкил-(арил)-сулфида до од-
говарајућих сулфоксида помоћу водоник-пероксида на собној температури у присуству ката-
литичке количине молибдатофосфорне киселине. Предности описаног поступка, које га чине 
упоредивим са еколошки чистим методама, jeсу општост методе, висок принос, хемоселек-
тивност, кратко реакционо време, као и ниска цена поступка. 

(Примљено 10. децембра 2008, ревидирано 16. октобра 2009) 
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Abstract: Hu man origin recog nition co mplex 4 (ORC4) pro tein, a subunit of 
the origin recognition complex, belongs to the AAA+ superfamily of adenosine 
triphosphate (ATP) ases. Proteins belongi ng to this fam ily require ATP for 
their function and intera ctions with  ATP le ad to c onformational ch anges in 
them or i n their partners. Human ORC4 protein induces structural changes in 
DNA substrates, promoting renaturation and formation of non-canonical struc-
tures, as w ell a s conver sion of  single-stra nded into multi-stranded oligo nuc-
leotide structures. The ai m of this study  was to further investigate the role of 
ATP in the function of hu man ORC4 protein. For this purpose, a mutant in the 
conserved Walker B motif of ORC4, which is able to bind but not to hydrolyze 
ATP, was con structed and it s activity  in D NA restruc turing reactions w as 
investigated. The obtained results showed that ATP hydrolysis is not necessary 
for the function of hu man ORC4. It is proposed that ATP ha s a struct ural role 
as a cofactor in the function of human ORC4 as a DNA restructuring agent. 

Keywords: orig in recognition complex (ORC); adeno sine triphosphate (ATP); 
DNA structure; origin selection. 

INTRODUCTION 
The origin recognition complex (ORC) is a universal eukaryotic initiator and 

an essential complex for the selection of active origins during the cy cle of cells.1 
The ORC consists of six subunits, three of which (ORC1, ORC4  and ORC5) be-
long to the superfamily of adenosine triphosphate (ATP) ases associated with va -
rious cellular activities (AAA+ superfamily).2,3 Members of this su perfamily play 
crucial roles in transforming chemical energy into biological events, from protein 
remodeling, transport, complex asse mbly and disasse mbly to DNA r eplication, 
recombination, repair and transcription. They all require ATP for  their function  
and binding and/or hydroly sis of ATP induces structural changes in these pro-
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teins or in their partners. 4 All AA A+ superfamily me mbers hav e sever al con -
served m otifs: an αβα core do main structure and Walker A  an d B motifs. The 
Walker B motif has the consensus se quence hhhhDE (h – hydrophilic am ino 
acid). The carboxy group of the glutamate residue is believed to act as a catalytic 
base, abstra cting a proton from  a molecule of water, thereby prim ing it for  
nucleophilic attack on the γ-phosphate of bou nd ATP. The conserved aspartate 
residue is involved in the co-ordination of Mg2+.5 

The human ORC4 subunit, a typical AAA+ superfamily protein, was shown 
to play a critical role in human ORC  assembly and maintenance. 6–8 It was de-
monstrated that human ORC4 has sequence-unspecific DNA binding activity.9 In 
addition, it was previously shown that human ORC4 acts as a D NA restructuring 
agent; it cataly ses the formation of non-canonical DNA structures in  orig in 
DNA.10 The most intriguing feature of hum an ORC4 is its unique abilit y t o 
promote the formation of hom oadenine structures, such as duplexes and even  
larger structures.10 Human ORC4 belongs to the family of AAA+  ATPases, the  
aim was to further elucidate the role of ATP in the function of human ORC4 as a 
DNA restructuring agent. 

EXPERIMENTAL 
Expression and purification of mutant human ORC4 protein (WB protein) 

Site directed mutagenesis of D159A and E160A in the W alker B motif of human ORC4 
was perfor med by  poly merase chain reactio n (PCR) a mplification of the pQE-30 plasmi d 
(Qiagen, Valencia, CA), contai ning a frag ment encoding the f ull-length human protein (1311 
bp), with the m utagenic prim er 5 ’-GCCCAGTGATCTTCATATTAGCTGCATTTGATC-
TTTTTGCTCATC-3’ and using the QuikChange Multi Site-directed Mutagenesis kit (Strata-
gene, La Jolla, CA). The P CR product s were treated with DpnI to dig est the parental DNA 
template and u sed to transfor m M15 (pREP4)-competent cells. The prese nce of the mutated 
sequence, codi ng for a protei n containing in active W alker B motif (W B p rotein), was con-
firmed by direct DNA sequencing. 

The reco mbinant hu man ORC4 was expre ssed in Escherichia coli and purified over a 
metal affinity  resin as e ssentially described  p reviously.9 To i mprove the  y ield of th e acti ve 
protein, treat ment of ba cterial ly sates with DNase I was a lso in cluded in  the purificati on 
procedure. In addition, to minimize aggregation during purification and improve the yield, de-
tergents, NP 40 and CHAPS, were u sed, a s well a s 1  M N aCl a nd 10 0 mM ATP. A n i m-
provement wa s observed wh en ATP was used; hen ce, this step was inc orporated into the 
protocol for th e purification of the mutant protein. All ot her ste ps were the same for the 
mutant and wild type proteins. To re move insoluble aggregates, the protein was repurified by 
glycerol gradient centrifugatio n. The centrifuga tion was realized in 10 to 30 % gly cerol gra-
dients prepared  in buffer A  (2 0 mM HEPES (pH 7.9), 30 mM N aCl, 2  mM Zn Cl2, 6 mM 
MgCl2, 0.1 mM ATP, 0.1 mM EDTA, 1 mM DTT, and 0.1 mM PMSF). The gradients were 
centrifuged in an SW 41 Beck man rotor at 38000 rpm, for  20 h at 8 ° C. Gradient fracti ons 
were collected from the botto m and a nalyzed using an Agile nt 2100 Bioan alyzer and Protein 
200 Plus LabChip kit, in co mbination wit h P rotein 200 Plu s assay  software . The gly cerol 
gradient fractions containing human ORC4 were pooled and kept at –80 °C. 
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Protein-mediated conversion of single-stranded oligonucleotides into 
multi-stranded structures 

For protein-mediated conversion of sin gle-stranded oligonucleotides into multi-stranded 
structures, 4 fm ols of end-la beled singl e-stranded oligonucleotides d(A) 34 were dissolved in 
buffer A1 (20  mM HEPES (p H 7.9), 30 mM Na Cl, 2 mM ZnCl2, 20 mM Mg Cl2, 0.1 mM 
ATP, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF) and incubated for 15 min at 37 °C with 50 
ng, 100 ng or 150 ng of an appropriate protein. The typical reaction volume was 25 μL. At the 
end of the incubation, the reaction mixtures were quickly cooled on ice, adjusted to 1 M NaCl 
and 1 % SDS, a nd deproteinized with chloroform and isoamyl alcohol. Alternatively, the pro-
tein was digested with 1–5 μg of proteinase K  dissolved in 0.1–0.5 % SDS. Protein digestion 
was performed for 15 min at 37 °C. The deproteinized samples were analyzed by TBM-PAGE 
in a cold room, followed by autoradiography. 

RESULTS AND DISCUSSION 

The WB protein, a mutated form of hu man ORC4 protein, was s uccessfully 
cloned, expressed and purified from an E. coli M15 (pREP4) bacterial strain. The 
coding gene sequence of human ORC4 was previo usly cloned in pQE30 vector  
(Promega) and its sequence was confir med by DNA sequencing. Mutagenesis of 
the wild type coding sequence was performed using a QuikChange Multi Site-Di-
rected Mutagenesis Kit (S tratagene, U SA). The sequence of the mutated gene  
was confirmed b y direct sequencing and the appropriate vector was used for 
transformation of E. coli M15 (pREP4) co mpetent cells. Purification of the mu-
tant protein was performed using t he same protocol as for the wild t ype protein, 
with the addition of 100 mM ATP, and resulted in a single band assayed by Coo-
massie Blue staining or an Agilent Bioanalyzer 2100 (Fig. 1).10 

 
Fig. 1. Gel-like image of the purified mutant ORC4 analyzed with an Agilent 2100 Bioana-
lyzer (Protein 200 Plus assay). The mutant ORC4 was purified by cobalt affinity chroma-
tography (lane 2) and separated by glycerol gradient centrifugation. Glycerol gradient odd 

fractions are presented in lanes 3–11. Upper and lower marker bands of 
the protein ladder (lane 1) are seen in all lanes. 
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The WB protein was assay ed for its ability to convert single-stranded oligo-
nucleotides, d(A) 34, into multi-stranded structures. In these restr ucturing reac-
tions, wild t ype hum an ORC4 and mutated form  of ORC4 (WA protein) were 
used as controls. The WA protein is a m utated form of ORC4 where the Walk er 
A (GKT) motif of the wild type protein is changed (K73A) so that i t cannot bind 
ATP.10 In the presence of  Walker B mutant protein, there was al most complete 
conversion of the single-s tranded subst rate into a multi-stranded structure, very 
similar to the wild type protein (Fig. 2). 

Fig. 2. ATP is not necessary  for AA  
pairing cat alyzed by  hu man ORC4.  
Single strande d oligoadenine (lane 1) 
incubated with  increa sing amounts of 
WB mutant (lanes 2–3), W A mutant 
(lanes 4–6) or wild type human ORC4 
(lanes 7–9). 

Human ORC4 is a ty pical member of AAA+ protein superfa mily, hence the 
aim was to investigate the role of ATP in its function in DNA restructuring re-
actions. The function of ATP could be t wofold, as a source of energ y for the re -
structuring reactions or as  a cofactor for ORC4. It was previously shown that the 
mutant protein is unable to bind ATP (WA protein) and also does not functio n in 
oligonucleotide restructuring.10 To further elucidate the role of A TP in the f unc-
tion of hum an ORC4, a mutated protei n unable to h ydrolyze ATP was con-
structed and its activity  in conversion reactions was tested. The mutant that does 
not hydrolyze ATP shows similar activity as the wild type protein (Fig. 2). 

Binding of ATP is essential for ORC4 function in ORC assembly and main-
tenance.7,8 Mutant ORC4 protein that  does not bin d ATP (WA mutant) is also  
unable to form the complex. Mutant ORC4 protein that does not hydrolyze ATP, 
but can bind  it (WB mutant) shows sim ilar activity to wild t ype protein. 8 It is 
postulated that ATP has a  structural role , as a cofact or, in the ORC co mplex as-
sembly and that its presence is neces sary for preservation of the integrity of the 
complex.8 Additional experiments with a non-hydrolysable ATP an alog (ATPγS) 
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showed that hydrolysis is not necessary for complex formation, because it has the 
same activity as ATP. The hum an ORC4 subunit seems to play  a crucial role in  
the mediation of the effect of ATP in subunit interactions and complex stability.7 
Although the binding of the whole co mplex to DNA is stimulated and stabilized 
by ATP, it was shown that DNA binding of the recom binant ORC4 is inde pen-
dent of the presence of ATP.6,9 

It was shown that reco mbinant hum an ORC4 protein preferentially  bi nds 
AT-rich DNA, both do uble-stranded and triple-stranded. Addit ionally, h uman 
ORC4 stimulates renaturation of origin fragments and oligonucleotides. For these 
interactions, it is essential that DNA fragments are able to for m Hoogsteen  
bonds.10 Human ORC4 also stimulates intra- and intermolecular TAT triplex for-
mation. Also, it has a very intriguing feature that it is able to create homoadenine 
structures, such as duplexes and even hi gher structures. The action of h uman 
ORC4 in all of these reactions was dependent on the presence of magnesium ions 
and ATP. 

The role of ATP in the function of O RC4 seems to be structural in bot h 
complex assembly and actions on DNA.  Once bound, ATP could function as a  
source of energy in some downstream ORC functions. One of these could be the  
formation of  a pre-replicative co mplex (pre-RC), which is a result of ORC- 
-dependent loading of th e Cdc6, Cdt1  and Mcm 2-7 DNA replicative helicase  
onto DNA. It was shown that ATP hydrol ysis by ORC is required for m ultiple 
rounds of Mcm2-7 loading and requires the coordinate function of the ORC1 and 
ORC4 subunits.11,12 

CONCLUSIONS 

The results o f this study  s how that ATP play s a role as  a cofactor in the 
function of h uman ORC4. Hu man ORC4 protein d oes not require ATP hy dro-
lysis for activity  in DNA restructuring reactions. Ta king into consideration pre-
vious studies, it is concluded that the action of recombinant human ORC4 in DNA 
restructuring reactions is dependent on the presence of magnesium ions and ATP. 

Acknowledgements. This work was su pported by  the Mini stry of Science a nd Techno-
logical Development of the Republic of Serbia, Grant 143051. 

И З В О Д  

УЛОГА ATP-a У ФУНКЦИЈИ ХУМАНОГ ПРОТЕИНА ORC4 

АЛЕКСАНДРА ДИВАЦ, БРАНКО ТОМИЋ и ЈЕЛЕНА КУШИЋ 

Institut za molekularnu genetiku i geneti~ko in`ewerstvo,Univerzitet u Beogradu, Beograd 

Хумани протеин ORC4, подјединица ORC комплекса (eнг. Origin Recognition Complex), 
припада фамилији ААА+ аденозин-трифосфат (АТP)-аза повезаних са различитим функци-
јама у ћелији. За припаднике ове фамилије протеина је карактеристично да је АТP неопходан 
за њихову функцију и да по везивању АТP-а пролазе кроз конформациону промену или је 
индукују у својим партнерима. Хумани протеин ORC4 индукује структурне промене у суп-
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стратним ДНК, тако што промовише ренатурацију и формирање неканонских структура, као 
и конверзију једноланчаних олигонуклеотида у вишеланчане структуре. АТP је неопходан за 
ове функције ORC4 протеина, што је показано анализом активности мутанта који не може да 
веже АТP, и који није активан у овим реакцијама. Да бисмо ближе испитали улогу АТP-а у 
активности ORC4 направљен је протеин са мутацијом у домену за хидролизу АТP-а (Вокер Б 
мотив), који има очувану АТP-везивну активност. Овај мутант је био активан у реакцијама 
реструктурирања ДНК, тако да се може закључити да је улога АТP-а структурна, као кофак-
тора, и да његова хидролиза није неопходна за функцију хуманог протеина ORC4. 

(Примљено 24. јула, ревидирано 13. октобра 2009) 

REFERENCES 
1. S. P. Bell, B. Stillman, Nature 357 (1992) 114 
2. T. Ogura, A. J. Wilkinson, Genes Cells 6 (2001) 575 
3. B. P. Duncker, I. N. Chesnokov, B. J. McConkey, Genome Biol. 10 (2009) 214 
4. M. J. Davey, D. Jeruzalimi, J. Kariyan, M. O’Donnell, Nat. Rev. Mol. Cell Biol. 3 (2002) 

826 
5. J. Snider, A. Walid, Biochem. Soc. Trans. 36 (2008) 72 
6. J. Giordano-Coltart, C. Y. Yi ng, J. Gautier, J.  Hurwitz, Proc. Natl. Acad. Sci. USA 102 

(2005) 69 
7. A. Ranjan, M. Gossen, Proc. Natl. Acad. Sci. USA 103 (2006) 4864 
8. K. Siddiqui, B. Stillman, J. Biol. Chem. 282 (2007) 32370 
9. D. Stefanovi ć, S. Stanojčić, A . Vindigni, A. Ochem, A. Fal aschi, J. Biol. Chem. 278 

(2003) 42737 
10. D. Stefanović, J. Kusić, A. Divac, B. Tomić, Biochemistry 47 (2008) 8760 
11. J. L. Bowers, J. C. Randell, S. Chen, S. P. Bell, Mol. Cell 16 (2004) 967 
12. J. C. Randell, J. L. Bowers, H. K. Rodríguez, S. P. Bell, Mol. Cell 21 (2006) 29. 

2010 Copyright (CC) SCS

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



  
J. Serb. Chem. Soc. 75 (3) 323–331 (2010) UDC 633.15–035.23/.25:57.017.6:66.094.1:536.7  
JSCS–3964 Original scientific paper 

doi: 10.2298/JSC090630017D 
323 

Introduction of the interdependence between the glutathione 
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Abstract: Two maize hy brids with a different  ability  to maintain seed ger mi-
nation were ex amined during the course of a ccelerated agin g (AA). Initially, 
the similar seed reduction p otential of the GSSG/2GSH half-cell increased  in  
H1 (dent hybrid) without influencing the seed germination ability up to the 6 th 
day of AA, wh ile in H2 ( sweet corn hy brid), it was not changed up to t he 6 th 
day of AA but with a significa nt later loss of seed ger mination ability. During 
the AA course, the amount of free thiol d ecreased in H1 and increased in H2. 
Irrespective of the continual increase of  the differential Gibbs  energy during 
AA, the chara cteristics of the examined hybrids are po ssibly connected to t he 
different metabolic pathw ays of the seed s: H1 is ch aracterised by  highe r 
entropy and po sitive enthalpy values, while  H2 ha d ne gative entropy  valu es 
and a de creasing trend of ent halpy, indicating a shift of th e sy stem fro m a 
relatively ordered to  a di sordered st ate. The different types of nanomolecular 
switches, result ing in a faster decrease of GSH in the H2 than in the H1 
hybrids, indicate that a c ombination of the G SSG/2GSH half-cell potential and 
thermodynamics could be a useful tool to quantify plant stress. 

Keywords: agin g; glutathione; maize se eds; free thiols; se ed ger mination abi -
lity; thermodynamics. 

INTRODUCTION 
Despite the fact that the g ermination percentage is still the most important 

parameter that describes and integrates germination ability1, the seed germination 
process, by itself, has many different asp ects. The trend of loosing viability du-
ring long-term storage has two phases:  the first is slower and longer lasting and 
the second, faster and shorter lasting. 2,3 Kittock and Law 4 and Anderson 5 as -
certained that seed respirat ion, as the ma in producer of reactive oxy gen species  
(ROS), could increase during storage, due  to exogenous and e ndogenous factors: 
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temperature, air humidity, etc.6 During oxidative stress, R OS da mage fir st th e 
mitochondria and then the other cell components, leading to respiration reduction 
and membrane disintegration,7 which could be assumed a s the moment of ir re-
versible injuring. Accelera ted aging in duces changes  in the naturally  occurring 
seed antioxidants, such a s glutathione,2 which are integrated into the cellular re-
dox status. S ome ROS sp ecies and NO 8 are capab le of m odulating trans mem-
brane receptors and c ytoplasmic signal transduction routes.9 Molecular sensor s 
with free thiols mainly react via their oxidation, forming disulphides,10,11 having 
different red ox and transcriptional si gnals. Although seeds represent relatively 
dry systems, the relations are even more complex, including the facts that most of 
the endosperm and a smaller part of the embryo represent dead cells, made 
through programmed cell death during seed formation.12,13 

The theoretical basis of th e energy concept, i.e., thermodynamics, gives the 
possibility of quantification of biological vitality,14,15 considering that a change in 
the internal energy of a system represents the maximal work available for achieve-
ment. The vitality  of seeds is maintained by the formation of a glass structur e, 
which is thermodynamically unstable, while aging induces structural changes,2 as 
a consequence of m etabolic unbalance, originating from gradual desiccation and 
high oxidative activity .16 Subsequently, the observed equilibri um shift, induce d 
by oxidative activity during long-term desi ccation or ageing, also leads to the 
breakdown of the antioxidants, i.e., when major parts of the GSH pool are con-
verted into GSSG, the half cell potentia l increases and becomes a signal that ini-
tiates programmed cell death.17 

The objective of study  w as to investig ate the chang es in se ed ge rmination 
ability during accelerated aging of two maize hybrids (H1 – dent hybrid and H2 – 
– sugary hybrid) consequently through alterations of the half-cell redox potentia l 
of the GSSG/2GSH coupl e, the am ount of free thi ols and the t hermodynamic 
parameters of differential Gibbs energy, entropy and enthalpy. 

EXPERIMENTAL 
The seeds of two maize hybrids with different abilities of germination (ZP SC 580 – H1, 

and ZP SC 504su – H2, originating from the same location and year, stored at 4 °C), were sub-
jected to acc elerated ageing treatment18 at a te mperature of 4 2 °C and  a rela tive air hu midity 
of 100 % for 3 , 6 or 9 day s (down to an econ omical limit of 80 %). Subsequently , the germi-
nation capa city was deter mined by  ISTA Rul es in four replications of 100 uniform seed s1 
after 7 days, on filter paper towels, used as the medium. 

The contents of free thiol (PSH), reduced (GSH) and oxidised glutathione (GSSG) in the 
seeds were determined according to the method of de Kok et al.19 After homogenisation of 1 g 
of a sa mple with 10 mL of 0.1 5 % Na-a scorbate, the sa mple was centrifuged at 20,000 g for 
20 min. Then, the free thiol co ntent was determined: 1.5 ml of 0.20 M pota ssium phosphate 
buffer (pH 8.0) and 0.20 ml of 10 mM DTNB reagent (5,5’-dithio(2-nitrobenzoic acid) solved 
into 0.020 M potassium phosphate buffer (pH  7.0)) were ad ded to 1.5 ml of the e xtract. The 
absorbance wa s measured at 4 15 n m. Then, the supernat ant was deprotei nised in the water 
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bath at 95 ° C for 3 min. After  repeated ce ntrifugation at 150 00 g for 15 min, the content o f 
total glutathione from the supernatant was analysed. After repeated c entrifugation at 150 00 g 
for 15 min, th e content of to tal glutathione in the sup ernatant wa s analy zed as d escribed 
above: to 1.5 ml of supernatant , 1.5 m L of 0.20 M potassiu m phosphate buffer (pH 8.0) and 
0.20 mL of 10 mM DTNB reagent (pH 7.0) were added. The absorba nce was read at 415 n m. 
In the other 1.5  mL of superna tant, 0.5 m L of 0.25 M potassi um phosphate buffer (pH 6.8), 
0.3 mL of albumin, 0.020 mL of glyoxalase I (Sigma grade I V) and 0.08 mL of 0.10 M me-
thylglyoxal are added. After incubation  at 30  °C for 15 min, the conte nt of  reduced  gluta-
thione (GHS) was determined in the abov e described manner. GSH (Sig ma Ultra 98–100 %) 
was used a s the standard. The content of oxidised glutathione (GSSG) wa s calculated as the 
difference between the total and reduced glutathione. 

The redox capa city of the GSSG/2GSH c ouple was estimated by the method of Schafer  
and Buettner:20 

 
]GSSG[

]GSH[log
2

1.59240
2

hc −−=E  (1) 

The thermodynamic parameters were c alculated from the water content, whi ch was de-
termined after drying at 130 °C,21 by a modified model proposed by Davies14 and Sun:22,23 
 G0 = –RТln Wc (2) 
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where G0 is the starting Gibbs energy, R is the universal gas constant (8.314 J K-1 mol-1), T is the 
sum of the average daily  temperatures, in K, Wc is the water content (where by, 1 g = 1  mL), 
∆G is the Gibbs energy change, ∆H is the enthalpy change and ∆S is the entropy change. 

It is important to stress that the time factor is insignificant in thermodynamics, while it is 
important for li ving systems; this paradox w as surpassed by the introduction of daily te mpe-
rature sums (obtained on  the d ays of AA). The result s of g ermination test, the GSH, G SSG 
and PSH cont ents were statistically calculated with th e Anova T-test ( LSD = 5 %); th e Ehc, 
∆G, ∆H and ∆S values were calculated with  SD value; the depende nce bet ween the ger mi-
nation percentage, Ehc, ∆G, ∆H and ∆S were expressed by multiple regressions and correlation 
coefficients, calculated with Statistica 7.0 software (StatSoft Inc.). 

RESULTS AND DISCUSSION 

Redox signal s are key  regulators of va rious plant m etabolic processes, in-
cluding morphogenesis and growth. Glutathione is the major redox regulating sub-
stance in seeds. More tolerant genotypes have higher quantities of total glutathione, 
with different relations between reduced and oxidised glutathione (2GSH/GSSG).24,25 
During the AA treatment, similar and significant decreases of GSH were found in 
the seeds of both hybrids, down to 55 and 56 % in H1 and H2, respectively 
(Table I), while the percentage ger mination was significantly decreased by 11 % 
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in H1 and by 19 % in H2. The decreas ed GSH amount correlates with the si gni-
ficant increase in GSSG am ount, which is in agreement with th e results of De 
Paula et al.26 and Torres et al.,27 although their ratio was shifted to a greater  ex-
tent in H2. Generally , the relationship between seed viabilit y and GSH decrease 
does not coincide with a GSSG increase , with the values increasing by only to 28 
% in H1 and over 3.6 times in H2 (Table I), signif ying an irreversible loss of 
GSH from the system.28 This is an indication of its  reaction with other seed bio-
molecules, which could , moreover, be li nked to a r eaction shift to necrotic pr o-
cesses29 i.e., to programmed cell death. 13,17 It see ms that the protective role of  
GSSG,30 was emphasized in H2, having a 3.5 times higher GSSG content after 9 
days of AA, with only a 7.6 % loss of total glutathione. 

TABLE I. Changes in the germination percentage, GSH, GSSG and PSH in maize seeds (H1 –  
– dent hybrid, H2 – sugary hybrid) during accelerated (AA) aging treatment for 3, 6 and 9 days 

Property Hy brid 
AA / days 

LSD 0.05 
0 3 6 9a 

Germination, % H1 98.0 97.7 96.0 87.7 5.74 
 H2  95.5 95.0 83.0a 77.5 1.97 
GSH / nmol H1 296.8 277.1 232.4 132.4 73.37 
 H2  265.4 260.9 246.5 116.0 71.45 
GSSG / nmol H1 154.9 159.6 165.2 216.0 36.22 
 H2 49.0 50.9 57.3 174.1 60.67 
PSH / nmol H1 91.3 87.8 80.4 25.9 30.61 
 H2 78.4 88.9 98.1 133.2 23.88 
aLeast significant difference, Student’s T-test, P = 0.05 

Seeds contain m ost of the thiols and di sulphides in proteins, 31,32 which are  
liable to aging changes owing to their role in the regulation of the  cell redox en-
vironment. Pukacka33 found a decrease  in PSH during the aging of Acer plata-
noides seeds, which is in agreement with the changes in the H1 s eeds (decrease 
of 72 %, Table I). The significant incr ease in the PSH content wa s accompanied 
by a considerable decrease in GSH a nd germination ability during AA treatment 
in H2, co mpared to H1, which may develop from proteins undergoing dethiola-
tion, although the similar changes were already established by Seres and co-wor-
kers.34 The observed mechanism was suggested by Grant et al.,35 as the last de -
fence in the irreversible oxidation of cysteine residues, the occurrence of which  
would otherwise lead to polypeptide agg regation. It is also possible that two dif-
ferent types of nanomolecular switches:20 
 GSSG + PSH    PSSG + GSH (Type I) (6) 
 GSSG + P(SH)2    PSS + 2GSH (Type II) (7) 
are present in H1 and H2, resulting in different alterations of the GSH/PSH ratio, 
which had a sig moid trend in H1, decreasing fro m 3.2 to 2.9 (up to 6 th day of 
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AA) and the n increasing, up to 5.1, underlining intensive PSH consumption to  
GSH, while i n H2, the ratio had a more continual de crease to the 6 th day of AA 
(from 3.4 to 2.5) and then a steeper red uction to 0.9, emphasising intensive GSH 
expenditure. 

However, Schafer and Bu ettner20 used the GSSG/2GSH half-cel l potential 
(Ehc), which gave the opportunity to quantify the physiological status influencing 
plant growth. The changes in the Ehc of the maize seeds shown in Fig. 1 clearl y 
illustrate the changes developed during the course of AA. In the seeds of both 
hybrids, the GSSG incre ased due to GS H oxidation, as wa s al so evidenced in 
other seeds.26,27 In the i nitial maize hybrid seeds, the value of Ehc was si milar, 
i.e., –158.2 and –15 7.8 mV in H2 and H1, r espectively, with neg ligible changes 
after 9 days of AA, i.e., –119.1 and –118.5 mV, respectively. The slight variation 
in Ehc accompanied with intensive changes in  GSH and GSSG (Table I), as wel l 
as a decrease in the total glutathione to 55 and 56 % in H1 and H2, respectively,  
were similar to the results obtained by De Vos et al.,28 indicating that the gl u-
tathione redox system is not a closed one and that GSH reacts with other m acro-
molecules in the seeds dur ing aging. Dean and Devar enne36 suggested conjuga-
tion of GSH with soluble phenolic co mpounds as the mechanism of its elimi-
nation from cells, while th e significant amount of GSH in H2 may serve for di-
sulphide dethiolation.34,35 

 
Fig. 1. Changes of the GSSG/2GSH half cell potential (Ehc) and Gibbs energy change (∆G), as 

a result of accelerated aging for 3, 6 or 9 days (H1 – dent hybrid, H2 – sugary hybrid); 
vertical bars represent the SD values. 

The found Ehc values were higher than the results obtained b y Kranner et 
al.,17 which could be conn ected to the level of the Gibbs energy change (ΔG, Fig. 
1). Thus, ΔG negatively correlates with the germination decrease (R = –0.66) to a 
higher d egree than the Ehc increase ( R = –0.59). Th e thermal treat ment (agin g 
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mode)6 elevated the Gibbs energy, but to a higher degree in H1 (8 1 J mol-1) than 
in H2 (66 J mol-1). The relatively parallel changes in the ΔG and Ehc of the seeds 
(R = 0.90) are indicative of an intensification of endergonic reactions and a larger 
energy expenditure.14,23 Furthermore, the ΔG increase does not correspond with 
the ΔS change, which was  decreased by a maxi mum of 0.06 J m ol-1 in H1 (Fig. 
2). Considering that entropy  presents c apacity, i.e., the presence of energy  un-
available for work, the system is under conditions of restricted energetic capacity 
(thermodynamic equilibrium , ΔS ≈ 0) and lower m olecular mobility,23,37 fr om 
the 3rd day of AA. It is necess ary to e mphasise that the lower entropy  values of 
the H1 seeds indicate an enhanced capacity to tolerate change with respect to H2 
seeds. Only  for the ΔH, i.e., m easurement of the total energy  change, were  
significant alterations observed, which had a sig moid shape with the H1 see ds 
and a maximum  (ΔH > 0) on the 3–6th day of accelerated aging, while for H2, 
ΔH had general decreasin g trend, with the negative values indicating a shift of 
the system from a relatively ordered to a disordered state.14,23 

 
Fig. 2. Changes of entropy (∆S) and enthalpy (∆H) due to accelerated aging for 3, 6 or 9 days 

(H1 – dent hybrid, H2 – sugary hybrid); vertical bars represent the SD values. 

The observed dynamics could be connected to a possible melting of the glass 
matrix and irreversible metabolic changes, attributed to desiccation.16,22,38 Addi-
tionally, the trends of the ΔH and ΔS changes indicate a differen t organisation  
structure of the dent and sugar y hybrids, irrespective of their positive correlation  
with germination reduction (Fig. 3) an d the observed correlation between them 
(R = 0.71 for  ΔH; R = 0.38 for ΔS). Namely, the rapid increase in enthalpy , fol-
lowed by  a negligible increase  in entrop y for the H 1 seeds could be related t o 
glass relaxati on,39 followed by a later dom ination of stronger bo nds, as conse-
quence of desiccation23 and furthermore impairment of metabolism by free radi-
cals.16 Moreover, the H2 seeds could be characterised by weaker molecule move-
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ments and stronger bonds, hence the system is above the edge of e nthalpy equili-
brium, with a relatively  weak relaxati on, character istic for s eeds with a low er 
germination abilit y.39 It could be assumed that desiccation tolerance and pro-
longed seed longevity in the desiccated state depend on the abilit y of the system 
to scavenge f ree radicals. The failure of the antioxidant system during long-term 
desiccation appears to trigger programmed cell de ath, causing ageing and even-
tual death of the organism.13,16 

 
(a) 

 
(b) 

Fig. 3. Correlation between the maintenance of germination (percentage) ability; 
a) changes of the redox potential, Ehc, and Gibbs energy change, ΔG, and 

b) changes in enthalpy, ΔH, and entropy ΔS. 
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CONCLUSIONS 

The genotypic characteristics of the two examined hybrids indicated possible 
different metabolic pathways of the seeds, which is connected to different trends 
of the changes in the therm odynamic parameters (ΔG, ΔH and ΔS) and different 
types of nanom olecular switches, resulting in relative faster de crease of GSH in  
the H2 hybrid than in the H1 hybrid, emphasising that the GSSG/2GSH half  cell 
potential is a useful tool for quantifying plant stress, but it cannot be alone a mea-
sure for seed  ger mination ability . The observed changes in the seeds could be 
described from the viewpoint of thermodynamics by the enthalpy: ∆H = 0 J mol–1 
might be considered as the border betw een reversible and irreversible injuries i n 
seeds. The  c ombination of the GSSG/ 2GSH half-c ell potential with ther mody-
namic parameters may possibly be a more effective tool for determination of seed 
germination ability and the physiological status of seeds. 
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И З В О Д  

УВОД У МЕЂУСОБНУ ЗАВИСНОСТ ЋЕЛИЈСКОГ РЕДОКС ПОТЕНЦИЈАЛА 
ГЛУТАТИОНА И ТЕРМОДИНАМИКЕ ТОКОМ УБРЗАНОГ 

СТАРЕЊА СЕМЕНА КУКУРУЗА 

ВЕСНА Д. ДРАГИЧЕВИЋ1, СЛОБОДАНКА Д. СРЕДОЈЕВИЋ1 и МИХАЈЛО Б. СПАСИЋ2 

1Institut za kukuruz, Slobodana Baji}a 1, 11185 Beograd-Zemun i 2Institut za biolo{ka istra`ivawa 

“Sini{a Stankovi}”, Bulevar Despota Stefana 142, 11060 Beograd 

Проучавано је убрзано старење семена два хибрида кукруза која имају другачију спо-
собност очувања клијавости. Сличан почетни редукциони потенцијал G SSG/2GSH пара је 
код H1(зубан) растао без утицаја на способност клијања до шестог дана убрзаног старења, 
док се код H2 (шећерац) није мењао до шестог дана старења, уз каснији значајан пад кли-
јавости. Количина PSH се смањивала код H1, док је расла код H2 током третмана старења. 
Без обзира на континуиран пад слободне енергије током убрзаног старења, особине семена 
испитиваних хибрида су можда биле везане за другачије метаболичке путеве: H1 карак-
терише висока ентропија и позитивне вредности енталпије, док је за H2 карактеристична 
релативно ниска ентропија, уз негативне вредности енталпије, указујући на померање сис-
тема из релативно уређеног у неуређено стање. Другачији типови наномолекулских преки-
дача, утичући на бржи пад GSH код H2 у односу на H1,  истичу да се комбинација 
GSSG/2GSH ћелиjског потенцијала и термодинамике могу користити при квантификацији 
биљног стреса. 

(Примљено 30. јуна, ревидирано 16. септембра 2009) 
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Abstract: Due t o their spe ctral characteri stics, phototoxicity  and high affinit y 
for tumour tissues, porphyrins and their derivatives are widely used in modern 
medicine as contrast agents for cancer diagno stics and as sensitizers in photo-
dynamic therapy, where they kill tumours via enhancement of tumour oxidative 
stress. T he ai m of  this wor k was to si mulate in vitro the effects cau sed by 
oxidation of two free ba se porphyrins, 5,10,15,20-tetraphenylporphyrin (TPP) 
and 5,10,15,20-tetra(4-methoxyphenyl)porphyrin (TMOPP). The kinetic study 
was monitored using spectral techniques and chemiluminescence. The effect of 
both porphyrins on an  oxidation process was evidenced using the c hemilumi-
nescent system, luminal–hydrogen peroxide, in a phosph ate buffer at pH 7. It  
was found that at low conce ntration, TPP exerts the anti-oxidative effect in the  
employed chemiluminescent system, while at higher con centrations, its effect 
is pro-oxidativ e. TMOPP ex erts a pro-oxida nt effect, whic h was more pr o-
nounced than TPP. The results are discussed with respect to oxidative stress. 

Keywords: free base porphyrins; chemiluminescence; oxidative activity; luminol. 

INTRODUCTION 
Porphyrins, free bas e and metallocomplexes,1,2 play  an im portant role in 

many energy transfer processes from photochemistry,3 photobiology4 and photo-
medicine.5,6 Porphyrins can be ox idized chemically, electrochemically, photoche-
mically (photosensitization) to form porphyrin-ring centred oxidized products.7 

Recently, importance was  granted to oxidative stress (a co mmon state in 
most pathological conditions, such as cancer, diabetes, radiation injury and disor-
ders of the central nervous system), especially regarding the role of synthetic an-
tioxidants, such as Mn porphyrins, in the treatment of oxidative stress.8,9 Chemi-
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luminescence detection reactions have become popular in analy tical biochemis-
try, essentially due to their high sensitivity . In this w ay, a s ynthetic chemilumi-
nescent sy stem (lu minol/porphyrin) was conveniently  employed to measur e se-
rum oxalate by determination of the hydrogen peroxide generated thro ugh oxa-
late oxidase.10–12 In order to use metalloporphyrins as labels in immunoassays or 
in nucleic probes, a detecti on method based on luminol chemiluminescence (CL) 
at alkaline pH was developed.13 The generation of the free radicals HO• and O2•– 
was found to be the result  of l uminol oxidation by metalloporphyrins. In these 
respects, usin g 5,5’ -dimethyl-1-pyrroline-N-oxide as  a spin trap agent, electro n 
spin resonance (ESR) evidenced the production of HO• and O 2•–. The role o f 
O2•– was confirmed by the almost complete inhibition of light emission when su-
peroxide dis mutase was added to the CL reaction. The contribution of oxy gen 
was also confirmed by the large decrease in the CL emission when deaerated so -
lutions were used.7,13 Owing to their redox properties, FMN and NAD enhancers 
could act at this level through an incr ease of the exchange rate between Fe 2+ and 
Fe3+. In the presence of FMN, a significant red shift and shape change of the l u-
minol emission spectrum was observed, which arise from an energy transfer phe-
nomenon in the final luminescent step of the reaction.13 

It is known t hat several synthetic metalloporphyrins associated with oxygen 
atom donors are potent cat alysts for the chem iluminescent oxidation of lum inol 
or isoluminol. In these respects, the lumi nescence produced at pH 7.5 in the pre-
sence of isoluminol, H2O2 and metalated water – soluble porphyrins (Fe3+ or Mg2+ 
derivatives of tetra-sodium meso-tetrakis(p-sulphonatophenyl)porphyrin and 
meso-tetrakis(4-N-methyl-pyridiniumyl)porphyrin] te traacetate was of the sa me 
order of m agnitude as that produced by horseradish peroxidase under the same 
conditions.14,15 Many  porphy rins cataly ze lu minol chemiluminescence a t pH 13 
without addit ion of peroxide. The m ost active catalyst was Mn- meso-tetrakis(p-
sulphonatophenyl)porphyrin. It was fou nd that Tween-20 enhance d the activit y 
of this cataly st best at a Tween-20 to lum inol ratio of 74:1. D odecyl sulp hate 
enhanced best at the opti mum dodecyl sulphate to l uminol ratio of over 10 00:1 
and both detergents enhanced the r eaction when present below their critical  mi-
celle concentrations. Moreover, n egatively ch arged aliph atic co mpounds, su ch as 
fatty acids, enhanced the reaction but  positively charged aliphatic co mpounds 
inhibited it.11 

The Mn and Fe porphyrins that were shown to have broad antio xidant pro-
perties are, in effect, analo gues of naturally  occurring haeme (iro n protoporphy-
rin IX). It was shown that the reactivities of the synthetic metalloporphyrins were 
not constrained by the microenvironment of protein-bound haeme.16 Moreover , 
Ferrer-Sueta et al.17 and Crow18 reported that so me metalloporphyrins appear to 
be capable of scavenging the CO 2 adduct of perox ynitrite. In addi tion, metallo-
porphyrins were shown to be protective in a number of cell and animal models of 
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oxidative injury19 and models of stroke.20 Such evidence that these redox active 
porphyrins were effective via peroxynitrite scavenging was provided b y showing 
that protein nitration was prevented.21,22 In these r egards, prevention of protein 
nitration strongly suggests that other de leterious reactions of pero xynitrite were 
also prevented. However,  new evidence suggests that m etalloporphyrins have 
protective effects independent of antioxi dant activities, nam ely that they  are po-
tent inducers of haeme oxygenases and other heat shock proteins – proteins which 
are known to enhance survivability to oxidative stress. 

Recently, the lipophilicity of potent porphyrin-based antioxidants, by a com-
parison between ortho- and meta-isomers of Mn3+–N-alkylpyridylporphyrins was 
studied.23 

This work fo llows a previous stud y24 and deals with the effects o f two free 
base porphyrins (5,10,15,20-tetra-p-phenylporphyrin (TPP) and 5, 10,15,20-tetra- 
-(p-methoxyphenyl)porphyrin (TMOPP)) in an oxidation process studied by a 
chemiluminescence method using the c hemiluminescent sy stem luminal–hydro-
gen peroxide in phosphate buffer at pH 7. It was found that at low concentrations, 
TPP exerted an anti-oxidat ive effect in t he employed CL system, while its effect  
was pro-oxidative at higher concentrations . TMOPP exerted a pro-oxidant effect, 
which was more pronounced than TPP. These findings coul d be im portant re-
garding oxidative stress as a function of concentration. The studied free base por-
phyrins could have a protective effect against reactive oxygen species. 

EXPERIMENTAL 
Materials 

The sy stem lu minol ( LH2) (8 .80×10-5 M)–h ydrogen peroxide (H 2O2) (30 m M ) in 50 
mM phosphate buffer at pH 7 was considered the reference system. LH2 and H2O2 were from 
Merck and the phosphate buffer from Sigma. TPP, in which  R = C6H5 (5,10,15,20-tetraphe-
nylporphyrin) and TMOPP, in which R = C 6H5–OCH3 (5,10,15,20-tetra(4-methoxyphenyl)-
porphyrin) (Fig. 1) were synthesized by Prof. Ion’s team and the solutions for this study were 
prepared in dimethyl sulphoxide (DMSO).25 

 Fig. 1. Chemical structure of the studied porphyrins. 

Methods and apparatus 

The chemiluminescence (CL) me asurements were reali sed with a c hemiluminescence 
instrument TD 20/20 Turner Design, USA. The point s on  the plot  were  obtained by  in te-
grating the light signal at perio ds of 4 s. Five m easurements were made and an average value 
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calculated, obtaining a maximum 10 % relative scattering of the results from the mean value. 
The working volume was 1000 µl. 

The extinction of the CL emission, S, was calculated according to the equation: 

 
0

0100
I

II
S

−=  

where I0 and I represent the CL intens ity measured for the reference s ystem and for the 
reference system in the pre sence of antipy rine, respectively ; both value s were measured 5  s 
after the beginning of the reaction. 

The ICL = f(t) variation enable the determination of the  rate constant of the  reaction, for 
the upward part of the  plot, −k2 (attributed t o the consumption of free ra dicals reaction), as 
well as for the  downward par t of the curve, k1 (attributed to the for mation of free radicals 
reaction), considering that the CL reaction is first order. The value s of k1 and k2 were deter-
mined using the following equation: 

 
0

ln1
I

I

t
k i

Δ
= , Δt = ti – t0 

in which ti represents the time at the moment i, t0 represents the initial time, Ii is the intensit y 
of CL signal at the moment i and I0 is the intensity of the CL signal at the initial moment. The 
value of the rate constants were calculated in time range 5–60 s (−k2) for the LH2/phosphate at 
pH 7/H2O2, at pH 7/H2O2/TPP and TMOPP systems. 

The visible absorption spe ctra were reco rded on a SPECORD M400 Carl Zeiss Jena 
spectrophotometer. The mass spectra were obtained with an HP 5985 spectrometer (Hewlett– 
–Packard), using a silica column. The final p roduct of th e photodegradation reaction of T TP 
was identified with a Perkin Elmer spectrometer, from CCl4 solution. 

The FTIR spec tra were acquir ed using a Jasco FT/IR-470 plus or a FT/IR-4200 spe c-
trometer as KBr pellets. 

Carlo Erba FTV 4160 gas chromatograph, incorporating Grob-type split/splitless and on-
column injectors, was employed throughout this work. The  same type of inst rument was also 
linked to  an AEI MS 30  magnetic sector mass spectrometer. A flexible sili ca interface was 
employed to prevent adsorption and decomposition of the porphyrins. 

Several WCOT capillary columns, coated with apolar phases, were employed. A 20 m×0.34 
mm i.d. glass capillary column coated with CP Sil 5 ( Chrompak) was adequate for the ana-
lysis of the porphyrin derivatives. The less volatile porphyrin derivatives were analysed on a 6 
m×0.3 mm i.d. Hewlett–Packard flexible fused silica capillary column coated with OV-1 sta-
tionary phase. Hydrogen was usually employed as the carrier gas, typically at an inlet pressure 
of 0.2 kg c m-2, producing an a verage gas velocity of approxim ately 100 c m s-1. All analy ses 
were temperature programmed. 

The ketone and peroxide concentrations were determined by colorimetric methods as in-
dicated in the literature.26 

RESULTS AND DISCUSSION 

The chemiluminescence (CL) technique is based on generating free radical s 
(HO•, O2

•–, 1O2, ROO•) in a lum inescence system and is followed by the study 
of pro- and anti-oxidati ve actions on a specific molecule.13,14 CL is a  concerted 
chemical and phy sical process which occu rs after an exergonic chemical reac-
tion, releasing the energy as light. In this way, a molecule in the excited state un-
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dergoes a structural arrangement process of an electronic level, showing physical 
and chemical properties that are different compared to those of t he ground state. 
It is well kn own that LH 2–H2O2 in al kaline solution yields an excited am ino-
phthalate dianion species, which leads t o the appearance of oxygen free radicals, 
such as: the superoxide ani on, singlet ox ygen and h ydroxyl radical.13,14 The re-
sult of the multiple interactions is light  emission, as luminol is consumed. In the 
presence of an antioxidant compound (which consumes free radicals), the CL in-
tensity decreases, while t he effect of a pro-oxidant  compound (which increases 
the concentration of free radicals) is an increase in the CL intensity. 

The CL measurements were recorded in  order to evaluate the anti-oxidative  
ability of TPP and TMOPP in various sy stems. Chemiluminescence, already evi-
denced for some porphyrins by Wasser and Fuhrhop27 was evaluated at 430–440 
nm in this stud y. Usually, the degrada tion of p orphyrins involves a macrocycle 
break with an energy  release of 60–70 kcal/mol, sufficient for light em ission. In 
DMSO and hydrogen peroxide, the proton from inside the porph yrin macrocycle 
can leave the macrocycle and the porphyrin becomes an anion with a strong elec-
tronic density at the methine carbon position.28–30 Under such conditions, the an-
ionic form of the porph yrin could aggregate (Fig. 2, 2), in good agreement with 
literature data,31 Fig. 2. 

Fig. 2. UV–Vi s spectra of TPP in th e 
monomeric for m (1) an d the aggrega-
ted form (2). 

The variation of the CL intensity as a function of time (Fig. 3) allows the de-
termination of the quenching of the CL reaction for systems that contain porphy-
rins. It was found that the profiles of the CL in the presence of TPP and TMOPP  
porphyrins were almost the same and the peak intensities of the CL increased with 
increasing concentration of the employed porphyrin. At small con centrations, TPP 
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acts as a trap for free radicals produced in the system LH2–H2O2. At higher con-
centrations, 0.50–1.5 µM, TPP leads to a strong increase of the CL intensity, which 
in fact could be the result of a process  of aggregation of porphyrins in DMSO  
and in the presence  of H 2O2. An oxidation of lum inol by the por phyrin occurs. 
This is a consequence of the photo generation of h ydrogen peroxide by the p or-
phyrins.32 

 
Fig. 3. The effect of TPP concentration on the CL intensity of the LH2 (8.80×10-5M)–H2O2 

(30 mM) system in 50 mM phosphate buffer at pH 7 (reference system). 

Similarly, in the cas e of T MOPP (the r esults are not shown), an i ncrease in 
the CL intensity, more pronounced than in the case of TPP, was evidenced. These 
are according to the efficiency of CL quenching (S / %) and reaction rate values, 
Table I. Moreover, it can be observed that  the results also corroborate with th e 
concentration of ketones and peroxides. 

The responsible species f or chem iluminescence are dioxetane species, via 
ketone and peroxide species evidently, as determined by IR spectroscopy, the 
stretching vibrational bands ν(C=O) at 1600 and 980 cm–1 (Fig. 4), and b y mass 
spectrometry (Fig. 5). 

TABLE I. The kinetic parameters of the CL process (efficiency of CL quenching, reaction rate 
and rate constants) in the LH2–H2O2–phosphate buffer at pH 7 system (reference system, RS), 
in the presence of TPP and TMOPP, 5 s after the beginning of the chemiluminescence reaction 

System S / % v / s-1 k×102 / s-1 Ketone concen-
tration, μl ml-1 

Peroxide concen-
tration, μl ml-1 

RS – 150 3.1 – – 
RS + 1.50 μM TPP –93.8 306 4.2 5.12 3.13 
RS + 1.50 μM TMOPP –130.1 364 4.0 23.46 17.45 
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Fig. 4. IR spectra of TPP, initial (1) and final (2). 

It was  possible to deter mine the ket one and peroxide concentrations, as a 
proof for the above-mentioned porphyrin degradation, Table I. It can be observed 
that, in the case of TMOPP, the found concentration of ketone, 23.5 μM/ml was 
higher than t hat in the case of TPP porphy rin, 5.12 μM/ml. With regards to the 
peroxide concentration, a higher value was also found, 17.4 μM/ml in the case of 
TMOPP compared with 3.13 μM/ml in the case of TPP. 

 
Fig. 5. The fragmentation diagram for TPP degradation. 
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CONCLUSIONS 

The study was aimed at simulating in vitro the effects of 5,10,15,20-tetraphe-
nylporphyrin (TPP) and 5,10,15,20-tetra(4-methoxyphenyl)porphyrin (TMOPP) i n 
the oxidati ve sy stem lu minal–hydrogen peroxide,  in  phosp hate b uffer at pH 7 . 
The kinetic s tudy was monitored by the evolution of the chem iluminescence in-
tensity as a function of ti me. It was found that at a low concentration (0.25 μM) 
TPP exerted an anti-oxida tive effect in  the em ployed chemiluminescent sy stem 
while at higher concentrations (0.50–1.5 μM), its effect was pro-oxidant. TMOPP, 
for the same range of concentrations, exerted a pro-oxidant effect, which was more 
pronounced than that of TPP. 

The ketone and peroxi de concentrations were found to be higher in the case 
of TMOPP than in the case of TPP. 

These aspects are i mportant and could be an indication in future investiga-
tions with regard to the oxidative stress process. Moreover, the results are an ad-
ditional tool to predict a p ossible protective effe ct of free base porphyrins in an  
oxidation process. Thes e f ree base porphy rins may have a protective effect that  
could work independently of anti-oxidant activities. 

И З В О Д  

ОДРЕЂИВАЊЕ ОКСИДАТИВНЕ АКТИВНОСТИ НЕКИХ СЛОБОДНИХ БАЗА 
ПОРФИРИНА ХЕМИЛУМИНЕСЦЕНТНОМ МЕТОДОМ 

MARIANA VOICESCU1, RODICA ION2 и AURELIA MEGHEA3 

1Institute of Physical Chemistry, Romanian Academy, Splaiul Independentei 202, 060021 Bucharest, 2Research 
and Development National Institute for Chemistry and Petrochemistry –ICECHIM, 202 Splaiul Independentei, 

060021, Bucharest и 3University Politehnica of Bucharest, Department of Applied Physical Chemistry 
and Electrochemistry, Polizu 1, 78126 Bucharest, Romania 

Порфирини и њихови деривати се, захваљујући својим спектралним карактеристикама, 
фототоксичности и великом афинитету према ткиву тумора, широко користе у модерној ме-
дицини као контрастни агенси у дијагнози тумора и терапији. Они убијају туморе повећава-
јући оксидативни стрес у њима. Циљ овог рада је да in vitro симулира ефекте које изазивају 
две слободне базе порфирина, 5,10,15,20 -тетрaфенилпорфирин (TPP) и 5,1 0,15,20-тетрa(4-ме-
токсифенил)порфирин (TMOPP). Кинетичка студија је праћена спектралним и хемилуми-
несцентним методама. Ефекат порфирина у процесу оксидације је одређиван у хемилуми-
несцентном систему, луминол–водоник-пероксид, у фосфатном пуферу, рН 7. При ниским 
концентрацијама ТPP има антиоксидативни ефекат, док при вишим концентрацијама има 
прооксидативно дејство. ТМОPP испољава прооксидативни ефекат и то израженије него 
ТPP. Резултати су дискутовани у односу на оксидативни стрес. 

(Примљено 9. августа, ревидирано 16. септембра 2009) 
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Abstract: The essential oil content in the inflorescence of lavender (Lavandula 
angustifolia Mill.) cultivated in the mid hills of Uttarakhand was found to be 2.8 
% based o n the fresh weight. The oil was an alysed by capillary GC and GC–
MS. Thirty seven constituents, representing 97.81 % of the o il were identified. 
The major components of the oil were linalyl acetate (47.56 %), linalool (28.06 
%), lavanduly l acetate (4.34 %) and α-terpineol (3.75 %). The quality  o f 
lavender oil produced in India was found to b e comparable to that produced in 
Hungary, France, China, Bulgaria, Russia and the USA. 

Keyword: Lavandula angustifolia; Lamiaceae; inflorescence; essential oil; GC–MS. 

INTRODUCTION 
True lavender ( Lavandula angustifolia Mill. syn. L. officinalis Chaix) is a 

perennial shrub of the family  Lamiaceae. It is native to southern Europe and the 
Mediterranean area and is commerciall y cu ltivated i n France, Spain, Portugal, 
Hungary, the  UK, Bulgaria, Australia, China and t he USA. 1 In India, it was 
introduced in the Kash mir Valley in 1983,  where its commercial cultivation was 
found to be successful.2 This plant is c ultivated primarily for i ts aromatic inflo-
rescence from  which the essential oil is isolated, although its fresh and dri ed 
flowers are also marketed.3 Lavender oil is known for  its excellent aroma and is 
extensively u sed in the perfumery , flav our and cosmetic industries. The oil is 
known t o possess sedativ e, car minative, anti-depressive and anti -inflammatory 
properties.4 It was also fo und to be active against many species of bacteria, in-
cluding those resistant to antibiotics, such as methicillin-resistant Staphylococcus 
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aureus and vanco mycin-resistant Enterococcus.4 Lavender oil was also reported 
to be an effective antifungal agent against Aspergillus nidulans and Trichophyton 
mentagrophytes.5 The essential oil compositions of lavender grown in different 
countries were investigated.6–8 

Oil from lavender cultivated in India may  become a significant co mpetitor 
with historical sources of l avender oil due  to the favourable cli matic conditions 
for commercial cultivation in the hill y tracks of northern India. 8 At present, the  
cultivation of lavender is mainly  confined to Jammu and Kash mir. However, the 
possibilities of commerci al cultivation of lavender in other states of North a nd 
Northeast India have not yet been explored. Therefore, with the ai m of exploring 
new ecological areas for cultivation of lavender, the crop was introduced in the 
Kumaon region of t he western Himalaya during 2002. The purpose of this stud y 
was to investigate the essential oil composition of lavender produced in this region. 

EXPERIMENTAL 
Plant material 

The fresh inflorescen ce (spike s) of L. angustifolia was colle cted fro m an e xperimental 
field of the Central Institute of Medicinal and Aromatic plants, Resource Centre Bageshwer, 
Uttarakhand in the month of June when the c rop was in full bloo m. The exp erimental site i s 
located in the Kattyur Valley at an alt itude of 1250 m, where a sub-temperate mild climate pre-
vails. The voucher specimen of the plant was submitted to the Herbarium division of the Centre. 
Essential oil isolation 

Freshly harvested plant material (100 g) was i mmediately subjected to hy drodistillation 
in a Clevenger’s apparatus for 3 h for the extraction of the essential oil. The oil was dried over 
anhydrous sodium sulphate and stored in a refrigerator at 5 °C prior to analysis. 
Gas chromatography (GC) 

The GC an alyses of the oil sample were reali sed on a P erkin-Elmer Auto X L GC and a 
Nucon gas chromatograph model 5765, both equipped with an FID using two different statio-
nary phases, PE-5 (60 m ×0.25 mm; 0.25 µ m film coating) and BP-20 (coat ed with a Carb o-
wax 20M, 30 m×0.32 mm×0.25 µm film thickness), fused silica columns, respectively. Hyd-
rogen was the carrier gas at 1.0 ml/min. The column temperature programming was from 70– 
–250 °C at 3 °C/min (for PE-5) and from 70–230 °C at 4 °C/min (for BP-20). The injector and 
detector temperatures were 200 and 230 °C on BP-20 and 220 and 300 °C on PE-5 colu mn, 
respectively. The injection volume was 0.02 µL neat and the split ratio was 1:30. 
Gas chromatography–mass spectrometry (GC–MS) 

The GC–MS analysis of th e o il was perfor med on a Perkin-Elmer Turbomass Quadru-
pole mass spectrometer fitted with an Equity-5 (Perkin-Elmer) fused silica capillary column 
(60 m×0.32 mm; 0.25 µm film coating). The column temperature was programmed 70 °C, ini-
tial hold time of 2 min, to 250 °C at 3 °C/ min with a final hold time of 3 min, using helium as 
the carrier gas at a flow rate o f 1 ml/min. The injector and source temperatures were 250 °C. 
The injection volume was 0.06  µL neat with a split ratio 1:30 . The MS were taken at 70 eV 
with an EI source with mass range of m/z 40–400. The identification was realised based on the 
retention indices, an MS Library search (NIST and W ILEY), n-alkane (C9–C22) hydrocarbon 
series (Nile, Italy) and by comparing the mass spectra with MS literature data8-10. The relative 
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amount of t he individual components was calculated from the peak area without applying an 
FID response factor correction. 

RESULTS AND DISCUSSION 

The essential  oil content in the fresh inflorescence of L. angustifolia culti-
vated in the sub-temperate region, the Kumaon region of the western Him alaya 
was found to be 2.8 %. However, the es sential oil content in the i nflorescence of 
different accessions of lavender grown in tem perate parts of Kash mir was only 
0.80 to 1.3 %.11 These v ariations could either be due to difference of the plant 
genotype3 or to the altitude and microclimate of the cultivation area. 

The results of GC and GC–MS analyses of the essential oil together with the 
European Pharmacopoeia 5.0 standards (EP 5) are g iven in Table I. The major 
constituents (> 1.0 %) of t he oil were linalyl acetate (47.56 %), linalool (28.06 
%), lavandulyl acetate (4.34 %), α-terpineol (3.75 % ), geranyl acetate (1.94 %),  
caryophyllene oxide (1.38 %) and 1,8-cineole (1.14 %). Other minor components 
(< 1.0 and > 0.10 %) identified in the oil were β-caryophyllene (0.93 %), borneol 
(0.85 %), epi-α-cadinol (0.70 %), nerol (0.59 %), terpinen-4-ol (0.56 %), β-myr-
cene (0.55 %), limonene (0.55 %) and 1-octen-3-ol (0.53 %). However, the major 
components reported in t he lavender oi l from different countries were linalool 
(27.3–42.2 %), linalyl acet ate (27.2–46.6 %), ( Z)-β-ocimene (0.2–11.6 % ), ter-
pinen-4-ol (0.70–4.6 %), lavandul yl acetate (0.50–4.8 %), β-caryophyllene (1.8– 
–5.1 %), (E)-β-ocimene (0.30–3.8 %), α-terpineol (0.30–2.0 %) and 1,8-cineole 
(0.10–1.2 %).8 

TABLE I. GC–MS analy sis of  the essential o il of Lavandula angustifolia from Uttarakhand,  
India 

Compound KIa KIb Area, % EP 5c, % 
Tricyclene 924 921 0.03 – 
α-Pinene 935 932 0.09 – 
Camphene  951 946 0.23 – 
Sabinene 974 969 0.04 – 
1-Octen-3-ol 995 974 0.53 – 
β-Myrcene 998 988 0.55 – 
1-Hexyl acetate 1015 1007 0.11 – 
p-Cymene 1025  1020 0.09 – 
Limonene  1030 1024 0.55 < 1.0 
1,8-Cineole 1035  1026 1.14 < 2.5 
(E)-β-Ocimene 1047  1044 0.08 – 
(Z)-Linalool oxide (furanoid) 1072 1067 0.22 – 
(E)-Linalool oxide (furanoid) 1090 1084 0.24 – 
Linalool  1098 1095 28.06 20–45 
1-Octen-3-yl acetate 1106 1110 0.35 – 
Camphor 1146  1141 0.11 < 1.2 
Lavandulol  1162 1165 0.25 > 0.1 
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TABLE I. Continued 
Compound KIa KIb Area, % EP 5c, % 
Borneol  1165 1165 0.85 – 
Terpinen-4-ol 1177  1174 0.56 0.1–6 
p-Cymen-8-ol 1183  1179 0.06 – 
α-Terpineol 1189  1186 3.75 < 2.0 
Myrtenol 1195  1194 0.13 – 
Nerol  1225 – 0.59 – 
Geraniol 1237  1254 0.21 – 
Linalyl acetate 1257 1257 47.56 25–46 
Lavandulyl acetate 1285 1288 4.34 > 0.2 
p-Menthyl-8-acetate 1346  – 0.42 – 
Thymol acetate 1355 – 0.13 – 
Neryl acetate 1356 1359 1.07 – 
Geranyl acetate 1373 1379 1.94 – 
β-Cadinene 1416  – 0.11 – 
β-Caryophyllene 1419  1417 0.93 – 
(E)-Isoeugenol  1449 – 0.17 – 
γ-Cadinene 1511  1513 0.12 – 
Elemol  1552 – 0.12 – 
Caryophyllene oxide 1584 1582 1.38 – 
epi-α-Cadinol 1639  1638 0.70 – 
Total identified, % 97.81 
aKovats index experimental (PE-5 column; relative to n-alkane); bKovats index, literature8,10; cEuropean Phar-
macopoeia 5.0 

On comparison of the present results  with those reported from other parts o f 
India, it is quite evident that the concen trations of 1,8 cineole, camphor, β-caryo-
phyllene and  cary ophyllene oxide were slightly  higher, whereas the concentra-
tions of α-terpineol, linalyl acetate, ger anyl acetate, nery l acetate and lavanduly l 
acetate were relatively  lower in the K ashmir oil than in the pre sent oil.12 How-
ever, the lavender oil reported fro m the Kashmir valley contained large amounts 
of limonene (11.0 %), citronellol (10.0 %) and α-terpineol (7.6 %) and low co n-
tents of linalool (10. 0 % ).2 Furtherm ore, the concentrations of ( E)-β-ocimene, 
1-octen-3-yl acetate, α-terpineol and β-caryophyllene were slightly higher in the 
oil produced in Kodaikanal wh en compared to the present oil. 13 These variations 
could be due to differences in location, e levation, genetic makeup of the plant or 
due to an adaptive process to particular  ecological conditions. Lawrence also ob-
served a wide variation in the quantitative composition of lavender oil depending 
on plant genot ype and cultivation area, and the co mposition of the oil fro m la-
venders were recognized to vary significantly according to altitude, microclimate 
and region.14–16 
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CONCLUSIONS 

In the oil from L. angustifolia growing  in Uttarakhand, the com ponents li-
nalool, lim onene, 1,8-cineole, cam phor, lavandulol, lavandulyl acetate and ter-
pinen-4-ol were found to be well within  the desired lim it mentioned in EP 5, 
while the co ncentration of linaly l acetate and α-terpineol slightly  exceeded the 
EP 5 specifications. However, 3-octanone was not detected in the present oil 
(0.10–2.5 % in EP 5). Thus, the co mposition of the lavender oil produced in Ut-
tarakhand was co mparable to the oils pr oduced in Hungary , France, China, Bul-
garia, Russia  and the US A.8 Finally , this study  suggested that th e agro-climatic 
conditions of  Uttarakhand are ideal for gr owing lavender of inte rnational stan-
dards, and can be exploited by giving proper opportunities to the farmers. 
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И З В О Д  

САСТАВ ЕТАРСКОГ УЉА БИЉКЕ Lavandula angustifolia Mill. ГАЈЕНЕ У ПЛАНИНСКОМ 
ПОДРУЧЈУ УТАРАКАНДА, ИНДИЈА 

RAM S. VERMA1, LAIQ U. RAHMAN2, CHANDAN S. CHANOTIYA2, RAJESH K. VERMA1, AMIT CHAUHAN1, 
ANJU YADAV2, ANAND SINGH1 и AJAI K. YADAV1 

1Central Institute of Medicinal and Aromatic Plants, Resource Centre, Purara, P.O. – Gagrigole, 
Bageshwar, Uttarakhand – 263688 и 2Central Institute of Medicinal and Aromatic Plants, 

PO CIMAP, Lucknow – 226015, India 

Етарско уље лаванде (Lavandula angustifolia Mill.), гајене у планинском подручју 
Утараканда, чини 2,8 % свеже масе биљке. Уље је анализирано методама капиларне GC и 
GC–MS. Идентификовано је тридесет седам састојака, који су чинили 97,81 % уља. Главни 
састојци уља су линалил-ацетат (47,56 %) , линалол (28,06 %), лавандул-ацетат (4 ,34 %) и 
α-терпинеол (3,75 %). Квалитет овог лавандиног уља је сличан квалитету уља произведеног 
у Мађарској, Француској, Кини, Бугарској, Русији и САД. 
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Abstract: Complexes of Cu(II), Ni(II), Co(II), Mn(II) and Fe(III) with an asym-
metric tetradentate Schiff ba se ligand derived from dehydroacetic acid, 4- me-
thyl-o-phenylenediamine and salicylic aldehyde were sy nthesized and ch arac-
terized by elemental analysis, conductometry, magnetic susceptibility, UV–Vis, 
IR, 1H-NMR spectroscopy, X-ray diffraction analysis of powdered samples and 
thermal analysis, and screen ed for antim icrobial activity. The IR spectral dat a 
suggested th at the ligand beha ves a s a diba sic tetadentat e ligand toward s the  
central metal ion with an O NNO donor ato ms sequence. From the microana-
lytical data, the stoichio metry of the co mplexes 1:1 ( metal:ligand) was foun d. 
The physico-chemical data suggested square planar geometry for the Cu(II) and 
Ni(II) complexes and octahe dral geo metry for the Co(II), Mn(II) and Fe(III ) 
complexes. The thermal behaviour (TGA/DTA) of the co mplexes was studied 
and kinetic parameters were determined by Horowitz–Metzger and Coats–Red-
fern methods. The powder X- ray diffraction data su ggested a monoclinic crys-
tal system for the Co(II), M n(II) and Fe(III) complexes. The ligand and their  
metal co mplexes were screen ed for antibacterial activity  a gainst Staphylo-
coccus aureus and Escherichia coli and fung icidal activity against Aspergillus 
niger and Trichoderma viride. 

Keywords: dehydroacetic acid; asymmetrical tetradentate Schiff base; transition 
metal complexes; thermal analysis; powder X-ray diffraction; antimicrobial ac-
tivity. 
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INTRODUCTION 
Schiff bases are most widely used as chelating ligands in coordination che-

mistry.1 They  are also us eful in cataly sis and in medicine as antibiotics, antial-
lergic and antitum or agents.2 The metal complexes of Schiff bases derived from 
heterocyclic compounds have been the centre of attraction for many workers in  
recent years.3–7 Tetradentate Schiff bases are well known for thei r coordination 
with various metal ions, form ing stable co mpounds.8 Many symmetrical bis tet-
radentate Sc hiff bases of 1,2-diam ines with o-hydroxyaldehydes/ketones have 
been prepared and studied intensively . However, much less atte ntion has been 
focused on unsy mmetrical tetradentate Schiff bases derived from 1,2-diam ines 
and different aldehydes/ketones. In particular those derived from aromatic 1,2-di-
amines have been under-i nvestigated.9 It is worthwhile to mention that as ym-
metrical Schiff bases of this type are difficult to obtain and not easy to isolate.10 

One of the oxy gen heterocyclic compounds 3-acety l-6-methyl-2H-pyran-
2,4(3H)-dione (dehy droacetic acid or DHA) w as reported to be an excellen t 
chelating agent and to possess pro mising fungicidal, bactericidal, herbicidal and 
insecticidal activities.11–14 It is also a versatile st arting material for the s ynthesis 
of a wide v ariety of heterocy clic ring sy stems.15 A search o f the literatu re 
revealed that no work has been done on transition metal complexes of the 
asymmetrical Schiff base s derived from  aromatic 1,2-diam ine, dehy droacetic 
acid and salicylic aldehyde. The synthesis of an asy mmetrical tetradentate Schiff 
base formed by the condensation of 4-methyl-o-phenylenediamine, dehydroacetic 
acid and sali cylic aldehyde (Fig. 1) is reported. The com plexes of Cu(II), Ni(II), 
Co(II), Mn(II) and Fe(III)  with this ligand were al so prepared in the solid stat e 
and characterized by different physico-chemical methods. 

Fig. 1. Structu ral formula of the prepare d 
asymmetrical ligand. 

EXPERIMENTAL 
Dehydroacetic acid (purity ≥ 99 %) for sy nthesis was obtained from Merck, Germany, 

and used a s su pplied. 4-Meth yl-o-phenylenediamine an d sa licylic aldehy de of A.R. grade , 
obtained from Acros Organics and Si sco, respectively, were used for the synthesis of t he li-
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gand. A.R. grade hydrated metal chlorides from S. D. Fine Chemicals were used for the prepa-
ration of the complexes. The C, H and N contents were determined on a Perkin Elmer (2400) 
CNS analyzer. The IR spectra were recorded on an FTIR spectrometer, Perkin Elmer Com-
pany using KBr pellets. The 1H-NMR spectrum of the ligan d was measured in CDCl 3 using 
TMS as t he int ernal stan dard. The TG/DTA curves and X RD pattern s wer e recorded on a 
Perkin El mer TA/SDT-2960 and a Phili ps 3701, respe ctively. The UV–Vis spectra of the 
complexes were recorded on a Shimadzu UV-1601 spectrometer. The magnetic susceptibility 
measurements of the metal chelates were determined on a G ouy balance at roo m temperature 
using Hg[Co(SCN)4] as the calibrant. The molar conductance of the complexes was measured 
on an Elico CM 180 cond uctivity meter using 10-3 M solutions in D MF. The microorganisms 
were collected from the Biotechnology Department, Milind College of Scie nce, Aurangabad 
and the strains were maintained on nutrient agar at 4 °C. 
Synthesis 

The asy mmetric tetradentate Schiff base lig and was synthesized via a st epwise ap-
proach.16 In the first step, the mono-Schiff base compound was prepared by refluxing 50  mL 
solution of 1.0 mmol (0.168 g) of dehydroacetic acid and 1.0 mmol (0.12 g) 4-methyl-o-phe-
nylenediamine in super dry ethanol for about 3 h. The thus-formed mono-Schiff base was then 
refluxed with 1.0 mmol (0.12 g) salicylic aldehyde to prepare the asymmetric ligand viz. 4-hy-
droxy-3-(1-{{2-[(2-hydroxybenzylidene)amino]-4-methylphenyl}imino}ethyl)-6-methyl-2H-
pyran-2-one (H2L). The thus-formed asymmetric Schiff base was cooled to room temperature 
and collected by filtration, followed by recrystallization in ethanol (yield: 70 %). 

To a hot methanolic solution (25 ml) containing 1.0 mmol (0.38 g) of the lig and, a me-
thanolic solution (25 ml) of a m etal chloride (hydrate) (1.0 mmol) was added under con stant 
stirring. The p H of the  reacti on mixture was adj usted to  7.5–8.5 by  addin g 10 % alcoholic 
ammonia solution and reflux ed for about 3  h . The precipitat ed solid metal complex was fi l-
tered off under hot conditions and washed with hot methanol, petroleum ether (40–60 °C) and 
dried over anhydrous CaCl2 in a vacuum desiccator(yield: 50–60 %). 
Antimicrobial activity 

The antimicrobial activity of the ligand and metal complexes were tested in vitro against 
bacteria Staphylococcus aureus and Escherichia coli by  the paper disc pl ate method.17 The 
compounds were tested at the concentration 0.50 and 1.0 mg mL-1 in DMF and compared with 
known antibiotics viz. ciprofloxacin. For fungicidal activity , the compounds were screened in 
vitro against Aspergillus niger and Trichoderma viride by the mycelia dry weight method,18 
using glu cose nitrate media. The co mpounds were te sted a t the concentrat ion 250 and 50 0 
ppm in DMF and compared with the control. 

RESULTS AND DISCUSSION 

The physical characteristics, microanalytical, and molar conductance data of 
the ligand and its metal complexes are given in Table I. The analytical data of the 
complexes revealed 1:1 mole ratio (met al:ligand) and corresponds well with the 
general for mula [ ML] (M = Cu(II) and Ni(II)) and [ ML(H2O)2] (M = Co(II) , 
Mn(II) or Fe (III)). The magnetic susceptibilities of  the Cu(II) and Ni(II)  com-
plexes at roo m temperature were found  to be consistent with  square-planar geo-
metry and those of the Co(II), Mn(II) and Fe(III) com plexes with high-spin octa-
hedral structures having t wo water molecules coordinated to the metal ion. Th e 
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presence of two coordinated water molecules was confirmed by TG/DT analysis. 
The metal ch elate solutions in DMF sh owed low co nductance, supporti ng the  
non-electrolyte nature of the complexes. 

TABLE I. Physical characterization and analytical and molar conductance data of the prepared 
compounds 

Compound F. W. M.p.
°C Colour Λ 

S cm2 mol-1
Found (Calcd.), % 

C H N M 
[C22H20N2O4] (H2L) 376.42 178 Yellow – 70.12 

(70.20)
5.40 

(5.36)
7.38 

(7.44) 
– 

[Cu(C22H18N2O4)] 437.974 >300 Green 20.13 60.58 
(60.28)

3.90 
(4.11)

6.50 
(6.39) 

14.23 
(14.51) 

[Ni(C22H18N2O4)] 433.13 >300 Red 28.70 61.24 
(60.95)

4.52 
(4.16)

6.20 
(6.46) 

13.60 
(13.55) 

[CoC22H18N2O4(H2O)2] 469.35 245 Reddish 
brown 

18.20 56.50 
(56.25)

4.88 
(4.69)

6.25 
(5.97) 

12.95 
(12.56) 

[MnC22H18N2O4(H2O)2] 465.36 255 Brown 17.55 56.25 
(56.73)

5.00 
(4.73)

6.35 
(6.02) 

12.04 
(11.81) 

[FeC22H18N2O4(H2O)2] 466.27 >300 Brown 42.63 56.30 
(56.62)

4.26 
(4.72)

5.75 
(6.01) 

12.00 
(11.98) 

1H-NMR spectrum of the ligand 

The 1H-NMR spectra of the free ligand in CDCl3 at room temperature show-
ed the follow ing signals at δ (ppm): 2.15 (3H, s, C6–CH3), 2.45 ( 3H, s, phenyl– 
–CH3), 2.55 (3H, s, N=C–CH 3), 5.82 (1H, s, C 5–H), 6.9–7 .4 (8 H, m, pheny l), 
11.1 (1H, s, phenolic OH), 8.60 ( 1H, s, N=C–H) and 15.80 (1H, s, enolic OH of 
the DHA moiety). 

IR spectra 

The IR spectrum  of the free ligand showed charact eristic bands at 3100– 
–3400, 1703, 1662 , 1362, and 122 3 cm–1, assigna ble to ν(OH) (intramolecular 
hydrogen bonded), ν(C=O) (lactone carbonyl), ν(C=N) (azomethine), ν(C–N) (aryl 
azomethine) and ν(C–O) (phenolic) stretching modes, respectively .19 The absence 
of a weak broad band in t he 3100–3400 cm–1 region, noted in the spectr a of the  
metal complexes, indicates deprotonation of the intramolecular hydrogen bonded 
OH group on co mplexation and subsequent  coordination of pheno lic oxygen to 
the metal ion. This is further supported  by the upward shift of ν(C–O) (phenol-
lic)18 by 35–70 cm–1. On complexation, the ν(C=N) band is shifted to lower wa-
ve num bers with respect to the free ligand, suggest ing that the nitrogen of t he 
azomethine g roup is coordinated to the metal ion. This is supported by  the up -
ward shift in ν(C–N) by  15–55 cm –1.20 The IR sp ectra of the  metal chelates 
showed new bands in the 542– 580 and 460–513 cm–1 regions, which can be as-
signed to ν(M–O) and ν(M–N) vibrations, respectively.21 The IR spectra of Co(II), 
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Mn(II) and Fe(III) complexes show a st rong band in the 3200–3600 cm–1 region, 
indicating the presence of coordinated water in these complexes. The presence of 
coordinated water was further confirmed by the appearance of a non-ligand band 
in the 830–840 cm–1 region, assignable to the rocking mode of water.22 The pre-
sence of coordinated water was also established and supported b y TG/DT anal-
ysis of these complexes. Hence, coordination occurred via the phenolic oxygen 
and the azomethine nitrogen of the ligand molecule. 

Magnetic measurements and electronic absorption spectra 

The magnetic and electronic spectral data are given in Table II. The elec-
tronic absorption spectrum of the Cu(II) complex in DMSO solution shows three  
bands at 17813, 26525 and 30487 cm–1, assignable to the transition 2B1g → 2A1g 
and two intra-ligand charge transfer bands. These data and the m agnetic moment 
value of 1. 72 μB suggest square-planar geom etry around Cu(II). 21,23 The elec-
tronic absorption spectrum of the Ni(II)  complex in DMSO solution consisted o f 
two bands at about 17985 and 26 595 cm–1 assignab le to the transition 1A1g → 
→ 1T2g and a charge transfer transition, respectively. These data, the diamagnetic 
nature and re d colour of the com plex are in accordance with square-planar ge o-
metry for the Ni(II)  complex.24,25 The electronic absorption s pectrum of the 
Co(II) complex in DMSO solution had three bands at 10869, 19157 and 26954 
cm–1, which may be attributed to the tr ansitions 4T1g → T2g(F), 4T1g → 4A2g(F) 
and charge transfer, respe ctively. Toge ther with the  magnetic moment value of 
4.70 μB, a high-spin octahedral geomet ry for the Co(II) com plex26,27 was pro-
posed. The octahedral geometry was further supported by the ratio v2/v1 = 1.762, 

TABLE II. Magnetic and electronic absorption spectral data (in DMSO) of the compounds 
Compound μeff / μB  ν / cm-1 B and assignment Geometry 
[C22H20N2O4] (H2L) – 31347 

40816 
INCTa 
INCT 

– 

[Cu(C22H18N2O4)] 1.72 17813 
26525 
30487 

2B1g → 2A1g 
INCT 
INCT 

Square-planar 

[Ni(C22H18N2O4)] Dia magnetic 17985 
26595 

1A1g → 1T2g 
INCT 

Square-planar 

[CoC22H18N2O4(H2O)2] 4.70 10869 
19157 
26954 

4T1g → T2g(F) 
4T1g → 4A2g(F) 

INCT 

Octahedral 

[MnC22H18N2O4 (H2O)2] 5.77 16051 
23640 
29411 

6A1g → 4T1g 
6A1g → 4T2g 

INCT 

Octahedral 

[FeC22H18N2O4 (H2O)2] 5.79 12694 
18761 
31250 

6A1g → 4T1g (4D) 
6A1g → 4T1g 

INCT 

Octahedral 

aIntra-ligand charge transfer band 
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which is close to the value  expected fo r octahedral geo metry. The electronic ab-
sorption spectrum  of the Mn(II) com plex in DMSO solution c ontained thre e 
bands at 160 51, 23 640 an d 2941 1 cm –1, assignable  to the transi tions 6A1g → 
→ 4T1g, 6A1g → 4T2g an d charge tran sfer, re spectively. The ele ctronic transi -
tions together with a magnetic moment value 5.77 μB, which is close to the spin- 
-only value (5.92 μB) suggests high spin octahedral geometry for the Mn(II) com-
plex.26,28 The electronic absorption spectru m of  Fe(III) co mplex shows three 
weak bands at 12694 , 18 761 and 31250 cm –1, which may be assigned to the 
transitions 6A1g → 4T1g(4D), 6A1g → 4T1g and charge transfer, respectively. The 
electronic transitions toget her with the magnetic moment value of 5.79  μB sug-
gested high-spin octahedral geometry for the Fe(III) complex.26,29 
Thermal analysis 

The si multaneous TG/DT analysis of the Cu(II), Ni (II), Co(II) and Mn(II ) 
metal complexes was studied from  ambient temperature to 1 000 °C under a nit-
rogen atmosphere using α-Al2O3 as the reference. T he TG curve of the Cu(II)  
and Ni(II) complexes exhibited no mass loss up to 270 °C, indicating the absence 
of coordinated water 20 and the high therm al stability of the complexes. On the 
TG curve of Cu(II) complex, the first step of decom position from 295 to 352 °C, 
with a mass loss 21.75 % (calcd. 22.83 %), accompanied by an exothermic peak 
with tmax = 3 09 °C on  the DTA curve, may  be attrib uted to t he removal of the 
non-coordinated part of the ligand. The second step,  fro m 485 to 650 °C with  
mass loss 49.30 % (calcd. 49. 10 %), corresponds to the decomposition of t he 
coordinated part of the li gand. An exothermic peak with tmax = 505 .7 °C on  the 
DTA curve was observe d for this step. The m ass of the final residue corres-
ponded to stable CuO, 20.85 % (calcd. 18.37 %). 

The TG curve of the Ni(II ) complex shows a two-st ep decomposition. The 
first step fro m 360 to 410 °C with a mass loss of 24. 50 %  (c alcd. 23. 08%), 
accompanied by an endothermic peak with tmax = 319 °C on the DTA curve, may 
be attributed to the deco mposition of the non-coordinated part of the ligand. T he 
second step, from 460 to 835 °C with a mass loss o f 50.24 % (calcd. 49.43 %), 
corresponds to the rem oval of the coord inated part of the ligand. F or this step, a 
broad endothermic peak in the DTA was observed. The mass of the final residu e 
12 % (calcd. 17.05 %) does not correspond to an y stoichiometry of the end pr o-
duct, as the residue obtained is not close to that expected for metal oxide. 

The thermogram of the Co(II) co mplex shows a mass loss of 7.5 % (calcd. 
7.6 %) in  the  temperature range 190 –216 °C and an  endothermic DTA peak in 
this region, tmin = 207 °C, indicates the loss of two coordinated water mole-
cules.30,31 The anhy drous co mplex first showed deco mposition from 240–55 0 
°C, with a 21 % (calcd. 21.32 %) m ass loss and a broad ex othermic peak with 
tmax = 255 °C in the DTA, which may be attributed to the removal of the n on-
coordinated part of the ligand. The seco nd step of the deco mposition from 545– 
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–860 °C, with a mass loss of 54.0 %  (calcd. 54.58%) corresponds to the decom-
position of th e coordinated part of the li gand. A broad endotherm ic peak in the 
DTA was observed for this step. The mass of the final residue corresponded t o 
stable CoO, 13.85 % (calcd. 15.09 %). 

The TG curve for the Mn(II) co mplex s howed a first mass loss of 7.30 % 
(calcd. 7.73 %) in the temperature range 190–200 °C and an endothermic peak in 
this region with tmin = 195.7 °C, indicating the removal of two coordinated water 
molecules. The anhydrous  complex exhibited a single-step deco mposition from 
240 to 900 °C, with a 62 % mass loss and a broad endothermic peak in the DTA. 

Kinetic calculations 

The kinetic and thermodynamic parameters viz. the order of the reaction (n), 
the energy of activation ( Ea), the pre-exponential factor ( Z), the entropy  of acti-
vation (ΔS#) and the Gibbs energy change ( ΔG#), t ogether with the correlation 
coefficient ( r) for the no n-isothermal decomposition of the m etal co mplexes, 
were determined by the Horowitz–Metzer (HM) approximation method32 and the 
Coats–Redfern integral m ethod.33 The obtained data are given in Table III. The 
results showed that the v alues obtained b y two methods are co mparable. Th e 
calculated va lues of the a ctivation energy  of the com plexes ar e relatively low,  
indicating the autocatalytic effect of the metal ion on the thermal deco mposition 
of the co mplex.34,35 The negative acti vation entropy  value indicates  that the  
activated complexes were more ordered than the reactant and that the rea ctions 
were slow. The more ordered nature may be due to the polarization of bon ds in 
the activated state, which might occur th rough charge transfer electronic transi-
tions. 

TABLE III. Th e kinetic parameter of degradati on of the metal complexes calculated by the 
Horowitz–Metzger (HM) and Coats–Redfern (CR) methods 

M(II) complex Step n Method Ea 
kJ mol-1 

Z 
s-1 

ΔS# 
J K-1 mol-1

ΔG# 
kJ mol-1 r 

Cu(II) I 1.01 HM 
CR 

267.95 
264.73 

1.8×1027

1.94×1023 
271.67 
195.28 

248.67 
250.86 

0.9948 
0.9948 

II 1.42 HM 
CR 

97.15 
93.34 

1.9×106 
6.06×105 

–133.07 
–142.73 

110.39 
113.55 

0.9982 
0.9951 

Ni(II) I 0.85 HM 
CR 

136.36 
132.82 

8.7×1011 
2.1×109 

–22.99 
–73.47 

138.18 
138.68 

0.9909 
0.9890 

II 1.05 HM 
CR 

47.17 
46.37 

68.1 
41.04 

–219.38 
–223.60 

71.92 
71.59 

0.9977 
0.9892 

Co(II) I 1.1 HM 
CR 

12.53 
12.52 

0.7368 
0.8983 

–253.36 
–251.71 

30.90 
30.77 

0.9855 
0.9912 

II 0.95 HM 
CR 

37.16 
33.34 

4.290 
4.756 

–242.78 
–241.93 

65.91 
62.93 

0.9995 
0.9995 

Mn(II) – 0.65 HM 
CR 

16.13 
18.87 

0.325 
1.090 

–263.26 
–253.16 

43.83 
45.51 

0.9982 
0.9836 
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Powder X-ray diffraction analysis 

The X-ray diffractograms of the Co(II), Mn(II) and Fe(III) complexes were 
scanned in the range 5–100° at a wavelength of 1.543 Å. The diffractograms and 
associated data depict the 2θ value for each peak, the re lative intensity and inte r- 
-planar spacing (d-values). The X-ray diffraction pattern of these complexes with 
respect to major peaks of relative intens ity greater than 10 % were indexed using 
a co mputer p rogramme.36 This indexing method also y ields the Miller indices 
(hkl), the unit cell parameters and the unit cell volume. The unit cell of Co(II) 
complex yielded values of lattice constants: a = 8.9706 Å, b = 8.6441 Å and c = 
= 4.7755 Å, and a unit cell volum e V = 369.2291 Å3. The unit cell of the Mn(II)  
complex y ielded values of lattice const ants: a = 24.5882 Å, b = 4.4656 Å, c = 
= 5.8676 Å, and a unit cell volum e V = 627.2087Å3. The unit cell of the Fe(III)  
complex y ielded values of lattice const ants: a = 7.0696 Å, b = 1 4.8954 Å, c = 
= 5.3504 Å, and a unit cell volum e V = 830.4539 Å3. In concurre nce with the se 
cell parameters, conditions such as a ≠ b ≠ c and α = γ = 90° ≠ β required for  a 
monoclinic sample were tested and found to be satisfactory. Hence, it can be con-
cluded that the Co(II), Mn(II) and Fe(III) complexes were monoclinic crystal sys-
tems. The ex perimental density  values of  the com plexes were determined using 
the specific gravity method37 and found to be 2.1908, 2.5002, and 2.0522 g cm–3 
for the Co(II), Mn(II) and Fe(III) complexes, respectively. Using the experimen -
tal density  values, ρ, the m olecular weight of the co mplexes, M, Avogadro’s  
number, N, and the volume of the unit cell, V, the n umber of molecules per unit 
cell, n, were calculated using the equation ρ = nM/NV and they were found to be 
one for Co(II ) and two for  the Mn(II) and Fe(III) co mplexes. With these values, 
the theoretical densities were co mputed and foun d to be 2 .1824, 2. 4637 a nd 
2.0645 g cm –3 for the respective co mplexes. Co mparison of experi mental a nd 
theoretical density value shows good agreement within the limits of experimental 
error.38 

Antimicrobial activity 

The results of the in vitro antimicrobial activity of the ligand and metal com-
plexes against the bacteria Staphylococcus aureus and Escherichia coli, deter-
mined by the paper disc plate method,17 are presented in Table IV, in which th e 
activity of a known antibiotic viz. ciprofloxacin is in cluded for co mparison. The 
results of the in vitro fungicidal activity of the compounds against Aspergillus ni-
ger and Trichoderma viride determined by the mycelia dry weight method18 with 
glucose nitrate media, are given in Table V, in which the results of the control are 
also presented. From Tables IV and V, it is clear that  the inhibition by  the metal 
chelates was higher than that of the fr ee ligand and results are in good agreement 
with previous findings with respect to comparative activity of free ligand and its 
complexes.17,18 The inhibi tion of growt h (%) of both fungi due t o metal com-
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plexes decreased in the order Cu (II) > Ni (II) > Co ( II) > Mn (II) > Fe (II). Such 
enhanced activit y of m etal chelates is due to the li pophilic natu re of the metal 
ions in the complexes.39 The increase in activity with concentration is due to th e 
effect of metal ions on th e normal metabolic function of the cell. The action of 
compounds may involve the formation of hydrogen bonds with the active centre 
of cell constituents, resulting in i nterference with the norm al function of the 
cell.40 

TABLE IV. Antibacterial activity of the compounds 

Test compound 
Inhibition zone, mm 

E. coli S. aureus 
500 ppm 1000 ppm 500 ppm 1000 ppm 

Ciprofloxin 29 32 31 35 
[C22H20N2O4] (H2L) 10 12 12 15 
[CuC22H18N2O4] 15 18 16 19 
[NiC22H18N2O4] 12 16 14 16 
[CoC22H18N2O4(H2O)2] 13 16 15 17 
[MnC22H18N2O4(H2O)2] 11 12 12 15 
[FeC22H18N2O4(H2O)2] 11 13 14 15 

TABLE V. Yield of mycelial dry weight in mg and inhibition in % (in parentheses) 

Test compound 
A. niger  T. viride 

250 ppm 500 ppm 250 ppm 500 ppm 
Control 79 79 70 70 
[C22H20N2O4] (H2L) 60 (24) 22 (72) 38 (46) 17 (76) 
[CuC22H18N2O4] 38 (52) 09 (89) 19 (73) 01 (99) 
[NiC22H18N2O4] 40 (49) 12 (85) 20 (71) 02 (97) 
[CoC22H18N2O4(H2O)2] 49 (38) 14 (82) 25 (64) 04 (94) 
[MnC22H18N2O4(H2O)2] 45 (43) 16 (80) 28 (60) 07 (90) 
[FeC22H18N2O4(H2O)2] 52 (34) 17 (78) 32 (54) 09 (87) 

CONCLUSIONS 

Based on the physicochemical and spectral data discussed above, square-pla-
nar geometry for Cu(II) and Ni(II) complexes and octahedral geometry for Co(II), 
Mn(II) and Fe(III) complexes are proposed. It is assu med that the ligand behaves 
as dibasic, ONNO tetradentate, coordinating via the phenolic oxygen and the imi-
no nitrogen a s illustrated i n Fig. 2. The co mplexes are biologically  active and 
showed enhanced antimicrobial activities compared to the free ligand. A thermal 
study revealed that the com plexes are thermally stable. An XRD s tudy suggested 
the monoclinic crystal system for the Co(II), Mn(II) and Fe(III) complexes. 
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 (a) (b) 

Fig. 2. The proposed geometry of the complexes; a) M(II) = Cu(II) or Ni(II) 
and b) M = Co(II), Mn(II) or Fe(III). 

И З В О Д  

СИНТЕЗА, КАРАКТЕРИЗАЦИЈА И ТЕРМИЧКА СТУДИЈА НЕКИХ ПРЕЛАЗНИХ 
МЕТАЛНИХ КОМПЛЕКСА СА АСИМЕТРИЧНИМ ТЕТРАДЕНТАТНИМ 

ШИФОВИМ БАЗАМА 

ACHUT S. MUNDE1, AMARNATH N. JAGDALE2, SARIKA M. JADHAV3 и TRIMBAK K. CHONDHEKAR3 
1
Department of Chemistry, Milind College of Science, Aurangabad-431 004(M.S), 

2
Department of Chemistry, 

D.P.College, Karjat, Dist.: Ahemdnager, (M.S) и 
3
Department of Chemistry, Dr. Babasaheb Ambedkar 

Marathwada University, Aurangabad-431 004, Maharashtra, India 

Синтетисани су комплекси Cu(II), Ni(II), Co(II), Mn(II) и Fe(III) са асиметричним тетра-
дентатним Шифовим базама изведеним из дeхидросирћетне киселине, 4-метил-о-фенилен-
диамина и салицил-алдехида и окарактерисани елементалном анализом, кондуктометријом, 
магнетном сусцептибилношћу, UV–Vis, IR, 1H-NMR спектрима, рендгенском дифракционом 
анализом праха, термичком анализом и тестирани на антимикробну активност. IR спек-
трални подаци сугерисали су да се лиганд понаша као двобазни тетрадентатни лиганд према 
централном металном јону са ONNO секвенцијом донорних атома. Из микроанализе нађена 
је стехиометрија комплекса 1 :1 ( метал:лиганд). Физичко-хемијски подаци сугерисали су 
квадратно-планарну геометрију за Cu(II) и Ni(II) комплексе и октаедарску геометрију за ком-
плексе Co(II) , Mn(II) и Fe(III). Термичко понашање (TGA/DTA) комплекса је проучавано и 
кинетички параметри су одређени Horowitz–Metzger и Coats–Redfern методама. Лиганд и ње-
гови метални комплекси су тестирани на антибактеријску активност према Staphylococcus 
aureus и Escherichia coli и антифунгалну активност према Aspergillus niger и Trichoderma 
viride. Рендгенски дифракциони подаци праха указали су на моноклинични кристални 
систем за Co(II), Mn(II) и Fe(III) комплексе. 

(Примљено 4. априла, ревидирано 16. октобра 2009) 
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Abstract: Hetero-fullerenes are  fullerenes i n which some of the carbon  atoms 
are replaced by  other ato ms. This paper u ses the Póly a theore m to count th e 
number of their possibl e positional isomers and chiral iso mers. To do this, the 
computer algebra system GAP was applied to compute this number for a class 
of IPR hetero-f ullerenes with Ih point group sy mmetry. These fullerenes we re 
constructed by means of the leapfrog principle. 

Keywords: fullerene; hetero-fullerene; Pólya theorem; cycle index. 

INTRODUCTION 
Carbon exists in several forms in nature. One is the so-called fullerenes, which 

were discovered for the first time in 1985.1 Fullerenes are carbon-cage molecules 
in which a large number of carbon atoms are bonded in a nearly spherically sym-
metric configuration. Let p, h, n and m be the nu mber of pent agons, hexagons, 
carbon atoms and bonds between them, respectively, in a given fullerene F. Since 
each ato m li es in exa ctly 3 face s and each edge li es in 2 fac es, the number of  
atoms n = (5 p + 6 h)/3, th e num ber of edges m = (5 p + 6 h)/2 =  3 n/2 and t he 
number of faces f = p + h. By the Euler formula, n − m + f = 2, it can be deduced  
that (5p + 6h)/3 – (5p + 6h)/2 + p + h = 2 and, therefore, p = 12, v = 2h + 20 and 
e = 3h + 30. This implies that such molecules made up entirely of n carbon atoms 
and having 12 pentagonal and (n/2 − 10) hexagonal f aces, where n ≠ 22, is a na-
tural number equal or greater than 20.2 Hetero-fullerenes are fullerene molecules in 
which one or more carbon atoms are replaced by  hetero-atoms, such as boron or 
nitrogen, the formation of which is a kind of “on-ball” doping of the fullerene cage. 

Detecting symmet ry of molecules is a  well-studied problem  wit h applica-
tions in a large number of areas. Randic,3,4 and then Balasubramanian,5–11 consi-
dered the Euclidean matrix of a che mical graph to find its sy mmetry. Here t he 
Euclidean matrix of a molecular graph G is a matrix D(G) = [dij], where for i ≠ j, 
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dij is the Euc lidean distance between t he nuclei i and j. In this matrix, dii can be 
taken as zero if all the nuclei are equivalent. Otherwise, different weights for dif-
ferent nuclei may be introduced. 

Suppose σ is a permutation on n atoms of the molecule under consideration. 
Then the permutation matrix Pσ is defined as Pσ = [xij], where xij = 1 if i = σ(j) 
and 0 otherwise. It is easy to see that PσPτ = Pστ, for any two permutations σ and 
τ on n objects, and hence the set of all n×n permutation matrices is a group iso-
morphic to the sy mmetric group Sn on n symbols. It is a well-known fact that a 
permutation σ of the verti ces of a graph G belongs to its auto morphism group if 
it satisfies PσtAPσ = A, where A is t he adjacency  matrix of G. Thus, for  com-
puting the s ymmetry of a molecule, it is sufficient to solve the matrix equation  
PtEP = E, where E is the Euclidean matrix of the molecule under consideration 
and P varies on the set of all permutation matrices with the same dimension as E. 

A method12,13 has been described on how to construct a fullerene C3n from a 
fullerene Cn having t he same or even a bigger s ymmetry group as Cn. This me-
thod is called the Leapfrog  principle . If one starts with a C n cluster with icosa-
hedral symmetry, all the new clusters will be of  the same symmetry, since this i s 
the biggest symmetry group in 3-dimen sional space. In the first step, an extra v er-
tex has to be put into the centre of each face of Cn. Then, these new vertices have 
to be connected with all the vertices surrounding the corresponding face. Then, the 
dual polyhedron is again a fullerene having 3n vertices, 12 pentagonal and (3n/2) –  
– 10 hexagonal faces. Knowing the 3-dimensional cycle index of S(Cn) acting on 
the sets of vertices, edges and faces, it is very easy to compute the cycle index for 
the induced action of S(Cn) on the set o f vertices of C3n. One just has to identify 
the vertices of Cn with the n new hexagonal faces of C3n.14 From Fig. 1, it can be 
seen that Le(C20) = C60. 

 
(a) 

 
(b) 

Fig. 1. The fullerene C20 (a) and Le(C20) (b). 
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Balasubramanian11 has re alized a lot o f work o n methods for isomer count-
ing of hetero-fullerenes and of pol y-substituted fullerenes, especially, using the 
generalized character cycle index. Mathematically the isomer counting of poly-sub-
stituted fullerene is essenti ally the same as that of hetero-fullerene. Shao and Ji -
ang15 discussed hy drogenated C60. Furthermore, Zhang16 also studied fullerene  
cages. In this  paper, the com pute number of hetero-fullerenes, 

203
C

×n , is co m-
puted. 

MAIN RESULT AND DISCUSSION 

Groups are often used to describe symmetries of objects. This is formalized  
by the notion of a group action. Let G be a group and X a non-empty set. An ac-
tion of G on X is denoted by GX and X is called a G-set. It induces a group homo-
morphism ϕ from G into the sy mmetric group SX on X, where ϕ(g)x = gx for al l 
x∈X. The orbit of x will be denoted by Gx, which defines as a set all ϕ(g)x, g∈G. 
The set  of al l G-orbits will be denoted by  G\\X: = {Gx | x∈X}. Suppose g is a 
permutation of n symbols with exactly  λ1 orbits of size 1, λ2 orbits of size 2,…, 
and λn orbits of size n. Then the cycle type of g is defined as nnλλλ ,...,,21 21 . 

Now, the no tion of a c ycle index is introduced. L et G be a perm utation 
group. The cy cle in dex of  G acting on  X is the pol ynomial Z(G,X) over Q in 
terms of the indeterminates x1,x2,…,xt,t = |X|, defined by: 

 Z(G,X) =  ∏
∈ =Gp

t

i

pc
i

ix
G 1

)(
||

1  

in which ( c1(p),…,ct(p)) is the cy cle type of the perm utation p∈G. The gene-
ralized character cycle index is defined as: 

  ∏
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ixg
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where χ(g) is the linear character of the  irreducible r epresentation of G. In this 
paper, two special cases are used: one is the anti-symmetric representation, that is: 

 

1 if isa proper rotation,
( )

1 f isan improper rotation,

g
g

i g
χ

= 
−  

and the other  when χ is 1 for all g. Since, all ele ments of a conjugacy  class of a  
permutation group have the same cycle type, the cycle index and the generalized 
character cycle index can be rephrased in the following way: 
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 Enumeration of chemical compounds has been accomplished by various me-
thods. The P ólya–Redfield theorem is a standard method for co mbinatorial enu-
merations of graphs, polyhedra, chemical compounds, etc. Combinatorial enume-
rations have found wide-ranging application in chemistry, since chemical structu-
ral formulas can be regarded as graphs or three-dimensional objects. 

Denote by Cm,n the set of all functions f:{1,2,…,m} →{x1,x2,...,xn}. The ac-
tion of p∈ Sm induced on Cm,n is defined  by p̂ (f) = fop–1, f∈ Cm,n. Treating the  
colors x1,x2,…,xn that com prise the ra nge of f∈Cm,n as independent variables, 
the weight of f is: 

 W(f) = ∏
=

m

i
if

1
)(  

Evidently, W(f) is a monomial of the (total) degree m. Suppose G is a permuta-
tion group of degree m, Ĝ ={ p̂ :p∈G}, p̂  is as defined above. Let p1,p2,…,pt be 
representatives of the distinct orbits of Ĝ . The weight of pi is the common value 
of W(f), f∈pi. The sum of the weights of the orbits is the pattern inventory: 

 WG(x1,x2,…,xn)=
=

t

i
ipW

1
)(  

Theorem 1 (the Pólya Theorem17). If G is a subgroup of Sm, the sy mmetry 
group on m symbols, then the pattern inventory for the orbits of the Cm,n modula 
Ĝ  is: 

 WG(x1, x2,…, xn) = 
∈

⋅⋅⋅
Gp

pC
m

pCpC mMMM
G

)()(
2

)(
1

21

||
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where Mk = x1k + x2k +…+ xnk is the kth power sum of the x-es. 
Theorem 2 (generalization of the Pólya Theorem16). Substituting Mi for xi 

and in the generalized cha racter cycle index, i = 1,2, …,t, one obt ains the chira l 
generating function ),...,( 1 kG MMPCGF χ= . 

To enumerate all possibili ties of the he tero-fullerene structures, one has to  
consider the rotation group of the fullerene, and its whole automorphism group to 
enumerate the nu mber of chiral isomers. Fripertinger18 computed the sy mmetry 
of so me fullerenes and t hen applied Sy mmetrica19 to cal culate the nu mber of  
C60HkCl60–k m olecules and Balasubra manian co mputed the number of C 60H36 
isomers F. Z hang et al.16 used the Pó lya counti ng theorem for calculating th e 
possibilities of different positional isomers.  He also applied the generalization of 
the Pólya theorem to compute the number of chiral isomers. 

2010 Copyright (CC) SCS

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



 ENUMERATION OF A CLASS OF IPR HETERO-FULLERENES 365 

Now is the time to enumerate the number of hetero-fullerenes in a series of 
fullerenes constructed by leapfrog. From the above discussion, the problem is re-
duced to the coloring of t he corresponding fulleren e graph with 3n×20 vertices.  
Consider the molecular graph of the fullerene 203C ×n , Fig. 2. From  the leapfrog 
principle, it can be seen that the sy mmetry group G of these fullerenes is isom or-
phic to the group Ih = Z2×A5 of order 1 20 and the cycle ty pes of e lements of G 
are as given: 

No. of permutations Cycle type Fullerene 
20 3 201

n ×  

3 102
n ×  

1 13 4 3 281 2
n n− −× ×  

13 203
n− ×  
3 45

n ×  
13 106

n− ×  
3 210

n ×  

203C ×n  

Fig. 2. The fullerene C60. 

Thus the cycle index of G is computed as: 
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nnnnn

xxx

xxxxxXGZ
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1

32
10

34
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6

320
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However, from the cycle indices, the number of possible positional iso mers, 
the num ber of chiral isom ers and the num ber of orbits under the whole poin t 
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group Ih can be computed. For the number of orbits under the whole point group 
Ih, it should simply be noted that: 

 1
hhh III PPZ =− χ  

In what follows, a GAP  program  i s prepared to co mpute the num ber of  
hetero-fullerenes for 203C ×n . It sh ould be m entioned here that the present co m-
putations of the symmetry properties and cycle indices of the fullerenes were rea-
lized with the use of GAP. 20 This software was constructed by the GAP team in 
Aachen. In Table I, this program  is applied to compute the number of hetero-ful-
lerenes for the case of n = 1. 

TABLE 1. The number of C60-kBk molecules 

k,60–k 
Number of C60−kBk molecules for Number of orbits under 

whole point group Ih Rotational group Symmetry group 
0,60 
1,59 
2,58 
3,57 
4,56 
5,55 
6,54 
7,53 
8,52 
9,51 
10,50 
11,49 
12,48 
13,47 
14,46 
15,45 
16,44 
17,43 
18,42 
19,41 
20,40 
21,39 
22,38 
23,37 
24,36 
25,35 
26,34 
27,33 
28,32 
29,31 
30,30 

1 
1 

23 
303 

4190 
45718 
418470 

3220218 
21330558 

123204921 
628330629 

2855893755 
11661527055 
43057432740 

144549869700 
443284859624 
1246738569480 
3226849468425 
7708584971055 

17040023323785 
34932048763560 
66537224405790 
117952355252550 
194877787472550 
300436595453640 
432628675734195 
582384767014701 
733373386161407 
864332935668892 
953746664302456 
985538239868528 

1 
1 
37 

577 
8236 
91030 

835476 
6436782 

42650532 
246386091 

1256602779 
5711668755 

23322797475 
86114390460 
289098819780 
886568158468 

2493474394140 
6453694644705 
15417163018725 
34080036632565 
69864082608210 

133074428781570 
235904682814710 
389755540347810 
600873146368170 
865257299572455 

1164769471671687 
1466746704458899 
1728665795116244 
1907493251046152 
1971076398255692 

0 
0 
14 

274 
4046 
45312 

417006 
3216564 

21319974 
123181170 
628272150 

2855775000 
11661270420 
43056957720 
144548950080 
443283298844 

1246735824660 
3226845176280 
7708578047670 
17040013308780 
34932033844650 
66537204375780 

117952327562160 
194877752875260 
300436550914530 
432628623838260 
582384704656986 
733373318297492 
864332859447352 
953746586743696 
985538158387164 
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A gap program for counting the number of hetero-fullerene for 
203nC ×  

f:=function(n) 
local s,i,f,x,t,tt,g; 
x:=Indeterminate(Rationals,"x"); 
f := ((1 + x)^(20*3^n) + 20*((1 + x^3)^(20*(3^(n − 1))) + (1 + x^6)^(10*(3^(n − 
1)))) + 24*(( 1 + x^ 5)^(4*3^n) + (1 + x^10)^(2*3^n)) + 15*( 1 + x)^(4*(3^(n − 
1)))*(1 + x^2)^ (28*(3^(n − 1))) + 16*(1 + x^2)^(10*(3^n)))/120; 
g := ((1 + x)^(20*3^ n) + 20*(1 + x^3)^(20*(3^(n − 1))) + 15*(1 + 
x^2)^(10*(3^(n))) + 24*(1 + x^5)^(4*(3^n)))/60; 
t := CoefficientsOfLaurentPolynomial(f); 
tt := CoefficientsOfLaurentPolynomial(g); 
Print("***************************************************","\n"); 
Print("\n"); 
Print("THIS FULLERENE IS C_",3^n*20,"\n"); 
Print("\n"); 
Print("Number of Molecules for Symmetry Group =","\n"); 
for i in t[1] do 
Print(i,"\n"); 
od; 
Print("**************************************************","\n"); 
Print("Number of Molecules for Rotation Group=","\n"); 
for i in tt[1] do 
Print(i,"\n"); 
od; 
Print("**************************************************","\n"); 
Print("Number of Orbits underWhole Point Group Sn=","\n"); 
for i in [1..Length(t[1])] do 
Print("[",i-1);Print(",",Length(t[1])-i);Print("]=");Print(tt[1][i]-t[1][i],"\n"); 
od; 
Print("******************************************","\n"); 
return; 
end;  

CONCLUSIONS 

In this paper, an efficient method is presented which is useful for com puting 
permutational isomers of h etero-fullerenes. The method was applied on a buck -
minster fullerene and the number of such isomers was computed. From the cycle 
index of leap frog of a series of fullerenes with Ih point gro up s ymmetry, such  
numbers for all elements of the series can be computed. A GAP program for such 
calculations is also presented. 
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И З В О Д  

ПРЕБPОЈАВАЊЕ ЈЕДНЕ КЛАСЕ ХЕТЕРО-ФУЛЕРЕНА СА ИЗОЛОВАНИМ ПЕНТАГОНИМА 

ALI REZA ASHRAFI и MODJTABA GHORBANI 

Institute of Nanoscience and Nanotechnology, University of Kashan, Kashan 87317-51167, I. R. Iran 

Хетеро-фулерени су фулерени у којима су неки угљеникови атоми замењени другим 
атомима. У раду jе примењeнa Појина (Pólya) теорема за пребројавање могућих како пози-
ционих тако и хиралних изомера. Да би се то постигло, коришћена је компјутерска алгебра 
система GAP и он примењен за одређивање броја изомера за једну класу хетеро-фулерена са 
изолованим пентагонима (IPR), чије су групе симетрије Ih. Ови фулерени су конструисани 
применом “липфрог” методе. 

(Примљено 30. јула, ревидирано 20. августа 2009) 
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An SEM and EDS study of the microstructure of nitrate 
ester plasticized polyether propellants 
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Abstract: To p robe the microstructures of ni trate est er pla sticized p olyether 
(NEPE) composite propellants and observe th e morphology of each constit ute 
in the propellant, the microstructure and elemental constitutes of NEPE propel-
lants were investigated using scanning electron microscopy and energy  disper-
sive X-ray spectroscopy. The ammonium perchlorate (AP) grains had a scraggy 
surface and were difficult to disperse uniformly. The compatibility between the 
AP grain s a nd the poly mer bi nder wa s poor, espe cially for large grains. T he 
size di stribution range of the  AP and o ctogen (HMX) grai ns in prop ellants 
varied from several to several  hundreds μm for the for mer while for the latter 
from s everal to s everal tens μm. Contrast ing i mages be fore and after 
dissolution the  propellant in trichloro methane sho wed th at the degree of 
crosslinking of the polymer binder was low since non-crosslinked binder on the 
surface areas was easily removed by  the solvent, and that  the  plasti cizer was 
near the HMX grains and contributed more O to the element analysis of HMX. 

Keywords: composite solid propellants; scanning electron microscopy; micro-
structure; element analysis. 

INTRODUCTION 
NEPE (nitrate est er plasti cized poly ether) propellants are a ty pe of highl y 

energetic, composite solid propellant.1–3 This type of propellant uses a polyether 
polymer binder, such as p olyethylene glycol (PEG) or eth ylene oxide (tetrahyd-
rofuran-co-polyether), and a plasticizer of mixed nitrate (BG), usu ally using nit -
roglycerin (NG) and 1,2,4 -butanetriol t rinitrate (BTTN). 4–6 The balance of the  
propellant consists of large am ounts of solid grains, including aluminum powder 
(Al), octogen (HMX), amm onium perchlorate (AP), etc. The interactions be-
tween the polymer binder and the other c onstituents, which are mostly inorganic, 
are not good . However, after crosslinking,  the p olymer binder can wrap all the 
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solid grains as shown in a previous study.7 This type of propellant integrates the 
advantages of doub le-base propellants and composite propellants, and adds ex -
cellent low te mperature mechanical properties.8,9 Therefore, this type of pr opel-
lant has been studied extensively and a pplied broadly in many countries since its 
first development in the USA in the 1970s. 10–12 However, the microstructure of 
the propellant, which decisively  affects its performa nce, has hitherto not been 
clearly investigated.13–15 In this study , scanning electron microscopy (SEM) and 
energy dispersive X-ray spectroscopy (EDS) were employed to directly observe the 
micro-morphology and distribution of the constituents in the propellant, whereby  
a detailed understanding of its special microstructure was obtained. 

EXPERIMENTAL 
The microstructure of NEPE solid propellant, which wa s taken from a rock et, was ob-

served using Hitachi S-4500 and S-6301 scanning electron microscopes (Japan). The grains in 
the SEM figure s were measured using t he measuring to ol in corporated into  I magenet 2 000 
software. The elemental constitutes of a small area were analyzed using an Inca energy disper-
sive X-ray spectrometer (The Netherland s) combined with the S-6301 microscope. The sam-
ples were sprayed with gold for 5 minutes before observation. 

The main c onstitutes of th e N EPE propellant s by  mass p ercentage were: P EG, 6 to 9;  
BG, 15 to  21; Al, 19; H MX, 43 and AP, 8. The content of some other auxiliary agents w ere 
about 1–2 %. The analy tical reagent trichloromethane was used to extract the plasticizer from 
the NEPE propellants.  

RESULTS AND DISCUSSION 

SEM Analyzes for Al and AP in NEPE propellants 

In the NEPE propellants, the poly mer binder PEG is the continuous phase 
while solid grains, such as Al, AP and HMX, are dispersed in the PEG. By the  
process of elimination, if the morphologies of any two among three kinds of solid 
grains are determ ined then the remaining kind of s olid grain is also identified.  
Hence, first the microstructure of two ra w materials, AP and Al, were observed, 
as shown by  the images in Fig. 1. HMX was not selected for direct observation 
since these grains in the propellant are covered closely  by bonding agent, making 
it difficult to obtain their real morphology. 

An SEM image of several AP grains is shown in Fig. 1a. This image clearly 
shows that most of AP grains are anomaly shaped with a size from approximately 
100–300 μm, with a few even smaller grains. The SEM image in Fig. 1b is zoom-
ed in on a single AP grain which exhibits a dense, small protuberance on its  sur-
face. This grain has the characteristic of a scraggy  morphology. Elemental ana-
lysis using EDS was performed on this same grain to  determine its composition: 
N:O:Cl is 17:56:15 (t he element H cannot be determined), which basically  con-
forms to the molecular composition of AP (NH4ClO4). The SEM image in Fig. 1c 
shows several Al grains with not only ellipsoid shapes but also spherical shapes.15 
The size of the Al grains was mostly below 15 μm, with a wide size distribution. 
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(a) 

 
(b) 

 
(c) 

Fig. 1. SEM  Images of the r aw materials for 
NEPE propellants: a) enlarged image of seve-
ral AP grains, b) partial enlarged i mage of a  
single AP grai n and c) enlarge d image of the 
Al powder. 

The microstructure of the NEPE propellant was observed using SEM (Fig. 2 ). 
The wide-angle SEM im age of the NEPE propellant sam ple in Fig. 2a clearly  
shows that th e large grains are AP due to both their scraggy  morphological cha-
racteristic and their relati vely large size. The spatial  distribution of this kind of 
grain is uneven since four can be seen locat ed close to the top le ft corner of the  
image while none is seen i n the middle. Two AP grai ns, the top left and the bot-
tom ones, are obviously cracked. This cracking likely occurred during cutting the 
propellant using a knife to obtain the SEM samples. From the distribution of AP 
grains in this image, it can be inferred that the large AP grains are difficult to dis-
perse evenly. The SEM i mage in Fig. 2b is zoomed in to show a s maller area of 
propellant. Almost all the solid grains (no bigger tha n approximately 30 μm) are 
covered with pol ymer binder. Onl y one solid grain,  in the lower part of the Fi g. 
2b, is exposed and its surf ace is scraggy — perhaps a small AP grain or a corner  
of large one. An SEM pict ure of a singl e AP grain in  the propellant is shown i n 
Fig. 2c. Obviousl y the surface of this AP grain has two kinds of morphology: 
grooves on the left and protuberances on the right. The right morphology, gro-
oves, is the same as those of the raw AP material. The possible reason for the two 
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kinds of morphology appearing simultaneously is that an AP grain, as a crystal, 
has several surfaces of which two of them appeared in this observation area. Di f-
ferent observation angles showed differe nt m orphologies. The th ree im ages in 
Fig. 2 show the poor co mpatibility of AP (especially  the large grains) with th e 
polymer binder in this propellant, since only AP grains were visible, the other so-
lid grains being covered with binder. A further easy  ded uction i s that the bad 
compatibility will result in the AP grains being the point of stress concentration 
within the propellant. Thus, the mechanical performance of the propellants could  
be improved by improving the compatibility between the AP grains and the poly-
mer binder, possibly by using a bonding agent. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. SEM Images of the original NEPE pro-
pellant: a) image of a large area of the propel-
lant, b) image of a small area of propellant and 
c) i mage of a partial AP grai n in the propel -
lant. 

SEM and EDS analyses of NEPE propellants 

According to the form ulation of NEPE propellants, most of the s olid grains 
in Fig. 2b should be HMX. However, the ellipsoid Al and small AP grains could 
possibly be covered with polymer binder, which is an additional difficulty in as-
certaining whether or not a certain grain  is HMX. In order to assur e the material 
attributes of a grain in NEPE propellants and to determine the di mension distri-
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bution of HMX grains, elemental analysis using EDS combined with the S-6 301 
SEM was performed on a few of the solid grains and some polymer binder areas. 

First, a planar area to make element analysis was selected where the polymer 
binder seemed to be the main component, Fig. 3a. The mini cross in the image is 
the center of the area selected for spectrum analysis. The EDS results are listed in 
Table 1 and shown by Fig. 3b. Al and AP grains were possibl y located under the 
binder area, explaining the s mall content of the ele ments Al and Cl in thes e re-
sults. In this area, the con stitute ratio of  C:O was about 69:25, which is larger 
than expected for the PEG poly mer, the segment molecular formula of whic h is 
C2H4O. The deviation in the element C content possibly arises from SEM instru-
mental error, as about 12 % C, was also m easured in the elem ent constitute re -
sults for pure AP and Al grains. 

 
(a) 

 
(b) 

Fig. 3. SEM Im age of th e N EPE propellant  
for EDS ele ment analy sis: a) binder area; b)  
spectrum of the analysis. 

TABLE I. Element content of the binder determined by EDS analysis 
Element Content, mass % Content, at. % 
C  59.18 69.44 
O  28.69 25.27 
Al  3.74 1.95 
Cl  8.39 3.34 

Second, a medium-sized grain having an  anomalous shape, as shown in Fig.  
4a, was analyzed. Elemental composition was approximately C:N:O = 10:7:8. The 
molecular formula of HM X is C 4H8N8O8, while the form ula of NG and BTTN 
are C3H5O9N3 and C4H7O9N3, respectively. With no Cl or Al evidenced and fur-
ther with the ratio of the elements N a nd O nearly  1:1, this soli d grain can be 
confirmed to be HMX. The content of element O is slightl y high in the results, 
possibly because liquid plasticizer near the HMX grain contributed more elemen-
tal O. To confirm the ab ove hy pothesis, a NEPE p ropellant sample was left  in  
CHCl3 for 10 days in order to extract  the plasticizer. Then another EDS analysis 
performed on a solid grain , as shown in Fig. 4b . The elemental com position re-
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sults for C:N:O was approxim ately 43 :27:27. The elem ent C content was very 
high. Possible reasons are the SEM instrument and the bonding agent which con-
tains a relatively  large am ount of elem ent C, coating the HMX grains. The ratio  
of N:O was 1:1 in these elemental composition results, proving the correctness of 
the above hypothesis. The plasticizer w ould be near the HMX grain and would 
contribute a large amount of element O to EDS analysis results. Comparing ima-
ges in Figs. 4a and 4b, clearly  the pol ymer binder covering the solid grains was 
lower in Fig. 4b, indicating that the degree of crosslinking of the polymer binder 
was low and that some uncrosslinked polymer binder was dissolve by the CHCl3. 

 
(a) 

 
(b) 

Fig. 4. SEM Images of middle size grains for EDS element analysis: 
a) NEPE propellant; b) after soaking in CHCl3. 

In Fig. 5, the large grain and the small white one below it were con firmed to 
be HMX usi ng EDS ele ment analysis. Cracks on th e surface of t he large HM X 
grain were th e result of the high veloci ty electron i mpulse when  observing th e 
microstructure. The dim ensions of the l arge and sm all HMX grains can be esti-
mated as about 30 and 4 μm, respectively, illustrating that the size distribution of 
the HMX grains was broad, from several to several tens of μm. 

 
Fig. 5. SEM Im age of one  la rge grain i n th e 
NEPE propellant. 
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Using the sa me element analysis method, the sm all grain marke d in Fig. 6 
and the other small grain, close to the left  of the marked one, were determined to 
be HMX and  AP, respe ctively. The three sp ikelet in  the left part  of the imag e 
were the res ult of image distortion be cause when observing m icrostructure the  
polymer binder tended to flow under th e action of the high velocity  electrons or 
the electrical conductivity was bad in this area. Contrasting this image with those 
in Figs. 2 and 3, it is apparent that th e polymer binder covere d the small grains 
more easily than the large ones, especi ally the large AP grains. Another con clu-
sion is that the size r ange of the AP gr ains wa s lar ger than that for the HM X 
grains, being from several to several hundreds μm in size. 

 
Fig. 6. SEM Image of a small grain in the NEPE 
propellant. 

CONCLUSIONS 

The microstructure morphology of AP grains observed using SEM was either 
dense, s mall protuberances or groove anomalies on the grain surface. The si ze 
distribution range of the grains was wide, from several tens to about 300 μm. The 
shape of the Al grains var ied widely and their size  was predominately less than  
15 μm, with a broad distribution. Observations of the NEPE propellant using SEM 
evidenced that the distribution of the large AP grains was not unifo rm or regular, 
and that compatibilit y between the AP grains and the pol ymer binder was poor,  
making the AP grains points of stress con centration if the propellant were to be 
subjected to stress. 

The elemental co mposition of the material in the NEPE propellants was de-
termined using EDS element analysis, enabling the material attributes of the grains 
and binder to be establishe d. The size r ange of the HMX grains in these propel-
lants, confirmed using EDS, was from several to several tens of μm. By using CHCl3 
to extract the plasticizer from  the NEP E propellants , with before and after ele-
ment analysis, the plasticizer was shown to lie very close to the HMX grains. The 
contrasted microstructure images allowed the deduction that the degree of cros s- 
-linking of t he polymer binder in t he NEPE propella nts is low and that the un-
cross-linked binder on surface parts can be readily dissolved by solvents. 
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И З В О Д  

SEM И EDS СТУДИЈА МИКРОСТРУКТУРЕ ЕКСПЛОЗИВА НА БАЗИ 
НИТРАТНИХ ЕСТАРА ПЛАСТИФИКОВАНИХ ПОЛИЕТРИМА 

YONG LIU1,2, LUOXIN WANG1, XINLIN TUO1 и SONGNIAN LI1,2 

1Institute of polymer, Department of Chemical Engineering of Tsinghua University, Beijing 100084 и 2College 
of Mechanical and Electrical Engineering, Beijing University of Chemical Technology, Beijing 100029, China 

За анализу микроструктуре композитних експлозива на бази нитратних естара пласти-
фикованих полиетрима (NEP E) каo и морфологије и елементарног састава појединачних 
компоненти, коришћене су скенирајућа електронска микроскопија (SЕМ) и спектроскопска 
анализа карактеристичног рентгенског енергетског зрачења (EDS). Анализа је показала да 
зрна амонијум-перхлората (АP) имају неравну површину и да нису равномерно распоређена 
по узорку. Компатибилност између АP зрна и полимерне матрице је веома лоша што је на-
рочито изражено код већих зрна. Ширина расподеле величине зрна је била за АP и (HMX,  
експлозиви високе температуре топљења) у опсегу од неколико до неколико стотина μm, од-
носно од неколико до неколино десетина μm. Анализа слике пре и после растварања експло-
зива у трихлорметану је показала да су брзина и степен реакције умрежавања полимерног 
везива мали, и то на основу чињенице да је неумрежено полимерно везиво лако уклоњено са 
површине зрна. На основу елементарне анализе и повећаног садржаја кисеоника закључено 
је да се полиетарско везиво налази на површини HМX зрна експлозива. 

(Примљено 26. марта, ревидирано 15. јула 2009) 
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Abstract: Proton exchang e membranes e xhibiting a well-org anized structure 
were successfully prepared by a novel self-assembling technique using surface- 
-charged latex nanoparticles as building blocks. The nanoparticles were synthe-
sized in water by free-radical copolymerization. Free-standing membranes were 
obtained by  casting the poly mer e mulsions followed by  a cross-linking reac-
tion. The acquired membrane exhibited a hig h proton condu ctivity of 0.04 S 
cm-1 with an ion exchange c apacity ( IEC) as low as 0.48 mmol g -1. The e n-
hanced proton conductivity is thought to be derived from the formation of a co-
continuous ionic network for i on channels by the clo sely packed surface-char-
ged latex nanoparticles, facilitating proton transportation in the membranes. 

Keywords: polyacrylonitrile; poly(vinyl alcohol); proton conductivity ; ion ex-
change capacity; fuel cell. 

INTRODUCTION 
Proton-conducting poly mer electroly te me mbranes ( PEM) are one of the 

most critical components for polymer electrolyte membrane fuel cells (PEMFCs) 
and direct methanol fuel cells (DMFC s). Most of the PEMs are ionom ers con-
sisting of a h ydrophobic backbone with pe ndant cation exchange sites, such as 
–SO3

–. The ionic aggregation and the nanoscale phase s eparation of ionic and 
nonionic co mponents resulted in  the formation of  bi-conti nuous structures for 
membranes exhibiting proton conductivity.1,2 However, the long-range patterned  
organization of hydrophilic clusters into a hy drophobic phase does not exist in  
PEMs,3 which suggests that a low content of clusters does not induce the for-
mation of percolation paths. Increasing the content of cation exchange site faci -
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litates the transformation from  insulator to  ion conductor (percolation threshold) 
for the polymers, which is as cribed to the formation of interconn ected ionic do-
mains. However, a contin uous increment in  the content of ionic s ites may result 
in a deterioration of mechanical properties of the membranes because of the high 
hydrophilic property of the poly mer. Therefore, it is essential to r easonably con-
trol the am ount of ionic group in order to avoid a sh arp decrease of the proto n 
conductivity or a deterioration of the mechanical properties of the membranes. 

Although there are many archetypal structures to choose from in order to de-
sign a polymer with a particular molecular structure which would promote phase 
separation, the sy nthetic pathways available are not quite so rich. 4 Furthermore, 
membranes casting fro m ionom er solutions usually did not lead to a precisely 
controlled structure (Fig. 1) to im prove proton transport by optimizing the con-
nectivity of the ionic domains. 

 
Fig. 1. Schematic diagram showing the surface-charged latex nanoparticles and membrane 

formation via the self-assembly of the nanoparticles. 

Self-assembling of  latex n anoparticles were applied for the preparation of 
templating sem iconductors or conduct ing polymers. The pol ystyrene particl es 
used to tem plate doped π-conjugated polymers were found t o decrease the per -
colation threshold for electrical conductivity.5 Surf ace-charged latex nanopar-
ticles were used to bui ld blocks for P EMs exhibiti ng a li near relationship b e-
tween conductivity and ion  exchange capacity  (IEC) values even a t low IEC va-
lues, probably  d ue to the disappearan ce or shifting to very  lo w of percolation  
thresholds for membranes with bi-cont inuous structures.6,7 In this work, the ef -
forts were mainly focused on the preparation and characterization of novel proton 
exchange membranes, increasing the co -continuous ionic network for ion chan-
nels and facilitating proton transporta tion. A novel method to prepare proton-  
-conducting membranes via surface-charged polymer colloids self-assembling te-
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chniques, followed by a cross-linking reaction, is demonstrated. A schematic dia-
gram showing the surface-charged late x nanoparticl es and the mem brane for-
mation is shown in Fi g. 1. The surface- charged latex nanoparticles were packed  
and linked together as bui lding blocks medium for proton  conductive membra-
nes. In this way , a proton conductive m embrane with controlled micro/nanoscale 
structure and optimized connectivity of the ionic domains was formed. 

EXPERIMENTAL 
Sample preparation 

A hy drophobic monomer, a crylonitrile (AN), a cross-linker , N,N’-methylenebisacryl-
amide (BIS), and a charged monomer, sodium vinylsulfonate (SVS, 25 % c ontent in distill ed 
water), were chosen for the nanoparticle sy ntheses by free-radical emulsion copolymerization 
in an a queous poly(vinyl alcohol) (PVA, deg ree of poly merization a nd saponif cation wer e 
1700 an d 98–9 9 %, respecti vely) solution. During the nanoparticle synthesis reactio n, th e 
PVA serve d as a poly meric dispersant, preve nting the colloi dal particles fr om ag gregation. 
The PVA chains assembled the spheres to form latex films and the hydroxyl groups (–OH) in 
PVA were cross-linked in the following membrane preparation process, constraining the swel-
ling of the membrane and providing mechanical strength. The synthesis in aqueous emulsions 
should re sult i n charged  gro ups b eing att ached to t he surface of the p articles.8 Vario us 
amounts of SVS were introduced into the system to obtain particles with different contents of 
charges for diff erent membranes. AN (14.0 g) , BIS (1.0 g) and SVS (1.0–4.0 g) were add ed 
into 80.0 g of a n aqueous PV A solution contai ning 4.0 g of P VA under vigorous stirring and  
then heated under a nitrogen atmosphere to the incubation temperature of 65 °C. The reaction 
was initiated by adding dropwise an ammonium persulfate (APS) solution.  

The free-standi ng membranes were prep ared by direct ca sting of the  e mulsion onto  a  
clean glass slide, followed by drying under normal pressure at ambient temperature. Then the 
membrane with a thickness of about 120 µm was immersed into an acetone solution contain-
ing 5 wt. % glutaradehy de (GA) and 0.5 % HCl (volu me fraction). The reaction wa s main-
tained at 40 °C for 4 h, whereby cross-linked membranes were subsequently obtained. In addi-
tion, the as-received membranes were treated with a 1.0 M H2SO4 solution overnight and then 
washed three tim es with distill ed water before measurements of the proton conductivity  and 
ionic content. Naf on® 117 (1100 EW, 177.8 µm thickness, commercially extruded film) was 
purchased from Aldrich and used as received without any further purification. 
Measurements 

The FTIR anal ysis was p erformed on a Nico let MX– 1E FTIR spectro meter. The m or-
phology of the particle membrane was studied by scanning electron microscopy (SEM), using 
a Jeol JSM-5900LV electron microscope. 

The proton conductivities of the particle membranes were evaluated by measuring the ac 
impedance spe ctra using  a So lartron ac i mpedance system ( 1260 i mpedance analy zer, 128 7 
electrochemical interface, Zplot software) in  the frequen cy range of 1 MHz to 1 Hz. Th e 
membranes of 0.59 cm2 in are a were sandwiched between two platinum blocking electrodes. 
All membranes were pre-hy drated in wat er for at least 2 4 h  and then qui ckly enclosed in  a 
sealable cell to  maintain hy dration during i mpedance measurements. The IEC values of the  
membranes were measured by the classical titration method. 
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RESULTS AND DISCUSSION 

The FTIR sp ectra of the  membranes before and aft er the cros s-linking reac-
tion are shown in Fig. 2. With respect to the membrane after cross-linking wit h 
GA, the membrane showed different absorption bands in the spectra as compared 
with the pristine membrane. The bands at 1000 and 1038 cm–1 correspond to the 
vibration of C–O and C–O–C bonds due to acetal o r semi-acetal formation after 
the cross-linking reaction, respectively. The band at 1717 cm–1 was assigned to 
the absorption of the carbon yl groups of non-conjugated aldehydes.9 In addition, 
two important peaks at 2934 and 2862 cm–1 were ascribed to the absorptions of 
the stretch vibration of C– H bonds related to aldeh ydes.10 These FTIR spectra l 
changes shown in Fig. 2 confirm the acetalization that occurred inter molecular 
between PVA and GA. 

 
Fig. 2. FTIR Spectra of particle membranes obtained before and after 

the cross-linking reaction. 

Before the cross-linking reaction, cohesion of the spheres was achieved mainly 
through intersphere chain entanglement of PVA. The water solubility of the PVA 
chains enabled the film to swell excessively in water, preventing measurement of 
the conductivity and IEC. After the cross-linking reaction, the films showed con -
strained swelling and adequate mechanical strength. 

An SEM cross-section im age of a cross-linked m embrane obtained from the 
surface-charged polymer colloids is shown in Fig. 3. It may be observed that the  
particles ar e individually  well disperse d and packed closely  within the m em-
brane, suggesting that the structure of the particles remained after the preparation 
and cross-linking reaction of the m embrane. The we ll dispersed structure of the  
particles is believed to facilitate the formation of network for ion channels. 
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Fig. 3. SEM Cross-sectional image of a particle membrane with an IEC value of 0.28 mmol g-1. 

Proton con ductivity can vary  with diff erent experimental approaches and 
instruments. For comparison, the proto n conductivity of Nafion ® 117 was mea-
sured under the same conditions and resulted in a value of 0.020 S cm–1 at 20 °C. 
As shown in Table I, the proton con ductivity of the particle membranes was high 
even for an IEC as low as 0.18 mm ol g–1. The values of the proton conductivit y 
increased al most linearly with IEC, re aching 0. 040 S cm –1 for an IEC of 0.48 
mmol g–1. It is generally accepted that a higher value of the IEC is desirable to 
achieve higher proton con ductivity in p olymer electrolyte membranes. As com-
pared with Nafion ® 117 (IEC of 0.9 1 mmol g–1) under the same condition, t he 
particle membrane had a com parative proton conductivity, in addi tion to an IEC 
of 0.28 mmol g–1, which i s much lower than that of  a Nafion 117  membrane of 
0.91 mmol g–1. 

TABLE I. IEC and proton conductivity (δ) of the membranes 

Membrane sample SVS contenta, wt. % IEC / mmol g-1 δb / S cm-1 
Membrane-1 5 0.18 0.010 
Membrane-2 8 0.28 0.020 
Membrane-3 12 0.36 0.028 
Membrane-4 17 0.48 0.040 
Nafion® 117 – 0.91 0.020 
aSVS contents in feed; bmeasured at 20 °C 

It is believed  that the difference be tween the conductivit y of the particle 
membranes and the Nafion ® 117 membrane lies in the connectiv ity of t he con-
duction pathways. In a mem brane made from random or graft copol ymers, the 
charges are uniformly distributed res ulting in a la ck of phase  separation. T he 
high conductivity only occurs where there is sufficient connecti on between t he 
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charged regions for a conti nuous pathway to exist, often associated with a  high 
IEC. For the surface-charged latex m embranes, the particles packe d closely and 
the cation exchange sites (–SO 3

–) are spread am ong adjacent particles, facili -
tating phase separation during m embrane drying. When the thin film sw ells i n 
water, the lo calized charg e clusters may diffuse to f orm a co-con tinuous i onic 
network and so provide continu ous pathways, even at a low  charge content. In  
this case, the percolation threshold shifts to much lower values. In effect, the low 
percolation threshold can be attributed to  an efficient organization of the charges  
within the membrane. It is known that  the proton conductivit y of an ordered  
arrangement of proton conductive nanodomains is higher than that of a rando mly 
arranged one. 11–13 Thus, t he particle membranes have the advant age of impro-
ving proton conductivity by the formation of a continuous conduction pathway. 

CONCLUSIONS 

Proton exchange membranes exhibiting well-organized structures were suc-
cessfully prepared by  self-assembling and cross-linking reaction of surfac e-char-
ged polymer colloids. The  well-organized structure as revealed by  SEM facile-
tated the formation of continuo us conduction pathways, thus i mproving the pro-
ton conducti vity of the particle membranes. The novel method for preparing 
membranes with an ordered microstructure is recognized to be u seful in the d e-
sign of both PEMs and ion-conducting membranes for use in battery applications, 
electrosynthesis and water purification. 

И З В О Д  

ПРИМЕНА ПОВРШИНСКИ НАЕЛЕКТРИСАНИХ КОЛОИДНИХ ЧЕСТИЦА 
ПОЛИ(АКРИЛОНИТРИЛ)/ПОЛИ(ВИНИЛАЛКОХОЛA) (PAN/PVA) 

У ПРОТОН ПРОВОДНИМ МАТЕРИЈАЛИМА 

JIANDONG GAO1,2, ZHIGANG MA1,2, JING GUO1,2, YONGJIAN HUAI1,2, ZHENGHUA DENG1 и JISHUAN SUO1 
1
Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences, Chengdu Sichuan 610041 и 

2
Graduate School of Chinese Academy of Sciences, Beijing 100039, P. R. China 

У овоме раду је приказана израда протон проводних мембрана добро дефинисане 
структуре применом нове технике „само-организације“ површински наелектрисаних нано-
честица. Наночестице су синтетисане емулзионом кополимеризацијом у присутву слободних 
радикала као иницијатора. Полимерне мембране су добијене поступком извливања латекса и 
накнадним умрежавањем колoидних честица. Добијене полимерне мембране су показивале 
велику протонску проводљивост од око 0,0 4 S cm -1 при релативно ниском јоноизмењи-
вачком капацитету (IEC) од 0,48 mmol g -1. Претпоставља се да је повећана протонска про-
водљивост мембрана последица континуалне мреже јонских канала, настале густим пако-
вањем површински наелектрисаних наночестица, чиме је олакшан транспорт протона кроз 
мембрану. 

(Примљено 9. марта, ревидирано 20. августа 2009) 
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Abstract: The p reparation of Si O2 ceramics wi th controllable porous structur e 
from fir flour t emplates via so l–gel processing was inve stigated. The specifi c 
size the fir flour, which was tr eated with 20 % NaOH solution, was infiltrat ed 
with a low viscous silica sol and subsequently calcined in air, which resulted in 
the formation of highly porous SiO 2 ceramics. X-Ray diffraction (XRD), Fou-
rier transform infrared spectroscopy (FTIR) and field e mission scanning elec-
tron microscopy (FESEM) were employed to investigate the microstructure and 
phase formation during processing as well as of the SiO2 ceramics. N2 adsorp-
tion measurements w ere used  to analy ze the  pore size di stributions (PSD)  o f 
the final ceramics. The results i ndicated that the surface topography was chan-
ged and the pr oportion of the a morphous material was in creased in N aOH- 
-treated fir flou r. The final ox ide product s re tained ord ered structures of th e 
pores and showed unique pore sizes and distributions with hierarchy on the na-
noscale derived from the fir flour. 

Keywords: porous silicon ceramics; microstructure; sol–gel process; calcination. 

INTRODUCTION 
Over the l ast decade, oxide cer amics with special structure and morphology 

have aroused widespread interest, one of which is SiO2 with unique porous struc-
tures.1–5 Porous silicas have attracted c onsiderable attention because of their dis-
tinguished performance in adsorption te chnology, catalysis, and medical applica-
tions. In general, biotemplating techniqu es, in which biological ma terials are used 
directly as template structures for high- temperature conversion into technical ce-
ramic materials, is an ideal method to fabricate these materials.6–8 In recent years, 
different biotemplating routes have been developed for the conversion of biologi-
cal materials into biomorphous SiO2 ceramics. Shin et al.9 reported the fabrica-
tion of hierarchical porous SiO 2 ceramics from wood by a surfactant-tem plated 
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sol–gel process. Davis et al.10 produced ordered mesoporous silica by infiltration 
of bacteria with an SiO 2 gel. Cook et al. 11 exactly replicated butterfly structures 
by chemical vapor deposit ion of silica. However, for the application of bio-tem-
plates, how to control the pores shape and size distribution is still a challenge. 

Wood is a bi odegradable, recyclable, abundant and natural composite with 
cellulose, hemicellulose, and lignin as  the major biopolymeric constituents w ith 
additional macromolecular compounds, such as different kinds of fat, oil,  wax, 
resin, etc., as m inor constituents. Wood tissues are composed of interconnected 
cells (tracheids) and open space s (lumens). These cells are glued together by  an 
intercellular layer and are connected by  openings of different shapes. These ope-
nings are called pits (bordered pits or  si mple pits)  and are the  communication 
channels between the cells.9,12 Owing to its stable and hierarchically porous cha-
racteristics, wood is an excellent template for porous structures. 

In the present study, porous SiO2 ceramics were fabricated using fir flour as 
the biological template structure. Fir wood (classified as coniferous) is co mposed 
of a uni que c ross-sectional constructed tracheidid cells and bordered pits along 
the tracheid walls for tangential connectivit y. Fir wood exhibits a nearly bimodal 
pore distribution. The scales range from  mm via μm to nm.12 However, the fine  
structure of the cellulose materials in fir wood is com posed of crystalline and 
amorphous regions. The amorphous regions easily absorb chemicals, whereas the 
compactness of the crystalline regions makes it difficult for chemical penetration. 
To increase the pore volume and the corresponding possible amount of the infil-
trated SiO2 precursor, the fir flour was pretreated with a NaOH solution. The sol– 
–gel infiltration process of a low viscous oxide prec ursor into the fir flour was 
applied. During burn ou t of the biolog ical preforms during the calcination pro-
cess, porous SiO 2 ceramics were obtained, which maintained the morphology of 
the fir flour. The m icrostructure, cry stallinity change and chemical functional  
groups of fir flour and porous SiO2 ceramics were investigated using field e mis-
sion scanning electron microscopy (FESEM), X-ray  diffraction (XRD) analysis 
and Fourier transform infrared (FTIR) spectroscopy. 

EXPERIMENTAL 
Material preparation 

Fir wood ( Cunninghamia lanceolata) was gr ound into flour of approxi mately 200 μm 
and dried at 10 5 °C for 24 h. Dried flour (2.5 g) was treat ed with 20 wt. % NaOH solution 
(100 mL) at 30 °C for 2 h in order to re move the fats and fatty  acids in the fl our. The NaOH- 
-treated flour, which possessed a better connectivity and cellular affinity for the penetration  of 
the precursor solution, was subsequently washed with distilled water until the wash water was 
alkali-free and then dried at 105 °C for 24 h. The precursor solution was prepared u sing tet-
raethyl orthosilicate (TEOS), et hanol (EtOH), distilled wat er and hy drochloric acid (HCl) in  
the molar ratio 1:4:4:0.05. 

The NaOH-treated flour speci mens were infiltrated with t he precursor solution at 60  °C 
for 24 h in  a self-made sealed infiltration vessel. Subsequently, the speci mens were removed 
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from the prec ursor solution and dried in air at 130 °C for 24 h to for m in situ SiO2 gels. Fi-
nally, the infiltrated sp ecimens were calcined by heating at a rate of 10° C/min to 600, 800 o r 
1000 °C an d held at the desire d temperature for 3 h to rem ove the te mplate by oxidation and  
then allowed to cool to room temperature. 
Characterization 

A Fourier transformation, infrared spectrometer (Perkin–Elmer Spectrum 100) operating 
in the transmission mode under a dry air atmosphere was employed to record the FTIR spectra 
of the samples in the wavenumber range 4000–400 cm-1 using the KBr pellet technique. 

For cry stalline phase  identifica tion, the X-ray  diffraction pat terns of the samples were 
measured on a powder X-ray  diffraction meter (Rigaku D/Max-rB). The cry stallinity ind ex 
(Ic) was determined by using Eq. (1): 

 
)002(

)am()002(
c I

II
I

−
=  (1) 

where I(002) is t he counter read ing at peak maximum at a 2 θ angle clo se to 22°, representing 
crystalline material, and I(am) is the counter rea ding at peak maximum at a 2 θ angle clo se to 
18°, representing amorphous material in the cellulosic fir flour. 

Field e mission scanning el ectron microscopy (FEI Sirion 2 00, operated  at  5 kV)  wa s 
employed to observe the morphological features of the sa mples. For field em ission scanning 
electron microscopy (FESEM) observation s, the sample was pre-sputtered w ith a conductin g 
layer of Au for 2 min at 10 kV. 

The N2 adsorption isoth erms were measured with a Micromeritics ASAP 2020 a dsorp-
tion analyzer. The pore size di stributions (PSD) were calculated from the adsorption branches 
of the N2 isotherms using the Barrett–Joyner–Halenda (BJH) method. 

RESULTS AND DISCUSSION  

FTIR Analysis 

The spectra of fir flour, NaOH-treated flour, SiO 2 gel-treated f lour com -
posite and SiO 2 ceramics are shown in Fig. 1. In the  spectra of th e fir flour and 
NaOH-treated flour (Fig. 1, a and b, respectively), the abso rption bands at 29 28 
and 1374 cm–1 are attributed to the C– H stretching and bendi ng vibration in cel-
lulose. The absorption band of the C–O stretch vibrations in cellul ose and hemi-
celluloses are at 1054 cm–1, which is the highest intensity band. Furthermore, the 
vibration peak at 1732 cm–1, attributed to the C=O st retching of methyl ester and 
carboxylic acid, where absent in the spect rum of the NaO H-treated flour. This  
indicated the removal of pectin, waxy  and natural oils covering the external sur-
face of the cell wall by the alkali treatment. The ratio of peak heights at 1374 and 
2928cm–1 (H1374/H2928) in the FTIR spectra of the flour samples was us ed for  
the determination of the crystallinity index of cellulose in fir flour.13 In this study, 
the H1374/H2928 ratio decreased from 1.2 for fir flour to 0.93 for the NaOH-treat-
ed flour, suggesting that the proportio n of the amorphous material had increased 
in the NaOH-treated flour. 

In the spectra of the SiO2-gel/treated flour composite and SiO2 ceramics cal-
cined at 800 °C (Fig. 1, c and d, respectively), the absorption bands at 1090, 800 
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and 460 cm–1 are ascribed to the asymmetric and symmetric stretching vibrations 
of Si–O–Si bonds. In the FTIR absorption spectrum of the SiO2 gel-treated flour 
composite (F ig. 1, c), peaks charact eristic for both flour and SiO 2 absorption 
spectra appea r, suggesting that no che mical r eaction between the SiO 2 gel and 
the fir flour occurred during the infiltration. In the FT IR spectrum of the product 
obtained at a calcination tem perature of 800 °C, the peaks assigned to fir flour 
became negligible and nearly only the peaks ascribed to the Si–O–Si asymmetric 
and symmetric stretching vibrations were evident, suggesting that the calcination 
went nearly to completion. 

 
Fig. 1. FTIR Spectra of a) fir flour, b) NaOH-treated flour, c) SiO2 gel-treated flour composite 

and d) SiO2 ceramics calcined at 800 °C. 

XRD Analysis 

The XRD patterns of the fir flour, NaOH-treated flour, SiO2 gel-treated flour 
composite and the SiO 2 gel dried at 1 10 °C are shown in Fig. 2. The m ajor 
diffraction planes of the cellulose in fir flour, nam ely the (101) , (002) and (04 0) 
planes, are present at 2θ angles of 16.5, 22.3 and 34.3°.14 The characteristic peak 
of cellulose can be se en in Fig. 2 (a and b). There wa s no cry stalline 
transformation of the crystalline structure in the NaOH-treated flour. However, the 
NaOH treatment decre ased the intensity of  the (020) plane, suggesting that the 
degree of cry stallinity of cellulose w as decre ased. The cry stallinity index ( Ic) 
decreased from  68 % for fir flour to 58 % for the NaOH-tr eated fir flour , 
suggesting that alkali treatment increase d the prop ortion of am orphous material 
present in the fir flour as also suggested by FTIR results. In Fig. 2 (d), a broa d 
peak centere d at 2 θ = 23.2° indicates that the SiO 2 gel was in the am orphous 
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state.15 Characteristic peaks of both fir flour and SiO 2 gel can be found i n Fig. 2 
(c). The broad peak at 2θ = 23° is form ed by the overlapping the ce llulose 
characteristic peak centered at 2θ = 22.3° and a SiO 2 gel relevant peak. The peak 
characteristic for cellulose at 16.5° has a lower intensity than that shown in Fig. 2 
(b). The peak characteristic for cellulose at 34.3° was absent. 

 
Fig. 2. XRD Patterns of a) fir flour, b) NaOH-treated flour, c) SiO2 gel-treated 

flour composite and d) SiO2 gel. 

The XRD patterns of the SiO 2 ceramics calcined at 600, 800 and 1000 °C in 
air are illustrated in Fig. 3. According to these patters, the original components of 
fir flour were completely removed. There is only one broad peak centered at 2θ =  
= 23.2°, sugg esting that am orphous SiO2 was formed during calcination at 600 
and 800 °C in air. When the calcination tem perature was incre ased to 1000 °C,  
the peak became somewhat sharper and more intense. The SiO 2 after calcination 
at 1000 °C in air had a t ypical cristobalite structure. There were eight cr ystal 
peaks at 2 θ values of 21.8, 28.5, 31 .1, 36.0, 42.5, 44.6, 46 .8, and 48.5°, which 
correspond to (110), (11 1), (102), (20 0), (211), (20 2), (113) and (2 12). The cal-
culated size of the SiO2 using the Scherrer Equation was in the range 1.8–4.1 nm. 
Some amount of the tridymite structure was found as evidenced by the additional 
peaks at 2θ values of 20.8 and 27.5°. 
FESEM Analysis 

The SEM micrographs of fir flour, NaOH-treated flour, t he SiO2 gel-treated 
flour composite and the S iO2 ceramics calcined at 800 °C are sh own in  Fig.  4. 
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The fir wood, which is a softwood, is composed of a unique cross-sectional cons-
tructed tracheid cell and b ordered pits along the tracheid walls. Figs. 4a and 4b 
show that bordered pits of 5–10 μm can be observed on the cell w alls, which are 
channels that connect the different trac heid cells an d enhance their connectivity. 
By comparing Fig. 4b wit h Fig. 4d, it is evident that  NaOH treatment can clean 
the surface of the flour, and enlarge the size of the pit pores. The highl y uniform 
parallel tubular cellular structures and ordered arrays of bordered pits can be clear-
ly observed (Fig. 4c). The  pit pores at the tracheid walls are 10–15 μm in d ia-
meter (Fig. 4d). 

 
Fig. 3. XRD Patterns of NaOH-treated flour specimens infiltrated with SiO2 ceramics 

calcined at various temperatures in air. 

After the NaOH-treated fir flour had been infiltrated with SiO 2 sol, subse-
quent gelling and drying occurred, and an SiO2 gel-treated flour com posite was 
formed (Figs. 4e and 4f). It can be seen  that the gel covered the surface of the 
flour and filled almost all the pores of tracheids and pits, suggesting that the SiO2 
sol penetrated the cell wall structures  and condensed around the cellular tis-
sues.16 Figures 4g and 4h  show the SiO2 ceramics calcined at 800 °C. In compa-
rison with the fir flour, the obtained ceramic materials retained the ordered pores 
structure of the fir flour. The array  of tubular tracheid and pit pores were re-
tained. However, the pit p ores shrank to 1–5 μm, and some cracks on the walls 
were created by the thermal contraction. 
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Fig. 4. SEM Micrographs of fir flour (a and b), NaOH-treated flour (c and d), SiO2 gel-treated 

flour composite (e and f) and SiO2 ceramics calcined at 800 °C (g and h). 

N2 Adsorption measurement 

From the N2 adsorption measurement, the isotherms and corresponding PSD 
curves for Si O2 ceramics calcined at 800 °C are sh own in Figs. 5a and 5b, res-
pectively. The obtained isotherm  can b e classified a s ty pe-IV according to the  
IUPAC classification with an H3 hy steresis loop. According to th e PSD curves, 
the size distribution fell i n the range of mesopore (2–40 nm ), as can be seen in  
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Fig. 5b. The adsorption–desorption hysteresis occurs in the p/p0 range 0.41–0.99, 
demonstrating that the materials contai ned mesopores of relatively  uniform pore 
size. The H3 h ysteresis loop in dicates the asymmetric slot shape of  the m esopo-
res or channels coincidence with the tubul ar characteristics of the pores of the fir 
flour. Meanwhile, a narro w hysteresis loop illustrates an interconnected mesopo-
rous system and high pore connectivity according to the percolation theory.12 

 
(a) 

 
(b) 

Fig. 5. N2 adsorption results of SiO2 ceramics calcined at 800 °C, 
a) isotherm plots and b) PSD curves. 
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CONCLUSIONS 

The structure of fir flour treated with  20 % NaO H solution was analy zed by 
FTIR spectroscopy, X-ray diffraction analysis and FESEM. The results show that 
most of the non-cellulosic co mponents, such as pectin, waxy  substances and na-
tural oils, covering the external surface  of the cell walls were removed and t hat 
the crystallinity of the fir flour was d ecreased after treatment, which changed the  
topography of the flour and increased t he proportion of amorphous material pre-
sent in the fir flour. The N aOH treatment was useful to achieve a net shape con-
version of the complex structures and to increase the pore volume and the corres-
ponding possible amount of the infiltrated precursor. 

Porous SiO2 ceramics were successfully prepared by a sim ple biotemplated 
process, i.e., the infiltration of NaOH-treated fir flour with a low viscosity SiO2 
sol and subsequent heat treatment in air. The final oxide products retained the or-
dered pores structure and also exhibited unique pore size and distributio n with a 
hierarchy on the nanoscale derived from the fir flour. 
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И З В О Д  

МОРФОЛОГИЈА SiO2 ДОБИЈЕНОГ ИЗ ШАБЛОНА ОД ПИЉЕВИНЕ ЈЕЛЕ 

ZHONG LI1,2, TIEJUN SHI1 и LIYING GUO1 
1School of Chemical Engineering, Hefei University of Technology, Hefei 23009 и 2School of Chemical 

Engineering, Anhui University of Science & Technology, Huainan 232001, China 

Испитивано је добијање SiO 2 са контролисаном порозном структуром из шаблона од 
пиљевине јеле сол–гел поступком. Пиљевина јеле одређене крупноће, која је третирана 20 % 
раствором NaOH, филтрирана је SiO2 солом мале вискозности и затим термички третирана у 
ваздуху, чиме се формира високопотозна структура SiO 2. Микроструктура SiO 2 и форми-
рање фаза током поступка испитивани су дифракцијом Х-зрака (XRD), инфрацрвеном спек-
троскопијом са Фуриеовим трансормацијама (FTIR) и скенирајућом електронском микроско-
пијом исијавања из поља (FESEM). Расподела пора по величини у коначном производу ме-
рена је адсорпцијом N2 (PSD). Резултати указују на то да се мења топографија површине и 
повећава удео аморфне фазе у пиљевини третираној раствором NaOH. Коначни оксидни про-
извод задржао је уређену структуру пора и показао је униформну расподелу пора по вели-
чини, са хиjерархијом на нано-нивоу добијеном из пиљевине јеле. 

(Примљено 10. априла, ревидирано 25. новембра 2009) 
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JASNA IVANOVIĆ1*#, DUŠAN MIŠIĆ2, MIHAILO RISTIĆ3, 
OLIVERA PEŠIĆ1 and IRENA ŽIŽOVIĆ1# 

1Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, 2Faculty of 
Veterinary Medicine, University of Belgrade, Bulevar Oslobodjenja 18, 11000 Belgrade 

and 3Institute for Medical Plant Research “Dr Josif Pančić”, 
Tadeuša Košćuška 1, 11000 Belgrade, Serbia  

(Received 3 March, revised 26 September 2009) 

Abstract: The present study d eals with the supercritical car bon dioxid e (SC- 
-CO2) extraction and hydrodistillation (HD) of dried bay leaves (Laurus nobilis 
L.). The chemical composition and antibacterial activity of the SC-CO 2 extract 
and essenti al oi l (EO) from  dri ed leaves of ba y were co mpared to each oth er 
and literature data. Qualitative and quantitative analyses of the SC-CO 2 extract 
and EO were performed u sing GC–FID and GC– MS an alytical methods. A 
significant difference in the c hemical composition of the SC-CO 2 extract and 
EO was observed. The EO co mprised high contents of monoterpenes and their 
oxygenated derivates (98.4 %), principall y 1,8-cineole (33.4 %), linalool (16.0  
%) and α-terpinyl acetate (13 .8 %), sabinen e (6.91 %) an d methyl euge nol 
(5.32 %). The SC-CO 2 extra ct co mprised t wice le ss monoterpenes and t heir 
oxygenated derivates (43.89 %), together with se squiterpenes (12.43 %), diter-
penes (1.33 %) and esters (31.13 %). The major components were methyl lino-
leate (16.18 %), α-terpinyl acetate (12.88 %), linalool (9.00 %), methyl eugenol 
(8.67 %), methyl arachidonate (6.28 %) and eugenol (6.14 %). An investigation 
of the antibacterial activity of bay SC-CO2 extract and EO was completed on 
different Staphylococcus strains using the broth macrodilution method. Staphy-
lococcus intermedius strains were the most susceptible to both the SC-CO 2 
extract and EO (MIC = 640 µg/ml). 

Keywords: Laurus nobilis; bay ; supercritical  extraction; essen tial oil; antibac-
terial activity; gas chromatography. 

INTRODUCTION 
Dried leaves and the essen tial oil (EO) of bay (Laurus nobilis L.) are  used  

extensively in the food industry for seasoning of meat products, soups, and fishes.1 
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Several studies have evaluated the pot ential role of bay EO as an antim icrobial 
and antifungal agent,2–4 as we ll as the an tioxidant properties of leaves extracts.5–8 
Recently, ba y extracts obtained by s olvent extraction were studied for their 
cytotoxic activity.9,10 

The EOs and plant extracts are generall y obtained by hydrodistillation (HD) 
and solvent extraction (SE), although these methods suffer certain disadvantages. 
During HD, extensive h ydrolysis and thermal degradation phenomena can be in-
duced, giving in any case a product with a characteristic off-odor. SE can give an 
oil but, due t o a high content of waxes and/or other high m olecular mass com-
pounds, often gives rise to a concentrate with  a scent very  similar to that of th e 
material fro m which it was derived.  A further d rawback of SE is that s mall 
amounts of organic solvents can pollute the extraction product. Supercritical fluid 
extraction (SFE) can be used for the production of flavors and f ragrances from 
natural materials and can  constitute a va lid alternative to both of the above-
mentioned processes.11 Tuning of the process parameters (pressure, temperature) 
enables tuning of the selectivity  of supercritical carbon dioxide (SC-CO2) towards 
desirable fractions as well as complete separation of the phases so that a solvent-
free extract can b e obtained. Several research groups i nvestigated SC-CO 2 
extraction in order to isolate biologically  active co mpounds from Laurus nobilis 
leaves,4,8,12,13 berries 14 a nd seeds. 15 The chem ical co mposition of the EO and 
extracts isolated from bay leaves were studied by different researchers.4,12,13,16–22 

Previously i nvestigated bay EO isolated b y HD was reported fo r its inhi-
bitory effects on the pathogens21 in following order: Escherichia coli O157:H7 >  
> Staphylococcus aureus > Staphylococcus typhimurium > Listeria monocyto-
genes. Bouzouita et al.2 reported that the high content of 1,8-cineole in the EO of 
L. nobilis L. contributed to its weak antimicrobial activity on two bacteria (Lacto-
bacillus plantarum and E. coli) and a fungus (Geotrichum candidum). Santoyo et 
al.4 reported that a SC-CO 2 extract  had the strongest antimicrobial activity 
against S. aureus ATCC 25923, substantial activity against Bacillus subtilis ATCC 
6633, Pseudomonas aeruginosa ATCC, 10145, E. coli ATCC 11 775 and Can-
dida albicans ATCC 60193 strains while the fungi Aspergillus niger ATCC 16404 
was the least susceptible. 

In this study , SC-CO 2 extraction and hydrodistillati on of dried bay leaves 
were co mpared with respect to their e fficiency and selectivity . Thus, the yield 
and chemical composition of the SC-CO2 extract and EO obtained by HD of bay 
leaves were investigated and are discussed herein. The antibacterial activity of bay 
SC-CO2 extract and EO was investigated against chosen Staphylococcus strains. 
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EXPERIMENTAL 
Plant material 

Dried leaves of  bay (Laurus nobilis L.) originating fro m Montenegro (2007) were use d 
for the SC-CO 2 extraction and HD. The plant mat erial was milled in a blend er and sieve d to 
the fraction with average particle diameter of 0.8–0.9 mm. 
Supercritical carbon dioxide extraction  

Extraction with SC-CO2 was preformed in a p reviously described23 pilot-plant-scale su-
percritical fluid  extractor (Aut oclave En gineers SCE S creening Sy stem) wit h a 15 0 ml ex-
traction cell. Commercial carbon dioxide (99 % purity , Messer Tehnoga s, Belgrade, Serbia)  
was used for the extractio n. The SC-CO 2 extraction wa s p erformed u nder a pressure of 10 
MPa and at a temperature of 40 °C (density of SC-CO2, 630 kg/m3). The initially used mass of 
the plant material was 24 g and the solvent rate was 0.3 kg/h.  
Hydrodistillation 

Plant material (24 g) and water (500 ml) were placed in a Cle venger-type apparatus. The 
EO was i solated by  HD for 4 h. The obtaine d EO wa s kept  in a se aled vi al at 4 ° C until  
required. 
GC/FID/MSD 

The qualitative and quantitativ e analyses of the SC-CO 2 extract and EO were perform ed 
using H ewlett–Packard G C–FID and GC– MS analy tical methods. In the first instanc e, a  
model HP-58 90 Series II ch romatogram, e quipped with a split- splitless inj ector, HP-5 
capillary colu mn (25 m×0.32 mm, fil m thic kness 0.52 μm) and a fla me io nization d etector 
(FID), was e mployed. Hy drogen wa s u sed a s the c arrier gas (1 ml/min). The inj ector wa s 
heated at 25 0 °C, the detec tor at 300 °C,  while the col umn t emperature was line arly 
programmed fr om 40  to 2 60 °C (4  ° C/min). GC–MS  an alyze w as realiz ed under t he same 
analytical conditions, using a model HP G 1800C Series II GCD analytical system equipped 
with an HP-5MS column (30 m×0.25 mm×0.25 μm). Helium was used as the carrier gas. The 
transfer line (MSD) was heated at 260 ° C. The EI mass spectra (70 eV) were acquired in th e 
scan mode in the m/z range 40–400. In each case, the sample in a solution in hexane (1 μl) was 
injected in th e split mode (1:3 0). Identificatio n of co nstituents w as perfor med by  matching 
their mass spectra and Kovats indices (IK) with those obtained from authentic samples and/or 
the NIST/Wiley spectra libraries, different types of search (PBM/NIST/AMDIS) and available 
literature data ( Adams, 2007).25 Area percents, obtained by  the integration of corresponding 
chromatograms (FID), were used for quantification of the individual components. 
Antibacterial activity 

The investigati on of the antibacterial activity  of the SC-CO 2 extract and EO was per-
formed on six Staphylococcus strains origina ting fro m dog s, cattle, hu mans and vistual s o f 
animal origin. The inve stigated strain s w ere isolated fro m e ar and ton sils swabs a nd fro m 
cheese and raw milk samples. A reference s train S. aureus ATCC 25923 (Becton Dickin son) 
was also included in the investigation. 

The anti microbial effects of t he plant e xtracts were in vestigated by  the b roth macro-
dilution method according to CLSI (Clinical and Laboratory Standards Institute, 2008) pre s-
cribed references 26,27 for anti microbial susceptibility  testing . A single modification of th e 
method conc erned the fact that the plant extracts were use d instead of an tibiotics, but the  
principle of the  procedure as well as th e means of preparat ion and culture  media were n ot 
altered. The antimicrobial activity of the plant extracts was investigated in concentrations (ex-
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pressed in μg/ml): 1280; 640;  320; 160;  80; 40; 20 a nd 10. Mueller Hinton II broth (catio n 
adjusted, CAMHB, Becton Dickinson), was used in the investigation. Bromocresol Purple 1.6 
% (Merck) in a final concentra tion of 0.2/200 v/v for the gra m-positive bacteria and Phenol  
Red 1 % in a final concentration of 1/200 v/v for the gram-negative bacteria were added to the 
CAMHB to obtain bacterial  growth visibil ity. The desired innoculu m d ensity of 5 ×105 
CFU/ml was a chieved by  preparing a suspension of the bacteria of a pproximately 1 ×108– 
–2×108 CFU/ml, which was th e same density as the McFarla nd standard 0.5  (Becton Dicki n-
son). The prep ared su spension wa s diluted 10 ti mes to ob tain a final ino culum den sity o f 
approximately 1×107–2×107 CFU/ml and 50 μl of this suspension was applied to the CAMHB, 
after which the  nu mber of bacteria in the media wa s appro ximately 5 ×105/ml. The active 
substance gentamicin sulfate p urity 685 μg/mg (Sigma) was used for co mparative antibiotic 
susceptibility testing. The media were incubated at 37 °C for 18 h. The MIC values were taken 
as the lowest extract concentration in the broth with no visible bacterial growth. 

RESULTS AND DISCUSSION 

The y ield of  the EO was 1.43 %  after 4 h of HD, which has been in  
accordance with previously  published data. 11,12,17,18 Ozek et al.13 reported oil 
yields (on a dry weight basis) of 2.6 % for hydro- and 1.9 % for steam distillation 
after 3 h (coastal line of Turkey). Carreda et al.12 isolated 0.90 % of EO from bay 
leaves (southern Sardinia, Italy ) after 4 h. Recently, a novel m icrowave method 
was applied to the hy drothermal extr action of esse ntial oil from bay  leaves. 18 
This study18 revealed that the yield of EO obtained b y HD in a Clevenger-type 
apparatus equipped with an electric mantle heater for 1 h (traditional method) was 
0.784 %, while the y ields of EO obtain ed by HD with a 200 and 300 W m icro-
wave system for 1 h were 0.813 and 1.132 %, respectively. Verdian-Rizi et al.19 

obtained 0.654–1.132 % of EO from the aerial parts of bay in different vegetative 
stages after 4 h. 

In the present study , the yield of ba y SC-CO2 extract obtained b y a single- 
-stage SC-CO2 extraction was 1.37 % after 1.4 h of extraction (mCO2/msolid = 16.67). 
Ozek et al.13 reported similar yields of bay SC-CO2 extract, 1.34 % (8 MPa an d 
40 °C) and 1.13 % (8 MPa and 50 °C). Carreda et al.12 isolated a SC-CO2 extract 
by fractional separation at 9 MPa and 5 0 °C ( waxes were entrapped in the firs t 
separator set at 9 MPa and –10 °C, the oil was recovered in the second separator 
at 1.5 MPa and 10  °C). In the mentioned stud y,12 the authors reported a y ield of 
essential oil fraction of 0.82 % after 4 h (mCO2/msolid = 21.44). 

The results of che mical analyses of the obtained SC-CO 2 extract and essen-
tial oil (EO) accomplished by  GC–FID and GC–MSD ar e presented in Table I . 
Thirty-four components were detected and identified in the EO of bay obtained 
by HD. The EO comprised mostly oxygenated monoterpenes (78.77 %) and hyd-
rocarbon monoterpenes (19.68 %). Sesquiterpenes (1.06 %) and their oxygenated 
(0.53 %) were also found in the EO of bay. The main components in the EO were 
1,8-cineole (33.4 %), linalool (16.0 %), α-terpinyl acetate (13.8 %), sabinene (6.91 
%), methyl eugenol (5.32 %), α-pinene (4.39 %) and β-pinene (3.52 %). A si mi-
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lar chemical composition of the oil extracted fro m bay leaves was observed by  
several authors. 12,13,17–21 In these papers, 1,8-cineole was reported to be the  
main component in the bay  EO isolated b y HD, whereby  its cont ent was in th e 
range of 23.51–60.72 %. 

TABLE I. Percentage composition of the compounds identified in the SC-CO2 extract and EO 
(mass %) 
Component IK (Kovats index) SC-CO2 Extract EO 
p-Xylene 871.6 0.44 – 
α-Thujene 919.2 – 0.55 
α-Pinene 924.8 – 4.39 
Camphene 938.9 – 0.30 
Sabinene 965.0 – 6.91 
β-Pinene 967.2 – 3.52 
Dehydro-1,8-cineole 984.4 – 0.21 
β-Myrcene 985.1 – 0.14 
α-Phellandrene 997.1 – 0.17 
δ3-Carene 1002.7 – 0.24 
α-Terpinene 1009.3 – 0.42 
p-Cymene 1017.7 – 0.41 
Limonene-β-phellandrene 1020.9 – 1.59 
1,8-Cineole 1025.0 2.53 33.4 
γ-Terpinene 1051.3 – 0.74 
cis-Sabinene hydrate 1061.5 0.25 0.30 
Terpinolene 1080.7 – 0.33 
Linalool 1096.3 9.00 16.0 
δ-Terpineol 1161.0 0.49 0.57 
Terpinen-4-ol 1170.3 0.90 2.38 
p-Cymen-8-ol 1175.5 0.23 – 
α-Terpineol 1184.5 2.54 2.83 
Nerol 1227.0 0.44 0.19 
Linalyl acetate 1250.4 0.58 0.34 
4-Thujen-2a-yl acetate 1296.1 0.20 0.28 
Bornyl acetate 1278.7 0.27 0.47 
δ-Terpinyl acetate 1310.1 0.55 0.68 
exo-2-Hydroxycineole acetate 1335.8 0.31 0.20 
α-Terpinyl acetate 1343.8 12.88 13.8 
Eugenol 1352.8 6.14 1.77 
β-Elemene 1383.8 0.69 – 
Methyl eugenol 1400.4 8.67 5.32 
β-Caryophyllene 1409.8 0.87 0.43 
α-Guaiene 1429.7 0.18 – 
α-Humulene 1444.1 0.71 – 
allo-Aromadendrene 1451.2 0.16 – 
Germacrene D 1472.0 0.55 – 
β-Selinene 1476.8 0.33 – 
Bicyclogermacrene 1487.3 0.72 0.36 
Germacrene A 1493.0 0.39 – 
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TABLE I. Continued 
Component IK (Kovats index) SC-CO2 extract EO 
γ-Cadinene 1504.7 0.29 – 
δ-Cadinene 1514.4 0.32 0.27 
trans-Cadina-1,4-diene 1522.5 0.41 – 
α-Cadinene 1534.0 0.79 – 
Dauca-5,8-diene 1565.9 0.56 – 
Spathulenol 1567.9 0.79 0.27 
Caryophyllene oxide 1572.7 0.46 0.26 
Viridiflorol 1581.4 0.49 – 
Ledol 1592.3 0.21 – 
Dihydro-cis-α-copaene-8-ol 1608.7 0.20 – 
Eremoligenol 1619.5 0.37 – 
β-Eudesmol 1640.0 1.45 – 
Shyobunol 1680.3 0.25 – 
Sedanenolide 1712.4 1.21 – 
Neocnidilide (sedanolide) 1717.7 0.36 – 
Oplopanone 1729.1 0.17 – 
Neophytadiene isomer I 1806.8 0.26 – 
Dehydrosaussurea lactone 1823.8 0.35 – 
Hexahydrofarnesyl acetone 1835.0 0.40 – 
Methyl palmitatea 1915.4 1.49 – 
Eremanthin (vanillosimin) 1981.0 0.20 – 
Methyl linoleate 2087.2 16.18 – 
Methyl petroselinateb 2092.2 5.95 – 
Phytol 2102.4 1.33 – 
Methyl stearatec 2117.5 1.23 – 
Methyl arachidonate 2215.1 6.28 – 
aMethyl hexadecanoate; bmethyl cis-6-octadecenoate; cmethyl octadecenoate 

Sixty-three com ponents were detected of which fift y two were identifie d 
(93.0 %) in the bay  SC-CO2 extract. T he supercritical extract comprised mostly 
oxygenated monoterpenes (43.2 % ) and fatty acid esters (31.13 % ), followed by 
sesquiterpene hydrocarbon s (7.26 % ) and their ox ygenated derivates (5.17 %), 
hydrocarbons (2.60 % ), phthalides (1.57 %), diterpenes (1.33 % ) and m onoter-
pene hydrocarbons (0.69 %). The most abundant components in the SC-CO 2 ex-
tract were methyl linoleate (16.18 %), α-terpinyl acetate (12.88 %), linalool (9.00 
%), methyl eugenol (8.6 7 %), methyl arachidonate (6.28 % ) and eugenol (6.14 
%). A comparison of the chemical composition of the SC-CO2 extract and that of 
the EO reve aled significa nt difference s. The SC-C O2 extract comprised more 
than two tim es less monoterpene hy drocarbons and oxygenated monoterpenes 
(43.89 %) in comparison to EO (98.4 %). Carreda et al.12 studied the che mical 
composition of fractions of the SC-CO2 extract during 4 h. According to this stu-
dy,12 the lig hter compounds (hydrocarbon monoterpenes) were extracted almost 
completely during the firs t extraction hour, the cont ent of ox ygenated monoter-
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penes decreased to a m inor extent wit h time, content of hydrocarbon sesquiter-
penes increased significantly with tim e, while the content of oxyge nated sesqui-
terpenes did not change much after the 3rd hour. 

Buttery et al.28 stated that 1,8-cineole is the major aroma component of bay 
oil, followed by linalool. In addition, su bstances present in lower concentrations, 
such as eugenol and (E)-isoeugenol, and especially the non-identified compounds 
at trace levels, possessing a pepper-like odor, have to be considered as key aroma 
compounds with a marked influence on th e overall odor and flavoring qualit y of 
the leaves. 27 In the present study , the c ontents of eugenol and m ethyl eugenol 
were two times higher then in the EO. A significant difference in the 1,8-cineol e 
content in the EO and extr act was also observed. The SC-CO2 extract in this stu-
dy had a very  low content of 1,8-cineo le (2.53 %) and hig h contents of eugenol 
(6.14 %) and methyl eugenol (8.67 %) compared to those previously reported for 
an SC-CO2 extract.12 This can be result of the shorter extraction time applied in 
the present study  (1.4 h), since Carreda et al.12 observed remarkable differences 
in the conten ts 1,8-cineole and methy l eugenol after the first and fourth h our of 
extraction (1,8-cineole, 30. 98 vs. 2.05 %  and methyleugenol, 6.85 vs. 16.42 % ). 
Ozek et al.13 identified high contents of 1,8-cineole (40.2–43.0 %) and low con -
tents of eugenol and m ethyl eugenol (0.7–0.8 %) in SC-CO2 extracts obtained at 
8 MPa and at temperatures of 40 and 50 °C. 

According to the MIC values given in Table II, bay EO and SC-CO2 extract 
had the same antibacterial activity against the investi gated S. intermedius and S. 
aureus strains. One of the S. intermedius strains was more susceptible to the pre-
sence of the SC-CO2 extract and EO, with an MIC value of 640 µg/ml. However, 
the antibacterial activities against the other Staphylococcus strains were lower with 
an MIC value of 1280 µg/ml. 

TABLE II. The minimum i nhibitory concentrations (MI C) o f the bay  SC-CO 2 extract mea-
sured by the broth macrodilution (BMD) test 

Bacterial strain Origin of the examined 
strains 

MIC / μg ml-1 
EO SC -CO2 extract Gentamicin 

S. aureus ATCC 25923 Reference strain 1280 1280 <0.5 
S. intermedius Ear swab from dog 640 640 2 
S. intermedius Ear swab from dog 1280 1280  1 
S. aureus Feta cheese 1280 1280 1 
S. aureus Milk sample from cow 

with masititis 
1280 1280  1 

S. aureus Tonsil swab from human 1280 1280  2 

Antibacterial activity of the SC-CO2 extract and EO isolated from bay leaves 
could be the result of high contents of  linalool (SC-CO2, 9.00 %; EO, 16.00 %), 
α-terpinyl acetate (SC- CO2, 12.88 % ; EO, 13.8 % ), methyl euge nol (SC-CO 2, 
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8.67 %; EO, 5.32 %), eugenol (SC-CO 2, 6.14 %; EO, 1.77 % ) and α-terpineol 
(SC-CO2, 2.54 %; EO, 2.83 %), which were previously reported to have antibac-
terial activity. 29 High cont ents of methyl esters were identified in the SC-CO 2 
extract (methyl linoleate, 16.18 %; methyl arachidonate, 6.28 %). The high anti-
bacterial activity of eugenol was previously reported.30 Fatty acids and fatty acid 
methyl esters were also re ported to have significant antibacterial and antifugal 
activity.31 In the present st udy, despite the much lower content of 1,8-cineole in 
the SC-CO 2 extract, the h igh contents of euge nol, methy l eugen ol, and methy l 
esters31 together with other active co mponents (e.g., linalool, α-terpinyl acetate) 
could contribute to its antibacterial activity. 

CONCLUSIONS 

In this stud y, similar y ields of EO and SC-CO2 extr act w ere obs erved, al-
though the supercritical extraction was a less time-consuming process. This study 
reported significant antimicrobial activity of bay EO and SC-CO2 extract against 
the tested Staphylococcus strains. Despite having m uch lower contents of m ono-
terpenes and their ox ygenate derivates, which are generally considered to be res-
ponsible for antibacterial activity, the SC-CO2 extract had the same antibacter ial 
activity as the EO. The high contents  of eugenol, methyl eugenol and fatt y acid 
methyl esters together with other activ e co mponents ( e.g., linalool, α-terpinyl 
acetate, 1,8-cineole) in the SC-CO2 extract could contribute to its overall antibac-
terial activity. One of the S. intermedius strains was more susceptible to both bay 
EO and SC-CO2 extract than the other s trains. The presented results indicate that 
bay EO and SC-CO 2 extract could be considered for use not only  as a spice  and 
flavoring agent but also as preservative in the food industry. 
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И З В О Д  

НАТКРИТИЧНИ ЕКСТРАКТ И ЕТАРСКО УЉЕ ЛОВОРА (Laurus nobilis L.) – ХЕМИЈСКИ 
САСТАВ И АНТИБАКТЕРИЈСКА АКТИВНОСТ 

ЈАСНА ИВАНОВИЋ1, ДУШАН МИШИЋ2, МИХАИЛО РИСТИЋ3, ОЛИВЕРА ПЕШИЋ1 и ИРЕНА ЖИЖОВИЋ1 
1Univerzitet u Beogradu, Tehnolo{ko–metalur{ki fakultet, Karnegijeva 4, 11000 Beograd, 2Institut 

za prou~avawe lekovitog biqa “Dr Josif Pan~i}”, Tadeu{a Ko{}u{ka 1, 11000 Beograd i 3Univerzitet u 

Beogradu, Fakultet veterinarske medicine, Bulevar Oslobo|ewa 18, 11000 Beograd 

У раду је испитана надкритична екстракција и хидродестилација осушених листова ло-
вора (Laurus nobilis L.). Приказана је упоредна анализа хемијског састава и антибактеријске 
активности надкритичног екстракта и етарског уља као и поређење истих са литературним 
подацима. За квалитативну и квантитативну анализу хемијског састава надкритичног екс-
тракта и етарског уља коришћене су GC–FID и GC–MS аналитичке методе. Хемијски састав 
надкритичног екстракта и уља ловора био је веома различит. Најзаступљеније компоненте у 
етарском уљу били су монотерпени и њихови кисеонични деривати (98,4 % ), пре свега 1,8- 
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-цинеол (33,4 %), линалоол (16,0 %), α-терпинил-ацетат (13,8 %), сабинен (6,91 %) и метил- 
-еугенол (5,32 %). Надкритични екстракт ловора садржао је два пута мању количину моно-
терпена и њихових кисеоничних деривата у односу на етарско уље (43,89 %) поред сескви-
терпена (12,43 %), дитерпена (1,33 %) и естра (31,13 %). У надкритичном екстракту најзасту-
пљеније компоненте били су метил-линолеат (16,18 %), α-терпинил-ацетат (12,88 %), лина-
лоол (9,00 %), метил-еугенол (8,67 %), метил-арахидонат (6,28 %) и еугенол (6,14 %). Анти-
бактеријско деловање надкритичног екстракта и етарског уља ловора испитивано је на соје-
вима Staphylococcus применом макродилуционе методе у бујону. Сојеви Staphylococcus inter-
medius били су најосетљивији на надкритични екстракт и етарско уље ловора при чему су 
вредности MIC биле 640 µg/ml. 

(Примљено 3. марта, ревидирано 26. септембра 2009) 
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Abstract: The a dsorption capacities of three  low-cost granular active carbons, 
used in a water treat ment fa cility for the re moval of the t riazine herbicid es 
propazine, pro metryn and pr ometon, wa s e valuated. Kin etic studie s showed 
that the three carbon sa mples used could be suitable in prac tice for the trea t-
ment of moderate contents of the herbicides in contaminated waters. The appa-
rent adsorption rate constants were calculated. Equilibrium studies showed that 
the data fit the Fru mkin isotherm. The results show that in th e adsorption pr o-
cess there are repulsive lateral interactions that depend mainly on the adsorbate 
molecules rathe r than the nature or distribution of the adsor ption site s. Such 
lateral interactions seem to be established mainly between the isopropyl groups 
of adjacent molecules, being of the same order for the three molecules. 

Keywords: granular carbon; ad sorption; triazine herbicides; herbicide removal; 
propazine; prometryn; prometon. 

INTRODUCTION 
For several decades, active granular carbon has been used in water treatment 

in the filtration units of l andfills because of their known adsor bent properti es.1 
There are  se veral para meters on whic h the efficie ncy of the different ty pes of 
granular carbon assets depend: the adsorbent properties of the type of carbon 
used, grain size and distribution, filter bed depth, treat ment applied to the water 
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before arriving at the coal filters and fi nally, but very important, on the concrete 
compound (or compounds) to be eliminated from the treated water.2 

The adsorbent properties o f carbons dep end on the t ype of carbon  itself, its 
origin (either vegetable, such as coconut, wood or rabble, or mineral, both in mi-
neral form or coke), and on the exact ther mal and/or che mical activation. These 
properties are  standardized according to the adsorption of iodine, of Methy lene 
Blue or of more specific s ubstances, su ch as atra zine, toluene or trichloroethy-
lene.3 In addition, the practical perfor mance is determ ined not only by the g ra-
nulometry (mean particle diameter, effective size, coefficient of uniform ity and  
abrasion) and the depth of the employed filter bed, but also by the purely filtering 
capacity.4 

The purely adsorbent activity of an ac tivated carbon (granular or as powder) 
is related to the presence of “pores” in  its surface, which are r esponsible of t he 
adsorptive process. Although active carbon is an amorphous substance and is 
essentially apolar, it has surface functional groups (mainly  carboxyl-, carbonyl-  
and phenol-) that are responsible for the adsorption capacity.5 

On the other hand, the m ain field of activit y in water treat ment in which the 
use of active carbon is i ncreasingly de manded is that of the m inimization o f 
synthetic organic compounds, which are difficult to remove by conventional 
treatments, a nd that appear with incre asing frequency  in t he waters habitually 
used for human consumption. 

The s-triazine herbicides are continuously  accessing the envir onment due to 
their persistence in soils a nd hydric sediments, caused by their l ow solubilities in 
water, and their strong sorption on carbonous materials and clays.6 

Wood charcoal was used as an effective low-cost adsorbent for the rem oval 
of contaminants, such as endosulfan,7 from waters. Other waste activated carbons 
(granular and powder) were studied for the removal of atrazine.8 

In a previous  paper, the a dsorption capacities of three low-cost granular ac-
tive carbons used in a water treatment fac ility were evaluated for the rem oval of 
simetryn, a triazine herbicide.9 

The aim of this work was to com pare the adsorption capacities of such low- 
-cost granular active carbons for t he removal of pr opazine, prometryn and  pro-
meton, three  triazine her bicides having the sa me basic che mical structure but 
with different substituents, as shown in Fig. 1. 

EXPERIMENTAL 
In all cases, Merck analytical grade reagents were used with the exception of the triazine  

herbicides, whi ch were  fro m Polyscience (H PLC st andard quality). All reactant s were  u sed 
without further purification. 

Commercial ac tive carbon s u sed were provid ed by  Aguas d e Levante™, G alaquim™ 
and Kemira™, having the characteristics given in Table I.  
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The analyses were made u sing a Varian G C 3800 gas chromatograph coupled with a n 
Autodrive 8200 autosampler. The pH of th e samples was ad justed to 6.5 b y adding HCl  or 
NaOH prior to preconcentrati on using C18 pa cked cartridges (Supelco 505471). Such cartrid-
ges were connected to a v acuum generator (Supelco 57030-U) equipped with a pu mp (Milli-
pore XX  55  22 0 50) a nd a ctivated by  the  suc cessive additio n of 3  mL hex ane, 3 mL ethy l 
acetate and 2 mL deionized wa ter. The sa mples were then slo wly passed thro ugh the cartrid-
ges. Dry argon was passed during 20 min through the c artridges. The eluti on was performed 
with 2 mL eth yl acetate and 2 mL h exane. The solve nt wa s eva porated fr om t he 4 mL of 
eluted samples with dry nitrogen and th e residual was dissolved in 500 µL hexane. Then, th e 
samples were  processed in th e gas chro matograph. The cali bration of the  method was made 
with st andards of the herbici de. W hen the concentration s o f herbicide were very  high, th e 
initial samples were diluted with deionized water to suitable volumes. 

TABLE I. Characteristics of the studied active carbons 

Material 
AC1 AC2  AC3 

Coconut Vegetabl e Mineral 
Superficial area, m2 g-1 1000 950 900 
Iodine index, mg g-1 1000  900 950 
Methylene Blue index, mg g-1 260 265 255 
Atrazine adsorption (1 µgL-1), mg g-1  40 35 30 
Toluene adsorption (1 mg L-1), mg g-1  100 110 90 
Trichloroethylene adsorption (50 µg L-1), mg g-1 20 25 25 
Abrasion minimum coefficient 75 75 70 
Effective size, mm 0.9–1.1 0.9–1.1 0.9–1.1 
Particle mean diameter, mm 1.4 1.4 1.35 
Uniformity coefficient 1.4 1.3 1.4 

For kinetic studies, glass bottles (Schott Duran GL45) of 100 m L capacity were used. A  
suitable adsorbent dose a nd 75 mL of solutio n of si metryn were introduced into such bott les 
and placed in a ther mostated linear bath shaker (from Ovan model Ovantherm 100). Samples 
of 1 mL were taken at i ntervals of 15 min. The filtrates of such samples were stored i n the 
dark at 4 ° C and analyzed for t he residual herbicide concentration as described above. Blank 
samples consisting of the sa me solutions but without the herbicide were treated in the sa me 
manner. 

The equilibrium studies were perfor med at co nstant temperature using the d ata obtained 
in the previou s kinetic stu dy. The same type of samples were placed o n the  shaker an d agi -
tated for a peri od of 36 h, wh ich wa s found in the kineti c e xperiment to b e sufficient f or 

 

Fig. 1. Che mical struct ures of the inve sti-
gated herbicides. Propazine, R = –Cl; prome-
tryn, R = –SCH3; prometon, R = –OCH3. 
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equilibrium to be attained. Th e filtrates of the sam ples w ere stored in the d ark at 4 °C an d 
analyzed for residual herbicide concentration. Blank samples consisting of the same solutions 
but without the herbicide were treated in the same manner. 

RESULTS AND DISCUSSION 

Typical decreasing curves of the residual herbicide c oncentration with time 
were obtained for the three studied samples of carbo n. The kinetics of herbicides 
adsorption by one of the assayed activated carbons is given in Fig. 2 as an exam-
ple. It can be seen that the equilibrium  was attained faster for propazine than for 
the other two herbicides. I n all cases, ar ound a 75 % was removed after 3 h and 
the maximum removal was reached after  8–12 h, being around 80 %. The exten-
sion of the experiments to 36 h showed that a very slight increase i n the removal 
was obtained, although on some occasions, a ver y slight decrease in the rem oval 
was observed. Since the industrial filters ha ve residence tim es of 1.5 to 2 h, the 
use of two filtration units mounted in series (or even using onl y one unit) could  
be suitable in the practic e for the treat ment of moderate contents of herbicide in 
contaminated waters, this being the cas e for the three studied carbon sam ples as 
well as for the three investigated herbicides. 

 
Fig. 2. Adsorption kinetics on carbon AC3 as the residual herbicide concentration vs. time at 

25 °C. Initial herbicide concentration, 4 mg mL-1. 

Though 12 h seem enough to reach equilibrium conditions, the equilibri um 
study was performed, as stated above, for 36 h. 

Adsorption kinetics can be attributed to  the occupation of the available ad -
sorbent sites by  the adso rbate molecules. Although the adsorption process could 
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be complex due to the non-equivalence of  the adso rption sites arising from the 
pore and particle si ze distr ibutions and di fferences i n the chem ical affinities, a 
simple model can be assu med to co mpare the adsor ption kinetics of the herbi-
cides onto the samples. At infinite time, it could be supposed that all the available 
sites had been occupied and the number of available sites must be proportional to 
the difference between the initial and the r esidual concentrations of adsorbent. If 
a second-order adsorption  kinetics is a ssumed (first-order in both the adsor bate 
and the sites of adsorption), it is ea sy to show that the following equation is ful-
filled: 

 0

0
ln   ln cc c

kt
c c c

∞

∞

− = −
−

 

where c0, c and c∞ are t he initial and residual he rbicide concentration at the 
instant and at infinite time, respectively, and k is the apparent rate constant. 

Plots corresponding to the studied three carbons are shown in Fig. 3. As can  
be seen, the plots are linear, indicating that the above equation can be considered  
as a good approximation for the adsorption process. 

 
Fig. 3. Plots corresponding to the kinetic model; Carbon AC2. 

The apparent rate constants for the th ree carbons used are given in Table II.  
As can be seen, althoug h the AC1 carb on leads in all cases to the maximum re-
moval, the ot her carbons r eached equilibrium more rapidly. In ge neral, the AC3 
carbon approached equilibrium  with an  apparent rate constant similar to that of 
AC2 but giving a maxi mum removal similar to that of AC1. In addition, the a d-
sorption of propazine occurred faster than  the adsorptions of the two other com-
pounds and equilibrium was reached at c.a. 45 min, 1 h prior that for propazine. 

2010 Copyright (CC) SCS

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



410 MOR ENO et al. 

TABLE II. Apparent rate constants (k / mg g-1 h-1) for the adsorption processes 
Sample Propazine   Pro metryn Prometon 
AC1 0.66 0.47 0.46 
AC2 0.78 0.63 0.61 
AC3 0.76 0.59 0.56 

The adsorption of the herbicides onto granular active carbons from solutions 
in distilled w ater does not  fit the Langm uir isotherm . Neverthel ess, it fit well  
with the Freundlich isotherm, as is shown by the fact that the plots of ln q vs. ln c 
were linear ( q being the a mount of adsorbed herb icide). This isot herm is useful 
for practical work with the herbicide-adsorbent system. 

In addition, i f it is assumed that at the tested concentrations the maxi mum 
adsorption was not reached (which seem s logical because the maximum concen-
tration of t he herbicide sam ples is li mited by  t he low solubilit y of these sub-
stances in water), the fitting with the Fr umkin isotherm is good. Hence, using the 
data obtained at the lowest concentrations, the values of qmax, K and a/qmax can 
be estimated from the intercept and the s lope of the plot of ln (q/c) vs. q, respect-
tively, as shown in Fig. 4.  Thus, qmax was obtained using the hi gher concentra-
tions and the estimated parameters, and fitting the experimental data to the Frum-
kin equation. 

 
Fig. 4. Plot of the linearized Frumkin isotherm for AC1 carbon. 

The results show that in t he adsorptio n process there are repulsi ve lateral 
interactions, because the exponential parameters o f the isotherm  are negati ve. 
The results obtained for the three carb ons and the t hree herbicides investigated  
are given in Table III. 
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Table III.  Is otherm param eters; q – adsorbed  herbicide ( mg g -1), K – adsorption constant,  
a – adsorption para meter, qmax – maximum specific adsorption capacity (mg·g-1); Freundlich: 
q = Kca; Frumkin: (q/(qmax – q))exp(–2aq/qmax) = Kc 
Herbicide Sam ple KFreundlich aFreundlich KFrumkin aFrumkin qmax 
Propazine AC1 10.21 0.31 122.2 –3.13 27.15 

AC2 9.32 0.39 109.7 –3.27 25.62 
AC3 9.12 0.37 115.3 –3.37 25.05 

Prometryn AC1  9.87 0.30 121.9 –3.09 26.32 
AC2 8.66 0.38 108.9 –3.21 23.92 
AC3 8.82 0.36 114.1 –3.34 24.75 

Prometon AC1  9.82 0.30 120.9 –3.09 26.02 
AC2 8.63 0.37 108.6 –3.20 23.51 
AC3 8.79 0.35 112.3 –3.31 24.58 

As can be seen, the calculated maximum specific adsorption capacity was si-
milar for the three investigated carbons, a lthough it was slightly higher for AC1. 
On the other hand, the repulsive lateral interactions arising from the exponential 
parameter of the Frumkin isotherm are very similar for the three sam ples. This 
indicates that these repulsi ve lateral inte ractions depend mainly of the adsorbate 
molecules rather than the nature or distribution of the adsorption sites. Moreover, 
such lateral i nteractions are very  sim ilar for the three herbicides. This coul d 
easily be exp lained if it is assu med that the adsorption of the thr ee compounds 
occurs with the triazine ring parallel to  the carbon surface, as is the case o n 
mercury electrodes.10–12 Hence, the main lateral interactions must be established 
mainly between the isopropy l groups of  adjacent molecules, and these inter ac-
tions must be of the same order for the three molecules. 
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И З В О Д  

УКЛАЊАЊЕ s-ТРИАЗИНСКИХ ХЕРБИЦИДА ИЗ ВОДА ПОМОЋУ 
КОМЕРЦИЈАЛНИХ ГРАНУЛИСАНИХ УГЉЕВА 
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Испитиван је адсорпциони капацитет три комерцијална гранулисана активна угља. Они 
су коришћени у третману вода за уклањање триазинских хербицида, пропазина, прометрина 
и прометона. Кинетичка испитивања су показала да три употребљена узорка активних 
угљева могу бити корисни у пракси за третман вода са умереним садржајем хербицида. 
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Израчунате су константе брзине адсорпције. Добијени резултати су у сагласности са Фрум-
киновом изотермом. Резултати показују да током адсорпције постоје одбојне бочне интер-
акције које знатно више зависе од карактеристика адсорбата, а мање од расподеле и типа 
активних места на адсорбенсу. Таква бочна интеракција се остварује углавном између изо-
пропил група суседних молекула који су истом положају код сва три испитивана хербицида. 

(Примљено 7. марта 2009) 
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spectroscopic characterization 

SURAJ P. AGARWAL1, M. D. KHALID ANWER1,3*, RAJESH KHANNA2, 
ASGAR ALI1 and YASMIN SULTANA1 

1Dept. of Pharmaceutics, Faculty of Pharmacy, Jamia Hamdard (Hamdard University), New 
Delhi-110062, 2Dabur Research Foundation, 22, Site IV, Sahibabad, Ghaziabad,Uttar 

Pradesh-201010, India and 3College of Pharmacy, Al-kharj, King Saud University, K.S.A. 

(Received 16 March, revised 22 June 2009) 

Abstract: Shilajit is a blackish–brown exudation, consisting of organic substan-
ces, metal ions and minerals, from different formations, commonly found in the 
Himalayan region (1000–3000 m) from Nepal to Kashmir. Shilajit can also b e 
collected t hroughout the mountain region s i n Afghani stan, Bhutan, China, 
Bajkal, throughout Ural, Cauc asus and Altai mountains also,  at altitudes be -
tween 1 000 to  5000 m. The major phy siological acti on of  shilaj it has be en 
attributed to t he presence of b ioactive dibenzo-α-pyrones together with  humic 
and fulvic acid s, which act as carrier molecu les for the active ingredient s. In 
this work, the aim was to extract humic acid from Shilajit from various sources 
and characterised these humic acids based on their physicochemical properties, 
elemental analysis, UV/Vis and FTIR spectra, X-ray diffraction pattern and DSC 
thermograms. The spectral fea tures obtaine d fro m UV/Vi s, FTIR, XRD an d 
DSC studies for sa mples of  different origins sh owed a distinct similarity 
amongst the mselves and i n c omparison to soil hu mic acids. The surfacta nt 
properties of th e extract ed ful vic acid s were investigated by deter mining th e 
effect of increa sing c oncentration on the  surf ace ten sion of water. The stu dy 
demonstrated t hat hu mic a cids extra cted from shilajit inde ed po ssessed surf-
actant properties. 

Keywords: Shilajit; humic acid; FTIR spectra; DSC; XRD; surfactant properties. 

INTRODUCTION 
Shilajit, also known as salajit, shilajatu, mumie or mummiyo, is a blackish– 

–brown exudate coming out from layer of rocks in many  mountain ranges, espe-
cially in the Himalayas and Hinduk ush ranges of the Indian subco ntinent.1 It is 
also found in  Russia, Tibet, Norway  and other countries, where it is collected in 
small quantities from steep rock faces at altitudes between 1000 and 5000 m. Shi-
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lajit samples from different regions of the world, however, vary in their physiolo-
gical properties.2 

It mainly consists of p alaeohumus (around 80–85 %) and organic compounds 
derived from vegetation f ossils that were  co mpressed under la yers of rocks for 
hundreds of years and underwent significant metamorphosis due to the prevalent 
high temperature and pressure conditions.5 

Extensive research has be en performed to deter mine the exact che mical na-
ture of Shilajit. Earlier work on shilajit showed that its major organic constituents 
included benzoic acid, hippuric acid, fatty acids, resin and waxy materials, gu ms, 
albuminoids and vegetabl e matter with benzoic acid being  the active substan-
ce.6,7 Extensive resear ch in the eighties showed that the major organic mas s of 
Shilajit was com prised of hum us (60–80 %)  along with other com ponents, such 
as benzoic acid, hippuric acid, fatty acids, ichthyol, ellagic acid, resin, triterpenes, 
sterol, aromatic carboxy lic acid , 3,4-be nzocoumarins, amino acids and phen olic 
lipids.8 The major physiological action of Shilajit was found to be due to the pre-
sence of bioactive dibenzo -α-pyrones along wit h humic and fulvi c acids, which 
acted as the carrier molecules for the active substances.9–11 Recently, the physic-
co-chemical, spectral and t hermal properties of shilajit and its humic substances 
were reported, which further confirmed its humic nature.12–15 Elemental analysis 
and spectroscopic techniques, such as UV/Vis, FTIR and X-ray diffraction and  
DSC analyses have been widely used for the characterization of hum ic acids ob-
tained from lignite, charcoal, soil, sewage sludge and  compost.16,17 In this study, 
these methods were applied for t he first time to humic acids extracted from  Shi-
lajit from different sources. 

EXPERIMENTAL 
Materials and methods 

An authentic sample of rock Shilaj it (RS) w as obtain ed from  Da bur Re search Foun-
dation, Ghaziabad, India. Dried Shilaj it extracts were also obt ained from three different com-
mercial sources in India, viz., Pioneer Enterpris es (PE) – Mumbai, Natural Remedies (NR) – 
– Bangalore and Gurukul Kangri (GK) – Haridwar. The humic acid was extracted from all the 
samples of Shilajit and characterised based on their physico-chemical properties and their ele-
mental analysis. Scanning electron microscopy and spe ctral analysis, such as UV/Vis, FTIR, 
DSC and X-ray diffraction, were perfor med. The E4/E6 ratio was al so determined. The spec-
tral properties were compared with a humic acid standard from Sigma Aldrich. 
Extraction of humic acid from Shilajit 

Finely powdered shilaj it was succe ssively extracted 18 with 5 00 ml each of hot organic  
solvents of increasing polarity, i.e., chloroform, ethyl acetate and methanol, to remove the bio-
active co mponents, specific ally oxygenated dibenzo- α-pyrones. The  so-ob tained extracted 
Shilajit was taken and dispersed in 0.10 M aq ueous sodium hydroxide with intermittent shak-
ing under nitrogen at room temperature for 24 h. The suspension was filtered to remove humin 
(insoluble in water at all pH values) and the f iltrate was acidi fied with dilute  HCl to a pH of 
less than three. The solution was allowed to stand at room temperature (25 °C) overnight. The 
humic acid, which separated out as a coagulate, was filtered, dried and pulverized. 
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Elemental analysis 

The C, H, N a nd S content s were determined by  packing the fulvic acid powder in tin  
boats after care ful weighing (Balan ce – Mett ler Toredo, MX5) with the ai d of a CHNS a na-
lyzer (Vario EL-III). The obtained values are expressed as  dry weight of powder, in mass %. 
UV/Vis Spectroscopy 

The UV/Vis spectra of various HA extract ed from shilajit of different origins were o b-
tained on a Shimadzu, 1601 UV/Vis spectrophotometer by dissolving the various HA samples 
in water and recording the spe ctra in a 1 c m quartz cuvette i n the wavelengt h range 200–80 0 
nm. Since humic substances usually yield uncharacteristic spectra in the UV and visible, the 
E4/E6 ratio (ratio of the  absorbance of the solution at 465 and 665 nm)19 was determined for 
the various samples. 
Fourier transform infrared spectroscopy (FTIR) 

The FTIR spec tra of HA sa mples were recor ded on a W in-IRrez (Bio-Rad , Hercules,  
CA, USA) using the potassium bromide (KBr) disc technique. The samples (2 mg) were mixed 
with potassium bromide (about 100 mg) in a c lean glass pestle and mortar and compressed to 
obtain a pellet. The base line was corrected and scanning was performed from 4000–400 cm-1. 
Powder X-ray diffraction 

Powder X-ray  diffraction patterns of powd ered sa mples of HA were obt ained usin g a  
Panalytical X-ray diffractometer, PW3719. All the sa mples were treated according to the fol-
lowing specifications: target/filter (monochromator), Cu; vol tage/current, 40 kV/50 mA; scan 
speed, 4 °/min. 
Differential scanning calorimetry (DSC) 

A Perkin–Elmer Pyris 6 instrument was used for recording DSC thermograms of the HA 
samples obtained from different shilajit sources. Samples (2–8 mg) were accurately weighed 
and heated in c losed aluminium crimp cells at a rate of 10 ° C/min under a dynamic nitrogen 
atmosphere (flow rate 20 ml/min) over the 50–300 °C temperature range. 
Scanning electron microscopy 

Scanning electron micrographs of the powdered samples were obtained using a Jo el JSM-
840 scanning electron microscope with a 10 k V accelerating voltage. The su rface of sa mples 
for SEM wa s made el ectrically conductive i n a sp uttering apparatus (Fine  Coat Ion Sputter 
JFC-1100) by evaporation of gold. 
Surfactant properties 

The surfactant properties of the hu mic acids were investigated by determining the effect 
of increasing the concentration of humic acid on the surface tension of water. The surface ten-
sion of the solutions was determined by the drop-weight method using a stalagmometer. Solu-
tions of fulvic acids in the concentration range 0–1.4 % w/v were prepared. Each solution was 
separately sucked into th e stalagmometer and allowed to dro p slowly from i t. The drop rate  
was adjusted to approximately 2–3 drops/min. and the weight of 10 drops was measured. 

RESULTS AND DISCUSSION 

Extraction of humic acid from shilajit 

The yields obtained at the different stages of the earlier reported method and  
the improved method for the extraction of humic acid from shilajit are compared 
in Table I. The yields of HA extracted from shilajit from Dabur, Gurukul Kangri, 
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Natural Remedies and Pioneer Enterprises were 2.5, 9.2, 8.7 and 8.7 %, respec -
tively. These are high proportion compared with those reported in the literature.18 
The maximum yield of HA was obtained from the Gurukul Kangri shilajit. 

TABLE I. Comparison of the yields of humic acid from Shilajit obtained from different sources 

Shilajit 
Yield of fulvic acid, % 

Reported method Improved method 
I II  III Mean ± SD I II  III Mean ± SD 

RS 1.2 1.0 1.4 1.2 ± 0.2 2.2 2.8 2.6 2.5 ± 0.3 
GK 7.5 7.8 7.3 7.5 ± 0.3 9.2 8.9 9.5 9.2 ± 0.3 
NR 5.8 6.2 6.9 6.3 ± 0.6 8.1 8.9 9.1 8.7 ± 0.5 
PE 6.9 6.4 7.1 6.8 ± 0.4 9.3 8.8 8.5 8.9 ± 0.4 

Physical characteristics 

The physical characteristics of the humic acids extracted from Shilajit of dif-
ferent origin are list ed in Table II. The extracted HA fro m shilajit of different 
origins exhibit very similar physico-chemical characteristics, indicating no quail-
tative variation in the Shilajit samples and in their extraction procedure. 18. Slight 
variations are  to be expect ed and were seen in these  HA samples. All the HA  
samples were brownish black in colour and had a typical characteristic odour and 
taste. The pH of 2 % aqueous solutions ranged from 3.46 to 3.86. The ratio of the 
absorbance at 465 and 66 5 nm (E4/E6) has been widely used by soil scientist for 
characterization purposes. The E4/E6 ratio for all the examined HA samples ran-
ged from about 3.0 to 4.0, which are cons istent with those reported in the litera-
ture.17 
Elemental analysis 

Elemental analysis of humic substanc es is gener ally used to establish their  
nature and origin.20 As shown in Table III, a comparison of carbon, hydrogen, ni-

TABLE II. Comparison of the physical characteristics of humic acid from Shilajit of different
origins 
Characteristic Humic acid (RS) Humic acid (GK) Humic acid (NR) Humic acid (PE) 
Nature Dark brown 

powder 
Dark brown 

powder 
Dark brown 

powder 
Dark brown 

powder 
Colour Dark Brown Dark Brown Dark Brown Dark Brown 
Odour Charact eristic Characteristic Charact eristic Characteristic 
Taste Charact eristic Characteristic Charact eristic Characteristic 
pH of 2 % aq. 
solution 

3.86 3.77 3.46 3.68 

Absorbance at 
465 nm (E4) 

0.513 0.542 0.284 0.222 

Absorbance at 
665 nm (E6) 

0.144 0.180 0.072 0.072 

E4/E6 ratio 3.56 3.01 3.94 3.08 
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trogen and sulphur contents of the humic acids extracted from Shilajit of different 
origins with t hose of soil hum ic acids21 and the Sig ma Aldrich standard hum ic 
acid revealed that the content of C, H, N and S were very  low in the case of the  
humic acids extracted from the pioneer shilajit. The carbon, hy drogen, nitrogen 
and sulphur contents also varied significantly among the samples of humic acids. 
These differences may be due to differences in the origin, different isolation tech-
niques and error in sam pling and anal ysis. The C/N ratio also varied am ong the 
samples of humic acids. 

TABLE III. Elemental analysis of humic acids extracted from shilajit of different origins 
Source of humic acid % C % H % N % S C/N ratio 
Rock Shilajit (Dabur) 36.46 5.15 3.03 0.70 12.0 
Shudh Shilajit (Gurukul Kangri) 45.36 5.92 2.31 0.39 19.63 
Shilajit extract (Natural Remedies) 51.48 5.89 3.27 0.81 15.73 
Shilajit extract (Pioneer Enterprises) 27.44 2.90 1.24 0.26 22.10 
Sigma Aldrich (Std. HA) 42.28 4.25 0.57 0.81 73.09 

UV/Vis Spectra 

The UV/Vis spectra of the various samples of humic acids extracted from Shi-
lajit of different origin were recorded in water from 200 nm to 800 nm are shown 
in Fig. 1. The samples did not exhibit any sharp maxima but exhibited a slight hump 
near 260–280 nm , which  is charact eristic of hum ic substances. 19 As discuss ed 
previously, t his hump is attributed to  the absorption of  radiation by the double 
bonds C=C, C=O and N=N of the aromatic or unsaturated co mponents of humic 

 

Fig. 1. UV/Vis Spectra of humic acid extracted from Shilajit of different origins: 
a) RS, b) GK, c) NR and d) PE. 
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substances.22 The variation in the h ump observed with the differ ent samples of 
Shilajit could be attributed to variations in the concentrations of aromatic co m-
pounds, which in turn is characteristic of the difference in the humification process. 

FTIR Spectra 

The FTIR spectra (Fig. 2) of the extracted humic acids were characterised by 
relatively few broad bands.  All the hum ic acid samples exhibited broad bands at  
about 3400, 1725 and  1630 cm–1, which can be att ributed to hydrogen bonded 
OH groups, C=O stretching of COOH groups and C=C double bonds, respecti-
vely. Sharp bands were observed in the region of 2 925, 1400 an d 105 0 cm –1, 
which can b e attributed to the bendin g vibration o f aliphatic C −H groups, the 
O−H bending vibrations of alcohols or ca rboxylic acids and the OH bending de-
formation of carboxyl groups, respectively.19 

 
Fig. 2. FTIR Spectra of humic acid extracted from Shilajit of different origins: 

a) RS, b) GK, c) NR, d) PE and e) Laurentian humic acid. 

X-Ray diffraction pattern 

The X-ray diffraction pattern in the 2θ range from  10 to 70° of humic acid 
extracted from rock a shilajit sam ple (Fig. 3) exhibi ted very small diffuse peaks 
with a few in tense peaks, i mplying its n on-crystalline nature. This behaviour is 
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consistent with the behaviour observed in the case of humic substances from other 
sources.23,24 

Differential scanning calorimetry (DSC) 

The humic acid of pi oneer Shilajit exhibited no sharp endothermic peak, in-
dicating that it does not have any defined melting point (Fig. 4). A shallow endo-
therm could be observed near 100 °C, which could be attributed to dehydration of 
the sample. On the other hand, it showed an exothermic peak near 331 °C, which  
could be attributed to the thermal degradation of carboh ydrates, dehydration of 
aliphatic structures and decarboxylation of carboxylic groups.24 

 
Fig. 3. XRD Pattern of humic acid extracted from the rock Shilajit. 

 
Fig. 4. DSC Spectra of humic acid extracted from the Pioneer Shilajit. 

Scanning electron microscopy 

The scanning electron micrographs (Fig. 5) of humic acid extracted from rock 
Shilajit of D abur showed a loose spongy  structure of humic acids with the par-
ticles tending to aggregate to each other. 

Surfactant properties 

As can be se en in Fig. 6, increasing the concentration of extracted hum ic 
acids in water clearly led to a decrease the surface tension. The decrease was ini-
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tially gradual until a concentration of about 0.8 %, w/v, after which it rose slight-
ly and then became almost constant. This  could be due to t he formation of m i-
celle at this concentration. This demonstrates that humic acids extracted from Shi-
lajit indeed possess surfactant properties. The value of 0.8 %, w/v, for the critical 
micelle concentration (CMC) is in agree ment with the reported value of 0.7 %, 
w/v, for humic acids extracted from soil.26 

 

                
Fig. 5. Scanning electron micrographs of humic acid from rock shilajit; a) 500×; b) 1500×. 

Fig. 6. Effect o f humic acid concentration 
on the surface tension of water. 

CONCLUSIONS 

Humic acids from the various samples of shilajit were characterised and their 
physico-chemical and spectral  properties compared. Such results are presented for 
the first time herein. The spectral features obtained from UV/Vis, FTIR, XRD and 
DSC studies for samples of different origins showed a distinct similarity amongst 
themselves and in com parison to soil hum ic acids. The surfact ant properties of  
humic a cids were investigated by  dete rmining the e ffect of increasing concen -
tration of humic a cids on the surface t ension of water. The study  demonstrated 
that the humic acids extracted from shilajit indeed possessed surfactant properties. 

2010 Copyright (CC) SCS

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



 CHARACTERIZATION OF HUMIC ACID OF SHILAJIT 421 

Acknowledgements. Our than ks go to the H amdard Nation al Foundation, Jamia H am-
dard, New Del hi, for a fellowship and th e financial aid giv en for the proj ect. The authors ar e 
also grateful to Dr. G. N. Qazi, vice chancellor, Jamia Hamdard, for providing the facilities. 

И З В О Д  

ХУМИНСКА КИСЕЛИНА ИЗ ШИЛAЏИТА – ФИЗИЧКО–ХЕМИЈСКА И 
СПЕКТРОСКОПСКА КАРАКТЕРИЗАЦИЈА 

SURAJ P. AGARWAL1, M. D. KHALID ANWER1,3, RAJESH KHANNA2, ASGAR ALI1 и YASMIN SULTANA1 
1Dept. of Pharmaceutics, Faculty of Pharmacy, Jamia Hamdard (Hamdard University), New Delhi-110062, 

2Dabur Research Foundation, 22, Site IV, Sahibabad, Ghaziabad,Uttar Pradesh-201010, India и 
3College of Pharmacy, Al-kharj, King Saud University, K.S.A 

Шилаџит је црно-мрк ексудат, који се састоји од органских супстанци, металних јона и 
минерала, различитог састава. Широко је распрострањен у хималајској регији (на висинама 
1000–3000 m) од Непала до Кашмира. Шилаџит се такође може наћи у планинским регијама 
Авганистана, Бутана, Кине, Бајкала, као и на Уралу, Кавказу и Алтају, на висинама између 
1000 и 5000 m. Основна физиолошка активност шилаџита приписана је присуству биоак-
тивних дибензо-α-пирона поред хуминске и фулвинске киселине, које делују као носећи 
молекули активних састојака. У овом раду, циљ је био да се екстрахују хуминске киселине 
из шилаџита различитог порекла и да се оне окарактеришу на основу физичко–хемијских 
својстава, елементалне анализе, UV/Vis и FTIR спектара, дифрактограма X-зрака и DSC тер-
мограма. Спектралне карактеристике узорака различитог порекла добијене UV/Vis,  FTIR и 
XRD методама, као и информације добијене DSC техником, показале су очигледну међу-
собну сличност узорака и сличност са хуминским киселинама из земљишта. Испитивана је и 
површинска активност екстрахованих фулвинских киселина одређивањем утицаја њихове 
концентрације на површински напон воде. Испитивања су показала да су екстраховане 
хуминске киселине заиста површински активне. 

(Примљено 16. марта, ревидирано 22. јуна 2009) 
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