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heterocycles on grinding  
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Abstract: An efficient and mild method for the synthesis of spiro 1,3-oxathio-
lan/oxathianes in the solid state reaction at room temperature has been described. 
This method is a good option to obtain the title compounds in quantitative yields in 
a simple and inexpensive way. Applying this methodology, different thia hetero-
cycles were synthesized. 

Keywords: spiro 1,3-oxathiolane/oxathianes; solid-state synthesis; room tempe-
rature. 

INTRODUCTION 

Development of organic solid state reaction has emerged as a frontier area of 
research in synthetic organic chemistry.1 These reactions are especially appealing 
because they have certain advantages such as high efficiency, selectivity,2 easy 
separation, purification, mild reaction conditions3 and environmental accep-
tability.4 This approach has been widely used in a variety of organic reactions.5 

Experience has shown that compounds with biological activity are often de-
rived from heterocyclic structures. Indeed, one of the richest sources of diversity 
for the medicinal chemist are small heterocyclic rings, which, in addition to often 
exhibiting biological activity, may serve as rigid scaffolds for further display of 
functionalities. 1,3-Oxathiolane/1,3-oxathianes are one such class of heterocycles 
which have attracted much attention as they have been reported to possess a wide 
range of biological activities, including antiviral,6 anticonvulsant,7 antiulcer8 and 
antifungal activity.9 In addition, they also showed anti-HIV and anti-HBV acti-
vity,10 and oxathiolanes act both as agonists11–13 and antagonists on muscarinic 
receptors.12 Cevimeline (cis-2-methylspiro[1,3-oxathiolane-5,3’-quinuclidine] 
hydrochloride) is a selective M1 receptor agonist. It induces atropine-sensitive 
contractions of isolated guinea pig ilea and trachea preparations (EC50 values are 
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3.5 and 3 μM, respectively) and reverses AF64A-induced cognitive impairments 
in vivo.14 

A literature survey showed that many different protocols have been deve-
loped for the synthesis of various 1,3-oxathiolane derivatives. However, the ge-
neral applicability of the reported methods are limited as the reactions require 
prolonged heating using dry toluene and the catalysts p-toluenesulfonic acid (p-
TSA),15 the dimethyltin diiodide–HMPTA complex,16 LiBr,17 etc. Furthermore, 
purification of the product requires tedious workup with further use of large 
amount of volatile organic solvents. In order to circumvent these difficulties and 
to develop a facile green chemical approach, our attention was focused on the de-
velopment of an alternative method for the synthesis of spiro 1,3-oxathio-
lane/oxathianes. 

On the other hand, spiro-oxindole derivatives occupy a special place in orga-
nic and medicinal chemistry because these compounds are well-known as mic-
rotubule assembly inhibitors (spirotryprostatin A and B),18 muscarinic M1, sero-
tonin receptor modulators (pteropodine and isopteropodine)19 and nonpeptidyl 
growth-hormone secretagogues (MK-0677).20 Horsfiline and elacomine are more 
straightforward derivatives of the naturally occurring oxindole alkaloids with cell 
cycle inhibition activity.21 

The unique structural array and the highly pronounced pharmacological ac-
tivity displayed by the class of spirooxindole compounds have made them attract-
tive synthetic targets.19b,22 In continuation of earlier interest on the synthesis of 
spiro thia heterocycles,23 herein an easy, practical and efficient procedure for the 
synthesis of spiro 1,3-oxathiolanes containing different alicyclic/heterocyclic 
moieties, e.g., indole, cyclohexane, cyclopentane, by the solid state reaction at 
room temperature in 2–3 min after grinding the two reactants in an agate mortar 
is reported for the first time (Scheme 1). The method can also be extended to re-
action of aromatic aldehydes/ketones giving 2-(substituted aryl)-4-methyl-1,3- 
-oxathiolane derivatives. 

RESULTS AND DISCUSSION 

As an initial endeavor, 5-methylisatin 1a and mercapto acid 2a were heated 
under reflux in dry toluene. After 4 h, only 60 % of the expected product 3a was 
obtained after workup and recrystallization from ethanol. In an attempt to im-
prove the yields of the reaction and acknowledging the benefits of grinding,24 the 
same reaction was performed under solvent-free conditions at room temperature 
by grinding both reaction components in a mortar at room temperature (Scheme 
1). It was observed that the mixture, which was initially in a partial liquid state, 
solidified during the grinding process to a light colored solid mass and thin layer 
chromatography, at this moment, indicated complete conversion to the desired 
product and TLC studies showed 100 % conversion of the reactants to the pro-
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duct in quantitative yield in 2–3 min at room temperature. The pure product spiro 
derivative 3a (monitored by TLC) was obtained after thorough washing with 
water and recrystallization with ethanol. 

 

Compound 
 

R (n) Compound R (n) 

3a 1a H (n = 1) 3g 1c H (n = 2) 
3b 1a CH3 (n = 1) 3h 1d H (n = 1) 
3c 1a H (n = 2) 3i 1d H (n = 2) 
3d 1b H (n = 1) 3j 1e CH3 (n = 1) 
3e 1b H (n = 2) 3k 1f CH3 (n = 1) 
3f 1c H (n = 1)    

Scheme 1. The synthesis of the title compounds. 

This cyclocondensation reaction is two-step reaction. The first step involves 
nucleophilic attack of thiol group on carbon oxygen double bond of carbonyl 
group giving the intermediates 4 and 5 (hydroxyalkylthio acid) which on elimi-
nation of water molecule gives product 3 (Scheme 2). 

To optimize the method, the cyclocondensation reaction was examined using 
different quantities of mercapto acid and it was found that the yield of isolated 
product increased as the molar ratio of mercapto acid increased and the optimum 
molar ratio of carbonyl compound to mercapto acid for complete formation of the 
spiro product was determined to be 1:1.5. 

The structures of the products 3a–k were established by spectral and ele-
mental analyses. The IR spectra of compounds 3a–e showed a characteristic ab-
sorption band at 1715–1690 cm–1 due to the two carbonyl groups and the remain-
ing compounds showed only one C=O absorption band at 1710–1702 cm–1. The 
spiro compound 3b where R=CH3 contains two chiral centers and hence exists in 
two diastereomeric forms, which was confirmed by the appearance of two sets of 
signals in its 1H-NMR spectrum giving two sets of doublet (J = 4.44 Hz) due to 
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CH–CH3 at δ 1.67/1.98 ppm and a quartet (J = 4.44 Hz) due to CH–CH3 at δ 
4.39/4.79 ppm and a broad singlet at δ 8.24/8.58 ppm (NH) in a 3:1 molar ratio, 
corresponding to the two diastereomeric forms 3b and 3b’. However, the com-
plex multiplets of the aromatic protons of the two diastereomers could not be re-
solved. 

 
Scheme 2. The suggested mechanism for the formation of the title compounds. 

The structural elucidations of the products were based on their spectral (IR, 
1H- and 13C-NMR and mass) data as given below. 

5-Methylspiro[indoline-3,2’-[1,3]oxathiolane]-2,5’-dione (3a). M.p. 190 °C; 
Anal. Calcd. for C11H9NO3S: C, 56.16; N, 5.95; S, 13.63 %. Found: C, 56.35; N, 
5.97; S, 13.67 %. IR (KBr, cm–1) 3280–3340 (NH str.), 1714 (C=O), 1690 
(C=O), 1570, 1495, 1180. 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.35 (3H, s, 
CH3), 3.85–4.48 (2H, dd, J = 13.8 Hz, CH2), 6.98–7.52 (3H, m, Ar–H), 9.08 (1H, 
bs, NH exchanges with D2O). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 21.2 
(CH3), 34.8 (CH2), 85.2 (spiro carbon) 120.8, 127.7, 128.3, 130.7, 133.8, 139.1 
(aromatic carbons), 168.3 (C=O), 171.2 (C=O). MS (m/z): 236 (M+H)+. 

4’,5-Dimethylspiro[indoline-3,2’-[1,3]oxathiolane]-2,5’-dione (3b). M.p. 
100 °C; Anal. Calcd. for C12H11NO3S: C, 57.82; N, 5.62; S, 12.86 %. Found: C, 
58.01; N, 5.64; S, 12.90 %. IR (KBr, cm–1) 3285–3330 (NH str.), 1715 (C=O), 
1695 (C=O), 1580, 1490, 1175. 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.38 (3H, 
s, CH3), diastereomeric ratio (3:1) 1.67/1.98 (3H, d, J = 4.44 Hz, CH–CH3) 4.39/ 
/4.79 (1H, q, J = 4.44 Hz, CH–CH3), 6.98–7.54 (3H, m, Ar–H), 8.24/8.58 (1H, 
bs, NH exchanges with D2O). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 16.52 
(CH–CH3), 22.6 (CH3), 44.19 (CH–CH3), 82.24 (spiro carbon) 121.2, 124.6, 
128.3, 130.2, 134.4, 138.2 (aromatic carbons), 168.22 (C=O), 172.90 (C=O). MS 
(m/z): 250 (M+H)+. 
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5-Methylspiro[indoline-3,2’-[1,3]oxathiane]-2,6’-dione (3c). M.p. 110 °C; 
Anal. Calcd. for C12H11NO3S: C, 57.82; N, 5.62; S, 12.86 %. Found: C, 57.63; 
N, 5.60; S, 12.82 %. IR (KBr, cm–1) 3290–3328 (NH str.), 1712 (C=O), 1692 
(C=O) 1585, 1498, 1170. 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.36 (3H, s, 
CH3), 2.66 (2H, t, CH2), 2.85 (2H, t, CH2), 6.92–7.58 (3H, m, Ar–H), 9.02 (1H, 
bs, NH exchanges with D2O). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 20.8 
(CH3), 32.4 (CH2), 38.2 (CH2), 86.3 (spiro carbon), 121.2, 124.8, 128.3, 132.3, 
136.4, 140.2 (aromatic carbons), 166.8 (C=O), 174.2 (C=O). MS (m/z): 250 
(M+H)+. 

5-Chlorospiro[indoline-3,2’-[1,3]oxathiolane]-2,5’-dione (3d). M.p. 135 °C; 
Anal. Calcd. for C10H6ClNO3S: C, 46.98; N, 5.48; S, 12.54 %. Found: C, 47.14; 
N, 5.46; S, 12.58 %. IR (KBr, cm–1) 3290–3320 (NH str.), 1708 (C=O), 1692 
(C=O), 1580, 1490, 1180, 740. 1H-NMR (300 MHz, CDCl3, δ / ppm): 3.82–4.46 
(2H, dd, J = 13.9 Hz, CH2), 6.98–7.50 (3H, m, Ar–H), 8.88 (1H, bs, NH ex-
changes with D2O). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 35.2 (CH2), 89.6 
(spiro carbon), 120.1, 124.3, 128.4, 130.2, 136.2, 140.4 (aromatic carbons), 169.4 
(C=O),174.3 (C=O). MS (m/z): 256 (M+H)+. 

5-Chlorospiro[indoline-3,2’-[1,3]oxathiane]-2,6’-dione (3e). M.p. 180 °C; 
Anal. Calcd. for C11H8ClNO3S: C, 48.99; N, 5.19; S, 11.89 %. Found: C, 48.83; 
N, 5.17; S, 11.85 %. IR (KBr, cm–1) 3292–3318 (NH str.), 1715 (C=O), 1695 
(C=O), 1575, 1480, 1178, 745. 1H-NMR (300 MHz, CDCl3, δ / ppm): 2.62 (2H, 
t, CH2), 2.83 (2H, t, CH2), 6.98–7.52 (3H, m, Ar–H), 9.06 (1H, bs, NH ex-
changes with D2O). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 30.1 (CH2), 37.5 
(CH2), 86.5 (spiro carbon), 122.8, 128.4, 129.3, 130.4, 136.8, 140.4 (aromatic 
carbons), 167.3 (C=O), 173.3 (C=O). MS (m/z): 270 (M+H)+. 

1-Oxa-4-thiaspiro[4.5]decan-2-one (3f). M.p. 125 °C; Anal. Calcd. for 
C8H12O2S: C, 55.78; S, 18.62 %. Found: C, 55.60; S, 18.68 %. IR (KBr, cm–1) 
2880–2930 (CH str.), 1705 (C=O). 1H-NMR (300 MHz, CDCl3, δ / ppm): 1.27– 
–1.35 (2H, t, CH2),1.52–1.65 (2H, m, CH2) 2.06–2.30 (2H, t, CH2), 1.86–1.98 
(4H, m, CH2), 3.85–4.48 (2H, dd, CH2). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 
17.8, 26.7, 36.5 (cyclohexane ring carbons), 36.7 (CH2), 84.2 (spiro carbon), 
172.2 (C=O). MS (m/z): 173 (M+H)+. 

1-Oxa-5-thiaspiro[5.5]undecan-2-one (3g). M.p. 130 °C; Anal. Calcd. for 
C9H14O2S: C, 58.03; S, 17.21 %. Found: C, 58.22; S, 17.26 %. IR (KBr, cm–1) 
2870–2945 (CH str.), 1708 (C=O). 1H-NMR (300 MHz, CDCl3, δ / ppm): 1.29– 
–1.38 (2H, t, CH2), 1.50–1.66 (2H, m, CH2), 2.04–2.31 (2H, t, CH2), 1.85–1.96 
(4H, m, CH2), 2.65 (2H, t, CH2), 2.88 (2H, t, CH2); 13C-NMR (74.46 MHz, 
CDCl3, δ / ppm): 17.5, 26.8, 36.4 (cyclohexane ring carbons), 28.7 (CH2), 38.2 
(CH2), 84.8 (spiro carbon), 172.8 (C=O). MS (m/z): 173 (M+H)+. 

1-oxa-4-thiaspiro[4.4]nonan-2-one (3h). M.p. 150 °C; Anal. Calcd. for 
C7H10O2S: C, 53.14; S, 20.27. Found: C, 53.32; S, 20.21. IR (KBr, cm–1): 2885– 
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–2940 (CH str.), 1702 (C=O). 1H-NMR (300 MHz, CDCl3, δ / ppm): 1.28–1.36 
(t, 2H, CH2), 1.55–1.62 (m, 4H, CH2), 2.08–2.13 (t, 2H, CH2), 3.85–4.43 (dd, 
2H, CH2). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 17.2, 37.3 (cyclopentane 
ring carbons), 38.2 (CH2), 89.5 (spiro carbon), 171.3 (C=O). MS (m/z): 159 
(M+H)+. 

6-Oxa-10-thiaspiro[4.5]decan-7-one (3i). M.p. 120 °C; Anal. Calcd. for 
C8H12O2S: C, 55.78; S, 18.62 %. Found: C, 55.96; S, 18.56 %. IR (KBr, cm–1) 
2865–2930 (CH str.), 1710 (C=O). 1H-NMR (300 MHz, CDCl3, δ / ppm): 1.27– 
–1.38 (2H, t, CH2), 1.57–1.63 (4H, m, CH2), 2.08–2.17 (2H, t, CH2), 2.66 (2H, t, 
CH2), 2.89 (2H, t, CH2). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 17.5, 36.8 
(cyclopentane ring carbons), 28.5 (CH2), 38.8 (CH2), 84.6 (spiro carbon), 172.8 
(C=O). MS (m/z) 173 (M+H)+. 

2-(4-Methoxyphenyl)-2,4-dimethyl-1,3-oxathiolan-5-one (3j). M.p. 140 °C; 
Anal. Calcd. for C12H14O3S: C, 60.48; S, 13.46 %. Found: C, 60.68; S, 13.42 %. 
IR (KBr, cm–1) 2875–2932 (CH str.), 1704 (C=O). 1H-NMR (300 MHz, CDCl3, 
δ / ppm): 1.39 (3H, d, CH3), 1.86 (3H, s, CH3), 3.72 (3H, s, CH3), 3.88 (1H, q, 
CH), 6.98–7.52 (4H, m, CH). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 17.6 
(CH3), 20.2 (CH3), 56.4 (CH3), 90.2 (CH), 92.6 (spiro carbon), 122.8, 124.2, 
128.4, 138.4, 142.2, 158.6 (aromatic carbons), 158.4 (C–O), 192.4 (C=O). MS 
(m/z): 239 (M+H)+. 

2-(4-Chlorophenyl)-4-methyl-1,3-oxathiolan-5-one (3k). M.p. 145 °C; Anal. 
Calcd. for C10H9ClO2S: C, 52.52; S, 14.02 %. Found: C, 52.35; S, 14.06 %. IR 
(KBr, cm–1) 2862–2938 (CH str.), 1708 (C=O). 1H-NMR (300 MHz, CDCl3, 
δ / ppm): 1.42 (3H, d, CH3), 3.86 (1H, q, CH), 5.44 (1H, s, CH), 6.96–7.28 (4H, 
m, CH). 13C-NMR (74.46 MHz, CDCl3, δ / ppm): 17.4 (CH3), 92.8 (CH), 88.4 
(spiro carbon), 118.8, 122.4, 124.2, 128.4, 132.4, 138.8 (aromatic carbons), 194.6 
(C=O). MS (m/z): 229 (M+H)+. 

EXPERIMENTAL 

Melting  points were determined in open glass capillaries and are uncorrected. The IR 
spectra (KBr) were recorded on a Shimadzu FT IR-8400S spectrophotometer and the 1H- and 
13C-NMR spectra were recorded on Bruker DRX-300 in CDCl3 at 300.15 and 75.47 MHz, 
respectively. TMS was used as the internal reference. The mass spectra of representative 
compounds were recorded on XEVO QTOF and Thermo LCQ Advantage Max Ion Trap 
spectrometers. Elemental microanalyses were performed on a Carlo-Erba 1108 CHN analyzer. 
The purity of all compounds was checked by TLC using silica Gel “G” coated glass plates and 
benzene: ethyl acetate (8:2) as the eluent. 

General procedure for the synthesis of spiro compounds 3a–k 

A mixture of the appropriate carbonyl compound 1 (1 mmol) and mercapto acids 2 (1.5 
mmol) was thoroughly ground in an agate mortar. The grinding was continued until com-
pletion of the reaction (2–3 min), as monitored by TLC. On completion of the reaction, the 
mixture became a solid mass which was treated with water. The resultant product was filtered 
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and washed with water, recrystallized from methanol and dried under vacuum to yield the 
pure products. 

CONCLUSIONS 

An efficient, environmentally friendly, economically viable and cleaner me-
thodology for the preparation of spiro [1,3-oxathiolane/oxathianes] under solid-
state conditions at room temperature was developed. The reaction is fairly gene-
ral, facile and is devoid of any side products. Due to the simplicity of the con-
ditions, high yields and purity of the products, the above mentioned methodology 
should find utility in organic synthesis. In addition, this method is safer; it avoids 
the use of toxic or hazardous solvents. Furthermore, it was found that this solid 
state reaction is much faster and more efficient than the solution phase reaction, 
probably because the solid state reaction is a very high concentration reaction. 
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И З В О Д  

ЕФИКАСНА СИНТЕЗА СПИРО ТИJА ХЕТЕРОЦИКЛА У ЧВРСТОЈ ФАЗИ 
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Описана је синтеза спиро 1,3-оксатиолан/oксатиан у чврстој фази под благим реак-
ционим условима, на собној температури. Поступак представља добар приступ за синтезу 
наведених једињења у квантитативном приносу на ефикасан начин по приступачној цени. 
Применом описаног поступка синтетисана су различита тиjа хетероциклична једињења. 

(Примљено 21. септембра 2010, ревидирано 31. маја 2011) 
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An ultrasound-promoted green approach for the synthesis of 
3-(indol-3-yl)-3-hydroxyindolin-2-ones catalyzed by Fe(III) 
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Abstract: Ferric chloride hexahydrate was used as a recyclable homogeneous ca-
talyst in aqueous media for the synthesis of 3-(indol-3-yl)-3-hydroxyindolin-2-ones 
under sonication. It was found that the employed conditions afford the products 
smoothly in good to excellent yields.  

Keywords: ultrasonic irradiation; homogeneous; catalysis; ferric chloride hexa-
hydrate. 

INTRODUCTION 

Indole-containing structures have widespread occurrence in many pharma-
cologically and biologically active compounds and the investigation of the che-
mistry of indoles has been, and continues to be, one of the most active areas of 
heterocyclic chemistry.1–4 Isatins are also familiar for their biological activities. 
Oxindoles are well known amongst different isatin derivatives and are useful as 
antibacterial, anti-inflammatory and laxatives.5,6 Such heterocyclic compounds 
were recently isolated from plants and marine animals, for example, the marine 
alkaloid convolutamydine A from the marine bryozoan Amathia convoluta.7 
Recently, efficient routes to the synthesis of oxindole derivatives were repor-
ted.8,9 The synthesis of 3-(indol-3-yl)-3-hydroxyindolin-2-ones, however, would 
be a synthetically useful transformation since Friedel–Crafts reaction of indoles 
and isatins usually results in 3,3-di-3-indolylindolin-2-ones.10–13 A literature 
survey showed that the reported methods on the synthesis of 3-(indol-3-yl)-3-
hydroxyindolin-2-ones have several drawbacks, such as long reaction times, low 
yields, use of toxic solvents and need for specific reagents.14–17 Thus, a mild and 
environmentally benign practical methodology under neutral conditions with a 
recyclable catalyst is actively sought after. Organic reactions in aqueous media 
have attracted increasing interest due to environmental and economical issues.18 
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Considerable organic solvent waste in the purification step, however, is still a 
major concern. 

In recent years, iron(III) chloride has emerged as a powerful Lewis acid ca-
talyst and has catalyzed many useful organic transformations under mild reaction 
conditions.19,20 Moreover, iron salts are inexpensive, easy to handle and are en-
vironmentally friendly. 

Ultrasound irradiation, on the other hand, has emerged as an efficient tech-
nique for reagent activation in organic synthesis. Using cavitation as an energy 
source to promote molecular interactions resulted in shorter reaction times. The 
rarefaction-compression cycle in the cavitation process, which involves the se-
paration of molecules of the liquid and then the collapse of the bubbles, provides 
violent impulsions that generate short-lived regions with high temperature and 
pressure. Such localized hot spots can be thought of as micro reactors in which 
the sound energy is transformed into a useful chemical form.21–23 

In this contribution, the synthesis of 3-indolyl-3-hydroxyoxindoles from isa-
tins and indoles utilizing Fe(III) as a recyclable homogeneous catalyst under 
ultrasound irradiation is described. 

RESULTS AND DISCUSSION 

The optimized details of the ultrasound-promoted reaction of indoles with 
isatins to give the corresponding products (3) are summarized in Scheme 1. 

 
Scheme 1. Ultrasound-promoted, Fe(III) catalyzed 3-indolylation of isatins. 

In order to optimize the reaction conditions, indole and isatin were selected 
as model substrates and the progress of the reaction was monitored by gas liquid 
chromatography (GLC). To examine the influence of the catalyst concentration, 
the reaction was performed with different catalyst concentrations. The decrease 
in the corresponding indole peak area was selected as a measure of the reaction 
coordinate. In addition, the ethanol peak was used as an internal standard. The 
results are summarized in Table I. 

Based on these data, 2.5 mol % Fe(III) per mole of indole was selected as the 
optimized catalyst concentration. Solvent screening experiments showed that the 
yields were solvent dependent (Table II). 
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TABLE I. Fe(III)-catalyzed reaction of indole and isatin using different catalyst concen-
trations (the reaction was carried out according to the general experimental procedure) 

Entry Reaction time, min Indole consumption, % Fe catalyst content, mol % 
1 1 20 1 
2 3 45 1 
3 5 65 1 
4 10 80 1 
5 1 30 2.5 
6 3 65 2.5 
7 5 95 2.5 
8 1 33 5 
9 3 78 5 
10 5 95 5 

Since ultrasound is known to generate extremely fine emulsions to enhance 
mass transfer,24 a mixture of H2O:ethanol (60:40) was used as the best solvent. 
The large excess of water may have a dual role. First, it helps in the precipitation 
of the products and results in an easy work-up procedure and catalyst recycling 
(see experimental), which minimizes organic solvent waste. Second, it may pre-
vent dehydration of the product and subsequent attack of a second indole nucleo-
phile to form 3,3-di-3-indolylindolin-2-one. 

TABLE II. Effect of solvents on the yield of 3-(indol-3-yl)-3-hydroxyindolin-2-one (the re-
action was carried out according to the general experimental procedure) 

Entry Solvent Reaction time, min Isolated yield, % 

1 1,2-Dichloroethane 60 50 
2 Acetonitrile 45 55 
3 Methanol 5 78 
4 Ethanol 5 77 
5 H2O: Ethanol (60:40) 5 95 

The effect of the intensity of the ultrasound irradiation on the reaction time is 
summarized in Table III. As it is shown, increase in the rated power of the ultra-
sonic horn from 20 to 100 % (92 to 460 W cm–2, respectively) resulted in a de-
crease in the reaction time. This could be due to maximization of cavitation and 
effective distribution of the reactants throughout the reaction mixture. In the ab-
sence of ultrasound irradiation, however, the yields were unsatisfactory.  

With the optimized conditions to hand (Scheme 1), various substrates were 
used, indicating the generality and scope of the reaction. Typical results are 
shown in Table IV. In all cases, the products were insoluble in the reaction media 
and simple filtration followed by rinsing with cold reaction solvent provided 
spectroscopically pure products. 

One interesting example is the reaction of 3-methylindole with isatin (Table 
IV, entry c), which provided the product 3c, while other reported methods failed 
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for this reaction. 3-Alkylation of 7-azaindole, which is susceptible to N-alkyla-
tion,25 is also noteworthy (entry e). FeCl3⋅6H2O was found to be an efficient 
catalyst in terms of handling, temperature, yields and reaction times. 

TABLE III. The effect of ultrasound irradiation intensity on the reaction time (the reaction 
was carried out according to the general experimental procedure) 

Max. power density, W cm-2 92 184 276 368 460 

Reaction time, min 25 20 15 10 5 

TABLE IV. Ultrasound-promoted synthesis of 3-(indol-3-yl)-3-hydroxyindolin-2-ones cata-
lyzed by Fe(III) 

Entrya Indole Isatin Product 
Reaction time 

min 
Yieldb 

% 
3a Indole Isatin 5 95c 

3b 2-Methylindole 

N
H

O

H
N

HO

5 97c 

3c 3-Methylindole 15 85 

3d 5-Bromoindole 10 88c 

3e 7-Azaindole 10 90c 

3f Indole 5-Methylisatin 10 93c 
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TABLE IV. Continued 

Entrya Indole Isatin Product 
Reaction time 

min 
Yieldb 

% 
3g 2-Methylindole 5-Methylisatin 5 95c 

3h 5-Bromoindole 10 88c 

3i Indole 5-Fluoroisatin 

N
H

O

H
N

HO
F

5 92c 

3j Indole 7-Fluoroisatin 10 87c 

3k Indole 5,7-Dimethylisatin 15 70c 

a
All products were characterized by 

1
H-NMR, 

13
C-NMR and IR data; 

b
isolated yields; 

c
identified by compa-

rison with authentic samples
14

 

One of the main aims of the study was to investigate the reuse and recycling 
of FeCl3⋅6H2O. After filtration of the cold reaction mixture to separate the pro-
duct (3a), the filtrate was charged with the same substrates and was reused for 
four cycles, which afforded yields similar to those obtained in the first run, al-
though increases in reaction time were observed (Table V). 

TABLE V. The reuse of FeCl3⋅6H2O in successive runs (the reaction was carried out ac-
cording to the general experimental procedure 

Run No. Isolated yield, % Reaction time, min 
1 95 5 
2 89 20 
3 85 60 
4 77 120 
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EXPERIMENTAL 

General 
The IR spectra were recorded on a Shimadzu FTIR-8400S spectrometer. The 1H-NMR 

spectra were obtained on a Bruker DRX-500 Avance spectrometer and 13C-NMR spectra were 
obtained on a Bruker DRX-125 Avance spectrometer. Chemical shifts of the 1H- and 13C- 
-NMR spectra were expressed in ppm downfield from tetramethylsilane. Melting points were 
measured on a Büchi Melting Point B-540 instrument and are uncorrected. Elemental analyses 
were made by a Carlo-Erba EA1110 CNNO-S analyzer and the results agreed with the cal-
culated values. The ultrasonic device used was a UP 400 S instrument, emitting 24 kHz ul-
trasound at tunable intensity levels (up to a maximum of 460 W cm-2). Analytical GLC eva-
luations of product mixtures were performed on a Varian CP-3800 chromatograph (using a 
split/splitless injector, CP Sil 8CB column, FID assembly). 

Materials 
All materials were purchased from Merck and used without further purification. 

General procedure for the ultrasound-promoted synthesis of 3-(indol-3-yl)-3-hydroxyindolin- 
-2-ones catalyzed by Fe(III) 

Indole (1 mmol), isatin (1 mmol) and FeCl3⋅6H2O (2.5 mol %) were added to 20 mL of a 
60:40 mixture of H2O:ethanol and the reaction mixture was irradiated at 50 °C for the ap-
propriate time (Table IV). After completion of the reaction (as indicated by GLC), the mixture 
was cooled in an ice bath and then filtered to separate the precipitated product, which was 
further purified by rinsing with cold reaction solvent. The filtrate was charged with the same 
substrates and was reused for successive cycles. The products were identified by comparison 
with authentic samples. 

CONCLUSIONS 

In conclusion, an operationally simple and efficient synthesis of 3-indolyl-3- 
-hydroxyoxindoles is reported. Highlights of the present work are:  

i) Simultaneous application of sonic waves and Fe(III) resulted in greater 
efficiency in terms of reaction time and yield.  

ii) All products were solely monoindolylated isatins and were not contami-
nated by 3,3-di-3-indolylindolin-2-ones.  

iii) The reusability of the catalyst and environmentally friendly conditions 
are also noticeable. 
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for her generous support. 
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синтезу 3-(индол-3-ил)-3-хидроксииндолин-2-oна под условима озрачивања ултразвуком. 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 IRON-CATALYZED SYNTHESIS OF 3-INDOLYL-3-HYDROXYOXINDOLES 1353 

Утврђено је да под примењеним условима, производи настају у добром до одличном при-
носу. 

(Примљено 20. априла, ревидирано 15. јуна 2011) 
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Abstract: Some alkyl and aryl derivatives of 9H-purine-6-thiol were synthe-
sized and evaluated in vitro and in vivo for potential antithyroid effects. Spec-
trophotometric studies demonstrated 1:1 charge transfer complexation between 
iodine and these compounds with quite high values of the formation constants. 
The blood assays of rats treated with these compounds revealed significant an-
tithyroid activity for almost all the compounds, which was further supported by 
a histological study of the thyroid tissues of the animals. These compounds are 
expected to provide less toxic alternative of the existing medicines as the sul-
fanyl group, which is known to be a cause of toxicity of many drugs, is blocked 
by alkyl/aryl substituents. 

Keywords: 9H-purine-6-thiol; derivatives; iodine; antithyroid.  

INTRODUCTION 

Hyperthyroidism is a major dysfunction of the thyroid gland in which the 
gland produces more hormones than is normally required by the body for its nor-
mal metabolic functions as well as mental and physical growth. Thyroid disorder 
disturbs not only other glands of endocrine system, but also other organs since 
they act on nearly every cell in the body.1 The available treatments for hyper-
active thyroid are: thyroidectomy (surgical removal of a part of or the whole 
gland), radioactive iodine therapy and antithyroid drugs. The former two modes 
provide permanent treatment but have serious drawbacks. The side effects of 
radioiodine are the development of tumors, leukemia, thyroid cancer and birth 
defects in women but the reported incidences are low.2 On the other hand, sur-
gery may lead to tracheal compression due to bleeding, infection, bilateral vocal 
fold paralysis and superior laryngeal nerve damage. Perpetual hypothyroidism is 
common for both these treatments.3,4 Moreover, certain hyperthyroid conditions 
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are not permanent and do not need surgery or radioiodine therapy. The use of 
antithyroid drug becomes the only choice under such conditions but there is a 
scarcity of drugs in this particular area. Propylthiouracil, methimazole (MMI) 
and carbimazole are the only widely used synthetic antithyroid agents (SATs).5 
These drugs have many serious side-effects, such as agranulocytosis, liver da-
mage, aplastic anemia and vasculitis, while minor side-effects, such as itching, 
rash, hives, pain and swelling in joints, fever, change in taste, nausea and vo-
miting have been observed in fifteen percent of the patients treated with these 
drugs.6–8 The presence of free SH group in these drugs is reported to be the cause 
of the toxic side effects, as with many other compounds containing the sulfon-
amide group.9 For this reason, an earnest need was felt to search for new, less 
toxic and more effective SATs. Many compounds were evaluated and some were 
reported to possess recognizable antithyroid activity.5,10 SATs are supposed to 
act either through inhibition of the thyroperoxidase enzyme or by making stable 
charge transfer (CT) complexes with iodine in which iodine acts as a σ-acceptor 
and the synthetic compound as an n-donor.11 Although, many drugs, such as 
levamisole, tetramethylthiourea, tetrahydrozoline and phenothiazines, have no ef-
fect on peroxidase yet exhibit strong antithyroid activity in vivo due to complex-
ation with iodine.12 Studies of CT complexation of various drugs having a thia-
zole or imidazole ring with iodine using UV/visible spectroscopy revealed a posi-
tive correlation between the formation constant (Kc) and in vivo antithyroid acti-
vity. Compounds having Kc ≥ 100 L mol–1 were found to exhibit recognizable 
antithyroid activity.13 MMI acts predominantly through CT complexation with a 
Kc value of 23193 L mol–1.14 Heterocyclic compounds, including purines, form 
CT complexes with iodine.15–17 Similarly, the medicinal value of certain purines 
and purine derivatives, including 6-mercaptopurine (6MP, 9H-purine-6-thiol); 
against HIV-1, cancer, bacteria and miscellaneous microbes was also reported.18–21 
In light of the above, it was proposed to derivatize 6MP and to evaluate the an-
tithyroid potential of the formed compounds. These compounds were expected to 
form stable CT complexes with iodine, like other heterocyclic compounds, which 
is a clue to antithyroid activity. Moreover, the suspected toxic effects due to free 
–SH group were ruled out by blocking this site with alkyl substituents. This also 
led to 1:1 complexation as the only site for an n–σ complex was available at the 
N-9 position. 

EXPERIMENTAL 

Materials, instruments and methods 

Iodine (suprapur, bisublimed) was obtained from Merck and kept in dark in a dessicator 
containing P2O5. Dimethyl sulfoxide (DMSO) of spectroscopic grade was obtained from Merck. 
It was dried over calcium hydride, distilled under reduced pressure and stored over type 4Å 
molecular sieves. 9H-Purine-6-thiol monohydrate (6MP) was obtained from Sigma-Aldrich 
and was used without further purification. 1-Methyl-1H-imidazole-2-thiol (MMI, methima-
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zole) of analytical grade was purchased from Sigma-Aldrich and used without further purify-
cation for the in vivo study. Free T3 and T4 kits of Immunotech (France) and rat-TSH ELISA 
kit from Cusabio Biotech Co. Ltd. were used. 

The spectra were recorded on a double beam UVD-3500 spectrophotometer (Labomed 
Inc.) and the slides of thyroid tissues were studied under an Olympus BX51microscope fitted 
with an Olympus DP12 digital camera. The melting points were determined on a Gallenkamp 
melting point apparatus and are uncorrected. The 1H-NMR and 13C-NMR were determined in 
DMSO-d6 using TMS as the internal standard on a Bruker Avance 300 (300 MHz for 1H- and 
75 MHz for 13C-NMR). The mass spectra were recorded on a Bruker Esquire 300+ ion trap 
with ESI ionization. Microanalysis for carbon, hydrogen and nitrogen was realized on a Per-
kin Elmer 2400-CHN analyzer. 

Synthesis of 9H-purine-6-thiol derivatives  

9H-Purine-6-thiol monohydrate (0.170 g, 1 mmol) in aqueous sodium hydroxide (2 M, 
10 mL) was stirred at room temperature with the respective alkyl halides (1 mmol). The clear 
solution was stirred until the insoluble alkyl halides disappeared. After completion of the re-
action, the pH of the solution was adjusted to 5.0 by the addition of glacial acetic acid and the 
white precipitates were filtered and recrystallized. All the compounds (Fig. 1) were synthe-
sized using literature methods,22–25 except for (9) which was not found in the literature.  

N

N N

N
H

S
R

Fig. 1. General structure of the 9H-purine-6-thiol derivatives (R: 1, CH3; 2, 
C2H5; 3, C3H7; 4, C4H9; 5, C5H11; 6, C6H13; 7, C7H15; 8, C8H17; 9, C9H19; 
10, C10H21; 11, PhCH2. 

Assessment of antithyroid activity 

In vitro. The in vitro activity was assessed by studying spectrophotometrically the com-
plexation of the compounds with iodine. Solutions of iodine and the compounds were pre-
pared just before the start of the experiment by diluting accurately prepared stock solutions in 
DMSO. The iodine concentration was kept constant (2×10–5 M), while those of the com-
pounds were varied between 1×10–4 M and 1×10–3 M. The reactions were performed directly 
in the spectrophotometric cell by mixing 1.5 mL of the compound solutions and iodine so-
lution and the spectra were recorded immediately. New absorption bands appeared which de-
monstrated the formation of CT complexes between iodine and the compound(s). The stoi-
chiometry of the complex was ascertained by the method of continuous variations.26 

In vivo. The in vivo study was performed on young male Wistar rats of 175±25 g weight. 
The animals were divided into fifteen groups, i.e., the control, the vehicle control (solvent 
treated), the MMI treated and twelve groups for the compounds under study (6MP and 1–11). 
MMI was used as a positive control, so that the efficacy of the potential compounds could also 
be compared with the most popular existing drug. Five animals were allocated to each group 
and were fed chick feed with water ad libitum. Solutions of the compounds and MMI in 
DMSO were administered via i.p. injection to the respective groups at a dose rate of 20 mg kg-1 
per animal daily in the morning for 15 days. The control and vehicle control categories re-
ceived an equivalent dose of normal saline and the solvent, respectively, for the same dura-
tion. On the 16th day, the animals were weighed and carried to the dissection room for blood 
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sampling and dissection. Due time was allowed before blood sampling to avoid hormonal 
changes because of any stress caused by transportation. Blood samples were collected from all 
the animals by puncturing the abdominal aorta under light diethyl ether anesthesia. Standard 
animal protocols were adopted for the experimentation.27 Free T3 and T4 levels were deter-
mined using radioimmunoassay technique, while that of TSH by the ELISA method. The ani-
mals were subsequently sacrificed on the same day under deep diethyl ether anesthesia and the 
thyroid was removed, washed and weighed. Sections of the gland were fixed in 4 % paraform-
aldehyde (PFA) solution for 4–6 h and stained with hematoxylin and eosin to prepare slides for 
histological studies. 

RESULTS AND DISCUSSION 

All the compounds (Fig. 1) were synthesized using literature methods except 
9, which is not known to be reported. Previously, confirmation of the structures 
of the known compounds was established using melting point and elemental ana-
lysis only. Complete spectral information, including mass spectrometry, 1H-NMR, 
13C-NMR and CHN, were determined in the present study for detailed structure 
elucidation. The results are given in the Supplementary material. 

All compounds absorbed in the UV region between 280 and 330 nm. The 
compounds 1–11 exhibited 1:1 complexation with iodine. 6MP also showed 
complexation but not of 1:1 stoichiometry. The compounds were soluble only in 
DMSO, therefore, its use as a solvent was inevitable, apart from its interaction 
with I2, like many other aromatic and alkyl halide solvents.28 A solution of iodi-
ne in DMSO gave sharp peaks at 295 and 365 nm, which are characteristic of the 
I3–.29 Occasionally other peaks around 250–255 nm were also observed. The in-
teraction of DMSO with iodine is a slow process resulting in a weak com-
plex.30,31 It was observed that in the presence of strong n-donors, its interaction 
with I2 becomes very restrained. The CT band generally appears at 265–270 nm. 
The reaction mixture exhibited negligible absorption for the compound at con-
centrations below 2×10–4 M. On increasing the concentration of compounds 
(≥ 3×10–4 M), two peaks appeared usually at 300 and 270 nm, the latter being 
characteristic of complex formation. 

The formation constants and molar extinction coefficients of the complexes 
were determined using the Lang method.32 This method derives a mathematical 
expression to calculate Kc for 1:1 stiochiometric complexes: 

 Kc = [C]/([I0]–[C])([P0]–[C]) (1) 

where, [I0] and [P0] are the initial concentrations of iodine and the compound(s), 
respectively, whilst [C] is the concentration of the complex. Now, according to 
Beer–Lambert Law: 

 [C] = εcdc 

where dc and εc are the absorbance and extinction coefficient of the complex, 
respectively. The value of dc was calculated by subtracting the absorbance due to 
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free iodine present in the mixture from the observed absorbance of the reaction 
mixture. The solution of pure compound of same concentration is kept in the 
reference cell of the spectrophotometer. Now Eq. (1) can be re-written in the 
form: 

 Y = (1/εc)·X + 1/(Kcεc) (2) 

where Y = [I0][P0]/dc and X = [I0] + [P0] – dc/εc 
Equation (2) is an equation of a straight line with slope 1/εc and Y-intercept 

1/(Kcεc). First, the equation was solved using an assumed value of εc. This gave 
not only a value for Kc, but also a new value of εc was obtained. This new value 
differed from the old assumed value of εc. Now, the new value of εc was used to 
solve the equation and so forth until both εc and Kc converged to discrete values 
(Table I). This is a lengthy process and was performed by developing a com-
puter-based iterative algorithm, which not only calculated the εc and Kc values, 
but also the values of X and Y. A linear regression curve gave the best fit for the 
XY scatter (R2 > 0.99), thus confirming 1:1 complexation between iodine and the 
compounds 1–11. 

TABLE I. Spectrophotometric properties of the CT complexes of the studied compounds with I2 

Compound CTBa / nm Kc / 104 L mol-1 εc
b / 105 L mol-1 cm-1 

1 265 1.031 0.552 
2 270 0.250 1.52 
3 315 0.458 1.301 
4 265–70 0.562 1.129 
5 315 0.642 1.205 
6 265–70 0.279 1.121 
7 265–70 0.479 0.876 
8 265–270 0.256 1.255 
9 265–70 0.536 1.0452 
10 265–70 0.962 0.635 
11 265–70 2.335 0.794 
aCharge transfer band; bmolar extinction coefficient 

The antithyroid effects of potential compounds can be ascertained in vivo by 
a decrease in the thyroid hormones, which is further confirmed by a correspond-
ing increase in the pituitary hormone (TSH) levels. Similarly, regular exposure to 
SATs is known to increase the thyroid weight and change the thyroid histology.33 
In the present study, due consideration was given to all these aspects. 

The radioimmunoassay results showed a decrease of free T3 and T4 levels in 
the serum of the treated groups, as compared to the control and vehicle control 
animals. In addition, a relative increase was observed in the TSH levels for the 
treated groups (Table II), which is a clear sign of the antithyroid potential of the 
studied compounds. 
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The hormonal variations were quite explicit, yet the data was analyzed 
statistically using the Dunnett test to further validate the results. This is a popular 
and useful hypothesis testing method used for comparing the treatments with a 
control when the sample size is the same in the control and the treatments. The 
Dunnett D value is: 

 D = dα(k,ν)(2Sw2/n)1/2 

where, dα(k,ν) is the critical Dunnett value at a given significance level (α), the 
number of non-control treatments (k) and the degree of freedom (ν); n is the 
sample size and Sw2 is the combined estimate of the common variance.34 

TABLE II. Hormonal variations observed after 15 day dose administration (n = 5, dose rate =  
= 20 mg kg-1) 

Animal group 
Mean hormone levels 

FT3 / pmol L-1 FT4 / pmol L-1 TSH / μ i.u. mL-1 
Control 8.41a±0.64b 35.86±2.14 1.64±0.32 
Vehicle control 8.15±0.81 34.09±1.67 1.70±0.23 

Treatmentc 
6MP 5.86±0.33 24.49±2.48 2.99±0.27 
1 5.01±0.65 24.32±2.31 2.93±0.45 
2 6.78±0.90 26.66±2.82 2.40±0.58 
3 6.01±0.97 25.92±2.23 2.59±0.71 
4 5.82±0.92 26.67±2.34 2.62±0.34 
5 5.88±0.71 25.16±3.26 2.68±0.39 
6 6.69±0.81 26.96±2.58 2.40±0.56 
7 5.90±0.93 26.77±2.39 2.56±0.38 
8 6.79±0.85 27.50±2.40 2.38±0.56 
9 5.89±1.17 26.99±2.14 2.40±0.26 
10 5.37±0.97 25.00±2.08 2.88±0.25 
11 3.33±1.05 16.08±2.00 3.38±0.30 
MMI 3.36±0.96 17.28±1.98 3.53±0.39 
aMean values of assay results run in duplicate; bstandard deviation; cp ≤ 0.05 (with respect to the vehicle control) 

The research hypotheses were: 
Ha: μi < μc; will be true if (yi – yc) ≤ –D (for comparison of the FT3 and FT4 

levels) and Hb: μi > μc; will be true if (yi – yc) ≥ D (for comparison of the TSH 
levels). Here, i and c stand for the treatment sample and the control, while μ and 
y for the population and sample means, respectively. 

The hormone levels for all the treatments were compared with the controls 
using this method at α = 0.05. The test results confirmed the efficacy of the com-
pounds in lowering the serum free T3 and T4 levels with a corresponding simul-
taneous increase in the TSH levels. This clearly demonstrates the antithyroid po-
tential of these compounds. However, 11 was proved to be the most potent among 
the whole series. It exhibited antithyroid potential almost equivalent to MMI.  
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Comparison between the Kc values and the pertaining hormonal variations 
revealed a positive correlation between Kc and the in vivo antithyroid activity. 
The relationship was observed to be fairly linear for moderate values of Kc. All 
the compounds demonstrated in vivo antithyroid effects; the higher activity of 11 
can be attributed to resonance, which resulted in a more stable equilibrium, 
evident from the high Kc value of the 11:I2 complex.  

SATs are known to increase in the weight of the thyroid gland. Since thyroid 
weight also depends on the size of the animal, a useful index called “thyroid 
body index” (TBI) was introduced to account for the effect of body weight on the 
thyroid weight. TBI can be defined as the weight of clean thyroid tissues (mg) per 
100 g of body weight. These indices for treated animals were found to be higher 
than those of the controls (Table III). Moreover; the TBI values, like those of Kc, 
were also found proportional to the change in hormone levels. This depicts that 
the TBI can also be used as an empirical parameter for the assessment of anti-
thyroid activity. Sections from thyroids of the treated animals showed marked 
difference in the shape of the glandular cells and quantity of intracellular fluid 
(colloid). Follicular cell hyperplasia and hypertrophy of various degrees were 
also observed in the treated animals (Table III). 

Table III. Histological observations of the thyroid tissues from different animal groups (±: 
slight; +: mild; ++: moderate; +++: severe) 

Animal group/description 
Follicular cell 

hypertrophy/hyperplasia 
Colloid depletion TBI×100 / mg g-1 

Control Nil Nil 5.21 
Vehicle control ± + 6.01 
6MP ++ ++ 10.35 
1 +++ +++ 11.23 
2 + ++ 7.41 
3 ++ ++ 7.83 
4 ++ ++ 9.26 
5 + ++ 8.61 
6 + ++ 7.37 
7 ++ ++ 8.79 
8 + ++ 7.03 
9 ++ ++ 7.58 
10 ++ +++ 11.26 
11 +++ +++ 14.27 
MMI +++ +++ 16.11 

The thyroid of the control and vehicle control animals showed a cuboidal 
follicular epithelium with ample quantities of colloid. On the other hand, severe 
colloid depletion with a semi-cylindrical to cylindrical-shaped epithelium was 
observed for the treated animals (Fig. 2). Very slight atrophy was noted in the 
follicular cells, which demonstrates the smaller toxicity of these compounds. 
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Obesity in the treated animals was also seen in the second week of treatment, 
without any sign of intoxication because eating and drinking habits remained 
normal. No animal died during the study period. 

       
 (A) (B) 

Fig. 2. Microscopic view of thyroid sections: А) control with epithelium full of colloid and 
normal nuclei of follicular cells, B) 11-treated animal, severe colloid depletion 

is visible with follicular cell hypertrophy and hyperplasia. 

CONCLUSIONS 

The studied derivatives of 9H-purine-6-thiol form 1:1 charge transfer com-
plexes with iodine and were found to possess highly significant antithyroid acti-
vity in vivo, which was in good correlation with the Kc values. 6-(Benzylsulfa-
nyl)-9H-purine showed the maximum antithyroid effects, comparable to that of 
methimazole and may have less side effects due to the blockage of the free SH 
group. Further research on these compounds could lead to the discovery of new 
drugs. 

SUPPLEMENTARY MATERIAL 

Аnalytical and spectral data of synthesized compounds are available electronically from 
http://www.shd.org.rs/JSCS/, or from the corresponding author on request. 
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И З В О Д  

АНТИТИРОИДНА АКТИВНОСТ 6-(АЛКИЛСУЛФАНИЛ)-9Н-ПУРИНА 

ISMAT FATIMA1, MUNAWAR A. MUNAWAR1, AFFIA TASNEEM2, SARWAT JAHAN3, 

MISBAHUL A. KHAN1 и SHAKEEL AHMED3 

1Institute of Chemistry, University of the Punjab-Lahore, 2 CENUM, Mayo Hospital – Lahore и 
3Department of Animal Sciences, Quid-i-Azam University Islamabad, Pakistan 

Синтетисани су алкил и арил деривати 9Н-пурин-6-тиола и испитивана је њихова in vit-
ro и in vivo антитироидна активност. Спектрофотометријска анализа је показала да се ства-

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 6-(ALKYLSULFANYL)-9H-PURINES – POTENTIAL ANTITHYROID AGENTS 1363 

рају комплекси између јода и ових једињења у односу 1:1, уз високу константу асоцијације. 
Анализа крви пацова третираних овим једињењима је показала да сва једињења имају зна-
чајну антитироидну активност, што је даље потврђено хистолошким налазима тироидног 
ткива. Могућа предност ових једињења у односу на постојеће антитироидне лекове је у сма-
њеној токсичности, пошто је сулфанил група, иначе позната као узрочник токсичности 
многих лекова, блокирана алкил/арил супституентима. 

(Примљено 13. децембра 2010, ревидирано 4. фебруара 2011) 
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ANALYTICAL AND SPECTRAL DATA OF THE PREPARED COMPOUNDS 

6-(Methylsulfanyl)-9H-purine (1). Yield: 92 %; m.p. 223 °C (lit.** 218–220 
°C22). Anal. Calcd. for C6H6N4S: C, 43.36; H, 3.64; N, 33.71 %. Found: C, 
43.33, H, 3.59, N, 33.69 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.48 (1H, 
s, NH imidazole), 8.68 (1H, s, CH imidazole), 8.42 (1H, s, CH pyrimidine), 2.64 
(3H, s, CH3). 13C-NMR (100 MHz, DMSO-d6, δ / ppm): 153.92 (C), 153.41 (C), 
151.47 (CH), 143.11 (CH), 129.36 (C), 11.15 (CH3). EI–MS (m/z, (relative 
abundance, %)): 167.0 (M+1) (15.33), 166.0 (M+) (100.0). UV–Vis (DMSO-d6) 
(λmax / nm, (ε / L mol–1 cm–1)): 280 (39290). 

6-(Ethylsulfanyl)-9H-purine (2). Yield: 89 %; m.p. 196 °C (lit. 196 °C23). 
Anal. Calcd. for C7H8N4S: C, 46.65; H, 4.47; N, 31.09 %. Found: C, 46.63; H, 
4.43; N, 31.02 %. 1H-NMR (300 MHz, DMSO-d6, δ / ppm): 13.45 (1H, s, NH 
imidazole), 8.67 (1H, s, CH imidazole), 8.41 (1H, s, CH pyrimidine), 3.27 (2H, q, 
J = 7.20 Hz, CH2), 1.35 (3H, t, J = 7.20 Hz, CH3). 13C-NMR (75 MHz, DMSO-d6, 
δ / ppm): 157.95 (C), 151.45 (C), 150.51 (CH), 143.25 (CH), 129.38 (C), 22.41 
(CH2), 14.94 (CH3). EI–MS (m/z, (relative abundance, %)): 181 (M+1), (9.99), 
180.0 (M+) (96.64), 164.9 (51.34), 151.9 (47.51), 147.0 (BP), (100). UV–Vis 
(DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 300 (21670). 

6-(Propylsulfanyl)-9H-purine (3). Yield: 94 %; m.p. 182 °C (lit.179 °C23). 
Anal. Calcd. for C8H10N4S: C, 49.46; H, 5.19; N, 28.84 %. Found: C, 48.95, H, 
5.18, N, 28.79 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.24 (1H, s, NH 
imidazole), 8.65 (1H, s, CH imidazole), 8.40 (1H, s, CH pyrimidine), 3.31 (2H, t, 
J = 7.20 Hz, SCH2,), 1.71 (2H, sext., J = 7.20 Hz, CH2), 0.99 (3H, t, CH3, 
J = 7.20 Hz). 13C-NMR (100.6 MHz, DMSO-d6, δ / ppm): 158.01 (C), 151.34 
(C), 150.41 (CH), 143.44 (CH), 129.33 (C), 29.69 (CH2), 22.61 (CH2), 13.20 
                                                                                                                    

* Corresponding author. E-mail: mamunawar.chem@pu.edu.pk 
** Reference numbers hold for the list given in the paper. 
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(CH3). EI–MS (m/z, (relative abundance, %)): 194.0 (M+) (86.5), 179.0 (76.7), 
166.0 (89.9), 165.0 (52.8), 161.0 (48.0), 153.0 (21.5), 152.0 (BP) (100). UV–Vis 
(DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 330 (20910). 

6-(Butylsulfanyl)-9H-purine (4). Yield: 95 %; m.p. 152 °C (lit.152 °C23). 
Anal. Calcd. for C9H12N4S: C, 51.9; H, 5.81; N, 26.90 %. Found: C, 52.1, H, 
5.79, N, 26.93 %. 1H-NMR (300 MHz, DMSO-d6, δ / ppm): 13.47 (1H, s, NH 
imidazole), 8.66 (1H, s, CH imidazole), 8.41 (1H, s, CH pyrimidine), 3.33 (2H, t, 
J = 7.20 Hz, SCH2), 1.67 (2H, quin., J = 7.20 Hz, SCH2CH2), 1.43 (2H, sext., J = 
7.20 Hz, CH2CH3), 0.90 (3H, t, J = 7.20 Hz, CH3). 13C-NMR (75 MHz, DMSO-
d6, δ / ppm): 158.03 (C), 151.44 (C), 150.34 (CH), 143.19 (CH), 129.37 (C), 
31.25 (CH2), 27.48 (CH2), 21.39 (CH2), 13.51 (CH3). EI–MS (m/z, (relative 
abundance, %)): 208 (M+) (43.9), 179.0 (92.5), 175.0 (23.5), 168.0 (10.0), 167.0 
(21.1), 166.0 (BP) (100). UV–Vis (DMSO-d6) (λmax / nm (ε / L mol–1 cm–1)): 
285 (29590). 

6-(Pentylsulfanyl)-9H-purine (5). Yield: 94 %; m.p. 117 °C (lit. 115.5 °C23). 
Anal. Calcd. for C10H14N4S: C, 54.03; H, 6.35; N, 25.20%. Found: C, 54.10, H, 
6.33, N, 25.18 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.51 (1H, s, NH 
imidazole), 8.66 (1H, s, CH imidazole), 8.41 (1H, s, CH pyrimidine) 3.32 (2H, t, 
J = 7.20 Hz, SCH2), 1.69 (2H, quin., SCH2CH2), 1.40 (2H, quin., J = 7.20 Hz, 
SCH2CH2CH2), 1.32 (2H, sext., J = 7.20 Hz, CH2CH3), 0.863 (3H, t, J = 
= 7.20 Hz, CH3). 13C-NMR (100 MHz, DMSO-d6, δ / ppm): 157.91 (C), 151.43 
(C), 144.46 (CH), 143.18 (CH), 129.31 (C), 30.39 (CH2), 28.83 (CH2), 27.74 
(CH2), 21.67 (CH2), 13.82(CH3). EI–MS (m/z, (relative abundance, %)): 222.0 
(M+) 37.2), 189.1 (15.9), 179.0 (62.1), 175.1 (32.1), 168.0 (7.8), 167.0 (15.1), 
166.0 (BP) (100). UV–Vis (DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 335 
(46880). 

6-(Hexylsulfanyl)-9H-purine (6). Yield: 78 %; m.p. 79 °C (lit. 77°C24). Anal. 
Calcd. for C11H16N4S: C, 55.90; H, 6.82; N, 23.71 %. Found: C, 55.82, H, 6.77, 
N, 23.85 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.45 (1H, s, NH 
imidazole), 8.66 (1H, s, CH imidazole), 8.41 (1H, s, CH pyrimidine) 3.32 (2H, t, 
J = 7.20 Hz, SCH2,), 1.68 (2H, quin., SCH2CH2), 1.39 (2H, quin., J = 7.20 Hz, 
SCH2CH2CH2), 1.26 (2H, quin., J = 7.20 Hz, CH2CH2CH3), 1.23 (2H, sext., J = 
= 7.20 Hz, CH2CH3), 0.835 (3H, t, J = 7.20 Hz, CH3). 13C-NMR (100 MHz, 
DMSO-d6, δ / ppm): 158.03 (C), 151.42 (C), 150.43 (CH), 143.17 (CH),129.35 
(C), 30.75 (CH2), 29.10 (CH2), 27.87 (CH2), 27.78 (CH2), 21.97 (CH2), 13.84 
(CH3). EI–MS (m/z, (relative abundance, %)): 236.1 (M+) (71.2), 203 (66.6), 
189.1 (68.5), 179.0 (75.7), 175.1 (64.9), 167.0 (49.7), 161.0 (49.2), 154.0 (40.9), 
152.0 (BP) (100). UV–Vis (DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 280 
(34580). 

6-(Heptylsulfanyl)-9H-purine (7). Yield: 79 %; m.p. 80 °C (lit.79–81 °C24). 
Anal. Calcd. for C12H18N4S: C, 57.57; H, 7.25; N, 22.38 %. Found: C, 57.56, 
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H,7.20, N, 22.36 %. 1H-NMR (300 MHz, DMSO-d6, δ / ppm): 13.45 (1H, s, NH 
imidazole), 8.64 (1H, s, CH imidazole), 8.39 (1H, s, CH pyrimidine) 3.32 (2H, t, 
J = 7.20 Hz, SCH2,), 1.69 (2H, quin., SCH2CH2), 1.64–1.24 (8H, m, 4CH2), 
0.842 (3H, t, J = 7.20 Hz, CH3); 13C-NMR (75 MHz, DMSO-d6, δ / ppm): 157.91 
(C), 151.30 (C), 150.96 (CH), 143.55 (CH), 31.14 (C), 29.17 (CH2), 28.20 
(CH2), 28.17 (CH2), 27.80 (CH2), 22.00 (CH2), 13.91(CH3). EI–MS (m/z, 
(relative abundance, %)): 249.1 (M+) (86.1), 235.0 (25.1), 231.7 (48.7), 217.3 
(29.5), 203.7 (15.3), 179.0 (47.6), 166.0 (82.3), 152.0 (BP) (100). UV–Vis 
(DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 285 (29240). 

6-(Octylsulfanyl)-9H-purine (8). Yield: 94 %; m.p. 84 °C (lit. 78–80 °C24). 
Anal. Calcd. for C13H20N4S: C, 59.06; H, 7.62; N, 21.19 %. Found: C, 59.01, H, 
7.58,; N, 21.08 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.46 (1H, s, NH 
imidazole), 8.66 (1H, s, CH imidazole), 8.41 (1H, s, CH pyrimidine) 3.26 (2H, t, 
J = 7.20 Hz, SCH2), 1.72–1.65 (12H, m, 6CH2), 0.85 (3H, t, J = 7.20 Hz, CH3). 
13C-NMR (100 MHz, DMSO-d6, δ / ppm): 158.02 (C), 151.41 (C), 150.43 (CH), 
143.17 (CH), 129.34 (C), 31.18 (CH2), 29.12 (CH2), 28.54 (CH2), 28.48 (CH2), 
28.18 (CH2), 27.77 (CH2), 22.04 (CH2), 13.91 (CH3). EI–MS (m/z, (relative 
abundance, %)): 264.0 (M+) 82.2), 231.1 (57.6), 217.0 (27.2), 179.0 (48.1), 166.0 
(85.2), 151.9 (100.0). UV–Vis (DMSO-d6) (λmax / nm, (ε / L mol–1 cm–1)): 285 
(32410). 

6-(Nonylsulfanyl)-9H-purine (9). Yield: 93 %; m.p. 97 °C. Anal. Calcd. for 
C14H22N4S: C, 60.40; H, 7.96; N, 20.12 %. Found: C, 60.37, H, 7.89, N, 20.09. 
1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.16 (1H, s, NH imidazole), 8.64 
(1H, s, CH imidazole), 8.39 (1H, s, CH pyrimidine), 3.23 (2H, t, J = 7.20 Hz, 
SCH2), 1.70–1.22 (14H, m, 7CH2), 0.83 (3H, t, J = 7.20 Hz, CH3). 13C-NMR 
(100 MHz, DMSO-d6, δ / ppm): 157.95 (C), 151.27 (C), 150.51 (CH), 143.55 
(CH), 129.38 (C), 31.23 (CH2), 29.14 (CH2), 28.84 (CH2), 28.59 (CH2), 28.53 
(CH2), 28.17 (CH2), 27.75 (CH2), 22.05 (CH2), 13.91(CH3). EI–MS (m/z, 
(relative abundance, %)): 278.1 (M+) (77.3), 245.1 (47.7), 231.1 (75.8), 221.0 
(36.7), 207.0 (17.7), 190.0 (19.3), 179.0 (93.9), 166.0 (100.0). UV–Vis (DMSO- 
-d6) (λmax / nm, (ε / L mol–1 cm–1)): 280 (34810). 

6-(Decylsulfanyl)-9H-purine (10). Yield: 92 %; m.p. 89 °C (lit. 84–85 °C)25. 
Anal. Calcd. for C15H24N4S: C, 61.61; H, 8.27; N, 19.16; S, 10.96 %. Found: C, 
61.53, H, 8.24, N, 19.15 %. 1H-NMR (300 MHz, DMSO-d6, δ / ppm): 13.48 (1H, 
s, NH imidazole), 8.67 (1H, s, CH imidazole), 8.42 (1H, s, CH pyrimidine), 3.33 
(2H, t, J = 7.20 Hz, SCH2), 1.72 (2H, quin., J = 7.20 Hz, SCH2CH2), 1.41–1.23 
(14H, m, 7CH2), 0.84 (3H, t, J = 7.20 Hz, CH3). 13C-NMR (75 MHz, DMSO-d6, 
δ / ppm): 157.64 (C), 151.39 (C), 150.53 (CH), 143.19 (CH), 129.36 (C), 31.24 
(CH2), 29.09 (CH2), 28.88 (CH2), 28.65 (CH2), 28.59 (CH2), 28.50 (CH2), 28.14 
(CH2), 27.73 (CH2), 22.05 (CH2), 13.92 (CH3). EI–MS (m/z, (relative abun-
dance, %)): 292.1 (M+) (77.9), 259.1 (74.1), 245.1 (76.1), 231.1 (62.3), 221.1 
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(68.2), 179.0 (89.0), 152.0 (100.0). UV–Vis (DMSO-d6) (λmax / nm, (ε / L mol–1 
cm–1)): 280 (34340). 

6-(Benzylsulfanyl)-9H-purine (11). Yield 88 %; m.p. 195 °C (lit. 195 °C25). 
Anal. Calcd. for C12H10N4S: C, 59.48; H, 4.16; N, 23.12 %. Found: C, 59.47, H, 
4.12, N, 23.14 %. 1H-NMR (400 MHz, DMSO-d6, δ / ppm): 13.12 (1H, s, NH 
imidazole), 8.72 (1H, s, CH imidazole), 8.40 (1H, s, CH pyrimidine), 7.45–7.21 
(5H, m, ArH), 4.61 (2H, s, CH2). 13C-NMR (75 MHz, DMSO-d6, δ / ppm): 57.67 
(C), 151.38 (C), 150.79 (CH),143.40 (CH), 137.83 (C), 129.46 (C), 128.94 (CH), 
128.44 (CH),127.12 (CH), 31.59 (CH2). EI–MS (m/z, (relative abundance, %)): 
243.0 (M+1) (48.3), 242.0 (M+) (100.0), 210.0 (36.3), 209.0 (100.0), 208.0 
(32.0). UV–Vis (DMSO-d6) (λmax /nm, (ε / L mol–1 cm–1)): 285 (29270). 
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Mechanisms of the interaction between Pr(DNR)3 and 
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Abstract: Research on the interaction mechanism of drugs with DNA is essential to 
understand their pharmacokinetics. The interaction between rare earth complexes 
Pr(DNR)3 and herring-sperm DNA was studied in Tris-HCl buffer solution (pH 
7.4) by absorption and fluorescence spectroscopy and viscosity measurements. The 
results showed that the modes of interaction between Pr(DNR)3 and herring-sperm 
DNA were electrostatic and intercalation. The binding ratio was nPr(DNA)3׃ nDNA = 
and the binding constant was K 1׃5 (292 K) = 4.34×103 L mol-1. Furthermore, 
according to the double reciprocal method and the thermodynamic equation, the 
intercalative interaction was cooperatively driven by an enthalpy effect and an 
entropy effect. 

Keywords: daunorubicin; rare earth complexes; herring-sperm DNA; acridine orange; 
interaction mechanism. 

INTRODUCTION 

Drug therapy is currently one of the main means of combating cancer; there-
fore, the design of anti-cancer drugs is mostly based on DNA as the target. The 
study of the mechanism of drugs and DNA interaction has important significance 
in the synthesis of anti-cancer drugs.1 Drugs binding to DNA have been studied 
by numerous researchers.2,3 

Daunorubicin (DNR) (Fig. 1) is a clinically used antitumor anthracycline 
antibiotic.4–6 Its anticancer activity is due to the formation of intercalative com-
plexes with DNA and inhibition of the duplication of both DNA and RNA. How-
ever, its side effects, especially its cardiotoxicity, have greatly restrained its ap-
plication.7 A great deal of research was aimed at reducing the toxicity of DNR by 
remodeling its structure,8–11 and by forming metal ion–DNR complexes to pro-
tect the quinone structure from being reduced.12–14 
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Fig. 1. The structure of DNR. 

However, the complexes formed between anthracycline antibiotics and rare 
earth metals with pharmacological activity have not been researched for anti-can-
cer applications. In the present study, Pr(DNR)3 complexes were synthesized and 
then attention was focused on the mechanism of interaction of Pr(DNR)3 with 
DNA. It was expected that the results could be of significance in the fields of the 
chemistry of rare earth complexes, biological inorganic chemistry and drug inor-
ganic chemistry.15,16 

EXPERIMENTAL 

Instruments and reagents 

Herring-sperm DNA (hs-DNA) and DNA bases were purchased from Sigma Biological 
Co. and used as received. Acridine orange (AO) was purchased from Shanghai-China Medi-
cine Chemical Plant (A.R.). Pr2O3 was purchased from Chengdu-China Kelong Chemical 
Plant (A.R.). Daunorubicin hydrochloride (DNR) was purchased from JiNan Wedu Industrial 
Co., Ltd., Tris-HCl buffer (pH 7.40) was used to control the pH of the reaction system. All the 
samples were dissolved in the Tris-HCl buffer. Other reagents were of at least analytical grade. 
Solutions in buffer were freshly prepared immediately before use. 

The absorption spectra were recorded on an UV-210 spectrophotometer and the fluores-
cence spectra on a FL-4500 spectrofluorophotometer (Shimadzu, Japan). The infrared absorp-
tion spectra were recorded on FT-IR spectrometer (PE Instruments, USA). Elementary ana-
lyses were performed on a Vario EL CUBE elementary analyzer (Element Analysis System 
Inc., Germany). The pH was recorded on a pHS-2C acidometer (Fangzhou Technology Co., 
China). 

Preparation of PrCl3 solutions 

Pr2O3 was dissolved in concentrated hydrochloric acid and then the solution was heated 
to remove the excess water and hydrochloric acid to give PrCl3 as a white powder. PrCl3 
solutions of different concentrations were prepared in 0.10 mol L-1 Tris-HCl buffer solution 
(pH 7.4). 

Synthesis of the Pr(DNR)3 complex 

The complex was prepared from stoichiometric amounts (1:3) of praseodymium chloride 
and DNR in absolute ethanol. The reaction system was recirculated on a water bath at 343 K 
for 12 h whereby the color of the solution changed from red to red-brown. The sample was 
concentrated to 10 mL in an oven for 5 h. During standing for several days, a brownish 
precipitation of Pr(DNR)3 formed. 

The Pr(DNR)3 complex was characterized by elemental analysis and IR spectroscopy. 
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The absorption spectra and fluorescence spectra 

A solution of Pr(DNR)3 (1.17×10-5 mol L-1, 3 mL) in Tris-HCl buffer (pH 7.4) was tit-
rated in a 1 cm pathlength cuvette by adding successively 10 μL of a DNA solution (1.00×10-4 
mol L-1). After each addition, the absorption and fluorescence spectra were recorded. Tris-HCl 
buffer solution served as the reference for the absorption measurements. The excitation 
wavelength for the fluorescence measurements was 411.7 nm and the excitation and emission 
slits were both set at 10 nm. The volume effect was so small that it could be ignored. 
Additionally, AO was used as a fluorescent probe to study the interaction mode between the 
complex and DNA. 

Viscosity measurements 

Viscosity measurements were performed using a Ubbelohde viscometer, which was 
immersed in a thermostat water-bath at room temperature. Different amounts of Pr(DNR)3 
(1.0×10-6–5.0×10-6 mol L-1) were added into the viscometer while keeping the DNA concen-
tration constant at 1.00×10-5 mol L-1. The flow time of the samples was repeatedly measured 
with an accuracy of ±0.20 s using a digital stopwatch. The flow times were above 250 s and 
each point represents the average of at least three readings. The data is presented as (η/η0)1/3 
vs. cPr(DNR)3

, where η and η0 are the relative viscosities of the DNA solution in the presence 
and absence of the Pr(DNR)3 complex, respectively. 

RESULTS AND DISCUSSION 

Characterization of the Pr(DNR)3 complex 

In contrast to DNR (data in parentheses), the IR spectrum of Pr(DNR)3 
displayed clearly the stretching vibration band of OH at 3428 cm–1 (νOH = 3443 
cm–1). The bending vibration of –CH2– was at 2931 cm–1 (νCH = 2919 cm–1). 
The stretching vibration band of the CN and the bending vibration of NH were at 
1273 cm–1 (νCN + δNH = 1292 cm–1). The stretching vibration band of CN was 
at 1115 cm–1 (νCN = 1126 cm–1). These results show that the bands in the IR 
spectrum of the complex (OH, CN and NH) were shifted to lower frequencies in 
comparison to the corresponding bands in the spectrum of DNR. This proves the 
formation of the Pr–DNR complex. 

Elemental analysis. C, 51.68; H, 5.29; N, 2.28 % (experimental data). C, 
53.17; H, 4.79; N 2.30 % (theoretical value). 

From the results of the elemental analysis, the formula of the complex was 
speculated as [Pr(C27H29NO10)3]Cl3. 

Determination of the binding ratio of Pr3+ and DNR using the mole ratio method 

Fluorescence spectra were obtained by titration of a PrCl3 solution with in-
creasing concentrations of DNR (Fig. 2). With the addition of DNR, the intensity 
of the fluorescence peak at 593 nm decreased gradually. The experiment results 
indicated that there was an interaction between Pr3+ and DNR, leading eventually 
to the formation of the Pr–DNR complex. 
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In order to determine the stoichiometry of the complex, the mole ratio me-
thod was employed using the intensity of the fluorescence peak at 593 nm (Fig. 
3). The binding ratio17 of DNR and Pr3+ was obtained as nPr:nDNR = 1:3. 

 
Fig. 2. The emission spectra of DNR in different concentrations of Pr3+; 

cDNR = 2.00×10-5 mol L-1, cPr = 2.68×10–4 mol L–1 (10 μL per scan); λ in nm. 

 
Fig. 3. Mole ratio method. cDNR = 2.00×10-4 mol L-1 (10 μL per scan), cPr = 1.56×10-6 mol L-1. 
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The fluorescence spectra of Pr(DNR)3 complex and DNA 

With a fixed concentration of Pr(DNR)3 complex, the concentration of DNA 
was stepwise increased and after each step, the fluorescence emission spectrum 
of the system was recorded (Fig. 4). The results show that with increasing DNA 
concentration, the fluorescence intensity of Pr(DNR)3 gradually decreased, i.e., 
the fluorescence of Pr(DNR)3 was quenched by DNA. This indicates that there 
was interaction between DNA and Pr(DNR)3. 

 
Fig. 4. Fluorescence spectra of the complex in the presence of different concentrations of 

DNA; cPr(DNR)3
 = 1.17×10-5 mol L-1, cDNA = 1.00×10-4 mol L-1 (10 μL per scan). 

The electronic absorption spectra of Pr(DNR)3 complex and DNA 

UV–Vis spectroscopy is the most common and convenient way to study in-
teractions between small molecules or rare earth complexes and nucleic acid. 

The double helix structure of DNA molecules contains aromatic base and 
phosphate chromophore groups, therefore, interactions between the small mole-
cules and DNA can be studied according to changes in the absorption spectra 
before and after reaction. 

A red shift (or blue shift), hyperchromic (hypochromic) effect, and the iso-
chromatic point are spectral properties of DNA which are closely related with the 
double helix structure.18 Generally, a red shift (or blue shift) and a hypochromic 
(or hyperchromic) effect19 are observed in the absorption spectra if small mole-
cules intercalate with DNA. A hypochromic effect will be obvious if the interca-
lation is strong.20 A red shift and a hypochromic effect are not obvious in the 
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absorption spectra if the interaction mode of the small molecules with DNA is 
electrostatic or groove binding. 

With a fixed concentration of Pr(DNR)3 complex, the concentration of DNA 
was gradually increased and after each step, the UV–Vis spectrum of the system 
was recorded (Fig. 5). The results show that, with increasing DNA concentration, 
the absorbance of solution regularly decreased, an isochromatic point appeared at 
548 nm and the maximum absorption peak was red shifted (from 479 to 502 nm). 
These phenomena indicate that Pr(DNR)3 had interacted with DNA in the 
intercalation mode. 

 
Fig. 5. Electronic absorption spectra of the complex in the presence of different concentrations 

of DNA; cPr(DNR)3
 = 1.17×10-5 mol L-1, cDNA = 1.00×10-4 mol L-1 (10 μL per scan). 

Determination of the binding ratio of Pr(DNR)3 and DNA 
by the mole ratio method 

To a fixed concentration of Pr(DNR)3 complex in buffer solution (pH 7.40) 
was added DNA solution in portions. After each addition the fluorescence emis-
sion spectrum was recorded. The intensity of the fluorescence peak at 593 nm 
was used to determine the binding ratio by the mole ratio method (Fig. 6). The 
binding ratio of Pr(DNR)3 and DNA of nPr(DNR)3

:nDNA of 5:1 was obtained. 
In the same manner, the electronic absorption spectra of the system after 

successive additions of DNA were recorded (Fig. 7) and the same binding ratio 
was obtained. 
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Determination of the binding constants and thermodynamic constants 
by the double-reciprocal method 

In order to further understand the interaction mode of Pr(DNR)3 with DNA, 
studies of the thermodynamics were undertaken. For this purpose, absorption 
spectra were recorded at 292 and 310 K. The following double-reciprocal 
equation was employed:21 

 1/(A0 – A) = 1/A0+ 1/(KA0cDNA) (1) 

where A0 and A are the absorbances of Pr(DNR)3 in the absence and in the pre-
sence of DNA, respectively. K is the binding constants between Pr(DNR)3 and 
DNA and cDNA is the concentration of DNA. The double reciprocal plots of 
1/(A0−A) vs. 1/cDNA were linear (at 292 and 310 K) and the binding constants 
were calculated from the ratio of the intercept/slope (Fig. 8), K (292 K) = 
= 4.34×103 L mol–1 and K (310 K) = 3.66×103 L mol–1. 

 
Fig. 6. Mole ratio method; cPr(DNR)3

 = 1.17×10-5 mol L-1, 
cDNA = 1.00×10-4 mol L-1 (10 μL per scan). 

The standard molar reaction Gibbs energy (ΔrGm) and the standard molar 
reaction entropy (ΔrSm) were estimated from the following relationships:  

log K  = − ΔrHm / (2.303RT) + ΔrSm / (2.303R) (2) 
 ΔrGm = −RTln K  = ΔrHm − TΔrSm (3) 

In the interaction of Pr(DNR)3 and DNA, the following values were calcu-
lated: ΔrHm = −1.35×104 J mol–1, ΔrSm = 1.12×102 J mol–1 K–1, ΔrGm (292 K) =  
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= −2.03×104 J mol–1 and ΔrGm (310 K) = −2.11×104 J mol–1. Therefore, the in-
teraction between Pr(DNR)3 and DNA could occur spontaneously. As ΔrHm < 0 
and ΔrSm > 0 according to theory of thermodynamic functions, it is supposed that 
the intercalative interaction was cooperatively driven by an enthalpy effect and 
an entropy effect.22,23 

 
Fig. 7. Mole ratio method; cPr(DNR)3

 = 1.17×10-5 mol L-1, 
cDNA = 1.00×10-4 mol L-1 (10 μL per scan). 
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Fig. 8. Double reciprocal plots of Pr(DNR)3–DNA; cPr(DNR)3

 = 1.17×10-5 mol L-1, 
cDNA = 1.00×10-4 mol L-1 (10 μL per scan). 
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Fluorescence measurements using acridine orange as a probe 

AO is a type of cationic dye. Due to its planar aromatic chromophore, it can 
insert between two adjacent base pairs in the DNA helix and significantly en-
hance the fluorescence. Therefore, AO is often used as a fluorescent probe to study 
the interaction mode between small molecules and DNA. 

Influence of AO on the fluorescence spectra of Pr(DNR)3–DNA 

The emission spectra of Pr(DNR)3–DNA in the presence of different con-
centrations of AO are shown in Fig. 9. With increasing concentration of AO, the 
fluorescence intensity of Pr(DNR)3–DNA gradually increased. This showed that 
there was competition between AO and Pr(DNR)3 for interaction with DNA and 
AO replaced the Pr(DNR)3 which was inserted into the base pairs of the DNA. 

 
Fig. 9. Influence of AO on the emission spectra of Pr(DNR)3–DNA. cPr(DNR)3–DNA = 1.00×10-5 

mol L-1, cAO = 3.00×10-4 mol L-1 (10 μL per scan). 

Influence on fluorescence spectra of Pr(DNR)3 on AO–DNA 

The fluorescence spectra of AO–DNA in the presence of different concen-
trations of Pr(DNR)3 are shown in Fig. 10. It can be seen that the characteristic 
peak intensity of AO–DNA decreased and the equivalent point of the fluores-
cence intensity near 533 nm. These phenomena proved that AO was replaced by 
Pr(DNR)3; hence the characteristic peak of AO–DNA was quenched. The com-
petitive binding experiments indicated the existence of intercalation interaction. 

The Scatchard method 

The binding mode between small molecules with DNA can be determined 
using the Scatchard procedure. The binding mode between Pr(DNR)3 and DNA 
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was studied by Scatchard analysis of the fluorescence. The situation was studied 
in the presence and absence of NaCl in the system (Fig. 11). The Scatchard equa-
tion expresses the binding of DNA–AO in the presence of Pr(DNR)3:24 

 rAO/cAO = K(n − rAO) (4) 

where rAO is the moles of AO bound per mole of DNA, cAO is the molar concen-
tration of free AO, n is the binding site multiplicity per class of binding site and 
K is the intrinsic binding constant of AO with DNA. Thus rAO/cAO vs. rAO des-
cribes a linear relation. Relevant data and the calculation process of Scatchard 
plots are given in Table I (as the first line in Fig. 11 without NaCl, for example). 

 
Fig. 10. Influence of Pr(DNR)3 on the emission spectra of AO–DNA; 

cPr(DNR)3
 = 1.50×10-4 mol L-1 (10 μL per scan), cAO–DNA = 1.00×10-6 mol L-1. 

Considering the situation in which NaCl was absent from the system, if 
Pr(DNR)3 interacts with DNA via the intercalation mode, the value of n remains 
constant and that of K changes in the Scatchard plot. If Pr(DNR)3 interacts with 
DNA through a non-intercalation binding mode involving groove binding or 
electrostatic interaction, the value of K remains constant while that of n changes 
in the Scatchard Plot. If Pr(DNR)3 interacts with DNA by mix modes containing 
non-intercalation and intercalation modes, the value of K and n change in the 
Scatchard plot. 

The Scatchard Graph (Table II) showed that the values of K and n changed 
in both high concentration and low concentrations. Thus, the mode of interaction 
between the complex and DNA was a mix mode that was a mixture of interca-
lation and non-intercalation modes. 
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To determine whether electrostatic interaction existed, a comparison was 
made with the system in the presence of NaCl and it was found that increasing 
the ionic strength reduced the binding number n. This showed the existence of 
electrostatic interaction between Pr(DNR)3 and DNA. The value of n may be due 
to the Na+ cationic atmosphere surrounding the DNA interfering with the electro-
static interaction by combining with the negative polyphosphate skeleton of DNA 
and tightening the DNA-chain, so that it becomes difficult for the complex to 
intercalate in DNA. The results indicated that the major mode of interaction 
between the Pr(DNR)3 complex and DNA was a combination of electrostatic 
interaction and intercalation. 
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Fig. 11. Scatchard Plots of 
Pr(DNR)3–DNA with (a) and 
without NaCl (b) in differ-
rent concentrations of AO; 
cDNA = 1.00×10-6 mol L-1; 
cAO = 4.29×10-5 mol L-1; 
Rt = cPr(DNR)3

/cDNA: 1, Rt =  
= 0.00, 2, Rt = 0.20, 3, Rt =  
= 0.40, 4, Rt = 0.60, 5, Rt =  
= 0.80. 
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Viscosity method 

Optical photophysical probes provide necessary but not sufficient clues to 
support the nature of the binding modes, whereas hydrodynamic measurements, 
which are sensitive to length change, are regarded as the most critical tests of a 
binding model in solution.25–28 Thus, to further clarify the interaction between 
Pr(DNR)3 and DNA, viscosity measurements were performed. A classical inter-
calation model is known to cause a significant increase in the viscosity of a DNA 
solution due to an increase in the length of the DNA helix. In contrast, a partial or 
non-classical intercalation mode could bend (or kink) the DNA helix and reduce 
its effective length and, concomitantly, its viscosity, while non-intercalation 
binding causes no obvious increase in the viscosity of a DNA solution. 

TABLE I. Relevant data and calculation process of the Scatchard plots (as the first line in Fig. 
11 without NaCl, for example); rAO = (c’AO–c’AO(1–F0/F))/cDNA; cAO = c’AO(1–F0/F); cDNA = 
= 1.00×10-6 mol L-1; a, b, c, d, e, f and g are points on the line; c’AO is the initial molar 
concentration of AO 

Parameter a b c d e f g 
F0/F 0.04864 0.04441 0.04104 0.03826 0.03591 0.03394 0.03232 
1–F0/F 0.95136 0.95559 0.95896 0.96174 0.96409 0.96606 0.96768 
c’AO×107 / mol L-1 11.44 12.87 14.30 15.73 17.16 18.59 20.02 
cAO×107 / mol L-1 10.8835 12.2985 13.7131 15.1281 16.5438 17.9590 19.3730 
(c’AO – cAO)×107 / mol L-1 0.5565 0.5715 0.5869 0.6019 0.6162 0.6310 0.6470 
rAO 0.05565 0.05715 0.05869 0.06019 0.06162 0.0631 0.0647 
rAOcAO

-1 / 10-7 mol L-1 0.00511 0.00465 0.00428 0.00398 0.00372 0.00351 0.00334 

0 1 2 3 4 5

0.992

0.994

0.996

0.998
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(η
 /η
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Fig. 12. Effect of increasing amounts of Pr(DNR)3 on the relative viscosities of DNA 

at 298 K; cDNA = 1.00×10-5 mol L-1. 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 INTERACTION MECHANISMS OF DNA AND A RARE EARTH COMPLEX 1377 

The changes in the relative viscosity of the DNA solution with increasing 
concentration of Pr(DNR)3 are shown in Fig. 12. The value of relative viscosity 
decreased with increasing amount of Pr(DNR)3. Such behavior further suggested 
that partial or non-classical intercalation binding could be the interaction mode of 
Pr(DNR)3 with DNA. 

TABLE II. Scatchard equation of the interaction between Pr(DNR)3 and DNA 

Curve Rt = cPr(DNR)3/cDNA NaCl content, % Scatchard Equation K / 106 L mol-1 n 
1 0.00 5.00 9.72×104–1.91×106x 1.91 0.0509 

0 1.58×105–1.94×106x 1.94 0.0814 
2 0.20 5.00 1.69×105–3.26×106x 3.26 0.0518 

0 4.85×105–1.94×106x 1.94 0.2500 
3 0.40 5.00 2.74×105–5.12×106x 5.12 0.0535 

0 2.40×105–2.98×106x 2.98 0.0805 
4 0.60 5.00 7.41×105–3.81×106x 3.81 0.1945 

0 4.97×105–6.57×106x 6.57 0.0756 
5 0.80 5.00 5.28×105–4.52×106x 4.52 0.1168 

0 4.73×105–5.68×106x 5.68 0.0833 

CONCLUSIONS 

The interaction between the Pr(DNR)3 complex and hs-DNA was inves-
tigated using UV–Vis and fluorescence spectroscopy and viscosity measure-
ments. The obtained results indicated that the binding modes of Pr(DNR)3 to 
DNA were electrostatic binding and non-classical intercalation binding. The mo-
lecular structure of DNR containing an aromatic fused ring plane, which is the in-
ternal structure of Pr(DNR)3 can insert into the DNA molecule. However, be-
cause of the large volume of the Pr(DNR)3 complex, there was the partial or non- 
-classical intercalation. All these strongly support the idea that the research pro-
vides an experimental and theoretical reference for new anticancer drugs. 
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И З В О Д  

МЕХАНИЗАМ ИНТЕРАКЦИЈЕ ИЗМЕЂУ КОМПЛЕКСА PR(DNR)3 
И ДНК ИЗ СПЕРМЕ ХАРИНГЕ 

XIAOCAI LIU1, XINGMING WANG1 и LISHENG DING2 

1School of Materials Science and Engineering, Southwest University of Science and Technology, Mianyang 
62101 и 2Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu 610041, China 

Испитивање механизма интеракције између лекова и ДНК је важно за разумевање 
фармакокинетике. У овом раду је анализирана интеракција између комплекса метала ретке 
земље Pr(DNR)3 и ДНК из сперме харинге у пуферу Tris-HCl (pH 7,4) одређивањем апсорп-
ције, спектра флуоресценције и вискозитета. Резултати су показали да је интеракција између 
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1378 LIU, WANG and DING 

Pr(DNR)3 и ДНК из сперме харинге електростатичког типа и типа интеркалције. Однос ве-
зивања је био Pr(DNR)3׃ДНК = 51׃, а константа везивања K (292 K) = 4,34×103 L mol-1. На 
основу двоструког реципрочног метода и термодинамичке једначине, може се закључити да 
је интеракција интеркалације била кооперативно контролисана ефектима енталпије и ентро-
пије. 

(Примљено 26. августа, ревидирано 8. новембра 2010) 
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Abstract: The methanolic extract of Artemisia incisa Pamp. was dissolved in dis-
tilled water and successively partitioned with n-hexane, chloroform, ethyl acetate 
and n-butanol. The antioxidant potential of all these fractions and remaining 
aqueous fraction was evaluated by four methods, i.e., the scavenging activity of the 
1,1-diphenyl-2-picrylhydrazyl radical (DPPH), the total antioxidant activity, the 
ferric reducing antioxidant power (FRAP) assay and the ferric thiocyanate assay. In 
addition, the total phenolics was determined. The obtained results revealed that 
among the studied fractions the ethyl acetate soluble fraction showed the most 
potent DPPH-radical scavenging activity with an IC50 value of 5.30±0.71 µg mL-1, 
which is even more effective than the standard antioxidant butylated hydroxyto-
luene (BHT) (IC50 value of 12.10±0.29 µg mL-1). The ethyl acetate fraction also 
showed the highest FRAP value (3677.13±0.60 µg TE mL-1), inhibition of lipid pe-
roxidation (60.93±1.15 % at 500 µg mL-1) and total phenolic content (95.50±0.58 
μg GAE g-1) as compared to other fractions. However, the remaining aqueous 
fraction was found to possess the highest antioxidant activity of all the fractions. 

Keywords: Artemisia incisa Pamp.; DPPH assay; total antioxidant activity; FRAP 
value; total phenolics; inhibition of lipid peroxidation. 

INTRODUCTION 

Lipid peroxidation is one of the main reasons for the deterioration of food 
products during processing and storage. Synthetic antioxidants such as butylated 
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), propyl gallate (PG) 
and tert-butylhydroquinone (TBHQ) are widely used as food additives to in-
crease the shelf life, especially of lipids and lipid-containing products, by re-
tarding the process of lipid peroxidation. However, BHT and BHA are known to 
have not only toxic and carcinogenic effects on humans, but also to have abnor-
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mal effects on enzyme systems. Therefore, the interest in natural antioxidants, 
especially of plant origin, has greatly increased in recent years.1 Several reports 
indicate that the antioxidant potential of medicinal plants may be related to the 
concentration of their phenolic compounds, which include phenolic acids, flavo-
noids, anthocyanins and tannins.2,3 These compounds are of great value in pre-
venting the onset and/or progression of many human diseases, such as cancer, 
heart disease, hypertension and stroke.4 The health promoting effect of antioxi-
dants from plants is thought to arise from their protective effects by counteracting 
reactive oxygen species (ROS).3 

Artemisia is a quite large genus within the family of Asteraceae (Compo-
sitae), with almost 200 individual species known, which are usually found in dry 
areas, invariably as small fragrant shrubs or herbs and most yield essential oils. 
Some of these oils have found applications in perfumery and medicine (for ex-
ample, vermifuges, stimulants, etc.), whereas the leaves of some species are used 
as culinary herbs. The plants themselves are popular among gardeners as culti-
vated ornamentals. In Pakistan, this genus is represented by almost twenty five 
species.5 The plants of this genus have been used for a wide range of specific 
ailments including coughs, colds, sore throat, heartburn, haemorrhoids, fever, 
malaria, asthma, diabetes mellitus, enhancing eyesight, enhancement of the im-
mune system and cardiovascular health, as well as to decrease the risk of athero-
sclerosis, cancer, arthritis and gastrointestinal disorders. Phytochemical analyses 
of various species showed that they are rich sources of terpenoids (artemisinin), 
flavonoids including apigenin, cirsimaritin, and various novel compounds.6–9 but 
to the best of our knowledge, there is little in the literature on the employment of 
Artemisia incisa Pamp. as a natural antioxidant. Therefore, the present study was 
undertaken to investigate the in vitro antioxidant potential of various fractions of 
this plant. 

EXPERIMENTAL 

Plant material 

The plant Artemisia incisa Pamp. was collected from Kotly, Azad Kashmir in March 
2009, and identified by Mr. Muhammad Ajaib (taxonomist), Department of Botany, Go-
vernment College University, Lahore. A voucher specimen (G.C.Herb.Bot.858) is deposited 
in the Herbarium of the Botany Department of the same university. 

Extraction and fractionation of antioxidants 

Shade-dried ground whole plant (6.8 kg) was exhaustively extracted with methanol 
(4×12 L) at room temperature. The solvent was removed in a rotary evaporator (Laborta 4000- 
-efficent Heidolph) at 40 °C under vacuum to yield the residue (615 g), which was dissolved 
in distilled water (1.5 L) and successively partitioned with n-hexane (4×1 L), chloroform (4×1 
L), ethyl acetate (4×1 L) and n-butanol (4×1 L) to obtain four organic fractions. The organic 
fractions as well as the remaining water fraction were all concentrated separately on a rotary 
evaporator (the n-hexane-partitioned fraction at 40 °C, the chloroform-partitioned fraction at 
40 °C, the ethyl acetate-partitioned fraction at 43 °C, the n-butanol-partitioned fraction at 50 
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°C and the remaining water fraction at 60 °C under vacuum). The thus obtained residues for 
each fraction were used to evaluate their in vitro antioxidant potential. 

Chemicals and standards 

1,1-Diphenyl-2-picrylhydrazyl radical (DPPH·), 2,4,6-tripyridyl-s-triazine (TPTZ), tro-
lox, gallic acid, Folin–Ciocalteu; BHT was obtained from the Sigma Chemical Company Ltd. 
(USA) and the organic solvents (n-hexane, chloroform, ethyl acetate and n-butanol), sulphuric 
acid, sodium phosphate, ammonium molybdate, ferric chloride and ferrous chloride from 
Merck (Pvt.) Ltd. (Germany). 

DPPH radical scavenging activity  

The DPPH radical scavenging activities of the various fractions of the plant were ex-
amined by comparison with that of a known antioxidant (BHT) using a reported method.10 
Briefly, various amounts of the samples (1000, 500, 250, 125, 60, 30, 15 and 8 μg mL-1) were 
mixed with 3 mL of a methanolic solution of DPPH (0.1 mM). The mixture was shaken 
vigorously and allowed to stand at room temperature for one hour. Then the absorbance was 
measured at 517 nm against methanol as a blank in a spectrophotometer (CECIL Instruments 
CE 7200 Cambridge, England). A lower absorbance of the reaction mixture indicated a higher 
free radical scavenging activity. 

The percent of DPPH decolouration of the samples was calculated according to the 
formula: 

 Antiradical activity (%) = 100(Acontrol – Asample) / Acontrol 

Each sample was assayed in triplicate and mean values were calculated. 

Total antioxidant activity by the phosphomolybdenum method 

The total antioxidant activities of the various fractions of the plant were evaluated by the 
phosphomolybdenum complex formation method.11 Briefly, 500 μg mL-1 of each sample was 
mixed with 4 mL of reagent solution (0.6 M sulphuric acid, 28 mM sodium phosphate and 4 
mM ammonium molybdate) in sample vials. The blank solution contained 4 mL of reagent 
solution. The vials were capped and incubated in a water bath at 95 °C for 90 min. After the 
samples had cooled to room temperature, the absorbance of the mixture was measured at 695 
nm against the blank. The antioxidant activity was expressed relative to that of BHT. All 
determinations were assayed in triplicate and mean values were calculated. 

Ferric reducing antioxidant power (FRAP) assay 

The FRAP assay was realised according to Benzie and Strain12 with some modifications. 
The stock solutions included 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 
mM hydrochloric acid and 20 mM ferric chloride hexahydrate solution. The fresh working 
solution (FRAP solution) was prepared by mixing 25 mL of the acetate buffer, 2.5 mL of the 
TPTZ solution and 2.5 mL of the ferric chloride hexahydrate solution and then warmed at 37 
°C before use. Solutions of the plant samples and that of trolox were prepared in methanol 
(250 μg mL-1). 10 μL of each of sample solution were taken in separate test tubes and 2990 μL 
of FRAP solution were added to each to make the total volume 3 mL. The plant samples were 
allowed to react with the FRAP solution in the dark for 30 min. The absorbance of the coloured 
product (the ferrous tripyridyltriazine complex) was measured at 593 nm. The FRAP values 
are expressed as μmol of trolox equivalents (TE) per mg of the sample using a standard curve 
constructed for different concentrations of trolox. The results are expressed as TE in μg mg-1. 
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Ferric thiocyanate (FTC) assay 

The antioxidant activities of the various fractions of plant on the inhibition of linoleic 
acid peroxidation were assayed by the thiocyanate method.14 Samples (0.1 mL, 0.5 mg mL-1) 
were mixed with 2.5 mL of linoleic acid emulsion (0.02 M, pH 7.0) and 2.0 mL of phosphate 
buffer (0.02 M, pH 7.0). The linoleic emulsion was prepared by mixing 0.28 g of linoleic acid, 
0.28 g of Tween-20 as emulsifier and 50.0 mL of phosphate buffer. The reaction mixture was 
incubated for 5 days at 40 °C. The mixture without extract was used as the control. The mix-
ture (0.1 mL) was taken and mixed with 5.0 mL of 75 % ethanol, 0.1 mL of 30 % ammonium 
thiocyanate and 0.1 mL of 20 mM ferrous chloride in 3.5 % hydrochloric acid and allowed to 
stand at room temperature. Precisely 3 minutes after addition of ferrous chloride to the re-
action mixture, absorbance was recorded at 500 nm. The antioxidant activity is expressed as 
follows: 

 Inhibition of lipid peroxidation (%) = 100{1 – (Asample) / (Acontrol)} 

The antioxidant activity of BHT as a reference standard was assayed for comparison. 

Total phenolic content 

Total phenolics of the various fractions of plant were determined by a reported method.14 
A 0.1 mL aliquot of the sample solution (0.5 mg mL-1) was combined with 2.8 mL of a 10 % 
sodium carbonate solution and 0.1 mL of 2 M Folin–Ciocalteu reagent. After 40 min, the ab-
sorbance at 725 nm was measured using a UV–Vis spectrophotometer. The total phenolics 
were determined as milligrams of gallic acid equivalents per gram of sample. These were 
determined with the help of standard calibration curve, which was constructed for different 
concentrations of gallic acid. The standard gallic acid curve was linear in the concentration 
range 50–400 μg mL-1. The results are expressed in μg GAE mL-1. 

Statistical analysis 

All the measurements were performed in triplicate and the statistical analysis was 
realised using Microsoft Excel 2003. The results are presented as mean ± SEM. 

RESULTS AND DISCUSSION 

The scavenging of the stable DPPH radical model is a widely used method to 
evaluate antioxidant activities in a relatively short time. The addition of the 
extracts to a DPPH solution caused a rapid decrease in the optical density at 517 
nm. The degree of decolouration is an indication of the scavenging capacity of 
the extracts. Free radicals cause autoxidation of unsaturated lipids in food.15 The 
effect of an antioxidant on DPPH radical scavenging is thought to be due to its 
hydrogen donating ability or radical scavenging activity.16 Antioxidants cease the 
free radical reaction by donating a hydrogen from the phenolic hydroxyl groups. 
Thus, the formation of a stable end-product does not permit further oxidation of 
the lipid.17 The decrease in the absorbance of the stable radical DPPH, accom-
panied with colour changes from violet to yellow, was measured for three con-
centrations, and the results are given in Table I. According to the obtained re-
sults, the ethyl acetate soluble fraction showed the highest DPPH scavenging 
activity of 87.74±1.75 % at a concentration of 125 μg mL–1, while the n-hexane 
soluble fraction revealed the lowest scavenging value of 68.10±1.70 % at a con-
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centration of 1000 μg mL–1. For each fraction, the IC50 value was calculated and 
is presented in Table II. The IC50 value is the concentration which causes a 50 % 
inhibition of the DPPH radicals. Different concentrations of the fractions were 
taken such that some concentrations had an inhibition above 50 % and some be-
low 50 %. The lower the IC50 value, the greater is the antioxidant activity. The 
IC50 value of the ethyl acetate soluble fraction was very low (5.30±0.71 μg mL–1) 
and hence it showed the highest antioxidant activity as compared to the other 
fractions. The IC50 values for other fractions increased in order chloroform so-
luble fraction < n-butanol soluble fraction < remaining aqueous fraction < n-hex-
ane soluble fraction (Table II). The total antioxidant capacity of all fractions was 
measured spectrophotometrically by the phosphomolybdenum method, which is 
based on the reduction of Mo(VI) to Mo(V) by the sample analyte and the sub-
sequent formation of green phosphate/Mo(V) compounds with a maximum ab-
sorption at 695 nm.18 The aqueous fraction displayed the highest total anti-
oxidant activity value (1.56-fold greater than BHT), followed by the slightly less 
potent ethyl acetate, chloroform and n-hexane soluble fractions (from 1.45 to 
1.47-fold greater activity than BHT), while the n-butanol soluble fraction had the 
lowest total antioxidant activity (1.35-fold greater than BHT). 

TABLE I. 1,1-Diphenyl-2-picryl hydrazyl radical (DPPH) radical scavenging activity of the 
various fractions of Artemisia incisa Pamp. 

Sr. No. Sample Concentration in assay, μg ml-1 Scavenging of DPPH, %±SEMa 
1 n-Hexane 

soluble fraction 
1000 
500 
50 

68.10±1.70b 
59.30±1.17b 
36.30±0.61b 

2 Chloroform 
soluble fraction 

125 
60 
30 

87.71±1.75 
67.43±1.14 
40.77±1.14b 

3 Ethyl acetate 
soluble fraction 

125 
60 
30 

87.74±1.13 
75.90±1.73 
58.30±1.76b 

4 n-Butanol 
soluble fraction 

125 
60 
30 

87.60±0.99 
61.25±1.17b 
44.10±1.17b 

5 Remaining 
aqueous fraction 

250 
125 
50 

72.65±1.55b 
61.95±0.68b 
49.8±1.02b 

6 BHTc 60 
30 
15 

91.17±1.20 
72.14±1.14 
65.86±2.32 

aAll results are presented as mean ± standard mean error of three assays; bp < 0.05 when compared with the 
negative control, i.e., blank/solvent (p < 0.05 is taken as significant); cstandard antioxidant. Note: IC50 should be 
calculated by the linear regression method of plots of the percentage of antiradical activity against the con-
centration of the tested samples. Hence, the concentrations of the fractions were taken in such a way that some 
concentrations show % inhibition above 50 % and some below 50 % 
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TABLE II. IC50, total phenolics, total antioxidant activity, FRAP values and lipid peroxidation 
inhibition values of different fractions of Artemisia incisa Pamp.; all results are presented as 
mean ± standard mean error of three assays 

Sr. 
No. 

Sample 
IC50 

μg mL-1 

Total 
antioxidant 

activity 

FRAP value
μg TE mg-1 

Inhibition of 
lipid peroxi-
dation, %a 

Total phenolics 
mg GAE g-1 

1 n-Hexane 
soluble 
fraction 

379.10±9.48 1.45±0.01b 179.80±0.46b 47.06±0.59b 51.20±0.46b 

2 Chloroform 
Soluble 
fraction 

37.90±13.59 1.46±0.01b 1571.30±0.49b 51.37±0.56b 54.50±0.59b 

3 Ethyl acetate 
soluble 
fraction 

5.30±0.71 1.47±0.01b 3677.13±0.60b 60.93±1.15 95.50±0.58b 

4 n-Butanol 
soluble 
fraction 

39.80±12.65 1.35±0.02b 2136.40±0.34b 49.60±0.99b 59.75±1.17b 

5 Remaining 
aqueous 
fraction 

44.40±6.60 1.56±0.01b 620.50±0.52b 54.20±0.88b 69.25±0.59b 

6 BHTc 12.10±0.29 1.2186±0.01 – 62.91± 1.16 – 
Blankd – – 2.30 – 1.15b 
aTested concentration at 500 μg mL-1; bp < 0.05 when compared with the negative control, i.e., blank/solvent 
(p < 0.05 is taken as significant); cexpressed relative to BHT; dexpressed relative to blank 

The FRAP assay is a simple and inexpensive procedure that measures the 
total antioxidant levels in a sample. It utilizes the reducing potential of the anti-
oxidants to react with the ferric tripyridyltriazine (Fe(III)-TPTZ) complex and 
produce the coloured ferrous tripyridyltriazine (Fe(II)-TPTZ) complex.19,20 Among 
all the Artemisia incisa fractions, the ethyl acetate soluble fraction showed the 
highest FRAP value (3677.13±0.60 μg TE mg–1) and then the other fractions 
which followed the order n-butanol soluble fraction (2136.40±0.34 μg TE mg–1) >  
> chloroform soluble fraction (1571.30±0.49 μg TE mg–1) > aqueous fraction 
(620.50±0.52 μg TE mg–1) while the n–hexane soluble fraction revealed the low-
est FRAP value (179.80±0.46 μg TE mg–1). 

The ferric thiocyanate method measures the amount of peroxide generated 
during the initial stage of linoleic acid emulsion during incubation. Here, the pe-
roxide reacted with ferrous chloride to form ferric chloride, which in turn reacted 
with ammonium thiocyanate to produce ferric thiocyanate, a reddish pigment. 
The low absorbance values measured via the FTC method indicated high anti-
oxidant activity.21 The obtained results revealed that the ethyl acetate soluble 
fraction showed the maximal inhibition of lipid peroxidation (60.93±1.15 %) and 
the n-hexane soluble fraction the minimal (47.06±0.59 %) at a concentration of 
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500 μg mL–1; the following order for the different fractions of this plant was 
observed: ethyl acetate soluble fraction > remaining aqueous fraction > chloro-
form soluble fraction > n-butanol soluble fraction > n-hexane soluble fraction. 
The inhibition of lipid peroxidation by BHT (standard) was 62.91±0.60 % at 500 
μg mL–1 (Table II). Phenolic compounds are very important plant constituents 
because of their antioxidant activities.22 It has been revealed that various pheno-
lic antioxidants, such as flavonoids, tannins, coumarins and procyanidins sca-
venge radicals dose-dependently. Thus, they are viewed as promising therapeutic 
drugs for free radical pathologies.23 According to the present results, the ethyl 
acetate soluble fraction possessed the highest amount of total phenolics, having a 
value of 95.5±0.58 mg GAE g–1, followed by the remaining aqueous fraction 
(69.25±0.59 mg GAE g–1), the n-butanol soluble fraction (59.75±1.17 mg GAE 
g–1), the chloroform soluble fraction (54.5±0.59 mg GAE g–1) while the n-hex-
ane soluble fraction exhibited the lowest total phenolic content (51.20±0.46 mg 
GAE g–1) (Table II). 

CONCLUSIONS 

The results showed that among the studied fractions, the ethyl acetate so-
luble fraction showed the most potent DPPH-radical scavenging activity with an 
IC50 value of 5.30±0.71 μg mL–1 and it was even more effective than the stan-
dard antioxidant BHT (IC50 = 12.10±0.29 μg mL–1). The ethyl acetate fraction 
also showed the highest FRAP value (3677.13±0.60 μg TE mg–1), inhibition of 
lipid peroxidation (60.93±1.15 % at 500 μg mL–1) and total phenolic content 
(95.50±0.58 μg GAE g–1) when compared to the other fractions. However, the 
remaining aqueous fraction was found to possess the highest total antioxidant ac-
tivity among all the fractions. Hence, it was concluded that the ethyl acetate so-
luble fraction of this plant is rich in strong antioxidants but it is also promising to 
be able to conclude that, except for the n-hexane soluble fraction, all the other 
fractions of this plant are potentially valuable sources of natural antioxidants and 
might show effectiveness against diseases caused by the over-production of radi-
cals. Thus, further phytochemical studies are required to isolate these potent na-
tural antioxidants. 

И З В О Д  

АНТИОКСИДАТИВНА АКТИВНОСТ ЕКСТРАКАТА БИЉКЕ Artemisia incisa Pamp. 

AZIZ-UR-REHMAN1, SEHRISH GULZAR1, MUHAMMAD A. ABBASI1, TAYYABA SHAHZADI1, 

TAUHEEDA RIAZ1, SABAHAT Z. SIDDIQUI1 и MUHAMMAD AJAIB2 

1Department of Chemistry, Government College University, Lahore-54000, Pakistan и 2Department of Botany, 
Government College University, Lahore-54000, Pakistan 

Метанолни екстракт биљке Artemisia incisa Pamp. је, након упаравања растварача, 
растворен у дестилованој води и подвргнут подеоној екстракцији n-хексаном, хлороформом, 
етил-ацетатом и n-бутанолом. Антиоксидативна активност фракција је одређивана следећим 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



1386 AZIZ-UR-REHMAN et al. 

методама: а) реакцијом хватања 1,1-дифенил-2-пикрилхидразил радикала (DPPH), б) мере-
њем укупне антиоксидативне активности, в) тестирањем способности редукције фери јона 
(FRAP тест) и г) извођењем фери-тиоцијанатног теста. Такође је одређена укупна количина 
фенолних једињења. Резултати су показали да је етил-ацетатни екстракт показао највећу 
способност хватања DPPH радикала, његова IC50 вредност је била 5,30±0,71 μg mL-1 и био је 
ефикаснији од стандардног антиоксиданса BHT, чија је IC50 вредност била 12,10±0,92 μg 
mL-1. Етил-ацетатна фракција је имала и највећу способност редукције фери јона (FRAP 
вредност је била 3677,13±27,1 μg TE mL-1), способност инхибиције липидне 
пероксидације (60,93±0,84 % при концентрацији 500 μg mL-1), а и садржај фенолних 
једињења је био највећи (95,50±0,05 μg GAE g-1). Водена фракција, заостала после 
екстракције органским растварачима, имала је највећу укупну антиоксидативну активност. 

(Примљено 2. јануара, ревидирано 18. марта 2011) 
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Complexes of some 3d-metals with a Schiff base derived from 
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Abstract: Using a bidentate ligand, a Schiff base of 5-acetamido-1,3,4-thiadiazole- 
-2-sulphonamide, complexes of transition metals having the general formula ML2, 
where M = Mn(II), Fe(II), Ni(II) and Cu(II), were synthesized. The complexes were 
characterized by elemental analysis, molar conductivity, magnetic moment, elec-
tronic, ESR and IR spectroscopy, and particle size analysis. The conductivity data 
of the complexes suggests their non-electrolytic nature. The stability constants and 
free energy change for the complexes were calculated. Spectral studies and mag-
netic susceptibility measurements revealed an octahedral geometry for all the 
complexes. The ligand and its complexes were screened for their fungicidal activity 
against Aspergillus niger and A. flavus. 

Keywords: Schiff base; conductivity; non-electrolytic; stability constant; fungicidal 
activity. 

INTRODUCTION 

5-Acetamido-1,3,4-thiadiazole-2-sulphonamide (acetazolamide) is a diuretic 
drug. Diuretics are described as medicines that help to reduce the amount of wa-
ter in the body. In the present day scenario, diseases such as high blood pressure, 
renal failure, diabetes, etc. have become very common. Hence, diuretic drugs were 
chosen for the present study. Schiff base metal complexes played a central role in 
the development of coordination chemistry. Schiff bases are widely applicable 
because of their industrial and biological importance and hence were well studied 
in the past.1–4 It was established that the biological activity of a Schiff base is 
altered many fold on its coordination with suitable metal ions.5–7 The introduc-
tion of nitrogen atoms into the structure of organic compounds often resulted in 
important changes in their behaviour towards metal ions. Many investigations 
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were undertaken of the interaction of metal ions with ligands containing oxygen 
and nitrogen as donor atoms.8,9 In the present study, metal complexes of Mn(II), 
Fe(II), Ni(II) and Cu(II) with a Schiff base derived from 5-acetamido-1,3,4-thia-
diazole-2-sulphonamide (acetazolamide) and salicylaldehyde were synthesized 
and characterized in view of their importance in biological systems.10–12 

EXPERIMENTAL 

All the chemicals used in this work were of analytical reagent grade (anhydrous) and 
purchased from Merck (USA).  

Synthesis of Schiff base 

Equimolar (0.01 M) solutions of pure drug (3.26 g) (provided by Shalaks’ Pharmaceu-
ticals, Mumbai, India) and salicylaldehyde (1.04 ml) were separately dissolved in a methanol– 
–water mixture (1:1). The mixture was refluxed for four hours and kept for a day. Pale yellow 
crystals of acetazolamide Schiff base formed in the reaction mixture (Fig. 1), which were 
filtered and washed thoroughly with 50 % methanol–water mixture, dried under vacuum and 
weighed. The colour of the solid product was pale yellow (yield 54 %). Melting point of the 
Schiff base was recorded. 

Fig. 1. The structure of the Schiff base. 

Synthesis of complexes 

For the synthesis of the complexes, 0.02 mol acetazolamide–salicylaldimine ligand 
solution (AZM–SA) was prepared in 60 % acetone–water solvent and then the required metal 
salt (0.01mol) was added. The resulting solution was refluxed for 4–5 h. The refluxed solu-
tions were kept for some days whereby solid crystalline compounds appeared in the solution, 
which were filtered, washed with 60 % acetone–water mixture, dried and weighed. The melt-
ing points of the complexes were recorded.  

Methods and apparatus applied 

Elemental analyses were performed on a model 240 Perkin–Elmer elemental analyzer 
(USA) at CDRI Lucknow, India. The metal contents were determined gravimetrically.13 Mag-
netic susceptibility measurements of the complexes in the solid state were determined on a 
vibrating sample magnetometer (PAR, model 155, USA) at room temperature. Molar conduc-
tance measurements were realized in anhydrous DMF on a Systronics model 305 (India) con-
ductivity bridge. The electronic spectra of the metal complexes in dimethylformamide (DMF) 
were recorded on a Shimadzu UV-160A UV–Vis (USA) spectrophotometer (5815–32573 cm-1). 
The infrared spectra were measured on a Nicolet 400 D FT-IR (USA) spectrophotometer in 
the wave number range 4000–400 cm-1 using KBr pellets. The electron spin resonance (ESR) 
spectra were recorded on a Bruker DRX-300 (Germany) spectrophotometer and an X-E-4 
bands spectrometer (Bruker, Germany) at LNT (liquid nitrogen temperature) and RT (room 
temperature), respectively. Particle size analysis was performed at Sicart, Gujarat (India) 
using a laser diffraction particle size analyzer (Cilas, model 1064 L/D, France). The melting 
points of the ligand and complexes were recorded in open capillaries on a capillary melting 
point apparatus (EI, model 934, IndiaLine no. 60, India). 
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Antifungal activity 

The antifungal activities of the newly synthesized compounds and ligand were evaluated 
by the agar growth food poison technique14 at 500 and 1000 ppm concentrations against As-
pergillus niger and A. flavus. The disc diffusion method was used for the standard drug neta-
mycin against A. niger and A. flavus using Czapek’s agar medium. The fungi were grown at 
25±1 °C on dextrose agar medium. All the microbial plates were incubated for 48 h at 35 °C. 
The antifungal activity of all the synthesized compounds was evaluated by percentage zone of 
growth inhibition. Three replicates were performed for each dilution of the test compounds 
from the screening results. All the fungal species were procured from the Microbial Type 
Collection and Gene Bank, Institute of Microbial Technology (IMTECH), Chandigarh, India. 

RESULTS AND DISCUSSION 

Based on the physicochemical characteristics (Table I), it was found that all 
the complexes were non-hygroscopic, stable at room temperature and insoluble 
in water but fairly soluble in dimethyl sulfoxide (DMSO). The magnetic moment 
data indicated all the complexes to be paramagnetic in nature. The molar conduc-
tance values for the complexes were found between 13–17 Ω–1 cm2 mol–1 in 
DMSO, which indicates their non-electrolytic nature.15 The elemental analysis 
data, formula weights and melting points are given in Table II. 

TABLE I. Synthesis and physico–chemical characteristics of the complexes 

Ligand/complex 
Ligand– 

–metal ratio
Colour

Yield
% 

Stability 
constant

log K 
L mol-1 

ΔF 
kJ mol-1

Λm
a 

Ω-1 cm2 mol-1 
μeff 
μB 

AZM-SA – Pale 
yellow

54 – – – – 

[Mn(AZM-SA)2(H2O)2] 2:1 Brown 35 11.16 –64.58 15.3 5.38 

[Fe(AZM-SA)2(H2O)2] 2:1 Black 69 11.15 –64.62 16.4 5.78 
[Ni(AZM-SA)2(H2O)2] 2:1 Pale 

green
65 10.84 –65.12 13.0 3.18 

[Cu(AZM-SA)2(H2O)2] 2:1 Dark 
green

42 12.08 –71.26 14.6 1.83 

a10-3 M solution in DMSO 

TABLE II. Analytical data of the ligand and complexes 

Ligand/complex 
Elemental analysis, found (calcd.), %  

M.p., °C 
C H N S Metal 

C11H10N4O4S2 39.01 
(40.46) 

4.08 
(3.06) 

18.21 
(17.26) 

19.50 
(19.61) 

– 242 

(C11H9N4O4S2)2Mn⋅2H2O 38.46 
(37.13) 

2.63 
(2.53) 

15.69 
(15.75) 

18.10 
(18.00) 

3.38 
(3.52) 

355 

(C11H9N4O4S2)2Fe⋅2H2O 37.36 
(37.00) 

2.53 
(2.91) 

15.53 
(15.67) 

18.18 
(18.50) 

6.88 
(7.91) 

360 
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TABLE II. Continued 

Ligand/complex 
Elemental analysis, found (calcd.), %  

M.p., °C 
C H N S Metal 

(C11H9N4O4S2)2Ni⋅2H2O 35.00 
(35.45) 

2.80 
(2.41) 

14.93 
(15.03) 

17.14 
(17.18) 

7.96 
(7.91) 

260 

(C11H9N4O4S2)2Cu⋅2H2O 36.98 
(36.00) 

2.50 
(2.91) 

15.69 
(16.67) 

17.93 
(17.50) 

8.86 
(8.91) 

199 

Magnetic measurements 

The magnetic moment data are presented in Table I. The Mn(II) complex 
showed a value of 5.38 μB, which is slightly lower than the spin only value of 
5.92 μB for high spin octahedral Mn(II) complexes.16 The magnetic moment of 
the Fe(II) complex was 5.78 μB, which supports its high spin octahedral geo-
metry.17 The observed magnetic value of Ni(II) complex was 3.18 μB, which is 
in good agreement with a spin free octahedral geometry.18 The Cu(II) complex 
exhibited a value of 1.83 μB, which suggests an octahedral geometry19 around 
the central metal ion. 

Electronic spectra 

The electronic spectra of the complexes were recorded in the solution state. 
The energies of the observed spin allowed bands in all the complexes agreed with 
the octahedral geometry. The electronic spectrum of Mn(II) complex shows four 
weak bands at bands at 16000, 19810, 20746 and 26740 cm–1, which can be 
assigned to 6A1g → 6T1g, 6A1g → 4T2g, 6A1g → 4Eg and 6A1g → 4T1g, respec-
tively, for an Mn(II) ion in an octahedral field.20 The electronic spectrum of the 
Fe(II) complex showed two bands. The band at 10820 cm–1 may be assigned to 
the 5T2g → 5Eg transition21 and the other at 20490 cm–1 to charge transfer.22 
Similar types of transitions were reported for octahedral Fe(II) complexes.23 The 
electronic spectrum of the Ni(II) complex displayed three bands at 12500, 18900 
and 26400 cm–1, assigned to 3A2g(F) → 3T2g(F), 3T1g(F) and 3T1g(P) transitions, 
respectively, which indicate octahedral geometry24 of the Ni(II) complex. The 
electronic spectrum of the Cu(II) complex showed two ligand field bands at 
13700 and 18000 cm–1, assigned to the transitions 2Eg → 2T2g and charge trans-
fer, respectively. The electronic spectrum of the Cu(II) complex suggests an octa-
hedral geometry.25 

Infrared spectra 

The IR spectrum of the Schiff base showed a sharp band near 1610 cm–1, 
which may be due to the azomethine linkage,26–28 which was shifted to lower 
frequencies in the metal complexes, indicating coordination of the metal ions 
through the azomethine linkage.29 The ligand showed a strong band at 3410 cm–1 
due to the phenolic –OH group.30 This band was absent in the spectra of all the 
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metal complexes, indicating involvement of this group in the formation of the 
complexes.31 The bands observed at 1176, 1174, 1178, 1175 and 1173 cm–1 are 
characteristics of SO2–N linkages in the Schiff base and the Mn(II), Fe(II), Ni(II) 
and Cu(II) complexes, respectively.32 The appearance of the M–N bands at 411, 
409, 412 and 415 cm–1 and the M–O bands at 505, 508, 511 and 550 cm–1 in the 
complexes indicate that AZM-SA was coordinated through an O and a N 
atom.33,34 The absorption bands at 3410, 3592, 3621 and 3547 cm–1 show the 
presence of coordination water in the complexes.35 The weak bands observed at 
1280, 1286, 1282, 1288 and 1290 cm–1 are characteristics of νC–O (phenolic)36 
in the Schiff base and the metal complexes, respectively. The medium frequen-
cies observed in the region 674 cm–1 in the ligand and the respective metal com-
plexes are assigned to νC–S.37 The IR spectral data and their tentative assign-
ments are given in Table III. 

TABLE III. Infrared spectral data (cm–1) and their tentative assignments (vs – very strong, s – 
strong, m – medium, w – weak) 

Ligand/complex ν(HC=N) ν(SO2N) ν(N–H) ν(M–N) ν(M–O) ν(H2O) 
AZM-SA 1610 vs 1176 vs 3301 s – – – 
[Mn(AZM-SA)2(H2O)2] 1578 s 1174 vs 3300 s 505 m 411 s 3410 vs 
[Fe(AZM-SA)2(H2O)2] 1581 s 1178 s 3304 s 508 s 409 w 3592 vs 
[Ni(AZM-SA)2(H2O)2] 1590 s 1175 vs 3300 s 511 m 412 s 3621 vs 
[Cu(AZM-SA)2(H2O)2] 1593 s 1173.5 s 3300 s 550 s 415 w 3547 vs 

ESR spectra 

The ESR spectra of the Fe(II) and Cu(II) complexes were recorded in DMSO 
at LNT (liquid nitrogen temperature) and RT (room temperature). The spectrum 
of the Cu complex at RT shows one intense absorption band in the high field. At 
LNT, the Cu(II) complex shows four well-resolved peaks in the low field region. 
The g║ and g┴ components were calculated respectively from the low and high 
intensity envelopes. The values obtained for Cu(II) complex were g║ > g┴ > 2, in-
dicating that the Cu(II) lies predominantly in the dx2–y2 orbital.38 The observed 
values of α2, β2 and γ2 of the Cu(II) complex are less than unity, which indicates 
that the complex has some covalent character in the ligand environment.39 The 
ESR spectrum of the Fe(II) complex at both RT and LNT, consisted of a single 
broad peak of high intensity, explaining its paramagnetic character that is also 
supported by the value of the magnetic moment (Table I). The values of g║ = g┴ 
and gav were less than two, which predicts the presence of vacant energy shells in 
Fe(II) ion to accept an electron pair from the ligand.40 

Particle size analysis 

The pure acetazolamide drug (5-acetamido-1,3,4-thiadiazole-2-sulphonami-
de), its Schiff base and the Mn(II) and Cu(II) complexes derived from the Schiff 
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base were evaluated for their particle size distribution and average particle dia-
meter using the laser diffraction method. The average particle size of the Mn(II) 
and Cu(II) complexes were found to be 2.93 and 2.76 μm, respectively, which is 
smaller than that of the Schiff base (AZM-SA) with an average diameter of 4.01 
μm and that of the pure drug with an average diameter of 4.16 μm. The smaller 
particle size of the complexes results in an enhanced solubility of the drug.41 

Fungicidal activity 

Above synthesized compounds and the ligand (Schiff base) were screened 
against A. niger and A. flavus by the agar growth food poison technique to assess 
their potentials as fungicidal agents. The disc diffusion method was used for the 
standard drug gentamycin against A. niger and A. flavus using Sabouraud agar 
medium. The percentage growth by an inhibitor at different dilutions is deter-
mined as 100(C – T)/C (where C is the diameter of the fungus colony in the 
control plate and T is the diameter of fungus colony in the test plate). The zone of 
inhibition based on the size around the disc was measured. The inhibition zone 
percentages are recorded in Table IV. From the results, it can be observed that 
the complexes showed greater activity as compared to the Schiff base. The im-
proved activities of some of the metal complexes as compared to the ligand can 
be explained by the chelation theory. This theory explains that a decrease in the 
polarizability of the metal could enhance the lipophilicity of the complexes, which 
leads to a breakdown of the permeability of the cells, resulting in interference 
with normal cell processes.42 This indicates that chelation increases the fungi-
cidal activity.43 

TABLE IV. Antifungal activity (inhibition zone, %) of Schiff base and complexes; medium: 
Czapek’s agar; time: 5 days; temperature: 25±1 °C, dose = 500 ppm 

Compound A. niger A. flavus 
AZM-SA 51.23 59.47 
(AZM-SA)2Mn 66.38 71.23 
(AZM-SA)2Fe 72.25 81.78 
(AZM-SA)2Ni 81.46 95.67 
(AZM-SA)2Cu 81.45 98.55 
Netamycin 55.23 45.53 

CONCLUSIONS 

Based on elemental analysis, magnetic moment data, conductivity measure-
ments and spectral studies, an octahedral structure for the complexes is proposed 
(Fig. 2.). All the synthesized metal complexes showed biological activities 
against the tested pathogenic fungal species by the well agar method. To counter 
increased fungal disease to their rapid growth in the population, investigation of 
the fungicidal activities of ligands and their metal complexes would be very use-
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ful to control this harmful disease. The present work will be extended to the syn-
thesis of other metal complexes and their biological activities. 

 
Fig. 2. The proposed structure of the complexes: M = Mn(II), Fe(II), Ni(II), Cu(II). 
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И З В О Д  

КОМПЛЕКСИ НЕКИХ 3d-МЕТАЛА СА ШИФОВИМ БАЗАМА КОЈЕ СУ ДОБИЈЕНЕ ИЗ 
5-АЦЕТАМИДО-1,3,4-ТИЈАДИАЗОЛ-2-СУЛФОНАМИДА И ЊИХОВА БИОЛОШКА 

АКТИВНОСТ 

SUMAN MALIK1, SUPARNA GHOSH1 и LIVIU MITU2 

1Department of Chemistry, Sadhu Vaswani College,Bairagarh, Bhopal – 462030, India и 2Department of 
Physics and Chemistry,University of Pitesti, Pitesti – 110040, Romania 

Полазећи од бидентатног лиганда, Шифове базе 5-ацетамидо-1,3,4-тијадиазол-2-сул-
фонамида, синтетизовани су комплекси неких прелазних метала, опште формуле ML2 (где је 
M = Mn(II), Fe(II), Ni(II) и Cu(II)). За карактеризацију комплекса употребљени су елемен-
тална микроанализа, мерења моларне проводљивости и магнетног момента, електронска, 
ESR и IR спетроскопија, као и метода анализе прахова. На основу мерења моларне про-
водљивости претпостављено је да су испитивани комплекси електронеутрални. Израчунате 
су вредности константи стабилности, као и вредности промене слободне енергије. На основу 
измерених вредности магнетних момената за све испитиване комплексе претпостављена је 
октаедарска геометрија. Испитивана је антифунгална активност за лиганд и одговарајуће 
комплексе на сојевима Aspergillus niger и A. flavus. 

(Примљено 11. јануара, ревидирано 29 марта 2011) 
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reaction of germylene silylene (H2Ge=Si:) and ethene 
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Abstract: The mechanism of the cycloaddition reaction between singlet state 
germylene silylene (H2Ge=Si:) and ethene was investigated by the CCSD(T)// 
//MP2/6-31G method. From the potential energy profile, it can be predicted that 
the reaction has only one dominant reaction pathway. The presented rule of the 
dominant reaction pathway is that the [2+2] cycloaddition effect of the two 
reactants leads to the formation of a four-membered ring silylene with Ge (INT1). 
Due to sp3 hybridization of the Si atom in four-membered ring silylene with Ge 
(INT1), INT1 further reacts with ethene to form a bis-heterocyclic compound with 
Si and Ge (P2). 

Keywords: germylene silylene; reaction mechanism; potential energy profile. 

INTRODUCTION 

Unsaturated silylenes are an important type of active intermediates. Their 
cycloaddition reactions are considered as providing a convenient, short synthesis 
pathway for the synthesis of tensility cyclotella, silapolycyclic compounds and 
compounds that are difficult to synthesize by other methods, and are also re-
garded as an effective method for the syntheses of new bonds and heterocyclic 
compounds containing Si. H2C=Si: is the simplest unsaturated silylene, which 
was first observed experimentally by Leclercq and Dubois in 1979.1 Srinivas et 
al.2 employed neutralization–reionization mass spectrometry to show that H2C=Si: 
is a viable molecule in a low-pressure gas phase. A theoretical study indicated 
that the ground state of H2C=Si: is a singlet state.3 The energy of H2C=Si: is 84 
kcal mol–1 lower than that of silaacetylide; thus, H2C=Si: is the lowest energy 
isomer.4 Preliminary studies on the cycloaddition reactions of unsaturated sily-
lenes were performed,5–9 but these studies were limited to the cycloaddition re-
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action of methylene silylene and its derivatives (X2C=Si:, X=H, F, Cl, CH3, etc.). 
Hitherto, no reports on the cycloaddition reaction of germylene silylene and its 
derivatives (X2Ge=Si:, X=H, F, Cl, CH3, etc.) exist; it is a new area of research 
on the cycloaddition reaction of unsaturated silylenes. It is quite difficult to in-
vestigate the mechanisms of the cycloaddition reaction directly by experimental 
methods due to the high activity of germylene silylene, therefore, a theoretical 
study is more practical. To explore the rules of the cycloaddition reaction be-
tween germylene silylene (including its derivatives) and symmetric π-bonded 
compounds, germylene silylene(H2Ge=Si:) and ethene were selected as model 
molecules, and the mechanism of the cycloaddition reaction between germylene 
silylene and ethene was investigated and analyzed theoretically. The results 
showed that there are two possible pathways for the cycloaddition reaction (con-
sidering the H transfer simultaneously) as follows: 

H2Ge=Si: + H2C=CH2

H2Ge Si:

H2C CH2

INT1

H2Ge

H2C CH2

P1

HGe SiH

H2C CH2

H2Ge SiH

HC CH2

H2Ge SiH

H2C CH

P1.1

P1.2

P1.3

(1)

INT1 +  H2C=CH2

H2Ge

H2C CH2

CH2

CH2
Si

P2 (2)

 
CALCULATION METHOD 

MP2/6-31G10 implemented in the Gaussian 98 package was employed to locate all the 
stationary points along the reaction pathways. Full optimization and vibrational analysis were 
performed for the stationary points on the reaction potential energy profile. Zero point energy 
and CCSD(T) corrections were included in the energy calculations. In order to explicitly 
establish the relevant species, the intrinsic reaction coordinates (IRC)11,12 were also calculated 
for all the transition states appearing on the potential energy profile of the cycloaddition. 
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RESULTS AND DISCUSSION 

Reaction (1): The pathways of the formation of a four-membered ring silylene 
with Ge (INT1), H-transfer products (P1.1, P1.2 and P1.3) and a 
three-membered ring product (P1) 

Theoretical investigations showed that the ground state of germylene sily-
lene (H2Ge=Si:) is the singlet state. The geometric parameters of the intermediate 
(INT1), transition states (TS1, TS1.1, TS1.2 and TS1.3) and products (P1, P1.1, 
P1.2 and P1.3), which appear in reaction (1) between germylene silylene and 
ethane, are given in Fig. 1. The energies are listed in Table I, and the potential 
energy profile for the cycloaddition reaction is shown in Fig. 2. The unique ima-
ginary frequencies of the transition states TS1, TS1.1, TS1.2 and TS1.3 are 
196.4, 600.2, 1037.0 and 985.6 cm–1 , respectively, and, consequently, these tran-
sition states can be affirmed as real ones. According to the calculations of the 
IRC of TS1, TS1.1, TS1.2 and TS1.3, further optimization of the primary IRC 
results, TS1 connects INT1 with P1, TS1.1 connects INT1 with P1.1, TS1.2 con-
nects INT1 with P1.2 and TS1.3 connects INT1 with P1.3. 

 
Fig. 1. Optimized MP2/6-31G geometrical parameters and the atomic numbering 

for the species in cycloaddition reaction (1). Bond lengths and bond angles 
are in Å and °, respectively. 

According to Fig. 2, it can be seen that reaction (1) consists of five steps: the 
first step is that the two reactants (R1 and R2) form a four-membered ring si-
lylene (INT1), which is a barrier-free exothermic reaction of 127.9 kJ mol–1; the 
second step is that INT1 isomerizes to a three-membered ring product (P1) via 
the transition state TS1 with an energy barrier of 56.7 kJ mol–1; the following 
three steps are that INT1 undergoes H-transfer via transition states TS1.1, TS1.2 
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and TS1.3 with energy barriers of 42.4, 66.2 and 118.6 kJ mol–1, respectively, 
resulting in the formation of products P1.1, P1.2 and P1.3. As the energy of P1 is 
39.7 kJ mol–1 higher than that of INT1, the reaction INT1→P1 is thermodyna-
mically prohibited at normal temperature and pressure. The energy barriers of 
TS1.2 and TS1.3 are 14.3 and 23.8 kJ mol–1 higher than that of TS1.1; therefore, 
INT1→P1.1 is the dominant reaction pathway of the reaction (1). 

TABLE 1. Zero point energy (ZPE / hartree), total energies (ET / hartree) and relative energies 
(ER / kJ·mol-1) for the species from various theoretical methods (ET = E(Species) + ZPE; ER = 
= ET – E(R1+R2); ER = ET – E(INT1+R2)) 

Reaction Species ZPE 
MP2/6-31G CCSD(T)//MP2/6-31G 
ET ER ET ER 

(1) R1+R2 0.06544 –2441.59424 0.0 –2441.67589 0.0 
INT1 0.07079 –2441.65402 –157.0 –2441.72461 –127.9 

TS1(INT1–P1) 0.06938 –2441.63161 –98.1 –2441.70301 –71.2 
P1 0.06962 –2441.63776 –114.3 –2441.70947 –88.2 

TS1.1(INT1–P1.1) 0.06935 –2441.63740 –113.3 –2441.70845 –85.5 
P1.1 0.07197 –2441.66161 –176.9 –2441.72835 –137.7 

TS1.2(INT1–P1.2) 0.06714 –2441.63285 –101.4 –2441.69939 –61.7 
P1.2 0.06805 –2441.66461 –184.8 –2441.72831 –137.6 

TS1.3(INT1–P1.3) 0.06492 –2441.60500 –28.3 –2441.67945 –9.3 
P1.3 0.06734 –2441.66052 –174.0 –2441.72664 –133.2 

(2) INT1+R2 0.12283 –2519.88701 0.0 –2519.99449 0.0 
P2 0.12720 –2519.95156 –169.5 –2520.04690 –137.6 

 
Fig. 2. The potential energy profile for the cycloaddition reactions between 

H2Ge=Si: and H2C=CH2 with CCSD (T)//MP2/6-31G. 
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Reaction (2): The formation pathway of a bis-heterocyclic compound 
with Si and Ge (P2) 

In reaction (2), INT1 further reacts with ethene (R2) to form a bis-hete-
rocyclic compound with Si and Ge (P2). The geometrical parameters of product 
(P2) which appear in reaction (2) are given in Fig. 3. The energies are listed in 
Table I, and the potential energy profile for the cycloaddition reaction is shown 
in Fig. 2. According to Fig. 2, reaction (2) is a barrier-free exothermic reaction of 
137.6 kJ mol–1. A careful and detailed study of this reaction, for which no inter-
mediates or transition states exist, was performed. It is believed that due to the 
large radius of the Si atom before an intermediate or transition state could be 
formed, sp3 hybridization of the Si atom in INT1 occurred and INT1 combined 
with the ethene to form a bis-heterocyclic compound with Si and Ge (P2). 

 

Fig. 3. Optimized MP2/6-31G geometrical 
parameters of P2 and the atomic numbering 
for the species in cycloaddition reaction (2). 
Bond lengths and bond angles are in Å and °, 
respectively. 

According to Fig. 2, INT1→P1.1 and reaction (2) are two mutually compe-
titive reactions but because INT1→P1.1 requires a barrier of 42.4 kJ mol–1 be 
surmounted, while INT1+R2→P2 directly reduces the system energy by 137.6 kJ 
mol–1, reaction (2) should be the main reaction pathway. 

Theoretical analysis and explanation of the dominant reaction pathway 

According to the above analysis, the dominant reaction pathway of the cyc-
loaddition reaction between singlet state germylene silylene and ethene is as fol-
lows: 

 +R2R1+R2 INT1 P2→ ⎯⎯⎯→  

In this reaction, the frontier molecular orbitals of R1, R2, and INT1 are 
shown in Fig. 4. According to Fig. 4, the frontier molecular orbitals of R1, R2 
and INT1 can be expressed as in the schematic diagram given in Figs.5 and 6. 
The mechanism of the dominant reaction channel can be explained with the mo-
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lecular orbital diagrams (Figs. 5 and 6) and Figs. 1 and 3. According to Figs. 1 
and 5, when germylene silylene and ethene approach each other, due to the [2+2] 
cycloaddition effect of the two π-bonds in germylene silylene and ethene, a four-
membered ring silylene with Ge is formed (INT1). As INT1 is an active interme-
diate, it may further react with ethene to form a bis-heterocyclic compound with 
Si and Ge (P2). The mechanism of this reaction can be explained with Figs. 3 and 
6. As INT1 and ethene approach each other, due to the large radius of the Si atom 
in INT1, sp3 hybridization of the Si atom in INT1 occurs before the formation 
of any intermediate or transition state between INT1 and ethane and then INT1 
combines with the ethene to form a bis-heterocyclic compound with Si and Ge (P2). 

 
Fig. 4. The frontier molecular orbital of R1, R2 and INT1. 

 
Fig. 5. A schematic interaction diagram 

for the frontier orbitals of H2Ge=Si: 
(R1) and H2C=CH2 (R2). 

Fig. 6. A schematic interaction diagram for the 
frontier orbitals of INT1 and H2C=CH2 (R2). 

CONCLUSIONS 

From the potential energy profile of the cycloaddition reaction between sing-
let state germylene silylene and ethene obtained by the CCSD(T)//MP2/6-31G 
method, it can be predicted that the reaction has a dominant reaction pathway. 
The dominant reaction pathway consists of two steps: first the two reactants form 
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a four-membered ring silylene with Ge (INT1) through a barrier-free exothermic 
reaction of 127.9 kJ mol–1 and then INT1 further reacts with ethene (R2) to form 
a bis-heterocyclic compound with Si and Ge (P2), which is also a barrier-free 
exothermic reaction of 137.6 kJ mol–1.  

И З В О Д  

AB INITIO ИСПИТИВАЊЕ МЕХАНИЗМА РЕАКЦИЈЕ ФОРМИРАЊА 
БИС-ХЕТЕРОЦИКЛИЧНИХ ЈЕДИЊЕЊА СА Si И Ge ИЗМЕЂУ 

ГЕРМИЛЕН-СИЛЕНА (H2Ge=Si:) И ЕТЕНА 

XIUHUI LU, JUNFENG HAN, ZHENXIA LIAN и YONGQING LI 

School of Chemistry and Chemical Engineering, University of Jinan, Jinan, 
Shandong, 250022, People’s Republic of China 

Механизам цикло-оксидационе реакције између гермилен-силена (H2Ge=Si:) у синг-
летном стању и етена је био испитиван CCSD(T)//MP2/6-31G методом из профила потен-
цијалне енергије уз предпоставку да реакција има само један доминантни реакциони пут. 
Приказано правило о једном реакционом путу је да [2+2] циклоадиција проузрокује да два 
реактанта доводе до формирања четворочланог прстена силена са Ge (INT1). Због sp3 
хибридизације Si атома у четворочланом прстену силена са Ge (INT1), INT1 надаље реагује 
са етеном градећи бис-хетероциклично једињење са Si и Ge (P2). 

(Примљено 21. септембра 2010, ревидирано 23. марта 2011) 
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Fractal analysis of bentonite modified with heteropoly acid using 
nitrogen sorption and mercury intrusion porosimetry 
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ZORAN P. NEDIĆ2 and LJILJANA S. ROŽIĆ1# 
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Abstract: Experimental adsorption isotherms were used to evaluate the specific 
surface area and the surface fractal dimensions of acid-activated bentonite samples 
modified with a heteropoly acid (HPW). The aim of the investigations was to 
search for correlations between the specific surface area and the geometric he-
terogeneity, as characterized by the surface fractal dimension and the content of 
added acid. In addition, mercury intrusion was employed to evaluate the porous 
microstructures of these materials. The results from the Frankel–Halsey–Hill me-
thod showed that, in the p/p0 region from 0.75 to 0.96, surface fractal dimension in-
creased with increasing content of heteropoly acid. The results from mercury 
intrusion porosimetry (MIP) data showed the generation of mesoporous structures 
with important topographical modifications, indicating an increase in the roughness 
(fractal geometry) of the surface of the solids as a consequence of the modification 
with the heteropoly acid. By comparison, MIP is preferable for the characterization 
because of its wide effective probing range. 

Keywords: heteropoly acid; bentonite; fractal geometry; mercury intrusion poro-
simetry. 

INTRODUCTION 

Heteropoly acids supported on clay are complex mesoporous systems with 
an enormous potential for application in adsorption and catalysis processes.1–4 It 
is widely known that the optimum performance of solids in several applications 
requires an exhaustive control of both the structural and textural characteristics. 
Hence, the control of porosity and surface area are crucial aspects that largely de-
termine the use of these materials.5,6 The fractal dimension is a parameter used to 
assess quantitatively the fractal geometry and it represents a measure of the ire-
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gularities on the surface of a solid. The value for this parameter may vary from 2 
to 3, whereby the lowest value (2) corresponds to a perfectly smooth surface, 
while the upper limit (3) corresponds to a totally irregular or rough surface.7 It is 
known that the irregularities and roughness of a surface are attributed to the exis-
tence of distributed pore sizes that contributes to the value of the fractal dimen-
sion (D).8 The magnitude of the surface fractal dimension of mesoporous mate-
rials has a great influence on such important physico-chemical processes as ad-
sorption, surface diffusion and catalysis. Nevertheless, it is still an ambiguous 
problem to measure the value of D, which may vary according to the method 
used. One of the simplest relationships employed to determine the fractal dimen-
sion of a solid, based on adsorption data, was proposed by Avnir and Jaroniec9 
from the Frankel–Halsey–Hill (F–H–H) Equation. F–H–H methods10 are the easiest 
way to calculate the value of D using nitrogen adsorption data without having to 
calculate the pore surface area.  

In addition, mercury intrusion is a popular method employed to evaluate the 
microstructures of porous materials. Conventional interpretations of the original 
mercury intrusion porosimetry data include porosity, density, and pores size 
distribution, etc. Besides these, other structural factors have also been determined 
based on a calculation model deduced from fractal theories and the Washburn 
Equation.11  

A better description of pore size distribution across a wide range of pore size 
is not possible using one method. Therefore, the aim of this study was to quantify 
fractal geometry by employing two methods. 

EXPERIMENTAL 

Material 

The results of previous investigations on the modelling and optimization of bentonite 
activation via the response surface methodology12 were applied to a modified bentonite, 
which was also used as the support in the current study. Bentonite obtained under the optimal 
conditions (AAB) possessed the following chemical composition (mass %): SiO2, 73.66; 
Al2O3, 12.28; Fe2O3, 4.73; CaO, 0.70; MgO, 1.99; Na2O, 0.60; K2O, 0.30; TiO2, 0.57; loss on 
ignition, 5.17. Polycrystalline H3PW12O40⋅6H2O (HPW) was prepared from commercial phos-
photungstic acid (microscopy grade H3[P(W3O10)4]aq,, Fluka) by heat treatment at 353 K for 1 h. 

12-Tungstophosphoric acid/acid-activated bentonite was prepared according to the me-
thod described in the literature.13 HPW was dissolved in methanol and the resulting solution 
was added slowly to 5, 10 or 20 mass % of acid-activated bentonite (HPW5, HPW10 and 
HPW20). To remove the residual methanol, the wet samples were dried in a water bath and 
further dried in an oven for 2 h at 100°C. The samples were stored in sealed bottles until use.  

Characterisation 

The nitrogen sorption experiments were performed at 77 K using a Sorptomatic 1990 
Thermo Finningen apparatus. The samples were first degassed under vacuum at 453 K until 
no significant changes in the vacuum were observed (5nm  < t < 10 nm). The adsorbed amount 
of nitrogen was measured by volume at standard temperature and pressure. The specific sur-
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face area of the catalysts was calculated by fitting the adsorption data to the linear range of the 
BET Equation14 (relative to p/p0 (0.05–0.35)). 

Mercury porosimetry experiments were performed using Carlo Erba porosimeter 2000. 
First, physisorbed gases were removed under vacuum from the interior of the sample. The 
intrusion of mercury volumes were measured at stepwise increasing pressures allowing for 
equilibration at each pressure step. 

Methods 

The classical Frenkel–Hill–Halsey (F–H–H) Equation describes the continuous growth 
of an adsorbate film with thickness z on a flat surface when x→1, i.e.:14  

 1
ln mzx

α  = 
 

 (1) 

where α and m depend on the solid–adsorbate interaction. The value of m is determined ex-
perimentally by plotting the experimental isotherm: 

 

1

m

1
ln

mN

N x

−
  ≈   

  
 (2) 

where N is the number of adsorbed moles of nitrogen at a given relative pressure, Nm is the 
number of adsorbed moles in a monolayer and, in general, 2 ≤ m ≤ 3. 

Fractal F–H–H type equations were proposed by Avnir et al.9 and Pfeifer et al.15. In spite 
of the different adsorption mechanisms of multilayer formation considered by Avnir et al.,9 
they obtained the following isotherm: 

 
( )3

m

1
ln

D
N

N x

− −
  ≈   

  
 (3) 

for micropores and mesopores size distributions, where 2 < D < 3 is the surface fractal di-
mension. 

To calculate D from mercury intrusion porosimetry, the following expression was de-
duced from fractal theories and the Washburn Equation:11 

 ( )1
d

log log 2 log
d

  = + − 
 

V
k D R

R
 (4) 

where V is the volume of mercury intruded at a given pressure, R is the pore radius, k1 an 
isoportionality constant and D is the fractal dimension. Hence, D values can be derived from 
the slop of log (dV/dR) vs. log R plots. 

RESULTS AND DISCUSSION 

Adsorption–desorption isotherms of acid-activated bentonite and bentonite 
modified with different amounts of HPW are shown in Fig 1. According to the 
Brunauer, Deming and Teller (BDDT) classification,16 all isotherms belong to 
type IV isotherms. A type IV isotherm shape is generally associated with meso-
porous adsorbents. The mesopores capacity is the amount adsorbed at the plateau 
and the mesopore volume is then obtained by assuming the condensate density to 
be that of liquid nitrogen. Hysteresis loops, which appear in the multilayer range 
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of physisorption isotherms, are generally associated with the filling and emptying 
of mesopores. The desorption branch of an isotherm was favoured for mesopore 
size analysis, but this practice is now considered to be questionable since the 
desorption path may be dependent on network–percolation effects or variation of 
the pore diameter along single channels.17 On the other hand, the persistence of a 
metastable multilayer is likely to delay the condensation process on the adsorp-
tion branch,18 especially if the pores tend to be slit-shaped.19 

Fig. 1. Adsorption–desorption 
isotherm of the acid-activated 
bentonite (AAB) and bentonite 
modified with different amounts 
of HPW (HPW5, HPW10 and 
HPW20). 

All isotherms exhibited a hysteresis loop of the H3 type, characteristic for 
slit-shaped pores. The general shape of the isotherms did not change after im-
pregnation with HPW, showing only a slight decrease in the amount of nitrogen 
adsorbed. 

The dependences of both the fractal dimension obtained from Eq. (1) and the 
specific surface area on the amount of HPW used to modify the acid-activated 
bentonite are presented in Table I.  

In all cases, there was an excellent linear adjustment for the F–H–H Equa-
tion within the range of relative pressures between 0.75 < p/p0 < 0.96. The results 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 FRACTAL ANALYSIS OF HPW MODIFIED BENTONITE 1407 

showed a slightly decrease in the value of the fractal dimension for the sample 
with the smallest amount of HPW with respect to the acid-activated bentonite, 
revealing a decrease in the roughness and the subsequent topographic modifi-
cation of the surface of the materials as a consequence of the modification pro-
cess. Addition of HPW to the bentonite reduced the geometric heterogeneity of 
the sample, probably by closing the existing pores. This was also reflected in a 
decrease of the specific surface area. These results improve the knowledge to be 
obtained of the surface characteristic of these solids and, consequently, a better 
understanding of their catalytic performance. Likewise, it is important to stress 
how the complexity of the assessed system (acid-activated bentonite modified 
with HPW) did not interfere with the application and validity of the employed 
model. 

TABLE I. Fractal dimensions of the support and supported samples calculated from the F–H–H 
equation 

Sample Fractal dimension R2 SBET / m2 g-1 
AAB 2.907 0.9982 272 
HPW5 2.911 0.9986 246 
HPW10 2.859 0.9997 188 
HPW20 2.858 0.9980 130 

On the other hand, the mercury intrusion porosimetry curves of acid-acti-
vated bentonite and bentonite modified with HPW are shown in Fig. 2. The raw 
data from mercury porosimetry experiments on all samples analyzed using the 
conventional Washburn Equation:11 

 Hg2 cos
p

R

γ θ
=  (5) 

where p is the external pressure (Pa) applied in the vacuum chamber, γHg is the 
surface tension of mercury, θ is the contact angle of mercury and R is the pore 
radius (nm).  

The mercury entered the aggregates of the acid-activated bentonite at the 
highest pressure, which corresponds to a pore radius of 5 nm. Samples modified 
with HPW had small particle size that resulted in the smallest pores within 
aggregates. However, this could also be due to specific orientation of flat bento-
nite particles. In addition, the small porosity of the acid-activated bentonite (16 
%) and samples with HPW loadings of 5, 10 or 20 % (23, 24 and 26 %, res-
pectively) suggested a broad size distribution of the particles or their specific 
shape and orientation. 

The results of the fractal dimension for the bentonite modified with HPW, 
calculated from mercury intrusion porosimetry, are shown in Fig. 3. In the cases 
of the HPW modified samples, there was a good linear adjustment for Eq. (4), 
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but the acid-activated bentonite had very high pore surface fractal dimensions, 
larger than 3, which is restricted theoretically.  

 
Fig. 2. Mercury intrusion curves for the acid-activated bentonite (AAB) and bentonite 

modified with different amounts of HPW (HPW5, HPW10 and HPW20). 

 
Fig. 3. The dependence of the surface fractal dimension of the modified acid-activated 

bentonites on the amount of HPW (5, 10 and 20 mass %). 

Possibly, pores formed from voids connected by narrower necks started to 
dominate, due to the removal of the finest particles residing previously in the 
larger pores. Therefore, a greater pore volume (voids) was attributed to a given 
pore radius than was formally possible to calculate D = 3 in a cylindrical pore 
model. Thus, dV/dR was also higher, which led to higher D values. 
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In general, the fractal dimensions of the pore surfaces decreased, indicating a 
decrease in the complexity of the pore system. The analysis confirmed that fractal 
dimension calculated from F–H–H method presents the topological complexity of 
the configuration of the total pores. Similarly, for mercury intrusion porosimetry, 
the fractal dimension values were different in each pore size range. 

CONCLUSIONS 

The porous structures of acid-activated bentonite modified with different 
loadings of HPW were characterized quantitatively by both isothermal N2 sorp-
tion and mercury intrusion porosimetry. The fractal analysis of the nitrogen ad-
sorption isotherms showed a slightly decrease in the value of the fractal dimen-
sion for the sample with the smallest amount of HPW with respect to the acid-
activated bentonite. Analysis of the mercury intrusion data showed that the small 
porosity of the acid-activated bentonite (16 %) and the samples with HPW load-
ings of 5, 10 or 20 % (23, 24 and 26 %, respectively) suggested broad size dis-
tributions of the particles or their specific shape and orientation. The results of 
the two approaches indicate significant differences in porosity, pore size, surface 
area and pore size distribution.  

The analysis of adsorption–desorption and intrusion data always produces 
several different D values, which correlate to the various pores within different 
size ranges and reflect rough surface morphology and/or complex topology of the 
pores. By comparison, mercury intrusion porosimetry is preferable for the cha-
racterization due to its wide effective probing ranges. 
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И З В О Д  

ФРАКТАЛНА АНАЛИЗА БЕНТОНИТА МОДИФИКОВАНОГ ХЕТЕРОПОЛИ 
КИСЕЛИНОМ КОРИШЋЕЊЕМ ПОДАТАКА СОРПЦИОНЕ АНАЛИЗЕ 

И ЖИВИНЕ ПОРОЗИМЕТРИЈЕ 

СРЂАН ПЕТРОВИЋ1, ЗОРИЦА ВУКОВИЋ1, ТАТЈАНА НОВАКОВИЋ1, ЗОРАН НЕДИЋ2 и ЉИЉАНА РОЖИЋ1 

1IHTM – Centar za katalizu i hemijsko in`ewerstvo, Univerzitet u Beogradu, Wego{eva 12, Beograd i 
2Fakultet za fizi~ku hemiju, Univerzitet u Beogradu, Studentski trg 12–16, Beograd 

Специфична површина и фрактална димензија површине узарака киселински активи-
раног бентонита модификованог хетерополи киселином (HPW) израчунате су на основу 
података из адсорпционих изотерми азота. Циљ овог истраживања био је да се нађе коре-
лација између специфичне површине и геометријске хетерогености, као и зависност фрак-
талне димензије површине од садржаја додате хетерополи киселине. Такође, метода живине 
порозиметрије је коришћена за испитивање порозне микроструктуре синтетисаних узорака. 
Резултати Frankel–Halsey–Hill методе, примењене у области релативног притиска од 0,75 до 
0,96, показују да фрактална димензија површине расте са порастом садржаја хетерополи 
киселине. Резултати живине порозиметрије су показали да је дошло до значајних топо-
графских промена (пораст храпавости) и развоја мезопорозне структуре узорака, као по-
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следица модификације хетерополи киселином. Поређење је показало да је метода живине 
порозиметрије применљива у ширем опсегу пречника пора. 

(Примљено 27. октобра 2010, ревидирано 9. маја 2011) 
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Abstract: Sandwich-like composites based on clays and textiles are extensively 
applied in various fields, including civil engineering and environmental protection. 
In this paper, the synthesis of a new type of composite with embedded bentonite 
particles within a non-woven polyester matrix is presented. The synthesized com-
posite has improved mechanical properties compared to the corresponding non- 
-woven matrix. Although more than two-times thinner, the synthesized composite 
showed mechanical properties similar to those of a commercial composite chosen 
for comparison. Sorption test results confirmed that the contribution of the textile 
component to the sorption of aqueous Cu(II) ions by the composite was negligible. 
The sorption of aqueous Cu(II) ions on the synthesized composite was best-fitted 
using the Langmuir model. The presented study confirmed that the loss of bentonite 
particles from the composite can be eliminated using the suggested synthesis 
method. 

Keywords: composite; bentonite; non-woven; mechanical properties; sorption. 

INTRODUCTION 

Bentonites are clays rich in smectite but also containing various associated 
minerals, such as carbonates, feldspars, quartz, etc. 1–3 Due to their high smectite 
content, bentonites are good sorbents. Numerous investigations were focused on 
bentonite as a sorbent of inorganic pollutants, particularly of toxic aqueous metal 
ions.4–7 When bentonite is utilized as sorbent, a problem exists of its separation 
after use. The fineness of the particles and their tendency to swell impede the 
separation process. This increases the cost of the employment of bentonite as a 
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sorbent. One of the possible ways to overcome this is the use of bentonite powder 
firmly fixed to an inert support.  

On the other hand, composites based on clays and textiles are materials that 
lately have been extensively applied in civil engineering and environmental 
protection.8,9 Commercial composites are most commonly applied as geosynthe-
tic clay barriers. They are produced in a variety of forms. They consist of a clay 
layer (typically bentonite) bonded to a layer or layers of a geosynthetic material. 
The geosynthetic materials are either geotextiles or geomembranes. Geotextile- 
-based composites have a sandwich-like structure. They are bonded with an adhe-
sive, needle-punching, stitch-bonding or a combination of these methods. In geo-
membrane-supported composites, the bentonite is bonded to the geomembrane 
using an adhesive.8,9 The main forms of commercial composites are schemati-
cally presented in Fig. 1. 

 
Fig. 1. Forms of bentonite-textile composites: a) adhesive-bonded sandwich structure; 

b) stitch-bonded sandwich structure; c) needle-punched sandwich structure; 
d) bentonite adhered to geomembrane (two-layered structure). 
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Geotextile composites primary differ in the form of the bentonite, type of 
fiber, type of textile and the bonding methods used to bind the composite. In 
composite synthesis either the sodium or calcium type of bentonite can be used in 
powdered or granular form. The type of polymer fiber and their fineness may dif-
fer in the composites. Both woven and non-woven textiles are used as geotex-
tiles. Often, the lower geotextile layer is woven, while the upper one is non- 
-woven.8,9 Although the overall configuration of the composite affects its perfor-
mance, the primary factors are clay quality, the amount of clay used per unit area 
and its uniformity. 

One of the drawbacks of composites with a sandwich-like structure is the 
insufficiently firm fixation of the bentonite layer to the textile. For example, 
when rolls of these materials are employed, powder is easily displaced, both late-
rally within the product and through the geotextile. Although bentonite is non- 
-toxic and can even be used as a pharmaceutical,10 bentonite powder is consi-
dered to be a respiratory hazard due to the inhalable crystalline quartz and fine 
smectite particles.11 Finally, the migration of the powder within the composites 
with a sandwich-like structure causes localized inconsistencies in the mass per 
unit area of the product, which in turn creates variability in its hydraulic perfor-
mance.12,13  

In this paper, a new type of composite is presented, synthesized with bento-
nite particles embedded within a non-woven polyester matrix by applying bento-
nite in the form of a suspension. The goal was to obtain a composite with a more 
consolidated structure and avoid losses of the bentonite powder from the com-
posite. 

The sorptive properties of textile-bentonite composites have received less 
attention in the literature14–16 in comparison to bentonite alone.1,4–7,17–20 In the 
presented investigations more attention was focused on the sorptive properties of 
the synthesized composite. Removal of aqueous Cu(II) ions was chosen as a mo-
del system. Toxic metals, such as lead, copper, cadmium, zinc and nickel, are 
among the most common pollutants found in industrial effluents.21 Of the 71 
priority pollutants analyzed, copper, was most frequently detected, along with 
lead and zinc.22 The increased content of copper in the liver, brain, and other tis-
sues leads to hepatitis, kidney dysfunction, brain disorders, and other prob-
lems.22,23 According to the Environmental Protection Agency (EPA), the maxi-
mum allowed amount for copper in discharged water is 1.3 mg dm–3.22  

The objective of the investigations presented herein was to synthesize a com-
posite with bentonite particles fixed within a non-woven textile structure to pre-
vent bentonite losses. Further investigations presented in this paper were per-
formed in order to prove that the synthesis conditions do not impair the sorptive 
properties of bentonite and the mechanical properties of non-wovens.  
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EXPERIMENTAL 

The composite was synthesized using bentonite and commercial materials. Needle-pun-
ched polyester non-woven fabric (M-PROINTEX, Mladenovac, Serbia) with a nominal mass 
per unit area mA = 300 g m-2 and a thickness of δ = 3 mm was used as the non-woven matrix. 
A carboxymethyl cellulose-based adhesive (Aero Balkan, Belgrade, Serbia) solution was ap-
plied to fix the bentonite particles to the non-woven (NW)material. The mineral constituent 
was bentonite powder (< 74 μm) from the coal and bentonite mine “Bogovina”, Serbia. The 
chemical, physical, morphological and textural properties of bentonite powder were presented 
previously.24,25 The chemical composition of bentonite dried at 110 °C (given in mass %) 
was: SiO2, 57.51; Al2O3, 17.13; Fe2O3, 7.67; MgO, 2.35; CaO, 1.81; Na2O, 0.75; K2O, 1.18. 
XRD analysis confirmed smectite as the dominant phase with quartz as the major associated 
mineral. Small amounts of illite, calcite, feldspar and amorphous material were also detected. 
The specific surface area of the bentonite powder was calculated according to the Brunauer, 
Emmett, Teller method from nitrogen adsorption–desorption isotherms and the obtained value 
was 96 m2 g-1. 

The following synthesis procedure was used. First the adhesive was dissolved in distilled 
water at 35 °C and stirred until a homogeneous solution was obtained. Bentonite powder was 
then dispersed in the aqueous solution of the adhesive. The dispersion was stirred to form a 
homogeneous suspension.  

The viscosity of the bentonite suspension in an adhesive solution was significantly 
greater than the viscosity of either the adhesive solution or a dispersion of bentonite in pure 
water. The suspension viscosity of the dispersion affects the ability of the suspension to pene-
trate the NW material. If the suspension viscosity is higher than optimal, the suspension is 
unable to pass through the entire NW fabric and a layer of bentonite is formed on the top of it. 
On the other hand, if the suspension viscosity is lower than optimal, the suspension passes 
through the NW fabric and the bentonite does not remain within the NW material. A sus-
pension containing 50 g dm-3 bentonite dispersed in a solution of adhesive having a concen-
tration of 6.7 g dm-3 was found to have the optimal viscosity. The viscosity of this suspension 
was measured using a Brookfield Eng. Lab. Inc, USA viscometer.  

The synthesis of the composite was performed by applying the suspension with the opti-
mal viscosity onto the NW surface. Water from the wet composite was removed by drying to 
constant mass in an oven at 60 °C. In the next step, the bentonite suspension was applied once 
more, but this time on the opposite side of the textile. Drying of composite at 60 °C was 
performed again until a constant mass was reached.  

In order to characterize the obtained composite, the standard methods for geosynthetic 
investigation were used. The British Standard EN 14196 was used for the determination of the 
mass per unit area26 and the International standard ISO 9863-1 for the measurement of the 
composite thickness.27 

Load per unit length and elongation were determined using a Wykeham Farrance mecha-
nical testing machine (BR-IPGM-KID-03) according to the ISO 10319 test method.28 The 
experiments were performed on the original NW fabric and the corresponding composite. The 
materials were examined both in the machine direction (md) and the cross machine direction 
(cmd). 

Scanning electron microscopy (SEM) photos of the synthesized and commercial com-
posite were obtained using an SEM JEOL JSM-6610LV.  

There is no standard method to estimate the loss of bentonite powder from a composite. 
In this study, two different tests, a more and a less severe one, were adopted. Their purpose 
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was to show firmer incorporation of the bentonite particles within the synthesized composite 
structure in comparison to a commercial composite with a sandwich-like structure Bentofix 
BFG 5000. 29 

The first type of test was performed with a rotating tube attrition tester – the Spence 
method.30 Samples were loaded into cylindrical tubes placed on a disc-shaped frame. The 
frame was rotated at a speed of 25 rpm for two hours. For the second test, the samples were 
placed in an ultrasonic bath (Selecta Ultrasound-H), operating at a frequency of 40 kHz for 30 
min. The mass of the samples was measured before and after each test by both methods. The 
results are presented as mass loss in percents (χ). For each method, 10 samples of the com-
mercial and of the synthesized composite were used. The average values and standard de-
viation were calculated.  

In order to determine the contribution of each constituent of composite to the sorption of 
aqueous Cu(II) ions, batch experiments were performed separately on: a) NW fabric impreg-
nated with adhesive – the control textile sample; b) bentonite powder and c) the studied com-
posite. The masses of the samples were: 0.25 g for bentonite powder and the control textile, 
while the composite mass was 0.5 g, containing approx. 0.25 g of NW fabric and 0.25 g of 
bentonite. The sorption test was performed with 50 cm3 of aqueous solution of Cu(II) nitrate 
with the initial Cu(II) concentration, c0, of 5×10-3 mol dm-3. 

When the contribution of each constituent of the composite to the sorptive properties of 
the composite had been determined, an isothermal study on the synthesized composite only 
was performed. All experimental conditions were the same as in the previous test except the 
initial concentration of aqueous Cu(II) ions was varied within the range 2.5×10-3–10.0×10-3 
mol dm-3.  

In all sorption experiments, the samples were shaken at 20±2 °C in a temperature-con-
trolled water bath shaker (Memmert WNE 14 and SV 1422). Measurements were performed 
after predetermined periods (0.25, 0.5, 1, 2, 4, 12 and 24 h). When bentonite was used as the 
sorbent, the bentonite suspensions were centrifuged at 5000 rpm for 15 min (Hettich EBA-21 
to separate the sorbent from the dispersion. 

The concentrations of Cu(II) ions before and after the sorption test were analyzed using a 
Thermo Electron Nicolet Evolution 500 UV–Vis spectrophotometer. The absorption peak at 
806 nm, corresponding to Cu(II), was chosen for the estimation of the Cu(II) concentration, 
since a linear dependence of absorbance on Cu(II) concentration was found to have a corre-
lation coefficient (R) of 0.999.  

The Cu(II) uptake (p) given in percents was calculated as follows: 

 0

0
100 tc c

p
c

−=  (1) 

where c0 is the initial Cu(II) concentration (mg dm-3) and ct is the Cu(II) concentration in 
solution after time t. 

The amount of the aqueous Cu(II) ions sorbed by the sorbent (composite) at the equi-
librium qe (mg g-1) was calculated by the following mass-balance relationship:  

 0 e
e

( )V c c
q

W

−=  (2) 

where ce is the equilibrium Cu(II) concentration, V is the volume of the solution (dm3) and W 
is the mass of the sorbent (g). 
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RESULTS AND DISCUSSION 

A mass per unit area of the synthesized composite of mA = 590±20 g m–2 
and a thickness of δ = 2.89±0.18 mm were established according to standard 
methods.26,27 The bentonite content in the composite was determined to be 51±2 
mass %. 

The viscosity of the suspension with the optimal composition was measured 
using a Brookfield viscometer. The dependence of the viscosity on the shear rate 
is given in Fig. 2. 

 
Fig. 2. Dependence of the viscosity of a bentonite/adhesive suspension on shear rate. 

The obtained linear regression can be represented by the following equation:  

 log 1.948 0.205η γ= −  (3) 

where:η – viscosity, γ = dv/dx – shear rate, with R = 0.9959. 
As expected, the viscosity of the bentonite/adhesive suspension obeyed a 

“power law” and exhibited a behavior characteristic for pseudoplastic fluids.31  
Since the synthesis of the new type of composite presented in this paper can 

be performed using bentonites and adhesives of different origin, it is useful to 
have a synthesis condition figure of merit independent of the origin of the applied 
raw materials. The use of suspension with a viscosity given in Eq. (3) enables the 
given synthesis process to be extended to a variety of raw materials.  

The SEM microphotographs of the synthesized composite and the commer-
cial Bentofix BFG 5000 with a sandwich-like structure29 are presented in Fig. 3. 
Bentonite particles firmly embedded within the NW structure of the synthesized 
composite are clearly visible in Figs. 3a–3b. The particles completely surround 
the textile fibers and remain connected even in the cases of severe bending and 
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cutting of the composite during the sample preparation for electron microscopy. 
On the other hand, the integrity of structure was destroyed during an identical 
preparation of a commercial sample for SEM. In Fig. 3c only textile fibers rela-
tively loosely in contact with the surrounding bentonite powder are visible. 

 

Fig. 3. SEM Photos of composites: a) syn-
thesized; b) synthesized (enlarged detail); 
c) commercial. 

The recorded load per unit length (σ) vs. relative elongation (ε) curves are 
presented in Fig. 4 for both the NW fabric and the synthesized composite. The 
obtained mechanical properties are given in Table I. 

From the results presented in Fig. 4 and Table I, it can be concluded that the 
load per unit length at break (σmax) was higher, while the relative elongation at 
break (εx) was lower in the machine direction than in the cross machine direction 
for both the NW fabric and the corresponding composite. The composite forma-
tion improved the load per unit length and lowered the elongation of the starting 
non-woven fabric in both directions by approx. 20 %. In addition, it was also ne-
cessary to apply 8, 16 and 28 times greater force to the composite than to the 
corresponding NW in order to achieve elongations of 10, 5 and 2 %, respectively. 
These data show to what extent the mechanical properties of the composite are 
improved compared to the corresponding non-woven fabric, especially at lower 
loadings. 
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Fig. 4. Load per unit length vs. relative elongation for the NW fabric 

and the synthesized composite. 

TABLE I. Load per unit length and elongation of the composite and the non-woven fabric 
(σmax – load per unit length at break, εx – relative elongation at break, md –machine direction, 
cmd – cross machine direction) 

Sample σmax / kN m-1 εx / % 
σ / kN m-1 
at ε = 2 % 

σ / kN m-1 
at ε = 5 % 

σ / kN m-1 
at ε = 10 % 

NW(md) 15 71 0.089 0.222 0.566 
Composite (md) 19 55 2.510 3.201 4.309 
NW(cmd) 9 79 0.086 0.163 0.412 
Composite (cmd) 11 66 2.440 2.830 3.367 

Photographs of fractures of the composites after the mechanical tests are 
presented in Fig. 5 for comparison.  

It can be observed that upon rupture, the bentonite phase remains firmly 
fixed within the synthesized composite, while there is a significant release of the 
clay from the commercial one. 

The results for the mass loss obtained using both the rotating tube attrition 
tester and ultrasound test are given in Table II for the synthesized composite and 
for one of the most common commercial composites with a sandwich structure, 
Bentofix BFG 5000.29 In addition to the data for bentonite loss, Table II contains 
some physical and mechanical properties of the synthesized and commercial 
composites. 

The loads per unit length required for the rupture of both composites were 
very similar. The test samples were of equal length and width but the commercial 
composite was more than two-times thicker than the synthesized one. This im-
plies better mechanical properties of the synthesized material. 
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Fig. 5. Photographs of samples after mechanical tests: a) synthesized, b) synthesized (enlarged 

detail), c) commercial and d) commercial (enlarged detail). 

TABLE II. Comparison of the properties of the synthesized and the commercial composite (δ 
– thickness, mA – nominal mass per unit area, σmax – load per unit length at break, εx – relative 
elongation at break, md –machine direction, cmd – cross machine direction, χ – mass loss) 

Sample δ / mm mA / g m-2 
σmax / kN m-1 εx / % 

Rotating
test tube 

Ultrasound 
bath test 

md cmd md cmd χ / % Std. χ / % Std. 
Commercial 7 5500 20 11 10 5 70 3 4.34 1.1 
Synthesized 3 600 19 11 55 66 5 2 0.73 0.1 

Table II shows that the mass loss after the performed rotating test tube expe-
riment was 14 times greater for the commercial than for the synthesized compo-
site. In the ultrasonic test, the mass loss was less expressed; however, it was still 
6 times greater for the commercial composite than for the synthesized one. 
Therefore, the most important advantage of the synthesized composite is its com-
pact structure that simultaneously enables a firm fixation of bentonite within the 
composite matrix.  

The sorption data for the relative uptake of aqueous Cu(II) ions on the 
bentonite, non-woven fabric impregnated with adhesive (control textile sample) 
and the composite vs. contact time are presented in Fig. 6. 
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Fig. 6. Kinetics of Cu(II) uptake by the investigated samples; c0 = 5.0×10-3 mol dm-3. 

The data presented in Fig. 6 show that the sorption of aqueous Cu(II) ions by 
the NW fabric was negligible in comparison to that of bentonite and the compo-
site and that the entire sorption capacity of the composite can be attributed to 
bentonite. The uptake of aqueous Cu(II) ions by bentonite was faster than by the 
composite, since in the latter, the bentonite particles were incorporated in the NW 
fabric and it was more difficult for the aqueous Cu(II) ions to reach the bentonite. 
For longer sorption times, the composite reached the sorption capacity of pure 
bentonite. The presence of adhesive did not impair the sorptive properties of ben-
tonite in the composite, i.e., the bentonite did not lose its sorptive properties du-
ring composite synthesis. 

The sorption data for the uptake of aqueous Cu(II) ions by the composite vs. 
contact time at different initial concentrations are presented in Fig. 7. The pH of 
the solution after sorption was 6, which is a pH value where no precipitation of 
Cu(II) occurs and therefore the decrease of the Cu(II) concentration can be ascri-
bed solely to the sorption process.  

The percentile uptake of aqueous Cu(II) ions by the composite decreased 
with increasing initial Cu(II) concentration, but the amount of sorbed ions in-
creased. More useful data can be obtained by analyzing the equilibrium condi-
tions. The equilibrium contact time was estimated to be 12 h, since further sorp-
tion was negligible after this time. The equilibrium data, commonly known as 
sorption isotherms, are the basic requirement for the design of sorption systems. 
These data provide information on the capacity of the sorbent or the amount re-
quired for the removal of a unit mass of sorbate under the system conditions.  

The sorption isotherms obtained for different initial Cu(II) concentrations 
were applied to fit the models of Freundlich32 and Langmuir.33 
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Fig. 7. Influence of contact time and initial Cu(II) concentration (c0) on the uptake of Cu(II) 

by the composite (1 – c0 = 2.5×10-3 mol dm-3; 2 – c0 = 5.0×10-3 mol dm-3; 
3 – c0 = 7.5×10-3 mol dm-3; 4 – c0 = 10.0×10-3 mol dm-3). 

The linear form of the Freundlich isotherm is represented by Eq. (4):  

 e F e
1

ln ln ln q K c
n

= +  (4) 

where KF (dm3 g–1) and n are the Freundlich adsorption constants characteristic 
for the system; they describe the adsorption capacity and adsorption intensity, 
respectively.  

A plot of ln qe vs. ln ce gives a straight line with the slope and intercept 
equal to 1/n and ln KF, respectively (Fig. 8). 

The Langmuir Equation can be expressed as follows: 

 e e

e max L max

1c c

q q K q
= +  (5) 

where qmax is the maximum adsorption capacity of the sorbent (mg g–1) and KL 
is the adsorption constant (dm3 g–1).  

A plot of the specific adsorption (ce/qe) vs. the equilibrium concentration (ce) 
gives a straight line with slope 1/qmax and intercept 1/(qmaxKL) (Fig. 9). The 
constants and correlation coefficients corresponding to both models are given in 
Table III. 

According to the results presented in Table III, both models can be applied 
to the experimental data, but the correlation coefficient for the Langmuir model 
was closer to unity, hence this model was more appropriate. The validity of 
Langmuir model indicated the formation of a monolayer coverage of aqueous 
Cu(II) ions at the composite surface containing a finite number of homogenous 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



1422 MILUTINOVIĆ-NIKOLIĆ et al. 

sorption sites. It also suggests that all adsorption sites were equivalent and there 
was no interaction between the adsorbed molecules.34 

 
Fig. 8. Freundlich isotherm for Cu(II) sorption onto the composite. 

 
Fig. 9. Langmuir isotherm for Cu(II) sorption onto the composite. 

TABLE III. Calculated sorption model constants and correlation coefficients 

Freundlich constants Langmuir constants 
KF / dm3 g-1 n R qmax / mg g-1 KL / dm3g-1 R 

5.932 7.982 0.9560 13.09 50.36 0.9999 
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CONCLUSIONS 

A new type of composite with bentonite particles embedded in non-woven 
textile was synthesized by applying bentonite in the form of suspension onto a 
non-woven fabric. The optimal viscosity of the bentonite suspension in the adhe-
sive solution that enables appropriate composite formation was established. The 
composite formation improved the load per unit length and lowered the elonga-
tion of the starting non-woven fabric in both the machine and cross-machine di-
rection. Although more than two-times thinner, the synthesized composite showed 
mechanical resistance similar to that of the commercial composite chosen for 
comparison. 

It was proven that the problem of loss of bentonite particles from the com-
posite structure was greatly reduced with the obtained composite. Both the rota-
ting tube method and the ultrasonic test resulted in much lower mass loss values 
for the synthesized composite in comparison to the commercial composite. 

The sorptive study showed that the contribution of non-woven component to 
the sorption of aqueous Cu(II) ions by the composite was negligible. The entire 
sorption capacity of the composite could be attributed to the bentonite. The ben-
tonite did not lose its sorptive properties during the synthesis process. The iso-
thermal data for Cu(II) sorption onto the composite were best fitted using the 
Langmuir model. 

The obtained composite exhibited a compact structure with firm fixation of 
the bentonite within the composite matrix, as well as good mechanical and sorp-
tion properties. It may be regarded as a promising material for various appli-
cations in civil engineering and environmental protection, for example as geosyn-
thetic clay barriers and in wastewater purification. 
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И З В О Д  

НОВИ ТИП КОМПОЗИТА НА БАЗИ БЕНТОНИТА И 
НЕТКАНОГ ТЕКСТИЛНОГ МАТЕРИЈАЛА 

АЛЕКСАНДРА МИЛУТИНОВИЋ-НИКОЛИЋ1, ЈАСМИНА ДОСТАНИЋ1, ПРЕДРАГ БАНКОВИЋ1, НАТАША 

ЈОВИЋ-ЈОВИЧИЋ1, СЛАВЕНКА ЛУКИЋ2, БРАНКО РОСИЋ3 и ДУШАН М. ЈОВАНОВИЋ1 

1Univerzitet u Beogradu, Institut za hemiju, tehnologiju i metalurgiju, Centar za katalizu i hemijsko 

in`ewerstvo, Wego{eva 12, Beograd, 2Univerzitet u Beogradu, Tehnolo{ko–metalur{ki fakultet, 

Karnegijeva 4, Beograd i 3Institut za puteve, Kumodra{ka 257, Beograd 

Композити на бази глина и текстила са „сендвич“ структуром имају примену у разли-
читим областима, укључујући грађевинарство и заштиту животне средине. У овом раду 
синтетисан је нови тип композита са честицама бентонита уграђеним у неткану полиес-
тарску матрицу. Синтетисани композит има побољшана механичка својства у поређењу са 
одговарајућом нетканом матрицом. Иако два пута тањи од комерцијалног, са којим је 
упоређиван, синтетисани композит је показао слична механичка својства. Сорпционим 
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испитивањима потврђено је да текстилна компонента занемарљиво утиче на способност 
композита да сорбује Cu(II) јоне. Сорпција Cu(II) јона на синтетисаном композиту најбоље 
се описује Ленгмировим моделом. У овом раду је потврђено да се коришћењем предложене 
методе синтезе композита елиминише проблем испадања честица бентонита из композита. 

(Примљено 27. јула, ревидирано 2. новембра 2010) 
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Abstract: Arsenic reduction in drinking water can include treatment by adsorption, 
switching to alternative water sources, or blending with water that has a lower 
arsenic concentration. Commercial sorbents MTM, Greensand and BIRM (Clack 
Corporation) were modified with zirconium and titanium after activation. The 
modifications were performed with titanium tetrachloride and zirconium tetra-
chloride. The modified sorbents were dried at different temperatures. The sorption 
of arsenate and arsenite dissolved in drinking water (200 μg L-1) onto the sorbents 
were tested using a batch procedure. After removal of the sorbent, the concentration 
of arsenic was determined by hydride generation atomic absorption spectrometry 
(HG-AAS). Zirconium-modified BIRM showed the best performance for the 
removal of both arsenite and arsenate. Modification of the greensand did not affect 
arsenic sorption ability. Zirconium-modified BIRM diminished the concentration of 
total As to below 5 μg L-1. 

Keywords: arsenic; sorption; modified sorbent; drinking water. 

INTRODUCTION 

Arsenic contamination of drinking water resources is a major environmental 
problem in many countries of the world. As a naturally occurring toxic substance 
in the Earth’s crust, arsenic enters into aquifers and wells through natural pro-
cesses, and into the water cycle as a result of anthropogenic activities.1 Arsenic 
pollution has been reported in the USA, Mexico, Bangladesh, China and Japan.2–6 
In Serbia, high concentrations of arsenic were found in some regions of the Pro-
vince Vojvodina.7 In January 2001, the United States Environmental Protection 
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Agency (EPA) published a new standard for arsenic in drinking water, requiring 
public water supplies to reduce arsenic from 50 to 10 ppb by 2006.8 Although 
many different methods, such as precipitation,9 ion-exchange10 and reverse osmo-
sis,11,12 have been used for arsenic removal, adsorption from solution has re-
ceived more attention due to its high concentration efficiency.13,14 In this paper, 
arsenic adsorption onto modified commercial sorbents, BIRM, GS and MTM, is 
presented. These commercially available sorbents were successfully used for 
removal iron and manganese compounds from raw water supplies.2,15 Previously 
published results showed the efficiency of zirconium and titanium dioxide in ar-
senic removal.16–22 

The aim of the present study was to examine influence of the modification of 
commercial sorbents with titanium and zirconium on their sorption characteris-
tics. The influence of the initial pH on the sorption characteristic of the modified 
sorbents was also investigated.  

EXPERIMENTAL 

Instrumentation and apparatus 

An optical emission spectrometer with inductively coupled plasma iCAP-6500 Duo 
(Thermo scientific, United Kingdom) was used for the measurements. The system was equip-
ped with an integrated unit for hydride generation. The detector was a RACID86 charge injec-
tor device (CID). A SpectrAA 55-Varian (CA, USA) was also used. 

Microwave digestion was performed in a pressurized microwave oven (Ethos 1, Advan-
ced Microwave Digestion System, Milestone, Italy) equipped with a rotor holding 10 cuvettes 
(PTFE). 

Sorbent materials 

BIRM (Burgess Iron Removal Media) can be used as a replacement media for manga-
nese greensand in an iron and manganese removal filter. This media is manganese dioxide-
coated alumina silicate, with the following physical properties: effective size: 0.61 mm and 
uniformity coefficient: 1.72. When used as an iron removal media, BIRM acts as a catalyst to 
enhance the reaction between dissolved oxygen (DO) and the iron compounds found in many 
groundwater supplies. 

Manganese greensand (GS) is a zeolite mineral called glauconite processed with manga-
nese sulfide or manganese sulfate and potassium permanganate in alternating steps to produce 
a black precipitate of manganese dioxide on the granules (effective size: 0.33 mm and uni-
formity coefficient: <1.60)  

MTM is a granular manganese dioxide filtering media used for reducing iron, manganese 
and hydrogen sulfide from water. Its active surface coating oxidizes and precipitates soluble 
iron and manganese. MTM consist of a light weight granular core with a coating of man-
ganese dioxide. MTM is an example of contact oxidation where the media itself provides the 
oxidizing potential (effective size: 0.43 mm and uniformity coefficient: 2.0) 

Modification of the sorbents. For the activation of sorbents, 200 g of sorbent was mixed 
with 800 mL distilled water and 12 mL concentrated HCl in a 1 L glass beaker for 2 h. The 
sorbent was then filtered and washed with distilled water until a negative reaction for Cl ions 
was attained. Finally, the sorbent was dried at 105 °C for 2 h. 
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For the modification of the sorbents with zirconium, ZrCl4 was used. 10.79 g of ZrCl4 
was placed in 1 L flask with 800 mL water and 200 g of activated sorbent. The solution was 
mixed for 24 h. After mixing, the sorbent was filtered and washed with distilled water until a 
negative reaction for Cl ions was obtained. The sorbents was dried at 105 °C for 2 h and then 
at 200 °C for 4 h. 

For the modification of sorbents with titanium, TiCl4 was used. Into a 250 mL glass con-
taining 100 mL distilled water with ice was added 17.21 g TiCl4 under vigorous stirring. After 
all the ice had melted, the solution was transferred into a 1 L flask containing 800 mL water 
and 200 g of activated sorbent. The solution was mixed for 24 h. After mixing, the sorbent 
was filtered and washed with distilled water until a negative reaction for Cl ions. The sorbent 
was dried at 105 °C for 2 h and then at 200 °C for 4 h.  

The modified sorbents were decomposed in a Pt-crucible. 0.5 g of finely crushed sample 
was treated with 15 mL hydrofluoric acid (40 %) in a platinum crucible and heated on a water 
bath (90 °C). The hydrofluoric acid treatment was repeated. To the residue, 8–10 mL of HF 
(40 %) and 6 mL of 1:1 H2SO4 were added followed again by heating in a water bath, initially 
for 2 h, and then on a hot plate until the fumes of H2SO4 ceased to evolve. The H2SO4 fuming 
was repeated in order to completely remove fluoride as HF. The residue was then cooled, 1–2 
mL concentrated HNO3 added and the heating continued. HNO3 treatment of the residue was 
repeated two or three times to remove any organic matter present. The residue was then dis-
solved in 20–30 mL of water on a water bath. The solution was transferred to a 250 mL beaker, 
and about 200 mL of water was added. The solution was boiled and then filtered. The filtrate 
was finally transferred to a 250 mL volumetric flask and made up to the mark with distilled 
water. The amount of Zr, respectively Ti, was determined by AAS. The amounts of Ti and Zr 
were also determined by ICP–OES after digestion in 5 mL 85 % H3PO4, 4 mL 37 % HCl and 
0.5 mL 40 % HF in a pressurized microwave.  

Batch sorption tests 

All batch experiments were realized in 50 mL plastic flasks with drinking water spiked 
with 200 μg L-1 As(III) or drinking water spiked with 200 μg L-1 As(V). The removal of arse-
nite and arsenate was evaluated for the sorbents BIRM, Greensand (GS) and MTM modified 
with Zr and Ti and dried at different temperatures. Batch adsorption experiments were con-
ducted by taking 40 mL of 200 μg L-1 of As(III) or 40 mL of 200 μg L-1 of As(V) into tightly 
capped 50 mL plastic flasks and adding the sorbent (0.3000±0.0010 g). The plastic flasks 
were shaken for 1 h at room temperature. Solutions were separated by centrifugation at 3,500 
rpm and the As concentrations were determined by HG-AAS. 

Adsorption isotherms 

Adsorption isotherms were obtained by adding different concentrations of As(III) or 
As(V) solution to the drinking water in 50 mL plastic flasks with 0.3000 g of MTM-Ti sorbent 
activated at 200 °C. The concentrations were 0.200, 0.400, 0.600, 0.800, 1.000 and 1.200 mg 
L-1. The volume of the solution was 40 mL in all experiments. The plastic flasks were shaken 
for 1 h at room temperature. The solutions were separated by centrifugation at 3500 rpm and 
the As concentrations were determined by HG-AAS. 

Effect of pH on As sorption 

For the pH study, 50 mL plastic flasks were filled with 40 mL of 200 μg L-1 As(III) or 
As(V) and 0.3000 g of modified sorbent. The correct amount of acid (HCl) or base (NaOH) 
solution required to adjust the pH to the target value was added. pH values of approximately 
5.0; 5.5; 6.0; 6.5; 7.0 and 8.0 were used. For every pH value, the Eh value was measured. The 
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plastic flasks were shaken for 1 h at room temperature. The solutions were then separated, the 
pH and Eh values were measured and the As concentrations were determined by HG-AAS. 

Arsenic analysis 

Total arsenic analyses were performed using a SpectrAA 55-Varian instrument (CA, 
USA) equipped with an integrated unit for hydride generation. The measurements were based 
on the integrated absorbance using a hollow cathode lamp (Varian) at 193.7 nm. 

Arsenic hydride was generated from 0.6 % NaBH4 (in 0.5 % NaOH) and 6 mol L-1 HCl.17 

RESULTS AND DISCUSSION 

After decomposition of modified sorbents and their analysis by AAS and 
ICP–OES, good agreement between the two methods was obtained. The amounts 
of Zr and Ti were between 0.25–1.95 % (w/w) after modification of the activated 
sorbents (Table I). 

TABLE I. Content of Zr and Ti (%) after modification of the activated sorbents 

Sorbent Ti Zr 
GS 0.6 0.85 
BIRM 1.45 1.95 
MTM 0.95 0.25 

In the first series of experiments, the adsorption of As(III) and As(V) species 
on commercial sorbents and modified sorbents was examined. Greensand (GS) 
showed no capability for As adsorption (Table II). Modification of Greensand did 
not have a significant influence on the adsorption. Unmodified BIRM also did 
not adsorb arsenic but after modification with titanium or zirconium, good results 
were obtained in both cases. MTM adsorbed both species but after modification 
with titanium, the level of arsenic decreased by up to eight times. After modifi-
cation with zirconium, inferior results were obtained. 

TABLE II. Final arsenic concentrations (μg L-1) in solution after treatment with various 
sorbents dried at 200 °C. Initial As(III) and As(IV) concentrations: 200 μg L-1 

Sorbent As(III) As(V) 
BIRM 183.8±11.4 192.3±6.1 
BIRM–Ti, 200 °C 26.4±1.4 12.2±0.8 
BIRM–Zr, 200 °C 24.8±3.3 1.0±0.0 
GS 174.2±22.4 191.0±1.2 
GS–Ti, 200 °C 133.6±7.8 152.2±7.0 
GS–Zr, 200 °C 149.4±10.0 131.4±4.2 
MTM 68.8±17.8 41.7±0.7 
MTM–Ti, 200 °C 20.4±9.1 9.6±2.0 
MTM–Zr, 200 °C 132.7±20.4 137.2±7.8 

Batch As(III) and As(V) adsorption tests were performed using activated 
BIRM modified with Zr and Ti and MTM modified with Ti. The effects of the 

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 ARSENIC REMOVAL BY ZIRCONIUM AND TITANIUM SORBENTS 1431 

temperature employed for drying the sorbents are given in Tables II–V. Sorbents 
were dried at the defined temperature for 4 h. 

From the results presented in Tables II–V, it could be concluded that As(III) 
and As(V) sorption capabilities were decreased at high drying temperatures. 
Heating of the sorbents at temperatures higher than 200 °C decreased the As(III) 
and As(V) sorption. This decrease may be due to dehydration of sorbents. In-
creasing the drying temperature resulted in a decrease in the number of OH– 
groups, which were probably the active sorption sites and responsible for the 
sorption of As. The maximum arsenic sorptions were achieved using sorbents 
dried at 200 °C. 

TABLE III. Final arsenic concentrations (μg L-1) in solution after treatment with BIRM–Ti 
sorbents activated at various temperatures. Initial As(III) and As(V) concentrations: 200 
μg L-1 

t / °C As(III) As(V) 
150 3.1±1.0 3.6±1.0 
200 4.4±1.8 2.4±1.4 
250 15.0±4.6 10.4±2.1 
300 16.4±2.4 12.8±0.6 
400 38.0±3.6 26.6±2.6 

TABLE IV. Final arsenic concentration (μg L-1) in solution after treatment with BIRM–Zr sor-
bents activated at various temperatures. Initial As(III) and As(V) concentrations: 200 μg L-1 

t / °C As(III) As(V) 
150 4.3±1.0 2.4±1.4 
200 9.8±3.4 2.6±1.4 
250 26.2±4.2 14.6±0.1 
300 29.4±10.7 26.5±8.0 
400 45.6±2.8 26.8±0.4 

TABLE V. Final arsenic concentrations in solution (μg L-1) after treatment with MTM–Ti 
sorbents activated at various temperatures. Initial As(III) and As(V) concentrations: 200 μg L-1 

t / °C As(III) As(V) 
150 4.4±2.4 4.5±1.2 
200 3.8±2.8 1.1±0.1 
250 12.7±0.2 10.3±0.5 
300 15.2±0.6 15.8±4.0 
400 43.2±9.7 22.8±9.5 

In order to obtain more information on the sorption by the MTM–Ti sorbent 
activated at 200 °C, another series of batch experiments were performed with 
different concentrations of As(III) and As(V). These results were used for the 
calculation of the constants of the Freundlich and Langmuir adsorption iso-
therms.23 The linearized form of the Freundlich Equation was used: 
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 log (x/m) = log K + (1/n)log c  

where x is the mass of adsorbed arsenic, m is the mass of sorbent, c is the equilib-
rium concentration of arsenic in solution after sorption, K is a constant, and n is a 
constant. The constant K is related primarily to the capacity of the sorbent and n 
is a function of the strength of the sorption (Figs. 1 and 2). 

 
Fig. 1. Freundlich plot for As(III) sorption by MTM–Ti 200 °C. 

 
Fig. 2. Freundlich plot for As(V) sorption by MTM–Ti 200 °C. 
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The values of K and n obtained from adsorption isotherms are summarized 
in Table VI.  

The Langmuir Equation is given by: 

 ce/Qe = 1/(bQ0) + ce/Q0 

where ce is the equilibrium concentration, Q0 is a constant that represents the 
maximum adsorption density corresponding to a monolayer covering of the sur-
face of the adsorbent, b is a constant that represents the adsorption bond energy 
and Qe is the mass of arsenate sorbed per unit dry weight of adsorbent. This 
equation was used to describe the adsorption data presented in Figs. 3 and 4. 

TABLE VI. Freundlich and Langmuir constants for the sorption of As(III) and As(V) by the 
MTM–Ti sorbent activated at 200 °C 

Ion 
Freundlich Langmuir 

K / mg g-1 n R2 Q0 / mg g-1 R2 

As(III) 0.711 1.27 0.9718 0.193 0.9902 
As(V) 0.514 2.11 0.9841 0.174 0.9757 

 
Fig. 3. Langmuir plot for As(III) sorption by MTM–Ti 200 °C. 

In the case of As(III), the data fitted the Langmuir model, which assumes 
reversible mono-layer coverage, was better, while for As(V), a better correlation 
coefficient was achieved with the Freundlich Equation (Table VI). 

As pH is an important parameter in adsorption processes, the effect of the 
initial pH of the solution on the sorption of As(III) and As(V) was investigated. 
In the pH range 5 to 8, there was no significant correlation between pH and the 
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sorption capacity. For an initial arsenic concentration of 200 μg L–1, the final ar-
senic concentrations were below the maximum permissible limit (10 μg L–1) for 
all the investigated pH values. The results in Table VII show that the sorbent 
does not have a significance influence on the pH and Eh of the solution in the pH 
range and experimental conditions applied in these investigations. This range of 
pH for adsorption of arsenic should be advantageous under real conditions. 

 
Fig. 4. Langmuir plot for As(V) sorption by MTM–Ti 200 °C. 

TABLE VII. Changes in pH and Eh during the adsorption experiments (after 1 h shaking with 
sorbent MTM–Ti 200 °C) 

Initial pH pH Initial Eh, mV Eh / mV 
5.00 5.21 404 405 
5.52 5.73 385 375 
6.04 6.24 361 352 
6.49 6.62 346 340 
6.95 6.98 336 354 
7.56 7.39 293 310 
8.01 7.63 280 300 

CONCLUSIONS 

After activation and modification with Zr and Ti, BIRM had higher sorption 
capacities. There was no improvement in the sorption capacity of GS after its ac-
tivation and modification with Zr and Ti. MTM had better sorption capacities 
after activation and modification with Ti. 

The BIRM–Zr, BIRM–Ti and MTM–Ti modified sorbents had high sorption 
capacities for As(III) and As(V) in the pH range of natural water. These modified 
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sorbents, dried at 200 °C, removed arsenic from drinking water spiked with 200 
μg L–1 of As(III) and As(V) to below the maximum permissible limit. With in-
creasing drying temperature, the sorption capacities decreased. The optimal dry-
ing temperature for the modified sorbents was 200 °C. 

Changing the pH of the solution in the range from 5 to 8 had no obvious 
effect on the sorption. In addition, the sorbents had no significant influence on 
the pH and Eh of the solution.  

The obtained batch experimental results suggested that these modified sor-
bents could be used for As(III) and As(V) removal under real conditions. 

И З В О Д  

УКЛАЊАЊЕ АРСЕНА ИЗ ВОДЕНИХ РАСТВОРА СОРПЦИЈОМ НА СОРБЕНТИМА 
МОДИФИКОВАНИМ ЦИРКОНИЈУМОМ И ТИТАНОМ 

ИВАН АНЂЕЛКОВИЋ1, ДРАГАН Д. МАНОЈЛОВИЋ1, ДРАГАНА ЂОРЂЕВИЋ2, БИЉАНА ДОЈЧИНОВИЋ2, 

ГОРАН РОГЛИЋ1 и ЉУБИША ИГЊАТОВИЋ3 

1Hemijski fakultet, Beograd, 2Centar za hemiju, tehnologiju i metalurgiju ,Beograd i 
3Fakultet za fizicku hemiju, Beograd 

Уклањање арсена из подземних вода може укључивати третман сорпцијом, прелазак на 
алтернативне изворе воде или мешање са водом која садржи ниске концентрације арсена. 
Комерцијални сорбенти MTM, Greensand и BIRM су модификовани цирконијумом и тита-
ном после активације. Модификација је урађена титан-тетрахлоридом и цирконијум-тетра-
хлоридом. Модификовани сорбенти су сушени на различитим температурама. Сорпција 
арсената и арсенита растворених у пијаћој води је тестирана batch поступком. После 
уклањања сорбента концентрација арсена је одређена HG–AAS методом. BIRM модифи-
кован цирконијумом је показао најбоље резултате у уклањању арсенита и арсената. Моди-
фикација Greensend-а није утицала на повећање сорпционе моћи. BIRM модификован 
цирконијумом је смањио концентрацију арсена испод 5 μg L-1. 

(Примљено 7. октобра 2010) 
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Abstract: Inorganic arsenic removal from water using low-cost adsorbents is 
presented in this paper. Selective removal of As(III) and As(V) from water was 
performed with natural materials (zeolite, bentonite, sepiolite, pyrolusite and 
limonite) and industrial by-products (waste filter sand as a water treatment residual 
and blast furnace slag from steel production); all inexpensive and locally available. 
Kinetic and equilibrium studies were realized using batch system techniques under 
conditions that are likely to occur in real water treatment systems. The natural zeo-
lite and the industrial by-products were found to be good and inexpensive sorbents 
for arsenic while bentonite and sepiolite clays showed little affinity towards arsenic. 
The highest maximum sorption capacities were obtained for natural zeolite, 4.07 
mg As(V) g-1, and waste iron slag, 4.04 mg As(V) g-1. 

Keywords: adsorption; arsenic removal; arsenic remediation; low cost sorbents. 

INTRODUCTION 

The presence of arsenic in natural waters has become a worldwide problem 
in the past decades. Arsenic pollution from natural sources was recently reported 
in China, Taiwan, India, Bangladesh, USA, Canada, Mexico, Chile, Argentina, 
New Zealand, Poland, Hungary, Croatia, Serbia and Romania.1–5 

Arsenic is widely found in the Earth’s crust in oxidation states of –3, 0, +3 
and +5, often as sulfides or metal arsenides or arsenates.3 In water, it is mostly 
present as arsenate (+5) but under anaerobic conditions, it is likely to be present 
as arsenite (+3).4 It usually occurs in natural waters at concentrations of less than 
1 or 2 µg L–1.2 However, in natural groundwater reservoirs where there are 
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sulfide mineral deposits and sedimentary deposits derived from volcanic rocks, 
the concentrations can be significantly increased (up to 12 mg L–1).2 

Increased risks of arsenic related diseases have been reported to be asso-
ciated with ingestion of drinking-water at concentrations of <50 µg L–1.3,5 
However, considering the significant uncertainties surrounding the risk asses-
sment for arsenic carcinogenicity and the practical difficulties in removing arse-
nic from drinking-water, a provisional guideline value for arsenic was set by the 
WHO at a limit of 0.01 mg L–1 in the 1993 Guidelines. In view of the scientific 
uncertainties, the guideline value is designated as provisional. A new maximum 
concentration limit of 0.01 mg L–1 for arsenic in drinking water was set by the 
US EPA in 20016 and EU law7 in 2003, requiring public water supply systems to 
reduce arsenic in drinking water by not later than January 2006. In the Republic 
of Serbia, the new arsenic concentration limit was set in 1998.8 

Toxicological review 

The most important routes of arsenic exposure are through food and drinking 
water. Arsenic is found in food, particularly in fish and shellfish, in which it is 
found mainly in the less toxic organic form.9 Arsine is considered the most toxic 
form, followed by arsenites, then arsenates and organic arsenic compounds.4,5  

Environmental exposure to arsenic through drinking-water has been asso-
ciated with skin cancer.10 Acute arsenic intoxication associated with the inges-
tion of water containing a very high concentration of arsenic (21.0 mg L–1) was 
reported.3 Moreover, it was concluded that long-term exposure to arsenic in drin-
king water is causally related to increased risks of cancer in the skin, lungs, blad-
der and kidney, as well as other skin changes, such as hyperkeratosis and pig-
mentation changes.11 Epidemiological studies12,13 in areas with different fre-
quencies of black-foot disease and where drinking water contained 0.35–1.14 mg 
L–1 arsenic revealed elevated risks for cancers of the bladder, kidney, skin, lung, 
liver and colon. Dermal lesions were the most commonly observed symptom 
occurring after minimum exposure periods of approximately 5 years.12,13 

Arsenic removal technologies  

It is technically feasible to achieve arsenic concentrations of 10 µg L–1 or 
lower using any of the following treatment technologies: oxidation/precipita-
tion,5,14 coagulation/coprecipitation,14 sorption15,16, ion-exchange17 and mem-
brane technologies.18 Among them, adsorption is considered to be a relatively 
simple, efficient and low-cost arsenic removal technique, especially convenient 
for application in rural areas.4 A wide range of sorbent materials for aqueous 
arsenic removal is available nowadays: biological materials, mineral oxides, dif-
ferent soils, activated carbons and polymer resins.18 Nevertheless, finding inex-
pensive and effective sorbents for arsenic removal from water is still highly desired. 
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Natural materials such as clay minerals, zeolites and metal oxides are wide-
spread and abundant in terrestrial environments. Clay minerals and zeolites ad-
sorb cationic, anionic and neutral metal species.18 As reported in recent papers, 
certain agricultural and industrial by-products, such as waste tea fungal bio-
mass,19 rice husks,20 red mud,18 fly ash,21 etc., were found to be good and inex-
pensive arsenic sorbents. In addition, application of industrial wastes in water 
treatment follows the reuse-recycle concept. 

The aim of this study was to investigate and compare natural materials (zeo-
lite, bentonite, sepiolite, pyrolusite and limonite) and industrial by-products (blast 
furnace slag and waste filter sand), inexpensive and all locally available, as 
potential sorbents for arsenic. 

EXPERIMENTAL 

Reagents and apparatus 

An As(V) stock solution (100 mg L-1) was prepared by dissolving 416.5 mg of sodium 
arsenate (Na2HAsO4·7H2O, Analar analytic reagent) in 1 L of distilled water, which was pre-
served with 0.5 % HNO3. An As(III) stock solution (3750 mg L-1) was prepared by dissolving 
sodium arsenite (0.05 mol NaAsO2, Riedel-de-Haen (4.946 g As2O3 +1.3 NaOH in 1 L)) in 
distilled water in a 1 L volumetric flask, which was preserved with 0.5 % HNO3. 

Arsenic was analyzed using the ICP–MS method, according to Standard methods,22 
using an Agilent 7500ce spectrometer equipped with octopole reaction system (ORS). Cali-
bration was realized using external standards (2, 4, 20, 40, 80 and 100 μg L-1), which were 
prepared by appropriate dilution of a 1000 μg L-1 stock standard solution. Working standards, 
as well as blank solutions, were prepared with high purity HNO3. The concentrations of the 
investigated samples were adjusted to the concentration range 5–100 μg L-1. The experimental 
data measurements were accepted as reasonable data in cases of less than 5 % relative stan-
dard deviation (RSD). In order to amplify the consistency of the results, the experiments were 
performed in triplicate and the mean values considered. The limit of detection was 0.1 μg L-1. 
A laboratory pH meter (Metrohm 827) was used for pH measurements. The accuracy of the 
pH meter was ±0.01 pH units. 

Materials and characterization techniques 

Zeolite (Z), natural clay minerals, bentonite (B) and sepiolite (S), and natural metal oxide 
minerals, limonite (L) and pyrolusite (P) were selected as the natural materials while waste 
iron slag (WIS) and waste filter sand (WFS) were selected as the waste materials to be tested 
within the scope of the presented investigations. The natural materials were obtained from 
natural deposits located in Serbia and Bosnia. The industrial by-products were obtained from 
local industrial facilities: blast furnace slag from the steel production plant US Steel Serbia 
(Smederevo, Serbia) and waste filter from groundwater treatment plant “Bežanija” in Bel-
grade, Serbia. The physical properties and chemical composition of all materials are presented 
in the further text.  

The microstructure of the analyzed material samples was examined by scanning electron 
microscopy (SEM) using a Jeol JSM 5800 instrument (operated at 25 kV). The BET specific 
surface areas were determined by the technique of nitrogen adsorption17 using a Sorptomatic 
1990 Thermo Finningen instrument. The chemical composition of the materials was deter-
mined by standard silicate analysis.23,24 
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Kinetic and equilibrium studies 

Kinetic batch experiments were performed for As(III) and As(V), with an initial As con-
centration c0 = 0.5 mg L-1. The experiments were performed in different time intervals, up to 
τ = 24 h. During each set of conducted kinetic batch experiments, it was observed that ab-
solute equilibrium was not reached even after 24 h. In each set of experiments, τ = 6 h was 
found to be the turning point after which the sorption rate was significantly lower and thus 
changes in sorption efficiency were far less rapid. Moreover, the rapid sorption rate range (0– 
–6 h) was found to be the most interesting for detailed examination in terms of the potential 
application of waste materials. Finally, the adsorption isotherm experiments were performed 
under different initial arsenic, As(III) and As(V) concentrations (0.500, 1.00, 5.00, 10.0, 50.0 
and 100.0 mg L-1) for a contact time τ = 6 h, at pH 7. 

RESULTS AND DISCUSSION 

Characterization 

Chemical composition. The chemical compositions of the selected natural 
and waste materials are summarized in Table I. The main accessory minerals in 
the zeolite were quartz, feldspar and carbonate. The clinoptilolite content in the 
zeolite was 85 %. Bentonite is a clay material consisting mostly of montmoril-
lonite (95 %) with some accessory quartz, calcite, feldspar, muscovite and bio-
tite. Sepiolite is a natural hydrous magnesium silicate. The chemical analyses re-
sults indicated that the sepiolite sample consisted of 98 % pure mineral (based on 
the SiO2 content). Limonite is a natural ore comprised of hydrated iron(III) oxi-
des, mostly made up of goethite (α-FeOOH). Elemental analysis of the limonite 
ore indicated that the iron content was 45.5 %. Pyrolusite is a mineral consisting 
essentially of manganese dioxide (MnO2) and is important as a manganese ore. 
The content of manganese in the natural pyrolusite was 51.8 %. The dominant 
constituent of the waste filter sand was quartz (SiO2) coated by metal oxide layer 

TABLE I. Chemical composition (%) of the studied natural and waste materials (Z – zeolite, 
B – bentonite, S – sepiolite, L – limonite, P – pyrolusite, WFS – waste filter sand, WIS –
waste iron slag) 

Material 
Deposits 
location 

SiO2 Fe2O3 FeO Al2O3 CaO MgO TiO2 Na2O K2O Fe Mn 

Z Vranjska Banja, 
Serbia 

66.57 2.30 – 13.13 3.85 1.27 – 1.27 1.17 – – 

B Birač, Zvornik, 
Bosnia 

54.97 6.83 – 16.82 2.0 2.6 1.3 0.38 0.15 – – 

S Antići, Čačak, 
Serbia 

56.68 0.04 – 0.03 0.27 28.6 – 0.15 0.096 – – 

L Majdanpek, 
Serbia 

2.85 59.19 – 8.12 0.028 2.19 – – – 45.5 – 

P Majdanpek, 
Serbia 

3.1 3.9 – 2.5 0.1 0.3 – – – – 51.8 

WFS – 65.16 3.68 0.82 – 1.14 21.23 – – – 3.93 15.66 
WIS – 23.82 13.02 15.73 7.70 26.5 11.13 0.08 – – 21.20 – 
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consisting of iron (Fe) and manganese (Mn) deposits. The content of Mn was 
four times higher than that of Fe. The results of the chemical analyses showed 
that the waste iron slag was a complex heterogeneous material, mainly composed 
of silica, and iron and calcium oxides. 

Physical properties. Clays are natural materials known for their highly deve-
loped surface area. The bentonite (B) clay from the Birač deposits exhibited the 
highest specific surface area of all the investigated materials (593 m2 g–1) (Table 
II), two times higher than the sepiolite (S) clay (286 m2 g–1). The other natural 
materials exhibited moderate to low specific surface areas. The relatively high 
surface area obtained for the waste filter sand (WFS) was assigned to the iron and 
manganese oxides layer which coats the original quartz grain of the sand.25 

TABLE II. Physical properties of the studied natural and waste materials 

Material Grain size, mm BET specific surface area, m2 g-1 
Zeolite (Z) 0.4–0.8 45.7 
Bentonite (B) <0.074 593.0 
Sepiolite (S) <0.074 286.0 
Limonite (L) 1–2 1.7 
Pyrolusite (P) 1–2 1.2 
Waste filter sand (WFS) 1.25 94.1 
Waste iron slag (WIS) 0.470 2.9 

The porous microstructures with pores of different size and shape could be 
observed from all micrographs (Fig. 1). The limonite microstructure (Fig. 1d) 
shows that this porous natural material was composed of particles in the size 
range from approximately a few hundred nanometers to a few microns. The mic-
rostructure of the pyrolusite (Fig. 1e) was also porous with particles of different 
shape and size. Rod-shaped particles were also observed in the pyrolusite micro-
structure. SEM micrograph in Fig. 1c shows a fibrous texture, typical for the 
structure of sepiolite. The bentonite microstructure was also porous and shapeless 
pores a few microns in size can be observed in Fig. 1b. 

Batch system investigations 

Preliminary investigations. A continuously mixed batch system was em-
ployed. The kinetic batch experiments were performed for As(III) and As(V), 
using initial As concentrations 0.500 and 10.0 mg L–1 , respectively, for the time 
interval τ = 2 h. Despite their high specific surface area, the natural mineral clays, 
bentonite and sepiolite, exhibited low or no affinity towards As(III) and As(V) 
(Fig. 2). The highest sorption capacity was obtained for sepiolite, 5 µg g–1 of As(V).  

The natural Fe and Mn oxide minerals, limonite and pyrolusite, exhibited 
low sorption capacities of up to 30 µg g–1 of As(V) only under high initial arse-
nic concentrations. At low initial arsenic concentrations, limonite and pyrolusite 
showed no affinity towards As(III) and As(V). 
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(a) 
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Fig. 1. SEM Microphotographs of a) zeolite, 
b) bentonite, c) sepiolite, d) limonite, e) pyro-
lusite, f) waste filter sand (WFS) and g) waste 
iron slag (WIS). 

In the first set of preliminary experiments, only natural the zeolite of all the 
tested natural materials exhibited certain sorption features, while the waste mate-
rials proved to be good arsenic sorbents. Therefore, further detailed examinations 
were focused on these three materials only. 
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(a) 

 
(b) 

Fig. 2. Preliminary batch experiments for As(III,V) sorption. Conditions: 
cAs(III,V) = 0.500 (a) and 10.0 mg L-1 (b), m = 1.00 g, t = 20 °C, V = 100 mL, τ = 2 h. 

Sorption kinetic studies. The sorption kinetics of As(III) and As(V) onto the 
natural zeolite and the waste materials are presented in Fig. 3. The waste slag, 
WIS, exhibited substantial sorption capacities. It was found that the WIS ad-
sorbed 10 μg g–1 of As(III) and 16.4 μg g–1 of As(V) in the first 15 min, reaching 
45 μg g–1 for As(III) and 50 μg g–1 for As(V) after the equilibrium contact time 
(6 h). The kinetic performance of the natural zeolite was nearly as good as that of 
the waste filter sand (WFS). In 24 h, the WFS adsorbed 25 μg g–1 As(III) and 29 
μg g–1 As(V), while in the first 15 min it adsorbed 10.5 μg g-1 As(III) and 6.8 μg 
g-1 As(V). 

Several model equations have been established to describe sorption kinetics. 
The Lagergren First Order and the Pseudo-Second-Order sorption kinetic models 
are the most frequently used. These models were thoroughly discussed in a recent 
paper26 and, hence, they are only summarized here (Table III). In Table III, qt is 
sorption capacity at time t (µg g–1), qe the equilibrium sorption capacity (µg g–1), 
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k2 the rate constant of sorption (g μg–1 min–1), h the initial sorption rate (μg g–1 

min–1) and kL the Lagergren rate constant (min–1).The experimental results were 
fitted to the pseudo-second-order and the Lagergren First Order model, applying 
non-linear regression analysis using MS Office 2000 Excel spreadsheets. The 
correlation coefficients, R, were calculated in order to quantify the applicability 
of the applied kinetic models. Values of the model parameters obtained from the 
regression analyses are presented in Table IV. 

 
(a) 

 
(b) 

Fig. 3. Sorption kinetics of As(III) (a) and As(V) (b) onto the natural and waste materials. 
Conditions: cAs(III,V) = 0.500 mg L-1, m = 1.00 g, t = 20 °C, V = 100 mL, τ = 24 h. 

The regression analyses showed that the pseudo-second-order equation is the 
most appropriate kinetic model for arsenic sorption onto the investigated mate-
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rials, which indicates that chemisorption occurs. Although WFS would be pre-
sumed to be primarily a weak, physical sorbent, the high correlation coefficient 
obtained for the pseudo-second-order model, indicating chemisorption, is assumed 
to result from the presence of iron and manganese oxides on the surface of the 
sand grains (Table I). Effective arsenic sorption onto the surface of iron oxides 
has already been reported.27 Depending on the pH, various forms of hydrated 
iron oxide exist on solid surfaces in contact with water: FeOH2+, FeOH and FeO–. 
At neutral pH, FeOH2+ and FeOH forms are predominant and they are respon-
sible for the selective binding of As(III) and As(V). The sorption process in neut-
ral conditions occurs owing to FeOH sites, which bond molecular forms of As(III) 
(HAsO2), and FeOH2+ sites, which bond ionic forms of As(V) (H2AsO4– and 
HAsO42–). 

TABLE III. Adsorption kinetic models and their linear forms 

Type Non-linear form Linear form Plot 
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TABLE IV. Kinetic model parameters and correlation coefficients for As(III) and As(V) sorp-
tion 

Model 
equation 

Parameter 
Z WIS WFS 

As(III) As(V) As(III) As(V) As(III) As(V) 
Pseudo-se-
cond order  

qe / µg g-1 20.02 25.7 47.6 51.7 25.4 29.8 
k2 / g μg-1 min-1 0.0481 0.000593 0.00023 0.00043 0.00157 0.00033 
h / μg g-1 min-1 1.93 0.39 0.53 1.14 1.01 0.29 

R 0.999 0.998 0.997 0.999 0.999 0.995 
Lagergren kL / g μg-1 min-1 0.00062 0.00154 0.00204 0.00203 0.00135 0.00169 

R 0.3334 0.934 0.944 0.828 0.721 0.979 

The two times higher sorption capacities obtained with the WIS (47.6 μg g–1) 
compared to WFS (25.4 μg g–1) contribute to the assumption that chemisorption 
occurs, since slag material exhibit significantly lower BET specific surface area 
(Table II), which is a crucial characteristic that enhances the sorption properties 
of a material. Further insight into the chemical composition of the examined ma-
terials (Table I) revealed that the WIS exhibited higher sorption capacities due to 
the five times higher iron and iron oxides content compared to the WFS, despite 
its lower BET surface area. The contribution of manganese (15.66 %) in WFS to 
the sorption mechanism is probable since the low iron content in the metal oxide 
layer (3.93 %) hinders the WFS from being an efficient sorbent for arsenic. WIS 
exhibited similar specific arsenic removal efficiencies, ≈ 220 μg As g–1 Fe. Ap-
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plied to the WFS containing 39.3 mg g–1 Fe, the contribution of iron to arsenic 
removal was expected to be 9 μg As g–1 WFS. The obtained qe values (25.4 and 
29.8 μg g–1 for As(III) and As(V), respectively) suggest that iron was not the 
only active component in the WFS. Although these results can not be directly 
correlated (due to the chemical and physical properties), the higher efficiency of 
the WFS could be assigned to manganese activity. Assuming the difference 
between the contribution iron to the sorption and the total qe values is the 
consequence of manganese activity only, the specific arsenic removal efficiency 
of manganese was estimated to be 115 μg As g–1 Mn. 

The experimental plots of As(III) and As(V) sorption on the waste materials 
with time initially increase rapidly, which is followed by a very slow increase in 
the sorption capacity over longer periods (Fig. 3).  

The Lagergren First Order model was found to be the less suitable for des-
cribing the kinetics of arsenic sorption on the investigated materials. However, 
the Lagergren rate constants (kL) were comparable to rate constants of the 
pseudo-second order model (k2).  

Equilibrium studies. Adsorption isotherms are important for the description 
of how molecules of a sorbate interact with the sorbent surface and for the pre-
diction of the extent of sorption. The Langmuir isotherm model was derived under 
the assumption that the sorbate is sorbed in a one molecule layer. The Freundlich 
isotherm is a consecutive layer model which does not predict any saturation of 
the sorbent by sorbate. The isotherm model equations and their linear forms are 
presented in Table V. 

TABLE V. Sorption isotherm models and their linear forms 

Type Non-linear form Linear form Plot 
Langmuir max L e

e
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In Table V, qe is the amount of solute sorbed per gram of sorbent (mg g–1), 
ce the equilibrium concentration of solute (mg L–1), KL a constant related to the 
energy of sorption (L mg–1) (Langmuir model), qmax the maximum amount of 
solute sorbed per gram of sorbent (mg g–1), KF the Freundlich constant (mg g–1) 
and n is a constant related to the sorption intensity of the sorbent.  

Values of the isotherm model parameters obtained from regression analyses 
are presented in Table VI. A dimensionless separation factor constant, RL, was 
proposed to estimate the feasibility of the Langmuir isotherm:28 
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Accordingly,28 RL values in the 0 < RL < 1 range indicates favorable sorp-
tion. The RL values for all the tested materials and for the complete c0 range 
(0.500–100.0 mg L–1 As) were 0.150 < RL < 0.973. 

TABLE VI. Langmuir and Freundlich isotherm parameters for the studied natural zeolite and 
waste materials 

Model 
equation 

Parameter 
Z WIS WFS 

As(III) As(V) As(III) As(V) As(III) As(V) 
Langmuir qmax / mg g-1 0.9691 4.07 0.82 4.04 0.55 0.77 

KL / L mg-1 0.0565 0.0137 13.22 12.71 0.37 1.18 
R 0.9902 0.9997 0.9666 0.9986 0.7899 0.9738 

Freundlich KF / L mg-1 50.703 55.106 0.567 3.010 0.110 0.157 
n-1 / L g-1 0.884 1.003 0.519 0.591 0.843 0.727 

R 0.9902 0.9989 0.9635 0.8341 0.9618 0.9218 

The highest maximum sorption capacities, qmax, were found for natural zeo-
lite, Z: 0.97 and 4.07 mg g–1 for As(III) and As(V), respectively. The Z and WIS 
exhibited significantly higher qmax values for As(V) compared to As(III), while 
the WFS attained nearly equal values for both As forms. The differences in the 
qmax values for As(III) and As(V) might suggest that the arsenic species present 
under neutral conditions (As(III) in the molecular form while As(V) in the ionic 
form) influence the sorption efficiency of Z and WIS. The higher sorption capa-
cities of the Z and WIS (4 and 5 times, respectively) for As(V) suggest that 
molecular arsenic was less efficiently bound to the slag materials than its ionic 
forms. While iron was the main active component in the slag materials, manga-
nese was dominant in the WFS. The low content of iron in the WFS is presumed 
responsible for its lower As(V) sorption capacity. The maximum specific As(V) 
uptake onto the slag materials, derived from the qmax values, was 15.4 mg As(V) 
g–1 Fe. The calculated difference between the iron responsible (0.62 mg As(V) g–1 
WFS) and exhibited qmax value (0.77 mg As(V) g–1 WFS), Δ = 0.15 mg As(V) 
g–1 WFS, indicates again the presence of a second active substance in the WFS, 
i.e., manganese. In addition, the same difference of 0.41 mg As(III) g–1 WFS ob-
tained for the trivalent arsenic form suggests that manganese has a greater affi-
nity toward molecular arsenic forms than iron. 

The Langmuir constant, KL, is a function of the sorption strength: the larger 
the KL value, the stronger is the sorption bond. The significantly lower KL values 
obtained for the WFS and Z (Table VI), indicating weak sorption bonds, con-
firms the assumption that physical sorption was dominant for these materials. In 
addition, the relatively strong sorption bonds, indicated by the high KL value, 
suggest that chemisorption was dominant for the WIS. However, the complexity 
of the experimental results requires further examination of the nature of the sorp-
tion processes. 
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Further insight into the nonlinear Langmuir plots (Fig. 4) revealed that the 
sorption process continued beyond qmax for the industrial waste materials, WIS 
and WFS, suggesting that the sorption process continued after monolayer satu-
ration. Likewise, applying the subsequent Freundlich Monolayer Model (Fig. 5) 
also suggests that arsenic uptake continues after the calculated monolayer satu-
ration. 

 

 
Fig. 4. Langmuir isotherm plots (linear and non-linear) for As(III) and As(V) sorption 

onto the natural zeolite and the industrial by-products. 

These findings might be supported by the complexity of the examined mate-
rials in terms of their physico-chemical composition. The presence of active sub-
stances, such as iron and manganese (for WFS), and the increased specific sur-
face area contributed to the complex nature of sorption process for all the exa-
mined materials. 
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Fig. 5. Freundlich isotherm plots (linear and non-linear) for As(III) and As(V) sorption 

onto the natural zeolite and the industrial by-products. 

The capacities of various low-cost adsorbents reported in recent papers are 
summarized in Table VII. Although bentonite and sepiolite clays are found to be 
frequently used for the removal of metal ions from aqueous solution, there was 
no data available for arsenic removal. Kaolinite clay was reported to be efficient 
for As(V) removal with 0.23 mg g–1 maximum sorption capacity. Zeolite tuffs 
were reported to exhibit 0.002–0.0167 µg As(III) g–1 and 0.006–0.100 µg As(V) 
g–1 which is significantly lower compared to values obtained for natural zeolite 
within the scope of this study (0.97 and 4.07 mg g–1 for As(III) and As(V), res-
pectively). It is assumed that higher sorption capacities obtained for natural zeo-
lite were due to its higher specific surface area and the higher initial concentra-
tion range. A low specific surface area is assumed to contribute to the low sorp-
tion capacities obtained for limonite and pyrolusite, although iron (hematite) and 
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manganese ores are reported to be efficient in As sorption. The lower specific 
surface area probably contributed to lower sorption efficiencies of WIS for As(III) 
compared to the values reported in the literature. However, the As(V) sorption 
capacity obtained by the WIS was 4.07 mg g–1. The WFS obtained the lowest 
sorption capacities of all tested materials. However, its availability and inexpen-
siveness makes this waste material an equally valuable alternative for arsenic 
removal from water. 

TABLE VII. Comparative evaluation of various low cost adsorbents for arsenic removal 

Adsorbent pH 
Concentration 

range 

Specific 
surface area

m2 g-1 
t / °C

Model used 
to calculate 
adsorption 
capacity 

Capacity 
mg g-1 

Ref. 

As(III) As(V) 

Natural materials 
Kaolinite 5.5 10–1000 mg L-1 8.5 25 Langmuir – <0.23 18 
Zeolitic tuff ZH 4 0.1–4 mg L-1 – 22 Langmuir. 0.002 0.006 29 
Zeolitic tuff 
ZMS 

4 0.1–4 mg L-1 28 22 Langmuir. 0.0167 0.100 29 

Goethite 9.0 0–60 mg L-1 39 22 – 22 4 18 
Mixed rare 
earth oxide 

6.5 50 mg L-1 6.75 29 Langmuir. – 2.95 18 

Manganese ore 6.3–6.5 – – – Langmuir 0.53 15.38 18 
Hematite 4.2 133.5 µmol L-1 14.4 30 Langmuir – 0.2 18 
Feldspar 4.2 133.5 µmol L-1 10.25 30 Langmuir – 0.18 18 

Waste materials 
Bauxol 4.5 0.8–32.00 mM – 23±1 Langmuir – 1.081 18 
Blast furnace 
slag 

7.1 0–1000 mg L-1 12.56 25 Langmuir 1.4 – 30 

Orange juice 
residue 

2–11 – – 30 Langmuir 70.43 67.43 18 

Tea fungal 
biomass 

7.2 0.9–1.3 mg L-1 – 30 Freundlich 1.11 4.95 18 

Human hair – 0.090–0.360
mg L-1 

– 22 Langmuir – 0.012 18 

CONCLUSIONS 

Preliminary investigations showed that natural zeolite and industrial by-pro-
ducts (blast furnace slag and waste filter sand) exhibit substantial arsenic sorption 
properties. Natural clay minerals (bentonite and sepiolite) and iron and manga-
nese minerals (limonite and pyrolusite) showed very little affinity towards inor-
ganic arsenic species, below 2 µg g–1 in a 2-h contact time, under the conditions 
that are likely to occur in real water treatment systems. The complex nature of 
the sorption processes in the selected natural zeolite and industrial by-products, 
including both chemisorption and physical sorption, was revealed by the equilib-
rium studies. The sorption capacities for As(V) compared to As(III) were signifi-

________________________________________________________________________________________________________________________________________

2011 Copyright (CC) SCS

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



 LOW-COST ARSENIC REMOVAL FROM WATER 1451 

cantly higher for the natural zeolite and the blast furnace slag, while the waste 
filter sand exhibited similar removal efficiencies for both arsenic species. The 
arsenic sorption process on the natural zeolite followed the monolayer saturation 
(Langmuir) model, reaching a maximum sorption capacity of 0.97 mg g–1 and 
4.07 mg g–1 for As(III) and As(V), respectively. However, with the waste mate-
rials, sorption continued after monolayer saturation (following the Freundlich 
isotherm model). The blast furnace slag exhibited the highest equilibrium sorp-
tion efficiency of 0.05 mg g–1 under the conditions that occur in real water treat-
ment systems, while natural zeolite and waste filter sand reached 0.02–0.03 mg 
g–1. Comparing to the equilibrium sorption efficiency of 0.05 mg g–1 obtained 
for granular ferric hydroxide, a commercial arsenic sorbent, these results indicate 
that the application of natural zeolite and the industrial by-products is feasible in 
real water treatment systems.  
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И З В О Д  

ПРЕГЛЕД САВРЕМЕНИХ МЕТОДА ЗА УКЛАЊАЊЕ АРСЕНА ИЗ ВОДЕ 

БРАНИСЛАВА М. ЈОВАНОВИЋ1, ВЕСНА Л. ВУКАШИНОВИЋ-ПЕШИЋ2, ЂОРЂЕ Н. ВЕЉОВИЋ3 

и ЉУБИНКА В. РАЈАКОВИЋ3 

1Katedra za hidrotehniku i vodno-ekolo{ko in`ewerstvo, Gra|evinski fakultet, Univerzitet u 

Beogradu, Bulevar kraqa Aleksandra 73, 11 000 Beograd, 2Metalur{ko–tehnolo{ki fakultet, 

Univerzitet Crne Gore, Cetinjski put bb, 81000 Podgorica, Crna Gora i 3Katedra za analiti~ku hemiju, 

Tehnolo{ko–metalur{ki fakultet, Univerzitet u Beogradu, Karnegijeva 4, 11000 Beograd 

У овом раду су приказани резултати испитивања ефикасности природних и отпадних 
материјала за уклањање арсена из воде. Ефикасност уклањања арсена, As(III,V) испитана је у 
шаржном систему. Као сорбенти коришћени су природни материјали (зеолит, бентонит, се-
пиолит, пиролузит и лимонит) и отпадни материјали (отпадни филтарски песак са постро-
јења за пречишћавање вода и отпадна шљака из производње челика). Испитивања су пока-
зала да отпадни материјали могу ефикасно уклонити и As(III) и As(V) из воде, али да се ефи-
касност разликује и зависи од валентног стања арсена, почетне концентрације и pH вред-
ности воде. Експерименти на основу којих су добијене криве кинетике сорпције и сорпционе 
изотерме су рађени у условима какви владају у реалним системима за пречишћавање воде. 
Природни зеолит о отпадни материјали су се показали као релативно добри материјали за 
уклањање арсена из воде док су бентонит, сепиолит, лимонит и пиролузит показали слаб 
афинитет према арсену. Највећи максимални сорпциони капацитет су показали природни 
зеолит (4,07 mgAs(V) g-1), и отпадна шљака (4,04 mgAs(V) g-1). 

(Примљено 29. октобра 2010, ревидирано 7. јануара 2011) 
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Errata (printed version only) 

Issue No. 9 (2011), Vol. 76: 
1) Contents, back cover, lines 15 and 16 from below should read: 

H. A. Zamani, M. R. Ganjali and F. Faridbod: A lutetium PVC membrane sensor based 
on (2-oxo-1,2-diphenylethylidene)-N-phenylhydrazinecarbothioamide .....................  1295 

2) Paper JSCS-4201, Tables I and III, pages 1249, 1250 and 1252, respec-
tively, should read: 

TABLE I. Compounds 1–11, ligands of the MOR 

Structure Compound X Y 
1 
2 
3 

C=O 
CH OH 

C=O 

H 
H 

OH 

4 CH OH H 

5 
6 
7 
8 

C=O 
C=O 

CH OH 
CH OH 

OH 
H 

OH 
OH 

 

9 
10 

C=O 
CH OH 

 

H 
H 

 

11 C–OMe – 
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TABLE III. Compounds 22–28, ligands of the DOR 

Compound name Structure Number 
SNC80 22 

SNC67 23 

BW373U86 24 

SIOM 25 

TAN-67 26 

SB219825 27 

SB206848 28 
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