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Abstract: A methanolic extract of Celtis australis leaves yielded 2"’ -a-rhamno-
pyranosylvitexin and 2'’-a-rhamnopyranosyl-7-O-methylvitexin. Both com-
pounds are known from other sources from earlier investigations but the full
NMR data for the latter compound are reported for the first time.

Keywords.: Cannabaceae; Celtis australis; C-glycosides; flavonoids; NMR.

INTRODUCTION

Cedltis australis L. is a southern European and western Asian species of the
Cannabaceae family.1 Formerly the genus Celtis was either placed in the Ul-
maceae or in a distinct family, Celtidaceae.12 New data including molecular,
morphological, and phytochemical data support the inclusion of the genus Celtis
in the family Cannabaceae.3 Fruits and young twigs of C. australis were formerly
used against dysentery and as expectorants, respectively.4 Recently, three flavo-
noids, i.e., acacetin 7-O-glucoside, isovitexin and cytisoside, were reported from
C. australis.®

The present communication deals with two known flavonoids isolated for
the first time from C. australis collected near Auer/Ora in South Tyrol/northern
Italy and encompasses the first complete set of NMR data of 2’ -a-rhamnopyra-
nosyl-7-O-methylvitexin.

RESULTS AND DISCUSSION

Compounds 1 and 2 were isolated from the n-butanol layer of the methanolic
extract of C. australis leaves employing repeated Sephadex LH-20 column chro-
matography (CC) and semi-preparative RP-18 HPLC.

The mass spectrum of compound 1 indicated a molecular mass of 578 based
on the [M—-H]~ signal at m/z 577 in the negative mode. Taking into account the

* Corresponding author. E-mail: Christian.H.Zidorn@uibk.ac.at
doi: 10.2298/JSC090817049K
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734 KALTENHAUSER, ELLMERER and ZIDORN

NMR data (Table I), which indicated the presence of aflavonoid moiety (Cis), a
glucose moiety (Cg), and a rhamnose moiety (Cg), the molecular formula of
Co7H30014 Was established for compound 1 (Fig. 1). The IH-NMR coupling pat-
terns of the aromatic protons of compound 1 indicated the presence of an
AA’XX’ system (at 8.04 and 6.91 ppm) and two additional singlets at 6.79 and
6.26 ppm, respectively. Thus, compound 1 was identified as an apigenin deriva-
tive with an additional substitution in ring A (position 6 or 8). The HMBC sig-
nals of the anomeric proton of the glucose moiety to three aromatic carbons at
104.5 (C-8), 155.9 (C-9), and 162.5 ppm (C-7), respectively, revealed that the
glucose moiety was attached as a C-glycoside in position 8. This was verified by
cross peaks from the one remaining free proton in ring A (H-6) to four aromatic
carbons at 104.3 (C-10), 104.5 (C-8), 160.8 (C-5), and 162.5 ppm (C-7). A down-
field shift of the proton in position H-2'" of the glucose moiety and an HMBC
cross peak from the anomeric proton of the rhamnose moiety (H-1'"") to the res-
pective carbon signal (C-2'") revealed that the rhamnose moiety was attached in
this position. Thus, compound 1 was identified as 2’ -a-rhamnopyranosylvitexin.
This compound has aready been reported from a number of sources including
the genus Crataegus (Rosaceag),® Onobrychis montana DC. subsp. scardica
(Griseb.) P. Ball (Fabaceae),” Passiflora alata Curtis (Passifloraceae),8 Piper
umbellatum L. (Piperaceag)® and Turnera diffusa Willd. ex Schult. (Turnera-
ceag).10

NMR data of 1 measured in methanol-ds were reported by Kumamoto et
al.1r However, full NMR data measured in DMSO-dg have not hitherto been
published. Therefore, to enable comparisons with the NMR data of compound 2
which have not hitherto been published at all, the NMR data of 1 measured in
DMSO-dg areincluded in Table .

Mass spectrum of compound 2 indicated a molecular mass of 592 based on
the [M—H]~ signal at m/z 591 in the negative mode. Taking into account the
NMR data (Table I), which indicated the presence of aflavonoid moiety (Cys), a
glucose moiety (Cg), a rhamnose moiety (Cg) and an O-methyl group (C1), a mo-
lecular formula of CogH30014 Was established for compound 2. The NMR datain
most parts of the spectra were amost superimposable on the spectra of compound
1. The position of the additiona methyl group was established by an HMBC
experiment which proved that this group was connected via O-7 with rest of the
molecule. This fact was corroborated by the shift differences between 1 and 2 in
the IH-NMR and 13C-NMR spectra for signals assignable to carbons C-6 and C-8
and to proton H-6. Conclusively, compound 2 was identified as 2”-a-rhamnopy-
ranosyl-7-O-methylvitexin, a rare natural product. -Linkages of the glucose and
a-linkages of the rhamnose moieties of both compounds were deduced by the
coupling pattern of H-1" and H-1""", respectively. In contrast, the assignment to
the D- and L-series of glucose and rhamnose, respectively, was not proven using
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RHAMNOPYRANOSYLVITEXIN DERIVATIVES FROM C. australis 735

the available methodologies (i.e., optical rotation of the isolated sugar moiety or
chiral GC after silylation) but implied from the prevailing pattern in plant secon-
dary metabolites. However, to the best of our knowledge, no D-rhamnopyrano-
sides are currently known as natural products from higher plants, athough abs-
tracts of some papers erroneously imply the opposite.12 Compound 2 has hitherto
only been reported from Avena sativa L. (Poaceae),13 Gnetum africanum Welw.
(Gnetaceae)14 and Mollugo disticha Ser. (Molluginaceae).1®> The NMR data of
this substance have not been reported before and are therefore given in Table .

TABLE |I. NMR data from 2'’-a-rhamnopyranosylvitexin (1) and 2'’-a-rhamnopyranosyl-7-
-O-methylvitexin (2) isolated from C. australis, measured in DMSO-dg at 300 MHz and 75
MHz, respectively; referenced to solvent residual signals and solvent signals of DM SO-ds
(*H-NMR: 2.50 ppm and 13C-NMR: 39.50 ppm), respectively

Position 5o 1 i B 2 i
Flavonoid moiety

2 164.1 - 164.6 -

3 102.0 6.79, 1H, s 102.1 6.84, 1H, s

4 182.2 - 182.1 -

5 160.8 - 161.7 -

6 98.0 6.26, 1H, s 95.0 6.51, 1H, s

7 162.5 - 163.0 -

8 104.5 - 105.7 -

9 155.9 - 155.0 -

10 104.3 - 104.6 -

1 121.7 - 121.2 -

2’6 128.6 8.04, AA' XX’ 128.9 8.07, AA’ XX’

3/5 1155 6.91, AA' XX’ 115.7 6.91, AA’XX’

4 161.3 - 161.7 -

Glucose moiety

1" 713 4.77,1H, d (9.0 71.2 4.81, 1H, d (9.0

2" 74.7 4.05, 1H, t (9.0 75.0 4.02, 1H, t (9.0)

3" 79.6 342, 1H, m¢ 79.6 343, 1H, m?

4" 70.3 3.41, 1H, n# 70.3 342, 1H, m?

5 81.6 3.25, 1H, m¢ 817 3.25, 1H, m?

6 60.7 3.76, 1H, br d (12.0), 60.7 3.77, 1H, br d (12.0),

' 3.54, 1H, dd (12.0, 5.5) ) 3.54, 1H, dd (12.0, 5.5)

Rhamnose moi ety

1 99.8 4,98, 1H , br s 100.0 4,96, 1H, br s

2" 70.1 3,57, 1H, n¢ 70.1 357, 1H, m?

3" 70.3 3.08, 1H, m¢ 70.0 3.03, 1H, m?

4" 711 2.91, 1H,1(9.0) 71.1 2.90, 1H, 1 (9.0)

5 67.9 212, 1H, m¢ 68.0 1.96, 1H, n?

6"’ 17.3 0.47, 3H, d (6.0 174 0.45, 3H, d (6.0)
O-methyl moiety

7-O-CH, - - 56.3 3.89,3H, s

®overlapping signals
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736 KALTENHAUSER, ELLMERER and ZIDORN

Fig. 1. The structure of compounds
land2.

C-Glycosides reported here from the leaves of C. australis and related com-
pounds are also found in Crataegus and are supposed to contribute to the bio-
activity of this well-known genus of medicinal plants.® Future investigations on
the bioactivity of C. australis extracts are therefore of interest, in particular in areas
where hawthorn (Crataegus) is medicinally used and where its content in flavo-
noidsis believed to be responsible for its bioactivity.16 Extracts rich in Crataegus
flavonoids are mainly used against cardiovascular conditions and cardiovascul ar
effects are believed to be the result of positive inotropic activity, ability to in-
crease the integrity of the blood vessel wall and improve coronary blood flow,
and positive effects on oxygen utilization.16

EXPERIMENTAL
Plant material

Leaves of Celtis australis L. were collected in May 2008 near Klughammer S of Bo-
zen/Bolzano/TN/Italy at 230 m above mean sea level (coordinates (WGS84): N 46°21'; E
11°16’). Voucher specimens were deposited in the herbarium of the Institut fir Botanik (1B
#26883) and the private herbarium of CZ (code: CZ-20070506A-1).

Extraction and isolation

Air-dried, ground leaves (547 g) of C. australis were exhaustively macerated with
MeOH to yield 91.0 g of crude extract after evaporation of the solvent in vacuo. The crude
extract was re-dissolved in a mixture of MeOH and H,O (1/2, v/v) and successively par-
titioned with petroleum ether, CH,Cl, and n-BuOH. Finaly, the aqueous layer was acidified
with acetic acid and again partitioned with n-BuOH. The first n-BuOH layer was brought to
dryness in vacuo to yield 10.7 g of residue. This was successively partitioned on Sephadex
LH-20 using a mixture of methanol, acetone, and water (3/1/1, v/viv) as the mobile phase. In
the first separation step, a fraction of 5.72 g was obtained which contained compounds 1 and
2. Thiswas again fractionated by Sephadex LH-20 CC to yield a fraction of 4.03 g containing
1 and 2 and a fraction of 700 mg containing acacetin 7-O-glucoside, isovitexin, and cytiso-
side.® The fraction containing 1 and 2 was further fractionated by Sephadex LH-20 CC using
the same system. Fractions enriched in 1 and 2 were united to yield 607 mg of dry material.
562 mg of this fraction were soluble in pure MeOH and fractionated by Sephadex LH-20 CC
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RHAMNOPYRANOSYLVITEXIN DERIVATIVES FROM C. australis 737

using MeOH as the mobile phase. The fraction enriched in compounds 1 and 2 (total weight:
52.8 mg) was dissolved in 1.5 ml DM SO and compounds 1 and 2 were separated by semi-pre-
parative RP-18 HPL C using a gradient of H,O acidified with acetic and formic acid (0.9 and
0.1 %, respectively) and pure MeOH to yield 9.9 mg of 1 and 4.0 mg of 2.

Acknowledgements. The authors wish to thank R. Spitaler (Innsbruck/Austria) and M.
Sgarbossa (Auer/Italy) for helping collect the plant material and S. Gurschler (Meran/Italy)
for extracting the leaves and for partitioning the crude extract.

U3BOJI
PAMHOITMPAHO3UJIBUTEKCUHCKHU JEPUBATU N30JIOBAHU U3 Celtis australis

MARGARETHE KALTENHAUSER", ERNST P. ELLMERER? u CHRISTIAN ZIDORN*

Ynstitut fiir Pharmazie der Universitét Innsbruck, Abteil ung Pharmakognosie, Josef-Moeller-Haus,
Innrain 52, A-6020 |nnsbruck u 2| nstitut fiir Organische Chemie der Universitat Innsbruck,
Innrain 52a, A-6020 Innsbruck, Austria

W3 meranonHor ekcrpakra nuniha 6uspke Celtis australis uzonosanu cy 2”-o-paMHOIHpPaHO-

3WIBUTEKCHH U 2" -0-paMHOIUPAHO3WI- /-O-MeTunBUTeKCHH. 002 jenumberha Cy Mo3HaTa, ald Y OBOM
paxy cy no pBu myT Aat notnyHr NMR monanu 3a npyro jeanmemne.

(IIpumuseno 17. arycra 2009, pesuaupano 8. janyapa 2010)
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Constituents and antimicrobial activity of the essential oils
of six Himalayan Nepeta species
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(Received 6 November 2009, revised 11 January 2010)

Abstract: The essential oils from six Himalayan Nepeta species, viz. Nepeta
leucophylla Benth., Nepeta discolor Royle ex Benth., Nepeta govaniana
Benth., Nepeta clarkei Hook. f., Nepeta elliptica Royle ex Benth. and Nepeta
erecta Benth., were tested for their in vitro antimicrobia activity against six
pathogenic bacterial and two fungal strains. The results showed that Pseudo-
monas aeruginosa was the most sensitive strain tested to the essential oils of
Nepeta species. The essential oils of N. elliptica and N. erecta exhibited the
highest activity against P. aeruginosa, followed by the essentia oils of N. leu-
cophylla and N. clarkei. The essential oils from N. elliptica and N. erecta were
also found to be very effective against Serratia marcescens; while the essentia
oil from N. leucophylla displayed significant activity against Proteus vulgaris
and Staphylococcus aureus. Other bacteria strains displayed variable degree of
susceptibility against one or more of the tested essentia oils. The essential oil
from N. leucophylla aso showed the highest antifungal activity against both
tested fungal strains, viz. Candida albicans and Trichophyton rubrum, followed
by the essentia oils from N. clarkei, N. govaniana and N. erecta. Iridodial
derivatives, viz. iridodial f-monoenol acetate (25.4 %), dihydroiridodial diace-
tate (18.2 %) and iridodial dienol diacetate (7.8 %) were identified as the major
consgtituents of N. leucophylla, while the essential oils from N. elliptica and N.
erecta were dominated by (7R)-trans,trans nepetalactone (83.4 %) and isoiri-
domyrmecin (66.7 %), respectively. The essential oil of N. discolor was cha
racterized by 1,8-cineole (25.5 %) and S-caryophyllene (18.6 %), while N. clar-
kei was dominated by S-sesquiphellandrene (22.0 %) and germacrene D (13.0
%). Isoiridomyrmecin (35.2 %) and pregeijerene (20.7 %) were identified as
the major constituents of N. govaniana. In general the Nepeta species con-
taining congtituents with an iridoid or lactone skeleton were found to have the

* Corresponding author. E-mail: mathelacs@rediffmail.com
doi: 10.2298/JSC091106052B
739
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740 BISHT et al.

greater antagonistic activity against most of the microbial strains as compared
to those containing regular terpene constituents.

Keywords: Nepeta; essential oils, antimicrobia activity; iridoids; isoirido-
myrmecin; nepetal actone.

INTRODUCTION

Nepeta genus (Lamiaceae) is comprised of about 250 species, widely distri-
buted in temperate Europe, Asia, North America, North Africa and in the Medi-
terranean region.12 Besides being used as antispasmodic, diuretic, febrifuge, dia-
phoretic, antimicrobial and antiseptic agents, Nepeta species are used as laxatives
in the treatment of dysentery, for tooth troubles and for kidney and liver di-
seases.34 Various biologically active iridoids/monoterpene nepetal actones were
reported in Nepeta species possessing diverse biological activities, viz. feline
attractant, canine attractant, insect repellant and arthropod defense.>8 Some of
them act as pheromones and catnip response factors and are also known as
ginseng of the cat.9 The essential oil composition and antimicrobial activity of
various Nepeta species were previously reported.10-23 |n earlier communications,
some Himalayan Nepeta species were screened for their terpenoid consti-
tuents.18-23 [ridodial A-monoenol acetate isolated from essential oil of N. leu-
cophylla Benth. and actinidine isolated from essential oil of N. clarkei Hook. f.
were shown to have significant antibacterial and antifungal activities.2425 The
present communication reports the antibacterial and antifungal activities of the
essential oils from six Nepeta species from Himalayan region of Uttarakhand,
India

EXPERIMENTAL

Plant materials

The fresh flowering aerial parts of Nepeta leucophylla, N. discolor, N. govaniana, N.
clarkei, N. eliptica and N. erecta were collected from different locations of the Himalayan
region of Uttarakhand, India (Table I). The plant herbaria were identified by the Botanical
Survey of India, Dehradun and voucher specimens have been deposited in the Phytochemistry
Laboratory, Chemistry Department, Kumaun University, Nainital.

TABLE |. Sitesfor collection of the Nepeta species and the essential oil yields

Plants Collection site® QOil yield®, % (viw)
Nepeta |eucophylla Nainital, 2400 m 0.68
Nepeta discolor Malari, Chamoli, 2800 m 0.90
Nepeta govaniana Bhundiar, Chamoli, 2600 m 0.85
Nepeta clarkei Malari, Chamoli, 2800 m 0.70
Nepeta elliptica Clips, Nainital 2700 m 0.92
Nepeta erecta Hemkund, 3250 m 0.76

#_ocations in Uttarakhand (Himalayan region, India); ail yields were determined on fresh weight basis, ave-
rage of three extraction (SD = 0.04)
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ESSENTIAL OILS OF HIMALAY AN Nepeta SPECIES 741

Isolation of essential oil and major isolates

The fresh flowering aeria parts (2 kg) of each plant were subjected to steam distillation
using an electric copper still, fitted with spiral glass condensers. The distillates were saturated
with NaCl and extracted with n-hexane and dichloromethane. The organic phase was dried
over anhydrous Na,SO, and the solvent was distilled off in arotary vacuum evaporator at 30
°C. The essentia oils were fractionated by column chromatography (CC) on silica gel (230—
—400 mesh, Merck, 600x25 cm column) packed with hexane, and eluted with hexane followed
by a gradient elution with Et,O/hexane (5-20 %). The isolated compounds (1-12) were
further purified using a Waters HPLC fitted with a p-Porosil column (250 mmx7.8 mm) and
an RI detector at an attenuation of 32X, using 5-15 % Et,0O in hexane at a flow rate of 2.0
mL/min and a pressure of 3000 psi.

GC and GC-MSanalysis

The oils were analyzed using a Nucon 5765 gas chromatograph equipped with an Rtx-5
non-polar fused silica capillary column (30 mx0.32 mm, film thickness: 0.25 um). The oven
temperature (60210 °C) was programmed at 3 °C/min and N, was used as the carrier gas at 4
kg/cm?. The injector temperature was 210 °C, detector temperature 210 °C and the injection
volume 0.5 pL, using a 10 % solution of the oil in n-hexane. GC-MS was conducted on a
ThermoQuest Trace GC 2000 fitted with an Rtx-5 non-polar fused silica capillary column (30
mx0.25 mm, film thickness: 0.25 wm) and interfaced with a Finnigan MAT Polaris Q ion trap
mass spectrometer. The oven temperature (60-210 °C) was programmed at 3 °C/min and
helium was used as the carrier gas at 1.0 mL/min. The injection, ion source and MS transfer
line temperatures were 210, 200 and 275 °C, respectively; the injection volume was 0.10 pL
and the split ratio was 1:40. The MS were taken at 70 eV with a mass range of 40-450 amu.

I dentification of constituents

The identification was realized based on their linear retention index (LRI) and the
retention times determined with reference to homologous series of n-akanes (Cg—Coy,
Polyscience Corp., Niles IL) and standards (Sigma) under identical experimental conditions.
The identification was further supported by MS Library searches (NIST and WILEY) and by
comparing MS literature data, 2627 as well as by IR, NMR (*H-and 13C-NMR) data of the
major isolates. The relative amounts of individual components were calculated based on the
GC peak area (FID response) without using a correction factor.

Test microorganisms

The in vitro antibacterial activities of the essential oils were evaluated against a total of
six bacteria, which includes five gram negative bacteria viz. Pseudomonas aeruginosa (MTCC
424), Escherichia coli (MTCC 443), Pasteurella multocida (MTCC 1148), Proteus vulgaris
(MTCC 1771) and Serratia marcescens (MTCC 8708) with one gram positive bacterium
Saphylococcus aureus (MTCC 737). The antifungal activity of the oils was performed against
Candida albicans (MTCC 183) and Trichophyton rubrum (MTCC 296). The test strains were
purchased from the Institute of Microbial Technology (IMTECH), Chandigarh, India
Microbia technology culture collection (MTCC) numbers represent the standard strain num-
bers assigned to these microorganisms. The cultures of bacteria and fungi were maintained on
their appropriate agar slants at 4 °C throughout and used as stock cultures.

Deter mination of zone of inhibition

The antimicrobial activity of the essentia oils was investigated by the disc diffusion
method using 24-48 h grown strains reseeded on nutrient broth (bacterial strains) and potato
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dextrose agar (PDA, fungal strains).? The cultures were adjusted to 5x108 CFU/mL with
sterile water. 100 uL of the suspensions were spread over nutrient agar and PDA plates to
obtain uniform microbia growth. Filter paper discs (6.0 mm in diameter) were impregnated
with 20 uL of the oils and then placed onto the agar plates which had previously been
inoculated with the test microorganism. The petri dishes were kept at 4 °C for 2 h. The plates
were incubated at 37 (24 h) and at 30 °C (48 h) for bacterial and fungal strains, respectively.
The diameter of the inhibition zones (mean values) were measured in millimeter and consi-
dered as the zone of inhibition (ZOl). All experiments were performed in triplicate.
Determination of the minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) values were determined using a modified
agar-well diffusion method.?8 In the agar-well diffusion technique, two-fold serial dilutions of
the essentia oils were prepared by diluting oil with hexane to achieve a decreasing con-
centration range from 50 to 0.19 uL/mL (for the fungi) and 50 to 0.15 pL/mL (for the bac-
teria), using 100 pl of a suspension containing 5x108 CFU/mI of bacteria spread on nutrient
agar plates, whereas the funga strains were reseeded on PDA. The wells were filled with 20
ul of essential oil solutions in the inoculated nutrient/PDA agar plates. The bacterial cultures
were incubated at 37 °C for 24 h, while fungal cultures were incubated at 30 °C for 48 h. The
least concentration of each essential oil showing a clear zone of inhibition was taken as the
MIC. Hexane was used as the negative control. Streptomycin and clotrimazole were used as
positive controls for bacteria and fungi, respectively.

RESULTS AND DISCUSSION

The ail yield from different Nepeta species varied from 0.70 to 0.92 % cal-
culated on the basis of the fresh weight of the plant materia (Table I). The
marker constituents identified in the essential oils of Nepeta species are listed in
Table Il. Iridodia derivatives, viz. iridodia f-monoenol acetate (1), dihydroiri-
dodia diacetate (2) and iridodial dienol diacetate (3) were the major constituents
of the essential oil of N. leucophylla. The essential oil of N. discolor was cha
racterized by 1,8-cineole (4), p-caryophyllene (5) and p-cymene (6). Isoiridomyr-
mecin (7) and pregeijerene (8) were identified as the mgjor constituents of N.
govaniana. The essential oil from N. clarkei was dominated by f-sesquiphel-
landrene (9), germacrene D (10), a~guaiene (11) and diastereomeric iridodial es-
ters. On the contrary, the essential oil from N. elliptica and N. erecta were do-
minated by a single mgjor congtituent, viz. (7R)-trans,trans-nepetal actone (12)
and isoiridomyrmecin (7), respectively. The structures of marker compounds/
/major constituents are given in Fig. 1.

The essential oils were screened for possible antagonistic activity against six
bacterial and two fungal strains. The results of in vitro test (Table I11) showed
that almost all the tested essential oils showed moderate to high activities against
one or more of the tested pathogens in the petri plate assay, based on the zone of
inhibition and MIC values. Some of the essential oils showed significant antibac-
terial and antifungal activities when the zone of inhibition values were compared
to those of the standards, viz. streptomycin and clotrimazole. The mean zones of
inhibition for the bacterial strains were in the range 6.0 to 28.4 mm, with the MIC
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values ranging from 0.15 to 30.34 pL/mL. The inhibition zones for the funga
strains varied from 9.3 to 20.0 mm, with the MIC values ranging from 0.19 to
12.50 pL/mL. The positive control streptomycin (for bacteria) showed 18.6 to
27.6 mm mean inhibition zones and clotrimazole (for fungi) showed 18.2 and
19.1 mm inhibition zones. The negative control did not show an inhibitory effect
on any of the tested strains.

TABLE II. Marker constituents of the essential oils from Himalayan Nepeta species
Content, % (based on FID

Plant Marker constituents®
response)

Nepeta leucophylla Iridodial f-monoenol acetate (1) 254
Dihydroiridodial diacetate (2) 18.2
Iridodia dienol diacetate (3) 7.8
Nepeta discolor 1,8-Cineole (4) 255
S-Caryophyllene (5) 18.6
p-Cymene (6) 9.8
Nepeta govaniana Isoiridomyrmecin (7) 35.2
Pregeijerene (8) 20.7
Nepeta clarkei Iridodial f-monoenol acetate diastereomers 25.3
S-Sesquiphellandrene (9) 22.0
Germacrene D (10) 13.0
o~Guaiene (11) 10.0
Nepeta dlliptica (7R)-trans,trans-Nepetal actone (12) 834
Nepeta erecta Isoiridomyrmecin (7) 66.7

®Mode of identification: linear retention index (LRI, based on a homologous series of n-alkanes;, Cg—Cpy),
co-injection with standards (Sigma), MS (GC-MS)

The data indicated that P. aeruginosa was the tested strain most sensitive to
the essential oils of the Nepeta species, with the strongest inhibition zones va
rying from 18.2 to 28.4 mm. The essential oils of N. eliptica and N. erecta were
found to exhibit the largest zones of inhibition (28.4 mm, MIC = 0.31 pL/mL;
28.0 mm, MIC = 0.62 pL/mL) against P. aeruginosa followed by N. leucophylla
(27.4 mm, MIC = 0.42 uL/mL) and N. clarkei (22.0 mm, MIC = 0.15 pL/mL).

P. aeruginosa is known to have a high level of intrinsic resistance to vir-
tualy al known antimicrobials and antibiotics due to a very restrictive outer mem-
brane barrier, which is highly resistant even to synthetic drugs. Furthermore, ear-
lier reports on the antimicrobial activity of essential oils of Nepeta species stated
they possessed very little or no activity against P. aeruginosa.11-13.29 Thus, the
results of the antibacterial activity of all the tested oils against P. aeruginosa evi-
denced in the present study are very promising. The essential oils from N.
elliptica and N. erecta were al'so found to be very effective against S. marcescens
(20.2 mm, MIC = 0.43 pL/mL; 18.3 mm, MIC = 1.59 pL/mL). The essentia oil
from N. leucophylla also displayed significant activity against P. vulgaris and S.
aureus (21.2 mm, MIC = 3.21 pL/mL; 16.4 mm; MIC = 1.78 pL/mL). Other bac-
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terial strains displayed variable degrees of susceptibility against one or more of
the tested essential oils. Furthermore, most gram negative bacteria are more re-
sistant to various antimicrobials,30 but in the present study, the tested essential
oils showed promising antimicrobial activities against most of the gram negative
bacteria.

Q,CHO Q,CH ,Okc G;CHOAC %
/_< /_< om:

1 3 4

% H

2 10 11 12

Fig. 1. Structures of major/marker constituets of Himalayan Nepta species.

The essentia oil from N. leucophylla showed maximum antifungal activity
against both C. ablicans (20.0 mm, MIC = 0.78 pyL/mL) and T. rubrum (19.2
mm, MIC = 0.19 pL/mL). The essential oils from N. dlliptica, N. erecta and N.
govaniana also showed significant activity against both the fungal strains, where-
as, N. clarkei and N. discolor showed poor activity against both the fungal strains.

The essential oils possessing chemical constituents with an iridoid or lactone
skeleton were noticed to be more active antibacterial/antifungal as compared to
those containing regular terpene constituents. This might be due to their higher
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water solubility and diffusion coefficient through the medium and aso due to
their higher hydrogen bonding potential. By inhibiting the growth of almost all
human and plant pathogenic and/or food spoilage bacteria and fungi tested, the
essential oil from Himalayan Nepeta species exerted a broad antimicrobial spec-
trum, the iridoid/ lactone containing oils showed higher activity. Furthermore, the
obtained results showing a wide spectrum of antibacterial and antifungal activi-
ties may provide support to the traditional applications of these plants.

TABLE Ill. Antibacterial and antifungal activities of essential oils of six Himalayan Nepeta
species

Zone of inhibition®, mm (MIC / uL mL™)
Bacteria Fungi

P. S P. P. S C. T.
aeruginosa aureus multocida vulgaris marcescens albicans rubrum

N. leuco- 9.0 274 20.0 na’ 21.2 16.4 20.0 19.2

Plant

E. coli

phylla (15.62) (042 (6.24) (3.20) (1.78) (0.78) (0.19)
N. discolor 10.4 18.2 na na 9.4 na 12.0 9.3
(7.54) (1.42) (7.2) (321) (7.30)
N. govani-  13.0 20.1 7.3 16.0 na na 16.1 181
ana (10.24)  (0.37) (390) (1134 (1.56) (1.58)
N. clarkei 11.1 22.0 16.2 6.9 14.2 75 13.7 125
(9.24) (0.15) (11.03) (30.34) (1549 (16.52) (3.50) (12.50)
N. élliptica 20.8 28.4 194 10.4 na 20.2 18.0 19.1
(2.58) (0.31) (2.05) (2.60) (0.43) (0.19) (0.39)
N. erecta 222 28.0 185 na 18.2 18.8 18.2 154
(3.25) (0.62) (2.36) (1.56) (1.59) (1.50) (1.41)

Standard" 27.1 27.6 235 18.6 23.0 19.5 19.1 18.2
“Diameter of inhibition zones (mm) including the diameter of the disc (6.0 mm); values are the mean of three
replicates; oil concentration 20 pL/disc; Pnot active; standard: streptomycin (10 pg/disc for bacterial strains)
and clotrimazole (20 pg/disc for funga strains)
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CACTAB 1 AHTUMUKPOBHA AKTUBHOCT ETAPCKHX YJbA N30JIOBAHUX
U3 IIECT BPCTA BUJBKE Nepeta CA XMUMAIJIAJA
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HcnuraHa je aHTUMUKPOOHA aKTUBHOCT CIIPaM LIECT BPCTa MATOreHUX OaKTepHja U JBE BPCTE
IJbUBA €TApCKHX yJba M30JI0BAaHMX M3 IIecT Bpcra Omibke Nepeta, koja pacre Ha Xumanajuma: Ne-
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peta leucophylla Benth., Nepeta discolor Royle ex Benth., Nepeta govaniana Benth., Nepeta clar-
kei Hook. f., Nepeta elliptica Royle ex Benth. u Nepeta erecta Benth. Pesynraru cy nokasanu aa je
Pseudomonas aeruginosa HajoceTsbiBHjH cOj Ha eTapcka yiba Bpcra Nepeta. Erapcka yipa N. elli-
ptica u N. erecta cy umana Hajsehy akrtuBHOCT cripam P. @aeruginosa, a zarum erapcka ysba N.
leucophylla u N. clarkel. Erapcka ysea N. eliptica u N. erecta cy Guia Beoma akTHBHA CIipam
Serratia marcescens, nok je yise N. leucophylla ucrnossiino 3HavajHy akTUBHOCT cripam Proteus
vulgaris u Staphylococcus aureus. Ocranu OaKTEpUjCKH COjEBH CYy HCIOJBIIIM PA3IHYUT CTEICH
OCETJFMBOCTH Ha TecTHpaHa erapcka yiba. Etapcko ysbe N. leucophylla je umano majsehy amru-
(byHranHy akTHBHOCT, cripaMm oGe Bpcre TecTupanux ripuBa: Candida albicans u Trichophyton rub-
rum, mok cy ysea N. clarkei, N. govaniana u N. erecta ucnossuina Mamby akTHBHOCT. JlepuUBaTH
UpHIOANaNa, UpUIoaHal-F-MoHoeHo-aneTar (25,4 %), muxunpoupunoauan auanerar (18,2 %) u
upuoauan-aueHo-guanetat (7,8 %) cy rnasuu cacrojuu yiba N. leucophylla, mok cy y yipuma N.
elliptica u N. erecta nomunautau (7R)-trans,trans-neneranakron (83,4 %) 1 n30MpUIOMHUPMEIIH
(66,7 %). V erapckom ysby N. discolor je najsumie 1,8-nuneona (25,5 %) u Sxapuodunena (18,6
%), 1ok je y yiby N. clarkel uajsume S-ceckBudenanapena (22,0 %) u repmakpena 1 (13,0 %).
Wzoupupomupmert (35,2 %) u npereujepen (20,7 %) cy rinasuu cacrojuu N. govaniana. Yorm-
wteHo, Nepeta Bpere koje caapike jeubeha ca UPHIOHAHNM I JTAKTOHCKHM CKEJICTOM HMajy
Belly aHTaroHHCTHYKY aKTHBHOCT CIIpaM MHKPOOHHX COjeBa y Hopehermy ca Bpctama Koja calpike
CTaHIapAHe TePIIEHCKE CaCTOjKe.

(Mpumsbeno 6. HoBemOpa 2009, peuampano 11. janyapa 2010)
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Abstract: Thorium(IV) complexes with the Schiff base furan-2-carboxa dehydes-
phenyl-3-thiosemicarbazone (L) were synthesised and characterized. The
composition and structure of the metal complexes were proposed based on
elemental analysis, molar conductivity measurements, FTIR and H-NMR
spectroscopy. The Schiff base behaves as a neutral bidentate ligand
coordinating through the azomethine N and the thioketo S atoms. From various
studies, complexes were ascertained the general formula [ThL,X,] and
[ThL,Y,], where X represents NOs~, NCS-, CH3;COO~, CH3;CHOHCOO,
ClOs~ and Y SO,%2and C,0,%. The thermal behaviour of the nitrato and
oxaato complexes was studied and kinetic and thermodynamic parameters
were calculated using the Coats-Redfern Equation. The ligand and a repre-
sentative complex [ThL(NOs),] were screened in vitro for their antitumour
activity against the human cervical cancer cell line (HelL a).

Keywords:  thorium(lV) complexes, furan-2-carboxa dehyded-phenyl-3-
thiosemicarbazone; antitumour activity; thermal analysis.

INTRODUCTION

Complexes of thiosemicarbazones have been explored for a variety of rea-
sons, such as variable bonding properties, presence of several donor sites, struc-
tural diversity and pharmacological aspects.1 They present a variety of biological
activities, including anticancer and anti-inflammatory activities.2# Metal thiose-
micarbazonate complexes are emerging as a new class of experimental anticancer
and chemotherapeutic agents which exhibit inhibitory activities against most can-
cer through inhibition of a crucial enzyme obligatory for DNA biosynthesis and
cell division, viz. ribonucleotide diphosphate reductase (RDR).> Some thiosemi-

* Corresponding author. E-mail: drrajendranetal @gmail.com
doi: 10.2298/JSC090729048R
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carbazones even increase their antitumour activity by their ability to form chela-
tes with specific metal ions.6 It was reported that the anticancer activities of
thiosemicarbazones were closely related to the parent adehyde or ketone group,
metal chelation ability and terminal amino substitution. Among them, the parent
aldehyde or ketone group was considered critical for the anticancer activity of
thiosemicarbazones. Heterocyclic thiosemicarbazone showed higher activity com-
pared with aromatic thiosemicarbazones.” Heterocyclic thiosemicarbazones and
their metal complexes are among the most widely studied compounds for their
potential therapeutic uses, such as antitumoural, fungicidal, bactericidal or anti-
viral activity.8 The activity of these compounds is dependent on the nature of the
hetroaromatic ring and the position of attachment of the ring as well as on the
form of the thiosemicarbazone moiety.® There were several studies involving
thiosemicarbazones with different metal ions.10-13 However, only a few reports
described studies on thorium thiosemicarbazone complexes. Hence as part of on-
going research regarding thiosemicarbazone complexes of thorium1415, the syn-
thesis, characterization and antitumour activity of Th(IV) complexes with furan-
-2-carboxal dehyded-phenyl -3-thiosemicarbazone (Fig. 1) are reported herein.

S
|

] |
NE NN

H H
Fig. 1. Schematic view of the ligand.

EXPERIMENTAL
Materials and analytical methods

All employed chemicals were of analytical grade purchased from Merck, Sisco (India),
etc. Commercia solvents were distilled and used for synthesis, but for the physicochemical
studies, they were purified by standard methods.

The IR spectral studies were performed using KBr discs on a Schimadzu 8201 PC FT in-
frared spectrophotometer. The 1H-NMR spectra were recorded on a Bruker DRX-300 FT NMR
spectrophotometer employing TMS as the interna reference and DM SO-dg as the solvent.
X-Ray diffraction studies were realized using a Philips X-ray PW 1710 diffractometer using
K-al radiation of wavelength 1.54056 A. Molar conductance measurements of 103 M solu-
tionsin CH;CN and CgHsNO, were performed at room temperature using a direct reading Eli-
co conductivity bridge. TG and DTG curves were recorded on a Mettler Toledo 850 C simul-
taneous TG/DTA thermal analyzer system in dynamic air at a heating rate of 10 °C/min. The TG
data was analyzed using the Coats-Redfern Equation for calculating the kinetic and thermody-
namic parameters. Elemental analyses were realized using an Elementar Vario EL 11l Carlo
Erba 1108 elemental analyzer at the Central Drug Research Institute, Lucknow, India.
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The metal content was estimated gravimetrically by the oxalate—oxide method.1® Stan-
dard gravimetric procedures were adopted for the estimation of the anions in the prepared com-
plexes.1” The sulphate and thiocyanate present in the complexes were estimated gravimetri-
caly asBaSO, and AgNCS, respectively, while the perchlorate content was determined by the
Kurz method.18 The nitrate, oxalate, acetate and lactate contents were indirectly fixed by per-
forming elemental analysis for carbon, hydrogen and nitrogen by micro analytical methods.

Synthesis of ligand

The ligand, furan-2-carboxal dehyded-phenyl-3-thiosemicarbazone, was prepared by the
following method. Furan-2-carboxaldehyde (0.010 mol) in methanol (10 ml) was added
dropwise to a hot solution of 4-phenyl-3-thiosemicarbazide (0.010 mol) in methanol (30 ml)
under constant stirring. The resulting mixture was heated on awater bath for 3 h, concentrated
and allowed to cool. The formed dark brown crystals of the ligand were washed, dried and
recrystallized from ethanol. Yield: 84 %; m.p. 120 °C ; Anal. Calcd. for C;5H11N3OS: C,
58.77; H, 4.49; N, 17.14; S, 13.06 %. Found: C, 58.56; H, 4.54; N, 17.63; S, 13.21 %. IR
(KBr, cmr1): 3256, (m, -NH), 1623 (vs, C=N), 1526 (m, C-O furan ring), 1060 (m, (N-N),
868 (s, C=5).

Synthesis of metal complex

The metal complexes were prepared by refluxing a methanolic solution of the metal salt
and the ligand in the stoichiometric ratio 1:2. For the preparation of the nitrato complex, the
appropriate amount of the metal salt (0.0020 mol) dissolved in a minimum quantity of metha-
nol (10 ml) was added to a solution of the ligand (0.0040 mol, 0.10 g) dissolved in methanol
(25 ml). The pH of the solution was raised to 7 and refluxed on a water bath for about 5 h. It
was then concentrated and left standing over night. The separated complex was filtered, wash-
ed with a methanol-water mixture (50 % v/v) and then with ether and dried over P,O,q in
vacuo. The other anionic complexes were prepared from the nitrato complex by the substi-
tution method!® by refluxing stoichiometric amounts of the nitrato complex with the respec-
tive anionic salts of lithium.

Antitumour screening

The in vitro antitumour activities of the ligand and a representative complex were exa-
mined by the MTT assay method?%2! against human cervical cancer cell line (HeL a).

The human cervical cancer cell line (HeLa) was obtained from the National Centre for Cell
Science Pune, India. The cells were grown in Dulbecco’s modified eagles medium (DMEM)
containing 10 % foetal bovine serum (FBS), streptomycin (100 pg/ml), penicillin (100 units/ml)
and amphotericin B (2.5 pg/ml). The cells were incubated at 37 °C in a5 % CO, incubator in
ahumid condition and harvested using trypsin—ethylene diamine tetraacetic acid.

The test samples were dissolved in DM SO and diluted to the required concentration for
the biological experiments. Studies were undertaken with the test compounds in the concen-
tration range from 10 to 100 pg/ml.

For the determination of the cytotoxic effects, cells harvested from the exponential phase
were seeded equivalently (5000 cells/well) in a 96-well plate and incubated for 24 h. Test so-
Iutions of different concentrations were added in triplicate to the well plates. Six well plates were
maintained in a drug free medium to determine the control, cell survival and the percentage of
live cells after culture. Cells with various concentrations of the test samples were incubated at
37°Cfor72h.

To determine the numbers of live cells, the dye 3-(4,5-dimethylthiazol-2yl)-2,5
diphenyltetrazolium bromide (MTT) was added to the cells, which were then incubated for 2 h
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at 37 °C. MTT is metabolized in the presence of the pyridine cofactors NADH and NADPH,
to give blue insoluble crystals. The cells were solubilised with 0.1 ml of extraction buffer (20
% sodium dodecy! sulphate in 50 % dimethylformamide) and then incubated for 4 h at 37 °C.
Following the solubilisation of the cells, the colour intensity was read at 570 nm using an
Elisa plate reader (Bio-Rad). The percentage viability of the cellsor cell surviva (CS) was ex-
pressed as mean optical density (drug exposed cell) divided by mean optical intensity (control).

RESULTS AND DISCUSSION

All the prepared complexes were brown coloured, non-hygroscopic solids
stable at room temperature. They were soluble in DM SO and DMF but insoluble
in water and common organic solvents. The room temperature molar
conductivities of 103 M solutions of the complexes in CH3CN and CgHsNO>
corresponded to those of non-electrolytes.22 The analytical data revealed that all
complexes possessed 1.2 metal to ligand stoichiometry. Based on elemental
analysis, the complexes were assigned the composition shown in Tablel.

TABLE |. Molar conductance at room temperature and elemental analyses data of the com-
plexes (L = C12H11N3OS)

Molar conductance

Complex Found (Caled.), % Scm? mol™
Metal C H N S CgHsNO, CH3CN

[ThLA(NOg)d] (1) 2385 2963 216 1453 6.9 5.7 138
(2392) (29.69) (2.26) (14.43) (6.59)

[ThL(SO)3] (2) 2525 3145 230 909 1415 75 121
(2538) (3L51) (241) (9.19) (14)

[ThLo(NCS)4] (3) 2421 3512 251 1447 20.21 8.8 10.8
(2432) (35.22) (231) (1467) (20.13)

[ThL,(C,04),] (4) 2564 3722 215 955  7.03 6.9 96
(25.84) (37.42) (245) (9.35) (7.13)

[ThL(CH,CO0)J] (5) 2430 4002 325 817 628 7.1 111
(2422) (40.08) (355) (877) (6.69)

[ThLy(CsHsOs)4 (6) 2127 4026 387 78L 573 7.9 136
(2152) (40.07) (389) (7.79) (5.93)

[ThLA(CIOW)4] (7) 2067 2576 150 7.63 5.9 12.9 17.1
(2071) (2571) (L96) (75) (5.71)

Spectral studies

The IR spectrum of the ligand showed a strong absorption band at 1623 cm1
which was assigned to the azomethine group, v(C=N).23 In principle, the ligand
can exhibit thione-thiol tautomerism owing to the presence of a thioamide
—NH-C=S functionality (Fig. 2). The possibility of thione-thiol tautomerism in
the ligand was ruled out as no band around 2700-2500 cmr1, characteristic of the
thiol group, was observed in the IR spectrum?4 (Fig. 3). The strong band ob-
served at 868 cml in the spectrum was due to the stretching vibrations of
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Th(IV) COMPLEXES WITH PHENY LTHIOSEMICARBAZONE 753

C=S.725 The bands observed at 3256 and 3423 cm1 were assigned to N-H vib-
rations. This further indicates that the ligand remained in the thione form.

S—H

S
l |
N N
@T/ N Ny e N NN,
o” |
H

0]
H

Fig. 2. Tautomeric forms of the ligand.

100.00

Intensitya.n.

0.00 T T + v T T
4000 3500 000 2500 2000 1500 1000 500

Wave number,cm!

Fig. 3. IR spectrum of furan-2-aldehyde-N-phenylthi osemicarbazone.

The diagnostic IR spectral bands of the complexes are presented in Table I,
together with their tentative assignments. In the spectra of all the complexes, the
band due to the azomethine moiety (C=N) was shifted to a lower frequency by
~ 20-30 cm, indicating its involvement in coordination with metal ion. The
v(C=9) stretching frequency was lowered by ~20-40 cm1 in the spectra of the
complexes, indicating the involvement of the thioketo sulphur in the coordina-
tion. These findings are further supported by the appearance of new bands in the
far IR region at 495-505 and 359-370 cn, which are assignable to v(Th-N)
and v(Th-S) vibrations, respectively.

The IR spectra of the complexes differed among themselves due to the va
rious coordinating anions and possessed additional non-ligand bands characteris-
tic of the anion present. The spectrum of the complex 1 showed three bands at
1495, 1373 and 1033 cm1, assignable to the v4, v1 and vo modes of the coordi-
nated nitrate ions. The magnitude of the separation between the split bands (v4
and v1) was 120 cm1, indicating monodentate coordination26 of the nitrate ion
to the metal. In the spectra of complexes 5 and 6, v4(COO~) was observed at
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1598 and 1596 cmr, respectively, and vg(COO") at 1362 and 1352 cmrl, res-
pectively, apart from the skeletal vibrations of the ligand. The separation between
the two frequencies adequately supports the monodentate coordination of the ace-
tate and lactate group.2’ The spectrum of complex 4 showed additional bands at
1665 and 1361 cm1, which were assigned to vz(COO) and vg(COO) modes of
the bidentately coordinated dicarboxylate ion.28 The IR spectrum of complex 3
had additional non-ligand bands at 2072, 777 and 493 cmL, assignable to v(C-N),
v(C-S) and §(NCS) of thiocyanate.29 The presence of these bands revealed the
N-coordinated nature of the thiocyanate ion.29 The spectrum of complex 2 exhi-
bited additional non-ligand bands at 1248, 1177 and 1085 cmL, and the values
showed the bridging bidentate coordination of the sulphate group.30 For complex
7, the spectral bands at 1110, 1071 and 627 cm? indicated the monodentate
coordination of the perchlorate group.3! The nature of the bonding of the various
anionsis further supported by the non-electrolytic nature of all the complexes.

TABLE II. IR spectral data of the complexes (cm™)

Compound V(N-H) v(C=N) thggn_ﬁ)%g V(N-N) V(C=S) v(Th-N) v(Th-S)
[ThL,(NOs)4] (1) 3255m 1598vs 1520m 1064m 827s 503m 364m
[ThL,(SO,) 4] (2) 3256m 1601vs 1522m  1066m 823s 506m  368m
[ThL,(NCS)] (3) 3252m 1500vs 1521m  1062m 834s 507m  363m
[ThL,(C,0),] (4) 3524m 1597vs  1522m  1066m 846s 504s  369m

[ThL,(CH;COO),] (5) 3253m 1593vs 1524m 1068 m 848s 508m 362m
[ThL,(C5H505)4] (6) 3256m 1596vs 1527m  1067m 848s 506m 360m
[ThL,(CIO,),] (7) 3257m 1591vs 1523m 1061m 846s 498s 359m

The IH-NMR spectrum of the ligand recorded in DM SO-dg showed no peak
at 4 ppm attributable to SH protons® but showed a peak at 9.87 ppm, which was
attributed to the N—H group, indicating that the ligand was in the thione form,
which is in conformity with the IR spectrum. A significant azomethine proton
signal due to CH=N was observed at 8.98 ppm, while that due to aromatic pro-
tons were observed in the region 7.21-7.36 ppm. Signals for the furan ring pro-
tons were observed at 6.57, 7.38 and 7.41 ppm.

The IH-NMR spectrum of the complex [ThL(NO3)4] recorded in DMSO-ds
showed proton signals in the expected regions but showed slight shifts compared
to the ligand spectrum. In the spectrum of the complex, an azomethine proton
signal was observed at 9.12 ppm; the N-H proton signal was observed at 9.98
ppm, the aromatic and furan ring proton signals were observed as multiplets in
the region 6.5 to 7.52 ppm. These data are consistent with the IR spectral data.
Based on spectral evidence, the proposed geometry for the complex is given in
Fig. 4.
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X-Ray diffraction study

The structure of [ThL2(NO3)4] evaluated using powder X-ray diffraction in-

dicated the amorphous nature of the complex. The X-ray diffraction pattern is
givenin Fig. 5.

T
H—N N\\) //S=C_N—H
X Th X
H—N—C=——=S§ N——N—%H
X

C (o}
T ]
H

Fig. 4. Proposed geometry of the complexes.

Intensity,a.u.

8

L

1‘o ® T : '

® 20/degree “
Fig. 5. XRD Pattern of the [ThL,(NO3),] complex.
Thermal studies

The thermal behaviour of [ThL2(NO3)4] and [ThL,(C204)2] were investi-
gated by the TG and DTG techniques under non-isothermal conditions.

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

2010 Copyright (CC) SCS

@080

EW MG MO



756 RAJENDRAN et al.

The [ThL2(NO3)4] complex showed a single stage decomposition, as shown
by the DTG curve. The TG curve showed the absence of water or any other sol-
vent molecules, as the complex was stable up to 190 °C (Fig. 6). Decomposition
started at 190 °C and ended at 270 °C with a peak temperature of 247 °C, indi-
cating the loss of the ligand and nitrate group. The residue 27.57 % (calcd. 27.82 %)
showed that the final product formed was ThO», which is in agreement with the
analytical result for the metal content.

weight , mg
(=) o o o o
(= o o o o
o wm > w N
weight loss mgmin*

o
=]
)

o
o
®

100 200 300 400 500 600 700 800 900

temperature, °C

Fig. 6. TG and DTG curves of [ThLo(NOg),4].

For the complex [ThL2(C204)2], the TG plateau up to 220 °C showed the
absence of coordinated water or any other solvent molecules and the stability of
complex (Fig. 7). Decomposition began at 220 °C and ended at 310 °C. The peak
temperature for the decomposition was 265 °C. The complex showed a single
stage decomposition, as evident from the DTG curve, and the decomposition oc-
curred with the loss of both ligand and oxalate molecules. The final product
formed was ThO» and the residue obtained 29.55 % (calcd. 29.40 %) agreed well
with the analytical result obtained by an independent pyrolysis experiment.

Kinetic aspects

A kinetic evaluation of the thermal decomposition data of complexes was
carried out. The kinetic parameters, viz., the activation energy, E, and the pre-ex-
ponential factor, A, were calculated using the Coats-Redfern Equation.32 Compu-
tational data for the evaluation of kinetic parameters are given in Tables 111 and
IV. Here the In g()/T2 vs. 1000/T plots (Figs. 8 and 9) gave straight lines, from
the dope and intercept of which were calculated the kinetic parameters by the
least square method. The goodness of fit was tested by evaluating the correlation
coefficient. The entropy of activation ASwas calculated using the equation:
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AS=RIn (Ah/KTs) (1)

where R is the gas constant, A is the pre-exponentia factor, k is the Boltzmann
constant, Tgisthe DTG peak temperature and h is the Planck constant.

-0.01 o

n

-0.04

weight,mg

-0.05

weight loss mgmi

-0.06

-0.07

0. T T T T T T T T
100 200 300 400 500 600 700 800 900

temperature, °C

Fig. 7. TG and DTG curves of [ThL5(C504),].

TABLE Ill. Computational data for the therma decomposition of [ThL,(NOs),] (n = 2;
r = 0.99295)

t/°C m/mg T/K T/10°K' Weightloss, % o o() In (g(a)IT)?
200 333 473 - 0 0 0 -

210 330 483 2.07039 0.03 0.01240 0.01255 -16.73788
220 3.08 493  2.02840 0.25 0.10331 011521 —14.56204
230 224 503  1.98807 1.09 0.45041 0.81955 —12.64018
240 158 513  1.94932 175 072314 261194 -11.52046
250 1.03 523 191205 2.30 0.95041 19.1667  -9.56599
260 096 533 1.87617 2.37 097934  47.4 -8.69842
270 093 543  1.84162 2.40 0.99174 120 —7.80673
280 091 553  1.80832 2.42 1 - -

TABLE 1V. Computational data for the therma decomposition of [ThL,(C,0,),] (n = 1.7;
r = 0.99566)

t/°C m/mg T/K T/10°K™* Weightloss, % a o(e) In (g(a)/T)?
220 345 493 2.0284 0 0 0 —

230 342 503  1.98807 0.03 0.01240 0.01253 -16.82091
240 335 513  1.94932 0.10 0.04132 0.04283  -15.63107
250 325 523  1.91205 0.20 0.08264 0.08892  —14.93921
260 270 533 1.87617 0.75 0.30992 0.42356 -13.41611
270 176 543  1.84162 1.69 0.69835 1.8770  —11.96454
280 121 553  1.80832 2.24 092562 7.37952  —10.63201
200 108 563 1.77620 2.37 0.97934 20.16347 —9.66269
300 105 573 1.74520 2.40 0.99174 3957784  —9.02350
310 103 583 1.71527 2.42 1 - -
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The kinetic parameters determined for the thermal decomposition are listed
in Table V. The positive value of the entropy of activation in both cases indicates
that the activated state was less ordered than the reactants.33

- &
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~144

1ng©) /T

-14

-164
164

T T T T T 1 T T T T T T
1.80 1.85 1.90 1.95 2.00 2.05 2.10 1.75 1.80 1.85 1.90 1.95 2.00

7/107K™ /107K

Fig. 8. Coats-Redfern plot for [ThLy(NOs),]. Fig. 9. Coats-Redfern plot for [ThL,(C5O4)].

TABLE V. Kindic parametersfor thethermal decomposition of the complexes

i Pre-
Correlation  Order Adtivation exponential Entr opy of
Complex temp. coefficient n energy term activation
td °C E/kJmol™ ajsl  AS/3 K™ mol™
[ThL,(NO3),] 247  0.99295 2 325 8.6x10™ 362
[ThL,(C,0),] 265 099566 1.7 282 4.4x10% 241

Antitumour activity

The cell viability over the untreated control was determined using the MTT
assay, which isavery convenient method for assessing drug sensitivity even through
it does not discriminate between apoptosis and necrosis. The results showed that
both the ligand and complex possessed antitumour activity. The results are sum-
marized in Table VI.

The pharmacological properties of the metal complex must primarily be at-
tributed to the thiosemicarbazone ligand since the metal complex shows an acti-
vity of the same order of magnitude as that of the ligand. Ribonucleotide reduc-
tase, RR, the enzyme that catalyzes the conversion of ribonucleotides to deoxyri-
bonucleotides, is produced as a prerequisite for DNA replication and is highly
expressed in tumour cells34 A strong positive correlation was established be-
tween RR activity and the rate of replication of tumour cells.35:36 The inhibition
of RR prevents the production of deoxyribonucleotides. As a conseguence these
compounds interfere with DNA synthesis3’ thus decreasing the rate of replication
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of tumour cells and inhibiting tumour growth. The antitumour activity seems to
be due to an inhibition of DNA synthesis in cancer cells produced by modifica-
tion in reductive conversion of ribonucleotides to deoxyribonucl eotides.38

TABLE VI. Antitumour activity of the ligand and complex

Compound Concentration, ug ml™ Relative cell viability, %
L 10 88.2

25 85.5

50 89.4

100 83.3
[ThL(NOs)4] 10 85.64

25 80.6

50 86.78

100 82.8

CONCLUSIONS

The coordination sites of the ligand and the coordination number of the me-
tal in the prepared complexes were confirmed by physicochemical studies. Spec-
tral analysis showed that the ligand in the thioketo tatutomer form acts as neutral
bidentate with N and S atoms as the coordination sites. All the complexes were
neutral, amorphous solids stable at room temperature. From the research fin-
dings, the composition of the complexes can be ascertained as [ThL2X4] and
[ThL2Y 2], where X represents NO3~, NCS-, CH3COO—, CH3CHOHCOO~ and
ClO4, and Y SO42~ and Cp042~. A coordination number of 8 is proposed in all
these complexes. Antitumour studies indicated that complexation of the thiosemi-
carbazone with the metal ion lead to an enhancement of the activity of the thio-
semicarbazone.

U3BOJ

CUHTE3A, TEPMHUYKA I AHTUTYMOPCKA ITPOYYABABA Th(1V) KOMIUIEKCA CA
OYPAH-2-KAPBOKCAJIIEXU-4-OEHNII-3-TUOCEMUKAPBA3OHOM

G. RAJENDRAN?, C. S. AMRITHAY, RUBY JOHN ANTO? 1 VINO T. CHERIYAN?

1Department of Chemistry, University College, Thiruvananthapuram-695034, Kerala, India, 2Molecular
medicine and Cancer research division, Rajiv Gandhi Centre for Biotechnology,
Thiruvananthapuram-695014, Kerala, India

Jo6ujern cy u okapakrepucanu komiuiekcu Topujyma(lV) ca Illudosom Gazom ¢ypan-2-
kapOokcannexua-4-penmn-3-tnocemukapbasonom (L). CacraB u CTpyKTypa METaIHHX KOMILIEKCA
CY TIPEIUIOKEHH Ha OCHOBY eIeMEHTANTHe aHalli3e, Meperba MoJapHe mpoBobnBocTH, FT-IR i *H-
NMR cnekrapa. [lludosa 6a3a ce noHama kao HeyTpaJIHU OUICHTATHH JIUTaHA KoopauHyjyhu ce
npeko aszomeTnHckor N M THOkeTo S aTtoma. V3 pasnuuuMTHX CTyquja KOMIUIEKCHUMA Cy
yctaHoBibeHe omure Gopmyne [ThL,X4] u [ThL,Y 5], roe X npencrasisa NOg~, NCS-, CH3COO™,
CH3CHOHCOO u ClO,~, aY S04 u C,0,42". TIpoy4aBaHo je TepMHUUKO [TOHAMIAHE HATPATO U
OKCaJIaTO KOMIUICKCA, a KUHETHYKM M TEPMOJMHAMHUYKH TapaMeTpu Cy H3padyHaTH HPHMEHOM
Coats—Redfern-ose jennaunne. Jlurana u ogabpanu komuiekc [ ThLo(NO3)4] cy Tectupanu in vitro
Ha aHTUTYMOPCKY aKTUBHOOCT TpeMa heujckuM imHujaMa paka rpiuha matepune (Hel a).

(Mpumsseno 29. jyna 2009, pesuaupano 2. Gpedpyapa 2010)
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Template synthesis of macrocyclic complexes of Co(l1), Ni(ll),
Cu(ll), Zn(I1) and Cd(I1): spectroscopic, antibacterial
and antifungal studies
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Department of Chemistry, National Institute of Technology, Kurukshetra-136 119, India
(Received 1 September 2009, revised 19 January 2010)

Abstract: A new series of macrocyclic complexes of the type [M(Cy7H14N4O2)X ],
where M = Co(ll), Ni(ll), Cu(ll), Zn(ll) or Cd(ll) and X = Cl, NOz or
CH3COOr, was synthesized by the condensation reaction of malonyldihydra-
zide with benzil in the presence of divalent metal ions. The complexes were
characterized with the aid of elemental analyses, conductance measurements,
magnetic susceptihilities, electronic, NMR and infrared spectral studies. On the
basis of these studies, a six-coordinate distorted octahedral geometry, in which
two nitrogen and two carbonyl oxygen atoms are suitably placed for coordina-
tion towards metal ion, is proposed for all the complexes. The complexes were
tested for their in vitro antibacterial activity and antifungal activities. The mini-
mum inhibitory concentration shown by these complexes were compared with
the minimum inhibitory concentration shown by standard drugs.

Keywords. macrocyclic complexes; MIC; antibacterial; antifungal .

INTRODUCTION

During recent years, macrocyclic chemistry has attracted much attention and
has become a growing class of research. Macrocyclic complexes are of great im-
portance due to their resemblance to many naturally occurring macrocycles, such
as porphyrins and cobalamines. A number of nitrogen donor macrocyclic deri-
vatives have long been used in analytical, industrial and medical applications.1—3
Macrocyclic metal complexes of lanthanides, e.g., Gd3*, are used as MRI con-
trast agents.4 Macrocyclic metal chelating agents are useful for detecting tumor
lesions.® The chemistry of macrocyclic complexes is also important due to their
use as dyes and pigmentsS as well as NMR shift reagents.3 Furthermore, some
macrocyclic complexes have been found to exhibit potential antibacterial acti-
vities.”

* Corresponding author. E-mail: dpsinghchem@yahoo.co.in
doi: 10.2298/JSC090901050S
763
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Prompted by these facts, in the present paper, a series of macrocyclic com-
plexes of Co(ll), Ni(ll), Cu(ll), Zn(ll) and Cd(ll) obtained by template conden-
sation reaction of malonyldihydrazide and benzil are reported. The complexes
were characterized with the help of various physico-chemical techniques, such as
elemental analyses, IR, NMR and electronic spectral studies and magnetic sus-
ceptibility and molar conductance measurements. These macrocyclic complexes
were also screened for their in vitro antibacterial and antifungal activity.

EXPERIMENTAL
Synthesis of the complexes

All the reported macrocyclic complexes were prepared by the template method. To a stir-
ring methanolic solution (=50 cm3) of malonyldihydrazide (10 mmol) was added divalent co-
balt, nickel, copper, zinc and cadmium salts (CI', NO3', CH;COO") (10 mmol) dissolved in a
minimum quantity of methanol (20 cmd). The resulting solution was refluxed for 0.5 h. Then
benzil (10 mmol) dissolved in ~20 cm3 methanol was added to the refluxing mixture and the
refluxing was continued for 6-8 h. On overnight cooling, light colored complexes formed,
which were filtered, washed with methanol, acetone, and ether and dried in vacuo (yield: 55—
—60 %). The complexes were soluble in DMF and DM SO, but were insoluble in water. They
were found to be thermally stable up to =250 °C and then decomposed.

In vitro antibacterial assay

Primary screening. The antibacterial activities of the newly synthesized compounds were
evaluated by the agar well diffusion assay technique against two Gram-positive bacteria, i.e.,
Bacillus subtilis (MTCC 8509) and Bacillus stearothermophilus (MTCC 8508), and two Gram-
-negative bacteria, i.e.,, E. coli (MTCC 51) and Pseudomonas putida (MTCC 121). The bac-
terial cultures were maintained on the nutrient agar media by sub-culturing them on the fresh
slants after every 4—6 weeks and incubating them at the appropriate temperature for 24 h. All
stock cultures were stored at 4 °C. For the evaluation of antimicrobial activity of the synthetic
compounds, suspension of each test microorganism was prepared. The turbidity of each sus-
pension was adjusted to 0.5 McFarland units by suspending the culturesin sterile distilled wa-
ter. The size of final inoculum was adjusted to 5x107 cfu/ml.

Agar medium (20 ml) was poured into each Petri plate and plates were swabbed with
broth cultures of the respective micro-organisms and kept for 15 min for adsorption to take
place. Using a punch, ~8 mm diameter wells were bored in the seeded agar plates and 100 pl
of each test compound reconstituted in DM SO was added into the wells. DM SO was used as
the control for al the test compounds. After holding the plates at room temperature for 2 h to
alow diffusion of the compounds into the agar, the plates were incubated at 37 °C for 24 h.
The antibacterial activity was determined by measuring the diameter of the inhibition zone.
The entire tests were made in triplicates and the mean of the diameter of inhibition was cal-
culated. The antimicrobia activities of the complexes were compared againgt the standard drugs.

Minimum inhibitory concentration. Nutrient broth adjusted to pH 7.0 was used for the
determination of the MIC of synthesized complexes.® The MIC is the lowest concentration of
the antimicrobial agents that prevents the development of visible growth of a micro-organism
after overnight incubation. The inoculum of the test microorganisms were prepared using 16 h
old cultures adjusted by reference to the 0.5 McFarland standards (108 cells/ml).® These cul-
tures were further diluted up to 10-fold with nutrient broth to obtain an inoculum size of
1.2x107 CFU/ml. A positive control (containing inoculum but no compound) and a negative
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control (containing compound but no inoculum) were also prepared. A stock solution of 4
mg/ml of each complex was prepared in DM SO and further appropriately diluted to obtain a
final concentration ranging from 250 to 0.03 pg/ml.1° The requisite quantity of the antifungal
drug (cyclohexamide) was added to the broth to obtain its desirable final concentration of 100
pa/ml. Separate flasks was taken for each test dilution. To each flask was added the 100 pl of
inoculum. Then an appropriately diluted test sample was added to each flask having broth and
microbia inoculum. The contents of the flask were mixed and incubated for 24 to 48 h at 37
°C. The test bacteria cultures were spotted in a predefined pattern by aseptically transferring
5 ul of each bacterial culture onto the surface of the solidified agar-agar plates and incubated
at 37 °C for 24 h for determining the MIC value.
In vitro antifungal activity

Potato dextrose medium (PDA) was prepared in a flask and sterilized. To check the
growth of the bacterial culture in the medium, the requisite quantity of a standard antibiotic
(ampicillin) was added, so as to obtain their desired final concentration of 100 pug/ml of the
medium. Test samples were prepared in different concentrations (10, 50 and 100 pg/ml) in
DMSO and 200 pl of each sample was spread on PDA medium contained in sterilized Petri
plates. Mycelial discs taken from the standard cultures (Aspergillus flavus and A. niger) of
fungi, were grown on PDA medium for 5-7 days. These cultures were used for aseptic inocu-
lation in the sterilized Petri dish. Standard cultures, inoculated at 28+1 °C, were used as the
control. The efficacy of each sample was determined by measuring the radial mycelial growth.
The radial growth of the colony was measured in two directions at right angle to each other,
and the average of two replicates was recorded in each case. Data were expressed as percent
inhibition over the control from the size of the colonies. The percent inhibition was cal culated
using the formulae: %lnhibition = ((C-T)/C)x100, where C is the diameter of the fungus
colony in the control plate after 96 h incubation and T is the diameter of the fungus colony in
the tested plate after the same incubation period.

RESULTS AND DISCUSSION

The analytical data suggest the formula of the macrocyclic complexes as.
[M(C17H14N402)X 5], where M = Co(ll), Ni(ll), Cu(ll) Zn(Il) or Cd(ll) and X =
= Cl—, NO3~ or CH3COO~. The test for the anions was positive after decompo-
sition of the complexes, indicating their presence inside the coordination sphere
(Fig. 1). The conductivity measurements (10-20 S cm? mol—1) in DM SO indicate
them to be non-electrolytic in nature.11 All complexes give satisfactory elemental
analyses results, as shownin Tablel.

ﬁ\
C==0 N
\>|( / AN CeHs
N\
c=o/ X W7
\ / Fig. 1. Proposed structure of the synthesized com-
N
H

plexes, where, M = Co(Il), Ni(ll), Cu(ll), Zn(ll) or
Cd(I1); X =Cl-,NO3 or CH3COO'.
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TABLE I. Analytical data of divalent Co, Ni, Cu, Zn and Cd complexes derived from malonyl-
dihydrazide and benzil

Found (Calcd.), %
M C v N Color MW

1 [Co(C17H14N40,)Cl ] 13.27 4615  3.09 12.37 Reddish 436
(13.53) (46.78) (3.21) (12.84) brown

2 [Co(C17H14N40,)(NOs),] 1197 4142 276 17.12 Reddish 489
(12.06) (41.71) (2.86) (17.17) brown

3 [Co(C17H14N40,)(OAC),] 12.03 5206 411 11.28 Dark 483
(12.21) (52.17) (4.14) (11.59) brown

4 [Ni(C17H14N40,)Cl) 13.19 4685 319 12.64 Dark 435
(13.33) (46.89) (3.21) (12.87) brown

5 [Ni(C17H14N402)(NOs),] 11.79 4158 273 17.24 Green 488
(11.88) (41.80) (2.86) (17.21)

6 [Ni(C7H14N402)(OAC),] 1191 5207 4.08 11.42 Green 482
(12.03) (52.28) (4.14) (11.61)

7 [Cu(Cy7H14N40,)Cl ] 1413 4617 304 1251 Brown 440
(14.31) (46.36) (3.18) (12.72)

8 [Cu(C17H14N4O,)(NO3),] 1268 4122 275 1701 Yellow 493
(12.77) (41.37) (2.83) (17.03)

9 [Cu(C17H14N4O,)(OAC),] 1252 5129 4.03 1117 Dark 487
(12.93) (51.74) (4.10) (11.49) green

10 [Zn(C17H14N4O,)(OAC),] 1321 5139 4.02 11.23 Dark 489
(13.29) (51.53) (4.08) (11.45) green

11 [Cd(C17H14N40,)(OAC),] 20.74 4689  3.62 10.21 Reddish 536
(20.89) (47.01) (3.73) (10.44) Orange

No. Complex

IR Spectra

In the IR spectrum of malonyldihydrazide, a pair of bands corresponding to
v(NH>) was present at ~3210 and ~3270 cm1 but was absent in the IR spectra of
all the complexes.12 However, a single broad medium band at ~3360-3450 cm—1
was observed in the spectra of all the complexes, which may be assigned to
UNH).1314 A grong peak at =1660cm in the IR spectrum of malonyldihyd-
razide was assigned to the >C=0 group of the CONH moiety. This peak was
shifted to a lower frequency (=1620-1640 cm1)15.16 in the spectra of al the
complexes, suggesting the coordination of the oxygen of the carbonyl group with
the metal. Furthermore, no strong absorption band was observed near 1700 cnr1
in the IR spectra of all complexes as was observed in spectrum of benzil. Thisin-
dicates the absence of >C=0 groups of the benzil moiety in the complexes. These
facts confirm the condensation of carbonyl groups of benzil and the amino groups
of malonyldihydrazide.1”18 The IR spectra of the complexes showed a new
strong absorption band in the region ~1595-1610 cm—L, which may be attributed
due to v(C=N).19.20 These results provide strong evidence for the formation of
the macrocyclic frame.2! The lower value of v(C=N) indicates coordination of
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the nitrogens of azomethine to the metal.22 The bands present at ~1300-1000 cn1
were assigned to v(C-N) vibrations. The bands presents at ~3080 cm1 may be
assigned to v(C—H) vibrations of the benzil moiety.

The far IR spectra showed bands in the region ~420-450 cm2 correspond-
ing to v(M-N) vibrations in all the complexes.23 The presence of these bands
support the fact concerning the coordination of the azomethine nitrogen with the
metal .24 The bands present at ~310-315 cm! were due to v(M—Cl)23 and the
bands present at ~210-240 cm1 in all nitrate complexes were due to v(M—-0).23

NMR Spectra

The 1H-NMR spectrum of the Zn(I1) complex showed a broad singlet at 8.45
ppm due to protons of the -CONH moiety.1325 A singlet peak at 2.43 ppm may
be due to —CH> protons.1> The multiplets in the region 6.9-7.5 ppm may be as-
signed to aromatic protons.26

Magnetic measurements and electronic spectra

Cobalt complexes. The magnetic moments of the cobalt complexes were
measured at room temperature and lay in the range 4.85-4.90 ug which corres-
ponds to 3 unpaired electrons. The solution spectra of the cobalt(ll) complexes
exhibited absorption in the region 81009160 (1), 12500-15700 (v») and 18600—
—20500 cm~1 (), respectively. The spectra resemble those reported for octahed-
ral complexes2” Thus, the various bands can be assigned to: 4T1g — 4Tog(F),
(v1); 4T1g = *Agg(F), (v2) and 4T1g — 4T14(P), (v3), respectively. It appears that
the symmetry of these complexes was not idealized Oy, but distorted octahedral.
The assignment of the first spin-allowed band seems plausible since the first band
appears at approximately half the energy of the visible band.28

Nickel complexes. The magnetic moments of the nickel complexes at room
temperature lay in the range 2.91-2.95 ug, showing an octahedral environment
around the Ni(ll) ion in all complexes. The solution spectra of the Ni(ll) com-
plexes exhibited a well-discernable band with a shoulder on the low energy side.
The other two bands, generally observed in the region at ca. 16,570-17,240 cm—1
(v2), and 26,860-28000 cm1 (13), were assigned to 3Apy — 3T14(F) (v2) and
3A2g — 3T1¢(P) (v3), respectively. The first two bands resulted from the splitting
of one band, v, and are in the range ~9700-10000 and 11800-12440 cmr1,
which can be assigned to 3B1g — 3Eq and 3B1g — 3B2g, assuming the effective
symmetry to be Dap (component of 3Tog in O, symmetry).28 The intense higher
energy band at ca. 34000 cm! may be due to a n—* transition of the (C=N)
group. Various bands do not follow any regular pattern and seem to be anion in-
dependent. The spectra are consistent with the distorted octahedral nature of these
complexes.

Copper complexes. The magnetic moments of the copper complexes lay in
the range 1.77-1.82 ug. The electronic spectra of the copper complexes exhibited
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bands in the region ~17780-19000 cm1 with a shoulder on the low energy side
at ~14600-16000 cm~1, which showed that these complexes were distorted octa-
hedral 2728 Assuming tetragonal distortion in the molecule, the d-orbital energy
level sequence for these complexes may be: x2 —y2 > 72> xy > xz > yz and the
shoulder can be assigned to 22 — x2 — y? (2B1g — 2Bpg) and the broad band
contained both the xy — x2 — y2 (?B1g — 2Eg) and xz, yz — X2 — y2 (°B1g —
2Azg) transitions.2° The band separation of the spectra of the complexes was of
the order 2500 cm—1, which is consistent with the proposed geometry of the com-
plexes.29 Therefore, it may be concluded that all the complexes formed by the
macrocycles with Cu(ll) metals are distorted octahedral.

Biological results and discussion

In this study, al the chemically synthesized complexes were evaluated against
Gram-positive and Gram-negative bacteria. The minimum inhibitory concentra-
tions (MIC) of these synthetic complexes were determined by the method given
by Andrews.30 The standard antibiotic, namely streptomycin and chloramphe-
nicol were used for comparison with the antibacterial activities shown by these
complexes. All the complexes of the tested series possessed some antibacterial
activity against Gram-positive bacteria and Gram-negative bacteria (Table II).
Complexes 2, 3 and 9 exhibited good activities against al the tested bacterial
strains with a zone of inhibition ranging from 29 to 47 mm. Complex 6 showed
the highest zone of inhibition (47 and 44) against E. coli and P. putida (Table ).

TABLE Il. In vitro antibacterial activity of the complexes obtained by the agar well diffusion
method for a concentration of 100 pg/ml

Diameter of the zone of growth inhibition®, mm

No. Complex B. subtilis B'fnegilﬁtgg i E. coli P. putida
(MTCC 8509) (MTCC 8508) (MTCC51) (MTCC 121)
1 [Co(Cy7H14N4O,)Cl,] 17 13 16 12
2 [Co(C17H14N405)(NO3),] 37 29 37 40
3 [Co(Cy7H14N40,)(0AC),] 40 37 32 36
4 [Ni(C7HwN,0,)Cl)] 14 17 14 20
5 [Ni(Ci7H1N4O,)(NO3),] 14 18 21 14
6  [Ni(Ci7H1N4O2)(OAC),] 36 36 47 44
7 [Cu(CyHuN,O,)Cly] 27 26 25 28
8 [Cu(Cy7H14N405)(NO3),] 10 17 17 17
9 [Cu(Cy7H1N4O,)(0AC),] 32 36 37 33
10 [Zn(Cy7H14N4O,)(0AC)] 29 27 27 24
11 [Cd(Ci7H14N4O,)(OAC),] 11 10 12 11
Chloramphenicol 64 77 65 71
Streptomycin 63 77 79 82

#Mean of three replicates
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Based on the MIC values shown by these complexes against bacteria, com-
plexes 2, 3 and 6 were found to be the most effective by showing an MIC of 8
pg/ml for P. putida, B. subtilis and E. coli, respectively (Table 11). In the whole
series, the MIC of complexes 3, 6 and 9 was found to be 32 pg/ml for B.
stearothermophilus, whereas the MIC of complexes 2 and 6 was found to be 32
pg/mi for B. subtilis. The complexes 2 and 9 aso showed an MIC of 32 pg/ml for
E. coli (Tablelll).

TABLE I11. Minimum inhibitory concentration (MIC, pg/ml) shown by the complexes against
the test bacteria obtained by the agar dilution assay

. B. stearother- . .
B. subtilis . E. cali P. putida

No. Complex (MTCC 8509) (M’}%%"gg%& (MTCC51) (MTCC 121)
1  [Co(CisH1N.O,)Cl >250 >250 >250 >250
2 [Co(CHuNLO,)(NO,),] 32 64 32 08
3 [Co(Ci7H14N,O,)(OAC),] 8 32 64 32
4 [Ni(Ci7H1N,0,)ClJ] >250 >250 >250 >250
5 [Ni(CizH1N4O,)(NOs),] >250 >250 >250 >250
6  [Ni(CizH1N.O,)(OAC),] 32 3R 8 16
7 [Cu(CyHuN,O,)ClJ] >128 >128 >128 >128
8  [Cu(CHwN,O,)(NO,),] >250 >250 >250 >250
9  [Cu(CiH14N,O,)(OAC),] 64 32 32 64
10 [Zn(Ci7H1N40,)(OAC),] >128 >128 >128 >128
11 [Cd(C17H14N4O,)(OAC),] >250 >250 >250 >250
Chloramphenicol 64.20 2 2 4
Streptomycin 63.24 2 2 4

The antifungal activities of all the complexes were determined against two
fungal strains, i.e., Aspergillus niger and A. flavus, and then compared with the
standard antifungal drug cyclohexamide (Table 1V). In the whole series, complex
3 showed the highest percentage inhibition (34-35 %) against both fungal strains,
but none of the tested complexes restricted the fungal growth excellently. How-
ever, of al the tested complexes, complex 6 showed nearly 33-34 % inhibition of
mycelial growth against both fungal strains A. flavus and A. niger, whereas
complexes 7, 9 and 10 showed nearly 25-27 % inhibition of mycelial growth
against A. flavus and A. niger (Table V).

TABLE IV. Antifungal (inhibition, %) activities of the complexes against the tested fungal
strains (for a concentration of 100 pg/ml)

No. Complex A. flavus A. niger
1  [Co(Cy7H1N4O,)Cly) 17.7 12.8
2 [Co(Cy7H1sN4O5)(NO3),) 27.8 224
3 [Co(Cy7H1sN4O,)(OAC),] 34.2 35.3
4 [Ni(CyHNLO,)ClY 185 19.8
5  [Ni(C7H14N4O2)(NOs),] 13.7 17.2
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TABLE IV. Continued

No. Complex A. flavus A. niger
6 [Ni(C7H14N40,)(OAC),] 338 345
7 [Cu(C7H1sN4O,)Cl ) 245 225
8 [CU(C17H14N402)(NO3)2] 105 165
9 [Cu(C17H1sN4O,)(OAC),)] 26.1 215
10 [Zn(C7H14NLO,)(OAC),] 275 239
11 [Cd(Cy7H14N4O,)(OAC),) 10.7 09.8
Cyclohexamide 87.3 89.9
CONCLUSIONS

Based on elemental analyses, conductivity and magnetic measurements, and
electronic, IR, far IR and NMR spectral studies, the structure as shown in Fig. 1
may be proposed for al the prepared complexes.

However, none of the synthesized macrocyclic metal complexes showed good
antibacterial activities against the tested bacterial strains, but some of the cobalt,
nickel and copper complexes were reported to show some antibacterial activities
against various bacterial strains. It has been suggested that chelation/coordination
reduces the polarity of the metal ion mainly because of the partial sharing of its
positive charge with the donor group within the whole chelate ring system.31
This process of chelation thus increases the lipophilic nature of the central metal
atom, which in turn, favors its permeation through the lipoid layer of membranes,
thus causing the metal complex to cross the bacterial membrane more effectively
thus increasing the activity of the complexes. In addition to this, many other fac-
tors such as solubility, dipole moment and conductivity influenced by the metal
ion may be the possible reasons for the antibacterial activities of these metal
complexes.32 It was also observed that some moieties, such as an azomethine lin-
kage or a heteroaromatic nucleus, introduced into such compounds exhibit exten-
sive biologica activities that may be responsible for the increase in hydrophobic
character and liposolubility of the moleculesin crossing the cell membrane of the
microorganism and thus enhance the biological utilization ratio and activity of
complexes.33

Abbreviations. MIC — Minimum inhibitory concentration; MTCC — microbial type cul-
ture collection; CFU — colony forming unit; DMF — N,N-dimethylformamide; DM SO — dime-
thylsulphoxide; PDA — potato dextrose medium.
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U3BOA

TEMIUIATHA CUHTE3A MAKPOLIMKJIMYHUX KOMITJIEKCA Co(l1), Ni(l1), Cu(ll), Zn(I1)
U Cd(I1): CIEKTPOCKOIICKO, AHTUBAKTEPUICKO U AHTU®YTAJTHO TTIPOYUABAILE

DHARAM PAL SINGH, VANDNA MALIK, RAMESH KUMAR 1 KRISHAN KUMAR
Department of Chemistry, National Institute of Technology, Kurukshetra-136 119, India

KoH/IeH3allHOHOM PEaKINjoM MaIOHWIIMXUIpa3yiaa ca OCH3HIOM Y PHUCYCTBY JABOBAJICHTHUX
METAIHKX jOHA CHCHTETHCAHA je HOBa ceprja Makpouukinaanx komruiekca tuma [M(Cr7H1aN4O2)X 7],
rae je M = Co(Il), Ni(11), Cu(ll), Zn(ll) mmu Cd(I1) u X = CI", NOz” uniu CH3COO'. Komruiekcu cy
OKapaKTepHCaHH ITIOMONY eJIEeMEHTAIHE aHaM3e, MEPeHha MPOBOJUBUBOCTH, MATHETHUX CYCLENTH-
ounHoctH, enekrpoHckux, NMR u IR criektpannux npoydaBama. Ha 0CHOBY oBora mpeioskeHa je
JIMCTOProBaHa OKTaeJapcka reOMETpHja 3a CBE KOMILICKCE y KOjuMa Cy JBa a30TOBa aToMa M JiBa
KapOOHMJIHA KHCEOHHKOBA aTOMa Y MOBOJAHOM IIOJIOXKAjy 3a KOOP/JMHAIHM]Y ca METAIHUM jOHHMA.
Komrutekcr ¢y Tectupanu Ha in Vitro antubakrepujcke u anTH(yraiHe akKTUBHOCTH. MUHUMAE
WHXHOMTOPHE KOHLICHTpAlLlMje OBUX KOMILUIEKca Cy ymopelheHe ca OoHMMa Koje Aajy CTaHgapIHH
JICKOBH.

(Mpumsbeno 1. centembpa 2009, pesuaupano 19. janyapa 2010)
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Synthesis, characterization, DNA interaction and antimicrobial
screening of isatin-based polypyridyl mixed-ligand
Cu(ll) and Zn(l1) complexes
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Abstract: Several mixed ligand Cu(l1)/Zn(I1) complexes using 3-(phenylimi-
no)-1,3-dihydro-2H-indol-2-one (obtained by the condensation of isatin and
aniline) as the primary ligand and 1,10-phenanthroline (phen)/2,2’-bipyridine
(bpy) as an additiona ligand were synthesized and characterized analytically and
spectroscopically by elemental analyses, magnetic susceptibility and molar
conductance measurements, as well as by UV-Vis, IR, NMR and FAB mass
spectroscopy. The interaction of the complexes with calf thymus (CT) DNA
was studied using absorption spectra, cyclic voltammetric and viscosity mea-
surements. They exhibit absorption hypochromicity, and the specific viscosity
increased during the binding of the complexes to calf thymus DNA. The shiftsin
the oxidation—reduction potential and changes in peak current on addition of
DNA were shown by CV measurements. The Cu(ll)/Zn(I1) complexes were
found to promote cleavage of pUC19 DNA from the supercoiled form | to the
open circular form Il and linear form I1l. The complexes show enhanced
antifungal and antibacterial activities compared with the free ligand.

Keywords. 1,10-phenanthroline/2,2'-bipyridine; Cu(ll) and Zn(Il) complexes; an-
timicrobial activity; DNA binding and cleavage.

INTRODUCTION

The therapeutic and diagnostic properties of transition metal complexes have
attracted considerable attention leading to their application in many areas of mo-
dern medicine.l Many coordination compounds of transition metal ions accom-
plish nucleolytic cleavage.2 In this regard, mixed-ligand metal complexes were
found to be particularly useful because of their potential to bind DNA via a
multitude of interactions and to cleave the duplex by virtue of their intrinsic che-
mical, electrochemical, and photochemical reactivities.338 A recent study on the
incorporation of good intercalators, such as phen (1,10-phenanthroline), bpy
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773
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774 RAMAN and SOBHA

(2,2’ -bipyridine), etc. found high affinity between DNA base pairs and their pla-
nar structure through stacking interaction.® A singular advantage in the use of
these metallo-intercalators for such studies is that the ligands or the metal ion in
them can be varied in an easily controlled manner to facilitate individual appli-
cations. 1011 Although DNA interactions of number of mixed-ligand complexes
previously appeared in the literature, there is still scope to design and study
isatin-based Schiff base containing 1,10-phenantroline/2,2’-bipyridine with the
Cu(ll) and Zn(Il) as new chemical nucleases. Bearing these facts in mind, the
nuclease activity of mixed-ligand complexes of Cu(ll) and Zn(ll) containing
1,10-phenantroline/2,2’ -bipyridine is reported herein. DNA binding was also re-
searched. Hence, the present study is very valuable in understanding the mode of
complex binding to DNA, as well as laying the foundation for the rational design
of DNA structure probes and antitumor drugs.

EXPERIMENTAL

All chemicals used in the present work, viz, isatin, aniline, 1,10-phenanthroline, 2,2’ -bi-
pyridine and copper and zinc chlorides were of analytical reagent grade (produced by Merck,
Germany). Commercial solvents were distilled and then used for the preparation of the ligand
and its complexes. CT DNA and pUC19 DNA was purchased from Bangalore Genel (India).
Microanalyses (C, H and N) were performed using a Carlo Erba 1108 analyzer at the sophis-
ticated analytical instrument facility (SAIF), Central Drug Research Institute (CDRI), Luck-
now, India. Molar conductivities in DMSO (102 mol/dm3) at room temperature were mea-
sured using a Systronic model-304 digital conductivity meter. Magnetic susceptibility measu-
rements of the complexes were realized by a Gouy balance using copper sulfate pentahydrate
as the calibrant. The IR spectra were recorded on a Perkin—Elmer 783 spectrophotometer in
the 4000400 cm range using KBr pellets. The NMR spectra were recorded on a Bruker
Avance Dry 300 FT-NMR spectrometer in DM SO-dg with TMS as the internal reference. The
FAB-MS spectra were recorded using a VGZAB-HS spectrometer at room temperature in a
3-nitrobenzy! acohol matrix. Electron paramagnetic resonance spectra (EPR) of the mixed
ligand complexes of copper(l1) were recorded on a Varian E 112 EPR spectrometer in DM SO
solution both at room temperature and liquid nitrogen temperature (77 K) using TCNE (tet-
racyanoethylene) as the g-marker. The absorption spectra were recorded using a Shimadzu
model UV-1601 spectrophotometer at room temperature. Electrochemical studies were rea-
lized using a CHI Electrochemical analyzer, controlled by CHI620C software. The CV mea
surements were performed using a glassy carbon working electrode and an Ag/AgCl reference
electrode (al potentials refer to this reference electrode) and the supporting electrolyte was 50
mmol/L NaCl-5 mmol/L Tris-HCI buffer (pH 7.2). All solutions were deoxygenated by purging
with N, for 30 min prior to the measurements.

Preparation of ligand (L)

The Schiff base was synthesized according to a literature procedure.’2 A methanolic so-
lution of aniline (0.040 mol, 3.65 mL) was added to a methanolic solution (25 mL) of isatin
(0.040 moal, 5.8 g) and the reaction mixture was refluxed for ca. 6 h. The end of the reaction
was monitored by TLC. In this technique, a small quantity of a solution of the Schiff base to
be analyzed was deposited as a small spot on a TLC plate which had a thin layer of silica gel
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BIOLOGICALLY ACTIVE Cu(ll) AND Zn(ll) COMPLEXES 775

(SIO,) coated on aglass plate as the absorbent. It was used as the stationary phase and the mo-
bile phase was toluene:ethanol (9:1). The observed R; value was 0.68.

The formed yellowish orange product (L) was filtered and washed with methanol and
dried in vacuo. Yield: 86 %. The preparation of the Schiff base is schematically presented in

Fig. 1.
H
N
° ) HZN@

(o] Reflux, 6 h
Methanol

-

Synthesis of the [ML(Phen),] Cl./[ML(bpy),] Cl,, complexes

The complexes were prepared by mixing the appropriate molar quantities of the ligand
and the metal salts using the following procedure. A methanolic solution of Schiff base
(0.0030 mol) was stirred with a methanolic solution (5 mL) of the required anhydrous me-
tal(I1) chloride (0.0030 mol) for ca.1 h. To the above mixture, a methanolic solution (5 mL) of
1,10-phenanthroline (phen)/2,2'-bipyridine (bpy) (0.0060 mol) was added in a 1:1:2 molar
ratio and the stirring was continued for ca. 1 h. The obtained solid product was filtered and
washed with methanol.
DNA binding experiments

The interactions between the metal complexes and DNA were studied using electroche-
mical and electronic absorption methods. The disodium salt of calf thymus DNA was stored at
4 °C. A solution of DNA in the buffer 50 mmol/L NaCl-5 mmol/L Tris-HCI (pH 7.2) in water
gave aratio 1.9 of the UV absorbance at 260 and 280 nm, Aygo/Aog, indicating that the DNA
was sufficiently free from protein.13 The concentration of DNA was measured using its ex-
tinction coefficient at 260 nm (6600 mol-1 L cm1) after a 1:100 dilution. Stock solutions were
stored at 4 °C and used no more than 4 days. Doubly distilled water was used to prepare the
solutions. Concentrated stock solutions of the complexes were prepared by dissolving the
complexes in DM SO and diluting suitably with the corresponding buffer to the required con-
centration for al the experiments. The data were then fitted to Eq. (1) to obtain the intrinsic
binding constant (Ky,) values for the interaction of the complexes with DNA:

[DNA]/(eq— &) = [DNA]/(ep — &) + LKp(ep — &) 1)
where g, ¢, and g, are the apparent, free and bound metal complex extinction coefficients,
respectively. A plot of [DNA]/(e, — &) vs. [DNA] gave a slope of 1/(ep, — &) and a y-intercept
equal to [Ky/(ep — )] thus, Ky, is the ratio of the slope to the y-intercept. Viscosity mea-

Fig. 1. Synthesis of the Schiff base.
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776 RAMAN and SOBHA

surements at room temperature were performed using a semi-micro dilution capillary visco-
meter. Each experiment was performed three times and an average flow time was cal cul ated.
The data are presented as (7/75)Y3 vs. the binding ratio, where 7 is the viscosity of a DNA
solution in the presence of a complex and 77y is the viscosity of DNA in solution alone.
pUC19 DNA cleavage study

The cleavage of pUC19 DNA was determined by agarose gel electrophoresis. The gel-
-electrophoresis experiments were performed by incubation of the samples containing 30
umol/L pUC19 DNA, 50 pmol/L copper complex and 50 umol/L hydrogen peroxide (H50,)
in Tris-HCI/NaCl buffer (pH 7.2) at 37 °C for 2 h. After incubation, the samples were elec-
trophoresed for 2 h at 50 V on 1 % agarose gel using Tris-acetic acid-EDTA buffer (pH 7.2).
The gel was then stained using 1 ug cm3 ethidium bromide (EB) and photographed under 360
nm ultraviolet light. All experiments were performed at room temperature unless otherwise
stated.
Antimicrobial activity studies

The in vitro antibacterial activity of the ligand and its complexes were tested against the
bacteria Saphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Saphylococcus
epidermidis, Klebsiella pneumoniae by the paper disc method using nutrient agar as the me-
dium. The antifungal activity was evaluated by the paper disc method against the fungi As-
pergillus niger, Fusarium solani, Culvularia lunata, Rhizoctonia bataticola and Candida albi-
cans cultured on potato dextrose agar medium. Streptomycin and nystatin were used as stan-
dards for bacteria and fungi, respectively. A stock solution (102 mol L1) was prepared by
dissolving the compound in DM SO and the solution was serially diluted in order to find the
minimum inhibitory concentration (MIC) value. Test extract loaded discs inoculated with mic-
roorganisms were incubated at 30 °C for 24 h for the bacteria and 72 h for fungi. During the
incubation period, the test solution diffused and the growth of the inoculated microorganisms
was affected. The concentration at which an inhibition zone devel oped was noted.

RESULTS AND DISCUSSION

The ligand (L) and the mixed ligand complexes containing L and phen/bpy
were stablein air. L is soluble in common organic solvents but the complexes are
soluble only in DMF and DM SO. Elemental analyses of L and the complexes
were in agreement with the assigned formula. The higher molar conductance va
lues of the complexes in DMSO show their electrolytic nature. The elemental
analysis and FAB-mass data, together with other properties, are givenin Tablel.

Mass spectra

The FAB-mass spectra of L and its complexes having phen were recorded
and the obtained molecular ion peaks confirmed the proposed formulae. The mass
spectrum of L (C14H10N20) exhibited peaks at 222 (M*), 223 (M+1) and 224
(M+2) with 68, 100 and 49 % abundances, respectively. The most abundant peak
a m/z 223 represents the molecular ion peak of L. The mass spectrum of the
copper complex [CuC3gH2gNgO]Cl2 showed peaks at 717 (M*), 718 (M+1), 719
(M+2 ) with 8.7, 9.2 and 9.9 % abundances, respectively. The most abundant
peak at m/z 719 represents the molecular ion peak of the complex and the other
peaks are isotopic species. In addition, the spectrum exhibited fragments at m/z
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BIOLOGICALLY ACTIVE Cu(ll) AND Zn(ll) COMPLEXES 777

180 and 77, which represent phen and phenyl moieties, respectively. The m/z of
al the fragments of L and the mixed ligand complexes, together with the relative
intensities confirmed the stoichiometry of the complexes to be of the type
[ML (phen)2/(bpy)2]Clo (where L = isatin-based Schiff base).The structural for-
mulas of the complexes are shown in Fig. 2. Thus, the mass spectral data rein-
forced the conclusion drawn from the analytical and conductance values.

TABLE |. Physical and analytical data of the synthesized Schiff base and its complexes

Compound Yield Color Found (Calcd.), % Ay
% M C H N MW g cm molt et/ He
L 86 Yelowish - 727 50 141 2220 - -
orange (72.9) (5.0) (14.9)

[CuL(phen),]Cl, 71 Pale 88 636 36 11.7 7171 1045 1.89
green (85) (63.1) (35) (11.2)

[CuL (bpy),]Cl, 67 Pale 95 610 39 125 669.0 1152 1.86
green  (8.9) (59.2) (3.3) (12.1)

[ZnL(phen),]Cl, 79 Pae 90 634 36 116 7189 102.9 Diamag-

brown (8.7) (59.7) (3.1) (11.4) netic
[ZnL (bpy),]Cl, 83 Pade 97 608 39 125 6709 112.6  Diamag-
brown (9.3) (60.6) (3.8) (12.0) netic

Cl,

Fig. 2. The structural formulas of the complexes a) [ML (phen),]Cl, and
b) [ML(bpy).]Cly; M = Cu(ll) or Zn(ll).

IR Spectra

The IR spectrum of the free ligand (L) showed a broad band around 3257
cm1, which can be attributed to NH stretching vibration of the isatin moiety. The
position of this band remained at nearly the same frequency in spectra of the me-
tal complexes, suggesting the uncoordination of this group. The band at 1763 cnr1
in the spectrum of the free ligand, assigned to vc=p of isatin moiety, shifted to-
wards lower values, around 1719-1710 cmL, in the complexes, indicating the
coordination of the carbonyl oxygen atom of the isatin residue. The C=N stretch-
ing frequency of the Schiff base ligand appears in the region 1613-1608 cm1,
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778 RAMAN and SOBHA

which was shifted towards lower values in all the complexes, indicating the in-
volvement of the —C=N nitrogen in coordination to the central metal ion. All the
complexes showed bands in the regions 1090-1100 and 700-750 cmrL. These
can be assigned to phen/bpy ring —-C-H and —C=N stretching vibrations, respecti-
vely. The appearance of two new bands in the regions 486-472 and 547-533 cm1
in the spectra of the complexes, due to vy_n and v_o stretching vibrations, res-
pectively, also confirmed the formation of metal complexes. The characterigtic IR
dataare presented in Table 1.

TABLE II. IR spectral data (cm™) of the ligand and its complexes

Compound VN-H Vc=0 VeanN VM-N Vm-o0
L 3257 1763 1645 - -

[CuL (phen),]Cl, 3262 1711 1613 472 533
[CuL (bpy),]Cl, 3267 1710 1608 481 536
[ZnL (phen);]Cl, 3068 1717 1611 476 537
[ZnL (bpy),]Cl, 3065 1719 1619 486 547

IH-NMR Spectra

IH-NMR (300 MHz, DMSO-dg, 6 / ppm) spectrum of the Schiff base ex-
hibited the following signals: the signal at 10.92 (1H, s) was assigned to the NH
proton of isatin and the multiplet signal around 6.43-7.10 (4H, m) to aromatic
protons. In addition to these, one singlet peak observed at 7.21 was ascribed to
aniline ring protons. In the 1H-NMR spectra of the Zn(I1) complexes, the protons
of L are shifted downfield due to coordination to the metal ions. The resonance
peaks observed in the spectrum of the [ZnL (phen),] Clo> complex at 7.34—7.40 and
7.81-8.37 were assigned to phen protons and the signals at 7.54—7.73 and 8.23—
—8.37 in the spectrum of [ZnL (bpy)2] Cl> were assigned to bpy protons.

EPR Spectra

The EPR spectra of the copper complexes exhibited an auxiliary symmetric
g-tensor parameters with g > g. >2.0023, indicating that the copper site had a
dxe—dy2 ground state, characteristic of octahedral geometry.14 According to Hath-
away, 15 if the value of G is greater than four, the exchange interaction between
the copper(ll) centersin the solid state is negligible, whereas when G is less than
four, there is considerable exchange interaction from the polypyridyl nitrogen
atom. The G values calculated for the present copper complexes lie within the
range 2.936-3.277, which are consistent with a dy>—dy2 ground state.

Apart from this, the covalency parameters a2 (covalent in-plane o-bonding)
and 2 (covalent in-plane n-bonding) were calculated using a simplified MO theory
and the results are summarized in Table I11.

The a2 and 2 values indicated a greater interaction in the in-plane n-bond-
ing than in the covalent in-plane c-bonding, whereas the in-plane n-bonding is
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BIOLOGICALLY ACTIVE Cu(ll) AND Zn(ll) COMPLEXES 779

almost ionic. The higher value of a2 compared to 42 indicates that the in-plane
c-bonding is more covalent than the in-plane n-bonding. Based on these observa-
tions, a distorted octahedral geometry is proposed for both the copper complexes.

TABLE Il1. The spin Hamiltonian parameters of the copper complexes in DM SO solution at
300 and 77 K

Compound 9| g Ax10'/em® Ax10/emt & F G
[CuL(phen),]Cl, 2232 2071 169.0 660  0.767 0615 32
[CuL (bpy).]Cl, 2351 2072 171.3 64.3 0.724 0518 29

Electronic absorption spectra

The UV—Vis spectra of the copper complexes were recorded in DM SO solu-
tion. They show a d—d band at around 734—737 nm. This band may be assigned
to 2Eq — 2Tq transitions, characteristics for a distorted octahedral structure. In
addition, the complexes exhibited intense bands in the 395-398 nm region, which
are attributed to charge transfer transitions. The intense higher energy bands at
around 272 and 285 nm can be attributed to intra-ligand n—n* transitions. The
copper complexes showed magnetic moment values in the range of 1.87-1.89 g
which indicate the monomeric nature of the complexes. The zinc(ll) complexes
showed bands at 375 and 378.5 nm, assigned to intra-ligand charge transfer tran-
sitions. They are diamagnetic.

Based on the elemental analysis, magnetic moments, mass, EPR spectra,
electronic, IR and H-NMR data, the proposed structures of the complexes are
givenin Fig. 2.

CT-DNA binding studies

Electronic absorption titration. The binding interaction of the metal com-
plexes with DNA was monitored by UV—-Vis spectroscopy. The absorption spec-
tra of the complexes in the presence or without DNA were mutually compared,
which is shown in Fig. 3. In the UV region of the spectra, all the copper com-
plexes exhibited an intense absorption around 395-398 nm and zinc complexes
showed a band at 375-378.5 nm, which are attributed to n—* transitions. With
increasing concentration of DNA, both the copper and zinc complexes showed
hypochromicity and a red-shifted charge transfer peak maxima in the absorption
spectra.

The hypochromicity values of the complexes [CuL(phen)2]Clo,
[CuL (bpy)2]Cl, [ZnL(phen),]Clo and [ZnL (bpy)2]Clo observed in the presence
of DNA were 2.16, 1.08, 1.07 and 1.05 respectively, and their hypsochromic
shifts were 8.6, 4.2 and 4.0, 5.6 nm, respectively. The change in the absorbance
values with increasing amount of DNA was used to evaluate the intrinsic binding
constant Ky, for the present complexes, the values of which are givenin Table V.
The change in hypochromicity may be attributed to the nature of the binding of
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780 RAMAN and SOBHA

the mixed ligand complexes with DNA, which is significant due to n-stacking or
hydrophabic interactions of the aromatic phenyl rings. However, the meta ions
play crucial rolein DNA binding by these complexes. In general, the DNA bind-
ing abilities seem to follow the order: [CuL(phen)2]Cl> > [CuL(bpy)2]Clo >
> [ZnL (bpy)2]Cl2 > [ZnL (phen)2] Clo. The high binding nature of the metal com-
plexes may be due to additional -7 interaction through the aromatic phenyl rings.

¢/Lmol" ¢cm™

Fig. 3. Electronic absorption spec-
trum of [CuL (phen),] in the absence

0 . . . . (dash line) and presence (dark line)
300 350 400 450 so0 Of different concentrations (O to 400
L/nm uM) of DNA.
TABLE V. Electronic absorption spectral properties of the Cu(ll) and Zn(l1) complexes
Amax / M o 5 1 g3
Compound Froo Bound Aldpax | NM H/%  Kyx10”/mol™ dm
[CuL (phen),]Cl, 397.8 389.2 8.6 2.16 5.84
[CuL (bpy),]Cl, 393.2 389.0 4.2 1.08 5.36
[ZnL (phen),]Cl, 375.0 371.0 4.0 1.07 274
[ZnL (bpy),]Cl, 3784 372.8 5.6 1.50 3.34

Viscosity studies. A useful technigue to prove intercalation is viscosity mea-
surements, which are sensitive to change in length of the DNA and are regarded
as the least ambiguous and the most critical tests of binding mode in solution in
the absence of crystallographic structural data or NMR spectra.16 Under appro-
priate conditions, intercalation of drugs, such as ethidium bromide [EB], causes a
significant increase in the viscosity of a DNA solution due to the increase in the
separation of the base pairs of the intercalation sites and hence, result in an in-
crease in the overall DNA contour length, as shown in Fig. 4. On the other hand,
drug molecular binding exclusively in the DNA grooves causes a less pronoun-
ced or no changes in the viscosity of a DNA solution.1’ The viscosity of the
DNA solution increased with increasing ratio of both the copper and zinc com-
plexes to DNA. This result further suggests an intercalating binding mode of the
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BIOLOGICALLY ACTIVE Cu(ll) AND Zn(Il) COMPLEXES 781

complexes with DNA and also parallels the above spectroscopic results, such as
hypochromism and bathochromism of the complexesin the presence of DNA.

0.9 1

Fig.4. Change in the relative viscosity
0.7 4 (17/40)Y3 of CT DNA as a function of r,
the molar ratio of the compound to the
DNA base pairs. The effect of increasing
0.5 4 amounts of ;
[CuL (phen);|Cl> (A),
[CuL (bpy)2]Cl (w),
03 i . i . [ZnL(phen),]Cl, (¢) and

0 0.9 1.8 27 36 [ZnL(bpy)2|Cl2 (e)
r on therelative viscosity of DNA.

/70"

Redox studies. The application of cyclic voltammetry to the studies of the
complexes bound to DNA provides a useful complement to the previously used
investigation methods, i.e., UV-Vis spectroscopy and viscosity measurements.
The cyclic voltammograms of the glassy carbon electrode in solutions containing
[CuL (phen)2] Cl» in the absence and in the presence of varying amounts of DNA
areshownin Fig. 5.

1.40E-04 ~

-1LODE-05 1

—

-1Lo0E-04

1.2 (ljZ -ll..H -1.8
EIV
Fig.5. Cyclic voltammograms of the glassy carbon electrode in solutions containing
[CuL (phen),] Cl, in the absence (dash line) and presence (dark lines) of different
concentrations (0 to 400 uM) of DNA.
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In the absence of DNA, the first redox couple cathodic peak appeared at 0.29
V for Cu(lll) — Cu(ll) (Epa =049V, Epc = 0.29 V, AE; = 0.20 V, and By, =
= 0.39 V) and the second redox couple cathodic peak appeared at —0.16 V for
Cu(ll) = Cu(l), (Epa=0.17 V, Epc =-0.16 V, AE, = 0.33 V, and E; = 0.17 V).
The ratio of cathodic to anodic peak currents, IpallpC = 0.95, indicated a quasi-re-
versible redox process. The formal potential (Ey1/2), taken as the average of Epc
and Epg, was 0.39 V for the first redox couple in the absence of DNA. The
presence of DNA in the solution at the same concentration as [CuL (phen);]Cl»
caused a negative shift in the potential AE, by 0.160 V and a decrease in Ey/, by
0.35V, Table V. The value of 1p4/lpc also decreased with increasing DNA con-
centration. The decrease of the anodic and cathodic peak currents of the complex
in the presence DNA is due to a decrease in the apparent diffusion coefficient of
the Cu(Il) complex upon complexation with the DNA macromolecules. These re-
sults show that [CuL (phen)»] Cl» stabilizes the duplex (GC pairs) by intercalation.

TABLE V. Electrochemical parameters for the interaction of DNA with the Cu(ll) complexes

EplV AE,/V
Free Bound Free Bound KKz lod/ 1
[CuL(phen),]Cl, Cu(lll) — Cu(ll) 0.39 0.35 0.20 0.16 0.0965 0.95

cu(ll) - Cu(l) 0005 0014 033 028 04081 093
[CuL(bpy)]Cl, Cu(lll)—Cu(ll) 042 027 016 014 00826 084
Cu(ll) » Cu(l) 0.02 0.07 0.06 0.12 0.7042 0.75

Compound Redox couple

Considering the CV behavior of the glassy carbon electrode in solutions
containing [CuL (bpy)2]Cl, in the absence of DNA, the first redox couple ca
thodic peak appeared at 0.338 V for Cu(lll) — Cu(ll), (Epa=0.50 V, Epc = 0.34
V, AEp = 0.16 V and Ey/2 = 0.42 V), while the second cathodic peak appeared at
0.17V for Cu(ll) — Cu(l) (Epa=0.23V, Epc = 0.17V, AEp = 0.06 V and Ey2 =
= 0.20 V). The lpg/lpc ratios of these two redox couples were approximately
unity. This indicates that the reaction of the complex on the working electrode
surface was a quasi-reversible redox process. The incremental addition of DNA
to the complex caused a negative shift in the potential of the second cathodic
peak and a decrease in the current intensity. The changes in the voltammetric
currents in the presence of CT DNA can be attributed to the slow diffusion of the
metal complex bound to the large, slowly diffusing DNA molecule. The changes
of the peak currents observed for the complexes upon addition of CT DNA may
indicate that the complexes possess a higher DNA binding affinity. The results
lead conclusions similar to those deduced from the spectroscopic and viscosity
data of the complexesin the presence of DNA.

The Zn(11) complexes showed only a reduction peak from —0.99 to —0.80 V
(Epc) and no oxidation peak in the absence of DNA. The incremental addition of
DNA to the Zn(l1) complexes increased the current intensity and there was a po-
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BIOLOGICALLY ACTIVE Cu(ll) AND Zn(ll) COMPLEXES 783

sitive shift of the reduction peak potential. This result changes the reduction cur-
rent which indicates interaction of Zn(I1) with CT DNA.

Differential pulse voltammogram study. The differential pulse voltammo-
grams of the glassy carbon electrode in solutions containing [CuL (phen)>]Clo
both in the absence and presence of varying amounts of DNA are shown in Fig.
6.

4.50E-05 4

3.00E-05

~
~

1.50E-05 4

0.00E+00

T T 1
0.6 0.1 -0.4 -0.9 -1.4

E/V

Fig.6. Differential pulse voltammograms of the glassy carbon electrode in solutions
containing [CuL (phen),] Cl, in the absence (dash line) and presence (dark lines)
of different concentrations (O to 400 uM) of DNA.

The differential pulse voltammograms of the the glassy carbon electrode in
solutions containing [CuL (phen)>]Cl> showed that increasing the concentration
of DNA resulted in a negative potentia shift together with a significant decrease
of the current intensity. The shift in potential is related to the ratio of the binding
constants:

Ep — Ef = 0.059110g (K+/K2+) 2

where Ep and E; are the formal potential of the Cu(I1)/Cu(l) complex couple in
the bound and free forms, respectively. The ratio of the binding constants
(K4+/K24) for DNA binding of the Cu(l1)/Cu(l) couple of the complex was cal-
culated and found to be less than unity. This indicates that the binding of the
Cu(l) complex to DNA is small compared to that of the Cu(ll) complex. The
above electrochemical experimental results indicate that the Cu(ll) complex binds
to DNA molecules. The possible mechanismiis:
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Cul* + ¢ ——= Cul?* E%;
K3+ K2+

CuL*— DNA + ¢ =———== Cul**— DNA E%
For a complex of the electro-active substance Zn?* with DNA, the electro-
chemical reduction reactions can be divided into two steps:

Zn**— DNA =———= Zn>* + DNA

it o+ 2 =———= Zn’

The dissociation constant (Kq) of the Zn**~CT-DNA complex was obtained
using the following equation:

K, (12.-12)
§=—d[Dp|3A] Pl 112 ~[DNA] )

where Kq is the dissociation constant of the complex an(l N-DNA; 0 isthere-
duction current of Zn(11) in the absence of CT-DNA; isthe reductl on current
of Zn(l1) in the presence of CT DNA; [DNA] isthe concentration of added DNA
in the solution. Using the above equation, the dissociation constant was deter-
mined (Table V1).

TABLE VI. Electrochemical parameters for the interaction of DNA with the Zn(I1) complexes
Ey/V lo/ A

9 -1
Compound Free Bound Free bound K107/ M
[ZnL (phen),]Cl, -0.989 -0.931 0.83 0.71 5.41
[ZnL (bpy),]Cl, -0.801 -0.789 0.89 0.78 5.44

The low values of the dissociation constant (Table VI) of Zn(ll) ions are
indispensable for the catalytic function and structural stability of zinc enzymes
which participate in the replication, degradation, and translation of genetics of all
species. Moreover, the Zn(I1) ion probably not only interacted with the active site
of the enzyme during these processes, as is aready known in the literature,18 but
also with DNA.

Chemical nuclease activity

The cleavage efficiency of the complexes compared to that of the control is
due to their efficient DNA-binding ability. DNA cleavage was controlled by re-
laxation of the supercoiled form of pUC19 DNA into the nicked circular form
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and linear form. When pUC19 DNA is subjected to electrophoresis, the fastest
migration will be observed for the supercoiled form (form 1). If one strand is
cleaved, the supercoils relax to produce the slower-moving open circular form
(form 11). If both strands are cleaved, the linear form (form I11) will be generated
that migrates between the other two forms.

DNA cleavage was analyzed by monitoring the conversion of supercoiled
DNA (form I) to nicked DNA (form Il) and linear DNA (form Ill) in the pre-
sence of the oxidant H>O». The electrophoresis results are shown in Fig. 7.

From Fig. 7, it is evident that the complexes cleave DNA more efficiently in
the presence of an oxidant (H2O5). This may be attributed to the formation of
hydroxy! free radicals. The production of a hydroxyl radical due to the reaction
between the metal complex and oxidant may be explained as shown below:

(Ligand)Cu2* + H,0, — (Ligand)Cu3* + OH- + OH~

Fig. 7. Changesin the agarose gel electrophoretic pattern of pUC19 DNA induced by H,0,
and the Cu(I1)/Zn(I1) complexes. Lane 1, DNA aone; Lane 2, DNA + Ligand+ H,O5;
Lane 3, DNA + [CuL (phen),]Cl, complex + H,O,; Lane 4, DNA + [CuL (bpy)2]Cl,
complex + H;0O,; Lane 5, DNA + [ZnL (phen),] Cl, complex + H,O;

Lane 6, DNA + [ZnL (bpy),]Cl, complex + H,0s.

The OH- free radicals participate in the oxidation of the deoxyribose moiety,
followed by hydrolytic cleavage of a sugar phosphate backbone. All the com-
plexes showed pronounced nuclease activity in the presence of the oxidant HoOo,
which may be due to the increased production of hydroxyl radicals. Control ex-
periments using DNA alone resulted in no significant cleavage of puC19 DNA,
even after longer exposure times. From the observed results, it was concluded
that all the complexes effectively cleaved the DNA as compared to control DNA.
Furthermore, the presence of a smear in the gel diagram indicates the presence of
radical cleavage.1®

Antimicrobial screening

The synthesized ligand and its complexes were tested for their in vitro anti-
microbial activity. They were tested against the bacteria Staphyl ococcus aureus,
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Pseudomonas aeruginosa, Escherichia coli, Staphylococcus epidermidis, Kleb-
siella pneumoniae and the fungi Aspergillus niger, Fusarium solani, Culvularia
lunata, Rhizoctonia bataticola and Candida albicans. The minimum inhibitory
concentration (MIC) values of the investigated compounds are summarized in
Tables VIl and VIII. A comparison of the MIC value of L with those of the com-
plexes indicates that the metal complexes exhibited higher antimicrobia activity
than L and the control sample. Such increased activity of the complexes can be
explained based on the Overtone’ s concept20 and the Tweedy chelation theory.2!
According to the Overtone's concept of cell permeability, the lipid membrane
that surrounds the cell favors the passage of only lipid-soluble materials, due to
which liposolubility is an important factor that controls antimicrobial activity. On
chelation, the polarity of the metal ion will be reduced due to the partial sharing
of positive charges with donor groups. Furthermore, it increases the
delocalization of n-electrons over the whole chelate ring and enhances the
lipophilicity of the complexes. This increased lipophilicity enhances the
penetration of the complexes into lipid membranes and the blocking of the metal
binding sites in the enzymes of microorganisms. The results obtained from the
antifungal and antibacterial tests showed that all the tested complexes were more
active towards bacteria than fungi. Moreover, the copper complexes were more
active than the zinc complexes against the tested microorganisms.

TABLE VII. Antibacteria studies of the investigated compounds (minimum inhibitory con-
centrationx10%, umol/L)

Compound S aureus P.aeruginosa E. coli S epidermidis K. pneumoniae
L 16.3 14.8 16.6 16.2 145
[CuL (phen),]Cl, 14 16 1.2 1.0 1.9
[CuL (bpy),]ClI2 21 25 2.0 1.7 2.2
[ZnL (phen),]Cl, 27 34 24 31 4.2
[ZnL (bpy)2]CI2 3.6 4.8 25 3.9 4.4
Streptomycin 1.7 19 18 13 2.6

TABLE VIII. Antifungal studies of the investigated compounds (minimum inhibitory con-
centrationx10”, umol/L)

Compound A. niger F. solani C.lunata R bataticola C. albicans
L 12.8 131 14.3 115 15.7
[CuL (phen),]Cl, 2.0 2.6 3.9 3.8 49
[CuL (bpy),]Cl, 3.2 34 4.3 41 53
[ZnL (phen),]Cl, 51 53 5.9 6.1 6.4
[CuL (phen),]Cl, 6.3 6.7 6.1 6.5 6.9
Nystatin 11 1.6 12 1.0 15
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CONCLUSIONS

Four mixed ligand Cu(ll) and Zn(Il) complexes of an isatin-based Schiff
base (L) and 1,10-phenanthroline/2,2’ -bipyridine were synthesized and characte-
rized. Elemental analyses, conductivity measurements and FAB-Mass spectro-
metry revealed the stoichiometry and composition of the complexes to be
[ML (bpy)2/(phen);]Clo. The FTIR, UV-Vis, 1H-NMR, EPR spectra and magne-
tic measurements data confirmed the bonding features of the studied mixed li-
gand complexes. Electronic absorption spectroscopy, cyclic voltammetry, diffe-
rential pulse voltammetry and viscometric studies demonstrated a considerable
interaction between the complexes and calf-thymus DNA. The results of clea
vage studies using pUC19 DNA showed that the complexes had higher nuclease
activities than the isatin-based ligand. The MIC values against the growth of mic-
roorganisms are much larger for the complexes than those of the ligand and the
control sample.

Acknowledgements. The authors express their sincere thanks to the College Managing
Board, Principal and Head of the Department of Chemistry, VHNSN College, and Virud-
hunagar, India, for providing the necessary research facilities.

U3BOJI

CHUHTE3A, KAPAKTEPU3ALIMIA, UHTEPAKIIUJA CA JHK 1 AHTUMHUKPOBHO
MN3YYABAKE Cu(ll) 11 Zn(ll) KOMIUIEKCA CA MEIOIOBUTHUM JINT AHAVMA HA BA3U1
N3ATUHCKE U [IOJIMTIMPUTUIIHE CTPYKTYPE

NATARAJAN RAMAN u SIVASANGU SOBHA
Research Department of Chemistry, VHNSN College, Virudhunagar-626 001, India

CunrerncaHo je Hekomuko MemoBuro jmranaaux Cu(l)/Zn(ll) xommiekca kopuihemem
3-(bernmnmumuno)-1,3-quxunaponnnon-2H-ona (1001jeHOr KOHIEH3AINWjOM H3aTHHA U aHWJIMHA) Kao
npumapHor jurasia u 1,10-penantponuna (phen)/2,2'-6unupuauna (bpy) xao gomatHor jnuranaa
U OKapaKTepHUCAHO aHAIMTHYKU U CIIEKTPOCKOIICKH EIEMEHTAJIHOM aHaJIW30M, MEpEeHhUMa MarHeT-
He cycuentubmiHoctH u Monapue mpooasuBoct, UV-Vis, IR, NMR u FAB macenum criek-
tpuma. Uarepakuuja kommiekca ca JIHK tenehier Tumyca (CT) je usyuyaBana momohy ancoprigo-
HHUX CIIeKTapa, MepemhHMa IMKIMYHE BOJITAMETPHjE, BUCKO3HOCTH M Tel-enekrpodopesoM. OHu
HUMajy arCOPIIHOHH XUIIOXpOMH3aM M crelupuYHa BHCKO3HOCT pacTe y TOKY BE3HBamba
kxomiuiekca 3a JTHK reneher tiumyca. IToMepama OKCHI0-PEAYKIMOHOT NOTEHIHjalla U IPOMEHE y
nukoBuMa ctpyje noaarkom JJTHK cy nokazane CV mepewuma. Cu(l1)/Zn(I1) kommiekcn uzasusajy
packuname pUC19 IHK u3 cynepyBujeHor obnmka | y oTBopeHH Kpy>kHU 00muK || u nuHeapHH
o6k |11, Kommekcn cy nokasanu moBehaHy aHTH(YHraaHy W aHTHOAKTEPHjCKYy aKTHBHOCT Y
OJJHOCY Ha CIIOOOIHH JIMTaHI.

(Mpumsbeno 20. okrobpa 2009, peBuaupano 17. mapra 2010)
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Abstract: In this study, catalysts for fatty acid methyl esters (FAME or bio-
diesel) synthesis with K,CO;3 as the active component on an alumina/silica
support were synthesized using the sol-gel method, which was followed by
drying the “dense” wet gels with supercritical carbon dioxide to obtain the ae-
rogels. The prepared catalysts were characterized by XRD analysis, FTIR spec-
troscopy and N, physisorption at 77 K, and tested in the methanolysis of sun-
flower oil. The effects of reaction variables, such as reaction time, temperature
and methanol to oil molar ratio, on the yield of FAME were investigated. The
aerogel catalysts with K,CO3 as the active component on an alumina/silica sup-
port exhibited good activity in the methanolysis of sunflower oil. The leaching
of potassium when the catalyst was in contact with pure methanol under the
working conditions of methanolysis was also tested in this study, indicating
that it occurred only at higher temperatures, while at lower ones, it was negli-
gible.

Keywords: biodiesel; aerogel; alumina/silica; KoCOs.

INTRODUCTION

Biodiesel, consisting of FAME, produced by the alcoholysis of vegetable
oils or animal fats, is an excellent substitute for conventional diesel fuels. It is
non-toxic, biodegradable and made from renewable sources. Increasing biodiesel
consumption requires optimized production processes allowing high production
capacities, simplified operations, high yields, and the absence of specia chemical
reguirements and wastes. The development of solid catalysts has recently gained
much attention because a successful heterogeneous catalyst aleviate most of the
economic and environmental drawbacks of a homogeneous process, such as neu-
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790 LUKIC et al.

tralization of alkali catalysts after reaction and creation of large amount of waste-
water produced during washing and separation of the final products.

To date, only one industrial application, developed by the French Institute of
Petroleum (IFP), employs heterogeneous based catalysts for the methanolysis of
vegetable oils to produce biodiesel.l The IFP has announced the construction of
further similar industrial plants in Europe based on the use of a heterogeneous ca-
talyst consisting of a mixed oxide of zinc and aluminum with a spinel structure.

On the laboratory scale, many different heterogeneous catalysts have been
developed to catalyze the alcoholysis of vegetable oils. Alumina loaded with al-
kali metal salts or different potassium compounds were demonstrated to be effi-
cient solid-base catalysts.2 Alumina exhibited no activity, but when loaded with
KI, KF, KNO3, KoCO3 or KOH and activated at high temperatures, the supported
catalyst showed catalytic activities.39 A good activity of KoCOs/Al,O3 xerogel
catalyst was previously reported, but undesired leaching of the active compo-
nents was also observed.® Xie and Li’ reported lower activity of KoCO3/Al,03
due to its lower basicity compared to other potassium compounds on alumina.
Namely, a catalyst with 35 wt. % K1 loading on Al>O3 (calcined at 500 °C for 3
h) had the highest basicity and the best catalytic activity. Other catalysts that
showed efficiency as heterogeneous catalysts for the alcoholysis of vegetable oil
are commercia hydrotalcite,10 zeolites and modified zeolites!112 and Na/
INaOH/y-Al,0313 but they are either quite expensive or complicated to prepare,
which has limited their industrial application. At temperature above 250 °C, a
high conversion of soybean oil (90 %) was obtained after 20 hours of reaction
using WO3/ZrOy, TiO,/ZrO, or AloO3/ZrO; as catalysts. 1415 The catalytic abi-
lity of CaO and MgO was found to be quite weak at lower temperatures, but in-
creasing the reaction temperature had a favorable influence on the methyl ester
yield.16-21 Veljkovi¢ et al.22 determined 550 °C to be the optimal CaO calci-
nation temperature and studied the kinetics of CaO catalyzed methanolysis. In
order to improve the catalytic activity of CaO, it was promoted with Li salts?3:24
or lanthanum,2> which both increased the basic strength and led to an enhan-
cement of the catalyst activity.

Different techniques have been used for the preparation of catalysts. Sol—gel
chemistry was usually applied having many advantages over other methods of
catalyst synthesis. It allows control of homogeneity on the nanoscale and results
in high surface areas and pore volumes. After dissolution of the reactants in an
appropriate solvent and subsequent gelation of the sol, the formed wet gel can be
dried using different methods. An available drying method is the extraction of the
solvent using the supercritical drying process (SCD), which was performed in
this study. Namely, supercritical drying preserves the original gel structure by
eliminating capillary pressure while, at the same time, the solvent and sol—gel re-
action byproducts present in the gel pores are extracted at a temperature and pres-
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sure higher than the critical temperature and pressure of the solvent, thereby pro-
ducing a material known as an aerogel.26 Supercritical drying can also be reali-
zed using another supercritical extracting fluid with moderate values of the criti-
cal parameters (commonly carbon dioxide). Due to their unique morphological
and physicochemical properties, aerogels are being widely studied for potential
applications in heterogeneous catalysis.2’

In this study, a new type of heterogeneous catalyst with KoCOs3 as the active
component on an alumina/silica support was synthesized using the sol—gel me-
thod, which was followed by drying the wet gel with supercritical carbon di-
oxide. The characteristics of the obtained aerogels and their activity in the metha-
nolysis reaction were studied. The activity of the prepared aerogel catalysts was
tested in the methanolysis of sunflower oil and the efficiency of process at dif-
ferent temperatures (80—200 °C) and molar ratios of methanol to oil (6:1-30:1)
was also analyzed. Eventual leaching of KoCO3 from the catalyst would reduce
the activity of the catalyst and decrease its activity in the second repeated process
of methanolysis. For this reason, the leaching of potassium on contact of the ca-
talyst with pure methanol under working conditions of methanolysis was aso tested
in this study.

EXPERIMENTAL
Catalyst preparation

The catalysts were synthesized by a one-step sol—-gel procedure. Aluminum tri-sec-bu-
toxide, tetraethoxy orthosilane (TEOS), 1-butanol, anhydrous potassium carbonate (all Fluka)
were used as reagents. Aluminum tri-sec-butoxide (29.1 g, 0.120 mol) was mixed with 1-bu-
tanol (200 cmd) and then TEOS (8.32 g, 0.0400 mol) was added. The mixture was stirred
vigorously and heated to 70 °C for 5 min until a clear solution was obtained. The solution was
cooled to room temperature and then hydrolyzed with water (37.5 cm3, 2.08 mol) containing
dissolved potassium carbonate (2.86 g; 0.0210 mol). The solution was stirred for 15 min and
left to stand overnight (gelation). Water and a certain amount of 1-butanol (excess) were then
removed by heating the gel to 150 °C, and a “densed” wet gel was obtained. The above pro-
cedure describes the wet gel synthesis of samples with ratio Al/Si = 3/1 and an amount of
K,CO3 which was cal culated to be 45 wt. % based on the support.

Aerogels were obtained by drying the “dense” wet gels with supercritical carbon dioxide
in a previously described 300 cm? tubular extractor, Autoclave Engineers SCE Screening
System.28 During the supercritical drying, the extractor was filled with liquid CO, at the
beginning of drying process, then the pressure was increased above the critical value for CO,
and finally the temperature was raised to the desired value. After reaching the working con-
ditions of pressure and temperature, the flow of CO, was maintained and kept constant at
about 100 g CO,/h. This procedure was necessary to avoid the presence of two CO, phases of
in the extractor. The duration of the SCD depended on the employed drying conditions. The
parameters of sol—gel synthesis and gel drying are presented in Table |, together with the
experimental conditions used for calcination of the prepared catalysts (four samples defined as
AG1-AG4).
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TABLE |. The experimental conditions for the SCD process performed at 100 bar

Condition AG1 AG2 AG3 AG4
Drying temperature, °C 40 40 200 200
Duration of SCD, h 9 9 5 5
Total consumption of CO,, kg 0.9 0.9 05 0.5
Temperature of calcinations, °C (t = 12h) 600 300 600 300

Catalyst characterization

The XRD measurements were performed on a Philips PW1710 powder X-ray diffrac-
tometer using Cu Ko radiation, over the 20 range 4-90 ° in the scan mode (step size 0.02°,
counting 0.5 s per step).

The nitrogen adsorption—desorption isotherms were determined using a Sorptomatic
1990 Thermo Electron instrument at —196 °C. All samples were degassed at 120 °C for 12 h
under reduced pressure (< 1 torr) prior to the sorption measurements. Various models and
appropriate software — ADP, Thermo Electron, version 5.1, were used to analyze the obtained
isotherms. The specific surface area of samples (Sget) was calculated according to the Bru-
nauer, Emmett, Teller (BET) method from the linear part of the nitrogen adsorption iso-
therms.2? The total pore volume (Vi) Was taken at p/pg = 0.998. The mesopores volume and
pore size distribution was calculated according to the Barrett, Joyner and Halenda method
from the desorption branch of the isotherm.3? The micropores were analyzed using the Du-
binin-Radushkevich method.3!

The Fourier-transform infrared (FTIR) spectra were recorded in the transmission mode
using a BOMEM (Hartmann & Braun) spectrometer. All measurements were conducted at
room temperature in the wave number range 4004000 cmd, with a2 cmr? resol ution.

Methanolysis reaction

Synthesized catalysts were tested in the methanolysis of sunflower oil. Commercial edib-
le sunflower oil (Sunce, Sombor, Serbid) was used for the experimental studies. The experi-
ments were performed in a 300 cm3 batch autoclave (Autoclave Engineers, Country), equip-
ped with an electrical heater and a mixer. Prior to the reaction, the catalyst samples (fraction
<500 pum) were activated by heating in an oven at 120 °C for 2 h. The preliminary tests of the
activity of the prepared aerogel catalysts (AG1-AG4; 2 wt. % catalyst based on the oil) were
realized at 200 °C and 37 bar using an agitation speed of 400 rpm and a molar ratio of sun-
flower oil to methanol of 1:30. The pressure in the autoclave was resulted from the vapor
pressure methanol at the working conditions. The time when the reaction temperature was
achieved was taken as zero reaction time. Reaction samples were withdrawn periodically,
without stopping of the reaction, and after filtration and separation of the residual methanol
using a rotational evaporator, the samples were analyzed by gas chromatography (Varian
3400; FID detector, a fused silica capillary column 5 mx0.53 mm, film thickness 0.5 um and
an on-column injector). Quantitative analysis of FAME was realized using correction factors
for FAME, tri-, di- and monoglycerides and glycerol. The calculated correction factors were
used for calculating the mass percentage of FAME. The catalyst sample AG2 was used to
study the influence of different working conditions (temperature, ratio of methanol to oil) on
the synthesis of FAME.

The leaching of potassium from the catalyst was tested by contacting catalyst AG2 with
methanol for 2 h at 120 °C, and then the methanol solution after filtering to remove solids was
used in the reaction with vegetable oil.
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RESULTS AND DISCUSSION
Catalyst characterization

X-Ray diffraction analysis was conducted to investigate the structure and
crystalinity of the catalysts. The XRD patterns of the aerogels presented no
sharp diffraction peaks. A similar effect was observed and recently reported in li-
terature.® This fact indicated that the synthesized catalysts were amorphous, re-
gardless of the preparation procedure. The XRD pattern for aerogel AG2 is pre-
sented in Fig. 1.

100
0
80
70
60
50
40
30
20
10

Intensity (a.u.)

20(%
Fig. 1. XRD Pattern for aerogel AG2.

The measured BET surface area, the volumes of the mesopores and micro-
pores, the overall pore volume, Dy, the pore diameter where the maximum of
the derivative cumulative volume curve is reached, and D, the average pore dia-
meter, are given in Table I, and the pore size distribution in Fig. 2.

TABLE II. Textural properties of the catalysts
Catayst Seer/M 9" Vit/ M §" Vineso/ CM° G+ Viic/ €M° g~ Dpax /DM D/ nm

AG1 114 0.225 0.182 0.039 3.808 4.925
AG2 107 0.144 0.137 0.036 3.764 3.838
AG3 122 0.206 0.202 0.042 3.734 4.979
AG4 113 0.175 0.172 0.035 3.786 4.427

The results of the BET analyses indicated that the synthesized catalysts were
mesoporous, while the Dy values were similar around 3.8 nm and the D values
were between 3.8 and 4.9 nm. The aerogel AG2 had a value of Dy very similar
to that of D, which means that the sizes of al pores were equally distributed
around Dmax. A very dlight shift of the pore sizes to larger pore diameters was
observed for the other 3 catalysts. When calcination of the prepared catalysts was
realized at higher temperature (AG1 and AG3), a dlightly larger surface area and
pore volume was observed than for aerogels AG2 and AG4. The BET analysis
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indicated that the different SCD conditions had only a moderate influence on the
porous structure of the prepared aerogels.

a) 0.20 T e
1 __,—.-—O-":i "
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5 %tb A -
5 0.104 “’%
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0.00 | -0.00
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b) 0.10
0.20
_0.15+ =
> E
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é 0.10- s
S
0.05- r
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D (nm)
Fig. 2. Pore size distribution of the catalysts a) AG1 and AG2; b) AG3 and AGA4.

As can be seen from Fig. 2 and Table Il, the mgjor part of the catalyst vo-
lume was occupied by pores with an average diameter of 3.8-4.9 nm, which is
common for samples of aerogels. According to Fernandez et al.,34 the critical
diameter of the triglyceride molecule, defined as the diameter of the smallest cy-
linder through which the molecule can pass without distortion, is around 2 nm;
Lopez Granados et al.19 reported that methyl oleate has a diameter around 2.5
nm, and the diameter of triglycerides is certainly at least two times larger. A nu-
mber of studies showed that restricted diffusion, which transpires when the di-
mensions of the reactant molecule and the pore are comparable, occurs in silica—
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—alumina catalysts with pore diameters less than 5 nm.3%, For a narrow pore ca-
talyst (mean pore diameter =~ 4 nm), a 50 % decrease in catalytic activity relative
to the activity of a catalyst with medium (d = 6 nm) and wide pore (d = 8 nm)
size could be expected.36 The problem of the access of the voluminous trigly-
cerides molecules to the active sites within the pores of a catalyst were calculated
for a xerogel catalyst taking into account the mean pore size diameter (3.8 nm)
and the dimensions of the triglycerides molecule and the results indicated that in-
ternal diffusion resistance obviously exists.® Taking into account that space occu-
pation by triglyceride could be represented by 5 nm in diameter,1® which is larger
than the pore diameter, molecules of triglycerides obviously cannot easily diffuse
through the pores of the major part of the catalyst and that efficient contact be-
tween reactant and active site is mainly possible only on the external surface of
the catalyst.

FTIR Spectra of the catalyst samples are shown in Fig. 3. The characteristic
bands are: a band at about 1000 cm?, attributed to the Si—O stretching vibration;
a band at around 460 cmL, attributed to Si—O bending;37:38 bands in the range
500-700 cnL, attributed to octahedra Al-O, and 700-900 cnr?, attributed to
tetrahedral Al-0.39 The shift of the absorption band of Si—O stretching from
1000 cm1 to lower wavenumbers indicates the presence of AI-O-Si bondsin the
investigated samples and the intensity of the shifting indicates the level of mixing
of Al and Si in the alumina/silica network.38 The band at about 3430 cm1 is
associated with stretching vibrations due to OH groups of water molecules ad-
sorbed onto the surface of the catalyst but, according to Xie and Li’, this band
could be partly assigned to the stretching vibrations of AI-O—-K groups. Another
band associated with the presence of water is located at 1635 cm1.40 Supported
KoCO3 and bulk KoCO3 give slightly different absorption bands.4! Bands at

120 4 /:/.z_f-'-"f'——.——_—n-:;;.\\_.
100 \‘\\\ \ PHLR
W
aQ a0 - Al : 11 |
g \ \,}\ / : \ 460
B oy ' \ ]
8 e | f ! }
E \ i\ 1635 1385 1 ?IIS v
i v Y 1 1
8 404 b 995 vl AY
| \\:/‘ 1 A | 1 | ‘{
] ——AG4 \ \' '
204 : i AG2 :_! / /
3430 \
0 T T T T v T
4000 3000 2000 1000

Wavenumber, cm”
Fig. 3. FTIR Spectra of prepared catalysts.

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

2010 Copyright (CC) SCS

@080

EW MG MO




796 LUKIC et al.

1541 and 1385 cm1 were observed for all catalyst samples and are attributed to
carbonate species, 4142 whereby the band at 1385 cm1 indicates the presence of
bulk KoCO3,41 the part of the catalyst which is the main reason for its activity.®

Influence of various parameters on the yield of FAME

Yield of FAME achieved in the methanolysis reaction is shown in Fig. 4. As
can be seen, al the prepared aerogel catalysts with KoCO3 as the active com-
ponent showed very good catalytic activity, with yields of FAME over 90 % after
15 min in the batch process for al catalysts except for AG1, which expressed a
dightly lower activity. All four aerogels had very similar textural and structural
characteristics and the only difference observed for AG1 which could be the ex-
planation for the lower activity is its smaller fraction of mesopores in the total
pore volume.

100
o0 | 4= E X i ey ¢ v
1 » "
80 4
0]""
60 .
2 |
= = AG1
(] I s AG2
— 40 -
2 AG3
30 - v AG4
20
10—-
0- "

e B TR TERES TR T A T
0 50 100 150 200 250 300 350 400 450 500
Time, min

Fig. 4. Effect of reaction time on the yield of FAME synthesized at 200 °C and under 37 bar,
using amolar ratio of methanol:oil = 30:1 and 2 wt. % of catalyst based on oil.

The influence of the reaction temperature on the yield of FAME in the me-
thanolysis performed using catalyst AG2 is shown in Fig. 5. The rate of the me-
thanolysis reaction of the vegetable oil was strongly influenced by the reaction
temperature and the yield of FAME increased with increasing temperature. At the
lower temperature (80 °C), severa hours were necessary to achieve the desired high
yield of FAME. However, in the batch process at 120 °C, approximately 92 %
conversion of the triglycerides giving the desired yield of FAME could be achieved
after 15 min of methanolysis.
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Fig. 5. Influence of reaction temperature on the yield of FAME, using a methanol to il
molar ratio of 30:1 and 2 wt. % of catalyst sample AG2 (based on ail).

The molar ratio of methanol to vegetable qil is also a very important para-
meter which affects the conversion of triglycerides to methyl esters. The in-
fluence of the molar ratio was examined in the methanolysis of sunflower oil
with aerogel AG2 at 120 °C using 2 wt. % of catalyst based on oil and the ob-
tained results are shown in Fig. 6.
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Fig. 6. Influence of the methanol to oil molar ratio on the yield of FAME at 120 °C
and with 2 wt. % of catalyst sample AG2 (based on ail).
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Stoichiometrically, the methanolysis of vegetable oil requires three moles of
methanol for each mole of oil. However, in practice a higher molar ratio is em-
ployed in order to shift the reaction equilibrium towards the products side and
produce more methyl esters. As shown in Fig. 6, the syntheses realized with lar-
ger methanol to oil ratios (15:1 and 30:1) were followed by higher rates of the
methanolysis reaction and, thus, the desired high conversions of the triglycerides
were observed in shorter times. According to the results of this study, it can be
concluded that a molar ratio of methanol to oil of 15:1 was sufficient for a good
yield of FAME to be achieved in arelatively short reaction time.

The obtained results were compared to the catalytic activity of a KoCOz/Al—
—-O-Si xerogel (2 wt. % based on 0il)® used for the methanolysis of sunflower oil
at 120 °C with a methanol to oil molar ratio of 15:1. The comparison indicated
that the applied drying process gave a catalyst with similar activity.

A kinetic model for the reaction between methanol and triglycerides was
determined assuming that a first order irreversible reaction could be used for the
prediction the yield of FAME. Simultaneously, solution of the energy and mole
balances were realized for a batch, non-isothermal process using Polymath soft-
ware and the results of the calculation together with the experimentally deter-
mined FAME content in the reaction mixture are presented in Fig. 7. The model
was described in detail and the parameters defined by Gligi¢ et al.43 As can be
seen, this model fits well the experimental data for the performed methanolysis
of triglycerides using the studied aerogel catalyst.

100
‘ ; S 8 H L ] .J ;‘ 3'
80 3
L
e w0 | Model 80 °C
S - —— Model 120 °C
[0 _ AG2 80 °C this study
> s | e * X, ., 80°C[9]
®
' o AG2 120 °C this study
- o X, ., 120°C[9]
.. ’
0 Y T X T Y T T T y 1
0 100 200 300 400 500

Time, min
Fig. 7. Comparison of the experimental and simulated data.
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An additional experiment was performed to check whether leaching of the
active phase from aerogel catalyst occurred. The activated catalyst was placed in
contact with methanol for 2 h at 120 °C, filtered to remove the solids and then the
vegetable oil was placed in contact with the clear methanol solution. The yield of
FAME was 43.9 %, after 2 h at 120 °C, indicating that leaching of some amount
of active phase had occurred.

The amount of leached potassium carbonate in methanol was measured and
the results are shown in Table I11. The potassium content at higher temperature is
quite high, as expected — 210 mg/l when 120 °C was reached and 390 mg/I after
2 hat 120 °C, confirming that at this temperature the aerogel used in the reaction
of triglyceride methanolysis showed activity which could be mainly contributed
to the effect of homogeneous—heterogeneous catalyst. However, at temperatures
below 100 °C, the leaching of potassium species was negligible with only 7 mg/l.
This fact is very important because a high yield could be also achieved at 80 °C
but after a longer time of reaction (Fig. 5). Finally, according to these investiga-
tions, it can be concluded that at lower temperatures, 100 °C or below, the pre-
pared aerogel catalyst acted as a heterogeneous one.

Tablel1l. Determined amount of K in methanol at different temperatures

Temperature, °C K amount, mg/|

60 4

100 7

120 210

120 (after 2 h) 390
CONCLUSIONS

The experiments performed in this study showed that the synthesized aerogel
catalysts with potassium carbonate as the active component on an alumina/silica
support are very active in the methanolysis of sunflower oil. It was aso shown
that leaching of some amount of potassium species to the methanol phase during
FAME synthesis occurred when the reaction was performed at 120 °C, but when
the temperature was below 100 °C, the leaching was negligible and, thus, the ca-
talyst acts as a heterogeneous one under such conditions.

The analysis of different working conditions indicated that the temperature
of the reaction and methanol:oil molar ratio mainly affected the reaction rate of
methanolysis. Although at 120 °C with a methanol:oil molar ratio of 15:1 ayield
of over 92 % was achieved after 15 min, the performed investigation of the cata-
Iytic activity of KoCOsg/(alumina—silica support) showed that at lower tempera-
tures, a heterogeneously catalyzed methanolysis of triglycerides was possible and
that similar conversion of the triglycerides could be achieved but after a longer
reaction time.
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U3BOJ
CHUHTE3A BUOJU3EJIA KATAJIM30OBAHA ATYMOCHIIMKATHUM AEPOI'EJIOM CA K,CO3

WUBAHA JIYKIRY, JYTOCJIAB KPCTIR?, CAH/IPA TJINIIAR?, IVILIAH JOBAHOBUR? u IEJAH CKAJIA®

"Texnonowro—meimianypuru daxyaitieis, Kapnezujesa 4, 11000 Beozpao u ZI/IHcmmEym 30 XeMujy, WexHoA0ZUjy U
wmeitianypzujy, Llenitiap 3a kaitiaauay u xemujcko unxcersepciuso, Hjezowesa 12, 11000 Beozpad

V 0oBOM paly Karaau3aTop 3a CHHTEe3y MeTHJ ecrapa MacHuX kuceianHa (MEMK wnu Guo-
mmsen) ca KoCO3 Kao aKTHBHOM KOMIIOHEHTOM Ha aTyMOCHIIMKATHOM HOCAady CHHTETH30BaH je
COJ-TeNl METOJIOM HAaKOH 4Yera je JOOWjeHU Tel CyIIeH y3 MPUCYCTBO HATKPUTHYHOT YIJBEH JHOK-
cuna a 6u ce 100M0 aeporeil. 3a KapaKTepH3alljy CHHTETU30BAaHUX KaTajau3aTopa KopuiuheHe cy
metone XRD, FTIR u Ny dusucoprnuuja Ha 77 K 1 kataiu3aTopu Cy TECTUPaHH Y PEAKIIUjH METa-
HOJIN3e CYHIIOKpPETOBOT yJba. KaTtanmsaTop je TecTHpaH y peaklfju METaHOJH3€ CYHIIEKPOTOBOT
yipa u cuaresn MEMK. Mcnuran je yTunaj pasinguTix ImapamMerapa Kao IITO Cy BpeMe, TeMIepa-
Typa U MOJIapHH OAHOC MeTaHoN.yJbe Ha mpuHoc MEMK. Aeporen karammzatop ca K>COjz kao
aKTHBHOM KOMITOHEHTOM Ha aTyMOCWJIMKaTHOM HOCady MOKa3ao je Ho0py KaTaJuTHYKy aKTHBHOCT
Y PeaKi1jd METaHOJIM3€ CYHIIOKPETOBOT yJba. M3imykHBame KalMjyMa y KOHTAKTy ca METaHOJIOM
Ha paJHUM YCJIOBUMa METAHOJIM3€ TaKolje je TECTHpaHO y OBOM paiy, Mmokasyjyhu a oHo moctoju
Ha BUIIHMM TeMIlepaTypama, JI0K je Ha HIKUM 3aHeMapJbUBO.

(Mpumubero 7. jyma 2009, pepuaupano 1. Gpebpyapa 2010)
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Abstract: A sample preparation method based on the simultaneous microwave-
assisted extraction—esterification (SMAEE) was developed for the determi-
nation of the fatty acid composition of foodstuffs by gas chromatography—mass
spectrometry. The proposed sample preparation method was validated by com-
parison with the reference Soxhlet extraction method followed by derivati-
sation by ester formation and the same determination step. The fatty acid com-
positions and the extraction efficiencies obtained using the proposed SMAEE
method and the reference method were statistically similar. The results showed
that compared to the conventional method, the SMAEE method offered the ad-
vantages of short sample preparation time, low consumption of expensive or-
ganic solvents and lower energy consumption. This good agreement between
results provided by both the SMAEE and the reference method demonstrates
the usefulness of the former as a routine method for the treatment of food
samples prior to trans fatty analysis.

Keywords:. trans fatty acids; microwave-assisted extraction—esterification; gas
chromatography; mass spectrometry; foodstuffs.

INTRODUCTION

The determination of fatty acid profilesis a basic requirement in the testing
of food material as a response to the demand of consumers for improved fat qua-
lity in food.1 Moreover, interest in dietary fat has grown in the last years due to
trans fatty acids (TFA), which are produced in the hydrogenation process that so-
lidifies liquid oils.2 Their consumption has been associated with an increase in
serum cholesterol levels and the risk of cardiovascular heart diseases. Parallel to
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this, other researchers have reported that trans fatty acids decrease the serum le-
vels of the high-density lipoprotein cholesterol .35

These concerns moved Food and Agriculture, and the World Health Orga-
nization to recommend that fats for human consumption should contain less than
4 % of the total fats as trans and urged the food industry to reduce the presence
of trans fats in their products to these levels. The Food and Drug Administration
also decreed that by 1 January, 2006, manufacturers must itemize the trans fats
category separately from the tota fat listing. For this purpose, the FDA and Health
Canada proposed food-labelling rules that require the amount of trans fat per
serving to be given. Specifically, products that contain >0.5 g per serving would
have the asterisked footnote, “* Includes — g trans fat”.6 Thisis also a concern in
Europe, as demonstrated by the Danish legislation that established a lower con-
tent of these lipids, < 2 % (w/w), and the genera trend in the EU to include the
content of trans fatty acids on the label as a quality index.”

Methods employed to analyse the TFA in foods of natural origin or formed
during the processing of fats and oils are of two types. Methods based on infrared
spectroscopy only measure the total amount of TFA in asample, while separation
of the different isomers containing one or more double bonds may be achieved
only using methods based on gas liquid chromatography (GLC) or high perfor-
mance liquid chromatography (HPLC). Currently, capillary gas chromatography,
with flame ionization (FID) or mass spectroscopy (MS) detectors, is the most ap-
propriate technique for quantifying the composition of fatty acids, including trans
fatty acids.® This separation technique requires the analyte to be volatile, so
transesterification to fatty acid methyl esters (FAMES) is usually performed.

In genera, the analytical procedure for the determination of oils or fats from
food products comprises three steps: extraction of the fat, esterification and GC
analysis. Whereas the last step is completed in 30 to 60 min, extraction takes at
least several hours. It is frequently realized by the Soxhlet extraction method,
based on iterative percolation of fresh solvent, generally n-hexane.® After the ex-
traction, most of the solvent is removed in a vacuum rotary evaporator. Much work
has been performed to improve the Soxhlet extraction to decrease the operation
time and solvent use, and to eliminate the need for evaporation and concentration
at the end of the extraction.10

Microwave-assisted extraction (MAE) is a relatively novel method of ex-
tracting soluble products into a fluid from a wide range of materials using mic-
rowave energy. MAE provides a technique whereby compounds can be extracted
selectively and in a shorter time compared to those required for conventional ex-
traction methods.1! MAE supports sustainable development as it consumes less
energy than convectional extraction processes while providing in many instance
for areduction in wastes.12 Liquid-phase MAE is based on the ability of a matrix
to absorb microwave energy. This varies with the chemical nature of the species
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DETERMINATION OF trans FATTY ACIDS 805

being exposed to the microwave irradiation. Under MAE conditions, solvents are
chosen for their ability to dissolve the target compound and their relative transpa-
rency to microwaves. Chemical substances absorb microwave energy at different
levels. The parameter generally used as a measure of this physical property isthe
dielectric constant. Liquid-phase extraction using microwave energy is based on
the fact that is possible to immerse the matrix to be extracted in a solvent that is
characterized by a small dielectric constant and that is relatively transparent to
microwaves.13 The application of microwave energy as a heat source causes se-
lective heating of the matrix over the extractant. The high, localized temperature
and increase in pressure cause a selective migration of target compounds from
the material to the solvent at a faster rate and with a similar or better recovery
compared with conventional extraction methods.12

Recently, much attention has been given to the application of microwave di-
electric heating in analytical chemistry because of the reduced analysistime, sim-
plified manipulation and higher purity of the final product. Severa classes of com-
pounds, such as fats and oils, essential oils, aromas, pesticides, phenols, dioxins
and other organic compounds, have been efficiently extracted from a variety of
matrices (mainly soils, sediments, animal tissues, food or plant materials).14

The propose of this research was the development of an analytical method
for the fast extraction of fat from food with simultaneous derivatisation to FAMES,
based on the use of auxiliary energies, without extract alterations and indepen-
dent identification—quantification of fatty acids using GC-MS, including the trans
compounds. Simultaneous microwave-assisted extraction—esterification was used
and the abtained results were compared with those of the Soxhlet reference me-
thod in order to demonstrate the advantages of the proposed analysis for trans
fatty acids. On the other hand, GC-MS alows more accurate peak identification
to be achieved, fulfils present and future necessities and provides information in
relation to the quality of fat used for food elaboration.

EXPERIMENTAL
Instruments

Microwave-assisted extraction was performed in a modified LG 800 W household mic-
rowave oven (China) equipped with solvent-extraction equipment. The household microwave
oven had to be modified in order to enable connection of an upright reflux condenser located
outside the oven with the extraction flask located inside the oven. A hole of 30 mm diameter
was drilled at the oven top and 80 mm of the bottom end of an Allihn condenser was passed
through the hole and connected to the extraction vessel located in the microwave irradiation
zone. Tap water was used as the cooling fluid. A Petri dish (external dimensions: 190 mm
diameter, 45 mm high) was placed upside down instead of a rotation plate in order to €li-
minate rotation of the extraction vessel coupled with condenser during the microwave-assisted
extraction process. Polystyrene positioned on the Petri dish was used as a holder for the ex-
traction flask.
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A rotary-evaporator (Rotavapor-R, Biichi) was used to evaporate the solvent after
Soxhlet extraction.

A Hewlett-Packard HP 5890 gas chromatograph coupled to a HP 5971A quadrupole
mass spectrometer equipped with an SP-2560 fused silica capillary column (100 mx0.25 mm,
0.20 um) coated with highly polar biscyanopropyl polysiloxane liquid phase, provided by
Supelco (Bellefonte, PA, USA), was used for the specific analysis of the trans fatty acids in
the extracts.

Reagents and samples

A multi-standard from Supelco (Cat. No. 47885-U, Bellefonte, PA, USA) containing the
methy| esters of 37 fatty acids was used to confirm the retention times and mass spectra for
peak identification, as well as to confirm that the peak areas reflected the actual composition
of these mixtures. The reagents used were methanol, potassium hydroxide, hydrochloric acid
and n-hexane. All reagents were of analytical grade purity.

Eleven food items, all commercial, were used in this study. The samples included dif-
ferent bakery and confectionary products, such as caramel, crackers, chocolates, croissant
with filling, cookies and biscuits, as these products mainly contain trans fats.

Procedures

All the steps involved in the overall analysis, namely, extraction, derivatisation and se-
paration/determination, are described in this section. In all instances, three replicates were
made for each sample.

Soxhlet extraction reference method.1> A homogenized sample (5 g) was weighed into a
cellulose extraction cartridge and the Soxhlet apparatus containing the cartridge was fitted to a
distillation flask containing 150 ml of n-hexane and a few anti-bumping granules. The sam-
ples were extracted for 220 min (3040 cycleg/h). After extraction, the solvent was removed
using avacuum rotary evaporator. The total time required was approximately 4 h.

Microwave-assisted extraction. A sample (1.5 g) and 5 ml of n-hexane were placed into
the extraction flask placed in the microwave oven equipped with an Allihn condenser and
irradiated for 5 min at a fixed power of 800 W. After phase separation, a 2.4 cm? aliquot of
the extract was taken for further preparation of the fatty acid methyl esters.

Smultaneous microwave-assisted extraction—esterification. A sample (1.5 g), 5 ml of
n-hexane and 1.2 ml of 2.0 mol/dm3 methanolic potassium hydroxide solution were placed
into the extraction flask placed in the microwave oven furnished with an Allihn condenser.
After leaching (5 min of microwave irradiation at 800 W), 2.4 ml of 1.0 mol/dm3 HCl was
added and gently stirred. After phase separation, the upper phase containing the fatty acid
methy! esters was decanted off and finally a 1.0 ul aliquot was used for GC-MS analysis. The
total time required was approximately 15 min.

Preparation of fatty acid methyl esters. After Soxhlet extraction, approximately 150 mg
of fat extract was put into a test tube and dissolved in 2.4 cmd of n-hexane, while after mic-
rowave-assisted extraction, an aliquot of 2.4 cm® of n-hexane phase was taken. Further, the
extracts were treated in the same way. An aiquot (0.60 cm3) of 2.0 mol/dm3 methanolic KOH
solution was added. The tube was capped and vigorously shaken for 20 s and allowed to boil
for one minute in water bath at 70 °C. After 20 s of shaking, 1.2 cm3 of 1.0 mol/dm?3 HCI was
added and gently stirred. After phase separation, 3 cm? of n-hexane was added and the upper
phase containing the fatty acid methyl esters was decanted and dissolved in n-hexane to 5.0
cm?. Finally, 1.0 pl of the thus-obtained solution was injected into the GC-MS.
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DETERMINATION OF trans FATTY ACIDS 807

Gas chromatography—mass spectrometry analyses

Helium at a constant flow rate of 0.58 cm3/min was used as carrier gas for the GC-MS
analysis of the FAME extracts. The following temperature program was used: injector tem-
perature 230 °C, initial column temperature 100 °C (held 5 min), temperature ramp 10 °C/min
to 240 °C and held at this temperature for 10 min. The total run time was 30 min. The in-
jection was performed manually, volume 1.0 ul, with a split ratio 1:80.

The mass spectrometer was operated in the electron ionization mode with a quadrupole
temperature of 180 °C. Data acquisition was realised in the scan mode (range 40400 m/z).
The instrument was tuned daily by operating the software programs (Autotune) using per-
fluorotributylamine (PFTBA) as the calibration substance. Mass spectrometer parameters
were adjusted so that the masses 69, 219, and 502 and their respective isotopes met the target
mass — intensity criteria.

The fatty acids were identified by comparing their retention times and mass spectral data
to the mass spectral data obtained by analysis of standard fatty acid methyl esters solution
under the same conditions. A commercial database of mass spectra“Wiley” was also used.

The response factor, mean of five injection of the standard solution for each fatty acid
methyl ester present in the calibration standard solution, was calculated related to palmitic
acid according to Eq. (1):

_ My, Aso
Mg
where my; is the mass % of FAME; in the calibration standard solution; Ay the peak area of
16:0 in the calibration standard solution chromatogram; mye.q the mass % of 16:0 in the ca-
libration standard solution; Ag; the peak area of FAME; in the calibration standard solution.

The content of each fatty acid expressed by mass percentage was calculated according to
relation (2):

R D

100ﬂ 2
2RA
where R, is the response factor for each fatty acid and A; the peak area of the fatty acid methyl
ester in the sample solution.

RESULTS AND DISCUSSION

Different microwave-assisted extraction methods have already been pro-
posed for the extraction of the total fat content from a variety matrices, such as
food,%14 cocoa powder and cocoa nibs,11 seedsl® and poultry feeds.1’ MAE has
also been suggested for the determination of the fatty acids profile.”.818,19
However, the applicability of the ssimultaneous microwave-assisted extraction—es-
terification method for the determination of the fatty acids profile with emphasis
on transfatty acids has not been demonstrated.

Optimization of simultaneous microwave-assisted extracti on—esterification

When two-step methods are studied, it is difficult to separate the extraction
and esterification effects. For this reason, microwave-assisted extraction followed
by esterification was compared with classical Soxhlet extraction followed by es-
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terification in terms of extraction efficiency. The main factors affecting micro-
wave-assisted extraction in open vessel systems are: solvent nature, extraction
time and microwave power. The choice of solvent for MAE is dictated by the
solubility of the target analyte, by the interaction between the solvent and matrix,
and finally by the microwave absorbing properties of the solvent.20 Another im-
portant aspect is compatibility of the extracting solvent with further chroma-
tographic analytical steps.21

The effect of microwave energy is strongly dependent on the nature of both
the solvent and the solid matrix. Solvents generally used cover a wide range of
polarities, from heptane to water. The microwave-assisted extraction process may
occur by a number of mechanisms: the sample could be immersed in a single
solvent or mixture of solvents that strongly absorb the microwave energy (me-
chanism I); the sample could be extracted in a combined solvent containing sol-
vents with both high and low dielectric losses mixed in various proportions (me-
chanism I1); samples that have a high dielectric loss (e.g., with a high water con-
tent) can be extracted with a microwave transparent solvent (mechanism 111).22

It was demonstrated that lipid extraction is highly dependent on the solvent
used and, consequently, the choice of solvent is one of the most critical decision
in the determination of fat.16 Thus, the solvent used in all the extraction methods
was that proposed in the 1SO method, i.e., n-hexane.23 Considering the fact that
the main goal of this study was the development of afast sample preparation me-
thod for the determination of the fatty acid composition of foodstuffs by GC-MS,
the use of more polar solvents in the microwave-assisted extraction was rejected
to avoid differences between the compositions of the extracts and solvent ex-
change before derivatisation or the chromatographic step.

Most times, the chosen solvent for microwave-assisted extraction possesses
a high dielectric constant and strongly absorbs microwave energy, however, the
extracting selectivity and the ability of the medium to interact with microwaves
can be modulated by the use of a mixture of solvents. In some cases, as in this
study, the matrix itself interacts with the microwaves while the surrounding sol-
vent possesses a low dielectric constant and thus remains cold. This is possible
since the microwaves interact selectively with the polar water molecules natu-
raly present in foodstuffs. Localized heating leads to the expansion and rupture
of the cells, causing a rapid and selective expulsion of the fat into the relatively
cool surrounding solvent that solubilises it rapidly. With samples having a high
dielectric loss, efficient extractions can be performed using pure, microwave-
-transparent solvents (mechanism 111).22

In order to avoid extract evaporation before the derivatisation step, factors
such as the amount of solvent in contact with the sample when the microwave ir-
radiation is applied and the amount of sample were fixed to constant values. The
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DETERMINATION OF trans FATTY ACIDS 809

amounts of sample and solvent were calculated in relation to the fat content;
hence, the extract contained approximately 150 mg per 2.4 ml n-hexane.

Microwave power and irradiation time are two factors that influence each
other greatly. Preliminary experiments showed that efficient extraction could not
be achieved if the MAE process was stopped before the commencement of rapid
boiling of the extraction mixture. The microwave-assisted extraction process was
performed with the irradiation power set at 160 (minimum level), 480, 640 and
800 W (maximum level), whereby rapid boiling of the reaction mixture began at
12, 6, 4 and 1.5 min, respectively. In order to achieve an efficient extraction in
the shortest possible time, the maximal microwave power (800 W) was selected
as the optimal and used for subsequent experiments. The extraction time was
changed from 2 to 12 min, in order to determine the optimal time. The results
(Fig. 1) indicate that amount of fat extracted initially increased with increasing
extraction time, but that a plateau was reached after 5 min, the four longer ex-
tractions gave similar analytical signal.

4.5 4
4.0 4
3.5 4
3.0 4
2.5 4
2.0 4
1.5 4
1.0
0.5 4

nn
Vv

Abundance / 10°

0 2 4 6 8 10 12 14

1 / min
Fig. 1. The dependence of average analytical signal on the extraction time.

In view of these results, 5 min was selected as the optimal extraction time
and used for further experiments. The accepted optimal working conditions were
those described under “ microwave-assisted extraction” and “simultaneous micro-
wave-assi sted extraction—esterification”.

Comparison of the composition of the extract obtained by the different method

The optimal working conditions obtained for the proposed method were ap-
plied for al samples under study and the results compared with those provided
by the reference Soxhlet method in terms of extraction efficiency. The average
extraction efficiencies obtained by the three methods provided by each analyte
aregivenin Tables| and Il (Supplementary material).
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A two-tailed t-test was used to compare the means of related (paired) sam-
ples in order to evaluate if microwave-assisted extraction followed by esterifi-
cation and simultaneous microwave-assisted extraction—esterification yielded si-
milar results as Soxhlet method at the 95 % confidence level. The null hypothesis
was that both methods yielded the same results or, in other words, that the ob-
served differences between the Soxhlet and the MAE or SMAEE methods were
not significant. The calculated t-values were compared with the theoretical value
a a = 0.05 and suitable degrees of freedom. As the calculated values were small-
er than the theoretical value, the null hypothesis was accepted. This means that at
the chosen significance level, the differences between the values obtained for the
different fatty acids were within experimental error. Particularly, the standard de-
viation for all compounds ranged between 0.00 and 1.80, see Tables | and II. As
can be seen, similar extraction efficiencies were provided by both the proposed
simultaneous microwave-assisted extraction-esterification method and the Soxh-
let reference method. Furthermore, the similar extraction efficiency of trans com-
pound indicates that aterations of the double bonds did not occur. The advan-
tages of SMAEE vs. Soxhlet extraction (Table 111), such as: a drastic reduction of
both the procedure time and sample handling, 15 min vs. 4 h, and the smaller
amount of organic solvent required, make the SMAEE method an dternative
with reliable possibilities for replacing the Soxhlet method in routine analysis in
view of the imminent policy of mandatory characterisation of the fat content in
foodstuffs.

TABLE I11. Comparison of the optimal conditions of the simultaneous microwave-assisted ex-
traction—esterification (SMAEE) method with the Soxhlet reference method

Condition Soxhlet extraction SMAEE
Solvent volume, ml 150 5
Total time, min 240 15
Special Extraction 220 min (3040 cycleg/h); solvent -

evaporation: 10 min; FAMESs preparation: 10 min

CONCLUSIONS

Fatty acid analysis, with special emphasis on TFA, was performed on eleven
food samples using a very fast and effective sample preparation method — simul-
taneous microwave-assisted extraction—esterification. The proposed method was
compared with the reference method — Soxhlet extraction followed by esterifi-
cation. Gas chromatography—mass spectrometry was used for individual separa-
tion and detection. Similar extraction efficiencies were provided by both the pro-
posed SMAEE method and the Soxhlet reference method. The fatty acid compo-
sition obtained by the use of the simultaneous microwave-assisted extraction—es-
terification method and the Soxhlet reference method can be regarded as statis-
tically equivalent. The SMAEE method provides a substantial reduction in the
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sample preparation time (from approximately 15 min to 4 h) with a minimal sol-
vent requirement relative to Soxhlet extraction followed by derivatisation.

The results of this study suggest that the presented SMAEE method could be
appropriate for routine quality control analysis of fatsin food products.

SUPPLEMENTARY MATERIAL

The average extraction efficiencies obtained by the three methods (Tables | and 11) are
available electronically from http://www.shd.org.rJJSCS or from the corresponding author
on request.
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M3BOJ

OJPEBUBAE trans MACHUX KHCEJIMHA Y IIPEXPAMBEHUM ITPOU3BOAVMA
TACHOM XPOMATOI'PAONJOM-MACEHOM CIIEKTPOMETPUJOM HAKOH
HNCTOBPEMEHE MUKPOTAJIACHE EKCTPAKIIMJE 1 ECTEPUOUKALINIE

CHEXXAHA KPABUR!, 3BOHUMUP CYTYPOBUR?, JAPOCJIABA ILIBAPI-TAJUR?,
30PULIA CTOJAHOBUR® 1 MUPA TTYLIAPEBUR?

! Yuueepauitieiti y Hosom Cady, Texnoaowrku pakyaitieiti, KaitieOpa 3a iipumerbere u UHMcerepcKe Xemiije,
Byaesap yapa Jlazapa 1, 21000 Hosu Cao u ’EDUCONS Ynusepsuitieid, Dakyattieii 3a 3aUHUTLY
JHusoitine cpedure, Bojsooe Iyitinuxa 66, 21202 Cpemcka Kamenuya

V OKBHpY OBOTI pajia pa3BHjeHa je MEeTO/ia 3a PHUIIPEMY y30paKa y by oapehuBama cacrapa
MAacCHUX KHCEJIMHA y MpeXpaMOCHUM MPOHM3BOJMMA FaCHOM XpOMaTOrpadijoM—MaceHOM CIICKTPO-
METPHjOM 3aCHOBAHA HA HCTOBPEMEHO] MHUKPOTATACHO] eKcTpakiuju u ectepuuranuju (SMAEE).
Banunanuja Merone je u3BeaeHa mnopelemeM ca pesyiaraTima A0OMjeHHMM TacHOM XpoMarorpa-
(bujoM—MaceHOM CIIEKTPOMETPHjOM HakKoH ekcrparmje mo Soxhlet-y u mepuBarusaimje MacHuX
KHCEJIMHA Y METWJIECTpe MacHHUX KucenuHa. Pesynraté noOHjeHHM NMPUMEHOM IpeIUIoKEeHe U pe-
(bepeHTHE MeToe OMIIM Cy CTATHCTHYKH MUCTH, KaKo y IOTJIey cacTaBa MaCHHX KHCEJIMHA, TaKo H
edukacHOCTH ekcTpakuuje. Pesynratu cy nokaszanu na cy npexnoctn SMAEE y oxHOocy Ha KOH-
BELIMOHAIHY MeTOAy cienehn: KpaTko BpeMe MpHIpeMe y30pKa, X CaMHM THM Mamba MOTPOIIba
SHepryje, Kao M ynorpeba Malux KOJMYMHA CKYIIMX OPraHCKHX pacTBapada. JoOpo cnarame pe-
3yJITata JOOUjeHUX TPUMEHOM peepeHTHE U METO/Ie 3aCHOBAaHE Ha HCTOBPEMEHO] MUKPOTAIACHO)]
SKCTpakiiju U ectepudukaimju nokasyje na o6u ce SMAEE morna nmpuMeHUTH Kao pyTHHCKA
MeTozia 3a IPHIPEMy y30paka IpexpaMOCeHHX MpOW3BoJIa Yy LJby oipehuBama trans macHHX
KHCEIIMHA.

(Ipumsbeno 17. jyma 2009, pesnaupano 15. Gpebpyapa 2010)
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The use of tristimulus colorimetry for the deter mination of
hydrogen cyanidein air by a modified Konig method

VLADIMIR PITSCHMANNY*, [IVANA TUSAROVA?, EMIL HALAMEK?
and ZBYNEK KOBLIHA?2
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University of Defence, Kounicova 65, 612 00 Brno, Czech Republic
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Abstract: A simple visual and tristimulus colorimetric method (three-dimensio-
nal system CIE-L*a*b*) for the determination of trace amounts of hydrogen
cyanide in air has been developed. The method is based on the suction of hyd-
rogen cyanide through a chlorinating cartridge where cyanogen chloride isformed,
which is further driven to an indicator disc made of a modified cotton fabric.
This indicator disc is placed into an adapter. Prior to analysis, the disc is satu-
rated with a chromogenic reagent, a solution of 5,5-dimethyl-1,3-cyclohexane-
dione (dimedone) and 4-benzylpyridine in ethanol. In the presence of hydrogen
cyanide (cyanogen chloride), a pink coloration emerges on the indicator disc,
the intensity of which is evaluated either visualy or by use of atristimulus co-
lorimeter. The detection limit is 0.1 mg m3. The method is mainly suitable for
mobile field analyses. It was applied for the CHP-5 chemical agent detector in-
troduced into the equipment of the Czech Army corps.

Keywords. atmosphere analysis; hydrogen cyanide; cyanogen chloride; 4-ben-
zylpyridine; dimedone; tristimulus colorimetry.

INTRODUCTION

Hydrogen cyanide (HCN), with an accent to its structural simplicity, ranks
among the very important and remarkable chemicals. It is abundant in nature as a
part of plant cyanogenic hetero-glycosides. It is essential in organic cyano che-
mistry, as an effective pesticide in agriculture, in gold and precious metal mining,
or in galvanotechnology. It is formed when various materials, mainly synthetic
polymeric materials, burn. In the past, it was produced and used as a chemical
weapon and misused as a technical instrument of genocide. Its possible role in
chemical terrorism has also been a point of discussion for along time. Given the
relative availability and high toxicity of HCN, it is not surprising that extraor-

* Corresponding author. E-mail: pitschmann@oritest.cz
doi: 10.2298/JSC090521046P
813
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814 PITSCHMANN et al.

dinary attention is dedicated to its analysis throughout the world. So much the
more that from the view of how quickly its effects commence to appear, it pre-
sents an unequalled poison inhalation hazard.1 The exposure limit for HCN has
been determined and recommended by the Nationa Institute for Occupational
Safety and Health (NIOSH) as 5 mg m3,

The bibliography concerning the analysis of HCN and cyanides is extremely
extensive. It comprises a large number of publications dedicated to methods of
classic volumetric analysis, electrometric and electrochemical methods, separa-
tion methods with an emphasis on chromatographic or optical methods such as
spectrophotometry and luminescent analysis. In addition to instrumentally de-
manding methods, simple methods and means of chemical analysis are also used,
which are generally based on an appropriate colour reaction. These on-site ana-
lysis methods include, e.g., detection papers, testing strips, tablets, powder, chalks,
or detection tubes.23 The predisposition of HCN dispositions to all kinds of co-
lour reactions is well known and frequently used in practice for air analysis. Evi-
dently, the most widespread is the highly sensitive and selective method of HCN
conversion to halogencyans, which react with pyridine and its derivatives to form
glutacon dialdehyde, which condenses with a series of amines and substances
containing active hydrogen as a passive component to give polymethine dyes.4
This Kdnig reaction was employed for HCN detection in air in numerous modi-
fications, e.g., for sensitive detection crayons® or tubes.® Other methods are
based on the reaction of HCN with Cu2* and aromatic amines,” sodium picrate,8
p-nitrobenzaldehyde,® ninhydrin,10 aromatic disulphides,11 and on other reac-
tions.

In this paper, a simple and sensitive method for the determination of HCN in
the air using tristimulus colorimetry is reported. The method has recently also
found application in industry for controlling surface quality and in analytical che-
mistry.1213 Previously, tristimulus colorimetry was applied in the development
of simple methods for the determination of chloring14 sulphur dioxide,1® form-
aldehydel® and diphosgene.l’” The new method devised for the HCN determi-
nation consists in the conversion of HCN to cyanogen chloride (CICN), which re-
acts with modified Konig reagent (4-benzylpyridine, dimedone) to give the cor-
responding polymethine dye (Fig. 1). The conversion to CICN occursin a chlori-
nating cartridge. The reaction with a chromogenic agent occurs on the indicator
disc inserted into an adapter. After taking an air sample, a characteristic colo-
ration emerges on the disc, the intensity of which is measured using a tristimulus
colorimeter or assessed visually.

EXPERIMENTAL
Chemicals and equipment

Potassium cyanide p.a. (Lachema, Czech Republic) served as a standard. Dimedone, or
5,5-dimethyl-1,3-cyclohexanedione, 4-benzylpyridine (both Sigma-Aldrich) and absolute etha-
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DETERMINATION OF HYDROGEN CYANIDE IN AIR 815

nol (Riedel de Haen) were used for the preparation of the chromogenic reagent. The basic
variant of the chromogenic reagent contained 1.5 g of 5,5-dimethyl-1,3-cyclohexanedione and
10 ml of 4-benzylpyridine in 100 ml of ethanol solution.

Cl, + HCN —> CICN + HCI

— @/ S}
CICN _
Ao D

4-benzylpyridine

@ —_—
CN—NC>—CH2—© +C % 2 H,0 —» O=CH—CH=C—CH=CH—OH + H,NCN
N/ -HC! o
2

[0}
CH3
O=CH—CH=C|)—CH=CH—OH + 2
CHp CHs
(6]
dimedone - 2H,0

O HO
Hs;C CHs
CH—CH=C~CH=CH
H3C CH, CH3
¢} e}

Fig. 1. Mechanism of the analytical reaction.18

HCN samples were prepared in a test chamber of 712 dm? volume, equipped with a ther-
mostat (Lamon, Czech Republic). HCN samples were taken using an XDS-10C vacuum pump
(BOC Edwards, Great Britain) with an attached flow meter and a CHP-5 chemica agent de-
tector equipped with an electric pump (Oritest, Czech Republic). A portable tristimulus colori-
meter LMG-173 (Lange, Germany) was used to measure the coloration intensity. A Helios-a
UV /Vis spectrophotometer (Hermo Electron, Great Britain) was used to measure the colour-
ing of solutions (HCN concentration control).

Preparation of the indicator disc

The fabric based on a web of cotton threads 0.31-0.33 mm thick was used for the indi-
cator disc. This cotton fabric was impregnated with a solution containing 0.30 g of
NaB40;-10 H,0, 0.45 g of H3BO,, 0.1 g of NaCl, 2.5 g of silica gel (fraction up to 5 um),
and 3.0 g of dextran per 100 ml of water. The impregnated fabric was dried freely in the air.
Drying was completed in a desiccator above solid sodium hydroxide. After drying, it was for-
med in a shape of circle with 45 mm in diameter.
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816 PITSCHMANN et al.

Preparation of the chlorinating cartridge

The chlorinating cartridge contained activated silica gel (purified with hydrochloric acid
and dried at 150 °C), which was impregnated with an aqueous solution of 5 % sodium carbo-
nate and 2 % monochloramine B. 100 ml of solution was used for 100 g of silica gel. After
impregnation, the charge was dried at 80 °C to constant weight. The thus prepared charge was
poured into glass tubing with an inner diameter of 5 mm and anchored against motion by po-
lyethylene distributing pieces. The standard length of the layer was 10 mm. The chlorinating
cartridge was hermetically sealed to permit long-term storage.

Sample preparation

Various concentrations of HCN were prepared in a test chamber by heating potassium
cyanide solution acidified with H3PO,4. The actual HCN concentration was determined by a
spectrophotometric method. The HCN vapours were pumped from the test chamber by vacu-
um pump at a rate of 1.0 dm® min'! and absorbed for a period of 10 min in an absorption
apparatus containing 10 ml of 0.10 M NaOH. To 1ml of absorption solution with HCN, 1.0 ml
of HCI, 1.0 ml of chromogenic reagent (1 % barbituric acid in a mixture pyridine-water 10:90),
and 0.5 ml of 0.10 % calcium hypochlorite were added and made up to 5 ml with water. After
30 min, the absorbancy of the solution was measured at 581 nm.

The HCN determination procedure by the devised method

The indicator disc was inserted into an adapter with a supply hose connected to the chlo-
rinating cartridge and a device for regulated intake of air. 50 pl of the chromogenic reagent
was dosed to the middle of the indicator disc. Then contaminated air was sucked through the
system (at a defined flow rate and suction time). After the sampling, the intensity of the colour
stain of about 20 mm in diameter was assessed both visually and using a tristimulus colorime-
ter. The apparatus for the determination of the HCN concentration in the air using the CHP-5
chemical agent detector (electrical pump) is shown in Fig. 2.

Fig. 2. Apparatus photo: CHP-5 with indicator disc and adapter (a); CHP-5 with indicator
disc, chlorinating cartridge and adapter (b).

Tristimulus colorimetry

Tristimulus colorimetry is a type of reflectance colorimetry (spectrophotometry) based
on the CIE-L*a*b* colour system.2! In this system, L* represents the neutral axis of bright-
ness, a* is the chromatic green—red axis (+a* red, —a* green) and b* is the chromatic blue—
—yellow axis (+b* yellow, —b* blue). In practice, the colour difference, AE, isalso used, which
is defined by the equation:
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DETERMINATION OF HYDROGEN CYANIDE IN AIR 817

AE =[(AL*)2 + (Aa*)2 + (Ab*)?2| 12
where AL*, Aa*, and Ab* are the differences between the obtained values of L*, a* and b* for
the standard and for the controlled colours. All these parameters can be used as analytical sig-
nals, which enable the course of a colour chemical reaction to be quantified. The colour differ-
rences (AE) can also be assessed according to Table.

TABLE |. Evaluation of colour differences (AE) — utilisation in the polygraphic industry

Difference AE Visual assessment of colour difference
Below 0.2 Unperceivable

0.2-05 Very dight

0.5-1.5 Slight

15-3.0 Distinct

3.0-6.0 Very distinct

6.0-12.0 Strong

Above 12.0 Very strong

RESULTS AND DISCUSSION
Colour stability
The passage of HCN-contaminated air practically instantaneously induces a
pink coloration on the cotton disc, which can be characterised by a reflection cur-
ve (Fig. 3). After the sampling, this coloration remains relatively stable for 10
min minimally. The development of all components of the colour system (para-
meters AE, AL*, Aa* and Ab*) for this period are documented in TableIl.

65
63:
o1 |
59:
57:

R/%

55 |
53 |
51 |
ey
a7 b

45

350 450 550 650 750  Fig. 3. Dependence of the reflec-
A/nm tion factor R on the wavelength 4.

Effect of the sampling period

The intensity of stains coloration on the indicator disc is dependent on the
volume of the analysed sample (exposition time). The maximum values of the
AE, AL*, Aa* and Ab* parameters were obtained 2 min after air in-take; a longer
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818 PITSCHMANN et al.

exposition resulted in a weaker intensity of coloration. This decrease was caused
by oxidation effects of the atmospheric oxygen, drying of the indicator disc and
gradual exhaustion of the chlorinating cartridge. The dependence of the indivi-
dual parameters on the time of HCN samplein-takeisgivenin Tablelll.

TABLE I1. Colour stability — dependence of measured values on time (HCN sampling time: 1
min, flow rate: 1 dm3 mint, HCN concentration: 1.6 mg m3)

Time of measurement, min AE AL* Aa* Ab*

Immediately 4,79 0.72 3.97 -2.58
1 4.15 142 3.22 -2.21
2 4,09 1.58 3.07 -2.25
4 3.84 1.74 2.74 —2.05
6 3.73 1.94 2.50 —2.00
8 3.59 2.08 2.27 -1.84
10 3.53 2.25 2.08 -1.75

TABLE I11. Dependence on exposure time (of HCN sampling)

Time of sampling, min AE AL* Aa* Ab*

1 9.02 -4.91 6.69 -3.53
2 15.16 —6.89 12.08 —6.02
3 14.28 —6.72 11.56 -5.01
4 12.87 —6.39 10.11 —4.76

Effect of the sampling flow rate

The dependence of monitored parameters on the flow rate of contaminated
air isgiven in Table IV. It is evident that the values of the analytic signals de-
crease with increasing flow rate. This is probably caused by different periods of
contact of the sorption layer of the indicator disc with HCN.

TABLE IV. Dependence on air flow rate (HCN concentration: 1.6 mg mr3, suction time: 1 min)

Flow rate, dm® min* AE AL* Aa* Ab*

0.5 6.37 -0.07 5.17 -3.72
1.0 4.79 0.72 3.97 —2.58
2.0 4.52 0.18 3.92 —2.25
3.0 4.32 0.25 3.74 —2.16

Effect of reagent composition and chlorinating cartridge capacity

The dependence of colour response on the composition (concentration) of
chromogenic reagent is given in Table V. Any higher concentration of reagent
has a demonstrable effect on the potency to capture HCN on the indicator disc
and results in an increased sensitivity of the determination.

On the contrary, with higher capacity (length of layer) of the chlorinating
cartridge, the sensitivity of the HCN determination decreases as shown in Table
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DETERMINATION OF HYDROGEN CYANIDE IN AIR 819

V1. On the other hand, a higher capacity may result in a prolonged effective life
of the chlorinating cartridge and improved determination selectivity.

TABLE V. Dependence on reagent composition (A — basic variant reagent, see experimental
section, B —twice-diluted reagent, C — twice-concentrated reagent)

Reagent concentration AE AL* Aa* Ab*

A 4.79 0.72 397 —2.58
B 4.44 0.54 3.58 —2.58
C 8.90 4.50 8.84 —5.58

TABLE VI. Dependence on length of chlorinating cartridge

Cartridge length, mm AE AL* Aa* Ab*
10 12.52 —2.79 941 —1.77
20 12.46 -2.07 9.02 -8.35
40 8.16 —0.16 5.42 —6.10
Interference

The analytical method based on the conversion of HCN to CICN, which
gives a characteristically coloured polymethine dye with 4-benzylpyridine and
dimedone, is highly selective. Only CICN or BrCN gave results comparable to
those of HCN (Table VII). They can be distinguished from HCN performing the
detection without insertion of the chlorinating cartridge. Among other interfering
substances, a similar pink coloration is produced by phosgene oxime and nitro-
gen oxides, but at higher concentrations. Chloropicrin gives a yellow-orange co-
loration. The chemical composition of the chlorinating cartridge ensures the high
resistance of this method against the effects of acidic and akaline pollutants
(HCI, SO9, H5S, and NH3). Volatile aldehydes in higher concentrations reduce
the sensitivity of the HCN determination because they deplete the chlorinating
cartridge.

TABLE VII. Effect of diverse compounds on the detection of 0.40 mg m3 HCN

Compound Colour Tolerance limit (visually), mg m*
Cyanogen chloride Pink 0.4
Cyanogen bromide Pink 0.8
Phosgene oxime Pink 5
Chloropicrin Yellow 20
Nitrogen dioxide Pink 50
Hydrogen sulphide No colour 100
Ammonia No colour 100
Hydrogen chloride No colour 200
Sulphur dioxide No colour 200
Acetonitrile No colour 200
Benzaldehyde No colour 200
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820 PITSCHMANN et al.

Calibration graph

The calibration graph for the determination of HCN is shown in Fig. 4. The
HCN detection limit attained by the tristimulus colorimeter was 0.10 mg n=3.
For the visual method, the HCN detection limit (threshold perception) was 0.40
mg m3. For visual assessment, it is advisable to compare the intensity of the
colour stain with a reference standard representing a colour scale 0-10 mg m=3
with a0.2 mg m=3 resolution.

12 1 A
10
A
8 e
W A
61 A
A
4]
A Fig. 4. Cdlibration graph. Depen-

2 A dence of AE on HCN concentration

R (flow of 1.0 dm® minl, 1 min ex-
o dak , , , ; ., posure). Calibration line equation:

0 1 2 3 4 5 Y= 29249, R2 = 0.9971.

The reproducibility of test results for 0.10, 1.0 and 5.0 mg m—3 concentra-
tions show that the relative standard deviation of the response (AE) ranged from
12 t0 17 %.

Application

The elaborated visual and tristimulus colorimetric method for HCN determi-
nation can be applied to many different areas of field analysis — military, Indus-
trial disaster recovery, and environment control. The method was devised for ap-
plication of a CHP-5 chemical agent detector introduced into the equipment of
the Chemical Corps of the Czech Army (Fig. 2). The standard airflow rate through
this apparatus is 1.0 dm3 min—1, the suction time is 1 min. Results of HCN de-
termination by the proposed method and of a comparable method are presented in
Table VIII. When stored in hermetically sealed containers, the indicator disc can
be used for severa years. Solutions of the chromogenic reagents are stable; the
standard variant showed stability for at least 12 months. The effective life of a
closed chlorinating cartridge is several years. When opened, it can be used re-
peatedly until the charge is exhausted.

Using the devised tristimulus colorimetric method, trace concentrations of
HCN in the atmosphere can be proved. As shown in Table IX, the detection limit
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is comparable to, and even lower, than those of any known methods and tech-
nical means of HCN detection. The developed analysis procedure has universal
application, which means that it enables the application of other liquid chromo-
genic reagents to determine a whole range of toxic substancesin air.

TABLE VIII. Determination of HCN in air by the developed and a reported method (detector
tube, tristimulus col orimetry)®

HCN added HCN found by developed method HCN found by reported method
mg m* mg m* mg m*

12 0.9 1.0

2.4 21 2.2

3.6 32 33

4.8 4.3 4.5

TABLE IX. Comparison with technical means of HCN detection

Name Principle Detection limit, mgm~®  Ref.
M256, USA Indicator paper, colorimetry 9.0 19
HCN-2 Auer, Germany Detection tube, colorimetry 2.2 20
CMS Dréger, Germany Chip measurement system, 2.2 21
optical sensor
Indicator tape, Japan Reflectance spectrophotometry 0.2 7
Bruker A2, Germany Electrochemical sensor 50.0 19
RAID-1, Germany lon mobility spectrometry 22 19
(IMS)
Developed method Indicator disc, tristimulus 0.1 -
colorimetry
U3BO [

IMPUMEHA TPUCTUMYVYIJIYC KOJIOPUMEHTPUIJE 3A OJIPEBUBAILE
LIMJAHOBOJIOHUKA Y BA3YXY MOJU®UKOBAHOM KONIG METOJIOM

VLADIMIR PITSCHMANNY, IVANA TUSAROVA®, EMIL HALAMEK? n ZBYNEK KOBLIHA?

Toritest spol s.r.o., Saropramenna 17, 150 00 Praha 5 u 2NBC Defence Institute,
University of Defence, Kounicova 65, 612 00 Brno, Czech Republic

Pa3BujeHa je jeaHOCTaBHA TPHUCTHUMYIYC KOJIOPHMETPHjCKa MeToaa (TpOAMMEH3HOHATHH
cucrem CIE-L*a*b*) 3a onpeljuBarme 1jaHOBOIOHMKA Y Ba3ayXy. MeTosa ce 3aCHHUBA Ha CYKUHUjH
L[MjaHOBOJIOHHKA KPO3 XJIOPOBaHHU KEPTPHILl y KoMe ce (opMmupa IHLHjaH, KOjH Ce Jajbe CIPOBOAN
JI0 MH/IUKATOPCKOT JUCKa O MOAU(UKOBaHE MaMy4He TKaHHHE. VIHANKATOPCKH JMCK je CMEIITEH
y agantepy. Ilpe aHamm3e MTUCK ce 3aCHTH XPOMOTEHHM peareHcOM, pacTBopoM 5,5-aumernn-1,3-
-LUKJIOXCKCAHIUOHOM (IMMENOH) W 4-OCH3WINHPUAMHOM Y €TaHOTy. Y NPHCYCTBY AHMLHjaHa
HWHIMKATOPCKH AUCK ce 000ju JbyOMYacTo, a MHTCH3UTET 000jeha Ce MOXE MPOLEHHUTH OUIIo
BU3YEITHO OMJIO YIOTpeOOM TpHCTHUMYITyC KosiopumeTpuje. ['panuna nereknuje usnocu 0,1 mg m3,
MeToza je morojHa yriaBHOM 3a TEPEHCKE aHaJIn3e M Halllla je IPUMEHY 3a JCTCKIHjy XEMHUjCKOr
arerca CHP-5 y Bojcin Yenke PerryGimnke.

(MMpumsbeno 21. maja 2009, pesuanpano 18. mapra 2010)
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Tensiometric investigation of theinteraction and phase
separation in a polymer mixture—onic surfactant ternary system

JAROSLAV M. KATONA*, VERICA J. SOVILJ, LIDIJA B. PETROVIC
and NENAD Z. MUCIC

Faculty of Technology, University of Novi Sad, Bul. Cara Lazara 1, 21000 Novi Sad, Serbia
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Abstract: The interaction and phase separation in a ternary mixture composed
of hydroxypropyl methyl cellulose (HPMC), sodium carboxymethyl cellulose
(NaCMC), and sodium dodecylsulfate (SDS) were investigated by tensiometry.
Surface tension measurements of binary mixtures (0.7 % HPMC and 0.00-2.00
% SDS) and of ternary mixtures (0.7 % HPMC, 0.3 % NaCMC, and 0.00-2.00
% SDS) were performed. The measurements indicated interaction between HPMC
and SDS, which resulted in HPMC-SDS complex formation. The critical asso-
ciation concentration, CAC, and polymer saturation point, PSP, were determi-
ned. Phase separation of ternary HPMC/SDS/NaCM C mixtures occurs at SDS
concentration > CAC, i.e., when the HPMC-SDS complex is formed. The vo-
lume of the coacervate increases with increasing SDS concentration, and at SDS
concentrations > 1.00 %, the coacervate vanishes. The surface tensions (o) of
ternary HPMC/SDS/NaCMC mixtures in the pre-coacervation region and at the
onset of the coacervation region are similar to the ¢ of the corresponding binary
HPMC-SDS mixtures, while in the coacervation and post coacervation region,
they are close to the o of the corresponding SDS solutions.

Keywords: polymer—surfactant interaction; complex formation; coacervation;
phase separation; tensiometry; surface tension.

INTRODUCTION

Interaction between macromolecules may result in phase separation of a col-
loidal system into a coacervate (i.e., liquid precipitate) and an equilibrium solu-
tion (supernatant). Depending on whether the interaction is of the associative or
segregative type, either complex coacervation or coacervation due to thermody-
namic incompatibility occurs, respectively.12 During complex coacervation, a
complex of two associative macromolecules (e.g., polycation and polyanion) is
formed which separates from the solution as a coacervate, while the equilibrium
solution is more or less pure solvent. Thermodynamic incompatibility has been

* Corresponding author. E-mail: jkatona@uns.ac.rs
doi: 10.2298/J5C100112056K
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824 KATONA etal.

related to the classical Flory—Huggin's theory or to depletion interaction theories,
depending on the characteristics of the two macromolecules, where both of the
two phases formed are rich in just one of the two macromolecules.34

Coacervate formation is involved in a number of practical situations: it is of
special interest to the food and cosmetic industries, where macromolecules are
found in the coacervate state in a wide range of products, and thereby determine
their properties, e.g., texture, stability, taste etc.;> complex formation via po-
lymer—polymer interaction occurs in cells and other biological systems, and is
important for their functioning;® the coacervation method is a common microen-
capsulation technique,”’ etc.

In aternary mixture composed of two water soluble cellulose ethers, non-io-
nic hydroxypropylmethyl cellulose (HPMC) and anionic sodium carboxymethyl
cellulose (NaCMC), and an anionic surfactant (SDS), various interactions occur
(i.e., HPMC—NaCMC, HPMC-SDS, HPMC/SDS-NaCMC) which may result in
the formation of a coacervate. The microstructural properties of the coacervate
can be varied by controlling the HPMC-SDS-NaCMC interaction.8 In a recent
work, the interactions were successfully employed to obtain oil microcapsules
stabilized with coacervate shells of different properties.®

The aim of the present work was to investigate how the interactions among
the components of HPMC/SDS/NaCMC ternary mixtures of different compo-
sition influence the surface tension of the investigated mixtures, especially when
phase separation is involved. This is of importance for the understanding of the
complex behavior of phase-separated polymer mixture-surfactant systems and
provides further insight into the mechanism of microcapsule formation by the
previously published method.® For this purpose, the surface tensions of different
binary HPMC/SDS and ternary HPMC/SDS/NaCM C mixtures were determined,
in which the concentrations of the polymers were fixed while the concentration
of the surfactant was varied. In addition, the influence of the SDS concentration
on the relative volume of the coacervate in the ternary HPMC/SDS/NaCMC sys-
tem was determined.

EXPERIMENTAL
Chemicals

Hydroxypropylmethy! cellulose, HPMC, (trade name Methocel K4M CR, methoxy! con-
tent: 22.7 %, hydroxypropyl content: 8.9 %) was obtained from Colorcon Ltd., England. The
viscosity average molar mass of the HPMC was M,, = 91500 g/mol, while the critical overlap
concentration was c* = 0.1269 %, determined at 20 °C. Sodium carboxymethyl cellulose,
NaCMC, degree of substitution DS = 0.77, purity >96 %, was obtained from “Milan Blago-
jevi¢”, Serbia. The viscosity average molar mass of the NaCMC was M,, = 121000 g/mol, de-
termined at 25 °C and the critical overlap concentration c* = 0.1927 %. Details of the visco-
simetric characterization of the HPMC and NaCMC samples can be found elsewhere.10 So-
dium dodecylsulfate, SDS, purity > 99%, was obtained from Merck, Germany. Critical micelle

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

2010 Copyright (CC) SCS

@080

EW MG MO



TENSIOMETRY OF POLYMER-SURFACTANT SYSTEMS 825

concentration was CMC = 0.252 % at 30 °C, as determined by conductometric titration.1! All
samples were used without any further purification. Bidistilled water was used as the solvent.
Preparation of the binary and ternary mixtures

Stock solutions of 2.00 % w/w HPMC and 1.00 % w/w NaCMC were prepared by
dispersing the required mass of HPMC and NaCMC in water at 80 and 20 °C, respectively,
with gentle stirring. The stock solutions were left for 24 h at room temperature prior to further
use. A 5% wi/v stock solution of SDS was prepared by dispersing the required mass of SDSin
bidistilled water at room temperature. Binary mixtures of 0.7 % w/w HPMC and 0.00-2.00 %
w/w SDS were prepared by mixing the required masses of HPMC stock solution with a suit-
ably diluted SDS stock solution. The mixtures were left for 24 h at room temperature prior to
further use. Ternary mixtures of HPMC/SDS/NaCM C were prepared by mixing water and stock
solutions of HPMC, NaCMC and SDS. The ternary mixtures were composed of 0.7 % w/w
HPMC, 0.3 % w/w NaCMC and 0.00-2.00 % w/w SDS, and were left for 48 h at room tem-
perature prior to further use.

Tensiometry

The surface tension measurements of the solutions were performed using a KSV Sigma
703D at 25 °C. The Du Notly ring method was employed. Prior to the measurements, the air—
—liquid surface was disturbed by vigorous mixing, the ring was then immersed in the liquid
(below the surface) and the surface was left to equilibrate for 20 min for the binary and ter-
nary mixtures and 3 min for the SDS solution. The reported values of the surface tension are
average values of at least three measurements. The surface tension of the bidistilled water
used for the preparation of the solutionswas o= 72.1 mN/m.

Phase separation

The phase separation in the ternary mixtures consisting of 0.70 % HPMC, 0.30 %
NaCMC and different SDS concentrations (0.00-2.00 %) was followed visually in 10 ml mea-
suring cylinders. The relative volume of the coacervate, v,y = 100v/V, in the ternary mixtures
containing various concentrations of SDS was calculated, where v is the volume of the coacer-
vate and V the volume of the whole ternary system in the measuring cylinder.

RESULTS AND DISCUSSION
Tensiometric investigation of the interaction between HPMC and SDS

Influence of the SDS concentration on surface tension of the SDS solution
and the 0.70 % HPMC solution is shown in Fig. 1.

The surface tension of the SDS solution first decreased with increasing SDS
concentration, passed through a minimum, then dlightly increases and finally re-
ached a constant value. The decrease in the surface tension is due to adsorption
of surface active SDS molecules at the solution surface. The decrease occurs un-
til the critical micelle concentration (CMC) is reached, when the surface becomes
saturated with surfactant molecules and micelles begins to form in the solution.
Above the CMC, there is no further adsorption of surfactant to the surface and
thus no influence of the surfactant concentration on the surface tension of the so-
lution. Such a dependence of the surface tension on the concentration of a surf-
actant can be used for the determination of the CMC. However, tensiometric de-
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826 KATONA etal.

termination of the CMC is often difficult due to occurrence of a minimum in the
surface tension vs. surfactant concentration curve around the CMC. The mini-
mum in the surface tension curve, which can also be observed in Fig. 1, is ty-
pically ascribed to small amount of highly surface active impurities in solu-
tion.12.13,14 |n the case of an SDS solution, the occurrence of the minimum is
often attributed to the presence of dodecanol in a SDS sample.13.14 The impuri-
ties preferentially adsorb to the surface when compared to the surfactant and ad-
ditionally lower the surface tension of the solution. Once micelles of SDS mo-
lecules are formed in a solution, solubilization of the impurities occurs and they
desorb from the surface and are replaced by less surface active surfactant mole-
cules. Consequently, a dlight increase in the surface tension occurs. Therefore, the
onset of the dlight increase in the surface tension of a solution indicates CMC,
which in the present case was found to occur at 0.23 % SDS. The CMC deter-
mined by tensiometric measurements (0.23 %) is somewhat lower than the CMC
determined previously in the same laboratoryll by conductometric titration
(0.252 %). Finally, when all impurities are solubilized and the surface is saturated
only with surfactant molecules, the surface tension of a solution becomes constant.

65—

|
60 -
i —0—SDS
55 . —O0— HPMC/SDS
1 .0.7% HPMC \
i m]
e ” O\O ;
Z 45 \ \
S 0o B T
- 1 o, \ 2 T
© 404 \O\D / / 2
| N Beeigt
/ : Sal's)
35 T, o \
30 CMC

log (Csos / 10° g cm’®)

Fig. 1. Influence of the SDS concentration on the surface tension 0.70 % HPM C solutions.

HPMC is a surface active macromolecule;15 the surface tension of a 0.70 %
HPMC solution was found to be 52.32 mN/m, as indicated by the arrow in Fig. 1.
On addition of SDSto a 0.70 % HPMC solution, the surface tension of the solu-
tion decreased. Due to the adsorption of both HPMC and SDS molecules on the
surface, the surface tension of the binary HPMC/SDS mixture was lower than
that of the corresponding SDS solution. At T1 = 0.1 % of SDS, the first transition
point in the surface tension vs. SDS concentration curve occurred. The transition
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TENSIOMETRY OF POLYMER-SURFACTANT SYSTEMS 827

point indicates the onset of HPMC-SDS complex formation as a result of hydro-
phobic interaction between SDS and HPMC, and is usually referred to as the cri-
tical association concentration, CAC.16.17 The HPMC-SDS complex formation
was previously detected using different experimental techniques811.18 On further
addition of SDS, surface tension of the binary mixture dightly increased and after
reaching a maximum, it decreased. Occurrence of the maximum in surface ten-
sion is not typical for a nonionic polymer—ionic surfactant systems,16 but was also
previously observed by e.g., Folmer and Kronberg in a mixture of SDS and poly-
(vinyl pyrrolidone).19 Such a behavior is certainly concerned with reorganization
of the adsorption layer at the surface, however, details of the surface composition
could not be provided solely by tensiometric measurements. At the transition
point denoted as T» =~ 0.85 % SDS, the surface tension of the mixture became the
same as the surface tension of the pure SDS solution, indicating the onset of free
SDS micelle formation in the bulk. The idealized picture of a nonionic polymer—
—ionic surfactant interaction predicts the occurrence of one more transition point
between T; and T,.16.17 |t is usually denoted as T,', and represents a surfactant
concentration at which all the hydrophobic sites of a polymer are saturated with
surfactant molecules (i.e., polymer saturation point, PSP). This transition point is
typically far less evident than is the case for T, and To. T2’ is defined as the first
SDS concentration at which the surface tension of the binary mixture becomes
lower than at T4, which is ~0.65 % SDS. The CAC and PSP values obtained by
tensiometric measurements agree with the values obtained in previous investi-
gations using other experimental techniques.811,18

Tensiometric investigation of the interactions and phase separation in ternary
HPMC/SDSNaCMC mixtures

The addition of NaCMC to a HPMC/SDS mixture brings about phase sepa-
ration of the ternary HPM C/SDS/NaCMC mixture. The investigated ternary mix-
ture (composed of 0.70 % HPMC, 0.30 % NaCMC and 0.00-2.00 % SDS) phase
separated into a coacervate (bottom) and an equilibrium solution (top) when the
SDS concentration was between 0.10-1.00 %, Fig. 2.

Coacervate formation began at an SDS concentration which corresponds to
the onset of HPMC-SDS complex formation, i.e., at the CAC. This indicates that
the formation of the HPMC-SDS complex is a prerequisite for phase separation
of the ternary HPMC/SDS/NaCMC mixture. Previous rheological measurements
indicated that the ternary HPMC/SDS/NaCMC mixture phase separates into an
HPMC-SDS complex-rich coacervate phase and a NaCM C-rich equilibrium so-
Iution, due to the thermodynamic incompatibility between the HPMC-SDS com-
plex and NaCMC.8

The relative volume of the coacervate in the ternary mixture increased with
increasing SDS concentration, Fig. 3, and was determined by the governing inter-
actions and a change in the microstructure of the HPMC-SDS complex.
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Fig. 2. Phase separation in ternary o0 os ;0 110°g Cnlf 20
HPMC/SDS/NaCMC mixtures with °
varying SDS concentrations. The Fig. 3. Influence of SDS concentration on the
numbers indicate the SDS relative volume of the coacervate in ternary
concentration (in %). HPMC/SDS/NaCMC mixtures.

The increase in the relative volume indicates an increase in the salvation of
the coacervate. This was to be expected since the HPMC-SDS complex becomes
increasingly more negatively charged as the SDS concentration is increased, due
to the fact that more SDS is bound to the HPMC molecules.89 The binding of
SDS continues until the PSP is reached. As indicated by viscosimetry,11 above
the PSP there are additiona conformational changes of the HPM C-SDS complex
due to repulsion between the negatively charged complex and the free SDS mi-
celles, which results in shrinkage of the complex. At sufficiently high SDS con-
centrations, the complex is able to be accommodated in the system, it becomes
soluble even in the presence of NaCMC and thus the coacervate disappears when
the concentration of SDSis>1.00 %.

The results of the surface tension measurements of the ternary HPMC/SDS/
/NaCMC mixtures are compared with the surface tensions of the corresponding
binary HPMC/SDS mixtures and pure SDS solutionsin Fig. 4.

In the pre-coacervation region, the surface tensions of the ternary mixtures
were dlightly lower than of the corresponding binary HPMC/SDS mixtures, indi-
cating a similar composition of the surfaces, i.e., adsorption of both HPMC and
SDS molecules. This was expected since NaCM C shows only a small surface ac-
tivity and contributes only dightly to surface tension of the ternary mixture. The
surface tension of a 0.3 % NaCMC solution was found to be onacmc = 70.7
mN/m, which is very close to surface tension of bidistilled water (Gyaier = 72.1
mN/m). At the onset of the coacervation region, the surface tensions of the binary
and ternary mixtures were equal, indicating that phase separation only slightly in-
fluenced the balance between the components in the bulk and those adsorbed at
the surface. This is somewhat surprising since the HPMC-SDS complex was se-
parated as a coacervate at the bottom of the measuring vessel. It should be noted,
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TENSIOMETRY OF POLYMER-SURFACTANT SYSTEMS 829

however, that previous rheological measurements8 indicated the presence of HPMC
in the equilibrium solution at the onset of the coacervation region, which also
suggests that some of the HPMC molecules could be adsorbed at the surface at
the beginning of the coacervate region. On further increase in the SDS concen-
tration, the surface tension of the ternary mixture dropped; it became lower than
in the binary mixtures and equaled the surface tension of the corresponding SDS
solutions. In this part of the coacervate region, the dependence of the surface ten-
sion on the SDS concentration was very similar to the dependence in the pure SDS
solution and bore no resemblance to the dependence observed in the binary
HPMC/SDS mixtures. This indicates that the HPM C molecules gradually desorbed
from the surface and were replaced by SDS molecules, and that the surface of the
supernatants of the ternary mixture became free of HPMC molecules and free of
the HPMC-SDS complex. The surface became saturated with only SDS mole-
cules, the concentration of free SDS in the bulk was in the vicinity of the CMC,
while the excess SDS was bound to HPMC and formed HPMC-SDS compl exes.
This phase separated from the solution. After reaching the PSP, in the post-coa
cervation region, the surface tension of all three systems (SDS solution, the bi-
nary and the ternary mixtures) became equal and free micelles of SDS appeared
in the solution.20.21

55 0

\ —0—SDS
—0—HPMC/SDS
50 O\ O —a—HPMC/SDS/NaCMC

ost-

) P
coacervation | oacervation

o/mNm’
&
1

40 Q

7 AW £o.
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354
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Fig. 4. Influence of the SDS concentration on the surface tension of
ternary HPMC/SDS/NaCM C mixtures.
CONCLUSIONS

Tensiometric measurements of the binary HPMC/SDS and ternary HPMC/
/SDSINaCMC mixtures with constant polymer(s) and different SDS concentra-
tions were carried out in order to investigate interaction and phase separation in
the ternary mixture. It was shown that the formation of the HPMC-SDS complex
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influenced the surface tension of the binary mixture, and resulted in a charac-
teristic dependence of the surface tension on the SDS concentration. Charac-
teristic transition points of the dependence were used to determine the interaction
regions of HPMC-SDS, i.e., CAC and PSP, which were found to be in agreement
with the values obtained previously using other experimental techniques. The ter-
nary HPMC/SDS/NaCMC mixture phase separated when the SDS concentration
was above the CAC, i.e., when the HPMC-SDS complex was formed. The vo-
lume of the coacervate increased with increasing SDS concentration, and at an
SDS concentration >1.00 % (i.e., in the post-coacervation region), the coacervate
vanished. The surface tension (o) of the ternary HPMC/SDS/NaCMC mixturesin
the pre-coacervation region and at the onset of the coacervation region were si-
milar to the o values for the corresponding binary HPMC-SDS mixtures, while
in the coacervation and post coacervation region, it was close to the ¢ of the cor-
responding SDS solutions, indicating that the supernatants became free of HPMC
and HPMC-SDS complex.
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U3BOJI

TEH3MOMETPUNICKO UCITUTUBABE UHTEPAKIIUJE 1 CETTIAPAIINIE ®A3A Y
TEPHEPHOM CHUCTEMY CACTABJBEHOM O/ CMEIIE ITOJINMEPA U
JOHCKE ITOBPITMHCKIM AKTUBHE MATEPUJE

JAPOCJIAB M. KATOHA, BEPULIA J. COBUJb, INJANJA B. IETPOBUH u HEHAJT 3. MYLIMh
Texnoaowru pakyaitieiti, Yrusepauitieii y Hosom Cady, bya. yapaJlasapa 1, 21000 Hosu Cao

HcnutuBana je uHTEpakiuja u cenapaiuja Gpasza y TepHEPHOM CHCTEMY CacTaBJbEHOM O XUJI-
pokcunpormeTn uenyiosze (HPMC), narpujym-kapGokcumermi nenyinose (NaCMC), u Harpu-
jym-noneumicyidara (SDS) ynorpebom tenzuomerpuje. smepenu cy nosprunncku Harionn HPMC/
/SDS 6unapuux cmema (0,7 % HPMC u 0,00-2,00 % SDS) u tepueprux cmemia HPMC/SDS/
/NaCMC (0,7 % HPMC u 0,00-2,00 % SDS). Mepema yka3yjy aa joia3u 10 UHTepakuuje namelhy
HPMC u SDS, u o popmupama HPMC-SDS xommuiekca. Onpelena je kputudHa KOHIEHTpAIHja
acorjanrje (CAC) u kputHvHa KOHIEHTpanuja 3acuhema noaumepa (PCP). Jlo cenapauuje dasa
u popmupama koanepsara y tepaepHoj HPMC/SDS/NaCMC cmernu J1o1a34 pU KOHIEHTPAI-
jama SDS Behum ox CAC, omHocHO Kaaa je y cMern ¢popmupan kommmieke HPMC-SDS. 3amnpe-
MHHA KoalepBara ce mosehaBa ca mosehameM KoHIeHTpanuje SDS, 1ok mpu KOHIEHTparujama
>1,00 % xoamepBar Hectaje. BpemHoctu mospummHckor narnona HPMC/SDS/NaCMC rtepuephe
cMerne y 0o0JacTH 1pe KoalepBalrje Kao 1 'y 00IacTH MoYeTKa KoalepBalrje cy OJIMCKe BPEeIHOC-
THMa MOBPIIHHCKOT HaroHa oarosapajyhe HPMC/SDS Gunapre cmemnie. Y 06nactu Koalepsaiije
Uy 00nacTH HaKOH KoalepBallfje BPESIHOCTH MOBPIIMHCKOT HAMOHA TEPHEPHE CMEIIe Ce MOKJIa-
Tajy ca BpeAHOCTHMA MOBPIIMHCKOT HAallOHa YMCTHX pacTBopa SDS.

(TTpumsbeno 12. janyapa, pesuaupano 18. Gpebpyapa 2010)
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Pore surface fractal analysis of PEG and La(ll1)-doped
mesopor ous alumina obtained by the sol-gel method
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Abstract: Active porous alumina was prepared via a sol-gel method and sub-
jected to thermal treatment in the temperature range 500-1200 °C. The addition
of lanthanum effectively inhibited the surface area loss of the aluminas. Fractal
analysis from nitrogen adsorption isotherm was used to study the pore surface
roughness of aumina samples with different chemical compositions (PEG, PEG
and lanthanum) and calcinations conditions in terms of the surface fractal di-
mension, d. The Mahnke and Mdgel (MM) model was used to determine the
value of d of La(lll)-doped alumina. Following the MM model, the d value of
the activated aluminas increased as the calcination temperature increased from
500 to 700 °C but decreased after calcination at 1000, 1100 and 1200 °C. The
addition of polyethylene glycol (PEG 5600) to the boehmite sol reduced the
surface fractal of the activated alumina due to the heterogeneous distribution of
the pores. With increasing La(l11) concentration from 0.015 to 0.045 mol La(lll)/
/mol Al(111), the d value of La-modified aumina samples decreased, indicating
a smoother surface. The obtained PEG+La-doped boehmite sol can be used asa
precursor dispersion for the deposition of mesoporous aumina coatings on stain-
less stedl foil, by the spray pyrolysis method.

Keywords. mesoporous alumina; porous structure; surface fractal dimension;
sol—gel.

INTRODUCTION

Porous materials are of scientific and technological interest because of their
potential applications in separation processes, catalysts, chromatography, low di-
electric constant fillers, microelectronics, electro-optics and other emerging na-
notechnologies. Active aluminas are prepared mainly by hydrothermal or thermal

* Corresponding author. E-mail: tnovak@nanosys.ihtm.bg.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC090922053N
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transformations of aluminum hydroxides or alumogel. They are widely used as
catalyst supports, because their high specific surface areas, surface properties and
crystalline structures are important in the field of various catalysis.12 Since the
temperature of the catalyst can rise to over 1000 °C in a modern engine, thermal
stabilization of the catalysts isimportant. The additive of lanthanum species greatly
improves the thermal stability by inhibiting the sintering and phase transfor-
mation of alumina.34 In the sol—gel process, calcination plays an important role
in determining the performance of the resultant xerogels. During calcination, or-
ganic groups are removed and densification of the gel textures might also occur
above a certain temperature. The evolution of the gel structure during calcination
might also be influenced by the calcination procedures and thermal history.56,
The preparation routes also influence the surface area and pore structure at the
operation temperatures.” In addition, changes in the phase composition and the
degree of dumina dehydration also cause changes of the internal pore structure
of the alumina. Therefore, in order to better understand a particular physical
process occurring within a porous medium, it is necessary to have detailed
knowledge of the internal geometry and topology of the internal pore network.
However, the surface area and pore size distribution alone do not meet al re-
guirements to describe the characteristics of the pore structure of alumina. Ano-
ther parameter to characterize the pore structure is surface fractal analysis, which
is characterized by the fractal dimension. Gas adsorption is a method that is
frequently used to determine the surface fractal dimension of porous media. Se-
veral different theories have been developed to analyze gas adsorption data to
obtain the surface fractal dimension, which is an important parameter reflecting
the roughness of the pore surface8-11 The standard BET equation generally
overpredicts the amount adsorbed above the BET region. On afractal surface, the
amount adsorbed on each subsequent layer above the first decreases according to
a power law. This principle has been used to derive versions of the BET model
for adsorption on afractal surface, e.g., that derived by Mahnke and Mogel.12

In this work, the surface fractal dimensions of activated alumina samples
were calculated using the Mahnke and Mogel method (MM). The MM equation
provides a relationship between the surface fractal dimension and nitrogen ad-
sorption, that is to say, the pore surface roughness can be probed by nitrogen
molecules. The surface fractal dimension by Mahnke and Mdgel method yields
the following equation:

Cp
IogE: logV,,, +10g Po —alog(l—ﬂ) Q)
Po 1-- = @1+C) Po
Po
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where Vp is the volume of adsorbed gas at equilibrium pressure (p), po is the
saturation pressure, Vyy, is the volume of a monolayer and C isthe BET constant.

This logarithmic version of the Mahnke and Mégel Equation (1) enables the
estimation of the optimal values (with respect to mean square error) of ¢, C and
Vi, for the measured isotherms using the simplex optimization method.13 The
values of the volume of a monolayer, Vi, and the BET constant, C, can be ob-
tained from the BET model and the surface fracta dimension, d, can be cal-
culated from the relation o = 3—d.

In the present work, an effort was make to investigate the influence of poly-
(ethylene glycol) (PEG), pure or combined with La(lll), added to the boehmite
sol, and of the calcination temperature on the structure (pore size distribution)
and the surface fractal dimension of active porous alumina prepared by the sol—
—gel method. The surface fractal dimension was used to characterize the pore
structure of the active porous alumina. These properties are crucia for the im-
plementation of doped boehmite sol as a precursor solution for the synthesis of
y-alumina coatings on stainless steel foil, by the spray pyrolysis method, which
can be used in three-way catalytic processes.

EXPERIMENTAL

Active porous alumina was prepared by the sol-gel method using aluminum alkoxide as
a precursor. To prepare boehmite sols, aluminum isopropoxide was hydrolyzed in excess
amount of water (100:1 H,O:Al(111), mol) at 80 °C, followed by peptization with the appro-
priate amount of HNO; (0.07:1 H*:Al(l11), mol) to form a stable colloidal sol.1* The sol was
kept at about 90 °C for about 72 h under reflux conditions, during which time most of the
formed alcohol evaporated. The freshly prepared boehmite sol and polyethylene glycol (PEG,
MW 5600, molecule radius: 2.3 nm) or variable concentration of lanthanum nitrate solution
combined with PEG, were mixed together and then vigorously stirred in order to obtain ho-
mogeneous PEG-doped and La(l11)-doped boehmite sols. The doped boehmite sols were then
gelled at 40 °C. The gels were heated from room temperature at a rate of 2 °C/min and cal-
cined in air at different temperatures (500-1200 °C) for 5 h to obtain activated alumina samp-
les. The experimental parameters and the variables are given in Table .

TABLE |. Experimental parameters and variables

Experimental parameters Variables
Calcinations temperature, °C 500, 700, 1000, 1100 and 1200
Concentration organic additive 1g PEG / 100 ml boehmite sol
Amount of lanthanum, mol La(ll1)/mol Al(lI1) 15,3,and 4.5

Nitrogen adsorption was performed at —196 °C and a relative pressure interval between
0.05 and 0.98 in a high vacuum volumetric apparatus.1®> Before each measurement, the sample
was degassed at 250 °C under vacuum for time sufficient (4 h <t < 10 h) to obtain vacuum
stability. The adsorbed amount of nitrogen was measured by volume at standard temperature
and pressure. The specific surface areas Ssetr and C were calculated by the BET method from
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the nitrogen adsorption isotherms, using data up to p/py = 0.03; the pore size distribution was
computed from the desorption branch of the isotherms,16-18

RESULT AND DISCUSSION
Effect of the calcination temperature

The complete N» adsorption—desorption isotherms of alumina samples ob-
tained for the pure and PEG-doped boehmite sols at calcinations temperatures
500-1200 °C are shown in Figs 1a-1e.
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All isotherms at low relative pressures were reversible, but exhibited a hys-
teresis loop at higher relative pressures. Such a type of adsorption isotherm in-
dicates that the multilayer adsorption of nitrogen onto the sample surface was
connected with capillary condensation in the mesopores. The alumina samples
calcined at 500 and 700 °C (Figs. 1a and 1b) are characterized by atype IV iso-
therm with a hysteresis loop of the H2 type.18 The slope of the desorption branch
for the alumina samples obtained from the PEG-doped boehmite sol indicated a
broader pore size distribution than in the non-doped alumina sample. However,
the adsorption isotherms for the alumina samples calcined at a temperature of
1100 °C (Fig. 1d) are characterized as type |l isotherms. A type |l isotherm is
encountered when adsorption occurs onto a low porosity material or on material
with pore diameters mostly mesoporous. They also showed hysteresis on the de-
sorption isotherm curve with a smaller desorption step. The most prominent
changes of the adsorption—desorption isotherms were obtained from the non-doped
boehmite sol, indicating the biggest changes of its porous structure after sintering
at 1100 °C.

The cumulative pore volumes and the pore size distributions were computed
from the desorption branch of the isotherms.

The pore size distribution profiles of the alumina samples obtained from
pure and PEG-doped boehmite sols at calcination temperatures of 500-1200 °C
are present in Fig. 2. With increasing calcination temperature, the mean pore size
increased but the total pore volume decreased. The decrease in pore volume can
be associated with ~ 50 % volume shrinkage at 1200 °C, which essentially elimi-
nates all porosity.1® The larger pore volume in alumina samples obtained from
the boehmite sol doped with the large molecular weight PEG (molecule radius:
2.3 nm) was affected by the specific surface action of PEG molecules as aumina
gel network modifiers, which after calcinations at 500 °C are burnt out, leaving
some micro-cavities in the gel. Increasing the treatment temperature within the
range from 500 to 700 °C did not cause any significant cumulative pore volume
changes, but it caused a slight increase of the predominant pore diameter.

The specific surface areas, SgeT, were calculated by the BET method from
nitrogen adsorption isotherms, using data up to p/po = 0.3. The effects of the
treatment temperature on the specific surface area for non-doped and PEG-doped
aluminasamplesaregivenin Tablell.

The specific surface area decreased approximately linearly with increasing
treatment temperature up to cca 1000 °C. Thermal treatment of the non-doped
alumina sample at 1100 and 1200 °C caused a considerable decrease of its speci-
fic surface area to a value of 20 and 10 m2 g1, respectively. The alumina ob-
tained from the PEG-doped boehmite sol retained a surface area of 65 m2 g1
after thermal treatment at 1100 °C for 5 h, but treatment at 1200 °C reduced its
surface areato 15 m2 g1,
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The changes in the porous structure were accompanied by phase transfor-
mation of the y-Al>03. At higher temperatures (1100 °C), the formation of larger
pores due to the collapse of the pores with shrinkage of the material structure re-
sulted in alarge increase in the crystallite size and a decrease of the surface area
and pore volume. This means that the rapid collapse of the fine mesoporous
structure started as conversion to the stable a-Al,03 phase, which is at atempera
ture of 1100 °C. The transformation into the a-Al>O3 occurred at calcination
temperatures higher than 1000 °C.19.20

1.0
] a) AS(I(!
051 A —— Ay
- A1000
—'g A
R —A
‘un 1200
o 0.12
Q
3
X 0.08
<
0.04 4
L -
0.00 : : ———
2 12 14 16 18
0.40
1 i b) 7.7APEG500
0.35 - /\ — —APEG
030 i THTAPEG,,
TE b - 7APEG1100
::0 0.25 / \ —+«—APEG
. )
2 020
3 ] i
NS
3 0154 .
0.104 / 1 &K
0051 K \\ Fig. 2. Pore size distribution of
0.00.] N e e (8 pure adumina and (b) PEG-
o 2 4 & & 10 12 14 415 15 20 -doped alumina samples calcined

d/nm at different temperatures.

The surface fractal dimensions, d, of the non-doped and PEG-doped alumina
samples are also given in Table Il. The experimental data fitted the model well
with r2 values greater than 0.99 for each fit, and the d values of the alumina
samples were calculated from the nitrogen adsorption data, using the Mahnke and
MOogel method. It was shown that the d values display very similar trends for
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both alumina samples. For the non-doped alumina samples, increasing the calci-
nation temperature from 500 to 700 °C resulted in an increase in the surface frac-
tal dimension from 2.082 to 2.122. This is due to the pore formation mechanism
in the aluminas, which caused higher surface roughness and more irregular sur-
faces. However, at 1000 °C, the surface fracta dimension of the non-doped alu-
mina samples decreased to 2.048, which implies that larger pores were formed
due to the collapse of the pores, which led to a decrease in the porosity. A similar
trend was observed for the PEG doped aluminas.

TABLE Il. Specific surface area and surface fractal dimension, d, of the non-doped and PEG-
-doped alumina samples

Sam Calcinations Specific surface area Surface fractal
ple ° 2 1 . :
temperature, °C m-g dimension
Alumina 500 290 2.082
700 230 2.122
1000 102 2.048
1100 20 2.387
1200 10 2.323
PEG-doped alumina 500 295 2.040
700 241 2.047
1000 136 2.013
1100 65 2.116
1200 15 2.311

The sintering process at 1100 °C for the non-doped alumina and at 1200 °C
for the PEG-doped alumina induced a restructuring phenomenon, which resulted
in an increase of the mass fractal dimension of the dumina clusters; hence, there
was a sharp increase of the surface fractal dimension in the alumina samples. The
increasing in pore surface fractal dimension can aso be associated with the ap-
pearance of new pores due to solubilization of the alumina constituents and to
crystallization of the a-Al>0O3 phase inside the pores, which contributed to the ir-
regularities of the alumina surface. According to the present analysis, the surface
fractal dimensions of alumina were rather stable during calcination (until the ap-
pearance of the a-alumina phase).

Effect of amount of La(ll1)-added

The effect of different amounts of La(lll) added to the PEG-doped boehmite
sol on the surface areas and the pore volumes of the alumina samples calcined at
1000 °C temperature was studied. The complete N, adsorption—desorption iso-
therms of PEG-L &(l11)-doped alumina samples at calcined at atemperature of 1000
°CareshowninFig. 3a

The isotherms of all alumina samples exhibited type 1V isotherms with a
hysteresis loop of the H2 type. This means that all samples were porous and con-
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tained mostly mesopore area. The pore size distributions of the PEG—La(l11)-doped
aluminas with different amount of doped lanthanum are shown in Fig. 3b. The
pore size distribution profiles became narrower, the average pore size gradualy
decreased and the pore volume dlightly increased with increasing amount of lan-
thanum. These results show that with increasing amount of lanthanum, the homo-
geneity of the distribution of the pores increased due to surface screening effects.
This effect also leads to smoothening of the pore surface of the La(ll1)-modified
aluminas. The value of surface fractal dimensions of PEG-aluminas doped with
0.015, 0.03 and 0.045 mol La(lll)/mol Al(I1l) were 2.170, 2.137 and 2.133, res-
pectively. It can be seen that, the surface fractal dimensions decreased with in-
creasing amount of lanthanum added to the sol. This indicates that the pore sur-
face of alumina became smoother and less irregular as the content of lanthanum
particles increased. The smoothening of pore surface roughness was due to the
blocking of the alumina pores by |lanthanum particles.
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Synergism between poly(ethylene glycol) and La(l11)-ion added in the aluminas

The influences of the calcination temperature on the specific surface area
and surface fractal dimension for PEG—La(lll)-doped aluminas with 0.03 mol
La(lll)/mol Al(I1l) are presented in Table 1.

TABLE Ill. Specific surface area and surface fracta dimension for PEG-La(l11)-doped alu-
minas (0.03 mol La(lll)/mol Al(l1))

Temperature, °C Specific surface area, m’ g~ Surface fractal dimension
500 235 2.068
700 207 2.084
1000 155 2.137
1100 115 2.178
1200 65 2.192

Increasing the calcination temperature from 500 to 1200 °C decreased the
surface area and the pore volume of the alumina samples. The addition of La(lll)
to the boehmite sol inhibited the decrease of the surface area of the produced
aluminas during its calcination at high temperatures. Increasing the temperature,
especially in the range from 1000 to 1200 °C, decreased the surface area of the
La(ll)-doped aluminas less than the undoped ones (Table I11). In accordance
with this, the thermal treatment of La(ll1)-doped alumina samples at temperatures
from 500 to 1200 °C caused a considerable increase in their surface fractal di-
mension form 2.068 to 2.192. These results were consistent with the deductions
from the adsorption isotherms and the pore size distribution analysis. The surface
fractal dimension as well as the pore connectivity did not change significantly
during thermal treatment until the formation of crystalline a-Al>O3 commenced.

Hence, the addition of lanthanum to the boehmite sol in an atomic ratio of
0.03 La(lln)/Al(II) can raise the temperature of the phase transformation to
a-Al>03 to above 1200 °C. If the most likely nucleation and growth mechanism
for the phase transformation to a-Al,Os3 is assumed, the obtained results indicates
that the presence of La(lll)-ions on the surface of the alumina crystallites reduce
the nucleation of a-Al203, thus raising the phase transformation temperature.

CONCLUSIONS

Porous, high surface area, active alumina samples, pure and doped with PEG
or PEG+La(lll) ions, were obtained by the sol—gel process. The influence of cal-
cination temperature, organic additive and different amounts of lanthanum on the
mesoporous structure and surface fractal dimension was investigated using the
Mahnke and Mdgel model. The calcination temperature induces a change of pore
surface roughness of the porous materials. The surface fractal dimension of pure
and PEG-doped alumina samples increased slightly on increasing the calcination
temperature from 500 to 700 °C and then decreased at 1000 °C for the pure alu-
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ming, i.e., 1100 °C for the PEG-doped alumina. This phenomenon can be ex-
plained by the deformation mechanism of the pore size. When the calcinations
temperature increases, the average pore size increases and the pore volume de-
crease due to volume shrinkage, which eliminates some of the smaller pores.

The addition of La(lll) to the boehmite sol inhibits the surface area loss of
the produced aluminas during its calcination at high temperatures. Thermal treat-
ment of La(lll)-doped alumina samples at a temperature from 500 to 1200 °C
caused a considerable increase in the surface fractal dimension of the samples from
2.068 to 2.192. The surface fractal dimension as well as the pore connectivity did
not change significantly during the thermal treatment until the formation of crys-
talline a-Al>03.

Acknowledgment. This work was supported by the Ministry of Science and Technolo-
gical Development of the Republic of Serbia (Project No. ON 142019B).

U3BOJ

OPAKTAJIHA AHAJIU3A TTOBPILIMHE ME3OITOPO3HOT' ATYMUHUIYM(I11)-OKCUIA
CA IOJATKOM PEG U La(l11) JOBUJEHOI COJI-TEJI IIOCTYIIKOM

TATJAHA B. HOBAKOBUR?, JbLJbAHA C. POXXIR?, 30PULIA M. BYKOBUR?,
CPBAH I1. IETPOBUR! 1 BEPA T. IOHYP?

"nx TM—Llenitiap 3a Kaitiaausy u Xxemujcko uHxcersepciuso, YHusepauitieiti y beozpaoy, Hjezowesa 12, beozpao u
Z(Da}cy/uﬁem 3a pusuuky xemujy, Ynusepsuiuein y beozpaoy, Ciiyoeniucku wuipz 12—16, beozpao

AKTHMBHH TIOPO3HH alyMUHHjyM-OKCHUJ JTOOHjEH COJI-Tell METOJIOM je TepMH4KH oOpaheH Ha
MIOBUIIEHUM TeMneparypama y uarepsary ox 500 mo 1200 °C. VcniutuBaH je yTHIaj TeMIeparype
TepMHUKe 00paje u nojarka nonuermieH rmkona (PEG) u La(lll) jona Ha cneruduyny nopuiu-
Hy, 3allpeMHUHY 1I0pa W MIPEYHHK 110pa, Kao U (pakTaaHy JUMEH3Hjy IMOBPIIMHE aKTUBHPAHOT ally-
MHHHjyM-oKkcuzaa. Ha ocHOBY mozataka U3 acopIIMOHO—IECOPNIMOHUX H30TEPMHU a30Ta oxpehen
je THUII opa U u3padyHaTe Cy BPEAHOCTH OCHOBHHX NapamMeTapa TeKCTYpPalHUX CBOjCTaBa y30paka.
Iopact TemnepaType TepMuuke 00pajie Mpoy3poKoBao je cMameme cnenuduune nospiunne ca 280
na 65 m? g, sanpemune nopa ca 0,45 ma 0,27 cm® g, mopacr npeosnaljyjyhier npednnka mopa ox
3 10 6 Nm u mopact ¢pakranHe AuMeH3uje nospmuHe o1 2,068 no 2,192. [lobujenn 6eMUTHH COTI
ca mogarkom PEG u La(lll) jona Moxxe ce HCKOPHCTHTH Kao MPEKypPCOpCKa AUCIIEP3Huja MPH CIIpej-

-[IMPOJIUTHYKOj METOJM CHHTE3€ allyMHHHjyM OKCHIHMX IPEBJIaka Ha Hocady of Hephajyher desnmka.

(Ilpumibeno 22. cenrembpa, pesuaupano 10. neuembpa 2009)
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Removal of Cu(ll) from wastewater by wastetire rubber ash
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Abstract: The influence of pH, adsorbent dose, initial Cu(ll) concentration and
contact time on the remova of Cu(ll) from aqueous solution by the batch
adsorption technique using waste tire rubber ash as a low-cost adsorbent was
investigated. The adsorption equilibrium was achieved after 2 h at pH 4-6, the
optimum for the adsorption of Cu(ll) ions. A dose of 1.5 g/L of adsorbent was
sufficient for the optimum removal of copper ions. The experimental data were
analyzed by the Langmuir and Freundlich isotherms and the corresponding
sorption constants were evaluated. The adsorption kinetics data were fitted by a
first-order equation. The cost of removal is expected to be quite low, as the
adsorbent is cheap and easily available in large quantities. The present study
showed that waste tire rubber ash was capable of removing copper ions from
industrial wastewater samples.

Keywords: removal; copper; waste tire rubber ash; wastewater; isotherm.

INTRODUCTION

Today contamination of water by toxic heavy metals resulting from the dis-
charge of industrial wastewater is a worldwide environmental problem. Many in-
dustries, particularly in metal processing operations and refineries, represent sig-
nificant sources of heavy metal emissions. Unlike organic compounds, soluble
heavy metals, such as copper, cadmium, lead, and chromium, are non-biodegra-
dable and toxic even at trace levels. Heavy metals can accumulate in living orga-
nism and cause various diseases. 14

Copper and its compounds are widely used in many industries and there are
many potential sources of copper pollution. The continued intake of copper by
humans leads to necrotic changes in the liver and kidney, mucosal irritation; wide
spread capillary damage, depression, gastrointestinal irritation, and lung cancer.®
According to the Safe Drinking Water Act, the permissible limit of copper in

* Corresponding author. E-mail: hzmousavi @semnan.ac.ir
doi: 10.2298/JSC090410044M
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846 MOUSAVI, HOSSEINIFAR and JAHED

drinking water is 1.3 mg/L.6 Excessive copper concentrations can lead to weak-
ness, lethargy and anorexia, as well as damage to the gastrointestinal tract.” There-
fore, there is a considerable need to treat industrial effluents containing such hea-
vy metals prior to discharge to protect public health. The metal needs to be re-
moved from industrial effluents before discharge into the environment to mitigate
any impact on plant, animal and human receptors.

The most common treatment processes for metal contaminated wastewater
include: chemical precipitation, membrane filtration, reverse osmosis and ion ex-
change. These methods have been found to be limited, since they often involve
high capital and operational costs and may also be associated with the generation
of secondary wastes which present treatment problems.8-12

Adsorption is arguably the most important type of physicochemical pro-
cesses responsible for the removal of heavy metals from agueous environments.
In recent years, adsorption was shown to be an economically feasible method for
the removal of metal ions from water and wastewater. The biggest barrier in the
industrial application of this process is the high cost of adsorbents presently avai-
lable for commercial use. The cost of the application of adsorption technologies
can be reduced if the adsorbent is inexpensive; hence, the search for low-cost ad-
sorbents that have metal-binding capacities has intensified. This has led many
workers to search for cheaper alternatives among plant wastes or industrial by-
-products, such as granular red mud,13 chitosan,1415 potato peel,1 fired coal fly
ash,17 sugar beet pulp,18.19 palm kernel husk,20 bagasse fly ash,2! modified cel-
lulosic materials,22 spent grain,23 peanut husks carbon,24 sawdusts,2°> papaya
wood,26 sugarcane bagasse,2” rice husk,28 and pomegranate peel .29

Waste tires have been a major management and disposal problem in many
countries for decades. Many waste tires are currently stockpiled in various count-
ries around the globe. These stockpiles are dangerous because they pose a po-
tential environmental concern, are fire hazards and provide breeding grounds for
mosquitoes. The practice of disposing waste tires in landfills is becoming unac-
ceptable because of the rapid depletion of available landfill sites.

This work is focused on the removal of Cu(ll) ions from agueous solutions
using waste tire rubber ash (WTRA) as an adsorbent. The influences of pH,
contact time, initial iron concentration, temperature and adsorbent dosage on the
removal of Cu(ll) from wastewater and water solutions were investigated. Equi-
librium isotherm data were analyzed by the Langmuir and Freundlich equations
using linear regression analysis. The adsorption efficiency towards copper ion re-
moval was tested using different industrial wastewaters.

EXPERIMENTAL
Material

Analytical grade chemicals were used throughout the investigation. Merck salts and
standards used for quantification were of high purity (99.9 % or more) having trace metal
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contents far below their detection limits. Aqueous standard solutions of Cu(ll) were prepared
by dissolving an accurately weighed amount of Cu(NOs), salt in deionized water so asto yield
a metal ion concentration of 1000 mg L™. Appropriate aliquots were taken from these stan-
dards for subsequent dilution to the desired concentration level. NaOH and HCI solutions,
both 0.10 mol L1, were used for pH adjustment. A Metrohm (model E-632) pH meter was
used for the pH measurements. Polyethylene bottles were selected as containers. The bottles
were first cleaned with a metal-free non-ionic detergent and washed with tap water. They were
then soaked in 1:1 HNO; + H,0O solution for 24 h at 70 °C and subsequently rinsed thrice with
de-ionized water. The total copper concentrations in the solution samples were determined
using flame atomic absorption spectroscopy (FAAS) equipped with copper hallow cathode
lamp (4 = 324.8 nm) and acetylene—air as the fuel-oxidant.

Adsorbent preparation and characterization

The material used in this study was obtained by treatment of waste tire rubber in order to
prepare the desired ash. Thus, it was first washed with detergent solution and then with dilute
HCI in order to remove soil debris. Then the clean and dry parts were burnt and the residue
was taken in a porcelain crucible and burnt completely at 500 °C in a muffle furnace for 4 h.
The cooled ash was then washed with a very dilute acidic solution, such as 0.0010 mol L-1
HCI to remove salts of metals, such as Na, K and Ca. Subsequently, the mixture was filtered
out using a Whatman grade 42 filter paper. Then the adsorbent was washed with 100 mL of
double distilled water and dried at 105 °C for 2 h before use.

The adsorbent was characterized by standard methods. The microstructure and surface
morphology of the adsorbent samples were characterized by SEM images of WTRA particles
obtained using a Phillips PW3710 Field Emission Scanning Electron Microscope (SEM) with
an accelerating voltage of 15.0 kV.

Adsorption studies

Adsorption isotherms were determined using the batch equilibrium method. The ad-
sorption of Cu(ll) was studied after adding 50 mg of WTRA into an aqueous solution con-
taining the desired Cu(ll) concentration (50-500 mg L™1), adjusting the pH of the solution to
between 2 and 6, shaking at 150 rpm for 2 h at 25 °C in a reciprocating shaker and then the
samples were centrifuged at 5000 rpm for 5 min. The WTRA particles were separated from
the suspensions by filtration through a 0.45 pum membrane filter. The residual concentration of
copper ions was determined by atomic absorption spectrometry.

In addition to the adsorption tests, a set of blank tests with WTRA was conducted in
order to evaluate the removal by metal hydroxide precipitation at various pH values. The
amount of Cu(ll) adsorbed on the WTRA was calculated from the difference between the
initial concentration and the equilibrium concentration of Cu(ll). The percent Cu(ll) removal,
R, was calculated using the following equation:

_1005 "%
R,=100 : (1)

where ¢; and ¢; are the initial and equilibrium concentrations of the adsorbate, respectively.
The reported value of Cu(ll) ions adsorbed by WTRA in each test was the average of at least
three measurements.
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848 MOUSAVI, HOSSEINIFAR and JAHED

RESULTS AND DISCUSSION
Adsorbent characteristics

The characteristics of the WTRA were as follows: surface area (BET), 410
m2/kg, specific gravity, 2.35, average particle size, 9.0 um, chemical compo-
sition: SiO2 (26.5 %), Al>03 (8.7 %), TiO2 (1.0 %), FexO3 (9.3 %), MgO (6.4
%), CaO (12.9 %), NapO (1.4 %), K20 (1.1 %), SO3 (1.6 %) and Zn (20.2 %).

The SEM images of the WTRA particles are shownin Fig. 1.

Fig. 1. SEM Images of the WTRA particles.

Adsor ption studies

Effect of contact time. The results of the effect of equilibrium time on the
sorption of Cu(ll) by WTRA are shown in Fig. 2, which clearly shows that the
adsorption of Cu(ll) ions onto the WTRA was relatively fast and the complete
adsorption equilibrium between the two phases was obtained after 2 h. The re-
sults show that 120 min was a sufficient time for copper adsorption onto the
WTRA. The fast metal uptake by the sorbents may be attributed to their highly
porous and mesh structure, which provides ready access and a large surface area
for the sorption of the metal ions onto the binding sites. Thus, for subsequent ex-
periments, an equilibration time of 2 h was chosen for the sake of convenience
(Fig. 2).

——50mg/l. =—M=100mg/lL =—dr—300mg/L =>&=500mg/L

Removal, %

lu] 0.5 1 15 2 2.5

Time, h

Fig. 2. Effect of contact time on the sorption of copper by WTRA. Conditions: 1.5 g L™ of
WTRA, 100 mL of Cu(ll) solution, temperature: 25 °C.
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Effect of adsorbent dose. The removal of meta ions is a function of adsor-
bent dosage; hence, the efficiency of the WTRA was evaluated at different doses
using the percent removal of copper. The experiments were conducted at a cons-
tant initial Cu(ll) concentration (100 mg L~1), contact time (2 h), temperature
(25+1 °C), stirring speed (150 rpm) with varying adsorbent doses (0.1-2.5 g
L~1). The measurement of the percentage Cu(ll) removal as a function of time at
different doses indicated that the removal of Cu(ll) increased with increasing ad-
sorbent dose (Fig. 3). The increase in copper removal with adsorbent dose can be
attributed to the increased surface area and the availability of more adsorption
sites. The removal efficiency was found to increase proportionally with the
amount of WTRA until a certain value was reached; afterwards, the removal effi-
ciency remained constant even if WTRA was added. Therefore, 1.5 g L1 of ad-
sorbent was sufficient for the quantitative removal of copper from wastewater
(Fig. 3).

100 L -

80 ——s0mgL

= 100 mg/L
60

40

Removal, %

20 4

0

0 0.3 ; 1.5 2' 25

c(WTRA) / g L1
Fig. 3. Effect of WTRA dosage on the removal of Cu(l1). Conditions: 100 mL of Cu(ll)
solution, contact time: 2 h, temperature: 25 °C.

Effect of pH. WTRA is a strong alkali material, which exhibits a pH of 10-13
when added to water, and its surface is negatively charged at high pH values.
Hence, it can be expected that metal ions can be removed from agueous solutions
by precipitation or electrostatic adsorption. In fact, a number of studies were con-
ducted to show the effectiveness of fly ash in the remova of heavy metal ions
from aqueous solutions.30

All experiments were performed in the pH range of 2.0-6.0, at which values
chemical precipitation is avoided. Thus the metal removal could be related to the
adsorption process. Adsorption of Cu(ll) onto the WTRA (1.5 g L—1) was studied
at various pH values to optimize the removal of Cu(ll) at 25 °C. It is apparent
that the uptake was low at lower pH values, however, with increasing pH, a sig-
nificant enhancement in the adsorption was recorded. The optimum pH for the
removal of Cu(ll) was found to be in the range 4.5-6.0, with a removal of about
99.8 % Cu(l1) from the solution.
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The low adsorption capacity at pH values below 4.5 was attributed to hydro-
gen ions that compete with the metal ions for the sorption sites.31 In other words,
at lower pH values, due to protonation of the binding sites resulting from the high
concentration of protons, the negative charge intensity on the sites was reduced,
resulting in a reduction or inhibition of the binding of metal ions. At pH value
higher than 6, the copper ions precipitated as its hydroxide, which decreased the
rate of adsorption and subsequently the percent removal of metal ions.

Effect of temperature. The adsorption mechanism (chemical or physical) is
often an important indicator to describe the type and level of interactions between
the adsorbate and adsorbent. If the adsorption decreases with increasing tempe-
rature, it may be indicative of physical adsorption and the reverse is generally
true for chemisorption. However, there are a number of contradictory casesin the
literature.32

The effect of temperature on the removal of copper by the WTRA was stu-
died at 1, 25 and 52 °C for concentration range 50-200 mg L1 at pH 6.0. The
results showed that the adsorption increased with increasing temperature, which
means that the removal of Cu(ll) was favored at high temperatures. Thus, the
removal process was endothermic (Fig. 4).

——1°C —®-25°C —4&52°C

100 5

80 1

60

Removal, %

40

20 1
Fig. 4. Effect of temperature on the removal

0 ' . . * of Cu(ll). Conditions: 1.5 g L* of WTRA,
0 100 200 300 a0 100 mL of Cu(ll) solution, contact time: 2 h;
¢(Cu*)/mg L -1 m—25and A —52°C.

Adsor ption isotherm. Adsorption isotherms play a crucial role in the predict-
tive modeling procedures for the analysis and design of adsorption system.
Therefore, in this study, the adsorption data of Cu(ll) were tested with the Lang-
muir and Freundlich isotherm models. The equilibrium studies were performed at
25 °C for the contact time required to reach adsorption equilibrium. A Langmuir
isotherm can be represented by the following eguation:

fe_ 1 | & 2
Qe Qmaxb Qmax
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where g is the equilibrium concentration, Qg is the amount of copper adsorbed,
and Qmax and b are Langmuir constants related to the adsorption capacity and
energy, respectively.

The data from this study showed that a straight line was obtained when co/Qe
was plotted against ce. This indicates that the Langmuir isotherm was followed
under the present conditions with R2 = 0.997.

The Freundlich isotherm is an empirical equation employed to describe hete-
rogeneous systems. The Freundlich equation is expressed as:

Qe = Krcel/n (©)
The linear form of this equation can be written as:
INQe=InKg+ (Un)ince 4

where Kg and n are the Freundlich constants related to the adsorption capacity
and adsorption intensity, respectively. The intercept and the slope of the linear
plot of In Qg vs. In ce for given experimental conditions provide the values of K
and 1/n, respectively.

In general, the Langmuir model fitted the experimental results slightly better
than the Freundlich model. This suggests that the adsorption of Cu(ll) ions by
WTRA is a monolayer-type and agrees with the observation that the metal ion
adsorption from an agqueous solution usually forms a layer on the adsorbent sur-
face (Tablel).

TABLE I. Langmuir and Freundlich isotherm constants

| Freundlich isotherm Langmuir isotherm
on Ke n R Qma/Mgg’  b/mgtL? R
Cu(ll) 1.42 0.66 0.96 343 0.064 0.99

Kinetic modeling

In order to investigate the controlling mechanism of the sorption process,
such as mass transfer and chemical reaction, the Lagergren kinetics first-order
model was used to test the experimental data of copper sorption by WTRA.

The Lagergren kinetics equations have been most widely used for the ad-
sorption of an adsorbate from an agueous solution, which is expressed by Eq. (5):

log (e — ) = 109 ge — ki/2.303 (5)

where ge and g; are the amounts of Cu(ll) adsorbed at equilibrium and at time t,
in, and k; is the first order rate constant. This equation was applied to the present
studies of Cu(ll) adsorption. The plots were found to be linear, indicating that the
Lagergren Equation is applicable to Cu(ll) adsorption on WTRA and the adsorp-
tion was first order and the value of first-order rate constant k; was evaluated to
be 0.0012 min-L,
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Treatment of metal industry wastewater

Based on the promising results obtained for copper ions remova from
agueous solutions, tests were conducted to evaluate these results using real was-
tewater. The wastewater used was taken from alocal metal plating factory. It had
apH of 4.25 and contained Cu(l1) at a concentration of 1.89 mg L—1. Tests were
conducted over a range of pH values (2-6) with varying WTRA concentrations.
The samples were shaken at 25 °C for 2 h. At the end of this period, the solutions
were separated by filtration and the residual metal concentration in the super-
natant was determined by atomic absorption spectrophotometry. As observed in
the tests with artificial solutions of Cu(ll), the removal increased with increasing
WTRA concentration, as well as increasing pH value. When the WTRA dosage
was increased to 1.5 g L1, the Cu(ll) removal increased to 100 %. Therefore,
waste tire rubber ash was effective in removing Cu(ll) from wastewater.

CONCLUSIONS

The results obtained in this study demonstrate that waste tire rubber ash can
be used as an excellent adsorbent to remove copper from wastewaters with a
good efficiency and low cost. Several parameters were studied and maximum ad-
sorption was found to occur in the pH range 4.5-6.0 within 120 min-contact. The
adsorption efficiencies increased with increasing contact time and initial metal
concentration; the maximum observed capacity of the material was 34.3 mg/g of
material. Furthermore, it can be concluded that waste tire rubber ash holds great
potential to be an effective adsorbent for the removal of Cu(ll) from wastewater
samples.

Acknowledgements. The authors thank the Research Council and Office of Gifted Stu-
dents of Semnan University for their financial support of this work.

M3BOJ

VKIIABABE Cu(ll) U3 OTHAAHUX BOJA KOPULIREHEM IIETIEJIA JOBUJEHOT!
CATOPEBAIEM OTITAJHUX AYTOMOBUJICKUX 'YMA

HASSAN ZAVVAR MOUSAVIY, ABDORRAHMAN HOSSEINIFAR? 1 VAHDAT JAHED?

1Chemistry Department, College of Sciences, Semnan University, Semnan u
2Aja University of Medical Sciences, Tehran, Iran

HWcnurad je yruiaj pH, mose aacopOenra, noyerne kouuentpanuje Cu(ll) m Bpemena koH-
takta Ha yknamame CU(ll) u3 BomeHOr pacTBOpa TEXHHKOM IIApKHE ajCOpHIHje, KOpHIIhiemheM
OTHAHOT Mernelia OJf caropeBama ayTOMOOMICKHMX r'yMa Kao jeTHHOTr afacopOeHTa. AICOpIIMOHA
paBHOTEKa je rocTh3ana HakoH 2 vaca 1pu PH 4 1o 6, mro je ontumym 3a ancoprimjy Cu(ll) jona.
Josza ox 1,5 g/L ancopbenra je Ouiia 10BOJbHA 33 ONTHMAJIHO yKIIamame OakapHuX joHa. Exkcriepu-
MEHTAJHU pe3yNTaTH Cy aHaau3upanu JlanrmupoBoMm n PpojHIINXOBOM H30TEpMOM, U oapehene
cy oaroBapajyhe koHcranre copruje. I[logany o KHHETHIN aICOPIILIKje aPOKCUMUPAHH Cy jeHa-
YHHOM TIpBOT peaa. Odekyje ce Ja TPOIIaK yKiIamama OyJae HH3aK, ¢ 003MpoM Ja je agcopOeHT
jebTHH M JocTymaH y BeaMKAM KonuunHama. OBa CTyAWja je Tokas3ajia Ja Ieneo JoOujeH ca-

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

2010 Copyright (CC) SCS

@0

56

PG MO




REMOVAL OF COPPER FROM WASTEWATER 853

roOpeBamkeM ayTOMOOMIICKUAX TyMa MOXeE J1a YKJIOHHU joHe 0akpa M3 y30paka HHAYCTPHjCKE OTHagHE
BOJIE.

=

gk wdN

© © N

10.

11.
12.

13.
14.
15.

16.
17.
18.
19.
20.
21
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

(IIpumsbeno 10. anpua 2009, pesugupano 17. mapra 2010)

REFERENCES

L. R. B. Sanchez, B. S. V. delaRiva, J. M. C. Fernandez, R. Pereiro, A. S. Medel, Ta-
lanta 55 (2001) 1071

F. Liu, X. Luo, X. Lin, L. Liang, Y. Chen, J. Hazard. Mater. 171 (2009) 802

V. K. Gupta, C. K. Jain, I. Ali, M. Sharma, V. K. Saini, Water Res. 37 (2003) 4038

F. Gode, E. Pehlivan, J. Hazard. Mater. 100 (2003) 231

S. Rengargj, J. W. Yeon, Y. Kim, Y. Jung, Y. K. Ha, W. H. Kim, J. Hazard. Mater. 143
(2007) 469

P. D. Johnson, M. A. Watson, J. Brown, |. A. Jefcoat, Waste Manag. 22 (2002) 471

T. Theophanides, J. Anastassopoul ou, Oncology/Haematology 42 (2002) 57

J. Zeng, H. Ye, Z. Hu, J. Hazard. Mater. 161 (2009)1491

E. Pehlivan, T. Altun, J. Hazard. Mater. 134 (2006) 149

S. Rengargj, J. W. Yeon, Y. Kim, Y. Jung, Y. K. Ha, W. H. Kim, J. Hazard. Mater. 143
(2007) 469

A. Baraka, P. J. Hall, M. J. Heslop, J. Hazard. Mater. 140 (2007) 86

J. W. Patterson, Industrial wastewater treatment technology, Butterworth-Heinemann,
Stoneham, MA, 1985, p. 175

C. Zhu, Z. Luan, Y. Wang, X. Shan, Sep. Purif. Technol. 57 (2007) 161

A. T. Paulino, L. B. Santos, J. Nozaki, React. Funct. Polym. 68 (2008) 634

M. Radeti¢, D. Radojevi¢, V. Ili¢, D Joci¢, D. Povrenovi¢, B. Potkonjak, N. Puac, P.
Jovanéi¢, J. Serb. Chem. Soc. 72 (2007) 605

T. Aman, A. A. Kazi, M. U. Sabri, Q. Bano, Colloids Surf. B 63 (2008) 116

A. Papandreou, C. J. Stournaras, D. Panias, J. Hazard. Mater. 148 (2007) 538

E. Pehlivan, B. H. Yanik, G. Ahmetli, M. Pehlivan, Bioresour. Technol. 99 (2007) 3520
H. S. Altundogan, Process Biochem. 40 (2005)1443

J. A. Omgbu, V. I. Iweanya, J. Chem. Ed. 67 (1990) 800

V. K. Gupta, I. Ali, J. Colloid Interface Sci. 271 (2004) 321

F. E. Okieimen, D. E. Ogbeifun, G. N. Nwala, G. A. Kumsah, Bull. Environ. Contam.
Toxicol. 34 (1985) 866

K.S.Low, C. K. Leg, S. C. Liew, Process Biochem. 36 (2000) 59

S. Ricordel, S. Taha, I. Cisse, G. Dorange, Sep. Purif. Technol. 24 (2001) 389

B.Yu, Y. Zhang, A. Shukla, S. S. Shukla, K. L. Dorris, J. Hazard. Mater. 80 (2000) 33
A. Saeed, M. W. Akhter, M. Igbal, Sep. Purif. Technal. 45 (2005) 25

S. C. lbrahim, M. A. K. M. Hanafiah, M. Z. A. Yahya, J. Agric. Environ. <i. 1 (2006) 179
S. Mohan, G. Sreelakshmi, J. Hazard. Mater. 153 (2008) 75

E.-S. Z. El-Ashtoukhy, N. K. Amin, O. Abdelwahab, Desalination 223 (2008) 162

H. Cho, D. Oh, K. Kim, J Hazard Mater. 127 (2005) 187

C. P. Huang, C. P. Huang, A. L. Morehart, Water Res. 25 (1991) 1365

M. S. Celik, R. H. Yoon, Langmuir 7 (1991) 79.

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

2010 Copyright (CC) SCS

@0

56

PG MO







e"bm“ Chem, ’.qa?f

'C'Si‘ ; s, Journal Of

- L]
the Serbian
4 . .
> Chemical Society
WY e :
% 00017« ¥ * JSCS@tmf.bg.ac.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (6) 855-872 (2010) UDC 677.027.48:667.286:66.046.59+544.4
JSCS4013 Original scientific paper

Decolorization of atextile vat dye by adsorption on waste ash
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Abstract: An adsorption process using cheap adsorbents could be described as a
simple, selective and low cost aternative for the treatment of colored waste
water compared to conventional physical and chemical processes. In this study
the use of a natural waste adsorbent—ash was investigated for the removal of a
textile vat dye Ostanthren blue GCD remaining after the dyeing of cotton tex-
tile. The ash obtained as a waste material during the burning of brown coal in
the heating station of Leskovac (Serbia) was used for the treatment of waste
waters from the textile industry, i.e., waste water after the dyeing process. The
effect of ash quantity, initial dye concentration, pH and agitation time on ad-
sorption was studied. The Langmuir model was used to describe the adsorption
isotherm. Based on the analytical expression of the Langmuir model, the ad-
sorption constants, such as adsorption capacity and adsorption energy, were
found. Pseudo first and second order kinetic models were studied to evaluate
the kinetic data.

Keywords: textile vat dye; adsorption; ash; Langmuir model; kinetics.

INTRODUCTION

Many industries, such as the textile, leather, paper and plastics industries, are
extensive dye users. Among them, the textile industry is the first by quantity and
quality of dyes used for the dyeing of various fiber types. Wastewaters from the
textile industry contain, in addition to dyes, a number of other polluting matters,
such as toxic organic residuals, acids, bases and inorganic matter. Some dyes are
carcinogenic and mutagenic being formerly produced from dangerous chemicals,
such as benzidine, metals, etc. The effluence of colored liquid waste into receptor
waters affects not only their esthetic nature but also the transmittance of sun
light, thereby reducing photosynthesis and disturbing the natural balance of water
life and the food chain.1-3
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856 SMELCEROVIC et al.

During the previous several decades, a number of physical, chemica and
biological methods for purification—decolorization were published and some of
them were accepted by the textile industry. Among many decolorization proce-
dures, the adsorption technique gives good results because it can be used for the
removal of various types of colored matter. Commercial systems use mostly ac-
tivated carbon as the sorbent for decolorization of waste waters because of its
excellent absorption ability. Although activated carbon has an advantage as a sor-
bent, its massive employment is restricted due to its high price. To reduce the
treatment costs, cheap alternative adsorbents are being sought.

Various studies®® have confirmed the existence of alternative materials as
potential adsorbents for pollutants and colored compounds. The considered pos-
sibilities for the adsorptive removal of color’:8 include synthetic® and natural ma-
terials® and the use of solid natural organic materials is increasing exponentially.
Among the organic compounds, many materials have color removal potential but
they are not economic. Natural materials and wastes'®-15 puild a complete col-
lection of cheap adsorbents and they are environmentally friendly. Many articles
have been published about the use of corn cobs,16 palm fruit parts, 1719 euca-
lyptus bark,29 cotton,21 sunflower stalks?2 and wheat straw14 as decolorizing ad-
sorbents. The removal of textile dyes by new adsorbents is usually evaluated by
comparing their efficiency with that of activated carbon. Activated carbon is neither
economical nor effective due to its non-polar nature in the unactivated state and
in the most cases due to the polar nature of dyes. Therefore activation is often
performed to introduce polar groups intended for different applications of carbon
adsorbents.

As with other substrates, the adsorption of dyes not only depends mainly on
the characteristics of the dyes and their structures but also to the same degree on
the surface chemistry of adsorbent.

EXPERIMENTAL

As the adsorbent, the ash from the “Heating Station Leskovac” (Serbia), obtained by
burning brown coal, was used. After collecting and drying, the ash was sifted up to a particle
size of 0.5 mm. To increase the functionality, the ash was demineralized by treatment with 7.5
% H,S0O, for 60 min followed by copious rinsing with water, repeated treating with acid and
finally adjustment of the pH of the water ash durry to between 7 and 8.

As the adsorbate, vat dye Ostanthren Blue GCD (C.I. Vat Blue 14) from Synthesia, the
Czech Republic was used.

The structure of the dye and its behavior in conventional textile dyeing processes are
shown in Fig. 1. It should be noted that the dye samples used in the experimental part of this
study were not obtained after the classical dyeing procedure but after heating the dye at 60 °C
for 60 min without any additives and without textile material. The aim was to test the ad-
sorption of the dye itself without any of the usual additives in the dyeing process, i.e., reduc-
tion agents, hydrolysis agents, wetting agents, leveling agents, etc., that would affect the ad-
sorption process and complicate the interpretation of the results. It should be noted that the
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DECOLORATION BY WASTE ASH 857

dye is oxidized after dyeing and returns to its original insoluble form and as such exists in
waste waters.

Common vat dyes are quinonic dyes and particularly common are the anthraguinones
and indigoids. Moreover, vat dyes include the natural dyestuff, indigo, and the artificial dyes
called by the trade names, indanthrene, and flavanthrene. These dyes are essentially insoluble
in water and incapable of dyeing fibers directly. However, reduction in the alkaline liquor
produces the water soluble alkali metal salt of the dye (Fig. 1). In this leuco form, these dyes
have an affinity for the textile fibers. Subsequent oxidation reforms the original insoluble dye.
Most vat dyes are less suitable than fiber reactive dyes for domestic use as they are difficult to
work with; they require areducing agent to solubilize them.23

OH Cl ONa

¢ o cl
o HN OH HN*‘D‘ ONa HN” —! —‘ ‘
Red

Alkali

*NH o —_— NH OH _— NH ONa
O‘O - OOO o OOO
o] OH

ONa
C.L VatBlue 14 Insoluble form Soluble form

Fig. 1. Vat dye behavior in the process of textile dyeing.

The effect of pH on adsorption by the ash was tested by adjusting the pH of the solution
to the required values with 1.0 M NaOH and H,SO, solutions. According to the obtained
results, the most effective adsorption was obtained at pH 13 and all subsequent processes were
performed at this pH value.

The adsorption experiments were performed at room temperature (20 °C) in glass Er-
lenmeyer flasks, closed with cork stoppers and placed on a shaker at 150 rpm. The quantity of
ash was varied between 1 and 4 g, using a constant volume of solution (100 cm3) containing
dye at concentrations of 50, 100, 150, 200 and 250 mg dm3. The treatment times were 10, 20,
30, 45 and 60 min with continuous agitation.

The selected dye concentrations were chosen because they mostly correspond to the
residual dye quantities in the solution after the dyeing of textile. In the experiments, pure dye
was used without the additives usually present in the dyeing process. The equilibrium ad-
sorption time for the adsorption of dye on ash was determined to be 60 min and extension of
the treatment time did not change the quantity of adsorbed dye.

The degree of dye removal was determined by spectrophotometrically measuring the
quantity of dye in the solution before and after adsorption using a Cary 100 Conc UV—Vis
spectrometer (Varian) at a wavelength of 590 nm

The percent dye removal is given by:

Dye removal = 100(cq — ¢)/cy
where ¢y and ¢ are theinitial and final dye concentrations in the solution, respectively.

The adsorption of an adsorbate on a material can be described by the Langmuir isotherm,
which inits linear formis given by:24
v _ LCM + _1 (1)
a  8ma BmaxP
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858 SMELCEROVIC et al.

where: ¢y, mg dm3, is the equilibrium adsorbate concentration in the solution after ad-
sorption; a, mg g1, is the quantity of adsorbate adsorbed per mass unit of adsorbent; ay,,, Mg
kg'l, is the maximum quantity of adsorbate that could be bound to the adsorbent; b, dm? kg2,
isthe ratio of the adsorption rate constant and the desorption rate constant of the adsorbate.

The quantity of adsorbed dye (adsorbate) per mass unit of ash (adsorbent) was deter-
mined from the expression:

0
2z Shou]V 7
w

where: ¢fy , mg dm3, istheinitial adsorbate concentration in the solution; w, g, is the mass of
adsorbate and V, dm® is the volume of the solution used for the adsorption.

Equation (1) predicts that a plot of cy/a vs. ¢y should give a straight line, which is used
for the determination of the values of the constants a5, and b as follows:

1 1
—— and b= . -
slope amax (Ordinate intercept )

Aamax =
v =0

In order to define the kinetics of the adsorption, pseudo first and pseudo second order
models were considered. The linear form of the equation of pseudo first order kineticsis:

k
lo —a)=loga-——t 3
g(amax t) g 5303 (©)
and the equation of the linear form of pseudo second order kineticsis:
L = 12 +it 4
&  KoAma  @max

where: an Mg g1, is the maximum (equilibrium) adsorbed quantity of adsorbate per unit
mass of adsorbent; a;, mg g1, is the adsorbed quantity of adsorbate per unit mass of adsorbent
after time t; t, min, is the time of adsorption; k;, min'l, is the equilibrium rate constant for
pseudo first order kinetics and ky,, g min't mgl, is the equilibrium rate constant for pseudo
second order kinetics.

RESULTS AND DISCUSSION

Prior to commencing the presentation and analyses of the results of the pre-
sent investigation of textile vat dye decolorization using waste fly ash, severa facts
regarding the justification of the use of this waste material from heating stations
and power stations should be noted. Namely, it is known that one power station
of 1000 MW produces about half amillion tons of fly ash annually.2®

Moreover, there are objectives to use this free material, available in huge
amounts, for useful purposes or to dispose of it properly and hence prevent its
dissemination because it contains potentially hazardous materials. Ash is an es-
pecialy problematic residue as it contains high concentrations of heavy metals?6
and trace amounts of polychlordibenzodioxins and furans.27.28

Heavy metals are nowadays among the most important pollutants in source
and treated water, and are becoming a severe public health problem. They can be
toxic to aguatic life and cause natural waters to be unsuitable as potable water
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DECOLORATION BY WASTE ASH 859

sources.2® Heavy metal removal from aqueous solutions has commonly been
realized by several processes: chemical precipitation, solvent extraction, ion-ex-
change, reverse osmosis or adsorption.29:30 Among these processes, adsorption
using a suitable adsorbent can be an effective technique for the removal of heavy
metals from wastewater.31-33 As adsorbents activated carbon, alumina, silica and
ferric oxide have been proposed. Although they generally have high metal ad-
sorption capacities, they are expensive and difficult to separate from the waste-
water after use. This has prompted over recent years growing research interest
into the production of low cost alternatives to these adsorbents from a range of
carbonaceous and mineral precursors. Ash, one of the most abundant waste ma-
terials from the combustion of powdered coal, and its major components make it
a potential agent for the adsorption of heavy meta contaminants in water and
wastewaters,30

Thus, fly ash is potentially a source of heavy metals that could be released
into the environment, but it also can be used as an adsorbent for the removal of
some heavy metals from their aqueous solutions.

Ash has potential application in wastewater treatment because of its major
chemical components, which are alumina, silica, ferric oxide, calcium oxide,
magnesium oxide and carbon, and its physical properties, such as porosity, par-
ticle size distribution and surface area. Moreover, the alkaline nature of ash
makes it a good neutralizing agent. Generally, in order to maximize metal ad-
sorption by hydrous oxides, it is necessary to adjust the pH of the wastewater
using lime and sodium hydroxide.32.33

Several new technologies, such as immobilization of the ash with cement,34
acid neutralization,3® wet chemical treatment36 and thermal treatment, have been
proposed for the removal of heavy metals. The goal is to decontaminate toxic re-
sidues and render them inert so that they can be reused or deposited without risk.
The major components in the ash which includes cyclone ash and scrubber ash
(referred to as fly ash herein) are silica, aluminum, and calcium.37 One of the
ways is the waste melting process, in which the most hazardous materials, such
as heavy metals, are tightly fixed in a solid phase, and the slag generated by this
process can be used as a construction material .38 Glassy slag can be generated by
melting waste at temperatures exceeding 1300 °C, after which the molten ash is
water-quenched or air-cooled. The volume of the resulting slag can be reduced
and the dag stabilized such that heavy metals become immobilized in a glassy
Si—O matrix; thus, the leaching behavior is improved.3® The most common pro-
cesses include the use of the ash as a raw materia in the manufacture of brick
and as a pozzolan in concrete.29

Hence, waste fly ash used in dye adsorption and the heavy metals washed off
the ash and solidified (by evaporation and filtration) can be disposed as described
above.
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860 SMELCEROVIC et al.

Considering an adsorption process, it is known that adsorption from a so-
lution towards a solid surface begins with the interaction of dipoles or charged
species of adsorbent and adsorbate. In addition, anion and cation interchange also
occurs when neutral molecules come sufficiently close to each other, when an in-
teraction between dissolved organic components, dyes, solvent molecules, water,
and the surface of the adsorbent, ash, begins.4-56

It could be stated that the adsorption of dissolved matter (adsorbate) from a
solution or suspension onto solid matter (adsorbent) occurs according to one of
the following mechanisms: interchange of molecules from the solution with those
on the adsorbent, physical adsorption induced by van der Waals forces and che-
misorption. 710

Adsorption efficiency depends on a number of parameters, such as medium
temperature, pH, mechanical agitation, dye diffusion rate, etc. As arule, by in-
creasing the solution temperature, the dyeing rate or rate of diffusion isincreased,
but likewise, increased temperature reduces the equilibrium dye exhaustion. On
this basis, fast adsorbing dyes have an optimal dyeing temperature of, for ins-
tance, 40 °C, while with dyes that slowly bind to a fiber, the optimal dyeing tem-
perature is 100 °C. The same analogy can be applied for “binding”, i.e., ad-
sorption of adye onto the adsorbent (ash).4-6

It is known that the surface of ash acquires a positive charge by absorbing
hydrogen ion (H*) after immersion in water. In the case of low pH and increased
H* concentration in a system, the ash surface acquires a strong positive charge.
The opposite istruein an alkaline medium.”:8

It was found that the highest percentage of vat dye removal occurred in a
strong alkaline medium, meaning that under these conditions, a high physical in-
teraction appeared, which was based on the attraction of opposite charges, (+) dye
charge and (-) ash charge, Fig. 2. Therefore, an increasing or decreasing per-
centage dye removed depending on pH should be considered in the light of struc-
tural changes of the dye and the condition of the surface layer of the ash.

It was expected that in acidic medium, considering the positively charged
dye form, the highest dye adsorption would occur if the ash were negatively
charged. This was not the case with the maximum adsorption found when the pH
of the solution was 12 and 13, i.e, in a strong akaline medium. However, it
should be noted that the difference in adsorption in strong acid and in strong
alkaline medium was very low, about 0.1 %.

The explanation should be looked for in the fact that the reaction in akaline
medium is more risky than in an acidic one because of possible deformations and
structural changes of the dye molecule, which could be the for the somewhat
higher adsorption observed under very strong alkaline conditions.40

On the other hand, it is well known that substances adsorb poorly when they
areionized. Usually, when the pH is such that an adsorbable compound exists in
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DECOLORATION BY WASTE ASH 861

an ionized form, adjacent molecules of the adsorbed species on the adsorbate
surface will repel each other to a significant degree, because they carry the same
eectrical charge (forces of repulsion/attraction between the actua ions are strong,
compared with weak forces, such as Van der Waals forces). Thus, the adsorbing
species cannot pack together very densely on the surface, and the equilibrium
amount of adsorbed solute is only modest.4! In contrast, when the adsorbing spe-
cies isin the non-ionized form, no electrical repulsion exists, and thus the pack-
ing density on the surface can be much higher, asin the present case.

100.00 -]
-
|
99.96
] n

X
. 99.921
©
3 . .
€
O 9988
® ]
Q>v ]

99.84 .

[ ]
99.80 - = Ostanthren .
Fig. 2. Percentage of removed
r~ 1 0~ Tr 1 1 ~1 - 1 1 " 1 " 1 T T1r T 1 . .
1 2 3 4 5 6 7 8 9 10 11 12 13 14 vatdyeadsorbed onashin acid
pH and alkaline medium.

On reaction of a dye with an acid (e.g., H2SO4), a salt is obtained — hyd-
rogen sulfate and/or sulfate. Hydrogen ions from the acid binds to one and/or
both nitrogen atoms of the dye and the produced cations are balanced by hyd-
rogen sulfate or sulfate anions, Fig. 3.

— e . Tee
cl o ¢l o
980 JO8®
[} HN HSO4e o H—I!l 80499
N—H O N—-H 0O
9891 9891
@ (b)

Fig. 3. Dye structure after reaction with sulfuric acid.
a) hydrogen sulfate dye form; b) sulfate dye form.

In basic medium, reactions occur on the carbonyl groups and by reduction,
two to four identical phenol —OH groups are obtained, with later replacement of
the hydrogen atom by a sodium atom, Fig. 4.
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Cl ONa
ONa HN I I I
| l I NH ONa

ONa
Fig. 4. Dye structure after reaction with sodium hydroxide.

The removal yields of vat dye as afunction of the initial and equilibrium dye
concentration for the minimum quantity of ash (1 g) are shown in Fig. 5. At low-
er concentrations, it is obvious that a higher percentage of dye was removed dye
is obvious, irrespective of whether the initial or equilibrium dye concentration
was considered. On the other hand, generally, the maximum dye concentration
(250 mg dm3) was considerably higher than the previously used concentrations
(200, 150, 100 and 50 mg dm3) but the percentage dye removed was only slight-
ly lower than the values obtained with the other initial concentrations. This means,
effectively, that a higher amount of dye was adsorbed with the highest initial con-
centration. Therefore, the percentage removed dye and the adsorption percentage
decreased with increasing dye concentration in solution but the actual quantity of
dye adsorbed increased with increasing dye concentration.

Based on this behavior of the dye in a solution containing ash, it could be
concluded that the faster removal indicates that the sorption process could be
ionic in nature when the dye molecules bind to oppositely charged groups on the
adsorbent surface.

Moreover, from the plot in Fig. 5, it is obvious that the adsorption time plays
akey role, i.e.,, with increasing time, the quantity of dye removed from solution
by the ash increased. The same effect was found with all the employed quantities
of ash.

Plots of % removed dye at equilibrium time vs. the quantity of ash for dif-
ferent concentrations of vat dye are shown in Fig. 6, from which a constant
increase in the % removed dye with increasing adsorbent mass is obvious and
that the lowest dye concentration showed the highest % removed dye, whereas
the highest dye concentration gives the lowest % removed dye. Nevertheless, the
actual quantity of adsorbed dye increased with increasing dye concentration.

The results of the amount of dye adsorbed on the ash adsorbent with time for
different initial concentrations of vat dye and different ash quantities are shown
inFig. 7.
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Fig. 5. Percentage of removed vat dye adsorbed on ash as a function of A) the initial
and B) the equilibrium dye concentration (adsorption on 1.0 g of ash).

In the main diagrams, Figs. 7A and 7B, are only shown the dependencies for
dye concentrations of 50 and 250 mg dm3 and for adsorbent quantities of 1.0
and 4.0 g, respectively. The changes for other dye concentrations were similar
but for sake of clarity, they were not given in the main diagrams. In the lower
right hand side of the main diagrams, auxiliary diagrams showing the depen-
dencies for all dye concentrations are inserted. Practically, one curve each was
chosen from the auxiliary diagrams to give the main diagrams marked as A and
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B. Such a presentation gives a more prominent picture of the dependency of the
change of amount of dye adsorbed on the adsorbent with time compared to the
same presentation in the auxiliary diagrams.

—0O— Ostanthren, 50 mg dm”
—mB— Ostanthren, 100 mg dm™
1 —A— Ostanthren, 150 mg dm™ O
—A— Ostanthren, 200 mg dm®
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X 99.90 4 /
B ]
8 .
£ 99.88 _—
2 — A
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O 90864 M o
N
Y o
" -
99844 o—"
a I
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R
99.82 -————
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Ash quantity, g 100cm™

Fig. 6. The percentage of vat dye removed by adsorption as a function of
ash quantity for different initial dye concentrations.

The continuity of changes with time are obvious, i.e., the amounts of dye
adsorbed per unit mass of adsorbent increased with increasing time. Moreover,
the highest adsorption occurred with the highest dye concentration, which was
expected.

The Langmuir adsorption isotherm in two formsis shown in Fig. 8, i.e,, Fig.
8A represents the relation between adsorbed dye per unit of the minimal used ash
mass and equilibrium dye concentration and Fig. 8B shows the relation of cy/a to
the equilibrium concentration of the dye.

It is obvious that adsorption curves are smooth and continuous, indicating
that the process proceeds to saturation with different concentrations of dye on the
outer interface of the adsorbent. This implies the possibility of the formation of a
mono-layer coverage of the adsorbent, which is described by the Langmuir Equa-
tion. From the slope and intercept of the right hand plot in Fig. 8, according to
Eq. (1), the Langmuir constants amgx and b, representing the maximum quantity
of adsorbate bound to the adsorbent and the adsorption energy, respectively, were
determined.

Under ideal conditions of medium pH and maximum interactions of the dye
molecules with the adsorbent, the plotsin Fig. 8 represent the essential function-
ality of the variables, i.e., a high correlation was achieved. The essence of the
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DECOLORATION BY WASTE ASH 865

adsorption process in this case, covered by the Langmuir isotherm, is based first-
ly on the initial dye concentration, being an important driving force to overcome
al the resistance to mass transfer between the aqueous and solid phase. Gene-
raly, a higher initial concentration of vat dye enhances the adsorption process.
The case was similar for adsorption onto the maximum amount of ash employed,

Fig. 9.
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Fig. 7. Adsorbed quantity of adsorbate on adsorbent in time for
different dye concentrations. A) 1g of ash; B) 4 g of ash.
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44 —O0—Ash,1g

T T T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Equilibrium dye concentration , mg dm™

(A)

0.017 o

0.016

0.015

c.a'/gdm®

0.014 4 ]

m Ashig

0.013 4—y

005 o010 o015 o2 o025 o3 035 o4 o4 Fig. 8. Langmuir adsorption iso-

Equilibrium dye concentration, mg dm’ therms for the minimum studied
(B) amount of adsorbate.

The various methods of dye adsorption on ash, as well as the analytical ex-
pressions of Langmuir isotherm and Langmuir parameters amax and b, together
with the values for the coefficient of determination R2 for the Langmuir plot cy/a
vs. ¢y arelisted in Table I. The coefficient of determination is a relative measure
of the typicality of the regression line or, in this case, a measure of the usefulness
of the Langmuir model. The fact that all R2 values were greater than 0.9 showed
that the Langmuir Equation fitted the experimental data very well. The maximum
guantity of adsorbate that can be bound to the adsorbent, amax, or the monolayer
adsorption capacity, decreased with increasing quantity of the adsorbent, while
the ratio of the adsorption and desorption rate constants of the adsorbate, b,
which is a constant related to the adsorption free energy, increased.

The results for the kinetics of dye sorption on ash with the minimum and
maximum amounts of adsorbent and different initial dye concentrations are
shown in Figs. 10 and 11. According to the linear forms of pseudo-first and pseu-
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do-second order models and the obtained results, it can be concluded that ad-
sorption rate, under the given experimental conditions, was completely described
by the second order model. This was also the case with other used ash quantities
(2and 3 ).

a/lmgg’
w
1

1- —0—Ash, 4¢

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Equilibrium dye concentration, mg dm™®

0.060 4 L]
0.055
0.050 - 2
g
S o0+
K J
% 000
.
0.035
0.030
. . . L
. ® Ash49 g 9 |angmuir adsorption iso-
000 005 010 015 020 025 03 035 therms for the maximum studied
Equilibrium dye concentration, mg dm ; amount of adsorbent.

TABLE |. Analytical expression of the Langmuir isotherm with coefficients

Mass of Analytical expression of curve Langmuir parameters R
adsorbant, g (Langmuir expression) ama/ Mgg* b/dm’mg?

1 cu/a = 0.0126 + 0.0109c,, 91.6 0.865 0.952
2 cw/a = 0.0190 + 0.0383cy, 26.1 2.02 0.907
3 cuw/a=0.0271 + 0.0570cy, 175 2.10 0.954
4 cuw/a=0.0279 + 0.0921cy 10.8 331 0.930

The results of the determination of the kinetic parameters for the adsorption
process of vat dye on ash (equilibrium rate constant of pseudo-first and pseudo-
-second order kinetics) for al the studied adsorbent quantities and all the initial
dye concentrations together with values of the parameter amay (calculated, amax cal,
and experimental, amax,exp) are listed in Table 1.
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Fig. 10. Sorption kinetics of vat dye with the minimum studied adsorbent quantity;
A) pseudo-first order; B) pseudo-second order.

The pseudo first and pseudo second order models were used to check the
experimental data, whereby an attempt was made to explain the kinetics of the
adsorption process under the given experimental condition.

Although coefficients of determination for the pseudo first order kinetics
model were generally higher than 0.9 for al amounts of adsorbent and al the
initial dye concentrations, much lower values of the calculated parameter amax
(amax,cal) were obtained compared to those of the experimental parameter a
(@max,exp)- Therefore, the adsorption cannot be best described by the pseudo first
order kinetics model because in most cases first order equation does not cover
adequately the whole range of contact times.
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SRS Fig. 11. Sorption kinetics of vat
o+ dye with the maximum studied ad-
5§ 10 15 20 25 30 35 40 45 50 55 60 sorbent quantity; A) pseudo-first
Time, min order; B) pseudo-second order.

TABLE II. Kinetic parameters of vat dye adsorption on ash (R* = 1, for pseudo-second order)
Pseudo-first order Pseudo-second order

Absorbent quasn- Initial dye con- , amax,mf L Ao K Bt
tity, g/100 cm™® centration, mgdm> mgg™ k,/ min Mo g R gmgimin® mgg
1 50 4.99 0.042 0.035 0.997 3.59 5.00
100 9.99 0.041 0.070 0.997 1.80 9.99
150 15.0 0.041 011 0.998 1.20 15.0
200 20.0 0045 014 0997 0935 20.0
250 25.0 0046 018 0998 0.764 25.0
2 50 2.50 0.040 0.018 0.998 7.15 2.50
100 4.99 0.047 0.036 0.996 3.82 5.00
150 7.49 0.051 0.055 0.994 2.60 7.49
200 9.98 0.055 0.076 0.990 2.00 9.99
250 12.5 0.056 0.095 0.989 1.63 12.5
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TABLE Il. Continued

Pseudo-first order Pseudo-second order

Absorbent quan-  Initial dyecon-  8maex

. 3 : 3 ; 1 Bmaxca ks Amex,cd
tity, /100 cm™ centration, mgdm™ mgg~ k; / min mg g R gmgt min® mg g’
3 50 166 0050 0012 0.982 116 167

100 333 0057 0.025 0971 6.05 3.33
150 499 0.067 0.041 0.952 4.22 4.50
200 6.66 0075 0.060 0.936 3.20 6.66
250 832 0087 0.085 0.908 2.64 8.33
4 50 125 0.051 0.0090 0.992 15.9 125
100 250 0058 0.019 0.981 8.35 2.50
150 374 0.080 0.034 0944 6.10 3.75
200 499 0.077 0.044 0.953 4.49 5.00
250 6.24 0094 0.065 0.917 3.81 6.24

As opposed to this, the pseudo-second order kinetics model had in al cases
R2 = 1, whereby full functionality was achieved and the model can be fully used
to describe the adsorption process of vat dye on ash. Moreover, the differences
between the calculated amax,ca and the experimental amax,exp Were insignificant
for this model.

CONCLUSIONS

Dye adsorption as a purification method has some advantages, because other
processes, which include ateration or destruction of the chromophore dyesto de-
colorize the solution, do not remove residuas from waste waters that, as such,
can still be detrimental for the environment. As opposed to this, adsorption re-
moves the complete molecule without leaving any parts in the water. Thisis es-
pecially important with dyes containing metals, where bound metal (e.g., Cr, Co,
Cu) would remain in the waste water in cases of treatment methods other than
adsorption, perhaps even in more harmful forms.

Removal of a vat dye with waste ash obtained from the “Heating Station —
Leskovac” was studied under various conditions. The adsorption depended on the
contact time, initial dye concentration and solution pH. The equilibrium state was
achieved after a contact time of 60 min, while the % adsorption on ash was re-
duced on increasing the initial dye concentration in the solution, although the ac-
tual quantity of adsorbed dye was increased. A Langmuir isotherm describes the
adsorption characteristics of the adsorbent in a satisfactorily manner.

The pseudo second order kinetics model fitted very well with the dynamic
behavior of vat dye adsorption on natural waste ash under various conditions,
with the remark that the adsorption is avery complex process.

Based on the obtained results, it can be concluded that brown coal ash is an
efficient adsorbent for the removal of vat dyes from water solutions with a reaso-
nable possibility of application on an industrial scale.
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M3BOJ

JEKOJIOPU3ALIMIA TEKCTUJIHE PEAYKIIMOHE BOJE AZJCOPIILINIOM
HA OTITAJHOM IIEIEJY

MUO/JPAT LIMEJILUEPOBUR, IPAI'AH BOPIJEBU'R, MUJIE HOBAKOBWH u MUPJAHA MU3/IPAKOBUH
Yuusepsuitieiti y Huwy, Texnoaowku ¢akyaitieiti, Byaesap ocaobobera 124, 16000 Jleckosay

Ancoprionu npotiec y3 nomoh jedTHHUX agcopOeHara Morao O ce JeKJIapHcaTd Kao jen-
HOCTaBHa, CEJICKTUBHA U je)THHA anTepHaTHBA 3a NpednihaBame 000jeHNX OTIAAHUX BOAA y OI-
HOCY Ha KOHBEHIHOHAJHE (DH3MYKO—XEMHUjCKE MOCTYIIKe. Y pajy je HCTpaKMBaHa HMpPHMEHa IpH-
POIHOT OTHaAHOT afCcOpOCHTa — IIeMeNa 3a OICTPAbUBALE PEAyKIMOHE TeKCTHIHE 60je Ostanthren
blue GCD 3aocrane nocne Gojera mamyuHor Tekctuna. [leneo 100HjeH caropeBameM MPKOT yriba
y Torutanu y JleckoBIly kKao OTIaAHM Marepujai, kopumheH je 3a nmpeunmhaBame OTHAgHE BOJIE
TeKCTHJIHE HHIYCTpHje, Tj. OTHaJHEe BOJE HAcTaye Mociie mporeca 6ojeme. VcTpaxkuBaH je yTuIaj
KOJIMYMHE TIeTeNa, HoOYeTHe KOHIeHTparuje 6oje, PH 1 BpeMeHa Memama Ha aJCcOpIIHjy. 3a ONu-
CHBame aJICOPIIMOHE U30TEpME NPUMEHeH je JIeHrMupoB Mozeln. Ha 0OCHOBY aHaJIMTHYKOT H3pasa
JleHrMupoBOT MOJieNIa Hal)eHe Cy KOHCTaHTe, a[JCOPIIIMOHH KallalluTeT ¥ eHepruja aacopnuuje. Ku-
HETHYKU MOJIEJIH TICEYJI0 MIPBOT M IPYTOr pejia Cy UCITUTHBAHH PaJii OLleHe KMHETHYKHUX [0/1aTaKa.

(Ipumsbero 24. jyna 2009, pesuaupano 15. Gpebpyapa 2010)

REFERENCES

E. Demirbas, M. Koboya, M.T. Sulak, Bioresour. Technol. 99 (2008) 5368
2. X. F. Sun, S. G. Wang, X. W. Liu, W. X. Gong, B. Y. Gao, H. Y. Zhang, Bioresour.
Technol. 99 (2008) 3475

=

3. N. Emanuel, G. Kumar, Environ. Chem. Lett., DOI 10.1007/s10311-0080182-x
4. M. M. Davila-Jimenez, M. P. Elizalde-Gonzalez, A. A. Pelaez-Cid, Colloids Surf. A 254
(2005) 107
5. M. M. Nassar, M. S. EI-Geundi, J. Chem. Technol. Biotechnol. 50 (1991) 257
6. K. R. Ramakrishna, T. Viraraghavan, Water Sci. Technol. 36 (1997) 189
7. 0O.J. Hao, H. Kim, P.-C. Chiang, Crit. Rev. Environ. Sci. Technol. 30 (2000) 449
8. T. Robinson, G. McMullan, R. Marchant, P. Nigam, Bioresour. Technol. 77 (2001) 247
9. A. Krysztafkiewtcz, S. Binkowski, T. Jesiouowski, Appl. Surf. Sci. 199 (2002) 31
10. R. M. Liversdge, G. J. Lloyd, D. A. J. Wase. C. F. Forster, Process Biochem. 32 (1997) 473
11. T. Robinson, B. Chandran, P. Nigam, Environ. Int. 28 (2002) 29
12. G. Annadurai, R.-S. Juang, D.-J. Lee, J. Hazard. Mater. B 92 (2002) 263
13. R. Sivargj, C. Namasivayam, K. Kadirvelu, Waste Manage. (Oxford) 21 (2001) 105
14. T. Robinson, B. Chandrai, P. Nigam, Water Res. 36 (2002) 2824
15. V. K. Gupta, D. Mohan, S. Sharma, M Sharma, Sep. Sci. Technol. 35 (2000) 2097
16. M. S. El-Geundi, Water Res. 25 (1991) 271
17. M. M. Nassar, M. F. Hamoda, G. H. Radwan, Water Sci. Technol. 32 (1995) 27
18. M. M. Nassar, Y. H. Magdy, Chem. Eng. J. 66 (1997) 223
19. M. M. Nassar, Water ci. Technol. 40 (1999) 133
20. L. C. Morais, O. M. Freitas, E. P. Goncalves, L. T. Vasconcelos, C. G. Gonzalez, Water

Res. 33 (1999) 979

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

2010 Copyright (CC) SCS

@0

56

PG MO




872 SMELCEROVIC et al.

21. |. Bouzaida, M. B. Rammah, Mater. Sci. Eng. C 21 (2002) 151

22. G. Sun, X. Xu, Ind. Eng. Chem. Res. 36 (1997) 808

23. J. Shore, Colorants and auxiliaries; organic chemistry and application properties, So-
ciety of Dyers and Colourists, Bradford, 2002, p. 45

24. Lj. Vratar, A. Despi¢, V. Drazi¢, K. Bordevi¢, D. Jovanovié, S. Jovanovi¢, M. Maksimo-
vi¢, B. Nikoli¢, D. Ovcin, D. éepa, Experimental Physical Chemistry, Faculty of Techno-
logy and Metallurgy, Belgrade, 1987, p. 237 (in Serbian)

25. http://www.eps.re/publikacije/Zastita zivotne sredine/EPS Zastita zivotne sredine.pdf

26. A. Jakob, S. Stucki, P. Kuhn, Environ. Sci. Technol. 29 (1995) 2429

27. M. S. Wang, L. C. Wang, C. C. Wang, J. Hazard. Mater. 133 (2006) 177

28. S.. Shih, Y.F. Wang, J.E. Chang, J.S. Jang, F.L. Kuo, L.C. Wang, G.P. Chang-Chien, J.
Hazard. Mater. 137 (2006) 1817

29. B. Bayat, Water Air Soil Pollut. 136 (2002) 69

30. G. Gupta, N. Torres, J. Hazard. Mater. 57 (1998) 243

31. J. Aydla, F. Blanco, P. Garcia, P. Rodriguez, J. Sancho, Fuel 77 (1998) 1147

32. B. Bayat, J. Hazard. Mater. 3 (2002) 251

33. B. Bayat, J. Hazard. Mater. 3 (2002) 275

34. Y.M.Kuo, T.C.Lin, P. J. Tsa, J. Hazard. Mater. 133 (2006) 75

35. C. A. Johnson, S. Brandenberger, P. Baccin, Environ. Sci. Technol. 29 (1995) 142

36. S. Aricke, T. Van Gerven, C. Vandecasteele, J. Hazard. Mater. 137 (2006) 235

37. J.lori, J. Balg, Residue Treat. 6 (1995) 9

38. S. Sakai, M. Hiraoka, N. Takeda, T. Tsunemi, Water Sci. Technol. 22 (1990) 329

39. J. P. Young, H. Jong, J. Hazard. Mater. B 9 (2002) 89

40. V. Gundula, Color Technol. 122 (2006) 317

41. A. Mishra, M. Bgjpai, Bioresour. Technol. 97 (2006) 1055.

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

(0 OOC)

2010 Copyright (CC) SCS

= MG MDD



Journal of

the Serbian
Chemical Society
o

7 0ogrre iy JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (6) 873 (2010)

Errata (printed version only)

Issue No. 5 (2010), Val. 75:

— The paper JISCS-3993 by Gajendra Kumar et al. on pages 629637 has

been corrected in the electronic version, which should be referred to.

— The paper JSCS-3996 by Ankica Anti¢-Jovanovi¢ et al. on pages 659-667
has been corrected in the el ectronic version, which should be referred to.
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