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Synthesis of biscoumarin derivatives by the reaction of
aldehydes and 4-hydroxycoumarin using ruthenium(III)
chloride hydrate as a versatile homogeneous catalyst

KHALIL TABATABAEIAN*, HANNANEH HEIDARI, ALIREZA KHORSHIDI,
MANOUCHEHR MAMAGHANI and NOSRAT O. MAHMOODI

Department of Chemistry, Faculty of Sciences, University of Guilan,
P. O. Box 41335-1914, Iran
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Abstract: The one-pot domino Knoevenagel-type condensation/Michael reac-
tion of aromatic, heteroaromatic and aliphatic aldehydes with 4-hydroxy-
coumarin in aqueous media in the presence of ruthenium salt as homogeneous
catalyst was investigated. It was found that 5 mol % of RuCl;-#nH,O catalyzes
biscoumarin synthesis in high yields (70-95 %) under optimized, mild, green
and environmentally benign reaction conditions in short times (25—35min).

Keywords: ruthenium; biscoumarin; aldehyde; 4-hydroxycoumarin; homoge-
neous catalyst; condensation reaction.

INTRODUCTION

Coumarin derivatives have received considerable attention because of their
biological importance and numerous pharmacological activities. Some coumarin
derivatives, in general, and biscoumarins, in particular, are known for their anti-
fungal, anti-HIV, anticancer, antithrombotic, anticoagulant, antimicrobial and
antioxidant,! 4 urease inhibitory,d cytotoxicity and enzyme inhibitory activities.®
In addition, their optical and fluorescence emission properties have already been
studied.”-8 Although some types of these compounds could be isolated from
plants, for example 7,7’-dihydroxy-6,6’-dimethoxy-3,3’-biscoumarin from Ery-
cibe obtusifolia,? attempts have been made to use alternative catalysts for biscou-
marin synthesis. In 1999, Hagiwara et al. reported the use of Et)AICl as a Lewis
acid for the condensation of 4-hydroxycoumarin and aldehydes in acetonitrile or
dichloromethane at room temperature in moderate to good yields (40-80 %).10
Later, other researchers reported a similar reaction using piperidine,> molecular
iodine,!! tetrabutylammonium bromide (TBAB),!2 heteropolyacids,!3 phospho-

* Corresponding author. E-mail: Taba@guilan.ac.ir
doi: 10.2298/JSC110427189T
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40 8 TABATABAEIAN et al.

tungstic acid!4 and sodium dodecyl sulfate (SDS)!5 as catalysts. A number of
catalyst-free condensation reactions under thermal and microwave irradia-
tion,1d:16-18 heating in ionic liquid 1-butyl-3-methylimidazolium tetrafluoro-
borate ([bmim]BF4)!9 and sonochemical condition?0 were also developed. How-
ever, each of the above procedures has its own disadvantages, such as long
reaction time, the use of large excess of reagents, low yield and so forth. Due to
their wide application, further development of an efficient and useful method for
the synthesis of biscoumarin derivatives was considered advantageous.

On the other hand, transition metal and especially ruthenium compounds are
favorable materials having useful characteristics, including low redox potential,
high electron transfer ability and high coordination ability to heteroatoms. They
have been employed as catalyst for various organic syntheses.2!-22 RuClz-nH,0O
has shown suitable homogenous catalytic activity in diverse organic transforma-
tions, such as in the generation of hydrogen from isopropanol,23 deoxygenation
of aromatic N-oxides,24 direct arylation of arenes,?5 efc. Hence, investigation of
ruthenium chemistry has attracted the interest of our group.26-31

To the best of our knowledge, Ru(Ill) salts have never been used as a water-
soluble transition metal catalyst for the condensation reaction of 4-hydroxycou-
marins with aromatic, heteroaromatic and aliphatic aldehydes for the synthesis of
biscoumarin compounds.

RESULTS AND DISCUSSION

Details of the condensation reaction between 4-hydroxycoumarin and va-
rious aldehydes are summarized in Scheme 1. In order to optimize the reaction
conditions, the effect of various parameters were studied.

0] 0)

RuCl3.nH20
)+ R-CHO ___(Omol%)
1a-1m H,0, 80 °C
OH 25-35 min OH R OH
R=alkyl, aryl 2a- 2m
(75-95%)

Scheme 1. RuCl5-nH,0 catalyzed synthesis of biscoumarins.

Upon treatment of 4-hydroxycoumarin and 3,4-dimethoxybenzaldehyde as a
model reaction in the presence of RuCly-nHyO (5 mol %) in refluxing EtOH,
3,3’-(3,4-dimethoxybenzylidene)-bis(4-hydroxycoumarin) (2a) was formed within
30 min as a white precipitate in 46 % yield (Table I, reaction conditions 2). When
water was used as the solvent, surprisingly, the yield improved and the best re-
sults were obtained using 5 mol % RuCls-#nHO in this solvent; other polar sol-
vents such as EtOH, MeOH and CH3CN gave lower yields. As is shown in Table
II, the temperature had a critical effect on the reaction yield and at room tem-
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RUTHENIUM (III)-CATALYZED BISCOUMARIN SYNTHESIS 40 9

perature, no reaction occurred even after four hours of stirring the reaction mix-
ture. However, heating the reaction mixture at 80 °C afforded the product in 84
% yield (reaction conditions 3). For yield improvement, the effect of the catalyst
loading was also studied (Table III). Increasing the catalyst loading from 5 to 10
mol % did not significantly affect the yield, while the reaction in the absence of
RuCl3-nH,0 in water at 80 °C, gave the product in only 30 % yield after 10 h.14

TABLE 1. Optimization of the solvent for the synthesis of 3,3’-(3,4-dimethoxybenzylidene)-
-bis(4-hydroxycoumarin); reaction conditions: 4-hydroxycoumarin, 2 mmol, 3,4-dimethoxy-
benzaldehyde, 1 mmol, RuCls-nH,0, 5 mmol, solvent, 5 mL, temperature: 80 °C

Reaction condition Solvent 7/ min Yield, %
1 H,0 30 84
2 EtOH 30 46
3 CH;0H 30 50
4 CH;CN 30 30

TABLE II. Optimization of the temperature for the synthesis of 3,3’-(3,4-dimethoxybenzyl-
idene)-bis(4-hydroxycoumarin); reaction conditions: 4-hydroxycoumarin, 2 mmol, 3,4-dime-
thoxybenzaldehyde, 1 mmol, RuCl;-#nH,0, 5 mmol, water, 5 mL

Reaction condition t/°C 7/ min Yield, %
1 RT 30-240 -
2 50 30 42
3 80 30 84
4 100 30 84

TABLE III. Optimization of the amount of RuCl;-nH,0O for the synthesis of 3,3’-(3,4-di-
methoxybenzylidene)-bis(4-hydroxycoumarin); reaction conditions: 4-hydroxycoumarin, 2
mmol, 3,4-dimethoxybenzaldehyde, 1 mmol, 80 °C, water, 5 mL

Reaction condition Amount of catalyst, mol % 7/ min Yield, %
1 2 30 80
2 5 30 84
3 10 30 82
4 15 30 84

With the optimized conditions in hand, an array of aldehydes were treated
with 4-hydroxycoumarin using 5 mol % RuCl3-nH;0O at 80 °C whereby the de-
sired products were afforded in good to excellent yields (75-95 %) (Table IV).
Aromatic aldehydes, however, provided better yields in comparison with their
aliphatic counterparts. With regard to the substituents, both aldehydes with elec-
tron withdrawing and electron donating groups participated in the reaction, but
the former were better. It should be mentioned that the reaction with amides such
as N-formylpiperidine failed. Even after several modifications such as a four-fold
increase in the catalyst loading, prolonged reaction times and changing solvent,
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4 1 O TABATABAEIAN et al.

no traceable amount of the desired product was obtained (Table IV, reaction
condition 6).

TABLE IV. Ru(Ill)-catalyzed synthesis of biscoumarins by condensation of 4-hydroxycou-
marin and aldehydes (all products were characterized by 'H-NMR, 13C-NMR and IR data)

Reaction condition R 7/min  Product Yield®, % M.p.b,°C
1 3,4-(CH;30),CgH; 30 2a 84 264-266°
2 2-NO,,CH=CHC4H,4 30 2b 90 190-192
3 2-OH,3-CH3;0C¢H; 33 2¢ 84 268-270
4 3F,4-FC4H; 25 2d 90 262-264
5 2-CL6-FCgH3 25 2e 92 288-290
6 N-Formylpiperidine 60 2f NR® -

7 3-C6H50C6H4 30 2g 90 218-220
8 3-Indolyl 30 2h 90 238-240°
9 Ph 25 2i 84 227-229¢
10 4-CIC¢Hy 25 2j 85 252-254¢
11 4-CH;0C¢H, 30 2k 92 242-244¢
12 CH;CH, 35 21 75 144-146
13 4-CNC¢Hy 25 2m 95 240-242

solated yields; bm.p. are matched as given in the literature;zs’28 °no reaction

The condensation products 2a and 2h—k (Table IV) are known compounds
and their spectroscopic data were consistent with those reported in the litera-
ture.14.16,17a Selected characterization data for the newly synthesized com-
pounds (2¢c—e, 2g and 2l-m) are given in the Supplementary material to this paper.

A proposed mechanistic route for the condensation of aldehydes and 4-hyd-
roxycoumarin that rationalizes the formation of the products is exhibited in
Scheme 2. As is shown, nucleophilic attack of 4-hydroxycoumarin to the acti-
vated aldehyde (by Ru coordination), followed by H>O elimination provides in-
termediate “A” that is further activated by Ru. This in turn, undergoes a second
nucleophilic attack by another 4-hydroxycoumarin to provide the final product.

In order to evaluate the reusability of the catalyst, after the first run, the pro-
duct was separated from the reaction mixture by filtration and substrates were
added to the filtrate and tested again. It was found that the reused catalyst main-
tained its activity after successive runs, as is shown in Table V; after six runs, the
reused catalyst showed only 8 % decrease in the yield of the biscoumarin pro-
duct. Thus, the operational simplicity and reusability of the catalyst cover the ex-
pensive cost of ruthenium chloride hydrate.

EXPERIMENTAL

All reactions were followed by thin layer chromatography (TLC) with detection by UV
light. The IR spectra were obtained in KBr discs on a Shimadzu IR-470 spectrometer. The 'H-
-NMR spectra were obtained on a Bruker DRX-500 Avance spectrometer and the 3C-NMR
spectra were obtained on a Bruker DRX-125 or DRX-100 Avance spectrometers. Samples
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RUTHENIUM (III)-CATALYZED BISCOUMARIN SYNTHESIS 41 1

were analyzed in CDCl; or DMSO-dg, and the chemical shift values are reported in ppm re-
lative to TMS (tetramethylsilane) as the internal reference. Melting points were measured on
an electrothermal apparatus and are uncorrected. Elemental analyses were realized using a
Carlo-Erba EA1110 CNNO-S analyzer and agreed with the calculated values. The mass spec-
tra of representative compounds were recorded on a HP 5973 network mass selective detector.

H

OH R A
OH*\ [Ru] R”0

0,0 K @LO;O

Z ~[Ru] OH
on , o [Ru]
RS 0 A
‘OH
H,0

Scheme 2. Proposed mechanism for the Ru(IIl)-catalyzed synthesis of biscoumarins.

TABLE V. Reusability of RuCl;-#H,0 in successive runs

Run No. Yield, %
1 84

2 84

3 82

4 78

5 76

6 76
Materials

4-Hydroxycoumarin, the aldehydes, RuCl;-nH,O and solvents were purchased from
Merck and used without further purification.

General procedure for the synthesis of biscoumarins

The catalytic process was performed in a liquid phase. In a typical reaction, 4-hydro-
xycoumarin (2.0 mmol, 324 mg), the corresponding aldehyde (1.0 mmol), H,O (5.0 ml) and
RuCl;-nH,0 (5.0 mmol, 10.7 mg) were taken in a 50 mL round-bottom flask. The reaction
mixture was heated at 80 °C in an oil bath and stirred magnetically. After completion of the
reaction, as shown by TLC, the mixture was cooled until a solid appeared. The precipitate was
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4 1 2 TABATABAEIAN et al.

filtered and washed with aqueous ethanol. The crude products were recrystallized from EtOH
to yield the pure products. When testing the reusability of the catalyst, hot ethanol was added
after completion of the reaction. As the product was insoluble in the cool reaction media, after
separation of the solid product, the excess solvent was evaporated from the filtrate. The same
substrates were again added to the filtrate including the aqueous medium and catalyst without
further purification and reused in the next run.

CONCLUSION

In summary, this study presents a simple experimental procedure under mild
reaction conditions, which provides the desired products in short reaction times
and high yields. Easy working up, use of water as an eco-friendly solvent, re-
usability of the catalyst, and availability of the Ru(III) salt are other highlights of
this work. This protocol extends the applications of RuCl3-nH>O to clean synthe-
tic methodologies for preparation of pharmaceutically important biscoumarins.

SUPPLEMENTARY MATERIAL

Selected characterization data of the newly synthesized compounds are available elec-
tronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgement. The authors thank the Research Council of University of Guilan for
the partial support of this study.

M3BOJ

CHUHTE3A JEPUBATA BUCKYMAPHUHA PEAKLIMIOM AJIAEXUAA U
4-XNAPOKCUKYMAPHHA TTIOMORY XUAPATUCAHOI' PYTEHUIYM(III)-XJIOPUJTA
KAO YHUBEP3AJIHOI' XOMOT'EHOI' KATAJIM3ATOPA

KHALIL TABATABAEIAN, HANNANEH HEIDARI, ALIREZA KHORSHIDI, MANOUCHEHR MAMAGHANI
n NOSRAT O. MAHMOODI

Department of Chemistry, Faculty of Sciences, University of Guilan, P. O. Box 41335-1914, Iran

HcnutuBana je cekBeHIMja TOMUHO peaknnja Knoevenagel-oBa konnenszanuja/Michael-oBa
ajUlUja apoOMaTHYHHX, XETePOaPOMATHYHUX M anupaTHYHMUX angexuaa ca 4-XUIpOKCHKyMapH-
HOM, Y BOJICHOj CPEAMHH, Y IPHCYCTBY PYTEHHjYMOBHX COJIM KA0 XOMOI'€HHX Karaiu3aropa. YTBp-
heno je ma 5 mol % RuCl;-nH,O katanusyje cunte3dy OMCKyMapuHa y BHCOKOM npuHocy (70-95
%) 1O/ ONTHMHU30BaHUM, OJIarMM U €KOJIOLIKH IPUXBAT/bUBUM YCIOBUMA, Y KPATKOM PEaKI[MOHOM
BpeMeHy (25-35 min).

(ITpumibeHo 27 anpuia, peBUARPaHO 6. okToOpa 2011)
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Synthesis of biscoumarin derivatives by the reaction of

aldehydes and 4-hydroxycoumarin using ruthenium(III)
chloride hydrate as a versatile homogeneous catalyst

KHALIL TABATABAEIAN*, HANNANEH HEIDARI, ALIREZA KHORSHIDI,
MANOUCHEHR MAMAGHANI and NOSRAT O. MAHMOODI

Department of Chemistry, Faculty of Sciences, University of Guilan,
P. O. Box 41335-1914, Iran

J. Serb. Chem. Soc. 77 (4) (2012) 407413

SELECTED CHARACTERIZATION DATA OF THE NEWLY
SYNTHESIZED COMPOUNDS

3,3’-(2-Nitrocinnamylidene)bis(4-hydroxycoumarin) (2b). Yellow solid;
yield: 90 %; m.p. 190-192 °C; Anal. Calcd. for Co7H17NOg: C, 67.08; H, 3.54;
N, 2.90 %. Found: C, 67.02; H, 3.46; N, 2.99 %; IR (KBr, cm1): 3400 (OH),
2950 (C-H stretching), 1700 (—-C=0 stretching of —COOR group), 1650, 1600
(—C=C stretching), 1550 (asymmetric stretching of NOj), 1390 (symmetric
stretching of NO,), 760 (C—H out of plane bending); !H-NMR (500 MHz, CDCl3,
o/ ppm): 11.79 (1H, s, OH), 11.40 (1H, s, OH), 8.03-8.08 (2H, m, ArH), 7.98
(1H, dd, J= 1.1, 8.1 Hz, ArH), 7.74 (1H, d, J = 7.1 Hz, ArH), 7.67-7.42 (8H, m,
ArH), 7.07 (1H, dd, J = 2.2, 15.9 Hz, -CH=CH), 6.71 (1H, dd, J = 4.1, 15.9 Hz,
—~CH=CH), 5.59 (1H, dd, J = 2.4, 4 Hz, —CH aliphatic); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 165.66 (C—OH), 164.80 (C=0), 153.04 (C=), 148.17 (C-
-NO»), 137.09 (CH=), 134.17 (C=C), 132.89 (C=), 132.67 (CH=), 129.09
(CH=), 128.85 (CH=), 125.03 (CH=), 124.67 (CH=), 124.55 (C=C), 123.31
(CH=), 118.75 (CH=), 116.79 (C=), 104.99 (C=), 35.97 (CH); MS (m/z, (relative
abundance, %)): 483 (M™, 0.39), 481 (1.6), 393, 304, 274, 162, 121 (100), 92.

3,3 °-(2-Hydroxy-3-methoxybenzylidene)bis(4-hydroxycoumarin) (2c). Yel-
low solid; yield: 84 %; m.p. 268-270 °C; Anal. Calcd. for CogH;30g: C, 68.12;
H, 3.86 %. Found: C, 68.34; H, 3.66 %; IR (KBr, cm1): 3100 (OH), 2800 (C-H
stretching), 1710 (—C=O0 stretching of -COOR group), 1600 (C=C- stretching of
olefin), 1550, 1500 (C=C- stretching of aromatic ring), 1200 (C—O-C, ester),
1100 (C-O ether) ,750 (C—H out of plane bending); H-NMR (500 MHz, CDCl3,
o/ ppm): 10.6 (1H, br, OH), 8.11 (1H, d, J= 7.7 Hz, ArH), 7.96 (1H, d, J = 7.1

* Corresponding author. E-mail: Taba@guilan.ac.ir

S63

2012 Copyright (CC) SCS



S 64 TABATABAEIAN et al.

Hz, ArH), 7.39-7.53 (2H, m, ArH), 7.34 (1H, ¢, J= 7.8 Hz, ArH), 7.28 (1H, ¢, J =
= 10.4 Hz, ArH), 7.12-7.24 (2H, m, ArH), 6.95 (1H, ¢, J = 7.9 Hz, ArH), 6.79
(1H, d, J = 10.4 Hz, ArH), 6.73 (1H, d, J = 7.4 Hz, ArH), 5.61 (1H, s, CH
aliphatic), 3.91 (3H, s, OCHj3); 13C-NMR (125 MHz, DMSO-d, § / ppm): 159.10
(C-OH), 158.35 (C=0), 146.89 (C—OCH3), 143.58 (C=), 143.41 (C—OH), 135.80
(CH=), 131.32 (CH=), 129.67 (CH=), 125.31(C=), 124.05 (CH=), 121.25 (CH=),
119.82 (CH=), 119.48 (C=), 117.49 (CH=), 115.94 (C=), 56.67 (OCH3), 31.18
(CH aliphatic); MS (m/z, (relative abundance, %)): 458 (M™*, 0.07), 440 (M-H»O,
35.9), 319, 279 (100), 236, 121.
3,37-(3,4-Difluorobenzylidene)bis(4-hydroxycoumarin) (2d). White solid;
yield: 90 %, m.p. 262-264 °C; Anal. Calcd. for CosH14F>O¢: C, 66.97; H, 3.15
%. Found: C, 66.79; H, 3.11 %; IR (KBr, cm!): 3500 (OH), 3080, 2850 (C-H
stretching), 1640 (—-C=0 stretching of —COOR group), 1610, 1500 (C=C-
stretching of aromatic ring), 1360, 1300 (C-F), 1095 (C-O ether), 770 (C—H out
of plane bending); 'H-NMR (500 MHz, CDCl3, 6 / ppm): 11.63 (1H, s, OH),
11.35 (1H, s, OH), 8.12 (1H, d, J = 7.8 Hz, ArH), 8.05 (1H, d, J= 7.7 Hz, ArH),
7.69 (2H, m, ArH), 7.43-7.47 (4H, m, ArH), 7.15-6.98 (3H, m, ArH), 6.07 (1H,
s, CH aliphatic); 13C-NMR (100 MHz, DMSO-dg, § / ppm): 167.22 (C—OH),
165.10 (C=0), 152.87 (C=), 144.03 (C-F), 143.57 (C-F), 133.58 (C=), 125.46
(CH=), 124.88 (CH=), 122.93 (CH=), 117.86 (CH=), 117.72 (CH=), 117.17
(CH=), 116.40 (C=), 116.22 (CH=), 103.96 (C=), 36.08 (CH aliphatic); MS (m/z,
(relative abundance, %)): 448 (M™, 39.1), 327, 285, 162, 120, 92 (100).
3,3’-(2-Chloro-6-fluorobenzylidene)bis(4-hydroxycoumarin) (2e). White so-
lid; yield: 92 %, m.p. 288-290 °C; Anal. Calcd. for Co5H14CIFOg: C, 64.60; H,
3.04 %. Found: C 64.71; H 3.10 %; IR (KBr, cm1): 3100 (OH), 2700 (C-H
stretching), 1660 (—C=0 stretching of —-COOR group), 1600 (C=C- stretching of
olefine), 1550, 1500 (C=C- stretching of aromatic ring), 1350, 1110 (C-F), 760
(C—H out of plane bending); !H-NMR (500 MHz, CDCls, 6 / ppm): 10.6 (1H, br,
OH), 8.06 (1H, dd, J = 1.5, 8.0 Hz, ArH), 8.02 (1H, dd, J = 1.4, 7.9 Hz, ArH),
7.45 (1H, t, J= 7.8 Hz, ArH), 7.45 (1H, ¢, J= 7.8 Hz, ArH), 7.38 (1H, ¢, J=7.2
Hz, ArH), 7.33 (1H, ¢, J = 8.2 Hz, ArH), 7.12-7.27 (5H, m, ArH), 5.50 (1H, s,
CH aliphatic); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 161.72 (C-F), 161.00
(C-OH), 153.21 (C=0), 152.84 (C=), 133.56 (C-CI), 133.11(CH=), 130.03
(CH=), 126.75 (CH=), 125.45 (CH=), 124.82 (C=), 123.58 (C=), 117.35 (CH=),
117 (C=), 116.20 (CH=), 114.33 (C=) , 28.98 (CH aliphatic), MS (m/z, (relative
abundance, %)): 463 (M*, 0.07), 444 (M-HF, 41.7), 409, 283 (100), 163, 121.
3,3’-(3-Phenoxybenzylidene)bis(4-hydroxycoumarin) (2g). White solid;
yield: 90 %, m.p. 218-220 °C; Anal. Calcd. for C31Hy0O7: C, 73.80; H, 3.99 %.
Found: C, 73.59; H, 3.84 %; IR (KBr, cm!): 3100 (OH), 2750 (C—H stretching),
1660 (—C=0O stretching of —COOR group), 1600 (C=C- stretching of olefin),
1550, 1500 (C=C- stretching of aromatic ring), 1200 (C—O—C ester), 1110 (C-O
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ether), 760 (C—H out of plane bending); 'H-NMR (500 MHz, CDCl3, § / ppm):
11.66 (1H, s, OH), 11.33 (1H, s, OH), 8.10 (1H, d, J = 7.7 Hz, ArH), 8.04 (1H, d,
J=17.7 Hz, ArH), 7.65-7.68 (2H, m, ArH), 7.29-7.34 (3H, m, ArH), 6.92-7.07
(6H, m, ArH), 6.12 (1H, s, CH aliphatic); 13C-NMR (100 MHz, DMSO-dg, 6 /
/ ppm) 166.39 (C—OH), 165.14 (C=0), 157.24, 156.56, 152.75, 143.58, 143.46,
132.22, 130.25, 129.99, 124.45, 124.05, 123.37, 122.51, 118.87, 118.77, 118.41,
118.00, 116.33, 116.27, 104.23 (aromatic), 36.50 (CH aliphatic); MS (m/z, (rela-
tive abundance, %)): 504 (M, 15.3), 342, 274, 249, 162, 120, 92 (100), 63.

3,3 ’-Propylidenebis(4-hydroxycoumarin) (21). Yellow solid; yield: 75 %;
m.p. 144-146 °C; Anal. Calcd. for Cy1H1¢0¢: C, 69.23; H, 4.43 %. Found: C,
69.18; H, 4.39 %; IR (KBr, cm1): 3100 (OH), 2900 (C—H stretching), 1650
(—C=0 stretching of —COOR group), 1600, 1540, 1480 (C=C- stretching of aro-
matic ring), 1110 (C-0), 750 (C—H out of plane bending); 'H-NMR (500 MHz,
CDCl3, 0 / ppm): 12.03 (1H, s, OH), 11.22 (1H, s, OH), 8.04 (2H, d, J = 8.4 Hz,
ArH), 7.60-7.65 (2H, m, ArH), 7.38-7.42 (4H, m, ArH), 4.44 (1H, ¢, -CH-CH>,
J=28 Hz), 2.41-2.51 (2H, m, CH-CH,-CH3), 1.01 (3H, ¢, -CH,-CHj3, J = 7.4
Hz); 13C-NMR (125 MHz, DMSO-dg, 6 / ppm): 165.36 (C—OH), 164.69 (C=0),
152.50 (C=), 132.85 (CH=), 125.12 (CH=), 124.45 (CH=), 117.60 (CH=), 116.91
(C=), 106.02 (C=), 35.28 (CH), 22.13 (CHy), 13.60 (CH3); MS (m/z, (relative
abundance, %)): 364 (M*, 24.4), 335, 279, 241, 202, 176, 149, 121 (100), 92.

3,3 ’-(4-Cyanobenzylidene)bis(4-hydroxycoumarin) (2m). White solid; yield:
95 %; m.p. 240-242 °C; Anal. Calcd. for CogH15sNOg: C, 71.39; H, 3.45; N, 3.20
%. Found: C, 71.29; H, 3.32; N, 3.25 %; IR (KBr, cm!): 3400 (OH), 3000 (C-H
stretching), 2200 (—C=N), 1660 (—C=0O stretching of —COOR group), 1620
(C=C- stretching of olefin), 1560 (C=C- stretching of aromatic ring), 1340, 1080
(C-O ether), 780, 750, (C—H out of plane bending); !H-NMR (500 MHz, CDCls,
o /ppm): 11.57 (1H, s, OH), 11.39 (1H, s, OH), 8.13 (1H, d, ArH, J = 7.7 Hz),
8.04 (1H, d, ArH, J= 7.7 Hz), 7.67-7.72 (4H, m, ArH), 7.44-7.51 (4H, m, ArH),
7.40 (2H, d, J= 7.9 Hz, ArH), 6.14 (1H, s, C-H aliphatic); 13C-NMR (100 MHz,
DMSO-dg, 6 / ppm): 167.50 (C—OH), 164.89 (C=0), 152.94 (C=), 148.71 (C=),
132.34 (CH=), 131.96 (CH=), 128.29 (CH=), 124.56 (CH=), 123.76 (CH=),
119.69 (CH=), 119.52 (C=), 116.20 (-C=N), 108.39 (C=), 103.44 (C=), 37.14
(CH aliphatic); MS (m/z, (relative abundance, %)): 437 (M*, 0.58), 342, 249,
165, 120, 92 (100).
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Ultrasound-assisted catalytic synthesis of acyclic imides in the
presence of p-toluenesulfonic acid under solvent-free conditions
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and NAJMEH FILVAN

Department of Chemistry, Yasouj University, Yasouj, Iran
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Abstract: A rapid and convenient preparation of acyclic imides by the reaction
of aliphatic and aromatic nitriles with acyclic carboxylic anhydride in the
presence of catalytic amounts of p-toluenesulfonic acid under thermal or ultra-
sonic conditions is reported. The advantages of this procedure are moderate
reaction times, good to excellent yields, and use of an inexpensive and eco-
friendly catalyst. The reaction of nitriles with aliphatic anhydrides proceeds
under thermal conditions, while they are accelerated by the use of ultrasound
irradiation.

Keywords: linear carboxylic anhydride; unsymmetrical acyclic imide; nitrile;
p-toluenesulfonic acid; ultrasound.

INTRODUCTION

The imide group is an interesting functionality due to its wide presence in
natural products and pharmacologically active compounds. Mixed acyclic imide
functionality is shared by a growing class of natural products with diverse acti-
vities, such as dolastatin 15, a cytotoxic anticancer agent,! althiomycin, a potent
antibiotic,? and antifeedant.3 Acyclic imides have also been used in the diastereo-
selective intramolecular photocycloaddition reactions,* as bleach activators® and
asymmetric oxetane synthesis.©

Classically, imides are prepared by the reaction of amides with acyl chlo-
rides, anhydrides and carboxylic esters or acids.” However, these methods are not
as straightforward as they may seem to be at first sight, and several side reac-
tions, such as elimination to nitriles, formation of triacyl amides, or acyl group
scrambling, can occur. The best yields were reported for acid-catalyzed reactions
of anhydrides with amides. Other procedures for the synthesis of acyclic imides

* Corresponding author. E-mail: manas@mail.yu.ac.ir
doi: 10.2298/JSC110511168N
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involve aminocarbonylation of aryl bromides,8 and reaction of pentafluorophenyl
esters with deprotonated amides.” The available methods for the synthesis of
unsymmetrical acyclic imides suffer from low yields, high temperature or
scrambling of the groups to give symmetrical imides.

The use of ultrasonic waves in organic synthesis has been elevated during
the last few years.10-17 Most of the observed effects are due to cavitation, the
formation, growth and collapse of bubbles in an irradiated liquid, which makes
sonochemistry unique. Cavitation induces very high local temperatures and pres-
sures or strong electric fields!3-18 inside the bubbles (cavities) and enhances mass
transfer and turbulent flow in the liquid.1® Their specificity has been exhibited in
homogeneous and heterogeneous reactions.!3:16 They are defined as acoustic
waves with frequencies in the 20 kHz to 100 MHz range.!! Ultrasound is known
to accelerate different types of organic reactions and it is established as an im-
portant technique in organic synthesis.!3-20.21

p-Toluenesulfonic acid (p-TSA) is a strong organic acid, about a million
times stronger than benzoic acid. It is one of the few strong acids that are solid
and, hence, conveniently weighed. In addition, unlike some of the strong mineral
acids (especially nitric acid, sulfuric acid, and perchloric acid), p-TSA is non-
oxidizing. The application of p-toluenesulfonic acid is feasible because of its
easy preparation, easy handling, stability and good activity, and it is inexpensive
and eco-friendly.

Herein, an efficient procedure for the catalytic synthesis of unsymmetrical
acyclic imides using p-toluenesulfonic acid under thermal or ultrasound irra-
diation conditions is presented (Scheme 1).

0] ) 0] 0]

RCN + )J\ )k P-Toluenesulfonic acid _ )}\ )k
O AorU.S B

' ' N '
R R R N R

Scheme 1. Reaction for the catalytic synthesis of unsymmetrical acyclic imides using
p-toluenesulfonic acid under thermal or ultrasound irradiation conditions.

EXPERIMENTAL

All chemicals were purchased from Merck, Fluka or Sigma—Aldrich chemical com-
panies. The reactions were monitored by thin layer chromatography (TLC). The products were
isolated and identified by comparison of their physical and spectral data with authentic
samples. Sonication was performed in Bandelin Sonorex D12207 type: RK 1028H ultrasonic
cleaner (with a frequency of 35 kHz and a power of 1000 W). The IR spectra were recorded
on a JASCO-680 FT-IR instrument, the "H-NMR spectra were obtained on a Bruker-Avance
AQS 300 MHz or a Bruker 400 Ultrasheild (400 MHz) instrument. The melting points were
measured on a Barnstead Electrothermal (BI 9300) apparatus.
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General procedure for liquid nitriles

A mixture of nitrile (1.0 mmol), carboxylic anhydride (1.0 mmol), and p-toluenesulfonic
acid monohydrate (30 mol %, equal to 0.30 mmol H*) was heated in a 10 mL round-bottomed
flask at 70-80°C with concomitant stirring (or ultrasound irradiation). The reactions were
completed within 30-120 min, as monitored by TLC (eluent, EtOAc:n-hexane, 1:2). After
completion of the reaction, diethyl ether (15 mL) was added, the solid catalyst was separated,
and then the pure crude products were obtained by short column chromatography.
General procedure for solid nitriles

The solid nitrile (1 mmol), carboxylic anhydride (2 mmol) and p-TSA monohydrate (50
mol %) were mixed thoroughly in a round-bottomed flask. The flask was heated at 80 °C with
concomitant stirring (or ultrasound irradiation). After completion of the reaction, confirmed
by TLC (eluent: EtOAc/n-hexane, 1:6), EtOAc (15 mL) was added and the solution was
filtered to separate the solid catalyst. Then the pure products were obtained by column
chromatography. The products were characterized by IR, 'H-NMR, 3C-NMR and via
comparison of their melting points with reported ones.

RESULTS AND DISCUSSION

The amidation of alcohols with nitriles in the presence of acidic catalyst is
known as the Ritter reaction.” By careful investigation of this reaction, this
method was simulated for the one-pot synthesis of a wide variety of linear imides
in fair to excellent yields using acid anhydrides instead of alcohols under thermal
conditions or ultrasound irradiation (Scheme 1).

For investigation of the effect of different amounts of p-TSA monohydrate in
the synthesis of unsymmetrical acyclic imides, various amounts of catalyst were
used and it was found that 0.057 g (equal to 30 mol %) of p-TSA monohydrate
for liquid nitriles and 0.095 g (equal to 50 mol %) for solid nitriles were the best
amounts of the catalyst. These amounts were used to study the effects of various
parameters on the reaction yields.

Synthesis of unsymmetrical acyclic imides catalyzed by p-toluenesulfonic acid

These reaction conditions were extended to a series of aromatic and aliphatic
nitriles with acyclic carboxylic anhydrides under solvent-free conditions in the
presence of p-TSA as an active reagent. The results from the reaction of various
nitriles and carboxylic anhydrides in the presence of the optimized amount of p-
TSA are summarized in Table I. As shown, good to excellent yields were ob-
tained in the reaction of aromatic nitriles (Entries 4-16). The reaction of the nit-
riles with the aliphatic anhydrides proceeded within 30—120 min in the presence
of p-TSA under thermal conditions, while by employment of ultrasound irra-
diation, these reactions were accelerated to within 5-28 min.

A plausible mechanism for the formation of acyclic imides is shown in
Scheme 2. The mechanism may involve acylinium ion (A) from protonated
carboxylic anhydride. On further reaction with nitrile, it affords the correspond-
ing acyliminium cation (B) that will react with water to afford the intermediate
acyliminol (C), which then yields the acyclic imide (D).
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TABLE 1. Products from reaction of nitriles and anhydrides under thermal or ultrasonic
conditions

Thermal Ultrasonic m.p.2/°C
Entry R R’ Time, min Time, min

Yield, % Yield, v ound Reported
1 CH;, CH;, 100/80 20/90 72-73 73-74
2 CH;, CH;CH, 120/82 25/92 88-89 85-86
3 CHj, CH;CH,CH, 120/75 25/90 107-108 109-110
4 2-Thiophene CH;CH, 80/85 13/92 135-137 137-138
5 CeHs CHj, 35/88 5/97 110-112 112-114
6 (CH;),CH  CH;CH, 80/86 8/95 110-111 124-126
7 4-CIC4H4 CH;, 30/86 6/94 133-135 136-137
8 4-CIC¢gH;  CH;3CH, 50/87 10/96 155-157 157-158
9 4-CH30C¢H, CHj, 40/78 7/85 111-113 119-119.5
10 4-CH;0C¢H, CH;CH, 35/75 5/78 137-139 133-134
11  4-CH;0C¢H, CH;CH,CH, 40/82 8/90 162-163 -
12 4-FC¢H, CH;, 85/84 15/93 112-113 111-112
13 4-FC¢Hy CH;CH, 80/82 15/90 113-115 115
14 4-FC¢H; CH3CH,CH, 70/75 12/83 106-108 108-109
15 3-NO,CgH, CH;, 120/65 23/80 197-198 195-196
16 3-NO,C¢H, CH3CH,CH, 150/68 28/85 107-109 108-110

8All products were fully characterized by their IR, 'H-NMR and physical data and comparison with these
reported in the literature; 2226 byields of pure isolated products

+ L.
[R'C=0 <=—> R'C=01] 0;SC4H,CHs
A

R'COOH RC=N

+ O (0]
OH o OH (0} 1 + [+
I | ) Il . [R'C—N=CR = R'C—N=CR]

- 05SCgH4CH
03SCgH,CH; 3oeTaTs
1
(R'C0O),0 H,0
o} OH
HO3SCgHsCHs T
[R'C—N=CR] + HO3SHCgH5CH,
C
0
| |
R'C—N—CR
H
D

Scheme 2. A plausible mechanism for the formation of acyclic imides by the proposed method.
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Spectral and physical data for the synthesized compounds

2-Methyl-N-propionylpropionamide (entry 6). White solid, m.p.: 110-111
°C; Anal. Calcd. for CJH13NO,: C, 58.72; H, 9.15; N, 9.78 %. Found: C, 68.6;
H, 9.20; N, 9.70 %; IR (KBr, cm1): 3266, 3180, 2969, 2930, 1734, 1273, 1174;
IH-NMR (400 MHz, CDCl3, 6 / ppm): 0.91 (6H, d, J = 6.5 Hz), 1.42 (3H, t, J =
=17.0 Hz), 2.76 2H, q, J= 7.2 Hz), 4.20-4.23 (1H, m), 8.4 (1H, brs).

N-Acetyl-4-methoxybenzamide (entry 9). White solid, m.p.: 111-113 °C;
Anal. Caled. for C;gH11NO3: C, 62.17; H, 5.74; N, 7.25 %. Found: C, 62.3; H,
5.80; N, 7.20 %; IR (KBr, cm™!): 3240, 3140, 2940, 1720, 1690, 1605; H-NMR
(400 MHz, CDCl3, é / ppm): 2.62 (3H, s), 3.89 (3H, s), 6.98 (2H, d, J = 7.8 Hz),
7.88 (2H, d, J = 7.5 Hz), 9.04 (1H, brs); 13C-NMR (100 MHz, CDCls, § / ppm):
25.52,55.55,114.21, 125.00, 129.94, 132.21, 165.12, 173.03.

4-Methoxy-N-propionylbenzamide (entry 10). White solid, m.p.: 137-139
°C; Anal. Calcd. for C11H13NO3: C, 63.76; H, 6.32; N, 6.76 %. Found: C, 63.8;
H, 6.2; N, 6.9 %; IR (KBr, cm!): 3280, 3160, 2930, 1710, 1685, 1600, 1250;
IH-NMR (500 MHz, CDCl3, § / ppm): 1.23 (3H, ¢, J = 6.8 Hz), 3.04 2H, ¢, J =
=7.2 Hz), 3.89 (3H, s), 6.98 (2H, d, J = 7.5 Hz), 7.87 (2H, d, J = 7.6 Hz), 8.88
(1H, brs); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 18.28, 31.07, 55.54, 114.17
12491, 128.10, 129.86, 163.56, 177.42.

N-Butyryl-4-methoxybenzamide (entry 11). White solid, m.p.: 162-163 °C;
Anal. Calcd. for C1pH15NO3: C, 65.14; H, 6.83; N, 6.33 %. Found: C, 65.20; H,
6.90; N, 6.40 %; IR (KBr, cm1): 3285, 2960, 2930, 1710, 1680, 1610, 1470,
1265; IH-NMR (400 MHz, CDCl3, 6 / ppm): 1.03 (3H, ¢, J = 7.6 Hz), 1.74-1.80
(2H, m), 3.01 2H, ¢, J=7.4 Hz), 3.89 (3H, s), 7.89 (2H, d, J= 7.6 Hz), 8.08 (2H,
d, J =72 Hz), 9.06 (1H, brs); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 13.74,
17.66, 39.40, 55.46, 113.72, 114.17, 129.95, 132.30, 163.96, 177.01.

Comparative results

In order to show the ability of the employed method with respect to those
previously reported, some of the present results in comparison to some other
methods are summarized in Table II. As can be seen, the yield/time ratio of the
present method is better than or comparable with the other reported results.

In conclusion, an efficient, inexpensive and straightforward procedure for a
one-pot synthesis of unsymmetrical acyclic imides using p-TSA as catalyst has
been found. To the best of our knowledge, this is one of the simplest procedures
for the preparation of a wide variety of imides as a valuable class of organic
compounds.
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TABLE II. Comparison of some of the results obtained in the present study with those re-
ported in the literature (values refer to yield (in %)/time (in min for A and C and in h for B)
ratios. In the methods A, B and C, different catalysts were used with the same substrates. A:
the present method with p-toluenesulfonic acid as catalyst under ultrasonic conditions. B: si-
lica sulfuric acid at 60-70 °C,22 and C: tungstophosphoric acid as an acidic catalyst at 70
oc23)

Entry Product A B C
1 i )7\ 90/20 96/5.9 96/40
HsC N CH,
2 )(L O 92/25 93/5.9 94/50
HsC H*CHZC%
3 )(L )CL 90/25 92/6.1 89/50
HaC N CH,CH,CHs
4 0] i 97/5 35/7.1 73/40
CeHs)kH CHg
5 0} 0 94/6 - 86/85
p-CICGH5)kH)kCH3
6 )(L )CJ)\ 96/10 - 81/80
p-CICeHs N CH,CH
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Abstract: The purpose of this study was to evaluate the antioxidant potential of
Dodonaea viscosa Jacq. A methanolic extract of the plant was dissolved in
distilled water and sequentially partitioned with n-hexane, chloroform, ethyl
acetate and n-butanol. Phytochemical screening showed the presence of phe-
nolics, flavonoids and cardiac glycosides in large amounts in the chloroform,
ethyl acetate and n-butanol fraction. The antioxidant potential of all these
fractions and remaining aqueous fraction was evaluated by four methods: 1,1-
-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity, total
antioxidant activity, the Ferric reducing antioxidant power (FRAP) assay and
ferric thiocyanate assay along with the determination of their total phenolics.
The results revealed that the ethyl acetate soluble fraction exhibited the highest
percent inhibition of the DPPH radical as compared to the other fractions. It
showed 81.14+1.38 % inhibition of the DPPH radical at a concentration of 60
pg mll. The concentration of this fraction leading to 50 % inhibition of the
DPPH radical (/Cs) was found to be 33.95+£0.58 pg ml!, relative to butylated
hydroxytoluene (BHT), having an I/Cs; of 12.54+0.89 pg mL!. It also showed
the highest FRAP value (380.534+0.74 uM of trolox equivalents) as well as the
highest total phenolic contents (208.58+1.83 gallic acid equivalent (GAE) ug g')
and highest value of inhibition of lipid peroxidation (58.11+1.49 % at a con-
centration of 500 pg ml'!) as compared to the other studied fractions. The chlo-
roform fraction showed the highest total antioxidant activity, i.e., 1.078+0.59
(eq. to BHT).

Keywords: Dodonaea viscosa Jacq.; phytochemical screening; DPPH assay;
total antioxidant activity; FRAP value; total phenolics; inhibition of lipid
peroxidation.
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INTRODUCTION

Medicinal plants constitute the major constituents of most indigenous medi-
cines and a large number of Western medical preparations contain one or more
component(s) of plant origin. The medicines that are in use today are definitely
not the same as those that were used in ancient times or even in the recent past.
Several modifications, improvement, sophistication and newer discoveries have
continuously contributed to the type, quality, presentation and concept of medi-
cinal preparation. In the development of human knowledge for therapeutic use,
scientists endeavoured to isolate different chemical constituents from plants, sub-
jected them to biological and pharmacological tests and then used them to pre-
pare modern medicines.! There is increasing interest in the measurement and use
of plant antioxidants for scientific research as well as for industrial (dietary, phar-
maceutical and cosmetics) purposes. This is mainly due to their strong biological
activity, excluding those of many synthetic antioxidants, which have possible ac-
tivity as promoters of carcinogenesis. Therefore, the need exists for safe, econo-
mic, powerful and natural antioxidants to replace these synthetic ones. Obvi-
ously, there has been an increasing demand to evaluate directly the antioxidant
properties of plant extracts.?

Many antioxidant compounds, naturally occurring in plant sources, have
been identified as free radical or active oxygen scavengers.> A number of plants
have been investigated for their biological activities and antioxidant properties.*>
Recently, interest has increased considerably in finding naturally occurring anti-
oxidants for use in foods or medicinal materials to replace synthetic antioxi-
dants.® In addition, natural antioxidants have the capacity to improve food quality
and stability and also act as nutraceuticals to terminate free radical chain reaction
in biological systems, and thus may provide additional health benefits to con-
sumers. Recent studies have highlighted the role of polyphenolic compounds of
higher plants,” such as flavonols® and anthraquinones.’

In the search of plants as a source of natural antioxidants, some medicinal
plants and fruits have been extensively studied for their antioxidant activity and
radical scavenging in the last few decades.!9 Some antioxidant compounds are
extracted from easy sources, such as agricultural and horticultural crops, or medi-
cinal plants. Among them, medicinal plants are taking the main role for providing
a large number of pure antioxidants. Dodonaea viscosa Jacq. is a traditional me-
dicinal plant belonging to the family Sapindaceae. Plants of this family are uti-
lized in folklore medicine in Pakistan for the treatment of various fungal skin
diseases, such as Tinea capitis, T. pedis, T. manum, T. corporis, etc. The pow-
dered leaves of D. viscosa applied over burn and scald wounds were found to
possess febrifuge properties and to be useful for different skin diseases.!! It is
commonly used for skin diseases in Ethiopia.l2 Investigation of the aerial parts of
D. viscosa led to the isolation of a new ent-labdane (ent-15,16-epoxy-9aH-labda-
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-13(16),14-diene-3p,8a-diol) and a novel p-coumaric acid ester of 1-L-myo-ino-
sitol  (1-L-1-O-methyl-2-acetyl-3-p-coumaryl-myo-inositol).13 Many flavono-
ids,14-16 saponins,!7 and diterpenes!8 have also been isolated from D. viscosa.
Notable among these compounds are pinocembrin, santin, penduletin, alizarin,
5-hydroxy-3,6,7,4’-tetramethoxyflavone, 5,7,4’-trihydroxy-3,6-dimethoxyflavone,
isorhamnetin-3-rhamnosylgalactoside, 5,7-dihydroxy-3’-(4-hydroxy-3-methylbu-
tyl)-3,6,4’-trimethoxyflavones,!4 5,6,4’-trihydroxy-3,7-dimethoxyflavone, !¢ vis-
cosol, 15 hautriwaic acid,!6:18:19 dehydrohautriwaic acid, methyl dodonates,!8 do-
donoside A, dodonoside B,!7 5,7,4’-trihydroxy-3’,5’-bis(3-methylbut-2-enyl)-3,6-
dimethoxyflavone, and 5,7,4’-trihydroxy-3’-(4-hydroxy-3-methylbutyl)-50-(3-me-
thylbut-2-enyl)-3,6-dimethoxyflavone, dodonic acid, hautriwaic lactone, (+)-
-hardwickiic acid, 5orhydroxy-1,2-dehydro-5,10-dihydroprintzianic acid methyl
ester, strictic acid, dodonolide, alizarin,!9 3,5,7-trihydroxy-4’-methoxyflavone and
5-hydroxy-3,7,4 -trimethoxyflavone, 3,4’,5,7-tetrahydroxyflavone (kaempferol),20
and sakuranetin.21,22

D. viscosa Jacq. is a popular medicinal plant. It is used in folk medicine as a
remedy for fever, rheumatism and gout. The crude extract has inhibitory effects
against Staphylococcus aureus, Streptococcus pyogenes and Corynebacterium di-
phtherieae, but no activity against Escherichia coli and Pseudomonas aerugi-
nosa, thereby suggesting potential against notable Gram positive organisms.23 Its
leaves are used as anti-inflammatory, anti-ulcer, antibacterial and antifungal
agents and in the treatment of bone fractures.24

To the best of our knowledge, no work has been performed on the compa-
rative antioxidant potential of various fractions of D. viscosa Jacq. Therefore, the
present study was undertaken to investigate the in vitro antioxidant potential of
various fractions of this plant.

EXPERIMENTAL
Plant material

The plant D. viscosa Jacq. was collected from Kotli, Azad Kashmir in February 2010,
and identified by Mr. Muhammad Ajaib (taxonomist), Department of Botany, Government
College University, Lahore. A Voucher specimen (G. C. Herb. Bot. 965) has been deposited
in the Herbarium of the Botany Department of the same university.

Extraction and fractionation of the antioxidants

The shade-dried ground whole plant (0.8 kg) was exhaustively extracted with methanol
(5 L) on a Soxhlet apparatus. The extract was evaporated in rotary evaporator Laborta 4000-
-efficent (Heidolph) at 40 °C under vacuum to yield the residue (126 g), which was dissolved
in distilled water (1 L) and partitioned with n-hexane (4x1 L), chloroform (4x1 L), ethyl
acetate (4x1 L) and n-butanol (4x1 L). These four organic fractions and the remaining water
fraction were concentrated separately on rotary evaporator (n-hexane at 34 °C, chloroform at
38 °C, ethyl acetate at 45 °C, n-butanol at 50 °C and water at 60 °C under vacuum) and the
thus obtained residues were used to evaluate their in vitro antioxidant potential.
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Chemicals and standards

1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical, 2,4,6-tripyridyl-s-triazine (TPTZ), tro-
lox, gallic acid, Folin—Ciocalteu phenol reagent and butylated hydroxytoluene (BHT) were
obtained from the Sigma Chemical Company Ltd. (USA) and the organic solvents (n-hexane,
chloroform, ethyl acetate, n-butanol), and other employed chemicals were from Merck (Pvt.)
Ltd. (Germany).

Phytochemical screening

Qualitative phytochemical screening of all five crude extracts, i.e., the n-hexane soluble
fraction, the chloroform soluble fraction, the ethyl acetate soluble fraction, the n-butanol
soluble fraction and the remaining aqueous fractions, was performed to identify the phy-
tochemical constituents, i.e., alkaloids, terpenoids, saponins, tannins, sugars, phenolics, fla-
vonoids and cardiac glycosides, using standard procedures.25-27

Antioxidant assays
The following antioxidant assays were performed on all the studied fractions.
DPPH radical scavenging activity

The DPPH radical scavenging activities of each crude extract of plant were examined by
comparison with that of a known antioxidant (BHT), using a reported method.?® Briefly,
various amounts of the samples (1000, 500, 250, 125, 60, 30, 15 and 8 pg mL!) were mixed
with 3 ml of methanolic solution of DPPH (0.1 mM). The mixture was shaken vigorously and
allowed to stand at room temperature for 1 h. Then, the absorbance was measured at 517 nm
against methanol as a blank in a spectrophotometer (CECIL Instruments CE 7200, Cambridge,
UK). The lower the absorbance of the reaction mixture, the higher was the free radical
scavenging activity.

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

Antiradical activity (%) = (4 control — Asample)/4 control 100
Each sample was assayed in triplicate and the mean values were calculated.
Total antioxidant activity by the phosphomolybdenum method

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

Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was performed according to Benzie and Strain’? with some modifi-
cations. The stock solutions included 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution
in 40 mM hydrochloric acid, and 20 mM ferric chloride hexahydrate solution. The fresh
working solution was prepared by mixing 25 mL acetate buffer, 2.5 mL TPTZ solution and
2.5 mL ferric chloride hexahydrate solution, which was then warmed to 37 °C before use. The
solutions of plant samples and that of trolox were prepared in methanol (250 pg mL1). 10 uL
of each of crude extracts was taken in separate test tubes and 2990 uL of FRAP solution was
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added to each to make a total volume of 3 mL. The plant crude extracts were allowed to react
with the FRAP solution in the dark for 30 min. The absorbance of the coloured product
(ferrous tripyridyltriazine complex) was checked at 593 nm. The FRAP values are expressed
as micromoles of trolox equivalents (TE) per mg of the sample using the standard curve
constructed for different concentrations of trolox. The results are expressed in umol TE mL-1.

Total content of phenolics

The total phenolics of the various fractions of plant were determined by a reported
method.3! An aliquot of 0.1 mL of each crude extract (0.5 mg mL!) was combined with 2.8
mL of 10 % sodium carbonate and 0.1 mL of 2 M Folin—Ciocalteu reagent. After 40 min, the
absorbance at 725 nm was measured using a UV—-visible spectrophotometer. The total phe-
nolics are expressed as micrograms of gallic acid equivalents (GAE) per gram of sample using
a standard calibration curve constructed for different concentrations of gallic acid. The curve
was linear between 50 and 400 pg mL™! of gallic acid. The results are expressed in g GAE g1
Ferric thiocyanate (FTC) assay

The antioxidant activities of the various fractions of the plant on the inhibition of linoleic
acid peroxidation were assayed by the thiocyanate method.32 Each crude extract (0.1 ml, 0.5
mg mL") was mixed with 2.5 mL of linoleic acid emulsion (0.02 M, pH 7.0) and 2.0 mL of
phosphate buffer (0.02 M, pH 7.0). The linoleic emulsion was prepared by mixing 0.28 g of
linoleic acid, 0.28 g of Tween-20 as emulsifier and 50.0 mL of phosphate buffer. The reaction
mixture was incubated for 5 days at 40 °C. The mixture without extract was used as the
control. A 0.1 mL aliquot of the mixture was taken and mixed with 5.0 mL of 75 % ethanol,
0.1 mL of 30 % ammonium thiocyanate and 0.1 mL of 20 mM ferrous chloride in 3.5 %
hydrochloric acid and allowed to stand at room temperature. Precisely 3 min after the addition
of ferrous chloride to the reaction mixture, the absorbance was recorded at 500 nm. The
antioxidant activity is expressed as follows:

Inhibition of lipid peroxidation (%) = {1 — (Asamplc) /(Acontro) } < 100

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

All the measurements were performed in triplicate and statistical analysis was realised by
statistical software. All the data are expressed as + SEM. Statistical analyses were determined
using one way analysis of variance (ANOVA) followed by the post-hoc Tukey test.

RESULTS AND DISCUSSION

Phytochemical screening

Phytochemical screening was performed on all the studied fractions and re-
sults are given in Table 1. It can be observed from the results that the chloroform
fraction, ethyl acetate fraction, n-butanol fraction and aqueous fraction contained
phenolics and flavonoids, while the n-hexane fraction showed absence of these
compounds. Cardiac glycosides were absent in all the fractions. Terpenes were
detected in all the fractions except the aqueous fraction. Alkaloids were detected
only in the chloroform fraction and the ethyl acetate fraction. Tannins and sugars
were present in the ethyl acetate fraction, the n-butanol fraction and the aqueous
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fraction but were not detected in the n-hexane fraction and chloroform fraction.
Saponins were present in all the fractions except the n-hexane fraction.

TABLE 1. Phytochemical constituents of the various fractions of D. viscosa Jacq. (“+”
represents presence and “—” represents absence)

n-Hexane  Chloroform Ethyl acetate n-Butanol

Test soluble soluble soluble soluble Remammg
. . . . aqueous fraction
fraction fraction fraction fraction
Alkaloids - ++ + - -
Terpenoids + ++ ++ + -
Saponins - ++ ++++ +++ ++
Tannins - - ++ ++ ++
Sugars - - ++ ++ ++
Phenolics - + ++ + +
Flavonoids - + ++ + +
Cardiac glycosides - - - - -

DPPH scavenging activity

This method is based on the reaction of DPPH that is characterized as a pre-
formed stable free radical with a deep violet colour and any substance that can
donate a hydrogen atom to DPPH reduces it to a stable diamagnetic molecule.?8
The effects of phenolic compounds on DPPH scavenging are thought to be due to
their hydrogen donating ability.33 It was reported that the decrease in the absor-
bance of the DPPH caused by phenolic compound is due to scavenging of the ra-
dical by hydrogen donation, which is visualized as a discoloration from purple to
yellow.34 The reduction of the DPPH was followed via the decrease in absor-
bance at 517 nm. The various fractions of D. viscosa significantly reduced the
DPPH. The values of percent scavenging of DPPH are presented in Table II. It
was observed that activity increased with increasing concentration of the frac-
tions in the assay. For the various concentrations of ethyl acetate, soluble fraction
exhibited the highest percent inhibition of the DPPH as compared to the other
fractions. This fraction showed 81.14+1.38 % inhibition of DPPH at a concen-
tration of 60 ug ml-!. The various concentrations of the fractions which showed
percent inhibition greater than 50 % the activities were found to be significant
(» <0.05).

The ICsq value is defined as the concentration of a substrate that causes 50
% loss of the DPPH activity and was calculated by linear regression of plots of
the percentage antiradical activity against the concentration of the tested com-
pounds.! The ICs( values of all the fractions were calculated and the results are
given in Table III. The lower the /Csg value, the higher is the scavenging poten-
tial. The ethyl acetate soluble fraction exhibited the lowest /C5q value, i.e.,
33.95+0.58 ug ml~! as compared to the other studied fractions. The chloroform
soluble fraction and the n-butanol soluble fraction showed very similar /C5q va-
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lues, i.e., 79.42+0.97 and 78.48+0.47 ng ml-!, respectively. The ICsq values of
the n-hexane soluble fraction and the aqueous fraction were found to be
238.30+1.89 and 189.28+1.59 ug ml-!, respectively.

TABLE II. 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH) scavenging activity of the various
fractions of D. viscosa Jacq.

— - n
Sr. No. Sample Concentration in the assay ~Scavenging of DPPH + SEM*

pg ml-! %

1 n-Hexane soluble 500 67.14+1.72°
fraction 250 54.29+1.25°

125 40.01+0.81

60 30.71+1.68

2 Chloroform soluble 125 78.14+1.67°
fraction 60 33.57+1.22

30 23.47+1.81

3 Ethyl acetate soluble 60 81.14+1.38°
fraction 30 52.85+1.55°

15 22.14+1.79

4 n-Butanol soluble 125 75.71+1.87°
fraction 60 40.62+0.99

30 22.12+1.21

5 Remaining aqueous 250 57.85+1.69°
fraction 125 45.01+0.81

60 27.14+0.46

6 BHT® 60 91.35+0.14°
30 75.46 +0.08°

15 42.57+0.05

8 23.47+0.34

?All results are presented as mean + standard mean error of three assays; bp < 0.05 when compared with the
negative control, i.e., blank/solvent (p < 0.05 is taken as significant); “standard antioxidant

The results are expressed relative to butylated hydroxytoluene (BHT), a refe-
rence standard having ICsq of 12.54+0.89 pg ml~!. The ICsq values of the chlo-
roform soluble fraction, the ethyl acetate soluble fraction, the n-butanol soluble
fraction and the aqueous fraction were found to be significant (p < 0.05) while
that of the n-hexane soluble fraction was found to be non-significant (p > 0.05)
when compared with BHT.

Total antioxidant activity

The total antioxidant activity of the studied fractions was measured by the
phosphomolybdenum complex formation method. This method is based on the
reduction of molybdenum(VI) to molybdenum(V) by the antioxidants and the
subsequent formation of a green phosphate Mo(V) complex at acidic pH values.
Electron transfer occurs in this assay which depends on the structure of the anti-
oxidant.2% The phosphomolybdenum method usually detects antioxidants such as
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ascorbic acid, some phenolics, tocopherols and carotenoids. The total antioxidant
activities of these fractions were compared with the standard antioxidant BHT
and the results are given in Table III. The results revealed that the chloroform
fraction showed the highest total antioxidant activity, i.e., 1.078+0.59, as com-
pared to the other fractions. The total antioxidant activities of ethyl acetate, n-bu-
tanol and aqueous fraction were found to be 0.941+0.17, 0.636+0.32 and
0.375+0.29, respectively. The n-hexane fraction showed lowest total antioxidant
activity (0.356+0.21). The results were compared with BHT, a reference standard
having total antioxidant activity 1.219+0.37. The total antioxidant activity shown
by the chloroform soluble fraction, the ethyl acetate soluble fraction and the n-bu-
tanol soluble fraction were found to be significant (p < 0.05), while those of the
n-hexane and aqueous fraction were found to be non-significant (p > 0.05) when
compared with BHT.

TABLE III. ICs, total phenolics, total antioxidant activity, FRAP values and lipid peroxi-
dation inhibition values of the different fractions of D. viscosa Jacq.

DPPH-radical Total Lipid
Sr. Sample scavenging  antioxidant FRAP value Total phenolics peroxidation
No. activity activity —umol TEmL! ug GAEg!  inhibition?
ICsy/pg Lt (eq. to BHT) %
1 n-Hexane 238.30+1.89 0.356+0.21 40.81+0.48 28.234+0.36 17.66+0.87
soluble
fraction
2 Chloroform 79.42+0.97° 1.078+0.59° 278.45+0.72° 140.55+1.21° 49.37+0.99"
soluble
fraction
3 Ethyl  33.95+0.58" 0.941£0.17° 380.53+0.74° 208.58+1.83° 58.11+1.49"
acetate
soluble
fraction
4 p-Butanol 78.48+0.47° 0.636+0.32° 234.40+1.28° 132.76+1.53° 41.50+0.46"
soluble
fraction
5 Remaining 189.28+1.59° 0.375:0.29 89.54+£0.98° 95.17+1.95° 22.124+0.76
aqueous
fraction
6 BHTY 12.54+0.89 1.219+0.37 — — 62.73+£0.96

%tested concentration at 500 pg mL; bp < 0.05 when compared with the reference standard (BHT); Cp <0.05
when compared with negative controls, i.e. blank/solvent (p < 0.05 is taken as significant); “expressed relative
to BHT

Ferric reducing antioxidant power (FRAP)

The ferric reducing antioxidant power (FRAP) assay measures the reducing
ability of antioxidants against the oxidative effects of reactive oxygen species.
Electron donating antioxidants can be described as reductants and inactivation of
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oxidants by reductants can be described as redox reactions. This assay is based
on the ability of antioxidants to reduce Fe3" to Fe2" in the presence of tripyridyl-
triazine (TPTZ), whereby an intense blue Fe2™~TPTZ complex with an absor-
bance maximum at 593 nm is formed.30 Increasing absorbance indicates an in-
crease in reductive ability. The FRAP values of the studied fractions were cal-
culated and the results are presented in Table III. Among all the fractions, the
ethyl acetate fraction showed the highest FRAP value (380.53+0.74 umol TE mL1).
The chloroform fraction, the n-butanol fraction and the aqueous fraction exhi-
bited FRAP values of 278.45+0.72, 234.40+1.28 and 89.54+0.98 TE pumol TE mL-1,
respectively, while the n-hexane fraction showed a very low FRAP value, i.e.,
40.81+0.48 pmol TE mL-!. The high FRAP values obtained for the polar solvent
fractions may be partially ascribed to the presence of phenolics and flavonoids.
The FRAP values of the chloroform soluble fraction, the ethyl acetate soluble
fraction, the n-butanol soluble fraction and the aqueous fraction were found to be
significant (p < 0.05), while that of the n-hexane soluble fraction was found to be
non-significant (p > 0.05) when compared with the blank.

Chemical composition of the fractions

Phenolic compounds and flavonoids are very important plant secondary me-
tabolites. These compounds have numerous defence functions in plants, and thus,
several environmental factors, such as light, temperature and humidity, and inter-
nal factors, including genetic differences, nutrients, hormones, efc., contribute to
their synthesis.3 Similarly, other factors, such as germination, degree of ripen-
ing, variety, processing and storage also influence the content of plant pheno-
lics.36 It was reported that the phenolics are responsible for the variation in the
antioxidant activity of plants.37 They exhibit antioxidant activity by deactivating
lipid free radicals or preventing decomposition of hydroperoxides into free ra-
dicals,38:39 or chelate metal ions and protect against pathogens and predators.40
The most frequently encountered flavonoids are flavonols, quercetin, flavanols
and anthocyanins.

The concentrations of phenolics in the different fractions, expressed as mic-
rograms of gallic acid equivalents (GAEs) per gram of fraction, are given in
Table III. Among the studied fractions, the ethyl acetate soluble fraction showed
the highest amount of total phenolic compounds, i.e., 208.58+1.83 pg GAE g 1.
The chloroform fraction and the n-butanol fraction showed very similar values of
total phenolic content (140.55+1.21 and 132.76+1.53 ug GAE g1, respectively).
The total contents of phenolics in the n-hexane soluble fraction and the aqueous
fraction were found to be 28.23+0.36, and 95.17+1.95 pg GAE g1, respectively.
The results for the total phenolics contents in the chloroform soluble fraction, the
ethyl acetate soluble fraction, the n-butanol soluble fraction and the aqueous frac-

2012 Copyright (CC) SCS



432 RIAZ et al.

tion were found to be significant (p < 0.05), while that of the n-hexane soluble
fraction was found to be non-significant (p > 0.05) when compared with the blank.

Oxygen reacts with unsaturated double bonds on lipids, which results in the
generation of free radicals and lipid hydroperoxides. Peroxidation of lipids oc-
curs both in vivo and in vitro and gives rise to cytotoxic and reactive products.
These products disturb the normal functioning of the cell and can give rise to
damaged or modified DNA. Hydrogen-donating antioxidants can react with lipid
peroxyl radicals and break the generation cycle of new radicals. The ferric thio-
cyanate assay, in which peroxide reacts with ferrous chloride to form ferric ions,
is used to measure the amount of peroxide at the beginning of lipid peroxidation.
The ferric ions then unite with ammonium thiocyanate and produce ferric thio-
cyanate, a reddish pigment.#! The various fractions of the plant were tested by
this assay and the results are given in Table III. Significantly lower absorbances,
as compared to the control, were observed for the chloroform fraction, the ethyl
acetate fraction and the n-butanol fraction, which indicated that these fractions
had greater antioxidant activities than the others. The fractions which showed
greater values of percent inhibition of lipid peroxidation might contain primary
antioxidant compounds, which are able to react aggressively with free radicals,
particularly hydroxyl radicals, thereby terminating the radical-chain reaction and
retarding the formation of hydroperoxides.#? The highest percentage inhibition of
lipid peroxidation was exhibited by the ethyl acetate fraction (58.11+1.49 %) at a
concentration of 500 ug ml~!, while the n-hexane soluble fraction showed the
lowest percentage of inhibition of lipid peroxidation (17.66+0.87 %). The chloro-
form, n-butanol and aqueous fractions exhibited percent inhibition of lipid pero-
xidation of 49.37+0.99 %, 41.50+0.46 % and 22.124+0.76 %, respectively. The in-
hibition of lipid peroxidation by BHT (standard) was found to be 62.73+£0.96 %.
The results for percent inhibition of lipid peroxidation of the chloroform soluble
fraction, the ethyl acetate soluble fraction and the n-butanol soluble fraction were
found to be significant (p < 0.05) while that of the n-hexane soluble fraction and
the aqueous fraction were found to be non-significant (p > 0.05) when compared
with BHT.

CONCLUSIONS

The obtained results showed that the chloroform fraction, the ethyl acetate
fraction, the n-butanol fraction and the aqueous fraction contained phenolics and
flavonoids, while the n-hexane fraction showed an absence of these compounds.
Due to the presence of such compounds, the chloroform fraction, the ethyl ace-
tate fraction and the n-butanol fraction showed good antioxidant activity, the
aqueous fraction showed moderate activity due to lower amounts of such com-
pounds while the n-hexane fraction showed no activity because of the absence of
all these compounds. The ethyl acetate soluble fraction exhibited the highest
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percent inhibition of the DPPH radical as compared to the other fractions. It
showed 81.14+1.38 % inhibition of the DPPH radical at a concentration of 60 pg
ml-!. The ICsq of this fraction was 33.95+£0.58 ug ml-1, relative to butylated
hydroxytoluene (BHT), having an ICsq of 12.5440.89 ug ml-!. It also showed
the highest FRAP value (380.53+0.74 ng of trolox equivalents) as well as the
highest total phenolic content (208.58+1.83) and the highest value of inhibition
of lipid peroxidation (58.11+1.49 % at a concentration of 500 pg ml~!) as com-
pared to the other studied fractions. The chloroform fraction showed the highest
total antioxidant activity (1.078+0.59). Hence, it was concluded that chloroform
fraction, ethyl acetate fraction and n-butanol fraction are rich in strong antioxi-
dants. These fractions are potentially valuable sources of natural antioxidants and
bioactive materials, which would be expected to increase shelf life of foods and
fortify against peroxidative damage in living systems in relation to aging and car-
cinogenesis.
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U3BO/

OUTOXEMUICKA AHAJIM3A, AHTUOKCUJATUBHA AKTUBHOCT U CAIIPXAJ
OEHOJIA Y BUJbLIU Dodonaea viscosa

TAUHEEDA RIAZ', MUHAMMAD ATHAR ABBASI', AZIZ-UR-REHMAN', TAYYABA SHAHZADI',
MUHAMMAD AJAIB? 1 KHALID MOHAMMED KHAN?

! Department of Chemistry, Government College University, Lahore-54000, Pakistan, *Department of Botany,
Government College University, Lahore-54000, Pakistan u 3 HEJ Research Institute of Chemistry, Inter-
national Centre for Chemical and Biological Sciences, University of Karachi, Karachi-75270, Pakistan

ws crynuje je Ono yTBphHBame aHTHOKCHIATHBHE aKTHBHOCTH Ouibke Dodonaea viscosa
Jacq. MeTaHOJICKOM €KCTpakTy OMJbKE je Jojara BOJAa M M3BPIICHA jé eKCTPAKIHja Nn-XEKCAaHOM,
xsopodopMoM, eTHII-aneTaToM U n-0yTaHonoM. OUTOXEMHjCKOM aHAIM30M je YTBpheHO 3Ha4YajHO
npucycTBo (eHona, (IIaBOHOMIA M CPYaHHMX IJIMKO3UIA y XJIOPOGOPMCKOM, CTHIIALETATHOM M
n-0OyTaHOITHOM EKCTPaKTy. AHTHOKCHAATHBHU TOTCHIHMjal OBHX (pakiija U 3a0cTaie BOJCHE
¢bpakuuje je yrBpher npumenoM udetupu merope: DPPH, ykynHa aHTHOKCHIAaTHBHA aKTHBHOCT,
FRAP tect u Tect 3a oxmpehuBame ykynHux ¢eHona. EtunaneratHa ¢paxuuja je Owia Hajmo-
tentHUju uHXuOutop DPPH panukana, y omHocy Ha apyre ¢pakuuje. Muxubunumja je Ouna
81,14+1,38 % mpu xomrmenTpamuju 60 ug ml-l. ICsy BpemHocT oBe dpakmmje je 6mma 33,95+0,58
pg ml'l. Oa dpakumja je mmana Hajeeliy FRAP Bpemmoct (380,53+0,74 M TponoKc eKBHBa-
nenTa), HajBehu campxkaj dernona (208,58+1,83 GAE ug g'!) u majuspaxenujy wuaxubunujy mm-
nuase nepokcunanuje (58,11+1,49 % y xonnentpanuju 500 pg ml'). Xnopopopmcka ppaxumja je
nmaia Hajehy yKynHy aHTHOKCHAATHBHY akTHBHOCT, 1,078+0,59 (ancopbaniuja Ha 695 nm).

(ITpumsbeno 21. jyna, pesuaupano 9. cenrem6pa 2011)
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Abstract: The antioxidant activity and the responsible chemical constituents in
Cephalotaxus oliveri Mast. aerial parts were analyzed in the present study. The
DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2’-azinobis(3-ethyl-benzo-
thiazoline-6-sulfonic acid)), reducing power and total phenolic content assays
indicated that the methanol extract of the aerial parts was the most potent ra-
dical-scavenger and reducing agent and had the highest content of phenolics
among the tested extracts. The high positive linear correlations implied that the
four assays had a similar capacity to predict the antioxidant potential of the
aerial parts and that the present phenolic compounds contribute significantly to
the DPPH and ABTS radical scavenging activities and to the reducing power of
the extracts. The plant also displayed considerable superoxide anion radical
scavenging activity. LC-MS/MS and GC-MS analyses resulted in the identi-
fication of 22 compounds in the methanol extract, of which 15 were phenolic
compounds. The total amount of the phenolic compounds in the methanol ex-
tract determined by the HPLC method was more than 5.62 mg g~! dry weight.
The considerable antioxidant potential and a high content of phenolic anti-
oxidants suggest that C. oliveri aerial parts are a potential source of natural
antioxidants.

Keywords: radical scavenging activity; reducing power; total phenolic content;
LC-MS/MS; HPLC; GC-MS.

INTRODUCTION

Cephalotaxus is the single genus of the coniferous Cephalotaxaceae.! Ce-
phalotaxus plants have been used in traditional Chinese medicine for the treat-
ment of human malignant tumors, rheumatism, dyspepsia, abdominal distension
and the like.2 Among the Cephalotaxus species, Cephalotaxus oliveri Mast. is
endemic to the subtropical forests of China, which have a scattered distribution.!
Hitherto, a total of eight compounds, including three cephalotaxine-type alka-

* Correspondence: chnah@163.com (Lingbin Zeng), bhlilian@cityu.edu.hk (L. L. P. Vrijmoed)
doi: 10.2298/JSC110801204Z
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loids, three bisflavones and two homoerythrina alkaloids, have been demon-
strated to be present in C. oliveri.3=5 The plant is rich in two anticancer cepha-
lotaxine-type alkaloids, i.e., harringtonine and homoharringtonine.3 Harringto-
nine and homoharringtonine are clinical drugs in use in China for the treatment
of acute non-lymphocytic leukemia and chronic myelogenous leukemia.3:5 More-
over, homoharringtonine is in clinic trials in the USA for the treatment of chronic
myelogenous leukemia and other cancers.®

ROS (reactive oxygen species) include both oxygen radicals, such as super-
oxide, hydroxyl, peroxyl and hydroperoxyl radicals, and some non-radical oxidi-
zing agents, such as hydrogen peroxide, hypochlorous acid and ozone.” At nor-
mal physiological levels, ROS function as “redox messengers” in intracellular
signaling and regulation, whereas excessive ROS damage cellular macromole-
cules, such as lipids, proteins, and nucleic acids, through inducing oxidative mo-
dification and promote cell death.” As results, they cause inflammation or lesions
on various organs and are associated with diseases such as atherosclerosis, ar-
thritis and cancers.® Together with endogenous defense systems, regular supple-
ments of exogenous antioxidants limit or prevent the dangerous effects caused by
excessive ROS.9 Due to the severe side effects of synthetic antioxidants, such as
butylated hydroxyanisole (BHA), natural antioxidants from medicinal plants,
vegetables, and fruits have received increasing attention and are considered as
better alternatives to synthetic antioxidants.

The aerial parts (i.e., branches with leaves) of C. oliveri are normally dis-
carded as waste during pruning. To maximize the exploitation of the limited plant
resources, it is necessary to evaluate the bioactive potential and analyze the che-
mical profile of the waste aerial parts. To the best of our knowledge, no data on
the antioxidant activities and responsible components of C. oliveri aerial parts are
hitherto available. Thus, in this study, the antioxidant activities of C. oliveri
aerial parts were evaluated. The chemical constituents responsible for the acti-
vities were also analyzed.

EXPERIMENTAL
Plant materials and chemicals

The aerial parts of C. oliveri were collected from the South China Botanical Garden,
Guangzhou, China, on January 25, 2008, and identified by Mr. Qiang Wei, a senior engineer
from the Garden.

BHA (butylated hydroxyanisole), BHT (butylated hydroxytoluene), DPPH (2,2-diphe-
nyl-1-picrylhydrazyl), ABTS (2,2’-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid)), Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), Folin—Ciocalteu reagent, gallic
acid, trichloroacetic acid, ferric chloride, potassium persulfate, potassium ferricyanide, NADH
(S-nicotinamide adenine dinucleotide), NBT (nitroblue tetrazolium), PMS (phenazin metho-
sulfate), protocatechuic acid, gentisic acid, catechin, vanillic acid, epicatechin, caffeic acid,
syringic acid, epicatechin gallate, p-coumaric acid, taxifolin, apigenin, and emodin were pur-
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chased from Sigma—Aldrich (St. Louis, MO). All other reagents were of analytical or HPLC
grade.

Sample preparation

The collected plant materials were washed, air-dried at room temperature (ca. 23 °C),
then ground to a powder and passed through a 20-mesh sieve. The sieved powder was
extracted exhaustively with water, methanol, acetone, ethyl acetate, chloroform and hexane
(3:50, w/v), respectively, at 220 rpm in a shaker at room temperature and filtered through
Whatman No. 1 filter paper (Advantec, Tokyo). All obtained extracts were lyophilized and
kept in the dark at —20 °C until use.

The method described by Neo et al.1® with some modification was used to treat the plant
material for the chemical constituent analysis by the LC-MS/MS and HPLC methods. In
brief, 20 ml of supernatant after centrifugation following the methanol extraction was mixed
well with 5 ml water and then evaporated at 50 °C under vacuum to a smaller volume to
remove the methanol. The residual aqueous phase was centrifuged to remove the insoluble
components. The supernatant was extracted three times with hexane to remove the possibly
present free fatty acids and other lipid contaminants. After the removal of hexane at 50 °C
under vacuum, the free phenolics (soluble free phenolics, SFP) in the aqueous phase were
extracted exhaustively with diethyl ether—ethyl acetate (1:1, v/v) with a solvent to aqueous
phase ratio of 1:1 (v/v). The diethyl ether—ethyl acetate extracts were pooled and treated with
anhydrous sodium sulfate to remove moisture, filtered, evaporated to dryness under vacuum
and finally re-dissolved in 2.25 ml methanol. The precipitate pellet was added into 12 ml
water and 5 ml 10 M NaOH and then shaken at 220 rpm overnight. The hydrolyzed solution
was adjusted to pH 2. The released phenolics (esterified phenolics, EFP) were extracted ex-
haustively with diethyl ether—ethyl acetate (1:1, v/v). The diethyl ether—ethyl acetate extracts
were combined, evaporated to dryness, and dissolved into 0.75 ml of methanol. The treatment
procedure of the methanol extract for chemical analyses by LC-MS/MS and HPLC is sche-
matically presented in Fig. 1.

Plant material
methanol extraction,
followed by centrifugation
Supernatant (20 ml)
mixture with 5 ml water,
followed by removing methanol

Residual aqueous phase
centrifugation

Supernatant Precipitate
removing lipid contaminants and adding into 12 ml water
hexane, followed by extraction and 5 ml 10 M NaOH
with diethyl ether- ethyl acetate with shake overnight
Soluble free phenolics Hydrolysed solution .

(SFP) pH adjustment, followed ~ Fig- 1. Treatment scheme of the
by extraction with diethyl methanol extract of C. oliveri
ether- ethyl acetate aerial parts for chemical com-

Esterified phenolics ponent analyses by LC-MS/MS
(EFP) and HPLC.
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DPPH radical scavenging activity

The DPPH radical scavenging effect of the C. oliveri extracts was assessed according to
the method described by Zeng et al.!! with slight modification. In brief, 0.1 ml of the extract
solutions or the positive controls BHA and BHT were mixed with 2 ml freshly prepared
DPPH solution in ethanol and then incubated for 30 min at room temperature. The DPPH
radical scavenging activities were assayed spectrophotometrically in a microplate reader
(PowerWave XS, BioTek Instruments, Inc.) at 517 nm. The DPPH radical scavenging activity
is reported in pmol of Trolox equivalents per gram extract (umol TE g'! dry matter) and as the
ICs value (defined as the concentration in mg ml™! that caused a 50 % inhibition of the DPPH
radical).

ABTS radical scavenging activity

The ABTS radical scavenging activity was assayed using the method described by Zeng
et al.'! with some modifications. Briefly, ABTS radicals were generated in a mixture of 7 mM
ABTS and 2.45 mM potassium persulfate in water at room temperature in the dark during 12—
—16 h. An aliquot of 0.10 ml extract solution or the reference compounds BHA and BHT was
introduced into 2.6 ml of diluted ABTS radical solution with absorbance of 0.8 at 734 nm and
mixed thoroughly. The reactive mixture was allowed to stand at room temperature for 6 min
and absorbance was recorded immediately afterwards at 734 nm in a microplate reader
(PowerWave XS). ABTS radical scavenging activity of the extracts is expressed in term of
TEAC (Trolox equivalent antioxidant capacity, pmol TE g1 dry extract). The scavenging
activity is also reported as the /Cs, value (defined as the concentration in ug ml! that caused a
50 % inhibition of the ABTS radical).

Reducing power

The reducing power of the extracts was determined by the method of Zeng et al.!l.
Extract solution or the positive controls BHA and BHT (80 pl), sodium phosphate buffer (200
ul, 0.2 M, pH 6.6) and potassium ferricyanide (200 ul, 10 mg ml!) were mixed and incubated
at 50 °C for 20 min. The mixture was then placed into a refrigerator at 4 °C to rapidly lower
its temperature. Then, trichloroacetic acid (200 ul, 100 mg ml-!) was added and incubated for
5 min to stop the reaction. Afterwards, the resultant mixture (680 pl) was mixed with 680 pl
distilled water and 68 pl ferric chloride (10 mg ml'!). Finally, the absorbance of the resulting
mixture was measured in a microplate reader (PowerWave XS). A higher absorbance
indicates a stronger reducing power.

Superoxide anion radical scavenging activity

Superoxide anion radical scavenging activity of the extracts of C. oliveri was measured
by the method of Zhang et al.'> with a slight modification. Briefly, 3 ml of 16 mM Tris-HCI
buffer (pH 8.0), containing 1 ml of NBT (150 uM) solution, 1 ml of NADH (468 uM) solution
and 1 ml of extract solution or the positive control gallic acid at 0.10 mg ml"! were mixed at
room temperature and the mixture was measured as the blank. Then, 1 ml of PMS solution (60
uM) was added. After incubation at room temperature for 5 min, the absorbance of the re-
sulting mixture was measured at 560 nm. Superoxide radical scavenging activity was calcu-
lated as scavenging activity (%) = (absorbance of control — absorbance of sample)/(absor-
bance of control — absorbance of blank)>100.

Total phenolic content

Total phenolic content of C. oliveri extracts was estimated by the Folin—Ciocalteu co-
lorimetric assay according to the method described by Zeng et al.!! Briefly, 1.0 ml of extract
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solution was mixed with 5 ml of 0.20 M Folin—Ciocalteu reagent. After incubation at room
temperature for 6 min, 4 ml of sodium carbonate (75 g I'!) was added. Absorbance of the re-
sulting blue-colored solution was measured in a microplate reader (PowerWave XS) at 760
nm after incubation at room temperature for 2 h with intermittent shaking. The amount of total
phenolic content was calculated as gallic acid equivalents (GAE, mg g! dry extract).

Phenolic constituents in methanol extract analyzed by LC—-MS/MS

LC-MS/MS under the negative ion multiple reaction monitoring (MRM) mode was used
for the phenolic analysis of the methanol extract using an Agilent 1200 series LC (Agilent,
Santa Clara, USA) instrument fitted with a binary pump, an on-line degasser and an Applied
Biosystem API 2000 mass spectrometer (Life Technologies Corporation, California, USA)
equipped with an ESI (electrospray ionization) interface. The whole LC-MS/MS system was
controlled by Analyst software (Life Technologies Corporation, California, USA). The HPLC
separation was performed on a reverse-phase Zorbax C18 column (250 mmxi.d. 4.6 mm, 5
um, Agilent, Santa Clara, CA).

The employed mobile phases A and B were acidified water (0.1 % acetic acid, v/v) and
methanol, respectively. For the analysis of the SFP fraction, the gradient elution was pro-
grammed as follows: from 5 to 35 % B in 10 min; from 35 to 45 % B in 25 min; from 45 to 60
% B in 10 min; from 60 to 70 % B in 10 min and from 70 to 100 % B in 5 min and kept at 100
% B for 10 min. To analyze the EFP fraction, the gradient elution was programmed as fol-
lows: from 5 to 10 % B in 2 min and kept at 10 % B for 3 min; from 10 to 40 % B in 10 min;
from 40 to 50 % B in 5 min; from 50 to 90 % B in 25 min and from 90 to 100 % B in 10 min
and kept at 100 % B for 10 min. The flow rate was 1 ml min"! and the injection volume was
10 uL. A T-type phase separator was used to split the effluent from the HPLC column into the
mass spectrometer. The conditions for the MS analysis were the same as those used by Zeng
et al.!l. The collision energy for each compound was optimized. Nitrogen was used as the
nebulizing and collision gas in the MS analysis.

The phenolic compounds in the methanol extract of C. oliveri aerial parts were charact-
erized and identified by MS/MS by comparison with the MS data and the LC retention times
of authentic standards.

Phenolic content determination by HPLC analysis

The content of phenolic compounds in the methanol extract was determined by the
HPLC method using a Waters HPLC system with a 600 pump, a 600 controller, a 2487 dual-
-wavelength absorbance detector, an in-line degasser and Empower software (Waters Cor-
poration, Massachusetts, USA). The LC conditions for the separation of the component on a
reverse-phase Zorbax C18 column (250 mmxi.d. 4.6 mm, 5 pm, Agilent, Santa Clara, CA)
were the same as for the LC part in the LC-MS/MS analysis. The quantification was per-
formed using the external standard method with the wavelength set at 280 nm. The amount of
phenolic compounds is expressed as pg g™ dry extract.

GC-MS determination of the chemical constituents in the methanol extract

The chemical constituents in the methanol extract of C. oliveri aerial parts were also
analyzed by the GC-MS method, which was realized using an Agilent 7890A GC system
(Agilent, Palo Alto) together with an Agilent 5975C mass spectrometer operating in the EI
mode and equipped with an HP-SMS capillary column (30 mx0.25 mmx0.25 pum).

The electron energy was set at 70 eV with a mass range at m/z 25-800. The GC injector
temperature and the MS source temperature were set at 280 and 230 °C, respectively. Helium
was used as the carrier gas at a flow rate of 1 ml min"!. The oven temperature was pro-
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grammed from 60 to 120 °C at a rate of 3 °C min’!, held isothermal for 5 min, raised to 155
°C at 5 °C min’!, held isothermal for 10 min; raised to 170 °C at 3 °C min’!, held for 5 min;
raised to 200 °C at 3 °C min’!, held for 10 min; raised to 250 °C at 5 °C min’!, held for 10
min; to 270 °C at 10 °C min"! and then held for 15 min. An aliquot of 1.0 pl methanol extract
dissolved in acetone was injected automatically in the splitless mode.

The components were identified based on a comparison of their gas chromatographic
retention indices and mass spectra to those from NIST05 MS library and from the literature.
Retention indices were calculated for each separate component against n-alkane standards
(C8-C40, Sigma—Aldrich, Switzerland) on the HP-5MS column.

Statistical analysis

All data are presented as means = SD. Differences at p < 0.05 were considered statis-
tically significant. All the statistical analyses were performed with Origin 6.0 (Microcal Soft-
ware, Inc., Northampton) or Excel 2003 (Microsoft Corporation, Redmond, WA).

RESULTS
DPPH radical scavenging activity

The DPPH radical scavenging effect of C. oliveri extracts compared with
BHA and BHT is presented in Fig. 2. Water extract (WE) and methanol extract
(ME) exhibited a similarly strong ability to quench the DPPH radical (p > 0.05)
with ICsq values of 0.96 and 0.82 mg ml~!, respectively. These values are com-
parable to the ICs( value of BHT (0.55 mg ml~1). In contrast, the hexane extract
(HE) showed the weakest scavenging effect (p < 0.01), with only about 10 % ac-
tivity at 10 mg ml-1. The DPPH radical scavenging activity expressed as Trolox
equivalents of the extracts were 316.1+1.0, 331.7+4.8, 250.0+£2.6, 60.3+1.8,
45.3+2.1 and 12.8+1.8 umol TE g-! for WE, ME, acetone extract (AE), ethyl
acetate extract (EE), chloroform extract (CE) and HE, respectively. The TEAC
values of WE and ME were more than 24 times that of HE. The results showed
the order of DPPH radical scavenging activities of the extracts as ME > WE >
AE > EE > CE > HE (p <0.01).

ABTS radical scavenging activity

The ABTS radical scavenging activity of the extracts and BHT and BHA are
shown in Fig. 3. For CE and HE, when the assay concentrations were > 2.5 mg
ml-!, the absorbance of the extract solutions per se at 734 nm apparently affected
the results. They had only very weak ABTS radical scavenging activity with in-
hibition of only 27.3+0.2 and 10.4+0.6 %, respectively, at 2.5 mg ml~!. The res-
pective 1Csq values of WE, ME, AE and EE were 0.76, 0.49, 0.82 and 3.36 mg
ml-!1, while the respective values of BHA and BHT were 0.054 and 0.080 mg ml-1.
These result suggested that the extracts had only weak or moderate ABTS radical
scavenging activity. In addition, the TEAC values of the extracts ranged from
22.5+1.7 to 621.6x1.7 umol TE g~! dry weight. ME had the strongest ABTS sca-
venging activity with a TEAC value 27 times higher than that of HE. The results

2012 Copyright (CC) SCS



PHENOLIC ANTIOXIDANTS OF C. oliveri 443

indicated that the order of ABTS radical scavenging activity of the extracts was
ME > WE > AE > EE > CE > HE (p < 0.01).
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Fig. 2. DPPH radical scavenging activities of different extracts of C. oliveri aerial parts and
positive controls. WE, water extract; ME, methanol extract; AE, acetone extract; EE, ethyl
acetate extract; CE, chloroform extract; HE, hexane extract. The values are
the mean of three determinations + SD (standard deviation).

Reducing power

The reducing powers of the extracts of C. oliveri aerial parts are indicated in
Fig. 4. Two-way ANOVA analysis suggested that the order of reducing power of
the extracts ME > WE > AE > EE > CE > HE, which is consistent with the re-
sults in the DPPH and ABTS assays. At the concentrations of 0.8 mg ml-! for
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ME and 1.5 mg ml~! for WE, their reducing power was equal to that of BHT.
However, CE and HE had very weak reducing power.

100-:
90-_
80'_
70 A
60-
50 ]
40'_
30-_
20 A
0]

0 I ' 1 M ) M ) i 1 M 1 M 1 M I ' 1
00 02 04 06 08 10 12 14 16

. -
Concentration, mg ml

ABTS radical scavenging activity, %

80-
70-
60-
50-
40-
30-

204
A —s—EE

ABTS radical scavenging activity, %

10

T T d T d T T T T
0 1 2 3 4 5 6
Concentration, mg mi™’

Fig. 3. ABTS radical scavenging activities of different extracts of Cephalotaxus oliveri aerial
parts and positive controls. WE, water extract; ME, methanol extract; AE, acetone extract;
EE, ethyl acetate extract. The values are the mean of three determinations + SD

(standard deviation).

Superoxide anion radical scavenging activity

Superoxide anion radical scavenging activities of the extracts at 0.1 mg ml-!
are shown in Fig. 5. Two-sample #-tests suggested that the descending order of
the scavenging activity of the extracts is EE (49.5+1.2 %) > CE (44.9+1.3 %) >
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HE (41.6+£0.6 %) > ME (33.2+0.6 %) > AE (32.6+0.8 %) > WE (29.4+1.0 %),
while the activity of gallic acid was 57.5£0.3 %. This means that EE had the
strongest superoxide anion scavenging activity, which was comparable to that of

gallic acid.
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Fig. 4. Reducing power of different extracts of C. oliveri aerial parts and positive controls.
WE, water extract; ME, methanol extract; AE, acetone extract; EE, ethyl acetate extract;
CE, chloroform extract; HE, hexane extract. The values are the mean of three

determinations + SD (standard deviation).
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Fig. 5. Superoxide radical scavenging activities of different extracts of C. oliveri aerial parts
and positive control at 0.1 mg ml'l. GA, gallic acid; WE, water extract; ME, methanol extract;
AE, acetone extract; EE, ethyl acetate extract; CE, chloroform extract; HE, hexane extract.
The values are the mean of three determinations + SD (standard deviation).

2012 Copyright (CC) SCS



446 ZENG and VRIJIMOED

Total phenolics content

The total phenolic content of the six extracts are presented in Table I, which
varied extensively (p < 0.01) from 7.2+0.2 to 96.1+1.8 mg GAE g~! dry weight.
ME had the highest total phenolic content at 96.1+1.8 mg GAE g1 dry weight,
followed by WE, AE, EE, CE and HE in descending order. The total phenolic
content of ME was about 13 and four times larger than those of HE and CE, res-
pectively.

TABLE L Total phenolics content (GAE, mg g!) in the extracts of C. oliveri aerial parts
(means of three replicates = SD (standard deviation) as mg g dried extract)
WE? MED AE® EEd CE® HEf
78.23£1.48  96.07+1.85  68.98+2.66  47.96+0.44  23.65+0.43 7.21+0.23

*Water extract; “methanol extract; “acetone extract; dethyl acetate extract; “chloroform extract; "hexane extract

Phenolic components in the methanol extract determined by LC-MS/MS and HPLC

In total, 12 phenolic compounds were identified in the methanol extract of C.
oliveri aerial parts by LC-MS/MS analysis and their MS data and content are
given in Table II. All the 12 compounds were detected in the SFP fraction but
only three in the EFP fraction. Apigenin, p-coumaric acid, and emodin were pre-
sent in both the SFP and EFP fractions. The content of most of the individual

TABLE II. Phenolic compounds in the methanol extract of C. oliveri aerial parts identified by
ESI-MS/MS and their content determined by HPLC

Retention time

-1

No. Compound h}\ﬁ ”ng MS//MS min? Content”, ug g

[M-H] e SFP__EFP___ SFP EFP___ Total®
1 Protocate- 153 109, 108,91 10.01 -4  54.0+0.2 - 54.01

chuic acid
2 Gentisic acid 153 109 10.98 - 602.1+6.8 - 602
3 Catechin 289 221,245,203 11.62 - 256.0£3.6 - 256
4 Vanillic acid 167 108, 123,152 14.19 - 184.6+2.2 - 185
5 Epicatechin 289 221,245,109 14.27 - 2205.849.9 - 2206
6 Caffeic acid 179 135 14.40 - 87.8+1.7 - 87.8
7 Syringic acid 197 182,167,123 14.83 - Trace - Trace
8 Epicatechin 441 169 16.43 - ND¢ - ND¢
gallate
9 p-Coumaric 163 119 18.54 20.52 129.9+£5.3 110.9+£3.5 240
acid

10 Taxifolin 303 125,285  19.07 — 2349433 - 235
1 Apigenin 269 117,149, 151 49.48 3233 817.5¢5.3 677.4+£3.5 1495
12 Emodin 269 225,241  63.18 4573 14.940.6 247.0+2.1 262
Totalf 5620

Retention time in LC-MS/MS analysis; ®means of three replicates + SD as pg g'1 dry methanol extract; “sum of
content of phenolic compounds in both SFP and EFP fractions; absent in the fraction; “Content not determined;
fsum of content of all identified phenolic compounds
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phenolic compounds was larger than 100 pg g~! dry methanol extract, especially
epicatechin and apigenin, the contents of which were larger than 1.0 mg g! dried
methanol extract. The total amount of the phenolic compounds identified was
more than 56.2 mg g~! dried methanol extract.

Chemical components detected by GC-MS analysis

Based on the comparison of the retention indices and mass spectra to those
from NISTO05 MS library and the literature, ten compounds as shown in Table III
were identified in the methanol extract of C. oliveri aerial parts by GC-MS ana-
lysis. The identified compounds are characterized by the presence of three phe-
nolic compounds, i.e., ferruginol, 2,5-bis(1,1-dimethylethyl)phenol and a-toco-
pherol. In addition, an important phytosterol, i.e., fsitosterol, was also detected
in the methanol extract.

TABLE III. Chemical components in the methanol extract of C. oliveri aerial parts analyzed
by GC-MS

No. RA / min Compound RI

1 13.305 1-(4-Methylphenyl)ethanone 1188
2 28.580 2,4-Bis(1,1-dimethylethyl)phenol 1516
3 28.931 Dihydroactinidiolide 1526
4 43.855 6,10,14-Trimethyl-2-pentadecanone 1846
5 48.507 Hexadecanoic acid, methyl ester 1922
6 51.432 Hexadecanoic acid 1969
7 69.720 Ferruginol 2330
8 70.482 4,8,12,16-Tetramethylheptadecan-4-olide 2342
9 95.559 o-Tocopherol 3119
10 100.709 [S-Sitosterol 3291

*Retention time of elution from HP-5MS column; PRetention index on an HP-5MS column in reference to
C8-C40 n-alkanes

DISCUSSION

Antioxidant potential

Foods or extracts of medicinal plants are mixtures with multi-functions. It is
easily understood that multiple reaction characteristics and mechanisms, and
different phase localizations are usually involved, hence any single method will
be not accurate and comprehensive enough to reflect the antioxidant profile of a
mixed or complex system.!3 Therefore, more than two different methods are ty-
pically used. In the present study, DPPH, ABTS, superoxide anion scavenging,
reducing power and the Folin—Ciocalteu colorimetric assays were used to test the
antioxidant potential of extracts from C. oliveri aerial parts. They are chemical
methods associated with electron donation or hydrogen donation and can be
spectrophotometrically assessed.!4
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DPPH and ABTS radicals are two artificial free radicals that are widely used
to test the antioxidant potential of plant extracts or food materials. The anti-
oxidant effect is determined by measuring the reduction of the radicals in the test
systems. The most widely and commonly used method recently to evaluate the
DPPH and ABTS radicals scavenging activities is to monitor the decrease of UV
absorption at 517 and 734 nm, respectively, with a UV spectrophotometer.!4 The
results obtained in this study implied that the DPPH and ABTS scavenging acti-
vities of all the extracts were dose-dependent, as is the case with BHA and BHT.
Generally, except water, the solvents with higher polarity showed better extrac-
tability of the antioxidants scavenging DPPH and ABTS radicals from C. oliveri
aerial parts. For each solvent extract, the TEAC value in the ABTS test was
overtly higher than that in the DPPH test. One of the reasons for this may be the
color interference by some components, such as anthocyanins (A 475485
nm), with DPPH chromogen,!5 which resulted in lower measured TEAC values.

The reducing power was measured by direct electron donation to reduce the
Fe3*/ferricyanide complex to ferrous products, while electron-donating activity is
an important mechanism of phenolic antioxidant action. Ferrous ions can be mo-
nitored spectrophotometrically at 700 nm. Increased absorbance at 700 nm indi-
cates increased reducing power. The reducing power of all the extracts of C.
oliveri aerial parts was dose-dependent. The reducing powers of WE and ME
were strong and comparable to that of BHT.

Superoxide anion radical contributes to tissue damage and various diseases.
In this study, superoxide anion radical was generated by the non-enzymatic
PMS-NADH-NBT system. EE had the strongest superoxide anion radical sca-
venging activity with ca. 50 % inhibition at a concentration of 0.1 mg ml-1.

Phenolic compounds are ubiquitous secondary metabolites in plants. It has
been well demonstrated that the antioxidant activity of plant materials is well
correlated with the content of phenolic compounds they produce. In the present
study, except HE, all the five other extracts had a high total phenolic content
(GAE > 20 mg g1 dry extract).1® The results implied that C. oliveri aerial parts
contain a high level of phenolic compounds and that ME had the highest anti-
oxidant potential, whereas HE had the lowest potential. This result suggested that
high polarity organic solvents extract the phenolic compounds better from C. oli-
veri aerial parts than those of lower polarity.

Correlations of the assays determining the antioxidant potential of the extracts

Highly positive linear correlations between the total phenolic content and
DPPH radical scavenging activity (R = 0.9466), ABTS radical scavenging capa-
city (R = 0.9914) and reducing power (R = 0.9870) suggest that the phenolic
compounds are significantly responsible for the antioxidant ability, the scaveng-
ing of DPPH and ABTS radicals and the reducing power of the extracts, which is
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consistent with previous results showing the antioxidant activity of C. sinensis.!”
Highly positive linear correlations were also present between the reducing power
assay and the DPPH (R = 0.9609) and ABTS assays (R = 0.9977), which implies
that the constituents present in the extracts scavenging DPPH and ABTS radicals
are also able to reduce ferric ions and that the reducing ability seems contributive
to the free radical-scavenging capacity of the extracts. In addition, the highly
positive linear relationship between DPPH and ABTS radicals scavenging acti-
vity (R = 0.9883) shows that the two methods have similar predictive capacities
for the antioxidant activity of C. oliveri extracts. However, such relationships did
not exist between superoxide radical scavenging activity and total phenolic con-
tent and other antioxidant activities of the extracts. Such different behaviors may
be due to differences in the main active components and mechanisms of the ac-
tion of scavenging different radicals and reaction with the test probes.!8

Chemical components

For the first time, the chemical profile of C. oliveri using the LC-MS/MS
and GC-MS methods is reported. Phenolic compounds are the characteristic
components in the chemical profile. The LC-MS/MS analysis resulted in the
identification of 12 phenolic compounds in the methanol extract of C. oliveri ae-
rial parts, including four hydroxybenzoic acids (i.e., protocatechuic acid, gentisic
acid, vanillic acid and syringic acid), two hydroxycinnamic acids (i.e., caffeic
acid and p-coumaric acid), three flavan-3-ols (i.e., catechin, epicatechin and epi-
catechin gallate), two flavanones (i.e., taxifolin and apigenin) and one phenolic
anthraquinone (i.e., emodin). Except p-coumaric acid, apigenin and emodin, all
the other identified phenolic compounds were detected only in the SFP fraction,
which means that they were present in the soluble free form in the methanol ex-
tract. Apigenin and p-coumaric acid were present in both the soluble free form
and bound form, while emodin had a much higher content in the EFP fraction
than in the SFP fraction, which means that most of emodin in the methanol ex-
tract of C. oliveri was present in the bound form. The GC—MS analysis suggested
the presence of ten organic compounds in the methanol extract of C. oliveri aerial
parts, of which three were phenolic compounds. As a result, a total of 15 phenolic
compounds were identified in the methanol extract by both the LC-MS/MS and
GC-MS methods.

Due to the reactivity of phenol moiety (hydroxyl substituent on the aromatic
ring), most phenolic compounds can behave as antioxidants. The presence of at
least 15 phenolic compounds implies C. oliveri should have antioxidant potential.
Phenolic acids are ubiquitous in plant food (e.g., fruits, vegetables and coffee)!?
and are the main phenols consumed by humans. The phenolic acids identified in
this research are all prominent naturally occurring ones and their role as dietary
antioxidants has received increasing attention.20 They possess various potent an-
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tioxidant activities.20-21 The other phenolic compounds also have potent anti-
oxidant activities. For example, of the tocopherols and tocotrienols in the vitamin
E group found in food, only a-tocopherol meets human vitamin E requirements.
a-Tocopherol is the most powerful soluble lipid natural antioxidant known.22 It
scavenges peroxyl radicals extremely rapidly, which maintains the integrity of
long-chain polyunsaturated fatty acids in the membranes of cells and thus main-
tains their bioactivity.22-23 Moreover, it possibly plays a role in the prevention of
cancer and atherosclerosis.22 In addition, Asitosterol is one of the most abundant
phytosterols, which has demonstrated, to some extent, DPPH and hydrogen pero-
xide scavenging activity and strong nitric oxide radical-scavenging activity. It
also inhibits the autoxidation of methyl linoleate and polyunsaturated fatty acid
oxygenation.24 The presence of the components with antioxidant potency con-
firms and contributes to the antioxidant activities of the C. oliveri extracts.

CONCLUSIONS

Some natural antioxidants have remarkable pharmaceutical and therapeutic
potentials. They are in the central area in the development of functional foods
and can be used as food additives to prevent the lipid oxidation of foods. The
considerable antioxidant activities and the presence of important phenolic anti-
oxidants imply that the aerial parts of C. oliveri, usually cut off as waste, could
be a source of natural antioxidants.
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U3BOJI

AHTUOKCUIAATUBHA AKTUBHOCT U CA/IP2)KAJ ®EHOJIA ¥ HAJI3BEMHUM
JNEJIOBUMA BUJLKE Cephalotaxus oliveri MAST.

LINGBIN ZENG u LILIAN L. P. VRIJIMOED

Department of Biology and Chemistry, City University of Hong Kong, 83 Tat Chee Avenue,
Kowloon Tong, Hong Kong SAR, China

VY 0BOj CTyIMjH je aHaIM3MpPaHa aHTHOKCHAATHBHA aKTHBHOCT U XEMHUjCKH CacTaB HaJ[3eMHHX
nenoBa ouseke Cephalotaxus oliveri Mast. TecroBu ca DPPH (2,2-nnudenui- 1 -nmukpuixuapasun) u
ABTS (2,2’-a3un006uc(3-eTHin-6eH30THa30I1H-6-Cyn(hOHCKAa KHCEIHNHA)), Ka0 U TeCTOBH 3a OJpe-
huBame pemykyjyher moTeHnmjata u cagpxaja GpeHoma Cy MoKa3aid Ja METAHOJIHH CKCTPAKT Hal-
3eMHHX JIefoBa 00JbKe MMa HajBehin MOTEHIMjal 3a XBaTambe paguKaia M PeayKLH]jy, 300T BEIuke
KOHIeHTpauuje geHona. Bennka nmo3nTuBHA Kopenanyja u3Mel)y yeTupu Tecta ykasyje Ha CIIHYHe
MOryhHOCTH TecToBa y NPOLIEHH aHTHOKCHIATUBHOT IOTeHnujada. buibka je, Takohe, mokasana na
MMa 3HayajaH KamalUTeT XBaTama CYNEPOKCHZI aHjoHCKOr paaukana. Meromama LC-MS/MS n
GC-MS unenrudukosana cy 22 jenumemha Y METAHOIHOM €KCTPaKTy, oJ] KOjux cy 15 denoinna je-
IVbemha. YKYIHU capikaj PeHosa y METaHOJTHOM eKCTpakTy je oapehusan metogom HPLC u un-
HHO je BuIIE o7 56,2 mg g™ cyBe Mace. 3HauajaH AHTHOKCHIATUBHY MOTEHIM]aT ¥ BHCOK CaJpiKaj
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(eHOHNX aHTHOKCHAaHAaca yKasdyjy da Om Hamsemuu nenoBu C. oliveri mornu OuTH KopuIIheHH
Kao M3BOP MPUPOAHHUX aHTHOKCHIAHACA.
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(ITpumsbeno 1. aBrycra, pesuaupano 28. okrobpa 2011)
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Mixed ligand complexes of essential metal ions with L-glutamine
and succinic acid in sodium dodecyl sulfate—water mixtures
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Abstract: Speciation of mixed ligand complexes of Co(II), Ni(II) and Cu(Il) with
L-glutamine and succinic acid was studied in varying amounts (0.0-2.5 %, w/v)
of sodium dodecyl sulfate (SDS) in aqueous solutions while maintaining an ionic
strength of 0.16 mol L' (NaCl) at 303.0 K. Titrations were performed in the
presence of different relative concentrations (M:L:X = 1:2:2, 1:4:2 and 1:2:4) of
metal (M) to L-glutamine (L) to succinic acid (X) using sodium hydroxide. The
stability constants of the ternary complexes were refined with MINIQUAD75.
The best-fit chemical models were selected based on statistical parameters and
residual analysis. The species detected were ML, X, MLX, MLXH and MLXH,
for Co(II), Ni(Il) and Cu(Il). The increased stability of the ternary complexes
compared to their binary complexes was believed to be due to electrostatic
interactions of the side chains of the ligands, charge neutralization, chelate effect,
stacking interactions and hydrogen bonding. The species distribution with pH at
different compositions of SDS and plausible equilibria for the formation of the
species are also presented.

Keywords: speciation; mixed ligand complexes; L-glutamine; succinic acid; SDS.

INTRODUCTION

The specificity and selectivity of enzyme—substrate reactions are achieved by
manipulating the equivalent solution dielectric constants at the active site. Know-
ledge of the equivalent solution dielectric constant can throw light on the mecha-
nism of the reaction. Furthermore, intramolecular and ligand-ligand stacking in-
teractions in mixed ligand complexes are favored in water—organic media, which
reduce the dielectric constant of the solution. Hence, modeling studies involving
ternary complexes have gained popularity in different aqua—organic mixtures
with varying dielectric constants.!~# L-Glutamine (Gln) serves as a vehicle for
transporting ammonia in a nontoxic form from peripheral tissues to visceral or-

* Corresponding author. E-mail: gollapallinr@yahoo.com
doi: 10.2298/JSC110201177B
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gans where the ammonia can be excreted as ammonium ions (kidneys) or
converted to urea (liver).5 Gln is utilized in the brain for respiration and biosyn-
thesis of substances related to neuronal functions, such as y-aminobutyric acid,
GABA. 1t is also utilized for the growth and differentiation of the neural cells.© It
is often depleted in stress states, such as malignancy.” Gln has a possible thera-
peutic role in the prevention of damage to normal tissues, including peripheral
nerves, during chemotherapy.8

Succinic acid (Suc) is involved in the citric acid or tricarboxylic acid (TCA)
cycle and the glyoxalate cycle. It is synthesized in almost all microbial, plant, and
animal cells.? The concentration of Suc in human blood plasma is 1.0-6.0 mg L1,
Suc can be used for the manufacture of medicaments or nutritional supplements
effective for the treatment of insulin resistance in mammals, preferably in non-
insulin dependent diabetic humans.!% On the other hand, recent analysis showed
that the fermentative production of Suc from renewable resources could be more
cost-effective than the petroleum-based processes.!! Suc is a bidentate ligand. In
coordination chemistry, it forms strong complexes with many metal ions. The
mixed ligand complexes of Gln and Suc with calcium and magnesium in
acetonitrile—water and ethylene glycol-water and of cobalt and nickel in urea—
—water and DMF-water media were reported earlier.l:12-14 In this study, spe-
ciation of ternary complexes of Co(Il), Ni(Il) and Cu(Il) with Gln and Suc in
SDS—water mixtures was investigated.

EXPERIMENTAL

Solutions of Co(II), Ni(II) and Cu(II) chlorides (0.1 mol L-! were prepared by dissolving
GR Grade (Merck, India) salts in triple distilled water. Aqueous solutions of Gln and Suc
(Merck, India) were also prepared. To increase the solubility of Gln and Suc and to suppress
hydrolysis of the metal salts, the mineral acid concentration in the above solutions was main-
tained at 0.05 mol L-!. SDS (Merck, India) was used as received. A 0.2 mol L-! hydrochloric
acid (Qualigens, India) solution and a 0.4 mol L! sodium hydroxide (Qualigens, India) were
prepared. A 2 mol L! sodium chloride (Qualigens, India) solution was prepared to maintain
the ionic strength in the titrand. To assess the errors that might have crept into the determi-
nation of the concentrations, the data were subjected to analysis of variance of one-way clas-
sification (ANOVA). The strength of the alkali was determined using the Gran plot method.!3

Apparatus

The titrations were performed in media containing varying concentrations of SDS main-
taining an ionic strength of 0.16 mol L'! with sodium chloride at 303.0+0.1 K. A systronics
pH system (model 362) (readability 0.001) was used. The glass electrode was equilibrated in a
well-stirred SDS—water mixture containing inert electrolyte. The effect of variations in asym-
metry, liquid junction potential, activity coefficient, sodium ion error and dissolved carbon
dioxide on the response of glass electrode were accounted for in the form of a correction
factor, which was computed from simulated acid—base titration data calculated by the SCPHD
program.!®17 A correction was applied to the pH meter dial reading by using a correction fac-
tor. Titrations of a strong acid with alkali were performed at regular intervals to check the
complete equilibration of the electrode. The calomel electrode was refilled with an SDS—water
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mixture of equivalent composition to that of the titrand. In each of the titrations, the titrand
consisted of 1-3 mmol of mineral acid in a total volume of 50 cm?. The titrations were
performed in the presence of different relative concentrations (1:2:2, 1:4:2 and 1:2:4) of metal
(M) to GIn (L) and Suc (X) with 0.4 mol L-! NaOH.

Modeling strategy

The best-fit chemical models consisting of stoichiometric coefficients and logarithm of
stability constants (log ) were arrived at using the computer program Miniquad 75.!® Some
heuristics were followed in refining stability constants and validating models.!®20 The for-
mation constants for acid—base equilibria and those for binary metal complexes of Gln and
Suc were fixed in the refinement of the mixed ligand stability constants using MINIQUAD?7S.

RESULTS AND DISCUSSION
Complex equilibria

A preliminary investigation of alkalimetric titrations of mixtures containing
different mole ratios of Gln and Suc in the presence of a mineral acid and an inert
electrolyte inferred that MLXH, MLX, ML,X and MLXH, species are formed
for Co(II), Ni(Il) and Cu(Il). The parameters of the best-fit models and statistical
parameters are given in Table 1.21 The very low standard deviation in the log f
values indicates the precision of these parameters. The small values of Uqyy indi-

TABLE 1. Best fit chemical models of Co(Il), Ni(II) and Cu(II)-L-glutamine—succinic acid
complexes in SDS—water mixtures. Temperature: 303 K; ionic strength: 0.16 mol L!

SDS log Buuixn (SD) NP U, Skew- Kurto- ) R
% wiv 1110 1111 1112 1210 x105 ness sis %  Factor
Co(II) (pH range 2.0-9.0)

0.0 8.12(13) 14.13(30) 18.99(21) 11.88(10) 152 1427 1.40 15.43 169.24 0.013
0.5 7.94(23) 14.85(15) 18.85(39) 11.90(13) 177 25.05 4.50 43.64 416.27 0.016
1.0 7.69(25) 14.23(30) 18.54(47) 11.65(13) 177 28.64 3.62 35.50 333.20 0.018
1.5 7.78(29) 14.47(29) 19.17(21) 11.85(11) 182 18.93 7.15 76.51 744.57 0.014
2.0  7.78(26) 14.05(52) 19.26(17) 11.81(11) 177 28.14 3.82 37.05 236.59 0.017
2.5 7.15(25) 14.15(14) 18.82(12) 11.06(12) 182 14.13  6.28 64.73 593.91 0.012
Ni(Il) (pH range 2.0-9.0)

0.0  9.09(19) 14.71(20) 19.79(10) 13.40(13) 168 18.03 -0.71 6.06 136.79 0.014
0.5 8.80(16) 14.17(24) 18.66(20) 13.00(11) 168 11.15 -0.09 12.45 313.38 0.011
1.0 8.79(13) 13.99(34) 18.68(19) 13.02(12) 167 16.09 -0.81 10.55 323.43 0.013
1.5 8.06(14) 13.83(23) 18.80(11) 11.95(20) 176 17.95 -1.01 8.50 289.27 0.013
2.0 8.14(15) 13.73(26) 18.69(12) 12.27(16) 173 20.39 -0.37 8.17 173.85 0.015
2.5 7.99(13) 13.51(24) 18.46(9) 11.66(44) 181 10.92 0.38 8.30 40.02 0.010
Cu(Il) (pH range 2.0-6.0)

0.0 11.73(7) 16.33(8) 20.13(10) 17.79(7) 153 2.73 -0.60 3.80 23.08 0.005
0.5 11.69(6) 15.99(6) 19.67(8) 17.58(6) 149 4.68 -1.69 991 138.36 0.007
1.0 11.18(8) 15.78(4) 19.23(7) 17.97(4) 161 421 -0.55 7.71 7441 0.006
1.5 12.40(9) 16.39(14) 20.59(7) 18.07(13) 150 15.08 0.03 4.75 5341 0.012
2.0 11.03(16) 15.29(19) 19.52(7) 17.31(7) 157 6.38 091 5.67 29.30 0.008
2.5 12.30(8) 15.75(28) 19.98(8) 18.31(11) 156 11.48 -0.24 3.20 1.69 0.010
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cate that the model is consistent with the experimental data.22 For most of the
systems, the kurtosis values were around 3 and, hence, the residuals form a meso-
kurtic pattern. For very few systems are the kurtosis values more than 3 (lepto-
kurtic pattern). The values of skewness between —1.69 and 7.15 show that the re-
siduals form a part of a normal distribution and hence the least squares method
can be applied to the present data. The sufficiency of the model is further evident
from the low crystallographic R-factor values, which indicate the need for inclu-
sion of additional species in the model. 42 is a special case of a j«distribution that
measures the probability of residuals forming a part of standard normal distri-
bution.

The linear variation (Fig. 1) of the stability constants of the Gln and Suc
complexes of Co(II), Ni(IT) and Cu(Il) in SDS—water mixtures with mole fraction
indicates that electrostatic forces dominate the equilibrium process under the em-
ployed experimental conditions. The stability of a complex depends on the char-
ge of the Stern layer,23 polarity of the medium and the electrostatic attraction or

(A) (B)
2048
AN A
4 = ~ = N = L A A
161 16 4
O
O A 0 9]

log

Q
g *\ﬁ-\g\ﬁ\*_
- * 12 4

— ¥

81 = =] = ] S-M
T T T T T T T T T T T T T T v T T 1
0.0 0.4 08 1.2 16 0o 04 08 12 1.6
n x10° n x10
(C)
2044 - A
L * % L2
x %
Q 164 1% 9} ° Q
=) (@)
)
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repulsive forces operating between the complex species and the micellar surface.
This linear decrease?# is due to the decreasing dielectric constant of the medium
with increasing surfactant content.2> The charged species will be destabilized due
to the decreased dielectric constant of the medium with increasing surfactant con-
centration. The stability of the neutral mixed complexes (Fig. 1) is not influenced
by SDS. SDS acts as a denaturant of macromolecules by interacting with the pep-
tide groups. Hence, the stability of the species decreases with increasing SDS
content. Another reason for the decreased stability of the ternary complexes is the
ligation power of SDS.

Stability of the ternary complexes

The change in the stability of the ternary complexes as compared to their bi-
nary analogues was quantified.26-27 In one of the approaches, the difference in
stability (A log K) for the two reactions ML with X and M(aq) with X is com-
pared with that calculated purely on statistical grounds. Eq. (1) can be formulated
based on the properties of the cyclic systems reported earlier, from which it is
clear that both the ligands in the ternary complex mutually influence to the same
extent.28:29

Alog K =log KMby —log KMy =log KMX, —log KM, =
= 10gK11\\,[/[LX —10gK11\\,I/[L —logKll\\,I/[X @)

Both the electrostatic theory of binary complex formation and statistical ar-
guments clearly indicate that, in the case of a given multivalent hydrated metal
ion, more coordination positions will be available for the first ligand than for the
second one. Hence, the order of stability K}, >K%£2 holds well. This leads to the
natural expectation for A log K to be negative, although several exceptions have
been found.26-30 The statistical values of A log K for bidentate L and X are —0.4
and —0.6 for octahedral and square planar complexes, respectively, whereas for
distorted octahedral complexes, the values vary between —0.9 and —0.3. Negative
values of A log K can be understood as the secondary ligand forms a more stable
complex with the hydrated metal ion than with ML, which does not mean that the
ternary complex is absent.

Whenever the experimental value of A log K exceeds the statistical value, it
can be inferred that the ternary complex is formed as a result of interaction of
ML with X or MX with L. Sigel postulated that A log K values of ternary com-
plexes containing bipyridyl as the primary ligand were positive for O-donors
(malonic acid, pyrocatechol, efc.), negative for N-donors (ethylene diamine) and
intermediate or many times a small negative values for amino acids with both N
and O coordination sites.26-31.32 However, a very high negative value (-2.3) for
Cu(en)(iminodiacetic acid) and a positive value (0.82) in the case of Cu(ophen)-
(6,7-dihydroxynaphthalene-2-sulfonate) were also observed.26
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The formulae for the calculation of A log K values are given in Table II. The
A log K values calculated for the binary and ternary complexes are incorporated
in Table II. Co(Il), Ni(II) and Cu(Il) ions form octahedral complexes with Gln
and Suc. For most of the systems given in Table II, the values of A log K are
found to be higher than those expected on statistical grounds (—0.4). The in-
creased stability of the ternary complexes might be due to the interactions outside
the coordination sphere, such as the formation of hydrogen bonds between the
coordinated ligands. In addition, a similar stabilizing effect may likewise be
exerted by electrostatic interactions between non-coordinated, charged groups of
the ligands, such as the -NH3" of GIn and the -COO~ of Suc.2

TABLE II. Variation of stability of ternary complexes of Gln—Suc in SDS—water mixtures.
Alog K119 = log Bi110 — 1og Bi100 — 1og Bio10; A log K11 = log Bi111 — 1og Biioo — 1og Bioiis
Alog K112 = log B1112 — log Bi101 — log Bio11; A log Kyz19 = log B1210 — log Bi200 — 1og Bioio;
log Xi110 =2 log Bi110 — 10g B1200 — 10g B1020

SDS,%W/V AlogKlll() AIOgKllll AlogKlllZ AlOgKIZIO logXlllO

Co(ID)
0.0 1.1 1.87 0.06 1.36 2.72
0.5 0.72 2.7 -0.42 0.68 1.93
1.0 2.38 3.77 1.72 2.56 3.33
1.5 -0.54 1.78 -0.34 -0.04 1.02
2.0 1.17 3.33 1.87 1.32 2.57
2.5 0.47 3.22 1.19 0.29 0.49

Ni(IT)
0.0 0.84 1.56 1.0 0.37 2.52
0.5 1.89 1.93 0.41 1.12 2.88
1.0 0.83 1.06 0.19 0.48 1.93
1.5 0.49 1.56 1.93 -0.38 1.47
2.0 - 1.74 0.73 - 1.42
2.5 1.26 2.06 0.99 -0.43 0.82

Cu(1D)
0.0 -0.47 -0.58 -0.15 -1.16 1.85
0.5 - 0.38 0.39 - 2.97
1.0 - 1.42 1.4 - 35
1.5 1.78 1.44 2.07 0.78 4.48
2.0 -0.77 —-0.55 0.07 -1.1 0.34
2.5 1.8 0.72 1.61 0.57 3.56

Effect of influential parameters on stability constants

Any variation in the parameters (the concentrations of the chemicals) affects
the magnitudes of the equilibrium constants. Such parameters are called influ-
ential parameters. In order to rely on the best-fit chemical model for critical eva-
luation and application under varied experimental conditions with different accu-
racies of data acquisition, an investigation was undertaken by introducing pessi-
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mistic errors in the concentrations of alkali, acid, ligands, metal ions and correc-
tion factor. The results in Table III emphasize that the errors in the concentrations
of alkali and acid affect the stability constant more than the errors of the ligands
and the metal ion.

TABLE III. Effect of errors in the influential parameters on stability constants of ternary
complexes of Ni(II) with GIn—Suc in a 1.5 % w/v SDS—water mixture

Component Error, % log B(SD)
1110 1111 1112 1210
Alkali 0 8.06 (14) 13.83 (23) 18.80 (11) 11.95 (20)
-5 Rejected Rejected 19.55 (12) Rejected
-2 7.15 (41) Rejected 18.92 (08) Rejected
+2 9.54 (12) 15.25 (12) 19.71 (9) 13.99 (16)
+5 10.99 (18) 16.14 (18) 20.30 (13) 16.06 (24)
Acid -5 10.79 (13) 16.34 (12) 20.59 (9) 15.39 (16)
-2 9.46 (12) 15.32 (11) 19.88 (8) 13.68 (15)
+2 7.33 (24) Rejected 18.63 (9) Rejected
+5 Rejected Rejected 18.84 (12) Rejected
Gln =5 7.90 (15) 13.50 (36) 18.57 (13) 11.98 (17)
-2 7.99 (14) 13.69 (27) 18.70 (12) 11.95 (19)
+2 8.14 (13) 13.97 (20) 18.91 (10) 11.96 (21)
+5 8.33(13) 14.23 (16) 19.13 (9) 12.07 (21)
Suc =5 8.80 (13) 14.38 (15) 18.87 (14) 13.23 (16)
-2 8.36 (13) 14.09 (17) 18.80 (12) 12.53 (16)
+2 7.71.(17) 13.41 (45) 18.84 (10) Rejected
+5 7.68 (19) 13.86 (23) 19.24 (8) Rejected
Metal -5 8.18 (14) 14.02 (19) 18.90 (11) 12.24 (17)
-2 8.10 (14) 13.90 (21) 18.84 (11) 12.06 (19)
+2 8.02 (14) 13.75 (25) 18.77 (11) 11.82 (22)
+5 7.96 (14) 13.65 (28) 18.73 (11) 11.62 (26)

Distribution diagrams

A perusal of the distribution diagrams (Fig. 2) reveals that at very low pH
values, the concentrations of the mixed ligand complexes are lower than those of
protonated ligands. The concentrations of the ternary species increased with in-
creasing pH. The protonated ternary species, MLXH and MLXH, are distributed
at lower pH values and the unprotonated ternary species, MLX and ML,X at
higher pH values. Higher concentrations of the ternary species than those of
binary species indicate the higher stability of the former. The ternary species
exist in the pH range 2.0-9.0 for Co(Il), Ni(II) and 2.0-6.0 for Cu(Il), respecti-
vely. The formation of the complex species can be represented by the following
equilibria. The charges of the species are omitted for clarity.

M(II) + LH, + XH, S MLXH, + 2H* 2)
MLXH,; 5 MLXH +H* (3)

2012 Copyright (CC) SCS



460 BINDU and RAO

M(II) + LH, + XH, S MLXH + 3H* (4)
MLXH S MLX + H* (5)

M(II) +LH + XH S MLX + 2H* (6)
M(II) + 2LH + XH S ML,X + 3H* (7)
MXH + LH, 5 MLXH, + H* (8)
MLH + XH, S MLXH, + H* )
MXH + LH 5 MLXH + H* (10)

The protonated ligands LH> and XHj interact with the metal ion to form
MLXHj; (Eq. (2)), which successively loses protons to form MLXH (Eq. (3)) and
MLX (Eq. (5)). MLXH species may also be formed due to (Eq. (4)). LH and XH
interact with the metal ion to form MLX (Eq. (7)). ML, X is formed by (Eq. (6)).
MLXH, may be formed by the interaction of MXH and LH;, (Eq. (8)) and/or
MLH and XH, (Eq. (9)). MXH and LH interact to form MLXH (Eq. (10)). The
possible structures of these ternary complexes are proposed in Fig. 3. The exis-

Content, mol %
Content, mol %

Content, mol %

Fig. 2. Species distribution diagrams of ter-
“, nary complexes of GIn and Suc with A)
€ Co(Il) in 1.0 %, B) Ni(Il) in 1.5 %, and C)
Cu(Il) in 1.0 % w/v SDS—water mixture.
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tence of ML,X and the absence of MLX, are due to the higher affinity of LH
than XH towards the metal ion.

OH,
N
.:I M\ -':
AN
OH,
MLX MLXH
Ha0
Hy0 fa
: N
MHs*/ \M / ' \
/ ./ HO '
HoN" ™00 [ -t o
H,
MLXH, ML X

Fig. 3. Structures of ternary complexes of Co(Il), Ni(II), Cu(Il) with GIn and Suc.

Biological relevance of the present study

The presence of SDS considerably decreases the dielectric constant of the
aqueous solution and creates compartmentalization due to the formation of micel-
les. Thus, the surfactant solution is expected to mimic the physiological condi-
tions of the active site cavities with low dielectric constants and the concept of
equivalent solution dielectric constant in the active site cavities is invoked. The
stability constants determined and the species predicted under these mimicked
conditions can be extrapolated to those expected to be present in the active site
cavities of biomolecules. Such studies are useful to understand: i) the role played
by the active site cavities in biological molecules, i7) the type of complex formed
by the metal ion, iii) the bonding behavior of protein residues with a metal ion,
and iv) the greater significance of the concentrations of complex chemical spe-
cies than the total concentrations of essential metals in soils and water in pre-
dicting their bioavailability. The species refined and their relative concentrations
under the present experimental conditions represent the possible forms of Co(Il),
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Ni(IT) and Cu(II) ions in biological fluids and the speciation represents the biolo-
gical activity of these metals in the presence of glutamine and succinate residues.

CONCLUSIONS

The following conclusions have been drawn from the modeling studies of
the speciation of ternary complexes of Co(Il), Ni(II) and Cu(II) with GIn and Suc
in SDS—water media.

The species detected were MLX, MLXH, MLXH, and MLyX for Co(Il),
Ni(II) and Cu(II).

The linear variation of the log A values with mole fraction of the medium
indicates the dominance of electrostatic forces over non-electrostatic forces.

The change in the stability of the ternary complexes as compared to their bi-
nary analogues shows that the ternary complexes are more stable than the binary
complexes due to the interactions outside the coordination sphere.

The existence of ML, X and the absence of MLX5 are due to the higher affi-
nity of LH than XH towards the metal ion.

This study also gives an insight into the bioavailability/bioaccumulation of
these metals. The ternary complexes are more amenable for metal transport be-
cause of their extra stability while the binary complexes make the metal bioavail-
able due to their decreased stability.

M3BOJ

OOPMHUPAKE KOMIIVIEKCA ECEHITMJAJIHUX JOHA METAJIA CA MELIOBUTUM
JIMTAHAUMA L-I'JTYTAMMUHOM U RUJIMBAPHOM KUCEJIMHOM ¥ CMEILIN
HATPUIYM-AOAELINII-CYJIDATA (SDS) U BOJJE KAO PACTBAPAYA

GANDHAM HIMA BINDU' u GOLLAPALLI NAGESWARA RAO?

IDepartment of Engineering Chemistry, Andhra University u ZDepartment of Inorganic & Analytical
Chemistry, Andhra University, Visakhapatnam-530 003, India

VY pazauuauTEM OXHOCHMa HaTpHjyM-moienuia-cyiadara u Boae kao pactsapada (0,0-2,5%,
m/v) u joHckoj jauman oa 0,16 mol L1 (NaCl), va Temneparypu ox 303,0 K, uzyuasaHo je hopmu-
pame xomiekca Co(Il), Ni(Il) u Cu(Il) ca memoBnTM JMrananma L-rimyramuHoM 1 hnnbapHom
kucenuHoM. TuTparuje cy BplieHe pacTBOPOM HATPHjYM-XHIPOKCHAA MPU PA3IHIUTUM OJHOCHMA
KoHIeHTpanuja Metana (M), L-riryramuna (L) u hummu6apae kucenmmne (X) (M:L:X = 1:2:2, 1:4:2 u
1:2:4). Koncranre crabuiHOCTH Ccy m3padyHaTe momohy Miniquad 75 mporpama, ok je HajooJbe
clarambe XeMHjCKHX MoJiena 1001jeHO Ha OCHOBY CTaTUCTHYKUX MapaMerapa U METOZOM pe3niyall-
Hux ananu3a. HalheHo je ma y pacTBopy mocroje komIuiekcH ca cienehum ommuTuM Gopmynama:
ML,X, MLX, MLXH u MLXH, 3a Co(Il), Ni(II) u Cu(II). Beha crabuiHoCT TepHapHUX Y OIHOCY
Ha oarosapajyhe OMHapHE KOMIUIEKCE Ce OOjallibaBa eICKTPOCTATHYKAM HHTEpaKIfjaMa O0YHHX
JlaHal@a JIMraHazaa, XelaTHUM e(heKTOM, HeyTpalli3allijoM HACICKTPUCAba, Ka0 U IOCTOjalbeM OfI-
peheHnx nHTEepaKurja HalleTaka U BOAZOHUYHUX BE3a.

(TTpumsbeno 1. pebdpyapa, peuaupano 25. jyma 2011)
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Abstract: The photochemical decolorization of C.I. Reactive Orange 16 (RO16),
a reactive textile azo dye, by the UV/H,0, process was studied using a batch
photoreactor with UV lamps emitting at 253.7 nm. Complete decolorization of
50.0 mg dm™ initial dye concentration was achieved in less than 6 min under
optimal conditions (25 mM initial peroxide concentration, at pH 7.0 and with a
UV light intensity of 1950 uW e¢m2). The effects of experimental variables,
such as initial pH, initial concentration of H,0,, initial dye concentration, and
the intensity of UV light were studied. The highest decolorization rates were
realized at a peroxide concentration in range from 20 to 40 mM, above which
decolorization was inhibited by the scavenging effect of the peroxide. The de-
colorization was more efficient in neutral pH values. The efficiency of the pro-
cess was improved with lower initial dye concentrations and at higher inten-
sities of UV light.

Keywords: Reactive Orange 16; UV/H,0, process; decolorization.

INTRODUCTION

Colored effluent from the textile industry is becoming more and more ap-
parent as one of the major environmental problems associated with this industry.
It is estimated that 15 % of total production of colorants may be released to
wastewater during synthesis and processing operations.! Dyes in wastewaters
cause aesthetic problems, absorb and scatter sunlight and thus affect the aquatic
ecosystem.? Azo compounds represent the largest group of colorants with respect
to both the number and production volume. These compounds contain one or
more azo groups (-N=N-), mostly linked to benzene or naphthalene rings.! Some
azo dyes, via metabolic cleavage of the azo linkage, can produce potentially car-
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cinogenic aromatic amines.3 This is one more reason for the open concern about
the release of azo dyes to the environment. According to their mode of applicat-
ion, textile dyes can be classified as acid, reactive, metal complex, disperse, vat,
mordant, direct, basic and sulfur dyes.* The research on textile effluent decolori-
zation has focused on fiber reactive dyes for the following reasons. Reactive dyes
are most commonly in use today, especially for dyeing cellulosic fibers, such as
cotton and wool. Reactive azo dyes possess a low fixation rate and up to 50 % of
the applied reactive dye is usually discharged as a deeply colored effluent.# In the
reactive dyeing process, ten times more water is consumed on average for the
preparation, dyeing, washing, and rinsing stages than during dyeing with other
dye types.# Therefore, it is necessary to remove reactive azo dyes from effluents
before their discharge.

Conventional methods for water treatment (activated carbon adsorption, coa-
gulation, flocculation, reverse osmosis and ultrafiltration) are non-destructive and
just transfer contaminants from one phase to another and form secondary waste.>
Recently, advanced oxidation processes (AOPs) have been used as techniques
which are alternative to physico—chemical phase transfer methods. These tech-
niques are successfully applied for the complete mineralization of organic pollu-
tants in water.6-8 AOPs involve different processes, such as HyO,/UV, O3/UV,
H,0,/03/UV, TiO,/UV, Hy0,/Fe2*, UV/Hp0,/Fe2*, HyO,/Fe3t, Fe?t/oxa-
late/UV, H,0,/Fe3*/oxalate, HyO,/Fe3*/oxalate/UV, Mn2*/oxalic acid/O3 and
Hy0,/Fe2t/Fe3™/UV. In these processes, a complex set of reactions occur, which
imply generation of oxidizing species, such as *OH radicals and hydroperoxyl
radicals.” These species, especially radicals that have an oxidation potential of
2.8 'V, are powerful oxidizing agents able to degrade a variety of organic water
contaminants.!9 Some of the advantages of use of UV/H,0; in comparison to
other AOPs are a considerably safe and easy operation, a reduction of the che-
mical oxygen demand (COD) and a short reaction time.!! The reaction of hyd-
roxyl radicals, generated by photolysis of HyO,, with organic contaminant in-
cludes three different mechanisms: hydrogen abstraction, electrophilic addition,
and electron transfer. 10

The aim of this study was to investigate the efficiency of decolorization of
the widely used textile azo dye C.I. Reactive Orange 16 (RO16) with UV radi-
ation in the presence of HyO;. The decolorization rate of this process depends on
many parameters, such as initial pH, initial azo dye concentration, initial H,O;
concentration, UV light intensity, which were varied in order to determine the
optimal operating conditions.

EXPERIMENTAL

Reagents

The azo reactive dye Reactive Orange 16 (50 %) was obtained from Farbotex (Italy) and
used without further purification. The H,O, solution (30 %), analytical grade, was purchased
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from Merck (Germany). All other used reagents were of analytical grade. All solutions were
prepared with deionized water.

Photoreactor

All photochemical experiments were performed in a batch photoreactor, schematically
shown in Fig. 1. Low-pressure mercury vapor lamps, with a maximum emission primarily at
253.7 nm (28 W, UV-C, Philips, Holland), were used as the light source. Ten UV lamps were
fixed parallel in a reflector at the top of the photoreactor. An air cooling system, with elec-
trical fans, was used to vent the heat outside of the reactor and to prevent the lamps from
overheating. The interior surface of the photoreactor was made of highly polished stainless
steel, because of light reflection. Intensity of UV radiation was measured by a UV radiometer
Solarmeter model 8.0 UVC (Solartech, USA). The total UV intensity was controlled by turn-
ing on a different number of UV lamps, from 2 up to 10 lamps, which gave intensity from 730
up to 1950 pW cm2 (with all ten UV lamps on) at the distance of 220 mm from the working
solution surface. Some of the experiments were conducted using the lowest UV light intensity
in order to reduce the decolorization rate of the dye for a better observation of the effects of
some parameters.

I
N
\\‘
S . B —
e ~ Temperature controlled

= [

pd o ]
Air —>I|

Cooling jacket l Petri dish

. B A

-

Magnetic stirrer

Fig. 1. Scheme of the batch photoreactor.

Procedure

In each experiment, 100 ml of dye solution of the desired initial concentrations of dye
and H,0O, and appropriate pH value was irradiated. During the irradiation, the solution was
magnetically stirred at a constant rate and the temperature was maintained at 25+0.5 °C by
thermostating. The pH of the solution was measured using a HACH Senslon3 pH meter and
adjusted by the addition of aqueous NaOH or dilute mineral acids. Simultaneously, the photo-
lysis of a blank sample containing the same amount of peroxide and at the same pH but
without dye was carried out. This was done in order to avoid interference due to H,O,, which
may absorb light in the range from 190 to 450 nm. At certain reaction intervals, a 5 ml aliquot
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was withdrawn, analyzed by UV—Vis spectrophotometry (Carry 50, Varian) and returned back
to the photoreactor. Dye concentrations were calculated from the calibration curve established
by relating the concentration to the absorbance measured at 494 nm. The absorbance at 494
nm is due to the color of the dye solution (n—n* transition in —-N=N-) and it was used to
monitor the decolorization of the dye. All experiments were performed at least in triplicate
and the results are presented as mean value £5D.

RESULTS AND DISCUSSION

Three preliminary experiments were performed in order to investigate the
effect of UV radiation only, hydrogen peroxide without UV radiation, and UV
irradiation plus HyO5. The solution of RO16 dye (50.0 mg dm=3) without pe-
roxide was irradiated for 24 h to examine the effect of UV light radiation alone.
When the irradiation of dye solution was performed in the absence of HyO; there
was no observable decrease of the residual dye concentration (results not shown).
This indicated that the direct photolysis of RO16 dye by UV irradiation was slow
(reaction (1)):

Dye + hv — Products (1)

A solution with only peroxide was left in the dark for 24 h. The dye removal
efficiency in this case was also negligible (results not shown). However, if hyd-
rogen peroxide was applied in combination with UV radiation, the residual dye
concentration rapidly decreases (Fig. 2). Complete decolorization was obtained
in less than 6 min, with an initial dye concentration of 50.0 mg dm=3 in the
presence of 25 mM H,0; and under 1950 pW cm2 light intensity. This can be
related to the generation of highly reactive *OH radicals by direct photolysis of
the added hydrogen peroxide, as shown by reaction (2):

ky
H,O, + hv — 2'OH 2)

These radicals undergo radical-chain reactions with the aromatic rings and
probably also with the -N=N-— double bond of the azo dye RO16, thereby form-
ing new products (reaction (3)):

ko
*OH + Dye — Products (P) 3)

The new products also have high reactivity towards the *OH radicals as the

starting compound (reaction (4)):
k3
Products (P) + *OH — Products (P;) 4)

According to reaction (3), the kinetic expression for the decolorization of the
azo dye RO16 can be presented as:

dcg

——=kecoyc, 5
py OHCd (%)

2012 Copyright (CC) SCS



DECOLORIZATION OF TEXTILE AZO DYE REACTIVE ORANGE 16 469

where cq is the initial dye concentration; coy is the hydroxyl radical concentra-
tion; & is the second order rate constant and ¢ is the reaction time.

1.0 ste stz ste sz staste—s < 2

081 —&—RO16/H,0,/UV
' —a—RO16/H,0,/dark

\f 0.6 —v—RO16/UV

0.4 -

0.2-

0.0 T T T T T T T T T T T T
0 5 10 15 20 25 30

Time, min

Fig. 2. Effect of UV radiation, H,O, and UV/H,0O, on the decolorization of RO16.
¢(RO16) = 50.0 mg dm3, ¢((H,0,) = 25.0 mmol dm3, pH 7.0+0.2, UV light intensity:
1950 uW cm2, temperature: 25+0.5 °C.

Many models have been postulated to describe the kinetics of these reactions
using the steady-state approximation, in which the concentration of hydroxyl ra-
dicals does not change with the reaction time.12:13 In this way, the non-measur-
able concentration of the radicals was correlated as a function of hydrogen per-
oxide concentration.

According to the steady-state approach, the assumption that the rate of pro-
duction of an intermediate (*OH) is equal to the rate of its consumption can be
used (reaction (6)):14

kicH,0, =kaconcd +k3cpcon (6)
From Eq. (6), the steady state concentration of *OH radicals is obtained:

kic
con =122 (7)
2¢d +k3cp
If the reactivity of *OH towards the different organic compounds present in
solution is assumed to be approximately of the same order of magnitude and if a
large quantity of HyO, compared to dye was used so that the change in peroxide
concentration is insignificant, after integration the exponential time dependence
is obtained:
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In(c;/cy) = —kappt (8)

where ¢; is the concentration of dye after irradiation time ¢, cq is the dye con-
centration at # = 0 and kqpp (min!) is the apparent pseudo-first order rate cons-
tant. The apparent reaction rate constants kapp for the decolorization of RO16
were calculated from semi-logarithmic graphs of In(c/co) vs. time, using the li-
near regression method. For all the experimental results, the values of the square
of the relative correlation coefficients (R2) were higher than 0.98, which con-
firmed the proposed kinetic model.

UV=-Vis spectral changes

The typical spectrum of RO16 is characterized by two bands in the visible
region, with their maxima at 494 and 386 nm, and by two bands in the ultraviolet
region, located at 297 and 254 nm. The absorbance peaks at 254 and 297 nm are
due to m—7* transitions in the benzene and naphthalene rings of RO16, respecti-
vely,!5 and decreases in the absorbance in this region indicate degradation of the
aromatic part of the dye. The two bands in the visible region are due to n—w*
transitions in the azo linkage and are attributed to the presence of two forms of
the dye molecules, the azo and the hydrazone form. The band at 386 nm corres-
ponds to the azo form, while the band at 494 nm is linked to the hydrazone form
of the azo dye, which is favored by water.16 These forms originate from intramo-
lecular hydrogen bonding tautomeric interaction between the oxygen of the naph-
thyl group and the f-hydrogen of the corresponding azo-linkage. The disappea-
rance of absorption peaks in the visible region indicates that the main chromo-
phores of the dye were destroyed and for this reason, dye solutions become deco-
lorized. The changes in the UV—Vis absorption spectra of RO16 solutions during
UV irradiation in presence of H,O; at different irradiation time are shown in Fig.
3. It is obvious that the intensity of peaks in the visible region, as well as the
intensity of peaks in the ultraviolet region, rapidly decreased with irradiation time
and after 6 min of irradiation, no absorption peaks were observed. Thus, the
UV/H;0, process provides not only decolorization of the azo dye RO16, but also
an appreciable degree of decomposition of the aromatic rings in the dye mole-
cules.

Changes of pH and conductivity in the UV/H>0; process

The changes in the pH of dye solutions as a function of the irradiation time
for different initial pH values are shown in Fig. 4. After 40 min of irradiation, the
pH decreased from 6.86 to 4.31 in neutral medium, from 5.36 to 3.69 in weak
acidic medium and from 8.86 to 6.92 in weak basic medium. However, in strong
basic (pH 10.12) and strong acidic media (pH 2.08 and 3.2), no significant chan-
ges in pH were observed after 40 min of irradiation. Previous reports!7-18 indi-
cated that low molecular weight organic acids, such as oxalic, acetic, formic, ma-
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leic, malonic, fumaric and succinic acid, are formed during UV irradiation of
dyes. Hence, the significant drops of the solution pH in neutral medium by 2.5
pH units and in weak acidic and basic medium by almost 2 pH units are probably
due to the formation of organic and inorganic acids as degradation products of
RO16. The effect of these degradation products on the solution pH was more pro-
minent in neutral and weak acidic medium, which could be expected. On the
other hand, in strong basic medium, weak organic acids were not formed in
sufficient amounts for neutralization of the base.

CHCH;0S0Na CHLCHOSONa

: I '
300 400 500 600

A/nm

Fig. 3. UV-Vis spectral changes of RO16 as a function of irradiation time: a) 0, b) 1, ¢) 2, d) 3
and e) 4 min. ¢x(RO16) = 50.0 mg dm™, co(H,0,) = 25.0 mmol dm, pH 7.0£0.2, UV light
intensity: 1950 pW cm2, temperature: 25+0.5 °C. Inset: tautomeric forms of RO16.

The conductivity of the dye solution was found to increase progressively
during the irradiation from 39 to 102 pS cm! (Fig. 5). In the first 4 min of irra-
diation, when the dye solution was still colored, the conductivity slightly in-
creased from 39 to 42.3 uS cm!; however, after complete decolorization had
been achieved (about 6 min) and the main chromophore (-N=N-) in the dye mo-
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lecules destroyed, the conductivity rapidly increased and reached a value of 102
uS cm! at the end of the experiment. The increase of conductivity with time can
also be associated with the formation of the above-mentioned acid products in
solution as well as with the formation of other mineralization products, such as
NH4*, NO3~, NO,~ and SO42-.18

10

|

i

2 A
0 v T T T T T
0 10 20 30 40
Time, min

Fig. 4. Changes in pH during irradiation. co(RO16) = 50.0 mg dm,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 1950 pW cm 2,
temperature: 25 + 0.5 °C.

The effect of the initial H,O; concentration

The concentration of hydrogen peroxide is an important parameter that in-
fluences the efficiency of dye removal by the UV/H>O; process. Due to the low
molar absorption coefficient of HyO, at 254 nm (18.6-19.6 L mol~! cm™1),1 an
excess of HyO» is theoretically required to produce sufficient *OH radicals. Nu-
merous authors have reported that the concentration of HyO, may either enhance
the photoreaction rate or inhibit it due to the scavenging action of peroxide, de-
pending on the concentration.20-24 Therefore, an optimum concentration of HyO;
in the reaction course must be reached. In order to determine the effect of HyO,
concentration on the decolorization rate, doses of HyO» in range of 10 up to 100
mM were added. The applied UV light intensity was 730 pW cm2, because of
the very fast decolorization at the maximal value (1950 pW cm2), which made
the investigation of this operational parameter difficult. The other parameters
were kept constant. The apparent rate constants vs. different initial concentrations
of HyO, are summarized in Fig. 6. This plot shows that kyp,, considerably in-
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creased from 0.142 to 0.331 min~! with increasing hydrogen peroxide concen-
tration from 10 to 20 mM. At the low concentration of H;O», a relatively low
concentration of hydroxyl radicals was formed for dye oxidation, which resulted
in a low decolorization rate. However, with increasing peroxide concentration,
more hydroxyl radicals were generated upon its photodissociation (reaction (2)).
On further increasing of the peroxide concentration to 40 mM, the apparent cons-
tant rate reached a plateau and stayed almost unchangeable.

100 "
u
T2 80
Q
n u
=
2
= .
3 e
ho) 40 =1 L
[
o
@)
20
0 T T T T y T v T
0 10 20 30 40
Time, min

Fig. 5. Changes in conductivity during irradiation. ¢o(RO16) = 50.0 mg dm3,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 1950 pW cm 2, pH 7.0+0.2,
temperature: 25 £ 0.5 °C.

At an initial peroxide concentration above 40 mM, the apparent rate constant
decreased from 0.329 to 0.18 min~! on decreasing the H,O, dose from 40 to 100
mM. When the initial peroxide concentration was very high, the generated *OH
radicals mostly reacted with the excess peroxide and produced hydroperoxyl ra-
dicals HO;* (reaction (9)), which are less reactive than *OH, and the rate of dye
removal decreased:25

The generated *OH can also react with HO* and produce water and oxygen

(reaction (10)) or dimerize to HyO, (reaction (11)).25:26 In this way, the concen-
tration of *OH available for dye degradation also decreased:

*OH +HO3* - HyO + Oy, k= 6.6x109 M1 -1 (10)
*OH + *OH — Hy0,, k=5.5x109 M1 571 (11)
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Fig. 6. The effect of the initial H,O, concentration on the rate of RO16 decolorization.
co(RO16) = 50.0 mg dm, pH 7.0£0.2, UV light intensity: 730 uW cm2,
temperature: 25+0.5 °C.

Therefore, the optimum range of the hydrogen peroxide concentration giving
the maximum RO16 decolorization rate was from 20 to 40 mM. These values are
related to the optimum value of relative molar ratio of the HyO, concentration to
that of the dye (H,O2/RO16) between 246 and 493. Many authors noticed the
existence of an optimal molar ratio between peroxide and dye that leads to a
faster decolorization rate. Muruganandham and Swaminahan2’ reported that the
optimal initial peroxide concentration for the decolorization of the chlorotriazine
reactive azo dye, Reactive Orange 4, in a batch photoreactor was about 20 mM
([Hy0,]o/[RO4]p = 40, c(RO4) = 5x10~* mol L1, pH 3.0, UV light power: 64
W). Neamtu et al.?8 reported approximately the same optimal concentration of
peroxide (24.5 mM) for the decolorization of 100 mg L~ initial concentration of
three reactive azo dyes, Reactive Red 120, Reactive Black 5 and Reactive Yellow
84 (JH2O2]o/[RR120]y = 360, [HyO5]o/[RB5]g = 243, [HyO2]o/ [RY14]g = 470,
respectively) in a batch photoreactor. On the other hand, Aleboyeh et al.22 inves-
tigated the critical effect of the peroxide concentration in the decolorization of
the three commercial dyes (Acid Orange 8, Methyl Orange, Acid Blue 74) in a
continuous photoreactor and found that the optimal peroxide/dye molar ratio was
different in each case ([HyO>]o/[AO8]g = 55, [HoO2]o/[MO]g = 65, [HyO2]o/
/[AB74]g = 70). This confirms the importance of determining the optimal initial
peroxide concentration for UV/H>O; decolorization for each dye and for every
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experimental condition. In this study, an initial HyO» concentration of 25 mmol
dm—3 was used in all the subsequent experiments.

The effect of pH

The initial pH of dye solutions is also an important parameter for optimizing
the operational conditions, since the colored effluent from textile industry could
have different pH values. The influence of pH on the rate of decolorization of the
RO16 azo dye by UV/H,O; process was investigated at seven different pH va-
lues: 2.0, 3.0, 4.0, 5.0, 7.0, 9.0, and 10.0 during 10 min of treatment time, using
50 mg dm=3 dye solutions and 25 mM H,O,. The first tests run were realized by
adjusting the acidic pH (2.0, 3.0, 4.0 and 5.0) with four inorganic acids (HCI,
HNO3, H>SO4 and H3PO4) and the changes in the decolorization rate are shown
in Fig. 7. In all cases, a decrease of the decolorization rate from pH 5 to 2 is
evident. On acidification of the solution, amount of added conjugated bases in-
creased (Cl-, NO3~, SO42~ and PO43"). These anions are able to react with hyd-
roxyl radicals leading to inorganic radical ions which exhibit a much lower reac-
tivity than *OH, hence they did not participate in the dye decolorization. There is
also a drastic competition between the dye and the anions with respect to *OH:

Cl~+ *OH — CIHO*~ (12)
HNOj3 + *OH — NO3°* + H,O (13)
HSO4~+ *OH — SO4* + H,O (14)

HyPO4~+ *OH — HPO4*~ + Hy,O (15)

0.3 1

pH ajusted with

/ min

—o— HCI
—— HNO3

—~—H,S0,
0.1 1 —v— H}PO4

0.2 1

k
app

00 T T T

pH

Fig. 7. Effect of pH adjustment with different mineral acids on the rate of RO16
decolorization. cy(RO16) = 50.0 mg dm3, c,(H,0,) = 25.0 mmol dm?3,
UV light intensity: 730 pW cm, temperature: 25+0.5 °C.
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The lowest values of the apparent rate constant in all cases were obtained at
pH 2, where the greatest concentration of inorganic anions was added to adjust
the pH. On increasing the pH value from 3.0 to 5.0, the concentrations of added
inorganic anions decreased and, as a result, the values of kyp), increased slightly.
Hence, the scavenging effect decreases with decreasing concentration of added
inorganic anions. A comparison of the process efficiency in the pH range from 2
to 5 suggests the following increasing scavenging effect phosphate < sulfate < ni-
trate < chloride.

Jaysona et al.29 reported that the rate constant for the interaction between
*OH and CI- was k = 4.3x109 M1 s1 (reaction (12)). Katsumura et al.30 inves-
tigated the reactivity of NO3® and obtained a value for the rate constant for the
reaction *OH with NO3~ of 1.3x108 M1 s-! (reaction (13)). The results of Jiang
et al31 and Maruthamuthu et al.32 showed that HSO4~ and HoPO4~ react with
*OH at a lower rate (k = 4.7x10° Ml 571 and k = 2x10* M~! 571, respectively)
than NOs3™ (reactions (14) and (15)). Therefore, the obtained scavenging effects
of the anions used in this study are in agreement with the values of the rate cons-
tants given in the mentioned literature.29-32

On the other hand, in a study of Galindo et al.33, which considers the pho-
tochemical degradation of Acid Blue 74, a different order of scavenging effects
of the anions was shown. They found that the sulfate anion was the strongest
*OH scavenger, followed by nitrate and phosphate anions, while the chlorides
were the weakest scavenger. This decay in the rate of Acid Blue 74 degradation
in the presence of sulfate anions was explained by possible aggregation of dye
molecule, when a strong electrolyte such as sulfuric acid was added. *OH radi-
cals show less affinity to aggregated dye than to single molecules. The results of
the present investigation demonstrated that the scavenging effect of the anions
was predominant, as no significant effect of aggregation of the dye molecules
could be expected with the applied concentrations of the mineral acids.34

The other test runs were performed by adjusting the pH with NaOH at 7.0,
9.0 and 10.0 (Fig. 8). A decline of apparent rate constants from 0.342 min~! at
pH 7 t0 0.151 min~! at pH 10.0 was observed, which can be a consequence of the
following possible reasons.

First, at alkaline pH, the concentration of the conjugate base of H,O, in-
creases (reaction (16)):

H,0, — HOy + H, pK, = 11.6 (16)

This anion (HO;™) reacts with a non-dissociated molecule of HyO,, which
leads to oxygen and water, instead of producing hydroxyl radicals under UV ra-
diation (reaction (17)). Therefore, the instantaneous concentration of *OH is
lower than expected:

HO,~ + HyOy —» H,O + Oy + OH~ 17
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Furthermore, the deactivation of *OH is more important when the pH of the
solution is high. The reaction of *OH with HO;,~ is approximately 300 times
faster than its reaction with HyO; (reactions (18) and (19)).

*OH +HOy — HyO + 0y, k= 7.5x109 M1 -1 (13)
*OH + Hy0; — H,0 + HO»®, k=2.7x107 M1 g1 (19)
The reactivity of O»*~ and HO»*® with organic pollutants is much lower than

that of *OH. They preferentially disproportionate and produce hydrogen peroxide
and dioxygen (reaction (20)):

0,7~ + HO»* + H)O — HyO, + O + OH~ (20)
n
0.3
- |
.8
g 0.2 H
8
«G
0.1
00 T T T T T
5 6 7 8 9 10
pH

Fig. 8. Effect of pH on the rate of RO16 decolorization. cy(RO16) = 50.0 mg dm3,
co(H,0,) = 25.0 mmol dm3, UV light intensity: 730 pW cm2, temperature: 25+0.5 °C.

On the other hand, several authors have reported that the peroxide self-de-
composition rate, which is strongly pH dependent, partly contributes to the de-
crease of the kypp values in alkaline medium (reaction (21)):27:35

2 HyOp - 2 HyO+ 09y 21

Chu3¢ investigated the self-decomposition rate of peroxide and found that its
first order self-decomposition constants are 2.29x10~2 and 7.4x10~2 min~! at pH
7.0 and 10.5, respectively. The photodecomposition of peroxide by UV light at
the same pH values was also investigated by this author. By comparing the re-
sults at alkaline pH values, it was concluded that the decrease of the HyO» con-
centration was significantly caused by its self-decomposition; hence, a decay
pathway not involving free radicals must occur.
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Both of the two proposed peroxide decomposition pathways in alkaline me-
dium, the first leading to the formation of the HO,~ and the second the self de-
composition of HyO, leading to the formation of water and oxygen, can occur
simultaneously, which results in a decrease in the *OH concentration and, conse-
quently, a decrease in the dye decolorization rate.

It is important to note that the pH of the dye bath for reactive dyes depends
on the textile fiber and in industrial applications, the dyeing of cellulosic fibers is
performed in alkaline dye baths, while dye baths for wool are acidic. The results
presented in this paper indicated that removal efficiency of RO16 dye is higher at
neutral pH values; hence, effluents from the textile industry must be neutralized
for treatment by the UV/H;O, process in order to achieve the maximal decolori-
zation rate.

The effect of initial dye concentration

The effect of the initial RO16 concentration on the efficiency of dye degra-
dation was investigated in the concentration range from 20-80 mg dm—3 and the
results are presented in Fig. 9. It appears that with increasing initial dye concen-
tration, the efficiency of dye removal almost linearly decreases. The results indi-
cate that the apparent rate constant decreases from 0.382 min~! for a dye concen-

0.8 -

0.6

c/c )

20 30 40 50 60 70 80
0.4 ¢(RO16) /mg L’

0.2 -

0.0

0 5 10 15 20
Time, min

Fig. 9. Effect of the initial concentration of RO16, 20 (<), 30 (A), 40 (¥), 50 (m), 60 (0),

70 (e) and 80 mg dm3 (o) on its decolorization. cy(H,0,) = 25.0 mmol dm™3, pH 7.0+0.2,

UV light intensity: 730 pW cm2, temperature: 25+0.5 °C. Inset represents kapp at
different initial dye concentrations.
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tration of 20 mg dm=3 to 0.096 min~! for a dye concentration of 80 mg dm3.
Similar results were already reported by Behnajady et al.37 At high dye concen-
trations, most of the UV light was absorbed by the dye instead of by the peroxide
because of its higher molar extinction coefficient at 253.7 nm. Hence, the dye
solution becomes increasingly impermeable to UV light, which inhibits photoly-
sis of the peroxide. This is very important from the application point of view and
the UV/H,0; system would be more effective for relatively dilute dye solutions.

The effect of UV light intensity

The influence of UV-light intensity on the decolorization of RO16 azo dye
was monitored by varying the light intensity from 730 up to 1950 uW cm2 and
the results are shown in Fig. 10. It is evident that the apparent rate constant in-
creased linearly with increasing UV light intensity. This result is consistent with
those of previous studies, in which an increase in the decolorization rate with in-
creasing UV light intensity was generally observed.38 Such an effect is expected
because photodissociation of peroxide is initiated by its absorption of UV light;
hence, increases in the UV light intensity enhance the production of hydroxyl
radicals.

In c/co

730 1150 1510 1750 1950

UV light intensity, yW cm”
-6 T T T T T T T T T
0 1 2 3 4 5 6

Time, min

Fig. 10. Effect of UV light intensity, 730 (e), 1150 (A), 1510 (m), 1750 (¥) and 1950 uW
cm? (o) on the decolorization of RO16. cy(RO16) = 50.0 mg L'!, cy(H,0,) = 25.0 mmol dm?3,
pH 7.0+0.2, temperature 25+0.5 °C. Inset represents k,y,, at different UV light intensities.
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CONCLUSIONS

The results presented in this paper showed that the UV/H>O, process could
be efficiently used for the decolorization of aqueous solutions of the azo dye Re-
active Orange 16. It was found that the rate of decolorization is significantly af-
fected by the initial pH, the initial hydrogen peroxide concentration, the initial
dye concentration and the UV light intensity. The decolorization follows pseudo
first order reaction kinetics. Peroxide concentrations in the range from 20 to 40
mM appear as optimal. Color removal was observed to be faster in neutral pH
solutions than in acidic and basic ones. The hydroxyl radical scavenging effect of
the examined inorganic anions increased in the order phosphate < sulfate < nit-
rate < chloride. Pseudo-rate constant (kapp) decreased as the initial dye concen-
tration increased, but it increased linearly with increasing UV light intensity and
attained a maximal value at the highest applied intensity. The complete removal
of color, after selection of optimal operational parameters, was achieved within 6
min of UV irradiation, which indicates that it is a highly efficient process.

Acknowledgement. Authors would like to acknowledge the financial support of the Mi-
nistry of Education and Science of the Republic of Serbia (Project No. TR34008).

U3BOJ

OBE3BOJABAISE TEKCTUJIHE A30 BOJE PEAKTUBHU OPAHX 16
UV/H,0, ITPOL[ECOM

JEJIEHA MUTPOBUH, MUJbAHA PAZIOBUR, IAHUIJEJIA BOJUh, TATJAHA AHBEJIKOBUR,
MMJIOBAH ITYPEHOBUWR n AJIEKCAHJJAP BOJUh

Oocex 3a xemujy, [IpupoOono—maiiemattivuiu axyaitieisi, Ynusepauitiein y Huwy, Buwezpaocka 33, 18000 Huw

VY pany je mpoy4aBaHa e(hUKACHOCT JCKOJIOPH3AlUje PEaKTUBHE a30 00je PEaKTHBHU OPaHK
16 (RO16) UV/H,0, nponecom y doropeaktopy ca UV namnama Makcumyma emucuje Ha 253,7
nm. [Ipm onrtumamnuM ycnoBuma (25 mM wuHHIDMjanHAa KOHIEHTpanuja nepokcupa, pH 7,
untensurer UV 3padema 1950 pW cm™2) nmoTmyHo ykiamarme HHHIHjaTHe KOHIEHTpanuje 6oje
(50,0 mg dm™) je mocruruyto 3a mame ox 6 min. Mcnmrusan je yrunaj mapamerapa UV/H,0,
mpoteca, Kao WITo Cy HHULHKjaaHa pH BpeaHOCT, HHUIMjaJTHA KOHIICHTPALja BOZOHUK-TIEPOKCHIA,
WHUIIMjaJTHA KOHIIEHTpaluja 0oje u naTeH3uTeT UV 3payucma Ha eUKacHOCT JeKonopu3aimje 0oje.
Hajreha epukacHocT mpoiieca MOCTUTHYTA je IPU WHHUIUjATHOj KOHIICHTPAIIUjU MEPOKCHIA Y pac-
noHy ox 20 mo 40 mM, u3Hax Koje je mpolec MHXUOMPaH HEroBUM e(EeKTOM XBaTada pajuKaia.
IIponec nexomopuzanuje je edpuracHUju y HeyTpamHoj cpenuHu. Ca moehameM HHUIMjaTHE
KOHIIeHTpanuje 0oje pacte 1 epHKACHOCT mporieca kKao u ca noBehamem nHTeH3uTeTa UV 3pauema.

(ITpumsbeno 16. ¢pebpyapa, peBugupaso 3. asrycra 2011)
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Abstract: The electrochemical behavior and electrochemical determination of
carbamazepine (CBZ) at a hydrophobic ionic liquid 1-benzyl-3-methylimida-
zole hexafluorophosphate ([BnMIM]PF) modified carbon paste electrode
([BnMIM]PF4/CPE) in the presence of sodium dodecyl sulfate (SDS) were in-
vestigated. A well-defined and sensitive oxidation peak was observed at the
[BnMIM]PF4/CPE in the presence of SDS and a 0.10 M phosphate buffer solu-
tion (pH 6.80). The oxidation peak current of CBZ increased significantly at
the [BnMIM]PF¢/CPE in the presence of SDS compared with that in the ab-
sence of SDS at the carbon paste electrode. It suggested that both SDS and
[BnMIM]PF4/CPE show an obvious enhancing effect on the electrochemical
oxidation of CBZ. The electrochemical kinetic parameters for CBZ at the
[BnMIM]PF4/CPE in aqueous SDS solutions were also determined by chrono-
coulometry and chronoamperometry. Finally, the experimental conditions were
optimized, and a new electrochemical method for the determination for CBZ
was established. The oxidation peak current was linearly dependent on the
CBZ concentration in the range 7.0 uM to 0.7 mM, with a detection limit of
0.98 uM (signal to noise ratio, S/N = 3). The relative standard deviation for six
determinations of 0.10 mM CBZ was between 1.40 and 2.13 %. The proposed
method was applied in the determination of CBZ in commercial tablet samples.

Keywords: carbamazepine; sodium dodecyl sulfate; ionic liquid modified car-
bon paste electrode; electrochemistry.
INTRODUCTION

Carbamazepine (5H-dibenz[b,f]azepine-5-carbox-amide, CBZ, structure pre-
sented in Fig. 1) has been extensively used in the treatment of epilepsy.! Now it

* Corresponding author. E-mail: gaozn@nxu.edu.cn
doi: 10.2298/JSC110420188L
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is considered as the most frequently prescribed front-line anticonvulsant in com-
plex partial seizures.2 Due to its clinical importance, many analytical techniques
have been developed for its determination and also its metabolite in biological
fluids (plasma, urine), including high performance liquid chromatography
(HPLC),3#4 HPLC with an electrochemical detector, liquid chromatography with
mass spectrometry (LC-MS),® gas chromatography,’-8 capillary electrokinetic
chromatography,® mass spectrometry,!? chemiluminescence,!! spectrofluori-
metry!2 and spectrophotometry.!3 Electroanalytical techniques bring with them
important advantages, such as high sensitivity, relative simplicity, low costs and
portable field-based equipment. They therefore offer interesting alternatives to
replace the methods that are currently in use. Voltammetric and polarographic
methods have been reported for the determination of CBZ. These included
polarography in which the electrochemical reduction of CBZ at a mercury drop
electrode was studied,!#15 potentiometry with polymer membrane-based ion-se-
lective electrodes,!® more recently, described by Garcia et al.l7, the determina-
tion of carbamazepine in pharmaceutical solutions using differential-pulse ad-
sorptive stripping voltammetry and the oxidation properties of the molecule with
different modified and the unmodified carbon electrodes. Thus, Rodriguez et
al.18 studied the electrochemical behavior and determination of carbamazepine
on glassy carbon electrodes and microelectrodes. Teixeira et al.!9 described the
voltammetric determination of carbamazepine at a multi-walled carbon nano-
tubes (MWCNTs) film-coated glassy carbon electrode (GCE) and Jaldappagari et
al.20 investigated the electrochemical behavior of carbamazepine (CBZ) at a ful-
lerene-Cgp modified glassy carbon electrode. However, its electrochemical be-
havior and electrochemical determination at an ionic liquid 1-benzyl-3-methyl-
imidazole hexafluorophosphate modified carbon paste electrode ([BnMIM]PF¢/
/CPE) in the presence of sodium dodecyl sulfate (SDS) has, to the best of our
knowledge, not been reported in the literature.

N

A

0 NH, Fig. 1. Structure of carbamazepine.

Recently, the application of room temperature ionic liquids (RTILs) in the
fields of analytical chemistry and electrochemical biosensors has attracted much
attention. Ionic liquids (ILs) are composed of an organic cation and either an
organic or an inorganic anion, preserved in the liquid state over a wide tem-
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perature range.2! Due to their specific physicochemical characteristics, such as
high chemical and thermal stability, good ionic conductivity, negligible vapor
pressure and wider electrochemical windows,22-27 RTILs have been used as a
new modifier on the surface of electrodes or binders to make a carbon ionic
liquid electrode (CILE). For example, Safavi et al.28:2% fabricated an ionic liquid,
i.e., octylpyridinium hexafluorophosphate (OPFP), modified carbon paste elec-
trode and investigated the electrochemical oxidation of some phenolic com-
pounds. Zheng et al.39 fabricated an ionic liquid, i.e., 1-pentyl-3-methylimida-
zolium bromide modified carbon paste electrode and investigated the voltam-
metric determination of rutin. Liu et al.3! reported a CILE constructed of gra-
phite powder mixed with the ionic liquid 1-butyl-3-methylimidazolium hexafluo-
rophosphate (BMIMPFg) and the electrode had an increased sensitivity of the
response toward potassium ferricyanide. Sun et al.32-34 also combined butyl-
pyridinium hexafluorophosphate (BPPF¢) with graphite powder to fabricate an
ILs modified electrode and applied it in the electrochemical determination of
different inorganic, organic and biomolecules.

As a continuation of previous work,35-38 in this study, the hydrophobic ionic
liquid 1-benzyl-3-methylimidazole hexafluorophosphate ([BnMIM]PFg) was
used as a modifier to fabricate [BAMIM]PFs/CPE and the electrochemical be-
havior and electrochemical kinetics of carbamazepine (CBZ) at [BnMIM]PFg4/
/CPE in the presence of sodium dodecyl sulfate (SDS) were investigated.

Surfactants are a kind of amphiphilic molecule with hydrophilic head on one
side and a long hydrophobic tail on the other. They can be adsorbed at an elec-
trode surface and alter the properties of the electrode/solution interface and
subsequently influence the electrochemical processes of electroactive spe-
cies.3940 Now surfactants are extensively used in the fields of electrochemistry
and electroanalytical chemistry.4! Hu and coworkers successfully employed
surfactants for the analysis of some biomolecules,*?43 and found that the elec-
trochemical responses of the analyzed compounds were remarkably enhanced in
the presence of the surfactants. Moreover, they proposed a synergistic adsorption
mechanism to interpret the enhancing effects of the surfactants. For example,
surfactants might combine with the substrate in certain forms and strengthen their
adsorption on the electrode surface, which facilitated the electron or the sub-
stance transfer between the electrode and the solution.*+47 Kaifer colleagues
reported significant changes in the redox potentials and peak currents of methyl
viologen in a sodium dodecyl sulfate (SDS) micellar solution.43:49

In the present work, the oxidation peak currents of CBZ were found to
increase greatly at [BnMIM]PFg/CPE in the presence of SDS compared with
those at bare CPE and [BnMIM]PF¢/CPE in the absence of SDS. The experi-
mental results indicated that both [BnMIM|PFg and SDS can greatly enhance the
electrochemical responses of CBZ. Simultaneously, a quantitative electroche-
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mical determination method was developed which was successfully used to de-
termine CBZ in commercial samples.

EXPERIMENTAL
Apparatus

All electrochemical experiments were performed using an electrochemistry workstation
CHI660A (CH Instrument, USA). The working electrodes were a carbon paste electrode (CPE)
and a 1-benzyl-3-methylimidazole hexafluorophosphate ([ BnMIM]PF¢) modified carbon paste
electrode ([BhAMIM]PF¢/CPE). A CHI115 platinum wire and a CHI150 saturated calomel ele-
ctrode (SCE) served as the auxiliary electrode and reference electrode, respectively. All po-
tentials measured and reported in this work are versus a SCE.

Reagents

Carbamazepine was manufactured by China Drug and Biological Products Testing Orga-
nization and was used as received without further purification. Carbamazepine tablets were
from FuDan FuHua Pharmaceutical Corporation (Shanghai, China), 1-benzyl-3-methylimida-
zole hexafluorophosphate ([BnMIM]PF) from Chengjie Chemical Reagent Ltd. (Shanghai,
China, purity 99 %) and sodium dodecyl sulfate (SDS) from Beijing Chemistry Factory (Bei-
jing, China, analytical grade). All solutions were prepared using deoxygenated and doubly
distilled water. All other chemicals were of analytical grade and were used as received.
Preparation of CPE and [BnMIM]PF ¢/CPE

The carbon paste electrode was prepared as follows: 1.50 g of graphite and 0.50 mL of
paraffin oil were mixed in a mortar to form a homogeneous mixture. The mixture was pressed
by hand into the end cavity of a polytetrafluoroethylene (PTFE) cylindrical electrode body
and the surface was polished on a piece of weighing paper.

The BPPF¢/CPE was prepared as follows: 0.50 g of [BAMIM]PFg4 was first dissolved in
2.0 mL of DMF, and then added to 1.50 g of graphite powder in a mortar, ground until the
DMF had entirely volatilized, and finally mixed with 0.50 mL of paraffin oil in the mortar.
The mixture was pressed by hand into the end cavity of a PTFE cylindrical electrode body and
the surface was polished on a piece of weighing paper.

Experimental procedure

The electrochemical experiments were performed in a conventional electrochemical cell,
containing 0.10 M phosphate buffer solutions (PBS) as the supporting electrolyte and a certain
concentration of CBZ and SDS. A 0.01 M ethanolic stock solution of CBZ was prepared in
and diluted solutions were prepared daily with doubly distilled water just before use. All
experiments were realized at room temperature.

RESULTS AND DISCUSSION

Cyclic voltammetric behavior of CBZ

The cyclic voltammetric behavior of 0.10 mM CBZ in 0.10 M PBS were
investigated at the CPE and [BnMIM]PF¢/CPE in the absence and the presence
of SDS at a scanning rate of 50 mV s~! over the potential range from 0.30 to 1.20
V, As shown in Fig. 2, a less sensitive electrochemical response was observed for
0.10 mM CBZ at CPE in the absence of SDS (curve a). Moreover, the oxidation
peak potential shifted negatively by about 50 mV and the oxidation peak current

2012 Copyright (CC) SCS



ELECTROCHEMICAL DETERMINATION OF CARBAMAZEPINE 487

increased about two times of that at the [BnAMIM]PF¢/CPE (curve b) in the ab-
sence of SDS. Due to the decrease of the oxidation peak potentials and the in-
crease of the oxidation peak currents, the good enhancing effect on the electro-
chemical oxidation of CBZ was attributed to the specific advantages of RTILs,
including high conductivity and the promotion of the electron transfer rate.34
After the addition of 0.40 mM SDS, the oxidation peak potential shifted ne-
gatively by about 70 mV and the oxidation peak current increased to nearly four
times that at the CPE (curve ¢) and the oxidation peak potential remained almost
constant and the oxidation peak current increased to nearly three times that at
[BnMIM]PF¢/CPE in the presence of SDS (curve d). It is well known that surf-
actants can be adsorbed on a hydrophobic surface to form a surfactant film,50
which may alter the overvoltage of CBZ on the electrode surface and facilitate
the electron transfer rate.5! Moreover, CBZ surface concentration on the CPE
and [BnMIM]PF¢/CPE can be greatly increased in the presence of SDS, there-
fore, the oxidation peak current of CBZ significantly increased at both the CPE
and the [BnMIM]PFg4 in the presence of SDS. Hence, the conclusion can be
drawn from the comparisons that both CPE and [BnMIM]PF¢/CPE in the pre-
sence of SDS are more active to CBZ than that in the absence of SDS and can
greatly enhance the electrochemical sensitivity. Therefore, both RTILs and SDS

60 |-
50 |
40 |

30 |

I/ pA

20 -

10 |-

E/V

Fig. 2. Cyclic voltammograms of CBZ in 0.10 M PBS (pH 6.8) at the CPE in the absence
(a) and the presence (c¢) of SDS, at the [BnAMIM]PF4/CPE in the absence (b) and the
presence (d) of SDS. Scanning rate: 50 mV-s'!, CBZ concentration: 0.10 mM,

SDS concentration: 0.40 mM. Accumulation time: 160 s.
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have synergetic effect on the CBZ electrochemical oxidation process. In addition,
no corresponding reduction peak was observed in the reverse scanning, indi-
cating the irreversibility of the electrochemical oxidation.

Furthermore, the effect of scanning rate on the electrochemical behavior of
0.10 mM CBZ at [BAMIM]PF¢/CPE in the presence of 0.40 mM SDS at different
scan rates of 30 to 500 mV s~! were investigated by CV. With increasing po-
tential scanning rate, the peak currents increased and the peak potentials shifted
positively, which implied the irreversible nature of the electrode reaction pro-
cesses. The oxidation peak currents versus the square roots of the scanning rate
gave a straight line, as expected for a diffusion-limited electrode reaction pro-
cess. The linear regression equation is expressed as I, (LA) = -2.469 + 1.469
v172 (where v is in mV s~1), with a correlation coefficient (R) of 0.9977.

The effects of the experimental conditions on the oxidation peak currents and
potentials

The effect of various media on the peak currents and potentials of CBZ could
be easily observed from CV. The CV of CBZ at a scanning rate of 50 mV s~! in
different electrolyte solutions, i.e., aqueous NaCl, NaAc, NaNO3, NapySO4 and
NaAc-HAc, Britton—Robinson buffer (B—R), Na,HPO4—NaH,PO4 (PBS) solu-
tions containing NaCl were investigated. The experimental results showed that in
an aqueous 0.10 M PBS solution, CBZ had a well-defined electrochemical beha-
vior. Thus, a 0.10 M aqueous PBS solution was chosen as the supporting electrolyte.

The influence of the surfactant, i.e., the anionic surfactants sodium dodecyl
benzene-sulfonate (SDBS), sodium dodecyl sulfate (SDS) and the cationic surf-
actants cetyltrimethylammonium bromide (CTAB), cetylpyridine bromide (CPB),
dodecyltrimethylammonium bromide (DTAB) on the oxidation peak current of
CBZ were also examined. It was observed that all the anionic surfactants could
improve the oxidation peak current of CBZ over a certain concentration range
(below the critical micelle concentration (CMC)), but the degree of enhancement
varied. Among these surfactants, the oxidation peak current of CBZ was the
highest and the background current the smallest in the presence of SDS. The SDS
concentration also affects the oxidation peak current of CBZ. Thus, the influence
of the SDS concentration on the oxidation peak current of CBZ was examined,
and the experimental results showed that with gradual increasing concentration of
SDS from 0.01 to 0.40 mM, the oxidation peak current of CBZ also obviously
increased, while on further increasing the SDS concentration from 0.40 to 0.90
mM, the oxidation peak currents remained almost constant. Therefore, the SDS
concentration was chosen as 0.40 mM.

The effect of solution pH on the oxidation peak current and peak potential
for CBZ at [BnMIM]PF¢/CPE were studied in 0.10 M PBS over the pH range
from 2.0 to 9.0. It was found that the oxidation peak currents remained almost
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constant from pH 2.0 to 7.5 and then decreased as the pH was further increased.
Therefore, an aqueous PBS solution of pH 6.8 was chosen as the electrolyte.
Furthermore, the peak potentials shifted only slightly in the pH range 2.0 to 9.0,
suggesting that no proton was involved in the electrode reaction.

Accumulation potential and time

The effects of the accumulation potential on the oxidation peak current were
investigated. When the accumulation potential was shifted from 0.10 to 0.80 V,
the oxidation peak current of CBZ altered very slightly. This reveals that the
accumulation potential has no obvious influence on the oxidation current of CBZ
under these conditions.

The influences of the accumulation time from 20 to 200 s on the peak cur-
rent were investigated and it was found that the peak current increase linearly
with the accumulation time in the range of 20 to 160 s. However, the peak cur-
rent did not increase, as when the accumulation time was extended beyond 160 s.
Usually, an accumulation time of 160 s employed in this study.

Electrochemical kinetics

The charge-transfer coefficient o. According to the experimental results
mentioned above, the oxidation of CBZ is a diffusion-limited electrochemical
process at [BnMIM]PF¢/CPE in the presence of SDS. For an irreversible dif-
fusion-controlled process, the peak potential (Ep,) is proportional to the loga-
rithm of potential scanning rate (v) according to the equation:>2

Epa = (b log v)/2 + constant ()

Based on this equation, the slope of an Ep;, vs. log v plot is /2, in which b
indicates the Tafel slope. The dependence of Ep,, on log v for oxidation of CBZ at
the [BnMIM]PF¢/CPE in the presence of SDS is shown in Fig. 3. Its linear re-
gression equation is expressed as Ep, (mV) = 989.6 + 40.44 log v, with a corre-
lation coefficient (R) of 0.9970. Thus b = 20Ep/0(log v) = 81 mV was obtained.
Thus, from the equation b = 2.303 RT/n(1-a)F (n = 2,1516, T = 298 K, F =
= 96485 C mol!), the charge-transfer coefficient a = 0.63.

The diffusion coefficient D. The apparent diffusion coefficient D of CBZ and
the geometrical surface area of electrode were also determined in this work by
chronocoulometry (CC):33

2nFAcDV2¢1/2
T

where Q is the total charge, n is number of electrons transferred in the electro-
chemical oxidation reaction. 4 is the electrode area (cm?), ¢ is the concentration
of the electroactive species, D is the diffusion coefficient (cm? s71) and ¢ is the
time (ms). The geometrical surface area of the modified electrode and CPE were
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calculated from the slopes of Q vs. 2 curves obtained using 5.0 mM of
Fe(CN)g>~ as a model compound. As the number of electron transferred of CBZ
is 2,15.16 the surface area (4) of [BnMIM]PF¢/CPE is 0.0686 cm2. For a CBZ
concentration (C) of 0.10 mM, the diffusion coefficient (D) of CBZ in the pre-
sence of SDS was calculated to be 8.10x104 cm?2 s 1.
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1050

. 1 . 1 . 1 . 1 . 1 . 1
1.4 1.6 1.8 2.0 2.2 24 26

log (v/mV's")

Fig. 3. Dependence of the voltammetric peak potentials on the logarithm of the scanning rate
for CBZ oxidation at the [BnMIM]PF¢/CPE in the presence of SDS.

The electrode reaction rate constant ky. Due to the increase of the electro-
chemical oxidation of CBZ in the presence of SDS, it should obey the following
chronoamperometric equation.36-34

Ic /Iy =AV2 [nl/z erf(ﬂl/2)+exp(_,1)/,11/2] 3)

The CA curves are shown in Fig. 4, where I is the catalytic current in the
presence of SDS, /1 is the diffusion-limited current in the absence of SDS. A =
= kcot (k is the rate constant and ¢ is the bulk initial concentration of SDS) is the
argument of the error function. In cases where A exceeds 1.5, the error function is
almost equal to unity and the reaction zone is in the pure kinetic region; hence,
the above equation can be reduced to:

A:”L:ﬂmﬂm:ﬂngmﬂm

4)

This equation can be used to calculate the rate constant (k) of the oxidation
process. Knowing that the value of Ic/Iy is proportional to 2172, a plot of I/l vs.

2012 Copyright (CC) SCS



ELECTROCHEMICAL DETERMINATION OF CARBAMAZEPINE 49 1

212 can be given by combining Eq. (3) with Eq. (4) and used as a working curve
for chronoamperometry. In this way, 12 can be determined from the working
curve after measuring /c and /1, and then the value of the electrode reaction rate
constant £ can simply be calculated from the slope if ¢ (a given concentration of
SDS) and ¢ are known. Both /¢ and /1, were measured at £ = 17 ms where Ic/I1, >
> 1.5, and the rate constant k was calculated to be (1.07+0.10)x102 dm3 mol~! s—1.
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Fig. 4. Chronoamperometry plots of CBZ at the [BnMIM]PF/CPE in the absence (a)
and the presence (b) of 0.40 mM SDS.

Electrochemical reaction order. The cyclic voltammetric behavior of the
oxidation of different concentrations of CBZ at the [BnMIM]PF¢/CPE in the
presence of SDS was examined. In the given concentration range, it was found
that the logarithm of the peak current, I,,, depended linearly on the logarithm of
ccBz- The linear relationship equation was log Ipy = 22.261 + 0.9519log ccz
with a correlation coefficient (R) of 0.9958. The slope close to 1 implies that the
electrochemical oxidation of CBZ obeys first-order kinetics with respect to CBZ.55

Electrochemical determination of CBZ

Optimization of the operational parameters of differential pulse voltam-
metry. Differential pulse voltammetry (DPV) responses are markedly dependent
on the parameters of the excitement signals. Therefore, optimization of the pulse
width and amplitude, and the scan potential increment was performed. The de-
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pendence of the oxidation peak current on the pulse amplitude was examined in
the range 10-85 mV. Between 10 and 75 mV, the variation of the peak current
with pulse amplitude was linear one, above 75 mV, the peak current remained
almost constant. Thus, a pulse amplitude of 75 mV was chosen to improve the
sensitivity without distortion of the peak. Using a pulse amplitude of 75 mV, the
pulse width was varied in the range of 0.01 to 0.035 s. It was found that between
0.01 and 0.02 s, the peak current increased linearly with increasing pulse width,
above 0.02 s, the variation of the peak current with the pulse width remained
almost constant. A pulse width of 0.02 s was applied. In addition, using a pulse
amplitude of 75 mV and a pulse width of 0.02 s, a scanning potential increment
of 6 mV was found to develop a well-defined peak and a higher current response.

Differential pulse voltammetry of CBZ. The DPV behavior of 0.10 mM CBZ
at the [BnMIM]PF¢/CPE in the presence of 0.40 mM SDS and 0.10 M aqueous
PBS solution under the optimal experimental conditions (amplitude of 75 mV,
pulse width of 0.02 s and scanning potential increment of 6 mV) is shown in Fig.
5. From the curves in Fig. 5, it can be seen that CBZ itself showed a weak DPV
response at the CPE in the absence of SDS, but the electrochemical response was
greatly enhanced using the [BnMIM]PF¢/CPE in the presence of SDS. The expe-
rimental result is in quite good agreement with that of CV.

160 +
140
120 +

100 |-

I/pA

80 -
60 -
40

20 +

04 0.6 0.8 1.0 1.2

E/V
Fig. 5. DPV 0f 0.10 mM CBZ at the CPE in the absence (a) and the presence (c) of SDS, and

at the [BnMIM]PF4/CPE in the absence (b) and the presence (d) of 0.40 mM SDS.
Accumulation time 160 s.
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The relationship between the anodic peak currents for CBZ and its concen-
tration were investigated at the [BnMIM|PF¢/CPE in the presence of SDS. Linear
calibration curves were obtained over the range 7.0 pM—0.70 mM in 0.10 M PBS
solution (as shown in Fig. 6) with a linear fitting regression equation of /,, (LA)
= 3.337 + 161.11¢c, where ¢ is in mM, with a correlation coefficient (R) of
0.9959. The detection limit defined as a signal-to-noise ratio of 3 (S/N = 3) was
0.98 uM for CBZ under the optimized experimental conditions.

100

80

60

I/ pA

40

20

0.1 0.2 0.3 04 0.5 0.6 0.7

-3 -1
¢/ 10 mol L
Fig. 6. The relationships between peak current and the CBZ concentration for
CBZ oxidation at the [BnMIM]PF4/CPE in the presence of SDS.

Interferences and reproducibility

The influences of various possible interferents were also studied by anal-
yzing a standard solution of 0.10 mM CBZ in the presence of 0.40 mM SDS. The
amount of the foreign species tolerated was that which caused a change in the
responding signal of £5 %. The interferences of some metal ions and organic
compounds were examined. The experimental results showed that 1000-fold of
the inorganic ions K, Na*, Cl-, NO3~ and SO42-, and 100-fold of glucose, sac-
charose, urea and tartaric acid did not affect the CBZ currents response.

In order to inspect the reproducibility of the electrode, ten sequential deter-
mination were made using the same electrode in the presence of 0.40 mM SDS,
almost the same results were obtained. A relative standard deviation (RSD) value
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of about 3.6 % was obtained by measuring the oxidation peak current for CBZ
electrochemical oxidation with CV. The experimental results showed the good
reproducibility of the modified electrode.

Sample determination

The proposed determination was successfully applied in the determination of
CBZ in commercial pharmaceutical samples. A 1.0 mM CBZ sample was pre-
pared in ethanol solutions, and 0.10 mM CBZ samples were analyzed using the
proposed method. An acceptable reproducibility with a relative standard devia-
tion (RSD) of 1.40-2.13 % was obtained for six parallel measurements. The de-
termination was performed by standard addition. In addition, the recoveries based
on this method were in the range of 101.2-103.7 %. The result indicates that the
proposed determination could be used as an effective electrochemical determi-
nation of CBZ in commercial tablet samples.

CONCLUSIONS

In this work, the electrochemical behavior of CBZ in the presence of SDS at
a [BnMIM]|PF¢/CPE was investigated. It was found that the oxidation peak
current of CBZ remarkably increased at the [BnMIM]PF¢/CPE in the presence of
SDS. The results indicated that the electrochemical responses of CBZ were faci-
litated by SDS and the ionic liquid [BnMIM]PFg. The electrochemical kinetic pa-
rameters were also determined. The proposed method is simple, rapid and inex-
pensive, which was demonstrated by its application in the determination of CBZ
in commercial samples.
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M3BOJ

EJIEKTPOXEMMJCKO ITOHAIIAE 1 OAPEBUBAIE KAPBAMAS3EIIMHA Y
MMPUCYCTBY HATPUIJYM-AOAELTUJICYJI®ATA HA EJIEKTPOU O]
VYTI'JbBEHUYHE ITACTE MOJAN®HUKOBAHOJ JOHCKOM TEYHOILITRY

LI-HONG LIU"?, CHENG-QIAN DUAN"* u ZUO-NING GAO'
]Key Lab of Energy Sources and Chemical Engineering, College of Chemistry and Chemical Engineering,

Ningxia University, Yinchuan 750021, China, ZDepartment of Chemistry, Heihe College, Heihe 164300, China
u 3Higher Vocational College, Ningxia Medical University, Yinchuan 750004, China

VcnuTuBaHo je eIeKTPOXeMHUjCKO IOHaIame U MOTyhHOCT eneKTpoxeMujckor oapehuBama
kapbamasenuna (KBZ) Ha enexrponu ox yribeHUUHE IacTe Koja je Moau(HuKoBaHa XUIpo(hoOHOM
joHckoM TeuHomhy 1-Oem3mn-3-MermmMuaason xekcadiayopodocparom ([BnMIM]PF/CPE), y
MIPUCYCTBY HaTpujyM-nonenmwi-cyiadara (SDS). oOpo neduHUCAH U OCETIHUB CTPYjHU MUK OKCH-
nauuje KBZ je 3anaxxen na [BnMIM]PF¢/CPE y npucyctBy SDS y docdarrom mydepy BpeaHocTu
pH 6,80. Bucuna crpyjuor muka y npucyctBy SDS je Ouna 3natHO Beha Hero xajga oH HHje OHO
npucyTaH Ha enektonu. IlpernocraBibeno je na u SDS u [BnMIM]PF 3nauajHo nosehasajy Op-
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3uHY enekTpoxemujcke okcupanuje KBZ. Kunernuku napamerpn okcunanuje KBZ va [BnMIM]PF4/
/CPE y mpucyctBy SDS cy onpeheHn U XpOHOKYJIOHOMETPHjOM B XpoHOamIepomerpujoM. Hakon
ONTHMH3ALMje eKCIePUMEHTAIHIX MapaMerapa Hpe/UIoKeHa je HOBa eJIeKTPOXEMHjCKa METo/a
onpehuBama KBZ. Okcupanyionu muK je 3aBUCHO JIMHeapHO on KoHietpanuje KBZ y omcery on
7,0 uM o 0,7 mM y3 rpanuny aerekimje ox 0,98 uM (oaHoc curHana u myma je 3). PenatuBHa
cTaHjapAHa AeBHjanuja oxpehuBama y pacteopy 0,10 mM KBZ y 6 ekcnepumenara je n3HoCHIA
ox 1,40 mo 2,13 %. Ilpemnoxena MeToza je npuMemeHa u Ha oapehuBame KBZ y y3o0pky xomep-
UjamHuxX Tadiera.

N =

S kW

11.
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16.
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18.

19.

20.
21.
22.
23.

24.
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217.
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Abstract: The interest in finding new methods for the preparation of nickel
ferrite (NiFe,Oy4) and nickel-zinc ferrite (Ni,Zn,_Fe,0,) powders has recently
increased, because the physical and chemical properties of these soft magnetic
materials depend strongly on the preparation conditions. In this study, powder
samples of ferrites were obtained by: 1) a classic sintering procedure
(Ni,Zn;_Fe,0y4, x = 0.9) and 2) planetary mill synthesis (both NiFe,O,4 and the
Ni,Zn;_Fe,04). The mechano-chemical reaction leading to the formation of
the spinel phase of Ni,Zn; Fe,O4 (x = 1 or 0.9) was monitored by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-
-ray diffraction (XRD) analysis. The values of the real and imaginary parts of
the permittivity and permeability were measured for the obtained nickel and
nickel-zinc ferrite samples in the 7-12 GHz frequency range. Based on the
obtained results, the electromagnetic radiation (EMR) absorption coefficients
were calculated for all three types of sample. It was concluded that the method
of preparation and the final particle size influence the EMR absorption co-
efficient of nickel and nickel-zinc ferrites.

Keywords: ferrites; nanocrystalline materials; mechano-chemistry; radar ab-
sorbers.

INTRODUCTION

It is well known that the properties of ferrite materials strongly depend on
the preparation conditions. Consequently, different methods for the preparation
of ferrite powders are described in the literature.!-3 By choosing a method that
leads to a reduction of the particle size, the magnetic properties (such as coercive

* Corresponding author. E-mail: asn@chem.bg.ac.rs
doi: 10.2298/JSC110302186J
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field, Curie temperature, saturation magnetization and absorption coefficients)
may change significantly in comparison with those of the bulk material.

The basic structure of a spinel ferrite is A,B1_FeyO4, where A and B are
divalent metal ions (e.g., Mg, Mn, Ni, Zn, efc.). In a unit cell of the spinel lattice,
there are eight tetrahedral and sixteen octahedral sites occupied by A, B and Fe3™,
while the oxygen anions are arranged in a cubic close-packed structure. Site oc-
cupancy may range from the normal spinel structure, in which the A and B cat-
ions occupy the tetrahedral sites and Fe3" the octahedral ones, to the inverse
spinel, in which half the Fe3* cations occupy the tetrahedral sites, and three (A, B
and Fe3™) cations occupy the octahedral sites. In general, site occupancy in
NiFe>O4 and Ni,Zn;_Fe,O4 may be expressed by rewriting its generic formula
as (Nij_;Fep)[NL;Fe;_1]O4 and (NixZnj_y)12Fe))[(NixZnj_);Fe;]O4, where
the parentheses and square brackets denote the tetrahedral and octahedral sites,
respectively. A represents the so-called degree of inversion, defined as the frac-
tion of tetrahedral sites occupied by Fe3™.

Interest in nanoparticle materials permanently increases because of the sig-
nificant influence of large surface/volume ratio of nanoparticles on their physical
properties, compared to their bulk counterpart.# Recent investigations in the field
of mechano-chemistry have resulted in the mechano-synthesis of stoichiometric
and chemically pure nanoscale spinel ferrites,>~12 which were undertaken be-
cause this class of materials have significant permeability values over very nar-
row frequency ranges.!3:14 In most cases, the complete formation of spinel ferri-
tes was obtained only after milling followed by sintering, i.e., by employing two
processing steps. It was noted that the combined mechano-chemical-thermal
treatment yielded a well-ordered spinel phase in ferrites at lower annealing tem-
peratures and shorter durations, than those required for conventional ceramic me-
thods.15:16 Herein, an improvement of the method in order to obtain ferrites with
better properties, which can be employed in microwave electronics, is presented.

The request that an absorber of electromagnetic radiation (EMR) needs to be
efficient can be satisfied by material with special properties. The material has to
not only attenuate electromagnetic (EM) waves penetrating its volume, but also
moreover present a good match to the incident waves at the air/material interface.
Good absorption is provided with &’, 4, tan d, and tan O as large as possible,
while good matching at the interface requires 4’ = &’ and tan J, = tan 0:17 The
present paper describes a technique for preparing nickel ferrite (NiFe;O4) and
nickel—zinc ferrite (Nig9Zng 1FeyO4), based on planetary mill synthesis, which
increases the absorption factor of ferrites obtained by the classical route, in the
frequency range 7—12 GHz.18-21
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EXPERIMENTAL

Powder samples of NiFe,0, and Nij 9Zn, ;Fe,0, soft ferrites were synthesized by classic
sintering (sample 1 (Nig¢ZngFe,O4), made in Ei Ferrite, Belgrade) and by planetary mill
synthesis (sample 2 (NiFe,O4) and sample 3 (Niy 9Zng ;Fe,04)).

In the classic sintering process, thermal diffusion occurs between NiO crystals (1-2 pm
in size) and the hematite, and the final size of particles should be larger than the size of crys-
tals in the starting components. The average particle size obtained by the conventional sin-
tering method (sample 1) was several microns.

Mixtures of crystalline powders of NiO and Fe,O5 for sample 2, and NiO, ZnO and Fe,0;
(purity 99 %) for sample 3, were used as the starting materials for the planetary mill syn-
theses. Mechano-chemical treatment was performed in a planetary ball mill (Fritsch Pulveri-
sette 5). A hardened-steel vial (500 cm? volume) filled with 286 hardened-steel balls (8 mm in
diameter) was used as the milling medium. The mass of the powders was 30 g and the balls-
to-powder ratio was 20:1. Milling was performed for 50 h, in air, without any additives.

Sizes and shapes of polycrystalline powder particle of samples 2 and 3 were examined
by scanning electron microscopy (SEM) (JEOL JSM-5200) and by combined field-emission
(scanning) transmission electron microscopy (TEM) (the grid was dried overnight at room
temperature and observed with a FEI Tecnai biotwin (120 kV)) and by X-ray diffraction
(XRD) analysis. Prior to the SEM surveys, the particles were gold-sputtered in a JFC 1100
ionic sputter coater. Prior to the TEM investigations, the powders were crushed in a mortar,
dispersed in ethanol and fixed on a copper-supported carbon film. The XRD analysis of
samples 2 and 3 was performed on a Philips PW 1730 automatic diffractometer with CuK,
graphite-monochrome radiation (4 = 0.1542 nm).

Values of the real and imaginary parts of the permittivity and permeability were mea-
sured for all three samples in the 7-12 GHz frequency range. Samples were prepared by
pressing the powder into aluminum holders (27 mmx27 mm) without thermal treatment. The
measurements were performed using a HP 8510 network analyzer system with simple-to-
-fabricate test fixtures, with the capability to measure simultaneously both £ and & at up to
400 frequency points. Based on the values obtained for f, and &, the EMR absorption coef-
ficient was calculated.

RESULTS AND DISCUSSION

SEM Micrographs of powder samples of NiFe,O4 (sample 2) and
Nig.9Zng 1FeyO4 (sample 3) synthesized by the planetary mill procedure are shown
in Fig. 1. It can be noticed that the nanoscale crystallites tend to agglomerate,
because of the dipolar field of each crystallite. TEM Micrographs of samples 2
and 3, presented in Fig. 2, show that the nanoscale crystallites form particles of
average size 10—15 nm, which is consistent with the average crystallite size de-
termined by XRD analysis. The shape of the majority of the crystallites appears
to be spherical. Agglomerated crystallites form particles with sizes mostly up to
50 nm.

The X-ray diffractograms of samples 2 and 3 are presented in Fig. 3. They
show that no peaks of the starting compounds were present after 50 h of milling,
only the full spectrum of the characteristic peaks of NiFe,O4 in sample 2 and
those of Nig9Zng 1FeyO4 in sample 3. The calculated lattice parameters were
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0.83369+10 for NiFe;O4 and 0.83401+10> nm for Nig 9Zng 1FesOy4, which are
consistent with the values obtained by other authors (ICPD 10-325; ICPD 22-
-1012).

(a) (b)
Fig. 1. SEM Images of the nanocrystalline mechano-synthesized samples after 50 h of milling:
a) sample 2 (NiFe,Oy4) and b) sample 3 (Niy 9Zng ;Fe,0y).

100 nm

(a) (b)
Fig. 2. TEM Images of the nanocrystalline mechano-synthesized samples after 50 h of
milling: a) sample 2 (NiFe,O4) and b) sample 3 (Niy 9Zng ;Fe,04).

Crystallite sizes of the powders were calculated from the XRD data by means
of the Scherrer Equation:22

094
BcosOg
where S is the crystallite grain size, 4 is the wavelength of the X-ray source, 0p is

the Bragg angle of the considered XRD peaks, and B represents the full width at
half maximum (FWHM) line broadening obtained as follows:

B*=Bx-B? )

(1
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where By, is the FWHM line broadening of the material and Bg represents the
FWHM line broadening of the internal standard (a-Al,O3). The resulting values
of crystallite size obtained from the strongest (111) reflections were in the range
of 10—15 nm for NiFe,O4 and Nig 9Zng 1Fe;0g4.
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Fig. 3. XRD Patterns of the mechano-synthesized samples after 50 h of milling:
a) sample 2 (NiFe,0O,4) and b) sample 3 (Nij 9Zng ;Fe,0y).

2012 Copyright (CC) SCS



502 JOVALEKIC ez al.

The complex permittivity and permeability values of all ferrite samples were
obtained from measurements conducted using an HP 8510 Network Analyzer
system. From the obtained frequency dependence of the permittivity and permea-
bility, the EMR attenuation coefficient o was calculated using the formula:

o =27f \ HoEo N Er My | 2 X

X\/(tan O, tan & —1)+(1+tan2 6, tan2 J; + tan2 J,, + tan2 & )

3)

where the loss tangents are defined by tan &, = 4"/ and tan & = &"/&' (' and
&' being the real parts, and 4" and &" the imaginary parts of the permeability and
permittivity, respectively).

The real and complex parts of the permittivity exhibited frequency depen-
dency in all three samples, but without any marked maximum values; hence all
the examined materials could be used as wide-range absorbents. Samples 1 and 3
exhibited higher values of the real part of the permittivity than those of sample 2.
Conversely, sample 2 exhibited higher values of the imaginary part of the permit-
tivity than the other two sample types (Fig. 4). The real part of the permeability
was the highest in sample 3, and the lowest in sample 2. Sample 1 and sample 2
exhibited higher values of the imaginary part of permeability than those of samp-
le 3 (Fig. 5).
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Fig. 4. Values of the real, &' (a), and the imaginary part, &" (b), of permittivity for the ferrite
samples: < — Nij ;Zng gFe,04 (sample 1) obtained by the standard sintering route, (] —
NiFe,04 (sample 2) and B — Ni; ;Zng gFe,0, (sample 3) obtained mechano-chemically.
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Fig. 5. Values of the real, /' (a), and the imaginary part, 4" (b), of permeability for ferrite
samples: < — Nig 1 Zng gFe,04 (sample 1) obtained by the standard sintering route, (1 —
NiFe,04 (sample 2) and B — Nij ;Zn gFe,0, (sample 3) obtained mechano-chemically.

The values of the EMR attenuation coefficient (&) calculated from expres-
sion (3) are presented in Fig. 6, in linear and log scales. It may be concluded that
the EMR attenuation coefficient depended more on the method of preparation,
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Fig. 6. Values of EMR attenuation coefficient (a) for <& — Nig ;Zng gFe,O,4 (sample 1)
obtained by the standard sintering route, [J — NiFe,O,4 (sample 2) and Bl — Nij ;Zng 9Fe,04
(sample 3), presented in a) linear and b) logarithmic scale.
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i.e., on powder particle morphology than on the chemical content of the samples.
It can be seen in Figure 6b that the change of attenuation coefficient for sample 2
was within 30 dB, for sample 3 between 20 and 30 dB, and for sample 1 between
10 and 30 dB. The higher values of the EMR attenuation coefficient observed for
samples 2 and 3, obtained by the mechano-chemical process, are the result of the
extremely high specific granule surface (granule-weight to granule-surface ratio),
as well as of the large number of dislocations and impurities in the crystal struc-
ture concentrated at the granule surfaces, which is typical for powders obtained
mechano-chemically. Larger granules present in sample 1 resulted in lower va-
lues of the EMR attenuation coefficient.

CONCLUSION

Based on the obtained results, it can be concluded that the nickel ferrite
(NiFeyO4) produced by the mechano-chemical process gave better results with
respect to EMR attenuation than the nickel-zinc ferrite obtained by both the clas-
sic and mechano-chemical sintering process. For the mechano-chemically pre-
pared nickel ferrite samples, the EMR attenuation coefficient showed a practi-
cally constant value (within a 30 dB margin) over the whole frequency range (7—
—12 GHz), which places these soft ferrites among the most favorable wide-range
microwave absorbents. The configuration of the soft ferrites obtained by this me-
thod is a single-layer one, as opposed to the complex multi-layer configurations
applied hitherto. Final judgment on the applicability of these materials for wide-
range radar absorbers demands an extension of this investigation toward higher
frequencies.
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U3BOA

MEXAHOXEMMJCKA CUHTE3A HUKAJI 1 HUKAJI-LIMHK ®EPUTHUX [TPAXOBA CA
NICOLSON-ROSS AHAJIM30M ABCOPITHNOHUX KOEOUITNJIEHATA

YEJIOMUP JOBAJIEKUR', AJIEKCAHJIAP C. HUKOJIMR?, MAJA TPY IEH-ITABJIOBUR’
1 MUOJIPAT B. TIABJIOBUR®

' Uncmuimyim 3a myamiuoucyuiisunapra uciipaxcusarsa, Krnesa Buwecaasa Ia, 11001 Beozpad, > Xemujcxu
akyaimein, Ciniyoenitcxu wipz 12—16, 11001 Beozpao u 3Eﬂe}aﬂp0mexmmxu ¢hakyaitieid,
B. Kpawa Aaexcanopa 73, 11001 Beozpao

VY HoBHje BpeMme nosehaH je MHTepec 3a MPOHAIAKEHe HOBUX METO/A 33 CHHTE3y HHUKal-(e-
puta (NiFe,O4) u Hukan—uuHk-peputHux (Ni,Zn;_Fe,04) mpaxosa, 30or ynmennne na Gpuznika
U XEMHjCKa CBOjCTBa OBHX ,,MEKHX® MarHeTHHX MaTepHjajla y MHOTOME 3aBHCE O] YCIJoBa
npunpeme. JlobujeHn GpepuTHN MPaxoBH, OMUCAHH Yy OBOM Pajy, CHHTETHCAHH CY: 1) KIaCHYHOM
npouexypom cunrepoBama (Ni,Zn_Fe,04, x = 0,9 nnu 2) cuHTE30M y IUIAHETAPHOM MIIMHY
(NiFe,O4 u NiZn;_Fe,04). IIpoceuna BenuuuHa yecTHIA JOOMjEHUX HPBOM METOAOM H3HOCH
3—5 um, mok npyra Merona naje decrune ennunae 10-12 nm. Kapaxrepusanuja y3opaka npahena
je ckenmpajyhom enextpoHckoM MuKpockonrjoM (SEM), TpaHCMHCHOHOM €JIEKTPOHCKOM MHUKPO-
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ckojoM (TEM), xao u mudpaxumonom aHammsom X-3panuma (XRD). Peannun m nmarnaapau
JIeNoBH Koe(uImjeHaTa IEPMUTHBHOCTH M MEPMEaOMITHOCTH CYy MEPEHU Ha JOOWjEHUM Y30pIiMa
HUKaJ U HUKan-IHUHK-(eputa y ppexksentHoM omcery 7—-12 GHz . Ha ocHOBy mobujeHux pe3yd-
Tata, u3pauyHatd cy EMR ancopnunoHu KoeHIMjeHTH 3a CBe J00ujeHe y30pKe. 3aKk/bydeHo je Ja
j€ HauMH IpumpeMe, Kao U no0ujeHa Benu4yrHa dectuna, yrudy Ha EMR amcoprmone koeduiy-
jeHTe HUKaJ U HUKaJ-IIMHK-(epuTa.

e L=

S

12.

13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

(ITIpumubeHo 2. MapTa, peBraupaHo 6. maja 2011)
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Abstract: Density, p, viscosity, 7, and refractive index, np, were measured for
binary mixtures of diethyl malonate with ketones (acetophenone, cyclopenta-
none, cyclohexanone and 3-pentanone) at temperatures of 303.15, 308.15 and
313.15 K over the entire composition range. The excess volume, VE, deviation
in viscosity, A7, excess Gibb’s free energy of activation for viscous flow, AGE,
and deviation in molar refraction, AR, were determined from the experimental
data and the computed results were fitted to the Redlich—Kister polynomial
equation. The values of VE, An, AGE, and AR were plotted against the mole
fraction of diethyl malonate. The observed positive and negative values of the
excess parameters for all the studied binary mixtures were explained based on
the intermolecular interactions present in these mixtures. Furthermore, different
empirical relations were used to correlate the binary mixture viscosities and
refractive indices.

Keywords: density; diethyl malonate; ketones; molecular interactions; excess
properties.

INTRODUCTION

Liquid-liquid mixtures due to their unusual behavior have attracted con-
siderable attention.! The physico—chemical properties viz. density, viscosity,
refractive index or speed of sound and the thermodynamic behavior of binary
mixtures have been studied for various reasons. One of the most important of
which is that these properties provide information about molecular interactions.
Many engineering problems require quantitative data of the viscosity and density
of liquid mixtures. Such data find extensive application in solution theory and

* Corresponding author. E-mail: mvrathnam58@rediffmail.com
doi: 10.2298/JSC110712198R
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molecular dynamics.?2 Furthermore, these properties are used for the inter-
pretation of data obtained from biochemical and kinetic studies.>

Diethyl malonate, a colorless, fragrant liquid boiling at 199 °C, is prepared
by the reaction of monochloroacetic acid with methanol and carbon monoxide. It
is used to synthesize barbiturates and vitamins B1 and B6 because of its typical
structure consisting of two adjacent carbonyl groups. In the pharmaceutical
industry, diethyl malonate is used for the synthesis of pharmaceuticals such as
chloroquine. It can also be used in the pesticides, paint, spice industries, efc.

In general, ketoesters are highly polar and are known to self-associate
through dipole—dipole interactions.* Ketones are used as solvents for insecticides,
fungicides and as intermediates in the synthesis of pharmaceuticals. In particular,
acetophenone is most commonly used as a flavoring agent in many cherry-
flavored sweets, drinks and in chewing gum.

Thermodynamic and transport properties of binary liquid mixtures involving
various types of organic solvents are replete in the literature. However, only a
few studies on ketones with esters are available.>~10 Pan er al.ll studied the
density and viscosity for binary mixtures containing diethyl oxalate, and dibutyl
phthalate with normal alkanols at 303.15 K. Rodriguez et al.!? reported the
density and refractive index of and the speed of sound in binary mixtures (diethyl
carbonate + alcohols) at several temperatures. Nayak et al.!3 studied the density,
viscosity and refractive index of and the speed of sound in diethyl oxalate, di-
ethyl phthalate and dioctyl phthalate at 298.15, 303.15 and 308.15 K. Moreover,
Baragi et al.14 studied the density, viscosity and refractive index of and speed of
sound in binary mixtures of 1,4-dioxane with diethyl malonate. Likewise, ther-
modynamic and acoustic properties containing diethyl malonate with alcohols or
hydrocarbons have been reported in the literature.!5-19 In continuation of our
research program involving the study of excess properties?0-22 of binary liquid
mixtures containing various types of esters, in this manuscript the experimental
measurements of density, p, viscosity, 77, and refractive index, np, for binary
mixtures of diethyl malonate with ketones (acetophenone, cyclopentanone,
cyclohexanone and 3-pentanone) at 303.15, 308.15 and 313.15 K and at atmo-
spheric pressure are reported. The experimental values of p, 77 and np were used
to calculate the excess volume, VE, the deviation in viscosity, A7, the excess
Gibb’s free energy of activation for viscous flow, AGE, and the deviation in
molar refraction, AR. These results were used to discuss the nature of the in-
teractions between the unlike molecules in terms of dipole—dipole interactions
and dispersion forces. The refractive index data was also predicted using some of
the refractive index models of mixing rules and the results are discussed in terms
of the average percentage deviation (4PD) and the standard percentage deviation,
0 (%). The agreement between the experimental and theoretical values was found
to be satisfactory. Similarly, the McAllister four-body interaction model, the
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Lobe and Jouyban—Acree model were used to correlate the viscosities of the
binary liquid mixtures with the mole fraction.

EXPERIMENTAL
Materials

Diethyl malonate, acetophenone (Sigma-Aldrich) and cyclopentanone, cyclohexanone
and 3-pentanone (all Merck) with mass fraction purities greater than 99.0 % were used
without further purification. The purity of the solvents was ascertained by gas liquid chroma-
tography (GLC) and the analysis indicated a mol % purity of > 99.0 %. The experimental
results of density, viscosity and refractive index of the pure liquids at 303.15 K are compared
with available literature data in Table I-S of the Supplementary material.

Methods

Binary mixtures were prepared by mass in airtight-stoppered glass bottles. The masses
were recorded on a digital electronic balance (Mettler AE 240, Switzerland) to an uncertainty
of £0.0001 g. To prevent the samples from preferential evaporation, the mixtures were pre-
pared by transferring aliquots via syringes into stoppered bottles. The uncertainty in mole
fraction was thus estimated to be less than +£0.0001. A set of nine binary mixtures was pre-
pared for each system, and their physical properties were measured at the respective compo-
sition of the mole fraction varying from 0.1 to 0.9 in steps of 0.1.

The densities of the pure liquids and their binary mixtures were determined with a por-
table density meter (DMA 35 Anton Paar). The instrument was calibrated frequently before
the start of the actual experiments using deionized water and dry air according to established
standard procedures. The instrument has a temperature sensor that measures the sample tem-
perature right at the measuring cell. The densities of all the binary mixtures were measured
after achieving thermal equilibrium with successive increments of 5 K for the temperature
range from 303.15 to 313.15 K. All measurements for each sample were made in triplicate;
the average values are reported and considered for further analysis. The reproducibility of the
density measurements was +0.0005 g cm™ and the experimental uncertainty in the density
measurements was approximately £3x104.

The viscosities of the pure liquids and their mixtures were determined at atmospheric
pressure and at temperatures 303.15, 308.15 and 313.15 K using an Ubbelhode viscometer.
The viscometer bulb had a capacity of about 15 ml and the capillary tube had a length of about
90 mm with an internal diameter of 0.5 mm. The thoroughly cleaned and perfectly dried
viscometer was filled with the sample liquid by fitting the viscometer to about 30° from the
vertical and its limbs were closed with Teflon® caps to avoid the evaporation. The viscometer
was kept in a transparent-walled bath with a thermal stability of £0.01 K for about 20 min to
obtain thermal equilibrium. An electronic digital stopwatch with an uncertainty of £0.01 s was
used for flow time measurements. At least three repetitions of each mixture reproducible to
+0.05 s were obtained, and the results were averaged. The viscosity was calculated from
measured efflux time, ¢, using the following relation:

n=p (At - B/t (1
where p is the density and 4 and B are characteristic constants of the viscometer, which were
determined by taking water and benzene as calibration liquids. The uncertainty in the thus
estimated viscosity was found to be £0.008 mPa s.

Refractive indices were measured using a refractometer (RM40, Mettler Toledo, Switz-
erland) with an uncertainty of +0.0001. The instrument had a built-in solid state thermostat
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temperature range (5 to 100 °C) with an uncertainty of £0.1 °C. The instrument calibration
was realized with doubly distilled water. The average of three measurements was taken for
each sample.

RESULTS AND DISCUSSION
Experimental data and excess or deviation values

The densities, p, viscosities, 77, and refractive indices np of the mixtures at
303.15, 308.15 and 313.15 K are listed as a function of mole fraction in Table II-S
of the Supplementary material.

The density values were used to calculate the excess molar volumes, VE,
using the following relation:

VE = (xiM1 + xoMp)/p— (xiM1/p1 + x2Ma/p2) (2

where p is the density of the mixture and x1, M7 and pj, and xp, M5 and p», are
the mole fraction, molar mass, and density of pure components 1 and 2, res-
pectively. The calculated excess molar volumes are included in Table II-S and
graphically represented in Fig 1.

0.25

o AC 303.15 K, 0§ AC 30815 K,
8 AC313.15 K, X CP 30315 K,
02 | xCPamISK,
~CP313.15K,
0 CH303.15 K,
| +CH30B15 K,
u CHI1I5 K,
* 3PT303.15K,

A3-PT308.15 K,
« 3PTI318 K

0.1 4

3.1
¥ 4 end mol
=
[}

h

-0.1

015 T T T T
] 0.z 0.4 na 0.a 1
X

Fig. 1. Excess volume, VE, as a function of diethyl malonate mole fraction, x; + acetophenone
(AC); + cyclopentanone (CP); + cyclohexanone (CH); + 3-pentanone (3-PT).
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The deviations in the viscosity, A7, were calculated using the relation:
An=mn-(x1 m +x2 1) 3)
where 77 is the absolute viscosity of the mixture, and 77; and 77, are the viscosities

of the pure components 1 and 2, respectively. The A7 data are graphically repre-
sented in Fig. 2.
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Fig. 2. Deviation in viscosity, A7, as a function of diethyl malonate mole fraction, x; + ace-
tophenone (AC); + cyclopentanone (CP); + cyclohexanone (CH); + 3-pentanone (3-PT).

The excess Gibb’s energy of activation, AGE, of viscous flow was obtained
using the following relation:

AGE = RT(In (V) — x1In (1 1) — x2n (17272)) 4

where V is the molar volume of the mixture and V| and V> are the molar volumes
of the pure components 1 and 2, respectively. The AGF data are graphically
represented in Fig. 3.

The refractive index values, n, were used to calculate the Lorentz—Lorentz
molar refraction,?3 and deviations in the molar refraction were calculated as:

AR = Ry — (x1R] + x2R)) (5)
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where Ry and R; are the molar refractivities of pure components 1 and 2, res-
pectively, and Ry, is the molar refractivity of the mixtures calculated by using the
relation:

R = ((n2-1) / (n? + 2))/((c1 My + x2Mp)/ p) (6)
The so-obtained AR data are graphically represented in Fig. 4.

300

250

o AC 30315 K, 4 AC 308158 K, & AC 31315 K,
X CP30315 K, % CP30B15 K, —CP 31315 K, O CH303.15 K,

+CH308.15 K, m CH313.15 K, # 3-PT303.15 K,
A3-PT3I0815 K, « 3-PT313.15 K

AGE S Tl

-300 T T T T

0 0.2 04 0.6 0.8 1
X1

Fig. 3. Excess Gibbs Energy, AGF, as a function of diethyl malonate mole fraction, x; + ace-
tophenone (AC); + cyclopentanone (CP); + cyclohexanone (CH); + 3-pentanone (3-PT).

All of the quantities (VE, A7, AGE and AR) were fitted to the Redlich—Kis-
ter24 polynomial equation by the method of least squares to derive the binary co-
efficients:

n .
Ay=xi(1-x1) X 4 (2x1 - 1) (7)
i=0
The variation in standard deviation (o) was calculated using the relation:
o) = (Z (Vobs _ycal)z/(n - m))l/z 3
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where n represents the number of data points and m is the number of coefficients.
The calculated values of coefficients along with the standard deviations (o) are
given in Table L.

0.15

0.1 A

0.05 4

-0.05

AR ford md?

-0.1 A

0151 g AC 30315 K, 0 CH 303.15 K,

¢ AC 308.15 K, +CH308.15 K,

BAC 3B K, = CH31315 K
029 % CP 30315 K, * 3-PT30315K,

¥ CPA0S15 K 43-PT 308.15 K|

—CP 31315 K, e FPT 31315 K
015 . . . .

0 0.2 04 0.4 0.8 1

X1

Fig. 4. Deviation in molar refraction, AR, as a function of diethyl malonate mole fraction, x; +
acetophenone (AC); + cyclopentanone (CP); + cyclohexanone (CH); + 3-pentanone (3-PT).

TABLE I. Derived parameters of Eq. (7) for various functions and standard deviation (o) of
the binary mixtures at 303.15, 308.15 and 313.15 K

Function T/K Ay A A, Aj o
Diethyl malonate (1) + acetophenone (2)

VE 303.15 0.2699 -0.0155 0.0981 —-0.0084 0.002
308.15 0.3453 0.0153 0.0076 —-0.0333 0.004
313.15 0.4504 0.0366 -0.0692 -0.1189 0.003

An 303.15 0.2699 -0.0155 0.0981 —-0.0084 0.002
308.15 0.1775 -0.0229 0.0039 —-0.0345 0.001
313.15 0.1517 -0.0227 -0.0079 0.0143 0.001

AR 303.15 0.2036 -0.0618 -0.1182 0.0500 0.002
308.15 0.2979 -0.0175 —0.0898 0.0193 0.002
313.15 0.3518 -0.0260 -0.1566 0.0275 0.003

AGE 303.15 524.3250 —57.1088 163.6531 -27.5843 3.539

308.15 422.6787 —66.2303 18.3785 —66.5172 5.551
313.15 404.1643 —68.1976 —8.5612 23.7000 1.466
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5 14 RATHNAM, MOHITE and KUMAR

TABLE 1. Continued

Function T/ K AO Al A2 A3 O
Diethyl malonate (1) + cyclopentanone (2)

VE 303.15 0.3304 0.0120 -0.0616 0.1423 0.003
308.15 0.2703 0.0290 -0.1013 0.0249 0.003
313.15 0.2052 -0.0338 -0.1370 0.0204 0.003

An 303.15 0.0846 —-0.0238 -0.0191 0.0022 0.001
308.15 0.0656 -0.0332 -0.0081 0.0290 0.000
313.15 0.0505 -0.0125 -0.0250 0.0051 0.000

AR 303.15 —-0.8002 0.1332 0.3718 —-0.0028 0.007
308.15 —0.5458 0.0791 0.2558 0.0616 0.004
313.15 —0.3462 0.0611 0.1225 0.0404 0.002

AGE 303.15 893.7855  -216.1805 13.3465 —1.8419 1.130

308.15 856.6069  —228.7443 249172 51.6539 0.381
313.15 836.9972  —182.8202  —19.9603 16.6195 0.401
Diethyl malonate (1) + cyclohexanone (2)

VE 303.15 0.8241 0.5942 -1.5870 0.1723 0.003
308.15 0.8975 0.3965 —1.4937 0.4915 0.005
313.15 0.9476 0.4495 -1.2831 0.3316 0.004
An 303.15 —0.5462 -0.2207 0.2528 0.3333 0.003
308.15 —0.6070 —0.1422 0.1618 0.1496 0.003
313.15 —0.6537 —0.0865 0.0319 0.0593 0.003
AR 303.15 —0.5224 0.2712 0.0495 —0.0556 0.003
308.15 —0.2905 0.0613 -0.0117 0.0873 0.002
313.15 —0.1338 0.0027 0.0172 0.0522 0.002
AGE 303.15 —606.8685  —-369.8802  375.6739 527.3885 5.562

308.15 —804.4342  —295.0760  288.3852 300.8933 5.448
313.15 —990.5262 -219.4471  108.3232 146.5062 5.365
Diethyl malonate (1) + 3-pentanone (2)

VE 303.15 -0.2039 0.0412 0.0346 —0.0952 0.002
308.15 —0.3303 0.0391 —0.0235 —0.0562 0.004
313.15 —0.4549 0.05565 0.0368 -0.2077 0.003
An 303.15 —0.6370 —0.0554 0.0660 0.0845 0.004
308.15 —0.5786 0.0052 0.0676 —0.0248 0.004
313.15 —0.5071 —0.0271 0.0676 0.0578 0.003
AR 303.15 0.2608 —0.0043 —0.0575 0.0992 0.002
308.15 0.3112 —0.0878 0.0389 0.1473 0.001
313.15 0.4423 —0.0568 -0.0319 0.0299 0.003
AGE 303.15 821.9431 —-18.5135 124.3100 -9.8292 10.572

308.15 777.7993 165.4446 144.2818  —309.9339 9.692
313.15 746.4863 34.3000 166.5115 —37.4047 7.395

The excess molar volume curves (Fig. 1) are not symmetric. The VE values
for the systems diethyl malonate + acetophenone and + cyclopentanone are com-
pletely positive, the maximum values of isotherms fall around the mole fraction
x1 = 0.5, while for diethyl malonate + 3-pentanone, they are completely negative
over the entire composition range, having minima at x; = 0.5. However, for the
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system diethyl malonate + cyclohexanone, the VE values are negative in the lower
composition of ester (x; = 0.2) at 303.15, 308.15 and 313.15 K, and the VE values
become positive as the composition of ester increases. The positive values of VE
suggest the dominance of dispersion forces while the negative values of VE sug-
gest specific interactions between the unlike molecules of the binary liquid sys-
tems.25:26 In the present study, the unusual behavior as observed for diethyl ma-
lonate + cyclohexanone indicates that the strengths of the specific or dispersion
forces are not the only factor influencing the excess volume of the liquid mixtu-
res but the molecular size and shape of the component also play a dominant role
in deciding the deviation from ideality. Moreover, it was observed in many bi-
nary systems that there is no simple correlation between strength of the interac-
tions and the observed properties. Accordingly, Rastogi et al.27 suggested that
the observed excess property is a combination of an interaction and non-inter-
action part, the non interaction part being the size effect, i.e.,:

XE (observed) — XE (interaction) + XE (size effect)

where XE refers to the excess or deviation in the property.

A perusal of (Fig. 2) reveals that the A7 values for the binary mixtures of
diethyl malonate with acetophenone and with cyclopentanone are completely po-
sitive, while for diethyl malonate + cyclohexanone and + 3-pentanone, the A7
values are completely negative over the entire range of composition at all the stu-
died temperatures. The positive A7 values decrease with increasing temperature.
The negative An values become more negative as the temperature increases for
diethyl malonate + cyclohexanone, whereas less negative for diethyl malonate +
3-pentanone. The positive A7 values are indicative of specific interactions,28-30
while the negative A7 values indicate that dispersion forces are dominant; fur-
thermore, the existence of dispersion forces indicates that the component mole-
cules have different molecular sizes and shapes.3!

The values of AGE (Fig. 3) for the binary mixtures of diethyl malonate with
acetophenone, cyclopentanone and 3-pentanone are completely positive over the
entire composition; while for the mixtures of with cyclohexanone, the values are
completely negative all the studied temperatures. The positive AGE values de-
crease with increasing temperature, whereas the negative AGE values become
more negative.

The dependences of the molar refraction, AR, on the mole fraction of diethyl
malonate at 303.15, 308.15 and 313.15 K are presented in Fig. 4. It is observed
that for the mixtures with acetophenone and 3-pentanone, AR is completely posi-
tive, while for the mixtures with cyclopentanone and cyclohexanone, the AR va-
lues are completely negative over the entire range of composition. The positive
AR values increase with increasing temperature, whereas the negative AR values
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become less negative. The plots are of parabolic shape and are characterized by
the presence of well-defined minima/maxima.

Correlating models for mixture viscosities

The experimental viscosities of the binary mixtures of diethyl malonate with
acetophenone, cyclopentanone, cyclohexanone and 3-pentanone at 303.15,
308.15 and 313.15 K were fitted to the two parameter Lobe,32 the three para-
meter McAllister four-body33 and the three parameter Jouyban—Acree3435 mo-
dels.

The Lobe Equation involves the volume fraction of components @ and &,
and was tested by fitting with two parameter, ajp and a1, to the kinematic
viscosity—mole fraction (v, x1) data pairs and is given by:

v =01 viexp (Prapzln (vo/v1)) + Pavaexp (Praziln (V2/v1)) ()]

The McAllister (four-body) Model applied to correlate kinematic viscosities
of binary liquid mixtures is given by:

In v=x1ln v| + 4x13x20n vi112 + 6x12x02In vy 122 + 4x1x231n va01 + x40 vy —
—In [x] + (epMa/M1)] + 4x13x21n {[3 + (Ma/M7)]/4} + 6x1%x2x
xIn {[1 + (Mo/M1)]/2} +4x1x231In {[1 + (3Mo/M)])/4} + x2%n (Mo/M7) (10)

where v, v| and 1, are the kinematic viscosities of the binary mixtures and the
pure components 1 and 2, respectively. vi112, V1122 and vp721 are model parame-
ters, which are obtained by non-linear regression.

The Jouyban—Acree Model is based on a theoretical consideration of two-
body and three-body interactions between the various molecules in solution. The
model could be used in practice for correlating the experimental viscosity data of
different binary mixtures at various temperatures as:

In 7=x1In 11 + xoln 10 + Ag(x1x2/T) + A1(x1x2(x1 — x2)/T) +
+ Ap(x1x2(x1 = x2)%/T) (11)
where Ag, A1 and A4, are interaction parameters. 77; and 77, are the viscosity of the
pure components at temperature 7. The predictive ability of Eqs. (9)—(11) was
tested by calculating the standard percentage deviation o (%) as:
0 (%) = (1/n-k¥(100(Yexp — Yea)/ Yexp)H)!2 (12)

and the average percentage deviation (4PD) using the relation:
n
APD =100 3. (|Yexp — Yeal|) / (13)
i=1

between the experimental and the calculated values; n represents the number of
data points in each set and k the number of numerical coefficients in the equa-
tions, Y indicates the respective correlating property. The deviation values of Egs.
(12) and (13) obtained using the experimental viscosity data are given in Table II.
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5 1 8 RATHNAM, MOHITE and KUMAR

A close examination of these values reveals that the magnitude of these values
remained almost same, with the exception for the Jouyban—Acree Model, for
which the obtained APD values were much lower in comparison to the standard
percentage deviation ¢ (%) values. While for the mixtures of diethyl malonate +
3-pentanone, the same trend was observed for all three studied models. Further-
more, it was observed that the McAllister four-body Model correlates the mixture
viscosities excellently when compared to the Lobe and Jouyban—Acree Models.

Correlating models for refractive index

The experimental refractive index and density data of the studied binary
mixtures were correlated using empirical/semi-empirical relations and models as
reported earlier.36 The experimental refractive index data were then compared
with the corresponding Lorentz—Lorentz,37-38 Weiner,37-38 Heller,37-38 Eyk-
man,39 Newton,*9 Eyring—John#! and Dale—Gladstone*? relations.

The values of standard percentage deviation, o (%), and average percentage
deviation (4APD) as obtained from Eqs. (12) and (13) are reported in Table IIIL.
Comparison of these values revealed that ¢ values were small in magnitude as
compared to the values of APD. For diethyl malonate + 3-pentanone, the maxi-
mum APD (0.164) was obtained using the Eykman Relation while the minimum
APD (0.024) was obtained using the Weiner relation. Whereas, for diethyl malo-
nate + cyclopentanone system, the APD values are quite higher (maximum 0.274
by the Eykman and minimum 0.033 by the Weiner Relation) as compared to the

TABLE III. Average percentage deviation (4PD) and standard percentage deviation, g, in the
refractive index from different mixing relations

Lorentz— . Dale— .
/K Lorentz Eykman Weiner Heller Gladstone Newton Eyring—John

APD o/% APD o/% APD o/% APD o/% APD o/% APD o/% APD o/%

Diethyl malonate (1) + acetophenone (2)

303.15 0.013 0.011 0.049 0.022 0.010 0.010 0.040 0.020 0.065 0.026 0.151 0.039 0.023 0.015
308.15 0.024 0.015 0.023 0.015 0.003 0.006 0.044 0.021 0.044 0.021 0.129 0.036 0.005 0.007
313.15 0.026 0.016 0.017 0.013 0.005 0.007 0.048 0.023 0.040 0.020 0.124 0.035 0.009 0.009

Diethyl malonate (1) + cyclopentanone (2)

303.15 0.114 0.034 0.274 0.052 0.073 0.027 0.216 0.047 0.219 0.047 0.223 0.048 0.218 0.047
308.15 0.079 0.028 0.189 0.044 0.056 0.022 0.149 0.039 0.152 0.039 0.155 0.040 0.150 0.039
313.15 0.052 0.023 0.126 0.035 0.033 0.018 0.098 0.031 0.101 0.032 0.104 0.031 0.099 0.032

Diethyl malonate (1) + cyclohexanone (2)

303.15 0.087 0.029 0.214 0.046 0.057 0.024 0.166 0.041 0.174 0.042 0.182 0.043 0.170 0.041
308.15 0.057 0.024 0.143 0.038 0.038 0.019 0.109 0.033 0.117 0.034 0.125 0.035 0.113 0.034
313.15 0.047 0.022 0.119 0.034 0.032 0.018 0.090 0.030 0.097 0.031 0.105 0.032 0.093 0.031

Diethyl malonate (1) + 3-pentanone (2)

303.15 0.038 0.020 0.088 0.030 0.024 0.015 0.071 0.027 0.069 0.026 0.066 0.026 0.070 0.027
308.15 0.053 0.023 0.121 0.035 0.033 0.018 0.098 0.031 0.095 0.031 0.092 0.030 0.097 0.031
313.15 0.071 0.027 0.164 0.040 0.044 0.021 0.131 0.036 0.129 0.036 0.126 0.035 0.130 0.036
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diethyl malonate + cyclohexanone system. For diethyl malonate + acetophenone,
all the mixing rules, except the Newton Relation, exhibited low APD values with
a maximum (0.065) by the Dale—Gladstone and the minimum (0.003) by Weiner
Relation. Furthermore, it was observed that temperature has an effect on o va-
lues. For the binary mixtures of diethyl malonate + cyclopentanone and diethyl
malonate + cyclohexanone, the values were found to decrease with increasing
temperature, while for the binary mixtures of diethyl malonate + 3-pentanone, the
values increased with increasing temperature. However, for the binary mixtures
of diethyl malonate + acetophenone, the values of o and APD did not exhibit any
systematic variation with temperature. Based on the present analysis, it could be
concluded that all the studied mixing rules predicted the experimental refractive
index data satisfactorily.

CONCLUSIONS

The density, viscosity and refractive index measurements for binary mixture
of diethyl malonate + acetophenone, + cyclopentanone, + cyclohexanone and +
3-pentanone at 303.15, 308.15 and 313.15 K over the entire composition range
were determined. From the experimental data, the excess volume, VE, deviations
in viscosity, A7, molar refraction, AR, and excess Gibb’s Free Energy of activa-
tion of flow, AGE, were obtained. The reported excess properties showed both
positive and negative deviations. These excess properties were correlated by the
Redlich—Kister polynomial equation to derive the coefficients and standard de-
viations. The viscosity results were also analyzed using the empirical relations
proposed by Lobe, McAllister and Jouyban—Acree. Furthermore, the refractive
indices of the binary mixtures were correlated using various empirical/semi-
empirical relations and models.

SUPPLEMENTARY MATERIAL

The comparison of experimental results and literature data (Tables I-S and II-S) are
available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author
on request.
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U3BOA

CTYUJA BOJTYMETPUICKUX, BUCKOZUMETPHUJCKUX 1 OIITUYKUX CBOJCTABA 1
MOJIEKYJICKUX MHTEPAKLIMJA V BUHAPHOJ CMEIIU JUETUJIIMAJIOHATA U
KETOHA HA 303,15, 308,15 1 313,15 K

MANAPRAGADA V. RATHNAM', SUDHIR MOHITE' 1 MANAPRAGADA S. KUMAR?

! Physical Chemistry Research Laboratory, B. N. Bandodkar College of Science, Thane — 400 601, India u
’Department of Chemistry, Zulal Bhilajirao Patil College, Deopur, Dhule — 424 002, India

W3Bpiiena cy mepemwa TyCTUHE, O, BUCKO3HOCTH, 7], U MHJAeKca pedpakuuje, np, OUHapHHX
cMenra JMeTHIMalloHaTa ca KeTOHMUMa (aneTo(eHOH, IUKIONCHTAHOH, IIUKJIOXEKCAaHOH U 3-TeH-
TaHOH) Ha Temneparypama 303,15, 308,15 n 313,15 K u y nenom KoHIeHTpanoHOM omcery. Ha
OCHOBY eKCIIepHMEHTAITHAX IMojaTaka, onpelieHe cy momyHcka 3ampemusa, VE, mpomena Buckos-
HOCTH TIpH Memnamy, A7, nomyHcka I'mGcoBa cnoGomna enepruja, AGE, u npomena Monapse pe-
¢bpakuuje npu memamwy, AR. Jlobujene BpeaHocTu cy kopenucaHe Pemmux—Kucrtep-oBuM mosnu-
HoMom. Bpemnoctu VE, A7, AGE u AR cy npuxasaHe rpaduuku y 3aBUCHOCTH OJ MOJICKOT yJena
queTwiManoHara. [I03UTHBHE W HeraTHBHE BPEJHOCTH JOIYHCKHX CBOjCTaBa 3a CBE MCIIMTHBAHE
OuHapHe cMmelle cy O0jallllbeHe Ha OCHOBY MelyMOJICKyJICKHX MHTEpaknuja HPHCYTHHX Y OBHM
cmemrama. [Topex Tora, N3BpIIEHO je KOPEINCAamke BUCKO3HOCTH M MHJIEKCA pedpakiyje OMHapHUX
cMela MpeKo pasInIuTHX EMIHPHjCKAX KOpeIalmja.

(ITpumsseno 12. jyma, peuanpano 22. cenrembpa 2011)
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Volumetric, viscometric and optical study of molecular
interactions in binary mixtures of diethyl malonate
with ketones at 303.15, 308.15 and 313.15 K
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J. Serb. Chem. Soc. 77 (4) (2012) 507521

TABLE I-S. Comparison of experimental densities, p, viscosities, 77, and refractive indices,
np, of the pure components with the available literature values at 303.15, 308.15 and 313.15 K

p/gem?3 7/ mPas np

Liquid T/K — - -
Exp. Lit. Exp. Lit. Exp. Lit.

Diethyl Malonate 303.15 1.0443 1.0446% 1.728 1.721'7  1.4095 1.4097%3
308.15 1.0387 1.038814 1.570 1.602'4  1.4076 1.4085'
313.15 1.0336 - 1.456 - 1.4055 -
Acetophenone 303.15 1.0199 1.019444 1.518 1.5114  1.5294 1.5297%43
308.15 1.0169 1.017243 1.378 - 1.5270 -
313.15 1.0135 1.013943 1.291 - 1.5250 -
Cyclopentanone  303.15 0.9385  0.9390%  0.999  0.9954  1.4335 -
308.15 0.9339 - 0.927 - 1.4310 -
313.15 0.9290 - 0.865 - 1.4290 -
Cyclohexanone  303.15 0.9377 0.9376% 1.816 1.810%  1.4465 1.4463%

308.15 0.9328 - 1.657 1.635%  1.4440 1.4439%
313.15 0.9282 - 1.542 - 1.4420 -
3-Pentanone 303.15 0.8057  0.8054*  0.429 0424 13879 1.3878%
308.15 0.8017 - 0.397 - 1.3857 -
313.15 0.7977 — 0.388  0.380*  1.3835 —

Reference numbers relate to the Reference list in the original paper: J. Serb. Chem. Soc. 77 (4) (2012) 507521

* Corresponding author. E-mail: mvrathnam58@rediffmail.com
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TABLE II-S. Values of the density (p), excess volume (VF), viscosity (77), and refractive index
(np) for the binary liquid mixtures

X p/gem3 VE/ cm?3 mol'! 7/ mPas np
Diethyl malonate (1) + acetophenone (2)

T7=303.15K
0.0000 1.0199 — 1.518 1.5294
0.0812 1.0222 0.026 1.564 1.5166
0.1401 1.0239 0.032 1.587 1.5078
0.2516 1.0269 0.053 1.626 1.4921
0.3486 1.0294 0.066 1.655 1.4793
0.4322 1.0315 0.070 1.677 1.4689
0.5248 1.0337 0.078 1.697 1.4579
0.6335 1.0363 0.067 1.714 1.4456
0.7384 1.0387 0.053 1.727 1.4345
0.8256 1.0406 0.042 1.732 1.4257
0.9278 1.0427 0.032 1.738 1.4160
1.0000 1.0443 - 1.728 1.4095

T=308.15K
0.0000 1.0169 — 1.378 1.5270
0.0812 1.0189 0.030 1.412 1.5143
0.1401 1.0204 0.039 1.430 1.5056
0.2516 1.0230 0.068 1.461 1.4900
0.3486 1.0253 0.072 1.487 1.4773
0.4322 1.0271 0.086 1.506 1.4669
0.5248 1.0291 0.089 1.524 1.4560
0.6335 1.0314 0.083 1.540 1.4438
0.7384 1.0336 0.062 1.550 1.4327
0.8256 1.0353 0.052 1.559 1.4239
0.9278 1.0373 0.025 1.567 1.4142
1.0000 1.0387 — 1.570 1.4076

T'=313.15K
0.0000 1.0135 - 1.291 1.5250
0.0812 1.0153 0.034 1.315 1.5123
0.1401 1.0166 0.052 1.334 1.5035
0.2516 1.0190 0.080 1.363 1.4880
0.3486 1.0210 0.099 1.384 1.4753
0.4322 1.0227 0.108 1.400 1.4649
0.5248 1.0245 0.117 1.416 1.4540
0.6335 1.0267 0.101 1.430 1.4418
0.7384 1.0287 0.087 1.440 1.4306
0.8256 1.0304 0.058 1.446 1.4218
0.9278 1.0323 0.025 1.454 1.4121
1.0000 1.0336 — 1.456 1.4055
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TABLE II-S. Continued
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X p/gem3 VE/ cm?3 mol'! 7/ mPas np
Diethyl malonate (1) + cyclopentanone(2)

T=303.15K
0.0000 0.9385 - 0.999 1.4335
0.0758 0.9514 0.012 1.061 1.4294
0.1566 0.9637 0.032 1.125 1.4257
0.2437 0.9756 0.054 1.193 1.4223
0.3678 0.9906 0.078 1.288 1.4180
0.4601 1.0006 0.079 1.356 1.4157
0.5678 1.0111 0.078 1.433 1.4137
0.6456 1.0180 0.077 1.487 1.4127
0.7598 1.0273 0.067 1.565 1.4116
0.8459 1.0338 0.044 1.624 1.4108
0.9215 1.0391 0.026 1.675 1.4101
1.0000 1.0443 — 1.728 1.4095

T=308.15K
0.0000 0.9339 - 0.927 1.4310
0.0758 0.9467 0.010 0.981 1.4273
0.1566 0.9589 0.029 1.038 1.4240
0.2437 0.9708 0.039 1.098 1.4207
0.3678 0.9857 0.057 1.180 1.4169
0.4601 0.9955 0.070 1.240 1.4147
0.5678 1.0059 0.068 1.307 1.4126
0.6456 1.0128 0.059 1.355 14114
0.7598 1.0220 0.049 1.425 1.4101
0.8459 1.0284 0.031 1.477 1.4092
0.9215 1.0336 0.019 1.524 1.4084
1.0000 1.0387 - 1.570 1.4076

T=313.15K
0.0000 0.9290 - 0.865 1.4290
0.0758 0.9418 0.008 0913 1.4256
0.1566 0.9540 0.024 0.964 1.4223
0.2437 0.9659 0.031 1.018 1.4193
0.3678 0.9808 0.045 1.094 1.4157
0.4601 0.9906 0.055 1.150 1.4135
0.5678 1.0010 0.051 1.213 1.4113
0.6456 1.0079 0.039 1.257 1.4100
0.7598 1.0171 0.026 1.321 1.4084
0.8459 1.0234 0.019 1.369 1.4073
0.9215 1.0286 0.006 1.412 1.4064
1.0000 1.0336 - 1.456 1.4055
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X p/gem3 VE/ cm?3 mol'! 7/ mPas np
Diethyl malonate (1) + cyclohexanone (2)

T=303.15K
0.0000 0.9377 - 1.816 1.4465
0.0713 0.9490 —-0.059 1.790 1.4422
0.1285 0.9572 —0.065 1.760 1.4389
0.2155 0.9684 -0.013 1.727 1.4340
0.3058 0.9789 0.075 1.694 1.4294
0.4070 0.9899 0.157 1.665 1.4251
0.5085 1.0003 0.211 1.631 1.4214
0.6055 1.0099 0.211 1.625 1.4185
0.7125 1.0201 0.162 1.635 1.4157
0.8065 1.0286 0.098 1.667 1.4136
09118 1.0375 0.029 1.706 1.4114
1.0000 1.0443 — 1.728 1.4095

T=308.15K
0.0000 0.9328 - 1.657 1.4440
0.0713 0.9440 —-0.056 1.623 1.4401
0.1285 0.9520 —0.045 1.591 1.4370
0.2155 0.9631 0.012 1.553 1.4325
0.3058 0.9735 0.104 1.515 1.4281
0.4070 0.9844 0.191 1.487 1.4238
0.5085 0.9949 0.224 1.458 1.4201
0.6055 1.0045 0.216 1.454 1.4170
0.7125 1.0146 0.171 1.465 1.4141
0.8065 1.0230 0.113 1.497 1.4119
09118 1.0319 0.035 1.533 1.4095
1.0000 1.0387 - 1.570 1.4076

T=313.15K
0.0000 0.9282 - 1.542 1.4420
0.0713 0.9392 —-0.040 1.495 1.4380
0.1285 0.9471 -0.020 1.463 1.4348
0.2155 0.9582 0.031 1.423 1.4304
0.3058 0.9686 0.118 1.386 1.4263
0.4070 0.9795 0.199 1.352 1.4222
0.5085 0.9899 0.239 1.333 1.4185
0.6055 0.9994 0.239 1.330 1.4154
0.7125 1.0095 0.188 1.341 1.4124
0.8065 1.0179 0.125 1.371 1.4100
09118 1.0267 0.055 1.406 1.4075
1.0000 1.0336 - 1.456 1.4055
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TABLE II-S. Continued
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X p/gem3 VE/ cm?3 mol'! 7/ mPas np
Diethyl malonate (1) + 3-pentanone (2)

T=303.15K
0.0000 0.8057 - 0.429 1.3879
0.0736 0.8302 —0.011 0.488 1.3903
0.1356 0.8497 —0.022 0.535 1.3923
0.2458 0.8820 —-0.037 0.633 1.3956
0.3326 0.9055 —-0.044 0.725 1.3979
0.4124 0.9258 —-0.053 0.814 1.3998
0.5158 0.9503 —-0.051 0.940 1.4020
0.6256 0.9744 -0.046 1.094 1.4041
0.7456 0.9987 -0.034 1.273 1.4061
0.8626 1.0206 —-0.021 1.475 1.4078
0.9415 1.0345 —-0.015 1.627 1.4088
1.0000 1.0443 — 1.728 1.4095

T=308.15K
0.0000 0.8017 - 0.397 1.3857
0.0736 0.8261 -0.019 0.450 1.3884
0.1356 0.8456 —0.046 0.493 1.3905
0.2458 0.8777 —0.063 0.580 1.3939
0.3326 0.9011 -0.078 0.658 1.3962
0.4124 0.9212 -0.078 0.742 1.3981
0.5158 0.9456 —-0.085 0.859 1.4003
0.6256 0.9695 -0.076 0.999 1.4023
0.7456 0.9936 —-0.060 1.162 1.4043
0.8626 1.0153 —-0.040 1.341 1.4060
0.9415 1.0290 —-0.020 1.478 1.4070
1.0000 1.0387 - 1.570 1.4076

T=313.15K
0.0000 0.7977 - 0.388 1.3835
0.0736 0.8220 —-0.021 0.437 1.3863
0.1356 0.8414 —0.047 0.477 1.3886
0.2458 0.8735 —0.085 0.560 1.3921
0.3326 0.8968 —-0.101 0.633 1.3945
0.4124 0.9169 -0.114 0.708 1.3965
0.5158 0.9411 -0.110 0.812 1.3987
0.6256 0.9649 -0.103 0.938 1.4007
0.7456 0.9889 —-0.088 1.089 1.4025
0.8626 1.0104 -0.054 1.250 1.4041
0.9415 1.0240 —-0.028 1.375 1.4049
1.0000 1.0336 — 1.456 1.4055
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Calculation of the effective diffusion coefficient
during the drying of clay samples
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Abstract: The aim of this study was to calculate the effective diffusion co-
efficient based on experimentally recorded drying curves for two masonry
clays obtained from different localities. The calculation method and two com-
puter programs based on the mathematical calculation of the Second Fick Law
and the Cranck Diffusion Equation were developed. Masonry product shrink-
age during drying was taken into consideration for the first time and the ap-
propriate correction was entered into the calculation. The results presented in
this paper show that the values of the effective diffusion coefficient determined
by the designed computer programs (with and without the correction for
shrinkage) have similar values to those available in the literature for the same
coefficient for different clays. Based on the mathematically determined
prognostic value of the effective diffusion coefficient, it was concluded that,
whatever the initial mineralogical composition of the clay, there is 90 %
agreement of the calculated prognostic drying curves with the experimentally
recorded ones. When a shrinkage correction of the masonry products is intro-
duced into the calculation step, this agreement is even better.

Keywords: diffusion; drying; mathematical modeling; computer program.

INTRODUCTION

The studying of a drying process, due to its complexity, still attracts the at-
tention of researchers around the world even today. The explanation of the drying
process is reduced to the establishment of a series of theoretical and empirical
drying models that show agreement, to a greater or lesser extent, with the experi-
mental data. Complex processes of simultaneous mass and energy transfer, which
are often non-stationary and the distinct nature of the properties of the material
(hygroscope, capillarity, pores size distribution, shrinkage effect, etc.) complicate
even more the description of the drying process. For these reasons, a unique theo-

* Corresponding author. E-mail: milos.vasic@institutims.rs
doi: 10.2298/JSC110717191V
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retical setting of drying, which would universally describe this process for diffe-
rent types of clay materials has not yet been developed.

The diffusion process viewed as the transport of matter due to the random
motion of molecules is characteristic for a drying process. The transfer of mois-
ture within the solid body at a certain temperature is realized due to the different
moisture content in the interior and on the surface of a solid body. The mass
transfer rate by diffusion is therefore proportional to the concentration gradient of
the moisture content, with the diffusion coefficient being the proportionality
factor. Knowing the diffusion coefficient is essential for a credible description of
the mass transfer process, described by the Fick’s Equation. The analytical
solution of the general Fick’s Law was described by Cranck in 1975.1 Several
different ways of solving the Fick’s Equation were presented by Cranck:

i) For the case when the diffusion coefficient is constant and the solid body
isotropic;

ii) For the case when the diffusion coefficient is not constant, together with
special cases of non-Fickian diffusion and

iii) For the case of diffusion in which a chemical reaction exists as well as
the simultaneous diffusion of heat and moisture.

The drying process, in addition to pure diffusion, is characterized by the
existence of other, secondary types of internal mass transfer, such as surface
diffusion, Knudsen diffusion, capillary flow, evaporation and condensation,
thermo—diffusion, etc., which in small amounts influence the overall process of
mass transfer.2 Normally, a correction for secondary types of mass transfer is
introduced into the calculation by replacing the pure diffusion coefficient with an
effective diffusion coefficient.

In numerous papers, the results of drying kinetics obtained from different
models for different materials, which include or neglect shrinkage of the ma-
terial, are compared with the experimentally determined parameters of the drying
kinetics.3-¢ During the drying of certain materials such as: various agricultural
products, various constructional products from wood, cement, hydraulic binders
or clay, the shrinkage effect that occurs cannot be neglected, neither in practice
nor in the mathematical models that are used to describe the drying process.

In most models that describe the drying process, shrinkage does not exist in
the equations because the mathematical models that would include the shrinkage
effect during drying are extremely complicated; hence, in the mathematical
modeling process, it is the practice to assume that shrinkage does not exist or is
negligible. Such models are usually applied on materials that exhibit a shrinkage
effect and shrinkage deviations are usually corrected for by the introduction of
correction factors.

A small number of papers that describe the drying process of ceramic ma-
terials and especially clay are available in the literature. Some data can be found
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in the papers of Efremov’ (bricks), Chemkhi®, Zagrouba® 10 (clays), Skansi!l-12,
Lali¢!3 (heavy clay tiles) and others.

The behaviors during the drying process of two different clays with different
mineralogical compositions were considered in the present study. An appropriate
shrinkage correction, caused by thickness shrinkage during drying, was intro-
duced into the mathematical models for the calculation of the effective diffusion
coefficient.

EXPERIMENTAL
Sample preparation

Two raw masonry clays from the localities Banatski Karlovac and Cirilkovac were anal-
yzed. After an initial characterization of these materials, which included chemical, minera-
logical, X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA) and granulo-
metric examination, the raw materials were subjected to further classical preparation. The raw
material samples were first dried at 60 °C and then milled down in a laboratory perforated
rolls mill. After that, the clays were moisturized and milled in a laboratory differential mill,
first at a gap of 3 mm and then of 1 mm. Laboratory samples of size 120 mmx50 mmx14 mm
were formed in a laboratory extruder “Hendle” type 4, under a vacuum of 0.8 bar. These
samples were used in the further experimental work.

Drying experimental conditions

The behavior of the clay samples during drying was investigated by monitoring and
recording the changes in weight and linear shrinkage of the test samples during drying in a
laboratory dryer, especially created for this purpose, the schematic view of which is shown in
Scheme 1.

halance

Sensors for determination of temperature
d humidity
Control thermometer ey Regulator Regulator display of
Sample Door of humidity Iie_ﬂiimtﬁ linear shrinkage

Es

iy | Anemometer Electromotor

§ S f Frequency [requlator

Door
Steam generator

Scheme 1. Laboratory recirculation dryer.

Extensiometer inserted in the sample

The laboratory recirculation dryer provides: regulation of the drying air temperature
within 0-125 °C, with accuracy 0.2 °C; regulation of the relative humidity of the drying air
within 20-100 %, with an accuracy of 0.2 %; velocity regulation of the drying air within
0-3.5 m s°!, with an accuracy of 1 %; monitoring and recording of the weight of the drying
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samples within 02000 g, with an accuracy of 0.01 g; monitoring and recording the linear
shrinkage within 0-23 mm with an accuracy of 0.2 mm and continuous time monitoring
during drying.

Data acquisition, continuous time monitoring and recording of the temperature and rela-
tive humidity of the drying medium and the linear shrinkage of the drying samples were rea-
lized automatically using PLC controllers and a standard Pentium IV computer.

Drying kinetic curves were recorded for the drying of the prepared heavy clay tiles
(samples) in a laboratory recirculation dryer under the experimental conditions presented in
Table I.

TABLE I. Experimental conditions

Experiment Air velocity, W/ms!  Air temperature, T/°C  Air humidity, V'/ %
Clay Banatski Karlovac (experiments from this work)
1 1 40 60
2 3
3 1 80
4 3
5 1 40 80
6 3
7 1 80
8 3
Clay Cirilkovac (experiments taken from previous research phases?!)
9 3 40 60
10 55
11 70
12 40

Theoretical principles

In order to determine the moisture diffusion in porous systems, it is necessary to use data
analysis obtained from: drying, sorption kinetics and permeability measurements. An estima-
tion of the diffusion coefficient can be obtained from drying curve by the slope method,!*!3 or
by comparing experimentally determined drying curves with curves obtained from the Fick
Equations predicted analytically®3:16 or numerically.517

The drying curve of typical masonry clay consists of a first phase of drying, the constant
velocity phase, and a phase of decreasing drying rate. In drying studies performed on different
materials, diffusion is generally accepted as the main mechanism of moisture transport from
the material interior to its surface. The restriction to one-dimensional diffusion gives a good
approximation in many practical systems. Analytical solution of the Fick Equation are given
for various geometrical shapes, assuming that the transport of moisture occurs by diffusion,
that sample shrinkage is neglected and that diffusion coefficient and temperature have
constant values. For the case of “thin plate” geometry, a solution was given by Cranck,' that is
represented by the expression:

2
e 2n+1
MR:—q= 2 —2 exp _unzﬁ (1)
Xo—Xeg 7 iz0(2n+1) 4 2
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where Xj, X and X, represent, respectively, the initial, current and equilibrium moisture
content, kg moisture kg'! dry material, D is the effective diffusion coefficient, m? s!, / is the
half plate thickness and ¢ is time, s. MR represents the moisture ratio and has no unit. Since
clay products show dimensional change during drying, it was necessary to develop a model
that would consider this phenomenon. By introducing into Eq. (1) the expression [, which
represents the experimental dependence of the thickness of the tiles in time, Eq. (1) is cor-
rected. It should be born in mind that this type of correction is not mathematically one hund-
red percent accurate because the resulting Eq. (1) was obtained using the assumption of un-
changeable sample thickness. Formally speaking, a mathematically accurate correction can be
obtained by entering the expression /) into the equation for the case of constant sample
thickness, after an integration step. A small number of papers describing the sample dimen-
sional correction can be found in literature. Some data can be found in the papers of Hassini,2°
and Disse.2! Da Silva!®!9 presented in his studies a way of solving the diffusion equation for
the case of spherical samples.

Program description

In order to solve Eq. (1), it is necessary to dispose with the experimental results and to
have the experimentally determined dependence MRy, ~t. MR, represents the experimentally
determined value of MR calculated from the experimentally measured data X, X and X, Eq.
(1) can be converted into the form:

MReB 5 L g @ntD2 s D
72 =N+ (2n +1)2 4 x2

+i %[: 1 (2}’l+ 1) efft
12 120 2n+1)2 4 x2

2

If the value of ¢ is defined as the relative error of neglecting terms higher than N in Eq.
(2), the value of N can be determined and Eq. (2) is transformed from an infinite sum into a
finite sum of N terms given by Eq. (3):

[P I [_(2n+1)2nzpefftj G
I

2 =0 (2n+1)° 4 12

The value of ¢ = 0.05 was accepted for the further calculations in this paper. When ¢ = 0,
MR =1 and Eq. (2) is transformed into Eq, (4). The value of N used in Eq. (3) can be deter-
mined from Eq. (4):
8
2

N 1
Y 005 )
n=0(2n +1)

MR, represents the analytically determined value calculated from Eq. (3). It is necessary to
introduce the concept of a numerical counter i, which can have only integer values. The nu-
merical counter i is defined for each value of the experimental pairs (MR, 1). It starts from
the value zero and increases by one until it reaches a final value, which is related to the last
experimental pairs (MR, #). This concept enables the number of experimental pairs (MR,
?) from its first to its last value to be counted. In order to work properly, the program requires
the initial value of the effective diffusion coefficient D, and the ¢ value to be entered. Let the
initial value of the effective diffusion coefficient D¢ be given the value of 1.0x1020 m? g1,
Then, for each numerical counter value i, the program calculates the value x? from Eq. (5):
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/?,/2 = Z;:(MRexp,i - MRan,i )2 (5)

In the first cycle, MR, is calculated according to Eq. (3) using the previously deter-
mined value of N and the initial value of D.g. In the next cycle, the value of D is doubled
giving a new value for MR,, ; that is now used to calculate a new y? according to Eq. (5). The
program then compares the value of x> obtained in the first cycle and the newly obtained y?
value. If the statement y2q. < ¥Zsecond 1S Satisfied, the program will continue the previously
described cycle, otherwise the program will temporarily stop. Note: y2fist and y%gecond Tefer to
the last and the penultimate value of the cycle in which y2 is determined.

The last three values for Deg and y? are then recorded. The recorded D interval is then
divided into 100 parts. A hundredth part of this interval is defined as a step, s. The program
commences the cycle again using the initial value for Degr as Degt hird from end + 5- The cycle is
repeated until the statement y2 g, < x2second < 1.0x10710 is satisfied. In other words, the cycle is
interrupted when the difference y2..cond — x2first feaches 1.0x10719, The final D, g value is then
recorded. This value represents the finally calculated effective diffusion coefficient in m2 s7!.

For long drying times, Eq. (1) can be transferred into Eq. (6):

8 Degrt
MR = — exp(ﬂ'z l—fj (6)

In a previous study,?! the effective diffusion coefficient was determined by the slope
method from Eq. (7):

2
h{” glezln(A)z—nz%t 7

The case when there is shrinkage

For materials that show shrinkage during drying, Eq. (3) needs to be changed by the
introduction of the expression /; into it. This expression represents the experimentally deter-
mined time dependence of the sample thickness. When this correction is entered, the previ-
ously described method for the determination of the effective diffusion coefficient can be used.

Two programs were designed to compute the effective diffusion coefficient. The first
program did not include the shrinkage effect during drying into the computation algorithm
while the second one did. Both programs were written in the Borland C program language on
a standard Pentium IV computer (AMD 1200 MHz, 80GB HDD, 256 MB RAM memory)
based of the previously described algorithm.

RESULTS AND DISCUSSION

Two models for predicting the drying behavior (MR,,—t dependence) were
obtained from these two programs. The first model did not include shrinkage
(Model 1), while the second one (Model 2) did. Graphical views of the experi-
mental and predicted drying behavior are presented in Figs. 1-3. The Defr values
obtained using the described programs and from the slope of Eq. (7) are pre-
sented in Table II.

From Table II, it can be clearly seen that in all experiments, the value of ef-
fective diffusion coefficient, Deff, determined by Model 2 was lower than the va-
lue of the same coefficient determined by Model 1. On analyzing the experiments

2012 Copyright (CC) SCS



EFFECTIVE DIFFUSION COEFFICIENT OF CLAY SAMPLES 529

1-8 (clay “Banatski Karlovac”), it can be seen that by increasing the velocity of
the drying air from 1 to 3 m s~1, the value of the effective diffusion coefficient
also increased by up to 38 %.
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Fig. 1. Experimental and calculated moisture ratio vs. drying time for experiments 1-4.

The drying experiments from this and a previous study2! can be compared,
because in both studies, the experimental conditions and the clay material (clay
“Cirilkovac”) were the same.

A kinetic diagram analysis showed that the kinetic curves representing the
model that neglects the shrinkage effect (Model 1) do not completely follow the
configuration of the experimentally determined kinetic curves. Deviations of this
model from the experimental drying curves are higher at the beginning of the
drying process and after some time the deviations disappear. The moment of the
disappearance matches the moment at which the sample continues to dry but
without shrinkage. Drying kinetic curves of the model that includes shrinkage
(Model 2) follow the configuration of the experimentally determined curves and
their matching can be more than 95 %, as could be seen in experiments 2, 4 and
9-11. If minor deviations do exist, they are at the beginning of the drying process
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and are most probably caused by the time interval which has to pass before sta-
tionary experimental conditions are fulfilled and the products are heated up to the
required temperature in the dryer. The intersection point of the experimental dry-
ing curves and modeled drying curves is characterized as the critical point. The
critical point is a characteristic kinetic parameter, which is important because it
determines the moment after which the products no longer shrink.
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Fig. 2. Experimental and calculated moisture ratio vs. drying time for experiments 5-8.

From Table 11, it could be concluded that value of the effective diffusion co-
efficient, Degr determined using the model that included the sample shrinkage
correction was lower than the corresponding value determined using the model
that neglected sample shrinkage or the slope model. The data for Desr determined
by the slope model were higher than the data determined by the other two mo-
dels. This is an expected result that is in agreement with the Degr determination.
This is additional proof that the model that included the shrinkage effect during
drying gives more precise Dt values. Only a few scientific papers®:!! in which
the effective diffusion coefficients for masonry clay products were determined
are available in the literature. In these papers, the Degr values are in range of 10~/
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up to 10712 m2 s-1. This relatively large range for the D values is connected
with the different nature of the heavy clay and the different methods employed
for their determination. The Degr values presented in Table II lie below the
previously mentioned range.
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Fig. 3. Experimental and calculated moisture ratio vs. drying time for experiments 9—12.

TABLE II. Calculated values of the effective diffusion coefficient, Dox10° / m2 57!

. Model
Experiment
1 2 Slope model

1 0.452 0.213 1.90
2 0.718 0.222 2.35
3 0.810 0.318 2.47
4 1.088 0.339 3.05
5 0.240 0.068 0.95
6 0.328 0.084 1.17
7 0.475 0.184 1.95
8 0.738 0.302 2.41
9 0.341 0.068 1.24
10 0.431 0.077 2.00
11 0.472 0.150 2.32
12 0.583 0.126 2.76
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CONCLUSIONS

A new method and computer program for the determination of diffusion
coefficients, which is based on the mathematical calculation of the Fick and
Cranck Diffusion Equations, were developed. Two programs were designed to
compute the effective diffusion coefficient. The first program (Model 1) did not
include the shrinkage effect during drying in the computation algorithm, while
the second one (Model 2) did. This was the first time in the mathematical mo-
deling of the drying of masonry clay that a shrinkage correction was entered into
the calculation step.

Kinetic diagram analysis showed that, irrespective of the nature the initial
mineralogical composition of the clay, the kinetic curves representing the model
that neglected the shrinkage effect (Model 1) did not fully follow the configu-
ration of the experimentally determined kinetic curves, while in the case of the
model that included shrinkage (Model 2), the resulting curves follows the expe-
rimental ones. From Figs. 1-3, it can be seen that the introduction of the shrink-
age correction into Eq. (2) was entirely justified. The determined values of the
effective diffusion coefficient were lower than the value that could be found in
the literature. The values of the effective diffusion coefficient determined using
the model that includes shrinkage were lower than the values determined using
the model which neglected shrinkage or the values obtained using the slope me-
thod. The intersection point of the experimental drying curves and the modeled
drying curves is characterized as the critical point.

Acknowledgement. This paper was realized under the project III 45008, which was
financed by the Ministry of Education and Science of the Republic of Serbia.

U3BOA

OJIPEBUBAIE EOEKTUBHOI' KOEOHUIIUJEHTA IUDY3UIE
TTPUJINMKOM CYIHIEBA Y30PAKA O/ TVIMHE

MUJIOLI BACUR', 3ATOPKA PAJIOJEBUR' u )KEJHKO I'PBABUMR?

" Mncimuimiyin sa uciiviniusarbe maitiepujana, Byaesap sojeode Muwuha 43, 11000 Beozpad
*Texnonowiko—meiianypuiku axyaitieit, Ynusepauitieini y Beozpady, Kaprezujesa 4, 11000 Beozpad

Ilumb oBor paja je na ce Ha NpUMEPY JABE ONEKAapCKe IVIMHE Ca Pa3iMYUTHX JIOKAIUTETa
onpenu epekTUBHM KoeduuujeHaT audysuje Ha OCHOBY EKCIIEPUMEHTAIHO CHHMJBCHUX KPHBHX
cymema. Pa3BujeH je MeTO/ M HampaBJbeHa Cy JIBa KOMIIjyTepcka IporpaMa 3a oapehusame oBor
Koe(MIMjeHTa, KOjH Ce 3aCHHBAjy HAa MaTeMaTH4YKoM pemasamy Puxose, oxHocHO Kpankose
mudysnone jenHaunne. [1o mpBu myT y3eTO je y pasMaTpame U CKyIUbamhe ONEKAPCKUX MPOU3BOIA
y TOKy CylIema a OIroBapajyha Kopekuuja je yHeTa y mpopadyH. Pesynrtaté mokasyjy nma cy
BpeaHocTH edeKTUBHOT KoeduimjeHta andysuje oapeheHr KOMIjyTepckuM mnporpaMuma (ca
KOPEKIMjoM U 0e3 KOpEKIHje Ha CKyIJbambe OIEKapCKUX MPOM3BOJA) Pesla BEJIMYUHE KOje Cy Ha-
BelieHEe Yy JIUTEpaTypH 3a Jpyre BpPCTE ONEKapCKUX IiuHA. Ha OCHOBY MaTeMaTHYKHM IIyTeM
IIPOTHO3UPAHHUX BpeIHOCTH eeKTHBHOT KoedunujenTa nudys3uje KOHCTaTOBaHO je, 1a 6e3 063upa
Ha TI0JTa3HH MHUHEPAJIOMIKN cacTaB OIeKapcKe CHpoBHHE, moctoju 90 % cnarama MPOrHO3UpPAHUX
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KPHBHX CYIICHa ca CKCIICPUMEHTATHO CHUIMJBCHIUM KPHBHMA CyICHa. 3a CIy4aj Kaja je yBeAeHa y
MpopavyHe U KOPEeKIHja Ha CKyIJbahe OMEKapCKUX IMPOU3BO/Ia OBO Cllarame je jour Behe.
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Abstract: Inorganic salts improve the coloration of textiles, which increases the
pollution load of dye-house effluent in general. Decolorization of the reactive
textile dye C.I. Reactive Black 5 was studied using Advanced Oxidation Pro-
cesses (AOPs) in a non-thermal plasma reactor, based on the coaxial water fal-
ling film Dielectric Barrier Discharge (DBD). The initial dye concentration in
the solution was 40.0 mg L-!. The effects of the addition of different high con-
centrations of inorganic salt (NaCl, Na,SO,4 and Na,COs3) on the degree of de-
colorization were studied. The dye solution was recirculated through the DBD
reactor with an applied energy density of 45.0-315 kJ L-L. The influence of re-
sidence time was investigated after 5 min and 24 h of plasma treatment. De-
colorization of the dye was monitored spectrophotometrically. The pH value
and the conductivity of the dye solution were measured after each recirculation.
The most effective decolorization of over 90 % was obtained with the addition
of NaCl (50 g L") with an applied energy density of 135 kJ L"! and after a resi-
dence time of 24 h of plasma treatment. Decolorization of the solutions con-
taining inorganic salts Na,SO, and Na,CO; were lower than for the solution
without salt.

Keywords: decolorization; Reactive Black 5; inorganic salt; plasma treatment;
dielectric barrier discharge; DBD reactor.
INTRODUCTION

Synthetic organic dyes are widely used as colorants in different industries,
such as in the textile, leather tanning, paper, plastics, color photography, phar-
maceutical, food and cosmetic industries. More than 0.7 million tons of synthetic
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organic dyes are produced annually worldwide. It is reported that there are over
10,000 commercially available dyes that are classified by their application fields,
namely acid, reactive, disperse, vat, metal complex, mordant, direct, basic and
sulfur dyes.! Textile manufacture is one of the largest industrial producers of
wastewater, which have high concentrations of organic and inorganic compounds
and strong color, caused by residual dyes that were not fixed to the fibers during
the dyeing process. Wastewaters from textile manufacture are characterized by
highly fluctuating pH wvalues, high chemical oxygen demand (COD), large
amounts of non-biodegradable compounds, the presence of toxic substances, high
temperature and large amounts of salt (ionic strength). Reactive dyes have been
identified as the most environmentally problematic compounds in textile dye
effluents. Research on textile effluent decolorization has been mostly focused on
reactive dyes for several reasons. Firstly, reactive dyes are intensively used due
to their superior performance and have an increasing market share, about 20-30
% of the total dye market, as they are used to dye cotton that contributes slightly
less than half to the world’s fiber consumption. Secondly, they are very soluble
and approximately 10—15 % of the weight of applied reactive dyes is discharged
from the dye houses. In addition, parts of the applied reactive dyes are wasted
due to dye hydrolysis in the alkaline dye bath. Thirdly, conventional wastewater
treatment plants, which rely on sorption and aerobic biodegradation, have a low
removal efficiency for reactive and other anionic soluble dyes. Consequently,
they lead to colored waterways, and public complaints, with the pollutants being
transferred from to another phase rather than being destroyed.2~7 Azo dyes cons-
titute a major part (about 60 %) of all commercial reactive dyes employed in a
dyeing process in the textile industry.8

Advanced oxidation processes (AOPs) are under investigation as alternative
means of overcoming the limitations of the conventional techniques. Advanced
oxidation processes were developed and used as potentially powerful methods
capable to transforming pollutants into harmless substances. AOPs are based on
the generation of very reactive non-selective transient oxidizing species, such as
the hydroxyl radicals ("OH) which were identified as the dominant oxidizing
species, that attack organic compounds with high reaction rates.® Amongst the
many techniques employed in the AOP approach to industrial wastewater treat-
ment are UV photolytic oxidation, the Fenton process, the photo-Fenton process,
the ozonation process, sonolysis, the photocatalytic approach, radiation, super-
critical water oxidation!0-11 and non-thermal plasma technology!2-17 induced
degradation of organic pollutants. A literature survey revealed that there are a
few studies on the effect of inorganic salts on the decolorization of textile dyes
using advanced oxidation processes.18-21

In the present study, decolorization was based on the dielectric barrier dis-
charge (DBD) reactor, which is a typical non-equilibrium high-pressure AC gas
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discharge. Various discharges in water were described in a review article by
Bruggeman and Leys.22 A DBD is obtained between two electrodes, one of
which at least is covered with a dielectric, by application of a high voltage AC to
the electrodes. The dielectric is the key factor for the proper functioning of the
discharge. It limits the charge transported in the discharge, i.e., limits the current
flow to the system, and distributes the discharge almost uniformly over the entire
electrode area. A DBD is an excellent source of high-density energetic electrons,
with energy between 1-10 eV. In humid air, a DBD can produce UV light and
many reactive species, such as free electrons, negative ions, positive ions, un-
charged short-lived radicals, HyO, and 03.23:24 It was shown that the principle
reactive species involved in the degradation of organic compounds are *OH and
H,0,.25 "OH, especially, is known to play an important role in the degradation of
organic compounds since its oxidation potential is higher than those of atomic
oxygen and ozone.

In the present study, the decolorization of the commercial reactive azo dye
C.I. Reactive Black 5 was studied using an advanced oxidation process (AOP) in
a non-thermal plasma reactor based on coaxial dielectric barrier discharge
(DBD).26 A very similar coaxial DBD plasma reactor to that used in this research
was recently developed for the treatment of various aqueous solutions,2” and suc-
cessfully tested for the removal of phenols from wastewater.28:29 An azo dye was
chosen for study as azo dyes are the major colorants in the textile industry; they
provide a wide spectrum of colors with outstanding colorfastness. However, azo
dyes are the most toxic, mutagenic and carcinogenic of commercial dyes.3°

Initial dye concentration in the treated water solution was 40.0 mg L-1. The
effects of various conditions, such as applied energy density (45.0-315 kJ L-1)
and the presence high concentrations of an inorganic salt, i.e., NaCl, NaySO4 or
NayCO3, were studied.

EXPERIMENTAL
Materials

The textile dye, Reactive Black 5, was purchased from Clariant (Switzerland) and used
without further purification. Reactive Black 5 is a dissociated anionic sulfonate in aqueous so-
lution. The general characteristics of Reactive Black 5 are summarized in Table I. Other che-
micals, purchased from Merck (Germany), were of analytical grade. All solutions were prepa-
red using deionized water with conductivity between 1.0 and 1.5 pS cm'.

Instrument

The employed coaxial DBD was designed as an atmospheric non-thermal plasma reactor
for the treatment of various water solutions.2% In this reactor, water forms a falling film that is
in direct contact with the plasma. The coaxial DBD is a source of a wide range of reactive
species, created in both the gas and liquid phase. This discharge is able to produce O3, H,O,,
*OH and other active species. Ozone is considered as one of the most powerful molecule spe-
cies because of its long lifetime and high oxidation potential. In such a discharge design, radi-
cals are transferred from the plasma into the liquid phase, where reactions with pollutants oc-
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cur. In addition, this discharge produces UV radiation, ions (e.g., OH-, O,", O, O,", N,*, N¥,
O™) and electrons. A schematic diagram of the experimental setup is shown in Fig. 1a. The cy-
lindrical reactor is made of Pyrex glass with inner diameter of the tube 27.0 mm and length of
600 mm. The outer electrode is made of aluminum foil of length 400 mm glued to the outer
side of the glass tube. The inner electrode is a glass cylinder with a diameter of 20.0 mm that
is silver-plated on the inner side, Fig. 1a. The barrier discharge is generated between the inner
glass and the outer glass tubes. When the discharge source works as a falling film reactor, wa-
ter flows up through a vertical hollow glass tube and flows down making a thin dielectric film
over the electrode, Fig 1a. The employed power supply was a high voltage transformer, which
was fed by a frequency inverter, which allows variation of the sinusoidal voltage frequency up
to 500 Hz. The frequency for the plasma reactor was set at the determined optimal value, 200
Hz. The discharge was generated within the 3.5 mm gap between the glass and the water layer
by applying a voltage of 17 kV. To increase the total flow of the treated solution, three dis-
charges are connected in parallel. The plug-in power for this system of discharges was 150 W.

TABLE 1. General characteristics of Reactive Black 5

Chemical structure ?
Na03$OCH2CH2—§ON=N SO3Na
(6]

i)
Ho—
Q
NaO3SOCH2CHz_%4©'N:N SOgNa
O
Molecular formula Cy6Hy1NsNay019Sg
Molecular weight 991.82
Synonyms C.I. Reactive Black 5, Reactive Black 5, Reactive Black B,
Remazol Black 5, Remazol Black B, Drimaren Black R/K-3B
C.L. (Color Index) name C.I. Reactive Black 5
C.L. (Color Index) number C.I. 20505
Application class Cotton
Chemical class Azo
CAS registry number 17095-24-8
Amax / DM 590

A solution of dye was pumped to the top of the reactor through the inner electrodes using
a peristaltic pump. From the top of the inner electrode, the solution flows down in a thin layer
over the electrode. After treatment, the solution was collected in a reservoir at the bottom of
the reactor. The total flow rate through the three parallel DBD reactors was 210 mL minl.
The collected solution was introduced through the reactor for the next treatment in such way
that the presently treated amount of solution was never mixed with the amount of solution
treated in the previous pass. An energy density of =45 kJ L-! per one pass through the reactor
was introduced in the solution. The introduced energy density was increased using multiple
passes through the reactor. Each solution was recirculated seven times. In each series of expe-
riments, the treatment was started with 2 L of dye solution (of a certain concentration and spe-
cified pH value). After each recirculation, 100 ml of the solution was sampled for analysis
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after of 500 ml had passed through the DBD reactor. Each subsequent recirculation was rea-
lized immediately after completion of the previous one.

a)

400 mm

Fig. 1. a) Schematic of a coaxial DBD. b) Photo of three parallel-connected DBDs. ¢) Photo
of the discharge viewed from the top. Dimensions: inner glass barrier (diameter 20.0 mm,
length 500 mm, thickness 1.5 mm); outer glass barrier (diameter 30.0 mm, thickness 1.5 mm,
length 600 mm); outer metal foil electrode (diameter 30.0 mm, length 400 mm).

Methods of analysis

The capability of the plasma reactor for decolorization of azo dye Reactive Black 5 was
tested in triplicate. Each color solution was prepared by dissolving the commercial dye with-
out preceding purification in deionized water. In all cases, water samples containing 40.0 mg
L-! of dye were passed from one to seven times through the discharge. The decolorization effi-
ciency is defined as the percent decrease in absorbance according to Eq. (1):

Decolorization (%) = 100% 1)

where A4 is the absorbance at the maximum absorption wavelength (4,,) of the initial dye
solution and A is the absorbance at the maximum absorption wavelength of the dye solution
after the plasma treatment. The absorbance measurements were performed using a UV—Visi-
ble Cintra 6 spectrometer (GBC Scientific Equipment, Australia) 5 min and 24 h after the pla-
sma treatment.

The effects of the addition of inorganic salts (NaCl, Na,SO,4 and Na,COj3) on the decolo-
rization efficiency of Reactive Black 5, ¢y = 40.0 mg L-!, during the plasma treatment was
tested. The concentrations of tested salts were: NaCl, 10 and 50 g L°!, Na,SO,, 10 and 50 g L"!
and Na,COs3, 0.1, 10 and 50 g L'!. For comparison, the efficiency of decolorization without
added salt was also determined. Decolorization efficiency was monitored 5 min and 24 h after
the plasma treatment.

A solution of sodium chloride of concentration of 50 g L'! in the absence of dye was
treated in the same way. After 5 min of plasma treatment, the concentrations of hypochlorite
and hydrogen peroxide in the solution were determined. Ion chromatography was used to as-
say the appearance and quantity of hypochlorite formed. For this purpose, a Dionex ICS-3000
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chromatographic set-up consisting of a single pump, a conductivity detector (ASRS ULTRA
I (4 mm), recycle mode), an eluent generator (potassium hydroxide) with a Chromeleon®
Chromatography Workstation and Chromeleon 6.7 Chromatography Management Software
was employed. All the separation was performed using IonPac AS15 Analytical, 4 mmx250
mm and IonPac AG15 Guard, 4 mmx50 mm columns. The flow rate of the mobile phase was
1.20 mL min! and the composition of mobile phase was changed during analysis in following
order 0—15 min, 10 mM KOH; 15-25 min, 1045 mM KOH; 25-26 min, 45 mM KOH; 26-31
min, 45-10 mM KOH; 31-36 min, 10 mM KOH. In addition, the following conditions were
applied: column temperature 30 °C, conductivity cell temperature 35 °C and the suppressor
current was 134 mA. The backpressure was ~18 MPa.

A standard solution of hypochlorite was prepared fresh daily by diluting =15 % sodium
hypochlorite solution, analytical grade (Carlo Erba, Italy), which was standardized by iodi-
metry.

The concentration of hydrogen peroxide was determined using the reaction of H,O, with
titanyl ions.3! The absorbance was measured at A = 407 nm.

In addition, the pH of each solution was determined after each recirculation. The pH va-
lue was measured using a pH monitor (Microcomputer pH-vision 6071, JENCO Electronics.
Ltd., Taiwan). Five minutes after each recirculation, the conductivity of the treated solutions
was determined using a Cond 330i/SET meter, WTW Wissenschaftlich, Germany.

RESULTS AND DISCUSSION

Given that different salts are added to the bath in textile industries in order to
improve color fastness, the effects of ClI-, CO32~, HCO3~, SO42-, H,PO4~ and
NOs3~ on the dye decolorization rates were also investigated as some of these
anions are thought to act as scavengers of *OH, thereby reducing their effective
concentration in the solution. The addition of inorganic salts to the dye bath
increases the pollution load of the effluent generated and has an effect on various
effluent treatment processes.*6-48 The influence of sodium sulfate, sodium chlo-
ride and sodium carbonate on DBD efficiency was studied.

The effect of the addition of NaCl

The influence of the sodium chloride concentration on the decolorization of
Reactive Black 5 (¢ = 40.0 mg L-!) was measured as a function of the applied
energy density. Two initial concentrations (10 and 50 g L-! NaCl) and the
solution without added salt were examined. The results are shown in Fig. 2. The
introduced energy was increased by multiple passes. For the dye solution without
salt, the decolorization value measured 24 h after one pass through the DBD
reactor reached the same value as the decolorization obtained in two passes (i.e.,
an applied energy of 90 kJ L-1) and measured after 5 min, Figs. 2 and 3. In all
cases, decolorization after the first treatment (i.e., 45 kJ L~1) measured 5 min
after passing through the DBD reactor was 3045 % while 24 h after the plasma
treatment, the decolorization had increased to 40-60 %, depending on the initial
composition. This indicated that the effect of the plasma treatment could be in-
tensified in aqueous solutions by the primary products formed during water treat-
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ment. According to Magureanu et al.,*0 various oxidizing species are formed in
plasma-treated aqueous solutions that contribute to the decomposition of organic
dyes, but most of these oxidizers have very short lifetimes. Therefore, they can
only react with the dye molecules while the solution flows through the DBD re-
actor. Ozone and hydrogen peroxide are the only oxidizers generated in the
plasma, which are stable enough to react with the dye molecules outside of the
plasma reactor, i.e., later after the treatment. Reactions after plasma treatment can
be partly attributed to reactions that are similar to the wet air oxidation and
radiation. These reactions occur through the formation of alkyl and alkyl pero-
xide radicals, and hydroperoxides, with the latter being responsible for the auto-
catalytic decomposition of organic compounds, as shown by Gézmen et al.32 and
Rauf et al.33
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For the continued process of decolorization during the residence time of the
plasma-treated dye solution, molecular species (O3 and HyO;) are primarily
responsible, and possibly long-lived free radicals formed during plasma treat-
ment. In the treated deionized water, the contents of O3 and H,O, were quan-
tified 5 min after the treatment.26:28

For all the introduced energy densities, 5 min after plasma treatment, the
addition of NaCl (10 and 50 g L-1) reduced the effect of decolorization as
compared to the solution without salt. Higher reductions in decolorization
(approximately 10 %) were observed in the solution with 10 g L1 salt. After 24
h of plasma treatment, with an applied energy density higher than 45 kJ L1, the
resulting decolorization was largest for solution containing 50 g L~! NaCl. In this
solution, with applied energy densities of 90 and 135 kJ L1, the decolorization
was higher by 13 % compared to the solution with no added salt. In addition, the
shape functions of the decolorization of the dye solution containing 50 g L1
NaCl, measured after 24 h of plasma treatment were different compared to all
others. This significant increase in decolorization in this system can be explained
by the formation of hypochlorite from the chloride ions during the plasma treat-
ment. In order to confirm this explanation, the concentrations of hypochlorite and
hydrogen peroxide in treated solution of NaCl (concentration: 50 g L-1) were
measured. During the first pass, the maximal concentration of hypochlorite of
3.46 mg L1 for 45 kJ L-! was obtained and with increasing energy density, its
concentration decreased (finally, the concentration dropped to below the detec-
tion limit). On the other hand, the concentrations of hydrogen peroxide gradually
increased and for an energy density of 315 kJ L1, a concentration of 6.52 mg L-!
was attained. A possible explanation is that the chloride oxidation reaction was
faster than hydrogen peroxide formation but it appeared that hypochlorite further
reacted with the formed hydrogen peroxide, Eq. (2):

ClO~+ HyOp — ClI-+ Hy,O + Oy 2)

Hence, these two types of oxidation species cannot simultaneously exist in the
solution.

Changes of the visible spectra of Reactive Black 5 solutions (cp = 40.0 mg
L-1) without salt after the plasma treatment for introduced energy densities of 45
and 90 kJ L-! are shown in Fig. 3. Spectra were recorded 5 min and 24 h after
plasma treatment. The changes of the visible spectra of dye could be used to
understand the dye degradation during the treatments. It can be seen that the
absorbance was reduced over the whole spectra with increasing introduced
energy. The decrease of absorbance in the visible part of the spectrum indicates
the loss of the conjugated system in the compound.
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A photograph of solutions of Reactive Black 5 (co = 40.0 mg L-1) without
the addition of salt 24 h after plasma treatment for energy densities from 0 to 315
kJ L-! with an increment of 45 kJ L-! are shown in Fig. 4.

Fig. 4. Solutions of Reactive Black 5 (cy = 40.0 mg L!) 24 h after of plasma treatment (energy
density 0-315 kJ L'! with increment of 45 kJ L1, from left to right).

The effect of the addition of Na3SO4

Large amounts of sulfate in the dye bath are generally essential for suc-
cessful dyeing with reactive dyes, which results in high concentrations of sulfate
in the effluent. To examine the effect of the NaySO4 concentration on decolori-
zation efficiency, solutions with different amounts of this salt were plasma
treated. The color removal efficiency for an introduced energy density of 315 kJ
L1 decreased from 99 to 83 and 38 % after 24 h residence time with increasing
NaySOy4 concentration from 0 to 10 and 50 g L1, respectively (Fig. 5). The
highest concentration of salt (50 g L~1) had the most negative effect on the de-
colorization. A possible explanation is that at high concentrations, the excess
SO42~ reacts with the hydroxyl radicals to generate SO4~", which is less reactive
than a hydroxyl radical,34 Eq. (3). Thus, the excess SO42~ reduces the effect of
the hydroxyl radicals:

8042+ *OH — S04~ + OH~ 3)

The excess SO42~ reduces the photodegradation of the dye since SO4~* (E€ =
=2.6 V) is less reactive than "OH (E© =2.7 V).34

It is known that SO4~" and "OH react with organic compounds mainly by
three mechanisms: hydrogen abstraction, hydrogen addition and electron trans-
fer.35 In general, SO4~" is more likely to participate in electron transfer reactions
than *OH, which is more likely to participate in hydrogen abstraction or addition
reactions,30:37 and hence reactivity of *OH is less selective than SO4~".
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The effect of the addition of NayCOj3

The effect of addition of different concentrations of NayCO3 on decolori-
zation efficiency of Reactive Black 5 (co = 40.0 mg L1) is shown in Fig. 6. The
tested concentrations of NayCO3 were 0.1, 1 and 10 g L~!. The results showed
that the decolorization was inhibited in the presence of NayCO3 in a dose de-
pendent manner. Increasing amounts of salt in the dye solution resulted in de-
creasing efficiency of decolorization, i.e., for an energy density of 315 kJ L1, on
increasing the salt concentration from 0 to 10 g L~!, the percentage decolori-
zation decreased from 99 to 88 %. In addition, in the presence of NayCOs3, the
effect of increased decolorization 24 h after of plasma treatment was not ob-
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Fig. 6. The effect of addition of
Na,CO3; on the decolorization
efficiency of Reactive Black 5
(co = 40.0 mg L', 5 min and 24
h after treatment).
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served (contrary to the studied systems without sodium carbonate). Additionally,
with increasing added NayCOs, the lower the efficiency of decolorization after
24 hours was more pronounced in comparison with the staining solution without
salt the lower energy density, when the lowest energy was applied. Moreover, in
the literature, CO32~ and n-butanol were used as *OH scavengers.38

Effect of the salts on the pH during plasma treatment of the dye

The variations of pH values of the solutions containing the employed inorga-
nic salts during the treatment process are shown in Fig. 7. The curves show that
the pH value decreased considerably for all the tested systems, except for the
solutions of the dye to which 1 and 10 g L-! NayCOj3 had been added. A certain
contribution to the pH variation during the plasma treatment derived from sul-
furic acid and carboxylic intermediates, produced from the degradation of dyes.
The variation of pH value is probably caused by several specific acidic sub-
stances, such as nitric acid and nitrous acid, which are produced during the
discharge process in air.26 It can be concluded that the addition of Na,CO3 (> 1g
L-1) had sufficient neutralization potential, so that the decolorization reaction in
these systems during the subsequent recirculation was realized at almost the same
pH (buffer system). Since the decolorization shape functions in all tested systems
were very similar, it could be concluded that the pH of the solution during the
plasma treatment did not affect the decolorization reaction.

Fig. 7. The change in the pH va-
lues during the reaction process

T | T | T without and with salt after each
0 45 90 135 180 225 270 315 recirculation (Reactive Black 5,

Energy density, kJ L™ co=40.0 mg L),

Effect of the salts on conductivity during plasma treatment of the dye

The variations in the conductivity of the solutions containing the examined
inorganic salts during the treatment process are shown in Fig. 8. For the highest
concentration of inorganic salts that were tested (1, 10 and 50 g L-1), the
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conductivity of the solution during the plasma treatment (0-315 kJ L-!) increased
by about 30 %. The conductivity of the dye solution without salt during treatment
increased 56 times, while in the system with 0.1 g L~! NayCO3, the conductivity
doubled. Based on these increases in conductivity in the matrix of inorganic salts
during the plasma treatment, it could be concluded that the increases in the
conductivity arose from the increase in the number of ionic species (organic
intermediates, nitrates and nitrites that originated from the nitrogen in the air).
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CONCLUSIONS

The results indicated that decolorization of the dyes was significantly limited
in the presence of salts. Increasing the concentrations of inorganic salts in the
water reduced the efficiency of decolorization of the dye, to varying degrees de-
pending of the salt used. The most effective decolorization, of over 90 % was
obtained with addition of 50 g L-! NaCl with applied energy density of 135 kJ L1
24 h after plasma treatment. Decolorization in the presence of the inorganic salts
NapSO4 and NayCO3 was lower than the solution without salt. The increased
decolorization with addition 50 g L~1 NaCl was explained by the formation of
hypochlorite from the chloride ions during the plasma treatment.

Finally, studies on dye oxidation in saline systems are not frequent; however,
wastewater from the textile industries may contain appreciable levels of salts,
which could impair the treatment processes, as confirmed in this work.
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U3BOA

OBE3BOJABABE PEAKTHBHOI' IPHOI" 5 IIOMORY AUEJIEKTPUYHOI' BAPMJEPHOI"
IMPAXIEBA ¥V IIPUCYCTBY HEOPTTAHCKHUX COJIN

BUJbAHA I1. HOJLH/IHOBI/ITII, T'OPAH M. POl"J'H/Ile, BFPATHUCIIAB M. OBPAHOBI/ITl3, MMJIOPA/T M. KYPAI/II_[Al,
TOMHUCIJIAB B. TOCTI/IZ, MAPUIJAHA N1 MAPKOBUR? 1 JIPATAH ]I MAHOJIOBUR?
' Wncmuimyim 3a xemujy, exnoaozujy u meianypzujy , Lenitiap 3a xemujy, CitiyOeniticiu imipz 12—16,11000 Beozpao,
ZXEMLle}Cu akyaiuieini, Ynusep3uitieii y Beozpady, 11000 beozpao u SPusuurcu ¢hakyaitiein,
Yuueepauitieii y Beozpady, 11000 Beozpao

Heoprancke conu nobossiasajy 0ojeme Texctiina. [ToBehana koHIEHTpaIyja coin y OTmaj-
HOj BOJH KOja MOTHYE W3 TEKCTHJIHE HHAYCTpHUje A0aaTHO onTepehyje oTnagHy BoAy y LEIUHH. Y
OKBHpPY OBOT pajia NpOy4YaBaHO je 00e300jaBame peakTHBHE TEKCTHIHE 00je pPeakTHBHO IPHO 5
kopuctehu yHanpelhenn oxcupanuonu mporec (AOP) momohy koakcujamHOT peakTropa Ha 0asu
HeTepMHUKe IU1a3Me. PeakTop pany Ha NPUHIMITY TUENEKTPHYHOT OGapujepHor npaxmema (DBD),
MIpH YeMy je je[JaH CJI0j AWENIEKTPUKA TaHAK CJI0j TPETUPaHE BOJAE KOjH ce KOHCTAaHTHO OOHaBIba
(mporounu Tun peakrtopa). [loyetHa KoHIEHTpaLHja 00je y TpeTHpaHoM pacTBopy je ouna 40,0 mg
L1, TIpoyuapan je yTHIaj pasnuauTHX BHCOKHX KOHIIEHTpanwja Heoprauckux comn (NaCl, Na,SO,
u Na,COs3) na crenen o6e360jema. PactBop 60je je cenam myta peuupkysiacan kpo3 DBD peakrop,
IITO OATOBAapa MPHMEH-CHOj I'yCTHHH cHepruje ox 45 mo 315 kJ Ll Ilpouenar obe36ojema
pactBopa 60je je MepeH mocie 5 min u nocne 24 h ox Tpermana mazmom. Ob6e3z00jaBame 6oje je
npaheHo momohy crekTpodoToMeTprjcKor Mepema. [lociae cBake perupkysandje pactBopa 6oje
MepeHe ¢y npoMeHa pH BpemHOCTH M IPOBOUBMBOCT pacTBopa. HajedukacHuje obe3bojeme ox
npeko 90 % noGujeHo je y cucremy ca momatkom 50 g L' NaCl, npu npumemeHoj rycTHHH
enepruje on 45 kJ Ll u mocne 24 cara on mmasma Tpermana. O6e360jema pacTBopa Goje Koju
caapke Heoprancke conu Na,SO4 u Na,CO5 Ouia ¢y Hmka HEero Koj pacTBopa 6oje 6e3 monatka
COJH.

(ITpumsbeno 29. jyna, pesunupato 1. arycra 2011)
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Abstract: The biosorption of cadmium from artificial aqueous solutions using
native baker’s yeast was investigated. The highest metal uptake value was 110
mg g'! yeast in a suspension of 0.30 g L-!. The effect of pH, initial cadmium
concentration, adsorption time and biosorbent dosage on biosorption by baker’s
yeast was studied. The maximum biosorption capacity of yeast for cadmium
was observed at pH 6.0. The adsorption equilibrium was reached within sixty
minutes and the sorption process followed pseudo second-order kinetics. Cad-
mium biosorption isotherms were determined in the cadmium concentration
range of 10-500 mg L! at pH 6 in a suspension of 0.30 g L-1. For evaluation of
biosorption equilibrium, Langmuir and Freundlich equations were applied to
the experimental data.

Keywords: cadmium; baker’s yeast; biosorption; pH; kinetics; isotherm; bio-
sorbent dosage.

INTRODUCTION

Heavy metal pollution has become one of the most serious environmental
problems today. Cadmium is a heavy metal that poses serious health hazards
through entry into the food chain by anthropogenic pathways. In the last decade,
biosorption using microbial biomasses as sorbent materials has emerged as a
cost-effective removal technique for the treatment of high volume and low
concentration complex wastewaters containing heavy metal(s) at concentrations
in the order of 1 to 100 mg L1 metal, compared to other processes such as
chemical precipitation, evaporation, ion exchange and membrane separation. The
conventional methods have disadvantages, including incomplete metal removal,
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requirements for expensive equipment and monitoring systems, high reagent or
energy requirements or generation of toxic sludge or other waste products that
require disposal.l=3 The utilization of microorganisms (bacteria, fungi, yeast and
algae) as biosorbents (biosorption) offers a potential alternative for heavy metal
detoxification and the recovery and reuse of toxic/precious metals.*

In the concept of biosorption, several physical or chemical processes may be
involved, such as physical and/or chemical adsorption, ion exchange, coordi-
nation, chelation and microprecipitation. Biomass cell walls, consisting mainly of
polysaccharides, proteins and lipids, offer many functional groups, such as car-
boxylate, hydroxyl, sulfate, phosphate and amino groups, which can bind metal
ions.2:5

Some potential biomaterials with high metal-binding capacity have been
identified in part. Algae, bacteria, fungi, yeast and waste microbial biomass from
the fermentation and food industry are amongst them. For economic reasons,
researchers have paid much attention to various by-products from the fermen-
tation industry. The application of these waste microbes as biosorbents for the
biosorption of heavy metals and radionuclides is to kill two birds with one stone
because it uses waste to dispose of waste. The enterprises can sell their waste
biomass and earn money, simultaneously, they can save the cost associated with
disposing of the waste biomass they produced.?>9 A biomass used as a bio-
sorbent must be selective and inexpensive.®? Among the promising biosorbents
for heavy metal removal, Saccharomyces cerevisiae is still under consideration
as a biomaterial due to its unique nature in spite of its mediocre capacity for
metal uptake compared with other fungi. Yeast fungi are widely used for food
and beverage production, are easily cultivated using cheap media, are also, as
waste of the fermentation industry, a by-product produced in large quantities, and
are easily manipulated at the molecular level.2:6-8 Yeasts have been studied in
various forms, for example living cell/dead cell, intact cell/deactivated cell,
immobilized cell/free cell, raw material/pretreated cell by physicochemical pro-
cess, wild type/mutant cells, flocculent/non-flocculent cells, engineered/ non-
engineered cells, lab culture/waste industrial cell, and cells from different in-
dustries.2.6-11

However, little information exists on the use of commercial native baker’s
yeast as a biosorbent for metal removal. Yeast biosorption depends on several
parameters, such as pH, the ratio of the initial metal ion and initial biomass
concentrations, culture conditions, the presence of various ligands and com-
petitive metal ions in solution, and on temperature to a limited extent.2:%12-15

The objectives of this study were:

— to test the recycling of native commercial baker’s yeast biomass as a
sorbent material for the immobilization of cadmium in polluted water,
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— to evaluate using batch technique the influences of different experimental
parameters, such as pH, sorption time, cadmium concentration and biosorbent
dosage, on biosorption,

— to model cadmium biosorption kinetics by yeast using a second-order
kinetic equation and

— to determine adsorption isotherms using batch technique and analyze the
adsorption equilibrium using the Freundlich and Langmuir isotherm equations.

EXPERIMENTAL
Fungal biomass

The biosorbent was fresh and compressed baker’s yeast (commercial yeast, “Budafok”
Yeast and Spirit Factory, Budapest, Hungary). The baker’s yeast was used as the sorbent
material in natural commercial form. Its water content was 70 %. The determination of the
water content was performed according to the protocol of the yeast factory (data obtained
from the factory).

Chemicals

Cadmium nitrate (Cd(NOj3),-4H,0) (purity > 99 %) was purchased from Fluka (Switzer-
land) and used without further purification. The stock solution was prepared by dissolving
1.3718 g Cd(NO3),.4H,0 in 1.0 L of distilled water. The test solutions were prepared by
diluting 500 mg L-! of stock solution to the desired concentrations. The cadmium concen-
tration of the prepared test solutions varied between 5-500 mg L! in the sorption experi-
ments. The pH of the suspensions was adjusted to the required value with 0.10 M HCI or 0.10
M NaOH solutions (Merck, Germany).

Analyses of cadmium

The concentration of cadmium was determined by atomic absorption spectrophotometry
(Perkin—Elmer 2380) at 228.8 nm. The calibration of cadmium was made with standard cad-
mium solution (Scharlau, Germany) in the concentration range of 0-2.5 mg L1,

Effect of pH on the biosorption

The effect of pH on cadmium adsorption by baker’s yeast was investigated using a 0.3 g
L-! suspension of baker’s yeast and an initial cadmium concentration of 50 mg L-!. The initial
pH of the yeast suspension was 5.6, which was adjusted to the desired value in the range 2—11.

Zeta potential measurements

The zeta potential of aqueous suspensions of baker’s yeast was measured with Zetameter
instrument (Malvern Zetasizer nano ZS, UK). The suspensions were made from baker’s yeast
and distilled water. The suspensions contained 0.3 g L! yeast. After pH adjustment, the sus-
pensions were stirred on a magnetic stirrer for 30 minutes and then the zeta potential was
measured.

Kinetics study of biosorption

In the kinetics study of cadmium biosorption by baker’s yeast, the concentrations of the
metal ions were 5, 10, 25 and 50 mg L-! at a suspension concentration of 0.30 g L-!. The expe-
rimental time was 180 min. During the first 30 min of agitation at 250 rpm, samples were
taken every 5 min, in the following 30 min every 10 min and in the following 2 h every 15
min. The samples were centrifuged at 5500 rpm for 10 min and the supernatants diluted for
analysis by atomic absorption spectrophotometry.
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Determination of biosorption isotherms

Biosorption experiments were performed in the batch mode for the determination of the
adsorption isotherms. The concentrations of baker’s yeast in the suspensions were 0.3, 0.6, 1.5
and 3.0 g L'!. The initial concentration of cadmium was varied between 10-500 mg L. A
defined mass of biosorbent and a defined volume of cadmium solution were placed in a test-
tube. The tubes were agitated on a shaker at 150 rpm at a constant temperature (22.5t1 °C).
Samples were taken after 24 h and then spin-dried at 5500 rpm for 10 min. The supernatants
were used for analysis of the residual amount of cadmium. The adsorbed amount of cadmium
at time ¢, ¢, (mg g!), was obtained as follows:

g =Lz’ 1)
m
where ¢ and ¢, are the initial and at time ¢ liquid phase cadmium concentrations (mg L1), Vis
the volume of the solution (L) and m is the mass of the dry biomass used (g).

Correspondingly, the adsorbed amount of cadmium at equilibrium, g, (mg g1, is given
by:

(CO —Ceq ) V

eq = T (2)

where c. is the concentration of cadmium in the supernatant at equilibrium (mg L.
RESULTS AND DISCUSSION

Effect of solution pH and zeta potential on the adsorption of cadmium

Previous studies on heavy metal biosorption showed that the pH value of the
solution is an important factor in both the solution chemistry of the metal and the
surface characteristics of the biosorbent.2-5:9:13-18 The effect of the initial pH on
cadmium biosorption by yeast biomass is presented in Fig. 1. The biomass con-
centration was 0.30 g L~! and the initial metal concentration was 50.0 mg L1

50 -
* *
40 4 *
o o
Tep30 1 .
i
E
=20 1
.
10 4
Fig. 1. The effect of pH on cadmium
0 T T T 1 biosorption on baker’s yeast. The
0 2 4 6 g biomass concentration was 0.30 g L-!
and the initial cadmium concentration
pH was 50 mg L.
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The cadmium biosorption capacity of biosorbent increased with increasing pH
from 2.0 to 6.0. The highest metal uptake value obtained for cadmium was 42.9
mg g-!. At the pH values of greater than pH 8.0, the cadmium ions precipitated
as Cd(OH); due to the increasing concentration of OH™ in the solution. For this
reason, the experiments were not conducted at higher pH values. It is well known
that at low pH values, cell wall ligands are closely associated with hydronium
ions, which restrict the approach of positively charged metal ions because of the
repulsive force. As the pH increases, more ligands carrying negative charges
would be exposed, with the subsequent attraction of metal cations and bio-
sorption onto the binding sites on the cell surface.” The values of the zeta
potential of the biomass at different pH values are shown in Fig. 2. The zeta
potential value of the biomass was —0.61 at pH 2.2 and the overall surface of the
biomass was negatively charged at the pH values between 2.2 and 11.0. The zeta
potential values varied from —0.61 mV at pH 2.2 to —35.8 mV at pH 11.

(s *

-50 T T T T T v Fig. 2. Effect of pH on the zeta po-

0 2 4 6 3 10 12 tential of ba_ker s yeast cells in aque-
ous suspension. The biomass concen-
tration was 0.30 g L1,

Several researchers have also investigated the effect of pH on the biosorption
of cadmium by microbial biomass and similar results were reported. Shu-Juan et
al. found that the adsorption rate of cadmium by S. cerevisiae from a brewery is
low when the pH is lower than 4.0. Better adsorption results were obtained in the
pH range of 4.0-7.0, and the percent adsorption reached 83.7 % when the pH was
6.0.18 Vasudevan et al.1# also reported that the cadmium ion adsorption capacity
of a commercial yeast increased with increasing pH and it had a maximum at pH
6.5.14 Experiments were not conducted beyond pH 7.0 to avoid possible hyd-
roxide precipitation.14 Goksungur et al.5 studied cadmium and lead biosorption
by ethanol-treated waste baker’s yeast. The maximum biosorption of the heavy
metal ions by the yeast were observed at pH 6.0 for cadmium and at pH 5.0 for
lead.?
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Effect of contact time and initial cadmium concentration on biosorption

Adsorption equilibrium studies are important to determine the efficiency of
adsorption. With the purpose of investigating the mechanism of biosorption and
its potential rate-controlling steps that include mass transport and chemical
reaction processes, kinetic models have been exploited to test the experimental
data.

Adsorption kinetics is expressed as the solute removal rate that controls the
residence time of the sorbate at the solid—solution interface.

The kinetics of cadmium adsorption was investigated using a concentration
of baker’s yeast in the suspension of 0.3 g L-! at pH 6. The initial cadmium
concentrations were 5.0, 12.5, 25.0 and 50.0 mg L1, The amounts of adsorbed
cadmium against the adsorption time are presented in Fig. 3a. The biosorption

80 -
" n
60 1 sun" "a
i) | ]
-11]
=1 1]
540' . ‘LAL“A"Al
= m
i ¢ e e e
20 &‘000030003:30
0! T 1 | 1
0 50 100 150 200
f/ min
(@)

12 ¥ =0.0603x+00162

Ri=1
¥=0.0497x+0.1616

- R*=09611
g Jy=0.025x+02018
R*=09811
6 —+=00134x+03878

R*=09786 Figs. 3. a) The effect of the initial
cadmium concentration on the kinetics
of cadmium sorption by baker’s yeast.
b) Linearized pseudo second-order ki-
netic model for cadmium adsorption by
baker’s yeast at different initial cad-
0 50 100 150 200 mium concentrations. Initial concentra-
. tions: 5.0 (#); 12.5 (e); 25.0 (A); 50.0
¢/ min mg L! (m), temperature: 22.5 °C, bio-
(b) mass concentration: 0.30 g L'L.

(t’q)/ min g mg
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process of heavy metal by S. cerevisiae usually occurs rapidly.2#13.14 The ad-
sorption rate was higher in the first thirty minutes and then decreased until
equilibrium was reached. Similar trends were found by other workers.2:14 By
investigating the biosorption of Cr(VI) and Fe(Ill) on Streptococcus equisimilis,
S. cerevisiae and Aspergillus niger, Goyal et al.1 confirmed that metal uptake by
the microorganisms proceeds in two stages: a passive uptake that occurs im-
mediately and an active uptake that progresses slowly.!® The first stage is
thought to be physical adsorption or ion exchange at the cell surface, reaching the
adsorption equilibrium within 30—40 min at the end of the rapid physical ad-
sorption. Vasudevan et al. found that the process of cadmium biosorption by
inactive and protonated cells of S. cerevisiae was dependent on the availability of
metal ion in aqueous solution or the metal ion concentration.l4 However, the
researchers suggested that the adsorption process occurred in four distinct steps
and the rates for these steps decreased sequentially. The rate of cadmium (II)
uptake in each case was pseudo second-order, with respect to the metal ion
concentration. It should be noticed that the adsorption of cadmium increased with
increasing sorption time.4:12

When the initial cadmium concentration was 5.0 mg L-!, the adsorption
equilibrium was attained within 5 minutes, while when it was 12.5, 25.0 or 50.0
mg L1, equilibrium was reached within 60 min.

In adsorption equilibrium, at an initial cadmium concentration of 5.0 mg L1,
the maximal adsorbed cadmium amount geqexp Was 16.5 mg g1, at an initial
concentration of 12.5 mg L1, Geq,exp Was 20.1 mg g1, at initial concentration of
25.0 mg L1, Geq,exp Was 36.5 mg g1 and at initial concentration of 50 mg L1,
Geqexp Was 60.7 mg g1,

Kinetic modeling

The pseudo first- and second-order kinetic models are the most employed
models to study the biosorption kinetics of heavy metals and to quantify the
extent of uptake in biosorption kinetics.%>12,16.21 For an evaluation of the
cadmium bioadsorption kinetics, two kinetic models were used to fit the
experimental data at 5.0, 12.5, 25.0 and 50.0 mg L-! initial cadmium concen-
trations at pH 6. The pseudo first-order Lagergen model could not be applied to
the experimental results of the kinetics of cadmium biosorption by baker’s yeast,
as the correlation coefficients for the pseudo first-order kinetics were lower than
those for the pseudo second-order one. For this reason, the application of the
pseudo second-order kinetic model will be pursued for an evaluation of the
cadmium bioadsorption kinetics.

If the sorption rate is second-order, the pseudo second-order kinetic rate
equation is expressed as:22
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d
A =30 (4eq —q)’ @)

where kj a4 is the rate constant of the second-order biosorption (g mg~!-min1).
After integration, the following equation is obtained:
i — ; + L (3)
q k2,adQe2q deq
It should be noticed that for the utilization of this model, it is not necessary
for the experimental value of geq to be pre-estimated. By plotting #/q against # for
the initial concentrations (5.0, 12.5, 25.0, 50.0 mg L-!), straight lines were
obtained, as shown in Fig. 3b. The values of the second-order rate constants k7 a4
and geq, determined from the slopes and intercepts of the plots, respectively, are
presented in Table 1.

TABLE I. The second-order adsorption rate constants of cadmium adsorption for different
initial concentrations, at pH 6.0, temperature: 22.5 °C, biomass concentration: 0.30 g L-!

Co / mg L_l k2 ad / g mg_l min_l eq,cal / mg g_l R2 Jeq.exp / mg g_l
5.0 0.22 16.6 1.000 16.5
12.5 1.5x102 20.1 0.961 20.1
25.0 2.1x1073 40 0.981 36.5
50.0 4.6x10 74.6 0.979 60.7

The correlation coefficients for the second-order kinetic model were close to
1.0 for all cases, and the theoretical values of geq also agreed well with the
experimental data (Table I). The values of second-order rate constant ky 54 were
in the range of 4.6x10~4-0.22 ¢ mg!'min~1. This suggests that the sorption of
cadmium by baker’s yeast follows second-order kinetics. The second-order ki-
netic parameters can be used to determine the equilibrium sorption capacity, the
percent removal of cadmium, the rate constants and the initial sorption rate to
facilitate bioreactor design.

Adsorption isotherms

The adsorption isotherms of cadmium adsorption by baker’s yeast were
determined in aqueous suspension using the batch technique. The adsorption
isotherms of the adsorption of cadmium ions by baker’s yeast in the initial
concentration range of 10-500 mg L-! are displayed in Fig. 4a. The adsorption
isotherms determined in the low concentration range of 5-25 mg L-! are shown
in Fig. 4b. The biomass concentration was 0.30 g L-! in both cases.

It can be observed from Figs. 4a and 4b that the uptake of cadmium by the
biomass almost linearly increases with increasing initial cadmium concentration
in solution. At an equilibrated concentration of 136.9 mg L1 (co = 214 mg L),
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Geq.exp = 263.8 mg g1 and at (co = 52 mg L1) an equilibrated concentration of
32.6 mg L1 (co=52mg L), gegexp =59.9 mg g7l

Equilibrium modeling

The analysis of equilibrium is important for developing a model that can be
used for the design of biosorption systems. Several isotherm equations have been
used for equilibrium modeling of biosorption systems.!? Two classical
adsorption models, Langmuir and Freundlich isotherms, are the most frequently
employed. In this work, the Freundlich and Langmuir models were used to
describe the relationship between the amounts of cadmium adsorbed and its
equilibrium concentration in solution.

Freundlich isotherm

The Freundlich isotherm is capable of describing the adsorption of organic
and inorganic compounds onto a wide variety of adsorbents, including bio-
sorbents. The Freundlich Equation based on sorption onto a heterogeneous
surface is:

Geq = KFC%” 4)

where Kg and n are the Freundlich constants, which are indicators of the
adsorption capacity and adsorption intensity of the sorbent. Eq. (4) can be
linearized in logarithmic form as follows:

1
log geq =log K¢ +; log ceq (5)

A plot of log geq vs. log Ceq has a slope with the value of 1/n and an
intercept of log Kg. log Kf is equivalent to log geq when I/n equals unity.
However, in other case, when 1/n # 1, the Kp value depends on the units in which
deq and Cgq are expressed. The experimental cadmium adsorption and non-
linearly fitted (using Gnuplot software) by Freundlich model isotherms can be
seen in Fig 4a. The values of Kf and # calculated are 6.5 [(mg g~1) (mg L-1)]"
and 1.4, respectively (Table II).12.23

Langmuir Isotherm

The Langmuir Isotherm is valid for monolayer adsorption onto a surface
with a finite number of identical sites. It is given as:

3 Qobceq
1+ bceq

(6)

deq

where ceq and geq are equilibrium concentration (mg L-1) and the amount
adsorbed at equilibrium time (mg g!), respectively. Q0 and b are Langmuir
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constants related to the capacity and energy of adsorption, respectively. The
linearized form of the Langmuir Equation is:
&ﬂ = L + ce_q (7)
deq Qob QO
QY and b can be determined from a linear plot of ceg/geq Vs. Ceq-

The experimental cadmium adsorption and the non-linearly fitted (using
Gnuplot software) by the Langmuir model isotherm can be seen in Fig. 4b. The
calculated values of » and Q0 are 2.8x10-3 L mg! and 852.6 mg g1, respecti-
vely (Table II). The calculated monomolecular adsorption capacity QU is fits well
to the experimental value.

TABLE II. Bioadsorption isotherm constants for the biosorption of cadmium onto baker’s
yeast

Isotherm Kg/ [(mg gM(mg LH]" n b/L mg'! 0% mg g'!
Langmuir - — 2.8x1073 852.6
Freundlich 6.5 1.4 — —
Biosorption yield

The biosorption yields are presented against the suspension concentrations at
an initial cadmium concentration of 50.0 mg L-! in Fig. 5. The biomass con-
centrations were 0.30, 0.60, 1.5 and 3.0 g L!. Increasing of biomass concen-
tration from 0.30 to 3.0 g L1 caused the biosorption yield to increase up to 38 %.
Above a biomass concentration of 1.5 g L1, the biosorption yield did not change
significantly.
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Fig. 5. Effect of the suspension con-
centration of biomass on cadmium bio-
sorption onto baker’s yeast. The initial
cadmium concentration was 50.0 mg L-1.
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CONCLUSIONS

The biosorption properties of waste baker’s yeast (S. cerevisiae) were stu-
died for cadmium removal from aqueous suspension. The initial heavy metal
concentration, pH of the solution and contact time were found to have an effect
on the bioadsoption capacity of the biomass. The maximal biosorption capacity
was determined at pH of 6.0. With increasing initial cadmium concentration and
contact time, the amount of cadmium adsorbed increased as well. The biosorp-
tion kinetics followed pseudo second-order kinetics. The Freundlich Equation
and the Langmuir adsorption model were used for a mathematical description of
the biosorption of cadmium onto native baker’s yeast. It was found that the
adsorption equilibrium data fitted well to the Freundlich and Langmuir Models.
With increasing biomass concentration, the adsorption efficiency increased
significantly up to a biomass dosage of 1.5 g L1, It seems that the use of readily
available waste baker’s yeast from the fermentation industry offers an alternative
in the removal of metals from contaminated waters.
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U3BOJ
BUOCOPIILUJA KAIMUIYMA IIEKAPCKHM KBACIIEM ¥ BOJEHOJ CYCIIEH3UJN

KATALIN TALOS', TIMEA PERNYESZI', CORNELIA MAJDIK?, ALZBETA HEGEDUSOVA?® u CSILLA PAGER'

IUniversity of Pécs, Faculty of Science, Department of Analytical and Environmental Chemistry, 6 Ifjusdg,
H-7624 Pécs, Hungary, 2University Babes-Bolyai, Faculty of Chemistry and Chemical Engineering, 11 Arany
J., RO-400293 Cluj-Napoca, Romania u 3Department of Chemistry, Faculty of Natural Sciences, Constantine

the Philosopher University, Tr. A. Hlinku 1, SK-949 01, Nitra, Slovakia

Hcnurana je Guocoprnuja KaaMujymMa U3 BEIITAYKHX BOASHHUX PacTBOpa MOMONy HM3BOPHOT
mekapckor KkBacra. Hajumma BpeqHOCT mpeyseTe KommumHe Gmma je 110 mg g™ y cycnensuju ox
0,30 g L'\ Mcrpaxusanu cy yrimaju pH, modeTHe KOHITEHTpaIyje KaIMHjyMa, aICOPHIHOHOT Bpe-
MeHa U 103¢ OnocopOeHTa Ha OHOCOPIIIHjY MOMOhy mekapckor KBacia. MakcHMalHH KamanuTeT
Ouocoprirje kKaAMHUjyma KBacieM 6uo je youeHn Ha pH 6. Ancopniiona paBHOTexka je Ouna qoc-
TUrHyTa HakoH 60 min, a TPOIeC COpIIKje je MPaTHO KHHETUKY Iceyao-Apyror pena. M3orepme
GrocoprHje KagMujyma ofpeljeHe cy y orcery KOHIeHTpamuja kaamujyma on 10 1o 500 mg L-!
npu pH 6 y cycremsuju ox 0,30 g L!. 3a mponeny paBHOTe e GHOCOPIIIHje, Ha EKCIIEPHMEHTAIHE
nojaTke cy npumemnene Jlanrmupose 1 OponHAINXOBE jeJHAYNHE.

(TTIpumsbeHo 20. maja, peBuaupano 30. aBrycra 2011)
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Introduction

Modern analytical methods are indispensable in many disciplines, including
medicine, biology and environmental protection, as well as being fundamental to
chemistry and chemical technology. Nearly 50% of EU laws and regulations
require strict analytical measurements to monitor compliance. Prof M. Grasser-
bauer expressed this eloquently at EUROANALYSIS XIII in 2004 in Salamanca
in his statement that “Analytical Chemistry is indispensable to democratic gover-
nance”. This is supported by the number of batch analyses per year carried out in
Europe (ca. 10'°) and the astronomical amount of data resulting from continuous
analytical monitoring. Nearly 70% of European chemists consider chemical
analysis as either the main or an extremely important part of their job description.
In the field of Analytical Chemistry more than 100,000 papers are generated in
Europe alone every year. Therefore it is not surprising that Analytical Science
was proclaimed as a breakthrough science by EuCheMS. It is clearly stated in its
documents that the need for analytical measurements arises in all research

* Corresponding author. E-mail: jeta@dac-euchems.org; jeta@kemi.dtu.dk
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disciplines, industrial sectors and human activities that entail the need to know
not only the identities and amounts of chemical components in a mixture, but
also how they are distributed in space and time. Recent developments in this area
have underpinned major advances in the biosciences, such as genome mapping
and diagnostics. Further developments will improve our capability for real time
and remote analysis and miniaturisation will enhance our ability to undertake in
situ and in vivo analysis. Increasing globalisation of analytical chemistry,
together with the increasing range of tasks within its remit, put an escalating
burden on analytical chemists with regard to education, research and develop-
ment of new analytical methods and approaches, their publication and, above all,
their practical application in everyday life. The activities of EuCheMS-DAC [1]
are focused in this direction and can provide helpful support in addressing these
demanding challenges as demonstrated in the following paragraphs. In our opi-
nion the main task of DAC is to promote analytical chemistry, e.g. by attracting
more young people to study this exciting field of chemistry and increasing
general awareness of the importance of the subject.

Teaching of analytical chemistry

In spite of its growing importance, chairs of Analytical Chemistry are not
very common in the older EU countries and the outlook in the newer EU coun-
tries is also not too optimistic. Therefore, most people working in the field of
analytical chemistry are not graduates from departments specialising in analytical
chemistry education. Learning by doing is a well-known slogan in our rapidly
changing world but it would probably be useful, and indeed beneficial, for
society to educate graduates who are fit for their job at an early stage. DAC has
traditionally paid great attention to appropriate education in the subject, which
resulted in the Eurocurriculum of Analytical Chemistry. This Eurocurriculum
was supported and approved by all EuCheMS member societies and a well-
known and well accepted textbook has been written on the basis of this Euro-
curriculum [2]. Further developments in this field resulted in Eurrocuriculum I1
[3]. This document incorporates the requirements of the Bologna Process [4] and
is a very good starting point for all further effort in this field. For many years the
comprehensive biennial analytical congress EUROANALYSIS (the flagship
DAC event) has fostered a special session devoted to education, and such a ses-
sion will be incorporated in EUROANALYSIS XVII, which will be held on
August 23-25, 2013 in Warsaw, Poland [5]. From this point of view the activities
of the DAC Study Group Education are very important and can greatly contribute
to further improvements in analytical chemistry education. However, a crucial
role in this process must inevitably be played by individual teachers of the sub-
ject, i.e. individual analytical chemists who love, and can enthuse about, their
science. Such people are encouraged to submit contributions to the special ses-
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sion describing their experiences, in particular in areas such as “Pitfalls in
Education in Analytical Chemistry” and “Models for Education in Analytical
Chemistry”.

The constant evolution and fine tuning of the education of analytical che-
mists in Europe is important from the perspective of e.g. student exchanges, joint
PhD projects and ERASMUS exchange programmes. In this regard it is neces-
sary to mention the extensive activities of the European Chemistry Thematic
Network Association (ECTNA) [6] which have resulted in the Chemistry Euro-
bachelor and Chemistry Euromaster labels and - since this year — the Chemistry
Doctorate Eurolabel [7]. DAC is ready to support any effort in this field because
without appropriate education there will not be a bright future for analytical
chemistry in Europe.

Research in analytical chemistry

Many recent developments in analytical chemistry have been connected
more with technical and/or technological progress than with new discoveries.
The centre of gravity has moved from chemistry to physics (the construction and
development of expensive instrumentation based more on physical than chemical
principles) and to biology (the application of biological principles for analyte
recognition and the construction of smart sensors). The increasing cost of sophis-
ticated instrumentation simultaneously generates a pressure to develop simple
and inexpensive methods suitable for large scale monitoring. Fundamentally new
principles useful for analytical chemistry can be expected to originate at the in-
terface between various disciplines and the communication between scientists
from different disciplines is of paramount importance in this regard. These changes
in research directions also require changes in our educational practice [8]. DAC
assists in this process by organising the biennial EUROANALYSIS conference
and inviting people to attend from different fields that are important for the
further development of Analytical Chemistry.

Publication in analytical chemistry

As in all branches of sciences, analytical chemists are under increasing
pressure to generate quantifiable outputs (i.e. increasing number of papers in high
impact factor journals) which serve as a basis for their evaluation, further grant
support, etc. It remains questionable if this pressure really improves science in
general and analytical chemistry in particular as it can lead to an increasing
number of papers of decreasing quality. Moreover, the increasing volume of
published data makes it very difficult to follow recent developments, even in a
relatively narrow field of research. New journals (especially web-based) are in-
troduced nearly every week. Analytical chemists, as members of the world-wide
scientific community, have to follow these trends in order not to lose research
income and scientific status. Nonetheless it is important that a balance is found
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and that outputs are targeted at appropriate journals (with particular reference to
their scope), demonstrate clear novelty AND added value compared with pub-
lished work and include robust method validation.

The role of EuCheMS-DAC

As stated above, DAC is very active, especially in the field of education of
Analytical Chemistry and in the organisation and support of analytical chemistry
oriented events such as conferences, seminars and meetings. Our Polish collea-
gues are very active in their preparations for the above mentioned EURO-
ANALYSIS conference in Warsaw. A listing of other interesting conferences
sponsored by DAC can be found on its web pages [1]. Among these is the 12"
Eurasia Conference on Chemical Sciences on April 16-20, 2012 at Corfu, Greece
[9]. Analytical Chemistry will also be well represented at the 4™ EuCheMS
Chemistry Congress in Prague, Czech Republic, on August 26-30, 2012 [10].
The analytical programme will include sessions on electroanalytical methods,
separation methods, spectroscopic methods and chemometrics, as well as appli-
cation based contributions, e.g., in environmental analysis and bioanalysis, and
will be of interest to a broad spectrum of Analytical Chemists. In addition, the 1%
International Conference on Analytical Chemistry (ROICAC 2012) will be held
in Targoviste, Romania on September 18-21, 2012 [11].

INFORMATION FROM THE EUCHEMS DIVISION OF ANALYTICAL CHEMISTRY

The 2011 Annual Meeting (42nGl Meeting of EuCheMS-DAC) was held in
Belgrade, Serbia, the venue for Euroanalysis XVI. Sixteen EuCheMS Societies
were represented. Two DAC Steering Committee Meetings were held during the
year: London on April 5™ 2011 and Belgrade on 9" September 2011. The Royal
Society of Chemistry and the Serbian Chemical Society are thanked for their
hospitality. The Steering Committee membership for 2012 is: Paul Worsfold
(Chair, Royal Society of Chemistry), Jens Andersen (Secretary, Danish Chemical
Society), Wolfgang Buchberger (Austrian Society for Analytical Chemistry), Sla-
vica Razi¢ (Serbian Chemical Society), Jiri Barek (Czech Chemical Society) and
Maciej Jarocz (Polish Chemical Society). The Secretary of DAC will retire by
the end of 2012 and Wolfgang Buchberger has kindly agreed to become the new
Secretary. The 2012 Annual Meeting will be held in Prague on 26" August 2012.
Two DAC Steering Committee Meetings will be held during 2012, one in
Warsaw and one in Prague (co-incident with ECC4).

Euroanalysis XVI was held in Belgrade, Serbia, September 11-15, 2011.
The Chairpersons were Prof Dr Slavica Razi¢ and Prof Dr Ivanka Popovi¢. This
was a highly successful Conference and attracted 600 participants. Further details
can be found at www.euroanalysis2011.rs. The Robert Kellner Lecture (RKL)
jury selected Prof Jonas Bergquist from Uppsala University for the 2011 RKL
award and the lecture was delivered as a Plenary Lecture in Belgrade. The 2011
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EuCheMS Lecture was also presented as a Plenary Lecture in Belgrade by Prof
Alfredo Sanz-Medel from the University of Oviedo, Spain.

Euroanalysis XVII will be held in Warsaw, Poland, August 25-29, 2013 and
the Chairperson is Prof Dr Maciej Jarosz. Further details can be found at
www.euroanalysis2013.pl. Euroanalysis XVIII will be held in Bordeaux, France
in 2015 under the auspices of the Societé Chimique de France. The Chairpersons
are Prof Philippe Garrigues and Dr Christian Rolando.

DAC will have 5 active Study Groups in 2012:

“Education in Analytical Chemistry”; Head: Prof Reiner Salzer.

— “Quality Assurance and Accreditation”; Head: Dr Jens Andersen. Prof
Hendrik Emons will act as DAC liaison person to CITAC. Dr Heiner Korte will
chair a sub-committee of this Study Group to provide feedback on the proposed
changes to SI units.

“History”’; Head: Prof Duncan Burns.
“Bioanalytics”; Head: Prof George Horvai.
“European AC on the web”; Head: Prof Bo Karlberg.

A Task Force on “Chemometrics” will also operate in 2012, headed by Prof
Roma Tauler.

The following meetings/networks will be organised in co-operation with
EuCheMS-DAC:

— 13" Conference on Instrumental Analysis (JAI), EXPOQUIMIA, 14-16
November, 2011, Barcelona, Spain.

— 12™ Eurasia Conference on Chemical Sciences, April 16-20, 2012,
Corfu, Greece.

— Analysdagarna, 11-13 June, 2012, Uppsala, Sweden.

— European Chemistry and Chemical Engineering Education Network
(EC2E2N, www.ec2e2n.net).
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