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containing antiviral drugs

MAYA G. CHOCHKOVAT* ASSYA P. GEORGIEVAL GALYA I. IVANOVAZ,
NADYA NIKOLOVAS, LUCHIA MUKOVAS, LUBOMIRA NIKOLAEVA-GLOMB?3
and TSENKA S. MILKOVA!

1south-West University ** Neofit Rilski” , Blagoevgrad, Bulgaria, 2Departamento de Quimica,
Faculdade de Ciéncias, Universidade do Porto, Porto, Portugal and 3The Stephan Angel off
Institute of Microbiology, Bulgarian Academy of Sciences, Sofia, Bulgaria

(Received 22 February, revised 24 June, accepted 1 October 2013)

Abstract: Seven N-hydroxycinnamoyl amides were synthesized by 1-[3-(dime-
thylamino)propyl]-3-ethylcarbodiimide/1-hydroxybenzotriazole (EDC/HOBL)
coupling of the corresponding substituted cinnamic acids (p-coumaric-, ferulic-,
sinapic- and caffeic acids) with influenza antivirals (amantadine, rimantadine
and oseltamivir). The DPPH (1,1-diphenyl-2-picrylhydrazyl) scavenging abi-
lities and the inhibitory effect on mushroom tyrosinase activity (using L-tyro-
sine as the substrate) were investigated in vitro. Amongst the synthesized com-
pounds, N-[(E)-3-(3,4-dihydroxyphenyl)-2-propenoyl]oseltamivir (1) and
N-[(E)-3-(3,4-dihydroxyphenyl)-2-propenoyl]rimantadine (4), containing a
catechol moiety, exhibited the most potent DPPH radical-scavenging activity.
Amide (1) also displayed tyrosinase inhibitory effect toward L-tyrosine as the
substrate (<50 %). The synthesized compounds were also investigated for their
in vitro inhibitory activity against the replication of influenzavirus A (H3N2).

Keywords: N-hydroxycinnamoylamides; influenza antivirals; mushroom tyro-
sinase; monophenolase activity; antioxidant activity; anti-influenza activity.

INTRODUCTION

Phenolics are secondary plant metabolites, important not only for the func-
tional aspects of plant life, but also they have a potential impact on public health.
Amongst the main families of phenolic compounds, hydroxycinnamic acids (e.g.,
ferulic, p-coumaric, caffeic acids, etc.) and their derivatives (esters, amides and

glycosides) have become an emergent topic of many research groups and hence
the subject of our interest.14

* Corresponding author. E-mail: mayabg2002@yahoo.com
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518 CHOCHKOVA et al.

Hydroxycinnamic acid amides, both natural and synthetic, possess diverse
physiological activities, such as being potent antioxidants,>-12 antimicrob-
ials, 3461314 jnhibitors of hepatotoxic and proliferative activity,1>-18 acting as
inhibitors of HIV integrase, 1922 inhibitors of a-glucosidase,2324 and tyrosi-
na$,125,26 etc.

A huge amount of data on various polyhydroxy tyrosinase inhibitors existsin
the literature. Tyrosinase inhibition is an important strategy in many medicinal,
food and agricultural areas. Hyperpigmentation of the human skin and enzymatic
browning in fruits and mushrooms are the results of two distinct reactions of
tyrosinase (EC 1.14.18.1) — the hydroxylation of tyrosine by monophenolase
action to 3,4-dihydroxyphenylalanine (L-DOPA), and further L-DOPA oxidation
to o-dopaquinone (diphenolase activity). This copper-containing enzyme is
widely present in bacteria, fungi and higher plants (mushrooms, bananas, apples,
pears, potatoes, etc.).2728

In order to overcome the instability and low degree of percutaneous absorp-
tion of natural polyphenols in cosmetic compositions, synthesized N-hydroxy-
cinnamoyl amantadine amides, which manifested increased antioxidant, melanin
inhibitory and procollagen inducing effects, were synthesized.29

The incorporation of the lipophilic adamantyl moiety in another class of
small molecules, such as N-benzylbenzamide, appeared to be also an important
element for enhanced depigmentation activity.30

Since 1960s, the aminoadamantanes (amantadine, rimantadine) have been
representatives of the first class of antivirals, approved for prophylaxis and treat-
ment of influenza. They are known to inhibit virus replication by blocking the
proton channel of the M2 structural protein of the virion (M2 blockers).31 As
only the influenza A viruses possess this structural M2 ion channel protein,
aminoadamantanes are not effective against influenza B viruses, since the latter
do not encode for M2 protein.32:33

In the quest for therapeutic agents with a broader spectrum that are active
against both types (A and B) of influenza viruses, neuraminidase inhibitors
(oseltamivir and zanamivir) were discovered as the second class of anti-influenza
antivirals.343% They interfere with viral neuraminidase, which is essential for the
release of newly synthesized infective virus progeny.

A set of polyphenol compounds (e.g., resveratrol; curcumin and isoquer-
cetin) was reported to inhibit both influenza viruses type A and B in vitro.36
However one of the latest investigations on the matter reveded that the men-
tioned polyphenols possess an antiviral activity only against influenza A virus
replication.37

It was found that the reception of a combination of antioxidants (e.g., poly-
phenolics) with influenza drugs synergized on the reduction of vira repli-
cation.38:39
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The above findings encouraged us to link chemically antioxidant-functioning
hydroxycinnamic acids with anti-influenza drugs (amantadine, rimantadine and
oseltamivir) and to study some of their biological activities.

RESULTS AND DISCUSSION

Seven N-hydroxycinnamoylamides were synthesized from hydroxycinnamic
acids (ferulic, caffeic, sinapic and p-coumaric acids) and influenza antivirals
(amantadine, rimantadine and oseltamivir) by a previously described procedure.’
Unlike the three-step (reactions of the hydroxycinnamoyl amide synthesis, pro-
vided previously,29 the present synthetic route (Scheme 1) was performed by
1-[3-(dimethylamino)propyl]-3-ethyl carbodiimide/1-hydroxybenzotriazole (EDC/
/HOBL) coupling, without preliminary protection and further deprotection steps
of the phenolic hydroxy! groups.

R
HO
\

Y

R=0H, R'=H; CafA;
R=R'=0CHz; SA; EDC/HOBt NMM, THF
R-OCH;, R'=H; FA;

0
R=R '=H; p-CoumA.
Oy,
. " 0OC;Hs
R
i i

HO \ .

Os

1-7

1) CafA-Os; . f} CH;

2) SA-Os;

3) FA-Os;

4) CafA-Rim;
5) SA-Am;

6) FA-Am;

7) p-CoumA-Am.

Am Rim

Scheme 1. EDC/HOBLt-coupling in preparation of N-hydroxycinnamoylamides.

After purification by column or preparative thin-layer chromatography, the
compounds were obtained in moderate to good yields. The geometry of the
double bond in the cinnamoy! residue was confirmed by 1H-NMR spectroscopy,
where the resonance of olefinic protons in all N-hydroxycinnamoylamides was
observed at 6.19-6.51 ppm and at 7.19-7.55 ppm as two doublets with J = 15.5
Hz. These signals are evidence that all of the synthesized amides present were
E-diasteroisomers.
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Theyields of the compounds, and the analytic and complete spectral data for
the synthesized compounds are given in the Supplementary material to this paper.

Scavenging effect on DPPH radicals

Since it is well known40 that the DPPH test gives a rough, primary index of
antioxidant activity, by measuring the ability of DPPH to scavenge an electron or
hydrogen radical of the tested compounds (scavengers) in vitro, a myriad of
articles have been published.

DPPH scavenging activity of the synthesized N-hydroxycinnamoylamides,
as well as the used standards caffeic, ferulic, sinapic and p-coumaric acids, dis-
played an activity at 12, 24 and 48 uM in a concentration dependent manner
(Table I). As shown in Table | (data for 12 and 24 uM concentration are not
presented), the evaluated scavenging activity of the compounds decreased in the
following order: CafA =~ CafA-Os (1) > CafA-Rim (4) > SA > SA-Os (2) > FA >
FA-Os (3) = SA-Am (5) > FA-Am (6) > p-CoumA > p-CoumA-Am (7) = Os >
>Rim>Am.

TABLE |. DPPH radical scavenging activity of N-hydroxycinnamoylamides, antivirals and
the tested references at a concentration of 48 uM. The given values are the means + con-
fidence interval, calculated at the level of significance 0.05 (n = 3)

Compound DPPH radical scavenging activity, %
1 91.83+5.08
2 48.10+1.23
3 31.75+3.77
4 72.58+8.26
5 30.37+2.58
6 20.28+1.04
7 3.00+£0.60
Caffeic acid 92.65+2.90
Sinapic acid 60.73+0.62
Ferulic acid 44.30+0.10
p-Coumaric acid 6.10+0.04
Oseltamivir 3.51+0.90
Amantadine hydrochloride 1.75+0.21
Rimantadine hydrochloride 2.48+0.30

Amongst the tested newly synthesized amides, N-caffeoylamides (1 and 4)
revealed the best activity, commensurable with that of the free caffeic acid at 3.6
mM concentration. It is not surprising that the latter compounds are the most
active ones. The presence of a catechol moiety is the structural feature, res-
ponsible for their better radical quenching abilities. 41 All the newly synthesized
compounds demonstrated a higher radical scavenging activity than amantadine,
rimantadine and oseltamivir, which do not possess DPPH scavenging ability at
al. Thereported results are in agreement with earlier findings for the disability of
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rimantadine to scavenge superoxide radicals,42 although its antioxidant effect has
been observed in vivo. Moreover, the existence of the more polar substituted nuc-
leus of ethyl cyclohex-1-ene-1-carboxylate (i.e., the skeleton of oseltamivir) in
the N-hydroxycinnamoylamides seems to be more efficient in radical scavenging
than the corresponding amides of the hydrophobic aminoadamantanes.

Effect of N-hydroxycinnamoylamides on mushroom tyrosinase

Considering substituted cinnamic acids and their derivatives as potential
tyrosinase inhibitors,2543-46 the effects of the obtained N-hydroxycinnamoy!-
amides on the monophenolase activity of mushroom tyrosinase (using L-tyrosine
as substrate) at 23 uM concentration was studied herein.

The results of the evaluated activity of the amides, presented as percentage
(%) of mushroom tyrosinase inhibition, are outlined in Table Il. Hydroguinone
was used as a reference compound.

TABLE Il. Tyrosinase inhibitory activity of N-hydroxycinnamoylamides at a concentration of
23 uM. The given values are the means + confidence interval, calculated at the level of
significance 0.05 (n = 3); NA —not analyzed; N.I. — no inhibition

Compound Tyrosinase inhibition, %
Hydroquinone 98.61+3.45
CafA-Os (1) 49.32+9.37
SA-Os (2) N.I.

FA-Os (3) N.I.
CafA-Rim (4) N.I.

SA-Am (5) N.I.

FA-Am (6) N.I.
p-CoumA-Am(7) NA

Amongst the tested compounds, the amide CafA-Os (1) was found to inhibit
the enzyme with half the activity of the used standard tyrosinase inhibitor hydro-
guinone.

Despite the fact that both amides (CafA-Os (1) and CafA-Rim (4)) contain
the same caffeoyl moiety (catechol entity) in their structure, the inhibitory acti-
vity in vitro toward mushroom tyrosinase was lost in amide 4, which could be
attributed to the sterically hindered adamantane rest.

The obtained results confirmed the finding that the inhibitory activity of
p-coumaric acid varies from weaker to stronger in comparison with kojic acid
and arbutin, depending on the tyrosinase source (mushroom, human or murine).47

The data of the present investigation do not correspond to the developmental
work on a study of tyrosinase inhibition by N-feruloylamantadine amide and
related analogues, which possessed similar or greater melanin inhibitory effect
than the positive controls — kojic acid and hydroquinone, in cell-based environ-
ments.29
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Effect of the chemically connected hydroxycinnamic acids with rimantadine,
amantadine and oseltamivir against the influenza virus A/Aichi/2/68 (H3N2)

Earlier studies showed that antioxidant therapy could be successfully used as
apotential approach to influenza-associated complications.39:48-50 The existence
of these findings is connected with the synergistic combination of antioxidants
with approved influenza antivirals, but antioxdiants and antivirals have never
been combined chemically until now.

Therefore, the newly synthesized N-hydroxycinnamoylamides, were eva-
luated for their antiviral activity against influenza virus A/Aichi/2/68 (H3N2).
The newly synthesized compounds did not reveal a significant inhibitory effect
against the in vitro replication of influenza A virus H3N2.

EXPERIMENTAL
Materials and methods

1-Adamantylamine hydrochloride (amantadine hydrochloride), 1-(1-adamantyl)ethyl-
amine hydrochloride (rimantadine hydrochloride), (E)-4-hydroxy-3-methoxycinnamic (feru-
lic, FA), (E)-3,4-dihydroxycinnamic (caffeic, CafA), (E)-4-hydroxy-3,5-dimethoxycinnamic
(sinapic, SA), (E)-4-hydroxycinnamic (p-coumaric, p-CoumA) acids, 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (EDC), N-methylmorpholine (NMM), mushroom
tyrosinase (EC 1.14.18.1) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical were from
Sigma-Aldrich. Hydroquinone was obtained from Ferak (Germany) and L-tyrosine was
obtained from Merck (Germany). Ethyl (3R,4R,59)-4-acetamido-5-amino-3-(1-ethylpropoxy)-
-1-cyclohexene-1-carboxylate (oseltamivir) was purchased from Aopharm (China). All sol-
vents were of reagent grade and used without further purification and the water used was
deionized.

Apparatus

The structures and purity of al newly synthesized amides were confirmed by spectral
methods, i.e., UV, H- and 13C-NMR spectroscopy and ESI-MS. The 1H- and 13C-NMR
spectra were acquired on a Bruker Avance |11 400 spectrometer, operating at 400.15 MHz for
protons and 100.62 MHz for carbons. The UV spectra of the amides were measured with an
Agilent 8453 UV—Vis spectrophotometer. Elemental analyses for C, H and N were realized on
a Perkin Elmer 2400 analyzer. The ESlI mass spectra were obtained on an Esquire3000 plus
instrument.

General procedure for the preparation of N-hydroxycinnamoylamides

In a typical preparation, to a solution of substituted cinnamic acid (3.2 mmol), EDC
(0.61 g, 3.2 mmol) and 1-hydroxybenzotriazole (0.43 g, 3.2 mmol) in 10 mL THF, after 10
min stirring at 0 °C, the antivira compound (3.2 mmol) and NMM (0.35 mL, 3.2 mmol),
dissolved in 7 mL THF were added. The resultant reaction mixture was stirred for Lh at 0 °C
and then for 24 h at room temperature, under a nitrogen atmosphere. After completion of the
reaction (TLC control — CH,Cl,/CH30H (3:0.2; 3:0.3); CH,Cl,/EtOACc/CH;0OH (3:0.1:0.1)),
the THF was evaporated in vacuo, and the residue was diluted with EtOAc and then was suc-
cessively washed with 5 % NaHSO,, NaHCO5 and brine, dried over anhydrous Na,SO, and
evaporated in vacuo. The residue was purified by column chromatography or preparative TLC
on silicagel (CH»Cl,/CH3;0H) to give the desired compound.

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.




N-HYDROXY CINNAMOYL ANALOGUES OF ANTIVIRAL DRUGS 523

DPPH radical scavenging assay

The free DPPH scavenging assay was performed according to the Nenadis method.5!

The vanishing of the deep violet color of the DPPH radical was accomplished by mixing
2.96 mL 0.1 mM ethanolic DPPH solution with 40 pL of a free radical scavenger (antioxi-
dant) at the reaction mixture concentrations: 12, 24 and 48 uM. The decrease in absorbance at
516 nm was measured after 20 min incubation in the dark at room temperature.

The measurements were performed in triplicate and results are presented as the percent-
tage of radical scavenging activity, calculated as follows:

Free radical scavenging activity (%) = 100(ApppH — Asample) ApprH
Mushroom tyrosinase inhibition assay

Inhibition of tyrosinase activity was determined spectrophotometrically by a modified
dopachrome method?® using L-tyrosine as the substrate.

The reaction media (3 mL) contained: phosphate buffer (1.0 mL, 0.1 M, pH 6.8);
L-tyrosine (1.0 mL, 1.5 mM) dissolved in deionized water; inhibitor (0.350 mL, 0.2 mM)
dissolved in DM SO; deionized water (0.350 mL); an aqueous mushroom tyrosinase solution
(0.300 mL, 192 U mL"1). After adding the mushroom tyrosinase solution, the reaction mixture
was incubated at 37 °C for 20 min, and thereafter, the UV absorbance of the reaction mixture
was measured at 475 nm. Results were compared with a reference solution consisting of 0.350
mL of DM SO instead of a sample (inhibitor).

The percentage of mushroom tyrosinase inhibitory activity was calculated using the
following equation:

Inhibition (%) = 100(Avets — Asample) Avess
where, Ay is the absorbance of the reference solution and Agnpe iS the absorbance of the test
sample solution).

Each experiment was performed in triplicate and averaged. Results were evaluated at a
level of significance 0.05. Hydroquinone was used as the positive control.
Antiviral activity assay

Cells and viruses. MDCK cells for the propagation of influenza virus A originated from
the collection of the Stephan Angeloff Institute of Microbiology, Bulgarian Academy of Sci-
ences, Sofia, Bulgaria, and were grown in a growth medium containing Dulbecco modified
Eagles medium (DMEM) (Gibko BRL, USA), supplemented with 10 % fetal bovine serum,
10 mM HEPES buffer (Merck, Germany) and antibiotics (penicillin 200 IU mL-1 and strepto-
mycin 100 pg mL-1). The cells were cultured as confluent monolayers in a humidified atmo-
sphere containing 5 % CO, at 37 °C.

Influenza virus A/Aichi/2/68 (H3N2) from the collection of the Stephan Angeloff Insti-
tute of Microbiology, Bulgarian Academy of Sciences, was grown in MDCK cellsin a maint-
enance medium of Dulbecco modified Eagles medium (DMEM) (Gibko BRL, USA), con-
taining 0.5 % fetal bovine serum, 10 mM HEPES buffer and antibiotics, as well as 3 mg mL1
trypsin (Gibco BRL).

Cytopathic effect (CPE) inhibition test. Monolayer MDCK cells in 96-well microplates
(Costar, USA) were inoculated, following the remova of the growth medium, with 0.1 mL virus
suspension containing 100 CCIDgg (cell culture infectious dose 50 %). After 1 h at 37 °C for
virus adsorption, the innoculum was washed out and replaced by 0.1 mL of non-cytotoxic 0.5
logyp dilutions in the maintenance medium of the newly synthesized compounds. Each
dilution was applied in quadruplicate. Cells that were not inoculated with virus were left for
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cell controls (with only maintenance medium) and toxicity controls (with respective dilution
of the compound in the maintenance medium). Cells inoculated with virus but not treated with
a compound were left for virus controls. Then cells were incubated for 48 h in a humidified
atmosphere with 5 % CO, at 37 °C or until the virus specific cytopathic effect had destroyed
100 % of the cellsin the virus control wells. Then cells were stained according to the neutral red
uptake procedure and the percentage of CPE inhibition, if present, was calculated using the
following formula: % CPE = (ODyey sample — ODyirus contral)/ (ODtoxicity control — ODyirus contral) — 100.

CONCLUSIONS

Seven N-(hydroxycinnamoyl)amides were synthesized and identified, six of
which were new. The compounds were evaluated for their anti-influenza, DPPH
scavenging and mushroom tyrosinase inhibitory activities. The results indicated
that amides 1 and 4, containing the catechol moiety, were the most active as
DPPH radical-scavengers. In addition, CafA-Os (1) was found to be the most
active as atyrosinase inhibitor (=50 %) in vitro.

SUPPLEMENTARY MATERIAL

Analytic and spectral data for the synthesised compounds are available electronically
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgment. This work was supported by the Bulgarian Science Fund (contract
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ABBREVIATIONS
DPPH — 1,1-diphenyl-2-picrylhydrazyl radical;
ROS — reactive oxygen species;
DM SO — dimethyl sulfoxide;
EDC — 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide;
HOBLt — 1-hydroxybenzotriazole;
p-CoumA — p-coumaric acid;
FA —ferulic acid;
SA —sinapic acid;
CafA —caffeic acid;
Os — oseltamivir;
Rim — rimantadine;
Am —amantadine;
% RSA — percentage of radical scavenging activity.

H3BOI
CHUHTE3A U BUOJIOIIKA AKTUBHOCT XUJIPOKCULIMHAMOWIJI
AHTHUBHUPYCHUX JIEKOBA

MAYA G. CHOCHKOVAi, ASSYA P. GEORGIEVA1, GALYA L IVANOVAZ, NADYA NIKOLOVA3, LUCHIA MUKOVA3,
LUBOMIRA NIKOLAEVA-GLOMB® ¥ TSENKA S. MILKOVA'

1South-West University “Neofit Rilski”, Blagoevgrad, Bulgaria, zDepartamento de Quimica, Faculdade de
Ciéncias, Universidade do Porto, Porto, Portugal and 3The Stephan Angeloff Institute of Microbiology,
Bulgarian Academy of Sciences, Sofia, Bulgaria

CunreTHcaHo je cemam N-xuppokcunuHamoun-amuga EDC/HOBt kaTann30BaHUM KyIi-
JI0BameM OAroBapajyhux CylnCTUTYHCaHUX UMMETHUX KUCETHHA (p-KyMapHHCKa, (GepyIHuHCKa,
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CHHANMHCKa ¥ KadeHa KUCeNWHA) Ca jemumbernrMa Koja MOKa3dyjy aHTUBUPAIHY aKTHBHOCT
(aMaHTaIWH, pUMAHTUIUH U OCEITaMUBHD). McruTHBaHa je in vitro CriocODHOCT ITpecpeTama
1,1-nudenun-2-nukpunxunpasun (DPPH) pagukana ¥ MHXUOHIMja aKTUBHOCTH TUpPO3HHAa3e
rprBa (ynorpedoM L-THpo3uHa kao cyncrpaTa). Of CUHTETHCAHUX jefuibewna, AepuBaTh N-
[(E)-3-(3,4-puxuppoxcudennn)-2-nponeHonn]ocentaMmusup (1) u N-[(E)-3-(3,4-AUXUIDPOK-
cudeHu)-2-poneHoUT | pUMaHTHIVH (4), KOju cafprke KaTexoylCKH hparMeHT, Moxasyjy Haj-
domy crocobHocT mpecperatha DPPH papukana. Takohe, amun 1 moxasyje WHXUOUTODHH
edexar nmpema TuUpo3uHasu (oxko 50 %). HcmuTvBaHa je in vitro WHXUOWUTOPHA AKTUBHOCT
CUHTETHCaHUX jefibera mpema Bupycy rpuna A (H3N2).

14.
15.
16.
17.
18.
19.
20.

21.

(ITpumibeHo 22. hedpyapa, peBupupano 24. jyHa, npuxsaheHo 1. okrodpa 2013)
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ANALYTIC AND SPECTRAL DATA FOR THE SYNTHESIZE COMPOUNDS

N-[ (E)-3-(3',4"-Dihydroxyphenyl)-2-propenoyl] oseltamivir (1). Yield: 48 %;
Anal. Calcd. for CosH3yN2>O7: C, 63.27; H 7.22; N, 5.90 %. Found: C, 63.31; H,
7.18; N, 5.89 %; 1H-NMR (400.15 MHz, CDCls3, 6 / ppm): 0.82 (3H,t,J=7.3
Hz, -CHCH>CH3), 0.87 (3H, t, J = 7.3 Hz, -CHCH,CH3g), 1.26 (3H, t, J = 7.3
Hz, -O-CH,CH3), 1.49 (4H, g, J = 7.3 Hz, 2 x -CHCH>CH3), 1.84 (3H, s,
—C(O)CHa3), 2.73 (1H, m, -CHCHCHy), 2.78 (1H, m, -CHCHCHy), 3.35 (1H,
m, -CHCH,CH3), 4.15-4.17 (3H, m, 2x—-O-CH>CH3 + 1x-CHCHCHy>), 4.31
(1H, brs, -CHCHCHy), 6.19 (1H, d, J = 15.5 Hz, =CH-C(0O)-), 6.68 (2H, s,
2x0-CH), 6.75 (1H, brs, =CH), 6.97 (1H, s, m-CH), 7.32 (2H, brs, 2xNH), 7.38
(1H, d, J = 15.5 Hz, =CH-Ph), 8.18 (2H, brs, 2xOH); 13C-NMR (100.62 MHz,
CDCl3, 6 / ppm): 172.9 (COOCoH5), 167.8 (HNCO), 166.3, 146.9, 144.8, 142.1
(=CH—Ph), 137.7 (=CHCHCH), 129.2 (Cq), 127.1 (Cqg), 121.9 (0-CH), 117.3
(=CH-CO), 116.0 (0-CH), 114.8 (CH), 82.8 (-O—-CHCH2CH3), 75.8 (-OCH),
61.0 (-O—CH2>CH3), 55.3 (-C(O)HN—CH), 48.4 (-HN—CH), 30.6 (-CHCHCHy>),
26.4 ((CHCH>CH3), 25.8 (-CHCH2CH3), 22.9 ({O)CCH3j), 14.2 (-O-CH2CH3),
9.5 (-CHCH2CH3), 9.5 (-CHCH2CH3z); ESI-MS (m/2): 475 ([M+H]"), 497
([M+Na]*), 949 ([2M+H]*); UV—-Vis (EtOH) (Amax / Nm (¢ / L mol-1 cmr1): 203
(32490), 218 (30971), 297 (17434), 325 (20457).

N-[ (E)-3-(3',5"-Dimethoxy-4'-hydr oxyphenyl)-2-propenoyl] oseltamivir ~ (2).
Yield: 42 %; Anal. Calcd. for Co7H3gN20g: C, 62.53; H 7.39; N, 5.40 %. Found:
C, 62.47; H, 7.41; N, 5.67 %; 1H-NMR (400.15 MHz, CDCls3, § / ppm): 0.92
(3H,t,J=7.2 Hz, -CHCH>CH3), 0.90 (3H, t, J = 7.2 Hz, -CHCH>CH3), 1.29
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(3H,t,J=7.2Hz, -O-CH>CH3), 1.53 (4H, q, J = 7.2 Hz, 2x—CHCH>CH3), 1.96
(3H, s, -C(O)CH3), 2.37 (1H, dd, J = 16.8, 9.6 Hz, -CHCHCHy), 2.86 (1H, dd,
J = 16.8, 5.6 Hz, -CHCHCHyy), 3.41(1H, m, -CHCH>CH3), 3.88 (6H, s,
2x0CHg), 4.05-4.40 (5H, m, -O—-CH>CH3,+ -CHCHCHjy, + -CHCHCH, +
—CHCHCHCH)), 5.82 (1H, s, OH), 6.18 (1H, d, J = 8.3 Hz, NH), 6.25 (1H, d,
J =15.1 Hz, =CH-C(0)-), 6.71 (2H, s, 2x0-CH), 6.75 (1H, d, J = 9.6 Hz, NH),
6.82 (1H, brs, =CH), 7.48 (1H, d, J = 15.1 Hz, =CH-Ph); 13C-NMR (100.62
MHz, CDCl3, o / ppm): 172.9 (COOCoH5), 167.8 (HNCO), 166.3, 147.2, 146.6,
141.7 (=CH-Ph), 137.4 (=CHCHCH), 136.7 (Cq), 129.5 (Cq), 126.0 (Cq), 118.2
(=CH-CO), 104. 8 (2x0-CH), 82.8 (-O-CHCH>CH3), 75.6 (—OCH), 61.0
(HO—CHj), 56.2 (2xOCHj), 54.5 (—C(O)HN-CH), 48.8 (-HN-CH), 30.9
(-CHCHCHy), 26.3 (-CHCH2CH3), 25.8 (-CHCH>CH3), 23.3 (<(O)CCHy),
14.2 (-O—CH2CH3), 9.5 (-CHCH2CH3g), 9.2 (-CHCH2CH3); ESI-MS (m/2):
519.2 ([M+H]*), 541 ([M+Na]*); UV-Vis (EtOH) (Amax / nm (¢ / L mol-1cml)):
203 (56915), 225 (42016), 323 (24306).

N-[ (E)-3-(3"-Methoxy-4"-hydroxyphenyl)-2-propenoyl] oseltamivir (3). Yield:
31.4 %; Anal. Calcd. for CogH3gN207: C, 63.92; H 7.43; N, 5.40 %. Found: C,
63.84; H, 7.39; N, 5.36 %; 1H-NMR (400.15 MHz, CDCl3, § / ppm): 0.89 (3H, t,
J=75Hz, -CHCH,CH3), 0.92 (3H, t, J = 7.5 Hz, -CHCH>CH3), 1.29 (3H, t,
J =75 Hz, -O-CH>CH3), 1.53 (4H, g, J = 7.5 Hz, 2x-CHCH2CH3), 1.94 (3H,
s, -C(O)CH3), 2.37 (1H, dd, J = 18.0, 9.7 Hz, -CHCHCH>y), 2.86 (1H, dd, J =
=18.0, 5.3 Hz, -CHCHCHyy), 3.41 (1H, m, -CHCH>CH3), 3.87 (3H, s, OCH3),
4.05-4.40 (5H, m, —-O-CH»CH3 + CHCHCHj, + -CHCHCH,, +
—CHCHCHCH)), 6.10 (1H, brs, OH), 6.24 (1H, d, J = 15.3 Hz, =CH-C(O)-),
6.30 (1H, d, J = 8.5 Hz, NH), 6.80 (2H, NH + =CH), 6.85 (1H, d, J = 7.7 Hz,
m-CH), 6.95 (1H, d, J = 2.0 Hz, 0-CH), 6.99 (1H, dd, J = 7.7, 2.0 Hz, 0-CH),
7.50 (1H, d, J = 15.3 Hz, =CH-Ph); 13C-NMR (100.62 MHz, CDCls3, 6 / ppm):
171.8 (COOCyHs), 166.7 (HNCO), 165.9, 147.2, 146.6, 141.4 (=CH—Ph), 137.5
(=CHCHCH), 129.4 (Cq), 127.1 (Cq), 122.5 (0-CH), 117.9 (=CH-CO), 114.7
(m-CH), 109. 2 (0-CH), 82.8 (-O-CHCH2CHa3), 75.7 (-OCH), 61.0 (-O-CH>CH3),
55.9 (OCH3), 54.5 (-C(O)HN—CH), 48.8 (-HN-CH), 30.8 (-CHCHCH)), 26.3
(-CHCH2CH3), 25.7 (-CHCH>CH3), 23.3 ({O)CCH3), 14.2 (-O—CH>CH3), 9.5
(-CHCH2CH3), 9.2 (-CHCH2CHg); ESI-MS (m/2): 4895 ([M+H]*), 511
(IM+Na]*), 977 ([2M+H]*); UV-Vis (EtOH) (Amax/ nm (¢/ L mol-tcmrl)): 203
(48276), 218 (45018), 295 (25826), 322 (33300).

N-[(E)-3-(3',4"-Dihydroxyphenyl)-2-propenoyl] rimantadine (4). Yield: 68.1
%; Anal. Calcd. for Co1Ho7NO3: C, 73.87; H 7.97; N, 4.10 %. Found: C, 73.64;
H, 7.91; N, 4.12 %; 1H-NMR (400.15 MHz, DMSO-dg, 6 / ppm): 1.08 (3H, d,
J=7.0Hz, CH3), 1.4-1.9 (12H, m, 6x—CH5>,), 1.98 (3H, CH, cyclo), 3.83(1H, m,
—CHCH3y), 5.67 (1H, d, J = 10.0 Hz, NH), 6.25 (1H, d, J = 15.8 Hz, =CH), 6.76
(1H, brs, OH), 6.86 (1H, d, J = 8.2 Hz, m-CH), 6.96 (1H, dd, J = 8.2 Hz, 1.8 Hz,
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0-CH), 7.18 (1H, d, J = 1.8 Hz, 0-CH), 7.55 (1H, d, J = 15.8 Hz, =CH), 8.15 (1H,
s, OH); 13C-NMR (100.62 MHz, DM SO-dg, 6 / ppm): 166.9 (CO), 146.8, 144.3,
142.3 (CH), 127.0 (Cqg), 120.3 (o-CH), 117.5 (=CH), 115.8 (0-CH), 115.4
(m-CH), 53.7 (CHCH3), 38.4 (CH>, cycle), 37.0 (CH>, cycle), 28.2 (CH, cycle),
14.5(CHCHg); ESI-MS (m/2): 342.1 ([M+H]*), 364.5 ((M+Nat); UV-Vis
(EtOH) (Amax/ nm (&/ L mol-tcmrl)): 220 (61680), 242 (52404), 296 (54191), 322
(58566).

N-[ (E)-3-(3',5"-Dimethoxy-4'-hydr oxyphenyl)-2-propenoyl] amantadine  (5).
Yield: 53 %; Anal. Calcd. for Co1H27NO4: C, 70.56; H 7.61; N, 3.92 %. Found:
C, 70.58; H, 7.47; N, 3.96 %; 1H-NMR (400.15 MHz, DMSO-dg,  / ppm): 1.62
(6H, s, cycle), 1.9-2.1 (9H, m, cycle), 3.86 (6H, s, 2xOCH3), 5.70 (1H, s, NH),
6.51 (1H, d, J = 15.6 Hz, HC=), 6.86 (2H, s, Ar-H(g)), 7.24 (1H, d, J = 15.6 Hz,
HC=), 9.80 (1H, s, OH); 13C-NMR (100.62 MHz, DMSO-dg, J / ppm): 165.9
(CO), 148.1, 153.4 (ArOH), 141.2 (=CH-Ar), 127.0 (Cg-Ar), 122.2 (HN-CH=),
115.3 (=CH), 105.3 (2xAr-ortho-CH), 57.2 (OCH3), 53.1 (HN—CH), 50.9 (Caq,
cycle), 42.6 (CHy, cycle), 37.3 (CHy), 30.4 (CH, cycle); ESI-MS (m/2): 358
(IM+H]™"), 380 ([(M+Na]*), 715 ([2M+H]*), 737.1 ([2M+Na]*); UV-Vis (EtOH)
(Amax / nm (e / L mol-1 cmr1)): 201 (32395), 235 (34457), 320 (30539).

N-[ (E)-3-(3"-methoxy-4"-hydr oxyphenyl)-2-propenoyl]amantadine (6). Yied:
42.1 %; Anal. Calcd. for CogH2sNO3: C, 73.37; H 7.70; N, 4.28 %. Found: C,
73.41; H, 7.73; N, 4.56 %; 1H-NMR (400.15 MHz, DMSO-dg, 6 / ppm): 1.49
(6H, s, cycle), 1.93-2.30 (9H, cycle), 3.82 (3H, s, OCH3), 6.46 (1H, d, J = 15.5
Hz, HC=), 6.82 (1H, d, J = 8.1 Hz, Ar-H(m)), 7.12 (1H, d, J = 1.8 Hz, Ar-H(0)),
7.28 (1H, s, Ar-H(0)), 7.31 (1H, s, NH), 7.52 (1H, d, J = 15,5 Hz, HC=), 9.02
(1H, s, OH); 13C-NMR (100.62 MHz, DMSO-dg, 6 / ppm): 166.1(CO), 152.6,
141.0 (=CH), 129.1 (2C, Ar-CH), 126.1 (Cqg), 120.2 (=CH),115.7 (2C, Ar—CH),
56.3 (OCH3), 53.3 (HN—CH), 42.6 (CH>, cycle), 37.3 (CHy), 30.4 (CH, cycle);
ESI-MS (m/2): 328 ([M+H]*), 350 ([M+Na]*), 390 ([M+Na+K]*); UV-Vis
(EtOH) (Amax / nm (e / L mol-1 cmrl)): 218 (97221), 234 (91575), 293 (102106),
321 (120575).

N-[ (E)-3-(4"-hydroxyphenyl)-2-propenoyl]amantadine (7). Yield: 40 9%;
Anal. Calcd. for C1gH23NO»: C, 76.74; H 7.80; N, 4.71 %. Found: C, 76.71; H,
7.84, N; 4.49 %; 1H-NMR (400.15 MHz, DMSO-dg, ¢ / ppm): 1.62 (6H, s,
cycle), 1.9-2.1 (9H, m, cycle), 6.43 (1H, d, J = 15.6 Hz, HC=), 6.76 (2H, d, J =
=8.38 Hz, p-H), 7.19 (1H, d, J = 15.6 Hz, HC=), 7.32 (2H, d, J = 8.38 Hz, 0-H),
7.42 (1H, s, NH), 9.80 (1H, s, OH); 13C-NMR (100.62 MHz, DMSO-dg, J / ppm):
164.6 (CO), 158.6, 138.0 (=CH), 129.1 (2C, Ar—CH), 126.1 (Cq), 120.2 (=CH),
115.7 (2C, Ar—CH), 50.9 (Cq, cycle), 41.3 (CHa, cycle), 35.9 (CHy), 28.9 (CH,
cycle); ESI-MS (m/2): 298 ([M+H]*), 320 ([M+Na]*); UV-Vis (EtOH) (Amax /
/ nm): 212 (30565), 224 (25452), 293 (20254).
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lodine-mediated one-pot synthesis of 3-cyanocoumarins and
3-cyano-4-methylcoumarins
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Abstract: 2-Hydroxybenzaldehydes 1a—e on reaction with malononitrile (2) in
the presence of iodine as catalyst give 3-cyanocoumarins 3a—e in one step
under thermal heating as well as under microwave irradiation. The latter
conditions are much more efficient in terms of time (2-5 min) and yield as
compared to the thermal conditions (2-2.5 h). Following a similar procedure,
3-cyano-4-methylcoumarins 3f— were aso prepared by the reaction of
2-hydroxyacetophenones 1f—i with 2.

Keywords. 3-cyanocoumarin/3-cyano-4-methylcoumarin; malononitrile; iod-
ine; microwave irradiation; one-pot reaction.

INTRODUCTION

3-Cyanocoumarins (2-oxo-2H-chromene-3-carbonitriles) constitute an impor-
tant class of compounds because of their biological activities,! such as anti-
microbia properties? and inhibition of a~chymotripsin.3 These compounds have
also been used as intermediates for the preparation of methine dyes,4 cephalo-
sporins,® modified pencillins,® oxygen-bridged tetrahydropyridones’ and isou-
reases.8

3-Cyanocoumarins were earlier prepared by the reaction of 2-hydroxy-
benzal dehydes with malononitrile or with ethyl cyanoacetate under basic condi-
tions using various bases, such as pyridine,® piperidine10 agqueous alkali,1! Mg-Al
hydrotalcite,12 MgO13 and ionic liquids.14.15 In addition, these reactions have
been performed under phase transfer catalysed conditions.16 In recent reports,
these compounds were obtained by the condensation of 2-hydroxybenzaldehydes
with malononitrile using ZrCl4/[bmim]BF417 and SiCl, in ethanol .18

* Corresponding author. E-mail: dksharma_84@rediffmail.com
doi: 10.2298/JSC130127140S
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However, these methods suffer from one or other limitations. The former
reaction between 2-hydroxybenzaldehyde and malononitrile gives 2-imino-2H-
chromene-3-carbonitrile as an intermediate that has to be hydrolysed under acidic
conditions.16 In the latter method, 3-carboxycoumarins are also formed along
with 3-cyanocoumarins.19

In recent years, molecular iodine was used as a mild and efficient con-
densing agent in various organic reactions.20-23 Thus, it was thought worthwhile
to study the reaction of 2-hydroxybenzaldehydes and malononitrile using iodine
as catalyst, which led to the synthesis of 3-cyanocoumarinsin a single step.

RESULTS AND DISCUSSION

A solution of 2-hydroxybenzaldehyde (1a) and malononitrile (2) in dime-
thylformamide (DMF) was refluxed in the presence of a catalytic amount of iod-
ine, and the reaction was found to proceed to completion in 2 h, as evidenced by
thin layer chromatography (TLC), affording a colourless compound that was
identified as 3-cyanocoumarin (3a) based on its IR, IH-NMR and 13C-NMR
spectral data.

As the reactions are known to be improved when they are performed under
microwave irradiations,24 the above reaction was repeated using microwave irra-
diation and it was found to be completed in 2 min and 3-cyanocoumarin was
obtained in 90 % yield.

Using the above conditions, 3-cyano-4-methylcoumarins 3f— were aso
prepared by the reaction of 2-hydroxyacetophenones 1f— with 2 using iodine as
catalyst under both thermal and microwave conditions.

The optimum conditions of the reaction were checked by varying the amount
of iodine and 0.12 mmol of iodine was found to be sufficient for completion of
the reaction. No reaction was found to take place in the absence of the catalyst. It
appears that initial condensation between 2-hydroxybenzaldehyde and malono-
nitrile was catalysed by iodine, which is known to act as a condensing agent due
to its Lewis acidity.25 Excessive amounts of iodine (20-40 mol %) were found
excessive, as no further improvement of the reaction was found either in terms of
theyield or the reaction time.

The methods reported earlier could not be used successfully for the prepa-
ration of 3-cyano-4-methylcoumarins involving reaction of 2-hydroxyacetophe-
nones with malononitrile as it required stringent conditions and the yields were
very poor. However, these compounds could be obtained in excellent yield (85—
—90 %) using the present method. The success of the method was established by
the synthesis of various substituted 3-cyanocoumarins and 3-cyano-4-methylcou-
marins 3a—. The identity of all the compounds was checked by their IR and 1H-
-NMR spectral data, given in the Supplementary material to this paper, and com-
parison of the melting points with literature values, Table .
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EXPERIMENTAL

The melting points of 3a—i were determined in open capillaries. The IR spectra were
recorded on a Perkin-Elmer spectrum BX series FT-IR spectrophotometer using the KBr
pellets technique. The H- and 13C-NMR spectra were recorded on a Bruker Avance (400
MHZz) instrument using TMS as an internal standard. The reactions were performed in a
microwave oven (Samsung, model CE1031LFB, output energy 900 W, frequency 2450 MHz)
with a temperature control arrangement maintaining the temperature of the oven at 100 °C
using 50 % power for all the experiments.

TABLE I. Physical data of 3-cyanocoumarins and 3-cyano-4-methylcoumarins; method A:
thermal conditions; method B: microwave conditions

Compound Structure Compound Structure
CHO Z>en
Br CHO Br Z CN
Pz
cl CHO cl CN
Z
H,C CHO HiC CN
1e H3CO\©[OH 3e H3CO\@(O;/(O
Z
CHO CN
1f OH 3f (0] O
. Crr
o] CHy
1g OH 39 0._0
o CHs
1h OH 3h 0._0
Br/©;(c"'3 BrmCN
o) CHs
1i HyCO OH 3i HCO 0__0O
o CHs
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TABLE I. Continued

Method A Method B
Time, h Yield,% Time min Yield, %

Compound R R R, M.p./°C

3a H H H 2 85 2 90 179-18110
3b H H Br 2 92 25 95 195-196%6
3c H H Cl 2 86 25 92 190-192%
3d H H CH3j 2 80 3 85 204-206%8
3e H OCHj; H 2 82 3 86 223-226%°
3f CH; H H 25 86 4 92 190-192%0
39 CHj H CHj 25 90 5 95 200-201%
3h CH; H Br 25 90 4 95 178-180%
3i CHz OCHS3; H 25 85 5 87 220-222%°

General procedure for the synthesis of 3-cyano-/3-cyano-4-methyl-coumarins 3a—i

Method A (thermal conditions). A mixture of 2-hydroxybenzal dehydes/2-hydroxyaceto-
phenones la—i (4.71 mmol), malononitrile (2, 0.32 g, 4.71 mmol), iodine (0.03 g, 0.12 mmol)
and dimethylformamide (10 mL) in a round bottom flask (50 ml) was heated in an oil bath at
140-145 °C for 2-2.5 h. Completion of the reaction was monitored by thin layer chromato-
graphy (silica gel plates using the solvent benzene: acetone, 1:1). The reaction mixture was
cooled and ice-cold sodium thiosulphate solution (10 %, 30 mL) was added to remove any
iodine present in the reaction mixture. The solid that separated out was filtered, washed with
water and recrystallised from agueous ethanol to give 3a—i.

Method B (microwave conditions): A mixture of 2-hydroxybenzaldehydes/2-hydroxy-
acetophenones la—i (4.71 mmol), malononitrile (2, 0.32 g, 4.71 mmol), iodine (0.03 g, 0.12
mmol) and dimethylformamide (5 mL) taken in a loosely stoppered round bottom flask was
subjected to microwave irradiation for 2-5 min. Completion of the reaction was controlled by
thin layer chromatography and the work-up was as described above to give 3a-i.

CONCLUSION
In conclusion, the presented method appears to be extremely simple and highly
efficient giving 3-cyano- and 3-cyano-4-methyl-coumarinsin asingle step.
SUPPLEMENTARY MATERIAL

Spectral data for the synthesised coumarins are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOL
JEOHOCTABHA CUHTE3A 3-IUJAHOKYMAPHUHA U 3-LINJAHO-4-METUJIKYMAPUHA
Y ITIPUCYCTBY JOIA
DINESH SHARMA' 1 JAGDISH K. MAKRANDI
1Department of Chemistry, BRCM College of Engineering & Technology, Bahal-127028, India u ZDepartment
of Chemistry, Maharshi Dayanand University, Rohtak-124001, India

2-Xuppoxcubensangexupgy la—e y peakuuju ca MajOHOMHUTPUIOM (2), Yy IPUCYCTBY
jona xao kaTanus3aTopa, IOf yCI0BMMa TEPMAaTHOT 3arpeBama WM MHKDOTAJIaCHOT 03pavH-
Bama, Kao NPOM3BOA [ajy 3-UujaHOKyMapuHe 3a—e. Peaxuuje moj MHKpOTalacMma Tpajy
3HaTHO kpahe Bpeme (2-5 min) y nmopehewy ca Tepmuykum 3arpeBawem (2-2,5 h). ITpu-
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MEHOM CJIMYHHX PEeaKkIMOHMX YCJIOBa, 3-UHjaHO-4-MeTuikymMapuHu 3f—i cy mobujenu mosma-
3ehu on 2-xuppokcuanerodeHoHa 1f—iu 2.

(ITpumibero 27. janyapa, npuxsaheno 21. Hoemdpa 2013)
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SPECTRAL DATA FOR THE SYNTHESISED COUMARINS

3-Cyanocoumarin (3a). IR (KBr, Amax / cm1): 1725 (C=0), 2226 (C=N);
1H-NMR (400 MHz, CDCl3, 6 / ppm): 7.30-7.60 (2H, m), 7.68-8.0 (2H, m), 8.75
(1H, s); 13C-NMR (100 MHz, CDCl3, § / ppm): 101.5, 113.6, 114.8, 119.7,
122.8, 126.1, 128.8, 131.8, 154.8, 161.2.

6-Bromo-3-cyanocoumarin (3b). IR (KBr, Amax / cm1): 1737 (C=0), 2235
(C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 7.35 (1H, d, J = 9.0 Hz), 7.83-
—7.85 (1H, dd, J = 9.0 Hz, J = 2.5 Hz), 7.90 (1H, d, J = 2.5 Hz), 8.55 (1H, 9);
13C-NMR (100 MHz, CDCl3, § / ppm): 101.2, 113.2, 117.8, 118.2, 118.5, 118.8,
130.9, 136.6, 154.2, 161.0.

6-Chloro-3-cyanocoumarin (3c). IR (KBr, Amax / cm1): 1726 (C=0), 2228
(C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 7.50 (1H, d, J = 9.0 Hz), 7.82—
—7.84 (1H, dd, J = 9.0 Hz, J = 25 Hz), 7.95 (1H, d, J = 2.5 Hz), 8.72 (1H, 9);
13C-NMR (100 MHz, CDCl3,  / ppm): 101.4, 113.4, 116.8, 120.6, 122.8, 130.2,
131.0, 132.6, 154.8, 161.5.

3-Cyano-6-methycoumarin (3d). IR (KBr, imax / cm™1): 1725 (C=0), 2225
(C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.48 (3H, s, CH3), 7.22-7.72 (3H,
m), 8.22 (1H, s); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 21.6, 101.4, 113.7,
117.8, 1185, 119.7, 128.6, 134.2, 137.4, 155.2, 162.1.

3-Cyano-7-methoxycoumarin (3€). IR (KBr, Amax / cm2): 1715 (C=0), 2215
(C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 3.45 (3H, s), 7.18 (1H,d, J =25
Hz), 7.82-7.85 (2H, m), 8.92 (1H, s); 13C-NMR (100 MHz, CDCl3, ¢ / ppm):
56.2,101.8,102.2,111.4, 112.6, 113.4, 119.8, 132.6, 156.4, 159.8, 164.4.

3-Cyano-4-methylcoumarin (3f). IR (KBr, Amax / cm1): 1725 (C=0), 2230
(C=N); 1H-NMR (400 MHz, CDCl3, § / ppm): 2.72 (3H, s), 7.20-7.52 (4H, m);

* Corresponding author. E-mail: dksharma_84@rediffmail.com
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13C-NMR (100 MHz, CDCl3, 6 / ppm): 18.1, 96.2, 113.2, 120.4, 122.8, 124.6,
126.8, 129.8, 155.6, 157.4, 165.1.

3-Cyano-4,6-dimethylcoumarin (3g). IR (KBr, Amax / cm1): 1735 (C=0),
2234 (C=N); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 2.45 (3H, ), 2.75 (3H, 9),
7.32 (1H, d, J =9.0 Hz), 7.45-7.70 (2H, m); 13C-NMR (100 MHz, CDCl3, ¢ /
/ ppm): 17.8, 21.4, 96.4, 112.8, 118.2, 120.8, 129.8, 133.4, 136.4, 156.1, 157.2,
164.8.

6-Bromo-3-cyano-4-methylcoumarin (3h). IR (KBr, Amax / cml): 1738
(C=0), 2236 (C=N); IH-NMR (400 MHz, CDCl3, ¢ / ppm): 2.72 (3H, ), 7.35
(1H, d, J = 9.0 Hz), 7.20-8.15 (2H, m); 13C-NMR (100 MHz, CDCl3, 6 / ppm):
18.2,95.8,113.1, 114.8, 118.8, 121.8, 132.6, 136.2, 152.6, 157.2, 164.1.

3-Cyano-7-methoxy-4-methylcoumarin (3i). IR (KBr, Amax / cm1): 1720
(C=0), 2227 (C=N); IH-NMR (400 MHz, CDCl3,  / ppm): 2.70 (3H, ), 3.95
(3H, 9), 6.85-7.05 (2H, m), 7.68 (1H, d, J = 9.0 Hz); 13C-NMR (100 MHz,
CDCl3, 0 / ppm): 18.1, 21.4, 96.2, 105.2, 112.2, 112.8, 116.6, 1254, 152.1,
157.1, 160.6, 164.2.
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Abstract: In this study, the immobilization of S-glucosidase onto mesoporous
silica support by physical adsorption and covalent binding was investigated.
The immobilization was performed onto micro-sized silica aggregates with an
average pore size of 29 nm. During physical adsorption, the highest yield of
immobilized S-glucosidase was obtained with an initial protein concentration
of 0.9 mg mL"L. The addition of NaCl increased 1.7-fold, while the addition of
Triton X-100 decreased 6-fold adsorption yield in comparison to the one
obtained without any addition. Covalently bonded S-glucosidase, via glutaral-
dehyde previously bonded to silanized silica, had a higher yield of immobilized
enzyme as well as higher activity and substrate affinity in comparison to the
one physically adsorbed. Covalent binding did not considerably change pH and
temperature stability of the obtained biocatalyst in range of values that are
commonly used in reactions in comparison to the unbound enzyme. Further-
more, covaent binding provided a biocatalyst that retained over 70 % of its
activity after 10 cycles of reuse.

Keywords: g-glucosidase; immobilization; physical adsorption; chemical bind-
ing; mesoporous silica.

INTRODUCTION

The enzymatic modification of cellulose is afield of great interest in many
processes due to the numerous applications of one of its degradation products,
glucose. A cellulose polymer is degraded to glucose through the cooperative
actions of a complex of cellulolytic enzymes. Cellobiohydrolases hydrolyze the
cellulose polymer from the ends, releasing cellobiose as the product, while endo-
glucanases randomly hydrolyze the internal f-1,4-linkages creating more free
ends for the action of cellobiohydrolases.! Finally, -glucosidases hydrolyze the
cellobiose to glucose. Cellobiohydrolases and endoglucanases are often inhibited

* Corresponding author. E-mail: mantov@uns.ac.rs
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533

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.



534 IVETIC, SRDIC and ANTOV

by cellobiose, making S-glucosidases the key enzyme for efficient hydrolysis of
cellulose in terms of avoiding decreased hydrolysis rates over time due to cello-
biose accumulation.2:3

However, the cellulases complexes from the main fungal producers normally
contain amounts of p-glucosidase that are not sufficient to hydrolyze all the
released cellobiose.34 Thus, during enzymatic hydrolysis of cellulose in order to
prevent limitation of the overall hydrolysis rate by accumulated cellobiose, S-glu-
cosidase often must be additionally supplemented to the reaction mixture.® How-
ever, enzyme cost is one of the major obstacles in the path of large-scale com-
mercialization of the enzymatic hydrolysis of cellulose. Enzyme recovery and
recycling, which is achievable by immobilization, is one of the most important
and effective ways of increasing the efficiency of an enzymatic hydrolysis pro-
cess.6 With respect to cellulose hydrolysis, immobilization of S-glucosidase
might be especially beneficial to process economy, considering the necessity for
its addition to regular complex cellulases.

The variety of enzyme immobilization methods can be reduced to two main
approaches, i.e., physical adsorption and covalent binding with a carrier, both of
which have advantages and shortcomings. Physical adsorption is simple to per-
form, cheap and tends to be less destructive to the enzyme than chemical binding,
but interactions formed between the enzyme and the supports are unstable. In
covaent binding, the bonds between the carrier and enzyme are very strong result-
ing in a highly stable conjugate, but, very often, the enzyme activity drops con-
siderably.> Many supports have been tested for their ability to immobilize s-glu-
cosidase, of which porous silica, the most commonly used materia for enzyme
immobilization, was proven to be suitable for the immobilization of A-glucosi-
dase.>’

The aim of this study was to investigate the immobilization of a new com-
mercial p-glucosidase, which is part of the Novozymes Cellulosic Ethanol
Enzyme Kit (Novozymes, Denmark), onto a mesoporous silica support using
physical adsorption and covalent binding. The biocatalysts obtained by physical
adsorption and covalent binding were compared with respect to the immoabili-
zation yield, activity and substrate affinity. Then, in next set of experiments, the
biocatalyst that provided the best results for these parameters was tested for
stability and reusability in a rea system with carboxymethyl cellulose as the
substrate.

MATERIALS AND METHODS
B-Glucosidase and enzyme assay

In this study f-glucosidase NS22118 from Novozymes Cellulosic Ethanol Enzyme Kit, a
kind gift of Novozymes (Novozymes, Denmark), was used for the immobilization experi-
ments. The protein concentration in the enzyme solution was 26.7 mg mL-1, while its activity
was 558 U mL -1, which were determined as described below.
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A sample of enzyme solution or obtained biocatalyst (support with immobilized enzyme)
was added to 1 mL of 50 mM citrate buffer (pH 5.0) containing 2 mM 4-nitrophenyl-4-D-glu-
copyranoside.3 The reaction mixture was incubated for 10 min at 50 °C. After addition of 2
mL NaCO; solution (1 M), the absorbance was read at 405 nm. A standard curve was
obtained from the released p-nitrophenol. One unit of enzyme activity was defined as 1 mM
p-nitrophenol produced per minute under the assay conditions and it is expressed per mL of
enzyme solution or per gram of material containing the immobilized enzyme.

The protein concentration of enzyme preparation and solutions (supernatant obtained
after separation of the support) were determined by the Bradford method using bovine serum
albumin as the standard.®

The experimental results are the mean value of at least three measurements (the accuracy
was 15 %) on aminimum of three replicas for every experimental point.

Support material

Mesoporous silica particles were used as the support for $-glucosidase immobilization.
The materials were synthesized from highly basic sodium silicate solutions of three different
Si0O, concentrations as reported by Filipovi¢ et al.%19 Sulfuric acid was slowly added into the
well stirred sodium silicate solutions at 90 °C to precipitate silica particles. Finaly, the pH
was adjusted at value of 4 to prevent dissolution process. The white precipitated powders were
washed with distilled water, separated from liquid phase by filtration and finally dried at 120
°C for 1 day.® The obtained silica powders were calcined at 500 °C for one hour in order to
remove the synthesizing template.

The particle size was measured by dynamic light scattering on Zetasizer Nano ZS,
(Mavern Instruments, UK). The specific surface area (according to the BET method), pore
size distribution (according to the BJH method) and pore volume of the as-synthesized
particles were measured by low temperature nitrogen adsorption using a Autosorb-3B instru-
ment (Quantachrome, USA). The size and morphology of the particles were examined using a
scanning electron microscope (JEOL JSM 6460 LV, Japan).

Immobilization of B-glucosidase

In the experiments of physical adsorption of f-glucosidase onto a silica support, 25 mg
of silicaand 4 mL of a #-glucosidase solution in 50 mM citrate buffer, pH 4.7 were used.
Adsorption was conducted at the room temperature for one hour under magnetic stirring. The
experiments were performed with the aim of determining the influence of the initial enzyme
concentration, in the range 0.54-2.70 mg mL-1, on the physical adsorption of s-glucosidase. In
order to investigate the influence of poly(ethylene) glycol-p-(1,1,3,3-tetramethylbutyl)-phenyl
ether (Triton X-100) or NaCl on the physical adsorption of $-glucosidase, the immobilization
was conducted under the previously mentioned conditions at an initial enzyme concentration
0.9 mg mL"1, in 50 mM citrate buffer containing 0.1 vol. % Triton X-100 or 0.8 M NaCl.

The chemical immobilization of B-glucosidase onto the silica support was conducted
through covalent bonding as reported by Weetall.11 The support material was first function-
alized through silanization with a 0.5 vol. % solution of 3-amino-propyltriethoxysilane
(APTS) for 3 h at 75 °C.11 Subsequently, the material was washed three times with distilled
water and dried for 15 h at 105 °C. Activation of functionalized material was conducted with
2.5 vol. % solution of glutaraldehyde in sodium phosphate buffer (pH 7.0) for 45 min at 20 °C
and washed three times with distilled water. Finally, immobilization of g-glucosidase (protein
concentration 20 mg mL™1 in 0.01 M phosphate buffer, pH 6.8) was realized through contact
of the enzyme with functionalized and activated support (0.1 g) for 15 h at 20 °C.11
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After each immobilization reaction, the silica support (with immobilized 4-glucosidase)
was separated through centrifugation at 14,000 rpm for 5 min (Mini Spin Plus, Eppendorf)
and the protein concentration in the supernatant was measured in order to cal culate the amount
of -glucosidase immobilized on the silica support (g; / mg S-glucosidase gt dry silica) using
the following equation:

qi = M (1)
w

where V is the volume of the aqueous phase (mL), ¢ and ¢ (Mg S-glucosidase mL1 solution)
are the concentrations of S-glucosidase initially added and in the supernatant obtained after
immobilization, respectively, and w is the weight of dry silica(g).

Sability and reuse

Effect of pH on the relative stability of the covalently bonded S-glucosidase was inves-
tigated during 1 h exposure to pH values in the range 2-9 (Britton—Robinson buffer), while
effect of temperature was investigated during 1 h exposure to temperatures in the 20-80 °C
for both the free and immobilized enzyme.

The reusability of the covalently bonded S-glucosidase was investigated by performing
successive reactions with the biocatalyst (for 30 min each). The biocatalyst was supplemented
to a cellulase complex (Celluclast 1.5 L, Novozymes) and used for the degradation of a2 vol.
% solution of carboxymethyl cellulose (as substrate) in 50 mM citrate buffer (pH 4.7) at a
temperature of 40 °C under gentle mixing (50 rpm).

RESULTS AND DISCUSSION
Physical adsorption of 3-glucosidase

In order to determine the most suitable silica support for the adsorption of
S-glucosidase mesoporous silica supports with different characteristics were
used. The mesoporous silica supports were synthesized as described earlier®10
and their characteristics regarding pore size, specific surface area and total pore
volume were determined.10 The tested silica particles were micro-sized aggre-
gates (Fig. 1). The pore size distribution of the silica supports donated as Snv-90,
Sns-90 and Snn-90, with an average pore size of 29, 24 and 16 nm, respectively,
are presented in Fig. 2.

The results obtained for the amounts of enzyme physically adsorbed onto the
different silica supports are shown in Fig. 3. The highest amount of adsorbed
p-glucosidase was obtained with the silica support having the largest average
pore size (29 nm),10 which aso had the widest pore size distribution (Fig. 2). It
was found that S-glucosidase from Aspergillus niger has an unsymmetrical, so-
-called tadpole-like shape with a diameter of 15 nm (i.e.,, maximum diameter)
and aradius of gyration of 4.2 nm.12 Accordingly and depending of the molecule
orientation, it might be that the enzyme requires more space for entrance into the
pores than is defined by its diameter. As result, the highest amount of adsorbed
enzyme was obtained on the support with the largest investigated pore size and
this material was used for the further experiments. In all experiments of physical
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adsorption, the conditions with respect to the pH value of the reaction were
chosen to prevent electrostatic repulsion between silica and the enzyme (pH 4.7).

Fig. 1. Scanning electron micrograph of
the mesoporous silica aggregates.

L —u—Snv-90
6k 1 —=— Sns-90
—s—Snn-90

'.\,.-. o

1 10 100 1000
Pore size, nm

Fig. 2. Pore size distribution for tested silica particles (data for Snv-90 from the literaturel©).

Considering that the concentration gradient is an important driving force for
physical adsorption, the influence of the initial S-glucosidase concentration on
adsorption was investigated. In the investigated range of loaded enzyme, the
highest amount of adsorbed f-glucosidase was obtained at a protein concen-
tration of 0.9 mg mL-1 (data not shown), while higher values did not lead to an
increase in the amount of adsorbed f-glucosidase. This might be due to saturation
of the binding sites, suggesting that the available sites on the silica surface are the
limiting factor for the adsorption, as was reported for other proteins.13

Physical adsorption provided a yield of immobilized enzyme of 20.1 mg of
S-glucosidase per gram of silica support. The obtained biocatalyst had an activity
of 7.65 U per gram of silica support and an affinity towards the substrate of 15.06
mM (Tablel).
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Enzyme adsorption, mg g material
F-9
1

Snr:ABD I Snsl-QO . Sn\:—QO
Material
Fig. 3. Adsorption of S-glucosidase onto different silica supports.

TABLE |. Characteristics of physically adsorbed and covalently bonded f-glucosidase onto
mesoporous silica support (pore size 29 nm)

p-Glucosidase Physically adsorbed  Covalently bonded
Amount of adsorbed enzyme, mg g1 material 20.10 42.00
Activity, U g1 material 7.65 15.58
Ky / mM 15.63 11.06

Influence of Triton X-100 and NaCl on the physical adsor ption of B-glucosidase

In order to revea the mechanism of S-glucosidase adsorption onto the sur-
face of silica, the effect of salt and detergent on the adsorption efficiency was
investigated. The adsorption was performed in citrate buffer (pH 4.7) containing
0.8 M NaCl or 0.1 vol. % Triton X-100 and compared with adsorption in citrate
buffer alone (Fig. 4). Presence of 0.8 M NaCl increased -glucosidase adsorption
by 1.7-fold in comparison to the adsorption yield obtained in its absence. On the
other hand, the addition of 0.1 vol.% Triton X-100 decreased the f-glucosidase
adsorption 6-fold in comparison to the adsorption in its absence (Fig. 4).

Generally, protein adsorption is the result of the action of electrostatic and
van der Waals forces (between two dissimilar surfaces) and it would be expected
that electrostatics play an important role in the adsorption process. However, the
change of concentration of the supporting electrolyte may have surprising effects
as recently demonstrated for cytochrome ¢4 and lysozyme.1® The increase of the
adsorption upon NaCl addition might be explained by its influence on the charge
on both the support and enzyme. Namely, the charge density on silica increases
with increasing NaCl concentration while the effective charge on the surface of
the enzyme might be strongly affected by the anion type and concentration (as
shown for lysozyme).1®> As a result, the increase in ionic strength reduces the
Debye length and consequently weakens the electrosttic attractive forces between
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the protein and the silica-based surface. This favors van der Waals attractive
interactions, which are stronger than expected because of the adsorption of Cl—at
the charged interface of the protein.1®

—_ - %] (] o
o w o w o
1 1 1 1 1

Enzyme adsorption, mg g"' material

o
1

0

. 1 ] 1
Without addition With NaCl addition ~ With Triton X-100 addition

Fig. 4. Physical adsorption of -glucosidase onto mesoporous silica support (pore size 29 nm).

On the other hand, in the presence of Triton X-100, the adsorption efficiency
was reduced by more than six fold. This might be explained by the possible com-
petition for regions where interactions with #-glucosidase might have occurred
on the silica surface and additional physical hindrance of the silica surface by the
formation of small aggregates, which are characteristic for the initial phase of
detergent adsorption.16 Furthermore, the presence of Triton X-100 might weaken
van der Waals forces, which are one of the driving forces for S-glucosidase
adsorption besides electrostatic interaction.1/

Thus, presented results might indicate that physical adsorption of S-gluco-
sidase onto silica support under investigated conditions (pH 4.7 and room tem-
perature) could be result of synergistic effect of at least two types of interaction —
electrostatic and van der Waals forces.

Covalent binding of B-glucosidase

Covalent binding is known to have the advantage of forming strong and
stable linkages between an enzyme and the carrier, which consequently elimi-
nates the loss of activity caused by enzyme leakage from the support.> Thus, with
the aim of improving the characteristics and yield of bonded enzyme, covalent
binding of S-glucosidase onto the silica support was performed. f-Glucosidase
was covaently bonded onto silica material via glutaraldehyde, which had pre-
viously been attached to the functionalized silica support.

Covalent binding provided a yield of bonded enzyme of 42 mg per gram of
silica support, which was 2.1-fold higher in comparison to the amount obtained
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by physical adsorption (Table I). In addition, the covalently bonded S-glucosi-
dase had a higher activity of enzyme per gram of material (15.58 U g-1) in com-
parison to that physically adsorbed, while the biocatalyst obtained by covalent
binding had a lower Ky, value (11.06 mM), i.e., a higher affinity towards the
substrate (Tablel). A similar yield of f-glucosidase covalently bonded onto silica
gel was reported by Karagulyan et al.,> while Wang et al.” obtained a consi-
derably higher yield with respect to the amount of bonded p-glucosidase,
although its activity was similar to the that obtained in this study.

Sability and reusability of covalently bonded B-glucosidase

Due to better immobilization yield and better characteristics of the biocatal-
yst obtained by covalent binding, such as higher enzyme activity per gram of
material and lower Ky, value, the biocatalyst was subjected to an investigation of
its pH and temperature stability, aswell asits reusability.

The stahility of the covalently bonded f-glucosidase was investigated under
different conditions with respect to temperature and pH. Within the investigated
range of the temperatures (2080 °C), covalent binding of S-glucosidase did not
considerably affect the profile of temperature stability in comparison to that of
the free enzyme (Fig. 5). On the other hand, at the screened values of pH (2-9),
the stability profile of the covalently bonded enzyme was changed in comparison
to that of free f-glucosidase (Fig. 6). However, the activity of the immobilized
S-glucosidase was similar to that of the free enzyme in the pH range 4-5 that are
commonly used in cellulase reactions (Fig. 6).

Recycling and reuse of an immobilized enzyme is one of the most important
aims of its immobilization with respect to the economy of processes involving

e Free enzyme 4 |mmobilized enzyme
100

- i A A

&

80+

60

40

Relative enzyme activity, %

20 30 40 50 60 70 80
Temperature, °C

Fig. 5. Temperature stability of s-glucosidase covalently bonded onto mesoporous silica
support (pore size 29 nm).
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reactions with this kind of biocatalyst. Thus, the biocatalyst obtained by covalent
binding of #-glucosidase onto silica was subjected to successive reactions (for 30
min each) with carboxymethyl cellulose as the substrate under mild conditions
that were appropriate for the enzyme and at the same time not destructive for the
material .18

° Free enzyme a |mmobilized enzyme

100

80 -

60—

40

Relative enzyme activity, %

20+

Fig. 6. pH stability of s-glucosidase covalently bonded to the mesoporous silica support
(pore size 29 nm).

Ten cycles of biocatalyst were performed and the obtained results are shown
in Fig. 7. It could be noticed that after ten cycles of use, the covalently bonded S-

100 4

95 | \'/ .\

~—a

.

85 | .

80 \
.

704

Relative enzyme activity, %

Number of recycling

Fig. 7. Repeated use of covalently bonded -glucosidase onto the mesoporous silica
support (pore size 29 nm).
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glucosidase had retained more than 70 % of its initial activity. Similar result
within ten cycles of reuse of covalently immobilized S-glucosidase onto different
silica-derived nanoparticles was previously reported.”

CONCLUSIONS

This paper presents preliminary results of an investigation of immobilization
of a new commercial p-glucosidase (from Novozymes Cellulosic Ethanol
Enzyme Kit). Considering process economy, immobilization of this f-gluco-
sidase might be very beneficial because it is intended to be used for supple-
mentation of cellulase complexesinvolved in the hydrolytic degradation of cellu-
lose in (ligno)cellulosic biomass. The immobilization was performed on chosen
micro-sized, mesoporous silica particles with an average pore size of 29 nm. Phy-
sical adsorption was conducted under conditions that prevented repulsion
between the enzyme and support. The addition of NaCl increased, while the
addition of Triton X-100 decreased the amount of physically adsorbed enzymes,
indicating the mechanism involved in the process. Covalent bonding of $-gluco-
sidase through silanization of the silica support and binding of enzyme via glu-
taraldehyde gave higher yields of bonded f-glucosidase 2.1-fold in comparison to
that physically adsorbed. Furthermore, covaently bonded f-glucosidase had a
higher activity (per gram of silica support) and higher affinity towards the sub-
strate in comparison to the physically adsorbed enzyme, while it retained its ther-
mal and pH stability in comparison to the free enzyme in the range of these para-
meters commonly used for cellulase reactions. Furthermore, the obtained bio-
catalyst retained high activity (more than 70 % of its initial activity) after ten
times of recycling.
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H3BOJ

VMOBUIU3ALUIA STIIYKO3UIA3E HA ME3OIIOPO3HU CUJIMKA HOCAY: ®U3UYKA
ANCOPITIHUJA U KOBAJTEHTHO BE3UBAILE EH3UMA

JAPJAHA XK. UBETUR, BTAIWUMHUP B. CPIUHK u MUPJAHAT. AHTOB
Yuusepsutiewni y Hosom Cagy, Texnonowxu ¢paxyniteii, Bynesap yapa Jlazapa 1, 21 000 Hosu Cag

Y oBOM pafly je uMClMTaHa MMODHWIM3aLHja [-ITyKO3HOAa3e Ha ME3ONOPO3HOM CHIIMKA
HOCavy IpUMeHOM (u3NuKe afcopIiivje U KOBaJeHTHOT Be3uBamwa. FModunusanuja je ussp-
LIeHa Ha CUJIMKA MHKpO-arperaTiMa ca IPOCEYHOM BeIWYMHOM mopa on 29 nm. Tokom
¢usnuke ancoprnuuje Hajsehu mpuHOC NMOOUITH30BaHe fS-TiTyKo3HuIa3e je JOoOHjeH Ipu MmoveT-
HOj KoHIeHTpanuju mporenmta ox 0,9 mg mll. Homarak NaCl je 1,7 myra nosehasao, a
nopjaTtak gerepreHta Triton X-100 6 myTa cmamHO IPHUHOC afCcoOpILHje Y OGHOCY Ha MPHUHOC
ocTBapeH Oe3 mofaBama. KoBaleHTHO Be3aHa f-TNyKO3Mfas3a, MyTeM I[IyTapalenxuia Koju je
BE€3aH 3a MPETXOJHO CHIAHHM30BaHy CWIMKY, MMajla je BUIIH IMPHHOC UMOOMIM30BAHOI €H-
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3WMa, Kao ¥ BHUIIy aKTMBHOCT U adUHUTET Ipema Cyncrpary y nopehemy ca usnuxu Besa-
HOM f-Tnyko3upa3oM. Y mnopehewmy ca CJIODOTHUM €H3MMOM KOBAJIEHTHO Be3UBame HHje
3HauajHo mpomeHwI0 pH ¥ TemnepaTypHy crabunHocT nodujeHor SuokaTanusaTropa NpH
BPEJHOCTHMA OBUX MapaMeTpa Koje ce yodHudajeHo KOpHCTe y peakuujama. Ocum Tora, KoBa-
JIEHTHO Be3uBame je o0e3bemuno mobujame OMOKaranuzatopa Koju je 3ampkao mpeko 70 %
aKTMBHCOTH HakoH 10 nHKiIyca y3acToIHe ynorpede.
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Synthesis, characterization and crystal structure of Cu(ll)
complex with a diimine-dioxime ligand, [Cu,(L H),](CIO,)s.
I nfluence of the weak Cu---O(perchlorate) interaction on the
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Abstract: The diimine-dioxime ligand, 3,3-(1,4-butanediyl-dinitrilo)bis-2-
-pentanone, 2,2’-dioxime (LH,), containing a N, donor set was prepared by the
Schiff base condensation of 2-hydroxyimino-3-pentanone and 1,4-diamino-
butane in two ways: in a protic and in an aprotic solvent. A higher yield of the
(LH5) imine was obtained when the synthesis was performed using a protic
solvent (C,H5OH) instead of aprotic benzene (78 and 30 %, respectively). The
Cu(ll) metal complex of diimine—dioxime was synthesized in CH3OH from the
perchlorate salt of LH, in a 1:1 moleratio. The isolated complex was character-
ized by the elemental analysis, IR spectroscopy and cyclic voltammetry. The
structure of [Cuy(LH)5](ClO,4), was determined by single-crystal X-ray dif-
fraction analysis. Comparison with structurally related diimine—dioxime Cu(ll)
complexes revealed the influence of a weak Cu---O(perchlorate) interaction on
the geometry of the metallocycle.

Keywords: Cu(ll) complex; weak interactions, supramolecular aggregates,
diimine—dioxime ligand.
INTRODUCTION
Schiff bases are typically formed by the condensation of primary amines and
aldehydes.12 Schiff base ligands containing strong donor sites, such as phenoxo

oxygen atoms or imine nitrogen atoms, have been shown to exhibit a broad range
of biological properties, including antifungal,34 antibacterial® and antitumor®.”
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activities. They are used as pigments and dyes, catalysts, polymer stabilizers,
intermediates in organic synthesis® and extractants for metal ions in solvent
extractions.9 Schiff bases represent an important class of chelating agents with
the capability of forming stable complexes with most transition metals.10

Transition metal complexes of polydentate Schiff base ligands, especially
tetradentate Schiff bases, are applicable in catalysis and material chemistry,11.12
and played a significant role in various reactions for the enhancement of the yield
and product selectivity.13 The Schiff base ligands readily form complexes with
the transition metals.14-16 Recent studies have focused particularly on the
development of new Schiff bases containing the diimine—dioxime functionality, a
potential ligand for 84Cu radiopharmaceuticals.l’ These studies aso included
investigations of lipophilic, cationic copper(ll) complexes of diimino—dioxime as
potential positron emission tomography (PET) radiopharmaceuticals for imaging
myocardial perfusion and multi-drug resistance in cancer.18 Of particular interest
is the capability of the deprotonated diimine—dioximes to form bridges between
metal ions giving rise to complexes of different nuclearity.1® These complexes
are of current interest in connection with the ability of oximato bridges to
mediate strong antiferromagnetic interaction between metal centers.20 During
complex formation, one of the oxime groups loses a proton and a hydrogen bond
is formed between the two oxime groups. The strength of the hydrogen bond is
dependent on the size of the metal ion, the length of the methylene linkage and
chemical environment around the metal ion.2l A number of these studies were
based on the analysis of the crystal structures and subsequent identification of the
bonding and non-bonding interactions relevant for the explanation of the
molecular and crystal properties.?2

A particular problem arises concerning the use of copper in the synthesis of
metal complexes. Copper is known for its flexible coordination behavior asso-
ciated with the capability to form weak bonds, a property termed “plasticity”.23
This problem becomes more pronounced in the studies of weaker non-bonding
interactions.24 Detailed analysis of the copper environment followed by compu-
tational or database studies?> may provide additional insight into the non-bond-
ing contacts relevant for the properties of copper complexes. One of the ligands
frequently used in the synthesis of copper complexes is the perchlorato group. As
aligand, the CIO4~ group may appear in various bonding arrangements, however
its steric properties limit its coordinating ability in the presence of smaller poten-
tia ligands.26 Recently the coordinating properties of CIO4~ bonded to Cu were
studied.2728 However, in most of the crystal structures, CIO4~ is present as a
non-coordinated ion.

In the present study, the copper(ll) complex of the 3,3'-(1,4-butanediyl-dinit-
rilo)bis-2-pentanone, 2,2’-dioxime ligand was chosen for study to enable
comparison with the previously studied copper(ll) complex29.30 of the closely
related ligand with two methyl groups in place of the present two ethyl groups.
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EXPERIMENTAL
General

All reagents obtained from commercial sources were of anaytica grade and used
without further purification. The infrared spectra were obtained using a FTIR BOMEM MB
100 Hartmann Braun Fourier transform infrared spectrometer. The samples were analyzed in
the form of KBr pellets after removal of the liquid under high vacuum at a low temperature.
Elemental analysis (C, H, N) of the samples were performed using a VARIO EL |11 elemental
analyzer. The melting points (uncorrected) were determined on Mel-Temp melting point appa-
ratus (Laboratory Devices Inc., USA).

The electrochemical experiments were performed using standard equipment for cyclic
voltammetry measurements and a three electrode electrochemical cell, as described in detail
previously, was used.3132 Glassy carbon (Pine rotating disc electrode) served as the working
electrode (only for the stationary measurements) and a gold wire was used as the counter
electrode while a saturated calomel electrode (SCE) was the reference electrode. The glassy
carbon electrode (surface area 0.500 cm?) was polished with diamond paste, cleaned with a
mixture of 18 MQ-water and sulfuric acid and further cleaned with 18 MQ-water in an
ultrasonic bath. The Cu(ll) complex and the diimine—dioxime ligand containing a donor set of
N4 were examined in 0.05 M NaHCO;. The complex is soluble in 0.05 M NaHCO; while
ligand was dissolved in 1 mL of methanol before addition into the electrolyte. The methanol
was electrochemically inactive under the described experimental conditions. Prior to the addi-
tion of the Cu(ll) complex and ligand, the electrolyte was deoxygenated by purging with nit-
rogen. Cyclic voltammetry was performed at a sweep rate of 50 mV s1. The potential range
applied was between —0.5 and 0.8 V. All the potentials are given vs. SCE. All the experiments
were performed at room temperature.

Synthesis

2-Hydroxyimino-3-pentanone (K O) was synthesized as described earlier33 in 75 % yield.
The diimine-dioxime ligand, 3,3’-(1,4-butanediyl-dinitrilo)bis-2-pentanone, 2,2’-dioxime
(LH>), was prepared in two ways:. in aprotic (benzene) and in protic (ethanol) solvents. The
synthesis in benzene was realized using a previously described method3* in 30 % yield. The
synthesis and characterization of the ligand LH, in ethanol was described el sewhere®® (78 %
yield).

Synthesis of [ Cuy(LH),] (ClO,),. Copper(ll) acetate monohydrate (110 mg, 0.625 mmol),
suspended in 10 mL of CH3;OH was added to a hot CH;OH suspension of the ligand LH, (175
mg, 0.625 mmol). The reaction mixture was then refluxed for 3 h. The reddish-brown product
was isolated as the perchlorate salt by the addition of a saturated aqueous solution of NaClOy,.
The reaction mixture was allowed to stand at room temperature for 3 days, when brown
crystals were formed. The crystals were collected and dried in a desiccator. Crystals suitable
for X-ray diffraction were grown by slow diffusion of a saturated agueous solution of NaClO,
into a methanolic solution of the product. Yield 68 %; mp: >225 °C explosive. Anal. Calcd.
for CogHgoClo,CuoNgOyo: C, 37.84; H, 5.67; N, 12.61 %. Found: C, 37.67; H, 5.99; N, 12.38 %.
Selected IR data (KBr, cm1): vy 1521.92 m, 1624.97 w (m, medium; w, weak).
Crystallography

Single-crystal X-ray diffraction data were collected on an Oxford Diffraction Gemini S
four-circle diffractometer equipped with a Sapphire CCD detector, using graphite-mono-

chromated MoKe radiation (4 = 0.71073 A) at room temperature. The data reduction was
realized using the Oxford Diffraction program CRYSALISPRO.36 Empirical absorption
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corrections were applied using sphericd harmonics implemented in the SCALE3
ABSPACK™* scaling agorithm. The structure was solved by direct methods using the SIR92
program3’ as implemented in the WinGX program system.38 One of the O atoms from the
ClO, is disordered over two positions at 70 % and 30 % occupancy. All non-hydrogen atoms
were refined anisotropically using SHELXL-97%° by applying a full-matrix least-squares
method based on F2, including all reflections. The hydrogen atoms were placed in the
idealized positions and refined riding on their parent atoms. The geometrical calculations were
performed using the programs PARST4 and PLATON.*l The programs CAMERON,*2
Mercury®3 and ORTEP* were employed for graphical presentations of the structure,. The
crystal data and refinement parameters are summarized in Table .

TABLE |. Crystal data and structure refinement for [Cux(LH)5](ClOy4)»

Formula C28H 50C| 2CU2N8012
Formulaweight 888.74

Crystal system Monoclinic

Space group P21/n

a,b,c/A 7.6214(2), 20.2174(6), 12.4894(3)
o Byl 90, 94.204(3), 90
V/IA3 1919.25(9)

z 2

Dege/ g cm3 1.538

u(MoK,) / mm1 1315

Crystal size, mm 0.20x 0.22 x 0.26
Temperature, K 293

AMoK,) I A 0.71073

6 Range, ° 3.4-29.1
Reflections collected 8595

Unique reflections 4399
Reflections observed, (I > 2¢1) 3013

Rint 0.024

Data/ restraints / parameters 4399/0/ 246
Goodness-of-fit on F2 0.940

Final Rindices (I > 20(1)) R1=0.0371, wR2 = 0.0870
Rindices (all data) R1 = 0.0620, wR2 = 0.0918
Largest diff. peak and hole, e A3 0.431 and —-0.322

RESULTS AND DISCUSSION
Syntheses

The diimine-dioxime ligand (LH>) and its Cu(ll) complex were synthesized
and characterized. In the present study, synthesis of a linear alkyl derivative of
the diimine-dioxime ligand system was performed according to published pro-
cedures3435 in two ways: in aprotic (A) and in protic (B) solvents (Scheme 1).

A higher yield of imine (78 %) was obtained when the synthesis was per-
formed using the protic solvent (CoHsOH). In the case of the aprotic benzene, a
poor yield of imine (30 %) was achieved. The synthesis of a Schiff base (imine)
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is accomplished via the condensation reaction of a carbonyl compound with a
primary amine.#° In this addition—elimination reaction, a fast nucleophilic attack
of the amine nitrogen on the carbony! carbon is followed by the slow elimination
of water. The synthesis of the Cu(ll) complex was readily accomplished when
the reaction was performed in CH30OH. The IR spectrum of the ligand showed a
v(C=N) peak at 1622 cm and the absence of a v(C=0) peak at around 1700
cm1, which is indicative of a Schiff base condensation. After formation of the
complex, two C=N bonds are discernable. The two v(C=N) were observed at
lower frequencies than that in the free ligand, in accordance with coordination at
the oxime and imine nitrogens.

(CH2)4

o, N2 (CHa)a

Et 0 (CHy), A.C6H6 gt NH2H2N Eé -2H,0 Et /N/ N~ Et
T, e SR e ey

12 2

Me \'\.l B. EtOH Me \,\ll r\ll/ Me Me \,\ll 'Tl/ Me

OH OH OH OH OH
KO
LH,

Scheme 1. Synthetic route for the ligand LH, in aprotic (A) and protic (B) solvents.

Electrochemical behavior of [ Cup(LH)2] (ClOg)2

The cyclic voltammogram of glassy carbon electrode in 0.05 M NaHCO3
(dashed line) and after the addition of Cu(ll) complex (full line) are presented in
Fig. 1.

i/ mA crn'2

0.1+
Fig. 1. Cyclic voltammogram of a glassy

carbon electrode in 0.05 M NaHCO; (dashed
line) and after the addition of the Cu(ll) com-
02 plex, concentration 2.0x103 mg-cm3 (full
05 ling), sweep rate: 50 mV-s1. Only the first
E/V  sweepwas recorded.

In Fig. 1, the reversible oxido-reduction processes of the Cu(ll) complex can
be observed at 0.45 V, while the reduction reaction occurred between —0.3 V and
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—0.5 V. It could be supposed that the observed electrochemical processes should
be attributed to reactions on the reactive groups of the ligand. In order to check
this assumption, under the same experimental conditions, the LH»> ligand con-
taining a donor set of Ng was investigated. It was shown that the diimine—
—dioxime ligand exhibits the same reversible oxido reduction processes at 0.45
V. Thus, the Cu(ll) complex is electrochemically characterized by the reversible
oxido reduction processes at 0.45 V, which proceeds on the ligand. Additionally,
the Cu(ll) complex exhibits the beginning of an additional oxidation reaction at
0.7 V, which could be attributed to the central copper atom.#6:47 Moreover, a
very apparent reduction reaction was observed between —-0.3 and -0.5 V and
small anodic peak at —0.30 V, which could be attributed to the interaction of
central copper atom with the ligand. In Fig. 1, only the first sweep is shown
because the decreases in the peak current values during sweeping were negli-
gible.

Crystal structure analyses

In the complex, Cu(ll) is five coordinated by the four imine nitrogen atoms
of LH~ and the oximato oxygen from the neighboring cationic complex. Selected
bond lengths and angles are given in Table 1.

TABLE II. Selected bond lengths (A) and angles (°); symmetry code: i = 1-x,~y,1-z

Cul-O12.318(2) N1-C11.288(3) N1-Cul-N280.54(8)  O1—Cul-N3 92.23(7)
Cul-N11.954(2) N4-C41.281(3) NI1-Cul-N3174.26(9) O1—Cul-N4 96.21(7)
Cul-N21.970(2) N2-C21.277(3) N1-Cul-N494.52(9) O1-Cul-O4 174.71(8)
Cul-N31.992(2) N2-C51.464(3) N2-Cul-N3103.13(8)  O4-Cul-N190.23(8)
Cul-N41.977(2) N3-C81.473(4) N2-Cul-N4153.98(9) O4-Cul-N2 75.98(9)
Cul-042.947(3) N3-C31.275(4) N3-Cul-N480.25(9)  O4-Cul-N386.43(9)
01-N1 1.341(2) O1-Cul-N2109.31(7)  O4-Cul-N4 78.53(8)
02-N4 1.378(3) 01-Cul-N190.68(7)  Cul-O1-Cul 97.76(5)

Two cationic fragments related by a center of inversion are assembled into
binuclear units with the Cu(l1) centers bridged by deprotonated oxime fragments
(Fig. 2).

Similar features were previously observed in structurally related oximato-
bridged dinuclear copper(I1) complexes.® The pentacoordinate geometry can be
described using the distortion parameter 7,48 where 7 = 1 corresponds to an ideal
trigonal bipyramid and 7 = 0 to an ideal square pyramid. According to the trigo-
nality index t = 0.34 for the title compound, the coordination geometry around a
Cu(ll) ion could be described as a severely distorted square pyramid. The basal
plane is formed by N1, N2, N3 and N4 atoms, and the metal ion deviates by 0.24
A from this plane, towards the apical positions occupied by oxime oxygen O1.
The intramolecular Cu---Cu separation is 3.9424(4). In order to gain more
insight into the structural features of the title compound I, the obtained results
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were compared with those for similar crystal structures of Cu complex cations
containing a diimine—dioxime ligand and (ClOg4)~ as the counter ion, i.e., the two
polymorphs of the Cu(ll) complex of the deprotonated anion of 3,3’-(1,4-buta-
nediyl-dinitrilo)bis-2-pentanone, 2,2’-dioxime (11),2930 and the Cu(ll) complex
with athio-oxime ligand (111)49 (Scheme 2).

Fig. 2. Molecular diagram and atom
numbering scheme of [Cuy(LH)5%*.
Methyl and methylene hydrogens are
excluded for clarity. Intramolecular O—
H---O hydrogen bonds are depicted by
dotted lines.

Scheme 2. Structural formulas of the cationic complexes used for comparison.

The three complexes differ in the presence of an ethyl instead of a methyl
substituent at the five-membered chelate ring in I, and the presence of a six-
membered chelate ring and sulfur instead of nitrogen in the diimine-dioxime
ligand in I11. Comparison of geometric parameters of I, Il and |1l indicate
similarity of the CuoO2N> ring conformation and the shape of the coordination
polyhedron in al three complexes. The overlay of the three solid state structures
presented in Fig. 3 illustrates their similarity.
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Fig. 3. Overlay of the solid-state structures of |
(black), I1 (light grey) and 111 (dark grey, thin
line).

Although the overall structuresof I, Il and 111 are similar, subtle differences
in the geometry of the metallocycle were observed. These differences are caused
mainly by differences in the Cu-O1 bond (Fig. 2). In | and I, these Cu-O
bonds are 2.318(2) and 2.293 A, respectively, which is longer than 2.266/2.262 A
found in the two polymorphs of 1. While these differences in the axial Cu—O
bonds could be attributed to the “plasticity”* of the copper coordination sphere,
it isinteresting to examine the possible influence of the closest perchlorato frag-
ment on these bonds. In the crystal structures of | and |11, the closest perchlorato
oxygen is at Cu-O distances of 2.947(3) and 2.907 A, respectively. These are on
the borderline of values that have been reported for a semi-coordinated per-
chlorato group.®0:51 In the crystal structure of |11 however, the closest perchlorato
oxygen is at a rather larger distance of 3.767/3.766 A and cannot be considered
as semi-coordinated to Cu. If the presence of the semicoordinative bond Cu—
O(perchlorate) trans to the Cu—O(oximato) bond is taken into account, the elon-
gation of the Cu—O bonds in | and |11 relative to |1 could be attributed to the
trans influence of the weekly coordinated perchlorato oxygen. The nearest inter-
molecular Cu---Cu separation in | is 7.621(5)A. This is longer than the corres-
ponding values of 6.484/6.480 and 6.016 A found in Il and |11, respectively.
Bearing in mind the overall similarity of these compounds (Fig. 3), this diffe-
rence could be attributed to the difference in the molecular volume, caused
mainly by the presence of the additional methyl groups in the molecule of the
title compound. This complex exhibits an intramolecular hydrogen bond (Fig. 2)
between cis oxime groups with an O---O distance of 2.593(3) A, H---O = 1.83A
and O-H---O angle of 154°. The role of O1 as an acceptor of a hydrogen bond is
associated with the different geometry of two N-O bonds. Both the N1-O1 and
N1-Cul bonds are shorter than the N4-O2, and N4—Cul bonds, respectively.
This finding implies more multiple bond character in the fragment O1-N1-Cul,
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relative to O2-N4—Cul. Bearing in mind the association of moleculesin the solid
state, it is interesting to note the lack of strong hydrogen bonding donors. There
is only one strong donor O2—H, which is involved in the intradimer hydrogen
bond to O1 (Fig. 2). Due to steric requirements, it is highly unlikely that the O2-H
bond could be involved in additional, intermolecular, contacts. Hence, it was
anticipated that intermolecular contacts between the C—H donors and perchlorato
oxygens would govern the association of molecules in the crystal. Inspection of
the intermolecular geometry confirms that the ClO4~ anions participate in weak
hydrogen bonds in the cationic complex through C-H---O interactions. Fig. 4
illustrates the role of the weak Cu—O(perchlorate) interaction and the C-H---O
contacts (Table I11) in the packing of moleculesin the crystal structure.

Fig. 4. Part of the crysta structure
showing the contacts relevant for the
association of molecules in the crystal
structure of [Cu,(LH),](ClO,),. Hydro-
gen atoms not involved in the non-
bonding contacts have been excluded
for clarity.

TABLE Ill. Geometry of the hydrogen bonds, symmetry code: i = x-1/2,~y+1/2,+2-1/2

D-H---A H--A/A D-H---A/°

0O2-H1.--01 1.83 154

C13-H5..-061 2.67 171

C12-H36---06! 2.67 145
CONCLUSIONS

The complex [Cux(LH)2](ClOg4)2 was prepared by reaction of copper(l1) ace-
tate monohydrate and 3,3’-(1,4-butanediyl-dinitilo)bis-2-pentanone, 2,2’-dioxime
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(LH2) in CH30H, followed by the addition of NaClO4. The compound was
characterized by elemental analysis, IR spectroscopy, cyclic voltammetry and
single-crystal X-ray crystallography. The crystal structure consists of centrosym-
metric [Cup(LH)2]2* and perchlorato anions. The copper(l1) atom isin adistorted
square-pyramidal coordination with four imine-nitrogen atoms comprising the
basal plane and the bridging oximate-oxygen from the other half of the dimer in
the axial position. During complex formation, one oxime proton is lost, and a
hydrogen bond between the two oxime groups of the same ligand is formed.
Comparison with structurally related diimine—dioxime complexes indicates that
the geometry of the metallocycle could be influenced by the presence of a weakly
coordinated perchlorato anion.

SUPPORTING INFORMATION

CCDC 881203 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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n3BOJ

CHUHTE3A, KAPAKTEPU3ALIMJA U KPUCTAJTHA CTPYKTYPA [Cuy(LH);](ClOy4);.
YTHULAJ CJTIABE Cu--*O(ITEPXJIOPATO) UHTEPAKIIUJE HA CTPYKTYPY Cu;,N,0,
METAJIOLIUKJTA

MAPHJA MUPKOBUR', HAIIEKIA HUKOJIMR', IYIIAH MUJUH?, MUIKA ABPAMOB UBHR®, ATHEII KATIOP’
u 30PAH . TOMUER'
1HHCU7ulleu7 3a Hyxneapue nayke ,Bunua“, Ynueep3uwewi y beoipagy, i. ip. 522, 11001 Beoipag,
ZTexnommKo—Mewaﬂypmxu Qaxynitein, Ynueep3utieii y beoipagy, Kapneiujesa 4, . tip.3503, 11120
Eeoipag, SUXTM — Lentuap 3a enexwipoxemujy, Ynueep3utieti y beoipagy, Ebeiowesa 12, beoipag u
4,£[eﬂapu7man 3a ®usuxy, ITpupogno—maitiemamiuuky paxyniieit, Ynusep3uiteii y Hosom Cagy,
Tp1 Hocutueja Odpagosuha 4, 21000 Hosu Cag

Jluraug 3,3’-(1,4-0yTaHAUWI-IUHUTPUIO)OUC-2-TIeHTaHOH, 2,2'-nuokcum (LHjy), cuHTe-
THCaH je y peakluju 2-XuIpOKCUMMHUHO-3-IeHTaHOHa U 1,4-muamMuHobyTaHa. YTBpheHo je na
MOCTOjU pa3NuKa y MPUHOCY y 3aBUCHOCTH O] MOJIAPHOCTH pacTBapava. Kaga ce peaxiwuja
OJWrpaBa y eTaHosly mpuHOC je 78 %, a ykonuko ce kopuctu deHseH mpuHoc je 30 %. Peak-
uujom daxap(Il)-auerara u nuranpa LH, nodujeH je OuHykieapHH LIEeHTPOCHMETPUYHU KOM-
wiekc udja je ¢opmyna [Cuy(LH),1(Cl04),. Jenumeme je okapakTepUCaHO eleMEHTATHOM
aHa/lM30M, HMHGPaAUPBEHOM CIEKTPOCKONMHjOM M LMKJIMYHOM BoiATamerpujomM. CTpyKTypa
KOMIIJIEKCA y YBPCTOM CTawmy je ofgpeheHa NPUMEHOM METOAa PEHATEHCKO—CTPYKTypHE
aHamuM3e Ha MOHOKpHcTany. [lopeheme KpucTamHe CTPYKType [IOOMBEHOr jefumema ca
CTPYKTypHO cauuHUM Oaxap(Il) kommnekcuma ykasyje Ha ytuuaj cinade Cu---O(mepxsioparo)
MHTEpaKlyje Ha CTpyKTypHa cBojctBa Cu,0,N, meTanonukia.

(ITpumrseno 10. centemdpa, pesunupano 28. okrodpa, npuxsaheno 31. okrodpa 2013)
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Abstract: The atom—bond connectivity (ABC) index is a much-studied mole-
cular structure descriptor, based on the degrees of the vertices of the molecular
graph. Recently, another vertex—degree-based topological index, the harmonic
index (H), has attracted attention and gained popularity. It is shown how ABC
and H arerelated.

Keywords: topological index; degree-based topological index; atom—bond con-
nectivity index; ABC index; harmonic index.

INTRODUCTION

In contemporary theoretical chemistry, a great variety of graph-based mole-
cular structure descriptors, so-called “topological indices’, are studied and
used.1~4 Of these, about two dozens are defined in terms of vertex degrees.>-8
Comparative testing of the vertex—degree-based topological indices®’ revealed
that from a practical point of view, one of the best is the “atom-bond connect-
ivity (ABC) index”. Its applicability, especialy for modeling thermochemical
properties of saturated organic compounds, is nowadays well documented.6.9,10

The ABC index is defined as:

d(u)+d(v)—-2
ABC=ABC(G)=Y |~/ = (1)
UZ:N\/ d(u)d(v)

where d(u) denotes the degree of the vertex u, and the summation goes over al
pairs of adjacent vertices of the molecular graph G. Recall1l that the degree of a
vertex is the number of its first neighbors (in the underlying graph); in graphs

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130930001G
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representing organic molecules, the vertex degrees may assume only values 1, 2,
3or4
Another way of expressing the ABC index is:®
i+j—2
agc=Y [ =, 2

i<V 1

where m; denotes the number of edges connecting a vertex of degree i with a
vertex of degreej.

Details of the theoretical investigation of the ABC index can be found in a
survey,12 recent papers,13-18 and the references cited therein.

Using the same notation asin Eq. (1), the harmonic index is defined as:

2
H=HO= 2 30 dw ©
and, in analogy, Eq. (2) can be written as:®
H=Y Zom, @

i< + ]

Although this quantity was first mentioning in a mathematical paperl® from
1987, it did not attract the attention of scholars until quite recently. On the other
hand, in the last few years, aremarkably large number of studies of the properties
of the harmonic index have appeared,20-28 amongst them some by two of the
present authors.2021.24 The chemical applicability of the harmonic index was
also recently investigated.67

In view of the great current research activity on the ABC and harmonic
indices, and in view of the mathematical similarity of Egs. (2) and (4), it could be
of some interest to search for relations between them. This task is accomplished
in the two subsequent sections.

RELATIONS BETWEEN THE ABC AND HARMONIC INDICES - GENERAL GRAPHS

In order to establish relations between the two considered topological indi-
ces, bearing in mind Egs. (2) and (4), an auxiliary function Q=Q(X,y)is intro-
duced:

2

X+y-2
Qx.y)=t— % =X;y,/”y‘2 5)
Xy
X+Yy

Asthe variables x and y pertain to vertex degrees, for any connected graph G
with n vertices, they must satisfy the condition 1< x<y<n-1. In addition, it
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cannot be Xx=Yy=1 (except in the trivial case n=2, which isignored), i.e., y
must be > 2.
By direct calculation, one obtains:

QX Y) _ X(y+2)+(y2-x2)+y(y-2)
oy 4y xy(x+y-2)

that evidently is positive-valued for all y>2. Thus, Q(X,y)is a monotonically
increasing function in the variable y. Consequently, its minimal value is either
QL2 or Q(2,2), and its maximal value is Q(x,n—1) for some x, which till
needs to be determined.

Since:

Q(L2) :Zi ~1.061

\2

and:
Q(2,2)=2~1414

itisconcluded that Q isminimal for x=1,y=2.

Thefirst derivative of Q(x,n-1)isfound to be:

aQ(x,n-1) 2x2+(n-3)x—(n-D(n-3)
ox 4x/(n-Dx(x+n-23)

A detailed analysis shows that for n=3 and n=4, the function Q(x,n—1)

monotonically increases and, therefore, its greatest value is Q(n—Ln-1). For

n=>5, this function has a minimum in the interval (L,n—1) and, therefore, the
greatest value of Q(x,n—1)iseither Q(,n—1) or Q(n-Ln-1).As
n-2

n
Q(l.n—l)—z —

and
Q(n-1Ln-1)=+2n-4

by direct checking one finds that for n< 6 the greatest value of the function Q is
Q(n-14,n-1), whereasfor n>7 itsgreatest valueis Q(,n-1).

Return now to the topological indices ABC and H, Egs. (1) and (3). Let G be
a graph with n vertices. An edge of G is said to be of the (i, j)- type if its end-
-vertices have degreesi and j.

Bearing in mind Egs. (2) and (4) and the Form (5) chosen for the function Q,
it is seen that the ratio ABC(G)/ H(G) will be minimal if all edges of G are of
the (1,2)-type. In connected graphs, this is only possible if n=3and then G is
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just the molecular graph B3 of propane. Thus, the first relation, valid for all
graphs, is obtained:
ABC(G)
H(G)
with equality (for connected graphs) if and only if G=h;.

In the same manner, it could be concluded that for n<6, the ratio
ABC(G)/ H(G)will be maximal if all edges of G are of the (n—1,n-1)-type,
whereasfor n> 7, al edges should be of the (1,n—1)-type.

Therefore, if Nn<6, then:

>Q(, )—2\/— (6)

ABC(G) _
H(G) Q(n-Ln-1)=+2n- @)
with equality if and only if G is a complete graph.11
If Nn>7, then:
ABC(G) nin-2
HG) <Q@n-1= 2’/_n—1 )

with equality if and only if G is a star graph.11
Summarizing the relations (6)—(8), the first main result can be stated:
Proposition 1. Let G be any graph with n vertices, n> 2. Then:

% H(G)< ABC(G)< 7, H(G) and &, ABC(G) < H(G) < 8, ABC(G)

where:
V= , Y, =N2,2,46,2V2 and n‘/n
4/ n-1

for n=3,4,5,6,and n>7, respectively, and:

Si=L and 5=+
72 n

Equality cases are specified at Egs. (6)—(8).
RELATIONS BETWEEN ABC AND HARMONIC INDICES—MOLECULAR GRAPHS
In the case of molecular graphs, the analysis of the relation between the
ABC and harmonic indices is much simpler, thanks to the fact that these graphs
may have only 9 different types of edges. The respective Q-values are given in
Tablel.
Using the values from Table | and an analogous, yet simpler, reasoning asin

the preceding section, second main result is straightforwardly deduced:
Proposition 2. Let G be any molecular graph with n vertices, n> 2. Then:
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Q(L2)H (G) < ABC(G) <Q(4,4)H (G) and

1 ABC(G)<H(G)<—

Q(4,4) Q1.2

where the values of Q(i,j) are given in Table |. The equality
ABC(G)=Q(L,2)H(G) occurs if and only if G is the molecular graph of
propane. In the case of ordinary molecular graphs, the equality
ABC(G)=Q(4,4)H(G) is not possible, but could be satisfied if G is the graph
representation of a diamond-like nanostructure.29.30

For benzenoid systems, in which only (2,2)-, (2,3)- and (3,3)-type edges
occur (i.e., in Egs. (2) and (4) the only non-zero multipliers are
Mo, Mp3, Ma3),2:31-33 the following special case of Proposition 2 holds:

Proposition 3. Let G be the molecular graph of a benzenoid system. Then:

Q(2,2)H(G) < ABC(G) <Q(3,3)H(G) and

1 ABCG)<H(@G)<—t
QB3 Q(2,2)
where the values of Q(i,j)are given in Table |. The equality
ABC(G)=0Q(2,2)H(G) occurs if and only if G is the molecular graph of ben-
zene. The equality ABC(G) =Q(3,3) H(G) occurs in the cases of nanotubes and
nanotoruses, as well as fullerenes.29.30

ABC(G)

ABC(G)

TABLE I. The value of the auxiliary function Q, Eq. (5), for al possible edge-types that may
occur in molecular graphs; i, j are the degrees of the end-vertices of the respective edge

i Q. j) i J Q. j)
12 1.061 24 2121
13 1.633 33 2.000
14 2.165 34 2.259
22 1.414 4,4 2.449
23 1.768
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U3BOJ
BE3E U3BMEDY ABC U XAPMOHHUJCKOI MTHIEKCA

HBAH I'YTMAH', LINGPING ZHONG” u KEXIANG XU’
pupogno—matmemamuuxy paxynimein Ynusepsumema y Kpaiyjesuy, ZDepartment of Chemistry, Faculty of
Science, King Abdulaziz University, Jeddah 21589, Saudi Arabia u 3Department of Mathematics, Nanjing
University of Aeronautics and Astronautics, Nanjing 210016, P. R. China

HHpekc moBe3aHocTu atoM—Be3a (atom—bond connectivity index, ABC) je jemaH o Haj-
BHLIE NIPOYYaBaHHX MOJIEKYJICKMX CTPYKTYPHHX JECKPHIITOPA 3aCHOBAHMX Ha CTENIEHUMA YBO-
poBa Monekysckor rpada. HepaBHo je jeman Opyry TakaB TONOJIOIIKH HHIOEKC — XaPMOHHjCKH
uHIEKC H — NpuByKao Naxmwy U 7o0M0 Ha 3Havajy. Y pamy Hana3sumo Bese usmehy ABC u H.

(ITpumsbeHo 30. centemdpa, npuxsaheHo 30. nenemdpa 2013)
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Thermodynamics of the complexation between salicylaldehyde
thiosemicarbazone with Cu(l1) ionsin methanol-1,4-dioxane
binary solutions
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Department of Chemistry, University of North Bengal, Darjeeling-734013, India
(Received 30 July, revised 7 November, accepted 19 November 2013)

Abstract: The complexation reaction between salicylaldehyde thiosemicar-
bazone, abbreviated as STSC, with Cu(I1) ion was studied in binary mixtures of
methanol—1,4-dioxane using UV-Vis spectrophotometric and conductometric
methods at different temperatures. The formation constants (K¢) for the 1:1
complex, Cu(ll)-STSC, were calculated from computer fitting of the absor-
bance and molar conductance data against various concentrations ratios (Cy:C
or ¢ :cy) in different binary solvent mixtures. A non-linear correlation was
observed for the variation of log K¢ for the complex against the solvent com-
positions. Various thermodynamic parameters (AH, AS and AG) for the for-
mation of the Cu(l1)-STSC complex were aso determined from the tempe-
rature dependence of the formation constants (Ky). The results showed that the
complexation reaction is affected by the nature and composition of the mixed
solvents.

Keywords. salicylaldehyde thiosemicarbazone; Cu(ll); stability constants; bin-
ary mixtures;, methanol; 1,4-dioxane.

INTRODUCTION

Schiff bases derived from the amines and aldehydes belong to an important
class of ligands that coordinate to metal ions through the azomethine nitrogen.1—3
In recent years, there has been considerable interest in the chemistry of transition
metal complexes of thiosemicarbazone ligands, primarily because of their bio-
inorganic relevance# In the solid state, these thiosemicarbazones exist in the
thione form and in solution they tautomerize into the thiol form.> Complexation
usually occurs through the dissociation of the acidic proton, resulting in the
formation of a five-membered chelate ring and, when an additional donor site is
incorporated or linked to the carbonylic carbon by one or two intervening atoms,
tricoordination usually occurs.® Thiosemicarbazones of salicylaldehyde and their

* Corresponding author. E-mail: biswachem@gmail.com
doi: 10.2298/JSC130730137B
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566 BISWAS, BRAHMAN and SINHA

derivatives congtitute a class of versatile tridentate (O, N and S) donors capable
of stabilizing both higher and lower oxidation states of transition metal ions.6-8
These ligands also have an ion-sensing ability, metal extraction properties,
pharmacological properties, etc.%-13 Among the first row transition metals, cop-
per plays a pivotal rolein cell physiology as a catalytic cofactor in the redox che-
mistry of mitochondrial respiration, iron absorption, free radical scavenging,
elastin cross-linking,14 etc. Copper is found in al living organisms and is a cru-
cial trace element in redox chemistry, growth and development.15 It is important
for the function of several enzymes and proteins involved in energy metabolism,
respiration and DNA syntheses. Very little information is available in the lite-
rature about the thermodynamic stability of the complexes of STSC and its deri-
vatives, most probably due to their low water solubility that limits experimental
exploration of their solution equilibria. However, the use of aqueous organic sol-
vent mixtures can be useful for comparing the stability of complexes of different
metal ions and a series of ligands in semi agueous media.16-18

Among the various organic solvents, alcohols in nonpolar solvents can asso-
ciate by means of hydrogen bonds into a series of n-mers. In dilute solutions, the
predominant species are the unassociated molecules, while in concentrated solu-
tions, both linear and n-mers coexist. In solvents such as 1,4-dioxane (DO) that
can form hydrogen bonds with methanol (MeOH), the self-association of alco-
hols may be reduced or perturbed in favor of hydrogen-bonded structures when
mixed together, leading to intermolecular association between MeOH and DO
molecules.1® Papanastasiou et al.20 suggested that binary mixtures of DO and
MeOH are characterized by the formation of two intermolecular complexes of
the types (DO:MeOH) 1:1 and 1:2 and that DO can associate through hydrogen
bonds involving either of its two oxygen atoms. Although, numerous literature
data are available for complex formation of Schiff bases with metal ions in non-
agueous solvents and mixed solvent systems, thermodynamic data on complex
formation of salicyaldehyde thiosemicarbazone (STSC) with Cu(ll) ions in pure
and mixed non-agueous or semi agueous solvents are rather scarce.21-26 Hence
in this work, the complexation behavior of STSC with Cu(ll) ion in different
MeOH-DO mixed solvents was studied in order to understand the thermodyn-
amics of complex formation between STSC and Cu(ll) in the studied mixed sol-
vents.

EXPERIMENTAL

Materials

Reagent grade thiosemicarbazone (s), salicyaldehyde (1) and copper(l1) nitrate trihydrate,
Cu(NO3),-3H,0 (s) were procured from Thomas Baker, India, and used as received. Spec-
troscopic grade methanol (MeOH) and 1,4-dioxane (DO) (each of purity > 99 %, S. D. Fine
Chemicals, India) were used without further purification. Salicyladehyde thiosemicarbazone
(STSC) was prepared according to a literature procedure and its purity was checked by spec-
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troscopic and other analytical methods. ! The various binary solvent mixtures were prepared
by mass and necessary adjustments were performed to achieve exact mass fractions (w; =
= 0.40, 0.60, 0.80 and 1.00) of MeOH in the binary solvent mixtures at 298.15 K under
atmospheric pressure. The mass measurements were realized on a digital electronic analytical
balance (Mettler, AG 285, Switzerland) with a precision of +0.01 mg. The relative error in
solvent composition was about 1%. The physical properties of these solvent mixtures are
availablein the literature.2”

Preparation of the ligand

Thiosemicarbazone (0.746 g) was dissolved in 75 mL of doubly distilled deionized water
by warming. To the obtained solution, salicylaldehyde (1 g) was added and the reaction
mixture was refluxed for 3—4 h. Crystals of STSC were obtained from the solution on cooling.
The thus-obtained crystals were separated by filtration, dried under vacuum and further puri-
fied by recrystallization from ethanol.

Analytical and spectral data of the ligand

The melting point of the ligand was determined by the open capillary method. The IR
spectrum of the ligand salicyal dehyde thiosemicarbazone in the wavenumber range 4004000
cml was recorded on a Perkin-Elmer FT-IR spectrophotometer (RX-1). Elemental micro-
analyses were realized using a Perkin—Elmer (Model 240C) anayzer.

Salicyaldehyde thiosemicarbazone. White crystalline compound; Anal. Cacd. for
CgHgN5OS: C, 49.23; H, 4.61; N, 21.53; S, 16.41 %; IR (KBr, cml): 3443.87 (3444%),
3320.97 (3321%9), 3175.01 (3175%9), 1236.84 (12372°), 1035.91 (103629), 751.76 (75229).

The structure of the synthesized Schiff baseis depicted in Fig. 1.

\ NH——C
N \
NH,
Fig. 1. Structure of salicylaldehyde semicar-
OH bazone (STSC).

UV-Vis spectrophotometric titration

The absorbance spectra were recorded on a Jasco V-530 spectrophotometer equipped
with a thermostated bath. During the complexation studies, temperature of the quartz cell was
maintained at 298.15+0.1 K. For the spectrophotometric titration, the stepwise additions of
metal ion solution (1.3%103 mol dm3) to 2 mL of a solution of ligand (5.0x10" mol dm3)
were realized using a 10 uL pre-calibrated micropipette. The absorbance (A) of the solution
was measured after each addition of metal ion solution to the ligand solution.

Conductometric titration

The conductance measurements were performed with a Systronics-308 conductivity
bridge (with a precision £0.1 %) and a dip-type immersion conductivity cell (type CD-10) at a
frequency of 1 kHz. Measurements were made in a water bath maintained at +0.01 K of the
desired temperatures. The cell was calibrated with standard K Cl solution as described earlier32
and the cell constant was 1.16 cmL. During the conductometric titration, a solution of copper
nitrate (5.0x104 mol dm3, 15 mL) was placed in the conductivity cell and the conductance of
the solution was measured. A solution of the ligand (2.5x102 mol dm3) was added stepwise
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to the conductivity cell with a pre-calibrated micropipette (50 pL) and the conductance of the
resulting solution was measured after each addition. Addition of the ligand solution was con-
tinued until the total concentration of the ligand was approximately three times greater than
that of the metal ion concentration (c_:cy = 3:1).

RESULTS

UV-Vis spectrophotometric titration

The UV-Vis spectra of the STSC ligand and its Cu(ll) complex in pure
MeOH and in the binary mixtures of MeOH with DO are presented in Fig. 2,
which shows that the absorption spectrum of the solution of STSC ligand (ini-
tially 5.0x10~> mol dm3) underwent marked changes when a solution of Cu(ll)
cations (1.3x10~3 mol dm=3) was added to the ligand solution in a stepwise
fashion until the contentratrions ratio, cy:c., of 3:1 at 298.15 K was achieved.
The UV—Vis spectrum of STSC showed two characteristic bands at around 291
and 332 nm. These bands originate from the azomethine chromophore and the
phenol moiety, respectively. During the spectrophometric titration, complex for-
mation was indicated by a gradual decrease in the intensity of the 332 nm peak
and by the development of a peak at around 394 nm. These changes in UV—-Vis
spectra were due to the coordination of Cu(ll) ion through imine nitrogen atom,
sulfur atom with an additive effect from the deprotonation of the phenolate group
upon chelation, resulting in the formation of six and five-membered ring systems
between the metal atom and the ligand in the complex.16 However, the pesk at
291 nm overlapped with that of the free NO3~ at around 298 nm2° and increased
gradually in intensity in pure MeOH as more and more electrolyte solution was
added, but the peak showed no such changes for the solutions in the binary
mixtures; probably due to low dielectric constants of the binary mixtures. Hence,
the analysis of the spectrophotometric data was performed with the absorbance
values at 4 = 394 nm as shown in Fig. 3. It is evident from Fig. 3 that when the
ligand STSC reacted with Cu(ll) ionsin MeOH and its binary mixtures with DO,
a1:1 complex is formed. The mass balance for the ML complex is given by the
relation:31

M+Lz=ML (1)
and the formation constant (Ks) could be given by:
ML
Kp =ML @

[M]IL]

where [M], [L] and [ML] stand for the concentrations of free meta ion, free
ligand and formed complex in equilibrium, respectively. The mass balance for
Eg. (1) can be solved provided that the following relations for the concentrations
of total metal ion and ligand remain valid in equilibrium:
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Fig. 2. UV-Vis spectra of the STSC ligand
(5%x10° mol dm3) in the presence of inc-
reasing concentrations of Cu(ll) ionsin diffe-
rent solvent mixtures with MeOH mass frac-
tions (wq) at 298.15 K: A, w; = 1.00; B, wy =
=0.80; C, w; =0.60; D, wy = 0.40.
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Fig. 3. Absorbance plot () for the ligand STSC with Cu(ll) ion against cy:c, for different mass
fractions (wq) of MeOH in different solvent mixtures at 298.15 K. Symbolsfor the
experimental data: o, wy = 1.00; o, wy = 0.80; A, wy = 0.60; V, wy = 0.40. Symbols

for the calculated data: %, w, = 1.00; +, w; = 0.80; —, wy = 0.60; V¥, w; = 0.40.

cm =[M]+[ML] (©)
cL =[L]+[ML] (4)
When the [M] and [L] values, obtained from Egs. (3) and (4), are substituted
in EQ. (2), one obtains Ks as:
_ [ML]
(cm —[ML])(cL —[ML])
If only the complex absorbs at a particular wavelength, the total absorption
(A) at this wavelength can be given by:
A=¢l[ML] =¢[ML] (6)

where ¢ is the molar absorption coefficient of the complex and the path length
| =1 cm. Hence, from the above relation, [ML] is given by:

()

Kt

[ML]= Az W)
Therefore, when ¢y >> ¢, EQ. (5) can be rearranged as:
ML Ale
Ky =— ML ®

“om(cL —[ML])  om(cL - Alée)

Rearranging the above relation, one obtains: 31
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CmMCL _Cm 1

A e €K

Thus a linear regression of cyc /A against cy gives the molar absorption

coefficient (¢) from the slope and Kz from the intercept. Using these ¢ and Ks

values, obtained from Eq. (9) as initial guess values, the absorbance (Acagq. i) of

each solution was iteratively calculated and then the final ¢ and Ky values were

obtained from Eq. (10) by using the Newton—-Raphson Method with the aid of a
C-program. Eqg. (10) was obtained after some rearrangement of Eqg. (5):

(Al£)® —{(cm +¢ ) +1/ K }(Al€)+cye, =0 (10)

(9)

The standard errors (o) in the absorbances were calculated from the follow-
ing the relation:

N 12
=] > {Axp.j — Aad.i}?/n (12)
i=1
where n stands for the number of solutions. The obtained standard errors (o) were

0.035, 0.025, 0.039 and 0.042 in the solvent mixtures with wy = 0.40, 0.60, 0.80
and 1.00, respectively.

Conductometric titration

It is known that the equilibrium for 1.1 complexation is represented by Eq.
(2) and the formation constant (Ky) is given by:

oo IML] fu
[M][L] fm fL

where the f terms stand for the activity coefficients of the species indicated in
subscripts. Under the employed dilute concentration range, the activity coeffi-
cient of the uncharged ligand (f.) can be assumed to be unity.33.34 According to
the Debye-Huckel limiting law fyg = fyL, the activity coefficients in Eq. (12)
cancel each other.35 The fraction of the total metal ion concentration (o), remain-
ing free at equilibrium, can be expressed by the relation:

(12)

g=m= AL (13)

Ava — AL
where Am, Apma and Ay stand for the total molar conductance, and the molar
conductance of the electrolyte and the complex, respectively. The Ay values
were calculated by a least square linear regression of the data points (4 Vvs.
cL/cy) after the curve changed its slope at higher ¢ :cy ratios (Fig. 4). Then, the
a values were calculated from Eq. (13) for each solution and an initial Ky value
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for each solution was calculated using the [M] and [L] values. Eg. (12) can aso
be rearranged as:36

K¢ [ML]2 —{1+ (cm + ¢, )Ks}[ML]+Kscye, =0 (14)

The fina K; values and [ML] were then calculated iteratively using the
Newton—-Raphson Method and successive approximations with the aid of a
C-program.

DISCUSSION

The nature of a solvent can strongly influence the stoichiometry of a com-
plex and complexation of transition metal ions in solution. The stability of tran-
sition metal complexes with polydentate ligand depends on several factors, such
as the number and type of the donor sites present in the ligand, the number and
size of the chelate rings formed on complexation, etc.37 In addition, the stability
also depends upon the donor strengths and dielectric constants of solvent—solvent
mixtures.38 Although the STSC solution had negligible conductance, its addition
to the metal ion solution caused a rather large and continuous increase in molar
conductance in all solvents. As can be seen from Fig. 4, the addition of STSC to
Cu(ll) ions in pure MeOH as well as in the binary solvent mixtures at different
temperatures resulted in increases in molar conductivity. This fact indicated that
the Cu(l1)-STSC complex is more mobile than solvated Cu(ll) ions and to the
existence of some ion pairs in the initia salt and the release of some high-mob-
ility protons and NOz~ into the solution.39:40 The slope of An, vs. ¢ /cy plots for
al solvent mixtures showed significant changes in slopes when ¢ :cy was about
1 thus indicating the formation of arelatively stable 1:1 complex (ML) between
Cu(ll) ions and STSC. From Fig. 4, it is aso evident that the curvature of the
molar conductivity plots for the Cu(ll)-STSC complex decreased as the experi-
mental temperature increased. This fact indicated to the formation of a weaker
complex at higher temperatures. Thisis also evident from Table | wherein log K¢
for Cu(l1)-STSC complex in pure MeOH as well as in the binary solvent mix-
tures decreased with increasing temperature. However, slightly higher values of
log Ks were obtained at 318.15 K for solvent mixtures with wy = 0.40 and 0.60
than those at 308.15 K.

TABLE 1. log K; values for the Cu(ll)-STSC complex obtained from complexometric tit-
rations in MeOH-DO binary mixtures at different temperatures; w; is the mass fraction of
MeOH in the binary solvent mixtures. Standard errors are given in the parenthesis

" T/K
! 298.15 308.15 318.15
1.00 5.28 (£0.23) 4.90 (+0.21) 4.89 (+0.19)
0.80 5.14 (x0.21) 4.84 (+0.18) 4.76 (+0.16)
0.60 4.92 (+0.16) 4.75 (+0.15) 4.80 (+0.11)
0.40 4.97 (+0.18) 4.83 (+0.15) 5.00 (+0.12)
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MeOH has a higher Gutmann donor number (DN = 19) that that of DO (DN =
= 14.8).41 However, a comparison of the stability constants given in Table | and
Il revealed that Cu(ll) ion was weakly solvated and easily complexed by the
ligand in the solvent mixtures with higher contents of MeOH and the stability
constants decreased with increasing concentration of DO in the binary solvents.
This fact is in accordance with the reverse order of their solvating ability as rep-
resented by their Gutmann donor numbers. It is known that the solvating ability
of the solvent plays an important role in different complexation reactions. More-
over, the stability and selectivity of the formed complexes are affected by a num-
ber of molecular factors, such the number and character of the donor atoms in the
Schiff base, the polarizibility and charge density of the metal ion, the nature of
substituents and the character of the co-anion with the cationic species. 4243 In
the Cu(I1)-STSC complex, the ligand binds a Cu(ll) ion through its three binding
sites (O, N and S) and the fourth coordination site is most probably occupied by
the solvent molecules, i.e., MeOH or DO.16 However, as per the polarity and
steric factors for MeOH and DO, it is expected that MeOH will preferentially
occupy the fourth coordination site. Regardless, the variation of the log Ks for the
Cu(I1)-STSC complex as a function of solvent composition is presented in Fig. 5,
which shows that the changes in the stability constants for Cu(l1)-STSC complex
vs. the solvent composition are not linear. This evidence reflects that changes
might be occurring in the structure of the solvent mixtures?? and these changes
probably alter solvations of the metal ion, the Schiff base and even the resulting
complex as well as the preferential solvation of these species in the mixed sol-
vents.#4 Preferential solvation of ions by one of the components of a mixed sol-
vent system depends on two factors: the relative donor—acceptor abilities of the

(]

5.2

5.14
5.040
a
(m}
4.9 4
a
] \><
4 AN

[}
A
O
T T T T T T
0.4 0.6 w, 0.8 1.0

log K,

e
-

Fig. 5. Variation of formation constants (Ks) for Cu(l1)-STSC complex against mass
fractions (w;) of MeOH in the binary solvent mixtures at different temperatures.
Symbols: o, 298.15K; A, 308.15K; o, 318.15 K.
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component molecules towards the ion and the interactions between solvent mole-
cules themselves. The solvating properties of the components in mixed solvents
can even be significantly modified by solvent—solvent interactions when the
energy of the latter is comparable with the energy difference of ion—solvent inter-
actions for both of the components.4®

Anyway, the stability constants given in Tables| and Il have nearly the same
order although the formation constants evaluated by the two methods are not the
same but are similar in magnitude. This is because the experimental data were
analyzed by two different approaches in the two methods used to determine the
stahility constants (Ks) and they have their own intrinsic error limits.

TABLE Il. log K; values for the Cu(ll)-STSC complex obtained from UV-Vis spectro-
photometry in MeOH-DO binary mixed solvents at 298.15 K; w; is the mass fraction of
MeOH in the binary solvent mixtures. Standard errors are given in the parenthesis

Wy log K¢

1.00 4.87 (x0.13)
0.80 4.77 (x0.12)
0.60 4.76 (x0.10)
0.40 4.65 (x0.13)

Thermodynamic parameters

In order to obtain a better understanding of the thermodynamics of the com-
plexation reaction between Cu(ll) and STSC, it is useful to determine the contri-
butions of enthalpy and entropy of the reaction. The thermodynamic parameters
were calculated from the temperature dependence of the complexation constants
(van't Hoff plot):

2.303logKf = ———+—
SR =

where R is the gas constant. For all the solvent mixtures, the plots of log Ks vs.
VT were amost linear and the AS and AH values were determined in the usual
way from the slope and the intercept of the plots, respectively. The calculated
thermodynamic parameters are listed in Table 11l. The AH and AS values asso-
ciated with the complexation reaction were negative for all the solvent mixtures
except for the solvent mixture with wy = 0.40. The AG values for the complex-
ation reaction were negative indicating the spontaneity of the reaction. Thus, it is
evident that the reactions were spontaneous and enthal py-driven except for the
solvent mixture with wq = 0.40. For this solvent mixture, the complexation reac-
tion was observed to be entropy-driven. These trends, as reflected by the thermo-
dynamic parameters for the complexation reaction, are the overall results of seve-
ral factors, such as solvation/desolvation of the species involved in the complex-
ation reaction and the variation in flexibility of Schiff base during the complex-

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.




576 BISWAS, BRAHMAN and SINHA

ation process, as well as the degree of ion—solvent, ligand—solvent, complex—
solvent and solvent—solvent interactions.46:47

TABLE Ill. Thermodynamic parameters (AH, AS and AG) for the formation of the Cu(ll)—
—STSC complex in different binary mixtures of MeOH with DO

1
W, AG/kJmal AH/KImolL  AS/Jmol K1
20815K  30815K  31815K

1.00 —29.81 (+0.23) —29.61 (+0.22) —29.41 (+0.21) —35.77 (+0.23)  —19.97 (x0.22)
0.80 -29.15(+0.12) —28.96 (+0.12) —28.78 (+0.11) -34.71(0.13)  —18.65 (+0.13)
060 -27.89 (x0.15) —28.45 (+0.13) —29.01 (+0.15) —11.11(¢0.13)  56.27 (+0.14)
040 -28.09 (+0.20) —29.11 (+0.23) —30.13 (+0.22)  2.42 (+0.20) 102.31 (+0.23)

CONCLUSIONS

The formation constants for the complexation of Cu(ll) ion with STSC were
determined conductometrically at different temperatures and spectrophotometric-
aly at 298.15 K. Thermodynamic parameters for the complexation were deter-
mined from the temperature dependence of the formation constant. The stoichio-
metry of the Cu(I1)-STSC complex in pure MeOH and in al the MeOH-DO
binary mixtures was found to be 1:1. The negative values of AG show the ability
of the studied ligand to form stable complex with Cu(ll) ion and the com-
plexation proceed spontaneously.
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H3BOJ

TEPMOJUHAMUKA ®OPMHUPAILA KOMITJIEKCA Cu(II) CA CATUIWJIAJIOEXWU -
-THOCEMHWKAPBFA30HOM Y BMHAPHUM PACTBOPUMA METAHOJI-1,4-JUOKCAH

RASHMIDIPTA BISWAS, DHIRAJ BRAHMAN u BISWAJIT SINHA
Department of Chemistry, University of North Bengal, Darjeeling-734013, India

Peaxnuja kommnexkcupawa Cu(Il) u canuuunangexun tTnoceMukapdasona (STSC) ucnu-
THBaHA je y OMHApHUM pacTBOpUMa MeTaHOoi—1,4 OHOKCAaH NMPUMEHOM METOHa CIEeKTpPO-
¢oromeTpuje y ynTpasbydHUuacToj U BUABHUBOj 0071ACTH M KOHAYKTOMETPHje Ha pPasIuYUTUM
temrneparypama. Koncranrte dopmupama (Ky) 3a 1:1 kommexc, Cu(I1)-STSC, cy uspauyHare
KopuurhemeM 1ojaTtaka O ancopbaHIWjH U MOJApPHOj MPOBOIJBMBOCTH y (GYHKUHjH Pasiiu-
YUTUX OJHOCA KOHLIEHTpauuja (Cp:cp WIH CriCy) Y OMHapHUM pacTtoBopuma. JobujeHa je
HeJIMHepaHa Kopenauuja usmelhy npomene log K¢ komIiekca U cactaBa pactsopa. U3 Temne-
paTypcke 3aBUCHOCTH KOHCTAaHTH (dopmupama onpeheHU Cy TEpMOJUHAMHUYKH MapaMeTpu
(AH, AS u AG) dopmupawa Cu(II)-STSC xomrmuiekca. [JodujeHH pesynraTd noxasyjy na
NpUpofa U cactaB kopuurheHHUX pacTBopa yTHUY Ha peakiidja KOMIIEeKCHpamwba.

(ITpumsseno 30. jyna, peBuaupano 7. Hosemdpa, npuxsaheno 19. nosemdpa 2013)
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Abstract: The aim of the present work was to widen the application of an
in-house developed fast, flexible and sensitive high performance liquid chro-
matography (HPLC) method to the assessment of cefotaxime sodium from
agueous samples. The method was applied to establish the release profile of
cefotaxime sodium immobilised in MCM-41 nanoparticles using pH-controlled
release in an agueous medium. The analytical method proved to be sensitive,
repeatable (RSD < 1.5 %) and reproducible (RSD < 1 %) in the studied concen-
tration range (0.01-10 pg-mL-1). The limit of detection and limit of quantifi-
cation were 0.036 and 0.12 pg-mL-1, respectively, suitable for the analysis of

the release of a single active ingredient, and the analysis time was short (10
min).

Keywords: cefotaxime sodium; cephalosporins; controlled release; HPLC.

INTRODUCTION

Cefotaxime sodium (Fig. 1) is a third generation cephalosporin antibiotic
that has wide clinical applications for treatment of infections of the respiratory
tract, gynaecologic, skin, bone and joint, urinary tract, septicaemia, and docu-
mented or suspected meningitis.!

For the analysis of cefotaxime sodium, several methods have been employed:
electrochemical (cyclic voltammetry, square wave voltammetry),2—4 spectrofluo-
rimetric and chemiluminescent,>6 and high performance liquid chromatographic
methods.”8 Some performance characteristics of methods applied in the deter-
mination cefotaxime or its metabolites are presented in Table .

* Corresponding author. E-mail: gl_radu@chim.upb.ro
doi: 10.2298/J5C130821008S
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580 STIRBET, LITESCU and RADU

The aim of this study was the development and application of a sensitive
chromatographic method with dual detection (diode array and mass spectrometry,
HPLC-DAD-MYS) for the determination of cefotaxime immobilized on the meso-
porous material MCM-41, which is an ordered mesoporous silicate that displays
cylindrical mesopores having a unit cell size of 4.6-4.8 nm. In recent years, it is
the most used support for the controlled release of drugs.9-14 Cefotaxime sodium
was used as the model drug, a dua detection mode being chosen to ensure a
better selectivity of the method. According to the British Pharmacopoeia (2009),
cefotaxime sodium is an easily degradable antibiotic. Any detectable impurities
might affect the efficacy of the bioactive compound (e.g., cefotaxime dimers if
present at a sufficient level. Therefore, the employment of MS analysis was just-
ified in order to provide exact information on the nature and form in which the
analyte occurred.

CH3
COzNa

o S

Fig. 1. Chemical structure of cefotaxime sodium.

TABLE I. Comparison between the performance characteristics of previous methods applied
in cefotaxime determination

Anayte Sample matrix ~ Method LOD /pgmL™l Reference

Cefotaxime, desacetylcefotaxime, Ocular agueous HPLC 0.08 7
humour

Cefotaxime, desacetylcefotaxime, Plasma HPLC-UV 0.31 7

Cefotaxime Plasma HPLC-UV 1.0 8

EXPERIMENTAL

Chemicals and reagents

The cefotaxime sodium standard (MW 477.5) used in this study was purchased from
Sigma-Aldrich (Steinheim, Germany). HPLC grade methanol was from Merck (Darmstadt,
Germany). All stock solutions and samples were prepared with ultrapure water.
Instrumentation and procedure

The HPLC analysis was redlised on a Shimadzu HPLC system (SCL-10A VP, Kyoto,
Japan), consisting of a degasser (DGU-20A5), two pumps (LC-10AD VP) for the delivery of
the mobile phase, a thermostatic system (CTO-10AS), and a system controller (SCL — 10A
VP). Detection was achieved using a diode array detector (SPD — M20A). A C18 analytical
column (150 mmx4.6 mm, 5 um i.d., Fortis) was used in the analysis. The oven temperature
was set at 25 °C. A CyberScan PCD6500 pH/ion/conductivity/DO meter from Eutech Instru-
ments was used for pH measurements of the mobile phase.
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A Shimadzu mass spectrometer, model 2010, was employed, using an electro-spray
ionization interface, in positive mode. The tuning of the detector was accomplished prior each
set of determinations, using an appropriate tuning mixture. The detector settings were ESI (+)
CDL temperature 250 °C, nebulizing gas flow 1.5 L min'l, heat block 200 °C.

Chromatographic procedure. The chromatographic analysis was performed in isocratic
mode, using as mobile phase a mixture of methanol and water (30:70, V/V), adjusted at pH 4.0
with acetic acid. The flow rate was 0.8 mL min'l. The chromatographic conditions were as
follows: the injection volume was 20 pL, column temperature 25 °C, detection was performed
at 235 nm and the time of analysis was 10 minutes.

The calibration curve for HPLC-DAD analysis was obtained in a range between 0.01 to
10 pg-mL-1, using the average area from triplicate analysis.

Preparation of the standard solution

A stock standard solution of cefotaxime sodium (2000 pg-mL-1) was prepared in
ultrapure water. The solution was kept in the refrigerator to prevent degradation. Working
standard solutions were freshly prepared before analysis in water at concentrations ranging
from 0.01 to 10 ug-mL 1. Before use, the solutions were filtered through a 0.20 pum filter.

Drug immobilisation

Cefotaxime sodium was immobilised in MCM-41by mixing 0.32 g of active substance
with 0.07 g of MCM-41 in 10 mL of ultrapure water. The mixture was left to settle for 24 h,
filtered and dried in a vacuum desiccator for 24 h. The amount of cefotaxime immobilised was
9.19 % (0.098 g, calculated from the difference in initial concentration of cefotaxime solution
and final concentration of the supernatant (determined by HPL C).

Conditions of release

The release profile for cefotaxime immobilized in MCM-41 was adjusted considering the
BP releasing tests appropriate for p-lactam antibiotics: 20 mg of the composite (cefotaxime
sodium and MCM-41) was mixed with 20 mL of phosphate buffer (to simulate body fluid) at
pH 4.80 and kept at a constant mixing rate of 200 rpm. The total release time was 6 h.
Samples of 1 mL were collected, centrifuged for 10 min at 9000 rpm, two times, and after-
wards the supernatants were filtered through a 0.20 pm PTCE membrane and injected into the
HPLC system for analysis.

RESULTS AND DISCUSSIONS

In the present work, the development and partial validation (in terms of
linearity, limit of detection, limit of quantification, repeatability and reproduci-
bility) of the HPLC-DAD-MS method was performed and the releasing process
of immobilized cefotaxime sodium in mesoporous supports was studied. Diffe-
rent mobile phase compositions were tested and it was found that a mobile phase
of methanol:water 30:70 (V/V) (pH 4.00, buffered with acetic acid) resulted in an
acceptable resolution (retention times), peak shape (Gaussian) and time of anal-
ysis at a column temperature of 25 °C for the studied antibiotic. Various station-
ary phases were tested, a Fortis C18 analytical column was successfully used
being more efficient than a classical silica-based packing. The detection wave-
length was 235 nm.
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The peak specific for cefotaxime sodium was characterized by a retention
time of 4.6 min. A typical chromatogram for the standard compound, obtained
under the described optimal experimental conditions, is shown in Fig. 2. The
chromatographic peak corresponding to the studied drug eluted at a retention
time of 4.6 min and presented a well-shaped Gaussian form, separated from the
solvent front. A total analysis time of around 10 min was employed to ensure
adequate column equilibration between two subsequent analyses. No significant
interfering chromatographic peaks were observed in the HPLC chromatograms
during the analysis of cefotaxime sodium samples released from the support
nanoparticles. No interferences from the sample solvent or from impurities were
observed at the employed detection wavel ength.

=
<3
|

50 —

Absorbance at 235 nm, mAU

T I I ! I N 1
0 2 4 6 8
Time, min

Fig. 2. HPLC-DAD chromatogram for cefotaxime sodium standard (1 pg-mL-1).

Partial validation of the method

The linear response ranged from 0.01 to 10 ug-mL~—1. The LOD and LOQ
values were calculated from the slope and the standard deviation of a blank
signal. For repeatability and reproducibility, every level of concentration was
injected three times into the chromatographic system and three injections from
three different solutions with the same concentration of standard working
solution (0.5 ng-mL—1) were analysed. All results are presented in Table 1.

The presence of the studied compound was confirmed by HPLC-DAD-MS
analysis. The previously developed and validated method was adjusted to the MS
conditions. The column and the mobile phase were the same as those used for the
HPLC-DAD analysis. The only adjustment was in the flow rate (0.2 mL min-1),
with an analysistime of 10 minutes and injection volume of 10 ulL .

The M S spectrum of cefotaxime sodiumis givenin Fig. 3.
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TABLE Il. Several performance characteristics of the HPLC-DAD method applied to cefo-
taxime sodium determination

Parameter Reference solution, cefotaxime sodium
Linearity range, ng-mL-1 0.05-10
Retention time, min 4.6
Slope 1443423.72
Intercept 32855.62
Correlation coefficient 0.9988
LOD / pg-mL1 0.036
LOQ/ pg-mL1 0.12
Repeatability, RSD / % 1.28
Reproducibility, RSD / % 0.70
478
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Fig. 3. MS (ESI+) spectrum of cefotaxime sodium.

Application of the HPLC method to the release of cefotaxime sodium

One of the applications of HPLC method is the determination of antibiotics
in pharmaceuticals. For this purpose, the release of cefotaxime sodium immo-
bilised in MCM-41 nanoparticles was studied.

The release profile of the biologically active compound from the MCM-41
composite and the corresponding chromatograms are given in Figs. 4 and 5, res-
pectively.

The released cephalosporin was identified using the retention time and the
MS spectrum, since the obtained coefficient of variation was appropriate. The
observed retention time (4.6 min) enabled the rapid determination of the analyte.
The method provides better limits of detection (LOD) and quantification (LOQ)
than those of other reported methods (Table 1); even compared to those of a
method able to discriminate between cefotaxime enantiomers since Wang et al.
reported the separation and determination of cefotaxime enantiomers in injec-
tions by capillary zone electrophoresis with an LOD of 0.5 ug mL—1.15

Thus, the method was successfully applied to in vitro release of cefotaxime
sodium into an agueous medium of controlled pH.

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.




584 STIRBET, LITESCU and RADU

8 - RS
on §
E ‘}
H
2 ;
O l’ ' I I ' T T T T
0 50 100 150 200 250 300 350 400
Time, min

Fig. 4. Therelease profile of cefotaxime sodium (as adsorbed mass) immobilised in
mesoporous silicaMCM-41.
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Fig. 5. HPLC-DAD chromatogram for cefotaxime sodium sample at different release times
(@a—20 min, b—50 min, ¢ —90 min, d — 120 min, e — 180 min).

CONCLUSIONS
An HPLC-DAD method was developed and partially validated, in terms of
linearity, limit of detection, limit of quantification, repeatability and reproduci-
bility to determine cefotaxime sodium and then applied to the controlled release
of the drug immobilised in mesoporous MCM-41 nanoparticles.

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.




CHROMATOGRAPHIC ANALY SIS OF CEFOTAXIME 585

The main improvement of the proposed method with respect to published
methods is the increase in sensitivity (with two magnitude folds) of the LOD and
LOQ and also therelatively low cost of the chemicals used.

The proposed chromatographic method is a simple (uses common solvents,
and there is no necessity for a particular preparation of the samples, standards or
mobile phase) and rapid procedure (the total analysistimeis only 10 min and the
retention time is short) for the determination of cefotaxime sodium in agueous
samples. Moreover, its application in establishing the rel ease profiles was proved.

Acknowledgements. The work has been funded by the Sectoral Operational Programme
Human Resources Development 2007—2013 of the Romanian Ministry of Labour, Family and
Social Protection through the financial agreement POSDRU/107/1.5/S/76909. The financial
support of the European Commission through European Regiona Development Fund and of
the Romanian State Budget, Project POSCCE-02.1.2-2009-2, ID 691,”New mesoporous
aluminosilicate materials for controlled release of biologically-active substances’ is gratefully
acknowl edged.

U3BOJ
XPOMATOI'PA®CKA AHAJIN3A UMOBUJIMCAHOT HE®OTAKCUMA

DANIELA STIRBETi, SIMONA-CARMEN LITESCU2 1 GABRIEL-LUCIAN RADU"
1Department of Analytical Chemistry and Environmental Engineering, Faculty of Applied Chemistry and
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Llwm oBOr paja je mpourupeme MpUMeHe jenHe, nadopaTopujcku Beh pa3Bujene, dpae,
¢nexcudbunHe U oceT/bUBe MeTofe BHUcokoedukacHe TeyHe xpomaTtorpaduje (HPLC), 3a
onpehuBme HaTpUjyM-liedoTakcMma y BOJEHMM y3opuMMa. Meroja je mMpuMemeHa pagu
ogpehuBama mpoduna ocnobdahawa HaTpujymM-nedorakcuma, nmodunucanor Ha MCM-41
HaHOYecTHLlaMa, MpuMeHoM pH koHTponucaHor ocinobahama y BoneHoj cpenuHu. Jlokas3aHo je
Ila je MeToza OCeT/bHBa, ca Jodpom moHosmuBoirhy (RSD < 1,5 %) u penponykTuHourhy
(RSD < 1 %) y HCTIMTHBAHOM KOHIEHTpanuoHoM omcery (0,01-10 ug-mL1), ca rpanunama
meTexnuje ¥ ksaHTHduKauuje 0,036, onHocHo 0.12 ug-mL-!, u norogna 3a aHamusy ocio-
Oahama nojequHaYHUX aKTHBHUX KOMITIOHEHTH ca KpaTKUM BpeMeHoM aHanu3se (10 min).

(ITpumsbeHo 21. aBrycra 2013, peBunupano 1 npuxsaheHo 22. janyapa 2014)
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Abstract: Melt or solution electrospinning are effective and direct techniques
for producing nanoscale fibers. Polypropylene (PP) cannot be easily dissolved
at ambient temperature. Thus, it is commonly electrospun in the melt state.
However, compared with solution electrospun fibers, melt electrospun PP
fibers are more uneven and with larger diameters. In this study, to remedy this
problem, polar additives, namely stearic acid and sodium stearate, were added
into pure PP. The effects of the additives were investigated. The results showed
that in contrast to those of pure PP, the fiber diameter of PP with 8 wt. %
stearic acid was decreased by 69.3 % (from 5.4 to 1.6 um). The smallest fiber
diameter was 600 nm and the smallest average fiber diameter was 1.8 um when
the sodium stearate contents were 10 and 8 wt. %, respectively. The addition of
polar compounds altered not only the diameters of PP microfibers, but also the
distribution of diameters, the processing current, and even the thermal pro-
perties of the fibers. The microcosmic mechanisms for these changes were
interpreted.

Keywords. diameter; microfiber; non-polar polymer; sodium stearate; stearic
acid; crystallization.

INTRODUCTION

Electrospinning from polymer solutions or melts are effective and direct
techniques for producing nanofibers.1~4 Solution electrospinning conducted at
ambient temperature is a convenient way to obtain superfine fibers,>6 but not
every polymer can be dissolved in an appropriate organic solvent at room tem-
perature. Moreover, the volatility of organic solvents may lead to environmental
pollution. A trace amount of organic solvent trapped in a spun polymer will
negatively impact the mechanical properties of the resulting fibers.” Without

* Corresponding author. E-mail: yongsd@iccas.ac.cn
doi: 10.2298/JS5C130702150Z
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polymer solvation, melt electrospinning compared with solution treatment is
more environment friendly and highly efficient.8-10 However, the development
of melt electrospinning is slow because of the high viscosity of the melt, resulting
in impaired flow and thick fibers (only a few can attain a thickness of several
hundreds of nanometers).11

To decrease the viscosity and obtain small-diameter fibers, two ways have
been attempted. The first was to change the conditions!2-16 of the melt electro-
spinning, such as the voltage, melt temperature, receiving distance, etc. The
second was to change the polymer content, for instance the addition of a plasti-
cizer,12 or decreasing the molecular weight of the polymer,® etc. Malakhov et
al.17 used sodium stearate and oleate as additives to reduce the viscosity of
polyamide 6 melt in electrospinning. They found that the addition of 10 wt. %
additive decreased the average diameter of the fibers 40-fold because of the 60-
fold decrease in the viscosity of the melt. Polyamide 6, sodium stearate and
oleate are polar materials, so strong interactions exist among these molecules.
Thus, using a polar additive is effective. However, non-polar polymers, such as
polypropylene (PP), polyethylene, polybutadiene, polystyrene, etc., are very
common in the fiber industry. Thus, whether a polar additive could aso affect a
non-polar polymer in melt electrospinning should be determined. [

A self-made melt electrospinning system18-20 was used to spin PP fibers,
which can be used in many fields, such as in filtration or clothing. Polar stearic
acid or sodium stearate was added into the PP.21-23 The detailed effects of polar
additives on PP fiber diameter and other properties were studied.

EXPERIMENTAL
Materials

PP (iPP) was obtained from Shanghai Expert in the Developing of New Materia Co.,
China. The melt flow index of the PP was 1500 g/10 min. Stearic acid and sodium stearate
were purchased from Xilong Chemical Co., China. Stearic acid, with relative molecular mass
of 284.48, is a short chain polymer. Sodium stearate, with relative molecular mass of 306.46,
isan organic salt. All reagents were used as received without any further treatment.
Electrospinning equipment

A homemade electrospinning device, consisting of a heating system, a high-voltage
supply device, and a collector, was used.18-20 The collector was a square aluminum plate with
edge length of 20 cm. The high-voltage supply device, purchased from Tianjin High Voltage
Power Supply Plant, China, provided a maximum voltage output of 100 kV and a maximum
current output of 2 mA. The electrical heating ring covering the cylinder was custom built
with a power of 300 W. A piston controlled the flow rate of the polymer melt.

Preparation of the electrospinning materials

Nine PP samples containing 0, 6, 8, 10 and 12 wt. % stearic acid, as well as 6, 8, 10 and
12 wt. % sodium stearate, were prepared. To ensure that the stearic acid or sodium stearate
was mixed uniformly with the pure PP, every sample was extruded using a miniature extruder
(DYNISCO, LME-230, USA). The screw and die head temperatures were 145 and 140 °C,
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respectively. The screw speed was 30 rpm, and each sample had a mass of 0.5 g. Then, each
sample was broken down into fine powders in a mill. The PP samples containing stearic acid
or sodium stearate were considered as composites, while the pure PP sample was denoted as PP.
Electrospinning

The temperatures of the top and low electrical heating rings were set to 180 and 220°C,
respectively. The distance between the spinneret head and the collecting plate was 10 cm. The
samples were added into the cylinder individually. When the device reached the set tempe-
rature, it was maintained for 10 min. Subsequently, the piston weight was adjusted to control
the quantity of the melt flow. When PP or its composite melts had uniformly covered the
whole spray head, the high-voltage supply device was switched on and the voltage adjusted to
approximately 37 kV.
Characterization

The diameters of the electrospun fibers were measured by scanning electron microscopy
(SEM, Hitachi $4700). The fiber samples were coated with a 10 nm layer of platinum before
observation. The scanning voltage was 20 kV. The average fiber diameters and their standard
deviation (SD) were calculated from 100 fibers of one sample using software Image J 1.44P
(National Ingtitutes of Health, USA). The therma transition of the PP was examined using
differential scanning calorimetry (DSC, Perkin Elmer Pyridl) to discuss the crystalization of
PP. Fiber samples (3 mg) were loaded into the DSC pan. The scanned temperature range was
from 25 to 300 °C, at a heating rate of 10 °C min'l. The FT-IR measurements were realized
over the wavenumber range 4000-400 cm, using 32 scans at a resolution of 1 cm?,
employing a Nicolet Avatar 320 FT-IR spectrometer.

RESULTS AND DISCUSSION
Effect of polar additives on the electrospinning current

The polar additive is easily polarized under a strong electrical field. Thus,
the addition of a polar material in PP will result in a fundamental change in the
electrospinning process. During the experiment, the current of the high-voltage
generator was recorded when PP or its composites with different stearic acid
contents were spun. Under the same spinning conditions, the current first
increased with increasing stearic acid content, which illustrates that the polarized
electron cloud of stearic acid increased the charge of the fibers containing addi-
tives (Fig. 1). However, the current decreased when the stearic acid content was
increased from 10 to 12 wt. %. The explanation of this phenomenon is shown
schematically in Fig. 2. Although the amount of tiny stearic acid particles in the
surface layer of thick fibersis egual to or slightly higher than those in the surface
layer of thin fibers, the charge density per surface area of the thick fibers is
lower. Moreover, when the stearic acid content reached 12 wt. %, more stearic
acid molecules probably aggregated to form larger domain phases while fewer
molecules were dispersed in the PP melt phase. The stearic acid could not be
uniformly distributed in the PP phase, which led to a discontinuous distribution
that decreased the number of chargesin afiber unit. Hence, the current was lower
when the stearic acid was 12 wt. % compared with that at 10 wt. %.
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Effect of polar additive on the fiber diameters

The polar additive apparently affects the fiber diameters of PP. The SEM
images of PP with different contents of polar additive areillustrated in Fig. 3 and
the statistical data are listed in Table I. The average fiber diameter of the PP
composite initially decreased with increasing stearic acid or sodium stearate
content (Fig. 4 and Table |). When stearic acid content was 8 wt. %, the mini-
mum diameter was 1.65 um, but the SD was not the smallest. The minimum SD
appeared at 10 wt. % stearic acid. However, the average diameter increased when
the content exceeded 10 wt. %.

The possible reason for the variations in the diameters is the presence of the
carboxyl group in the stearic acid molecule. Under a high electric field, the
electron cloud of the carboxyl oxygen double bond and the carboxyl oxygen single
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Fig. 3. SEM images of PP fibers containing different contents of additive, electrospun at 220
°C, 10 cm spinning distance, and 30 kV. @) 6 wt. % stearic acid; b) 6 wt. % sodium stearate; ¢)
8 wt. % stearic acid; d) 8 wt, % sodium stearate; €) 10 wt. % stearic acid; f) 10 wt. % sodium
stearate; g) 12 wt. % stearic acid; h) without additives.

TABLE |. Statistical data of diameters of PP fibers containing different additive contents
(AVG: average diameter, SDEV: standard values of deviation, MIN: minimum value)

6wt.% 6wt.% 8wt % 8wt % 10wt % 10wt. % 12wt %

Parameter stearic  sodium  stearic  sodium  stearic  sodium  stearic ;/X(I:Itlg(\)/is
acid stearate acid stearate acid stearate acid

AVG/pm 21 2.4 1.6 1.8 2.1 2.2 49 54

SDEV 0.2 0.7 0.1 0.8 0.1 2.2 0.2 1.7

MIN/pum 1.7 0.9 13 0.8 2.0 0.6 45 3.0

bond is easily changed and polarized. Then, the polymer chains connected,
entangled or wrapped with stearic acid will bear a strong electric field force.
Moreover, stearic acid can plastify PP. With the increase in stearic acid content,
the PP composite melt suffered more force from the electric field. Under a high
tensile force, the diameter of the PP microfibers that formed at the end of the
Taylor cone was small. However, when the stearic acid content was increased to
12 wt. %, the fiber diameter became thick again, reaching 4.8 um. This condition
may have been caused by the increased formation of tiny phases of stearic acid
molecules, with low molecule dispersal in the PP melt phase, when stearic acid
content reached 12 wt. %. Therefore, the continuous stearic acid phase moved
very easily and the PP melt phase became more viscous, resulting in a second
increase in the fiber diameter.
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Fig. 4. Changesin the average diameter of PP fibers containing additives at different contents
of stearic acid and sodium stearate.

The minimum fiber diameter of PP with sodium stearate was significantly
smaller than that achieved with stearic acid (Fig. 4 and Table ), probably
because sodium stearate is a salt. Salts can be easily ionized in an electric field.
The positive and negative ions move to opposite ends and then produce an
electric force aong the direction of the electric field. For the stearic acid under a
strong electric field, only a shift in the electron cloud occurs, and the polarization
is much smaller than that obtained with sodium stearate. The force from the elec-
tron movement is significantly greater than the force from the electron cloud
shift. Thus, the fiber diameters of the PP composites containing sodium stearate
were smaller than those containing stearic acid. However, the diameter distri-
butions of the PP with sodium stearate were extremely inhomogeneous compared
with those containing stearate acid. This condition may have been because
sodium stearate is a hydrophilic salt, which has no plastification effect on the
organic PP melt. Stearic acid as an organic material can be evenly distributed in
the PP melt and had an apparent plagtification effect on the melt. This pheno-
menon resulted in the presence of both thick and thin fibers from the PP with
sodium stearate, which led to uneven diameter distributions.

Effect of polar additive on the diameter distribution of PP fibers

The effect of polar additive on the fiber diameter distribution varied with the
additive content. The diameter distribution of PP fibers containing different
amounts of stearic acid is shown in Fig. 5. The PP (0 wt. % stearic acid) showed
a broad and multiple peak distribution of the fiber diameters. The distribution
peak generally shifted to the large diameter side with increasing stearic acid
content, but the distribution remained at the small fiber diameter side when the
stearic acid content was at 6 wt. %. The average diameter of the PP fibers with
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8 wt. % stearic acid was 1.6 um, which was smaller than that (2.1 um) of the PP
fibers with 10 wt. % stearic acid, but had a larger SD (Table | and Fig. 4). The
datafrom Table | agree well with those of Fig. 5. The fiber diameters of PP with
8 wt. % stearic acid had a distribution range from 1.0 and 1.75 pm. A bimodal
fiber diameter distribution was visible on the curve. However, the fiber diameters
of PP with 10 wt. % stearic acid had a distribution range from 2.0 to 2.25 um
with one major peak. Thus, the diameter distribution of PP with 8 wt. % stearic
acid was broader than that with 10 wt. % stearic acid, but both composites had
narrower diameter distributions than that of PP.

45 4 /—\ ——— 6% Stearic acid
40 4 8% Stearic acid
VIS —— . ;

—— 10% Stearic acid

35 1 o — 12% Stearic acid
30 4 0% Stearic acid

3’.25-
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Fig. 5. Diameter distribution of PP fibers containing different contents of stearic acid. N = 100
indicates 100 fibers from each photomicrograph measured.

Effect of the polar additives on fiber crystallization

The degree of crystalinity is very important for the performance of fibers.
DSC was used to check the thermal properties of the fibers. The thermal analysis
curves of PP powder, PP fibers, and microfibers of PP with 10 wt. % stearic acid
are shown in Fig. 6. PP had the maximum melting peak, as shown by the
thermogram. The peak shifted to a low temperature and its magnitude was
decreased after the PP had been electrospun. The smallest peak value and the
lowest temperature were exhibited by the PP fibers with 10 wt. % stearic acid. A
cold crystallization peak was found on the curves of the PP fiber and the PP
fibers containing additives, indicating that crystallization in the two types of fibers
was complete. The size of the melting peak reflects the degree of crystallinity.
The decrease in the melting peak of electrospun microfibers, as well as the
appearance of cold crystallization, showed the decrease in PP crystallinity. PP is
a slow crystallizing polymer, and its crystallization needs sufficient time. As the
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electrospinning processis very fast, the PP melt jet did not have sufficient timeto
crystallize before falling on the collection plate and cooling quickly. On the other
hand, the fluidity of the PP melt increased for two reasons, one is the plasti-
fication effect of stearic acid and another is the movement of the electron cloud
of stearic acid that increased the force on the PP melt in the electric field. The
faster is the flow, the shorter is the time to crystallize. Hence, the degree of crys-
tallinity of PP with stearic acid was the smallest and its crystallization was the
most imperfect, as evidenced by the minimal height of the melting peak.

0.2 -

A ——PP powder
0.0 4 B ——PP fibers
c

PP+10% Stearic Acid fibers
«0.2 1

0.4
0.6
0.8
=1.0

Heat Flow, W/g

4.2
-1.4 4

1.6 4
-1.8 4

50 100 150 200 250 300
Temperature, °C
Fig. 6. DSC thermograms of PP powder, PP fibers, and PP fibers containing 10 wt. % stearic
acid. Theinset is the enlarged tip area of the main curves.

Effect of polar additive on the structure of the fibers

To gain some insight into the change in chemical structure of PP accomp-
anying electrospinning, IR spectroscopy was conducted on the PP before and after
spinning. The results are shown in Fig. 7 for the PP powder, PP fibers containing
10 wt. % stearic acid and PP fibers. The representative bands can be assigned as
follows: the intense bands extending from 1350 to 1470 cm1 are super-positions
of akanes, vc_y. The bands extending between 2500 and 3000 cnr® mainly
resulted from different stretch vibrations of C—H bands (-CH3 and —CH»). The
peak at 1709 cm can be assigned to ve=p of acarboxylic acids. As seenin Fig. 7
(curves A and C), no appreciable difference could be observed in the IR spectra
between the virgin powder and the PP fibers, except for the change of 2361 cm1
that arises from CO, absorbed by the fibers. Comparing the IR spectra of Fig. 7B
and C, one new peak appeared at 1709 cmrl, corresponding to vc=p. This
phenolmenon can be attributed the stearic acid. No other chemical changes were
apparent. Hence, the polar additive did not change the structure of the fibers.
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Fig. 7. FT-IR spectraof: A) PP powder; B) fibers of PP containing 10 wt. % stearic acid;
C) PP fibers.

CONCLUSIONS

In summary, stearic acid and sodium stearate are promising additives for
decreasing the fiber diameter and the diameter distribution in the electrospinning
of PP because of their polarity and plastification effect. The smallest fiber
diameter was 600 nm and the smallest average fiber diameter was 1.8 um when
the sodium stearate content was 10 and 8 wt. %, respectively. The narrowest
diameter distribution appears when the stearic acid content was 10 wt. %. Both
additives can reduce the fiber diameter and diameter distribution when compared
to the fibers from neat PP.

The crystallinity of resulting PP fibers containing additives was smaller than
those of PP and electrospun PP fibers, indicating that the addition of polar com-
pounds in PP can alter not only the diameter of resulting fibers, but also the ther-
mal property and microstructure.
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H3BOI

YTHUIAJ ITOJIAPHUX ADUTHUBA HA ITPOLIEC U3PAJIE HEITOJIAPHUX
IMOJIUITPOITMIIEHCKHX BJIAKAHA EJIEKTPOCITMHHUHI'OM U3 PACTOITA

ZHIYUAN CHEN', JIANYUN HE', FENGWEN ZHAQ', YUEXING LIU", YONG LIU" # HUILIN YUAN?
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[TonumMepHa BlakHa HAHOMETAPCKUX JUMEH3Hja MOTY Ce JOOUTH €JIEKTPOCIIMHUHIOM M3
pacTBopa WIH pacTomna, Koju je Beoma edrKacaH W OUpeKTaH nmocTymnak. Kako je momu(mpo-
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nwieH) (PP) temko pacTBapaH Ha coDHOj TeMIriepaTypH, HheroBa BiakHa ce uspabyjy emexrpo-
CIUHUHTOM H3 pactona. Mehytum, y nopehemwy ca BnakHUMa 0odHUjeHUM eTeKTPOCITHHUHTOM
U3 pactsopa, PP BnakHa U3 pactona cy HeyjefHaueHHUX AUMeH3Hja U Behux npeuynuka. Ja ou
ce nobosblIa0 MOCTYIAK Ipepaje U3 pacTola, HermosjapHoMm PP ce fomajy monapHHU afuTHBY,
Kao LITO Cy CTEapUHCKA KUCETHWHA W HAaTpPHjyM-CcTeapaT. YTHLAj JOJATKA MOTAapPHUX aJUTHBA
Ha Ipouec uspane PP BrakaHa elneKTPOCIMHHHIOM M3 pacTolna je IMpHKa3aH y OBOM pamy.
Pesynratu cy nokasanu na y nopehemwy ca nonasaum PP BrakHHMa, mpedHHUIH BlakaHa PP ca
8 Mac. % cTeapuHCKe KHUCETHHe Cy cMamweHH 3a 69,3 % (op 5,4 no 1,6 pm). HajMawu mpeyHuk
BlakaHa ofi 600 nm je nobujen y npucyctsy 10 mac. % HaTpujym-cTeapara y MOJIHUMEDPHO]
MaTpHLH, IOK je HajMaky Cpeby MPEeYHUK BilakaHa U3HOCHO 1,8 pm mpH cazpikajy ox 8 mac.
%. IJonaTak MoJapHUX jeluiera yTHYe He caMO Ha mpeyHHK PP mukpoBnakaHa, Beh u Ha
pacriofiesly BeJIMYMHA BilaKaHa, jauydHy CTpyje IPH Tpepajgy, Kao U Ha TepMHUYKa CBOjCTBA
IodMjeHUX BilakaHa. Y pany je MpemsiokeH MeXaHH3aM JeioBama MOJapHUX aJuTHBA Ha MOC-
Tynak uspazge PP MukposiakaHa.

(TIpumsseHo 2. jyna, peBuaupano, 17. HoBembpa, npuxsaheno 3. nenemdpa 2013)
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The use of biological markersin the determination of theorigin
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Abstract: The objective of this study was to determine the origin and type of
organic matter (OM) in recent sediments of the Tisza River, along a distance of
153 km through the territory of Serbia. For this purpose, group organic—geo-
chemical parameters and biomarker compositions were used. All samples con-
tained approximately same amount of OM, which was deposited under uni-
form, dlightly reducing conditions. Based on the distribution of n-alkanes, the
origin and type of OM could not be precisely estimated. However, the n-alkane
patterns suggest the presence of immature singenetic organic matter of terres-
trial origin. The distributions of terpanes and steranes and the values of the cor-
responding maturity parameters indicate that the Tisza River sediments, apart
from immature singenetic organic matter, contain oil pollutants of anthropo-
genic origin. The identical compositions of these biomarkers in al samples con-
firmed that the recent sediments of the Tisza River, from KanjiZza Town to the
confluence into the Danube River, contain the same type of oil pollutants. Based
on the compositions of terpanes and steranes and the values of the biomarker
parameters in Tisza sediments, it is supposed that the oil pollution generally
could be related to heavy fuel oil from tankers, due to intense river transport
and, to lower extent, to crude oils from the Elemir and Rusanda oil fields.

Keywords. sediments; Tisza River; organic matter; biomarkers; oil pollutants.

INTRODUCTION

Biologica markers (biomarkers) in bitumen (soluble organic matter extracted
from sediments, coals, oil shales and source rocks) and oil are complex organic
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# Serbian Chemical Society member.
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compounds with a strong resemblance in structure to their parent organic mole-
culesin living organisms. In organic geochemistry, they are extensively used to
estimate the origin of sedimentary organic matter (OM) and its geological evo-
lution. In other words, based on the presence, abundance and distribution of res-
pective biomarkers in oils, the origin, depositional environment and maturity of
the organic matter, as well as the relative length of migration pathways and the
degree of biodegradation could be assessed.2 For this purpose, numerous bio-
markers, n-alkanes, isoprenoid aliphatic akanes, polycyclic alkanes of the ste-
rane and terpane types and alkylaromatics have been used. Recently, the appli-
cation of biological markersin environmental chemistry has proved its self to be
a promising tool for the determination and identification of petroleum pollutants
in soils, recent sediments, ground and surface waters.34 The content of singen-
etic organic matter in recent sediments varies over a wide range from 0 to 80 %2
and therefore can not be used as an indicator of the origin of organic matter. For
this reason, biomarker fingerprints typical for crude oils, as highly mature orga-
nic matter, can be useful in evaluating whether the organic matter extracted from
the environment, is singenetic or it represents anthropogenic organic matter of
petroleum origin. This primarily refers to n-alkanes. In crude oils, n-alkanes have
uniform distribution of odd and even homologues (the Carbon Preference Index,
CPI, isabout 1), usualy in the range of C10—Css. An n-alkane distribution with a
strong predominance of lower homologues C1o—C»2 indicates algal organic mat-
ter input and/or high maturity.1 On the other hand, elevated concentrations of odd
long-chain homologues (Co5—C33) show that terrestrial OM also contributed to
the precursor biomass.>6 It should be noticed that oil derivatives, such as gaso-
line and diesel, have different n-alkane distributions, which range from n-Cg to
n-C1o, and n-Cy» to n-Cos, respectively. Moreover, these derivatives do not con-
tain polycyclic biomarkers of the sterane and terpane types.’:8

Similarly to n-alkanes, the distributions of polycyclic akanes (C21—C22 and
Cy7—Cgp diasteranes and steranes, C1g—Cy7 tricyclic diterpenes and Co7—Cag
pentacyclic triterpenes) in oils are distinctive and noticeably different from those
observed in bitumen of recent sediments, due to their higher maturity.1.9 How-
ever, different crude oils show unequal distributions of biomarkers. Each oil is
characterized by a distinctive distribution of biomarkers as a kind of “finger-
print”, which depends on the origin, depositional environment, age, maturity,
relative length of migration and mineral composition of the source and reservoir
rocks.10.11 This feature of oil can be very useful in environmental chemistry for
the determination of the source of pollution. Consequently, analyses of this type
obtain aforensic character.

In this paper, the surface sediments of the Tisza River, in the part of river
flow from Kanjiza Town to its confluence into the Danube, were investigated.
Considering the navigable character of the Tisa River, and thus its exposure to
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anthropogenic impact, an investigation of the origin and type of organic matter in
its sediments was the defined objective of this study. For this purpose, group
organic—geochemical data and biomarker compositions were used.

EXPERIMENTAL

A total of 10 sediment samples were collected from 9 sites along the Tisza River on the
territory of Serbia (Fig. 1; Table I). These sites are located near Kanjiza Town (entrance area
of the River from Hungary to Serbia) up to its confluence into the Danube. The length of this
river section is 153 km and it covers amost the entire length of the Tisza River through the
territory of Serbia. The sediments consist of sand, silt and clay. Silt is predominant, with the
exception of two samples (M22 and M9), in which sand is the most prominent (Table ).

Legend:
® Sampling points

A Oil fields

~-_ State border

45"

44

| |
i 5 2 22 0 50 km

Fig. 1. Map showing the sampling points.

TABLE I. List of the investigated samples

Sample Distance from confluenceintothe  Depth interval Lithology
Danube River, km cm Sand, % Silt,% Clay, %

M18 153 20 25 52 23
M21 136 0-10 29 50 21
M22 136 0-10 47 41 12
M25 123 0-10 20 55 25
M9 88 20 54 33 13
M7 60 20 28 53 19
M8 50 20 28 52 20
M6 12 0-5 3 65 32
M4 8 0-10 16 57 27
M5 6 20 36 41 23
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Samples from the sediment top layer (0—20 cm) were collected using a plastic corer and
transported to laboratory in polyethylene bags. The sediment samples were wet-sieved through a
63 um sieve and then air dried at room temperature. The dried samples were gently pounded
in a porcelain mortar. Subsequently, the samples were split into smaller aliquots by coning
and quartering.

Elemental analysis was performed to determine the contents of total organic carbon
(Corg), sulphur and nitrogen. The total organic carbon content was determined after removal of
carbonates with 1:3 diluted hydrochloric acid. The measurements were realized using a Vario
EL I11, CHNS/O elemental analyzer, Elementar Analysensysteme GmbH.

Soluble organic matter (bitumen) was extracted (36 h) from pulverized samples using a
Soxhlet apparatus with an azeotropic mixture of CH,Cl, and CH;OH and quantified.

The bitumen extracts and crude oils were separated into saturated, aromatic and NSO
fractions using column chromatography over silica gel. The saturated hydrocarbon fraction
was eluted with n-hexane, aromatic hydrocarbons with mixture of n-hexane and dichloro-
methane (4:1 volume ratio) and the NSO fractions (polar fraction, which contains nitrogen,
sulphur, and oxygen compounds) with mixture of dichloromethane and methanol (1:1 volume
ratio).

The saturated hydrocarbons were analyzed by gas chromatography—mass spectrometry
(GCMS). A gas chromatograph Agilent 7890A GC (H5-MS capillary column, 30 mx0.25
mm, He carrier gas 1.5 cm?® min, FID) coupled to an Agilent 5975C mass selective detector
(70 eV) was used. The column was heated from 80 to 310 °C, at arate of 2 °C min'l, and the
final temperature of 310 °C was maintained for an additional 25 min. Detailed analyses of the
target compounds were conducted using the following ion chromatograms. m/z = 71 (n-alka-
nes and isoprenoids), m/z = 191 (terpanes) and m/z = 217 (steranes). The individual peaks
were identified by comparison with literature datal? and based on the total mass spectra
(library: NIST5d). The biomarker parameters were calculated from the GC-MS chromato-
gram peak areas (software GCMS Data Analysis).

RESULTS AND DISCUSSION
Group organic—geochemical parameters

The amount of the total organic carbon (Corg) and soluble organic matter
(bitumen) in the surface sediments of the Tisa River, from the most upstream
analyzed point near KanjiZza Town down to its confluence into the Danube River
aregivenin Tablell.

The resultsindicate that in the relatively long part of the river flow (153 km),
the contents of the total organic carbon (Cgrg 0.85-1.66 %) and soluble organic
matter (bitumen 0.07-0.14 %) in the surface sediments remained approximately
uniform. Based on the predefined quantities, it could not be assessed whether it
was singenetic organic matter, or polluting matter of anthropogenic origin. The
soluble organic matter was mainly represented by polar, NSO compounds (87-93
%). The relative contents of saturated and aromatic hydrocarbons were low, which
is in accordance with the low maturity of the surface sedimentary organic matter
(TableIl). The contents of nitrogen and sulphur were also relatively uniform. The
content of sulphur did not exceed 0.1 %, indicating that pollution with sulphur
compounds could be discounted.
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TABLE II. Group organic-geochemical parameters; Corg — total organic carbon content;
db — dry basis; HC — hydrocarbons; NSO — polar compounds containing nitrogen, sulphur and
oxygen

Content of
sample . %db N,%db S %db Bitumen, % Sﬁgﬁgf/jd Alfl%”,‘ﬁzc NSO, %
M18 123 0.10 <01 008 59 51 890
M21 0.85 0.07 <01 007 5.3 27 920
M22 0.96 0.07 <01 014 6.6 76 88
M25 1.19 0.10 0.1 0.09 40 29 931
M9 13 0.11 <01 o1 6.9 17 914
M7 118 0.09 <01 o1 6.1 34 95
M8 113 0.08 <01 007 65 62 873
M6 129 0.10 <01 011 6.9 34 897
M4 166 0.13 <01 008 33 37 930
M5 136 0.09 <01 009 36 46 918

Molecular composition of the organic matter

n-Alkanes and isoprenoids. All samples showed very similar distributions of
n-alkanes and isoprenoids. The n-alkanes were identified in the range C1g to Css,
with amaximum at n-Cy7 or n-Cog (Fig. 2).

The mass chromatograms (nvVz 71) of the saturated fraction showed two
distinct parts. The lower n-alkanes, C16—Co2, showed a uniform distribution of
odd and even homologues, resulting in CPI (C16—C22) values lower than 1.40
(Table 1I1). The n-dkane patterns in range Co3—Css were characterized by a
marked odd over even predominance, with a maximum at n-Co7 or n-Cog, which
resulted in high CPI values for full distribution of n-alkanes (C16—C3s) and high
CPI valuesin the range Co3—Css (Tablell11).

Based on these results, an explicit conclusion about the origin of the organic
matter in the analyzed sediments could not be drawn. However, the n-alkane
maximum at n-Cy7 or n-Cog, along with a sharp predominance of odd homologues
in the range of Cy3—C3s n-alkanes imply that the surface sediments of the Tisza
River contain singenetic organic matter of terrestrial origin.13 The uniform distri-
bution of lower n-alkanes, C16—Cpo, in al samples could be considered as an indi-
cator of the anthropogenic oil type pollutants.814 However, such a distribution of
lower n-alkanes could be attributed to algal singenetic organic matter as well.1.°

The pristane (Pr) to phytane (Ph) ratio is widely used as an indicator for the
redox settings of the depositional environment.115 The relatively uniform values
of this parameter that were lower than 1 (with exception of sample M25; Table
I11) indicate that organic matter of all sediments was deposited under uniform,
dightly reducing conditions. The concentrations of Pr and Ph were dlightly lower
than the concentrations of n-alkanes C17 and C1g (parameters Pr/n-C47 and Ph/n-
-Cyg; Table I11). However, this result is not useful, because it could be related to
both singenetic organic matter and oil pollutants.14.16
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Fig. 2. GC-MS chromatograms of n-alkanes and isoprenoids, m/z 71 of the saturated fraction
isolated from the most upstream sample (a), a sample from the middle part of the analyzed
river flow (b) and from the location close to the confluence into the Danube River (c). Peak
assignments. n-alkanes are labelled according to their carbon number;
Pr — pristane; Ph — phytane.

Available online at: www.shd.org.rs/jscs/

(C) 2014 SCsS. All rights reserved.



ORGANIC MATTER IN THE TISZA RIVER SEDIMENTS 603

TABLE Ill. Parameters caculated from the distributions and abundances of n-akanes and
isoprenoids

Sample n-Alkane n—A! kane CPI CPI CPI Pr/Phd Pr Ph
range  maximum (C;5-Cg5)? (C16-Cpp)P (C3Cgs)° N-Cyi7 n-Cyg
M18  Ci5Cs Cori Coo 3.40 1.25 564 095 090 071
M2l  CisCss Cor Coo 4.00 1.26 510 083 070 064
M22  CigCss Cor Coo 3.98 1.32 514 088 063 069
M25  CisCass Cor Coo 477 1.36 618 112 08l 078
M9 Ci6Css Cori Cpo 5.07 1.27 601 075 078 070
M7 Ci6Css Cori Cpo 5.17 1.32 624 090 097 083
M6 CisCss  Co7i Co 5.50 1.32 666 089 096 0.89
M4 Ci6Css  Co7; Cog 4.68 1.13 528 054 065 050
M5 Ci6Css Cori Cpo 4.39 1.23 538 082 093 077

8Carbon Preference Index (CPI) determined for the full distribution of n-alkanes C5-Cas (mass chromatogram
m/z 71), CPI (C16—Css) = 1/2 [Zodd(n-C171-Cgs) / Zeven(n-C151-Cgy) + Zodd(n-C17n-Cgs) / Zeven(n-Cign-
—C3g)l; BCPI determined for the distribution of n-alkanes C16—Cpp (mass chromatogram mv/z 71), CPI (C16—
—Cyp) = 1/2 [Zodd(n-C17-N-Cp1) / Zeven(n-Cqg—n-Cop)+Zodd(n-C17-n-Co1) / Teven(n-C1gn-Cyy)]; CCPI deter-
mined for distribution of n-alkanes Cy3—C3g (mass chromatogram m/z 71), CPI (Cp3—Cgs) = 1/2 [Zodd(n-Coz—
—-Cgg) / Zeven(n-Coo—n-Czyg)+Xodd(n-Cp31-Cgs) / Zeven(n-Cog-Cgg)]; dpr/ph = pristane/phytane

Tricyclic and pentacyclic terpanes. The distribution of tricyclic diterpanes
and pentacyclic triterpanes (hopanes) in the saturated fractions of the sediments
(ion chromatograms myz = 191) for the most upstream sample, a sample from the
middle part of the analyzed river flow and a sample from the part that is close to
the confluence into the Danube river are shown in Fig. 3. The values of specific
organic—geochemical parameters, calculated from the distributions of these bio-
markers are given in Tables IV and V.

All the samples had aimost identical distributions of tricyclic and pentacyclic
terpanes (Fig. 3). The values of the terpane source parameters indicate the same
origin of the organic matter in the sediments (Table 1V). The terpane distribu-
tionsin all samples were typical for oils. They were characterized by a predomi-
nance of the thermodynamically more stable isomers with 17a(H)215(H) and
22(S) configurations, as well as by the presence of typical geo-isomers, 18a(H)-
-nechopanes (Fig. 3). These compounds have never been reported in biosphere
and recent singenetic organic matter. The presence of singenetic immature orga-
nic matter in the sediments was confirmed by the identification of isomers with
the biogenic 174(H)214(H) configuration in all samples (Fig. 3). The values of
terpane maturity ratio (Table V) arein the range typical for crude oils.1

Based on distributions of terpanes in the saturated fractions of the sediments
and the values of the corresponding maturity parameters, it could be concluded
that, in addition to singenetic organic substance, the analyzed samples contained
organic matter of anthropogenic origin, which could be related to crude oil.
Furthermore, the identical distributions of these biological markersin all samples
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represent strong evidence that the sediments of the Tisza River, in its flow from
KanjiZza town to the confluence into the Danube River, contain the same type of
petroleum pollutants.
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TABLE 1V. Source parameters calculated from distributions and abundances of tricyclic and
pentacyclic terpanes, Ol — oleanane index = oleananex100/(oleanane+Csyl7c(H)215(H)-
-hopane); Gl — gammacerane index = gammaceranex100/(gammacerane+Czq17a(H)215(H)-
-hopane)

Sample ol Gl  Cygtricyclic terpane/ Cys tricyclic terpane Cygf50dCapo /P
M18 12.73 10.36 0.88 0.59
M21 1391 9.68 0.97 0.60
M22 12.15 10.48 0.89 0.59
M25 1256 9.07 0.95 0.60
M9 12.07 10.20 0.95 0.61
M7 11.63 10.99 0.88 0.60
M8 12.34 10.82 0.95 0.60
M6 13.45 10.29 0.99 0.60
M4 13.15 11.24 0.94 0.61
M5 13.66 10.41 0.85 0.60
Rusandacrudeoil 1259 9.68 0.85 0.51
Elemir crudeoil 12.39 10.34 0.74 0.47

angl?m(H)Zlﬁ(H)—3O—norh0paneyC3o170:(H)21ﬁ(H)—hopane; oleanane, gammacerane, tricyclic terpanes and
pentacyclic terpanes (hopanes) were quantified from the mass chromatogram nvz 191

TABLE V. Maturity parameters calculated from the distributions and abundances of pen-
tacyclic terpanes

Sampl e Cglaﬂ(S)/ 0310( ﬁ(S'F R)a C3oﬂa/ Cgoa ﬂ] ngTS/CZQO( ﬂ: Td/ (TS+Tm)d
M18 0.57 0.16 0.35 0.44
M21 0.56 0.17 0.34 0.40
M22 0.57 0.15 0.35 0.43
M25 0.56 0.16 0.34 0.44
M9 0.56 0.16 0.33 0.40
M7 0.57 0.16 0.34 0.41
M8 0.57 0.16 0.35 0.45
M6 0.56 0.16 0.35 0.41
M4 0.56 0.16 0.34 0.42
M5 0.56 0.16 0.39 0.46
Rusanda crude oil 0.60 0.11 0.27 0.44
Elemir crude oil 0.56 0.11 0.33 0.42

8C31170(H)215(H)22(S)-hopane/C31 17 o(H) 215(H)22(S+R)-hopanes; bC3017ﬂ(H)21a(H)-hopa1e103017a(H)-
218(H)-hopane; ©Cpg18a(H)-30-nornechopane/Cog17a(H)214(H)-30-norhopane; dC2718oz(H)-22,29,3O-trisnor-
neohopane/(Cy718a(H)-22,29,30-trisnorneohopane+Co717a(H)-22,29,30-tri snorhopane)

Seranes and diasteranes. The sterane biomarkers in all samples had amost
identical distributions (Fig. 4). The uniform distributions of the Cy7—Cog
14a(H)17a(H)20(R) regular steranesl’ (Table VI) in all samples confirmed that
the organic matter in the sediments was of the same genetic type.

The sterane distributions in al samples were typical for oils, which corro-
borates the presence of oil-type pollutants in the sediments of the Tisza River.
Apart from the regular steranes with a biogenic 14a(H)170(H)20(R)-configur-
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TABLE VI. Source and maturity parameters calculated from the distributions and abundances
of steranes and diasteranes

o a o b o ¢ Cxoo(S) CBAR)/ CorfpAS)/
sample % Cor” % Cog” % Cod’ ¢ oaafSHR)Y Cro(BAR)+0efR)) Cor(BedS)+arofR))'
M18 B2 204 374 0.49 0.49 0.30
M21 274 328 398 0.48 0.46 0.31
M22 31.8 309 373 0.49 0.50 0.29
M25 203 324 383 0.48 0.47 0.31
M9 22 310 368 0.52 0.49 0.28
M7 331 307 362 0.51 0.51 0.29
M8 286 316 398 0.48 0.48 0.34
M6 203 314 393 0.48 0.49 0.34
M4 275 330 395 0.51 0.48 0.32
M5 276 354 370 0.55 0.52 0.37
Rusanda 281 356 363 0.62 0.64 0.32
crude oil
Elemr 270 368 362 0.57 0.59 0.22
crude oil

3100%Cy714a(H)170(H)20(R)-sterane/=(Co7—Cog) 14a(H) 17a(H) 20(R)-steranes; blOOXC2814(x(H)l7a(H)20(R)—
-sterane/X(Cp7—Cog)14a.(H)170(H) 20(R)-steranes; Cos Cog = 100xCpgl4a(H)17a(H)20(R)-sterane/Z(Co7—
—Cog)140(H)17a(H)20(R)-steranes, dC2914oc(H)17oc(H)20(S)-sterandC2914oc(H)17oz(H)20(S+R)-steranes;
€Cog14/4H)17AH)20(R)-sterane/(Cogl4AH)17 A H)20(R)-sterane + Coglda(H)17a(H)20(R)-sterane;
fC2713ﬂ(H)17a(H)20(S)-di asterane/(Co7134(H) 17a(H)20(S)-diasterane + Co714a(H)170(H)20(R)-sterane); the
sterenes and diasteranes were quantified from the mass chromatogram mvz 217

ation, the short chain, Cy1—Cop, and Co7—Cog isomers with the thermodynami-
caly more stable 14a(H)17a(H)20(S)-, 144(H)175(H)20(R)-, and 145(H)174(H)-
20(S)-configurations, as well as the typical geo-isomers, 13f(H)17a(H)- and
13a(H)17p5(H)-diasteranes, were present (Fig. 4). The values of the sterane matu-
rity ratios are in a range typical for crude oils (Table V1).1 The dightly lower
values of these parameters than in crude oils could be attributed to the influence
of singenetic immature terrestrial organic matter (expressed through an elevated
concentration of Cogl4a(H)17a(H)20(R)-sterane), the presence of which was con-
firmed by the distribution of the long-chain n-alkane homologues and identi-
fication of pentacyclic hopanes with the biogenic 175(H)215(H) configuration.

Therefore, distributions of sterane biomarkers clearly prove that in addition
to the singenetic immature terrestrial organic matter, the analyzed samples also
contain oil pollutants of anthropogenic origin. Moreover, the identica com-
positions of the steranes in all samples confirmed that the sediments of the Tisza
River from Kanjiza Town to the confluence into the Danube River, aong a
distance of 153 km, contained the same type of oil pollutant.

Assessment of the oil pollutant source

Based on previous discussion, it was established that sediments of the Tisza
River, in addition to some singenetic immature terrestrial organic matter, con-
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tains an ail type pollutant. Considering navigable character of the Tisza River,
the observed continuous oil pollution most probably resulted from persistent and
extensive transport via river barges, which commonly use heavy fuel ail.

As mentioned above, the crude oils represent mature organic matter and are
characterized by specific distributions of steranes and terpanes with a predomi-
nance of the thermodynamically more stable isomers, which are not found in
biosphere and recent singenetic sedimentary organic matter. Consegquently, most
values of the maturity biomarker of the crude oils parameters, which represent
the ratios of more and less stable isomers, vary in arelatively narrow range.1 On
the other hand, each crude oil sample has a characteristic distribution of
biomarkers as a kind of “fingerprint”, which in addition to maturity, depends on
the origin, depositional environment, age, relative length of migration and the
mineral composition of the source and reservoir rocks. Therefore, crude oils can
significantly differ in values of source parameters, such as distribution of Co7—
—Cp9 14a(H)17a(H)20(R) regular steranesl’, gammacerane and oleanane indi-
ces,18-20 ratio of Cyg to Cos tricyclic terpanes! and Cpgl17a(H)21B(H) to
C3p170(H)21B(H) hopane.l Comparison of the distributions of terpanes and ste-
ranes and the values of the corresponding biomarker parameters in the extracts of
sediments of the Tisza River and previously investigated crude oils from oil
deposits in the Serbian part of Pannonian Basin showed great similarity between
extracts of investigated sediments and crude oils from Rusanda (well 5; depth
interval 2665-2675 m) and Elemir (well 19; depth interval 1640-1644 m) oil
fields (Figs. 3-8; Tables |V and V), which are located close to the investigated area
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Fig. 5. GC-MS chromatograms of terpanes m/z 191 of the saturated fraction isolated from
Rusanda crude oils. For peak assignments, see the legend to Fig. 3.
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Fig. 6. GC-MS chromatograms of terpanes m/z 191 of the saturated fraction isolated from
Elemir crude oils. For peak assignments, see the legend to Fig. 3.
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Rusanda crude oils. For peak assignments, see the legend to Fig. 4.
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(Fig. 1). Therefore, the oil contamination observed in the Tisza sediments, apart
from heavy fuel oil from barges, to a lower extent can probably be related to the
Rusanda and Elemir crude oils. According to the geological setting of the terrain,
there is no possibility of natural migration of oils from the oil fields to the Tisza
River surface sediments. Therefore it could be assumed that observed oail
pollution resulted from oil shipment at the station located on the river bank and
further transport by barges.

CONCLUSIONS

The origin and type of organic matter of the Tisza sediments along its 153
km distance through the territory of Serbia were evaluated using group organic—
—geochemical data and the biomarker compositions.

The contents of the total organic carbon and soluble organic matter were
similar in all samples. The organic matter was deposited under slightly reducing
conditions. All the samples had almost identical distributions of n-alkanes, ste-
ranes, and tricyclic and pentacyclic terpanes, indicating the same origin of the
organic matter.

Based on distribution of n-alkanes, the origin and type of organic matter
could not be precisely estimated. However, the n-alkane maximum at n-Cy7 or
n-Cyg and the marked odd over even predominance in the range of n-Co3n-Csg
suggested the presence of immature singenetic organic matter of terrestrial origin.
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Typical oil distributions of terpanes and steranes along with values of the
corresponding maturity parameters clearly indicated that the sediments of the
Tisza River, in addition to immature singenetic organic matter, contained oil
pollutants of anthropogenic origin. The identical distributions of these biomar-
kers in al samples represent strong evidence that the recent sediments of the
Tisza River, in its flow from Kanjiza Town to its confluence into the Danube
River contained the same type of oil pollutants.

Based on the compositions of terpanes and steranes and the values of the
biomarker parameters in the Tisza sediments, it is supposed that oil pollution
generdly could be related to heavy fuel oil from barges, due to intense river
transport. Comparison of the distributions of terpanes and steranes and the values
of corresponding biomarker parameters in the extracts of sediments of the Tisza
River and previoudly investigated crude oils from oil deposits in the Serbian part
of Pannonian Basin showed that the oil contaminants observed in Tisza sedi-
ments, apart from heavy fuel oil from tankers, to a lower extent, could be attri-
buted to Rusanda and Elemir crude ails.
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n3BO[J

IMPUMEHA BMOJIOIKUX MAPKEPA Y OOPEBHUBALY ITOPEKJIA Y THUITA OPTAHCKE
CYIICTAHIE Y CEIMUMETHUMA PEKE TUCE

CHE)XAHA IIITPBALL', TOPIAHA TAJUIIA’, ANTEKCAHIIPA ITAJHOBUR’, HEBOJIIA BACHR’,
KCEHHJA CTOJAHOBHE' 1 BPAHMMHP JOBAHUHBREBHR'

105a1cyﬂmeu7 3qwiniuiie yusotiine cpegune, Ynusepsuiteii EJYKOHC, Bojeoge ITywinuxa 87, 21207 Cpemcka
Kamenuuya, ZHeHwap 3a xemujy, HXTM, Cuygeniucku wipi 12—16, 11000 Beoipag, 3Pygapcxo—ieonow1cu
paxyniteni, Ynugep3uitiei y beoipagy, Bywuna 7, 1100 Beoipag u 4Xemujcxu paxynivew,
Ynusepsuiueiwi y beoipagy, Cinygentucku wipi 12—16, 11000 Beoipag

Linsb papa je 540 fa ce yTBpAX MOPEKIO U THI OPraHCKe CYICTaHIle y PELIEHTHUM Ceu-
MeHTHMa peke Tuce, y Jeny Toka KOju ce Hajna3u Ha TepuTtopuju Cpduje, ykynne nyxune 153
KUJIOMETpa. Y Ty CBpXYy KOpUIIheHH Cy TPyIHU OPraHCKO—TEOXEMHUjCKU MapaMeTpy U cacTaB
duomapkepa. CBY y30pLH cafip:Ke MPUOIMKHO UCTYy KOJTUUMHY OPraHCKe CyTCTaHLE Tal0XEHE
y dmaro penykuuoHoj cpenuHu. Ha OCHOBY pacriopesne #-ajqkaHa HUje Suio Moryhe mpenusHo
YTBPIUTH NOPEKJIO U THUI OpraHcke cymncraHie. Mehytum, #-ankaHcke pacnozesne ykasane cy
Ha MPHUCYCTBO HE3pEJie HATUBHE OpPraHCKe CYIICTaHIle CyBO3EMHOr Nopexia. Pacrogene tep-
NaHa U CTepaHa U BPEAHOCTH OAroBapajyhux maTypallMOHMX NapaMmeTapa yKasyjy ha Cemu-
MeHTH peke Tuce, mopen He3pesle HaTUBHE OpPraHCKe CyICTaHLe cangpxe HadTHy 3arahyjyhy
CYIICTaHLly aHTPOINOIeHOr nopekia. UieHTHUHe pacnofene OBUX OMOMapKepa y CBHUM Y30p-
MMa noTephyjy Aa pelieHTHH cenuMeHTH peke Tuce, y neny Toka on mecra Kamuxka o ymha
y pexy [lyHaB, cappke UCTH TUN HadTHOT 3arahusaya. Ha ocHOBY pacnopena TepnaHa U cTe-
paHa ¥ BpEJHOCTH DMOMapKepCKUX MapaMeTapa MPETIOCTaB/beHO je fa HadTHO 3araheme
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reHepaiHo MOTHYe O Ma3yTa U3 TaHKePa, yCiel HHTEH3UBHOT PEYHOT TPAHCIIOPTA H, Y Mak0j
MepH, oI cHpoBUX HadTH U3 HadTHHUX 1osba Enemup u Pycanpa.
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Abstract: The main objective of the present study was to investigate the effi-
ciency of the electrocoagulation process as a post-treatment to treat biolo-
gically pretreated bagasse effluent using iron electrodes. The remova of the
chemical oxygen demand (COD) and the total suspended solids (TSS) were
studied under different operating conditions, such as amount of dilution, initia
pH, applied current and electrolyte dose using the response surface metho-
dology (RSM) coupled with a four-factor three-level Box—Behnken experi-
mental design (BBD). The experimental results were analyzed by the Pareto
analysis of variance (ANOVA) and second order polynomial mathematical
models were developed with high correlation of efficiency (R2) for COD, TSS
removal and electrical energy consumption (EEC). The individua and com-
bined effects of the variables on the responses were studied using three dimen-
siona response surface plots. Under the optimum operating conditions, i.e.,
amount of dilution at 30 %, initial pH of 6.5, applied current of 8 mA cm2 and
electrolyte dose of 740 mg L1, high removal efficiencies of COD (98 %) and
TSS (93 %) were obtained with an EEC of 2.40 Wh, which were confirmed by
validation experiments.

Keywords: electrocoagulation; iron electrode; post treatment; model develop-
ment; optimization.

INTRODUCTION

The pulp and paper industry is one of the most water-dependent industries
that consumes 500 m3 of fresh water to produce a ton of paper.l The effluent
characteristics of the pulp and paper industry vary according to the pulp process
and the characteristics of raw material used in each industry. However, in gene-
ral, most of the pulp and paper industries used bagasse as a raw material, due to
its easy availability and eco-friendly nature. The effluents generated from bag-
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asse-based pulp and a paper industry contain high amounts of organic material
and suspended solids, which are considered as major pollutants to an ecosystem.
The discharge of untreated bagasse effluent to the ecosystem degrades the envi-
ronmental and causes harmful effects to living organisms.2 To overcome this
problem, numerous treatment technologies have been reported for the treatment
of bagasse effluent, such as bioremediation, upflow anaerobic sludge blanket
(UASB) reactor treatment and fungal treatment. However, these treatment pro-
cesses have drawbacks, such as long treatment time, start-up problems, maintain-
ing environmental conditions and low removal efficiency of organic pollutants.
These characteristics of a biological treatment process makes it unfit for large-
scale application. Even though, biological treatment of bagasse effluent produces
valuable by-products (biogas), the discharge of this effluent to ecological system
is dtill questionable due to the presence of considerable amounts of organic
matter. With environmental regulations becoming more stringent, regulatory
compliance has also become a matter of increasing concern for the pulp and
paper industries. Therefore, there is a critical need to install an effective post-
treatment method to treat biologically pretreated bagasse effluent.3

In recent years, there has been increased interest in the application of electro-
coagulation in the treatment of industrial wastewater. Some of the advantages of
electrocoagulation are the simple equipment required, low operating cost, high
removal efficiency of toxic matters at short treatment times, easily available
electrode materials and easy automation of the process. In addition, it does not
require any addition of chemicals, the dosing of coagulant reagents depends on
the applied current.4 Electrocoagulation is a process that generates metallic hyd-
roxides in situ via electro-dissolution of a soluble sacrificial anode immersed in
the wastewater. The electrochemically generated metallic ions hydrolyze near the
anode to form a series of metal hydroxides that are able to destabilize the dis-
persed particles present in the wastewater to be treated. The destabilized particles
are believed to be responsible for the aggregation and precipitation of suspended
particles. Moreover, most of the electrocoagulation process use iron as the elec-
trode material due to its higher electrical potential compared to other materials,
such as aluminum and stainless steel.®

To the best of our knowledge, the electrocoagulation process has hitherto
been applied as a pre-treatment process for various industry effluents. No inves-
tigations have been reported for the efficiency of an electrocoagulation process as
a post-treatment to treat industrial effluents. Hence, in this study, it was planned
to investigate and optimize the operating variables, such as amount of dilution,
initial pH, applied current and electrolyte dose on the removal efficiency of COD
and TSS removal in the treatment of biologically pretreated bagasse effluent
using electrocoagulation (post-treatment) process via the response surface metho-
dology (RSM).6 Response surface methodology (RSM), a collection of mathe-
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matical (statistical) techniques, is useful for developing, optimizing and under-
standing the performance of complex systems applying the minimum number of
experiments. This technique conforms closely to practical results compared to
theoretical models asiit arises from an experimental methodology.”

EXPERIMENTAL
Materials

The wastewater investigated in this study was collected from a bagasse-based pulp and
paper factory near Erode, Tamilnadu, India. Sample collection, preservation and character-
ization (pH, COD and TSS) were realized in accordance with the American Public Health
Association (APHA) Standard Methods for the Examination of Wastewater.> Characterization
was performed immediately after arrival of the samplesin the laboratory. The obtained values
were pH 7.04, COD = 1574 mg'l and TSS= 986 mg L. All the chemicals employed in the
study were analytically pure. The electrolyte used in the study was sodium chloride, which
was purchased from local suppliers, Erode, India

Experimental procedure

The electrochemical reactor (acrylic) having a working volume of 3 L was used to treat
the wastewater with iron sheets (33 cmx6 cmx0.2 cm) as the electrode. The effective surface
area of each electrode was 108 cm?. The distance between the anode and cathode was fixed at
4 cm. The assembly was connected to DC power source (Dolphin; 0-6 A and 0-30 V) to fix
the desired current density. Distilled water was used to dilute the effluent and the effluent was
then adjusted to the required pH using sodium hydroxide or hydrochloric acid. A schematic
diagram of electrocoagulation reactor is shown in Fig. 1. In each run, 1.6 L of wastewater was
placed into the reactor and all the runs were performed for a constant treatment time of 15 min
under stirring at 250 rpm. The treated effluents were collected, filtered and used for the
determination of the COD and TSS All experiments were performed in triplicate and the
average values were recorded. The removal efficiency (R in %) was calculated using the
following equation:

Yo-Y
Y
where Yg and Y represent the initial and final value of COD or TSS

R= %100 D

2
(=] o
@ |e
1. Electrochemical reactor
2. Power supply
1 3. Magnetic stirrer
4.Electrodes
4 4]
L | e |
\
{ 3 [Tpm Fig. 1. Schematic diagram of the electro-
© coagulation unit.
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Experimental design

In the present study, the response surface methodology (RSM) was used to optimize and
determine the relationship between removal efficiencies of COD, TSSand EEC with respect to
the crucial operating parameters, i.e., the amount of dilution, 5-15 %, initial pH 5-9, applied
current, 5-15 mA cm2 and electrolyte dose, 350-750 mg L. Box—Behnken response surface
experimental design (BBD) with 29 experiments with five centre points and their results were
analyzed by multiple regression analysis to evaluate the adequacy of various models (linear,
interactive (2FI), quadratic and cubic) using the Stat ease Design Expert 8.0.7.1 statistical
software package (Stat-Ease Inc., Minneapolis, MN, USA). The regression coefficients of the
linear, quadratic and the interaction involved in the model and their effects were analyzed by
the F-test and P-value. The statistical significance of the model was analyzed by pareto analysis
of the variance (ANOVA). The relationship between the response and the four independent
variables were correlated by a second order polynomia equation, the generalized form of
which was given in elsewhere,” and it was used for the construction of three dimensional
response surface plots to study the effect of the independent variables on the dependent
variables. Findly, the numerical optimization methodology was performed to determine the
effective electrocoagulation operating conditions, which was validated by conducting addi-
tiona experiments.

RESULTS AND DISCUSSION
Experimental design analysis

The total number of 29 statistically designed batch experiments were per-
formed for different combinations of the process variables in order to optimize
and study the combined effect of independent variables (amount of dilution, ini-
tial pH, applied current and electrolyte concentration) on the removal efficiencies
of COD, TSS and EEC, which are shown in Table |. The experimental data was
fitted to the various mathematical models (linear, interactive (2FI), quadratic and
cubic) in order to obtain regression equations. To realize this, mode summary
statistics (Table 1) were performed to decide about the adequacy of a models
among the various models, i.e., the model that exhibits the highest R2, adjusted
R2, predicted R2 and F values and also lowest p-values for when compared with
those of the other models.6-8 Thus, the quadratic model was selected for further
analysis to represent the electrocoagulation process. The obtained second-order
polynomial equations in terms of coded factors are given below:

Y; =95.42+6.11X1 — 4.94X 5 +11.38X3+10.46 X4 —5.64 X1 X —
~1.41X1X3+1.77X1X4 —3.46 X X3 —3.70Xp X4 — 2
—4.37X3X4—3.52X7 -~ 21.46X2 —9.56 X2 —11.90X 2

Y, =91.58+5.04X1 —4.09X +12.64X3 +10.17X 4 —5.87X1 X5 —
—1.43X1X3+1.72X1X4 —3.73Xp X3 ~355X2X4 —6.82X3X4—  (3)
—3.67X? —22.06X5 —9.49X2 —12.44X 2
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Y3 =3.51+0.19X; + 0.21X5 + 3.16 X3 — 0.53X 4 + 0.14 X X5 +
+0.371.43X1 X3 — 0.06 X1 X4 + +0.44X 5 X3 + 0.00X 5 X4 —

~0.57X3X4 +0.034X2 +0.67X3 +0.20X2 + 054X 2
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(4)

where, Y1, Yo and Y3 are the percentage removal of COD, TSS and EEC, res-
pectively, and X1, Xp, X3 and X4 are the coded values of the amount of dilution,

initial pH, applied current and electrolyte concentration, respectively.

TABLE |. Box—Behnken experimental design and observed responses

Dilution of Applied Electrolyte

Run No. effluent Initial current concentration coD TSS EEC

) X)) pH (X5) (X2) (X2) removal, % remova,% Wh
1 20 (0) 5(-1) 15(+1) 600(0) 84.23 79.48 7.29
2 10(-1) 5(-1) 10(0) 600(0) 65.24 63.48 3.78
3 20(0) 7(0) 10(0) 600(0) 95.42 91.58 351
4 10(-1) 7(0) 5(-1) 600(0) 66.48 59.48 1.08
5 20 (0) 5(-1) 10(0) 350(-1) 55.32 48.18 5.13
6 20(0) 9(+1) 10(0) 850(+1) 63.43 58.94 4.05
7 20(0) 7(0) 10(0) 600(0) 95.42 91.58 3.78
8 20(0) 5(-1) 5(-1) 600(0) 53.16 47.98 1.08
9 20(0) 7(0) 15(+1) 350(-1) 78.64 82.45 8.91
10 30 (+1) 9(+1) 10(0) 600(0) 64.83 58.48 4.86
11 20(0) 9(+1) 10(0) 350(-1) 53.48 45.84 4.86
12 10(-1) 7(0) 15(+1) 600(0) 88.14 84.27 5.67
13 20(0) 5(-1) 10(0) 850(+1) 80.13 75.48 4.32
14 30(+1) 7(0) 10(0) 850(+1) 98.46 94.86 4.05
15 20(0) 7(0) 5(-1) 350(-1) 44,58 38.98 1.22
16 20(0) 7(0) 10(0) 600(0) 95.42 91.58 3.78
17 20(0) 7(0) 5(-1) 850(+1) 78.48 72.48 0.67
18 20(0) 7(0) 10(0) 600(0) 95.42 91.58 2.97
19 30(+1) 5(-1) 10(0) 600(0) 85.36 75.86 3.78
20 10(-1) 9(+1) 10(0) 600(0) 67.25 69.58 4.32
21 30(+1) 7(0) 15(+1) 600(0) 97.45 94.57 6.88
22 10(-1) 7(0) 10(0) 850(+1) 79.24 74.96 3.78
23 10(-1) 7(0) 10(0) 350(-1) 62.54 57.48 432
24 20(0) 9(+1) 15(+1) 600(0) 66.18 62.58 8.91
25 20(0) 9(+1) 5(-1) 600(0) 48.96 45,98 0.94
26 20(0) 7(0) 10(0) 600(0) 95.42 91.58 351
27 20(0) 7(0) 15(+1) 850(+1) 95.04 88.67 6.07
28 30(+1) 7(0) 5(-1) 600(0) 81.43 75.48 0.81
29 30(+1) 7(0) 10(0) 350(-1) 74.68 70.48 4.86

Generally, it is important to confirm that the fitted model gives an adequate
estimation to predict the responses, unless the model shows poor or misleading
results. Considering this phenomenon, diagnostic plots, i.e., predicted versus
actua values (Fig. 2a—) were plotted to evaluate the modd suitability and to deter-
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TABLE II. Model summary statistics for COD and TSSremoval

Source D R2 Adjusted R? Predicted R2 PRESS  Remarks
Model summary statistics for COD removal

Linear 12.9022 0.4746 0.3871 0.2968 5347 -

2FI 14.2750 0.5177 0.2497 —0.0555 8026 -

Quadratic 2.7010 0.9866 0.9731 0.9226 588 Suggested

Cubic 1.9070 0.9971 0.9866 0.5868 3142 Aliased
Model summary statistics for TSS removal

Linear 13.5630 0.4534 0.3623 0.2624 5957 -

2FI 14.8420 0.5091 0.2363 0.2363 8793 -

Quadratic 3.7712 0.9753 0.9507 0.8580 1146 Suggested

Cubic 1.6519 0.9980 0.9905 0.7081 2357 Aliased

Model summary statistics for EEC

Linear 0.6713 0.9199 0.9066 0.8827 15.84 -

2F 0.6704 0.9401 0.9068 0.8384 21.83 -

Quadratic 0.5216 0.9718 0.9436 0.8511 20.10 Suggested

Cubic 0.3697 0.9939 0.9717 0.5869 55.80 Aliased

mine the relationship between the predicted and experimental values.910 The
data points on these plots lie reasonably close to a straight line, which indicates
that an adequate agreement between real data and the data obtained from the
models.11 The statistical significance of the regression equation was eval uated by
Pareto analysis of variance (ANOVA) and the results are presented in Table Ill.
The F and p-values of the individual and combined effects of the operating
variables were found to be in the range of acceptable levels, which indicated that
the model was highly statistically significant.12 These results indicated that the
developed mathematics is good enough to represent the electrocoagulation
treatment process significantly.

Influence of the process variables

Four factors at five levels BBD were used in this study to investigate the
influence of process variables on responses such as COD and TSS removal. To
understand the interaction between the independent variables and estimate the
removal efficiency of COD, TSS and EEC over the independent variables, three
dimensional response surface plots were constructed from the developed models
(Equations (2)—(4)), which are shown in Figs. 3-5.

Effect of amount of dilution

Dilution of the effluent is key parameter that strongly influenced the perfor-
mance of the electrocoagulation process. The concentration of the effluent dis-
charged after biological treatment of the bagasse effluent is not constant over
time. Hence, an adopted post treatment method should be capable of treating bag-
asse effluent of varying concentrations. Considering this, the amount of dilution
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Fig. 2. Actual vs. predicted plot for the removal efficiency of COD (@), TSS(b) and EEC (c).
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TABLE 1. ANOVA table for responses

R COD removal TSSremoval EEC a
esponse F-value p-value F-value p-value F-value pvaue
Model 73.45 <0.0001 39.56 < 0.0001 344579  <0.0001
X1 61.41 <0.0001 2143 0.0004 1.60624 0.2257
X5 40.18 <0.0001 14.10 0.0021 2.00733 0.1784
X3 21311 < 0.0001 134.74 < 0.0001 440.661  <0.0001
X4 180.02 < 0.0001 87.18 < 0.0001 12.3895 0.0034
X1 Xo 17.41 0.0009 9.69 0.0076 0.26795 0.6128
X1 X3 1.09 0.3142 0.57 0.4623 2.01272 0.1779
X1 X4 172 0.2111 0.84 0.3758 0.06699 0.7995
XoX3 6.57 0.0225 3.90 0.0683 2.84633 0.1137
XoXq 7.57 0.0156 354 0.0807 0 1.0000
X3X4 10.49 0.0059 13.08 0.0028 4.81871 0.0455
%42 11.01 0.0051 6.14 0.0266 0.02716 0.8715
X2 409.49 < 0.0001 221.92 < 0.0001 10.8627 0.0053
X42 81.27 <0.0001 41.08 < 0.0001 0.96561 0.3425
X42 126.00 < 0.0001 70.59 < 0.0001 6.95212 0.0195

was selected as a primary parameter in the electrocoagulation process. From the
results (Figs. 3a and 4a), it was observed that the efficiencies for the removal of
COD and TSS increased with increasing amount of dilution. This could be
explained by the fact that higher amounts of dilution lead to decreasing
concentrations of COD and TSS in wastewater; thus, the removal efficiencies
were increased with respect to increasing dilution of the wastewater.

Effect of initial pH

In an electrocoagulation treatment process, the pH plays an important role in
determining the removal efficiencies. From the obtained results (Figs. 3a and 4a),
it was found that the efficiencies of COD and TSS removal increased with
increasing pH up to 6.5. Thereafter, there was a drastic decrease in the effici-
encies of COD and TSS removal. This is because the formation of Fe(OH)3
flocks is significant in the pH range 5-7, which removes the COD and TSS via
sweep coagulation. Above pH 6.5, monomeric anions, namely Fe(OH)4~ species,
are formed that are ineffectivel3 for removal of COD and TSS from bagasse
effluent. These results indicated that the initial pH value of the effluent is a pri-
mary parameter that affects the electrocoagulation process significantly.

Effect of applied current

Applied current is one of the important factors influencing the electrocoagul -
ation process. From the obtained results (Fig. 3b and 4b), it was found that the
efficiency of COD and TSSremoval increased with increasing current density up
to 10 mA cm2, thereafter the current density had almost negligible effects on the
removal efficiencies. This could be explained by the fact that the formation of
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Fe(OH)3 flocks increased with increasing applied current and hence an improve-
ment in the efficiency of COD and TSS removal was observed. However, above
an applied current of 10 mA cm2, almost all the COD and TSS were removed
via sweep coagulation and thus, the removal efficiencies were constant.14
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Fig. 3. Effect of operating variables on COD removal.

Effect of electrolyte (NaCl) dose

The electrolyte concentration is one of the prime parameter that significantly
affects the performance of an electrocoagulation process. From the obtained
results (Figs. 3b and 4b), it was found that efficiencies of COD and TSS removal
increased with increasing electrolyte concentration up to 600 mg L=, Thisis due
to the formation of hypochlorite (an oxidizing agent), which strongly affects the
removal of the COD and TSS. The detailed mechanism is given below:15
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2CI= - Cly +2e- 5
Cly + Ho O —- HOCI + CI= + H* (6)
HOCI — OCI~ + H* (7

Further increases in the electrolyte concentration show negligible effects on the
removal efficiency of COD and TSS.
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Fig. 4. Effect of operating variables on TSSremoval.

Effect of process variables on the electrical energy consumption

Electrical energy consumption (EEC) is a crucial parameter in electrocoa
gulation process that significantly affects the economy of the process. From the
obtained results (Fig. 5a and b), it was found that, the EEC of the electrocoagul-
ation process is significantly affected by the initial pH (X5), applied current (X3)
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Effect of process variables on the iron concentration

In an electrocoagulation process, the quantity of produced iron is akey step.
To examine the production of iron in the electrocoagulation process, the follow-
ing calculations were used:1/

It
nN=—— 9
zF ©
where n — number of moles; | — current, A; t — time (treatment time), s,

z— charge on the cation, (z= 2) and F —the Faraday constant, 96.5x104 C mol-1,
The iron concentration in solution was theoretically calculated as follows:

(10)

where cge — iron concentration in solution, g L=1; Mge — molar mass of iron,; n —
— number of moles; and V — volume of the cell, L. In this present study, the
production of iron mainly depended on one independent parameter, namely the
applied current (X3), only. The produced iron concentration in the present study
was varied between 0.89 to 2.65 g L1,

Optimization and validation

The objective of the optimization was to determine the operating conditions
that gave the maximum efficiency of COD and TSS removal with a minimum
EEC in the selected parameter ranges. In this study, the desirability function
approach was applied to optimize the electrocoagulation process via a numerical
optimization technique (The Derringer desired function methodology), which
evaluates a point that maximizes the desirability function. The optimum operat-
ing conditions were predicted to be: amount of dilution 30 %, initial pH of 6.5,
applied current of 8 mA cm2 and an electrolyte dose of 740 mg L1, resulted in
high efficiencies of COD (98 %) and TSS (93 %) remova with an EEC of 2.40 Wh,
and a desirability value of 0.986. The suitability of the optimized conditions for
predicting the optimum response values was tested experimentaly using the
same set of optima conditions, which gave removal efficiencies of 98.06 and
92.54 % for COD and TSS, respectively, with an EEC of 2.34 Wh. These results
clearly validated the optimized conditions.18

CONCLUSIONS

In this study, BBD was employed to study and optimize the process vari-
ables, i.e., amount of dilution, initial pH, applied current and electrolyte concen-
tration on the removal of COD and TSS from biologically pretreated bagasse
effluent using an electrocoagulation process with iron electrodes. The results
showed that al the operating variables had a significant effect on the responses
and quadratic models were developed for predicting the responses. Three dimen-
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sional response surface plots were used to study the combined effect of the pro-
cess variables on the responses. The optimum set of operating variables was
obtained using the Derringer desired function methodology. The optimal set was
found to be: amount of dilution, 30 %; initial pH, 6.5; applied current, 8 mA cnm2
and an electrolyte dose of 740 mg L—1, which gave high efficiencies for COD (98
%) and TSS (93 %) removal with an EEC of 2.40 Wh. The results demonstrated
the technical feasibility of electrocoagulation as a possible and reliable technique
for the post-treatment of biologically pretreated bagasse effluent.

Acknowledgments. The authors are thankful to the University Grant Commission (UGC),
the Government of India, for financial support (F. No: 39-853/2010) and to fabricate and use
the experimental setup.

n3BOJ

OIITUMHU3AIIUJA ITPOLIECA EJIEKTPOKOATYJTAIIMJE 3A TPETHUPAE BUOJIOIIKHU
NMPEOTPETUPAHOT E®JIYEHTA O] OTITAIA MTPEPAJIE INIEREPHE TPCKE

K. THIRUGNANASAMBANDHAM, V. SIVAKUMAR u J. PRAKASH MARAN
Department of Food Technology, Kongu Engineering College, Perundurai, Erode-638052, TN, India

['maBHM UMW/ OBe CTynuje Mo je fa ce ucnura eUKacHOCT ITpoLieca eleKTpoKoaryianyje
nomohy enexkrpona oz rsoxkha kao HaKHaJHOT TpeTMaHa OMOJIOLIKK IpeJTpeTUpaHor ediy-
eHTa O] OTIaja mpepane mehepHe Tpcke. Ykiamame XeMHjCke MOTpoLIke kuceoHuKa (COD)
U YKyTHUX CycneHjoBaHHX yectuua (TSS) MCIUTHBAHHU Cy NMOJ PAa3IHYATHM PafHUM YCIIO-
BHMMa, Kao IITO Cy cremeH pa3biakema, moueTHH pH, jaunHa cTpyje W [I03a eNeKTpoUTa,
kopuurhewmeM aHanuse nospuivHe onrosopa (RSM) y3 uerBopodaxropujanuu boxc—beH-
KeHOB (Box—Behnken) ekcriepiMeHTaIHU JU3ajH ca TPU HUBOA. EKCIIepUMEHTaIHU pe3yiTaTH
cy ananusupand Ilapeto aHanusom Bapujance (ANOVA) 1 pa3sBHjeHHM MaTeMaTHUYKH MOJENH
TIOJIMHOMA IPYTOT Pefja ca BUCOKOM Kopesanujom 3a eduxacuoct (R2) 3a COD, yknamame TSS
U MIOTPOIUBY eneKkTpuuHe eHepruje (EES). [lojenuHavyHy U 3ajeJHUYKH YTHLIAjH TPOMEH/BUBUX
npoyyaBaHU Cy KopullhewmeM TpPOAMMEH3WOHalHWX rpadvka NOBpLIMHe oparosopa. Ilop
ONTHMAaHUM PaHUM yCI0BMMa, kao 1ITO je pasdnaxeme on 30 %, nouetnu pH og 6,5, jaun-
Ha cTpyje on 8 mA cm? u mosa enextponuta of 740 mg L' nobuja ce suma eduxacHocT
yknawawa COD (98 %) u TSS (93 %) ca EES op 2,40 Wh, wro je moTBpheHo ekcnepu-
MEHTHMa.

(ITpumibeHo 8. anpuia, peBuaMpaHo 24. jyna, npuxsaheno 27. jyna 2013)
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