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Abstract: In this study, seventeen urea derivatives, including the five new
derivatives N-mesityl-N'-(3-methylphenyl)urea (2), N-(3-methoxyphenyl)-N'-
-(3-methylphenyl)urea (4), N-mesityl-N'-(4-methyl phenyl)urea (6), N-(1,3-ben-
zothiazol-2-yl)-N'-(3-methylphenyl)urea (9) and N-(2-methylphenyl)-2-oxo-1-
-pyrrolidinecarboxamide (15), were synthesized by reacting ortho-, meta- and
para-tolyl isocyanate with primary and secondary amines using a previously
reported method. All the series 1-17 were subjected to urease, S-glucuronidase
and snake venom phosphodiesterase enzyme inhibition assays. The ranges of
inhibition of urease, S-glucuronidase and phosphodiesterase enzymes were
0.3045.3, 4.9-44.9 and 1.2-46.4 %, respectively. Moreover, an effect of these
compounds on a prostate cancer cell line was observed. The new compound
N-(1,3-benzothiazol-2-yl)-N'-(3-methyl phenyl)urea (9) showed in vitro antican-
cer activity with an 1Csg value of 78.28+1.2 uM. All the compounds were
characterized by state of art spectroscopic techniques.

Keywords: amine; -glucuronidase; disubstituted ureas; isocyanate; phospho-
diesterase; urease.

INTRODUCTION

Nitrogen-containing heterocyclic compounds play a significant role not only
in the life science industry, but aso in many other industrial fields related to
specia and fine chemistry. Among them, ureas represent an extensively used
tremendous class of compounds with multi-focal applications in severa fields.
A number of these compounds are reported to exhibit a wide spectrum of bio-
logical and pharmacological activities. In the last decade, much attention has
been paid to the synthesis and application of such substituted urea derivatives.2-3
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MUSTAFA, PERVEEN and KHAN 2

Ureas have been synthesized by a number of methodologies basically
employing substances such as phosgene. However, due to the harsh reaction
conditions and the hazardous nature of phosgene, it has been promisingly
substituted by safer compounds. Thus numerous substitutes of phosgene are well
documented in the literature.4 Additionally, their syntheses have been achieved
by simpler and much more economical chemical substances such as carbon
dioxide and carbon monoxide by the catalytic carbonation of amines.>6 Other
methods involved the use of carbonates such as organic carbonate esters and
ethylene carbonate for the mass scale production of N,N'-disubstituted ureas.”8

Disubstituted ureas possess wide therapeutic activities, such as potent inhi-
bitors of interleukin-8, anthelmintics, antimalarial, anti-HIV, diuretic, analgesic,
antibacterial, antifungal, antimicrobial, algaecidal or antiperiphytic agents.%-12
N,N'-Disubstituted ureas, amides and carbamates are reported as new powerful
and stable inhibitors of soluble epoxide hydrolase, both in vivo and in vitro.13
They were determined to be useful for the treatment of hypertension, Raynaud
syndrome, respiratory distress syndrome, inflammation, diabetic complications,
arthritis and renal diseases.14

A urease is an enzyme that decomposes urea to ammonia and carbonic acid
and provides nitrogen to an organism.15.16 On the other hand, bacterial ureases
cause different pharmacological problems, ranging from the development of
infectious stones, pathogenesis of encephalopathy, pyelonephritis, urinary cathe-
ter encrustation and hepatic coma to peptic ul ceration,15-20

p-Glucuronidase is an exoglycosidase enzyme and its activity reflects liver
enzyme loss during cell turnover in humans.21.22 |n the cell, it is present in
lysosomes, although high levels are present in necrotic areas of large tumours.
Sly syndrome is an inherited disease characterized by a deficiency of glucuro-
nidase.23 It was reported that in certain diseases, e.g., cancer, hepatic diseases,
inflammatory joint and AIDS, the activity of s-glucuronidase is increased.21

A phosphdiesterase (PDE) is an enzyme that participates in cell functions to
maintain intracellular levels of cyclic adenosine and cyclic guanosine monophos-
phate by hydrolyzing cyclic nucleotides.24 Nucleotide pyrophosphatase/phospho-
diesterase (NPP) is a class of enzyme comprised of seven isoforms among them
three are well known ectoenzymes as NPP-1 (PC-1), NPP-2 (autotaxin) and NPP-3
(B10; gp130 (RB13-6)) in mammalian. They are widely distributed in mam-
malian intestinal mucosa, liver cells and serum, snake venom and in various
plants.2> The calcification of bones and tissues is regulated by the NPP-1
enzyme. In humans, chondrocalcinosis and idiopathic infantile arterial calci-
fication result from an over or under expression of NPP-1, respectively.26.27 The
potent phosphodiesterase (PDE) inhibitor drug sildenafil therapeutically obtained
great world-wide success for the treatment of erectile dysfunction. Selective PDE
inhibitors are highly beneficial in the treatment of various diseases, e.g., PDE-II
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UNSYMMETRICAL 1,3-DISUBSTITUTED UREAS 3

inhibitors in sepsis; PDE-1V inhibitorsin allergic rhinitis, asthma, psoriasis, mul-
tiple sclerosis, chronic obstructive pulmonary disease (COPD), Alzheimer dis-
ease, schizophrenia and depression and PDE-V inhibitors in cardiovascular dis-
ease, female sexual dysfunction and pulmonary hypertension.24

Therefore approaches based on inhibition of these enzymes always remain a
need of world for the treatment of diseases arising from disturbed level of these
enzymes.

The huge volume of research on the synthesis and anticancer activities of
urea derivatives was previously reviewed. Many aromatic urea and thiourea deri-
vatives, such as benzoylureas, N-(2-chloroethyl)-N'-phenylureas, primaguine
derivatives, 3-(haloacylamino)benzoylurea and N-(benzothiazol-2-yl)-N-morpho-
linourea were synthesized and considered extensively for anticancer activity
against murine leukaemia, colon carcinoma, haematoma, lymphoma, melanoma,
breast cancer and prostate cancer cell lines of patients.28-31

In view of the large volume of literature, it is clear that the discovery of
novel biologically active compounds for the treatment of malignancy is very
important. A challenge still exists to design even better inhibitors with improved
therapeutic effects. In continuation of ongoing studies on the discovery of new
enzyme inhibitors and anticancer agents, the synthesis of 1,3-disubstituted ureas
by a simple one pot reaction of tolyl isocyanates with selective amines is des-
cribed herein. The resulting compounds were evaluated for their inhibitory acti-
vities on urease, S-glucuronidase and snake venom phosphodiesterase enzymes
and their cytotoxicity against prostate cancer cell lines.

EXPERIMENTAL

Melting points were taken on Gallenkamp melting point apparatus. Thin layer chroma-
tograpy was performed on pre-coated silica gel plates (Kieselgel 60 Fys4, Merk, Germany) and
the spots were visualized under UV radiation (Dua range, Merk Millipore, UK) at 254 and
365 nm. The IR spectra were taken on a Thermo Nicolet Avatar 370 DTGS FT-IR spectro-
meter. The EI-MS measurements were performed on a MAT-312 and a JEOLIMS-HX 110
instrument. The 'H-NMR spectra were recorded on a Bruker Avance 400 MHz instrument, 6
in ppm related to SiMe, (0 ppm) as internal standard. The 13C-NMR spectra were taken on a
Bruker Avance 125 MHz instrument. Elemental analyses were redlized on a Perkin Elmer
2400 CHN elemental analyzer. All used solvents were of reagent grade. Yields, physical,
analytical and spectral data for the prepared ureas are given in the Supplementary materia to
this paper.

General procedure for the synthesis of the 1,3-disubstituted ureas 1-17

The respective amine (3.18 mmol) was taken in 5-10 mL of 1,4-dioxane and then
approximately 1.60 mmol of ortho-, meta- or para-tolyl isocyanate was added dropwise. The
reactions are completed in 3060 min. After completion of the reaction, the mixture was
cooled with ice to afford white crystals of the title compound.32
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MUSTAFA, PERVEEN and KHAN 4

Urease inhibition assay

Reaction mixtures containing 1 unit of urease enzyme isolated from jack-bean and 55 pL
of buffers containing 100 mM urea were incubated with 5 uL of 1 mM test compound for 15
min in 96-well plates at 30 °C. The ammonia production, which in turn quantifies the urease
activity, was measured by the indophenol method. For this purpose, 70 puL of akali (0.5 %
w/v NaOH and 0.1 % active chloride NaOCIl) and 45 uL of phenol reagent (1 % wi/v phenol
and 0.005 % w/v sodium nitroprusside) were poured into each well. After 50 min, the increase
in absorbance at a wavelength of 630 hm was measured by a microplate reader (Molecular
Device, USA). All reactions were run in triplicate in a total volume of 200 uL and the change
in absorbance per min were processed using Soft-Max Pro software (Molecular Device,
UsA).3
B-Glucuronidase assay

The Sglucuronidase activity was determined by a spectrophotometric method that
involved the measurement of the absorbance of p-nitrophenol formed from the substrate at
405 nm. The reaction mixture consisting of 185 uL of 0.1 M acetate buffer (pH 7.00), 10 pL
of enzyme solution and 5 pL of test compound (0.4 mM) solution was incubated for 30 min at
37 °C. The plates were read on a multiplate reader SpectraMax plus 384 (Molecular Devices,
U.S.A)) after the addition of 50 uL of 0.4 mM p-nitrophenyl-p-D-glucuronide at 405 nm. All
assays were performed in triplicate.3

Phosphodiesterase-1 inhibition assay

Phosphodiesterase | inhibition assay was performed using snake venom according to a
previously reported method with minute variations. Briefly, 33 mM Tris-HC1 buffer of pH
8.8 (97 L), 30 mM Mg acetate with an enzyme concentration of 0.000742 U well-1 and 0.33
mM bis-(p-nitrophenyl) phosphate (Sigma N-3002, 60 L) as substrate were taken. EDTA
with an | C5q£ 3D of 274+0.007 uM was used as the positive control.

After a pre-incubation period of 30 min, the enzyme with the test samples was observed
spectrophotometrically for enzyme activity on a microtitre plate reader at 37 °C by following
the rate of change in OD min'l at 410 nm of the p-nitrophenol released from p-nitrophenyl
phosphate. All assays were processed in triplicate.3

Anticancer assay

Anticancer activity of compounds was evauated in 96-well flat-bottomed micro plates
by using the standard reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di phenyltetrazolium
bromide) colorimetric assay. For this purpose, PC3 cells (prostate cancer) were cultured in
Dulbecco-modified Eagle medium, containing 5 % of foetal bovine serum (FBS), 100 ug mL-
1 of streptomycin and 100 IU mL"1 of penicillin in 25 cm? flasks, in an incubator at 37 °C
under a5 % carbon dioxide atmosphere. The exponentially growing cells were counted with a
haemocytometer and diluted to a concentration of 1x10° cells mL-1. The diluted culture was
then introduced into 96-well plates (100 pL well-) and incubated overnight. After incubation,
medium was separated and 200 pL of fresh medium was added with various concentrations of
the compounds in the range 1-100 pM. After 72 h, 50 uL MTT (2 mg mL"1) was added to
each well and incubated further for 4 h. Subsequently, 100 uL of DM SO was added to each
well. The MTT was reduced to formazan within viable cells and its absorbance was measured
at 570 nm using a microplate ELISA reader (Spectra Max plus, Molecular Devices, CA,
USA).36
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UNSYMMETRICAL 1,3-DISUBSTITUTED UREAS 5

RESULTS AND DISCUSSION
Chemistry

In atypical reaction ortho-, meta- or para-tolyl isocyanate was treated with a
primary or secondary amine in 1,4-dioxane at room temperature (Scheme 1). The
product formation and progress of reaction was observed by TLC. The difference
in retardation factor (Rf) values of the reaction mixture and the starting pure
reactants indicated completion of the reaction. After completion of reaction, the
mixture was cooled by the addition of afew cubes of crushed ice. As aresult, the
solid product precipitated. The obtained solid was filtered and washed several
times with cold distilled water to remove excess amine and to obtain the pure
product34 (Tablel).

H{  r

7

N—C—N
©/ \ )
A

OB /
WA HC

N=—=C=0 g o e " 1,3-disubstituted urea
|/ + RR'NH 2-4,6-14,16 and 17
F Pri./Sec. 7 (0]
H.C P Ly, H
3 R, R HorArmA N—C—R'
~601711'11 ©/
/
C

Tolyl isocyanate

H;C oy 5and 15

1,3-disubstituted urea
Scheme 1. Synthetic route for 1,3-disubstituted uress.

TABLE |. Synthesis of 1,3-disubstituted urea derivatives (1-17)
Cmpd. -R -R’ -R” | Cmpd. -R R’ -R”

1 m-CHg 0 - |10 m-CHg Q H
2 m-CHg QHs H |11 p-CH3 /N:© H
CH3 S

HaC

3 m-CHj CH—CH; H (12 0-CHj CHs H

ChHy
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MUSTAFA, PERVEEN and KHAN 6

TABLE I. Continued

Cmpd. -R R —R" | Cmpd. -R R -R"
4 m-CHs H [13 0-CH3 ——CH—=CHz H
OCH3
5 p-CH3 0 - |14 0-CH3 H
_ é
CH3
6 p-CH, QHz H |15 0-CHj3 0 -

CH3 - Né
CH—CHs H |16 0-CH3 /:N :O H
5) S

8 p-CHj H |17 p-CHj o H
é)l\cHa
CH3
9 m-CH N H
<10
S

The structures of the compounds were confirmed by mass, NMR and IR
spectroscopy, and CHN elemental analysis. Their melting points were also
recorded. The compounds were evaluated for their inhibition of different enzy-
mes and anticancer activities.

H3C

Biology

Enzyme inhibition screening. In vitro screening is one of theinitial phasesin
drug discovery and many drug molecules are enzyme inhibitors; hence, their
discovery and improvement is an active area of research in biochemistry and
pharmacology. Thus in this study, compounds 1-17 were synthesized and ran-
domly checked in three enzyme-inhibition assays (urease, S-glucoranidase and
phosphodiestrase-1). All compounds showed various range of % inhibition against
these enzymes (Table ).

In the series, compounds 1-4, 9 and 10 are m-tolyl urea derivatives having
various R’ groups. It was found that compound 4 with an m-methoxy group in the
phenyl ring of R" exhibited 53.2 % urease inhibition and was the most potent of
these compounds, which exhibited an activity of less than 50 %. For compounds
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UNSYMMETRICAL 1,3-DISUBSTITUTED UREAS 7

5-8, 11 and 17, asimilar result was observed, i.e., that the para tolyl compound 8
having an m-methoxy group in phenyl ring of R’ was the most potent with a 59.1
% urease inhibition. Compound 6 with a 2,4,6-trimethylphenyl group was also
active (45.3 % inhibition). Of the o-tolyl derivatives 12—16, again compound 14
with an m-methoxy in the phenyl group of R’ exhibited the greatest inhibition
(47.5 %). The other compounds had an activity in the range of 0.3 to 45.3 %
inhibition. Comparing compounds 4, 8 and 14 with same R’ group, compound 8,
which isap-tolyl urea, exhibited the highest urease inhibition.

TABLE Il. Enzyme inhibitions (+SD, %) and anticancer activities (1C50+SD, uM) of synthe-

sized urea derivatives (1-17); PC3 = prostate cancer cell lines; — = no inhibition; SD =

= standard deviation; 1Cgy = concentration at 50 % inhibition

Cmpd Urease S-Glucuronidase Phosphodiesterase  Anticancer (PC3)

1 37.70+0.09 26.90+0.02 46.40+0.02 >100

2 21.70+0.04 4.90+0.01 - >100

3 0.30+0.05 - 32.00+0.01 >100

4 53.20+0.03 40.30+£0.01 4.80+0.01 >100

5 19.90+0.04 2.30+0.02 - >100

6 45.30+0.02 20.40+0.01 - >100

7 32.50+0.01 - - >100

8 59.10+0.01 37.80+0.01 - >100

9 40.70+0.01 16.50+0.01 - 78.3+1.2

10 6.90+0.04 28.70+0.02 37.80+0.01 >100

11 12.20+0.02 20.60+0.01 - >100

12 4.00+0.03 8.50+0.01 - >100

13 30.20+0.02 6.00+0.03 - >100

14 47.50+0.02 44.90+0.01 2.10+0.01 >100

15 23.70+0.01 19.60+0.01 1.20+0.01 >100

16 12.90+0.02 7.20+0.02 6.50+0.01 >100

17 - 24.50+0.02 9.800+0.003 >100

Standard  Thiourea D-Sacchuric acid, EDTA Doxorubicin
98.20+0.01 1,4-lactone, 97.1+1.2 90.10+0.01 0.91+0.12

The high activity of the m-methoxyphenyl moiety-containing compounds
may arise because of the mutual effect of the electronegative oxygen of the
methoxy group and the nitrogens and oxygen of the carbamide residue, which
may increase the ligand—chelator ability of the compounds to form octahedral
complexes with the nickel ions of urease enzyme. Moreover, the presence of
bulky groups around the active nitrogen in other compounds decreased the acti-
vity of enzyme and the m-methoxyphenyl was the least bulky group in this series,
which makes it easier for the urease to enter the active substrate binding site. In
contrast, certain urea derivatives with m-methyl- and m-methoxyphenyl groups
were previously reported in the literature as potent inhibitor of urease.37.38
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MUSTAFA, PERVEEN and KHAN 8

However, in the inhibition studies of A-glucuronidase, compounds 1, 2, 4-6
and 8-17 showed % inhibition in the range 4.9 to 44.9 %, i.e., no significant
activity, while the other compounds gave negative results towards f-glucuro-
nidase in the enzyme inhibition assay.

In the phosphodiestrase enzyme inhibition studies, the range of % inhibition
was 1.2 to 46.4 %, i.e., none of the prepared urea derivatives showed significant
activity, except compound 1, N-(3-methylphenyl)-2-oxo-1-pyrrolidinecarbox-
amide, that exhibited low activity with a percentage inhibition value of 46.4 %,
while its ortho and meta derivatives were nearly inactive towards phosphodieste-
rase-l (Tablell).

Anticancer screening against PC3 cell lines. To explore further their biolo-
gical activity against prostate cancer cell lines (PC3), al the compounds were
tested. Unfortunately, only one urea derivative, N-(1,3-benzothiazol-2-yl)-N'-(3-
-methylphenyl)urea (9) showed better cytotoxicity activity with an 1Csq value of
78.3, as compared to our standard doxorubicin having an 1C50+SD value of
0.91+0.12 uM (Tablell).

CONCLUSIONS

In this study, attention was focused on the synthesis and biological activities
of 1,3-disubstitued ureas. Thus, seventeen urea derivatives, including five new
derivatives 2, 4, 6, 9 and 15, were synthesized. The % inhibition for urease,
S-glucuronidase and phosphodiesterase enzymes were in the range 0.3-45.3, 4.9—
—44.9 and 1.2-46.4 %, respectively. In the in vitro anticancer study, the new
compound N-(1,3-benzothiazol-2-yl)-N'-(3-methylphenyl)urea showed significant
anticancer activity with an ICsg value of 78.28+1.2 uM against PC3 cell lines.

SUPPLEMENTARY MATERIAL

Yields, physical, analytical and spectral data for the prepared ureas are available
electronically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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CUHTE3A, EH3UMCKA UHXWBHULINJA U UCITUTUBAILE AHTUTYMOPCKE
AKTUBHOCTH HECUMETPHUUYHHX 1,3-TUCYIICTUTYHUCAHUX YPEA
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Toxom HCTpakuMBama CHHTETHCAHO je CefaMHAecT JepuBaTa, YKby4yyjyhu U HOBa jenu-
wewa: N-me3utun- V-(3-metundenun)ypea (2), N-(3-metundenun)-NV-(3-MmeTokcudeHmn)-
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UNSYMMETRICAL 1,3-DISUBSTITUTED UREAS 9

ypea (4), N-mesutun-NV-(4-metundenun)ypea (6), N-(1,3-densoruason-2-un)-N-(3-MmeTun
-enmn)ypea (9) u N-(2-metundenun)-2-okco-1-nuponunuakapdokcamun (15) peakuujom
opTO-, M€Ta- N 1apa-TONWI-u3oLMjaHaTa ca MPUMapHUM U CeKyHOapHUM amuHMMa. Hcnu-
TaHa je WHXUOUTOPHA aKTMBHOCT NOOHjeHUX NEepUBATH TpemMa ypeasH, [-TIIyKypOHHIAa3u |
¢ocdonmuectepasu 3MHUjcKkor oTpoBa. YTpBheHo je fma je omcer MHXuOMIMje mMpema ypeasH,
p-rnyxypoHunasu u docdopuecrepasu smujckor orposa. 0,3-45,3, 4,9-44,9 u 1,2-46,4 %,
penom. OcuM TOTa, UCTATaH je U edeKkaT CHHTETUCAHUX jeNuera npeMa henujckoj TUHUjU
paxa npocrare. Hos mepuBat N-(1,3-6eH3oruason-2-umn)-N-(3-metundenun)ypea (9) noka-
3yje in vitro aktuBHOCT [C5g op 78,3+1,2 uM. CBa cUHTeTHCaHa jenumea OkapaTakTepucaHa
Cy CTaHIAPAHUM CIIEKTPOCKOIICKMM TEXHUKaMa.

(ITpumieHo 12. nenemdpa 2012, pesuaupano 11. jyna 2013)
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YIELDS, PHYSICAL, ANALYTICAL AND SPECTRAL DATA FOR THE PREPARED
UREAS

N-(3-Methyl phenyl)-2-oxo-1-pyrrolidinecarboxamide (1). Yield: 70 %; m.p.:
229 °C; Anal. Calcd. for C1oH14N205: C, 66.11; H, 6.47; N, 12.85 %. Found: C,
66.10; H, 6.43; N, 12.81 %; IR (KBr, cm1): 3233 (NH), 1638 (C=0); 1H-NMR
(400 MHz, DM SO-dg, 6 / ppm): 8.56 (1H, br.s, NH), 7.28 (1H, br.s, Ar-H), 7.19
(1H, d, 3 = 8.0 Hz, Ar-H), 7.13 (1H, t, J = 7.2, Ar-H), 6.76 (1H, d, J = 7.2 Hz,
Ar-H), 3.28 (2H, br.s, CHy), 2.49 (4H, br.s, 2CHy), 2.26 (3H, s, CH3); 13C-NMR
(125 MHz, CDCl3, ¢ / ppm): 173.55, 145.48, 138.78, 135.55, 131.61, 121.16,
119.73, 116.48, 43.70, 31.84, 21.00, 20.95; EI M S (m/z (relative abundance, %)):
218 (M*, 2) 161 (4), 133 (8), 134 (4), 107 (BP, 100).

N-Mesityl-N'-(3-methylphenyl)urea (2). Yield: 71 %; m.p.: 271 °C; Anal.
Calcd. for C17H2oN20: C, 76.18; H, 7.52; N, 10.45 %. Found: C, 76.15; H, 7.51;
N, 10.47 %; IR (KBr, cm1): 3293 (NH), 1646 (C=0); 1H-NMR (400 MHz,
DMSO-dg, J / ppm): 8.26 (2H, br.s, NH), 7.31 (2H, d, J = 4.8 Hz, Ar-H,), 7.19
(QH, s, Ar-H), 7.07 (1H, t, J = 7.2 Hz, Ar-H), 6.68 (1H, d, J = 7.2 Hz, Ar-H),
6.56 (1H, d, J= 7.2 Hz, Ar-H), 3.31 (6H, s, 2CH3), 3.28 (3H, s, CH3), 2.21 (3H,
s, CHs); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 155.42, 143.30, 140.28, 137.12,
136.61, 136.04, 132.10, 129.95, 120.76, 120.71, 117.51, 20.95, 20.50, 18.89; EI
MS (m/z (relative abundance, %)): 268 (M*, 21) 161 (6), 135 (85), 107 (BP,
100).

* Corresponding author. E-mail: sanachemana@yahoo.com
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N-(3-Methyl phenyl)-N'-(1-phenylethyl)urea (3). Yield: 72 %; m.p.: 123 °C;
Anal. Calcd. for C1gH1gN20: C, 75.65; H, 7.14; N, 11.02 %. Found: C, 75.67; H,
7.13; N, 11.04 %; IR (KBr, cm1): 3317 (NH), 1634 (C=0); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 7.56 (2H, br.s, NH), 7.26 (1H, br.s, Ar-H), 7.19 (1H, br.d,
J=28.0Hz, Ar-H), 7.10 (1H, t, J = 8.0 Hz, H-5), 6.86 (5H, br.s, Ar-H), 6.72 (1H,
br.d, J = 8.0 Hz, Ar-H), 2.23 (1H, br.s, CH-CH3), 2.21 (3H, br.s, CH—CH3),
2.14 (3H, s, CHg); 13C-NMR (125 MHz, CDCl3, ¢ / ppm): 156.82, 140.71,
138.98, 135.68, 131.70, 127.62, 126.64, 126.63, 120.46, 120.37, 117.12, 47.73,
20.95; EI MS (m/z (relative abundance, %)): 254 (M*, 10) 196 (2), 120 (3), 107
(BP, 100).

N-(3-Methoxyphenyl)-N'-(3-methylphenyl)urea (4). Yield: 90 %; m.p.: 202
°C; Anal. Cacd. for C15H1gN202: C, 70.37; H, 6.30; N, 10.94 %. Found: C,
70.35; H, 6.31; N, 10.95 %; IR (KBr, cm1): 3284 (NH), 1629 (C=0); 1H-NMR
(400 MHz, DMSO-dg, 0 / ppm): 8.63 (1H, br.s, NH), 8.54 (1H, br.s, NH), 7.28
(1H, br.s, Ar-H), 7.18 (2H, m, Ar-H), 7.15 (2H, t, J = 8.0 Hz, Ar-H), 6.90 (1H,
dd, J=8.0, 1.6 Hz, Ar-H), 6.77 (1H, d, J=8.0 Hz, , Ar-H), 6.53 (1H, dd, J= 8.0,
2.4 Hz, Ar-H), 3.71 (3H, s, OCH3), 2.26 (3H, s, CH3); 13C-NMR (125 MHz,
CDCl3, ¢ / ppm): 160.62, 155.57, 140.01, 136.04, 135.86, 132.10, 129.82,
120.76, 120.71, 118.27, 113.39, 112.41, 109.13, 55.22, 20.95; EI MS (nm/z
(relative abundance, %)): 256 (M*, 22) 149 (4), 123 (65), 107 (BP, 100).

N-(4-Methyl phenyl)-2-oxo-1-pyrrolidinecarboxamide (5). Yield: 70 %; m.p:
263 °C; Anal. Calcd. for C1oH14N202: C, 66.11; H, 6.47; N, 12.85 %. Found: C,
66.10; H, 6.43; N, 12.81 %; IR (KBr, cm1): 3309 (NH), 1634 (C=0); 1H-NMR
(400 MHz, CDCl3, 6 / ppm): 7.18 (2H, d, J = 8.1 Hz, Ar-H), 7.08 (2H, d, J=8.1
Hz, Ar-H), 6.32 (1H, br.s, NH), 4.19 (2H, br.s, CH»), 2.29 (2H, d, J = 7.8 Hz,
CHp), 1.77 (2H, br.s, CHy), 1.52 (3H, s, CH3); 13C-NMR (125 MHz, CDCl3,
o | ppm): 173.55, 145.48, 136.44, 129.24, 126.86, 116.19, 43.70, 31.84, 21.00,
20.45; El MS (m/z (relative abundance, %)): 218 (M*, 21) 167 (1), 149 (10), 133
(BP, 100).

N-Mesityl-N'-(4-methylphenyl)urea (6). Yield: 71 %; m.p.: 270 °C; Anal.
Calcd. for C17H2oN20O: C, 76.18; H, 7.52; N, 10.45 %. Found: C, 76.15; H, 7.51,;
N, 10.47 %; IR (KBr, cmr1): 3293 (NH), 1646 (C=0); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 7.57 (1H, br.s, NH), 7.30 (2H, d, J = 8.0 Hz, Ar-H), 7.03
(2H, d, J = 8.0 Hz, Ar-H), 6.85 (2H, br.s, Ar-H), 4.76 (1H, br.s, NH), 2.28 (6H,
S, 2CH3), 2.21 (3H, s, CH3), 2.14 (3H, s, CH3); 13C-NMR (125 MHz, CDCls3,
0 [/ ppm): 155.42, 143.30, 139.72, 137.12, 136.61, 129.95, 129.73, 126.42,
117.23, 20.50, 20.45, 18.89; EI MS (m/z (relative abundance, %)): 268 (M*, 12)
146 (1), 135 (55), 107 (BP, 100).

N-(4-Methylphenyl)-N'-(1-phenylethyl)urea (7). Yield: 72 %; m.p.: 164 °C;
Anal. Calcd. for C1gH18N20: C, 75.65; H, 7.14; N, 11.02 %. Found: C, 75.67; H,
7.13; N, 11.04 %; IR (KBr, cmr1): 3293 (NH), 1629 (C=0); 1H-NMR (400 MHz,

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

Copyright (C)2014 SCS

@080

EW MG RMD



SUPPLEMENTARY MATERIAL 53

DMSO-dg, 6 / ppm): 8.23 (2H, br.s, NH), 7.30 (4H, s, Ar-H), 7.22 (2H, d, J = 8.0
Hz, Ar-H), 6.99 (2H, d, J = 8.0 Hz, Ar-H), 6.53 (1H, d, J = 7.6 Hz, Ar-H), 4.78
(QH, q, J = 7.2 Hz, CH-CH3), 2.19 (3H, s, CH3), 1.36 (3H, d, J = 7.2 Hz,
CH-CH3); 13C-NMR (125 MHz, CDCl3, ¢ / ppm): 156.82, 140.71, 138.43,
129.32, 127.62, 126.64, 126.36, 126.17, 116.83, 47.73, 20.95, 20.45; EI MS (m/z
(relative abundance, %)): 254 (M*, 8) 149 (1), 132 (2), 107 (BP, 100).

N-(3-Methoxyphenyl)-N-(4-methylphenyl)urea (8). Yield: 90 %; m.p.: 183
°C; Anal. Cacd. for C15H1gN202: C, 70.37; H, 6.30; N, 10.94 %. Found: C,
70.35; H, 6.31; N, 10.95 %; IR (KBr, cm1): 3293 (NH), 1638 (C=0); 1H-NMR
(400 MHz, DMSO-dg, ¢ / ppm): 8.60 (1H, br.s, NH), 8.51 (1H, br.s, NH), 7.31
(2H, d, J=8.0 Hz, Ar-H), 7.16 (1H, br.s, Ar-H), 7.14 (1H, m, Ar-H), 7.06 (1H, d,
J=8.0Hz, Ar-H), 6.89 (1H, d, J = 8.0 Hz, Ar-H), 6.52 (1H, d, J = 8.0 Hz, Ar-H),
3.71 (3H, s, OCHg), 2.23 (3H, s, CH3); 13C-NMR (125 MHz, CDCls3, 6 / ppm):
160.62, 155.57, 138.73, 135.86, 129.82, 129.73, 126.42, 119.96, 113.39, 112.41,
109.13, 55.22, 20.45; ElI MS (nvVz (relative abundance, %)): 256 (M*, 15) 149 (5),
123 (44), 107 (BP, 100).

N-(1,3-Benzothiazol -2-yl)-N’'-(3-methylphenyl)urea (9). Yield: 90 %; m.p.:
319 °C; Anal. Calcd. for C15H13N30S: C, 63.65; H, 4.63; N, 14.84 %. Found: C,
63.67; H, 4.61; N, 14.86 %; IR (KBr, cm1): 3396 (NH), 1695 (C=0); 1H-NMR
(400 MHz, DMSO-dg, ¢ / ppm): 9.07 (1H, br.s, NH), 8.81 (1H, br.s, NH), 8.13
(1H, d, 3= 8.0 Hz, Ar-H), 7.90 (1H, br.s, Ar-H), 7.81 (1H, d, J = 8.0 Hz, Ar-H),
7.65 (1H, br.s, Ar-H), 7.38 (1H, d, J = 7.6 Hz, Ar-H), 7.25 (1H, t, J = 7.6 Hz,
Ar-H), 7.20 (1H, t, J = 7.6 Hz, Ar-H), 6.85 (1H, t, J = 8.0 Hz, Ar-H), 2.29 (3H, s,
CH3); 13C-NMR (125 MHz, CDCl3, J / ppm): 161.12, 150.43, 148.77, 139.76,
135.63, 131.70, 127.30, 126.07, 122.99, 121.37, 120.46, 119.74, 118.84, 116.63,
20.95; EI MS (m/z (relative abundance, %)): 283 (M*, 4) 240 (1), 176 (20), 150
(BP, 100).

N-(2-Acetyl phenyl)-N'-(3-methylphenyl)urea (10). Yield: 90 %; m.p.. 182
°C; And. Calcd. for C1gH16N202: C, 71.70; H, 6.01; N, 10.45 %. Found: C,
71.68; H, 6.02; N, 10.42 %; IR (KBr, cm1): 3297 (NH), 1683 (C=0); 1H-NMR
(400 MHz, DM SO-dg, ¢ / ppm): 8.87 (1H, br.s, NH), 8.62 (1H, br.s, NH), 8.06
(1H, br.s, Ar-H), 7.65 (1H, d, J = 8.0 Hz, Ar-H), 7.57 (1H, d, J = 7.6 Hz, Ar-H),
7.43 (1H,t,J=8.0 Hz, Ar-H), 7.31 (1H, br.s, Ar-H), 7.21 (1H, d, J= 8.0 Hz, Ar-
-H), 7.16 (1H, t, J = 7.6 Hz, Ar-H), 6.79 (1H, d, J = 7.6 Hz, Ar-H), 2.56 (3H, s,
OCCHs3) 2.27 (3H, s, CH3); 13C-NMR (125 MHz, CDCl3, § / ppm): 200.60,
152.74, 140.27, 140.03, 138.70, 136.04, 132.64, 132.10, 121.91, 120.76, 120.71,
119.34, 117.51, 117.07, 26.80, 20.95; EI MS (m/z (relative abundance, %)): 268
(M*, 16) 146 (9), 135 (44), 120 (59), 107 (BP, 100).

N-(1,3-Benzothiazol-2-yl)-N'-(4-methylphenyl)urea (11). Yield: 90 %; m.p.:
328 °C; And. Calcd. for C15H13N30S: C, 63.65; H, 4.63; N, 14.84 %. Found: C,
63.67; H, 4.61; N, 14.86 %; IR (KBr, cm1): 3440 (NH), 1691 (C=0); 1H-NMR
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(400 MHz, DMSO-dg, ¢ / ppm): 9.04 (1H, br.s, NH), 8.46 (1H, br.s, NH), 7.89
(1H, br.s, Ar-H), 7.65 (1H, br.s, Ar-H), 7.38 (1H, t, J = 7.8 Hz, Ar-H), 7.30 (1H,
d, J = 7.8 Hz, Ar-H), 7.24 (1H, t, J = 7.8 Hz, Ar-H), 7.13 (2H, d, J = 7.2 Hz,
Ar-H), 7.06 (1H, d, J = 7.8 Hz, Ar-H), 2.23 (3H, s, CH3); 13C-NMR (125 MHz,
CDCl3, ¢ / ppm): 161.12, 150.43, 148.77, 139.21, 129.32, 127.30, 126.17,
126.07, 121.37, 119.46, 118.84, 116.63, 20.99; EI MS (nm/z (relative abundance,
%)): 283 (M*, 4) 176 (25), 150 (BP, 100).

N-Mesityl-N'-(2-methylphenyl)urea (12). Yield: 90 %; m.p.: 279 °C; Anal.
Calcd. for C17H29N20: C, 76.18; H, 7.52; N, 10.45 %. Found: C, 76.15; H, 7.51,
N, 10.47 %; IR (KBr, cnm1): 3297 (NH), 1642 (C=0); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 7.95 (2H, br.s, NH), 7.77 (1H, d, J = 7.6 Hz, Ar-H), 7.14
(1H, d, J = 7.6 Hz, Ar-H), 7.09 (1H, t, J = 7.6 Hz, Ar-H), 6.90 (1H, t, J = 7.6 Hz,
Ar-H), 6.87 (2H, s, Ar-H), 2.23 (3H, s, CH3g), 2.22 (3H, s, CH3), 2.16 (6H, s,
CHg3); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 156.88, 143.30, 137.63, 137.12,
136.61, 132.58, 129.95, 127.43, 125.94, 122.88, 119.96, 20.95, 18.89, 17.49; El
MS (m/z (relative abundance, %)): 268 (M*, 23) 161 (1), 135 (69), 107 (BP,
100).

N-(2-Methyl phenyl)-N'-(1-phenylethyl)urea (13). Yield: 90 %; m.p.: 179 °C;
Anal. Calcd. for C1gH18N20: C, 75.65; H, 7.14; N, 11.02 %. Found: C, 75.67; H,
7.13; N, 11.04 %; IR (KBr, cm1): 3374 (NH), 1646 (C=0); 1H-NMR (400 MHz,
DMSO-dg, ¢ / ppm): 7.82 (1H, d, J = 8.0 Hz, Ar-H), 7.60 (2H, br.s, NH), 7.34
(5H, s, Ar-H), 7.09 (1H, t, J = 7.6 Hz, Ar-H), 7.04 (1H, d, J = 7.6 Hz, Ar-H),
6.83 (1H, t, J = 7.6 Hz, Ar-H), 4.80 (1H, g, J = 7.2 Hz, CH—CH3), 2.16 (3H, s,
CHg3), 1.38 (3H, d, J = 7.2 Hz, CH-CH3); 13C-NMR (125 MHz, CDCls, J / ppm):
156.28, 140.71, 136.33, 132.17, 127.62, 127.03, 126.64, 126.63, 125.54, 122.62,
119.56, 47.73, 20.95, 17.49; EI MS (m/z (relative abundance, %)): 254 (M*, 11)
196 (1), 120 (3), 107 (BP, 100).

N-(3-Methoxyphenyl)-N'-(2-methylphenyl)urea (14). Yield: 90 %; m.p.: 163
°C; And. Calcd. for C15H16N202: C, 70.37; H, 6.30; N, 10.94 %. Found: C,
70.35; H, 6.31; N, 10.95 %; IR (KBr, cm1): 3301 (NH), 1638 (C=0); 1H-NMR
(400 MHz, DMSO-dg, ¢ / ppm): 9.00 (2H, br.s, NH), 7.88 (1H, s, Ar-H), 7.81
(1H, d, J = 8.0 Hz, Ar-H), 7.17 (1H, br.s, Ar-H), 7.15 (1H, t, J = 8.0 Hz, Ar-H),
7.10 (1H, d, J = 7.6 Hz, Ar-H), 6.93 (2H, t, J = 7.6 Hz, Ar-H), 6.53 (1H, d, J =
= 7.6 Hz, Ar-H), 3.72 (3H, s, OCH3), 2.22 (3H, s, CH3); 13C-NMR (125 MHz,
CDCl3, ¢ / ppm): 160.62, 157.03, 137.23, 135.87, 132.58, 130.00, 129.82,
125.94, 122.88, 119.96, 113.39, 112.41, 109.13, 55.20, 20.93; EI MS (m/z
(relative abundance, %)): 256 (M*, 42) 149 (7), 123 (84), 107 (BP, 100).

N-(2-Methyl phenyl)-2-oxo-1-pyrrolidinecarboxamide (15). Yield: 70 %;
m.p.: 263 °C; Anal. Calcd. for C1oH14N202: C, 66.11; H, 6.47; N, 12.85 %.
Found: C, 66.10; H, 6.43; N, 12.81 %; IR (KBr, cm1): 3313 (NH), 1646 (C=0);
IH-NMR (400 MHz, DMSO-dg, 6 / ppm): 8.22 (1H, br.s, NH), 7.78 (1H, d, J =
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=7.6 Hz, Ar-H), 7.16 (1H, d, J = 7.6 Hz, Ar-H), 7.11 (1H, t, J = 7.6 Hz, Ar-H),
6.93 (1H, t, J = 7.6 Hz, Ar-H), 3.28 (2H, br.s, CH>), 2.49 (4H, br.s, 2CH>), 2.26
(3H, s, CH3); 13C-NMR (125 MHz, CDCl3, 6 / ppm): 173.55, 146.93, 136.14,
132.08, 126.39, 125.45, 123.32, 118.92, 43.70, 31.84, 21.00, 17.49; El MS (m/z
(relative abundance, %)): 218 (M*, 1) 161 (1), 133 (2), 107 (BP, 100).

N-(1,3-Benzothiazol-2-yl)-N'-(2-methylphenyl)urea (16). Yield: 90 %; m.p.:
329 °C; Anal. Calcd. for C15H13N30S: C, 63.65; H, 4.63; N, 14.84 %. Found: C,
63.67; H, 4.61; N, 14.86 %; IR (KBr, cm1): 3472 (NH), 1695 (C=0); 1H-NMR
(400 MHz, DMSO-dg, ¢ / ppm): 11.11 (1H, br.s, NH), 8.65 (1H, br.s, NH), 7.91
(1H, d, 3 = 7.6 Hz, Ar-H), 7.84 (1H, d, J = 7.6 Hz, Ar-H), 7.65 (2H, d, J = 8.0
Hz, Ar-H), 7.38 (1H, t, J = 7.6 Hz, Ar-H), 7.22 (2H, m, Ar-H), 7.02 (1H, t, J =
= 7.6 Hz, Ar-H), 2.27 (3H, s, CHs3); 13C-NMR (125 MHz, CDCl3, ¢ / ppm):
161.12, 151.88, 148.77, 137.12, 132.17, 129.65, 127.30, 126.07, 122.62, 122.54,
122.19, 121.37, 118.84, 116.63, 20.88; EI M S (m/z (relative abundance, %)): 283
(M*, 6) 176 (12), 150 (BP, 100).

N-(2-Acetyl phenyl)-N'-(4-methylphenyl)urea (17). Yield: 90 %; m.p.: 235
°C; And. Calcd. for C1gH16N202: C, 71.70; H, 6.01; N, 10.45 %. Found: C,
71.68; H, 6.02; N, 10.40 %; IR (KBr, cm1): 3378 (NH), 1674 (C=0); 1H-NMR
(400 MHz, DM SO-dg, ¢ / ppm): 8.84 (1H, br.s, NH), 8.58 (1H, br.s, NH), 8.04
(1H, br.s, Ar-H), 7.65 (1H, d, J = 8.0 Hz, Ar-H), 7.56 (1H, d, J = 8.0 Hz, Ar-H),
7.42 (1H, t, J = 8.0 Hz, Ar-H), 7.33 (2H, d, J = 8.0 Hz, Ar-H), 7.08 (1H, d, J =
= 8.0 Hz, Ar-H), 2.55 (3H, s, OCCH3), 2.24 (3H, s, CH3); 13C-NMR (125 MHz,
CDCl3, ¢ / ppm): 200.60, 152.73, 140.03, 139.72, 138.70, 132.64, 129.76,
126.42, 121.91, 119.34, 117.23, 117.07, 26.80, 20.45; EI MS (m/z (relative
abundance, %)): 268 (M*, 21) 146 (7), 135 (33), 120 (46), 107 (100).
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Abstract: Phenolic compounds are very important quality parameters of wine
because of their impact on colour, taste and health properties. The present
study was aimed at evaluating the general phenolic composition and free
radical scavenging activity of agueous and organic fractions obtained using
liquidHiquid extraction of red wine produced from the Serbian autochthonous
grape variety Prokupac. The total phenolic contents in the different fractions
ranged from 48.22 to 289.12 mg GAE per g dry fraction. Phenolic acids
(mainly hydroxycinnamic acids) and quercetin 3-O-glucuronide were the main
components in the EtOAc fraction at pH 2.0; catechins, phenolic acids (mainly
hydroxybenzoic acids) and quercetin were found in the EtOAc fraction at pH
7.0, while anthocyanins were identified in the agueous residue after EtOAc
extraction. The major anthocyanin extracted into the agueous fraction was
malvidin-3-glucoside, while the most abundant non-anthocyanin phenolic com-
pounds in the organic fractions were ethyl gallate and trans-caftaric acid. The
radical scavenging activities of the fraction differed significantly and the 1Csg
values were 138.58 ug mL-1 for the agueous fraction, 17.83 and 3.47 ug mL-1
for the EtOACc fractions at pH 2.0 and 7.0, respectively. As the EtOAc fractions
were found to be more potent radical scavengers, it could be assumed that non-
-anthocyanin phenolic compounds were responsible for such activity in Proku-
pac wine.

Keywords. anthocyanins; flavonoids; phenolic acids.

INTRODUCTION

The southern region of Serbia has along-standing tradition of viticulture and
winemaking since the dominant soil types and climatic conditions of the region

* Corresponding author. E-mail: jelenazivkovicl@yahoo.com
doi: 10.2298/JSC130511089M
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12 MENKOVIC et al.

are very favourable for the cultivation of vines. The vineyards of southern Serbia
are focused on the old autochthonous vine varieties such as Prokupac.l Accord-
ing to the literature, there is only limited information about the chemical compo-
sition of wines produced from the Prokupac variety cultured in southern Serbia.

Based on their carbon ring structure, wine polyphenols are divided into
flavonoids (anthocyanins, flavan-3-ols, flavonols, dihydroflavonols) and non-fla-
vonoids (hydroxybenzoic and hydroxycinnamic acids and derivatives, stilbenes
and volatile phenols).2 The quantities of these phenolic compounds vary consi-
derably in different types of wines depending on the grape variety, environmental
factors in the vineyard, the wine processing techniques, soil and atmospheric
conditions during ripening and fruit maturation.3 The ageing of the wine could
also modify the phenolic composition because phenolic compounds undergo dif-
ferent transformations, such as oxidation processes, condensation and polymeri-
sation reactions, and extraction from wood.# Therefore, each type of grape pre-
sents a distinct sensory appeal, chemical composition and biological activity.

The anti-oxidant activity of wines has been related to their polyphenolic
constituents and is mainly based on their free radical scavenging capacity.> Wine
phenolics show beneficial physiological properties, e.g., cardioprotective, anti-
carcinogenic and anti-inflammatory activities, due to their ideal chemical
structure for free radical scavenging activities. As oxidative stress arises from an
imbalance in the human antioxidant status, it contributes to the pathology of
chronic diseases.” Reactive oxygen species (ROS), naturally formed during
normal metabolism, can damage biological structures, such as proteins, lipids or
DNA. Human metabolism counts on an antioxidant defensive system involving
enzymes and proteins to prevent these effects.8 Since these protective mecha-
nisms can be disrupted by various pathological phenomena, antioxidant supple-
ments are essential to counter oxidative damage.® It is recognised that besides a
role in endogenous defence in plants, the consumption of dietary polyphenols
plays an important role in protecting against some pathological events.10

In addition to the importance of wine polyphenols as antioxidants, their
study may also contribute to wine grape taxonomic characterisation and for cer-
tification of wine quality and origin.11 In fact, both antioxidant activity and sen-
sory properties depend on not only the amount, but also the type and structural
features of polyphenols.12

The aim of this work was to determine the phenolic composition and free
radical-scavenging activity in different fractions of red wine produced from the
Serbian autochthonous grape variety Prokupac. For this purpose, three fractions
of Prokupac wine containing different classes of phenolics were obtained by
liguidHiquid extractions. Chemical analyses were realized using HPLC and LC-
MS, while antiradical activity was tested using the DPPH (2,2-diphenyl-1-(2,4,6-
-trinitrophenyl)hydazinyl) method.
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PHENOLIC COMPOUNDS OF PROKUPAC WINE 13

EXPERIMENTAL
Wine sample

The wine produced from the autochthonous grape variety Prokupac (2010 vintage) was
obtained from the Bra¢a Rajkovi¢ vinery in the southwest region of Serbia. Prokupac grape
was cultivated in Gornje Zleginje (atitude 359 m, 43°26'15”N, 21°10'01"E).

Sandards

Standard compounds: delphinidin 3-O-f-glucoside chloride, malvidin 3-O-f-glucoside
chloride, gentisic acid, caffeic acid, ellagic acid, catechin, proanthocyanidin B1 and B2,
epicatechin, protocatechuic acid and quercetin were obtained from Extrasynthese (France).

Fractionation of Prokupac wine

Liquid-iquid extraction methods according to Ghisdlli et al.13 were performed to obtain
severa fractions containing different classes of polyphenolic compounds. In brief, ethanol
removal was realized by vacuum evaporation. Specia attention was paid to control the
evaporation process, monitoring the pH and the volume of the solution to avoid complexation
and precipitation processes. The de-alcoholised wine (100 mL) was first extracted with ethyl
acetate (three times with 100 mL of EtOAc each), whereby an aqueous residue and an organic
phase were obtained. The organic phase was evaporated, re-dissolved in water at pH 7.0 and
further extracted with EtOAc (three times with 100 mL of EtOAc each) The agueous residue
from this extraction was adjusted at pH 2.0 and extracted again with EtOAc (three times with
100 mL of EtOAc each). The obtained fractions were then evaporated under reduced pressure.

Determination of the total phenolics

The concentration of total phenolic compounds in the fractions was determined spec-
trophotometrically using the Folin—Ciocalteu method with slight modifications.24 Two hund-
red microlitres of the fractions (5 mg mL-1 50 % EtOH) were added to 1 mL of 1:10 diluted
Folin-Ciocalteu reagent. After 4 min, 800 ul of sodium carbonate (75 g L") were added. After
2 h of incubation at room temperature, the absorbance at 765 nm was measured. Gallic acid
(0-100 mg L'1) was used for the construction of a calibration curve. The results were
expressed as milligrams of gallic acid equivalents per gram of dry weight of fraction (mg
GAE g1 DW). Triplicate measurements were taken and the mean val ues were cal cul ated.
Fingerprint HPLC-DAD analysis

Analyses of phenolic compounds from the agueous and organic fractions were performed
using HPLC Agilent 1200 Series with UV—Vis diode-array detector (DAD) for multi-wave-
length detection. The agueous fraction was separated on a Zorbax SB-Aq column (250
mmx4.6 mm, 5um) according to the Compendium of International Methods OIV.1> A gra-
dient consisting of solvent A (H,O/HCOOH/CH3CN, 87:10:3, v/v/v) and solvent B (H,O/
/HCOOH/CH4CN, 40:10:50, v/v/v) was applied a aflow rate 0.8 mL min! asfollows: 6 to 30 %
B linear in 0 to15 min, 30 to 50 % B linear in 15 to 30 min, 50 to 60 % B linear in 30 to 35
min, and 60 to 6 % B linear in 35 to 41 min. The column was thermostated at 40 °C. Fifty
microlitres of wine, previoudly filtered through a 0.45-pm membrane, was injected onto the
column. Identification was possible by monitoring the anthocyanins at 520 nm and by com-
paring their spectra and retention times with those of commercial standards.

Analysis of the EtOAc wine fractions obtained at pH 7.0 and 2.0 was performed on a
reversed-phase Zorbax SB-Aq column (250 mmx4.6 mm, 5um) at 40 °C. A gradient con-
sisting of solvent A (H,O/CH3COOH, 95:5, v/v) and solvent B (CH3;CN) was applied a a
flow rate of 0.5 mL min asfollows: 0 to 60 % B linear from 0 to 35 min. Fifty microlitres of
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14 MENKOVIC et al.

wine, previoudly filtered through a 0.45 pm membrane, was injected onto the column. Chro-
matograms were acquired at 280-330 nm. The content of an individual phenolic compound
was determined by comparing the area of the appropriate peak against the total peak area of
the phenolics and the data are expressed in percentages.
LC-MSanalysis

LC-MS analysis was performed on an Agilent MSD TOF coupled to an Agilent 1200
series HPLC. For the analysis of the EtOAc wine fractions, the same column and gradient
program was used as for the HPLC-DAD analysis. For the analysis of anthocyanins, mobile
phase A was 10 % formic acid in water and mobile phase B was acetonitrile. The injection
volume was 10 L, and elution was at 1 mL min! with gradient program (0-1 min, 1-7 % B;
14 min, 7 % B; 4-7.5 min, 7-10 % B; 7.5-11.5 min, 10-14 % B; 11.5-15.5 min, 14-25 % B;
15.5-18.5 min, 2540 % B; 18.5-22 min 40-75 % B; 22-25 min 75% B; 25-26 min 75-99 %
B; 26-27 min, 99-1 % B) using the same column as that employed for the HPLC-DAD
analysis. Mass spectra were acquired using an Agilent ESI-MSD TOF. The drying gas (N5)
flow was 12 L min'1; the nebulizer pressure was 45 psig; the drying gas temperature was 350
°C. For ES| analysis, the parameters were: capillary voltage, 4000 V; fragmentor, 140 V;
skimmer, 60 V; Oct RF V 250 V, for the negative (EtOAc wine fractions) and positive modes
(anthocyanins). The mass range was from 100 to 2000 m/z. Processing of data was realized
with the software Molecular Feature Extractor.
Freeradical scavenging activity

The free radical scavenging activity of the fractions were analysed using the DPPH
assay.16 This antioxidant assay is based on the measurement of the DPPH colour loss at 517
nm caused by the reaction of DPPH with the test sample. Fractions diluted in appropriate
solvents (10-100 pL) were dispensed into a set of test tubes and the final volume was adjusted
to5mL. Finally, 0.5 ml of a0.5 mM methanolic DPPH solution was transferred into each test
tube. The absorbances were recorded at 517 nm after 30 min incubation at room temperature
in the dark, against methanol as the blank. The percent inhibition was calculated against the
control solution, containing methanol instead of atest solution.
Satistical analysis

All data are expressed as the mean values = standard deviation from three replicates
(n =3). For statistical analysis, one-way analysis of variance (ANOVA) was applied, followed
by the Student’s t test. The correlation coefficient between antioxidant activity values and the
content of total phenolic compounds were measured using the Pearson correlation coefficient
(r) and the Origin 8.0 software program. Correlations were considered statistically significant,
if the p-value was | ess than 0.05.

RESULTS AND DISCUSSION
Total phenalics

In this study, the total amount of polyphenols was measured using the Folin—
—Ciocalteu method, referred to gallic acid. Total phenolic contents in different
fractions ranged from 48.22+2.03 to 289.12+5.05 mg GAE g1 dry fraction
(Table I). The highest level was observed in the EtOAc fraction obtained at pH
7.0, while the aqueous fraction showed the lowest amount of total polyphenols.
Although Ghiselli et al.13 also showed that the EtOAc fraction obtained at pH 7.0
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PHENOLIC COMPOUNDS OF PROKUPAC WINE 15

of the wine produced from the Sangiovese R10 grape clone from Italy was more
abundant in phenolics than the EtOAc fraction obtained at 2.0, they found
significantly bigger amounts of polyphenolicsin the agueous residue.

TABLE I. Total phenolic content and free radical-scavenging activity of different fractions
obtained from Prokupac wine

. Total phenolic content DPPH-ICgy?
Fraction mg GAE g1 dry fraction? pug mL-t
Adqueous 48.22+2.03 138.58+3.33
EtOAc at pH 2.0 118.36+3.12 17.83+0.97
EtOAcat pH 7.0 289.12+5.05 3.47+0.34

8 alues are significantly different, p < 0.05

According to Atanackovi¢ et al.,17 of the wines produced from the cultivars
Prokupac, Merlot, Cabernet Sauvignon and Pinot noir, the lowest phenolic con-
tent was found in the wine from the native cultivar Prokupac.

Phenolic compounds of Prokupac wine

Phenolic compounds are very important quality parameters of wine because
of their impact on colour, taste and health properties, 18 as well as from chemo-
taxonomic point of view. The application of the liquidHiquid extraction method
allowed the separation of the phenalics of Prokupac wine into fractions containing
compounds with similar characteristics. This method made the identification of
individual compounds easier and allowed an estimation of which classes of com-
pounds were mainly responsible for the radical scavenging activity of the wine.

HPLC-DAD and LC-MS were applied to analyze the compounds in the
obtained fractions and the results are presented in Tables [1-1V and Figs. 1-3.
The exact mass measurements of the pseudo-molecular ions of analytes per-
formed by the time-of-flight (TOF) mass spectrometer in the negative polarity
mode enabled the determination of the molecular formula of the phenolic acids,
flavonoids, and procyanidins. Molecular formula determinations were performed
by Molecular Feature Extractor program, taking into account m/z values and iso-
topic abundance patterns for all ion species noticed for respective compound.
Molecular formulas of anthocyanins were determined using MS spectra in posi-
tive polarity mode, from corresponding molecular ions.

Complete identification of the compounds was achieved by comparing the
UV spectra and molecular formula obtained from accurate mass measurements,
with those from the literature, together with comparison of the HPLC retention
times with those of authentic standards.

Generally, phenolic acids (mainly hydroxycinnamic acids) and quercetin 3-
-O-glucuronide were the main components of the EtOAc fraction at pH 2.0.
Some procyanidins, catechin, epicatechin, phenolic acids (mainly hydroxyben-
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16 MENKOVIC et al.

zoic acids) and quercetin were found in the EtOAc extract at pH 7.0. Severa
anthocyanins were identified in the agueous residue after EtOAc extraction.

TABLE II. Anthocyanin compounds detected in the aqueous fraction of Prokupac wine

Accurate Tota phenolics

Peak n?n Compound 1 DA/[r)]m mass content in the
max g mol1 fraction, %

1 12.6 Déelphinidin 3-O-glucoside 524 465.1022 51

2 154 Petunidin 3-O-hexoside 526 479.1191 7.4

3 16.5 Peonidin 3-O-hexoside 520 463.1276 8.6

4 171 Malvidin 3-O-glucoside 528 493.1371 49.1

5 17.6 Vitisn A 510 561.1259 6.0

6 19.5  Peonidin 3-O-(6-O-acetyl)hexoside 520 505.1401 1.0

7 19.6  Malvidin 3-O-(6-O-acetyl)hexoside 520 535.1423 2.6

8 20.3 Malvidin 3-O-(6-O-coumaroyl)- 534 639.1719 1.2
hexoside

9 20.6 Pionitin A 510 625.1588 21

10 21.2  (p-Hydroxyphenyl)pyranomalvidin 504 625.1588 3.0
glucoside

TABLE I11. Phenolic compounds detected in EtOAc fraction at pH 2.0

Accurate Total phenolics

Peak n?n Compound 1 DA}I?]m MS species mass content in the
max g mol-1 fraction, %
1 6.0 cis-Caftaricacid 302sh, 324 M—H, 312.0525 4.3
M+HCOOH,
M+Cl, 2M—H
2 6.2 Gentisic acid 260, 296 M-H, 154.0283 118
M+HCOOH,
M+Cl, 2M—H
3 6.8 trans-Caftaric acid 302sh, 330 M—H, 312.0528 13.2
M+HCOOH,
M+Cl, 2M—H
4 8.4 trans-Fertaric acid 302sh, 330 M-H, M+HCOO, 326.0671 34
M+Cl
5 89  Coutaricacid  302sh, 314 M-H, M+HCOO, 296.0564 54
M+Cl
6 10.0  Caffeicacid  302sh, 322 M-H, M+HCOO, 180.0437 6.4
M+Cl
7 10.5 cisFertaricacid 302sh, 330 M-H, M+HCOO, 326.0670 55
M+Cl
8 16.3 Quercetin 256, 264sh, M-H, M+HCOO, 478.0790 4.3
3-O-glucuronide 296sh, 346 M+Cl
9 17.0 Ellagic acid 254,366 M-H, M+HCOO, 302.0097 6.2
M+Cl
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PHENOLIC COMPOUNDS OF PROKUPAC WINE 17

The principal source of the red colour in wine comes from its anthocyanin
content. Nevertheless, free anthocyanins are not particularly stable® Their
extraction and stability are affected by vinery production practices. Monomeric
anthocyanins are subject to hydrolysis, oxidation, and polymerization in wines.
Their concentration usually decreases during the fermentation and maceration but
this process may continue throughout the life of a wine.1 Wine anthocyanins are
the 3-O-monoglucosides of delphinidin, cyanidin, petunidin, peonidin and mal-
vidin. Glucosylated derivatives of these anthocyanins esterified at the C6 of the
glucose with acetyl or cumaroyl groups are also usualy found in wine samples,
generally in low concentrations.20

TABLE IV. Phenolic compounds detected in the EtOAc fraction at pH 7.0
Accurate Tota phenolics

Rt DAD

Peak min Compound . MS species mass content in the
max / NM g mol-1 fraction, %
1 75 Catechin 280 M-H, M+HCOO, 290.0821 6.8
M+CI
2 7.9  Proanthocyanidin 280 M-H, M+HCOO, 578.1462 9.7
dimer M+CI, 2M—H
3 8.4 Epicatechin 280 M-H, M+HCOO, 290.0824 7.3
M+Cl
4 9.7  Proanthocyanidin 280 M-H, M+HCOO, 578.1462 2.8
dimer M+CI, 2M-H
5 10.4 Protocatechuic acid 290 M-H, M+HCOO, 154.0273 6.4
M+ClI
6 11.6 Ethyl gallate 272 M-H, M+HCOO, 198.0549 19.7
M+ClI, 2M—H,
2M—Cl
7 13.7  Proanthocyanidin 280 M-H, M+HCOO, 578.1462 1.5
dimer M+CI, 2M—H
8 24.6 Ethyl caffeate 300, 324 M-H, M+HCOO, 208.0737 3.0
M+Cl
9 318 Quercetin 254, 264, M-H, M+HCOO, 302.0457 2.4

292sh, 370 M+Cl

In the present work, the analysis of the aqueous fraction by HPLC-DAD and
LC-MS allowed the identification of 10 anthocyanin compounds (Table I1). Mal-
vidin glucoside was the predominant anthocyanin (49.1 % of the total), as it is
usual for Vitis vinifera wines,2! followed by peonidin hexoside (8.6 % of the
total) and petunidin hexoside (7.4 % of the total). Miti¢ et al.22 showed that mal-
vidin glucoside was the most abundant among anthocyanins detected in Prokupac
grapes. Furthermore, they detected some flavan-3-ols and hydroxycinnamic acids
in grapes, which were also found in the Prokupac wine fractions investigated in
the present study. The pattern of the anthocyanins showed that the sugar substi-
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18 MENKOVIC et al.

tuents were hexose (about 70 % of the total) followed by acetyl hexose (3.6 % of
the total) and coumaroyl hexose (1.2 % of the total). The presence of pyrano-
anthocyanins vitisin A, pinotin A and (p-hydroxyphenyl)pyranomalvidin 3-O-
-glucoside were also evidenced. These compounds are produced during alcoholic
fermentation and wine aging. Although cyanidin derivatives have been detected
in red wines of different grape varieties, 182324 cyanidin compounds were not
found in the present fractions of Prokupac wine.

4
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Fig. 1. HPLC profile of the aqueous fraction of Prokupac wine: delphinidin 3-O-glucoside (1),
petunidin hexoside (2), peonidin hexoside (3), malvidin 3-O-glucoside (4), vitisin A (5),
peonidin acetyl-hexoside (6), malvidin acetyl-hexoside (7), malvidin coumaroyl-hexoside (8),
pinotin A (9), and (p-hydroxyphenyl)pyranomalvidin glucoside (10).

Non-anthocyanin phenolic compounds, including 4 benzoic acids, 7 cinna
mic acids, 5 flavan-3-ols and 2 flavonols were detected in the organic fractions
(Tables Il and V). Benzoic acids are minor components in wines, whereas hyd-
roxycinnamates are the most important class of non-flavonoid phenolics.2> The
EtOAcC fraction obtained at pH 2.0 was found to be rich in hydroxycinnamic
acids and their derivatives. The main phenolic acids found in this fraction were
trans-caftaric acid (13.2 % of the total) and gentisic acid (11.8 % of the total).
cis-Caftaric acid, coutaric acid, fertaric acid (cis and trans isomers), ellagic acid
and caffeic acid (the hydrolysis product of caftaric acid) were also detected.

Phenolic acids and their derivatives identified in the EtOAc fraction at pH
7.0 were protocatechuic acid, ethyl gallate and ethyl caffeate. Flavan-3-ols,
which are mainly responsible for the astringency, bitterness, and structure of the
wines, were also detected and among them catechin, epicatechin and three
proanthocyanidin dimers were identified in the EtOAc fraction at pH 7.0.
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PHENOLIC COMPOUNDS OF PROKUPAC WINE 19
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Fig. 2. HPLC profile of the EtOAc fraction at pH 2.0: cis-caftaric acid (1), gentisic acid (2),
trans-caftaric acid (3), trans-fertaric acid (4), coutaric acid (5), caffeic acid (6),
cisfertaric acid (7), quercetin 3-O-glucuronide (8) and ellagic acid (9).
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Fig. 3. HPLC profile of the EtOAc fraction at pH 7.0: catechin (1), proanthocyanidin dimer
(2), epicatechin (3), proanthocyanidin dimer (4), protocatechuic acid (5), ethyl gallate (6),
proanthocyanidin dimer (7), ethyl caffeate (8) and quercetin (9).

Radical scavenging activity of the Prokupac wine fractions

Although wines contain various phenolics, and their antioxidant activities
could be connected with a synergy of these compounds, it is important to deter-
mine which group of phenolic compounds has most influence on the radical sca
venging properties of wines. The fractions obtained in the present study were
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20 MENKOVIC et al.

subjected to a radical scavenging activity assay employing the stable DPPH radi-
cal widely used to characterize the radical scavenging activity of a variety of
natural polyphenols. The measurement of the consumption of the DPPH radical
alowed the exclusive determination of the intrinsic ability of a substance to
donate hydrogen atoms or electrons to this reactive species in a homogeneous
system. The method is based on the reduction of an alcoholic DPPH- solution in
the presence of a hydrogen-donating antioxidant due to the formation of the non-
radical form DPPH—-H.26 In this study, both organic fractions demonstrated effec-
tive scavenging activity against DPPH radicals (Table 1). The order of scaveng-
ing activity was. EtOAc fraction at pH 7.0 > EtOAc fraction at pH 2.0 > agueous
fraction. The fractions that contained higher levels of total phenolics showed
better radical scavenging activity. A negative, but insignificant, correlation
between the total polyphenaol content in the examined fractions and the DPPH
ICsg values was found. Radovanovié et al.27 analyzed wines produced from three
autochthonous grape cultivars, i.e., Vranac, Kratosija and Prokupac, and showed
that all samples possessed antioxidant activity. Atanackovi¢ et al.17 also showed
that the Prokupac wine they analyzed exhibited antioxidant potential. The present
results and those previously published showed that Serbian red wines produced
from the indigenous variety Prokupac may serve as a good source of potential
antioxidant agents.

Several authors have described significant and positive correlations between
the total polyphenol levels of wines and their antioxidant activities evaluated by
DPPH.528.29 |n contrast, other studies have shown a lack of the aforementioned
correlation and even some negative correlation was found, thus indicating that
wines having the highest contents of total polyphenols did not always show the
highest values for antioxidant activity.30 It was suggested that the antioxidant
activity of wine is more related to the type of the phenolic compounds present
than to their total content.31 There are disagreements regarding the main com-
pounds that act as antioxidants. Di Majo et al.32 showed high correlation between
antioxidant activity and the flavonoid fraction as did Radovanovi¢ et al.,1 who
confirmed high correlation between the total anthocyanin content and DPPH
scavenging activity of the 5 vines they tested. On the other hand, Sanchez-
-Moreno et al.33 found poor correlations between the ability of wines to block
free radicals and their anthocyanin levels (whether total or monomeric). Regard-
ing flavonols, Brenna and Pagliarini34 obtained good correlations between anti-
oxidant activity and the quercetin and myricetin contents. On the contrary, Arnous
et al.35 found quercetin levels to be negatively correlated with antioxidant acti-
vity and suggested that quercetin might be a pro-oxidant. Fernandez-Pachén et
al.?9 studied the anti-radical ability of various polyphenol fractions in wines
(phenalic acids, flavanols, anthocyanins and flavonols) and concluded that flavo-
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nols play no prominent role as antioxidants. Other authors found positive correl-
ations between the anti-radical ability of wines and their flavanol levels.29:33-36

The antioxidant activity of hydroxybenzoic acids basicaly depends on the
number of hydroxyl groups in the molecule, whereas for hydroxycinnamic acids,
the presence of methoxy groups seemed to positively influence their antioxidant
activity.37 Ethyl gallate as the major compound (19.7 % of total) of the most
active fraction (EtOAc at pH 7.0) presents three available hydroxyl groups that
could donate a hydrogen to stabilize free radicals. In contrast to anthocyanins, the
content of which decreased during time, the concentration of the hydroxybenzoic
acids and their derivatives increased with time.3

The antioxidant activity of proanthocyanidins is, in part, dictated by the
oligomer chain length. Flavan-3-ol monomers and dimers were found to inhibit
more efficiently LDL oxidation than trimers and tetramers.38 In the EtOAc frac-
tion at pH 7.0, the amounts of detected dimers and monomers were almost equal
(14 and 14.1 % of the total, respectively). Severa structures appear to be impor-
tant for these antioxidant activities, including an 3'4’-dihydroxyl (catechol) group
or 3'4'5'-trihydroxyl (gallate) group in the B ring, a gallate group esterified at the
3 position of the C ring, and hydroxyl groups at the 5 and 7 positions of the A
ring.31

From the flavonal group, quercetin glucuronide and its corresponding agly-
con, released by hydrolysis in wine, were detected in the EtOAc fraction at pH 2
and the EtOAc fraction at pH 7.0, respectively. Besides five hydroxyl groups,
guercetin also contains a 2,3-double bond in its C ring and a 4-oxo function. This
structure enhances the total antioxidant activity of quercetin towards free radicals
by allowing electron delocalization across the molecule.37

According to the obtained results, non-anthocyanin polyphenols, mainly
flavan-3-ols, ethyl gallate and quercetin that dominates in the most active fraction
(EtOAC at pH 7.0), could be considered as the main phenolic compounds res-
ponsible for radical scavenging activity of Prokupac wine. Thisis consistent with
a study of Rice-Evans et al.,31 in which anthocyanins, such as malvidin 3-glu-
coside, were found to be less effective as antioxidants than non-anthocyanin
components, such as galic acid, catechin and quercetin. Moreover, Arnous et
al.40 affirmed that catechin, epicatechin and proanthocyanidins are the com-
pounds that mostly contribute to the antioxidant activity of wines.

CONCLUSIONS

The phenolic composition of different fractions obtained from wine pro-
duced from the Serbian autochthonous grape variety Prokupac was reported for
the first time. Twenty-eight phenolic compounds belonging to five different clas-
ses (anthocyanins, flavonals, flavan-3-ols, hydroxycinnamic acids and hydroxy-
benzoic acids) were characterized. Anthocyanins dominated in the aqueous frac-
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tion while other classes of compounds were separated in the organic fractions.
Non-anthocyanin phenolics were indicated as the key compounds responsible for
the radical scavenging activity of Prokupac wine. It isimportant to bear in mind
that the polyphenols identified in this study represent a proportion of the total
polyphenols of Prokupac wine, indicating that other non-identified compounds
could contribute in a significant manner to the antioxidant activity. In addition,
besides polyphenols, many other bioactive compounds, such as vitamins and
minerals.40 could also be connected with the free radical scavenging capacity of
red wines generadly.
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n3BOJ

®EHOJIHU CACTAB U CITOCOBHOCT XBATAA CJIOBOOHUX PAJUKAJIA ®PAKLIUJA
PA3IBOJEHHX U3 UPHOI BUHA IMTPOU3BENEHOT OJ1 CPIICKE AYTOXTOHE COPTE
I'POXBHA ITPOKYIIALL

HEBOJIIA MEHKOBUE', JEJIEHA XXUBKOBUR', KATAPUHA IABUKWUH', IEJAH TOBEBAL
1 TOPJIAHA 3IYHUR'

1 HHCTATYT 3a IpoyvaBarse 1€KkoBHTOr Onpa “/Ip Jocud Ilanynh”, Tageyma Kowhymika 1, 11000
beorpag, u ZHHCTHTJ/T 3a XeMHjJy, TEXHOJIOTHJY H METaIyprajy, Fberomesa 12, 11000 beorpan

Canprkaj heHONHUX jelHiberha je BeOMa 3HauyajaH MapaMeTap KBaJUTeTa BUHA 300T yTH-
Ljaja OBUX jefuiewma Ha 00jy, yKyc M jiekoBUTa cBojcTBa. Llusb oBOr pana je ormpehuBame
(peHonHOr cacTaBa ¥ CIIOCOOHOCTH XBaTama CI0D0HUX pajyuKaia BOLEHE U OPraHCKUX (pax-
UHja noOWjeHHX NMPUMEHOM TEeYHO-TeYHe eKCTpaKlHje W3 LPBEHOr BUHA IPOM3BENEHOT Off
cpricke ayToxToHe copre rpoxha [Tpoxynan. Campkaj yKynmHHUX ¢eHona y HCIUTHBAaHUM
dbpaxnujama usHOCHO je of 48,22 mo 289,12 mg GAE g cyse dpaxiuje. deHonHe KuceauHe
(yryIaBHOM XMIOPOKCULIMMETHE KUCEMHE) U KBepLieTHH-3-TJIyKyPOHHUJ ITIaBHE Cy KOMIIOHEHTe
eTunaueraTHe ¢gpaxuvje npu pH 2,0; xaTexvHy, (peHONHE KUCENHUHE (YIIaBHOM XUPOKCH-
OeH3oeBe) U kBepLeTHH HaheHHW cy y eTwraueraTHoj dpaxuuju npu pH 7,0, mok cy aHTO-
UHjaHd WAEHTU(UKOBAHW y BOJAEHOM OCTAaTKy HAKOH €KCTpaKLWje eTWnaneraToM. [MaBHU
aHTOLMjaH BojeHe dpakuuje je MaJBUAUH-3-TJIYKO3H], NOK Cy HAj3acTylbeHHja HEeaHTOLH-
jaHcka deHOTHA jenumema OpPraHCKUX (pakuuja eTWI-rajaT U frans-kadTapHa KHCETHHA.
CriocobHOCT XBaTama CJIODOTHUX pafyKajia 3HAYajHO Ce pas3niukoBana mehy dpaxnujama ma je
ICy BpemHOCT 3a BofieHy dpakuujy usHocuna je 138,58 pg mL1, mox cy 3a eTmnaneratHe
dpaxuuje mpu pH 2,0 u 7,0 oBe BpeanocTH usHocke 17,83 u 3,47 ug mL1, penom. IMokasaxo
je ma cy eTunaueTaTHe pakudje CHa)KHUjH XBaTaud CI0D0JHUX pafivKaia, Ia ce MOXe MpeT-
NIOCTaBUTH Jla Cy HEaHTOLWjaHCKa (DeHOJIHA jefHemha OATOBOPHA 33 OBY aKTHBHOCT HUCIIUTH-
BAHOT BHHA.

(ITpumsseno 11. maja, pesupupaHo 6. jyna 2013)

REFERENCES
1. A. Radovanovi¢, B. Radovanovi¢, B. Jovanci¢evi¢, Food Chem. 117 (2009) 326

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

Copyright (C)2014 SCS




N

O N OAW

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24,
25,
26.
27.
28.
29.
30.

31.

PHENOLIC COMPOUNDS OF PROKUPAC WINE 23

V. Ivanova, A. Dornyei, L. Mérk, B. Vojnoski, T. Stafilov, M. Stefova, F. Kilér, Food
Chem. 124 (2011) 316

D. Granato, F. C. U. Katayama, |. A: Castro, LWT-Food Sci. Technol. 43 (2010) 1542

S. Pérez-Magarifio, M. L. Gonzélez-San José, Food Chem. 96 (2006) 197

C. Sanchez-Moreno, J. A. Larrauri, F. Saura-Calixto, J. Sci. Food Agric. 79 (1999) 1301
M. V. Martinez-Ortega, M. C. Garcia-Parrilla, A. M. Troncoso, Food Chem. 73 (2011) 11
O. I. Aroma, J. Am. Oil Chem. Soc. 75 (1998) 199

G. C. Tenore, J. Troisi, R. Di Fiore, M. Manfra, E. Novellino, Food Chem. 129 (2011)
792

S. Dragland, H. Senoo, K. Wake, K. Holte, R. Blomhoff, J. Nutr. 20 (2003) 1286

J. Yang, T. E. Martinson, R. H. Liu, Food Chem. 116 (2009) 332

M. De Nisco, M. Manfra, A. Bolognese, A. Sofo, A. Scopa, G. C. Tenore, F. Pagano, C.
Millite, M. T. Russo, Food Chem. 140 (2013) 623

B. Sun, A. C. Neves, T. A. Fernandes, A. L. Fernandes, N. Mateus, V. De Freitas, C.
Leandro, M. |. Spranger, J. Agric. Food Chem. 59 (2011) 6550

A. Ghisdlli, M. Nardini, A. Baldi, C. Scaccini, J. Agric. Food Chem. 46 (1998) 361

P. Waterman, S. Mole, Analysis of Phenolic Plant Metabolites, Blackwell Scientific
Publication, Oxford, 1994, p. 16

International Organisation of Vine and Wine, OV Compendium of International Methods
of Analysis of Wine and Must, Office International de laVigne et du Vin, Paris, 2013

M. Cuendet, K. Hostettmann, O. Potterat, W. Dyatmiko, Helv. Chim. Acta 80 (1997)
1144

M. Atanackovi¢, A. Petrovi¢, S. Jovié, L. G. Bukarica, M. Bursac, J. Cveji¢, Food Chem.
131 (2012) 513

M. Fanzone, F. Zamora, V. Jofré, M. Assof, C. Gimez-Cordovés, A. Pefia-Neira, J. ci.
Food Agric. 92 (2012) 704

F. He, N. N. Liang, L. Mu, Q. H. Pan, J. Wang, M. J. Reeves, C. Q. Duan, Molecules 17
(2012) 1571

R. Cristino, E. Costa, F. Cosme, A. M. Jordao, J. Sci. Food Agric. 93 (2013) 2486

V. lvanova, V. Stefova, Fruit and Cereal Bioactivities. Sources, Chemistry and
Applications, CRC Press, Boca Raton, FL, 2011, p. 172

M. Miti¢, J. M. Souquet, M. Obradovi¢, S. Miti¢, Food <ci. Biotechnol. 21 (2012) 1619

I. Revilla, S. Pérez-Magarifio, M. L. Gonzalez-SanJosé, S. Beltran, J. Chromatogr., A 847
(1999) 83

A. Soriano, P. M. Pérez-Juan, A. Vicario, J. M. Gonzdlez, M. S. Pérez-Coello, Food
Chem. 104 (2007) 1295

A. Badli, S. Soulet, N. Chaher, J. M. Mérillon, M. Chibane, J. P. Monti, T. Richard, Oxid.
Med. Cell. Longev. 2012 (2012) Article ID 805762

N. Paix&o, R. Perestrelo, J. C. Marques, J. S. Camara, Food Chem. 105 (2007) 204

B. Radovanovi¢, A. Radovanovi¢, V. Tomi¢, Int. J. Food Prop. 15 (2012) 725

N. Landrault, P. Poucheret, P. Ravel, F. Gasc, G. Cros, P. L. Teissedre, J. Agric. Food
Chem. 49 (2001) 3341

M. S. Fernandez-Pachon, D. Villafio, M. C. Garcia-Parrilla, A. M. Troncoso, Anal. Chim.
Acta 513 (2004) 113

M. D. Rivero-Pérez, P. Mufiiz, M. L. Gonzalez-SanJosé, J. Agric. Food Chem. 55 (2007)
5476

C. A. Rice-Evans, N. J. Miller, Biochem. Soc. Trans. 24 (1996) 790

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

Copyright (C)2014 SCS

©3

56

RE MO




24

32.
33.
35.

37.
38.

MENKOVIC et al.

D. Di Mgjo, M. La Guardia, S. Giammanco, L. La Neve, M. Giammanco, Food Chem.
111 (2008) 45

C. Sanchez-Moreno, G. Cao, B. Ou, R. Prior, J. Agric. Food Chem. 51 (2003) 4889

O. V. Brennga, E. Pagliarini, J. Agric. Food Chem. 49 (2001) 4841

A. Arnous, D. P. Makris, P. Kefalas, J. Agric. Food Chem. 49 (2001) 5736

. F.Cimino, V. Sulfaro, D. Trombetta, A. Saija, A. Tomano, Food Chem. 103 (2007) 75

D. Granato, F. C. U. Katayama, |. A. De Castro, Food Chem. 129 (2011) 366

E. F. Gris, F. Mattivi, E. A. Ferreira, U. Vrhovsek, R. C. Pedrosa, M. T. Bordignon-L uiz,
Food Chem. 126 (2011) 213

A. Arnous, D. P. Makris, P. Kefalas, J. Food Comp. Anal. 15 (2002) 655

P. Zafrilla, J. Marillas, J. Mulero, J. M. Cayuela, A. Martinez-Cachd, F. Parda, J. M. L.
Nicolas, J. Agric. Food Chem. 51 (2003) 4694.

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

Copyright (C)2014 SCS

©3

56

RE MO




Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 79 (1) 25-38 (2014) UDC 547.261+534-8:544.77.022.004.74
JCS-4562 Original scientific paper

Application of ultrasound and methanol for therapid removal of
surfactant from M CM-41 molecular sieve

MOHAMMAD A. ZANJANCHI and SHAGHAYEGH JABARIY AN*

Department of Chemistry, Faculty of Science, University of Guilan, P. O. Box 1914,
Rasht 41335, Iran

(Received 12 January 2013, revised 12 April 2013)

Abstract: Ultrasound waves were successfully applied for the removal of the
template from mesoporous MCM-41 molecular sieve. The method uses 28
KHz ultrasound irradiation in a methanol solvent for disrupting the micellar
aggregation of the surfactant molecules, cetyltrimethylammonium bromide,
which fill the pores of as-synthesized MCM-41. After 15 min sonication at the
moderate temperature of 40 °C, the magjority of surfactant molecules had been
removed from powder MCM-41. The template removal rate using ultrasound
irradiation (15 min) is faster than the rate obtained via thermal calcination. In
addition, a perfect hexagonal pore structure was obtained after template remo-
val using ultrasound irradiation, according to characterization using X-ray
diffraction (XRD) and nitrogen adsorption analyses, while high temperatures
during calcination cause shrinkage that affected the surface properties of the
materials. In the present procedure, the surfactant molecules are released into
methanol and can be recovered for reuse. The effectiveness of the sonication-
prepared MCM-41 as an adsorbent was confirmed by the adsorption of methyl-
ene blue (MB).

Keywords. ultrasound; methanol; mesoporous; MCM-41; template removal;
micelle.

INTRODUCTION

During the past decade, the study of the physical and chemical effects of
ultrasound irradiation is a rapidly growing area of research.1-3 Ultrasound is the
name given to sound waves having frequencies higher than those to which the
human ear can respond (16 kHz). The use of ultrasound may be divided broadly
into two areas: i) high frequency ultrasound (2—10 MHZz), and ii) low frequency
ultrasound (20-100 kHZz). Over the last few years, the principal application of
ultrasound was in synthesis (organic, organometallic and inorganic), polymer
chemistry (degradation, initiation, and copolymerization) and some aspects of
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26 ZANJANCHI and JABARIYAN

catalysis. This field of scientific research that uses ultrasound is called sono-
chemistry.4

Ultrasound waves consist of a cyclic succession of expansion and com-
pression phases imparted by mechanical vibration. The expansion cycles exert a
negative pressure and pull the molecules apart, while the compression cycles
exert a positive pressure and push the liquid molecules together. When cyclic
stress through repeated implosion exceeds the tensile strength of a liquid in the
rarefaction regions, small vapor-filled voids, caled cavitation bubbles, are
formed. The compression of the bubbles during cavitation is more rapid than
thermal transport, which generates a short-lived localized hot-spot. Experimental
results have shown that hot-spots with high local temperatures of around 5000 K,
pressures of roughly 1000 atm*, and combined with heating and extraordinarily
rapid cooling rates of above 1019 K s provide a unique means for driving
chemical reactions under extreme conditions.>—3

In sonochemical reactions, the ultrasonic energy influences the chemical
reactions by providing huge heat (pyrolysis) or producing reactive free radicals.
There are mainly three reaction sites (Fig. 1): @) cavity interior, b) gas-iquid
interface and c) bulk liquid. Inside the cavitation bubble, water molecules are
pyrolyzed forming *OH and °H in the gas phase. The substrate either reacts with

Bulk solution (300K)

OH'(aq) +S' —» product
H20: + S(ag) —» product

Cavity interior
1000atm « S000K)

Gas-liquid interface (2000 K)

OH'(aq) + S(ag) —» product

H20(g) — HO'(g) + H{(g)
S(g) —» product
OH'(aq) + S(aq) —» product

S(agg —» product

OH + OHF —— H:20:

Substrate (S)

Fig. 1. Sonochemical reaction zones.”
the hydroxyl radical or undergoes pyrolysis. In the interfacia region, a similar

*1atm = 101325 Pa
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reaction occurs but in an aqueous phase. The additional reaction is the recom-
bination of the OH radicals to form H2Oo». In the bulk phase, the reactions are
between the substrate and the *OH or H2O5. All these reactions are considered
homogeneous in sonochemistry.”

MCM-41, one of the members of the extended family of mesoporous sieves,
possesses a hexagonal array of uniform mesopores. MCM-41 was discovered in
1992 by researchers at Mobil. In addition, it has been synthesized with uniform
channels varying from approximately 15 A to greater than 100 A in size. Thus, it
has potential applications in the field of adsorption and catalysis.9-11

Although the synthesis of MCM-41 is possible via a number of methods,
generaly it is synthesized from the surfactant micellar template addition of an
inorganic silica source, with cetyltrimethylammonium bromide (CTA*Br-) being
the most commonly used template. 12,13

In order to make the porous network accessible in such systems, the template
has to be removed from the mesoporous channels inside the particles. The most
common method used in laboratories to remove the template is calcination at
high temperatures.14-16 Although all organic templates are removed from the
structure using this method, high temperatures cause shrinkage, which affects the
surface and the catalytic and adsorption properties of the materials. For this
reason, methods and other conditions should be used for template removal.

Extraction with conventional solvent is another method for template remo-
val.1718 The efficiency of solvent extraction methods depends on the interaction
between organic molecules and inorganic framework. For mesoporous materials
that are synthesized by the S+X-I+ and SOI0 way, the interaction between the
organic phase and the inorganic network is weak. Therefore, the surfactant mole-
cules in the pores of mesoporous materials can be removed by extraction with
ethanol .19 Since solvent extraction methods due to the strong electrostatic inter-
actions between the surfactant and a network of micelle cannot be applied to
ordered mesoporous materials prepared in the alkaline environment (St+1-way),
ion exchange is widely used under this condition. In recent years, many different
solutions, such as HCI,*"® H280418 and NH4N0321 in ethanol solvent were
used for the removal of surfactant. Although structural damage is minimized in
the solvent extraction method, several extraction steps are required to remove the
organic template completely and thus, large amounts of solvent and lots of
extraction time are required.

Additionally, oxidation methods were used for template removal. In these
methods, several oxidizing agents, such as KMnQO4,22 UV—0zone or 0zone,23-25
perchlorates,26 H,O, and HoO>—UV/Fe27:28 have been used. Although template
removal by these methods is fast, the surfactant is oxidized and degraded, and
hence cannot be recovered. Microwave,29:30 plasma31:32 and supercritical fluid
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28 ZANJANCHI and JABARIYAN

extraction33,34 are other techniques to remove templates, but complex devices are
required.

Furthermore, in 2012, a new method for the removal of the surfactant from
the pores of mesoporous materials employing ultrasonic irradiation in ethanolic
solution was presented.35

However, a method for template removal should have the following pro-
perties. efficient removal of the template, short operation time, reduced organic
solvent consumption, regular (well-organized or systematic) structure retention
and the possibility for surfactant recovery

In this work, methanol as solvent in the presence of ultrasonic waves was
used to remove the template and the effect of ultrasonic wave and methanol
solvent on the structure of MCM-41 were investigated. Additionally, the obtained
results were compared with those of a calcined sample. The results indicated that
the samples kept their porous structures and structural shrinkage was minimized.
Moreover, the surface area and pore volume of the samples were higher than
those for the calcined samples were. Thus, methanol as solvent in the presence of
ultrasonic waves functioned effectively.

EXPERIMENTAL
Preparation of hexagonal mesoporous silica

The surfactant-templated MCM-41 was synthesized by a familiar room temperature
method.3536

Template removal using ultrasound waves

The ultrasound-assisted template removal was performed in a 7500S ultrasonic device
(Sairan Instrument Company, Iran) with an ultrasound power of 600 W, heating power of 800 W
and afrequency of 28 kHz, equipped with atimer and atemperature controller. In general, 0.5
g of MCM-41 was dispersed in 75 mL of methanol in a beaker. Then, the suspension was
immersed in water in the ultrasonic device and irradiated for 15 min at 40 °C. A mechanical
stirrer at a speed of 300 rpm was used during the treatment. After ultrasonic irradiation, the
sample was recovered by centrifugation, washed with cold methanol and dried at 60 °C for 6 h
[MCM-41(US1)]. For certain samples, this procedure was repeated for two more successive
steps [MCM-41(US2)].

Template removal using thermal calcination

For comparison, the template was a so removed by thermal calcination. The fresh sample
was heated under air at 550 °C and held for 5 h (MCM-41(C-550)). Then the sample was
cooled to room temperature. The total time for the complete removal was 12.4 h.
Characterization of the as-synthesized, calcined and sonicated powders and the supernatant
solutions

A Philips PW1840 diffractometer with CuK, radiation was used to record the powder
XRD patterns of the MCM-41 samples within a 26 range of 1-10°. The XRD patterns were
recorded using an automatic divergence dlit system. Thermogravimetric analysis (TGA) was
performed on a TGA 1500 instrument (Polymer Laboratories) to estimate the residual amount
of the template in the MCM-41 samples after sonochemical treatment. The measurements
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were performed under static air from room temperature to 600 °C at a heating rate of 10 °C
minL. In addition, the concentration of CTAB in the supernatant solution was determined by
using a double-beam UV spectrophotometer at 375 nm and in the presence of 0.02 mL of 0.1 %
picric acid in 0.002 M NaOH and 10 mL of chloroform per 1.0 mL of the supernatant.3” The
specific surface areas of the sonicated and calcined MCM-41 samples were estimated based
on the data provided by a Sibata surface area apparatus 1100. The sample was degassed at 250
°C for 2 h prior to nitrogen physisorption measurements. The FTIR spectra of the bare MCM-
-41 and the treated MCM-41 samples were obtained using a Shimadzu FTIR-8900 spectro-
photometer.

Adsorption test

Methylene blue (MB) solutions were prepared from a commercialy available product
(Merck, 1.59270) dissolved in distilled water. For the adsorption experiments, 100 mg of the
as-synthesized MCM-41 or any of the sonicated MCM-41 samples were added into 100 mL of
MB solutions at a concentration of 25 ppm and pH of 5.5. The solution was stirred for about
30 min for the sorption process to reach equilibrium.

The solution and the solid phase were separated by centrifugation. A Shimadzu UV-2100
spectrophotometer was employed for measuring the MB concentration.

RESULTS AND DISCUSSION
Structural characterization

The XRD diffraction patterns of the as-prepared, sonicated and calcined
MCM-41 materials are shown in Fig. 2. Three peaks were observed in all cases.

@

©

®)

(100)

Fig. 2. Low-angle XRD patterns for the

@ MCM-41 samples. @ MCM-41, b)

20 30 40 50 60 70 80 90 MCM-41 (USL), c) MCM-41 (US2) and
2 Theta, © d) MCM-41 (C-550).

(110) (200)
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The first peak was detected at around 20 = 2.150° and the two small intensity
peaks were detected at 26 3.73 and 4.73°. These diffraction peaks were indexed
as the 2D hexagonal arrangement with the reflection of (100), (110) and (200).38
The structural parameter (d-spacing) calculated from the diffraction angles is
given in Table I. The XRD patterns showed that ordered mesoporous structures
were preserved in al the sonicated samples. However, the weaker reflections
corresponding to the planes (110) and (200) could hardly be seen in the pattern of
the calcined MCM-41(C-550) sample. The frequent disappearance of these weak
reflections was assigned to disordering of the array of meso channels of MCM-41
samples subjected to a calcination step.32 The small shift of the main diffraction
peak toward a higher 26 value for MCM-41 (C-550) was due to shrinkage of the
sample that occurred because of the template removal by calcinations.40

TABLE I. Comparison of the physicochemical properties of porous materials treated by
ultrasound waves and thermal calcinations, Sger: apparent surface area calculated by the
BET method; V,,: pore volume; dig0: LA-XRD spacing of the 100 reflection of a hexa-
gonal plane array of pores; L: crystallite size calculated by the Sherrer equation (L =
= k\Bcos 0); ap: cell constant, ay = 2d100/V3; Wy pore size

Sample Sser/ MgtV lemdgl 20/°  digo/A Linm  ag/ A Wy/A
MCM-41 (1) 811 0.288 2.140 41.29 38.1 477  29.70
MCM-41 (US1) 1215 0.432 2.145 4154 37.7 479 37.60
MCM-41 (US2) 1320 0.470 2.145 4154 37.6 479 38.40
MCM-41 (C-550) 1276 0.454 2.205 40.07 37.3 46.3 3341

The degree of template removal was verified by BET analysis based on phy-
sisorption of nitrogen and calculation of the specific surface area of the sonicated
samples. Table | shows the results of the sonication in methanol solvent at 40 °C
and for 15 min and thermal calcination for the removal of CTAB template from
the pores of MCM-41. The table also contains the results of the treatment of
MCM-41 by stirring in methanol at 40 °C in the absence of ultrasound irradiation
(MCM-41 (2)). It is evident from Table | that stirring of MCM-41 in methanol
solutions without sonication led to the partial removal of template from the pores
of MCM-41, as indicated by the resulting pore volume and surface area. How-
ever, using ultrasound irradiation for the treatment of MCM-41 in methanol at
the same temperature (40 °C) for the same time (15 min), a greater increasein the
surface area and pore volume resulted. In fact, the calculated specific surface area
for MCM-41 (1) of 811 m2 g1 increased to 1215 m? g-1 for MCM-41 (US1) due
to the ultrasound irradiation.

Repeating the sonication under the same conditions affected the value of the
surface area. Table | shows that the calculated surface area for MCM-41 (US1)
was 1215 m? g1, which increased to 1320 m2 g-1 for MCM-41 (US2) that had
undergone a second 15 min sonication step. These samples were studied further
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TEMPLATE REMOVAL WITH ULTRASOUND IRRADIATION 31

by thermogravimetric analysis (discussed later) and it was found that the amount
of template remaining in the structure following 15 min sonication were very
small. Therefore, at this stage it is obvious that athough template removal from
MCM-41 is feasible by the treatment with alcohols, such as methanol, applica-
tion of ultrasound irradiation greatly increased the speed and the efficiency of the
removal.36 The specific surface area for MCM-41 (C-550), prepared by thermal
treatment at 550 °C of the as-synthesized MCM- 41 was 1276 m? g-1. The values
of the surface areas for the sonicated MCM-41 samples (around 1200 m2 g1 or
higher) were comparable with that of the thermally treated sample (1276 m2 g-1).
This proximity is an indication that the employed sonication procedure was suc-
cessful in the removal of the template from MCM-41.

The FTIR absorbance spectra of the as-prepared and sonicated MCM-41
materials are shown in Fig. 3. A broad band around 3200-3500 cm~1 appears for
al samples, which is partially caused by the O-H stretching vibration mode of

©

®)

. Fig. 3. FTIR spectra of the MCM-
4000 3500 3000 ' 2560 2000 1500 1000 500 -41 samples: 8 MCM-41, b) MCM-
Wavenumber, cm-! -41 (US1) and c) MCM-41 (US2).
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32 ZANJANCHI and JABARIYAN

adsorbed water molecules, the bending vibration mode of which is responsible
for the band recorded at 1630 cm™1. The absorption bands at around 2858-2925
cm1 and 1375-1475 cm~1 observed in the spectrum of the as-prepared MCM-41
could be assigned to C—H stretching and bending vibrations of the template
CTAB.41 After treatment (sonication), the C—H vibration peaks are nearly indis-
cernible. This suggests the efficient removal of the surfactant template by the
sonication methods. These bands were absent in the FTIR spectrum of MCM-41
(C-500) because of the complete removal of the template from MCM-41 by
calcination.

Thermogravimetric analysis was employed to determine quantitatively the
degree of surfactant removal from the sonicated MCM-41 materials. The thermo-
grams for the as-synthesized MCM-41 and for those sonicated at 40 °C in metha
nol for 15 min and for two consecutive 15-min periods are shown in Fig. 4. The
thermograms were recorded from 20 to 600 °C. In the temperature range up to
150 °C, physisorbed water was released from the pores. From 150 °C to about
340 °C, the remaining template was successfully decomposed. At temperatures
above 340 °C, the weight loss could be attributed to water released from silanol
condensation and to the oxidation of a small amount of carbonaceous residues
from incomplete template combustion. The amount of template could therefore
be estimated from the weight loss between 150 and 340 °C.1® These amounts
were approximately 57, 7 and 1 % for MCM-41, MCM-41 (US1) and MCM-41
(US2), respectively. These data show that most of the template molecules had
been released from MCM-41.

1004
904 ©
80 ®)

704

60

Mass remained, %

(2)

1 1 | | |
100 200 300 400 500
Temperature, °C

Fig. 4. TGA curves of the samples before and after template removal: @) MCM-41,
b) MCM-41 (US1) and c) MCM-41 (US2).
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Mechanism of cationic surfactant extraction from the pores of MCM-41

Thedatain Table | revealed that ultrasound irradiation played essential roles
in the removal of the template from the pores of MCM-41. It was aready esta-
blished that organic solvents such as methanol or ethanol cause disruption of the
surfactant aggregates.#243 Due to this disintegration, the surfactant monomers
are released into the organic solvent and can be eluted. It is known that the cri-
tical micelle concentration (cmc) for CTAB in methanol is much higher than that
in water. Therefore, the micelles of CTAB that were formed during the synthesis
process of MCM-41 in agueous media can be disrupted by treating MCM-41 in
methanol. The ultrasound irradiation makes the disruption faster and more effi-
cient via a synergistic effect.36

The role of ultrasound in the disintegration of the micelles could be attri-
buted to the shear forces generated by bubble implosion during ultrasound irra-
diation. There are several reports to describe this role of ultrasound and con-
sequent forces in the disruption or segregation of the micelles. 4446 During soni-
cation, bubble implosion occurs, which results in liquid jets of high velocity
forming shear forces. The shear forces break the integrity of the micelles and
convert them to free surfactant molecules.

In addition, it should be taken into account that upon ultrasound irradiation,
degradation of the surfactant molecules may aso occur. From the previous
studies, it could be learnt that only surfactant monomers are susceptible to deg-
radation by a sonochemical process and their presence as micelles would shield
them from the irradiation.4748 In fact, the hydrophobic tail of the surfactant
cannot be directly exposed to a bubble ‘“hot spot’” when it is pointed into the
core of the micelle. Therefore, provided that the ultrasound irradiation causes
only micelle disruption, the intact template could be recovered at the end of the
template removal procedure.

Investigation of the effects of sonication on the surfactant structure by UV and
FTIR spectroscopy

Due to decomposition of surfactant monomers during sonochemistry pro-
cesses, the possibility of destruction of surfactant molecules by ultrasound irra
diation should be considered. Ultrasonic irradiation was applied to disturb order
in the micelles so surfactant molecules in the micelles de-aggregate. In order to
obtain useful information about the structural integrity of the surfactant mole-
cules that were removed from MCM-41 and transferred into the methanol sol-
vent, further studies are required. The FTIR spectrum of the supernatant solution
after treatment in the presence of ultrasound could be useful.

The FTIR spectrum of the supernatant after 15 min sonication of MCM-41
(US1) is shown in Fig. 5b. For the sake of comparison, the spectrum of a metha-
nolic solution of pure CTAB containing approximately the same amount of

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

Copyright (C)2014 SCS

@080

EW MG RMD
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CTAB is presented in Fig. 5a. The two bands at 2891 and 2974 cm1 correspond
to C—H vibrations of the surfactant molecules in methanol. On comparing the
FTIR spectra, it is readily observable that the C—H stretching vibration bands do
not significantly change. This shows that the CTAB molecules had preserved
their structure after sonication in methanol. However, these results are based on
FTIR spectroscopy (qualitative analysis); hence, a more comprehensive study
and quantitative analysis are required.

To obtain the necessary information about the structure and composition of
the surfactant and determine the amount of surfactant present in the supernatant
solutions after exposure of samples to ultrasonic waves, a specia spectrophoto-
metric method was used. In this method, the solutions remaining from MCM-41
samples that had been irradiated by ultrasound waves for 2, 4, 6, 8, 10 and 12
min at 40 °C in methanol were studied spectrophotometrically.

After ultrasound irradiation, the micelles in the methanol environment dis-
rupted slowly and consequently by adding picric acid, ion pairs were formed with
the monomers of surfactant and the ion pairs transferred from the aqueous phase
to the organic phase. The absorbance of the organic phase was read at Amax =
=375 nm.

According to UV—Vis spectra (Fig. 6), it was found that the micelles in the
MCM-41 structure break from each other and monomers are released into the
methanol. Although the spectrum of samples MCM-41 (US2), MCM-41 (U$4),
MCM-41 (US6) and MCM-41 (US8) showed increases in the concentration of
surfactant CTA* with increasing sonication time, the spectra of samples MCM-

(@)

®)

Fig. 5. FTIR spectra for a) the pre-

pared solution of CTAB in methanol

4000 3200 2400 1800 1400 1000 00 400 and b) the methanol supernatant after
Wavenumber, cm! 15 min sonication of MCM-41.

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

Copyright (C)2014 SCS

@080

EW MG RMD




TEMPLATE REMOVAL WITH ULTRASOUND IRRADIATION 35

-41 (US10) and MCM-41 (US12) showed gradually decreasing concentration of
the surfactant. Reduction in the surfactant concentration means that degradation
of surfactant molecules occurred at longer sonication times.

MCM-41(US-12)

_. MCM-41(US-10)
_.-="_ MCM-41(US-8)
_ -7 MCM-41(US-6)
-~ 2 -~ " MCM-41(US-4)
~" MCM-41(US-2)

1 | 1 1
300 350 400 450 500
Wavelength, nm

Fig. 6. UV—Vis spectrafor the methanol supernatants after various times.

Thus, it can be stated that ultrasonic vibrations increase the molecular move-
ment of the surfactant molecules away from each other following micelle dis-
ruption in a methanolic solution. Consequently, surfactant micelles are released
from MCM-41 mesoporous pores into organic solvents. Since the hydrophobic
tail of the organic template is pointed into the core of the micelle, they will not be
damaged by the ultrasonic vibrations, which can only cause accelerated disrupt-
tion of micelles in methanol solvent. When the micelles are converted to mono-
mers, they may be attacked by hydroxyl radicals through their hydrophilic heads
in bulk solution; as a result, they lose their own nature as a CTAB surfactant
monomer. The akyl chain of the surfactant may be separated from the head of
the alkyl ammonium; hence, the C-H stretching vibration bands in the FTIR
spectra do not change but the CTAB molecules are not identified by spectropho-
tometric methods.

Performance of the sonicated MCM-41 materials in MB adsorption

The as-synthesized and modified MCM-41 samples were checked for re-
moval of MB from water. In a typical experiment, 100 mg of the adsorbent was
suspended in 100 mL of water containing 25 ppm of MB and the contact time
between the MB solutions and the adsorbents was 30 min. Within this period, the
suspension was stirred, then filtered and the dye concentration in the solution was
determined. MCM-41 (US1) showed the highest adsorption capacity, well above
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36 ZANJANCHI and JABARIYAN

that of MCM-41 (C-550) and MCM-41 (US2). While, the adsorption of MB onto
the as-synthesized MCM-41 was much lower than onto sonicated MCM-41
samples (Fig. 7). These results suggest that the absence of CTA™ inside of soni-
cated MCM-41 affects the sorption of MB by these adsorbents. The pHpc value
of 4.1 for MCM-41 (C-550) clearly shows that at the employed experimental
conditions (pH =5.5), the surface charge was negative and the electrostatic
interaction between MB and MCM-41 (C-550) or the sonicated MCM-41 sample
was very likely.

100

85
W 7=
80 70 -
< 70
§ 60
g 50
3
X 40
0
20 %
. -
o 4
(a) ) (©) (d)

Sample

Fig. 7. MB remova by the adsorbents: @) MCM-41, b) MCM-41 (US1), c) MCM-41 (US2)
and d) MCM-41 (C-550).

CONCLUSIONS

Ultrasound waves were successfully applied for CTAB removal from meso-
porous MCM-41. The perfect hexagona pore structure of MCM-41 was pre-
served. Sonication of a methanol solution containing the as-synthesized MCM-41
leads to disruption of the micelles that fill the pores of MCM-41. Compared to
the rate of template removal using thermal calcination, the rate with the sonic-
ation method was very short (15 min). The surfactant molecules were released
into methanol and could be recovered for reuse. The effectiveness of the sonic-
ated prepared MCM-41 as an adsorbent was confirmed using the adsorption MB.
In addition, no hazardous chemicals were used during sonication template remo-
val. The sonication template removal is afast, facile, low cost, and environment-
aly friendly alternative to the conventional thermal calcination method for the
template removal from MCM-41.
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U3BOJ

MMPUMEHA YJITPA3BYKA U METAHOIJIA 3A BP30 YKJIAbAIGE CYPOAKTAHTA
CA TIOBPIIMHE MCM-41

MOHAMMAD. A. ZANJANCHI u SHAGHAYEGH. JABARIYAN
Department of Chemistry, Faculty of Science, University of Guilan, P. O. Box 1914, Rasht 41335, Iran

YATpasByYHU TajlacH Cy YCIEIIHO IPUMEBEHH 3a YKIabakhe TEMIUIaTa Ca ME30II0OPO3HOT
monexyickor cuta MCM-41. TIpuMemeHo je ynTpa3ByuyHo o3paunBame of 28 kHz y meranomy
Kao pacTBapauy [a Ou ce crpeunia MUIleJapHa arperandja Mosekyna cypdakTaHTa, HeTHiI-
TPUMETHIAaMOHHjYM-OpoMHUIa, KOjH je ucmywaBao mope MCM-41 npunukom cunTtese. CoHU-
KallKjoM y Tpajamy of 15 min Ha ymepeHoj Temenepartypu og 40 °C, sehuHa Mosnekyna cypd-
aKTaHTa je yKiIomeHa ca nmpaxa MCM-41. bp3uHa ykiawkama TeMmIlaTa NMpH yJITPa3ByyYHOM
o3paunBamy (15 min) je seha on Op3uHe ykiamama Koja Ce NMOCTHXE KaJLUHALKjOM U IPHU
ToM je nodujeHa nepdexTHO ypeheHa xekcaroHasHa CTPYKTypa Iopa LITO je moTBpheHo mnpH-
meHoM pudpaxnuje X-3pauema (XRD) u amcopniujoMm a3ora, JOK 3arpeBame IO BHCOKHX
TeMIlepaTypa pe3yiTyje y CKyIUbaky IOpa IITO MMa yTHLAj HA MOBPUIMHCKA CBOjCTBA Mare-
pyjana. Y TOKy 0OBe NpoLeAype, MOIEeKyIH cypdakTaHTa ce ocnodahajy y METaHOT U MOTy ce
NOHOBO KOpHUCTUTH. EdpHKacHOCT Ha 0Baj HauMH mpunpembeHor MCM-41 xao agocopdeHTa je
noTBpheHa agcopnLxjoM METUIEHCKOT IinaBor (MB).

(ITpumsbeHo 12. jaHyapa, peBupupaHo 12. anpuna 2013)
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Electrochemical behavior of lansoprazole at a multiwalled
carbon nanotubes—onic liquid modified glassy carbon electrode
and its electr ochemical determination
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Abstract: The electrochemical behavior of lansoprazole (LNS) was investigated
at a glassy carbon electrode (GCE) and the GCE modified by a gel containing
multiwalled carbon nanotubes (MWCNTS) and a room-temperature ionic liquid
(RTIL) of 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPFg) in
0.10 M phosphate buffer solution of pH 6.8. It was found that an irreversible
anodic oxidation peak with an Ep, of 1.060 Vgce appeared at the MWCNTs-
—RTIL/GCE. Under the optimized experimental conditions a linear calibration
curve was obtained over the concentration range from 5.0 uM to 0.20 mM by
differential pulse voltammetry with alimit of detection (LOD, SN = 3) of 0.28
puM. In addition, the novel MWCNTs-RTIL/GCE was aso characterized by
electrochemical impedance spectroscopy and the proposed method was suc-
cessfully applied in the quantitative electrochemical determination of LNS
content in commercial tablet samples. The determination results met the
determination requirements.

Keywords: lansoprazole, MWCNTSs, RTIL; 1-butyl-3-methylimidazolium
hexafluorophosphate; electrochemical determination.

INTRODUCTION

Lansoprazole (LNS, chemically known as (R/S)-2-{[3-methyl-4-(2,2,2-tri-
fluoroethoxy)pyridin-2-yllmethylsulfinyl} -1H-benzo[d]imidazole, is a benzimi-
dazole derivative (tradename Takepron®), the structure of which is shown in Fig.
1, which is related to omeprazole. LNS is a permanent, potent and non-reversible
proton pump inhibitor that suppresses gastric acid secretion through an inter-
action with (H*/K*)-adenosine triphosphatase (ATPase) in the secretary mem-
branes of the gastric parietal cells.l LNS is effective in the treatment of various
peptic diseases, including duodenal ulcers, peptic ulcer, reflux esophagitis and

* Corresponding author. E-mail: gaozn@nxu.edu.cn
doi: 10.2298/J5C121216059L

39

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

56

Copyright (C)2014 SCS @ MG ND



40 LIU etal.

Zollinger—Ellison syndrome,23 and its therapeutic effect excels omeprazole.#
Like the most compounds of this class, LNS is acid labile and reversibly trans-
formed to sulfenamides in acidic media.>6 Thus it must be administrated in the
form of enteric coated granules in capsules to prevent gastric decomposition and
improve its systematic bioavailability.” Various techniques have been developed
for the studies of LNS in pharmaceutical dosage forms, human serum and plasma,
including spectrophotometry,8-13 high-performance liquid chromatography with
ultraviolet detection,14-17 liquid chromatography coupled with tandem mass
spectrometry (LC/MS),18 thin-layer chromatography with fluorescencel® or
ultraviolet detection,20 capillary electrophoresis,21.22 flow analysis?3 and flow
injection analysis.24 In addition, a few of electrochemical techniques have been
reported, including cathodic polarography,2® adsorptive stripping square-wave
voltammetry at a hanging mercury drop electrode,26.27 anodic voltammetry2829
and alternating current polarography at a dropping mercury electrode.3° How-
ever, the methods related to spectrophotometry, chromatography, capillary elec-
trophoresis and flow analysis require time-consuming manipulation steps, expen-
sive instruments and specia training. The electrochemical methods mentioned
above involving a mercury electrode have environmental pollution issues and
mostly discuss only the electrochemical reduction of LNS. For these reasons,
herein, arapid, simple and accurate electrochemical method was developed using
a glassy carbon electrode (GCE) modified with multi-walled carbon nanotubes
(MWCNTSs) and a room-temperature ionic liquid (RTIL), i.e., 1-butyl-3-methyl-
imidazolium hexafluorophosphate (BMIMPFg) (MWCNTs-RTIL/GCE).

H 0}
|

N——

R nY

CHj OCH,CF;
Fig. 1. Structure of lansoprazole.

Carbon nanotubes (CNTSs), discovered by Lijima3l in 1991 using transmis-
sion electron microscopy, have a special structure, and mechanical, electronic
and chemical properties,32:33 for which reasons they are widely applied in che-
mical, physical and materials science. When used as electrode-modifying mate-
rials, CNTs have the ability to promote charge-transfer reactions.3438 RTILs are
compounds consisting entirely of ionsthat exist in the liquid state at around room
temperature.39.40 They have good chemical and physical properties, such as good
chemical and thermal stability, negligible vapor pressure, high conductivity, good
biocompatibility, low toxicity and a wide electrochemical window.41-46 Accord-
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ing to the literature,4” MWCNTSs are untangled after treatment with RTILS,
mainly because of cross-linking of the nanotube bundles mediated by local mole-
cular ordering of the RTIL resulting from “cation—n” interactions between imida-
zolium and nanotubes. At the present, the research and application of MWCNTs—
—RTIL modifiers have been reported. According to the above facts, a combi-
nation of MWCNTs and an RTIL could be favorable for the fabrication of modi-
fied electrode. Such electrodes could be successfully applied in the electrocatal-
ysis of bioelectrochemical reactions, the fabrication of biosensors and the
detection of the various kinds of biomolecules.48-61

As a continuation of previous work,52-68 the use of MWCNTSs and the ionic
liquid BMIMPFg, based on their synergy to form a novel composite thin-film
material at a GCE, is described herein for the electrochemical determination of
LNSin commercial tablet form.

EXPERIMENTAL

Apparatus

All electrochemical experiments were carried out using an Electrochemistry Workstation
CHIB60A (CHI Instrument, USA). A personal computer was used for data storage and pro-
cessing. The working electrodes used in voltammetry experiments were a CHI104 glassy car-
bon electrode with 3 mm diameter and glassy carbon electrode modified by MWCNTSs and
room temperature ionic liquid (RTIL-MWCNTSGCE). A platinum wire and a saturated
calomel electrode (SCE) served as the auxiliary and the reference electrodes, respectively. All
potentials measured and reported in this work were versus SCE.
Reagents

Lansoprazole (Batch No. 4090401, Purity > 99 %), was from Kangya Pharmaceutical
Ltd. (Ningxia Hui Autonomous Region, China) and used without further purification. Lanso-
prazole tablets (batch No. 080801; labeled value of 15 mg per tablet) were from ShengFan
Pharmaceutics Ltd. (Henan province, China). 1-Butyl-3-methylimidazolium hexafluorophos-
phate (BMIMPFg, purity > 99 %) was obtained from Shanghai Chengjie Chemical Co. Ltd.,
China). The MWCNTS (provided by prof. Fei Wei, Chemical Engineering College of Tsing-
hua University, China) were functionalized to give carboxylic carbon nanotubes following a
literature procedure.5® Unless otherwise stated, a 0.10 M Na,HPO,—NaH,PO, buffer solution
(PBS) of pH 6.8 was used as the supporting electrolyte. All other chemicals were of analytical
grade and used as received. All solutions were prepared in doubly distilled water and
thoroughly flushed with high purity nitrogen to remove oxygen from the solutions in the
electrochemical cell. All experiments were performed at room temperature.

Fabrication of modified electrodes

Before the modification, a glassy carbon electrode was polished with 0.3 um «-Al,O3
slurry on the polishing micro-cloth, rinsed thoroughly with distilled water and ultrasonically
successively in acetone and doubly distilled water for 10 min to remove any remaining polish-
ing alumina. 0.50 mgmL-1 of homogeneous black suspension was prepared by dispersing
1 mg of functionalized MWCNTs into 2 mL of N,N-dimethyl formamide (DMF) /H,O (1:1)
aqueous solution with the aid of ultrasonic stirring for 15 min, then 12 uL of the black
MWCNTSs suspension was dropped directly on GCE surface with a microsyringe and the
solvent was evaporated under the infrared lamp to obtain MWCNTS/GC. 12 mg of MWCNTSs
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mixed with 200 uL of BMIMPFg was ground for about 20 min in a mortar to give a viscous
MWCNTs-RTIL gel, and then a proper amount of the gel was transferred on the cleaned
electrode surface by mechanically rubbing, thus a MWCNTs-RTIL/GCE was fabricated.

The influence of the amount of the MWCNTSs dispersion, from 1-15 pL, on the oxi-
dation peak currents of LNS was examined by CV. On increasing the amount of the
MWCNTSs dispersion, the number of the catalytic sites for LNS oxidation increased, whereby
the oxidation peak current increased gradually. When the amount of MWCNTSs dispersion
exceeded 15 L, the cast film was thicker and blocked electron transfer. Due to uncom-
pensated resistive effects or to a lowering of the charge transfer rate, the peak currents
decreased. In addition, solvent evaporation required a longer waiting time. Therefore, 12 pL
of MWCNTs dispersion was cast on the GCE to fabricate the MWCNTS/GCE.

The ratio of BMIMPFg to MWCNTSs was optimized through observing the peak current
of 50 uM of LNSin 0.10 M PBS by CV. The experimental results indicated that the peak
currents of LNS remained essentially constant in the range of BMIMPFs—MWCNTS ratio of
200/13 to 200/9 uL. mgl. When more (or less) of the RTIL was employed, the gel for fabri-
cating the modified electrode was not well formed. Hence a BMIMPFg—MWCNTS ratio of
200/12 uL mg! was chosen as appropriate. Furthermore, the thickness of MWCNTs-RTIL
modified layer was controlled by the minimum redox potential difference (AE,) and the
maximum peak current (I,) of K3[Fe(CN)g] at the modified electrode.

RESULTS AND DISCUSSION

Electrochemical impedance spectroscopy (EIS) of the bare GCE and the
modified electrode

Electrochemical impedance spectroscopy can generally provide useful infor-
mation on the impedance changes of the electrode surface during the fabrication
process. /071 By using the Fe(CN)g374- redox couple as an electrochemical
probe, the Nyquist plots of the different electrodes as shown in Fig. 2 with fre-
guencies ranging from 1 Hz to 100 kHz were obtained. It was found from the
curvesin Fig. 2 that the interfacial electron transfer resistance was nearly to zero
at MWCNTS/GCE, which indicated that the MWCNTSs formed high electron
conduction pathways between the electrode and the electrolyte.’2 At high fre-
guencies near the origin, MWCNTs-RTIL/GCE represented an obvious smaller
semicircle than that of the bare GCE and RTIL/GCE, which is related to good
ionic conductivity and the least charge-transfer resistance of MWCNTs-RTIL/
/GCE. At low frequencies, MWCNTSs-RTIL/GCE represented a linear tail with a
maximal slope among the different electrodes, which indicated that the
MWCNTs-RTIL/GCE obviously improved the diffusion of ferricyanide toward
the electrode surface, as reported in the literature.”3

Cyclic voltammetric behavior of lansoprazole

The cyclic voltammetric behavior of MWCNTs-RTIL/GCE, MWCNTY
/GCE and the bared GCE in 0.10 mM LNS were investigated at a scanning rate
of 50 mV s1in 0.10 M of PBS over the potential range of 0-1.20 V, as shown
by the curvesin Fig. 3. From these curves, it could be seen that a large and well-
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-defined anodic peak appeared at 1.06 V at the MWCNTSs-RTIL/GCE (Fig. 3a).
No corresponding reduction peak was observed in the reverse scan, indicating the
irreversibility of the electrochemical oxidation reaction.
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Fig. 2. Complex plane plots of 8) MWCNTs-RTIL/GCE, b) bare GCE, c) RTIL/GCE and d)
MWCNTS/GCE in 1.0 mM Fe(CN)g34 + 0.10 M KCI. Frequency range: 1-10° Hz.
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Fig. 3. Cyclic voltammograms of @) MWCNTs-RTIL/GCE, b) MWCNT/GCE and ¢) GCE in
the presence and d) MWCNTs-RTIL/GCE in the absence of 0.10 mM of lansoprazolein 0.10
M PBS (pH 6.8). Scan rate: 50 mV s1.
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By comparison MWCNTS/GCE and the bare GCE, it is seen that the LNS
oxidation peak potentia is hardly shifted, but the peak current increased by
almost two times in contrast to that at the MWCNTS/GCE and fifteen times to
that at the bare GCE, which indicated that the electrochemical oxidation reaction
of LNS could be improved significantly by the MWCNTs-RTIL/GCE, which is
based on the synergy of MWCNTSs and RTIL. This may be explained as follows:
first, the electrochemical oxidation of LNS occurred easily at thermodynamically
favorable potentials and the reaction rate increased kineticaly at the MWCNTs-
—RTIL/GCE; secondly, the MWCNTSs themselves, with nano-scaled dimensions,
have a particular electronic structure, high electrical conductivity and topological
defects present on their surfaces, which can be readily and completely used as an
electrochemical sensing unit, yielding higher sensitivity, and can bear both basal
plane sites and edge plane like sites/defects in their structures, which may have
caused the electrocatalytic efficiency during the electro-oxidation process.’4-76
Finally, MWCNTSs are untangled after treatment with RTIL, mainly because of
cross-linking of the nanotube bundles mediated by local molecular ordering of
the RTIL resulting from “cation—rt" interactions between imidazolium and the
nanotubes.4’ Thus, the MWCNTs-RTIL gel can act as a promoter to increase the
heterogeneous electron transfer rate, and catalyze very well the lansoprazole
electrochemical oxidation reaction.

The effects of the experimental conditions on the peak current and potential of
the catalytic oxidation

The effect of various media on the peak current and potential of the catalytic
oxidation of LNS could be easily observed from CV. The voltammetric behaviors
of LNS at scanning rate 50 mV s in different electrolytes, such as agueous
NaCl, CH3COONa, NaNO3, NaSO, and CH3COONa-CH3COOH, Britton—
—Robinson buffer solution and NapHPO4—-NaHoPO,4 (PBS), were investigated.
The experimental results showed that in 0.10 M agueous PBS, LNS had arelative
well-defined oxidation peak; thus, 0.10 M PBS was chosen as the supporting
electrolyte.

The effect of pH on the anodic peak current and the peak potential for 0.10
mM LNS were studied in 0.10 M PBS over the pH range 5.5-10.0 to avoid
degradation and the results are shown in Fig. 4. From Fig. 4, curve g, it could be
seen that the anodic peak potentials shifted linearly in the negative direction up to
pH 8.0 (inset plot in Fig. 4) with the linear equation being:

Ep/ mV =—60pH + 1502 (R = 0.9989) Q)

The correlation coefficient was 0.9989. The slope of -60 mV pH-1isvery similar
to the theoretical value of 59 mV pH-1, which indicated that the number of
electrons transferred and the number of proton participating in the electroche-
mical oxidation reaction were the same. The intercept of the two segments, which
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occurred at pH 8.0 may be related to the pK, of LNS?7 and are in accordance
with literature data.28 Fig. 4, curve b shows that the anodic pesk current varies
with change in pH values. The peak current reaches its maximum at pH 6.5; thus,
pH 6.8 was chosen for the further experiment.
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Fig. 4. Effect of pH on @) E, and b) I, of 0.10 mM lansoprazole at aMWCNTs-RTIL/GCE by
CV. Theinset plot is the dependence of pH on E, from pH 5.5 to pH 8.0. Scan rate: 50 mV sl

The effect of the scan rate in CV experiments with 0.10 mM LNS at the
MWCNTs-RTIL/GCE is as follows. With increasing potential scanning rate, the
peak current increased and the peak potential shifted positively, which implied
irreversibility of the electrode reaction processes. The oxidation peak current
versus the square root of the scan rate was a straight line as shown in Fig. 5,
curve b, as expected for a diffusion-controlled electrode reaction process. The
linear regression equation is expressed as.

Ipa/ LA =29.88 + 10.19vY2 [ (mvV2 s7V/2) (R = 0.9987) 2

The oxidation peak potential (Epg) shifted in the positive direction with
increasing scan rate (v), and the relationship between Epa/ V and v/ V s1wasin
accordance with the following equation:

Epa/ MV = 894.5 + 88.88log v (R = 0.9929) 3)
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Fig. 5. @) Dependence of the peak potential on the logarithm of the scan rate (log v) and
b) dependence of the peak current on the square root of the scan rate (v/2).

In brief, the electrode reaction process the most probably one-electron and
one-proton irreversible electrochemical oxidation reaction, which indicated that
the oxidetion occurs mainly on the benzimidazolem, and its metabolites may be
5'-hydroxy-lansoprazole and lansoprazole sulfone. It is likely that the generation
of aradical cation from the oxidation of lansoprazole (e.g., by rearrangement,
fragmentation or addition of water) occurs before it can be reduced back to
neutral, which isin accord with the literature.28

Electrochemical kinetics

Diffusion coefficient. The rea area of the electrode and the apparent dif-
fusion coefficient of LNS were determined by chronocoulometry (CC):78

2nFACDY 2tV 2
Q=——7—""*Qu +Qais (6)
T

where, Q is the total charge, n is the number of eectrons transferred in the
electrochemical oxidation reaction, A is the electrode surface area (cm?), ¢ is the
concentration of the electro-active species in the solution (M), D is the diffusion
coefficient (cm2 s™1) and t is the time (ms). The real area of the MWCNTs-
—RTIL/GCE was determined to be 0.498 cm? from the slopes of Q vs. tY2 curves
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using 5.0 mM Fe(CN)g3~ as amodel compound. As the number of electron trans-
ferring of LNS was calculated to be one and the concentration (¢) was 0.10 mM,
the diffusion coefficient (D) could be calculated to be 1.9x10-2 cm?2 s1,

Electrode reaction rate constant, ks. The rate constant (kf) of the electrode
could be determined by chronoamperometry (CA) using the following: 7®

2HVt }
N

I (t) =nF Ak c{l— (7)

where:

ke Kp
=5ty ®)
12 12
I:)Ox DRd
For an irreversible electrochemical oxidation reaction, the reduction rate
constant, ky, is O, therefore:

H =k /Dg2 9

When t approaches zero, a plot of I(t) vs. tY2 gives a good straight line.
Therefore, ki could be calculated to be 7.20x102 s-1 from the slope and the
intercept of the CA curve.

In order to check the electrochemical responses of the MWCNTS-RTIL/
/GCE for LNS, time-steady-state current response curves were determined and
the experimental results are shown in Fig. 6. The current response signals of the

1/ pA

. I . I . 1 . 1 . 1 .
1000 1200 1400 1600 1800 2000 2200
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Fig. 6. Time-dependent steady state currents obtained at the RTIL-MWCNTSGCE while
increasing the LNS concentration at 0.998 V at a stirring rate of 100 rpm.
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MWCNTs-RTIL/GCE are proportional to the LNS concentrations. The response
time was | ess than four seconds and the least response concentration was 0.4 uM.
Thus, the electrode could be used for the quantitative electrochemical determi-
nation of LNS having both a low detection limit and a high sensitivity.

Application of the electrochemical determination

Differential pulse voltammetric (DPV) behavior of LNS The DPV behaviors
of 0.10 mM LNS at the MWCNTs-RTIL/GCE, MWCNT/GCE and GCE in 0.10
M PBS under the optimized experimental conditions (amplitude, 65 mV, pulse
width, 0.05 s, and scanning potential increment, 4 mV) were examined. An irre-
versible oxidation peak of LNS at the MWCNTSs-RTIL/GCE appeared around
0.960 V, and the LNS itself showed a more sensitive DPV response at the
MWCNTs-RTIL/GCE in contrast to that at the bare GCE and at the MWCNTSY/
/GCE. The degree of increase was in quite good agreement with that of CV.

The peak currents of electrocatalytic oxidation of LNS with variation of its
concentration were investigated at the MWCNTSs-RTIL/GCE. A linear calib-
ration curve was obtained over the concentration range 5.0 uM-0.20 mM with
the linear regression equation:

Ipa/ WA = 4.641 + 192.3(c/ mM) (R = 0.9972) (10)

The limit of detection (LOD) was 0.28 uM according to SN = 3 (n = 10).

Under the optimized experimental conditions, the direct determination of 50
uM LNS in 0.10 M PBS was checked in the presence of some common com-
pounds and ions found in pharmaceutical formulations. The determination results
showed that within a relative error of +5 %, 200-fold of K*, Na*, Cl—, NOs~,
SO44~ and 100-fold of glucose, saccharose did not affect the LNS current res-
ponse, which suggested that the proposed voltammetric method had excellent
selectivity toward LNS.

In order to examine the reproducibility and the stability of the MWCNTs-
—RTIL/GCE, the determinations were performed ten times using one MWCNTs-
—RTIL/GCE; a relative standard deviation (RSD) of 1.7 % was obtained. The
oxidation peak currents for LNS at six independent MWCNTSs-RTIL/GCEs were
measured, the current response deviated by only 4.3 %. The proposed modified
electrode was stored at ambient temperature over a period of 2 h, then dipped in
distilled water or activated in PBS blank solution; the current response of LNS
deviated by less than 3.0 %. These experimental results showed the good repro-
ducibility and stability of the modified electrode.

Compared with other reported methods8—24 and the reported electrochemical
methods?>-30 (Table 1), it is clear that the fabrication of MWCNTs-RTIL/GCE is
simple, easy and reproducible. The procedure for the determination of LNS is
rapid, inexpensive and pollution-free and requires neither sample pretreatment
nor any time-consuming derivatization reaction or deposition steps. Although the
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minimum detectability, sensitivity and accuracy of the proposed method may be
not as good as those reportedd—30 in the determination of LNS for complicated
samples, it is believed that the reported method. as a simpler, quicker, less time
consuming method, could still be an alternative in LNS determination in com-
mercial pharmaceutics preparations.

TABLE |. Comparison the characteristics of the proposed method with those of other reported
electrochemical methods for the determination of LNS

Linear detection range, mol dm3 LOD / mol dm™3 Reference
1.145x107-3.25x105 8.59 x 108 25
1.0x10°-5.0x108 2.5x1010 26
1.0x10°-5.0x108 2.5x1010 27
2.0x107-5.0x10° 1.0x10°8 28
5.73x106-5.15x10 5.41 x 1077 29
1.145x106-5.73x105 5.4 x10°8 30
5.0x106-2.0x104 2.8x10°7 Thiswork

Determination of LNSin commercial LNStablets

In order to ascertain its potential application in the analysis of commercial
tablet samples, the proposed method was employed to determine the LNS content
in LNS tablets. Ten LNS tablets with a labeled amount of 15 mg per tablet were
homogeneously ground into a powder in a mortar. Subsequently, the required
amount of the powder was accurately weighed, dissolved in doubly distilled
water, transferred quantitatively into a 100 mL volumetric flask and made up to
the mark with doubly distilled water. Finaly, a known amount of the sample
solution was added into 0.10 M pH 6.8 PBS solution and determined by DPV.

The proposed method was successfully applied to the quantitative electro-
chemical determination of LNS in commercial tablets, evidencing 15 mg LNS
per tablet with a relative standard deviations of 1.20-2.91 % based on the ave-
rage of six replicate measurements. The accuracy was aso judged by applying
the standard addition method and the mean recoveries were 97.6-100.3 %. The
results of these determination implied that there were no significant differences
between the proposed method and the reported conventional methods with res-
pect to reproducibility, accuracy, and precision. In other words, the proposed
method is convenient and efficient for the determination of LNS with the advan-
tages of simplicity, sensitivity and rapidity.

CONCLUSIONS

The electrochemical behavior, electrochemical kinetics and the quantitative
electrochemical determination of LNS were investigated for the first time by
several electrochemical methods based on the application of a MWCNTs-RTIL/

/GCE. A well-defined irreversible electrocatalytic oxidation peak was obtained.
The electrocatalytic oxidation reaction of LNS at a MWCNTs-RTIL/GCE is a
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diffusion-controlled electrode reaction process involving the transfer of one elec-
tron accompanied by the participation of one proton. Additionally, the electro-
chemical kinetic parameters were determined. From the obtained results, an accu-
rate and precise method was proposed, which could be an alternative method for
the quantitative electrochemical determination of LNS in commercial pharma-
ceutical formulations.
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H3BOI

EJIEKTPOXEMHJCKO ITOHAIIAE U JETEKIIUJA JIAHCOITPA3OJIA HA EJIEKTPOIH
oI CTAKJIIACTOT YIJbBEHUKA MOJHUP®HNKOBAHOJ BUIIECIIOJHHUM YITbBEHUYHHUM
HAHO-LIEBHMMA Y JOHCKOJ TEHHOCTH

LI-HONG LIU"* WEI YOU', XUE-MEI ZHAN" u ZUO-NING GAO'

!College of Chemistry and Chemical Engineering, Ningxia University, Yinchuan, 750021, China u
2Department of Chemistry, Heihe College, Heilongjiang 164300, China

EnexTpoxeMHujcko NOHaIlame JaHCOMNpa3osia je UCIUTUBAHO Ha eJIEKTPOSHU Off CTaKkIacTor
yrmeHuka (GCE) ¥ Ha HUCTOj enekTponu MOAW(QHUKOBAHO] TeloM KOjU je cafp)ao BULIECTOjHe
yrbeHH4YHe HaHo-ueBHM (MWCNTS) y HuCKO-TemnepaTypHOj joHckoj TedHoctd (RTIL) 1-Oy-
THII-3-MeTHWINMHIa30nujymM-xekcadmayopodocdar (BMIMPFy). HcnutuBamwa Cy BplIieHa y
0,10 M dochataom nmydepy pH 6,8. Yrepheno je na ce Ha enextpont MWCNTs—RTIL/GCE
T10jaB/byje UpeBep3nOMIHM aHOAHU CTPYjHH MakCMMyM Ha noteHuujamny 1,060 Vggg. Ilpu-
MEHOM MeTofie Au(epeHMjalHe MyJICHe BOATaMETPHje, 07 ONTUMHU30BAHUM EKCIEPUMEH-
TaJIHUM YCJIOBMMa fIoDMjeHa je JIMHeapHa KaaudpalMoHa KpHBa y OICEry KOHLEHTpauuja of
50uM pgo 0,20 mM ca rpanunom perexuuje (LOD, S/N=3) opm 0,28 uM. Ocum ToOTa,
enexrpora MWCNTs-RTIL/GCE je kapakreprcaHa CHEKTPOCKONHjOM €JIeKTPOXeMHjcKe
umnepanuyje. IlpennoxeHa MeTofa je YCIEIIHO NDUMEHWEHA 33 KBAHTUTATHBHO E€JIEKTDPO-
XeMHjcKo ompehuBame cagpikaja 1aHCOITpa3osia y KOMepIjaHuM TabieTama.

(TTpumisero 12. nenembpa 2012, pesunupano 3. maja 2013)
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Abstract: In this study, the direct and sensitive determination of famotidine
based on its electrochemical oxidation was investigated in spiked human urine
and tablet dosage forms. The electrochemical measurements were performed in
various buffer solutions in the pH range 0.88-12.08 at an ultra trace graphite
electrode (UTGE) by cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) techniques. The best results were obtained for the quantitative
determination of famotidine by the DPV technique in 0.5 mol L1 H,SO, solu-
tion (pH 0.30). In this strong acid medium, one irreversible anodic peak was
observed. The effects of pH and scan rate on the peak current and peak poten-
tiad were investigated. The diffusion-controlled nature of the peak was estab-
lished. For optimum conditions described in the experimental section, a linear
calibration curve for DPV analysis was constructed in the famotidine concen-
tration range 2x106-9x10> mol L-1. The limit of detection (LOD) and limit of
quantification (LOQ) were 3.73x1077 and 1.24x106 mol L1 at a UTGE, respec-
tively. The repeatability, precision and accuracy of the developed technique
were checked by recovery studiesin spiked urine and tablet dosage forms.

Keywords. famotidine; voltammetry; ultra trace graphite electrode; determi-
nation; human urine; dosage forms.

INTRODUCTION
Famotidine 3-{[2-(diaminomethyleneamino)thiazol-4-yllmethylthio}-N'-sul-
famoylpropanimidamide, Scheme 1, is a histamine Ha-receptor antagonist that is
used to treat duodenal ulcers and prevent their recurrence. It is also used to treat
gastric ulcers and Zollinger—Ellison disease.1=3 The drug is applied both orally

* Corresponding author. E-mail: seletyilmaz@hotmail.com
doi: 10.2298/JSC130210055Y
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54 YAGMUR & al.

and intravenously as an infusion. Therapeutic trials have shown that 20 mg
famotidine twice daily or 40 mg at bedtime may be an effective aternative to
standard doses of cimetidine in healing duodenal ulcers. The therapeutic level in
plasma is 50 pg mL—1. About 15-22 % of famotidine binds to plasma proteins
and between 17-30 % of the drug appears unchanged in the urine.1-3

Y

NHZ

l\/l\ NSONH,

Scheme 1. The structural formula of famotidine.

Methods for the assay of famotidine in pharmaceutical dosage forms and
biological materials are usually based on high performance liquid chromato-
graphic (HPLC) techniques with ultraviolet detectors3-° or a tandem mass spec-
trometer.9-10

Such applications are, however, time consuming. Other analytical methods
have been limited to spectrophotometric and spectrofluorimetric,11 potentiomet-
ric12 and high performance thin layer chromatographic techniques.13-14

Hitherto, only a few papers have been published about the electro-analytical
determination of famotidine based on its reduction behavior.1516 |n this study,
famotidine was determined in human urine and tablet dosage forms using an ultra
trace graphite electrode by a voltammetric technique.

This technique is particularly well suited for the quantitative determination
of redox couples immobilized on an electrode surface.1’-19 This proposed volt-
ammetric technique could be applied directly to the analysis of pharmaceutical
dosage forms and biological samples.

EXPERIMENTAL
Apparatus

A Model Metrohm 757 VA Trace Analyzer (Herisau, Switzerland) was used for the volt-
ammetric measurements, with a three-electrode system consisting of an ultra trace graphite
working electrode (UTGE, surface size ¢ = 3 mm, Metrohm), a platinum wire auxiliary
electrode and an Ag/AgCl (NaCl 3 mol L1, Metrohm) reference electrode. The UTGE was
polished with aluminum oxide on an alumina polish pad. Then its surface was rinsed with
deionized water (DI) and ethanol consequently. Oxygen was removed from the supporting
electrolyte solution by passing argon gas (analytically pure of 99.99 %) for 5 min before al
measurements. The argon gas was passed for 30 s before each measurement. In each new
experiment, anew bare electrode surface was used.

All pH measurements were performed with Model Metronm 744 pH meter (Herisau,
Switzerland). All measurements were realized at ambient |aboratory temperature (15-20 °C).
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For the analytical applications, the following parameters were employed: differential
pulse voltammetry (DPV) — pulse amplitude 50 mV; pulse time 0.04 s, voltage step 0.009 V.
Potential step 10 mV and scan rate in the range 10-1000 mV s (cyclic voltammetry, CV).

Reagents

Famotidine and its Famoser® tablet dosage forms were kindly supplied by llsan Inc.
(Istanbul, Turkey). A stock solution of 1.0x102 mol L1 was prepared by dissolving an
accurate mass of famotidine in an appropriate volume of ultrapure deionized water (DI) and
20 puL HNOs. This solution was kept in a refrigerator until the experiments were performed.
The working solutions for the voltammetric investigations were prepared by dilution of the
stock solution with DI. All solutions were protected from light and were used within 24 h to
avoid decomposition. 0.5 mol L1 sulfuric acid (pH 0.30), 0.067 mol L-1; phosphate buffer, pH
4.45-7.39 (Na;HPO, and NaH,PO, as buffer components were purchased from Riedel); 0.2
mol L1 acetate buffer, pH 3.50-5.60 (Riedel); 0.04 mol L-1 Britton-Robinson buffer, pH:
2.12-12.00 (acetic acid, Riedel, 100 %); boric acid (Merck) and phosphoric acid (Carlo Erba,
85 m/m %) were used for the supporting electrolytes. The DI water used throughout the
experiments with 18.2 MQ cm! was obtained from a Sartorius Arium model of ultrapure
water system.

Calibration graph for quantitative determination

Famotidine was dissolved in DI to obtain a 1x102 mol L1 stock solution. This solution
was diluted with DI to obtain diluted famotidine concentrations. For the optimum conditions
described in the experimental section, a linear calibration curve for DPV anadlysis was
constructed in the famotidine concentration range of 2x106-9x105 mol L-1. The repeatability,
accuracy and precision were checked.

Working voltammetric procedure for spiked human urine

Urine obtained daily from a volunteer was diluted 1:9 with DI. Firstly, 9.4 mL of 0.5 mol
L1 H,S0,4 was put into the voltammetric cell and its voltammogram was taken as the blank.
Then 600 pL of the diluted urine solution was added to this solution and its voltammogram
was taken as the urine blank. Subsequently, to obtain a 4x10¢ mol L cell concentration, 40
L of urine sample (1 mL urine + 8 mL deionized water + 1 mL of 1x102 mol L1 famotidine
stock solution) was added into the voltammetric cell and its voltammogram was recorded.
Then, 20 pL of 1x10° M famotidine standard solution was added four times and the
voltammograms of the resulting solutions were individually recorded after each addition. The
calibration curve was plotted using obtained results. 1719

Working voltammetric procedure for spiked tablet dosage forms

Ten tablets were weighed and ground to a fine powder. From this powder, a 1x102 mol
L1 solution was prepared with deionized water in a 10 mL volumetric flask. The contents of
the flask were centrifuged for 20 min at 4000 rpm to affect complete dissolution and then
diluted to volume with the same solvent. Appropriate solutions were prepared by taking
suitable aliquots of the clear supernatant liquor and diluting with the selected supporting
electrolyte solution. Each solution was transferred into the voltammetric cell. Argon was
passed through the solution for 5 min before each measurement. The amount of famotidine
was found from the calibration curve.
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RESULTS AND DISCUSSION
Electrochemical oxidation of famotidine

In this study, the electrochemical oxidation process and the determination of
famotidine were realized by the CV and DPV techniques. The results of the CV
measurements performed at a UTGE using 1x10~4 mol L1 famotidine solution
at a scan rate of 100 mV s in various supporting electrolytes and buffers are
given in Fig. 1. Cyclic voltammetric measurements showed that an irreversible
oxidation process of famotidine occurred.

20l @ 51 ® 1
154 1 4
g i
<104 N
54 27
0 0 4
0.5 075 100 125 025 050 075 1.00
E/V vs. Ag/AgCl E/V vs. Ag/AgCl
1 © 154 (@
8 o
<
3. 6 4 1 ilO-
~ 4 N |
5 -
2
04 04
025 050 075 100 025 050 075 1.00
E/V vs. Ag/AgCl E/V vs. Ag/AgCl

Fig. 1. Cyclic voltammograms of a UTGE electrode in different electrolytes containing 1x104
mol L-1 famotidine; a) 0.5 mol L1 sulfuric acid at pH 0.30, b) 0.2 mol L1 acetate buffer at pH
3.50, ¢) 0.067 mol L1 phosphate buffer at pH 5.45 and d) 0.04 mol L1 Britton—Robinson
buffer at pH 8.02. Scan rate, 100 mV s,

The peak potential and the peak current of famotidine were evaluated as in
relation to the effects of various scan rates between 10-1000 mV s—1. Scan rate
studies were then performed to assess whether the processes at the UTGE were
under diffusion or adsorption control.16-20 Two tests were employed for this
procedure. The linear relationship obtained between the peak current and square
root of the scan rate between 10-1000 mV st was | / pA = 0.2489vV/2 — 0.6652
(correlation coefficient, R = 0.998). The correlation coefficient was very close to
1.0, showing that the current was diffusion-controlled. A plot of the logarithm of

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

Copyright (C)2014 SCS

@080

EW MG RMD




VOLTAMMETRIC DETERMINATION OF FAMOTIDINE 57

the peak current versus the logarithm of the scan rate gave a straight line with a
slope of 0.6571 (very close to 0.5), which is the expected value for a diffusion
controlled current.17-19

In order to obtain the optimum experimental conditions, some variables
affecting the peak current and peak potential, i.e., pH and supporting electrolyte,
for a 5x10-° mol L1 famotidine solution were studied at the UTGE using the
proposed voltammetric techniques. The voltammetric response was strongly pH
dependent. The peak potential shifted to more negative values with increasing pH
(Fig. 2a).

12 7 7"
X @
10 4 ¢
Hb X
T 038 o« 5
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< 4 o °
uOé i ° ° < 4
- 0. [ ] ES -
2 o X
Z 04 A 37
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P 0 5 10 15
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@ (b)

Fig. 2. Effect of pH and on the DPV peak potential (&) and current (b) in 5x10° mol L1
famotidine; (- acetate (0.2 mol L™1), (A) phosphate (0.067 mol L") and (e) Britton—Robinson
buffers (0.04 mol L"1) and (X) sulfuric acid.

The peak current was maximal at pH 0.30 in 0.5 mol L-1 H,SO4 solution.
Thus, this pH value and supporting electrolyte were chosen for the electro-anal-
ytical studies (Fig. 2b).

The DPV technique and 0.5 mol L1 H»SO4 solution (pH 0.30) were also
selected for further work because they gave not only the highest peak current, but
also the best peak shape.

Validation parameters for the quantitative analysis

Based on the electrochemical oxidation of famotidine, DPV techniques were
used for the quantitative determination of the pure drug in spiked urine. The
optimum experimental conditions were chosen from the studies of the variation
of the peak current on pulse amplitude and potential step. Using the optimum
conditions described in the experimental section, the voltammograms for various
concentrations of famotidine were recorded in 0.5 mol L—1 H,SOy4 solutions pH
0.30 at the UTGE by the applied technique (Fig. 3).
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Fig. 3. DPV voltammograms of a UTGE in famotidine solutions. &) Blank, 0.5 mol L1 H,SO,
solution (pH 0.30), b) 3.0x10°°, ¢) 5.0x105, d) 7.0x10® and €) 9.0x10°® mol L-1 famotidine.

Quantitative evaluation based on the linear correlation between the oxidation
peak current and concentration was performed. Due to this, good correlations
were obtained for famotidine in the concentration range 2 x 10-6-9x10-5 mol L1,
The equation of the calibration plot was I, / nA = 8.0324x10%c / mol L-1) —
— 0.0398 with a correlation coefficient of r = 0.999 at the UTGE by the DPV
technique. Regression data for the calibration plots of famotidine are given in
Tablel.

TABLE |. Analytical parameters of famotidine obtained in 0.5 mol L1 H,SO, by the DPV
technique

Parameter UTGE
Measured potential, V 1.02
Linear concentration range, mol L-1 2x106-9x10°
Slope, pA M 8.03x104
Intercept, pA —0.0398
Correlation coefficient, r 0.999
SE of dope 3.30x10°
SE of intercept 0.0130
Number of measurements, N 10
LOD / mol L1 3.73x107
LOQ/ mol L1 1.24x106
Repeatability of peak current, RSD / % 1.77
Reproducibility of peak current, RSD / % 0.48
Repeatability of peak potential, RSD / % 0.69
Reproducibility of peak potential, RSD / % 1.26
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Validation of the procedure for the quantitative determination of famotidine
was examined via the evaluation of the limit of detection (LOD), limit of quanti-
fication (LOQ), repeatability, reproducibility, accuracy and precision for the DPV
technique (Tablel).

The LOD and LOQ were calculated on the oxidation peak current using the
following equations: LOD = 3gm and LOQ = 10¢/m (s is the standard deviation
of the peak current for six runs and mis the slope of the calibration curve).16-19
The achieved limits of detection and quantification were 3.73x10~" and 1.24x105
mol L-1 at the UTGE. The repeatability of the current measurement was cal-
culated for the DPV technique from ten independent runs as 3.27 % RSD for
7x10° mol L-1 and 1.77 % RSD for 1.0x10°> mol L1 at the UTGE.

The reproducibility of the current measurement was also calculated by the
DPV technique from ten independent runs as 0.97 % RSD for 7x10-> mol L1
and 0.48 % RID for 1.0x10-° mol L-1 famotidine solution at the UTGE, respec-
tively.

Application to human urine samples

The possibility of applying the voltammetric procedure to the quantitative
determination of famotidine in spiked human urine was also successfully tested
by standard additions of pure drug as described in the experimental section. The
voltammograms for famotidine in spiked human urine are given in Fig. 4.

3.51

3.01

2.0

0.8 0.9 1.0 1.1 1.2
E/Vvs. Ag/AgCl

Fig. 4. DPV voltammograms of a UTGE for famotidine in spiked human urine; a) blank (0.5
mol L-1 H,S0, solution, pH 0.30); b) a+ 600 pL urine (1:9); ¢) 4.0x106 mol L1 famotidine
with urine; d) 2.0x10°; €) 4.0x10°5; f) 6.0x10° and g) 8.0x10® mol L-1 famotidine.

The found amount of famotidine in human urine was calculated from the
related linear regression equations. The results of these analyses are summarized
inTablell.
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TABLE Il. Application of the DPV technique at a UTGE to the quantitative determination of
famotidine in spiked human urine samples with recovery results

Medium Human urine
Famotidine spiked, mol L-1 4.00 x 10°©
Famotidine found, mol L1 4.08 x 106
Number of measurements, N 5
Average recovery, % 102.00
RID / % 0.42
Bias, % 2.00

As can be seen in Table 11, good recovery of famotidine was achieved from
this type of matrix at the UTGE. The quantitative assay of spiked urine samples
by the proposed technique involved only dilution of spiked urine samples, soit is
timesaving and no other procedure steps are required.

Pharmaceutical applications

The amount of famotidine in Famoser® tablets was calculated by reference
to the appropriate calibration plots. The results obtained are given in Table Ill.
The proposed technique could be applied with great success to famotidine in
tablets without any interference at the UTGE.

TABLE IIl. The quantitative determination of famotidine in Famoser® tablets by the DPV
technique at UTGE

Parameter Result
Labeled, mg 40.00
Amount found, mg 41.97
RSD / % 272
Bias, % 4,92
Famotidine spiked, mg 5.00
Found, mg 5.17
Recovery, % 103.5
Bias, % 3.50
RSD of recovery, % 2.04

The proposed technique was checked by performing recovery tests. To deter-
mine whether excipients in the tablets interfered with the analysis, the accuracy
of the proposed methods were evaluated by recovery tests after addition of known
amounts of pure drug to pre-analyzed formulations of famotidine (Table I11).

The results showed the validity of the proposed techniques for the quanti-
tative determination of famotidine in tablets. The proposed DPV technique
proved to be sufficiently precise and accurate for reliable electro-analytical anal-
ysis of famotidine.
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CONCLUSION

In this study, the determination of famotidine based on its electrochemical
oxidation at a UTGE was studied by voltammetric techniques. From the CV
measurements, it was understood that the electrode reaction process is irrever-
sible and pH dependent. The DPV technique was successfully applied to the
quantitative determination of famotidine in 0.5 mol L-1 H,SO4 solution (pH
0.30) in spiked human urine and commercial drug samples. The analysis was per-
formed with good recoveries without any interference from the excipients in
spiked human urine and tablet dosage forms.

The principal advantage of this proposed technique over other techniques is
that it may be applied directly to the analysis of pharmaceutical dosage forms and
to biological samples without the need for extensive sample preparation, since
there was no interference from the excipients and endogenous substances. Ano-
ther advantage is that the developed techniques are rapid, requiring about 5 min
to run any sample. This paper is not intended to be a study of the pharmaco-
dynamic properties of famotidine, because only healthy volunteers were used for
sample collection and results might be of no significance. It only indicated that
the possibility of monitoring this compound makes the technique useful for phar-
macokinetic and pharmacodynamic purposes.17-19

The proposed voltammetric techniques might be a rapid and simple alter-
native to more complicated chromatographic (HPLC) or spectrometric (UV)
techniques for routine analysis of famotidine.
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N3BOJ

BOJITAMETPHJCKO OJPEHBUBAILE PAMOTHINHA Y XYMAHOM YPHUHY U
TABJIETHUM IJO3UPAHUM OBJIMIIUMA ITPUMEHOM EKCTPEMHO OCET/BUBE
IPAOUTHE EJIEKTPOJE

SULTAN YAGMUR', SELEHATTIN YILMAZ", GULSEN SAGLIKOGLU', BENGI USLU% MURAT SADIKOGLU®
1 SIBEL A. OZKAN?

! Canakkale Onsekiz Mart University, Faculty of Science and Arts, Department of Analytical, Chemistry,
17020, Canakkale, Turkey, 2Ankara University, Faculty of Pharmacy, Department of Analytical
Chemistry, 06100, Ankara, Turkey u 3 Gaziosmanpasa University, Faculty of Fducation, Department of
Science Education, 60100, Tokat, Turkey

Y oBOM pajy je AUPEKTHO U oceT/bHBO oapehuBame haMOTHANHA, Ha3UpaHO Ha eleKTpPo-
XeMHjCKOj OKCHIAIMjH, UCITUTUBAHO Ha onTepeheHUM y30pLHMa ypHUHA U TadIeTHUM HO03H-
panuM odnuurma. EnexTpoxemujcka mMepema Cy u3BoheHa y pasnuuutum nydepuma pH
omcera 0,88—12,08, Ha ekcTpemHO oceT/buBOj enekTponu (UTGE) nukInyHOM BOITaMETPHjOM
(CV) u pudepeHurjanHoMm mycHom Bontametrpujom (DPV). Hajdormu pesynratu 3a ompehu-
Bame haMoTUINHA Cy fobujern DPV TexuukoMm y pactsopy H,SO, konmenTpanuje 0,5 mol L1
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(pH 0,30). 3anaxka ce jemaH upeBep3uOWIAH aHOTHH MUK Y jako KUCENoj cpefuHu. McmuTu-
BaHU cy edexar pH u Op3uHe nmpomeHe MOTeHUUjana Ha CTPYjy U MOTeHUMjan nuka. [Tporec
PETUCTpPOBaH BOJITAaMETPUjCKUM IHKOM je AU(dY3HOHO KoHTponucaH. KoHcTpyucaHa je
JMHeapHa KanudpaluoHa KpHBa 3a ONTHMAJIHE yC/IOBe, y OICEry KOHLeHTpauuja (amo-
tuguHa 2x10%-9x10> mol L1, T'panuna nerexumje (LOD) u rpaHuna KBaHTH(MHKAIHje
(LOQ) na UTGE usnoce 3,73x1077 1 1,24x106 mol L'!, ogHOCHO penpomyKTHBHOCT, Hpenys-
HOCT ¥ TQYHOCT pa3BHjeHe MeTofe Cy NMpOoBepeHHU momohy ,recovery” CTymdja Ha OmTepe-
henum y3opurma yprHa U TabieTHUM JO3UPaHUM OOIHLIUMA.

(TTpumisero 10. pebpyapa, pesuaupano 19. maja 2013)
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lonic liquid-based dispersive liquid-iquid microextraction
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detection for the simultaneous pre-concentration and
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Abstract: lonic liquid-based dispersive liquidiquid microextraction (IL—
—DLLME) coupled with high performance liquid chromatography (HPLC)
with UV detection was developed for the simultaneous extraction and deter-
mination of nickel, cobalt, copper and zinc ions. In the proposed approach,
salophen (N,N'-bis(salicylidene)-1,2-phenylenediamine) was used as a chelat-
ing agent, the ionic liquid, 1-hexyl-3-methylimidazolium hexafluorophosphate,
and acetone were selected as extracting and dispersive solvents, respectively.
After extraction, phase separation was performed by centrifugation and the
sedimented phase (ionic liquid) was solubilized in acetonitrile and directly
injected into the HPLC for subsequent analysis. Baseline separation of the
metal ion complexes was achieved on a RP-C18 column using a gradient
elution of mixtures of methanol—acetonitrile-water as the mobile phase at a
flow rate of 1.0 mL min'l. The influence of variables such as sample pH, con-
centration of the chelating agent, amount of ionic liquid (extraction solvent),
disperser solvent volume, extraction time, salt effect and centrifugation speed
were studied and optimized. Under the optimum conditions, an enrichment
factor of 222 was obtained. The detection limits for Ni, Co, Cu and Zn were
0.8, 1.6, 1.9 and 2.8 ug L1, respectively. The relative standard deviation (RSD)
was in the range 3.6-5.0 % for al of the investigated metal ions. The proposed
procedure was successfully applied to the determination of the studied metal
ionsin water samples.

Keywords: nickel; cobalt; copper; zinc;, dispersive liquid-iquid microex-
traction; salophen; HPLC-UV.

* Corresponding author. E-mail: aasghari @semnan.ac.ir
doi: 10.2298/JS5C062212081A

63

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

Copyright (C)2014 SCS

©3

56

RE MO




64 ASGHARI et al.

INTRODUCTION

Nickel, cobalt, copper and zinc are essentia trace elements in the human
body. Although these elements are required for the fulfillment of multiple func-
tions in the organism, they are harmful at high concentrations.! The accurate and
precise quantification of low concentrations of metal ions is possible by either
using very sensitive instrumental techniques or performing enrichment/separation
methods. Several separation and pre-concentration procedures, including: liquid—
liquid extraction (LLE),2° solid phase extraction (SPE),5-11 cloud point extrac-
tion (CPE),12-14 and co-precipitation,15-17 have been developed in this regard.
These methods, despite of their advantages, suffer from limitations, such as sig-
nificant chemical additives, solvent losses, complex equipment, large secondary
wastes, unsatisfactory enrichment factors and high time consumption, that limit
their application. A new trend in analytical chemistry is miniaturization of pre-
concentration techniques to reduce the consumption of reagents and decrease
waste generation.18 As a result, several novel micro-extraction techniques, such
as solid-phase microextraction (SPME)19.20 and liquid-phase micro-extraction
(LPME),21-24 have been developed. SPME is expensive, its fiber is fragile and
has limited lifetime and sample carry-over can be a problem.25> LPME was deve-
loped as a solvent-minimized sample pretreatment procedure that is inexpensive
and, since very little solvent is used, there is minimal exposure to toxic organic
solvents.26:27 However, this method suffers from some disadvantages, such as:
fast stirring would tend to form air bubbles,28 the extraction is time-consuming
and equilibrium could not be attained even after along time in most cases.23

Efforts to overcome these limitations have led to the development of dis-
persive liquidHiquid micro-extraction (DLLME) with the advantages of short
extraction time, ease of operation, and small amounts of applied solvents.29
These quite new methods of sample preparation, which are used in the separation
and pre-concentration of metals, could solve some of the problems encountered
with conventional pretreatment techniques. In DLLME, a mixture of a water-
immiscible extraction solvent and a water-miscible dispersive solvent is rapidly
injected into an agueous sample solution by syringe. A cloudy solution contain-
ing fine droplets of the extraction solvent dispersed entirely in the aqueous phase
is formed, which is attributed to the dispersive role of the dispersive solvent. The
analytes in the sample are extracted into fine droplets of the extraction solvent,
the mixture is then exposed to centrifugation and the sedimented phase contain-
ing the analytes of interest is then analyzed by gas chromatography (GC) or high
performance liquid chromatography (HPLC) or by conventional analytical tech-
niques. The DLLME method is simple, rapid and low cost, and has high recovery
and enrichment factors. This method was successfully applied for the pre-con-
centration of organic and inorganic species in environmental samples,30-36
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Atomic spectrometric techniques are commonly used in multi-element anal-
ysis, but most of them, especially flame atomic absorption spectrometry, need
milliliter volumes of samples. Inductively coupled plasma—atomic emission spec-
trometry (ICP-AES) and inductively coupled plasma—mass spectrometry (ICP-
MS) require complicated operation, high cost of maintenance, expensive appa-
ratus and need well-controlled experimental conditions. HPLC is a good ater-
native technique, which is a simple and relatively cheap method. In DLLME, the
sedimented phase has micro-liter volumes that can be fully injected into the
HPLC column. To the best of our knowledge, there are only two reports in the
literature on the pre-concentration and determination of cobalt and iron,37 and
copper and zinc38 by the DLLME-HPLC method.

The main objective of this study was to explore the applicability of DLLME
coupled with HPLC-UV for the development of a new method for the simul-
taneous pre-concentration and determination of nickel, cobalt, copper and zinc in
water samples. In this research, an ionic liquid (IL) was used as the extraction
solvent. The IL decreases the toxicity of the procedure via decreasing the con-
sumption of chlorinated solvents and allows the facile injection into the reversed-
-phase system after dilution. lonic liquid can effectively shield residual silanols
and improve the peak shapes.39 The effects of various experimental parameters,
such as the sample pH, concentration of ligand, amount of ionic liquid, kind and
volume of the disperser solvent, extraction time, speed of centrifugation and salt
effect, were studied and optimized.

EXPERIMENTAL
Apparatus

Chromatographic separations were realized using a Knauer HPLC system consisting of a
K-1001 quaternary solvent delivery pump with an online degasser, a UVD K-2600 detector
capable of detecting at four wavelengths, and a sampling valve with 20 pL sample loop
(Knauer, Germany). A reversed-phase Perfectsil target C;g column (250 mmx4.6 mm |.D.,
5-um particle size) was used for separation at ambient temperature and ChromGate software
package was employed to acquire and process the chromatographic data. The mobile phase
used for the analysis consisted of methanol (A), water (B); and acetonitrile (C) at a flow rate
of 1 mL minL. The following gradient was used: 0 min, 10 % A, 30 % B, 60 % C; 3-3.5 min,
50 % A, 30 % B, 20 % C; 3.5-10 min, 0 % A, 20 % B, 80 % C. The UV-detector was set at
436 nm. A Hettich centrifuge model EBA 20 (Hettich, Germany) was used for phase sepa-
ration. A BEL PHS-3BW pH-meter (BEL, Italy) with a combined glass—calomel electrode
was used for pH adjustment.

Reagents and solutions

Methanol (HPLC-grade), water, acetone and acetonitrile were provided by Merck
(Darmstadt, Germany). Analytical grade nitrate salts of nickel, cobalt, and acetate sats of
copper and zinc (al from Merck, Darmstadt, Germany) were of the highest available purity
and used without any further purification. All other chemicals used were of analytical reagent
grade. All solutions were purchased in double distilled water. The stock solutions of Ni(ll),
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Co(Il), Cu(ll) and Zn(I1), 1000 mg L1, were prepared by carefully weighing the solid salts
and dissolving in double distilled water in 100 mL volumetric flasks. A standard solution of
metal ions was prepared daily by suitable dilution of the stock solution with doubly distilled
water. 1-Hexyl-3-methylimidazolium hexafluorophosphate ([hmim][PFg]) was purchased
from IoLiTec (Germany). Acids, bases and the other materials and salts were obtained from
Merck (Darmstadt, Germany). The ligand of N,N'-bis(salicylidene)-1,2-phenylenediamine
(salophen, Fig. 1) was synthesized and purified according to a previously reported proce-
dure.4® A 0.01 mol L1 solution of salophen in ethanol was prepared by dissolving the proper
amount of the reagent. The pH of solutions was adjusted to 6.5 by dissolving the required
amount of acetic acid (0.4 mol L1 in distilled water and drop wise addition of sodium
hydroxide solution.

——N N

OH HO
Fig. 1. Structural formula of salophen.

Four water samples, i.e., Kan River, tap, well and mineral water, were used to validate
the proposed method. The tap, well and Kan River waters were collected from Tehran (Iran).
Bottled mineral water was purchased from a local supermarket. All samples were filtered
through a filter paper (Whatman, No. 42) prior to use for the DLLME procedure. The water
samples were subjected to ultraviolet light for 2 h to kill al microorganisms.

lonic liquid-based DLLME procedure

The pH of the sample solution (10.0 mL) containing 10 pg L™t of Ni(II), Co(ll), Cu(ll)
and Zn(l1), and 1.0x102 mol L1 salophen was adjusted to 6.5 by adding hydrochloric acid
and/or sodium hydroxide in the presence of sodium acetate in a 15 mL screw-cap conical-
-bottom glass centrifuge tube. Then, a binary solution containing 400 pL of acetone as the
disperser solvent and 130 mg of ionic liquid (1-hexyl-3-methylimidazolium hexafluorophos-
phate ([hmim][PFg])) as the extracting solvent was rapidly injected into the sample solution
using a 1.0 mL gastight syringe (Hamilton). A cloudy solution (water/acetone/IL) consisting
of very fine droplets of IL dispersed in the solution was formed and the metal ions—salophen
complexes were extracted into the fine droplets of IL. The mixture was gently shaken and then
centrifuged for 5 min at 4000 rpm. As aresult, the fine droplets of IL with a volume of 5 uL
settled at the bottom of the centrifuge tube. All the aqueous phase was removed with a
syringe. Then, the sedimented phase (IL-phase) was dissolved in acetonitrile to atotal volume
of 40 pL and injected into the HPLC-UV for separation and determination. The chromatogram
showing the separation of nickel, cobalt, copper and zinc complexes with salophen is shown
inFig. 2.
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Fig. 2. IL-DLLME-HPLC chromatogram for a mixture of the metal complexes. Conditions:
Ni(I1), 40.0; Co(ll), 60.0; Cu(ll), 20.0 and Zn(I1), 50.0 pg L-1; 1.0x102 mol L-1; salophen, 130
mg [hmim][PFg]; 400 pL acetone; 4000 rpm centrifuge speed; gradient eluent program at a
flow rate of 1 mL min! and detection at 436 nm.

RESULTS AND DISCUSSION

In the present work, IL-DLLME combined with HPLC-UV was developed
for the simultaneous determination of Ni(ll), Co(ll), Cu(ll) and Zn(Il) ions in
water samples. To obtain a high extraction recovery, the influence of effective
parameters such as pH, amounts of IL and disperser solvents, concentration of
chelating agent and salt and co-existing ions should be optimized.

Influence of pH

The pH has a significant influence on the metal-igand complex formation
and subsequent extraction. The effect of pH on the DLLME pre-concentration of
Ni(I1), Co(ll), Cu(ll) and Zn(I1) ions was studied in the pH range 2.0-10.0. The
results are illustrated in Fig. 3. The progressive decrease in the extraction of
metal ions of interested at low pH values was due to competition of hydrogen ion
with analytes for reaction with salophen. At high pH values, hydrolysis of the
cations occurs. The extraction recoveries were the highest for all metal ions at pH
6.5. Therefore, pH 6.5 was selected for further studies.

Influence of the ligand concentration

The concentration of salophen has a direct effect on the formation of the
complexes of the metal ions and their subsequent extraction and pre-concen-
tration. The effect of salophen concentration on the extraction recoveries of
Ni(ll), Co(ll), Cu(ll) and Zn(ll) ions was studied in the range of 1.0x10-3-
—4.0x10~2 mol L1, and the results are shown in Fig. 4. With increasing salophen
concentration up to 0.01 mol L1, the maximum metal ions extraction was
achieved and with higher amounts of salophen concentrations, the recoveries
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became nearly constant. Therefore, a salophen concentration of 0.01 mol L—1 was
selected for the further experiments.
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Fig. 3. Influence of pH on the extraction recovery of metal ions obtained by DLLME.
Extraction conditions: sample volume 10.0 mL ; disperser solvent (acetone) volume 0.40 mL;
salophen 1.0x10-2 mol L-1; amount of [hmim][PFg] 130 mg; concentration of: Ni(ll) 40.0,
Co(I1) 60.0; Cu(l1) 20.0 and Zn(l1) 50.0 pug L.
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Fig. 4. Influence of the concentration of the ligand on the extraction recovery of metal ions
obtained by DLLME. Extraction conditions. sample volume 10.0 mL; disperser solvent
(acetone) volume 0.40 mL; amount of [hmim][PFg] 130 mg; concentration of: Ni(ll) 40.0,
Co(ll) 60.0; Cu(ll) 20.0 and Zn(I1) 50.0 pg L1,
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Influence of the amount of ionic liquid

The extraction solvent should have specia characteristics including low
solubility in water, capability of extraction of the target compounds, higher den-
sity than water and good chromatographic behavior. Most of the halogenated sol-
vents applied in DLLME have all of the above properties, but these compounds
are highly toxic and their direct injection to reverse phase HPLC is impossible.
ILs represents a good and efficient alternative to the conventional chlorinated
organic solvents in the DLLME procedure. In the present study, the IL
([hmim][PFg]) was used as the extraction solvent. To examine the effect of the
IL, solutions containing different amounts of the ionic liquid were subjected to
the same IL-DLLME procedure and the results are shown in Fig. 5. The results
indicate that with increasing amount of ionic liquid, the extraction recovery of
metal ions increased via improving their ability for trapping and extraction of
target compounds. At values greater than 130 mg, some of IL could not be dis-
persed into the agueous solution as infinitesimal drops, and existed as larger
drops, which decreased the contact area between metal complexes and the IL
drops. Reduction of the extraction recovery at higher values of IL (>130 mg) was
probably due to a decrease in the ratio between the dispersive solvent and the
extractant. This decreases the number of formed droplets available for extraction,
which lowers the extraction efficiency.41:42 Based on these observations, 130 mg
of the IL were used in the further experiments.
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Fig. 5. Influence of the amount of ionic liquid on the extraction recovery of metal ions

obtained by DLLME. Extraction conditions. sample volume 10.0 mL; disperser solvent

(acetone) volume 0.40 mL ; salophen amount 1.0x102 mol L-1; concentration of: Ni(Il)
40.0, Co(ll) 60.0; Cu(Il) 20.0 and Zn(11) 50.0 pg L L.
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Influence of the type and volume of the dispersive solvent

The choice of the dispersive solvent to be used in a DLLME procedure is
very important in order to achieve an effective pre-concentration of analytes. The
candidate solvents must have the appropriate miscibility in both the extraction
solvent and the sample solution in order to form a distinct cloudy solution.
Hence, four possible disperser solvents, i.e., methanol, ethanol, acetonitrile and
acetone, were tested. A series of sample solutions were studied by using 400 L
of each solvent containing 130 mg of [hmim][PFg] (extraction solvent). The
extraction recoveries are given in Fig. 6. The results show that acetone is the best
disperser solvent. Acetone was therefore selected for the subsequent studies. The
volume of disperser solvent affects the solubility of the extraction solvent in the
water solution and the volume of the settled phase, which have influences on the
extraction recovery and enrichment factor. To acquire the optimal volume, expe-
riments were performed with different volumes of acetone (0, 100, 200, 300, 400,
600 and 800 uL) containing 130 mg [hmim][PFg]. Asshown in Fig. 7, the extrac-
tion recoveries of the analytes show an initial increase and then decrease with
increasing volume of acetone. At low volumes of acetone, a cloudy solution was
not completely formed, and hence the extraction recovery of the analyte was low,
while at larger volumes of acetone, the solubility of [hmim][PFg] in the aqueous
solution increased and the extraction recovery decreased. According to the
obtained results, 400 uL acetone was chosen in order to obtain a high extraction
recovery and the maximum pre-concentration factor.
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Fig. 6. Influence of the type of dispersive solvent on the extraction recovery of metal ions
obtained by DLLME. Extraction conditions: sample volume 10.0 mL; disperser solvent
volume 0.40 mL ; salophen amount 1.0x102 mol L-1; ionic liquid amount 130 mg;
concentration of: Ni(I1) 40.0; Co(l1) 60.0; Cu(ll) 20.0 and Zn(I1) 50.0 ug L.
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Fig. 7. Influence of the volume of the disperser solvent on the extraction recovery of meta
ions obtained from DLLME. Extraction conditions. sample volume 10.0 mL; salophen
amount 1.0x102 mol L-1; amount of [hmim][PFg] 130 mg; concentration of: Ni(I1) 40.0;
Co(I1) 60.0; Cu(l1) 20.0 and Zn(I1) 50.0 pg L.

Influence of the extraction time

An extraction process is time dependent. The extraction time in this experi-
ment was defined as the interval between injection of the mixture of methanol
and IL and the start of centrifugation. To evaluate the optimum extraction time,
similar experiments were undertaken at time intervalsin the range 0-20 min. The
results showed that the extraction time had no significant effect on the extraction
efficiency. It could be concluded that the extraction process is fast and imme-
diately after the formation of the cloudy solution, equilibrium is achieved due to
the large surface area between the IL droplets and the agueous phase. Conse-
guently, a short time was required for the extraction. Therefore, the phase sepa-
ration by centrifugation was performed immediately after mixing the reagents.

Centrifugation parameters

In DLLME process, centrifugation affects the size of the settled phase and
the concentration of analyte in the extraction phase. In this regard, a set of similar
experiments were conducted and it was observed that centrifuging the cloud
mixture for 5 min at 4000 rpm results in an efficient and suitable phase sepa-
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ration leading to an oil phase that can be efficiently introduced into the HPLC
system. Hence, 5 min at 4000 rpm was chosen for the further experiments.

Influence of ionic strength

The effect of ionic strength on the extraction efficiency was evaluated by
adding various amounts of NaNO3 (0.0-1.0 mol L-1) into the sample solutions,
the other parameters being kept constant. The results confirmed that the addition
of salt up to 0.6 mol L= has no significant effect on the extraction efficiency and
the extractions of all species were quantitative. On increasing the ionic strength
(from 0.6 to 1.0 mol L-1), the solubility of the extraction solvent (IL) in the aque-
ous phase increases. As a result, the volume of the sedimented phase decreases,
which reduce the extraction recoveries. These observations revealed the possib-
ility of using this method for the pre-concentration of the target analytes from
saline solutions of up to 0.6 mol L1,

Influence of co-existing ions

The influence of various co-existing ions in the water samples on the reco-
very of the investigated metal ions in the DLLME process was studied. In these
experiments, 10.0 mL of solutions containing 200.0 pg L1 of metal ions and
various amounts of interfering ions was treated according to the recommended
procedure. Tolerance limit was defined as the anayte ion/interferent ratio that
caused an error smaller than £5 %. The interferences were investigated and from
the observations (Table 1), it can be concluded that the method is suitable for
trace metal enrichment in the presence of high amounts of co-existing ions.

TABLE I. Interference study for nickel, cobalt, copper and zinc determination

Tolerance limit?

SpeCI ® Wi on/ Wi Wi on/ Wco Wi on/ Weu Wi on/ Wzn
Mg?*, Caé*, K*, Na*, Li*, 1000 1000 1000 1000
NO3_, Cl_, F, I, 804_

Cd?* 1000 1000 1000 500
Ba?t 1000 1000 1000 500
Al3* 1000 1000 1000 25
MnZ* 25 1000 1000 1000
Sn2* 500 1000 1000 500
Cu?* 25 50 - 100
Zn?* 100 100 50 -
Ni2+ - 100 25 50
Co?* 50 - 50 50
Ag* 25 25 1000 50
Cr3t 1000 50 50 10
Pb2* 25 10 25 10
Fe?t 10 10 10 10

Concentration of each metal ion was 200 ug Lt

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

Copyright (C)2014 SCS

@080

EW MG RMD




DETERMINATION OF METALSIN WATER SAMPLES 73

Analytical figures of merit

The characteristics of the performance of the optimized method, including
linear range, reproducibility, limit of detection (LOD) and enhancement factor,
are summarized in Table Il. Linearity was observed in the ranges 2.5-300.0 pg
L= for Ni(ll), 6.0-350.0 pg L1 for Co(Il), 7.0-700.0 pug L1 for Cu(ll) and
22.0-500.0 pg L1 for Zn(I1). Each analyte exhibited good linearity with corre-
lation coefficients (R2) ranging from 0.990 to 0.998. The reproducibility of the
method was checked for seven replicate extractions of spiked water samples at
concentration levels of 80.0 pug L1 and the relative standard deviation (RSD)
varied between 3.6 and 5.1 %. The LOD values, based on signal-to-noise ratio of
3, were in the range of 0.8-2.8 pug L~1. The enrichment factor, which was about
222 for all species, was obtained from the ratio of sample volume before and
after extraction.

TABLE Il. Values of merit for the proposed method

Parameter Ni Co Cu Zn

Dynamic linear range, ug L1 2.5-300.0 6.0-350.0 7.0-700.0 9.5-500.0
y=25482x— y=4160x+ y=22303x— y=22531x+

Calibration equation, pg L1

— 10659 + 47084 —83814 + 11570
R2 0.997 0.998 0.990 0.990
LOD/pugL1l(n=5) 0.8 1.6 1.9 2.8
RS / % (n = 10) 4.2 5.0 5.1 3.6
Enrichment factor 222 222 222 222
Enhancement factor2 113.8 22.0 70.9 73.5

#The enhancement factor is the sloperratio of the calibration graph after and before extraction

Analysis of real samples

The practical applicability of the recommended method was evauated by
extracting four metal ions from different water samples, i.e., tap, well, mineral
and river water. The water samples were collected in acid-leached polyethylene
bottles and filtered through a filter paper (Whatman, No. 42) before analyses to
remove suspended particulate materials. The samples were subjected to UV irra-
diation for 2 h with a 160 W UV-lamp. Each sample was spiked with target
species at two different concentration levels and analyzed in triplicate using the
developed DLLME procedure. The obtained results (Table 111) indicate that the
matrices of the real water samples did not have an obvious effect on the proposed
IL-DLLME method for pre-concentration and determination of the analytes in
the water samples.
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CONCLUSIONS

A new method consisting of ionic liquid-based dispersive liquid-iquid mic-
roextraction combined with HPLC-UV was described for the determination of zinc,
copper, cobat and nickel in environmenta water samples. In the proposed
procedure, salophen was successfully used as the complexing agent for pre-
concentration of the metal ions. This led to the development of a simple, rapid,
sensitive with high pre-concentration factor method. Additionally, the employ-
ment of the ionic liquid exhibited some advantages, such as a reduction of expo-
sure to toxic solvent, the possibility of obtaining more reproducible results since
evaporation of the extractant is not required, and a directly analyzable extract is
obtained in a short-single step. The results obtained in this work demonstrated
that the proposed method is applicable for the analysis of trace amounts of Zn,
Cu, Co and Ni in water samples.

Acknowledgements. The authors gratefully acknowledge the financial support for this
project from the Semnan University Research Council.

H3BOJ

OUCITEP3UBHA MUKPOEKCTPAKLIMJA TEHHO-TEYHO BASMPAHA HA JOHCKHUM
TEUHOCTHUMA CITPETHYTA CA BUCOKOE®UKACHOM TEHHOM XPOMATOTPA®HUIOM
CA UV JETEKIIMJOM 3A HUICTOBPEMEHO ITPEKOHIEHTPHUCAIGE U OJPEBUBAIBE Nj,

Co, Cu ¥ Zn Y Y30PUUMA BOIA

ALIREZA ASGHARIi, MEHRI GHAZAGHIi, MARYAM RAJABIi, MAHDI BEHZAD' 1 MEHRORANG GHAEDI”

! pepartment of Chemistry, Semnan University, Semnan 35195-363, Iran u ZDepartment of Chemistry,
Yasouj University, Yasouj 75918-74831, Iran

Pa3BujeHa je MeToja OMCHEP3UBHE MUKPOEKCTpaKIMje TEYHO—TeYyHO DasupaHe Ha jOHC-
kUM TeuHoctuMa (IL-DLLME) cnperHyTte ca BUCOKOE(HKaCHOM TEUHOM XpomaTorpadujom
(HPLC) y3 UV perexuujy, 3a MCTOBDEMEHY €KCTpakLWjy U oppehuBame HuKIa, Kkodanra,
Dakpa ¥ UMHKA. Y MpeIyioKeHOM MpUCTyy KopulnheH je canoden (N, V-buc(canucununes)-
-1,2-dbennneHiuaMiH) Kao XemUpajyhu peareHc; jOHCKa TEYHOCT, 1-XeKCHiI-3-MeTHITHUMH-
naszonuym-xekcaduyopodocdar, U auetoH cy u3adpaHH Kao PacTBOPH 3a EKCTPAKUH]Y,
OOHOCHO jaucneprosame. Pa3ngBajame (asa nocie excTpakLUje U3BENEHO je LeHTpUdyrupa-
BEM, a CTaloxeHa (as3a (jOHCKAa TEYHOCT) je pacTBOpEHAa y alUETOHUTPHIY M JUDEKTHO
nhjextupaHa y HPLC cucrem 3a aHanu3y. PasgBajame KOMIUIEKCA MeTajla je H3BENEHO
nomohy RP-C18 KkosoHe NpHMEHOM TpajidjeHTHOT ejlydpama CMella Ca MeTaHOI—aleTo-
HUTPHI-BOAa MOOMIHOM (basom ca GpsuHOM mpoToka of 1,0 mL min!. Ucnutusan je u
ONITHMM30BAH YTHUIlaj MPOMEHBUBUX Kao 1uTo cy: pH y3opka, KoHIeHTpanHdja xenupajyher
peareHca, KOJMYMHA jOHCKE TEYHOCTH (EKCTPaKLMOHOI pacTBOpa), 3allpeMHHE pacTBopa 3a
OWCIeproBame, BpeMeHa ekcTpakuyje, coHor edpexta U Op3uHe LeHTpUdyrupama. Ilon ontu-
MaJIHMM yCJI0BUMa JI00HjeH je daxkTop KOHLEeHTpHcamwa of 222. I'panuue perexuuje Ni, Co,
Cu # Zn usHocune cy: 0,8, 1,6, 1,9 u 2,8 ng L1, penom. PenaTuBHa cTaHmapiHa JeBHjaiuja
(RSD) je duna y omncery 3,6—5,0 % 3a cBe UcIIUTHBaHe joHe MeTana. IIpemioxeHa npouexypa
je bua ycrelnHo nmpuMemeHa 3a ofpehrBame joHa MeTala Y y30plumMa Bofa.

(TTpumisero 22. jyna 2012, pesuaupano 11. janyapa 2013)
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Abstract: Densities, refractive indices and viscosities of the binary mixtures of
dimethyl phthalate (or dimethyl adipate) + tetrahydrofuran have been measured
at eight temperatures (288.15 to 323.15 K) and atmospheric pressure. All
measurements were performed using an Anton Paar DMA 5000 digital vibrat-
ing-tube densimeter, Anton Paar RXA 156 refractometer and Anton Paar SVM
3000/G2 digital Stabinger viscometer, respectively. From the experimenta
densities, refractive indices and viscosities, the excess molar volumes, VE, devi-
ations of refractive indices, Anp, and viscosity deviations, A7, were calculated.

Keywords. experimental measurements; excess molar volumes; deviations of
refractive indices; viscosity deviations; esters; ethers.

INTRODUCTION

This article is a continuation of previous research dealing with the experi-
mental determination of volumetric and transport properties of binary and ternary
mixtures containing different organic solvents, such as acohols and aromatics,
chlorinated aromatics, esters, ketones, chlorinated alkanes or amines.110 An
intention of this study isto provide a set of volumetric and transport data in order
to asses the influence of temperature and molecular structure on the behaviour of
mixtures of esters (dimethyl phthalate or dimethyl adipate) and ethers (tetrahyd-
rofuran). From the theoretical viewpoint, this is an important source of infor-
mation for the characterization of interactions between components and is hel pful
in understanding the liquid state theory, as well. Besides, esters and ethers are
widely used in a variety of industrial and consumer applications, and hence,
knowledge of their physical properties is of great importance from a practical

* Corresponding author. E-mail: mirjana@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130407045K
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point of view, too. Phthalates are widely used in the automobile, cable, medical
equipment and the toy industries, as plasticizers and as performance enhancersin
the manufacture of glues and paints. Dimethyl phthalate is used as an additive for
plastics, which increases their flexibility, transparency and stability. Dimethyl
adipate is an organic solvent for inks, coatings and adhesives, an emollient that
can be used in the manufacture of agrochemicals, synthetic leather, paint strip-
pers, plasticizers, or as a food additive and pigment dispersant. Tetrahydrofuran
isprimarily used as an industrial solvent for poly(vinyl chloride) and varnishes.

In the present work, measured densities, p, refractive indices, np, and visco-
sities, 7, are reported for the two binary systems containing dimethyl phthalate
(or dimethyl adipate) and tetrahydrofuran at eight temperatures (from 288.15 to
323.15 K) and atmospheric pressure. The excess molar volumes, VE, deviations
of the refractive indices, Anp, and viscosity deviations, A7, of the investigated
mixtures were cal culated from the measured data.

To the best of our knowledge, p, np and 77 experimental data are not avail-
able for the investigated binary systems and no VE, Anp and An values were
found in the currently published articles.

EXPERIMENTAL
Materials

All products were of high purity (mass fraction purity > 0.99) and used without further
purification; dimethyl phthalate (>0.99) was supplied by Fluka, while dimethyl adipate (>0.99)
and tetrahydrofuran (min 0.995) were Merck products. Two different bottles of Merck-sup-
plied high purity tetrahydrofuran (min 0.995) were used in the experimental work: one was
used in the experiments with dimethyl phthalate and another in the experiments with dimethy|
adipate. All the organic liquids were stored in brown glass bottles under an inert nitrogen
atmosphere. Pure components were degassed in an ultrasonic bath shortly before sample
preparation. Densities, refractive indices and viscosities of the pure components at the tem-
peratures 293.15 and 298.15 K, together with the corresponding literature values, 19 are
listed in Tablel.

TABLE |. Density, p, refractive index, np, and viscosity, 7, values of the studied pure com-
ponents

T/K pl103kgm3 no n ! mPas
Exp. Lit. Exp. Lit. Exp. Lit.
Tetrahydrofuran
298.15 0.8823302 0.88235811 1.4049842 1.4049613 0.488212  0.45612
0.8824020  0.88250212 1.404322b 0.47984°  0.460'3

Dimethyl phthalate
298.15  1.186933  1.18657%4 1513544 151371515136  13.847 13.76169'4
Dimethyl adipate

293.15 1.061928  1.06190%7 - - 3.2894 3.3619
298.15 — - 1426356 1.4215'7,1.4283'8 29101 2.9819

®First bottle, system with dimethyl phthalate; Psecond bottle, system with dimethyl adipate
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Apparatus and procedure

The densities of the binary mixtures, and corresponding pure substances were measured
with an Anton Paar DMA 5000 digital vibrating U-tube densimeter having a stated accuracy
+5x10-3 kg m3. The temperature in the cell was measured by means of two integrated Pt 100
platinum thermometers with a stability of better than £ 0.002 K; the temperature was regul ated
to £0.001 K with a built-in solid-state thermostat. The refractive indices were measured by an
Anton Paar RXA 156 refractometer with a stated accuracy of #5x105, and the temperature
was controlled with an internal Peltier thermostat to £0.03 K. The viscosities were measured
with an Anton Paar SVYM 3000/G2 digital Stabinger viscometer, with a stated accuracy of
0.1 % of the measurement value and the temperature was regulated with an uncertainty of
+0.01 K by abuilt in solid-state thermostat.

In order to minimize evaporation of the volatile solvents and to avoid errors in the
compositions, all mixtures presented in this paper were prepared by mass using the cell and a
previously described procedure.202! The masses were measured using a Mettler AG 204
balance, with a precision of 1x10°7 kg. The uncertainty in the calculation of the mole fraction
was less than £1x104. All molar quantities were based on the IUPAC relative atomic mass
table. The experimental uncertainty (from repeated measurements) in the density, refractive
index and viscosity measurements were about +1x102 kg m3, +1x104 and < 1.5 %, respecti-
vely, while the average uncertainty in the excess molar volume, refractive index deviation and
viscosity deviation were estimated at +3x10°° m3 mol-1, £2x104 and better than £3x10°3 mPass,
respectively.

RESULTS AND DISCUSSION

Excess molar volumes VE were calculated from the density data by the
equation:

N
VE=> xMi[(Yp)-(Yp;)] (1)
i=1
where N is the number of components; x; is the mole fraction of component i in
the mixture; M; isits molecular weight; p and p; are the measured densities of the
mixture and the pure component i, respectively.
The refractive index deviations, Anp, were calculated as follows:

N
Anp =np — > X Np; (2
i=1
where np and np; are the measured refractive indices of the mixture and the pure
component i, respectively.
The viscosity deviations, A7, were calculated from the equation:

N
An == X )
i=1

where 17 and 7;; are the measured viscosities of the mixture and the pure com-
ponent i, respectively.
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The results of VE, Anp and A7 were correlated with the Redlich—Kister (RK)
Equation:22

K
Y=x%%j > Ag(2% -1)P (4)
p=0

where Y denotes VijE/ m3:mol-1, Anp or Az / mPas, Ap, are the adjustable

parameters of the related property, and the number of adjustable parameters (k +
1) was determined using the F-test.23

The results of p, VE, np, Anp, 17 and A for the investigated binaries, in the
temperature range and over the entire concentration range, are summarized in
Table S-1 of the Supplementary material to this paper. Table Il lists the coeffi-
cients Ay for the VE, Anp and A7 at each temperature separately, and the corres-
ponding root-mean-square deviations (o) given by the equation:

o= {i(vexp,i ~Yeas )2 /mj/2 (5)

i=1
where mis the number of experimental data points.
The results were aso fitted and explained using the reduced excess molar
volume, VE/x1xo, refractive index deviation, Anp/xyxp, and viscosity deviation,
Anlxixo.

TABLE II. Parameters A, of Eq. (4) and the corresponding root mean square deviations, o
T/K A A A, Ag A, ox102
Dimethyl phthalate (1) + tetrahydrofuran (2)
VE /10 m3 mol-t

288.15 —2.6986 0.3765 0.3855 1.0737 - 0.85
293.15 —2.7797 0.3896 0.4101 11170 - 0.87
298.15 —2.8622 0.4216 0.3845 1.1240 - 0.85
303.15 —2.9520 0.4544 0.3826 1.1361 - 0.85
308.15 —3.0495 0.4699 0.3800 1.1922 — 0.87
313.15 -3.1571 0.4934 0.3777 1.2369 - 0.89
318.15 -3.2404 0.6075 0.2676 1.0932 - 0.76
323.15 —3.3078 0.6088 0.3930 0.9423 — 0.79
AnD
288.15 0.0849 —0.0325 0.0124 —0.0063 - 0.01
293.15 0.0853 -0.0327 0.0117 —0.0068 - 0.01
298.15 0.0855 -0.0327 0.0126 -0.0076 - 0.01
303.15 0.0861 -0.0329 0.0120 —0.0082 - 0.01
308.15 0.0862 -0.0313 0.0123 -0.0128 - 0.01
313.15 0.0858 -0.0313 0.0132 -0.0124 - 0.01
318.15 0.0863 —0.0308 0.0128 -0.0132 - 0.01
323.15 0.0861 —0.0309 0.0155 —0.0152 — 0.02
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TABLE Il. Continued

T/K Ay A A Az Ay ox102
Dimethyl phthalate (1) + tetrahydrofuran (2)
AnlmPas
288.15 -33.4291 -20.0319 -11.3009 —4.4937 - 2.43
293.15 -23.9657 -13.2136 —6.6039 —2.2368 - 2.10
298.15 -17.6840 -8.8378 -3.8201 -1.2562 - 1.89
303.15 -13.3160 —6.1789 —2.4057 —-0.4603 - 151
308.15 -10.2461 —4.3833 -1.4981 -0.0010 - 1.27
313.15 -8.0454 —2.9403 -0.6578 -0.7116 - 1.87
318.15 —6.3678 —2.2431 -0.6323 0.1581 - 0.89
323.15 -5.1077 -1.7111 -0.5757 0.5363 — 0.80

Dimethyl adipate (1) + tetrahydrofuran (2)
VE /106 m3 mol-!

288.15 —-0.1986 0.1311 -0.1620 —0.0862 0.2422 0.02
293.15 -0.2335 0.1434 -0.1640 -0.0810 0.2390 0.01
298.15 -0.2725 0.1567 -0.1634 -0.0822 0.2297 0.01
303.15 -0.3152 0.1705 -0.1616 -0.0768 0.2215 0.01
308.15 —-0.3593 0.1872 -0.1697 -0.0761 0.2196 0.02
313.15 —-0.4086 0.2037 -0.1764 —-0.0697 0.2204 0.02
318.15 -0.4612 0.2247 -0.1821 —-0.0683 0.2178 0.02
323.15 —0.5190 0.2463 —0.1947 —0.0594 0.2206 0.03
Anp
288.15 0.0153 -0.0057 0.0028 -0.0019 - 0.001
293.15 0.0158 —0.0060 0.0030 -0.0019 - 0.001
298.15 0.0163 —0.0060 0.0030 -0.0023 - 0.001
303.15 0.0169 -0.0068 0.0027 -0.0010 - 0.001
308.15 0.0174 —-0.0066 0.0026 -0.0017 - 0.001
313.15 0.0178 -0.0067 0.0026 —-0.0020 - 0.001
318.15 0.0180 —-0.0069 0.0028 —-0.0020 - 0.001
323.15 0.0184 —0.0067 0.0026 —0.0022 - 0.001
AnlmPas
288.15 —-1.7896 -0.0179 0.0909 -0.0164 —0.0088 0.08
293.15 —1.4060 0.0285 0.0519 —-0.0027 0.0264 0.04
298.15 -1.1035 0.0621 0.0004 -0.0073 0.0962 0.04
303.15 -0.8827 0.0868 -0.0111 —0.0347 0.0494 0.14
308.15 —0.6952 0.1021 —-0.0925 -0.0198 0.1344 0.15
313.15 —0.5431 0.1447 —-0.0766 —0.0850 0.0353 0.14
318.15 —0.4063 0.0614 -0.3521 0.0455 0.3789 0.12
323.15 —0.2925 0.1094 0.0610 —0.2807 0.0478 0.10

The dependence VE—x7, Anp—x1 and Ar—xq, respectively, for the systems
measured in thiswork are shownin Fig. 1.

The calculated VE/xqxo, Anp/x1xo and Anixyxo values, respectively, are plotted
as a function of the mole fraction of an ester in Fig. 2. The nonlinear curves
obtained for all the investigated systems represent their evident non-ideal
behaviour.
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Fig. 1. Datafor the binary systems: @) VE values for dimethyl phthalate (1) + tetrahydrofuran
(2), b) VE valuesfor dimethyl adipate (1) + tetrahydrofuran (2), ¢) Anp values for dimethyl
phthalate (1) + tetrahydrofuran (2) and d) Anp values for dimethyl adipate (1) + tetrahyd-
rofuran (2). The symbols refer to experimental data points at: ¢, 288.15; 4, 293.15;

0, 298.15; e, 303.15; v, 308.15; A, 313.15; o, 318.15; m, 323.15 K. The lines present the
results calculated by Eq. (4) with the parameters presented in Table 1.
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Fig. 1. (Continued). €) A values for dimethyl phthalate (1) + tetrahydrofuran (2) and
f) dimethyl adipate (1) + tetrahydrofuran (2).
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Fig. 2. Datafor the binary systems: a) values of (VE/x;x,) for dimethyl phthalate (1) +
tetrahydrofuran (2) and b) dimethyl adipate (1) + tetrahydrofuran (2). The symbols refer to
experimental data points at: ¢, 288.15; ¢, 293.15; o, 298.15; e, 303.15; v, 308.15; A,
313.15; o, 318.15; m, 323.15 K. The lines present the results calculated by Eq. (4) with the
parameters presented in Table 1.
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Fig.2. (Continued). c) Values of (Anp/xyxo) for dimethyl phthalate (1) + tetrahydrofuran (2), d)
values of (Anp/xyxo) for dimethyl adipate (1) + tetrahydrofuran (2), €) values of (A7n/x1x,) for
dimethyl phthalate (1) + tetrahydrofuran (2), and f) values of (A7/x1x,) for dimethyl adipate
(1) + tetrahydrofuran (2).
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The compounds analyzed herein have good hydrogen bond abilities and
polar nature. However, there is no possibility for hydrogen bonds in their mix-
tures since all analyzed compounds only act as good hydrogen bond acceptors
and not proton donors. Tetrahydrofuran?4 has a dipole moment of 5.7x10-30 C m,
whereas those of dimethyl phthalate?® and dimethyl adipate?6 are somewhat
higher 9.3x10-30 and 7.3x10-30 C m, respectively. Due to these distinguished
polarities of the compounds, association through dipolar forces might be
expected. As shown in Fig. 1a, both binaries are characterized by negative VE
values over the entire concentration range. The curve VE—x; for the system
dimethyl phthalate + tetrahydrofuran is symmetrical, while that for the system
with dimethyl adipate is slightly asymmetrical and shifted towards lower mole
fractions of the ester. Tetrahydrofuran is a saturated heterocyclic compound
having the characteristics of an aliphatic ether with two free electron pairs on the
oxygen atom. In a binary system with an ester, dipole—dipole interactions occur
resulting in negative VE values. The negative sign of VE aso indicates a net
packing effect contributed by structural changes arising from interstitial accom-
modation. It is obvious from Fig. 1 that the contraction in volume for the system
with dimethyl phthalate is ailmost an order of magnitude larger than that for the
system with dimethyl adipate. It could be presumed that the dipole—dipole
interactions between dimethyl phthalate and tetrahydrofuran are much stronger
than the interactions between dimethyl adipate and tetrahydrofuran, due to the
higher value of the dipole moment for dimethyl phthalate. With increasing
temperature, the VE val ues decrease due to the increased molecule activity.

Both binary systems are characterized by a dightly asymmetrical positive
Anp—X; curve, shifted towards lower mole fractions of ester, over the entire con-
centration range (Fig. 1c and d). The refractive index deviations for the binary
containing dimethyl phthalate are an order of magnitude higher than those
recorded for the system with dimethyl adipate. The influence of temperature on
Anp for the system containing dimethyl phthalate is amost negligible, while the
Anp values increase with increasing temperature for the binary containing dime-
thyl adipate.

As it is shown in Fig. 1e and f, the A7—xq values are negative for both
systems over the entire concentration range, although symmetrical for the system
with dimethyl adipate and asymmetrical and shifted towards the higher mole
fraction of ester for the system containing dimethyl phthalate. Negative An
values mean that a mixture is more viscous than the pure substances. As in the
case of the excess molar volumes and changes of refractive indices, deviationsin
viscosities are much more pronounced for the system with dimethyl phthalate,
which confirms that the interactions between dimethyl phthalate and tetrahyd-
rofuran are greatly stronger than those between dimethyl phthalate and tetrahyd-
rofuran. Additionally, the influence of temperature is much more pronounced for
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the system containing dimethyl phthalate. In both instances, the An vaues
become less negative with increasing temperature.

CONCLUSIONS

The densities, refractive indices and viscosities for the binary mixtures
dimethyl phthalate (or dimethyl adipate) + tetrahydrofuran were measured at
eight temperatures (288.15-323.15 K) at atmospheric pressure. The excess molar
volumes, refractive index deviations and viscosity deviations were calculated
from the experimental data. For both investigated systems, the excess molar
volumes and viscosity deviations were negative, while the refractive index devi-
ations were positive.

SUPPLEMENTARY MATERIAL

Densities, excess molar volumes, refractive indices, refractive index deviations, visco-
sities, and viscosity deviations, for the investigated binary mixtures at different temperatures
and atmospheric pressure are available electronically from http://www.shd.org.rs/JSCS/, or
from the corresponding author on reguest.

Acknowledgement. The authors gratefully acknowledge the financial support received
from the Research Fund of the Ministry of Education, Science and Technological Develop-
ment of the Republic of Serbia and the Faculty of Technology and Metallurgy, University of
Belgrade (Project No 172063).

H3BOI

I'YCTUHE, MHIEKCHU PE®PAKIIMJE U BUCKO3HOCTHU BMHAPHHUX CMEIIA
OUMETHUJI®TAJIATA WIW JUMETWIAOUITATA CA TETPAXUIPO®YPAHOM

AHBEJIA b. KHEXXEBUR-CTEBAHOBHWH, JEJIEHA . CMUJbAHWR, CJIOBOJAH I1. IIEPBAHOBHH,
WBOHA P. PATIOBUR u1 MUPJAHA Jb. KHWJEBYAHWH

TexHOTOIWIKO—-METATYPIIKH QAaKyATeT, YHHBEPIHTET y beorpany, Kaprerrjepa 4, 11120 beorpag

I'yctune, uHAekcH pedpakidje ¥ BUCKO3HOCTH DWHAPHUX CMella JuMeTwidTanara (Win
IUMeTWIagunara) + TeTpaxunpodypaH cy MepeHe Ha ocam TemmnepaTypa (288,15-323,15 K)
Y Ha aTtMocdepckoM mpuUTHCKy. CBa Mepemwa Cy K3BpuieHa Ha Anton Paar DMA 5000 puru-
TaJIHOM TYCTHHOMEpY, oOHOCHO Anton Paar RXA 156 pedpakromerpy u Anton Paar SVM
3000/G2 pgurutaJHOM BHUCKO3UMeTpPy. M3 eKkcrnepuMeHTaTHUX BPENHOCTH TI'yCTHHA, WHAEKCa
pedpaxuyje U BUCKO3HOCTH M3pauyyHaTe Cy NONYyHCKe MOJIapHE 3alpeMHMHE, OJHOCHO IpOo-
MeHe MHIekca pedpakiivje 1 BUCKO3HOCTH HaBeJEeHUX CMella.

(TTpumibeHO 7. anpuia, peBuaupaHo 23. anpuna 2013)
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SUPPLEMENTARY MATERIAL TO
Densities, refractive indices and viscosities of the binary
mixtures of dimethyl phthalate or dimethyl adipate
with tetrahydrofuran

ANDJELA B. KNEZEVIC-STEVANOVIC',' JELENA D. SMILJANIC, SLOBODAN P.
SERBANOVIC, IVONA R. RADOVIC# and MIRJANA LJ. KIJEVCANIN*#

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
P. O. Box 35-03, 11120 Belgrade, Serbia

J. Serb. Chem. Soc. 79 (1) (2014) 77-87
TABLE S-. Densities, p, excess molar volumes, VE, refractive indices, np, refractive index

deviations, Anp, viscosities, 7, and viscosity deviations, An, for the investigated binary
mixtures at different temperatures (288.15 to 323.15 K) and atmospheric pressure

X1 pl103kgm3 VE/108m3molt  np Anp n/mPas An/mPas
Dimethyl phthalate (1) + tetrahydrofuran (2)
T=288.15K
0.0000 0.893223 - 1.41035 - 0.52938 -
0.1001 0.951806 -0.2981 143213 0.0110 0.78600 —2.0116
0.2019 1.000397 —0.4856 1.44958 0.0175 1.1555 —3.9489
0.2966 1.038220 -0.6014 146331 0.0211 1.6460 —5.6042
0.3989 1.072728 -0.6633 1.47543 0.0222 2.4016 —7.1667
0.5009 1.101964 -0.6745 1.48538 0.0212 3.5339 -8.3457
0.5992 1.125852 -0.6028 1.49360 0.0189 5.0064 —9.1006
0.7006 1.147415 -0.5133 150114 0.0155 7.2867 -9.1180
0.8013 1.165669 -0.3358 150733 0.0109 10.581 —8.1055
0.9004 1.181524 -0.1394 151266 0.0056 15.675 -5.2571
1.0000 1.196257 — 1.51779 — 23.189 —
T=293.15K

0.0000 0.887792 - 1.40769 - 0.50849 -
0.1001 0.946485 —0.3080 142959 0.0111 0.74260 —1.4794
0.2019 0.995169 —0.5000 1.44709 0.0176 1.0727 —2.8918
0.2966 1.033099 -0.6201 146091 0.0212 1.5055 —4.0800
0.3989 1.067701 -0.6834 147309 0.0223 2.1555 -5.1812
0.5009 1.097024 -0.6947 1.48303 0.0213 3.1066 -5.9761
0.5992 1.120978 -0.6204 1.49133 0.0189 4.3128 —6.4525
0.7006 1.142600 -0.5274 1.49890 0.0156 6.1205 —6.3805

* Corresponding author. E-mail: mirjana@tmf.bg.ac.rs
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TABLE S-. Continued

X1 pl10¥kgm3 VE/108m3moll  np Anp n/mPas AR/ mPas
Dimethyl phthalate (1) + tetrahydrofuran (2)
T=293.15K
0.8013 1.160910 —0.3454 150512 0.0109 8.6381 -5.5867
0.9004 1.176814 -0.1440 151051 0.0056 12.375 -3.5461
1.0000 1.191593 — 1.51565 — 17.626 —
T=298.15K
0.0000 0.882330 - 1.40498 - 0.48821 -
0.1001 0.941143 -0.3188 142706 0.0112  0.70282 -1.1175
0.2019 0.989952 -0.5181 144459 0.0177  0.99857 —2.1765
0.2966 1.027969 —-0.6403 145851 0.0213 1.3832 -3.0521
0.3989 1.062668 —-0.7050 1.47070 0.0224 1.9472 —3.8495
0.5009 1.092073 -0.7154 1.48069 0.0213 2.7556 —-4.3985
0.5992 1.116104 —-0.6395 1.48906 0.0190 3.7563 —4.7059
0.7006 1.137790 —-0.5429 149668 0.0156 5.2137 —4.5979
0.8013 1.156155 —0.3560 150295 0.0110 7.1807 -3.9710
0.9004 1.172107 —0.1490 1.50834 0.0056 9.9981 —2.4724
1.0000 1.186933 - 1.51354 - 13.796 -
T=303.15K
0.0000 0.876836 - 1.40227 - 0.46834 -
0.1001 0.935781 —-0.3307 142451 0.0113  0.66597 -0.8632
0.2019 0.984707 —-0.5362 144210 0.0178  0.93136 -1.6766
0.2966 1.022833 —-0.6625 1.45604 0.0214 1.2760 —2.3356
0.3989 1.057632 -0.7285 1.46832 0.0225 1.7694 —2.9263
0.5009 1.087120 -0.7378 1.47837 0.0214 2.4631 -3.3136
0.5992 1.111228 —0.6598 1.48677 0.0191 3.3033 —3.5152
0.7006 1.132980 —0.5596 1.49444 0.0157 4.4963 —3.3968
0.8013 1.151403 —-0.3675 150076 0.0110 6.0632 —2.8970
0.9004 1.167407 -0.1550 150619 0.0056 8.2385 -1.7720
1.0000 1.182276 — 1.51146 — 11.066 —
T=308.15K
0.0000 0.871306 - 1.39957 - 0.44865 -
0.1001 0.930389 -0.3431 142195 0.0114  0.61968 -0.6914
0.2019 0.979440 —0.5555 143956 0.0178  0.86978 -1.3183
0.2966 1.017681 —-0.6861 145353 0.0214 1.1814 -1.8226
0.3989 1.052580 -0.7530 1.46589 0.0225 1.6162 —2.2691
0.5009 1.082165 -0.7622 147597 0.0214 2.2168 —2.5473
0.5992 1.106351 -0.6817 148450 0.0191 2.9301 —2.6809
0.7006 1.128170 -0.5774 149223 0.0157 3.9201 —2.5645
0.8013 1.146650 —-0.3796 1.49859 0.0110 5.1889 —2.1632
0.9004 1.162703 -0.1607 1.50400 0.0055 6.9065 —1.2994
1.0000 1.177622 - 1.50943 - 9.0640 -

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

() OOO)

Copyright (C)2014 SCS

= MG MDD



58 SUPPLEMENTARY MATERIAL

TABLE S-. Continued

X1 pl10¥kgm3 VE/108m3moll  np Anp n/mPas AR/ mPas
Dimethyl phthalate (1) + tetrahydrofuran (2)

T=313.15K
0.0000 0.865736 - 1.39685 - 0.42859 -
0.1001 0.924971 —-0.3568 141934 0.0114  0.65314 -0.4891
0.2019 0.974157 -0.5767 143700 0.0178  0.81357 -1.0544
0.2966 1.012514 -0.7114 145096 0.0213 1.0972 -1.4460
0.3989 1.047524 —-0.7800 1.46338 0.0224 1.4828 —1.7897
0.5009 1.077208 —-0.7890 147349 0.0213 2.0074 —-1.9923
0.5992 1.101471 —-0.7053 148220 0.0191 2.6187 —2.0818
0.7006 1.123357 —-0.5964 149001 0.0157 3.4504 -1.9731
0.8013 1.141900 —-0.3931 149646 0.0111 4.4942 —-1.6472
0.9004 1.158004 -0.1674 150189 0.0055 5.8703 -0.9776
1.0000 1.172969 - 1.50736 - 7.5580 -

T=318.15K
0.0000 0.860127 - 1.39417 - 0.40722 -
0.1001 0.919522 —-0.3713 141669 0.0114  0.55702 —0.4500
0.2019 0.968881 —-0.6025 143433 0.0177 0.76188 —0.8552
0.2966 1.007333 -0.7388 1.44842 0.0213 1.0212 -1.1634
0.3989 1.042457 -0.8089 1.46096 0.0225 1.3652 —1.4324
0.5009 1.072177 —-0.8098 147117 0.0214 1.8279 -1.5810
0.5992 1.096585 -0.7305 1.47999 0.0193 2.3566 -1.6413
0.7006 1.118541 -0.6168 1.48780 0.0158 3.0628 —1.5428
0.8013 1.137144 —-0.4070 149430 0.0111 3.9331 —1.2759
0.9004 1.153304 —-0.1745 1.49978 0.0056 5.0561 —-0.7467
1.0000 1.168316 - 1.50524 - 6.3997 -

T=32315K
0.0000 0.854771 - 1.39130 - 0.38401 -
0.1001 0.914043 —-0.3608 141407 0.0116  0.49574 -0.3977
0.2019 0.963530 -0.6012 143151 0.0176  0.71370 -0.7018
0.2966 1.002133 -0.7473 1.44588 0.0214 0.95223 —0.9472
0.3989 1.037375 -0.8218 145833 0.0224 1.2606 -1.1615
0.5009 1.067215 -0.8267 1.46865 0.0213 1.6739 —-1.2694
0.5992 1.091695 —0.7455 1.47763 0.0193 2.1356 —1.3099
0.7006 1.113723 —-0.6295 148554 0.0158 2.7388 —1.2248
0.8013 1.132391 -0.4161 149210 0.0111 3.4739 —1.0042
0.9004 1.148606 -0.1791 1.49765 0.0056 4.4040 —-0.5804
1.0000 1.163668 - 1.50320 - 5.4933 -

Dimethyl adipate (1) + tetrahydrofuran (2)

T=288.15K
0.0000 0.893293 - 1.40963 - 0.52194 -
0.1000 0.925379 -0.0236 141374 0.0020  0.69104 —-0.1538
0.2000 0.952013 —-0.0457 141702 0.0032  0.88883 -0.2790
0.3000 0.974375 —0.0557 1.41970 0.0038 1.1197 —0.3711
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TABLE S-. Continued

X1 pl10¥kgm3 VE/108m3moll  np Anp n/mPas AR/ mPas
Dimethyl adipate (1) + tetrahydrofuran (2)
T=288.15K
0.3994 0.993294 -0.0551 1.42195 0.0040 1.3843 —-0.4275
0.5001 1.009824 —-0.0496 1.42390 0.0038 1.6904 —0.4466
0.5909 1.022900 -0.0438 1.42543 0.0035 1.9975 —-0.4327
0.5999 1.024112 -0.0430 1.42560 0.0035 2.0280 -0.4313
0.7003 1.036767 -0.0360 1.42703 0.0028 2.4094 -0.3741
0.7999 1.047887 -0.0263 1.42832 0.0020 2.8224 -0.2828
0.8937 1.057253 -0.0138 1.42940 0.0011 3.2410 -0.1671
0.8996 1.057811 -0.0130 1.42945 0.0011 3.2679 —-0.1593
1.0000 1.066794 - 1.43050 - 3.7514 -
T=293.15K
0.0000 0.887862 - 1.40698 - 0.50196 -
0.1000 0.920056 -0.0282 141123 0.0021  0.65616 -0.1245
0.2000 0.946777 —-0.0528 141460 0.0033  0.83538 -0.2241
0.3000 0.969213 —0.0642 141735 0.0039 1.0425 —-0.2957
0.3994 0.988197 -0.0643 1.41967 0.0041 1.2771 -0.3381
0.5001 1.004778 —-0.0582 1.42166 0.0040 1.5448 -0.3512
0.5909 1.017898 -0.0517 1.42323 0.0036 1.8108 -0.3382
0.5999 1.019114 -0.0508 1.42341 0.0036 1.8380 —-0.3361
0.7003 1.031808 -0.0423 1.42487 0.0029 2.1629 -0.2911
0.7999 1.042963 —-0.0308 142619 0.0021 2.5137 -0.2179
0.8937 1.052357 -0.0161 142731 0.0012 2.8656 -0.1275
0.8996 1.052916 -0.0152 142735 0.0011 2.8878 -0.1217
1.0000 1.061928 - 1.42842 - 3.289%4 -
T=298.15K
0.0000 0.882402 - 1.40432 - 0.47984 -
0.1000 0.914707 -0.0329 140869 0.0022  0.62287 -0.1000
0.2000 0.941520 —0.0605 141217 0.0034  0.78522 -0.1807
0.3000 0.964035 -0.0735 141500 0.0041  0.97313 -0.2358
0.3994 0.983085 -0.0741 141737 0.0043 1.1828 -0.2677
0.5001 0.999728 -0.0683 1.41942 0.0041 1.4199 -0.2753
0.5909 1.012886 —-0.0603 1.42105 0.0037 1.6519 -0.2640
0.5999 1.014108 —-0.0595 142121 0.0037 1.6760 —-0.2618
0.7003 1.026843 —-0.0494 1.42271 0.0030 1.9557 —-0.2261
0.7999 1.038034 -0.0360 1.42408 0.0021 2.2549 —-0.1689
0.8937 1.047457 -0.0192 142520 0.0012 2.5548 —-0.0970
0.8996 1.048018 -0.0181 142525 0.0011 2.5742 —-0.0919
1.0000 1.057056 - 1.42636 - 2.9101 -
T=303.15K
0.0000 0.876909 - 1.40164 - 0.45948 -
0.1000 0.909335 -0.0382 140615 0.0022  0.59091 -0.0830
0.2000 0.936245 —0.0689 140971 0.0035  0.74026 —0.1481
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TABLE S-. Continued

X1 pl10¥kgm3 VE/108m3moll  np Anp n/mPas AR/ mPas
Dimethyl adipate (1) + tetrahydrofuran (2)
T=303.15K
0.3000 0.958844 -0.0837 141265 0.0042  0.91111 -0.1916
0.3994 0.977965 -0.0851 141510 0.0044 1.0999 -0.2159
0.5001 0.994666 -0.0788 1.41720 0.0042 1.3111 —-0.2207
0.5909 1.007872 -0.0701 1.41884 0.0038 1.5168 —-0.2097
0.5999 1.009098 —-0.0691 141901 0.0038 1.5407 —-0.2051
0.7003 1.021874 -0.0571 1.42055 0.0031 1.7800 -0.1811
0.7999 1.033101 -0.0414 142194 0.0022 2.0420 -0.1326
0.8937 1.042555 —-0.0222 142310 0.0012 2.2980 -0.0778
0.8996 1.043118 —-0.0209 142319 0.0012 2.3143 -0.0741
1.0000 1.052185 - 1.42429 - 2.6037 -
T=308.15K
0.0000 0.871379 - 1.39896 - 0.43953 -
0.1000 0.903933 —0.0440 140358 0.0023  0.55977 -0.0701
0.2000 0.930947 -0.0781 140725 0.0036  0.69823 -0.1219
0.3000 0.953632 —-0.0947 141025 0.0043  0.85393 -0.1565
0.3994 0.972827 —-0.0968 1.41277 0.0045 1.0259 -0.1737
0.5001 0.989586 —-0.0895 1.41495 0.0044 1.2174 -0.1738
0.5909 1.002844 —-0.0803 1.41664 0.0039 1.3997 -0.1643
0.5999 1.004072 -0.0790 1.41680 0.0039 14211 —-0.1600
0.7003 1.016894 —-0.0652 1.41840 0.0032 1.6296 -0.1426
0.7999 1.028161 —-0.0473 1.41984 0.0023 1.8579 -0.1038
0.8937 1.037648 —-0.0256 142100 0.0013 2.0804 —0.0599
0.8996 1.038212 —-0.0242 142105 0.0012 2.0947 —0.0567
1.0000 1.047308 - 1.42222 - 2.3425 -
T=31315K
0.0000 0.865809 - 1.39627 - 0.41845 -
0.1000 0.898500 —-0.0504 140100 0.0023  0.52938 -0.0594
0.2000 0.925623 -0.0881 140477 0.0037  0.65877 -0.1003
0.3000 0.948400 -0.1067 140786 0.0044  0.80241 -0.1269
0.3994 0.967674 -0.1097 141043 0.0046  0.95798 -0.1406
0.5001 0.984497 -0.1018 1.41269 0.0045 1.1343 -0.1358
0.5909 0.997805 -0.0914 1.41442 0.0040 1.2991 —-0.1256
0.5999 0.999039 —0.0900 1.41459 0.0040 1.3155 —-0.1245
0.7003 1.011908 -0.0743 1.41624 0.0032 1.5057 —-0.1053
0.7999 1.023215 —-0.0539 141771 0.0023 1.7003 —0.0803
0.8937 1.032733 —-0.0291 1.41839 0.0013 1.8924 —0.0479
0.8996 1.033299 -0.0274 1.41895 0.0012 1.9053 —-0.0451
1.0000 1.042427 — 1.42017 — 21214 —
T=2318.15K
0.0000 0.860201 - 1.39357 - 0.39564 -
0.1000 0.893035 —0.0571 139841 0.0024  0.49891 —0.0505
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TABLE S-. Continued

X1 pl10¥kgm3 VE/108m3moll  np Anp n/mPas AR/ mPas
Dimethyl adipate (1) + tetrahydrofuran (2)
T=318.15K
0.2000 0.920275 —-0.0990 140226 0.0038  0.62048 -0.0827
0.3000 0.943148 -0.1198 140544 0.0045  0.75434 -0.1026
0.3994 0.962501 -0.1233 1.40808 0.0047  0.90596 -0.1038
0.5001 0.9793% -0.1151 1.41038 0.0045 1.0630 -0.1016
0.5909 0.992751 -0.1030 141217 0.0041 1.2060 —0.0982
0.5999 0.993991 -0.1017 1.41235 0.0040 1.2209 -0.0971
0.7003 1.006909 —-0.0838 1.41408 0.0033 1.3824 —0.0900
0.7999 1.018258 —-0.0607 1.41557 0.0023 1.5555 —-0.0700
0.8937 1.027811 -0.0329 141682 0.0013 1.7310 —-0.0388
0.8996 1.028379 —-0.0310 141691 0.0012 1.7425 -0.0363
1.0000 1.037539 - 1.41819 - 1.9332 -
T=32315K

0.0000 0.854545 - 1.39088 - 0.34173 -
0.1000 0.887537 —0.0650 1.39578 0.0024  0.47056 -0.0160
0.2000 0.914900 -0.1113 139974 0.0038  0.58774 —-0.0436
0.3000 0.937873 -0.1342 140300 0.0046  0.71316 —-0.0631
0.3994 0.957311 -0.1385 140576 0.0048  0.84589 -0.0743
0.5001 0.974273 -0.1294 140812 0.0046  0.99290 —-0.0731
0.5909 0.987687 -0.1162 1.40998 0.0042 1.1317 —0.0658
0.5999 0.988931 -0.1147 141015 0.0041 1.1464 —-0.0641
0.7003 1.001900 —-0.0944 141191 0.0033 1.3023 —0.0537
0.7999 1.013293 —-0.0683 1.41348 0.0024 1.4580 —0.0422
0.8937 1.022881 —-0.0370 1.41476 0.0013 1.6088 —-0.0273
0.8996 1.023450 —-0.0348 141483 0.0012 1.6189 -0.0257
1.0000 1.032645 — 1.41614 — 1.7900 —
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Abstract: In this study, the sorption behaviour of 1,3-benzothiazole (BT) and
2-(methylthio)benzothiazole (MTBT, 2-methylsulphanyl-1,3-benzothiazole) on
Danube geosorbent under equilibrium and non-equilibrium conditions was
investigated. All sorption isotherms fitted well with the Freundlich model (R2:
0.932-0.993). The results showed that the organic matter of the Danube
geosorbent has a higher sorption affinity for the more hydrophobic MTBT
compared to BT. However, sorption-desorption experiments showed that
MTBT was more easily desorbed than BT molecules, which indicates the
importance of absorption relative to adsorption in the overall sorption
mechanism of MTBT. In general, molecules of BT and MTBT were more
easily desorbed in the lower concentration range, which resulted in an increase
in the hysteresis indices with increasing concentration. Column experiments
revealed that the retention of the investigated compounds on the aquifer
material followed the hydrophobicity of the compound. BT showed a lower
retention, in accordance with its lower sorption affinity obtained in the static
experiments, while MTBT showed a greater sorption affinity, and thus had a
longer retention time on the column. Thus during transport, BT represent a
greater risk for groundwaters than MTBT. These results improved the under-
standing of the sorption and desorption processes of benzothiazoles, which
represent one of the most important factors that influence the behaviour of
organic compounds in the environment.

Keywords. geosorbents; sorption; hysteresis; transport; benzothiazoles.

INTRODUCTION

Sorption of hydrophobic organic compounds on sediment organic matter
(SOM) is an essential process that controls the transport and fate of these com-
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pounds in an aquatic environment. Soil, sediments and solid particles suspended
in water are called geosorbents. Geosorbents consist of a heterogeneous solid
phase consisting of mineral and organic matter, which is the primary sorbent if
the content is higher than 0.1 %.1 There are several mechanisms to explain the
sorption behaviour of hydrophobic organic compounds (HOCs) on geosorbent
organic matter.23 The most acceptable mechanism is the SOM dual-mode con-
cept. The chemical heterogeneity of SOM affects the rates and equilibrium of
sorption and desorption of HOCs in soils and sediments4® The concept of
expanded (flexible, rubbery-like) and condensed (rigid, glassy-like) domains of
SOM has been employed to operationally describe the chemical heterogeneity of
SOM having two domains with distinctly different degrees of physicochemical
condensation and markedly different HOC sorption behaviour.6-9 The sorption of
HOCs in expanded domains of SOM generates linear isotherms due to solid-
phase dissolution (absorption), while nonlinear isotherms are observed for the
sorption in condensed domains due to a hole-filling (adsorption) process. In a
condensed domain, the “holes’ are closed internal pores — voids of nanometre
dimensions where sorbate molecules undergo an adsorption-like interaction with
the polymer strands making up the void walls. Therefore, the total sorption isthe
sum of sorption in the absorption domain and sorption in the adsorption
domain.10 However, some authors consider that the exact mechanism of the sorp-
tion of these compounds on geosorbent has not yet been described.11,12

In recent years, great attention has been paid to the identification of specific
pollutants in aquatic systems. Monitoring of the water and sediment of the
Danube River identified specific organic pollutants, such as compounds from the
class of benzothiazoles (BTs).13

BTs comprise a group of heterocyclic compounds the molecular structure of
which includes benzene condensed with a thiazole ring. Large amounts of BTs
are used as vulcanization accelerators in rubber production, where they are added
in amounts of over 1 %.14 Thus, BTs are found in urban run-off, in residential
and highway road dust and in urban particulate matter, most probably as a result
of vehicle tire wear.1415 The daily increase in their use in industrial processes
makes them important environmental pollutants listed as emerging pollutants at
the European level .16

However, data on the behaviour of benzothiazoles in the aguatic environ-
ment is scarce, and the results published are not conclusive. One group of authors
who investigated the sorption of BTs onto suspended matter and sediments sug-
gested that sorption is the relevant process that affects the fate and behaviour of
BTs,14.17 while the results of other authors suggest that the sorption mechanism
is not relevant for BTs.18 In addition, Ni et al.17 suggest that due to their relati-
vely hydrophilic character (log Koy (partition coefficient) in the range 2.0-3.20),
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BTs are pollutants relevant for the water phase. Therefore there is a need for
further investigation of the sorption behaviour of this class of compounds.

The key objectives of this work were to investigate: 1) the sorption beha-
viour of 1,3-benzothiazole (BT) and 2-(methylthio)benzothiazole (MTBT, 2-
-methylsulphanyl-1,3-benzothiazole) on the Danube River geosorbent under
equilibrium conditions; 2) the desorption of benzothiazoles and sorption-desorp-
tion hysteresis which might give further insights into the sorption mechanism; 3)
the transport of BT and MTBT through a column of Danube sandy aquifer
material in order to examine the behaviour of BT and MTBT under non-equi-
librium conditions.

EXPERIMENTAL
Sorbates and sorbent

BT and MTBT (96%) were obtained from Sigma-Aldrich. Certain physical—chemical
properties of the benzothiazoles are listed in Table I. BT is more polar (log Kow = 2.17) and
more soluble in water (S = 4300 mg-L-1) than MTBT (log Kow = 3.22; Sy = 125 mg'L-1).

TABLE I. Basic characteristic of the selected benzothiazoles; M — molecular weight; S,, —
water solubility;18 p — density;20 log Koy 1819 — octanol-water partition coefficient; T, — boil-
ing point20

Compound M/gmoll Sy/mgLtl logKow p/gem3  Ty/°C
BT 135 4300 2.17 1.238 227-228
MTBT 181 125 3.22 1.319 177

The sediment sample was taken from the left bank of the Danube River in the vicinity of
the Veliko Ratno Idland, which is a drinking water source for the city of Novi Sad. This
sediment was used as a sorbent in order to investigate the risk of pollutant infiltration from the
Danube into the underground water wells. Danube geosorbent was chosen as it represents a
typical sandy aquifer material with a low content of organic carbon (OC). Severa samples
were taken from different depths ranging from 0 to 30 cm and a composite sample was
prepared in order to obtain a representative sample.

The moisture and organic matter contents in the geosorbent sample were determined
gravimetrically.?! The OC content was determined using a total organic carbon (TOC) anal-
yzer (LiquiTOCII, Elementar, Germany) after acid pre-treatment of the geosorbent to remove
inorganic carbon. Particle size analysis between 2000 and 63 pm was performed by the wet
sieving method (Sieve Shaker mode, PR. 09, CISA), while the analysis articles smaller than
63 pm was performed according to SO method 13317-2:2001.22 The precision of the particle
size determination expressed as RSD was 5 %.

The specific surface area, pore volume and pore size were determined by N, adsorption
isotherms a 77 K obtained using an Autosorb iQ surface area analyzer (Quantochrome
Instruments, USA). The geosorbent sample was out-gassed at 105 °C for 2 h before running
the isotherms. The specific surface area was calculated from the N, sorption isotherms using
the multi-point Brunauer—Emmett-Teller (BET) method. The pore size and pore volume were
derived from sorption isotherms using the Barrett—Joyner—Halenda (BJH) model. The micro-
pore volume was cal culated using the t-test method.
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Sorption and desor ption experiments

All sorption isotherms were run in duplicate at room temperature (20+2 °C) in 40 mL
glass vials with a screw cap with a Teflon-lined silicon septum covered with silver foil. The
background solution was 0.01 M CaCl, in deionised water with 200 mg:-L-1 NaN; as a bio-
cide. Due to the low solubility, before spiking the background solution, stock solutions of BT
and MTBT (1000 pg-mL-1) were prepared in MeOH. The initial BT and MTBT concentra-
tions ranged from 50 to 1000 ug-L™1. The volume of the BT and MTBT stock solutions used
for background solution spiking was < 0.1% (v/v), which was shown to have no measurable
influence on the sorption behaviour of hydrophobic organic compounds.®

The amount of geosorbent used in each experiment corresponded to a sample/solution
ratio that resulted in 2080 % uptake of solute. The head space was kept minimal in order to
minimize the loss of compounds during the experiment due to evaporation. An equilibration
period of 10 days was defined from a preliminary kinetics experiment to determine the time
required to reach sorption-desorption equilibrium. The solids were then separated from the
aqueous solution by centrifugation at 3000 rpm for 15 min and 30 mL of supernatant was
removed using a glass pipette and replaced with the same volume of the fresh solute-free
background solution to begin the desorption step by the conventional decant-refill method.23
The weights of each vial were determined before and after refilling. The vias were further
agitated under the same conditions. At the end of the desorption step, the solids were removed
by centrifugation under the same conditions and an aliquot of supernatant was withdrawn for
BT or MTBT determination. The solid-phase solute concentrations before and after desorption
were calculated from a mass balance of the solute between the solid and the aqueous phases.

To determine the initial concentration of BT and MTBT for each point of the sorption
isotherm and to account for sorbates losses other than sorption to the sorbent, two control
flasks without any sorbent were prepared and treated in the same manner. The recoveries of
the initial concentrations of BT and MTBT from the control flasks were in the range of the
recoveries for BT and MTBT analysis, indicating no losses of sorbate due to the processes
other than sorption to the sorbents (e.g., volatilisation, biodegradation, adsorption on the walls
of the glassvidls, etc.).

Column experiments

A stainless steel column filled with aquifer material was used and all experiments were
realised at room temperature (20+£2 °C). The flow direction of the sorbate solution was from
bottom to top. Sorbate solutions were prepared in a background solution containing CaCl,
(0.01 M) and NaN3 (100 mg-L"1) in deionised water. The experiments were performed under
sterile conditions as the sorbate solution contained NaN5 as a biocide. Thiourea, as a non-
sorbing solute, was added to the column influent solution to measure tracer breakthrough
curves. The column parameters and experimental conditions are givenin Tablell.

The stainless steel column was packed with aquifer material using the following proce-
dure: a suspension of a specific amount of dried and ground geosorbent and background
solution was added to the column from the top, while a peristaltic pump (MasterflexR, Cole-
-Parmer Instrument Company, USA) connected to the bottom of the column compacted the
solid material, giving a homogeneous geosorbent column with minimal entrapped air bubbles
and grain size separation. The uniformity of the packing was indirectly reflected by the
symmetrical breakthrough curve obtained for the tracer. Accordingly, physical (transport-
related) non-equilibrium processes could be excluded.?*

At the beginning of the experiment, background solution was injected through the
column for 24 h at a flow rate of about 2 mL-min'L, in order to have a fully saturated porous
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medium.2> Subsequently, the conservative tracer thiourea was applied at a concentration of
about 4 mg-L-1. At certain times, the eluate was collected for determination of thiourea by UV
spectrophotometry (UV-1800 spectrophotometer, Shimadzu, Japan) at a wavelength of 235
nm. These tracer assays were stopped when the measured thiourea concentration at the outlet
of the column became equal to the injected one. The sorbate solution was then passed through
the column at a flow rate of about 2.2 mL-minL. The initial sorbate concentration in solution
was 60 pg-L1. Eluates were collected at regular intervals over 130 h and analyzed for BT or
MTBT as described below.

TABLE Il. Characteristics of the packed column

Parameter Vaue
Length, cm 20.0
Radius, cm 1.00
Cross section area, cm? 3.14
Volume of column, cm3 62.8
Density of packed column, g-cm3 1.35
Porosity 0.48
Flow rate, cm3-mint 2.25

Chemical analysis

Supernatants collected after each of the sorption and desorption steps as well as column
eluates were quantitatively analyzed for BT and MTBT after liquidiquid extraction with
toluene, using gas chromatography-mass spectrometry (GC/MS, Agilent 7890A/5975C) on a
HP-5MS column (J&W Scientific) and quantified according to internal standard calibration
using pentachloronitrobenzene as an internal standard. The results of the analytical method
performance, obtained from seven measurements at two concentration levels, are presented in
Tablelll.

TABLE Il1. Data on the performance of the analytical method
Measurement Detection limit Quantification limit

Compound Recovery, % Precision, %

range, pg-L? pg-L? pg-L?
BT 7.50-120 1.90 10.0 97-107  1.71-10.0
MTBT 7.50-120 1.80 9.00 96-117  2.90-7.80

Recoveries of the liquid-iquid extraction and GC/MS determination, measured over a
wide concentration range from 7.5-120 pg-L-1 for BT and MTBT, ranged from 97-107 % and
96-117 %, respectively. Accordingly, no corrections were made for the analytically deter-
mined BT and MTBT concentrations.

Data analysis

All sets of equilibrium sorption and desorption data were fitted using the Freundlich
model:

Oe = Krce D

where g, and ¢, are the solid phase and agueous phase equilibrium concentrations (in pg-g1
and mg-L-1, respectively); Kg and the exponent n are the Freundlich sorption capacity coef-
ficient expressed as (ug-g'1)/(mg-L-1)", and the site energy heterogeneity factor indicating iso-
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therm nonlinearity (dimensionless), respectively. Kg and n were obtained from direct nonli-
near curve fitting of the sorption and desorption data.

The organic carbon-normalized single point distribution coefficients (Koc) were deter-
mined by calculating the ge values for chosen c, values from the respective best fit of the
Freundlich isotherms according to the following equation:

O/ Ce

fOC

2

Koc =

where foc represents the organic carbon fraction.
Sorption-desorption hysteresis was explored using the Hysteresis Index (HI) as proposed
by Huang et al.:23

d_
& b

where g§ and qd are solid-phase solute concentrations for single-cycle sorption and desorp-
tion experiments, and the subscripts T and ¢, specify constant temperature and the residual
aqueous phase concentration, respectively.

RESULTS AND DISCUSSION
Geosorbent characterization

The geosorbent consisted mainly of sand (96.2 mass %), in particular with
particle sizes over 180 um (76.1 %). The contents of silt (263 um) and clay (< 2
pm) were 8.17 and 0.78 mass %, respectively. The organic carbon and organic
matter contents were 1.21 and 5.61 %, respectively. Based on these results, it
could be concluded that the Danube geosorbent represents a typical sandy aquifer
material with low organic carbon content. The specific surface area and pore
volume of the geosorbent were 3.19 and 0.018 cm3.g~1, respectively. The
geosorbent had an average mesopore radius of about 11.4 nm, while the results of
the t-test method clearly showed that it did not contain micropores.

Sorption isotherms

The geosorbent exhibited nonlinear isotherms for both BT and MTBT (Fig. 1),
meaning that the sorption affinity of the geosorbent decreased as the sorbate con-
centration increased. The Freundlich model parameters are presented in Table V.

Slightly higher linearity was obtained for the sorption isotherm of the more
hydrophobic MTBT (n = 0.595) compared to BT (n = 0.554). The higher iso-
therm linearity for MTBT indicates that organic matter of the Danube geosorbent
represents a favourable environment for the distribution of this compound. The
organic carbon-normalized sorption coefficient (KpOC) was higher for BT (166)
than for MTBT (112.8). However, a direct comparison of KeOC values could not
be made because of their different units as a result of the nonlinearity of the
sorption isotherms obtained for the sorbates. The concentration dependent OC-
-normalized sorption coefficients Koc at three selected equilibrium concentra-
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tions (ce = 1, 5 and 50 % solubility in water) were calculated based on Eq. (2)
from the respective best fit Freundlich isotherms, the parameters for which are
givenin Table V. In case of both the investigated compounds, the sorption affi-
nity decreased with increasing concentration of sorbate, with log Koc vaues
being higher for MTBT compared to BT, indicating the greater importance of
absorption in relation to adsorption in the overall sorption mechanism of MTBT.
The obtained log Koc values are in the range of values obtained for the sorption
of BT and MTBT on organic matter on suspended particul ates.1’

1.6 A) = Sorption 144 B) . Sorption_
14] Desorption//. 1] Desorption ////.
,{/ o
1.2+ 1.0 /_,,,,,,«f/
‘T_U') 1.04 ‘ //,,/ ‘T.c-, //N
2 o8] | ., 2 -
Q.m / QP
OO T T T T T T T 1 0-0 T T T T T
00 01 02 03 04 05 06 0.7 038 00 02 04 06 08 10
c,l mg-L'1 c,I mg-L'1

Fig. 1. Sorption and desorption isotherms of A) BT and B) MTBT on the Danube River
geosorbent.

TABLE V. Freundlich sorption and desorption model parameters and hysteresis index

|Og KOC HI
K C./ mg-L1
Model Compd. R2 N (ug-gl) Keoca e/ Mg
/(mg-L-Hn 001 005 05 001 005 05
S Sy S S Sy Sy
Sorp. BT 0993 0554 1997 1666 149 118 073 250 330 4.90
(+0.018%) (+0.034b)
Desorp. 0979 0684 4321 3600 204 182 150
(+0.047°) (+0.213)
Sorp. MTBT 0992 0595  1.354 1128 201 173 133 090 140 220
(+0.090°) (+0.356Y)
Desorp. 0932 0721 2563 2136 230 211 183

(i0.095b) (i0.251b)
*KgOC = KgFoc; Pstandard deviation

Sorption-desor ption hysteresis
Sorption reversibility provides an additional insight into the sorption mecha-
nism. The apparent sorption-desorption hysteresis was quantified for each of the
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sorption and desorption isotherms using the hysteresis index (Eq. (3)). Hysteresis
indices at three sorbate equilibrium concentrations (ce = 1, 5 and 50 % solubility
in water) were calculated using the Freundlich model parameters given in Table
IV. The calculated HI values areincluded in Table 1V.

Positive values of HI indicate that hysteresis exists and is more pronounced
as the HI value increases. The molecules of BT and MTBT are more easily
desorbed in the lower concentration range, which resulted in the hysteresis
indices increasing with increasing concentration.

In the case of BT and MTBT, hysteresis could be explained as follows:. at
low concentrations, sorption may be the result of surface interactions. Surface-
bound molecules are probably desorbed much faster. However, as the concen-
tration of sorbate increases, the increased concentration gradient caused the
molecules to penetrate deeper into the pores of the geosorbent and organic matter
causing pores in which they are trapped to be created, resulting in the pronounced
hysteresis. Since the geosorbent has mesopores with an average radius of about
114 A, the pore volume can be calculated and is equal to 6.20x10% A3. The
volume of one BT molecule is 181 A3 and of one MTBT molecule 228 A3,
which means that “irreversible entrapment” could be the cause of the observed
sorption-desorption hysteresis.

In accordance with the dual-mode concept, Sander et al.26 indicated that
desorption hysteresis was widely reported for organic contaminants from soils/
/sediments, and was attributed to irreversible pore deformation of the sorbent by
the sorbate and the formation of meta-stable states of sorbate in fixed mesopores.
The porous structure becomes swollen during sorption and collapses during
desorption. Therefore, desorption occurs by a different pathway from that of
sorption.

Additionally, it is interesting to note that the organic matter of the Danube
geosorbent had a higher sorption affinity for the more hydrophobic compound
MTBT compared to BT, with the MTBT molecules more easily desorbed than
the BT molecules, which indicates the greater importance of absorption in rela-
tion to adsorption in the overall sorption mechanism.

Non-equilibrium sorption of benzothiazoles

Dynamic (column) experiments were used in order to investigate the non-
equilibrium sorption of BT and MTBT on the sandy aquifer material. Samples
were taken from the column outlet and the measured concentrations plotted
versus time to obtain a breakthrough curve, which is the basis for estimating the
sorption coefficient. The breakthrough curves of the non-sorbing tracer and the
selected benzothiazoles are presented in Fig. 2.

The results presented in the Fig. 2 show that in the case of thiourea, the
breakthrough curve was a symmetrical S-shaped curve, which indicates the
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absence of physical non-equilibrium processes in the porous media. Other
authors made the same observations.2”

a  Thiourea = Thiourea
A) . BT B —e— MTBT
1.0 ’,—l:!./ -—e . 1.0 T .
o e
08 4 0.8
‘F‘/’/ l'"'././
o 0.6 r/ QO-G’ [ ] :.
Q 4 Q |
G 3 (&Y n .
047 ¢ 0.4
¢
0.2 ; 0.2
oo o0
0 1 2 3 4 5 6 7 0 20 40 60 80 100 120 140
Time, h Time, h

Fig. 2. Breakthrough curves of A) BT and thioureaand B) MTBT and thiourea.

Comparison of the breakthrough curve of thiourea with the breakthrough
curve of BT shows a dight asymmetry (Fig. 2A). The breakthrough curve
obtained for BT was not fully identical with the breakthrough curve of thiourea,
indicating slightly non-equilibrium sorption.

In the case of MTBT, under the same conditions as those applied for BT, as
much as 130 h passed before 99 % of the initial concentration was detected in the
eluate. It can be seen that the resulting breakthrough curve exhibited a signi-
ficantly higher asymmetry, which showed a higher degree of non-linear sorption
inrelationto BT (Fig. 2B).

In order to compare the breakthrough curves of BT and MTBT, ¢/cg = 0.5,
the midpoint of the breakthrough curve, was calculated (Table V). The time
required to achieve c/cg = 0.5 for BT and MTBT was 0.70 and 27.5 h, respec-
tively.

TABLE V. Parameters of transport for BT and MTBT

Compound Compound in effluent, % Time (at ¢/cg=0.5), h
Thiourea 100 0.70
BT 99 0.82
MTBT 99 27.5

If the obtained values for c/cy = 0.5 are compared with the log Koy for the
two investigated compounds, it could be observed that with increasing molecular
hydrophobicity, the time to reach c/cg = 0.5 increases. In fact, the polar BT
molecule had a relatively short times to c/cg = 0.5, whereas the hydrophobic
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MTBT molecule reached c/cg = 0.5 after 28 h, indicating non-equilibrium
sorption during the transport (Table V).

Other authors who examined the transport of various phenolic compounds as
relatively polar compounds and phenanthrene as a non-polar compound came to
similar conclusions.2”

Comparing the parameters obtained from the column experiments and the
parameters of the Freudlich model for the same compounds and the same geo-
sorbent, the following could be concluded: the shorter time to ¢/co = 0.5 for BT is
in accordance with the lower sorption affinities obtained from the static expe-
riments for BT compared with MTBT, which shows a greater affinity for sorp-
tion on the geosorbent and thus has a longer retention time on the column.

These similarities in the sorption behaviour obtained from static and dyna-
mic experiments have been discussed by other authors.2> However, a number of
authors point to a disparity in their results,28-30 and suggested explanations, such
as the limited availability of sites for sorption in the columns due to the com-
pression of the geosorbent, loss of the sorbent during column conditioning or
differencesin the experimental conditions.

CONCLUSIONS

In this study, the sorption behaviour of two compounds from the group of
the benzothiazoles onto Danube River geosorbent was investigated. The organic
matter of the Danube geosorbent had a higher sorption affinity for the
hydrophobic compound MTBT compared to BT, which indicates the greater
importance of absorption in relation to adsorption in the overall sorption
mechanism. Sorption-desorption hysteresis existed for both benzothiazoles. In
both cases, the existence of hysteresis may be due to irreversible pore
deformation of the geosorbent, which results in the formation of meta-stable
states in the mesopores of the sorbate. The obtained transport parameters indicate
that with increasing molecular hydrophobicity, the retention time on the column
increased, which is consistent with the higher sorption affinity of the
hydrophobic MTBT for the Danube geosorbent. Further research should be
focused on a more detailed characterization of the organic matter in the
geosorbent to better define the sorption behaviour. Understanding these results
could be useful for exposure and risk assessment of benzothiazoles in aquifer
materials and groundwater.
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U3BOJ

COPITLIHNJA BEH30THA3OJIA HA ITEIMYAHOM MATEPUJAJTY AKBUDEPA Y
PABHOTEXXHUM U HEPABHOTEXHUM YCIIOBUMA

MAPHJAHA M. KPATYJb, JEJIEHA C. TPUYKOBHUR, BOXO 1. JAJIMALIMJA, UBAHA U. UBAHUEB-TYMBAC,
AHHUTA C. JIEOBAL, JEJIEHA J. MOJTHAP u JEJAH M. KPYMAP

Yuusepsnrer y Hopom Cazy, IIpupogHo-mMaTeMaTayky QaKyarer, JemapTmas 3a XeMHjy, OHOXeMHJY H
3amTATY KHBOTHE cpegrHe, Tpr JJocureja Obpagosnha 3, 21 000 Hosu Cag

Y oBOM pajy WCIUTAHO je COPNLHOHO MoHamawe 1,3-6ensormasona (BT) u 2-(meTtun-
THO)Oen3ornasona (MTBT) na reocopbenty Jynasa. COpIIIMOHO [TOHAIIAKE je HCIIUTAHO NTPH-
MEHOM CTaTHUUYKUX U JUHAMHUUKHX ekcriepumeHaTa. CBe COPIILIMOHE U30TEpMe Jajle Cy 3al0Bo-
maBajyhe koedunmjente xopenanuje npumenom dpojaamuxosor momena (R 0,932-0,993).
OpraHcka maTepuja reocopdenta JyHaBa uma Behu adunurer 3a copnuujy xunpododuujer
jenumema MTBT y mopehewy ca BT. UnTepecanTHo je youutu ma c momnekynd MTBT dumu
nakue jecopdoBaHH y ogHocy Ha Moiekyne BT, mto ykasyje Ha Behu 3Hayaj ancopnuuje y
OJHOCY Ha afCcOpNuyjy y YKyIHOM MeXaHU3My copnuyje. JomatHo, monexynu BT u MTBT cy
naxule Owiu gecopdoBaHM NP HIDKMM KOHLEHTpallMjama, IITO ykasyje fa Cy MHIEKCH XHC-
Tepe3e paciu ca nosehamem KoHUeTpauuje copbata. Ykomuko ce nodujere c/¢y = 0,5 Bpen-
HOCTU yropefie ca koeduuujeHToM xuzppododHocTy ucnutuBaHux Monekyna (log Kpw),
MOJXKE Ce YOUUTH Jia ca MopacToM XuapododHOCTH MoJleKyJla pacTy U BpeqHOCTH 3a ¢/ ¢y = 0,5.
Hwmxe ¢/¢y = 0,5 BpenHoctu nodujeHe 3a BT y cwiagy ca MakuM adUHUTETOM 3a COPHUHjY
noOMjeHUM M3 CTaTUYKUX eKcrepumenara, 1ok MTBT nokasyje sehu adpuHHUTET 38 COPNLUjY U
THMe U Iy’Ke BpeMe 3afipkaBama Ha KOJIoHHU. TokoM TpaHcnopra, BT npencrasmba Behu pusux
3a nmog3eMmHe Bojie y ogHocy Ha MTBT. [JobujeHu pe3yntaTH OONpPUHOCE DO/BEM pasyMeBamby
mpolieca COpILdje U Zecoprnidje HeH30THAa30/Ma C 0O3UPOM Ha TO Ja OBH ITPOLIECH MPEeACTaB-
Jbajy jemaH O Haj3HAuyajHUjUX dakTopa KOjU yTUYYy Ha TOHAIlalke OPTaHCKUX jefumerma Y
KMBOTHO]j CPEIUHH.

(ITpumibeHo 15. janyapa, pesugupano 13. maja 2013)
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Abstract: The appearance of agriculture in urban areas improved the health-
iness of the diet of people by enabling their consumption of fresh vegetables
and fruits. This study assessed the level of fertility, and the impact of the crop-
ping system and of the exploitation time on the physicochemical properties and
the pseudo-total and EDTA-extractable metals contents of the vegetable soils
of urban garden of in Libreville (Gabon). The resultsindicated alow fertility of
the cultivated soils. The metal contents in the open field cultured soils were
generaly different from the soils cultured under shelters. Except Al that could
be toxic for cultivated vegetables, the soil properties and metal element con-
centrations decreased significantly with time in the open field soil, while they
did not vary in open shade cultured soils. The pseudo-total cadmium concen-
tration was below the detection limit in al soils. Multivariate analysis showed
that Al, Fe and Pb were of lithogenic origin, while Cu, Zn and Mn were of
anthropogenic origin.

Keywords: soil fertility; metal mobility; multivariate statistical analysis; Libre-
ville.

INTRODUCTION

Rapid urbanization in developing countries is accompanied by a growing
demand for food, which raises the problem of securing urban food and nutritional
supplies.l This demand relies in part on agriculture inside or close to cities.2
Thus, it is often observed that market-gardening farming systems, including leafy
vegetables, have recently increased within or near expanding cities.3 Urban far-
mers concerned with maintaining soil productivity must consider the impacts of
agricultural practices upon the features of the production sites.

* Corresponding author. E-mail: laplus_ens@yahoo.fr
doi: 10.2298/J5C1301210680
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Conventional open field farming has played a significant role in improving
food and fiber productivity to meet human consumption demands, but has led to
soil erosion, soil nutrient depletion and excessive fertilizer use.4 The problems
arising from conventional agricultural open field management have led to the
development and promotion of other farming practices with regard to the impro-
vement of soil fertility and quality.>

Farming in protected environments, such a greenhouses or under shelters, is
a frequently utilized technique by horticultural producers. It allows plant protec-
tion against the action of external agents, such as high and low temperature,
intense precipitation and strong winds.® Greenhouses or shelters promote ration-
alization of the production factors, result in less pesticide use and minimize the
incidence of pathogens and insects.” They also promote increased production of
fresh and dry matter, and foliar areas and leaf numbers.6 The main advantage of
protected farming is that the yield and quality of vegetables are higher.8

Temporal changes in physicochemical properties and heavy metal levels of
cultivated soils according to the exploitation time or to agricultural practices, i.e.,
in open fields or under shelters, have been already reported.9-11 However, few
studies dealt with the effects of both cultural practices and exploitation time. The
present study was aimed at assessing the effects of agricultural practices and
farming time on the properties and metal concentrations in soils of urban gardens
located at different sitesin the City of Libreville (Gabon).

EXPERIMENTAL

This study was realized in 2008 and 2009 in urban garden areas of Libreville (Fig. 1).
The city is situated in West Gabon (9°25’ E and 0°27' N). The climate is hot and humid with
two rain seasons and two dry seasons. It is characterized by an average rate of annua rainfall
that varies from 1,600 to 1,800 mm. Hygrometry is usually above 80 % and reaches 100 %
during the rain seasons. Monthly-averaged temperatures oscillate between 25 and 28 °C, with
daily minima (18 °C) in July and maxima (35 °C) in April.

The population of the urban area of Libreville is estimated at about 648,000 inhabitants,
which represents nearly half the total population of the country. Farmers grow vegetables on
plots of 100 to 10,000 m? within the city and its surroundings. They use both techniques open
field (OF) and under a protection structure (under shelters) (PS), as other market gardening
crops producers in the World.®

Nine sites were selected for this study (Fig. 1). The major distinctions between the plots
were the exploitation periods (between 2 and 38 years) and the cultural practices (OF or PS).
The study plots were separated in four groups: urban gardens cultivated in open fields for less
than ten years (OF1), in open fields but for more than ten years (OF2), urban gardens
cultivated under shelters for less than ten years (PS1) and under shelters for more than ten
years (PS2). Two sites presented two plots belonging to different groups; hence, this study
concerned eleven urban garden plots (Fig. 1).

Surface soils (0-10 cm) were collected using the technique of systematic random samp-
ling with 3 replicates.’2 The soil samples were air dried, then crushed in a mortar, passed
through a 2 mm sieve and stored in polyethylene bags. The fraction > 2 mm was discarded.13
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A part of the fraction < 2 mm was crushed with a tungsten carbide blade grinder and sub-
sequently sieved through a 0.2 mm titanium mesh.
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Fig. 1. Location of studied urban gardensin Libreville with sampling sites: (A ) gardens under
shelters (PS) = #®: exploited for less than10 years (PS1) and exploited for more than 10 years
(PS2); gardensin open fields (OF) = l: exploited for less than 10 years (OF1) and exploited
for more than 10 years (OF2).

The physicochemical properties of the soil were assessed according to the ISO stan-
dard.}* They included: particle size (three fractions), pH, conductivity (EC), cation exchange
capacity (CEC), total Kjeldahl nitrogen (TKN) and total organic carbon (TOC). Considering
that the average content of carbon in soil organic matter was 58 %, the conversion factor
1.724 was used to calculate the percentage of organic matter (OM) from the content of organic
carbon.1®

Soil samples were mineralized in microwave mineralizer using aqua regia (1/3
HNO3+2/3 HCl, ultra grade purity) according to the AFNOR NF X31-151 standard.!* The
mineralization products were filtered through a 0.45 um mesh and the concentrations of the
metals in the filtrates were determined by ICP-AES (Jobin Yvon Horiba, Spectra 2000). Qua-
lity assurance—quality controls and accuracy were checked using standard soil reference mate-
rids (CRM-SS1, EPA-3050A) with accuracies within 10010 %. In order to determine the
mobile or “potentially available” fraction of metals in the studied soils, the 0.05 M EDTA
extraction procedure at pH 7, proposed by Quevauviller, was used.16
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The mean, standard error and mean comparison test were performed. A correlation
matrix was used to identify the relationship between heavy metal contents and soil properties.
Multivariate analysis methods, such as Principal Component Analysis (PCA), cluster analysis
and two-way analysis of variance (ANOVA) were used to extract information from the physi-
cochemical and metallic analysis of the soils. PCA and cluster analysis were interpreted in
accordance with the hypothetical source of heavy metals (lithogenic, anthropogenic or mixed).
The statistical analyses were performed using XLSTAT 2010 software, version 6.04.

RESULTS AND DISCUSSION

The mean values of analyzed parameters are presented in Table I. A com-
parison of the fertility parameters (pH, TNK, CEC and OM) was performed
between the present data and those proposed by Landon as mean ranges of tro-
pical soil fertility.l” The soils were acidic with pH values in the range proposed

TABLE I. Physicochemical properties and concentrations of pseudo-total metal (subscript:
tot) and EDTA-extracted metal (subscript: mob), expressed in mg kg?® of dry weight, of
cultivated soils; and variance analysis results (ANOVA); N: number of samples; ns. non-
significant; *: p < 0.05; **: p < 0.01; the means in same line followed by same letter do not
differ at the stated significance level of 0.05

Two-way ANOVA (Tukey HSD)

Groups of cultivated gardens F (variance and probebility)

Perameter PSL PS2 OFL OF2 Agicuturd Timeof Sysemx
(N=6) (N=6) (N=12) (N=9) system exploitation  Time
EC/uScm? 3122 2358 2473 100° 4.366* 5.011*  0.233ns
PHater 6.172 6.00%2 6492 498" 14.212** 1.216ns  9.526**
pHkal 5712 5492 5652 444>  6.594* 3.172ns 3.926ns
ApH 052 052 0.8 122 1412ns  3928ns 2.853ns
TKN/mgg? 1270 1470 2062 123" 12.851**  13.473** 10.092**
MO/gg? 189> 223 3392 2330 1772ns  11.218**  8.781**
Sands, g kgt 8332 8482  435¢ 633 3600ns  35.734** 3.065ns
Loams, g kgt 99P 86° 3192 2262 1944ns  23.807** 0.852ns
Clays, g kg? 69° 66° 2502 141° 6.273* 38.911**  6.259*
CEC/meq100gt 44>  38° 132 3.8° 6.063* 5.229* 5.031*
Al 0135¢ 9144° 282692 19863° 2.271ns  36.878** 2542ns
Cdiot <185 <185 <185 <18 <185 <1.85 <1.85
Cliot 242 3032 1952 17.3% 0.108ns 7.461**  0.759 ns
Feit 14206° 160020 290302 13641P 13.703**  11.639** 22.873**
Mno 214> 3248  Ba02 250 2.393ns 3.679ns  7.405**
Pbiot 720 320 1732 67°  19.42+* 22.266**  6.648*
ZNigt 4452 5513 448 236° 4.089ns  28.643** 30.975**
Alirop 1432 1772 1252 2022  4.378* 0.056ns  0.426 ns
Cdiop <030 <030 <030 <0.30 <0.30 <0.30 <0.30
CUmgp 215 2578 3202  103° 5345ns 0.542*  9.973**
Férmob 3132 196 120  127° 1.841ns 22.21**  5643*
MnNimob 26.9> 338 9972 308"  8.408* 8.218*  8.003**
Pbimob 1326 065 322 047° 8112+ 3.375ns  4.597*
ZNob 108> 17.72  44°  2.6° 3976ns  78.624** 11.865**
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by Landon (5.5-7.0), except OF2 soils with average pH<5. The TNK, CEC and
OM in al soils were below the standards of tropical soil fertility, i.e., 2-4 g kg1,
15-25 meq kg1 and 40-100 g kg1, respectively.1?

Analysis of variance (ANOVA) showed that the conductivity was higher in
the PS gardens and recent gardens (influence of exploitation time). The results
indicated that salts were more strongly accumulated in the PS1 soils than in the
others soils. The time of exploitation seemed to play an important role in the
evolution of all soil properties, except pH. A significant increase of sand content
and a significant decrease in EC, TKN, MO, silt, clay and CEC were found with
increasing exploitation time. This could be linked to low intakes of organic
fertilizers for vegetable production, indeed it should be noted that for studied
urban gardens as well as in other Africa small sub-Saharan farms, only low
quantities of fertilizers were applied.18 Urban gardens are generally far away
from poultry farms and neither solid wastes nor waste water for intakes are used.19

The values of the physicochemical properties with time were not signi-
ficantly different in the PS soils, with most of them decreasing with time in open
field soils. It was estimated that more than 50 % of the world’ s potentially arable
lands are acidic and up to 60 % of the acid soils in the world occur in developing
countries in South America, Central Africa and Southeast Asia, where food pro-
duction is critical. Soil acidity is a natural occurrence in tropical and subtropical
zones.20 The decrease of pH in OF soils led to a decrease in soil fertility and may
cause aluminum toxicity and lots of micronutrients.21

Low fertility is a characteristic of many tropical soils, mainly because of the
significant and rapid degradation of organic matter, but also because of leaching,
weathering of minerals and low-input agricultural practices.23 A chronosequence
study by Moebius-Clune et al.10 showed that most soil quality indicators fol-
lowed exponential decay trends under continuous low-input for maize, and that
organic matter and quality indicators (P, Zn and K possibly) were preserved
under kitchen garden polyculture with organic inputs.10 These results suggested
that regular organic inputs could significantly reduce degradation of soils, espe-
cialy with regards to nutrient retention and soil structure. Organic matter is
essential for soil life by allowing a soil to perform efficiently its primary function
of supporting plant growth. Its endemic deficiency in tropical soils is a major
factor contributing to their low productivity.24 Organic matter facilitates two
essential categories of soil processes: organic matter stabilization and decompo-
sition. Loss of stable organic matter results in destabilization of aggregates over
time and thus in a decrease of cation retention (as represented by CEC), buffering
of pH, and soil structure, which in turn decreases water storage, infiltration, root
proliferation and physical access to nutrients, with increased likelihood of surface
crusting, runoff and erosion.10 A non-appropriate amendment of mineral ferti-
lizers could sometimes lead to low yields, depending on the physical and biolo-
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gical characteristics of the soil.2> Organic matter and pH are the most important
factors that control the availability of metals in soil. Increase content of soil
organic matter could improve soil CEC, a parameter that could affect the con-
centrations of total and exchangeable metals.26

The low inputs of organic-matter and crop residues could be the major
reasons for the low soil fertility of gardens in the area of Libreville. A survey
among urban gardeners of Libreville indicated that the minera fertilizer NPK
and urea were the most used. However, to improve soil quality, the use of lime
could increase the soil pH, and the employment of organic fertilizers, such as
manure or compost, could increase the organic matter contents. These types of
organic fertilizers are widely used by urban gardeners in other African countries
because they are readily available. In Senegal, for example, nitrogen fertilizer
(poultry manure, cow dung and garbage) are available locally at low cost. Hence,
farmers prefer to settle near garbage dumps because of their important resources
in organic matter at low cost.22 It is therefore necessary to add organic matter to
improve agricultura soil quality in the region of Libreville.

In all the analyzed soil samples, the Cd concentrations were below the
detection limits of the ICP-AES analysis (1.85 mg kg1).

The Al, Cu, Fe, Mn, Pb and Zn pseudo-total concentrations in the studied
soils are presented in Table |. They were below or within the ranges reported in
the literature for uncontaminated soils.2” However, the coefficients of variation
(CV) showed considerable heterogeneities for Al, Cu, Mn and Pb (58.3, 51.1,
83.7 and 76.2 %, respectively). The heterogeneities of Fe and Zn were relatively
lower (CV <50 %). According to Kabata-Pendias and Pendias,2’ the allowable or
tolerable concentration of a metal element in soil isthe limit concentration of this
element over which the plants produced are considered dangerous for human or
animal health. However, it is not advisable to interpret some results based only
on pseudo-total concentrations. The determination of the total concentrations of
metals in soils may be useful in predicting their potential risk to the environment,
but it is not a good indicator of the metal mobility to plants, which depends on
the physicochemical properties of soils.28 Therefore, the mobility of a metal
element isimportant in the evaluation of the effect of metal uptake by plants.

The levels of EDTA-extractable metals found in the soils are presented in
Table I. The mean concentrations of metals were al within the ranges of con-
centrations of mobile metals in agricultural soils proposed by Berrow and Bur-
ridge.2% Among al metals, the more readily available pool was particularly im-
portant for Zn (around 27 % of pseudo-total metal), indicating that Zn was poten-
tially bioavailable and/or may leach through the soil. The mobility potential of
the other studied metals was less important (12 % for Mn and < 10 % for Al, Cu
and Fe, relative to the pseudo-total contents). A correlation analysis was per-
formed between the physicochemical properties (EC, pH, TKN, MO, clay and
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CEC) and the EDTA-extractable metals (Table Il). Cu was the only metal pre-
senting significant positive correlation coefficients with all soil parameters. The
correlations between Mn and Pb and the soil parameters were also all positives,
but not always significant. Significant negatives correlations were observed with
Al, Fe and Zn. Thus, according to these correlation analysis results, the physi-
cochemical properties seemed to play acrucia role in metal bioavailability.

TABLE Il. Correlation coefficient (Pearson) matrices between the physicochemica soil
parameters and the EDTA-extractable metal concentrations in soils from Libreville, Gabon

Metal EC PHuoter TKN oM Clay CEC

Al 0331 0589 0236  -0356 0.089 —0.149
Cu 0.497 0.430 0.608 0.522 0515 0.658
Fe 0.353 0.010 -0.308  -0.370 ~0.420 -0.129
Mn 0.301 0.131 0.721 0.680 0.758 0.787
Pb 0.134 0.464 0.275 0.359 0.182 0.185
Zn 0.209 0.298 0326  -0.285 ~0.483 -0.228

In genera, urban garden soils cultivated under shelters and in open field
soils presented different metal pseudo-total concentrations, except for Mn. In
open fields, the average Al, Fe and Pb concentrations in the soils were, respect-
ively, 2.66, 1.41 and 2.46 times higher than those of soils under shelters were,
whereas the average soil concentrations of Cu and Zn were, respectively, 1.48
and 1.41 lower. In both agricultural practices, the soils presented different metal
concentrations for EDTA-extractable Fe, Mn and Zn. The Fe and Zn concen-
trations were higher (2.24 and 3.99 times, respectively) and the Mn concen-
trations were lower (2.09) in PS than in OF. No significant differences were
found in the mobile Zn values between PS1 and PS2. For soils in open fields, the
Al, Fe, Mn, Pb and Zn pseudo-total and mobile Cu, Mn and Pb concentrations
were significantly higher on recent than on former cultivated soils. The mean
ratios PSU/PS2 of these parameters were, respectively, 1.42, 2.13, 2.56, 2.58,
1.90, 3.19, 3.24 and 6.81. These differences could be attributed to leaching of the
former open field soils that were more exposed to weather than the young soils.
Soil degradation is a major agricultural and environmental problem, particularly
in tropical soils. Soil erosion via water appears to be the most widespread process
of soil degradation. Water erosion is a primary cause for the loss of nutrients and
organic matter, and certainly also plays a role in acidification, pollution, and
sometimes compaction and subsidence. 3031

The exploitation time of cultivated soils influenced the pseudo-total Mn, Fe,
and Pb contents, which were higher in recently cultivated soils. The loss of orga
nic matter in PS2 soils led to a CEC decrease. It could be hypothesized that
losses of OM and fine mineral constituents were the main causes for the loss of
nutrients and metals, and the remaining organic matter in soil had become more
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inert with time, and therefore unable to retain cations and make them available
for plants.10

The mobile Al content in soil could allow the risks of plant poisoning to
assessed by application of the relation proposed by Boyer: Alx100/(sum of
exchangeable base cations + Al).32 In Brazil, this relationship alowed a thres-
hold value of 45-50 to be proposed above which crops are generally not viable.
The exchangeable bases of the studied soils were determined by Ondo.33 The
results showed that for OF2 soils, the threshold of 45-50 was generally exceeded
(up to 74), raising fears of low crop yields on these soils.

The “cropping practices’ factor showed that the pseudo-total Al, Fe and Pb
contents and the mobile Mn contents were significantly highest in open field
soils, and the pseudo-total Cu and Zn, and mobile Cu, Fe and Zn concentrations
were significantly higher in soils under shelters. The trends showed that soils in
open field were more exposed to erosion than soils under shelters. This led to
leaching of Cu and Zn and increases in the Al, Fe and Pb contents. A study on
the effects of erosion by Oguz et al. showed a decrease in Cu content and an
increase in Fe, Mn and Zn concentrations in the surface soil .34

In general, correlation analysis is useful to investigate associations between
parameters.1! The results of the Pearson coefficients in the correlation analysis
for heavy metal concentrations in the studied soils are shown in Table I11. Most
of the metal concentrations were positively correlated with each other and corre-
lations were significant and positive between Al and Fe (p < 0.001), Al and Mn
(p < 0.01), Al and Pb (p < 0.01), Fe and Mn (p < 0.001), Fe and Pb (p < 0.001),
and Fe and Zn (p < 0.05). The significantly positive correlations of Mn, Pb and
Zn with Fe and Al suggested their strong associations with Fe and Mn oxides in
the soils, which could be important products of parent rock weathering.3® Cu was
negatively correlated with Al (p < 0.01) and Pb (p < 0.01). The origin of Cu
could be anthropogenic, as applied organic fertilizers and pesticides, which have
been extensively investigated in other studies.11.33,36

TABLE Ill. Correlation coefficient (Pearson) matrices between pseudo-total metal concen-
trations in urban gardens soils from Libreville, Gabon; *p < 0.05; **p < 0.01; ***p < 0.001

Al Cu Fe Mn Pb Zn
Al 1
Cu —0.439** 1
Fe 0.730*** -0.014 1
Mn 0.468** 0.244 0.668*** 1
Pb 0.442** —0,436** 0.507*** 0.087 1
Zn -0.130 0.245 0.332* 0.230 0.232 1

In this study, an agglomerative hierarchical cluster anaysis (HCA) was
performed to identify different geochemical groups. This clustering divided the
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metals into groups with significant correlations within the groups. The dendro-
gram (Fig. 2) showed two distinct groups of elements. Cu and Zn formed a dis-
tinct group (Group I). Al and Fe formed another one (Group 1), and Mn and Pb
joined this last group. Based on these groups, the origin of the metals in the
studied soilsin Libreville could be ascribed to two different origins.
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Fig. 2. Dendrogram of hierarchical cluster analysis of the metal concentrations
in the studied soils.

The results of Principal Component Analysis to determine the origin of
metals in the studied soils are presented in Table 1V. Metals were correlated with
a two-component model representing 70.8 % of the variability.

TABLE IV. Principa component analysis in 2-D loading plots for the 6 metals in the urban
garden soils of Libreville, Gabon

Parameter PC1 PC2

Eigenvalue 261 1.63

Variability, % 43.58 27.18
Cumulated, % 43.58 70.77
Al 0.848 -0.301
Cu -0.279 0.867
Fe 0.925 0.231
Mn 0.661 0.526
Pb 0.672 -0.334
Zn 0.270 0.590

The first two principal components (PC1 and PC2) had eigenvalues >1 and
accounted for 70.8 % of the total variance. The first principal component PC1
explained 43.6 % of the total variance, and had high positive loadings of Al and
Fe (> 0.85), Mn and Pb (> 0.66). Al and Fe are included in the chemical com-
position of major minerals in soils. Both metals and Mn sometimes occur espe-
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cialy in lateritic soils as oxides, hydroxides or oxyhydroxides.37 Reactivity and
generally high surface areas of Mn and Fe oxides make them proficient sorbents
of many inorganic cations, such as Pb among others. In particular, Mn (111/1V)
and Fe (111) oxide/hydroxide mineral particles and coatings in soils seem to have
astrong affinity for Pb.38 These results suggested that the PC1 component could
be linked to soil minerals and contents of Al, Fe, Mn and Pb. PC1 could thus be
considered as a lithogenic component.

The second principal component (PC2) explained 27.2 % of the total vari-
ance, and had high positive loadings of Cu and Zn (> 0.8 and > 0.6, respectively).
This component could be considered as an anthropogenic component. This factor
is likely due to human activities, particularly application of fertilizer and pesti-
cidesin agriculture. Zhang indicated that metals such as Cu and Zn in urban soils
may also be linked to pollution from traffic: wear of brake discs and motor
vehicle exhausts.39 In agricultural soils, the concentrations of these metals may
also stem from pesticides and fertilizers.36 The correlation between Mn and OF2
(0.526) indicated that, in addition to alithogenic origin, Mn could also stem from
an anthropogenic source.40

CONCLUSIONS

Poverty in Libreville, asin cities in developing countries, has contributed to
the development of urban agriculture. This has increased vegetable production on
urban soils, both in open fields and under shelters, which has contributed to an
improvement in the quality of food in the region. Agricultura practices adopted
by market gardeners involved use of small quantities of organic matter or ferti-
lizer. These practices maintained low fertility and nutrient levels, and metal con-
tents below the averages of tropical soils. Significant differences were found
between cultivated soils under shelters and in open fields. There was no signi-
ficant difference between soils under shelters with time of exploitation. In con-
trast, in open field soils, significant acidification, losses of nutrients and metals,
and aluminum mobility were observed. Multivariate statistical analysis identified
the origin of metals in agricultural soils of Libreville. Hence, a management pro-
gram of soil quality should be performed to protect soils against the effects of
climate, and to improve significantly soil fertility and yields of crops. The Gabo-
nese authorities should encourage the research and formulation of agricultural
policies at the national level, to develop a database on cultivated soils character-
istics and to improve extension services of agricultural practices and environ-
mentally friendly production. Such research, including Geographic Information
System (GIS), could confirm the results of this study.
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H3BOI

YTHULIAJ ITOJbOITPUBPENHE IMPAKCE HA CBOJCTBA U CAIPXKAJ METAJIAY
I'PAJICKMM BAIITAMA TPOIICKOT TIOJPYYJA
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ciplinaire des Sciences, Ecole Normale Supérieure — B.P. 17009 Libreville, Gabon u 3 INRA, Unité
"Climat, Sol et Environnement", Domaine Saint-Paul, Site Agroparc, 84914 Avignon Cedex 9, France

Obpapa 3emme y ypbaHMM NOApy4YjHMa NODOJBIIANA je 3ApaBy UCXPaHy JbYOH, 300T KOH-
3yMupama cBexer Boha v nospha. OBa cTynuja nmpolemwyje HUBO IUIOZHOCTH, YTHIIAj CHCTeMa
y3rajama ¥ BpeMeHa eKcIUloaTaudje Ha (U3NUKOXeMHjcka CBOjCTBA W IICEYyNO-TOTAIHH U
EDTA-excTpakTadUaHM cagpaj MeTana y 3eM/BHLITY rpafckux DalTa 3a ysrajame nospha y
JIndpesuny (F'abon). [Jodujenu pe3yntaTH ykasyjy Ha HUCKY IUIOAHOCT odpaheHor 3eMspHLITa.
Cappxaj MeTtana je dM0 reHepaJHO Pas3INUYUT M3Mely OTBOPEHOT M 3aKJIOHEHOT 3€MJBHIITA.
Ocum Al, koju du morao OWTH TOKCHYAaH 3a y3rajaHo moBphe, KOHLEHTpauWje MeTana cy
3HayajHO BPEMEHOM oOMajaje y OTBOPEHOM 3eMJBUILTY, a HUCY Bapupale y 3aKIOHEeHOM
3emspHIITy. [Iceymo-TOTanHU cafpikaj KagMHjyma OHMO je UCNOX rpaHUle JeTeKlyje Y CBUM
3eM/bMIITMMA. My/nTHBapHjaHTHA aHaiau3a Iokasana je na cy Al, Fe u Pb dunu nmuroreHor
nopexia, 1ok cy Cu, Zn ¥ Mn dunu aHTpOIOT€HOT.

(ITpumrbeHo 21. janyapa, peugupano 19. jyna 2013)
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Errata (printed version only)

Issue No. 12 (2013), Vol. 78, paper No. JSCS-4536:

— page 1847, line 6 from above: instead of ,, SINA BAVARI®, it should be
.SINA BAVARIS*“

Issue No. 12 (2013), Vol. 78, paper No. JSCS-4549:

— page 2043, line 9 from the bottom: instead of , CoPc”, it should be
»16C(F)CoPc*;

— page 2047, line 7 from the bottom: instead of ,,1.2“, it should be,, 0.94";
— page 2047, line 6 from the bottom: instead of ,,0.58", it should be,,0.53"%;

— page 2050, line 6 from the top and line 3 from the bottom: instead of
,0.120", it should be,,0.1%;

— page 2050, line 1 from the bottom: instead of ,Nucleo Milenio de
Ingenieria Molecular”, it should be ,,Millenium Nucleus of Molecular Engineer-
ing for Catalysis and Biosensors'.

Issue No. 12 (2013), Vol. 78, paper No. JSCS-4550:
— pages 2053-2067, line 1 from above on odd pages: instead of , kinerics or

HYDROGEN CHLORIDE OXIDATION" , 1T should be ,» PASSIVE FILM ON N-STEEL "

Issue No. 12 (2013), Vol. 78, paper No. JSCS4557:

— page 2165, line 3 from the bottom: instead of ,, shj@tmf.edu.mk”, it should be
»shj @tmf .ukim.edu.mk”
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