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Abstract: A series of eight novel 5-substituted derivatives of benzimidazole
was synthesized by condensation of the corresponding diamine with ethyl 4-[4-
-(2-chlorophenyl)piperazin-1-yl]butanoate in refluxing 4 M hydrochloric acid.
In vitro antibacterial activity against ten strains, namely Bacillus subtilis, Clos-
tridium sporogenes, Streptosporangium longisporum, Micrococcus flavus, Sar-
cina lutea, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
Salmonella enteritidis and Proteus vulgaris and antifungal activity against two
fungal strains, namely Candida albicans and Saccharomyces cerevisiae, were
evaluated. Of all the compounds screened for activity, 2-{3-[4-(2-chlorophe-
nyl)piperazin-1-yl]propyl} -5-iodo-1H-benzimidazole and 2-{3-[4-(2-chloro-
phenyl)piperazin-1-yl]propyl} -5-methyl-1H-benzimidazole were associated
with higher antifungal activity than commercial drugs.

Keywords. arylpiperazines; benzimidazoles; antibacterial activity; antifungal
activity.

INTRODUCTION

One of the main objectives of organic and medicinal chemistry is the design,
synthesis and production of molecules having value as human therapeutic
agents.1=3 The synthesis of nitrogen-containing heterocyclic systems has been
attracting interest over the past decade because of their utility in various appli-
cations.4~ Substituted benzimidazoles and arylpiperazines derivatives have been
one of the most extensively studied classes of heterocyclic compounds, receiving
much attention from synthetic organic chemists because of their broad spectrum
of biological properties, such as antiviral, anticancer, antibacterial, antifungal and
many others.8-11

* Corresponding author. E-mail: deanad@chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JS5C130418058V
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278 VASIC et dl.

These results were an inspiration to synthesize compounds containing a sys-
tem that involves the combination of these pharmacophores in one molecular
framework to give the title structure in order to screen their antimicrobial acti-
vities. Resent observations showed that the antimicrobial activities of 4-substi-
tuted piperazines varied significantly depending of the substituent group at the 4-
piperazine position, suggesting the necessity of an H-bond acceptor and/or donor
group at the 4N-position.12 Prompted by these observations and in continuation
the search for bioactive molecules, a series of novel 5-substituted benzimidazoles
was designed and synthesized. The design emphasized the strategy of combining
two chemically different but pharmacologically compatible molecules, benzimi-
dazole and arylpiperazine, with an alkyl chain that provides hydrophobic inter-
actions and the 2-chlorophenyl group in the piperazine part of the molecule that
ensured H-bonding. The aim was to determine the influence of the substituent in
the benzimidazole part of the molecule on the antimicrobia activities of the
molecules.

EXPERIMENTAL
General

The IH-NMR and 13C-NMR spectra were recorded at 200 and 50 MHz, respectively, on
a Gemini 2000 (Varian, Oxford). The spectra were recorded in deuterochloroform with
tetramethylsilane as the internal standard; the chemical shifts (J) are reported in parts per
million (ppm). LC/MS was performed on a 6210 Time-of-Flight LC-MS system (Agilent
Technologies, Germany). For data analysis, MassHunter Workstation Software was used.

The infrared (IR) spectra were run on a Thermo Scientific spectrometer. For analytical
thin-layer chromatography (TLC), POLY GRAM SIL G/UV 454 plastic-backed thin-layer silica
gel plates were used (Macherey-Nagel, Germany). Chromatographic purifications were per-
formed on Merck-60 silica gel columns (diameter 70 mm, h = 45 mm; the same for all
compounds), 230400 mesh ASTM, under medium pressure (dry column flash chromato-
graphy). All reagents and solvents used in this work were obtained from Alfa—Aesar and used
without further purification. Solvents were routinely dried over anhydrous Na,SO, prior to
evaporation.

Analytic and spectral data for compounds 3 and 20-27 are given in the Supplementary
material to this paper.

Chemistry

Synthesis of ethyl 4-[4-(2-chlorophenyl)piperazin-1-yl] butanoate (3). Suspension of
1-(2-chlorophenyl)piperazine monohydrochloride (2) (25 g, 107.3 mmol), triethylamine
(10.84 g, 107.3 mmol), K,CO;3 (30 g, 214.6 mmol) and ethyl 4-bromobutanoate (1) (20.93 g,
107.3 mmoal) in 2-butanone (120 mL) was stirred for 24 h at 80 °C. After cooling, the mixture
was poured into cold water and the organic layer was extracted with CH,Cl, and concentrated
in vacuo. The resulting ester was purified by silica gel column chromatography using a
gradient of methanol (0-5 %, predicted by TLC) in dichloromethane. Yield: 22.6 g (68 %).
General procedure for the reduction of 2-nitroaniline (4) and 4-substituted 2-nitroanilines 5-11

Ra/Ni (0.4-0.5 g) was added in small portions to a stirred solution of 6.5 mmol of the
required nitro compound (4-11) in 12 mL EtOH, 12 mL 1,2-dichloroethane and 2 mL (20
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5-SUBSTITUTED DERIVATIVES OF BENZIMIDAZOLE 279

mmol) hydrazine hydrate at 30 °C. After completion of the Ra/Ni addition, the mixture was
heated in awater bath (50 °C, 60 min) and filtered through celite. The filtrate was evaporated
in vacuo and crude product used for further syntheses.
General procedure for the synthesis of 1H-benzimidazoles 20-27

Diamines 12-19 (5.56 mmoal), ester 3 (4.2 g, 13.5 mmol) and 4 M HCI (28 mL) were
heated at100 °C for 24 h. After cooling to ambient temperature, the reaction mixture was
poured into ice-cold water and neutralized with a saturated solution of sodium hydroxide. The
product was extracted with CH,Cl, and concentrated in vacuo. The resulting 1H-benzimi-
dazoles were purified by silicagel column chromatography using a gradient of methanol (0-5
%) in dichloromethane.
Antimicrobial activity

Sterile 96-well polystyrene microtiter plates with well capacities of 300 pL were used
and 100 pL of fresh Mueller Hinton broth were added to each well of the plate. One hundred
microliters of a stock solution (10 mg/mL) of the compound in DM SO were added to each
well of the first column. Then, 100 pL of the solution were removed from the first column and
mixed thoroughly with the broth in the corresponding wells of the second column. Sub-
sequently, a 100 pL aiquot was removed from each well in this column and mixed with
contents of the corresponding well of the next column. This doubling dilution was performed
in al rows across the plate. Two rows in each plate were used as controls. One row was used
as a positive control and contained a broad-spectrum antibiotic, chloramphenicol, to determine
the sensitivity of Gram-positive and Gram-negative bacterial species, and the antimycotics
nystatin and fluconazole, to determine the sensitivity of the fungal species. The other row
contained the solvent (DM SO) as a negative control. In each well of the plate, 10 uL of bac-
terial cultures (10° cells per mL) for antibacterial activity and 10 puL of fungi-cultures (10°
spores per mL) were inoculated. The microtitre plate was incubated at 37 °C for 24 h for
bacteria or at 30 °C for 48 h for the fungi. Subsequently, the bacterial and fungi growth were
measured. The MIC was determined as the lowest concentration that resulted in inhibition of
bacterial and fungal growth.

RESULTS AND DISCUSSION

Synthesis of 5-substituted derivatives of benzimidazole, depicted in Scheme
1, started with the preparation of ethyl 4-[4-(2-chloropheny!)piperazin-1-yl]buta-
noate (3) from 1-(2-chlorophenyl)piperazine monohydrochloride (2) and ethyl
4-bromobutanoate (1) in 2-butanone. 2-Nitroaniline (4) and 4-substituted 2-nitro-
anilines 5-11 were reduced by Ra-Ni/hydrazine to give the diamines 12-19,
which were converted to the benzimidazoles 2027 by condensation with the
starting ester 3 in refluxing 4 M HCI.

The micro-broth dilution assay was used to evaluate the antimicrobia effi-
cacy of al newly synthesized compounds against Gram-positive and Gram-nega-
tive bacteria and fungal cells. The results are presented in Tables | and |1 for the
antibacterial and antimycotic activities, respectively.13

The Gram-positive bacteria used were Bacillus subtilis (ATCC 6633), Clostri-
dium sporogenes (ATCC 19404), Sreptosporangium longisporum (ATCC 25212),
Micrococcus flavus (ATCC 10240), Sarcina lutea (ATCC 9341) and Saphylo-

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS




280 VASIC et dl.

coccus aureus (ATCC 6538). The Gram-negative bacteria used were Escherichia
coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 9027), Salmonella enter-
itidis (ATCC 13076) and Proteus vulgaris (ATCC 13315). The fungi tested were
Candida albicans (ATCC 10231) and Saccharomyces cerevisiae (ATCC 9763).

o}

/\ . I /N
2 @ 3 ci

1

R R
R N
O, O
NO, NH, NH __/
NH, NH, o

411 12-19 20-27

No 20|21‘22‘23|24‘25‘26|27

Br

I ‘CH;‘CF;

R|]—[|F|CI OCH;

Scheme 1. Synthesis of 5-substituted derivatives of benzimidazole. Reagents: a) EtzN, K,CO5
and 2-butanone; b) 1,2-dichloroethane, EtOH, NH,NH, and Raney Ni; ¢) 4 M HCI, ester 3.

TABLE I. Antibacterial activity (MIC/ mg mLY) of compounds 20-25

. Compound
Bacteria 20 21 22 23 24 25  Chloramphenicol
B. subtilis 1250 1250 1250 1250 0625 0312 0.015
C.sporogenes 1250 2500 1250 1250 1250 1.250 0.250
Slongisporum 1250 1250 1250 1250 0625 0.625 0.066
M. flavus 1250 2500 1250 1250 0.625 0.625 0.031
S lutea 1250 1250 1250 1250 0.625 1.250 0.125
S aureus 1250 2500 2500 0625 0312 0312 0.015
P. wlgaris 1250 2500 1250 1250 0.625 2500 0.125
P.aeruginosa 1250 2500 2500 1250 0312 2500 0.250
S enteritidis 1250 2500 2500 1250 1250 1.250 0.043
E. coli 1250 - — 0312 0625 0312 0.043

TABLE Il. Antifungal activity (MIC / mg mL"1) of compounds 20-25

Compound
20 21 22 23 24 25 Nystatin Fluconazole

C. albicans 1250 1250 1250 1250 0.625 0.078 2250 0.313
S cerevisiae 1250 1250 1.250 1250 0.625 0.313 1.250

Fungi

Results revealed that, among al the synthesized and tested compounds,
compounds 26 and 27 did not show antibacterial activity. The most potent
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against the Gram-positive and Gram-negative bacteria were 2-{3-[4-(2-chloro-
phenyl)piperazin-1-yl]propyl}-5-iodo-1H-benzimidazole (24) and 2-{3-[4-(2-
chlorophenyl)piperazin-1-yl]propyl} -5-methyl-1H-benzimidazol e (25).

A comparison of activity data of all tested compounds and antifungal activity
of nystatin and fluconazole indicated that all synthesized derivatives showed the
same or better activity against C. albicans and S. cerevisiae than nystatin (except
for 5-(trifluoromethyl) and 5-methoxy derivatives, 26 and 27, respectively). The
5-methyl derivative 25 was four times more biologically active against C. albi-
cans than fluconazole.

CONCLUSIONS

The synthesis of a series of eight novel 2-{ 3-[4-(2-chlorophenyl)piperazin-1-
yllpropyl}-5-substituted- 1H-benzimidazoles is presented, emphasizing the stra-
tegy of combining two chemically different but pharmacologically compatible
heterocyclic molecules (benzimidazole and arylpiperazine) in one frame. The
synthesized compounds were tested in vitro for their antibacterial and antifungal
activities. The results indicate that, although the length of the aiphatic chain
affects lipophilicity and 2-chlorophenyl group in the piperazine part of molecule
provides for H-bonding (properties which are mandatory for antibacterial and
antifungal activity), only the substituent in benzimidazole part of the molecule
was crucia for the activity. Although the title compounds did not exhibit sig-
nificant antibacterial activity, al of them (except 26 and 27) exhibited the same
or better antifungal activity than commercial nystatin and fluconazole. In some
case of the fungi C. albicans, this activity was 4 times higher. More specifically,
5-iodo 24 and 5-methyl 25 derivatives exhibited the best activities against both
fungal species.

SUPPLEMENTARY MATERIAL

Analytic and spectral data for compounds 3 and 20-27 are available electronically from

http:// //lwww.shd.org.rs/JSCS/, or from the corresponding author on request.

Acknowledgement. These results are part of Project 172032, supported by the Ministry of
Education, Science and Technological Development of the Republic of Serbia.

U3BOL
CUHTE3A Y BUOJIOIIKO UCITUTUBAE 5-CYTICTUTYUCAHUX JEPUBATA
BEH3UMUA3O0JIA
BECHA I1. BACHR', JEJIEHA 3. [TEFbMIIEBUR’, UPEHA T. HOBAKOBHR’, BIATHMHP B. IIYKAJTOBHUR’, TEAHA
B. AHIPUR' n CTIABAHA B. KOCTHR-PAJAUHR?
1Xemujcxu Qaxynitein, Ynusepsutiiei y Beoipagy, Ciygeniticku wwipi 12—16, Beoipag u ZUXTM — Hentuap
3a xemujy, Ynueepsuiueii y beoipagy, Fbeiowesa 12, beoipag

CuHTeTHCaHa je cepHja oI 0CaM HOBHX, 5-CYNCTUTYHCAaHUX DEeH3MMHIA30/1a, KOHIEeH3a-
UjoM onroBapajyher muamuHa ca etun-4-[4-(2-xnopdenun)nunepasut-1-unl-dyraHoatom y
4 M HCI, Ha TemnepaTypu pediykroBama. OnpeheHa je in vitro aHTUOAaKTEpPHjCKa AKTUBHOCT
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282 VASIC et dl.

Ha JeceT cojeBa, Bacillus subtilis, Clostridium sporogenes, Streptosporangium longisporum, Mic-
rococcus flavus, Sarcina lutea, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
Salmonella enteritidis u Proteus vulgaris, u aHTU(]YHTaJIHA aKTUBHOCT HA OBa coja, Candida
albicans u Saccharomyces cerevisiae. Of CBUX HOBOCHHTETHCAHMX jemumema 3a 2-{3-[4-(2-
-xnopdeHun)nunepasul-1-wilnponun}-5-jon-1H-0ensumunason (24) n 2-{3-[4-(2-xnopde-
HUWI)nunepasus-1-unjnponun}-5-merun-1H-6ensumunason (25) ce Moxe uctahu na nocenyjy
Oosby aHTU(YHTATHY aKTUBHOCT OfI KOMEPIIMjaTHUAX JIEKOBA.

(ITpumsbeno 18. anpuna, pesuaupano 22. maja 2013)
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ANALYTIC AND SPECTRAL DATA FOR COMPOUNDS 3 AND 20-27

Ethyl 4-[4-(2-chlorophenyl)piperazin-1-yl]butanoate (3). H-NMR (200
MHz, CDCl3, ¢ / ppm): 1.26 (3H, t, J = 6.6 Hz, CH3g), 1.85 (2H, m, CH>), 2.33—
—2.48 (4H, m, CH,COO and CH2N), 2.63 (4H, t, J = 4.6 Hz, CHy), 3.07 (4H, t,
J=5.0 Hz, CHy), 4.16 (2H, q, J = 7.4 Hz, OCH)5), 6.91-7.37 (4H, m, 2-chloro-
phenyl group); 13C-NMR (50 MHz, CDCl3, § / ppm): 14.15 (1C, CH3), 22.09
(1C, CHy), 32.19 (1C, CH2COO0), 51.13 (2C, CHy), 53.18 (2C, CHy), 57.57 (1C,
CH>5N), 60.18 (1C, OCHy»), 120.26 (1C, CH—Cg, 2-chlorophenyl-group), 123.50
(1C, CH-C4, 2-chlorophenyl-group), 127.49 (1C, CH-Cs, 2-chlorophenyl
group), 128.67 (1C, C—-C,, 2-chlorophenyl group), 130.55 (1C, CH—C3, 2-chloro-
phenyl group), 149.28 (1C, C—C4, 2-chlorophenyl group), 173.50 (1C, CO).

2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl}-1H-benzimidazole (20).
Yied: 579 mg (29 %); IR (ATR, cm1): 2957, 1617, 1588, 1480, 1234; 1H-
-NMR: (200 MHz, CDCl3, 6 / ppm): 2.04 (2H, m, CH), 2.65 (2H, t, J = 5.6 Hz,
CH2N), 2.74 (4H, t, J = 5.2 Hz, CHy), 3.08 (2H, t, J = 6.6 Hz, CH)>), 3.17 (4H, t,
J = 4.4 Hz, CHy), 6.97-7.59 (8H, m, 2-chlorophenyl group and benzimidazole),
9.64 (1H, bs, NH); 13C-NMR (50 MHz, CDCls, 6 / ppm): 23.52 (1C, CH)),
29.08 (1C, CHy), 51.13 (2C, CH>), 53.29 (2C, CHy), 58.79 (1C, CH2N), 114.58
(2C, CH—C4 and CH—C7, benzimidazole), 120.19 (1C, CH—Cg, 2-chlorophenyl
group), 121.79 (2C, CH—Cs and Cg, benzimidazole), 124.01 (1C, CH-C4, 2-chlo-
rophenyl-group), 127.72 (1C, CH—Cs, 2-chlorophenyl-group), 128.80 (1C, C—Co,
2-chlorophenyl-group), 130.75 (1C, CH-C3, 2-chlorophenyl-group), 138.92 (2C,
C—C3y and C—Cy,, benzimidazole), 148.83 (1C, C-Cq, 2-chlorophenyl group),
155.51 (1C, C—Cy, benzimidazole); MS (m/2): 355.16927 ([M+H]*, CogH23CINy).

* Corresponding author. E-mail: deanad@chem.bg.ac.rs
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2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl }-5-fluor o-1H-benzimidazole
(21). Yield: 1.38 g (96 %); IR (ATR, cm1): 2955, 1629, 1591, 1480, 1235; 1H-
-NMR (200 MHz, CDCl3, o / ppm): 2.04 (2H, m, CH>»), 2.70 (2H, t, J = 5.6 Hz,
CH2N), 2.80 (4H, t, J =4.9 Hz, CH>), 3.12 (2H, t, J = 6.2 Hz, CH>), 3.21 (4H, t,
J = 4 Hz, CHy), 6.89-7.42 (7H, m, 2-chlorophenyl group and benzimidazole),
13.06 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3, § / ppm): 23.07 (1C, CHy),
29.61 (1C, CHy), 51.24 (2C, CHy), 53.38 (2C, CH>), 59.08 (1C, CH2N), 109.57
(1C, CH—C4, benzimidazole), 110.08 (1C, CH-Cg, benzimidazole), 120.07 (1C,
CH—C7, benzimidazole), 120.17 (1C, CH—Cg, 2-chlorophenyl group), 124.17
(1C, CH-C4, 2-chlorophenyl-group), 127.82 (1C, CH-Cs, 2-chlorophenyl
group), 128.85 (1C, C—-C,, 2-chlorophenyl group), 130.84 (1C, CH—C3, 2-chloro-
phenyl group), 136.40 (1C, C—C7,, benzimidazole), 138.80 (1C, C—Cgz,, benz-
imidazole), 148.72 (1C, C—C4, 2-chlorophenyl group), 156.78 (1C, C-C,, benz-
imidazole), 161.48 (1C, C-Cs, benzimidazole); MS (m/z): 373.15986 ([M+H]™,
CooH22oCIFNg).

5-Chloro-2-{ 3-[ 4-(2-chl orophenyl)piperazin-1-yl] propyl }-1H-benzimidazole
(22). Yield: 58 mg (11 %); IR (ATR, cm1): 2951, 1618, 1586, 1477, 1232; 1H-
-NMR (200 MHz, CDCl3, o / ppm): 2.05 (2H, m, CHy), 2.70 (2H, t, J = 5 Hz,
CH2N), 2.80 (4H, t, J = 4.9 Hz, CH)»), 3.13 (2H, t, J = 6 Hz, CH>), 3.21 (4H, t,
J = 4.2 Hz, CH5), 7.00-7.52 (7H, m, 2-chlorophenyl group and benzimidazole),
13.00 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3, § / ppm): 23.11 (1C, CHy),
29.37 (1C, CHy), 51.16 (2C, CH>), 53.31 (2C, CH>), 58.92 (1C, CH2N), 114.47
(2C, CH-C4 and CH—C7, benzimidazole), 120.19 (1C, CH—Cg, 2-chlorophenyl
group), 122.24 (1C, CH—Cg, benzimidazole), 124.16 (1C, CH-C4, 2-chloro-
phenyl group), 127.27 (1C, CH—Cs, 2-chlorophenyl group), 127.80 (1C, C—Cs,
benzimidazole), 128.82 (1C, C-C,, 2-chlorophenyl group), 130.80 (1C, CH—Cs,
2-chloropheny! group), 138.80 (2C, C—C34 and C-C75, benzimidazole), 148.68
(1C, CC4, 2-chlorophenyl group), 156.77 (1C, C—C5, benzimidazole); MS (m/2):
389.12990 ([M+H]*, CooH22CloNy).

5-Bromo-2-{3-[4-(2-chlor ophenyl)piperazn-1-yl] propyl}-1H-benzimidazole
(23). Yield: 154 mg (27 %); IR (ATR, cm1): 2954, 1617, 1587, 1479, 1232; 1H-
-NMR (200 MHz, CDCl3, ¢ / ppm): 2.04 (2H, m, CH>»), 2.68 (2H, t, J = 5.6 Hz,
CH2N), 2.79 (4H, t, J = 5.2 Hz, CH>), 3.10 (2H, t, J = 4.6 Hz, CH>), 3.16 (4H, t,
J = 4.6 Hz, CHy), 6.99-7.78 (7H, m, 2-chlorophenyl group and benzimidazole),
9.09 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3, ¢ / ppm): 23.32 (1C, CHy),
29.19 (1C, CHy), 51.11 (2C, CHy), 53.33 (2C, CHy), 58.87 (1C, CH2N), 114.60
(2C, CH-C4 and CH—C7, benzimidazole), 120.22 (1C, CH—Cg, 2-chlorophenyl
group), 121.86 (1C, C—Cs, benzimidazole), 124.12 (1C, CH—C4, 2-chlorophenyl
group), 124.87 (1C, CH-Cg, benzimidazole), 127.78 (1C, CH-Cs, 2-chloro-
phenyl group), 128.85 (1C, C—C,, 2-chlorophenyl-group), 130.80 (1C, CH-Csg,
2-chlorophenyl group), 138.92 (2C, C—C3zy and C-C75, benzimidazole), 148.77
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(1C, C-C4, 2-chlorophenyl group), 156.62 (1C, C—C», benzimidazole). MS (m/2):
433.07952 ([M+H]*, CooH22BrCINy).

2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl }-5-iodo-1H-benzimidazole
(24). Yield: 333 mg (61 %); IR (ATR, cm1): 2956, 1618, 1590, 1480, 1233; 1H-
-NMR (200 MHz, CDCl3, o / ppm): 2.04 (2H, m, CH>»), 2.66 (2H, t, J = 5.6 Hz,
CHN), 2.75 (4H, t, J = 5.2 Hz, CHy), 3.12 (2H, t, J = 6.2 Hz, CH>), 3.20 (4H, t,
J = 6.2 Hz, CHy), 6.94-7.59 (6H, m, 2-chlorophenyl group and benzimidazole),
7.87 (1H, s, C4 benzimidazole), 9.08 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3,
o ppm): 23.47 (1C, CH>), 29.08 (1C, CHy), 51.13 (2C, CH>), 53.29 (2C, CH>),
58.81 (1C, CH2N), 95.01 (1C, C—Cs, benzimidazole), 114.58 (1C, CH-Cy,
benzimidazole), 120.21 (1C, CH—Cg, 2-chlorophenyl group), 121.84 (1C, CH-Cy,
benzimidazole), 124.05 (1C, CH-Cg4, 2-chlorophenyl-group), 127.74 (1C, CH—Cs,
2-chlorophenyl group), 128.82 (1C, C-C,, 2-chlorophenyl group), 130.78 (2C,
CH-Cg, 2-chlorophenyl group and CH—Cg benzimidazole), 138.90 (2C, C—C3,
and C—Cy,, benzimidazole), 148.81 (1C, C—C4, 2-chlorophenyl group), 155.51
(1C, C—Cy, benzimidazole); MS (m/z): 481.06633 ([M+H]*, CooH22ClINy).

2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl }-5-methyl - 1H-benzimidazol e
(25). Yield: 559 mg (29 %); IR (ATR, cmr1): 2948, 1629, 1538, 1479, 1230; 1H-
-NMR (200 MHz, CDCl3, ¢ / ppm): 2.03 (2H, m, CH>»), 2.45 (3H, s, CH3), 2.66
(2H,t,J=5.6 Hz, CH2N), 2.77 (4H, t, J = 5.2 Hz, CH>), 3.10 (2H, t, J = 6.2 Hz,
CHy), 3.20 (4H, t, J= 4.8 Hz, CH5), 7.00-7.45 (7H, m, 2-chlorophenyl group and
benzimidazole), 9.22 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3, 6 / ppm): 21.59
(1C, CH3), 23.43 (1C, CHy), 29.15 (1C, CHy), 51.18 (2C, CH>), 53.35 (2C,
CH>), 58.85 (1C, CHoN), 114.45 (2C, CH-C4 and CH-C7, benzimidazole),
120.24 (1C, CH-Cg, 2-chlorophenyl group), 123.25 (1C, CH—Cg, benzimida-
zole), 124.07 (1C, CH—C4, 2-chlorophenyl group), 127.74 (1C, CH-Cs, 2-chloro-
phenyl group), 128.87 (1C, C—C,, 2-chlorophenyl group), 130.82 (1C, CH-Cg,
2-chloropheny! group), 131.55 (1C, C—Cs, benzimidazole), 138.80 (2C, C—Csz,
and C-Cy,, benzimidazole), 148.86 (1C, C—C4, 2-chlorophenyl group), 155.09
(1C, C—Cy, benzimidazole); MS (m/z): 369.18450 ([M+H]*, C21Ho5CINy).

2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl }-5-(trifluoromethyl)-1H-
-benzimidazole (26). Yield: 640 mg (78 %); IR (ATR, cm1): 2944, 1632, 1590,
1481, 1234; 1H-NMR (200 MHz, CDCl3, 6 / ppm): 2.06 (2H, m, CHy), 2.74 (2H,
t, J =5 Hz, CH2N), 2.84 (4H, t, J = 5 Hz, CH>), 3.15 (2H, t, J = 6.2 Hz, CH>),
3.22 (4H, t, J = 5 Hz, CHy), 7.01-7.69 (6H, m, 2-chlorophenyl group and benz-
imidazole), 7.83 (1H, s, C4 benzimidazole), 9.05 (1H, bs, NH); 13C-NMR (50
MHz, CDCl3, 6 / ppm): 22.89 (1C, CHy), 29.51 (1C, CHy), 51.15 (2C, CHy),
53.33 (2C, CHj), 58.92 (1C, CH2N), 112.65 (1C, CH-C4, benzimidazole),
114.38 (1C, CH-C7, benzimidazole), 118.89 (1C, CH-Cg, 2-chlorophenyl
group), 120.19 (1C, CH-Cg, benzimidazole), 122.24 (1C, CF3), 123.83 (1C,
C—Cs, benzimidazole), 124.30 (1C, CH—C4, 2-chlorophenyl group), 127.85 (1C,
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CH-Cs, 2-chlorophenyl group), 128.89 (1C, C-C,, 2-chlorophenyl group),
130.86 (1C, CH—Cj3, 2-chlorophenyl group), 138.20 (2C, C—C3y and C—Cy,,
benzimidazole), 148.61 (1C, C—C4, 2-chlorophenyl group), 157.99 (1C, C—-Co,
benzimidazole). MS (nV2): 423.15682 ([M+H]*, Co1H2oCIF3Ny).
2-{3-[4-(2-Chlorophenyl)piperazin-1-yl] propyl }-5-methoxy-1H-benzimida-

zole (27). Yidld: 178 mg (71 %); IR (ATR, cmr1): 2948, 1631, 1590, 1483, 1232;
IH-NMR (200 MHz, CDCl3, J / ppm): 2.04 (2H, m, CHy), 2.67 (2H, t, J = 5.6
Hz, CHoN), 2.80 (4H, t, J = 5.4 Hz, CH>), 3.09 (2H, t, J = 6.2 Hz, CH)>), 3.19
(4H, t, J = 4.6 Hz, CH>), 3.82 (3H, s, OCH3), 6.82—7.45 (7H, m, 2-chlorophenyl
group and benzimidazole), 9.01 (1H, bs, NH); 13C-NMR (50 MHz, CDCl3, ¢ /
/ ppm): 23.34 (1C, CHy), 28.71 (1C, CH>), 50.93 (2C, CH>), 53.20 (2C, CH)),
55.81 (1C, OCH3), 58.56 (1C, CH>N), 97.83 (1C, CH-C4, benzimidazole),
111.03 (1C, CH-Cg, benzimidazole), 115.05 (1C, CH-C7, benzimidazole),
120.21 (1C, CH—Cg, 2-chlorophenyl group), 124.14 (1C, CH—C4, 2-chlorophenyl
group), 127.74 (1C, CH-Cs, 2-chlorophenyl group), 128.82 (1C, C—C,, 2-chloro-
phenyl group), 130.78 (1C, CH—C3, 2-chloropheny! group), 133.41 (1C, C—Cq,,
benzimidazole), 139.16 (1C, C—Cs,, benzimidazole), 148.70 (1C, C-C4, 2-chlo-
rophenyl group), 155.00 (1C, C—Cy, benzimidazole), 155.96 (1C, C—Cs, benz-
imidazole); MS (m/z): 385.17957 ([M+H]*, C21H25CINZO).
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Abstract: Series of novel urea and thiourea derivatives of valaciclovir were
efficiently synthesized in high yields and their antiviral activity was evaluated.
(9-2-[ (2-amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy]ethyl ~ 2-amino-3-
methylbutanoate (valaciclovir) (1) was reacted with various aromatic isocya
nates/thiocyanates 2a—j in the presence of N,N “dimethyl piperazine as a base
in THF:pyridine (4:1) to obtain the valaciclovir urealthiourea derivatives 3a—j.
The structures of the title compounds (3a—j) were confirmed by their IR, NMR
(*H and 13C) mass spectral data and elemental analysis. The newly synthesized
compounds were screened for their antiviral activity against Tobacco mosaic
virus (TMV) and antioxidant activity was evaluated by the 1,1-diphenyl-
-2-picrylhydrazy! radical (DPPH) and superoxide dismutase (SOD) scavenging
methods. The title compounds exhibited potent antiviral and good antioxidant
activities.

Keywords: isocyanate; isothiocyanate; N,N “dimethylpiperazine; tobacco mo-
saic virus; antiviral activity; antioxidant activity.

INTRODUCTION

Urea and thiourea are important functional groups in numerous natural pro-
ducts and drug intermediates, and are used as neutral receptor for various anions
(anion complexation),! and building blocks for various heterocycles. Urea and
thiourea derivatives possess many promising biological activities, such as herbi-
cidal,2 antimicrobial ;3 antioxidant,# antiviral®, anti-HIV6 and antitumor? activity,
while urea derivatives exhibit anti-inflammatory,8 antimalarial® and antidiabetic
activities.10 Thiourea and urea derivatives have been used as purification agents
for organic and inorganic effluents, industrial, agricultural and mining wastes,11
spinning mixtures, paper and paints, as well as wrinkle proofing agents for cotton
and cotton polyester fabrics.1213 These compounds could also be used for the
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detoxification of super antigens from body fluids!4 and for the treatment of
hemoglobinopathies in the cases of sickle cell anemia and Beta () thalassemia,1°
and thiourea derivatives were reported to be non-nucleoside inhibitors (NNIs) of
the reverse transcriptase (RT) enzyme of the human immunodeficiency virus
(HIV).16 Thiocarlide is a pharmacologically important thiourea drug used as a
therapeutic agent in the treatment of tuberculosis.1? Thiourea inhibitors of plant
viruses have aso given rise to widespread interest in both the biological and
chemical sectors.18

Vaaciclovir is a prodrug that is used for viral infection. Valaciclovir is an
esterified version of acyclovir that has greater oral bioavailability (about 55 %)
than acyclovir (10—20 %). Specific antivirals are used for specific viruses. Unlike
most antibiotics, antiviral drugs do not destroy their target pathogen; instead,
they inhibit their development. Hence, the design of a safe and effective drug
requires extended knowledge of the genetic and molecular functions of orga
nisms. Hence, researchers have been focusing on the development of effective
antiviral drugs by embedding effective pharmocophores into origin drugs or on
the understanding of the structure and function of viruses to find new drugs. In
recent years, the impact of climate anomalies and the areas of crops affected by
plant virus diseases are on the rise, resulting in tremendous economic losses in
the world. Tobacco mosaic virus (TMV) disease is an important class of common
disease occurring in tobacco plants growing al over the world. In continuation of
ongoing research work, novel urea and thiourea derivatives of valaciclovir have
been designed, synthesized and tested against tobacco mosaic virus and antioxi-
dant activity.

EXPERIMENTAL

Sigma-Aldrich, Merck and Lancaster chemicals were used as such without further puri-
fication. Solvents used for spectroscopic and other physical studies were reagent grade and
were further purified by literature methods.19 Melting points were determined by Guna Digital
Melting Point apparatus using a calibrated centigrade thermometer and are uncorrected. IR
spectra were obtained in KBr optics on a Perkin-Elmer Model 281-B spectrophotometer and
expressed in wave numbers (cm1). 1H- and 13C-NMR spectra were recorded in DM SO-dg on
aBruker Avance 111 500 MHz spectrometer operating at 500 MHz for 1H-, 125 MHz for 13C-
-NMR. The 1H- and 13C-chemical shifts were expressed in ppm with reference to tetramethy!-
silane. ESI mass spectra were recorded on a Finnigan MAT 1020 mass spectrometer. Ele-
mental analyses were performed at University of Hyderabad, India.

Analytic and spectral data for compounds 3a— are given in the Supplementary material
to this paper.

General procedure for synthesis of title compounds 3a—
(9-2-[(2-Amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy]ethyl  2-amino-3-methylbu-

tanoate (valaciclovir) 1 (0.001 mol), various aromatic isocyanates/thiocyanates 2a— (0.001

mol) were dissolved in dry THF:pyridine (20 mL) and refluxed under stirring for 3-5 h at
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about 60 °C. Identification of the product and completion of the reaction was monitored by
TLC using ethyl acetate:hexane (4:1) as an eluent. After completion of the reaction, the
mixture was concentrated on a rotary-evaporator and the residue was purified by column
chromatography on silica gel (100-200 mesh) using petroleum ether:ethyl acetate (2:3, boiling
range: 40-60 °C) as an eluent. The structures of the title compounds 3a- were established by
spectral and elemental analysis. The obtained yields of 3a— were in the range 72-82 %.

Antiviral bioassay

Purification of tobacco mosaic virus (TMV). Using the Gooding method,° the upper
leaves of Nicotiana tabacum L. inoculated with TMV were selected and ground in phosphate
buffer, 6x10°3 mg/mL, pH 7.4, then filtered through a double layer pledget. The filtrate was
centrifuged at 10000 g, treated twice with poly(ethylene glycol) 400 (PEG 400) and
centrifuged. The whole procedure was performed at 4 °C. The absorbance values, Aygg, Were
estimated at 260 nm using an ultraviolet spectrophotometer. The virus concentration is given:

Virus concentration = Pogo x diltion ratio X

100 (@)
£0.1%, 260 nm X1 €M

Curative effect of the compounds against TMV in vivo. Growing leaves of Nicotiana
tabacum L. of the same age were selected. TMV (concentration of 6x10-3 mg mL) was dipped
and inoculated on the whole leaves, then the |eaves were washed with water and dried. The
compound solution (500 ug mL"1) was smeared on the |eft side and the solvent was smeared
on the right side for control. The local number of lesions were then counted and recorded 34
days after inoculation.?! Triplicated experiments were carried out for each compound and
average value was taken as final result. The inhibition rate of the compound was then
calculated according to the formula:

Inhibition rate = 100(x-y)/x 2
where x = average local lesion no. of control and y = average local lesion no. of tested sample.
Antioxidant activity

The anti-oxidant activities of the synthesized compounds were evaluated 1,1-diphenyl-2-
-picrylhydrazyl (DPPH) and superoxide radical scavenging activity methods.

DPPH radical-scavenging activity. The DPPH radical scavenging activity was measured
in areaction mixture containing 0.2 mL of DPPH (1 mM) solution, 0.8 mL of methanol (99 %)
and 2 mL of tested solutions (100 ug/mL). The solution was rapidly mixed and scavenging
capacity was calculated by observing the decrease in absorbance at 517 nm of the reaction
mixture after half an hour a ambient temperature.?2 The percentage of DPPH radical
scavenging activity was calculated by the following formula:

DPPH radical scavenging activity (%) = (1—M)x100 A3)
A517(control)

Ascorbic acid was used as a standard for comparison of the activity. The experiments
were repeated in triplicate and the average value was taken as the final result.

Superoxide radical scavenging activity (SRSA). Superoxide radicals were identified by a
spectrophotometric method to study the effect of various concentrations of the test compounds
on the reduction of nitroblue tetrazolium (NBT), according to a previously described
procedure.23 The superoxide radicals were generated in a non-enzymatic phenazine metho-
sulfate—nicotinamide adenine dinuclectide (PMS/NADH) system. The non-enzymatic
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generation of superoxide radicals was measured in reaction mixtures containing 3 mL of 100
ug mL-1 solution of test compounds, 400 pL of PMS (15 uM), 1 ml of NADH (460 uM) and 1
ml of NBT (150 uM) in phosphate buffer (20 mM, pH 7.4), and then incubated for 5 min at
ambient temperature. The change in absorbance was read at 560 nm against blank samples.
The percentage of superoxide radical scavenging activity was measured using the Eg. (3).
Ascorbic acid was used as a standard.

RESULTS AND DISCUSSION
Chemistry

The synthesis of title compounds was accomplished by reacting (9-2-[(2-
-amino-6-0xo-6,9-dihydro-3H-purin-9-yl)methoxy]ethyl 2-amino-3-methylbutano-
ate (valaciclovir, 1) with various isocynates/isothiocynates 2a—j in the presence
of N,N“dimethylpiperazine as a base in THF:pyridine solvent (20 mL) at 60 °C.
The progress of the reaction was monitored by TLC. The resulting title
compounds 3a— were obtained in high yieldsin 3-5 h (Scheme 1). The chemical
structures of the title compounds 3a—j were deduced by IR, NMR (1H and 13C),
mass spectral and elementa analysis, the results of which are given in the Sup-
plementary material to this paper. IR absorptions bands for 3a— were observed
in the regions 1183-1206, 1648-1672 and 3412-3448 cm!, assigned to C=S,
C=0 and N-H, respectively. The IH-NMR spectra exhibited broad signals for
NH protons at 10.8-12.4 ppm. 13C-NMR chemical shifts were observed in the §
regions 166.8-182.4 ppm for C=S and 148.4-152.6 for C=0.

o - o RE_,
HN " N THF: HE%N\” 212 4"
)%N N HoN + — By HoN N9 N gy HNzlo ¢

HN o >o  0°CDMP TQ 1 O

-C,

™o

3 H
12 0_15 6 1718
14 Cb 18
1 2 DM P- 1,4 Dimethylpiperzine 3(a)

Compound R X Compound R X
3a H S 3f 4-Br (6]
3b 4-F S 39 4-F (6]
3c 4-Cl S 3h 3-Cl, 4-Cl O
3d 4-NO, S 3i 3-Cl, 4-F o
3e 3-Br S 3 3-CF3, 4-Cl o

Scheme 1. Synthesis of urea and thiourea derivatives of valaciclovir (3a).

Antiviral activity

The newly synthesized derivatives 3a—j were screened for their antiviral
activity against tobacco mosaic virus (TMV) by the Gooding method.20 The bio-
assay results obtained at 500 ug mL—1 of the synthesized compounds and vala-
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ciclovir as the positive control are shown in Table I. It is clear that the title
compounds 3a— showed high antiviral activities against the tobacco mosaic
virus. Among the compounds 3a—, thiourea derivative 3a bind to phenyl ring
and 3e bearing 3-bromophenyl ring exhibited high TMV inhibition.

TABLE |. TMV inhibitory activity of title compounds 3a— in concentration of 500 pug mL-1

Compound Inhibition rate, %
3a 87.2+0.06
3b 84.4+0.12
3c 82.3+0.14
3d 79.1+0.17
3e 89.2+0.05
3f 83.2+0.08
39 80.4+0.13
3h 78.1+0.09
3i 85.4+0.07
3 77.2+0.02
Valaciclovir (positive control) 91.3+0.05

Antioxidant activity

Antioxidant activity of the synthesized compounds 3a-j was investigated
using DPPH and SRSA scavenging activity methods and the percentage of the
scavenging activity are shown in Table Il. The bio-screening data revealed that
al the title compounds showed potent to moderate antioxidant activity in tested
methods.In tested methods, valaciclovir thiourea derivative 3a bearing phenyl
ring, 3e bonded to 3-bromopheny! ring, urea derivative 3f containing 4-brom-o-
phenyl ring and 3i attached to 3-chloro-4-flourophenyl ring exhibited promising
antioxidant activity quite close to the standard, ascorbic acid. In overall obser-
vation of the antioxidant activity of the synthesized compounds, thiourea
derivatives showed better activity than urea derivatives.

TABLE II. Antioxidant activities (%) of the title compounds 3(a—j)

Entry DPPH SRSA

3a 79.5+1.3 75.1£1.7
3b 72.3t1.4 71.1+1.6
3c 73.131.2 70.5+1.6
3d 75.5+1.8 71.0+1.9
3e 81.7+1.1 76.2+1.4
3f 78.0+1.4 74.6x1.1
3g 74.9+1.2 72.4+1.6
3h 71.9+1.7 69.1+1.9
3i 76.8+1.1 70.8+1.7
3 70.7+1.6 68.6+1.0
Ascorbic acid 83.4+1.6 78.5+1.4

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS



288 KATLA etal.

CONCLUSIONS

Synthesis of (§)-2-[(2-amino-6-0x0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl
2-amino-3-methylbutanoate (valaciclovir) derivatives of thiourea and urea was
accomplished by reacting various aromatic isocyanates/thiocyanates in the pre-
sence of N,N “dimethylpiperazine as a base in high yields (72-82 %) and in short
reaction times. The obtained compounds exhibited good antiviral and promising
antioxidant activities.

SUPPLEMENTARY MATERIAL

Analytic and spectral data for compounds 3a—j are available electronically from http:/
/lwww.shd.org.rs/JSCS/, or from the corresponding author on reguest.
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n3BOJ

CHUHTE3A U BUOJIOIKA AKTUBHOCT YPEA U TUOYPEA JEPUBATA
BAJTAITUK/IIOBHUPA

VENKATA RAMANA KATLAi, RASHEED SYEDi, MADHAVA GOLLAi, ADAM SHAIK” u NAGA RAJU CHAMARTHI'

1Department of Chemistry, Sri Venkateswara University, Tirupati - 517 502, India u ZDepartment of
Biochemistry, Sree Vidyaniketan P.G College, Tirupati - 517 502, India

CuHTeTHCaHa je cepdja ypea M THOypea JAepHBara BaJallMKIOBHpa M HUCIHTUBaHA je
BUX0BA aKTHBHOCT. (S)-2-[(2-AMHHO-6-0KC0-6,9-guxunpo-3H-ypuH-9-WI)METOKCH]|eTHII-2-
-aMHHO-3-MeTUN0yTaHOoaT (BaJIAiMKIOBHUP) je pearoBao ca pPasInYUTHM apOMaTHYHHM H30-
UHMjaHaTUMa/THOLMjaHaTUMa Yy mpucycTBy N,N “muMmeTwinunepasvHa najyhu ypea/Tuoypea
nepuBate BanauukosnoBupa. CTpykType fodWjeHMX jenvmema Cy yTBpheHe merofmama IR,
NMR (1H u 13C), MS u eneMeHTalIHOM aHATH30M. 33 HOBOCHHTETHCAHA jenvmema UCIUTaHa
je akTMBHOCT CIIpaM BHUpyca Mo3avka AyBaHa (TMV), kao ¥ aHTHOKCUIATUBHA aKTUBHOCT Me-
ToZama ua mpuMpHoM 1,1-mudeHun-2-nukpunxunpasun pagvkana (DPPH) u cynepokcun-
mucmytase (SOD). Csa jemumema Cy HCIO/bHIA 3HaYajHy aHTUBHUPYCHY W aHTHOKCHIATHBHY
aKTHUBHOCT.

(ITpumibeHo 12. jyna, pesupupano 4. centemdpa 2012)
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2-[(2-Amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ 3-methyl-2-
-{[ (phenylamino)thi oxomethyl] amino} butanoate (3a). Yield: 82 %; m.p. 144-146
°C; Anal. Calcd. for CogHosN704S: C, 52.27; H, 5.48; N, 21.34 %. Found: C,
52.29, H, 5.42; N, 21.25 %; IR (KBr, cnm1): 3412 (N-H), 3138 (NHy), 1183
(C=S), 724 (C-S); IH-NMR (500 MHz, DMSO-dg, J / ppm): 10.8 (1H, s, N-H),
8.21 (1H, s, Ar-H), 7.86 (2H, s, NH»), 7.68-6.94 (5H, m, Ar-H), 5.24 (2H, t, J =
= 7.6 Hz, CHy), 5.18 (2H, t, J = 6.8 Hz, CH5), 4.58 (2H, s, CH>), 4.20 (1H, s,
NH-Ar), 3.41 (1H, s, NH-C=S), 2.84 (1H, d, J = 5.2 Hz, H-16), 1.64-1.48 (1H,
m (CH—(CH3),), 1.24 (6H, d, J = 5.6 Hz (CH—CH3),); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 166.8 (Cyo of C=S), 159.8 (C15 of C=0), 158.2 (Cy4 of
HN-C=0), 152.4 (Cg), 146.2, 142.4, 136.2, 128.2, 126.8, 126.4, 124.6, 126.2,
118.6, 67.4, 65.2 (C1¢), 64.2, 61.2, 32.4, 19.4, 18.5; MS (m/2): 459 M*.

2-[(2-Amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl 2-{[ ((4-fluoro-
phenyl)amino)thioxomethyl] amino}-3-methylbutanoate (3b). Yield: 80 %; m.p.
150-152 °C; Ana. Calcd. for CyoH24N704S: C, 50.31; H, 5.07; N, 20.53 %.
Found: C, 50.25, H, 5.01; N, 20.48 %; IR (KBr, cnt1): 3416 (N-H), 3118 (NH)),
1188 (C=9S), 728 (C-S); IH-NMR (500 MHz, DMSO-dg, J / ppm): 11.2 (1H, s,
N-H), 8.12 (1H, s, Ar-H), 8.02 (2H, s, NH>), 7.62-6.92 (4H, m, Ar-H), 5.12 (2H,
t,J=7.4Hz, CH)), 4.96 (2H, t, J = 7.4 Hz, CH>), 4.32 (2H, s, CH>), 4.16 (1H, s,
NH-Ar), 3.21 (1H, s, NH-C=S), 2.04 (1H, d, J = 4.6 Hz, H-16), 1.92-1.82 (1H,
m (CH—(CHz3)p), 1.12 (6H, d, J = 5.2 Hz (CH-(CH3),); 13C-NMR (125 MHz,
DMSO-dg, 6 / ppm): 168.2 (Cpp of C=S), 159.2 (Cy5 of C=0), 156.2 (Cy4 of
HN-C=0), 153.8 (Cg), 144.2, 139.6, 135.4, 129.2, 128.6, 127.5, 127.2, 125.4,
116.4, 66.8, 65.7, 65.4 (C16), 60.6, 33.6, 19.6, 19.2; MS (mV2): 477 M*.

* Corresponding author. E-mail: rajuchamarthi10@gmail.com
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2-[(2-Amino-6-oxo-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ {[((4-chloro-
phenyl)amino)thioxomethyl] amino}-3-methylbutanoate (3c). Yield: 79 %; m.p.
148-150 °C; Anal. Calcd. for CogH24CIN7O4S: C, 48.63; H, 4.90; N, 19.85 %.
Found: C, 48.71, H, 4.83; N, 19.68 %; IR (KBr, cnr1): 3422 (N-H), 3130 (NH>),
1194 (C=9S), 732 (C-S); IH-NMR (500 MHz DMSO-dg, 6 / ppm): 11.6 (1H, s,
N—H), 8.32 (1H, s, Ar-H), 7.64-6.82 (4H, m, Ar-H), 7.54 (2H, s, NH5), 5.24 (2H,
t,J=7.6 Hz, CHp), 4.82 (2H, t, J = 6.9 Hz, CHy), 4.32 (1H, s, NH-Ar), 4.28 (2H,
s, CHy), 4.2 (1H, s, NH-C=S), 2.42 (1H, d, J = 4.6 Hz, H-16), 1.42-1.34 (1H, m
(CHHCH3)), 1.22 (6H, d, J = 54 Hz (CH-CH3)y); 13C-NMR (125 MHz
DMSO-dg, 6 / ppm): 174.6 (Cyg of C=S), 171.6 (C15 of C=0), 154.2 (Cg), 152.5
(C4 of HN-C=0), 145.6, 141.5, 135.4, 129.2, 128.6, 127.5, 127.2, 125.4, 118.2,
69.2, 67.2 (Cqg), 66.4, 61.5, 31.4, 19.7, 19.4; MS (m/2): 493 M*.

2-[(2-Amino-6-o0x0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ 3-methyl-2-
-{[ ((4-nitrophenyl)amino)thioxomethyl] amino} butanoate (3d). Yield: 78 %; m.p.
128-130 °C; Anal. Calcd. for CooH24NgOgS: C, 47.61; H, 4.79; N, 22.21 %.
Found: C, 47.56, H, 4.75; N, 22.17 %; IR (KBr, cnr1): 3428 (N-H), 3116 (NH>),
1206 (C=S), 738 (C-S); IH-NMR (500 MHz, DMSO-dg, J / ppm): 11.4 (1H, s,
N—H), 8.42 (1H, s, Ar-H), 7.72 (2H, s, NH»), 7.52-6.88 (4H, m, Ar-H), 5.18 (2H,
t, J = 7.1 Hz, CHy), 4.64 (2H, t, J = 6.4 Hz, CH>), 4.62 (1H, s, NH-C=S), 4.56
(1H, s, NH-Ar), 4.32 (2H, s, CH»), 2.26 (1H, d, J = 4.6 Hz, H-16), 1.42-1.26
(1H, m (CH—CHs),), 1.08 (6H, d, J = 5.2 Hz (CH-(CH3)y); 13C-NMR (125 MHz
DMSO-dg, 6 / ppm): 182.4 (Cyg of C=S), 172.4 (C15 of C=0), 155.4 (Cg), 151.6
(C4 of HN-C=0), 146.2, 140.4, 136.2, 128.7, 128.4, 128.2, 128.0, 127.4, 117.4,
68.6, 67.2, 66.2 (C1g), 63.7, 30.6, 19.5, 19.2; MS (m/z): 504 M*.

2-[ (2-Amino-6-oxo-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl 2-{[ ((3-bromo-
phenyl)amino)thioxomethyl] amino}-3-methylbutanoate (3e). Yield: 76 %; m.p.
110-112 °C; Anal. Calcd. for CogH24BrN704S: C, 44.61; H, 4.49; N, 18.21 %.
Found: C, 44.51; H, 4.36; N, 18.32 %; IR (KBr, cm1): 3426 (N-H), 3112 (NH>),
1198 (C=S), 720 (C-S); IH-NMR (500 MHz DMSO-dg, 6 / ppm): 10.9 (1H, s,
N—H), 8.28 (1H, s, Ar-H), 7.84 (2H, s, NH»), 7.32-6.94 (4H, m, Ar-H), 5.24 (2H,
t, J = 7.6 Hz, CHy), 4.82 (1H, s, NH-C=S), 4.46 (2H, t, J = 6.4Hz, CH>), 4.32
(1H, s, NH-Ar), 412 (2H, s, CH»), 2.12 (1H, d, J =5.8 Hz, H-16), 1.42-1.24 (1H,
m (CH—(CHz3)p), 1.14 (6H, d, J = 6.4 Hz, (CH<CH3)); 13C-NMR (125 MHz
DMSO-dg, 6 / ppm): 172.8 (Cyg of C=S), 171.6 (C15 of C=0), 157.2 (Cg), 152.4
(C4 of HN-C=0), 147.6, 138.6, 137.4, 127.6, 127.2, 126.8, 126.4, 124.6, 116.8,
69.2, 68.4, 65.4 (C1p), 65.2, 31.2, 18.9, 18.6; MS (m/2): 537 M*.

2-[(2-Amino-6-oxo-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ 2-[ 3-(4-bro-
mophenyl)ureido] -3-methylbutanoate (3f). Yield: 77 %; m.p. 118-120 °C; Anal.
Calcd. for CogH24BrN7Os: C, 45.99; H, 4.63; N, 15.30 %. Found: C, 45.86; H,
4.52; N, 15.26 %; IR (KBr, cm1): 3432 (N-H), 3109 (NHy), 1656 (C=0), 1070
(C-0); IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 11.2 (1H, s, N-H), 8.36 (1H, s,
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Ar-H), 7.62 (2H, s, NHy), 7.46-6.87 (4H, m, Ar-H), 512 (2H, t, J = 7.1 Hz,
CHy), 4.64 (1H, s, NH-C=S), 4.32 (2H, t, J = 6.2 Hz, CH)>), 4.26 (1H, s, NH-Ar),
4.06 (2H, s, CHy), 2.24 (1H, d, J = 6.4 Hz, H-16), 1.36-1.24 (1H, m (CH-
—(CH3)9), 1.22 (6H, d, J = 4.6 Hz (CH—<CH3)); 13C-NMR (125 MHz, DMSO-
-dg, 6 / ppm): 169.2 (C15 of C=0), 158.4 (Cg), 151.6 (C4 of HN-C=0), 148.4
(Cyo of C=0), 145.8, 137.5, 136.2, 128.2, 127.9, 127.6, 126.8, 123.8, 118.2, 69.5,
68.4, 66.5 (C16), 64.8, 30.6, 19.4, 18.8; MS (m/2): 521 M™.

2-[ (2-Amino-6-oxo-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl 2-[ 3-(4-fluoro-
phenyl)ureido] -3-methylbutanoate (3g). Yield: 81 %; m.p. 106-108 °C; Anal.
Calcd. for CpogHo4FN7Os: C, 52.06; H, 5.24; N, 21.25 %. Found: C, 52.01, H,
5.17; N, 21.18 %; IR (KBr, cm1): 3440 (N-H), 3152 (NH>), 1648 (C=0), 1035
(C-0); IH-NMR (500 MHz, DMSO-dg, 6 / ppm): 12.4 (1H, s, N-H), 8.02 (1H, s,
Ar-H), 7.92-6.74 (4H, m, Ar-H), 7.76 (2H, s, NHy), 5.64 (2H, t, J = 7.2 Hz,
CHy), 4.86 (1H, s, NH-C=S), 4.36 (1H, s, NH-Ar),) 4.28 (2H, t, J = 6.1 Hz,
CHy), 4.12 (2H, s, CHy), 2.12 (1H, d, J = 5.6 Hz, H-16), 1.82-1.64 (1H, m (CH-
—(CH3)»), 1.38 (6H, d, J = 6.8 Hz (CH—<CH3)); 13C-NMR (125 MHz, DMSO-
-dg, 6 / ppm): 170.4 (C15 of C=0), 157.2 (Cg), 153.4 (C4 of HN-C=0), 152.6
(Cyo of C=0), 146.4, 139.8, 139.4, 127.2, 126.6, 125.8, 125.2, 124.6, 117.5, 68.2,
67.6, 67.2, 65.2, (C16), 31.6, 19.8, 19.4; MS (m/2) : 461 M*.

2-[ (2-Amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ 2-[3-(3,4-di-
chlorophenyl)ureido] -3-methylbutanoate (3h). Yield: 75 %; m.p. 102-104 °C;
Anal. Cacd. for CygH23CloN7Os: C, 46.89; H, 4.52; N, 19.14 %. Found: C,
46.80, H, 4.46; N, 19.10 %; IR (KBr, cnmr1): 3438 (N-H), 3112 (NHy), 1652
(C=0), 1074 (C-0); 1H-NMR (500 MHz, DMSO-dg, 5 / ppm): 12.2 (1H, s, N-H),
8.12 (1H, s, Ar-H), 7.94-6.84 (3H, m, Ar-H), 7.62 (2H, s, NHy), 552 (2H, t, J =
= 7.8 Hz, CHy), 4.74 (1H, s, NH-C=S), 4.32 (2H, t, J = 6.3 Hz, CH>), 4.28 (1H,
s, NH-Ar), 4.14 (2H, s, CH»), 2.22 (1H, d, J = 5.6 Hz, H-16), 1.86-1.64 (1H, m
(CH—HCH3),), 1.26 (6H, d, J = 6.2 Hz (CH—HCH3),); 13C-NMR (125 MHz,
DMSO-dg, ¢ / ppm): 171.5 (C45 of C=0), 158.4 (Cg), 155.6 (C4 of C=0), 150.8
(Cyo of C=0), 148.2, 138.2, 136.8, 127.4, 126.8, 126.6, 126.2, 125.8, 118.2, 69.2,
67.4, 66.4 (Cqg), 62.6, 19.6, 32.4, 19.2; MS (m/2): 512 M*.

2-[ (2-Amino-6-oxo-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl ~ 2-[ 3-(3-chlo-
ro-4-fluorophenyl)ureido] -3-methylbutanoate (3i). Yield: 72 %; m.p. 100-102
°C; Anal. Calcd. for CogH23CIFN7Os: C, 48.44; H, 4.67; N, 19.77 %. Found: C,
48.39, H, 4.58; N, 19.72 %; IR (KBr, cnmr1): 3442 (N-H), 3132 (NHy), 1668
(C=0), 1035 (C-0); IH-NMR (500 MHz, DMSO-dg,  / ppm): 11.9 (1H, s, N-H),
8.24 (1H, s, Ar-H), 7.86-6.92 (3H, m, Ar-H), 7.74 (2H, s, NHy), 5.42 (2H, t, J =
= 7.6 Hz, CHy), 4.62 (1H, s, NH-C=S), 4.46 (2H, t, J = 6.4 Hz, CH>), 4.16 (1H,
s, NH-Ar), 4.24 (2H, s, CH»), 2.34 (1H, d, J = 5.7 Hz, H-16), 1.91-1.74 (1H, m
(CHHCH3)p), 1.34 (6H, d, J = 5.2 Hz (CH—CH3),); 13C-NMR (125 MHz,
DMSO-dg, J / ppm): 172.4 (C15 of C=0), 159.6 (Cg), 156.2 (C4 of HN-C=0),
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152.6 (Cyg of C=0), 149.5, 139.7, 139.2, 1285, 127.7, 126.8, 126.2, 125.2,
119.4, 69.6, 68.2, 67.6 (C16), 63.7, 31.8, 20.2, 19.8; MS (nV/2): 496 M*.

2-[ (2-Amino-6-ox0-6,9-dihydro-3H-purin-9-yl)methoxy] ethyl  2-{3-[4-chlo-
ro-3-(trifluoromethyl) phenyl] ureido}-3-methylbutanoate (3j). Yield: 74 %; m.p.
122-124 °C; And. Calcd. for C1H23CIF3N7Os: C, 46.20; H, 4.25; N, 17.96 %.
Found: C, 46.14, H, 4.18; N, 17.89 %; IR (KBr, cnt1): 3448 (N-H), 3142 (NH)),
1672 (C=0), 1053 (C-0); 1H-NMR (500 MHz, DMSO-dg, 5 / ppm): 12.2 (1H, s,
N-H), 8.22 (1H, s, Ar-H), 7.92-6.74 (3H, m, Ar-H), 7.58 (2H, s, NH>), 5.32 (2H,
t, J = 7.4 Hz, CH»), 4.56 (1H, s, NH-C=S), 4.54 (2H, t, J = 6.4 Hz, CH>), 4.36
(2H, s, CHy), 4.28 (1H, s, NH-Ar), 2.28 (1H, d, J = 4.4 Hz, H-16), 1.84-1.62 (1H, m
(CHHCH3)), 1.26 (6H, d, J = 6.6 Hz (CH-CH3),); 13C-NMR (125 MHz,
DMSO-dg, ¢ / ppm): 171.6 (C15 of C=0), 157.6 (C4 of HNC=0), 156.4 (Cg),
151.2 (Cyg of C=0), 148.8, 140.8, 139.4, 128.2, 127.9, 126.5, 125.8, 124.8,
118.2, 68.6, 67.4, 66.4 (C16), 62.6, 30.4, 19.8, 19.2; MS (n/2): 545 M*.
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Transition metal complexes with thiosemicar bazide-based
ligands. Part 60. Reactions of copper (I1) bromide with pyridoxal
S-methylisothiosemicarbazone (PLITSC). Crystal structure of
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and ZFaculty of Environmental Protection, University EDUCONS, V. Putnika bb, 21208
Sremska Kamenica, Serbia
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Abstract: The synthesis and structural characterization of a sguare-planar
copper(I1) complex with pyridoxal S-methylisothiosemicarbazone (PLITSC) of
the formula [Cu(PL1TSC-H)H,O]Br-H,0 (1) asthefirst Cu(ll) complex with a
monoanionic form of this ligand were described. Complex 1 together with two
previously synthesized complexes [Cu(PLITSC)Br5] (2) and [Cu(PLITSC)-
Br(MeOH)]Br (3) were characterized by elemental analysis, IR and electronic
spectroscopy and by the methods of thermal analysis, conductometry and
magnetochemistry.

Keywords: copper(ll) complexes; pyridoxal S-methylisothiosemicarbazone;
crystal structure; spectra; thermal analysis.

INTRODUCTION

Metal complexes with Schiff base derivatives of pyridoxal, which is one of
the six natural forms of vitamin B6, due to their interesting chemical, structural
and biological characteristics, have been the subject of many studies.! A specia
group of Schiff base derivatives of pyridoxal consists of its compounds with
semi-, thiosemi- and isothiosemicarbazones, which were found to coordinate as
ONO, ONS and ONN ligands, respectively.2 The coordination chemistry of pyri-
doxal thiosemicarbazone (PLTSC) began in 1986 with the papers of Ferrari
Belicchi et al.3 and since then, this ligand has been used for the syntheses of
many complexes, not only with transition, but also with some non-transition

* Corresponding author. E-mail: vukadin.leovac@dh.uns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC130622084L
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metals.28 In contrast to this ligand, the coordination chemistry of the Smethyl
derivative, i.e., pyridoxa S-methylisothiosemicarbazone (PLITSC) commenced
later with the papers of Leovac et al.,2910 which is the reason for the smaller
number of described complexes [Cu(l1),2 Fe(111),29.10 Co(111),211 Ni(11),22 V(V)
and Mo(V1)13]. It was found that this tridentate ONN ligand can be coordinated
as neutral, mono- and di-anionic species, which was proven by, among other
methods, X-ray structural analysis of its complexes.211-15 The structures of two
square-pyramidal  Cu(ll) complexes with the neutral ligand, [Cu(PLITSC)-
NO3(H20)]NO31# and [Cu(PLITSC)Br(MeOH)]Br,1> and one square-planar
complex with its di-anionic form [Cu(PLITSC—2H)NH3]-H,0-0.5 MeOH2 have
been aready determined. In this paper, we describe the synthesis and structure of
the first Cu(ll) complex with a monoanionic PLITSC ligand [Cu(PLITSC—H)-
H>0]Br-H>0 (1) and its IR and UV—-Vis spectral, therma and some other phy-
sical characteristics are described. The same data are given for the previously
synthesized copper(l1) bromide complexes of PLITSC [Cu(PLITSC)Bro] (2) and
[Cu(PLITSC)Br(MeOH)]Br (3) and compared with the corresponding data of the
newly synthesized compound 1.

EXPERIMENTAL
Reagents

All employed chemicals were commercial products of analytical reagent grade, except
for the ligand pyridoxal S-methylisothiosemicarbazone, which was prepared by the reaction of
EtOH solutions of pyridoxal hydrochloride and S-methylisothiosemicarbazide hydroiodide,
and subsequent neutralization with an agueous solution of Na,CO3.14

Synthesis of the complexes

[Cu(PLITSC-H)H,O]Br-H,O (1). A mixture of PLITSC (0.075 g, 0.25 mmol) and
CuBr, (0.065 g, 0.3 mmol) was dissolved in a mixture of 8 cm3 EtOH and 2 cm3 H,0 with
mild heating. After 4 days at room temperature, the brown single crystals, obtained from the
brown—green solution were filtered off and washed with EtOH. Yield: 0.030 g.

The other two complexes were prepared according to procedures described in the lite-
rature, 1516 i e., by the reactions of CuBr, and the ligand in ethanol (2) or methanol (3).

Analytical methods

Elemental analyses (C, H, N, S) of air-dried complexes were realized by standard micro-
methods.

The molar conductivities of freshly prepared EtOH and MeOH solutions of the com-
plexes (¢ = 1x10-3 mol dm3) were measured on a Jenway 4010 conductivity meter.

The magnetic susceptibility measurements were conducted at room temperature on an
MSB-MK 1 magnetic susceptibility balance, Sherwood Scientific Ltd., Cambridge, UK.

The IR spectra were recorded as KBr pellets on a Thermo Nicolet NEXUS 670 FT-IR
spectrophotometer in the range of 4000-400 cm'2,

The electronic spectra of the complexesin DMF and MeOH solutions were recorded on
a T80+ UV/Vis spectrometer PG Instruments Ltd. in the spectral range 270-1100 nm (DMF)
and 210-1100 nm (MeOH).
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Thermal data were obtained using a TA Instruments SDT-Q600 TGA/DSC instrument at
20 °C min'! heating rate under a dynamic N, atmosphere (flow rate of 100 cm® mind) in
alumina crucibles and with sample masses of ~2 mg.
Sngle crystal X-ray crystallography

A single crystal of 1 was selected, glued on glass fiber and mounted on a Gemini S
x-geometry diffractometer (Agilent Technologies). A sealed tube with a Cu-anode was used as
X-radiation source, which was monochromatized with a graphite crystal (CuKa, 4 = 1.5418
A). The diffraction pattern, obtained in the & scan mode, was recorded with a Sapphire3 CCD
area detector. Data collection, reduction, absorption correction (numerical, based on Gaussian
integration over a multifaceted crystal model) and cell refinement were performed with
CRY SALISPRO.Y” The structure was solved by a direct method using Sir9218 and refined on
F2 with the SHELXL-2013 program?? integrated in SHEL XL graphical user interface. Car-
bon bonded hydrogen atoms were introduced in idealized positions (CH, CH,) and refined as
riding with Ui, fixed as 1.2Ug, of the parent atoms, while in the case of CHz groups, the
torsion angle was refined and Uiso was fixed as 1.5Ug, of the parent atoms. Positions of
hydrogen atoms bonded to heteroatoms were taken from AF map and refined as riding, while
their U, were refined, except for H4A where Uiso was fixed as 1.2 Ueq of the N4. A sum-
mary of the crystallographic data is given in Table I. Structural data were validated and
analyzed with PLATON.2! Figures were produced using ORTEP-3 and PLATON.22

TABLE |. Crystallographic data for [Cu(H,O)(PLITSC-H)]Br-H,0 (1)

Crystal data Data collection and refinement
Molecular formula  CygH17BrCuN4,O,S Temperature, K 298(2)
Formulaweight 432.79 Wavelength, A 1.5418
Crystal system Orthorhombic 6 range, ° 3.6-72.2
Space group Pna2; No. reflcns. measd. 3205
alA 6.9360 (3) No. unique reflens. 2010
b/A 24.535 (1) Rint 0.021
c/A 8.9512 (4) No. reflens. with | > 261 1838
V/A3 1523.3 (1) No. restraints 1
Z 4 No. refined parameters 199
D./gcm?3 1.887 Goodness-of-fit on F2 1.05
1 (CuKa) / mmt 6.58 Rand wR (I > 201) 0.030 and 0.074
F(000) 868 Rand wR (all data) 0.035 and 0.078
Crystal size, mm 0.40x 0.20x 0.03  Apya and Apgin, € A3 0.40 and -0.33
Color / shape Brown/ plate

RESULTS AND DISCUSSION

Synthesis and some physicochemical characteristics of the complexes

The newly synthesized complex Cu(PLITSC-H)H-QO]Br-H,O (1) was
obtained in the reaction of CuBr, and PLITSC (mole ratio 1:1) in warm 80 %
ethanol. As can be seen from the formula, PLITSC is coordinated in its mono-
anionic form, which is obtained after deprotonation of the thioureido moiety.
Since it was shown!5.16 that in the reaction of the same reactants but in the pure
solvents (EtOH and MeOH), complexes 2 and 3 were formed containing the

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS



294 LEOVAC & al.

neutral ligand form (Scheme 1), it could be concluded that the nature of the
solvent has a striking influence on the form of the coordinated PLITSC. Namely,
since the N—H bond weakens on coordination of the terminal nitrogen atom, the
presence of water as a better proton acceptor than alcohol causes deprotonation
of the ligand and the formation of 1.

MeOH | c\\(PLITSC)Br(MeOH)]Br (3)
CuBr, + PLITSC EOOH | cy(PLITSC)Br,] (2)
EtOH-H,0

[Cu(PLITSC-H)H,01Br-H,0 (1)
Scheme 1. Reactions of the syntheses of the complexes.

The type of the ligand deprotonation has a significant impact on the geo-
metry of the complexes. Namely, the newly synthesized 1 with monodepro-
tonated PLITSC has a square-planar structure (vide infra). In contrast, in com-
plex 3, the square-pyramidal structurel® is realized by a tridentate ONN coordi-
nation of the neutral PLITSC, one methanol molecule and one bromide ion. The
change in the coordination geometry is a result of the increasing ligand field
strength of PLITSC, caused by the deprotonation of the thioureido moiety, i.e.
the increase in the donor ability of the coordinated terminal nitrogen atom. The
structure of the desolvato complex 2 is most probably square pyramidal, realized
by the tridentate coordination of PLITSC and the coordination of two bromido
ligands. The value of the molar conductivity of ethanolic solution of 2 (4p = 39
S cm? mol1) is characteristic for 1:1 electrolytes,23 which refers to the coordi-
nation of only one bromide in solution with presumably [Cu(PLITSC)Br-
(EtOH)]* the most dominant species (Scheme 2). An amost identical value of
Anm was found in an ethanolic solution of the similar [Cu(PLSC)Bro] complex
with the ONO tridentate pyridoxal semicarbazone (PLSC) ligand (4p = 38 Scm?
mol-1). As it was shown by X-ray structure analysis that in [Cu(PLSC)Br5],
beside tridentate PLSC coordination, both bromides acted as co-ligands,24 it
might be supposed that two bromide ions are also coordinated in the crystals of
complex 2. Hence, it is reasonable to ascribe a penta-coordinated structure for
complex 2. It is noteworthy that [Cu(PLI1TSC)(H20)NO3]NO3 aso has a square-
pyramidal structure.14 In contrast to the molar conductivity of an ethanolic
solution of 2, referring to a 1:1 electrolyte, the value of the molar conductivity of
its methanolic solution (4 = 141 S cm2 mol-1) corresponds to 2:1 electro-
lytes.23 This means that due to stronger solvolysis effects of MeOH compared to
EtOH, in methanolic solutions both bromido-ligands are replaced with two sol-
vent molecules. The same holds for 3, i.e., the molar conductivity of its MeOH
solution (4y = 164 S cm? mol—1) refers to the replacement of the coordinated
bromide. This was not the case with its EtOH solution with a significantly lower
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molar conductivity (4 = 36 S cm? mol—1). Hence, it could be concluded that 2
and 3 in the solutions of the cited alcohols behave in the same manner (Scheme
2). The molar conductivity of methanolic solution of 1 is in accordance with its
coordination formula (4y = 73 S cm? mol1).

[Cu(PLITSC)Bry] (2) }’&OH: [Cu(PLITSC)Br(EtOH)]" + Br~
[Cu(PLITSC)Br(MeOH)]Br (3) MeOH [Cu(PLITSC)(MeOH),]** + 2Br~
Scheme 2. Solvolysis reactions of complexes 2 and 3 in acoholic solutions.

All three complexes are paramagnetic and the values of their effective mag-
netic moments are 1.78, 1.86 and 1.84 up for 1, 2 and 3, respectively. The values
are in the usual range for magnetically dilute Cu(Il) compounds and only negli-
gible spin—spin coupling, characteristic of dinuclear structures?> might be present.

With the exception of 3, which loses methanol, the other two complexes are
stable at room temperature. All the complexes are well soluble in DMF, less
solublein MeOH and EtOH and insoluble in Et>0.

Analytic and spectral data

[Cu(PLITSC-H)H2O]Br-H,O (1). Ana. Cacd. for CuCqgH17BrN4O4S
(FW: 432.79): C, 27.73; H, 3.93; N, 12.94; S, 7.41 %. Found: C, 27.48; H, 3.90;
N, 12.88; S, 7.49 %. IR (KBr, cm1): 3311, 3217, 2940, 2817, 1566, 1493, 1375,
1326, 1241, 1325, 1153, 1011, 905, 843, 718, 650; UV-Vis (DMF, 2/ nm (log (¢ /
/ M1 cmrl))): 320 (3.88), 366 (3.88), 390 (3.97), 424 (4.18), 444 (4.25),
(MeOH, 4/ nm (log (¢ / M—1 cm1))): 243 (4.20), 265sh (4.18), 318 (3.74), 362sh
(3.81), 380 (3.94), 413sh (415), 430 (4.23); molar conductivity (MeOH, Ay / S
cm? mol—1): 73; magnetic moment (Uefs / pg): 1.78.

[Cu(PLITSC)Bry] (2). Anal. Caled. for CuCqgH14BroN4O5S (FW: 477.65):
C, 25.14; H, 2.95; N, 11.73; S, 6.71 %. Found: C, 25.56; H, 3.02; N, 11.78; S,
6.39 %. IR (KBr, cm1): 3291, 3093, 2958, 2884, 2754, 1562, 1429, 1381, 1291,
1244, 1146, 1008, 907, 856, 782, 615. UV-Vis (DMF, 4/ nm (log (¢ / M~ cnr))):
298 (4.00), 323 (3.97), 390sh (3.95), 414 (4.00), 442 (3.92), 642sh (2.15),
(MeOH, A / nm (log (¢ / M~1 cm1))): 244 (4.30), 282 (3.90), 320 (3.91), 333sh
(3.84), 388sh (3.95), 401 (3.99), 655 (1.90); molar conductivity (MeOH, Ay / S
cm? mol—1): 141 (EtOH, Ay / S cm?2 mol—1): 39; magnetic moment (Uesf / UB):
1.86.

[Cu(PLITSC)Br(MeOH)]Br (3). Ana. Cacd. for CuC11H18BroN4O3S (FW:
509.70): C, 25.92; H, 3.56; N, 10.99; S, 6.29 %. Found: C, 25.86; H, 3.42; N,
10.78; S, 6.16 %. IR (KBr, cm1): 3323, 3239, 3112, 2945, 2816, 2718, 1566,
1546, 1437, 1387, 1326, 1307, 1242, 1158, 1036, 1000, 911, 853, 753, 576. UV—
~Vis (DMF, 4 / nm (log (¢ / M1 cm1))): 298 (4.00), 325 (3.97), 392sh (3.94),
413 (3.99), 442 (3.83), 642sh (2.19), (MeOH, 1 / nm (log (¢ / M1 cmr1))): 244
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(4.34), 285 (3.94), 320 (3.95), 334sh (3.88), 388sh (3.99), 401 (4.00), 655 (2.00);
molar conductivity, (MeOH, Ay / S cm?2 mol—1): 164, (EtOH, Ay / S cm2 mol—1):
36; magnetic moment (Less / Up): 1.84.

IR and electronic spectra

In IR spectra, v(OH) bands (H20, -CH>OH, CH30H) and v(NH) bands are
observed at 3311 and 3217 (1), 3291 and 3093 (2) and 3323, 3239 and 3112 c1
(3). The well-defined v(NH*) band of the vibrations of the protonated pyridine
nitrogen in the spectra of 1 and 2 are at 2817 and 2754 cn1,24 respectively,
contrary to 3, which in this range has one broad and unresolved band. The
v(C=N) band for all three complexes s located at <1565 cm1 and in comparison
to the same band of the free ligand (1655 cmr?) is shifted to lower energy due to
coordination of the azomethine nitrogen.26:27 In contrast to this, as aresult of the
coordination of oxygen, a positive energy shift for the deprotonated phenolic
hydroxyl, v(C-0O), was observed. In the spectrum of the ligand, the band is at
1255 cm1 while it appears at 1326, 1291 and 1307 cmrL in the spectra of the
complexes 1, 2 and 3, respectively.28:29

In the available electronic spectral range, the spectra of the complexes dis-
play multiple, mainly unresolved bands of all kinds. Generally, the spectra of the
complexes 2 and 3 are similar but different from those of 1. The similarity of the
spectrafor 2 and 3 could be another proof of their similar structure.

In all the complexes, the strong band at the blue end of the spectrain MeOH
(at about 244 nm) can be ascribed to n—n* pyridine ring absorptions which are,
due to conjugation in the complexes, shifted by 25 nm to higher wavelengths
compared to those of the ligand alone.®:30 Other bands in the intraligand absorp-
tion region (4 < 360 nm) are poorly developed particularly in DMF due to partia
overlapping of t=—=n* imine and n—z* of both imine and pyridine ring, which
are also present in the spectra of the ligand.

All the complexes have very strong absorptions at about 400450 nm, which
belong to charge transfers and show complex solvation effects. The striking
similarity of the spectrafor 2 and 3 in each solvent, which is particularly obvious
in this range, is a consequence of replacement of coordinated Br and MeOH by
solvent molecules, thus forming the same complex structure (vide infra).

Additional characteristics of the CT bands at their long-wave sides is their
complete overlapping with d—d transitions in the spectra for 1, or partial merging
for the other complexes, which therefore are seen as shoulders. In addition, very
weak absorptions at wavelengths 850-900 nm cannot be precisely determined
due to their overlapping with long-wave sides of comparatively stronger d—d
bands. The recorded d—d transitions have negative solvatochromic effect because
of better stabilization by solvation of the ground state molecule.
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Crystal structure of 1

The molecular structure of the complex is shown in Fig. 1, whilst selected
bond distances and angles are given in Table 1. The asymmetric unit contains the
complex cation, one water molecule and one bromide anion. The copper atom is
situated in a square-planar environment made by ONN tridentate coordination of
the organic ligand and one water molecule. Metalligand bond lengths are in the
expected range (1.898 (4)-1.948 (5) A), the M—O1 (phenoxide oxygen) being the
shortest one and that of M—O3 (water oxygen) the longest one. The different
metal—chelate ligand bond lengths are consistent with the electronic structure of
PLITSC-H. Namely, due to the located negative charge, the phenoxide oxygen
atom is the best electron donor, and as such builds the shortest bond. Due to
ligand deprotonation (vide infra), the electron density isincreased on the N1-C1-N2
fragment and is probably responsible for the dightly shorter Cu-N1 compared to
the Cu—N3 bond.

Fig. 1. Molecular structure of
[Cu(PLITSC—H)(H,0)]Br-H50 (1).

TABLE Il. Selected bond lengths and valence angles for 1

Bond Distance, A Bonds Angle, °
Cu-01 1.898 (4) N1-Cu-N3 81.3(2)
Cu-N1 1.926 (4) 01-Cu-N3 92.4 (2)
Cu-N3 1.946 (5) 03-Cu-N1 99.2 (2)
Cu-03 1.948 (5) 01-Cu-03 87.5(2)
C1-N1 1.307 (7) 01-Cu-N1 171.8 (2)
C1-N2 1.337 (7) 03-Cu-N3 175.7 (2)
N2-N3 1.370 (6) N1-C1-N2 122.7 (5)
N3-C2 1.278 (7) C1-N2-N3 122.7 (5)
c4-01 1.301 (7) N2-N3-C2 117.9 (5)

C5-N4-C7 124.7 (5)
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The chelate ligand is coordinated through phenoxide oxygen, azomethine
and isothioamide nitrogen atoms in a monoanionic form, i.e., in the same way as
was found in [VO,(PLITSC—H)]-2H,0.13 The tridentate coordination results in
the formation of one five-membered (isothiosemicarbazide) and one six-mem-
bered (pyridoxylidene) planar metallocycles. The whole ligand molecule, besides
the oxygen atom of the hydroxymethyl group, shows a high degree of planarity,
which can be associated with its extended system of conjugated double bonds. It
is interesting to note that the metallocycles and the pyridoxal ring lie virtually in
the same plane, characterized by dihedral angles of 2.31(9)° between the five-
and the six-membered metallocycles, and 2.9(1)° between the five-membered
metallocycle and the pyridoxal ring. These values are close to those found in
complex [CuPLITSC(NO3)(H20)]NO3,14 but significantly lower than those in
the complexes [Cu(PLITSC)Br(MeOH)]Brl® (5.2 and 4.7°) and [VOx(PLITSC-
—H)]-2H,0 (12.0 and 7.8°),13 in which the deformation of the square-pyramidal
environment is more pronounced.

As in al the hitherto structurally characterized complexes,12-15 PLITSC
undergoes double spatial tautomerization, i.e., migration of the phenolic hyd-
rogen atom to pyridinic nitrogen atom, and migration of the hydrogen atom from
the isothioamide nitrogen N1 to the neighboring nitrogen atom N2 of the hydra-
zine moiety. However, the nitrogen atom N2 under the given conditions is depro-
tonated, resulting in complex formation with the monoanionic form of PLITSC.
This means that the pyridoxal moiety retains a zwitter-ionic form, which is con-
firmed by the value of the C6-N4—C8 angle (124.7 (5)°), which lies within the
range characteristic for protonated pyridine rings.4

The fact that the structure of [Cu(PLITSC)Br(MeOH)]Br (3) is knownl®
(CCDC-735806) enables the elucidation of the impact of the ligand deprotona-
tion on the geometry of the formed complex, using comparative anaysis.
Namely, deprotonation of the hydrazine nitrogen atom leads to a slight shorten-
ing of the C1-N2 bond (1.337 (7) and 1.361 (3) A in 1 and 3, respectively) and
elongation of C1-N1 bond (1.307 (7) and 1.273 (3) A in 1 and 3, respectively).
This suggests that the electron pair is delocalized in the N2—C1-N1 fragment
after the deprotonation, which is consistent with structural data reported for
[VO,(PLITSC—H)]-2H,0.13 Moreover, deprotonation |eads to angular changes in
the isothiosemicarbazide moiety, expressed through shrinkages of the N1-C1-N2
and C1-N2-N3 anglesfrom 122.7 (5)° in 1 t0 118.3 (2)° in 3 and from 122.7 (5)°
in1to115.2 (2)° in 3, respectively.

Besides ionic interaction, association of the complex molecules in the solid
state is determined by the presence of multiple hydrogen bond donors and accep-
tors. All the potential hydrogen donors, except for N1, are involved in the for-
mation of intermolecular hydrogen bonds, with geometric parameters sum-
marized in Table I11. These secondary interactions link molecules in sheets extend-
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TABLE I11. Geometry of the intermolecular interactions for 1. Symmetry codes: (i) X, y, z-1;
(i) x+%5, —y+Ys, z+1; (iii) —X+Y%, Y+, z+Y5; (iV) X+Y2, —y+Y%4, Z, (V) x4, —y+Y42, Z; o = dihedra
angle between planes | and J; £ = angle between Cg(l)—Cg(J) vector and normal to plane I;
y = angle between Cg(I)—Cg(J) vector and normal to plane J; rings: (1) = Cu,N1,C1,N2,N3;
(2) = Cu,01,C4,C3,C2,N3; (3) = N4,C5,C4,C3,C8,C7

Hydrogen bonds
D-H---A d(D-H) / A dH-A) /A dD-A) /A Z(D-H--A)/°
03-H3B---02 0.81 1.92 2.708 (6) 164.1
O3-H3A-04 0.96 1.79 2.745 (6) 174.6
02-H2---04ii 0.93 1.89 2.728 (7) 149.7
N4-H4:--Brill 0.84 2.40 3.233(4) 173.3
O4-H4A---Br 0.79 2.52 3.196 (4) 143.1
OA4-HA4B:-N2! 0.98 1.89 2.797 (6) 153.4
n---7 Stacking interactions

Co(l)-Ca(J) d(Cg---Cg) al?® B1° y/°
Cg(1)---Cg(3)"V 3.480 (3) 23(2) 9.3 7.2
Cg(1)---Cg(3) 3.713(3) 23(2) 23.3 255
Cg(2):--Cg(2)Y 3.504 (3) 3.4(1) 14.4 12.2

ing in the bc plane, as depicted in Fig. 2, which are in turn connected through
02-H2---04" (symmetry code: (ii) x+Y5, —y+Y%, z+1) hydrogen bonds, as well as
n---1 stacking interactions (Table I11), thus building a 3D supramolecular net-

Fig. 2. Hydrogen bonded sheet in the bc plane of 1. Symmetry codes are given in Table 1.
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work. Namely, zigzag puckered sheets are stacked in a way that the cations are
lying parallel to each other at aca. 3.4 A distance. According to the literature, 31,
mutual orientation of the stacked six-membered metallocycles corresponds to
cross conformation, based on Cu-Cg(2)—-Cg(2)V—CuV torsion angle of 86.8 (8)°
(Cg(2) is centroid of the six membered metallocycle; symmetry code: (v) x5,
—y+%, 7). The five membered metallocycle is involved in asymmetrical n---n
interactions through the pyridine rings of two neighboring sheets.

Thermal analysis

To present the decomposition patterns of compounds 1-3, their derivative
thermogravimetric (DTG) curves are shown in Fig. 3. The therma decomposition
of 1 started with the evaporation of both crystal and coordinated water with an
onset temperature of 99 °C and a maximum decomposition rate at 168 °C. Before
complete water removal, the decomposition of the organic ligand starts. The
amount of water found to the minimum in the DTG curve (at 197 °C, 8.3 %)
agrees with the calculated one (8.33 %). While the decomposition of 1 is obvi-
ously different, according to their similar composition, the decomposition of
complexes 2 and 3 is very similar (see Fig. 3). Namely, the difference is in one
coordinated methanol in compound 3. During storage at room temperature, the
methanol is almost completely lost, so the better-separated peaks in the DTG
curve of 3 refer to the different structure of the starting compound. MeOH seems
to be trapped in the crystals of the freshly prepared compound and at =150 °C, it
evaporates in explosion-like steps. The decomposition in al three compounds is
endothermic up to 250 °C, which at around 300 °C turns into an exothermic pro-
cess. Under nitrogen, the decomposition is not complete at 700 °C.

50 100 150 200 250 300 350 400
Temperature, °C

Fig. 3. DTG curves of complexes 1-3 in nitrogen atmosphere.
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According to the thermal decomposition mechanism, it is very unlikely that
the corresponding anhydrous compound of 1 could be prepared. Therefore, the
thermal stability of 1 israther low. Compounds 2 and 3 are practicaly stable up
to about 180 °C, assuming that 3 had been left at room temperature until it had
lost its MeOH. However, the thermal stability of complex 2 obtained by slow
MeOH evaporation from 3, due to different structure of the starting compound, is
higher (see Fig. 3). Freshly prepared 3 is thermally stabile up to around 150 °C.

SUPPLEMENTARY MATERIAL

Crystallographic data reported for the complex [Cu(PLITSC-H)(H,0)]Br-H,0O (1) have
been deposited with CCDC, No. CCDC-942238. Copies of the data can be obtained free of
charge via www.ccdc.cam.ac.uk.
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KOMIIJIEKCH IPEJTIASHUX METAJIA CAJIUTAHOVUMA HA BA3U
THUOCEMUKAPFA3UIA. IEO 60. PEAKIIMJE BAKAP(II)-bPOMHUJA CA
S-METWJIN30THUOCEMHUKAPBA30OHOM ITUPUIOOKCAIJIA (PLITSC). KPUCTAJTHA
CTPYKTYPA [Cu(PLITSC-H)H,0]Br-H,0

BYKAIIMH M. JIEOBALL', JbMWJbAHA C. BOJUHOBUR-JEIIUR', CObA A. UBKOBUR?, MAPKO B. POIUE',
JBUJBAHA C. JOBAHOBUR', BERTA HOLLO' 1 KATALIN MESZAROS SZECSENYI'

Tpupogno-mamemamuury paxynumen, Ynusepsumer y Hosom Cagy, Tpi J. Odpagosuha 3,
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CHHTETHUCaH je U CTPyKTYPHO OKapaKTepHcaH KBapaTHO-TJIaHAPHU KoMIulekc daxpa(1l)
ca S-merunusorHocemukapdasoHom nupupokcana (PLITSC) dopmyne [Cu(PLITSC-H)-
H,0]Br-H,0 (1), xoju npexcrasmpa npsu komieke Cu(Il) ca MoHOaHjoHCKOM DOPMOM HaBe-
neHor nuranga. Kommekc 1 kao ¥ gBa panuje cunreTncana kommiekca [Cu(PLITSC)Br,] (2)
U [Cu(PLITSC)Br(MeOH)]Br (3), okapakTepucaHu Cy eieMeHTaTHOM aHanu3oM, IR, UV-Vis
CTEeKTpUMa, Kao U METOJaMa TEPMHUUKE aHa/IN3€e, KOHOYKTOMETPHj€ U MaTHETOXEMHU]E.

(ITpumsbeHo 22. jyHa, peBunupano 20. aBrycra 2013)
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Abstract: The coupling of diazotized 2-aminothiazole and 2-aminobenzo-
thiazole with cyclohexane-1,3-dione yielded a new type of tridentate ligand
system (HL). Analytical, IR, H-NMR, 13C-NMR and mass spectral data
indicate the existence of the compounds in the intramolecularly hydrogen
bonded azo—enol tautomeric form. Monobasic tridentate coordination of the
compounds in their [CuL(OAc)] and [ML,] complexes [M = Ni(ll) and Zn(l1)]
was established based on the analytical and spectral data. The Zn(l1) chelates
are diamagnetic while the Cu(ll) and Ni(Il) complexes showed a normal
paramagnetic moment.

Keywords. heteroarylazo derivatives; 2-aminothiazole; 2-aminobenzothiazole;
cyclohexane-1,3-dione; metal complexes; spectral data.

INTRODUCTION

Metallizable azo dyes containing one heterocyclic donor atom suitably
located for the formation of annulated chelate complex were the subject of
numerous studies, 13 the most common being those containing a hetero nitrogen
atom in a position adjacent to the azo group.*> They have wide application in
analytical chemistry, metallurgy, the textile industry, optical data storage, photo
switching and nonlinear optical materials,5-10 and are also involved in many
biological reactions.11 In recent years, a significant number of tridentate azo
compounds have been developed to improve the colouring properties, and to
achieve more specificity and selectivity in chemical analysis.12 Metal complex-
ation alters the properties of a dye, both qualitatively and quantitatively.13 How-
ever, the structural aspects of many of these dyestuffs and their metal complexes
have not received as much attention as they deserve. In continuation of studies on

* Corresponding author. E-mail: mbummathur@gmail.com
doi: 10.2298/JSC121227042U
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heteroarylazo derivatives of 1,3-diketones and their metal complexes,14-19 the syn-
thesis and characterization of two new heteroarylazo derivatives obtained by coup-
ling the diazonium salts of 2-aminothiazole and 2-aminobenzothiazole with the
active methylene group of cyclohexane-1,3-dione are reported herein. Typical meta
complexes of these ligand systems were also synthesized and characterized.

EXPERIMENTAL
Methods, instruments and materials

The carbon, hydrogen and nitrogen contents were determined by microanayses (Heraeus
Elemental Analyzer from RSIC, Centra Drug Research Institute, Lucknow, India, and
Catalysis Division, Department of Chemistry, Indian Institute of Technology, Chennai, India)
and the metal contents of the complexes by AAS (Perkin Elmer 2380 spectrometer). The
electronic spectra of the compounds in methanol (104 mol L-1) were recorded on a 1601
Shimadzu UV—-Vis spectrophotometer, the IR spectra (KBr discs) on an 8101 Shimadzu FTIR
spectrophotometer, the H-NMR spectra (CDCl; or DMSO-dg) on a Varian 300 NMR
spectrometer and the mass spectra on a Jeol/SX-102 mass spectrometer (FAB using argon and
meta-nitrobenzyl alcohol as the matrix). The molar conductance of the complexes were
determined in DMF (=103 mol L'1) at room temperature (301+1 K). The magnetic suscept-
ibilities were determined at room temperature on a Guoy-type magnetic balance, Sherwood
Scientific Ltd., UK, at room temperature (301+1 K) using Hg[Co(NCS),] as the standard.

Cyclohexane-1,3-dione, 2-amincthiazole, 2-aminobenzothiazole, methanol, urea and the
metal acetates were of AR grade, purchased from Merck, Germany.
General procedure for the preparation of the 2-(thiazol-2-ylazo)cyclohexane-1,3-dione (HLY)
and 2-(benzothiazol-2-ylazo)cyclohexane-1,3-dione (HL?) ligands

2-Aminothiazole/2-aminobenzothiazole was diazotized as reported previously.2® After
guenching the excess nitrous acid with urea, the diazonium salt solution (0.01 mol) was added
dropwise to awell stirred ethanolic solution of cyclohexane-1,3-dione (0.01 mol, 20 mL) kept
in an ice-salt bath and stirred well for =1 h. Sodium acetate (=3 g) was added to adjust the pH
to around 6. The precipitated product was filtered, washed with cold water and recrystallized
from hot methanol.

Synthesis of the Ni(l1), Cu(I1) and Zn(Il) complexes

A concentrated agueous solution of metal(Il) acetate, [Ni(CH3COO),-4H,0,
Cu(CH3CO0),-H,0 and Zn(CH3COO0),-2H,0O] (0.01 mol, 15 mL) was added to a hot
methanolic solution of the required ligand (0.02 mol, 20 mL). The mixture was refluxed on a
water bath for ~2 h. The precipitated complex after cooling to room temperature was filtered,
washed with water, recrystallized from hot benzene and dried under vacuum over anhydrous
CaC|2.

RESULTS AND DISCUSSION

The yields, melting points and analytical data for the prepared ligands and
complexes and the magnetic moments for the Ni and Cu complexes are given
below.

HLL. Yield: 60 %; m.p.: 151 °C; Anal. Calcd. for CgHgN3SOy: C, 48.43; H,
4.04; N, 18.83 %. Found: C, 48.20; H, 4.15; N, 18.68 %.
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HLZ2. Yield: 50 %; m.p.: 148 °C; Anal. Calcd. for C13H11N3SO,: C, 57.14;
H, 4.03; N, 15.38 %. Found: C, 56.90; H, 4.10; N, 15.20 %.

Ni(LY),. Yield: 60 %; m.p.: 250 °C; Anal. Calcd. for C1gH1gNgNiO4S,: C,
42.97; H, 3.18; N, 16.71; Ni, 11.68 %. Found: C, 42.86; H, 3.12; N, 16.54; Ni,
11.70 %; Magnetic moment, uess: 2.78 up.

Ni(L2),. Yield: 65 %; m.p.: >300 °C; Anal. Calcd. for CogHogNgNiOsSy: C,
51.77; H, 3.32; N, 13.94; Ni, 9.74 %. Found: C, 51.56; H, 3.32; N, 14.01; Ni,
9.71 %; Magnetic moment, uess: 2.74 ug.

Cu(L1)(OAc). Yield: 70 %; m.p.: 260 °C; Anal. Calcd. for C1oH13CUN304S:
C, 40.16; H, 3.63; N, 11.71; Cu, 17.72 %. Found: C, 40.08; H, 3.53; N, 11.65; Cu
17.50 %; Magnetic moment, pes: 1.75 upg.

Cu(L2)(OAc). Yield: 75 %; m.p.. >300 °C; Anal. Calcd. for
C16H15CUN304S: C, 47.00; H, 3.67; N, 10.28; Cu, 15.55 %. Found: C, 46.88; H,
3.61; N, 10.44; Cu 15.35 %; Magnetic moment, uesi: 1.74 up.

Zn(LY),. Yield: 70 %; m.p.: 270 °C; Anal. Calcd. for C1gH16Ng04S,ZnN: C,
42.40; H, 3.14; N, 16.49; Zn, 12.84 %; Found: C, 42.32; H, 3.20; N, 16.40; Zn,
13.05 %.

Zn(L2),. Yield: 60 %; m.p.: >300 °C; Anal. Calcd. for CogHogNeO4SZn: C,
51.20; H, 3.28; N, 13.78; Zn, 10.73 %. Found: C, 51.14; H, 3.22; N, 13.72; Zn
10.78 %.

The observed analytical data of the hetero-arylazo derivatives (HL1 and
HL2) indicate that the diazo-coupling reaction had occurred in a 1:1 ratio. The
compounds are crystalline in nature and soluble in common organic solvents.
They formed stable complexes with Ni(I1), Cu(ll) and Zn(ll) ions. The analytical
data together with the non-electrolytic nature in DMF (specific conductance <10
S cml in 103 M solution) suggest [MLj] stoichiometry of the complexes,
except for the Cu(ll) complexes that have [CuL (OACc)] stoichiometry. The Zn(l1)
chelates are diamagnetic while the Ni(Il) and Cu(l1) complexes showed a normal
paramagnetic moment. The observed IR, TH-NMR, 13C-NMR and mass spectral
data are in conformity with Fig. 1 of the hetero-arylazo derivatives and Fig. 2 of
the complexes. The Cu(ll) complexes conform to Fig. 3.

s //N s //N
‘ N/ N\\‘H—o N/ N\\H—o
@

(b)
Fig. 1. Structural formulae of the 8 HL! and b) HL2 ligands.
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Fig. 2. Structural formulae of the Ni(ll) and Zn(I1) complexes; &) [M(L1),] and b) [M(L?),;
M = Ni(I1) or Zn(l1).

Loy T,
\/Cu/\ o \/Cu/\ o

AcO AcO
@ (b)
Fig. 3. Structural formulae of the a) [Cu(LY)(OAC)] and b) [Cu(L2)(OAc)] complexes.

IR spectra

The IR spectra of HL! and HL2 show a strong band at <1720 cm® and a
medium intensity band at ~1610 cm1, assignable to the stretching of free car-
bonyl and ring C=N functions, respectively.1921 The two medium intensity
bands observed at ~1280 and 1480 cm! are due to C-O—H in-plane bending and
N=N stretching, respectively.1621, The medium intensity band present at ~1460
cml is assignable to CH scissoring vibrations.22 The broad band ranging from
3200 to 3500 cmL is due to strong O—H---N hydrogen bonding.21 Thus, the IR
spectra support the intramolecularly hydrogen bonded azo—enol tautomeric form
of the compounds asin Fig. 1.

In the IR spectra of all the metal complexes, the free ligand bands at 1280
and 3200-3500 cm~1 were absent, indicating the replacement of enol protons by
metal ions during complexation.23.24 The free carbonyl band of the ligands is
only marginally shifted in the spectra of the complexes, indicating the non-invol-
vement of the carbonyl groups in the coordination. In the spectra, The band at
~1480 cm1 due to v(N=N) and the band due to ring v(C=N) at 1610 cm1 of the
free ligands were shifted appreciably to lower wave numbers,1° indicating the
involvement of these groups in complexation, as shown in Figs. 2 and 3. The IR
spectra of the Cu(ll) complexes showed a comparatively strong band at ~1625
cml and a medium intensity band at <1310 cml. The energy separation
between vasym(coo-) and vym(coo-) Was >144 cmL, which confirms the mono-
dentate nature of the acetate ion,25:26 since in the event of bidentate coordination,
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the energy separation was reported?’ to be <144 cm1. The presence of new
medium intensity bands at ~420 and 540 cm1, assignable to v(M—-0) and v(M—N)
in the spectra of all the complexes?428.29 also support the structures shown in
Figs. 2 and 3. Important bands that appeared in the spectraare given in Tablel.

TABLE |. Characteristic IR stretching bands (cm™1) of HL1, HL2 and their metal complexes;
in the case of the copper complexes, the two additional bands given under C=0 are due to the
acetate groups

Compound Free C=0 CyclicC=N N=N M-N M-O
HL? 1715s 1612m  1472m - -
[Ni(LD)] 1712 s 1580 m 1442 m 538m 426 m
[Cu(LY)(OAQ)] 1718, 1625 s, 1312 m 1582 m 1435m 522m 418 m
[Zn(LY),] 1710s 1593m  1438m 525m 430m
HL2 1722 s 1612 m 1478 m - -
[Ni(L3),] 1718 s 1588 m  1438m 532m 432m
[Cu(L?)(OAQ)] 1720 s, 1622 s,1310 m 1590m  1445m 528 m 422m
[Zn(L2),] 1720's 1592m  1448m 530m 420m
NMR spectra

The IH-NMR spectra of HL1 and HL2 are characterized by the presence of a
low-field, one-proton signa at 6 =13.50 ppm, which is considerably lower than
that reported for arylazo derivatives of 1,3-diketones existing in the hydrazone
form.1530 Since azo—enol protons show a signal in the range & 10-14 ppm, the
signal at 6 13.5 ppm could be assigned to the intramolecularly hydrogen bonded
enol proton.3132 The high resolution spectra show three types of alicyclic
protonsin the range 6 1.30-2.90 ppm, indicating the existence of three methylene
groups in different electronic environments.2233 The hetero-aryl protons are
observed in the range 6 7.30-8.40 ppm. The integrated intensities of the various
signals agree well with the structure of the compounds presented in Fig. 1.

In the IH-NMR spectra of the diamagnetic Zn(I1) complexes, the low field
signa due to the intramolecularly hydrogen bonded OH protons disappeared,
indicating their replacement by metal cations during complexation.34 The inte-
grated intensities of various signals agree well with the [ML5] stoichiometry of
the complexes as presented in Fig. 2.

The 13C-NMR spectra of HL® and HL? clearly indicate their existence in the
azo—enol form. The carbonyl (C;) and enolic (C3) sp? carbon atoms appear as
separate signals in the low field region, at o~ 200 ppm. Separation of the C4 and
Cs signals confirms the different electronic environment for these methylene
carbons,3! as shown in Fig. 1. The involvement of the enolate oxygen and the
hetero nitrogen atom in bonding with the metal ion, as shown in Fig. 2, is evident
from the positions of the various signals in the 13C-NMR spectra of their Zn(ll)
complexes.
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The assignments of the various observed signals are assembled in Table 1.

TABLE Il. 1H-NMR and 13C-NMR spectral data (6 / ppm) of HLL, HL? and their Zn(ll)
complexes; s=singlet, d = doublet (J = 3.7 Hz), t = triplet (J = 6.9 Hz), m = multiplet

IH-NMR 13C-NMR

Compound -
OH Heteroaryl Methylenic C=0 C-O CH, C-N Heteroaryl
HLI 1352 7.50 (1H, d)1.30 (2H, m) 192.94 19824 1821 166.31  140.87
(1H,s) 7.90 (1H, d) 1.90 (2H, t) 39.24 132.34
2.80 (2H, 1) 39.39 116.12
[Zn(LY),] - 7.30(2H,d)1.40 (4H, m) 192.63 188.93 1943 142.32 137.09
7.80 (2H, d) 1.80 (4H, t) 36.55 129.37
2.90 (4H, 1) 39.75 119.33
HL2 1346 7.50-8.30 1.50 (2H, m) 192.59 197.34 17.92 151.21 133.07
(IH,s) (4H,m) 1.90 (2H, 1) 39.17 132.51
2.90 (2H, 1) 39.37 126.67
125.04
122.31
121.70
[Zn(L?),] - 7.60-8.40 1.40(4H, m) 192.47 184.34 17.73 12923 134.17
(8H,m) 1.90(4H, t) 38.12 132.34
2.90 (4H, 1) 39.68 126.22
124.14
122.00,
121.61

Mass spectra

The formulation of the compounds asin Fig. 1 is clearly supported from the
presence of an intense molecular ion peak in the mass spectra. The presence of
peaks due to the elimination of N» from the molecular ion, characteristic of
tautomers,31.35,36 in the spectra support the azo structure of the compounds.
Fragments due to the elimination of CH,=CHCHO, heteroaryl groups, etc. are
typical of the spectra.

The FAB mass spectra of the Cu(Il) and Ni(l1) complexes showed molecular
ion peaks corresponding to [CuL (OAc)] and [NiL»] stoichiometry. Peaks corres-
pond to [ML]*, L* and fragments of L* are also present in the spectra. The
spectra of the Cu(Il) complexes also showed peaks due to [P — CH3COQ]* and a
number of fragments containing copper in the 3:1 natural abundance of 83Cu and
65Cu isotopes. The important mass spectral fragments and their assignments are
assembled in Table 111.

Electronic spectral and magnetic measurements data

The UV spectra of HL1 and HL2 showed two broad bands with maxima at
~380 and ~260 nm due to various h—n* and T—r* transitions. These absorption
maxima shifted appreciably to low wave numbers in the spectra of the com-
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plexes. The Cu(ll) complexes showed a broad band centred at ~660 nm. This,
together with the measured ugf value (=1.75 ug) suggests their square-planar
geometry.1537 The Ni(ll) chelates are paramagnetic (ueff value ~2.80 ug) and
show three well-separated absorption bands in the spectra at Amax <925, =750 and
=420 nm corresponding to the transitions 3Apg—3Tog, 3Ag—3T1g(F) and
3A2g—3T1g(P), respectively. Thus, the metal ion isin an octahedral environment.

TABLE II. Mass spectral data of HL1, HLZ and their Ni(l1) and Cu(ll) complexes

Ligands Ni(Il) complexes Cu(ll) complexes
nm'z nz nz
Fragment 72 Fragment Gy N3, Tre9MeNt [CL(LD(0AQ)] [CulL2)(OAT)]
Pt 223 273 Pt 503 603 P* 346, 344 396, 394
[PN,]* 195245 [P-Ar]* 419 469 [P-OAc]* 287,285 337, 335
[P-CH,=CH- 167 217 [P- 393 493 [P-Ar]* 262,260 262, 260
—CHOJ* CeHgOol*
[P-ArT* 139139 [P-2Ar]* 335 335 [P- 236, 234 286, 284
—CgHeO]*

[P-ArN,]* 111111  [P- 283 383 Ligand 223,168,139 273, 245, 134

—2CeHg0]* fragments
Art 84 134 [NiL]* 281 331 - - -

CH,=CH-CHO 56 56 Ligand 223, 273 - - -
fragments 195, 245,
84,56 139,
111, 56

CONCLUSIONS

Two heteroarylazo derivatives were prepared by the coupling of diazotized
2-aminothiazole and 2-aminobenzothiazole with cyclohexane-1,3-dione. Analyt-
ical, IR, IH-NMR, 13C-NMR and mass spectral data revealed 1:1 products in
which one of the carbonyl groups of the diketone is enolized and involved in
intramolecular hydrogen bonding with one of the azo nitrogens. Analytical, phy-
sical and spectral data of the [MLy] complexes of Ni(ll) and Zn(ll) showed
monobasic tridentate N>O coordination involving one of the azo nitrogens, the
ring nitrogen and the enolized carbonyl oxygen. The Cu(ll) complexes conform
to [CuL(OAC)] stoichiometry. The Zn(ll) chelates are diamagnetic, while the
Ni(11) and Cu(ll) complexes showed normal paramagnetic moments.
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U3BOJ

XETEPOAPHWJIA30 JEPUBATH TMKJIOXEKCAH-1,3-IMOHA U IbUX0OBHU
METAJIHHM KOMITJIEKCH

MUHAMMED BASHEER UMMATHURi, DAMODARAN KAMALAKSHY BABU®
1 KRISHNANNAIR KRISHNANKUTTY?

pG Department of Chemistry, KAHM Unity Women'’s College, Manjeri, Kerala-676122, India, ZDepartment
of Chemistry, Zamorin’s Guruvayurappan College, Calicut, Kerala-673014, India u 3}Depalrrmem“ of
Chemistry, University of Calicut, Kerala-673635, India

Y peaxkuuju [MA30TH30BAHOT-2-aMHWHOTHA30/Ia U 2-aMUHODEH30THAa30Jla Ca IHKIO-
xeKcaH-1,3-IM0HOM HOoOHjeHH Cy HOBM TPHIEHTATHU nuraHad tuma HL. Pesynratu enemeH-
TajlHe MUKpoaHanuse, IR, "H-NMR u C-NMR CHEKTPOCKOIICKUX UCIIUTUBAKA, Kao U pesyi-
TaTH JOOMjEeH! Ha OCHOBY MaCeHHUX CIleKTapa, ykasyjy fa BOOHjeHHU JIUraHgu MOCToje Kao as3o-
-eHOJIHE TayToMepHe (GopMe y KOjUMa Cy NPUCYTHE WHTPAMOJIEKYJICKe BOJOHWYHE HHTEp-
akuyje. Ha §a3w aHaIMTHYKMX M CIIEKTPOCKOIICKMX HCNHTHBama HaheHo je ma cy mobujenu
JIUTAHAU TPUIEHTATHO KOOpPOUHOBaHU y onroBapajyhum [CuL(OAc)] u [ML:] komruiexcuma [M
= Ni(II) u Zn(II)]. Pe3yntaT MarHeTHUX HUCIHTHBaWa Cy TOKa3anu na je xematHu Zn(Il)
KOMIUIEKC OujamarHeTuuaH, nok kommuiekcu Cu(Il) u Ni(II) mokasyjy ouexkrBaHe mapamar-
HETUYHE MOMEHTe.

(ITpumbeno 27. neuembpa 2012, pesunupano 19. anmpuna 2013)
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Abstract: The vaporization of Lil, Lil/C;q and Lil/LIF/Cyq was studied using a
Knudsen cell located in the ionization chamber of a magnetic sector mass
spectrometer in the temperature range from 350 °C to 850 °C. The ion species,
Ligl* (n = 2, 3, 4 or 6) were identified from the mixture Lil/C,y, while the
clusters Liyl* and Li,F" (n = 2, 3, 4, 5 or 6) were detected from a mixture
Lil/LiF/Cy. The intensities of Li,l* were higher than the emission of LiF*
cluster when the ratio of Lil to LiF was 2:1. By contrast, the emission of Li,F*
is favored when the ratio of Lil to LiF was 1:2. These results show that the
vaporization of a mixture Lil/LIF/C; from a Knudsen cell located in the ioni-
zation chamber of a mass spectrometer represents an efficient and simple way
to obtain and investigate clusters of the type Li X, X = F or I. In this work, it
was aso shown that the trends of the In (Intensity, arb. units) versus
temperature for all Li,|* clusters below and above the melting point of Lil were
not same. This suggested that the manner of formation of these clusters could
be different due to changes in temperature.

Keywords:. “superalkali” species; Li,| clusters; LiyF clusters.

INTRODUCTION

A Knudsen cell with mass spectrometry (KCMS) has proven to be one of the
most useful experimental techniques for investigation the equilibrium between
condensed phases and complex vapor. The Knudsen effusion method involves
placing a condensed sample in a Knudsen cell, with an orifice of well-defined
geometry. The Knudsen cell is uniformly heated and held until equilibrium
between the condensed and vapor phases is attained. The orifice dimensions must
be kept less than one tenth of the mean free path of the vapor species. The vapor
is continuously sampled by effusion through a small orifice in the cell. A mole-
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cular beam is formed in the KCMS and directed into a mass spectrometer for
identification.1

The vaporization of alkali halides such as Lil and LiF by the KCMS method
were investigated and discussed in terms of their vapor compositions in equi-
librium with the condensed phases.26 As aresult, Li*, LiX*, LioX* and LigX*
(X = F or 1) ions were detected. The precursor of both Li*+ and LiX* was the
monomer (LiX), whilst LipX* and LigX>t were obtained from the dimer (Li2X>5)
and the trimer (LigX3), respectively.

Since the salts of alkali metal are the strongest ion emitters, the KCMS
method was aso applied for investigations of their homogenous and hetero-
geneous clusters. Studies on metallic clusters are of considerable interest in
research due to their potential application in catalytic processes, materials sci-
ence, biology, and medicine.6-10 Especially, lithium homogenous clusters have
received great attention from physicists and chemists as prototypes for the inves-
tigation of the properties of metalic clusters. The existence of stable Lio, Lis, Lig
and Lis clusters was proved experimentally and their thermodynamic properties
were determined by KCMS.11-13 The first “hypervalent” Li3O cluster was also
found by KCMS in the equilibrium vapor over LioO sat.14 This method was
employed to obtain other small size “hypervalent” lithium clusters, such as LigC,
Li4O, LisS, LigS, LigP, LioCN, LigH (n = 1, 2, 3 or 4) in the equilibrium vapor
over the appropriate salts.15-20 Generadly, “hypervalent” species possess nine or
more valence electrons and these clusters are of particular importance because
they violate stoichiometry based on the octet rule.2l Due to their unusual stoi-
chiometries, “hypervalent” clusters have large values of the first hyperpolarizabi-
lities; therefore, they could be considered a new kind of non-linear optical spe-
cies.22 In addition, earlier investigation revealed that these clusters are important
intermediates in meta cluster and meta surface reactions, which could affect the
catalytic and electronic properties of a metal.23 The most remarkable property of
“hypervalent” clustersis their enormously low ionization energy (IE). Their ioni-
zation energies are lower than the IEs of the akali metals and for this reason,
they are called “superalkali”.2429 Recently, it was theoretically also shown that
“superakali” clusters are of great significance in chemistry because they can
mimic the characteristics of akali metals and maintain their structural and elec-
tronic integrities when assembled with other species. By combining “ superalkali”
with another element or clusters, a new small “superatom” clusters can be
formed. The “superatom” clusters represent potential building blocks for new
cluster-assembled materials with unique structural, electronic, optical, magnetic
and thermodynamic properties.30-35> However, experimental results on “super-
alkali” clusters are scarce.

The present investigation is an extension of previous systematic studies of
the way for obtaining “superalkali” clusters by the evaporation of lithium haloge-
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nated salts using a thermal ionization source and a Knudsen cell in combination
with a mass spectrometer.36-43 In the earlier papers, it was shown that the expe-
rimental setup in which the Knudsen cell was located in the ionization chamber
provides better conditions than the standard experimental setup of the KCMS for
obtaining both the neutral and positively charged “superakali” clusters of the
type LinX, X = For | (n =2, 3, 4, 5 or 6).40-43 However, the effects of the
chemical composition of the samples which are placed in the Knudsen cell on the
production of neutrals and positive ions of these clusters have not been inves
tigated. The focus of this work was an investigation of the conditions for obtain-
ing non-stoichiometric Liyl and Lipln_g clusters, from samples such as lithium
iodide salt, a mixture lithium iodide/fullerene (C7g), a mixture of lithium iod-
ide/lithium fluoride salt and a mixture lithium iodide/lithium fluoride/fullerene
(C70).

The relation between the intensity of the ions from the condensed phase and
the temperature of the cell was aso investigated.

EXPERIMENTAL

The standard experimental setup of the KCMS implies that the cell is placed outside the
ionization chamber. In this work, the Knudsen cell was placed in the ionization chamber of a
magnetic sector mass spectrometer (a 12-inch radius and 90° magnetic sector). The scheme
for theion source is presented in Fig. 1.

electron 1

9

0
»>
| 2]
! 'w } 1 Fig. 1. Schematic diagram of the ion
L ‘3
4

source: 1. ionization chamber; 2. Knudsen
cell; 3. ceramic shields; 4. thermocouple; 5.
heater for chamber; 6. incandescent rhe-
nium cathode; 7. Vehnelt cylinder; 8.
heater for cathode; 9. electron trap; 10.
5 electron beam; 11. ion beam; 12. focusing
electrode; 13. accelerating electrode; 14.
deflectors electrode; 15. potentia repeller.

The nickel Knudsen cell was heated with direct current through a tungsten wire. The

height of the cell was 7 mm, the outside diameter was 6 mm and the orifice diameter was 0.1
mm. The heater was surrounded by a shield made of ceramic material. The temperature was
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measured by a Pt—Pt/Rh thermo-coupl e attached to the cell. A cell temperature stability of +10
K was achieved.

The experimental setup presented in Fig. 1 allows the detection of both the ionic and
neutral components. Neutral species were detected in the conventional way in the electron
impact ionization (EI) mode. Electrons were obtained from a rhenium cathode inside a
Vehnelt cylinder and extracted by a plate at a positive potential of 15 V with respect to the
cathode that was positioned at a distance 2 mm from the cathode. The clusters, electron and
ion beams were mutually perpendicular. In this case, the Knudsen cell was held at the same
voltage as the ionization chamber. The Knudsen cell was placed in the ionization chamber; the
distance from the cell orifice to the electron beam of the ion source was about 2 mm.

In the case when the Knudsen cell was held at voltage of 30 V with respect to the
ionization chamber, the experimental setup permitted the direct identification of positively
charged ionic components generated in the cell, thermal ionization (T1) mode.

In this work, the Knudsen cell was used as a chemical reactor for the production of the
iodine-doped lithium clusters. In al experiments, the samples weighing 0.089 g were placed
into the Knudsen cell at atmospheric pressure. The samples were lithium iodide salt, a mixture
lithium iodide/fullerene (C7), a mixture lithium iodide/lithium fluoride salt and a mixture of
lithium iodide/lithium fluoride/fullerene (C;p). In order to remove the adsorbed moisture, the
cell with the substance was dehydrated directly in the mass spectrometer at 150 °C for severa
hours.

In earlier work, it has been shown that in the vapor over a salt of lithium fluoride the ions
LioF* (mVz 33) and LisF,* (mVz 59) clusters were obtained.? Also, the ions as Li,l* (mVz 141)
and Lisl,* (m/z 276) were identified to be generated from the vapor of Lil.6 As can be
observed, the peaks corresponding to the clusters of lithium fluoride were detected at lower
mass than the mass of clusters of lithium iodide, for this reason, a salt LiF was used as an
additional source of Li*.

RESULTS AND DISCUSSION

In the present work, as the first step, the vaporization of lithium iodide salt
by the Knudsen cell located in the ionization chamber of the magnetic sector
mass spectrometer over the temperature range from 350 to 600 °C was inves-
tigated. The temperature dependence of the natural logarithm of the ion intensity
at an ionizing electron energy of 40 eV for al detectable ionsis shown in Fig. 2.
Similar curves were obtained for other electron energies, such as 20 and 30 V.

The following ion species were detected: |*, 1o, Lit, Lil*, Liolo*, Lislt,
Lislo™ and Ligl3*, which coincides well with previous results obtained using a
standard KCMS.6 The results obtained in the present study are compared in
Table I with those obtained by other researchers.

In the present case, the relative intensities of |, [>%, Lit, Lil™, Liolo™, Liglo™
and Ligl3* to the Liol™ were much larger than the literature values.® This indi-
cates that the experimental setup in which the Knudsen cell is placed in the
ionization chamber provides an efficient way to detect all of the above-men-
tioned ions.

In the second step, when a mixture Lil/C7g was evaporated from the Knud-
sen cell and electron bombardment ionization was performed, the ions I+, 15F,
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Lit, Lil*, Liolo™, Liol™, Liglo™, Liglg*, Liol*, Lisl™, Ligl™ and Ligl* were
observed. The natural logarithm of ion intensity as a function of temperature of
the Knudsen cell for Lisl*, Ligl*, Ligl™, and Ligl* are presented in Fig. 3. The
ions I*, Io*, Lit, Lil*, Liolo*, Lisl*, Lisglot, Lisls* were detected at similar
temperature ranges as in the case of Lil; for this reason, these ions are not shown
inFig. 3.

melting point of Lil

16

14

12

104

In (Intensity, arb. units}

tjeC

Fig. 2. The natural logarithm of theion intensity as a function of the temperature of the
Knudsen cell (In (Intensity, arb. units) versus temperature) for all detectable ions formed from
the vapor over pure lithium iodide salt. These results were measured between
350 to 600 °C at 40 eV ionizing electron energy.

TABLE I. Comparison of results obtained in this work with those obtained previously®

lon Li* I* Lil* Li2|+ |2+ Li2|2+ Li3|2+ Li4|3+ E/eVv
Literature 1641 6.99 428 100 0.95 0.72 1.67 0.19 30
Thiswork 953 919 9194 100 7181 5234 651 38.25 40

The threshold temperature for the start of the observation of ion signal was
found to be about 355 °C for Linyl* (n = 2, 3 and 4) clusters (Fig. 3). Initialy the
ion intensity increased with temperature, then decreased after a maximum at
about 395 °C for Ligl* and Ligl* clusters. Above 455 °C, the emission of Ligl*
finally decreased to an undetectable level. The ion intensity of Ligl*™ clusters
decreased to a minimum at about 455 °C, then dightly increased, and then
dlightly varied with temperature (from 469 to 657 °C). By contrast, the intensity
of Liol* increased to a maximum, had almost constant values in the temperature
range from 467 to 593 °C and then decreased. The emission of this ion was not
observed above 672 °C.
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Fig. 3. The natural logarithm of theion intensity as a function of the temperature of the
Knudsen cell (In (Intensity, arb. units) versus temperature) for all detectable ions formed from
the vapor over a mixture Lil/Cyq. These results were measured from 350 to 600 °C
at 40 eV ionizing electron energy.

The value of threshold temperature for observation of Ligl* is lower than the
temperature for the appearance of Linl* (n = 2, 3 and 4). The intensity vs.
temperature for Ligl™ increases to a maximum at 485 °C, similar as with Liol ™.
The intensity of the Ligl* cluster after the maximum, somewhat decreases and
has amost constant value in the temperature range from 490 to 635 °C. Asit can
be seen in Fig. 3, the order of theintensitieswas Liol* >> Ligl™ > Ligl*, while the
Lisl* cluster was not detected in the temperature range between 455 to 635 °C.

The earlier experimental study showed that Liolo, Lislz and Ligl4 could be
precursors of Liol™*, Liglot and Ligls*, respectively.b In the present work, it is
difficult to assume exclusively precursors of Lipl* (n = 2, 3, 4 and 6) clusters,
based on the results presented in Fig. 3.

However, the presented results clearly show that the plot of the In (intensity,
arb. units) versus temperature trends before and after the melting point of Lil
(469 °C) do not correspond. At temperatures below the melting point of Lil, ina
preliminary experiment, it was shown that the values of the ionization energies
for Linl* (n =2, 3 or 4) were much higher than their theoretical values. This fact
implies that dimer, trimer, tetramer, Lislo*, and Ligl3*t could be precursors of
Liol™*, Ligl* and Ligl™, respectively. Therefore, the appearance energies of Lipl*
could be measured at temperatures below 469 °C. On the other hand, in a pre-
vious work, it was shown that the ionization energies of Lipl™ (n = 2, 4 and 6)
could be determined at temperatures higher than 550 °C.41 These ionization
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energies are in agreement with the |Es obtained by theoretical calculations, mean-
ing that the precursors of Lipl* clusters were not the same as mentioned above.

This observation suggests that the shape of the In (intensity, arb. units)
versus temperature curves are different possibly due to the dissimilarity in for-
mation mechanisms of these clusters in the Knudsen cell, such as the thermal
decomposition of the evaporation species at low temperatures and the reaction of
Li* with undecomposed Lil at high temperatures.

It should be mentioned that in previous studies, it was revealed that the
clusters LinfFt (n =2, 3, 4, 5and 6) and Lipl* (n = 2, 4 and 6) were obtained in
the vapor over a mixture of lithium fluoride and lithium iodide using the experi-
mental setup presented in Fig. 1.4042 For this reason, in step |11, the evaporation
mixtures Lil/LiF/C7q from the Knudsen cell was studied. Both types of clusters,
Linl* and LinF* (n =2, 3, 4, 5 and 6), were obtained using a mixture Lil/LiF/C.
If the ratio of Lil to LiF was 2:1, the signals of the Linl* clusters were higher
than those of the LiyF* clusters. By contrast, if the ratio of Lil to LiF was 1:2,
signals of LinF* in the mass spectrum were higher than those of Lipl™. In this
work, the LinFt were not studied.

At temperatures below the melting point of lithium iodide, I, 15%, Li*, Lilt,
Liolo*, Liglo™ and Ligl3* were detected by the evaporation of a mixture Lil/LiF/
/C70. In both cases, when a mixture Lil/LiF/Cyg or a mixture LilC7g was eva-
porated, the In (Intensity, arb. units) versus temperature for Linl* (n =2, 3 and 4)
had very similar trends. In addition, the intensities of all detectable ions obtained
from a mixture Lil/LiF/C7g were lower than the intensities of ions formed from a
mixture Lil/C7q before the melting point of Lil. This may be due to the simul-
taneous creation of Lipl™ and LinF* clusters from a mixture Lil/LiF/Cg, which
did not occur during the evaporation of a mixture Lil/C7q. For this reason, the
plots of the In (intensity, arb. units) versus temperature of the Lipl™ cluster
presented in Fig. 4 were obtained at temperatures above 460 °C.

Figure 4, part A, illustrates the variation of the In (intensity, arb. units)
versus temperature for the ion clusters of the type Linl* obtained by electron
impact ionization. In Fig. 4, part B, the plots of the In (intensity, arb. units)
versus temperature for Linl*, obtained by thermal ionization in the Knudsen cell
at temperatures above 835 °C, are shown. As can be seen in part B of Fig. 4, the
Ligl* (n = 2, 4, 5, and 6) clusters could be detected using the TI mode at
temperatures higher than the melting point of LiF, while the Ligl* ion was not
detected by the thermal ionization.

From Fig. 4, part A, it can be seen that the intensity of Lisl* and Ligl*
increased from 468 to 616 °C and have amost constant value in the temperature
range 616 to 782 °C. The intensity of Lisl* decreased above 782 °C, while a
decrease in the intensity for Ligl™ was not detected. The intensity versus tem-
perature curve for Ligl* and Lisl* had almost constant values in the temperature
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range presented in Fig. 4. As can be seen, the order of the intensities was Lisl* >
> Ligl™ or Ligl* > Ligl* > Ligl* at temperatures between 600 and 830 °C. This
result showed that the intensities of Lipl* increase when a salt LiF was added
to amixture Lil/Cyyg.

16 -
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Fig. 4. Plots of In (Intensity, arb. units) versus temperature. TheionsLi,l (n=2, 3, 4, 5 or 6)
clusters were obtained in the el ectron impact mode (the temperature range of the Knudsen cell
was 420 to 830 °C) and the positively charged clusters Li,l* (n =2, 4, 5 and 6) were generated
in the Knudsen cell by thermal ionization (the temperature of the Knudsen cell was higher
than 830 °C).

However, it should be noted that the Lisl* and Lislt clusters were not
detected from amixture Lil/LiF.40 In addition, the In (Intensity, arb. units) versus
temperature trend for the mixture Lil/LiF did not correspond to the trend for the
mixture Lil/LiF/C70.40 This implies that the presence of both C7g and LiF pro-
vides optimal conditions for abtainingions Linl*t n=2, 3, 4, 5 and 6. Namdly, in
an earlier experiment, it has been shown that the solid-state reactions of fulle-
renes with various metal fluorides can be performed in a Knudsen cell. For
example, the mass spectra recorded during the KCMS fluorination of C7g with
MnF3 contained C7gFss, C7oF3g and C7gFa0.44 Furthermore, the reaction of
fluorination of C7g is more efficient than the reaction of fullerene with lithium.4>
These facts suggest that the enhanced stability of Lint may be related to the
presence of an additional Li source that remains in the Knudsen cell because the
fluorine atom prefers a strong ionic bound with C7g. From another viewpoint, the
fullerene C7q could form a graphite monolayer on the inner surface of the Knud-
sen cell at higher temperatures. Generally, the existence of a graphite monolayer
decreases the thermal dissociation of the clusters.46
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For clarity, the ions obtained by evaporation from pure Lil, a mixture
Lil/C7g, and a mixture Lil/LiF/C7g, in the temperature range derived from the
curvesin Figs. 2 and 3, are summarized in Table 1.

TABLE II. The ions obtained by the evaporation from pure Lil, from a mixture of Lil/Cq and
from amixture of Lil/LiF/C, and the temperature range of the Knudsen cell

Sample lons lons of thetypeLi,l* Temperature range, °C
Lil I+, 1,%, Lit, Lil*, Liol* 408-581
Liolo*, Liglo®, Liglg®
Lil/Cqg Liol*, 355673
I*, 1,%, Lit, Lil*, Ligl™, 355453
Liolo*, Liglo™, Ligls* Ligl*, 355-658
Ligh* 452-632
Lil/LiF/Cy I+, 1,%, Lit, Lil*, Liol*, 355-837
Liolot, Liglo®, Liglg" Ligl*, 355-758
Ligl*, 355-835
Ligl™, 609-837
Lig* 452-833

Comparing data in the Table I, afew general trends can be noted. First, the
fullerene C7g provide a wider temperature range for the detection of Lipl™
clusters. Second, the addition of the salt LiF to a mixture Lil/Cyg leads to an
increase in the temperature range for the observation of these ions. This suggests
that the formation of cluster ions is favored when the extra sources of lithium
ions were present in the Knudsen cell.

CONCLUSIONS

In this work, the evaporation of Lil, Lil/C7g and Lil/LIF/C7g from a Knud-
sen cell located in the ionization chamber of a magnetic sector mass spectrometer
was studied. The following ion species were detected: I, 1o, Lit, Lil*, Lislot,
Lislo™, Ligls™ and Lipl™ (n > 2). In all of three cases, the intensities of these ions
versus temperature of the Knudsen cell were measured. The principa results
were as follows:

1. The results indicate that the experimental setup where the Knudsen cell
was placed in the ionization chamber provided abundances of all the detectable
ions higher than did those obtained with a standard KCMS.

2. By evaporation of the mixture Lil/Cygq, ions of Liyl (n =2, 3, 4 and 6)
clusters were obtained, while evaporation of the mixture Lil/LiF/C7g gave posi-
tiveionsof Lipl (n=2, 3, 4, 5 and 6). The presence of both C7g and LiF provides
optimal conditions for obtaining Lipl* (n=2, 3, 4, 5 and 6).

3. In all three cases, the most intensive peaks in the spectra were Lisl*. The
clusters with an even number of lithium atoms (Lisl*, Ligl*, Ligl™) were more
stable than the clusters with an odd number of lithium atoms (Ligl* and Lisl™).
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4. Trends of the plot In (Intensity, arb. units) versus temperature for Lipl*
cluster before and after the melting point of Lil do not correspond. It suggests
that way of formation of these clusters could be different due to changes in the
temperature. At temperatures below the melting point of lithium iodide, the
dissociative ionization of (Lil)p, (Lil)3, (Lil)4, Lisl2o*, and Ligl3* could be
responsible for the generation of Lisl*, Ligl* and Ligl*, respectively.
Unfortunately, based on al the detectable ions, the predominant emission
mechanism could not be experimentally determined at temperature higher than
the melting point of lithium iodide.

5. The clusters Lipl and LiyF were obtained by evaporation of the mixture
Lil/LiF/C7g. The intensities of Lipl clusters were higher than the emission of
LinF cluster when the ratio of Lil to LiF was 2:1. In contrast, the emission of
LinF clusters was enhanced, while the emission of Lipl clusters was suppressed
when theratio of Lil to LiF was 1:2.

It could be concluded that a Knudsen cell located in the ionization chamber
of a mass spectrometer provides an appropriate way to obtain and investigate
clusters of thetypeLinX, X =For I.

Acknowledgement. The authors acknowledge the Ministry of Education, Science and
Technological Development of the Republic of Serbia for financial support (Contract No.
172019).

H3BOI

HUCIIUTHUBAKE OTIIAPABAIBA Lil, Lil/C; U Lil/LiF/C;q U3 KHYICEHOBE REJUJE
CMEHNITEHE ¥ JOHHU3ALHMOHY KOMOPY MACEHOT CIIEKTPOMETPA

JACMHUHA BYCTEBEK, MUOMHUP BEJbKOBHE u CY3AHA BEJIMYKOBHR
Huctiuitiyw 3a HykneapHe Hayke Bunua, Ynuseepsutiei y Beoipagy, [Tlowwiancku ¢ax 522, 11001, beoipag

OrnapaBame Lil, Lil/C; u Lil/LIF/C;( je ucnutuBano nomohy Kuyncenose henyje, koja
jé cMellTeHa y jOHU3aLIMOHY KOMOPY MarHeTHOI MAaceHOT CIeKTPOMETPa, Y TeMIIEPaTypCkoM
omcery ox 350 mo 850 °C. Li,I* (n = 2, 3, 4 u 6) BpcTe cy nerekToBaHe u3 cMmenre Lil/Cyg, a
wiacrepu Li,I* u Li,Ft (n = 2 0o 6) cy merekroBaHu HcmapaBamem cmeine Lil/LiF/Cyg.
Hntensuter Li, It duo je Behu op uHTeHsurera Li,F* wacrepa xagma je omHoc Lil u LiF &uo
2:1. C npyre crpane, crBapame Li,F* wiacrepa je daBopusosano kazna je oguoc Lil u LiF Guo
1:2. PesynraTu mokasyjy na ornapaBame cMmeute Lil/LIF/C;o n3 Kayncenose henwje, xoja je
CMelITeHa Y jOHH3aLUOHYy KOMOPY MAaceHOT CIeKTPOMeTpa, MpelcTaBba eUKacaH U jemHo-
CTaBaH HAuWH 3a JoOdHWjawme W WcnuUTHBamwe Kiacrtepa tuna Li,X, X = F unu 1. Y oBom pany
Takohe je moxasaHoO fia ce 3aBUCHOCT IPUPOJHOT JIOTapUTMa HHTeH3uTeTa Li, It Kinacrepa on
TemIeparype pasiukyje Ha TeMIepaTypama Ipe U Iocje Tauke Tollsbewa Lil. OBo ykasyje Ha
TO Ja HauuH HOpMHUpama HaBeleHUX KIacTepa Moxe OUTH Paslu4MT yCiel IpOMeHe TeMIle-
paTtype.

(ITpumsseno 27. jyna 2012, pesunupano 25 jyna 2013)
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Impact of the spatial distribution of mor phological patternson
the efficiency of electrocatalytic gas evolving reactions®
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Abstract: The efficiency of electrocatalytic gas evolving reactions (hydrogen,
chlorine and oxygen evolution) is a key challenge for important industrial
processes, such as chlor-alkali electrolysis or water electrolysis. The central
issue for the aforementioned electrocatalytic processes is their huge power
consumption. Experimental results accumulated in the past, as well as some
predictive models (“volcano” plots) indicate that altering the nature of the
electrode material cannot significantly increase the activity of the mentioned
reactions. Consequently, it is necessary to find a qualitatively different strategy
for improving the energy efficiency of electrocatalytic gas evolving reactions.
A usually disregarded fact is that gas evolution is an oscillatory phenomenon.
Given the oscillatory behavior, a key parameter of macrokinetics of gas elec-
trode is the frequency of gas-bubble detachment. Bearing in mind that gas evo-
Iution greatly depends on the surface morphology, a methodology is proposed
that establishes a rational link between the morphological pattern of an elec-
trode with its activity and stability. Characterization was performed using
advanced anaytical tools. The frequency of gas-bubble detachment was
obtained in the configuration of scanning electrochemical microscopy (SECM),
while the corrosion stability was analyzed using a miniaturized scanning flow

electrochemical cell connected to a mass spectrometer (SFC-CPMS).

Keywords. energy efficiency; electrocataysis; morphology; SECM; activity;

stability.

Due to their technical importance, electrocatalytic gas-evolving reactions
(hydrogen, chlorine and oxygen evolution) have been the subject of investigation
for decades.1-3 From well-established large scale industrial processes, such as
chlor-alkali technology towards water electrolysis and electrochemical CO»
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reduction, the efficiency of electrocatalytic gas evolving reactions (GER) has
been a major chalenge due to the large amount of electricity necessary to con-
duct electrode reactions at a desirable rate.# Energy efficiency in one electroche-
mical reactor is usually monitored by the voltage corresponding to the predefined
turnover of product controlled by the imposed current intensity. An essential task
is to minimize the overvoltage, which represents the difference between the
actual voltage and the voltage in the state of equilibrium (reversible voltage).

The energy efficiency during one electrocatalytic process strongly depends
on the design of the electrochemical interface. The functionality of an electro-
chemical interface is largely influenced by the nature of the material of the
chosen electrode that belongs to the scope of electrocatalysis.?2 Electrocatalysis
essentially deals with the impact of the electrode material on the rate of an elec-
trode reaction. The predictive bases on which electrocatalysis rests are empirical
or theoretical models known as “volcano” plots, in which the kinetics of the
electrode reaction is expressed as a function of some catalytic descriptor, which
is in fact some physicochemica property of the material (binding energy of
intermediates, number of outer electrons, etc.).> The apex of “volcano” responds
to the maximal kinetics, which is essentialy determined by the optimal value of a
catalytic descriptor (Sabatier Principle). For example, a noticeable fact is that
RuO; is at the apex of the “volcano” plot for the oxygen evolution reaction
(OER) and the chlorine evolution reaction (CER).6:7 If a material whose activity
responds to the maximum of the “volcano” plot is identified, the question that
would naturally arise is: how to improve further the efficiency of the given
reaction?

A high intrinsic activity of the chosen electrocatalyt, reflected by the high
turnover per active site, however, goes hand in hand with a certain self-inhibiting
effect. Namely, the phenomenon of supersaturation with the product is actually a
prerequisite for the gas formation.8.9 The formed gas-bubbles cover a fraction of
the active surface area and induce additional overpotential. It is important to
mention that the gas bubble effect was detected to be the magjor source of over-
potential in a case of chlor-alkali technology.2 Consequently, this issue requires
serious investigations, which could be beneficia for all gas-evolving reactions,
even for those that are not driven by the electrode potential. At the same time,
electrode materials, especially those used as catalysts for anodic electrocatalytic
reactions, are subjected to intensive corrosi on.10 The electrode materials used to
catalyze the mentioned electrode reactions usually originate from the family of
noble metal oxides. Considering that the price of noble metalsis subject to unpre-
dictable fluctuations (for example, the price of Ru jumped in 2007/2008 by 1000
%11), it is of major importance to find strategies to 1) stabilize electrocatalytic
materials, 2) reduce the loading with noble metals and/or 3) replace noble metals
with cheaper and more abundant materials.
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A promising approach to address the above-mentioned issues is a rational
design of the surface morphology. Namely, morphology has strong impact on the
gas evolution (for example, it influences the contact angle at the triple phase
boundary) and influences the utilization of the active surface area by determining
the accessibility of active sites.12 Additionally, expecting that high local over-
potentials and current densities could enhance degradation of electrocatalysts,13
it is essential to investigate to what extent the stability of electrocatalysts is
influenced by the morphologica pattern. State of the art anodes for the electro-
catalytic gas evolution are DSA (dimensionally stable anodes)-type electrodes.
Usualy, “valve” metd-like titanium is coated with a mixed transition metal
oxide. Catalytically, the active component is a noble metal-based oxide (for
example ruthenium oxide), the long-term stability of which is assured by mixing
with a “valve” metal-based oxide (for example titanium oxide). An important
pre-condition for mixed oxide formation is that the parameters of the crystal lat-
tice match (according to the Hume Rothery Rules).14 A typical morphological
pattern of DSAS, the so-called “mud-crack” structure, contains two interesting
features, namely “islands’ and “channels’, which could be potentially beneficial.
The edges of the islands can alow high local activities, while the channels can
contribute to mass transport by allowing certain internal hydraulic regimes via
microconvection.

Two studies provide particularly interesting insights into the behavior of
DSAs. Trasatti and co-workers derived a method to distinguish easily accessible
“outer” surface area from the hardly accessible “inner” surface area (originating
in nanopores, etc.).15 In the mentioned work, the authors stated that only the
outer surface is functional and accessible for the reaction. Simultaneously, Evdo-
kimov reported that at very high current densities (up to 4 A cm2), the inner
surface area starts to participate in the reaction.16:17 The results of Evdokimov
could be understood in terms of an increase of the interfacial overpressure, which
allows solvent penetration towards the nanopores (according to the Y oung—L aplace
Equation for capillary forces).18 While Evdokimov was increasing the imposed
intensity of the process (rate of reaction) at the analyzed electrode, the question
was whether the opposite was possible. Namely, whether it is possible for the
pre-defined intensity of the process to gradually change the morphology and cause
activation of the inner surface area or at least increase its utility. To achieve
better utility of surface area, it is important to bear in mind that gas evolution is
an oscillatory phenomenon.1® Thermal oscillations of the gas-bubbles cause peri-
odic displacement of the surrounding liquid, which in return influences the root
of the surrounding gas-bubbles and ultimately cause their detachment. The
smaller the gas-bubbles are, the more frequently they oscillate and finally detach.
Consequently, given the oscillatory behavior, a key parameter of the macroki-
netics of a gas-evolving electrode is the frequency of gas-bubble detachment. In
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this sense, the goal was to find away to generate gas-bubbles with small radius at
electrode/electrolyte interface. Knowing that gas bubble evolution consists of
three processes: 1) nucleation, 2) growth and coalescence and 3) detachment, it
seems rational to design electrodes with adequate thickness of the catalyst layer
and size of the “channels’ so the gas bubbles can nucleste inside the “channels’
that would limit their growth. In this respect, the thickness of the coating and size
of the “channels’ should be similar to the critical radius of gas-bubble nucle-
ation.20 To achieve the targeted pattern, the synthesis was based on controlling
the tensile stress in the catalyst layer. The tensile stress delivered to the coating
could be controlled by adeguate thermal treatment (calcination temperature, rate
of heating/cooling...) and by creating mismatch in the coefficients of thermal
expansion between support and catalyst layer. In this sense, the “breakage” of the
catalyst layer is under certain measures of control asis the size of the “channels’.
Besides the design of the morphological pattern, it was important to ensure that
the desirable surface features are uniformly distributed over the surface.21 While
DSA coatings were usually synthesized using the thermal decomposition proce-
dure, important progress was made through the introduction of sol—gel route, as
shown by Nikoli¢ and co-workers.22 The sol—gel procedure allowed coatings to
be obtain with significantly reduced surface inhomogeneities in the morphology
and/or composition. Reducing surface inhomogeneities is already recognized as
an important aspect of electrode design and as one of the potential strategies for
further improvement of DSA performance.23 Although, the impact of the spatial
distribution of activity on electrode performance is still not adequately under-
stood, it has been proven to be of major importance for efficient gas evolution.21
Besides the design of the features of the electrode surface, of major impor-
tance is ssimultaneously to have a redlistic insight into the catalytic performance
of a particular material, which further strongly depends on the employment of
adequate analytical tools and procedures. Particularly important was to characte-
rize and adequately interpret gas-bubble evolution. The frequency of gas bubble
detachment at various potentials was monitored using scanning electrochemical
microscopy (SECM).24 Thisisthe first work in which an SECM setup was adopted
for the characterization of GER by recording potential dependent frequency spec-
tra. From the recorded spectra, the point of transition from pseudo-periodical to
periodical behavior could be detected, which was related with a drop in the
efficiency. All the tested DSA coatings for which a characteristic frequency of
the gas-bubble detachment could not be estimated exhibited relatively low acti-
vity. This could be related to the spatial distribution of the activity, which can
also be visualized in situ using SECM.21.25 Finally SECM in combination with
cyclic voltammetry (CV) was used for the most challenging task, namely to
develop a methodology that quantifies what fraction of the catalyst layer (what
percentage of overall active sites) really participate in the reaction in dependence
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on the applied potential. Finally, as a part of an analysis of catalyst stability, time
resolved dissolution profiles were recorded using a recently developed setup
based on the coupling of electrochemistry with mass spectrometry (SFC—
—ICPMS).26.27 From the dissolution profiles, it was clear that the more active
sample, due to the morphological pattern that promotes efficient gas evolution
and assures a larger effective surface area, at the same time could be more stable,
which is of major importance on atechnical scale.

Acknowledgment. Bundesministerium fur Bildung und Forschung (BMBF) for financial
support within the framework of the Project ECCO2 (Kz: 033RC1101A).

H3BOJ

YTHUIAJ ITIOBPITMHCKE MOP®OJIOTHJE HA EOMKACHOCT PEAKITUJA CA
N3IBAJAILEM I'ACA

AJIEKCAHIAP P. XXEPABAHUH

Department of Interface Chemistry and Surface Engineering, Max-Planck-Institut fiir Eisenforschung, Max-
Planck-Strafe 1, 40237 Diisseldorf, Germany

EdukacHOCT enekTpoKaTaIUTHYKUX peakldja ca H3[BajakeM raca (uM3gBajame BOZIO-
HHKa, XJIopa U KACEOHMKA) je K/bYYHH M3a30B 3a BaKHE MHIYCTpPHUjCKe Ipoliece Kao LITO Cy
XJIOp—ajIKalHa €JeKTPOIN3a WK eleKTponu3a Bofe. LleHTpaaHu M3a30B 3a HaBeNEHE elek-
TPOKATAJIMTHUKE INpOliece je OrpoMHA IOTpOLIKkA eleKTpUUYHe eHepruje. ExcrepumeHTanHe
YHBEHULE aKyMyJIMDaHe TOKOM MPeTXOJHe YeTHPH [elleHHje, Kao U HEKH BaKHU eKCIepH-
MEHTAJIHU ¥ TEOPETCKH MOoZenH ("ByJlKaHCKe" KpHBe) yKasyjy la Memame MPUPOAE eeK-
TPOOHOT MaTepHjasia He Moke ODUTHO yBehaTH akKTHBHOCT TIOMEHYTUX peakuuja. CXooHO ToMe,
HEOIIXOIHO je MpoHahW KBaJTUTAaTHBHO OPyTauMjH MIPUCTYT 3a Modosbllalke eHepreTcke eu-
KaCHOCTH eleKTpOKaTaJUTHUKUX peakuyja ca u3jBajameM raca. YumweHuna koja ce 09MYHO
3aHeMapyje jecTe #a je usfBajame raca ocuuaatopHu ¢peHomeH. C 003MpoM Ha OCLMIATOPHO
NOHallake, K/BYYHH IlapaMeTap MaKpOKMHETHKe TacHUX eNeKTpofia jecTe (pexBeHLUja
u3fBajama MexypoBa raca. Mmajyhu y Bunmy na uspBajame raca y BelIMKOj MEpPH 3aBHUCH Off
MOBPUIMHCKe MOpdororyje, MpeioXkeHa je METOLOJIOTHja KOja yCIIOCTaB/ba PAllHOHATIHY Be3y
n3Mehy mopdornoruje enekTpone U HbeHe aKTHBHOCTH U cTaduimHOCTH. Kapaxrepusauuja je
U3BpLIEHA KOpUIThewmeM MOAEPHUX aHAIUTHUUYKUX MeToja. PpexBeHLMja M3[Bajama raca je
nobujeHa y koHdUrypauuju ckeHupajyhe enexrpoxemujcke mukpockonuje (SECM) pox je
KOpPO3HOHA CTaOMIHOCT aHaIU3UpaHa y3 MoMoh MHUHMjaTypHU30BaHOT IIPOTOYHOI €IEeKTpOXe-
MH]jCKOT PeaKkTopa MOBe3aHor ca MAaCEHUM CIeKTpoMeTpoMm. (SFC-ICPMS).

(ITpumreno 1. okrodpa 2013)
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Abstract: This paper reports the use of near infrared (NIR) spectroscopy as a
process analytical technology (PAT) tool for monitoring the metformin (N,N-
-dimethylimidodicarbonimidic diamide) hydrochloride and poly(vinyl pyrroli-
done) (PVP) mixing process, which is the first stage in tablet production. Blend
homogeneity was tested using the non-invasive NIR spectroscopy method and
the partial least squares (PLS) regression model was applied for the analysis of
the obtained spectra. Simultaneously, the critical parameter (metformin hydro-
chloride content) was monitored by a classical analytical technique, the vali-
dated HPLC method, commonly used for this purpose. Based on the high
sensitivity of the model developed in this study, as well as the established
correlation among the results obtained by different methods, it could be con-
cluded that the proposed rapid and non-invasive technique could be an effect-
tive tool for the monitoring of one of the critical manufacturing steps in the
production solid dosage forms.

Keywords: PAT; NIR spectroscopy; PLS; metformin hydrochloride; blend uni-
formity analysis.

INTRODUCTION

Process analytical technology (PAT) is defined by the United States Food
and Drug Administration (FDA) in the document Guidance for Industry: PAT —
A Framework for Innovative Pharmaceutical Manufacturing and Quality Assu-
rance as “a system for designing, analyzing, and controlling manufacturing
through timely measurements (i.e., during processing) of critical quality and
performance attributes of raw and in-process materials and processes with the
goal of ensuring final product quality”.!

* Corresponding author. E-mail: irena.homsek@gmail.com
# Serbian Chemical Society member.
doi: 10.2298/JSC010413080M
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Near infrared (NIR) spectroscopy has gained wide acceptance in the agri-
cultural, food and petrochemical industries as a powerful, non-destructive anal-
ytical technique. It is an important component of a PAT toolbox, and is the key
for enabling Real-Time Release of pharmaceutical tablets. The main advantages
of NIR spectroscopy are its rapidity and reliability for on-line and in-line anal-
yses of different products and materials.2

Recently, NIR spectroscopy has found increasing use in pharmaceutical
analysis for the identification and quality testing of raw materials,34 the moni-
toring of blending,® granulation,® moisture content,> active substance content, 9
roller compaction,19 drying operations!! and many other applications.12

The preparation of a uniform blend prior to tableting or encapsulation is one
of the most important steps in the production of solid dosage forms. Among the
various techniques that are applied for this purpose, one-pot processing is aterm
that includes any technology that combines different unit operations of a phar-
maceutical production process into one machine. It is the production of pharma-
ceutical granules using a wet granulation process in which dry mixing, liquid
addition, wet granulation, drying and sizing of the granules are al performed in
the same processing vessal.13 The concept of a single pot processor is to ensure
continuous processing. Usually, the determination of homogeneity of a powder
blend requires stopping the production process, taking samples and its analysis
by some of the most commonly used analytical methods (UV/Vis, HPLC, etc.),
which are time-consuming. As most of pharmaceutical excipients and active
pharmaceutical ingredients (APIs) absorb IR radiation, NIR spectroscopy may be
used for drug content determination in order to define the mixing time end-point.
In contrast to the conventional methods, NIR spectroscopy in combination with
chemometric analysisis an easy, fast and non-destructive analytical technique for
quantification of active ingredientsin solid samples.

The assay methods for metformin (N,N-dimethylimidodicarbonimidic
diamide) hydrochloride in a powder blend were either HPLC,14-16 gas chroma-
tography,17:18 NMR spectrometry,19 and UV-spectroscopy?0 In contrast to these
conventional methods that depend, predominantly, on sample dissolution in a
suitable solvent, NIR spectroscopy combined with chemometrical programs have
high potential to measure major active ingredients in solid samples.21-24

The aim of this study was to develop a reliable NIR spectroscopic method
for monitoring the mixing phase, the first critical step within the manufacturing
process of immediate release tablets containing metformin hydrochloride as the
active substance. The main goa of this work was to introduce this non-des-
tructive method for the routine monitoring of the tablet production process based
on the established correlations with the classic analytical technique commonly
used for this purpose.
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EXPERIMENTAL
Materials

The following substances were used for the preparation of the blend mixture: metformin
hydrochloride (Harman Finochem LTD, India) and poly(vinyl pyrrolidone) (PVP, Kollidon®
25, BASF, Germany).

Methods

NIR spectroscopy. The NIR diffuse reflectance spectra were obtained using a Thermo-
-Nicolet Antaris instrument with an integrating sphere module and an InGaAs detector. The
spectra were recorded in the range from 10000 to 4000 cm! with an 8-cm? resolution, 16
scans and a one-minute collection time of.

In order to develop a calibration model for the uniformity of blend prediction, a series of
calibration samples was prepared (Table I). Each mixture was measured three times and 48
calibration spectra were recorded. NIR spectra of pure metformin hydrochloride and PVP
were also measured.

TABLE |. The composition of mixtures used for the development of a calibration model

Metformin hydrochloride content, mass % PV P content, mass %
70.00 30.00
75.00 25.00
85.00 15.00
87.00 13.00
88.00 12.00
89.00 11.00
90.00 10.00
91.00 9.00
92.00 8.00
93.00 7.00
94.00 6.00
95.00 5.00
96.00 4.00
97.00 3.00
98.00 2.00
99.00 1.00
100.00 0.00

The effectiveness of the calibration model was evaluated by three independent validation
blends (Table1).

TABLE Il. The composition of the mixtures used for validation

Sample no. Metformin hydrochloride content, mass % PV P content, mass %
1 85.00 15.00

2 90.00 10.00

3 95.00 5.00

The reference (HPLC) method. The content of metformin hydrochloride in the samples
was determined by a validated HPL C method, using a liquid chromatograph HP 1100 with a
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UV /Vis detector (Agilent 1100 HPLC, USA). Separation was achieved on the Kinetex column
(100 mmx4.6 mm, 2.6 um). The following parameters were used for the analysis: injection
volume 20 pl, flow rate 1.5 ml min', detection wavelength 200 nm, with a mobile phase
containing 0.09 % (W/V) sodium hexanesulfonate, 5 vol. % acetonitrile and 95 vol. % dilute
phosphoric acid (0.1 mass %). HPL C-grade water was used as the solvent. The precision and
accuracy of the method were determined. The relative standard deviation (RSD) of the results
for the six simultaneoudly prepared samples was 0.23 %, the mean value for the recovery of
nine prepared samples was 99.79 % and standard deviation (SD) was 1.73 %.

Data analysis

Quantitative calibration models were built with partial least squares (PLS) regression
using the least squares algorithm. The goal of PLS regression is to establish a linear relation-
ship between the two matrices, spectral data (X) and reference vaues (Y). Both X and Y were
modeled in order to determine the variables in the X matrix that would best describe the Y
matrix.2> The objectives were to model the X- and Y-matrix first, and then to predict Y from X
according to the equations:

X =1X2+TP' +E )
Y=1y +UC'+F =1y +TC'+G 2

where 1X' and 1y represent the variable averages and originate from the preprocessing step. The
information related to the observations was assumed in the scores-matrices T and U. The
information related to the variables is stored in the X-loading matrix P’ and the Y-loadings
matrix C'. The variation in the data was neglected in the modeling from the E and F residual
matrices.

The PLS regression method was applied by using the TQ Analyst software package
(Thermo Nicolet, USA). The quality of the models was assessed in terms of the root mean
square error of the calibration (Eg. (3), RMSEC):

3

where Y, ;, isthe measured parameter, YI is the predicted parameter and N is the number of
samples for the data set under consideration.

During the calibration step, full cross validation (leave-one-out) was applied to the calib-
ration data set and the root mean square error of the cross validation (RMSECV) was obtained

for the calibration model (Eq. (4)):

RMSECV = (4)

In order to determine the number of principal components, the PRESS function was used:
N . 2
PRESS=)"(% - ¥.) 5)
i=1

Root mean square error of prediction (RMSEP) can be used for an estimation of the
prediction accuracy of the statistical model and can predict Y for anew X:
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(6)

where Y, , is the measured parameter, \?, is the predicted parameter, and N is the number of

samples for the validation data set.
This parameter defines the contribution of each new introduced principal component to

the definition of the dimensions of the statistical model.
Preparation of the blend mixture in production

The blend mixture was prepared by the initial feeding and mixing of metformin hydro-
chloride and PVP (in the mass ratio 90:10) in a vacuum processor (Roto Cube 600, IMA,
Italy) at a mixer speed of 100 rpm and a chopper speed of 700 rpm. The samples were taken
from the top, middle and bottom (6x2 g) of the mixer after 5, 10 and 15 min of mixing in
order to determine the endpoint when the blend homogeneity was achieved.

RESULTS AND DISCUSSION

Representative NIR spectra of pure metformin hydrochloride, PVP and their
blends are shownin Fig. 1.

1.15 [
] i

1-05€ " \ ! \\.fJ

0.55- . g Y/

050. '_.’I S - /r

045-

‘7500 7000 6500 6000 I_I .]ISSIOO' " soo0  4so0
Vv/emr

Fig. 1. NIR spectraof: @) PV P, b) metformin hydrochloride and ¢) mixture of metformin
hydrochloride and PVP (mass ratio 90:10).

The NIR spectra of the investigated powder blends indicated that the absorp-
tion bands the amino and imido groups of metformin hydrochloride, with peak
maxima around 4761, 5924, 6570 and 9600 cm1 (overtones), were associated
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with C-H, O-H and C-O combination bands and overtones of PVP, with peak
maxima at around 5880 and 4545 cmL, which are in accordance with the results
of Habib and Kamel26 and Rantanen et al.>

The spectral range and the number of PLS factors are the two most crucia
parameters in the PLS regression process.27.28 Based on the absorption features
observed in the NIR spectra, the two spectral ranges chosen to establish the
calibration model were: 5980-5650 cm—1 and 5200-4935 cm1.

The peak maxima in the first region are related to metformin hydrochloride
imido groups. The absorbance peak of PVP that appears in the second region
enables the creation of the characteristic model for determining the amount of the
polymer present in the mixture. The spectra of seventeen calibration samples
containing different ratios of the studied components are shown in Fig. 2. Based
on the obtained results, it could be seen that the peaks were shifted due to the
variations in the composition of the calibration mixture.

log (1/R)

V/em?!

Fig. 2. NIR spectra of the calibration samples.

The calibration and cross-validation regression parameters and the numbers
of the principal components in the PLS method, without data pre-treatment, are
givenin Tablelll.
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TABLE IIl. PLS calibration models used for the determination of blend uniformity; MTH =
= metformin hydrochloride

Parameter Calibration data set
Number of samples 54

Number of mixtures 16

MTH content in the validation blends (minimal), mass % 69.54

MTH content in the validation blends (maximal), mass % 99.89

Model type Full spectrum PLS regression
Spectral range, cml 5980-5650 and 5200-4935
Number of latent variables 4

Coefficient of correlation 0.9981

RMSEC 0.4810
Coefficient of correlation for cross-validation 0.9956
RMSECV 0.7370

The coefficient of correlation was higher than 0.995, indicating that the
established model, with four PLS components, was linear. The lower coefficient
of correlation for cross-validation could be attributed to the estimated limit
values (mixture of 30 and 70 mass % of PVP and metformin hydrochloride,
respectively). The value of this mixture was estimated from the model that was
formed over the other sample calibration spectra. In this case, the probability that
the linearity of the model was lower is increased, resulting in the consequential
increase of the difference between the estimated and actua values, which ulti-
mately resultsin a slightly lower correlation coefficient.

The results predicted by the NIR method and then checked by the HPLC
method for the validation blends are given in Table I V.

TABLE V. Accuracy and precision of the developed model; number of samples: 6
Validation mixture

Parameter 1 2 3
Predicted Measured Predicted Measured Predicted Measured
Metformin 86.43 84.98 90.05 90.05 95.55 94.97
hydrochloride 86.21 85.12 89.76 89.76 95.23 95.43
content, mass % 85.21 84.96 89.64 89.64 96.02 95.03

84.22 84.98 90.75 90.75 94.79 94.91
84.12 85.10 90.53 90.53 94.61 95.28
84.39 84.94 89.89 89.89 95.11 95.36
Average value, % 85.10 85.01 90.10 90.10 95.22 95.16

D) 1.02 0.08 0.44 0.44 051 0.22
RSD 1.20 0.09 0.49 0.49 0.54 0.23
RMSEP 0.930 0.698 0.560

For the validation mixtures, the calculated recovery values were within the
range from 97 to 103 %, i.e., the value was 100.15 % for all the tested samples.
The RSD and RMSEP values of the calibration model were 2 and 1 % lower,
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respectively (Table 1V). A paired t-test statistical comparison at the 95 % confi-
dence level indicated no differences between the results obtained with the two
methods. The accuracy and precision of the calibration model were proven based
on the obtained results.

The estimated calibration NIR model and HPLC method were used to mea-
sure the amount of metformin hydrochloride in the mixture produced in the
vacuum processor (production batch). Comparative data obtained by NIR and
HPLC analysisare givenin Table V.

TABLE V. Comparative results obtained by NIR and HPLC

Sampling points  Content of metformin hydrochloride

M IXing inthevacuum  in the powder blend mixture, mass % Difference between the
time, min two methods, %
processor NIR HPLC

5 Top 102.14 99.42 2.72
Middle 102.19 100.97 122
Bottom 100.27 99.99 0.28

10 Top 101.50 102.13 -0.63
Middle 101.01 101.93 -0.92
Bottom 99.31 99.34 -0.03

15 Top 101.01 100.37 0.64
Middle 100.17 100.38 -0.21
Bottom 100.56 100.82 —0.27

Based on the obtained data, it could be seen that a homogenous mixture,
with a drug content within the range from 95 to 105 % of the theoretical value,
was obtained after five minutes of mixing. The difference between the two tested
methods for the first set of samples was dightly higher than those for the other
two (the samples taken after 10 and 15 min of mixing). This could be attributed
to higher sensitivity of the NIR method due to the amount of sample that was
exposed to the radiation during spectra collection, which was tens of times higher
compared to the amount of sample that was dissolved for the HPLC analysis (ca.
30 mg). After the second and the third sampling, the differences between the two
methods were lower, which is further confirmation that the calibration model
created for a metformin hydrochloride concentration range between 70 and 100
mass % will give reliable results in the analysis of metformin hydrochloride —
PV P mixtures.

With regard to defining the final time point of mixing, it could be concluded
that homogeneity was achieved after five minutes, which was expected since
blending was conducted in a vacuum processor at high mixer and chopper rota-
tion speeds, which enabled homogeneous distributions of the active ingredient to
be obtained.
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CONCLUSIONS

An NIR spectroscopic method with chemometric analysis was created using
the PLS regression model in order to determine the homogeneity of powder
mixtures. The calculated results agreed well with those obtained by the HPLC
reference analytical method. As a rapid and non-invasive technique, the NIR
method reduces sampling errors and provides the possibility of end-point deter-
mination, leading to a potentially significant improvement over the conventional
analytical methods. Additional work on the implementation of the NIR method in
the other phases of tablet production of metformin hydrochloride (granulation,
compression) should be realized in order to assure its application for monitoring
the entire manufacturing process.

Acknowledgments. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Projects No. 172013 and
TR 34007).

U3BOJ
IMPUMEHA NIR CITEKTPOCKOITHJE 3A TTPAREILE ITPOLUECA MEIIAILA TTPAIITKOBA

JbUJbAHA B. MAPI/I”F;i, BPAHHMCIIAB [I. JOBI/I’HZ, CJIOBOJAH 1. HETPOBI/I’Bs, AJIEKCAHIAP M. HUKOJINR
u UPEHA J. XOMIIEK'
Iranenuxa ag, Bamajuuuxu gpym 66, 11080 Beotpag, 2Hpupoguo—mamemau7umcu paxynitew,
Ynueepsuinewi y Hosom Cagy, 21000 Hosu Cag u 3Texuonomxo—memaﬂypw.xu paxynivei,
Yuueepsutueti y beoipagy, 11000 Beoipag

Y pany je npukasana mpumena NIR cnexTpockonuje kao cpezcTsa 3a npahemwe mponeca
MelIawka MeT(OPMUH-XUIPOXIOPHA U NONUBUHIINIUPONUioHa (PVP) koju mpencrasba IpBy
dazy y npousBonmu Tadnera. XoMOTEHOCT MelLIaBHHE TeCTHPaHa je MPUMEeHOM HeWHBAa3UBHE
NIR cnexrpockonuje, a 3a aHaausy AOOMjEeHUX pesynTaTa KOPUIIhEH je PErpecHOHH MOJEN
HajMawux kBagpata (PLS). HcroBpemeHo je kpuTHYaH mapameTap (campxaj meThOpMHUH-
xugpoxyopuza) npaheH KIaCHYHOM aHATUTHYKOM TEXHHKOM KoOja ce yoOHYajeHO KOPUCTH y
oBe cBpxe. Ha OCHOBY BUCOKE CEJIEKTUBHOCTH MOJ€/Ia Pa3BHjEHOr Y 0BOj CTYAH)jH, KO H YCIO-
CTaB/bEHOj KOpenaluju usMehy pesynrara foOMjeHUX pasIUYUTHM METOJamMa, MOXKE Ce 3aKJby-
YUTH Ia MpeaoKeHa Op3a ¥ HeMHBAa3WBHA TEXHHKA Moxe OUTH edukacaH anar 3a npahemwe
jenHe of HAjKPUTHYHUjUX ITPOU3BOINHUX (a3a y U3palgy YBPCTHX AO3WPAHUX ODIUKA.

(ITpumibero 1. anpuina, pesuaupaso 14. jyna 2013)
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Abstract: In this paper, twenty two selected rational correlation models for the
viscosities of liquid mixtures of organic compounds were tested on 219 binary
sets of experimental data taken from the literature. The binary sets contained
3675 experimental data points for 70 different compounds. The Dimitrov—
—Kamenski X, Dimitrov—Kamenski XII, and Dimitrov—Kamenski X1l models
demonstrated the best correlative characteristics for binary mixtures with an
overall absolute average deviation of less than 2 %.

Keywords: binary mixture; liquid mixture viscosity; rational correlation models.

INTRODUCTION

The study of the thermodynamic properties of liquid mixtures contributes to
an understanding of the behaviour of various liquids and functional groups. This
information is very useful in the design of industrial processes, and in the deve-
lopment of the liquid state theories and predictive methods. Knowledge of the
viscosities of liquid mixtures is required for the solution of many engineering
problems, including heat and mass transfer, and fluid flow.

A number of correlation models have been developed for the viscosities of
liquid mixtures. Some of these models are linear or can be linearized per para
meters, and others are non-linear. In a previous article, the former were tested on
experimental viscosities of liquid mixtures of alkanes, haloalkanes, alcohols, aro-
matics, amines, ketones, etc.1 Rational models are non-linear per parameters, but
these models have the number one as the first term in denominator polynomial,
which enables the use of the linear least squares method in correlation. For many

* Corresponding author. E-mail: dule@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C130610114K
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experimental data sets,! models with a rational form resulted in an average error
of about 1 %. However, in some instances, the denominator had a very small
value resulting in very large percent and average percent errors, making models
with a rational form unreliable. This difficulty may be overcome if nonlinear
least squares methods Gauss,? Levenberg,3 Marquardt,* Law—Bailey,> etc. are
used. In addition, the Hooke-Jeeves,® Fletcher—Powell,” Nelder-Mead,8 etc.
optimization methods can also be used. Selection of the first assumptions for the
parameters is critical for successful use of these methods. On the other hand,
rationa models have many minimums in the parametric area. These problems
may be avoided if a global optimizing method, such as the Monte Carlo method,
is used. In this article, the linear congruental pseudo-random number generator
was used.?

The abjective function used in the correlation was:

n , 12
OF =| > (imj,exp —Mmij,ca ) /(N—np)| —min 1)
i=1
where 7y, is the viscosity of a liquid mixture, n is the number of experimental
data points per set and np isthe number of parameters.

The performance of selected rational models! was tested on 219 binary sets
of literature experimental data with 3675 experimental data points for 70 diffe-
rent compounds. The selected binary liquid mixtures were presented in a pre-
vious article.l A deviation from the experimental values is expressed as the abso-
lute average deviation, pgyy, for each data set point:

n
Pay = 200/ )" |(Mm;.ep ~imi.ca)/ Timi xp| @)
i=1

The overall absolute average deviation, P4, for each model is defined as:
N N
Poy =2 MW Pavi /D0, ©)
i=1 i=1

where N is the number of data sets.
RESULTS AND DISCUSSION

Results are presented in Table |, where Ny is the total number of data points
in the correlation. Only sets of experimental data with n > N, + 2 were used in
the correlation, where N, is number of model parameters. Sets with experimental
data at different temperatures and pressures were correlated with only one set of
parameters. The results for linear models reported in a previous article! are also
presented in Table |. The number of experimental data used in the correlations
depended on the number of model parameters and on the existence of experi-
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mental data for density. The results presented in Table | indicate that the
Dimitrov—Kamenski X, the Dimitrov—Kamenski XII and the Dimitrov—Kamenski
X111, with overall absolute average deviations of 1.74, 1.32 and 1.18 %, respec-
tively, have the best correlation ability of al the considered rational models.
These results are dlightly better than the results obtained for the linear models
(Heric I, Heric—Brewer 11 and Krishnan-Laddha, with overall absolute average

deviations of 1.73 %, 1.23 and 1.76 %, respectively).

TABLE |. Results of viscosity correlation

Entry no. Correlation model Nm Pa !/ % Na
Dolezalek—Schulze 1 6.83 3675
2 Grunberg—Nissan 1 3.37 3675
3 Tamura—Kurata 1 5.14 3360
4 McAllister 3 2 5.29 3264
5 McAllister 4 3 6.07 3249
6 K atti—Chaudri 1 2.45 3264
7 Heric | 2 1.73 3264
8 Heric-Brewer | 3 8.21 3660
9 Heric—Brewer 11 3 1.23 3249
10 Krishnan-Laddha 2 1.76 3264
11 McAllister—Soliman—Marschall 2 531 3264
12 Mehrotra 1 2.98 3675
13 Baylaucq—Daugé-Boned 3 4.30 486
14 Dimitrov—Kamenski | 2 7.80 3675
15 Dimitrov—Kamenski |1 4 6.01 2212
16 Dimitrov—Kamenski |11 4 7.69 3576
17 Dimitrov—Kamenski |V 2 2.60 3675
18 Dimitrov—Kamenski V 4 2.58 2212
19 Dimitrov—Kamenski V1 2 2.80 3675
20 Dimitrov—Kamenski VII 6 441 2212
21 Dimitrov—Kamenski V11 3 2.19 3660
22 Dimitrov—Kamenski 1X 4 2.05 2212
23 Dimitrov—Kamenski X 2 1.74 3675
24 Dimitrov—Kamenski XI 3 1.88 2212
25 Dimitrov—Kamenski XI| 3 1.32 3660
26 Dimitrov—Kamenski XI11 5 1.18 2212
27 Focke-Du Plessis | 4 7.82 3576
28 Focke-Du Plessis || 5 7.86 3401
29 Focke-Du Plessis |11 6 6.73 3375
30 Focke-Du Plessis |V 4 7.98 3576
31 Focke-Du PlessisV 5 7.47 3401
32 Focke-Du Plessis VI 6 7.42 3393
33 Focke-Du Plessis VI 5 8.01 3401
34 Focke-Du Plessis VIII 6 8.63 3393
35 Focke-Du Plessis I X 7 7.50 3357
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CONCLUSIONS

Selected rational correlation models were tested on 219 binary mixtures with
3675 experimental data points. The Dimitrov—Kamenski X, the Dimitrov—
—Kamenski XIl and the Dimitrov—Kamenski X111 models have the best corre-
lative characteristics for binary mixtures with overall absolute average deviations
of less then 2 %.
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Abstract: Celestite concentrate (SrSO4) was converted to SrCO;3 in solutions
containing CO3%, HCO5 and NH,* and dissolved ammonia. The effects of
stirring speed, CO5% concentration; temperature and particle size of SrSO, on
the reaction rate were investigated. It was found that the conversion of SrSO,
was increased by increasing the temperature and decreasing the particle size,
while the reaction rate was decreased with increasing the CO5% concentration.
However, the stirring speed had no effect on the reaction rate. The conversion
reaction was under chemical reaction control and the shrinking core model was
suitable to explain the reaction kinetics. The apparent activation energy for the
conversion reaction was found to be 41.9 kJ mol-l. The amounts of the
elements in the reaction solution were determined quantitatively by inductively
coupled plasma-optical emission spectrometry. The characterization of the
solid reactant and product was made using the scanning electron microscopy-
energy dispersive spectrometry and X-ray powder diffraction analytical tech-
niques.

Keywords: celegtite; strontium sulfate; strontium carbonate; conversion; kinetics.

INTRODUCTION

Celestite minera is the main source of Sr metal and other Sr compounds.
These are commonly used in a wide range of industrial applications, such as the
production of ferrite magnets, pigments, special glasses, zinc refining and pyro-
technics, etc. The most important chemical compound of Sris SrCOas.

Typicaly, two methods are commonly used for the conversion of SrSO4 to
SrCOs. In the first method (black ash method), SrSO; is reduced with cod in a
furnace at temperatures between 1273 and 1473 K to produce soluble sulfide,
which is then leached with water and the strontium-containing solution is reacted

* Corresponding author. E-mail: cemcemce@istanbul.edu.tr
doi: 10.2298/JSC130307066Z
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with either CO, or Nap,COs to precipitate SrCO3.1-3 However, this conventional
process has high energy consumption and produces undesirable pollutants.4® In
the second method (direct conversion method), the conversion is maintained
through the use of NapCOg3 or other carbonate sources.2:3.6

The conversion of SrSO4 to SrCOg in akali carbonate solution was studied
by Kobe and Deigimeir and it was found that 98.8 % conversion was obtained at
368 K after 2 h.2 De Buda applied a two-staged purification process to obtain
SrCOs. Initialy, HCI solution was used to extract impurities. Then, (NH4)2CO3
solution was used to obtain SrCO3.”

Kocakusak et al. used a (NH4)2CO3 solution to convert SrSO4 to SrCOs.
SrCO3 was separated by filtration.8 The filtrate consisted of (NH4)2CO3 and
(NH4)2S04. The (NH4)2CO3 present in the solution was decomposed to NH3 and
COs by heating the solution up to 353-373 K. The remaining solution was mixed
with Ca(OH)» to precipitate CaSO4. An ammoniacal solution was obtained by
separating CaSO4 by filtration. NH3 and CO» obtained in the previous step was
passed through this ammoniacal solution to obtain (NH4)2COs. This process has
a significant economical importance in the industrial application of (NH4)2CO3
solution as a reactant.

Erdemoglu and Canbazoglu! and Owusu and Litz3 studied the leaching of
SrS in water. Erdemoglu et al. investigated the leaching of celestite mineral in
sodium NapS solution to obtain a Sr compound at constant temperature and
determined the rate of conversion, which mainly depended on the NapS concen-
tration. They concluded that the leaching of SrSO4 in NapS solution was possible
but slow.®

Aydogan et al. explained the dissolution kinetics of SrSO4 in HCl solution
containing BaCl» to produce SrClo. They claimed that the dissolution reaction of
SrSO,4 was under chemical reaction control.10

Iwai and Toguri studied the conversion of SrSO4 in NapCOs3 solution both
from thermodynamic and kinetic points of view.> Castillgjos et al. studied the
conversion of SrSO,4 in NapCOs aqueous solution.6 Erdemoglu et al., Obut et al.
and Setoudeh et al. investigated the direct mechano-chemical conversion of
SrSO4 to SrCO3 using a ball mill.11-13 Suarez-Orduna et al. and Ni et al. studied
the conversion of SrSO4 to SrCO3 under hydrothermal conditionsin NapCO3 and
hexamethylenetetramine solutions, respectively.1415 Bingol et al. applied the
neural model for the conversion of SrSO4 in NaxCO3 solution and an extended
delta—bar—delta algorithm.16 In other studies by Bingdl et al.17:18, the conversion
of celestite with (NH4)2COg to strontium carbonate were investigated using dry
and wet mechano-chemical treatment in a planetary mill

The next step in the production of strontium metal are the calcinations of
SrCO3. These are typically performed by auminothermic reduction followed by
strontium evolution under vacuum.19
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In this study, solutions containing CO32~, HCO3~ and NH4* and dissolved
NH3 were used to determine the effects of stirring speed, particle size of SrSOy,
COs32~ concentration and temperature on the conversion of high-grade celestite
mineral to SrCO3. A kinetic model equation was derived, which showed the
relationship between the fractional conversion of SrSO4 (X) with time (t) and
particle size (R).

EXPERIMENTAL

Celestite concentrate

The celestite concentrate used in this study was provided by Barit Maden Turk A.S,,
Turkey. The quantitative chemical composition of the celestite concentrate, determined by
X-ray fluorescence spectroscopy (XRF) analysis, is givenin Table I. The mineral consisted of
96.79 mass % SrSO,. The celestite concentrate was subjected to particle size distribution
using the standard test sieves by the wet sieve equipment Octagon 200.

TABLE |. Composition of celestite concentrate
Compound SrSO, CaS0O, BaSO, SO, Fe,O4
Content, mass % 96.79 2.04 0.57 0.46 0.14

Preparation of the solution containing CO52, HCO5", NH,* and dissolved NH;

The commercialy available (NH4),CO5; was in the form of a mixture of ammonium
carbamate (H;NOCONH,) and ammonium bicarbonate (H;NOCOOH) in a mole ratio of 1:1
(Merck, 1.59504.1000) (AC). Different amounts of this substance were dissolved in distilled
water to obtain solutions that contained CO5%, HCO5 1, NH,* and dissolved NH3, which were
used in the conversion reactions.

Volumetric analysis

The concentrations of CO4%, HCO5 and of NH; dissolved in the solutions were deter-
mined quantitatively by volumetric analyses by titrating with a definite volume of solution of
HCI titrisol solution (Merck), using first phenolphthalein and then methyl orange as the
indicator.

Experimental procedure

The experiments were performed using the set-up illustrated in Fig. 1-S of the Sup-
plementary material to this paper. A detailed explanation of the employed set-up was
described by Kalpakli et al.20 For the determination of the amounts of the elements dissolved
in the solution, a definite volume of solution was taken from the reactor at definite time
intervals during the reaction. The same amount of fresh AC solution was added to the reactor
after each sampling. In this way, the concentrations of CO3%, HCO51, NH,* and dissolved NH5
and the total volume of the reaction mixture were kept constant during the experiments. The
guantitative analysis of the elements in the solution was realized using inductively coupled
plasma-optical emission spectrometry (ICP-OES, Spectro Ciros Vision).

Materials characterization

For the characterization of the solid reactant (celestite concentrate, SrSO,) and solid pro-
duct (SrCO3) obtained at the end of each experiment, X-ray powder diffraction analysis
(XRD, Rigaku D/Max-2200/PC, CuK , (1.54056 A) and scanning electron microscopy—energy
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dispersive spectroscopy (SEM-EDS, Jeol JSM 5600- i-XRF 500i) analytical techniques were
used.

RESULTS AND DISCUSSION
The dissolution of AC in pure water

During the dissolution of AC in pure water, dissolution (Reaction (1)) and
hydrolysis (Reaction (2)) reactions occur simultaneoudly:

H4NOCOOH(s) — HCO3(aq) + NH4*(ag) 1)
H4NOCONH2(s) — COs2-(ag) + 2 NH4*(ag) 2

The HCO3~ and NH4* that were formed according to Reactions (1) and (2)
are hydrolyzed rapidly as shown in Reactions (3) and (4). For simplicity, H3O" is
written asH*:

NHz*(a0) = NHa(l) + H*(aq) 3
HCOz~(ag) & COz?~(aqg) + H*(a0) (4)

The H* that are formed in Reaction (3) are consumed by CO32- in the
reverse Reaction (4), and thus the equilibrium reaction (Reaction (5)) is effective:

CO32(ag) + NHg*(aq) & NH3(l) + HCO3(a0) ©)

The dependency of the acid dissociation constants (K3 and K4) of Reactions

(3) and (4) with temperature are given by Egs. (6) and (7).2122 In these equa-
tions, T is the absolute temperature and pK is defined as—og K.

pK3 = 0.090387 + 2729.33/T (6)

pK4 = —6.4980 + 2902.39/T + 0.02379 (7

The equilibrium constant of Reaction (5), Ks, was calculated using Egs. (6)
and (7) for each solution temperature applied in the experiments. The calculated
values of Ks are given in Table Il. These values were used to calculate CO32-,
HCO3~ and NH4* concentrations and the molecularly dissolved NH3 concen-
trations for different amounts of AC and temperature (Table I11). Table Il shows
that at constant temperature, as the AC quantity increased, the ion concentrations
in the solution increased. When the AC quantity was kept constant, the COz2~
and NH4* concentrations decreased, while the molecularly dissolved NH3 and
HCO3~ concentration increased with increasing temperature. The heat of equilib-
rium reaction (Reaction (5)) was calculated to be positive (endothermic reaction)
by using Gibbs-Helmholtz Equation and Egs. (6) and (7).23 The enthalpy change
of Reaction (5) were found to be 35.8, 38.5, 41.3 and 44.2 kJ mol~1 for 293, 303,
323 and 323 K, respectively. Since Reaction (5) was calculated to be endo-
thermic, the reaction proceeded towards the right hand side. Thus, the CO32- and
NH4* concentrations decreased with increasing temperature of the solution.
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TABLE II. Equilibrium constants for Reaction (5) at different temperatures

T/K 293 303 313 323
Kg 9.391 15.529 25.751 42.813

TABLE Ill. Concentrations of CO52, HCO5', NH,* and NH; dissolved in AC agueous solu-
tions

AC concentration, mol dm3

T/K 0.5 0.75 1.00 1.25 1.50
Concentration of CO42, mol m™3
293 44 65 89 111 133
303 29 43 57 72 86
313 18 27 36 45 55
323 11 17 22 28 33
Concentration of HCO5", mol m™3
293 956 1435 1911 2389 2867
303 971 1457 1943 2428 2914
313 982 1473 1964 2455 2946
323 989 1483 1978 2472 2967
Concentration of dissolved NH3, mol m™3
293 456 685 911 1139 1367
303 471 707 943 1178 1414
313 482 723 964 1205 1446
323 489 733 978 1222 1467
Concentration of NH4*, mol m3
293 1044 1565 2089 2611 3133
303 1029 1543 2057 2572 3086
313 1018 1527 2036 2545 3055
323 1011 1517 2022 2528 3033

H* and OH-exist in the solution together with CO32-, HCO3~, NH4* and
molecularly dissolved NH3. Consequently, these determine the pH of the solu-
tion. It is important to note that H* and OH— concentrations were quite low with
respect to the concentrations of the other ion.

The concentration values given in Table Il are in good agreement with the
results of volumetric analyses. The consumption of HCI titrisol solution for the
change in the color of the phenolphthalein indicator was determined to be half
that consumed for a change of the color of the Methyl Orange indicator. During
the titration with HCI titrisol solution using the phenolphthalein indicator, CO32~
and NH3 present in the solution are transformed to HCO3~ and to NH4™, respecti-
vely. In the following step, after the addition of the methyl orange indicator, the
HCO3~ formed in the first step and the HCO3~ already present in the solution
were titrated to from H>COs3, which leaves the solution as CO» gas.

The pH values of the solutions were measured to be 8.9 at room temperature
(298 K) in all the solutions obtained by dissolving different amounts of AC. The
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mole ratios of HCO3~ to COz2-and NH4* to NH3 in each solution were constant
for each temperature. The pH value of the solution was also calculated according
to Egs. (6) and (7) to be 8.9 again. The same calculated and measured pH values
of the solution suggest that the activity coefficients of each reactant and product,
which are dependent to the ionic strength of the solution, did not change the
value of Kz,

The equilibrium between ammonium carbonate, ammonium bicarbonate and
ammonium carbamate was investigated with Raman spectroscopy by Wen and
Broker.24 They claimed that carbamate ions (HoNCOO™) existed in the solution
together with CO32-, HCO3~, NH3 and NH4*. Qin et al. observed that HoONCOO~
is present in the agueous solutions of NH3 containing ammonium carbonate/
/ammonium bicarbonate.2> Therefore, in this study, the prepared AC solution
was held for a long period in a closed flask for the complete hydrolysis of
HoNCOGO~. The measured pH was found to be the same as the calculated one,
which indicates that complete hydrolysis was achieved.

The conversion of 30,4 to SCO3

The driving force for the conversion reaction if SrSO4 to SrCOs is the low
solubility of SrCO3 compared to SrSO4 in agueous solutions. The solubility
products of SrSO4 and SrCO3 are 2.8x10~7 and 9.4x10-19, respectively.11 Thus,
the solubilities of SrSO4 and SrCO3 in pure water were calculated to be 0.529 and
3.07x10~2 mol m3, respectively.

The conversion of SrSO4 to SrCOsz in the solutions containing CO32-,
HCO3~, NH4" and dissolved NH3 occurs according to:

SrSO,4 + CO32~ — SrCO3 + SO42- (8

The concentration of COz2~ in the solution did not change significantly
during the conversion due to the use of small amounts of celestite (0.016 mol)
with respect to large concentrations of NH3 and HCO3~ present in the used solu-
tion. Thisis due to fact that during the consumption of CO32~ according to Reac-
tion (8), CO32~ are simultaneously rapidly formed according to reverse Reaction
(5). Therefore, the concentration of CO32- did not change during the conversion
reaction, which is of importance in terms of the kinetic evaluation.

The effect of stirring speed

A celestite concentrate of 0.016 mol (53-75 um particle size, 1x10-3 m3
solution, 1.5 mol of AC and 323 K) was used at 3.33, 4.17 and 5 rps to inves-
tigate the effect of stirring speed on the conversion reaction of SrSOg.

The fractiona conversion of SrSO4 (X) at any reaction time (t) was cal-
culated according to:
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x = Vo —W
Wo

where Wy is the mass of SrSO4 fed to the solution and W; is the mass of
unreacted SrSO4 at any reaction time, t.

The X~t diagrams obtained for 3.33, 4.17 and 5 rps are illustrated in Fig. 2,
from which it can be seen that increasing the stirring speed from 3.33to 5 rps had
no significant effect on the reaction rate. This case proved that the use of 5 rps.
can eliminate the resistance of the liquid film surrounding the particles. There-
fore, in the experiments in which the effects of the other parameters on the con-
version were investigated, the stirring speed was kept constant at 5 rps.

(9)

1.0 4 '
= .
o a
S 0387 .
s
>
5 0.6 - .
@)
S 04 - H
2 ]
b5 % ® 3333 rps
£ 0248 o 41661ps  Fig 2. The effect of dtirring
. *  51ps speed on the fractional conver-
0.0 ‘ . . sion of SISO, (temperature:
0 2000 4000 6000 323 K, CO3% concentration: 33
mol m3 and particle size: 53—
Time, s =75 um).

The effects of temperature and CO32- ion concentration

The experiments were not performed at temperatures above 323 K, since the
AC solution decomposed at 331 K. Celestite concentrate (0.016 mol) with par-
ticle sizes of 53-75um, a 1x10~3 m3 solution of AC that was obtained by dis-
solving 0.5, 0.75, 1, 1.25 or 1.5 mol of AC were investigated at 293, 303, 313 of
323 K to study the effects of temperature and COs2~ concentration on the
conversion reaction of SrSO4. The concentrations of COz2-, HCO3~, NH4* and
molecularly dissolved NH3 used in the experiments are given in Table [11. It can
be clearly seen that with increasing AC, all of the concentrations (COz2-, HCO3™,
NH4" and molecularly dissolved NH3) increased. On the other hand, with
increasing temperature, the CO32~ and NH4* concentrations decreased while the
concentrations of HCO3~ and molecularly dissolved NH3 increased. The typical
X vs. t diagrams at different temperatures and CO32- concentrations are shown in
Fig. 3 (other investigated cases are shown in Fig. 2-S of the Supplementary mate-
rial), from which it could be seen that for each constant temperature, the frac-
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tional conversion decreased with increasing concentration of CO32-, which indi-
cates that the conversion rate is inversely proportional to the CO32~ concen-
tration. Although the CO32- concentration is lower, X increased with increasing
temperature, which is in accordance with the Arrhenius Equation, as expected.

1.04 (A) P

Fractional Conversion (X)
(=
N

0.4 .
[ ]

0.2 1

mle
0.0 T T . ' s )

0 2000 4000 6000 8000 10000 12000
Time, s
® 4molm” 293K " 29molm™.303K

¢ 1gmolm 313K 4 limolm™.323K
model equation

Fig. 3. The effects of temperature and CO42 concentration on the fractional conversion of
SrSO, (particle size: 53—75 um, stirring speed: 5 rps).

The effect of particle size

For the determination of the effect of particle size on the conversion of
SrSO4, 90-125, 53-75 and 3845 um sized particles were used. The experi-
mental conditions were 0.016 mol celestite concentrate, 1x10-3 m3 solution that
was obtained by dissolving 1 mol AC, 323 K and 5 rps. The X vs. t diagrams are
shown in Fig. 4. It was observed that the fractional conversion of SrSO4 increased
with decreasing particle size.

Materials characterization

The XRD and SEM—EDS analytical techniques were applied to characterize
the celestite concentrate and the solid product obtained during the conversion
reaction using 0.016 mol of celestite concentrate with a particle size of
53-75 um, 1x10-3 m3 solution, 0.5 mol of AC, 323 K and 5 rps. The XRD
patterns and SEM—EDS images of the celestite concentrate and solid product are
presented in Figs. 5 and 6, respectively, from which it can be seen that the cele-
stite concentrate contained mainly SrSO4 and the reaction product SrCO3.
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model equation Fig. 4. The effect of particle size
0.0 on the fractiona conversion of

0 2000 4000 6000 8000 10000 12000 SOs (temperature: 323 K,
CO4?% concentration: 22 mol m3,

Time, s stirring speed: 5r.p.s.)

(B) SrCO5 (ICDD 71-2393)

(A) SrSO, (ICDD 73-0529)

Fig. 5. XRD diagrams, A -
10 20 30 40 >0 60 70 celestite concentrate (SrSO,) and
2 Theta , degree B — reaction product (SrCOs).

Kinetic evaluation of conversion reaction

The molar volumes of SrSO4 and SrCO3 are 46.38x106 and 39.47x10-6 m3
mol—1, respectively. The lower molar volume of SrCOs3 is an indication that the
product layer that surrounds the reactant had to be porous. In order for the reac-
tion to proceed, CO32~ have to diffuse through the pores of the SrCO3 layer towards
the surface of SrSO4 and the SO42- that are formed during the conversion
reaction have to diffuse through the same porous layer in the opposite direction
towards the solution. When the resistance of the pores of the product layer is
high, the reaction becomes diffusion controlled. If the sizes of the pores of the
product layer are large enough, the reaction will be chemically controlled.

According to the “shrinking core model”,26 in the case of the establishment
of a constant temperature (isothermal condition) and a constant CO32~ concen-
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tration on the surface of the dense spherical particles of SrSQOy, if the reaction is
under chemical reaction control, the change of X with t is given by:

bkcm
pr

1-(1- X)¥3 =

t= At (10)

where b denotes the stoichiometric coefficient, k the reaction rate constant, ¢ the
CO32- concentration, m the reaction order for CO32-, p the density of the SrSO4
particles and r the average radius of the particles. When 1-(1-X)/3 vs. t diagrams
are plotted, the slope of these straight lines gives A. It can be seenin Fig. 7 (some
additional examples are given in Fig. 3-S of the Supplementary material) that the
relationship between 1{1-X)/3 and t was linear. This finding shows that the
topochemical reaction was under chemical control.

(A)

Intensity. count s*!
L4

(=]

3 10
Energy. keV

(B)

5 10
Energy. keV

Fig. 6. SEM images and EDS analyses, A — celestite concentrate and B — reaction product.

Considering Eq. (10), at constant temperature and various CO32~ concentra-
tions, EQ. (11) isvalid:

i=ac™ (11)
where a isgiven by bk / pR. The natural logarithm of Eq. (11) gives Eq. (12):
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InZ=Ina+minc (12)

According to Eq. (12), the slope of In 4 vs. In ¢ will give m. The intersection
at the ordinate axis gives In a whenInc — 0. Theterm « in EQ. (12) includes k.
For various COz2~ concentrations at constant temperatures, In A vs. In ¢ diagrams
are plotted in Fig. 8, from which it can be seen that parallel straight lines with
slopes of —1/2 were obtained, which is the value of m. The k values were cal-
culated from the a values by considering that r = 64x10-m, p = 21600 mol m=3
and b = 1. The change of k with the absolute temperature can be determined by
the Arrhenius Equation (Eg. (13)):

Ink= InAy — Ea (13)
RT

where Ag is the pre-exponentia factor, E; the apparent activation energy and R
the gas constant.

(A)
0.8
*
< 06
i\ . "
T 0.4 -
>
0.2
0.0 ! : : r ; )
0 2000 4000 6000 8000 10000 12000
Time, s
® 44molm” 293K " 29molm .303K
* 18molm™.313K A Imolm™.323K

model equation

Fig. 7. 1-(1-X)Y/3 vs. time diagrams for different concentrations of CO42 and temperatures.

The relationship between In k and /T is shown in Fig. 9. The slope of this
line gives — E4/R and intercept at the ordinate axis for /T = 0 gives In Ag. From
these values, E, was calculated as 41.9 kJ mol~1 and Ag as 171.2 (mol m3)3/2
ms1.

Equation (14) was obtained by replacing the p and b values with the cal-
culated values of Ag, E; and min Eq. (10):

_ 3
1712e 504627
21600r

X :1{1— (14)
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Equation (14) shows the change of X with respect to Rand t.

-8.5 1

e 203K
90 1 = 303K
A ¢ 313K
—~ 95 \ 4 323K
‘n
g 1007 '\'\0-\.\
= 105 -
|
-11.0 4 \
-11.5 A
-12.0 T T T
2 3 4 5
In (C/mol m™) Fig. 8.In A vs. In ¢ diagrams,
275
wr
=
“~-8.0 1
‘e
o)
E-85
~
=
£.90
-9.5 T ‘ : ‘
0.0030  0.0031  0.0032  0.0033 0.0034 Fig 9. Arrhenius plot (In k vs. T2
/K diagram).

All of the continuous lines given in Fig. 3 represent X vs. t, which were
calculated and drawn according to Eq. (14). As can be seen in Fig. 3, thereisa
good agreement between the experimentally obtained values and the diagrams
drawn using Eq. (14). Moreover, the X vs. t diagrams drawn using Eqg. (14) for
the different investigated particle sizes are shown as continuous lines in Fig. 4.
Again, there is a good agreement between the experimental values and the
diagrams plotted according to Eq. (14) using different r values.

Iwai and Toguri studied the conversion of celestite in NapCO3 solution and
concluded that during the initial stage of the reaction, the conversion rate was
controlled by the dissolution rate of SrSO4 and, therefore, the reaction rate was
independent of the concentration of CO32~ (zero order).> They indicated that as
the reaction proceeds, a SrCO3 layer will be densely deposited on the celestite
surface. As a result, the rate-determining step changed to the diffusion rate of
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S04+~ through the pores of SrCOs3. They concluded that the decrease in the con-
version with increasing COs2~ concentration was a result of the change in the
morphology of the SrCOs. They obtained apparent activation energies of 71.5
and 64.1 kJ mol—2 for the surface reaction and the diffusion step, respectively.

Cadtillgjos et al. investigated the effects of stirring speed, particle size,
NapxCO3 and NapSO4 concentrations, temperature, solution pH and solid/liquid
ratio on the conversion reaction of SrSO4 to SrCO3 in solutions containing
NapCO3.6 They concluded that the reaction is topochemical, and the rate-deter-
mining step is the diffusion rate of CO32~ through the pores of the product layer.
They found that the reaction rate increased with increasing temperature and
decreasing particle size. They calculated an apparent activation energy for the
diffusion rate of 70.0 kJ mol-1.

The activation energy reported by Iwai et al. of 64.1 kJ mol=1 is in agree-
ment with that reported by Castillgjos et al. (70.0 mol—1).56 It is unlikely that
reactions under diffusion rate control would have a high value of the activation
energy. Thus, Castillgjos et al. concluded that the high value of the activation
energy for the reaction under diffusion rate control is indicative of the production
of a compact layer with very tortuous pores. Therefore, the effective diffusivities
calculated in their work fell in the range between 1.2x10-13 and 6.7x10-12 m2 s-1.6

The findings of Bingol et al. were similar to those of Iwai and Toguri and
Castillgjos et al. ©6:16 They claimed that the conversion reaction was nearly com-
pleted at 333 K within 4 h and a neural model was used for computing the con-
version kinetics.

In the above-mentioned studies, the pH of the solution was high (11-12).
However, in the present study, the reaction proceeded at lower pH (8.22-9.04)
and COs2~ concentrations 11-133 mol m—3 because of the rapid equilibrium
reaction (Reaction (5)) with respect to conversion reaction (Reaction (8)). In this
study, it was determined that the reaction rate was under chemical reaction rate
control and the activation energy for the reaction was calculated to be 41.9 kJ
mol—1. The reaction rate was found to be inversely proportional to the CO32~
concentration. It was found that the kinetic model equation (Eq. (14)) derived in
this study was in good agreement with all the experimentally obtained fractional
conversion values at different reaction times.

CONCLUSIONS

The complete dissolution of ammonium bicarbonate and hydrolysis of
ammonium carbamate present in AC gave a agueous solution that contained
CO32-, HCO3~, NH4" and dissolved NHs.

During the conversion of SrSQOy4, porous SrCO3 formed on the surfaces of
the SrSO4 particles, enabling the total conversion of SrSO4.
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A stirring speed of 5 rps was sufficient to eliminate the resistance of the
liquid film that surrounds the surfaces of the SrSO4 particles.

The conversion rate increased with increasing temperature and decreasing
particle size, whereas it decreased with increasing COz2~ concentration.

The heterogeneous reaction kinetics of solid SrSO,4 particles with COz2- in
aqueous solution was explained with the “shrinking core model”. The topoche-
mical reaction was under chemical reaction control. The reaction order for COz2-,
the activation energy and the pre-exponential factor were calculated to be —1/2,
41.9 kJ mol-1 and 171.23 (mol m—3)32 m s-1, respectively. The derived kinetic
model equation was in good agreement with all the experimental conversion
values obtained at different reaction times.

SUPPLEMENTARY MATERIAL

Experimental set up, X and 1(1-X)Y3 vs. time diagrams are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ

KHUHETHKA KOHBEP3UJE HEJECTUTA Y CTPOHIIMJYM-KAPBOHAT Y PACTBOPUMA
KAPBOHATHHUX, BUKAPBOHATHHX, AMOHHWJYM JOHA U AMOHUJAKA

MERT ZORAGA nu CEM KAHRUMAN

Istanbul University, Engineering Faculty, Metallurgical and Materials Engineering Department, 34320,
Avcilar, Istanbul, Turkey

Konnenrpar nenecrura (SrSO4) xonseproBaH je y SrCO3 y pacTBopuma Koju Cy cafip-
xamu CO3%", HCO3", NH,* u pacTBopenu amonujak. Mcnutupanu cy edbekTy GpsuHe Mellama,
xouuenTpanuje CO32°, TemmepaType u BeJMuMHe yecTuia SrSO, Ha Op3uHy peaxuuje. YTBp-
heno je na dp3uHa koHBepsuje SrSO4 pacTe ca TEMIEPATYPOM U CMAambUBABEM BEJIMYMHE YeC-
THIa, a onajia ca nosehamem konuenTpanuje CO32". KOHBED3Hjy KOHTPOMIIE XEMHUjCKA PEAK-
Wja, a 3a odjalrmeme KUHETHKE peaknuje MOoKa3ao Ce MOTrOmHUM ,shrinking core model”.
OnpeheHna je BpeoHOCT eHepryje akTUBaLMje peakuuje xonsepsuje on 41,9 kJ mol™l. Cacras
peakLMOHOT pacTBopa ojpehuBaH je KYIUIOBAHOM METOAOM Ila3Ma — ONTHYKAa eMHUCHOHA
CNEeKTPOCKONHUja. UBPCTH peakTaHaTH U NMPOU3BOJH OKapaKTEPHUCAHM Cy CKeHUpajyhoMm enex-
TPOHCKOM MHKDOCKOIIMjOM Ca €HEPTreTCKOM AUCIEP3UOHOM cneKkTpockonujom (SEM-EDS) u
TEXHHUKOM PEHTeHCKe gudpaxuyje npaxa (XRD).

(ITpumsbeHo 7. MapTa, peBuaMpaHo 21. maja 2013)
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3
Fig. 1. Experimental set up (1 —thermostat, 2 — glass reactor, 3 — PT 100 probe,
4 —mechanical stirrer, 5 — poly(tetrafluoroethylene) (PTFE)-coated propeller, 6 — condenser,
7 — sampler and 8 — temperature sensor).
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Fig. 2-S. The effects of temperature and CO52" concentration on the fractional conversion of
SrSO, (particle size: 53—75 um, stirring speed: 5 rps).
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Fig. 3-S. 1(1-X)Y3 vs. time diagrams for different concentrations of CO5% and temperatures.

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS






Journal of
the Serbian
Chemical Society

%"ﬁ'rw Temify™ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 79 (3) 361-377 (2014)  UDC 628.3+535.6-26:544.4:66.011:66.099.72
JSCS4591 Original scientific paper

Kinetics and optimization of the decoloration of dyeing
wastewater by a schorl-catalyzed Fenton-like reaction
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Abstract: The kinetics and optimization of the decoloration of an active com-
mercia dye, argazol blue BFBR (ABB), by a heterogeneous Fenton-like reac-
tion catalyzed by natural schorl were investigated in this study. The kinetic
investigations revealed that the first-order kinetic model was more favorable to
describe the decoloration of ABB under different reaction conditions than the
second-order and Behnajady—M odirshahla—Ghanbery models. The relationship
between the reaction rate constant k and reaction temperature T followed the
Arrhenius Equation, with an apparent activation energy E, of 51.31 kJ-mol-L.
The central composite design under the response surface methodology was
employed for the experimental design and optimization of the ABB decolor-
ation process. The significance of a second order polynomial model for predict-
ing the optimal values of ABB decoloration was evaluated by the analysis of
variance and 3D response surface plots for the interactions between the two
variables were constructed. Then, the optimum conditions were determined.

Keywords. schorl; heterogeneous catalysis; argazol blue BFBR; response sur-
face methodol ogy; first-order kinetics.

INTRODUCTION

Different dyes can be found in effluents from various industries, such as the
food processing, cosmetics, paper and pulp, dye manufacture, printing and textile
industries.1 Effluent containing reactive dyes from textile dyeing and finishing
industries is a significant source of environmental pollution. Reactive dyes are
extensively used to color cellulose and rayon textiles due to their bright colors,
excellent colorfastness and easy dyeing operations. About 45 % of the annual
production (700,000 tons) of commercially available dyestuffs belongs to the
reactive dye class. Up to 50 % of a reactive dye can be hydrolyzed and left
unusable in the dye bath. Reactive dyes are resistant to decomposition due to
their aromatic molecular structures, and thus can remain in the environment for a

* Corresponding author. E-mail: xhy7587@aliyun.com
doi: 10.2298/JSC130225075X
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long time.2 With the increasing concern about environment protection, removal
of dyes from wastewater has become a significant issue.3 The discharge of dye
wastewater into the environment induces both toxicological and esthetical prob-
lems as it can impede light, damage water resources and make food-chain orga-
nisms toxic.4 Various treatment methods, such as sedimentation, chemical coa
gulation, electrochemical methodology, and biological treatment, have been
extensively investigated. However, most of the above methods suffer from one or
more limitations and none of them were successful in the complete removal of
color from wastewater.> As one important kind of reactive dyes, the Argazol®
BF series have a vinyl sulfone and a monochlorotriazine group, and show low
sensitivity to variations in the following dyeing parameters, liquor ratio, dyeing
temperature, salt, alkali, dyeing time, etc. Thus, Argazol® BF reactive dyes have
been widely used for piece dyeing, package yarn dyeing, hank yarn dyeing, jig-
ger dyeing and continuous dyeing. To the best of our knowledge, scarce reports
have been published on the treatment of wastewater containing Argazol® BF
reactive dyes.

In the last decades, advanced oxidation processes (AOPs) appeared to be an
effective method for the degradation of refractory organic contaminants in waters
and soils.6-2 AOPs involves the in situ generation of hydroxyl radical (*OH),
achieving the complete conversion of the target pollutant species to CO,, H>O
and mineral acids,10 i.e., mineralization. Among al AOPs, the Fenton reaction,
employing hydrogen peroxide (H2O») as oxidant and ferrous ion as catalyst, has
been regarded as one of the most powerful and attractive ones available.6 How-
ever, for classic Fenton reagent, there were a number of disadvantages such as
narrow pH range and Fe ions as secondary pollutants.1l In principle, these
limitations could be overcome by using heterogeneous Fenton-type catalysts,
instead of homogeneousiron ions.

It is well accepted that the most important issue in a heterogeneous Fenton
process was the development of a heterogeneous catalyst with high catalytic
activity and long-term stability at a reasonable cost.12 Low-cost mineral materials
with special crystal structures or properties were the best alternatives as hetero-
geneous Fenton catalysts, behaving as the iron supporter or promoter. This pro-
cessis called a mineral-catalyzed Fenton-like system. Natural iron-bearing mine-
rals could be employed as iron sources to promote the generation of “OH from
H>0»,. The main advantages of the application of iron minerals in Fenton chem-
istry are asfollows: a) periods of catalyst life could be extended without the need
for regeneration or replacement; b) the catalyst could be removed from the
treated water by sedimentation or filtration; c¢) the pH of the treated media could
be in the range 5-9; d) the reaction was almost insensitive to the concentration of
inorganic carbonate.13 However, in some cases, the degradation rates of organic
substrates in these Fenton-like systems seemed to be slow. To accelerate the
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degradation rate, ultrasonic or UV irradiation was often applied to assist Fenton-
-like systems. 14,15 Otherwise, an electrostatic field could also enhance the mine-
ral-catalyzed Fenton-like system.16.17 Schorl is one kind of minerals of the tour-
maline group, which are complex borosilicate minerals belonging to the trigonal
space group R3m.18 The general formula of tourmaline can be written as
XY 3Zg[TgO18][BO3]V3W, where X = Ca, Na, K; Y = Li, Mg, Fe2*, Mn2*, Al,
Cr3*, Vv3+ Fe3t, (Ti4h); Z = Mg, Al, Fe3*, v3*, Cr3*; T = S, Al; B=B; V = OH,
O; W = OH, F, 0.19 The basic structural units are hexagonal rings of SigO1g that
form the basal plane and are connected with Na, Li and Al octahedra and
distorted BO3 groups in planar coordination along [0001] with a three-fold sym-
metry structure.20 Depending on the occupancy of the Y and X sites, tourmalines
are classified as end members, dravite (Y = Mg), schorl (Y = Fe?¥), tsilaisite
(Y = Mn), olenite (Y = Al) and elbaite (Y = Li, Al).21 Due to the special crystal
structure of a tourmaline, spontaneous “electrostatic poles’ exist on its surface.22
Thus, schorl is not only a natura iron-bearing mineral, but also has unique
characteristics of pyroelectricity and piezoelectricity.

Encouraged by this, a Fenton-like reaction catalyzed by natural schorl was
investigated for the degradation of various organic substrates.23-2> These results
revealed the schorl-catalyzed Fenton-like reaction could be effective for the
decoloration of dyeing wastewater and the electrostatic field on the surface of
schorl crystal could enhance the decoloration process. Nevertheless, the kinetics
and optimization of this reaction process were not studied further, which could be
beneficial to the engineering aspects of the process. Hence, the present study
focused on the optimization of the decoloration of a commercia dye, argazol
blue BFBR (ABB), by the schorl-catalyzed Fenton-like reaction using the res-
ponse surface methodology (RSM). Meanwhile, the kinetic process is discussed
in details, involving the comparison of three kinetic models.

EXPERIMENTAL
Materials

Powdered particles of schorl, in the size range of < 64 um, were purchased from Wuhua-
-Tianbao Mining Resources Co. Ltd., Inner Mongolia, China. The particles of the natura
sample were directly used in the experimental studies without any treatment. The schorl
samples were characterized by X-ray diffraction (XRD) analysis, Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM) with X-ray energy dispersive
spectroscopy (EDS). Detailed information, including equipment, conditions, procedures and
respective characterization data, were described elsewhere.?> All chemical reagents used in
this study were of analytical grade. Solutions were prepared in deionized water.

Decoloration methods

A stock solution containing ABB (2000 mg-L™1) was prepared and subsequently diluted
to the required concentrations for the experimental work. The pH was adjusted by addition of
sodium hydroxide (NaOH) and nitric acid (HNO3) to the ABB solutions. The concentration of
hydrogen peroxide (H,0,) was 30 %. Then, the schorl sample was added into 100 mL of solu-
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tion of the required concentration of ABB in a conical flask. After sealing, the conical flasks
were placed in a constant-temperature water-bath at different temperatures for different
contact times. At regular time intervals, 2 mL of the reaction solution was collected from the
reactor for measurements of the ABB concentration, using a 721-type UV-Vis spectrophoto-
meter at a wavelength of 608 nm. The residua ratio, ¢,/cy, was used to express the decolor-
ation efficiency of ABB, where ¢ is the initial concentration of the ABB wastewater and ¢
the concentration at contact time t. In order to check the reproducibility of the results, random
tests were performed for different experimental conditions.
Kinetic models

The kinetics of Fenton process can be quite complex owing to the large number of steps
realized simultaneously during the process. Three kinetic models, the first-order, the second-
order and Behnajady—Modirshahla-Ghanbery (BMG), were employed to test the fitting of
experimental data obtained from the decoloration processes. The linear forms of these models
are given in Egs. (1)~(3), respectively:26

I = kgt )
G
S @
G G
' ment 3)
1-(c /o)

where k, is the second-order rate constant, and m and b are the two constants of the BMG
model relating to oxidation capacities and reaction kinetics. The reaction rate constants for the
heterogeneous Fenton decoloration of ABB were gained using linear regression of the three
models. The order of the reaction was determined by the quantity of linear fit via the
coefficient of determination (R2).27
Experimental design, analysis and optimization

Central composite design (CCD) under the response surface methodology (RSM) was
employed for the experimental design and optimization of ABB decoloration process. Base on
previous experience of dyeing wastewater treatment in industrial applications, four factors, in
this work, were selected as independent variables. They are the H,O, concentration (mM), the
schorl dosage (g-L"1), the solution pH and the reaction time (min), assigned with the following
notations X4, X,, X3 and X4, respectively. The decoloration ratio of ABB (Y, %) was chosen as
the output variable (response). Since the typical temperature of wastewater drained from
dyeing and finishing mills is usually around 50 °C,28 the temperature of the ABB simulated
wastewater was maintained at 50 °C for al the designed experiments. The experimental
design, mathematical modeling and optimization were performed with Design Expert 8.0.5.0
software (Stat-Ease, Inc.). For the statistical calculations, the variable X; was coded as X;
according to the following equation:2°

Xi—Xo
= 4
5X 4
where x; isthe code value, X; is the uncoded value, X is the value of X; at the center point and

oX presents the step change. The experimental ranges and the levels of the independent
variables for ABB decoloration are listed in Table I. Preliminary experiments were imple-
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mented to determine the ranges of the independent variables. A second-order regression model
was employed to analyze and fit the responses to the independent variables (Eq. (5)):3031

k k
Y=Lo+ D BXi+ D BiXE+Y. D BiXiX; ®)
i=1 i=1 i
where Y is response (ABB decoloration ratio); X; and X; input variables that influence the
response (Y); g an intercept constant; f; the first-order regression coefficient; f;; the second-
-order regression coefficient representing the quadratic effect of factor i; and f;; the coefficient
of interaction between factorsi and j. Anaysis of variance (ANOVA) was conducted to deter-
mine the significance of the model and the regression coefficient. Otherwise, it should be
mentioned that al experiments were performed in duplicate and the average of the decolor-
ation ratio was taken as the response. The standard deviation (SD) was less than 3 %.32

TABLE |. Variables and their codes and real experimental values used in the CCD

. Coded level
Variable > 1 0 1 5
X1/ mM 0 9.69 19.38 29.07 38.76
X5/ g-L1 0 25 5 7.5 10
X3 2 4 6 8 10
X4/ min 0 5 10 15 20

RESULTS AND DISCUSSION
Decoloration of ABB

A series of experimental results demonstrated that the ABB decoloration
efficiency increased by, respectively, increasing the H>O> concentration, the
schorl dosage, temperature and by decreasing the pH. Figure 1 clearly indicates
that the ABB decoloration efficiency increases with increasing H>O» concen-
tration. When the added H>O» concentration was 9.69 mM, , about half of the

10f & 9.69 mM H,0,
- \{ *-243mM H,0,
08k v, ° 4—48.5 mM H,0,
AN v-96.9 mM H,0,
Y ° 2
_ 06t
> 04+ ' o
02} A
L |
¥ ]
p—
0.0} v =+ +
0 2 4 6 8 10 12
T / min

Fig. 1. The effect of H,O, concentration on ABB decoloration by the schorl-catalyzed
Fenton-like reaction at pH 6, T = 328 K, [ABB]g = 200 mg-L-* and [schorl]o = 10 g-L L.
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ABB dye had been decolored after 7 min of reaction; whereas it was completely
decolored within the same reaction time when the concentration of added H>O»
was 96.9 mM. The increase in the HoO» concentration resulted in an increase in
the reaction activity, as expected, due to an increase of *OH.33 It should be noted
that the ABB decoloration efficiency increased most significantly when H>O»
concentration was increased from 24.3 to 48.5 mM. For a higher addition of
H>0,, the decoloration efficiency increased slowly because of the scavenging of
*OH by the excess Hy05.34

The effect of schorl dosage on the decoloration efficiency of ABB was also
investigated in this work. The results presented in Fig. 2 show that the activity of
this heterogeneous Fenton system for ABB decoloration increases with increas-
ing schorl dosage. This behavior could be attributed to the fact that with increas-
ing amount of schorl catalyst, more active Fe sites are available on the catalyst
surface for accelerating the decomposition of H>O» (heterogeneous catalysis),
and more Fe ion are leached into the solution, leading to an increase in the
number of *OH radicals (homogeneous catalysis).2> Similar results were observed
in Fenton-like reactions catalyzed by other Fe-bearing minerals.35.36

Lo —=—1.0gL" schorl
—o—50¢g L schorl
08 4—10.0 g L schorl
—v—15.0 g L' schorl
0.6 |
(\_? I
Co4f -
———
02 “ \.\\
N \\\\\“ .
0.0 *
0 2 4 6 8 10 12

T / min
Fig. 2. The effect of the schorl dosage on ABB decoloration by schorl-catalyzed Fenton-like
reaction at pH 6, T = 328 K, [ABB]y = 200 mg-L-1 and [H,0,], = 48.5 mM.

The typical temperature of the textile effluents was usually around 50 °C.28
Therefore, a temperature range of 25-65 °C (corresponding to 298-338 K) was
studied with the goal of investigating the effect of this parameter on ABB
decoloration. The results are shown in Fig. 3, from which it could be observed
that the decoloration efficiency increased with increasing reaction temperature. A
possible reason for this phenomenon might be that higher temperatures could
provide more energy for the reactant molecules to overcome the reaction acti-
vation energy; hence, resulting in faster dye decoloration.3” Another interpreta-
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tion might be that increasing the reaction temperature accelerated the rate of *OH
formation in the heterogeneous Fenton-like system.33

1.0
08

0.6

C/Co

04

021

00

T / min

Fig. 3. The effect of reaction temperature on ABB decoloration by the schorl-catalyzed
Fenton-like reaction at pH 6, [ABB]g = 200 mg-L"1, [H,0,] = 48.5 mM
and [schorl]o =10 g-L™L.

Figure 4 suggests that, under the adopted experimental conditions, the reacti-
vity of the system is dependent on the pH of the dye solution, exhibiting different
decoloration behavior at acidic and akaline pH values. At acidic pH values (2
and 4), more Fe ions were dissolved from the schorl catalyst into the solution,
which then catalyzed the generation of more *OH from H2Oo, resulting in afaster
decoloration of dye by homogeneous catalysis of the process. At neutral and

1.0} —=—pH=2
N —e— pH=4
N —a— pH=6
0.8 —v—pH=8
r —<—pH=10
- 0.6 -
) L
<
Co4t "\
L e
0.2 \\
AL
00 \ TTA—
0 2 4 6 8
T / min

Fig. 4. The effect of solution pH on ABB decol oration by the schorl-catalyzed Fenton-like
reaction at T=328 K, [ABB]g = 200 mg-L 1, [H,0,] = 48.5 mM and [schorl]o = 10 g-L L.
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alkaline pH (6, 8 and 10), because there were fewer Fe ions leaching into the
solution, it was proposed that H>O, decomposition was catalyzed by active Fe
sites on the surface of the schorl catayst, i.e., heterogeneous catalysis governed
this process.2>

According to the discussions above, it could be concluded that as the pos-
sible reaction mechanism of ABB decoloration, besides minor adsorption, the
Fenton-like reaction was responsible for the whole decoloration process, inclu-
ding heterogeneous and homogeneous catalysis. Under acidic pH conditions, the
homogeneous catalytic reaction played an important role in ABB decoloration
and the generation of *OH could be described as follows, where =F¢g(11) and =Fe(I11)
represent the Fe(11) and Fe(l11) species on the schorl surface, respectively:

= Fe(ll)—— Fe2* (o (6)
= Fe(lll) —— Fe* oy 7)
Fe2+(aq) +Hy0, — F93+(aq) +*OH +OH- (8
Fe3+(aq) +H>00 — Fe2+(aq) +*O0OH +H* 9

At alkaline pH conditions, the heterogeneous catalytic reaction played an
important role in ABB decoloration and the generation of «OH could be des-
cribed asfollows:

=Fe(ll) + HoOo — =Fe(lll)+ *OH + OH~ (10)
=Fe(lll) + Ho05 — =Fe(ll) + *O0H + H+ (11)

Kinetic studies

The parameters of kinetic models for the decoloration of ABB by the schorl-
-catalyzed Fenton-like system under different reaction conditions were calculated
by application of linear regression analysis to In (co/cy) vs. t data for the first-
order model, [(1/c)—(L/cg)] vs. t data for the second-order model and t/[1-
—(ci/cg)] vs. t data for the BMG model. The obtained parameters are given in
Table I, from which it could be seen that the fittings of the second-order and the
BMG models to the experimental data were not good as evidenced by the low
determination coefficients. However, the values of determination coefficients for
the first-order model were mostly higher than those of the second-order and the
BMG models. Therefore, the first-order kinetic model is the best one to describe
the decoloration of ABB under different reaction conditions by the schorl-catal-
yzed Fenton-like process. It has been reported that the fitting of the experimental
kinetic data for the decoloration of dyes by a heterogeneous Fenton-like reaction
catalyzed by other Fe-containing minerals was good with the first-order model,
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for instance, the decoloration of the azo dye Orange G catalyzed by goethite38
and acid Orange |1 by natural vanadium-titanium magnetite.3°

From Table I, it could also be seen that, for the first-order model, the reac-
tion rate constant k increased with increasing HoO»> concentration, schorl dosage
and reaction temperature, but decreased with increasing solution pH. Among
them, the relationship between the rate constant k and reaction temperature T
should be mentioned and discussed because of its complexity in all chemical
reactions. The rate constant k increases when the reaction temperature increases,
which suggested that the mobility of the reactants from the bulk medium to the
heterogeneous surface and the converted products from the surface to the bulk
medium were more favored by the applied thermal energy.2” The relationship
between k and T could be described by five different equations. In this study, it
follows the Arrhenius equation, due to the linear relationship between In k and
103/T, asillustrated in Fig. 5. The apparent activation energy of ABB decolor-
ation could be calculated by comparing the obtained fitting equation with Arrhe-
nius Equation, shown as follows:27

6170.99

Fitting equation: Ink = +17.8337 (12)

Arrhenius Equation: Ink:%+ InA (13)

where Ej is the Arrhenius activation energy for the reaction process, indicating
the minimum energy that the reactants must have for the reaction to proceed, Ais
the Arrhenius factor and R is the gas constant (8.314 J-mol-1.K-1). Thus, the
apparent activation energy Eg of the reaction in this work was determined to be
51.31 kJ-mol—1. Generally, the activation energy of an ordinary thermal reactions
is between roughly 60 and 250 kJ-mol—1.38 In the present study, the obtained
activation energy value of 51.31 kJ-mol-1 was lower than that of an ordinary

05 (b) i\
L \\ -
10F AN
\\
= sl
< AN
E 20} BN
N
y =-6.17099 x + 17.8337 \
2.5 R*=0.91102 AN
_ N
3.0 1 L 1 1 ] ] )
2.9 3.0 3.1 32 33 Fig. 5. The relationship between In k
T'/10°K " and 103T.
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thermal reaction, suggesting that this Fenton reaction process typically proceeds
with alow energy barrier.40

Optimization by CDD under RSM

The effects of various experimental parameters (X1, X2, X3 and Xy) in this
reaction were investigated using CCD under RSM. Thirty experiments, with 4
factors and 5 levels for each factor were designed, which are listed in Table I11.
Among these 30 experiments, 6 experiments were repetition of the central point
(run No. 1, 3, 17, 20, 21 and 24). All of the factors were in the centric point of
their values in these experiments. The closeness of the responses of these 6 expe-
riments could be a sign of the accuracy of the experiment process.4! For predict-
ing the optimal values of ABB decoloration within the experimental constrains, a
second order polynomial model was fitted to the experimental results for the
decoloration ratio of ABB. The obtained polynomial model is shown as follows:

Y =74.42+13.77X, +4.45X, — 21.03X3 +
+16.05X 4 + 0.40X; X5 — 481Xy X5
—5.96X1X4 +1.69X2X3 + O44X2X4 -

~3.00X3X, —6.00X7 —2.85X3 — 2.93X2 —9.16X 2

(14)

TABLE Ill. Centra composite design matrix together with the experimental and predicted
values of the ABB decoloration ratios

Y/ %
Experimental Predicted

Run  X;/mM Xo/g-L1 X3 X4/ min

1 0.000 0.000 0.000 0.000 74.9 74.42
2 —1.000 —1.000 1.000 1.000 29.7 36.33
3 0.000 0.000 0.000 0.000 73.8 74.42
4 2.000 0.000 0.000 0.000 84.7 77.94
5 —1.000 1.000 —-1.000 —-1.000 24.8 32.83
6 0.000 2.000 0.000 0.000 79.7 71.91
7 —1.000 1.000 —1.000 1.000 91.3 83.73
8 —2.000 0.000 0.000 0.000 15.2 22.88
9 —1.000 1.000 1.000 1.000 435 48.68
10 1.000 1.000 —1.000 1.000 99.9 109.76
11 1.000 —-1.000 1.000 1.000 49.6 41.51
12 0.000 0.000 0.000 —2.000 0.00 5.66
13 0.000 0.000 0.000 2.000 74.6 69.86
14 1.000 —1.000 —1.000 1.000 97.9 102.56
15 —1.000 —1.000 —1.000 1.000 85.3 78.13
16 0.000 —2.000 0.000 0.000 454 54.11
17 0.000 0.000 0.000 0.000 75.2 74.42
18 0.000 0.000 —2.000 0.000 99.8 104.76
19 0.000 0.000 2.000 0.000 24.7 20.66
20 0.000 0.000 0.000 0.000 73.8 74.42
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1 . Y/ %
Run  X;/mM Xo/g-L X3 X4/ min Experimental Predicied
21 0.000 0.000 0.000 0.000 74.1 74.42
22 1.000 1.000 -1.000 -1.000 90.2 82.71
23 —1.000 1.000 1.000 -1.000 153 9.78
24 0.000 0.000 0.000 0.000 74.7 74.42
25 —1.000 -1.000 1.000 -1.000 9.10 -0.82
26 —-1.000 -1.000 -1.000 -1.000 34.9 28.98
27 1.000 -1.000 1000 -1.000 215 28.21
28 1.000 -1.000 -1.000 -1.000 825 77.26
29 1.000 1.000 1.000 1.000 50.4 55.46
30 1.000 1.000 1.000  -1.000 33.3 4041

Statistical testing of this model was implemented by analysis of variance

(ANOVA) and the results for the coded variable levels are given in Table 1V.
From the ANOVA analysis, it was shown that the calculated F value was 24.46,
that is much larger than the critical value of 2.42 for Fggs5,141° which implied
that the derived quadratic polynomial model was significant.42 The low prob-
ability value (p value < 0.0001) means that there was only a 0.01 % chance that
such a model could occur due to noise.32 The determination coefficient (R2)

quantitatively evaluated the correlation between the experimental data and the

predicted responses.29 The experimental results and the predicted ones obtained
from the model (Eq. (8)) were compared and listed in Table I11. It was found that

TABLE IV. ANOVA analysis for the obtained quadratic polynomia model

Source Sum of squares Degree of freedom Mean square F value p-value (Prob>F)
Model 25921.02 14 1851.50 24.46 < 0.0001
X1 4548.51 1 4548.51 60.09 < 0.0001
X5 475.26 1 475.26 6.28 0.0242
X3 10609.22 1 10609.22  140.15 < 0.0001
X4 6182.46 1 6182.46 81.67 < 0.0001
X1Xo 2.56 1 2.56 0.034 0.8566
X1X3 370.56 1 370.56 490 0.0429
X1Xy 568.82 1 568.82 7.51 0.0152
XoX3 45,56 1 45,56 0.60 0.4499
XoXy 3.06 1 3.06 0.040 0.8433
X3Xy 144.00 1 144.00 1.90 0.1880
%42 988.11 1 988.11 13.05 0.0026
X2 223.11 1 223.11 2.95 0.1066
Xg? 235.00 1 235.00 3.10 0.0984
X42 2303.71 1 2303.71 30.43 < 0.0001
Residual 1135.45 15 75.70 - -

R? 0.9580

Adj. R2 0.9189

Pred. R2 0.7586
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the predicted values matched the experimental ones reasonably well with R2 =
= 0.9580. Figure 6 (slope equals 1) suggests that the predicted decoloration ratio
of ABB agrees well with the experimental values. Furthermore, the value of the
adjusted determination coefficient (R2) was also very high (0.9189), which indi-
cated the high significance of the model.27 In addition, values of Prob > F less
than 0.0500 indicate that the model terms were significant and values greater
than 0.1000 indicate that the model terms were not significant.32 In this study,
X1, X2, X3, Xa, X1X3, X1Xa, X12, X32 and X42 were significant model terms. Thus,
the statistical analysis of all experimental data showed that the H>O, concen-
tration, the schorl dosage, the solution pH and the reaction time had a significant
effect on ABB decoloration in the schorl-catalyzed Fenton-like system.
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Fig. 6. Comparison of the predicted

0 2 20 60 20 100 ABB decoloration ratios and the
Expetimental discoloration ratio, % experimental values.

The 3D response surface plots for the interactions between two variables are
presented in Fig. 7a—f with different interactions. As could be seen, the ABB
decoloration ratio increased with increasing HoO» concentration, schorl dosage
and reaction time, but decreased with increasing solution pH, which is consistent
with the one factorial experiment. The reasons have been interpreted in the
section “ Decoloration of ABB”. Nevertheless, the interactions between two inde-
pendent variables were not significant, because the curvature of the three-dimen-
sional surfaces was not pronounced.3143 The main goa of the optimization in
this study was to determine the optimum values of the variables for the decolor-
ation of ABB by the schorl-catalyzed Fenton-like reaction. Based on the model
prediction, the optimum conditions for the decoloration of ABB by this process
were determined to be 31.67 mM H,0, concentration, 6.97 g-L—1 schorl dosage,
solution pH 3.73 and 17.82 min reaction time, with the maximum ABB decolor-
ation ratio of 99.94 %. The corresponding experimental value of ABB decolor-
ation ratio under the optimum conditions was determined as 99.5 %, which was
very close to the optimized one. It was confirmed that RSM was a powerful and
satisfactory strategy to optimize the operational parameters of ABB decoloration
by the heterogeneous Fenton-like reaction catalyzed by natural schorl.
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Fig. 7. The response surface plots for ABB decoloration with the interaction effect of: a) H,O,
concentration (X;) and schorl dosage (X,); b) H,O, concentration (X;) and solution pH (X3); €)
H,0, concentration (X;) and reaction time (X4); d) schorl dosage (X,) and solution pH (X3);
€) schorl dosage (X,) and reaction time (X,); f) solution pH (X3) and reaction time (Xg).

CONCLUSIONS

The successful decoloration of dye ABB in water was achieved by the hete-
rogeneous Fenton-like reaction using natural schorl as the catalyst. The effi-
ciency of ABB decoloration increased with increasing H>O» concentration,
schorl dosage and reaction temperature, and decreasing solution pH. The first-
order, second-order and BMG models were employed to investigate the kinetics
of ABB decoloration. The values of determination coefficients for the first-order
model were mostly higher than those of the second-order and BMG models.
Therefore, first-order kinetic model was the best one to describe the decoloration
of ABB under different reaction conditions. Further analysis indicated that the
relationship between k and T followed the Arrhenius Equation, evidenced by the
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linear relationship between In k and 103/T and the apparent activation energy E,
of the reaction in this study was determined to be 51.31 kJ-mol~1. CDD under
RSM was used for the process optimization and 30 experiments, with 4 factors
and 5 levels for each factor were designed. For predicting the optimal values of
ABB decoloration within the experimental constrains, a second order polynomial
model was fitted to the experimental results for the decoloration ratio of ABB.
ANOVA analysis indicated the high significance of the model. 3D response sur-
face plots for the interactions between two variables were constructed. Based on
the model prediction, the optimum conditions for the decoloration of ABB by
this process were determined to be 31.67 mM H,O, concentration, 6.97 g-L—1
schorl dosage, solution pH 3.73 and 17.82 min reaction time, with the maximum
ABB decoloration ratio of 99.94 %.
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KHUHETHUKA U OIITUMU3ALIMIJA OBE350JABABA OTIIAOHE BOJE O BOJEEA
®EHTOHCKOM PEAKIIMJOM KATAJTM30BAHOM IHIOPJIOM

HUAN-YAN XU, WEI-CHAO LIU, SHU-YAN QI, YAN LI, YUAN ZHAO u JI-WEI LI

School of Material Science and Engineering, Harbin University of Science and Technology, Harbin, 150040,
P.R. China

H3yuaBaHa je KMHETHMKa M ONTHUMHU3aldja ode3dojaBama aKkTHBHE KOMepUHjanHe doje
argazol blue BFBR (ABB) xereporenom ®eHTOHCKOM peaklHjoOM KaTaIu30BaHOM ITPUPOITHUM
mopyoM. U3yyaBamwe KHHETHKe OTKPUIIO je [a je KWHETHYKU MOZeIN IPBOT pena HoJpH 3a OMH-
cuBame obe3dojaBara ABB mpu pa3mTHUUTHM yCIIOBUMA peaklidje, Hero Mofies APYTror pena u
Behnajady—Modirshahla— Ghanbery monenu. OngHoc u3mely koHcTaHTe Op3uHe peakuuje k u
Temneparype T NOHaWao ce y CKIafy ca ApPEeHHjyCOBOM pelalHjoM, ca NPUBUTHOM €Hep-
rujom axtusanmje E, op 51,31 kJ mol !, 3a musaju excnepumenTa u oNTHMH3aNK}y Tpoleca
odesdojaBama ABB ymorpedsbeH je AM3ajH ca LIEHTPaJHUM KOMIIO3UTOM IO METOROJIOTHjU
MOBPIIMHE OJITOBOpA. 3HAYaj MOJIMHOMHjaTHOT MOiesia IPYToT pela 3a ImpenBrul)ame ONTHMAN-
HUX BpeIHOCTH 3a ode3DojaBawe ABD olemeH je aHanu3oM BapHjaHce u rpadunuma 3D nosp-
IIMHA 3a HHTepaKuyje u3mel)y nBe mpomeHmbHBe. 3aTUM Cy ofipel)eHH ONTHMAaTHU YCIOBH.

(ITpumibeHo 25. edpyapa 2012, pesupupano 17. jyna 2013)
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Abstract: Selected heavy metals (Cu, Zn, Pb and Cd) in the water and sediment
of the Sava River in Serbia were investigated from three locations in the vici-
nity of industrial and urban settlements (Sabac, Obrenovac and Belgrade)
during the period spring 2007 to autumn 2011. The fluxes of heavy metals
from the river water to the sediment due to sedimentation and heavy meta re-
suspension fluxes arising from sediment re-suspension at high flows were
determined, by application of a model for the assessment of the transport the
pollutants through rivers. These fluxes were attributed mainly to natural
processes.

Keywords: flux of heavy metal; river sediment; sediment re-suspension.

INTRODUCTION

Toxic heavy metals have been the subject of many studies, mostly in river
systems, due to their toxicity, abundance and persistence in the environment, and
subsequent accumulation in aquatic habitats.1—> Heavy metals of anthropogenic
origin are generally introduced into river systems as inorganic complexes or hyd-
rated ions, which are easily adsorbed on the surfaces of sediment particles
through relatively weak physical or chemical bonds. Thus, heavy metals of
anthropogenic origin are found predominantly in the labile extractable fraction of
asediment.b

Usudly, trace metal levels in the sediment display marked seasonal and
regional variations, which have been attributed to anthropogenic influences and
natural processes.”:8

* Corresponding author. E-mail: srbas@vincars
doi: 10.2298/J5C130128085V

379

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS
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The speciation of Cd, Cu, Zn and Pb in sediments showed higher bioavail-
ability compared to the other studied metals, and consequently they posed a
greater ecological risk.9

The Sava River has not been exposed to anthropogenic influence due to dam
construction, which decreases sediment transport through sediment retention in
the reservoirs. As an integral and dynamic part of the Sava River Basin, the river
sediment originates from upstream weathering of minerals and soils, and is sus-
ceptible to transport downstream by the river water. The sediment particles were
mostly silt and fine-grained sand composed of calcite, quartz, feldspars, ilite and
kaolinite.

In the recent past, attention was paid to the water quality of the Sava River in
respect to microbiological, chemical and radiochemical parameters.10-12 |n apre-
vious paper,13 the results of the distribution and accumulation of heavy metalsin
the water and sediments of the Sava River displayed seasonal fluctuations, which
were attributed mainly to natural processes. The sediment studies were per-
formed mainly because sediments are receptors in water bodies. However, re-sus-
pension of sediments leads to a release of soluble heavy metals in the water
body.14 Hitherto, no relevant method has been suggested to assess and quantify
the transport of heavy metals between sediments and the overlying water.15

The abjective of this study was to quantify the transport and storage of heavy
metals in the Sava River Basin in Serbia by determination of the fluxes of heavy
metals from the river water to the sediment and their re-suspension fluxes under
favourable hydraulic conditions.

EXPERIMENTAL

Three sampling sites were chosen along a 100-km stretch of the Sava River upstream
from its confluence with the Danube River. For the experiment, water and sediment samples
were taken from three sampling locations along the Sava River (Fig. 1). Location No. 1 is near
an industrial area of the town of Sabac. Location No. 2 is downstream of the coal-fired power
plant “Nikola Tesla’, where the Kolubara River flows into the Sava River. Location No.3 is at
the confluence of the Sava and the Danube, in the wider metropolitan area of Belgrade. A total
of 60 water and sediment samples were collected between 2007 and 2011 at six-month
intervals to cover both the dry (autumn, at low flow, g < 500 m3 s1) and wet (spring, at high
flow, g > 1200 m3 s1) seasons. Ten litre-size water samples were collected from a depth of 50
cm. Sediment samples were collected at the depth of 10 cm from the top of sediment surface.
All samples were dried at 105 °C until constant mass was attained. The caked sediment was
then finely ground to grains below 1.0 mm in diameter. Samples of the sediment (2.5 g) were
dissolved in 25 cmd of 1/1 HNOs.

The concentrations of heavy metals were determined by flame atomic absorption spec-
trometry in an air/acetylene flow, using a Perkin Elmer AA200 spectrometer.1® The cadmium
concentration was determined by the graphite furnace atomic absorption spectrometry, using a
Perkin Elmer AA600 with a transversely-heated graphite atomizer (THGA) using a Zeeman
Effect background correction system. The analytical injection (20 pl) and the atomization
were undertaken in five steps, controlled by the appropriate software and auto-sampler.
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Fig. 1. Location of sampling stations on the Sava River: Sabac — location No. 1, Obrenovac —
location No. 2 and Belgrade — location No. 3.

For both techniques, adequate hollow cathode lamps (HCL) were used for irradiation.
Mixed reference standard solutions were prepared for the analysis using Merck certified
atomic absorption stock standards (1000 ug mi-1) and Milli-Q purified water. No modifiers
were added. The quality control (QC) program included reagent blanks, duplicate samples and
certified reference materials. The detection limits (DL) for Cu and Zn were 1, for Pb 0.11 and
for Cd 0.09 ug dm3. Measurement errors were less than 5 %.

RESULTS AND DISCUSSION

The minimum, maximum and mean, with standard deviation, concentrations
of the heavy metals in the sediments and river water of the studied sites at three
locations are presented in Table | for the autumn and spring seasons, respectably.
The level of heavy metals in the autumn was higher in comparison to the level in
spring. The heavy metal concentrations in the water samples were lower than the
maximum permitted concentrations for the protection of aquatic life.1”

TABLE I. The minimum, maximum and mean concentration of heavy metal in the sediments
of the studied sites, for 5 years, from spring 2007 to autumn 2011; total number of sediment
samples: 60

" - -1
Heavy metal ( ) Sediment concentration, mg kg

Min. MeantSD Max.
Zn (spring) 345 51.9+18.6 64.8
Zn (autumn) 47.2 62.5+19.7 88.6
Cu (spring) 25.1 41.3+16.2 56.0
Cu (autumn) 28.2 47.5+16.2 72.3
Pb (spring) 139 18.1+3.8 22.6
Pb (autumn) 14.7 27.6+12.8 48.2
Cd (spring) 2.8 4.1+2.3 6.9
Cd (autumn) 39 49427 8.6
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A common approach to characterize the partition of an element between the
particulate and the dissolved phase is the use of an empirical equilibrium — such
as an expression connects dissolved and particulate concentrations via the par-
tition coefficient (Kg). Although Ky is not a true thermodynamic mass action
constant, it represents a straightforward and easy approach to describe partition-
ing between dissolved and particul ate phases.19

The distribution of heavy metals between different phases gives the oppor-
tunity to estimate the fluxes of heavy metals from water to sediment due to sedi-
mentation and heavy metals fluxes from the sediment to water due to sediment
re-suspension and direct exchange of heavy metals from the sediment to water.
The flux of heavy metal migrating to sediment due to sedimentation is given
by:18

Fws = & KgCw )
where: Fys is the flux of a heavy metal migrating to the sediment due to sedi-
mentation, S is the net sedimentation rate (kg m—2 s1), Kq = csow2; and cs (Mg
kg™1) and ¢,y (mg m3) are the concentrations of heavy metals in the sediment
and river water, respectively. The flux from water to sediment was calculated
according to Eq. (1) using 1.0x106 m s as the value for the sedimentation
velocity, taken from modelling studies.19.20

The fluxes of heavy metals on a yearly level comprised two fluxes: the flux
from water to sediment (Fysa (kg M2 y—1) and the re-suspension fluxes from the
deposited sediment to the sediment water interface Fgs (kg m—2 y=1). The yearly
fluxes of the heavy metals from water to the sediment, as well as the fluxes due
to sediment re-suspension from the bottom sediment, calculated as the difference
of the fluxes Fys at the low flow regime (below 3 m s1) and the same fluxes at
the high flow regime, are presented in Figs. 2a and b (for site 1), 3aand b (for
site 2) and 4a and b for site 3. The Fgg fluxes were much lower than the Fysy
fluxes, because the high flow regime lasted, yearly, between 1.5 and 3.0 months.
Re-suspension of the sediment at a high flow, which resulted in the movement of
heavy metals between the sediment and overlying water, apparently does not
deteriorate the water quality (Table I1) but increase the transport of heavy metals
by the suspended sediment to the Danube River. The fluxes of heavy metals to
the Sava River sediments (Figs. 2—4) were lower than the reported fluxes in the
reservoir and lake sediments derived from industrial sites within the
watershed.21.22

The heavy meta levels in the sediments were greatly reduced due to the
transfer of suspended and re-suspended load. Suspension load of sediments in
water varies broadly depending on characteristics of the river considered. For the
Sava River, with an average flow rate of 1100 m3 s1, the suspension load at its
confluence is 1.0 10~ kg m=3 or 3.5 106 t y—1.23 The distribution coefficients at
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high flow were lower in the wet season than in the dry season, due to the re-
suspension of the bottom sediment. A high flow rate did not prevent the storage
of heavy metals in the sediments, but reduced their accumulation quantity,
depending on the duration of the high water regime (0 < Fgs< 10 %, Figs. 2-4).
The Fgs fluxes showed that the sediments would become a source of heavy
metalsto overlying water if hydraulic changes occurred in the Sava River.
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Fig. 2. The fluxes Fysa/ kg m2y1 and Fgs/ kg m2y-1 of & Zn and Cu and b) Pb and Cd for
location No. 1 in thefive-year period.

The New Serbian Official Regulation on limiting values for pollutants in
surface and ground waters and sediments?4 for the first time regulated the limit-
ing values of heavy metals in sediments. By definition, sediment is an essential,
dynamic and solid component of aquatic ecosystems, which, due to the strong
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tendency to bind pollutants, becomes a reservoir of toxic and persistent com-
pounds of anthropogenic origin.
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Fig. 3. Thefluxes Fy/ kg M2yl and Fg/ kg m2y1 of @) Zn and Cu and b) Pb and Cd for
location No. 2 in the five-year period.

The obtained results showed that anthropogenic input of heavy metals in the
environment of the Sava River Basin in Serbia was not in known amounts. No
high variability in anaytical data obtained is indicative of modest external
sources of heavy metals in the sediment and surface water, mainly due to poor
regiona industrial activity. An increase of Fys would be an indicator of the
anthropogenic origin of heavy metals in Sava River Basin, because as mass accu-
mulation fluxes they could quantify the contribution of human activities. The
fluxes Fys and Fgs were not previously determined.
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Fig. 4. Thefluxes Fy/ kg M2yl and Fgs/ kg m2y1of @) Zn and Cu and b) Pb and Cd for

location No. 3in the five-year period.

TABLE II. The minimum, maximum and mean concentration of heavy metal in the river
water of the studied sites, for 5 years, from spring 2007 to autumn 2011; total number of

sediment samples: 60

Heavy metal (season)

River water concentration, mg m3

Min. MeantSD Max.
Zn (spring) 19.3 49.3+16.8 61.4
Zn (autumn) 24.3 45.3+26.5 78.4
Cu (spring) 7.1 17.3+9.9 29.2
Cu (autumn) 9.2 20.1+11.2 33.6
Pb (spring) 2.2 4.612.2 6.3
Pb (autumn) 29 4.8+2.1 6.7
Cd (spring) 0.3 0.7+0.3 0.9
Cd (autumn) 0.4 13+1.1 41
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CONCLUSIONS

The performed analyses of heavy metals in the Sava River water and sedi-
ment at three selected sites in Serbia showed that their accumulation in the
sediments was predominantly influenced by natural factors. The fluxes of heavy
metals from the river water to the sediments and heavy metal re-suspension
fluxes due sediment re-suspension under favourable hydraulic conditions were
determined. The study indicated that the Sava River sediment is a sink for heavy
metals, but also the source of heavy metal transfer to the water column under
favourable hydraulic condition. At high flow, fluvial erosion occurs and removes
part of the previously deposited heavy metals from the sediments.

Acknowledgement. This work was provided with financial support by the Ministry of
Education, Science and Technological Development of the Republic of Serbia, under Project
No. 43009.

U3BOJ
TPAHCITIOPT ¥ CKIIAJUIITEIGE TEINKHUX METAJIA Y BA3EHY PEKE CABE

JOYBEPABKA BYI(OBI/IT)‘I,CPBOJBYB CTAHKOBI/IEZ, XHWBOPAI BYKOBHE’ n KCEHUJA JAHKOBHR’

1HHCWuu7yw semmiepunapcke meguyune, Bojeoge Tose 24, beoipag, ZHHCWMLTI}/W 3d HyKJIEApHE HAYKE
LBunua“, beoipag u 3Hucu7uu7ym 3a uctutiugcarwe matepujana — UMC,Bojeoge Muwuha 43,5eoipag
HcnutruBanu cy u3adpanu Temku metanu (Cu, Zn, Pb u Cd) y peunom cucremy Case Ha
TPH J0Kanuje y OIM3MHU HHAYCTPUjCKUX M ypdaHux Hacesba (IIlabai,OdpeHoBan u beorpan) y
nepuogy nponehe 2007.—jecen 2011.rogune. Onpehenu cy ¢yKkceBH TEIIKUX METaa U3 BOZIE
y CEIUMEHT, Kao W MOBpaTHU GIyKCeBH U3 CequMeHTa 300r pecyclieH3uje cefuMeHTa y BOIy
IIPH BUCOKOM NPOTOKY, IPUMEHOM MOZ€Na 3a NPOLEeHy TpaHCIopTa NnosiyTaHarta y peund. OBu
(rrykceBr MoTHYy MPBEHCTEHO OJI TPUPOLHUX U3BOpa.

(TTpumisero 28. janyapa, pesuaupano 21. arycra 2013)
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