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Abstract: To obtain biologically active compounds, the synthesis of some new
derivatives with an o-hydroxybenzamide structure was performed. The ethyl
esters 4-6 were obtained by the reaction of 5-chloro-2-hydroxy-N-phenylbenz-
amide and chloro-substituted acid ethyl esters 1-3 in ethyl methyl ketone. The
obtained ethyl esters were condensed with hydrazine yielding the hydrazides 7-8.
The hydrazones 11-14 were obtained by the reaction of the hydrazides and the
chloro-substituted benzaldehydes 9-10. All the newly synthesized compounds
were characterized by FTIR, 1H-NMR, 13C-NMR, MS and elemental analyses.

Keywords: 5-chloro-2-(substituted akoxy)-N-phenylbenzamide derivatives;
ethyl esters; hydrazides; hydrazones; O-substituted salicylanilides.

INTRODUCTION

Searching for novel biologically active compounds with improved and high-
ly selective effects and lower toxicity remains a challenge for pharmaceutical
chemistry, while the incidence of the systemic diseases as well as the spectrum of
pathogens have been steadily increasing over the past few years.

Salicylanilides, as well as O-substituted salicylanilides, represent a class of
compounds with a broad spectrum of biological activity,1:2 including antimic-
robia effects against a number of yeast and filamentous fungi. Substitution of
phenoxyacetic acid with an electrophilic group in the ortho or para position in-
creases their activity against human pathogenic fungi.3-°
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2-(Hydrazinocarbonylmethoxy)benzamide and its hydrazones obtained with
substituted benzaldehydes show anti-inflammatory and analgesic activity super-
ior to salicylamide itself and lower ulcerogenic activity.10.11

In order to obtain such active compounds, some ortho-substituted phenoxy-
alkanoic acids and their derivatives were synthesized and characterized.12.13

The aim of this research was to synthesize new 5-chloro-2-(substituted
alkoxy)-N-phenylbenzamide derivatives (Scheme 1) with potential antibacterial
and antifungal activity and to characterize them.
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5-CHLORO-2-(SUBSTITUTED ALKOXY)-N-PHENYLBENZAMIDE DERIVATIVES 849

RESULTS AND DISCUSSION

The synthesized compounds are crystalline substances (needles or prisms)
and were obtained with reaction yields ranging from 66 to 92 %. Their physical,
chemical and spectral properties are given below.

2-{4-Chloro-[(2-phenylamino)carbonyl]phenoxy}acetic acid, ethyl ester (4).
Yield: 78 %; m.p. 150 °C; Anal. Calcd. for C17H1gCINO4 (333.08 g/mol): C,
61.18, H, 4.83, N, 4.20 %. Found: C, 61.20, H, 4.80, N, 4.24 %; IR (KBr, cm1):
3328 m, 1751 i, 1652 i, 1596 m, 1541 i, 1502 m, 1483 m, 1442 m, 1388 s, 1321
m, 1282 s, 1222 i, 1112 m, 1074 m, 1062 m, 1024 s, 906 s, 823 m, 758 m, 706 s,
690 s, 547 s, 511 s; IH-NMR (400 MHz, DMSO-dg, &/ ppm): 1.21 (3H, t,
COOCH2CH3, J = 7.2 Hz), 4.22 (2H, g, COOCH2CH3, J = 7.2 HZ), 4.99 (2H, s,
—O-CH>-CO), 7.13 (1H, t, Hyg, J = 7.6 HZ), 7.22 (1H, d, H3, J = 8.8 HZ), 7.37
(2H, t, Hg, H11, J = 8.0 Hz), 7.57 (1H, d, Hya, J = 8.8 Hz), 7.78 (2H, d, Hg, H1o,
J = 8.0 Hz), 7.83 (1H, s, Hg), 10.39 (1H, s, -CO-NH-); 13C-NMR (400 MHz,
CDCl3, 6/ ppm): 14.14 (COOCH>CH3), 61.48 (COOCH>CH3), 66.25 (-O—
—CH>—CO-), 115.91 (C3), 120.16 (Cg, C12), 124.28 (C1), 125.12 (Cyp), 125.81
(Cs), 129.03 (Cg, C11), 130.13 (Cg), 132.43 (Cy), 138.58 (C7), 154.05 (Cp),
162.07 (-CO-NH-), 168.80 (COOC,Hs); (+)MS! (m/z): 356.1 ([M+Na]*), 334.0
([IM+H]™); (+)MS" (m/z): 334.0, 258.9, 240.8, 212.8, 184.8, 154.9.

2-{4-Chloro-[(2-phenylamino)carbonyl]phenoxy}propionic acid, ethyl ester
(5). Yidd: 72 %; m.p. 69-73 °C; Anal. Calcd. for C1gH18CINO4 (347.09 g/mal):
C, 62.16, H, 5.22, N, 4.03 %. Found C, 62.11, H, 5.25, N, 4.05 %; IR (KBr, cm~
1): 3338 m, 2989 s, 1745 i, 1660 i, 1596 m, 1541 i, 1494 m, 1479 m, 1440 m,
1379 s, 1367 m, 1303 s, 1271 m, 1232 i, 1149 m, 1118 m, 1053 s, 1020 s, 910 s,
866, 802, 758 m, 7195, 702's, 677 s, 648 s, 515 5, 418 s; IH-NMR (400 MHz,
DMSO-dg, 6/ ppm): 1.18 (3H, t, COOCH>CH3, J = 6.8 Hz), 1.58 (3H, d,~O-
—CH(CH3)CO—, J = 6.8 H2), 4.17 (2H, q, COOCH>CH3, J = 6.8 Hz), 5.23 (1H,
q,~O-CH(CH3)CO—, J = 6.8 Hz), 7.12 (1H, t, H19, J = 7.6 HZ), 7.18 (1H, d, H3,
J=8.8Hz), 7.37 (2H, t, Hg, H11, J = 8.0 Hz), 7.54 (1H, d, H4, J = 8.8 HZ), 7.72
(2H, d, Hg, H1o, J = 8.0 Hz), 7.75 (1H, s, He), 10.29 (1H, s,~CO-NH-); 13C-
-NMR (400 MHz, CDCl3, 6 / ppm): 14.05 (COOCH.CH3), 18.11 (-O-
—CH(CH3)CO-), 61.70 (COOCH2CH3), 73.60 (-O—CH(CH3)CO-), 116.42
(Cg), 119.80 (Cg, C12), 124.19 (Cy), 125.85 (Cqg), 126.39 (Cs), 129.10 (Co, C11),
130.04 (Cg), 132.15 (Cy), 138.60 (C7), 153.49 (Cyp), 162.39 (-CO-NH-), 171.65
(COOC;,Hs); (+)MS! (m/z): 386.0 ((M+K]™), 370.1 ([M+Na]*), 348.1 ((M+H]™);
(*)MS" (m/z): 370.0, 342.0, 276.9, 268.9, 250.9.

4-{4-Chloro-[(2-phenylamino)carbonyl]phenoxy}butyric acid, ethyl ester (6).
Yield: 66%; m.p. 168-172 °C; Anal. Calcd. for C1gH20CINO4 (361.11 g/mol): C,
62.16, H, 5.22, N, 4.03 %. Found: C, 62.15, H, 5.20, N, 4.04 %; IR (KBr, cm1):
3323 s, 3020 m, I, 1720 m, 1630 i, 1596 m, 1558 i, 1498 m, 1488 m, 1417 m,
1365 m, 1278 m, 1224 m, 1190 s, 1074 s, 894 s, 821 m, 773 s, 754 s, 698 m, 686
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m, 651 m, 543 s, 509 s, 418 s; IH-NMR (400 MHz, DMSO-dg, 6/ ppm): 1.06
(3H, t, COOCH2CH3, J = 7.2 Hz), 1.13 (2H, t, -CH>-CH>-COO-CHo—, J = 7.2
Hz), 2.00 (2H, cv,~CH>—CH>-CH>-COO-CH»>-), 4.01 (2H, q, COOCH2CHg3,
J =72 Hz), 412 (2H, t, -O-CH>-CH>—CH»>—, J = 6.4 Hz), 6.95 (1H, d, Hg,
J=8.8Hz), 7.11 (1H, t, Hyg, J = 7.2 Hz), 7.34-7.38 (3H, m, Ha, Hg, H11), 7.70
(2H, d, Hg, H1p, J = 8.4 Hz), 7.92 (1H, s, Hg), 10.16 (1H, s, -CO-NH-); 13C-
NMR (400 MHz, CDCl3, ¢/ ppm): 13.98 (COOCH,CH3g), 23.95 (-O—CHo—
CH>-CH»>—CO-), 29.83 (-O—CH>—CH>—CH>—-CO-), 59.78 (COOCH>CH3),
67.76 (-O—CH>—CH>—CH>—CO-), 119.68 (C3), 119.83 (Cy), 120.31 (Cg, C12),
120.65 (C1g), 123.74 (Cs), 128.54 (Cg), 128.77 (Cg, C11), 132.67 (Cy), 138.50
(Cy), 159.45 (Cy), 164.65 (—CO-NH-), 172.40 (COOCoHs); (+)MSL (m/z):
400.1 ([M+K]"), 384.1 ((M+Nal*), 362.1 (M + H]*); (+)MS" (m/z): 400.0,
362.1, 316.0, 286.9, 115.1.
5-Chloro-2-(hydrazinocarbonylmethoxy)-N-phenylbenzamide (7). Yield: 92
%; m.p. 194-196 °C; Anal. Calcd. for C15H14CIN303 (319.07 g/mol): C, 56.35,
H, 4.41, N, 13.14 %. Found: C, 56.33, H, 4.38, N, 13.16 %: IR (KBr, cm1):
3303 m, 1,3051s, I, 1705 m, 1654 i, 1639 i, 1595 i, 1541 i, 1488 m, 1444 m, 1272
m, 1234 m, 1076 s, 985 m, 914 s, 815 s, 752 m, 717 m, 688 m, 542 m; 1H-NMR
(400 MHz, DMSO-dg, o/ ppm): 4.79 (2H, s, -O—-CH»>—CO), 5.20 (2H, s, -NH—
—NHy), 7.11 (1H, t, H1g, J = 6.8 Hz), 7.18 (1H, d, H3, J = 8.8 Hz), 7.37 (2H, t,
Ho, H11, J = 6.8 HZ), 7.57 (1H, d, Hy4, J = 8.8 HZz), 7.75 (1H, d, Hg, J = 6.8 H2),
7.80 (1H, d, H1p, J = 6.8 Hz), 7.86 (1H, s, Hg), 8.96, 9.49 (2 conformers. Z, E)
(1H, s, -CO—NH-NH>), 10.72, 11.20 (2 conformers: Z, E) (1H, s, -CO-NH-Ar);
13C-NMR (400 MHz, CDCl3, &/ ppm): 67.23 (-O-CH»—CO), 116.14 (C3), 120.06
(Cs, C12), 124.20 (Cy), 125.89 (C10), 126.31 (Cs), 129.03 (Co, C11), 130.01 (Cg),
132.29 (Cy), 138.75 (Cy), 154.23 (Cp), 162.66 (—-CO-NH-Ar), 167.21 (-CO-
—NH-NH>); (+)MS! (m/z): 358.0 ([M+K]*), 342.1 (IM+Na]*), 320.0 ([M+H]™);
(H)MS (m/z): 320.0, 247.9, 226.8, 198.8, 154.8.
5-Chloro-2-[1-(hydrazinocarbonyl)ethoxy]-N-phenylbenzamide (8). Yield: 90 %;
m.p. 208-210 °C; Ana. Cacd. for C16H16CIN3O3 (333.09 g/mal) C, 57.58, H,
4.83, N, 12.59 %. Found: C, 57.60, H, 4.81, N, 12.54 %; IR (KBr, cm1): 3355
m, 3300 m, 1660 i, 1598 m, 1548 m, 1494 m, 1473 m, 1446 m, 1398 s, 1323 m,
1267 m, 1228 i, 1110 s, 1076 s, 1041 s, 970 s, 893 s, 808 s, 750 s, 677 S, 650 S;
IH-NMR (400 MHz, DMSO-dg, & / ppm): 1.50 (3H, d, -O—-CH(CH3)CO-,
J = 6.8 Hz), 4.43 (2H, s, -NH-NH>), 5.10 (1H, q, -O-CH(CH3)CO—, J = 6.8
Hz), 7.12 (1H, t, Hyg, J = 7.2 Hz), 7.18 (1H, d, H3, J = 8.8 Hz), 7.37 (2H, t, Ho,
H11, J = 8.4 Hz), 7.57 (1H, d, Ha, J = 8.8 HZ), 7.68 (1H, s, Hg), 7.78 (2H, d, Hg,
H1ip, J = 8.4 HZ), 9.67 (1H, s, -CO-NH-NH), 10.84 (1H, s, -CONH-Ar); 13C-
-NMR (400 MHz, CDCl3, 6 / ppm): 19.01 (-O-CH(CH3)CO-), 73.88 (-O—
—CH(CH3)CO-), 116.88 (C3), 119.33 (Cg, C12), 123.72 (Cy), 125.85 (Cyp),
127.35 (Cs), 128.86 (Cy, C11), 129.81 (C¢), 131.80 (C4), 138.85 (C7), 153.15

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

2009 Copyright (CC) SCS



5-CHLORO-2-(SUBSTITUTED ALKOXY)-N-PHENYLBENZAMIDE DERIVATIVES 851

(Cp), 16257 (-CO-NH-Ar), 170.29 (-CO-NH-NH,); (+)MS! (m/z): 356.1
(IM+Na]*), 334.1 ([M+H]?); (+)MS" (m/z): 334.0, 247.9.
5-Chloro-2-[(4-chlorobenzylidene)hydrazinocarbonylmethoxy)]-N-phenylbenz-
amide (11). Yield: 83 %; m.p. 205-208 °C; Anal. Cacd. for CooH17ClIoN303
(441.06 g/mal): C, 59.74, H, 3.87, N, 9.50 %. Found: C, 59.80, H, 3.85, N, 9.46 %;
IR (KBr, cm1): 3303 m, 3240 m, |, 1701 i, 1651 i, 1596 i, 1541 i, 1481 i, 1444 i,
1263 m, 1230 m, 1087 m, 806's, 758 m, 731's, 692 s, 542 m, 511 s, 459 s; IH-NMR
(400 MHz, DMSO-dg, ¢/ ppm): 4.97 (2H, s, -O-CH>—CO-), 7.12 (1H, t, Hio,
J=76Hz), 7.24 (1H, d, H3, J = 8.0 Hz), 7.38 (2H, t, Hg, H11, J = 8.4 HZ), 7.52
(1H, d, Hg, J = 8.0 H2), 7.62 (2H, d, H15, H17, J = 8.8 HZ), 7.81 (2H, d, Hg, H12,
J =84 Hz), 7.93 (2H, d, Hy4, H1g, J = 8.8 Hz), 8.04 (1H, s, Hg), 8.19 (1H, s,
—N=CH-), 10.64 (1H, s, -CO-NH-Ar), 10.96, 11.96 (2 conformers: Z, E) (1H, s,
—CO-NH-N=CH-); 13C-NMR (400 MHz, CDCl3, &/ ppm): 66.86 (-O—CHo>—
—C0O-), 116.28 (C3), 120.06 (Cg, C12), 123.82 (C1), 124.33 (C1q), 125.54 (Cs),
128.68 (Cg, C11), 128.79 (Cy5, C17), 128.83 (C14, C1g), 130.34 (Cg), 132.50
(C13), 132.75 (Cy), 134.64 (C1p), 138.82 (C7), 143.66 (-N=CH-), 154.52 (Cyp),
161.62 (—-CO-NH-Ar), 169.45 (-CO-NH-N=CH-); (+)MS! (m/z): 464.1
([M+Na]t), 442.1 ([M+H]*); (+)MS" (m/z): 442.0, 348.9, 320.9, 287.9, 259.9,
211.8, 166.9, 137.95.
5-Chloro-2-[(2-chlorobenzylidene)hydrazinocarbonylmethoxy)]-N-phenylbenz-
amide (12). Yield: 90 %; m.p. 222-223 °C; Anal. Cacd. for CooH17ClIoN303
(441.06 g/mal): C, 59.74, H, 3.87, N, 9.50 %. Found: C, 59.76, H, 3.85, N, 9.47 %;
IR (KBr, cm1): 3336 m, 3224 m, I, 1720 i, 1703 m, 1645 i, 1593 m, 1552 i, 1473
m, 1446 m, 1257 i, 1238 i, 1062 m, 800 m, 752 i, 727 m, 715 m, 688 s, 542 m,
507 s, 418 s; 1H-NMR (400 MHz, DMSO-dg, 6/ ppm): 4.97 (2H, s, -O-CHo—
—C0O-), 7.12 (1H, t, H1g, J = 7.2 HZ), 7.35-7.48 (4H, m, H3, Hg, H11, H17), 7.54
(1H, d, Hg, J = 8.8 H2), 7.62 (1H, d, H1s5, J = 8.6 Hz), 7.81-7.93 (3H, m, Hg,
Hg, H12), 8.13 (1H, d, H1g, J = 8.8 HZ), 8.43 (1H, s, Hg), 8.67 (1H, s, -N=CH-),
10.34, 10.64 (2 conformers. Z, E) (1H, s, -CO-NH-Ar), 10.92, 12.08 (2 con-
formers: Z, E) (1H, s, -CO-NH-N=CH-); 13C-NMR (400 MHz, CDCl3, &/
ppm): 66.87 (-O—CH>—CO-), 116.30 (C3g), 120.01 (Cg, C12), 123.81 (Cy), 124.40
(C10), 125.49 (Cs), 127.22 (C17), 127.52 (Cg), 128.68 (Co, C11), 129.84 (Cs5),
130.26 (C1g), 130.96 (C13), 131.58 (C1p), 132.45 (Cy), 134.05 (Cy4), 138.77
(C7), 140.83 (-N=CH-), 154.48 (Cp), 161.62 (-CO-NH-Ar), 169.56 (-CO-NH-
—N=CH-); (+)MS! (m/z): 464.1 ([M+Na]*), 442.1 ([M+H]"); (+)MS" (m/2):
442.0, 348.9, 321.0, 287.9, 259.9, 211.8, 166.9, 154.9, 137.9.
5-Chloro-2-{1-[(4-chlorobenzylidene)hydrazinocarbonyl]ethoxy}-N-phenyl-
benzamide (13). Yield: 81 %; m.p. 197-198 °C; Anal. Cacd. for Co3H19CloN303
(455.08 g/mal): C, 60.54, H, 4.20, N, 9.21 %. Found: C, 60.54, H, 4.26, N, 9.18
%; IR (KBr, cmr1): 3178 m, 1, 1652 i, 1622 i, 1595 i, 1560 i, 1498 m, 1456 i,
13151, 1269 m, 1238 i, 1103 i, 1062 s, 1035 m, 950 s, 898 s, 765 m, 756 m, 677
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m, 648 s, 524 s; 1H-NMR (400 MHz, DMSO-dg, &/ ppm): 1.65 (3H, d, -O—
—CH(CH3)CO—, J = 6.8 Hz), 6.09 (1H, g, -O—CH(CH3)CO—, J = 6.8 Hz), 7.12
(1H, t, Hyg, J = 7.2 H2), 7.25 (1H, d, H3, J = 8.8 Hz), 7.33-7.40 (2H, m, Ho,
H11), 7.57 (1H, d, Hg, J = 8.8 HZ), 7.60 (2H, d, H1s, H17, J = 8.8 HZ), 7.73 (2H,
d, Hg, H1p, J = 8.4 Hz), 7.78-7.81 (2H, m, H14, H1g), 8.08 (1H, s, Hg), 8.28 (1H,
s, -N=CH-), 10.65, 10.89 (2 conformers: Z, E) (1H, s, -CO-NH-Ar), 11.97 (1H,
s, -CO-NH-N=CH-); 13C-NMR (400 MHz, CDCl3, §/ ppm): 19.01 (-O-
—CH(CH3)CO-), 73,51 (-O—-CH(CH3)CO-), 117.02 (Cg), 119.32 (Cg, C12),
123.34 (Cy), 124.29 (Cyg), 126.57 (Cs), 128.51 (Cy, C11), 128.62 (C15, C17),
128.66 (C14, C18), 130.14 (Cg), 132.30 (C13), 132.56 (Cy), 134.25 (C1p), 138.92
(C7), 142,58 (N=CH-), 153.45 (Cy), 161.33 (-CO-NH-Ar), 169.46 (-CO-NH-
—N=CH-); (+)MS! (m/z): 478.1 ([M+Na]*), 456.1 ([M+H]*); (+)MS" (m/z):
456.1, 363.0, 335.0, 274.0, 247.9, 225.9, 180.9, 154.8.

5-Chloro-2-{1-[(2-chlorobenzylidene)hydrazinocarbonyl]ethoxy}-N-phenyl-
benzamide (14). Yield: 82 %; m.p. 187-189 °C; And. Cacd. for Co3H19ClIoN303
(455.08 g/mol) C, 60.54, H, 4.20, N, 9.21 %. Found: C, 60.55, H, 4.24, N, 9.20 %;
IR (KBr, cm1): 3394 m, 3178 m, |, 3099 s, 2979 s, 1681 i, 1598 m, 1548 m, 1483
S, 1446 1, 1398 m, 1269 m, 1226 m, 1093 s, 819 s, 750 s, 686 s, 542 5, 505 5, 462
s. 1H-NMR (400 MHz, DMSO-dg, 6/ ppm): 1.65 (3H, d, -O-CH(CH3)CO-,
J=6.8Hz), 6.09 (1H, g, -O-CH(CH3)CO—, J = 6.8 Hz), 7.13 (1H, t, H19, J = 7.2
Hz), 7.27-7.61 (5H, m, H3, Hg, H11, H1e, H17), 7.75 (1H, d, Hg, J = 8.8 HZ), 7.79
(2H, d, Hg, H15, J = 8.6 HZz), 7.97 (1H, d, H1p, J = 8.4 Hz), 8.12 (1H, d, H1g, J =
= 8.8 Hz), 8.48 (1H, s, Hg), 8.74 (1H, s, -N=CH-), 10.65, 10.83 (2 conformers:
Z, E) (1H, s, -CO-NH-Ar), 12.05, 12.17 (2 conformers:. Z, E) (1H, s, -CO-NH—-
—N=CH-); 13C-NMR (400 MHz, CDCl3, &/ ppm): 19.00 (-O-CH(CH3)CO-),
73.53 (-O-CH(CH3)CO-), 117.04 (Cg), 119.28 (Cg, C12), 123.32 (Cy), 124.35
(C10), 126.52 (Cs), 127.25 (Cq7), 127.32 (Cg), 128.50 (Coq, C11), 129.68 (C15),
130.09 (C1g), 130.76 (C13), 131.75 (C1p), 132.25 (Cy), 133.88 (C14), 138.87
(C7), 140.11 (-N=CH-), 153.40 (Cp), 161.34 (-CO-NH-Ar), 169.58 (-CO-NH-
N=CH-); (+)MS! (m/z): 478.2 ((M+Na]*), 456.1 ([M+H]*); ()MS" (m/z):
456.1, 381.0, 363.0, 335.0, 274.0, 247.9, 180.9.

The experimental results suggested that the 5-chloro-2-(substituted alkoxy)-
-N-phenylbenzamide derivatives were readily purified.

The IR spectral data of the ethyl esters 4—6 indicate the presence of an ether
bond between the phenolic hydroxyl group and the akyl a- or y-C atom of the
ester by signals in the range 1222-1232 and 1053-1074 cmL. The carbonyl
groups from the esters appear in the range 1720-1751 cm1; however, in the IR
spectra of the hydrazides, this band is missing, which indicates the conversion of
the esters into hydrazides. The signals corresponding to the vibrations of the
amide and hydrazide group appear between 3178-3394 and 1630-1720 cnmr?,
respectively.
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The synthesized compounds were also analysed by 1H-NMR spectroscopy in
DMSO-dg and 13C-NMR spectroscopy in CDCl3. In order to facilitate the NMR
data interpretation, the numbering of the aromatic rings is presented in Fig. 1.
The IH-NMR shifts of the ethyl group from the esters appear between 1.0 and
4.3 ppm, that of the amide group between 10.2 and 11.2 ppm, that of the hydra-
zide group, from both hydrazides and hydrazones, between 8.9 and 12.1 ppm and
that of the imine group between 8.1 and 8.8 ppm. The 13C-NMR signals corres-
ponding to the carbons from the hydrazide and amide groups appear in the range
162—-171 ppm and those of the aromatic carbons between 115 and 160 ppm.

0

(CHz)n—c/< 7 Re
CI:H NH—N=CH1—3</:715
o’ R, 12_11 1415
N co-NH—7©10
3
4 6 8 9
5 Fig. 1. Numbering of the aromatic rings used
cl for the identification of the NMR signals.

Compound characterization was further realised by high performance mass
spectrometry using an advanced methodology based on positive electrospray
ionization ((+)ESI) high capacity ion trap multistage collision-induced dissocia-
tions (CID) at low energies. For the MS investigation, the samples were dis-
solved in pure methanol and both (+) ESI MS! and tandem mass spectra (+) ESI
MS" (n = 2-6) were acquired. MS! and mass calculation revealed only the pre-
sence of the molecular ions corresponding to monoprotonated molecules, [M+H]*,
and/or species exhibiting sodiated and potassiated adducts [M+Na]* and [M+K]™.
Fine and detailed structural analyses were performed by multistage mass spec-
trometry from MS? to MSS, which was for the first time employed here for ac-
curate determination of compounds belonging to this particular class. Multistage
MS was performed by application of an ion isolation width of 1 Da followed by
He-assisted CID at low and variable energies. Unlike classical tandem MSin a
single dissociation phase, the consecutive fragmentation episodes of up to MS8
applied to the precursor ion and its derived fragments, provided not only a strict
control of the dissociation process but aso the unique possibility to re-sequence
small fragment ions of the same precursor until unequivocal structure elucida-
tion. Interpretation of the MS2-M S8 spectra showed that the obtained multistage
sequencing data unambiguously corroborated the structure of the synthesized
compounds.

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

2009 Copyright (CC) SCS



854 IENASCU et al.

EXPERIMENTAL
Materials

Reagents: ethyl chloroacetate, ethyl 2-chloropropionate, ethyl 4-chlorobutyrate, 5-chloro-
-2-hydroxy-N-phenylbenzamide (Aldrich, for synthesis); hydrazine monohydrate (N,H4-H,0)
(Merck, for synthesis); 4-chlorobenzaldehyde, 2-chlorobenzaldehyde (Merck, for synthesis);
solvents: absolute ethanol, ethyl methyl ketone, dimethylformamide (Merck, analytica purity).
Synthesis of the ethyl esters 4614

Ethyl esters were obtained by the reaction of 5-chloro-2-hydroxy-N-phenylbenzamide
with chloro-substituted acid ethyl esters 1-3 in ethyl methyl ketone. A mixture of 5-chloro-2-
-hydroxy-N-phenylbenzamide (0.010 mol) and anhydrous K,COj3 (0.010 mol) was refluxed in
50 mL ethyl methylketone. The halogenated acid ethyl ester (0.010 mol) was added dropwise.
The optimum molar ratio was amide:ester:K,CO3 = 1:1:1. The mixture was stirred and heated
on a steam bath for 5 h. After cooling to room temperature, the mixture was poured onto water
and shaked intensively. The organic phase was separated and dried over MgSO,. After
filtration and evaporation of the solvent under vacuum, the esters crystallized. The solid esters
were re-crystallized from ethanol.

Synthesis of the hydrazides 7 and 810

A mixture of ethyl ester 4 or 5 (0.010 mol) and hydrazine hydrate (2.2 mL, 0.010 mol)
was refluxed in 25 mL ethanol for 3 h. The reaction mixture was cooled, the separated solid
filtered off and then re-crystallized from ethanol.
Synthesis of the hydrazones 11-1410

To a solution of hydrazide 7 or 8 (0.0030 mol) in 25 mL ethanol, the appropriate benz-
aldehyde 9 or 10 (0.0030 mol) was added. The reaction mixture was refluxed for 5 h. The
solid obtained after cooling was filtered off, washed with water and re-crystallized from di-
methylformamide.

Melting points were determined with a Boetius Carl-Zeiss Jena apparatus. The IR spec-
tra, as KBr pellet, were recorded on a Jaskow FT/IR-430 instrument and the NMR spectra
were recorded in DMSO-dg and CDCl; on a Bruker Avance DRX 400 instrument. Mass spec-
tra were recorded in methanol on a high capacity ion trap, HCT Ultra PTM instrument (Bru-
ker, Daltonics, Bremen), interfaced to a PC running the Compass™ integrated software
package, version 1.2, which includes the Hystar™ module, version 3.2.37, for instrument
controlling and spectrum acquisition, and Esquire Control ™, version 6.1.512, and Data Ana-
lysis™, version 3.4.179, modules for storing the ion chromatograms and processing the MS
data. Elemental analysis was performed on aVario EL analyzer.

CONCLUSIONS

Nine novel compounds with the ortho-hydroxybenzamide structure were
synthesized and characterized.

The 1:1 molar ratio of reagents gave good yields (>66 %) after the fina
purification. The purity of the synthesized compounds was higher than 95 %.

The employed analytical methods confirmed the identity and provided the
elemental composition of all the investigated compounds.

Some of these compounds were found to be active against a series of bac-
terial and fungal strains.1516 Therefore they can be considered as a group of po-
tentially antimicrobial compounds.
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U3BOA

CUHTE3A U KAPAKTEPU3AILIMIJA HEKMX HOBUX 5-XJIOPO-2-(CYIICTUTYUCAHU
AJIKOKCH)-N-OEHUIIBEH3AMUHUX JEPUBATA

IOANA M.C. IENASCUY, ALFA X. LUPEAL, IULIANA M. POPESCU?,
MIRABELA A. PADURE! u ALINA D. ZAMFIR3#

«politechnica™ University, Faculty of Industrial Chemistry and Environment Engineering, Department of
Organic Chemistry, 2 P-a Victoriei, 300006 Timicoara, 2Banat’s Agricultural Science University, Faculty of
Agriculture, Department of Chemistry and Biochemistry, 119 Calea Aradului, 300645 Timicoara, *Mass
Spectrometry Laboratory, National Institute for Research and Development in Electrochemistry and Condensed
Matter, 1 Plautius Andronescu, 300224 Timisoara u *’Aurel Vlaicu” University of Arad, 77 Revoluyiei Blvd.,
310130 Arad, Romania

VY nmpy nobujama OMOJIOIKY aKTUBHUX jeU-CHA U3BPIICHA je CHHTE3a HEKUX HOBHX JIEpPH-
BaTa o-xuapokcuOeH3amuaa. Etun-ectpu cy mobujenn peakuujom N-deHHI-2-XHIPOKCH-5-XIT10pO-
-OeH3aMKa U XJIOPO-CYIICTUTYHCAHUX eTHi-ectapa 1-3 y eTuin-meTun-keTony. Jlo6ujenu erun-ec-
TPHU KOH/ICH30BaHU Cy ca xuapasuHoMm rpazehu xuapazuzae 7 u 8. Xunpaszonu 11-14 cy 3atum mo-
OMjeHH peakIMjoM XUapasuaa ca XJopo-cyncturyucanum oenszainexuanma 9 u 10. Hosa jemume-
ma cy okapakrepucana nomohy FTIR, TH-NMR, 13C-NMR, MS u enemenTaniom anammsom.

(TMpumsbero 26. HoBemGpa 2007, peBuaupano 27. anpuna 2009)
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Abstract: The objective of this work was to study the effect of treatment of
young soybean plants with cholic acid of different concentrations on their
oxidative status. Young soybean plants, grown hydroponically for two weeks,
were treated by adding cholic acid to the nutrient solution at the concentrations
20, 40, 60 and 80 mg/L, the control being without cholic acid. After one week,
several parameters of the oxidative status were determined in the leaves and
roots of the plants: contents of superoxide (O3 ), hydroxyl radicals ("OH) and
glutathione (GSH), lipid peroxidation (LP), the superoxide dismutase (SOD)
activity and the soluble protein accumulation, as well as the contents of chlo-
rophylls and carotenoids. Treatments with cholic acid increased O3 , LP, "OH
and GSH in the leaves of the treated plants, while only the OH content in-
creased in the roots at higher cholic acid concentrations. The obtained results
support the idea that cholic acid, as an elicitor of defence responses in plants,
might act through the generation of an oxidative burst.

Keywords: cholic acid; soybean; oxidative status.

INTRODUCTION

Plants have evolved efficient mechanisms to combat pathogen attacks. One
of the earliest responses to an attempted pathogen attack is the generation of an
oxidative burst, which can trigger hypersensitive cell death. This is called a hy-
persensitive response (HR) and is considered a major element of plant disease
resistance. The HR is thought to deprive the pathogens of their food supply and
confine them to the initial infection site.l It occurs when a plant can specifically
recognize the pathogen during an “incompatible” interaction.2 The cell death is
manifested as a rapid collapse of tissue and shows some typical morphological

* Corresponding author. E-mail: kevresan@polj.ns.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0909857K
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features: membrane blebbing, nucleus condensation, fragmentation of DNA,
shrinkage of the cell, etc. Cell death is also a feature of disease symptoms but it
occurs very late in the infection process during a ‘compatible’ interaction. The
HR is not due to the action of pathogen virulence factors that kill the plant cells,
but rather appears to be a form of programmed cell death (PCD) in plants.3

Recently, it was established that cholic acid is an elicitor of hypersensitive
cell death, pathogenesis-related protein synthesis and phytoalexin accumulation
and could induce defence responses in rice plants.4 Elicitor molecules, beside
inducing accumulation of phytoalexins, trigger a plant defence response called an
oxidative burst, which involves the production of reactive oxygen species.>6 Bile
acids can also promote the generation of reactive oxygen species and the increase
in reactive oxygen species caused by bile acids is well documented only in mam-
malian tissues.”.® The effect of bile acids on plants, especially on the antioxida-
tive status, has hitherto not been studied. Antioxidant systems are produced du-
ring interactions between pathogens and plant hosts.9:10 The susceptibility of a
plant to oxidative stress may depend on the overall balance between factors that
increase oxidant generation and those cellular components that exhibit an anti-
oxidant capability.11

The aim of this work was to study the effect on their oxidative status of the
treatment of young soybean plants with cholic acid of different concentrations.

EXPERIMENTAL

All employed chemicals were of reagent grade, purchased from Merck (Darmstadt,
Germany) or Sigma Aldrich.

Plant material and treatment

Soybean seeds, genotype Becejka, were obtained from the Institute of Field and Vege-
table Crops, Novi Sad, Serbia. Prior to germination, the seeds were surface sterilized by
soaking in a 5 % solution of commercial bleach for 20 min and washed with distilled water.
The seeds were sterilized again by dipping in 70 % ethanol for one minute, followed by
soaking in commercial bleach for ten minutes and then rinsed three times with sterile distilled
water. The seeds were germinated on wet paper towels in a thermostat for 3 days at 25 °C.
Subsequently, the seedlings were transferred to pots with full nutrient solution (1 mmol/L
MgSO,, 3 mmol/L Ca(NOs3),, 0.19 mmol/L KH,PO,, 0.31 mmol/L NH4H,PO,, 46 umol/L B,
9 umol/L Mn, 0.8 umol/L Zn, 0.3 umol/L Cu, 0.8 umol/L Mo and 75 pmol/L Fe as Fe-EDTA)
and grown in a controlled environment (temperature 25 °C, relative humidity 60 % and light
intensity 16000 lux) for two weeks. The treatments with cholic acid were realised by adding
cholic acid (as sodium cholate) to the nutrient solution at concentrations of 20, 40, 60 and 80
mg/L, the control plants being grown in nutrient solution without the addition of cholic acid.
Samples of roots and leaves were taken for biochemical analyses 7 days after treatment.

Biochemical assays

For the determination of the oxidative status parameters, 1 g of fresh plant material was
homogenized with 10 cm? 0.10 M K,HPO, at pH 7.0. After centrifugation at 15000 g for 10
min at 4 °C, aliquots of the supernatant were used for the biochemical assays.
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A UV/visible spectrophotometer model 6105, Jenway, Dunmon, UK was used for the
spectroscopic measurements.

The superoxide radical was measured by the inhibition of adrenalin auto-oxidation.12
The hydroxyl radical was assayed by the inhibition of deoxyribose degradation.’® The super-
oxide-dismutase (SOD; EC 1.15.1.1) activity was measured by monitoring the inhibition of
nitroblue tetrazolium (NBT) reduction at 560 nm.14 Lipid peroxidation (LP) was measured
spectrophotometrically as malonyldialdehyde (MDA) production at 532 nm with thiobarbi-
turic acid (TBA), as described by Placer et al.1> and Gidrol et al.16. The chlorophyll and caro-
tenoid contents were estimated according to Sairam et al.8 and soluble protein content was
determined according to Bradford.1” The results of the oxidative status parameters were nor-
malized per milligram of homogenate soluble protein; the chlorophyll and carotenoid contents
are expressed per gram of fresh leaf matter (f.m.).
Statistical analyses

All determinations were made in triplicate and the values are expressed as the meant
+standard deviation. The statistical significance was tested by one-way Anova, followed by
comparisons of the means by the Duncan multiple range test (p < 0.05).

RESULTS AND DISCUSSION

One of the earliest biochemical changes observed after pathogen recognition
is an increased production of reactive oxygen species (ROS), i.e., the so-called
“oxidative burst”. Numerous reports showed a rapid production of ROS in res-
ponse to various infections or elicitor treatments.18-20 The superoxide radical and
H,>0, play various roles in the signal transduction pathway leading to HR cell
death. They can act directly as antimicrobial compounds or induce a rapid cross-
-linking of proteins in the cell wall. They can also act as messengers, triggering,
for example, modification of ion fluxes or the production of secondary messen-
gers such as salicylic acid.19 In this work, a similar response was observed in the
leaves of soybean after treatments with cholic acid (Figs. 1 and 2). This is in
agreement with the findings of Delledonne et al.20 that inoculation of soybean
cell suspensions with Pseudomonas syringae stimulated a strong oxidative burst.

ROS are known to be produced very locally and at high levels during the
HR. Hence, in addition to their predicted signalling role, they can also act in a
direct way. Cytochemical studies showed that the accumulation of ROS is related
to rapid death of infected cells and is correlated with a rapid loss of membrane
integrity.10 The superoxide content in the leaves of the investigated plants in-
creased significantly compared to the control with increasing cholic acid concen-
tration. At the same time, this effect was not observed in the root tissue (Fig. 1).
This is probably because the photosynthetic apparatus is absent from this plant
organ. Photosynthesis is one of the most important metabolic pathways in which
the generation of ROS occurs.2! In addition, the activity of the antioxidant en-
zyme SOD was increased in the roots and the increase was higher compared to
that observed in the leaves (Fig. 3). SOD is of utmost importance since it cata-
lyzes the dismutation of the superoxide radical to molecular oxygen and hydro-
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Fig 1. Superoxide content in leaves and roots of young soybean plants treated with cholic
acid of different concentrations. Bars represent the standard deviation. Columns labelled with
an asterisk are significantly different (Duncan test, p < 0.05) from the corresponding control.
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Fig. 2. "OH content in the leaves and roots of young soybean plants treated with cholic acid
of different concentrations. Bars represent the standard deviation. Columns labelled with an
asterisk are significantly different (Duncan test, p < 0.05) from the corresponding control.

gen peroxide,14 thus preventing the formation of other, more toxic oxygen
species, such as the *OH radical. Some other authors also reported an increase in
the SOD activity in plants under oxidative stress.22.23 Aggressive oxygen
radicals are thought to cause lipid peroxidation (LP) and membrane damage that
might be directly responsible for the collapse of the cells. This is in agreement
with the present findings for the quantities of *OH and MDA, the main end
product of LP (Figs. 2 and 4). The quantity of *OH increased significantly for
most of the treatments with cholic acid, which was particularly pronounced in the
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soybean leaves and to a smaller extent in the roots (only treatment with highest
cholic acid concentration, 80 mg L-1, had an effect). These results suggest that
the most intensive process of destruction of cell membranes occurred in the
leaves, due to higher quantity of the most reactive oxygen species — OH, thus
confirming the hypothesis that the accumulation of ROS is in positive correlation
with the peroxidation of membrane lipids.
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Fig. 3. A) SOD activity in leaves and roots of young soybean plants treated with cholic acid of
different concentrations. Bars represent the standard deviation. B) Averages of SOD activity
for all treatments in the leaves and roots of young soybean plants. Bars represent standard
deviation. Values are significantly different (Duncan test, p < 0.05).

30 *

25 A {‘ .
20 A % %

*

Lipid peroxidation, nmol MDA (mg protein)-'

5 1 ’-|'-‘ : "I“ ’{“
0
‘ 80 0 ‘ 20 ‘ 40 ‘ 60 ‘ 80

U|20|40|60

Leaves Roots

Cholic acid concentration, mg L

Fig. 4. Lipid peroxidation in the leaves and roots of young soybean plants treated with cholic
acid of different concentrations. Bars represent the standard deviation. Columns labelled with
an asterisk are significantly different (Duncan test, p < 0.05) from the corresponding control.
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The tripeptide glutathione (Glu-Cys—Gly) is involved in many aspects of
metabolism: removal of hydroperoxides, protection from ionizing radiation, main-
tenance of the sulphhydryl status of proteins, complexation of xenobiotic or endo-
genous reactive compounds, aiding in their detoxification and excretion, etc.24
Many of these functions are accomplished by reactions at the cysteinyl sulphhyd-
ryl group, catalyzed by glutathione-requiring enzymes. The obtained results showed
that the glutathione (GSH) content increased significantly in soybean leaves on
cholic acid treatment (Fig. 5). Even the lowest applied concentration of cholic
acid (20 mg L1) caused a significant increase in the GSH content in soybean
roots compared to the control. It seems that GSH plays an active role in the
leaves in the detoxification and removal of ROS produced by cholic acid treat-
ment.
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Fig. 5. GSH content in the leaves and roots of young soybean plants treated with cholic acid
of different concentrations. Bars represent the standard deviation. Columns labelled with an
asterisk are significantly different (Duncan test, p < 0.05) from the corresponding control.

The chlorophyll and carotenoid contents in soybean leaves increased due to
cholic acid treatment, being highest with the treatment of 80 mg L1 (Fig. 6).
Some other authors®.2° reported a decrease in the content of plant pigments under
oxidative stress conditions. It seems that under the present experimental condi-
tions, a de novo biosynthesis of chlorophylls and carotenoids occurred in the
leaves of soybean as a response to cholic acid treatment. These mechanisms
should be further investigated since there are no previous studies in this area.

CONCLUSIONS

Increased quantities of O3, LP and *OH in leaves of treated plants support
the idea that cholic acid, as an elicitor of defence responses, could act through the
generation of an oxidative burst. The GSH content increased significantly in soy-
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Fig. 6. Chlorophyll a and b (A) and carotenoid (B) content in the leaves of young soybean
plants treated with cholic acid of different concentrations. Bars represent the standard
deviation. Columns labelled with an asterisk are significantly different
(Duncan test, p < 0.05) from the control.

bean leaves as affected by cholic acid treatments, which could mean that GSH
plays an active role in leaves in the detoxification and removal of ROS produced
because of the treatments.
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U3BOA

E®EKAT TPETMAHA XOJIHOM KHCEJIMHOM HA OKCHJJATUBHU
CTATYC BUJbAKA COJE

CJIABKO E. KEBPELIAH!, BOPBE P. MAJIEHUWR', MUJIAH T. TIOIIOBUR?,
KCEHMUJA H. KYXAJ,I:[A2 u JVJIMJAH E. KAHJIPAY®

"Mowoipuspednu paxyaimieim, Ynusepsuiied y Hosom Cady, Tpz Jocuitieja Obpadosuhia 8, 21000 Hosu Cad u
2[pupodno-maitenainuyiu akyaitiein, leiapitinan 3a xemujy, Ynusepauitieii y Hosom Caoy,
Tpz Hocuitieja Obpaoosuha 3, 21000 Hosu Cao

[usb oBor paja je 6o aa ce ucnura edekaT TpeTMaHa PasIMYUTUM KOHLICHTpalfjaMa XO0JIHe
KHCEeNIMHE Ha OKCHAATHBHHU CTaTyc Miaaux Omibaka coje. Mitage OusbKe coje, y3rajaHe XHIpOIOH-
CKHM J[BE HEJleJbe, TPETUPAHE Cy J0JABAKEM XOJHE KUCEJIMHE Y XPaH/bUBH PAcTBOP Y KOHIGHTpa-
uujama ox 20, 40, 60 u 80 mg/L, 10K KOJ KOHTPOJIHHX OWsbaka HHUje J0JaBaHa XOJIHA KHCEIHHA.
Henesby JaHa HAKOH IOYETKA TPETMaHa OApel)eHO je HEeKOINKO MOoKa3aTesba OKCHAATHBHOL CTaTyca
y JIUCTOBMMA U KOpeHy 6usbaka: konuauna cynepokcuna (O3 ) u xuapoxcun pamuxana (‘OH), kao
u rnyraruona (GSH), munuana nepokcuaanuja (LP), aktuBHOCT cynepokcun-aucmyrase (SOD),
caJpkaj pacTBOPJbMBUX IIPOTEHHA, XJOpoduia U KapoTeHouaa. TpeTMaHH XOJHOM KHCEIHHOM
nosenu cy jo nosehama Oj , LP, "OH u GSH y nuctoBuMa 6mibaka, 10K je y KopeHy yTpheH
nosehanu cagpxkaj “OH y TperManuma ca BehMM KOHIEHTpalujamMa XoiHe KucenauHe. J[oOujeHu
pEe3yNTaTH TOBOPE y MPHJIOL MPETIOCTABLM 12 XOJNHA KHCEIUHA Ka0 MOJEKYJ OKPeTay MOXKe Jie-
JIOBATH ITyTEM CTBapama PEaKTHBHUX KHCEOHUYHUX BPCTA KOJ OHIbaKa.

(TTpumsbeno 18. pebpyapa, pesumuparo 29. mapra 2009)
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Abstract: Methylglyoxal is a highly reactive a-oxoaldehyde with elevated pro-
duction in hyperglycemia. It reacts with nucleophilic Lys and Arg side-chains
and N-terminal amino groups causing protein modification. In the present stu-
dy, the importance of the reaction of the Cys thiol group with methylglyoxal in
protein modification, the competitiveness of this reaction with those of amino
and guanidine groups, the time course of these reactions and their role and
contribution to protein cross-linking were investigated. Human and bovine se-
rum albumins were used as model systems. It was found that despite the very
low levels of thiol groups on the surface of the examined protein molecules
(approx. 80 times lower than those of amino and guanidino groups), a very
high percentage of it reacts (25-85 %). The amount of reacted thiol groups and
the rate of the reaction, the time for the reaction to reach equilibrium, the
formation of a stable product and the contribution of thiol groups to protein
cross-linking depend on the methylglyoxal concentration. The product formed
in the reaction of thiol and an insufficient quantity of methylglyoxal (compared
to the concentrations of the groups accessible for modification) participates to a
significant extent (4 %) to protein cross-linking. Metformin applied in equimo-
lar concentration with methylglyoxal prevents its reaction with amino and
guanidino groups but, however, not with thiol groups.

Keywords: methylglyoxal; protein thiol group reaction; protein modification
and cross-linking; AGEs.

INTRODUCTION

Advanced glycation end products (AGES) are elevated in diabetes and are
involved in the pathogenesis of its vascular complications,1-6 as well as in other
pathological states. They are formed in the reaction of carbonyl-containing mate-
rials with N-terminal and Lys side-chain amino groups, the guanidino group of

* Corresponding author. E-mail: ljmandic@helix.chem.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0909867A
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Arg, the sulfhydryl group of Cys in proteins, and through a series of reactions
and rearrangement.” Some of the final products of these reactions are the well-
-characterized conjugates (N-(carboxymethyl)lysine, N-(carboxyethyl)lysine, N-(car-
boxymethyl)arginine, S-(carboxymethyl)cysteine, S-(carboxyethyl)cysteine and
pentosidine), which are used as markers in clinical practice.

Methylglyoxal (MG) is an a-oxoaldehyde which is formed in cells primarily
from triose phosphate intermediates of glycolysis, dihydroxyacetone phosphate
and glyceraldehydes-3-phosphate.® It is accumulated in hyperglycemia,®10 oxi-
dative stress, uremia,1! in the aging process and inflammation. As a highly reac-
tive compound (a-dicarbonyl compounds are 20,000-fold more reactive than glu-
cose in glycation reactions!2), it participates in the modification of proteins3 and
DNA and leads to the formation of AGEs. Molecules modified with methyl-
glyoxal and their derivatives can affect cellular functionality via gene expres-
sion,15 lead to micro- and macro-vascular complications in diabetes,16 contribute
to upregulation of inflammatory and tissue-injury-provoking molecules (interact-
tion of AGEs and receptor RAGE), protein cross-linking and apoptosis.17

Amino, guanidinel® and thiol groupsl3 present on protein surfaces partici-
pate in protein modification with methylglyoxal. The products formed in the first
phase of the reaction change in a series of subsequent reactions.18 The thiol
group is a strong nucleophile, at physiological pH values stronger than the amino
and guanidine groups of Lys and Arg side chains. Yet, the role of thiol group in
protein modification with MG has not been sufficiently investigated. The propo-
sed mechanism of reaction of thiol with glyoxall® or MG23 proved the formation
of carboxymethylcysteinel9-21 and carboxyethylcysteine. These products were
proposed for use as markers in pathological states1® and attempts were made for
their quantification.22 The research on Cys side-chain modifications of thiol-de-
pendent enzymes glyceraldehyde-3-phosphate dehydrogenase23 and creatine ki-
nasel® with MG showed their inactivation during incubation. The formation of
protein aggregates was observed in the treatment of albumin with MG.18 The role
of amino and thiol groups in cross-linking via reactive compounds, such as glu-
taraldehyde,24 4-hydroxynonenal2®> and acrolein26 was stressed. The potential
importance of SH and MG reaction in protein cross-linking has only been re-
ported by Zeng and Davies.2” They proposed that the product of the initial re-
action between a thiol group and MG can be a target for the next reaction with an
amino group or, vice versa, the initial product of a reaction between an amino
group and MG can be a target for an SH group. Since the presence and avail-
ability of thiol groups on the protein surface is marginal compared to amino
groups, the question is: what is the importance and contribution of the initial
reaction between SH and MG to cross-linking? What are the target proteins for
this reaction and what is the physiological role of the formed adducts?
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Therefore, in this study, the time progression of the reaction of protein thiol
groups (as well as of amino and guanidino groups) with methylglyoxal, detection
of protein modifications, the role and contribution of the initial reaction between
thiol and MG, i.e., the product of that reaction, as a target for protein cross-
-linking were examined. Also, the effects of inhibitors on the above-mentioned
reactions, especially during low-dose long-term exposition of albumin to MG, were
analyzed. Human (HSA) and bovine serum (BSA) albumins were chosen as mo-
del-systems by virtue of the considerably lower thiol group content on the mole-
cule surface compared to amino (and guanidino) group and because of their
abundance and reported antioxidant properties.

EXPERIMENTAL
Materials

All chemicals were purchased from Sigma, Steinheim, Germany, unless otherwise stated.
The 20 % solution of HSA was purchased from Octapharma AB, Stockholm, Sweden; thymol,
3’,3”,5",5”-tetrabromo-m-cresolsulphonephthalein (BCG), hydroquinone and bromine were
from Merck, Darmstadt, Germany.

Preparation of glycated samples

HSA or BSA solutions (33 mg/mL, i.e., 0.50 mM) were prepared in 0.10 M phosphate
buffer (pH 7.2) under sterile conditions (sterile zone) and incubated in capped vials at 37 °C
with different concentrations of MG as follows: BSA with 50 mM MG for 168 h; HSA with
100 mM MG for 24 h; HSA with 10 mM MG for 24 days. All solutions were sterile-filtered
prior to incubation. For the investigations of the inhibition of the reactions, glutathione (GSH)
and metformin (10 and 20 mM) were used.

Monitoring of changes of HSA and BSA molecules during incubation with MG

Aliquots of the reaction mixtures were taken at predetermined intervals during incubition
and subsequently extensively dialyzed against deionized water (3 times within an hour). The
albumin concentrations after dialysis were assayed by the BCG method.28 Protein changes du-
ring incubation with different methylglyoxal concentrations were monitored using native and
SDS PAGE. In brief, to 5.0 mL of 0.04 mM BCG in 0.10 M Gly buffer (pH 3.8), 0.02 mL of
sample was added. The absorbance at 628 nm was measured against the reagent after 30 s.

Protein changes during the incubation with different MG concentrations were monitored
using native and SDS PAG (10 % of acrylamide) electrophoresis according to protocol of Ho-
effer scientific instruments.?® 7 L of protein samples (0.05-0.15 mg/mL) were applied. Gels
were stained by Coomassie Brilliant Blue G-250 (CBB).

In each aliquot, the contents of the reactive groups were determined in triplicate.

Thiol assays

Free thiol groups were assayed spectrophotometrically according to a modified Ellman
method.30 5,5’-Dithiobis(2-nitrobenzoic acid) reagent (100 puL of 2.0 mM solution) was mixed
with 10 pL-100 pL of the sample, 100 uL of 1.0 M Tris buffer (pH 8.0) and filled up with
water to 1300 uL. To avoid interferences of the browning state of modified albumin, the ab-
sorbance was measured at 412 nm against a sample blank, using a Beckman DU 50 spectro-
photometer. In addition, dilution of samples (13-130 times) contributed to the minimization of
the influences. Standard solutions of 2-mercaptoethanol (0.143-1.43 mM) were used for the
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construction of a standard curve (y = 0.01013 + 0.7225x; r = 0.9999, p < 0.0001). The SH
group concentration was also calculated using the extinction coefficient 13600 mol dm? em'™,

As commercially available albumin preparations already contain oxidized Cys34,3!
the content of free thiol group was determined in untreated BSA/HSA (0.73/0.76 mole
per mole of protein, respectively). The amounts of reacted thiol groups were expressed as
percentages of these contents.
Guanidine assay

A spectrophotometric method32 was used for the determination of guanidino groups.
To 1.0 mL 0.020 % thymol in 1.0 M NaOH, 10 pL-100 pL sample and 100 uL 2.0 % Br,
in 5.0 % NaOH were added and the mixture was filled up with water to 2.1 mL. The ab-
sorbance at 470 nm was measured against a reagent blank. A standard curve was prepa-
red with standard arginine solutions in the concentration range 0.125-1.25 mM (standard
curve: y =-0.01407 + 0.30933x, r = 0.9992, p < 0.0001).
Determination of amino groups

The spectrophotometric determination of amino groups was performed as follows:33 100
pL sample, 100 pL 1.0 M phosphate buffer (pH 7.2), and 40 puL 0.10 M p-benzoquinone in di-
methyl sulfoxide were mixed and water was added to a volume of 1500 pL. The absorbance at
480 nm was measured against reagent blank. A standard curve was constructed with alanine in
the concentration range from 10-90 mM (y = 0.03225 + 0.00695x, r = 0.9966, p < 0.0001).
Statistical analysis

Data are expressed as the meanzstandard deviation (SD) from a minimum of three expe-
riments. Statistical analysis was performed by the Student’s t-test.

RESULTS AND DISCUSSION

BSA and HSA were used as model systems to investigate the role of thiol
groups in the modification and cross-linking of protein molecules via methyl-
glyoxal. These proteins were chosen due to the fact that the number of amino
acid side-chains is known, i.e., the number of reactive groups on the protein sur-
face that MG can react with,18:34 and the number of thiol groups (only one) is con-
siderably lower compared to the number of Lys (59) and Arg (24) side-chains.
Considering the higher reactivity of the SH-group compared to the amino and
guanidine groups at physiological pH values and the substantially lower avai-
lability for reaction, it was of interest to investigate the importance of this reac-
tion for protein modification at different MG concentrations. On the other hand,
the abundance of HSA in the serum may point to its additional role in carbonyl
stress.

Modification of BSA in reaction with methylglyoxal

A reaction mixture of BSA (0.50 mM) and methylglyoxal (50 mM) in 0.10
M phosphate buffer (pH 7.2) was incubated for 7 days at 37 °C. A considerably
higher concentration of MG than the physiological one (free MG in plasma is <5
M35 with > 90 % MG bound to proteins!3) was used in order to monitor and
compare the reaction rates of each group (thiol, amino and guanidino) accessible
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for modification. In addition, the employed MG concentration was higher (by 19
%) than the sum of reactive groups per mole of BSA surface of the protein mole-
cule. BSA modification was monitored over time by native and SDS PAGE
(Figs. 1A and 1B, respectively).

A considerable change in the mobility of BSA during native electrophoresis,
i.e., a decrease in the positive charge of the protein, was observed after 2 and 4 h
of incubation (Fig. 1A, lanes 2 and 4, respectively). The mobility of the protein
band increased with incubation time. A broadening and higher diffuseness of the
protein bands during native and SDS PAGE was detected as early as after 4-6 h
of incubation, which continued as the incubation proceeded further. These bands
tailed to higher molecular mass values in the period from 1 to 7 days of incubation.

A B

.n-‘--.-
s
+

¢c 0305 1 ¢ 2 4 6 8 24 48 0305 1 ¢ 2 4 ¢ 6 8 24 48

Fig. 1. Native (A) and SDS-PAGE (B) showing the changes of BSA electrophoretic mobility
resulting from reaction with methylglyoxal. BSA (0.50 mM) was treated with 50 mM MG in
0.10 M phosphate buffer (pH 7.2) at 37 °C for 7 days. Lane c shows nontreated BSA. The
marks of other lines correspond to time of incubation (h) of BSA with MG. The
electrophoresis was performed on 10 % polyacrylamide gels and the bands
were visualized by CBB, as detailed in the Experimental.

Comparison of the reactivity of the thiol, amino and guanidine groups of the BSA
amino acid side chains with methylglyoxal

In order to determine the role and contribution of the thiol groups and to
compare them with the contributions of the amino and guanidino groups to the
changes in BSA as observed in the electrophoregrams, the progress of reactions
of these groups with MG was monitored by their quantification in aliquots of the
reaction mixture during incubation (Fig. 2).

The changes in the amounts, i.e., the percentages, of reacted guanidino and
thiol groups in the reaction mixture after 7 days were very similar. After 24-hour
incubation, 66 % of the arginine side chains, 53 % of the thiol groups and only 21 %
of the amino groups had reacted. In the following two days of incubation, the
percentage of the reacted guanidino groups rose to 81 % and of thiol to 77 %, at
which levels they remained until the end of incubation (7 days). The content of
amino groups changed moderately from the first to the seventh day of incubation
(24.81£2.4 %).
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Fig. 2. Quantification of thiol,
amino and guanidino groups (%
of the ones reacted) during the in-
cubation of 0.50 mM BSA with
50 mM MG in 0.10 M phosphate
buffer (pH 7.2) at 37 °C for 7
days. Data are the means from
three determinations. SD data for
particular reactive group and spe-

Amount of groups reacted, %

o777
0 20 40 60 80 100 120 140 160 cific time points are presented in
Time of incubation, h Table I.

It is of interest to compare the changes in the contents of the reactive groups
during the first 8 h of reaction, the period when modification of the protein mo-
lecules was detected by electrophoresis. The amount of guanidino groups de-
creased by 26 % in the first 2 h of incubation and had decreased by 37 % after 4
h. In the same time period, the amount of thiol groups decreased by 20 and 30 %,
respectively. After 8 h, under the employed incubation conditions, only about 8 %
of amino groups had reacted.

The contribution of the reaction of individual reactive groups to the changes
of the BSA molecules observed by electrophoresis can be better realized if the
percentages of the reactive groups are converted to the corresponding number of
amino acid side-chains (mole) reacted per molecule (mole) of BSA (Table I).
After a three-day incubation (the equilibrium state), the total content of amino
acid side-chains reacted per BSA molecule was 36 (43.1 %).The contribution of
MG reaction with guanidino groups to the decrease of the positive charge of BSA
was higher compared to the contribution of the amino groups. The percentage of
modified thiol groups to the total content of modified amino acid residues (1.55 %)
was almost two times higher than that in untreated BSA (0.87 %). Modification
of the SH groups can contribute to a broadening of protein bands in electropho-
resis. The increased broadening of the protein bands with time reflects the pro-
duction of multiple modified forms of the protein (modification with different
numbers of MG molecules and different sites).

Some previous studies36 showed that a decrease in the free thiol content in
BSA could be the result of an oxidation process rather than of the glycation pro-
cess with MG. For this reason, the potential oxidation of thiol group in BSA due
to influence of temperature (37 °C) and the presence of oxygen in the solutions
was followed by determining of the —SH content in untreated albumin (control).
During the incubation, the content of —SH groups changed insignificantly. After
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168 h, it had decreased by only 8 %. Since in the first hours of BSA incubation
with MG, the registered decrease of free SH groups was by 20-30 % (Table 1),
this is mainly the result of the glycation reaction. According to the proposed me-
chanism,”:13 thiohemiacetal is formed in the reaction of SH group and MG, which
is converted by a Cannizzaro-type rearrangement into (1-carboxyethyl)cysteine
or participates in the cross-linking of protein molecules.2?

TABLE I. Content of reacted amino acid side-chains. BSA (0.50 mM) was treated with 50
mM MG in 0.10 M phosphate buffer (pH 7.2) at 37 °C for various time periods

Reacted groups (mol/mol of BSA)

Incubation time, h . : — %°?
Thiol Amino Guanidino Total
2 0.149+0.010 0.66+0.12 6.29+0.15 7.10 8.50
4 0.220+0.012 3.25+0.15 8.91+0.39 12.36 14.8
8 0.247+0.001 4.72+0.32 9.64+0.15 15.77 18.9
24 0.390+0.007 12.59+1.15 15.93+0.15 28.91 345
48 0.468+0.011 13.96+0.92 15.86+1.08 30.29 36.2
72 0.564+0.014 15.98+1.15 19.51+0.77 36.05 43.1
168 0.677+0.009 16.36+1.01 20.25+0.77 37.28 445

“Total reacted groups as the percent of the total number of available groups

Inhibition of methylglyoxal-induced modifications of BSA by GSH and metformin

The experiment of BSA (0.50 mM) incubation with MG (50 mM) was also
performed in the presence of glutathione (GSH) and metformin as inhibitors of
MG reaction with amino acid side chains. The experiments were performed
separately; the concentration of the inhibitors was 20 mM (2.5 times lower com-
pared to the MG concentration). The results of monitoring BSA modification by
native and SDS electrophoresis in the presence of GSH and metformin are shown
in Fig. 3.

Changes in BSA mobility in native electrophoresis were observed in the pre-
sence of both inhibitors (Fig. 3A) but to a smaller extent in the presence of met-
formin (lanes 3, 6, and 9). Relative electrophoretic migration (REM) was deter-
mined by calculating the ratio of migration of modified BSA with nontreated al-
bumin (Table I1). Significant decreases in REM were found for BSA modified in
presence of metformin compared to BSA-MG and BSA-MG + GSH after four (p <
< 0.01 for both) and eight (p < 0.001; p < 0.05, resp.) hours of incubation. These
results are consiste3[17t3\évith the findings which underlined metformin as potent
glycation inhibitor.” ™ On the other hand, in the presence of GSH, significant
decrease of REM (p < 0.001 vs. BSA-MG) was found only after eight hours of
incubation. Thus, positive charge of BSA molecules in presence of metformin is
higher than in presence of GSH. A broadening of MG modified BSA (BSA-MG)
bands in SDS PAGE was also found in the presence of both inhibitors after only
4 hours of incubation (Fig. 3B), but to a smaller extent in the presence of GSH
(lanes 2, 5, 8) compared to the system with metformin (lanes 3, 6, 9) and without
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inhibitor (lanes 1, 4, 7) for the same period of time. These findings confirm the
importance of —SH reaction with MG in protein modification as well as the role
of compounds that contain reactive thiol group as competitive inhibitor of gly-
cation. The obtained results are in agreement with the established depletion of se-
rum thiol levels and erythrocytic GSH in diabetics compared to healthy indivi-
duals.39:40

A

Fig. 3. Native (A) and SDS-

- - - - W -PAGE (B) showing the changes

of BSA (0.50 mM) resulting

v from the reaction with MG (50

1 mM) in the presence (20 mM)

ﬁrﬁcufll and absence of GSH and met-

incubation — g5h ’ 4h i sh ~  formin. The incubation was per-

B : formed in 0.10 M phosphate buf-

! fer (pH 7.2) at 37 °C for 7 days.

The marks of the lanes: lane ¢ —

— untreated BSA; lanes 1, 4 and

7 — BSA+MG; lanes 2, 5 and

8 — BSA+MG+GSH; lanes 3, 6

- and 9 — BSA+MG+metformin.

The electrophoresis was perfor-

med on 10 % polyacrylamide gels

e 12 3 4 5 6 ¢ 7 8 9 and the bands were visualized

meof v o8 d with CBB, as detailed in the Ex-
incubation™ o5, " T4 8h perimental.

TABLE II. Relative electrophoretic migrations (REM) of BSA modified with MG (BSA-MG)
and in the presence of inhibitors (BSA-MG + GSH; BSA-MG + metformin). Data of REM are
presented as mean+SD (n = 3) and statistical analyses were performed using the t-test

Time, h REM
’ BSA-MG BSA-MG + GSH BSA-MG + metformin
05 1.044+0.007 1.055+0.027 1.043+0.008
4 1.222+0.007 1.220+0.008 1.186+0.009°
8 1.347+0.011 1.259+0.013° 1.222+0.012%°

ap < 0.01 compared with BSA-MG and BSA-MG + GSH; b‘Cp < 0.001, compared with BSA-MG; dp < 0.05,
compared with BSA-MG + GSH

HSA modification in the reaction with methylglyoxal

The investigation of BSA modification with a small excess (19 %) of MG
compared to the total amount of reactive groups (8418) showed a significant re-
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duction in the content of thiol groups and did not give cross-linking of the protein
molecules. The obtained results were the basis for design of the experiments (re-
garding the MG concentration and duration of incubation) for the examination of
HSA changes with MG. In order to determine the dependence of modification of
the amino acids of the protein side chains on the MG concentration, HSA was in-
cubated in the presence of an excess or shortage of MG compared to the total
amount of reactive groups on the protein surface.

First, HSA (0.50 mM) was incubated with MG at a concentration (100 mM),
considerably higher than the physiological concentration3® and higher than the
total amount of reactive groups on the protein surfacel®. The reaction mixture in
0.10 M phosphate buffer pH 7.2 was incubated at 37 °C for 24 h because after
this time, intensive modification of protein molecules was detected in the expe-
riment with BSA. The progress of MG reaction with thiol, amino and guanidino
group of HSA was monitored by measuring levels of these groups in aliquots of
the reaction mixture with time.

The reaction rate of the guanidine group was the highest: 48 % of available
groups reacted during the first 30 min of the reaction, after which it remained un-
changed (48.6£3.9 %) during the next 10 h of reaction. In the first 30 min, only
20 % of the available amino groups had reacted and after 4 h the percentage had
doubled, after which time there was a gradual increase (to 49 %) after up to 10 h
of incubation. The data for the progress of SH-group reaction indicates that 30 %
of the groups had reacted after 30 min, 55 % after 2 h and 65 % after 10 h. At the
end of the incubation period (24 h), approx. 70 % of the amino and guanidine
groups and 85 % of the SH-groups had reacted.

HSA madification under these conditions was also monitored by native and
SDS PAGE (Fig. 4). Changes in the charge of HSA were detected by native elec-
trophoresis after 15 min of incubation (Fig. 4A). During 24 h of incubation, the
positive charge of HSA continually declined. The changes in the charge of the
HSA molecules are consistent with the change in the amounts of reacted
guanidino and amino groups per HSA molecule (Table I11). They were the most
pronounced during the first two hours of incubation (maximum percentage of
guanidino and a significant percentage of amino groups had reacted). The
contribution of MG reaction with the amino groups to the change of the HSA
charge increased with time.

SDS PAGE analysis (Fig. 4B) of MG modified HSA (MG-HSA) showed
marked changes from unmodified HSA: there was a broadening of the peak of
molecular mass 66 kDa corresponding to MG-HSA monomers. This band tailed
to higher molecular mass values (extending to 90 kDa) after a very short time of
incubation (about 30 min) and became more intensive with time. Also, the pre-
sence of dimers (of molecular mass ca. 130 kDa) and oligomers was found.
These findings indicate intensive fragmentation and cross-linking of fragments (a
broad band ranging between molecular masses 48-90 kDa), as well as HSA cross-
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Fig. 4. Native (A) and SDS-PAGE (B) showing the changes in the mobility of HSA resulting
from the reaction with MG. HSA (0.50 mM) was treated with 200 mM MG in 0.10 M phos-
phate buffer (pH 7.2) at 37 °C for 24 h. Lane ¢ shows untreated HSA. The marks of other
lanes correspond to the time incubation (h) of BSA with MG. Lane m — high-molecular
mass standards (34, 48, 86 and 120 kDa). The electrophoresis was performed on 10 % poly-
acrylamide gels and the bands were visualized with CBB, as detailed in the Experimental.

-linking under the employed incubation conditions during this period of time.
Taking into account that:

— the percentage of reacted guanidino groups was the highest during the first
30 min and did not change during further incubation,

— oligomers were easily detected during SDS-PAGE after two hours of incu-
bation, during which time the amount of reacted amino and SH-groups increased
(Table I1) and

— the cross-linking of proteins increased with time (and the amounts of free
amino and SH-groups decreased),
it can be concluded that lysine and cysteine residues play a more important role
in the cross-linking of protein molecules than those of arginine.

Lysine side chains participate in HSA cross-linking via MG-SH (hemithio-
acetal) or MG-NH» products formed during the first step, which is consistent
with an earlier proposal.2” The obtained results are also in agreement with the
proposed mechanism of MG reaction with the guanidino group,13 in which the
product of the first step participates in an intramolecular reaction with the guani-
dino residues of arginine, forming an imidazolone derivative, thus preventing any
further linking.
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TABLE Il1. Content of reacted amino acid side-chains. HSA (0.50 mM) was treated with 100
mM MG in 0.10 M phosphate buffer (pH 7.2) at 37 °C for various time periods

Reacted group (mol/mol of HSA)

. . 0 a
Incubation time, Thiol Amino Guanidino Total o
0.5 0.222+0.009 11.80+0.52 11.52+0.35 23.54 28.10
2 0.413+0.009 18.90+0.38 10.15+0.17 29.46 35.17
4 0.417+0.004 24.06+0.61 11.80+0.52 36.27 43.31
8 0.459+0.013 25.28+0.52 10.96+0.43 36.70 43.81
10 0.495+0.006 28.91+0.46 11.93+0.40 41.34 49.35
24 0.647+0.004 40.71+0.48 16.8+0.33 58.16 69.43

®total reacted groups as the percent of the total number of available groups

Comparison of results obtained for modified BSA and HSA (Tables I and I11)
indicate that the total amount of reacted amino acid side-chains per mole of HSA,
after 24 h of incubation, was two times higher than per mole of BSA (58.16 vs.
28.91). It could be said that this result conforms to the fact that the concentration
of MGO in reaction mixtures with HSA was two times higher. During the entire
incubation period, the amounts of reacted —SH groups were also approximately
two times higher in HSA compared to BSA. The amounts of reacted Arg residues
in HSA and BSA were similar after 8 and 24 h of incubation. However, it is noti-
ceable that during the entire incubation period, the contribution of the reaction of
MG with amino groups to the modification of HSA was several times higher
compared to BSA. Changes in the content of amino groups brought about differ-
ences in electrophorisograms of the modified HSA compared to those obtained
for BSA.

The HSA modifications and the contributions of the amino acid side chains
to the changes described above result from HSA incubation with an amount of
MG (200 mmol/mol HSA) that was considerably higher than the sum of the avai-
lable groups (8418). However, it was important not only to determine the role,
contributions and reactivity of each type of group (-SH, amino and guanidino) in
protein modification when the amount of MG was lower than the sum of the
available groups, but also to monitor changes over a longer period of time. There-
fore, HSA (0.50 mM) was incubated with 10 mM MG in 0.10 mM phosphate
buffer (pH 7.2) at 37 °C for 24 days. The chosen MG concentration was 10 times
lower than the concentration used in the previous HSA incubation experiment
and approx. 4 times lower than the sum of amino, guanidino and SH-groups on
the surface of the protein molecule.

The changes in the amount (mol) of the thiol, amino and guanidino groups
per mole of HSA during 24 days are shown in Table IV. In the case of MG re-
action with guanidino and amino group, equilibrium was achieved after one day
of incubation, with approx. 50 % (47.2+3.8 %) of the guanidino and 35 % of the
amino groups reacted. Also, HSA mobility during native electrophoresis changed
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considerably after the first day of incubation (Fig. 5A, lane 1), and changed
slightly in the following days (lanes 2-8); differences between REM values ob-
tained for those bands are not significant). Due to the high reaction rate of MG
with the guanidino group, the percentages of Arg residues reacted during 24 h
both in the case of insufficient and excess amount of MG were very high (50 and
70 %, respectively, Table V). This indicates a similar contribution of this reaction
to the change in the HSA charge at different MG concentrations. The difference
in the percentage of reacted amino groups at both shortage and excess of MG was
more significant (35 and 69 %, respectively). Yet, the contribution of the reaction
of the amino groups to the change of the HSA charge even at insufficient amount
of MG was very high. After 24 h of incubation, 20.7 mol of Lys residues per
mole of HSA had reacted (Table 1V), which makes approx. 63 % of the total
number of modified amino acid residues.

TABLE IV. Content of reacted amino acid side-chains. HSA (0.50 mM) was treated with 10
mM MG in 0.10 M phosphate buffer (pH 7.2) at 37 °C for 24 days

Reacted group (mol/mol of HSA)
Thiol Amino Guanidino Total

a
%

Incubation time, days

1 0.198+0.009 20.75+0.70  11.97+0.08 32.92 39.3
3 0.430+0.006  20.39+0.83  10.40+0.23 31.22 37.3
5 0.494+0.003  23.69+0.96  11.51+0.39 35.69 42.6
7 0.528+0.012 24.08+1.11  12.22+0.23 36.83 44.0
9 0.509+0.015 28.70+0.42  13.20+0.08 42.40 50.6
15 0.514+0.010 27.45+0.14  10.85%0.23 38.81 46.3
24 0.550+0.008  29.13+0.36  10.51+0.20 40.19 48.0

®total reacted groups as the percent of the total number of available groups

The broadening of the HSA bands in SDS PAGE with tails to higher mole-
cular mass values (Fig. 5B, lanes 3 and 5, obtained after 3 and 5 days of incuba-
tion) points to cross-linking of the protein molecules even with an insufficient
amount of MG. The high content of reacted amino groups (compared to the MG
concentration, 20 mM) as early as after 24 h of incubation points to their role in
the cross-linking. Over a longer incubation period (from 9-24 days), fragmenta-
tion also emerges (the occurrence of bands with lower molecular mass values,
lanes 9 and 24, Fig. 5B). Zeng and Davies?/ suggested that the initial addition of
the thiol to the dicarbonyl compound and subsequent reaction with an amine can
lead to cross-link formation. It could be asked what is the contribution of the SH-
-groups in the formation of aggregates under conditions of an insufficient amount
of MG, since the number of SH-groups on the surface of the HSA molecule is
negligible compared to the number of amino and guanidino groups (1:59:24).18
After the first day of HSA incubation with 10 mM MG, 26 % of the SH-groups
had reacted (0.198 mol/mol HSA), 51 % after the second day (0.388 mol/mol
HSA) and equilibrium was achieved after 5 days when 65 % of the groups had
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reacted (0.494 mol per mole HSA) (Table I11). During this period, bands with
expressed tailing to higher molecular mass values were obtained during SDS
PAGE. In addition, a slight increase of reacted amino groups was found (from 35
to 40 %), which indicates the possibility of reaction with the hemithioacetal and
the role of SH-group in protein modification and cross-linking. Taking into ac-
count the MG concentration (10 mM) in reaction mixture, the HSA concentration
(0.50 mM), the number of reactive groups on the protein surface, the amount of
reacted amino (40 %) and guanidino (50 %) groups, it can be concluded that 8.0
mM amino groups participated in cross-linking after 5 days of incubation under
these conditions. Based on the amount of reacted SH-groups (65 %), i.e., hemithio-
acetals formed during 5 days of incubation, it could be concluded that approx. 4 %
of the cross-linking of the protein molecules was a consequence of hemithioace-
tal reaction with an amino group. This percentage is not negligible taking into
account the extremely low distribution of SH-groups on the protein surface com-
pared to amino and guanidino groups.

A

¢ 1 2 ¢ 1i 2i|¢ 3 4 ¢ 4i 5i|lc 6 7 8 7 8i

A A N MM A A ARAA LR INA L w e

c 3 5 3 | e 81 9 13 15 9 | ¢ 17 19 24 21i 24i 24

Fig. 5. Native (A) and SDS-PAGE (B) showing the changes of the mobility of HSA (0.50
mM) resulting from the reaction with methylglyoxal (10 mM). The incubation was performed
in 0.10 M phosphate buffer (pH 7.2) at 37 °C for 24 days, with (10 mM) and without
metformin. Lane ¢ shows HSA without metformin and lanes 2-24 with MG. The number
of the lane corresponds to the number of incubation days. The label i beside the lane
number shows that the incubation was performed in the presence of metformin. The
electrophoresis was performed on 10 % polyacrylamide gels and the bands
were visualized with CBB, as detailed in the Experimental.
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TABLE V. Dependence of the levels of reacted thiol, amino and guanidino groups of HSA
(%) on the MG concentration and incubation time. The concentration of HSA was 0.50 mM

MG concentration, mM

100 | 10
Group Incubation time
30 min 2h 10h 1 day 1 day 2days  5days
Thiol 30 55 65 85 26 51 65
Amino 20 34 49 69 35 35 40
Guanidino 48 No change 70 50 No change

The modification of aloumin through glycation and the subsequent formation
of AGEs have been shown to contribute to vascular complications in patients
with diabetes. Some studies have focused on the changes of its antioxidant pro-
perties36:41-43 and role of the thiol group (Cys 34) in these changes. Faure43
suggested that MG can strongly impair the structure and antioxidant properties of
albumin in vitro, leading to a modified protein similar to that isolated from dia-
betic patients. The results of the quantification of the reactive groups and parallel
electrophoretic monitoring of HSA changes, especially at low-dose long-term ex-
position of albumin to MG (obtained in this paper) showed that the —SH group, in
addition to the amino group, plays a role in the modification of proteins with MG
and cross-linking. The significant decrease of the content of —SH groups by 26 %
after 1 h incubation, i.e., 72 % after 24 h of incubation, in the presence of MG
may have as a consequence a decrease of the anti-oxidative capacity of albumin,
which is consistent with the results of Faure et al.43

To investigate the influence of inhibitor on low-dose long-term exposition of
HSA to MG, metformin was chosen. It was found that oxidative stress and glyca-
tion were significantly lower in metformin-treated patients with Type 2 diabetes
mellitus.38 In addition, experiments with BSA showed that the change of the po-
sitive charge of the BSA molecule was lower in the presence of metformin than
in the presence of GSH.

The inhibitor metformin in an equimolar concentration with MG (during
low-dose long-term exposition of albumin to MG), under conditions of an insuf-
ficient amount of MG, decreased the amounts of amino and guanidino groups
that reacted in the first day by two to three times compared to the system without
inhibitor. After a 24-h incubation, 15 % of the guanidino groups, (3.6 mol Arg
residues per mole of HSA), approx. 8 % of the amino (4.7 moles of Lys side-
-chain per mole of HSA) and 86 % of the —SH groups (0.653 mol Cys thiol per
mole of HSA) had reacted (Fig. 6). The obtained results are in agreement with
the smaller changes in HSA mobility (protein charge) during native electrophore-
sis in the presence of metformin (Fig. 5A, lanes 1i, 2i, 4i, 5i, 7i and 8i) compared
to the bands obtained without this inhibitor. Relative electrophoretic mobilities
obtained for HSA bands in the presence of metformin were significantly lower
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(p < 0.001 for 1i to 7i and p < 0.01 for 8i) compared to the same ones without
inhibitors. However, in the presence of this inhibitor, a broadening of the bands
with tails to higher molecular mass values was recorded in SDS PAGE (Fig. 5B).
Since all thiol groups reacted under these conditions, the product of reaction bet-
ween SH-group and MG is the target for the Lys side-chain amino groups in pro-
tein cross-linking.

+ % ¢« « < amino
o= « A = = gyanidine
—_— 9 = _SH

100 4
804

601 Fig. 6. Quantification of thiol, ami-

no and guanidino groups (% of the
404 ones reacted) during the incu-

bation of 0.50 mM HSA with 10
- 2 - —3 mM methylglyoxal in the presence
. LR LA . of metformin (10 mM), in 0.10 M
iy x % x  phosphate buffer (pH 7.2) at 37 °C
0 5 10 15 20 25 30 for 24 days. The data are the means
Time of incubation, day from three determinations.

2044 A

Amount of groups reacted, %

In hyperglycemia, the glycation process is accompanied by an oxidation pro-
cess. By applying metformin as an antihyperglycemic agent in patients with Type
2 diabetes mellitus, the oxidation of the albumin thiol group was decreased.38
Metformin decreases the content of toxic dicarbonyl and thereby inhibits the de-
velopment of AGEs. In the present study, at the equimolar concentration of MG
and metformin almost all the —SH groups reacted. This indicates that in the
mixture where MG is the only reactive species, the glycation reaction of the albu-
min thiol group is proceeding.

An absence of fragments of lower molecular mass value (formed during 9—
—24 days of incubation, lanes 9 and 24, Fig. 5B) in the presence of metformin
(Fig. 5B, lanes 13i, 15i, 17i, 19i, 21i, 24i), indicates the role of the reaction of
guanidine with MG in the unfolding and fragmentation of the protein.

CONCLUSIONS

The results obtained indicate that thiol group reaction, despite the very small
presence of thiol groups on the surface of the protein molecule, (80 times less
available compared to amino and guanidino groups in HSA18) plays an important
role in protein modification with MG and in cross-linking. Since these changes in
proteins can be a cause of the development of secondary complications in dia-
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betes,16 modification of signal transduction1®44 and the cause of various patho-
logical states,1” the application of MG scavenger substances is of importance in
clinical practice. To date, various inhibitors of MG reactions with thiol, amino
and guanidino groups have been tested, providing differences in their inhibition
potency. The results presented in this paper show that metformin at equimolar
concentration with MG inhibits its reaction with guanidino group but not, how-
ever, with the thiol group.
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U3BOJI
VYJIOT'A TUOJIHE TPYIIE Y MOAUO®UKALININ ITPOTENHA CA METUJITJIMOKCAJIOM

JEJIEHA M. ARUMOBUR, BOJAHA 1. CTAHUMUPOBWR u JbVBA M. MAHJIUR
Xemujcku gaxyaitieiti, YHusep3auitieiti y beozpaoy, i.ip. 51, 11158 beozpao

MeTmirnmokcan je BeoMa peakTHBHH (-OKCOAJIEXH/ KOjU ce noBehaHo cTBapa y XHUIEpIrI-
kemuju. Pearyje ca HyxieopmiHiM rpynama 6oynnx ocrataka Lys, Arg u N-TepMHHAIHOM aMHHO-
-IPYIOM, LITO JIOBOAHM 10 MOAM(HKALHje IPOTCHHA. Y OBOM pajy MCIUTHBAHU Cy 3Ha4aj peaKiinje
SH rpyne ca MeTHJITIHOKCAIOM Y MOAHU(HUKAIMjH POTEHHA, KOHKYPEHTHOCT OBE peakuuje y of-
HOCY Ha PeaKIije ca aMMHO- U TBAHMAWHO-TPYIIOM, TOK OBHMX peakifja H BHXOBa yJIora u JIOIpH-
HOC y yMpeKkaBawy npoTerHa. Kao Mozen-cucteMn ynoTpedbeHn Cy XyMaH! M ToBehu cepyMm-ai-
OymuH. YTBpheHo je na u mopen BeoMa Majie 3acTyMJbeHOCTH SH rpymne Ha MOBPLIMHH MCIHTH-
BaHUX MoJiekyJsia nporerHa (oko 80 myTa Mama y OfHOCY Ha yKyIHaH Opoj aMHHO- U I'BaHHJIHHO-
-rpyrma), oHa pearyje y Beiukom npoueHty (ox 25-85 %). Konuunna uspearopanux SH rpyna u
Op3uHa peakiyje, BpeMe yCIIOCTaBJbaba PABHOTEKE PEaklije, CTBapama CTabMIHOT IPOM3aBoja 1
nonpuHoc SH Tpyma ympekaBamy MpOTEWHA 3aBHCE O KOHIICHTpalHje MeTHirianokcana. [1po-
U3BOJI CTBOPEH Y peakiuju SH rpymna u HeoBoJbHE KOJIMYMHE METHIITIHOKCala (y OJHOCY Ha KOH-
LEHTPAIHjy IpyNa JOCTYIHHX 3a MOJU(DHKAIHN]Y) YUECTBYje y YMPEXKaBamy MPOTCHHA Ca 3HAJaj-
HuM yzenaoM (4 %). Y eKBUMOIapHOj KOHLCHTPALMjH ca METHIITIIHOKCAIOM MET(OPMHUH CIIpeyaBa
CTOBY PEaKI[Hjy Ca aMUHO U T'yaHUIMHO rpynama aj0yMHHa, ajld HEe U Ca THOJI IPYIIOM.

(TTpumsbero 26. HoBemGpa 2008, pesuarpano 9. Gedpyapa 2009)
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Abstract: Lignin is a poorly characterized polymer and its exact properties vary
depending on both the species of the plant and its location within the plant.
Three classes of lignins taken from alfalfa stem were examined. The inves-
tigation was concentrated on the determination of chemical changes in the lig-
nins during growth and development by the attenuated total reflectance (ATR)
infrared (IR) spectrometric technique. The spectrum of permanganate lignin
was comparable to that of acid detergent lignin. The main differences were in
the different relative absorbance of the peaks. The predominant component of
acid detergent lignin and permanganate lignin was guaiacyl-type lignin. The
predominant component of Klason lignin was syringyl-type lignin. A compa-
rison between the signals from lignin in different development stages revealed
the appearance of new peaks, which are indications of new bonds and changes
in the structure of the lignins.

Keywords: alfalfa; acid detergent; permanganate and Klason lignin; ATR infra-
red spectra.

INTRODUCTION

Lignin is a complex polymer of high carbon content, which is distinct from
carbohydrates, that impregnates the plant cell wall. Thus, lignin confers compres-
sive strength and bending stiffness necessary for mechanical support; it also pro-
vides a hydrophobic surface, essential for longitudinal water transport, and provi-
des a barrier against pathogens. Lignins are composed of three main units, named
p-hydroxyphenyl, guaiacyl and syringyl units. These components originate from

* Corresponding author. E-mail: jordan.markovic@ikbks.com
# Serbian Chemical Society member.
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the polymerization of the three monolignols, p-coumaryl, coniferyl and sinapyl
alcohols (Fig. 1).1 The proportions of these three units in the cell wall vary ac-
cording to plant species and tissue type.2 During the early stages, coniferyl alco-
hol with small amounts of p-coumaryl alcohol is copolymerized into the primary
wall to form mixed guaiacyl and p-hydroxyphenyl lignins (Fig. 2).1.2 Later, du-
ring secondary wall development, coniferyl alcohol and increasing amounts of si-
napyl alcohol are copolymerized to form mixed guaiacyl and syringyl lignins.3

OH OH OH
f f OMe MeO f OMe
OH OH OH

p-coumaryl alcohol coniferyl alcohol sinapyl alcohol
Fig. 1. The monolignols.

HO™M OH

Lignin-O
OMe

r’ o

Ej\CJ:W‘IE MeO

1@251*2&?

/\

—

OMe
OH
ugnin
Fig. 2. Fragment of the hypothetic structural formula of lignin.
Many methods of lignin analysis have been developed because of the negati-
ve association of lignin with digestibility. In this study, the composition and struc-

ture of the lignin isolated by different methods from alfalfa stem at different stage
of growth and development were investigated by the ATR-IR spectroscopic method.

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

2009 Copyright (CC) SCS




ATR INFRARED SPECTRA OF LIGNINS 887

EXPERIMENTAL
Material

A new cultivar K-22 of alfalfa (Medicago sativa L.) was created in the Institute for
Forage Crops, KrusSevac, Serbia. Three maturities of alfalfa after the first cut were chosen for
this study. The first sample of forage crop was harvested on June 17th, 2008. The alfalfa was
0.38 m tall and at the mid-bud stage. The second was harvested on June 24™, 2008, when the
plants were 0.68 m tall and at about 55 % bloom. The third harvest was harvested on July 1%,
2008, when the alfalfa was 0.91 m tall and in full bloom. All values are averages.

Methods

The acid detergent lignin (ADL) was determined as the lignin insoluble in 72 % (w/w)
sulfuric acid, applying the method of Van Soest and Robertson.# The permanganate lignin
(PerL) was determined as the residue remaining after oxidation with potassium permanganate
by the method of Van Soest and Wine.5 The Klason lignin (KL) was determined as the residue
remaining after total hydrolysis of the cell wall polysaccharides by the method of Theander
and Westerlund.®

The ATR spectra (1700-500 cm™) were obtained using a Nicolet Model 6700 FT-IR
spectrometer. The crystal-diamond spectra were obtained with 4 cm™! resolution and 32 scans
for each sample spectrum were performed. The spectral values are in cm™L,

RESULTS AND DISCUSSION

ATR-IR spectrometry was used as a structural, non-destructive and simple
tool for the qualitative analysis of the chemical composition of lignins isolated by
different methods and in different stages of herbal development.

The spectrum of ADL (the first stage of development) is presented in Fig. 3a.
Peaks were observed at (cm=1): 1727.7 (C=0 unconjugated groups in lignin and
carboxylic acid ester’); 1602.8 and 1490.7 (aromatic skeletal vibrations8.9); 1455.4
(benzene ring vibration in lignin, CH3 and CH, substituted8); 1166.7 (C-O-C
bonds of allyl etherl0); 1031.3 (primary alcoholic and aliphatic ether groups®)
and 960.0 (aromatic C-H out-of-plane deformationsll). At the second stage of
development (Fig. 3b), the signal at 1031.5 arises from the C-O bond of primary
alcohols®). At the third stage of alfalfa development (Fig. 3c), the assigned peaks
are: 1568.0 (vibrations of the aromatic rings present in lignin8); 1506.6 (C=C in
plane aromatic vibrations from lignin19); 1420.5 (C-H deformation in lignin and
carbohydrates11); 1316.9 (C—H vibrations in cellulose and the C1—O vibration in
syringyl derivatives!2); 1244.4 (syringyl ring and C-O stretching in lignin and
xylan13); 1027.3 (C—O-C vibration in cellulose and hemicelluloses1®) and 896.4
(C-H deformation).

The spectrum of PerL (Fig. 4) is comparable to that of ADL. Peaks were
observed at (cm~1): 1731.7 (carbonyl stretching — unconjugated ketones and car-
boxyl groups4); 1316.3 (syringyl ring breathing with C-O stretching8); 1244.8
(guaiacyl ring breathing with C-O stretching8); an intensive signal at: 1159.1
(may represent aromatic C—-H in plane deformation of the guaiacyl-type) and
897.3 (aromatic C—H out of plane deformation8). This spectrum of PerL could be
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explained by alkylation, which protects the phenolic aromatic rings from
degradation, while all the other aromatic rings are degraded in the permanganate
oxidation. Some biphenyls and biphenyl ethers also survived the oxidative
degradation.10 On the other hand, the signals at (cm~1): 1427.5 at the second
stage of development and 1592.8 and at 1417.0 at the third stage of development
(aromatic skeletal vibrations combined with C-H in plane deformationll) and
1245.7 (syringyl ring and C-O stretching in lignin and xylan12) disappeared.

Reflectance, a.u.

1800 1600 1400 1200 1000 800

Wavenumber, cm™

Fig. 3. IR spectrum of ADL from alfalfa stem by ATR spectrometry, a) the first stage, b) the
second stage and c) the third stage of development.

At the first development stage, in the spectrum of KL (Fig. 5a), intensive
signals at (cm~1): 1090.1 and 1028.6 (syringyl units or condensed guaiacyl
units®) and signals 1455.2, 1495.9 and 1613.5 (aromatic skeletal vibration as well
as CH deformations, guaiacyl-syringyl-typel0) were observed. At the second
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development stage (Fig. 5b), signal at (cm=1): 1651.0 (carbony! groups of oxycel-
luloses, found in degraded materials!l); 1423.2 (C-H vibrations and aromatic
ring vibrations’:15) and 1210.1 (vibrations of guaiacyl rings and stretching vibra-
tions of C-O bonds®) were registered. The spectrum of KL in the third develop-
ment stage of alfalfa (Fig. 5¢) showed syringyl ring and C-O stretching at 1232.8
in lignin and xylan.10.15
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Fig. 4. IR spectrum of PerL from alfalfa stem by ATR spectrometry, a) the first stage, b) the
second stage and c) the third stage of development.
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Fig. 5. IR spectrum of KL from alfalfa stem by ATR spectrometry, a) the first stage, b) the
second stage and c) the third stage of development.

In other detailed structural study,16-18 contemporary comparison of the com-
position of lignin from alfalfa stem with growth and development were made.
The spectra of ADL and PerL were similar. The main difference was that in the
PerL spectrum, guaiacyl and syringyl ring breathing signals were registered,
whereas in the ADL spectrum, only a guaiacyl ring breathing signal was obser-
ved. The spectra of KL showed syringyl and condensed guaiacyl units from the
first to the third stage of alfalfa stem development. The spectral data of lignins
from alfalfa stem indicate changes of peaks in fingerprint region at different
stages of growth. Comparison between the peaks from different development sta-
ges revealed the appearance of new signals after 7-day intervals, which are
indications of new bonds. The increases of the new bands indicate that new
bonds were formed owing to the breakdown of lignin and hemicellulose poly-
mers. During this period, many chemical changes occurred in these constituents,
primarily in the structure and amount of lignins.
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M3BOJ

IMPOMEHE Y NHOPALIPBEHUM ATR CIIEKTPUMA JIMTHUHA U3 CTABJIA JIVIIEPKE
YV 3ABUCHOCTH OJ] ®A3E PAZBURA

JOPJIAH T1. MAPKOBUR', JACMUHA B. PAJIOBUR', PATUBOP T. IITPEAHOBUT',
JIAHUIIA C. BAJWR? 1 MUPOCJIAB M. BPBUR?®
!Mncmuimyim sa kpmro 6ume, Tpz Kociiypruya 50, 37000 Kpyuiesay, > Muciiuiliyi 3a xemujy, lexHoa0Zujy u
metianyp2ujy, Llenitiap 3a xemujy, hezowesa 12, . ip. 473, 11001 Beozpao u3XeMltjcxu pakyaitieid,
Yuueepsuitieiti y Beozpady, CitiyOeniticku wipz 16, i.ip. 51, 11158 Beozpao

JIurHuHN Cy BpJIO Mayo NpOydYaBaHH, U HUXOBA CTPYKTypa C€ PassIUKyje Y 3aBHCHOCTH OJ
BpcTe OMJbaka M HEroBe 3aCTYIUBEHOCTH y OmsbIM. McrmTHBama cy 00aBjbeHA Ha TPU THIIA JIUT-
HUHA M30JI0BAaHUX M3 CTa0lla HOBE KpymieBadke copre jJymepke, K-22. OBo uctpaxuBame je 00aB-
JbeHO J1a Ou ce OoJbe yNo3Hajge XEMHjCKe MPOMEHE pa3MYMTHX TUIIOBA JIMTHHMHA, Ca HAIlpel1oBa-
meM (ase passuha, mpumeHom ATR crnektpomerpuje. Criektap nepMaHraHaTHOT JIMTHHHA je CITH-
YaH CIIEKTPY KHCEJIOT JIeTeplIeHTHOT JUrHuHa. OCHOBHA pa3iiiKa je y HHTCH3UTEeTy curHaia. [ ias-
HE KOMIIOHCHTE KHCEJOT AETePLICHTHOr JIMTHHHA M IIEPMAaHTaHATHOI JINTHUHA jecy jeIUHUIIe
,TBajalliiI’” TUIMa, oK cy kKox KitlacoH IMTrHHHA OCHOBHE CTPYKTypHE jeAWHHIIE ,,CHPUHTHII" THIIA.
[opehemem criekrapa y paznmuutuM (a3ama pazBuha OelexH ce IojaBa HOBHX CHTHANA, IITO
yKa3yje Ha HOBE XeMHUjCKe Be3e — IPOMEHE Y CTPYKTYPH JIMTHUHA.

(Ilpumsbeno 24. Gpebdpyapa, pesuaupano 30. mapra 2009)
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The regulation and catalytic mechanism of the NADP-malic
enzyme from tobacco leaves
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Abstract: The non-photosynthetic NADP-malic enzyme EC 1.1.1.40 (NADP-ME),
which catalyzes the oxidative decarboxylation of L-malate and NADP* to pro-
duce pyruvate and NADPH, respectively, and which could be involved in plant
defense responses, was isolated from Nicotiana tabacum L. leaves. The mecha-
nism of the enzyme reaction was studied by the initial rate method and was found
to be an ordered sequential one. Regulation possibilities of purified cytosolic
NADP-ME by cell metabolites were tested. Intermediates of the citric acid cyc-
le (o~ketoglutarate, succinate, fumarate), metabolites of glycolysis (pyruvate,
phosphoenolpyruvate, glucose-6-phosphate), compounds connected with lipo-
genesis (coenzyme A, acetyl-CoA, palmitoyl-CoA) and some amino acids (glu-
tamate, glutamine, aspartate) did not significantly affect the NADP-ME activity
from tobacco leaves. In contrast, macroergic compounds (GTP, ATP and ADP)
were strong inhibitors of NADP-ME; the type of inhibition and the inhibition
constants were determined in the presence of the most effective cofactors (Mn2*
or Mg?2*), required by NADP-ME. Predominantly non-competitive type of inhi-
bitions of NADP-ME with respect to NADP* and mixed type to L-malate were
found.

Keywords: NADP-malic enzyme; macroergic compounds; Nicotiana tabacum
L.; kinetic mechanism; inhibition.

INTRODUCTION

The NADP-malic enzyme (L-malate: NADP* oxidoreductase (decarboxyla-
ting)), EC 1.1.1.40, NADP-ME) catalyzes the oxidative decarboxylation of L-ma-
late using NADP™* as a coenzyme in the presence of divalent metal ions to pro-
duce pyruvate, NADPH and CO, 1.2 The presence of a cofactor and the coenzy-
me is required for the reaction. The most effective cations are Mg2*tand Mn2+.3
NADP-MEs have been found in prokaryotic and eukaryotic micro-organisms,

*Corresponding author. E-mail: doubnerova@volny.cz
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893
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plants (Csz, C4 and CAM), animals and humans. Their amino acid sequences are
highly conserved among various living organisms, suggesting that NADP-MEs
may have an important biological function.

The best-known role of plant NADP-ME is the photosynthetic one; L-malate
is decarboxylated and the released CO; is fixed into the Calvin Cycle via ribu-
lose-1,5-bisphosphate carboxylase/oxygenase. This process occurs in the chloro-
plasts of bundle sheath cells of some C4 plants or during the day in the cytosol of
CAM plants.? The function of the non-photosynthetic NADP-ME isoform, pre-
sent in C3 plants and in non-photosynthetic tissues of C4 plants, is not fully ex-
plained. It is assumed that its main role is to supply reduced equivalents
(NADPH) for synthetic metabolic pathways, such as the synthesis of fatty acids.
NADP-ME together with phosphoenolpyruvate carboxylase serves to maintain
the intracellular pH.1 NADP-ME also participates in the mechanism of stomatal
closure and can affect the water economy of a plant.> Moreover, NADP-ME
function seems to be associated with the metabolic response of plants to stress.6-17
In animals, the cytosolic isoform (c-NADP-ME) is involved in the generation of
NADPH for the biosynthesis of fatty acids and steroids in the liver and adipose
tissues. Cytosolic NADP-ME may also have a role in microsomal drug detoxi-
fication.18

The structure and reaction mechanism of animal malic enzyme has been best
studied because the crystal structures of pigeon and rat cytosolic NADP-ME are
known.418 The structure of plant and animal NADP-MEs is predominantly tet-
rameric, with a relative molecular mass of one subunit ranging from 62000 to
67000 Da.2417.19

In plants, NADP-MEs are encoded by a small gene family, the expression of
which is tissue and ontogenetic stage specific. The best-studied family of malic
enzymes is from Arabidopsis thaliana (C3 dicot plant) and rice (C3 monocot
plant), for which the complete genome sequence is known.12.20 Two recombinant
isoforms of Nicotiana tabacum L. were characterized (chloroplastic Nt-NADP-
-MEL1 and cytosolic Nt-NADP-ME?2) and the transcript of a third putative NADP-
-ME has also been identified.1?

The photosynthetic isoform (NADP-ME from maize leaves) is up-regulated
by light,21 or by pH (NADP-ME from sugar cane leaves), which affects the oli-
gomerization state of the enzyme.l The enzyme can readily undergo changes be-
tween monomer, dimer and tetramer. All three forms of the enzyme possess en-
zyme activity but the highest specific activity occurs at pH 8 for the tetramer
form.1 Finally, regulation of maize NADP-ME occurs by various compounds:
either via inhibition by an excess of the substrate (L-malate), or by other effectors.
Several organic acids have been found to inhibit the C4 NADP-ME; the strongest
inhibition was observed in the presence of oxaloacetate and o-ketoglutarate.1 Re-
combinant non-photosynthetic isoforms of NADP-ME from Arabidopsis thaliana
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and Nicotiana tabacum L. were found to be differently regulated by various in-
termediates of the citric acid cycle (oxaloacetate, fumarate, and succinate) and
ATP.17.22

Previously, NADP-ME from tobacco leaves was characterized by kinetic
constants and the effect of divalent metal ions on the enzyme activity.23

The objective of the present communication was the study of the kinetic me-
chanism of NADP-ME reaction, which has not been described for Cg plant en-
zyme and detailed inhibition studies including the determination of inhibition
constants and type of inhibition for important regulators.

EXPERIMENTAL
Plant material

Tobacco plants (Nicotiana tabacum L. cv. Petit Havana SR1) were grown in a green-
house under 22/18 °C day/night temperatures. The seeds were sown in pots with sand and the
plantlets were transferred to soil after 3 weeks. The leaves of seven-week old plants were col-
lected, frozen immediately in liquid N, and stored at —-80 °C.

Enzyme purification

A modified procedure described by Ryslava et al.23 was used for the purification of NADP-
-ME enzyme from tobacco leaves. In contrast to the previously used method, the homogeniza-
tion buffer contained in addition 330 mM sorbitol, which ensures that the chloroplasts remain-
ed intact and were removed by centrifugation. Chromatography on DEAE-cellulose, sephacryl
S-300 and finally on a 2*,5’-ADP-sepharose 4B column yielded a purified enzyme preparation
with specific activity 0.95 umol min-t mg1. The purified NADP-ME was stored at 4 °C for
further studies.

Enzyme activity assays

The NADP-ME activity was determined spectrophotometrically (Hellios o, Thermo Spec-
tronic) at 21 °C by monitoring the NADPH production at 340 nm, as previously described by
Ryslava et al.?

Kinetic studies

The initial-rate study of the kinetic mechanism of NADP-ME was performed by varying
the concentrations of free NADP* (0.025-0.166 mmol/l) and varying the concentration of free
L-malate (0.879-14.633 mmol/l). The association constants for Me2*~NADP" and Me2*—L-ma-
late complexes described by Grover et al. were used.2* The concentrations of the other com-
pounds were constant (4 mmol/l MgCl,, 80 mmol/l MOPS-20 mmol/l sodium acetate—NaOH
buffer (pH 7.4)). The experimental data were fitted using the equations characterizing a two-
-substrate mechanism. The sequential initial-rate pattern (Eq. (1)) was found to be the most
suitable. Differentiation between ordered sequential and random sequential mechanisms was
achieved by scrutinizing the constants K’ and constants V’};,, (calculated from Egs. (2)—(4)) vs.
the NADP* concentration and vs. the L-malate concentration, respectively.

V= VIim [A][B] (1)
[BJKma +[AKug +[AlB]+ KaKyg
KE%*‘ Kms )
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o KaKwue 3
Kms +[B] ®

. _ Viim[B]
Vim “Kyg 8] 4

where v is the initial reaction rate, V;n, is the apparent maximal reaction rate, [A] and [B] are
the substrate concentrations; Kyagg, is the Michaelis constant for the particular substrate, Ka
the dissociation constant for the complex enzyme—substrate A, B, K’ the apparent Michaelis
constant.25

Effect of various compounds on the NADP-ME reaction rate

The NADP-ME assay mixture contained 80 mmol/l MOPS-20 mmol/l sodium acetate-
NaOH buffer (pH 7.4), 16 mmol/l L-malate, 4 mmol/l MgCl, and 0.2 mmol/l NADP* in a to-
tal volume of 1 cm3. Alternatively, the reaction mixture contained a subsaturation concentra-
tion of some substrate: 2 mmol/l L-malate and 0.05 mmol/l NADP*, respectively. The reaction
was started by addition of the enzyme. The tested concentration of the potential modulators
(GTP, ATP, ADP, puruvate, o-ketoglutarate, succinate, fumarate, glutamate, glutamine, as-
partate, phosphoenolpyruvate, 3-phosphoglycerate and glucose-6-phosphate) in the reaction
mixture was 2 or 5 mmol/l. In the case of coenzyme A, acetyl-coenzyme A and palmitoyl-co-
enzyme A, their concentration in the reaction mixture was 0.01 or 0.1 mmol/l. The reaction rate
of NADP-ME without additions of potential regulators was taken as 100 %.

Inhibition studies

The inhibition constants and type of inhibition for GTP, ATP and ADP were established
with 3 concentrations of inhibitor towards 5 various concentrations of L-malate (free concen-
trations result from particular graphs in Figs. 2-4A and 4B) or 5 various concentrations of
NADP* (free concentrations result from particular graphs in Figs. 2-4C and 4D) and in the
presence of Mg2* (Figs. 2-4A and 4C) or Mn2* (Figs. 2-4B and 4D). The NADP-ME assay
mixture for the inhibition studies together with varying substrates and inhibitors contained
80 mmol/l MOPS, 20 mmol/l sodium acetate—NaOH buffer (pH 7.4), 2.0 mmol/l MgCl, or
0.10 mmol/l MnCl, in a total volume of 1 cm3. The reaction was started by addition of the
enzyme (50 pl). The concentrations of the free inhibitors ATP, ADP and GTP are listed in the
Figure legends (Figs. 2, 3 and 4, respectively). The free ATP (GTP, ADP) was calculated
using the association constants of the complexes ATP-Mg?2* (log 5= 4.29), ATP-Mn?* (log 8=
=5.01), GTP-Mg?* (log A= 4.31), GTP-Mn2* (log = 5.36), ADP-Mg?* (log = 3.36) and
ADP-Mn?* (log 3= 4.22).25-28 |n the presence of ATP (GTP and ADP), the chelations by the
substrate or cofactors are negligible.2? The inhibition constants were obtained by fitting the
experimental data to Eqg. (5) (equation characterizing non-competitive inhibition), Eq. (6)
(equation characterizing competitive inhibition) and Eq. (7) (equation characterizing mixed
inhibition):30

<KV[A1[f1]E]j ;
" KM(l\:I-mﬁ]j]JﬂA] ©
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where Vi, is the apparent maximal reaction rate, [A] the substrate concentration; [I] the
inhibitor concentration; Ky, the Michaelis constant for the substrate, K;; and K;, the inhibition
constants for the inhibitor (free ATP, ADP or free GTP) derived from the slope and intercept,
respectively in a Lineweaver-Burk plot. The data were processed by non-linear regression with
the MS Excel program.

RESULTS
Mechanism of reaction catalyzed by NADP-ME

The kinetic mechanism of the reaction catalyzed by the isoform of NADP-ME
present in the cytosol of the leaves of Nicotiana tabacum L., cv. Petit Havana,
SR1 was analyzed by initial rate studies with five various concentrations of NADP*
at five fixed concentrations of L-malate as sequential (Figs. 1A and 1B). This type
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Fig. 1. Double reciprocal plots of the dependence of the reaction rate on the concentration of
NADP* (A) and L-malate (B) fitted to Eq. (1) and the dependences of the apparent Michaelis
constants (K”) and constants Vi, calculated from Egs. (2), (3) and (4), respectively, on the
concentration of NADP* (C) and L-malate (D and E) specified sequential mechanism as
ordered. Plot C also indicated the Michaelis constant for substrate B (K..g) and plot D
dissociation constant for complex enzyme-substrate A, B (K,) (both labeled with arrows).
Concentrations of the free (chelation-corrected) NADP*: 0.025-0.166 mmol/I;
concentration of free L-malate: 0.879-14.633 mmol/l.
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of two-substrate reaction is characterized by all lines intercepting in one point at
(or above) the x-axis in a double reciprocal plot (Figs. 1A and 1B). The ping-pong
mechanism, characterized by a set of parallel lines in a double reciprocal plot,
was excluded. The dependence of the apparent Michaelis constants (K’) and
V’lim, Calculated from Egs. (2), (3) and (4), respectively, on the concentration of
the fixed substrate, was used for an additional specification of the sequential me-
chanism, which was determined as ordered (Figs. 1C-1E). Fig. 1E (the depen-
dence of the concentration of the on V’jim,) indicates that the second substrate
binding to the enzyme is L-malate. From determinations of K’ at different con-
centrations of substrate, it is possible to obtain estimations of Kyg and Ka (Figs.
1C and 1D).

Inhibition of NADP-ME by macroergic compounds

NADP-ME from tobacco leaves was inhibited by ATP, ADP and GTP. ATP
and GTP were stronger inhibitors than ADP (Table I). Detailed inhibition studies
were performed with ATP, ADP and GTP as inhibitors with respect to L-malate
and NADP* in the presence of Mg2* or Mn2* as NADP-ME cofactors (Figs. 2-4).
The obtained results based on various diagnostic plots of experimental sets of
data (double reciprocal plot (Figs. 2-4), the Dixon plot, the Hanes-Woolf plot
and the Woolf-Augustinsson-Hoffstee plot (data not shown)) showed that the
ATP (GTP, ADP) concentration had to be corrected for Me2*-ATP (Me2*-GTP,

TABLE I. Inhibition constants (mmol I'l) and types of inhibition of NADP-ME from tobacco
leaves by ATP, ADP or GTP with respect to NADP* or L-malate in the presence of Mg2* or
Mn?* as cofactors. Standard deviations from 3 independent measurements are shown. K;c and
Kiy inhibition constants for the inhibitor: free ATP, ADP or free GTP, derived from slope and
intercept, respectively, of Lineweaver-Burk plots, calculated from Egs. (5)—(7)
2+

2+

Inhibitor with respect to Constant Mg - Mn
Mixed
ATP/L-malate Kic 0.19+0.06 0.053+0.013
Kiy 0.9440.13 0.39+0.06
ATP/NADP* Non-competitive
Kj 0.54+0.20 0.40+0.13
ADP/L-malate Competitive Mixed
Kic 0.68+0.15 0.45+0.02
Kiy - 2.76+0.64
ADP/NADP* Non-competitive
Ki 5.08+0.43 3.58+0.39
GTP/L-malate Mixed
Kic 0.23+0.08 0.047+0.025
Kiu 1.65+0.32 0.35+0.10
GTP/NADP* Non-competitive
Ki 0.70+0.20 0.23+0.03
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Me2*—ADP) complex, because only free ATP (GTP, ADP) was assumed to be
the inhibitory species. These results are also in agreement with those of Hsu et al.29

ATP, ADP and GTP are non-competitive inhibitors with respect to NADP~*

The dependences of the enzyme reaction rate on the NADP* concentration
were measured in the presence of Mg2* or Mn2* and three concentrations of inhi-
bitors (ATP, GTP or ADP). The lines in the double reciprocal plots of these de-
pendences in all cases intercepted the x-axis (Figs. 2C and 2D, 3C and 3D and 4C
and 4D), indicating a non-competitive type of inhibition.

This means that macroergic inhibitors (ATP, GTP or ADP) are bound to
another site than the binding site for the coenzyme NADP*. The relevant inhibi-
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Fig. 2. Mixed and non-competitive type of inhibition of NADP-ME from tobacco leaves by
ATP with respect to L-malate and NADP* in the presence of Mg2* (A and C) or Mn?* (B and
D). The NADP-ME activity was measured at different concentrations of L-malate (A and B)
or NADP* (C and D) at various concentrations of free ATP (from top to bottom, the
chelation-corrected free ATP concentrations were 1.090, 0.296, 0.047 and 0 mmol/l in
Aand C, and 0.402, 0.200, 0.027 and 0 mmol/l in B and D.
The experimental data were fitted to Eqgs. (5) and (7).
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tion constants are summarized in Table I. Kj app(free) in the presence of Mg2* is
approximately 10-times higher than Kj aTp(free) and Kj gTp(free), and in the pre-
sence of Mn2*, the value of Ki ADP (free) Was the highest (7-times higher than
Ki ATP (free) and 12-times higher than K; GTp(ree))-
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Fig. 3. Competitive, mixed and non-competitive type of inhibition of NADP-ME from
tobacco leaves by ADP with respect to L-malate and NADP* in the presence of Mg2* (A and
C) or Mn2* (B and D). The NADP-ME activity was measured at different concentrations of
L-malate (A and B) or NADP* (C and D) at various concentrations of free ADP (from top to
bottom, the chelation-corrected free ADP concentrations were 3.238, 2.317, 0.741 and
0 mmol/lin A and C, 1.903, 0.906, 0.510 and 0 in B and 4.901, 3.902, 1.903 and
0 mmol/l in D. The experimental data were fitted to Eqgs. (5)—(7).

ATP, ADP and GTP are predominantly mixed inhibitors with respect to L-malate

Detailed kinetic studies of NADP-ME inhibition by ATP (GTP) with respect
to L-malate in the presence of Mg2* or Mn2* showed a mixed type of inhibition.
In double reciprocal plot, all lines met at a joint intercept left of the ordinate, i.e.,
they differed in slope and ordinate intercept, because this type of inhibition in-
fluences both the apparent Michaelis constant and the maximum rate, Figs. 2A
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and 2B; 3A and 3B; 4Aand 4B. The two constants, Kjc and Kj,, characterizing
this type of inhibition are summarized in Table | for both inhibitors (ATP and
GTP) and cofactors (Mg2* and Mn2*). ADP with respect to L-malate was a mil-
der inhibitor than ATP. Inhibition of NADP-ME by ADP toward L-malate was
evaluated as competitive in the presence of Mg2*and mixed in the presence of
Mn?", analogous to the inhibitors ATP and GTP.

A Cc

-
-] N
1

S
-1 -1 .
v’/ pmol” min mg

v' I umol” min mg

A

T T 1
0.4 0.8 1.2

o
o

c (L-malate)'1 /1 mmol™

B
16
o o
€ £
£ 1 £
€ £
S 8 S
£ £
3. =2
= iy
- 4 o] -
> >
- .
) A" T T T T T 1 r T A% T T 1
02 00 02 04 06 08 10 12 -40 -20 0 20 40 60
¢ (L-malate)” / 1 mmol” ¢ (NADP*)' /1 mmol™

Fig. 4. Mixed and non-competitive type of inhibition of NADP-ME from tobacco leaves by
GTP with respect to L-malate and NADP* in the presence of MgZ* (A and C) or Mn2* (B and
D). The NADP-ME activity was measured at different concentrations of L-malate (A and B)
or NADP* (from top to bottom, the chelation-corrected free GTP concentrations were 1.086,
0.289, 0.049 and 0 mmol/l in A and C, and 0.401, 0.202, 0.104 and 0 mmol/l in B and D.
The experimental data were fitted to Egs. (5) and (7).

Effect of other compounds on the NADP-ME reaction rate

Five groups of compounds important in metabolism were tested as inhibitors
or modulators of NADP-ME activity: macroergic compounds (ATP, ADP, and
GTP), intermediates of the citric acid cycle (o~ketoglutarate, succinate and fuma-
rate), metabolites of glycolysis (glucose-6-phosphate, 3-phosphoglycerate, phos-
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phoenolpyruvate and pyruvate), compounds related to lipogenesis (coenzyme A,
acetyl-CoA, palmitoyl-CoA) and some amino acids (glutamate, glutamine,
aspartate). The influences of these compounds were tested as possible modulators
with respect to L-malate and to NADP* not only at saturation concentrations, but
also at subsaturation concentrations to indicate e.g. competition between the
inhibitor and the NADP-ME substrate. Only the macroergic compounds (ATP,
ADP and GTP) significantly affected (inhibited) the reaction rate of NADP-ME.
The other compounds, with exception of a slight inhibition effect of interme-
diates of glycolysis, did not influence the reaction rate of NADP-ME within the
frame of standard deviations (Table II).

TABLE II. Effect of different compounds on the reaction rate of NADP-ME from tobacco
leaves. The activity of the enzyme is expressed in percentage, control experiment without in-
hibitors or modulators were taken as 100 %. Standard deviations from 3 independent measure-
ments are shown

Composition of the reaction mixture
16 mmol/l L-malate 2 mmol/l L-malate 16 mmol/l L-malate

Compounds 0.2 mmol/l NADP* 0.2 mmol/l NADP* 0.05 mmol/l NADP*
4 mmol/l MgCl, 4 mmol/l MgCl, 4 mmol/l MgCl,

Macroergic ~ GTP 59+2 50+2 62+2
compounds®  ATP 544 4648 51+2

ADP 71+8 705 78+4
Intermediates Glucose-6-phos- 98+4 97+6 100+3
of glycolysis® phate

3-Phosphoglyce- 92+5 8419 905

rate

Phosphoenolpy- 94+6 100£17 85+5

ruvate

Pyruvate 97+4 91+2 9843
Metabolites of a-Ketoglutarate 97+2 91+6 101+1
citric acid Succinate 100+4 109+14 104+6
cycle? Fumarate 102+4 1039 1004
Compounds  Coenzyme A 103+10 10314 9615
related to Acetyl-CoA 106+4 99+6 97+3
Iipogenesisb Palmitoyl-CoA 101+2 97+18 955
Amino acids® Glutamate 105+10 104+4 107+17

Glutamine 102+3 10246 99+4

Aspartate 100+2 1025 10144

Concentration of tested compounds: 5.0 mmol/I; °0.10 mmol/I

DISCUSSION

In this study, the mechanism of the reaction catalyzed by the non-photosyn-
thetic NADP-ME from tobacco leaves and its regulation possibilities were inves-
tigated.
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Although the enzyme is present in tobacco both in the chloroplasts and the
cytosol, the enzyme used in this study was most probably the cytosolic isoform,
because the chloroplasts were removed during the enzyme isolation (see Expe-
rimental, Enzyme purification).

It was previously found that the reaction mechanism of cytosolic NADP-MEs
is ordered sequential for NADP-ME from pigeon liver and from human breast
cancer cell lines31.32 put random sequential for mitochondrial (NAD(P)-ME from
Ascaris suum and from hepatoma tumor cells).33.34 The reaction mechanism ca-
talyzed by NADP-ME from tobacco leaves was found to be ordered sequential
(Fig. 1). This means that the enzyme binds only one substrate first (substrate A),
followed by the binding of substrate B, to form a ternary enzyme-substrate
A-substrate B complex.2® With respect to Fig. 1E, which can be used as an indi-
cator of substrate-binding order (a fixed dependence of V’jim, on a substrate con-
centration is associated with the second substrate to bind the enzyme)2® and from
results shown in Figs. 1C and 1D, it is supposed that NADP* is the leading sub-
strate, followed by L-malate. This mechanism is in agreement with the results
published for animal cytosolic NADP-ME.31:32 The kinetic mechanism for plant
NADP-ME was studied only for photosynthetic chloroplastic NADP-ME from
maize leaves and an ordered sequential mechanism was also determined.3®

In the present study, the regulation of cytosolic NADP-ME from tobacco
leaves by cell metabolites, the most important of which were ATP, GTP and
ADP (Table II), was also investigated. ATP was previously found to be an inhibi-
tor for all NADP-ME isoenzymes of Arabidopsis thaliana and both chloroplastic
and cytosolic ones of Nicotiana tabacum L. plants.17.22 The inhibition was cha-
racterized in detail by the type of inhibition and the inhibition constants (Figs. 2—
-4, Table 1). A non-competitive inhibition of NADP-ME by ATP, GTP and the
ADP with respect to NADP* and a predominantly mixed inhibition by ATP, GTP
and ADP with respect to L-malate in the presence of Mg2* or Mn2* were esta-
blished. The type of inhibition of human m-NAD-ME by ATP toward NAD* and
L-malate was reported to be competitive in both cases.2® Free ATP (GTP, ADP,
respectively) was assumed to be the inhibiting species of both tobacco NADP-ME
(by evaluating the various diagnostic plots) and of human m-NAD-ME (from
structural studies).29 Divalent metal ions (cofactors) significantly influenced the
inhibition constants. The values of Kj aTp(free), KicTp(free) and Kj app(free) for
non-competitive inhibition by ATP (GTP, ADP) toward NADP* were lower in
the presence of Mn2* than in the presence of Mg2*; this means that ATP (GTP,
ADP) is a stronger inhibitor in the presence of Mn2* as the cofactor. Also, the
Kic, ATP(GTP)free and Kijy ATP(GTP)free CONstants of the mixed type of inhibition by
ATP (GTP) to L-malate were lower in the presence of Mn2* than in the presence
of Mg?2*. The only exception was the inhibition by ADP with respect to L-malate,

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

2009 Copyright (CC) SCS



904 DOUBNEROVA et al.

which is, however, competitive in the presence of Mg2* and mixed in the pre-
sence of Mn2+,

The structural derivate of NADP*, Anicotinamide mononucleotide had no
effect on the activity of tobacco NADP-ME (data not shown), suggesting that the
adenosine diphosphate part of the molecule is important for NADP* binding.

Regulation of NADP-ME from tobacco leaves by its cofactors was studied
previously.23 Not only Mg2* and Mn2*, but also Co2* and Ni2* were found to be
cofactors of NADP-ME. The dependence of the reaction rates on the Mg?2*,
Mn2+, Co2* and Ni2* concentrations does not correspond to Michaelis-Menten
kinetics. Two binding sites were determined for Mg2* and binding of Mn2* caus-
ed a strong positive cooperation.23 NADP-ME from tobacco leaves was not regu-
lated via inhibition by L-malate, which is a characteristic trait for C3 plants.2

Other metabolites, such as intermediates of glycolysis, intermediates of the
citric acid cycle, compounds related to lipogenesis and amino acids, did not affect
significantly the activity of cytosolic NADP-ME from tobacco leaves, neither at
saturation nor subsaturation concentrations of the substrate or coenzyme (Table
I1). Mild inhibition was observed with 3-phosphoglycerate (Table I1). Mller et
al.17 obtained slightly different results, i.e., pyruvate, glucose-6-phosphate, fuma-
rate, succinate and oxaloacetate inhibited recombinant cytosolic tobacco NADP-
-ME. The reason lies in the different experimental conditions (especially the sub-
strate and coenzyme concentrations, the employed buffer and its concentration,
pH). Furthermore, the recombinant protein could be differently folded compared
with protein isolated from plant material. Oxaloacetate was not tested in this
study because this compound could also be a substrate and could be decarbo-
xylated in a reaction catalyzed by NADP-ME. The regulation of NADP-ME by
cell metabolites depended on the particular isoform; chloroplastic NADP-ME
was activated by aspartate, while the cytosolic one was not.1” The regulation of
NADP-ME isoenzymes in Arabidopsis thaliana was different but all isoenzymes
were inhibited by ATP.22

NADP-ME from germinating Ricinus communis cotyledons was activated by
coenzyme A, acetyl-CoA, palmitoyl-CoA and succinate. Therefore, cotyledon
NADP-ME was suggested to play a role in the metabolism of fatty acids.36

The regulation of NADP-ME by macroergic compounds (ATP, ADP and
GTP) (Figs. 2-4) and the slight inhibition by intermediates of glycolysis (Table
I1) indicate that the enzyme could participate in maintaining the energy balance
in the plant. It could be more important under stress than under physiological
conditions. Higher activity of NADP-ME caused by viral infection® and by abio-
tic stress factors in plants were found.6-8,10-17

In regard to the significance of NADP-ME in plant defense response, and the
quite different regulation of NADP-ME in respective organism, cells and cell
compartments, it is important to bring new information into this field.
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CONCLUSIONS

The kinetic mechanism of reactions catalyzed by cytosolic NADP-ME from
tobacco leaves was determined as ordered sequential. This enzyme was inhibited
by ATP, GTP and ADP; the type of inhibition was non-competitive toward
NADP* and predominantly mixed toward L-malate.

Other cell metabolites, such as intermediates of the citric acid cycle, amino
acids and compounds related to fatty acids metabolism did not significantly af-
fect the activity of cytosolic NADP-ME from tobacco leaves, neither in satura-
tion nor in subsaturation concentrations of L-malate and NADP*.

ABBREVIATIONS

CAM — Crassulacean acids metabolism

Cj plant — A plant that produces the 3-carbon compound 3-phosphoglyceric acid as the
first photosynthetic product

C,4 plant — A plant that produces the 4-carbon compound oxaloacetic acid as the first pho-
tosynthetic product

MOPS — 3-Morpholinopropanesulfonic acid

NADP-ME - NADP-dependent malic enzyme EC 1.1.1.40

M3BOJ

PETYJIAIIMJA 1 MEXAHU3AM KATAJIM3E NADP-MAJIATHOI' EH3UMA
U3 JIMCTA JYBAHA

VERONIKA DOUBNEROVA, LUCIE POTUCKOVA, KAREL MULLER u HELENA RYSLAVA

Department of Biochemistry, Faculty of Science, Charles University, Hlavova 2030,
CZ-128 40 Prague 2, Czech Republic

W3 nmucra Nicotiana tabacum L. je usonoBan Hedorocunreruuryhu NADP-ManatHu eH3uM
EC 1.1.1.40 (NADP-ME), koju KaTaiu3yje OKCHOATHBHY JAeKapOoKcuianujy L-manara u cTBaparmbe
nmupyBara 1 NADPH, ykibydeHux y onbpamberu oarosop 6uibke. MexaHn3aM €H3UMCKE PeaKiiyje
je mpoy4aBaH MeTOJOM IoveTHe Op3uHe, 3a Kojy je HaljeHo ma je mpsor pena. Mcmurane cy Mo-
ryhHocTn perynamyje npeuninhenor nuroconHor NADP-ME hemujckum merabonutnma. Ha ak-
tuBHOCT NADP-ME 13 nrcTa myBaHa HUCY 3HA4ajHO YTHIAJIH HHTEPMEIHjEpH NUKITyca JIMMYHCKE
KkucenuHe (o-KeToriayTapar, CyKuuHar, ¢pymapar), MerabonuTy riukonnse (nupysar, gpochoeHon-
MUPYyBar, TiayKo3a-6-¢ocdar), jenumema Koja yuecTByjy y numnorenesn (koeHsum A, anetumi-CoA,
nanmutormi-CoA), 1 HeKe aMHHO-KHCcennHe (IIyTamar, riiyTaMus, acnaprar). CynpoTHO Tome, je-
mumersa GTP, ATP u ADP cy jaku uaxubutopu NADP-ME; Tun u KoHCTaHTa MHXHOWIHjE CY
onpehenu y npucyctBy HajeduracHujux kodpakropa NADP-ME (Mn2+ u Mg2+). Koncrarosan je
nperexxHo HekoMmetutuBHA THn nHXUOHIHje NADP-ME y onnocy Ha NADP" 1 MewosnTH v y
onHocy Ha L-manar.

(ITpumsbero 5. debpyapa, pesuauparo 7. maja 2009)
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Abstract: Mn(Il) and Co(ll) complexes having the general composition
[M(L),X5] (where L = 2-pyridinecarboxaldehyde thiosemicarbazone, M = Mn(ll)
and Co(ll), X = CI-and NOj3) were synthesized. All the metal complexes were
characterized by elemental analysis, molar conductance, magnetic susceptibi-
lity measurements, mass, IR, EPR, electronic spectral studies and thermogravi-
metric analysis (TG). Based on the spectral studies, an octahedral geometry
was assigned for all the complexes. Thermal studies of the compounds suggest
that the complexes are more stable than the free ligand. This fact was supported
by the kinetic parameters calculated using the Horowitz—Metzger (H-M) and
Coats—Redfern (C-R) equations. The antibacterial properties of the ligand and
its metal complexes were also examined and it was observed that the com-
plexes are more potent bactericides than the free ligand.

Keywords: thiosemicarbazone; Mn(Il) and Co(ll) complexes; thermal; antibac-
terial studies.

INTRODUCTION

During the last two decades, thiosemicarbazones have emerged as an im-
portant class of sulphur donor ligands for transition metal ions. The interest in the
development of the coordination chemistry of thiosemicarbazones is due to their
biological and medicinal properties.! They present a variety of biological activi-
ties ranging from antitumour, antifungal, antibacterial, anticancer anti-inflamma-
tory and antiviral activities.2=10 The bacterial and fungicidal activities of trans-
ition metal complexes are due to the formation of chelates with the essential me-
tal ions bonding through the nitrogen and the sulphur donor atom of the ligand.
The activity of these compounds is also dependent on the nature of the hete-
roaromatic ring and the position of attachment to the ring, as well as the form of
the thiosemicarbazone moiety.11,12 Manganese(ll) and cobalt(Il) complexes of
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908 CHANDRA, TYAGI and REFAT

thiosemicarbazones have been reported as compounds that present biological ac-
tivity,13-15

In view of the above applications, a spectroscopic, thermal and antimicrobial
study of 2-pyridinecarboxaldehyde thiosemicarbazone (L) and its Mn(ll), and
Co(ll) complexes is presented in this paper. The structure of the free ligand is
shown in Fig. 1.

=

| |
= C=N—N—C—NH,
M | Il

H 5 Fig. 1. Structure of the ligand (L).

EXPERIMENTAL

All the employed chemicals were of analytical grade and procured from Sigma-Aldrich
and Fluka. The metal salts were purchased from Merck and were used as received.

Synthesis of ligand

A hot ethanolic solution (20 ml) of thiosemicarbazide (4.55 g, 0.0500 mol) and an
ethanolic solution (20 ml) of 2-pyridinecarboxaldehyde (4.75 ml, 0.0500 mol) were mixed
slowly under constant stirring. This mixture was refluxed at 75-80 °C for 4 h. On cooling, a
white coloured compound precipitated out, which was filtered, washed with cold EtOH and
dried under vacuum over P4O4,. Yield: 68 %; m.p. 180 °C. Anal. Calcd. for C;HgN,S (FW =
=180): C, 46.67; H, 4.45; N, 31.11 %. Found: C, 46.62; H, 4.49; N, 31.20 %.

Synthesis of the complexes

A hot ethanolic (20 ml) solution of the ligand (0.36 g, 0.0020 mol) and an ethanolic (20
ml) solution of the required metal salt (MnCl,-4H,0, Mn(NOj),-2H,0, CoCl,-6H,0,
Mn(NO3),-2H,0 (0.0010 mol) were mixed together under constant stirring. This reaction mix-
ture was refluxed for 3-4 h at 70-80 °C. The completion of the reaction was confirmed by
TLC using ethanol and acetone in a 2:1 ratio as the solvent and silica gel as the adsorbent. The
reaction mass was degassed on a rotary-evaporator over a water bath. On cooling, a coloured
complex separated out, which was filtered, washed and recrystalized from 50 % ethanol and
dried under vacuum over P4O1.

Physical measurements

C and H were analyzed on a Carlo—Erba EA 1106 elemental analyzer. The nitrogen
content of the complexes was determined using the Kjeldahl method.2® The content of man-
ganese was determined gravimetrically as Mn,P,0; and cobalt volumetrically using Xylol
Orange as the indicator.l” The molar conductance was measured on an Elico CM82T conduc-
tivity bridge. The magnetic susceptibility was measured at room temperature on a Gouy balan-
ce using CuSO,4-5H,0 as the calibrant. Correction for diamagnetism was realised using Pascal
constants. The electronic impact mass spectrum was recorded on a JEOL, JMS-DX-303 mass
spectrometer. The IH-NMR spectra of the ligand was recorded at room temperature on a Bru-
cker Advance DPX-300 spectrometer using DMSO-dg as the solvent. The IR spectra were re-
corded as KBr pellets on a FTIR BX-II spectrophotometer. The electronic spectra were recor-
ded in DMSO on a Shimadzu UV mini-1240 spectrophotometer. The EPR spectra of the
Mn(11) complexes were recorded as polycrystalline sample at room temperature and the Co(ll)
complexes at liquid nitrogen temperature on an E4-EPR spectrometer using DPPH as the
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g-marker. The thermogravimetric curves were obtained using a Shimadzu TG-50H instrument
under a N, atmosphere at a heating rate of 15 °C min.

RESULTS AND DISCUSSION

Based on elemental analyses, the complexes were found to have the compo-
sition shown in Table I. The molar conductance measurements of the complexes
in DMSO corresponded to non-electrolytes. Thus, these complexes may be for-
mulated as [M(L)2X2] [where M = Mn(ll) or Co(ll), L = 2-pyridinecarboxal-
dehyde thiosemicarbazone and X = CI= or NO3z]. The electron-impact mass
spectrum of the ligand is shown in Fig 2. The IR spectra (KBr, cm=1) of the
ligand displayed a highest frequency band at 3433 cm~1, which can be assigned
to the asymmetric v(N—H) vibration of the terminal NH» group. The other bands
at 3261 and 3156 cm~1 may be due to the symmetric v(N-H) vibrations of the
imino and amino groups. The other important IR bands of the ligand and their
metal complexes are given in Table II.

TABLE I. Molar conductance and elemental analysis data of the complexes
Molar

Elemental analysis

Complex conductance  Colour I\ﬁl.p. Y(')EId Found (Calcd.), %
2 mol-L C %
S cm? mol M C H N

[Mn(L),Cl] 16 Cream 285 65 11.28 3450 324 23.08
MnC4H16NgS,Cl; (11.32) (34.57) (3.29) (23.04)
[Mn(L),(NOs),] 12 Cream 289 62 10.16 31.14 292 2592
MnCy4H16N10S,05 (10.20) (31.17) (2.97) (25.97)
[Co(L).Cl,] 17 Light 298 59 12.06 3425 323 2282
CoCy4H16NgS,Cl, pink (12.02) (34.29) (3.26) (22.86)
[Co(L)2(NOs),] 20 Shiny 295 62 10.82 3096 299 2572
CoCy4H16N1(S,06 pink (10.85) (30.94) (2.95) (25.78)
100 1

80

78
60
60
a0 ]t
20 135 179
Si‘l 119 ‘
I..I.ljl.n_i L . .
100 150 200 250 300 350 Fig. 2. Electron impact mass spec-
miz trum of the ligand (L).

The magnetic moment of the Mn(Il) complexes lay in the range 5.92-5.98
us, corresponding to five unpaired electrons. At room temperature, the magnetic
moment of the Co(ll) complexes lay in the range 4.85-4.90 ug, corresponding to
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910 CHANDRA, TYAGI and REFAT

TABLE II. IR Spectral data (cm1) of ligand and its metal complexes

Compound v(C=N) v(Py-N) v(C=S) v(M-N)
L 1610 559 742 --
[Mn(L),Cl,] 1590 575 742 440
[Mn(L)>(NO3).] 1595 572 742 448
[Co(L),Cl,] 1587 580 742 452
[Co(L)»(NO), 1592 585 742 445

three unpaired electrons (Table Il1). The electronic spectra of the Mn(Il) com-
plexes exhibited four weak intensity absorption bands in the ranges of 533-546,
433-439, 361-364 and 261-274 nm. These bands may be assigned to the tran-
sitions: 6A1g — 4T14 (4G), 6A1g — 4Eg, *A1g (*G) (10B + 5C), 6A14 — Eq4 (D)
(17B + 5C) and 6A1q — 4T14 (*P) (7B + 7C), respectively.18.19 The positions of
these bands suggest an octahedral geometry around the Mn(ll) ion. The elec-
tronic spectra of the Co(ll) complexes, recorded in DMSO solution, exhibited ab-
sorption in the ranges of 962-965, 679-696 and 533-539 nm. These bands may
be assigned to the transitions: 4T1q (F) — 4Tag (F), 4T1g — *Azg and 4T1g (F) —
— 4T14 (P), respectively.20-21 The position of these bands suggests an octahedral
environment around the Co(ll) ion. The EPR spectra of the Mn(ll) and Co(ll)
complexes were recorded as polycrystalline samples and in DMSO solution at
room temperature and liquid nitrogen temperature, respectively. The polycrys-
talline spectra of the Mn(ll) complexes gave an isotropic signal cantered at ap-
proximately the free electron g-value (gg = 2.0023). The broadening of the spec-
tra is probably due to spin relaxation. In DMSO solution, the complexes gave Six
well-resolved lines due to hyperfine interaction between the unpaired electrons
with the Mn nucleus (I = 5/2). In the spectra of the Co(ll) complexes, the g-va-

TABLE I1l. Magnetic moments and electronic spectral data of the complexes

Complexes  peilus  Ama/NM &/ 1mol™ cm™ Assignments
[Mn(L),Cl,] 5.98 546 30 °Ay— Tiy('G)
439 41 6A169 - 4Eg, ‘A (‘G) (10B+5C)
364 112 Ay Ey (‘(‘P)) ((17B+5c))
261 132 Ay— Ty, (‘P) (7B+7C
[Mn(L),(NO;),]  5.92 533 34 Ay— “Ti(‘G)
433 48 6A1§—> 4Eg, Ay, (‘G) (10B+5C)
361 1;2 éAlg—> 459 (4(5)))((17B+5Cc))
75 1 As— Ty (‘P) (7B+7
[Co(L),Cl,] 4.85 965 56 leg (F) = “Ty (F)
696 72 Ty — Ay
[Co(L),(NOy),]  4.90 533 87 “Tig (F) = *Tyy (P)
962 61 Tig (F) > Ty (F)
679 75 Ty — Ay
539 92 Ty (F) > “Tyy (P)
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Mn(I1) AND Co(ll) COMPLEXES WITH THIOSEMICARBAZONE 911

lues were found to be almost the same in both the polycrystalline sample and in
solution. This indicates that the complexes had the same geometry in the solid
form as in solution (Table 1V). Based on of above spectral studies, the structures
shown in Fig. 3 may be suggested for the complexes.

TABLE IV. EPR Spectral data of the complexes

Complexes Temp. gy /1R Oiso A°
[Mn(L),Cl,] RT - - 1.9980 109.65
[Mn(L),(NO3),] RT - - 2.0178 112.82
[Co(L),Cl,] LNT 2.7090 1.8060 2.1070 -
[Co(L),(NOs),] LNT 2.4951 1.8301 2.0517 —
X
O)
\M
H—C
\\N/
/
HT X \NH
ZSNH Y
S 2 H,N S Fig. 3. Suggested structures of the complexes.

Thermogravimetric analysis

The thermal analysis data of the ligand and its metal complexes are given in
Table V.

TABLE V. Thermogravimetric results (TG and DTG) for the ligand and its complexes

Temperature DTG Residual Decomposition Total losses, %

Compund Stage o o - . _
range, °C C species species Found Calc.

Ligand (L) 1 270-800 310 C C,H,+N,+S 9330 93.34
2N 600 2C,H, + N, + H,
31 725

[Mn(L),Cl,] 1t 40-800 216 MnS 7C,H,+Cl,+ 83.06 82.11
2”: 463 + 4N, + H,S
3 603

[Mn(L),(NO3),] 1%  200-800 260 MnO, 7C,H,+SO,+ 84.63 83.87
2N 443 +2NO + 4N, +
31 562 +H,S

[Co(L),Cl,] 1t 78-800 145 CoS 7C,H,+Cl,+ 81.32 81.44
2”: 436 + 4N, + H,S
3 699

[Co(L),(NOy),] 1%  59-800 195 CoSO, 7C,H,+2NO+ 72.19 71.46
2N 480 + 4N, + H,S
31 628
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912 CHANDRA, TYAGI and REFAT

Kinetic Parameters. Two methods mentioned in the literature related to de-
composition Kinetics studies were applied in this study, i.e., the Coats—Redfern22
and Horowitz—Metzger23 method.

The Coats—Redfern equation (1), which is a typical integral method, can be
represented as:

®

RTdT (1)

)

A <2Te
ol-a)" o1

For convenience of integration, the lower limit, T1, is usually taken as zero.
This equation on integration gives:

In (<In (1 — &)/T2] = =E*/RT + In (AR/®e) 2
A plot of the left-hand side (LHS) against 1/T was drawn. E* is the energy of
activation in kJ mol-1 and is calculated from the slope, and A in s=1 from the

intercept. The entropy of activation, AS* in J K-1 mol-1, was calculated from the
equation:

AS* =R In (Ah/KT,) 3)

where k is the Boltzmann constant, h is the Plank constant and Tg is the DTG
peak temperature.
The Horowitz—Metzger Equation was written in the form:

log (log (we/w,)) = E*9/2.303RTS2 —log 2.303 (@)

where 6 = T - Ts, W, = W, — W; W, is the mass loss at the completion of the re-
action; w is the mass loss up to time t. From the slope of the linear plot of log
(log (We/wy)) vs. 6, the value of E* is calculated. The pre-exponential factor, A, is
calculated from the equation:

E*OIRTZ = Allp exp(—E*/RTs)] ®)

The entropy of activation, AS*, enthalpy of activation, AH*, and Gibbs free
energy, AG*, are calculated from:

AH* = E* = RT and AG* = AH* —TAS*

The kinetic parameters for the main degradation stages around 700-740 K
(decomposition of the ligand) obtained employing the Coats—Redfern and Horo-
witz—Metzger equations are summarized in Table VI together with the radii of
the metal ions. The results show that the values obtained by various methods are
comparable. The activation energy of the Mn(ll) and Co(ll) complexes is expec-
ted to increase in relation with the decrease in their radius. The E* values cal-
culated using the Coats—Redfern method for the definite decomposition stages of
the complexes are: E*(Mn(l1)) = 1.70x10° kJ mol-1 > E*(Co(ll)) = 1.24x105 kJ
mol=1; r(Mn(I1)) = 46.0 pm < r(Co(ll)) = 74.5 pm.
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TABLE VI. Thermal behaviour and kinetic parameters determined using the Coats—Redfern
(C-R) and Horowitz—Metzger (H-M) method

Radius T E* A AS* AH*  AG*

Compound pm K Method s ort s sk moltkimoltkimolt  °
Ligand (L) — 583 CR 139 254 0513 134 164 09513
HM 143 86.4 -0.411 138 162 0.9506

[Mn(L),Cl,] 460 736 CR 170 1.44x10° -1.35 114 213 0.9855
HM 167  7.98x10° -1.20 121 210 0.9814
[Mn(L)2(NOs),] 716 CR 178 20.1 -0550 172 212 0.9906
HM 188  5.94x10Y -0.268 182 202 0.9916
[Co(L),Cl5] 745 709 CR 124  7.76x10° -0.628 158 203 0.9962
HM 135 8.15x10° -0432 169 199  0.9955
[Co(L)2(NOs),] 753 CR 131 6.15x10° -1.23 124 217 0.9954
HM 149 1.74x10° -0.994 143 214 0.9920

Antibacterial studies

The antibacterial action of the ligand and its Mn(Il) and Co(ll) complexes
was measured by the disc diffusion method24-27 against the bacterial species:
Stapyloccocus aureus, Pseudomonas striata and Escherchia coli. Sterilized nut-
rient agar media (NA) (25 ml) was poured into Petri dishes. After solidification,
0.10 ml of test bacteria was spread over the medium using a spreader. Discs of
Whatman No. 1 filter paper, diameter 6 mm, were soaked in DMSO solutions in
the compounds (1.0 mg cm-1). All the compounds were placed at 4 equidistant
places at a distance of 2 cm from the centre of the inoculated Petri dishes. DMSO
served as the control and Streptomycin was used as the standard drug. The Petri
dishes were kept in a refrigerator for 24 h for pre-diffusion. Finally, the Petri
dishes were incubated at 30 °C for 24 h. All determinations were performed in
duplicate for each of the compounds. The average of two independent readings
for each compound was recorded.

The results of the antibacterial study are given in Fig. 4, from which it can be
seen that the bacterial growth inhibitory capacity of the ligand and its complexes
followed the order Co(ll) > Mn(ll) > ligand.

80
70
60
50

-
L
e
cil e
-
-

[}

|
S. aureus
P, striata
| E. coli

Inhibition, %

20
10
0

/A IHA 7777779774/

= Fig. 4. Antibacterial activity of the com-

Ligand Mn(ll) Co(ll) pounds.
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914 CHANDRA, TYAGI and REFAT

CONCLUSIONS

The present study confirmed an octahedral geometry around the Mn(ll) and
Co(Il) complexes with the bidentate ligand coordinating through the nitrogen
atoms of the of v(Py-N) and v(C=N) groups. The thermal stability sequence
decreased in the following order: Mn(ll) > Co(ll) > ligand. The activation energy
of the Mn(ll) and Co(ll) complexes, as expected, increased in accordance with
their decreasing radius. The activation entropy change in all the complexes had a
negative value, meaning that the complexes were more ordered systems than the
reactants. The results of antimicrobial activity revealed that all the metal-com-
plexes showed an inhibition capacity slightly higher than the ligand, but much
less than the standard drug.

Acknowledgement. The authors are thankful to the DRDO, New Delhi, for financial
support.

U3BOA

CIHHEKTPOCKOIICKA, TEPMUYKA U AHTUBAKTEPUIJCKA TTPOYYABABA Mn(ll) 1
Co(Il) KOMIUIEKCA M3BEJAEHUX N3 TUOCEMUKAPBA30HA
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Cunrerucanu cy kommiekcu Mn(Il) u Co(ll) ommrer cacrasa [M(L),X;] (rzme je L = 2-mu-
puauHKapOokcuanaexua tnocemukap6asona, M = Mn(ll) u Co(ll), X = CI" u NO3). CBu meTannu
KOMILIEKCH Cy OKapaKTEPHCAHU €JIEMEHTAIHOM aHAIM30M, MOJIAPHOM TPOBOAJUBOIINY, MEPEHEM
MarHeTHe CyclenTUOMIHOCTH, MaceHuM, IR, EPR, eneKTpOHCKUM CEKTpaHUM MpOoyYaBambiMa U
TepmorpaBumMerpujckom ananu3oMm (TG). Ha oCHOBY CrieKTpaaHHX H3ydyaBarba MPEJIoKEeHA je OK-
TaeIapcka reOMeTpuja 3a CBe KOMILIeKce. TepMuiKa poyvaBama jeHbeha CyTeprIly 1a Cy KOM-
IUIEKCH CTaOWITHUjH 011 ciioboaHoT uranaa. OBo je moapKaHO MPOYyYaBamkeM KHHETHIHUKHUX TTapa-
Mmerapa npumeHoMm Horowitz—Metzger (H-M) u Coats—Redfern (C-R) jemnaunna. AnrtmGakTe-
pHjcKe OCOOMHE JIMraHa U BheroBUX METAIHMX KOMIUIEKCa Cy Takohe udydyaBaHe W npumeheHo je
Jla Cy KOMIIKEJICH MONHUj1 OAKTEPHUIMIN HETO CII000THH JIUTaH .

(Mpumsbeno 1. nenemGpa 2008, pesuaupano 15. anpuna 2009)
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Synthesis, characterization, chelation with transition metal
ions, and antibacterial and antifungal studies of the 4-[(E)-
-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol dye
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Abstract: New Ni(ll), Cu(ll) and Co(ll) complexes were synthesized with the
bidentate azo-azomethine dye, 4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)me-
thyl]phenol (dmpH), which was prepared by the reaction of 2-hydroxy-5-[(E)-
phenyldiazenyl]benzaldehyde with aniline in EtOH. The syntheses of the metal
chelates of the azo-azomethine dye were realized by the precipitation techni-
que. The synthesized metal complexes were characterized by elemental ana-
lysis, molar conductance measurements, as well as infrared and UV-Vis spectral
data. Based on these characterizations, the metal complexes of the transition
metal ions may be formulated as [M(dmp)CI(H,0)] where M = Ni(ll), Cu(ll)
and Co(Il). The metal complexes were formed by the coordination of N and O
atoms of the ligand. The molar conductance values of the Ni(ll), Cu(ll) and
Co(Il) complexes of the bidentate ligand indicate their non-ionic character. The
free ligand and its metal complexes were tested for their in vitro antimicrobial
properties against eight bacteria: Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Mycobacterium smegmatis, Pseudomonas aeruginosa,
Enterococcus cloacae, Bacillus megaterium, and Micrococcus luteus, and three
fungi, Kluyveromyces fragilis, Rhodotorula rubra and Saccharomyces cerevi-
siae, in order to assess their antimicrobial potential. The [Ni(dmp)CI(H,0)]
chelate exhibited high activity against all the bacteria and fungi, except
Rhodotorula rubra.

Keywords: azo dye; azo-azomethine; transition metals; spectroscopy; antimic-
robial activity.

INTRODUCTION

Colorants, which include chromophores of dyes usually consisting of C=C,
N=N, C=N, and aromatic and heterocyclic rings, containing oxygen, nitrogen or
sulfur, have been widely used as dyes owing to their versatility in various fields

*E-mail: nkurtoglu@ksu.edu.tr
doi: 10.2298/JSC0909917K
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and high technologies, including textiles, paper, leather, plastics, biological stain-
ing, lasers, liquid crystalline displays, ink-jet printers, and in specialized applica-
tions, such as food, drug, cosmetic and photochemical productions.1~# Dyes used
before the nineteenth century were either of vegetable (i.e., weld, madder, indigo)
or animal origin (i.e., cochineal, shellfish) and belonged to various chemical
types, such as flavonoids (yellow), anthraquinones (red) and indigoids (blue and
violet).> These chemical types of anthraquinoid dyes provide the most important
red dyes and lakes used in artistic paintings. Synthetic dyes are extensively used
in industry and a vast amount of the dyes produced enter the environment as
waste material.6 The main synthetic dye classes include azo, anthraquinone and
triarylmethane dyes which constitute more than half of the dyes used in industrial
applications. Azo dyes are widely used in the textile industry and are the largest
and most versatile group of synthetic organic dyes, with a tremendous number of
industrial applications.’

Schiff base metal complexes have the ability to reversibly bind oxygen in
epoxidation reactions,8 biological activity,%10 catalytic activity in hydrogenation
of olefins11.12 and photochromic properties.13 Also, Schiff bases can be used in
the degradation of organic compounds4 and in radiopharmaceuticals.1®

In previous studies, the synthesis and characterization of various bidentate
compounds and some of their properties were investigated.16-20 In this article,
because of the importance of azo-azomethine compounds and in continuance of
present interest in the syntheses of azo and azomethine compounds, the syn-
theses, complex formation and characterization using different techniques, in par-
ticular the elemental analyses, molar conductivity, infrared and electronic spec-
troscopy, of 4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol are re-
ported. The ligand was synthesized by the reaction of 2-hydroxy-5-[(E)-phenyl-
diazenyl]benzaldehyde with aniline in EtOH solution at the boiling point. Its com-
plexing ability with Ni(ll), Cu(ll) and Co(ll) salts was examined. The structure of
the metal chelates is proposed.

EXPERIMENTAL
Reagents

Aniline and salicylaldehyde were purchased from Aldrich. 2-Hydroxy-5-[(E)-phenyldia-
zenyl]benzaldehyde was prepared as described previously.21-2% NiCl,-6H,0, CuCl,-2H,0 and
CoCl,-6H,0 (Merck) were used as purchased with no additional purification. All solvents were
of reagent grade and used without further purification.

Physical measurements

The microanalyses for carbon, hydrogen, nitrogen were performed by the TUBITAK
Analyses Center. The proton NMR spectrum of the azo ligand was determined in the In6ni
University Laboratories, Malatya, Turkey. The infrared spectra (KBr disc) were recorded in
the 4000-400 cm™ range on a Shimadzu 8300 FT-IR spectrometer. The electronic spectra
were obtained on a Shimadzu 160A UV spectrometer. The melting points were measured with
an Electrothermal LDT 9200 apparatus in open capillaries.
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Synthesis of 4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol, dmpH (1)

The azo-azomethine compound was prepared according to a literature method (Fig. 1).16
Aniline (0.043 g, 50 mmol) and 0.104 g (0.460 mmol) 2-hydroxy-5-[(E)-phenyldiazenyl]-
benzaldehyde were dissolved in 75 mL absolute EtOH with a few drops of glacial acetic acid
as a catalyst. The solution was refluxed for 5 h and then left at room temperature. After cool-
ing, the azo-azomethine dye was obtained as orange microcrystals. The microcrystals were fil-
tered off, washed with 20 mL of cold absolute EtOH and then dried.

o
Z
. OH
N
NaNO, N
_— —_—
HCl
HO
=
o
CeHsNHy | reflux
EtOH
I
H 13 H
N
15 1
H” \lo/ “H
N
Q\T/H
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u S \iy \T/H H
6. 4 I

| N 23 H

B N NF e N
16 ||

PN

H
Fig. 1. Preparation of the azo-azomethine dye.

H H

Synthesis of [Ni(dmp)CI(H,0)] (2)

A methanolic solution (15 mL) of (0.040 g, 1.66x10-* mol) nickel(I1) chloride was added
to 15 mL of a clear solution of dmpH (0.050 g, 1.66x10-4 mol) in 10 mL MeOH. The resulting
mixture was refluxed for 4 h on a water bath. The volume was reduced to half by slow eva-
poration. After cooling, the red colored complex precipitated out, which was filtered off,
washed several times with EtOH and dried in vacuo.

Synthesis of [Co(dmp)CI(H,0)] (3)

A solution of CoCl,-6H,0 (0.516 g, 0.0200 mmol) in 10 mL of MeOH was added to a
magnetically stirred 15 mL MeOH solution containing the ligand (0.653 g, 0.0217 mol) and
then refluxed for 2 h. The obtained solution was left at room temperature. The cobalt(ll) com-
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plex was obtained as a reddish brown precipitate. The product was filtered off, washed with
cold EtOH and then dried under vacuum.
Synthesis of [Cu(dmp)CI(H,0)] (4)

Copper(ll) chloride hexahydrate (0.0524 g, 3.08x10 mol) dissolved in MeOH (10 mL)
was added to a hot solution of the azo-azomethine ligand (0.0928 g, 3.08x104 mol) dissolved
in MeOH (20 mL). The pH was adjusted to 5-6 using alcoholic sodium hydroxide (0.010 M).
The resulting solution was stirred and heated on a hot plate at 70 °C for 30 min. The volume
of the obtained solution was reduced to one-half by evaporation. One day later, a greenish
brown colored solid of the complex formed, which was filtered, the solid washed with cold
EtOH and Et,0 and finally dried under vacuum.

Biological studies

The azo-azomethine dye and its metal complexes were evaluated for both their in vitro
antibacterial activity against Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Mycobacterium smegmatis, Pseudomonas aeruginosa, Enterococcus cloacae, Bacillus mega-
terium and Micrococcus luteus, and their in vitro antifungal activity against Kluyveromyces
fragilis, Rhodotorula rubra and Saccharomyces cerevisiae by the disc diffusion method.24:25

RESULTS AND DISCUSSION
Synthesis of the coordination compounds

The dye, 4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol was
prepared by reacting aniline with 2-hydroxy-5-[(E)-phenyldiazenyl]benzaldehy-
de, obtained by treating a solution of aniline with salicylaldehyde in EtOH me-
dum with an aqueous solution of NaNO, at -5 °C. The structure of the azo-azo-
methine dye was demonstrated by a combination of analytical, spectroscopic and
single crystal X-ray studies. The level of impurity in the product was checked by
thin layer chromotogropy. The single crystal structure of the azo-azomethine
ligand has been reported and discussed in a previous paper.16 In methanolic
solution (pH 5-6), the ligand undergoes deprotonation to form 1:1 mononuclear
complexes with Ni(Il), Co(Il) and Cu(ll) metal ions:

dmpH + MCly-xH20 — [M(dmp)CI(H20)] + HCI + xH,0

Characterization and analytic data of the ligand and the complexes

4-[(E)-phenyldiazenyl]-2-[(E)-(phenylimino)methyl]phenol, dmpH (1). Yield:
0.12 g (85 %). m.p. 137-138 °C. Anal. Calcd. for C1gH15N30 (301.3 g/mol): C,
75.73; H, 5.02; N, 13.94 %; Found: C, 75.64; H, 5.09; N, 13.86. FTIR (KBr, cm™1):
3420 (Ar-OH), 3049 (Ar-C-H), 1620 (-CH=N-), 1346 (-N=N-). 1H-NMR
(DMSO-dg, 0 / ppm): 13.87 (1H, s, -OH), 9.17 (1H, s, -CH=N-), 8.32-8.30 (2H,
d, J = 9.1 Hz, Ar-H), 8.04-7.99 (5H, dd, J = 8.9 Hz, Ar-H), 7.88-7.85( 1H, d,
J = 8.6 Hz, Ar-H), 7.62-7.57 (5H, m, Ar-H). UV-Vis (EtOH, Amax / nm): 272
(m—>7w*, Ar-C=C), 320 n—n*, -CH=N-), 333 (n—n*, -N=N-), 345 (n—>n*, -
CH=N-), 452 (n—n*, —-N=N-). UV-Vis (DMF, Amax / nm): 277 (n—n*, Ar-
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C=C), 326 (n—n*, -CH=N-), 343 (m—n*, -N=N-), 360 (n—n*, -CH=N-), 460
(n—>m*, -N=N-). 4y = 13 Q1 cm2 mol-1.

[Ni(dmp)CI(H20)] (2). Yield: 65 %. m.p. 225 °C. Anal. Calcd. for
C19H16CIN3NIiO, (412.50 g/mol): C, 55.32; H, 3.91; N, 10.19 %; Found: C,
55.07; H, 3.69; Cl, 8.44; N, 10.42 %. FTIR (KBr, cm-1): 3415 v(OH), 3064
v(Ar-C-H), 1618 v(C=N), 1350 v(-N=N-), 941, 569 v(Ni-0), 447 v(Ni-N).
UV-Vis (DMF, Amax / nm): 229 (r—nw*), 279 (n—n*), 347 (n—n*), 363 (n—n*),
443 (d—d). Ap = 15 Q1 cm2 mol-1,

[Co(dmp)CI(H20)] (3). Yield: 69 %. m.p. 258 °C. Anal. Calcd. for
C19H16CICON302 (412.74 g/mol): C, 55.29; H, 3.91; CI, 8.59; N, 10.18; Co,
14.28 %; Found: C, 55.35; H, 3.68; ClI, 8.71; N, 9.96; Co, 14.07 %. FTIR (KBr,
cm™): 3439 v(OH), 3039 v(Ar-C—H), 1613 v(C=N), 1382 v(~N=N-), 563 v(Co-
0), 447 v(Co-N). UV-Vis (DMF, Amax / nm): 235 (n—n*), 293(n—n*), 346
(n—r*), 428(n—r*), 605(d—d), 669(d—d). A = 25 Q-1 cm2 mol-1.

[Cu(dmp)CI(H20)] (4). Yield: 71 %. m.p. >250 °C. Anal. Calcd. for
C19H16CICUN302 (417.35 g/mol): C, 54.68; H, 3.86; Cl, 8.49; N, 10.07; Cu,
15.23 %; Found: C, 54. 55; H, 3.74; Cl, 8.27; N, 10.16; Cu, 15.32 %. FTIR (KBr,
cm-1): 3458 v(OH), 3058 v(Ar-C-H), 1611 v(C=N), 1379 v(-N=N-), 530
v(Cu-0), 455 v(Cu-N). UV-Vis (DMF, Amnax / nm): 234 (n—n*), 274 (n—>n*),
352 (n—m*), 370 (n—7r*), 412 (d—d). Ay = 21 Q-1 cm2 mol-L.

The structures of the ligand and corresponding complexes were elucidated
based on 1H-NMR, IR and UV-Vis spectra, elemental analysis and molar con-
ductivity. In the complexes, the chloride ions were found to be coordinated to the
metal ions as confirmed by the conductivity measurements.

Solubility and molar conductance

All of the metal chelates, [Ni(dmp)CI(H20)], [Cu(dmp)CI(H,0)] and
[Co(dmp)CI(H20)] are stable in air and soluble in DMF and insoluble in water
and n-hexane. Single crystals of the metal chelates could not be isolated from any
organic solution, thus no definite structures can be described. However, the ana-
Iytical, spectroscopic and conductivity data enabled possible structures to be
predicted as shown in Fig. 2. The molar conductance values of the complexes 2—-4
in DMF were in the range 15-25 Q-1 cm2 mol-1, indicating that they are non-ele-
ctrolytes.

Elemental analyses

The elemental analysis results of the complexes of the ligand 1 are in good
agreement with the theoretical calculations. The data show a 1:1 (M:dmpH) ratio
of the complexes with formulae [M(dmp)CI(H20)].
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Fig. 2. The proposed general struc-
ture of the metal chelates.

'H-NMR spectrum of the ligand

Proton nuclear magnetic resonance spectral analysis was performed for the
synthesized dye which provided further evidence for the structural characteristics
of the dye. The 1H-NMR spectrum of the dye showed a signal at §13.87 ppm.26
This chemical shift can be attributed to hydrogen bonded O-H proton. The al-
dehyde compound containing an azo group exhibited a peak in its 1H-NMR spec-
trum at 0 10.32 ppm as a singlet belonging to the proton of the -CHO group.
However, the aldehyde peak disappeared in the azo-azomethine dye. The proton
of the azomethine group appeared at §9.17 ppm as a singlet (Fig. 3). The IH-NMR
spectrum of the dye showed d peaks at 6 8.32-8.30 ppm (H-3), a dd at 6 8.04—
—7.99 ppm (H-5) and a d at §7.88-7.87 ppm (H-6), which are attributed to phe-
nyl protons, including the —OH group.22 These results show that the azo-azome-
thine dye shifts to the enol-imine form. The multiple peaks appearing at 6 7.62—
—7.57 ppm are also attributed to aromatic protons.2

/

T 1 T T T T T T

14 13 12 11 10 9 8 7
8/ ppm
Fig. 3. IH-NMR spectrum of the dye.

L
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IR spectra

The IR spectra of the complexes were studied to characterize their structures.
The IR spectra of the dmpH ligand 1 and its metal complexes were taken as KBr
pellets.

The ligand spectrum revealed a broad band at 3420 cm~1 corresponding to
the vibration of the O—H group present in the structure.2 The band observed at
3049 cm1 is due to the presence of aromatic C—H bonds in the structure. Espe-
cially, the band observed at 1620 cm=! indicates the azomethine (~CH=N-)
group, which was not present in the starting material but forms in the resulting
product as a result of the condensation reaction.2” This band is shifted in the me-
tal chelates toward lower frequencies because of the coordination of the nitrogen
to the metal ion. This fact can be explained by the withdrawing of electrons from
nitrogen atom to the metal ion on coordination. The band observed at 1346 cm-1
is an indication of the -N=N- group. The peak at 3420 cm=1 in the spectrum of
the ligand corresponding to the OH group was observed at 3415 cm! in the
spectrum of 2. The peak observed at 3064 cm—1 is due to the aromatic C-H group
in the complex. The peak at 1618 cm~1 is due to C=N. These values are in good
accordance with the values cited in the literature. The peak appearing at 3420 cm™
in the IR spectrum of the ligand corresponding to OH group was observed to ap-
pear at 3439 cm " in the IR spectrum of 4. The peak aromatic C-H group was
observed at 3039 cm . The peak at 1613 cm~1 corresponds to the vibration
mode of the C=N group. The peak appearing at 3420 cm~1 in the spectrum of the
ligand, corresponding to the OH group, was observed at 3458 cm=1 in the IR
spectrum of 3. The peak corresponding to the imine group appeared at 1611 cm-1,
The peaks appearing at 530 and 455 cm—1 were attributed to the Cu-O and Cu-N
groups. In the infrared spectra of the complexes, bands assigned to M-O and M-N
were identified between 569-530 cm~1 and 455-447 cm~1, respectively.28

Electronic spectra

The electronic spectra of the dye and its metal chelates were recorded in both
EtOH and DMF between 200 and 800 nm. The room temperature UV-Vis ab-
sorption spectrum of the synthesized dye (dmpH) displayed mainly five bands
observed within the range 200-800 nm in EtOH and DMF solution. The first
band at 272 nm as a shoulder was assigned to the moderate energy m—mn*
transition of the aromatic ring, while the second band at 320 nm is due to the low
energy m—m* transition of the —-CH=N- group.

The peaks belonging to the azomethine group in the spectra of 2, 3 and 4
coordination compounds were observed at 347, 350, 342 nm, respectively. The
bands at 333 in EtOH and 343 nm in DMF were assigned to the m—n™* transition
of the -N=N- azo group. The other bands in EtOH at 345 and 452 nm were due
to n—mw* transitions of the —-CH=N- and —-N=N- groups of the dye, respecti-
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vely.29 These transitions were observed at 360 and 460 nm in DMF solutions,
respectively. The peaks belonging to the -N=N- group in the spectra of the com-
plexes 2, 3 and 4 appeared at 363, 389 and 370 nm, respectively. The d-d tran-
sition bands in the spectra of the azo-azomethine dye complexes were observed
at 412-605 nm. The spectroscopic data obtained in this work agreed well with
the results of previous studies.
Biological activity

The antibacterial and antifungal activity of the new azo-azomethine chelates
were tested by the disc diffusion method. The antibacterial and antifungal acti-
vities of the compounds against eight bacteria, namely E. coli, S. aureus, K.
pneumoniae, M. smegmatis, P. aeruginosa, E. cloacae, B. megaterium and M. lu-
teus, and three fungi, namely K. fragilis, R. rubra and S. cerevisiae, are presented
in Table I. The results showed that the compound dmpH exhibited high activity
against all the tested bacteria and fungi, except for R. rubra. The dye, compound
1, showed the highest effect against S. aureus and K. pneumoniae among all the
tested bacteria and S. cerevisiae among all the tested fungi. Compound 2 was
quite effective against all the tested bacteria and fungi, with the exception of R.
rubra, as in the case of compound 1. However, compound 2 had the highest
effect only against one bacterium, namely S. aureus, showing an inhibition zone
of 22 mm. It is also clear from the data in Table | that compound 3 exhibited high
activity against all the tested bacteria and fungi, showing an inhibition zone of 9-
—-15 mm. Compound 4 exhibited moderate activity against all the tested bacteria
and fungi, except for R. rubra. The copper complex showed the highest effect
against E. coli and B. megaterium among all the tested bacteria and S. cerevisiae
among all the tested fungi.

TABLE I. Antibacterial and antifungal activities (mm) of the synthesized dye and its com-
plexes

. . Compound
Tested microorganisms 1 > 3 2
E. coli 16 15 13 10
S. aureus 20 22 10 8
K. pneumoniae 20 19 12 8
M. smegmatis 15 15 11 7
P. aeruginosa 15 15 9 7
E. cloacae 15 15 12 7
B. megaterium 16 16 11 10
M. luteus 17 16 12 9
K. fragilis 14 15 15 11
R. rubra 0 0 10 0
S. cerevisiae 17 16 12 16
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CONCLUSIONS

In this work, an azo-azomethine dye ligand, 4-[(E)-phenyldiazenyl]-2-[(E)-
-(phenylimino)methyl]phenol (dmpH), derived from 2-hydroxy-5-[(E)-phenyldi-
azenyl]benzaldehyde and aniline in EtOH, and some of its transition metal com-
plexes were prepared. The analytical data and spectroscopic studies suggested
that the complexes had the general formula of [M(dmp)CI(H20)], where M is
nickel(Il), cobalt(ll) or copper(ll). The molar conductance measurements of the
complexes showed their non-electrolytic nature. According to UV-Vis and IR
data, the phenylazo-linked azo-azomethine dye was coordinated to the metal ion
through the azomethine nitrogen and oxygen atom of the hydroxyl group in sali-
cylaldehyde.

Based on the above results, the structure of the investigated coordination
compounds can be formulated as in Fig. 2. The studied metal chelates exhibited
high activity against S. cerevisiae.

U3BOJ

CHHTE3A, KAPAKTEPU3AIIUIA, XEJJALIJA JOHA TTPEJIAHUX METAJIA,
AHTUBAKTEPUICKA U AHTU®YHI AJTHA UICTIUTUBATbA BOJE 4-[(E)-
OEHWINA3ZEHN]-2-[(E)-(®EHUIMMUHO)METIIT|®EHOJIA

NURCAN KURTOGLU

Kahramanmaras Siitgli /mam University, Department of Textile Engineering,
Avsar campus, 46050, Kahramanmaras, Turkey

Cunrerucanu cy HoBu komiutekcu Ni(ll), Cu(ll) u Co(ll) ca GuaenTaTHOM a30-a30METHHCKOM
60jom 4-[(E)-penmnauazennn]-2-[(E)-(penmmumuno)merwi]penonom (dmpH), nobujerom y peak-
wuju 5-[(E)-denmnauasennn]-2-xuapokcubensanaexuaa ¢ anuanaom y EtOH. Cunrese meranHux
Xenara a30-a30MeTHHCKe 00je H3BEICHE Cy TEXHHKOM Tajlokermha. CHHTETHCAHH METATHH KOMILICK-
CH Cy OKapaKTepHCaHH eIIEMEHTAHOM aHAIIM30M, MEPEHEM MOJIapHE MPOBOJBHBOCTH U HA OCHOBY
unopanpsennx 1 UV-Vis cnekrpanuux noxaraka. Ha ocHOBY oBe kapakrepu3zauuje Gpopmya Me-
TaHUX KOMIUIeKca joHa mpenasnux merana moxe outu [M(dmp)CI(H20)] raoe je M = Ni(ll),
Cu(ll) u Co(ll). Meranau komiiekcu cy (opmupanu koopauHoBamem N u O aToma nuranza.
Bpennoctu monapue mposoassuBoctd komiuiekca Ni(ll), Cu(ll) u Co(ll) GumenrtarHor nuranma
yKa3yjy Ha BHUXOB HEJOHCKH Kapakrtep. McnuraHa cy aHTHMHKpOOHA CBOjCTBa iN Vitro cioboaHor
JMraHaa ¥ Komiuiekca Ha ocam Oakrepuja: Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Mycobacterium smegmatis, Pseudomonas aeruginosa, Enterococcus cloacae,
Bacillus megaterium u Micrococcus luteus, u tpu risuBe: Kluyveromyces fragilis, Rhodotorula
rubra u Saccharomyces cerevisiae, kako Ou ce HPOLEHHO HUXOB AHTUMUKPOOHU MOTEHIHja.
Xenat [Ni(dmp)CI(H20)] je mokasao BUCOKY aKTHBHOCT Ha CBE OAKTEpHje M IJbHBE, CEM Ha IJbUBY
Rhodotorula rubra.

((TTpumsbeno 26. HoBemGpa 2008, pesuanpano 12. janyapa 2009)
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Abstract: A new series of Cu(ll), Co(ll) and N|(II) complexes with the 1-(2-
-hydroxyphenyl)-3-phenyl-2-propen-1-one, N? -[(3,5-dimethyl-1H-pyrazol-1-
-yl)methyl]hydrazone ligand, C,;H,,N4O (LH), were synthesized by the reaction
of 1-(2-hydroxyphenyl)-3-phenyl-2-propen-1-one, hydrazone with (3,5-dime-
thyl-1H-pyrazol-1-yl)methanol and characterized. The nature of the bonding
and geometry of the complexes were deduced from elemental analysis, IR,
electronic and ‘H-NMR spectroscopy, and magnetic susceptibility and
conductivity measurements. The studies indicated square-planar, tetrahedral
and octahedral geometry for the copper(Il), cobalt(ll) and nickel(I1) complexes,
respectively. The ESR spectra of the copper(ll) complex in acetonitrile at 300
and 77 K were recorded and their salient features are reported. The electro-
chemical behavior of the copper (Il) complex was studied by cyclic voltam-
metry. The antimicrobial activity of the ligand and its metal complexes were
studied against the following strains of microorganism: Staphylococcus aureus,
Salmonella enterica typhi, Escherichia coli and Bacillus subtilis by the well
diffusion method. Metal complexes showed enhanced antimicrobial activity
compared with that of the free ligand.

Keywords: 3,5-dimethyl-1-(hydroxymethyl)pyrazole; 2’-hydroxychalcone; metal
complexes; pyrazole; Cu(ll), Co(ll) and Ni(ll) complexes; antimicrobial ac-
tivity.

INTRODUCTION

Pyrazoles belong among the most representative five-membered heterocyclic
systems. Despite the fact that the pyrazole ring is rarely a constituent of natural
products, numerous synthetic compounds containing the pyrazole moiety have

*Corresponding author. E-mail: ptharma@rediffmail.com
doi: 10.2298/JSC0909927T
927
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been the focus of medicinal chemists for the last 100 years because of their out-
standing pharmacological, agrochemical, photographic, catalytic, liquid crystals,
antitumor drugs and other applications.1-16 Transition-metal complexes contain-
ing the pyrazole heterocycle are well studied. The variety of the coordination
modes of pyrazole and its derivatives is due to the different chemical natures of
the nitrogen atoms in a pyrazole molecule.17.18 In the present study, 1-(2-hydro-
xyphenyl)-3-phenyl-2-propen-1-one, N2-[(3,5-dimethyl-1H-pyrazol-l-yl)methyl]-
hydrazone was synthesized via the reaction of 1-(2-hydroxyphenyl)-3-phenyl-2-
-propen-1-one, hydrazone with (3,5-dimethyl-1H-pyrazol-1-yl)methanol and
characterized by spectral and analytical techniques.

EXPERIMENTAL

The chemicals acetylacetone (A.R.), 2-hydroxyacetophenone (A.R.) and hydrazine hyd-
rate (L.R.) were obtained from E. Merck (India). All the metal salts (L.R.) and solvents (A.R.)
were purchased from S. D. Fine Chemicals and used without further purification. The UV-Vis
spectra of the ligand and metal complexes were recorded in dichloromethane using a Jasco V-530
spectrophotometer. The IR spectra in KBr discs were recorded on a Shimadzu spectrophoto-
meter Model FTIR-8400S. Cyclic voltammetric measurements were performed using a vol-
tammograph BAS-50 at room temperature in acetonitrile under N, using a three electrode cell:
a 0.1M Ag/AgCI reference electrode, a Pt wire auxiliary electrode and a glassy carbon work-
ing electrode with TBAP as the supporting electrolyte. The *H-NMR spectra were recorded in
CDCl; using a Bruker DRX-300, 300 MHz NMR spectrometer. The ESR spectra were recor-
ded in the solid state at 300 and 77 K using a JEOL TES 100 ESR spectrometer. The magnetic
moments of the complexes were measured by a VSM model 7404 at Pondicherry University.
The effective magnetic moments were calculated using the formula ue = 2.228 (ymT)Y2,
where y is the corrected molar susceptibility. The molar conductance of the complexes was
measured in methanol at room temperature using a Systronic type conductivity bridge (Oswal).
Synthesis of 1-(2-hydroxyphenyl)-3-phenyl-2-propen-1-one, hydrazone

2’-Hydroxychalcone and 3,5-dimethylpyrazole were synthesized by adopting the litera-
ture method.1920 An ethanolic solution of 2’-hydroxychalcone (2.24 g, 10.0 mmol) was added
dropwise at room temperature and with stirring over 1 h to hydrazine hydrate (2.5 g, 50
mmol). After completion of the addition, the mixture was stirred for 10 min, and upon cooling
in ice, a pale yellow solid appeared, which was collected by filtration, washed with diethyl
ether and dried under vacuum.
Synthesis of 1-(2-hydroxyphenyl)-3-phenyl-2-propen-1-one, N2-[(3,5-dimethyl-lH-pyrazoI-l-
-yl)methyllhydrazone (1) (Fig. 1)

3,5-Dimethyl-1-(hydroxymethyl)pyrazole (3.15 g, 25.0 mmol) in 25 ml of dichlorome-
thane and 1-(2-hydroxyphenyl)-3-phenyl-2-propen-1-one, hydrazone (5.95 g, 25 mmol) in 15
ml dichloromethane were stirred for 3 h and kept at room temperature for 50 h. The excess
water was removed by the addition of anhydrous MgSO, and filtrated. The filtrate solution
was reduced to one third on a water bath and the thus obtained yellow colored solid was
filtered and then dried under vacuum.

Compound 1. Yield: 68 % (11.8 g), m.p. 124 °C. Anal. Calcd. for Cy;H»,N4O: C, 72.83;
H, 6.30; N, 16.18 %. Found: C, 72.37; H, 6.28; N, 16.04 %. IR (KBr, cm): 1599 (C=N
stretching of pyrazole ring), 3342-3360 (O-H stretching of aromatic ring). TH-NMR (300
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MHz, CDCl3, 6 / ppm ): 7.00-7.43 (9H, m, aromatic ring protons), 10.6 (1H, s, phenolic O-
H), 5.84 (1H, s, pyrazole ring proton), 2.8 (6H, s, pyrazole ring methyl protons) 5.2 (2H, s,
N- CHZ—N) 5.6 (1H, d, CH=CH), 6.3 (1H, d, CH=CH). UV-Vis (CH,CN, 103 M) (Amax / M
(cm )) 318 (31440), 250 (40000), 231 (43290).

O ~ ]
() e
————-

Ethanol |
2H,0 =

OH O OH N

/

Fig. 1. Synthetlc route to the ligand 1-(2-hydroxyphenyl)-3-phenyl-2-propen-1-one,
N? -[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]hydrazone (1).

Synthesis of metal complexes

A solution of MCl,, M = Cu(ll), Co(Il) or Ni(ll), (10 mmol) in 15 ml of ethanol was
mixed with 1 (20 mmol) in 15 ml ethanol. This mixture was refluxed for 3 h and then the
solution was reduced to minimum volume. The thus obtained metal complexes (Figs. 2 and 3)
were filtered, washed with ether and dried under vacuum.

HN l
\
::: / sz—M—O
Y -
M = Cu(II), Co(Il)
Fig. 2. Suggested structure of the Cu(Il) and Co(Il) complexes.
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2LH + MCl, — ML, + 2HCI

HN/\N\\/
\ NT N
/ N N
\ O\ N\
_ N\ NH
\L (N\/
M= Ni(ID)

Fig. 3. Suggested structure of the Ni(ll) complex.

RESULTS AND DISCUSSION

The analytical data of the ligand and its metal complexes are given in Table I.
The found values were in good agreement with the theoretical ones, and
correspond well with the general formula [ML5], for M = Cu(ll) and Co(ll), and
[ML2(H20)2], for M = Ni(ll) and L = C21H25N40. The metal complexes were
dissolved in acetonitrile and the molar conductivities of their 103 M solutions
were measured at 25+2 °C. The low molar conductivity values of the metal com-
plexes indicate that they are non-electrolytes. The structure of the complexes was
predicted based on analytical, spectroscopic and magnetic moment data.

TABLE 1. Physical characterization, analytical and molar conductance data of the ligand and
its metal complexes

Found (Calcd.), %

Compound Color M C H N M. p./°C Am/!Scm?mol™
Ligand (LH)  Yellow - 7237 6.28 16.04 124 -
(72.83) (6.36) (16.18)

[CuL,] Pale Green 8.10 66.12 513 1458 293 13.31
(8.42) (66.87) (5.61) (14.85)

[CoL;] Green 7.53 67.17 5.65 14.95 245 14.08
(7.86) (67.28) (5.36) (14.65)

[NiL,(H,0),]  Blue 7.02 6404 554 1410 278 11.20
(7.47) (64.22) (5.90) (14.26)

IR Spectra

The IR spectral data of the ligand and its complexes are given in Table Il. In
order to study the binding mode of the ligand in the metal complexes, the IR
spectrum of the free ligand was compared with those of the corresponding metal
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complex. The free ligand exhibited a strong band at 3342 cm~1 assignable to the
v(N-H) stretching vibration. The hydrogen bonded v(O-H) shows a broad band
in the region 3320-2990 cm~1, which is obviously absent in the spectra of the
complexes, indicating the deprotonation and the involvement of the phenol O in
the chelation. The absorption bands around 1304, 1599 and 976 cm~! may be as-
signed to v(C-0), v(C=N) and v(N-N), respectively. The v(C-O) band has a po-
sitive shift of 20-40 cm=1 in the complexes due to chelation of the phenolic oxy-
gen atom to the metal ion. On coordination, the negative shift in v(C=N) and po-
sitive shift in v(N-N) (15-55 cm~1) are indicative of the coordination of the ter-
tiary nitrogen of pyrazoline to the metal. The increased v(N-N) stretching fre-
guency in the complexes may be attributed to the loss of the repulsive forces of
the lone pair on the nitrogen atom. The v(NH) stretching frequency shows irregu-
lar variation in the complexes, which ruled out the possibility of its coordination.
The oxygen and nitrogen coordination to the metal ion is proved by the bands
that appeared in the range 590-550 cm~1 and 450-400 cm~1, assigned to M-O
and M-N modes,21-23 respectively. In the Ni(ll) complex, IR bands of coordina-
ted water appeared at 832 and 1469 cm~1, indicating the binding of water mole-
cules to the metal ion.24

TABLE IlI. IR Spectral data of the ligand and its metal complexes

E T
Compound requency, cm

v(O-H) v(C-0) v(C=C) v(C=N) v(N-N) v(M-0) v(M-N)
Ligand (LH) 3342-3360 1304 1627 1599 976 - -
[CuL,] - 1328 1643 1573 980 435 574
[CoL,] - 1331 1634 1582 985 465 537
[NiL,(H,0),] 3450 1338 1642 1569 976 443 549

(Coordinated water)

Magnetic properties and electronic absorption spectra

The magnetic moments and electronic spectral data of the ligand and its
complexes are summarized in Table Ill. The spectrum of the ligand in acetoni-
trile showed three prominent bands at 31440, 40000 and 43290 cm~1, which were
assigned as intra-ligand charge transfer (INCT) bands. The spectrum of the cop-
per(I1) complex showed a broad band at 16120 cm—1, which was assigned as a
(ZBlg—>2Alg) d—d transition and is interpreted in terms of square-planar geo-
metry. The absence of any bands below 10000 cm~1 eliminates the possibility of
a tetrahedral or pseudo tetrahedral environment in this complex. The magnetic
moment of Cu(ll) complex is 1.78 up, indicating square-planar geometry.2526
The Co(ll) complex exhibited three bands, viz. 14410, 15010 and 15870 cm1,
which were assigned as 4Azg—*Tag(F), 4A2g(F)—*T1g(F) and 4Azq(F)—4T14(P)
transitions, respectively. The intensity and band width strongly suggested tetra-
hedral geometry. The magnetic moment of the Co(ll) complex was 3.59 ug,
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which is characteristic for a tetrahedral environment. The electronic spectrum of
the Ni(ll) complex showed three prominent bands at 10449, 15878 and 19920
cm-1, which may be tentatively assigned to 3Ag—3Tog(F), 3A2g(F)—3T14(F)
and 3Ax4(F)—3T14(P) transitions, arising from octahedral geometry.2” The Ni(ll)
complex possessed a magnetic moment value of 2.84 ug found for a regular oc-
tahedral arrangement.

TABLE I1I. Electronic spectral data and magnetic moments of the prepared compounds

Compounds Frequency, cm™ Transition Geometry Meff / up
Ligand (LH) 31440 INCT - -
40000 INCT
43290 INCT
[CuL,] 16120 B,g—?Ag Distorted octahedral 1.71
[CoL,] 14410 *Agg(F)—"To4(F) Octahedral 3.59
15010 “Aog(F)—"T1g(F)
15872 *Ana(F) = T1o(P)
[NiL,(H,0),] 10449 *Aog(F)—"To4(F) Octahedral 2.84
15878 *Aog(F)=°T14(F)
19920 *As(F) =Ty, (P)

Adduct formation

The tendency of the Co(ll) complex to form additional compounds with
coordinating bases, such as pyrazole and imidazole, was studied in solution. The
variations of the peak pattern in the electronic spectra upon addition of hetero-
cyclic bases, indicating geometrical changes in the Co(ll) complex due to adduct
formation, are shown in Figs. 4 and 5. The addition of pyrazole and imidazole to
the chelate complex revealed the weak nature of the ligand field, which was sus-
ceptible for further coordination to give six-coordinated complexes.

12 -

08
<
06
04
02 . ! . ! === g 4. Electronic spectra of the
500 600 700 800 Co(ll) complex in acetonitrile after

Wavelength, nm addition of pyrazole.

In order to study the effect of coordination bases on the geometry of the
[CoL>] complex, a comparison of electronic spectra of the [CoLoY 2]~ (Y = 3,5-
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-dimethylpyrazole) complex (formed by the addition of 3,5-dimethylpyrazole)
with that of [CoL,] showed that the band at around 15010 cm~1 decreased in
intensity due to adduct formation. The bands at 14410 and 15870 cm~1 of the
Co(ll) complex vanished completely in pyrazole solution. Thus the Co(ll) com-
plex in pyrazole solution showed adduct formation with a possible change in geo-
metry from tetrahedral to octahedral.28

01 . Fig. 5. Electronic spectra of the
400 600 800 1000 1100 Co(ll) complex in acetonitrile after
Wavelength, nm addition of imidazole.

The electronic spectra of the Co(ll) complex in imidazole solution gave rise
to a new band at 10362 cm~1 and the bands at 15010 and 15870 cm~1 were shift-
ed to 16393 and 16863 cm~1, respectively, with a decrease in intensity due to
interaction of the base with the metal ion. This led to a change in geometry to
octahedral. The ligand exchange behavior on the chelated complex was also stu-
died with acetylacetone. Addition of a small amount of acetylacetone shifted the
broad band in the spectrum of the Co(ll) complex to 16025 cm-1 (Fig. 6).

15

<
05
01 . I : ! . L . ; Fig. 6. Electronic spectra of the
400 500 600 700 800 Co(ll) complex in acetonitrile after
Wavelength, nm addition of acetylacetone.
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ESR Spectra

ESR spectra of the Cu(ll) complex were recorded at room temperature and
liquid nitrogen temperature (Fig. 7). There are four well resolved peaks in the
low field region corresponding to 9| (2.264) and g1 (2.0419). The trend
g (2.264) > g (2.0419) > ge (2.0023) oLserved for the copper complex suggests
that the unpaired electron is localized in the dy2_y2 orbital of the copper ion.29.30
The fact that the unpaired electron lies predominately in the dy2y2 orbital is also
supported by the value of the exchange interaction term G estimated from expres-
sion:

G = (g - 2.0023) / (91 - 2.0023)

206
—
100G Fig. 7. ESR spectrum of the
> Cu(ll) complex in acetonitrile at
H/IG 77 K.

If G > 4.0, the local axes are aligned parallel or only slightly misaligned. If
G < 4.0, significant exchange coupling is present and the misalignment is appre-
ciable. The observed value for the exchange interaction parameter for the Cu(ll)
complex (G = 6.60) suggests that the local tetragonal axes are aligned parallel or
slightly misaligned and that the unpaired electron is present in the dy2.y2 orbital.
The spin orbit coupling constant, A (value: —15938 cm1), calculated using the
relation, gay = 1/3(gy + 2 g1) and gay = 2(1 — 24/10Dq), is less than that for the
free Cu(ll) ion, —12019 cm~1, which also supports the covalent character of M-L
band in the complex. The covalency parameter, a2, was calculated using the fol-
lowing equation:

a?(Cu) = Ap/p + (9 - 2.0023) + 3/7(gL - 2.0023) +0.004

The observed value of o2 of the complex is less than unity and slightly high-
er than 0.5, which indicates that the complex had some covalent character in the
ligand environment.31 The observed g, value for the copper complex was less
than 2.3, suggesting a covalent character of the M—L bond, which is in agreement
with the observation of Kivelson and Neiman.
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Redox behavior

The redox behavior of the Cu(ll) complex was investigated in acetonitrile by
cyclic voltammetric studies using a glassy carbon working electrode. The catho-
dic current function values were found to be independent of the scan rate. The
repeated scans as well as the different scan rates showed that dissociation of this
complex did not occur. The reduction peak of the Cu(ll)/Cu(l) couple for the
copper complex (Fig. 8) was observed in the potential range from Epa = 0.450 V
vs. Ag/AQCI to Epc = 0.575 V vs. Ag/AgCI, which is similar to the value reported
earlier. The ratio of the anodic and cathodic peak currents (Ipc/lpa = 1) corres-
ponds to a one electron process. Copper complex had a large separation between

the cathodic and anodic peak of 125 mV, indicating a quasi-reversible charac-

] 20p A
Fig. 8. Cyclic voltammograms of the
I | I | [ | I I [ Cu(ll) complex in acetonitrile solu-
0 0.2 0.4 0.6 0.8 tion at various scan rates, viz. 50 and

E/V vs. Ag/AgCl 150 mV st

Antibacterial activity

The antimicrobial activity of the ligand and its metal complexes were tested
against the following stains of bacteria: Staphylococcus aureus, Escherichia coli,
Salmonella enterica typhi and Bacillus subtilis by the well diffusion method.34
The test solutions were prepared in acetonitrile, nutrient agar was used as the cul-
ture medium. The zone of inhibition was measured in mm and the values of the
investigated compounds are summarized in Table IV.

The values indicate that the metal complexes had a higher antibacterial acti-
vity than the free ligand. Such increased activity of the metal complexes can be
explained on the basis of the overtone concept3® and chelation theory.3¢ Accord-
ing to the overtone concept of cell permeability, the lipid membrane that surrounds
the cell favors the passage of only lipid soluble materials, due to which liposolu-
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bility is an important factor controlling the antimicrobial activity. On chelation,
the polarity of the metal ion is reduced to a great extent due to the overlap of the
ligand orbital and the partial sharing of the positive charge of the metal ion with
donor groups. Furthermore, it increases the delocalization of electrons over the
whole chelate ring and enhances the lipophilicity of the complex. This increased
lipophilicity enhances the penetration of the complex into the lipid membrane
and blocks the metal binding sites on the enzymes of the microorganism. How-
ever, the antibacterial activities of the ligand and its metal complexes were lower
than those found for the standard antibacterial drug ciprofloxacin.

TABLE IV. Antibacterial activity data of the ligand and its metal complexes; concentration of
the test solutions: 10-3 M; diameter of the well: 7 mm

Zone of inhibition, mm

c q Gram (+) Gram (-)
ompoun Bacillus Staphylococcus Escherichia Salmonella
subtilis aureus coli enterica typhi

Ligand (LH) 10 11 14 13
[CuL,] 16 17 18 18
[CoL,] 19 14 16 16
[NiL,(H,0),] 17 17 19 15
Ciprofloxacin 23 24 22 23

CONCLUSIONS

The available experimental data suggest that the prepared 1-(2-hydroxyphe-
nyl)-3-phenyl-2-propen-1-one, N[(3,5-dimethyl-1H-pyrazol-1-yl)methyl]hydra-
zone possesses four coordinating sites. Physical and spectroscopic characteriza-
tion of the complexes revealed that the OH group of the chalcone and the azo-
methine nitrogen of pyrazole were involved in the coordination and that the
Cu(Il) complex had square-planar geometry, whereas the Ni(ll) and Co(ll) com-
plexes had octahedral and tetrahedral geometry, respectively. On addition of ba-
ses to the Co(ll) complex, a change in geometry occurred due to adduct forma-
tion. Generally, antimicrobial activity is due to the hetero atom of multiple bonds
or a cyclic ring system. The metal complexes had more pronounced antibacterial
activities than the free ligand, probably due to a reduction of the polarity of the
metal ion.

Acknowledgments. The authors are grateful to the management, principal and Depart-
ment of Chemistry, Thiagarajar College, Madurai, Tamil Nadu, India, for their support.

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

2009 Copyright (CC) SCS



PYRAZOLYL HYDRAZONE METAL COMPLEXES 937

U3BOA

CHHTE3A, CTIEKTPAJTHO [TPOYYABAKE 11 AHTHBAKTEPUICKA AKTUBHOCT Cu(ll),
Co(I1) ¥ Ni(I1) KOMIUIEKCA CA N°-[(3,5-TUMETWJI-1H-TTUPA30J1-1-JT)METUJI| XU/
PA30HOM 1-(2-XUIPOKCUDEHW)-3-OEHII-2-TTPOITEH-1-OHA

PAULMONY THARMARAJI, DEIVASIGAMANI KODIMUNTHIRIl,
CLARENCE D. SHEELA? 11 CHAPPANI S. SHANMUGA PRIYA!

1Department of Chemistry, Thiagarajar College, Madurai-625009 u 2Department of Chemistry,
The American College, Madurai-625002, India

Hoga cepuja kommmexca Cu(ll), Co(ll) u Ni(ll) ca N?-[(3,5-zumerwn-1H-mpason-1-wm)me-
Tan]xunpazoHoM 1-(2-xunpokcudeninn)-3-¢dennn-2-nponeH-1-oxna kao nurangom, CpiH,pN,O (LH),
nobujena je peakuujom xuapasona 1-(2-xuapoxcudennn)-3-penm-2-npomneH-1-ona ca (3,5-aume-
TH1-1H-nmpason-1-mwr)MeraHonoM U okapakteprcana. IIpupoaa Be3e U reoMeTpHuja KOMILIEKCa Cy
W3BEJICHU Ha OCHOBY e€JleMEHTalHe aHaiuse, IR, enekTpoHCKux u 'H-NMR CIeKTapa, MarHeTHe
CyCLeNTHOMIHOCTH U Mepema IPOBOAJBUBOCTU. IIpoyuaBame je IIOKa3ano KBaJApaTHy, TeTpa-
enapcky u okrtaenapcky reomerpujy 3a 6axap(ll), kobanr(ll), oqnocno nukan(ll) kommiexkce. ESR
criektpu Gakap(ll) kommiekca y aneronurpuiny Ha 300 u 77 K cy CHUMJbEHH M JiaTe Cy HUXOBE
HCTAaKHyTe KapakTepucTHke. Ejnextpoxemwujcko mnonamame Oakap(ll) xommiekca usydaBaHo je
LMKJIXYHOM BOJITAMETPHjOM. AHTUMUKPOOHA aKTHBHOCT JIMTaHAA U HErOBUX METATHUX KOMILIEKCa
TecTupaHa je Ha crnemehuMm cojeBuma MuKpoopranmszama: Staphylococcus aureus, Salmonella
enterica typhi, Escherchia coli u Bacillus subtilis gudy3snonom meromom. MeranHu KOMIUIEKCH
MoKa3aiy ¢y nosehaHy aHTUMHKPOOHY aKTHBHOCT y OHOCY Ha CIIOOO0/JHH JIUTaHI.

(TTpumsbero 6. janyapa, pesuaupano 16. anpuna 2009)
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Abstract: A series of 16- and 18-membered binuclear octaazamacrocyclic com-
plexes, [M,L1(NO3)4] and [M,L,(NO3),] (M = Co(ll), Ni(ll), Cu(ll), Zn(ll), Ly =
= 3,8,11,16-tetramethyl-1,2,4,7,9,10,12,15-0ctaaza-3,7,11,15-cyclohexadeca-
tetraene and L, = 3,9,12,18-tetramethyl-1,2,4,8,10,11,13,17-octaaza-3,8,12,17-
-cyclooctadecatetraene) were synthesized by metal template condensation of
N,N’-diacetylhydrazine with 1,2-diaminoethane and 1,3-diaminopropane in
methanol. The formation of macrocyclic ligand frameworks, the bonding of the
macrocyclic moieties in the complexes and the overall geometry of the com-
plexes were deduced based on the results obtained from elemental analyses as
well as molar conductivity, FTIR, 1H-, 13C-NMR, EPR, ESI-mass, UV-Vis
spectral studies and magnetic measurements. An octahedral geometry is pro-
posed for all the complexes, while a distortion in the octahedral geometry was
registered for the Cu(ll) complexes. Comparative fluorescence and UV-Vis
studies on the Cu(ll) complexes proved a significant binding to calf thymus DNA.

Keywords: octaazamacrocycles; Cu(ll), Co(ll), Ni(ll) and Zn(ll) binuclear
complexes; template condensation; DNA binding studies.

INTRODUCTION

In the last few years, a great deal of research has been aimed at designing
macrocyclic compounds and studying their physico-chemical properties.l:2
These investigations emphasized the great relevance of these systems in basic
and applied chemistry. Several synthetic strategies are nowadays available for the
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preparation of well-organized molecular systems or molecular devices, which
exhibit peculiar physico—chemical properties or have well defined properties.1—4
Among the various synthetic strategies proposed, template condensation is one of
the most highlighted. Metal template condensation provides selective routes to-
wards products that are not obtainable in the absence of the metal ion.> The high
thermodynamic stability and extreme Kinetic inertness of many transition metal
complexes with polyazamacrocyclic ligands are significant, as they enhance im-
portant industrial applications.>~7 In particular, the chemistry of tetraazamacro-
cycles has received special attention due to their applications in a variety of cata-
lysis, biochemical and industrial processes.8 Hexa- and octa-azamacrocycles are
known to give several mononuclear complexes, in spite of the large size of the
cavity formed by the macrocyclic backbones, as well as to stabilize various an-
ions in their protonated forms.9-11 The synthesis of binuclear complexes has be-
come a point of increasing interest due to their mimicry in terms of physical and
chemical properties with the binuclear metal centers in enzymes.12 A number of
binuclear complexes were reported earlier due to their potential relevance in bio-
inorganic,13 magneto,14 redox® and coordination chemistry,16.17 as well as in
homogeneous catalysis.18 In these systems, there is often an additional internal or
external bridging group which completes the structure of the binuclear species
and has the advantage of being relatively rigid, thus giving structurally well de-
fined moieties.1® Binuclear copper-containing proteins play an important role in
biology, including dioxygen transport or activation, electron transfer, reduction
of nitrogen oxides and hydrolytic consequences.20 Hence, the design and synthe-
sis of model compounds that mimic the physical and chemical properties of the
active sites present in metalloenzymes are essential and the study of such com-
pounds is becoming increasingly important in understanding the biological func-
tions of bimetallic cores of enzymes.2! In order to extend this work, herein, the syn-
thesis and characterization is reported of novel binuclear octaazamacrocyclic com-
plexes resulting from the template condensation of N,N’-diacetylhydrazine with
1,2-diaminoethane and 1,3-diaminopropane, [MsL1(NO3)4] and [MaL2(NO3)4],
where M = Co(ll), Ni(ll), Cu(ll), zZn(11), L1 = 3,8,11,16-tetramethyl-
-1,2,4,7,9,10,12,15-octaaza-3,7,11,15-cyclohexadecatetraene and L, =
= 3,9,12,18-tetramethyl-1,2,4,8,10,11,13,17-octaaza-3,8,12,17-cyclooctade-
catetraene. Finally, the binding of the Cu(ll) complexes with DNA were screened.

EXPERIMENTAL
Materials and methods

The metal SaItS, CO(N03)2-6H20, NI(N03)26H20, CU(NO3)2'3H20, and Zn(NO3)2'6H20,
1,2-diaminoethane, 1,3-diaminopropane (all E. Merck) and N,N’-diacetylhydrazine (Acros)
were commercially available as pure chemicals. Methanol used as the solvent was of A.R.
grade (E. Merck). Highly polymerized calf thymus DNA sodium salt (containing 7 % of Na)
was purchased from Sigma. Other chemicals were of reagent grade and used without further
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purification. The calf thymus DNA was dissolved to 0.50 % w/w (12.5 mM DNA/phosphate)
in 0.10 M sodium phosphate buffer (pH 7.40) at 310 K for 24 h with occasional stirring to
ensure the formation of a homogeneous solution. The purity of the DNA solution was checked
from the absorbance ratio Aygo/Asgo- Since the absorption ratio lay in the range 1.8 < Ajgo/Asgy <
< 1.9, no further deproteinization of the DNA was required. Stock solutions of the complexes
[CuyL1(NO3)4] and [Cu,L,(NOg3)4], synthesized as described below (abbreviated with 1c and
2¢) (c = 5 mg/ml) were also prepared.
Synthesis of tetranitrato(3,8,11,16-tetramethyl-1,2,4,7,9,10,12,15-octaaza-3,7,11,15-cyc-
lohexadecatetraene)bimetal(ll) type of complexes

A methanolic solution (= 25 ml) of 1,2-diaminoethane (0.54 ml, 8.0 mmol) and N,N’-
diacetylhydrazine (0.93 g, 8.0 mmol) in methanol (= 25 ml) were simultaneously added
dropwise to stirred methanolic solution (= 25 ml) of metal salt (8.0 mmol). The resultant
mixture was stirred for several hours leading to isolation of the solid product, which was then
filtered off, washed several times with methanol and dried under vacuum to give the complex
[M,L1(NO3),4] (M = Co(ll) (1a), Ni(1l) (1b), Cu(ll) (1c) and Zn(11) (1d)).
Synthesis of tetranitrato(3,9,12,18-tetramethyl-1,2,4,8,10,11,13,17-octaaza-3,8,12,17-cy-
clooctadecatetraene)bimetal(I1)type of complexes

The procedure was similar to the one mentioned above, except 1,3-diaminopropane (0.67
ml, 8.0 mmol ) was used instead of 1,2-diaminoethane, whereby the complexes [M,L,(NO3),]
(M = Co(ll) (2a), Ni(lIl) (2b), Cu(ll) (2c) and Zn(I1) (2d)) were obtained.

Binding analysis of complexes 1c and 2c
To elaborate the fluorescence quenching mechanism, the Stern-Volmer equation was
used for data analysis:22
FolF = 1+ Ksv[Q] @

where Fy and F are the steady-state fluorescence intensities in the absence and presence of
quencher, respectively. Kgy is the Stern—Volmer quenching constant and [Q] is the concen-
tration of quencher (DNA). The values of Ksy for complexes 1c and 2c were found to be of
the order of 104 The linearity of the Fo/F vs. [Q] (Stern—Volmer) plots for the DNA-1c and
DNA-2c complexes (Fig. 1) indicates that the quenching may be static or dynamic, since the

23 4

03

[ T T T T T J
° 0 20 30 40 50 0

o(Q) 1 10° mol dm®
Fig. 1. Stern—VVolmer plot for the binding of complex 1c and 2c with DNA at 298 K, pH 7.4.
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characteristic Stern—Volmer plot of combined quenching (both static and dynamic) has an
upward curvature. When ligand molecules bind independently to a set of equivalent sites on a
macromolecule, the equilibrium between free and bound molecules is given by the equation:23

log [(Fo — F)/F] = log K + nlog [Q] 2

where K and n are the binding constant and the number of binding sites, respectively. Thus, a
plot of log (Fo — F)/F vs. log [Q] can be used to determine K as well as n.

Physical measurements

Elemental analyses were obtained from C. D. R. I. Lucknow, India. The IR spectra
(4000-200 cmY) of the complexes were recorded as Csl/KBr discs on a Perkin-Elmer-621
spectrophotometer. The ESI-mass spectra were obtained by electrospray ionization on a Mic-
romass Quattro 1l triple quadrupole mass spectrometer from C.D.R.I. Lucknow. The 1H- and
13C-NMR spectra were recorded in DMSO-dg using a Jeol FT NMR AL-300 MHz spectro-
meter with Me,Si from G. N. D. U. Amritsar India as the internal standard. The electronic
spectra of the complexes in DMSO were recorded on Pye-Unicam 8800 spectrophotometer.
The magnetic susceptibility measurements were performed using a Faraday balance at 25 °C.
The data were corrected for diamagnetic susceptibilities using Pascal’s constants. The EPR
spectra of the Cu(ll) complexes were recorded as powder samples at room temperature on an
E-4 spectrometer using DPPH as the g-marker. The molar conductivity data for 103 M
solution in DMSO were recorded on a Systronic type 302 conductivity bridge thermostated at
25.00+0.05 °C. The contents of metals were determined volumetrically.2* Fluorescence mea-
surements were performed on a spectrofluorimeter Model RF-5301PC (Shimadzu, Japan)
equipped with a 150W Xenon lamp using a slit width of 5 nm. A 1.00 cm quartz cell was used
for the measurements. For the determination of binding parameters, 30 pM of complex so-
lution was taken in a quartz cell and increasing amounts of CT DNA solution were titrated.
Fluorescence spectra were recorded at 310 K in the range of 740-880 nm with excitation at
280 (Aem Was 770 nm). The UV measurements of calf thymus DNA were recorded on a Shi-
madzu double beam spectrophotometer model UV 1700 using a 1 cm path length cuvette.
Absorbance values of DNA in the absence and presence of complex were measured in the
range of 220-300 nm. DNA concentration was fixed at 0.10 mM, while the compound was
added in increasing concentrations.

RESULTS AND DISCUSSION

The metal ion controlled reaction of the 1,2-diaminoethane and 1,3-diamino-
propane with N,N’-diacetylhydrazine in 1:1:1 molar ratio resulted in the forma-
tion of new series of 16- and 18-membered binuclear Schiff-base macrocyclic
complexes of the types [MsL1(NO3)4] and [ML2(NO3)4], where M = Co(ll),
Ni(11), Cu(ll) and Zn(Il) (Scheme 1). The resulting complexes were obtained as
colored solids in moderate yields (54-65 %). All the complexes were soluble in
polar solvents and were stable at room temperature. The purity of the complexes
was checked by TLC on a silica gel coated plate using EtOAc-MeOH (6:4 v/v)
as the eluent. The elemental analyses (Table I) agree well with the proposed stoi-
chiometry of the binuclear octaazamacrocyclic complexes. The positions of the
molecular ion peaks in the mass spectra were consistent with the empirical mole-
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cular formulae (Table I). The molar conductivities (Table I) of all the complexes
in DMSO corresponded to a non-electrolytic2® nature of these complexes.

H3C\ / C/CH3 2 (( CHz)n>

| [ oo

(0]

2 M(NOy), MeOH

NV AN

C

H l
\I T/ \@Hz)n
/” A

n
H/\ /NN

H

Scheme 1. M = Co(ll), Ni(Il), Cu(ll) and Zn(1l), X = NO5~, n = 2 for the complex
[M,L;1(NO3).] and n = 3 for the complex [M,L,(NOs),].

Elemental analyses

Anal. Calcd. for [CosL1(NO3)a] (C12H24C05N12012): C, 22.22; H, 3.58; N,
25.82; Co, 18.00. Found: C, 22.30; H, 3.74; N, 26.00, Co, 18.23. Anal. Calcd. for
[CooL2(NO3)4] (C14H28C02N12012): C, 24.66; H, 4.09; C, 24.77; Co, 17.38.
Found: C, 24.93; H, 4.18; N, 24.92; Co, 17.47. Anal. Calcd. for [NioL1(NO3)4]
(C12H24N12Ni2019): C, 22.0; H, 3.62; N, 26.00; Ni, 18.14. Found: C, 22.31; H,
3.74; N, 26.02; Ni, 18.17. Anal. Calcd. for [NioL2(NO3)4] (C14H28N12Ni2O12):
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C, 24.73; H, 4.15; N, 24.52; Ni, 17.22. Found: C, 24.95; H, 4.18; N, 24.94; Ni,
17.42. Anal. Calcd. for [CusL1(NO3)4] (C12H24CusN12012): C, 21.82; H, 3.37;
N, 25.32; Cu, 19.00. Found: C, 21.98; H, 3.69; N, 25.64; Cu, 19.38. Anal. Calcd.
for [CuoLo(NO3)4] (C14H28CusN12012): C, 24.52; H, 4.10; N, 24.32; Cu, 18.28.
Found: C, 24.60; H, 4.12; N, 24.58; Cu, 18.59. Anal. Calcd. for [ZnoL1(NO3)4]
(C12H24N12012Zn5): C, 21.73; H, 3.54; N, 25.21; Zn, 19.62. Found: C, 21.86; H,
3.66; N, 25.49; Zn, 19.83. Anal. Calcd. for [ZnoLo(NO3)4] (C14H28N12012Zn)):
C, 24.30; H, 4.01; N, 24.39; Zn, 19.00. Found: C, 24.46; H, 4.10; N, 24.45; Zn,
19.02.

TABLE I. Elemental analyses, m/z values, color, yield, molar conductance and melting point
values of the prepared complexes

m/z .11 o, Molar conductance  M.p.
Compound Found (Calcd.) Color Yield, % S mol ™t em? oC
[Co,L1(NO3),] (1a) 646.20 (646.25) Brown 58 13 >300 °C
C12H24N1,C0,04,
[Co,L5(NO3),] (2a) 674.00 (674.31) Dark 65 17 >300 °C
C14H25N1,C0,04, brown
[Ni,L;(NO3)4] (1b) 645.52 (645.77) Violet 55 19 >300 °C
C1oH24N12Ni0;,
[Ni,L2(NO3)4] (2b) 673.80 (673.82) Purple 63 21 >300 °C
C14H2sN12Ni0;,
[Cu,L1(NO3),] (1c) 655.25 (655.48) Blue 62 23 >300 °C
C12H24N1,Cu,04,
[Cu,L»(NO3),] (2¢) 683.50 (683.54) Dark blue 65 18 >300 °C
C14H26N1,CU,04,
[Zn,L;1(NO3)4] (1d) 659.10 (659.15)  Colorless 60 24 >300 °C
C12H24N12Zn,04,
[Zn,L,(NO3)4] (2d) 687.09 (687.20) Colorless 54 20 >300 °C
C14H2N1,Zn,04,

FTIR spectra

The IR spectra of the binuclear complexes of the type [MsL1(NO3)4] and
[MoLo(NO3)4] exhibited characteristic bands of the expected functional groups
and relevant data are given in Table Il. The formation of the macrocyclic com-
plexes was confirmed by the appearance of a v(C=N) band?26 in the region 1600
-1620 cm~1 and the absence of the v(NH5) bands at ~ 3400 cm=1, indicating that
a Schiff base condensation between the carbonyl group of diacetylhydrazine and
the amino group of the alkylamine had occurred. This fact is further supported by
the presence of a medium intensity v(M-N) band, observed in the 382-400 cm~1
region.26 In addition to the above, a medium intensity band appeared in the re-
gion 3230-3250 cm~1, which may be assigned to the v(N-H) stretching vibration
of the secondary amine of the condensed diacetylhydrazine moiety.2’ The ab-
sorption band appearing in the region 2870-2920 cm~1 may be due to the v(C-H)

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

2009 Copyright (CC) SCS




BINUCLEAR OCTAAZAMACROCYCLIC COMPLEXES WITH Co(l1), Ni(1l), Cu(ll) AND Zn(l1) 945

stretching vibration. Moreover, the strong band at around 950-973 cm~1 may be
ascribed to the v(N-N) stretching mode of the condensed diacetylhydrazine moie-
ty.28 The coordination of the nitrato group with the metal was ascertained by the
bands in the 230-245 cm~1 region, which may reasonably be assigned to the
v(M-0) of the (O—-NO3) group. The spectra of the metal complexes gave additio-
nal bands at around 1235-1260, 1028-1060 and 855-870 cm~1, which are con-
sistent with the monodentate coordination of nitrate anions.29

TABLE II. IR spectral data (cm™1) of the complexes

Compound v(C=N) v(N-N) v(N-H) v(M-N) v(M-0)
[Co,L1(NO3)4] 1608(s) 952(s) 3236(m) 382(m) 242(m)
[Co,L,(NO3)4] 1600(s) 970(s) 3248(m) 394(m) 230(m)
[Ni,L1(NO3)4] 1617(s) 962(s) 3233(m) 395(m) 245(m)
[NiLo(NO3),] 1603(s) 955(s) 3245(m) 390(m) 233(m)
[Cu,L1(NOs),] 1619(s) 966(s) 3230(m) 386(m) 238(m)
[Cu,Lx(NOs),] 1610(s) 950(s) 3250(m) 388(m) 240(m)
[Zn,L3(NOs),4] 1615(s) 958(s) 3240(m) 398(m) 235(m)
[Zn,L,(NOs),4] 1620(s) 973(s) 3242(m) 400(m) 244(m)

'H-NMR spectra

The IH-NMR spectra of the 1d and 2d complexes exhibited resonance peaks
at 0 6.20 and 6.23 ppm for secondary amino protons (4H, -C-NH-N-) and ¢
2.09 and 2.15 ppm for imine methyI30 protons (12H, CH3C=N-) of the conden-
sed diacetylhydrazine moiety. A singlet at 6 3.16 and 3.25 ppm for 1d and 2d,
respectively, may reasonably be assigned to methylene protons (8H, -N-CH>-C-)
of the condensed amino moiety. While another singlet observed at 6 1.98 ppm
may reasonably be assigned to the middle methylene protons (4H, -C-CHo—C-)
of the propane moiety in 2d.31

13C-NMR spectra

The 13C-NMR spectra for Zn(ll) complexes revealed the presence of the
imine moiety (>C=N-) at 158 and 160 ppm in both complexes.32 The chemical
shifts of the (>N-CHo—) carbons appear at 45 and 43 ppm for 1,2-diaminoethane
and 1,3-diaminopropane, respectively.30 Moreover, the resonance peaks observed at
22 and 23 ppm correspond to the four methyl carbon adjacent to imine group.30
Another signal observed at 33 ppm was assigned to the middle carbon atom
(-CHy-) of the 1,3-diaminopropane moiety.32

EPR spectra

The EPR spectra of the complexes 1c and 2¢ were recorded at room tempe-
rature and their gj and g, values were calculated (Table I11). Both the complexes
exhibited a similar single absorption band (Figs. 2 and 3). The absence of hyper-
fine lines in the spectra of these complexes may be due to the strong dipolar and ex-

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

2009 Copyright (CC) SCS



946 FIRDAUS et al.

change interactions between the Cu(ll) ions in the unit cell. The calculated g va-
lues of 2.112 and 2.147 and the g, values of 2.071 and 2.047 for 1c and 2c, res-
pectively, support the fact that ZBlg is the ground state, having an unpaired elec-
tron in the dyzy2 orbital of the Cu(ll) ion. Both the complexes show g < 2.3, in-
dicating that the present complexes exhibit appreciable covalent nature.33 The
observed g < 2.0023 for the complexes show that the unpaired electron is locali-
zed in the dy2_y2 orbital of the Cu(ll) ion, which is characteristic of the axial sym-
metry. Tetragonally elongated geometry34 is thus confirmed for the aforesaid com-
plexes.

Table 111. Magnetic moment values, electronic spectral data with their assignments and EPR
spectral parameters of the complexes

EPR parameters

Compound Hett | 1z Band position cm™ Assignments

gy 0. G
[Co,Li(NOs),] 4.60 9000 T1(F) = To(F)
17000 *T1(F) = *Ax(F)
21850 ij(F) - ij(P)
[Co,L,(NO3),] 457 9090 T1(F) = “Tao(F)
16750 T1o(F) — *Ax(F)
21600 *Ti(F) = *Ty(P)
[Ni,Ly(NOs),] 3.34 11400 *Aga(F) — °Tau(F)
_ 17500 As(F) = Tio(P)
[Ni,L;(NO;),]  3.40 11200 *Agg(F) — °Tao(F)
17600 “Agg(F) = “Ti(P)
[Cu,Li(NOs),]  1.90 13000 By, — ‘A 2112 2071 1577
17000 :qu —>Z‘Eq
[Cu,L,(NO3),]  1.87 13750 By — “Agq 2.147 2.047 3.127
16650 By — “Eq

— —

S—tr——
2000.000 3000.000 000,000 200,000 306,600 000,000
HIG HIG
Fig. 2. X-band EPR spectrum of the 1c Fig. 3. X-band EPR spectrum of the 2c
complex at room temperature. complex at room temperature.
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The G values are related by the expression G = (g - 2) / (9. — 2), and lie in
the range 1.577 and 3.127 for the complexes 1c and 2c, indicating a significant
exchange interaction3® among the Cu(ll) ions in these complexes, as the G values
were less than 4.

Electronic spectra and magnetic susceptibility data

The electronic spectra of the binuclear Co(ll) complexes (Table 111) showed
three bands in the range 9,000, 17,000 and 21,850 cm~1 for 1a and 9,090, 16,750
and 21,600 cm-1 for 2a complexes, attributed to 4T1(F) — 4T2g(F), 4T14(F) —
— 4Agg(F) and 4T14(F) — 4T14(P) transitions, respectively, consistent with an octa-
hedral geometry36¢ around the Co(ll) ion. The magnetic moment values of 4.60
up for the 1a and 4.57 up for the 2a complex (Table I11) correspond to high spin
Co(ll) in an octahedral environment. The relatively higher values of the observed
magnetic moments than that of the spin only moment (3.89 ug) may be attributed
in terms of the orbital contribution36 generally observed for Co(ll) compounds.

The Ni(ll) ion complexes exhibit two absorption bands in the region 11,400
and 17,500 cm~1 for the 1b, and 11,200 and 17,600 cm~1 for the 2b complex,
corresponding to 3Axq(F) — 3Tog(F) and 3Axq(F) — 3T14(P) transitions, respecti-
vely, suggesting an octahedral geometry.37 Further confirmation regarding the oc-
tahedral environment around the Ni(ll) ion was deduced from the magnetic mo-
ment values of 3.34 ug and 3.40 ug for the 1b and 2b complexes, respectively
(Table HI).

The electronic spectra of the hexacoordinated Cu(ll) complexes showed three
spin allowed transitions in the visible and near IR regions. These bands were as-
signed as 2B1g — 2A1q (dxz_y2 — d72), 2B1g — 2Bog (dye_y2 — dyy) and 2B1g — 2Egq
(dx2—y2 — dyz, dy;) transitions in the increasing order of their energies. The energy
level sequence will depend on the amount of tetragonal distortion due to the li-
gand field and the Jahn-Teller effect.38:39 The electronic spectra of the com-
plexes reported here show two characteristic bands in the range 13000 and 17000
cm=1 for the 1c and 13750 and 16650 cm~1 for the 2¢c complex. These may
reasonably be assigned to 281% — 2Aqq and 2B1g — 2Eg transitions, respectively.
A band corresponding to the <B1g — Zng transition was not observed as a se-
parate band, which may be due to tetragonal distortion.3° The observed magnetic
moments of 1.90 ug for the 1c and 1.87 up for the 2c complex further supplement
the electronic spectral findings (Table I11).

Fluorescence measurements

Interactions of DNA with complexes 1c¢ and 2c. Fluorescence spectroscopy
provides insight into changes occurring in the DNA microenvironment on addi-
tion of the complexes. The interaction of the compounds with calf thymus DNA
was studied by monitoring the changes in the intrinsic fluorescence of these com-

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

2009 Copyright (CC) SCS



948 FIRDAUS et al.

pounds at varying DNA concentrations. Representative fluorescence emission spec-
tra of the compounds upon excitation at 290 nm are shown in Figs. 4A and 4B.
The addition of DNA caused a gradual decrease in the fluorescence emission in-
tensity of both compounds, with a conspicuous change in the emission spectra.
The spectra illustrate that higher excesses of DNA led to more effective quench-
ing of the fluorescence of the fluorophore molecule. The quenching of fluores-
cence clearly indicates that the binding of the DNA to complexes 1c¢ and 2¢ chan-
ged the microenvironment of the fluorophore residue. The shift in emission peak
of the synthesized molecules further depicts an effective interaction at higher
DNA concentration, which was more prominent in the case of 1c. The reduction
in the intrinsic fluorescence upon interaction with DNA could be due to masking
or burial of the fluorophore between the stacked bases within the helix and/or
surface binding at the reactive nucleophilic sites on the heterocyclic nitrogenous
bases of DNA.

Intensity

880.0

80.000 Fig. 4. Fluorescence emission spectra of
the complexes in the absence and presence
of increasing amounts of DNA. Excitation
290 nm. Fixed concentration of complex
(i.e., 4 uM) was titrated in each titration.
A concentration of 4 uM DNA (x) was
used for DNA alone. Spectra (A) and (B)

== [epresent complex 1c and 2c, respect-
oo Waelength, nm B0 tively.

ity

Intens|

The binding parameters for complex 1c and 2¢ were found to be K = (8.21+
+0.21)x104 mol=1 dm3, n = 1.1 and K = (0.74+0.11)x104 mol-1 dm3, n = 0.92,
respectively. Pronounced bathochromism was observed with complex 1c, which
was negligible with complex 2c. The results suggest that the compounds have va-
rying degrees of affinity toward the DNA molecule. This differential binding of
1c and 2c is attributed in terms of different molecular structures around the
Cu(ll) ion.

Absorption spectroscopy. UV-Vis absorption studies were performed to fur-
ther ascertain the DNA-complex 1c and 2c interaction. The UV absorbance show-
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ed an increase with increasing complex 1c/2c concentrations (Fig. 5A). Since
complexes 1c and 2c do not show any peak in this region (Fig. 5B), the increase
in the DNA absorbance is indicative of interaction between DNA and the com-
plexes. Both complexes (1c and 2c) exhibited hyperchromism but of varying de-
grees. Hyperchromism means the breakage of the secondary structure of DNA.
Hence, it is primarily speculated that the complexes interact with the secondary
structure of calf thymus DNA, resulting in its breakage and perturbation. After
interaction with the base pairs of DNA, the n—n* orbital of the bound ligand can
couple with the = orbital of the base pairs, due to the decrease in n—n* transition
energy, which results in a bathochromic shift.40 The prominent shift in the spec-
tra of 1c suggests more interference of the orbital by the complex 1c molecule.
The above changes are indicative of conformational alteration of DNA but of va-
ried extent.

2.0

n

Abosorbance
2

0.5

220 240 260 280 300
Wavelength, nm

2.0

'm
r

o
I

Fig. 5. Absorbance spectra of DNA
and DNA-1c (A)/2c (B) system. The
DNA concentration was 0.10 mM (a);
complex concentration for DNA-1c
0.0 ﬁo and 2c complex systems was a) 10, b)

220 240 260 280
Wavelength, nm 20, ¢) 30 and d) 40 pM.

Abosorbance

CONCLUSIONS

A novel series of 16- and 18-membered Schiff-base binuclear Ng-macrocyc-
lic complexes were synthesized and characterized by spectral and elemental ana-
lyses. The IR spectra of the complexes showed the absence of bands correspond-
ing to the v(C=0) and v(NH>) group of diacetylhydrazine and alkylamine moie-
ties, respectively, and the appearance of a new well-defined band corresponding
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to the v(C=N) stretching vibration. This suggests the formation of the macrocyc-
lic framework, which was further substantiated by the 1H- and 13C-NMR spectra.
Confirmation regarding the stoichiometry, nature and overall geometry around
the metal ion was further deduced from the electronic, ESI-mass, EPR spectra, mag-
netic moment values and conductivity measurements. Fluorescence and absorp-
tion measurements demonstrated a considerable interaction between the Cu(ll)
complexes 1c and 2c and CT DNA.
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U3BOJ

CHHTE3A 16- 11 18-OWIAHUX BUHYKJIEAPHIX OKTAA3AMAKPOIIMKIMYHAX
KOMIUIEKCA Co(ll), Ni(Il), Cu(ll) 1 Zn(11) KOHTPOJIMCAHA METAJIHAM JOHUMA:
YTIOPEJTHY CITEKTPOCKOIICKH TIPUKA3 BE3SUBAIbA DNA 3A Cu(ll) KOMITJIEKCE

FARHA FIRDAUSY, KANEEZ FATMAL, ASAD U. KHAN? 1 MOHAMMAD SHAKIR®

'Division of Inorganic Chemistry, Department of Chemistry, Aligarh Muslim University, Aligarh-202002 u
2Interdisciplinary Biotechnology Unit, Aligarh Muslim University, Aligarh -202002, India

Job6ujena je cepuja 16- u 18-ounaHux OMHYKIICApHUX OKTaa3aMaKpOUMKIHMYHAX KOMILICKCA,
[M2L1(NO3)4] u [MyLx(NOz)] (M = Co(ll), Ni(ll), Cu(ll), Zn(ll), L, = 3,8,11,16-rerpameru-
-1,2,4,7,9,10,12,15-o0kTaa3a-3,7,11,15-uuknoxekcagekarerpen u L, = 3,9,12,18-rerpame-
tin-1,2,4,8,10,11,13,17-okraa3a-3,8,12,17-1MKI00KTaJeKATETPACH) METAIHOM TEMILIATHOM KOH-
nenzanujom N,N’-quanetmnxuapasuna ca 1,2-quamunoeTaHoM U 1,3-THaMHUHOIIPONIAHOM y MeTa-
Hoiy. I'paljerbe MakpOIMKIMYHE JIMTAHHE CTPYKTYpe, BE3UBAHE€ MAKPOIMKIMYIHE CPEMHE KOM-
IUIEKCA y OIIIITY T€OMETPHUjy U3BEIECHO je Ha OCHOBY pe3yJiTara eJeMEHTAJHE aHalli3e, MOJlapHe
mpoBoubuBOCcTH, FT-IR, 1H, 13C-NMR, EPR, ESl-macenor, UV-VIis cnekrpanHor nmpoy4aBama u
MarHeTHux mepema. OKTaeaapcka reoMeTpHja je MpeyioKeHa 3a CBe KOMIUIEKCE, 0K je AUCTOp-
roBaHa okraenapcka reomerpuja npumehiena kox Cu(ll) komruiekca. YropeaHa dyopecueHTHa 1
UV-Vis npoyuasama Cu(ll) komiiekca nokaszana cy 3nadajuo se3uame 32 DNA teneher tumyca.

(TTpumubeno 12. jamyapa, pepuaupano 7. maja 2009)
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Studies on chromium(l11) removal from aqueous solutions by
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Abstract: Batch sorption experiments were performed for the removal of
chromium(l11) ions from aqueous solutions using Romanian Sphagnum moss
peat (untreated and treated with NaCl solution) as sorbent. In order to establish
the best conditions for the sorption of chromium(lll), the influence of initial
pH, contact time, peat dose and metal ion concentration was investigated. The
Freundlich, Langmuir and Dubinin-Radushkevich models were applied to
describe the sorption isotherms and to calculate its constants. The experimental
data fitted well to the Langmuir model with a maximum sorption capacity of
18.6 mg Cr(lI11)/g of peat. The mean free energy of sorption suggests that the
binding of Cr(I11) on peat occurred through an ion exchange mechanism. The
kinetic data evaluated by pseudo-first order and pseudo-second order kinetic
models showed that the sorption of chromium onto the peat followed a pseudo-
-second order rate equation. The chromium(l11) could be easily eluted from the
loaded peat using 0.10 M HCI and the peat may be reused in several sorp-
tion/desorption cycles. The experimental results indicated the potential of
Sphagnum moss peat for removal of Cr(l11) from wastewaters.

Keywords: Sphaghum moss peat; Cr(lI11), sorption; equilibrium studies; kinetics.

INTRODUCTION

Chromium is an important metal used in many industrial activities, including
electroplating, leather tanning, electric-power production, pulp production, paint
and pigment manufacture and ore and petroleum refining. These activities pro-
duce significant quantities of chromium wastes, which can generate a conside-
rable pollution of water and soil.

The stable oxidation states of chromium in the environments are Cr(l11) and
Cr(V1), which are found in several different forms according to pH.1 The toxicity
of soluble chromium species and their mobility in aquatic and terrestrial envi-

*Corresponding author. E-mail: dbilba@ch.tuiasi.ro
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953
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ronments depends on their oxidation state. Cr(lll) is considered less toxic than
Cr(VI) and even essential to human health in trace concentrations. However, at
increasing concentrations, Cr(l1l) can cause adverse effects because of its high
capability to coordinate various organic compounds, resulting in inhibition of
some metallic-enzyme systems.1.2 Meanwhile, Cr(VI) is a confirmed human
carcinogen and epithelial irritant.23 The tolerance limit for aqueous effluents
discharge into inland waters is 1.0 mg/L for total chromium (Cr(I11) and Cr(V1))
and 0.10 mg L1 for Cr(V1).4

Several technologies have been developed to remove heavy metals, parti-
cularly chromium, from industrial wastewater; these include chemical precipita-
tion, coagulation/flocculation processes, membrane filtration, oxidation proces-
ses, activated carbon adsorption, reverse osmosis, ion exchange and solvent ex-
traction.> Many of these processes are often complicated and time consuming,
generate slugs or other toxic wastes and may be ineffective or expensive. Ad-
sorption is one of the important methods for the removal of heavy metals at
medium and low concentrations (1-100 mg/L) from wastewaters. The high cost
of commercial activated carbons has stimulated the search for cheaper alterna-
tives and, recently, non-conventional and low cost agricultural by-products have
been employed as adsorbents in the removal of heavy metals.6-9 Various mate-
rials of this type have been investigated for the removal of chromium species;
these include agricultural or industrial wastes processed into activated car-
bons,10-13 peat,14.15 sawdust,16 and several biomasses.17-20

Peat is an inexpensive and widely available natural material, consisting of
organic matter at various stages of decomposition; the main components are lig-
nin, cellulose, and humic and fulvic acids. These components contain various
polar functional groups, especially weakly acidic groups such as carboxyl and
phenolic hydroxide that can be involved in chemical bonding of transition metals
and polar organics.2! The ability of peat to remove heavy metals, such as cooper,
cadmium, lead, nickel and chromium, has been reported by many authors.21-30

In this study, the sorption capacity of Romanian Sphaghum moss peat for
chromium(l1l) ions was investigated under batch conditions, whereby various
process parameters, such as initial pH, adsorbent dose, chromium concentration
and contact time, were considered. The sorption data were tested fitted to a num-
ber of isotherm and kinetic models, with the view of understanding the mecha-
nism of Cr(I11) sorption using moss peat as the adsorbent.

EXPERIMENTAL

Materials

In this study, a commercially available Sphagnum moss peat (Poiana Stampei, Romania)
was used. The material was air-dried, ground and sieved to particles size 1-2 mm. Some of
the main characteristics of the peat were determined according to standard methods; the
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results (Table 1) suggest a peat with a low degree of decomposition. This was designated P-H
(peat in hydrogen form).

TABLE I. Characteristics of the Sphagnum moss peat

Property Value
pH (1:50, w/v deionised water) 4.05+0.05
Ash content, mass % w/w 4.85
Organic mater, mass % 84-85
Moisture content, mass % 10.5-11
Cation exchange capacity, meq g of peat® 0.575

®Determined by pH-metric titration in 0.1 M NaCl solution

In order to improve the dissociation of the weak carboxylic groups from the peat, an
amount of sorbent was treated for 24 h with 1.0 M NaCl solution, washed with distilled water
and dried. This sorbent was designated P-Na (peat in sodium form).

A stock solution of Cr(l11) (520 mg/L) was prepared by dissolving analytical reagent
grade chromium nitrate (Cr(NO3)3-9H,0) (Sigma) in distilled water. All working solutions
were prepared by adequate dilution of the stock solution with distilled water.

Sorption experiments

Batch sorption experiments were performed in 250 mL conical flasks by shaking the
required amount of peat (P-H or P-Na) with 50 mL of aqueous solutions of Cr(l11) of known
concentration, at a constant temperature (20+1 °C). The pH of the solutions was adjusted to a
constant value by the addition of dilute solutions of H,SO, and NaOH or acetate buffer
solution and measured with a pH-meter, Radelkis OP-271 pH/lon analyzer. After a specified
contact time, the peat was separated by filtration and the residual concentration of Cr(Ill) in
the solution (previously oxidized with KMnO,) was analyzed by a spectrophotometric method
with diphenylcarbazide using a UV-Vis digital spectrophotometer, model S 104D/WPA.

The amount of Cr(l11) adsorbed on the peat at equilibrium, q (mg g'1), and the percentage
of Cr(l11) removed, R (%), were calculated using the following equations:

q4=(Co—C\V /m (1)
R =(cy—c)100/c, 2
where ¢g and ¢ are the Cr(l11) concentrations (mg L-1) in initial solution and after equilibrium,
respectively, V is the volume of the solution (L) and m is the mass of Sphagnum moss peat (g).

The effect of operating process parameters on the removal of chromium(lI1) by peat was
investigated according to Table II.

TABLE II. Experimental conditions used for the sorption of Cr(l11) onto Sphagnum moss peat

Operating variable Initial Amount plf peat Cr(lIT) Concentration Contact time
pH gL mg L h

pH 1.0-55 4 26 and 52 24

Peat dose 4 2.0-12 83.2 24

Cr(I11) concentration 4and 5 4 10.4-104 24

Contact time 4 4 41.6 and 83.2 15 min-4 h
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Adsorption isotherm models

The equilibrium data for Cr(I11) removal using peat as the sorbent were analysed using
different isotherm models available in the literature.2431-33

The Freundlich isotherm, which assumes a heterogeneous adsorption surface, was tested
using the following linear equation:

logg=1logKg +1/nlogc 3)

where Kg and 1/n are constants related to the adsorption capacity and adsorption intensity
(efficiency), respectively.

The Langmuir isotherm adsorption model is based on the assumption that maximum
adsorption corresponds to a monolayer of solute species on the sorbent surface, containing a
finite number of energetically equivalent sites. The Langmuir equation can be used in fol-
lowing linearized form:

1/q=Q1/qoK.c)+1/qq 4

where q is the maximum amount of solute adsorbed (mg g1) and K|_is a constant related to
the binding energy of the solute (L mg1).

In order to appreciate the nature — physical or chemical — of the sorption process, the
isotherms data were analyzed by the Dubinin—Radushkevich (D-R) model, expressed by the
following equation:

Inq:Ianax_ﬂ82 ®)

where (max 1S the maximum amount of solute adsorbed under optimized experimental con-
ditions (mg g'1), B is a constant related to the sorption energy (mol? kJ-2) and ¢ (the Polanyi
potential) is defined by the mathematical relation:

e=RTIn(@+1/c) (6)

where R is the gas constant (kJ mol? K1), T is the absolute temperature and ¢ is the equi-
librium concentration in solution (mol L-1).
The mean free energy of sorption, E (kJ mol1), can be calculated using the following

equation:
E=1/\2p (7

Values of the mean free energy less than 8 kJ mol! are characteristic of a physical sorp-
tion mechanism and values between 8 and 16 kJ mol! indicate an ion exchange mechanism.

Kinetic models

The kinetic adsorption data were evaluated using pseudo-first order and pseudo-second
order kinetic models.32:34
The pseudo first-order Lagergren model is usually expressed as:

k

log (0 — 9) = log g —=—t 8

9(de —a) =log g 2303 )

where g, and q are the amounts of sorbed Cr(l11) (mg g'1) at equilibrium (24 h) and at any

time t (min), respectively, and k; is the Lagergren rate constant of the first-order sorption
(min-1).

The pseudo-second order model (Ho model) assumes that the sorption follows a second

order mechanism and that the rate limiting step may be chemical sorption involving valence
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forces or covalent forces between the sorbent and the adsorbate. The rate of pseudo-second
order reaction is expressed by the equation:

L ©)
q qe k2 qe
where k, is the rate constant of second order sorption (g mgt min'l) and qgk2 = h can be
regarded as the initial sorption rate (mg g-* min1) as t approaches zero.

RESULTS AND DISCUSSION
Effect of solution pH value

The solution pH value is one of the most important controlling parameters in
the sorptive removal of heavy metals, influencing not only the dissociation of
functional groups and surface charge of the sorbent, but also the solution
chemistry of the heavy metals.”.3> According to the speciation diagram for
Cr(111) complexes,36:37 in aqueous solutions at medium and low concentrations
(below 10 mmol L-1), about 98 % of the total amount of chromium is present as
Cr3+ at pH 2, while this value decreases to 40 and the rest 60 % of chromium is
in the hydroxylated CrOH2* form at pH 4. The effect of the initial pH value
(adjusted with sulphuric acid or sodium hydroxide) on the removal of Cr(l11) ions
on P-H and P-Na Sphagnum moss peat from two solutions of different initial
concentration is shown in Fig. 1.

100
80
s 60
=40
Fig. 1. Effect of pH on the removal
20 of Cr(lll) by Sphagnum moss peat:
¢ —P-H (co = 26 mg L'L); m — P-H
0 1 (cg=52mg L'1); A —P-Na(cy=26

pH peat dose = 4 g L1, time: 24 h.

It is evident that at a pH lower than 2.0, the adsorption of Cr(lll) was
negligible but increased rapidly with increasing pH value, with a maximum in the
pH range 4.0-5.5. This increase in the percent removal of chromium (from 6.8 to
74 % from solutions of 26 mg Cr L-1) with increasing pH (from 2.0 to 5.5) is due
to lower competition of protons for the binding sites and also to the increase in
the concentration of CrOH2* species, which exchange with H* from the carboxy!l
groups more readily than Cr3*. For the sodium form of the peat (P-Na), the
increase in the dissociation of the carboxyl groups generates a more negatively
charged surface and electrostatic interactions with cationic species of Cr(lll) is
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increased, thus enhancing the sorption. The percentage of chromium removed is
smaller when a higher initial concentration was used.

Effect of adsorbent dose

The effect of the concentration of Sphagnum moss peat (P-H and P-Na) on
the sorption of chromium(l11) from solutions of initial concentration 83.2 mg L1
and pH 4.0 is shown in Fig. 2.

80

0 . ‘ ‘ ‘ ‘ ‘ ‘ Fig. 2. Effect of Sphagnum moss

peat dose on the sorption of Cr(ll1):

0 2 4 6 8 10 12 14 y_p.H; m-P-Na pH 4, cp = 83.2
Peat dose, g L mg L, time: 24 h.

The sorption of chromium(l11) increased with increasing peat dose from 2.0
to 12 g L1 for both P-H and P-Na, probably due to the greater surface area and
to more sorption sites on the sorbent. The chromium removal percent was higher
for the sodium form of the peat.

Effect of chromium(l11) concentration

The effect of the initial Cr(Ill) concentration on the sorption of chromium
(1) onto Sphagnum moss peat untreated and treated with NaCl from solutions of
various initial pH values is presented in Fig. 3.

100 +
e
80 ° " 5
u
o\o 60 - L 3 F Y °
= 40 e
° Fig. 3. Influence of initial Cr(l1I)
20 concentration on the removal of
chromium by Sphagnum moss
0 peat: ¢ — P-H (pH 4.0); m — P-Na
(pH 4.0); A - P-Na (pH 5.0,
9 25 50 5 1000 125 NaoH): o — P-Na (pH 5.0, aceta-
Cy J"Img L

te); peat dose: 4 g L1, time: 24 h.
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Increasing the initial Cr(111) concentration from 10.4 mg L~ to 104 mg L1
in solutions with an initial pH 4 decreased the percent removal of Cr(l1l) by P-H
samples from about 86.5 to 28.5 %. This is explained by increasing ratios bet-
ween the initial number of moles of Cr(I1l1) and the limited number of available
sorption sites on the peat. Chromium sorption onto P-Na samples slightly in-
creased, showing that the replacement of protons with Na* enhanced the accessi-
bility of the sorption sites as well as the swelling of the peat.38 Also, increasing
the initial pH of the solution had a favourable effect on chromium(l1l) removal;
the best results were obtained from solutions of pH 5 adjusted with CH3COOH-
—CH3COONa buffer.

Equilibrium modelling

Sorption isotherms describe the distribution of adsorbate species between the
liquid phase and the solid phase when the sorption process reaches its equili-
brium state. An analysis of equilibrium data by fitting them to different isotherm
models is important for an estimation of the practical sorption capacity and opti-
mization of the design of sorption systems.

The sorption isotherms of chromium(l11) on Sphagnum moss peat (in the H-
and Na-form) from solutions of various initial pH values are shown in Fig. 4.

20 -

16 - —°
A
T 12 4 /////r

on
=11}
E 7 /l//.
-~ 8 4 /‘///.l//_/k e
4 //” Fig. 4. Sorption isotherms of Cr(l11)
onto Sphagnum moss peat at va-
0 ‘ ‘ : ‘ ‘ rious pH values: ¢ — P-H (pH 4.0);
m — P-Na (pH 4.0); A — P-Na (pH
0 20 40 60 80 100 5,0, NaOH); o — P-Na (pH 5.0, ace-

¢ /mgL! tate); peat dose: 4 g L1, time: 24 h.

The experimental equilibrium sorption data were compared with three ad-
sorption isotherm models: the Freundlich, Langmuir and Dubinin—-Radushkevich
models, and the best-fit equilibrium model was established based on the linear
regression correlation coefficients, R2.

The numerical values of the Freundlich, Langmuir and D-R isotherm para-
meters, evaluated from the slope and the intercept of the corresponding plots (log g
vs. log ¢; 1/q vs. 1/c and log q vs. €2, respectively) are summarized in Table II1.
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TABLE I1l. Parameters for the sorption of Cr(l11) on Sphagnum moss peat

P-H P-Na  P-Na(pH 5.0, P-Na(pH 5.0,
(pH 4.0) (pH 4.0) NaOH) acetate buffer)

Isotherm parameter

Freundlich 1/n 0.299  0.315 0.396 0.454
Ke/(mgg*)(L mgh)™ 2367 2.762 3.372 4.158

R’ 0.927 0911 0.938 0.909

Langmuir 0/ mgg’ 7.547  9.609 13.89 18.62
K. /L mg* 0.300 0.279 0.286 0.278

R? 0.998  0.991 0.999 0.998

Dubinin-Ra- Omax / Mg g™ 13.67  17.80 34.74 56.60
dushkevich B mol? ki 0.0030  0.0032 0.0038 0.0042
E/kJmol* 1291 12,50 11.47 10.91

R? 0.955  0.949 0.964 0.943

The correlation coefficients higher than 0.9 show that the sorption of Cr(l11)
ions followed the Freundlich isotherm; the fractional values of 1/n (0 < 1/n < 1)
suggest heterogeneity of the sorbent surface (the closer the 1/n value is to zero,
the more heterogeneous is the surface3l) and, simultaneously, indicates a bene-
ficial adsorption of Cr(111) on the peat.

However, the R2 values from Table 111 show that the isotherms data of chro-
mium(lI1) ions sorption can be better described by the Langmuir model, indica-
ting the formation of a monolayer coverage of the adsorbate at the outer surface
of the peat. The obtained maximum sorption capacity was slightly higher on the
Na-form of the peat than that on the untreated peat and increased with increasing
solution pH. The highest capacity was obtained in acetate buffer solutions of pH
5.0. The high sorption equilibrium constant K| suggests a strong interaction be-
tween chromium(l11) cations and the binding sites of the peat.

The D-R isotherm parameter gmax (Mg g-1) indicates the porous structure of
the peat sorbent (the maximum amounts of Cr(l11) ions that could be sorbed un-
der optimized conditions were much higher than the experimental values). The
values of the mean free sorption energy were between 10.9 and 12.9 kJ mol-1,
which correspond to an ion exchange mechanism for the sorption of chromi-
um(lI1l) ions on the peat. A slight decrease of the energy sorption values with
increasing pH was observed, probably due to an increase of the physical sorption
of neutral chromium species.

Kinetic studies

Information on the sorption rate is required for the selection of the optimum
conditions for operation in a full-scale batch process.

The results of Cr(l11) sorption at pH 4.0 on the Sphagnum moss peat in the
Na form as a function of contact time between the sorbent and aqueous solutions
of adsorbate are presented in Fig. 5.
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10 -
8 -
/'//I'
I -/', 4'/’4/’4
0 G - ;/./4—/
=11}
E ¢
~ 4 I
S
27 Fig. 5. Effect of contact time on the

0 $ . sorption of Cr(lll) onto Sphagnum

‘ ‘ ‘ ‘ ' moss peat: ¢ —Co =416 mg L m—
0 50 100 150 200 250 300 —c,=83.2mgL; pH 4.0, peat dose
Time, min (P-Na): 4 g L1

As can be seen in Fig. 5, the sorption of Cr(lll) ions was extremely rapid
during the first 20 min and, thereafter, it decreased significantly near the equi-
librium, which can be considered to have been obtained after 4 h (the values of
the amount sorbed after 24 h were found to be 2.8 and 3.28 % higher,
respectively, than those after 4 h contact). The fast sorption kinetics is typical for
sorption of metal due to purely physico-chemical interactions between adsorbent
and adsorbate.

The experimental data were interpreted by means of pseudo-first and pseu-
do-second order kinetic models. The constants of these kinetic models calculated
from the linear plots (log (ge — q) vs. t and t/g vs. t) and the corresponding cor-
relation coefficients are presented in Table IV.

TABLE IV. Kinetic constants for Cr(l11) sorption onto Sphagnum moss peat

Kinetic parameter Co=41.6mgCrL* c,=83.2mgCrL"
Pseudo-first order model 0/ mgg’ 9.343 9.813
ky / min™ 1.396 1.282
R’ 0.8868 0.8947
Pseudo-second order model o/ mgg’ 6.887 8.525
h/mg g™ min* 1.148 1.404
k, /g mg™ min™ 0.0242 0.0193
R’ 0.9976 0.9988

The R2 values below 0.90 suggest that the Lagergren model is not a good
model for the kinetic data; in addition, the estimated values of g do not agree
very well with the experimental values.

The experimental data complied very well with the pseudo-second order Ki-
netic model, with correlation coefficients higher than 0.99. It was observed that
the initial metal ion concentration influenced the kinetic parameters. The values
of the initial sorption rate, h, increased with increasing initial Cr(Ill) concentra-
tion, probably due to the greater concentration gradient between the sorbent and
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solution. However, the values of rate constant, ko, decreased with increasing
initial concentration. In addition, the good correspondence between the calcul-
ated and experimental values of the sorption capacity showed that the kinetic data
are in agreement with the pseudo-second order rate equation.

Desorption studies

In order to check the reusability of the both the peat and Cr(lll), several
loading and elution experiments were performed. The desorption of Cr(lIl) ions
from loaded peat was tested under batch conditions using different concentrations
of aqueous solutions of mineral acids (as proton exchanging agents). The results
indicate that the chromium(l1l) ions can be readily eluted with 0.10 M solutions
of HCI or HySO4 (about 96 % chromium recovery for a mass peat: acid volume
ratio of 1:10). This fact is in agreement with the pH dependence of the chromium
removal onto the peat and confirms the prevalence of the ion exchange mecha-
nism of the sorption. The peat (rinsed with distilled water before reloading) was
reused in fives sorption/desorption cycles without a significant loss in sorption
capacity.

CONCLUSIONS

The removal of chromium(l1) ions from agqueous solutions by sorption onto
Romanian Sphagnum moss peat was studied as a function of solution pH value,
metal ion concentration, peat dose and contact time. The results showed that the
highest percentages of Cr(lll) removal were attained using peat in the sodium
form (4 g L-1) from solutions of pH 5.0 (acetate buffer) with Cr(I1l) concentra-
tions below 50 mg L~1. The equilibrium data were analyzed against the Freun-
dlich, Langmuir and Dubinin—Radushkevich models. The experimental data were
best correlated by the Langmuir isotherm; under optimized conditions, the mo-
nolayer adsorption capacity was of 18.6 mg Cr(I11) g~1 of peat. lon exchange was
the major mechanism for the adsorption of Cr(Ill) on the peat particles with the
sorption kinetics following a pseudo-second order rate equation. The Cr (I11)-
-loaded peat could be regenerated by treatment with 0.10 M HCI and the sorbent
may be reused in several sorption—desorption cycles. The results of this study
showed that Romanian Sphagnum moss peat, a natural, cheap and available
material, could be employed as a sorbent for the removal of chromium(lll) from
aqueous waste solutions.
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U3BOA

UCIIMTUBABE VKIIABABA XPOMA(III) M3 BOOAEHX PACTBOPA
COPIILIMJOM HA TPECETHOJ MAXOBHHMU Sphagnum

CATALIN BALAN, DOINA BILBA u MATEI MACOVEANU

Department of Environmental Engineering and Management, Faculty of Chemical Engineering and
Environmental Protection, Technical University of lasi, D. Mangeron Blvd. 71A, 700050, lasi, Romania

H3BezeHa je rpyna COpIIMOHMX CKCIEpUMeHara 3a ykiamarme joHa xpoma (I11) u3 BomeHux
pactBopa momohy TpecetHe MaxoBune Sphagnum ca moapydja PymyHuje (Herperupane u Tpe-
tupane pactBopoM NaCl) xao copOeHTOM. Y 1usby ycIOCTaB/batba HajIOTOJHIJUX YCIOBA 32 COPII-
ujy xpoma(lll), ucniuruBanu cy yruuaju pH, BpeMeHa KOHTaKTa, KOJIHYMHE MAaXOBHHE U KOHIICH-
Tpauuje jona. Ilpumemenu cy mozxenu ®@pojuamuxa (Freundlich), Jlearmupa (Langmuir) u Jy6u-
nua—Paxymesnua (Dubinin—Radushkevich) 3a omuc coprunonnx u30TepMu U 3a HU3padyHaBarbe
oaroBapajyhux koHcraHTH. ExcrniepuMeHTaiHnM pe3yiraTd oaronapajy JISHrMHpPOBOM Mozely ca
MakKCHMaJHHM copriuoHuM Kanaiuretom on 18,6 mg Cr(l1l) mo rpamy maxosure. BpemHoct
cpenme eHepruje copruuje ykasyje na to ga ce Cr(l11) Besyje 3a MaxoBuHy 110 MEXaHU3MY H3MEHE
jona. KuHeTnyku mnopany, JOOHjeHH Ha OCHOBY IICEYJO-IPBOT M IICEYJO-APYror KHMHETHYKOT
MojieNna, MoKasyjy Jia MpoLec COpIIIKje XpOMa Ha MaxOBHUHHU CIIeH 3aKOH Op3MHE ICeyH0-Ipyror
pena. Copbosanu xpom(l1l) 1ako moxxe GuTH 01BOjeH 0/ MaxoBuHE HcnupaHmeM pacteopom 0,10
M HCI, mok ce ucTa MaxOBHHA MOXE KOPHCTHTH y HEKOJHMKO IHKIyca COpIIija/Iecoprimje.
EKcriepuMeHTaIHY Pe3yJITaTH yKa3yjy Ha TO Jia TpeceTHa MaxoBHHa Sphagnum uMa moTeHIH]ja 3a
npumeny ykinamamwa Cr(l11) u3 ornagnux Boza.

(Mpumsbero 16. HoBemOpa, peuaupano 13. anpuna 2009)
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Activity of carbon supported Pt3Ru, nanocatalyst
in CO oxidation
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Abstract: The electrocatalytic activity of Pt3Ru,/C nanocatalyst toward the
electro-oxidation of bulk CO was examined in acid and alkaline solution at
ambient temperature using the thin-film, rotating disk electrode (RDE) method.
The catalyst was characterized by XRD analysis. The XRD pattern revealed
that the PtzRu,/C catalyst consisted of two structures, i.e., Pt—-Ru-fcc and Ru-
hcp (a solid solution of Ru in Pt and a small amount of Ru or a solid solution of
Pt in Ru). Electrocatalytic activities were measured by applying potentiody-
namic and steady state techniques. The oxidation of CO on the Pt3Ru,/C
catalyst was influenced by pH and anions from the supporting electrolytes. The
Pt3Ru,/C was more active in alkaline than in acid solution, as well as in per-
chloric than in sulfuric acid. Comparison of CO oxidation on Pt;Ru,/C and
Pt/C revealed that the Pt;Ru,/C was more active than Pt/C in acid solution,
while both catalysts had a similar activity in alkaline solution.

Keywords: CO oxidation; Pt3Ru,/C nanocatalyst; XRD; pH effect; anion effect.

INTRODUCTION

The major interest for the electro-oxidation of CO on a Pt3Ruo/C catalyst
originated from previous studies of the electrocatalytic activity on PtRu-sup-
ported nanocatalysts in the electro-oxidation of methanol and formic acid.1-6 The
electro-oxidations of methanol and formic acid, anodic reactions in fuel cells,
belong to typical auto-inhibiting reactions producing strongly bound intermedi-
ates (predominantly CO-type species), well known as catalytic poisons.” The
oxidative removal of adsorbed CO by adsorbed oxygen containing species plays
a dominant role in determining the catalyst activity in these reactions.

*Corresponding author. E-mail: ksenija@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0909965P
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It is believed that the electro-oxidation of CO,4q on an electrode surface in an
electrolyte occurs analogously to the oxidative removal of CO on a Pt surface in
the gas phase, which proceeds via the Langmuir-Hinshelwood mechanism, i.e.,
by reaction of chemisorbed CO with chemisorbed oxygen.8:°

The superior activity of PtRu among other catalytic materials has been ex-
plained by a bifunctional mechanism in which the oxidation of adsorbed CO is
facilitated by the presence of OHaq species formed by the electrochemical dis-
sociation of water on oxophilic surface atoms, such as Ru, at lower anodic over-
potentials compared with pure Pt.10.11 Consequently, the Ru sites act as collec-
tors for OHyq species, which then catalyze the oxidation of CO molecules pre-
ferentially bonded to neighboring Pt atoms. Additionally, the so-called ligand or
electronic effect, in which the Ru alters the electronic properties of the Pt, might
also be considered.8.12

In this study, the electrocatalytic activity of a Pt3Ru»/C catalyst in the elec-
tro-oxidation of bulk CO was examined in acid and alkaline solution at ambient
temperature in order to study the effects of pH and anions of the electrolytes.
Activity of the PtzRu,/C was compared with activity of a Pt/C catalyst. A quasi-
-bifunctional mechanism for CO bulk oxidation on both catalysts in acid and
alkaline solution is proposed.

EXPERIMENTAL
Electrode preparation

High area carbon supported platinum-ruthenium (Pt3Ru,/C) and platinum (Pt/C) nanoca-
talysts with 33.5 wt % alloy and 47.5 wt % Pt (Tanaka Precious Metal Group, Tokyo, Japan)
were applied to a glassy carbon substrate in the form of a thin-film.13 A suspension of
Pt3Ru,/C or Pt/C in water was prepared in an ultrasonic bath and a drop of the suspension was
placed onto the substrate, resulting in the constant loading of 15 ugajiey cm2 or 20 ugp; cM2,
respectively. After drying in a stream of high-purity nitrogen at room temperature, the depo-
sited catalyst layer was covered with 20 ul of a diluted agueous Nafion® solution (thickness
ca. 0.1 um) and left to dry completely.

Mass transfer resistance through the Nafion® film covering the Pt;Ru,/C layer was
determined by recording the diffusion limiting currents of hydrogen oxidation on the rotating
disk electrode. Since a Levich—-Koutecky plot with an intercept close to zero was obtained, it
was concluded that the mass transfer resistance through the Nafion® film was negligible.!

Electrode characterization

The carbon supported Pt and PtzRu, catalysts were characterized by X-ray powder
diffraction analysis using a Siemens D5005 (Bruker-AXS, Germany) diffractometer system,
equipped with a CuKa source operating at 40 mA and 40 kV and graphite monochromator.
The XRD patterns were obtained in the 26 range 10-100°, with 0.01°/s steps. The quantitative
analysis of the phase content and crystallite size calculations were performed by multiphase
Rietveld refinement using Topas software and the Fundamental Parameters approach for the
modeling of the peak shape.
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Electrochemical measurements

All electrochemical measurements were conducted in a thermostated three-compartment
electrochemical cell at ambient temperature. The reference electrode was a standard calomel
electrode (SCE) separated from the working electrode compartment to avoid chloride con-
tamination. The potentials in this study were referred to the reversible hydrogen electrode
(RHE).

The thin film rotating disk method was used for the determination of the catalytic ac-
tivity. The rotation rate was 2000 rpm. All solutions were prepared with high purity water
(“Millipore”, 18 MQ cm resistivity) and p.a. (H,SO, and NaOH) or ultra high purity (HCIO,)
grade chemicals (Merck). The HCIO, was without any trace of Cl ions. The prepared electro-
des were immersed in nitrogen purged perchloric or sulfuric acid or sodium hydroxide solu-
tion to record the basic voltammograms.

Carbon monoxide adsorption was performed in CO saturated solution holding the elec-
trodes at 0.05 V for 3 min. The supporting electrolytes were saturated with CO by bubbling
high purity CO through the solution for 30 min. The cyclic voltammograms were recorded
using a sweep rate of 50 or 1 mV s1,

RESULTS AND DISCUSSION
Characterization of the catalysts

The XRD patterns of the carbon-supported Pt and Pt;Ru, catalysts are shown
in Fig. 1. The four characteristic peaks of the face-centered cubic (fcc) crystalline
structure of Pt/C are seen: (111), (200), (220) and (311).

Pt(‘i11)

I
’l" ﬂrm) Pt(220)  PH(311)

L :h|

I
" }H'llummll||hhluﬁmullmmmlhlp.‘mwm'"l] l”Mum{ml "
{ \Ru(1010) ‘ I

'”'"'”w|mmrl'||l"“""||m|1uﬂﬂﬂlfl

(LTS

Fig. 1. XRD Patterns of PtzRu,/C

Loy w111y and PYC catalysts. The vertical
1 20 3 40 50 60 70 80 90 100 [ines represent the positions of
20 / degrees the peaks of pure Pt and pure Ru.

Two phases were identified in the diffraction pattern of the Pt3Ru,/C ca-
talyst: a solid solution of ruthenium in platinum (fcc) and a phase associated with
a weak peak at 43.8° assigned to the strongest Ru(1010) peak in the hexagonal
phase of ruthenium (hcp). The first two broad peaks at 14.0 and 30.9° were as-
signed to the carbon support material. The Pt—Ru-fcc reflections in the Pt;Ru,/C
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pattern were systematically shifted towards higher angles in relation to the pure
platinum peaks in the pattern of the Pt/C catalyst, due to the incorporation of
smaller ruthenium atoms into platinum crystal lattice.14 The lattice parameter for
the Pt3Ru,/C catalyst (3.859(8) A) was smaller than that of Pt/C (3.916(6) A),
due to a lattice contraction caused by the incorporation of Ru into the fcc struc-
ture of platinum after alloying. On the other hand, the presence of the 43.8° peak,
attributed to the Ru-hcp phase, indicates that this incorporation was only partial.
It was assumed in the calculations that the second phase is Ru-hcp.

The two structures, i.e., Pt-Ru-fcc and Ru-hcp, were refined using the Riet-
veld method. The presence of the carbon support was not taken into account. The
crystallite size determined using the Scherrer method, based on the broadening of
the (220) peak, was 3.1 nm for the Pt and 4.5 nm for Pt—Ru-fcc phase, respectti-
vely. Similar crystallite sizes for both catalysts were calculated from the charge
under the CO stripping peaks.

The carbon supported Pt3Ru» nanocatalyst was examined in acid and alka-
line solution at ambient temperature. The obtained voltammetric profiles (Fig. 2)
can be divided into two regions: hydrogen desorption/adsorption between 0.05 V
and 0.30 V and adsorption/desorption of reversible and irreversible oxygen-con-
taining species, such as RUOH, Ruy0, RuOyH,0, etc.,15.16 at more positive po-
tentials. The continuous and fast transition from the reversible to irreversible sta-
te of the oxides resulted in a broad capacitive feature in the profile of the PtRu
alloy. The anodic limit was set to 0.80 V to prevent any Ru dissolution.1”

30
20
10 F

0F

j/mA mg

A0 b

20

- , ——0.1 M NaOH
30 - = =+0.1 MH,SO,

*0.1 M HCIO,
40 =

| P I I EU R S U I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9

E /V (RHE)

Fig. 2. Cyclic voltammograms of a high surface area Ptz;Ru, catalyst in alkaline and two
different acid solutions. @= 2000 rpm; v=50 mV s1; T =295 K.
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Potentiodynamic measurements

The electrocatalytic activities of PtzRu,/C catalyst in the bulk oxidation of
CO were examined in acid and alkaline electrolytes in order to establish the
effects of anions and the pH of the solution.

Effect of anions. The role of anions in the supporting electrolyte (HCIO4 and
H2SO4) on the kinetics of CO oxidation can be seen from the corresponding vol-
tammograms given in Fig. 3. To avoid any influence of chlorides present in p.a.
perchloric acid, ultra high pure HCIO4 (without any traces of CI-) was employed.
Evidently, bisulfates influence the beginning of the reaction, slightly shifting the
onset potential towards higher values relative to HCIO4. This phenomenon was
also observed in methanol oxidation.>18 Bisulfates decrease the activity of
Pt3Ru»/C in the oxidation of CO due to their competition with OH and CO for
adsorption on Pt sites freed from COgg.

160 |-

140 |-

=+ =+ 0.1MH,SO,

2 01 MHClo,

100 -

(=]
£
< 80
£
™ 80 |
40 |
20 |
OR
- Fig. 3. Cyclic voltammograms for the
20 | oxidation of bulk CO on a Pt3Ru,/C
1 1 1 1 1 electrode in 0.10 M H,SO, and 0.10
0.0 0.2 0.4 0.6 0.8 1.0 M HCIO, solutions. @ = 2000 rpm;
E [V (RHE) y=50mV sl T=295K.

Effect of pH. The cyclic voltammograms for CO oxidation in acid (HCIOy)
and alkaline (NaOH) solutions are shown in Fig. 4. The reaction commences at a
~ 0.1 V more negative potential in NaOH than in HCIO, media, suggesting
clearly that the alkaline solution promotes CO oxidation. This is evidence that Pt
can adsorb OH species in alkaline solution at significantly lower potentials than
in acid solutions.
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160
140 |
L ----0.1MNaOH
120 | ——0.1MHCIO,
_ 100
‘o
S
< 80
1S
T 60
40
20 -
0 -
ok Fig. 4. Cyclic voltammograms for
20 - CO bulk oxidation on a PtzRu,/C
' ' ' ' ) electrode in 0.10 M NaOH and 0.10
00 0-2 04 06 08 10 m HCIO, solutions. @ = 2000 rpm;
E /V (RHE) v=50mV sl T=295K.

Quasi-steady state measurements

The quasi-steady state curves for CO oxidation recorded at a slow sweep of
1 mV s~1in acid and alkaline solutions are presented in Fig. 5. The general trends
observed in the potentiodynamic experiments were also observed in the quasi-
-steady state measurements. The oxidation of CO was significantly enhanced in
alkaline relative to acid media. The onset of the reaction was shifted by ~ 0.10 V
towards less positive potentials and the current densities were higher by more
than one order of magnitude. The faster kinetics achieved in perchloric acid than
in sulfuric acid by a factor of ~ 2 indicates inhibition of CO oxidation caused by
bisulfate adsorption.

The slopes of the Tafel lines for CO bulk oxidation on the Pt3Ru,/C catalyst
were =~ 120 mV dec-L. This fact implies the same limiting step in CO oxidation
according to a Langmuir-Hinshelwood type reaction8 in all the studied media.

Comparison of CO oxidation on Pt3Ru,/C and on Pt/C catalysts

The oxidation of CO on PtgRu,/C and Pt/C catalysts in acid and alkaline
solutions are shown in Fig. 6a and 6b, respectively.

CO oxidation on a Pt/C catalyst in HoSO4 solution is represented by a sharp,
symmetric peak centered at approximately 0.90 V and by a so-called pre-wave, in
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the potential region 0.40 V < E < 0.80 V. The pre-wave, appearing in the pre-
ignition region of CO oxidation, is related to the oxidation of CO on defect sites
on the facets.19 It is also a characteristic of CO oxidation on low-index Pt single
crystal surfaces, where it was correlated with the presence of nano-islands on the
terraces.20

1 ) L | 1
0.8 | _
07 | -
A 0.1 MNaOH .,
® 0.1MH,SO, a ' oA
06 B M N1 A LUOIN — . AA 7
() v.l1 IVIII\JIV4 . D -
mC A
—_— |_Nn| A
w 0.5 | B O A a
T m g A
o " O A
> 04 F----vnn- B S EEEEE P EPPR Al .
~ | 0O A
w E O N
B O
03 " O A -
m U a A
| o a
R A _
0.2 A
A
0.1 1 L gl 1 il 1 L aaaaal 1 1 a3l
0.01 0.1 1 10 100
j/ mAmg’

Fig. 5. Mass-specificquasi-steady state current densities for CO oxidation on a PtzRu,/C
nanocatalyst in three different solutions. @= 2000 rpm; v=1mV s1; T = 295 K.

Interestingly, CO oxidation on Pt3Ru,/C occurs in the potential region assi-
gned as the preignition region on Pt/C, but the reaction rate is significantly
enhanced compared to Pt/C. This is important datum suggesting that both metals,
Ru and Pt, are able to adsorb OH species at ~ 0.40 V. However, the reaction rate
on Pt3Ru,/C is significantly increased, implying that the coverage by OHgyq spe-
cies is larger on Ru than on Pt sites. It should be noted that under these experi-
mental conditions, a high and constant coverage by CO4q was achieved on both
electrodes at the onset potential.21.22 Anions (bisulfates) did not affect CO ad-
sorption at 0.05 V, which is in accordance with the results reported in the lite-
rature.23

In alkaline solution, CO oxidation commenced at ~ 0.3 V on both catalysts.
Additionally, both catalysts exhibit similar activity at potentials of technical in-
terest (E < 0.6 V). This is clear evidence that in alkaline solution not only Ru but
also Pt becomes able to form OHgq species at low potentials.
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Fig. 6. Cyclic voltammograms for the oxidation of bulk CO on Pt;Ru,/C and Pt/C catalysts in
(@) 0.10 M H,SO, and (b) in 0.10 M NaOH solutions. = 2000 rpm; v=50 mV s1; T=295 K.

CO electro-oxidation mechanism

The oxidation of CO on Pt and PtRu alloy surfaces is consistent with a
Langmuir-Hinshelwood reaction mechanism between adsorbed CO and oxygen-
-containing species, OHag. The formation of CO4q occurs with equal facility on
Ru and Pt sites, while the nucleation of OHyq at low electrode potentials is
specific to Ru surface atoms in acid solution.

According to the bifunctional mechanism,10 the electro-oxidation of CO
molecules on a Pt3Ru»/C surface could be presented in two major steps. The first
step is nucleation and growth of oxygen-containing species on the Ru sites at
significantly more negative potentials compared to Pt sites:

Ru + HoO — Ru-OHyy + HT + e~ Q)

which can then initiate further electro-oxidation of CO molecules adsorbed on
either Pt or Ru neighboring sites. This step occurs at surface sites referred to as
“active sites”. On bulk Pt electrodes, the splitting of water probably occurs on
particular sites, such as crystalline defects.24 On carbon-supported Pt nanopar-
ticles, it was proposed that these sites are defects of cubo-octahedral structure.2®
The second step is the reaction between the adsorbed oxygenated species and

COgy, yielding CO» as the final product:
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COqaq + OHag — COy + H* + &~ )

In this study, the onset potential for the oxidation of CO4q at a PtzRu,/C
catalyst was shifted towards negative potentials in acid solution compared to Pt,
which is characteristic of a bimetal Pt/Ru structure. As the coverage with COgq
was high, the reaction was limited by water splitting (Eg. (1)), which may explain
the higher activity of Pt3Ru,/C than Pt/C in acid solution.

In alkaline solution, the adsorption of oxygen-containing species also occur-
red on the Pt sites (Eqg. (3)), i.e., Pt was able to adsorb OH species at almost as
low potentials as Ru, causing reaction also on Pt. Ru in alkaline media is not the
only donor of OHgq species, as is the case in acid solution:

Pt + OH~ — Pt-OHgq + &~ (3)

In fact, the oxidation of CO proceeds through a quasi-bifunctional me-
chanism on a Pt3Ru,/C catalyst in acid and in alkaline solution because Pt and
Ru sites adsorb CO in acid media and both metals adsorbs OH species in alkaline
media.

CONCLUSIONS

The presented results can be summarized as follows:

— At a Pt3Ru»/C catalyst, anions (bisulfates) slightly shift the onset of the re-
action towards higher potentials, thereby decreasing the reaction rate.

— A Pt3Ru,/C catalyst is more active in alkaline than in acid solution, since
as well as Ru, Pt becomes able to adsorbed OH at low potentials, thus enhancing
the reaction rate compared to acid solution.

— In acid solution, the oxidation of CO proceeds on Pt3Ru,/C significantly
faster than on Pt/C at low potentials because Ru provides more OHyq species
than pure Pt.

— In alkaline solution, the oxidation of CO commences at approximately the
same potential at Pt/C and at PtzRu»/C and both catalyst show similar activity at
potentials up to 0.6 V.

— The oxidation of CO proceeds through a quasi-bifunctional mechanism on
a Pt3Ru,/C catalyst in acid and in alkaline solution.

Acknowledgements. This work was financially supported by the Ministry of Science and
Technological Development of the Republic of Serbia, Contract No. H-142056.

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

2009 Copyright (CC) SCS



974 POPOVIC et al.

U3BO [
AKTUBHOCT Pt3Ru/C HAHOKATAJIM3ATOPA Y OKCUJALINIU CO

KCEHWJA 'B. [IOITIOBUR!, JEJIEHA JI. JIOBURY, AMAJIUJA B. TPUTIKOBIR® 1 PIOTR K. OLSZEWSKI?

TMXTM - Lenitiap 3a eneximipoxemujy, Yuusepauitieini y beozpady, Hezowesa 12, ii. iip. 473, 11000 Beozpa u
2| nstitute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Krakow,
Niezapominajek 8, 30-239, Poland

Enextpoxemujcka oxcuganuja CO ucnuTHBaHa je Ha HaHOKaranuzaTopy PtzRup mumcmepro-
BaHOM Ha aKTHBHOM YIJby Kao HOcady Yy KHCEJIOj M alKajHO] CPEeIMHH Ha COOHOj TemIlepaTypu
kopuihieem merone porupajyhe muck enekrpoxe (PJE). Karanuzarop je okapakrepucad Ju-
¢pakiujom X-3paka (XRD) u mobujeHn pesyirati cy nokasanu ja ce jerypa PtsRuy cacroju ox
nBe (ase: uBpcror pactBopa Ru y Pt u oq Manux xonmuuna uncror Ru mim uBperor pactopa Pty
Ru. EnexTpokaTaliuTHuKa aKTHBHOCT OBOT KaTanu3aropa 3a okcunanujy CO je mcnuTuBaHa IUK-
JTMYHOM BONTAaMETPHUjOM M MMOKasaH je edekatr PH u edexar anjona u3 Hoceher emekrpoiura.
Pt3RU2/C karann3arop je akTHBHHjH y aJIKaJIHOj HETO Y KHCENOj CPEANHH, YKa3yjyhu Ha YHmCHUILY
na 'y ankanuju Pt moxe na agcopOyje OH yecTuiie Ha HCTO TakO HUCKMM TOTEHIHUjaauMa Kao u Ru
U Ha Taj HauuMH yOp3aBa peakuujy okcupanuje CO y nopehemy ca kucenunom. IlokaszaHo je na ai-
copruuja 6ucyndaTHux aHjoHa U3 HOceher enekTposuTa moMepa MoYeTHH MOTCHIUjall peakinje Ka
MO3UTHBHHJHM BpeIHOCTHMA U cMambyje Op3uny okcupanuje CO. IMopehewmem aktuBHOCTH Pt/C 1
Pt3Ruy/C karamuzaropa y okcumanuju CO y Kucelloj U auKajiHHj CPEIUHU MOKa3aHo je 1a je Ta
pasiuKa 3HaTHO Mama y JIKAJIHOj HEro Y KHCEI0j CPSANHH.

(ITpumsseno 23. Gpebpyapa, peBuaupano 24. anpuia 2009)

REFERENCES

1. A. V. Tripkovi¢, K. Dj. Popovi¢, B. N. Grgur, B. Blizanac, P. N. Ross, N. M. Markovi¢,
Electrochim. Acta 47 (2002) 3707
A. V. Tripkovi¢, S. Strbac, K. Dj. Popovi¢, Electrochem. Commun. 5 (2003) 484
3. J. D. Lovi¢, A. V. Tripkovi¢, S. Lj. Gojkovi¢, K. Dj. Popovi¢, D. V. Tripkovi¢, P. Ol-
szewski, A. Kowal, J. Electroanal. Chem. 581 (2005) 294
4. A. V. Tripkovi¢, S. Lj. Gojkovi¢, K. Dj. Popovié, J. D. Lovi¢, A. Kowal, Electrochim.
Acta 53 (2007) 887
5. A. V. Tripkovi¢, S. Lj. Gojkovi¢, K. Dj. Popovi¢, J. D. Lovi¢, J. Serb. Chem. Soc. 71
(2006) 1333
6. A.V. Tripkovi¢, K. Dj. Popovi¢, J. D. Lovi¢, J. Serb. Chem. Soc. 72 (2007) 1094
7. R.Parsons, T. van der Noot, J. Electroanal. Chem. 257 (1988) 9
8. H. A. Gasteiger, N. Markovi¢, P. N. Ross Jr., E. J. Cairns, J. Phys. Chem. 98 (1994) 617
9. H. A. Gasteiger, N. Markovi¢, P. N. Ross Jr., J. Phys. Chem. 99 (1995) 8290
10. M. Watanabe, S. Motoo, J. Electroanal. Chem. 60 (1975) 267
11. M. Watanabe, S. Motoo, J. Electroanal. Chem. 60 (1975) 275
12. A. Kabbibi, R. Faure, R. Durand, B. Beden, F. Hahn, J. M. Leger, C. Lamy, J. Electro-
anal. Chem. 444 (1998) 41
13. T.J. Schmidt, H. A. Gasteiger, R. J. Behm, Electrochem. Commun. 1 (1999) 1
14. A. Kowal, P. Olszewski, D. Tripkovi¢, R. Stevanovi¢, Mat. Sci. Forum 518 (2006) 271
15. A. H. C. Sirk, J. M. Hill, S. K. Y. Kung, V. I. Birss, J. Phys. Chem. B 108 (2004) 689
16. G.Wu, L. Li, B.-Q. Xu, Electrochim. Acta 50 (2004) 1

n

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

2009 Copyright (CC) SCS




17.

18.
19.

20.
21.
22.
23.
24,

25.

Pt;Ru, NANOCATALYST IN CO OXIDATION 975

S. HadZi-Jordanov, H. Angerstein-Kozlowska, M. Vukovi¢, B. Conway, J. Electrochem.
Soc. 125 (1978) 1471

T. Iwasita, Electrochim. Acta 47 (2002) 3663

K. J. J. Mayrhofer, B. B. Blizanac, M. Arenz, V. R. Stamenkovi¢, P. N. Ross, N. M.
Markovig, J. Phys. Chem. B 109 (2005) 14433

M. Arenz, K. J. J. Mayrhofer, V. R. Stamenkovi¢, B. B. Blizanac, T. Tomoyuki, P. N.
Ross, N. M. Markovi¢, J. Am. Chem. Soc. 127 (2005) 6819

E. A. Batista, T. lwasita, W. Vielstich, J. Phys. Chem. B 108 (2004) 14216

Z. Jusys, J. Kaiser, R. J. Behm, Electrochim. Acta 47 (2002) 3693

D. V. Tripkovi¢, D. Strmcnik, D. van der Vilet, V. Stamenkovi¢, N. M. Markovi¢,
Faraday Discuss. 140 (2009) 25

N. P. Lebedeva, M. T. M. Koper, J. M. Feliu, R. A. van Santen, J. Phys. Chem. B 106
(2002) 12938

K. J. J. Mayrhofer, M. Arenz, B. B. Blizanac, V. R. Stamenkovi¢, P. N. Ross, N. M.
Markovi¢, Electrochim. Acta 50 (2005) 5144.

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

2009 Copyright (CC) SCS







Journal of
the Serbian
Chemical Society

g \\“'
000tz e s > JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 74 (8-9) 977-984 (2009) UDC 546.873+543.23+543.4/.5+542.97
JSCS-3892 Short communication

SHORT COMMUNICATION
Kinetic spectrophotometric determination of Bi(l1l) based on its
catalytic effect on the oxidation of phenylfluorone
by hydrogen peroxide
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Faculty of Science, Department of Chemistry, University of NiS, Visegradska 33,
18000 Ni$ and Faculty of Chemistry, University of Belgrade,
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Abstract: A new reaction was suggested and a new kinetic method was ela-
borated for determination of Bi(lll) in solution, based on its catalytic effect on
the oxidation of phenyl-fluorone (PF) by hydrogen peroxide in ammonia buf-
fer. By appllcatlon of spectrophotometric technique, a limit of quantlflcatlon
(LQ) of 128 ng cm” % was reached, and the limit of detection (LD) of 37 ng cm™
was obtained, where LQ was defined as the ratio signal:noise = 10:1 and LD
was defined as signal 3:1 against the blank. The RSD value was found to be in
the range 2.8-4.8 % for the investigated concentration range of Bi(lll). The
influence of some ions upon the reaction rate was tested. The method was con-
firmed by determining Bi(lll) in a stomach ulcer drug (“Bicit HP”, Hemofarm
A.D.). The obtained results were compared to those obtained by AAS and good
agreement of results was obtained.

Keywords: kinetic method; catalytic reaction; Bi(lll) determination.

INTRODUCTION

The most important methods of bismuth determination are kinetic, spectro-
photometric and atomic absorption spectroscopy (AAS) methods.121 An interes-
ting electrothermal atomic absorption spectroscopy (ET AAS) method was pub-
lished for the determination of bismuth traces in sea water.22 Some photometric,
chromatographic (HPLC) and flow-injection analysis (FIA) methods are also re-
ported.23-25 There are relatively small number of kinetic methods for Bi(lll)
determination, compared to a great number of spectrophotometric ones based on
its ability to form complexes, mainly colored, with organic and inorganic com-
pounds.

*Corresponding author. E-mail: sofija_rancic@yahoo.com
doi: 10.2298/JSC0909977R
977
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An interesting kinetic method, described by Murty, points out the catalytic
effect of Bi(lll) in the molybdenum phosphorous acid reduction by ascorbic
acid,! although a new method, employing the same reaction system, but with
better sensitivity, was also reported.2 The method was used to determine the tra-
ces of Bi(lll) in alloys. A method based on the catalytic effect of Bi(lll) ions is
employed in the oxidation of hematoxylin (HT) by H»>O» in a strong acid so-
lution.3 Kinetic catalytic method for bismuth determination in strong acid me-
dium with K1O4 as the oxidant and dibrom-nitro-arsenazo (DBN-arsenazo) as the
reductant was used for bismuth determination in drinking water.# Another kinetic
method employed for the determination of Bi(lll) in alloys and drinking water® is
based on the catalytic effect of bismuth on the oxidation of carboxyazo | by
KIO4. The inhibitory effect of Bi(lll) on the fading reaction of crystal violet
oxidized by H»O> in the acetate buffer solution was followed by kinetic spectro-
photometric method.® Of all reported kinetic methods, only the method reported
by Sanz et al. was used to determine bismuth in drugs.’

The aim of this communication is to present the results obtained in a new
kinetic spectrophotometric determination of Bi(lll) using its catalytic effect in the
oxidation of phenylfluorone (PF) by hydrogen peroxide in ammonia buffer. The
method is employed for the determination of Bi(lll) in a stomach ulcer drug.

EXPERIMENTAL
Apparatus

The spectrophotometric measurements were performed on a Perkin-Elmer UV-Vis
Lambda 15 spectrophotometer. The cylindrical cells were thermostated at 20+0.1 °C using a
thermocirculating bath. The pH measurements were performed using a Radiometer PHM 29 b
pH-meter with a combined glass—calomel electrode GK 2311 C.

Reagents

All solutions were prepared by dissolving p.a. quality “Merck” reagents in deionized
water (0.4-0.8 uS cm’ ) and ammonia buffer. Adequate polyethylene vessels were used for
storage of the solutlons Ammonla buffers were prepared by mixing NHs(aq) and NH4CI
solutions (0.2 moI dm ) ® and their pH values were checked using pH-meter. A stock Bi(lll)
solution (1. 0x10° gem ) was prepared by dissolving 1.00 g of metallic bismuth (99.999 %)
in a minimal volume of HNO3 (1:1) and diluting it to 1 dm? with 2 % HNOj3 solution. The
concentration of the stock solution was checked by EDTA titration.?” The concentrations of
H»0, solutions were verified by KMnOy titration. The phenylfluorone solution was prepared
by dissolving the exactly measured amount of dry substance in ammonia buffer (pH 10.4).

Procedure

Selected volumes of reactants and deionized water were poured separately into four-
-legged Budarin vessel up to a predeterminated total volume of 10 cm®. The solution of Bi(lll)
was measured into one leg of Budarin vessel for catalytic reaction and the same volume of
deionized water was measured for the non-catalytic reaction. After thermostating for 10 min
the reagents were mixed and absorbance was measured in 15 s intervals 45 s after beginning
of the reaction. Absobance measurements were performed at 20+0.1 °C.
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RESULTS AND DISCUSSION

While the reaction proceeds, the initial red color of solution fades and a
colorless reaction product is formed. Neither the exact mechanism of reaction nor
the chemical nature of the products was of major interest in this investigation.
The spectrophotometric measurements were performed at the wavelength of the
absorption maximum of phenyl fluorone in ammonia buffer (493.6 nm, Fig. 1).
The logarithm of absorbance-time curves are linear during the first 5-10 min of
reaction for different Bi(lll) concentrations. The rate of the reaction was obtained
using the slope of the kinetic curves of the absorbance—time plot.28

r0.40

+0.30 3

i  Fig. 1. Absorption spectra of PF in ammonia buffer.
400 500 600 |nitial conditions: 1.5x10-5 mol dm- PF; 20+0.1 °C;
A/ nm pH: 1) 10.2, 2) 10.6; 3) 11.9.

According to the previous results,29 borate and phosphate buffers are in-
adequate for this reaction. Hence, the influence of the pH value of selected am-
monia buffers on the rate of both the catalytic and non-catalytic reaction was
examined in pH interval of about 9 to about 11. Within this range, the non-ca-
talytic reaction showed zero order dependence on the pH value of the ammonia
buffer, while the catalytic reaction exhibited a complex dependence (Fig. 2). The
value of 10.4 was selected as the most appropriate one, because it provides the
largest difference of the reaction rates of the catalytic and non-catalytic reaction.

N
v
-t

Slope -10° / s*
3

15 Fig. 2. Dependence of the re-
P S N S action rate on pH. Initial con-

¢ ditions: 4x10° mol dm=3 PF:
3.9 mol dm= H,0,; 2.5 ug cm™3
Bi(lll); 20+0.1 °C; 1 — cataly-
; tic reaction, 2 — non-catalytic
88 9.2 96 100 104 108 pH  reaction.

10
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980 RANCIC and NIKOLIC-MANDIC

Hence, the ammonia buffer pH 10.4 was used in all subsequent investi-
gations.

The rates of both reactions are of the first order dependence on the reductant
concentration (Fig. 3) within the range of 1.0x10~° to 4.0x10-5> mol dm3,
Consequently, a concentration of 3.0x10-5 mol dm—3 was selected as optimal for
the subsequent measurements.

" 80

-~

,,o 70

~ 60

'é"_ 50

L2 40 1

w
30
20 NM
10

1 2 3 4 ;
Ce 10% / Mol dm®
Fig. 3. Dependence of the reaction rate on the PF concentration. Initial conditions:
3.9 mol dm3 H,0,; 2.5 ug cm3 Bi(lll); 20+0.1 °C; 1 — catalytic reaction,
2 — non-catalytic reaction.

Based on the previous investigations,29 the dependence of rate of the ca-
talytic and non-catalytic reaction on the oxidant concentration was monitored
within the concentration range of about 2.0 to about 4.0 mol dm=3 H,0,. Within
this interval, the catalytic reaction rate increases with oxidant concentration,
whereas the non-catalytic one does not depend on oxidant concentration (Fig. 4).
As optimal, a concentration of 3.9 mol dm=3 H,0, was selected, because at this
concentration (in the investigated range) the difference between the reaction rates
of catalytic and non-catalytic reaction was the greatest.

- 40 1

‘»

N

“

o 30

-

&

S 20 2

) & < & 57 ag

10

. . . . .
15 20 2.5 3.0 35

Ch,o,/ mol dni’

Fig. 4. Dependence of the reaction rate on the H,O, concentration. Initial conditions: 3x10
mol dm3 PF; 2.5 ug cm3 Bi(lll); 20+0.1 °C; 1 — catalytic reaction, 2 — non-catalytic reaction.
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Hence, the optimal conditions for performing the reaction were found to be:
pH 10.4, cpr = 3.0x10-° mol dm~3, ciy,0, = 3.9 mol dm-3.

Under the selected conditions, the dependence of catalytic reaction rate on
the Bi(lll) concentration was observed at three temperatures: 20£0.1, 23+0.1 and
25+0.1 °C. The linear dependence of calibration curves falls within the range of
6.0x10~" to 3.0x10-6 g cm=3 Bi (111) (Fig. 5).

3
60
Tlh
o 50 1
o
-
g a0
2
w
30
20

05 10 15 20 25 30 Cgyy108/ geni®
Fig. 5. Calibration curve at different temperatures: 1 — 20£0.1, 2 — 23+0.1 and 3 — 25+0.1 °C.

The adequate equations of calibration curves for 20+0.1, 23+0.1 and 25+0.1
°C, were calculated as follows:

Slope = (0.01027+0.00001)c + (0.01495+0.00017) (1)
Slope = (0.01234+0.00003)c + (0.01811+0.00015) )
Slope = (0.01325:0.00002)c + (0.02246+0.00011) 3)

where ¢ is the Bi(Ill) concentration in pg cm=3,

The accuracy and precision of the method were checked for three different
Bi(lll) concentrations within the range of calibration curve. Five repeated
measurements were performed for each concentration. Satisfactory results were
obtained since the Bi(lll) concentrations of 1.0, 2.0 and 3.0 ug cm=3 gave the
RSD values of 4.8, 3.6 and 2.8 %, respectively.

The accuracy and precision of the method were checked for three different
Bi(lll) concentrations within the range of calibration curve. Five repeated mea-
surements were performed for each concentration. Satisfactory results were ob-
tained since the Bi(ll) concentrations of 1.0, 2.0 and 3.0 ug cm=3 gave the RSD
values of 4.8, 3.6 and 2.8 %, respectively.

The selectivity of reaction was established by separately adding the selected
ions to the reaction mixture. Each ion was added in six known concentration
ratios (0.001:1, 0.01:1, 1:1, 10:1, 100:1 and 1000:1) to the constant Bi(lll)
concentration (2.0 ug cm=3). The measurements were performed at 20+0.1 °C,
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982 RANCIC and NIKOLIC-MANDIC

and 30 most frequently used cations and anions were tested ( Nat, K*, Ag*,
C6.2+, Sr2+, BB.2+, |\/|92+, Zn2+, CU2+, pb2+, Ni2+, C02+, H92+, Sn2+, F63+, A|3+,
As3*, Sb3+, acetate, tartarate, oxalate, molybdate, wolframate, bromide, iodide,
chloride, nitrate, sulphate, carbonate, phosphate). The method was found to have
extremely good selectivity. Only the presence of As(l1), Sb(lll), Hg(ll), molyb-
date and wolframate, in the ratio 1:1, interferes the determination of bismuth;
Sn(ll) in the ratio 1:1 inhibits the determination, and Co(ll) in the ratio 0.01:1
catalyzes the determination of Bi(lll) by this method.

The method was successfully applied to the determination of Bi(lll) in sto-
mach ulcer drug “Bicit HP” (Hemofarm A.D.). This drug contains bismuth in the
form of subcitrate. Solutions containing a known quantity of bismuth were pre-
pared by dissolving the drug in deionized water. The solutions were analyzed by
application of both the presented kinetic method and the AAS method. The re-
sults are given in Table I, from which the good agreement between the results of
both methods can be seen.

TABLE I. Bi(lll) determination in a drug

Measured Kinetic determination® RSD Determined by AAS" RSD
ug cm® ug cm® % ug cm™ %
1.0 1.16+0.18 4.6 1.05+0.02 1.0
2.0 2.08+0.13 3.7 2.01+0.02 0.9
3.0 2.93+0.10 2.6 3.00+0.02 0.6

The mean value of five measurements +2SD

CONCLUSIONS

A new method for the determination of Bi(lll) was developed, providing
rapid and easy performance at room temperature, giving precise, reproducible
results and exhibiting exceptional selectivity. On the grounds of the obtained
results, the method is highly recommendable for the determination of Bi(lll) in
drug solutions. It could also be a good basis for further investigation in the area
of kinetic methods for the determination of bismuth.

U3BO/

KMHETUYKO CIHEKTPO®OTOMETPUICKO OAPEBUBAE Bi(lll) HA OCHOBY
BEIOBOI' KATAJIMTUYKOI" AEJCTBA HA OKCUAALIUTY
OEHWIDJIYOPOHA BOJJOHUK-ITEPOKCHIOM

CO®UIA M.PAHUNR' 1 CHEXXAHA . HMKOHMB—MAH}JI/IBZ

'Mpupodrno—maimiemaiiuuru daxyaiiedm, Odcex 3a xemujy, Yrusepauiied y Huuwy, Buwezpadcka 33, 18000 Huwt u
2 Xemujcxu paryaitiem, Ynusepauiieii y Beozpaoy, Citiyoeniicku imipz 16-22, 11000 Beozpad

IpeiokeHa je HOBA peakiivja U pa3BHjeHa HOBA KHHETHYKA MeToza 3a oapehusame Bi(lll) y

pacTBOpY, Ha OCHOBY HEIOBOI' KaTaJUTHUYKOr J€jcTBa Ha okcuaauujy ¢denuiduyopona (PF) Bo-
JIOHHK-TIEPOKCUIOM y aMOHHjadHOM Irydepy. [Ipumenom crnekrpodoromerpujcke MeToxe, IOX
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ONTHMAJTHAM YCJIOBMMA, NOCTUTHYyTa je rpanuna oxpehusama (LQ) ox 128 ng em™ u ocTBapeHa
rpannma aerekmmje(LD) ox 37 ng cm3. LQ je nedunucana kao ogmoc curaammym = 10:1, a LD
kao curnan 3:1 npema cienoj npo6u. RSD ce kpehe on 2,8 1o 4,8 % y MCOUTHBaHOM HHTEpBATy
konuenrpanuja Bi(lll). Mcnuran je u yTunaj npucycrBa OPYTHX joHa y PEaKMOHO] CMEIIHM Ha
Op3uHy OCHOBHe peakiuje. MeToza je npuMemeHa 3a oxpeljuBame OU3MyTa y JIeKy 3a 4Up Ha xKe-
nyny, (“Bicit HP, Xemodapm A.Jl.). JobujeHu pe3yiraTtd HOKasyjy A0OpO criarame C pesydi-
TaTuMa 1o0ujeHnM AAS MeToIoM Koja je kopuitheHa Kao peepeHTHa METO/a.
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SHORT COMMUNICATION
Spectrophotometric determination of nitrite based on its
catalytic effect on the reaction of nuclear fast red
and potassium bromate

HASSAN ZAVVAR MOUSAVI** and HAMID SHIRKHANLOO?

1Chemistry Department, College of Sciences, Semnan University, Semnan and ’Research
Institute of Petroleum Industry, Medical Industrial Laboratory, Tehran, Iran

(Received 16 January, revised 24 April 2009)

Abstract: A highly selective and sensitive catalytic spectrophotometric method
was developed for the determination of nitrite in water samples. The method is
based on its catalytic effect on the nuclear fast red—potassium bromate redox
reaction in acidic medium. The reaction was followed spectrophotometrically
by measuring the change in the absorbance at 518 nm of nuclear fast red 5 min
after initiation of the reaction. In this study, the experimental parameters were
optimized and the effects of other cations and anions on the determination of
nitrite were examined. The calibration graph was linear in the range 2.0-45 ug
mL-1 of nitrite. The relative standard deviations for the determination of 15 and
30 pug mLt of nitrite were 3.1 and 1.75 %, respectively (n = 8). The detection
limit calculated from three times the standard deviation of the blank 3S, was
0.7 ug mL-L. The method was successfully applied to the determination of
nitrite in spiked tap, natural and wastewater samples.

Keywords: nitrite; catalytic reaction; spectrophotometric; nuclear fast red.

INTRODUCTION

The determination of nitrite is of increasing interest in a variety of fields,
such as food, water and environmental samples. Nitrite and nitrate ions partici-
pate in several important environmental transformations involving nitrogen. The
toxicity of nitrite is primarily due to the fact that it can react with secondary or
tertiary amines present in the human body to form nitrosamines, which are
known to be carcinogens and mutagenic.1-3 It is well known that the nitrite ion is
an important intermediate in the biological nitrogen cycle and is present in soils
and surface water.# Nitrite salts are versatile chemical agents that have found nu-
merous applications, such as in dye manufacture, the food industry and corrosion
inhibition of industrial process water.

*Corresponding author. E-mail: hzmousavi@semnan.ac.ir
doi: 10.2298/JSC0909985M
985
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986 MOUSAVI and SHIRKHANLOO

As nitrite shows potential toxicity by forming carcinogenic nitrosamines, the
determination of nitrite is important in environmental protection and public
health. Therefore, many methods for nitrite determination have been developed
in recent years, such as kinetic methods,®7 chromatography,8° potentiomet-
ry,10.11 amperometry,12 polarography,13 capillary electrophoresis,14 spectropho-
tometry15 and flow injection analysis (FIA) systems.16 However, these methods
have the disadvantage of the employment of large volumes of toxic reagents, low
sample frequency, application of complicated flow injection systems, poor repro-
ducibility, expensive and time-consuming separation procedures and, for certain
methods, the requirement of high temperatures.17.18

Kinetic methods19.20 can be implemented on very simple, inexpensive equip-
ment and provide for low level determinations comparable to those typically of-
fered by much more expensive techniques, such as inductively coupled plasma,
atomic emission spectrometry (ICP-AES) or electro thermal atomic absorption
spectrometry (ETAAS). In this paper, a simple, sensitive, and highly selective
catalytic method for the determination of nitrite based on its catalytic effect on
the redox reaction of nuclear fast red—potassium bromate is described.

EXPERIMENTAL
Reagents and solutions

All employed reagents were of analytical-reagent grade and double distilled water
(DDW) was used throughout. Nuclear fast red (Aldrich), potassium bromate and sulfuric acid
(Merck) were used without further purification. A nitrite stock solution 100 mg L1 was fresh-
ly prepared before each measurement by dissolving 0.1500 g sodium nitrite (Merck) in 1000
mL water. This solution was transferred into a brown bottle and stored under diffused sun-
light. A bromate solution (0.25 mol L 1) was prepared by dissolving 4.1752 g of KBrO3 in wa-
ter in a 100 mL volumetric flask. A nuclear fast red solution (5x10-4 mol L) was prepared by
dissolving 0.0178 g of nuclear fast red in water and diluting with water in a 100 mL volu-
metric flask. A sulfuric acid solution (2 mol L'1) was prepared by diluting an appropriate vo-
lume of concentrated acid. Stock solutions interfering ions, 1000 ug mL™, were prepared by
dissolving appropriate amounts of their suitable salts in water.

Apparatus

A UV-visible spectrophotometer (Shimadzu) was used for recording and measuring the
absorbance at 518 nm. A Colora C-1668 thermostat, in which the temperature could be fixed
to within £0.10 °C, was used for maintaining the temperature.

Procedure

To a series of 10 mL volumetric flasks, 2.0 mL of 5.0x104 mol L1 nuclear fast red
solution, 1 mL of 2.0 mol L1 sulfuric acid and 1.0 mL of different concentrations of nitrite
were added in sequence. Then 2.0 mL of 0.2 mol L1 bromate solution was added and the
solution was diluted to the mark with DDW and the solution was mixed well. The zero time
was taken as the moment at which the last drop of bromate solution was added. After 5 min, a
portion of the solution was transferred into a 1.0 cm quartz cell and the absorbance was
measured against DDW at 518 nm (Ag). The blank reaction was performed according to the
same procedure without addition of nitrite and the change in absorbance was labeled as Ay. A
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standard curve showing the difference in absorbance between Ag and Ag (AA) vs. the nitrite
concentration was obtained. For each sample and blank, five replicate determinations were
made and the mean signals were used. The catalytic and non-catalytic reactions (blank reac-
tion) were simultaneously measured.

RESULTS AND DISCUSSION
Absorption spectra

Nuclear fast red, NFR, is a dye with an absorption spectrum in acidic me-
dium that shows an absorbance maximum at 518 nm. In acidic medium, nuclear
fast red is oxidized by bromate to produce a colorless compound. However, in
the absence of nitrite, the reaction between nuclear fast red and bromate is slow
and in the presence of trace amounts of nitrite, the rate of reaction is increased.
This oxidation process was observed by the decrease in absorbance of the charac-
teristic band for nuclear fast red. The catalytic effect of nitrite on the reaction was
monitored spectrophotometrically by measuring the change in absorbance of nuc-
lear fast red at 518 nm with time. The possible mechanism of the nuclear fast red
reaction in its simplest form may be represented by the following reactions:

BrO3~ +H* + NFR(Red) — Br~ + NFR(Ox) Q)
BrO3~ +H* + Nitrite — Br— + NO3~ +H>0 2
BrO3~ +H* +Br~ — Bry +Hy0 (3)

Bro +H* + NFR(Red) — Br— + NFR(OX) 4)

where Red is the reduced form and Ox is the oxidized form of nuclear fast red.
Reaction (1) is slow in the absence of nitrite, BrO3  oxidizes nuclear fast red to
produce a small reduction in the absorbance of dye. When nitrite is added to this
system, reactions (2) and (3) are very fast and the Bry generated in situ in this
system is a nascent oxidant.2l To determine the optimum experimental condi-
tions, several parameters having the biggest influence on the rate of reaction, i.e.,
time of reaction, temperature, sulfuric acid concentration, bromate concentration
and concentration of nuclear fast red, were studied.

Effect of reaction time

As shown in Fig. 1, when the reaction time was between 0 and 5 min, AA (Ag —
— Ap) was a linear function of the reaction time. After 5 min, AA changed very
slowly with elapsed time; AA was first stable and then showed a decreasing ten-
dency. The change in absorbance, AA, reached its maximum in 5 min. Therefore,
a fixed time of 5 min was applied for all the experiments because the highest AA
was obtained after this time (see Fig. 1).

Effect of reaction variables

In order to find the optimal conditions for the catalytic determination of nit-
rite, the effects of acids and acidity, the concentration of the reagents, interfering
ions and temperature were examined, in both the catalyzed and uncatalyzed
reactions.
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Fig. 1. Effect of time on AA.

Effect of acidity. Since the reaction proceeds in acidic media, the effect of the
type and concentration of acid on the reaction rate was studied. The effects of
various types of acids, i.e., sulfuric, hydrochloric, phosphoric and nitric acid, of
similar concentration were studied and sulfuric acid was selected. The effect of
acidity was studied by varying the volume of the employed 2.0 mol L1 sulfuric
acid solution between 1.0-5.0 mL. The results showed that with increasing aci-
dity, the sensitivity of the determination of nitrite decreased. Therefore, 1.0 mL
of sulfuric acid was chosen for further studies.

Optimization of the concentrations of the reagents. The effect of the nuclear
fast red concentration on the reaction rate is shown in Fig. 2. When the nuclear
fast red concentration was increased in the range 5.0x10-% to 2.0x10~4 mol L1,
the difference in the absorbance (AA) increased. A concentration of 1.0x10~4 mol
L1 of nuclear fast red in the final solution was selected. At higher concentrations
of nuclear fast red, the absorbance of the solution became too high (see Fig. 2).

020 1

000 T . r ' '
005 01 02 05 1 2

¢(NFR)/10” mol L’
Fig. 2. Effect of the nuclear fast red concentration on AA. Conditions: 10 pg mL-1 nitrite;

0.20 mol L-1 sulfuric acid; 0.020 mol L™ potassium bromate;
temperature: 25 °C; reaction time: 5 min.

The influence of bromate concentration on the reaction rate was also studied
by adding different concentration of the potassium bromate and applying the re-
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commended procedure. A concentration of 0.040 mol L-1 of potassium bromate
in final solution gave the highest AA and was selected for further work (see Fig. 3).

0.25 1

0.20 4

E 0.15 4

0.10

0.05 1

0.00

0 001 02 0 0ot 005 06 007 08
c(NaBrO,) / mol L
Fig. 3. Effect of the potassium bromate concentration on AA. Conditions: 10 g mL-1 nitrite;

0.20 mol L1 sulfuric acid: 1.0x10*# mol L! nuclear fast red,
temperature: 25 °C; reaction time: 5 min

Effect of temperature. The effect of temperature on the sensitivity was exa-
mined in the range of 20-50 °C. At high temperatures, the absorbance difference
(AA) decreased. At temperatures from 20 to 25 °C, the highest absorbance dif-
ference (AA) was obtained. In this study, the laboratory temperature (25+0.1 °C)
was used for further experiments.

Effect of interfering ions. To study the selectivity of the proposed method,
the interference of several ions that could occur in real water samples besides
nitrite was studied by adding various concentrations of the different ions to a so-
lution containing 20 pug mL~1 of nitrite. The results are summarized in Table |.
The tolerance limit was defined as the concentration of added ion causing a rela-
tive error less than 3 %. The results indicate that most of common anions and
cations did not interfere in the determination of nitrite by the proposed method.

TABLE I. Interference of various ions in the determination of 20 pug mL-1 of nitrite

lons Tolerance ratio
K*, Ca®,Na*, CI, Cd*, Mg *, NH,", 105, NO3, PO,*, Cr**, Mn** 1000
Cu®, Ni¥*, zn*, Co®, Li*, Sn**, CH,COO", Pb &, F 500

Calibration graph and precision

A calibration graph was obtained by plotting AA vs. the nitrite concentration
using the developed method under the optimal conditions. From the results of the
experiments, 5 min was chosen as the optimal time because it provided the best
correlation coefficient and sensitivity. The calibration graph was linear in the
range of 2.0-45 pg mL-1 of nitrite ions. The equation of the line was y = 0.0046 +
+0.014c, where y is AA, and ¢ is the concentration of nitrite in pg mL-1, with a
correlation coefficient r = 0.997. The correlation coefficient indicates a good
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linear correlation between AA and the concentration of nitrite. Each point in the
calibration graph was the average of five replicates. The experimental limit of
detection (3Sp/m, three times the blank standard deviation divided by the slope of
the equation) was 0.70 pug mL-1 and LOQ of the proposed method was 2.5 pg
mL-1. The relative standard deviation for 5 replicate determinations of 15 and 35
ug mL-1 of nitrite were 3.1 and 1.75 %, respectively.

Analytical applications

The proposed method was applied for the determination of nitrites in some
natural waters. The samples were collected from the city of Semnan, Iran, and its
surroundings. The river water sample was sampled at the Heshmat River (North
of Iran)and the tap water sample was obtained from local pipes. All samples were
filtered through a 0.45 um filter (glass fiber) to remove the suspended solids and
then stored in clean polyethylene bottles. When water samples spiked with nitrite
standards of different concentrations were treated by the proposed method, the
recoveries were all in the range of 97-99 %, with a RSD of 1.0-4.0 %. The
characteristics of the tap water samples are given in Table Il. The determination
results and recoveries are listed in Table Ill. They show good accuracy in
comparison to the standard method.22

TABLE I1. Some parameters of the tap water sample

pH 7.6
Turbidity (NTU) 0.3
Conductivity, S cm™ 670
Total dissolved solid, mg/L 374
Alkalinity, mg/L 140

TABLE I1l. Determination of nitrite in various samples

Sample Nitrite added Proposed method®  Standard method™  Recovery

pg mL™ pg mL™ pg mL™ %

Tap water - Trace (< 2) Trace (< 2) -
12.0 11.8 11.9 98.3

Waste water” - 2.54 2.63 -
10.0 12.31 12.46 97.5
20.0 22.43 22.50 99.5

River water - Trace (< 2) Trace (< 2) -
10.0 9.86 9.90 98.6
20.0 19.8 19.9 99.0

®Mean of four determinations; bSemnan University wastewater
CONCLUSIONS

Nitrite, formed during the biodegradation of nitrate and ammoniacal nitrogen
or nitrogenous organic matter, is an important indicator of fecal pollution of na-
tural water. The determination of nitrite is of general importance because of its
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harmful impact on human health. In comparison with the high cost techniques for
nitrite determination, the present paper describes a low-cost, very simple, selec-
tive and highly sensitive method for the determination up to 2.0-45 ug mL-1 of
nitrite with a detection limit of 0.70 pg mL-1. In addition, the new proposed
method involves neither solvent extraction23 nor requires any separation or pre-
concentration steps, nor critical control of pH24 or temperature2> nor employs
sophisticated instruments26 and can be directly applied for the determination of
nitrite in tap, natural and industrial waste water samples. In practice, the system
showed high tolerance to interference from matrix elements. The results pre-
sented in this paper clearly demonstrate that the proposed method is sensitive,
simple and selective and that it can also be conveniently applied for the analysis
of different water samples.

Acknowledgements. The authors are thankful to the Semnan University Research Council
for the support of this work.

M3BOJ

CIIEKTPO®OTOMETPMNIJCKO OJPEBUBAKBE HUTPUTA 3ACHOBAHO HA
BEI'OBOM KATAJIMTUYKOM E®EKTY HA PEAKLIWJY USMEDBY
HYKIJIEAPHO BP30 LIPBEHOI' U HATPUJYM-BPOMATA

HASSAN ZAVVAR MOUSAVI! 1 HAMID SHIRKHANLOO?

lChemistry Department, College of Sciences, Semnan University, Semnan u ZResearch Institute
of Petroleum Industry, Medical Industrial Laboratory, Tehran, Iran

Pa3BujeHa je BUCOKOCETIEKTHBHA U OCETJbUBA KaTATUTHYKA CIIEKTPOPOTOMETPHjCKA METO/Ia 32
onpehuBambe HUTPHUTA y y30pLuMa Bozie. MeTo/ia je 3acHOBaHa Ha KaTAIMTHYKOM eeKTy HUTpHUTa
Ha HyKJIeapHO Op30 LPBEHO—HATPHjyM-OpOMaT PEIOKC PeaKkuUuju y KUcesoj cpeauHu. Peakuuja je
npaheHa crieKTpopOTOMETPHjCKH, MEPEmheM IIpoMeHe abcopOaHIje HyKJIeapHo Op30 IPBEHOT Ha
418 nm, 5 min HakoH moyeTka peakuuje. VCMUTHBamEM Cy ONTHMH30BaHH €KCIIEPHMEHTAHU
mapameTpu u yTBpheH edekaT Apyrux KaTjoHa U aHjoHa Ha oApehuBame HuTpuTa. Kanurpanuonu
rpaduk je nuHEapaH y obnacTy KoHeHTpauuje Hutputa 2,0-45 pug mL1, Penarusro cranmapaso
oxctyname 3a oapehusame 15 u 30 pg mL1 murpata usnocuno je 3,1 u 1,75 %, pexom (n = 8).
Ipanuua HeTeKIMje M3pauyHaTa M3 TPOCTPYKOT CTaHAAPAHOT OJCTyINama cliene mpobe, 3Sp,
msHocuna je 0,70 ug mL™L. Meroza je ycnelnso npuvereHa 3a oapehuBame HHTPUTA Y Y30pLHMA
OyHapcke, IPUPOIHE U OTIIAJHE BOJIC.

(TTpumssero 16. janyapa, peuaupano 24. anpua 2009)
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Abstract: The effects of the transesterification parameters on the yield and qua-
lity of the methyl esters (MEs) produced from waste frying oil (WFQO) were in-
vestigated. A two-step alkali transesterification reaction followed by silica gel
purification step was applied. The investigated reaction parameters were the
methanol/oil molar ratio (6:1 and 9:1), the catalyst/oil weight ratio (1.0 and 1.5
mass %) and the type of catalyst (NaOH and KOH). The physical and chemical
properties of the employed feedstock and the obtained biodiesel were deter-
mined in order to investigate the effects of both the properties of the WFO and
the reaction parameters on the characteristics and yields of the product. It was
found that the properties of the feedstock had a determinant effect on the phy-
sical and chemical properties of the MEs, as the majority of them did not differ
significantly under the studied reaction parameters. However, the reaction para-
meters influenced the yields of the product. Higher yields were obtained with a
1.0 than with a 1.5 mass % catalyst to oil ratio. The increasing yield with de-
creasing catalyst/oil ratio was more pronounced with NaOH (9.15-14.35 %)
than with KOH (2.84-6.45 %). When KOH was used as the catalyst, the yields
were always higher (the mean yield was 94.86 %) in comparison to those ob-
tained with NaOH (the mean was 84.28 %). Furthermore, the efficiency of KOH
in conversion of WFO to purified MEs in comparison to NaOH was even more
pronounced in the case of the higher methanol/oil ratio, i.e., for the 9:1 me-
thanol/oil ratio, the yield increase with KOH was about 2 times higher than the
yield with NaOH, regardless of the applied catalyst/oil ratio.

Keywords: biodiesel; waste frying oil; alkaline two-step transesterification.

INTRODUCTION

Biodiesel is a non-petroleum-based fuel used in diesel engines and heating
systems; hence, this fuel could be regarded as a mineral diesel substitute with the
advantage of reducing greenhouse emissions because it is a renewable resource.!
Sharmer et al.2 estimated that CO, production could be reduced by 3.2 kg by
using 1 kg of pure biodiesel instead of the same amount of fossil fuel. Although
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the amount of biofuels produced in the EU is growing, the quantities remain small
compared to the total volume of mineral-based transport fuels. There are few ob-
stacles that have hindered the wider use of biodiesel. The most important of
which is that the selling price of biofuels is higher than that of mineral oil fuels.
The biodiesel produced from vegetable oil or animal fat is usually more expen-
sive than petroleum-based diesel fuel by 10 to 50 %.3 Compared to neat vege-
table oils, waste frying oils (WFOs) are lower cost feedstocks, making biodiesel
production more competitive to that of petroleum-based diesel fuel. In addition,
as WFOs are regularly poured down the drain, resulting in problems for waste-
water treatment plants and energy loss, or integrated into the food chain as ani-
mal fodder, causing human health problems, the use of waste frying oils in bio-
diesel production offers a solution to the growing global problem of increased oil
waste from households and industrial sources.

Biodiesel is a product of transesterification of triglycerides (the main consti-
tuents of vegetable oils or animal fats) with a short chain alcohol (primarily, me-
thanol) in the presence of a suitable catalyst; chemically, it represents a mixture
of fatty acid alkyl (primarily methyl) esters. Alkali catalysts, such as sodium or
potassium hydroxide, and sodium or potassium methoxide, are most commonly
employed in the transesterification. These catalysts are also preferred due to the
resulting high yields. The methylate salts are more reactive than the correspond-
ing hydroxides, but are expensive, cause the formation of various by-products
and require high quality oils and water-free methanol.1 Contrary to the numerous
references concerning base catalyzed one step transesterification reactions, only a
limited number were found for two-step base catalyzed transesterification reac-
tions: two studies were based on experiments with refined oils,4® while waste
cooking oil was used in another two.6.7 In a two-stage alkali transesterification
process, the majority of mono-, di-, and triglycerides are removed in the first sta-
ge and those remaining in the second stage, resulting in a more purified product.
Cayh and Kusefoglu® concluded that two-step transesterification of used cooking
oil had superiority over a one step method, especially in terms of the high yields
obtained. They suggested that the removal of glycerol at the end of the first step
may be one of the main reasons why the equilibrium is shifted to the products.

The purpose of this study was to characterize biodiesels (methyl esters) pro-
duced from WFO by two-step alkali transesterification with varying parameters
in order to examine the influence of the feedstock properties and the reaction
conditions on the yield and properties of the obtained product. The varied reac-
tion parameters were the ratio of methanol to oil, the type of catalyst and its
amount relative to the amount of feedstock.
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EXPERIMENTAL
Materials and methods

Waste frying sunflower oils were collected from local restaurants and were used as
feedstocks. Prior to transesterification, the WFO samples were dried over calcium chloride
(CaCly) and filtered through a cellulose filter to remove any suspended matter and CaCl,
crystals. Chromatographic grade methanol (99.5 %), phosphoric acid, potassium hydroxide,
sodium hydroxide, anhydrous sodium sulfate and calcium chloride were supplied by Lachema
(Neratovice, Czech Republic), silica gel from Fluka (Buchs, Switzerland), while the reference
standard for the gas chromatographic determination of fatty acid methyl esters was obtained
from Supelco (Bellefonte, USA).

Transesterification procedure

Methyl esters (biodiesel) were synthesized in a batch type reactor using alkali catalysts.
The ester preparation involved a two-step transesterification followed by purification and
drying. The amount of WFO used in the reaction was 200 g, which was placed in a dry two-
necked flask equipped with a thermometer and a reflux condenser. Dryness was absolutely
necessary as water in the reactor would consume some of the catalyst, thereby slowing the
reaction. The methanol and catalyst were added into the flask in the quantities to obtain the
desired ratios relative to the oil. Namely, the study was realized using a mole ratio of me-
thanol to WFO of 6:1 and of 9:1, whereas the catalyst (either NaOH or KOH) was added in
quantities equivalent to 1 and 1.5 mass % of WFO. In the first step, the mixture was stirred for
30 min at 30 °C and 400 rpm, and then it was poured into a separation funnel. After one hour
separation, glycerol was removed from the bottom of the flask, while the top esters layer was
transferred into second two-necked flask, heated to 60 °C and mixed with a second me-
thanol/catalyst solution. After stirring the mixture for 30 min at 400 rpm, it was poured into a
separation funnel and allowed to separate for 12 h. The glycerol was removed by gravity set-
tling and the methanol was removed from the thus-obtained crude esters layer by rotary eva-
poration at 65 °C and 20 kPa. The obtained crude methyl esters were weighed and further
purified by passing them through a bed of silica gel with a top layer of anhydrous sodium sul-
fate in order to remove the remaining salts and glycerol, as it was shown previously that high
yields could be obtained in this manner from acidic feedstocks, such as WFOs.” The obtained
dried methyl esters were then bottled and kept for characterization studies.

Characterization of feedstocks and methyl esters

The feedstock WFO was characterized after drying and filtering (i.e., prior to trans-
esterification) in a series of tests. Furthermore, the physical and chemical properties of the
methyl esters (ME) obtained by two-step alkali transesterification after purification on silica
gel were determined by the methods listed in the JUS EN 14214:2004 standard.8 This standard
is equivalent to EN 14214: 2004 and defines the requirements and test methods for fatty acid
methyl esters (FAME) to be used in diesel engines. The procedures employed for characte-
rization are summarized in Table I. Even though it is not required by JUS EN 14214:2004, the
saponification value (Sv) was also determined using the titration method described in 1SO
3657:2002. The iodine value (Iv) and Sv were also calculated based on the fatty acid (methyl
ester) composition determined by gas chromatography and using the equations (given in Table
1) proposed by Kalayasiri et al.® In this way, an attempt was made to see if the calculated
values could predict satisfactorily these two properties and be alternatively employed instead
of the corresponding experimental procedures for their determination. A method for an esti-
mation of the cetane index (CI) based on Sv and Iv was previously described,'0 as a simpler

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

2009 Copyright (CC) SCS




996 PREDOJEVIC and SKRBIC

and more convenient method than the experimental procedure, for the determination of the
cetane number utilizing a cetane engine (EN ISO 5165:1998). In this work, the experimentally
obtained values of Sv and Iv were used for calculating Cl. However, the proposed equation for
Cl is not recommended for feedstock characterization as it has been previously documented
that the cetane indexes of oils are generally much lower than those of methyl ester derivates,
despite the fact that they have similar Sv and lv values.10 Thus, the CI of the WFO will not be
discussed.

TABLE I. Methods used to characterize the feedstocks and the methyl esters

Property Method

Density at 15 °C?, JUS EN 1SO 3675:2005

p kg m* Crude petroleum and liquid petroleum products — laboratory
determination of density — hydrometer method

Kinematic viscosity at 40 °C?, JUS 1SO 3104:2003

v/mm?s?t Petroleum products — transparent and opaque liquids —

determination of kinematic viscosity and
calculation of dynamic viscosity

Acid value (Av)?, EN 14104:2003
mg KOH/g oil Fatty and oil derivates — fatty acid methyl esters —
determination of the acid value
lodine value (Iv)°, EN 14111: 2003
g J»/100 g (experimental) Fatty and oil derivates — fatty acid methyl esters —
determination of the iodine value
lodine value (1v), Azametal.;’
g J,/100 g (calculated) Iv = £(254DA)/MW;"
Cold filter plugging point EN 116: 1981
(CFPP)? Determination of the cold filter plugging point
of diesel and domestic heating fuels
Saponification value (Sv), 1SO 3657: 2002

mg KOH/g oil (experimental)  Animal and vegetable fats and oils — determination of the
saponification value

Saponification value (Sv), Azametal.;’
mg KOH/g oil (calculated) Sv = X(560A;)/ MWib
Cetane index (CI) Krisnangkura Equation:™
Cl = 46.3 + 5458/Sv — 0.225lv
Fatty acid methyl ester Capillary gas chromatography (GC) with
composition, mass % flame ionization detection
Mean molecular mass of Calculated according to the fatty acid profile obtained by GC
WFOs, kg mol*

aProperties and respective test method% required for characterization of methyl esters to be used as fuel in diesel
engine by SRPS EN 14214 standard; ~Aj is in %, D is the number of double bonds and MW; is the molecular
mass of each component

The methyl ester composition was obtained using a gas chromatograph equipped with a
DB-WAX 52 column (Supelco) and a flame ionization detector.

All the properties were determined in two replicates and the final results are given as
average values.
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RESULTS AND DISCUSSION
Feedstock properties

The physical and chemical properties of the waste frying oil, WFO, used as
the feedstock for the two-step alkali transesterification are given in Table Il. The
WFO had an acid value higher than 2.0 mg KOH/g (Table II), which has often
been recommended as the limit acid value for an efficient transesterification.11
Namely, the base catalyzed reaction was reported to be very sensitive to the
content of free fatty acids, which should not exceed the recommended limit to
avoid deactivation of the catalyst, and the formation of soaps and emulsion.11,12-14
An elevated content of free fatty acids, expressed as the acid value, is not surpri-
sing for waste frying oils, as it is known that during the frying process under high
temperatures in the presence of air and moisture, a variety of degradation reac-
tions can occur, leading eventually to changes in the properties of the oil, inclu-
ding an increase in the viscosity and in the content of free fatty acids.15

TABLE Il. The characteristics of waste frying oil used as the feedstock

Characterization test Waste frying oil from restaurant (WFOR)

Density, p, at 15 °C, glem® 0.933

Kinematic viscosity, v, at 40 °C, mm?/s 44.85

Acid value, mg KOH/g oil 2.58

Saponification value, Sv, mg KOH/g oil Experimental Calculated
197 198

lodine value, g J»/100 g oil Experimental Calculated
119 124

Fatty acid composition, mass %

C12:0 -

C14:0 0.25

C16:0 9.44

Cl16:1 1.02

C18:0 5.71

C18:1 28.19

C18:2 53.50

C18:3 0.34

C20:0 0.44

Total unsaturated 83.05

Total saturated 15.84

Considering the fatty acid composition of the WFO used in this study, it con-
sisted mainly of methyl esters of linoleic (C18:2) > oleic (C18:1) > palmitic
(C16:0) > stearic (C18:0) acids. The contents of the other evidenced acids were
about 1 mass % or less. Such a composition reflects the sunflower origin of the
WFO. The iodine value of the feedstock, which is a measure of the degree of un-
saturation, was approximately 120 mg 15/100 g. The calculated iodine values were
about 4 % higher than the experimentally determined ones. The iodine value of
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the WFO was lower than the values (120 and 140 mg 15/100 g) reported for
frying sunflower oils used in Portugal.l However, the used oils have a variety of
qualities as a consequence of the different frying conditions and the periods of
use. Comparing sunflower oils with other vegetable oils, it is well known that, ty-
pically, the former have higher iodine values because of their higher levels of un-
saturated fatty acids, primarily linoleic acid (two double bonds), than other vege-
table oils.> Considering the saponification value, good agreement between the
experimental and calculated values was obtained.

Influence of the transesterification parameters on methyl ester yields

The product yield considering either crude or purified esters is defined as the
mass percentage of the final product relative to the initial mass of WFO intro-
duced into the transesterification. The yields of methyl esters (MEs) obtained by
two-step alkali transesterification of the WFO under varying reaction conditions
are given in Table I11. The obtained yields coincide with the previous findings of
Predojevi¢’ that a two-step alkali transesterification with a silica gel purification
treatment could be recommended for obtaining high biodiesel yields from waste
frying oils, despite the elevated acid values. Namely, it is known that the more
acidic the feedstock is, the lower yield that could be obtained by base transeste-
rification because of the more pronounced deactivation of the catalyst and soap
formation by the free fatty acids in the feedstock.l It was previously reported’
that a two-step transesterification procedure, also applied in this study, could be
satisfactorily employed for biodiesel production from waste frying oils with acid
values up to = 2.5 mg KOH/g, without a significant decrease in the MEs yields.

TABLE IlIl. Comparison of methyl esters (MEs) yields (%) obtained with varying reaction
parameters during the employed two-step alkali transesterification

Methanol/oil mole ration

Catalyst amount

Catalyst 0 6:1 6:1 9:1 9:1
mass % — —
Crude MEs  Purified MEs  Crude MEs  Purified MEs
NaOH 1.0 92.95 86.81 96.04 79.53
15 82.85 79.53 86.98 69.55
KOH 1.0 97.33 96.17 98.15 95.84
15 92.94 90.34 95.44 92.66

In order to compare the yields obtained under different reaction conditions,
the relative yields are shown in Figs. 1 and 2. It can be seen that the yields were
always higher with the lower quantity of catalyst, i.e., higher yields were ob-
tained with 1.0 mass % than with 1.5 mass % catalyst to oil (Table IlI; Fig. 1).
The yield increase with decreasing catalyst/oil ration was more pronounced for
NaOH (9.15-14.35 %) than for KOH (2.84-6.45 %, Fig. 1). In other words, the
mass ratios of KOH studied here had a similar influence on the methyl ester con-
version, whereas the higher ratio of NaOH (i.e., 1.5 mass % of oil) suppressed
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the conversion in comparison to the lower ratio (i.e., 1.0 mass %). Furthermore,
the bar diagram shown in Fig. 2 shows that yields were always higher when
KOH was used as the catalyst (the mean yield was 94.86 %) in comparison to the
yields obtained with NaOH (the mean yield was 84.28 %), which coincides with
the findings of other authors.116.17 Sharma et al.11 reported a better yield with
NaOH as the catalyst than with KOH when a magnetic stirrer was used, while
when a mechanical stirrer was employed, the yield was same with an equal amount
of NaOH and KOH (0.50 mass %). These authors also observed that during the
separation of the final products from glycerol, KOH was more convenient. Po-
tassium soaps, being softer than sodium soaps, did not block the bottom of sepa-
ration funnel, unlike the later, and were easily removed. Hence, KOH as the ca-
talyst is preferred over NaOH on the industrial level of application.11

1% catalyst/oil

B 1.5% catalyst oil
50.00
45,00 | 6:1 methanol/oil | 6:1 methanol/oil | 9:1 methanol/oil  9:1 methanol/oil
40.00
35.00
30.00
25.00
20.00
15.00 12.18 10.78

9.73
10.00 471
5.00 2.20
0.00 3 —" A =

Crude MEs Purified MEs Crude MEs Purified MEs

Fig. 1. Comparison of methyl esters yields obtained with different transesterification
parameters: the percentage increase of the yield with 1.0 mass % of catalyst
to oil relative to the yield with 1.5 mass %.

3323

20.51

13.59

(Yield(KOH)-Yield(NaOH))/Yield(NaOH), %

It can be also seen that the efficiency of KOH the in conversion of the WFO
to purified MEs in comparison to NaOH was even more pronounced in the case
of the higher methanol/oil ratio, i.e., for the 9:1 methanol/oil ratio, the yield in-
crease with KOH was about 2 times higher than the yield with NaOH, regardless
of the catalyst/oil ratio applied (Fig. 2). The methanol/WFO ratio is one of the
most important variables because of its influence on the separation of the methyl
esters from the glycerol layer and, consequently, on the yield of biodiesel. Stoi-
chiometrically, three moles of alcohol are required for each mole of triglyceride
but, in general, a higher molar ratio is often employed for maximum ester pro-
duction, depending on the type of feedstock, amount of catalyst, temperature,
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etc.11 The presence of a sufficient amount of methanol during the transesterifi-
cation reaction is essential to break the glycerin-fatty acid linkages.1! However, a
large excess of alcohol should be avoided as it aggravates the separation of gly-
cerol by increasing its solubility in alcohol, causing the reaction equilibrium to be
shifted in the direction that favors the product decomposition reaction, with a
consequential decrease in the yield of methyl esters. Leung and Guol8 suggested
that the hydroxyl group of methanol can act as an emulsifier and cause emulsifi-
cation, making the separation of the ester layer from the aqueous layer difficult.
Hence, it could be concluded that the KOH-catalyzed two-step transesterification
was less sensitive to the excess of alcohol than the reaction with NaOH, further
indication that KOH is more appropriate for practical employment.

NaOH
B KOH
= 20.00
= 18.00 6:1 methanol/oil | 6:1 methanol/oil | 9:1 methanol/oil | 9:1 methanol/oil
'o\ -
wy
g 1600 1435
g 14.00 12.19
g 1200 10.42
0 10.00 9.15
g
E 8.00 6.45
:'o. 6.00 4.72
=
=4
A
2

400 284 md
i B
0'00 | EE— L - ! — . i E— =

Crude MEs Purified MEs Crude MEs Purified MEs

Fig. 2. Comparison of methyl esters yields obtained with different transesterification parame-
ters: the percentage increase of the yield with KOH relative to the yield with NaOH.

Properties of the methyl ester

The physical and chemical properties of the methyl esters obtained by two-
-step alkali transesterification of the WFO after applying different experimental
conditions are shown in Table 1VV. The properties are compared with the quality
of biodiesel required for use in diesel engine in accordance to the JUS EN 14214
standard.8 In general, very little differences could be observed in the properties of
the methyl esters obtained by application of different reaction parameters.

The overall relative standard deviation (RSDgyerall) as a measure of the dis-
persion of the results was used to detect if there were major differences in the
studied properties. RSDgyerall Was calculated by dividing the standard deviation
of all values obtained for a particular property, regardless of the reaction con-
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ditions applied, with their mean value and then multiplied with 100 to obtain per-
centage. Considering that the RSDgyeran for density, saponification value (experi-
mental), iodine value (experimental), cetane index and the content of total unsa-
turated acids were estimated to be 0.37, 0.66, 0.67, 0.82 and 0.68 %, respectively,
it could be concluded that the reaction parameters examined in this study did not
significantly influence these properties of the produced methyl esters. The RSDgyerall
for the kinematic viscosities and the total saturated fatty acid content were slight-
ly elevated (2.18 and 3.09 %, respectively), while it was significantly higher
(14.67 %) for the acid value, suggesting that the later was influenced by the reac-
tion parameters investigated here.

TABLE 1V. The characteristics of the methyl esters obtained with different reaction parame-
ters during the employed two-step alkali transesterification of waste frying oils

MeOH/oil mole ratio
6:1 9:1 6:1 9:1
Property Catalyst amount, mass %
NaOH KOH
1 15 1 15 1 15 1 15
p, 15 °C, g/cm’ 0.891 0.889 0.800 0.889 0.893 0.891 0.892 0.898
v, 40 °C, mm’/s 4.75 4.56 4.63 4.59 4.77 4.70 4.81 4.75
Av, mg KOH/g 0.38 0.39 0.39 0.27 0.39 0.36 0.43 0.41

Iv, gJ2/100g 119 119 118 118 119 120 119 118
(Experimental)
Iv, gJ2/100g 119 118 117 117 119 119 119 118
(Calculated)
PP, °C +0 0 0 +0 +1 +0 0 +1
CFPP, °C -1 0 -3 -4 -2 -2 -4 -5
Sv, mg KOH/g 193 193 193 191 191 192 192 190
(Experimental)
Sv, mg KOH/g 192 192 192 191 192 191 191 190
(Calculated)
Cl 47.7 47.9 48.1 48.4 48.1 47.8 47.9 48.8
Fatty acid composition, mass %
C12:0 0.10 0.05 - - 0.29 - - -
C14:.0 0.33 0.29 0.37 0.62 0.35 0.29 0.29 0.66
C16:0 9.61 995 1060 10.17 9.61 9.59 9.55 9.53
Cl16:1 1.16 1.09 1.14 1.05 1.10 1.17 1.16 1.03
C18:0 6.29 6.30 6.23 6.44 5.87 5.77 5.87 5.79
C18:1 28.26 28.74 2844 2834 2832 2833 2822 2832
C18:2 5394 5313 5322 5286 5366 5423 5418 53.75
C18:3 0.19 0.31 - 0.41 0.29 0.20 0.32 0.37
C20:0 0.12 0.14 0.11 0.50 0.42 0.42 0.55

Total unsaturated 83.55  83.27 82.8 82.66 83.37 83.93 8387 8347
Total saturated 16.45 16.73 17.2 17.34 16.63 16.07 16.13 16.53
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Density at 15 °C. This property is important mainly in airless combustion
systems because it influences the efficiency of atomization of the fuel.l The re-
sults obtained (Table 1V) showed that all the methyl ester produced in this study
had a density in the range 0.86-0.90 g/cm3, specified according to the standard
JUS EN 14214.8 The mean value (+standard deviation) of the densities calculated
for the MEs obtained with NaOH was 0.890+0.001 g/cm3, while the MEs pro-
duced with KOH had slightly higher densities with a mean value 0.893+0.003 g/cm3.

Kinematic viscosity at 40 °C. Even more than the density, the kinematic vis-
cosity at 40 °C is an important property regarding fuel atomization and distribu-
tion. The higher is the viscosity, the greater is the tendency of the fuel to form en-
gine deposits. The viscosities of the MEs (Table 1V) were much lower than that
of the feedstock oil (about 10 times) and they met the required values that must
be between 3.5-5.0 mm2/s.8 As in the case of the densities, the values of kine-
matic viscosities were slightly higher for the MEs obtained with KOH (4.76+0.05
mm?2/s) than those obtained with NaOH (4.63+0.08 mm?2/s). It is known that vis-
cosity increases with chain length and with increasing degree of saturation (i.e.,
with decreasing degree of unsaturation).1® However, this could not be observed
in this study, as the differences in the iodine value, as a measure of the unsatura-
tion, were negligible (the RSDgyeranl Was 0.67 %). Additionally, it was observed
that when the methanol/WFO or the catalyst/WFO ratios were increased, the
viscosity of the methyl esters decreased (see Table 1V).

Acid value. The acid value is defined as the milligrams of potassium hydro-
xide required to neutralize the free acids in 1 g of sample. The acid values of the
MEs varied from low 0.266 to 0.429 mg KOH/g and they were less than the 0.5
mg KOH/g specified as the maximum value according to JUS EN 14214.8 As
was previously mentioned, the greatest dispersion of the results was obtained for
this property of the MEs produced under varying conditions (the RSDgyeral Was
14.67 %). Again, the mean acid value of the MEs obtained with NaOH (0.354+
+ 0.060 mg KOH/g) was lower than the mean of that obtained by transesterifica-
tion with KOH (0.400+£0.029 mg KOH/g). However, the greatest differences in
the acid values were only observed for the higher methanol/oil ratio (9:1), where-
as in the case of the lower ratio (6:1), acid values were almost the same regard-
less of the catalyst type or the catalyst/oil ratio.

lodine value. The iodine value is an important measure for the determination
of the unsaturation in fatty acids, which is only dependent on the vegetable oil.
This property greatly influences fuel oxidation and the deposits formed in the in-
jector of diesel engines.1 With increasing iodine value of unsaturated fatty acids,
the effect of polymerization is stronger. According to JUS EN 14214,8 MEs used
as diesel fuel must have an iodine value of less than 120 g I, per 100 g of sample.
The MEs obtained in this study had an iodine value in the very narrow range of
118-120 g 1,/100 g. The mean iodine value of the MEs produced using NaOH
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was 118+1 g 15/100 g and of those using KOH was 11941 g 15/100 g. The calcul-
ated iodine values were in a very good agreement with those experimentally ob-
tained.

Saponification value. The saponification value represents the milligrams of
potassium hydroxide required to saponify one gram of fat or oil. The saponifi-
cation value is not a property of biodiesel restricted according to EU or Serbian
standards, which is the reason why it was not regularly determined in the relevant
literature studies.

The difference in the saponification values of the MEs produced in this study
was negligible, with a mean value for the MEs obtained using NaOH of 192+1
mg NaOH/g, and for those using KOH of 191+1 mg KOH/g. There was no sig-
nificant difference in the calculated and experimental saponification values. The
values were only slightly lower than that of the WFO (197 mg KOH/qg). It is ge-
nerally expected that an oil and the corresponding MEs have the same saponi-
fication value, as it is known that a triglyceride has 3 associated fatty acid chains
and that each triglyceride will give three methyl esters; hence, stoichiometrically,
it is to be expected that the same amount of fatty acid carbon chain in the neat
feedstock oil and the biodiesel will react with the same amount of KOH giving
soaps. However, is this assumption applicable to waste frying oils knowing that
their properties differ significantly from the neat oils as a consequence of poly-
merization and degradation of the triglycerides that occur during frying.15

Cold flow properties. Compared with fossil diesel fuel, one of the major pro-
blems with the employment of biodiesel is its poor low temperature properties,
such as cloud point (CP), pour point (PP) and cold filter plugging point (CFPP).
The CP is the temperature at which a liquid is cloudy due to formation of crystals
of size up to 1 mm, which make the suspension cloudy or hazy.20 The PP is the
lowest temperature at which a material will still flow due to crystal agglome-
ration. The PP is useful for characterizing the suitability of a fuel for large sto-
rage and pipeline distribution.20.21 The CFPP is defined as the lowest tempe-
rature at which 20 ml of oil safely passes through a filter within 60 s. The cold
flow properties of methyl esters such as the PP and CFPP depend on the struc-
ture of the fatty acids. In general, biodiesel made from feedstocks containing
higher concentration of high melting point saturated long-chain fatty acids have
relatively poor cold flow properties.1922 It was previously found that the diffe-
rence between the CP and PP of methyl esters is relatively small20 so that the
filterability test, i.e., CFPP, could better a better indication of engine performance
during low temperature operation.

The experimentally determined values of the CFPP and PP for the methyl es-
ters samples were in the range from -5-0 °C and around 0 °C, respectively (Tab-
le 1V), implying that the obtained biodiesels could be suitable for use in summer
time. The low temperature properties of a biodiesel depend on the quality and
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composition of the raw material, but they can be improved by blending with
diesel fuel D2 or with polymer additives.1°

Cetane index. This property could be regarded as an indicator of the cetane
number, which is a property that reflects the ignition quality of biodiesel. The ce-
tane number is related to the time that passes between injection of the fuel into
the cylinder and the onset of ignition. It is known that the exhaust emission of
nitrogen oxides (NOy) is lower with increasing time. The reduction of NOy ex-
haust emissions is an important problem facing biodiesel as it is known that it is
slightly increased when using biodiesel in comparison to fossil diesel.23 The
structure of fatty esters can also influence emissions, with the NOy emissions be-
ing lower with increasing saturation. Saturated compounds have higher cetane
numbers (i.e., cetane index) than unsaturated compounds. For instance, Freedman
and Bagby?24 reported cetane numbers for methyl palmitate (C16:0) and methyl
stearate (C18:0) as 74.3 and 75.6, while Klopfenstein2® reported 74.5 and 86.9,
respectively. Unsaturated methyl oleate (C18:1) and methyl linoleate (C18:2)
have much lower cetane numbers, i.e., 47.2 and 28.5 , respectively.2é Contrary to
the determination of the cetane number that requires tedious experimental proce-
dure, the cetane index can be obtained by simple calculation.

The mean cetane index, Cl, obtained for the MEs produced with NaOH was
48.03+0.29 and 48.15+0.44 for the MEs obtained using KOH. Siler-Marinkovi¢
and Tomasevié16 also used the Krisnangkura equation to calculate the CI for the
characterization of MEs produced from crude sunflower oils and the estimated va-
lues were very similar to the values obtained in this study, ranging from 49.7 to 50.9.

Fatty acid composition. As can be observed from Table 1V, the fatty acid
methyl ester profiles of the produced biodiesels reflected the fatty acid com-
position of feedstock. A typical gas chromatogram of the obtained methyl esters
is shown in Fig. 3. The biodiesels consisted mainly of methyl esters of palmitic
(C16:0), stearic (C18:0), oleic (C18:1), and linoleic (C18:2) acids, which also oc-
curred in large amounts in the feedstock. Mittelbach2? proposed to limit the con-
tent of unsaturated fatty acids in biodiesel, especially unsaturated fatty acids such
as linolenic acid (C18:3). The maximum content of linolenic acid in the MEs
obtained in this study was less than 0.4 mass %.

CONCLUSIONS

The production of biodiesel by alkali two-step transesterification of waste
frying oil (WFQO) with an acid value higher than 2 mg KOH/g is feasible without
any previous treatment under the conditions applied in this study. On varying the
type of the catalyst (NaOH or KOH), the methanol/oil mole ratio (6:1 or 9:1) and
the catalyst/oil mass ratio (1 mass % and 1.5 mass %) it was found that the
investigated characteristics of the methyl esters (MEs) were not influenced sig-
nificantly by the transesterification parameters. The exception was the acid va-
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Fig. 3. Typical gas chromatogram of the investigated methyl esters obtained by
transesterification of waste frying oil.

lues obtained with the higher methanol/oil ratio, but further investigations are re-
quired in order to elucidate the found deviations. Good agreement was observed
between the experimental and calculated iodine and saponification values of
MEs, suggesting that the results of gas chromatographic analysis of the com-
position of the fatty acid methyl esters could be satisfactory used for the predict-
tion of these properties as an alternative to the experimental procedures. The re-
action conditions influenced the yields of the produced biodiesel in a following
way: KOH induced a more efficient conversion of WFO to MEs than NaOH;
higher yields were obtained with the lower catalyst/oil ratio (1.0 mass%) than
with the higher (1.5 mass %). In the case of KOH, the methanol/oil mole ratio
had no marked influence on the yield of MEs.
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U3BOA

JOBUJABE BUOJU3EJIA U3 OTITAJITHOI" YJbA BA3HO-KATAJIN30BAHOM
TPAHCECTEPUOUKALIMIOM

3JIATULA J. IPEJOJEBWH n BUJbAHA /1. IKPBU'h
Texnonowxu gakyaitieini, Ynueepauitieii y Hosom Caoy, byaesap Llapa Jlasapa 1, Hosu Cad

WcnuTHBaH je yTulaj napamerapa TpaHcecTepH(HUKaIMje Ha IPUHOC ¥ KBAJIMTET METHJ €C-
1pa, ME, nobujenor n3 xopumheHor, oTnaaHOT yjba. AJKaiHa TpaHcecTepuduKanuja je BoheHa y
JIBa CTEIEHa, a 3a npeuninhaBamke CHPOBOI METWII ecTpa KopuiiheH je cuinka rei. Bapupanu cy
PEAKIMOHHU TapaMeTpH: ojaHoc ankoxon/yibe (6:1 u 9:1), macenu oxHoc kartamusarop/ysbe (1 u 1,5
Mmass %) u tun katanusaropa (NaOH u KOH). Oapelene cy dusnuko-xemujcke KapakTepHUCTHKE
xopunthene cupoBUHE M JoOHjeHOr OMoxu3ena, a OM ce MCIMTAao yTUIAj M CHPOBHUHE M Iapame-
Tapa peaklyje Ha KapaKTepUCTHKE U IPHUHOC MPOJyKTa. YOUCHO je J1a KapaKTePHUCTHKE CHPOBHHE
nMajy omrydyjyhu yTunaj Ha QU3NYIKO-XEeMHjCKe KapaKTEpUCTHKE METII ecTapa. Behnna ox oxpe-
henux xapakTepHCTHKa Ce 3Ha4ajHO HE Pa3iMKyjy 3a MCIHMTHBAHE mapaMerpe peakiuje. Mehyrum,
PeaKIOHN MapaMeTpy MMajy YTHI] Ha NpUHOC mpon3Boaa. Behu npuHoc ce mobuja mpu ogHOCYy
katanuzatop/ysbe 1,0 y oanocy Ha 1,5 mass %. Ipunoc ce nmosehaBa cMamemeM ojHOCA KaTali3a-
toplysse 1 To uspazutuje 3a NaOH (9,15-14,35 %) y oanocy Ha KOH (2,84-6,45 %). TIputoc je
yBek Behin npu kopunthery KOH katanusaropa (cpenta BpepHoct npuHoca je 94,86 %) y nmopehe-
wy ca npurocom nobujernm ca NaOH (cpenma Bpeanoct npunoca je 84,28 %). Illtasuie, ehu-
xacHoct KOH y creneny konBepsuje cuposune y npeunnthern ME je uzpasutuja npu Behem oxto-
cy MetaHoJ/yJbe, OHOCHO TIpu ojHOCY MetaHou/ysbe 9:1, octBapeH npunoc ca KOH je Behiun y on-
Hocy Ha mpuHoc ca NaOH, 6e3 063upa Ha ofHOC KaTnu3aTtop/ysbe. PenatusHo mosehame mpuHoca
ca KOH je nBa myra Behe y oqnocy Ha NaOH.

(TTpumsbero 18. pebpyapa, pesumuparo 8. anpuia 2009)
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The effects of some agrotechnical measures on
the uptake of nickel by maize plants
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Abstract: Nickel is a non-essential element in the nutrition of the majority of
plant species and can be toxic to plants when its concentration in soils is high.
Several soil properties have an effect on the uptake of this heavy metal by
plants. The purpose of this investigation was to determine the effect of ferti-
lization, soil acidification and liming on the uptake of Ni by maize plants
grown on some alluvial soils. A pot experiment with maize plants grown on
soils having various properties and elevated content of Ni was set up. The
experiment lasted six weeks. The roots and shoots were analyzed for the con-
centration of Ni. From the results of the experiment, it can be concluded that
the roots had higher concentrations of Ni than the shoots. The addition of
mineral fertilizers (without application of other measures) mainly decreased the
concentration and uptake of Ni by the roots and the transport of Ni to the
shoots. Soil acidification (to pH 4.5) caused an increase in the Ni concentration
in the plants and in its removal from the soil. Liming of acid soils had a posi-
tive effect on the uptake of Ni by young maize plants. The obtained results are
important from the standpoint of reducing the pollution of plants by potentially
toxic heavy metals.

Keywords: agrotechnical measures; Ni; uptake; concentration; maize.

INTRODUCTION

Nickel is a heavy metal that is not essential for the growth and development
of the majority of plant species. Under normal conditions, plants take up small
quantities of Ni from soils. However, Ni can be toxic to plants when its concen-
tration in the soil is high. This is the case with severely polluted soils. It is well
known that the main sources of Ni and other heavy metals in a soil are the sub-
strate from which the soil was originally formed and anthropogenic pollution.
Significant amounts of Ni can be introduced into soils through application of
high doses of sewage sludge and certain mineral and organic fertilizers.

* Corresponding author. E-mail: sblagoje@eunet.rs
# Serbian Chemical Society member.
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1010 ZARKOVIC and BLAGOJEVIC

The most common symptom of Ni phytotoxicity is chlorosis, which seems to
be Fe-induced. In plants under Ni stress, the absorption of nutrients, root deve-
lopment and metabolism are strongly retarded. Before acute Ni toxicity symp-
toms are evident, elevated concentrations of this metal in plant tissues are known
to inhibit photosynthesis and transpiration.! Both plant and pedological factors
affect Ni uptake by plants, but the soil pH has the most pronounced influence. As
Berrow and Burridge? found, increasing the soil pH from 4.5 to 6.5 decreased the
Ni content in oat grain by afactor of about 8. Apart from the soil pH, soil organic
matter and clay minerals have significant influence on the uptake of Ni by plants.

Agrotechnical measures can change some of the soil properties and, in this
way, affect the uptake of Ni and other heavy metals by plants. Liming and addi-
tion of organic matter result in a decrease of both the available Ni and the amount
taken up by plants.3 In Serbia, here have not been many studies in which this
problem was addressed. Zarkovié¢ and Blagojevi¢4 studied the effect of some ag-
rotechnical measures on the uptake of lead (Pb) by maize plants. They found that
the application of mineral fertilizers decreased the uptake of Pb by the roots and
its transport to the shoots.

The purpose of the present investigation was to determine the effect of fer-
tilization, soil acidification and liming on the uptake of Ni by maize plants grown
on some aluvial soils.

EXPERIMENTAL

A pot experiment was set up with maize (hybrid ZP 704) that was grown on alluvial soils
collected from the following locations in Serbia: Salinac, Velika Plana, Lipe, Osipaonica,
Mala Krsna and Kragujevac. Before the experiment was set up, the soil samples were ana-
lyzed for the following chemical properties:

—the soil pH inwater and 1.0 M KCI (potentiometrically with a glass electrode);

— the humus content (the Tiurin method modified by Simakov);

—thetotal N content (the Kjeldahl method modified by Bremner);

— the available phosphorus and potassium (the AL-method according to Egner—Riehm);

— total Ni content (atomic absorption spectrophotometry after digestion of the samples
with amixture of nitric, perchloric and hydrofluoric acid).

All the aforementioned methods are described in detail in the Laboratory Manual in
Agrochemistry.’

After determination of the pH, it was decided that the pot experiment would be perfor-
med with 4 neutral to weakly alkaline soils (pH in H,O from 7.16 to 7.58) and 2 acid soils (pH
in H,0 5.76 and 6.36).

The following treatments were applied on the neutral and weakly akaline soils:
control (without fertilizers);

NPKI (50 mg N/kg, 50 mg P,Os/kg and 50 mg K,O/kg);
NPKII (100 mg N/kg, 100 mg P,Os/kg and 100 mg K,O/kg);
NPKI (soil acidified to pH 5.5in 1M KCl);

NPKI (soil acidified to pH 4.5in 1M KCl).

he following treatments were applied on the two acid soils:

ApODNDPE
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control (without fertilizers);

NPKI (50 mg N/kg, 50 mg P,Os/kg and 50 mg K,0/kg);

NPKII (100 mg N/kg, 100 mg P,Os/kg and 100 mg K,0/kg);

NPKI + 1/2 of the amount of CaCOg3required for soil neutralization,;
NPKI + the amount of CaCOs required for soil neutralization.

Nltrogen was added as NH4NOj3, phosphorus as Na,HPO,4-12H,0 and potassium in the
form of KCI. All three nutrients were added as solutions of the aforementioned sats. Soail
acidification (to pH 5.5 and 4.5 in 1.0 M KCl) was performed with 5.0 M H,SO,. Partial and
full neutralization of the two acid soils was redlized by means of calcium carbonate, the
amount of which was calculated on the basis of the value for hydrolytic acidity.

Each experimental treatment was repeated three times. The soil moisture was maintained
at 60 % of the water holding capacity during the experiment. The experiment lasted for 6
weeks. At the end of the experiment, the yield of young maize plants was measured. The roots
and the aeria part of the maize plants were analyzed for the concentration of Ni by atomic
absorption spectrophotometry, which was performed after digestion of the samples with nitric
and perchloric acid.®

The obtained analytical data were subjected to statistical analysis (analysis of variance
and correlation analysis). It is important to mention that the LSD test was performed only in
cases where statistical significance of the corresponding F values was found.

RESULTS AND DISCUSSION

The results of the determination of some chemical properties of the aluvial
soilsare presented in Tablell.

RN R

TABLE |. Some important chemical properties of aluvia soils

Soil-location pH Humus Tota N Available Total Ni
H,O nKCl % % P (mgP,05/100 g)K (mg K,0/100g) mg/kg
1-Salinac 742 6.76 2.09 0.134 8.1 21.7 116
2-VeikaPlana 758 6.70 270 0.200 52 36.0 148
3-Lipe 7.16 6.27 355 0.228 35.0 40.0 115
4-Osipaonica 7.22 618 325 0.275 17.5 21.6 144,5
5-MaaKrsna 6.36 528 3.37 0.216 1.4 225 122,5
6-Kragujevac 576 466 249 0.171 41 14.9 45

According to the pH values in water, four soils (Lipe, Osipaonica, Salinac
and Velika Plana) are neutral to weakly alkaline, while the soils from Mala Krsna
and Kragujevac are acid. The content of organic matter in the soils is medium.
The obtained values indicate that soils 1, 2, 5 and 6 have low content of available
phosphorus, while it is high in soil from Lipe. All soils are well supplied with
available potassium. It can be seen from the Table | that the total Ni concentra-
tion isin the interval from 45 to 148 mg/kg. The highest value was found in the
soil sample from Velika Plana. Maximum allowed Ni concentration in agricul-
tural soilsis 50 mg/kg.”

The concentration of Ni found in the roots is shown in Tables Il and IlI.
Statistical analysis of data (analysis of variance) indicates that the treatment as an
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1012 ZARKOVIC and BLAGOJEVIC

experimental factor had a significant influence on the concentration of Ni in the
roots of young maize plants that were grown on neutral and weakly alkaline soils.
Namely, the corresponding F-values were significant at the 0.01 probability
level. The average Ni concentration in the roots ranged from 52.1 to 78.1 pg/g,
while corresponding removal of Ni from the soil ranged from 37.1 to 64.1 pg/pot.
The highest average value for Ni concentration in plant tissues and its removal
from the soil was found with the treatment NPKI (pH 4.5), while the lowest was
found with the treatment NPKII. From the results presented in Table |1, it can be
seen that the higher dose of mineral fertilizers (treatment NPKII) caused a signi-
ficant decrease in the Ni concentration in the plant roots and its removal from the
soil by the roots. It can be assumed that part of the available Ni was transformed
into less soluble compounds under the influence of the applied phosphate ions.
Soil acidification (to pH 5.5 and 4.5) increased the root Ni concentration and its
remova from the soil. This effect was especialy pronounced with treatment
NPKI (pH 4.5), which can be explained by the considerably higher mobility of
Ni at this pH value. It is well known from the literature that the mobility and
availability of Ni ishigher in acid in relation to neutral and weakly alkaline soils.
Ni phytotoxicity occurs when highly contaminated soils are strongly acidic.® Soil
as an experimental factor also exerted a statistically significant influence on the
uptake of Ni by maize roots. Comparison of the average values for the uptake of
Ni from the investigated soils indicates that the highest average removal of Ni
from the soil was found for soil 3 (70.2 pg/pot), while it was the lowest for soil 1
(42.3 pg/pot). There was no significant difference between soils 3 and 4 with
respect to Ni removal from the soil.

TABLE Il. Concentration of Ni in the roots and its removal from treated neutral and weakly
akaline soils; results of the LSD test for Ni concentration: treatment — LSD (0.05) = 13.8 and
LSD (0.01) = 18.4; results of the LSD test for Ni uptake: treatment — LSD (0.05) = 16.7 and
LSD (0.01) = 22.3, soil —LSD (0.05) = 13.6 and LSD (0.01) = 18.2

Treatmert Soil 1 Soil 2 Soil 3 Soil 4 Average value

ug/g pg/pot pg/g pg/pot ug/lg pg/pot pg/g ug/pot ug/g ug/pot
Control 475 311 505 273 755 852 78 674 629 528
NPKI 735 481 765 629 64 66 78 669 730 610
NPKII 46 301 48 256 45 419 695 509 521 371

NPKI (pH 5.5) 60 50 545 378 79 915 76 652 674 611
NPKI (pH45) 685 522 84 625 745 666 855 749 781 641

Average 591 423 627 432 676 702 774 651 66.7 552

Only soil as an experimental factor had a statistically significant influence on
the concentration of Ni in maize roots and Ni removal by roots from acid soils
(Table 111). This was determined by statistical analysis. The average values for
the Ni concentration in plant roots and Ni removal from the soil were higher for
the treatments of soil 5 than of soil 6. This was connected with the fact that soil 5
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had a higher concentration of total Ni than soil 6. From the Table I11, it can be
seen that with treatments NPKI and NPKII, root Ni concentration and Ni removal
from the soil were lower than in the control. Full neutralization of the acid soils
increased Ni remova from the soil by the roots in relation to al other
experimental treatments. However, it must be bear in mind that the registered
changes in the root Ni concentration and Ni remova from the soil were not
significant at the 0.05 probability level.

TABLE I1Il. Concentration of Ni in the roots and its removal from the treated acid soils;

results of the LSD test for Ni concentration: soil —LSD (0.05) = 16.8 and LSD (0.01) = 22.8;
results of the LSD test for Ni uptake: soil —LSD (0.05) =23.2and LSD (0.01) = 31.5

Treatment Soil 5 Soil 6 Average value
ug/g ug/pot ug/g ug/pot ug/g ug/pot
Control 105.0 78.8 53.5 26.0 79.3 52.4
NPKI 745 76.9 455 19.9 60.0 484
NPKII 57.5 55.9 46.0 17.9 51.8 36.9
NPKI +1/2 CaCO;q 66.0 57.4 55.5 21.0 60.8 39.2
NPKI + CaCO; 102.0 132.8 57.0 325 79.5 82.7
Average 81.0 80.4 51.5 235 66.3 51.9

The found values for the Ni concentration in the shoots and for the uptake of
Ni from treated neutral and weakly alkaline soils are given in Table IV. The ave-
rage values (according to treatments for all 4 soils) for the Ni concentration in the
shoots ranged from 6.8 to 12.0 ug/g, while the corresponding values for Ni re-
moval ranged from 8.8 to 16.7 pg/pot. Analysis of the variance showed that none
of the experimental factors had a statistically significant influence on the shoot
Ni concentration and its remova from the soil. In other words, the differencesin
the Ni concentration and its remova (in shoots and by shoots, respectively),
which existed between the treatments and the soils were not significant at the
0.05 probability level.

TABLE V. Concentration of Ni in the shoots and its removal from the treated neutral and
weakly akaline soils

Treatment Soil 1 Soil 2 Soil 3 Soil 4 Average value
ug/g pg/pot ug/lg pg/pot ug/g pg/pot ug/g pg/pot pg/g pg/pot
Control 140 153 115 104 80 150 85 122 105 132
NPKI 60 65 65 89 75 129 70 100 68 96
NPKII 70 76 70 62 75 116 80 98 74 88

NPKI (pH55) 6.5 9.0 7.5 8.7 70 135 6.0 8.6 6.8 10.0
NPKI (pH4.5) 6.0 76 100 124 80 119 240 350 120 167

Average 7.9 9.2 8.5 9.3 76 130 107 151 87 117

Comparison of the treatments with fertilizers and the control showed that the
Ni concentration in the shoots and its removal were lower for soils to which only
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mineral fertilizers were applied. Soil acidification to pH 4.5 increased the shoot
Ni concentration and Ni removal from the soil in relation to the control and other
treatments on neutral and weakly akaline soils. However, as mentioned earlier,
the registered changes were not significant at the 0.05 probability level.

Differences between soils with respect to the total Ni concentration did not
have a significant effect on the concentration and transfer of Ni into the maize
shoots. The highest average values for the Ni concentration and uptake were
found for the treatments of soil 4.

The results presented in Table V indicate that treatment, as an experimental
factor, did not have a significant influence on the concentration of Ni in the
plants (aerial part) and its transfer to the shoots in the experiment with the acid
soils. On the other hand, soil, as an experimental factor, did exert asignificant in-
fluence on the uptake of this metal. The average value of Ni removal from soil 5
was 13.5 pg/pot, while the corresponding value for soil 6 was 6.4 ug/pot. The
reason for this lies in the fact that average maize yield on soil 5 was two times
higher than that on soil 6.10 The highest average value for Ni removal from the
soil by maize was found for the treatment NPKI + CaCOs3. However, this in-
crease, with respect to the other treatments, was not significant at the 0.05 pro-
bability level.

TABLE V. Concentration of Ni in the maize shoots and its removal from the treated acid
soils; results of the LSD test for Ni uptake: soil —LSD (0.05) =5.0 and LSD (0.01) = 6.7

Treatment Sail 5 Soil 6 Average value
ug/g ug/pot ug/g ug/pot ug/g ug/pot
Control 7.0 8.8 9.0 7.3 8.0 8.1
NPKI 75 129 9.0 6.6 83 9.8
NPKII 6.5 10.5 95 6.2 8.0 84
NPKI +1/2 CaCO; 10.0 14.5 85 54 9.3 10.0
NPKI| + CaCO, 9.5 20.6 7.0 6.7 8.3 13.7
Average 8.1 135 8.6 6.4 8.4 10.0

The results that are presented in Tables [1-V indicate that the concentration
of Ni was higher in the roots than in the shoots of maize plants. Thus, for ex-
ample, the average Ni concentration in the roots of maize plants on neutral and
wesakly akaline soils was 66.7 pg/g, while the corresponding value for the shoots
was 8.7 ng/g. The results obtained by Radulovi¢!! also indicated that the con-
centration of Ni was higher in the roots than in the shoots. These investigations
refer to oat plants that were grown under controlled conditions on the brown and
aluvia soils of the Zeta Plain in Montenegro. This author found that the ratio
between Ni concentration in roots and shoots of oat grown on brown soils was
1:0.12, while the corresponding value on the aluvia soils was 1:0.15. Investi-
gations carried out by Sauerbeck and Heinl2 showed that the concentration of Ni
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NICKEL UPTAKE BY MAIZE PLANTS 1015

was the highest in the roots. Namely, they investigated the uptake of Ni by 13
plant species grown on two types of soil containing Ni in different concentrations
and forms.

Correlation analysis was employed to investigate the relationship between
the Ni concentration (in roots and shoots of maize) and the chemical properties of
the investigated soils. For the calculation of correlation coefficients, results re-
ferring to all three replications of unfertilized treatment (controls) were used. The
results of the correlation analysis are presented in Table V1.

TABLE VI. Correlation coefficients between the Ni concentration in maize and some impor-
tant chemical properties of soil

Correlation coefficient

Soil property Roots Shoots
pH (H,0) ns® 0.530"
pH (1M KCl) ns 0.624°
Humus 0.821° -0.860°
Total N 0.619° -0.708°
Available phosphorus ns ns
Available potassium ns ns
Total Ni ns ns

*Not significant; bstatistically significant at the 0.05 probability level; Cstatistically significant at the 0.01
probability level

The results presented in Table VI indicate that only the content of humus and
total nitrogen had a significant influence on the concentration of Ni in the roots
of young maize plants. Therefore, it can be supposed that the Ni present in the
roots originated partly from its organic forms in the soil. In other words, the
fraction of Ni bound to the organic matter of the soil contributed to the supply of
plants with this element.

Concerning the concentration of Ni in the shoots, medium and statistically
significant correlations were obtained with pH (in H>O and 1 M KCI), the humus
content and the total soil nitrogen. It can be seen that an increase in the humus
and nitrogen content bring about a decrease in the Ni concentration in maize
shoots. A good explanation for the positive effect of soil pH and the negative ef-
fect of humus content on the Ni concentration in maize shoots cannot be given at
present.

There is a negative and statistically very significant correlation between
concentrations of Ni in the roots and shoots (r = —0.811).

Multiple linear regression was employed to determine the simultaneous im-
pact of severa soil properties on the Ni concentration in maize roots and shoots.
The investigated chemical properties were assumed as independent variables for
the equation constructed by progressive stepwise regression. The following soil
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characteristics were considered in the equation describing the Ni concentration in
the roots and the aerial parts of the tested plants:

Niroots = —24.712 + 40.477humus — 120.956N
Nishoot = 11.226 — 0.660pHH,0 + 2.207pHi ¢y — 3.161humus — 4.836N

where humus is the humus content in % and N is the total nitrogen content in %.
CONCLUSIONS

Based on the results obtained in this investigation, the following conclusions
can be drawn:

— The addition of mineral fertilizers (without application of other measures)
mainly decreased the Ni concentration in maize and Ni removal from the soil by
the plants.

—Soil acidification (to pH 4.5) caused an increase in the Ni concentration in
the plants and its removal from the soil.

— Liming of acid soils had a positive effect on the removal of Ni from the
soil by young maize plants.

— The concentration of Ni in the roots was on average 8 times higher than in
the shoots. The obtained results are important from the standpoint of reducing the
pollution of plants with potentialy toxic heavy metals.

— Correlation analysis indicated that some of the chemical properties of the
investigated soils had a statistically significant influence on the concentration of
Ni in the roots and shoots of young maize plants. The strongest effect was ex-
pressed by the humus content.

M3BOJ

YTULAJ HEKNX ATPOTEXHUYKHNX MEPA HA YCBAJAILE
HUKIIA BUJBKAMA KYKYPY3A

BPAHKA XXAPKOBU'R U CPHAH BJIAT'OJEBUR
Howotipuspeonu gakyaitieiti, Hemarourna 6, 11080 Beozpao

Hukn Huje HeonxolaH €IEeMEHT 3a MCXpaHy BehuHe OMIJPHHMX BpcTa M OH MOXKE OWUTH TOK-
cH4aH 3a OWJbKe Ka/ia je HeroBa KOHIEHTpAlMja Y 3eMJBHIITY BHCOKa. Hekommko ocoOuHa 3eMIbH-
Ta ¥Ma yTHUllaja Ha ycBajame OBOT MeTana Oribkama. [{iuib oBor ucTpakuBamba je 610 1a ce yTBp-
I yTuIaj hyopema, 3aKicesbaBarma 3eMJBHIITA U KaJlU3alrje Ha yeBajambe Ni Onsbkama Kykypysa
rajeHNM Ha HEKHM allyBHjaJHUM 3eMJbHIITHMA. [TocTaBibeH je oriel y cyJjoBuMa ca Ouibkama Ky-
Kypy3a Koje Cy rajeHe Ha HOMeHyTUM 3emsbumTuMa. Orinen je Tpajao 6 Henespa. KopeHoBu u Haz-
3eMHH JeJIOBH Cy aHAIM3UpaHH Ha caapixkaj Ni. Moxe ce 3aKJbyduTH U3 pe3yiTara orjiesa a Kope-
HOBH MMajy Behe konneHtpauuje Ni y oqHOCY Ha Haj3eMHe Jenose. JlofaBambe MHHEpATHHUX By-
OpuBa (6e3 mpUMeHe IPYrux Mepa) YIiaBHOM je CMambUI0 KOHLICHTpalujy U ycBajame Ni kopeHo-
BAMa Ka0 W IbEroB TPAHCIOPT A0 HAJ3EMHHUX JENOBa. 3aKucesbaBame 3emipminta (mo pH 4,5)
nosehaio je ycajame Ni KOpEHOBMMA U H-ETOB TPAHCIOPT JI0 HAI3EMHHUX JiefioBa Onsbaka. Kamm-
3alMja KHCeInX 3eMJBHIITA je UMana MO3UTHBaH yTHIa] Ha ycBajambe Ni MiaaauM GHibKama KyKy-
py3a. JloOujeHn pe3yiraTu Cy 3HAYajHH 32 CMambCHe 3araljuBama Ousbaka MOTCHIUjATHO TOKCHY-
HHM TELIKUM METallMa.

(Mpumsbeno 21. janyapa, pesuauparo 11. mapra 2009)
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Errata (printed version)

Issue No. 7 (2009), Vol. 74

— page 781, lines 5 and 6 from the top should read: “EMANUEL MA-
KRLIiK!*, PETR VANURA?, PAVEL SELUCKY? VASILYI A. BABAIN* and
IGOR V. SMIRNOV*".

— page 783, Eq. (4) should read:
“Eud*(aq) + 3H*(org) = Eu3*(org) + 3H*(aq); Kex(Eu3*(org))”

— page 783, line 15 from the bottom should read: “...to which the equilibrium
constants: Kp, AHL*(org)), A HL% (org)), Kex(Eu3*(org))...”

— page 784, line 11 from the top should read: “...log (Kex(Eu3*(aq))) = 1.326
were used for the respective calculations. The results...”

— page 784, line 12 from the bottom should read: “...rithmic scale using the
approximate expression log K {log (K +1.5¢(K)) —log (K —1.50(K))}. For o(K) >0.2...”

— page 784, line 9 from the bottom should read: “Knowing the value
log Ky (Eu3*(org)) =1.30,26 as well as the extraction...”
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