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Facile and efficient conjugate additions of #dicarbonyl
compounds and nitroalkanesto 4-aryl-4-oxobut-2-enoates

XINLV, YAOHONG ZHANG, LIEJIN ZHOU and XIAOXIA WANG*

Zhejiang Key Laboratory for Reactive Chemistry on Solid Surfaces, College of Chemistry and
Life Sciences, Zhejiang Normal University, Jinhua 321004, P. R. China

(Received 9 September 2010, revised 3 January 2011)

Abstract: Facile and efficient conjugate additions of carbon nucleophiles, such
as Mdicarbonyl compounds and nitroalkanes, to 4-aryl-4-oxobut-2-enoates
have been achieved under simple base catalysis. A variety of multi-functional
»keto esters could be conveniently obtained in good to excellent yields with
complete regiosel ectivity.

Keywords: conjugate addition; multi-functional yketo ester; f-dicarbonyl com-
pound; nitroalkane; 4-aryl-4-oxobut-2-enoate.

INTRODUCTION

The catalytic conjugate addition of carbon nucleophiles to electron-deficient
alkenesis one of the most important synthetic strategies for direct C—C bond for-
mation,1=3 and many of the corresponding adducts are of great value in biolo-
gical chemistry and in the field of pharmaceutical .4

Both A-dicarbonyl derivatives and nitroalkanes are important sources of sta-
bilized carbanions and the employment of these C-nucleophiles for conjugate ad-
dition has drawn much attention.# The addition of A-dicarbonyl compounds to ac-
tivated carbonyl systems could afford potential precursors for a variety of biolo-
gically active substances or medicinal intermediates; 46 the adducts from nitroal -
kanes could be conveniently converted to amines, ketones, aldehydes, hydrides,
and other useful building blocks.47-11

4-Aryl-4-oxobut-2-enoates are known as biologically and medicinally im-
portant small molecules.12 These substrates can be conveniently synthesized
from readily available and low-cost materials.1>-17 In recent years, Michael
addition reactions employing 4-aryl-4-oxobut-2-enoates as the acceptors have
been of great interest in modern chemistry, because the corresponding multi-
functionalized adducts are of potential value in synthetic or pharmaceutical
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948 LV eal,

areas.18-23 For example, Han developed a practical synthesis of 2-azolyl substi-
tuted 4-oxo-4-arylbutanoates using azoles as the nucleophiles.18 The conjugate
addition between indoles and 4-aryl-4-oxobut-2-enoates facilitated by a Lewis
acid was recently found.20

The addition of 1,3-dicarbonyl compounds to 4-aryl-4-oxobut-2-enoates
could afford various synthetically or medicinally useful multi-carbony! derivati-
ves. For example, Tan et al. reported bicyclic guanidines-catalyzed Michael re-
action of dimethyl malonate with fumaric derivatives, but only one example was
the reaction with a 4-aryl-4-oxobut-2-enoate.2l However, to the best of our
knowledge, no systematic study on this type of addition has been reported.

Conjugate addition reactions of nitroalkanes to 4-aryl-4-oxobut-2-enoates
are rare in the literature.”22.23 Xiao successfully employed a Cinchona alkaloid-
-based thiourea catalyst for the Michael addition of nitroalkanes to 4-oxo-2-eno-
ates.” Tishkov et al. reported the 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-ca-
talyzed addition of nitromethane to methyl 4-phenyl-4-oxobut-2-enoate.?2 Feng
and coworkers recently reported that a chiral N,N -dioxide-Sc(OTf)3 complex
worked well for Michael additions of A-dicarbonyl compounds and nitromethane
to 4-aryl-4-oxobut-2-enoates.23 However, to the best of our knowledge, S-keto
esters have not been employed as the C-nucleophiles for conjugate addition with
4-0x0-2-enoates.

Other approaches to these multi-functional y-keto esters have also been de-
veloped. For example, Smirnov et al. reported that the reactions of 3-bromo-3-
-nitroacrylates with 2-phenyl-1,3-indanedione under the catalysis of triethyl-
amine (TEA) could afford 2-[1-(alkoxycarbonyl)-2-nitroethyl]-2-phenyl-1,3-in-
danediones.24 Ballini and coworkers found that polyfunctionalized nitroalkanes
could be synthesized from the addition of active methylene compounds to f
nitroacrylates.2® They also synthesized multi-functional Anitro esters using 3
nitroacrylates and silyl enol ethers as the starting materials.26

However, in spite of these developments, the previously described methods
might suffer from harsh conditions (such as low temperatures), poor yields, nar-
row scopes, expensive (or special) catalysts, and/or tedious procedures. There-
fore, more convenient, versatile and efficient strategies for the synthesis of multi-
-functional yketo esters derived from 4-aryl-4-oxobut-2-enoates are still in de-
mand (Fig. 1).

Herein, as a continuation of ongoing studies on catalytic conjugate additions
employing 4-aryl-4-oxobut-2-enoates as strategic starting materials, the conju-
gate addition of various Sdicarbonyl compounds or nitroalkanes to 4-aryl-4-
-oxobut-2-enoates using a common inorganic base catalyst is presented as a fa-
cile protocol to generate multi-functionalized y-keto esters with complete regio-
selectivity and high efficiency.
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Fig. 1. Recently reported catalytic conjugate addition reactions of 4-aryl-4-oxobut-2-enoates
with B-dicarbonyl compounds and nitroal kanes.

RESULTS AND DISCUSSION

Initially, the work focused on the catalytic conjugate addition of methyl ace-
toacetate 1a to ethyl 4-phenyl-4-oxobut-2-enoate 2a. In the first attempt perfor-
med in tetrahydrofuran, THF, with EtsN (20 mol %) as the catalyst at room tem-
perature, the desired product 3a was obtained but in unsatisfactory yield (Scheme 1,
Table ). Then, attempts were made to optimize the reaction conditions. Evident-
ly, the key point in the reaction is the choice of solvent. Various solvents (THF,
benzene, CH3CN, Et20O, CH»Cl», and EtOH) were examined and the result was
remarkably improved when EtOH was used as the solvent. After screening a
range of bases (Et3N, pyridine, KOH, 1,4-diazabicyclo[2.2.2]octane (DABCO),
DBU and t-BuOK), the weak inorganic base K>CO3 was found to be the optimal
base to promote the conjugate addition.

(0]
O Me OMe
O O st ( %) o
+ OEt Catalyst (20 mol%
Me)J\/U\OMe Ph)l\/\[( ™ ph OFt
0 Solvent, reflux
la 2a 3a )

Scheme 1. The catalytic conjugate addition of methyl acetoacetate to
ethyl 4-phenyl-4-oxobut-2-enoate.

Under the optimized conditions, various Adicarbony! derivatives and 4-aryl-
-4-oxobut-2-enoates were employed as the substrates to test the generality of the
reaction (Scheme 2, Table I1). Both f-keto esters and malonic esters undergo the
conjugate additions smoothly to give the corresponding adducts in good to excel-
lent yields within a short reaction time (within 2.5 h). Generally, neither electron-
-donating groups (4-Me, 3,4-dimethyl) nor e ectron-withdrawing groups (4-Cl,
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4-Br) on the aromatic ring seemed to exert an apparent influence on the effi-
ciency of the reaction (entries 3, 5, 7, 8 and 10), athough the reaction of the 4-
-aryl-4-oxobut-2-enoate bearing a strong electron-donating group, such as PhO—,
required alittle longer time and gave arelatively lower yield (entries 4 and 9).

TABLE |. The catalytic conjugate addition of methyl acetoacetate to ethyl 4-phenyl-4-oxobut-
-2-enoate under different conditions

Entry Catalyst® Solvent Yield®, %
Et;N THF 40
2 Et;N PhH 22
3 Et;N CH:CN 18
4 Et;N Et,O 33
5 Et;N CH,Cl, 49
6 Et;N EtOH 60
7 Pyridine EtOH 42
8 DABCO EtOH 16
9 DBU EtOH 53
10 t-BUOK EtOH 81
11 K,COs EtOH 88

8Catalyst load: 20 mol %; bisolated yields, the runs were performed under reflux conditions for 2.5 h

0O O
OR?

R

o o o 9

JJ\/U\ OR3 K2C03 (20 mol A))> o

Rl orz2 v A = OR3

o EtOH, reflux Ar
1 2 3 O

Scheme 2. K,CO3 catalyzed Michael addition of 1,3-dicarbonyl compounds to
4-aryl-4-oxobut-2-enoates.

TABLE Il. K,CO3 catalyzed Michael addition of 1,3-dicarbonyl compounds to 4-aryl-4-oxo-
but-2-enoates (reaction conditions: S-dicarbonyl compound 1 (1 mmol), 4-aryl-4-oxobut-2-
-enoate 2 (1 mmol) in EtOH (10 mL) with K,COs3 (0.2 mmol, 20 mol %) as catalyst, stirred
under reflux)

Entry R R? Ar R®  Product Timeh  Yield® %

1 Me  Me @_ Et 3 2.0 88

2 Me  Et @_ CH,Ph 30° 20 85

3 Me Bt O Et 3 20 82
b

4 Me Et O CH,Ph  3d 25 77

5 Me Et CH, Et 3 2.0 89

CH3—< >—
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TABLE Il. Continued

Entry R’ R Ar R’  Product Timeh  Yield® %
6 OEt Et @_ Et 3f 2.0 90
b

7 OEt = Q Et 39 25 82

8 OEt Et o Q Et 3h° 2.0 86

9 OEt Et Q CH,Ph 3° 25 81
PhO

10 OEt Et CHy Et 3" 25 85
CH3—<i >—

3 solated yields; Pnew compound

Using 4-aryl-4-oxobut-2-enoates as the acceptors, it was decided to investi-
gate the addition of other carbon nucleophiles, such as nitroalkanes. Fortunately,
it was found that the reactions could also proceed efficiently with KoCOg as the
catalyst (Scheme 3, Table 1) and that CHCl» is a superior solvent for the reac-
tions. Various substituted 4-aryl-4-oxobut-2-enoates and nitroalkanes were em-
ployed as the substrates to examine the scope of the addition and the results are
summarized in Table [11. Both nitromethane and nitroethane reacted successfully
with 4-aryl-4-oxobut-2-enoates and gave the corresponding products in good
yields at room temperature within 3 h. With regard to the substituents on the aryl
moiety in 4-aryl-4-oxobut-2-enoates, their electron properties seem to only dlightly
affect the efficiency of the reactions.

RL__NO
0 0 2
2 K2CO3 (20 mol % 2
RICH,NO, . Ar)WOR 2C0g3 ( ) N OR

CHCly, rt
4 2 o 5 O

Scheme 3. K,COs catalyzed Michael addition of nitroalkanes to 4-aryl-4-oxobut-2-enoates.
TABLE Ill. K,COj3 catalyzed Michael addition of nitroalkanes to 4-aryl-4-oxobut-2-enoates

(reaction conditions: nitroalkane 4 (1 mmol), 4-aryl-4-oxobut-2-enoate 2 (1 mmol), in CH,Cl,
(20 mL) with K,CO3 (0.2 mmol, 20 mol %) as catalyst, stirred at room temperature

Entry R' Ar R® Product Time h  Yidd® %

1 H @_ Et 5a 30 81

2 H cH, <:> Et 5b 3.0 80

3 H O Et 5¢ 2.0 86
Br
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TABLE I11. Continued
Entry R’ Ar R® Product Time h  Yidd® %

4 H @_ CH.Ph 5d 25 85
5 H o Q CH,Ph 5¢” 15 87
6 Me @_ CH,Ph 5f° 3.0 82

4 solated yields; Pnew compound

It is noteworthy that the above catalytic conjugate reactions exhibited com-
plete regioselectivity. The carbon nucleophiles selectively attacked the A-position
of the ketone carbonyl and no product from the addition on the #position of the
ester carbonyl was observed under the employed catalytic conditions.

Among the results, most of the products, including all adducts (3a—) deri-
ved from the reactions with S-keto esters, are new compounds.

EXPERIMENTAL

The employed reagents were commercially available and used without further purifi-
cation unless otherwise indicated. EtOH was treated with magnesium before distillation. 4-
-Aryl-4-oxobuten-2-oic acid,2” and the corresponding esters 2 were prepared according to lite-
rature procedures.28 TLC was performed on silica gel plates with F-254 indicator; viewing
was by UV light (254 nm). Flash column chromatography was realized over silica gel (200~
—300 mesh), using ethyl acetate/petroleum ether mixtures as eluents. The 1H- and 13C-NMR
spectra were recorded on a Bruker AVANCE 400 MHz spectrometer with CDCl 3 as solvent
and TMS as the internal standard. The infrared (IR) spectra were recorded on a Nicolet Nexus
670 FT-IR spectrophotometer. The elemental analyses were performed on a Various-ELIII
elemental analyzer.

General procedure for the conjugation of B-dicarbonyl compounds 1 to 4-aryl-4-oxobut-2-
-enoates 2. Synthesis of compounds 3

To a solution of 4-aryl-4-oxobut-2-enoate 2 (1 mmol) and S-dicarbonyl compounds 1 (1
mmol) in anhydrous EtOH (10 mL) was added K,CO5 (0.2 mmol, 20 mol %) at room tempe-
rature. The mixture was stirred under reflux and monitored by TLC. After the starting material
2 had been completely consumed, the reaction mixture was cooled to room temperature and
quenched by HCI (0.03 mol L-1). The solvent was evaporated under vacuum and the residue
was extracted with ethyl acetate. The combined organic layers were washed with saturated
NaCl. Then, the organic layer was dried over anhydrous MgSO,. After solvent evaporation
under vacuum, the residue was purified by flash column chromatography on silica gel to give
the desired products 3.

General procedure for the conjugation of nitroalkanes 4 to 4-aryl-4-oxobut-2-enoates 2.
Synthesis of compounds 5

To asolution of 4-aryl-4-oxobut-2-enoate 2 (1 mmol) and nitroalkane 4 (1 mmol) in CH,Cl»
(10 mL) was added K,COj3 (0.2 mmol, 20 mol %). The mixture was stirred at room tempera-
ture and monitored by TLC. After the starting material 2 had been completely consumed, the
reaction was quenched by HCI (0.03 mol L-1). The mixture was extracted with ethy| acetate.
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The combined organic layers were washed with saturated NaCl and then dried over anhydrous
MgSO,. After solvent evaporation under vacuum, the residue was purified by flash column
chromatography on silicagel to give the desired products 5.

CONCLUSIONS

In summary, a facile and efficient conjugate addition of S-dicarbonyl com-
pounds and nitroalkanes to 4-aryl-4-oxobut-2-enoates was achieved. The obtain-
ed multi-functionalized adducts might be synthetically or pharmaceutically im-
portant. Compared with the reported methods using expensive or unavailable or-
ganic catalysts, a common and inexpensive inorganic base (K,CO3) was employ-
ed as the base catalyst. The presented reaction proceeded with complete regiose-
lectivity and various substituents were tolerated. In addition, the methodology
could be successfully applied to reactions with various C-nucleophiles, including
[keto esters. The common catalyst, the ready availability of the materials, the
simplicity of the procedure and the potentially valuable adducts make the pro-
tocol potentialy practical and useful to synthetic chemists.

SUPPLEMENTARY MATERIAL

Spectral data of the products are available electronically at http://www.shd.org.rJSCY,
or from the corresponding author on request.

Acknowledgement. This work was financialy supported by the National Natural Science
Foundation of China (No. 20802070).

N3BOJI

JEAHOCTABHA 11 EODUKACHA KOHJYTOBAHA AIVIUJA #IVKAPBOHWIIHUX
JEJUBEBA 1 HUTPOAJIKAHA HA 4-APUJI-4-OKCOBYT-2-EHOATE

XIN LV, YAOHONG ZHANG, LIEJN ZHOU u XIAOXIA WANG

Zhejiang Key Laboratory for Reactive Chemistry on Solid Surfaces, College of Chemistry and Life Sciences,
Zhejiang Normal University, Jinhua 321004, P. R. China

OctBapeHa je jeqHOcTaBHA U e(HKAaCHa KOHjyroBaHa aauiivja YIJbeHUKOBUX HyKiIeoduia Kao
IITO Cy [-IMKapOUHUITHA jeIUbEHA U HUTPOAIKaH! Ha 4-apuii-4-0kcoOyT-2-eHoare, y 6a3HO-Kara-
JIM30BaHUM DEaKIMOHUM ycioBuMa. I1oA HNPUMEHEHHM yCIOBUMAa MOTY C€ JOOWTH pas3inddTH
Bullle-QYHKIMOHAIHUA *KETO €CTPU Y JOOPOM [0 OIJIMYHOM HPHHOCY, y3 MOTIYHY PErHOCEIeK-
TUBHOCT pPeakIyje.

(ITpumiseno 9. cenrrem6pa 2010, peBuaupano 3. janyapa 2011)
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SPECTRAL DATA OF THE PRODUCTS

4-Ethyl-1-methyl 2-acetyl-3-(2-oxo-2-phenylethyl)succinate (3a). New com-
pound. Yield: 88 %; oil; Anal. Calcd. for C17H29O0g: C, 63.74; H, 6.29 %. Found:
C, 63.90; H, 6.26 %. IR (film, cm1): 3062, 2983, 2956, 1729, 1686, 1598, 1449,
1362, 1257, 1030. MS (mV2): 320 (M*). IH-NMR (400 MHz, CDCl3, J / ppm),
major: 1.18-1.22 (3H, m), 2.40 (3H, s), 3.41 (1H, dd, J; = 5.2 Hz, J> = 18.0 H2),
3.53-3.62 (1H, m), 3.72 (3H, s), 3.83-3.85 (1H, m), 4.11-4.18 (2H, m), 4.25 (1H,
d, J=8.0Hz), 7.49 (2H, t, J = 8.0 Hz), 7.60 (1H, t, J = 7.2 HZz), 7.96-7.98 (2H,
m). 13C-NMR (100 MHz, CDCls, 6 / ppm), major: 13.9, 30.3, 37.5, 39.7, 52.6,
58.6, 61.4, 128.1, 128.7, 133.4, 136.7, 168.6, 172.5, 197.6, 202.3. 1H-NMR (400
MHz, CDCl3, ¢ / ppm), minor: 1.18-1.22 (3H, m), 2.33 (3H, s), 3.31 (1H, dd,
J1 = 5.2 Hz, J = 18.0 Hz), 3.53-3.62 (1H, m), 3.77 (3H, s), 3.83-3.85 (1H, m),
4.11-4.18 (2H, m), 4.25 (1H, d, J= 8.0 Hz), 7.49 (2H, t, J = 8.0 Hz), 7.60 (1H, t,
J =7.2Hz), 7.96-7.98 (2H, m). 13C-NMR (100 MHz, CDCl3, 6 / ppm), minor:
13.9, 29.9, 37.4, 39.4, 52.7, 59.4, 61.4, 128.1, 128.7, 133.4, 136.7, 169.1, 172.4,
197.7, 202.2.

4-Benzyl-1-ethyl 2-acetyl-3-(2-oxo-2-phenylethyl)succinate (3b). New com-
pound. Yield: 85 %; ail; Anal. Calcd. for Co3H2406: C, 69.68; H, 6.10 %. Found:
C, 69.49; H, 6.15 %. IR (film, c1): 2925, 1723, 1598, 1450, 1385, 1260, 1085.
MS (m/2): 396 (M*). IH-NMR (400 MHz, CDCl3, § / ppm), major: 1.22-1.32
(3H, m), 2.39 (3H, s), 3.48 (1H, dd, J1 = 5.2 Hz, J> = 18.0 HZz), 3.60-3.74 (1H,
m), 3.86-3.99 (1H, m), 4.16-4.27 (2H, m), 4.30 (1H, d, J = 8.0 Hz), 5.17 (2H, d,
J=4.0Hz), 7.32-7.41 (5H, m), 7.40-7.54 (2H, m), 7.61-7.70 (1H, m), 7.98-8.01
(2H, m). 13C-NMR (100 MHz, CDCl3, J / ppm), major: 13.9, 30.3, 37.4, 39.6,
59.4, 61.8, 67.2, 128.1, 128.2, 128.3, 128.5, 128.6, 133.4, 135.4, 168.1, 1724,

* Corresponding author. E-mail: wangxiaoxia@zjnu.cn
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197.6, 202.0. 1H-NMR (400 MHz, CDCl3, § / ppm), minor: 1.22-1.32 (3H, m),
2.32 (3H, s), 3.38 (1H, dd, J; = 5.2 Hz, Jo = 18.0 Hz), 3.60-3.74 (1H, m), 3.86—
-3.99 (1H, m), 4.16-4.27 (2H, m), 4.30 (1H, d, J = 8.0 Hz), 5.17 (2H, d, J = 4.0
Hz), 7.32-7.41 (5H, m), 7.40-7.54 (2H, m), 7.61-7.70 (1H, m), 7.98-8.01 (2H,
m). 13C-NMR (100 MHz, CDCl3, § / ppm), minor: 13.9, 29.9, 37.3, 39.4, 58.7,
61.8, 67.2, 128.1, 128.2, 128.3, 128.5, 128.6, 133.4, 135.4, 168.6, 172.3, 197.6,
202.3.

Diethyl 2-acetyl-3-(2-(4-bromophenyl)-2-oxoethyl)succinate (3c). New com-
pound. Yield: 82 %; oil; Anal. Calcd. for C1gH21BrOg: C, 52.31; H, 5.12 %.
Found: C, 52.43; H, 5.10 %. IR (film, cm™1): 3093, 2960, 1727, 1687, 1586,
1465, 1399, 1255, 1071. MS (mV2): 412 (T9Br, M*), 414 (81Br, M*). 1TH-NMR
(400 MHz, CDCl3, ¢ / ppm), major: 1.21-1.29 (3H, m), 1.42-1.44 (3H, m), 2.37
(3H, ), 3.33 (1H, dd, J; = 5.2 Hz, Jp = 18.0 Hz), 3.50 (1H, dd, J; = 6.0 Hz, Jo =
= 18.0 Hz), 3.75-3.90 (1H, m), 4.06-4.21 (5H, m), 7.60-7.62 (2H, m), 7.80-7.83
(2H, m). 13C NMR (100 MHz, CDCl3, § / ppm), major: 14.0, 30.3, 37.0, 39.6,
58.7,59.4, 61.8, 64.1, 128.6, 129.6, 132.0, 135.1, 168.1, 172.5, 196.6, 201.7. 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm), minor: 1.21-1.29 (3H, m), 1.52-1.54 (3H,
m), 2.30 (3H, s), 3.22 (1H, dd, J1 = 5.2 Hz, J, = 18.0 HZz), 3.59 (1H, dd, J; = 6.0
Hz, Jo = 18.0 Hz), 3.75-3.90 (1H, m), 4.06-4.21 (5H, m), 7.60-7.62 (2H, m),
7.80-7.83 (2H, m). 13C-NMR (100 MHz, CDCl3, ¢ / ppm), minor: 14.0, 29.9,
37.3,39.4,58.7,59.4, 61.9, 64.1, 128.6, 129.6, 132.0, 135.1, 168.5, 172.3, 196.7,
202.0.

4-Benzyl-1-ethyl 2-acetyl-3-(2-oxo-2-(4-phenoxyphenyl)ethyl)succinate (3d).
New compound. Yield: 77 %,; oil; Anal. Calcd. for CogH2g07: C, 71.30; H, 5.78
%. Found: C, 71.15; H, 5.81 %. IR (film, c1): 3066, 2982, 2931, 1731, 1679,
1679, 1584, 1488, 1245, 1023. MS (m/2): 488 (M*). IH-NMR (400 MHz, CDCl3,
o/ ppm), mgor: 1.14-1.21 (3H, m), 2.30 (3H, ), 3.33 (1H, dd, J1 =5.2 Hz, J» =
=18.0 Hz), 3.48-3.55 (1H, m), 3.88-3.91 (1H, m), 4.07-4.16 (2H, m), 4.23 (1H,
d, J=8.0 Hz), 5.08 (2H, s), 6.96 (2H, d, J = 8.0 Hz), 7.04 (2H, d, J = 8.0 H2),
7.18 (1H, t, J = 7.4 Hz), 7.27-7.35 (5H, m), 7.37 (2H, t, J = 7.8 Hz), 7.89 (2H, d,
J=8.8 Hz). 13C-NMR (100 MHz, CDCl3, ¢ / ppm), major: 14.0, 30.3, 37.2, 39.7,
58.8, 61.7, 67.2, 117.3, 120.2, 124.7, 128.3, 128.5, 130.1, 130.4, 130.5, 135.4,
150.6, 162.2, 168.1, 172.5, 196.1, 201.7. 1H-NMR (400 MHz, CDCl3, 6 / ppm),
minor: 1.14-1.21 (3H, m), 2.18 (3H, s), 3.23 (1H, dd, J1 = 5.2 Hz, J, = 18.0 H2),
3.48-3.55 (1H, m), 3.88-3.91 (1H, m), 4.07-4.16 (2H, m), 4.23 (1H, d, J =8.0
Hz), 5.09 (2H, ), 6.96 (2H, d, J= 8.0 Hz), 7.04 (2H, d, J= 8.0 Hz), 7.18 (1H, t,
J=7.4Hz), 7.27-7.35 (5H, m), 7.37 (2H, t, J = 7.8 Hz), 7.89 (2H, d, J = 8.8 HZ).
13C-NMR (100 MHz, CDCl3, 6 / ppm), minor: 14.0, 29.9, 37.2, 39.5, 59.5, 61.8,
67.2, 117.3, 120.2, 124.7, 128.3, 128.5, 130.1, 130.4, 130.5, 135.4, 150.6, 162.2,
168.6, 172.5, 196.1, 202.0.
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Diethyl 2-acetyl-3-(2-(3,4-dimethylphenyl)-2-oxoethyl)succinate (3€). New
compound. Yield: 89 %; oil; Anal. Calcd. for CogHogOg: C, 66.28; H, 7.23 %.
Found: C, 66.13; H, 7.25 %. IR (film, cm™1): 2981, 2927, 1733, 1681, 1608,
1573, 1450, 1257, 1028. MS (m/2): 362 (M™*). 1H-NMR (400 MHz, CDCl3, § /
/ ppm), major: 1.18-1.30 (6H, m), 2.33 (6H, s), 2.39 (3H, ), 3.38 (1H, dd, J; =
=5.2 Hz, Jo = 18.0 Hz), 3.54 (1H, dd, J; = 5.6 Hz, J» = 18.0 Hz), 3.75-3.90 (1H,
m), 4.18-4.24 (5H, m), 7.23 (1H, d, J = 8.0 Hz), 7.69-7.74 (2H, m). 13C-NMR
(100 MHz, CDCl3, ¢ / ppm), major: 14.0, 20.1, 30.3, 37.3, 39.7, 58.8, 61.3, 61.8,
125.8, 129.2, 129.9, 134.3, 137.0, 143.0, 168.2, 172.7, 197.5, 202.3. 1H-NMR
(400 MHz, CDCl3, 6 / ppm), minor: 1.18-1.30 (6H, m), 2.33 (6H, s), 2.39 (3H,
s), 3.28 (1H, dd, J; = 5.2 Hz, J, = 18.0 Hz), 3.59 (1H, dd, J1 = 5.6 Hz, Jo = 18.0
Hz), 3.75-3.90 (1H, m), 4.18-4.24 (5H, m), 7.23 (1H, d, J = 8.0 Hz), 7.69-7.74
(2H, m). 13C-NMR (100 MHz, CDCls3, ¢ / ppm), minor: 14.0, 19.8, 29.9, 37.4,
39.4, 59.7, 61.3, 61.8, 125.8, 129.2, 129.9, 134.3, 137.0, 143.0, 168.0, 172.6,
197.5, 201.9.

Triethyl 4-oxo-4-phenylbutane-1,1,2-tricarboxylate (3f).1 Yield: 90 %; oil.
IR (film, cm~1): 2983, 2930, 1732, 1688, 1597, 1449, 1370, 1261, 1031. 1H-
-NMR (400 MHz, CDCl3, ¢ / ppm): 1.06-1.16 (9H, m), 3.19-3.32 (1H, m), 3.47—
—3.60 (1H, m), 3.68-3.71 (1H, m), 3.90 (1H, d, J = 6.6 HZz), 4.03-4.11 (6H, m),
7.32-7.45 (3H, m), 7.83-7.86 (2H, m). 13C-NMR (100 MHz, CDCl3, 6 / ppm):
13.83, 13.85, 37.3, 39.5, 52.2, 61.13, 61.15, 61.56, 61.58, 127.9, 128.5, 133.2,
136.4, 167.8, 167.9, 171.9, 197.0.

Triethyl 4-oxo-4-p-tolylbutane-1,1,2-tricarboxylate (3g). New compound.
Yield: 82 %; ail; Anal. Caled for CogHogO7: C, 63.48; H, 6.93 %. Found: C,
63.24; H, 6.96 %. IR (film, c1): 2983, 2936, 1733, 1683, 1607, 1558, 1369,
1228, 1097. MS (m/2): 378 (M*). 1H-NMR (400 MHz, CDCl3, 6 / ppm): 1.14—
-1.23 (9H, m), 2.36 (3H, s), 3.26 (1H, dd, J; = 4.8 Hz, J, = 17.8 HZz), 3.53 (1H,
dd, J; = 7.0 Hz, Jo = 17.8 Hz), 3.79-3.80 (1H, m), 3.95 (1H, d, J = 6.6 HZz), 4.09—
—4.17 (6H, m), 7.21 (2H, d, J = 8.0 Hz), 7.82 (2H, d, J = 8.0 Hz). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 13.92, 13.94, 21.6, 37.2, 39.6, 52.4, 61.2, 61.6, 61.7,
128.2, 129.2, 134.0, 144.1, 168.00, 168.02, 172.1, 196.7.

Triethyl 4-(4-chlorophenyl)-4-oxobutane-1,1,2-tricarboxylate (3h). New com-
pound. Yield: 86 %; ail; Anal. Calcd. for C1gH23ClO7: C, 57.22; H, 5.81 %.
Found: C, 57.01; H, 5.76 %. IR (film, cm™1): 2983, 2937, 1732, 1689, 1590,
1466, 1370, 1221, 1093. MS (m/2): 398 (35CI, M*), 400 (37Cl, M*). IH-NMR
(400 MHz, CDCl3, ¢ / ppm): 1.23-1.33 (9H, m), 3.32 (1H, dd, J1 = 4.8 Hz, J» =
= 17.8 Hz), 3.35-3.68 (1H, dd, J; = 7.4 Hz, J, = 17.8 Hz), 3.85-3.94 (1H, m),
4.05 (1H, d, J = 6.4 Hz), 4.18-4.26 (6H, m), 7.49 (2H, d, J = 8.4 Hz), 7.96 (2H,
d, J = 8.4 Hz). 13C-NMR (100 MHz, CDClg, § / ppm): 13.96, 13.98, 37.3, 39.5,
52.2,61.4, 61.78, 61.81, 128.9, 129.5, 134.8, 139.7, 168.0, 172.0, 196.1.
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2-Benzyl-1,1-diethyl 4-oxo-4-(4-phenoxyphenyl)butane-1,1,2-tricarboxylate
(3i). New compound. Yield: 81 %,; oil; Anal. Calcd. for C3gH39Og: C, 69.49; H,
5.83 %. Found: C, 69.33; H, 5.85 %. IR (film, cm1): 3066, 2982, 2936, 1731,
1681, 1584, 1489, 1369, 1245, 1030. MS (m/2): 518 (M*). 1H-NMR (400 MHz,
CDCl3, 6 / ppm): 1.22-1.26 (6H, m), 3.31 (1H, dd, J; = 4.8, Jo = 18.0 Hz), 3.61
(1H, dd, J1= 6.8, Jo = 18.0 Hz), 3.93 (1H, m), 4.03-4.17 (5H, m), 5.11 (2H, d, J =
= 4.0 Hz), 6.95 (2H, d, J = 8.8 Hz), 7.03 (2H, d, J = 8.0 Hz), 7.16 (1H, t, J= 7.6
Hz), 7.25-7.28 (5H, m), 7.36 (2H, t, J = 7.6 Hz), 7.91 (2H, d, J = 8.8 Hz). 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 13.91, 13.95, 37.2, 39.7, 52.3, 61.70, 61.73,
67.1, 117.3, 120.2, 124.7, 128.2, 128.3, 128.4, 130.1, 130.4, 131.1, 135.5, 155.4,
162.1, 167.9, 168.0, 172.0, 195.6.

Triethyl 4-(3,4-dimethylphenyl)-4-oxobutane-1,1,2-tricarboxylate (3j). New
compound. Yield: 85 %; oil; Anal. Calcd. for Co1HogO7: C, 64.27; H, 7.19 %.
Found: C, 64.43; H, 7.16 %. IR (film, cm™1): 2982, 2935, 1725, 1679, 1608,
1573, 1409, 1261, 1034. MS (m/z): 392 (M*). 1H-NMR (400 MHz, CDCl3, § /
/ ppm): 1.19-1.28 (9H, m), 2.31 (6H, s), 3.31 (1H, dd, J; = 4.8, Job = 17.8 H2),
3.59 (1H, dd, J; = 7.0, J» = 17.8 Hz), 3.83-3.84 (1H, m), 3.99 (1H, d, J = 6.4
Hz), 4.14-4.21 (6H, m), 7.21 (1H, d, J = 8.0 Hz), 7.69-7.73 (2H, m). 13C-NMR
(100 MHz, CDCl3, ¢ / ppm): 13.95, 13.96, 19.7, 20.0, 30.3, 37.3, 39.6, 52.4,
61.3, 61.68, 61.70, 125.8, 129.2, 129.8, 134.4, 136.9, 142.8, 168.06, 168.08,
172.2, 197.0.

Ethyl 2-(nitromethyl)-4-oxo-4-phenylbutanoate (5a).2 Yield: 81 %; oil. IR
(film, cm1): 3063, 2982, 2925, 1732, 1685, 1556, 1379. 1H-NMR (400 MHz,
CDCI, ¢ / ppm): 1.24 (3H, t, J = 6.4 Hz), 3.37 (1H, dd, J; = 6.8 Hz, J, = 184
Hz), 3.60 (1H, dd, J; = 5.2 Hz, J, = 18.4 Hz), 3.76-3.81 (1H, m), 4.18-4.24 (2H,
m), 4.77 (1H, dd, J1 = 5.6 Hz, Jo = 14.4 Hz), 4.86 (1H, dd, J; =6.0 Hz, Jo = 14.4
Hz), 7.46-7.50 (2H, m), 7.58-7.60 (1H, m), 7.94-7.96 (2H, m). 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 14.0, 37.0, 38.4, 61.9, 74.8, 128.1, 128.8, 133.8, 135.9,
170.9, 196.5.

Ethyl 2-(nitromethyl)-4-oxo-4-p-tolylbutanoate (5b).2 Yield: 80 %; oil. IR
(film, cm1): 2983, 2925, 1734, 1682, 1557, 1379. 1H-NMR (400 MHz, CDCl3,
o/ ppm): 1.24 (3H,t,J = 7.2 Hz), 241 (3H, s), 3.34 (1H, dd, J; = 7.2 Hz, ), =
=18.4 Hz), 3.56 (1H, dd , J; = 5.2 Hz, J» = 18.4 Hz), 3.73-3.75 (1H, m), 4.17—
—4.23 (2H, m), 4.75 (1H, dd, J; = 5.2 Hz, Jo = 14.4 Hz), 4.85 (1H, dd, J1 = 6.4
Hz, J, = 14.4 Hz), 7.26-7.28 (2H, m), 7.83-7.86 (2H, m). 13C-NMR (100 MHz,
CDClg3, 6 / ppm): 14.0, 21.7, 36.9, 38.4, 61.8, 74.8, 128.2, 129.4, 133.5, 144.7,
171.0, 196.1.

Ethyl 4-(4-bromophenyl)-2-(nitromethyl)-4-oxobutanoate (5¢).2 Yield: 86 %;
oil. IR (film, cm1): 2982, 2925, 1731, 1685, 1556, 1380. 1H-NMR (400 MHz,
CDCl3, o / ppm): 1.23-1.27 (3H, m), 3.33 (1H, dd, J; = 6.8 Hz, J, = 18.4 Hz),
3.58 (1H, dd, J; = 5.2 Hz, J» = 18.4 Hz), 3.73-3.76 (1H, m), 4.18-4.24 (2H, m),
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4.79 (1H, dd, J; = 5.2 Hz, Jo = 14.4 Hz), 4.85 (1H, dd, J1 = 6.0 Hz, J» = 14.4 H2),
7.60-7.63 (2H, m), 7.80-7.83 (2H, m). 13C-NMR (100 MHz, CDCl3, 6 / ppm):
14.0, 37.0, 38.3, 61.9, 74.8, 129.0, 129.6, 132.1, 134.7, 170.7, 195.6.

Benzyl 2-(nitromethyl)-4-oxo-4-phenylbutanoate (5d).2 Yield: 85 %; oil. IR
(film, cm1): 3064, 3033, 2923, 1734, 1684, 1554, 1380. 1H-NMR (400 MHz,
CDCl3, § / ppm): 3.40 (1H, dd, J; = 6.8 Hz, J, = 18.4 Hz), 3.62 (1H, dd, J; = 5.2
Hz, Jo = 18.4 Hz), 3.80-3.85 (1H, m), 4.83 (1H, dd, J; = 5.2 Hz, J, = 14.4 HZ),
4.88 (1H, dd, J; = 6.0 Hz, J» = 14.4 Hz), 5.19 (2H, s), 7.29-7.36 (5H, m), 7.48
(2H,t,J=7.6 Hz), 7.61 (1H, t, J = 7.2 Hz), 7.94 (2H, d, J = 7.6 Hz). 13C-NMR
(100 MHz, CDCl3, ¢ / ppm): 37.0, 38.4, 67.6, 74.7, 128.1, 128.3, 128.5, 128.7,
128.8, 133.9, 135.1, 135.9, 170.8, 196.4.

Benzyl 4-(4-chlorophenyl)-2-(nitromethyl)-4-oxobutanoate (5e). New com-
pound. Yield: 87 %; ail; Anal. Calcd. for : C18H16CINOs: C, 59.76; H, 4.46; N,
3.87 %. Found: C, 59.60; H, 4.49; N, 3.79 %. IR (film, cm1): 3034, 2923, 1736,
1686, 1555, 1380. MS (mV2): 361 (3°Cl, M*), 363 (37Cl, M*). IH-NMR (400
MHz, CDCl3, 6 / ppm): 3.35 (1H, dd, J; = 6.4 Hz, Jo = 18.4 Hz), 3.60 (1H, dd, J1
=52 Hz, Jp=18.4Hz), 3.83 (1H, t, J=5.8 Hz), 4.82 (1H, dd, J= 5.2, 14.4 HZ),
4.90 (1H, dd, J; = 6.0 Hz, J, = 14.4 Hz), 5.20 (2H, ), 7.31-7.38 (5H, m), 7.45
(2H, d, J = 8.4 Hz), 7.88 (2H, d, J = 8.4 Hz). 13C-NMR (100 MHz, CDCl3, ¢ /
/ ppm): 37.0, 38.4, 67.7, 74.7, 128.3, 128.6, 128.7, 129.1, 129.5, 134.2, 135.0,
140.3, 170.6, 195.3.

Benzyl 2-(1-nitroethyl)-4-oxo-4-phenylbutanoate (5f). New compound. Yield:
82 %; ail; Anal. Calcd. for C1gH19NOs: C, 66.85; H, 5.61; N, 4.10 %. Found: C,
66.70; H, 5.64; N, 4.06 %. IR (film, cm1): 3064, 2980, 2921, 1728, 1683, 1585,
1553, 1398, 1263, 1071. MS (m/2): 341 (M*). 1H-NMR (400 MHz, CDCl3, 6 /
/ ppm), mgjor: 1.55 (3H, d, J = 6.8 Hz), 3.02-3.07 (1H, m), 3.54-3.72 (2H, m),
5.01-5.05 (1H, m), 5.11-5.19 (2H, m), 7.29-7.34 (5H, m), 7.45 (2H, t, J = 7.6
Hz), 7.57 (1H, t, J = 7.2 Hz), 7.92 (2H, d, J = 8.0 Hz). 13C-NMR (100 MHz,
CDCl3, 6 / ppm), mgjor: 16.9, 36.0, 44.4, 67.6, 82.7, 128.1, 128.2, 128.4, 128.6,
128.8, 133.7, 135.1, 136.0, 170.7, 196.5. 1H-NMR (400 MHz, CDCl3, J / ppm),
minor: 1.55 (3H, d, J = 6.8 HZ), 3.23-3.28 (1H, m), 3.54-3.72 (2H, m), 5.01-5.05
(1H, m), 5.11-5.19 (2H, m), 7.29-7.34 (5H, m), 7.45 (2H, t, J = 7.6 Hz), 7.57
(1H, t, J = 7.2 Hz), 7.92 (2H, d, J = 8.0 Hz). 13C-NMR (100 MHz, CDCl3, 6 /
/ ppm), minor: 16.5, 36.0, 43.8, 67.5, 82.2, 128.1, 128.2, 128.3, 128.5, 128.7,
133.7, 135.1, 136.0, 170.6, 196.5.
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HsPV2oM 010040 as an efficient catalyst for the oxidation
of thiolsto the corresponding disulfides using
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Abstract: The HsPV,M0,904q catalyzed the oxidation of thiols to their homo-
disulfides using hydrogen peroxide as the oxidant under mild conditions is
reported. This system provides an efficient, convenient and practical method
for the syntheses of symmetrical disulfides. In this work, comparisons of Keg-
gin and Dawson type polyoxometalates are addressed in term of relative sta-
bility, hardness and acidity.

Keywords. heteropolyacids; thiols; disulfides; hydrogen peroxide; Keggin type;
polyoxometal ate; Dawson.

INTRODUCTION

Disulfides play an important role in synthetic organic chemistryl—3 aswell as
in biology, notably to control cellular redox potentials in biological systems in
which thiols are oxidized to prevent oxidative damage.# The disulfide functio-
nality is used as a protecting group under oxidative conditions for thiols, which
can be regenerated by S-S bond cleavage.® Disulfides have also found industrial
applications as vulcanizing agents and as important synthetic intermediates in
organic synthesis.6.7 Thiols can also be over-oxidized to sulfoxides and sulfones;
therefore, controlled and selective studies were performed in the present investi-
gation regarding the oxidation of thiols.8 Various reagents and oxidants have
been employed for the oxidation of thiols to homodisulfides.9-16 Some of these
methods suffer from obvious disadvantages, such as long reaction times, limited
availability of the oxidant, toxicity of reagents and difficulty in the isolation of
the products. Consequently, the introduction of readily available, safe and stable
reagents for the oxidation of thiolsto disulfide is still a necessity. In continuation
of on-going research on the synthetic application of heteropolyacids (HPAS) in

* Corresponding author. E-mail: shjad7@gmail.com
doi: 10.2298/JSC100904086S
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organic synthesis,1/-23 the applicability of various mixed HPAs for the efficient
oxidation of thiols to their homodisulfides using hydrogen peroxide as the
oxidizing reagent and under mild conditions s reported herein.

The catalytic function of heteropolyacids (HPAs) and related polyoxome-
talate compounds has attracted great attention, particularly over the last two de-
cades.16 In this context, heteropolyacids (HPAS) are promising catalysts. A com-
mon and important class of these acids and those used in the mgjority of catalytic
applications is the Keggin class of compounds of general formula HyXM 12049
(X =P, Si, As, Ge, B; M = Mo, W).24 These solid acids are usually insoluble in
non-polar solvents but highly soluble in polar ones. They can be used in bulk or
supported forms in both homogeneous and heterogeneous systems. Furthermore,
these HPAs have several advantages, including high flexibility in modification of
the acid strength, ease of handling, environmental compatibility, non-toxicity,
and experimental simplicity.2® Keggin type polyoxoanions have been widely stu-
died as homogeneous and heterogeneous catalyst for the oxidation of organic
compounds.26

Another catalytically important subclass of Keggin compounds are the mixed
vanadium(V)-substituted HPAs of the general formula H3+nPV M 127040 (M =
= Mo and W; n = 1-6). These compounds exhibit high activity in acid-base type
catalytic reactions; hence they are used in many catalytic areas as homogeneous
and heterogeneous catalysts. The most well-known of these HPASs is
HsPV oM 010040.

Previously reported procedures for the synthesis of large ring disulfides from
thiols using dichlorodioxomolybdenum(V1) as a catalyst produced poor to mo-
derate yields.13 However, a very efficient and simple method for the oxidative
coupling of thiols into the disulfides using hydrogen peroxide as an oxidizing
reagent catalyzed by mixed vanadium(V)-substituted HPAs under mild condi-
tionsis now reported.

EXPERIMENTAL

All reagents and solvents used in this work are available commercialy and were used as
received, unless otherwise indicated. Previously reported methods were used to purify the
thiols.24 Preparation of the HsPV,M0,00,, catalyst and other mixed heteropolyacids and salts
were based on a literature procedure with the following modifications.?> The acids of
[NaPsW3qO110] %, [PoW1506]% and [P,M0;50¢5]% were prepared according to published
methods and were identified by infrared spectroscopy.26-28 All chemicals were purchased
from Merck and used without purification. The H-NMR spectra were recorded on a FT-NMR
Bruker 100 MHz Aspect 3000 with tetramethylsilane as an internal standard and CDCl3 as the
solvent. The IR spectra were recorded on a Buck 500 Scientific Spectrometer in KBr pellets.

Preparation of HsPV,M0,50,%°

Sodium metavanadate (12.2 g, 100 mmol) was dissolved by boiling in 50 mL of water
and then mixed with Na,HPO, (3.55 g, 25 mmol in 50 mL of water). After cooling the solu-
tion, concentrated sulfuric acid (5 mL, 17 M, 85 mmol) was added, whereby the solution
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developed ared color. NaoM0oO,-2H,0 (60.5 g, 250 mmol) dissolved in 100 mL of water was
added to the red solution under vigorous stirring, followed by the slow addition of concen-
trated sulfuric acid (42 mL, 17 M, 714 mmol). The hot solution was allowed to cool to room
temperature. The 10-molybdo-2-vanadophosphoric acid was then extracted with 500 mL of
diethyl ether. Air was passed through the heteropoly etherate (bottom layer) to free it of ether.
The solid residue was dissolved in water, concentrated to first crystal formation, as already
described, and then allowed to crystallize further. The large red crystals that formed were
filtered, washed with water and air-dried.

Preparation of H;PVM011049

Na,HPO, (3.55 g, 25 mmol) was dissolved in 50 mL of water and mixed with sodium
metavanadate (3.05 g, 25 mmol) that had been dissolved by boiling in 50 mL of water. The
mixture was cooled and acidified to ared color with concentrated sulfuric acid (2.5 mL, 17 M,
42.5 mmol). To this mixture was added a solution of Na,M0O,-2H,0 (66.5 g, 274.8 mmol)
dissolved in 100 mL of water. Finally, 42.5 mL of concentrated sulfuric acid was added slow-
ly with vigorous stirring of the solution. With this addition, the dark red color changed to a
lighter red. After cooling the aqueous solution, the heteropoly acid was extracted with 200 mL
of diethyl ether. In this extraction, the heteropoly etherate was present as a middle layer; the
bottom layer (water) was yellow and probably contained vanadyl species. After separation, a
stream of air was passed through the heteropoly etherate layer to free it of ether. The orange
solid that remained was dissolved in 50 mL of water, concentrated to the first appearance of
crystalsin a vacuum desiccator over concentrated sulfuric acid, and then allowed to crystallize
further. The orange crystals that formed were filtered, washed with water and air-dried.

General procedure for the oxidation of thiols to disulfides

HsPV5M 0,904 (0.5 g, 0.2 mmol) was dissolved in a mixture of 25 mL of ethanol and 5 mL
of H,0. The substrate thiol (4 mmol) and 1.5 mL (13 mmol) of 30 % H,O, were added to the
solution. The reaction mixture was stirred at room temperature until thin layer chromato-
graphy, TLC, indicated the reaction was complete. After completion of the reaction, the solid
product was filtered off and recrystallized, while in the case of liquid disulfides, after com-
pletion of the reaction, the excess H,O, was destroyed by 2 mL of 3x103 M sodium sulfite.
The mixture was treated with dichloromethane (2x25 mL). The organic layer was dried by an-
hydrous MgSO, and then concentrated to obtain the required product. General reaction for the
oxidation of thiols catalyzed by HsPV,M 0,00, is shown in Scheme 1.

H.PV,Mo, 0
2RSH 5 "2 1040 RSSR
H,0,, Solvent

Scheme 1. General reaction for the oxidation of thiols catalyzed by HsPV5M01q040.

Recycling of the catalyst

In order to ascertain whether the catalyst had succumbed to poisoning and lost its
catalytic activity during the reaction, the reusability of the catalyst was investigated. For this
purpose, after completion of the model reaction (Scheme 1), dichloromethane was added to
the solid reaction mixture. All the products were soluble in dichloromethane but the catalyst
was not. Thus, the catalyst was separated by simple filtration, washed with dichloromethane
and dried at 90 °C for 1 h, and then reused in further reaction with the same substrate.
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RESULTS AND DISCUSSION
Effect of the sol vent

4-Chlorothiophenol was taken as a model compound and the reaction con-
ditions were optimized by varying the solvent, Table I. In EtOH + H»O, the
reaction was completed within 2 h. The other solvents provided moderate yields
with longer reaction times, except CH3CN and CH3NO», in which the yields
were very low even after 5 h (14 %, entry 12 and 18 %, entry 11, respectively).
Notably, in the absence of catalyst, very low yields were obtained (25 %, entry 2
and 21 %, entry 7).

TABLE |. Results of the oxidation of 4-chlorothiophenol using H,O, as the oxidant and
HgPV,M0,00,49 asthe catalyst in different solvents

Entry  Amount of HsPV,M 01004, g Solvent Time, h Temperature, °C  Yield, %*

1 0.5 EtOH + H,0 2 25 97
2 None 5 50 25
3 1.0 2 25 96
4° 0.5 2 25 97
5° 0.5 2 25 97
6 0.5 MeOH + H,0O 3 25 90
7 None 5 50 21
8 0.5 EtOH 4 25 73
9 0.5 MeOH 2 25 68
10 0.5 H,O 4 50 45
1 0.5 CH3NO, 5 50 18
12 05 CH5CN 5 50 14
13 0.5 CH,Cl, 2 50 74
14 0.5 DMF 2 50 63

3 solated yield based on the weight of the pure product obtained; Bthe reaction was performed with the first
recycled catalyst; Cthe reaction was performed with the second recycled catalyst

Effect of the catalyst structure

The effect of the structure of the catalyst on the oxidation of 4-chlorothio-
phenol, as a model compound, in EtOH + H2O is presented in Table Il. The
amount of each catalyst was constant throughout the series. In the Keggin-type
polyoxometalates series, HsPVoM019040 showed the highest catalytic activity.
In general, the heteropoly salt type catalysts were less efficient than the hetero-
polyacids. The Keggin-type polyoxometalates led to more effective reactions in
comparison with the Wells-Dawson type polyoxometalates. However,
HgPoM0180g2 Was more effective than HgPoW1g0g2 in the oxidation of thiols,
possibly due to the difference in tungsten and molybdenum reduction potentials.
However, the results indicated that the highest yield of disulfide was obtained
with HsPV2oMo01004g as catalyst (Table I1). This behavior was found to be quite
genera. The high activity of HsPVsMo019040 in comparison of other HPAs (Tab-
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le 11) confirmed that in addition to H*, V5* probably play a catalytic role in the
reaction.

TABLE Il. Oxidation of 4-chlorothiophenol by H,O, in the presence of a variety of hetero-
polyacids

Entry Catalyst Time, h Temperature, °C Yield, %°
HsPV oM 01049 2 25 97
2 H4P\/ M 011040 2 25 95
3 HePVsM 05040 2 25 9
4 H3PM0;,04 4 45 92
5 H3PW 1,049 4 52 90
6 HiSIW 1,0, 4 50 89
7 H 14[ NaP, 5W300110] 5 70 75
8 NasPM 0,040 5 80 68
9 NasPW 1,04 5 90 63
10 (NH4)sH[PM 01,V Oy 5 120 56
11 HeP,M 04506, 4 90 79
12 HePoW 15062 4 90 72
13 None 4 90 28
& solated product
Effect of the substituent

The effects of various substituents on a range of aromatic thiols on the oxi-
dation yield in EtOH + H,O were examined using HsPV>Mo019049 as the cata
lyst. The results are given in Table I11. Halogens were chosen as electron-with-
drawing groups (entries 3-5), while methyl, phenolic hydroxyl and methylthio
groups (entries 1, 6 and 7, respectively) were chosen as electron-donating substi-
tuents. One heteroaromatic thial, i.e., pyridine-2-thiol, was successfully oxidized
in good yield (entry 9) as well as benzylthiol (entry 8) as a benzylic aiphatic re-
presentative. The yields were generally very good (>75 %) to excellent (>90 %)
with no obvious relationship between the aromatic substituent and yield (com-
pare entries 4 with 5 and 2 with 10). A highlight of the method is the ease by
which the product may be isolated via simple filtration followed by removal of
the solvent.

TABLE I1l. Oxidation of thiols with different substituents by H,O, with HgPV,M 0,009 &s
catalyst

. - TimeYied® __ M.p, °C
Entry Thiol Disulfide h % W

1 2 97 4344 4445
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TABLE Ill. Continued

. - TimeYield®___ M.p., °C
Entry Thiol Disulfide h % Found Lit2%%
2 ©/S‘| : ,S—S\© 2 96 60-61 61
3 2 95 9092 91-93
O OO
4 2 97 72-73 70-71
e O
5 C C 3 79 49-51 -
6 OH  HQO 3 89 Li- -
: 429
@ OO
7 3 82 4043 4043
CH334©—SH CH35—®73—5—©7$H3
8 3 78 69-71 69-70
o Qoo
9 — — 7\ 3 77 5556 5557
\ ) e
N N N=—
10 SH S— 4 78  144— 142-145
O UL =

3 solated yield based on the weight of the pure product obtained; Prhe products were identified by comparison of their physical
and spectroscopic properties with the respective authentic compound

Reusability of the catalyst

After recovery of the catalyst, it was repeatedly used for further oxidation
reactions. Even dafter five consequent employments, the catalytic activity of
HsPVoMo010040 was amost the same as that of fresh catalyst. The results are
summarized in Table IV. The IR spectra of the resulting solids indicated that the
catalyst can be recovered without structural degradation.

Structures of the obtained disulfides

The structures and purity of the obtained disulfides were verified by 1H- and
13C-NMR spectroscopy and the obtained data are given in Table V, as well as by
their melting points that are givenin Tablelll.
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TABLE IV. Reuse of the catalyst for oxidation of chlorothiophenol (see Table lll, entry 4, for
the reaction conditions)

Entry Isolated yield, %
96
94
95
96
92

A WNPEF

TABLE V. H-NMR and 13C-NMR spectral data of the products
'H-NMR “C-NMR,
o/ ppm o/ ppm
1 242 (6H,s,—CHs), 135.8(Cl, Cl), 134
HBCQS—S@CHS 7.07-7.14 (4H, m, Ar),  (C4, C4), 130 (C3,
7.29-7.33 (4H, m, Ar)  C5, C3, C5), 127
(C2, C6, C2, CB),

Entry Product

21(C7. C7)
2 s— 711-7.15 (2H, m, Ar), 136 (CL, C1), 129
©/ S\© 729733 (4H. m Ar).  (C3, C5, C3. C5),
7.44-7.48 (4H, m, Ar)  126.4 (C4, C&), 126

(C2, C6, C2, C)
3 7.11-7.16 (4H, m, Ar), 135.8 (C1, C1), 134
BrOS—S@Br 7.34-7.39 (4H, m, Ar)  (C4, C4), 130 (C3,

C5, C3, C5'), 127

(C2, C6, C2, C8)
4 6.57-6.61 (4H, m, Ar), 135.3 (C4, C4), 130
a@—s—s@o 7.21-7.25 (4H, m Ar)  (C2, C6, CZ, C8),

127 (C3, C5, C3,

C5'), 120 (C1, C1)

5 6.37-6.44 (4H, m, Ar), 154 (C4, C4), 132
F@—s—sOF 7.33-7.42 (4H, m Ar)  (C1, CI), 129 (C2,

C6, C2, C6'), 115

(C3, C5, C3, C5)

6 OH  HQ 450 (2H,s,-OH),  155.8(C2, C2), 131
6.72-6.76 (2H, d, Ar),  (C4, C4), 127 (C6,
S-S 6.83-6.88 (2H, t, Ar), C6), 126 (C1, C1),
7.17-7.22 (2H, d, Ar) 120 (C5, C5), 113
(C3,C3)

7 240 (6H,s,-SCH;), 136 (C4, C4'), 134
CHSSOS—SO$H3 6.67-6.73 (4H, m Ar), (C1, C1), 130 (C3,
7.19-7.23 (4H, m Ar)  C5, C3, C5), 129

(C2, C6, C2, C8),

16.4 (C7, C7))
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Entry Product

H-NMR
o/ ppm

BC-NMR,
o/ ppm

- OO
o0
10 S—=

3.53 (4H, s, =SCH,),
7.19-7.22 (2H, m, Ar),
7.31-7.35 (4H, m, Ar)
7.40-7.45 (4H, m, Ar)

6.89-6.92 (4H, m, Py),
7.39-7.41 (2H, m, Py),
8.21-8.25 (2H, m, Py)

7.40 (2H, m, Ar),
7.45 (2H, m, Ar),
7.62 (2H, m, Ar), 7.70
(2H, m, Ar), 7.74 (2H,
m, Ar), 7.79 (2H, m,
Ar), 7.96 (2H, m, Ar)

137 (C1, C1'), 129
(C2, C2), 128 (C3,
C5, C3, C5), 127.4

(C4, C4'), 42.6
(C7,C7)
158 (C2, C2'), 147
(C6, C6'), 135 (C4,
C4'), 122(C5, C5),
118(C3, C3)

138 (C10, C10'), 137
(C8, C8), 133 (C3,
C3), 134 (C1, C1),

129.58 (C4, C4'), 128
(C5, C5'), 127 (C9,
C9), 126 (C7, C7'),

125(C2, C2),
122(C6, C6)

CONCLUSIONS

The HsPV M 010049 heteropolyacid was the most successful heteropolyacid
in the oxidation of the thiols. Although it is difficult to offer an explanation for
the different activity between these HPAS, certainly there is a complex rela
tionship between the activity and structure of the polyanion. By changing the
constituent elements of the polyanion (both hetero and addenda atoms), the acid
strength of HPAs as well as their catalytic activity are able to vary over a wide
range.18 For the first time, using an inexpensive and easily prepared
HsVoPM 010040 solid catalyst, the oxidation of thiols with electron-withdrawing
and electron-donating groups to the corresponding disulfides was studied. The
results showed that the catalyst type is important as well as solvent and tempera-
ture, but that the reaction withstands a range of substituents. Furthermore, the
reusability of the catalysts was confirmed.

U3BOJI
HsPV oM 00049 KAO YCITEILIAH KATAJIU3ATOP 3A OKCUJALIAIY TUOJIA JIO
OATOBAPAJYRUX AUCYJIOUJIA TOMORY BOJIOHUK-TIEPOKCUJIA KAO
OKCHJIALIMOHOT CPEJICTBA
ABDOLLAH FALLAH SHOJAEIl, MOHAMAD ALI REZVANI* 1 MAJID HERAVI?

1Departr’r\ent of Chemistry, Faculty of Science, University of Guilan, Rasht 419961-3769 u
2Department of Chemistry, School of Science, Alzzahra University, Vanak, Tehran, Iran

HsPVoM010040 kaTanmsyje okcupanujy Tnona 1o oArosapajyhux aucynguna momohy Bomo-
HUK-TIEPOKCH/A Ka0 OKCHIALMOHOT CPEACTBA, MOJ OJIarMM peakIMOHNM yclloBUMaA. IIpuMemenn
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PeaKkMoHu yCIoBH oMoryhaBajy epukacHy U MOTOIHY CHHTE3y CUMETPUYHUX AUCYIuaa. ¥ oBOM
pany usBpieno je mopeheme ca Keggin-osum u DawsON-0BUM MOIMOKCOMETAIATAMA Y TIOTIIEIY
peaTUBHE CTAOMIIHOCTH, jAYNHE U KUCEJIOCTH.
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Optimization of the growth and a~amylase production of
Bacillus subtilis 1P 5832 in shake flask and
laboratory fermenter batch cultures
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Chemistry, University of Belgrade, Sudentski trg 12-16, Belgrade, Serbia

(Received 25 Octaober, revised 27 December 2010)

Abstract: Cell growth and the level of a~amylase in response to the carbon and
nitrogen sources used for the growth of the strain Bacillus subtilis IP 5832 were
examined. Based on the amylase productivity level in shake flask cultures after
24 hours of growth, the growth medium containing starch and peptone was
selected as the best medium. Amylase production was greatly reduced when
glutamate or citrate as sources of carbon were used. Experiments performed at
different initial concentrations of starch showed that although the strain grew
well with al the starch concentration used, 0.5 % starch was necessary for
maximum a-amylase production, inducing 1.55 IU mL-1 of amylase to be sec-
reted after 8 h of cultivation in shaking flasks. During the batch fermentation of
B. subtilis IP 5832 strain in 2 L |laboratory fermenter, a 60 % higher activity
(2.5 1U mL-Y) was obtained. The production of the enzyme was directly related
to the growth of the strain. Maximum enzyme activity was obtained at the be-
ginning of the stationary growth phase.

Keywords. growth; o~amylase; Bacillus subtilis; fermenter; batch cultures.

INTRODUCTION

The production of economically important alpha-amylasesis essential for the
conversion of starches into oligosaccharides.! This enzyme is extensively used in
starch liquefaction, and the paper, food, pharmaceutical and sugar industries.2—4
o-Amylase with suitable properties can be very useful in a specific industry, thus
it has become essential to characterize al available microbial strains for their

* Corresponding author. E-mail: nbozic@chem.bg.ac.rs
doi: 10.2298/J5C101010098B
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productivity. Since ailmost all microorganisms of the Bacillus genus synthesise a-
amylase, this genus has the potential to dominate the enzyme industry.

Bacillus species are heterogeneous forms of organisms and they are very
versatile in their adaptability to the environment. Various factors influence the
nature of their metabolic process and the enzyme produced. The composition and
concentration of media greatly affect the growth and production of extracellular
amylase in bacteria.® Optimization of cultural conditions is important for maxi-
mum production of microbia strains.® In this regard, appropriate media com-
ponents and suitable conditions must be attained for optimal production of the
required products. Bacillus species and other forms of microorganisms grow at
different rates with specificity to different substrates in the culture medium. The
growth conditions also influence their enzymatic activities.”

Bacillus subtilis 1P 5832 has not hitherto been tested for its amylase activity;
hence, the present work describes the effects of culture conditions on the growth
of the strain and on a-amylase production in batch experiments in shake flasks
and under controlled conditionsin alaboratory fermenter.

EXPERIMENTAL
Chemicals

All the employed reagents and solvents were of the highest available purity and at least
of analytical grade. They were purchased from Merck (Darmstadt, Germany) and Sigma-Al-
drich (St. Louis, MO, USA) unless otherwise stated.

Strain and cultivation conditions

Frozen stock aliquots containing glycerol were prepared from exponential phase Bacillus
subtilis IP 5832 cultures grown in Luria—Bertani media (LB) and stored at —80 °C. Precultures
were routinely grown in Luria-Bertani (LB) broth medium composed of (g L1): peptone,
10.0, yeast extract, 5.0 and NaCl, 10.0. Pre-inoculum cultures were grown from glycerol stocks
in 100 mL shake flasks containing 15 mL LB media and incubated overnight at 37 °C in a
rotary shaker at 150 rpm. For the shake flasks experiments, 5 mL of pre-inoculum cultures
were transferred aseptically to a 500 mL baffled shake flask containing 100 mL of semi-com-
plex growth medium. Unless otherwise stated, the growth medium (BM — basal medium) used
for o-amylase production was composed of (g L-1): soluble starch, 5.0; peptone, 20.0;
MgSO,-H,0, 1.0 and K,HPO,, 3.0. The medium was adjusted to pH 7.0. Cultivations were
maintained at 37 °C with agitation at 150 rpm for 24 h.

Effect of different semi-synthetic media on growth and a-amylase production

In addition to the described basal medium (BM) for testing the growth and amylase pro-
duction, the following media, that have been used by others for testing amylase production,
were also used: semi-synthetic medium | (SM 1) containing (g L™Y): tryptone, 2.0; MgSO,-7H,0,
0.05; KH,POy4, 1; Na,HPO,, 2.5; NaCl, 1; (NH4),S0,4, 2 and CaCl,-2H,0, 0.05; semi-syn-
thetic medium 11 (SM 11) containing (g L-): yeast extract, 20.0; glucose, 5.0; MgSO,-7H,0,
thiamine, 0.025, semi-synthetic medium [11 (SM 111) containing (g LY): starch, 5.0; MgSO,-7H,0,
1.0; FeCl3, 0.05; KH,PO4, 1; Na,HPO,, 2.5; NaCl, 0.5; (NH,4),S0,, 7.5; CaCl,-2H,0, 1.0 and
thiamine, 0.025, and Luria—Bertani medium (L B).

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

2011 Copyright (CC) SCS

OI2E)



OPTIMIZATION OF GROWTH AND o-AMY LASE PRODUCTION BY B. subtilis 967

Effect of different carbon sources on the growth and a-amylase production

The effect of different carbon sources (0.4 % citrate and 0.4 % glutamate instead of 0.5 %
starch) and different levels of starch (0.05-1.0 %) in the basal medium (BM) on amylase
production were examined.

Amylase production in a laboratory fermenter

For the bioreactor experiments, 100 mL of pre-inoculum culture (grown in LB medium)
were transferred to the bioreactor containing 900 mL of BM growth medium. All growths
were performed using a Biostat B bioreactor (Sartorius) equipped with a2 L fermentation ves-
sel under constant temperature, pH and pO, values. The pH was maintained at 7.00+£0.05 by
adding 30 % H3PO, solution to the reactor. The temperature was kept at 37 °C. The pO, value
was maintained at 50 % of air saturation by adapting the stirrer speed between 450 and 900
rpm and supplying air (enriched with pure oxygen when necessary, i.e., when the OD600
reached 25). The end of the batch phase was identified by a reduction in the oxygen con-
sumption rate and an increase in the acid addition rate. The cultures were centrifuged at 10000
rpm for 20 min at 4 °C using a Beckman J2-21 M/E centrifuge and the cell-free supernatants
were used as crude enzyme preparations.

Biomass assay

Growth was followed by optical density measurements at 600 nm (OD600). Samples
were diluted with deionised water and adjusted to OD600 values between 0.2-0.8.
a-Amylase activity assay

The o-amylase activity was determined by measuring the formation of reducing sugars
released during starch hydrolysis. The reaction mixture containing 0.05 mL of appropriately
diluted enzyme and 0.45 mL of 1.0 % (w/v) soluble starch (Merck) in 50 mM phosphate buf-
fer (pH 6.5) was incubated at 50 °C for 15 min. The amount of liberated reducing sugar was
determined by the dinitrosalicylic (DNS) acid method.8 One unit of amylase activity was
defined as the amount of enzyme that released 1 umol of reducing end groups per min at 50
°C. D-Glucose was used to construct a standard curve.

RESULTS AND DISCUSSION

As the nature and amount of carbon and nitrogen sources in culture media
are important for the growth and production of extracellular amylase in bacte-
ria, 910 optimization of culture conditions is important for maximum enzyme
production by microbial strains. The results of the time-course studies on a-amy-
lase production and cell growth of B. subtilis IP 5832 grown in different semi-
synthetic media are shown in Fig. 1. The biomass and levels of amylase in the
crude culture supernatants varied greatly in response to the carbon and nitrogen
source used for the growth of the strain. The maximal growth rate and production
of extracellular amylase was obtained when the strain was grown in BM and LB
(Fig. 1A). Peptone (BM, LB media) promoted c~amylase productivity. More-
over, the a-amylase biosynthesis appeared to be independent of the availability of
starch, since enzyme activity was detected in the culture broth containing tryp-
tone as the single carbon source (SM 1). This was aso the case with amylase
from B. subtilis.11 Nevertheless, the addition of starch to the growth medium in-
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creased the level of secreted enzyme. These results are in agreement with pre-
viously reported maximum a-amylase production when starch was used as the
carbon source.1213 Based on the amylase productivity level in the shake flask
cultures after 24 h of growth (Fig. 1B), the growth medium containing starch and
peptone (BM) was selected as the best medium. Amylase activity during growth
of the strain in BM was detected from the early stages of growth (results not
shown) and it peaked (1.55 IU mL-1) at 8 h and was found to decline gradually
up to 24 h (0.45 IU mL-1). The reason for this might be the simultaneous pro-
duction of peptidases, which can influence the amylase activity during time. The
main advantage of growing B. subtilis IP 5832 on BM for amylase production is
the very fast production time. Similarly, the production of amylase by B. thermo-
oleovorans NP54 peaked at 12 h of growth,14 while the maximum amylase pro-
duction by B. stearothermophilus AN 002 occurred at 6 h of cultivation.6 Never-
theless, more often amylase cannot be detected in the culture broth of Bacillus sp.
before 12 h of incubation.15-17

A) B)
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—a— SMIll //\\ 124h I
—v— SMI / -l 1.54 |
5 i /?/1\ \ S
/ 2 42/ T
= 104 2 094
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3 /) 9 06
o / © i e
5— .'III = ] P
‘{,-". = 03 - |
) = < ‘ 7 |
:@j—tmfk_ —
N A ——— 01 [ L |
0 2 4 6 8 10 24 SMI SMIl  SMII BM LB
Time, h Growth media

Fig. 1. A) Pattern of growth during 24 h of submerged fermentation of B. subtilis IP 5832 at
37 °Cin shaking flasks in various growth media. SM | — semi-synthetic medium I;

SM |l — semi-synthetic medium 11; SM 111 — semi-synthetic medium I11; BM — basal
medium; LB - Luria-Bertani medium. B) Extracellular o-amylase activity in the time of
maximal production (8 h) and at the end of growth (24 h). Each data point represents
the mean of three independent assays (the standard errors were less than 5 % of the means).

The synthesis of amylase was greatly suppressed when the bacterium was
grown on glucose (Fig. 1, SM 11 and SM 111) or citrate (Fig. 2B), although in the
case of citrate, the growth of the bacterium was comparable to the growth on
starch (Fig. 2B). The level of growth resulting from the utilization of various car-
bon sources (Fig. 2A) did not correlate with the amylase activity (Fig. 2B). Amy-
lase production was greatly reduced when glutamate or citrate were used. These
results are in agreement with the reports of others who reported maximum amy-
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lase production when starch was used as a carbon source.12.13.18 On the contrary,
B. subtilis isolated from Turkish soil produced maximum amylase with citrate as
the carbon source.19

A) B)
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—a— Glutamate !
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14 =
8 1 E 121
_ 124 2
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O ® 06
S 3
. @ 0.4
4 / E“
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0 =¥ ———T———# . T 0.0 T Py T
0 2 4 6 8 10 22 24 Starch Citrate Glutamate
Time, h Growth media

Fig. 2. A) Effect of different carbon sourcesin BM medium during submerged fermentation of
B. subtilis 1P 5832 at 37 °C in shaking flasks and B) extracellular a-amylase activity at the
time of maximal production (8 h). Each data point represents the mean of three
independent assays (the standard errors were less than 5 % of the means).

Experiments performed at different initial concentrations of starch showed
that although the strain grew well with all the starch concentration used (Fig.
3A), 0.5 % starch was necessary for the maximum a-amylase production, in-
ducing the secretion of 1.55 IU mL~1 of amylase after 8 h of cultivation (Fig. 3B).
The best enzyme production by B. licheniformis CUMC 305 was also obtained
with a starch concentration of less than 1 %.20 Increasing the starch concentration
in the medium beyond 0.5 % did not lead to an increase in the enzyme activity.
At higher starch concentrations, the enzyme productivity was comparatively low;
such a behaviour was also registered for soil isolates Bacillus sp.1® This can be
attributed to the high viscosity of the broth at such concentrations, which inter-
fereswith O transfer leading to a limitation of dissolved O for bacteria growth.21

The results of the time profiles for both a-amylase production and biomass
of the B. subtilis P 5832 strain grown in the growth medium in the fermenter are
shown in Fig. 4. When the strain was cultivated in a laboratory fermenter, the
a-amylase production peaked (2.5 U mL—1) at 8 h. When the B. subtilis IP 5832
strain was grown in the laboratory fermenter, the amylase activity was 60 %
higher than that obtained when the strain was grown in shake flasks. This was
probably the result of the higher shaking speed, constant oxygen supply and
constant adjustment of pH during the fermenter culture. As in the shake flasks
experiments, the maximum a-amylase production in the fermenter occurred when
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optical cell population reached its peak. Amylase production by this strain was
found to be growth-associated as the maximum enzyme production was observed
during the beginning of stationary phase, when the OD reached a plateau. Similar
results were obtained for amylase from Bacillus sp. IMD 43522 and amylase from
Bacillus sp. YX-1.23
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Time, h Starch in basal growth media, %
Fig. 3. A) Effect of different starch concentrationsin BM medium during submerged
fermentation of B. subtilis P 5832 at 37 °C in shaking flasks and B) extracellular
o-amylase activity at the time of maximal production (8 h). Each data point represents
the mean of three independent assays (the standard errors were less than 5 % of the means).
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0123 43 _6 T8 s 10z s dent assays (the standard errors
Time, h were |less than 5 % of the means).
CONCLUSIONS

The optimal N and C sources for growing B. subtilis P 5832 for a-amylase
production were found to be 2 % peptone and 0.5 % starch. The maximum «-
amylase (1.55 IU mL-1) was produced during batch fermentation in shaking flask
after 8 h of growth, while during batch fermentation in 2 L laboratory fermenter,
60 % higher activity (2.5 IU mL—1) was obtained. The production of the enzyme
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was directly related to the growth of the strain. Maximum enzyme activity was
obtained at the beginning of the stationary growth phase. The proposed process
can be considered as afirst step in further exploration of possible employment of
a-amylase from B. subtilis I[P 5832 for starch hydrolysis.
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M3BOJ

OIITUMM3AIINIA PACTA U ITPOAYKIINIE o-r AMUJIASE Bacillus subtilis 1P 5832 V
HTAPXXHUM KVYJITYPAMA V EPJIEHMAJEPY U IABOPATOPUJCKOM ®EPMEHTOPY

HATAIIA BOXWHR', JORDI RUIZ?, JOSEP LOPEZ-SANTIN? 1 30PAH BYJUUR®
! HHuciauinyia 3a xemujy, wexnoaozujy u meiianypzujy — Llenitiap 3a xemujy, YHusep3auitieini y beozpaoy, Ciiyoeniticku
wipz 12—16, Beozpao, 2Departament d Enginyeria Quimica, Escola d' Enginyeria, Unitat de Biocatalisi Aplicada
associada al 11QA (CSIC), Universitat Autonoma de Barcelona, Edifici Q, 08193-Bellaterra, Spain u

3 Xemujexu paxyaitiem, Ynusepauitieini y Beozpady, Citiydeniicku iuip? 12—16, Beozpad
henujcku pacT U HUBOM (-aMmjia3e HaKkoH rajema Bacillus subtilis IP 5832 ucnutusanu cy y
3aBUCHOCTH O Pa3JIMUMTHX M3BOpa YIJbEHHMKA M a30Ta KopumheHux y moro3n. Ha ocHoBy mpo-
JyKTUBHOCTH aMMJIa3e HAKOH JIBaJIECETYETBOPOUACOBHOT Tajerba KyJIType y epIeHMajepuma ca Me-
IIaheM MO0Ka3aHo je a je HajOoJba XpaHJbHBA MOAJIOra OHa Koja caapku ckpob u nentoH. Kazxa cy
IIyTamaT WIM LUTpaT KopuirheHW Kao M3BOPU YIJbEHHMKa NMPOJYKLHMja eH3MMa je Ouia 3Ha4ajHo
penykoBana. ExcnepuMeHTMMa y KojUMa je BapHpaHa HHHULHMjaJHA KOHIEHTpauuja CcKpoba
MIOKA3aHo je Jia je, MaKo coj KoOpo pacte Ha cBUM KopumheHuM KoHneHtpanujama, 0,5 % ckpob
HEOIXOJaH 33 MAKCHMAJIHY NPOAYKUMjy eHsuma, uaaykyjyhu cexpermjy 1,55 U mL-1 amunase
HAKOH 8 caTu rajema KyJiType y epleHMajepuMa ca MemameM. ToKoM mapkHe ¢epMmenTtanmje B.
subtilis IP 5832 coja y maboparopujckom depmerropy oz 2 L nobujero je 60 % Buiiie ak THBHOCTH
ensuma (2,5 U mL 1), TIponyxuuja ensuma je 6una IUpeKTHO Be3aHa 3a PacT MHKPOOPTAHHU3MA.

MakcuMaiHa eH3UMCKa aKTHBHOCT JIOOMjeHA je Ha MOYETKY cTalnnoHapHe (ase pacra.

(TTpumsbero 25. oktobpa, pesuaupato 27. neremopa 2010)
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Effects of continuous UV-irradiation on the antioxidant activities
of quercetin and rutin in solution in the presence of lecithin as
the protective target
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Abstract: The stabilities and antioxidant action of two selected flavonoids,
quercetin and rutin, dissolved in methanol and water, toward continuous UV-
-irradiation from three different sub-ranges (UV-A, UV-B and UV-C) were
studied. The flavonoids underwent degradation (bleaching) following first-or-
der kinetics. The bleaching rates were highly dependent on the energy input of
the involved UV-photons. The antioxidant activities of the two flavonoids on
UV-induced lecithin lipid peroxidation were studied by the thiobarbituric acid—
malondialdehyde (TBA-MDA) test, and appeared to be aso affected by the
continuous UV irradiation. The energy input of the incident UV-photons again
played a major governing role, but an impact of the flavonoids structures
cannot be neglected.

Key words: flavonoids; UV-irradiation; antioxidant; kinetics.

INTRODUCTION

Sunlight reaching the Earth’s surface contains an increasing fraction of its
most energetic component, the UV-B fraction, due to the continuing damage of
the ozone layer. Plants need sunlight to perform photosynthesis, but the enhanced
level of UV-B radiation directly affects photosynthesis,1 and the related pro-
cesses, such as leaf morphology and the whole plant growth.2-> Both “light” and
“dark” phase are affected; the light reaction itself67 includes compositional chan-
gesin photosystems 118 and 1.9 The changes mostly concern structural changes of
the photosynthetic pigments,10.11 especially chlorophyll,6 but also of other com-
ponents of the electron-transport chain.12

Naturally, plants have developed sdlf-protective mechanisms against damaging
UV-light. One of the major plant responses to enhanced UV-B radiation is an in-

* Corresponding author. E-mail: dejan_markovic57@yahoo.com
doi: 10.2298/J5C101123089C
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creased synthesis of pigments, capable of UV-B absorption, flavonoids above all.
Flavonoids are mainly located in plant leaves but also in the other organs.13.14
They are excellent UV -absorbers (because of their chemical structure) and hence
are plant-protective screen-savers,1® i.e., they are very effective preventive an-
tioxidants, since they reduce the production of the reactive radical oxygen species
(ROS) generated by UV-radiation. However, in the case of free radicals chain
reactions, they are also reported to be effective chain-breaking antioxidants.15-21

Flavonoids are benzo-y<pyrone derivatives consisting of phenolic and pyran
rings and are classified according to the substitutions in the basic skeleton. Their
structures and functions differ in the presence/absence of hydroxyl, methoxy,
glycosidic and other groups attached to the A and B rings of the basic skeleton
(Fig. 1). In nature, flavonoids exist primarily as 3-O-glycosides and polymers.16
The most important structural elements of flavonoids are: an o-dihydroxy group
in the B ring (catechol structure) as a radical target; a double bond between po-
sitions 2 and 3 of the C-ring conjugated with keto group in position 4, because of
its capacity to delocalize the uncoupled electron of a flavonoid radical; C-3,C-5
and C-7 hydroxyl groups (of the C and A rings, respectively) as scavengers of
free radicals.15-20

The screen-saver function of flavonoids has practical applications, too. As
excellent UV-absorbers, flavonoids are used as UV (UV-A and UV-B) protection
agents in some cosmetics and pharmaceutical preparations, based on heterogene-
ous oil-water systems. While the general protective function of flavonoids in the
formulations remains unquestionable, the whole picture covering the interactions
of these formulations with UV-light, which includes not only flavonoids but also
lipids, is less well known. Obviously, lipids undergo oxidation through free ra
dical chain reactions, finishing with the formation of diene-type compounds at
the very end, lipid peroxides; the whole process is known as lipid peroxi-
dation.22:23 Hence, the antioxidant function of flavonoids — toward lipids as the
protection target — might be estimated through control of the lipid peroxidation
process, partly through absorption of UV-radiation (as the peroxidation initiating
agent), and partly through scavenging of the UV-created radical species, includ-
ing lipid radicals and lipid-peroxy-radicals.16-18,24

The main objective of this study was to investigate the interaction of two fla-
vonoids, rutin (flavonol glycoside) and quercetin (flavonol) with prolonged, con-
tinuous UV-radiation, in solution, in the absence and in the presence of soybean
lecithin (a mixture of lipoidal compounds). The first goal was to obtain basic
spectral and kinetic information concerning the stability of the flavonoids against
UV-radiation in the absence of lecithin, which is also a measure of the ability of
the flavonoids to prevent UV-initiated lecithin (lipid) peroxidation (when lipids
are present). However, since prevention (through UV-absorption) is only partial
and free radicals are certainly UV-generated in the system, the second goal, in
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the presence of lecithin, was to examine the second type of flavonoid antioxidant
ability, i.e.,, to act as chain-breaking antioxidants. This type of approach was
employed in previous studies, but with different antioxidants, selected carote-
noids.2526 The same type of test, the thiobarbituric acid—malondialdehyde
(TBA-MDA) test26 was used to measure the amount of lipid peroxidation and to
estimate its control by the flavonoids employed in this work.

EXPERIMENTAL
Samples preparations

Quercetin and rutin standards (Merck) were dissolved in methanol (quercetin and rutin)
and in water (rutin), at a concentration of 8x10 M.

UV-Vis spectroscopy

The UV—Vis spectra of rutin and quercetin in different solvents were recorded on aVa-
rian Cary-100 spectrophotometer. All spectra, before and after irradiation with UV-light, were
recorded in the range 200 to 500 nm.

UV-treatment

The irradiation of pigments in different solvents was performed in a cylindrical photo-
chemical reactor “Rayonnet”, with 14 symmetrically placed lamps, with emission maximain
three different UV sub-ranges. 254 (UV-C), 300 (UV-B) and 350 nm (UV-A). The samples
were irradiated in quartz cuvettes (1 cmx1 cmx4.5 cm) placed on a rotating circular holder.
Quercetin was irradiated in methanol, while rutin was irradiated in methanol and water. The
concentration of the flavonoids in both solvents was 8x10° M.

TBA-MDA test

Lecithin peroxidation, as well as its inhibition in the presence of flavonoids, was mea-
sured by the TBA-MDA test.228 This method is based on the reaction of malondialdehyde
(MDA —asecondary product of lipid peroxidation) with thiobarbituric acid (TBA), whereby a
red-coloured complex with a maximum absorption at 532 nm is obtained. The reaction mix-
ture contained 2.2x103 M aqueous solution of lecithins and 7x10> M methanolic solution of
aflavonoid, in a 10:1 (v/v) ratio. Lecithin peroxidation was initiated by continuous UV-irra-
diation during increasing times. Two cmd of aqueous trichloroacetic acid (5.5 %), and 2.5 cm?3
of Tris-buffer (pH 7.4), followed by 2 cm3 of thiobarbituric acid (4.2x102 M in 5x102 M
NaOH) were added in the reaction mixture immediately after irradiation. The mixture was
incubated for 10 min at 37 °C in the dark and then centrifuged for 10 min at 4000 rpm. The
Vis spectrum of the TBA-MDA complex was subsequently recorded from 400 to 800 nm.
The absorbance of the complex in the supernatant was read at 532 nm and used to calculate
the percentage inhibition of lecithin peroxidation using the following equation:

Inhibition of lecithin peroxidation (%) =( Ac — AS)X& 1

(Ac—4g)
where A — absorbance of the control (aqueous solution of pure lecithin) which was UV-ir-
radiated and treated with TBA solution, Ag — absorbance of the sample (lecithin/flavonoids
mixture) which was UV-irradiated and treated with TBA solution and Ag — absorbance of the
blank (agueous solution of pure lecithin which is not UV-irradiated but treated with TBA
solution, thereby monitoring the MDA level in the lecithin before UV-irradiation).
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RESULTS

The absorption spectra of flavonoids consist of two distinctive bands in a
broad range of 240-400 nm. Band I, covering the range 300-380 nm, is attri-
buted to the B-ring (with Amax around 350-370 nm), while band 1, covering the
range of 240-280 nm (with Amgx around 260-270 nm) is attributed to the A—C
benzoyl system; a weak band with an absorption maximum around 300 nm was
also detected; it is attributed to the C-ring only (Figs. 1, 2A, 3A and 4A).

O
HOZ , OH

The changes in the absorption spectra of rutin exposed to UV-C radiation in
methanol are shown in Fig. 2A. The maximum absorbance of rutin (Amax= 350
nm) decreased proportionally with the length of the irradiation time (tj). A
kinetic log plot, log Amax(350 nm) = f(tjyy), is shown in Fig. 2B. The plot shows a
good linear fitting, with R values of about 0.99. The bleaching kinetics seems to
obey a first-order law. Rutin showed a very similar response during irradiation
with UV-B and UV-A light (not shown).

The changes in the absorption spectra of rutin exposed to UV-B radiation in
water are shown in Fig. 3A. The maximum absorbance of rutin (Amax = 350 nm)
decreased proportionally with the irradiation time (tj;;). A kinetic log plot, log
Amax(350 nm) = f(tjry), is shown in Fig. 3B. The plots show a good linearity, with
R values of about 0.99. The bleaching kinetics seems to obey a first-order law
again. Rutin expressed very similar responses during irradiation with UV-C and
UV-A light in water (not shown).

The changes in the absorption spectra of quercetin exposed to UV-B ra-
diation in methanol are shown in Fig. 4A. The maxima of the two absorption
bands of quercetin (Amax = 370 nm and 250 nm) decrease proportionally with the
irradiation time. The corresponding kinetic log plot, 10g Amax(370 nm) = f(tjr), is
shown in Fig. 4B. The plot shows a good linear fit, with R values of about 0.98.
The bleaching kinetics seems to obey a first-order law. On the other hand and

(A) (B
Fig. 1. Structure of A) quercetin and B) rutin.
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FLAVONOIDS INTERACTION WITH CONTINUOUS UV-IRRADIATION 977

contrary to the behaviour of rutin irradiated in a methanolic solution, a slow but
continuous rise in the absorbance of quercetin at 290 nm was detected with
increasing irradiation time; the log Amax(290 nm) = f(tj;;) dependence aso cor-
responded to 1% order kinetics. Quercetin exhibited very similar behaviour during
irradiation with UV-C and UV-A light in methanol (not shown).

1.4
1.2
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0.8 4

A/au.

0.6 4

0.4+

0.2+

0.0

‘Wavelength, nm
(A)

008 ]
0.10 ]
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014 ]
0.16

log(ASSO)

0.18] L
020
022
024 ]

0.26

0 1 2 3 a1 5 &
Irradiation time, min
(B)

Fig. 2. Rutin in methanol irradiated with UV-C light. A) The changesin the absorption spectra
of rutin exposed to UV-C radiation in methanol for 1-0;2-1;3-2; 4—-3;5-5; 6 -6 min.
B) The corresponding kinetic log plot obtained by following the A values at 350 nm
(band 1), as afunction of theirradiation period (t;), 109 Ana (350 nm) = f(t;,,).

The concentration of rutin was 8.5x10°° M.
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The time dynamics of the production of lipid peroxides in the lecithin lipo-
idal mixture because of UV-irradiation in the absence (control) and in presence
of quercetin and rutin (sample) are shown in Fig. 5. The amount of peroxidation
was estimated via the TBA-MDA test, by measuring the absorbance of the
formed TBA-MDA complex at 532 nm.

A/au.

500
Wavelength, nm
(A)
0.62 4
0.64 4
0.66 -
-0.68 4
~~ ] n
&
3 0.70 4
gj} 4
— 0.72
0.74 4
-0.76 ]
-0'78 T T T T T 1
0 20 40 60 80 100
Irradiation time, min
(B)

Fig. 3. Rutin in water irradiated with UV-B light. A) The changes in the absorption spectra of
rutin exposed to UV-B radiation in water for 1 —0; 2 —15; 3—30; 4 —60; 5—90 min. B) The
corresponding kinetic log plot obtained by following the A values at 350 nm
(band 1), as afunction of theirradiation period (t;,;), 109 Ana (350 nm) = f(t;,,).

The concentration of rutin was 8.5x10° M.

The kinetics of change in the percent inhibition of UV-induced lipid peroxi-
dation, by quercetin and rutin in agueous solutions containing the two flavonoids
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(7x10—> M) and soybean lecithin lipoidal mixture (2x10-3 M) are shown in Fig.
6. The inhibition was calculated from Eq. (1).

A/au.

Wavelength, nm
(A)

log(Am)

Irradiation time, min
(B)
Fig. 4. Quercetin in methanol irradiated with UV-B light. A) The changesin the absorption

spectra of quercetin exposed to UV-B radiation in methanol for 1 —0; 2 —-10; 3—15; 4 - 20;
5—25; 6 —45 min. B) The corresponding kinetic log plot obtained by following the

Anmax Values at 370 nm (band 1), as afunction of the irradiation period (tj,),
log Amax(370 nm) = f(t;,,). The concentration of quercetin was 8.5x10°° M.

The calculated slopes (k1) (y1 = kix + n; y; — log (absorbance of rutin and
guercetin in different solvents at 350 and 370 nm, respectively); x — UV-irradia-
tion time) are presented in Table I. Such a presentation provides comparison of
the corresponding slopes (obtained from the plots shown at Figs. 2B, 3B and 4B),
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i.e., rates of the degradation (bleaching) of flavonoids during UV-irradiation of
three different UV sub-ranges: 254 (UV-C), 300 (UV-B) and 350 nm (UV-A).
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T
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//
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—A— sample (with flavonoids)
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0.040 -
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Irradiation time, min
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—a— sample (with flavonoids)
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40 50 60 70 80 90 100
Irradiation time, min

(B)

Fig. 5. Time dynamics of lipid
peroxides production because
of UV-A irradiation in the ab-
sence (control) and in the pre-
sence of A) quercetin and B)
rutin (sample) in alecithin lipo-
idal mixture, which was kept at
the same concentration in both
cases. The amount of peroxida-
tion was estimated by TBA-—
—MDA test, by measuring ab-
sorbance of the corresponding
complex at 532 nm.

The calculated slopes represent the changes in the antioxidant activities of
quercetin and rutin, followed by the TBA-MDA test (explained in the Experi-
mental), toward the lecithin lipoidal mixture as the protected target, as a result of
continuous UV-irradiation from three UV sub-ranges, expressed as the changes
in the inhibition of UV-induced lecithin (lipid) peroxidation (by the two flavo-
noids), and are given in Table |l. The slopes (ko) were calculated from the plot:
log (% inhibition of lipid peroxidation) = f(tjyy); the inhibition was calculated
using the formula given in the Experimental.
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DISCUSSION

As it was stated in the Introduction, antioxidant action of flavonoids in the
presence of a“protective target” (lecithin lipids in this study) may be potentialy
expressed in i) a preventive and/or ii) chain-breaking manner; the former action
does not exclude the latter one, moreover both actions are undoubtedly related.
i.e., the more expressed are the preventative effects of flavonoids (through UV-
-absorption), the less are their chain-breaking actions necessary.
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2 Fig. 6. Kinetics of change in the
"g 14 - percentage (%) inhibition of UV-
] -A-induced lipid peroxidation by
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3 12 afueous solutions containing the
& two flavonoids (7x10°> M) and a

11 | IS S S E S R S S S R S R ajybean lecithin IIpOIdal mixture
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Flavonoids stability in the absence of lecithin: a measure of preventive
antioxidant action

Both flavonoids expressed clear sensitivity to the action of UV radiation
from all three UV-ranges. They underwent substantial bleaching as measured
through the proportional decrease in the maximal absorbance of Band | as a
function of radiation duration (tjry), i.e., |0g Amax(350 or 370 nm) = f(tj;y) (Figs.
2-4). These dependences are expressed as linear plots (Figs. 2-4), indicating first
order kinetics of the degradation of the flavonoids. This conclusion does not
guestion the possible presence of other species, mostly radical ROS, in the irra
diated system (as a result of UV-irradiation), as well as their potential role in the
mechanism of flavonoid degradation.17.24

TABLE I. Kinetics of rutin and quercetin degradation (bleaching) in methanol and water, during
UV-irradiation in three different UV sub-ranges: 254 (UV-C), 300 (UV-B) and 350 nm (UV-A).
The absorbances of rutin and quercetin were taken from the corresponding absorption spectra
(Figs. 2-4) at 350 and 370 nm, respectively

k. / min® (R)
Solvent Wavelength, nm
254 (UV-C) 300 (UV-B) 350 (UV-A)
Rutin
Methanol —0.0250 (—0.998) -0.00173 (-0.917)  -0.00016 (-0.923)
Water —0.0514 (-0.990) —0.00143 (-0.977) 0.00170 (0.996)
Quercetin
Methanol —-0.111 (-0.985) —0.0210 (-0.986) —0.00312 (-0.995)

TABLE II. Kinetics of the change in the percentage (%) of inhibition of (UV)-induced lipid
peroxidation, by quercetin and rutin, in water solution containing two flavonoids (7x10° M)
and a soybean lecithin lipoidal mixture (2x10-2 M), during UV-irradiation in three different
UV sub-ranges: 254 (UV-C), 300 (UV-B) and 350 nm (UV-A). The change was followed by
the TBA—-MDA test

k,/ mint (R)
Wavelength, nm Quercetin Rutin
254 (UV-C) —-0.170 (-0.944) —0.28680 (-0.999)
300 (UV-B) —0.0414 (-0.917) —0.06880 (-0.970)
350 (UV-A) —0.00970 (—0.969) —0.00946 (-0.984)

Evidently, flavonoids bleaching are highly dependent on the energy input of
the UV radiation; in both cases, a switch from the UV-A to the UV-B lamp and
from the UV-B to the UV-C lamp led to a corresponding increase in the related
bleaching rate constants by an order of magnitude (Table ). This behaviour was
observed in the other studies related to continuous UV-irradiation.2% Even the
mutual relationship of the bleaching rate constants for the two flavonoids
(Koleach.,querc./Koleach. rutin) 1S UV-energy dependent: from 4.4 (UV-A) over 12.1
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(UV-B) to 19.4 (UV-C) in favour of quercetin, which appears to be less UV-re-
sistant, compared to rutin in the same solvent (methanol). It is evident that the
substituent at position 3 in the C-ring affects this difference as it was proposed
the OH-group at this position makes quercetin more vulnerable to UV-action,
compared to the glycoside residue in the case of rutin.30

In addition, a clear increase in the absorbance of quercetin was detected in
the range between 280 and 320 nm, with a maximum around 290 nm, implying
the formation of a UV -irradiation product. However, this was not of relevance for
thiswork.

Flavonoids suppression of lecithin peroxidation

An estimation of flavonoids suppression of lipid peroxidation and its change
because of UV-irradiation was redised in an indirect manner. Direct measu-
rements of possible flavonoids scavenging of UV-created lipid (L*) and lipo-
peroxy (LOO®) radical species in investigated aqueous system (chain-breaking
antioxidant action) was not possible because the required techniques were not
available. Instead, the TBA-MDA test (which indirectly measures the amount of
lipid peroxidation)31.32 was employed in the presence and in the absence of the
two flavonoids and the difference was attributed to the antioxidant activities of
the flavonoids, not only through the chain-breaking action but also through direct
UV -absorption.

The patterns of the peroxidation of the studied lecithin in the absence (con-
trol) and in the presence of the flavonoids (sample) are shown in Fig. 5; both
plots were obtained with UV-A irradiation to be more comparable. As can be
seen, the control pattern expresses a typical curve shape, beginning with a rela
tively sharp rise, reflecting the fast proliferation of the lipid peroxidation chain in
the initial period of UV-irradiation, and finishing at some plateau level. In the
latter case, for longer periods of UV-irradiation, equilibrium between the UV-in-
duced production of peroxides and their simultaneous degradation exists. It is
well known that (lipid) peroxides themselves are very unstable species, prone to
self-degradation.33 The sample patterns in the presence of both quercetin and
rutin are obvioudly different (Fig. 5). Even in theinitial phase, the flavonoids sig-
nificantly reduce the amount of peroxidation, and continue to do so in an almost
in linear manner until the end of the UV-irradiation process, when the plateau
level (reflecting the production/degradation equilibrium of the peroxides) had al-
ready been established. Similar responses were obtained with UV-B and UV-C
irradiation.

Thus, both quercetin and rutin retained their antioxidant behaviour under
continuous UV-irradiation regime. However, it is questionable whether the
“guantity” of their antioxidant activities remained at the same level, or changed
under the employed UV-irradiation regime. loku and coworkers3# found that
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quercetin expressed a higher peroxy! radical-scavenging activity against methyl
linoleate in solution (as the protective target) compared to its glucosides, similar
to rutin, when peroxidation was initiated by a thermal 2,2"-azobis(2,4-dimethyl-
valeronitrile (AMVN) initiator. Figure 6 explains what happens when UV -initi-
ation was employed. The plots show a linear decreasing change in the flavonoid
inhibition of lecithin peroxidation with increasing duration of UV-irradiations; in
other words, the flavonoids antioxidant capacities are reduced under a continuous
UV-irradiation regime. As can be seen from Table |1, the quantity of change is
directly proportional to the energy of incident photons. In the case of quercetin,
the (antioxidation activity) attenuation factor (on switching from UV-A to UV-B,
and from UV-B to UV-C) is about 4; in the case of rutin, the attenuation
(diminution) factor for the UV-A/UV-B switch is about 7, and for UV-B/UV-C
switch about 4, the same as for quercetin. Bearing in mind the previoudly cited
greater stability of rutin, compared to quercetin, under a similar UV-irradiation
regime when lecithin was absent, this could seem somewhat surprising. It evi-
dently suggests that the higher resistance of rutin towards UV-irradiation (com-
pared to quercetin) plays only a partial role in the protection of its antioxidant
activity under the same UV-irradiation regime; the other, probably more signi-
ficant factor might be related to the free radical species created in the system
because of prolonged UV -irradiation, and the involved mechanisms.

U3BOJ

E®EKTU KOHTUHYAJIHOT" VIITPAJBYBUYACTOI O3PAUNMBAILA HA
AHTOKCUJATHUBHY AKTUBHOCT KBEPLETHHA 1 PYTUHA ¥ PACTBOPY
Y IMIPUCYCTBY JIEHUTHHA KAO 3AIUTUTHE METE

JIPATAH I[IBETKOBUR?, IEJAH MAPKOBUR?, IPATAHA I[[BETKOBUR? u BJIATA PAJIOBAHOBUR®

Texnonowru cpaxyaiuein, 16 000 Jleckosau, ’Hesena Koaop, 0.0.0, 16 000 Jleckosay, u
3 Mpupoono—maimiemaitiuyicu axyaitieis, Odcek 3a xemujy, 18 000 Huwu

Y oBOM pafy je mpoydaBaHa CTaOMIHOCT M aHTHOKCHIATHBHA aKTHBHOCT JBa M3abpaHa ¢iia-
BOHOM/A, KBEPLICTHHA M PYTHHA, PACTBOPEHA Y METAHOJIY W BOIH, IIPEMa JIejCTBY KOHTYHYaJIHOT
yarpasbyonudacror (UV) o3paumBama u3 Tpu pasinnunra nog-omncera, UV-A, UV-B u UV-C. ®ia-
BOHOMIW TOMJICXKY pasrpaimH npatehn KuHeTHKy npBor peaa. Koncrante OpsuHe nerpanpanvje
(bleaching-a) cy Beoma 3aBuche on eHepruje UV-¢oToHa. AHTHOKCHIATHBHA AKTHBHOCT JIBa
¢aBoHona y oxuocy Ha UV-mHIyKkoBaHy JIHIUIHY IEPOKCHIANHM]Y JICIUTHHA IIpOydYaBaHa je
TBA-MDA tectom, u HaljeHO je 1a Ha By Takohe yruue pexnm UV KOHTHHYaTHOT 03pavynBamba.
Enepruja UV-¢poToHa 1 0Bjie Urpa IiaBHy yJIOTY, ajli Ce HH yTHIA] (NIaBOHOMJHUX CTPYKTypa He
MOJXXE 3aHEMapHTH.

(Ipumsbeno 23. HoBemGpa 2010, pesuaupano 20. janyapa 2011)
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Abstract: The acetone soluble fraction of the methanol extracts of Parmeliaceae
lichens. Hypogymnia physodes, Evernia prunastri and Parmelia sulcata,
growing on the same host tree (Prunus domestica) and at the same locality was
analyzed for the first time by GC and GC-MS. The mgjor identified com-
ponents were olivetol (33.5 % of the H. physodes extract), atraric acid (30.1
and 30.3 % of the E. prunastri and P. sulcata extracts, respectively), orcinol
(25.0 % of the E. prunastri extract), vitamin E (24.7 % of the P. sulcata ex-
tract) and olivetonide (15.7 % of the H. physodes extract). Even though al the
identified compounds are known, a number of them were found for the first
time in the examined lichens, i.e., orcinol monomethyl ether (H. physodes), or-
cinol, atranol, lichesterol, ergosterol (H. physodes and P. sulcata), methyl hae-
matommate, atraric acid, olivetol, vitamin E (H. physodes and P. sulcata) and
Fsitosterol (P. sulcata).

Keywords: Hypogymnia physodes; Evernia prunastri; Parmelia sulcata; vola-
tile constituents.

INTRODUCTION

Lichens are probably the earliest colonizers of terrestrial habitats on Earth,
with fossil records tracing back to 400-600 million years ago.12 These fossils
indicate that fungi developed symbiotic partnerships with photoautotrophs before
the evolution of vascular plants. There are about 300 genera and 18000 species of
presently recognized lichens. They produce more than 800 unique secondary
metabolites as adaptations for growing in harsh living conditions. Most of the
secondary metabolites present in lichens are produced through the polyketide
pathway and consist mainly of monocyclic phenols, bicyclic phenols joined by an

* Corresponding author. E-mail: stgocaus@yahoo.com; gocast@pmf.ni.ac.rs
# Serbian Chemical Society member.
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ester bond (depsides), both ester and ether bonds (depsidones) or a furan hete-
rocycle (dibenzofurans and usnic acid), anthraquinones, xanthones, chromones
and secondary aliphatic acids and esters.3

The production of secondary metabolites is costly to the organisms in terms
of nutrient and energy; hence, one would expect that the plethora of metabolites
produced by lichens would have biological significance to the organisms. Some
of the possible biological functions of lichen metabolites, as summarized by
Huneck and Y oshimura,4 are:

— Antibiotic activities — provide protection against microorganisms.

— Photoprotective activities — aromatic substances that absorb UV light to
protect photobionts from intensive irradiation.

— Promote symbiotic equilibrium by affecting the cell wall permeability of
photobionts.

— Chelating agents — capture and supply of important minerals from the sub-
Strate.

— Antifeedant/antiherbivory activities — protect the lichens from insect and
animal feedings.

To date, high-pressure liquid chromatography (HPLC) methods have been
used most frequently for the analysis of the secondary metabolites in lichens.>6
Gupta et al.> developed an HPL C method with photodiode array detection for the
determination of methyl A-orcinolcarboxylate and ethyl haematommate in the
thalii of various lichen species.

Identification of atranorin, chloratranorin, atranol, chloratranol and esters of
haematommic acid by HPLC-MS using negative ion atmospheric pressure che-
mical ionisation in oakmoss absolute was reported by Hiserdodt et al.® HPLC
methods, however, need standards for compound identification or isolation of
extract constituents and their structure elucidation. The economic factor of very
expensive HPLC grade solvents and long analysis time should not be neglected.
In addition, the volatile part of the extracts might represent a minor proportion of
the constituents and consequently identification by HPLC could be difficult or
even impossible. On the other hand, good software (such as Amdis’) for search-
ing various MS libraries (Adams®, Wiley9, and Massfinder10) enables constituent
identification by GC-MS for many known compounds without isolation and
standards.

Direct GC-MS analysis of a solvent extract is not straightforward because of
the non-volatile residue, which remains undetected and stuck in the chromato-
graphic system. However, GC-MS gave good results with mono-aromatic com-
pounds in an oak moss absolute fraction, 11 identification and quantification of
atraric acid,12 and the fatty acids of the genus Collema lichens.13

Only HPLC fingerprints of various lichen species® have been exploited to
date, whereas, to the best of our knowledge, there have been no attempts at
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creating a database of GC-MS profiles of lichen volatiles. Herein for the first
time, the composition of the volatiles from the acetone soluble fractions of the
methanol extracts of the lichen species: Hypogymnia physodes, Evernia prunastri
and Parmelia sulcata, growing on the same host tree, collected at the same time
and locality, are reported. The presented results might help in the enlightenment
of relationships between lichens and their host and indicate the possibilities of
GC-MSfor the analyses of secondary metabolitesin lichens.

EXPERIMENTAL

Lichen material

Lichens species. Hypogymnia physodes (L.) Nyl., (syn: Parmelia duplicata var. Dougla-
sicola Gyelnik, Parmelia physodes (L.) Ach., Parmelia oregana Gyelnik; common names:
monk’ s-hood lichen, hooded tube lichen, puffed lichen), Evernia prunastri (L.) Ach. (com-
mon name; oakmoss), and Parmelia sulcata Taylor (common name: shield lichen) growing on
a Prunus domestica tree were collected on the locality: Serbia, Ni§, Suva Planina (meaning
“dry mountain” in Serbian, Bojanine vode, altitude of 860 m above sea level, coordinates 43°
10’ N, 22° 10’ E in April 2009). The lichen material was air-dried for 10 days and stored at
ambient temperature (25+2 °C) without exposure to direct sunlight. Voucher specimens were
deposited in the Herbarium collection at the Department of Biology and Ecology, Faculty of
Science and Mathematics, University of NiS under the acquisition numbers: 17 (H. physodes),
18 (E. prunastri), and 20 (P. sulcata). Taxonomical identifications were performed by Dr. Sla-
viSa Stamenkovi¢, Department of Biology and Ecology, Faculty of Science and Mathematics,
University of NiS.
Extraction

Powdered, air-dried lichen material (10 g) was extracted with methanol (250 mL) in the
dark at room temperature for 24 h. The methanol was evaporated under reduced pressure. The
extract yields were 14.4 % (H. physodes), 11.5 % (E. prunastri) and 11.0 % (P. sulcata). The
dry residues were then extracted with acetone (3 x 20 mL). The acetone was evaporated under
reduced pressure. The percentages of the acetone-soluble fractions calculated based on the dry
methanol extract were: 53.9 % (H. physodes), 57.6 % (E. prunastri) and 32.1 % (P. sulcata).

GC-MSand GC analyses

The GC-MS analyses were realised using a Hewlett-Packard 6890N gas chromatograph
equipped with a fused silica capillary column DB-5MS (5 % phenylmethylsiloxane, 30
mx0.25 mm, film thickness 0.25 um, Agilent Technologies, USA) and coupled to a 5975B
mass selective detector from the same company. The injector and interface were operated at
250 and 380 °C, respectively. The oven temperature was raised from 70-290 °C at a heating
rate of 5 °C min! and then held isothermally for 10 min. Helium at a flow rate of 1.0 mL min?
was used as the carrier gas. The samples, 1 uL of the acetone solutions (1:100), were injected
in a pulsed split mode (the flow was 1.5 mL min'! for the first 0.5 min and then set to 1.0 mL
min® throughout the remainder of the analysis; split ratio 40:1). The MS conditions were as
follows: ionization voltage of 70 €V, acquisition mass range 35-500 and scan time 0.32 s. The
extract constituents were identified based on their linear retention indices (relative to C12—
—C33 akanes on the DB-5M S column) and by the application of the AMDIS software (auto-
mated Mass Spectral Deconvolution and Identification System, Ver. 2.1, DTRA/NIST, 2002).
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The GC (FID) analyses were performed under the same experimental conditions using
the same column as described for the GC-MS. The relative proportions of the constituents
were percentages from the GC peak areas without any corrections.

RESULTS AND DISCUSSION

Qualitative composition and relative abundances of the volatiles of acetone
fractions are presented in Table I. Structures of main aromatic constituents are

shownin Tablell andin Fig. 1.

TABLE I. Volatiles (%) of the acetone soluble fraction of the methanol extract of the exa-

mined Parmeliaceae lichens

a H. E. P.
Compound R physodes prunastri  sulcata
3-Methoxy-5-methylphenol (syn. orcinol 1317 ° 5.7 P
monomethy! ether)
5-Methylbenzene-1,3-diol (syn. orcinol) 1369 0.6 25.0 t°
3-Chloro-2,6-dihydroxy-4-methylbenzaldehyde (syn. 1494 0.5 - -
chloroatranol)
2,6-Dihydroxy-4-methylbenzaldehyde (syn. atranol) 1546  5.1° 21 5.2
Methyl 2-hydroxy-4-methoxy-6-methylbenzoate 1580 - 1.6 -
(syn. sparassol)
Methyl 2,4-dihydroxy-6-methylbenzoate 1661 - 10.2 -
(syn. methy! orsellinate)
Methyl 3-formyl-2,4-dihydroxy-6-methylbenzoate ~ 1669 1.5 34 19°
(syn. methyl haematommate)
Methy! 2,4-dihydroxy-3,6-dimethylbenzoate 1703 17.2° 30.1 30.3°
(syn. methyl g-orcinolcarboxylate; atraric acid)
2,4-Dihydroxy-6-methylbenzoic acid (syn. orsellinic 1745 - 11 -
acid)
5-Pentylbenzene-1,3-diol (syn. 5-pentylresorcinol; 1755 33.5° - 1.6°
olivetol)
Hexadecanoic acid (syn. palmitic acid) 1958 0.9 t 21
(92,127)-9,12-octadecadienoic acid (syn. linoleic 2128 06 0.9 21
acid)
(92,127,157)-9,12,15- Octadecatrienoic acid 2134 - - 33
(syn. a-linolenic acid)
(92)-9-Octadecenoic acid (syn. oleic acid) 2141 3.2 t 35
Octadecanoic acid (syn. stearic acid) 2159 09 t 0.7
6,8-Dihydroxy-3-pentylisochromen-1-one 2290 157 - -
(syn. olivetonide)
2,4-Dihydroxy-6-(2-oxoheptyl)benzoic acid 2337 1.7 - -
(syn. olivetonic acid )
2,6-Diacetyl-3,7,9-trihydroxy-8,9b-dimethyl-9bH- 2706 - 11.4 -
dibenzofuran-1-one (syn. usnic acid)
Nonacosane 2900 - - 24
a-Tocopherol (syn. vitamin E) 3112 06° - 24.7°
Ergosta-5,8,22-trien-3-ol (syn. lichesterol) 3147 1.3 t 1.8°
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TABLE I. Continued

H. E. P.
Compound RI® physodes prunastri  sulcata
Ergosta-5,7,22-trien-38-ol (syn. ergosterol) 3177 21° t 45°
Stigmast-5-en-34-ol (syn. p-sitosterol) 3297 - - 10.6"
Total 91.4 91.5 91.4

8Experimental retention indices; ®found for the first time in the lichen taxon, t: trace amount (<0.05 %), — not
detected

TABLE II. Structures of some of the compounds identified in the examined lichen extracts

R»
R, O OH
Rs

R4
Compound R; R, Rs R,
Orcinol monomethyl ether CH; H H CH,
Orcinol H H H CH;
Chloroatranol H CHO (@ CH;
Atranol H CHO H CH,
Sparassol CH; H COQOCH;4 CH;
Methyl orsellinate H H COOCH;, CH;
Methyl haematommate H CHO COOCH;, CH,
Atraric acid H CH, COOCH;4 CH,
Orsdlinic acid H H COOH CH;
Olivetol H H H CsHyy

All the obtained chromatograms of the examined extracts showed only afew
prominent peaks corresponding to components present in significant amounts
(i.e., morethan 10 %): E. prunastri 4 and H. physodes and P. sulcata both 3 %.

Orcinol and atraric acid were the major components of the E. prunastri ex-
tract, detected in approximately equal quantities and comprising together 55.1 %.
Orcinol derivatives with the aldehyde group in the vicinity of two phenalic groups,
atranol and methyl haematommate, were also present but in smaller quantities, as
well as orcinol monomethy! ether. Among coupled phenolic compounds, only the
dibenzofuran derivative usnic acid was identified. It seems possible that the vola-
tility of other dibenzofurans, depsides and depsidones, was not sufficient for GC
anaysis.

Alongside atraric acid, that was present in all the investigated samples in
considerable amounts, the H. physodes extract was composed of olivetol (33.5
%), olivetonide (15.7 %) and olivetonic acid (7.7 %).
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HsC

Usnic acid
CsHiy H
by GsHyy
Ho X o)
o o 7 o
[ OH —_— o
OH
HO OH
HO OH HO OH
Olivetonic acid Enol form of olivetonic acid Olivetonide

Fig. 1. Structures of usnic acid, olivetonic acid, its enol form and the lactone olivetonide.

The P. sulcata extract differed from the others in that it contained a high
content of vitamin E (24.7 %) and three sterols comprising together 16.9 %. The
methyl ester of g-orinolcarboxylic acid (atraric acid) was the most abundant mo-
no-aromatic compound, followed by atranol.

Previously published results showed that E. prunastri extracts are charac-
terized by the presence of evernic acid, evernin and usnic acidl4 while physodic,
isophysodic, physodalic and 3-hydroxyphysodic acids dominated the H. physodes
extracts.15 Atranorin, usnic and salazinic acidl® were detected in P. sulcata ex-
tracts.

The observed mono-aryl compounds in the lichen extracts could be both
considered as authentic lichen metabolites but also as possible products of hyd-
rolysis, transesterification and decarboxylation of depsides during the extraction
and analysis processes.1’

Hydrolysis of both evernin and atranorin produces methyl #-orcinolcarboxy-
late. Haematommic acid is aso a hydrolytic product of atranorin and its decar-
boxylation yields atranol. Additionally, methyl S-orcinolcarboxylate hydrolysis
of evernin leads aso to 4-O-methylorsellinic acid, which upon decarboxylation
gives orcinol monomethyl ether as the product that was identified in the E.
prunastri and H. physodes extracts. The product of olivetoric acid hydrolysis is
olivetonic acid, enol form of which in turn can be lactonized to olivetonide,
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which was previoudly identified in an extract of treemoss (Pseudoevernia furfu-
racea) growing on cedar trees.14 Olivetol was also found as one of P. furfuracea
congtituents.18

It is believed that the sterols detected in lichen extracts are true lichen meta-
bolites but these could also have migrated from the host tree to the lichen.14 In
the present work, fsitosterol was not detected in the E. prunastri and H. phy-
sodes extracts, while it was the third most abundant component (10.6 %) in the P.
sulcata extract. Lichesterol and ergosterol were found in al examined extracts
but in different quantities. The obtained results suggested that if sterols do
migrate to the lichen from the host tree, the migration is dependent on both the
nature of sterols and the lichen species.

The high contents of 5-alkyl resorcinols (orcinol and olivetol) in the exa-
mined extracts indicate that the related carboxylic acids (orsellinic and olivetonic
acid) readily decarboxylate, contrary to methyl S-orcinolcarboxylate, which is
stable under the above-specified experimental condition. Namely, #-orcinol (2,5
-dimethylresorcinol) was not detected in any of the samples examined in this study.

CONCLUSIONS

The GC-MS profiles of the acetone-soluble fraction of the methanol extracts
of Parmeliaceae lichens; H. physodes, E. prunastri and P. sulcata, growing on
the same host tree (Prunus domestica) and at the same locality are relatively
simple with a few dominant components. Olivetol (33.5 %), atraric acid (17.2 %)
and olivetonide (15.7 %), were the mgjor components of the H. physodes extract.
Atraric acid constituted around one third of the E. prunastri and P. sulcata ex-
tracts. An additional characteristic of the E. prunastri extract was the high con-
tent of orcinol (25.0 %). The P. sulcata extract contained 24.7 % vitamin E. Even
though all the identified compounds are known, a number of them were evi-
denced for the first time in the examined lichens: orcinol monomethyl ether (H.
physodes), orcinol, atranol, lichesterol, ergosterol (H. physodes, F. caperata and
P. sulcata), methyl haematommate, atraric acid, olivetol, vitamin E (H. physodes
and P. sulcata) and A#sitosterol (F. caperata and P. sulcata).

Bearing in mind that all the investigated lichen species grew under the same
conditions (host tree and locality) and were harvested at the same time, it could
be concluded that the production of secondary metabolites of the lichens was not
affected by the host tree or environmental factors and that observed differencesin
the extract compositions were genetically predetermined.

The obtained GC-MS profiles of the studied lichen volatiles could be con-
sidered as a useful complementary tool to HPLC-MS analysis for the differen-
tiation of lichen specimens due to the availability and straightforwardness of the
cheaper GC-M S analyses compared to HPLC-MS.
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U3BO [
NCTIAPJBMIBU CACTOJII OJABPAHUX PARMELIACEAE JIMIIIAJEBA

UT'OP . CTOJAHOBUR?, HUKO C. PAAYJ]OBI/I"HZ, TATJAHA Jb. MUTPOBU'R?, CJIABUILIA M. CTAMEHKOBUR®

u'OPJIAHA C. CTOJAHOBHR?

'00cex Papmayuja, Meduyuncku gaxyaitieits, Yrusepsuitieii y Huwy, Bya. Op 3opana Bunbuha 81, 18000 Huw,
20o0cex 3a xemujy, [pupodno-maitiemaiiuuru gaxyaiteit, Ynueepauitieiti y Huuty, Butuezpaocka 33, 18000 Huw u

300cex 3a 6uoaozujy u exoaozujy, Ipupodro-maiiemaiivuku paxyitiei,
Ynusepsuitieii y Huuty, Buwezpaocka 33, 18000 Huut

AueroHcka ¢pakuuja MeTaHOTHMX ekcTpakata Parmeliaceae mumajesa: Hypogymnia physo-

des, Evernia prunastri u Parmelia sulcata, cakyrusenux ca ucror cyrcrpara (Prunus domestica) u

J10
HHU

cy

KaJIUTeTa, aHAIM3UpaHa je MeTojlaMa racHe Xxpomarorpaduje u racHe xpomarorpaduje ca Mace-
M nerekropoM (GC u GC-MS) no nipeu myT. [1aBHe naeHTH(HUKOBaHE KOMIIOHCHTE CKCTpaKara
: onmuseron (33,5 %, H. physodes), arpapna kucenuna (30,1 u 30,3 %, E. prunastri u P. sulcata,

pexom), oprmnon (25,0 %, E. prunastri), suramus E (24,7 % P. sulcata) u onuseronuy (15,7 % H.
physodes). Cse naeHTH(pHUKOBaHE KOMIIOHEHTE Cy IMO3HATE, i Cy HEKe O EbHX IO MPBH IyT

o
HO.
KU

10.

11

12.
13.
14.
15.
16.
17.

18.

eHTH(HUKOBAHE y MCIUTHBAHUM JIMINajeBuMa: opuuHoia-monomermi-erap (H. physodes), opuu-
J1, aTpaHol1, muectepol, eprocrepoi (H. physodes u P. sulcata), merui-xemaromar, aTpapHa
cenuna, onuserol, Butamu E (H. physodesu P. sulcata) u f-cutocrepon (P. sulcata).

(TTpumibero 4. okToOpa, peuaupano 27. neuembpa 2010)
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Ster eospecific ligands and their complexes. VI. The crystal
structure of (S,9)-ethylenediamine-N,N’-di-2-propanoic acid
hydrochloride, (S,S)-H,eddp-HCI*
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Abstract: (S,S)-Ethylenediamine-N,N’-di-2-propanoic acid hydrochloride,
(59-H,eddp-HCI, was prepared and its crystal structure determined. The
compound was characterized by infrared and 1H- and 13C-NMR spectroscopy.
It forms P1 in the space group of atriclinic crystal system with a = 5.3902(2)
A, b=58967(2) A, c=10.3319(2) A, a = 99.625(2)°, B = 91.645(2)°, y =
=109.995(2)° and Z = 1.

Keywords. (S 9-ethylenediamine-N,N’-di-2-propanoate ligand; X-ray crysta
structure, IH-NMR, 13C-NMR spectroscopy.

INTRODUCTION

The discovery of the anticancer activity of cisplatin led investigators to syn-
thesize a number of platinum(I1/1V) complexes that could potentially be less to-
xic to healthy tissues3 and overcome the resistance of some tumors to this type
of drug.4° Although platinum-based drugs have high nephrotoxicity and neuroto-
xicity, cisplatin, carbopatin and oxaiplatin are in clinical use worldwide.6

According to these investigations, attention was mainly focused on the pre-
paration, characterization and biological activity of metal complexes with stereo-
specific edda-type ligands (edda = ethylenediamine-N,N’ -diacetato ion), such as
the ethylenediamine-N,N’ -di-(S,S)-2-propanoate ion and its derivatives.’-10

* Corresponding author. E-mail: srecko@kg.ac.rs

doi: 10.2298/J5C101025088G

* For Part V see G. P. Vasi¢, V. V. Glodjovi¢, |. D. Radojevi¢, O. D. Stefanovi¢, Lj. R. Co-
mi¢, V. M. Djinovi¢, S. R. Trifunovié, Inorg. Chim. Acta 363 (2010) 3606.
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The preparation of (SS)-ethylenediamine-N,N’-di-2-propanoic acid was
published earlier, without spectral characterization.1l In the present study, the
ligand was characterized by infrared, and 1H- and 133C-NMR spectroscopy. In ad-
dition, this paper reports single crystal X-ray structure determination of (SS)-
-ethylenediamine-N,N’ -di-2-propanoic acid hydrochloride, crystallized from an
HCl—water solution (pH 1.0).

EXPERIMENTAL
Chemistry
All reagents were of grade purity. (SS)-Ethylenediamine-N,N’-di-2-propanoic acid,
((S9-H,eddp), was prepared using a previously described procedure.l! On leaving an HCl—
—water solution of (SS)-H,eddp (pH 1.0) to stand at room temperature for severa days, (S9)-
-ethylenediamine-N,N’ -di-2-propanoic acid hydrochloride, (S,S)-H,eddp-HCI, crystallized in a
form suitable for X-ray crystal structure determination.

Crystal structure determination

A colorless block-shaped single crystal of (S9)-H,eddp-HCl was sealed into a glass
capillary and used for the measurement of precise cell constants and intensity data collection.
The data were collected at room temperature on a Bruker-Nonius KappaCCD using MoKao
radiation (2 = 0.71073 A, graphite monochromator). The diffraction intensities were corrected
for Lorentz and polarization effects. The absorption effects were corrected on a semi-em-
pirical basis using multiple scans (SADABS).12 The structure was solved by direct methods
and refined by full-matrix least-squares calculations against F2.13 All non-hydrogen atoms
were refined with anisotropic displacement parameters. The position of all hydrogen atoms
were derived from a different Fourier synthesis and all hydrogen atoms were refined with
individual isotropic displacement parameters. The details of the crystal data, data collection
and structure refinement are summarized in Tablel.

TABLE |. Crystal data, data collection and structure refinement details for (S,S)-H,eddp'HCI

Formula CgH]jCl N204
Formulaweight 240.69
Crystal system Triclinic
Space group P1
alA 5.3902(2)
b/A 5.8967(2)
c/A 10.3319(2)
al® 99.625(2)
ple 91.645(2)
yl° 109.995(2)
VIA3 302.94(2)
Z 1
Density (calcd.)x10°, kg m™® 1.319
Abs. coefficient, mm™* 0.314
F(000) 128

No. of collected reflections 8159
No. of independent reflections 2941 (R(int) = 0.0277)
No. of observed reflection (1 > 20(1)) 2510
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TABLE I. Continued

Trine Trmax 0.917, 1.000
Largest difference peak/hole, eA™ 0.215-0.221
Goof (F?) 1.024

R1, wR2 (1>20(1)) 0.0318, 0.0670
R1, wR2 (all data) 0.0438, 0.0704
Absolute structure parameter 0.00(4)

The infrared spectrum was recorded on a Perkin-EImer FTIR 31725-X spectrophoto-
meter using the KBr pellet technique. The 1H- and 13C-NMR spectra were recorded on Varian
Gemini-200 NMR spectrometer using TMS in D,O as internal reference at 22 °C using a 10
mM solution of the compound. Elemental analyses was realized on a Vario |1l CHNOS ele-
mental analyzer, Elemental Analysensysteme, GmbH.

All the reagents were obtained commercially and used without further purification.

RESULTS AND DISCUSSION
Spectroscopic properties of (S,S)-Hoeddp-HCI

Yield: 11.3 %; Anal. Calcd. for CgH17CIN>Og4: C, 39.92; H, 7.12; N, 11.64
%. Found: C, 39.70; H, 7.01; N, 11.50 %. IR (KBr, cm1): 3419, 3120, 2828,
1728, 1693, 1456, 1350, 1275, 1118, 922, 837, 790, 626. 1H-NMR (200 MHz,
D50, &/ ppm): 1.53 (6H, d, CH3), 3.54 (4H, t, CH>), 3.67 (2H, g, CH). 13C-
-NMR (200 MHz, D0, 6/ ppm): 17.4 (CH3), 44.7 (CH>), 60.1 (CH), 175.7
(COO).

The IR spectrum of the ligand showed specific absorption bands, i.e.,
&C=0) at 1728 cm1 (strong), typical absorption for a protonated acid, §C=0)
at 1693 cm1 (strong), typical absorption for a deprotonated acid, {C-O) 1275
cm1 (medium) and §CH3) at 2828 cm—1 (medium).

The NMR spectroscopic measurements gave proof for the constitution of the
ligand. In the IH-NMR spectrum of (S,S)-Hoeddp-HClI, there are the expected
signals of CH»> protons between two diamine nitrogen atoms at 3.54 ppm as a
triplet. The signal for the hydrogen atoms of the methyl groups is located at 1.53
ppm as a doublet. The signal for the hydrogen atoms of the CH groupsis at 3.67
ppm as a quartet.

I3C-NMR spectrum of (S,S)-Hoeddp-HCI exhibits signals for the carbon
atom of the COOH groups at 175.7 ppm. The signal of the carbon atom of the
methyl groupsis at 17.4 ppm. The carbon atoms of the CH» groups gave a signal
at 44.7 ppm and of the CH groups asignal at 60.1 ppm.

Description of the structure of (S,S)-Heddp-HCI

Using the previously described procedure,11 (S,S)-ethylenediamine-N,N' -di-
-2-propanoic acid, (S9)-Hoeddp, was isolated as a double zwitter ion at pH 5,
with two secondary nitrogen atoms and two carboxylic groups in its structure
(Fig. 1). Acidification with aqueous HCI solution to pH 1 resulted in the proto-
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nation of one carboxylic group of the (SS)-H»eddp molecule. This protonated
hydrochloride form of (SS)-Hoeddp yielded good quality crystals suitable for
X-ray structure determination.

+

4
‘00C——CH— H,N—CH,——CH,— NH,—CH——COO"

CH3 CH3
Fig. 1. Structure of (S9)-H,eddp as a zwitter ion.

The molecular structure of (S,9-H»eddp-HCI with the corresponding atomic
numbering scheme is shown in Fig. 2. The unit cell packing of the (SS)-
-Hoeddp-HCI moleculeis givenin Fig. 3, while selected bond distances and bond
anglesarelisted in Tablell.

Fig. 2. Molecular structure of (S9)-H»eddpHCI (50 % probability ellipsoids, H atoms
displayed at arbitrary size), the dotted lines indicate the hydrogen bonds
between the chloride anion and the (SS)-eddp cation.

The structure of (S9)-Heddp-HCI consists of the protonated (S,S)-Hoeddp-HCI
molecule, as a (S,9-Hzeddp™ and a Cl— counter ion. The difference between the
0O(1)—C(1) and O(2)—C(1) bond lengths (Table I1) suggest the protonation of this
carboxylic group, while the O(3)—C(6) and O(4)—C(6) bonds were of amost the
same length, suggesting the deprotonated form of this carboxylic group. The
elongation of the N(2)—-H(2C) bond compared to the N(2)—H(2B) bond is due to
the fact that H(2C) is incorporated in a hydrogen bond with Cl— (Table I11). All
the other bond distances and angles are in their usual ranges.

The specific shape of the central diamine part of the (SS)-H2eddp-HCI mole-
cule is a consequence of the strong intermolecular N(1)-H(1B)---Cl(1) and N(2)—
—H(2C)---Cl(1) hydrogen bonds. These N—H---Cl hydrogen bonds, strong inter-
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STEREOSPECIFIC LIGANDS AND THEIR COMPLEXES 999

molecular N-H---Cl and O-H---O hydrogen bonds as well as weaker C-H---Cl
hydrogen bonds (Table I11) determine the packing of the (S,9)-H»eddp-HCI mole-
cules in the crystal lattice. The parameters of the more unusual and weaker
C—H---Cl hydrogen bonding interactions fall within the typical range observed
for this type of hydrogen bond.14

Fig. 3. Packing diagram of (S S)-H,eddp-HCI (view along the crystallographic a-axis); dotted
lines indicate intramol ecular hydrogen bonds.

TABLE Il. Selected bond distances and angles for (S,S)-H.eddpHCl (estimated standard
deviations (e.s.d.’s) in parentheses)

Bond Vaue
Distance, A

O(1)-C(2) 1.196(2)
0(2-C(1) 1.292(2)
0O(3)—C(b) 1.244(2)
O(4)—C(6) 1.255(2)
N(1)-C(3) 1.491(2)
N(1)-C(2) 1.493(2)
N(2)—-C(5) 1.494(2)
N(2)-C(4) 1.495(2)
C(1)-C(2 1.519(3)
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TABLE Il. Continued

Bond Value
Distance, A
C(2-C(7) 1.527(3)
C(3)-C(4) 1.510(3)
C(5)-C(8) 1.511(3)
C(5)-C(6) 1.540(2)
N(D)-H(1A) 0.930(3)
N(1)-H(1B) 0.930(2)
N(2)-H(2B) 0.94(3)
N(2)-H(2C) 0.98(3)
Angle, °

C(5)-N(2-C(4) 113.72(15)
0O(1)-C(1)-0(2) 126.11(18)
O(1)-C(1)—C(2 122.76(16)
0(2-C(1)—C(2 111.13(15)
N(1)-C(2-C(1) 107.63(13)
N(1)—-C(2-C(7) 111.68(17)
C(1)-C(2—C(7) 111.28(17)
N(1)-C(3)-C(4) 112.56(15)
N(2)-C(4)—C(3) 112.39(16)
N(2)—-C(5)—C(8) 108.85(17)
N(2)—C(5)—C(6) 109.53(14)
C(8)-C(5)—C(6) 109.89(18)
0O(3)-C(6)-0(4) 125.48(16)
0O(3)—-C(6)-C(5) 117.41(16)
O(4)—C(6)—-C(5) 117.04(15)
C(3)-N(1)—C(2 113.01(13)

TABLE Il1. Hydrogen bonds found for (S,S)-H,eddpHCI (e.s.d.’s in parentheses); Symmetry
transformations used to generate equivalent atoms: #1: x,y+1,z #2: x+1y,z, #3: x,y,z+1; #4:
x+1,y+1,z

D-H---A dD-H)/A d(H---A)/A dD---A)/A Z(DHA) /°
N(1)-H(1A)---Cl(1)#1 0.93(3) 2.25(3) 3.1254(15) 158(2)
N(1)-H(1B)---CI(1) 0.93(2) 2.32(2) 3.0866(15) 138.8(17)
N(2)-H(2B)---O(3)#2 0.94(2) 1.80(2) 2.7239(19) 167(2)
N(2)-H(2C)---CI(1) 0.98(3) 2.22(3) 3.1659(16) 160(2)
O(2)-H(2D)---O(4)#3 0.97(4) 1.61(4) 2.523(2) 153(4)
C(3)-H(3B)---Cl(1)#4 0.96(3) 2.62(2) 3.321(2) 130(2)
C(4)-H(4B)---Cl(1)#1 0.98(2) 2.88(2) 3.591(2) 130(2)
CONCLUSIONS

(S9)-Ethylenediamine-N,N’ -di-2-propanoic acid was unexpectedly crystal-
lized in the form of the monohydrochloride. The crystal form and the crystal
packing are determined by strong intermolecular N(1)—-H(1B)---Cl(1) and N(2)—
—H(2C)---Cl(1), as well as by unusualy weak C(3)-H(3B)---Cl(1)#4 and C(4)—
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—H(4B)---Cl(1)#1 hydrogen bonds. The bond distances and bond angles are
within their usual ranges.
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M3BOJ
CTEPEOCHELIMOUYHU JIMTAHIU 1 IBUXOBU KOMIUIEKCH. VI. KPUCTAJIHA CTPYKTVPA (S9-
ETHUJIEHAUAMUH-N,N'-TH-2-ITPOTTAHCKA KHCEJIMHA-XU/IPOXJIOPUJIA, (S,9)-Heddp-HCI
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1 CPERKO P. TPUOYHOBUR!
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Chemistry, Egerlandstrasse 1, D-91058 Erlangen, Germany

Cunrerucan je terpageHtatnu nuranyn (SS)-erunenanamun-N,N’ -qu-2-npomnancka Kucenu-
Ha-XHIPOXJIOPUJI M HCITUTHBAHA je HEeroBa KpHCTAIHa CTpyKTyPa. HaBeneHH nurani HEO4eKHBAHO
KPUCTAJIMIIE K0 MOHOXMAPOXJIOPH] Y HPOCTOPHO] rpynH Pl TpUKIMHUYHOT KPHCTAIHOT CHCTEMa
ca auMeHsHjama jenmHmune hemmje a = 5,3902(2) A, b = 5,8967(2) A, ¢ = 10,3319(2) A, o =
=99,625(2)°, f#=91,645(2)°, y=109,995(2)° u Z = 1.

(TMTpumsbero 25. okTobpa, pesuaupato 23. neremopa 2010)
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their structural descriptors
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Abstract: Quantitative structure—activity relationship (QSAR) approaches were
used to estimate the volume of distribution (Vg) using an artificial neura net-
work (ANN). The data set consisted of the volume of distribution of 129 phar-
macologicaly important compounds, i.e., benzodiazepines, barbiturates, nonste-
roidal anti-inflammatory drugs (NSAIDs), tricyclic anti-depressants and some
antibiotics, such as betalactams, tetracyclines and quinolones. The descriptors,
which were selected by stepwise variable selection methods, were: the Mori-
guchi octanol-water partition coefficient; the 3D-MoRSE-signal 30, weighted
by atomic van der Waals volumes; the fragment-based polar surface area; the d
COMMAZ2 value, weighted by atomic masses; the Geary autocorrelation,
weighted by the atomic Sanderson electronegativities; the 3D-MoRSE — signal
02, weighted by atomic masses, and the Geary autocorrelation — lag 5, weighted
by the atomic van der Waals volumes. These descriptors were used as inputs
for developing multiple linear regressions (MLR) and artificial neural network
models as linear and non-linear feature mapping techniques, respectively. The
standard errors in the estimation of V4 by the MLR model were: 0.104, 0.103
and 0.076 and for the ANN model: 0.029, 0.087 and 0.082 for the training,
internal and external validation test, respectively. The robustness of these mo-
dels were also evaluated by the leave-5-out cross validation procedure, that gives
the statistics Q2 = 0.72 for the MLR model and Q2 = 0.82 for the ANN modé!.
Moreover, the results of the Y-randomization test revealed that there were no
chance correlations among the data matrix. In conclusion, the results of this
study indicate the applicability of the estimation of the V4 value of drugs from
their structural molecular descriptors. Furthermore, the statistics of the deve-
loped models indicate the superiority of the ANN over the MLR model.

Keywords. quantitative structure—activity relationship; molecular descriptor;
volume of distribution; artificial neural network.
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INTRODUCTION

The volume of distribution (Vg) of a drug is a mgor pharmacokinetic pro-
perty that determines the drug half life and affects the dosing regimen. This pa-
rameter is simply a proportionality constant which relates to the amount of drug
in the body and/or compartment of the body to its plasma concentration and can
represent a measure of the relative partitioning of drug between plasma (the cen-
tral compartment) and the tissues.l The concentration of drug in the plasma or
tissues depends on the amount of systemically absorbed drug and the volume in
which the drug is distributed as well as the clearance (Cl). The clearance of a
drug is the volume of plasma from which the drug is completely removed per
unit time. The amount of eliminated drug depends on the concentration of the
drug in the blood. The fraction of the drug in the body eliminated per unit timeis
showed by the elimination constant (kg ). The volume of distribution is calculated
from these two parameters using the following equation:

Vg =Cl /Ky Q)

The volume of distribution in humans is traditionally estimated from in vivo
data from preclinical animals with appropriate scaling to man, which is a slow,
labor intensive and costly process.2 Moreover, low rates of throughput provide
detailed and informative data at the expense of animal usage.3 Therefore in silico
estimation methods, such as quantitative structure—activity relationships (QSAR)
can be used as an aternative to animal scaling to predict Vg.4° A quantitative
structure activity relationship model describes a mathematical relationship be-
tween a structural attribute (s) and the activity of a set of chemicals. The use of
such mathematical relationships to predict the target property of interest for a
variety of chemicals prior to or in lieu of expensive and labor-intensive experi-
mental measurements has naturally been very enticing. The potential promise of
using QSAR models for the screening of chemical databases or virtual libraries
before their synthesis appears equally attractive to chemical manufacturers,
pharmaceutical companies and government agencies, particularly in times of
shrinking resources.® There are some reports concerning the prediction of the
volume of distribution of chemicals.”8 For example, Hirono and coworkers stu-
died the correlation of chemical structures with the volume of distribution of
some aromatic, non-aromatic and hetero-aromatics medicines, to construct an ex-
pert system for predicting the pharmacokinetic properties of organic chemicals
using fuzzy adaptive least-squares.” Artificial neural networks for the prediction
of the human pharmacokinetic parameters of some drugs using a combination of
physico-chemical properties and animal pharmacokinetic parameters were used
by Ritschel et al.® Protein binding, partition coefficients, dissociation constants,
total clearance (Cliot) and volume of distribution (Vg) in rat and dog species of 41
drugs were evaluated for the prediction of human total clearance and volume of
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distribution by these researchers. Their results indicated that drugs with partition
(log P) < 1.17 showed predictability of 63.41 % for Clig and 48.78 % for Vg,
while drugs with low protein binding (approximately 20 %) showed a pre-
dictability of 19.51 % for Cliot and 41.46 % for Vy. Comparison of these results
with an in vitro estimation showed no bias in the prediction of either clearance (p
< 0.2) or volume of distribution (p < 0.5). In another study, a quantitative struc-
ture—pharmacokinetic relationship model to predict some pharmacokinetic pro-
perties of a cephalosporins series was developed by J. V Turner et al.10 More-
over, F. Lombardo and co-workers published some reports about the prediction
of human volume of distribution values for neutral and basic drugs using phy-
sico—chemical measurements and protein binding data.1! Finally, Ghafourian and
co-workers reported a QSAR model for the prediction of Vg of some acidic and
basic drugs using a universal 7-parameter MLR model.4 In their mode!, the ob-
tained correlation coefficient between the observed and predicted Vg values for
the test set was R%pred = 0.699. They concluded that this QSAR model was able
to predict the volume of distribution of drugs belonging to different chemical
classes with a prediction error similar to that of other more complicated pre-
diction methods, including the commonly practiced interspecies scaling. In the
present work, this model was improved by using an ANN as a nonlinear feature
mapping technique.
METHODOLOGY

Data set

The experimental values of distribution for 129 drugs were extracted from the literature,?
and reported as log Vg, they are listed in Table I-S (Supplementary material). These drugs are
benzodiazepines, barbiturates, NSAIDs, tricyclic anti-depressants and some antibiotics, such
as betalactams, tetracyclines and quinolones. The distribution of the experimental log Vy4 va
lues of data set is shownin Fig. 1.

The data set was randomly divided into training, internal and external test sets that had
103, 13 and 13 members, respectively. The training set was used to develop the model, the
internal test set was used to prevent over training and the external test set was used to evaluate
the predictive ability of the obtained model.

Descriptor generation and screening

One important step in obtaining a QSAR mode is the numerical representation of the
structural features of molecules (molecular descriptors). The molecular descriptors used to
search for the best mode! of log V4 were calculated by the Dragon program?2 based on the
minimum energy molecular geometries that were optimized by the Hyperchem package (ver-
sion 7.0) (HyperChem 2002, release 7.0) based on the AM1 semi-empirical method.13 After
calculation of the molecular descriptors, those that were constant or near constant for all mole-
cules were eliminated and pairs of variables with a correlation coefficient greater than 0.90
were classified as inter-correlated and one of each correlated pair was deleted. Then, the step-
wise multiple linear regression variable subset selection method!* was used for the selection
of the most relevant descriptors from the pool of the remaining descriptors. These descriptors
were used as inputs for the construction of the ANN and MLR models.
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Molecular diversity analysis

Diversity analysis was performed on the data set to ensure that the structures of the
training or test sets can represent those of the whole ones.1® é database of n compounds ge-
nerated from m highly correlated chemical d&ecriptors{x,—}_flwas considered. Each com-
pound, X;, is represented as a vector of: 1=

Xi = (%1.%2.%3.---%m) for i=12L,n 2
In the above equatiom, j denotes the value of descriptor j of compound X;. The col-
lective daiabase( X ={X; }HT is represented by an nxm matrix (X) as follows:
X1 X2 ot Xm
X=(xxLXy) =@ X . Yem ©)
Xmi Xm2 0 Xnm

Here the superscript T denotes the vector/matrix transpose. A distance score for two
different compounds X; and X; can be measured by the Euclidean distance norm dj;, based on

the compound descriptors:
d; =||Xi—xj||=,/§1(xik—xjk)2 (4)

The relative mean distances (a, ) of one sample to the remaining ones were computed as
follow:

Y00
n-1
Then the relative mean distances were normalized within the interval (0,1). The values of
the relative mean distances of samples versus the experimental log Vy are plotted in Fig. 2.
The results of thistest illustrate the good distribution of the test sets among the whole data set.

The training set with a broad representation of the chemistry space was adeguate to ensure mo-
dels stahility and the diversity of the test set can prove the predictive capability of the model.

d = i=12...n (5)
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Fig. 2. Theresults of the diversity analysis (the relative mean distance
was cal culated from Eq. (5)).

Nonlinear modeling

In order to examine any non-linear relationships between selected molecular descriptors
and the volume of distribution, an artificial neural network was used. A detailed description of
theory behind artificial neural networks has been adequately described elsewhere.16-19 |n
addition, some relevant principles of ANNs were reported in previous papers.2>22 ANNs are
paralel computational devices consisting of groups of highly inter-connected processing ele-
ments called neurons. Neurons in traditional neural networks are arranged in a series of layers.
The first layer is termed the input layer; each neuron in this layer receives information from
the exterior, corresponding to the independent variables (molecular descriptors). The last layer
is the output layer, and its neurons handle the output from the network, which islog Vg in this
study. The layers of neurons between the input and output layers are called hidden layers. The
number of neurons in these layers is optimized during model development.23 In the first step
of developing an ANN model, the program of a feed-forward neural network, which was
trained by a back-propagation algorithm, was written in Matlab (ver. 7.4.0). This network had
seven nodes in the input layer and one node in the output layer. The initial weights were
selected from a uniform distribution of numbers that ranged between —0.3 and 0.3. The initia
bias values were set to be one. These values were optimized during the network training. The
value of each input was divided into its mean value to bring them into the dynamic range of
the sigmoid transfer function of an ANN. Before training, the network parameters were opti-
mized. These parameters were: number of nodes in the hidden layer, weights and biases
learning rates and the momentum. Then the optimized network was trained using a training set
for adjustment of the values of the weights and biases.

RESULTS AND DISCUSSION

The descriptors which were selected by the stepwise variable selection me-
thod are: the Moriguchi octanol-water partition coefficient (Mlog P); the 3D-
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-MoRSE — signal 30, weighted by atomic van der Waals volumes (Mor30v); the
fragment-based polar surface area (PSA); the d COMMA2 value, weighted by
atomic masses (DISPm); the Geary autocorrelation, weighted by the atomic San-
derson electronegativities (GATS2e); the 3D-MoORSE — signal 02, weighted by
atomic masses (Mor02m) and the Geary autocorrelation — lag 5, weighted by ato-
mic van der Waals volumes (GATS5v). These descriptors encode different as-
pects of the molecular structure and were applied to construct the MLR and ANN
models. Detailed explanations about these descriptors can be found in the Hand—
book of Molecular Descriptors.12 Table | represents the correlation between these
descriptors. As can be seen from this table, there were no high correlations be-
tween these descriptors.

TABLE |. Correlation matrix between the selected descriptors
MlogP Mor30v  PSA DISPm GATS2e GATShHv Mor02m

Mlog P 1 0.174 0558 0.25 0.232 0.222 -0.306
Mor30v 1 -0.216 0.026 0.264 0.131 0.182
PSA 1 -0.248 -0.387 -0.087 -0.145
DISPm 1 0.038 -0.039 -0.145
GATS2e 1 0.088 0.037
GATS5v 1 -0.123
Mor02m 1

In the case of the MLR models, good correlations with the experimental
volume of distribution were selected based on the correlation coefficient (R), the
Fisher criterion (F) and the standard error of regression (SE) of the models. The
specifications of the selected MLR model are shown in Table Il. The standard
error (SE), average error (AE) and average absolute error (AAE) in the calculation
of log Vg by this modd for the training set are: SE = 0.420, AE = 0.003 and AAE =
= 0.310; for internal test set, they are: SE = 0.430, AE = 0.066 AAE = 0.342 and
for external test set, are: SE = 0.085, AE = 0.00, AAE = 0.082.

Moreover, an artificial neural network was applied to further examine any
non-linear relations between selected molecular descriptors and the volume of
distribution. Before training the network, the parameters of the number of nodes
in the hidden layer, weights and biases learning rates and momentum values were
optimized. The architecture and the specification of the optimized neural network
are given in Table Il1. After optimization, the network was trained by using the
training set for the adjustment of the values of the weights and biases. To
maintain the predictive power of the network at a desirable level, training was
stopped when the value of error for the internal test set started to increase. Since
the test error is not a good estimate of the generation error, the prediction po-
tential of the model was evaluated on a third set of data, named the external test
set. Then the trained network was applied to calculate the values of Vq for the
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internal and external test sets. The statistics of this model in the estimation of Vq4
were: SE = 0.119, AE = 0.00 and AAE = 0.082 for the training set; SE = 0.439,
AE = 0.100 and AAE = 0.363 for the internal test set and SE = 0.078, AE = 0.005
and AAE = 0.060, for the external test set.

TABLE Il. Specification of the MLR model

Descriptors Notation Coefficient SE t-value p-value
Moriguchi octanol—water partition Mlog P 0298 0.072 4.131 0.000
coefficient

3D-MoRSE- signa 30, weighted by atomic  Mor30v. -0.273  0.069 -3.982 0.000
van der Waals volumes

Fragment-based polar surface area PSA -0.212 0.067 -3.161 0.002
d COMMA2 value, weighted by atomic DISPm 0.154 0.057 2718 0.008
masses

Geary autocorrelation, weighted by atomic  GATS2e 0260 0.067 3.884 0.000
Sanderson el ectronegativities

Geary autocorrelation —lag 5, weighted by  GATSbv 0.169 0.081 2.095 0.039
atomic van der Waals volumes

3D-MORSE - signal 02, weighted by atomic  Mor02m 0.150 0.066 2.260 0.026
masses

Constant — 0.190 0.087 2186 0.031

TABLE I1. Architecture and specifications of the ANN model

Transfer function Sigmoid
No. of hidden layer nodes 8
Weight learning rate 0.8
Bias learning rate 0.7
Momentum 0.2
No. of input layer nodes 7
No. of output layer nodes 1

In order to evaluate the robustness of the developed models, cross-validation
was employed.24 The obtained statistical parameters of the leave-5-out cross-va-
lidation test were: Q2 = 0.72 for the MLR model and Q2 = 0.82 for the ANN
model. In addition, the Y-scrambling procedure was performed to investigate any
chance correlations between Vg and selected molecular descriptors.2® The ob-
tained mean value of R2 after a 30-time scrambling of the data set and modeling
was 0.09, which indicates that there were no chance correlations in the data matrix.

Plots of the ANN calculated versus the experimental values of log Vg for the
training, internal and external test sets are shown in Fig. 3, which represent good
correlations between these parameter. In addition, the residuals of the calculated
Vg values are plotted against their experimental values in Fig. 4. Random propa-
gation of the residuals on both sides of the zero line indicates that no systematic
error exists in the developed ANN model. In order to compute the relative im-
portance of each input variable on the output of the neural network,26 sensitivity
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1010 FATEMI and GHORBANNEZHAD

analysis was used. This test was performed based on the sequential removal of
variables by zeroing the specific connection weights for an input variable in the
first layer of the established ANN model. According to this method, the diffe-
rences between the root-mean-square error (RMSE) of the complete prediction of
the network and the RMSE obtained when the ith variable was excluded from the
trained network (RMSE;) were calculated and are shown as Rmdiff; (Eg. (6)).

Rmdiffi = RMSE; — RMS (6)
1 -+
O train °
minternal ot .
« external Og}.
— g " o*d
Z 07 @
—.—\ .@o
& s oo
3 $§ -
= TE0 .
= 041 . % .
& .
A .
0.1 ; : |
0.1 0.4 0.7 1 Fig. 3. The plot of the ANN cal-
culated versus the experimental
log (Vy/Lkg")(exp) values of log V.
0.2 -
o train minternal g -
]
# external °
0.1 -
. o L
[+=] [#] (&)
E u - Q
é m 0% o £2° ¢ 8 SC‘D
) i Q [£] Q
g 0 TR P BS ., 08 ¢ % |
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Fig. 4. The plot of the residuals (Iog Vg ann — 109 Vg exp) Versus
the experimental values of log V.
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QSAR PREDICTION OF VOLUME OF DISTRIBUTION 1011

It is obvious that the most important variable is the one that leads to the
highest value of Rmdiff;. The values of Rmdiff; for the ANN model were cal-
culated and are plotted in Fig. 5. As can be seen in this figure, the order of impor-
tance of the selected molecular descriptors was; Mlog P > Mor30v > GATS2e >
GATSbv > PSA = DISPm> Mor02m.

0.016 -

0.012 -

Rmdiff ;

0.008 -

0.004 -

HmAAm .
- o q__.__;.,. 4:5"&

] % .
Y & 3

_.&ﬁq" ) ‘:5"'.! Q\GS !@‘ gl {Sc.‘ g
; <4 - [ -

Descriptors Name

Fig. 5. Theresults of the sensitivity analysis (Rmdiff; was calculated from Eg. (6)).

According to this analysis, the most important descriptor in the model was
Mlog P, which is a popular and traditional descriptor used in many QSAR mo-
dels.12 Mlog P describes the solute lipophilicity, which is one of the most im-
portant properties of any compound and indicates the ability of a solute to pene-
trate to lipid-rich zones from agueous solutions. This is a very important feature
of any drug that is administrated orally and is supposed to pass the gastrointes-
tinal epithelium. Another variable is DISPm, which is a molecular geometry des-
criptor and was obtained using the Dragon software and describes the confor-
mational features of the molecules. Low values of DISPm are expected for more
rigid molecules that exhibit higher passivity due to the absence of long and fle-
xible substituents and the presence of unsaturated bonds. The molecular polar
surface area (PSA) encodes the sum of the surface belonging to polar atomsin a
molecule; it is a descriptor that was affected on molecular transportation through
membranes and therefore, allows an estimation of the apparent volume of dis-
tribution in the body. Another of the descriptors is the Geary autocorrelation-lag
2 weighted by atomic Sanderson electronegativities, which belongs to the GATSd
family of 2D autocorrelation descriptors.27.28 Generally, the 2D-autocorrel ation
descriptors explain how the values of certain functions, at intervals equal to the
lag d, are correlated. In these descriptors, the lag is the topological distance and
the atomic properties are the functions correlated. These descriptors can be ob-
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1012 FATEMI and GHORBANNEZHAD

tained by summing the products of certain properties of two atoms, which are lo-
cated at a given topological distance or spatial lag. In general, they describe how
the considered property is distributed along the topological structure. The value
of GATS2e shows the dispersion of electronegative atoms at a topological dis-
tance equal to 2 bonds in a molecule and aso the value of GATS5v shows the
dispersion of volume atoms at a topological distance equal to 5 bondsin a mole-
cule. The remaining descriptors are Mor02m and Mor30v. These descriptors are
defined based on the idea of abtaining information from the 3D atomic coordi-
nates by the transform used in electron diffraction studies for preparing theore-
tical scattering curves.2® A generalized scattering function, called the molecular
transform, can be used as the functional basis for deriving from a known mole-
cular structure, the specific analytic relationship of both X-ray and electron dif-
fraction. These descriptors can encode the mass-distribution around the center of
a molecule. In general, the descriptors that appeared in these QSAR models can
encode different electronic, steric and lipophilic aspects of the molecules, which
can affect the volume of distribution of drugs.

The fold errors (FE) in the prediction for the obtained QSAR models were
calculated from the following equation:

FE = antilog (|log Vd,0bs~ 109 V4, predl) (7)

The calculated mean fold errors (MFE) for the training, internal and external
test setswere 1.23, 2.5 and 1.92, respectively for the ANN model. In addition, as
mentioned earlier, Ghafourian et al. used QSAR approaches on the same data set
and obtained the statistics MFE = 2.11 and R2 = 0.699 in a leave-32-out cross
validation test for their best 7-parameter model (on elimination of 4 molecules as
outlier). The results of the same test on the herein presented ANN model gives
the statistics of MFE = 1.17 and R2 = 0.850, without any elimination of outlier
molecules. Comparisons between these results indicate the superiority of the pre-
sent model over their model.

CONCLUSIONS

The results of this study indicate that it was possible to estimate the volume
of distribution of drugs from their theoretically derived molecular descriptors.
Since these descriptors encode electronic and topological features of molecules,
it was concluded that lipophilicity and steric interactions affect the Vg of drugs.
Moreover, the superiority of the ANN over the MLR model revealed that there
are some nonlinear relationships between the volume of distribution and selected
molecular descriptors.

SUPPLEMENTARY MATERIAL

Data set and the corresponding observed values as well as MLR and ANN calculated
values of Vy are available eectronically at http://www.shd.org.rs/’JSCY/, or from the corres-
ponding author on request.
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QSAR PREDICTION OF VOLUME OF DISTRIBUTION 1013

U3BOA

ITPOLEHA 3ATIPEMMHCKE PACIIOAEJIE HEKMX ®APMAKOJIOIIKN BAXXHUX
JEJUBEIbA HA OCHOBY BbUXOBUX CTPYKTYPHUX JIECKPUIITOPA

MOHAMMAD H. FATEMI u ZAHRA GHORBANNEZHAD
Faculty of Chemistry, University of Mazandaran, Babolsar, Iran

ITpumeHoM Bemraukux HeypaiaHux mpexa (ANN) HaljeHe cy KBaHTHTAaTHBHE pellanuje u3-
mely crpykrype u akruBaoctu (QSAR) 3a mporeny 3ampemuncke pacrozpene (Vy). Iomamm ce
cacroje u3 3anpeMuHCKe pacrozerne 3a 129 gapMakononky BaXXHUX jelUbeha: OeH301Ha3enrHa,
6apoutypata, NSAID-a, TpULIMKIMYHNX aHTUICTIPECHBA U HEKUX aHTHOMOTHKA, Kao IITO cy Oera-
-JIAKTaMH, TETPAUMKIMHA U XuHONOHK. [Jleckpunropu cy Moriguchi-jeB koeduumjeHt pacmopene
oktaHos—Bojaa, 3D-MORSE curnan, BenmmumHa mojlapHe MOBpPIIMHE 3aCHOBAaHE Ha ()parMeHTHMA,
BpenHoctn d COMMAZ2, Geary-jeBa ayrokopenanuja, 3D-MORSE curnan 02, u np. OBu nec-
KPHIITOPH Cy yMOTPeObeHH Kao yJIa3HH Mojaly 3a nodujame mynriuanHeapuux perpecuja (MLR)
U 3a MOJieie BeIITAauKuX HeypaitHux Mpeka. Cranmapane rpeuike koj npouene Vy momohy MLR
mozerna cy: 0,104; 0,103 u 0,076, mok cy 3a ANN mozene: 0,029; 0,087 u 0,082 3a Tpenusr,
MHTEPHU U EKCTEPHM BaIWAALMOHH TecT. POOYCTHOCT OBHMX Mojena je Takohe HpoLeHmeHa, IITO
naje Q2 =0,723a MLR monen n Q2 = 0,82 3a ANN mopen. CraTucTiuka aHaIM3a yKasyje Ha TO Ja
je ANN mozen 60spu on MLR mopena.

(Mpumsbeno 4. HoBemOpa 2010)
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SUPPLEMENTARY MATERIAL TO
Estimation of the volume of distribution of some
phar macologically important compounds from
their structural descriptors
MOHAMMAD H. FATEMI* and ZAHRA GHORBANNEZHAD
Chemometrics Laboratory, Faculty of Chemistry, University of Mazandaran, Babolsar, Iran
J. Serb. Chem. Soc. 76 (7) (2011) 10051016

TABLE |-S. Data set and the corresponding observed values as well as MLR and ANN
calculated values of V4 (int and ext denote the internal and external test set, respectively)

No Name log (Vo)exe 109 (Vg)mr Deviation log (Vg)ann Deviation
1 Acetanilide -0.797 -0.096 -0.701 —0.663 -0.134
2 Alprazolam —-0.064 0.333 -0.397 0.034 —-0.098
3 Amitriptyline 1.025 1.362 -0. 337 1.079 -0.053
4 Amobarbital 0.021 —-0.489 0.510 -0.027 0.048
5 Amoxicillin -0.072 -0.578 0.506 -0.096 0.024
6 Amphetamine, 0.592 0.520 0.072 1.038 —-0.446
7 Ampicillin -0.214 —-0.448 0.235 -0.230 0.016
8 Bromazepam 0.053 0.269 -0.215 0.038 0.016
9 Bupivacaine 0.001 0.625 -0.624 -0.043 0.044
10 Bupropion 1.208 0.645 0.562 1.071 0.137
11 Butorphanol 0.697 0.297 0.400 0.564 0.133
12 Caffeine -0.259 -0.153 -0.106 -0.327 0.068
13 Carbamazepine 0.078 -0.327 0.405 0.034 0.044
14 Carbenicillin -0.603 -0.643 0.040 —-0.525 -0.077
15 Cefazolin ¢ -0.769 —0.056 -0.713 -0.497 -0.272
16 Cephalexin —-0.469 —-0.501 0.032 —-0.582 0.113
17 Cephaloridine —-0.639 -0.201 -0.438 -0.623 -0.017
18 Cephalothin -0.376 -0.355 -0.021 -0.432 0.056
19 Cephradine -0.356 -0.327 -0.029 -0.218 -0.138
20 Chloral hydrates, -0.222 -0.363 0.141 -0.161 -0.061
21 Chloramphenicol -0.242 0.151 —-0.393 -0.238 —-0.004
22 Chlordiazepoxide -0.445 0.171 -0.616 -0.238 -0.207
23 Chloroquine 2.050 0.982 1.068 1.816 0.234
24 Chlorphentermine 0.398 0.678 -0.280 0.609 -0.211
25 Chlortetracycline 0.207 —0.295 0.502 0.098 0.109
26 Clindamycin 0.001 -0.250 0.251 -0.007 0.008

* Corresponding author. E-mail: mhfatemi @umz.ac.ir
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No Name log (Vo)exp 100 (Vg)mr Deviation log (Vg)ann Deviation
27 Clobazam 0.049 —0.096 0.145 0.005 0.044
28 Clomipramine 1.232 1.042 0.190 1.423 -0.191
29 Clonazepam 0.495 -0.100 0.595 0.467 0.028
30 Clorazepate -0.036 -0.222 0.186 0.001 -0.037
31 Cloxacillin -0.826 -0.299 -0.527 -0.789 -0.037
32 Cyclacillin -0.396 -0.473 0.077 -0.238 -0.158
33 Demeclocycliney; 0.252 0.265 -0.013 0.378 -0.126
34 Desipramineyy; 1.479 0.986 0.493 1.059 0.420
35 Diazepame, 0.284 0.135 0.149 -0.068 0.352
36 Dicloxacillin —0.886 -0.493 -0.393 -0.935 0.048
37 Doxepiney: 1.102 1172 -0.070 1.059 0.044
38 Doxycyclinesy: -0.129 0.054 -0.183 0.163 -0.292
39 Ethambutol 0.126 0.058 0.068 0.127 -0.001
40 Ethclorvynol 0.398 0.508 -0.110 0.427 -0.029
41 Ethosuximide -0.173 —0.558 0.384 -0.104 -0.069
42 Etidocaine 0.300 0.556 -0.256 0.240 0.060
43 Fentanyl 3.60e 0.556 0.188 0.368 0.714 -0.159
44 Flunitrazepam 0.600 -0.116 0.716 0.670 -0.070
45 Fluoxetine, 1.649 0.738 0.911 1.362 0.287
46 Gentamycin —0.554 -0.412 -0.142 -0.615 0.060
47 Glutethimide 0.495 —0.068 0.562 0.508 -0.013
48 Griseofulvin 0.240 0.175 0.064 0.228 0.012
49 Hal operidol 1.200 0.609 0.591 1.302 -0.102
50 Hetacillin —0.396 —0.493 0.097 -0.331 —0.065
51 Ibuprofen —1.000 -0.169 -0.831 -0.991 —0.008
52 Imipramine 1.216 10.156 0.060 1.071 0.145
53 Indomethacin -0.024 0.192 -0.215 -0.007 -0.017
54 Isoniazid -0.194 —0.250 0.056 -0.153 -0.041
55 Kanamycin; -0.720 -0.197 -0.523 -0.874 0.154
56 Ketamine 0.600 0.313 0.287 0.662 -0.061
57 Lidocainey, 0.151 0.309 -0.159 0.244 -0.094
58 Lincomycin -0.481 -1.048 0.567 -0.380 -0.102
59 Lorazepam 0.078 -0.043 0.121 0.078 -0.001
60 M aprotiliney: 1.321 0.860 0.461 1516 -0.195
61 Meprobamate -0.153 0.054 -0.207 -0.173 0.020
62 Meptazinol 0.738 0.544 0.194 0.819 —-0.082
63 Methacycline -0.011 -0.282 0.271 -0.092 0.081
64 Methadone 0.531 0.212 0.319 0.483 0.048
65 Methaqual one, 0.778 0.933 -0.155 1.059 -0.280
66 Meticillin -0.445 —0.509 0.064 -0.424 -0.021
67 Metoclopramide 0.479 0.094 0.384 0.467 0.012
68 Midazol amyy 0.114 0.439 -0.325 0.471 -0.357
69 Minaocycline -0.125 -0.072 —0.053 -0.124 0.000
70 Moclobemide 0.110 0.528 -0.418 0.127 -0.017
71 Morphine 0.458 0.439 0.020 0.341 0.117
72 Nafcillin —0.538 —0.473 —0.065 -0.534 —0.004
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No Name log (Vg)exp 100 (Vg)uir Deviation log (Vg)ann Deviation
73 Naloxone 0.479 0.678 -0.199 0.528 —0.049
74 Neomycin(a) —2.000 -0.343 -1.657 -1.749 -0.251
75 Nitrazepam,, 0.349 -0.108 0.457 0.973 -0.624
76 Nitrofurantoin -0.493 -0.258 -0.235 -0.254 -0.239
77 Nortriptyline 1.313 1.289 0.023 1.249 0.064
78 Oxacillin -0.538 -0.242 -0.296 -0.785 0.247
79 Oxazepam —-0.003 0.155 —-0.158 -0.254 0.251
80 Oxyphenbutazone —0.959 -0.315 -0.644 —0.906 —0.053
81 Oxytetracycline 0.276 -0.080 0.356 0.090 0.186
82 Paracetamol 0.082 —0.096 0.178 -0.019 0.101
83 Paroxetine 1.366 0.629 0.736 1.281 0.084
84 PAS -0.639 -0.339 —-0.300 -0.505 -0.134
85 Penicillin G -0.169 —0.566 0.397 -0.189 0.020
86 Penicillin V -0.153 —0.659 0.506 -0.201 0.048
87 Pethidine 0.701 0.107 0.595 0.625 0.076
88 Phenacetin 0.118 0.269 -0.150 0.082 0.036
89 Phenazone -0.003 -0.197 0.194 -0.080 0.076
90 Phencyclidine 0.778 0.256 0.522 0.791 -0.013
91 Phenethicillin K -0.457 -0.469 0.012 -0.286 -0.171
92 Phenobarbital;y -0.097 —0.380 0.283 -0.797 0.700
93 Phenylbutazone,, -0.826 -0.274 -0.551 -0.444 -0.381
94 Phenytoin -0.222 0.143 -0.365 —-0.153 -0.069
95 Prazepam 0.175 0.204 -0.029 0.297 -0.122
96 Primidone -0.003 -0.068 0.064 -0.242 0.239
97 Propofol 0.543 0.220 0.323 0.601 —-0.057
98 Protriptyline 1.167 1127 0.040 1111 0.056
99 Pyrimethamine 0.341 0.236 0.105 0.390 -0.049
100 Quinine sulfate, 0.211 0.297 —-0.086 -0.068 0.279
101 Rolietracycline -0.238 -0.367 0.129 -0.323 0.085
102 Salicylamidey -0.826 —-0.380 —-0.446 -1.012 0.186
103 Sertraline 1.301 0.828 0.473 1.298 0.003
104 Spectinomycin -0.923 -0.112 -0.810 0971 0.048
105 Sulbenicillin -0.700 -0.598 -0.102 -0.671 -0.029
106 Sulfadiazine —-0.036 -0.420 0.384 -0.100 0.064
107 Sulfadimethoxinee, -0.388 —0.286 -0.102 -0.704 0.316
108 Sulfadoxine -0.923 —-0.440 -0.482 -0.813 -0.110
109 Sulfaethidole —0.745 -0.517 -0.227 -0.817 0.073
110 Sulfameraziney, —0.408 -0.367 -0.041 —0.469 0.060
111 Sulfameter -0.587 -0.238 -0.349 —0.550 -0.037
112 Sulfamethazine -0.214 -0.339 0.125 -0.234 0.020
113 Sulfamethizole, -0.457 0.123 -0.580 -1.080 0.623
114 Sulfamethopyrazine -0.659 -0.359 -0.300 -0.590 -0.069
115 Sulfamethoxazole —0.659 -0.254 —0.405 —0.505 -0.154
116 Sulfamethoxypyridazine —0.720 —0.845 0.125 -0.732 0.012
117 Sulfinpyrazone —-1.000 0.293 -1.293 -1.016 0.016
118 Sulfisomidine —0.493 —0.307 -0.187 —0.752 0.259
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No Name log (Vo)exp l0g (Vg)mr Deviation log (Vgany Deviation
119 Sulfisoxazol e -0.769 -0.436 -0.332 -0.833 0.065
120 Sulfisoxazole acetyl 0.074 -0.222 0.295 -0.534 0.607
121 Temazepam -0.007 0.192 -0.199 -0.112 0.105
122 Tetracycline 0.147 0.017 0.129 0.167 -0.021
123 Theobromine -0.125 -0.120 —0.005 0.090 -0.215
124 Tinidazole -0.408 -0.323 -0.085 -0.335 -0.073
125 Tramadol; 0.479 0.406 0.072 -0.169 0.648
126 Triazolam 0.041 0.394 -0.353 0.038 0.004
127 Trimethoprimeg, 0.381 0.204 0.178 -0.303 0.684
128 Valproic acid -0.769 -1.020 0.251 -0.744 -0.025
129 Viloxazine 0.001 0.159 -0.158 0.026 -0.025
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Abstract: The thermal decomposition of potassium titanium oxalate (PTO) was
studied using non-isothermal thermogravimetry at different heating rates under
a nitrogen atmosphere. The therma decomposition of PTO proceeds mainly
through five stages forming potassium titanate. The theoretical and experimen-
tal mass loss data are in good agreement for all stages of the thermal decom-
position of PTO. The third thermal decomposition stage of PTO, the combined
elimination of carbon monoxide and carbon dioxide, were subjected to kinetic
analyses both by the method of model fitting and by the model free approach,
which is based on the isoconversional principle. The model free analyses
showed that the combined elimination of carbon monoxide and carbon dioxide
and formation of final titanate in the thermal decomposition of PTO proceeds
through a single step with an activation energy value of about 315 kJmol-1.

Keywords. potassium titanium oxalate; non-isothermal thermogravimetry; de-
composition kinetics, model free methods.

INTRODUCTION

Metal oxalates have been the subject for a number of thermogravimetric stu-
dies, both from a practical and theoretical viewpoint.1.2 Duval3 summarized ther-
mogravimetric (TG) data for the drying and ignition temperature of alarge num-
ber of metal oxalates. Galwey et al.4 identified and discussed studies on the ther-
mal decomposition of silver oxalate. Studies on the thermal decomposition of
cobalt oxalate,® and manganese(ll) oxalate dihydrate and manganese(l1) oxalate
trihydrateb using TG, DTA and X-ray diffraction techniques were reported. Tita-
nate based ceramics have found many applications in material science for diffe-
rent reasons.” Even though potassium titanium oxalate (PTO) has many chemi-
cal8 and pharmaceutical 910 applications, no kinetic studies on its thermal decom-
position have been reported in the literature.

* Corresponding author. E-mail: kmuralika@gmail.com
doi: 10.2298/JSC100615083M
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1016 MURALEEDHARAN and PASHA

PTO and similar types of compounds have attracted attention due to their
technological importance, for instance as precursors of nanostructured titanates.
This compound shows an overall decomposition of thetype A — B + C, where A
and B are solid phases and C is agas or gases. Such reactions, typically resulting
in highly reactive solid products, have attracted a great deal of research interest
due to their theoretical and technical relevance.

The objective of this work was to investigate the thermal decomposition of
PTO and to determine whether the third therma decomposition stage, the com-
bined elimination of carbon monoxide and carbon dioxide, occurs through a single
stage and to determine the values of the kinetic parameters of this stage. The
third thermal decomposition stage of PTO, corresponding to the combined elimi-
nation of carbon monoxide and carbon dioxide and the formation of the fina
titanate, is very important and industry requires measurements of the kinetic pa-
rameter for the accurate design of the installations and the treatment conditions,
because augmentation of temperature or elongation of reaction time means more
cost. The results of the kinetic investigations can also be applied to problems
such as the useful lifetime of certain components, oxidative and thermal stability
and quality control.11

Reaction kinetics by thermogravimetry

Solid-state kinetic data are of practical interest for alarge and growing num-
ber of technologically important processes. The most common experimental tech-
nique employed to study kinetics of thermally activated reactions is thermogravi-
metry (TG), under the conditions of isothermal and/or non-isothermal conditions.
Kinetic studies of the therma decomposition of solids are one of the most im-
portant applications of therma analysis. In non-isothermal TG, two methods,
model fitting and model free analyses have been used for the evaluation of kine-
tic parameters. Modd fitting methods were among the first and most popular me-
thods for kinetic description, because they require only a single hesting rate
experiment to calculate the kinetic parameters. However, the popularity of these
methods has been declining in favour of the isoconversional method of model
free approaches 12-14

All kinetic methods assume that the isothermal rate of conversion, do/dt, isa
linear function of the temperature dependent rate constant, k(T), and a tempera-
ture independent function of conversion, f(¢), which depends on the mechanism
of the reaction, that is:

doddt = k(T)f(e) Q
The temperature dependent function k(T) is of the Arrhenius type, can be
considered as the rate constant, k, and is obtained from:

dadf(c) = Al feEIRTAT @)
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THERMAL DECOMPOSITION OF POTASSIUM TITANIUM OXALATE 1017

which upon integration and taking logarithms yields:

N Ing(e@) =In (AE/AR) + In p(X) 3
where p(X) = [ (exp(—x)/x2)dx and x = E/RT.

This is the basic form of equation used for analysis of non-isothermal data.
This equation can be readily applied once the form of the function p(x) is esta-
blished.

For kinetic analyses, the main task is to obtain the solution of the above
temperature integral. Several methods are available under different approaches,
viz, integral, differential and approximation, for the evaluation of the tempera-
ture integral. However, most of the approximation methods neglect the low tem-
perature end of the temperature integral. It has been reported that two-dimen-
sional quantities significantly influence the approximation methods!® and the so-
lution of the temperature integral is achieved by numerical integration with res-
pect to a dimensionless activation energy variable.16

The model fitting method

The function, p(xX) given in Eq. (3) is usually expressed as p(x) = (exp(—X)/x?)
Q(x), where Q(x) is a rationa function that depends on the approximation con-
sidered. By considering the gross simplification, Q(x) = 1, Eq. (3) becomes:

In (9(a)/T2) = In (AR/) —E/(RT) 4

Therefore, the most probable kinetic function and the corresponding kinetic
parameters, namely the activation energy, are determined by plotting In (g()/T2)
versus 1/T. Thus, a plot of In (g(@)/T?) vs. T must be a straight line for the
correct mechanism and non-linear for an incorrect mechanism. Hence, by cal-
culating the value of In (g()/T2) using the non-isothermal TG trace for the va-
rious rate processes mentioned in Table | and plotting them vs. /T, the most
probable mechanism corresponding to the linear plot can be determined.

The model free methods

Measuring the evolution of the overall physical properties of a system by
thermal methods of analysis provides information on the macroscopic kinetics.
Macroscopic kinetics is inherently complex because they include information
about multiple steps that are occurring simultaneously. Unscrambling complex
kinetics presents a serious challenge that can only be met by kinetic methods that
provide means of detecting and treating multi-step processes. |soconversional
methods, based on multiple heating programmes, are the most popular methods
that can meet this challenge.1’

As part of the ICTAC Kinetics Project, M.E. Brown et al.18 performed ki-
netic analysis of isothermal and non-isothermal data sets provided on a hypo-
thetical simulated process as well as on some actual experimental results for the
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1018 MURALEEDHARAN and PASHA

thermal decompositions of ammonium perchlorate and calcium carbonate. They
applied a variety of computational methods and found that isoconversional and
multi-heating rate methods were particularly successful in correctly describing
the multi-step kinetics used in the ssimulated data.

Isoconversional kinetics rest upon evaluating the dependence of the effective
activation energy on conversion or temperature and using this dependence for
making kinetic predictions and for exploring the mechanism of therma pro-
cesses. These methods are based on the single step kinetic equation, Eq. (2), of
non-isothermal decomposition and are the quickest way to derive kinetic para-
meters for complex reactions involving multiple processes.1® According to the
isoconversiona principle, at a constant extent of conversion, the reaction rateis a
function only of temperature so that:

d(In (deddt)) J/dT-1 = E/RT (5)

the subscript « designates the value related to a given value of conversion.

The values of the activation energy can be calculated by different methods
based on the isoconversional principle. The isoconversional method suggested by
Flynn-Wall-Ozawa?® uses the approximation of the integral equation, which
leads to a simple linear equation for the evaluation of activation energy. This
method assumes that the conversion function does not change with alteration of
the heating rate for all values of ¢, i.e., measurement of the temperature corres-
ponding to fixed values of « at different heating rate is required. Considering the
Doyle approximation of p(x), i.e., In p(x) = -5.3305 — 1.052 E/(RT), Eq. (2
becomes:

In #=In(AE/R) -In g() —5.3305 — 1.052 E/(RT) (6)

Therefore, when plotting In £ versus UT, a straight line with slope —1.052E/R
was obtained.

If the values of activation energy (E) determined for various values of ¢, are
amost constant, then certainly the reaction involves only a single step. On the
contrary, a change in E with increasing degree of conversion is an indication of a
complex reaction mechanism that invalidates the separation of variables involved
in the Ozawa, Flynn and Wall analysis.?! These complications are serious, espe-
cialy in the case where the total reaction involves competitive reaction mecha-
nisms.22

Model free kinetics rests on evaluating the E,, dependence.23 This depen-
dence is adequate for both theoretical and practical purposes of kinetic predic-
tions. Normally, model free kinetics are not concern with evaluating A and g(«)
or f(e) because they are not needed for performing kinetic predictions. In addi-
tion, these values are hardly suitable for theoretical interpretation because of the
strong ambiguity associated with them. However, these values can be determined
within the frameworks of model free kinetics.
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THERMAL DECOMPOSITION OF POTASSIUM TITANIUM OXALATE 1019

EXPERIMENTAL
Materials and instrumentation

AnaaR grade potassium titanium oxalate (PTO) from Merck was recrystalized, dried,
the particle size fixed in the range; 90-125 pm mesh and kept in a vacuum desiccator. The
thermogravimetric analyses of PTO were performed on aT. A. thermal analyzer, model TGA
Q50 V20.2 build 27 in an atmosphere of flowing nitrogen (flow rate 40-60 ml min1), sample
mass. 10 mg, sample pan: alumina, a four different heating rates, viz, 5, 10, 15 and 20 K min-L,
Duplicate TG runs were performed under similar conditions and the data was found to overlap
with each other, indicating satisfactory reproducibility.

Kinetic analyses of the TG data

The non-isothermal thermogravimetric data of PTO were fitted to all the models givenin
Table | and the kinetic parameters were evaluated for the model which gave the best linear
weighted least squares fit. The kinetic data were aso evauated using the isoconversional
(model-free) method.

TABLE |. The different reaction models applied to describe the reaction kinetics

S| No. Reaction model f() g(a)

1 Power law 40 o

2 Power law 3™ o

3 Power law 20 o?

4 Power law %0 o*?

5 One-dimensional diffusion 0.50™ o?

6 Mampel (first order) 1o -n (1-0)

7 Avrami—Erofeev 4(1-0)[-n (1-]** [-n (1-a)]**
8 Avrami—Erofeev 3(1-a)[-n (1-a)]*° [-n (1-a)] "
9 Avrami—Erofeev 2(1-a)[-n (1-a)] 2 [-n (1-a)]¥?
10 Three-dimensional diffusion 2(1-a)[1-(1-a)"* [1—(1-00) )2
11 Contracting sphere 3(1-0)*® 1(1-0)*®
12 Contracting area (cylinder) 2(1-a)"? 1(1-0)"?
13 Second order (1-a)? (1-o)*-1

RESULTS AND DISCUSSION
Preview of earlier work on PTO

Broadbent et al.24 reported the results of thermogravimetric and differential
thermoanalytical studies on PTO and potassium aluminium oxalate under non-
isothermal conditions in air, nitrogen and carbon dioxide atmospheres. They re-
ported that the dehydration of PTO starts at 70 °C and proceeds in severa stages
until completion at 200 °C. They also observed that the thermal decomposition of
PTO was rapid above 275 °C and potassium titanate was formed as the final pro-
duct. It was shown that PTO is less stable than potassium oxalate.2> Sairam Patra
et al.2 studied the thermal decomposition of anhydrous strontium titanyl oxalate
(STO) and found that the thermal decomposition of STO proceeded through a
series of complex reactions to form strontium metatitanate at high temperatures.
They performed kinetic analysis of the o~t data, obtained by cooled gas pressure
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1020 MURALEEDHARAN and PASHA

measurement under vacuum, of oxalate decomposition in the temperature range
553-593 K and observed that the data fitted the Zhuravliev Equation over almost
the entire a~range (0.05-0.92), indicating the occurrence of a diffusion-con-
trolled, three-dimensional rate process, and reported an activation energy value of
164410 kJ mol 1.

Thermal decomposition pattern of PTO

The thermogravimetric curve for PTO at a heating rate of 10 K min1in a
nitrogen atmosphere is shown in Fig. 1. Similar curves were obtained at all other
heating rates (not shown). It was observed that PTO decomposed through five
stages as per the scheme given below. The theoretical and experimental mass loss
data are in good agreement for all stages of the thermal decomposition of PTO
(Table 11) as reported earlier.26.27 Several authors?3.79 observed this type of
phenomena in the decomposition of other titanyl oxalates, e.g., barium titanium
oxaate (BTO) and STO:

K5TiO(C204)2.2H20 — KoTiO(Co04)2 +2H20 (up to 450 K)
2KoTiO(Co04)2 — K4Tio0o(C204)3C0O3 +CO (450-520 K)
K4Ti202(C204)3C0O3 — K4Tio0O5C03.CO2 + 2CO2 + 3CO (520720 K)
K4Ti205C0O3C0O2 — K4Ti205CO3 + CO2 (720870 K)
K4Tio05C0O3 — 2KoTiO3 + CO» (above 870 K)

m/ mg

dm (mg) d T(K)"

I ! I ' 1 N I !
400 600 800 1000 1200
T/K
Fig. 1. TG and DTG curve for PTO at a heating rate of 10 K min-L,
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THERMAL DECOMPOSITION OF POTASSIUM TITANIUM OXALATE 1021

TABLE Il. Theoretical and experimental mass loss data (%) for the thermal decomposition of
PTO at different heating rates

Stage Decomposition Theoretical massloss Heating rate, K min™
process % 5 10 15 20

I Dehydration 10.17 10.02 10.06 1011 10.14

I Elimination of CO 3.95 399 385 391 3.92

" Elimination of CO and CO, 24.29 2401 2291 2453 24.16

v Elimination of CO, 6.21 6.12 6.18 6.05 6.25

\ Elimination of CO, 6.21 6.32 6.22 6.11 6.04

Thermal decomposition and kinetics

It was observed that the therma decomposition of PTO showed two stages
corresponding to the elimination of carbon monoxide in the temperature range
450490 K and carbon dioxide in the temperature range 690-870 K in addition to
three steps corresponding to dehydration (ambient—410 K) and combined elimi-
nation of carbon monoxide and carbon dioxide (520-720 K) and the formation of
the final titanate (870-1130 K). Elimination of the last molecule of CO, was
accompanied by melting of potassium titanate (final product), onset around 823
K and a peak around 844 K. The further mass loss observed (Fig. 1) was due to
vaporization of potassium titanate. Values of the onset and peak temperatures of
the differential TG (DTG) for the different stages of therma decomposition of
PTO at a heating rate of 10 °C min—1 are given in Table I11. Values of the onset
and peak temperatures of the DTG for the third thermal decomposition stage of
PTO at different heating rates are givenin Table V.

TABLE I11. Onset and peak temperatures (K) of the DTG for different thermal decomposition
stages of PTO (heating rate: 10 °C min1)

Decomposition stage Onset Peak
I 376 397
0 416 435
" 603 618
v 764 792
Vv 1106 1118

The energetic and kinetics of the third thermal decomposition stage, viz.,
combined elimination of carbon monoxide and carbon dioxide, of PTO in the
temperature range 520-720 K was studied and the typical o~T curve for this
stage of decomposition (of PTO) is shown in Fig. 2. Similar curves were ob-
tained for all other samples of PTO (not shown). The observed mass loss for this
stage isin good agreement with the theoretical valuein all cases.

The method of model fitting

The o~T data of the third thermal decomposition stage of PTO was subjected
to weighted |east squares analysis for all the reaction models given in Table. All
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the plots showed random data points and gave poor correlations. However, reac-
tion models 4,7,8,9,12 and 13 gives comparatively better correlation (> —0.99) for
the thermal decomposition of PTO at heating rates of 5, 10, 15 and 20 K min-L,
The values of activation energy and correlation coefficient obtained from least

squares plots (for al reaction models) are givenin Table V.

TABLE IV. Onset and peak temperatures (K) of DTG for the third thermal decomposition

stage of PTO at different heating rates

Heating rate, °C min™ Onset Peak
5 601 618
10 602 617
15 603 618
20 604 618
—=— 5K min”
1.0 - —0—10 K min”
. '
i /{’/7’ —%— 15K min”
o o/,é/ —— 20 K min
P
o
06 W B
W
= W
= /14
r
04 ry
i
.
I,
021 _/', Vi
Pz
0.0 /—/I T T T T T 1
550 600 650 700 750

500

T/K

Fig. 2. o~T Plots for the third thermal decomposition stage of PTO at different heating rates.

Examination of Table V revedls that the activation energy values obtained
for all models at different heating rates vary widely from 12.6 to 305.2 kJ mol—1.
Models which give higher correlations, i.e., models 4, 7, 8, 9, 12 and 13, aso
showed a huge variation in the value of E (from 32.9 to 305.2 kJ mol-1). How-
ever, reaction model 13 gave values of E in the range 298 to 305.2 kJ mol=L. All
other models give lower vaues, which is unacceptable because at this range of
temperature a reaction with a low value of E is not feasible. On the other hand,
the values of E obtained by using this model are closer to the values obtained

from isoconversional methods (301-324 kJ mol—1, Table V1).
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THERMAL DECOMPOSITION OF POTASSIUM TITANIUM OXALATE 1023

TABLE V. Values of the activation energy (E / kJ mol™) and correlation coefficient (r) ob-
tained for all reaction models at different heating rates

Heating rate, K min™*

Reaction model 5 10 15 20
E — E — E — E —

1 219 09734 208 09760 20.7 0.9737 212 0.9732
2 272 09772 258 09795 257 09774 26.3 0.977
3 355 09838 336 09853 335 09836 345 0.9834
4 503 09940 475 0.992 47.4 0.992 48.7  0.9927
5 483 09852 456 09817 455 09825 46.8 0.9835
6 1111 09763 1048 0972 1045 0.9725 1075 0.9738
7 349 09924 330 09923 329 09911 338 0.9913
8 450 09936 426 0.9931 424 0.9921 436 0.9924
9 635 09936 600 09921 598 09916 615 0.9921
10 134 09376 126 0.931 126 09323 13.0 0.9343
11 275 0.989 26,0 09861 25.89 09862 26.6 0.9871
12 358 09927 338 09905 3370 0.9904 346 0.9911
13 3052 09986 2984 09906 2989 0.9916 3019 0.9940

TABLE VI. Apparent activation energy (E) obtained for the third therma decomposition
stage of PTO from isoconversional method (— = 0.9999)

Conversion, % E/kJmol?
10 312.2
20 312.6
30 322.6
40 324.2
50 315.1
60 301.0
70 304.3
80 311.4
90 315.1

The model free approach

The value of the apparent activation energy was also estimated by the iso-
conversional method suggested by Ozawa, Flynn and Wall20 for the thermal
decomposition of PTO at different percentage conversions by fitting the plots of
In B vs. UT and the obtained values are given in Table IV. Plots of In gvs. 1T
under the isoconversional method for the thermal decomposition of PTO at all
percentages of conversions gave high values of the correlation coefficient (r =
=—0.9999) with activation energy values in the range 301-324 kJ mol—L. Typical
isoconversiona plots for the thermal decomposition of PTO are given in Fig. 3.
The plot of activation energy against conversion for the third therma decom-
position stage of PTO isshown in Fig. 4.

As the apparent activation energy values determined for the various values
of « of the third thermal decomposition stage of PTO are almost constant, one
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can infer that the combined elimination of carbon monoxide and carbon dioxide
occurred through a single step.

T *\ | 40% conversion |
Py | *\\
25 —
SN TR
E A \
o —
0 A\\\ . :
. A\\ | 30% conversion |
~—a
r-_f'\_ - ~—~
[ T
— ] \\\
15 \\A
7 . | 20% conversion |
B \.\
25 \\
o B TR
E 20— \\
) ]
15 -
T l T | T I T I T
0.00275 0.00280 0.00285 0.00280 0.00295
1y g
T/K
Fig. 3. Typical isoconversional plots for the third thermal decomposition stage of PTO.
3304
l/.
3204 /
a a
. a—0 /
[} |
£ 310
2 /
! /.
300 "
290 T T T T T T T T T 1 . . .
0 20 40 60 80 100 Fig. 4. Plot of activation ener-
Conversion, % gy against conversion.
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CONCLUSIONS

The kinetic results on the third thermal decomposition stage of PTO showed
that the conventional non-isothermal model fitting method gave poor correla
tions. On the other hand, the correlation was very high for the model free kinetic
methods and the value of activation energy showed only negligible variation for
different conversions. Reasonably constant values for the apparent activation
energy (312+12 kJ mol—1) were obtained over the whole conversion range (10-90
%) for the third thermal decomposition stage by using the isoconversional me-
thod. This indicates that the third thermal decomposition stage of PTO, the
combined elimination of carbon monoxide and carbon dioxide, proceeds through
asingle step.

U3BO [
TEPMUUKA PA3I'PAZIBA KAJIMIYM-TUTAH-OKCAJIATA

KARUVANTHODI MURALEEDHARAN u LABEEB PASHA
Department of Chemistry, University of Calicut, Kerala, 673 635, India

TepMuuka pasrpaama KalnjyM-THTaH-OKCajaTa UCIIUTHBAHA je HEM30TEPMATIHOM TepMOrpa-
BUMETPHjOM Yy aTMoc(epH a30Ta MpH pa3lUuuTHM Op3uHaMa rpejama. TepMuuka pasrpaima
KaJIMjyM-TUTaH-OKcajlaTa OJ[BHja C€ KpO3 MET CTYMIeBa Y KojuMa ce (opMmupa KallijyM-TUTaHaT.
TeopHjcku U eKCIIEPUMEHTAIHHU IyOUTaK Mace ¢y y JoOpoM cliaramy 3a CBHX IeT cTymbeBa. Tpehn
CTyNam TepMHUUKE pasrpaame, KOMOMHANWja eIMMHHALNjEe YIJbeH-MOHOKCH/IA U YTIJbeH-TNOKCHA,
010 je mpeaMeT KMHETHUKE aHaIn3e 3aCHOBAaHE Ha JiBa MoJena — MoJen (pUToBama U M30KOHBEP-
3MOHH MOJeN aHanu3e. EnuMunanyja yribeH-MOHOKCHIA U YTIbeH-MOKCHIA, U CTBApambe THTAHATA
IIpH pa3jiaramy KajujyM-TUTaH-OKcallaTa, MOXE CE ONHUCATH jeJUHCTBEHUM CTYIIHEM Ca YKYITHOM
eHeprujoM akTuBanuje Koja m3uocu 315 kJmolL,

(IIpumsbeno 15. jyna, pesunupano 14. neuem6pa 2010)
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Corrosion of an austenite and ferrite stainless steel weld
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Abstract: Dissimilar metal connections are prone to frequent failures. These
failures are attributed to the difference in the mechanical properties across the
weld, the coefficients of thermal expansion of the two types of steels and the
resulting creep at the interface. For the weld analyzed in this research, it was
shown that corrosion measurements can be used for a proper evaluation of the
quality of weld material and for the prediction of whether or not the materia,
after the applied welding process, can be in service without failures. It was
found that the corrosion of the weld analyzed in this research resulted from the
simultaneous activity of different types of corrosion. In this study, electroche-
mical techniques including polarization and metallographic analysis were used
to analyze the corrosion of a weld material of ferrite and austenitic stainless
steels. Based on surface, chemical and electrochemical analyses, it was con-
cluded that corrosion occurrence was the result of the simultaneous activity of
contact corrosion (ferrite and austenitic material conjuction), stress corrosion
(originating from deformed ferrite structure) and inter-granular corrosion (due
to chromium carbide precipitation). The value of corrosion potential of —-0.53 V
shows that this weld, after the thermal treatment, is not able to repassivate a
protective oxide film.

Keywords. welding; corrosion; stainless steel.

INTRODUCTION

The welding of dissimilar metals is a very challenging task due to differen-
ces in physical, mechanical and metallurgical properties of the parent metals. In
order to take full advantage of the properties of different metals, it is necessary to
achieve reliable welds between them. The growing availability of new materials
and the higher requirements being placed on materials creates a greater need for
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joints and welds of dissimilar metals. When welding ferrite stainless steels, the
problem of coarse grains in the weld zone and heat affected zone of fusion welds
are encountered with the consequence of low toughness and ductility due to the
absence of phase transformation during which grain refinement can occur.l
When welding austenitic stainless steels, susceptibility to hot cracking in the
weld metal and heat-affected zone is of major concern. This cracking occurs pri-
marily due to low-melting liquid phases that allow boundaries to separate under
thermal and shrinkage strains during weld solidification and cooling. Austenitic
stainless steel welds exhibit some degree of susceptibility to localized corrosion,
pitting and crevice corrosion, and in many cases, it is the limiting factor in stain-
less applications.2=0 It is generally accepted that delta ferrite when present in
small amounts in an austenite matrix is detrimental to pitting resistance as it pro-
vides favorable sites for pitting initiation in the weld metal. The corrosion prob-
lems commonly associated with welding of austenitic stainless steels are related
to both precipitation effects and chemical segregation. The microstructure of the
solidified fusion zone of aweld is always subject to segregation during solidifica-
tion. There are some differences in segregation for different solidification modes
of the weld metal. Welding of ferritic to austenitic stainless steelsis considered to
be a mgjor problem due to difference in coefficient of thermal expansion, which
may lead to crack formation at the interface, formation of hard zone close to the
weld interface, relatively soft regions adjacent to the hard zone; large hardness
difference between the hard and the soft zones and expected differencesin micro-
structure may lead to failuresin service. Solid state welding is a possible solution
to these problems.3 For the weld material analyzed in this research, it was shown
that detailed microstructural examination and electrochemical and corrosion mea-
surements can be used for the proper evaluation of the quality of the weld ma-
terial and for the prediction of whether or not the material after the applied weld-
ing process could be in service without failures.

EXPERIMENTAL
Materials and welding processes

The nomina chemical compositions of the stainless steel (STS) samples with ferrite and
austenite structure used for the welding process are given in Table .

TABLE I. Nominal chemical composition of used stainless steel materialsin mass %

STS Structure Cr C S Mn Ni
Ferrite (X6Cr17) 16.50 0.05 0.35 0.40 -
Austenite (X5CrNi18-10) 18.10 0.04-0.05 0.50 1.10-1.50 8.30-9.20

Welding of austenite and ferrite stainless steel was performed using cooled water and
round Cu-Cr electrodes with a contact surface of constant diameter of 1 mm. Welding was
performed by placing metal sheets (100 cm?) in the sample holder. Before welding, the plates
were clamped on each end to a heavy backing fixture to prevent deformation.
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Characterization techniques

Chemical analysis. Chemical analysis of the materials was performed by the X-Ray fluo-
rescent spectroscopy (X RF) technique using excitation sources of 109Cd and 241Am, according
to a modified EPA 6200 method.10 The quantitative chemical analysis of samples (dissolved
in an acidic solution) was performed by atomic absorption spectroscopy (AAS). All results are
shown as a mean value of three independent measurements, with a precision of £0.01 %.

Optical examinations. Optical examination of samples was realized using a NIKON DIC
microscope. The “Photoshop” computer program was used to analyzed the microstructure of the
pure and welded materials. Before optical examination, the welded material was treated for 72
h in a 3 % solution of NaCl, with the addition of HCI (pH 4). All samples were prepared
according to known metallographic procedures, which included mirror polishing and etching
in hydrofluoric acid.

Electrochemical corrosion measurements. Electrochemical techniques were applied in
order to define the corrosion behavior of al the investigated materials. A three-compartment
glass cell was used. Surface area (A) of the working electrodes of pure austenite and ferrite
stainless steel was 2 cm2. Working electrodes of welded stainless steels near the weld (A =
= 1 cm?) was prepared by cutting the austenite and ferrite samples near the weld from the
large size (100 cm?) welded samples. The reference electrode was saturated calomel (SCE, all
potentials are reffered to SCE), while the counter electrode was a platinum foil. A mild steel
sample was used for comparison.112 The experiments were performed in a3 % solution of NaCl,
with the addition of HCI, to adjust the pH to 4.00 at 25 °C. The corrosion current density was
estimated from the intercept of the cathodic slope of the polarization curve with the corrosion
potentias. For al eectrochemical experiments a potentiostat/gal vanostat PAR M273 was used.

RESULTS AND DISCUSSION
Chemical analysis

The XRF spectrum of the austenite and ferrite weld is shown in Fig. 1. XRF
Spectrum of this material showed the presence of Cr, Fe, Ni and Mo. As can be
seen, the amount of Fe was the highest, then Cr and Ni in small amounts, and
finaly traces of Mo and Cu in amountstypical for trace elements.

AAS Techniques and clasical gravimetric methods were used to determine
the chemical compositions of the used stainless steels. The obtained results are
givenin Tablell.

The results of the XRF and gravimetric analyses for the quantitative deter-
mination of the composition of the materials showed that the contents of Cr and
Mn were lower than expected, as well as the content of Si in the ferrite sample.
AAS Analysis indicated the presence of Ni (0.17 %) in the ferrite sample. The
content of carbon and organic impurities according to the AAS measurements
was high. The content of carbon was expected to be up to 0.05 %, but according
to the chemical analysis it was much higher. Higher contents of carbon and or-
ganic impurities, as well as the lower chromium content, were probably the main
reason for the appearance of corrosion, especialy in ferrite material, resulting
from chromium carbide precipitation during the welding.
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Fig. 1. XRF Spectrum of the austenite and ferrite weld.

TABLE II. Determined chemical composition of the used stainless steel materials in mass %

STS Structure Cr S Mn Ni C
Ferrite 155 <0.001 0.30 0.17 0.20-0.5
Austenite 17.8 0.40 1.10 8.00 0.20

Microstructural analysis

Microstructural analysis of ferrite stainless steel. The microstructure of ana-
lyzed ferrite stainless steel sample is shown in Fig. 2. The microstructure is not
homogenous at the intersection, as shown in the microphotographs of Fig. 3a
The structure consists of ferrite seeds and carbide particles. More than half of the
analyzed intersection consists of ferrite seeds, which are polygonal, uniform in
size, and have a small-seeded structure, as shown in Fig. 2a. The carbide par-
ticles, as shown in Fig. 2b, have a small-seeded structure, globular shape, and
were formed between the ferrite seeds.

Microstructural analysis of austenitic stainless steel. The microstructure of
the analyzed austenitic stainless steel sample is shown in Fig. 3. The microphoto-
graph at the intersection of this material shows its homogeneous structure, with
rough seeds. The size of austenitic seeds is mostly uniform, as shown in Fig. 3a,
but there are some very rough seeds, as shown in Fig. 3b.

Microstructural analysis of the weld. A microphotograph of the ferrite and
austenite stainless steel weld is shown in Fig. 4. The ferrite material is in the up-
per part and the austenitic material isin the lower part of the image.
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Fig. 3. Microphotographs of the austenitic stainless steel sample.
Magnification: a) 500x; b) 400x.

Fig. 4. Microphotograph of the weld sample.
Magnification: 500x.

The micrographs of the ferrite part of the analyzed weld sample reveaed the
existence of inter-granular corrosion, as shown in Fig. 5. This could be connected
with precipitation of chromium carbide during the thermal treatment.

When analyzing the microphotographs of the ferrite part near the weld, at a
lower magnification, some indications of stress corrosion could be observed, as
shown in Fig. 6a and 6b.
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Fig. 6. Microphotographs of ferrite part near the weld with indication of stress corrosion.
Magnification: 200x.

Electrochemical measurements

Electrochemical properties of basic materials. The polarization experiments
were performed in a solution simulating the aggressive solution in which the final
product could be used.13 The polarization curves of the ferrite and austenite
materials are shown in Fig. 7, together with that of amild steel sample, shown for
comparison.

Both analyzed samples of stainless steel were practicaly in the passive state
with corrosion potentials of approximately —0.2 V. The value obtained for the
mild steel in the same solution was —0.53 V, which could be used for compa-
rison. The estimated corrosion current density was 0.08 for austenite and 0.10 pA
cm2 the ferrite sample. In comparison, the corrosion current density for the mild
steel was 20 uA cm2.14

Corrosion resistance properties of the welded material. The polarization
curves for the ferrite and austenitic part of the weld sample are shown in Fig. 8.
The austenitic part of the analyzed weld sample remained practically unchanged
during welding, according to the metallographic analysis. Even the corrosion
potential was unchanged, as presented in Fig. 8. This part has some structural
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Fig. 7. Polarization curves of the analyzed materials before welding compared to
mild steel in 3 % NaCl solution at pH 4.00.

02

jl1Acm?

Fig. 8. Polarization curves of the austenitic and ferrite part of the weld sample in 3 % NaCl
solution at pH 4.00.

changes which provoke an increase in the estimated corrosion current density. On
the other hand, the characteristics of the ferrite material were changed signifi-
cantly. The corrosion potential of —-0.53 V implies that this material after thermal
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treatment did not show the ability to repassivate a protective oxide film. The esti-
mated corrosion current density was approximately 75 times higher. Thisimplies
that the basic ferrite material was degraded by uncontrolled thermal treatment during
the welding process, with the formation of a deformed ferrite structure. 15,16

CONCLUSIONS

Using the XRF and AAS analytical techniques, it was shown that austenite
and ferrite stainless steel had a different chemical composition than the nominal
composition. A smaller content of chromium and a higher content of carbon were
found than declared. Both materials exhibited relatively good corrosion resis-
tance before welding.

For the ferrite and austenite stainless steel weld analyzed in this study, it was
shown that detailed a microstructural examination and electrochemical corrosion
measurements could be used for a proper evaluation of the quality of the weld
material. With athorough analysis of the materials used for welds, a prediction of
whether the material could be in service without failures can be made.

The weld analyzed in this research showed a tendency towards contact cor-
rosion due to the inadequate welding processes. The corrosion was the result of
stress corrosion (from deformation of the basic ferrite structure), and inter-gra-
nular corrosion (from carbide precipitation and applied welding method). When
improved, the welding process could significantly prevent the appearance of cor-
rosion.

Acknowledgements. The support of the Research Fund of Serbia is gratefully acknow-
ledged.

U3BOJI
KOPO3UJA 3ABAPEHOI CIIOJA AYCTEHUTHOTI' 1 ®EPUTHOI" HEPBAJYREI YUEJIMKA

BJIAJIAHA H. PAJAKOBUB-OT bAHOBUR® u BPAHUMMUP H. IPT'YP?

! Hnciiuimiyiti 3a XuOpoiieXHUKY 1 600HO—eK0AOWKO UHNcerbepciliso, I pabesurcku gakyaitieiti, YHusep3uitieit y
Beozpady, Byaesap kpama Aaexcandpa 73, 11 000 Beozpad u’Kaitiedpa 3a pusuuxy xemujy u eaekimipoxemuy,
Texroaowko—meimianypuiku gaxyaitieit, YHusepauitiei y Beozpaoy, Kapuezujesa 4, 11 000 beaozpao

CriojeBH pa3nM4YMTHX MeTajla JOOMjeHHX 3aBapUBAam-EM CKIOHM Cy IPOINaJamy YIIaBHOM
yCJIeA MojaBe pa3IMuUTHX BHAOBA Koposuje. PH3NUKO—XEMHUjCKa, MEXaHHYKa CBOjCTBA, Ka0 U KO-
e(UIHjEHTH TOIUIOTHOT MIKpPEHka PA3NINYUTHX YerKa Hajuyemhu cy y3poK Mylama MaTepujana Ha
3aBapeHUM crojeBuMa. VcTpakuBama y OBOM pajy Cy MoKasaia ja ce HCIUTHBAbE KOpPO3Hje Ma-
TepHjaia MOXKe KOPUCTUTH 3a MPOLICHY KBaIUTETa CII0jeBa 3aBapeHHX Marepujajia. Pasinunte ana-
JIUTUYKE, MeTanorpadcke 1 elNeKTPOXEMHjCKE TEXHHKE U METO/IE aHAIN3E Cy MPUMEHCHE 3a UCIIU-
THBamke KOPO3Hje 3aBapeHor croja Hephajyhux yenuka ¢epuTHe M ayCTEHHTHE CTPYKType. YcTa-
HOBJBCHO je Jia JI0 [0jaBe KOpPO3Wje Ha 3aBAPECHOM CIIOjy MCIMTHUBAHHX MaTepHjajia IMPEeBacXOIHO
JI0JIa3¥ ycle/: KOHTAaKTHE KOpo3uje, HaroHCcke Kopo3uje (koja motude oj nedopmucane CTpyKType
¢epura) u meljykpucranae koposuje (OCiIeana U3y KUBama XpoM-Kapouaa) y GeputHoM ey
3aBapeHOr CII0ja.

(Mpumsbero 26. jyna, pesuaupano 25. neremopa 2010)
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Abstract: In this work, dried leaves of Typha angustifolia (TA), aso known as
the common cattail, were used as an adsorbent in kinetic studies of Pb(ll) ad-
sorption from synthetic aqueous solutions. Batch adsorption studies with dried
TA leaves were conducted and they were able to adsorb Pb(I1) from 100 mL of
a 25 mg L1 Pb(Il) solution effectively with the optimized dosage of 0.6 g. Ad-
sorption equilibrium was achieved within 8 h with an effective remova of
86.04 %. Adsorption kinetics was further evaluated using four kinetic models,
i.e, the pseudo-first order, pseudo-second order, intraparticle diffusion and
Elovich model. Fitting of the data was performed based on linear regression
analysis. The sorption kinetic data fitted best to the pseudo-second order model
with an R? of 0.9979, followed closely by the Elovich model with an R? of
0.9952. The obtained results showed the adsorption of Pb(ll) by TA leaves,
which is an abundant biological material, is feasible, cheap and environmen-
tally friendly.

Keywords. adsorption; lead; kinetics; Typha angustifolia.

INTRODUCTION

The presence of heavy metals, such as cadmium, chromium and lead, at to-
xic levelsin rivers and streams near human habitats is a cause for concern. Ac-
cording to EPA National Primary Drinking Water Regulations, the maximum
contaminant level (MCL) for cadmium is 0.005 mg L—1, chromium 0.1 mg L-1
and lead 0.015 mg L—1.1 An overdose of chromium in the body causes infertility
while lead results in delayed physical and mental development in children and
infants. Mining, tannery, chemical, metallurgical and the electronic and electrical
manufacturing industries, which are usually located near rivers and streams, are
the main contributors to heavy metal poisoning.2 Various water treatment me-
thods have been applied to reduce the presence of these metals such as chemical
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precipitation, flocculation, membrane separation, ion exchange and adsorption.3-
5 However, these methods have limitations and are costly to operate. Precipita-
tion for example produces a large amount of dudge that requires treatment. Mem-
brane filtration and ion exchange, though being effective, require high mainten-
ance. Therefore, an alternative solution needs to be employed. Agricultural and
biological waste materials, such as saw dust,%7 acorn waste,8 rice husk ash, 9 tree
leaves,10 cassavall and spent grain,12 have been proven to be cheap and biode-
gradable adsorbents that provide good loading capacities towards a wide range of
heavy metals, such as zinc, lead, cadmium, copper, chromium and nickel. In this
work, dried leaves of the narrow leaf cattail plant, Typha angustifolia (TA), a
common aguatic plant with no economic value in the tropics, was used as a bio-
sorbent for lead removal from synthetic wastewater.

This aguatic perennial plant offers a large amount of biomass that can be
used for such purposes. It has been commonly used in constructed wetlands as an
effective aternative for the treatment of septic effluents in small villages due its
biomass. 13,14 Furthermore, the plants play an important role in metal removal via
filtration, adsorption and cation exchange through plant-induced chemical
changes within the rhizome.1> This species used in constructed wetlands was re-
ported to achieve aremoval of 100 % for copper and zinc and 96 % for nickel.16
Lead concentrations were found to be 13 mg kg1 in the root and 8 mg kg1 in
the leaves of cattail.1” This proves that the root of aquatic plants generally has a
higher uptake capacity of these heavy metas as compared to the leaf. The same
trend was also reported by for chromium, nickel, copper and cadmium.18 Dried
cattail leaves demonstrated effectiveness in adsorbing reactive dyes in synthetic
wastewater due to the intracellular space within the leaf.19 Pre-treating cattail
leaves with formaldehyde, sulfuric acid and sodium hydroxide was found to im-
prove the removal of Astrazon red 6B and Basilen red M5B by approximately 98
%.20 In this study, the biosorption kinetics involved in the removal of lead in
synthetic wastewater using the dried leaves of TA were investigated.

EXPERIMENTAL

Biosorbent preparation

Mature TA leaves were harvested from a pond in the University Malaysia Sabah campus,
Sabah, Malaysia. The leaves are thick, ribbon-like structures which have a D-shaped cross-
section showing air channels. These leaves were washed with pipe water to remove dirt and
sand before rinsing with distilled water. Then the leaves were placed flat on a clean table to
dry before drying in a hot air convection oven (Protech) at 103 °C for 72 h. The dried leaves
were then dliced to athickness of 2 cm and kept in an airtight container.
Pb(l1) ion solution

The stock solutions of Pb(I1) were prepared by dissolving 1.599 g of Pb(NOs), in 1 L of
deionized water with 5 % v/v of HNO,. Both the Pb(NO3), and HNO; were of AR grade ob-
tained from Systerm, Malaysia. The solution was then diluted with deionized water for the

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

2011 Copyright (CC) SCS

OI2E)



LEAD ADSORPTION ON CATTAILSLEAVES 1039

adsorption studies. The natural pH of the solution, pH 5.5, was maintained throughout the
experiment. This pH was chosen to simulate the pH of water bodies contaminated with in-
dustrial effluents. Fresh dilutions were made prior to each experiment.
Pb(I1) metal analysis

The residual concentration of Pb(I1) in the solution was determined using a flame atomic
absorption spectrophotometer (Perkin Elmer 4100) in triplicate. Each adsorption experiment
meanwhile was conducted in duplicate. Single factor analysis of variance (ANOVA, « = 0.05)
was used to analyze the data in order to ascertain the statistical differences between the
expected values and the observed values.

Batch adsorption

Batch adsorption experiments were conducted in 250 mL Erlenmeyer flasks with 100
mL of a25 mg L1 Pb(I1) solution and 0.6 g of dried TA leaves. The mixtures were shaken at
room temperature on an orbital shaker (PROTECH) at 170 rpm. The biosorption kinetics
involved was examined by varying the contact time of the sorbent (15-540 min). The solution
pH was maintained at the natural pH of 5.5 throughout the experiments. The mixtures were
then filtered using Advantech No. 9 filter paper and kept in stoppered plastic bottles. The fina
concentration of Ph(l1) was then determined using FAAS. The percentage of removal and the
amount of Pb(l1) adsorbed onto a unit mass of TA was calculated according to Egs. (1) and
(2), respectively:

—-C. )V
q — (CO e) (1)
m
% Removal = [%]xloo )

where g is the amount of Pb(l1) adsorbed per gram adsorbent, mg g1, ¢ is the initial Po(ll)
concentration, mg L1, ¢, isthe concentration of Po(I1) at equilibrium with the solid phase, mg
L1, Visthe volume of the working solution used, L, and mis the mass of sorbent used, g.

Kinetic modeling

Kinetic models were used to determine the sorption mechanism of lead onto TA leaves
and the rate controlling steps involved in the process. The kinetic models considered were the
pseudo-first order equation, the pseudo-second order equation, the intraparticle diffusion
equation and the Elovich equation. The fit of the data was evaluated based on the linear coeff-
icient of determination, RZ and the Chi-square test. The Chi-square test Equation is given by:

(qe@(p - qe,calcd )2

Qe calcd

x=X 3

where Jgeyp i the experimental sorption capacity at equilibrium, mg gl, and Qecacq is the

calculated sorption capacity at equilibrium according to the respective kinetic model, mg g1.
Pseudo-first order equation. The pseudo-first order equation is generally expressed as:”

9% (g -
q (%) (4)

where g, and ¢ are the sorption capacity at equilibrium and at timet, mg g2, respectively, and
k, is the rate constant for pseudo-first order sorption, minL. This model considers the rate of
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occupation of adsorption sites to be proportional to the number of unoccupied sites.9 The
integrated form of this equation is:

In (Ge —0) = 1N Qe —kyt ©)
Pseudo-second order eguation. This model is based on the assumption that the rate of

sorption is proportional to the square of the number of unoccupied sites.2! The kinetic rate
Equation is expressed as.’

dok
—L =Ky (Qe — )2 6
™ 2(0e — ) (6)
Integrating Eq. (6) gives:
! = i + k2t (7)
O — G CJe

where g is the amount adsorbed at equilibrium, mg g2, while k; is the equilibrium rate cons-
tant for a pseudo-second order adsorption, g mg'l min'l. A linear graph can be plotted by
linearizing Eq. (7) to give Eq. (8) as given below:
t 1 t
- = +—
G koOe® Ce
with kg2 = h, where h is the initial sorption rate, mg g1 min'L. This model is more likely to
predict the behavior over the whole range of adsorption and is in agreement with chemisorp-
tions being the rate controlling step.12
Intraparticle diffusion (IPD) eguation. In this equation, a fractional approach to equilib-
rium is evaluated based on the function (Dt/r2)Y2, where r is the radius of an adsorbent par-
ticle and D is the effective diffusivity of the adsorbate within the particle. The initial rate is
given by the linearized equation of the curve g, = f(t¥2):7
6 = kt2+ C ©
where k; is the IPD rate constant, mg g1 minY2 while C is the boundary layer thickness, mg
gl A plot of g versus t¥2 will be linear if IPD is involved in the overall adsorption
mechanism. If the line passes through the origin, i.e., g = kptﬂz, IPD is the rate controlling
step of the process.?2
The Elovich Equation. The Elovich Equation is given below and is suitable for systems
with heterogeneous adsorbing surfaces:23

(8)

d
= ep(-fa) (10)
The linearized equation is given as:
1 1
g =—In(eB) +=Int (11)
B B

where oistheinitial sorption rate, mg g1 minl and Sis related to the extent of surface cove-
rage and the activation energy of chemisorption, g mgL.

RESULTS AND DISCUSSION
Effect of adsor bent—adsorbate contact time

The duration of the batch experiments was varied from 15 to 540 min. The
concentration of lead solution was 25 mg L—1. Volume of the solution was 100 mL,
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while the quantity sorbent was 0.6 g. The pH of the solution was the natural pH
of 5.5. As shown in Fig. 1 (1aand 1b), lead exhibited a rapid adsorption during
the first 15 min. The percentage removal during that period was 41.96 %. This
was then followed by an ongoing slow adsorption until equilibrium was achieved
at 480 min. By then, the percentage of removal achieved was 86 %. Therefore,
480 min was fixed as the optimum contact time to attain equilibrium. Thus, the

% of removal

g,/ mgg

80 A
o
60 4
40 4
20 A
0 T T T T T
0 100 200 300 400 300
t/ min
@
3
)
>
14
0 T T T T T
0 100 200 300 400 500

t/ min

(b)

Fig. 1. @) Percentage removal of lead ions with respect to contact time. b) Amount of metal re-
moved g, mg g1 with respect to contact time. The lead concentration remained at 25mg L1,
pH 5.5 with 0.6 g of TA leaves shaken at 170 rpm at room temperature.
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experimental sorption capacity at equilibrium ge, mg g~1 was determined to be
3.620mg g1.

The adsorption of lead unto TA leaves occurred in two stages; an initia ra-
pid uptake due to surface adsorption onto the TA leaves and a subsequent slow
uptake due to diffusion of the lead ions onto the inner surface of the TA leaves.
This was similar to the studies reported in the literature using different sor-
bents.24-26

Theinitia rapid uptake was due to the presence of vacant adsorption sites on
the biomass. Sorption thus became less efficient as more adsorption sites were
occupied by the metal ions, as shown in the slower stage.10 This slow uptake is
due to the diffusion of metal ions into the inner surfaces of the TA leaves due to
repulsive forces between the ions on the leaf surfaces and the bulk phase.6:9.27
The fast metal uptake by the sorbents is attributed to its highly porous and mesh-
like structure that provides a large surface area for the sorption of lead onto the
binding sites.28

Adsorption kinetics models

The study of the kinetics is important for evaluating the efficiency and me-
chanism of adsorption. In this study, four models were used, that is, the pseudo-
first order, the pseudo-second order, the intraparticle diffusion and the Elovich
Equation.

Pseudo-first order. The pseudo-first order kinetic model is commonly used
for the adsorption of a solute onto an adsorbent. According to Eqg. (5), a linear
plot of In (ge — qt) versust would confirm the fit of the first order kinetic model.
The linear plot is shown in Fig. 2a. Idedly, In ge should be equal to the intercept
of the plot if the first order model were to be obeyed. In this work, the calculated
ge for the first order model deviated greatly from the experimental ge value of
1.876 mg g~L. Furthermore, this model gave the lowest correlation coefficient, R2
using linear regression analysis as compared to the other models (Table I). Ac-
cording to Ho et al.,2? the first-order model does not fit well for the whole range
of contact times because the equilibrium sorption capacity, ge, needs to be known,
which is not the case as chemisorptions tends to become slow which causes the
amount sorbed to remain significantly smaller than the equilibrium value. Thus,
Je, is usually obtained via trial and error. Therefore, the pseudo-first order model
did not accurately represent of the adsorption kinetics in this study.

Pseudo-second order. The pseudo-second order model is given by Eq. (8),
whereby a plot of t/g; versus t should give a linear curve. This model is more
likely to predict the behavior over the whole range of adsorption and it is in
agreement with chemisorption being the rate limiting step.30 The graphical inter-
pretation of the data is shown in Fig. 2b, while the calculated ge value, rate cons-
tant ko (g mg—tmin-1), theinitial sorption rate, h (mg g~ min—1), the correlation
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coefficient, R2 and Chi-square, x2, are given in Table I. The correlation coeffi-
cient for this model was the best among all the considered models with R2 =
= 0.9979, which shows that the second-order model fits well the data. The cal-
culated ;{2 was aso the lowest, further validating that this model best fits the
experimental data. The calculated ge cac vaue of 3.719 mg g1 agrees closely
with the experimental Qg exp Value. This shows that the adsorption of lead onto
TA leaves is second-order in nature, i.e., chemisorption is the rate-controlling
step involving valence forces via the sharing and exchange of electrons between

0.5 4

In ([le'[lf)

0 100 200 300 400

t/ min

160

140 A

120 4

100 4

tq,

80 A

60 A

40 1

20 A

O T T T T T
0 100 200 300 400 500

¢/ min

(b)
Fig. 2. @) Pseudo-first order kinetic plot for the adsorption of lead ions at room temperature.
b) Pseudo-second order kinetic plot for the adsorption of lead ions at room temperature.
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the lead and the TA leaves.3132 The obtained rate constant k, was 0.0087 g mg—1
min—1,
TABLE |. Pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich models

for the adsorption of lead ions onto dried TA leaves a room temperature (experimenta
sorption capacity at equilibrium, geep = 3.620 mg gh)

Model Parameter Vauefor Pb(ll)
Pseudo-first order ky /min™ 0.0048
Cecacd /mg g-l 1.876
R 0.9324
Va 74.849
Pseudo-second order ko / g mg™'min™ 0.0087
h/mgg™ min* 0.032
Qe cac/ mg gt 3.719
R 0.9979
ba 0.292
Elovich o/ mgg'min® 1.313
Blgmg* 0.51
R 0.9952
ba 53.342

Intraparticle diffusion (IPD). Adsorption is a multiple step process which is
controlled by either one or more steps, e.g., film or external diffusion, pore dif-
fusion, surface diffusion or a combination of more than one step. The IPD model
investigates the possibility of diffusion contributing towards the adsorption of
lead.

The intraparticle diffusion mode! is given by Eq. (9). A plot of g versus t1/2
should be linear if IPD is involved in the overall adsorption mechanism and the
intraparticle diffusion rate constant kp, mg gL min~Y2 can be calculated. If the
plot of the graph were to pass through the origin, it is concluded that intraparticle
diffusion is the rate controlling step.26 For this work, the plot shown in Fig. 3
exhibits multi-linearity, indicating the adsorption process consisted of three steps
as shown by the region k1, k2 and k3.8.9.26,33 Table Il shows the corresponding
IPD rate constants, kp, and the correlation coefficients, R2, for the individual re-
gions. A trend can be seen whereby Kkp1>kpo>kp3, where kpz is the rate constant
for the first region depicting macropore diffusion, while kp, depicts mesopore
diffusion for region k2.9 The rate constant kp3 for region k3 has the lowest rate
constant as it is the final equilibrium stage where intraparticle diffusion starts to
sow down due to the extremely low lead concentration left in the solution.34
However, as the line does not pass through the origin, IPD is not the rate con-
trolling step.3> The intercept, C, shown for k1, indicating the boundary layer
thickness, shows that rapid adsorption occurs within a very short time.36
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Fig. 3. Intraparticle diffusion kinetic plot for the adsorption of lead ions at room temperature
exhibiting multi linearity in the regions k1, k2 and k3.

Table Il. Kinetic parameters based on the intraparticle diffusion model exhibiting multi-li-

nearity. Three regions of multi linearity were shown, i.e., k1, k2 and k3

Region k,/mgg" min"” R

k1 0.1847 0.9946
k2 0.07%4 0.9908
k3 0.0452 0.936

The Elovich Equation. The linearized Elovich Equation as shown by Eqg. (10)
was used to plot a graph of g; versus In t obtained by integrating Eg. (11) and
applying the boundary conditions ¢t = 0 and t = 0.3/ The Elovich Equation gave a
high linear correlation, R2 = 0.9952 as shown in Fig. 4. The values of ¢, the ini-

q,/ mgg”
(3]

0 T T T T T T T
25 3.0 35 4.0 4.5 5.0 5.5 6.0

In¢
Fig. 4. Elovich kinetic plot for the adsorption of lead ions at room temperature.
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tial sorption rate, mg g~min—1 and 3, the extent of surface coverage and activa-
tion energy of chemisorptions, g mg, are given in Table I. This equation is
commonly used to determine the kinetics of chemisorption of gases onto hetero-
geneous solids; thus, it is quite restricted as it only describes a limiting property
ultimately reached by the kinetic curve.38 Thisis obviously shown by the huge y2
value as compared to the other kinetic models (Table I). This proves that the
Elovich Equation is not a suitable representation of the adsorption process, des-
pite giving excellent linearity, as was also found by Chang et al .39

CONCLUSIONS

In this study, the biosorption of lead from contaminated synthetic wastewater
using dried TA leaves was successfully performed. The adsorption kinetics, eva-
luated using pseudo-first order, pseudo-second order, intraparticle diffusion and
Elovich models, proved that the pseudo-second order model describe the experi-
mental data the best. This was further validated by the excellent linearity and
lowest x2 value. Thus, chemisorption was determined as the rate controlling step
for the adsorption process. Regarding the Elovich model, the high x2 value shows
that the model does not fit well with the experimental data despite the excellent
linearity. Therefore, the Elovich model was not suitable for describing the ad-
sorption kinetics in this work.
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and Innovation, University Malaysia Sabah (Grant No. SMS0067-SG-2008), which is grate-
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U3BOJ

BUOCOPIIIMIA 13 OTITAAHE BOJIE 3AT'ABEHE OJIOBOM ITIOMOR®Y JINCTOBA
POT'O3A (Typha angustifolia): KUHETUYKA CTYINJA

SHARAIN LIEW YEN LING, COLLIN G. JOSEPH u HOW SIEW ENG

Industrial Chemistry Programme, School of Science and Technology, Universiti Malaysia Sabah,
Locked Bag No. 2073, 88999, Sabah, Malaysia

V oBoM pany cy kopuiuhienn ocyuenu JictoBu ousbke Typha angustifolia (TA), nosnate u
Kao poros, Kao ajcopOCHT y KHHETHUYKOj cTynuju aacopmiuje PO(I1) y cuHTeTHUKMM BOAEHHM
pactBopuma. CripoBefieHa Cy UCIIUTHBAMkba MIAp)KHOM aJICOPIILHjOM Koja Cy mokasana ma je TA'y
cramy Ja aenotBopHo aacopbyje Pb(ll) onrumusoanom mo3om ox 0,6 g. AncoprunoHa paBHO-
TeXa je MOCTUIHYTa y POKY 07 8 uacoBa ca eeKTHBHUM IPOLICHTOM yKiIamama o/ 86,04 %. 3atum
je oapehena kuHETHKA ajcopiiinje moMohy KHHETHYKAX MOJeNa Kao IITO Cy ICeyIO0-NPBH Pef,
ceyn0-ApyTy pel, nHtpadectuyna qudysuja u Elovich monen. Anpokcumanyja tayaka je ypalhena
Ha OCHOBY JMHeapHe perpecuje. [Tomamy 0 KHHETHIHM COpILHje Haj60Jbe Cy OArOBapaid MOJEITY
nceyo-apyror pexa ca RZ ox 0,9979 i camo mano nommuje Elovich mogeny ca R2 ox 0,9952. U3
pesyarara ce Moke 3aksbydnTu na je aacoprumja Pb(I1) momohy TA, koju je oOunan GHoIOMIKA
MaTepuja, N3BOJJbHBA U MIOBOJbHA 32 XXUBOTHY CPEJIMHY .

(Ipumsbeno 28. jyna, pesuaupano 27. cenremGpa 2010)
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Photodegradation of Naphthol green B in the presence of
semiconducting antimony trisulphide
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Abstract: Different methods of wastewater treatment are being used for the re-
moval of dyes from their solution, but in most of the cases, either homogeneous
catalysts or different adsorbents are used. These methods have their own merits
and demerits. In the present work, antimony trisulphide was used as a hetero-
geneous catalyst. The effects of different parameters on the rate of the reaction
were observed, such as pH, concentration of dye, amount of semiconductor and
light intensity. A tentative mechanism is proposed in which the role of hyd-
roxyl radical as an active oxidizing species is shown for degradation of Naph-
thol green B.

Keywords. semiconductor; photocatalyst; Naphthol Green B; hydroxyl radical;
antimony trisulphide.

INTRODUCTION

In the entire world, everyone is facing a major problem of water pollution by
industrial effluents. Although industries are obliged to make their effluents harm-
less by different methods, water pollution is continuously increasing. Although
researchers are aready employing different methods for the removal of dye from
wastewater, photochemistry may still play an important role for solving this pro-
blem, as sunlight is readily available all over the world. Different heterogeneous
catalyst may be used as photocatalysts for the removal of different dyes. Photo-
degradation of Methylene blue using sunlight and TiO» was investigated by No-
gueria and Jardin.l Mercury(ll) ions were photocatalytically eliminated from
agueous solutions in presence of ZnO powder.2 Ameta et al.3 investigated the
effect of surfactants on the photobleaching of Basic Blue-24. Cao and Suils? re-
ported the photo-oxidation of propan-2-ol to acetone using amorphous manga-

* Corresponding author. E-mail: ameta_sc@yahoo.com
doi: 10.2298/JSC100425082A
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nese oxide as catalyst. Sharma et al.> observed the photocatalytic bleaching of
Crystal violet in aqueous suspensions of zinc oxides. Fu et al.b reported the pho-
toreduction of hexachloroplanitate(lV) on cadmium sulphide while Wang and
Zhuang.” performed the photocatalytic reduction of Cr(VI) over CdS powder
under visible light. The photochemical reduction of Cr(VI) on CdS was investi-
gated by Domenech and Munoz.8

Mansilla and Villasnov® investigated the ZnO-catalysed photodegradation of
Kraft-Black liquor, which is an effluent from pulp and paper industries. ZnS was
used for the photoreduction of carbon dioxide by Kanemoto et al.l0 Ameta et
al.11 used semiconducting iron(I11) oxide as the photocatalyst for the bleaching
of Methylene blue, Crystal violet and Malachite green dyes. The photocatalytic
reduction of the dye Methylene Blue by Bi»S3/CdS nanocomposites was realised
by Kobasa and Tarasenko.12 Biodegradation of Rose Bengal by Phanerochaete
chrysosporium was performed by Gogna et al.13 The mechanism of the photore-
duction of silver ions over tungsten oxide was reported by Sviridov and Kulak.14
The photoreduction of carbon dioxide and water into formal dehyde and methanol
in agueous suspensions of WO3 was studied by Blajeni et al.1®

EXPERIMENTAL

Antimony trisulphide was selected as the heterogeneous photocatalyst as it is coloured
and thus absorbs a major part of sunlight

A 1.0x10°3 M stock solution of Naphthol green B was prepared by dissolving 0.0878 g of
the dye in 100.0 mL doubly distilled water. The optical density (O.D.) of this dye solution at
Amax = 635 nm was determined using a Systronics Model 106 spectrophotometer.

The dye solution was placed in equal amounts into four beakers (50 mL of the dye solu-
tion was kept in four beakers):

i) The first beaker containing Naphthol green B solution was kept in the dark.

ii) The second beaker containing Naphthol green B solution was exposed to the light of a
200 W tungsten lamp.

iii) The third beaker containing Naphthol green B solution and 0.10 g antimony trisul-
phide was kept in dark.

iv) The fourth beaker containing Naphthol green B solution and 0.10 g antimony trisul-
phide was exposed to the light of a 200 W tungsten lamp.

After keeping these beakers for a few hours, the optical density of the solution in each
beaker was measured (visible light spectrum). It was found that the solutions of the first three
beakers had almost the same optical density as their initial value while the solution of the fourth
beaker had decreased. From this observation, it becomes clear that this reaction required the
presence of both light and the semiconductor antimony trisulphide. Hence, this reaction is
photocatalytic in nature.

In further experiments, the pH of the dye solution, the concentration of Naphthol green
B, the amount of antimony trichloride, and the light intensity were varied.
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RESULTS AND DISCUSSION

An aiquot of 2.0 mL was taken out from the reaction mixture and its optical
density was observed at 635 nm at regular time intervals. It was observed that the
amount of Naphthol green B decreased with increasing light exposure time.

A plot of log O.D. against time was found to be linear. The rate constant was
calculated from the expression:

k = 2.303xd ope
The data from atypical run are givenin Tablel.
TABLE I. The results of a typical photodegradation experiment. [Naphthol green B] =

= 1.50x10"> M; antimony trisulphide amount = 0.18 g in 50 mL; light intensity = 50.0 mwW
cmrZ; pH 8.0; rate constant, k = 8.95x104 s1

Time, min Optical density (O.D.) 2+1og O.D.
0.0 0.407 1.6096
5.0 0.245 1.5092
10.0 0.245 1.3892
15.0 0.188 1.2553
20.0 0.132 1.1206
25.0 0.100 1.0000
30.0 0.076 0.8808
35.0 0.058 0.7634
40.0 0.044 0.6434
45.0 0.033 0.5185
50.0 0.025 0.3979
55.0 0.019 0.2787
60.0 0.014 0.1461
Effect of pH

The pH of the solution is likely to affect the degradation of Naphthol green
B. The effect of pH on the rate of degradation of Naphthol green B was investi-
gated in the pH range 5.0-10.0. The results are reported in Table 1.

On increasing the pH of the reaction medium above its optimum value (pH
8.0), the semiconductor surface becomes covered with adsorbed hydroxyl ions,
making it negatively charged. This negatively charged surface will not permit a
close approach of dye molecules near the semiconductor surface and therefore
the reaction rate is retarded.

Effect of dye concentration

The effect of variation of the dye concentration was studied by taking diffe-
rent concentrations of Naphthol green B. The obtained results are tabulated in
Tablelll.

The rate of photocatalytic degradation of dye increased with increasing dye
concentration up to a certain value. Beyond this concentration, the rate of photo-
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catalytic degradation started to decrease. This may be explained by the fact that
as the concentration of dye was increased, more dye molecules were available for
excitation and consecutive energy transfer and as a result, an increase in the rate
was observed. A decrease in rate of photocatalytic degradation was observed
with further increase in the dye concentration, which may be attributed to the fact
that the dye started acting as an internal filter for the incident light and hence did
not permit the desired light intensity to reach and excite a large number of the
semiconductor particles. Thus, a corresponding decrease in the rate of photocata-
Iytic degradation of the dye was observed.

TABLE II. Effect of pH on the rate of the photodegradation of the dye. [Naphthol green B] =
= 1.50x10"> M; antimony trisulphide amount = 0.18 g in 50 mL; light intensity = 50.0 mwW
cm2

pH k/10*s!
5.0 5.28
55 5.63
6.0 6.57
6.5 6.77
7.0 6.99
75 7.97
8.0 8.95
85 6.67
9.0 6.07
95 5.33
10.0 4.60

TABLE Il1. Effect of Naphthol green B concentration on the rate of its photodegradation.
Light Intensity = 50.0 mW cmr2; antimony trisulphide amount = 0.18 g in 50 mL; pH 8.0

[Naphthol green B]x10°, M k/10*s?
0.4 1.01
0.6 2.10
0.8 4.24
1.0 6.41
15 8.95
2.0 8.39
25 7.63
3.0 7.10
35 6.71
4.0 5.47
45 3.10

Effect of amount of semiconductor

The amount of semiconductor is aso likely to affect the process of dye de-
gradation and hence, different amounts of photocatalyst were used. The results
arereportedin Table 1V.
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TABLE V. Effect of the amount of semiconductor on the rate of photodegradation of the dye.
[Naphthol green B] = 1.50x10° M; pH 8.0; light intensity = 50.0 mW cm2

Antimony trisulphide amount (in 50 mL solution, g k/10*s!
0.04 0.94
0.06 1.86
0.08 2.48
0.10 4.10
0.12 5.59
0.14 6.99
0.16 8.24
0.18 8.95
0.20 8.92
0.22 8.9
0.24 8.96

The rate constants for the photodegradation of the dye initially increased
with increasing amount of antimony trisulphide but after reaching a certain fixed
value of the semiconductor, they became virtually constant. This may be because
as the amount of semiconductor was increased, the exposed surface area
increased and as a result, the rate of the reaction increased. However, after a
certain limit, if the amount of semiconductor was further increased, there would
be no corresponding increase in the exposed surface area of the photocatalyst.
Furthermore, any increase in the amount of the semiconductor after this parti-
cular amount would only increase the thickness of the layer at the bottom of the
vessel, once the bottom of the reaction vessel was completely covered by the se-
miconductor. This multilayer structure would not permit all the semiconductor
particles to be exposed to light and as such, the rate of the reaction became
almost constant. Thus, saturation like behaviour was observed. This was further
confirmed by stirring the reaction mixture, whereby the rate again increased. This
point of saturation depends on the dimensions of the vessel. It was shifted to
higher values when large vessels were used and to the lower ones with smaller
vessels.

Effect of light intensity

To investigate the effect of the light intensity on the photocatalytic degra-
dation of Naphthol green B, the distance between the light source and the
exposed surface area was varied. The intensity of light at each distance was
measured using a Suryamapi (CEL Model SM 201). The results are summarized
inTableV.

The rate of photocatalytic degradation of the dye was found to increase with
increasing light intensity, but after a certain limit, the rate decreased with further
increasing light intensity. An increase in the intensity of light increases the
number of photons striking the semiconductor particles per unit area per unit
time. As a result, more electron-hole pairs are generated, which results in an

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

2011 Copyright (CC) SCS

OI2E)



1054 AMETA, PUNJABI and AMETA

overal increase in the rate of the reaction. However, at higher light intensities,
some thermal side reactions may also commence and hence, the rate of photo-
catalytic degradation decreases on increasing the light intensity.

TABLE V. Effect of the light intensity on the rate of photodegradation of the dye. [Naphthol
green B] = 1.50x10-° M; antimony trisul phide amount = 0.18 g in 50 mL; pH 8.0

Light intensity®, mwW cm™ k/10*s*
20.0 511
30.0 5.97
40.0 6.25
50.0 8.95
60.0 8.52
70.0 8.06
80.0 7.90

360 % of | ight was absorbed by the system; the results are given only for the incident light

It has been observed that the rate of photocatalytic degradation of the dye
increased on increasing the pH of the reaction medium (pH 8.0; Table Il). The
optimum was observed in akaline medium. This indicates that hydroxyl radicals
were the reactive species in the photocatalytic degradation of the dye, as the
hydroxyl ions would be converted to hydroxyl radicals by the photogenerated
holes:

sc M, h+(VB)+e-(CB) (1)
h* +OH- — *OH )
*OH + Dye — Products 3

The participation of *OH radicals as the active oxidizing species in the
photocatalytic bleaching of the dye was confirmed by performing the studied
reaction in presence of an *OH radica scavenger, i.e., propan-2-ol, whereby the
rate of the reaction was drastically reduced.

CONCLUSIONS

The Naphthol green B in the solution was degraded using the semicon-
ducting antimony trisulphide as a photocatalyst. The role of *OH radicals, which
is responsible for degradation of the dye, was confirmed by performing the
reaction in the presence of an *OH radical scavenger.
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U3BOA

OOTOHAETPAJAIIMIA HA®TOJI 3EJIEHOI' b ¥V IIPUCYCTBY ITOJIYIIPOBOAHUKA
AHTUMOH-TPUCVIJIOUJA

RAKSHIT AMETAL, P. B. PUNJABIZ u SURESH C. AMETAZ

1Department of Pure & Applied Chemistry, University of Kota, Kota - 324010 (Rajasthan) « “Department of

Chemistry, M. L. Sukhadia University, Udaipur -313002 (Rajasthan) India

Pa3He MeTO/Ie ce TPEHYTHO KOPHCTE 3a yKJIamare 00ja U3 pacTBopa, aiu y BehHHH ciydajeBa

ce KOPUCTE WM XOMOI'€HH KaTajlnu3aTopy Win agcopoeHTu. OBe MEeTo/ie UMajy CBOjHX IPEAHOCTH U
HeJocTaTaka. Y H3JI0KEHOM pajy je KopuiheH aHTUMOH-TPHCYNI(HUI Kao XETEPOreHH KaTallh3a-
TOp. McmnTHBaHO je HEeKOJIMKO MapaMeTapa Koju yTudy Ha Op3uHy peaknuje, Kao mro ¢y pH, KoH-
LeHTpanyja 60je, KOJTUYMHA TOJIyITPOBOIHUKA U HHTEH3UTET cBeTia. Ha Kpajy je u3noxeH nperio-
CTaBJbEHU MEXaHM3aM Y KOjeM je NpHKa3aHa yJIora XUIPOKCHI paauKaia y JAerpaiaiuju HadTom
3eneHor b.
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arwiNE

COONOOAMWDNE

(Mpumsbeno 25. anpuia, pesuaupato 24. jyna 2010)
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