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Polystyrene-supported aluminum chloride as an efficient and
reusable catalyst for condensation of indole
with various carbonyl compounds
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Abstract: Crosslinked poly styrene-supported aluminum chloride (PS—AICl3) is
a stable, recy clable and environmental friendly heterogeneous catalyst for th e
condensation of indole with aldehydes a nd ketone s to af ford diindoly Ime-
thanes. In addit ion, PS—AICl; shows satisfactory selectivity in the reaction of
mixtures of an aldehyde and a ketone with i ndole. Although AICl; is a w ater
sensitive, corrosive and environmentally harmful compound, PS—AICl; is a stable
and water-tolerant species. The mild reaction conditions, short reaction ti mes,
easy work-up, high to excellent yields, chemoselectivity, reuse of the catalyst for
at least te n times without significant change in its cataly tic activity, low cost,
and easy preparation and handling of the polymeric catalyst are obvious advan-
tages of the present method.

Keywords: bis-indolylmethanes; indole; polystyrene; aluminum chloride.

INTRODUCTION

Indole and it s corresponding com pounds have been identified as an im por-
tant category of heterocyclic compounds in medicinal chemistry.!2 Among diffe-
rent indole d erivatives, diindol ylmethanes are known as a privileg ed group be-
cause of their representation in natural products 3 and extensive applications in
pharmaceuticals. Diindolylmethanes, which are found in marine sponges, -0 are
effective in the prevention of cancer due to their ability to m odulate cancer-
-causing estrogen metabolites.’” Synthetically, the reaction of indo le with aldehy-
des or ketones produces az afulvanium salts, which further react with another in-
dole molecule to form bis-indol ylmethanes.® A great num ber of methods have
been reported in the literature for the preparation of bis-indolylmethanes in which
protic acids,? as well as Lewis and other acids, su ch as LiCl O4,!9 m ontmoril-

* Corresponding author. E-mail: tamami@chem.susc.ac.ir
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424 TAMAMI, SHIRAZI and PARVANAK BORUJENI

lonite K10, 11 HCIO 4 (TP P),12 CeCl 3-7H,0,13 am berlyst-15,14 KHSO 4 !5 ze o-
karb-225,16 poly indole salt,!7 La( PFO)3,!8 PEG-supported su Ifonic acid,!®
ZrOCl,-8H,O/silica gel 20 and heterop olyacids,?!+22 are em ployed. lonic I iquids
in conjugation with In(OTf) 3 or FeCl 3-6H,023 were also reported to be useful
media for this transformation. Although these methods were appropriate, many of
them are associated with several drawbacks, including the requirement of large or
stoichiometric am ount of cataly sts due to their deactivation by the nitrogen-
-containing reactants, low y ields, long re action ti me, expensive cataly sts, ex -
hausting wor-kup and the generation of environm entally perilous waste material
as a result of the required extraction procedures.

Due to their wide range of biolog ical, industrial and synthetic applications,
the preparation of bis-in dolylmethanes has received renewed attention of re-
searchers int erested in th e discovery of improved protocols. In continuation of
ongoing research on the use of heterogene ous polystyrene-supported aluminum
chloride as a Lewis acid c atalyst in organic reactions 24-26_ herein this polymeric
catalyst is introduced for the efficient electrophilic substitution of indole with a
variety of carbonyl compounds.

EXPERIMENTAL

All chemicals were purchased from Merck or Fluka. Poly styrene (8 % diviny lbenzene,
prepared Via suspension poly merization using polyvinylpyrrolidone 90 K a s the suspension
agent, grain size range: 0.25-0.6 mm) was obtained from the Iran Polymer and Petrochemical
Institute. All products are known compounds and were identified by comparison of their phy-
sical and spectral data with those of authentic samples. The capacity of the catalyst was deter-
mined by the Mohr titration m ethod and ato mic absorption technique using a Philips ato mic
absorption instrument. Reaction monitoring and purity determination of the products were a c-
complished by TLC on silica-gel polygram SILG/UV254 plates. The IR spectra were recorded
on a Shi madzu FTIR-8300 sp ectrophotometer, V,,y in cm "L. The 'H-NMR (250 MHz) a nd
I3C-.NMR (62.5 MHz) were re corded on a Bruker Advanced DPX-250, FT-NMR sp ectrome-
ter, din pp m. The mass spectra were recorde d on a Shi madzu GC MS-QP 1000 EX instru-
ment. Microanalyses were performed on a Perkin-Elmer 240-B microanalyzer. Melting points
were recorded on a Biichi B-545 apparatus in open capillary tubes.

Preparation of PS-AICI,

Anhydrous AlCl; (4.5 g) was added to polystyrene (8 % divinylbenzene, 3.5 g) in carbon
disulfide (25 mL) as the reaction medium. The mixture was stirred using a magnetic stirrer
under reflux condition for 50 min, cooled an d then water (40 mL) was cau tiously added t o
hydrolyze the e xcess AICI;. The mixture was stirred until the deep orange color disappeared
and the polymer became light yellow. The polymer beads were filtered and washed with water
(350 mL) and then with acetone and diethy | ether. The poly mer was dried in a vacuum oven
for 12 h at room temperature. The capacity of the polymeric catalyst based on its chloride con-
tent was 0.40 mmol AlCl;/g catalyst.24-26

General procedure for the condensation of carbonyl compounds with indole

In a round bottom flask (25 mL) equipped with a condenser and a magnetic stirrer, a so-
lution of the required carbonyl compound (1.0 mmol) and indole (2.0 mmol) in 10 mL MeCN
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DIINDOLYLMETHANES 425

was prepared. PS—AICl; (0.20 mmol) was added to the soluti on and the reac tion mixture was
stirred magnetically under reflux condition s. The progress o f the reaction was followed by
TLC. After completion of the reaction, the catalyst was filtered off and washed with Et,O
(2x15 mL) and the filtrate concentrated on a rotary evaporator under reduced pressure to give
the desired product. When required, the products were purified by column chromatography so
as to afford the pure bis-indol ylmethanes. The spent catalyst from different experiments was
washed with Et,0, dried and used again.

RESULTS AND DISCUSSION

PS—AICI; was prepared by addition of a nhydrous AlCI3 to polystyrene (8 %
divinylbenzene) in carbon disulfide under reflux conditions. The Mohr titration
method2” and the atom ic absorption technique were em ployed to determine the
capacity. The capacity of the polymeric catalyst was 0.40 mm ol AlICI3 per gram
of cataly st. Although Al Cl3 is a water sensitive, corrosive and environm entally
harmful compound, PS—AIClj; is a stable and water tolerant species (as a bench-
top catalyst). This catalyst is easy to prepare, stable, storable in air for a long time
without any change, easily recycled and reused without appreciable loss of activity.

In order to optimize the reaction conditions, PS—AICI 3 was employed as the
catalyst for the condensation of ind ole and benzaldehyde in diff erent solvents,
i.e., MeCN, THF, CH ,Cl,, EtOH, toluene, Et O and cy clohexane. Acetonitril e
proved to be the best m edium. It was found that 0.20:1.0:2.0 mmol ratio of ca-
talyst/benzaldehyde/indole was sufficient to obtain the desired diindolylmethanes
in 95 % yield within 1 h under reflux conditions (Scheme 1).

o R~ R
Rl)I\RZ L2 @ 20 mol % PS-AICl; ‘ \ / O
| MeCN (Reflux) N N
Ald. or Ket. H P|I I—|I
(3-98 %)
Scheme 1.

Next, (PS—AICl;)-catalyzed electrophilic substitution reactions of in dole with
a variety aldehydes and ketones were performed to better understand the gene-
rality of this method (Table I).

As can be seen in Table I (entries 1-16), aromatic, aliphatic and heterocyclic
aldehydes underwent electrophilic substitution reaction with indole effectively to
afford a wid e range of substituted dii ndolylmethanes. Substrates with an elec-
tron-withdrawing substituent gave excellent yields in comparison with those car-
rying an electron-donating group, but the difference in tim e was not sign ificant
(entries 2—10). Both 0-substituted and p-substituted aromatic aldehydes gave high
yields. It was also found that the reactio n of terephthalaldehyde (entry 16) with 4
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426 TAMAMI, SHIRAZI and PARVANAK BORUJENI

equivalents of indole proceeded rapidly under si milar conditions to afford p-bis-
(diindolylmethyl)benzene in high yield (Scheme 2).

TABLE I. PS-AICI; catalyzed synthesis of diindolylmethane derivatives (all reactions were per-
formed under reflux in CH;CN. Ratio of catalyst/carbonyl compound/indole was 0.20:1.0:2.0)

Entry Carbony | compound® T ime, min  Yield, %® References for known compounds

1 : 9 60 95 28
2 e 80 98 16
3 : 2 80 90 28
NO,
4 : yy 6593 29
O,N
5 : e 75 85 18
OMe
6 P 75 89 28
Meo@—/
7 e 80 93 28
-~
8 : e 30 83 28
cl
9 e 50 89 10
O
10 9 5585 17
HO—< :}4
11 o) 75 89 29
N N7
12 =0 6590 30
/A
S
13 @CHO 80 87 28
(@]
14 /\/\)OL 120 79 10
H
15 120 75 15

<

I
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DIINDOLYLMETHANES 427

TABLE I. Continued
Entry Carbony |compound® T ime, min  Yield, %® References for known compounds
16 75 89 28

OHC CHO

17 <:>: 150 76 28
0
18 E\/:O 200 65 28

>

19 o 2203 28
20 0 240 0 -
21 240 55 31

d=o

2All products are known compounds and were identified by comparison of their physical and spectral data with
those of the corresponding authentic sample; “isolated yields

(89%)

4 @ PS—AICl3 (0.4 mmol)
* o
I\|I MeCN (Reflux)
H

CHO 75 min

Scheme 2.

Ketones required a longer reaction time and were obtained in moderate yields
(entries 17-21). This striking difference in reactivity prom pted an investigation
of the applic ability of t he present method for the chemoselective electrophilic
substitution reaction of indole with aldehy des and ketones. Thus, equimolar mix-
tures of aldehydes and ketones wer e allowed to react with indole in the presenc e
of PS—AICl3. As shown in Sche me 3, the cataly st was able to discriminate be-
tween aldehydes and ketones. The observed chemoselectivity of PS—AICl3 makes
it suitable for the selective reaction of aldehydes in the presence of keto carbonyl
functions and hence it can be employed in the synthesis of complex molecules by
multistep processes. The chemoselectivity of PS—AICI; toward aldehydes and ke-
tones is presumably due to its mild catalytic activity and also to the difference in
bulkiness of the carbony | compounds. It is noteworthy that PS—AlClz showed a
higher chemoselectivity than that of AICI 3 in the reaction of indol e with a mix-
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428 TAMAMI, SHIRAZI and PARVANAK BORUJENI

ture of aldehyde and ketones (Scheme 3). This is probably due to the higher reac-
tivity of AICl3, i.e., stronger Lewis acidity, and therefore lower selectivity.

h
Ph  Me

PhCHO (1 mmol )

— 0.2 mmal
+ + Tndole 2ol SR Q2IMD,_ O O
MeCN'Reﬂux N N I’\T
}|I H trace

PhCOMe (1 mmol ) 80 min I—|I

Ph Me
PhCHO (1 mmol) Al (0.2 mmol)
+ + Indole (2mmoly >
MeCN/ Reflux N
PhCOMe (1 mmol ) 80 min |
+ Several unindetified products
Scheme 3.

Representative spectral data of so me of the obtained co mpounds are given
below.

3,3’-(Phenylmethylene)bis-1H-indole (entry 1). Pink solid. Yield: 95 %; m.p.
141-143 °C (Lit.28 140-142 °C). IR (K Br, cm~1): 3402, 3051, 1618, 1600. 'H-
-NMR (250 MHz, CDCl 3, ¢ / ppm): 5.86 (1H, s, C-H), 6.66 (2H, s, C-H), 7.11
(2H, t, ArH, J = 6.9 Hz), 7.14-7.22 (3H, m, ArH), 7.28-7.31 (2H, m, ArH), 7.35—
~7.42 (6H, m, ArH), 7.93 (2H, broad NH). 13C-NMR (60 MHz; CDCls, 6 / ppm):
31.6, 1109, 111.9,118.4,119.5,121.2, 124.0, 126.3, 127.1, 128.5, 128.6, 137.0,
145.2.

3,3’-[(2-Nitrophenyl)methylene]bis-1H-indole (entry 3). Yellow solid. Yield:
90 %; m.p. 140-142 °C (Lit. 28 139—141 °C). !H-NMR (250 MHz; CDCl 3, 6 /
/ ppm): 5.24 (1H, s, ArCH), 6.55 ( 2H, s, ArH), 7.10-7.87 (12H, m, ArH) , 8.36
(2H, broad d, 2xNH, J = 8.6 Hz). 13C-NMR (60 MHz, CDCI 3, § / ppm ): 34.9,
111.5,11 1.6, 119.5,120.7,12 1.9, 122.2,124.3,126.8, 129.6, 131.2,13 2.6,
134.2, 136.8, 149.7.

3,3’-(2-Furanylmethylene)bis-1H-indole (entry 13). Brown solid. Yield: 87
%; m.p. 317-319 °C (Lit.28 316-318 °C). IR (KBr, cm!): 3410, 1712, 1450. 'H-
-NMR (250 MHz, CDCl3, 6 / ppm): 5.97 (1H, s, ArCH), 6.90 (2H, s, ArH), 7.08—
~7.43 (11H, m, ArH), 8.00 (2H, broad, 2xNH). !13C-NMR (60 MHz, CDCl 3, 6 /
/ ppm): 34.8, 106.5, 110.2, 111.3, 112.2, 118.0, 119.3, 119.7, 121.7, 124.3, 126.3,
135.9, 142.0.

3,3°,37,3"-(1,4-Phenylenedimethylidyne)tetrakis-1H-indole (entry 16, Sch-
eme 2). Pink solid. Yield: 89 % ; m.p.193 °C (dec.) (Lit.28, 191 ° C). !H-NMR
(250 MHz, CDCl3, o / ppm): 5.87 (2H, s, ArCH), 6.54 (4H, s, ArH), 7.09-7.18
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DIINDOLYLMETHANES 429

(8H, m, ArH), 7.28-7.41 (12H, m, ArH), 8.14 (4H, broad, 4xNH). 13C-NMR (60
MHz, CDCl3, 6 /pp m): 30.7,111.8,117.9,118.1, 119.4, 121.1, 124.0, 1 26.6,
127.9, 137.0, 142.7.

The feasibility of recycling the catalyst was also examined. After completion
of the reaction of indole with benzaldehyde, the polymer was filtered and washed
with diethyl ether, dried in a vacuum oven at room temperature for 12 h and re-
used for the reaction of indole with the sa me or different aldehydes. As is shown
in Table II, the efficiency of the recy cled catalyst had not changed appreciabl y
after ten cycles.

TABLE II. Comp arison of the efficiencies of the recycled catalyst in the con densation of in-
dole with benzaldehyde within 60 min

Entry No. of cycles Yield, %"
10 95
21 90
32 90
43 90
54 85
65 85
76 85
87 85
98 85
109 85
Isolated yields

A comparison of the efficiency of the PS—AICl 3 catalyst with some of those
reported in the literature is given in Table IIl. As can be seen, in addition to having
the general advantages attributed to polymeric supported catalysts, PS—AICl3 has
a good efficiency compared to many of the other re ported catalysts. The present
procedure is superior in comparison with BF3, EtyO or AICl3 catalysts employed
in the reaction of acetone with indole, which ar e r eported to lead to the pro-
duction of several unidentified products.32-36

TABLE III. Comparison of th e efficiencies o f a nu mber of dif ferent reported cataly sts with
that of PS—AICI; in the condensation of indole with benzaldehyde

Entry Cataly st/solvent Time, min Yield, %" Ref.

1 PS-AIC1 3/CH;CN 60 95 -
2 In(OTY) 4/CH;CN 25 71 23

3 LiClO +/CH;CN 120 80 10
4 7ZrOCl ,-8H,0, solvent-free peai] 20
5 La(PFO) 3/CH;CN 30 90 18
6 PPh 3*HC10,/CH;CN 30 61 12
7 AIPW 12040/CH;CN 15 92 21
8 Zeokarb-225/CH sCN 450 95 16

Isolated yields
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CONCLUSIONS

In conclusion, a hig hly efficient polymer-supported catalyst has be en intro-
duced for the reaction of indole with carbon yl compounds, to afford diind olyl-
methanes in good to excellent yields. Although AICl3 is a water sensitive, corro-
sive and environmentally harmful compound, PS—AICIj; is a stabl e and water t o-
lerant species. The mild reaction conditions, short reaction times, easy work-up,
high to excellent y ields, che moselectivity, reuse of t he catalyst for at le ast ten
times without significant change in its ¢ atalytic activity, low cost, and easy pre-
paration and handling of the polymeric catalyst are the obvious advantages of the
present method.

Acknowledgements. W e gratefully acknowled ge the p artial support of this study by the
Shiraz Univ ersity and the Sha hrekord University Research Council. In a ddition, the help of
Mr. Gh. R. Nejabat in this work is appreciated.

U3BOA

AJIYMUHUIYM-XJIOPU HA TIOJIMCTUPEHCKOM HOCAUY KAO EOUKACAH U
BUIIEKPATHO VIIOTPEBJBMB KATAJIM3ATOP Y PEAKIIMIN KOHAEH3ALIMJE
MHIOJIA 1 PABJIMYNUTUX KAPBOHUJIHUX JEJIUEBA

BAHMAN TAMAMI', AMIR NASROLAHI SHIRAZI' 1 KAVEH PARVANAK BORUJENI®

1Department of Chemistry, Shiraz University, Shiraz 71454 u 2College of Science,
Shahrekord University, Shahrekord 115, Iran

AnyMUHHjyM-XJIOpH] Be3aH 3a ympexenu noauctupeH (PS—AICl3) je crabuman xereporeH
KaTaJlH3aTop, MOJJI0KAH PEUUKIMpay W HHje IUTETaH 10 XHUBOTHY cpeiuHy. Edukacan je xao
KaTaJIM3aTop y PeakKLijy KOHACH3alje HHI0JIa ca all[IeXUAMMa U KETOHHMa, TIpU YeMy ce 1o0ujajy
muuagonmMerann. PS—AICl; mokasyje 3amoBosbaBajyhy CeleKTHBHOCT y peakiijamMa MHIONA ca
CMeIIoM ajjexuzaa u ketona. bes o063upa Ha To mTo je AlCl3 oceTsbuB mpeMa Boau, KOPO3UBaH U
mTeTaH npema >KMBOTHOj cpeanuu, PS—AICl; je crabunan u OTmopaH Ha MPUCYCTBO Boze. biaru
PEaKIHMOHHU YCIIOBHU, KPaTKO PEaKILOHO BpeMe, Jlaka 00pajia peaKkIHOHE CMEIlle, BUCOK JJ0 OJUINYaH
MPUHOC PeaKiirja, XEMOCEICKTHBHOCT, MOTYNHOCT BHIIECTPyKe yrmoTpebe karaimszaropa a0 10
myTa 6e3 yOuUJbHBOI I'yOHTKa KaTAIUTHYKAX CBOjCTaBa, HACKA IIEHa U Jlakoha y NPUIPEMH U PyKO-
Baby MOJIUMEPHOT KaTaIH3aTopa, OUYHUIJICAHE Cy IPEAHOCTH OIMHUCAHOT MOCTYIKA.

(TTIpumsseno 31. aBrycra 2009, peBuaupano 8. ¢pebpyapa 2010)

REFERENCES

. R. J. Sundberg, The Chemistry of Indoles, Academic Press, New York, 1996

. S . Hibino, T. Chozi, Nat. Prod. Rep. 18 (2001) 66

. S. A. Morris, R. J. Anderson, Tetrahedron 46 (1990) 715

A. Ramirez, S. Garcia-Rubio, Curr. Med. Chem. 10 (2003) 1891

F. Y. Miyake, K. Yakushijin, D. A. Horne, Org. Lett. 4 (2002) 941

B. Jiang, C. G. Yang, J. Wang, J. Org. Chem. 67 (2002) 1396

. J. J. Michnovicz, H. L. Bradlow, in Food Phytochemicals for Cancer Prevention 1: Fruits
and Vegetables, M.J. Huang, T. Osawa, C.T. Ho, R.T. Rosen, Eds., American Chemical
Society, Washington DC, 1994, pp. 282-293

e

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

2010 Copyright (CC) SCS




11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.
31.
32.

33.
34.

35.
36.

DIINDOLYLMETHANES 43 1

W. A. Remers, R. K. Browns, in The Chemistry of Heterocyclic Compounds, Vol. 25,
Part I, W. J. Houlihan, Ed., John Wiley and Sons, New York, 1972, p. 1
M. Roomi, S. MacDonald, Can. J. Chem. 48 (1970) 139

. J.S. Yadav, B. V. S. Reddy, C. V. S. R. Murthy, G. Mahesh Kumar, C. Madan, Synthesis

(2001) 783

M. Chakrabarty, N. Ghosh, R. Basak, Y. Harigaya, Tetrahedron Lett. 43 (2002) 4075

R. Nagarajan, P. T. Perumal, Synth. Commun. 32 (2002) 105

C. C. Silveira, S. R. Mendes, F. M. Libero, E. J. Lenardao, G. Perin, Tetrahedron Lett. 54
(2009) 6060

C. Ramesh, J. Baneree, R. Pal, B. Das, Adv. Synth. Catal. 345 (2003) 557

R. Nagrajan, P. T. Perumal, Chem. Lett. 33 (2004) 288

C. J. Magesh, R. Nagarajan, M. Karthik, Appl. Catal. A 266 (2004) 1

S. Palaniappan, A. John, J. Mol. Catal. A 242 (2005) 168

L. Wang, J. H. Han, T. Sheng, J. Z. Fan, X. Tang, Synlett (2005) 337

S. R. Sheng, Q. Y, Wang, Y. Ding, X. L. Liu, M. Z. Cai, Catal. Lett. 128 (2009) 413

H. Firouzabadi, N. Iranpoor, M. Jafarpour, A. Ghaderi, J. Mol. Catal. A 253 (2006) 249
N. Azizi, L. Torkian, M. R. Saidi, J. Mol. Catal. A 275 (2007) 109

H. Firouzabadi, N. Iranpoor, A. A. Jafari, J. Mol. Catal. A 244 (2006) 168

S.-J. Ji, M.-F. Zhou, D.-G. Gu, Z.-Q. Jiang, T. P. Loh, Eur. J. Org. Chem. (2004) 1584

B. Tamami, K. Parvanak Borujeni, Tetrahedron Lett. 45 (2004) 715

B. Tamami, K. Parvanak Borujeni, Synth. Commun. 34 (2004) 65

B. Tamami, K. Parvanak Borujeni, Catal. Commun. 8 (2007) 1191

1. M. Kolthoff, E. B. Sandell, Textbook of Quantitative Inorganic Analysis, 3™ ed., Mac-
millan Company, New York, 1965, p. 451

A. Hasaninejad, A. Zare, H. Sharghi, K. Niknam, M. Shekouhy, Arkivoc, Part xiv, 2007, 39
G. V. M. Sharma, J. J. Reddy, P. S. Lakshmi, P. R. Krishna, Tetrahedron Lett. 45 (2004)
7729

V. T. Kamble, K R. Kadam, N. S. Joshi, D. B. Muley, Catal. Commun. 8 (2007) 498

J. T. Li, H. J. Dai, W. Z. Xu, T. S. Li, Ultrasonics Sonochem. 13 (2006) 24

A. Chatterjee, S. Manna, J. Banerji, C. Pascard, T. Prange, J. Shoolery , J. Chem. Soc.
Perkin Trans. 1 (1980) 553

J. Banerji, A. Chatterj ee, S. Manna, C. Pascard, T. Prange, J. Shoolery , Heterocycles 15
(1981) 325

E. Roder, Arch. Pharm. 305 (1972) 96

E. Roder, Arch. Pharm. 305 (1972) 117

W. Noland, M. Venkiteswaren, C. Richards, J. Org. Chem. 26 (1961) 4241.

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

2010 Copyright (CC) SCS







i, Journal of

. L
the Serbian
= . .
T Chemical Society
3 \)
%‘*mm A lm\\r\"“*@ JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (4) 433-440 (2010) UDC 547.93+541.183:57.04:547.933
JSCS-3976 Original scientific paper

Influence of bile acids on the adsorption of lidocaine and
verapamil in an in vitro experiment

MIHALJ M. POSA™™ and KSENIJA N. KUHAJDAZ

1Department of Pharmacy, Faculty of Medicine, University of Novi Sad, Hajduk Veljkova 3,
21000 Novi Sad and 2Department of Chemistry, Faculty of Sciences, University of Novi Sad,
Trg D. Obradovic¢a 3, 21000 Novi Sad, Serbia

(Received 10 August, revised 6 October 2009)

Abstract: The work is concerned with the influence of the structure of bile
acids (cholic, deoxycholic, chenodeoxycholic, and their keto derivatives) on
the in vitro adsorption of lidocaine and verapamil from an aqueous phase to
rat’s intestine membrane. Transport of lidocaine from an aqueous medium to
the rat’s intestine membrane was significantly increased (p < 0.05) only by
7-ketodeoxycholic acid, whereas an analogous increase in verapamil transport
was produced only by cholic acid. It appeared that, of all the tested bile acids,
these two acids form the most stable complexes (by hydrogen bonds) with the
respective drug.

Keywords: lidocaine; verapamil; bile acids.

INTRODUCTION

Bile acids belong to a special group of surface active molecules, so-called
amphiphilic molecules. They are planar polar molecules in which the hydropho-
bic and hydrophilic surfaces are separated.1~4 Thanks to this property, bile acids
show several pharmacological features, such as relaxation of smooth muscles of
the endothelium,® lowering of the glucose blood level® and the like. In addition,
bile acids exhibit a promotive effect in the action of some drugs (insulin, quini-
dine, morphine, etc.).6.7

In previous investigations,8 7-ketodeoxycholic and 12-ketochenodeoxycho-
lic acids, as well as cholic acid, showed promotive effects on the anesthetic action
of lidocaine in infiltrational tail anesthesia of rats. TH-NMR measurements®
showed that lidocaine in deuterated chloroform forms hydrogen-bond complexes
with some bile acids (keto derivatives of cholic, deoxycholic and chenodeoxy-
cholic acids). Kinetic studies revealed a positive correlation between the forma-

*Corresponding author. E-mail: junposam@eunet.rs
# Serbian Chemical Society member.
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434 POSA and KUHAJDA

tion constant of the bile acid-lidocaine complexes and the promotive action of
the bile acids on the transfer of lidocaine from an aqueous phase to chloroform
(model of cell membrane) if the bile acids were present in the organic phase
(pretreatment model).® In the mechanism of the promotive action of bile acids on
the transport of drugs through the cell membrane, their interaction with mem-
brane phospholipids plays an important role.10.11

In view of the above facts, the aim of this work was to investigate the effect
of bile acids (cholic, deoxycholic and chenodeoxycholic, and their keto derivati-
ves) (Fig. 1, Table I) on the transfer of lidocaine from an aqueous phase to the
membrane of rat intestine (in vitro) pretreated with the corresponding bile acid
solution. Namely, the objective was to establish whether bile acids exhibit the
same structure—activity relationship as in the transfer of lidocaine from an aque-
ous phase to chloroform, i.e., how well can chloroform model a biological mem-
brane. In addition, the aim was to examine the action of bile acids on the trans-
port of verapamil to the rat intestine membrane. Namely, in contrast to the lido-
caine molecule, which has one proton-donor group (amide group) and one pro-
ton-acceptor group (tertiary amine group), the verapamil molecule has only proton-
acceptor groups (methoxy, nitrile and tertiary amine groups). The application of
verapamil may indicate the importance of hydrogen bonds in the formation of
bile acid complexes, and thus in the promotive action of bile acids.

structure of tested bile acids

—O0
{ %
N N | N
H ® Z
N \’H - O N
D/\\\l
S}
H CI
e} ~ o
lidocaine verapamil hydrochloride

Fig. 1. Structures of tested bile acids and lidocaine and verapamil hydrochloride.
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TABLE I. The tested bile acids
Position of hydroxyls and

keto groups (Fig. 1) Bile acid
R;=R,=R3=0H 30,712 o-trihydroxy-54-cholanoic acid (cholic acid)
R;=R3;=0OH; R,=H 30,12 o~dihydroxy-5/-cholanoic acid (deoxycholic acid)
R;=R,=0H; R;=H 3a,7a-dihydroxy-54-cholanoic acid (chenodeoxycholic acid)
R;=R;=0H; R,=0 3,12 e-dihydroxy-7-keto-54 cholanoic acid
(7-ketodeoxycholic acid)
R;=R,=0H; R;=0 3a,7o-dihydoxy-12-keto-5-cholanoic acid
(12-ketochenodeoxycholic acid)
R;=OH; R;=R,=0 12 o~hydroxy-3,7-diketo-54-cholanoic acid
R;=0OH; R,=R3=0 3o-hydroxy-7,12-diketo-5/4-cholanoic acid
(7,12-diketolitocholic acid)
R;=R,=R3=0 3,7,12-triketo-5-cholanoic acid
R;=0H;R;=0; R,=H 3a,-hydroxy-12-keto-5/-cholanoic acid
(12-ketodeoxylitocholic acid)
R;=R;=0;R,=H 3,12-diketo-54-cholanoic acid
R;=0OH;R,;=0; Rz=H 3o-hydroxy-7-keto-5/-cholanoic acid
(7-ketolitocholic acid)
R;=R,=0;R;=H 3,7-diketo-5/-cholanoic acid

EXPERIMENTAL
Material

Cholic, deoxycholic and chenodeoxycholic acids (Sigma, New Zealand, 98 %) were used
as the starting compounds for the synthesis of their keto derivatives. The syntheses of keto
derivatives of all the three bile acids, and their transformation to sodium salts were performed
as described in previous articles.1.34
Determination of the influence of sodium salts of bile acids on the in vitro adsorption of
lidocaine and verapamil in the small intestine

The small intestine (5 cm) was taken from an ether-anesthetized Wister rat and prepared
according to Al-Salami et al.12 Then, the intestine was cut into small pieces and placed in
Tyrode solution (pH 7.4 H,PO,/HPO,2") containing the dissolved sodium salt of a bile acid,
so that the bile acid concentration was identical to the critical micellar concentration3# (the
control was Tyrode solution without bile acid). The intestine was soaked in Tyrode solution
with bile acid for 24 h under a constant flow of oxygen and stirring (50 rpm) — this phase of
the experiment served to pretreat the intestine with bile acid. Subsequently, the intestine was
removed from the bile acid solution and washed with Tyrode solution (25 ml). Then, the in-
testine pieces were transferred to Tyrode solution containing either lidocaine hydrochloride
(10 ml, 40 mM) or verapamil hydrochloride (10 ml, 40 mM) and left in contact with the given
drug (magnetic stirrer, 50 rpm) for 5 min. After that, a sample of the solution (750 ul) was
taken to determine spectrophotometrically the concentration of the tested drug (the blank was
Tyrode solution, Agilent 8453). Lidocaine was measured at a wavelength of 263 nm and
verapamil at 280 nm, using the corresponding calibration graph.

Data treatment
The results were treated (paired-samples t-test) using the SPSS10.0 package for Windows.
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RESULTS AND DISCUSSION

In pharmacodynamic investigations of the promotive action of bile acids on
drug transport, it is customary to treat experimental animals first with the bile
acid and then with the drug.6:7.13 Hence, the test of the influence of bile acids on
the resorption of lidocaine and verapamil in the intestine membrane was pre-
ceded by treatment with solutions of the sodium salts of bile acids and the de-
crease in the concentration of the tested drug was measured after 5 min. Namely,
the effect of the tested bile acid on the drug concentration in the solution after
intestine soaking for 10 min did not differ from that for the blank, as the greatest
change in the drug concentration occurred in the first 5 min.

The concentrations of the tested drugs measured 5 min after the application
in the in vitro experiment are given in Table I1, from which it can be seen that a
higher degree of resorption after 5 min was registered for verapamil in the control
experiment than for lidocaine, which could be expected based on the higher
lipophilicity of verapamil (lidocaine, log P = 2.26; verapamil, log P = 3.45).14.15
The decrease in the lidocaine concentration was significant in the presence of 7-ke-
todeoxycholic acid. Namely, lidocaine and 7-ketodeoxycholic acid form a hydro-
gen-bonded complex with a larger formation constant (K = 14.22 dm3 mol-1)
compared to the other tested bile acids, the complex formation constants of which
are in the range 1-9 dm3 mol-1.9 A significant decrease in the verapamil concen-
tration was evidenced when the intestine membrane was pretreated with sodium
cholate. Namely, in contrast to lidocaine, the verapamil molecule contains only
proton-acceptor groups (methoxy, nitrile and tertiary amine groups), which means
that verapamil forms hydrogen-bonded complexes with those bile acids which

TABLE Il. Concentrations of tested drugs measured 5 min after application in the in vitro ex-
periment (starting concentrations: c (lidocaine) = 40mM; c (verapamil) = 40 mM)

Bile acid c(lidocaine)® / mM c(verapamil)® / mM
Control 35.12+4.74 31.78+3.31
Deoxycholic 31.70£4.09 28.38+£3.52
Chenodeoxycholic 32.02+£3.50 28.91+4.12
Cholic 30.17+3.98 25.80+3.19°
12-Ketolitocholic 34.09+2.61 32.00+2.50
3,12-Diketo-54-cholanoic 36.00+2.50 34.3614.41
7-Ketolitocholic 30.84+5.47 30.51+2.98
3,7-Diketo-54-cholanoic 33.98+7.04 32.37+4.60
12-Ketochenodeoxycholic 29.42+6.80 31.36+2.52
7-Ketodeoxycholic 27.76+6.30° 30.90+2.76
7,12-Diketolitocholic 33.00+2.98 32.84+2.71
12a-Hydroxy-3,7-diketo-54-cholanoic 34.731£4.00 31.93+2.16
3,7,12-Triketo-5p-cholanoic 32.90£3.75 33.25+3.04

®Each value represents mean + sd (n = 7); bvalues which are significantly different (p < 0.05) from the corres-
ponding control
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have hydroxyl groups. It is evident from Table Il that the greatest effect on the
decrease of verapamil concentration in the aqueous phase was induced by cholic
acid, followed by deoxycolic acid and then by chenodeoxycholic acid. Namely,
cholic acid molecule has three hydroxyl groups on the o side of the steroid ske-
leton, which form a binding region for the proton-acceptor groups of the verapa-
mil molecule. As can be seen from Fig. 2, the 2-cyano-2-(3,4-dimethoxyphenyl)-
-2-isopropyl-ethyl segment (region) of the verapamil molecule fits the triangle
formed by the three OH groups of cholic acid and hence this bile acid forms the
most stable complex with verapamil. The molecules of deoxycholic and cheno-
deoxycholic acids have smaller numbers of hydroxyl groups; hence, their inter-
action with verapamil is less pronounced. The bile acids whose molecules con-
tain only keto groups, such as 3,7,12-triketo-54-cholanoic, 3,12-diketo-54-chola-
noic and 3,7-diketo-54-cholanoic acids, do not affect verapamil transport since
they, like verapamil, have only proton-acceptor groups.

cholic acid cholic acid

A B

Fig. 2. Hydrogen-bonded complex formed between verapamil and cholic acid;
the proton-acceptor groups: methoxy, nitrile and tertiary amine groups coincide sterically
with the triangle formed by the three hydroxyl groups of cholic acid
(A-view from C12 of cholic acid; B-view from C7 of cholic acid).

In order to form a complex with lidocaine (1:1 stoichiometry), a bile acid
should have in its molecular structure either two OH groups or one keto (or
carbonyl group from COOH) and one OH group at an appropriate mutual dis-
tance (from 4.4 to 5.5 A).9 Of the tested bile acids, 7-ketodeoxycholic acid
provoked the strongest decrease of the lidocaine concentration. Namely, the mo-
lecule of this bile acid may bind with lidocaine in three different ways involving
1:1 stoichiometry (Fig. 3). At the same time, because of steric repulsions, 7-keto-
deoxycholic acid can bind only one molecule of lidocaine; however, the complex
7-ketodeoxycholic acid-lidocaine (1:1) can be realized via three microstates. The
same structural analysis shows that the other tested bile acids form their com-
plexes with lidocaine via one microstate only. In other words, formation of the
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438 POSA and KUHAJDA

complex 7-ketodeoxycholic acid-lidocaine (1:1) is three times more probable
than the formation of such a complex with the other bile acids.

lidocaine

lidocaine

/

7-ketodeoxycholic acid

N _/

~

lidocaine

Fig. 3. Possible interactions (hydrogen bonds) between lidocaine and 7-ketodeoxycholic acid.

Deoxycholic and chenodeoxycholic acids, as markedly hydrophobic molecu-
les,% induced no significant increase in the resorption of lidocaine (Table I1).

Based on this experiment, it can be concluded that the formation of a mixed
micelle of cell membrane phospholipids from the small intestine with a hydro-
phobic bile acid does not influence resorption of the tested drug, that is, no “ho-
les* are formed in the cell membrane. However, in order to have a faster drug re-
sorption, the cell membrane should form a complex with the drug, which then be-
comes more hydrophobic (Fig. 4). Namely, only the unprotonated lipophilic form
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of lidocaine or verapamil is able to penetrate the cell membrane.14.15 In the cell
membrane, the corresponding drug and bile acid can form hydrogen-bonded com-
plexes (such complexes between lidocaine and bile acids in chloroform were pro-
ven by NMR measurements®) which then shifts the ionization equilibrium (aque-
ous solution) to the formation of molecular lidocaine or verapamil (Fig. 4).

aqueous solution

SE e
Lid + H;0" LidH* + H,0
Fig. 4. General mechanism pro-
Lid + BA Lid-BA posed for the promotive action of

bile acids (BA) on the increase of
resorption of lidocaine and verapa-
mil. Lid-BA = hydrogen-bonded
complex.

cell membrane or chloroform

From Table Il, it can also be seen that structural differences in the bile acids
influenced lidocaine transfer from the aqueous medium to the membrane, and
that this effect was not the same as when this drug was transferred to chloro-
form.9 Namely, in the transfer of lidocaine to chloroform, each of the tested bile
acids showed a promotive effect with respect to control at a significance of p <
< 0.01. On the other hand, if the transfer lidocaine to the small intestine is con-
sidered, then only 7-ketodeoxycholic acid showed a significant promotive action.

CONCLUSIONS

The transport of lidocaine from an aqueous medium to the intestine mem-
brane is significantly increased (p < 0.05) by 7-ketodeoxycholic acid, whereas
verapamil transport is influenced by cholic acid. Namely, of all the tested bile
acids, these two acids form the most stable hydrogen-bonded complexes with the
corresponding drug.

Acknowledgment. This work was supported by the Ministry of Science and Techno-
logical Development of the Republic of Serbia (Project No. 142005B).

U3BO/

YTULAJ )KYUHNX KUCEJIMHA HA AACOPIILIATY JIMAOKAWHA 1
BEPAITAMMIIA V IN VITRO EKCIIEPUMEHTY

MUXAJb M. TIOIIA® 1 KCEHUJA H. KYXAJZIA?

Kaimiedpa sa papmayujy, Meduyuncku pakyaiieiss, Yrnusepauigiei y Hosom Cady, Xajoyxk Bewkosa 3, 21000 Hosu
Cao u*[eitapitinan 3a xemujy, [IM®, Ynueepsuitieiti y Hosom Cady, Tpz [I. Obpadosuha 3, 21000 Hosu Cad

I{wb oBOTr paja je aa ce UCIMTA YTUIA] CTPYKTYPE JKYYHUX KHCeluHa (XOJIHA, JEOKCHXOJIHA U
XEHOJIEOKCUXOJIHA KHCEJIMHA KA0 U HHXOBH KETO-ICPHBATH) HA ajCOPIIH]y JIUIOKANHA U Bepara-
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MUJIa U3 BOZieHe (haze y 3M TAHKOTI LpeBa marosa in Vvitro. Ilpe ucnuTHBama aacopiuuje oarosa-
pajyhux nexoBa mpeBHa MeMOpaHa je TpeTHpaHa PAaCTBOPOM XYYHHX KHCEIHMHA YHje Cy KOHIICH-
Tpalyje OAroBapaje BHXOBUM KPUTUYHHM MHLEIAPHUM KOHLEHTpauujama. O CBUX HCIUTHBA-
HUX JKyYHHX KHCEJIMHA jE€IMHO je 7-KeTojeokcuxoyHa uMaya 3Hatan ytunaj (p < 0.05) na
aJICOpIIIMjy JIMAOKanHa U3 BoJeHe (asze y 3ux TaHKOr IpeBa. Ha ancopmiujy Bepanamuia y 3uj
TaHKOT [[peBa jeIMHO je X0JHa KHcennHa uMmaina 3Hatal yrunaj (p < 0.05). Cmarpa ce na je oBakas
edexar HaBEACHMX JKYYHHMX KHCENMHA Ha aJCOpPILHWjYy WCIUTUBAaHUX JIEKOBA IIOCIIEIHLA
(hopMupama KOMIUIEKCa ca MaKCUMaJTHAM OpojeM BOJOHMYHHX Be3a M3Mely jKydHHX KucenuHa U
BepanaMuiIa OJHOCHO JINJOKanHa.

(Mpumsseno 10. aBrycra, peBuanpano 6. okroopa 2009)
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Moench. cultivated in India during plant ontogeny
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Abstract: The essential oil content and composition of “sweet marjoram” (Ma-
jorana hortensis Moench.) cultivated in the Kumaon region of the western Hi-
malayas was studied at different ages of the crop. The samples were taken after
60, 90, 120 and 150 days of transplanting. The essential oil contents varied
from 0.20 to 0.70 %. The essential oil was analyzed by GC and GC-MS. Twenty
eight components, representing 96.53-98.44 % of the oil, were identified. The
major essential oil constituents, viz., cis-sabinene hydrate (37.05-47.49 %),
terpinen-4-ol (14.45-16.22 %) and trans-sabinene hydrate (5.81-6.97 %) showed
considerable variation in their concentrations in relation to crop age.

Keywords: Majorana hortensis; Lamiaceae; crop age; essential oil content;
GC-MS.

INTRODUCTION

Majorana hortensis Moench. commonly known as “sweet marjoram” is a
member of the family Lamiaceae. It is a perennial herb native to Cyprus and east-
ern Mediterranean countries.! The plant is propagated by seeds and tender stem
cuttings. This plant is characterized by a strong, sweet, spicy pleasant odour. The
leaves are used fresh or dried and are highly esteemed as a condiment for sea-
soning food products. The aerial parts of the plants are used for the isolation of
oil, which has many uses in the flavour, perfumery and pharmaceutical indus-
tries. In the food industry, it is mainly used as a spice in sausages, but its use in
baked goods, processed vegetables, condiments, soups, snack foods and gravies
has also been reported.2 In addition to this, marjoram is well known for its medi-
cinald and insecticidal values.# The plant is also reported to possess anticancer,®
antioxidant® and antifungal properties.’8

The essential oil composition of marjoram was investigated by a number of
workers in different countries®-19 but it has been the subject of limited invest-

*Corresponding author. E-mail: rswaroop1979@yahoo.com
doi: 10.2298/J5C090814023V
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tigation from India.20.21 The time of harvest or harvesting stage, in general, is in
close relation to the yield and quality of the essential oil and it varies from place
to place and from plant to plant.22-25 Therefore, it is essential to determine the
proper harvesting time for aromatic plants to obtain a better yield and quality of
the essential oil. A review of the literature revealed that there are no reports on
the effect of crop age on the yield and composition of the essential oil of M. hor-
tensis from the western Himalayas, India. Therefore, in the present investigation,
the essential oils obtained from crops of different age were compared for yield
and chemical composition.

EXPERIMENTAL
Plant material

M. hortensis rooted cuttings were transplanted in the experimental field of the Central
Institute of Medicinal and Aromatic Plants (CIMAP), Resource Centre, Purara, Uttarakhand,
on the 15" December, 2007, and the crop was raised following normal agricultural practices.
Sampling was started after 60 days (early vegetative stage) following transplanting and then
taken every month at 30 days interval until 150 days (flowering stage). The soil pH, organic
carbon, available nitrogen, available phosphorus and available potassium of the experimental
site were 6.5, 0.35 %, 175, 7 and 135 kg ha'l, respectively. The site is located between the
coordinates 28°60’ to 31°29” N, 77°49’ to 80°60’ E and at an altitude of 1250 m in Kattyur
Valley. Climatologically, the site falls into a sub-temperate zone (1200-1700 m) of the
western Himalaya, with the monsoon usually breaking in June and continuing up to Sep-
tember. A voucher specimen of the plant was deposited in the Herbarium of CIMAP, Re-
source Centre, Purara.

Isolation of the essential oils

Freshly harvested samples were immediately subjected to hydro-distillation in a Cleven-
ger type apparatus for 3 h for extraction of the essential oil. The oils were collected, de-
hydrated with anhydrous sodium sulphate, measured and kept cool in the dark prior to ana-
lysis.

Gas chromatography (GC)

GC analyses of the oil samples was realised using either a Perkin-Elmer Auto XL GC or
a Nucon gas chromatograph model 5765 equipped with FIDs and two different stationary
phases, PE-5 (50 mx0.32 mm, 0.25 pum film coating) and BP-20 (coated with a Carbowax
20M, 30 mx0.32 mmx0.25 um film thickness) fused silica capillary columns, respectively.
Hydrogen was the carrier gas at a flow rate of 1.0 mL/min. The temperature of the columns
was programmed from 100 to 280 °C at 3 °C/min (for the PE-5) and from 70 to 230 °C at 4
°C/min (for the BP-20). The injector and detector temperatures were 220 and 300 °C on the
PE-5 and 200 and 230 °C on the BP-20 columns, respectively. The injection volume was 0.02
ML neat and the split ratio was 1:30.

Gas chromatography — mass spectrometry (GC-MS)

The GC-MS spectra were recorded on a Perkin—Elmer Auto System XL GC coupled to a
turbo mass spectrometer, using a fused silica capillary column, PE-5 (50 mx0.32 mm, film
thickness 0.25 pum). The column temperature was programmed 100-280 °C at 3 °C /min,
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using helium as the carrier gas at a constant pressure of 69 kPa. The MS conditions were: El
mode, 70 eV; ion source temperature, 250 °C.
Identification of compounds

The identification was realised based on the retention time, the Kovats Index, an MS Li-
brary search (NIST & Wiley), the n-alkane (Cg—C,,) hydrocarbon pattern (Nile, Italy) and by
comparing the mass spectra with MS literature data.2627 The relative amounts of the indivi-
dual components were calculated based on the GC peak areas without using correction factors.

RESULTS AND DISCUSSION

The essential oil yield and terpenoids composition together with the crop age/
/phenological stage are presented in Table I. The M. hortensis crop harvested at
150 days, flowering stage, produced a higher yield of essential oil (0.70 %) than
those harvested at 120 days (flower initiation; 0.66 %), 90 days (late vegetative
stage; 0.32 %) and 60 days (early vegetative stage; 0.20 %). Apparently, the dy-
namics of the essential oil content in marjoram is metabolically regulated during
the vegetative and flowering stages of crop growth. In most aromatic plants, the
essential oil preferentially accumulates during the flowering stage, probably due
to its ecological role in attracting pollinators and as a defence mechanism. A si-
milar variation in the essential oil content was registered for other aromatic
crops.23-25 Twenty-eight compounds, comprising 96.53-98.44 % of the total,
were identified with the help of GC and GC-MS (Table I). The chemical for-
mulae of the major components, compounds 1-3, are shown in Fig. 1.

TABLE 1. Composition (%) of the essential oil of Sweet marjoram (Majorana hortensis
Moench.) at different ages/stages from India (t = trace (<0.1 %))

Phenological stage/crop aged, days

Compound? KIP KI® EVS LVS FI FS  Detection®
60 90 120 150

o-Pinene 1022 935 1.03 085 0.73 1.35 AB,.C
SPinene 1105 980 012 010 0.06 0.09 AB
Sabinene 1119 974 459 498 501 764 AB,C
FMyrcene 1163 989 1.05 1.30 144 222 AB
o-Terpinene 1177 1021 2.01 2.89 2.81 5.85 AB
Limonene 1194 1030 099 1.07 0.99 151 AB
1,8-Cineole 1204 1035 096 116 080 0.86 AB
y-Terpinene 1244 1062 4.06 5.20 5.77 8.66 AB,C
(E)-/-Ocimene 1244 1047 027 0.23 - - AB
p-Cymene 1271 1025 2.81 1.13 0.64 0.52 AB,C
a-Terpinolene 1079 1090 0.96 1.15 1.19 2.33 AB
3-Octanol - 993 064 0.67 0.15 t AB
1-Octen-3-ol 1411 978 t 0.16 - t AB
trans-Sabinene hydrate’ 1463 1068 6.08 5.81 6.12 6.97 AB
Camphor 1506 1146 038 052 148 042 AB,C
cis-Sabinene hydrateT - 1097 4490 47.89 4479 37.05 AB
Linalool 1538 1098 130 120 127 0.81 AB.C
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TABLE I. Continued

Phenological stage/crop aged, days

Compound® K KI° EVS LVS  FI FS  Detection®
60 90 120 150
Linalyl acetate - 1257 0.16 0.06 0.04 0.04 AB
Bornyl acetate 1558 1285 - - t t AB
[Caryophyllene 1594 1419 2.04 1.56 2.11 1.18 AB
Terpinen-4-ol 1604 1177 1445 1476 16.22 15.36 AB
o-Humulene 1669 1462 0.24 0.20 0.26 0.17 AB
o-Terpineol 1701 1188 2.88 3.28 3.85 3.68 A.B
Piperitone - 1252 2.84 1.87 1.67 0.50 AB
Geraniol 1830 1237 0.61 0.40 t t AB,C
[FCaryophyllene oxide 1995 1584 1.16 t t 0.76 AB
Thymol 2209 1313 - - - t AB
Carvacrol 2243 1315 - - - t AB
Class composition
Monoterpene - - 15.08 17.77 18.0 29.65 -
hydrocarbons
Oxygenated - - 7456 76.95 76.24 65.69 -
monoterpenes
Sesquiterpene - - 2.28 1.76 2.37 1.35 -
hydrocarbons
Aliphatic compounds - - 0.64 0.83 0.15 t -
Phenolic monoterpenes - - 2.81 1.13 0.64 0.52 -
Others - - 1.16 t t 0.76 -

Total terpenoids/ % -

Oil content/ % of fresh -
weight

96.53 98.44 9740 97.97 -
0.2 0.32 0.66 0.70

aCompounds are listed in the order of elution from a polar column (BP-20); bKI literature (BP-20); °KI cal-
culated (PE-5); dEVS = early vegetative stage, LVS = late vegetative stage, FI = flower initiation and FS = flo-
wering stage (bloom); °A = Kovats index, B = GC-MS, C = co-injection with authentic sample; feisitrans
related to methyl vs. isopropyl groups

% OH . OH
% ",%' |
= 7
% OH
A T )\
1 2 3

Fig. 1. The chemical formulae of the major components identified in the essential oil.
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The obtained results clearly indicate that there were considerable variations
in the qualitative composition of the oils obtained from crops of different ages.
The oils were dominated by oxygenated monoterpenes (65.69-76.95 %) with the
maximum at 90 (late vegetative stage) and 120 days (flower initiation). On the
other hand, monoterpene hydrocarbons were found to be increased with advan-
cement of the crop age (15.08-29.65 %) and attained the maximum at 150 days
(flowering stage). The major components of these oils were cis-sabinene hydrate
(1, 37.05-47.89 %), trans-sabinene hydrate (2, 5.81-6.97 %), terpinen-4-ol (3,
14.45-16.22 %), sabinene (4.59-7.64 %), o-terpinene (2.01-5.85 %), yterpinene
(4.06-8.66 %) and o-terpineol (2.88-3.85 %). The percent of cis-sabinene hyd-
rate (47.89 %) and 3-octanol (0.67 %) were found to be higher in 90-day followed
by in 60-day old crops (44.90 and 0.64 %, respectively), while their lowest per-
cent were recorded at the flowering stage, i.e., after 150 days (37.05 % and trace,
respectively). However, the amount of terpinen-4-ol and o~terpineol reached higher
values during the flower initiation stage, i.e., at 120 days (16.22 and 3.85 %, res-
pectively) and started to decline as the flowering advanced. The amounts of
trans-sabinene hydrate (6.97 %), o~pinene (1.35 %), sabinene (7.64 %), myrcene
(2.22 %), o-terpinene (5.85 %), limonene (1.51 %), j<terpinene (8.66 %) and o~
-terpinolene (2.33 %) were higher at 150 days than at any other crop age. Fur-
thermore, the registered percents of A-pinene (0.12 %), (E)-f-ocimene (0.27 %),
p-cymene (2.81 %), linalool (1.30 %), linalyl acetate (0.16 %), piperitone (2.84
%), geraniol (0.61 %) and S-caryophyllene oxide (1.16 %) were relatively higher
in the crop harvested after 60 days after transplanting.

The experiments performed under controlled as well as under field condi-
tions indicated the influence of environmental factors, such as light, temperature,
etc. on the monoterpene metabolism of aromatic crops, which resulted in marked
variations in their essential oil compositions.28-31 Therefore, these variations in
the essential oil content and composition of M. hortensis might be due to varia-
tion in enzyme levels and their pool sizes in response to changing weather con-
ditions during different months.

CONCLUSIONS

The sweet marjoram grown in the hilly tracks of northern India belongs to
the cis-sabinene hydrate chemotype. Based on the essential oil content, the flo-
wering stage (150 days) could be considered as the best harvesting time for sweet
marjoram, but the flavour compounds of marjoram consist mainly of light oxyge-
nated compounds; reports concerning this oil always refer to cis-sabinene hyd-
rate,32 the content of which was lowest at day 150. Therefore, it is judicious to
harvest and distil M. hortensis crop at the flower initiation stage, i.e., at day 120
under the sub-temperate conditions of north India in order to obtain a good yield
of quality oil.
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U3BO [
IMPOMEHA CACTABA ETAPCKOI" YJbA TOKOM PACTA BUJLKE
Majorana hortensis Moench. 3 THAWJE
RAM S. VERMA, RAJESH K. VERMA, AMIT CHAUHAN u AJAI K. YADAV

Central Institute of Medicinal and Aromatic Plants, Resource Centre Purara,
P.O. - Gagrigole, Bageshwar, Uttrakhand-263688, India

HcnutuBas je cactaB eTapcKor yiba ,,ciaaTkor majopana” (Majorana hortensis Moench.) raje-
r y obmactu KymaoH y 3anaganM XuManajuma, y pa3IndiTuM IIEPHOIUMa pacTa. Y30pIH Cy ca-

kymwbanu nocie 60, 90, 120 u 150 nana on mpecahuBama. Konmnunna eTapckor yjba y OusbLu je
Bapupaia ox 0,20 no 0,70 %. Erapcko yibe je ananuszupano metonama GC u GC-MS. Unentudu-
KOBAHO j€ JIBaJIeceT 0caM cacTojaka Koju cy unHiIH yKymHo 96,53-98,44 % erapckor yipa. ['1aBHU
CacTojLH €TapcKor yiba ¢y Owmnu Cis-cabunen-xuapat (37,05-47,49 %), repnunen-4-on (14,45-
-16,22 %) u trans-cabunen-xunpar (5,81-6,97 %). FbuxoB ymeo ce 3HATHO MEHAO Ca CTAPEHHEM

OuJbKe.
(ITpumuseno 14. aBrycra, peBuaupano 7. okroopa 2009)
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Effects of autoclaving and pullulanase debranching on the
resistant starch yield of normal maize starch
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Abstract: In this study, resistant starch (RS), type 3, was prepared by the auto-
claving and debranching of normal maize starch isolated from a selected ZP
genotype. The objectives of this study were to optimize both starch autoclaving
and debranching with pullulanase (PromozymeBrewQ) for the production of
RS. Autoclaving at 120 °C (30 min) increased the RS content of all samples,
whereas freezing at —20 °C did not have an obvious effect on the RS contents.
The highest RS yield in the autoclaved starch samples was 7.0 % after three
autoclaving—cooling cycles. After pullulanase debranching at 50 °C and retro-
gradation at 4 °C, the RS yields ranged from 10.2 to 25.5 % in all samples
(depending on the hydrolysis time). Debranched starch samples with a maxi-
mum RS yield of 25.5 % were obtained after a debranching time of 24 h. This
study showed that starch from the selected ZP maize genotype is suitable for
pullulanase treatment and RS preparation but that additional studies with a
greater number of different treatments (incubation time/temperature) are neces-
sary to manipulate and promote crystallization and enhance RS formation.

Keywords: maize starch; autoclaving; debranching; pullulanase; resistant starch.

INTRODUCTION

There is considerable interest in the nutritional implications of resistant starch
(RS) in foods. The term “resistant starch” was used to designate mainly enzyme-
-resistant retrograded amylose but was expanded to all forms of starch that es-
cape digestion and absorption in the small intestines.l The positive effect of RS
in nutrition is based on the results of the fermentation process during which short
chain fatty acids, primarily acetates, propionates and butyrates, are produced.
They directly affect the large intestine by decreasing the pH value, which pre-
vents the growth of pathogenic micro-organisms, and increasing the potential for
mineral absorption. Fatty acids stimulate colonic blood flow and increase nutrient

* Corresponding author. E-mail: mmilasinovic@mrizp.rs
doi: 10.2298/JSC090904027M
449
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flow.2-> Besides physiological benefits in human, RS has been reported to have
potential as a unique ingredient that can yield high-quality foods. For example,
application tests of RS showed improved crispness and expansion in certain pro-
ducts and better mouth feel, colour and flavour as compared with products pro-
duced with traditional, insoluble fibres.6

Resistant starch can result from a highly retrograded amylose fraction, the
quantity formed being directly proportional to the amylose content of the starch.”
This type of RS has been classified as RS type 3 (RS3). The degree of RS for-
mation in foods depends not only on the type of included starch and the adopted
processing conditions but is also influenced by the duration and conditions of sto-
rage.8

RS3 is produced by gelatinization, which is a disruption of the granular struc-
ture by heating starch with an excess of water, and retrogradation, a slow recrys-
tallization of starch components (amylose and amylopectin) upon cooling or de-
hydration. The generation of RS3 after this hydrothermal treatment is due to in-
creased interaction between starch components. It has been shown that, after de-
branching of starch, the linear chains can contribute to a high RS content. In ad-
dition, partial acid hydrolysis and debranching of amylopectin are very effective
in generating RS from various starches.®-11 The advantages of debranching over
mild acid hydrolysis include a shorter processing time, better processing control
and higher RS yields.

Among different resistant starches, retrograded resistant starch (RS3) has great
commercial importance, since its crystalline polymorphs exhibit an endothermic
transition from 120 to 165 °C12.13 that typically survives most, but not all, food-
processing conditions. RS3 was initially hypothesized as a crystalline state of
amylose double helices.14 Later, the non-crystalline part of retrograded starch was
also found to be enzyme resistant.1°.16

Although starches from diverse plants may be utilized, maize is the world’s
most abundant source that provides the majority of substrates used in the prepa-
ration of starch hydrolysates. Starch granules are quite resistant to penetration by
both water and hydrolytic enzymes, due to the formation of hydrogen bonds
within the same molecule and with other neighbouring molecules. However, these
inter- and intra-hydrogen bonds can become weak as the temperature of the sus-
pension is raised. As normal maize starch contains both linear amylose and
branched amylopectin with short and long chains of different sizes, our approach
was to degrade it through physical and enzymatic treatments to attenuate starch
digestion properties. In the present study, debranching using pullulanase was ap-
plied to produce a sample with linear, low molecular weight and recrystallizable
polymer chains. Debranching enzymes, such as pullulanase, rapidly hydrolyze only
the o-1,6-glucosidic bonds, releasing a mixture of long and shorter unit chains
from the parent amylopectin molecule. In theory, a fast and efficient enzyme hyd-

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

2010 Copyright (CC) SCS

olcle

EY HMC HD



PREPARATION OF RESISTANT STARCH 451

rolysis requires pre-swelling the starch in water and full starch gelatinization. The
objectives of this work were to check the possibility of RS production from nor-
mal maize starch from the selected ZP genotype and to optimize both starch auto-
claving and debranching with pullulanase (PromozymeBrewQ) for RS production.

EXPERIMENTAL
Materials

Commercial maize starch was obtained from a local producer (“Jabuka”, Pancevo,
Serbia). Normal maize starch was isolated from the genotype ZP 434. Commercial debranch-
ing enzyme, pullulanase (PromozymeBrewQ, 400 PUN/mI) from Bacillus acidipullulyticus
was obtained from Novozymes (Bagsvaerd, Denmark). One Pullulanase Unit Novo (PUN) is
defined as the amount of enzyme that hydrolyzes pullulan, liberating reducing carbohydrates
with a reducing power equivalent to one pmol glucose per minute under standard conditions.
The resistant starch assay kit was purchased from Megazyme International Ireland Ltd.
(Wicklow, Ireland).

Starch isolation

Starch from maize grain (ZP 434) was isolated by applying a 100-g laboratory maize
wet-milling procedure.l” The moisture, ash, crude protein and crude fat contents of the starch
were determined using the oven method,!® the AOAC method,1® the microKjeldahl method!®
and the Soxhlet method,1® respectively. The amylose content was determined by a rapid colo-
rimetric method.2°

Resistant starch production by autoclaving and cooling

The samples were prepared by suspending 10 % and 20 % (w/v) of maize starch in 1000
ml of water. The suspensions were heated in a boiling water bath for 15 min with stirring and
then transferred to an autoclave (Sutjeska, Belgrade, Serbia). The autoclaving conditions
were: pressure, 1.1 bar, temperature, 120 °C, autoclaving time, 30 min and vessel volume, 60
dm3. After autoclaving, the samples were stored at 4 °C for 24 h. The samples were subjected
to three autoclaving-cooling cycles. After the third cycle, the sample was divided in two; one
part was stored at 4 °C and the other at —20 °C for 24 h. After each cycle, the RS was de-
termined.

Conditions for enzymatic debranching of maize starch

Prior to starch debranching, the optimal concentration of pullulanase was determined.

A maize starch suspension (20 %, w/v) was gelatinized on a boiling water bath for 15
min under stirring. This gel was autoclaved at 120 °C for 30 min and then the gel was re-dis-
solved in distilled water to obtain a 10% (w/v) gel solution. The gel was cooled to 50 °C and
pullulanase at different concentrations (0.25, 0.5, 1.0, 2.0 and 4.0 %, calculated on dry starch
weight) was added. The mixture was incubated with constant stirring for 24 h. Samples were
taken out at different times and the reducing sugars (DE value) were determined by the Luff—
—Schoorl method (1SO 5377:1981).21 At least three replicates for each hydrolysis time were
conducted and good reproducibility was achieved since the differences between the triplicate
measurements were less than 10 %.

Resistant starch production by starch debranching

Normal maize starch isolated from the genotype ZP 434 was debranched using an en-
zyme in concentration of 2 % (calculated on dry starch weight), which was determined as op-
timal concentration. The maize starch gel was prepared as described in the previous section
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and the reaction time was varied (1, 3, 5, 7, 9, 11 and 24 h); after these times, the samples
were heated at 95 °C for 20 min, cooled down to room temperature and stored for 24 h at 4 °C
or =20 °C. The samples were dried at 40 °C and stored in closed glass containers.

Resistant starch determination

The RS content in the starch modifications was determined by an enzymatic method
(AOAC 2002.02).22 The samples were incubated with pancreatic a-amylase and amyloglu-
cosidase (AMG) for 16 h at 37 °C, during which time the non-resistant starch was solubilised
and hydrolyzed to glucose by the combined action of the two enzymes. The reaction was
terminated by the addition of an equal volume of ethanol and the RS was recovered as a pellet
on centrifugation. This was then washed twice with ethanol (50 % v/v), and centrifuged. The
RS in the pellet was dissolved in 2 M KOH by vigorously stirring on an ice-water bath. This
solution was neutralized with acetate buffer and the starch was quantitatively hydrolyzed to
glucose with AMG. The glucose was quantified with glucose oxidase/peroxidase reagent
(GOPOD), which gave a measure of the RS content of the sample.

Statistical analysis

The results are expressed by means of values + standard error of three separate deter-
minations. The data reported for the effects of autoclaving on the formation of RS was as-
sessed by analyses of variance (ANOVA) and the Duncan multiple test was used to identify
any significant differences at the P < 0.05 level between the means. The analyses were
conducted using the statistical software package Statistica 8.1. (StatSoft Inc., USA).

RESULTS AND DISCUSSION

Proximate composition

The basic properties of the starch samples used in this study are given in
Table I. The commercial maize starch “Jabuka“ and “ZP 434“ did not signifi-
cantly differ in their amylose content but they differed slightly in their ash and
contents of crude protein and crude fat.

TABLE I. The properties of native starch samples (“Jabuka” and “ZP 434™)

Starch sample ~ Amylose, %  Moisture, %  Ash, %  Crude protein, % Crude fat, %
“Jabuka” 26.5+0.4 10.4+0.2  0.1040.02 0.30+0.05 0.10+0.02
“ZP 434” 26.0+0.3 8.4+0.1 0.01+0.00 0.26+0.04 0.05+0.00

Normal maize starch was chosen for this study because of its abundance and
a low price compared with high amylose maize starches. Previously, it was found
that there were not significant differences in the physicochemical characteristics
between starches of different dent ZP maize genotypes.23 The genotype ZP 434
ranks among the top hybrids produced in Serbia. Due to the limited quantity of
starch isolated from “ZP 434”, commercial maize starch “Jabuka” was used in
order to identify the optimum debranching conditions for RS formation. In the
further steps, only starch from the selected maize genotype was used.
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Starch autoclaving

The formation of resistant starch type 3 (RS3) depends on many factors, e.g.,
pH, temperature, incubation time, storage time, number of heating and cooling
cycles, starch type, etc. The amylose content and the amount of water are directly
correlated to the yield of resistant starch.2 The gelatinization of starch granules
during heat processing strongly influences their susceptibility to enzymatic hyd-
rolysis. Even for starches with normal amylose levels, it is recognized that cook-
ing at >100 °C can increase the RS3 yield. Repeated heat/moisture treatments are
associated with a decrease in the hydrolysis limit of pancreatic a-amylase and the
increased RS3 formation.2

The effects of autoclaving and storage temperatures on the formation of re-
sistant starch from normal maize starch ZP 434 are presented in Tables Il and 11,
respectively. In this study, the starch concentration (10 % or 20 %) in the sus-
pension did not significantly affect the RS yields but the number of autoclaving—
—cooling cycles did. After three autoclaving—cooling cycles, the RS vyields in-
creased by 2.1 % for both starch concentrations.

TABLE II. Effect of autoclaving at 120 °C on resistant starch formation from normal maize
starch

Starch content in suspension, % Autoclaving cycle Resistant starch, %
10 | 48°+0.2

" 6.8+ 0.1

1 6.92+0.1
20 | 49¢+0.1

I 5.9°+0.3

11 7.08+0.2

Means within a column followed by different letters are significantly different (P < 0.05)

ab,c

TABLE Ill. Effect of storage temperatures (4 and —20 °C) on resistant starch formation from
autoclaved and debranched starches

Resistant starch, %

Sample t/°C

4 -20
Autoclaved sample 7.0+£0.2 6.9+0.1
Debranched sample (1 h) 10.2+0.3 9.8+£0.1
Debranched sample (24 h) 255+0.5 249+0.2

Escarpa et al.24 standardized the hydrothermal process in starch gelatini-
zation, and they reported the RS content ranged from 7.6 for waxy starch (0 %
amylose) to 36.4 % for purified amylose. These authors found that the RS yield
increased with increasing amylose content in the starches under study. The differ-
rences in the results found in this study and those determined by other research-
ers might be due to the source of the starch and the conditions applied for the RS
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preparation. Sievert and Pomeranz12 determined RS values between 2.5 and 21.3
% for diverse starch sources, and with the Berry method,2® the RS values ranged
between 2.8 and 31 %.13 Autoclaved wheat starch possessed 9 % RS compared
with less than 1 % in uncooked wheat starch.26 The autoclaved wheat starch con-
tained 6.2 % RS (of dry matter); this increased to 7.8 % after 3 further boil-
ing/cooling cycles.2’

Generally, the content of resistant starch increases during storage, especially
during low-temperature storage. Cold storage seems to support an increase in the
RS content. In this study, the storage conditions (4 or —20 °C) did not signifi-
cantly affect the formation of RS of either autoclaved or debranched samples.
These findings are in accordance with the results obtained by Hasjim and Jane,28
who found that freezing at —20 °C had little or no effect on the RS content of
acid-modified starch samples.

Effect of enzyme concentration on starch debranching

An increased degree of debranching would enable the chains to align and ag-
gregate and hence form perfectly crystalline structures, thereby leading to the for-
mation of more RS.2° Berry2® reported that debranching of potato amylopectin
with pullulanase before subjecting it to heating and cooling cycles substantially
increased the RS3 content; this was attributed to an increase in the content of li-
near starch chains resulting from debranching.

As shown in Fig. 1, commercial maize starch “Jabuka” debranched with 4 %
pullulanase exhibited the highest reducing value, followed by starch samples de-
branched with 2, 1, 0.5 and 0.25 % pullulanase. In the cases of 2 and 4 % en-

= == =(.25% pullulanase =@ (.50% pullulanase
= A= = 1.0% pullulanase =g 2.0% pullulanase
= =4.0% pullulanase

_;_—y———-——"'
—_—— = A
._

DE

e SRS

15 20 25
Debranching time, h
Fig. 1. Optimization of maize starch debranching; DE represents dextrose equivalent.
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zyme, the reducing values resulting after 1 h of hydrolysis were not statistically
different. The addition of the higher amount of enzyme did not result in complete
debranching, thus a concentration of 2 % was used for starch debranching in this
work. This result is in agreement with the findings of Hizukuri et al.30 who re-
ported that isoamylase and pullulanase initially degraded potato amylose rapidly
and then approached constant values on prolonged incubation with a large amount
of enzyme.

The kinetics of starch debranching in a 2-L-reactor (Fig. 1) showed that after
9 h and longer, the glucose concentration was constant (for the lowest enzyme
concentration) or slightly higher (for higher enzyme concentrations); however,
starch debranching was performed for 11 and 24 h. After debranching for differ-
rent times (seven samples), the starch solution was heated at 95 °C to deactivate
the enzyme and RS was obtained.

Resistant starch content

Seven debranching times (1, 3, 5, 7, 9, 11 and 24 h) were applied to study
the effect of debranching time on the content of RS (Fig. 2). A gradual increase
in the RS content of the maize starch samples was observed with increasing de-
branching time, some of which were significant. Native maize starch from the ge-
notype ZP 434 had a very low RS content (0.60 %) compared to the debranched
samples. The RS content increased significantly from 0.60 to 25.0 % after 11 h of
debranching. After a total debranching time of 24 h, the RS content slightly in-
creased to 25.5 %. The RS content measured after 5 h was 18 %, showing that 70
% of the totally obtained resistant starch was produced during this time. When
the content of debranched starch increased, higher amounts of short starch chains
were produced. These linear fragments can contribute to starch retrogradation

30
25 /—‘*
20

15

RS content, %

10

0 5 10 15 20 25
Debranching time, h

Fig. 2. Effect of debranching time on RS formation.
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and decreased enzymatic susceptibility of starch, with the concomitant increasing
in the RS content.

The RS contents of all debranched samples were significantly (P < 0.05)
higher compared to their respective autoclaved samples (control). Debranching
was performed at 50 °C after which the samples were dried at 40 °C. The de-
branching and drying conditions were suitable for RS3 formation.

The content of amylose (37 %) determined after debranching corresponds
well with findings reported by Escarpa et al.24 who used potato starch with a si-
milar amylose/amylopectin ratio as in the present samples. As can be seen in Fig.
2, the RS content after 5 h of debranching was 18 % compared to 18.2 % re-
ported by Escarpa et al.24 These authors observed increased RS yields when the
amylose content in the studied starches was higher. Recently, the results of Oz-
turk et al.3! indicated that 48 h of debranching of high amylose maize starches
was suitable for RS formation. The results of Gonzalez-Soto et al.32 demons-
trated that debranching of banana starch with pullulanase (Promozyme D) for 5 h
was sufficient to obtain a high RS level (18 %). In another study,25 an RS content
of up to 46.8 % was determined in potato amylopectin after debranching, drying
and heat processing. The differences in the results found in this study and those
determined by other researchers might be due to the source of the starch and the
conditions used for the RS preparation.

Based on the obtained results, it can be concluded that a high level of de-
branching occurred during the first 11 h of debranching; thus, an 11-hour de-
branching with pullulanase was sufficient to obtain a high RS level.

CONCLUSIONS

Autoclaving at 120 °C (30 min) increased the RS content in all samples,
whereas freezing at —20 °C had no obvious effect on the RS contents. The highest
RS vyield in the autoclaved starch samples was 7.0 % after three autoclaving—
cooling cycles. After debranching of starch with pullulanase at 50 °C and sub-
sequent retrogradation at 4 °C, RS yields ranging from 10.2 to 25.5 % were found
in all samples (depending of the hydrolysis time). The RS determination showed
that starch debranched for 24 h had the highest RS level and that approximately
70 % of the starch had been hydrolyzed after 5 h. An enzyme concentration of 2 %
was sufficient for starch debranching, giving the highest amount of liberated glu-
cose. Debranching of maize starch for 11 h was sufficient to obtain a high con-
tent of RS in the products.

This study showed that the selected starch from the ZP maize genotype was
susceptible for pullulanase treatment and RS preparation but additional studies
with a greater number of different treatments (incubation time/temperature) are ne-
cessary to manipulate and promote crystallization and hence enhance RS formation.
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U3BOA

VTHUIAJ OBPAIE ¥ AVTOKJIABY U XUJAPOJIU3E ITYJIYJIAHA30M HA TTPUHOC
PE3UMCTEHTHOI' CKPOBA N3 HOPMAJIHOI' KYKYPY3HOI' CKPOBA

MAPUJA C. MUJIALIMHOBURY, MUJIULIA M. PAZIOCABJLEBUR u JbYBULIA I1. JOKWR?

"Uncmuimyim sa kyxypys 3emyn Hone", Cao600ana Bajuha 1, Beozpad-3emyn u > Texnoaouku paxyaiied,
Ynuusepauitieiti y Hosom Caody, bya. Llapa Jlasapa 1, Hoeu Cao

VY oBoM pany, pesuctentan ckpo® (PC), tum 3, mpumpemibeH je 00pasoM y ayTOKIaBy U
XHZIPOJIM30M Ca IyJTyJIaHa30M M3 HOPMAJIHOT KYKYPy3HOT CKpoOa KOju je M30JI0BaH U3 ojabpaHOr
301 renoruna kykypysa. [IpeaMer uctpaxnBama je OHO Ja Ce M3BPILIM ONTUMH3AIHMja TPETMAaHA
obpajiec y ayTokiaBy M XHIponu3e IyiyiaHazom (PromozymeBrewQ) y by nobujama PC-a.
O6pana y ayroknasy Ha 120 °C (30 min) je yrunana Ha noeehame cagpixaja PC-a y cBuM y30p-
nuMa, oK TeMmreparypa dyBama o —20 °C Huje nMana yTuiaja Ha \BeroB caapxkaj. Hajsehu mpu-
Hoc PC-a y ayToxyaBupanum y3opimma ckpoba je 6uo 7,0 % HakoH Tpu LuKIyca 00panad y ayTo-
kiaBy—xialerse. Hakon xuaposuse mynynanasom aa 50 °C u perporpananuje Ha 4 °C npunoc PC-a y
cBuUM y3opimma ce kperao ox 10,2 no 25,5 % (3aBucHO 01 BpeMeHa Xuaposinse). Xuapoiu30BaHu
y30pIH ckpoba ca MakcuMmanHuM npuHocoM PC-a ox 25,5 % oxppehenn cy Hakon 24 gaca nHKyOa-
uje. OBO MCTpaXHBame MoKasyje 1a je ckpob u3 omadpanor 3I1 reHoTHIIa KyKypy3a [OroJaH 3a
XHUIPONU3yY ITyyTaHa3oM U nobujame PC-a, anm cy HeomxoaHa Jajka HCTpakuBama ca Behum 6po-
jeM pasnuuuTHX TpetMaHa (Bpeme/TeMnepaTypa HHKyOaluje) y uiby moOoJbliiamba Mpoleca Kpuc-
tanu3anuje u nosehama npuxoca PC-a.

(TMpumibeno 4. cenrembpa, pesuupano 2. HoBemGpa 2009)
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Crystal engineered acid—base complexes with 2D and 3D
hydrogen bonding systems using p-hydroxybenzoic acid
as the building block
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Abstract: p-Hydroxybenzoic acid (p-HOBA) was selected as the building block
for s elf-assembly with five bas es, i.e., diethy lamine, tert-butylamine, cy clo-
hexylamine, i midazole and pi perazine, and generation of t he correspon ding
acid-base ¢ omplexes 1-5. Cry stal structure analy ses suggest that proton -
-transfer from the carboxyl hydrogen to the nitrogen atom of the bases can be
observed in 1-4, while only in 5 does a solvent water molecule co-exist with p-
-HOBA and piperazine. With the presence of O—H---O hydrogen bonds in 14,
the de protonated p-hydroxybenzoate anion s (p-HOBAA™) are si mply con-
nected each other in a head-to- tail motif to form on e-dimensional (1D) array s,
which are further extended to distinct two-dimensional (2D) (for 1 and 4) and
three-dimensional (3D) (for 2 and 3 ) networks via N-H:--O interactions. While
in 5, neutral acid and base are combined p air-wise by O-H---N and N-H ---O
bonds to form a 1D tape and t hen the 1D tap es are seq uentially combined by
water molecules to create a 3D network. Some interlayer or intralayer C-H---O,
C-H--mand m--m int eractions help to stabili ze the supra molecular buildi ngs.
Melting point determination analyses indica te that the five acid—ba se co m-
plexes are n ot the ordinary superposition of t he reactants and they are more
stable than the original reactants.

Keywords: hydrogen bonding; cry stal structure; supra molecular; p-hydroxy-
benzoic acid.

INTRODUCTION

Organic crystals built from acid-base complexes have received considerable
attention in the predictable ass embly of supra molecular architectures.!~7 One of
the important ways is the use of self -organization of sm all molecules with
N-H---O, O-H---O and other weak intermolecular interactions to create one-, two-,
and three-dimensional (1D, 2D, and 3D) networks in crystalline solids.8:® Recent

* Corresponding author. E-mail: zhaopusu@]163.com
doi: 10.2298/JSC090416011Z
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studies were focused on the host networks with space to create materials for mo-
lecular storage and catalysis.10-12 In the context of designing specific arrays, aro-
matic acid molecules attra ct great inter est because o f their im portance in cry stal
engineering, due to their ability to form strong and directional hydrogen bond, 12
whereby the number of carboxylic groups and the different placement of the car-

boxylic group on the aromatic ring may lead to variable hydrogen-bonding fashions
and architectures. For example, 3,5-dinitrobenzoic acid, terephthalic acid, trime-

sic acid and benzene-1,2,4,5-tetracarboxylic acid w ere successfully employed as
building blocks to construct various hydrogen-bond supramolecules.!-13-15 Among
numerous aromatic acids, p-hydroxybenzoic acid ( p-HOBA) is a ty pical mono-
carboxylic acid. Although a dimer canb e formed by p-HOBA itself,!¢ using this
synthon with organic bases, such as  pyridine,!7 py rrolidine,!® benzy lamine,!°
N,N-dimethylbenzylamine,!® N-methylbenzylamine,!® and (  S)-1-ethylphenyl-
amine,20 more organic crystals were reported. In early reports,!8:1% p-hydroxy-
benzoic acid (p-HOBA) was alway s deprotonated as the p-hydroxybenzoate an-
ion (p-HOBAA™) and the corresponding organic bases were al ways protonated,
which means an increase of the hydrogen bond acceptor sites in p-HOBA and the
increase of the hy drogen bond donor sites in the organic bases. T hus, the num-

bers and varieties of the h ydrogen bond between p-HOBA and the organic bases

will increase, which will finally form rich hydrogen bonding s ystems and help in
the building of m ultiple hydrogen-bond netwo rks. With this in mind,  p-hyd-
roxybenzoic acid (p-HOBA) was chosen as a buildin g block to construct organic
crystals with various organic bases. [t  is i maginable that co mbinations of the

p-HOBA molecule with different organic bases will exhibit vari able hydroge n
bonding modes and interesting networks. Herein, the synthesis and the molecular
structures, as well as the supramolecular structures of complexes formed by p-HOBA
with the organic bases of diethylamine, tert-butylamine, cyclohexylamine, imida-
zole and piperazine are described.

EXPERIMENTAL
Materials and methods

All e mployed chemicals were of analy tical r eagent grade purchased from Sinopharm
Chemical Reagent Co. Ltd., P. R. China, an d used directly without further purification. Ele-
mental analy ses for carbon, h ydrogen and nitrogen were pe rformed usin g a Perkin—El mer
240C elemental instrument. The melting points were d etermined on a Y anaco MP-500 melt-
ing point app aratus. The IR spectra were re corded in the w avenumber range 4000—400 cm'!
using KBr pellets on a Nicolet 170SX spectrophotometer.

Synthesis of the compounds

[p-HOBAA] [protonated diethylamine] (1). p-HOBA (276 mg, 2.00 mmol) was dissolved
in a mixture of water (10.0 mL) and ethanol (10.0 mL) with stirring and then transferred into a
straight glass tube. Diethylamine (0.20 mL, 2.0 mmol) was carefully layered onto it. Colorless
block crystals were observed on the tube wall after 2 days.
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[p-HOBAA] [protonated tert-butylamine] (2). p-HOBA (276 m g, 2.00 mmol) was dis-
solved in a mixture of w ater (10.0 mL) and ethanol (10.0 mL) with stirring and then trans-
ferred into a straight glass tube. tert-Butylamine (0.21 mL, 2.0 mmol) was carefully layered
onto it. Colorless block crystals were observed on the tube wall after 3 days.

[p-HOBAA] [protonated cyclohexylamine] (3). The same procedure as for 1 was ap-
plied ex cept cyclohexylamine (0.23 mL, 2.0 mmol) was used inst ead of di ethylamine and
colorless block crystals were obtained after 2 days.

[p-HOBAA] [protonated imidazole] (4). p-HOBA (276 mg, 2.00 mmol) and imidazole
(136 mg, 2.00 mmol) were dissolved in a mixture of water (10.0 mL) and ethanol (10.0 mL)
under stirring. Upon slo w eva poration of the solvents at ro om te mperature, colorless blo ck
single crystals suitable for X-ray analysis were obtained after 4 days.

[p-HOBA] [piperazine] [H,0] (5). p-HOBA (276 mg, 2.00 mmol) and piperazine (172
mg, 2.00 mmol) were dissolved in a mixture of water (10.0 mL) and ethanol (10.0 mL) under
stirring. Upon slow evaporation of the solvents at room temperature, colorless block sin gle
crystals suitable for X-ray analysis were obtained after 4 days.

Single-crystal X-ray diffraction studies

The diffraction data for 1-5 were collected on an Enraf-Nonius CAD-4 d iffractometer
with graphit e-monochromated Mo Ka radi ation (4 =0.71073 A, T =293 K) in the w-scan
mode. The structures were solved by direct methods and refined by least squares on F2 using
the SHELXTL?2! software package. All non-hydrogen atoms were anisotropically refined. The
positions of the hy drogen atom were fixed geom etrically at calculated dist ances and allow ed
to ride o n the parent carbon atoms. The molecular graphics were plotted using SHELXTL.
Atomic scattering factors and anomalous dispersion corrections w ere tak en from th e Inter-
national Table s for X-ray Crystallograp hy.22 Further detaile d infor mation of the cry stallo-
graphic data and structural analysis for 1-5 are listed in Table I.

TABLE I. Crystal data and structure refinement summary for compounds 1-5

Property 1 2 3 4 5
Empirical Cl 1H1 7NO3 C] 1H17NO3 C13H19NO3 C10H10N203 C9H13N04
formula

M, 211.26 211.26 237.29 206.20 199.20

Crystal size, 0.24x0.20x0.16 0.24 x0.22x0.18 0.22x0.20x0.18 0.26x0.18x0.14 0.22x0.20x0.16
mm

Crystal Orthorhombic Mono  clinic Monoclinic Mono  clinic Monoclinic
system

Space group Pbca P2,/c P2,/c P2,/c P2,/c
a/A12.176(2) 6.8300(14) 6.1820(12) 9.6160(19) 6.6120(13)
b/ A 10.728(2) 9.2790(19) 14.184(3) 10.587(2) 11.898(2)
cl/A 17.666(4) 19.831(4) 15. 038(3) 11.075(5) 12.442(3)
al’ 9090 90 90 90

B/°90 99.58(3) 99.74(3) 118.93(2) 92.48(3)
yl° 90 90 90 90 90

V/A® 2307.6(8) 1239.3(4) 1299.6( 5) 986.8(5) 977.93)
z 844 44

Peated/ g cm” 1.216 1.132 1.213 1.388 1.353

F(000) 912 456 512 432 424

4/ mm” 0.088 0.082 0.086 0.105 0.107
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TABLE I. Continued

Property 1 2 3 4 5
6&Range, ° 2.31-26.95 2.08-26.96 1. 99-27.01 2.42-26.96 2.37-26.97
Completeness 98.299.397.597.997.1
to 6, %
Range of h, k, 1 -14/14, —12/0, 0/8,0/11, 0/7,-16/16,  0/11, -12/0, 0/7, 0/14,

-21/0 —23/23 -17/17 —14/12 —-14/14
Reflections 4815/2468 2899/2677 5895/2766 2232/2109 2245/2071
collected/unique
Rint 0.0789 0.0391 0.0735 0.0268 0.0215
Data/restraints/  2468/0/205 2677/0/149  2766/0/167  2109/0/137  2071/1/140
/parameters
GOF on F? 0.946 1.046 0.997 1.063 1.073
Final R indices R;=0.0432, R;=0.0567, R;=0.0527, R;=0.0388, R;=0.0551,
(1>20(1)) WR,=0.0847 wR,=0.1456 wR,=0.1273 wR,=0.1039 wR,=0.1662
R indices R;=0.1610, R;=0.0883 R;=0.1307 R;=0.0641 R;=0.0672
(all data) WR,=0.1100 wR,=0.1700 wR,=0.1604 wR,=0.1150 wR,=0.1766
Extinction 0.0112(12) 0.59(3) 0.018(3) 0.022(3) 0.074(11)
coefficient
Peak, hole 0.124,-0.114 0.217,-0.294 0.227,-0.261 0.219,-0.185 0.615,-0.662
eA”

RESULTS AND DISCUSSION

Preparation of compounds 1-5

Since p-HOBA is only slightly soluble in water but well soluble in ethanol,
and the organic bases us ed in this work easily dissolve in ethanol, a mixture of
water and ethanol was used as the solvent, thus successfully giving the expected
single-crystals. All cry stallizations of p-HOBA and different organic bases w ere
carried out in a 1:1 ratio, considering the acid—base r eaction stoichiometric ratio.
For preparation of 1, 2 and 3, since sel ected bases o f diethy lamine, tert-butyl-
amine and cy clohexylamine are all liquids with de nsities s maller than those of
the mixed HpO—C,H50OH solution, t hey were carefull y layered onto the m ixed
solvents. Three test tubes were used to facilitate the slow diffusion and desired
single-crystals in all cases were obtained. For the preparation of 4 and 5, p-HOBA
was mixed directly with equivalent bases of i midazole or piperazine in H ,0—
—C,HsOH so lutions, which were allowed to evaporate at am bient condition to
give the final crystalline products.

Analytical and spectral data for the synthesized compounds

[p-HOBAA-] [protonated diethylamine] (1). M.p. 215 °C; An al. Calcd. for
C11H17NO3 (M, =211.26): C, 62.5; H, 8.1; N, 6.6 %. Found: C, 62.4; H, 8.0; N,
6.5 %. IR (KBr, cm —1): 3421 m, 2993 vs, 2770 vs, 2658 vs, 2484 vs, 1626 Vs,
1501 vs, 1377 vs, 1279 vs,1160 s, 1091 m, 857 s, 784 vs, 701 m, 617 s.
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[p-HOBAA-] [protonated tert-butylamine] (2). M.p 260 °C; Anal. Calcd. for
C11H17NO3 (M =211.26): C, 62.5; H, 8.1; N, 6.6 %. Found: C, 62.3; H, 8.0; N,
6.45 %. IR (KBr, cm1): 3418 m, 3103 vs, 3017 vs, 2829 vs, 2735 s, 2626 s, 2535
m, 1605 vs, 1502 vs, 1394 vs, 1287 vs,1164 s, 1099 m, 856 m, 792 m, 703 w, 619 m.

[p-HOBAA-] [protonated cyclohexylamine] (3). M.p. 220 °C; Anal. Calcd.
for C13H19NO3 (M =237.29): C, 65.8; H, 8.1; N, 5.9 %. Found: C, 65.7; H, 7.9;
N, 5.7 %. IR (KBr, cm ~1): 3420 m, 2938 vs, 2858 s, 2654 vs, 2572 m, 2141 m,
1597 vs, 1501 vs, 1439 vs, 1376 vs, 1276 vs, 1233 vs, 1156 s, 1091 s, 1030 s, 922
w, 892 m, 842's, 788 s, 701 w, 644 w, 616 m.

[p-HOBAA-] -[protonated imidazole] (4). M.p. 224 °C; Anal. Calcd. for
C10H10N203 (M =206.20): C, 58.2; H, 4.9; N, 13.6 %. Found: C, 58.0; H, 4.6;
N, 13.35 %. IR (KBr, cm1): 3427 s, 3161 vs, 2922 s, 2803 s, 2689 s, 2026 W,
1598 vs, 1607 vs, 1542 s, 1390 vs, 1245 vs, 1160 m, 1128 m, 1049 m, 844 s, 780
S, 753 m, 697 w, 624m.

[p-HOBA] [piperazine] [H20] (5). M.p.235 °C; Anal. Calcd. for
CoH3NO4 (M;=199.20): C, 54.3; H, 6.6; N, 7.0 %. Found: C, 54.1; H, 6.4; N,
6.9%. IR (cm~1): 3132 vs, 3016 vs, 2773 m, 2497 m, 1611 vs, 1545 s, 1398 vs,
1271 m, 1228 m, 1165 m, 1095 s, 980 m, 856 m, 783 m, 697 w, 625 m.

Molecular and supramolecular structure of 1

The hydrogen bonds for 1 are listed in Table II, together with the hydrogen-
-bond information for 2-5. Some C-H---7 and 7--7 interactions for 1-5 are listed
in Table II1.

TABLE II. Hydrogen bond lengths (A) and angles (°) for compounds 1-5

Compound D-H---A Symmetry code DA ZD-H---A
1 O(1)-H(2)---O(3) —1/2+ X, Y, 1/2-7 2.6404 169.25
N(1)-H(4)---O(2) —1/2+x, 1/2-y, -2 2.8764 140.49
N(1)-H4)---O(3) —-1/2+ X, 1/2-y, -z 3.0353 154.77
N(1)-H(10)-- 0Q2) 1/2—x, —-1/2+y, 2 2.7307 171.82
2 N(1)-H(1)---O(2) - 2.8351 168.63
N(1)-H(2):--0(2) 1-X, 1-y, -2 2.8422 161.42
N(1)-H(3):--O(1) 2— X, 1-y, -2 2.7945 174.50
O3)-H(3B)---O(1) 2-X, —1/2+y, 1/2-z 2.6209 163.31
C(3)-H(3A)---0O(3) 1-x, 1/2+y, 1/2-z2 3.2161 130.00
3 N(1)-H(1)---0(1) 1- X, -y, 1-22.8436 169.53
N(1)-H(2)---0(2) X, -y, 1-2 2.8297 178.11
N(1)-H(3):--O( 2) 1+x,y,22.8752 155.38
O(3)-H(3BA)---0O(1) X, 1/2+y, 1/2-2 2.6227 171.57
C(9-H(9A)---0(3) X, Yoy, 1/2+2 3.2757 144.49
4 N(1)-H(1B)---O(1) — 3.0681 120.62
N(1)-H(IB)---0(2) - 2.6888 177.11
NQ)-H@2B)--O(1) 1- X, —1/2+y, 1/2-z 2.7580 154.02
O(3)-H(3A)---0O(1) X, 1/2+y, 1/2-2 2.6394 169.18
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TABLE II. Continued

Compound D-H---A Symmetry code D---A ZD-H---A
4 C(9)-H(OA)---0(3) 1+ X, —1+y, 2 3.2810 138.77
C(10)-H(10A)- ~0Q2) X, 1/2-y,-1/2+2 3.0467 119.88

5 O(2)-H(1)--"N(1) X, 1/2-y, 1/2+2 2.7446 154.23

N(1)-H(1B)---O(3) - 2.6270 88.21

O(1)-H(2)---O( IW) 14X, 1/2-y, -1/2+z 2.7190 169.69
O(1W)-H(3)--- 0(2) 1-x, 1/2+y, 1/2-22.8184 158.14
O(1W)-H(4)-- 0@3) - 2.8126 168.19

TABLE III. Data about C—H---x and #---7 interactions for compounds 1-5

Perpendicular
C--Cg’ or distance
Cpd. C-H --morm--t Sy  mmetry code Cg---Cg between /C-H---Cg,°
distance, A planes of the
rings, A
1 C(8)-H(1)---Cg(1)-1/2+ x,y, 1/2—z 3.600 — 122.20
C(9)-H(6) ~Cg(1)° - 3.522 - 97.91
C(9)-H(7) --Cg(1) - 3.522 - 117.07
C(8)-H(17) = Cg(1) =172+ Xx,y, 1/2-z 3.600 — 97.07
2 C(9)-H(9B)---Cg(1) X, 14y, 2 4.095 - 165.60
3 C(14)-H(14B)---Cg(1) - 3.624 - 128.72
4 Cg(1)---Cg(1) 1- X, -y, 1-z 3.808 3.525 -
Cg(1) ~-Cg(2)° 1- X, 1-y, 1-2 3.762 3.576 -
Cg(2) --Cg(1) 1- X, 1=y, 1-2 3.762 3.451 -
5 C(8)-H(8B)---Cg(2) — 3.788 - 147.40

an denotes a center of an aro matic ring; in 1, 2 and 3; ng(l) denotes the pheny 1 ring; in 4, imidazole ring;
“Cg(2) denotes the phenyl ring

As depicted in Fig. la, the p-HOBA molecule has donated its carbox yl pro-
ton to the amino-nitrogen atom of diethy lamine, resulting in molecule 1 consist-
ing of a p-HOBAA™ and a protonated diethylamine cation. The unit cell of 1 con-
tains eight p-HOBAA™s and eight protonated dieth ylamine cations, which are
connected together through hydrogen bonds and the electrostatic effect. After de-
protonation, the two carbo xyl C-O bond lengths in p-HOBAA™ become similar
(C(7)-0(2) 1.253(3) an d C(7)-O(3) 1.264(3) A) as opposed to  the C —O bond
lengths (1.322(2) and 1.228(2) A) in an independent p-HOBA molecule,?3 indi-
cating that the conjugative effect becomes stronger among the O(2), C(7) and O(3)
atoms. This situation can also be found in 2—4. In p-HOBAA™, the atoms O(1)
and C(7) tog ether with the phen yl ring define a plane P1. In the diethylamine
cation, the atoms N(1), C(8), C(9) and C(10) define another plane P2. The dihed-
ral angle between P1 and P2 is 78.0 1°. Through strong O(1) -H(2)---O(3) hyd-
rogen bonds (see Table II for details), the p-HOBAA™ molecules are connected to
each other wi th a head-to-tail motif and thus, a zigzag 1D chain is formed, run-
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ning alo ng t he a-axis direction (Figs. Iband 1c). Betwe en two adjacent 1D
chains, a rep eating unit exists which is co mposed of two pairs of p-HOBAA~
molecules, which arrange in a parallel a nd antiparallel orientation, with the cen-
ter-to-center distances between two p arallel phenyl rings being 11.843 and 13.9 47
A, respectively. The two non-parallel phenyl rings are almost perpendicular, with
the dihedral angle being 89.23°. At each pair of inflexion points betweent wo
adjacent 1D chains, two p-HOBAA™ molecules are held together by two diethyl-
amine cation s viaN(1) —H(4)---O(2), N(1) =H(4)--O(B3)and N(1)-H(10)---O(2)
bonds (see Table 11 for details). As a result, a 2D network is formed, as depicted
in Fig. 1b. T hese 2D undulated array s (Fig. Ic) ar e further st abilized by four
types of interlayer C—H:--x interactions (see Table 111 for details).

Fig. 1. a) Mol ecular stru cture of 1
with a tomic num bering; 1 D chain
along the a-axis direction and pers-
pective view in the ac plane (b) and
in the bc plane (c).
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Molecular and supramolecular structure of 2

Just as in co mpound 1, p-HOBA molecule in 2 also transfers its carboxy |
proton to the am ino-nitrogen atom of tert-butylamine, resulting in m olecule 2
consisting of a p-HOBAA™ and a proton ated tert-butylamine cation (Fig. 2a). A
unit cell of 2 contains four pairs of p-HOBAA and protonated tert-butylamine
cation which connected together through hydrogen bonds and electrostatic effect.
Similar to 1, compound 2 also possesses abounding strong N-H---O and O-H---O
hydrogen bo nds. Primarily , the molecular assemb ly am ong p-HOBAA™ occ urs
through O(3)-H(3B)---O(1) interactions, resulting in a zigzag 1D chain structure.
Such a 1D chain runs along the b-axis with the p-HOBAA™~ moieties arranging in
a head-to-tail m otif (Fig. 2b). Between tw o contiguous 1D arrays, being sim ilar
to that in 1, a repeating unit is found containing two pairs of p-HOBAA~, which
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Fig. 2. a) Molecular structure of 2 with atomic numbering; b) 1D chain along the b-axis
direction and perspective view in the bc plane ; 3D architecture
in the bc plane (¢) and in the ac plane (d).
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arrange in a parallel and antiparallel or ientation (Fig. 2b), wit h the center-to -
center dis tances bet ween two parallel phenyl rings being 8.666 and 15.746A |
respectively. The dihedral angle between two non-parallel phenyl rings is 81.64°.
Then, these 1D chains are linked together by protonated tert-butylamine cations
via N(1)-H(1)---O(2) and N(1)-H(2)---O(2) interactions (Table II). As depicted in
Fig. 2b, two protonated tert-butylamine cations co mbine two p-HOBAA~ mole-
cules together at e ach pair of inflexion points between two adjac ent 1D chain s
and thus, a 2D hydrogen-bonded net i s given in the bc plane. Further analy sis
shows that t hese 2D lay ers adopt a parallel stack along the a-axis via N(1)-
—H(3)---O(1) and finally create a 3D supramolecular architecture (Figs. 2c an d
2d), which is distinct from that of 1. In addition, interlayer C(3)-H(3A)---O(3)
and intra-lay er C(9)-H (9B)---Cg(1) (Cg(1) denote s pheny 1 ring) (see Table II
and Table III for details) forces also help to stabilize the whole supram olecular
system.

Molecular and supramolecular structure of 3

Compound 3 com prises a p-HOBAA™ and a protonated cy clohexylamine
cation (Fig. 3a). The unit cell of 3 contains four pairs of p-HOBAA™ and a pro-
tonated cyclohexylamine cation. The supramolecular constructions in 3 are very
similar to those in 2. Firstly, through O(3)-H(3A)---O(1) interactions, a zigzag 1D
chain along the b-axis direction is formed of p-HOBAA~ molecules in a head-to-
-tail fashion (Fig. 3b), and in the tw o neighborin g 1D chains, two pairs of  p-
-HOBAA~ molecules array m utually paralle1 but reversed (Fig. 3b). Then, via
N(1)-H(2)---O(2) and N(1)-H(3)---O(2) interactions, protonated cyclohexylamine
cations join these 1D chains together at each pair of inflexion points to m ake a
2D layer network in the bc plane (Fig. 3b), with two protonated cyclohexylamine
cations connecting two p-HOBAA™ anions. Ultimately, the 2D layers stack along
the a-axis via N(1)-H(1) ---O(1) interactions to gene rate a 3D supram olecular
architecture (Fig. 3¢). However, opposedto 2, in 3, C(9)-H(9A)---O(3) forces
exist in the s ame 2D lay er, while C(14)-H(14B) ---Cg(1) (see Table III) inter-
actions are observed between neighbori ng 2D layers, both of which stabilize th e
supramolecular structure of 3. In addition, in the contiguous 1D chains of 3, the
center-to-center distances between two pairs of paral lel pheny! rings are 10.537
and 15.833 A, respectively , both of whi ch are larger than the corresponding va-
lues in 2. The dihedral angle between two non-parallel phenyl rings is 46.2 3°,
which is also different from that in 2. These distinctions may be ascribed to t he
volume of th e protonated cyclohexylamine cation being larger than that of the
protonated tert-butylamine cation.
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(c) (b)
Fig. 3. a) Molecular structure of 3 with atomic numbering; b) 1D chain along the b-axis
direction and perspective view in the bc plane; ¢) 3D structure viewed along the a-axis.

Molecular and supramolecular structure of 4

Compound 4 (Fig. 4a) is made up of a p-HOBAA and protonated imidazole
cation. A unit cell contains four p-HOBAA s and four protonated imidazole cat-
ions. With respect to the supramolecule building of 4, similar to 1, 2 and 3, 1D zig-
zag chains ar e primarily formed via O(3)-H(3A)---O(1) interactions between p-
-HOBAA™ molecules with a head-to-tail m otif (Fig. 4b). However, between the
two neighboring 1D chains, as the repe at unit, two p airs of parallel p-HOBAA™s
array in the s ame direction (Fig. 4b), r espectively, which is a significant diffe-
rence from those in 1, 2 and 3. In addition, for th e repeat unit, both center-t o-
-center distances betw een two pairs of parallel pheny | rings are the sa me and
equal t0 9.616 A, and the dihedral angle between two non-parallel phenyl rings is
46.23°, which are also distinct to those in 1, 2, and 3. As a conse quence, when the
1D chains are held tog ether by protonated imid azole cations through N(1)-
—H(1B)---O(1) and N(1)-H(1B)---O(2), as well as N(2)-H(2B)---O(1) interactions
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(see Table II), a diverse 2D network is produced. In the 2D net, each inflexion
point of each 1D chain connects with a pair of protonated imidazole cations and
this pair of protonated imidazole cations couple with two infl exion p oints of
another adjacent 1D chain sy nchronously. Further inspection of the lattice arr an-
gement reveals that both  C—H ---O and face-to-face interactions stabilize the
supramolecular architectu re. Among them, C(9)— H(9A)--O(3) is i ntralayered,
while C(10)—H(10A)---O(2) joins the interlay er acid and base co mponents. Two
types of 7---m stackings between phen yl ring-to-phenyl ring and phenyl ring-to-
imidazole ring (see Table III for details) are also interlayer interactions.

Fig. 4. a) Molecular structure of 4
with atomic numbering; b) 1D chain
along the b-axis direction a nd 2D
(b) network viewed along the c-axis.

In view of the 2D structure of 4 being different from those of 1-3, one can
find that the organic base of imidazole in 4 has two important structural charac-
teristics distinct from those of the organic bases used in 1-3. One is that it is a
rigid aromatic base and the other that it has two nitrogen atoms, which means
that each protonated im idazole cation can form hydrogen bonds from two dif-
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ferent directions of the molecule. On the contrary , in 1-3, the organic bases a re
not rigid aromatic bases and they have only one nitrogen atom. It is possible that
these two significant features of im idazole finally produce the unique 2D supra-
molecular building of 4.

Molecular and supramolecular structure of 5

Opposed to 1-4, co-crystallization of piperazine with p-HOBA yields the
neutral molecular co-crystal 5, in which p-HOBA does not transfer its carboxy 1
hydrogen atom to the piperazine molecule (Fig. 5a). Additionally, a lattice water
solvent molecule is observed in 5; hence compound 5 is built up of a p-HOBA, a
piperazine and a water molecule. The unit cell contains four p-HOBA, two pipe-
razine and fo ur water molecules. In e ach p-HOBA, the bond dis tances of C— O
are 1.259(3) and 1.273(2) A, respectively, which are also different fro m those in
an independe nt p-HOBA molecule.23 As for the supram olecular building of 5,
first, each pi perazine acts as a hy drogen-bonding connector, joining four p-
-HOBA subunits via strong pair-wise O(2)-H(1)---N(1) and N(1)-H(1B) ---O(3)
bonds (see Table II for details) and two  p-HOBA molecules are linked to two
piperazine molecules. Thus, a tape-like 1D supramolecular motif is formed, run-
ning along the a-axis direction, as shown in Fig. 5b. Then, each w ater molecule
acts as a 3- connector to link with three ~ p-HOBA molecules through O(1)-
—H(2)---O(1W), O(1W)-H(3)---O(2) and O(1W)-H(4)---O(3), which results in the
1D tapes being com bined and a 3D  hydrogen-bonding network being finall y
formed (Fig. 5c). Within the 3D network, an intermolecular C(8)-H(8B)---Cg(2)
force is observed, which aids in the stabilization of the whole crystal structure.

Melting point of compounds 1-5

The melting point of p-HOBA is 213 °C. Of the five bases stu died here,
diethylamine, tert-butylamine and cy clohexylamine are all liquids and the melt-
ing points of imidazole and piperazine are 90 and 106 °C, respectively. The expe-
rimentally determined melting points for 1-5 are 215, 260, 220, 224 and 235 °C,
respectively. It is evident that all the com pounds 1-5 have higher melting points
than their corresponding reactants, which may be because the hydr ogen-bond ty-
pes and numbers in 1-5 are greater than those in the corresponding reactants. For
instance, the N—H---O hydrogen bond exists universally in 1-5, while it cannot be
found in any of the reactants used in thi s study. On t he other hand, com parisons
of the strength of the hydr ogen bonds and the C-H ---O, C-H:--w and =---7 inter-
actions (given in Tables II and III) and the melting points suggest that the melting
points of the complexes are influenced not onl y by hydrogen b onds and other
interactions. For instance, for 2, 3 and 5, although they all have four h ydrogen
bonds and one C—H---7 interaction, and the distance C---Cg in 2 of 4.095A is the
longest, the three of them have different melting points and the melting point of 2
is the highest. The maximum supramolecular number of interactions, includin g
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six hydrogen bonds and three other interactions, exist in 4, but the melting point
of 4 is nott he highest of the five com plexes. Compound 1 contains four h yd-
rogen bonds and four ot her interactions, which is more than in ¢ ompounds 2, 3
and 5, however, its melting point is the lowest. Most im portant, the higher m el-
ting points suggest that compounds 1-5 are not the ordinary superposition of the
reactants and that the y be came new materials differ ent from the original reac-
tants, and that they are more stable than the rea ctants, which might be useful in -
formation for further investigations on the s ynthesis of new pat tern function al
materials.

(c)

Fig. 5. a) Molecular structure of 5 with atomic numbering; b) 1D tape along the a-axis;
¢) 3D structure viewed along the a-axis.
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CONCLUSIONS

Five acid—base co mplexes were sy nthesized using p-hydroxybenzoic acid
(p-HOBA) as the buildi ng block, which form 2D and 3D net works throug h
hydrogen bonds and C-H ---O, C-H:--w and m---7 interactions. Determ ination of
their melting poin ts showed that the fi ve compounds are more stable than the ir
respective reactants, that they are not the ordinary superposition of the reactants
and that they became new materials different from the original reactants.

Supplementary material. CCDC-652250 for 1, 651984 for 2, 651983 for 3, 691985 for 4
and 651986 for 5 contain the supple mentary cry stallographic data for this pa per. These data
can be obtaine d free of charge at www.ccd c.cam.ac.uk/conts/retrieving.html (or fro m the
Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44(0)1222-336033; email: deposit@ccdc.cam.ac.uk).
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U3BOJ

ITPOJEKTOBAIGE KPUCTAJIA KUCEJIMHCKO-BA3HUX KOMITJIIEKCA CA 2D U 3D
BOJOHNYHO BE3AHUM CUCTEMHUMA KOPUIIREWHBEM p-XUJAPOKCUBEH30EBE
KUCEJIMHE KAO I'PAJJUBHOI" BJIOKA

PU SU ZHAO, XIAN WANG, FANG FANG JIAN, JUN LI ZHANG u HAI LIAN XIAO

New Materials and Function Coordination Chemistry Laboratory, Qingdao University of Science and
Technology, Qingdao Shandong 266042, P. R. China

p-Xunpokcubenzoea kucennHa (P-HOBA) je u3abpaHa kao eJIeMEHT 32 CAMOU3IPAby Ca
net 6aza: AMeTHIaMUHOM, tert-OyTHIIaMHHOM, IMKJIOXEKCHUIIAMHUHOM, HMHIa30JI0M U MTUIIEPA3HHOM
rpanehu onrosapajyhe kncenmHcko—6a3ne xommiekce 1-5. KpucranHo-cTpykrypHe aHanm3e yka-
3yjy Za ce mpoToH-TpaHcdep ca KapOOKCHITHOT BOJOHUKA Ha a30TOB aToM 0a3e MOXKE YOUHUTH KOI
1-4, a camo y 5 MoneKys U3 pacTBapaua Boje kKoersuctupa ca p-HOBA u nmunepasunom. Bogonmu-
nuMm Besama O—H---O, npucytaum y 1-4, nenpoToHOBaHH P-XUAPOKCHOEH30aTHU aHjOHH ]-
HOBAA ce jenqHOCTaBHO MOBE3Yyjy MOTHBOM IiaBa—pen rpaaehu jexnoaumenuonante (1D) Hu-
30B€ J0JIaTHO NPOIIMpeHe Ha pasHe aBoauMensnoHanse (2D) (3a 1 u 4) u Tpopnmensuonante (3D)
(3a 2 n 3) mpexe mytreM N—-H:--O nnrepaxunja. Jlok cy y 5 HeyTpanHa KuceluHa U 6a3a moBe3aHe
naposuMa O—H:---N u N-H:--O Be3sa rpagehu 1D Tpaky, komOuHanujom 1D Tpaka ca MoieKyianma
Boze kpenpa ce 3D mpexa. Heke C-H:--O, C-H---7t u 7t--- T uHTepaknyje U3BaH U YHyTap CJOjeBa
MOMaXXy CTaOMJIM30Bamby CYIPaMOJIEKyJIapHUX TBOpEBHMHA. Tauke TOIUbCHa yKasyjy a5 kuce-
JIMHCKO—0a3HUX KOMILIEKCa HUCY OOMYHA CyNepIIo3HIja peakTaHata 1 a Cy CTaOWIHHUjH O] OpH-
TMHAJHUX peaKkTaHaTa.

(ITpumibero 16. anpuita, peBuaupano 21. centem6pa 2009)
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Abstract: A novel series of complexes of the type [M(C,gH24N4)X]X,, where
M = Cr(111), Fe(l11) or Mn(111), X = CI7, NO3;~, CH3COO™ and (CygH»4N,4) cor-
responds to the tetradentate macrocyclic ligand, were synthesized in methano-
lic media by the template condensation of 1,8-diaminonaphthalene and 2,3-bu-
tanedione (diacetyl) in the presence of trivalent metal salts. The complexes were
characterized by elemental analyses, conductance and magnetic measurements,
and UV/Vis and IR spectroscopy. Based on these studies, a five-coordinate
square pyramidal geometry for all the prepared complexes is proposed. All the
synthesized macrocyclic complexes were tested for their in vitro antifungal
activity against some fungal strains viz. Aspergillus niger and A. fumigatus.
The results obtained were compared with the standard antifungal drug flu-
conazole.

Keywords: antifungal activity; 2,3-butanedione; template synthesis; macrocyclic
Schiff-base complexes.

INTRODUCTION

A number of nitrogen donor macrocyclic derivatives have long been used in
analytical, industrial and medical applications.l Macrocyclic compounds and
their derivatives are interesting ligand system because they are good hosts for
metal anions, neutral molecules and organic cation guests.2 The metal-ion and
host—guest chemistry of macrocyclic compounds are very useful in fundamental
studies, e.g., in phase transfer catalysis and biological studies.3 In situ, one pot
template condensation reactions lie at the heart of macrocyclic chemistry.# There-
fore, template reactions have been widely used for the synthesis of macrocyclic
complexes,® where, generally, transition metal ions are used as the templating
agent.® The metal ions direct the reaction preferentially towards cyclic rather than
oligomeric or polymeric products.” Synthetic macrocyclic complexes mimic some
naturally occurring macrocycles because of their resemblance to many natural
macrocycles, such as metalloproteins, porphyrins and cobalamine.8.® Transition

*Corresponding author. E-mail: dpsinghchem@yahoo.co.in
doi: 10.2298/J5C091021028S
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metal macrocyclic complexes have received great attention due to their biological
activities, including antiviral, anticarcinogenic,® antifertile,10 antibacterial and
antifungal.1l Macrocyclic metal complexes of lanthanides e.g., Gd(l11), are used
as MRI (magnetic resonance imaging) contrast agents.12 In a previous paper, the
synthesis and characterization of macrocyclic complexes of Co(ll), Ni(ll), Cu(ll),
Zn(I1) and Cd(ll) derived from 1,8-diaminonaphthalene and diacetyl were re-
ported.13

Prompted by these facts, in the present paper, the synthesis and characteri-
zation of Cr(111), Fe(111) and Mn(l11) macrocyclic complexes derived from 1,8-di-
aminonaphthalene and diacetyl (2,3-butanedione) are discussed. Complexes were
characterized using various physicochemical techniques, such as IR and UV/Vis
spectroscopy, elemental analyses, and magnetic susceptibility and conductivity
measurements.

All the synthesized macrocyclic complexes were tested for their in vitro anti-
fungal activities against some fungal strains viz. Aspergillus niger (MTCC 282)
and A. fumigatus (MTCC 870). The obtained results were compared with those
for the standard antifungal drug fluconazole.

EXPERIMENTAL
Materials

All the chemicals and solvents used in this study were of AnalaR grade. 1,8-Diamino-
naphthalene and 2,3-butanedione were procured from Acros, New Jersey, USA, the metal
salts were purchased from S.D.-fine, Mumbai. India, Merck, Ranbaxy, India, and were used as
received.

Isolation of complexes

All the complexes were synthesized by the template method, i.e., by condensation of 1,8-di-
aminonaphthalene and 2,3-butanedione in the presence of the respective trivalent metal salt.
To a hot stirring methanolic solution (= 50 cm?3) of 1,8-diaminonaphthalene (10 mmol) was
added trivalent chromium, manganese or iron salt (5.0 mmol) dissolved in the minimum quan-
tity of MeOH (= 20 cm3). The resulting solution was refluxed for 0.5 h. Subsequently, 2,3-bu-
tanedione (10 mmol) was added to the refluxing mixture and refluxing was continued for 8-10
h. The mixture was then concentrated to half its volume, cooled to room temperature and kept
in a desiccator overnight, whereby dark-colored precipitates formed, which were filtered, washed
with methanol, acetone and diethyl ether and dried in vacuo. The obtained yields were ~ 60—
—70 %. The complexes were soluble in DMF and DMSO. They were thermally stable up to
265-290 °C, after which decomposition occurred.

The template condensation of 1,8-diaminonaphthalene and 2,3-butanedione in the pre-
sence of trivalent metal salts, in the molar ratio 2:2:1 is represented in Scheme 1.

Analytical and physical measurements

The microanalysis for C, H, and N were realized using an elemental analyzer (Perkin EI-
mer 2400) at SAIF, Punjab University, Chandigarh, India. The magnetic susceptibility measu-
rements were made at SAIF, IIT Roorkee, on a vibrating sample magnetometer (Model PAR
155). The metal contents in the complexes were determined by literature methods.# The IR
spectra were recorded on a FT-IR spectrophotometer (Perkin Elmer RX-I) in the range 4000—
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200 cm® using the Nujol Mull method. The electronic spectra (in DMSO) were recorded at
room temperature on a Hitachi 330 spectrophotometer in the 200-850 nm range. The
conductivity was measured on a digital conductivity meter (HPG system, G-3001). The
melting points were determined in capillaries using a Swastika electric melting point apparatus.

In vitro antifungal activity
All the newly synthesized complexes were evaluated for their antifungal activities towards

A. niger and A. fumigatus by the poison food technique.!®

NH, NH,

cli (ﬁ H3C\ &N | \ /CH3
Methanol % C
2 +2 HC—C—C—CHy + MX; —————> I I X2

Scheme 1. Representation of the template condensation of 1,8-diaminonaphthalene and
2,3-butanedione in the presence of trivalent metal salts in the molar ratio 2:2:1
(M = Cr(I11), Mn(l1) or Fe(I11) and X = CI-, NO3~ or CH3COO").

RESULTS AND DISCUSSION
Chemistry

The analytical data showed the suggested formula for macrocyclic com-
plexes as: [M(CogH24N4)X] X2, where M = Cr(l11), Fe(lll) or Mn(l1l), X = CI~,
NO3~ or CH3COO™ and CogHo4N4 corresponds to the tetradentate macrocyclic
ligand. The measurements of molar conductance in DMSO showed that these
chelates are 1:2 electrolytes® (conductance 155-185 Q-1 cm2 mol1). Various
attempts, such as crystallization using mixtures of solvents and low temperatures,
were unsuccessful for the growth of a single crystal suitable for X-ray crystal-
lography. However, the analytical, spectroscopic and magnetic data enabled the
possible structure of the synthesized complexes to be predicted. All complexes
gave satisfactory elemental analyses results, as shown in Table I.

IR Spectra

It was noted that two bands present in the spectrum of 1,8-diaminonaphtha-
lene at 3350 and 3390 cm~1, corresponding to the v(NH;) group, were absent
from the infrared spectra of all the complexes. Furthermore, no strong absorption
band was observed near 1716 cm~1 indicating the absence of the C=0O group of
the 2,3-butanedione (diacetyl) moiety. The disappearance of these bands and the
appearance of a new strong absorption band in the range 1590-1629 cm-1 con-
firms the condensation of the carbonyl group of 2,3-butanedione and the amino
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group of diaminonaphthalene and the formation of a macrocyclic Schiff’s base,17
as these bands may be assigned to v(C=N) stretching vibrations.18 The lower va-
lue of the frequency of v(C=N) vibrations may be explained by a drift of the lone
pair electron density of the azomethine nitrogen towards the metal atom,1®
indicating that coordination occurs through the nitrogen of the C=N groups. The
medium intensity bands present in the region 2830-2950 cm~1 may be assigned
to the v(C—H) stretching vibrations of the methyl group of the diacetyl moiety.20
The various absorption bands in the region 1400-1588 cm~1 may be assigned to
v(C=C) aromatic stretching vibrations of the naphthalene ring.2122 The bands in
the region 740-785 cm~1 may be assigned to the v(C—H) out of plane bending of
the aromatic ring.23 The presence of the absorption bands at 1408-1440, 1290-
1320 and 1010-1030 cm=! in the IR spectra of all the nitrato complexes suggest
that the nitrate groups are coordinated to the central metal ion in a unidentate
fashion.24 The IR spectra of all the acetate complexes show an absorption band
in the region 1650-1680 cm~! that is assigned to the v(COO-),s asymmetric
stretching vibrations of the acetate ion and another in the region 1258-1290 cm-1
that can be assigned to the v(COO~)s symmetric stretching vibration of the ace-
tate ion. The difference between (v4s—15) of around 390-370 cm1 is greater than
144 cm~1, which indicates the unidentate coordination of the acetate group with
the central metal ion.2

TABLE I. Analytical data of the trivalent chromium, manganese and iron complexes derived
from 1,8-diaminonaphthalene and 2,3-butanedione

Found (Calcd.), % Molecular
No. Complex M C H N Color weight
1 [Cr(CysH,sN,)CI]CI, 896 5852 410 9.68 Green 574

(9.06) (58.53) (4.18) (9.75)
2 [Cr(CsHuN)(NO)I(NOs),  7.91 51.34 366 14.94 Yellowish 654
(7.95) (51.37) (3.67) (14.98) green
3 [Cr(CxsHxN)(OAC)(OAc), 801 6321 510 8.64 Darkgrey 645
(8.06) (63.25) (5.11) (8.68)
4 [Mn(CxHuNy)(OAC)(OAC), 847 6292 503 863  Black 648
(8.47) (62.96) (5.09) (8.64)
5 [Fe(CasH24N,)CIICl, 963 5810 4.10 966  Black 578
(9.66) (58.13) (4.15) (9.69)
6  [Fe(CxHuN)(NO)I(NOs), 845 51.04 359 14.80  Dark 658
(8.49) (51.06) (3.65) (14.89)  grey
7 [Fe(CxsHuN)(OAC)(OAC), 857 62.85 501 8.61 Reddish 649
(8.60) (62.86) (5.08) (8.63) brown

The far infrared spectra show bands in the region 420-450 cm~1 corres-
ponding to v(M-N) vibrations.26-28 The bands in the spectra of all the complexes
in the region 420-450 cm~1 originate from (M—N) azomethine vibrational modes
and identify coordination of the azomethine nitrogen.29 The bands present in the
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range 300-320 cm~1 may be assigned to v(M-CI) vibration.26-28 The bands pre-
sent in the region 220-250 cm~1 in all the nitrato complexes are related to the
v(M-0) stretching vibration.26.27

Magnetic measurements and electronic spectra

Chromium complexes. The magnetic moments of the chromium(lll) com-
plexes at room temperature were found in the range 4.25-4.50 ug, which are
close to the predicted values for three unpaired electrons in the metal ion.1® The
electronic spectra of the chromium complexes show bands at ~ 9010-9320,
1303013350, 17460-18320, 27420-27850 and 34810 cm~L. These spectral bands
cannot be interpreted in terms of either a four- or six-coordinated environment
around the metal atom. However, the spectra are consistent with that of five-co-
ordinated Cr(l11) complexes, the structures of which were confirmed with the
help of X-ray measurements.30 Based on the analytical data, spectral studies and
electrolytic nature of these complexes, a five-coordinated, square pyramiddal
geometry may be assigned to these complexes. Thus, assuming Cgy symmetry
for these complexes,31:32 the various spectral bands may be assigned as: 4B; —
— 42, 4B; — 4By, 4B — %A, and 4B — 4ED, respectively.

Manganese complex. The magnetic moment of the manganese(l11) complex
was found to be 4.89 ug, which indicates a high spin (d4) system.15 The elec-
tronic spectra of the manganese complexes show three d—d bands, which lie in
the range 1235012590, 16050-18820 and 35420-35700 cm~L. The higher ener-
gy band at 35440-35750 cm~1 may be assigned to charge transfer transitions. The
spectra resemble those reported for five-coordinate, square pyramidal manganese
complexes.31:32 This idea is further supported by the presence of a broad ligand
field band at 20400 cm~1, which is diagnostic for C4y symmetry, and thus the
various bands may be assigned as follows: °B; — A1, 5B1 — °Bp, and 5B; —
— SE, respectively. The band assignment in a single electron transition may be
given as: d;z — dya_y, dyy —> dya_y2, and dy; and dy; — dyzy2, respectively, in
order of increasing energy.

Iron complexes. The magnetic moments of iron complexes lie in the range
5.81-5.90 up, corresponding to five unpaired electrons, which is close to the pre-
dicted high spin values for these metal ions.1> The electronic spectra of the iron
complexes show various bands at 9820-9970, 15520-15575 and 27550-27730
cm=1, which do not suggest octahedral or tetrahedral geometry around the metal
atom. The spectral bands are, however, consistent with the range of spectral bands
reported for five-coordinate, square pyramidal iron(l11) complexes.32:33 Assum-
ing C4yv symmetry for these complexes, the various bands can be assigned as:
dxy — dxz, and dy; and dyy — dz2. Any attempt to make an accurate assignment is
thwarted due to interactions of the metal-ligand w-bond systems, which lifts the
degeneracy of the dy; and dy, pair.
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Biological results and discussion

The antifungal activities of all the complexes were determined against two
fungal strains, i.e., A. niger and A. fumigatus and then compared with the activity
of the standard antifungal drug fluconazole. The antifungal activities (percentage
inhibition) of the complexes and fluconazole are given in Table Il. In the whole
series, complex 1 showed the highest percentage inhibition against both fungal
strains, whereas none of the tested compounds restricted the fungal growth excel-
lently (Table I1). However, of all the tested complexes, 2 and 7 showed nearly 50 %
inhibition of mycelial growth against A. niger, whereas complexes 1 and 4 show-
ed nearly 55 % inhibition of mycelial growth against A. fumigatus (Table II).

TABLE II. In vitro antifungal activities of the synthesized macrocyclic compounds deter-
mined by the poisoned food method

Mycelial growth inhibition, %

No. Complexes A. niger A. fumigatus
1 [Cr(CasH2aN2)CIICI, 54 55.5

2 [Cr(C2sH24N4)(NO3)](NO5), 49.6 32.5

3 [Cr(C2sH24N4)(OAC)](OAC), " )

4 [MN(CasHasN4) (OAC)|(OAC), 39.3 57.5

5 [Fe(CasH24N,)CI]Cl, ) )

6 [Fe(C2sH24N4)(NO3)](NO3), 29.3 )

7 [Fe(CusH24N4)(OAC)](OAC), 53.3 24.2

- Fluconazole” 75.3 80.2

o

No activity; bstandard antifungal drug

CONCLUSIONS

Based on various studies, such as elemental analyses, conductance measure-
ments and magnetic susceptibilities, as well as IR, NMR and electronic spectral
studies, a five-coordinate, square pyramidal geometry as shown in Scheme 1 may
be proposed for all the synthesized complexes.

It has been suggested that chelation/coordination reduces the polarity of the
metal ion mainly because of the partial sharing of its positive charge with the do-
nor group within the whole chelate ring system.34 Besides this, many other fac-
tors, such as solubility, dipole moment, conductivity influenced by the metal ion,
may possibly explain the antifungal activities of these complexes.3° It has also
been observed that some moieties, such as azomethine linkage or heteroaromatic
nucleus introduced into such compounds, exhibit extensive biological activities that
may be a consequence of the increase in the hydrophobic character and liposolu-
bility of the molecules in crossing the cell membrane of the microorganism and
hence the enhanced biological utilization ratio and activity of the complexes.36
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U3BOJ
MAKPOIIMKJIMYHN KOMIIIEKCU: CUHTE3A 1 KAPAKTEPU3ALIMJA

DHARMPAL SINGH u KRISHAN KUMAR
Department of Chemistry, National Institute of Technology, Kurukshetra — 136 119, India

TenMruiaTHOM cuHTE30M, Tionasehu of 1,8-muamMuHoHadTaneHa, 2,3-0yTaHAHOHA U OAroBapa-
jyhHX conu Merana y METaHOJy Kao pacTBapady, CHTETH30BaHA je cepHja HOBHX KOMILICKCA THIIA
[M(Ca8H24N4)X]X, (M = Cr(111), Fe(lll) u Mn(lIT); X = CI7, NO3~, CH3COO™~, nok CygHauNy
MPEe/ICTaBJba OAroBapajyhin MakpOUMKINIHE JUTaH). 338 KapaKTepu3annjy T00MBEHHX KOMIUIEKCA,
ropeJ| eJeMEHTapHe MUKpOaHaIN3€, KOHAYKTOMETPHjCKUX U MarHETHUX Mepera, YIOTpeOsbeHa je
UV/Vis, u IR crniekrpockonuja. Ha ocHOBY OBHX Mepema HaheHoO je Ja Cy I0OHjeHH TEHTaKoOop-
JMHOBAaHHM KOMILICKCH MMajy KBaJpaTHO-IIMpaMUIaiHy reomerpujy. McnutuBana je in Vitro antu-
(byHranHa akTHBHOCT CHHTETH30BHHX KOMIUIeKca Ha cuenehum cojeuma: Aspergillus niger u
Aspergillus fumigatus. Jobujenn pesynratu cy mopeljeHu ca pesyiaraTuMa 3a CTaHIApAHH aHTH-
(yHTagHHU JIeK (IIyKOHA30I.

(Mpumuseno 21. okrobpa 2009, pepnanpano 12. janyapa 2010)
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Abstract: Aqueous solubility is an important factor influencing several aspects
of the pharmacokinetic profile of a drug. Numerous publications present dif-
ferent methodologies for the development of reliable computational models for
the prediction of solubility from structure. The quality of such models can be
significantly affected by the accuracy of the employed experimental solubility
data. In this work, the importance of the accuracy of the experimental solubility
data used for model training was investigated. Three data sets were used as
training sets — data set 1, containing solubility data collected from various lite-
rature sources using a few criteria (n = 319), data set 2, created by substituting
28 values from data set 1 with uniformly determined experimental data from
one laboratory (n = 319), and data set 3, created by including 56 additional
components, for which the solubility was also determined under uniform con-
ditions in the same laboratory, in the data set 2 (n = 375). The selection of the
most significant descriptors was performed by the heuristic method, using one-
-parameter and multi-parameter analysis. The correlations between the most
significant descriptors and solubility were established using multi-linear regres-
sion analysis (MLR) for all three investigated data sets. Notable differences
were observed between the equations corresponding to different data sets, sug-
gesting that models updated with new experimental data need to be additionally
optimized. It was successfully shown that the inclusion of uniform experimen-
tal data consistently leads to an improvement in the correlation coefficients.
These findings contribute to an emerging consensus that improving the reliabi-
lity of solubility prediction requires the inclusion of many diverse compounds
for which solubility was measured under standardized conditions in the data set.

Keywords: aqueous solubility prediction; experimental data; model training;
heuristic method.
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INTRODUCTION

The solubility of drugs and drug-like compounds has been the subject of ex-
tensive studies aimed at finding a way to predict solubility from molecular struc-
ture. The aqueous solubility of a drug is an important factor that influences its
absorption by, distribution in and elimination from the body.! Since poor phar-
macokinetics is one of the major causes for late stage drug development failures,?
it is clear that properties such as solubility need to be considered very early in the
drug discovery process. Therefore, a reliable tool for the prediction of solubility
from structure alone would be of great importance to help in the elimination of
unsuitable candidates and reduction of overall development attrition rates.

A considerable number of in silico models for the prediction of solubility
have been proposed over the past decade.3-22 These utilize an ever-growing va-
riety of approaches that differ in the way structure is represented, in the nature of
the descriptors or properties that are derived from molecular structure and in the
regression methods used. The sheer volume of publications on novel methods for
the prediction of solubility seems to indicate that none of the existing models is
fully satisfactory.23 Consistent with this, very few of the proposed models for
prediction of solubility have found practical implications in the drug discovery
process, probably due to low prediction reliability. Whilst most of the published
models perform satisfactorily with the test sets used for their validation, their per-
formance with more diverse data plummet considerably.24

While significant progress has been made in developing new modelling tech-
nigues, there is, nevertheless, an emerging consensus that moving forward will
require focusing on altogether different issues affecting the performance of exist-
ing models. Most of the recent reviews on solubility prediction indicate that solu-
bility modelling efforts have suffered from some basic faults, such as training
sets that are not drug-like, unknown or high experimental error, lack of structural
diversity, incorrect tautomers or structures, neglect of ionization, no considera-
tion of salt and/or common ion issues, avoidance of crystal packing effects and
range of solubility data that is not pharmaceutically relevant.25

One of the issues is that the design of a good quality training set is some-
thing often overlooked.26 It is worth noting that any model is only as good as the
data used for its generation. A training set codifies the relationship between the
relevant property and chemical structure; therefore, the applicability domain as
well as model reliability will depend heavily upon the choice of the training set.
The most limiting factor in the choice of a proper training set is the accuracy of
the experimental solubility data. Katritzky et al. demonstrated that the average
standard deviation for solubility measurements originating from different sources
is as high as 0.6log S units.2? Occasionally, the solubility values reported for one
compound may differ by 2-3 log units; this large difference may originate from
different experimental protocols. There are differences in sample concentration,
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co-solvent presence, co-solvent concentration, incubation times, thermodynamic
methods, kinetic methods, etc.28 In addition, inclusion of values that were not
distinctly reported, such as those for intrinsic solubility, and other unintentional
errors all contribute significantly to the overall experimental error that can plague
a data set.29:30 In a recent work by Taskinen and Norinder, in which over 30 mo-
dels from the literature were reviewed, it was concluded that improving the accu-
racy and applicability will “require more consideration of the consistency of the
experimental solubility data and the training set composition”.24 Other authors
also stressed that further development will require large, diverse sets of high-qua-
lity, uniformly determined experimental data.30.31

Despite the importance of this issue, there are very few published works
dealing primarily with proposing carefully designed training sets. In one aspect
this is understandable — consistent solubility data are not widely available and de-
termining them for a “QSPR-significant” number of compounds would be a time-
-consuming, laborious and expensive endeavour. On the other hand, addressing
the issue of a more selective collection of data from the literature is feasible. One
such example is the data set proposed by Rytting et al., who set out clear criteria
for the inclusion of experimental data.32

Increasing interest in the importance of high-quality experimental data for
modelling purposes was perhaps best exemplified in a recent paper by Llinas et
al., in which researchers where challenged to develop a model based on 100 re-
liable solubility measurements and to use it to predict the solubility of 32 additio-
nal molecules provided.33 As the authors remarked, the findings of the challenge
provided an overall perspective as to the current ability to estimate aqueous solu-
bility.34

Based on the importance of this issue, the aim of this study was to investi-
gate whether the implementation of solubility data obtained under standardized
experimental conditions can make a significant contribution to the process of es-
tablishing new or optimizing existing QSPR models for the prediction of solu-
bility.

EXPERIMENTAL

Data sets

The set of 322 structurally diverse “drug-like” molecules proposed by Rytting et al.32
served as the basis for the first set used in this study (data set 1). The solubility data originated
from various literature sources and were collected following several criteria: (i) the given
compound is a drug or drug-like molecule, solid at room temperature; (ii) the reported value is
that of the intrinsic solubility at around 25 °C; (iii) for solubility measurement, the equilibrium
must have been achieved over time, excess solid must be present at the end of testing and
acceptable analytical methods must have been used for quantification. Due to geometrical
optimisation issues, three molecules were excluded from the Rytting set; hence, data set 1

consisted of 319 compounds. For the investigation of the implementation of experimental
solubility data obtained under the uniform experimental conditions, the Sirius data set,3
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consisting of 84 diverse drug molecules for which the solubility was determined using the
Sirius CheqgSol technique,36 was used. This potentiometric method for the measurement of in-
trinsic solubility is very accurate and allows for rapid equilibration of the experiment and col-
lection of the precipitate during the experiment for characterization.3”

Data set 2 was created by substituting 28 solubility values from data set 1 with those
from the Sirius data set. Data set 3 was created by adding the remaining 56 molecules from
the Sirius data set to data set 2 (Table I). The Table with structures of all components included
in the Sirius data set can be obtained on request.3®

Table I. Data sets composition

Data set Solubility values of compounds

1 319 from ref. 32

2 291 from ref. 32 and 28 from ref. 35
3 291 from ref. 32 and 84 from ref. 35

Structure optimisation and descriptor calculation

All structures were constructed using Spartan software.*® Geometry optimisation was
performed by the AM1 semi-empirical method implemented in the Spartan software. Calcu-
lation of descriptors was performed using the Codessa programme (comprehensive descriptors
for structural and statistical analysis).3? A total of 728 descriptors were calculated and divided
into five groups: constitutional, topological, geometrical, electrostatic and quantum-chemical.
Correlation analysis

The heuristic method implemented in the Codessa software was used for the selection of
the most significant descriptors for the prediction of solubility. The most significant des-
criptors were selected in each group of descriptors using the heuristic method. Heuristic 5-pa-
rameter analysis was also used for selection of the five most significant descriptors among all
descriptors calculated, which were then used for establishing a QSPR (quantitative structure—
—property relationship) equation for each of the sets using the multiple linear regression (MLR)
method. Prior to this, descriptor intercorrelation analysis was performed, so that no two des-
criptors appearing in the final equations have an intercorrelation coefficient larger than 0.5.

RESULTS AND DISCUSSION

The potential limit of the accuracy of experimental data on the predictability
of solubility models should be addressed before turning to the purely computa-
tional methods, therefore the Sirius data set was used to investigate the extent to
which the implementation of solubility data measured under the same standard-
dized method may influence the quality of the potential model training. The cre-
ation of data sets 1, 2 and 3 are described in the Experimental section.

The heuristic method was applied for the selection of the most significant
descriptors for the prediction of solubility to all three data sets. The most signi-
ficant descriptors for all three sets from each of the groups of descriptors ob-
tained by the heuristic method are presented in Table Il. The most highly corre-
lated descriptor in all data sets was the partition coefficient (log P). Most of the
selected electrostatic and quantum-chemical descriptors are derived from mole-
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cular surface areas (H-donor/acceptor surface areas) and relative electrostatic
charges. This would indicate that the descriptors selected using the heuristic me-
thod proved to be related to the solvation mechanism of the molecules.

Table Il. The most significant descriptors among the five groups of descriptors, selected using
the heuristic method

Descriptor® Data set 1 Data set 2 Data set 3

R? F R? F R? F

Constitutional descriptors
log P 0.5013 318.67 05337 362.77 05479 451.95
Ngr 0.3848 198.28 0.4116 221.73 0.4390 291.88
Rc 0.3587 177.33 0.3562 17541 0.3289 182.81
Rer 0.3133 14465 0.3184 148.09 0.2978 158.16
Nc 0.3013 136.71 0.3294 15570 0.3639 213.34
Ng 0.2651 11434 0.2675 115.74 0.2765 14253
Nag 0.1885 73.63 0.2062 82.36 0.2686  136.97
Ry 0.1526 57.08 0.1570 59.05 - -
Gly 0.1351 49.53 0.1479 55.04 0.2051 96.23
MW 0.1283 46.65 0.1409 51.97 0.1962 91.05
Topological descriptors
°ABIC 0.2833 12531 0.2943 13219 0.2526  126.06
°ACIC 0.2478 10441 0.2661 114.94 0.2640 133.81
'ACIC 0.2196 89.22 0.2339 96.76 - -
'ABIC 0.2072 82.83 0.2147 86.68 - -
°ACIC 0.1949 76.73 0.2089 83.72 - -
*Randic 0.1926 75.62 0.2038 81.12 0.2446  120.76
’CIC 0.1895 74.14 0.2224 90.68 0.2254  108.54
'K&H 0.1884 73.59 0.2061 82.31 0.2576  129.40
'Randic 0.1829 70.96 0.2023 80.39 0.2580  129.72
*Randic - - 0.1938 76.19 0.2426 119.49
'K&H - - - - 0.2327  113.13
’K&H - - - - 0.2199  105.16
Geometrical descriptors
MSA 0.2312 95.31 0.2565 109.36 0.3125  169.57
XY Shadow 0.2259 92.50 0.2495 105.38 0.2978  158.17
Ic 0.2176 88.19 0.2289 94.11 0.2550  127.69
Is 0.1778 68.55 0.1868 72.80 0.2142  101.66
MV 0.1613 60.99 0.1829 70.95 0.2378  116.35
Ia 0.1407 51.92 0.1500 55.93 0.1719 81.36
ZX Shadow 32.46 0.1104 39.34 0.1685 75.56
Electrostatic descriptors

*FPSA-3 0.2603 11156 0.2676 115.80 0.2759  142.10
“HDSA-1/TMSA 0.2590 110.81 0.2678 115.96 0.2649  134.42
“HDSA-2/TMSA 0.2555 108.82 0.2621 112.62 0.2554  127.93
*HASA-2/TMSA 0.2282 93.74 0.2401 100.17 0.2454 121.31
*HACA-2/TMSA 0.2189 88.82 0.2279 93.56 0.2333  113.48
“HDSA-2/SQRT 0.2001 79.32 0.2037 81.09 - -
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TABLE II. Continued

Descriptor® Data set 1 Data set 2 Data set 3

R2 F R? F R2 F

Electrostatic descriptors
“HDCA-1/TMSA 0.1984 78.48 0.2072 82.86 0.2091 98.60
“HDCA-2/TMSA 0.1979 79.20  0.2040 81.22 0.2040 95.57
*HASA-2/SQRT 0.1935 76.06 0.2035 81.01 - -
*HASA-1/TMSA 0.1905 74.59 0.2026 80.54 0.2164  103.01
*"WNSA-1 - - - - 0.2497  124.17
‘TMSA - - - - 0.2437  120.18
Quantum-chemical descriptors

ALFA-pol 0.2657 11470 0.2873 127.79 0.3458 197.12
“HDSA-1/TMSA 0.2579  110.18 0.2673 11567 0.2642  133.95
“HDSA-2/TMSA 0.2574 109.85 0.2645 11399 0.2579 129.64
IHASA-2/TMSA 0.2282 93.74 0.2401  100.17 0.2454 12131
RNCG 0.2281 93.69 0.2393 99.72 0.2433  119.23
PMlIc 0.2176 88.19 0.2289 94.11 0.2550 127.31
“HDSA-2/SQRT 0.2005 79.52 0.2047 81.60 - -
IHASA-2/SQRT 0.1935 76.06 0.2035 81.01 - -
IHASA-1/TMSA 0.1905 74.59 0.2026 80.54 - -
PMIc/# 0.1892 73.99 - - - -
TMSA - - - - 0.2437  120.16
Etot,.c ex - - - - 0.2385  116.80
MAVNSA-1 — - - — 0.2274  109.80

aSymbols of descriptors used; constitutional: Ngr — number of benzene rings, Nc — number of C atoms, Rgr — re-
lative number of benzene rings, Rc — relative number of C atoms, Ry — relative number of N atoms, Ng — num-
ber of rings, Nag — number of aromatic bonds, Gl — gravitational index (all bonds), MW — molecular weight;
topological: ’ACIC — average complementary information content (order 0), *ACIC — average complementary
information content (order 1), 2ACIC — average complementary information content (order 2), ’ABIC — average
bonding information content (order 0), *ABIC — average bonding information content (order 1), °CIC — comple-
mentary information content (order 2), ‘Randic — Randic index (order 1), 2Randic — Randic index (order 2),
®Randic — Randic index (order 3), °K&H — Kier & Hall index (order 0), *K&H — Kier & Hall index (order 1),
?K&H - Kier & Hall index (order 2); geometrical: XY Shadow — area of the shadow of the molecule projected
on a plane defined by X and Y axes, ZX Shadow - area of the shadow of the molecule projected on a plane
defined by Z and X axes, MSA — molecular surface area, MV — molecular volume, I — moment of inertia A, Ig
— moment of inertia B, Ic — moment of inertia C; electrostatic (Zefirov’s PC): *FPSA-3 — FPSA-3 fractional
PPSA (PPSA-3/TMSA), “HDSA-1/TMSA — HA dependent HDSA-1/TMSA, ®HDSA-2/TMSA — HA dependent
HDSA-2/TMSA, ®®HDSA-2/SQRT — HA dependent HDSA-2/SQRT(TMSA), “®HDCA-1/TMSA — HA dependent
HDCA-1/TMSA, “HDCA-2/TMSA — HA dependent HDCA-2/TMSA, *HASA-1/TMSA — HASA-1/TMSA,
*HASA-2/TMSA — HASA-2/TMSA, *HASA-2/SQRT - HASA-2/SQRT(TMSA); *HACA-2/TMSA — HACA-
2I]TMSA, °TMSA - TMSA total molecular surface area, **WNSA-1 — WNSA-1 weighted PNSA
(PNSA1*TMSA/1000); quantum-chemical: ALFA-pol — ALFA polarizability (DIP), “HDSA-1/TMSA — HA
dependent HDSA-1/TMSA [Semi-MO PC], “HDSA-2/TMSA - HA dependent HDSA-2/TMSA (semi-MO
PC), “HDSA-2/SQRT — HA dependent HDSA-2/SQRT(TMSA) (semi-MO PC), "HASA-1/TMSA — HASA-
1/TMSA (semi-MO PC), IHASA-2/TMSA — HASA-2/TMSA (semi-MO PC), ‘HASA-2/SQRT - HASA-
2/SQRT(TMSA) (semi-MO PC), PMiIc — principal moment of inertia C, PMIc/# — principal moment of inertia
Cl# of atoms, 'RNCG — RNCG relative negative charge (QMNEG/QTMINUS) (semi-MO PC), Etot,.. «x — total
molecular 2-center exchange energy, STMSA — TMSA total molecular surface area (semi-MO PC).
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Comparing data sets 1 and 2, which differ only in the solubility values of 28
compounds, the order of the most significant descriptors selected by the heuristic
method in the one-parameter correlation among each of the five groups of des-
criptors remained relatively unchanged. However, there was an increase in the
correlation coefficient in all the descriptors involved. Comparing data sets 1 and
3, the order of the descriptors was slightly changed. Although the correlations of
the individual descriptors decreased in a small number of instances, there was an
overall improvement of the correlation in all descriptor groups. This would sug-
gest that if no additional components are included in the set, with just the experi-
mental data being altered, individual descriptors could retain their respective ca-
pacities for describing the correlation between solubility and structure. This does
not hold true, however, when establishing a multi-parameter correlation, as is
later demonstrated.

Inclusion of additional components in data set 3 increased the diversity of
the set. This can result in a change of relative importance of different molecular
properties governing solubility (within a set), which in turn affects the signi-
ficance of selected molecular descriptors. In the present case, this was reflected
in the reordering of closely related descriptors among each group of descriptors.

The present observations showed that changing the experimental data in
multi-parameter correlations tended to have even a greater impact. A five-para-
meter heuristic correlation analysis and subsequent MLR vyielded the following
QSPR equations for data sets 1, 2 and 3, respectively:

log S =-0.63647log P — 0.014549HBCA + 24.65157I. +
+0.0107612AIC — 19.7268Ryg, N = 319, R2=0.6616 Q)
log S =-0.42352log P + 0.559774Etot,. . .,/# — 0.007569DPSA-3 +
+9.912633'RNCG + 0.197134 min(#HA, #HD), n =319, R2=0.6689 (2)
log S =—-0.60863log P — 0.04033N g — 14.2527R\r —
0.011459DPSA-3 + 2.020366RNCG, n = 375, R2 = 0.7045 (3)

where: log P — partition coefficient;

gHBCA — HBCA H-bonding charged surface area (semi-MO PC);

Ic — moment of inertia C;

»AIC — average information content (order 2);

Rnr — relative number of rings;

Etot2-c ex/# — total molecular 2-center exchange energy/# of atoms;
gDPSA-3 — DPSA-3 difference in CPSAs (PPSA3-PNSA3) (semi-MO PC);
gRNCG — RNCG relative negative charge (QMNEG/QTMINUS) (semi-MO PC);
min(#HA, #HD )- minimum number of H-acceptors/donors;

Nag — humber of aromatic bonds;

Rnr — relative number of rings;

gDPSA-3- DPSA-3 difference in CPSAs (PPSA3-PNSA3) (semi-MO PC);
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eRNCG - RNCG Relative negative charge (QMNEG/QTMINUS).
The plots of the experimental vs. the predicted solubility values using these
three equations for the three training sets are shown in Figs. 1-3.

*

log S (predicted)

9 7 5 =3 -1 1
log S (experimental)

Fig. 1. The correlation between the experimental and predicted log S values
for data set 1 (n = 319, R2 = 0.6616).

Equation (1), derived from data set 1 (n = 319), has the smallest correlation
coefficient of the three (R2 = 0.6616, RMSE = 0.9641). In comparison, Eg. (2)
shows a somewhat improved performance, with a slightly better correlation coef-
ficient and a remarkable reduction in the root mean squared error (n = 319, R2 =
=0.6689, RMSE = 0.8623). Equation (3), derived from the supplemented set (n =
= 375), has the best correlation coefficient and a slightly reduced RMSE, com-
pared to Eqg. (1) (R2 = 0.7045, RMSE = 0.9382). Introduction of uniform ex-
perimental data consistently leads to an increase in the correlation coefficient.
This can be attributed to both the correction of outliers and the improvement of
overall data consistency.
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log S (predicted)

9 7 = 3 -1 1
log S (experimental)

Fig. 2. The correlation between the experimental and predicted log S values
for data set 2 (n = 319, R2 = 0.6689).

Moving from single to multi-parameter correlations, the difference in selec-
tion of the most significant descriptors using the three data sets became more
evident. The equation corresponding to data set 1 is composed of 2 constitutional,
1 geometrical, 1 topological and 1 quantum-chemical descriptor. On the other
hand, Eqg. (2) was established using 1 constitutional and 4 quantum-chemical des-
criptors, which together account for several aspects of the solvation process, es-
pecially polar interactions and the possibility of H-bond formation. Thus, while
the R? values for Eqgs. (1) and (2) are similar, the interpretability of these equa-
tions is significantly affected by the changes in the solubility values of the data
set. On average, these values for the 28 substitutions made between data set 1 and
2 (Table IlI) differ by 0.57log S. This is largely consistent with observations
made by Katritzky et al.2’ Differences in excess of 1.5log S are also present in
some instances, e.g., phenylbutazone, propranolol, sulfamerazine and notably ter-
fenadine, for which the values differ by 3log S. Such large-scale differences can
clearly affect the selection of the most significant descriptors. Data Set 3 is struc-

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

2010 Copyright (CC) SCS




492 ERIC etal.

turally more diverse than the previous two, thus the corresponding Eg. (3) also
features a different combination of descriptors. It is composed of 3 constitutional
and 2 quantum-chemical descriptors. These descriptors encompass molecular pro-
perties that relate to hydrophobicity as well as those that facilitate solvation. In
summary, both the structural diversity of the training set and the standardized ex-
perimental solubility data included in the training significantly influence not just
the statistical performance but also the interpretability of a prospective model.

1

log S (predicted)

-9 7 -5 -3 4 1
log S (experimental)

Fig. 3. The correlation between the experimental and predicted log S values
for data set 3 (n = 375, R2 = 0.7045).

TABLE I1l. Rytting solubility data used in data set 1, substituted with Sirius solubility data
used in data Set 2 (No. of compounds: 28)

log S
Compound Rytting (data set 1) Sirius (data set 2)
Amitriptyline —-4.4560 -4.3900
Benzocaine -2.6160 —-2.2300
Benzoic acid -1.5550 -1.6100
Chlorzoxazone -2.8310 -2.6100
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TABLE Ill. Continued

log S
Compound Rytting (data set 1) Sirius (data set 2)
Diclofenac -5.0970 -5.4500
Flufenamic acid -4.6230 -5.3500
Flurbiprofen -3.7400 -4.1100
Folic acid -5.4410 -5.3100
Haloperidol —4.4290 -5.4700
Hydrochlorothiazide —2.6890 —2.6800
Ibuprofen -3.4200 -3.6100
Lidocaine -1.7680 -1.8500
Metoclopramide -3.1760 -3.5900
Nadolol -1.0080 -1.5700
Naproxen —4.1550 —4.1400
Nitrofurantoin -3.4770 -3.3300
Norfloxacin -3.0570 -2.7500
Paracetamol -1.0740 -1.0000
Phenobarbital —-2.3660 —-2.2800
Phenylbutazone —-2.6440 -4.3900
Prochlorperazine -4.3980 -4.8700
Promethazine -4.2600 -4.1900
Propranolol -0.7140 -3.5000
Quinine —-2.7900 -2.8100
Sulfamerazine -1.2180 -3.1000
Sulfathiazole —-2.8050 -2.7000
Sulindac -5.0000 -4.5200
Terfenadine -4.6740 —7.7400

CONCLUSIONS

Solubility is a difficult property to predict, and one reason for this is the ab-
sence of a high-quality data set of reliable and reproducible solubility measure-
ments. Hopefully, by measuring many compounds under standardized conditions,
current predictive models can be improved. In this work, an attempt was made to
demonstrate the importance of implementing such data to improve the confidence
of the training of the models.

It was successfully shown that the usage of uniform experimental data can
significantly improve the correlation in the training set. The results also showed
that updating existing data sets with such data leads to changes in the selection of
the most significant descriptor, which would require the given model to be addi-
tionally optimized. Continuously updated models would be a valuable tool for pre-
liminary solubility screening and could be developed alongside solubility measu-
rement devices as added value software.
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ELVISA CIVIC? 1 MERJA BEKTASEVIC?

I(Dapmaueybﬁcxu paxyaitieiti, Ynusepsuitieii y Beozpady, Bojeode Ciuieiie 450, 11000 Beozpao u “Biotechnical
Faculty, University of Biha¢, Kulina Bana 2, 77000 Biha¢, Bosnia and Herzegovina

PacTBOpsbMBOCT JIeKa y BOAM je 3HauajaH (PaKTOp KOjU yTHUE Ha BHUILIE acleKaTra HeroBOT
(dapmakokuHeTHykor npoduia. bpojue mybnukarmje npe3eHTyjy pasinuiTe METOA0JIOTHje 3a pa3-
BOj MOY3JaHUX KOMIIjyTEPCKUX MOoJeia 3a npeasulambe pacTBOPIHUBOCTH Ha OCHOBY CTPYKTYpE je-
Iuberba. KBamureT Mojena 3a npeasul)ame pacTBOPJbHBOCTH GHTHO 3aBUCH O] TAYHOCTH €KCIICPH-
MEHTAJIHAX BPEAHOCTH 32 PACTBOPJBUBOCT KOje Cy KopHIlfieHe 3a TpEeHUPambe Mojena. Y OBOM pay
NpOoydYaBaH je 3Ha4yaj MPUMEHE EKCIICPUMEHTAJIHHUX I0/laTaKa JOOUjeHHX 0] CTaHIapAU30BaHIM,
yHH()OPMHHM YCIIOBHMA 33 TPCHHUPAkE MOJIeNa 3a npeaBuhame pacTBopsbuBocTH. Kopumihena cy
TpPH ceTa NojaTaka — UICHMTHBaHH ceT 1 Koju je 1o0ujeH 01abupoM eKCIIEPUMEHTAIHUX BPEJHOCTH
3a PacTBOPJBHBOCT IOJT OJPEEeHIM KPUTEPHjyMHUMa U3 Pa3IHUUTHX JUTepaTypHux u3sopa (n = 319),
3aTHM HCIIUTHBAHU ceT 2 KOjH je A0OMjeH 3aMeHOM 28 BpPeIHOCTH 3a PacTBOPJHUBOCT M3 WCIIUTH-
BaHOTI ceTa 1 BpeAHOCTHMA 3a PAaCTBOPJEHUBOCT JOOHjCHUM CTaHAAPAN30BAHOM CKCIIEPUMEHTATHOM
METOZIOM Yy jenHoj naboparopuju (N = 319) u ucnuTHBanu cet 3 KOju je 100HUjeH JomaTtkoM jour 56
KOMIIOHCHATa Y HCIUTUBAHU CET 2, 3a KOje Cy BPEAHOCTH PAacTBOPJEUBUCTU Takohe onpehene mon
CTaHJapAM30BaHUM YCIIOBHMA y HCTO] taboparopuju (N = 375). 3aTuM je npuMerheHa XeypHCTHUKA
METO/Ia 3a CeNEeKIHjy Haj3HAYajHUjUX NECKPUITOpa, KOpUIIhemheM jeHomapaMeTapCKiX U BHIIe-
rapaMeTapcKux aHanusa. [locraBibeHe cy Kopenanuje n3Mely Haj3HaYajHUjUX JAESCKPHUIITOpA U pac-
TBOPJBUBOCTH KOpUITNECHheM MyJITHIIHHEAPHE PErPECHOHE aHATIM3E 3a CBA TPH HCIUTHUBAHA CETa I10-
Jaraka. YoueHa je 3HauyajHa pa3nuka nzMmel)y jeqHaunHa Koje Cy noOujeHe kopuihemeM pasndn-
THX CETOBa MOJaTaka, IITO yKa3yje Ha TO Ja je HaKOH yBohema HOBUX EKCIECPHUMEHTATHUX
IojilaTaka HEOIXOAHO JOoZaTHO onTuMmu3oBaté mnocrojehe monerne. ITokasano je na kopuinheme
YHU(DOPMHHUX EKCHEPUMEHTAJIHHX T10JaTaka yCJIOBJbaBa 100oJblIamke KoeHIMjeHaTa Kopealuje.
OBH pe3yNTaTH TOBOPE Y HMPHIIOr CBE 3aCTYIUbEHU]EM CTaBY Jia je 3a NOOOJBbLIAE I10Y31aHOCTH
npeaBuljarba pacTBOPJEMBOCTH HOTPEOHO KOPUCTHTH CETOBE IOJaTaKa BEJIUKOT Opoja pa3inuuTHX
jenmBbeHBa Yija je paCTBOPJLHBOCT MEpPEHa 110/] CTaHAapAN30BAHUM YCIOBHMA.

(Tpumbeno 9. aBrycra, peBuaupano 7. okroopa 2009)
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Hexamethylenetetramine reaction with graphite oxide (GO)
as a strategy to increase the thermal stability of GO:
synthesis and characterization of a compound
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Abstract: In this paper, the synthesis and characterization of a GO-hmta com-
pound (GO - graphite oxide; hmta — hexamethylenetetramine) are presented. It
is shown that the presence of hmta molecules inside the GO matrix, with very
strong interactions, stabilize the GO matrix from a thermal point of view. Such
a fact could be used to explore possible applications of GO matrix, especially
in catalysis.

Keywords: graphite oxide; hexamethylenetetramine; thermal stability.

INTRODUCTION

Graphite oxide (GO) can be defined/identified as an oxygen-rich carbogenic
material that is typically derived by the strong oxidation of crystalline graphite
and contains oxygen in the concentration range 30-40 % (w/w). This solid exhi-
bits an extended lamellar structure with randomly distributed aromatic and ali-
phatic regions, as well as a high amount of hydroxyl/carboxyl functional groups
embedded in its layers. Hence, GO is endowed with swelling, intercalation and
ion exchange properties.1~7 This layered solid decomposes at relatively low tem-
perature (< 200 °C), releasing CO» and H,0. As a recent example of investiga-
tions on the chemistry of GO, the recently reported study of the intercalation of
molecules of poly(ethylene oxide), poly(vinyl pyrrolidone), methyl cellulose, po-
ly[oxymethylene(oxyethylene)], and poly[oligo(ethyleneglycol oxalate)] into GO
can be mentioned.8 Possible usages of GO in catalysis have also been reported.”

It was verified that the forces of attraction between the polymers and GO are
primarily dipole-dipole and/or hydrogen bonding arising from the polar groups
in the polymers and the functional groups (COC, COOH, COH, and CTO) in the

* Corresponding author. E-mail: robsonfarias@pg.cnpg.br
doi: 10.2298/JSC090717018D
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GO.10 Furthermore, it was verified that the addition of a small amount of dilute
NaOH resulted in deprotonation of the acidic functionalities, which caused exfo-
liation of the layered structure.10 It was shown10 that GO is able to remove
ammonia by two processes: intercalation and reactive adsorption. It was found
that the total amount of adsorbed ammonia was significantly higher than that
adsorbed on activated carbon. In an interesting interplay between GO and orga-
nosilanes (which are extensively used to modify amorphous or nanostructured
oxide surfaces), there is reportl! of the preparation of intercalation compounds in
which amino groups were inserted into the interlayer space of GO, using 3-ami-
nopropylethoxysilanes. For such compounds, it was shown that the amino groups
of 3-aminopropyltriethoxysilane were bonded to the hydroxyl groups of GO. It
was also found that the temperature in which the intercalation occurred affected
the interlayer distance, with larger distances been observed in products obtained
at higher temperatures. On the other hand, it was shown that interactions with
organic species can be used as a strategy to promote remarkable structural modi-
fications in hybrid solids.12

In the present paper, the synthesis of a GO compound with hexamethylene-
tetramine (hmta) is reported.

EXPERIMENTAL

The graphite oxide was prepared as follows: 230 cm? of 96 % sulfuric acid was trans-
ferred to a 3.0 dm3 Erlenmeyer flask which was cooled to 0 °C (ice bath). Graphite powder
(10 g; Aldrich) was then added to the flask under mechanical stirring. KMnO, (30 g) was
slowly added to the dark mixture with care being taken to maintain the reaction mixture below
20 °C. The reaction mixture was then allowed to cool to 2 °C and stirred at room temperature
for 60 min. Then 230 cm?® of deionized water was slowly added to the system, whereby a rapid
increase in temperature was observed. The reaction mixture stirred for 45 min, after which
230 cm® of deionized water and 130 cm® of 31 % H,0, were added. Subsequently, deionized
water was added to the system until a total volume of 2.0 dm3 was achieved. After standing
for 72 h, the GO particles settled to the bottom of the flask and the excess liquid was with-
drawn. The remaining liquid and solid particles were transferred to centrifuge tubes and cen-
trifuged at 6000 rpm for 3 min. All samples were washed several times with deionized water
and the supernatant reacted with a solution of barium nitrate until a negative test for sulfate
was achieved.

The wet powders were then dried at room temperature in a fume hood for 72 h and then
at 30° for 3 h in an oven.

The GO intercalation compound was prepared by magnetically stirring (3 h) 2.0 g of GO
with 50 cm3 of an aqueous solution prepared by dissolution of 10.0 g of hexamethylenetet-
ramine, hmta (Aldrich), CgHq,N,4 (1,3,5,7-tetraazatricyclo[3.3.1.13"]decane)*. The compound
settled to the bottom of the flask and was filtered off, washed with deionized water and dried
at room temperature for 72 h in a fume hood.

The CHN elemental analysis was performed using a Perkin—Elmer instrument, Bomem,
model MB 102. The infrared (FTIR) spectra were recorded on a Bomem instument using the

*Hmta is also known under the names hexamine, methenamine and urotropine.
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THERMAL STABILITY OF GRAPHITE OXIDE 499

KBr disc technique. The thermogravimetric analysis was performed in a Shimadzu TGA-50
instrument under a dynamic nitrogen atmosphere (50 cm?® min), in platinum sample holders
at a heating hate of 10 °C min‘1.

RESULTS AND DISCUSSION

The elemental analysis results are summarized in Table |I. Based on the
nitrogen elemental analysis result, it can be calculated that the GO-hmta matrix
contained 123 mmol of hmta per gram of sample.

TABLE I. Elemental analysis results (%) for GO and GO-hmta samples

Compound C H N 0
GO 39.7 2.6 - 57.7
GO-hmta 53.0 3.3 6.9 36.8

The obtained FTIR spectra are shown in Fig. 1. In the spectrum of GO,
bands at 3450 (OH stretching), 1654 (COOH), 1383 and 1058 cm~1 (COC/COH)
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can be observed. Such bands are, of course, not exhibited by graphite. The spec-
trum of GO-hmta exhibited respective bands at 3426, 1630, 1381 and 1015 cm™1,
The significant shift to lower wave numbers of these bands, due to stretching of
OH, COOH and COC/COH groups, shows that there were strong interactions be-
tween these groups and the hmta molecules, probably by hydrogen bonding. Tak-
ing into account the symmetric nature of hmta, the structure of which is shown in
Fig. 2, it can interact simultaneously with many sites in the GO matrix.

75
NI_-N
/-N—/  Fig. 2. Structural formula of hmta.

The thermogravimetric curves obtained for GO and the GO-hmta compound
are shown in Fig. 3 and the TG data are summarized in Table Il. The data given
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in Table I1 verify that the presence of hmta molecules inside the interlayer space
of GO promoted stabilization of the matrix, since pure GO lost 80 % of its mass
in the 150-160 °C range, whereas even with the hmta molecules, the mass loss in
the 125 to 700 °C was only 39 %. The corresponding carbon residue increased
from 8 % for GO to 49 % for the hybrid matrix.

TABLE II. Thermogravimetric data summary for GO and GO-hmta samples

Compound  Temperature range, °C  Mass loss, % Process

GO 40-145 12 Release of physisorbed water molecules
150-160 80 2C3H30,5(s) — 6CO + 3H,0

GO-hmta 40-120 12 Release of physisorbed water molecules
125-220 18 2C3H30,5(s) — 6CO + 3H,0
225-700 21 Release of hmta molecules and

2C3H;0,5(s) — 6CO + 3H,0

It is noteworthy that the thermal degradation profile for GO shown in Fig.
3a, with two mass loss steps, is completely different from those previously pre-
sented.8 In that study, three distinct mass loss steps were observed at 40, 185 and
433 °C, assigned to the release of water, CO and CO», respectively, with a final re-
sidue of approximately 5 %. This discrepancy can be explained remembering that
the elemental analysis results were also quite different in both cases: C, 47.16 %;
H, 1.72 %, and O, 40.27 %, giving to the GO sample the formula CgH3505.1,8
whereas in the present work the results were C, 39.7 %; H, 2.6 %, and O, 57.7 %,
giving the formula C4H304. Hence, the oxygen percentage of the matrix prepa-
red in the present study surpassed the “usual” 30-40 % for GO. Such a difference
in composition can be attributed to the larger volume of H2O2 used in this study
in comparison with the previously described preparation.8 Thus, in the present GO
compound there were equal amounts of C and O. However, if one takes into ac-
count the final carbon residue of 8 % after the thermal degradation and recalcu-
lates the carbon percentage based on this, the formulae C3H304 5 is obtained, giving
rise to the thermal degradation process: 2C3H304 5(s) — 6CO + 3H50.

Analysis of the thermal degradation profile of the GO-hmta matrix gives more
interesting results. The carbon percentage is increased from 39.7 (GO) to 53.0 %
(GO-hmta), a difference of 13.3 %. However, after thermal degradation, the final
carbon residues were 8 (GO) and 49 % (GO-hmta), a difference of 41 %. Hence,
by comparison of the TG curves shown in Fig. 3, as well as on these carbon re-
sidues, it is clear that the presence of hmta molecules change, in a remarkable
way, the thermal degradation profile of GO. This is a very uncommon effect in
lamellar matrices. In lamellar MoO; for example,13—18 after the release of the or-
ganic moiety, the lamellar matrix exhibits its “normal” degradation processes.

Taking into account that hmta sublimates in the range 285-295 °C,19 it is
valid to assume that in the temperature range covered by the TG curve, all the
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hmta molecules had left the interlayer space. Hence, the mass loss steps observed
in the TG curves for the GO-hmta matrix are assigned as shown in Table Il. Such
a proposal suggests that after the release of physisorbed water molecules, the re-
lease of CO and H,O from the GO matrix not interacting with hmta molecules
commences but that this is interrupted when the decomposition of the GO parts
that are interacting with the hmta molecules begins. Thus, the presence of hmta
molecules inside the GO matrix, with very strong interactions, increases the ther-
mal stability of the GO matrix. Such a fact could be explored to investigate pos-
sible applications of the GO matrix (in catalysis, for example). In the range 225-
—700 °C, hmta and GO decompose slowly: the GO parts decompose after the
release of hmta molecules, i.e., the main step (rate determining) of the thermal
degradation is the release of hmta molecules.

The obtained X-ray diffraction patterns are shown in Fig. 4, from which it
can be seen that the crystallinity of GO is enhanced after reaction with hmta. Fur-
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thermore, the interlayer distance decreased from 1.13 nm (7.8°) to 0.96 nm (9.2°)
after reaction with hmta — taking into account the (001) diffraction peaks. The
peak at 18.4° can be assigned to the GO-hmta (002) diffraction peak.

Since the interlayer distance of GO decreased and did not increase after re-
action with hmta, it can be concluded that the hmta molecules are not intercalated
into the GO. However, it is possible to suppose that the insertion of hmta mole-
cules into the GO interlayer space could provoke very intense interactions (via
hydrogen bonds) between the layers, provoking the observed distance contrac-
tion. This second hypothesis is considered the most probable taking into account
the increased thermal stability (Fig. 3 and Table I1). The higher crystallinity of
the hybrid matrix in comparison with pure GO also reinforces this hypothesis.

U3BOA

PEAKIIUJA XEKCAMETUJIIEHTETPAMUNHA CA TPAOUTHUM OKCUOM (GO)
KAO CTPATETUJA ITOBOJLITAKA TEPMUYKE CTABUJIHOCTU GO:
CHUHTE3A U KAPAKTEPU3ALIMJA JEJJULEBA

ROBSON F. de FARIAS® i CLAUDIO AIROLDI?

lDepartamento de Quimica, Universidade Federal do Rio Grande do Norte, Cx. Postal 1662,
59078-970 Natal, Rio Grande do Norte u 2| nstituto de Quimica, UNICAMP,
Cx. Postal 1664, 13083-970 Campinas, S&o Paulo, Brasil

V pany je mprka3zaHa CHHTE3a M KapaKTepu3alija OKCHA rpadHTa—XeKCaMeTHICHTETPaMHH
(GO-hmta) jenumema. [Toka3ano je ga MoneKyin xekcamermienterpamuna y GO mMarpuim umajy
BPJIO jaKy MHTEpAaKIHMjy IITO AOBOAM [0 CTabmiu3auuje u mobospiuama TepMudkux ocobmna GO
matpuue. Ta unmbenuna orapa Mmoryhaoctu npumere GO MaTpuie, MOceGHO y KaTainsu.

(Mpumsbeno 17. jyna, pesuaupano 23. centembpa 2009)
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Abstract: In this study, electrochemical methods and the digital holographic
reconstruction technique were combined to detect the localized scratch-induced
corrosion process of Alloy 690 in 0.50 mol dm- H,SO, containing 0.10 mol
dm3 NaCl. The numerical reconstruction method has been proved to be an
effective technique to detect changes of solution concentration. One can obtain
direct information from the reconstructed images and capture subtle more
revealing changes. It provides a method to detect localized corrosion arising
from scratches.

Keywords: digital holography; numerical reconstruction; Alloy 690; scratch
corrosion.

INTRODUCTION

Alloy 690 is one of the most widely used nuclear materials and its corrosion
has been studied for many years.1-6 Localized corrosion is of particular interest
because it can lead to a fast and fatal failure in engineering structures. Various
experimental techniques have been employed to study localized corrosion, such
as atomic force microscopy (AFM),” the acoustic emission technique (AET),8 the
optical interferometry technique (OIT),® electrochemistry impedance spectros-
copy (EIS),10 the electrochemical noise (EN)1! technique, etc. Calvo et al.12
examined in situ the localized corrosion of tinplate with a line scratch immersed
in H>SO4 solution by the scanning electrochemical microscopy (SECM) and in-
dicated that the current over the scratch was markedly increased. However, it takes
about 30 min to capture one image by SECM, during which time the surface sta-
tus of the sample could change.

* Corresponding author. E-mail: shchen@sdu.edu.cn
doi: 10.2298/JSC090627016W
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There is another method to study localized corrosion. In the 1990s, Habib13-15
studied pitting corrosion by holographic interferometry. The method can be also
used in microscopic structure measurements,16 biology17.18 and other fields. Lil®
investigated the pitting corrosion of aluminum induced by chloride ions by holo-
graphic microphotography. Using the in-line digital holography20, an amplitude-
-contrast and phase-contrast image of the specimen can be obtained simultane-
ously, which can yield useful information during electrochemical measurements.
Yuan?2! introduced carrier-wave-recording into experiments and reconstructed the
holograms, which can capture more revealing subtle changes. Digital holographic
reconstruction can be applied to visualize the two-dimensional distribution of a
concentration change at an electrode/solution interface.

The experimental principle is based on the relationships between the phase
difference of an object wave (A @), the refractive index of the solution (An) and
concentration (Ac). Generally, several components are present in a solution. Thus,
the net refractive index is the summation of the effect of the concentration of
each species. The relationship is:22

ZACi =ZkiAni =2/1—;d2kiAq5i Q)

where k;j is the concentrative refractivity; Ag is the wavelength of the laser light
and d is the geometrical path length where the refractive index variation exists.
Thus, the measurement of concentration change can be transformed into the in-
formation of phase variation. Details about numerical reconstruction can be found
in the literature.21

Electrochemical techniques, such as linear polarization and AC impedance
spectroscopy?3-24 have been widely used to estimate the rate of general corro-
sion, but they suffer a major limitation in the measurement of the localized corro-
sion rate and distributions. In this study, an electrochemical technique and the
digital holographic reconstruction method were combined to study localized cor-
rosion arising from scratches. The results revealed that the method can be used to
detect localized corrosion induced by scratches.

EXPERIMENTAL
Electrochemical system

An electrochemical cell consisting of a three-electrode system?® was used. The working
electrode was Alloy 690 (59.50 % Ni, 29.02 % Cr, 10.28 % Fe, 0.30 % Mn, 0.33 % Ti, 0.16 %
Al, 0.018 % C, 0.31 % Si, 0.015 % Co, 0.01 % Cu and 0.009 % P) provided by the Electric
Power Research Institute (EPRI). The counter electrode was a platinum sheet and the refe-
rence electrode was a saturated calomel electrode (SCE) with a Luggin capillary tip set at 2
mm from the working electrode surface.

The entire working electrode was sealed in a glass tube with a thin layer of epoxy resin,
leaving the end exposed to the solution. An electrode having two scratches is shown in Fig.
1a, while the electrode used for comparison having no scratches is shown in Fig. 1b. Both
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HOLOGRAPHIC RECONSTRUCTION OF SCRATCH CORROSION 507

electrodes had the same area (0.046 cm?). The scratch is 100 pm in width and 120 pum in
depth. The working electrode material was cut from bulk material using an electric spark and
polished with 1.5 pm alumina paste. After ultrasonic cleaning in acetone, the samples were
electropolished in methanol containing 30 % nitric acid.

a electrode b electrode

=

A geratches 2—
_.,/

object wave object wave

solution solution

Fig. 1. The scheme of the electrode location. The x-axis is in the horizontal direction from the

electrode surface toward the bulk electrolyte; the y-axis is in the vertical direction parallel to
the surface of the electrode. The object wave and the scratch have the same direction.

In the experiments, the scratch-making device was self-made and it included a frequency
converter, a straight-in feed electric engine, a scratching table and some conical heads. By
adjusting the frequency converter to 10 Hz, a scratching speed of 9 mm/s was obtained. The
geometry of the scratches was determined by the geometry of the conical heads. The conical
head was fixed at the end of a micrometer and the scratching procedure was fixed in order to
produce similar scratches.

To perform the I-t measurement, a polarization curve survey was first performed. All
electrochemical measurements were measured using a CHI660B at room temperature. In this
experiment, all potentials are referred to SCE.

Holography recording system

The measurement setup of the holographic recording system is shown in Fig. 2. The He—Ne
laser with a wavelength of 632.8 nm is split by a beam-splitter into two beams, a reference
wave and an object wave. Each beam is enlarged to a diameter of ~ 50 mm by a beam ex-

— = N

laser I\r} A reference wa\f BS
SF Fig. 2. Experimental setup of
the digital holography re-
L1k : cording system: M, mirrors;
CCD object wave BS, beam-splitter; SF, spatial
T ] ' ) ) filter; L1, L2 and L3, lenses;
= ' : M O, object; BS Cube, beam-
computer.~ \BS cube L2 ‘0 L3 SF -splitter cube; W, working
[ H R A electrode; R, reference elec-

¥ i L1
z hi,:vim @/‘“:L:L’_U ‘ trode; A, counter electrode;
X i EL, electrolyte.
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pander including a spatial filter. The object wave, which carries the information of the elec-
trode/solution interface, is combined with the reference wave by a beam-splitter cube. Thus,
the two beams can interfere and produce a series of interference fringes. A Sony DSR-
-PD150P camera was used to record the interference fringes. The camera produces a standard
CCIR video signal at 25 frames per second and the minimal phase difference detected was
about 0.1 rad.

RESULTS AND DISCUSSION
The polarization curve and I-t curve of Alloy 690 in 0.50 mol dm=3 H,SO4
containing 0.10 mol dm=3 NaCl solution at room temperature are shown in Figs.
3 and 4, respectively. In Fig. 4, some different time points were selected to reflect
the corrosion process.

Bl
-3
FanS 4 T
E 5]
<
S 61
=
74
SR
o] Fig. 3. The polarization cur-
ve of Alloy 690 in 0.50 mol
-10 ‘ . ‘ . . w . dm3 H,S04 containing 0.10
02 040808 10 T2 % o) dm8 NaCl, recorded at
EIV 10 mV/s.
Rielio 1?5 245 305 408 505
0008 ! ¢ i 4
0 OO?;
g 0006
£ ]
< 0005
0 004:
0 003;
—_— Fig. 4. The j-t curve of Alloy
T 690 in 0.50 mol dm3 H,SO,4
0001 ; : : containing 0.10 mol dm3
0 10 20 30 40 50 NacCl, with the potential con-
tls trolled at 1.26 V.
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Holograms were recorded simultaneously by the CCD camera and analyzed
by the Fourier method25-26 to abstract the information of phase difference. The
Fourier analysis2” method consists of Fourier transform, band-pass filtering and
counter Fourier transform. The reconstructed images are shown in Fig. 5. In the
images, the left part is the electrode, the right the solution and in between is the
interface. The larger is the value of the phase difference (z-axis), the more intense
is the concentration change. The green area indicates that the phase difference
was zero or nearly zero. The phase differences are positive with increasing con-
centration changes from yellow to red. In the electrode area, the green level
remained constant. In Fig. 5, the concentration change was very slight at 1 s. With
passing time, two obvious yellow areas appeared at the electrode/electrolyte in-
terface, which indicated that in both areas there were larger phase differences

o 10s 10,
g5 B
NO » Noj
= — <0
~B 3 __,;/ 0 oA 0.4
X Ilmrn 0.4 _0%6 = Uifﬁmm B mmo' .y ¥/ mm
30s
20s 10 " v
'85' ?‘354
:\:]0 t\‘(] ki
] 0 =0
Gl <70.4 o oa g
0.2 e 0.8 i o %8
im0t 0.6 ¥/ mm X/mm04 47g Y / mm
e !
L 10|
E 5 2 5| '.
=) n N0
-5 ot e 1 0
0 = L~ 0.4 —fa e, 0.4
0.2 g 0.8 0.9 =Tty ,x""f). 8
X/ mm 0.6 Y / mm X /rom 0-4 0.6 Y /mm

Fig. 5. Reconstructed three-dimensional images of the electrode/solution interface obtained at
different times, shown in Fig. 4, for the scratched electrode. The x-axis is in horizontal di-
rection from the electrode surface toward the bulk electrolyte while the y-axis in vertical
direction is parallel to the surface of the electrode. The z-axis shows the phase changes.
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than in other parts. The trait can be clearly seen in Fig. 5 at 50 s which has two
prominent peaks (the position of the arrows). Because of the gravity,28 the ions
moved to the bottom of the electrode, hence the concentration at the bottom va-
ried more greatly. In Fig. 5 at 40 s, the arrow indicates the bottom of the electrode.

To contrast to the above results, an electrode of the same size, but with no
scratch, was used to detect the corrosion. The electrode schema is shown in Fig.
1b and the test conditions were the same as for the above measurements. From
the reconstructed images shown in Fig. 6, the concentration changes at the elec-
trode/electrolyte interface were well-proportioned. It can also be seen that the
concentration at the bottom of the electrode increased markedly (see the arrow in
Fig. 6 at 50 s).

1s 10s
10 10
25 25
NT) g Ng i
: o ey
~~ 0 ] >~ 0
-50--' e 0.4 -5 e <04
0.2 e 02 7 r—— 038
X/mm %% 06 Y/ mm x/mm® 06 Y / mm
20s 30s
104 10
£5 3 5
NO _ N
0 >0
g 0.4 Al 04
T e O 02 BT 08
X/ mm %4 0.6 Y / mm X /'mm 0-4 0.6 Y /mm
40s 50s
. 10 .
N ) ~ 0 .
£ o
Y S E s P
0.2 TS0 g 05—t < :
I i ] 02 p i,
il i 0.6 Y/ mm X /mm 0.4 6 (‘]!%mm

Fig. 6. The reconstructed three-dimensional images of the electrode without scratches
during the electrochemical test. The meanings of the x-axis,
y-axis and z-axis were the same as those in Fig. 5.

By comparing Figs. 5 and 6, it is clear that the increase of the concentration
in the two peak areas was due to the existence of the scratches. The scratches can
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be viewed as defects on the metal surface. When localized corrosion occurs, the
corrosion over the scratches will be more severe, which can lead to the more dra-
matic increase in the concentration.28 The larger concentration changes can in-
duce major changes the phase differences. Hence, two prominent peaks are evi-
dent in Fig. 5. As can be seen from the results, the method effectively enables the
detection localized corrosion due to the scratches.

CONCLUSIONS

A numerical processing method for digital holograms was proposed to study
the scratch corrosion of Alloy 690. Digital holographic reconstruction was ap-
plied to visualize the two-dimensional distribution of the concentration change at
the electrode/solution interface. The reconstructed images provide visual results
and more useful information about the change in concentration at the interface
can be obtained from the results. The method was able to evidence that corrosion
over the scratch was more significant than over the unscratched areas. The recon-
structed images supplied more visual information for a better analysis and under-
standing of the dynamic processes of concentration change in the solution.

Acknowledgement. The authors would like to thank the Special Funds for the Major State
Basic Research Project (2006CB605004).
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KOPUIIRELE JUT'UTAJIHE XOJIOI'PAD®CKE PEKOHCTPYKLMIE 3A JETEKLIMTY
JIOKAJIM30BAHE KOPO3UJE U3A3BAHE OI'PEBOTUHAMA
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VY paxy cy KOMOMHOBaHE EJICKTPOXEMHjCKE METO/IC M TEXHUKA JUTUTANHE Xoiorpadcke pe-
KOHCTPYKIMj€ Y IHJbY JETEKIH]je JIOKaJIM30BaHOT KOPO3HOHOT Tmpoiieca Jierype 690 koju je numy-
KoBaH orpeGotiHama y pactsopy 0,50 mol dm= H,SO, 1 0,10 mol dm™ NaCl. TTokasauo je xa je
HyMepHYKa PEeKOHCTPYKIHja eprKacHa TEXHHUKA 3a JETEKINjy MPOMEHa y KOHIEHTPALMjH PACTBO-
pa. Ha ocHOBYy pekoHCTpyHcaHHX CiHMKa Moryhe je IOOWTH OHMpEKTHE M jacHe MHpopMaluje u3
JeTMKaTHUX TpoMeHa KoHIeHTpanuje. OBO IpeicTaB/ba METOAY 3a ACTEKIH]jy JOKAIH30BaHE KO-
po3uje u3a3BaHe orpeOOTHHAMA MTOBPIIUHE.

(Mpumsbeno 27. jyHa, peuaupano 18. okro6pa 2009)
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Abstract: Quantitative structure—retention relationships for a series of 30 mixed
S-diketonato complexes of cobalt(I11), chromium(I1l) and ruthenium(lI1) were
derived by multiple linear regression analyses using molecular descriptors ob-
tained by quantum chemical calculations. The retention parameters were ob-
tained by thin layer chromatography on silica gel using mono and two-com-
ponent solvent systems. The molecular descriptors included in the multiple
linear regression analysis were molecular weight, molecular volume, surface
area, hydrophilic-lipophilic balance, percent hydrophilic surface area, dipole
moment, polarizability, refractivity, energy of the highest occupied molecular
orbital and energy of the lowest unoccupied molecular orbital. High agreement
between the experimental and predicted retention parameters was obtained
when polarizability and the hydrophilic-lipophilic balance were used as the
molecular descriptors. Comparison of the models with those established on
polyacrylonitrile showed that the structure of the sorbent is responsible for the
chromatographic behaviour of the same compounds. The presented models can
be used for the prediction of the retention of new solutes in screening chroma-
tographic systems.

Keywords: quantitative structure—retention relationship; p-diketonato com-
plexes; molecular descriptors; thin layer chromatography.

INTRODUCTION

Quantitative structure—retention relationships (QSRRS) are statistical models
which quantify the relationship between the structure of a molecule and its chro-
matographic retention parameters in different kinds of chromatography.1-4 Ap-
plication of QSRRs allows the prediction of the retention of a new solute, identi-
fication of the most informative structural descriptors, elucidation of the mole-
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doi: 10.2298/J5C090225002B
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cular mechanisms of separation in a given chromatographic system, evaluation of
complex physicochemical properties of solutes and estimation of biological acti-
vities.5 In recent QSRR studies, quantum chemical descriptors alone or in combi-
nation with conventional descriptors have been extensively applied. In this way,
many of the electronic and geometric properties of molecules can be expressed.®
The relationship between retention and the structural characteristics of a mole-
cule explains the effect of chemical structure on the retention behaviour in a
more accurate way.’=9

Metal-ligand complexes represent an important group of analytes. TLC is
utilized as an analytical tool for metal ion analysis, metal speciation studies and
characterization of metal complexes of pharmaceutical or industrial importance.
Coordination complexes between metals and g-diketones are interesting in this
field because of the possibility of making wide varieties of substitutions in the g-di-
ketonato chelate ring.10 These complexes provide models for different chemical
processes and investigations ranging from synthetic, kinetic and structural topics
to catalysis and many others, such as electron transfer processes relevant for bio-
logical activity.11-13

The objective of this study was to develop models for accurate quantitative
relationships between molecular structure and retention parameters of mixed g-di-
ketonato complexes on silica gel stationary phases based on their molecular pro-
perties and to identify molecular descriptors most sensitive to the retention para-
meter R. In addition, the obtained models were compared with those established
on polyacrylonitrile as the sorbent. The elucidation of these relationships may
promote a more profound understanding of chromatographic separation processes
and be used to predict the retention behaviour of structurally similar compounds.

EXPERIMENTAL

The retention parameters, Rg, were extracted from a previous work4 in which 30 mixed
p-diketonato complexes of Co(lll), Cr(I11) and Ru(lIl) were chromatographed on silica gel
with four mono- and five two-component mobile phases. They were converted to Ry, values
using the Bate-Smith and Westall Equation: Ry, =log ((1/Rg)-1).

The geometry optimization of the molecules and calculation of molecular descriptors
were realised with HyperChem 7.0 software.1> Additional calculation of the descriptors was
developed by the Molecular Modelling Program Plus software. The following descriptors
were calculated: molecular weight (MW), molecular volume (MV), surface area (SA), hydro-
philic-lipophilic balance (HLB), percent hydrophilic surface area (PHSA), dipole moment (),
polarizability (&), refractivity (R), energy of the highest occupied molecular orbital (Enomo)
and energy of the lowest unoccupied molecular orbital (E; ymo). The QSRR equation was
obtained by stepwise multiple linear regressions (MLR).1516 The significance level of the
performed calculations was above 95 %.

RESULTS AND DISCUSSION

The structures of the 30 investigated compounds are shown in Table I. The
calculated retention parameters, Ry, of these compounds are listed in Table II.

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

2010 Copyright (CC) SCS

OSHE)

EY HMC HD



PREDICTION OF RETENTION OF -DIKETONATO COMPLEXES 515

The compositions of the mobile phases are given in Table I1l. From Table I, it
can be seen that substitution of a donor oxygen atom in the phacphac ligand with
a less electronegative sulphur atom, to form the corresponding thio ligand, re-
sulted in increased mobility of all the complexes.14 Also, substitution of the acac
ligands leads to decreased Ry, values, i.e., the mobility was higher.

TABLE I. The structures of the investigated complexes

e N

N

ff// : s\ /

MR
Sl Sy

s

[ 1 11
Compound Complex R, R, R; Type
(1) (11) (22) [M(acac);]*° CH; CH;, CH;, [
(2) (12) (22) [M(acac),(phacphac)]° CH; CH, CeHs |
(3) (13) (23) [M(acac),(phacphSac)]® CH;  CH; CeHs 1
(4) (14) (24) [M(acac),(phSacphSac)]® CH;  CH, CeHs 11|
(5) (15) (25) [M(acac)(phacphac),] CHz;  CgHs CeHs |
(6) (16) (26) [M(acac)(phacphSac),] CH; CgHs CeHs 1
(M @7) 27) [M(acac)(phSacphSac),] CH; CgHs CeHs 11|
(8) (18) (28) [M(phacphac),] CeHs  CeHs CeHs I
(9) (19) (29) [M(phacphSac),] CeHs CeHs CeHs 1
(10) (20) (30) [M(phSacphSac);] Ce¢Hs CgHs CeHs I

M = Co(l1) (2-10) or Cr(111) (11-20) or Ru(lll) (21-30); Pacac = 2,4-pentanedionato ion; Cphacphac = 1,3-di-
phenyl-1,3-propanedionato ion; “phacphSac = 3-mercapto-1,3-diphenyl-prop-2-en-1-one ion; ephSacphSac =3-
-mercapto-1,3-diphenyl-prop-2-en-1-thione ion

The employed approaches were to find quantitative relationships between
the intrinsic molecular structure and the physico-chemical properties of the com-
pounds and to establish models that define the effects of molecular structure on
the separation mechanisms. The structures of molecules were expressed numeri-
cally by quantitative molecular descriptors, which were in agreement with the
structure of the compounds, as seen from Table IV.

For all investigated complexes, a correlation check for the descriptors was
performed by a correlation matrix for the variables.17:18 To find if the structural
descriptors of the complexes significantly influence their retention parameters,
MLR analysis was used. The best model was selected based on the multiple squa-
red correlation coefficients (r2), the mean square error (MSE) and the value of the
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Fischer significance, F-value (a statistical parameter for assessing the overall sig-
nificance). For all mobile phases used, the best fitted correlation equations were
obtained with selected molecular descriptors, which included polarizability and
the hydrophilic-lipophilic balance. The following equations for one mono- and
one two-component mobile phase are given as examples.

Compounds 1-10:

Rm = (0.993+0.533) — (0.024:0.002)c: + (0.134+0.125)HLB (1)
r?=0.951, F = 67.989, MSE = 0.013, n = 10
Rm = (1.372+0.313) — (0.030+0.001)c: + (0.141+0.073)HLB )

r2=0.989, F = 311.278, MSE = 0.005, n = 10

TABLE Il. Ry values of the investigated compounds (the compositions of the mobile phases
are given in Table I1I)

Mobile phase

Compd 1 2 3 4 5 6 7 8 9

1 1.279 0.788 0 1.690 1.005 0410 1.061 1.061 1.005
2 0.954 0.659 -0.140 0.753 0525 0.269 0954 0.954 0.659
3 0525 0.477 -0.176 0.689 0.389 0 0.659 0.630 0.575
4 0.347 0.231 -0.231 0524 0.327 -0.194 0454 0.389 0.432
5 0.659 0.052 -0.288 0431 0.269 -0.140 0.602 0.659 0.140
6 0.250 -0.122 -0.327 0.07 0.176 -0.308 0.308 0.368 -0.070
7 -0.194 -0.176 -0.347 -0.017 0.122 -0550 0.231 0.213 -0.194
8 0.052 -0.368 -0.327 0.347 0.105 -0.689 0.231 0.308 -0.368
9 -0.308 -0.410 -0.368 -0.158 -0.213 0.753 -0.052 0 -0.575
10 -0.432 -0.501 -0.389 -0.194 -0.269 -0.908 -0.105 -0.052 -0.689
11 1.380 1.005 -0.017 199 0826 0.250 1.195 0.826 0.788
12 0.575 0.720 -0.087 1.061 0.454 0.070 0.602 0.454 0.659
13 0.231 0550 -0.140 0.602 0.158 -0.017 0.454 0.347 0.501
14 0 0.389 -0.176 0.140 0.105 -0.176 0.347 0.213 0.432
15 -0.140 0 -0.176 0.308 0.213 -0.250 0.213 0.176 0.140
16 -0.250 -0.231 -0.213 -0.070 -0.158 -0.327 0.176 0.070 -0.194
17 -0.432 -0.368 -0.250 -0.194 -0.327 -0.410 0.105 -0.017 -0.389
18 -0.308 -0.454 -0.250 -0.035 0.052 -0.720 0.070 0.017 -0.368
19 -0.454 -0.501 -0.269 -0.194 -0.432 -0.788 -0.105 -0.017 -0.501
20 -0.602 -0.602 -0.308 -0.432 -0.753 -0.865 -0.231 -0.140 -0.689
21 1.996 1279 0.070 1.690 1.005 0.368 1.279 0.908 0.954
22 1.279 0.659 -0.158 1.005 0.410 0.035 0.954 0.788 0.525
23 0550 0431 -0.176 0.389 0.347 -0.158 0.659 0.659 0.410
24 0.368 0.231 -0.194 0.070 0.105 -0.432 0.454 0477 0.250
25 0.550 -0.070 -0.194 0.213 0.231 -0.327 0.659 0.525 0.052
26 0.269 -0.194 -0.213 -0.140 0.105 -0.410 0.213 0.432 -0.052
27 -0.176 -0.454 -0.250 -0.327 -0.347 -0.865 0.070 0.250 -0.368
28 -0.194 -0.410 -0.231 -0.194 0.052 -0.659 0.087 0.035 -0.368
29 -0.432 -0.550 -0.250 -0.525 -0.288 -0.865 -0.140 -0.035 -0.550
30 -0.788 -0575 -0.288 -0.826 1.195 -1.061 -0.308 -0.231 -0.659
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TABLE I1l. Mobile phases used

No. Composition Proportions (v/v)
1 Toluene -
2 Dichloromethane -
3 Chloroform -
4 Xylene -
5 1,2,3,4-tetrahydronaphthalene -
6 n-Butyl acetate—carbon tetrachloride 40:60
7 Chloroform—carbon tetrachloride 50:50
8 Chloroform—carbon tetrachloride 30:70
9 Dichloromethane—carbon tetrachloride 80:20
Compounds 11-20:
Rm = (1.097+0.699) — (0.029+0.003)a + (0.175+0.148)HLB 3
r2 =0.953, F =70.687, MSE = 0.020, n =10
Rm = (0.836+0.717) — (0.027£0.003)¢ + (0.196+0.151)HLB (@)

r2=0.942, F = 57.160, MSE = 0.021, n = 10
Compounds 21-30:

Rw = (0.620+1.037) — (0.030+0.004)a: + (0.322+0.246)HLB (5)
r2=0.924, F = 42.467, MSE = 0.036, n = 10
Rw = (0.435+0.474) — (0.027+0.002)a: + (0.3000.112)HLB (6)

r2=0.978, F = 158.351, MSE = 0.007, n = 10

Equations (1), (3) and (5) present the QSRR models for dichloromethane and
Egs. (2), (4) and (6) for dichloromethane—carbon tetrachloride as mobile phases.

By interpreting the descriptors in the regression models, it is possible to gain
some insight into factors affecting the affinity of the investigated compounds for
the stationary phase. It is known that, under the conditions of adsorption chroma-
tography on silica gel, hydrogen bonds formed with the silanol groups of the sor-
bent, dipole—dipole and other electrostatic interactions determine the retention of
the analysed compounds.1®

Polarizability as a quantum-chemical descriptor of a molecule depends on
the symmetry of the various covalent bonds in the molecule.20 Highly polarisable
compounds are expected to have strong attractions with the sorbent, resulting in
shorter migration distance as seen from Tables Il and I1V. The repulsive steric
interactions between the surface of silica gel and the phenyl rings of the com-
plexes are reflected by the HLB descriptor on the QSRR models. A molecule
with a high HLB has a high ratio of hydrophilic groups to lipophilic groups and
vice versa. The HLB values are determined by calculating the values for different
regions of a molecule.21 The proposed nonlinear QSRR models exhibit a high de-
gree of correlation between the experimental and predicted retention factors. The
obtained statistical results are presented in Table V.
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TABLE IV. The calculated molecular descriptors

b 3 f g h 1 ]
Compd.  MW? 'V'A\é ?&Az HLB® PHSA® *[‘) 2‘\3 23 Ewo E;U\“/AO
1 356.26 173.62 23.94 4066 2402 0384 2860 8199 -6.870 5110
2 48040 239.36 3043 3.931 2344 0724 4425 12213 —6.738 4.885
3 48040 239.81 3049 3961 2357 5119 46.62 12857 —6.587 4.401
4 513.54 25228 31.98 3.613 2206 2522 46.62 13501 -6.506 3.826
5 604.54 304.87 36.83 3.824 2297 0317 59.90 16226 -6.727 4.925
6 636.68 317.50 38.36 4.170 24.48 5621 64.63 17514 -6.251 3.616
7 670.83 332.61 4046 3.470 21.44 4168 64.63 188.03 -5791 1.474
8 728.69 370.07 4326 3.742 22.62 1195 7555 202.39 —6.705 4.797
9 776.89 380.80 45.63 4.216 2468 5628 8264 22172 -5650 1.223
10 828.11 41152 4834 3204 2028 9492 82.64 241.05 —6.170 1.990
11 349.32 17594 2445 4.409 2552 0356 28.60 81.99 -2213 5.854
12 473.47 24139 30.86 4.175 2450 1506 4425 122.13 -2.222 4.866
13 489.54 247.40 31.61 4.389 2543 5480 46.62 12857 -2.347 4.540
14 506.61 25453 32.49 3.875 2319 3932 46.62 13501 -2.267 3.554
15 597.61 306.72 37.27 4015 2381 00949 59.90 162.26 -2.234 4.937
16 629.74 31870 38.73 4.364 2532 5858 64.63 17514 -2.387 4.470
17 663.89 333.13 4056 3.563 21.84 5706 64.63 188.03 -2.184 3.441
18 721.75 37210 43.67 3.903 2332 1030 7555 202.39 -2.152 4.976
19 769.95 38093 4581 4.330 2517 6.935 82.64 221.72 -2.046 4.412
20 821.17 41291 4885 3.380 21.04 8302 8264 241.05 —2.935 2.790
21 398.40 17438 23.90 4.045 2394 0.865 28.60 81.99 -0926 6.487
22 52254 239.54 3027 3.851 2309 1618 4425 12213 -0912 4.915
23 538.61 245.69 31.00 4.080 2409 6.081 46.62 15857 -1.057 4516
24 555.68 251.55 31.88 3.600 2239 3.348 46.62 13501 -1.099 3.710
25 646.68 305.12 3671 3.750 22.69 2037 59.90 162.26 -0.863 4.869
26 678.81 317.12 38.13 4.087 2412 6916 64.63 17514 -1.308 4.334
27 712.96 32956 39.96 3438 2129 2604 64.63 188.03 -1272 3.697
28 770.82 370.70 43.15 3.693 22.40 2.469 7555 202.39 -0.809 4.809
29 819.02 388.77 4520 4122 2427 8280 82.64 22172 -1476 4.119
30 87025 411.94 48.69 3.360 20.96 10.770 82.64 241.05 -1.755 2.580

aMoIecuIal; weight; bmolecular volume; Ssurface area; dhydrophilic—liq}ophiIic balance; epercent hydrophilic sur-
face area; dipole moment (1 D = 3.336x10°° C m); gpolarizability; refractivity; Ienergy of the highest occu-
pied molecular orbital; Jenergy of the lowest unoccupied molecular orbital

TABLE V. Statistical results obtained

Compd. Mobile phase Intercept Slope r’ F MSE
1-10 2 0.003 (+0.034) 0.951 (x0.076) 0.951 155.732 0.011
9 0.001 (x0.020) 0.989 (+0.037) 0.989 709.096 0.004
11-20 2 0.002 (+0.041) 0.953 (+0.075) 0.953 161.270 0.017
9 0.002 (+0.042) 0.942 (+0.082) 0.942 130.611 0.017
21-30 2 0.003 (+0.054) 0.924 (+0.094) 0.924 96.926 0.029
9 0.0005 (+0.025) 0.978 (+0.051) 0.978 362.727 0.006
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The relationships between the experimental and predicted Ry, values to-
gether with their residuals (difference between predicted and experimental va-
lue), for the Cr(111) complexes are shown in Fig. 1 as an example.
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Fig. 1. Relationship between the experimental and predicted Ry, values together with their
residuals, for Cr(l11) complexes; a) dichloromethane, b) dichloromethane—carbon tetrachloride.

The distribution of the residuals on both sides of the zero line indicates that
there is no systematic error in the obtained models. Fig.1 reflects the actual pre-
dictive power of the established models.

Analysis of these results indicates that the proposed models can correctly re-
present the relationship between the retention parameters of the investigated
compounds on silica gel and the molecular descriptors calculated solely from
molecular structure. These models are suitable for prediction of the retention of
structurally similar compounds under the same chromatographic conditions.

Finally, the obtained models were compared with those established on poly-
acrylonitrile sorbent.1> In the established QSRR models for these sorbents, the
retention behaviours are described by different molecular descriptors. This com-
parison showed that different aspects of the molecular structure are responsible
for the separation of the analytes. This is a quantitative confirmation of the pre-
viously established separation mechanisms of the investigated compounds on si-
lica gell4 and polyacrylonitrile.22 Hence, it is clear that differences in the struc-
ture of the sorbent determine the chromatographic behaviour of analytes, e.g., the
type of the sorbent-molecule interactions. In addition, these QSRR models can
be used for selection of the corresponding chromatographic system for separation
of structurally similar compounds.

CONCLUSIONS

A QSRR study of a series of mixed f-diketonato complexes of Co(lll),
Cr(I11) and Ru(lll) on a thin layer of silica gel has been presented. The esta-
blished two-parameter models show satisfactory correlation and predictive po-
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wer. The main factors influencing retention on silica gel for all employed mobile
phases are polarizability and the hydrophilic-lipophilic balance. The QSRR mo-
dels quantitatively describe the retention of analytes, based on their molecular
descriptors, which reflect structural differences between the compounds. A good
correlation between the experimental and predicted retention parameters was ob-
served when polarizability and HLB were used as the molecular descriptors. The
correlations obtained between the retention and the molecular descriptors were
highly significant and might be used to predict the retention behaviour of struc-
turally similar compounds with a considerable degree of confidence when the
molecules are new or when the experimental determination is rather difficult or
subject to large uncertainties. This study gives a quantitative assessment of the
relative importance of specific interactions.

Acknowledgements. This study was supported by Grant No. 142062 from the Ministry of
Science and Technological Development of the Republic of Serbia.

M3BOJ

I[MPEABUBABE PETEHLIMIE fAMKETOHATO KOMIUIEKCA V TLC CUCTEMUMA
HA CUJIMKA-TEJIY IIPUMEHOM KBAHTUTATUBHOI' OJHOCA
CTPYKTVYPE U PETEHLIMJE

PAJJA M. BAOIIN®, AHA /1. PATOJEBU'H n )KUBOCJIAB Jb. TEIIUHR
Xemujcku ghaxyaitieiti, Ynusep3uitieiti y beozpady, CitiyOeniticku itipz 12, i.ip. 158, 11000 Beozpao

VY oBOM pamy KBaHTU(HKOBAH je OXHOC CTPYKType  pereHnuje 30 MEIIOBUTHX f-IUKETOHATO
komrutekca kobanra(lll), xpoma(lll) u pyrenujyma(lll) mpumeHom mynTunnHeapHe perpecuoHe
aHajM3e KopuinhemheM MOJICKYJICKHX JECKPUIITOPa, KOjU Cy J00UjeHH MoMohy KBaHTHO-XEMH]jCKUX
n3pavyHaBama. PETCHIMOHN MapaMeTpH Cy A00HjeHH TaHKOCIOJHOM XpomarorpadujoM Ha CHIH-
Ka-rejly MPUMEHOM MOHO- M JIBOKOMIIOHETHHX pacTBapada. MOJEKYJICKHA NECKPHITOPU KOjU CY
YKIbYYCHH Y MYJTHIHHEApHY PErPECHOHY aHAIIM3y Cy MOJICKYJICKa TE)KHHA, MOJICKYJICKa 3arpe-
MUHa, OBPIINHA, XUAPODHIHH—TUIOGUIHN GaaHc, MPOLEeHAT XUAPO(UIHE TOBPIINHE, AUTIOIHH
MOMEHAT, MOJapu3a0MITHOCT, pePPaKTHBHOCT, CHEPTHja HajBUIIIE 3ay3eTe MOJICKYJICKEe OpOHTane u
eHepruja HajHIKe mpa3He MoJieKyJicke opourtane. JJobujeHa je 3amoBosbaBajyha Kopenaiuja n3me-
hy ekcrepMMEeHTAIHNX PETEHLHMOHKX TlapaMeTapa U PEeTEHLMOHHUX TapaMeTapa MmpeJBuleHux moc-
TaBJbEHUM MOJIEJIMMA, KOjU CajpiKe MONapu3abMiIHOCT M XUAPOPMIHN-IUNOGWIHE OanaHc Kao
neckpunrope. ITopelerma 0BHX MoJea ca MOJIeInMa JOOHjeHUM Ha HOJHAKPHIOHUTPUIHOM COp-
OeHTy, 32 HCTa jeNbEerha, T0Kasyjy J1a je CTPyKTypa copOeHTa 0J[roOBOpHA 3a XpoMaTorpadcko mo-
Hamame. OBH MOJIENIM Ce MOTY KOPUCTUTH 3a IMpeaBulame pEeTCeHIHje HOBUX jeIUCHA y NaTHM
XpOMaTorpa)cKUM CHCTEMUMA.

(Mpumsseno 25. pebpyapa, pesuaupano 9. reuembpa 2009)
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Abstract: Industrial liquid wastes can be in the form of solutions, suspensions,
sludges, scums or waste oil and have organic properties. The objective of this
work was to demonstrate the technical feasibility of a fluidized bed as a clean
technology for burning liquid waste from a pesticide production plant. The
combustion of liquid waste mixtures, obtained from realistic samples, was in-
vestigated in a pilot scale fluidized bed with quartz sand particles of 0.63-1.25
mm in diameter and 2610 kg/m3 in density at 800-950 °C. To ensure complete
combustion of liquid waste and additional fuel, the combustion chamber was
supplied with excess air and the U/U,z (at ambient temperature) was in
between 1.1 and 2.3. In the fluidized bed chamber, liquid waste, additional li-
quid fuel and air can be brought into intense contact sufficient to permit com-
bustion in bed without backfire problems. The experimental results show that
the fluidized bed furnace offers excellent thermal uniformity and temperature
control. The results of the combustion tests showed that degradation of liquid
wastes can be successfully realized in a fluidized bed with no harmful gaseous
emissions by ensuring that the temperatures of both the bed and the freeboard
are not lower than 900 °C.

Keywords: fluidized bed incinerator; liquid waste; pesticide production plant;
design; operating experience.

INTRODUCTION

Pesticide manufacture, formulation, and packaging facilities produce signify-
cant amounts of hazardous materials, including raw materials and intermediate/fi-
nal products. The handling, storage, and transportation of these materials should
be managed properly to avoid or minimize their environmental and health im-
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pacts.l Unused dilute pesticide formulations and equipment rinse water contain
high levels of pesticides that can lead to contamination of soil and eventually of
water resources if not properly managed.?

The accumulation and bad management of various pesticides and other ha-
zardous chemicals constitute a threat for health and the environment, locally, re-
gionally and globally. Estimates indicate that large amounts of obsolete pestici-
des are accumulated globally, especially in developing countries. A considerable
amount of the accumulated obsolete pesticides are persistent organic pollutants
that possess toxic properties, resist degradation, bio-accumulate and are trans-
ported, through air, water and migratory species, across international boundaries
and deposited far from their place of origin, where they accumulate in terrestrial
and aquatic ecosystems. Organochlorine pesticide residues have been detected in
air, water, soil, sediments, fish and birds even more than one decade after being
banned and it is reasonable to believe that contaminated sites and mixed waste
still represent locally and regionally important on-going primary source inputs of
hazardous compounds to the global environment.

Several international environmental conventions aim to protect human health
and the environment through measures that will destroy and irreversible trans-
form hazardous chemicals and reduce and/or eliminate emissions and discharges
of pesticides and persistent organic pollutants. The hazardous waste has mainly
been transported to developed countries for high-temperature incineration in de-
dicated facilities, a practice that does not stimulate development of local solu-
tions and capacity building. In addition, this approach involves higher costs and
increased risks of accidents and spills. These international conventions acknow-
ledge that there is an urgent need for environmentally sound disposal of hazard-
ous chemicals and that developing countries and countries with economies in
transition need to strengthen their national capabilities for chemical management,
i.e., of special relevance is the stimulation and development of local treatment of
hazardous wastes.34

The pesticide manufacturing industry started already in the 1970s to explore
possible treatment options for obsolete pesticides and pesticide wastes and com-
bustion was soon considered as the prominent method. In order to treat these
wastes, destruction in high temperature incinerators was established by Environ-
mental Protection Agency (EPA), after extensive expert and public reviews, to be
the best-demonstrated available technology for most organic hazardous wastes.
This is because incineration safely and effectively destroys the hazardous consti-
tuents in the waste.’

To achieve complete thermal destruction, a sufficiently high temperature,
oxygen supply, residence time and mixing conditions are required. The combus-
tion temperature and residence time needed for mixed hazardous wastes cannot
be readily calculated and are often determined empirically. Some common sol-
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vents, such as alcohols and toluene, can be easily combusted at lower tempera-
tures, while other more complex organic halogens require more stringent condi-
tions, such as incineration criteria of 2 s residence time at 1200 °C and 3 % ex-
cess oxygen in the stack gas,8 or incineration of waste criteria of 1100 °C for at
least 2 s if more than 1 % of halogenated organic substances are to be incine-
rated. 47

The main advantages of the incineration of industrial hazardous wastes are
the following: 1) the marked reduction of the organic part of the wastes by oxi-
dation reactions with the oxygen in the air supplied, 2) the complete elimination
of the hazardous properties in the wastes and 3) recovery of the heat released by
the incineration of the waste.

Many different types of incinerators have been tested. Among them, suitable
equipment for the thermal treatment of industrial hazardous wastes is the flui-
dized bed type of incinerator. A fluidized bed incinerator provides all the advan-
tageous characteristics of gas—solid fluidization technologies. First, the particle sizes
in industrial liquid wastes (suspension, sludge, etc.) are usually small and uni-
form; therefore, they have relatively large contact areas with the oxygen in the air
for carbon oxidation to be realized. Second, the waste particles are suspended by
means of the fluidizing air; therefore, further contact between the waste particles
and the fluidizing air is obtained. Third, the fluidization promotes the mixing of
the waste and the bed of sand particles; consequently, a uniform combustion tem-
perature is achieved in the fluidized bed.

Other significant advantages of fluidized bed combustors over conventional
combustors include their compact furnace, simple design, and effective burning
of a wide variety of wastes and fuels. Fluidized bed combustors can be designed
to combust almost any solid, semi-solid or liquid fuel without the use of supple-
ment fuel, as long as the heating value is sufficient to heat the fuel, drive off the
moisture and preheat the combustion air.8

The objective of this work was to demonstrate the technical feasibility of a
fluidized bed as a clean technology for the burning of a liquid waste from pesti-
cide manufacturing process. Sunflower oil was used as an additional fuel for the
combustion of high moisture liquid wastes. The combustion efficiency and the
flue gas composition were investigated using a pilot scale unit.

This paper provides an overview of the thermal decomposition of a pesticide
manufacturing liquid waste in a fluidized bed incinerator.

EXPERIMENTAL

The technological scheme of the pilot scale unit for liquid waste combustion is given in
Fig. 1.

The main part of the pilot unit is the fluidization column of 124 mm in diameter in the
lower part and 150 mm in diameter in the upper part, with overall column height of 1800 mm.
The atmospheric pressure fluidized bed incinerator was made of stainless steel. The air dis-
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tributor plate was placed at the column bottom (1a). The column was filled with quartz sand,
size fraction 0.63-1.25 mm and density 2610 kg/m3 (1b). The static height of sand bed was
200 mm. This unit was designed to operate at temperatures up to 950 °C with a fluidizing air
velocity of 0.5-2 m/s at ambient temperature. Liquid waste was fed onto the bed surface from
a sealed reservoir (9) and the flow rate was controlled by a peristaltic pump (10). The sup-
plement liquid fuel (sunflower oil) was fed onto the bed surface from a reservoir (6) using a
pump (7) and twin fluid nozzle-gas/liquid ejector (8), located 80 mm from the column bottom.
The residence time in the fluidized bed incinerator varied between 0.6 and 0.8 s.

= @ water
1@

@‘] LIoUIDS

= )

!/ COMPR. AIR
{®

GAS

T
=

o
e3)

Fig. 1. Technological scheme of the pilot scale unit for liquid waste combustion in a fluidized
sand bed (1-fluidized column, 1a-air distributor, 1b-sand, 2-cyclone, 3-scrubber, 3a-water
nozzles, 3b-packing, 4-blower, 5-gas burner, 6-additional liquid fuel reservoir (LG), 7-pump
for additional liquid fuel, 8-twin fluid nozzle-gas/liquid ejector, 9-liquid waste reservoir (LO),
10-pump for liquid waste, H-bed height, TIC1-TIC3-temperature indication and control,
TI1-TI7-temperature indication, Fl1-air flowrate indicator, FI12-water flowrate indicator,
DPI1-indication of the differential pressure difference in the fluidized column).

Three tubes with manholes, covered with hardened quartz glass, placed above the dyna-
mic sand bed height (2 manholes) and at the top of the fluidized bed chamber (1 manhole),
enabled visual observations during the combustion experiments.

The other constitutional parts of the pilot unit were a cyclone (2) of 100 mm in diameter
and scrubber (3) of 124 mm in diameter and 800 mm in height. Aluminum Rashig rings (3b)
with dimensions 20x20 mm were employed in the scrubber. An air blower (4) was placed at
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the end of the process line, in such way the pilot unit operated under vacuum with respect to
the atmospheric pressure.

In order to limit heat losses, all constitutional parts of the pilot unit as well as the pipe
lines were thermally isolated with mineral wool of thickness 50 to 100 mm.

The bed temperature, freeboard temperature and other characteristic temperatures were
measured by means of sheathed Ni/Cr—Ni thermocouples. Combustion gas samples were ob-
tained from a sampling port located at the scrubber exit. Only the VOCs and NO, concen-
trations were measured, while measurements of the CO concentrations were neglected due to
the sufficiently high process temperatures and high oxygen concentration. The concentration
of the total hydrocarbons at the outlet of the system was measured by an on-line gas chro-
matograph (Perkin—Elmer 3920B) equipped with a flame ionization detector (FID). The con-
centration of nitrogen oxides (NO,) was analyzed by a NO-NO,-NO, analyzer (Thermo
Electron Model 44). The air and gas flow rates were measured by calibrated rotameters.

Process control. After startup of the pilot unit, the gas burner (5) was turned on. The fuel
used for heating the fluidizing air was a commercial propane-butane mixture (50-50 %),
supplied in pressurized bottles with a nominal heat capacity of 45.8 MJ/kg.%10 When the
temperature in the middle of the bed (TIC1) reached the value of 600 °C, the additional liquid
fuel pump was turned on and the feeding process begun by the twin fluid nozzle (8). The
additional fuel was sunflower oil with a nominal heat capacity of 39.6 MJ/kg.1l The tem-
perature controllers TIC1 and TIC3 controlled the feeding pump for additional liquid fuel in
such manner that the pump operated in the on/off mode, i.e., the pump was turned on if the
temperature in the middle of the bed (TIC1) was below 880 °C and if the temperature at the
top of the fluidization column (TIC3) was below 950 °C. The temperature controllers TIC2
and TIC3 controlled the feeding pump for liquid waste (10) in such manner that the pump
operated in the on/off mode, i.e., the pump was turned on if the temperature above the
fluidized bed (TIC2) was 800 °C at least and the pump was turned off if the temperature at the
top of the fluidization column (TIC3) exceeded 950 °C. After the stationary state was attained,
the pilot unit operation was fully automatic.

The flue gases were exhausted at the top of the fluidized bed chamber, and were passed
to a cyclone, to capture any elutriated particles of the bed material. The effluent gases from
the cyclone were passed through the scrubber to cool out and to eliminate the finest particles
and odors. In all runs, the cooling water flowrate in the scrubber was 2.8 L/min. The cooling
water flowrate was chosen in order to keep the outlet cooled air temperature (T14) below 65
°C and the wastewater temperature (T15) below 75 °C. In all runs, the air flow rate in the
stationary state (calculated for 20 °C) was between 35 and 40 m3/h,

The employed bed material was quartz sand. The main characteristics of the bed are pre-
sented in Table I.

TABLE I. Characteristics of the bed material

Quartz sand, granulation d, 0.63-1.25 mm
Mean particle diameter, d, .. 0.94 mm
Sand density, ps 2610.00 kg/m’
Sand bulk density, ppux 1488.00 kg/m®
Sand bed height (static), H 0.20m
Superficial air velocity at minimum fluidization (at 20 °C), U¢ 0.64 m/s
Superficial terminal air velocity (at 20 °C), U, 7.93 m/s
Mass of the sand, M, 3.59 kg
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Six realistic samples, i.e., different rinsates from a pesticide production plant, the speci-
fications of which are given in Table II, as well as three different mixtures, i.e., mixture 1
(samples 1, 2 and 5 in volume proportions 1:1:1), mixture 2 (samples 3, 4 and 6 in volume
proportions 1:1:1), mixture 3 (samples 1, 2 and 6 in volume proportions 1:1:1), were used in
combustion experiments.

TABLE Il. Rinsates after different products from the pesticide production plant

Sample Product type Active matter Washing fluid
1 Herbicide Atrazine Water
2 Herbicide Paraquat Water
3 Herbicide 2,4-D Water
4 Fungicide Carbendazim Water
5 Herbicide Acetochlore Water
6 Fungicide Tebuconazol (carrier: sunflower oil, Water

colored with Basonyl Red)

RESULTS AND DISCUSSION

Wastewater from pesticide formulation and packaging operations typically
has low levels of organics and the pH is generally neutral. The level of toxicity
and biodegradability depends on the presence of chemicals such as pesticide re-
sidues, organic solvents and other auxiliary substances that may be toxic to aqua-
tic organisms.

The main aim of these experimental investigations was to determine the ope-
rating regimes that enable satisfactory combustion of the propane—butane mixture
(50-50 %), additional oil and liquid waste, the oxidation of combustibles in the
fluidized bed incinerator to be as high as possible and, at the same time, to avoid
fouling of the incinerator walls, and sintering and agglomeration of the bed material.

All available data supplied by the pesticide production company indicated to
variability in the quality and quantities of wastewaters and other liquid wastes to
be treated. Therefore, the identification of a profound solution that would not be
sensitive to these factors was important.

Supplementary fuel consumption, air flow and specific solution consumption
for the three chosen representative test runs are given in Table I11.

TABLE IIl. Flow rates of liquid waste, supplementary fuels (propane—butane mixture 50-50 %,
sunflower oil) and air

RUN Propane-butane  Sunflower oil Liquid waste G kg hl Liquid waste
Ques / kg I Que/Lhl  Qu/Lht Dar’K9 mixture
1 0.728 0.971 2.442 70.0 1: Samples 1,2,5
(2:1:1)
2 0.728 0.611 2.532 74.6 2: Samples 3,4,6
(2:1:2)
3 0.760 0.291 2.536 75.0 3: Samples 1,2,6
(1:1:1)
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The samples 1 to 6, according to the specification given in Table I, were in-
vestigated. In addition, mixtures of these samples were also investigated, i.e.,
mixture 1 (samples 1, 2 and 5 in volume proportions 1:1:1), mixture 2 (samples
3, 4 and 6 in volume proportions 1:1:1) and mixture 3 (samples 1, 2 and 6 in
volume proportions 1:1:1). The duration of each run was up to 3 h. All informa-
tion about the liquid waste composition is the property of the factory for pesticide
manufacture and, therefore, these data are not presented.

During system heat up, with air in excess, the combustion was least efficient
at the lowest temperatures, with relatively high total hydrocarbons concentra-
tions. As the bed heated up, the total concentration of hydrocarbons dropped ra-
pidly to below the limit of detection (below 1 ppm). In an idealized combustion
process, all chemical and thermal steps have to occur in the bubbling bed only.
According to the fluidized bed geometry and operational conditions, it is possible
that a fluidized bed exhibits a slugging behavior. It was visually observed that the
fluidized bed showed uniform bubbling behavior after attaining steady-state con-
ditions. Micro-explosions were noted during the experiments over a wide tempe-
rature range (up to 800 °C); they were associated with acoustic effects, detectable
by the ear, and oscillations of the temperature. The light released during the ex-
plosions was clearly visible from the top of the column as flashes. It was not pos-
sible to distinguish clearly if the micro-explosions occurred within the bed or in
the freeboard. Therefore, there is possibility that the most of the burn off occur-
red above the bed.

When hazardous wastes with high moisture contents are added into the inci-
nerator, the moisture evaporates instantaneously due to the amount of heat stored
in the bed sand without any change of the combustion temperature. Once the
moisture evaporation of the wastes is complete, then combustion follows. The sand
bed will absorb the heat released during the combustion. This type of heat recir-
culation in the fluidized bed maintains a uniform total heat content.13

A typical diagram of the temperature variations as a function of time during
combustion tests in the pilot scale unit is given in Fig. 2.

The test mixture 2 (samples 3, 4 and 6 in the volume proportions 1:1:1) con-
tained component 6, containing a high percent of mineral oil with a high combus-
tion capacity. It can be seen from Fig. 3 that the consumption of auxiliary liquid
fuel required to maintain the desired temperature values in the bed was lower in
comparison with the combustion of mixture 1. After steady operation was attain-
ed, the feeding of the propane—butane mixture 50-50 % was stopped, which was
followed with a sudden TI1 temperature drop. It can be seen from Fig. 3 that the
heating value of mixture 2 was sufficient to maintain combustion at the desired
temperatures in the fluidized bed chamber. There was no significant temperatures
drop due to released heat from combustion of mixture 2 after 170 min. In the runs
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with the liquid waste with a high energy potential (i.e., sample 6), the additional
liquid fuel consumption was very low.
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Fig. 2. Typical temperature profiles and exit air volumetric flowrate (V-c)) in the pilot
fluidized bed incinerator under turbulent bed conditions (Run 1).
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Fig. 3. Temperature profiles and exit air volumetric flowrate (V(x-c)) in the pilot fluidized bed
incinerator under turbulent bed conditions (Run 2).

The hot fluidizing air flows into the fluid bed zone of the incinerator and
fluidizes the inert bed of sand. The turbulence of the fluid bed zone serves to
disperse the liquid waste and additional liquid fuel. The large surface area of the
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fluidized sand particles results in the efficient heat transfer from the fluidizing air
to the sand and from the sand to the feeds.

Primary combustion occurs in the bed zone. The freeboard height (above the
fluidized sand bed) is an important factor, since volatiles released from the bed
will continue burning in the freeboard region. The proper choice of the freeboard
height provides the necessary residence time. The residence time in the pilot
scale unit was about 0.6 to 0.8 s, which is well below the recommended value for
a combustion system, i.e., 2 s at 1100 °C.2.7

When the temperature at the top of the column (TIC3) was above 900 °C, the
overall hydrocarbons concentration (expressed as xylene concentration) at the
system outlet was below the detection limits of the gas chromatograph, as illus-
trated in Fig. 4, while the NOy concentrations were low (< 25 ppm). NOy can be
formed by two paths, from the combustion of nitrogen containing compounds from
the liquid waste and as consequence of elevated temperatures. Under the proper
temperature profile along the fluidized bed incinerator (TIC3 > 900 °C), despite
the short residence time, the detected levels of hydrocarbons and NOy in effluent
gasses indicated that the combustion efficiency was very high.
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600 650 700 750 800 850 900 950 ig- 4. Gaschromatography analysis of
the outlet gases from the fluidized bed

TIC3, °C incinerator (Run 3).

hydrocarbons concentration, gm'3

It should be emphasized that in the runs in which the freeboard temperature
was below 900 °C, only partial combustion of the supplementary fuel and orga-
nic compounds in the waste solution occurred. This resulted, to some extent, in
fouling of the walls above the bed of the fluidized bed incinerator and the appea-
rance of soot in the exit gases and in the exit scrubber water. The lower freeboard
temperatures resulted in higher emissions in the flue gasses.
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In fluidized bed incinerators, incomplete combustion, i.e., generation of CO,
can be caused by “bad-burning” (the combustion conditions are deteriorated, i.e.,
the combustion is frozen because of a temperature drop despite an abundant air
supply) or “over-burning” (combustion becomes excessive relative to the air sup-
ply, i.e., the liquid mixture is not homogeneous and clusters of high fuel concen-
tration gas appear in the freeboard).12 Hence, it is necessary to ensure stable
combustion by preventing over-combustion or bad combustion. However, even if
operations are performed under stable conditions, changes in emissions concen-
trations in the output gases could occur due to changes in the quality of the liquid
waste and other factors.

In several runs, the “over-burning” phenomenon occurred, i.e., an open flame
above the sand bed was visually observed. This was confirmed by fluctuating and
higher concentration of organics.

As the gas velocity increases, the bed of solid particles goes through the
states of minimum fluidization, bubbling, turbulent to fast fluidization, and even-
tually become a transport reactor when the gas velocity exceeds the terminal ve-
locity of the sand particles. The regime under which the system is operated is an
important factor. The minimum fluidizing velocity (Uyp) for the sand particles
ranged between 0.42 and 0.44 m/s under dense bed conditions (TIC2, TIC3 =
= 900-950 °C). The U/Unf ratio ranged between 6.4 and 6.8 under steady state
conditions, the regime was turbulent, which was consistent with the visual obser-
vation through the viewing manholes on the combustion chamber. In this man-
ner, the finest sand particles were carried over during the experiment, which was
confirmed by the continuous pressure drop in the sand bed with time. This effect
was much more pronounced in the preliminary experiments conducted in the
fluidized bed chamber with a shorter freeboard zone.

Defluidization of the bed is particularly critical in the combustion of indus-
trial wastes. A high risk of agglomeration might occur in the area where mixing
is not perfect or when local over-heat zones exist in the bed. Bed sintering sym-
ptoms were not noticed during the combustion tests. Although the experiments
were conducted at much lower temperatures (up to 950 °C) than the critical tem-
perature for the transformation of quartz to cristobalite (around 1400 °C),14 re-
sults are inconclusive with respect to the cumulative effect in long term opera-
tion. Additional investigations regarding defluidization caused by sintering are
required in order to obtain reliable data for an industrial plant project.

The first priority for any waste management strategy should be practices that
prevent or at least minimize generation of waste and promote recycling of mate-
rials. If reuse and recycling are not feasible options, then treatment technologies
must be employed.

This study was specifically focused on the experimental development of a
treatment for rinsates that cannot be recycled or reused for production of “ready
to use” products. In addition, an important fact that had to be considered was the
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higher energy input as a consequence of the high water content in the liquid waste.
Recovering the calorific value of the used solvents and other organic compounds
present in liquid wastes refers to the proposed “waste to energy” concept rather
than just co-incineration. Since the energy released during the process might be
utilized to generate hot water and steam, the disadvantage of high-energy con-
sumption of the chosen treatment technology is mainly compensated.

The organics content (expressed as xylene of 5.33 vol. %) and the liquid waste
flowrate of about 60 kg/h (150 m3/year) were adopted for preliminary calcula-
tions of an industrial unit. According to these calculations, the size of sand par-
ticles in the fluidized bed has no effect on the heat balance, but has effect on the
column diameter and residence time (Fig. 5). With finer sand particle granula-
tion, the residence time is longer, which is preferable, but at the same time, the
column diameter is larger. The sand particles size and column diameter have to
be chosen in order to meet the recommended values for the combustion system,
i.e., minimum 2 s at 1100 °C.7 According to the preliminary design of the indus-
trial plant for the chosen operating conditions, the plant would operate for about
100 days only during the winter period, with the basic concept of utilizing the
heat released during the combustion for heating within the factory.
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The main objectives were achieved: the liquid waste was safely decom-
posed; fouling problems and emission levels could be eliminated under proper
operating conditions. Doubtless, the industrial unit will be more efficient, since
the freeboard residence time will be longer and temperatures will be higher.

CONCLUSIONS

The results of experimental investigations the disintegration of liquid waste
(generated in a pesticide production plant) in a fluidized bed incinerator are given
in this paper.
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The obtained results indicate that this technology can be used for this pur-
pose since it enables good control of temperature, which was found to be the
most critical parameter. The main conclusions derived after these investigations
are as follows:

1. The pilot scale unit operation was stable; bed sintering symptoms were not
noticed.

2. In all runs, with sufficient excess air, where the temperature at the top of
the column (TIC3) was above 900 °C, the overall hydrocarbons concentration at
the system outlet was below the detection limits of the gas chromatograph, while
the NOy concentrations were negligible. It should be noted that the residence
time in the pilot scale unit was nearly 0.8 s, which is below the recommended
value for combustion systems (2 s at 1100 °C). As different molecules might be
present in the wastewater, including those containing chlorine, in order to prevent
toxic emissions, high enough temperatures, residence times and turbulence in the
combustion chamber should be ensured in order to prevent emissions of dioxins
and furans. In addition, the temperature profile should be carefully controlled to
prevent re-formation during cooling or starting-up.

3. The consumption of the propane-butane mixture was 0.72 kg/h, the con-
sumption the additional liquid fuel (LG, sunflower oil) varied between 0.3 and
0.97 L/h, depending on the energy potential of liquid waste, and the liquid waste
(LO) combustion capacity was in range of 2.2 to 2.5 L/h.

4. In the runs with the liquid waste with a high energy potential (sample 6,
the consumption of the additional liquid fuel was negligible.

5. The obtained test results were used for a preliminary design of an indus-
trial plant for incinerating 150 m*/year of these liquid wastes.
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U3BOJ

CAT'OPEBAIE TEYHOTI" OTIIAJA ®ABPUKE INECTULIMJIA
Y OJIYUJU30BAHOM CJIOJY

30PAHA APCEHUJEBIR', )KEJbKO TPBABUMH?, BOLIKO TPEITR', HEHAJI PAJTUR,
PAJIMUJTIA FAPI/ITI-FPV.HOBI/ITIl, CAILIA MI/IHETI/ITIB, T'OPJIAH CABYIR® 1 BOJAHA BOPBEBIR®
! Hnciuuinyiu 3a xemujy, tlexHoaozujy u meitianypzujy — Llenitiap 3a Kailaausy u XemujcKo UHiCerepcilléo,
Ynueepauitieii y beozpaoy, Hjezoutesa 12, beozpa, 2 Texnoaowko—meinianypuiku haxyaitieiti, Y Husep3uitieiti y
Beozpaoy, Kapnezujesa 4, Beozpao u *lanenuxa — Quitiopapmayuja A.J1., Baiiajuuiku opym 66, beozpao

WNupycTpujcku TeUHH OTMaj MOXe OHTH y OOJMKY pacTBOpa, CyCIiCH3Hja, MyJba, TICHE, OT-
MaJIHOT yJba M T€HEePaJHO CaJIpXKM Pa3INYUTe OpPraHcKe KOMIIOHeHTe. IIpeqMeT oBor pazaa je ne-
MOHCTpaIHja TpeTMaHa TEYHOT OTIIA/Ia ca BHCOKUM canpikajeM 3arahyjyhnx matepuja dpadpuke 3a
MPOM3BO/IbY IECTHIIM/IA METOJOM TEPMHYKE JECTPyKLHje Y (GuIynIn30BaHOM CJIOjy MecKa Kao TeX-
HUYKU MIPAaKTHYHE W ONTHMAaJHE TexHoyoruje. VcnuruBama caropeBama peajHUX TEYHHX OTIaj-
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HHUX cMelia (pabpuKe NecTUIHAA Cy M3BPLICHA Y MOJYHUHIYCTPHjCKOM-IEMOHCTPAILIMOHOM OCTPO-
jemy, Tj. y GpIynan3aroHoj KOJIOHH ca ClIojeM KBapIHOT necka rpanynanuje 0,63-1,25 mm u ryc-
tune 2610 kg/m® Ha 800-950 °C. ¥V wmby oGes6eljersa IOTIYHO caropeBarba TeYHOr OTHANa, Y
Gbiyunuzannony KoJioHy je ysoheH Basayx y Buiiky u oquoc U/Upr (Ha TeMiiepaTypu OKOJHHE) je
u3Hocno m3mehy 1,1 u 2,3. V Guynau3annuoHoj KOJIOHH ¢€ TEUHH OTIaJ, JOJATHO TEYHO TOPUBO U
Ba3JlyX MOT'Y JIOBECTH Y CTam¢ HHTCH3UBHOI KOHTAaKTa IITO OMOryhiaBa cTaOMITHO M XOMOT€HO caro-
peBame y ciojy. Pe3ynTaTn ekcnepMMEeHTAIHUX UCHHMTHBamka MOKasyjy jAa ce y (GIyHIu30BaHOM
CJI0jy TIecKa OocTBapyje BeoMa o0pa TepMHYKa YHHU(POPMHOCT U KOHTPOJA Temreparypa. Pesynra-
TH HCIHUTHBamba caropeBarba Cy MMoKa3alH Jia ce TeUYHH OTIMaJ ca BUCOKUM cazapikajeM 3aral)yjyhnx
Marepuja MOXKe yCIEIIHO TePMHYKU TPETUPATH y (IIyHIH30BaHOM CJIOjy Mecka 0e3 eMUCH]e LITeT-
HHX MPOJyKara caropeBarma, 1Mojl YCJIOBOM Jia Cy y CIIOjy M W3HAJ ciioja 06e36eljene Temmeparype
usHazg 900 °C.

(TTpumsseno 20. aBrycra, peBuaupano 5. HoBemGpa 2009)
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Abstract: A composite of polyaniline with multi-wall-carbon nanotubes (PANi/
IMWCNTS) was synthesized by an in situ chemical oxidative polymerization
method. The PANI nanoparticles were synthesized chemically using aniline as
the monomer and ammonium peroxydisulfate as the oxidant. The nanocompo-
sites were prepared as a carbon paste using functionalized MWCNTSs and PANi
nanoparticles. The PANi-MWCNTSs were characterized physically using scan-
ning electron microscopy (SEM) and the electrochemical behavior of the com-
posites in acidic solution (HCI) was investigated using cyclic voltammetry. The
PANI/MWCNT composite electrode was used for studying dopamine (DA) as
an electroactive material. The cyclic voltammetric results indicated that multi-wall
carbon nanotubes (MWCNTS) significantly enhanced the electrocatalytic acti-
vity in favor of the oxidation of DA. The kinetics of the catalytic reaction was
investigated using the chronoamperometry technique whereby the average va-
lue of the diffusion coefficient (D) and the catalytic rate constant (k) for DA
were determined to be (7.98+0.8)x107 cm? s and (8.33+0.072)x10* dm? mol-1
s, respectively.

Keywords: multi-wall-carbon nanotubes; dopamine; nanocomposite; polyaniline;
sensor.

INTRODUCTION

Carbon nanotubes (CNTs) are an important group of nanomaterials with
unique electronic and chemical properties. Since CNTs were discovered in 1991
by lijima et. al.,1 there has been a growing interest in nanotubes for several ap-
plications.2-6 CNT-modified electrodes promote electron transfer due to their
conductivity and mechanical properties. Composites of a conducting polymer and
CNTs show synergistic effects and have been made for different applications.
The two types of CNTSs, single-wall carbon nanotubes (SWNT) and multi-wall
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carbon nanotubes (MWCNTS), have considerable potential in the field of poly-
mer composites.”-8 Functionalized nanotubes are also more easily dispersed in
organic solvents, leading to an improved dispersion and homogeneity of the
MWCNT within the polymer composite. For this reason, the MWCNTS prepared
in these studies were treated with a mixture of concentrated H,SO4:HNO3.9

Dopamine (DA) is an important neurotransmitter of the central nervous sys-
tem. Variations in DA levels may result in brain disorders, such as Parkinson’s
disease, and also have impacts on learning and memory.10 Hence, there is con-
siderable interest in developing simple and accurate electrochemical techniques
for measuring the chemical behaviors of DA 11-14

The advantages of using conducting polymers as opposed to the historically
used inorganic materials are their diversity and ease of synthesis. Conducting po-
lymers have also been studied intensively for their transducing properties.15-18
Among those studied, PANi is one of the more important polymers due to its
electrical conductivity and stability. Furthermore, it exhibits significant redox be-
havior. The conducting form of polyaniline is the protonated polyemeraldine or
the green-colored polyemeraldine salt with a conductivity of approximately 15 S
cm-1,

PANi may be synthesized either chemically or electrochemically. The che-
mical synthesis involves mixing aniline with an acidic medium, such as HCI or
H»S0y4, and an oxidant, such as ammonium peroxydisulfate, whereas the electro-
chemical synthesis of PANi may be performed using galvanostatic, potentiostatic
or potentiodynamic methods. Recently, the manufacture of CNTSs in polymer ma-
terials, particularly composites based on polymers and nanotubes, have attracted
much attention due their superior properties.19-21

Chemical polymerization is a simple and robust strategy for the large scale
production of PAN. When performing chemical polymerization, oxidizing agents,
such as ammonium peroxydisulfate, ammonium vanadate, potassium iodate and
potassium dichromate, are employed.

There are many articles reporting experimentation concerning the determi-
nation of the concentration of DA. Compared with other electrodes22:23 used for
detection of DA, the proposed sensor shows a long lifetime, a linear dynamic
range and good performance. In addition this sensor shows good stability and
involves a simple construction. In this study, the electrochemical behavior of a
PANI-MWCNTSs composite prepared by chemical polymerization was assessed
for the measurement of DA.

EXPERIMENTAL

Chemicals and reagents

Multi-wall carbon nanotubes (specific surface area, 250 m? g1, diameter, 10 nm, length,
10-20 pm) made by chemical vapor deposition (CVD) were provided by the Petroleum Re-
search Institute of Iran. The purity of the pristine MWCNT was 97 %. Dopamine, aniline mo-

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

2010 Copyright (CC) SCS

olcle

EY HMC HD



PANi/MWCNTs COMPOSITE AS A DOPAMINE SENSOR 539

nomer and ammonium peroxydisulfate were purchased from Merck and used for PANi prepa-
ration. All other chemicals and solvents were of analytical grade and were used without any
further purification.

Apparatus

All electrochemical experiments were performed at 25+1 °C using a potentiostat/galva-
nostat Autolab, system type Ill. A conventional three-electrode cell was used for the electro-
chemical experiments. Ag/AgCl, platinum wire and PANi-MWCNT composite electrodes were
used as the reference, auxiliary and working electrode, respectively. A centrifuge system (Ep-
pendorf, Germany) was used for the physical separation of the MWCNTS.

Microstructure characterization of the PANi-MWCNT composites was performed using
a Philips—XL30 low vacuum scanning electron microscope located in Tarbiat Modrres Uni-
versity, Tehran, Iran.

Carboxyl group functionalized MWCNTSs

Formation of carboxylic acid groups at the defective sites of the MWCNTSs improved
their solubility in HCI solution. The prepared MWCNTSs were treated ultrasonically using a
3:1 mixture of 6 M H,SO, and HNOj5 at 50 °C for 4 h. The dark suspension was then centri-
fuged for 30 min at 4000 rpm, washed with distilled water and dried at 50 °C.

Synthesis of the PANi-MWCNTSs nanocomposite

The nanocomposite of protonic acid doped polyaniline with functionalized NTs (c-MWCNT)
was synthesized using in situ chemical oxidation polymerization. This procedure entailed dis-
solving 0.10 g of c-MWCNT in 50 mL of 0.50 M HCI solution under stirring. The dark
c-MWCNT suspension was then added to a solution composed of 0.70 g aniline monomer dis-
solved in 50 mL of 0.50 M HCI in an ice bath at 0—4 °C and stirred. Ammonium peroxydi-
sulfate (APS) was added drop-wise into the c-MWCNT/aniline solution, and the resulting green
suspension was then filtered and dried at 50 °C for 2 h.

For optimization of the modifier, different quantities of MWCNT (0.040, 0.080, 1.0 and
1.4 g) were used while keeping the weight of aniline monomer constant at 0.70 g. Optimi-
zation was also attempted using different amounts of aniline monomer (0.30, 0.50, 0.70 and
0.90 g) with a constant amount of CNT (0.10 g). Experimental results showed that a steep rise
in peak current occurred when the amount of CNT incorporated into the mixture was in-
creased up to a value of 1.0 g. Any further increases in the amount of CNT added to the mix-
ture resulted in a linear rise in peak current but with a lower slope. Increasing the aniline
monomer weight had the effect of increasing the peak current. But, when the aniline monomer
weight reached or exceeded 0.70 g, a constant peak current was observed. Based on these re-
sults, 1.0 g of CNT and 0.70 g of aniline monomer were used in all experiments.

Electrode preparation

A composite electrode was prepared by carefully homogenizing (using slow rubbing) a
mixture of 0.35 g graphite powder, 0.050 g PANi-MWNTS, precipitated with 7:1 weight ratio,
and 2 drops of paraffin oil, for 15 min. The resulting paste was then packed into a polyethy-
lene tube. The electrode surface (0.048 cm?) was renewed by extrusion of approximately 0.5
mm carbon paste from the holder and smoothed with filter paper.
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RESULTS AND DISCUSSION

Voltammetric behavior of the PANi-MWCNTSs electrode

Cyclic voltammetry was used for the study of PANi-MWCNTs modified
chemically with polymerized aniline. The cyclic voltammograms obtained for
both PANi and PANi-MWCNT composite electrodes at a scan rate of 50 mV s-1
in the potential range —0.20 to 1.0 V are shown in Fig. 1. Three identifiable ano-
dic peaks with cathodic counter parts are observed for the PANi-MWCNT com-
posite electrode but not for the PANi composite electrode. Here, it is also im-
portant to take note of the role played by the CNT in the PANi composite.
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Fig. 1. Cyclic voltammograms of a) PANi-MWCNTSs and b) PANi composite electrodes in
0.50 M HCl at a scan rate of 50 mV s,

As can be seen in Fig. 1, the cyclic voltammograms have a defined peak at
approximately 200 mV, corresponding to the formation of radical cations, a se-
cond peak at 500 mV, corresponding to the oxidation of benzoquinione (a hyd-
rolysis product), and a third peak at 700 mV, corresponding to the oxidation of
radical cations to diamine and formation of quiniod. Surface coverage (/) could
be evaluated from the area under the first anodic peak of the cyclic voltam-
mograms for the PANi-MWCNT composite electrode. The surface coverage for
PANi-MWCNTSs was calculated according to Eq. (1):2°

I'=Q/nFA 1)
where Q is the charge obtained by integration of the current vs. time for the first
anodic peak, A is the surface area of the anodic peak, and n is the number of

electrons transferred. Using this equation, the surface coverage, /"= 2.369x10-8
mol cm~2, was calculated.
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PANI/MWCNTs COMPOSITE AS A DOPAMINE SENSOR 541

The peak-to-peak separations (AE = Epa — Epc) were calculated for a PANi/
/MWCNT composite electrode using scan rates of up to 50 mV s=1 in the pre-
sence of HCI as the supporting electrolyte. At higher scan rates, AE increased, in-
dicating a limitation arising from the kinetics of the charge transfer.

Laviron derived general expressions for the linear potential sweep voltam-
metric response for the case of surface-confined electroactive species.23 Accord-
ing to Laviron, the standard rate constant (ks) in 0.50 M HCI as the supporting
electrode was calculated to be 6.9x10-8 mol~1 dm3 s~1 when a scan rate of 30
mV s~1 was applied and using values for AEp >200/n (mV) with o = 0.42.

Morphology of the PANi-MWCNTSs composite

PANi was obtained by polymerization in the presence of 15 mass %
c-MWCNTSs. The scanning electron microscopy (SEM) technique was used for
studying the morphology of the MWCNTSs coated with PANi and the results are
shown in Fig. 2. SEM Revealed a uniform deposition of PANi onto the
MWCNTSs, whereby the diameter of the PANi-coated MWCNTSs was estimated
to be in the range 80-120 nm.

& - Fig. 2. SEM Image of a PANi/
Phc v 'Spot M .).ﬁ% T S0l y /MWCNT nanocomposite.
i 1 1 o

00T SE 146 <

FTIR Results

The FTIR spectra obtained for MWCNTSs and c-MWCNTS are presented in
Fig. 3. The peaks at 1190 and 1720 cm~1 correspond to the stretching modes of
the carboxylic acid groups, and thus confirm the formation of carboxylic acid
groups on the walls of the MWCNTSs at defect sites.

Thermal stability of the electrodes

The thermal stability of the electrode was verified by subjecting it to diffe-
rent temperatures (15, 25 35 and 45 °C) for 2 h under dry conditions. The shapes
of voltammetric curves were maintained and only a 6.5 % decrease of initial peak
current was observed at the highest temperature (45 °C). The good thermal sta-
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542 SABZI, REZAPOUR and SAMADI

bility of the PANi-MWCNTSs composite may be attributed to the stability of PANi
itself and the protective effect of PANi against desorption of MWCNTS from the
composite.
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Fig. 3. The FTIR spectra of a) MWCNTSs and b) c-MWCNTs.

Response time, reversibility and reproducibility of the electrode

The electrode response time was less than 20 s. The inset of Fig. 4 shows the
calibration graph. The long-term response of the electrode for DA determination
under hydrodynamic conditions was evaluated at 30-min intervals. The experi-
mental results show that there was no appreciable change in the response for DA
determination over time suggesting that the electrode remains stable even under
stirring and, hence, may be used as a sensor for the determination of DA in flow
systems. The response of the modified electrode remained reproducible and stable
for almost one month without the need for its reactivation or remodification.

To characterize the reproducibility of the preparation of the PANi-
MWCNTs composite, repetitive preparations of PANi-MWCNTs composite
were made and tested. The relative standard deviation in the accompanying
electrode signal for 5 successive preparations on different days was 6.8 %,
indicating that successive preparations of PANi-MWCNTSs yields a reproducible
electrode activity. The modified electrode also exhibited high stability. For
example, only a 5.4 % drop in the electrode signal from its initial response was
observed when the electrode was used successively during a 1-day period.
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Reproducibility of the PANi-MWCNTs composite modified electrodes stored
in air or phosphate buffer at room temperature were investigated by measuring
their current responses under both storage conditions at weekly intervals. The ex-
perimental results show that during a 4-week storage period of electrodes in a 0.10
M phosphate buffer solution and in air, the response currents of the PANi/
IMWCNTSs composite modified electrodes decreased gradually to 12 and 19 % of
their initial values, respectively.
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Fig. 4. Amperometric current response curves resulting from experiments with
a) a PANi-MWCNTSs nanocomposite electrode and b) a PANiI carbon paste electrode.
The points on the curves follow successive additions of 50 uM DA in 0.10 M phosphate
buffer at pH 7.0 and 0.70 V (the corresponding calibration curves are given in the inset).

Electrocatalysis of dopamine oxidation

Amperometric studies. Typical current-time plots for the PANi-MWCNT
and PANi composites upon successive addition of 50 uM dopamine under stirred
conditions at 0.70 V are illustrated in Fig. 4. The PANi-MWCNT composites at-
tained 95 % of the steady-state current within a reaction time of 15 s. The cali-
bration curve of dopamine at the PANi-MWCNT composite electrode is shown
in Fig. 4 (inset). The composite electrode exhibited a linear response to DA in the
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range from 50.0 to 385 puM with a correlation coefficient of 0.9979. The elec-
trode was found to have a low detection limit of 38 uM.

Cyclic voltammetry studies. Cyclic voltammetry was performed to study the
electrocatalytic behavior of PANi-MWCNTSs toward the oxidation of DA in 0.10
M phosphate buffer (pH 7.0) and to compare to different composite electrodes.
The cyclic voltammograms of PANi-MWCNTSs, PANi, MWCNTSs and carbon
paste electrodes in the presence of 3.7 mM of DA are shown in Fig. 5.
Experiments with PANi-MWCNTSs resulted in pronounced electrocatalytic
activity for the oxidation of DA in comparison to those using a PANi electrode
alone, MWCNT or a carbon paste electrodes (Fig. 5). The peak current enhan-
cement for DA oxidation (2.56 mA cm’z) at a low oxidation potential (Epa = 269
mV vs.SCE) is clearly observed. The enhanced current peak and the negative
shift (see Table I) in the oxidation overvoltage for DA oxidation indicates
enhanced electrocatalytic activity associated with the PANi-MWCNTS electrode.
The observed shift in the oxidation overvoltage for DA oxidation may be related
to kinetic and transport effects of DA at the PANi-MWCNT interface. A sub-
stantial increase in the electron transfer rate at an electrode may promote en-
hancement of the oxidation of DA.

3 —
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02 00 02 04 05
E/Vvs SCE

Fig. 5. Cyclic voltammograms of a) a carbon paste electrode, b) PANi,

¢) MWCNTs and d) PANi-MWCNTSs in the presence of 3.7 mM DA.
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Table I. Oxidation potential of DA using different electrodes

Composite electrode DA oxidation potential, mV vs. SCE
Carbon paste 313
MWCNTSs 308
PANi 300
PANi-MWCNTSs 269

Chronoamperometric studies. Chronoamperometry was used to calculate the
diffusion coefficient of DA. The well-defined chronoamperograms acquired for
PANi-MWCNT modified electrodes at applied potential steps of 0.50 and 0.0 V
for the forward and backward chronoamperometry, respectively, both in the ab-
sence and presence of 1.66 and 2.85 mM DA, are shown in Fig. 6. The forward
and backward potential step chronoamperometry of the composite electrode in
the absence of DA shows very symmetrical chronoamperograms with an equal
charge consumed for the oxidation and reduction of the surface-confined PANi-
—MWCNT sites. For electro-active materials with a diffusion coefficient D, the
current corresponding to the electrochemical reaction (under diffusion control) is
described by the Cottrell Law:*®

| = nFADY%¢(xt)~1/2 (2)
where D and c are the diffusion coefficient (cm2 s~1) and bulk concentration (mol
cm-3), respectively. Thus, a plot of | vs. t-1/2 should be linear and from its slope,
the value of D can be obtained.
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Fig. 6. Chronoamperograms acquired with a PANi-MWCNT composite electrode in
0.10 M phosphate buffer, pH 7.0, in a) the absence, b) presence of 1.66 mM DA and
c) presence of 2.85 mM DA.
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The mean value of D was found to be (7.98+0.8)x10~7 cm2 s~1 (for 5 repeti-
tions and at the 95 % confidence limit). Chronoamperometry also can be used to
evaluate the Kkinetics of a reaction. At intermediate times (0.1-5 s in the present
work), the catalytic current (Ica) is dominated by the rate of electron cross-ex-
change between the PANi-MWCNT redox sites and DA. The rate constant in
this time limit was determined according to Eq. (3) as described in the litera-
ture:27

leadlL = pY/271/2 = 7l/2keqt 3)

where k, Co, t, lcat and I are the catalytic rate constant (dm3 mol-1 s-1), analyte
concentration (mol dm=3), time elapsed (s), and current of the PANi-MWCNT
composite electrodes in the presence and absence of DA, respectively. From the
slope of the Ica/1. vs. t1/2 plot, the value of k for a given concentration of DA can
be calculated. According to the experimental data, the value of k was found to be
(8.33+0.072)x104 dm3 mol-1 s~1 (for 6 repetitions and at the 95 % confidence
limit).

Study of interferences

The possible interferences from substances such as ascorbic acid, AA, and
uric acid, UA, were evaluated using the Differential Pulse VVoltammetry (DPV)
technique. Oxidation of DA on a PANi-MWCNTSs electrode in 0.10 M phospha-
te buffer solution (pH 6.0) occurred at 0.10 V vs. SCE. The oxidation of ascorbic
acid at the same concentration and pH resulted in a peak at 0.18 V vs. SCE in
0.10 M phosphate buffer (pH 6.0). Under identical solution conditions (0.10 M
phosphate buffer, pH 6.0), uric acid produced a peak at 0.32 V vs. SCE. Ac-
cording to the experimental results, the amount of DA can be determined in the
presence of ascorbic acid or uric acid by adjusting the pH.

According to the experimental results obtained using the PANi-MWCNTSs
electrode, the peak separation of DA vs. ascorbic acid realized by the DPV tech-
nigue is less than 0.10 V. A similar investigation with DA and uric acid identified
a peak separation of 0.22 V. Typical amounts in grams of DA determined by the
DPV method in the presence of ascorbic acid or uric acid are shown in Fig. 7,
from which it can be seen that successive additions of uric acid or ascorbic acid
causes an increase in the peak current. From this, it can be concluded that the
determination of the amount of DA in the presence of ascorbic acid or uric acid is
possible using this electrode.

Analytical application to real samples

The applicability of the modified electrode was evaluated by measuring the
concentration of DA in pharmaceutical injection samples. The injection samples
were diluted with phosphate buffer solution (pH 6.0) without any further treat-
ment. The DPVs for a DA sample in phosphate buffer solution were recorded.
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An oxidation peak at 0.10 V was observed, which was assigned to the oxidation
of DA. To check that the observed oxidation peak at 0.1 V did in fact originate
from DA, a secondary experiment was performed in which the sample was
spiked with specific amounts of a DA standard solution and the corresponding
DPVs were recorded. The obvious increase in the peak current after addition of
DA to the injection sample is a clear sign that the observed peak corresponded to
the oxidation of DA.
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Fig. 7. DPV Voltammograms of a PANi-MWCNT electrode for A) peak I- 50 uM of DA and
peak Il — different concentrations of UA (a—n: 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75

and 80 uM) and B) peak I — different concentrations of DA (a—g: 40, 50, 60, 70, 800, 100 and
120 uM) and peak Il — 50 uM of AA in phosphate buffer (pH 6.0).
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The relative recoveries of DA for some injection samples were investigated.
For this purpose, an analytical curve was constructed using hydrodynamic vol-
tammetry. Thus, a voltage 0.30 V vs. SCE was applied to the electrode and the
samples were analyzed using a calibration plot. In addition, a definite quantity of
standard DA solution was added to the corresponding injection samples in order
to test for DA recovery. Typical results are shown in Table Il. The recovery was
acceptable, showing that the proposed methods could be efficiently employed for
the quantification of DA in pharmaceutical injection samples. The recoveries of
DA observed after spiking pharmaceutical injection samples (n = 3) with a fixed
quantity of DA solution varied from 97 to 99 % (Table Il) using the proposed
Sensor.

Table 1. Results of the determination of DA in pharmaceutical injection samples (DA spiking,
50.0x10™° mol dm®)

Sample DA Found, 10™ mol dm™ Recovery, %
1 49.5 99
2 48.5 97
3 48.5 97

CONCLUSIONS

The preparation of PANi-MWCNTSs and their employment for the measu-
rement of the electrocatalytic activity of DA have been described. The PANi-
—MWCNT nanocomposites were prepared using an in situ chemical polymeri-
zation reaction between MWCNTs and PANi monomer. The presence of func-
tionalized MWCNT composites caused an increase in the DA oxidation current.
The morphology of the PANi-MWCNTSs was studied by the SEM technique and
FTIR spectroscopy confirmed the incorporation of carboxylic acid groups into
the MWCNTSs.

M3BOJ

HAHOKOMIIO3UT ITOJIMAHUIIMHA 1 YTJbBEHUYHUX HAHOLEBU
KAO JOITAMUMHCKH CEH30P

REZA EMAMALI SABZI? KAMRAN REZAPOUR® u NASER SAMADI*

lDepartment of Chemistry, Faculty of Science, Urmia University, Urmia u 2|nstitute of Biotechnology,
Urmia University, Urmia, Iran

KoMmmo3uTHH Marepujai MOJMAHWIMHA M BHUIICCIOJHUX yribeHHMYHHX HaHoueBd (PANi-
—MWCNT) je cunterrcan meTtomom in Situ xemujcke okcumaTHBHE TonuMepu3anuje. Hanodec-
THLE MOJUAHWINHA Cy CHHTETHCAHE XEMUjCKUM IyTeM KOpHIINeHeM aHWIMHA Ka0 MOHOMEpa M
aMOHH]jyM-TIepoKcoIuCyI(aTa Kao OKCHAAIMOHOr cpeacTBa. HaHOKOMITO3UTHU MaTepuja je mpH-
npemMJbeH KopumhemeM (yHKIHOHAIN30BAaHUX BHUIIECIOJHUX YIJbGHHYHNX HAHOLIEBU M HaHOYEC-
THIA NOJIMaHWINHA y BULy yribeHuuHe nacre. Kommoszur PANi-MWCNT je kapakrtepucaH cke-
HUpajyhoM eTeKTpOHCKOM MHKPOCKOIHjOM, JIOK je HeTOBO €JIEKTPOXEMHU)CKO ITOHAIIAmke Y KHce-
aom pactBopy (HCI) ncnurano mmkindHoM BoiTtameTpujoM. EnlekTpoaa HampaBibeHa O KOMIIO-
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3uta PANi-MWCNT je xopumiheHa 3a ucnuTuBame NOMaMHHA Kao EIEKTPOAKTUBHE BpcTe. Pe-
3yJITaTH UUKINYIHE BOJITAMETPHje Cy MOKa3alH [a BUIIECIOjHE YIJbCHHYHE HAHOLEBH 3HAYajHO
060JbIIABAjy SIEKTPOKATATUTHIKY aKTHBHOCT 33 OKCHIAIHM]y qomamuHa. KuHeTHKa oBe peakuuje
je ucIMTHBaHA MeToJoM XpoHoamrepomerpuje. OxpeleHa je cpenma BpeJHOCT Koe(hHIHMjeHTa
madysuje ((7,9810,8)><10'7 cm? s’l) U KOHCTaHTa Op3WHE KaTaJUTHYKE OKCHJIAILMje JoNaMuHa
((8,33+0,072)x10* dm* mol™ s%).
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Abstract: In this study, the Cr(VI) removal potential of waste mycelium from
the industrial xylanase-producing strain Aspergillus awamori was evaluated. It
was determined by FTIR analysis that amino groups from the major fungal
wall constituents, chitin and chitosan, played a key role in the metal binding
process. The effect of pH, initial ion concentration, temperature and amount of
biomass on the removal was also studied. The removal efficiency increased
with decreasing pH and increasing temperature and amount of biomass. The
mechanism of Cr(VI) removal by A. awamori can be explained by a two-stage
process involving an initial adsorption stage followed by a reducing stage. The
removal process was described by a second-order polynomial and the optimal
process parameters for attaining Ry 94.4 % in 48 h were predicted, i.e., pH
1.5 and t = 40 °C. From both economic and ecological points of view, a pro-
mising possibility for the utilization of waste industrial mycelium of A. awa-
mori as a low-cost Cr(VI) removal agent was proposed.

Keywords: Aspergillus awamori; Cr(\V1) removal; waste fungal mycelium.

INTRODUCTION

Due to the accelerated development of various industries, constantly in-
creasing amounts of pollutants are annually discharged into ecosystems. Environ-
mental pollution with industrial wastewaters contaminated with heavy metals has
become one of the major ecological problems. One such heavy metal is Cr(VI).
Due to its carcinogenic, mutagenic, teratogenic and tissue damaging potential,
Cr(V1) is known to be very toxic to both plants and animals and has been clas-
sified in Group A of human carcinogens.1=# The high risk of Cr(V1) bioaccu-
mulation through the food chain and the disadvantages of traditional chemical
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methods for metal removal have led scientific attention to be focused on non-
-conventional, biological methods for Cr(VI) removal by various biomaterials,
such as bacteria, yeast, algae, seaweed, filamentous fungi and agricultural waste
biomass.>=20 On the one hand, compared to living and resting cells, non-living
cells possess higher metal removal capacities.11.21-23 On the other hand, from
both economic and ecological points of view, it is very important to utilize in-
expensive and waste biomaterials as metal removal agents. Many of the cited
studies for Cr(VI) removal were not realized with waste fungal biomasses, but
with especially cultivated fungal strains that were then killed. Filamentous fungi
belonging to genera Aspergillus, Penicillium and Rhizopus are intensively used in
fermentation industries for producing enzymes, antibiotics and other bioproducts,
which means large amounts of waste fungal mycelium are produced annually.
Only Fourest and Roux24 and Gulati et al.2> have studied the biosorption of Cu,
Ni, Zn, Cd and Pb by waste fungal mycelium of A. terreus and R. arrhizus
obtained as by-products from industrial fermentation processes. To the best of
our knowledge, no articles considering Cr(VI) removal using waste fungal myce-
lium from industrial fermentations exist in the literature.

The aim of this study was to evaluate for the first time the potential of waste
mycelium of the industrial xylanase-producing strain A. awamori for Cr(V1) re-
moval from aqueous solutions. The cell surface binding groups before and after
Cr(V1) removal were detected. The effects of pH, initial Cr(VI) concentration,
amount of biomass and temperature on metal removal from aqueous solutions
were studied in a batch system. The activation energy of the process was calcu-
lated and Cr(VI1) removal was explained by a pseudo-first order kinetic model.

EXPERIMENTAL
Preparation of the biosorbent

Waste mycelium of the industrial strain A. awamori was harvested by filtration at the end
of the fermentation process for the industrial production of a complex enzyme preparation
with a leading xylanase activity.2627 The waste mycelium was Killed by autoclaving at 121 °C
for 20 min, washed thoroughly with deionized water and dried in an oven at 80 °C for 10 h.
Then it was powdered to particles of uniform size of about 100 um. This powdered biomass
was used in the further biosorption experiments.

Chemical modification of the amino groups

Formaldehyde and sodium iodoacetate treatment were performed as described by Park et
al.Z8 Acetic anhydride treatment was performed as described by Bai et al.1l At the end of the
treatment procedures, biosorbent was separated, washed with deionized water and dried in an
oven at 80 °C for 10 h.

Preparation of the Cr(VI) solution

A stock solution (1000 mg L-1) of Cr(V1) was prepared by dissolving the adequate amount
of K,Cr,07 (Merck, Darmstadt, Germany) in deionized water. For metal biosorption experi-
ments, Cr solutions of different concentrations (25, 50 and 100 mg L) were prepared by
appropriate dilution of the stock solution with deionized water.
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Analysis of the Cr concentration

The residual Cr(VI) concentration after biosorption was determined spectrophotomet-
rically (Camspec, UK) at 540 nm using 1,5-diphenylcarbazide as the complexing agent in aci-
dic solution.?® To estimate the total chromium concentration, Cr(ll1) was first converted to
Cr(V1) at 130-140 °C by the addition of excess of KMnQO, prior to the 1,5-diphenylcarbazide
reaction. The Cr(I11) concentration was calculated from the difference between the total chro-
mium and the Cr(VI) concentration. The detection limit was 0.03 mg L.

Biosorption studies

In order to evaluate the effect of pH, initial Cr(\VI) concentration, amount of biosorbent
and temperature, a series of biosorbtion experiments were performed in a batch system. The
pH of the metal solution was adjusted to values between 1.5 and 4.0 using 1.0 M HCl or 1.0
M NaOH. Biosorption of Cr was realized at temperatures ranging from 20 to 40 °C. The effect
of the quantity of biosorbent was studied at concentrations ranging from 1 to 20 g L'1. A
known amount of biosorbent was added to 100 mL Cr(VI) solution of the desired concen-
tration and pH in 250 mL Erlenmeyer flasks. The flasks were placed on a rotary shaker at the
desired temperature and 150 rpm for 48 h. At the end of the biosorption process, the bio-
sorbent was separated from the solution by filtration and residual Cr(VI) concentration was
measured as given above. To eliminate the probable influence of glassware and filter papers
on the metal sorption capacity, the Cr(\VI) concentration was measured under the same batch
experimental conditions (pH, temperature, duration and agitation) without using biosorbent.

All experiments were performed in triplicate. For all graphical representation, the mean
values of three independent experiments were considered and standard deviations within the
triplicates were too small to be plotted as error bars (< 1 %).

Removal efficiency of Cr(VI)
The removal efficiency was calculated as:
R=1009_t

Ci

where: ¢; and ¢; denote respectively the initial concentration of Cr(\VI) and final residual con-
centration of Cr(V1) at the moment t, in mg L1,
Fourier transform infrared spectroscopy

The chemical characteristics of the biosorbent surface before and after Cr(\I1) adsorption
were analyzed and interpreted by FTIR spectroscopy of the biomass in KBr pellets using a

Perkin—Elmer Spectrum One, FT-IR spectrometer equipped with software Spectrum, v. 5.0.2,
for interactive interpretation of possible structure units.

RESULTS AND DISCUSSION
FTIR Analysis of the biosorbent

Biosorption is defined as the property of microorganisms to accumulate me-
tal ions by adsorption on the cell surface. The major constituents of fungal cell
wall are carbohydrates chitin (3-39 %) and chitosan (5-33 %), polyuronide and
polyphosphates (2-12 %), lipids (2—7 %) and proteins (0.5-2.5 %) and there are
marked variations in the wall composition between different fungal taxonomic
groups.23.24 For this reason, to study the mechanism of Cr(VI) removal by waste

1)
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mycelium of xylanase-producing A. awamori, the active chemical groups on the
cell surface before and after Cr(VI) removal were evaluated by FTIR spectres-
copy. The obtained results are shown in Fig. 1.
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Fig. 1. FTIR Spectra of waste A. awamori biomass before (1) and after (2) Cr(IV) adsorption.

The FTIR spectroscopic analysis indicated broad absorption bands at 3291
cm~1, representing the —OH groups of glucose and the —NH stretching of the
proteins and the acetamido group of chitin. The absorption bands at 2159 and
2024 cm~1 can be assigned to C=0 and C=N groups. The absorption band at
1646 cm~1 can be attributed to the amide bond in the N-acetyl glucosamine
polymer of the protein peptide bond. The strong absorption band at 1035 cm-1
could be assigned to the —CN stretching vibrations of the chitin—chitosan and
protein fractions. The spectral analysis before and after Cr(V1) binding indicated
that -NH group were involved in the binding process because there were sub-
stantial changes in the absorption intensity of the -NH bending (1646 cm~1) and
-NH stretching (3291 cm=1) bands after Cr(V1) adsorption. As chitin and chi-
tosan are the major constituents of the fungal cell wall and major donors of -NH
groups, their key role in the Cr(VI) removal process can be assumed. The results
obtained were in accordance with published FTIR spectra of untreated Rhizopus
nigricans biomass before and after Cr(VI) adsorption and the active groups in-
volved in the metal binding process and major fungal cell wall constituents,11,23,24
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Chemical modification of amino groups

To elucidate the role of amino groups in Cr(VI) removal, they were modified
by chemical treatment with a mixture of formaldehyde and formic acid, acetic
anhydride and sodium iodoacetate. The chromium removal capacity of the che-
mically treated biosorbent was compared to that of untreated biosorbent. The re-
sults are shown in Fig. 2.

120 .

100 -

80

60|

40

201 Fig. 2. Effect of chemical modi-
fication of the amino groups on

0 the Cr(VI) removal capacity of

Untreated control Formaldehyde Acetic anhydride Sodium iodoacetate Waste A. awamori biomass.

Ri%

As shown, Cr(VI) removal from the aqueous solution was dependent on the
chemical treatment of the biosorbent. Formaldehyde treatment caused methyl-
ation of the amino groups and reduced the number of positively charged sides on
the biosorbent surface, which significantly reduced Cr(VI) removal by about 42
% compared to untreated biosorbent. An about 21 % reduction in Cr(\VI) removal
by the acetic anhydride-treated biosorbent in comparison to the untreated was
determined. Acetic anhydride caused acetylation of the amino groups and in this
way also reduced the number of positively charged groups on the surface of the
biosorbent.1! Treatment of the biosorbent with sodium iodacetate caused a 12 %
reduction in Cr(VI) removal compared to that of the native biosorbent. Sodium
iodacetate attaches to and neutralizes amino groups at low pH values by intro-
ducing carboxyl groups.28 The obtained results confirmed our assumption that
positively charged amino groups play a key role in Cr(\V1) removal from aqueous
solutions by waste mycelium of A. awamori. Among the tested treatment pro-
cedures, replacement of amino groups with carboxyl groups demonstrated the
smallest negative effect on the removal process, which means that carboxyl
groups may also participate in the Cr(\VI) removal process. The results obtained
are in accordance with data published by other authors.11.28
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Effect of pH

The pH of the metal solution is one of the major factors affecting the Cr(VI)
removal process.10.22 The effect of the initial pH on Cr(V1) removal by waste A.
awamori biomass was evaluated in the range from 1.5 to 4. The results are shown
in Fig. 3.

100

80
60 -
s
[
40 -
20
Fig. 3. Effect of pH on
Cr(VI1) removal by waste A.
0 ' ' ' ' ' awamori biomass (c, = 25
15 20 25 30 3is 4.0 mg |_'1l V =100 mL, W =

pH =1gL"% r=48h).

Increasing the initial pH of the solution from 1.5 to 4 decreased Cr(VI)
removal by A. awamori from 89.26 to 27.50 %. The effect of pH can be ex-
plained by its influence on the protonation of the functional groups on the cell
surface.1129 At the pH values 1.5 and 2, functional groups such as amino groups
are protonated (NH3*) and chromate ions are in the forms CrpO7~ and HCryO4™.
The negatively charged dichromate ions are electrostatically attracted by the po-
sitively charged amino groups but at these pH values, Cr(VI) is also rapidly re-
duce to Cr(111).10.31-33 Dyring and after the Cr(VI) removal process, the pH was
almost constant and varied in a very narrow interval between 2.00-2.12, which
means that the removal mechanism is not ion exchange. The removal of Cr(VI)
from aqueous solution by waste mycelium of A, awamori is probably due to a
combination of two processes: Cr(VI) adsorption by the biomass and its reduc-
tion to the less toxic Cr(l11). Park et al. published that the contact time for Cr(\VI)
removal is a pH dependent process and at pH 2.0 and an initial concentration of
25 mg L1, Cr(VI) was removed completely by dead Aspergillus niger biomass
in about 30 h.3 In the present study, a Cr(V1) removal of 89.26 % was reached at
pH 2.0 after 48 h. Based on the performed experiments, pH 2.0 was selected as
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CHROMIUM(VI) REMOVAL BY A. awamori 557

the most appropriate pH value for Cr(VI) removal by waste mycelium of A. awa-
mori and all of the following experiments were performed at pH 2.0.

Effect of the initial Cr(VI) concentration and the amount of biomass

The effect of the initial Cr(\VI) concentration on the effectiveness of the re-
moval process was studied at three concentrations: 25, 50 and 100 mg L1 and
the results are shown in Fig. 4.

-1
100, —— Fmel

—-— ﬂ]mgL'l
{ = l00mgL?!
80 -
£ 60
-
40
20 -
Fig. 4. Effect of initial Cr(VI)
concentration on the removal
efficiency of waste A. awamori
1] 10 20 30 40 20 a0

biomass (V=100 mL,W=1g¢
T /h L™, z=48h).

As shown, after a 48-h contact time, 87.0, 82.4 and 78.6 % removal was
attained for initial Cr(VI) concentrations of 25, 50 and 100 mg L1, respectively.
Thus, lowering the initial Cr(\VI) concentration increased the % metal removed
for a 48-h contact time. According to Park et al., increasing the initial metal ion
concentration prolonged the process for complete Cr(VI) removal.10.31

To evaluate the effect of the biomass concentration, experiments were per-
formed in which the biomass concentration was varied from 0.5 to 2 g/100 mL
and the results are shown in Fig. 5.

The obtained results indicate that increasing the biomass concentration
increased the Cr(V1) removal. This fact may be attributed to the higher number of
active groups available for Cr(VI) adsorption and reduction because of the in-
creased amount of A. awamori biomass.

Effect of temperature

Another major factor affecting both processes the adsorption and reduction
processes is temperature. The effect of temperature on the Cr(VI1) removal pro-
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cess by waste biomass of A. awamori at three temperatures: 20, 30 and 40 °C was
studied and the results are shown in Fig. 6.

Increasing of temperature increased the Cr(VI) removal. According to Wit-
tbrodt and Palmer, increased temperature induces and accelerates the rate of
redox reactions.34

88
87
2
< 86 -
[+
85
Fig. 5. Effect of biomass con-
centration on Cr(VI) removal
84 0 "1 ‘; 1'2 1;5 2'0 2'4 by waste A. awamori biomass
(co=25mg L V=100 mL,
migl? r=48h).
m -
_e 2rcC
—— 3IrC
5 4
—oarce
z] 4
_:J
215 -
E
10
5 -
0 Fig. 6. Effect of temperature on
ottt Cr(VI) removal by waste A,
0 10 20 30 40 50 60

awamori biomass (¢ = 25 mg
t/h L V=100 mL, =48 h).

A pseudo-first order equation with respect to the Cr(\VI1) concentration was
used:
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log (¢, —¢¢ )=—— —+1log ¢ 2
where ¢, ¢f and cg are the concentration of Cr(V1) at the moment t, and the final
and the initial Cr(VI) concentrations, respectively, and Kk is the rate constant.

In order to determine the reaction rate constants, log (c; — cf) was plotted vs.
time (Fig. 7). The calculated rate constants and the correlation coefficients are
shown in Table I.

1 « 2*C
12 4 = 30%C
) & 40°C

Iog {C, - Cl)

Fig. 7. Pseudo-first kinetic mo-
del for Cr(VI) removal by was-
te A. awamori biomass (¢, = 25
. mgL%V=100mL, W=1g.L"
T /min t=48h).

1] 5 10 15 20 25 an 35 40

TABLE 1. Reaction rate constants and correlation coefficients for Cr(VI) removal at different
temperatures

t/°C k/ht R

20 0.0949 0.998
30 0.0956 0.992
37 0.1075 0.987

The activation energy for the Cr(VI) removal process was determined by the
Arrhenius Equation. The activation energy of Cr(VI) removal by waste biomass
of A. awamori was calculated to be 5.15 kJ mol-Ll. Park et al. reported an
activation energy of 7.8 kJ mol-1 for the same temperature interval for Cr(VI)
removal by dead biomass of A. niger, which means that the removal process
realized with A. awamori will be faster.31

Mechanism of Cr(VI) removal

In an attempt to explain the mechanism of Cr(VI) removal by waste biomass
of A. awamori, decreasing Cr(VI) concentrations and increasing Cr(l1l) concen-
trations in time were studied. The results are shown in Fig. 8.
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560 GOCHEYV, VELKOVA and STOYTCHEVA

As can be seen, the Cr(VI) concentration decreased with time. Cr(I1l) was
not observed in the solution at the beginning of the removal process but it
appeared with time. Probably during the first stage, when Cr(111) was absent (first
8 hours), Cr(V1) adsorbed to protonated active groups on the biomass surface.
Then, during the second stage, some of the Cr(VI) was easily or spontaneously
reduced to Cr(lll), as reported by Lytle et al.31. After 48 h, the concentration of
Cr(l11) reached 7.25 mg L-1. The results obtained demonstrated that both pro-
cesses, adsorption and reduction, were involved in the removal process and were
described well by the two stage Cr(VI) removal mechanism proposed by Park et
al.10.31 Taking into consideration the previously obtained experimental data, a
model based on a second degree polynomial was chosen to describe the depen-
dences between R = f(pH) and R = (T), i.e.:

z = a+ bx +cy +dy2 (3)

where z is the removal efficiency, x is the pH of the solution and y is the
temperature.

30 4
e
25 4 —a— ()

20

B

15

ce/mgL

10

Fig. 8. Time curves of Cr(VI)
0 ' T ' ' ' ) ' ' " and Cr(lll) concentrations (pH

0 10 20 2 0 020, ¢ =25 mg L*, V = 100
T /h mL,W=1gL™.

The inputs of the model were the temperature and pH, and the output was the
removal efficiency. The coefficients a, b, ¢ and d of the postulated polynomial
model were determined by means of the D-optimum composition plan.3% The
independent factors were varied as follow: 1.5 < pH < 4.0 and 20 °C <t < 40 °C.
The experimental matrix of the DOE, applied for the modelling and optimisation
of the R of Cr(VI) by waste A. awamori biomass is shown in Table II.

The mathematical analysis of the results led to a suitable response model
according to the following equation:

(z/ %) = 59.547 + 23.468pH2 + 0.461(t / °C) (6)
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CHROMIUM(VI) REMOVAL BY A. awamori 561

The values of statistics r2 and rzadjusted were 0.9891 and 0.9874, respecti-
vely. The model is shown in graphical form in Fig. 9.

Maximization of the model allowed the optimal set of parameters for reach-
ing maximum removal to be predicted, i.e., Rmax = 94.4 %, pH 1.5 and t = 40 °C.

TABLE IlI. Experimental matrix of DOE applied for the modelling and optimisation of the
removal of Cr(VI) from aqueous solutions by waste A. awamori biomass (V = 100 mL, ¢, = 25
mgL' r=48h,W=1g.L"

No. pH t/°C R/% No. pH t/°C R/% No. pH t/°C R/%
1 15 20 8479 11 35 25 4968 21 25 35 85.84
2 2 20 83.64 12 4 25 3588 22 3 35 72.04
3 25 20 79.72 13 15 30 8926 23 35 35 54.04
4 3 20 6592 14 2 30 87 24 4 35 40.24
5 35 20 4792 15 25 30 8310 25 15 40 94.38
6 4 20 3412 16 3 30 66.26 26 2 40 92.32
7 15 25 86.76 17 35 30 5125 27 25 40 88.40
8 2 25 85.40 18 4 30 3750 28 3 40 74.60
9 25 25 81.48 19 15 35 9184 29 35 40 59.28
10 3 25 67.68 20 2 35 89.76 30 4 40 42.80

100
a0
g0

Ff% 70
60
50

40

a Fig. 9. Removal efficiency of Cr(VI) by waste

A. awamori biomass as a function of pH and
temperature (co = 25 mg L™, 7= 48 h).

Usually for comparing the biosorption potential of various biosorbents, the
sorption capacity of the biomaterial, expressed as mg or mol metal ion adsorbed
per gram of biomass, is used. The results obtained in the present study and those
published by Park et al.10.31 and Lytle et al.32. unambiguously proved that
Cr(VI) removal from aqueous solutions is not pure biosorption, but rather a
combination of biosorption and reduction. For this reason, it was decided to
compare the studied biosorbent with other Cr(\V1) biosorbents based on removal
capacity not on specific sorption capacity (Table I11). As can be seen, waste my-
celium of A. awamori is competitive with other fungal biosorbents, because using
an about five times shorter contact time, relatively high Cr(VI) removal was
reached. For the same contact time, only the removal capacity of the biosorbent
from Rhizopus oryzae exceeded the removal capacity of waste mycelium of A.
awamori. The major advantage of A. awamori mycelium over other fungal
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biosorbents is not only the high Cr(VI) removal capacity and relatively short
contact time, but also its low cost, because it is a waste product from enzyme
production. Most of the other published Cr(V1) fungal biosorbents were specially
cultivated and then killed for preparation of the biosorbent, which inevitably
increases the total costs of the removal process, especially if large amounts of
polluted solutions are to be treated. Real industrial wastewaters are multicompo-
nent systems containing various organic and inorganic compounds that can ne-
gatively influence the metal removal process.36 According to Gadd, one of the
major disadvantages of the currently published research in the sphere of biosorp-
tion is the lack of information concerning the applicability of the results in real
industrial effluents and scale-up of the removal process to the industrial scale.37
For these reasons, the present results for the removal of Cr(VI) from aqueous
solutions by waste mycelium of A. awamori cannot be applied directly to real
wastewaters and additional experiments are a necessity.

TABLE I11. Cr(VI) removal capacity of various fungal biosorbents (pH 2.0, W=5g L™

Biosorbent c/mgLt z/h Cr(VI) Removal, % Reference
Aspergillus awamori 50 48 85.46 Current study
Rhizopus oryzae 50 48 100 22
Aspergillus niger 50 218 100 22
Penicillium chryzogenum 50 218 100 22
Saccharomyces cerevisiae 50 254 100 22
Aspergillus sp. 500 24 36 30

CONCLUSIONS

It was demonstrated by FTIR analysis and chemical treatment of the bio-
sorbent that amino groups from the major fungal wall constituents, chitin and
chitosan, played a key role in the Cr(VI) removal process. The effectiveness of
the removal process depended mainly on pH followed by temperature, amount of
biomass and initial Cr(\V1) concentration. The process can be explained by an in-
direct two-stage mechanism involving first an adsorption stage and then a reduc-
ing stage. The activation energy of Cr(VI) removal by waste biomass of A. awa-
mori was lower than that of the same process based using dead biomass from A.
niger. The removal process could be described by a second-degree polynomial
and the optimal process parameters for attaining an Ryax of 94.4 % in 48 h were
predicted (pH 1.5 and t = 40 °C). Based on the performed experiments and the
obtained results, it can be summarized that waste mycelium from the industrial
xylanase-producing strain A. awamori is a prospective, competitive and low-cost
biomaterial with possible application in Cr(\VI) removal. Further experiments for
application of the current results and waste mycelium of A. awamori for Cr(VI)
removal from real industrial wastewaters and a study of the process in a column
bioreactor are in progress.

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

2010 Copyright (CC) SCS



CHROMIUM(VI) REMOVAL BY A. awamori 563

Acknowledgment. The present study was financially supported by the NSFB project
GAMA DO 02-70 11/12/2009 of the Bulgarian Ministry of Education.

M3BOJ

VKIIABAKBE HLIECTOBAJIHETHOI' XPOMA OTITAJAHUM MU EJINIYMOM
I'JBUBE Aspergillus awamori
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VY 0BOM pajy je NmpolemheH NoTeHImjan ykiamama Cr(VI) oTnagHuM MUIEIHjyMOM HHIYC-
tpujckor coja Aspergillus awamori koju ce koprcTu 3a npou3BoAky kcminanase. FTIR Ananuzom
je ozpeheHo ma cy aMHHO Irpyrie OCHOBHHX cacTojaka feNijcKor 3uja ribuBe, IMTHHA U LIUTO3aHa,
Urpajie KJby4Hy yJIOry y MpoLecy Be3uBama Merana. Takolje je ucruruBan u ytunaj pH, moderHe
KOHIIEHTpAaIHje joOHa, TEMIIEpaType u KONW4YrHe OnomMace Ha Ipolec yKiIamama. MexaHn3aMm yKia-
wama Cr(VI) risBom A, awamori Moske OUTH 00jalllFbeH POLECOM Yy 1Ba CTYIEba, KOjH Ce CaCTOj!
0] IOYETHOT aJICOPIIIIMOHOT CTyNamba 3a KOjUM CJIeH cTynam peaykuuje. [Iporec ykinamama onu-
CaH je MOJMHOMOM JIPYTor peia, a YTBphEHH Cy W ONTHMAJHH ITapaMEeTpH 3a MOCTH3amkbe Rmax O
94,4 % 3a 48 h, 1j. pH 1,5 u t = 40 °C. IIpennoxeHa je obehasajyha moryhrocT ynorpe6e ot-
aJIHOT MHAYCTPHjCKOT MULIEIHjyMa TJbuBe A. awamori kao jedruor arexca 3a ykiamamme Cr(VI)
ca eKOHOMCKOT' ¥ €KOJIOILIKOT TJISHIITA.

(Mpumsseno 31. mapra, pesuaupano 15. jyna 2009)

REFERENCES

1. M. Costa, Toxicol. Appl. Pharmacol. 188 (2003) 1
2. D.Park, Y.S.Yun, J. M. Park, Ind. Eng. Chem. Res. 45 (2006) 2405
3. C. Pellerin, S. M. Booker, Environ. Health Persp. 108 (2000) 402
4. M. V. Subbaiah, S. Kalyani, G. S. Reddy, V. M. Boddu, A. Krishnaiah, E.-J. Chem. 5
(2008) 499
5. K. Vijayaraghavan, Y. S. Yun, Biotechnol. Adv. 26 (2008) 266
6. J. Wang, C. Chen, Biotechnol. Adv. 24 (2006) 427
7. V. K. Gupta, A. K. Shrivastava, N. Jain, Water Res. 35 (2001) 4075
8. D.Park, Y.S. Yun, H. Y. Cho, J. M. Park, Ind. Eng. Chem. Res. 43 (2004) 8226
9. D.Park, Y. S. Yun, J. M. Park, Environ. Sci. Technol. 3 (2004) 4860
10. D. Park, Y.S. Yun, J. M. Park, J. Microbiol. Biotechnol. 15 (2005) 786
11. S.R. Bai, T. E. Abraham, Water Res. 36 (2002) 1224
12. K. K. Deepa, M. Sathishkumar, A. R. Binuprya, G. S. Murugesa, K. Swaminathan, S. E.
Yun, Chemosphere (2006) 833
13. R. Kumar, N. R. Bishnoi, G. Bishnoi, K. Bishnoi, Chem. Eng. J. 135 (2008) 202
14. J.-G. S. Mala, B. U. Nair, R. Puvanakrishnan, J. Gen. Appl. Microbiol. 52 (2006) 179
15. D.Park, Y.S. Yun, J. H. Jo, J. M. Park, Ind. Eng. Chem. Res. 45 (2006) 5059
16. Y. Sag, Separ. Purif. Res. 30 (2001) 1
17. S. Srivastava, I. S. Thakur, Curr. Microbiol. 53 (2006) 232
18. J. M. Tobin, C. White, G. M. Gadd, J. Ind. Microbiol. 13(1994) 126
19. S. Tunal, I. Kiran, T. Akar, Mineral Eng. 18 (2005) 681

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

2010 Copyright (CC) SCS




564

20.
21.
22.
23.
24.
25.
26.
217.
28.
29.

30.
31.
32.

33.
34.
35.
36.

37.

GOCHEYV, VELKOVA and STOYTCHEVA

L. Chung, C. Hongzhang, L. Zuohu, Process Biochem. 39 (2004) 1

Y. Khambhaty, K. Mody, S. Basha, B. Jha, Environ. Eng. Sci. 26 (2009) 1

D. Park, Y. S. Yun, J. M. Park, Proc. Biochem. 40 (2005) 2559

S. M. Siegel, M. Galun, B. Z. Siegel, Water Air Soil Pollut.53 (1990) 335

E. Fourest, J.-C. Roux, Appl. Microbiol. Biotechnol. 37(1992) 399

R. Gulati, R. K. Saxena, R. Gupta, World J. Microbiol. Biotechnol. 18 (2002) 397

A. Atev, S. llieva, BG Patent No. 94361 (1991)

S. llieva, N. Bakalova, S. Petrova, A. Atev, Biotechnol. Biotechnol. Eqg. 16 (2002) 98

D. Park, Y. S. Yun, J. M. Park, Chemosphere 60 (2005) 1356

A. D, Eaton, L. S, Clesceri, A. E. Greenberg, Standard methods for the examination of
water and waste water, American Health Association (APHA), AWWA, Washington DC,
1995, p. 4

M. Sen, M. G. Dastidar, Iran. J. Environ. Health Sci. Eng. 4 (2007) 9

D. Park, Y. S. Yun, J. H. Jo, J. M. Park, Water Res. 39 (2005) 533

C. M. Lytle, F. W. Lytle, N. Yang, J. H. Qian, D. Hansen, A. Zayed, N. Terry, Environ.
Sci. Technol. 32 (1998) 3087

L. Dupont, E. Guillon, Environ. Sci. Technol. 37 (2003) 4235.

P. R. Wittbrodt, C. D. Palmer, Environ. Sci. Technol. 30 (1996) 2470

V. V. Fedorov, Theory of optimal experiments, Academic Press, New York, 1972, p. 12
V. Prigione, M. Zerlottin, D. Refosco, V. Tigini, A. Anastasi, G. C. Varese, Biores.
Technol. 100 (2009) 2770

G. M. Gadd, J. Chem. Technol. Biotechnol. 84 (2009) 13.

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

2010 Copyright (CC) SCS




i, Journal of

. L
the Serbian
4 . s
T Chemical Society
Y \)
%%m;m . w\k\r-“*@ JSCS@tmf.bg.ac.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 75 (4) 565-573 (2010) UDC 632.95-039.7.004.74+661.183.2+
JSCS-3988 541.183:543.544.3

Original scientific paper

Removal of organochlorine pesticides from water using virgin
and regenerated granular activated carbon
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Abstract: Public water systems use granular activated carbon in order to eli-
minate pesticides. After saturation, the used activated carbon is regenerated and
reused in order to reduce the costs of water production and minimize waste. In
this study, the adsorption of 10 different chlorinated pesticides from water
using columns packed with commercial virgin and regenerated granular acti-
vated carbon was simulated in order to compare their adsorption capacities for
different chlorinated pesticides. The breakthrough curves showed that chlorina-
ted pesticides from the group of hexachlorocyclohexane (HCH) were poorly
adsorbed, followed by cyclodiens as averagely adsorbed and the derivatives of
halogenated aromatic hydrocarbons (DDT) as strongly adsorbed. However, the
adsorption capacity of regenerated granular activated carbon was considerably
lower for tested pesticides compared to the virgin granular carbon. In addition,
rinsing of the pesticides after the saturation point is a far more efficient process
on regenerated carbon.

Keywords: granular activated carbon; adsorption; organochlorine pesticides;
gas chromatography.

INTRODUCTION

Pesticides are artificially synthesized, toxic bioaccumulative agents. The on-
-growing and uncontrolled use of pesticides to fight pests and improve agricul-
tural production constitutes a risk for water quality. Thus, pesticides have been
detected by monitoring surface and underground waters. According to the Euro-
pean Union Directives and Regulations for drinking water hygiene,! the maxi-
mum allowed concentration of total pesticides is 0.5 ug dm-=3. Different types of
pesticides can be found in water. The most frequently found pesticides are deri-
vatives of urea, pyridazinone, phenoxy acetic acid, tryazin and the group of chlo-

* Corresponding author. E-mail: radaab@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC090615014N
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566 NINKOVIC, PETROVIC and LAUSEVIC

rinated pesticides. Chlorinated pesticides are divided according to their chemical
structure into 3 basic groups: derivatives of DDT, hexachlorocyclohexanes (HCH)
and aldrin. Derivatives of DDT are halogenated aromatic hydrocarbons, while
hexachlorocyclohexanes (HCH) and derivatives of aldrin are halogenated alicyc-
lic hydrocarbons. The main characteristic of halogenated hydrocarbons is their
huge chemical stability and consequential persistence in water and soil. The se-
cond important characteristic of chlorinated pesticides is their very poor solubi-
lity in water, due to their lipophilic character.

Pesticides can be eliminated from water in different ways, most frequently
by adsorption on granular activated carbon (GAC) and/or by ozonization.2 When
GAC is saturated, it is usually regenerated and reused. In the majority of cases,
spent GAC is thermally regenerated either on-site or transported to a thermal re-
generation facility. During regeneration, the contaminants are transformed into
less toxic byproducts and the sorption capacity of the carbon is re-established;
thus, increasing the useful life of the GAC is increased and the costs of water
treatment are reduced.

Many studies concerning the adsorption capacities of selected types of pesti-
cides on commercial activated carbons, as well as on other carbon materials, have
been published recently.3-> Gerard and co-workers3 examined the adsorption of
diuron, MCPA, atrazine and chlorydazon on Chemviron’s coal-based commercial
granular activated carbon. They came to the conclusion that the strongest adsorp-
tion was achieved for diuron and the weakest for MPCA. A study of the impact
of temperature and size of the molecule on adsorption on commercial activated
carbon4 showed that the adsorption at higher temperatures was enhanced and
smaller molecules were better adsorbed. Martin-Gullon® compared the adsorption
of atrazine on commercial activated carbon Norit GAC 1240 and carbon fibers
Donacarbo and found that the efficiency was several times higher on the carbon
fibers.

The aim of the present study was to compare the adsorption capacities and
removal efficiency of virgin and regenerated granular activated carbon for diffe-
rent chlorinated pesticides. The test columns used in the experiments were filled
with virgin commercial granular activated carbon as well as with regenerated ac-
tivated carbon. Both GAC materials are used in the public water system that sup-
plies Belgrade with drinking water.

EXPERIMENTAL

Materials

Commercial activated carbon Trayal K-81/B was used in all experiments, as virgin or
regenerated. Both GAC materials are used in the public water supply system in Belgrade and
were taken directly from the filters of the plant for the preparation of drinking water. The
characteristics of the virgin and regenerated GAC are given in Table .
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All organic solvents were of chromatographic purity as supplied by JT Baker and Fluka.
Water of high quality (0.054 uS cm) was obtained by deionization through a Milli-Q system
(Millipore water). The mixture of pesticides was supplied by Supelco. The main physical and
chemical data of the analyzed pesticides are given in Table II.

TABLE I. Characteristics of the employed virgin and regenerated GAC Trayal K-81/B

Carbon samples

Parameter Virgin Trayal K-81/B Regenerated Trayal K-81/B
Total pore volume, cm® g 1.0 0.8
Specific surface BET, m* g™ 1237 950
Micropore volume, cm® g™ 0.50 0.39
lodine number, mg g™ 1239 998
Methylene Blue index, cm® 22 17
Apparent density, kg m*® 462 492
Granule size, mm Granule size distribution, %

> 1.6 mm 4.1 4.0
0.8-1.6 mm 91.5 90.8
< 0.8 mm 4.4 5.2

TABLE I1. Main physical and chemical data of the tested pesticides

Solubility in Maximum limit
Group Pesticide Formula r 1 water (25 °C) log Koy, of concentration
g mol 3 3
mg dm Mg dm
Hexachloro- a-HCH CgHsClg  287.86 2.0 3.08 nr?
cyclohexane S-HCH C¢HeClg  287.86 15 3.78 n.r.
y-HCH CsHsCl;  287.86 10 2.67 0.1
Chlorinated  a-endosulfan CyHgClsO3S 403.82 0.32 3.83 n.r.
alicyclic S-endosulfan CyHgClsO3S 403.82 0.33 3.62 n.r.
hydrocarbon Heptachlor  C,HsCl;  369.82 0.056 5.44 0.03
epoxide
Dieldrin  Cy,HgCl;O 377.87 0.19 3.69 0.03
Aromatic 4,4’-DDT CuHoCls  354.49 0.025 6.91 0.1
chlorinated 4,4’-DDD  CyHyCly  320.05 0.090 6.02 n.r.
hydrocarbon  Methoxychlor CgHisCl;  345.65 0.045 4.68 n.r.

®partition coefficient; bnot recommended

Methods

On column experiments were based on the use of test columns® filled with virgin or rege-
nerated GAC, in order to determine their adsorption capacities for pesticides. A mixture of
pesticides, listed in Table Il, was spiked into Millipore water to obtain a concentration of 2 ug
dm-3 of each pesticide and passed through the columns at room temperature using a flow rate
of 0.15 cm?® minL. The experimental conditions on the test columns are given in Table I11.

Preconcentration of the pesticides from the effluent water was achieved by solid phase’8
extractions on Chromabond cartridges C8 (500 mg, 6 cm3). The cartridges were conditioned
with 3 cm3 of methanol and rinsed with 2 cm3 of Millipore water. Using a vacuum manifold,
the effluent water was drawn through the cartridge at a flow rate of 5 cm® minl. Subse-
quently, the column was rinsed with 1 cm? of Millipore water and the pesticides were eluted
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with 1.5 cm?3 of solvent mixture, hexane:diethyl ether. The solution was evaporated and then
reconstructed to 1 cm?.

TABLE I1l. Experimental conditions on the test columns

Bed height Bed volume Influent flow Contact

Carbon sample m/g 3 3 .1 .. .
mm cm cm’min™  time, min

Virgin Trayal GAC K-81/B 0.400 7 0.95 0.15 6.5

Regenerated Trayal GAC K-81/B  0.400 6 0.90 0.15 6.5

An Agilent gas chromatograph 6890, equipped with an electron capture detector,®0 was
used for quantification of the pesticides. The chromatographic separation of pesticides was
realized on a capillary column (30 mx0.32 mm) coated with 5 % diphenylmethylsiloxane film,
0.25 um thick. High quality nitrogen was used as the supporting (1.8 cm?® min1) and the make
up gas (30 cm?3 min1). The injector and detector temperatures were 250 and 320 °C, respect-
tively. The sample splitless injection volume was 1 pl. The initial column temperature of 100
°C was maintained for 2 min, then programmed to 160 °C at a heating rate of 15 °C min-! and
held for 10 min at 160 °C. Subsequently, the temperature was raised to 220 °C at a heating
rate of 5 °C min-1, held for 2 min and the raised to the final temperature of 270 °C at a heating
rate of 10 °C min-L,

RESULTS AND DISCUSSION

The analyzed pesticides (Table I1) were divided in three groups according to
their chemical properties and structure. The concentrations of the effluent solu-
tions (ce) from the test columns for each group of pesticides are presented in Figs.
1-3, in which breakthrough curves are apparent.

0.35

L] R
0.30 1 A - o—HCH A
® - B-HCH A .
0.25 - m - y-HCH =

) 0.20

0.15 4

Co/ng dm

0.10 4

0.05

o0 \r—=—-+-——7- -4+ -—-+—v—-r—"7—r——r—

Vidm’g"

Fig. 1. Breakthrough curves for the chlorinated cyclohexane pesticide mixture in Millipore
water (ce — pesticide concentration in the effluent, V — effluent volume per
unit mass of GAC) on virgin (—) and regenerated (- - -) GAC.
Pesticide concentration in the influent was 2 pug dm3.
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The starting concentration (2 pg dm=3) of each pesticide was thoroughly
reduced to approximately 0.02 pug dm=3 for all pesticides tested on the column
with virgin GAC at saturation point, confirming that the adsorption on activated
carbon is a very efficient technique for the removal of pesticides from water.
However, it is not a destructive process. The pollutants pass from one medium
(water) to another (carbon), thus producing a new pollution problem. When the
columns are saturated, rinsing of pollutants commences, as is visible in Figs. 1-3.
The adsorption efficiency depends on both the surface properties and porosity of
the GAC as well as on the chemical assets and geometry of the pesticides. The
most soluble pesticides (HCH) are very efficiently rinsed from the saturated co-
lumn containing virgin GAC. However, derivatives of DDT, due to their highest
partition coefficient (Table 1), were firmly bound to the virgin GAC column with
minor rinsing observed during the experiment, predominantly for the methoxy-
chlor derivative. Chlorinated alicyclic hydrocarbons showed intermediate be-
havior compared to the HCH and DDT derivatives. Thus, pesticide solubility in
water is in reverse correlation to the adsorption affinity of the activated carbon.

020 B - heptachlorepoxid ..
7 ® - a-endosulfan . .:o
A - dieldrin oA
@ - B-endosulfan AT .
0.16 - '] -
.'.».’; L
A
o 0.12 4 '
£
) ”».
S *
0.08 R -
© * *. o
oo
0 4 8 12 16 20 24 28 32 36
V/dmgg_1

Fig. 2. Breakthrough curves for the chlorinated alicyclic hydrocarbon pesticide mixture in
Millipore water (ce — pesticide concentration in the effluent, V — effluent volume
per unit mass of GAC) on virgin (—) and regenerated (- - -) GAC.
Pesticide concentration in the influent was 2 pug dm3.

Based on the appearances of the breakthrough curves displayed in Figs. 1-3,
it is evident that both virgin and regenerated activated carbon exhibit similar
adsorption affinities towards the examined pesticide: highest for DDT derivatives
and lowest for HCH. However, the concentration of the pesticides in the effluent
from the regenerated GAC column was several times higher compared to the
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effluent from the virgin GAC. The adsorption properties of regenerated GAC
could be adversely affected by incomplete carbon regeneration and by surface
deterioration during heating. Table | clearly shows the deterioration of surface
properties of GAC after regeneration. The specific surface area, total pore vo-
lumell and micropore volume were reduced by approximately 20 %. Conse-
guently, the iodine number and Methylene Blue index were reduced in the same
proportion. These results are consistent with other studies on regeneration of
GAC using a variety of regeneration methods.12-14

® - 4,4-DDD -
0.10 m - metoksihlor ’ .
A -44.DDT :

0.08

0.06

Ce/ug dm™

0.04

0.02

Vidm3 g-l

Fig. 3. Breakthrough curves for the aromatic chlorinated hydrocarbon pesticide mixture in
Millipore water (ce — pesticide concentration in the effluent, V — effluent volume
per unit mass of GAC) on virgin (—) and regenerated (- - -) GAC.
Pesticide concentration in the influent was 2 pug dm3.

The adsorption of the tested pesticides on the regenerated GAC was affected
by regeneration. The differential factors of the pesticides (weighted against the
firmly adsorbed 4,4’-DDT) on virgin and regenerated activated carbon, after
transmitting 30 dm3 g-1 of the standard organochlorine pesticide mixture (2 pg
dm=3) are listed in Table IV. The differential factors for each pesticide adsorbed
on virgin activated carbon were higher than these on regenerated carbon. Accor-
ding to Gerard,3 compounds with a differential factor less than 0.40 are poorly
adsorbed, compounds with a differential factor in range from 0.40 to 0.80 are
averagely adsorbed, while compounds with a differential factor higher than 0.80
are considered as strongly adsorbed on GAC. Thus, 4,4’-DDT and 4,4’-DDD are
strongly adsorbed pesticides, methoxychlor and S-endosulfan are averagely ad-
sorbed pesticides and a-HCH, g-HCH, y»-HCH, a-endosulfan, heptachlorepoxide
and dieldrin are considered as poorly adsorbed pesticides on virgin GAC. After
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regeneration of GAC, 4,4’-DDT remained the only strongly adsorbed pesticide,
methoxychlor and 4,4’-DDD averagely but all the remaining pesticides were
poorly adsorbed. The discrepancy between the differential factors before and
after regeneration was 20 to 30 %.

TABLE 1V. Pesticide differential factors compared to 4,4’-DDT. Effluent concentration ratio
through regenerated (c;) and virgin (c,) GAC

Differential factor for virgin Differential factor for

Pesticide GAC regenerated GAC CilCy
a-HCH 0.23 0.17 4.5
p-HCH 0.23 0.19 41
»-HCH 0.21 0.16 4.4
a-endosulfan 0.33 0.28 4.0
B-endosulfan 0.41 0.32 4.3
Heptachlorepoxide 0.35 0.26 4.4
Dieldrin 0.37 0.29 4.3
4,4°-DDT 1 1 3.3
4,4°-DDD 0.94 0.75 4.2
Methoxychlor 0.62 0.50 4.2

The effluent concentration ratio after passing 30 dm3 g1 of standard pesti-
cide mixture through the test columns with regenerated (c,) and virgin GAC (cy)
are also given in Table IV. The influent flow was adequately adjusted so that the
contact time of 6.5 min was sufficient for adsorption of the organic compounds
on GAC according to the suggestions of the U.S. Environmental Protection
Agency. The astonishing result was that the concentrations of pesticides in the ef-
fluent from the column with regenerated GAC were 3.3 (for DDT) up to 4.5 (for
a-HCH) times higher, depending mostly on the rinsing efficiency.

m - regenerated GAC
2.5 A - virgin GAC

204

Cot/ng dm

Fig. 4. Cumulative break-
through curves for pesticides
(cet — total pesticide concen-

0.5 tration in the effluent, V — ef-
] M fluent volume per unit mass
of GAC) on virgin and rege-

00— 71— 11— perated GAC. Total pesticide

3 concentration in the influent
Vidm’g is 20 pg dm3,
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The cumulative breakthrough curves for the total pesticides are shown in
Fig. 4, which clearly indicates that the regeneration process adversely affected
the adsorption affinity of GAC towards the tested pesticides by limiting the
sorption sites and the quantity of pesticides that could be absorbed. In this res-
pect, this study indicates the potential risk of reusing regenerated GAC.

CONCLUSIONS

From the results obtained on the test columns with virgin and regenerated
granular activated carbon, it is possible to compare the adsorption affinity to-
wards selected pesticides. Activated carbon adsorption is an efficient treatment
for the majority of the studied pesticides. The concentration in the effluent was
reduced to 1 % of initial concentration for all pesticides at the breakthrough point
on the column with virgin carbon. Derivatives of DDT were the firmly adsorbed
on activated carbon, derivatives of aldrine were moderately adsorbed, while the
hexachlorocyclohexanes (HCH) were poorly bound and labile to rinsing after
saturation.

The adsorption capacity of regenerated carbon was reduced during the con-
ventional heating process due to blockage of the porous structure, the reduced
number of active sights and, probably, incomplete removal of the adsorbed mat-
ter. Differential factors for all tested pesticides were 20 to 30 % lower and rinsing
of all pesticides after saturation into the effluent was several times higher from
regenerated GAC as compared to virgin GAC. The activated carbon used in the
present experiments was regenerated a few times, whereby the adsorption pro-
perties decreased gradually with subsequent regeneration cycles. Therefore, this
study indicates to a potential risk of reusing regenerated carbon.
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U3BOJ
YKIABABE ITIECTULMIA 13 BOAE HA TPAHYJIMCAHOM AKTUBHOM YI'JbY

MUPJAHA b. HHHKOBUR, PAJIA ]I, MIETPOBUR? 1 MUJIA . JIAVIIEBUR?

!Beozpaocku 6000600 u kanaausayuja, Jeauzpaocka 28, 11000 Beozpad u
2 Texnoaowko—meitianypuiku gpaxyaiueit, Kaprezujesa 4, 11000 beozpao

IMoctpojema 3a npunpeMy Bojie Yy MHOTHM 3eMJbaMa KOPHUCTE IPaHyJIMCAaHd aKTHBHHU yralb 3a
yKJIamakhe OocTaTaka MeCcTHIHa. YOOHWYajeHO je Ja ce aKTHBHHM yrajb pereHepuile U IMOHOBO
KOPHCTH Jia 1 ce CMarbHIIM TPOLIKOBU IIPOU3BO/IEHE BojE 3a nuhe u aa OU ce cMamiiia KOJIHYHHA
orraza. Y OBOM pajly CMO HCIHTHBAJIN aJICOPIILHjYy OPraHOXJIOPHUX MECTULNAA U3 BOJCHOT pac-
TBOpa 10 pasnMYMTHX NMECTHIHMIa Ha KOJOHAMAa HCITyH-CHHM KOMEpIMjaJHHUM CBEXHM U pereHe-
pHCaHUM TpaHYJIHMCAaHUM aKTHBHUM YIJbeM. YTBphEHE Cy aICOPHIHOHE CIOCOOHOCTH IpaHyJIH-
CaHOr yrjpa 3a pazianuute necruiune. Kpuse mpoboja Ha OBMM KoJOHama IOKa3yjy Jia ce opra-
HOXJIODHH TECTHIUAN M3 Tpyle XEKCaXJIOpOIHMKIOXEKcaHa Hajciabuje amcoplyjy, 3aTHM XJIO-
pOBaHM IUKJIIOAWEHH, a Hajjaue nectuiuay nu3 rpyne JJIT. YTepheno je na je agcopniuoHnu Kama-
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LIUTET PEreHEPUCAHOT aKTHBHOT YIJba 3HATHO MU O a/ICOPIIMOHOT KalalUTeTa CBEKET aKTHB-
HOT YTJba, a NCIUpame NeCTUIHAA je MHOTO epUKacHH]je TIOCIe pereHepaluje.
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Abstract: Pollution of water and the determination of the degree of its pollution
with numerous physical, chemical and biological polluters have become gene-
ral, ever increasing social and health related problems. Within this study, the
concentrations of some most frequently used organochloric insecticides (OCI):
oa-hexachlorocyclohexane (e~HCH), y-hexachlorocyclohexane (lindane), hepta-
chlor, aldrin, dieldrin, endrin, dichlorodiphenyl trichlorethane (DDT) were in-
vestigated. OCI are highly toxic substances for the human population and their
effective elimination from the environment is of paramount interest. To deter-
mine the OCI concentration in water samples, the EPA-608 method and the li-
quid-liquid extraction principle were applied. A procedure for OCI elimination
was realized by passing the water over four columns filled with various active
coals: KRF, K-81/B, NORIT ROW-0.8 and AQUA SORB CS. These active
coals are carbonized coconut shells activated by different procedures. The ob-
tained results indicated that best purification of potable and waste water achieved
using a column with Norit Row-0.8 filling. Research proved that small quan-
tities of OCI can also be effectively removed using a Norit Row-0.8 active coal
filled column, without altering the organoleptic properties of the water, which
meets the requirements of water purification processes.

Keywords: potable (drinking) water; waste water; organochloric insecticides;
waters purification; active coal; gas chromatography.

INTRODUCTION

The process of environment pollution was particularly initiated with the mo-
dern development of agriculture, cattle breeding and industry. The consequences
thereof have become increasingly visible in the biosphere, the thin shell around
the earth, where 90 % of the entire life persists between 3000 m above sea level
to 90 m under the sea surface.

*Corresponding author. E-mail: dragan.marinovic@zjzkv.org.rs
doi: 10.2298/JSC090602013M
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576 MARINOVIC, STOJANOVIC and POPOVIC

As the population of the earth increases, the problems of water quantity and
quality are encountered and the problem of how to provide a sufficient quantity
of good quality water for food production and the needs of the population must
be addressed. The solutions seem to be the more efficient use of the water re-
sources and the prevention of their pollution.l

Pollution of potable, surface and wastewaters has increased. Waters have
become more and more polluted with both organic and inorganic matters. The
most frequent polluters of organic origin are oil derivatives, organochloric insec-
ticides (OCI), polychlorinated biphenyls and others. Jovanéi¢evi¢ with collabo-
rators has contributed substantially to the management of the issue of environ-
mental pollution, primarily of waters and sediments.2~4 They made quite a big
contribution in the isolation, evidencing and determination of oil derivatives in
various samples.

One of the major factors of water pollution is the application of synthetic
toxic OCI in agriculture. Separate attention has been paid to their production and
efficient application. Their degradation products have, however, been neglected,
although they can produce detrimental effects for months and years after appli-
cation of the insecticides.

The ever increasing application of organochloric insecticides and their stabi-
lity in nature demand the need for the isolation, evidencing and determination of
these active materials in various types of samples.

Due to their many-year production and wide and uncontrolled application,
residues of organochloric insecticides can be found in samples from the eco-
sphere. Residues of these toxicants have been detected in different parts of the
biosphere, confirming their presence and cycling in the environment.®

The degree of waters pollution is particularly high. In Serbia, according to
regulations and by-laws, the maximal allowed concentration of total pesticides in
drinking water is 0.5pg/1.6-10

Some of most frequently used OCls in agricultural production were tested in
this study. a-HCH is an organochloric insecticide used for the protection of
forests. Lindane is a wide spectrum insecticide used for agricultural and non-agri-
cultural purposes, including the treatment of seeds and soils, trees, trunks and
stocked materials, animals against ectoparasites and in the area of medical pro-
tection. Heptachlorine has been used for over 30 years as a stomach and contact
insecticide, mainly for the control of termites and earth insects. Aldrine is an or-
ganochloric insecticide previously used for termination of insects, e.g., termites
and hoppers, for the protection of crops such as potatoes and corn. This chemical
is laboratory made and cannot be found in nature. Dieldrin is an organochloric
insecticide used against termites, textile and agricultural pests and insects-spread
diseases. It was mainly used for the protection of corn, cotton and potatoes. En-
drin is an organochloric insecticide that has been used since used 1950 against a
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large number of agricultural pests, primarily for the protection of cotton, rice, su-
gar cane, corn and other crops. DDT is the first chlorated insecticide used in
agriculture, forestry and medical protection.11,12

The physicochemical properties of the analyzed OCls are given in Table 1.11,12

TABLE I. Physicochemical characteristics of the analyzed organochloric insecticides
Solubility in water (t/ °C)

Insecticide Formula Density (t/ °C), g/cm3 Melting point, °C

mg /I
a-HCH C¢HClg 1.87 (20) 158 2 (28)
Lindane C¢HClg 1.85 (40) 112.8 10 (20)
Heptachlor C,HsCl, 1.65-1.67 (25) 135-145 0.056 (20)
Aldrin C1oHgCl g 1.54 (20) 104-104.5 0.027 (25)
Dieldrin  C;,HgClgO 1.62 (20) 175-176 0.186 (20)
Endrin C1,HgClsO 1.64 (20) 226-230 0.230 (25)
4,4-DDT  CyH(Cls - 108.5-109.0 0.003 (20)

Pesticides, such as organochloric insecticides, are frequently removed from
water by adsorption on active coal. The adsorption mechanism is of a physical
nature (van der Waals attraction forces). The degree of adsorption is dependent
on the structure and shape of the adsorbate molecules, the structure and size of
the active coal pores, the adsorbate polarity, dissociation, temperature and pH value.

A number of papers13-15 analyze the adsorption of certain kinds of pesti-
cides onto commercially available active coals and onto carbon fibers. Gerard
and collaborators!3 studied the adsorption of diurone, MCPA, atrazine and chlo-
ridazone onto Chemviron’s F 400 coal and came to the conclusion that highest
adsorption was that of diurone and lowest of MCPA. Martin-Gullon14 compared
the adsorption of antrazine on commercial Norit GAC 1240 and on Donacarbo
carbon fiber and found that the adsorption efficiency was several times higher
onto the carbon fibers. Schreiber and collaborators!® studied the influence of
temperature and molecule size on adsorption onto F 300 active coal and came to
the conclusion that adsorption at elevated temperatures was better and that the
adsorption of smaller molecules was favored.

Most studies were aimed at investigating the adsorption of individual pestici-
des from the derivates groups comprising urea, piridazinone, phenoxy acetic acid
and triazine, with a much smaller number considering members of the group of
chlorinated pesticides. Various types of pesticides are, however, simultaneously
present in waters.

It is therefore of both theoretical and practical significance to investigate the
adsorption capabilities of commercially available active coals for the simultane-
ous elimination of various types of pesticides, especially of OCI.

The present research was aimed at developing satisfactory procedures for the
purification of waters contaminated with OCI, without changing the organoleptic
properties of the waters. For this purpose, samples of both potable and waste
water were used.
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578 MARINOVIC, STOJANOVIC and POPOVIC

EXPERIMENTAL
Materials and analytical methods

In this work, potable and waste waters sampled at the following locations were investigated:

1. Potable water from the tap at the Public Health Institute in Kraljevo and non-chlori-
nated water from the Konarevo pumping station, from where the City of Kraljevo is supplied
with potable water.

2. Wastewaters from the Agricultural-Industrial Plant (PIK) Takovo and the Agricultural
Cooperative (ZZ) Lunovo Selo.

PIK Takovo and ZZ Lunovo Selo both produce alcoholic and non-alcoholic products;
hence, their waste waters are similar. Waste waters from PIK Takovo are discharged into the
town collector from where they are led to the purification plant, purified and finally dischar-
ged into the Despotovica River.

Wastewaters from the Agricultural Cooperative Lunovo Selo are discharged into the
LuZnica River (which is not categorized) that flows into the SkrapeZz River and later into the
Zapadna Morava River.

The water samples were prepared according to the literature!® or by means of modified
standard methods.

Physicochemical analyses of the water samples were realized by volumetric methods
(consumption of KMnO,, content of Ca and Mg), electrochemical methods (pH value) and
spectrophotometric methods (contents of nitrate, ammonium, Fe, chemical demand in oxygen
(COD), biological demand in oxygen (BOD_, suspended matter, total organic carbon (TOC)
and surface agents (detergents, DBS).

The instruments employed were a pH-meter (Hanna), a spectrophotometer (Lambda 2,
Perkin Elmer) and a pastel UV (Secoman Analyzer).

The determinations of the organochloric insecticides, i.e., a-HCH, lindane, heptachlor,
aldrin, dieldrin, endrin and DDT, were realized according to the Rule Book on the Hygienic
Acceptability of Potable Water, FRY (Official Gazette No. 42/98 and 44/99).

The standards organochloric insecticides investigated in this work, a-HCH, lindan, hep-
tachlor, aldrin, dieldrin, endrinand and DDT, were obtained from Dr. Ehrenstorfer GmbH
(Augsburg, Germany).

The organochloric insecticides present were prepared according to the appropriate EPA-
-608 method, by liquid-liquid extraction. The method is equally applicable for the determi-
nation of organochloric insecticides in both potable and waste waters. The water sample was
extracted with dichloromethane and the obtained extract was dried and concentrated to 1 cm?3,
extract is evaporated in nitrogen flow and than 1cm® of n-hexane is added. The tested orga-
nochloric insecticides were detected by gas chromatography using a Perkin Elmer 8500
instrument with an electron capture detector (ECD) and either a glass 1.5 % OV-17+1.95 %
OV-210 or a capillary SPB-5 (30 m length) column. The oven temperature was maintained
isothermally at 230 °C for the glass column or 250 °C for the capillary column.

Samples of potable and wastewaters were spiked with a standard mixture of organochlo-
ric insecticides and passed through the columns. The standard mixture consisted of o-HCH,
lindane, heptachlor, aldrin, dieldrin, endrin and DDT, which was diluted to a concentration
that could be detected by the ECD.

Four columns, 60 cm high and 12 cm in diameter, containing different active coals were
used for the elimination of OCI from the water samples. The columns were filled with active
coal up to two thirds: Column 1 (K1) — active coal KRF, Column 2 (K2) — active coal K-81/B,
Column 3 (K3) — active coal NORIT ROW-0.8 and Column 4 (K4) - active coal Aqua Sorb
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ELIMINATION OF ORGANOCHLORIC INSECTICIDES FROM WATERS 579

CS. The active coals KRF and K-81/B are domestic productions (Miloje Zaki¢, KruSevac),
while Norit Row-0.8 is a Dutch production, and Aqua Sorb CS is Swedish. The specifications
of the adsorbing characteristics of these coals are presented in Table II.

TABLE Il. Characteristics of the investigated active coals

Coal Active coal
oal property KRF K-8L/B  NoritRow-0.8 Aqua Sorb CS

Total pores volume, cm/g 0.8-1.0 0.8-1.0 - 0.62
Specific surface (BET), m?/g 1200 1200 1150 1100
Micro pores volume, cm®/g 0.45-0.5 0.45-0.50 - -
lodine number, mg/g 1150-1250  1150-1250 1050 1050
Methylene Blue index, cm® 16-18 16-18 22 -
Filling mass, kg/ m? 420-470 420-460 - -

After filtering through qualitative filter paper REF 235 produced by Albert to remove the
coarser impurities, the water samples were passed through all four columns, at a flow rate of
10 cm3/min. They were previously filtered.

RESULTS AND DISCUSSION

Based on the set investigation goal, results were obtained by testing the sam-
ples of potable water (tap water at the Public Health Institute in Kraljevo and
from the Konarevo pumping station) and waste water (PIK Takovo and ZZ Lu-
novo Selo).

Physicochemical analyses of the waters

The physicochemical parameters of the waters were analyzed prior to and
after passage through the columns.

Physicochemical characteristics of the water samples before passage through
the columns are presented in Table I1I.

Physicochemical analyses of the potable water samples taken from the Pub-
lic Health Institute and from the Konarevo pumping station show that these wa-
ters meet the standards set in the Rule Book FRY® on the hygienic acceptability
of potable water (Table II).

The quality of the waste water from PIK Takovo is standardized by the Rule
Book on prescribed values of dangerous and toxic matters discharged in the Mu-
nicipality of Gornji Milanovac.1” The standards of the Gornji Milanovac Munici-
pality are extremely high in relation to the European ones and have to be harmo-
nized accordingly.

In ZZ Lunovo Selo, they do not have any standards for their wastewater
discharge into the non-categorized LuZnica River that flows into the Skrapez
River and later into the Zapadna Morava River. The only quality-related criterion
is that wastewaters must not alter the quality of the recipient into which they are
discharged.
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580 MARINOVIC, STOJANOVIC and POPOVIC

TABLE IlI. Physicochemical characteristics of the examined water samples

Ta Pumping 1c W.W. 2% W.W.
Parameter Watepra station” MAC Takovo! MAC Lunovo S.f
pH value 7.8 8.0 6.8-8.5 4.9 6.5-9.0 5.0
Nitrates conc., mg/I 13.4 12.9 50.0 - 50.0 -
NH; conc., mg/I 0.038 0.050 0.100 1.70 50.0 6.892
%Zr/‘f“mp“on of KMnOs, 5 6.0 8.0 183 - 118
COD, mg/Il - - - 305 460 146
BODo, mg/I - - - 74 300 69
Suspended maters, mg/I - - - 246 500 180
Calcium conc., mg/I 40.1 44.1 200 50.0 - 76.2
Magnesium conc., mg/l ~ 0.60 0.60 50 3.0 - 1.8
Iron conc., mg/Il 0.061 0.052 0.30 - - -
TOC, mg/l - - - 55 20 49
DBS, mg/I - - - 3.6 - 9.0

®potable water tap at the Public Health Institute in Kraljevo; bWater taken at the Konarevo pumping station; Cac-
cording to Book of Rules on hygienic adequacy of potable water FRY (Official Gazette no. 42/98 and 44/99);
dWaste waters taken at the Agricultural Industrial Plant Takovo; ea\ccording to the Gornji Milanovac Rule Book
on prescribed values of dangerous and toxic maters discharged; fwaste waters taken at the Agricultural Coope-
rative Lunovo Selo

The physico-chemical analyses revealed reduced pH values and increased
concentrations of total organic carbon (Table I11).

After passage through the columns, the water samples were subjected to
physicochemical analyses. The results obtained with potable waters are presented
in Table IV and with waste waters in Table V.

TABLE 1V. Results of the physicochemical analyses of potable water, sampled at the Public
Health Institute and at the Konarevo pumping station prior to and after passage through the
active coal-containing columns

Tap water Pumping station
Parameter Sample Column sample Column MAC
K1 K2 K3 K4 Kl K2 K3 K4
pH value 78 973 9.74 6.85 899 805 952 9.62 6.90 9.19 6.8-85
Nitrates conc., mg/l 13 16 23 <10 4.6 13 1.6 13 <10 3.7 50
NH; conc., ug/l 58 20 25 17 42 50 27 33 18 17 100
Consumptionof 557 516 437 305 379 600 568 543 2.37 410 8.00
KMnQO,4, mg/l
Calcium, mg/I 40.1 28.0 321 20.0 220 441 241 280 221 20.0 200
Magnesium, mg/l 0.60 0.21 0.60 0.21 041 0.60 0.25 0.41 0.28 0.30 50
Iron, ug/l 61 44 40 32 61 52 38 29 20 44 300

After passage of the water samples through the columns K1, K2 and K4, pH
values measured were higher than allowed by the a.m. Rule Book. The ranges of
the other tested physical and chemical parameters were within the limits pre-
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ELIMINATION OF ORGANOCHLORIC INSECTICIDES FROM WATERS 581

scribed by the Rule Book. On passing the samples through K3 column filled with
Norit Row-0.8 active coal, no change in the pH value was observed that ex-
ceeded the range set in the Rule Book (Table V).

Passage of the waste waters of PIK Takovo and ZZ Lunovo Selo through the
K1, K2, K3 and K4 columns, resulted in a high degree of purification in all cases.
However, only the purified waste water from the K3 column had a pH value that
was not above the maximum allowed value (Table V).

TABLE V. Results of the physicochemical analyses of the waste waters from PIK Takovo and
Lunovo Selo, prior to and after passage through the active coal-containing columns

w.w. Takovo w.w. Lunovo S.

Parameter Column Column

Sample =75 ks ka4 MAC Samplem e Ka
pH value 4.9 96 98 76 90 6590 50 93 96 69 91
NH; conc., 1.7 0.083 0.050 0.020 0.22 50 6.9 034 0.13 0.12 0.64
mg/I
Consumption 183 36.3 395 234 258 - 118 19.8 414 184 258
of KMnQ,,
mg/I
COD, mg/Il 305 36 64 22 35 460 146 79 25 56 83
BODo, mg/I 74 13 26 09 15 300 69 33 12 25 37
Suspended 246 29 38 8 12 500 180 44 62 11 15
maters, mg/I
Ca, mg/l 50 40 28 12 8.0 - 76 28 32 20 30
Mg, mg/I 3.0 18 18 16 18 - 18 18 14 0.60 0.60
TOC, mg/l 55 <10 19 10 10 20 49 27 81 24 25
DBS, mg/l 36 <10 <10 <10 <10 - 90 <10 11 <10 <10

OClI analysis of the waters

In the investigated waters, as well as in the spiked potable and waste waters,
the contents of organochloric insecticides were determined prior to and after their
passage through the active coal-containing columns.

The investigated organochloric insecticides were detected by means of gas
chromatography, with the following detection limits: a-HCH (0.0012 pg/l), lin-
dan (0.0015 pg/l), heptachlor (0.0012 ug/l), aldrin (0.0024 pg/l), dieldrin (0.0014
ug/l), endrin (0.0012 pg/l) and DDT (0.0054 pg/l).

The results obtained for the potable waters are presented in Tables VI and
VII for the tap and pumping station water, respectively.

The total concentrations of OCI in the tap water (0.257 ug/l) (Table VI) and
in the pumping station water (0.294 pg/l) (Table VII) meet the norm of the Rule
Book on the hygienic acceptability of potable water that allows a maximum total
content of pesticides of 0.5 pg/l.
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ELIMINATION OF ORGANOCHLORIC INSECTICIDES FROM WATERS 583

The analyses results obtained for the total and individual OCI in the water
sampled at the Public Health Institute in Kraljevo after passage through the co-
lumns showed that best purification results were achieved with the K3 column
(84.8 % removed).

Confirmation of purification efficiency was achieved by adding known con-
centrations of the corresponding OCI standards. The overall purification effect
was even better, ranging from 78 to 93 %. The best purification efficiency (93.50
%) was exhibited with the K3 column (Table VI).

The obtained results of the total and individual OCI analyses in the water sam-
pled at the Konarevo pumping station after its passage through the columns showed
that the best purification results were obtained with theK3 column (79.60 %).

Confirmation of the purification efficiency was achieved by adding known
concentrations of the corresponding OCI standards. The overall purification effi-
ciency was even better and ranged from 70 to 89 %. The best purification effect
(89.43 %) was achieved with the K3 column (Table VII).

The obtained analyses results for the examined waste waters are presented in
Tables VIl and IX.

Determination of the elimination of the total and individual OCI from the
waste waters from PIK Takovo and ZZ Lunovo Selo showed that the best puri-
fication of both waters was achieved with the K3 column with the removal effi-
ciency ranging from 92 to 96 %.

The purification efficiency was confirmed by the addition of known concen-
trations of the corresponding OCls standards (Tables VIII and 1X).

CONCLUSIONS

The results obtained for two potable water samples and two waste water
samples enabled the adsorption abilities of various types of commercially avai-
lable active coals.

For both examined potable water samples (taken from the tap at the Public
Health Institute in Kraljevo and from the Konarevo pumping station), which had
similar physical properties and chemical compositions, as well both waste waters
from two companies (PIK Takovo and ZZ Lunovo Selo), which had similar phy-
sical properties and chemical compositions, the best purification, i.e., attainment
of acceptable physical and chemical parameters and removal of the organochloric
insecticides present, was achieved using the active coal of Swedish production -
Norit Row-0.8.

Further research should be directed towards confirmation of the obtained
results and finding a model for the efficient application of active coals with the
ultimate goal of quality preservation of water resources.

The achievement of the prescribed physical and chemical parameters and the
removal of organochloric insecticides present in potable waters and, especially, in
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waste waters will be increasingly required if Serbia wished to join Europe and
meet the European standards of waste water discharge into city collectors and ri-
vers. The European standards are much stricter than the Serbian ones, which will
impose the necessity of increased efficiency in waste waters purification.

N3BOJI

IMPEUNIITRABABE BOJA U YKIIABABE OPITAHOXJIOPHUX MHCEKTUILIMIA
AKTHBHUM YI'JbBEM

JIPATAH MAPHHOBWR', MAPMHA CTOJAHOBHUR® JAHUIIO TIOITOBUR?

134600 3a jasro 30paswe, Cao6odana Ienesuha 16, 36000 Kpameso u’ Gaxyaiieisi sawiiuiie va pady,
Ynuusepsuiteini y Huwy, Yaprojesuha 10a, 18 000 Huwt

HcrpaxuBama y OBOM pajlly OJHOCHIA Cy CE€ Ha HallAXEHe 3aJ0BOJbaBajyhux mocrymaka
npeuninhiaBama BoJa KOHTAMUHAPAHUX OPraHOXJIOPHHM MHCEKTHULHMIMMA, a Jia ce, P TOME, He
[POMEHE OpPraHOJICNTHYKA CBOjCTBA BOJC. Y TOM LHMJBY, 32 aHAIM3Y Cy KOpUIINeHH y30puH muja-
hux n oTmagauX Boja. 3a oapehuBame konueHtpanuje OHI y y3opuuma Boge kopumhena je EPA-
-608 MeToxa 1 MPUHIMI TeYHO—TEe4YHE eKcTpakiuje. [locTynak oxcTpamuBamba OPraHOXIOPHHUX UH-
CeKTHLMA ypaheH je MpoIyITambeM BOAE NMPEKO YETHPH KOJIOHE, HAIlyHCHE Pa3siIM4YUTHUM aKTHB-
uuM yribeBuma: KRF, K-81/B, Norit Row-0.8 u Aqua Sorb CS. OBu akTHBHH yribeBH Cy KapOOHH-
30BaHE JbyCKE KOKOCOBOT Opaxa aKTHBHpPAHE PasIMYUTUM HOCTyHuuMa. JIoOujeHn pe3yiiraT yka-
3yjy Ha TO Aa ce HajOooJbM edekar mpeunirhaBama NHjahux M OTMAAHUX BOJA IOCTHXKE KOPHII-
hemem komone ca Norit Row-0.8 mymemem. McTpaxkuBama 1mokasyjy aa ce KopulnhemeM KOJIOHEe
HamymeHe akTHBHUM yribeMm Norit Row-0.8 Mory epukacHO YKIOHHTH M Majie KOJIHYHHE OpraHo-
XJIOPHUX MHCEKTHIM/A, a Jia Ce IIPU TOM HE POMEHE OPraHOJIENTHYKa CBOjCTBA BOAE, IITO 33/10BO-
JbaBa 3aXTeBe Npoleca npeurinhaBama BOJA.

(TMTpumibeHo 2. jyHa, peBUaMpano 7. okroopa 2009)
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A MESSAGE FROM THE CHAIRMAN OF DAC: “A FOCUS ON
CONFERENCE FRAGMENTATION”

The Euroanalysis conference series constitutes the cornerstone activity of the
Division of Analytical Chemistry (DAC) of the European Association for Che-
mical and Molecular Sciences (EuCheMS). Hence this column reports on the last
Euroanalysis conference held in Innsbruck, Austria, in September 2009. The pre-
sent column also follows up the pattern from the previous two columns; namely
to invite a European analytical chemist to give his or her view on a certain topic
of interest. This time Professor Paul Worsfold gives his personal view on water
quality in the developing world.

The Euroanalysis conferencet% are organised every second year and the event
in Innsbruck in 2009 was the 15" in the series. Euroanalysis conferences cover
all aspects of Analytical Chemistry and doubts have been raised about organising
such broad based conferences at a time when specialised and topic focused con-
ferences are very popular. The discipline of Analytical Chemistry has long been
subjected to fragmentation in that the formation of groups, clusters, societies or
clubs is a common occurrence. Thus, experts in a particular area of analytical
chemistry have a tendency to focus on their own specialisation. This is to some
extent understandable but it is also a danger since new paradigms very often arise

*Corresponding author. E-mail: jeta@dac-euchems.org; jeta@kemi.dtu.dk
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when several scientific areas meet in a combined effort to solve a specific pro-
blem. So, consider the question “What kind of area-focused conference should
the following analytical chemist attend?” This analytical chemist is working with
beverages trying to develop methods for the determination of pesticides using
advanced sampling, sample pre-treatment and separation methods, mass spectro-
metry detection and chemometrics to treat the data. There are specialised confe-
rences for all these individual areas within analytical chemistry and also for spe-
cific applications such as beer, wine and pesticides. In addition, there are national
and international divisions and/or societies focussed on, e.g., “food”, “environ-
ment” and “chemometrics” that would be relevant and welcome this analytical
chemist as a member and appreciate their contribution on advanced analytical
techniques. Therefore why not go to a broad analytical chemistry conference
such as Euroanalysis instead? The last Euroanalysis conference in Innsbruck
attracted more than 700 attendees, demonstrating that this conference concept is
still very viable and has a bright future.

The Division of Analytical Chemistry is open to all analytical chemists.
Within this conference the existing “sub-groups” are welcome to organise thema-
tic sessions so that experts can meet and disseminate their knowledge and at the
same time be inspired by experts representing other sub-groups. The next Euro-
analysis conference will be in Belgrade, Serbia, 11-15 September, 2011 (see
http://www.euroanalysis2011.rs) and we really look forward to seeing you there!
The year 2011 is also the International Year of Chemistry (see http://
/iwww.chemistry2011.org) which will add to the occasion.

PERSONAL VIEW

Water Quality in the Developing World — Challenges for Analytical Chemistry

In the previous European Analytical Column the challenges for Analytical
Chemistry in the context of the European Union Policy for Sustainable Deve-
lopment were highlighted.1 The key thematic areas considered were air quality,
water quality and quantity, climate change and global poverty and development
cooperation. Analytical Chemistry has a pivotal role to play in all of these areas
over the next decade. With regard to water quality, for example, there is a grow-
ing need for in situ sensor technologies that can provide high temporal and spa-
tial resolution data in real time, with an appropriate standard of data quality, to
supplement techniques and methods for laboratory analysis.

Water quality

Water quality can be defined by its chemical, physical, and biological cha-
racteristics and needs to be considered in the context of whether it is fit for pur-
pose. This will depend on its intended use, e.g., agriculture, manufacturing, mi-
ning, human consumption, food production, recreation or for broader human and
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ecosystem health. Water quality is impacted by natural processes (e.g., seasonal
trends, underlying geology and hydrology, weather and climate) and human acti-
vities (e.g., agriculture, industry, environmental engineering). In order to achieve
effective water quality management, a balance must be met between socio-eco-
nomic pressures and environmental sustainability/protection. Good environmen-
tal monitoring operating within a robust legislative framework is an essential pre-
requisite for achieving that balance. Poor water quality can lead to lower agri-
cultural yields and higher treatment costs for good quality potable water and wa-
ter used by industry. In addition to having systems in place for water quality mo-
nitoring, the sources, transport, fate and persistence of chemical contaminants in
the aquatic environment also need to be understood within local, national and in-
ternational contexts. Key processes that impact on water quality include:

— eutrophication, i.e., elevated nutrient concentrations leading to excessive
algal growth and deoxygenation, due to diffuse run-off from agricultural land and
point source discharges from wastewater treatment plants;

— diffuse and point source discharges/drainage from mining activities that
increase acidity and dissolved metal concentrations;

— localised discharges of organic micropollutants, metals, radionuclides and
nutrients from specific industries and domestic wastewater;

—saline intrusion into groundwater in coastal areas;

— erosion and sedimentation from, e.g., deforestation, rainfall events (which
are temporally and spatially highly variable) and engineering projects.

Eutrophication

Taking eutrophication as a specific example, there are many ecological and
socio-economic drivers that require the reliable measurement of nutrients in na-
tural waters. The oceans (coastal, shelf and open ocean waters) have been esti-
mated to contribute ~21 trillion US$ per year to human welfare (compared with a
global GNP of ~25 trillion US$).2 Catchments and coastal waters of industria-
lised countries have received elevated inputs of nutrients for decades, in many
cases giving rise to cultural eutrophication, i.e., the anthropogenic enrichment of
the environment with nutrients and the concomitant production of undesirable
effects. Enhanced nutrient concentrations do not irrevocably lead to changes in
the trophic status of natural water systems, but they are the primary cause where
this occurs. Many areas of the globe are undergoing cultural eutrophication be-
cause of continuing population growth, urbanisation and industrialisation. Many
undesirable effects resulting from nutrient enrichment have been documented,
ranging from localised high concentrations of suspended algae to marked dis-
solved oxygen depletion and death of biota. The economic costs of these effects
are potentially large, but are infrequently assessed. In addition, our understanding
of the role of nutrients in the sequestration of atmospheric carbon by oceans is far
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from complete. For example, subtropical oligotrophic (low nutrient and low bio-
mass) areas of the ocean represent nearly half of the Earth’s surface. These ocea-
nic habitats, once thought to be homogenous and constant in time, exhibit tran-
sient pulses of carbon sequestration in response to episodic nutrient inputs. The
significance of this phenomenon to carbon cycling is not known. Nutrient measu-
rements in these environments are challenging because of the generally very low
concentrations encountered. Furthermore, oceanic nutrient datasets have insuf-
ficient spatial and temporal coverage to satisfactorily test biogeochemical models
of the global ocean.

Legislation and guidelines designed to protect vulnerable marine and fresh-
water environments has been introduced nationally and internationally. For ex-
ample, the Paris, Helsinki and Barcelona Conventions, EU Directives (e.g., Spe-
cies and Habitats, Nitrates, Urban Wastewater and Water Framework), and USEPA
guidelines. Remediation strategies require nutrient measurements to assess their
efficacy, including the use of diagnostic models. Therefore nutrient measure-
ments are critical, whether they are undertaken in a “monitoring” context, i.e.,
mapping of the affected environment spatially and/or temporally, or used to exa-
mine key nutrient transport and cycling processes. The measurement of nutrients
should include all of those fractions (dissolved inorganic and organic, particle-as-
sociated) that may be bioavailable within the timeframe(s) of the system’s dyna-
mics. Any effective decision support tool (conceptual model) for determining the
causes and effects of eutrophication needs to link bottom-up causes with top-
-down consequences. The former requires information on nutrient inputs and bio-
geochemical cycling which, in turn, necessitates reliable analytical techniques.

In situ analytical technologies

There is a plethora of analytical methods for the determination of nutrients,
particularly nitrogen and phosphorus species, in the aquatic environment. In re-
cent years techniques such as flow injection analysis have become popular be-
cause of their portability, which allows remote (in situ) deployment in order to
provide high quality analytical data with good temporal and spatial resolution.
The key requirements for in situ technologies include:

— easy to use, rugged and automated instrumentation;

—on-line or in-line devices to minimise contamination;

— sensitive and selective detection;

— elimination of matrix interferences;

— system stability (e.g., reagents, standards, pumps, detector);

— on-board filtration and prevention of bio-fouling;

—remote calibration, validation and maintenance.
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Water quality in the developing world

The challenges for providing good water quality are particularly acute in
parts of the developing world, e.g., in Africa. Increasing population growth and
demand for water from food production and industry, loss of surface and ground-
water resources and climate change, combined with a lack of stringent environ-
mental safeguards, has led to serious concerns about water quality (and quantity),
which threaten human health and the environment. To help address these con-
cerns, increasing Africa’s capacity in analytical chemistry is imperative. In order
to support chemical monitoring and management activities there is an urgent
need for scientifically qualified and practically trained personnel in relevant ad-
vanced analytical chemistry techniques. Thus, it is essential to create and support
centres of excellence in analytical chemistry that involve a critical mass of ex-
perts in African universities (and other organisations).

The status of instrumentation in African Higher Education institutions is a
critical issue which urgently needs to be addressed, not only at a government
level, by the provision of funds to enable universities to access and maintain the
required equipment but also, most importantly, by facilitating and sustaining the
training of analytical chemists and associated staff. Optimisation of resources is
crucial if funds are to be used wisely, e.g., by establishing national and regional
centres of excellence, with shared research facilities, as part of this effort.

The Pan Africa Chemistry Network,* co-ordinated by the Royal Society of
Chemistry, is a good example of capacity building activities in this area. Activi-
ties include the commissioning, installation and maintenance of analytical instru-
mentation, facilitating networking activities of African and non-African scientists
in water research and management and the provision of analytical training cour-
ses for researchers across Africa. The ultimate aim is to develop well-equipped
chemical research communities by creating regional centres of excellence. It is
important that these centres are supported, promoted and continuously funded.

The Division of Analytical Chemistry within the European Association for
Chemical and Molecular Sciences (DAC-EuCheMS) is part of a network of Eu-
ropean chemical societies and has members working in all fields of Analytical
Science. One of its aims is to develop close links with related organisations all
over the world. As part of this remit, support for capacity building in Analytical
Science in the developing world would make an important contribution to tack-
ling global issues such as water quality (and quantity) and climate change.

INFORMATION FROM THE EUCHEMS DIVISION OF ANALYTICAL CHEMISTRY

Innsbruck was the venue of Euroanalysis 15° organised by Wolfgang Buch-
berger and Wolfgang Lindner. Despite much anxiety due to the global economic
situation, the Conference was well attended, with over 700 participants from 53
countries presenting 130 lectures and 640 posters under the theme “The Impact
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of Analytical Chemistry on the Quality of Life”. Contributions were made from
many areas of analytical chemistry and EUROANALYSIS maintained its posi-
tion as one of the most important international broad spectrum analytical science
conferences. Slavica Ra2|c is the Conference Chair for Euroanalysis 16 in Bel-
grade, Serbia, in 2011° with the motto “Challenges in Modern Analytical Che-
mistry”. At the Annual Meeting of EuCheMS DAC in Innsbruck it was decided
that Euroanalysis 17 will be held in Warzaw, Poland, on August 23— 25 2013. In
the near future, analytical science will also be well represented at the el EuCheMS
Chemistry Congress on August 29 — September 2, 2010, in Nuremberg, Germany

At Euroanalysis 15 the Robert-Kellner Lecture sponsored by Springer-Hei-
delberg was awarded to Boris Mizaikoff, University of Ulm. The Robert-Kellner
Lecture was established by EuCheMS DAC in memory of the late Prof. Robert
Kellner of Vienna University of Technology, and the Robert-Kellner Lecture is
awarded to scientists who qualify according to the statute: “This award shall dis-
tinguish a person who has made a substantial contribution to the advancement of
Analytical Chemistry in research or education”. The Austrian Society of Analy-
tical Chemistry honoured two outstanding scientists with the prestigious awards:
the Pregl Medal and the Emich Plaque. The Pregl Medal was awarded to Prof.
Friedrich Lottspeich (Max-Planck-Institute, Martinsried, Germany), and the Emich
Plaque to Prof. Harald Fuchs (University Muenster, Germany). Furthermore,
Prof. Lindner was presented with the Martin Gold Medal of the Chromatographic
Society.

Reiner Salzer offers a template for the development of a shared set of case
studies which is available from the DAC/EuCheMS website. Scientists are en-
couraged to contribute case studies that are well suited to teaching in higher edu-
cation. A new initiative was started to facilitate the formation of national or in-
ternational consortia for education in Analytical Chemistry. The focus is on two
aspects: i) achieving the highest scientific standard of education in Analytical
Chemistry and ii) improving the employability of graduates from such program-
mes. Details can be found at Anal. Bioanal. Chem. 394 (2009) 649-653.

Hendrik Emons is the EuCheMS DAC liaison person to CITAC and he re-
ported on new initiatives in legislation. In Germany, new legislation on accre-
ditation was introduced as a result of harmonisation with new EU legislation. He
also raised awareness of 1SO Guide 99 on concepts and terminology of metro-
logy which contains a lot of information relevant to analytical chemlsts This
guide, also known as VIM 3, is freely available at the BIPM webpage It is also
important to enlighten students about the topic.

George Horvai of the DAC Bioanalytics Study Group reported that it is ne-
cessary to search ways to bring the analytical and bioanalytical chemistry com-
munities closer together. Several analytical journals have moved strongly in the
direction of bioanalytical chemistry, and a significant fraction of authors pub-
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lishing bioanalytical papers in analytical chemistry journals come from outside
traditional analytical workplaces. Moreover, important journals which have histo-
rically covered areas other than analytical chemistry have moved strongly into
the analytical field. This report should initiate much debate on the position, de-
velopment and teaching of Bioanalytics, which is one of the largest single subject
areas within the range of analytical disciplines. The challenges include proteo-
mics and analysis of GMOs. It should be stressed that the approaches and pro-
cedures used in Analytical Chemistry also apply to Bioanalytics. The Delegates
expressed concern about a lack of formal education in Chemistry for those work-
ing in the Bioanalytics field, which may pose a problem in the interpretation of
results obtained by analytical chemistry methodologies.

Bioanalytical chemistry is also considered one of the emerging issues of the
Analytical Chemistry Division (ACD) of IUPAC. Indeed at the 2009 IUPAC
Congress in Glasgow there was a high proportion of biochemistry presentations.
In the Analytical Chemistry Division, work on a new edition of the Orange Book
has just started and Jose Pingarron and Jan Labuda are responsible for a chapter
on bioanalytical methods in the methodological section of the Orange Book. Jan
Labuda, a titular member of the Analytical Chemistry Division of IUPAC (2006—
—2009) and chair of the task group of IUPAC project No. 2006-026-1-500 en-
titled “Electrochemical DNA-based biosensors: terms and methodology*, orga-
nised a project workshop in Seville, Spain, on 6 September, 2008 and lead the
preparation of an IUPAC technical report on the subject.

It was reported by IRMM of the European Commission that calls have been
announced on the CORDIS webpage for topics in the areas of Problem Solving,
Decision Making, Method Development, Competitiveness, Fundamentals and
Environment, and funding of 400 M Euro has been allocated for Metrology over
the next seven years. There is no specific Analytical Chemistry call. Electroche-
mistry topics, including those that are analytical chemistry orientated, are funded
by 35 M Euro per year in a three year programme. Calls under Energy are closing
in November 2010. Positions are available for young scientists at IRMM. More-
over, analytical laboratories which can execute appropriate validated methods
can apply for participation in IRMM’s reference material programme (http://
/lirmm.jrc.ec.europa.eu).

Bo Karlberg announced his retirement as Chair of EuCheMS DAC in 2010,
and encourages the Delegates of member societies to nominate candidates to be
elected at the Annual Meeting in Nuremberg in conjunction with the 3" EuCheMs
Conference on Chemistry.7 The website of EAConweb will continue to be main-
tained by DAC/Bo Karlberg with the support of the Swedish Chemical Society.
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