JSCSEN 74(2)223-357(2009)

Journal of
the Serbian
Chemical Society

VOLUME 74
No 3

BELGRADE 2009

UUUUUUUUUUU
EEEEEEEEEE
JJJJJJJJ



e\'bm“ Chem, ’.qa?f

Sl %%2 JOUI'nal Of
the Serbian

e
J. Serb. Chem. Soc. Val. 74, No. 3 (2009)

CONTENTS

Organic Chemistry and Biochemistry

A. D. Marinkovié, T. M. Vasiljevi¢, M. D. Laugevi¢ and B. Z. Jovanovi¢: ESI-M S spectra of
3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones............ccococveeenecerneenn.
N. Popovié¢, A. Niciforovi¢, M. Adz¢, M. B. Radoj¢i¢, C. Demonacos and M. Krsti¢-De-
monacos. Western blot analysis of glucocorticoid receptor phosphoisoforms by one-
and two-dimensional electrophOretic @SSaYS.........cvuviiiiiinininene s
A. B. Ini¢-Kanada, M. M. Stojanovié, I. P. Zivkovié, V. Z. Petrud¢ and Lj. A. Dimitri-
jevié: The monoclonal antibody 26 raised against tetanus toxoid also recognizes te-
tanus toxin and f>-glycoprotein | — its binding properties in vitro and potential ap-
PlCALTIONS. ...ttt bbbttt b et e bbb r et renre s

Inorganic Chemstry

M. B. Ummathur, K. Krishnankutty and S Balagopal: Unsaturated f-ketoesters and their
Ni(I1), Cu(ll) and ZN(I1) COMPIEXES ......eeverreriiriisiirisi s

B. Drazi¢, G. Popovié, R. Jdli¢, D. Sadi¢, D. Miti¢, K. Andelkovi¢ and Z. TeSi¢: Acid-base
equilibria of the Zn(I1) and Fe(l11) complexes with condensation products of 2-ace-
tylpyridine and the dihydrazide of oxalic and malonic acid..........ccc.ccevevevvieenvecennenn

Electrochemistry

A. T. Dimitrov, P. Paunovi¢, O. Popovski, D. Savkov, Z. Kamberovi¢ and S. HadZ Jor-
danov: Effect of non-stationary current regimes on the morphology of silver elec-
L1000 1= ] £ USRI

P. M. Zivkovié, N. D. Nikoli¢, M. Gvozdenovié and K. 1. Popov: The effect of the concen-
tration of the reacting ion on the control of the electrodeposition process...........coueue..

Analytical Chemistry

D. Zarkovié, Z. Todorovié¢, M. Krgovi¢ and Lj. Rajakovi¢: Determination of inorganic an-
ions in papermaking waters by ion chromatography.............ccccvvevvienienieniesiesiesese s
H. Tavallali and M. G. Pisheh Jahromi: A novel optode sensor for the determination of
paladium(I1) in water and a hydrogenation catalyst (Short communication) .............

Thermodynamics

O. Ciocirlan and O. lulian: Density, viscosity and refractive index of the dimethyl sul-
FOXIAE + O-XYIENE SYSEM ...ttt

Chemical Engineering

S. Mileti¢, M. Djurié, A. Mihajlov, Dj. BaSi¢ and Dj. Janackovi¢: (NH4)2SOg4 corrosion
of cement in concrete analyzed by an improved mathematical model ..............cce....

Materials

V. 1lié, Z. éaponjié, V. Vodnik, D. Mihailovi¢, P. Jovancié, J. Neddjkovi¢ and M. Radeti¢:
A study of the antibacterial efficiency and coloration of dyed polyamide and poly-
ester fabrics modified with colloidal Ag nanoparticles.........ccoovvvvvviviceniiicnninnnnenen

Published by the Serbian Chemica Society
Karnegijeva 4/l11, 11000 Belgrade, Serbia
Printed by the Faculty of Technology and Metallurgy
Karnegijeva 4, P.O. Box 35-03, 11120 Belgrade, Serbia

2009 Copyright (CC) SCS

Chemical Society

%‘*fwun.mr\r" p JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS

223

237

245

259

269

279

291

301

311

317

331

@080

EN MG MDD



cv,e\'blla“ Chem, ’.qa?f

CIP: Journal of

. L
the Serbian
= . .
T Chemical Society
3 \ )¢
%%:wm A uﬁ\\'\"\ﬁ' y JSCS@tmfbg.ac.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 74 (3) 223-235 (2009) UDC 547.828+544.431.143+543.51
JSCS-3825 Original scientific paper

ESI-M S spectra of 3-cyano-4-(substituted
phenyl)-6-phenyl-2(1H)-pyridinones
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MILA D. LAUSEVIC* and BRATISLAV Z. JOVANOVIC*

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
P.O. Box 3503, 11120 Belgrade, Serbia
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Abstract: Twelve 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones
were investigated by tandem mass spectrometry using positive as well as nega-
tive electrospray ionization. The influence of the electron affinity of the substi-
tuent and the steric effect on the fragmentation is discussed. Pyridinones with a
substituent of low proton affinity show loss of water, HCN or benzene from the
pyridinone ring in the first step of MS? fragmentations. Oppositely, if a substi-
tuent with high proton affinity is present on the phenyl ring in the 4-position of
pyridinone, the fragmentation paths are complex, depending mainly on the sub-
stituent proton acceptor ability. Elimination of neutral molecules CO, HCN, H,0,
PhH (benzene) or Ph and CN radicals are fragmentation processes common for
all compounds in the subsequent steps of the fragmentations.

Keywords: electrospray ionization; substituted pyridinones; tandem mass
spectrometry.

INTRODUCTION

The interest in various 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyri-
dinone derivatives stems largely from their unique properties, which enable their
use not only in the production of dyes, pigments, fuel and oil additives, but also
for the development of medicinal products having a broad spectrum of biological
activities.

An excellent review on the synthesis, reactivity and biological activity of 3-
-cyanopyridine-2(1H)-chalcogenones has been published.l Substances that im-
prove the blood circulation and cardiotonic activity were also mentioned. Among
the other types of biological activities of this class of compounds, it is worth
mentioning analgetic and antihypertensive, anti-anaphylactic, diuretic and sodio-

* Corresponding author. E-mail: marinko@tmf.bg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC0903223M
223

2009 Copyright (CC) SCS @080

EN MG MDD



224 MARINKOVIC et al.

diuretic, anti-oxidant, antiviral, and antimicrobial compounds.1.2 Biologically de-
gradable agrochemical products, plant growth regulators, pesticides and herbici-
des are also produced from derivatives of pyridinones.3-5 Various tautomeric
forms of these molecules determine their chemical behaviour and some additional
information in the study of their properties can be seen from their MS?2 spectra.

One of the classic studies of lactim/lactam tautomerism is the determination
of the 2-hydroxypyridine (2HP)/2-pyridinone (2PYR) equilibrium. UV/Vis,6.7
mass spectrometric,8 photoelectron,® low-temperature matrix isolation and IR
spectroscopiclO measurements revealed that 2-hydroxypyridine exists in the gas
phase and in inert matrices under equilibrium conditions mainly in the lactim
form. Considering the equilibrium in solvents of different polarity, it was found
that increasing the solvent polarity shifted the equilibrium towards the pyridinone
(lactam) form. Furthermore, the hydrogen bonding ability of the solvent plays an
important role, since hydrogen-bond donors tend to stabilize the oxo form
(lactam), whereas hydrogen-bond acceptors stabilize the hydroxy form (lactim).

In order to determine the structure—fragmentation relation, the fragmentations
of selected pyridinones in an ion source as well as in an ion trap were analyzed.
The investigated pyridinones had the following structural formulae:

where X is: H (1); 4-CHsz (2); 3-CH3 (3); 3-Cl (4); 4-Cl (5); 2,4-di-Cl (6); 4-CN
(7); 3-OPh (8); 4-OCH3 (9); 3,4-di-OCH3 (10); 3-NO2 (11) and 4-N(CH3)> (12).

The effect of the phenyl substituent in the 4-position of the pyridinone ring,
steric and tautomerism effects on the fragmentation patterns are discussed.

EXPERIMENTAL

Twelve 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridinones were synthesized fol-
lowing a procedure described in the literature.1112 An exception was 3-cyano-4-(4-cyanophe-
nyl)-6-phenyl-2(1H)-pyridinone which was synthesized by microwave irradiation of a mixture
of 4-cyanobenzalacetophenone, ammonium acetate and ethyl cyanoacetate at 600 W for 6 min.

The new compounds which, to the best of our knowledge, have not been described in the li-
terature, are as follows: 3-cyano-4-(3-phenoxyphenyl)-6-phenyl-2(1H)-pyridinone, m. p. 244—
—246 °C and 3-cyano-4-(4-cyanophenyl)-6-phenyl-2(1H)-pyridinone, m.p. 323-325 °C. In
addition, the compounds 3-cyano-4-(3-nitrophenyl)-6-phenyl-2(1H)-pyridinone, m.p. > 330 °C
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3-CYANO-4-(SUBSTITUTED PHENYL)-6-PHENYL-2(1H)-PYRIDINONES 225

and 3-cyano-4-[4-(dimethylamino)phenyl]-6-phenyl-2(1H)-pyridinone (m.p. 313-315 °C), al-
though comercially available, have not been considered in the literature. All new-synthesized
compounds had satisfactory elemental (C, H, N) composition. Their structures were confirmed
by melting point, infrared spectroscopy, 1H- and 13C-NMR and mass spectrometry data.

Mass spectra were obtained using a LCQ Advantage (Thermo, San Jose, CA, USA) qua-
drupole ion trap mass spectrometer. The electrospray ionisation technique was used in the
positive and negative ion mode. The solutions of the pyridinone samples (0.10 mg/ml in
CH3OH) were injected directly into the ESI source by a syringe pump, at a flow rate of 5.0 pl
min-1 and analysed under the following conditions: capillary temperature 250 °C; sheath gas
flow 38 au (N,); source voltage 4.5 kV; capillary voltage 35 V and —26 V in the positive and
negative ionisation mode, respectively. In order to obtain MS? spectra, the ions of interest
were isolated and fragmented in the collision with helium, with a collision energy in the range
30-50 %. The data obtained were processed using Xcalibur™ 1.2 software.

RESULTS AND DISCUSSION

Mass spectra

The typical peaks that appear in the ESI*-MS spectra of all the investigated
pyridinones are protonated molecular ion [M+H]*, the corresponding adduct ion
with sodium [M+Na]* and cluster ions: [2M+Na]*, [2M-H+2Na]*, [2M-2H+
+3Na]*. Two peak groups were also observed, which correspond to multi-char-
ged cluster ions.

The negative ion mass spectra of the investigated pyridinones exhibit far
fewer ions than the positive MS. In addition to the deprotonated (quasi-mole-
cular) ion [M—-H]-, the only prominent ions present in the negative ion MS are
[2M-2H+ +Na]~ and [3M-3H+2Na]~. Compared to the positive ion MS, the total
ion current was at least ten fold lower in the negative ion MS, which could easily
be explained by the high proton affinity of the studied compounds.

Fragmentation reactions of [M+H]* ions: MS2 and pseudo-MS3 spectra

In order to understand the influence of the different substituents on the phe-
nyl ring of the pyridinone on the stability of the ions in the gas phase, collision-
induced dissociation (CID) of the protonated molecular ion was studied. A pro-
minent protonated molecular ion, present in the spectra of all pyridinones, was
isolated in the ion trap and subjected to collision with He in order to obtain the
MS2 spectrum. Subsequently, in-source collision-induced dissociation (ISD) of
the protonated molecular ion was studied and it was compared to the CID in the
ion trap. As the ISD and CID spectra of the quasimolecular ions showed only ne-
gligible differences in the intensity of the peaks, it was possible to perform a
pseudo-MS3 CID of the daughter ions generated in the ion source. Mass spectral
data for investigated pyridinones in the positive ion mode are presented in Table
I. The CID spectrum of the protonated molecular ion of 4-(3-chlorophenyl)-3-
cyano-6-phenyl-2(1H)-pyridinone is presented in Fig. 1la, as an example of a
MS2 spectrum.
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226 MARINKOVIC et al.

TABLE I. Mass spectral data of the 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridino-
nes in the positive mode

Compound  [M+H]* (precur- MS? spectrum (pre- Fragment ions and relative abundances

X sor ions for MS2) cursor ions for MS3) (in parentheses) in pseudo MS®

1 H 273 25521°(100) 228%(30); 201%(3)
195°(20) 167%(53); 140%(10)

2 4-CH, 287 269%(100) 242%(26); 215%(5)
260";(13) 242%(30); 234*’4(3);3215&3(3) 227%(61);
242%(14) 215%(67)
209°(23) 181%(14); 15463515)

3  3-CH, 287 269°(77) 254*(12); 242°4(100); 215%(12); 191%(8)
22(31(1;’;2((27<3)) 242%(20); 232"4(3)
242%(12) 227%(25); 215%(54)
209°(5) 181%4(100); 154°(37)

4 3-Cl 307 289%(100) 262%(19); 254*(31); 227%(9)
sy BTy
229°(14) 201%(30); 174°(18)

5 4-Cl 307 289°(100) 262%(16); 254*(40); 227(15)
R

6 2,4-di-Cl 341 32223221((12053) 20225368)**;“(21001;;(3286)%%(7{1;(65)

1 - I- ;
e ®
263°1(60) 236%(6); 228(63); 208°g(16)

7  4-CN 298 280“&1(0;)) 25322&12;

253%(4 226%(10
220°(12) -

8  3-OPh 365 348(100) 320(18)

337 (18) -
320(10) 292(23)
287 (13) -
272‘12(25) 255%(10); 244%(36)
262°(18) -
254%(13) -
9 4-OCHj; 303 288(100) 260(100); 216(3)

_ 260(10) 242(3); 232(17); 182(5)

10 3,4-di-OCHj 333 318(100) 289(13); 271(3); 261(15); 241(2); 211(9)
289(28) 271(3); 261(15); 211(7)
272(13) 244(28); 141(4)

1 3-NO, 318 288(6) 260(100); 232(3)
272"(100) 254%°(11); 244"(2(100); 217%(6); 169%(4)
260(9) 242(14); 232(38); 217(9); 156(6)

12 4-N(CHs), 316 300(100) 282(36); 273(51); 256(11); 222(46)
273(5) 258(18); 256(11); 246(9); 195(9)

aSuperscript of the m/z values defines the corresponding structure in Schemes 1-3; bCompound 11 follows the
path d1 — d4 but water loss, instead of hydroxyl radical, was observed
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Fig. 1. MS? spectra of a) [M+H]* and b) [M—H]~ obtained from
4-(3-chlorophenyl)- 3-cyano-6-phenyl-2(1H)-pyridinone.
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The fragmentation pathways of the corresponding protonated molecular ions
of the compounds investigated in MS2 and quasi-MS3 are presented in Schemes
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228 MARINKOVIC et al.

1-3 and the mass spectral data in Table I. The LCQ Advantage spectrometer does
not allow exact mass measurement, therefore the exact composition of the detec-
ted ions and lost neutral fragments could not be determined. The proposed struc-
tures are based on literature data and chemical logic.

Based on CID and ISD/CID mass spectral data from Table I, two main frag-
entation paths of the investigated pyridinones could be defined.

The first fragmentation pattern includes loss of a water molecule, HCN or
benzene (PhH) as the first step of the MS2 fragmentation. These loses were ob-
served for compounds 1-7 and are presented in Schemes 1 and 2. The pyridinone
ring of these compounds is destabilized by protonation on either the nitrogen or
oxygen, thus the fragmentation occurs primarily at the pyridinone structure.

a6 [M+H-H,0-PhH]* a7 [M+H-H,0-2X]*

T-PhH

'
.l o
-X 7 CN -HCN S |
Ph \N | Ph \N

a4 [M+H-H,0-X]" a5 [M+H-H,0-X-HCN] ©

y

-HCN
—— > 43 [M+H-2HCN-H,O[*

22 [M+H-HCN-H,0]*

M+H-HCN]"
o ] x(i

lCN
\/?lh | \/\X_I
P /
| N\ | D
o o Ph N

b4 [MAH-HCN-CNT™ b2 [M+H-HCN-CO]"

Scheme 1. Proposed fragmentation pathways of [M+H]* for the loss of
H,0 or HCN in the first step.

A completely different fragmentation pattern was observed for compounds
8-12 (Table 1). The electron-donor substituents are readily protonated, inducing
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3-CYANO-4-(SUBSTITUTED PHENYL)-6-PHENYL-2(1H)-PYRIDINONES 229

destabilization of the phenyl ring in the 4-position of pyridinone (compounds 8-10
and 12). In this way, the fragmentation processes occur primarily through the
substituted phenyl ring. Loss of a hydroxyl radical (m/z 348), not water, from
[M+H]* of compound 8 in the MS2 corroborates the postulate that protonation of
the substituent is the main process. It could probably be because of the large phe-
noxy substituent, which induces a characteristic spatial arrangement of this mole-
cule and electronic character of the C(2)-OH bond, which is more susceptible to
homolytic cleavage.

+

| 5 | =T
A
\

CN = HCN

| P

¢2 [M+H-PhH-COT* ¢3  [M+H-PhH-CO-HCN]*

N 0]

¢4 [M~H-PhH-X]"™ ¢S5 [M=H-Phl-11ICN]*
Scheme 2. Proposed fragmentation pathways of [M+H]* for
the loss of a PhH molecule in the first step.

The solvent (methanol) is a hydrogen bond acceptor and donor and signi-
ficantly influences the appropriate equilibrium of the tautomeric forms of the in-
vestigated pyridinones (67 mmol/mol for 2HYP/2PYR).13 The hydroxy tauto-
meric form of pyridinone is readily protonated under ESI* conditions, water eli-
mination occurs easily, being the main fragmentation path under MS?2 conditions
for compounds 1-7 (Scheme 2). After water loss, further fragmentations depend
on the electronic character of the substituents. For compounds with electron-do-
nor substituents, the fragmentations follow al-a2-a3 path, while for compounds
with electron-acceptor substituents abundant ions a4 and a5 are given (Scheme 1).

The loss of HCN (fragmentation “route b”, Scheme 1) followed by either the
loss of CO or a CN radical was observed only for compounds 2 and 3, in which a
non-polar and weak electron donor methyl group is the substituent on the phenyl
ring. In this case, the pyridinone ring is destabilized and by either loss of CO or a
CN radical decomposes, probably to form a five-membered, heterosubstituted
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230 MARINKOVIC et al.

ring (ions b2 and b4, Scheme 1). The disubstituted compound 6 follows the path
al(m/z 323)-a4 (m/z 288) by loosing only one chlorine radical in this fragmen-
tation step.

The loss of a PhH molecule is a common fragmentation observed for com-
pounds 1-7, and the fragmentation mainly follows the path through the c1-c2-c3
sequence (Scheme 2). The intensities of the corresponding ions depend on their
electronic properties. Pyridinones having a weak electron-donor or one chlorine
substituent (compounds 1-5) further fragment by the loss of CO and HCN from
the pyridinone ring to the ¢3 ion. An exception is compound 6, in which the two
chlorine atoms contribute to strong electron acceptor properties. Compound 6
follows either the path to the ¢3 ion without a trace of the c2 ion or by elimi-
nation of Cl or HCN from the c1 ion yielding the c4 and c5 ions. The significant
abundance of the ¢4 ion in the pseudo MS3 of compound 6 indicates the stabili-
sation of this ion by the positive resonance effect of the remaining chlorine atom.
The structures of the c4 and c5 ions of the disubstituted chlorine compound 6
contain one and two chlorine atoms, respectively. Compound 7, in which the
substituent is the cyano group with strong electron-acceptor properties, fragments
to the ¢l ion, showing quasimolecular ion stability.

The complete loss of substituent from [M+H]* follows the fragmentation
paths presented in Scheme 3. This type of fragmentation is influenced by a sig-
nificant destabilisation of the protonated quasimolecular ions by the electron ac-
ceptor-character of the substituent. Compounds 4 and 5 (3-Cl and 4-ClI substi-
tuents, respectively) gave a base peak d2 in the pseudo MS3 spectra, showing a
significant pyrrole type fragment stability. Considering the position of the chlo-
rine atom in compounds 4 and 5, small influences on the fragmentation paths
could be observed. On the contrary, the fragmentation of the [M+H]* ions from
compound 6 is somewhat different, indicating that the ortho position of the chlo-
rine atom causes rotation of the 4-substituted phenyl ring for certain dihedral
angle from a plane of the pyridinone ring. From this point of view, it is clear that
the geometry of the investigated compounds also influences the fragmentation
paths to some extent. For compound 6, after the loss of one chlorine from
[M+H]*, the second one remains attached in structures d1, d2 and d4.

If substituents with a significant proton acceptor affinity are present in the
investigated compounds, the complex fragmentation paths depend mainly on the
proton acceptor ability. Compound 9, (with one methoxy group) and compound
10 (with two methoxy groups) show some similarities but also some differences
in the fragmentation paths of their [M+H]*. The methoxy group was fragmented
by the loss of a methyl radical, leaving a hydroxy group as a possible site for the
expulsion of carbon monoxide (m/z 232) or loss of a water molecule (m/z 242).
On the contrary, in the case of compound 10, the loss of a methyl radical is
followed by the loss of a formyl radical from the second methoxy group, gene-
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_\+.

| A

NS0
H
N 45 [M*H-X-CN-Pli}*
R
. -HCN
=% | —9 | \ CN — \ NH
on P N7 o P i PH

dl [M+H-X]™ d2 [M+H-X-COT™ d3 [M+H-X-CO-HCN]*™

l -OH \i
N CN
|
E [0}

d4 [M+H-X-OH]" d6 [M+H-3-X|]*

Scheme 3. Proposed fragmentation pathways of [M+H]* for
the loss of the substituent in the first step.

Ph

rating the m/z 289 ion. Subsequent fragmentations involving the loss of CO, PhH
and H»O molecules are the usual fragmentations observed for all compounds.
Fragmentation of compound 12 is strongly affected by the high proton acceptor
affinity of the dimethylamino group. The protonated amino group easily releases
methane, providing a base peak m/z 300 in the MS2 spectrum of this compound,
which after a loss of HCN produces the m/z 273 ion. The so-created methylimino
group is significantly stable and further fragmentation occurs by elimination of
either a PhH molecule or loss of an OH radical, producing m/z 195 and 256 ions,
respectively. The nitro group present in compound 11 does not posses proton
acceptor affinity but, after the well-known loss of a NO radical, the formed hyd-
roxyl group is a good proton-acceptor (m/z 288).

The loss of a CO molecule, a typical fragmentation for 2-pyridinones mole-
cular ion under EI condition,14.15 is only observed for compound 8 with a low
abundance of the m/z 337 ions in the MS2 spectrum. However, by expulsions of
CO from b1, c1, d1, m/z 288, 260 and 289 ions were also observed in the quasi-
MS3 spectra. This indicates appropriate influences of the tautomeric forms from
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232 MARINKOVIC et al.

the equilibrium in the sample solution to the fragmentation paths of the investi-
gated compounds under ESI* condition.

Fragmentation reactions of [M—-H]~

Contrary to the positive ESI-MS, where elimination of HoO molecules was
favoured, the main fragmentation process in the negative ESI-MS was the elimi-
nation of CO molecules, observed for almost all the investigated compounds. An
example of the MS/MS spectrum of the [M—H]~ of 4-(3-chlorophenyl)-3-cyano-
-6-phenyl-2(1H)-pyridinone is presented in Fig. 1b. The mass spectral data ob-
tained in the negative ionization mode for [M—-H]~ of all investigated compounds
are presented in Table II.

TABLE Il. Mass spectral data of the 3-cyano-4-(substituted phenyl)-6-phenyl-2(1H)-pyridino-
nes in the negative ionization mode (superscripts of the m/z values define the corresponding
structures in Scheme 4)

Compo)l:nd [M=H]- (Precursor ions for MS?) MS?2 Spectrum
1 H 271(100) 243e'(100)
2 4-CHj, 285(100) 257¢(100)
3 3-CH;, 285(100) 257°(12)
4 3-Cl 305(100) 269°1°(58); 250%(7); 242°(5); 202°%(16)
5 4-Cl 305(100) 269°9(7); 250%4(16)
6 2,4-di-Cl 339(100) 303%9(42); 236%(12)
7 4-CN 296(100) 268°(17); 241%(30); 193%(30)
8 3-OPh 363(100) 286%(100); 270%(6); 258%(12)
9 4-OCH, 301(100) 286%(26)
10 3,4-di-OCH, 331(100) 316%(100); 315°(63); 287°(15)
11 3-NO, 316(100) 286°(100); 270%(78); 258%°(4)
12 4-N(CH,), 314(100) 299%(35); 298%(8)

The fragmentations of compounds 9, 10 and 12, with strong electron-donor
substituents, show the loss of a methyl radical. These fragmentations are similar
to the corresponding ones in the ESI* mode. Phenyl radical loss is the base peak
in the spectrum of compound 8. The substituent in compound 11, being a strong
electron-acceptor, shows the ability to lose a nitrosyl radical in the negative ioni-
zation mode. The main fragmentation process for the chloro-substituted com-
pounds is the loss of HCI, probably due to the accommodation of a negative
charge on chlorine atom, which extracts the neighbouring proton. Typical frag-
mentations of the investigated pyridinones in the ESI- ionisation mode are pre-
sented in Scheme 4.
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Sl

¢ [M-H-Ph-CO]~ 8 [M-1-Ph]™ 10 [M-1-HCH
-'PhT -HCl

g ¢ K
sy

€3 |M-H-CN-PhJ- [M-H]~ el [M-H-COTI”

o,
M

/
zQ
l
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Scheme 4. Proposed fragmentation paths of the [M—H]- in the MS? spectra; e4 and e6 ions:
X1 = CH3 for compounds 9 (m/z 286; X, = OH) and 10 (m/z 316; X, = 3-OH and 4-OCHy),
X1 = CH3 for compound 12 (m/z 299; X, = NHCH3), X; = NO (m/z 286; X, = OH) or NO,
(m/z 270; X, = H) for compound 11, X; = OPh for compound 8 (m/z 270; X, = H); €5 and

e7 ions: X, = CH,4 for compound 10 (m/z 315; X, = 3-OH and 4-OCHj,), X, =CH, for
compound 12 (m/z 298; X, = NHCH,); €10 ion containing one chlorine for the
dichloro-substituted compound.

CONCLUSIONS

The typical peaks appearing in the ESI* spectra of all pyridinones are the pro-
tonated molecular ion [M+H]™*, the corresponding molecular ion adducts with so-
dium [M+Na]* and cluster ions [2M+Na]*, [2M-H+2Na]* and [2M-2H+3Na]*.
The negative ESI-MS spectra exhibit far fewer ions, which are, apart from
[M-H]-, [2M-2H+Na]~ and [3M-3H+2Na]~.

Different factors influence the fragmentation pattern of the investigated
pyridinones in the positive ionization mode. The position and proton affinity of the
substituents play an important role in the fragmentation processes in the MS2 and
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MS3 spectra. Pyridinones with a substituent of low proton affinity show loss of
water, HCN or benzene from the pyridinone ring in the first step of MS2 frag-
mentations. Conversely, if a substituent with a high proton affinity is present at
the phenyl ring in the 4-position of pyridinone, the complex fragmentation paths
depend mainly on the substituent proton acceptor ability. Elimination of neutral
molecules CO, HCN, H>O and PhH (benzene) or Ph and CN radicals are frag-
mentation processes common for all compounds in the subsequent steps of the
fragmentations.

The ionisation mode significantly influences the fragmentations depending
on the tautomeric form of the investigated compounds. In ESI*, water molecule
elimination indicates that protonation of the hydroxyl group of the lactam tauto-
mer occurs. On the contrary, in ESI-, expulsion of a CO molecule indicates de-
protonation of the hydroxyl group.

Acknowledgements. The authors are grateful to the Ministry of Science and Technolo-
gical Development of the Republic of Serbia for financial support (Project 142063).
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ESI-MS CIIEKTPH 3-IIUJAHO-4-(CYIICTUTYUCAHHA
®EHNI)-6-OEHNJI-2(1H)-TIMPUMTHOHA

AJIEKCAHJAP I. MAPUHKOBUR, TATJAHA M. BACUJBEBUR,
MMIJIA 1. JAYIIEBUR u BPATHCIIAB XK. JOBAHOBWHR

TexHoaouko—meimiarypuwku gaxyaitieit, Ynueepauiteiii y beozpaoy, i.iip. 3503, Kaprezujesa 4, 11120 Beozpao

3-Iujano-4-(cyncruryucanu ¢ennn)-6-dpenut-2(1H)-nupuarHoHd Cy MCIUTHBAaHU TaHIEM
MAaceHOM CIIEKTPOMETpPHjoM KopHIIhemeM MO3UTUBHE U HETATHBHE eleKTpocmpe] jonusanuje. Hc-
NHUTHBAaH je yTHLAj CyNICTUTyeHaTa 1 CTepHor edekra Ha GpparmeHtanuje. [[MpUANHOHK KOjU UMajy
CYINCTUTYEHTE Major apuHHUTEeTa TpeMa MPOTOHY Mokasyjy ryoutak Boae, HCN wiu OenszeHa u3
IMPHIHHOHCKOT IIPCTEHa y pBoM Kopaky MS? dparmentamuja. CyIpoTHO, 4KO je CYICTUTYEHT ca
BUCOKUM aUHUTETOM IIpeMa MPOTOHY MPUCYTaH Ha (DCHUIHOM IPCTEHY Yy 4-10JI0XKajy MUPHIN-
HOHa, CJIOKEHH (h)parMeHTALMOHH ITyTECBH YIJIaBHOM 3aBHCE OJ1 jauylHe Te MHTepakiuje. Enumuna-
muje neytpananx monekyma CO, HCN, H,0, PhH (6ensen) nmu Ph u CN pagukana cy ¢pparmen-
TalMOHH IPOLECH YOOMYajeHH 3a CBa MCIUTHBAHA jeOUIbEHA y HApeAHMM (parMeHTALMOHUM
CTYNHEBUMA.

(Ipumsbeno 6. jyna, peBuaupano 24. okro6pa 2008)
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Abstract: The glucocorticoid receptor (GR) protein is a cytosolic ligand-depen-
dent transcription factor with numerous functions regulated by post-transla-
tional modifications, including phosphorylation/dephosphorylation. Among the
functions most extensively affected by GR phosphorylation are the modulation
of its transcriptional activity, alterations in its interaction pattern with cofac-
tors, nuclear translocation and selective gene transactivation. Intensive analysis
of the intracellular distribution of GR phosphoisoforms and their interaction with
proteins of other cellular signalling networks required the use of [<32P]ATP as
a phosphate donor, and special laboratory protection measures to avoid external
irradiation and contamination. In the present study, simple and easy-to-use
non-radioactive protein mobility shift assays (NMS assays) were developed
using one- and/or two-dimensional gel electrophoresis based on differences in
the pl and molecular mass of GR phosphoisoforms. The GR isoforms were im-
munodetected with specific monoclonal or polyclonal anti-GR antibodies by
Western blot in three diverse systems, namely yeast BJ2168 cells expressing
wild-type rat GR, rat hepatoma GRH2 cells grown in culture and brain tissue
from Wistar rat experimental animals. The results obtained using the NMS as-
say were similar to previous results obtained with the [#32P] ATP standard assay.

Keywords: glucocorticoid receptor; phosphoisoforms; electrophoretic assay.

INTRODUCTION
The glucocorticoid receptor (GR) protein is a ligand-dependent transcript-
tional factor which, in the absence of glucocorticoid hormones (GCs), is located
primarily in the cytoplasm of the target cell in the form of a hetero-oligomeric

*Corresponding author. E-mail: marija@vinca.rs
doi: 10.2298/JSC0903237P
237
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complex with heat shock proteins (HSPs).1.2 After binding to GCs, the GR un-
dergoes conformational changes, dissociates from the HSPs, homodimerizes and
translocates into the nucleus where it interacts directly with its specific DNA se-
quences in the promoter region of the target genes.! In addition, the activated GR
may interact with other transcription factors, such as the nuclear factor-xB, the
activator protein-1 and many others, via protein—protein interactions, thus influ-
encing indirectly the activity of these transcription factors on their target genes.34

Phosphorylation is a very important post-translational modification of GR,
regulated by cellular enzymes kinases and phosphatases, influencing and modu-
lating virtually all of the GR functions.>6 The N-terminal domain of rat GR con-
tains phosphorylation sites at the amino acids serine 224/232 and serine 246, acti-
vated by cyclin-dependent kinases (CDKSs) and c-Jun-N-terminal kinase (JNK),
respectively.”8 GR phosphorylation by these kinases affects its transcriptional
activity, protein stability and nucleo-cytoplasmic shuttling, thus modulating GR-me-
diated gene expression.>9:10 For an understanding of the physiological functions
of GR, it is of crucial importance to have simple and accurate method(s) for ana-
lysis of the phosphoisoforms of GR. Such methods would enable studies of intra-
cellular distribution of GR phosphoisoforms and their interaction with proteins of
other cellular signalling networks. Most of the recently used methods employed
radioactively labelled phosphate donor [=32P]ATP to follow GR phosphorylation
in vivo or in vitro.”~10 Although powerful, these techniques required special labo-
ratory protection protocols due to possible external irradiation and contamination
by the high levels of [%<32P]ATP radioactivity.”:10

In the present study, simple and easy-to-use non-radioactive protein mobility
shift assays (NMS assays) were developed for the analysis of GR phosphoiso-
forms based on the differential mobility of GR phosphoisoforms separated by the
one- or two-dimensional gel electrophoresis. The hyperphosphorylated GR iso-
form was detected by highly specific monoclonal anti-GR antibodies or epitope
specific polyclonal antibodies by Western blot immunodetection assay. The NMS
assays were first established in vivo with yeast Saccharomyces cerevisiae BJ2168
strain expressing wild-type rat GR and thereafter successfully applied to test in
vivo phosphorylation of GR in rat hepatoma GRH2 cells grown in culture or
brain tissue from Wistar rat experimental animals. The obtained results suggest
that NMS assays can be used across very different biological systems from yeast
cell to in vivo animal models with high sensitivity and reproducibility and
provide an alternative way to study this subject and avoid using [#32P]ATP.7.10

EXPERIMENTAL

Baker’s yeast Saccharomyces cerevisiae strains and plasmids

The triple protease deficient yeast strain BJ2168 (a, pep 4-3, prc 1-417, prb 5-1122, ura
3-52, trp 1, leu 2)! served as the parent for derivative strains containing various 2u-origin-
-based expression and reporter vectors. Transformations were performed by the lithium ace-
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tate procedure.12 The yeast expression plasmid pG-N79513.14 contained rat GR cDNA driven
by the yeast glyceraldehyde-3-phosphate dehydrogenase promoter, residing on a 2y vector
(10-40 copies per cell) bearing the TRP1 selectable marker. The 2u vector carries the URA3
selectable marker, a bacterial origin of replication and the bacterial ampicillin resistance
gene.4 Yeast cultures were propagated at 30 °C in minimal yeast medium supplemented with
a standard mixture of amino acids and 2 % glucose.1®

Mammalian cells culture

The mammalian cell line GRH2, a derivative of transfected hepatoma HTC cells, ex-
pressing a high level GR was used in the study.l® Cells were grown in 90 % Dulbecco’s
modified Eagle’s medium H-16, supplemented with 10 % heat-inactivated FCS, 100 IU/mL
penicillin and streptomycin and 2 mM L-glutamine (all obtained from Sigma-Aldrich, Tauf-
kirchen, Germany) in 95 % humidity atmosphere of 95 % air and 5 % CO, at 37 °C.

Hormone treatment and preparation of yeast and GRH2 cell extracts

Yeast and GRH2 cells were treated in vivo with 10 pM deoxycorticosterone (DOC, 3300
ng/mL medium) or 10 uM dexamethasone (Dex, 3900 ng/mL medium), respectively. The
yeast cell extract was prepared (1:2 mass/volume) at 4 °C by glass bead lysis in 45 mM Hepes
pH 7.4, containing 10 % glycerol, 1 mM Na,EDTA, 400 mM NaCl, 1 mM DTT and 0.5 %
Nonidet P40 followed by centrifugation at 13,000 rpm in a Beckman JA centrifuge. When
indicated, the supernatant was treated for 30 min at 25 °C with 20 IU/mL of calf intestine
phosphatase (Boehringer Mannheim). The GRH2 cell extract was prepared in the same
manner as the yeast extract except that the glass beads were omitted.

Preparation of cell extracts from brain cortex of experimental animals

Wistar males (2 months old, body mass 250 g) were exposed to acute stress (immobili-
zation),17 sacrificed by decapitation and the prefrontal brain cortex (PFC) was weighed and
homogenized (1:2 mass/volume) at 4 °C in 20 mM Tris HCI buffer pH 7.2, containing 10 %
glycerol, 1 mM Na,EDTA, 1 mM Na,EGTA, 50 mM NaCl, 2 mM DTT and protease inhi-
bitors.1” The homogenate was centrifuged at 38000 rpm for 60 min at 4 °C and the resulting
supernatant was used as cell cytosol.

The protein concentration in the yeast and mammalian cell extracts or brain cell cytosol
was determined by the method of Lowry.18
Separation and analysis of samples by one-dimensional gel electrophoresis (1-DE) or
two-dimensional gel electrophoresis (2-DE)

For analysis by 1-DE, samples (60 pg of protein) were mixed (1:1) in denaturing buffer
according to Laemmlil® and separated by molar mass (M) in 7.5 % slab polyacrylamide gels
for 45 min at 100 V under denaturing conditions. Standard mixture of My, marker proteins
(Sigma SDS6H2), containing: equine myosine (220000 g/mol), Escherichia coli f-galactosi-
dase (116000 g/mol), rabbit muscle phosphorylase B (97400 g/mol), bovine albumin (66000
g/mol) and egg white ovalbumin (45000 g/mol), was used for 1-D gel calibration.

In 2-DE, samples (100 ug of protein) were first mixed with isofocusing buffer (9 M urea,
2 % Triton X-100, 5 % Smercaptoethanol, 2 % of ampholines (4 volumes of ampholine pH
5-7 plus 1 volume of ampholine pH 3-10) and 0.1 % Bromphenol Blue), and separated accor-
ding to isoelectric point (pl) in prefocused 4 % disk polyacrylamide gels. The gels were pre-
focused for 20 min at 200 V, then 20 min at 300 V and 20 min at 400 V before sample
isofocusing was run for 10 min at 500 V and then 3.5 h at 750 V. For pl calibration, the
following pl markers were run in parallel gel disks: soybean trypsin inhibitor (TI, pl = 4.6),
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bovine carbonyl anhydrase (CA, pl = 5.9) and equine myoglobin (Myo, pl = 7.0). The sample
disks were taken out of the glass tubes, incubated for 60 min in denaturing buffer according to
Laemmli® and layered on top of 7.5 % slab polyacrylamide denaturing gels (the same those
used in 1-DE). The electrophoretic separation according to molar mass (M) was performed
for 90 min at 120 V.

Western blot immunodetection of GR protein

Proteins separated by 1-DE or 2-DE were electrophoretically transferred to PVDF mem-
branes and blocked for 1 h at room temperature in phosphate buffered saline (PBS) containing
5 % non-fat dry milk. Immunopositive bands were detected either with GR-specific BUGR2
(gift from Professor Keith R. Yamamoto) monoclonal antibody or with M-20 (sc-1004, Santa
Cruz Biotechnology) polyclonal antibody, both prepared in PBST (PBS, 0.1 % Tween 20, 2.5 %
milk). After extensive washing (3-5 times for 10 min in PBST), the immunopositive bands
were visualized by secondary goat-anti mouse or goat-anti rabbit antibody linked to alkaline
phosphatase (ALP)20 or horseradish peroxidase chemiluminescences (ECL) detection system.1?

RESULTS AND DISCUSSION

An electrophoretic mobility shift assay, also called “gel shift assay”, is a com-
mon technique usually used to study protein~-DNA or protein-RNA interactions by
1-D electrophoresis (1-DE). In the present report, it is shown that 1-DE and 2-DE
methods can also be successfully applied for monitoring the phosphorylation or
dephosphorylation of a single protein, i.e., glucocorticoid receptor (GR) isolated
from yeast Saccharomyces cerevisiae cells or mammalian cells. As may be ob-
served in Fig. 1A (lanes 1, 3 and 5), the native unliganded GR expressed in yeast
(S. cerevisiae strain BJ2168) resolved by 1-DE was detected by Western blot
using specific anti-GR monoclonal antibodies (BUGR) as a single protein band
corresponding to the position of the phosphorylase B marker at 97400 g/mol.
Upon addition of the yeast GR specific hormone analogue deoxycorticosterone
(10 pM, i.e., 3300 ng DOC/mL medium, Kgq 4 nM),1521 3 “smeared” GR pattern
appeared with a GR band corresponding to My, of about 99000 g/mol (99kGR)
(Fig. 1A, lanes 2, 4 and 6). The shift in the My,, of GR was observed in the inter-
val of 50-100 ug of total proteins assayed per lane (Fig. 1A, ALP detection) up
to 200 pg of total proteins assayed (Fig. 1B, ECL detection). Earlier studies310 in
S. cerevisiae BJ2168 mutant strains carrying the GR serine 232 site targeted by
CDK for phosphorylation mutated to alanine showed that the ligand-dependent
shift in the My, of GR corresponds to its hyper-phosphorylated form.3:10 In order
to check if the 99kGR was actually a hyper-phosphorylated form of the GR, a
control experiment in which BJ2168 extract was treated in vitro with 20 1U/mL
of calf intestine phosphatase was performed (Fig. 1B). As may be observed, the li-
gand-dependent 99kGR was not present after the phosphatase treatment (Fig. 1B,
lane 4). This fact complements and extends previous findings® and provides a
strong indication that 99kGR band was indeed the hyper-phosphorylated isoform
of GR.
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Fig. 1. Western blot analysis of yeast BJ2168 ectopically expressing GR separated by 1-DE.
A) Titration of protein concentration 50, 75 or 100 pug and mobility shift: controls (lanes 1, 3,
and 5), and yeast GR after hormone treatment (lanes 2, 4 and 6). B) Mobility shift sensitivity
to phosphatase treatment: controls (lanes 1 and 3), yeast GR after hormone treatment (lanes 2
and 4) and after calf intestine phosphatase (lanes 3 and 4). The position of molar mass
standard (Std. M) phosphorylase B (97400 g/mol) is indicated by an arrow.

When untreated or DOC treated BJ2168 extracts were resolved by 2-DE (1-
-isoelectrofocusing and 2-separation according to molar mass) and screened by
BUGR, both pl and My, shifts were observed (Fig. 2, left and right panels, res-
pectively). The ligand-bound, hyper-phosphorylated and activated form of GR22
was shifted towards both higher My, and more acidic pl. The same 2-DE analysis
was performed with GRH2 cell extracts after in vivo treatment with 10 uM Dex
(3900 ng Dex /mL medium, Kq 4nM,23 Fig. 3). A similar, although less pronoun-
ced, shift in the My, and pl of GR was observed, indicating that GR phosphoiso-
forms may be also analysed by the 2-DE of rat hepatoma GRH2 cells in culture.

Finally, GR phosphorylation was assayed by the 1-DE shift-assay in extracts
isolated from Wistar rat brain tissue. The prefrontal brain cortex extracts which
contain high levels of GR protein24 were prepared from control animals in which
the natural hormone corticosterone (CORT) was at a low diurnal level, i.e., 130
ng/mL plasma (Fig. 4, lane 1). The cytosol was also prepared from stressed ani-
mal brain corresponding to 630 ng of CORT/mL plasma (Fig. 4, lane 2). The
1-DE analysis followed by Western blot detection of GR by specific M-20 poly-
clonal antibodies clearly showed the appearance of both 97.4kGR and 99kGR
hormone-dependent hyperphosphorylated isoform under high CORT conditions.
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These results provide evidence that the employed method may be successfully
applied to separate these phosphoisoforms in vivo in whole animal studies. More-
over, in recent publication in which serine 232 epitope specific anti-GR antibo-
dies were used, the hyperphosphorylated isoform with reduced mobility (99kGR)
was shown to be a CDK phosphorylated form of GR in Wistar rat brain.1’
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Fig. 2. Western blot analysis of yeast
BJ2168 ectopically expressing GR sepa-
rated by 2-DE. Left panel: the control
sample; right panel: the sample treated
with hormone. The positions of the pl
standards: soybean trypsin inhibitor (TI,
pl = 4.6), bovine carbonic anhydrase
(CA, pl = 5.9) and equine myoglobin
(Myo, pl = 7.0), and the position of the
molar mass standard (Std. Mpy) phos-
phorylase B (97400 g/mol) are indicated
by dashed lines.

Fig. 3. Western blot analysis of the GR
from rat liver GRH2 cells separated by
2-DE. Left panel: the control sample;
right panel: the sample treated with hor-
mone (10 uM Dex). The position of the
pl standards: soybean trypsin inhibitor
(TI, pl = 4.6), bovine carbonic anhyd-
rase (CA, pl = 5.9) and equine myoglo-
bin (Myo, pl = 7.0), and the position of
the molar mass standard (Std. M) phos-
phorylase B (97400 g/mol) are indicated
by dashed lines.

Fig. 4. Western blot analysis by specific
M-20 antibodies of the GR from the pre-
frontal cortex of Wistar rat brain sepa-
rated by 1-DE: control sample with low
hormone level (130 ng/mL CORT) (La-
ne 1) and a stressed animal with a high
hormone level (630 ng/mL CORT), (La-
ne 2). The position of the molar mass
standard (Std. Mpm) phosphorylase B
(97400 g/mol) is indicated by an arrow.

CONCLUSIONS

The non-radioactive electrophoretic protein mobility shift assays (NMS as-
says) used in the present study are equivalent to a standard radioactivity based as-
say using [+32P]ATP as a phosphate donor. Instead of the radioactivity detection
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method, the NMS assay is based on Western blot immunodetection of GR phos-
phoisoform separated in one- and/or two dimensional gels according to differen-
ces in pl and molar mass. The GR forms are easily detected in all the studied
biological systems and GR undergoes hormone dependent phosphorylation in
yeast as well as in mammals, suggesting the importance and conservation of this
process. In addition, these GR isoforms can be detected and quantified with high
sensitivity and reproducibility, thus enabling the avoidance of the use of the
[+32P]ATP assay; and the method does not require special laboratory protection
measures. The NMS assay may be used to analyse GR from the diverse biolo-
gical systems: yeast cells, mammalian cells (rat hepatoma GRH2 culture) and brain
tissue from experimental animals.
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«WESTERN BLOT» AHAJIN3A ®OCDPON30DPOPMU I''TYKOKOPTUKONJHOT!
PELEIITOPA IIOMORY JEAHOAMMEH3MOHAJIHE 1 JIBOAMMEH3MOHAJIHE
EJIEKTPO®OPE3E

HATALIA TIOIIOBURY, AHA HURUPOPOBURY, MUPOCJIAB ALIRY, MAPUIA B. PAJIOJUIRY, CONSTANTINOS
DEMONACOS? 1 MAPHJA KPCTUR-DEMONACOS?

Yncmuinyi 3a nyxaeapre nayxe “Bunua”, Jlabopaiiopuja 3a mosexyaany 610a0Zujy u endokpunoaozujy, Beozpao,
2school of Pharmacy, University of Manchester, Manchester « 3Faculty of Life Sciences, University of
Manchester, Manchester, United Kingdom

I'mykokoptukonanu peuentop (I'P) je HUTOCONHK NUraHA-3aBUCHU TPAHCKPHUITIUOHU (aKTop
ynje OpojHe QyHKIHje Cy peryircaHe IOCT-TPaHCIAIUOHUM MojuuKanujama: Gpochoprarijom
u nedpocopunanujom. Mebhy dynxmmjama ['P xoje cy HajoceTspuBHje Ha GOCHOpHIALIN]Y CY: MO-
JyJaluja BEeroBe TPAHCKPHUIILMOHE aKTHMBHOCTH, NPOMEHE Y HAauMHy HMHTepakiuje ca Ko(hakrto-
puma, Tparciokauja ['P y jenpo u cenekTHBHA TpaHCAKTUBALMja reHa. Y JHUTEPaTypH Cy J0 caia
onucane OpojHe aHanu3e yHyTaphenujcke nuctpudyimje I'P U merope MHTEpakiifje ca MpOTEH-
HHMa JPYTUX CHTHAIHEX IyTeBa, Koje Cy 3acHoBame Ha [y-2P]JATP xao momopy docdarie rpyre.
3a oBaKBe aHaM3e MOTPEOHE Cy CIELHUjaIHe TabopaTOpHjCKe Mepe 3alliTHTE O[] 3padycha U paano-
aKTHBHE KOHTaMUHaNuje. Y MPHUKa3aHoj CTYAMj! pPa3BIIIM CMO jeJHOCTABaH U JIaK HEPaJHOAKTHBHU
tect («(NMS») 3a ananusy I'P pochonzodopmu Koju ce 3aCHHBA HA POMEHH Y HHXOBO]j MOKPET-
JbUBOCTH y jeJHOIMMEH3MOHAIHO] MM JBOAMMEH3UOHAIHO] elneKTpodopesu, Kao MOCIe U pa3-
nuka y pl u monekyinckoj macu. @ocomsodpopme I'P cy ananusupane y Tpu pazinnunTa GHoomKa
cuctema: y kBaciyy BJ2186 ca musibuMm Tumom («wild-type») I'P, y henujama xemaroma manoBa
GRH2 rajenuM y KyiTypu M Yy MOXIAaHOM TKHBY ekcrepuMeHTanHux Wistar mamosa. AHanusa
¢docthomzopopmu I'P je pahena mmyHONIOmKOM METOAOM MOMONY BHUCOKO-CHEIM(PHIHHX MOHO-
KJIOHCKHX WIIM MOJMKIOHCKHMX aHTHTena kopumhenux y «Western blot» tecty. Pesyararu mo-
6ujern «NMS» TecToM OmiM Cy CIIMYHM HALIMM MPETXOIHUM Pe3yiITaTHMa y KojuMa je KopuinheH
crangapaun [2°P]JATP recr.

(Mpumsbero 17. okrobpa 2007, pepuaupano 27. asrycra 2008)
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The monoclonal antibody 26 raised against tetanus toxoid also
recognizes tetanus toxin and f-glycoprotein | — its binding
properties in vitro and potential applications

ALEKSANDRA B. INIC-KANADA*, MARIJANA M. STOJANOVIC, IRENA P.
ZIVKOVIC, VLADIMIR Z. PETRUSIC and LJILJANA A. DIMITRIJEVIC

Institute of Virology, Vaccines and Sera — Torlak, Vojvode Stepe 458, 11152 Belgrade, Serbia
(Received 17 July, revised 7 November 2008)

Abstract: A murine monoclonal 1gG, antibody, marked as MAb26, specific for
tetanus toxoid has been immunochemically characterized. By performing en-
zyme-linked immunosorbent assays (ELISAS) and western blot analyses, it was
demonstrated that MAb26 reacted with tetanus toxoid, tetanus toxin and S,-gly-
coprotein | (5GPI). According to the results, MAb26 recognized the sequential
epitope on the tetanus heavy chain. The affinity constant, calculated from Scat-
chard plots of MAb26 binding to tetanus toxoid, was 1.145x108 M1 and the
measurement of the relative affinity of MADb26 by ELISA using thiocyanate
elution showed a significantly higher affinity of MAb26 to the toxoid (p =
= 0.0012) in comparison to the toxin. Additionally, the reactivity of MAb26
toward the toxoid forms increased when the tetanus toxin was detoxified using
8 mM and higher formaldehyde concentrations. The similarity of the tetanus
toxoid to several sera proteins, either at the level of its conformation (IL-1e) or
at the level of peptide sequences (£GPI, laminin) favors its role in auto-
immunity by the mechanism of molecular mimicry. As the induction of an au-
toimmune disease is dependent on the breakdown of tolerance, which could be
the result of an overt hyperstimulation, the control of the presence and concen-
tration of self-reactive epitopes in vaccine preparations is a prerequisite. In this
study, it was shown that MADb26 can: 1) discriminate between the tetanus toxin
and different toxoid forms, which makes it a good candidate for antibody con-
trol during vaccine preparation; 2) due to its cross-reactivity with £GPI, it could
provide information on the presence of a potentially dangerous sequential epi-
tope expressed at the protein surface.

Keywords: tetanus toxoid; tetanus toxin; monoclonal antibodies; formaldehyde.

INTRODUCTION

Tetanus toxin (TTn) is an enormously potent neurotoxin! secreted by the
anaerobic soil bacterium, Clostridium tetani and is comprised of two polypeptide

* Corresponding author. E-mail: aleksandra612@gmail.com
doi: 10.2298/JSC0903245I
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chains, termed heavy (H, 100 kD) and light (L, 50 kD) chains, linked by a disul-
phide bond. These two chains are functionally distinct; the H chain is responsible
for binding and cell entry, while the L chain is catalytically active and functions
as a zinc-dependent endopeptidase. TTn traffics to the central nervous system by
retrograde axonal transport followed by trans-synaptic spread into inhibitory in-
terneurons,2:3 where it specifically cleaves the synaptic vesicle protein synapto-
brevin. Synaptobrevin cleavage by TTn blocks the release of inhibitory neuro-
transmitters leading to spastic paralysis. In concentration of approximately 1
ng/kg,* TTn induces death in non-vaccinated humans.

As TTn induces death before an adaptive immunity could be generated, ac-
tive immunization® with tetanus vaccine (TTdV) is crucial for the prevention of
death caused by tetanus. At present, protection is routinely induced through im-
munization with a TTn derivate, tetanus toxoid (TTd), obtained by chemical mo-
dification with formaldehyde,® which was first described more than 80 years ago.
TTn inactivated by formaldehyde is devoid of toxicity but is still highly immuno-
genic with a stabilized native conformation.

The similarity between TTn and several sera proteins (4GP, laminin) at the
level of short peptide sequences favors its role in autoimmunity by the mecha-
nism of molecular mimicry.”:8 This fact implies that the application of TTd re-
quires prior detailed characterization and precise quantification. The cross-reac-
tivity of TTn, especially with 5 GPI drew our attention as it has been shown that
/5GPl is a major antigen in the antiphospholipid syndrome (APS).®

With the intent of examining further the specificity of anti-tetanus antibo-
dies, an anti-tetanus monoclonal antibody (MADb), marked as MAb26, which re-
cognizes the epitope located on both forms of tetanus: natural toxin and its che-
mical derivative, toxoid, was immunochemically characterized. In addition, MAb26
cross-reacted with /5GPl and could be regarded as a convenient tool for an in-
vestigation related to the potential generation of some “surprising” and poten-
tially hazardous anti-#GPI autoantibodies, possibly through the molecular mi-
micry mechanism. There is a general consensus that autoimmune diseases de-
pend on genetic and environmental factors. As studies on experimental APS mo-
dels proved that there is molecular mimicry between B,GPI-related synthetic
peptides and structures within bacteria and viruses, TTd, might be a cause for
experimental APS.10 Since the pathogenic potential of MAb26 in vivo has
already been demonstrated,!1 this study was conducted with the aim of further
analyzing the immunochemical characteristics of MAb26, with the emphasis on
the analysis of the reactivity of MAD26 toward different tetanus antigenic
determinants. The obtained results also indicate that formaldehyde modification
potentiates the conformational expression of £GPl cross-reactivity.

2009 Copyright (CC) SCS



UNUSUAL PROPERTIES OF MONOCLONAL ANTIBODY 26 247

EXPERIMENTAL

Antigens

TTn was purified from fermentation cultures of Clostridium tetani and inactivated at a
fixed concentration of 180 Lf/ml by adding formaldehyde to final concentrations of 0, 2, 4, 8,
16, 32, 64 and 128 mM. The mixture was adjusted to pH 7.4 and incubated at 35 °C for 4
weeks. The resulting “detoxified samples” were then dialyzed and filtered to remove the ex-
cess of inactivation reagents. After a final pH adjustment and filtration, the samples were ali-
quoted and used in the experiments. In the following text, when the formaldehyde concen-
tration is not specifically indicated, the abbreviation TTd refers to the tetanus toxoid obtained
using 128 mM formaldehyde.

PGPl was purified from normal human plasma using sequential precipitation with
(NH,4)»S0Oy,, 65 % saturation, from the supernatant obtained following perchloric acid addition
to human plasma (final concentration 1.75 %) and chromatographic steps (Mono S column;
AKTA Purifier, Pharmacia Amersham, Uppsala, Sweden). Both Ags were checked for purity
by SDS-PAGE (Phast System, Pharmacia Amersham, Uppsala, Sweden) and identified by im-
munoblot, using either commercially available mouse anti-human £GPl 1gG1 (1gG1; clone
5F7, ICN Biomedicals, Aurora, USA) or anti-TTd standard antibodies.

Production of MAbs specific for TTd

MADbs to TTd were produced by the hybridoma technology.12 MAb26 was IgG; which
was demonstrated by ELISA, using commercially available biotin-labeled MAbs specific for
mouse IgG subclasses (ICN Biomedicals, Aurora, USA) for detection. MAb26 producing hyb-
ridoma was cultured in integra bottles (Integra CL 350, Integra Biosciences, Switzerland) and
the MAb was affinity purified from the supernatant on a Protein A-Sepharose 6B (Pharmacia
Amersham, Uppsala, Sweden) column according to the instructions of the manufacturer. The
purity of MAb preparations were determined by sodium dodecylsulphate polyacrylamide gel
electrophoresis (SDS-PAGE). The isolated MADb26 was used for F(ab’), and Fab’ production
according to a procedure previously described.1® The resulting proteolytic digestion samples
were dialyzed against 100 mM Tris-HCI buffer, pH 8.1, and intact Fc fragments and non-di-
gested antibody were removed by Protein A-Sepharose chromatography. The F(ab’), prepa-
ration showed a single band at 100 kD and a doublet of bands at 25 kD in non-reducing and
reducing SDS-PAGE, respectively. The Fab’ preparation showed a single band at 50 kD and
25 kD in non-reducing and reducing SDS-PAGE, respectively. The obtained antigen-binding
fragments, as well as intact MAbs were biotin labeled (-B) according to a previously descri-
bed procedure.14
Reactivity of MAb26 with TTn and TTd

ELISA plates (MaxiSorp, Nunc) were covered (50 pl/well) with TTn or TTd (1ug
ml-1 PBS) by overnight adsorption at 4 °C. A 1 % BSA/PBS solution was used for blocking
non-specific binding for 2 h at room temperature). The saturation, as well as each subsequent
ELISA step, was followed by washing with 0.05 % Tween 20/PBS (4x200 pl/well). MAb26
(0.50-10 pg/ml) was added to the plate and incubated for 1 h at room temperature. Biotin-
-labeled antibodies specific for mouse 1gG (ICN) (50 pl/well) were incubated for 1 h at room
temperature. The system extrAvidin-peroxidase/OPD was used for “visualization” of Ag-Ab
interaction. The absorbance was read at 492/692 nm.

The measurement of the relative MAb26 affinity by ELISA using thiocyanate elution

The affinities of MADb26 to TTd and TTn were estimated by use of aqueous solutions
containing different potassium thiocyanate (KSCN) concentrations.!® Analysis of the in-
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fluence of thiocyanate ion (SCN-) on the specific MAb26 binding was performed with ELI-
SA-based procedures. The protocol was similar to those performed for the reactivity determi-
nation of MAb26 with TTd and TTn. The single difference was an additional 1-hour incuba-
tion with aqueous KSCN solutions after the binding of MAb26 to the adsorbed Ags. Aqueous
solutions containing increasing KSCN concentrations (0-6 M) were employed for MAb26 de-
sorption. The SCN- concentration ([SCN-]) that induced a 50 % reduction of initial absor-
bance ([SCN-]sg o,) Was calculated for each sample upon linearization of the corresponding
Ag-Ab dissociation profile (Binding (%) = f([SCN])). A preliminary experiment showed that
KSCN in the concentrations used did not induce desorption of coated TTd or TTn. To eva-
luate the significance of the observed differences in MAb26 affinity toward TTd and TTn,
dissociation profiles (Binding (%) = f([SCN-]) were compared by a paired Student’s t-test.

Reactivity of MAb26 with TTn adsorbed onto gangliosides

ELISA plates (PolySorp, Nunc) were covered (50 pl/well) with the appropriate gang-
lioside: GTq,, or GDyp, (10 pg/ml in methanol) by overnight evaporation at room temperature.
A 1 % BSA/PBS solution was used for saturation for 2 h at room temperature. The saturation,
as well as each subsequent ELISA step, was followed by washing with PBS (4x200 ul/well).
TTn/1 % BSA (20 pg /ml) or 1 % BSA were added to the plate and incubated for 1 h at 37 °C.
MADb26 (10 pg/ml) or TTd-specific mouse anti-serum (polyclonal anti-TTd Abs, 1:400) were
added to the plate and incubated for 1 h at 37 °C. After washing, the biotin-labeled antibodies
specific for mouse 1gG (ICN) was added to the plate (50 pl/well). System extrAvidin-pe-
roxidase/OPD was used for “visualization” of the Ag—Ab interaction. The absorbance was
read at 492/692 nm.

SDS-PAGE and Western blot

TTn, TTd and BAGPI were resolved by SDS-PAGE on 1-mm-thick 9 % separating gels,
with 4 % stacking gels (Mini Protean Il System, Bio-Rad, USA). The proteins were electro-
phoretically transferred to PVDF membranes (Millipore Corporation, Bedford, MA, USA) for
1 hat4 °Cand 1-1.5 mA/cm?2 (Multiphor 11 System, LKB, Sweden) in buffer containing 25
mM Tris (Pharmacia), 193 mM glycine (Pharmacia), and 15 % methanol (Fluka). To prevent
non-specific antibody binding, the membranes were incubated with blocking buffer, 3 % BSA
(Sigma) in PBS for 2 h. MADb26 was diluted in blocking buffer and the incubations were per-
formed for 1 h at room temperature. The membranes were incubated with anti-mouse 1gG-B
(Sigma) diluted 1:5000, followed by streptavidin—phosphatase (Sigma) diluted 1:1000. The
membranes were washed three times with 0.05 % Tween 20 (Sigma)/PBS and twice with PBS
after the incubations. The antibody binding was visualized by exposure to 5-bromo-4-chloro-
3-indoly! phosphate/nitro blue tetrazolium (BCIP/NBT) (Bio-Rad).

SDS-PAGE under reducing conditions was performed similarly to that described above
with the following differences: 1) the proteins were resolved by electrophoresis on a gradient
4.0-15 % polyacrylamide gel (Pharmacia) and 2) the samples contained 5 % 2-mercapto-
ethanol.

Reactivity of MAb26 with 3,GPI

ELISA plates (MaxiSorp, Nunc) were covered (50 ul/well) with £GPl (10 ug/ml
B.GPI/PBS) by overnight adsorption at 4 °C. A 1 % BSA/PBS solution was used for satu-
ration for 2 h at room temperature. The saturation, as well as each subsequent ELISA step,
was followed by washing with 0.05 % Tween 20/PBS (4x200 ul/well). MAb26 (0.50-10
pg/ml) was added to the plate and incubated for 1 h at room temperature. The biotin-labeled
antibodies specific for mouse 1gG (ICN) (50 pl/well) were incubated for 1 h at room tem-
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perature. The system extrAvidin-peroxidase/OPD was used for “visualization” of the Ag—-Ab
interaction. The absorbance was read at 492/692 nm.

Competitive inhibition ELISA: binding of MAb26 for 3,GPI in the presence of differently
detoxified forms of TTn

The £GPl was bound to the MaxiSorp (Nunc) microtiter plates by overnight adsorption
at 4 °C, at a concentration of 10 pg/ml. Detoxified samples (20 pug/ml), made by adding for-
maldehyde to final concentrations of 0, 2, 4, 8, 16, 32, 64 and 128 mM, were mixed with
F(ab’), MAb26, 10 pg/ml, then pre-incubated for 1 h at 25 °C in a water bath and further in-
cubated with 5GPl coated on the microplate walls. ExtrAvidin-peroxidase/OPD was used as
the detection system. The percentage binding (BI) was calculated after determination of the
free MAb26 from the standard curve Asgy690 = f((F(ab”),MADb26)).

Double immunodiffusion

Double immunodiffusion® was performed for subclass determination and for the detec-

tion of the precipitating properties of MAb26.

RESULTS AND DISCUSSION

Preliminary tests, performed with supernatants of hybridoma 26, indicated
that MAb26 reacts with TTd, TTn and /GPIl. The hybridoma 26, secreting
MAD26 of the 1gG1 subclass (pl 7.4), was further subcloned, propagated in In-
tegra bottles and characterized. Although this characterization included the con-
ventional approach to study MADbs, the focus was on the investigation of the un-
usual binding features of MAb26, the localization of its partial epitope and po-
tential applications.

Binding properties of MAb26

The reactivity of the isolated MADb26 toward TTd and TTn was tested using
direct ELISA and this MAb displayed strong reactivity toward tetanus antigenic
determinants. The reactivity pattern undoubtedly demonstrated anti-TTd binding
specificity with a K, value of 1.145x108 M-1, determined for isolated TTd (150
kD) in competitive ELISA (Fig. 1a). The reactivity toward TTd was higher in
comparison to the reactivity toward TTn, which was confirmed by analysis of the
influence of KSCN on MAb26 binding to TTd and TTn (Fig. 1b). Significant dif-
ferences between the elution profiles of MAb26 from TTn and TTd following
incubation with KSCN in various concentration were revealed by paired Stu-
dent’s t-test (p = 0.0012), indicating a large difference in the affinity of MAb26
toward these antigens. The calculated [SCN-]sq o, Values confirmed the higher af-
finity of MADb26 toward TTd compared to TTn. Parallel binding curves of MAb26
and its F(ab’)> and Fab’ fragments for TTd or TTn revealed the same binding
pattern, which excluded the necessity of bivalent binding of MAb26 (Fig. 2),
which is in accordance with the high affinity of MAb26 toward these Ags.

The MADb26 was also reacted with £ GPI. It was not possible to calculate the
affinity of MAb26 toward AGPI by the standard Scatchard method. The first
reason could be its low affinity toward £GPl and the second, probably more im-
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Fig. 1. a) Scatchard plot (B/F = f(B)) of
the binding of MAb26 to TTd measured
by ELISA at 25 °C, B — concentration of
MADb26 bound to TTd, F — concentration
1 of free MADb26, and b) measurement of
10 1 1t 1 the relative affinity of MAb26 toward TTn
0 ! 2 8 ] N ® and TTd by ELISA using thiocyanate
KSCN concentration (M) elution. The corresponding [SCN]sg o, Va-
(b) lues are indicated within the graph.

portant, is the requirement of its bivalent binding.1” The necessity to use a high
concentration of £GPl (10 pg/ml) for the detection of MAb26 binding implies a
low affinity of MADb26 toward /5GPl (Fig. 3a). Bivalent binding of MADb26 to
GPI could explain the non-linear dependence of MAb26 binding to AGPI
following its incubation with solutions containing different concentration of
KSCN and the relatively high value of [SCN-]50 o, (Fig. 3b). Finally, as was
shown in a previous study,1! the absence of Fab’ binding to 4GPl adsorbed in a
concentration which allows the detection of MAb26, but the presence of binding
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of intact MAb26 and its F(ab’), to S GPI, confirmed the requirement of bivalent
binding of MAb26 to A GPI.

2.4 4 —=— TTd - intact MAb26
1 —¢— TTd-F(ab), of MAB26
229 —aTTd-Fub of MAD26 ]
: 0_- --a-- TTn - intact MAb26
" | --o-- TTn-Fab), of MAD 26
1.8 7% Thn-FablofMAB6
1.6 -
1.4 4
a 1.2+
O -
1.0
: e 7
0.6_- /;;@;;:,,.(,,
0.4 ”:ﬂﬁ;;
0.24 &;E;:::::;Eéz:g”__

MADb26 concentration (ug/ml)
Fig. 2. Binding curves of MAD26 and its F(ab’), and Fab’ fragmentsto TTd and TTn.

Partial characterization of the MAb26 binding epitope

Western blot revealed that MAb26 recognized the band of 150 kD in TTd/
/TTn and cross-reacted with £GPl (Fig. 4a). These results suggest that the epi-
tope recognized by MADb26 was most probably sequential and not dependent on
the native structure of TTd/TTn or B,GPI. Further Western blot experiments per-
formed after SDS-PAGE obtained under reducing conditions revealed that MAb26
binding epitope most probably lies on the tetanus heavy chain (Fig. 4b).

The reactivity of MAb26 toward different detoxified samples, made by ad-
ding formaldehyde to final concentrations of 0, 2, 4, 8, 16, 32, 64 and 128 mM,
was tested by ELISA. It could be seen (Fig. 5) that the reactivity of MAb26 in-
creased when the Ags were used in which the TTn had been detoxified using 8 mM
and higher formaldehyde concentrations. A similar MADb26 binding pattern was
revealed by Western blot (Fig. 6b) performed after SDS-PAGE obtained under
reducing conditions with detoxified samples (Fig. 6a).

The results of MAb26 binding to TTn adsorbed directly onto a microtiter
plate or a microtiter plate pre-coated with gangliosides supported the hypothesis
that the epitope recognized by MAb26 is located on the H chain of the TTn/TTd
molecule. The gangliosides (GD1, and GT1q) represent natural receptors for TTn
and the ganglioside binding site is located on the C-terminal domain of the H
chain of TTn. It was shown (Fig. 7) that adsorption of TTn to gangliosides almost
completely inhibited its recognition by MAb26, most probably due to steric hin-
drance.18
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The observed differences in reactivity of MAb26 toward the different toxoid
forms might be the result of the different extent of chemical modification and this
fact could eventually be used for discrimination between TTn and the toxoid
forms or to confirm the efficient transformation of TTn to toxoid forms.

Cross-reactivity of MAb26 with oGPl

By using “detoxified TTd samples” as inhibitors of MAb26—/,GPI binding,
an attempt was made to evaluate whether the formaldehyde concentration used in
the detoxification process could have any impact on the structure of the £,GPI-like
epitope on the TTd molecule. It is evident that the S GPI-like epitope was pre-
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sent in the TTn molecule and was potentiated through conformational changes in-
duced by formaldehyde treatment. A 50 % inhibition of binding F(ab’), MAb26
to /oGPl was obtained in the presence of as little as 4 mM formaldehyde in the
TTn detoxification process (Fig. 8). This result could favor the possibility that the
native conformation is stabilized by the formaldehyde-induced cross-links.

1 2 3 4 5 6 7 1 2

z ‘ : 150 kDa '
E 3 100 kDa '
-
-
< i
(a) (b)

Fig. 4. a) SDS-PAGE of TTd (lane 2), 5GPl (lane 4) and TTn (lane 6) on a 9 % polyacryl-
amide gel and Western blot analysis of MAb26 TTd (lane 3), 5GPl (lane 5) and TTn (lane 7).
The molecular weight marker kit (lane 1) consisted of myosin (212 kD), a~-macroglobulin
(170 kD), pgalactosidase (116 kD), transferrin (76 kD) and glutamic dehydrogenase
(53 kD), (b) SDS-PAGE of TTd under reducing conditions and Western blot analysis.

| —=—19G J—
"

1.2- /

T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140

Formaldehyde concentration (mM)
Fig. 5. Binding of MAb26 to different detoxified samples (made by adding formaldehyde to
final concentrations of 0, 2, 4, 8, 16, 32, 64 and 128 mM) immobilized directly onto
a UV-irradiated MaxiSorp plate. All the samples were assayed in triplicate
and the mean £SD are presented.
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Fig. 6. SDS-PAGE of detoxified samples (with 0, 4, 8, 32 and 64 mM formaldehyde) under
reducing conditions on a gradient 4-15 % PAG (a) and Western blot analysis
of former samples 1-4 with MAb26 as 5-8, respectively (b).

1.3

1.2 -
[CIMADB26

1 [ polyclonal anti-TTd Abs
1.0
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0.8
0.7
0.6
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0.4
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0.1
0.0

A492

TTn GT, GD, Gr, GD,

+TTn +TTn

Fig. 7. Binding of MAb26 to TTn, gangliosides and TTn + gangliosides.
Polyclonal anti-TTd anti-serum was used as the positive control.

MAD26 is cross-reactive with S,GPl and might be employed as a convenient
tool for investigations related to the potential generation of anti- 5GPl autoanti-
bodies, possibly by the molecular mimicry mechanism. The theory of molecular
mimicry, one of the mechanisms thought to be responsible for the association of
autoimmunity with infections, involves the display of epitopes resembling the
host determinants by the infectious agent. The epitope of a pathogen may induce
an immune response that breaks down self-tolerance by cross-reactivity, thus in-
ducing an auto-immune response leading to disease. The involvement of mole-
cular mimicry and immunization with TTd in the induction of APS was demon-
strated in experimental animal models.19-21 In a previous study,1l experimental
APS in BALB/c mice (which are not lupus-prone, i.e. the mice were not geneti-
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cally predisposed to autoimmune diseases) was induced after they had been pas-
sively infused with MAb26.

100 4

90
80 \
70

60+

binding (%)

50 +

40 —

———

30

T T T T T T T T T ///I/ LA DL R I L LI |

0 2 4 6 8 20 40 60 80 100 120 140
Formaldehyde concentration (mM)

Fig. 8. Inhibition of MADb26 binding to 8,GPI in the presence of

differently detoxified forms of TTn.

As the induction of autoimmune disease is dependent on the breakdown of
tolerance, which could be the result of overt hyperstimulation, control of the pre-
sence and concentration of self-similar epitopes in vaccine preparations is a pre-
requisite. This favors MADb26 as a valuable tool in the preparation process of a
tetanus toxoid vaccine.

Precipitating properties of MAb26

In addition to the characterization of MAb26, it was shown that this MADb
precipitated TTd and TTn in solution and also exhibited good precipitating pro-
perties in gels, as demonstrated by double immunodiffusion (Figs. 9a and 9b).

(a) (b) (c) | -
2 1 2 1
2%t
3 t \ 6 3 t ™6 N
3('&. "’6
4 b 4 5 4 5

Fig. 9. Double immunodiffusion of MAb26 against TTd, TTn and S,GPI performed ina 1.0
% agarose gel. TTd (a), TTn (b) and 5,GPI (c) were placed in the central wells at a con-
centration of 1.0 mg/ml. The concentrations of MADb26 that were placed in the
peripheral wells were 2-fold dilutions starting with 0.50 (well 1), 0.25 (well 2),

0.125 (well 3), 0.0625 (well 4), 0.03125 (well 5) and ending with 0.015 mg/ml (well 6).
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Although MADb26 could not precipitate £GPl in solution which is in accordance
with data from the literature for anti- 4GPl Abs, MAb26 exhibited good precipi-
tating properties in gels (Fig. 9c).

CONCLUSIONS

According to the presented results, it can be concluded that the characterized
MAD26 could be employed as a control antibody during vaccine preparation. Its
different affinities toward tetanus toxin and toxoid might be used for following-up
the detoxification process, which is indispensable for vaccine production. On the
other hand, the cross reactivity with £GPl could expand the information of the
presence of a potentially dangerous sequential epitope expressed at the protein
surface after detoxification.

Acknowledgements. This investigation was supported by grant 142020 from the Ministry
of Science of the Republic of Serbia.

U3BO/I

MOHOKJIOHCKO AHTUTEJIO 26 HAITPABJLEHO HA TETAHYC TOKCOUAY PEAT'YJE U
CA TETAHYC TOKCHUHOM U S-T'JTMKOITPOTEMHOM | — KAPAKTEPUCTUKE
BE3UBAIA IN VITRO 1 MOI'YRA [TPUMEHA

AJIEKCAHJIPA b. THUWR-KAHAJIA, MAPUJAHA M. CTOJAHOBU'R, UPEHA I1. )XNBKOBUR,
BJIAJUMUP XK. [IETPYIIWH u JIMIBAHA JUMUTPUJEBUR

Hnuciauinyiu 3a supycoaozujy, sauyune u cepyme “Topaax”, Bojeooe Ciuieiie 458, 11152 Beozpao

Osgaj pan onucyje UMyHOXeMHjCKy Kapakrepuzauujy mungjer |Gl MOHOKIOHCKOT aHTHTeNna
o3HaueHor ka0 MAT26. Ensumcknm umyHocopoertaum tectoMm (ELISA) u Western blot ananusom
je mokasaHo 1a MAT26 pearyje ca TeTaHyC TOKCOUIOM, TETaHyC TOKCHHOM U fo-TJTHKOIPOTSHHOM |
(8,GPI). Ipema HamuMm pesynratuma, MAT26 nperno3Haje CeKBEHIIMOHHU SMUTOI Ha TEIIKOM JIaHILY
MoJiekyna teranyca. Koncranra apunntera MAT26 3a TeTaHyc TOKCOWJ, M3padyHaTa Ha OCHOBY
CkauapsoBor aujarpama, je 1,145x108 M1, Ha ocsoBy enyumje tnoumjanarom, xopumhene 3a of-
pehuBame penatuBHOr adpuHuTeTa MAT26 3a TeTaHyC TOKCHH M TETaHyC TOKCOWJ, IIOCTYIIKOM 0a-
supanuM Ha ELISA-u, nokasau je 3Hatao Behu (p = 0,0012) apuuurer MAT26 Ka TOKCOMIHO]
¢dopmu. Takohe, peakTrBHOCT MAT26 Ka TOKCOMIHO] OPMH paciia je ca MoPacToOM KOHICHTpPALHje
¢dopmangexuna, nouesmn o 8 MM, kopuiiheHor y mporecy aerokcudukarmje. CIU4HOCT TeTa-
HyC TOKCOM/Ia Ca PasInIUTHM CEPYMCKUM MPOTEHHNMA Ha HUBOY KOH(OpManuje n/uiy nenTuIHux
cexBenimja (S,GPI, namMuHKMH) yKasyje Ha FHErOBY MOTCHIHjAIHY YJIOTY Y HHAYKIHjH ayTOUMY-
HOCTH MEXaHU3MOM MOJIeKyJcke MUMHKpHje. byayhu na Hacranak ayTOMMyHCKe GOJeCTH IOJ-
pa3yMeBa HapylllaBamke TOJEPaHLMje, Ha NPUMEp, INPEKOMEPHOM CTHMYJIALUjOM MMYHCKOI CHC-
TeMa, KOHTPOJIa IPUCYCTBA ¥ KOHLIEHTpalje ceOM CIMYHUX enuTona ce Hamehe Kao HeonxoxHa. Y
0BOM paiy je mokasaHo ga: 1) MAT26 moxke 1a npaBd pasiuMKy u3Mmel)y TeTaHyc TOKCHHA M
Pa3IMYUTHX TOKCOMIOHUX (POPMH IUTO ra YMHM HOTEHLMjAIHO NOOPUM aHTHTEIOM Koje Ou ce
KOPUCTHJIO Y KOHTPOJIM TOKOM ITPOU3BO/EGE BAKIIMHA; 2) 3aXBasbyjyhin YHAKPCHO] PEAKTHBHOCTH Ca
FoGPl, MAT26 mosxe na npyxu HHbOpMALHUje O MPUCYCTBY MOTCHLHMjaJHO ONACHUX CMUTONA Ha
MOBPIIMHU NIPOTEHHA.

(TMpumsbeno 17. jyma, peuaupano 7. HoBemGpa 2008)
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Abstract: A new series of S-ketoesters in which the keto group is attached to
the olefinic linkage were synthesized by the reaction of methyl acetoacetate and
aromatic aldehydes under specified conditions. The existence of these com-
pounds predominantly in the intramolecularly hydrogen bonded enol form was
well demonstrated from their IR, !H-NMR and mass spectral data. Details on
the formation of their [ML,] complexes with Ni(Il), Cu(Il) and Zn(II) and the
nature of the bonding are discussed on the basis of analytical and spectral data.

Keywords: unsaturated S-ketoesters; metal complexes; IR; 'H-NMR; mass spectra.

INTRODUCTION

Numerous reports exist on the synthesis, characterization and applications of
metal complexes of fketoesters in which the keto group is attached to alkyl/aryl
functions.! However, no systematic investigation has appeared on Sketoesters in
which the keto group is linked to an olefinic linkage. In recent years such “un-
saturated” S-dicarbonyl compounds and their metal complexes have gained con-
siderable importance?~12 mainly because of the observation that the active cons-
tituents of several medicinal plants contain such compounds. A typical example
is curcuminoids, the active chemical constituents of turmeric (Curcuma longa,
Linn., Zingiberaceae family), a traditional Indian medicinal plant.5:6 These na-
tural curcuminoids were reported to possess anticancer,’ antitumor, anti-oxi-
dant,89 anti-inflammatory, !0 antiviral and immunomodulatory activities.!! Syn-
thetic curcuminoids are reported to be more potent anticarcinogenic and anti-
mutagenic!? agents. Therefore, investigations on such unsaturated carbonyl sys-
tems and their metal complexes have tremendous importance. In continuation of
our studies on unsaturated polycarbonyl compounds and their metal com-

* Corresponding author. E-mail: mbummathur@rediffmail.com
doi: 10.2298/JSC0903259U
259

2009 Copyright (CC) SCS

@080

EN MG MDD



260 UMMATHUR, KRISHNANKUTTY and BALAGOPAL

plexes,2:3.13,14 the synthesis and characterization of a new series of “unsaturated”
[ketoesters and their typical metal complexes are reported herein.

EXPERIMENTAL
Methods and instruments

Carbon, hydrogen and nitrogen percentages were determined by microanalyses (Heraeus
Elemental analyzer) and the metal contents of the complexes by AAS (Perkin Elmer 2380).
The electronic spectra of the compounds in methanol (104 mol/L) were recorded on a 1601
Shimadzu UV-Vis spectrophotometer, IR spectra (KBr discs) on an 8101 Shimadzu FTIR
spectrophotometer, 1H-NMR spectra (CDCl; or DMSO-dg) on a Varian 300 NMR spectro-
meter and mass spectra on a Jeol/SX-102 mass spectrometer (FAB using Argon and m-nitro-
benzyl alcohol as the matrix). The molar conductance of the complexes was determined in
DMF (=~10-3 mol/L) at 28+1 °C. Magnetic susceptibilities were determined at room tempera-
ture on a Gouy-type magnetic balance.

Synthesis of the unsaturated B-ketoesters HL*-HL®

The aldehydes used for the preparation of unsaturated fketoesters were: benzaldehyde,
naphthalene-1-carbaldehyde, 4-hydroxybenzaldehyde, vanillin, 4-(dimethylamino)benzaldehyde
and 2-hydroxynaphthalene-1-carbaldehyde. A typical procedure for the synthesis is given below.

Methyl acetoacetate (1.16 g, 0.010 mol) and boric oxide (0.35 g, 0.0050 mol) were
mixed and made into a paste with dry ethyl acetate and stirred for = 1 h at room temperature.
To this, a solution of aromatic aldehyde (0.010 mol) and tri(sec-butyl) borate (4.6 g, 0.020
mol), dissolved in dry ethyl acetate (= 15 mL), was added and stirred for = 5 h with the slow
addition of n-butylamine (0.50 mL in 5.0 mL dry ethyl acetate) and the reaction mixture was
kept overnight. HCI (0.40 M, 7.5 mL) was added and the mixture again stirred for = | h. Sub-
sequently, the mixture was extracted repeatedly with ethyl acetate and the combined extracts
were evaporated to dryness on a water bath. The obtained pasty mass was stirred with me-
thanol (15 mL) for = 2 h and was then kept in an ice bath under constant stirring for =~ 3 h. The
precipitated compound was filtered and recrystallized from hot benzene thus producing the
chromatographically (TLC, silica gel as adsorbent) pure compound.

Synthesis of Cu(ll), Ni(Il) and Zn(11) complexes

To a refluxing solution of the unsaturated S-ketoester in ethanol (0.0020 mol, 20 mL), an
ethanolic solution of metal(ll) acetate (0.0010 mol, 15 mL) was added dropwise under stir-
ring. The pH of the solution was adjusted to around 6 using sodium acetate and the refluxing
was continued for ~ 3 h. The solution was then concentrated to half its volume and cooled to
room temperature. The precipitated complex was filtered, washed with water, then with me-
thanol, and finally recrystallized from hot ethanol.

RESULTS AND DISCUSSION

A well-established synthetic route to “unsaturated” S-dicarbonyl compounds
is based on the synthesis of curcuminoids® using the reaction of aromatic alde-
hydes and acetylacetone in presence of boric oxide, tri(sec-butyl) borate and n-bu-
tylamine. The use of boric oxide and tri(sec-butyl) borate is to prevent the
Knoevenagel-type condensation and facilitate the Claisen-type condensation by
the formation of a boron complex of the diketone. This reaction usually yields a
mixture of both the mono and bis-condensation products. In the present study,
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when methyl acetoacetate was employed, only the monocondensation product
was formed.

The compounds were stable, showed sharp melting points and were soluble
in common organic solvents. The formulas and elemental analytical data of the
unsaturated S-ketoesters synthesized from various aromatic aldehydes are given
in Tables | and Il. The analytical data (Table Ill) together with their non-elec-
trolytic nature in DMF (the specific conductance of a 10-3 mol/L solution was
< 10 Q1 cm™1) suggest [MLj] stoichiometry of the complexes. The Ni(ll) and
Zn(I1) chelates were diamagnetic, while the Cu(ll) complexes showed a normal
paramagnetic moment. The observed electronic, IR, TH-NMR and mass spectra
were fully consistent with the presentation of unsaturated 3ketoesters (Scheme
1) and of the complexes (Scheme 2).

TABLE I. Abbreviations of the prepared S-ketoesters and Ar constituent

Compound Ar-

HL! Phenyl

HL? 1-Naphthyl

HL3 4-Hydroxyphenyl

HL* 3-Hydroxy-4-methoxyphenyl
HL> 4-(Dimethylamino)phenyl
HLS® 2-Hydroxy-1-naphthy!l

IR spectra

Methyl acetoacetate exists predominantly in the keto form with a very small
percentage of the enol form1® and exhibits the most characteristic bands in the
region 16001800 cm~1, due to the ester carbonyl at ~ 1750 cm=1, the acetyl car-
bonyl at = 1720 cm~! and the S-hydroxy-e,/B-unsaturated ester carbonyl of the
enol form at ~1650 cm~1. The spectra of all the unsaturated S-ketoesters showed
three strong bands at = 1740 cm-1, = 1670 cm~1 and =~ 1640 cm~1, assignable to
the stretching of the ester carbonyl, the S-hydroxy- ¢, F-unsaturated ester carbonyl
of the enol form and the cinnamoy! carbonyl functionl® (Table V). The spectra
of all the compounds showed a prominent band at = 970 cm~1 typical of the trans-
-CH=CH- group.1” The broad band in the region 2800-3500 cm~! suggests the
existence of the compounds predominantly in the intramolecularly hydrogen bond-
ed enolic form.1/

The spectra of all the complexes showed an intense and slightly broadened
band at = 1630 cm~1 in the 1600-1800 cm~1 region (Table V). In the metal che-
lates of methyl acetoacetate both the acetyl and ester carbonyls show an appre-
ciable decrease in frequencies upon complexation.1> Therefore, by considering
its position and shape it can be presumed that this band originates from a metal
bonded dicarbony! function. The broad band in the region 2800-3500 cm~1 was
absent in the spectra of the metal complexes, indicating the replacement of the eno-
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TABLE Ill. Physical and analytical data of the isolated Cu(ll), Ni(Il) and Zn(Il) complexes
(L — deprotonated ligand (abbreviated as in Table 1))

Elemental Analysis

Complex I\fé) Y;)Id Found (Calculated), %

C H N M
[Nile] 210 72 62.09 (61.97) 4.72 (4.73) - 12.64 (12.63)
CH».NiOg
[NiLzz] 202 68 67.98(68.00) 4.62 (4.60) - 10.44 (10.40)
[NiL32] 236 70 58.04 (57.98) 4.42 (4.43) - 11.78 (11.82)
Ca4H2NiOg
[NiL42] 226 70 55.98(56.04) 4.69 (4.67) - 10.56 (10.55)
CaH26NiOyg
[NiL52] 198 76 61.13(61.01) 5.82(5.81) 5.11 (5.08) 10.62 (10.66)
CasH3;N,NiOg
[NiLGZ] 260 68 64.33(64.35) 4.40 (4.36) - 9.86 (9.84)
[Cule] 196 74 61.38(61.34) 4.64 (4.69) - 13.49 (13.53)
C34H,,CuO4
[CuLzz] 214 70 67.38(67.42) 4.59 (4.57) - 11.01 (11.16)
CsH5CuOg
[CUL32] 208 72 57.48(57.42) 4.36(4.39) - 12.74 (12.67)
C24H5,CuOs
[CuL42] 176 68 55.52 (55.56) 4.59 (4.63) - 11.33 (11.32)
Ca6H26CUO
[CULSZ] 192 70 60.42(60.48) 5.69 (5.76) 4,99 (5.04) 11.42(11.44)
C2sH3;,CUN,O6
[CULGZ] 256 74 63.88(63.84) 4.30(4.32) - 10.60 (10.56)
C32H25CU08
[Znle] 192 70 61.11(61.10) 4.70(4.67) - 13.84 (13.87)
C24H22052n
[Zanz] 188 68 67.24 (67.21) 4.58 (4.55) - 11.38 (11.44)
[ZnL32] 208 68 57.25(57.21) 4.34 (4.37) - 13.02 (12.99)
C24H22082n
[ZnL42] 186 74 55.43(55.38) 4.60 (4.62) - 11.52 (11.60)
CasH26010Zn0
[Zanz] 206 72 60.24 (60.28) 5.68 (5.74) 5.01(5.02) 11.74(11.73)
CasH32N,06Zn
[ZnLez] 252 70 63.68 (63.64) 4.34 (4.31) - 10.80 (10.84)

lic proton by a metal cation during complexation. The involvement of the car-
bonyl groups in coordination, as shown in Scheme 2, is further supported by the
appearance of two medium intensity bands at = 420 cm=1 and =~ 470 cm1 as-
signable to vp_o.16
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Ar

Ar OCH3

7N

O\ 0 O\ e ©
H M2
Scheme 1. Presentation of the prepared un- ~ Scheme 2. Simplified presentation of the struc-
saturated fketoesters (abbreviations ture of the metal complexes with unsaturated
are given in Table I). ketoesters. Abbreviations as in Table I.

TABLE V. Characteristic IR stretching bands (cm?) of the unsaturated S-ketoesters (HL1-®
asin Table I)

HL! HL? HL3 HL* HL> HLS Probable assignments
1742 1738 1740 1730 1736 1720 (C=0) Ester
1660 1658 1689 1668 1666 1665 (C=0) Olefinic
1624 1620 1643 1635 1630 1635 (C=0) Cinnamoy!

1591 1590 1597 1580 1582 1577 (C=C) Phenyl/alkenyl
1562 1542 1573 1545 1546 1568

1546 1536 1546 1528 1528 1520

1528 1518 1512 1525 1520 1496

967 969 970 986 970 966 CH=CH trans

- 3056 3070 - 3066 Phenolic OH

TABLE V. Characteristic IR stretching frequencies (cm™) and mass spectral data of the pre-
pared Cu(ll) complexes

Complex/ IR bands (cm™)
Empirical (C=0) (C=0) (C=C) M-0 Mass spectral data (m/z)
formula Ester Cinnamoyl Aryl/alkenyl
[Cule] 1625 s 1595 s 1556 s 428 m 469, 451, 440, 438, 409, 407, 368,
C4H2%CuOg 1580 s 470 m 366, 337, 335, 317, 315, 265, 263,
1542 m 204, 201, 189, 173, 127
CulL?, 1626s  1593s 1562 s 416 m 571, 569, 540, 538, 509, 507, 418,
[
C3,H2CuOg 1580 s 474 m 416, 387, 385, 317, 315, 265, 263,
1544 m 254, 239, 203, 201, 195, 181
[CuL)] 1630s  1590s 1560 s 420 m 503, 501, 472, 470, 441, 439, 384,
Cy4H»CuOg 1584 s 470 m 382, 353, 351, 317, 315, 265, 263,
1550 m 221, 205, 203, 201, 147, 119
CuL42 1630 s 1585 s 1567 s 416 m 563, 561, 532, 530, 501, 499, 414,
[
CasH26CuOyq 1577 s 487 m 412, 383, 381, 317, 315, 265, 263,
1546 m 251, 219, 203, 201, 191, 127, 101
[CuL52] 1622 s 1599 s 1561 s 416 m 557, 555, 526, 524, 495, 493, 411,
C5H3,CuN,O4 1581 s 485 m 409, 380, 378, 317, 315, 265, 263,
1545 m 247,232, 203, 201, 174, 120, 101
[CuL®%)] 1635s  1590s 1560 s 425m 603, 601, 572, 570, 541, 539, 434,
C3,H2CuOg 1570's 476 m 432, 403, 401, 317, 315, 270, 265,
1546 m 263, 255, 239, 203, 201, 127, 101
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1H-NMR spectra

The IH-NMR spectra of the unsaturated S-ketoesters displayed a one proton
singlet at 6 ~ 13 ppm due to the intramolecularly hydrogen bonded enolic pro-
ton.18 The olefinic and methylene proton signals appeared at & ~ 6-7 ppm and
o= 3-4 ppm. The aryl proton signals were observed in the drange 7-7.8 ppm as
a complex multiplet. The position and integrated intensities of all the signals (Ta-
ble 11) agree well with the proposed structure of the compounds (Scheme 1).

In the TH-NMR spectra of the diamagnetic Ni(11) and Zn(11) complexes, the
low field enol proton signal of the ligands was absent indicating its replacement
by the metal ion during complexation. The OCH3 proton signal remained almost
unaffected. The methylene proton signal was shifted appreciably to low field
compared to the shift of the olefinic protons. This may be due to the aromatic
character that might have been imparted to the C30oM ring system of the che-
lates by the highly conjugated groups attached to the dicarbonyl moiety. The in-
tegrated intensities of the various signals conform to [ML2] stoichiometry of the
complexes. The aryl substituents were not involved in bonding with the metal
ion, which is clearly indicated? in the spectra of their Ni(ll) and Zn(11) complexes
in which the signals remain unaltered.

Mass spectra

Mass spectra of all the unsaturated /ketoesters showed an intense molecular
ion peak, P*/(P + 1)*, thereby confirming the formulation of the compounds.19
Peaks due to (Ar-CH=CH-CO)*, (P — OCH3)*, (P - COOCHj3)*, (P — ArCyH>)*,
etc. are characteristic for all the spectra (Table 11). The FAB mass spectra of the
Cu(I1) complexes showed molecular ion peaks corresponding to [CuL>] stoichio-
metry of the complexes. Peaks corresponding to [CuL]*, L* and fragments of L*
were also present in the spectra (Table V). The spectra of all the chelates have a
number of fragments containing copper in the 3:1 natural abundance of 63Cu and
65Cu isotopes.

Electronic spectra

The UV spectra of the unsaturated S-ketoesters showed two broad bands
with maxima at =~ 390 nm and = 260 nm due to the various n—n* and T—n*
transitions. In the complexes, these absorption maxima were shifted appreciably
to lower wave numbers. The Cu(ll) complexes showed a broad visible band, Amax
at =~ 15,000 cm-1. This, together with the calculated uefs values (= 1.74 ug)
suggests square-planar geometry.20 A broad band centered at ~ 11000 cm™ ob-
served in spectra recorded in pyridine indicated the formation of octahedral py-
ridine adducts. The diamagnetism and the broad medium-intensity band at
~ 17,600 cm~1 in the spectra of the Ni(ll) chelates suggest their square-planar
geometry. In conformity, the spectra of the chelates in pyridine solution (10-3
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mol/L) showed three bands corresponding to a configurational change to octa-
hedral due to the association of pyridine. The three well-separated absorption
bands at Amax around 8,145, 13,345 and 24,450 cm~1 correspond to the tran-
sitions: 3Agg — 3Tog; 3Azg — 3T1g(F) and 3Axg — 3T14(P), respectively.

CONCLUSIONS

Six new unsaturated Aketoesters in which the keto group was attached to an
olefinic linkage were synthesized by the reaction of methyl acetoacetate and aro-
matic aldehydes. Analytical, IR, TH-NMR and mass spectral data revealed a 1:1
product in which the methyl group of the ester had undergone a Claisen conden-
sation with the aromatic aldehyde. The existence of these unsaturated Aketo-
esters in the intramolecularly hydrogen bonded enol form was well demonstrated
from their analytical and spectral data. Analytical, physical and spectral data of
the [ML>] complexes of Ni(ll), Cu(ll) and Zn(Il) showed monobasic bidentate
coordination in which the intramolecularly hydrogen-bonded enolic proton had
been replaced by a metal cation.

U3BOJI
HE3ACHUREHU AKETOECTPHU M BLBUXOBH Ni(ll), Cu(ll) ¥ Zn(1l) KOMITJIEKCH

MUHAMMED BASHEER UMMATHUR?, KRISHNANNAIR KRISHNANKUTTY? u SINDHU BALAGOPAL?

!Department of Chemistry, Unity Women’s College, Manjeri, Kerala-676122, India u
2Department of Chemistry, University of Calicut, Kerala-673635, India

PeakiujomMm MeTHII-alieToaleTara i apOMaTHYHUX AIACXHU/a [0/l HABEICHUM YCIIOBUMA NOOH-
jeHa je HOBa cepHja fFKeToecTapa y KojuMa je KeTo TpyIa mpuiojeHa oneduHckoj se3u. U3 muxo-
Bux IR, TH-NMR 1 MaceHHX cIeKTpalHHX I10JaTaKa I0Ka3aHO je IOCTOjambe OBUX jeHeHa Ipe-
TEKHO y CHOJHOM OOJIMKY ca HHTPaMOJIEKYJICKOM BOJOHHYHOM Be30M. JleTasbil 0 rpaliey mbuxo-
Bux [ML;] xommurexca ca Ni(ll), Cu(ll) u Zn(ll) u npupogu Be3a Ccy AWCKYTOBaHH HA OCHOBY
AQHAIUTHYKUX M CHEKTPAJIHHUX I0JaTaKa.

(Mpumberol5. maja, pesumupano 15. jyna 2008)
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Abstract: Acid-base equilibria of Zn(I1) and Fe(I11) complexes with N',N'2-bis-
[(1E)-1-(2-pyridyl)ethylidene]ethanedihydrazide (ligand L1) and N',N'2-bis[(1E)-
-1-(2-pyridyl)ethylidene]propanedihydrazide (ligand L2), i.e., [Fe(L1)Cl,(H,0)],
[Fe(L2)CI(H,0)1?*, [Zn(L1)(H,0)3]* and [Zn(L2)(H,0),]?*, which expressed
cytotoxic activity, were investigated in aqueous media. The equilibrium con-
stants were determined potentiometrically at 25 °C at a constant ionic strength
of 0.10 mol/dm3 (Na,SO,). The results showed that at pH < 8 both the Fe(lll)
complexes studied here have three, while [Zn(L1)(H,0)s]* and [Zn(L2)(H,0),]%*
have one and two titratable protons, respectively. Based on the obtained values
for the equilibrium constants, protonation schemes of the examined complexes
are proposed.

Keywords: metal complexes; d-metals; hydrazone; acid—base equilibria; poten-
tiometry.

INTRODUCTION

Our studies have been directed for several years toward the synthesis, cha-
racterization and examination of the biological activity of d-metal complexes
containing condensation products of 2-acetylpyridine and different hydrazides
and hydrazines as ligands.1~> Within the scope of these studies, Zn(I1) and Fe(111)
complexes with condensation derivatives of 2-acetylpyridine and the dihydrazide
of either oxalic or malonic acid were synthesized.> Among all the examined
series of complexes, it was shown that the Zn(ll) and Fe(lll) complexes
expressed the highest cytotoxic activity on HeLa and B16 cell cultures in vitro.6

* Corresponding author. E-mail: gpopovic@pharmacy.bg.ac.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC0903269D
269
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270 DRAZIC etal.

Acid dissociation constants are particularly important in pharmaceutical re-
search, especially for the discovery and evaluation of new compounds that could
be pharmacologically active, i.e., that represent potential drugs. Knowledge on
the distribution of the equilibrium forms of a new compound as a function of pH
can be of value in the estimation of a the absorption, distribution, metabolism and
excretion of a drug, because different equilibrium forms will evolve on its con-
tact with body fluids, disregarding the route of its application. This prompted us
to study acid-base equilibria of Zn(Il) and Fe(lll) complexes with N',N'2-bis-
[(1E)-1-(2-pyridyl)ethylidene]ethanedihydrazide and N',N'2-bis-[(1E)-1-(2-pyri-
dylethylidene]propanedihydrazide in agueous media. The chemical structures of
the investigated complexes are shown in Fig. 1.

B 7 N _ CH, OH ]
> ! \\’ N, y
a N CH; \N 7
N X s,
a /T A *15H,0 NN we— LY Ol cl,em,0
0o o~ O—/ N N | = Hzo/ T 7
\}NH/ \ > _N
L ¢ cH ) L x o |
[Fe(L1)Cly(H,0)]1.5H,0 [Fe(L2)CI(H,0)]Cly-H,O
[1]-1.5H,0 [2]ClyH0
~ 7 B CHs OH ]
=~ l N P
HzO\ ¢N CH, % 'N Ij/OHz//
BO— 3 70 N Cio, = \Zn’L-N\ OH €00,
/ | N X - O/ T N
H,0 s} N | _ 2 N /
m/ N - ’
CH, L N CH; i
[Zn(L1)(H,0)]C10,4 [Zn(L2)(H,0),](C104),
[3] ClO, [4] (C1Oy),

Fig. 1. Chemical structure of the examined Zn(I1) and Fe(lll) complexes.

EXPERIMENTAL
Apparatus and reagents

UV-Vis spectra were recorded using a GBC UV-visible Cintra 6 spectrophotometer.

For potentiometric titrations, a TTT60 titrator, with an automatic 2.5 cm® ABU12 burette
with an accuracy of 0.001 cm3 (Radiometer, Copenhagen, Denmark), was used. The titration
mixtures were stirred with a mechanical M22 stirrer (Radiometer) at a constant temperature of
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25+0.1 °C. pH-Metric measurements were performed using a PHM240 pH-meter and a com-
bined GK240B electrode (Radiometer). The measured pH values were transformed into pcH
values (pcH = — log[H30*]) applying the relation:”

pcH=pH-A @

The correction factor, A = 0.55+0.01, was determined based on the data of the poten-
tiometric titration of HCI solution (0.007672-0.009424 mol/dm?3) with standard NaOH
solution, at 25 °C and constant ionic strength of 0.10 mol/dm3 Na,SOy.

The syntheses and characterization of the Zn(ll) and Fe(I11) complexes with N',N'2-bis-
[(1E)-1-(2-pyridyl)ethylidene]ethanedihydrazide (ligand L1) and N',N'2-bis-[(1E)-1-(2-pyri-
dyl)ethylidene]propanedihydrazide (ligand L2) were described previously.> The complexes,
prepared by direct and template synthesis and characterized by elemental analysis, 1H-NMR
and 13C-NMR spectroscopy, and X-ray analysis,®> were kept in a cold, dry and dark place.
During the experiments described herein, only freshly prepared solutions of the above com-
plexes in deionized water were used. All other reagents were of analytical grade purity (Merck,
Darmstadt, Germany). Hydrochloric acid and sodium hydroxide solutions were potentiomet-
rically standardized.

Reversibility of acid—base processes

Three 5.0x10® mol/dm3 solutions of each of the examined metal complex were prepared
in 0.10 mol/dm3 Na,SO,: solution A, pH 3.3-3.5 (precisely measured), adjusted by adding
H,SO,; solution B, pH 7.0-8.0, adjusted with NaOH, and solution C, prepared by acidifying
solution B with H,SO, to the pH values of solution A.

The spectra of the above solutions were recorded within the wavelength range from 200-
—-500 nm, using a 0.10 mol/dm3 Na,SO, solution as the blank.

Determination of the equilibrium constants

Equilibrium constants of the examined complexes were determined potentiometrically in
aqueous solutions at 25 °C and constant ionic strength of 0.10 mol/dm3 Na,SO,. Solutions of
the complexes (25 cm3; ¢ = 7.3x10*4 mol/dm3) were titrated with 0.020 cm?3 aliquots of a
standard carbonate-free NaOH solution (¢ = 0.0992-0.1052 mol/dm3). The titrations were
performed immediately after the solutions were prepared and after 1, 3, 5and 7 h.

The equilibrium constants of the complexes were evaluated using the data obtained in
three independent titrations. The experimental data were analyzed using the HYPERQUAD
computer program.8

RESULTS AND DISCUSSION

The acid-base equilibria of the metal complexes 1-4 were examined in aque-
ous medium within the pH range 3.0 to 8.0. The reversibility of these processes
was confirmed spectrophotometrically for each complex on the basis of the ab-
sorption spectra of their solutions in acidic media (pH 3.52, 3.44, 3.34 and 3.52
for the complexes 1, 2, 3 and 4, respectively), then at pH 7.0-8.0 (pH 7.03, 7.00,
7.71 and 7.10 for the complexes 1, 2, 3 and 4, respectively) and the spectra of the
solutions obtained by acidifying the neutral solutions to the desired pH value
within acidic pH range. Reversible changes of the spectra during the change of
acidity of all four examined complexes were registered, i.e., an overlapping of
the spectrum of a complex prepared in an acidic medium with its spectrum after
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the change of the pH of its solution from neutral to acidic apparently results from
the acid-base equilibrium. The absorption spectra of complex 2 are shown in Fig.
2 as a representative example.

0.8+

06
< o4
0.2
00 n 1 " 1 " 1 L 1 ) 1 n
250 300 350 400 450 500
Al nm

Fig. 2. Absorption spectra of complex 2 in solutions of different pH. 1) pH 3.44; 2) pH 7.00;
3) pH 3.44 (solutions were prepared by acidifying the solution of pH 7.00).
¢ (complex) = 5.0x10> mol/dm3.

In Fig. 2, curve 1 represent the spectrum of the solution prepared by dis-
solving complex 2 in 0.10 mol/dm3 NaySQy, the pH of the resulting solution be-
ing 3.44. Changing the pH of this solution to 7.00 (curve 2) led to a change in the
absorption spectrum and a peak at 274 nm appeared. Curve 3 represents the
spectrum of complex 2 after changing the pH from 7.00 back to the starting value
of 3.44. As seen, curves 1 and 3 overlap each other.

The number of titratable protons in aqueous solutions of the examined com-
plexes was determined on the basis of the moles of NaOH consumed per mole of
the complex during potentiometric titration.®

From the corresponding titration curves presented in Fig. 3, it can be conclu-
ded that within the pH range from 3.0-8.0, the examined complexes contain a
single (complex 3), two (complex 4) or three (complexes 1 and 2) acidic groups.
The equilibrium constants (log Sygr = ¢(MpLgHr)/c(M)Pc(L)%c(H)") were calcula-
ted based on the data of the potentiometric titrations, assisted by the HYPER-
QUAD computer program (Table I).

The results of the pH-metric titrations up to pH 8.0 were used for the cal-
culation of the constants. Acid—base processes of the complexes in alkaline me-
dia were not examined because of their decreased solubility and precipitation.

The protolytic equilibria of the examined complexes, presented in Figs. 4-7,
are proposed. The three constants obtained for complex 2 (Fig. 5) point to the
substitution of the chloro ligand with a water molecule, as well as to the titration

2009 Copyright (CC) SCS



COMPLEXES WITH 2-ACETYLPYRIDINE DERIVATIVES 273

el
2

1 Fig. 3. Potentiometric titration

curves of solutions of the Fe(lll)

and Zn(ll) complexes with a stan-

30 : i : 2' : 3' : I dard NaOH solution. The num-
bers designate the numbers of the

Moles of NaOH added per mole of complex complexes.

TABLE |I. Stability constants (log /) and the dissociation constants (pK) of the Fe(l1l) and
Zn(I1) complexes at t = 25 °C and | = 0.10 mol/dm? Na,SO,. Values in parentheses refer to
the estimated standard deviations

Complex
lo
9 Boar 1 > 3 7
log S -2.54(12) -3.01(4) -4.44(1) -3.88(2)
log fi12 -5.56(8) -6.87(2) - -9.76(4)
log B3 ~11.09(9) ~12.72(3) - -
pK1 2.54 3.01 4.44 3.88
pK, 3.02 3.86 - 5.88
PKs 5.53 5.85 - -
2] o 7 T 4
HO 3 HO N CH, £ HO N CH,
HO. \l}‘_N\ f_l_- HO \Fe <—N\ = o \Ft N\
/ r N x / | N ~ | Y ~
o' O N | . HO o§ N [, 1o /N |
RL " pam, FelH,
el "
a_ Sx , cn \/ I _|7
' HO N CH,
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Ny N ?M{, NP
o Hy by
FelH 3

Fig. 4. Protonation scheme of complex 1.

2009 Copyright (CC) SCS

@080

EN MG MDD



274 DRAZIC etal.

of protons from both coordinated water molecules and the third proton from li-
gand L2 (-N(OH)-N=). The constant pK1 = 3.01 corresponds to one coordinated
water molecule and the other two constants pKy = 3.86 and pKg = 5.85 could be
ascribed to the hydroxylimino group of ligand L2 and the second coordinated
water molecule, respectively. This conclusion was drawn based of a comparison
of the constants for complex 2 with those of the Zn(1l) complex containing the
same ligand (complex 4) (Fig. 7). Namely, taking into consideration the higher
charge of Fe(l1l) in relation to Zn(ll), lower pK values of the analogous groups in
complex 2 would be expected. The constants pK1 = 3.88 and pKy = 5.88 for com-
plex 4 would belong to one coordinated water molecule and the hydroxylimino
group of ligand L2, respectively. The three constants of the Fe(lll) complex 1
(Fig. 4) demonstrate the substitution of two chloro ligands with water molecules,
as well as the involvement of all three water molecules in the acid—base equilibria
(ligand L1 contains no acidic groups). However, since ligand L1 also contains
one pyridine nitrogen atom that represents a non-coordinated basic center, it could
be hypothesized that it also participates in these equilibria. Based on the pyridine
pK of 5.2, it could be supposed that a proton from one coordinated water mole-
cule is transferred to the pyridine nitrogen atom and that the obtained three aci-
dity constants belong to coordinated water molecules (pK; = 2.54 and pK3 = 5.53)
and the protonated pyridine nitrogen atom (pKo = 3.02). The increased acidity of
the protonated pyridine of ligand L1 in the complex in relation to pyridine itself
was to be expected due to a decreased electron density at nitrogen atom resulting
from electron-attractive effect of the ortho substituent, as well as from the influ-
ence of Fe(lll) through the system of conjugated bonds. Since only one constant

C\H3 OH 2+ CH 0 —I +
~/ \ Z "N\ N7 K, \’-N\N
2 Z
X /OH oH — I / on
\ Fe N = N OH
‘ /Fe <-'N\
HO N H,0 T N
N N N
g S g
g CH CH, |
FeL ? FeLH, X ’ FeLH, X CHy
T I(3
2+
CH; o
——N
= \ N T Ny
Cl Z ) /
on
X Fe kN N Fe/ N/ OH
\
N HO T N
a _N ' /
™ CH; CH;
FeLH ;

Fig. 5. Protonation scheme of complex 2.
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was determined for complex 3 (pK1 = 4.44) (Fig. 6), it was assumed that proton
transfer from one molecule of coordinated water to the pyridine nitrogen atom in
ligand L1 occurs and due to the lower electron-attractive effect of Zn(ll) as com-
pared to that of Fe(l1l), the obtained value was higher in relation to the analogous
Fe(111) complex (complex 1) (Fig. 4).

) ml % ) -

HO N CH,
\ N B Hzo—b\ e i \
HO— 9 7 <& \ _— B0—» 7, <N
/ l \N / | N = / Zr \N
0 H,0 s} N | . » A
5o N | . N7 Hy N |
~’ v - & ?m’ w*
3 J CH,
ZnL ZnLH,

2+ +
C\I—I3 OH CH; OH

— N \::N J—
\N/ ~yF \”N\
= K, = K, = N
Y e = (5 ooy !
o N—a &~ { OH — SN Zn/ N\ OH —/—=

Zn €N N Zn/{,ole OH
HIO/? N HZO/T N HO/T \N
N ] / N ’ / TN //
ZaL ot ZoLH, X i ZnLH , CHs
2

Fig. 7. Protonation scheme of complex 4.

Based on the determined constants, it was possible to calculate equilibrium
concentrations of each particle present in solution at a defined pH value. Repre-

sentative distribution of the equilibrium species of the complex 1 as a function of
pH is depicted in Fig. 8.
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Fig. 8. Distribution of the equi-
librium species of complex 1 as a
function of pH.

pH
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From Fig. 8, it can be seen that at pH < 4.00, three forms of complex 1 are in
equilibrium: the dication [FeL]2*, the monocation [FeLH_1]* and the neutral
form [FeLH_,]%. Within the pH range 4.00 to 7.00, the neutral form and mono-
anion [FeLH_3]~ were dominant, while at pH > 7, the solution contained only the
monoanion.

The uncharged forms of complexes 2—4 were predominant at pH 7.40 (the
physiological pH of human body fluids), while complex 1 had a single negative
charge. This result is significant for studies on the transport of the examined
complexes through cell membranes, which are usually permeable for uncharged
moieties, i.e., liposoluble species.
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U3BOJ

KUCEJIMHCKO-BA3HE PABHOTEXE KOMILIEKCA Fe(l11) ¥ Zn(Il) CA
KOHJIEH3ALIMOHNM JIEPUBATHUMA 2-ALETHJIIAPUINHA U
XUPA3UIA OKCAJIHE, OTHOCHO MAJIOHCKE KUCEJIMHE

BPAHKA JIPAXKIRY, TOPJIAHA TTOTIOBIRY, PATOMUP JEJIUR, IYILIAH CJIAJIMRS, IPATAHA MUTHES,
KATAPUHA AHBEJIKOBUR® n )KUBOCJIAB TELIWR®
l@apmaueymcxu akyaiuein, Ynusep3auitein y beozpaoy, ii.tip. 146, Bojsooe Ciuieiie 450, 11000 beozpao,
ZHpupot)Ho—Mtnﬂemau_/.uwu paxyaitieiti, YHusep3uitieiti y Kpazyjesyy, Paooja Jomanosuha 12, 34000 Kpazyjesay

u 3 Xemujcicu (paxyaitieis, Yuusepauitieini y Beozpady, iL.iip 158, Citiydeniticku wipz 12—16, 11000 Beozpao

VY oBOM pany Cy mpoydyaBaHE KHCEIHMHCKO-0Oa3He PaBHOTEKE y BOJCHHM PacTBOPHMAa KOM-
mnexca Zn(11) i Fe(lll) ca N’,N"2-6uc[(1E)-1-(2-nupumun)erriuen]eTan X uapasuaoM (JTHram
L1) i N* N"2-6uc[(1E)-1-(2-nmpuman)erimanes] nponanmuxuapasunom (urasa L2), Tj. [Fe(L1)Cly(H,0)],
[Fe(L2)CI(H,0)]1%", [Zn(L1)(Hy0)s]", [Zn(L2)(H,0),]?*, koju mokasyjy LMTOTOKCHYHY AKTHBHOCT.
PaBHOTE)XHE KOHCTaHTE Cy ofipehuBaHe MOTEHIMOMETPHjCcKH, Ha TeMmeparypu 25 °C u npu KoHc-
TaHTHO] jorckoj jauman 0,10 mol/dm3 Na,SO,. Vrepheno je ma y untepsany pH < 8 ncnnrusann
Fe(lll) xommiexcn umajy tpu, [Zn(L1)(H,0)5]" jeman, a [Zn(L2)(H;0),]2* nBa npoToHa koju Mory
na ce turpuiry. Ha ocHOBY 1OOMjeHHX BPEIHOCTH 32 KOHCTAHTE, NMPETIIOCTABIbEHE Cy U OATOBa-
pajyhe npoTOHAIMOHE CXEME.

(Mpumsbero 22. maja, peBuanpano 4. HosemOpa 2008)
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the morphology of silver electrodeposits
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Abstract: This work is concerned with the use of reverse current regimes in
order to form small-grained and compact silver deposits during the electro-
refining process. Several parameters were varied, i.e., i) anodic overpotential,
ii) cathodic vs. anodic time ratio and iii) duration of the anodic pulse. After
optimization of these parameters, phosphate ions were added and the electro-
lyte was stirred. The effects of a rise of the anodic overpotential on the grain
sizes of the silver deposit and compactness were studied. Prolongation of the
anodic time had a similar influence but with a decrease in current efficiency.
An increase of the cathodic vs. anodic time ratio caused an enlargement of the
grains and a decrease in the compactness of the deposit. Optimal mor-
phological characteristics were obtained when PO? were added and the elec-
trolyte was stirred.

Keywords: silver; reverse current; electrorefining; nitrate solution; electro-
deposition.

INTRODUCTION

Morphology, which depends on kinetic parameters of the electrodeposition
process, overpotential and current density, is considered to be one of the most
important features of electrodeposited metals. Traditionally, silver produced by
electrorefining from nitrate electrolytes is of dispersed shape (mostly dendritic
and spongy).1 Compact and technically applicable metals are produced by a fur-
ther smelting/casting procedure.2

In order to explain why silver deposits are preferentially dendritic, both elec-
trochemical and crystallographic aspects were considered. Granular deposits of
high porosity at lower overpotentials and dendrites at higher ones are the result of
the high value of the silver exchange current density (low j/j, ratio).3 On the

*Corresponding author. E-mail: aco@tmf.ukim.edu.mk
doi: 10.2298/JSC0903279D
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other hand, non-compact silver layers are formed due to hindered nucleation.
Markov et al.4 showed the existence of a wide nucleation exclusion zone near
each nucleus growing on a foreign substrate, and Milchev® the same in the case
of silver. The generation and growth of nuclei is followed by the formation and
growth of the nucleation exclusion zones. As a result, the nucleus surface density
is low and hence rough and uneven deposits are formed during further growth.

Normally, direct formation of compact silver deposits is preferable. This
leads to a simpler and cheaper electrorefining process as well as a higher level of
purification. In previous papers,>’ it was shown that the addition of small
quantities of phosphate ions, PO3-, and stirring of the nitrate electrolyte, created
conditions favorable for compact and small-grained silver deposits. This is pro-
bably leads to a maximum of the steady-state electrolysis conditions.

Another approach to improve the morphology of silver deposits is the appli-
cation of reverse current regimes, which results in the dissolution of dendrites
and a smoothing of the deposit during the anode pulse at the working electrode,®
and a decrease of the size of the nucleation exclusion zone;’ hence, compacter
silver deposits are to be expected.

The main goal of this work was to examine how the reverse current regimes
affect the morphology of silver deposits. This involved the selection of the ap-
propriate cathodic and anodic overpotential, cathodic vs. anodic time ratio and
the duration of the anodic pulse. Simultaneously, the effect of stirring and the
addition of phosphate ions were also studied.

EXPERIMENTAL

In order to determine the reference state, silver was deposited by direct current electro-
lysis at =80 mV, as explained elsewhere.8 The investigation continued with reverse current
electrolysis, with variation of several parameters, i.e., i) the anodic overpotential 77, was va-
ried between 40-160 mV, ii) the cathodic vs. anodic pulse duration z.:z,, was 8:1, 4:1 and 2:1
and iii) the duration of the anodic pulse z, (2 and 4 s). All variations were investigated both
with and without stirring of the electrolyte and/or addition of PO?-.

Electrodeposition was performed in an electrochemical cell consisting of Ag wires (0.5
mm) for both the working and reference electrode and an Ag plate with a much higher surface
area as the counter electrode. The electrolyte contained 0.50 M AgNO; and 1.17 M NaNOg,
with a further 0.060 M H3;PO, added when required. All chemicals were of p.a. quality, and
redistilled and deionized water was used. Both stationary and stirred electrolytes (magnetic
stirrer, 400 rpm) were tested. The electrochemical cell was connected with an AMEL electro-
chemical line (Potentiostat/Galvanostat 2053 and programmable generator 568) and a gas-pu-
rification line. All experiments were performed at room temperature.

The obtained silver deposits were examined and documented by a scanning electron
microscope (SEM), Hitachi 2000 Delta instrument.
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RESULTS AND DISCUSSION
Reverse vs. steady-state electrodeposition

In the preliminary stage, the experiments were aimed at demonstrating the
differences between the silver deposits produced by d.c. and those by obtained by
reverse current electrodeposition at the same cathodic overpotential. The anodic
overpotential in the case of the reverse electrodeposition was randomly chosen
and further optimized. Determination of the optimal anodic overpotential will be
discussed in the following section. A comparison of the morphology is given in
Fig. 1. It is obvious that, in both cases, the crystals possessed an FCC-type
lattice. The grains were a combination of cube—octahedron, i.e., cubic crystals
with modified corners (see Fig. 2). During the steady-state electrodeposition,
some other morphological forms developed as well, e.g., twinned grains (A in
Fig. 1) and spiral-like crystals (B in Fig. 1). At the edge of the electrode, den-
dritic growth started (C in Fig. 1). The morphology of the deposit was hetero-
geneous and non-compact even at the optimal overpotential for d.c. electrodepo-
sition. The opposite, i.e., homogeneity in size and shape, was produced when
current reversal was applied (Fig. 1¢). The crystal grains were cubic with modi-
fied corners and smaller than in the previous case.

= TR (ST D 44

Fig. 1. Silver electrodeposits produced in 0.50
M HNOj; + 1.17 M NaNOg: a) steady-state
electrodeposition at 77 = =70 MV, Zyeposition =
= 10 min, b) the same as in a at 77, = -80 mV,
c) reverse electrodeposition 7, = —80 mV,
7 =80 mV, 7.7, = 2:1, 7 = 2 MS, Tyeposition =
= 10 min; magnification: x100.
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N A @
@ (b)

(© (d)
Fig. 2. Transitional shapes from cubic to octahedral: a) initial stage of the modification of the
cubic corners, b) and c) different variants of cubic-octahedra, d) octahedral.

During steady-state electrodeposition, the number of nuclei increases, reach-
ing saturation after a certain time (10-100 ms), after which there is no further
nuclei formation and only crystal growth occurs. The number of nuclei in the
stationary state depends only on the applied overpotential/current density. In the
case of the reverse electrodeposition regime, due to the short time of the cathodic
pulse, there is no saturation of nuclei formation. After any cathodic pulse, the
number of nuclei increases and this contributes to the formation of smaller grains
than in the case of steady-state deposition. It should also be mentioned that dis-
solution of the surface layer occurs during the anodic pulse. This layer contains
larger grains and other morphological forms, especially dendrites. As a result of
dissolution, a layer with uniform size and shape of grains is formed. The cycle of
alternating deposition/dissolution contributes to formation of homogeneous, small-
-grained and compact deposits.

Variation of ng and 114

The first step in the optimization of the parameters of reverse current electro-
deposition was an investigation of the influence of the anodic overpotential 7,
and the ratio of duration of cathodic vs. anodic pulse 7. z.

In a previous study,® a value of cathodic overpotential of —-80 mV was found
to be the most suitable, providing the best balance between nucleation and the
crystal growth process. Thus, this value was adopted as the value for the cathodic
overpotential of the reverse electrodeposition. During the cathodic pulse, depo-
sition of silver occurs as in the case of steady-state electrodeposition but, due to
the short duration (shorter than 10 ms), saturation of the nucleation process is not
achieved, i.e., the same quantity of metal is dispersed over a larger number of
nuclei and, consequently, a small-grained deposit is produced.

On the other hand, during the anodic pulse, several processes occur, such as:
i) dissolution of all crystals, preferentially at places where the exchange current
density jo is the highest and ii) the splitting off of the crystals weakly bound onto
the substrate, especially of larger crystals and dendrites.

The sites of the removed crystals or dendrites are suitable for nucleation in
the next cathodic pulse because the nucleation exclusive zones have decreased or
completely disappeared. Moreover, they could be also suitable for the growth of
neighboring crystals.
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The anodic overpotential, 775, was varied over a wider range of overpoten-
tials, i.e., 40-160 mV. The duration of the anodic pulse z; of the reverse cycle is
usually shorter than that of the cathodic one 7, and in this case it was 2 ms. The
ratio of cathodic vs. anodic pulse period 7;:7; was varied as 8:1, 4:1 and 2:1,
meaning that 7z was 16, 8 and 4 ms, respectively.

The change in the morphology of the silver deposits as a function of the va-
riation of the anodic overpotential, 775, and z: 73 is shown in Fig. 3. At lower

1./ mV

160

120

80

40

A

2:1

Fig. 3. Morphological changes of silver electrodeposits as a function of
the anodic overpotential, 77,, and cathodic vs. anodic time ratio, z.: z;
Ty, = 2 MS, Tyeposition = 10 min; magnification: x100.
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anodic overpotential (40 and 60 mV), there was no splitting off or release of the
crystals, only a slow dissolution. At higher anodic overpotentials, the tips of the
crystals dissolved faster than the side parts. According to their size and shape, it
seems that they grew uniformly in all directions. Nevertheless, there was not mu-
tual linking of the crystals. An increase of the anodic overpotential also caused a
more intensive dissolution of the larger crystals as well as their splitting and en-
tire release, especially of dendrites. Hence, at an anodic overpotential of 120 mV,
the deposits consisted of smaller grains and were more compact than the corres-
ponding ones obtained at lower overpotentials. On further increasing of the ano-
dic overpotential to 160 mV, the grain size and compactness continued to im-
prove. However, considering the lower current efficiency at 160 mV, an anodic
overpotential of 120 mV could be regarded as the optimal one.

At the beginning of a cathodic pulse, the nucleation density was high enough
for the number of grains to increase and their linkage to occur. It could have been
expected that small-grained and compact deposits would continue to improve
with further adjustment. However, at the higher ratio of cathodic vs. anodic over-
potential z:: 73, saturation of the nucleation could be achieved and crystals grew
larger. Even at 773 = 2:1, the obtained deposit was small-grained and compact,
but the current efficiency was lower.

Thus, further optimization of the electrolysis parameters was directed to-
wards obtaining small-grained compact deposits with higher current efficiency,
i.e., at a higher 7;: 7, ratio, e.g. 4:1. In order to realize this, the anodic pulse pe-
riod was varied.

Variation of the anodic pulse period, t4

An SEM image of an electrodeposit obtained by reverse electrodeposition
with increased duration of the anodic pulse, 7z = 4 ms, is shown in Fig. 4.
Compared with the corresponding deposit obtained under identical conditions but
with 7, = 2 ms (see Fig. 1c), this deposit shows a denser nucleation and close-
-packed grains of reduced size. Prolongation of the anodic pulse enabled a more
intensive dissolution of the larger crystals as well as the release of weaker bound

Fig. 4. Silver deposit produced in 0.50 M
HNO3 + 1.17 M NaNOs; 77, = -80 mV; 7, =
=80 mV; iz = 2:11; , = 4 MS; Tyeposition =
= 10 min; magnification: x100.
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crystals from the electrode surface, especially dendrites. Successively repeating
the cathodic and anodic pulses resulted in the formation of smaller-grained and
more compact deposit. However, the compactness can also be improved with fur-
ther changes of the electrodeposition conditions, for instance, the addition of
Poﬁ‘ and application of stirring to the electrolyte.

Simultaneous action of PO43‘ and stirring of the electrolyte

As mentioned above, formation of compact deposit depends on the j/jo ratio.
The higher the j/j, ratio, the better is the compactness of the deposit. There are
several approaches to increase the value of j/jo, either through increasing the
current density, or decreasing the exchange current density, jo. Further attempts
in this study to improve the morphological characteristics of the silver deposits
were to include PO?{ and to stir the electrolyte.

The presence of Poﬁ‘ affects both an increase in the number of active cen-
ters and the stimulation of 2D crystal growth. This is a result of lower exchange
current density. The values of the exchange current density in nitrate solution
with and without PO?{, measured by impedance spectroscopy, were 5.0 and 26
mA cm—2, respectively.6 The polarization curves of the electrodeposition of sil-
ver from a solution with and without PO?{ are shown in Fig. 5. At the potential
interval of the formation of polycrystalline deposits, near —80 mV, the current
densities were almost the same. Hence, the j/j, ratio was more than 5 times higher
in the presence of PO?{ than in their absence. In this case, the nucleation rate
increases considerably, while the radius of the nucleation exclusion zones de-
crease. The large difference in the j, values can be attributed to the formation of
adsorbed intermediate complexes of Ag* and PO3-, according to the following
mechanism:6.:8

80~ o 0.50 MAgNO, +100 g dm® NaNO,
®  0.50 M AgNO, + 100 g dm® NaNO, + 6.0 g dm® H,PO,
|
60 - .. ..
o |
5 . Ooooo
< m 0°°
IS 40 |- ﬁ( )O
A o o
20 | oPu"
oPu"
el
il = A——
0 ~ NI P . Fig. 5. Polarization curves for a
20 40 60 80 100 120 sjlver electrode in electrolytes
nlmv with and without PO?%.
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(Ag Pozzf)ads +te" > Ag+ (Poi_)ads

Electrocrystallization processes controlled by incorporation of adatoms sug-
gest two-dimensional (2D) growth. As can be seen from Fig. 6a and 6b, the
formed grains had a plate-like shape. As Poﬁ‘ favor the generation of a larger
numbers of nuclei and almost eliminate nucleation exclusive zones, the produced
deposit was more compact than in the previous cases. Furthermore, if electrolyte
stirring is applied, the processes intensify and the deposits were even more com-
pact with smaller grains (Fig. 6¢ and 6d). The plates were very closely packed
and mutually intertwined, thus whisker-like shapes can be observed.
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Fig. 6. Silver electrodeposits produced by reverse electrodeposition in 0.50 M HNO3 + 1.17 M

NaNO3 + 0.060 M PO at 77, =-80 mV, 77, = 120 mV, 7.7, = 4.1, 7, = 4 MS, Tyeposition = 10

min; a) no stirring, magnification: x100, b) the same as in a), magnification: x1000, c) stirring
400 rpm, magnification: x100, d) the same as in c), magnification: x1000.

Changing the hydrodynamic regime is another approach to increase the j/jo
ratio. Stirring the electrolyte also lowers diffusion limitations during electrocrys-
tallization. It lowers the concentration gradient that provides a continuous supply
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of Ag* to the cathode surface. The thickness of the diffusion layer, ¢, is also
smaller, which means the limiting current density increases. This contributes to
an increase in the j/j, ratio.

In the case of the simultaneous addition of Poﬁ‘ and stirring of the electro-
Iyte, the j/jo ratio increases as a result of both an increase in j due to the stirring of
the electrolyte and decrease of j, due to introduction of Poﬁ‘. This enables the
formation of compact and small-grained deposits even under conditions when
previously this was impossible possible. Figure 7 shows that a fine compact de-
posit can be obtained at the lower anodic overpotential, 80 mV, and the higher
ratio of the duration of the cathodic vs. anodic pulse, 7: 7 = 4:1. This contributes
to an improved quality of the deposits and the current efficiency of the electro-
deposition process.

./ mV

120

80

(AR

Fig. 7. Morphological changes of silver electrodeposits as a function of anodic overpotential,
775, and cathodic vs. anodic time ratio, z.: 7, applying stirring of 400 rpm to the electrolyte;
T, = 4 MS, Tyengsition = 10 Min; magnification: x100.

CONCLUSIONS

The investigations in this study were motivated by the idea to obtain small-
-grained and compact silver deposits by electrodeposition under electrorefining
conditions. After varying several parameters such as anodic overpotential, anodic
pulse period, cathodic vs. anodic time ratio in stirred and non-stirred electrolyte
both with and without the addition of PO3-, the following conclusions can be
reached:
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1) Increasing the anodic overpotential resulted in the formation of smaller
grains and increased the compactness of the deposit. An optimal overpotential
could be considered 120 mV, because further increasing the overpotential consi-
derably decreased the current efficiency of the electrodeposition process.

2) Increasing the cathodic vs. anodic time ratio, z:7, led to the formation of
a rough deposit with larger grains. At 7::zz = 2:1, the deposit obtained was
compact with smaller grains, but in this case the current efficiency was very low.

3) Prolongation of the anodic pulse had a similar influence on the morpho-
logy as the anodic potential, i.e., it enabled the formation of a more compact and
small-grained deposit. In this case, an appropriate morphology can be obtained at
higher cathodic vs. anodic time ratios.

4) The addition of PO?{ and stirring the electrolyte enabled the formation of
deposits with the best morphological characteristics at a higher current efficiency.

Reverse current regimes in combination with PO?{ and stirring of the elec-
trolyte during electrorefining are suitable ways of encouraging the formation of
refined and compact silver deposits and they are technically applicable.

Acknowledgement. This paper was supported by and performed within the Project “Study
of morphology of metal deposits produced by electrorefining under modified conditions” of
the Ministry of Education and Science of the Republic of Macedonia.
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E®EKAT HECTAIMOHAPHUX CTPYJHUX PEJXKMMA
HA MOP®OJIOI'JY TAJIOT'A CPEBPA
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Ynueepauitieii y Beozpady, beozpao

Pag ce 6aBu xopumhemeM peBEpCHUX CTPYJHHX peXuMa 3a IoOWjame CUTHO3PHUX M KOM-
MAKTHHUX Tajora cpedpa y mporecy eneKTpoxeMujcke padunanuje. Bapupano je HeKonmko mapame-
Tapa: a) aHO/[Ha IPEHAIIETOCT, 0) OJHOC BPEeMEHA Tpajarha KaTOAHOT M aHOJHOT I1yJIca U II) Tpajame
aHoJHOT myJsica. HakoH onTHMH3aIyje OBUX Iapamerapa, y eJISKTPOJIUT cy gojaty gochartHu joHn
U IPUMEHEHO je Mellame eNIeKTpoiuTa. McnTuBaH je yTuliaj aHoAHE IMPEHANEeTOCTH Ha BEJIHYHUHY
3pHa Tajora cpebpa 1 Ha HEroBy KOMIAKTHOCT. [Ipoxyxkeme Tpajarmba aHOJHOT IyJIca ITOKa3alo je
cirvaH edekat, alld y3 cMambeme HeKopulnhema crpyje. [loBehame ogHOCa BpeMeHa Tpajama Ka-
TOIHOT U AQHOJHOT ITyJIca JIOBEJIO je 10 noBehama 3pHa M CMambeha KOMIIAKTHOCTH Tajora. OnTu-
MajHa Mopdooryja Tajora je JoOujeHa HaKoH A0JaTKa PO?{ U y3 MeIIamke eNeKTPONIUTA.

(Mpumsbeno 19. centembpa, pesuaupano 30. okrobpa 2008)
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Abstract: The effect of the concentration of the reacting ion on the nature of the
control of the electrodeposition process was investigated by digital simulation
of the polarization curve using the Newman form of the polarization curve
equation and the Levich dependence of the limiting diffusion current density
under natural convection conditions. A simple method for the determination of
the exchange current density from polarization measurements is also proposed.
The agreement with experiments was correct.
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INTRODUCTION

It was shown recently!-2 that instead of the general equation of the cathodic
polarization curve:

. . AV
4=’.—°(1—4J (fo= 1) (1)
JL JL JL
the approximate form:
. ]..70(fc_fa)
Lo @)
e (s - 1)
JL

obtained by taking y= 1, can be used with a maximum error of 20 %. Equations
(1) and (2) are modified for use in the electrodeposition of metals by taking the
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Popov et al.3 j, jo and j_ are the current density, the exchange current density and
limiting diffusion current density for the cathodic process, respectively,

A
f, =10 (3)
and
_n
fo=10 Pa 4)

and 7 is the overpotential, b; and b, are the cathodic and anodic Tafel slope, res-
pectively, and

_dlog Jo

~ dlogc ©)

where ¢ is the concentration of the reacting ion.

It is necessary to note that Eq. (2) is an approximation because the value of ¥
is lower than unity.# This approximation is widely used in qualitative discussions
because it permits the simple mathematical treatment of electrochemical proces-
ses with relatively small errors. If y# 1 is included in the derivation of the ge-
neral equation of the cathodic polarization curve, simple analytical solutions are
not available and numerical solutions are required.

It can be seen from Eqg. (2) that the ratio jo/j. determines the nature of the
control of the electrodeposition process. If

0 (6)
I

the metal electrodeposition process is under activation control and if
B e ™
L

it is under diffusion control. On the other hand, it is known that j, and j_ depend
on the concentration of the reacting ion. Thus, the aim of this study was to in-
vestigate the effect of the concentration of the reacting ion on the control of the
electrodeposition process.

THE STATEMENT OF THE PROBLEM

It is known that the concentration dependence of the exchange current den-
sity4 is expressed as:

c Y
Joc =[a] Joo (®)
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CONTROL OF THE ELECTRODEPOSITION PROCESS 293

where jo. and joo are the exchange current densities corresponding to the con-
centrations ¢ and ¢, of the reacting ion.
The limiting diffusion current density j, depends on the concentration of the
reacting ion according to:°
ju=ch 9)
where
1<n<1.25 (10)
depending on the hydrodynamic conditions in the electrochemical cell. Assuming
Co as the concentration of the reacting ion in a reference solution, it follows from

Eqg. (9) that:
c n
JLe =[—J JLo (11)
Co

where j_ . and j_o are the limiting diffusion current densities for the concen-
trations of the reacting ion ¢ and c,, respectively, and because of Egs. (8) and (9):

oc :!0_,0((:_0}” ’ (12)
JLe Jol\C

n =1 is valid in the case of forced convection (stirred electrolyte). The mass and
heat transfer induced by the density gradient in liquids in the gravitational field is
natural or free convection. Levich® gave an approximate analytical solution for
estimating the diffusion flux of the component that reacts and disappears on the
surface of a vertical plate in a liquid. The electrochemical deposition of metals is
a fair example of this kind of reaction.

A corresponding solution can be presented in the form j = c}2°. Several
authors®-8 have reported a value of the concentration exponent of less than 1.25.
Systematic investigations of metal electrodeposition on a vertical plate and thin
metal wire”:8 showed that the Levich solution is valid only when the tempera-
tures of the thermo-isolated solution and of the surrounding air are equal, i.e.,
under proper isothermal conditions. For even a small temperature difference, the
value of the concentration exponent decreases considerably (for a temperature
difference of 1.5 °C, the value of the exponent is 1.08). In addition, evaporation
of the solution into dry air of the same temperature flowing over the electrolyte
surface can also cause a decrease of the value of the concentration exponent.

A similar effect exist in the case of a superimposed magnetic field.%

In the case of copper electrodeposition4 = 0.75 and

0.25<n-y<05 (13)
because of Eq. (10), but
n—y=~0.25 (14)
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is a more realistic value even in slightly-stirred solutions, and
n- y=0.50 (15)
for non-stirred solutions under isothermal conditions.
In both cases

n-y<1 (16)
and if
ColC —> oo a7
it follows from Egs. (12), (16) and (17) that:
JocliLe — e (18)

meaning, in accordance with Eq. (7), that the degree of diffusion control in-
creases with decreasing concentration of the reacting ion.

It was shown recently10 that the exchange current density for a process for
which the mechanism is known can be easily determined from the measured po-
larization curve, if the IR error is negligible.11

If
J=kiL (19)
where 0 <k <1, Egs. (1) and (2) can be rewritten in the forms:
. kj
jo= - (20)

(1_ k)y(fc,k - fa,k)
and

. Ki

0.2 (1 K)(fo k — far)
respectively, where jo and joa, are the true and approximate values of the ex-
change current density and f.x and f,x correspond to the current density from Eq. (19).

Using cg = 1.0 mol dm=3 CuSO4 in 0.50 M H,SO4 as a reference solution

and the corresponding values of j_g = 100 mA/cm? and joo = 10 mA/cm?, f, =
= 107120 and f, = 10-740 and y = 0.75 and 1, the polarization curves for
electrodeposition from 1, 0.10 and 0.010 M CuSQg4 in 0.50 M H2SOy4 are cal-
culated using Egs. (1), (2), (12), (14) and (15) and presented in Figs. 1 and 2. The
polarization curves presented by the full lines in Figs. 1 and 2 were calculated
using Eg. (1) and y= 0.75 and the ones presented by the dashed lines, using Eq.
(2) and hence, y= 1. It can be seen from Figs. 1 and 2 that with increasing value
of the jo ¢/jLc ratio due to the decreasing concentration of the depositing ion, the
degree of diffusion control increases. The polarization curves are practically the
same for = 0.75 and 1 up to j/j_ = 0.3 for each j/j_ ratio. Hence, Eq. (2) can be
successfully used instead of Eg. (1) in quantitative discussions at low current
densities.

(21)
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Fig. 1. Dependences j/j, —n calculated from Egs. (1) and (12) using ¢ = 1.0, 0.10 and 0.010
mol dm3, co = 1.0 mol dm3, f, = 107120, f, = 10-740, j, ;=100 mA/cm?,
joo =10 mA/cm? and n — = 0.25.
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Fig. 2. Dependences j/j_—n calculated from Egs. (1) and (12) using ¢ = 1.0, 0.10 and 0.010
mol dm3, co = 1.0 mol dm3, f, = 107120, f, = 10-740, j, ;=100 mA/cm?,
jo,o = 10 mA/cm?and n — = 0.5.
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It follows from Egs. (20) and (21) that

jo.app = (1= K)o (22)
and the jo app/jo ratios calculated using Eq. (22) and y— 1 = 0.25 as a function of k
are presented in Table I.

TABLE I. Comparison of j, calculated using Eq. (8) (true values) and ones calculated using
Eq. (21) (approximate values)

k 040 020 030 040 050 060 070 080 0.0
joaplio 103 106 109 114 119 126 135 150 178

It can be seen from Table | that Eq. (21) can be successfully employed for
the determination of the value of the exchange current density from the polari-
zation curve up to k = 0.2 with an error lower than 5 % and up to k = 0.3 with an
error lower than 10 %.

Obviously, the ratio of the exchange current density to the limiting diffusion
one can also be calculated in the same manner with the same error.

EXPERIMENTAL

Copper was potentiostatically deposited from the following solutions: a) 0.020 M CuSO,
+0.50 M H,S0,, b) 0.050 M CuSO,4 + 0.50 M H,SO,4 and c¢) 0.10 M CuSO,4 + 0.50 M H,SO,.

Electrodepositions were performed in an open cell at a temperature of 23.0£0.5 °C using
a Wenking 7103 GIRH potentiostat. Doubly distilled water and analytical grade chemicals were
used for the preparation of solutions for the electrodeposition of copper.

The working electrode was a stationary Pt wire covered with Cu film electrodeposited at
an overpotential of 300 mV during 3.0 min from 0.10 M CuSQO, in 0.50 M H,SO,.

The counter electrode was a copper foil placed close to the walls of the cell; the working
electrode was placed in the middle of the cell, while the overpotential was adjusted vs. a cop-
per electrode which was positioned at a distance of 0.2 cm from the surface of the working
electrode.

In order to determine the exchange current densities of electrochemically deposited cop-
per, the electrode was prepared by electrochemical deposition of copper on a Pt wire (S = 0.45
cm?) from an aqueous solution of 0.10 M CuSQ, in 0.50 M H,SO, galvanostatically, at a con-
stant current density of 4.0 mA/cm?2 during 1200 s. Then the cathodic and anodic polarization
curves were recorded potentiodynamically at a scan rate of 1.0 mV s1 in solutions containing
0.020, 0.050 and 0.10 M CuSQ, in 0.50 M H,SOy, in the overpotential range —120 to 100 mV.
In order to reach the steady state condition, the working electrode was held at a constant ca-
thodic overpotential of —120 mV for 120 s before the measurements. Since the cathodic pola-
rization curves were attained under mixed control, the exchange current densities were deter-
mined from the intercept of anodic and theoretical cathodic Tafel slopes.

The experiments for determining the exchange current densities were performed in a stan-
dard three compartment electrochemical cell at ambient temperature. A copper wire (99.999 %)
in the same solution was used as the reference electrode, while a platinum wire served as the
counter electrode. Both galvanostatic and potentiodynamic experiments were performed using
a PAR 263A potentiostat/galvanostat.
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RESULTS AND DISCUSSION

The polarization curves for the electrodeposition of copper from 0.020,
0.050 and 0.10 M CuSOy4 in 0.50 M H»SO4 at a temperature of 231 °C are
shown in Fig. 3 and the ones normalized to the value of the limiting diffusion
current density in Fig. 4.

14+
{|—o—0.10MCusSO, + 050 M H,SO,

12{| —0— 0.050 M CuSO, + 0.50 M H,SO,
{| 2 0.020 M CusO, +0.50 M H,SO,
10+

j/ mA cm?
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Fig. 3. Polarization curves for the electrodeposition of copper from 0.020, 0.050 and 0.10 M
CuS0, in 0.50 M H,SO, at a temperature of 23+1 °C.
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Fig. 4. Polarization curves for the electrodeposition of copper from 0.020, 0.050 and 0.10 M
CuS0O, in 0.50 M H,SO, at a temperature of 23+1 °C normalized to the value of
corresponding limiting diffusion current density.
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The fact that the value of the ratio jo/j_ increased with decreasing concen-
tration of Cu(ll) ions can be considered a good qualitative illustration of the in-
creasing degree of diffusion control of the deposition process with decreasing
concentration of the depositing ion (Figs. 1, 2 and 4).

Assuming that the IR error can be neglected in electrodeposition from the
used electrolyte solutions, the values of jg listed in Table Il were obtained using
Eqg. (21) and k = 0.30 and the data from Fig. 3, which are in fair agreement with
the values obtained by the potentiodynamic recording of cathodic and anodic po-
larization curves.

TABLE II. Comparison of the j, values estimated by the proposed method (approximate va-
lues) and those determined by the potentiodynamic recording of the cathodic and anodic pola-
rization curves (experimental values)

¢ (CuSQy) / mol dm (in 0.50 M H,S0,) jo,app / MA cm2 Jo,exp / MA cm2
0.020 0.36 0.24
0.050 0.54 0.70
0.10 0.85 13

Simultaneously, a simple method for the estimation of exchange current den-
sities from polarization measurements is demonstrated.

In this way, it was shown that the degree of diffusion control increases with
decreasing concentration of the reacting ion in metal electrodeposition processes,
as was estimated earlier from the morphology of electrodeposited metals.12
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M3BOJ

YTUIAJ KOHOEHTPALIMJE PEAT'YJYREI JOHA HA KOHTPOJIY ITPOLIECA
EJIEKTPOXEMHICKOI TAJIOXKEBA

IMPEAPAT M. ’KUBKOBUA!, HEBOJIIIA . HUKOJIR?, MMJIMLIA 1"BO3I[EHOBI/I"1’11 u KOHCTAHTHH 1. TTOMOBY2

lTexHonoumo—meLEaﬂypzwcu akyaitieiti, Ynusep3auitieii y Beozpady, Kapuezujesa 4, 11120 Beozpao u
2UXTM — Lenitiap 3a eaeximipoxemujy, Yuusepauitieiri y beozpady, ezouesa 12, 11000 Beozpao

VY pamy je UCIIUTHBaH YTHIAj KOHLEHTpauuje pearyjyher joHa Ha BpCTy KOHTpOIE Mporeca
CJICKTPOXEMUjCKOT TaloXkKemwa. [IpiuMerbeHa je qUuruTaaHa cuMyJialija noNapu3alioHuX KPUBHX Ha
ocaoBy Newman-oBor oGiiika jeqHaurHe mosapu3anuoHe KpuBe u Levich-eBe 3aBuCHOCTH Tpa-
HUYHE AUdy3HOHE TYCTHHE CTPYje y YCIOBHMA NPHUPOJHE KOHBEKHje. [IpesiokeH je jeaHocTaBanH
MeTox oapeljuBama I'yCTHHE CTPyje M3MEHE Ha OCHOBY MOJapH3allMOHUX Mepema. JloOujeHa je 3a-
I0BOJbaBajyha carimacHOCT ca eKCIEPHUMEHTATHO JOOHjEHIM BPEIHOCTUMA.
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Determination of inorganic anions in papermaking waters
by ion chromatography
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Abstract: A suppressed ion chromatography (IC) method for the determination
of inorganic anions in process water from paperboard production was deve-
loped and validated. Common inorganic anions (CI, NO;, PO% and SO3)
were detected in fresh and process water samples collected from a paperboard
production system at 16 characteristic points. It was shown that the use of an
lonPac®-AS14 column under isocratic conditions with Na,CO3/NaHCO; as the
eluent and a suppression device proved to be a reliable analytical solution for
the separation of the inorganic anions present in papermaking waters. This IC
method is quite satisfactory concerning selectivity and sensitivity, and enables
the determination of several inorganic anions over a wide concentration range.
According to the obtained results, the total amount of analyzed inorganic an-
ions was below 0.1 g/L, i.e., below the critical value which may trigger ope-
rational problems in paper production.

Keywords: papermaking waters; ion chromatography; inorganic anions.

INTRODUCTION

A lot of efforts have been made to reduce the usage of fresh water and sys-
tem closure in paper production.1~> The European Union Environmental Direc-
tive for Pulp and Paper Production commits producers to decrease fresh water
consumption, which should be realized by water recirculation and water system
closure.® In addition to the proven advantages, the closing up of the water system
in paper production also brings different operational and product problems (che-
mical precipitation, low retention of fibers and fines, corrosion of equipment,
microbiological growth, slime and odor inside mill and impurities in the final
product).”-11 These problems are mainly caused by increased concentrations of

* Corresponding author. E-mail: ljubinka@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC0903301Z
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water-soluble compounds in the process water, i.e., dissolved and colloidal or-
ganic and inorganic compounds. Monitoring the quality of the process water is
the most popular and effective measure for controlling detrimental phenomena in
paper production.12-15

It has been estimated that the number of analytical water measurements,
mostly physical ones, to be made for one paper machine per day could increase
to 1.500-2.000.16 Usually, basic methods for water analysis include the measu-
rement of summative parameters. Being simple and rapid, they are traditionally
predominant in the determination of papermaking process waters and effluents.
Particularly, on-line chemical measurements are focused on monitoring pH and
conductivity. However, the results obtained provide only information about the
chemical behavior of the individual ions and compounds. Therefore, there is a
necessity for separation techniques, such as ion chromatography (IC) or capillary
electrophoresis (CE), to verify the concentrations of individual ions.l7 These
rapid, powerful, high-throughput and specific identification techniques, such as
IC with suppressed conductivity detection, are required for on-line separation and
simultaneous determination of ion species.18

IC Represents a universal analytical technique for the separation and quanti-
tative determination of specific ion species. Complex mixtures of anions or cat-
ions can be separated to the level of specific ions and then quantified in a rela-
tively short time.

The main applications of IC methods are in the determination of trace anions
in ultra pure water, in the pharmaceutical industry, electronics, power plants,
pulp and paper production, etc.19 In modern paper production, the determination
of the amount of anions in the process water is an important control parameter.
The IC method can detect and quantify substances that cause color, smell and
slime in the production process, as well as salts and other corrosive substances.
These disturbing substances include volatile organic acids (acetic, formic, lactic
and butyric) and inorganic salts present as anions: chloride, fluoride, sulfate, ni-
trate, etc.

The aim of this work was to develop and validate IC method for the deter-
mination of inorganic anions in process water of paperboard production. Fresh
and process water samples from production system were analyzed by suppressed
IC method. It was examined that, concerning selectivity and sensitivity, if
combination of selected columns, eluent and operating parameters was well
established, IC method was able to determine several inorganic anions in a wide
concentration range.

EXPERIMENTAL

Water from one paperboard production system with a daily output of 180 t of coated and
uncoated paperboard was analyzed. The main feedstock materials were waste paper (70 %),
bleached and unbleached ground wood and softwood pulp (primary fibers), sludge, fillers,

2009 Copyright (CC) SCS

©

0]S]O)]

E' RGO



ANIONS IN PAPERMAKING WATERS 303

CaCOs, different additives, etc. Water was samples at 16 characteristic points during the com-
mercial production of 400 g/m? paperboard with an average water consumption of 32 m3/t. A
schematic description of the production process in the examined paperboard mill with control
points for water analysis is given in Fig. 1.

The produced paperboard was made up of seven layers, each formed on a separate for-
mer. The bottom layer (made of unsorted waste paper) was formed on formers 1 and 3. The
inner layer was made of low-grade waste paper (on formers 4, 5 and 6) and the upper layer
was made of high-grade waste paper (formers 7 and 8).

RIVER WATER
INTAKE

_FRESH WATER
T(5ample 1)

Excess water
ater from
paper machine i
Wastewater Y | TREATMENT |..>2m e s
frofi stock preparation I To recipient >
——J» FIBRE FLOW
.......... > WATER FLOW

Fig. 1. Production process in a paperboard mill and the sampling points.

Instrumentation and operating conditions

Determination of inorganic anions by IC method was realized using a Dionex DX-300
ion chromatograph (Dionex, Sunnyvale, CA, USA). The instrument consists of an advanced
gradient pump and a CDM-3 conductivity detector. The employed analytical separation co-
lumn was a Dionex lonPac®-AS14 preceded by a Dionex lonPac®-AG14 guard column. Both
columns were made of the same polymer resin for anion exchange. An Anion Self Rege-
nerating Suppressor (ASRS ultra) was used. Dionex Peaknet ver. 5.1 software was employed
for instrument control, data collection and processing. A Spectra-Physics model AS3500 au-
tosampler was used for the direct programmed injection of samples.
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TABLE I. Operating conditions for anion separation by suppressed IC method under isocratic
conditions

Guard column lonPac AG14 (4 mmx50 mm) anion exchange
Suppressor ASRS-ULTRA (4 mm)

Mobile phase — Eluent 4.0 mM Na,CO3/1.0 mM NaHCO; (1:1)
Eluent flow rate 0.70 mL/min

Sample volume 20 pL

Injection technique Direct

Detection Suppressed conductivity

Full scale range 100 uSs

Suppressor current 50 mA

Anion determination was realized under the optimal operating conditions presented in
Table I. These parameters were determined by trial-and-error and were the same for all mea-
surements of the water samples from the paper production system.

Separation and detection of anions were performed at room temperature and lasted for
about 17 min for each sample.

Chemical reagents, standard solutions and eluent

All chemicals for the preparation of standard solutions and the eluent were of analytical-
-reagent grade and were dissolved in deionized (milli Q) water with a specific resistance of
18.2 MQ cm. The stock standard solutions were stored at 4 °C. Standard working solutions of
different concentrations were prepared by diluting the stock solutions with deionized water.
Fresh working eluent was prepared daily, filtered through a 0.2 um pore size membrane filter
(Millipore, USA) and degassed before use. All standard solutions for calibration were stored
in polyethylene containers.

Samples

Process water samples were collected in situ at selected control points in the production
system. All samples were handled carefully and analyzed in the chemical laboratory as quick-
ly as possible. Water samples with a higher turbidity (from headboxes and whitewater sam-
ples) were analyzed after removal of the suspended solids using a laboratory centrifuge (1500
min-1, 30 min). All samples were filtered through a 0.2 pm membrane filter (Millipore, USA)
just before injection.

RESULTS AND DISCUSSION

Common inorganic anions (Cl-, NO3, PO%‘ and SO%‘) were identified and
quantified applying the IC method under the operating conditions shown in Table I.

All the studied anions were determined in one chromatographic run. The
identification and quantification of each anion were realized from the retention
time and peak area. A typical chromatogram of a water sample is presented in
Fig. 2.

The chromatographic parameters for the detected anions are presented in
Table Il. The recovery (R) and the relative standard deviation (RSD) of the peak
area for spiked samples are given in Table I1I.
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Fig. 2. Chromatogram of whitewater from former 8 (sample 15).

Table Il confirms that the calibration lines obtained by the selected IC me-
thod (using the operating parameters presented in Table 1) are linear with a corre-
lation coefficient over 0.999 (except for phosphate) over the whole working con-
centration range. The calculated values for parameter a are much higher than is
usual (for a calibration line which starts at the [0,0] coordinates). This can be ex-
plained by relatively large peak areas in the chromatograms.

TABLE Il. Chromatography parameters for the detected anions: tg — retention time; a and

b — parameters for the calibration curve (y = a + bx, y — peak area, x — concentration);
r — correlation coefficient

Anion -/ min —ax10™ bx104 ;

R Area unit Area unit L mg
Cl- 6.28 2.1528 2.2003 0.9993
NO3 8.88 1.8996 1.1261 0.9996
PO?{ 12.8 1.4429 1.4704 0.9987
SO%‘ 14.6 9.2543 1.5833 0.9995

TABLE I1l. Recovery (R) and relative standard deviation (RSD) of the peak area for spiked
water samples

Anion R/% RSD / %
Cl- 102 2.4
NO3 103 2.7
PO} 97 3.2
S03~ 101 2.0

The previously developed and validated 1C method was used as a control
analytical tool for the analysis of water samples taken from the production pro-
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cess. Sixteen different samples of process and waste water were prepared and
injected into the chromatograph with Na,CO3/NaHCO3 as the mobile phase. The
concentrations of the commonly detected anions in the investigated water sam-
ples are presented in Table IV, while the descriptive statistics and reproducibility
data (RSD) of the peak areas for the target inorganic anions in representative
samples are given in Table V.

TABLE IV. Mean concentration values of the detected anions calculated from the peak areas
(5 injections for each sample)

Concentration, mg/L*

Sampling point/water type

Cl- NO, PO% SO%
Filter station (fresh water) 6.49 3.85 <0.05 355
Effluent to recipient 10.61 <0.01 <0.05 54.5
Headbox to former 1 11.33 <0.01 1.31 52.0
Whitewater from former 1 12.11 <0.01 <0.05 57.2
Headbox to former 3 7.61 <0.01 2.81 34.2
Whitewater from former 3 13.64 <0.01 4,53 64.4
Headbox to former 4 15.32 <0.01 3.91 67.3
Whitewater from former 4 14.63 0.14 1.90 65.4
Headbox to former 5 16.44 <0.01 3.25 76.9
Whitewater from former 5 14.02 <0.01 3.91 64.4
Headbox to former 6 15.21 <0.01 8.46 70.3
Whitewater from former 6 17.84 0.06 341 79.2
Headbox to former 7 8.85 2.10 <0.05 51.5
Whitewater from former 7 9.75 1.62 <0.05 51.7
Whitewater from former 8 8.10 2.69 <0.05 48.0
Headbox to former 8 8.08 2.68 <0.05 108.1

dUncertainty of measurement presents 95 % of significance level: 0.05 mg/L for CI', 0.01 mg/L for NO3 and
POY and 0.1 mg/L for SO%°

TABLE V. Descriptive statistics and repeatability data (RSD) of the peak area for the target
inorganic anions in samples 1, 2, 8 and 12 (n = 5)

Sample 1 (Filter Sample 2 (Effluentto Sample 8 (Whitewater Sample 12 (White-

station/fresh water) recipient) from former 4) water from former 6)

Anion Concentration Concentration Concentration Concentration
RSD RSD RSD

mg/L mg/L mg/L mg/L

- % - % - % - %

Min Max Mean Min Max Mean Min Max Mean Min Max Mean
ClF 6269 65 32 92 118 106 55 129158 146 7.3 16.6183 178 7.8
NO; 37 40 38 30 nd® nd - - 0.060.24 0.14 7.8 0.040.10 0.06 8.5
PO nd. nd. - - nd nd - - 1525 19 71 30 38 34 82

SO%34.636.7 355 23 529 558 545 4.4 63.866.7 654 6.0 784801 79.2 6.2
aNot detectable

Chlorides and sulfates were detected in all the water samples, which can be
explained by the addition of these chemicals as retention aids into the production
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process. Comparing the contents of CI~ and SO%‘ in the fresh water and the ef-
fluent (samples 1 and 2), no great difference could be observed. Furthermore, it
shows that a larger amount of the added chemicals was settled down with the
fibers and kept in the paper, which indicates a highly efficient retention of the
fibers. Comparing the contents of CI~ and SO%‘ in water samples from the head-
boxes of different formers, the highest concentrations were recorded for formers
4-6 (and 8 for sulfates). These formers are used to make the inner layers of
paperboards, except former 8 which is used for the upper layers. The middle
layer is made up of the lowest quality recycled paper with the shortest fibers. On
these formers, the retention is not so intense, which demands addition of reten-
tion aids. This is also the reason for the higher concentrations of residual (dissol-
ved) CI~ and SO%‘ anions in the whitewaters from formers 4-6 and 8 (for sulfates).

Nitrates and phosphates were detected in 7 of 16 samples (resp. 9 of 16
samples), and their concentrations were below 3.85 (NO3) and 8.46 (PO?{)
mg/L, respectively. It is important to perceive that neither NO3 nor Poﬁ‘ were
detected in sample 2 (effluent to recipient). These anions, when present in higher
concentrations, might result in higher values of total nitrogen and phosphorus in
the paper production effluent, which is limited by the EU Environmental
Directive for Pulp and Paper Production.

In addition to the anions presented in Table IV, Br~, NO3 and F~ were also
analyzed but they were not detected, because their concentrations were below
0.01 mg/L. Nitrites are unstable at higher temperatures (about 50 °C, which is a
characteristic of process water), which might be the reason why they were not
detected. Also, nitrites can hardly be detected in the presence of organic acids,
which are predominantly present in papermaking waters.

Reproducibility tests were based on five injections for each water sample.
The reproducibility data for the peak areas, obtained using the operation parame-
ters described in Table I, were statistically evaluated from the relative standard
deviation (RSD) and are presented in Table V.

All RSD values of the peak areas for the target anions (presented in Table V)
were less than 9 %. Comparing the RSD values for examined samples, it can be
seen that the best results of the precision of the measurement (lowest RSD value)
were recorded for sample 1 — fresh water from the filter station. This can be ex-
plained by the low presence of interfering substances in the fresh water, which
were previously removed in the clarification process. Comparing RSD values for
the detected anions, it can be noticed that the highest precision in all the samples
(lowest RSD value) was recorded for SO%‘. This fact might be explained by the
highest concentrations (and the largest peak areas) of sulfates in all the analyzed
water samples.

The obtained results show that the use of an lonPac-AS14 column under
isocratic conditions with NapCO3/NaHCOj3 solution as the eluent together with a
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suppression device provides for good separation of inorganic anions from paper-
making waters. All the detected anions were eluted in less than 17 min and their
peaks were well separated (Fig. 2). It is a suitable method for the determination
of anions in the concentration range from 0.1 to 100 mg/L by direct sample in-
jection and it can be used for a routine analysis of papermaking waters. Direct
injection does not require any previous pre-concentration of the samples and pre-
sents a simple but reliable method for ion analysis.

The results given in Table 1V confirm that the total amount of analyzed in-
organic anions (except for sample 16 — headbox to former 8) was below 0.1 g/L,
i.e., far below the critical value, which may induce operational problems caused
by the anions present. However, increased concentration of sulfates in sample 16,
which raised up the total amount of inorganic anions to 0.119 g/L, had not caused
any operational problem. According to practical experiences, further closing of
the water system with increased recirculation, as well as the usage of recycled
fibers instead of cellulose may cause an increase in the concentration of
detrimental anions, which should be controlled.12

As expected, the highest concentration of anions was recorded for sulphates,
which are the main cause of process equipment corrosion. To determine inorga-
nic anions such as Br~, NO3 and F~, which could not be detected in the present
study, further investigation may include modifications in the eluent, eluent flow
rate, stationary phase or column temperature.

Also, the analysis of papermaking process water should include organic acids
(lactic, acetic, formic and butyric acid). These organic acids are the metabolic
products of microorganism population growth in the closed water system of pa-
per production. Increased concentration of volatile organic acids may cause a de-
crease in production efficiency, corrosion problems, as well as the appearance
smell and slime in paper mills.

CONCLUSIONS

Inorganic anions in papermaking waters were successfully determined by a
suppressed IC technique using an anion-exchange separation column, Na,COs3/
/NaHCO3 solution as the eluent, and a suppression device. Major inorganic an-
ions, usually present in papermaking waters (CI7, NOg, SO%‘ and PO?{), were
efficiently separated and quantified. However, some inorganic anions (Br-, NO3
and F7) could not be detected because of their lower concentrations (below 0.01
mg/L), which remains to be solved in further examinations. The total amount of
detected inorganic anions was below 0.1 g/L, which is the critical value for trig-
gering operational problems in paper production. The highest concentration of
anions was recorded for sulfates, which are the main cause of corrosion of pro-
cess equipment.
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Further closure of the water system with increased recirculation, as well as
an enhanced usage of recycled fibers as a raw material, will affect an increase in
the concentration of detrimental anions. Monitoring of these anions by the IC
method should be an integral part of modern paper production systems, in order
to prevent operational and product problems.

U3BOJI

OJIPEBUBAIE HEOPI'TAHCKUX AHJOHA Y BOJAMA U3 ITAIIMPHE MHAYCTPUIE
METO/J10M JOHCKE XPOMATOI'PA®UIE

JIAPJA KAPKOBWR!, JKAKJIMHA TOI[OPOBI/I'hz, MMJIOPA /] KPTOBWh® u JbYBUHKA PAJAKOBIR®

LBucoka wixona ciipyxosuux ciiyduja “Beozpadcka foauitiexuuxa”, Bpankosa 17, 11000 Beozpad, >Huciliuiiyiti 3a
HyKkaeaphe nayke “Bunua”, a.ap. 522, 11001 Beozpao u 3Texl-w/zoumo—/nemaﬂypm}cu ¢hakyaiuein,
Kapnezujesa 4, ii.iip. 494, 11120 Beozpao

OnpehuBame HEOPraHCKUX aHjOHA Y BOJaMa KPY»KHOT TOKa Y TIPOU3BO/IELHU MANKpa BPILICHO je
MeTozIoM cympecuBHe joHcke xpomaTorpaduje (IC). Hajpaxnujn neoprancku anjouu (CI, NOj,
PO% u SO3%) kBanturatiBHO cy onpehenn y 16 y3opaka cBexe H IPOLIECHE BOJE jeHOT CHCTEMa
3a MpoM3BOY KapToHa. J[obujenn pesyntatu ykasyjy Ha To ga ynotpeba lonPac-AS14 cemapa-
L[MOHE KOJIOHE Y M30KpaTckuM ycioBuma ca enyerntom Na,CO3/NaHCO3 u camoperenepuiryhum
anjonckuM cymnpecopom (ASRS) mpexcrasipa noysmany IC meromy 3a pasaBajarbe HEOPTaHCKUX
aHjoOHA y IPOIIECHUM BoJaMa HallpHe NHAycTpuje. Pesynrarn cy nokasanu na je m3abpana IC me-
TOJ[a CACBUM 3aJI0BOJbaBajyha y Mmorieay CeaeKTHMBHOCTH, OCETJbUBOCTU U MPELH3HOCTH, U 1A je
Owila ueanHa 3a ofipehuBame aHjoHa y orncery KoHueHrpanuja mg/L. Ha ocHoBy pesynrara, yKyIi-
Ha KOHIICHTpAllMja UCIIMTHBAHMX HEOpranckux adjoHa je mcmox 0,1 g/L, mro npeacraBba Kpu-
THUYHY BPEJHOCT 32 I10jaBy ONEPAaTHBHUX MpobieMa y CHCTEMUMa 33 POU3BOALY IaIHpa.

(Mpumsbeno 21. anpuna, pesuaupano 1. aBrycra 2008)
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Short communication

SHORT COMMUNICATION
A novel optode sensor for the determination of palladium(l1)
in water and a hydrogenation catalyst

HOSSEIN TAVALLALI* and MARYAM GHANAAT PISHEH JAHROMI
Payame Noor University (PNU), Shiraz, 71365-944, Iran
(Received 1 July, revised 16 September 2008)

Abstract: A novel optical sensor was established to determine palladium(ll)
based on the immobilization of 1-(2-pyridylazo)-2-naphthol (PAN) on a triace-
tylcellulose membrane. Palladium ions react with the immobilized PAN and
cause a decrease in the absorbance of the membrane at 469 nm. The response
time of the optode was 8-10 min depending on the concentration of Pd(ll) ions.
This sensing phase had a dynamic linear range of 0.10-12.0 pug ml- palladium
ions with a limit of detection of 65 ng mI-L. The sensor can readily be regene-
rated using an ethylenediamine solution. The sensor could be fully regenerated,
and the color change was fully reversible. The method was successfully applied
for the determination of Pd(Il) in synthetic aqueous solutions and in a hydro-
genation catalyst sample.

Keywords: optode; 1-(2-pyridylazo)-2-naphthol (PAN); palladium(ll); hydro-
genation catalyst; triacetylcelluose.

INTRODUCTION

The significance of palladium as a transition metal lies in its wide spectrum
of application, especially in the electrical and electronic industries, catalyst, den-
tistry and medical devices, jewelry and recently as nano-particles for the develop-
ment of new active catalyst.1-3 It was thus considered worthwhile to explore the
possibilities of developing a simple, sensitive and selective method for the deter-
mination of traces of palladium in various samples. Many methods have already
been developed for the determination of palladium in real samples. These are
based on atomic absorption spectrometry (AAS) and extractive spectrophotomet-
ric methods.

The AAS instrumental techniques are: atomic absorption (AAS), both flame
(FAAS) and electrothermal spectrometry (GFAAS).4 Although these methods

*Corresponding author. E-mail: tavallali@pnu.ac.ir; tavallali@yahoo.com
doi: 10.2298/JSC0903311T
311
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have good sensitivity, they require expensive instruments, well-controlled experi-
mental conditions and a profound sample preparation.

The extractive spectrophotometric methods employ many organic complex-
ing reagents®® which can be used for the determination of palladium, but they
suffer from several disadvantages, such as low sensitivity, incomplete extraction
and interference from a large number of foreign ions.”-2

In this communication, the first optode for the determination of palladium
ions is introduced. Although a few sensors exist for the determination of palla-
dium,10-11 there are some difficulties, such as pretreatment, higher detection li-
mits and complex procedures. In the present study, PAN was employed as an io-
nophore because of its ability to form highly colored complexes with transition
metals12 and its solubility in the membrane phase. It was immobilized on a tri-
acetylcelluose membrane for the determination of low levels of palladium ions.
The membrane responds to palladium ions by changing in absorbance, it can be
applied as a relatively selective reagent for Pd(I1) at pH 2.0.

EXPERIMENTAL
Reagents

All the reagents such as PAN and ethylenediamine were supplied by Merck and all solu-
tions were prepared with double distilled water. The Pd(ll) solution was prepared by dissol-
ving 1.664 g of palladium chloride (Merck) in a minimum amount of 2.0 mol L1 hydrochloric
acid solution in a one liter volumetric flask and finally made up to the mark with an identical
hydrochloric acid solution. Itwas standardized by an indirect method using EDTA.13
Apparatus and measurement procedure

A Shimadzu 1601 PC UV-visible spectrophotometer with 1.0 cm quartz cells was used
for the absorbance studies. A Jenway model 3510 pH-meter with a combined glass electrode
was used for pH adjustment. A Sense AA GBC Scientific Equipment atomic absorption spec-
trometer was used to compare the result.

The membrane prepared according to a procedure given in the literature® was placed in
a 2.5 ml trichloroacetic acid buffer (0.20 M) of pH 2.0 for several seconds to reach equili-
brium. The membrane was placed vertically inside a quartz cell, hence, the optical path passed
straight through the membrane. Then a solution with a specific concentration of analyte was
added and the difference in the absorbance of the immobilized form of PAN was measured at
469 nm before and 600 s (equilibration time) after the addition of the analyte. In addition, no
difference in the absorbance at 469 nm of the membrane was detected in a blank solution
during 600 s.

RESULTS AND DISCUSSION

The absorption spectra of immobilized PAN obtained after equilibration in
buffer solutions (pH 2.0) containing different concentrations of palladium are
shown in Fig. 1. The spectral change is because of the addition of Pd(Il) ions and
the complex formation. Considering Fig. 1, the Pd(ll) complex has two absorp-
tion peaks at pH 2.0, the first one of which is located on 659 nm and the second
at 611 nm. Also, it can be seen that upon addition of increasing amounts of Pd(1l)
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ions, the absorbance of the complex increases at the expense of the absorbance of
free ligand at 469 nm, showing a sharp isosbestic point at 515 nm, supporting the
formation of a 1:1 metal ion—-PAN complex. The wavelength of 469 nm was
selected for further studies because of the higher sensitivity at this wavelength.

16
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0.6 Fig. 1. Absorption spectra of the

optode film in response to the

addition of Pd(Il) ions in the con-
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crease in concentration of Pd(Il)
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%/ nm Pd(I1) ions in each interval).
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The absorbance was measured at 469 nm for 1.0x10~° M (2.0 pg mi-1) pal-
ladium ions at different pH values. The blank membrane (membrane without
PAN in the buffer solution) was taken as the reference. The absorbance measu-
rement are expressed as absorbance difference, which was defined as the differ-
rence between the absorbance of the immobilized PAN alone and the absorbance
of the Pd(I1)-PAN complex at 469 nm. With increasing pH value from 1.0 to 5.0,
the difference in the absorbance reached a maximum at pH 2.0 and then de-
creased sharply. This phenomenon might be due to the fact that at low pH values
(pH < 2), complexation is weak. At pH values higher than 2, Pd(ll) forms dif-
ferent hydroxide species (Pd (OH)E,”"Z)'), which make complex formation with
PAN impossible.26

The absorbance difference versus the Pd(ll) concentration exhibits a linear
range between 0.10 and 12.0 pg mI=L. The regression equation is:

R = 0.0241c + 0.0251 (1)

where R is the response expressed as the decrease of the absorbance of the film at
469 nm for a fixed time of 10 min and c is the concentration of Pd(Il) in pug mi-1,
with a correlation coefficient of 0.9987. The detection limit, which was estimated
as the concentration of analyte producing an analytical signal equal to three times
the standard deviation of the blank signal, was found to be 65 ng mlI-1.

An important analytical feature of any optode film is its response time. In
this work, the optode film was found to reach 95 % of the final signal after 8-10
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min, depending on the concentration of Pd(Il) ions. In general, the response time
was lower in concentrated solutions than in dilute ones.

The lifetime of membrane was determined by adding a buffer solution (pH
2.0) in a quartz cell including a film. The signal was recorded at wavelength of
469 nm over a period of about 24 h. No significant loss of the indicator occurred
during this time. When the membrane was exposed to light, no drift in the signal
was observed and the membrane was stable over the period of the experiment
with no leaching of the indicator.

Concerning membrane regeneration, the best result was obtained by apply-
ing ethylenediamine, which gave short membrane regeneration times (3-5 s). Af-
ter regeneration before the next palladium concentration measurement, the op-
tode should be placed in buffer (pH 2.0) for 15 min.

To determine the selectivity of the proposed method, interference of a num-
ber of ions was studied. The main interference was Cu(ll), which can be elimi-
nated by 0.10 M ascorbic acid. It is apparent from the study that discrimination
between different metals can be achieved by the control of several parameters,
including the absorption wavelength, the pH and the sample contact time in ad-
dition to the use of masking agents.

The developed optical sensing method for Pd(Il) was successfully applied
for the determination in synthetic aqueous solutions and hydrogenation catalyst.
Various water samples with different contents of Pd(ll) and a hydrogenation ca-
talyst were prepared and analyzed employing the recommended procedure. The
results were in perfect agreement with those obtained by direct atomic-absorption
spectrometry. The results are presented in Table I.

TABLE I. Determination of Pd(ll) in synthetic aqueous solutions and a hydrogenation catalyst
by the proposed optode method and by AAS

Sample Palladium  Pd (11) added, Pd (11) found, pg ml-1 Recovery
claimed, wt. % pgml? AAS Method  Proposed method %
Solution 1 - 1.50 1.48 1.46 97.3
Solution 2 - 3.40 3.37 3.33 97.9
Solution 3 - 5.50 5.52 5.46 99.3
Solution 4 - 8.80 8.80 8.75 99.4
Solution 5 - 11.40 11.42 11.45 100.4
Catalyst 0.03-0.042 - 0.037° 0.035P -

8The catalyst 7741-T, which is used in the Amir Kabir Petrochemical Co., Iran, was treated twice with 10 ml
portions of aqua regia; bthe unit is wt. %

CONCLUSIONS
The described optode is easily prepared and provides a simple and inexpen-
sive means for the determination of Pd(Il) ions. The membrane responds to

palladium ion by decreasing absorbance of PAN. The sensor can be regenerated
readily with a solution of ethylenediamine and has a long lifetime. The response
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of the optode was reproducible and the optode presented a good selectivity for
Pd(II) over other metal ions, except for Cu(ll) which can be masked using ascor-
bic acid. Since the sensor does not require solvent extraction, it can compete with
standard optical fibers. The sensor can be applied for the analysis of real samples.

Acknowledgments. The authors gratefully acknowledge the support of this work by the
Shiraz Payame Noor University Research Council.

U3BOJ

HOBU OIITUYKU CEH30P 3A OJIPEBUBAIBE ITAJIAANIYM(II) JOHA
VY BOJU 'Y KATAJIM3ATOPY 3A XUIAPOI'EHOBAKE

HOSSEIN TAVALLALI 1 MARYAM GHANAAT PISHEH
Payame Noor University (PNU), Shiraz, 71365-944, Iran

®dopmupaH je HOBH ONTHYKH CeH30p 3a oxpehuBame mamagujym(ll) jona 3acHoBaH Ha MMO-
ounmsanuju 1-(2-nupuannazo)-2-vaprona (ITAH) Ha MemOpanu oj TpHaneThiLenynose. JOHH ma-
nagujyma pearyjy ca nmodunucanum [TAH-oM u npoy3pokyjy cMamerme abcopbaHimje MeMOpaHe
Ha 469 nm. Bpeme oy3uBa censopa je 8—10 min, 3asucHo ox konuenrpanuje Pd(I1) jona. Osa cen-
30pcka dasza rmoceayje AMHAMIYKK JIMHEapHH 0J3UB Y oricery koHuentparuja Pd(l1) jona ox 0,10-
—12,0 ug ml'L, ca rpanunom gerexuumje ox 65 ng mll. Censop ce mako perenepuie pacTBOpoM
ermwnenauamuaa. OH ce TOTIYHO pereHepHuile, a mpoMeHa 0oje je moTmyHo moBpatHa. Meron je yc-
MeIIHO npuMerseH 3a oapehusame PA(ll) y cuHTeTHYKHM BOACHHM PAacTBOPHMA H Y KaTaIn3aTopy
3a XHAPOTCHOBAE.

(Mpumsbeno 1. jyna, peumupano 16. centem6pa 2008)
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Density, viscosity and refractive index of the
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Abstract: Thiswork reports the experimental results of the densities, viscosities
and refractive indices between 298.15 and 323.15 K of the dimethyl sulfoxide +
+ 0-xylene system over the entire composition range of the mixtures. The ex-
cess molar volumes (VE), viscosity deviations (A1), excess Gibbs energy of ac-
tivation of viscous flow (G*E) and deviations in the refraction (AR) were cal-
culated from the experimental data; all the computed quantities were fitted to
the Redlich—Kister equation. The system exhibits moderate negative values for
the investigated excess properties. The resulting excess functions were inter-
preted in structural and interactional terms. From the experimental data, the ther-
modynamic functions of the activation of viscous flow were estimated. The vis-
cosity data were correlated with several semi-empirical equations. The two-pa-
rameter McAllister equation can give very good results.

Keywords: dimethyl sulfoxide; o-xylene; density; viscosity; excess properties.

INTRODUCTION

Thermodynamic and physical properties data have a well recognized impor-
tance in design calculations involving chemical separations, fluid flow and heat
transfer. Studies on the volumetric and transport properties of binary liquid mix-
tures provide information on the nature of the interactions between the consti-
tuents.

The present work is a continuation of our systematic experimental studies on
the physic—chemical properties of binary mixtures of dimethyl sulfoxide with xy-
lenes. The effects of molecular size and geometrical fitting of the molecules on
the volumetric and viscometric properties of binary mixture containing dimethyl
sulfoxide and p-xylene were reported earlier.

This work reports experimental data of density, viscosity and refractive in-
dex for the dimethyl sulfoxide + o-xylene system at temperatures 298.15, 303.15,

* Corresponding author. E-mail: ciocirlan_o@yahoo.com
doi: 10.2298/JSC0903317C
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318 CIOCIRLAN and IULIAN

313.15 and 323.15 K. The excess molar volumes, viscosity deviations, excess
Gibbs energy of activation of viscous flow (G*E) and deviations in refraction
were calculated from the experimental data and fitted to the Redlich—Kister type
polynomial equation.

The variation of the excess or deviation properties with the composition
were discussed from the interactional and structural point of view. The thermo-
dynamic functions of activation of viscous flow were estimated from the dyna-
mic viscosity values. The viscosity data were correlated with the Grunberg—Nis-
san, Hind and McAllister semi-empirical equations.

Dimethyl sulfoxide (DMSO), a typical aprotic highly polar self-associated
solvent (dipole moment i = 1.32x10-2° C m),2 is an important solvent in chemis-
try, biotechnology, and medicine. The aromatic hydrocarbon molecules possess
large quadrupole moments, causing an orientational order in these liquids.3 The
objecttive underlying the present work was to obtain information regarding
molecular interactions in mixtures of a polar liquid with non-polar liquids, which
is essential for an understanding of many chemica and industrial processes in
these media. Moreover, the binary mixtures containing aromatic hydrocarbons
are of interest as these systems find applications in studies of polymer
miscibility, polymer phase diagrams, and preferentia interactions in mixed
solvents.4

The volumetric properties of binary mixtures of DM SO with o-xylene were
studied by Ali et al.® and Wang et al.6 However, no literature data on viscosities
and refractive indices are available for this system.

EXPERIMENTAL
Materials
DMSO (Merck, mole fraction purity > 0.998) and o-xylene (Merck, mole fraction purity
> 0.995) were used without further purification. The experimental density, refractive index

and viscosity of the pure components are in agreement with the literature values, as can be seen
inTablel.

TABLE |. Experimental and literature values for density, refractive index and viscosity of the
pure components

T/K px10°/ kg m* o nl/mPas

Lit. Exp. Lit. Exp. Lit. Exp.
Dimethyl sulfoxide

298.15  1.0954', 1.095240° 1.09530 1.4770* 14778 1991 1993

303.15  1.09045°, 1.09049" 1.09027 1.4752%° 14748  1.830° 1811

313.15 1.08046™ 1.08024 1.4700" 14702 1534 1505

0-Xylene

298.15 0.87557°, 0.87558" 0.87560 150295 15020 0.758% 0.759

303.15 0.8714° 0.87136" 0.87131 1.4998 0.715

313.15 0.8627° 0.86273 1.4948 0.634
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DIMETHYL SULFOXIDE + 0-XYLENE SYSTEM 319

Procedure

The binary mixtures were prepared by mixing the appropriate volumes of the liquids in
airtight stoppered glass bottles, which were weighed using a HR-120 (A & D Japan) electro-
nic balance with a precision of +0.0001 g. The experimental uncertainty in the mole fractions
was estimated to be less than +0.0002.

The density measurements of the pure solvents and the mixtures were performed by
means of an Anton Paar DMA 4500 densimeter with a precision of +0.00005 g cm3, between
298.15 and 323.15 K. The DMA cell was calibrated with dry ar and ultra pure water at
atmospheric pressure. The sample size was 0.70 cm3 and the sample thermostat was controlled
to £0.01 K. Triplicate measurements of the density were performed for al the mixtures and
pure components The accuracy in the determination of the density is believed to be less than
+0.2 kg-mr3 and +10°8 m*-mol L for the calculation of VE.

The kinematic viscosities of the pure components and their mixtures were determined at
the same temperatures as for the density determinations, using an Ubbelohde capillary viscome-
ter having a capacity of about 15 ml, a length of about 90 mm and 0.5 mm internal diameter.
The viscometer was calibrated using double distilled water. At least four time flow measure-
ments were performed for each composition and temperature, and the results were averaged.
The viscometer was kept vertically in a transparent-walled bath with athermal stability of £0.05 K
for about 30 min to attain thermal equilibrium. The uncertainty of the flow time measurement
was +0.1 s. The corresponding uncertainty in the kinematic viscosity is+0.001x106 m2 s1,

Refractive indices values for the D-line were measured with a thermostated Abbe refract-
tometer with a precision of +0.0001. All measurements were performed in a thermostat main-
tained at £0.05 K.

RESULTS AND DISCUSSION
Experimental data and excess or deviation values

The densities, p, kinematic viscosities, v, and refractive indices, np, were
measured in the temperature range from 298.15 to 323.15 K and the measured
values are presented in Table I1.

The values of the excess molar volume, VE, viscosity deviation, Av, devia-
tion in molar refraction, AR, and the excess Gibbs energy of activation of viscous
flow, G*E, were calculated from the experimental data according to the following
equations:

2
vE =V - > Vix; (1)
I;l
Av=v->ViX (2
i=1
ARm = Rm_Zz:Ri¢i ©)
GE_ RT{ln(\/n)—éxiln(\/mi)} 4)
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320 CIOCIRLAN and IULIAN

where xj and ¢; represent the mole fraction and volume fraction of the pure com-
ponent i, respectively; V, v, n and Ry, are the molar volume, kinematic and dy-
namic viscosity, and molar refraction of the mixtures, respectively, and Vi, v, 7i,
and R; the corresponding properties of the pure components. The molar refraction
was calculated from the Lorentz—Lorentz equation.1® R is the gas constant and T
the absolute temperature. The experimental excess properties are also reported in
Tablell.

TABLE Il. Densities, kinematic viscosities, refractive index, excess molar volumes, viscosity
deviations, excess Gibbs energy of activation for viscous flow and deviations in molar refrac-
tion for the dimethyl sulfoxide (1) + o-xylene (2) system from 298.15 to 323.15 K

< px10° wx10° N VEix10°  Awxa0° G*® AR x10°
. kg m* m’ st o mmolt m’s®  kImol? m’mol®
298.15 K

0.0000  0.87560 0.8666 1.5020 0.000 0.000 0.000 0.000
0.1320  0.89390 0.9477 1.5005 —0.033 —0.045 —0.009 —0.759
0.2540  0.91281 1.0364 1.4988 —0.065 -0.072 —0.003 -1.330

0.3602  0.93100 1.1225 1.4973 —0.082 -0.087 0.005 -1.689
04729  0.95236 1.2229 1.4945 -0.088 -0.094 0.013 -1.964
0.5640  0.97145 1.3110 1.4923 -0.087 —-0.093 0.018 —2.038
0.6602  0.99366 1.4106 1.4871 -0.078 —0.085 0.021 —1.947
0.7602  1.01934 15214 1.4831 —0.059 —0.070 0.020 -1.676
0.8597  1.04805 1.6390 1.4783 —0.035 —0.047 0.014 -1.200
1.0000  1.09530 1.8195 1.4778 0.000 0.000 0.000 0.000
303.15K

0.0000  0.87131 0.8200 1.4998 0.000 0.000 0.000 0.000
0.1320  0.88962 0.8942 1.4979 -0.043 -0.037 —0.004 —0.782
0.2540 0.90844  0.9723 1.4963 -0.072 -0.061 -0.001 -1.342

0.3602  0.92655 1.0474 1.4944 —0.087 —0.076 0.003 -1.717
0.4729  0.94783 1.1347 1.4919 —0.092 —0.083 0.007 -1.972
0.5640  0.96686 1.2113 1.4897 —0.092 —-0.083 0.009 —2.041
0.6602  0.98897 1.2982 1.4835 -0.080 -0.077 0.011 —1.983
0.7602  1.01457 1.3955 1.4804 -0.061 -0.064 0.010 -1.706
0.8597  1.04318 1.4997 14761 —0.036 —0.043 0.008 -1.184
1.0000  1.09027 1.6608 1.4748 0.000 0.000 0.000 0.000
313.15K

0.0000  0.86273 0.7344 1.4948 0.000 0.000 0.000 0.000

0.1320  0.88097 0.7911 1.4932 —0.052 —0.030 —0.013 —0.773
0.2540  0.89966 0.8524 1.4912 -0.081 —-0.049 -0.013 -1.361
0.3602  0.91763 0.9119 1.4891 -0.094 —-0.060 -0.010 -1.750
0.4729  0.93876 0.9814 1.4870 —0.099 —0.065 —0.003 -1.989

0.5640  0.95764 1.0424 1.4852 —0.095 —0.064 0.002 —2.042
0.6602  0.97960 1.1113 1.4793 —0.083 —0.058 0.006 -1.979
0.7602  1.00502 1.1880 1.4762 —0.063 —0.047 0.009 -1.704
0.8597  1.03345 1.2692 14721 -0.037 -0.032 0.007 -1.185

1.0000 1.08024  1.3931 1.4702 0.000 0.000 0.000 0.000
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DIMETHYL SULFOXIDE + 0-XYLENE SYSTEM 321

TABLE Il. Continued

y px10° wx10° N VEx10°  Awxa0® G*® AR x10°
! kg m* m’s* b mmol* m’s’  kimol? m’mol™
323.15K

0.0000  0.85410 0.6591 1.4892 0.000 0.000 0.000 0.000
0.1320  0.87226 0.7062 1.4878 —0.060 -0.023 -0.011 -0.769
0.2540  0.89081 0.7572 1.4864 -0.087 —-0.037 —0.009 -1.330

0.3602  0.90866 0.8073 1.4841 -0.101 —0.044 0.000 —1.737
04729 092964  0.8656 1.4820 -0.105 —0.045 0.011 —1.983
0.5640  0.94840 0.9163 1.4800 -0.101 —0.043 0.019 —2.051
0.6602  0.97020 0.9729 1.4744 -0.087 -0.038 0.025 -1.985
0.7602  0.99546 1.0345 1.4710 —0.067 —-0.030 0.026 -1.711
0.8597  1.02371 1.0983 1.4672 —0.040 -0.019 0.020 -1.212

1.0000 1.07019 1.1917 1.4659 0.000 0.000 0.000 0.000

The experimental values of VE, Av, AR, and G*E were fitted to the Redlich—
—Kisterl? type polynomials:

P
Y = %% 2 A — X)) 5)
k=0

where Y isVE, Av, ARy, or G*E and p isthe degree of polynomial expansion. The
adjustable parameters Ay obtained by fitting the equations to the experimental
values with a least-squares algorithm are given in Table 111, along with the stan-
dard deviation, o, defined as follows:

N 05

DY\

o=|1= (6)
n—-m

where n is the number of experimental data and m is the number of parameters.

The variation of the excess or deviation properties along with the smoothed
curves using Eq. (5) are presented in Figs. 1a-1d. As can be seen from the Fi-
gures, the main features of the system are that the excess molar volumes, de-
viations in viscosity, and deviations in molar refraction are all negative, while the
excess Gibbs energy of activation of viscous flow has an S-shape allure, with
positive and negative values.

The values of the excess molar volumes are moderately negative and become
dightly more negative as the temperature of the mixtures increases from 298.15
to 323.15 K, with minima between —0.09 and —0.1x10-6 m3 mol—1.

This trend would seem to indicate: (a) a packing effect due to the geometri-
cal fitting of the molecules of different molecular sizes into each others structure
(71.30x10-6 for DMSO and 121.24x10-% m3 mol-1 for o-xylene at 298.15 K)
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322 CIOCIRLAN and IULIAN

and (b) electron donor—acceptor type interactions in which the aromatic hydro-
carbon behaves as electron donor.18 A factor that would cause an increase of the
VE values (a positive effect) is the breakdown of DM SO self-association and the
destruction of molecular order in the aromatic hydrocarbon on mixing, as is ref-
lected by the positive heats of mixing reported in literature for this system.19 All
these above factors play a role in deciding the magnitude of the excess molar
volumes; hence the obtained VE values are moderately negative. As the tempe-
rature is lowered, the packing effect of the compounds is lowered; therefore VE
became less negative, as was observed by Pal and Kumar20 for mixtures exhi-
biting a similar behavior.

TABLE Il1. The adjustable parameters and standard deviations of the excess functions of the
dimethyl sulfoxide (1) + o-xylene (2) system

Function Ag A; A, Az o
298.15 K
VEx10°/ m*mol?  —0.3600 0.0140 0.1201 -0.0141 0.0012
Avx10°/ m? s* -0.3590 0.0378 -0.0187 - 0.0002
ARX10°/ m*mol™  —7.9785 1.9901 —0.5406 - 0.0097
G*F/kImol™ 0.1802 0.3288 -0.1472 0.0272 0.0004
303.15 K
VEx10°/ m* mol?  -0.3736 0.0232 0.0656 0.0678 0.0006
Awx10%/ m? st -0.3235 -0.0049 -0.0103 - 0.0001
ARX10°/ m*mol®*  —8.0778 1.8382 -0.2766 0.8832 0.0040
G*E/ kImol™ 0.0740 0.1394 -0.0518 0.0085 0.0001
313.15K
VEx108/ m* mol?  —0.3942 0.0538 0.0267 0.0941 0.0003
Avx10°/ m? st —-0.2517 0.0151 —0.0067 - 0.0001
ARX10°/ m*mol*  —8.0712 2.1884 —-0.5766 - 0.0082
G*E/ kImol™ 0.0527 0.2216 —0.0687 0.0103 0.0002
323.15K
VEx10°/ m*mol?  —0.4161 0.0632 -0.0070 0.1273 0.0006
Awx10%/ m? st -0.1829 0.0280 0.0028 - 0.0001
ARx10°/ m*mol*  —-8.0967 2.0085 -0.5193 - 0.0073
G*E/kImol™ 0.0680 0.2250 -0.0039 -0.0098 0.0001

The deviations in the viscosity are moderately negative over the whole com-
position range at the investigated temperatures. The viscosity deviations are a
function of the intermolecular interaction as well as of the size and shape of the
molecules. Fort and Moore?! state that a positive viscosity deviation is a charac-
teristic of systems where intermolecular interactions predominate, whereas mix-
tures without strong interactions present a negative viscosity deviation. The ob-
tained negative Av values for DM SO + o-xylene mixtures indicate weak interact-
tions in this system. Moreover, VE and Av do not obey the genera rule, accor-
ding which they should have the opposite sign (specific for systems where inter-
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DIMETHYL SULFOXIDE + 0-XYLENE SYSTEM 323

molecular interactions predominate), therefore, for this system, the geometrical
fitting of the molecules prevails.

0g a 0.04
0.03 1
.05 a
= 0.02 1
E 7
e 14 2 0.01 1
o 2
SR w03 *
x “o
o< -0.01
4 )
24
-0.02
2.5 ‘ ‘ ‘ ‘ 0.03 ‘ ‘ ‘ ‘
0 02 04 06 08 1 0 02 04 06 o8 1
X1 X1
(© (d)

Fig. 1. Excess molar volumes (a), viscosity deviations (b), deviations in molar refraction (c)
and excess Gibbs energy of activation of viscous flow (d) for the dimethyl sulfoxide (1) +
+ 0-xylene (2) system at 298.15 (¢); 303.15 K (o); 313.15K (A); 323.15K (O);
correlation with the Redlich—Kister equation (—).

An increase of temperature diminishes the interactions in the pure compo-
nents and also the interactions between unlike molecules, because of the increase
in the thermal energy. This leads to less negative values of Av with increasing
temperature, as was observed in the present study.

The VE values at 303.15 K compare well with the reported results of Wang
et al.b using the same experimental method, asis reflected in Fig. 2. There are no
literature data with which to compare the values of Av.
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324 CIOCIRLAN and IULIAN

-0.02

-0.04 -

-0.06 -

-0.08 -

VEXx10®/ m®mol*

-0.1 4 X M Fig. 2. Comparison of the excess molar volu-
mes for the dimethyl sulfoxide (1) + o-xylene
-0.12 ‘ ‘ ‘ ‘ (2) system at 313.15 K: present data— o; Ref.
0 0z 04 06 08 1 6 — x; correlation with the Redlich-Kister

“ equation: —.

The deviations in molar refraction are negative for the whole composition
range for all mixtures. The values are independent of temperature, according to
the theory, the molar refraction depending only on the wavelength of light used
for the measurement.

From the viscosity and density data, the excess free energy of activation for
viscous flow was calculated. The G*E dependence with the mole fraction of
DM SO and temperature is shown in Fig. 1d. For all the studied temperatures, the
G*E values vary from slightly negative in the o-xylene rich region to slightly po-
sitive with increasing DMSO mole fraction. Only a slight influence of tempera-
ture on the excess free energy of activation was observed. As suggested by other
authors,22-23 a large negative excess in G*E indicates the presence of weak inter-
actions, whereas a large positive excess in G*E suggests a specific association
between the molecules in the solvent mixture. Due to the small obtained G*E
values (about +0.02 kJ mol—1) for this system, it is difficult to explain the vari-
ation of G*E with composition. For this purpose, non-thermodynamic informa-
tion concerning the structure of the mixtures would be necessary.

A similar behavior, namely negative excess molar volumes, negative devi-
ations in viscosity, negative deviations in molar refractivity and the same vari-
ation with temperature of the excess functions, was found in the case of the
DMSO + p-xylene system, which was presented in a previous paper.!

Thermodynamic functions of activation

The thermodynamic functions of activation for viscous flow were eva
luated from the dynamic viscosity values of the binary mixtures considering the
Eyring transition state theory. The absolute rate approach of Eyring provides the
following expression for the viscosity of aliquid mixture:24-26
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nthA eXp[AG*] @

\ RT

where h is the Planck constant, Na is Avogadro constant and AG* is the molar
Gibbs energy change of activation for the viscous flow process. Combining with:

AG*=AH * -TAS * (8)
yields the equation:
* *
in[ 1V |_AH* _AS ©
hN, RT R

From the experimental density and viscosity data, plots of In (3V/hNa)
against 1/T give a straight line for each mixture and the enthalpy and entropy
changes of activation of viscous flow can be estimated from its slope and in-
tercept, respectively. The AH* values are constant in the studied temperature
range. The obtained thermodynamic functions of activation at 298.15 K are pre-

TABLE V. The thermodynamic functions of the activation of viscous flow, AH*, AS* and
AG*, for the dimethyl sulfoxide (1) + o-xylene (2) system at 298.15 K

X, AH* [ kJmol™ —AS* [ Jmol* K AG* | kImol™
0.0000 8.78 54.10 —7.35
0.1320 9.47 52.22 —6.10
0.2540 10.11 50.54 —4.96
0.3602 10.61 49.27 -4.08
0.4729 11.11 438.01 -3.20
0.5640 11.51 47.01 —-2.51
0.6602 11.93 45.95 =177
0.7602 12.38 44.80 -0.98
0.8597 12.85 43.56 -0.14
1.0000 13.59 4155 1.20
20
15 4
. 10 . o o o o © °
g
2 5
L 10
ol TR Fig. 3. Thermodynamic functions of activa-
-20 ‘ ‘ ‘ ‘ tion vs. composition for the dimethyl sulfoxide
0 0.2 0.4 0.6 0.8 1 (1) + o-xylene (2) system at 298.15 K; AH*
x (0): TAS* (0):; AG* (A).
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326 CIOCIRLAN and IULIAN

sented in Table 1V. The contributions of enthalpy and entropy changes to the
Gibbs energy change of activation of viscous flow for dimethyl sulfoxide + 0-xy-
lene mixtures are shown in Fig. 3 at 298.15 K; they increase with increasing
concentration of DM SO in the mixture. The same behavior was observed at al
investigated temperatures. The values of AH* are positive and of AS* negative,
indicating that the attainment of the transition state for viscous flow is
accompanied by bond breaking. The entropy change of activation from the initial
state to the transition at a given composition is significant during an activated
viscous flow process; therefore this process is entropy-controlled for DMSO + o-
xylene mixtures. It seems that for the viscous flow process, the structural factor
dominates over the interactional one, asin the case of the mixing properties.

The viscosity data correlation

Several semi-empirica relations have been proposed to estimate the visco-
sity of liquid mixtures, in terms of pure component data. In the present work, the
experimental viscosity data of the binary DMSO + o-xylene system at 298.15,
303.15, 313.15 and 323.15 K were fitted to the Grunberg—Nissan,2” Hind28 and
McAllister29 equations. According to Grunberg and Nissan, the adjustable binary
parameter mentioned in Eq. (10) is regarded as a measure of the strength of the
interactions between the mixing species. The single parameter correlation of
Grunberg—Nissan and Hind equations are:

Innzixilnnﬁiixixﬁj (10)

i j>i

2, 2 2

=2 %71+ 2 XXjAj (12)
i ij>i

where Ajj is the interaction parameter.

The McAllister two-parameter equation, based on the Eyring theory of abso-
lute reaction rates, takes into account interactions of both like and unlike mole-
cules by a two-dimensional three-body interaction. This model is recommended
for systems where the volumetric size ratio of the componentsislessthan 1.5:

Inv:ixﬁln(viMi)—lnixiMi+3iixizxj|nAﬂMij (12)
i=1 i=1 I=1}zi].
2M;: + M ;
j= 2 (13)

where Ajj are the interaction parameters and M; is the molar mass of the com-
ponents. For al these models, the standard deviation, o, was calculated using a
type (6) equation.

The correlation parameters along with the average percentage deviation:
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(14)

and the standard deviation for the binary DM SO + 0-xylene system at each tem-
perature arelisted in Table V.

TABLE V. Correlation deviations and adjustable parameters of the viscosity Equations for the
dimethyl sulfoxide (1) + o-xylene (2) system

Grunberg—Nissan Hind McAllister
T/K o Dev o Dev ox10° Dev
Aij mPas % Ai Pas % A Al st o

298.15 -0.1120 0.0020 0.14 1.0114 0.0093 0.60 1.4373 1.0896 0.0009 0.06
303.15 -0.1251 0.0005 0.04 0.9391 0.0099 0.70 1.3139 1.0227 0.0003 0.02
313.15 -0.1378 0.0013 0.11 0.8146 0.0065 0.53 1.1280 0.8860 0.0004 0.03
323.15 -0.1126 0.0024 0.24 0.7260 0.0030 0.28 0.9957 0.7823 0.0003 0.03

The analysis showed that all the equations present small deviations, less than
1 %. The theoretically based McAllister equation gives very good results, with
deviations from 0.02 to 0.06 %, even though the components have different mo-
lar volumes (molar volume ratio is 1.7). The values of the Grunberg-Nissan in-
teraction parameter are negative for this system, which suggest weak interactions
between unlike molecules, which isin accordance with the excess properties analyss.

CONCLUSIONS

Experimental data of the densities, kinematic viscosities and refractive indi-
ces for the binary system DMSO + o-xylene at 298.15, 303.15, 313.15 and
323.15 K are reported. The calculated excess molar volumes, viscosity devia-
tions, excess Gibbs energy of activation of viscous flow and deviations in re-
fraction were fitted to the Redlich-Kister equation. The excess molar volumes,
deviations in viscosity and deviations in molar refraction are all negative, while
the excess Gibbs energy of activation of viscous flow has an S-shape allure, with
positive and negative values. The temperature has a significant effect on Avand a
relatively slight effect on VE, ARy, and G*E.

The moderate negative excess molar volumes and negative Av values sug-
gest that the geometrical fitting of the molecules is more important than the in-
teractional factor for this system. The thermodynamic functions of activation for
the viscous flow process indicate that this process is entropy-controlled. The
Grunberg—Nissan, Hind and McAllister equations are suitable for estimating the
mixing viscosities in terms of the pure component data.

NOMENCLATURE
Ay —RedlichKister parameters
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Ajj —Interaction parameters

Dev — Average percentage deviation

G*E — Excess Gibbs energy of activation of viscous flow
AG* — Gibbs energy change of activation of viscous flow

h  —Planck constant

AH* — Enthalpy change of activation of viscous flow
m  —Number of model parameters

M; —Molar mass of thei-th pure component

n  —Number of experimental points

Na —Avogadro constant

np —Refractiveindex

AR, —Deviation in molar refraction
Ry —Molar refraction of mixture

Ri —Molar refraction of the i-th pure component
R —The gas constant

AS* — Entropy change of activation of viscous flow
T  — Absolute temperature

VE  — Excess molar volume

V  —Molar volume of mixture

Vi —Molar volume of the i-th pure component

X;j  —Liquid-phase mole fractions

Greek letters

M —Dipole moment

1, v —Dynamic and kinematic viscosity of the mixture, respectively
17, v — Dynamic and kinematic viscosity of the i-th pure component
Av —Viscosity deviation

p  —Density

o —Standard deviation

¢ —Volume fraction.

U3BOJ

I'VCTUHA, BUCKO3HOCT 1 UHAEKC PE®PAKIIIE CUCTEMA
JUMETHII CYJI®OKCUN + o-KCHUJIEH

OANA CIOCIRLAN u OLGA IULIAN

Department of Applied Physical Chemistry and Electrochemistry, Faculty of Industrial Chemistry,
“Politehnica” University of Bucharest,313 Splaiul Independentei, 060042, Romania

V pany cy mpHKasaHH eKCIEPHMEHTAIHH TOJAIH 32 TYCTHHE, BUCKO3HOCTH M HHIEKCE pe-
¢bpakuuje na Temmneparypama o 298,15 no 323,15 K cucrema aumerri cyadokcua + o-KCHICH 3a
KOMIUIETaH OIICEeT cacTaBa CMelle. Buinak MomapHe 3aBpeMUHE, OACTYNAamke BUCKO3HOCTH, BHIIAK
Gibbs-oBe eHepruje BUCKO3HOI TeUCHha M OJACYIAamhe MHACKCA pepakiyje n3padyyHaTd Cy Ha OC-
HOBY EKCIEPUMEHTAJHHX IMOJaTaka; u3pauyHate BpenHoctu ¢uroBane cy Redlich-Kister jenna-
guHoM. CHCTEM MOKa3yje YMEpEHO HETaTHBHO OICTYMAame BUINKOBA MCIUTHBAHMX BeNWYHHA. Pe-
3yaryjyhe QyHKIMje BUIIKOBA TyMaueHe Cy ca CTAHOBHUINTA CTPYKTYPHHX IIPOMEHA W HHTEPAKIHje
KOMITOHeHTH. Ha 0CHOBY ekcriepuMeTatHuX Imojaraka oapeljeHe ¢y TepMoauHaMidke QyHKIMje 3a
AKTHBALMjy BUCKO3HOT Teuera. I1ofamu 3a BUCKO3HOCT KOPEIHNCAHH CY Ca HEKOJIHKO MOIyEeMUPH]-
cKkHX jenHaunHa. J[Bonapamerapcka McAllister jexrHaunna Mosxe aa 1a Beoma 100pa crarama.
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by an improved mathematical model

SASA MILETICY™, MIRJANA DJURIC?, ANDJELKA MIHAJLOVS,
DJORDJE BASIC? and DJORDJE JANACKOVIC#

1Galenika Fitofarmacija, Batajnicki drum b.b., 11080 Zemun, 2Faculty of Technology,
University of Novi Sad, 21000 Novi Sad, Bul. Cara Lazara 1, 3Faculty of Technical
Sciences, University of Novi Sad, 21000 Novi Sad, Trg Dositeja Obradovic¢a 6 and
4Faculty of Technology and Metallurgy, University of Belgrade,
11000 Belgrade, Karnegijeva 4, Serbia

(Received 18 July, revised 21 October 2008)

Abstract: This paper gives a critical analysis of the equation that predicts and
estimates the progress of degradation for various building materials, recently
proposed by Matsufuji et al.1 After the analysis, the paper suggests an improve-
ed mathematical model, particularly for the modeling of sulfate corrosion. Ex-
periments were performed with two samples of Portland cement and two sam-
ples of Portland cement with 30 % coal ash. The samples were immersed into a
10 % (NH,),SO, solution and the concentration of SOZ in the solution and the
material was measured. As a parameter that quantifies cement degradation, the
quantity of bonded SOZ was suggested. According to the obtained data, ma-
thematical models for the description of sulfate corrosion were defined for all
the examined samples. The models were applied for the analysis of the be-
havior of ash and non-ash containing samples. They allowed a better expla-
nation of degradation which occurred during the investigated time period and
even further they showed that ash systems were significantly more resistant to
sulfate corrosion.

Keywords: sulfate; corrosion; Portland cement; coal fly ash; mathematical model.

INTRODUCTION

Degradation of concrete is a serious problem mostly caused by various pa-
rallel and/or consecutive chemical reactions and related physical changes. The
term sulfate corrosion means the effect of aggressive SOﬁ‘ from the environment
on the concrete. The response of a concrete on this aggression depends on its
composition and structure. A certain number of different compounds might ap-
pear as products (such as gypsum or its anhydrite, ettringite, calcium silicate sul-

*Corresponding author. E-mail: miletic@fitofarmacija.rs
# Serbian Chemical Society member.

doi: 10.2298/JSC0903331M
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332 MILETIC et al

fate carbonate hydrate — thaumasite, etc.) which are undesirable for various re-
asons.2=> They can provoke further chemical reactions and/or undergo dissolu-
tion, thus promoting degradation. The newly formed compounds can also change
the volume of the system. This causes the appearance of smaller or larger cracks,
due to the generated deformation stresses.

On the other hand, a description of the degradation processes by an adequate
mathematical model provides a useful tool for investigating the phenomenon.®
Mathematical models enable a kind of generalization when they are applied to
analogous systems. Once defined, a mathematical model can be used for nume-
rical simulations of the response of a material to variable environmental condi-
tions. The results of such a simulation can also be used for an optimization. For
example, the quantities of a particular raw material which should be used (in the
case of products obtained by blending) might be suggested in order to obtain
products with desired features.

The formulation of rigorous mathematical models requires accurate know-
ledge of the mechanisms of deterioration, which is not always the case. Various
assumptions, simplifications and idealizations very often have to be accepted,
which leads to approximate models. Typical examples are models defined by
statistical processing of measured data. The necessary source of information is an
experiment which simulates the degradation.”.8 Quantification of the degradation
processes are obtained by employing numerous experimental techniques and me-
thods. In the case of sulfate corrosion, the classical method of chemical analysis
is suggested for determining the concentration of SO%‘ in the solution. The
methods for characterization of the final products are also suitable. For example,
a method for measuring flexural strength, when comparatively applied to corro-
ded and uncorroded samples, can give essential information.

This paper gives a contribution to mathematical modeling of sulfate corro-
sion of cements and also analyses the behavior of four chosen samples by apply-
ing the suggested model.

THEORY

Model of Matsufuji, Koyama and Harada?l

Matsufuji et al.l recently proposed an equation that predicts and estimates
the progress of degradation for various building materials. They assumed that the
degradation commences at the surfaces in contact with the environment, whereby
the environmental factors (ps) permeate and otherwise affect the material. There-
fore, the surface of the system is covered with the deteriorating parts — the pro-
ducts of degradation, as presented in Fig. 1.

The surface between the deteriorated and the defect-free internal parts is
exposed to the influence of both environmental factors at the outer surface (po)
and the characteristics of the deteriorated parts between pg and ps:
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pr = po + f(A,D(Y)) 1)
where f(A,D(t)) is a function of the two variables; A is a property of the dete-
riorated part and D(t) is the degree of degradation.

Environmental influence: p,

(._—
) Property of deteriorated parts:
f etinorfte‘ipmi Deteriorating function: f{4,D(¢))

Environmental influence: p;

L L L L v v

Degree of degradation D(¢)
Defect free
internal parts

%

Fig. 1. Progress of degradation and relevant factors.

It can be assumed that the rate of degradation, dD(t)/dt, is proportional to ps:

dD(t

%:kpf =k[pg + f (A, D(t))]=b+aD(t) 2
This is a general kinetic model with constants a and b. They represent the

influence of the deteriorated parts (a) and the influence of the environment itself

(b). The model is easy to solve analytically, thus the following solutions can be

obtained:

dD(t) a=0 -
5 b+aD(t) = {a 20 D(t) :g(exp(at)—l) ©

In accordance with the Solutions (3), the deterioration of all building mate-
rials can be classified into three patterns (as presented in Fig. 2):

The alignment type (a = 0) has a deterioration rate that does not depend on
the current status of degradation and therefore is the simplest model for
estimation. As an example, deterioration of floor concrete subjected to impact
loads can be taken.

The convergence type (a < 0) has a gradually falling deterioration rate, due
to the preserving influence of the layers of deteriorated material. In this type, the
rate of degradation increases at the beginning and tends to zero at the end. The
convergence type of degradation is typical of carbonation and deformation of
concrete.

The multiplication type (a > 0) is an accelerated type of degradation for the
deteriorated parts accelerates the further degradation. Hence, as the degradation
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progresses, the higher the rate becomes. Deterioration of concrete by freezing can
be taken as an example.

D(?)

t Fig. 2. Three types of deterioration.®

Modification of the Matsufuji model

The Matsufuji and co-authors model seems to be rather idealized. There are
at least two highly questionable assumptions which were accepted by the authors:
i) the environmental factors have a constant intensity and ii) the characteristics of
the deteriorated parts are time independent. Neither of the assumptions is correct
with regards to the degradation caused by atmospheric influence. Therefore, the
Matsufuji model has to be modified in a following way:

S b +a®p() @
Obviously, the parameters (a and b) of the original equation have to be
replaced by the time functions (a(t) and b(t)), which have to be defined for each

particular case.

Mathematical modeling of sulfate corrosion

Modified model (4) will be applied to the modeling of sulfate corrosion on
several cement samples and the best possible a(t) and b(t) functions (derived from
the experimental data) will be found. Such a modified model will be used for a
comparative analysis of the degradation processes of the investigated samples.

The procedure for determining the modified model is given below:

1) the experimental data concerning the change in concentration of the SO%‘
in the surrounding solution should be used for defining the mathematical model
of the solution behavior (yp). This can be realized by applying the regression
analysis method, which means choosing an adequate type of correlation and de-
fining the parameters of the correlation.

The type of correlation (where the independent variable is time) could be a
polynomial of adequate order, such as:

Yy =by +bt+bgt2 +... (5)
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or, very often, some of exponential decay functions, such as:

yp = by +b, exp[;—?j +h, exp[i} +... (6)

After choosing the type of correlation, their parameters (bj, i = 1,n) should
be determined by processing the experimental data.

2) Now, the time dependent parameter (b(t)) of the modified differential
equation can be defined. It is proportional to the function, yy:

b(t) = kyp ()
where k is a constant. In this way, the influence of the immediate environment on
the samples immersed in the aggressive solution is mathematically described.

3) The third step in the mathematical modeling of sulfate corrosion is the
determination of k and a (a;, i = 1,n) parameters in the model:
dD(t) AD
%zﬂzkyb +(ag +at+agt? +..)D(t) (8)
using experimental data. As the experimental data, the degrees of degradation are
taken. In a sulfate corrosion problem, the degradation degree is expressed as the
concentration of SO%‘ reacting with the material. The derivatives (dD/dt) must
be determined numerically using the mentioned database and the time increments
in accordance with the experiments.
Unfortunately, Eq. (4) is difficult to solve analytically even in the cases when
the a(t) and b(t) functions are extremely simple, hence a numerical procedure
particularly oriented to solving the sulfate corrosion problem will be suggested.

Database obtained by measurements and calculations

It is obvious that the data necessary for deriving a sulfate corrosion model
are: i) the concentrations of SOZ‘ in the environment and ii) the concentrations
of the SOZ‘ spent by the chemlcal reactions occurring inside the material. Ac-
tually, the quantltles of the reacted SOZ‘ are equal to the concentration differ-
rences for the solution in particular tlme increments. The changes of the other
product characteristics due to sulfate corrosion can also be tracked. Here, weight
loss and the decrease in flexural strength were chosen. Therefore, the experi-
ments were planned to give the necessary information.

EXPERIMENTAL

The investigated samples were as follows:

— Portland cement 1 (PC1),

— Portland cement 1 with 30 % coal ash (PAC1) added,
— Portland cement 2 (PC2) and

— Portland cement 2 with 30 % coal ash (PAC2) added.
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The cements were made from two clinkers; the potential phase compositions of which
(calculated by ASTM C 150) are presented in Table 1.7 It can be seen that the content of the
C3A compound was two times lower in clinker 2 than in the clinker 1. It is also well known
that the hydrates of this compound react easily with SO2- giving expansive compounds. The
difference in the content of C3S was also significant.

TABLE I. Phase composition (mass %) of Portland cement clinker

Portland cement clinker

Compound

1 2
CsS 57.54 66.98
C,S 13.50 12.72
CsA 13.31 6.60
C,AF 8.67 9.10

The chemical compositions of the pure cements, blended cements and the coal ash (de-
termined applying the European standard method EN 196-2) are shown in Table 11.7 As can be
seen, the coal ash had high contents of SiO,, Al,O3 and Fe,O3 oxides and low contents of
Ca0, MgO, sulfate and alkali oxides. The loss of ignition was rather high. XRD Analysis
showed that the ash was mostly amorphous but quartz, feldspar and hematite were present as
crystalline phases. With regards to the chemical composition of the cements with mineral
admixture, an increased content of insoluble residue as well as a higher loss of ignition could
be noticed. The content of free CaO diminished after addition of the ash. Cements PC2 and
PAC2 had low contents of sulfate and MgO.

TABLE II. Chemical composition (mass %) of the cement and coal ash

Cement

Compound Ash
PC1 PC2 PAC1 PAC2

SiO, 19.7 21.0 14.0 15.6 50.8
Al,O3 6.95 5.33 6.23 4.88 21.6
Fe,04 2.71 2.92 2.67 2.85 11.6
CaO 62.0 63.8 447 475 6.52
Insoluble residue 0.10 0.11 20.2 18.7 76.6
LOI 0.84 0.69 3.03 2.89 5.68
CaO free 0.12 0.35 - - -

CaO in CaCOgy 0.51 0.45 0.55 0.55 -

CaO in CaSO, 1.40 1.18 1.41 1.08 -

SO3 in CaS0O, 2.00 1.69 2.02 1.54 -

SO3 - - - - 0.05
S - - - - 0.02
MgO 2.22 1.41 243 1.21 2.65
Alkalis as Na,O 0.41 0.33 0.38 0.35 0.30
K>0 0.40 0.33 0.22 0.30 0.70

The sieve residue (European standard EN 196-6), density, specific surface area (Euro-
pean standard EN 196-6), setting time (European standard EN 196-3) and other physico—che-
mical properties were determined and are presented in Table I11.7 The addition of ash caused
an increase of the following quantities: sieve residue (due to the fineness of the ash itself), spe-
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cific surface area and the water demand for a standard consistency. On the other hand, other
characteristics of the cements did not change. It should also be emphasized that all the quan-
tities given in Tables Il and 111 are in compliance with the Yugoslav standard JUS B.C1.011.

TABLE 1. Physico—chemical properties of the cements

. . Cement

Physico—chemical property

PC1 PC2 PAC1 PAC2
Sieve residue at 0.09 mm sieve, mass % 1.80 2.60 5.20 6.00
Density, g/cm?3 3.14 3.17 2.88 2.85
Specific surface area (after Blain), cm2/g 3320 3100 3720 3710
Standard consistence, mass % 25.8 23.8 28 275
Initial time, min 165 165 240 255
Final time, min 225 225 330 360
Le Chatelier test, mm 1.0 15 1.0 1.0

Also, flexural and compressive strengths of the cements (European standard EN 196-1)
were obtained as given in Table 1V.8 The addition of ash did not significantly change the
strengths during the first four weeks.

TABLE IV. Strengths (MPa) of the cements

Strength t/ days Cement

PC1 PC2 PAC1 PAC2

Flexural 2 4.4 3.7 25 2.1

3 5.3 44 3.6 2.9

7 7.2 74 6.2 4.7

28 8.0 8.9 8.3 8.4

Compressive 2 15.7 13.2 8.8 74
3 19.8 16.0 14.9 10.4

7 30.2 32.8 24.2 19.4

28 40.3 50.9 39.5 44.9

The sulfate corrosion of the cements was investigated according to the Koch—Steinegger
method.88 Mortar prisms of the samples were prepared from the standard sand of the former
German cement standard DIN 1164 (1958), with a water/cement ratio 0.6. Before the prisms
were exposed to the aggressive solutions, they were cured for 1 day in the mould and for 20
days in water. Instead of the 4.4 % Na,SO, solution, suggested in the original Koch-Stein-
egger method, a 10 % (NH,4),SO, solution was used. This provided intensive aggression and
enabled successful simulation of the real conditions typical for a polluted environment. The
samples were immersed into the aggressive solution for 9 month. Simultaneously, the same
number of samples was stored in distilled water for possible comparisons.

Measurements of the mass and flexural strength of the corroded samples, as well as the
samples exposed to water, were performed after 7, 14, 28, 56, 90, 180 and 270 days. Also, the
concentration of SO?2- in the solution was determined.

Quantification of sulfate corrosion

The following parameters that quantify cement degradation are suggested: i) bonded
SO?%, ii) mass change and iii) a degradation factor based on changes in the flexural strength,
as given by the Egs. (9)-(11):
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(Sozzl ) bonded — (Sozzl-initial - Sozzl-actual ) in solution (9)
Am =100 Minitial ~ Mactual (10)
Minitial

__ Flexural strength of corroded sample
Flexural strength of uncorroded sample

DFlex[1]=1 (11)

The parameters defined by Egs. (9)-(11) were calculated by applying the measured
values. They are presented in Figs. 3-5.
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RESULTS

Mathematical models of sulfate corrosion of the examined systems

According to the algorithm suggested in this paper, sulfate corrosion of the
examined samples was mathematically described. While applying the derived
model, interesting facts were noticed. They concern the corrosion caused by the
variable influence of the atmosphere and the already degraded material.

The mathematical model was defined in following steps:

1) By applying the regression analysis method on the experimental data, i.e.,
the concentrations of soﬁ- in the solution, the behavior of the solutions in con-
tact with four samples (PC1, PC2, PAC1 and PAC2) was mathematically des-
cribed.

The decrease of SO%‘ concentration in the solution surrounding PC1 sam-
ples is described quite adequately by the polynomial:

(Yp)pcy =1126.6-11.51t +0.058312 (12)

which is graphically presented in Fig. 6.

As for other three groups of samples (PC2, PAC1 and PAC2), two decay
times exponential functions proved suitable. In the case of the sample PCAL, it
has the following form:

(Yp)pact =450+420 exp(l—é) +350 exp( (13)

—t
The function given by Eq. (13) is graphically presented in Fig. 6 as dotted
line.
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The mathematical models describing the behavior of the solutions in contact
with the samples PC2 and PAC2 are given by the functions:

—t —t
=370+1340exp| — |+575exp| —— 14
(Yp)pc2 P(4.7j p(140.2] (14)
and
—t —t
=—-4460+420exp| — |[+5500exp| —— 15
(Yp)pac? D(MJ p[10607.75j (15)

The functions given by Egs. (14) and (15) are graphically presented in Fig. 6
as dotted curves.

2) After defining the yp functions, it is possible to express the b(t) functions
as given by Eq. (7).

3) Finally, the b(t) functions should be introduced into the modified mathe-
matical model (8). In this way, four correlations (16—-19) were obtained:

% =¢(1126.6 —11.51t + 0.0583t2) + (a; + aot + ast? +...)D(t) (16)

AD —t -t
—— =c| 450 + 420exp| — |+ 350exp| ——— | |+ (a; + a,t + aqt? +...)D(t 17
m ( p(loj p(275I94D (a; +ast +ag )D(t)  (17)

AD

—t —t
c| 370 +1340exp| — |+575exp| ——— | |+ (a7 + a t + a5t2 +..)D(t 18
( p(4.7j p[mo.zD EREE oM (18)

AD _ o[ _ 4460+ 420exp —H, 5500exp i S |
At 14 10607.75

+(ay +ayt+agt? +...)D(t) (19)
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Their ¢ and a (aj, i = 1,n) parameters can be obtained by applying the re-
gression analysis method over the experimental data. As the experimental data,
the D(t) = (SO%‘)bonded values were taken. Their derivatives (AD/At) might be
determined by dividing the SO%‘ concentration differences by the time incre-
ments, in accordance with the experiments. For example, for the first time incre-
ment (0-7 days), the numerically expressed derivative might be:

£ . ([50421_]2 - [Sozzl_]l)bonded _ A[Sozzl_]bonded
At 7 7
Off course, there are better methods for the determination of derivatives.
Mostly, they are parts of software packages developed for a graphical presenta-
tion and mathematical processing of measured data (such as Origin and others).
Hence, the sulfate corrosion models are defined when b(t) and a(t) are deter-
mined. For the examined series of samples, the mentioned parameters are as follows.
1) For the PC1 samples:

b(t)pcq = 0.01566(1126.6 —11.51t + 0.0583t2) (21)
a(t)pcy = —2.299%1072 —1.320x10 73t + 4.373x10°t? —3.078x107't3  (22)
2) For the PAC1 samples:

(20)

~t ~t
b(t =0.01977| 450+ 420 - exp| — |+ 350 exp| —— 23
(Dpact ( p(lOJ P(275_9D (23)
a(t)pacy = —4.352x1072 +7.486 107t + 7.6573x10t2 (24)
3) For the PC2 samples:
~t ~t
b(t)pey = 38.219 370 +1340exp| — |+ 575exp| ——— 25
(Dpc2 ( p(4.7j p(140.2D (25)

a(t)pcy =—7.363x1072 —1.619x10 4t + 2.823x107°t? = 7.010x10°t>  (26)
4) For the PAC2 samples:

—t -t
b(t =0.0114| — 4460+ 410exp| — |+ 5500exp| ———— 27
(Mpac2 ( p( 14} p[lOGO?.?SJJ @)

a(t)pacy = —2.918x1072 — 2.537x10 ™t +2.131x10~°t2 —4.212x107°t° (28)

The graphical presentations of the b(t) functions and of the a(t)D(t) products
are given in Figs. 7 and 8, respectively. They will be used for further analysis of
the influences of different factor on the sulfate corrosion of the examined samples.
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Comparison of the Matsufuji model and the presented modification

As expected, the modified mathematical model gave better results than the
original; i.e., the modified model described the sulfate corrosion of the examined
samples more precisely than the Matsufuji Equation. This can be seen from Figs.
9-12, in which the experimental values of the concentration of bounded SO2%-, as
well as the values estimated by both mathematical models are presented
comparatively. As a quantifier of fitness quality, the standard deviation was ac-
cepted. The standard deviation values prove that the modified mathematical mo-
del is better than the Matsufuji Equation.
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DISCUSSION

Experimentally obtained values

Non-ash samples. Both Portland cements reacted with SO%‘ (see Fig. 3).
This reaction was induced not only by the content of the C3A compound but also
by the content of C3S and other compounds. The PC1 samples reacted slower than
the PC2 samples. After certain period of time (i.e., after 90 days), both non-ash
samples reached the same quantity of bounded SOZ2-, when the PC1 samples
cracked and broke down.
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100
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s Fig. 10. Comparison of the
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Sulfate corrosion caused a fast mass reduction (see Fig. 4), very probably
due to appearance of sulfate bearing compounds (such as gypsum, ettringite, thau-

masite)

12

2009 Copyright (CC) SCS

©

0]S]O)]

E' RGO



344 MILETIC et al.

o [ T
£ 700r PC2 m
@ - ‘_.;4_-'_'_ ________________
o 600
(\“v . ‘m 4
g b
3 C
2 YT A,
] Y
2 Y . Experimetal
N Matsufuji model (s,=76.78)
2001 --------- Our modification (s ,=58.75)
100}
0 = L s S S = Fig. 11. Comparison of the
_ experimental and estimated
Time (day) values for PC2,
°
o 400}
£ PAC2 m
= R
9 e R
& 300 ,,’
5 et
75)
iy g
3 ;- .
200f ®
5 L = Experimetal
@ N Matsufuji model (s ,=30.78)
S [ Our modification (s ,=11.11)
100} o y
0 L L L L ! s Fig. 12. Comparison of the
0 50 100 150 200 250 300

experimental and estimated
Time (day) values for PAC2.

They disintegrated the system and decreased the mechanical characteristics ex-
tremely (see Fig. 5), which was remarkably evident in the case of the PC1 samples.

Ash samples. The presence of ash significantly improved resistance of both
Portland cements to attack by sulfate (see Fig. 3). Although both (PAC1 and
PAC2) samples incorporated a certain quantity of soﬁ-, the amount was almost
half the quantity incorporated into the non-ash samples. The phenomenon was
particularly noticeable in the later stages.

Due to sulfate corrosion, the mass of both ash samples decreased slower than
the mass of the non-ash samples. This mass reduction tended to be approximately
15 % (see Fig. 4). The flexural strength changed in accordance with the progress
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of the physical destruction of the material. As it was slower in the presence of ash,
these samples possessed greater strength; particularly the PAC2 samples (see Fig. 5).

Results obtained by the mathematical model

The model suggested in this paper allows a more detailed examination and a
better explanation of the system changes during time. According to the experi-
mentally determined values, the concentrations of SO%‘ in the solutions de-
creased very rapidly in contact with the PC1 and PC2 samples. This change was
much slower in the case of the ash samples, particularly PAC2 (see Fig. 6). The
conclusion is in compliance with the fact that the non ash samples incorporated a
greater quantity of SO%‘ than the ash containing samples.

As far as the rate of deterioration is concerned, it is obvious that sulfate cor-
rosion belongs to the convergence type of degradation. This process had a gra-
dually decreasing rate, as presented in Fig. 13. An analysis of rate curves can
give significant information about the progress of degradation with time. From
the Fig. 13, it is obvious that the lowest rate of bonding of SO%‘ is a charac-
teristic of the ash samples (particularly PAC2), for all the investigated time pe-
riods. On the contrary, the highest rates characterized the non-ash samples, par-
ticularly PC2, at the beginning of corrosion. After one month, the situation chan-
ged and other non-ash sample (PC1) became more liable to bonding of SOE{.
Such a great rate caused the complete destruction and disintegration of the PC1
samples after three months. Finally, the analysis of the rate curves indicated that
the presence of ash slowed down the absorption of the aggressive SO%‘ by the
investigated materials.

40
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5 ° a  PAC1
o 2 e PC2
S A o PAC2
S [oFN
o]
S gl ®
i
& 8 .
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0 50 100 150 200 250 %09 Fjg. 13. Rate of bonding of
Time (day) SO2- for all samples.

A more detailed study of the behavior of all the systems can be performed by
applying of suggested mathematical model. According to Model (4), the degra-
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dation rate is the sum of two terms; the first one, b(t), expresses the influence of
the immediate environment while the second one, a(t)D(t), quantifies the be-
havior of the already deteriorated parts. The first one has a positive sign while the
second one has a negative sign. It is desirable that the first one has a value as low
as possible while the second one must have a value as high as possible. The phy-
sical meaning of both terms would be as follows: b(t) represents the aggressive-
ness of the environment while the product a(t)D(t) expresses the protective be-
havior of the sulfate bearing compounds already formed at the surface of the cor-
roded object.

From Fig. 7 it is obvious that the aggression of the (NH4)2SO4 solution is the
most intensive in the case of the PC2 samples. Fortunately, the protective charac-
ter of its deteriorating parts is very strong (see Fig. 8). Still, the rate of bonding of
SO?{ was large for the PC2 samples. The aggression of the (NH4)2SO4 solution
in the case of all the other samples was rather similar and not too intensive (see
Fig. 7). With the ash samples, it is neutralized by the protective behavior of the
degradation products. As a result, these two phenomena (aggression and protect-
tion) induced a small rate of bonding of soﬁ- in the case of the ash containing
samples as a result. With regards to the behavior of the PC1 system, an extremely
undesirable fact can be noticed, i.e., the protective effect of the sulfate bearing
layers was very weak. It decreased particularly after one month and caused the
total destruction of PC1 samples after three months was very probable.

CONCLUSIONS

This paper introduces an improved model for the mathematical description
of sulfate corrosion of particular systems prepared from Portland cement and Port-
land cement with 30 % of coal ash. The model enables a rather exact analysis of
the behavior of all the systems. According to the model, the degradation rate is
considered to be the sum of two terms; the first one represents the aggressiveness
of the immediate environment while the second one expresses the protective be-
havior of sulfate bearing compounds already formed at the surface of corroded
objects. It is concluded that the sulfate corrosion belongs to the attenuated type of
deterioration. The model allowed not only better explanations of the degradation
during the investigated time period, but also showed that the ash systems were
significantly resistant to sulfate corrosion.
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U3BOA

(NH,),SO, KOPO3MJA IIEMEHTA Y BETOHY AHAJIM3UPAHA
[TOBOJBILIAHUM MATEMATUYKUM MOJIEJIOM

CAIIIA MUJIETWRY, MUPJAHA BYPUR?, AHBEJIKA MUXAITOB®, BOPBE BAIINK® u BOPBE JAHARKOBUR?

Tanenura uitiodpapmayuja, Baiajuuuicu Opym 66, 11080 emyn, >Texnoaouuku paxyaiieid, Yuueep3uimiei y
Hosom Caoy,Byaesap Llapa Jlasapa 1, 21000 Hosu Cad, *®axyaitieiti iexnuuxux Hayka, Yrusepauiiei y Hogom
Cady, Tpz Hdocuitieja Obpadosuha 6, Hosu Cad u *Texnonouiko—meiianypuiku Qaxyitieit,
Ynueepauitieii y beozpady, Kaprezujesa 4, 11000 beozpao

VY pamy je mpukasaHa KpHTHYKa aHajiM3a jeAHAYMHE KOja mpeaBula HampeqoBame Aerpana-
[Mje pasHuX rpaljeBUHCKUX MarepHjaia, a Kojy Cy y ckopuje Bpeme mpemioxunu Matsufuji u npy-
ru. [Tocne aHanm3e, y pajy je MpeiokeH NoOoJbIIaH MaTEMaTHYKH MOJIET, TOCEOHO OPHjeHTHCAH
Ka MojenoBamwy cyndarHe xoposuje. M3BeneHn cy eKkClepuMEeHTH Ha JBa y3opka [lopTiann e-
MEHTa ¥ Ha JiBa y3opka [Toptiaann nementa ca 30 % nereher nenena. Y3opuu cy nororsern y 10 %
pactBop (NH4),SO,4 n mepena je konuentparunja SO2 y 06a crcrema — pacTBOpy M MaTepHjaiy.
Kao mapamerap Koju KBaHTH(WKyje Jerpajaldjy LEMeEHTa y3eT je caapxkaj Besanmx SO2°. Ko-
pumhemem 100ujeHNX MoaaTaka Ae(UHHCAH je MATEMAaTHYKU MOJIEI 3a OMHCUBame CyldaTHE KO-
po3Hje YeTHpH HCIMTHBAHA y30pKa. MoJenu cy NpUMEHCHHU 3a aHANU3y IOHAllamba y30paka ca
nerehem menenom u 6e3 mera. Onu omoryhaBajy He camo 00Jby MHTEpIpETalLlHjy Aerpananuje
TOKOM HCIIUTHUBAHOT TepHo/a, Beh U MoKa3yjy 3HauajHy OTIIOPHOCT cucTeMa ca jierehuM memnenom
npemMa cynaTHoj KOPO3HUjH.

(TMpumsbeno 18. jyna, pesuaupano 21. okrobpa 2008)
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Abstract: In this study, the influence of dyeing on the antibacterial efficiency of
polyamide and polyester fabrics loaded with colloidal Ag nanoparticles and the
influence of the presence of Ag nanoparticles on the color change of dyed fab-
rics were investigated. Dyes C.I. acid green 25 and C.I. disperse blue 3 were
used for dyeing of polyamide fabrics, while dye C.I. disperse violet 8 was used
for dyeing of polyester fabrics. The influence of Ag nanoparticles on the color
change of polyamide fabrics depends on the dye type, but generally it was lower
compared to polyester fabrics. Polyester fabrics exhibited excellent antibacte-
rial efficiency against Gram-positive bacterium Staphylococcus aureus and Gram-
-negative bacterium Escherichia coli, independent of the order of dyeing and Ag
loading. Polyamide fabrics provided a desirable level of antibacterial activity only
if the Ag loading was performed after dyeing.

Keywords: Ag nanoparticles; polyester; polyamide; antibacterial efficiency; color
change.

INTRODUCTION

The traditional approach to textile materials from only an aesthetic and com-
fort point of view must be considered as the past. Currently, in addition to con-
ventional end-use properties, textile products must exhibit some advanced pro-
perties, such as UV protection, self-cleaning, antimicrobial and/or anti-electro-
static properties.1~3 These effects can be achieved using new technologies that
can provide targeted functionalization and long-term durability, as well as en-
vironmental and economical feasibility. Developments in the synthesis of dif-
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ferent metal and metal oxide nanoparticles (NPs) and the wide range of their
successful applications opened up new perspectives for the engineering of de-
sired properties of textile materials. The greatest interests are oriented towards
the imparting of antimicrobial effects.4-1> Ag NPs seem to be particularly con-
venient for the improvement of antimicrobial properties of textile materials since
bacteria do not become resistant to Ag as in the case of antibiotics.# The high
stability and large surface to bulk ratio of Ag NPs provide an excellent an-
tibacterial efficiency.

Although much work has been done on the antimicrobial activity of Ag NPs
on different textile materials,4-1° there are only few data on the synergism be-
tween loading of Ag NPs and dyeing or printing.6.16 This aspect is of great im-
portance from the technological point of view since textile products should pre-
serve all the usual aesthetic and comfort standards. Therefore, the influence of
dyeing on the antibacterial efficiency of polyamide (PA) and polyester (PES)
fabrics loaded with Ag NPs, as well as the influence of Ag NPs on the color
change of dyed fabrics were the focus of this study. Dyes C.I. acid green 25 and
C.I. disperse blue 3 were used for dyeing of PA fabrics, while dye C.I. disperse
violet 8 was used for dyeing of PES fabrics. The antibacterial efficiency was
tested against Gram-positive bacterium Staphylococcus aureus and Gram-
negative bacterium Escherichia coli.

EXPERIMENTAL

Desized and bleached PA (150 g/m2) and PES (165 g/m?) fabrics were cleaned in a bath
containing 0.50 % nonionic washing agent Felosan RG-N (Bezema) at a liquor-to-fabric ratio
of 50:1.17 After 15 min of washing at 50 °C, the fabrics were rinsed once with warm water (50 °C)
for 3 min and three times (3 min) with cold water. The samples were dried at room temperature.

The PA fabrics were dyed with acid dye C.I. acid green 25 (Ortolgreen B, BASF) and
disperse dye C.I. disperse blue 3 (Colliton Blue FFR, BASF), whereas the disperse dye C.I.
disperse violet 8 (Palanil Violet 3B, BASF) was used for dyeing of PES fabrics.

AgNO; (Kemika) and NaBH, (Fluka) of p.a. grade were used without any further purify-
cation for the synthesis of the colloidal Ag NPs.1819 Briefly, 8.5 mg of AgNO; was dissolved
in 250 mL of water and purged with argon for 30 min. Under vigorous stirring, the reducing
agent NaBH, (125 mg) was added to the solution and left for 1 h under an argon atmosphere.
The concentration of the Ag colloid was 50 ppm.

One gram of fabric was immersed in 65 mL of Ag colloid for 5 min and dried at room
temperature. After 5 min of curing at 100 °C, the procedure was repeated. Subsequently, the
samples were rinsed twice (5 min) with deionized water and dried at room temperature.

A schematic presentation of the dyeing procedures for PA and PES fabrics is presented
in Fig. 1. The PA fabrics were dyed in a bath containing 2.0 % (o.w.f.) acid dye and 4.0 %
(0.w.f.) Na,SO, at a liquor-to-fabric ratio of 60:1 and at pH 4.0. The dyeing of the PA fabrics
with disperse dye was performed in a bath containing 2.0 % (o.w.f.) dye at a liquor-to-fabric
ratio of 60:1 and at pH 5.0. The pH values were adjusted with CH;COOH (30 %). The PES
fabrics were dyed in a bath containing 1.0 % (o.w.f.) disperse dye, 1 g/L CHT dispergator (Be-
zema) and 0.50 mL/L CH3COOH (30 %) at a liquor-to-fabric ratio of 25:1 and at pH 5.0. The
fabrics were then washed in a bath containing 0.50 % Felosan RG-N (Bezema) at a liquor-to-
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-fabric ratio of 40:1. After 30 min of washing at 40 °C, the fabrics were rinsed once with
warm water (40 °C) for 3 min and four times (3 min) with cold water. Afterwards, the fabrics
were dried at room temperature.

100°C 130°C
60 min 60 min \5 °C- min”
2°C- min” 80 °C
s0°C
2°C: min”
PA fabric :
0% PES fabric
20°C
(@) (b)

Fig. 1. Dyeing procedures for PA (a) and PES (b) fabrics.

The shape and size of silver NPs were determined using a Philips EM-440 transmission
electron microscope (TEM) operating at 100 kV. Samples for the TEM measurements were
prepared by placing a drop of Ag colloid onto a holey carbon-coated standard copper grid
(400 mesh) and evaporating the solvent.

The UV/Vis absorption spectra of the silver colloid were recorded using a Thermo Evo-
lution 600 spectrophotometer.

The fiber morphology was observed using a JEOL JSM 6460 LV scanning electron mic-
roscope (SEM). Prior to analysis, the samples were coated with a thin layer of gold.

The elemental analysis of the PES and PA fabrics loaded with silver NPs was realized
using a Perkin Elmer 403 atomic absorption spectrometer (AAS).

The color coordinates of the dyed fabrics (CIE L*, a*, b*) were determined with Da-
tacolor SF300 spectrophotometer under illuminant Dgs using the 10° standard observer. On
the basis of the measured CIE color coordinates, the color difference (AE*) was determined as:

AE* =/ (8a%)? + (Ab*)? + (AL¥)2 1)

where: AL* is the color lightness difference between the treated (dyed fabric loaded with Ag
NPs) and the control (dyed untreated fabric without Ag) samples; Aa* is the red/green dif-
ference between the treated and control samples and Ab* is the yellow/blue difference be-
tween the treated and control samples.

The influence of dyeing on the antibacterial efficiency of fabrics was quantitatively
assessed using a Gram-positive bacterium Staphylococcus aureus ATCC 25923 and a Gram-
-negative bacterium Escherichia coli ATCC 25922. Sterile potassium hydrogen phosphate buf-
fer solution of pH 7.2 (70 mL) was inoculated with 0.7 mL of a bacterial inoculum. One gram
of sterile fabric cut into small pieces was put into the flask and shaken for 1 h. 1.0 mL aliquots
from the flask were diluted with phosphate buffer and 0.10 mL of the solution was placed onto
a tryptone soy agar (Torlak, Serbia). After 24 h of incubation at 37 °C, zero time and one hour
counts of viable bacteria were made. The percentage bacteria reduction (R / %) was calculated
using Eq. (2):

Cy-C )

where: Cy (CFU — colony forming units) is the number of bacteria colonies on the control
fabric (fabric without Ag, dyed in the described manner), and C (CFU) is the number of
bacteria colonies on the dyed fabric loaded with Ag NPs.

R =100
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RESULTS AND DISCUSSION

The absorption spectrum of the colloidal Ag NPs showed the presence of a
strong surface plasmon resonance band with a maximum at 380 nm (Fig. 2). The
position of the symmetric plasmon resonance band and its half-width (46 nm) in-
dicated a narrow size distribution of Ag NPs without undesired aggregation. Based
on the TEM analysis of the colloidal Ag NPs, the average diameter of the nearly
spherical Ag NPs was found to be 10 nm (inset in Fig. 2).

Absorbance

0.0 ' . r . T . +
300 400 500 600 700

Wavelength, nm

Fig. 2. Absorption spectrum of Ag NPs in agueous solution; inset: TEM image of the Ag NPs.

The surface morphology of the PA and PES fibers loaded with Ag NPs was
examined by SEM. The SEM images of the Ag loaded PA and PES fibers are
shown in Fig. 3. It can be noticed that almost spherical aggregates of Ag NPs with
diameters less than 100 nm are unevenly distributed over the surface of both fibers.

e

B
56, BEE B 5 M
L3

Fig. 3. SEM images of Ag-loaded PA (a) and PES (b) fibers.

To quantify the Ag on the fabrics after loading the colloidal NPs, elemental
analysis using atomic absorption spectrometry was performed. It was found that
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one gram of PA and PES fabrics contained 1.79 and 21.12 pg of Ag, respec-
tively. Evidently, the amount of Ag on PES fabrics was more than ten times hi-
gher. The higher content of Ag NPs on the PES fibers indicates their stronger
binding, most likely due to the existence of benzene rings in polymer structure. It
is well known from surface-enhanced Raman spectroscopy (SERS) studies of ben-
zoic acid and its derivates on Ag NPs that there are strong interactions between
the Ag surface and benzene rings.20.21

These results are in good correlation with the color changes of the fabrics,
which were evaluated by measuring the UV/Vis reflectance spectra (Fig. 4). Load-
ing of Ag NPs caused color changes of the PA and PES fabrics. Due to loading
of Ag NPs, an overall decrease in the reflectance was observed for both samples,
demonstrating a color change of the PA and PES fabrics from white to yellowish.
The observed color changes are in accordance with literature data.8 The more
pronounced color change of the PES fabric could be anticipated because of the
higher amount of Ag NPs detected by AAS. The color difference between fabrics
loaded with Ag NPs and control fabrics (untreated fabrics) was expressed via the
AE*, AL*, Aa* and Ab* values (also presented in Fig. 4).

T

80

.77 AE'=4200

60 e 2
Lt AL'=-1.186
e PA Aa'=0.442

Tt e PA*AS ~Ab'=4.005
40 I

Darker, less green, yellow

Reflectance, %

AE'=8576
_____ PES AL'=-4.034
= - ---PES+Ag Aa=0.153
’

20

T T T T T T T 1
300 400 500 600 700
Wavelength, nm

Fig. 4. Reflectance curves of the control (untreated fabrics)
and silver-loaded PA and PES fabrics.

Bearing in mind that the fiber surface is responsible for many important pro-
perties of textile materials (wettability, dyeability, printability, etc.), it can be ex-
pected that modification of PA and PES fibers with Ag NPs might affect their
dyeability. In order to establish the influence of the Ag NPs presence on the color
of dyed PA and PES fabrics, colorimetric determination based on the CIELAB
color system was performed. The colorimetric data for the fabrics loaded with Ag
NPs before and after dyeing are given in Table I.
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The obtained results indicate that the color of PA fabrics dyed with AG25
was almost unaffected by Ag loading, regardless of the order of Ag loading and
dyeing. The obtained color changes could not be visually detected since the va-
lues of the color difference (AE*) were less than one. However, the influence of
the Ag NPs was more pronounced after dyeing of PA fabrics with DB3. The
loading of Ag NPs onto the PA fabrics before and particularly after dyeing brought
about considerable color changes. The fabrics became darker (AL*), less red (Aa*)
and less blue (Ab*). A similar trend was observed in the case of PES fabrics dyed
with DV8, although the color difference (AE*) was several times greater, demon-
strating a significant color change. The increased greenness and decreased blue-
ness are attributed to the presence of the Ag NPs on the fabrics.

TABLE I. Colorimetric data for PA and PES fabrics loaded with Ag NPs before and after dyeing

Dye Sample L* a* b* AE* Description
AG25 Control PA*  30.16 —25.40 -4.72
Silver loading before dyeing
PA+Ag 29.92 -25.46 475 0.251 Darker

Silver loading after dyeing
PA+Ag 29.80 -24.82 -4.23 0.833 Darker, less green, less blue
DB3 Control PA*  34.80 6.15  —-44.78
Silver loading before dyeing
PA+Ag 33.23 6.83 -43.87 1.934 Darker, less red, less blue
Silver loading after dyeing
PA+Ag 34.47 4.28 -41.69 3.629 Darker, less red, less blue

DV8 Control PES* 43.38 1455 -39.52
Silver loading before dyeing
PES+Ag 43.37 1194 3531 4.962 Less red, less blue

Silver loading after dyeing
PES+Ag 42.19 9.75 -30.95 9.901 Darker, less red, less blue
aDyed fabric without Ag NPs

Despite the low content of Ag on the PES and, particularly, the PA fabrics,
these amounts were sufficient to impart a desirable level of antibacterial activity.
The influence of the order of dyeing and loading of Ag NPs on the antibacterial
activity of the PA and PES fabrics was evaluated for the Gram-positive bacte-
rium Staphylococcus aureus and the Gram-negative bacterium Escherichia coli.
The values of bacterial reduction by the PA and PES fabrics which had been Ag-
-loaded before and after dyeing are given in Tables 11 and III.

The PES fabrics showed outstanding antibacterial efficiency for both bacte-
ria regardless of the order of the operations. Similarly, the PA fabrics exhibited
excellent antibacterial efficiency when the loading of the Ag NPs was performed
after dyeing, regardless of the dye studied. However, the opposite order of opera-
tions led to a significant decrease in bacterial reduction of E. coli on the PA fab-
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rics. These PA fabrics can be considered as inactive. Evidently, to obtain the ma-
ximum antibacterial efficiency, the order of the operations must be carefully
planned. Hence, it is recommended that the loading of Ag NPs onto PA fabrics
should be performed after dyeing, while Ag loading of PES fabrics after dyeing
should be avoided due to the strong color change of the fabrics.

TABLE II. Antibacterial efficiency of PA and PES fabrics loaded with Ag NPs before dyeing

Initial number of bac-

Number of bacterial colonies

Dye Sample terial colonies (><1O‘5) on the fabric after 24 h R/%
S. aureus

AG25  Control PA? 24 2.4x10°

PA+Ag ' 5.2x10° 97.8
DB3 Control PA? 24 1.3x10°

PA+Ag ' <10 99.9
DV8  Control PES? 30 2.5x10*

PES+Ag : <10 99.9

E. coli

AG25  Control PA? 55 2.7x10°

PA+Ag ' 1.8x10° 33.3
DB3 Control PA? £ 1.7x10°

PA+Ag ' 1.2x10° 29.4
DV8  Control PES® 8.5x10*

PES+Ag 3.0 <10 99.9

“Dyed fabric without Ag NPs
TABLE Il1l. Antibacterial efficiency of PA and PES fabrics loaded with Ag NPs after dyeing

Initial number of bac-

Number of bacterial colonies

Dye Sample terial colonies (x10™) on the fabric after 24 h R17%
S. aureus

AG25  Control PA? 24 2.4x10°

PA+Ag ' <10 99.9
DB3 Control PA? 24 1.3x10°

PA+Ag ' <10 99.9
DV8 Control PES? 30 2.5x10*

PES+Ag ' <10 99.9

E. coli

AG25  Control PA? 39 2.2x10°

PA+Ag ' <10 99.9
DB3 Control PA? 39 1.3x10°

PA+A(g : 130 99.9
DV8 Control PES? 30 8.5x10*

PES+Ag ' <10 99.9
“Dyed fabric without Ag NPs
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CONCLUSIONS

The order of loading of Ag NPs and dyeing has a strong influence on the
color change of PA and PES fabrics. It was shown that the color of the PA fab-
rics dyed with C.I. acid green 25 was slightly affected by Ag loading, regardless
of the order of the operations. On the contrary, the loading of Ag NPs onto fab-
rics before and particularly after dyeing with C.I. disperse blue 3 induced consi-
derable color changes. Moreover, the color changes became even more promi-
nent on the PES fabrics which were Ag loaded after dyeing with C.I. disperse
violet 8. The obtained color changes are suggested to be due to the presence of
Ag NPs on the fabrics.

The antibacterial efficiency of the PES fabrics for S. aureus and E. coli is in-
dependent of the order of dyeing and loading of Ag NPs. In order to achieve desi-
red level of antibacterial efficiency of PA fabrics, the loading of the Ag NPs after
dyeing is recommended.
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U3BOJ

ITPOYUYABABE AHTUBAKTEPNICKE EOUKACHOCTU U ITPOMEHE OBOJEA
TIOJIMAMNJHUX U TTOJIMECTAPCKNX TKAHMHA MOJJUGHUKOBAHUX
KOJIOMJHUM HAHOYECTUITAMA CPEBPA

BECHA WJITRY, 30PAH HIATIOBWE?, BECHA BOJIHUK?, TAPKA MUXAWJIOBURY, TETAP JOBAHUME?,
JOBAH HEJIEJbKOBUR? 1 MAJA PAJIETUR'

I Kaitieopa 3a wexciiuano unxcersepcitgo, Texnoaouko—meiiarypuku gaxyaitieiti, Kaprnezujesa 4, 11120 beozpao u
?Uncimuimiyim 3a Hykaeapre Hayie “Bunua”, iip. 522, 11001 Beozpad

Lwp oBor pama je ma ce yTBpAM yTullaj Oojema HA aHTHOAKTEPHjCKY €(PHKACHOCT IIOJIH-
AMHUJIHUX W MOJUECTAPCKUX TKaHWHA MOAM(DUKOBAHHX KOJOWIHMM HaHOUYECTHIIaMa cpedpa Kao u
yTHIQ] TIPUCYCTBa cpebpa Ha mpoMeHy obojema Gojennx TkanuHa. boje C.l. acid green 25 u C.1.
disperse blue 3 cy xopuntheHe 3a Gojewe nojnaMuaHUX TKaHuHa, a 60ja C.l. disperse violet 8 3a
nonrecrapcke Tkanuue. [IpomeHa o6ojera MOJMAMHIHUX TKAaHHHA 3aBHCH O[] THma 6oje, anu je
reHepallHO Mama y nopehemy ca MoiHecTapckuM TKaHHHaMa. AHTHOAKTepHjcKa e(UKaCHOCT TKa-
HuHA Moau(UKOBaHUX cpeOpoM je Tectupana Ha I'pam-mosutuBHE Oaktepuje Staphylococcus au-
reus u I'pam-umeratusue Gaxrepuje Escherichia coli. TTonmuectapcke TkaHuHE MOKa3yjy OUTHUYHY
aHTHOaKTepHjCcKy e(hHKaCHOCT HE3aBHCHO OJ1 pejociesia 0ojerba i HaHoLIeHha cpebpa. [la 6u momu-
aMHUHA TKaHWHA 06e30e/1mia )KeJbeHH HUBO aHTHOAKTEPH]CKe aKTHBHOCTH, HEOIIXOAHO j€ HAHETH
cpebpo nociie 6ojema. Mopdosoruja Biakana Moau(UKOBaHHX HaHYECTHIIAaMa cpedpa yTBpheHa je
CEM aHanu3oM, JIOK je 3a eIeMEHTapHy aHan3y KopHiuheHa aToMCKa arcopIIMOHa CIIEKTPOMETPHja.

(TMpumbeno3. centembpa, pesuaupano 11. HoBemGpa 2008)
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