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Deprotonation of salicylic acid and 5-nitrosalicylic acid
in aqueous solutions of ethanol
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Abstract: The protonation constant values of two hydroxybenzoic acids (salicylic
and 5-nitrosalicylic acid) were studied in some water—ethanol solutions using spec-
trophotometric and potentiometric methods at 25 °C and in an ionic strength of 0.1
M sodium perchlorate. The results indicated that the pK, values increase with in-
creasing proportion of ethanol in mixed solvent. The dependence of the protonation
constants on the variation of the solvent were correlated by the dielectric constants
of the media. Furthermore, for a better understanding of the solvent influence, the
obtained results were explained in terms of the Kamlet-Taft parameters o (hydro-
gen-bond donor acidity), 7* (dipolarity/polarizability) and B (hydrogen-bond ac-
ceptor basicity) by means of linear solvation energy relationships. The multiple
linear regression analysis indicated that the pK, values of salicylic acid were
strongly dependent on the non-specific electrostatic solvent—solute interactions,
whereas specific hydrogen bonding interactions controlled the protonation of nit-
rosalicylic acid in water—ethanol binary mixtures.

Keywords: pK,; hydroxybenzoic acids; binary mixtures; solvent effects.

INTRODUCTION

The value of the protonation constant of compounds, pKg, is a key parameter
for predicting the extent of ionization of their functional groups with respect to
the proton concentration of a medium. This parameter is essential in a wide range
of research areas, such as chemistry, biochemistry and pharmacology. The funda-
mental physicochemical properties of drugs such as solubility and permeability
are influenced by pH. Thus these properties for a diverse set of acidic or basic
drug are directly related to their pKa values. It has been shown that the activity
of enzymes and acid-base homeostasis of living organisms are prominently de-
pendent on the protonation constants of the compounds present in the cell and in

* Corresponding author. E-mail: faragji @baboliau.ac.ir
doi: 10.2298/JSC100506129F
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1456 FARAJl et al.

the body.2 Hence, knowledge of pK, values is necessary for the quantitative
understanding and stability constant determination of the interactions between
acidic or basic ligands and metal ionsin complexes.3-7

Solvent mixtures, especiadly binary solutions of water and organic solvents,
are widely used in a variety of chemical fields, such as solvent extraction, chemi-
cal synthesis and liquid chromatography. Furthermore, a pure solvent can fre-
quently be mixed with others in order to obtain solutions with a variety of phy-
sical properties. Systematic investigations of solvent effects on thermodynamic
and kinetic functions are interesting both from experimental and theoretical pers-
pectives in chemical and biochemical analysis. The study of solvent effectsin bi-
nary solvent mixtures is more complicated than in pure solvents because the solu-
te-solvent and solvent—solvent interactions can create new solvent properties
leading to preferential solvation. Preferential solvation occurs when solutes inter-
act stronger with one of the components of the mixture and then this differencein
the interactions is reflected in the composition of solute microenvironment.8:°

The use of empirical scales obtained from solvatochromic compounds is a
suitable method for explaining solute-solvent interactions at a microscopic level.
Some of the most extensively used parameters are the solvatochromic parameters
which take into account all possible specific and non-specific interactions between
solute and solvent molecules. Kamlet and Taft scaled their solvatochromic sol-
vent parameters by introducing a developed solvatochromic comparison me-
thod.10-14 The parameters «, 8 and 7* are a measure of the hydrogen bond donor
acidity, hydrogen bond acceptor basicity and dipolarity—polarizability of the sol-
vent, respectively. The sum of these solvent properties can be used to treat mole-
cular solvent effects with the framework of the concept of linear solvation energy
rel ationships. 15,16

In continuation of previous studies, 1721 in this study, the protonation cons-
tants of salicylic and 5-nitrosalicylic acid were determined in various mixtures of
water—ethanol solvents to examine the solvent dependence of their acid—base
equilibria properties. Salicylic and 5-nitrosalicylic acid are organic phenolic com-
pounds which are widely used in organic drug synthesis. Their chemical struc-
tures are presented in Fig. 1.

HO HO
i HO
HO II~;IJr.U
(o] 0 o
Fig. 1. Chemical structure of salicylic and 5-

S-nifrosalicylic acid salicylicacid  pjtrosalicylic acid.
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PROTONATION IN WATER-ETHANOL MIXTURES 1457

EXPERIMENTAL

Sdlicylic and 5-nitrosalicylic acid were obtained from Sigma-Aldrich. Ethanol was of
the highest available purity (Merck) and was used without further purification. Stock solutions
of NaOH and HCI were prepared from titrisol solutions (Merck). The water used was double-
distilled water with a conductivity of 1.3+0.1 uQ1 cml. Sodium perchlorate was supplied by
Merck as an analytical reagent grade material and was used without further purification.

Potentiometric measurements were performed in a double-walled electrochemical cell
thermostated at 25 °C. The ionic strength of the mixtures was maintained to 0.1 M with so-
dium perchlorate. A Jenway Research potentiometer, model 3520, with a combination of glass
and reference electrode was used for the measurement of the electromotive force (emf) in
potentiometric titrations of acidic solution mixtures.

Spectrophotometric measurements were performed on a UV—Vis Shimadzu 2100 spec-
trophotometer with a Pentium 4 computer using thermostated matched 10 mm quartz cells. A
flow type measurement cell was used. A peristaltic pump alowed for the circulation of the
solution under study from the electrochemical cell to the spectrophotometric cell; thus, the
absorbance and the emf of the solution could be measured simultaneously. To exclude carbon
dioxide from the system, a stream of purified nitrogen was passed through a sodium hydro-
xide solution and then bubbled slowly through the reaction solution.

Prior to each spectrophotometric titration, the electrochemical cell was calibrated to ob-
tain the formal electrode potential emf ©.2223 Approximately 20 ml of solutions of HCI in wa
ter—ethanol systems were titrated by the stepwise addition of NaOH solution. The equilibrium
emf ° values of the cell were recorded after allowing potential stabilization. The emf valuesin
each of binary mixtures were computed from the Nernst equation knowing the exact con-
centration of H* at each titration point and the reference electrode potential. In the next step,
25 mL of an acidic solution of hydroxybenzoic acid was titrated with a sodium hydroxide so-
lution (0.1 mol dm3). The absorbance data were recorded in the interval of 200400 nm after
reading the emf values of the electrochemical cell. Then, the spectroscopic titration data were
introduced to the Star program?* to calculate the pK, values of the two investigated com-
pounds.

RESULTS AND DISCUSSION
Calibration of the electrochemical cell in water—ethanol mixtures

According to the Nernst equation, the potential of a glass electrode can be
presented as:

emf = emf ° + klog [H*] + klog y4+ + E_3 Q)

where E|_j is the liquid junction potential, k = 2.303RT/F in which R, T and F
have their usual meanings and 4+ is the activity coefficient of the hydrogen
ions. Difficulties in computing the activity coefficients of hydrogen ion in va-
rious agueous mixtures of organic solvents lead to measuring emf vs. the H*
concentration in solution. As the ionic strength of the solution was kept constant,
the activity coefficient of the hydrogen ion was also constant. The non-ideality of
the solutions is then included in ky (the specific constant of a glass electrode in
the acidic region), and thus:

emf = ky + klog [H*] (2
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1458 FARAJl et al.

with kg being emf © + klog 94+ + E|_3. The use of a glass electrode (with an aque-
ous inner solution) in non-agueous media introduces a deviation from ideality.
However, it was shown that the deviation is negligible and that a glass electrode
is always usable in such mediato measure H* concentration with alinear relation
of Eggy Vs. log [H*].25

Thus, the hydrogen ion concentration can be easily calculated by:

[H*] = (MHciVo — MNaoHV1)/(Vo + Vi) ©)
where My and MygoH are the molarities of the acid and base, Vg and V1 are the
initial volume of acid and the added volume of sodium hydroxide solution, res-
pectively. The kg values were calculated from measured emf and the known con-

centration of solvated proton at every titration point by linear regression analysis.
The derived linear equations are reported in Table .

TABLE I. The calibration equation of the electrochemical cell in different water—ethanol mix-
turesat 25 °C

Ethanol content, % (v/v) Cell calibration equation

0 emf = 365.20 + 59.11log [H]
10 emf = 362.15 + 58.53log [H']
20 emf = 360.34 + 59.21log [H']
30 emf = 359.33 + 59.27log [H']
40 emf = 358.48 + 59.22log [H']
50 emf = 354.31 + 59.87log [H']

For al the binary mixtures, the slopes obtained from the least squares ana
lysis were close to the theoretical Nernst value (59.167 mV at 25 °C) with corre-
lation coefficients of nearly r2 = 0.99. Therefore the pH values of the binary mix-
tures can be properly measured according to:

PcH = (ka — emif)/k (4)

Computing protonation constants

The absorption spectra for salicylic acid and 5-nitrosalicylic acid at varying
pH valuesin 50 % (v/v) ethanol are shown in Figs. 2 and 3, respectively.

For each binary solvent, the spectral absorbance in different pH values were
used to construct a matrix R of size mxn, where mis the number of different pH
values in which the absorbance was determined at n wavelengths at 0.5 nm inter-
vals. According to the Beer law, a least squares analysis was performed in the
Star program environment to decompose the data matrix R into a matrix of pure
concentration, C, and a matrix of pure spectral profiles, S, with the optimal resi-
dual error matrix E.

R=CS+E (5)
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Absorbance

0.2 T T
280 300 320 340 360
A/ nm

Fig. 2. Spectral change of salicylic acid (2.2x10"* mol dm3)
with decreasing pH in 50 % (v/v) ethanol.

Absorbance

0.2 + T T
280 300 320 340 360

A/nm
Fig. 3. Spectral change of 5-nitrosalicylic acid (8.5x10°> mol dm-3)
with decreasing pH in 50 % (v/v) ethanol.

In iterative cycles, the matrices C and S were determined which best repre-
sent the original matrix R. These procedures were realized for a known number
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1460 FARAJl et al.

of components and using the initial estimation of the two C and S matrices. The
matrix of pure concentration profilesis related to the protonation constant and the
total concentration of the compounds. Under suitable constraints, the nonlinear
|east-sguares fitting continues until the best set of parameters (pKg and molar ab-
sorptivities of the species) is obtained that result in a minimum of E.

The protonation constants determined by the Star program are listed in Table
Il with the solvent parameters, dielectric constant () and KAT parameters in
various water—ethanol solvents mixtures.26.27

TABLE II. Protonation constants of salicylic acid and 5-nitrosalicylic acid with the KAT para-
meters and dielectric constants of different water—ethanol mixtures at 25 °C and constant ionic
strength (0.1 mol dm3 NaClQy); the KAT solvatochromic parameters and the dielectric cons-
tants were taken from refs. 27 and 26, respectively

) s
Ethanol content, % (VV) —o i licacd  5-Nitrosalicylic adid B e
0 2.916£0.072 2017:0010 117 047 109 7856
10 2.873£0.011 2003:0009 111 038 113 7395
20 2.927+0.009 2189£0009 104 040 115 69.05
30 3.052£0,009 2250£0010 101 048 114 6385
40 3.252+0.007 22620012 098 054 112 58.36
50 3.465£0.009 232060014 098 059 108 5262

Effect of the solvent

As shown in Table I, the pKg values of salicylic acid and 5-nitrosalicylic
acid increase with increasing volume percentage of ethanol. The electron with-
drawing nitro functional group in 5-nitrosalicylic acid leads to lower pKg values
in comparison to salicylic acid. The deprotonation equilibrium of the two hydro-
xybenzoic acids can be represented by HA S H* + A~ It is expected that be-
cause of solute-solvent electrostatic interactions, the neutral species (HA) are
thermodynamically more stable than the ionic species (H* and A-) in media with
higher percentages of ethanol in which the dielectric constants are lower. In order
to explore the possibility of this hypothesis, the pK; values of substances were
correlated to the reciprocal of the dielectric constants of the binary mixtures and
their dependence interpreted according to the Born equation.28 In the absence of
the specific solute-solvent interactions, a plot of pK; values vs. the reciprocal
dielectric constant of the media, ¢, should be linear:

pKa = (121.60/r)(L/e—0.0128) (6)

where r is the common radius of the ions and n is the square summation of the
charges involved in the protonation equilibrium. In this work, alinear regression
analysis was performed between pK; and /e values in different water—ethanol
mixtures by using the Linest function in the Microsoft Excel program.2® The fol-
lowing expressions were obtained in accordance with the Born equation, where
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PROTONATION IN WATER-ETHANOL MIXTURES 1461

the quantities shown in brackets are the standard deviation of the corresponding
coefficients:

pKg(salicylic acid)=1.60(0.20) + 59.97(12.72)l/e r2=0.93 @)
pKg(5-nitrosdicylic acid)=1.53(0.19) + 43.46(12.04)1/e r2=0.77 (8)

The squared correlation coefficient, r2, measures the goodness-of-fit of the
experimental data to the theoretical equation. These results indicate that the pro-
tonation constants of salicylic acid depend on the electrostatic forces and can be
explained based on the Born equation, whereas the pK, values of 5-nitrosalicylic
acid do not follow the same order, indicating the existence of additional factors
that influence the solute-solvent interactions. This observation is consistent with
aprevious study on the behavior of salicylic acid in water—DM SO mixtures.19

For a better evaluation of the solute—solvent interactions at the molecular le-
vel, the most significant KAT parameters were used. A multi-parametric equation
was proposed to evaluate specific and nonspecific interactions within the frame-
work of the linear solvation energy relationships (L SER) concept. The number of
parameters in the equation depends on the significance of the solute-solvent in-
teractions.309:31 However, the general equation for LSER is usually expressed as:

pKa=Ag +aa + bj + pr* (9)

where Ag, a, b and p are independent coefficients characteristic of the process
which indicate their sensitivity to the accompanying solvent properties. In order
to explain the obtained pKg values through the KAT solvent parameters, the pro-
tonation constants were correlated with solvent properties by means of multiple
linear regressions in the Microsoft Excel program.29 The fitted single, dual and
multiparameteric equations are tabulated together with their regression statistics
(r2, standard deviations and F-statistic) in Table |11 for each substance.

TABLE 1ll. The linear regression analysis of the KAT equation for the values of the proto-
nation constant of salicylic acid and 5-nitrosalicylic acid in water-ethanol mixtures

L SER correlation equation r’  F-statistic
Sdlicylic acid
DK, = 20.37(14.29) — 2.64(2.72) . 8.54(5.51) 7" — 9.18(9.56) 3 099 5225
pK, = 6.66(0.36) — 0.04(0.22) o — 3.28(0.49) 7* 098  79.99
pK, = —1.74(1.16) + 5.59(1.05) 4 + 1.52(0.55) o 097 5253
pK, = 6.58(1.43) + 0.07(0.79) 5 — 3.27(0.91) 7* 098 7943
PK, = 4.39(0.42) — 1.29(0.41) 071 984
0K, = 1.45(0.27) + 2.79(0.46) 8 090 3657
pK, = 6.70(0.25) — 3.35(0.23) 7* 098  211.28
5-Nitrosdlicylic acid

PK = —5.14(9.17) + 0.83(L 74)a + 3.05(3.53) 7" + 5.44(6.14) 098  30.09
pK, = 2.98(0.23) — 0.71(0.14)a— 0.07(0.31) 7* 097 4818
pK, = 2.76(0.59) + 0.16(0.53)5— 0.66(0.28) 097 4890
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1462 FARAJl et al.

TABLE Ill. Continued

2

LSER correlation equation r F-statistic
5-Nitrosalicylic acid

pK, = —0.80(0.80) + 2.53(0.44) 3 + 1.40(0.51) 7* 0.98 60.68

pKa = 2.94(0.07) — 0.74(0.07) ¢ 0.97 126.39

pK, = 1.38(0.12) + 1.37(0.21) 5 0.92 43.07

pKa = 3.69(0.48) — 1.39(0.44) =~ 0.71 9.81

The F-statistic values were used to assess which of the LSER equations is
statistically the optimum model. The best predictive mathematical equations in
the fitted models were those that have highest F-statistic values and small stan-
dard deviation (Table I11). In the case of salicylic acid, the non specific dipolari-
ty—polarizability interactions have the most important effect on the pK; values,
whereas the deprotonation of 5-nitrosalicylic acid is extensively sensitive to spe-
cific hydrogen bonding interactions. The 7* scale for sdicylic acid in the corre-
lated model has a negative effect which means a decrease in the polarity of the
media increases the pKg values. The coefficient of the o term for 5-nitrosalicylic
acid in the LSER equation is also negative, meaning a lower deprotonation of
compound with decreasing solvent hydrogen bond acidity. These results are in
compl ete agreement with the above assumption derived from the Born equation.

CONCLUSIONS

The protonation constants of salicylic acid and 5-nitrosalicylic acid were suc-
cessfully determined in water and water—ethanol mixtures of 0-50 % ethanol (v/v)
by spectrophotometric and potentiometric methods at 25 °C and at an ionic strength
of 0.1 M sodium perchlorate. Generally, it was observed that the pKg values of
substances increase with increasing volume fraction of ethanol. The high corre-
lation coefficients between the pKg values and solvatochromic parameters of the
binary mixtures («r and 7*) demonstrate the existence of a linear relationship be-
tween these magnitudes in these media.

Acknowledgement. The authors gratefully acknowledge the financial support from the
Research Council of 1slamic Azad University, Babol Branch.

U3BOJI
JEINMPOTOHOBAE CAJIMIIUIHE 1 5-HUTPOCAJIMIIUJIIHE KUCEJIUHE V
PACTBOPUMA Y CMEIIU BOOJA-ETAHOJI
MOHAMMAD FARAJIl, ALI FARAJTABARZ, FARROKH GHARIB® 1 HASSAN GHASEMNEJAD-BORSA®

lDepartment of Chemistry, Islamic Azad University, Babol Branch, Babol, 2Department of Chemistry, Islamic
Azad University, Jouybar branch, Jouybar u 3Chemistry Department, Faculty of Sciences,
Shahid Beheshti University, Tehran, Evin, Iran

HcnuTrBaHe Cy BPEAHOCTH KOHCTATE MPOTOHOBAaMA ABE XHUAPOKCHOCH30BE KHCEIUHE (Caiu-
[MIHA ¥ 5-HATPOCATIMIIIHA) ¥ Pa3IMIUTHM PACTBOPHMA Y CMEIIH BOAA—CTAHON, MTOTEHIIMOMET-
pujcku Ha 25 °C y pactBopy 0,1 M Hatpujym-niepxiopata. JJoOujeHn pe3yaraTu ykasyjy Ha TO aa
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PROTONATION IN WATER-ETHANOL MIXTURES 1463

pK 4 BpeaHOCTH pacTy noBehameM yena eTaHoNa y CMEIIH pacTBapada. 3aBUCHOCT KOHCTAHTE MPo-
TOHOBaFba O CACTaBa pacTBapada KOPEJIHCaHa je ca AUEICKTPHIHOM KOHCTAHTOM cpeanHe. Y Iu-
Jby OOJber pasyMeBarma yTHIaja pacTBapada, JOOMjeHH pe3yJTaTd O0jallllbeHH Cy JIMHEApHOM 3a-
sucromhy Kamner—TahToBux mapamerapa o (KHCEIOCT JOHOpPA BOJIOHHMYHE Bese), 77+ (mumomnap-
Hoct/monapu3abmwiHocT) U f (6asHOCT akienTopa BOJOHHYHE BE3e) U eHepruje consaranuje. Bu-
LIeCTpyKa JHHEapHa perpecuoHa aHaiusa ykasyje na pPKg BpeAHOCTH CANULIUIHE KUCEIHHE 3Havaj-
HO 3aBHCE O[] HECTICHM(pUIHUX ENCKTPOCTATHYKAX HHTEPAKIHja pacTBapady—pacTBOpEeHa CYICTaH-
I1a, 0K Creln(pruIHe HHTEPaKIKje BOJOHMIHNX Be3a YTUIY Ha MPOTOHOBAhE HUTPOCATHIIMIHE KH-
cenuHe Y OMHApHUM CMellaMa BOJa—eTaHoOIL.

(Tpumsbero 6. maja, pesuaupano 21. jyna 2011)
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Chemical composition of white currant seed extract
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Abstract: From the seeds of white currant (Ribes rubrum, cv. White Cham-
pagne), a new sesquiterpenoid glycoside 1 was isolated, along with two known
compounds. dihydrophaseic acid 3'-O-fD-glucopyranoside (2), and 3-car-
boxymethyl-indole-1-N-#D-glucopyranoside (3). The structure of the new
compound was identified as dihydrophaseic acid 3'-O-/-gentiobioside, based
on extensive NMR and M S spectral studies.

Keywords: white currant; seeds; sesquiterpenoid glucoside; dihydrophaseic acid
derivative; indole derivative; 2D NMR.

INTRODUCTION

The genus Ribes is native to the Northern Hemisphere, and several species
have been cultivated as a food crop since the early 1500s in Europe, and were
taken to North America with the colonists in the 1700s. This genus contains
about 150 species, grouped into categories including red and white currants, black
currants, ornamental currants, golden currants, and gooseberries.

Despite the low content of dominant berry phenolics such as ellagic acid, an-
thocyanins and other flavonoids, it was shown that white currants are effective in
preventing cancer initiation and progression in the Min mouse.! It was also found
that currant seed oils are rich in both e~linolenic acid and ¥linolenic acid, which
makes them specific among plant oils.2

This paper is a continuation of investigations on the chemical composition of
edible berries, in pursuit of sources of potentially pharmacologically active com-
pounds.3-> Herein, the isolation and structure elucidation of a new dihydro-
phaseic acid glucoside, along with two known compounds, from the seeds of
white currant (Ribes rubrum, cv. White Champagne) are described.

* Corresponding author. E-mail: dgodjev@chem.bg.ac.rs
doi: 10.2298/JSC110617132G
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EXPERIMENTAL
General experimental procedures

The NMR spectra were acquired on a Bruker Avance DRX 500 MHz instrument with a5
mm inverse detection probe using standard pulse sequences, in acetone-dg/D,O (1:1) as a
solvent, at 289 K. The spectra were referenced to the residua solvent signal (& 2.05, &c 29.92
for acetone-dg); the chemical shifts are given in ¢ (ppm), and coupling constants are reported
inHz.

High resolution mass spectral (HR-MS) data (negative ion mode) were generated with an
Agilent time-of-flight mass spectrometer equipped with an electrospray ionization source
(EPI) (Agilent 6210 system) and Agilent 1200 Series high pressure liquid chromatograph
(HPLC). Samples were diluted with water/acetonitrile (1:1) containing 0.1 % formic acid and
introduced via the HPL C, without a column, using the same solvent system.

Semi-preparative HPLC was performed on an Agilent 1100 system using a Zorbax
XDB-C18 column (5 pm, 250 mmx9.4 mm).

Plant material

White currant (Ribes rubrum, cv. White Champagne) was grown in the vicinity of Bel-
grade (experimental orchard of the nursery “Omegd’, located in Mislodin, Municipality of
Obrenovac). Berries at the optimum technological maturity were harvested at the end of June
2009. The seeds from the berries were manually separated from the pulp and dried using filter

paper.
Isolation

The samples of whole, dried seeds (20 g) were macerated in 50 mL of 50 % MeOH. The
mixtures were sonicated in an ultrasonic bath for 12 h. The extracts were filtered through filter
paper, evaporated at reduced pressure at 45 °C, which afforded 500 mg of dry materia. The
extract was diluted with 1 mL of 0.2 % formic acid/acetonitrile (1:1), and filtered through a
0.45 mm cellulosefilter (Millipore).

The separation of the extract was realized using a semi-preparative HPLC method.
Mobile phase A was 0.2 % formic acid in water and mobile phase B was acetonitrile. The
injection volume was 50 pL, and elution at 4.5 mL min with a solvent gradient program (0-20
min, 5-16 % B, 20-28 min, 1640 % B, 28-30 min, 40-99 % B, 30-35 min, 99 % B, 35-36
min, 99-5 % B). The chromatographic procedure was repeated twenty times, yielding 3 mg of
compound 1 (tg = 11.1 min), 3 mg of compound 2 (tg = 12.9 min), and 2 mg of compound 3
(tr =20.8 min).

Dihydrophaseic acid 3'-O-B-gentiobioside (1). Colorless film. IH-NMR (acetone-dg/
/D,0 (1:1), 500 MHz) and 13C-NMR (acetone-dg/D,0 (1:1), 125 MHz). HR-ESI-MS, nvz,
606.2514 (calcd. for Cy7H40045: 606.2524, error: —1.6 ppm).

Dihydrophaseic acid 3'-O-B-D-glucopyranoside (2). Colorless film. TH-NMR (acetone-
-dg/D,0 (1:1), 500 MH2z) and 13C-NMR (acetone-dg/D,0 (1:1), 125 MHZz). HR-ESI-MS, m/z,
444,1993 (calcd. for Co1H3501¢: 444.1995, error: —0.5 ppm).

3-Carboxymethylindole 1-N-B-D-glucopyranoside (3). Colorless film. 1H-NMR (ace-
tone-dg/D,0 (1:1), 500 MHz) and 13C-NMR (acetone-dg/D,0 (1:1), 125 MHz). HR-ESI-MS,
m/z, 337.1161 (calcd. for CigH1gNO5: 337.1162, error: —0.3 ppm).

RESULTS AND DISCUSSION

The whole, dried seeds of white currant were extracted with 50 % MeOH.
The resulting extract was repeatedly subjected to semi-preparative HPLC to yield
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three pure compounds. Their structures (Fig. 1) were elucidated by 1D and 2D
NMR techniques (H-, 13C-NMR, COSY, NOESY, HSQC, and HMBC), HR-
-ESI-MS, and by comparison with literature data. The spectroscopic data for
compounds 1 and 2 are given in Table | and for compound 3in Tablell.

1 R=p-D-Gle(1=6)-p-D-Gle 3
2 R=B-D-Glc
Fig. 1. Structues of the isolated compounds.

Compound 1 was isolated as a colorless oil and its molecular formula was
deduced as Cy7H42015 based on its negative ESI mass spectrum, which showed
[M—H]~ at m/z 605.2441. The 1H-NMR spectrum of 1 showed the presence of
three methyl singlets at 6 0.84, 1.04, and 1.99 (H-10', 9', and 6, respectively),
signals of three methylene groups from the aglycone ring at 6 1.62 (1H, br d,
H-2'a), 1.89 (1H, dd, H-2'¢g), 1.65 (1H, br d, H-4" ), 2.04 (1H, dd, H-4'¢q) and
3.63 ppm (2H, m, H-7"), two olefinic methine doublets at ¢ 6.32 (H-5) and 7.90
ppm (H-4), an olefinic methine singlet at ¢ 5.69 ppm (H-2), and an oxymethine
signal at 4.05 ppm (tdd, H-3'). The two double bond functionalities of aglycone
were aso confirmed by the 13C-NMR resonances at ¢ 119.1, 129.8, 133.7 and
148.0 ppm. A complete assignment of the 1H- and 13C-NMR spectra of the agly-
cone moiety (Table I) was based on 2D NMR experiments (COSY, NOESY,
HSQC and HMBC). A comparison of the NMR data with those from the litera-
ture, indicated that compound 1 belongs to dihydrophaseic acid glucoside.b The
values of vicinal (3Jy 1) couplings of H-3' (§4.05 ppm, tdd, J = 10.5, 6.9 and 6.4
Hz), corresponded to two axial and two equatorial neighbors, revealing the axial
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position of this proton.” Furthermore, the NOESY correlation of protons 3’ and
7 was indicative they were on the same side of cyclohexane ring. Similarly, the
NOESY correlation of H-2' 5« and H-5 suggested that the acyclic moiety of agly-
cone was attached to the 8 axial position of a bicyclic ring. The configurations
of the double bonds (2Z, 4E) were confirmed by the NOE of H3-6 with olefinic
H-2, and the absence of NOE between olefinic H-4 and H-5. According to the
NOESY correlation of H3-6 with H-5, the 3-s-trans conformation is preferred.

TABLE I. 1H-NMR (acetone-dg/D,0 (1:1), 500 MHz) and 13C-NMR (acetone-dg/D,0 (1:1),
125 MHz) data of compounds 1 and 2; assignments were based on COSY, NOESY, HSQC
and HMBC experiments. Overlapped proton NMR signals (ovl) are reported without de-
signated multiplicity; n.d. — not determined

Compound

Position 1 2

H-NMR J/ Hz Bc H J/Hz BC-NMR
1 - - n.d. - - n.d.
2 569s - 119.1 569s - 119.1
3 - - 148.0 - - 148.3
4 7.90d 16.0 129.8 7.90d 16.0 129.8
5 6.32 d 16.0 133.7 6.32d 16.0 133.7
6 1.99s - 20.6 2.00s - 20.6
1 - - 48.0 - - 47.8
2 1.62 br d 13.2 41.7 1.62 br d 13.5 415
2 1.89 dd 13.2; 6.9 - 1.83 dd 13.5; 6.9 -
3 4,05 tdd 10.5; 6.9; 6.4 72.3 408tdd 10.5;6.9;6.4 71.3
4 1.65brd 13.2 41.9 1.65brd 13.5 41.7
4 2.04 dd 13.2; 6.4 - 2.01dd 13.5; 6.4 -
5 — — 85.2 - — 85.3
7 3.63 ovl - 74.9 3.60 ovl - 75.1
g - - 81.1 - - 81.1
9 1.04s - 19.5 1.04s - 19.4
10° 0.84s - 16.0 0.83s - 16.0
1" 419d 7.8 101.9 418d 7.8 101.3
2" 2.90 ovl — 73.1 2.89 ovl — 73.2
3" 3.12 ovl - 76.5 3.12 ovl — 76.5
4" 3.02 ovi - 70.1 3.02 ovl - 70.1
5" 3.330vl - 75.6 3.09 ovl - 76.5
6" 3.96 ovl - 68.4 3.42 ovl - 61.0

3.56 ovl - - 3.66 ovl - -
1" 4.26d 7.8 n.d. — — -
2" 2.96 ovl - 735 — - —
3" 3.13 oVl - 76.6 — - —
4 3.04 ovl - 70.0 — - —
5" 3.05ovl - 76.8 — - —
6"’ 3.67 ovl - 61.0 — - —

3.43 ovl - — - — -
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TABLE I1. IH-NMR (acetone-dg/D,0 (1:1), 500 MHz) and 13C-NMR (acetone-dg/D,0 (1:1),
125 MHz) data of compound 3

Position 1H-NMR J/ Hz BC.NMR
2 7.34s — 124.1
3 - - 110.1
3a - - 128.0
4 7.50d 8.0 118.8
5 7.02t 8.0 118.9
6 7.12t 8.0 121.1
7 7.50d 8.0 110.3
7a - - 136.3
8 355s - 319
T 5.39d 9.1 84.2
2 3.70 ovl - 718
3 3.45 ovl - 79.1
4 3.250vl — 69.8
5 3.42 ovl - 775
6 3.44 ovl - 60.8
3.66 ovl - -

The 1H-NMR spectrum of 1 also indicated the presence of two anomeric
proton doublets at ¢ 4.19 (H-1'") and 4.26 (H-1"""), suggesting the presence of
two sugar moieties. The application of the COSY, NOESY, HSQC, and HMBC
spectra enabled the assignment of the remaining 1H- and 133C-NMR sugar reso-
nances, the chemical shifts of which corresponded to glucose. The values of the
vicina couplings of the anomeric protons were consistent with two A-glucopyra-
nosyl units. The occurrence of strong H-1/H-5 and H-1/H-3 NOE cross-peaks
indicated a 4C; conformation for both A-glucopyranosyl units. The interglyco-
sidic linkage was confirmed by NOE cross-peaks of H-1""" with both diastereo-
topic H-6"". In the preferred conformation of the sugar subunit, the anomeric
proton 1"’ is close in space to H-4' 5 of the aglycone moiety, as shown by the
corresponding cross peak in the NOESY spectrum. In this way, it was concluded
that the sugar unit was connected to the 3'-position of the aglycone moiety.
Based on the above spectral data, the structure of 1 was unambiguously estab-
lished as dihydrophaseic acid 3'-O-#-gentiobioside.

Compound 2 was isolated as a colorless oil, and its molecular formula was de-
duced as Co1H3201g based on its negative ESI mass spectrum, showing [M—H]~
at m/z 443.1920. The NMR data of this compound were very similar to those of
compound 1, containing the signals for only one S-glucopyranosyl unit. Thus,
compound 2 was identified as dihydrophaseic acid 3'-O-/-D-glucopyranoside,
which was previously isolated from the agrial parts of Juniperus phoenicea.b

Compound 3 was isolated as a colorless ail, and its molecular formula was
deduced as C1gH19NO7 based on its negative ESI mass spectrum, which showed
[M—H]~ at m/z 336.1088, and [2M—H]~ at m/z 637.2256. The 1H- and 13C-NMR
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chemical shifts corresponded to 3-carboxymethylindole 1-N-/-D-glucopyrano-
side, a nitrogen-containing astringent indole already isolated from red currants.8

Acknowledgement. This study was financialy supported by the Ministry of Education
and Science of the Republic of Serbia, Project No. 172053.

U3BO/I
XEMUJCKU CACTAB EKCTPAKTA CEMEHKMU BEJIE PUBU3JIE

JIEJAH FOT)EBAL[l, BJIATKA BAJC?, CJIOBOJIAH MI/IHOCABJ})EBHTIZ, BFOBAH T)OPT)EBI/ITl3,
COPJIAHA 3YHUR* u BEJIE TEILIIEBUR?

" Mncitiuiiyin sa xemujy, iexnoaozujy u medianypzujy, Yuusepauitieiii y Beozpady, Bezoweea 12, Beozpao,
Xemujcxu parcyaimiem, Yrnusepauitien y Beozpady, Citiydeniticku iuip? 16, Beozpad, *Momoiipuspednu
¢hakyaitieiti, YHusep3uitieiti y beozpaody, Hemaruna 6, 3emyH u 41/1Hcmm?¢yu7 3a iipoyuasarse
aexosuitio? ouma [p Jocug Ianuuh, Taoeywa Kowhywika I, Beozpao

U3 cemena Geste pubusie (Ribes rubrum, cv. Gena mammnamcka) U30J0BaH je HOBH CECKBUTEP-
nercku riykosun (1), 3ajenno ca aBa mosHata jeaumermna: 3 -O-F-D-TIyKONNPaHO3UIOM IUXHI-
podazenncke kucemude (2) u 3-xapbokcumermwtuamon-1-N-3D-ruykomupanosugom (3). Ha
ocHoBy aerabHux NMR u MS cryauja, crpykTypa HOBOT jenumbera je oapehena kao 3'-O-fFren-
LOOMO3U L IUXUAPO(ha3EHHCKE KUCETUHE.

(Ilpumsbeno 17. jyna 2011)
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a GC-MSanalysis
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Abstract: The steroid content of Conium maculatum L. (poison hemlock), Apiaceae,
a well-known weed plant species, was studied herein for the first time. This was
achieved by detailed GC-MS analyses of twenty two samples (dichloromethane
extracts of different plant organs of C. maculatum at three or four different stages of
phenological development, collected from three locations). In total, twenty four
different steroids were identified. Six steroids had an ergostane nucleus while the
other ones possessed a stigmastane carbon framework. The identity of these
compounds was determined by spectral means (MS fragmentation), GC co-injec-
tions with authentic standards and chemical transformation (silylation). Steroid
compounds were noted to be the main chemical constituents of root extracts (up to
70 %) of this plant species in the last phase of development. The predominant ones
were stigmasta-5,22-dien-34-0l (stigmasterol) and stigmast-5-en-34-0l (#-sitoste-
rol). In an attempt to classify the samples, principal component analysis (PCA) and
agglomerative hierarchical clustering (AHC) were performed using steroid percen-
tages as variables.

Keywords: Conium maculatum L.; Apiaceae; GC-MS analyses,; steroids; stigma-
sterol; f-sitosterol.

INTRODUCTION

Poison hemlock, Conium maculatum L. (Apiaceage), is an herbaceous weed
of European origin found throughout many parts of the world. Every part of this
plant, especially the fresh leaves and fruits, contains a volatile, oily alkaloid,
which is so poisonous that a few drops prove fatal to small animals.l As a medi-
cine, hemlock is a sedative and antispasmodic, and in sufficient doses acts as a
paralyser to the centers of motion. Greek and Arabian physicians were in the
practice of using it to cure indolent tumors, relieve swellings and pains of the

* Corresponding author. E-mail: nikoradulovic@yahoo.com
# Serbian Chemical Society member.
doi: 10.2298/JSC110206128R
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joints, as well as for affections of the skin.l Recently, the chemical composition
of the leaf and flower essential oils of C. maculatum from Serbia as well as the
essential oil of Iranian hemlock were published.2-3 Birkett reported only the ma-
jor volatile antifeedant constituents from C. maculatum.# There was a great deal
of work performed on the biologically active compounds, such as alkaloids, fla-
vonoids, coumarins, polyacetylenes, vitamins and non-volatile oils, of C. macula-
tumL>6 but there have been no reports on the steroid content of this plant spe-
cies. During a routine GC-MS screening of Apiaceae taxa from Serbia, steroid
compounds were found to be present in high percentages in the dichloromethane
extracts of C. maculatum. Hence, it was decided to study the steroid profile of
hemlock in more detail: 1) to identify the major and minor steroid constituents, 2)
to ascertain the sequestration of these compounds (i.e., to determine their plant
part distribution pattern) and 3) to track changes in this profile during different
phenophases.

EXPERIMENTAL
Plant material

Plant material (roots, preanthesis aerial parts and in full anthesis, and umbels with ripe
schizocarps) was collected from three different locations (Crveni krst, Ledena stena and Pa-
lilula) in the city NiS (SE Serbia), from March to August 2009 (three or four collections per
location). In total 22 samples were subjected to analyses. The plants were identified by Niko
Radulovi¢ and voucher specimens (numbers from 200905 to 200916) were deposited at the
Herbarium of the Faculty of Science and Mathematics, Nis.

Extraction of steroids

The mentioned above fresh plant samples were macerated with an appropriate volume of
freshly distilled dichloromethane (50 ml per 10 g of plant material) at room temperature in the
dark for one month. The obtained extracts were gravity filtered through small columns packed
with 1 g of Celite® (Merck, Germany) in order to remove all insoluble material.

The extracts were dried over anhydrous magnesium sulfate (Aldrich, USA). The solvent
was evaporated under a gentle stream of nitrogen at room temperature, in order to exclude any
loss of extract volatiles, and analyzed immediately upon isolation. In order to determine the
extract yields, the solvent was removed completely by exposing the residues obtained after
removal of the bulk of the CH,Cl, under a stream of nitrogen to vacuum at room temperature
for a short period to eliminate the solvent completely. The pure extracts were then measured
on an analytical balance and multiple gravimetric measurements were taken during 24 h to
ensure that all of the solvent had evaporated.

Silylation of the extracts

Typical procedure:” trimethylchlorosilane (trimethylsilyl chloride, TMSCI, 0.2 mmol)
was added with stirring to a mixture of the dry extract (ca. 250 mg), dry triethylamine (0.3
mmol) and dimethyl sulfoxide (0.02 mmol) in dry diethyl ether (10 ml). Temperature of the
mixture was kept at 10 °C by occasiona cooling. After one hour, the reaction mixture was
poured into ice-water (10 ml). After washing the ethereal solution with water, the extract was
dried over MgSO, and evaporated in vacuo. The obtained residue was completely dissolved in
dry diethyl ether (final concentration 10 mg mi-1) and subjected to GC-MS analysis as des-
cribed below.
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Gas chromatography—mass spectrometry (GC-MS) and gas chromatography (GC)

The GC-MS analyses (three repetitions of each sample) were performed using a Hew-
lett-Packard 6890N gas chromatograph equipped with a fused silica capillary column DB-5MS
(5 % phenylmethylsiloxane, 30 mx0.25 mm, film thickness 0.25 um, Agilent Technologies,
USA) and coupled with a 5975B mass sel ective detector from the same company. The injector
and interface were operated at 250 and 320 °C, respectively. The oven temperature was raised
from 70 to 315 °C at a heating rate of 5 °C min’l and then held isothermally for 10 min.
Helium at a flow rate of 1.0 ml min? was used as the carrier gas. The samples, 1 ul of the
solutions prepared as mentioned above, were injected in a pulsed split mode (the flow was 1.5
ml min® for the first 0.5 min and then set to 1.0 ml min'! throughout the remainder of the
analysis; split ratio 40:1). The MS conditions were as follows: ionization voltage 70 eV,
acquisition mass range 35-500 and scan time 0.32 s. The extract constituents were identified
by comparison of their linear retention indices (relative to C,—Cs; akanes on the DB-5MS
column)® with literature values®1! and their mass spectra with those of authentic standards
(ergost-5-en-34-0l, stigmasta-5,22-dien-34-0l, stigmast-5-en-34-ol, purchased from Sigma-
Aldrich, USA), as well as those from the Wiley 6, NIST02, MassFinder 2.3 and a self-made
MS library with the spectra corresponding to pure substances and literature data. 1214 GC (FID)
analysis was performed under the same experimental conditions using the same column as
described for the GC-MS. The percentage composition of the extracts was computed from the
GC peak areas without any corrections.

Data analysis

Principal component analysis (PCA) and agglomerative hierarchical clustering (AHC)
were performed using the Excel program plug-in XLSTAT version 2009.4.05. Both methods
were applied utilizing the original variables (GC (FID) percentages of the identified extract
congtituents). The AHC was determined using the Pearson dissimilarity (as aggregation cri-
terion: simple linkage, unweighted pair-group average and complete linkage) and Euclidean
distance (aggregation criterion: weighted pair-group average, unweighted pair-group average
and the Ward method). The definition of the groups was based on Pearson correlation, using
complete linkage and the unweighted pair-group average method.

RESULTS AND DISCUSSION

The chemical composition of CH2Cl, extracts (yields ranged from 0.05 to
2.70 % (w/w) based on fresh plant material weight) of different plant organs of
C. maculatum was investigated (by GC-MYS) at different stages of phenological
development, from three locations (22 samples in total). The total ion chromato-
grams of the CH>Cl» extracts were primarily screened for the presence of ste-
roids (mass spectral comparison with Wiley and NIST data bases). The extracts
were additionally submitted to a derivatization procedure (trimethylsilyl chloride)
to verify the identification of steroid alcohols through the shift in their RI values.
Moreover, the trimethylsilyl ethers yielded informative mass spectra, and, in cer-
tain instances, they afforded highly characteristic modes of fragmentation from
which structural details were inferred. The identity of the compounds was corro-
borated whenever possible by GC co-injections of authentic samples. Thus, the
identities of the steroids were established by at |east three (at best four) indepen-
dent means.
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1474 RADULOVIC and PORPEVIC

In three cases, the identification was performed in a less straightforward way
and these will be given in more detail. Root samples, after anthesis, contained
four different 3,6-diones. Two of them closely eluting were identified as; stig-
masta-4,22-diene-3,6-dione (1) and stigmast-4-ene-3,6-dione (2). Compound 2
possessing an M* at m/z 426 in its MS was identified by mass spectral compa-
rison using in-house MS libraries and with literature data.12 However compound
1, having avery similar MS fragmentation pattern and an additional unsaturation,
as inferred from its M* (m/z 424), gave no match in the library search. The dif-
ference in the amu values of the fragments between compounds 1 and 2 was lost
when the m/z value dropped below the intense m/z 285 fragment ion that in com-
pound 2 corresponds to a cation formed by the cleavage of the C-17 side-chain
(SC). This suggested that the additional double bond (unsaturation) is situated in
the side chain of the stigmast-4-ene-3,6-dione framework and that compounds 1
and 2 have identical nuclel (M*—SC, m/z 285). The main M S fragmentation path-
ways for compounds 1 and 2 are shown in Fig. 1. The position between C-22 and
23 of the unsaturation was initially deduced from the ion (M—112)*.13 |ts posi-
tion was further ascertained according to two additional facts: 1) the retention
properties of closely related 5o-stigmasta-3,6-dione and 5a-stigmast-22-ene-3,6-
-dione (the other two 3,6-diones in the root extracts, identified by MS compari-
son with literature data)13 show the same RI increment as the one for 2 and 1; 2)
the difference in the MS caused by the introduction of the double bond within the
mentioned analogous pair is the same as the one observed in the case of com-
pounds 1 and 2.

m/z 31 \\|/'|
SN 7 m/z 43 T
e z N
m'z 137 \m/z 381
\\
N m/z 139
| W
\ \\
o) o) .
\ \\
O H\ m/z287 O H\ m/z289
1 2

Fig. 1. The main M S fragmentation pathways for stigmasta-4,22-diene-3,6-dione (1)
and stigmast-4-ene-3,6-dione (2).

A similar discussion stands for the identification of 5¢-stigmast-22-en-34-0l
(3), detected in 1l (4r) (1.5 %) and 111 (4s) (0.8 %). 5o-Ergost-22-en-3/-0l pos-
sesses an analogous and amost identical MS (NISTQ7) to that of compound 3
differing in the mass increment of 14 amu and this difference is readily obser-
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STEROIDS FROM POISON HEMLOCK 1475

vable in the parent ion at myz 414 of the homologous 3. Stigmasta-4,6-dien-3-one
was identified in the same way, by comparing its mass spectrum with that of
cholesta-4,6-dien-3-one. The molecular ion of cholesta-4,6-dien-3-one was at m/z
382 while the molecular ion for the “unknown” compound was at m/z 410. Sub-
traction of these molecular ions gives a difference of 28 amu, suggesting that
they are members of a homologous series, two methylene units apart.

Silylation provided additional evidence for the proposed structures of other
identified compounds (Table I). A non-allylic 3-hydroxy-AS-steroid structure of
three detected steroids (ergost-5-en-3/-ol, stigmasta-5,22-dien-34-ol, stigmast-5-
-en-34-0l, Table 1) was readily confirmed by their conversion to ethers (sample |1
(4r) was subjected to TM SCI/Et3N due to the high content of sterols and the pre-
sence of alarge number of different components of interest). The trimethylsilyl
ether strongly promoted the fragmentations to yield characteristic complementary
pair of ions at m/z 129 and [M—129]*.1° This allowed the discernment of AS-ste-
roids from other unsaturated 3-ol steroids. Additionally, the silylation permitted
the positioning of the double bonds through the retro-Diels-Alder reaction on
ring B (together with the corresponding loss of H,O or TMSOH), which gives
m/z 95 (in both, the free alcohol and TMS ether) for 5¢~stigmast-7-en-34-ol and
m/z 119 for A>-steroids. In genera all steroids and their TMS derivatives had the
following feature: a prominent ion at m/z 255 that is ascribed to a fragment de-
rived by loss of molecules of water plus the side-chain in the alcohols or the side-
-chain plus HOSiIMes in the ethers.16

TABLE I. Identified steroids of dichloromethane extracts of C. maculatum; Rl — retention in-
dices on a DB-5 column relative to C4;—Cs7 n-alkanes;® the experimental values were in good
agreement with the literature ones;>11 TMS — sterols converted to trimethylsilyl ethers

R RI(Lit) mz

Steroids Designation Rl RI (Lit.) (TMS) (TMS) (M)
Ergosta-5,7,9(11),22-tetraen-33-0l El 3150 - - 31619 3%
Ergosta-5,8,22-trien-3-0l E2 3158 3113+5" - 396
Ergosta-5,7,22-trien-3-0l E3 3187 3152+6° - 323242 396
5¢-Ergosta-7,22-dien-34-0l E4 3202 - - - 398
Ergost-5-en-34-ol* E5 3211 - 3231  3249" 400
Stigmasta-5,22-dien-34-0l* S1 3244 3248°° 3262 3274°" 412
5o Stigmast-22-en-34-ol S2 3253 - - - 114
5q-Stigmasta-7,22-dien-3-0l S3 3295 3295° - - 412
Stigmast-5-en-34-0l* S4 3311 3290+10" 3329 3342+4° 414
5a-Stigmastan-3/4-ol* S5 3325 3317° 3343 3349° 416
Ergost-4-en-3-one E6 3354 - - - 398
5¢-Stigmastan-3-one S6 3370 - - - 414
5q-Stigmast-7-en-33-0l* s7 3382 - 3401  3404° 414
5o-Stigmasta-7,22-dien-3-one 8 3393 - - - 410
Stigmasta-4,22-dien-3-one’ 39 3399 - - - 410
5¢-Stigmasta-7,16-dien-34-0l* S10 3401 - - - 412
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1476 RADULOVIC and PORPEVIC

TABLE I. Continued

Rl RI(Lit)

Steroids Designation Rl  RI (Lit.) (TMS)  (TMS) m'z(M™)
5¢-Stigmast-7-en-3-one S11 3420 - - - 412
Stigmast-4-en-3-one S12 3458 3435#4° - - 412
Stigmasta-4,6-dien-3-one’ S13 3518 - - - 410
Stigmasta-4,22-diene-3,6-dione S14 3538 - - - 424
Stigmast-4-ene-3,6-dione’ S15 3541 - — - 426
5a-Stigmasta-22-ene-3,6-dione’ S16 3598 - - - 426
5a-Stigmastane-3,6-dione’ S17 3601 - - - 428
3/-Hydroxystigmast-5-en-7-one’ S18 3609 - - - 428

BEIMS, 70 eV, miz (rel. int. %): S10 — 314 (20), 271 (100), 131 (35), 121 (28), 107 (75), 95 (50), 91 (47), 55
(46); S7 — 414 (100), 255 (95), 107 (52), 105 (45), 95 (33), 91 (37), 55 (48), 43 (69); TMS ether of S7 — 486
(32), 471 (18), 381 (10), 255 (60), 229 (18), 213 (14), 147 (10); S13 — 410 (84), 174 (45), 161 (48), 160 (57),
136 (100), 95 (49), 57 (50), 43 (76); S18 — 428 (100), 395 (29), 287 (37), 205 (14), 187 (35), 161 (36), 135 (34),
43 (52); mass spectra of S9, S15, S16 and S17 were identical to those reported previously;lz'13 mass spectra of
trimethylsilyl ether derivatives of S5, $4, S1 and E5 were identical to those reported in a previous audy14

The steroids (Table 1) accounted for 5.3-68.3 % of the total extracts (area
percentage of the GC chromatograms, Tables Il and [11). In total, twenty four dif-
ferent steroids were identified in the investigated samples (Tables I-I11; out of
22, only one sample did not contain any detectable amount of steroid compounds,
I (1a)). The structures of the identified steroids are presented in Fig. 2.

Steroid compounds were noted to be the main chemica constituents of the
root extracts (Table I1) of this plant speciesin the late summer when the plant was
amost dry (the highest amount of sterols per gram of fresh plant material was
61.0-68.3 %). Only six steroids had an ergostane nucleus (Table I) while the
other ones possessed a stigmastane carbon framework. The predominant were stig-
masta-5,22-dien-34-ol (stigmasterol, 14.4-15.5%) and stigmast-5-en-34-ol (4si-
tosterol, 12.5-18.9 %), the former one is the most common phytosterol in terres-
trial plants. The two sterols were most abundant in the last phase of development
and were present in al investigated samples of C. maculatum. Together with £
sitosterol and stigmasterol, other minor identified steroids possessed a C-3-
-oxygenation pattern. The occurrence of C-3-oxygenated steroids was previously
reported in higher plants from very diverse plant families. The following C. ma-
culatum steroids can serve as examples: 5o-stigmast-22-en-34-ol (Kirganelia
reticulate — Euphorbiaceae, Allamanda cathartica — Apocynaceae), 1’18 5o-tig-
masta-7,16-dien-34-0l (found only in Clinopodium vulgare — Lamiaceae),1® 5a-
-stigmasta: 7,22-dien-3-one (Gustavia augusta — L ecythidaceae, Clinopodium umb-
rosum — Lamiaceae), 2021 5g-stigmasta-7,22-dien-34-0l (Camellia japonica —
Theaceae, Bupleurum aureum — Apiaceae)2223 and Sa-stigmast-7-en-3/-ol (Cu-
curbita pepo — Cucurbitaceae, Tricholepis glaberrima — Asteraceag).2425 Stig-
mast-4-ene-3,6-dione was often found to be present with other 4-en-3-ones or 3,6-
-diones (5o+stigmastane-3,6-dione, stigmast-4-en-3-one, stigmasta-4,22-dien-3-one
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Steroid structure Designation A R
El 5,7,9(11),22 H
E2 5,8,22 H
E3 5,722 H
E4 7,22 H
ES 5 H
S1 5,22 CH3
S2 22 CH;3
S3 7,22 CHs
S4 5 CHs
S5 / CH;
S7 7 CHs
S10 7,16 CH3
S18* 5 CH3
E6 4 H
S6 / CHs
S8 7,22 CH;
S9 422 CHs
S11 7 CH;
Si2 B CH;
S13 4,6 CH;
S14 422 CH3
S15 ) CH3
S16 22 CH;
S17 / CH3

Fig. 2. Structures of the identified steroids from C. maculatum (* steroid S18 (34-hydroxy-
stigmast-5-en-7-one) has an additional carbonyl group at C-7).

or/and stigmasta-4,22-diene-3,6-dione), for example in Aristolochia triangularis,
Aristolochia tubiflora (Aristolochiaceae), Polygonum chinensis (Polygonaceae)
and Ptychopetalum olacoides (Olacaceae).26-29 These are interesting due to the
noted anti-inflammatory and anti-allergic properties for these sterols (from P.
chinensis).28 Stigmasta-4,22-diene-3,6-dione, an alelochemical substance, found
aso in Pistia stratiotes (Araceae) was established to inhibit the growth of some
microalgae.30 Previously, So-stigmast-7-en-3-one was reported only from three
plant species: Gypsophila trichotoma (Caryophyllaceag),31 Centratherum anthel -
minticum (Asteraceae)32 and Coccinia indica (Cucurbitaceae),33 while stigmasta-
-4,6-dien-3-one was only found to occur naturally in Senecio crassiflorus (Aste-
raceae)34 and Prosopis alpataco (Fabaceae).35 Severa of the steroids listed in
Table | are quite rare plant constituents. Stigmast-22-ene-3,6-dione, detected only
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1480 RADULOVIC and PORPEVIC

in the last stages of development from al three locations, was previously re-
ported only for the stem extracts of Phoenix dactylifera (Arecaceag).36 34Hyd-
roxystigmast-5-en-7-one was detected only in the sample | (4r). Previoudly, it
was reported in Oryza sativa (Poaceag).37

In order to try to classify the samples, principal component analysis (PCA)
and agglomerative hierarchical clustering (AHC) were performed with the GC
(FID) percentages of the steroid compounds as variables. The dendrogram ob-
tained as the result of AHC is depicted in Figs. 3 and 4. The AHC analysis per-
formed using the identified extract constituents indicated five groups (classes) of
extracts under study.

1200

1000

800

600

Dissimilarity

200

B e e e e e T e e e

Fig. 3. Dendrogram (AHC analysis) obtained using the percentage of the identified steroid
constituents (root and aerial parts extracts) as the original variables obtained by Euclidean
distance dissimilarity (dissimilarity within the interval [0,1200]), using
the aggregation criterion —the Ward method.

Generally, all samples were statistically very similar (visible from the low
dissimilarity values). AHC analysis grouped the root extracts of C. maculatum
(the last stage of phenological development) from locations | and I11 together in
the dendrogram. They were also closely related to the sample 4r from location |1
but it formed a separate class. The presence of humerous minor steroids was a
mutual feature of samples|, I11 and 11 (4r), but they differed in the content of stig-
masta-7,22-dien-3-one and stigmasta-4,22-dien-3-one (Table 11). The samples ||
(ar), 11 (28) and 111 (2r) were placed within the same class due to the fact that
they contained only two sterols (stigmasterol and fsitosterol) in lower relative
amount (0.7-1.8 %) compared to the rest of the samples. Assuming that the in-
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STEROIDS FROM POISON HEMLOCK 1481

tensity of steroid biosynthesis follows the phenological development, the plants
from location 111 seem to have matured slower than those from location 1. Since
al of the plants eventually reached the same level of steroid production in the last
phase, this could be attributed to a whole array of environmental factors (tempe-
rature, illumination period variations, etc. for the different locations).

45

Dissimilarity

Fig. 4. Enlargement of a part (dissimilarity interval [0,45]) of Fig. 3..

The PCA analysis utilizing the original variables (relative content of the
identified compounds) revealed a number of strong dependences between the ex-
tract constituents. High coefficients were noted between certain steroids and their
dehydro derivatives. ergosta-5,7,9(11),22-tetraen-34-0l and ergosta-5,7,22-trien-
-34-0l (0.901); stigmasta-5,22-dien-34-0l and stigmast-5-en-34-ol (0.958); 5o~
-stigmastan-3-one and stigmast-4-en-3-one (0.983); stigmast-4-en-3-one and stig-
masta-4,6-dien-3-one (0.979); 5a-stigmast-22-en-3,6-dione and 5a-stigmastane-
-3,6-dione (0.998); stigmasta-4,22-diene-3,6-dione and stigmast-4-ene-3,6-dione
(0.998), possibly because the biosynthesis of these steroids is mutually interde-
pendent (i.e., substrates of the same dehydrogenase).
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1482 RADULOVIC and PORPEVIC

CONCLUSIONS

Steroid compounds were noted to be the main chemica constituents of the
root extracts (up to 70 %) of C. maculatum in the last stage of phenological de-
velopment. The predominant were stigmasta-5,22-dien-3/4-ol (stigmasterol) and
stigmast-5-en-34-0l (Ssitosterol). The identified steroid compounds (and their
possible biological/pharmacological properties) contribute to knowledge on C.
maculatum and add interest to this plant species. These results demonstrate the
pronounced variability of the steroid constituents found in C. maculatum and
stresses the importance of investigations dealing with the chemistry of separate
plant organs and different plant harvesting periods and locations.

Acknowledgments. The financial support of this work by the Ministry of Education and
Science of the Republic of Serbiais gratefully acknowledged (Project No. 172061).

NU3BO A
CTEPOUIN N3 KYKVTE (Conium maculatumL.): GC-MS AHAJIN3A

HUKO C. PAIYJIOBWHh u HEBEHKA /1. BOPBEBUR

Heiiapitiman 3a xemuwjy, IIpupoono—maitiemaiuiuyxu axyaitieit, YHusepauitiei y Huuy,
Buwezpaocka 33, 18000 Huwt

V 0BOM pay Cy M3HETH pe3yJTaTH UCIHTHBama creponsa OmpHe Bpecre Conium maculatum
L. (kykyra), u3 mopoauie Apiaceae, 100po Mmo3HaTe OTPOBHE KOPOBCKe OHIbKe. YpaleHe cy me-
tasbHe GC-MS aHanu3ze aBajeceT W JBa y30pKa (AMXJIOPMETAHCKH CKCTPAKTH OWJBHHX OpraHa
Bpcre C. maculatum; matepujai je cakyIlubaH ca TPH JIOKAlluje, Y TOKY TpU Win yeTupy herodase).
JlBajieceT U YeTHPHU CTEPOHIa Cy MICHTU(UKOBAHA, O] KOJUX IIECT UMa EProCTAHCKO je3rpo, 0K
OCTaJIK MOCEeMTyjy CTUTMACTaHCKU cKeleT. VnenTndukanmja oBUX jeqUbEbha je BPIICHA HA OCHOBY
muxoBe MS ¢parmenranmje, ka0 1 GC KOMHjEKINjOM YUCTUX jEAWICHAa U XEMHjCKOM TpaHC-
¢bopmarmjom (cummunoBarmeM). YOUEHO je Jia Cy CTePOH/IN TIIABHH CAaCTOjIM eKCTpakaTa KopeHa (J1o
70 %) ose GuibHE BpcTe y mocieamoj (asu penonomkor passuha. Hajzacryrsbenuju cy Ouin
crurmacta-5,22-nuen-34-0n (cturmacrepon) u crurmact-5-en-34-on (f-curocrepon). Jla Gucmo
MOKYIIaJIK Jia KiacuduKyjemMo Hamle y30pKe, ypaleHa je craructidka odpaa ToOHjeHHX pe3yiraTa
kopumhemem Metone ananuse riaBae kommnoHenTe (PCA) u ariomepaTiHBHE XHjepapXHjcKe Kiac-
tep ananmse (AHC), ca penatuBHEM cagpxajeM CTepouia Kao Baprjabiaama.

(IlpumibeHo 6. Gpebdpyapa, pesuaupano 16. mapra 2011)
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Abstract: Various solvent extracts of Phymatopteris hastata, a traditional Chinese
medicinal material, were screened for their antioxidant activities. Four systems of in
vitro testing were employed to investigate the antiradical and antioxidant effect, i.e.,
the 2,2-diphenyl-1-picryhydrazyl (DPPH) and 2,2 -azinobis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS) systems, the hydroxyl radical scavenging assay and
the reducing power. In addition, butylated hydroxytoluene (BHT), a widely used
synthetic antioxidant, was al so studied for comparison. The results revealed that the
ethyl acetate extract exhibited outstanding antioxidant activities, which was close or
even superior to BHT. Furthermore, the total phenolic (TP) and total flavonoid (TF)
contents of different extracts were measured, expressed as gallic acid and rutin
equivalent, respectively. The antioxidant activities and the TP/TF content of dif-
ferent extracts followed the same order: ethyl acetate extract > butyl alcohol extract >
> petroleum ether extract, showing a good correlation between the antioxidant
activities and the TP/TF content. The results showed that these extracts, especially
the ethyl acetate extract, were rich in phenolics and flavonoids and could be
considered as natural antioxidants.

Keywords: total phenolic content; total flavonoid content; DPPH; ABTS; hydroxyl
radical; reducing power; Phymatopteris hastata.

INTRODUCTION

Antioxidants are substances that delay the oxidation process, inhibiting free
radical initiated chain polymerization and other subsequent oxidizing reactions,!
and are widely used in the food, cosmetic and pharmaceutical industries.?
Antioxidants play an important role in biological systems because they defend
against oxidative damage and participate in the mgor signaling pathways of
cells.3 Of particular importance, they can prevent damage in cells caused by the
action of reactive oxygen species.4-5
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Reactive oxygen species (ROS), the major free radicals generated in normal
metabolic processes, exist in the form of hydrogen peroxide (H20o), the super-
oxide anion (O*"), the hydroxyl radical (*OH), etc.” There is a balance between
ROS generation and elimination by endogenous superoxide dismutase, gluta-
thione peroxidase and catalase. However, over-production of ROS, induced by
exposure to external oxidant substances or a failure in the defense mechanisms,
will cause a variety of biochemical and physiological lesions and often result in
metabolic impairment and cell death.8 Moreover, impairment to cell structures,
DNA, lipids and proteins induced by ROS are associated with more than 30 dif-
ferent disease processes,® including highly disabling vascular pathologies such as
cardiovascular disease (CVD)10.11 and cardiac failure, alcohol-induced liver di-
sease (ALD) and ulcerative colitis, cancer, and neurodegenerative conditions such
as Alzheimer’s disease (AD), mild cognitive impairment (MCI) and Parkinson’s
disease (PD).12

Fortunately, the action of active oxygen and free radicals is opposed by a
balanced system of antioxidant defenses, hence the presence of antioxidants is
essential for human health.” The most commonly used synthetic antioxidants,
such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and
propyl gallate (PG) were restricted due to their instability and possible carcino-
genicity.13-15 Hence, there is growing attention for the search for natural antioxi-
dants, which avoid the side effects and can be used to reduce cellular oxidative
lesion in foods and even the human body.16-20 Plants, including herbs and spi-
ces, have been considered as potential sources for natural antioxidants,21.22 be-
cause they are rich in phenolic components?3.24 that have antimutagenic, anticar-
cinogenic, anti-inflammation, and antioxidant activities.25.26

Phymatopteris hastata (Thunberg) Pichi Sermolli Webbia, which is wide-
spread in south China, is one of the most important traditional medicines be-
longing to the Polypodiaceae family. It is used as a remedy for a wide range of
diseases, for instance, diarrhea, cough, bronchitis, headache, influenza, fever and
urinary tract infection. Moreover, it is especialy useful in conditions such as
carbuncle, furunculosis and viper bites. However, there is no reported informa-
tion on the antioxidant activity of P. hastata. Thus, in the present study, the an-
tioxidant activities of various solvent extracts from P. hastata were investigated
by employing four in vitro test systems. 2,2-diphenyl-1-picryhydrazyl (DPPH)
and 2,2’ -azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), hydroxyl
radical scavenging assay and reducing power. Furthermore, the total phenolic
(TP) and total flavonoid (TF) contents of different extracts were measured to ex-
pose the relationship between the TP/TF content and antioxidant activity.
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EXPERIMENTAL
Sample and reagents

P. hastata whole plant was collected during the summer of 2009 in the Guangxi Pro-
vince, China. A voucher specimen was identified by Dr. Songji Wei at the Department of
Zhuang Pharmacy, Guangxi Traditional Chinese Medical University. 2,2’ -Azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and butylated hydroxytoluene (BHT) were pur-
chased from Sigma Aldrich Co., St. Louis, MO, USA; 2,2-diphenyl-1-picryhydrazyl (DPPH)
(purity 98 %) was purchased from Wako Chemicals, Japan; rutin and gallic acid standards
were purchased from J & K Scientific Ltd., Beijing, China. Other chemicals were purchased
from the China National Medicine Group Shanghai Corporation, Shanghai, China. All chemi-
cals and solvents used were of analytical grade.

Preparation of the petroleum ether, ethyl acetate and butyl alcohol extracts

The material was initialy air-dried and then reduced to small particles. The particles that
passed through a 40-mesh screen were selected for analyses. Fifty grams of air-dried plant
material was immersed in 500 mL of ethanol (95 %) and constantly stirred. After 48 h, the
filtrate was collected. The extraction was repeated two times more. The combined extracts
were then concentrated under reduced pressure at 40 °C using a vacuum rotary evaporator.
The above ethanol extract was partitioned with petroleum ether, ethyl acetate and butyl
acohol, and the obtained petroleum ether fractions (PE), ethyl acetate fractions (EE) and butyl
alcohol fractions (BE) were collected and concentrated using a vacuum rotary evaporator at
40 °C. The preparation of the petroleum ether, ethyl acetate and butyl alcohol extracts was
performed in triplicate.

Determination of the TP and TF contents by spectrophotometric procedures

Determination of the TP content. The total content of soluble phenolics (TP) was deter-
mined using the Folin-Ciocalteu reagent according to the method of Slinkard and Singleton,2’
with gallic acid as the equivalent. Briefly, the extract solution (0.5 mL, 1 mg mL1) was
diluted with distilled water (46 mL) in avolumetric flask. Folin—Ciocalteu reagent (1 mL) was
added and mixed thoroughly. After 3 min, sodium carbonate solution (3 mL, 2 %) was added,
and then the mixture was allowed to stand for 2 h with intermittent shaking. The absorbance
was measured at 760 nm. The total phenolic content was determined by comparison with a
standard calibration curve for gallic acid, and the results are presented as milligrams of gallic
acid equivalent per 1 g (dry weight) of extract (mg GAE g1 dw). All tests were conducted in
triplicate.

Determination of the TF content. The total flavonoid (TF) content was determined fol-
lowing the procedure of Dewanto et al.28 with rutin as the equivalent. The extract solution (3
mL, 0.8 mg mL-1) was placed in a 10-mL volumetric flask and then 5 mL of distilled water
was added followed by NaNO, solution (0.3 mL, 5 %). After 5 min, AlICl; solution (0.6 mL,
10 %) was added. After another 5 min, NaOH solution (2 mL, 1 M) was added and volume
was made up to the mark with 95 % ethanol. The solution was mixed thoroughly and the ab-
sorbance measured at 510 nm. The total flavonoid content was expressed as milligrams of
rutin equivalent per 1 g (dry weight) of extract (mg RE g1 dw). All tests were performed in
triplicate.

Determination of the TP and TF content by HPLC analysis

Preparation of standard and sample solutions. The phenolics and flavonoid compounds
in stems extracts of P. hastata were determined by HPLC, using a Waters 600 diode array
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detector (DAD) system equipped with a dudistic pump. The analyses were performed on a
Diamonsil Cyg column (4.6 mmx250 mm, 2.5 um). Standard stock solutions of gallic acid and
rutin were prepared in 95 % EtOH, at concentration of 0.5 mg mL1. All sample solutions of
PE, EAE and BE (1 mg mLY) were filtered through a 0.45 um membrane filter (F type,
Millipore), and injected directly.

HPLC analysis of the phenolic compounds. The mobile phase consisted of solvent A (0.3
% acetic acid) and solvent B (acetonitrile). The gradient program was as follow: (-5 min, 20
% B; 5-10 min, 90 % B; 10-15 min, 10 % B; 15-25 min, 20 % B); the flow rate was 1 mL
minL; the volume injected 20 uL; the temperature 25 °C; UV detection wavelength 280 nm.
All experimental data are expressed as mean £3D values (n = 3).

HPLC analysis of the flavonoid compounds. The mobile phase consisted of the solvents
of MeOH-water—acetic acid (40:57.5:2.5) at aflow rate of 1.0 mL minL. The column tempe-
rature was set at 25 °C. The injection volume was 20 pL. The UV detection wavelength was
254 nm. All experimental data are expressed as means £SD values (n = 3).

DPPH radical scavenging assay

The scavenging effect of the different fractions on the DPPH radical was measured using
a modified version of the method described by Shimada et al.?° In brief, the extract solution
(20 pL) in 95 % ethanol at different concentrations (0.2, 0.5, 0.8 and 1.2 mg mL 1) was added
to 8 mL of a0.004 % (w/v) solution of DPPH in 95 % ethanol. The scavenging activities on
DPPH radical were determined by measuring the absorbance at 515 nm every 10 min until the
reaction reached the steady state. The DPPH radical scavenging activity (S%) was calculated
using the following formula: %6 = ((Acontro—Asample)/Acontrol) X100, Where Acgpyq is the absor-
bance of the blank (containing all reagents except the extract solution) and Agmyie is the
absorbance of the test sample. The DPPH radical scavenging activity of BHT was aso as-
sayed for comparison. All tests were performed in triplicate.

ABTSradical scavenging assay

The antioxidant activities of various solvent extracts in the reaction with the stable
ABTS" radical cation were determined according to the method of Delgado-Andrade et al.%0
Briefly, ABTS' was produced by reacting 7 mM ABTS stock solution with 2.45 mM potas-
sium persulfate and the mixture was left to stand in the dark at room temperature for 12-16 h
before use. The ABTS* solution (stable for 2 days) was diluted with 5 mM phosphate-buf-
fered saline (pH 7.4) to an absorbance at 730 nm of 0.70+0.02. After addition of 10 uL of
sample to 4 mL of diluted ABTS" solution, the absorbance was read after 30 min. As a posi-
tive control, the synthetic antioxidant BHT was used. All the samples were analyzed in tri-
plicate. The ABTS* radical-scavenging activity of the samples was expressed as S% =
= ((Acontro—Asample) Acontrol) X100, where Acqnyr) is the absorbance of the blank control (ABTS*
solution without test sampl€) and Asaye i the absorbance of the test sample.

Hydroxyl radical scavenging assay

The hydroxyl radical scavenging activity was performed according to a modified method
of Li et al.> The extract solution (2 mL, 0.2, 0.5, 0.8 and 1.2 mg mL"1), o-phenanthroline
solution (1.0 mL, 7.5 mmol L"1), phosphate buffer (5 mL, 0.2 M, pH 6.6), ferrous sulfate solu-
tion (1.0 mL, 7.5 mmol L-1) and H,0, (1.0 mL, 0.1 %) were mixed and diluted to 25 mL with
distilled water. After incubation at room temperature for 30 min, the absorbance was mea-
sured at 510 nm. BHT was used as a positive control. The scavenging percentage (P%) was
calculated as P% = ((A—Aq)/(A—A1))*x100, where A, A; and A, are the absorbance value of the
system with al solutions including H>O, and extract solution, the system without extract
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ANTIOXIDANT ACTIVITY OF P. hastata 1489

solution, and the system without H,O, and extract solution, respectively. All tests were per-
formed in triplicate.
Measurement of the reducing power

The reducing power of P. hastata was determined according to the method of Gulcin.4
Fractions solutions (100 uL) in 95 % ethanol (0.2, 0.5, 0.8 and 1.2 mg mL-1) were mixed with
phosphate buffer (2.5 mL, 0.2 M, pH 7.4) and potassium ferricyanide [K3Fe(CN)g] (2.5 mL, 1
%). After incubation at 50 °C for 20 min, 2.5 mL of trichloroacetic acid (10 %, w/v) was
added and the mixture centrifuged at 3000 rpm for 10 min. 2.5 mL of the upper layer of the
above solution was mixed with 2.5 mL of distilled water and 0.5 mL of ferric chloride (0.1
%), and then the absorbance was measured at 700 nm. The higher is the absorbance value, the
stronger is the reducing power. The reducing power of BHT was also assayed for comparison.
All determinations were performed in triplicate.
Satigtical analysis

All tests were conducted in triplicate. The results were expressed as means +SD. Ana-
lysis of the variance and significant differences among the means were tested by one-way
ANOVA, using SPSS (Version 13.0 for Windows, SPSS Inc., Chicago, IL). P vaues < 0.05
were regarded as significant.

RESULTS AND DISCUSSION
TP and TF contents determined by spectrophotometric procedures

The total phenolics content (TP) and the total flavonoid content (TF) of ex-
tracts were determined from regression equations for the calibration curves (y =
= 0.0796x + 0.0091, R2 = 0.9925) and (y = 0.8836x — 0.0255, RZ2 = 0.9998),
respectively. The TP and TF content of the PE, EE, and BE are listed in Table I.
The TP content, as determined by the Folin-Ciocalteu method, is reported as
galic acid equivalents, while the TF content is expressed as rutin equivaents. It
is well known that phenolic and flavonoid compounds are potential antioxidants
and free-radical scavengers; hence there should be a close correlation between
the TP/TF content and the antioxidant activity. The TP/TF content of the three
extracts wasin the following order: EE > BE > PE.

TABLE I. TP content and TF content of different extracts from P. hastata determined by
spectrophotometric procedures (results are the mean + standard deviation of three parallel
measurements)

Sample TP/ mg GAE g™ dw TF/mgRE g" dw
EE 70.2+0.28 180.6+0.40
BE 53.6x0.16 98.0+0.22
PE 49.4+0.20 51.2+0.19

TP and TF contents determined by HPLC analysis

Reverse phase-HPL C coupled with UV-Vis DAD was employed to separate,
identify and quantify the phenolic compounds in the fractions of P. hastata. The
concentrations were determined by calculating the HPLC peak areas, which are
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proportional to the amount of analyte in a peak, and are presented as the mean of
three determinations, which were highly repeatable. The standard curves for gal-
lic acid and rutin were y = 3397.9 + 10474.7x (R2 = 0.990) and y = 4.89 +
16640.2x (R2 = 0.998), respectively. The chromatogram of the reference stan-
dards gallic acid and rutin is shown in Fig. 1. These compounds were identified
in the PE, EE, and BE according to their retention times and the spectral cha-
racteristics of their peaks compared to those of the standards. As shown in Table
1, the extract with the highest TP amount was EE (83.01+0.56 mg GAE g1 dw),
followed by BE (62.92+0.52 mg GAE g1 dw) and PE (36.83+0.78 mg GAE g1
dw). The same trend was observed for the TF content. Of these three extracts, EE
contained the higher TP content (83.01+0.56 mg GAE g1 dw) and TF content
(73.11+0.61 mg RE g1 dw) than BE and PE, indicating that EE might have the
most outstanding antioxidant activity of the various solvent extracts.

875.0 2

550.0—

225.0

Absorbance, mAU

——

U 4
N
0.0 5.0 10.0 15.0
Time, min
Fig. 1. HPLC chromatogram of the reference standards; 1) gallic acid,
2) rutin and 3) and 4) unknown residues.

-100.0

TABLE Il. TP content and TF content of different extracts from P. hastata determined by
HPLC (results are the mean + standard deviation of three parallel measurements; ND — not
detected)

Sample TP/ mg GAE g™ dw TF/mgRE g~ dw
EE 83.01+0.56 73.11+0.61
BE 62.92+0.52 55.79+0.46
PE 36.83+0.78 ND

DPPH radical scavenging activity

DPPH, a stable radical with a maximum absorption at 517 nm that can read-
ily undergo scavenging by an antioxidant, has been widely employed to investi-
gate the free-radical scavenging ability of various antioxidants because of its ad-
vantages of ease, economy and sensitivity to detect active compounds at low con-
centrations.21.31, The DPPH radical scavenging activity of the three extracts is
shown in Fig. 2, compared with the synthetic antioxidant BHT. As can be seen,
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ANTIOXIDANT ACTIVITY OF P. hastata 1491

the scavenging effect of EE, BE, PE and BHT increased with increasing concen-
tration. For EE, a sharp increase of its DPPH scavenging activity (43.2-84.2 %)
was observed, as its concentration increased from 0.2 to 1.2 mg mL—L. The ICsg
values on the DPPH radical of BHT and the extracts of P. hastata are given in
Table lll. EE, PE and BE possessed significant scavenging activity on the DPPH
radical. Moreover, EE exhibited the highest DPPH scavenging effect (ICsg =
= 0.25 mg mL-1), which is superior to that of BHT (ICsg = 0.45 mg mL-1),
indicating that the EE was a prominent scavenger of the DPPH radical.

80. [1PE
L2 1BE
I EE
[ BHT
30_

DPPH scavenging activity, %

02 05 0.8 1.2
Concentration of extract, mg/mL

Fig. 2. DPPH radical scavenging activity of the various solvent extracts from P. hastata.
The results are the mean+SD of three parallel measurements.
The values are significantly different (P < 0.05).

TABLE l11. 1Cgq values of different extracts from P. hastata and BHT

Extract 1Cs / mgi mL*?

DPPH ABTS *OH
BHT 0.45 0.38 0.59
EE 0.25 0.38 0.62
BE 1.35 0.54 1.64
PE 2.09 33.70 1.66

ABTS' radical scavenging activity

This method is based on the inhibition by antioxidants of the absorbance of
the radical cation of ABTS, which has a characteristic long-wavelength absorp-
tion spectrum showing a maximum at 734 nm. The experiments, which can be
used in both organic and aqueous solvent systems, are realized using a decolori-
zation assay, which involves the generation of the ABTS" chromophore by the
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oxidation of ABTS" with potassium persulfate.12 The ABTS" scavenging capa-
cities of EE, BE, PE and BHT were measured and are compared in Fig. 3, and
their 1C5g valueson ABTS' are presented in Table l11.

100 - &
Y EE N : :
] - - N .

754 E—PE ' N
7] BHT K

50 - =

111}

[ 3%
)
1

ABTS radical scavenging activity, %

o

0.4 0.8 1.2
Concentration of extract, mg/mL
Fig. 3. ABTS' scavenging activity of the various solvent extracts from P. hastata.

The results are the mean+SD of three parallel measurements.
The values are significantly different (P < 0.05)

e
o

The ABTS' scavenging activities of all extracts and BHT increased in a con-
centration dependent manner. The |Cgg values decreased in the following order:
PE (33.70 mg mL-1) < BE (0.54 mg mL—1) < EE/BHT (0.38 mg mL-1). Of the
three extracts, EE exhibited the most effective scavenging ability, which was the
same as that of BHT, while the lowest one was found to be the PE. The order of
scavenging activities on the ABTS radical of the three extracts was similar to
those on DPPH. The differences of the ABTS" scavenging activities of EE, BE
and PE indicated that the extraction media significantly influenced the antioxi-
dant ahilities of the extracts.

Hydroxyl radical scavenging activity

Hydroxyl radicals, which could be formed from the superoxide anion and
hydrogen peroxide, are the most reactive and predominant radicals generated en-
dogenously during aerobic metabolism among the reactive oxygen species
(ROS). The Fenton reaction is the most important mechanism for hydroxyl radi-
cal formation in vitro, in which atransition metal is involved as a pro-oxidant in
the catalyzed decomposition of superoxide and hydrogen peroxide.”
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ANTIOXIDANT ACTIVITY OF P. hastata 1493

In present study, the scavenging activity on hydroxyl radicals of EE, BE and
PE was investigated (Fig. 4), using ferrous sulfate as the pro-oxidant. BHT was
used as a positive control. The ICsg values of BHT and extracts of P. hastata on
hydroxyl radicals are presented in Table Ill. The three extracts and BHT exhi-
bited strong concentration-dependent scavenging activities on the hydroxy! radi-
cal. In the extracts from P. hastata, EE was found to be the most powerful sca
venger of hydroxyl radicals, with an I1Csq value of 0.62 mg mL-1, which was
similar to that of BHT (ICsp = 0.59 mg mL—1). It is worth mentioning that EE
showed an inhibition of 10.4 % at a concentration as low as 0.2 mg mL—L. The
scavenging activities of the three extracts were in the order: EE > BE > PE.

R

>

£ 80 EE P
.'.3 E BE : ) s
> I PE = NV b
£ 60+ BHT 7 N7 N
g 7 N N
[ / A \
> 7 N
S T 7N 7 \
o / 9% N 7 N
an 40 7 / N7 \
s 7 7 N N\
S 7 7% = N
e 7 7 7 N
<, 20 ) N
3 7 7 7 :
T o 7 2 L

0.2 1.2

Concentration of extract, mg/mL

Fig. 4. Hydroxy! radical scavenging activity of the various solvent extracts from P. hastata.
The results are the mean+SD of three parallel measurements.
The values are significantly different (P < 0.05).

Reducing power

The reducing capacity of a compound, which depends on the presence of
reductants that exhibit antioxidant potential by breaking the radical chain and
donating a hydrogen atom, may serve as a significant indicator of its potentia
antioxidant activity.32 The reducing capability of the extract samples was moni-
tored by measuring the formation of Perls' Prussian blue, absorption at 700 nm,
due to the transformation of Fe3*/ferricyanide complex to Fe2*/ferrous form in
the presence of reductants in the extracts. Increased absorbance of the reaction
mixture indicates increased reducing power.33

The reducing power of various solvent extracts from P. hastata is shown in
Fig. 5. EE, BE and PE exhibited different degrees of electron donating capacities
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in a concentration-dependent manner, whereby EE was the most outstanding at
various concentrations. The reducing capacities at 700 nm for EE, BE, PE and
BHT were 0.98, 0.63, 0.52 and 1.02, respectively. Therefore, the reducing power
order was: BHT >EE > BE > PE. The absorbance of EE was similar to that of
BHT, indicating that EE possessed a comparative reducing power compared to
BHT. The trend in the reducing power of the various solvent extracts from P.
hastata was similar to those of their DPPH, ABTS, hydroxyl radical scavenging
activities and the content of TP/TF, indicating that there is a correlation between
the TP/TF content and the antioxidant activities of the various solvent extracts
from P. hastata.

1.00 | PE N
==|:i: BN
1 EE : \\
@ 0.75- [ BHT ‘ SN
- N
-g — §
— 0N\
2 0.50 S
< N
0.25- —h
:M N
=\

0.00 =

0.8 1.2

Concentration of extract, mg/mL

Fig. 5. Reducing power of the various solvent extracts from P. hastata. The results are the
mean+SD of three parallel measurements. The values are significantly different (P < 0.05).

CONCLUSIONS

In the present investigation, extracts of P. hastata exhibited outstanding sca-
venging effects on DPPH, ABTS and hydroxy! radical, and possessed a strong
reducing power. EE, which had the highest total phenaolic (TP) and total flavo-
noid (TF) contents, was shown to be the most efficient extract and was superior
to butylated hydroxytoluene. The TP/TF content of the different extracts and
their antioxidant activitiesin all the tested systems followed the same order: EE >
> BE > PE, showing there was a significant correlation between antioxidant acti-
vities and TP/TF content. The results indicated that EE, BE and PE possessed
sufficient phenolic compounds and exhibited excellent antioxidant activities. Based
on the above results, various solvent extracts of P. hastata, especially EE extract,
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were found to be excellent scavengers of free radical and possess remarkable
antioxidant ability. The results showed that these extracts could be a promising
source of natural antioxidants in the food industry and may be useful for reducing
the risks of chronic diseases and preventing diseases progression.
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M3BOJ

DOEHOJIHU CAJIP2)KAJ U AHTUOKCUJATHUBHA AKTUBHOCT BUJBKE
Phymatopteris hastata

WEI SU?, PEIYUAN LIZ LINI HUO?, CAIYING WU, NANA GUO! 1 LIANGQUAN LIU*

coall ege of Chemistry and Life Science, Guangxi Teachers Education University, Nanning u 2College of
Pharmacy, Guangxi traditional Chinese Medical University, Nanning, China

HcnuTrBaHa je aHTHOKCHIATHBHA aKTHBHOCT EKCTpPaKaTa TPaAULIHOHAIIHE JIEKOBUTE KHHECKE
owbke Phymatopteris hastata. Yernpu meroze cy kopuiihere 3a oapehuBambe aHTUPAJUKAICKOT 1
aHTHOKCHIAaTUBHOT edekra: ca 2,2-mudenn-1-mukpunxuapasugom (DPPH), ca 2,2'-a3uno6uc(3-
-eTHI0eH30THA30IIMH)-6-cyiporckoM kuceimuHoMm (ABTS), TecT 3a xBarame CIOOOIHUX XUIPOK-
CHJIHHX paJiMKaia W TecT 3a oipehuBame penykyjyhie cmocoOHoctH. Pesynratu cy mopeheHu ca
edpexruma OyrtmnoBanor xuapokcutonyeHa (BHT), cunrernukor antrokcuaanra. [Tokasano je ma
CTHJIAIETATHU EKCTPAKT UMa U3y3€THY aHTHOKCHIATUBHY aKTHBHOCT, CIMYHY min Behy Hero BHT.
Vkynuu canpxkaj penona (TP) u ¢pnaBonounna (TF) je u3MepeH u U3paKeH Kao0 CKBHBAICHT TallHE
KHCEIIMHEe, OJHOCHO PyTHHA. AHTHOKCHIATHBHA akTHBHOCT M TP/TF caipkaj pasiM4MTHX €KC-
Tpakata cy 6uin y ciaeneheM Hu3y: eTHaneTaTHy > Oy THIIAIKOXOIHH > METPOJICTAPCKH €KCTPAKT,
ykasyjyhin Ha no6py Kopenaiujy u3Mel)y aHTHOKCHIATHBHE akTHBHOCTH u canpxkaja TP/TF. Ceu
EKCTpaKTH, a TOoceOHO eTHaneTaTHH, cy Ooratu ¢heHonmuMa U GIaBOHOMANMA M MOTY CE€ CMaTpaTu
MPUPOJTHUM aHTHOKCHJIAHTHMA.

(IIpumsbeno 11. HoBemOpa 2010, pesuaupano 11. janyapa 2011)
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The synthesis, structure and photoluminescence property of a
novel 3D supramolecular compound based on mixed ligands of
8-hydroxyquinoline-5-sulfonate and ethylenediamine

YING WANG!2, CHANGFU ZHUANG™, CHUNHUA WU, JAYAN ZHANG, LI
WANG?, MINGHONG XIN2, GUANGSHAN ZHU? and JJANING XU?

1southwest Forestry University, Kunming, 650224, and 2State Key Laboratory of Inorganic
Synthesis and Preparation, Jilin University, Changchun, 130012, P. R. China

(Received 29 January, revised 29 September 2011)

Abstract: A new organic-inorganic hybrid coordination compound
ZnQS(en)-2H20 (1) in which two different organic ligands, ethylenediamine
(en) and 8-hydroxyquinoline-5-sulfonic acid (H2QS) coordinate with zinc ions,
has been synthesized via the evaporation method and characterized by single
crystal X-ray diffraction analysis, IR spectroscopy and thermogravimetric
analysis (TGA). The structure solution showed that compound 1 displays a
three-dimensional supramolecular network by synergic linkage of hydrogen
and coordinated bonds. Moreover, compound 1 exhibits intense photolumi-
nescence at 513 nm excited at 396 nm in the solid state at room temperature.

Keywords. organic-inorganic hybrid material; 8-hydroxyquinoline-5-sulfonic
acid; photoluminescence property.

INTRODUCTION

Due to the potential applications of organic—inorganic hybrid materialsin ca-
talysis, gas storage, molecular recognition, optics and magnetic fields, 110 the de-
sign and synthesis of organic—inorganic hybrid materials have been attracting tre-
mendous attention. To date, much research has focused on constructing organic—
inorganic hybrid materials by choosing versatile organic ligands. As functional
organic ligands, 8-hydroxyquinoline and its substituted derivatives are attracting
more and more attention from synthesis chemists because of their fantastic coor-
dination properties and specia photoelectric properties. Many organic—inorganic
hybrid materials based on the derivatives of 8-hydroxyquinoline (q) have been
synthesized,11-14 and most of them exhibit amazing optical properties, enabling
their application as organic light-emitting devices (OLEDs).1>-17 As organic

* Corresponding author. E-mail: cfzhuang_2008@yahoo.com.cn
doi: 10.2298/JSC110129127W
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1498 WANG et al.

ligand, 8-hydroxyquinoline-5-sulfonate still remains largely unexplored, since
sulfonate group is considered as poor ligand and bonds hardly to many metal
cations. It is noted that there are only a few articles reporting about organic—in-
organic hybrid materials containing the 8-hydroxyquinoline-5-sulfonate group.18-20
Here, 8-hydroxyquinoline-5-sulfonic acid (H2QS) and ethylenediamine (en) were
employed as reactants to obtain a novel zinc—organic hybrid ZnQS(en)-2H-,0 (1)
by the evaporation method. Interestingly, compound 1 displays a 3D supramo-
lecular structure, which is built from - stacking interactions of binuclear com-
plexes and hydrogen bonds interactions of the chelating ethylenediamine,
mediated uncoordinated water molecules and QS. Herein, the synthesis, structure
and photoluminescence property of compound 1 are reported.

EXPERIMENTAL

All chemicals of reagent quality were obtained from commercial sources and used with-
out further purification. The elemental analysis was performed on a Perkin—Elmer 2400 ele-
mental analyzer. The IR spectra were obtained from KBr pellets in the range of 400-4000 cm?
on a Nicolet Impact 410 FTIR spectrometer. Thermogravimetric analyses (TGA) were per-
formed on a Perkin-Elmer TGA 7 thermogravimetric analyzer at a heating rate of 10 °C min-1
in air up to 800 °C. Fluorescence spectra were recorded on a LS 55 fluorescence/phos-
phorescence spectrophotometer at room temperature.

Synthesis of ZnQSen)-2H,0 (1)

A mixture of Zn(NOgz),-6H,0 (148 mg, 0.5 mmol) and H,QS (24 mg, 0.1 mmol) was
dissolved in N,N-dimethylformamide (DMF) (10 mL) at room temperature, and then about 0.1
mL ethylenediamine was added to this mixture under stirring. After the mixture became clear,
the beaker was left undisturbed at room temperature for 24 h to give yellow crystalsin ayield
of 43 % (based on S).

Determination of the single-crystal structure

The intensity data was collected on a Smart CCD diffractometer with graphite-mono-
chromated MoKa: (4 = 0.71073 A) radiation at room temperature in the w—26 scan mode. An
empirical absorption correction was applied to the data using the SADABS program.2! The
structure was solved by direct methods. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms of the organic ligand were fixed at calculated positions and refined using
ariding mode. The hydrogen atoms of the H,O were located in the difference Fourier map.
All calculations were performed using the SHEL X TL program.??

RESULTS AND DISCUSSION
Description of the structure

The crystallographic data are summarized in Table |, and selected bond
lengths and bond angles of compound 1 are listed in Tablell.

The zinc atom is five-coordinated in a square-pyramidal coordination envi-
ronment, coordinating to two oxygen atoms (O1 and O2) and three nitrogen
atoms (N1, N2 and N3). O1 and N3 are from the hydroxyl group and the qui-
noline ring of one ligand, respectively; O2 is from the sulfonate group of the
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NOVEL 3D SUPRAMOLECULAR COMPOUND BASED ON MIXED LIGANDS 1499

other QS ligand. N1 and N2 are from the same ethylenediamine molecule, i.e.,
the ethylenediamine molecule as a bidentate chelate ligand is coordinated to the
zinc atom. The O2 isin apical position with d(Zn-02) = 2.280(4) A and the other
four coordinated atoms are in bottom positions of the square-pyramid with d(Zn—
—01) = 2.062(4) A, d(ZnN1) = 2.102(5) A, d(Zn-N2) = 2.087(5) A and d(Zn-
—N3) = 2.072(5) A. The distance of Zn-02 is significantly longer than that of
Zn-01, but they are in normal range reported for zinc compounds.23 The Zn-N
distances range from 2.072(5) to 2.101(5) A. These distances are comparable to
those reported for other zinc compounds.24

TABLE I. Crystal data and structure refinement for compound 1

Molecular formula C1iH17N30sSZn
Formulaweight 384.71

T/IK 293(2)

A 0.71073

Crystal system Monoclinic

Space group P2(1)/c

alA 7.0737(14)

b/A 19.296(4)

c/A 10.680(2)

ple 100.599(4)

VIA3 1432.8(5)

VA 4

Deac/ kgm? 1783

4/ mm* 1.894

F(000) 792

Reflections collected 7434

Independent reflection (Ri) 2521 (0.2316)

Ri(I > 20(1)) 0.0715

WR, 0.1629

TABLE Il. Selected bond lengths and angles for compound 1

Bond Distance, A

Zn(1)-0(1) 2.062(4)

Zn(1)-0O(2) 2.280(4)

Zn(1)-N(3) 2.072(5)

Zn(1)-N(1) 2.101(5)

Zn(1)-N(2) 2.087(5)

Bonds Angle, ° Bonds Angle, °
O(1)—-Zn(1)-N(3) 80.25(16) N(1)-Zn(1)-0O(2) 88.21(17)
O(1)—-Zn(1)-N(2) 95.96(17) N(2)-Zn(1)-0(2) 95.04(18)
O(1)-Zn(1)-N(1) 174.80(18) N(2)-Zn(1)-N(1) 84.20(18)
0O(1)-Zn(1)-0(2) 86.59(15) N(3)-Zn(1)-N(2) 100.43(18)
N(3)-Zn(1)-N(2) 170.06(19) N(3)-Zn(1)-0(2) 93.90(16)
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Two crystallographically equivalent Zn atoms link to each other through the
02 and its symmetry equivalent at —x, 1-y, 2—z to form a binuclear zinc secon-
dary building unit, as shown in Fig. 1. Weak n---mt stacking interactions exist
between the two quinoline rings and the contact distance is 3.622 A. These bi-
nuclear zinc secondary building units form a 3D supramolecular network due to
the m---m stacking interactions and the complicated hydrogen bonds existing be-
tween uncoordinated H,O molecules and ethylenediamine molecules as well as
the QS ligands. There are strong hydrogen bonds between Olw and O1, 02, O4,
N2, O2w, respectively. The distances of the hydrogen bonds are O1W-H2W---O1,
2.718 A, OIW-H1W---02, 3.240 A, O1W-H1W---04, 2.955 A, N2-H2B---O1W,
3.079 A and O2W-H3W---01W, 2.835 A. Simultaneously, the hydrogen bonds
between O2w and O3, N1 are also strong. The distances of the hydrogen bonds
are O2W-H4W--03, 2.844 A, N1-H1C--02w, 2.995 A. Hydrogen bonds also
exist between N1 and O3, N2 and O1. Moreover, there are weak hydrogen bonds
between S and Olw, O2w, N1. The hydrogen-bond interactions are listed in Tab-
lell1. The stacking networks based on the hydrogen bonds are shown in Fig. 2.

Fig. 1. The binuclear Zn unit of compound 1 show-
ing the atom-labeling scheme (30 % thermal €lip-
soids).

Although both compound 1 and the reported compound [Cu(L4)2] (Hobiim-
-4)-8H,01° are three-dimension supramolecular compounds with two different
organic compounds and are both based on the 8-hydroxyquinoline-5-sulfonate
organic ligand, there are obvious differences between them. In the latter com-
pound, only the nitrogen atom and hydroxyl oxygen atom of the 8-hydroxyquino-
line-5-sulfonate organic ligand coordinate to Cu(ll) and none of the oxygen atoms
of the sulfonate group, whereas in compound 1, one oxygen atom of the sulfonate
group coordinates to the metal center. Moreover, in compound 1, besides the 8-hy-
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droxyquinoline-5-sulfonate ligand, ethylenediamine adopts a bidentate chelating
mode to coordinate to Zn(Il), while in reported [Cu(L4)2] (H2biim-4)-8H20, only
8-hydroxyquinoline-5-sulfonate coordinates to Cu(ll). In compound 1, two crys-
tallographically equivalent Zn(l1) link to each other through two bridging oxygen
atoms to form a binuclear zinc secondary building unit, and these secondary build-
ing units form a 3D supramolecular network due to wt---m stacking interactions
and hydrogen bonds.

TABLE Il1. Hydrogen bond lengths and angles in compound 1

D—H D-H/A H--A/A D-H--A/° D--A/A A
N1-H1C 0.900 2.112 166.89 2.995 o2wW
N1-H1D 0.900 2.181 154.38 3.018 03
N1-H1D 0.900 2.963 128.06 3.588 s1
N2—H1 0.899 2.414 148.35 3.214 o1°
N2—H2 0.900 2.213 161.32 3.079 Oo1W?
O1W-H1W 0.874 2.352 126.38 2.955 o4?
O1W-H1W 0.874 2.395 162.70 3.240 022
O1W-H1W 0.874 2.799 146.55 3.561 Sk
O1W-H2wW 0.857 1.863 175.36 2.718 o1
O2W-H3W 0.853 1.990 170.44 2.835 o1wWP
O2W-H4w 0.856 2.046 154.76 2.844 o3°
O2W-H4wW 0.856 3.011 130.39 3.626 s1°

Ay —y+1, —z+1; Px—1, y-1/2, 2-3/2; °x-1,y, z

Fig. 2. Stacking hydrogen-bonded network viewed down the bc plane.

Characterization

Anal. Calcd. for ZnOgSN3Ci1H17: C, 34.31; H, 4.42; N, 10.92%. Found: C,
35.02; H, 4.23; N, 10.85%.
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In the IR spectrum, bands in the 1643-1394 cm2 region can be assigned to
the vibrations of C=C and C=N of the quinoline ring. The bands in the 1611—
—1391 cmr1 region are characteristic bands of the benzene ring and the bands in
the 1354-1199 cmL region are assigned to the Ar—O. Broad bands due to v(N-H)
are observed in the 3200-3500 cmr2 region, while the bending modes for the amine
are observed in the range 1300-1650 cnmL. The bandsin the 1030-1250 cmr? re-
gion are due to the vibration of S-0.25.26 The absorption bands at around 3303
cm1 are due to the stretching of the hydroxy! groups (from the water molecules),
which experience a shift to lower frequency compared with the O-H stretch in
free water at 3600 cmL. This may be due to the formation of hydrogen bonds
between the water and the ligands, as well as between the water molecules. In the
low-frequency region, the bands are attributed to the lattice vibration of Zn-O
and Zn—-0-Zn.

To understand the thermal stability of compound 1, thermogravimetric ana-
lysis was performed. There were two separate mass loss steps. The first mass loss
of 8.9 % occurred between 50-150 °C, which corresponds to the loss of free H>O
molecules (calcd. 9.4 %) of crystallization. The second mass |oss occurred between
300-640 °C, corresponding to the loss of the organic components, and shows that
compound 1 may be stable up to 300 °C. The residual mass of about 24.0 % cor-
responds to ZnO (calcd. 23.3 %).

Photoluminescence

The fluorescence spectrum of compound 1, measured in the solid state at
room temperature, is shown in Fig. 3. The compound was excited at a wavelength
of 396 nm. The emission peak at 513 nm is attributed to electron n*—r transitions
of the intraligand.20 The emission peak of compound 1 was blue shifted by ~ 30
nm compared to that of Zngp (542 nm).26 This blue-shift is connected to the elec-

800 4 396 nm 513 nm
700
600

500 4

Intensity

400
300 4
200

100

0

—r———7T——7—— 7 11— 1 Fig. 3. Fluorescence spectra of
300 350 400 450 500 550 600 650 700 compoind 1, excited a 396 nm:
4 /mm emission peak at 513 nm.
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tron-withdrawing sulfonate group of the quinoline ring. The sulfonate group in the
5-position of the quinoline ring increases the energy gap between the highest oc-
cupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).27-29 This good fluorescence will have the significant usage property in
the OLED devices.

CONCLUSIONS

In summary, anovel organic—inorganic hybrid material ZnQS(en)-2H20 based
on 8-hydroxyquionline-5-sulfonate and ethylenediamine mixed ligands was suc-
cessfully synthesized and characterized. The compound, synthesized using the
solvent evaporation method, displayed a three-dimensional supramolecular net-
work based on multi-type hydrogen bond interactions and &...w stacking interac-
tions. It is very interesting that this compound exhibited a~30 nm blue-shift in its
emission band compared to that of Zngy. This good photoluminescence property
has potentia significance for its employment in electroluminescent and photolu-
minescent devices. Further synthesis and characterization studies of other metals
with 8-hydroxyquionline-5-sulfonate ligand are in progress.

Supplementary information. Crystallographic data (excluding structure factors) for the
structure reported in this paper has been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication No. CCDC608873. Copy of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223
336 033; e-mail: deposit@ccdc.cam.ac.uk).
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U3BOJ

CHUHTE3A, CTPYKTYPA 1 ®OTOJTYMHWHCIEHTHA KAPAKTEPMCTUKA HOBOT 3]]
CVYIIPAMOIJIEKYJIAPHOT JEJUBEBA TOBMJEHOI' U3 CMELIE 8-XUIPOKCHU-
-XNHOJIMH-5-CYJIOOHATA U ETWIEHIUAMHWHA KAO JIMTAHAJIA

YING WANGY?, CHANGFU ZHUANG®, CHUNHUA WU?, JAYAN ZHANG?, LI WANG? MINGHONG XIN?,
GUANGSHAN ZHU? 11 JANING XU?

Isputhwest Forestry University, Kunming, 650224 u 2Jate Key Lab of Inorganic Synthesis and Preparation,
Jilin University, Changchun, 130012, P. R. China

IIpuMeHOM TEXHHKE HCIIapaBarba CHHTETH30BAHO jé HOBO OPraHCKO-HEOPraHCKO XMOPHAHO
KOOPJIMHAIIMOHO jenumere ZnQS(en) 2H,0 (1) y kojeM cy aBa pasnuuMrta OpraHcKa JIMTaHa,
eruneHauamud (en) U 8-XuIpOoKCH-XUHOIMH-5-cyndoncka kucenanna (Ho,QS), koopauHoBaHu 3a
JOH IMHKA. 3a KapaKTepH3alljy OBOT jelUbeHha YIoTpebbeHa je MeToa Audpakmuje X-3paka ca
MOHOKpHCTana, kao u IR u TepmorpaBumerpujcka ananuza (TGA). HcnutuBame crpykrype 1y
pacTBopy IMoKa3yje Jia OBO jeOUIbCHE IMOCEayje TPOANMEH3NOHAIHY CYNMpPaMOJIEKYJICKy CHHEPTH)-
CKy MpeXy MHTEepaKIMja BOJOHUYHUX M KOOPAMHALMOHUX Be3a. MicroBpeMeHo, jeaumemne 1 noka-
3yje HHTEH3UBHY JIyMHHUCLCHIMjy Ha 513 M, ekciuToBany Ha 396 NM y 4BPCTOM CTamy Ha cO0-
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HOj TemmepaTypu. Kpucramorpadcku nogamu 3a jenumene 1 Cy: MOHKIMHHYHA IPOCTOPHA TpyTia
P2,/c, a=7,0737(14) A, b=19,296(4) A, c = 10,680(2) A, 5=100,599(4)°, V = 1432,8(5) A3, Z = 4,
M, = 384,71, Degc = 1,783 g-cm3, MoK o, Ry = 0,0715, wR, = 0,1629, GOF = 1,038.
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A simple mathematical model for the effect of
benzo-annelation on cyclic conjugation

IVAN GUTMANY#and ALEXANDRU T. BALABAN?

IFaculty of Science, University of Kragujevac, P. O. Box 60, 34000 Kragujevac, Serbia and
2Texas A & M University at Galveston, 200 Seawolf Parkway, Galveston, TX 77553, USA

(Received 28 February 2011)

Abstract: In a series of earlier studies, it was established that benzo-annelation in
the angular (resp. linear) position relative to aring R of a polycyclic conjugated n-
electron system, increases (resp. decreases) the intensity of the cyclic conjugation in
the ring R. Herein, it is shown how this regularity can be explained by means of a
simple, Kekulé-structure-based argument, itself based on an idea of Randi¢ from
the 1970s.

Keywords: cyclic conjugation; Kekulé structure; benzo-annelation; local aromaticity.

INTRODUCTION

The fact that various parts of a polycyclic conjugated molecules have diffe-
rent m-electron properties (often referred to as differences in their local aroma-
ticity or differences in the magnitude of cyclic conjugation in individual rings)
was recognized a long time ago; 15 see also recent works along these lines.6-16
In 2004, within a studyl? of the effect of benzo-annelation on cyclic conjugation
in perylene, it was found that in the case of its central six-membered ring:

a) benzo-annelation in an angular position increases the intensity of cyclic
conjugation in thisring and that

b) benzo-annelation in alinear position decreases the intensity of cyclic con-
jugation in thisring.

Severa years were needed to recognize that the regularities a and b are not
restricted to perylene, but are generally valid, both for benzenoidl8-21 and non-
-benzenoid?2-26 polycyclic conjugated systems. Initially,17-26 the rules a and b
were verified by calculating the energy effects (ef) of the respective rings. This
quantity is known® to provide a reliable measure of the magnitude of cyclic con-
jugation in individual rings. Details of the theory on which the ef-method is based,

* Corresponding author. E-mail: gutman@kg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C110224131G
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1506 GUTMAN and BALABAN

as well as on its numerous applications, are outlined in two reviews.27.28 Even-
tualy, in order to eliminate the doubt that the results obtained are artifacts of the
ef-method, the rules a and b were corroborated by means of several other (more
advanced) quantum-theoretical approaches.2%-31 In addition, a general mathema-
tical theory of this phenomenon was elaborated,32:33 and its applicability de-
monstrated on the case of benzo-annelated perylenes.34.35

In the present paper, it is shown that results equivalent to rules a and b can
be deduced by means of a simple approach3 for quantifying the intensity of cyc-
lic conjugation in a particular ring (or, as it was originally stated,3 of local aro-
maticity).

Let G be the molecular graph36 of a polycyclic conjugated n-€lectron sys-
tem, R one of the rings of G, and G—R the subgraph obtained from G by deleting
the vertices of R; for an illustrative example see Fig. 1.

Fig. 1. An exampleillustrating the notation used in this paper. In naphtho[1,2,3,4-ghi]perylene
(B) thering R has ef = 0.0261 and A = 0.5263. In the angularly benzo-annelated derivative
(Bp), €f =0.0323, A =0.6897, and A4 = +0.1634, whereas in the linearly benzo-annelated
derivative (B, ), ef = 0.0223, A = 0.3704, and 4 = —0.1559.

Let K(G) and K(G—R) be the number of Kekulé structures of G and G-R,
respectively. Inthe following, it is assumed that G is Kekuléan, i.e., that K(G) > 0.
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According to Randi¢,3 the local aromaticity (A) pertaining to thering Rin a
conjugated system G can be measured by means of the expression:

2K(G-R)
K(G)

A ringisfully aromatic if A =1, and devoid of any cyclic conjugationif A =0.
The difference between the local aromaticity (of the ring R) after and before ben-
zo-annelation is denoted by A4 = A(R).

APPLICATION OF EQUATION (1)

The notation used in this section is explained in Fig. 2 (and illustrated by a
particular examplein Fig. 1).

ol

A=A(G,R) = (1)

G, G, G.-R

Fig. 2. The notation used. The encircled vertices are those that have been del eted.

Thus, let G be the molecular graph of a polycyclic conjugated system, R the
ring whose cyclic conjugation is to be examined, and S the ring adjacent to R. It
should be noted that the ring S must be six-membered, but the ring R need not be.
In G' thering Sis missing, whereas in G” both rings R and S are missing. The
subgraph G-Ris abtained by deleting from G all vertices belonging to the ring R.
The angularly and linearly benzo-annelated derivatives of G are denoted by Ga
and G|, respectively, and their subgraphs Gao—R and Ga—R are constructed in full
analogy with G-R.

In order to apply Eg. (1), the Kekulé structure counts of G, Ga, and G must
be computed. This can be realized using standard recursive methods,37:38 namely:

K(G)=K(G-6)+K(G-u-v) 2
where eis an edge of G, connecting the verticesu and v, and
K(G)=K(G-u-v) 3
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1508 GUTMAN and BALABAN

if either the vertex u or the vertex v are pendent (have a single neighbor).
The manner in which the formula:

K(G)=K(G)+K(G") (4)

is obtained by using Egs. (2) and (3) isshown in Fig. 3.
)= X+ ]
5] =R =

X =% -

Fig. 3. Deducing Eq. (4).

In an analogous manner, one obtains:
K(Gap)=K(G)+K(G) and K(G_ ) =K(G)+K(G")
which combined with Eq. (4) yield:
K(Ga)=2K(G)+K(G") and K(G ) =K(G") +2K(G")

It should be noted that since K(G) > 0, then K(G’) and K(G") must also be > 0.

From Figs. 1 and 2, it can be seen that the subgraph Ga—R differs from G-R
by having a styrene fragment instead of a butadiene fragment. Since styrene has
two Kekulé structures, whereas butadiene only one, one has K(Ga—R) = 2K(GR).
On the other hand, the subgraph G| —R possesses an o-xylylene fragment, the

Kekulé structure count of which is unity. Therefore, K(G. -R)=K(G-R).
Bearing these relations in mind one readily arrives at:

2K(G-R) _ 2K(G-R)
K(G)  K(G)+K(G"
2K(Gp -R) _ 4K(G-R)
K(G)  2K(G)+K(G"

A(G,R) = )

A(Ga,R) = (6)

and
2K(GL-R) _ K(G-R)

AGLR= K(G) 2K(G) + K (G

(7)
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EFFECT OF BENZO-ANNELATION ON CYCLIC CONJUGATION 1509

It is now a matter of elementary calculation to verify that if K(G-R) is non-

-zero, then Egs. (5)—(7) imply:
A(G,R) < A(G,R) < A(Ga,R)
i.e,
4 (R =A(G_,R) - A(G,R) <0 and 4, (R)=A(Gap,R) - A(G,R)>0, which is
in full agreement with rules a and b. In other words, our finding with regard to
the effect of benzo-annelation on cyclic conjugation can be rationalized by means
of the simple Kekulé-structure-based formula, Eq. (1). However, this is the case
only if the subgraph G-Risaso Kekuléan, i.e., if K (G-R) > 0.
THE CASEK(G-R) =0

The case K(G-R) = 0 needs to be analyzed separately. This case isimportant,
because it is encountered if the ring R is odd-membered, as in the much studied
acenaphthylene and fluoranthene congeners.22-26 Also, perylene belongs to this
case.l’

If the subgraph G-R is non-Kekuléan, then from Egs. (5)—7), it follows:

A(G,R)=A(Gp,R) =A(G ,R) =0
ie.,
A (R)=4,(R =0

aresult that would be expected from a model based solely on Kekulé structures.
The way to circumvent this difficulty isevident: Eq. (1) hasto be modified to:

2K" (G-R)

K(G)
where K* is the count of some pertinently chosen resonance structures (with one
or more unpaired n-electrons).39:40 For the present analysis, the actual choice of
K" isimmaterial, it is only necessary that K*(G-R) > 0. If so, then from the modi-
fications of Egs. (5)—7), namely:
2K'(G-R) _ 2K (G-R)

K(G) K(G)+K(G"
2K'(Gy-R) _ 4K’ (G-R)

K(G) 2K(G)+K(G")
2K’ (G.-R)_ K'(G-R)

K(G) 2K(G)+K(G"
one immediately obtains:

A (G, R) <A (G,R) <A (Gp,R)

A=A (GR)=

A (G,R) =

A (Gp,R) =

A(GL,R) =
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1510 GUTMAN and BALABAN

i.e,
A (R =4 (G, R -4 (G,R)<0 and 4 (R)=A (G5,R) -4 (G,R) >0,
that isin harmony with the rulesaand b.

Acknowledgement. . G. thanks for the support of the Ministry of Education and Science
of the Republic of Serbia (Grant No. 174033).

N3BOJI
JEDNOSTAVNI

MATEMATUYKIM MOJEJI 3A YTUIIAJ BEH30-AHEJIALIMJE
HA ITUKJIMYHY KOHJYT'AIIUY

UBAH I'YTMAH' n ALEXANDRU T. BALABAN?
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V HU3Y paHHjHUX UCTPAKHMBAamba YCTAHOBIHEHO je Ja OcH30-aHenauuja y JuHeapHoM (OfH. aH-
ryJapHOM) TIOJNIOXKajy Y OAHOCY Ha HPCTEH P y MONUIMKIMIHOM KOHjYTOBAHOM TT-EICKTPOHCKOM
cucteMy, cMamyje (0aH. yBehiaBa) HHTEH3UTET UHKIMYHE KOHjyranuje y npcreny R. Y pamgy moka-
3yjeMo Jia ce OBa MPAaBMIIHOCT MOXKe oOjacHUTH momohy jemHor jexHocraBHOr, Ha KekyrneoBum
CTPYKTypaMa 3aCHOBAHOT, MOZIENIa.
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A green, reusable and highly efficient solid acid catalyst for the
oxidation of aldehydesto the corresponding carboxylic acids
using H,0O, and KM nO4:HsPV oM 010040 (10-molybdo-2-
-vanadophosphoric heter opolyacid)

ABDOLLAH FALLAH SHOJAEIY, MOHAMAD ALI REZVANI? and MAJID HERAVI2

1Department of Chemistry, Faculty of Science, University of Guilan, Rasht 419961-3769 and
2Department of Chemistry, School of Science, Azzahra University, Vanak, Tehran, Iran
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Abstract: HsPV,M0,00,0-catalyzed oxidation of aromatic aldehydes to the
corresponding carboxylic acids using hydrogen peroxide and KMnO, as
oxidants under mild conditions is reported. This system provides an efficient,
convenient and practical method for the oxidation of aromatic aldehydes. In
this work, differences between Keggin and Well-Dawson type polyoxometa-
lates are addressed in term of relative stability, hardness and acidity.

Keyword: heteropolyacids; aldehydes; carboxylic acids; microwave irradiation;
polyoxometal ates.

INTRODUCTION

The catalytic function of heteropolyacids (HPAS) and related polyoxometa-
late compounds has attracted much attention, particularly over the last two de-
cades.14 In this context, heteropolyacids (HPAs) are promising catalysts. A
common and important class of these acids and those used in the majority of
catalytic applications are Keggin compounds of the general formula HyaXM 12049
(X =P, Si, As, Ge or B; M = Mo and/or W).5 These solid acids are usualy
insoluble in non-polar solvents but highly soluble in polar ones. They can be used
in bulk or supported forms in both homogeneous and heterogeneous systems.
Furthermore, these HPAs have several advantages, including high flexibility in
the modification of the acid strength, ease of handling, environmental compatibi-
lity, non-toxicity, and experimental simplicity.® Keggin type polyoxoanions have
been widely studied as homogeneous and heterogeneous catalyst for the oxida-
tion of organic compounds.”

* Corresponding author. E-mail: marezvani298@yahoo.com
doi: 10.2298/JSC100920135S
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1514 SHOJAEI, REZVANI and HERAVI

Another catalytically important subclass of the Keggin compounds are the
mixed vanadium (V) substituted HPAs of the general formula Hz+nPV M 12_nO40
(M = Mo and W; n =1 to 6). These compounds exhibit high activity in acid—base
type catalytic reactions; hence, they are used in many catalytic areas as homo-
geneous and heterogeneous catalysts. The most well known of these HPAs is
HsPV2M010040.

In continuation of ongoing research8-12 on the syntheses and application of
heteropolyacids in organic syntheses and due to the importance of derivatives of
aldehydes in chemical processes, the applicability of HPA for efficient oxidation
of aldehyde to the corresponding carboxylic acids is reported herein. Ishii and co-
workers reported a number of interesting reactions catalyzed by transition metal-
-substituted heteropolyacids, including oxidation of aldehydes to carboxylic
acids.13 Shimizu and co-workers showed how product selectivity and activity de-
pend on the composition of the heteropolyanion and the type of counter cations
as well as the support surface area.14 In addition, they emphasized that pore size
distribution is very important. Mizuno and co-workers examined the oxidation of
octanal by O, with both nickel- and iron-containing heteropolyacids.1® Zamaraev
and co-workers reported the catalytic properties of several cobalt-containing he-
teropolyanions, viz. tetra-alkylammonium salts of PW11CoO3g 5 and CoW 12040 6,
in alkene epoxidation by dioxygen in the presence of iso-butyraldehyde, under
ambient conditions.16 The mechanism and the catalytic activity of transition me-
tal-substituted heteropolyacids have been speculated since 1970 and later on, the
propensity of them to bind with molecular oxygen and the role of such dioxygen-
activated species in the oxidation of organic substrates was explored.1’

Microwave heating has been used for a wide variety of applications, inc-
luding the rapid synthesis of organic compounds.1819 Now, a very efficient and
simple method for the oxidation of aldehydes to the corresponding carboxylic
acids using H>O, and KMnQOy4 as the oxidizing reagent and catalyzed by mixed
vanadium (V)-substituted HPAs under mild conditionsis reported.

EXPERIMENTAL

All reagents and solvents used in this work are available commercially (Merck) and used
as received, unless otherwise indicated. Previously reported methods were used to purify the
aldehydes.20 The preparation of the HsPV,M0;0040 catalyst and other mixed heteropolyacids
and salts were based on a literature procedure, with modifications as reported below.?! The
acids of [NaPsW400110]%, [PoW1506,]8 and [P,M0,504,]% were prepared according to pub-
lished methods and were identified by infrared spectroscopy.??2 The H-NMR spectra were
recorded on a Brucker 100 MHz Aspect 3000 FT-NMR instrument. The IR spectra were
recorded on a Buck 500 scientific spectrometer (KBr pellets).

Preparation of HsPV,M0;00 4921

Sodium metavanadate (12.2 g, 100 mmol) was dissolved by boiling in 50 mL of water
and then mixed with (3.55 g, 25 mmol) of Na,HPO, in 50 mL of water. After the cooling the
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SOLID ACID CATALY ST FOR THE OXIDATION OF ALDEHYDES 1515

solution, concentrated sulphuric acid (5 mL, 17 M, 85 mmol) was added, whereby a red
colour developed. Na;M00O,4.2H,0 (60.5 g, 250 mmol) dissolved in 100 mL of water was
added to the red solution under vigorous stirring, followed by the slow addition of concen-
trated sulphuric acid (42 mL, 17 m, 714 mmol). The hot solution was allowed to cool to room
temperature. The 10-molybdo-2-vanadophosphoric acid was then extracted with 500 mL of
diethyl ether. Air was passed through the heteropoly etherate (bottom layer) to free it of ether.
The solid residue was dissolved in water, concentrated to first crystal formation, as already
described, and then alowed to crystallize further. The large red crystals that formed were
filtered, washed with water, and air-dried.

Preparation of H;PVM011049

Na,HPO, (3.55 g, 25 mmol) was dissolved in 50 mL of water and mixed with (3.05 g, 25
mmol) of sodium metavanadate that had been dissolved by boiling in 50 mL of water. The
mixture was cooled and acidified to ared colour with concentrated sulphuric acid (2.5 mL, 17
M, 42,5 mmol). To this mixture was added a solution of NasM00,4.2H,0 (66.5 g, 274.8
mmol) dissolved in 100 mL of water. Finally, 42.5 mL of concentrated sulphuric acid was
added slowly to the solution under vigorous stirring. With this addition, the dark red colour
changed to a lighter red. After cooling the agueous solution, heteropoly acid was then ex-
tracted into 200 mL of diethyl ether. In this extraction, the heteropoly etherate was present as
the middle layer; the bottom layer (water) was yellow and probably contained vanadyl
species. After separation, a stream of air was passed through the heteropoly etherate layer to
freeit of ether. The solid orange residue was dissolved in 50 mL of water, concentrated to the
first appearance of crystals in a vacuum desiccator over concentrated sulphuric acid, and then
alowed to crystallize further. The orange crystals that formed were filtered, washed with
water, and air-dried.

General procedures for the oxidation of benzaldehyde using H,O, as the oxidizing agent

Method A (microwave irradiation conditions). Benzaldehyde, heteropolyacid compound
and H,0, are mixed thoroughly in a small beaker. The mixture was placed in microwave oven
and irradiated for 3 min. at 10-80 % power (full power 1000 watts). Then to the final mixture
was added 10 % agueous solution of NaHCO5; and the mixture was filtered. The carboxylic
acids were precipitated by adding 6 M HCI to the filtrate. The solid product was collected and
washed with H,O. Adding 2,4-dinitrophenylhydrazine (DNP) reagent precipitated the product.
The products were characterized by comparison of their spectroscopic data (IR, tH-NMR and
MS), and melting points with those of authentic samples.

Method B (magnetic stirrer (25 °C) conditions). To a stirred mixture of the aldehyde (2
mmol) and H,0, (3 mmol) was added H5PV,M0,904q (0.25 mol %). Then stirring was con-
tinued a room temperature under solvent-free conditions. The progress of the reaction was
monitored by TLC.

Method C (reflux conditions). The aldehyde (5 mmol) was dissolved in a mixed solvent
(10 mL ethanol + 5 mL H,0). Then heteropolyacid (0.1g, 102 mmol) was added to the
solution. The reaction mixture was refluxed in a 25-mL round-bottom flask equipped with a
magnetic stirrer, reflux condenser and thermometer. While the solution was vigorously stirred
for 10 min, H,O, (5mL, 165 mmol) was added to the solution. The reaction mixture was
stirred and refluxed for 3-10 h at 70 °C.

General procedure for the oxidation of benzyl aldehyde using KMnQO, as the oxidant

Preparation of oxidant (KMnQ,). The oxidant is prepared by grinding equal amounts of
potassium permanganate and copper sulphate pentahydrate in a mortar until homogeneous or
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1516 SHOJAEI, REZVANI and HERAVI

by adding a concentrated aqueous solution of potassium permanganate to alumina, giving a
paste that was then ground with an equal amount of copper sulphate pentahydrate. Addition of
alumina as a solid support did not improve the yields of these reactions. The best results were
obtained when KMnO,4 was first mixed with copper sulphate pentahydrate (or a 20/80 mixture
of copper sulphate pentahydrate and alumina) to give a reagent that has previously been
extensively used as a heterogeneous oxidant.

General procedure for the oxidation using KMnO, as oxidant

All reaction mixtures were refluxed in a 100-mL, two necked round-bottom flask equip-
ped with a magnetic stirrer, reflux condenser, and thermometer. Benzyla dehyde (5 mmol) and
a potion of the oxidant (4 g) was added to the mixed solvent (20 mL ethanol + 10 mL H,0)
and 0.5 g H5PV5M0,904 (0.025 mol). The reaction mixture was stirred vigorously and re-
fluxed for 4-8 h at 80 °C until TLC analysis indicated completion of the reaction. Then the
suspension was cooled and the aqueous layer separated by filtration through a short column of
sodium chloride. The water layer was acidified to pH 3 by the addition of hydrochloric acid.
The precipitate of benzoic acid was separated by filtration and washed with CH,Cl, or cold
water (3x10 mL). If greater purity is required, the product could be recrystallized.

Recycling of the catalyst

At the end of the oxidation of aldehydes to carboxylic acids, the catalyst was filtered and
washed with dichloromethane. In order to know whether the catalyst would succumb to
poisoning and lose its catalytic activity during the reaction, the reusability of the catalyst was
investigated. For this purpose, after completion of the reaction, dichloromethane was added to
the reaction mixture. All compounds were soluble in dichloromethane except the catalyst.
Thus, it could be separated by simple filtration, washed with dichloromethane, dried at 90 °C
for 1 h, and reused in another reaction with the same substrate. Even after five runs for the
reaction, the catalytic activity of HsPV,M0,q049 Was almost the same as that of freshly used
catalyst. The results are summarized in Table I. The IR spectra of the resulting solids indicate
that the catalyst can be recovered without structural degradation.

TABLE I. Reuse of the catalyst in the oxidation of 4-cholorobenzaldehyde (isolated yield is
based on the weight of the pure product obtained)

Times used Isolated yield, %
95
92
94
91
93

O WNPEF

RESULTS AND DISCUSSION

The oxidation of aromatic aldehydes by H>O, or KMnO4 was examined in
the presence of avariety of heteropolyacids and transition metal-substituted poly-
oxometaltes. Although it is difficult to explain the different activities of these
HPAs, certainly there is a complex relationship between the activity and structure
of the polyanion. By changing the constituent elements of the polyanion (both
hetero- and addenda-atoms), the acid strength of the HPAs and their catalytic
activity can be varied over a wide range.24 When the substrate was liquid, the
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SOLID ACID CATALY ST FOR THE OXIDATION OF ALDEHYDES 1517

mole ratio of sub:ox:cat was 1:3:10-3 but when substrate was solid the mole ratio
was 1:15:10-3 or 1:30:10-3, depending on the reaction conditions. They are sum-
marized in Table Il. It is noticeable that the time of reaction under microwave
irradiation was very short with respect to the analogous reactions.2> The Keggin-
-type polyoxometalates resulted in more effective reactions in comparison to the
Well-Dawson-type polyoxometa ates (see later Table 1V). However, HgPoM 018062
was more effective than H3PW 1204 in the oxidation of aldehydes. This may be
due to the difference in the reduction potentials of tungsten and molybdenum.

TABLE Il. Oxidation of different aromatic aldehyde using H,O, as oxidant under microwave
condition

Entry Aldehyde aromatic Power, W Reactiontime, s Isolated yield, %
1 4-Methylbenzaldehyde 30 100 88
2 4-Cholorobenzal dehyde 300 80 95
3 2,6-Dicholorobenzaldehyde 300 120 92
4 2,4-Dicholorobenzaldehyde 300 130 96
5 3,4-Dicholorobenzaldehyde 350 150 20
6 4-Nitrobenzaldehyde 400 120 97
7 3-Nitrobenzaldehyde 500 130 95
8 3,4-Dinitrobenzaldyde 500 150 94
9 2,3-Dinitrobenzaldyde 500 150 20
10 Benzaldyde 500 150 95

Effect of the aldehyde substituent

The effects of various substituents on the yields of oxidation of a range of
aromatic aldehydes were examined using HsPV oM 01904g as the catalyst. The re-
sults are given in Tables Il and Ill. Halogens were chosen as electron-with-
drawing groups (Table |1, entries 2-5), while methyl was chosen as an electron-
-donating substituent (Table 1, entry 1). The yields were generally very good (>80
%) to excellent (>90 %) with no obvious relationship between the aromatic sub-
stituent and yield (compare entries 1 with 10 and 2 with 10). A highlight of the
method is the ease by which the product may be isolated via simple filtration fol-
lowing removal of the solvent.

TABLE Ill. Oxidation of aromatic aldehydes using H,O, in presence of different solvents
under reflux conditions (isolated yield based on the weight of the pure product obtained)

Entry Aldehyde Solvent Time, h  Isolated yield, %

1 4-Nitrobenzaldehyde 20 ml Ethanol + 10 ml H,O 3 95
10 ml Ethanol + 20 ml H,O 3 90

15 ml ethanol + 15 ml H,O 4 91

30 ml Ethanol 5 85

30 ml H,O 5 85

Solvent free 8 65

2 3-Nitrobenzaldehyde 20 ml Ethanol + 10 ml H,O 5 89
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1518 SHOJAEI, REZVANI and HERAVI

TABLE Ill. Continued

Entry Aldehyde Solvent Time, h  Isolated yield, %
2 3-Nitrobenzaldehyde 10 ml Ethanol + 20 ml H,O 7 82
15 ml Ethanol + 15 ml H,O 8 80
30 ml Ethanol 10 75
30 ml H,O 10 79
Solvent free 12 52
3 4-Chlorobenzaldenyde 20 ml Ethanol + 10 ml H,O 5 94
10 ml Ethanol + 20 ml H,O 8 88
15 ml Ethanol + 15 ml H,O 10 84
30 ml Ethanol 10 78
30 ml H,O 8 84
Solvent free 12 63
4 Benzaldehyde 20 ml Ethanol + 10 ml H,O 6 82
10 ml Ethanol + 20 ml H,O 8 79
15 ml Ethanol + 15 ml H,O 10 75
30 ml Ethanol 10 69
30 ml H,O 8 75
Solvent free 12 45

Effect of the catalyst structure

The effect of catalyst structure on the oxidation of aromatic aldehydes is
summarized in Table 1V. 4-Chlorothiophenol was used as the model compound
and the amount of each catalyst was kept constant. In the Keggin-type polyoxo-
metalates series, HsPV M 010040 showed the highest catalytic activity. In gene-
ral, the heteropoly salt type catalysts were less efficient than the heteropolyacids.
The Keggin-type polyoxometalates led to a more effective reaction in compa-
rison with the Well-Dawson type polyoxometalates. Thus, HgPoM01g0g2 Was
again more effective than HgP>W1g0g2 in the oxidation of aldehydes, possibly
due to the difference in the reduction potentials tungsten and molybdenum. How-
ever, the results indicated that the highest yield of products was obtained with
HsPV oM 010040 as catalyst (Table I11). This behaviour is found to be quite gene-
ral. The high activity of HsPV2M010049 in comparison of the other HPAs (Table
IV) confirmed that in addition to H*, the VV°* probably played a catalytic role in
the reaction.

TABLE IV. Oxidation of aldehydes using KMnQO, as the oxidant in the presence of different
heteropolyacids using microwave radiation

Entry Aldehyde Catalyst Reactiontime, s  Power, W  Yield, %

1 4-Methylbenzaldehyde HsPV,M 03004 30 100 88
HePV3M0gO4 40 100 86
H4PVMo04,0. 50 100 82
H3PM0:,04 60 100 78
HeP.M0:50s, 80 200 74
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TABLE IV. Continued

Entry Aldehyde Catalyst Reactiontime,s  Power, W  Yield, %
1 4-Methylbenzaldehyde H3PW 1,0, 20 100 70
HsP,W 1506, 140 200 70
None 300 500 25
2 4-Chlorobenzaldehyde  HsPV,M0:004 80 300 95
HgPV3M0yOy 100 280 95
H4sPVM0,,04 110 300 92
H3PM 0,04 120 500 86
HeP.M 0,505 130 600 82
H3PW 150, 130 500 88
HgP,W 1505, 140 1000 81
None 320 2000 28
3 4-Nitrobenzaldehyde  HsPV,M03004 120 400 97
HePV3M0gO4 100 450 97
H,PVM0,,0, 150 600 96
H3PM 0,04 180 1000 88
HgP,M 0,505, 180 1000 86
H3PW 1,0, 170 800 84
HgP,W 1506, 180 1000 81
None 480 2000 27
4 3-Nitrobenzaldehyde  HsPV,M0,004 130 500 98
HgPV3M0yOyg 100 500 98
H4sPVM0,,04 160 600 96
H3PM 0,04 200 1000 87
HgP,M 0,505, 280 1000 86
H3PW 1504 250 1300 84
HP,W 106, 300 1300 82
None 540 2500 24

Effect of microwave irradiation

In recent years, a practical dimension to microwave heating protocols was
added by accomplishing reactions on solid supports under solvent-free condi-
tions.21 These solvent-free microwave-assisted reactions provide an opportunity
to work with open vessels, thus avoiding the risk of high-pressure development
and increasing the potential of such reactions to large-scale production. For the
first time, results on this environmentally benign microwave approach for the
oxidation of aromatic aldehyde in the presence of HgPV2M 010049 are described
herein. The results showed that, 4-chlorobenzal dehyde could easily be oxidized but
hydroxybenzal dehydes could not. Other mono-substituted benzal dehydes showed
different behaviours (Table V).

A comparison of the methods

The results aso showed that under microwave irradiation, the oxidation
readily proceeds over mixed addenda heteropolyacid HsPVoMo1gO4g catalysts
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1520 SHOJAEI, REZVANI and HERAVI

loadings under solvent-free conditions in very short times (1-3 min) (Table V).
This can be due to the polar nature of the reaction intermediates that couple effi-
ciently with the microwaves and hence, increase the yield and accelerate the rate.
Clearly, this method minimizes the longer reaction times required under thermal
conditions.

TABLE V. Comparison of the different methods employed

Entry Aldehyde Test method Time Yield, %
1 4-Methylbenzal dehyde Reflux (solvent) 4h 84
Heated (without solvent) 35h 86
Magnetic stirrer (25 °C) 10h 82
Microwave irradiation 30s 88
2 4-Chlorobenzal dehyde Reflux (solvent) 5h 94
Heated (without solvent) 5h 92
Magnetic stirrer (25 °C) 14h 90
Microwave irradiation 80s 94
3 4-Nitrobenzaldehyde Reflux (solvent) 3h 95
heated (without solvent) 25h 92
Magnetic stirrer (25 °C) 10h 96
Microwave irradiation 120s 100
4 3-Nitrobenzal dehyde Reflux (solvent) 5h 89
Heated (without solvent) 45h 90
Magnetic stirrer (25 °C) 12h 88
Microwave irradiation 130s 98
5 Benzaldehyde Reflux (solvent) 6h 82
Heated (without solvent) 7h 76
Magnetic stirrer (25 °C) 10h 74
Microwave irradiation 150s 95
Effect of the oxidant

This reaction was carried out using either HoO> or KMnQOy as the oxidizing
agent under mild conditions. The effect of the oxidant on the oxidation of aroma-
tic aldehydes in the presence of HsPVoMo01004g is presented in Table VI.

TABLE VI. Oxidation of aldehydes by different oxidants in the presence of HsPV,M0,g049

Entry Aldehyde Oxidant Time, h Yield, %

1 4-Nitrobenzaldehyde KMnO, 5 97
H,0O, 3 95
None 8 20

2 3-Nitrobenzaldehyde KMnO, 5 98
H,O, 5 89
None 8 17

3 4-Chlorobenzaldehyde KMnO, 7 96
H,0O, 5 94
None 10 18
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TABLE VI. Continued

Entry Aldehyde Oxidant Time, h Yield, %
4 4-Methylbenzal dehyde KMnO, 4 92
H,0O, 4 98
None 8 27
5 Benzaldehyde KMnO, 5 96
H,0O, 6 69
None 8 25
6 2,6-Dicholorobenzaldehyde KMnQO, 8 88
H,0O, 7 92
None 10 11
7 2,4-Dicholorobenzaldehyde KMnQO, 8 90
H,0O, 7 91
None 10 10
8 3,4-Dicholorobenzaldehyde KMnQO, 8 87
H,0O, 7 91
None 10 11
9 3,4-Dinitrobenzaldyde KMnQO, 8 89
H,0O, 7 92
None 10 10
CONCLUSIONS

By changing the constituent elements of the polyanion (both hetero and ad-
denda atoms), the acid strength of HPAs as well as their catalytic activity can be
varied over awide range. For the first time, using the inexpensive and easily pre-
pared HsPV oM o010049 solid catalyst, oxidation of aromatic aldehydes with elec-
tron-withdrawing and electron-donating groups to the corresponding carboxylic
acids was studied. The results showed that the catalyst type is important as well
as the solvent and temperature, but that the reaction withstands a range of sub-
stituents. The Keggin-type polyoxometal ates were superior to the Well-Dawson
type polyoxometal ates.

U3BOJI

»3EJIEHN®, IIOHOBO VYIIOTPEBJBMB, BUCOKO EOMKACAH YBPCTU KUCEJIN
KATAJIM3ATOP 3A OKCUAALNIY AJIIEXUIA 1O OAI'OBAPAJYRE KMCEJIMHE
CA H202 N KM NO4:H5P\/2M 010040 (10-MOHI/IBI[O-2-BAHAI[O
DOCPOPHE XETEPOIIOJIN KUCEJIMHE)

ABDOLLAH FALLAH SHOJAEI*, MOHAMAD ALI REZVANI* 1 MAJID HERAVI?

lDepairtrnent of Chemistry, Faculty of Science, University of Guilan, Rasht, 419961-3769 u 2Department of
Chemistry, School of Science, Azzahra University, Vanak, Tehran, Iran
[Ipenmer pana je okcuanuja apoOMaTHYHUX ANJIEXHIA O OAroBapajyhmx KapOOKCHIHUX KH-
celMHa, yrnotpeboM BOJOHUK-NIEpOKcHIa Kao peareHca, y3 HsPVoM010Oyg kao kaTannzaropa. Ha-
BEJICHU CHCTEM IpEACTaBJba epruKacaH, MOroAaH U MPAKTHIaH METOJ 32 OKCHIANN]Y apOMaTHIHUX
angexuza. [ommokcomeranatu Keggin u Well-Dawson tuna cy melhyco6uo ynopehenu y oxHocy
HA BUXOBY PEIaTHBHY CTAOMIIHOCT, TBPAONY M KHUCETOCT.
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Impact of the modification of carbon-supported, Pt-based
catalysts by irreversibly adsorbed Sn, Ru and Rh
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Abstract: The oxidation of ethanol was studied at Sn,y-, Ruyy- and Rhy-mo-
dified and unmodified PtC, Pt3Sn/C and Pt3Ru,/C catalysts. Potentiodynamic,
quasi-steady-state and chronoamperometric measurements were used to invest-
tigate the activity and stability of the catalysts. Irreversible adsorption of a
small amount of each of the adatoms (=10 % surface coverage) enhanced the
activity of the P/C and Pt3Sn/C catalysts. The onset potential was shifted by
~50 mV towards lower values and the current densities over the whole studied
potential region were up to two times higher with respect to the unmodified
catalysts. On the other hand, the addition of Snyy or Rhyy slightly increased the
activity of Pt3Ru,/C, while the presence of Ru,y decreased its activity for etha-
nol oxidation. The catalytic action of Sny and Ru, was associated mostly with
their ability to adsorb oxygen-containing species at lower potentials than Pt,
permitting a bifunctional mechanism to proceed. Rhyy also acted on the C-C
bond breaking activation as well as source of oxygen containing species, in-
creasing in thisway the activity of the modified surfaces for ethanol oxidation.

Keywords. ethanol oxidation; Pt nanocatalyst; Pt—Sn nanocatalyst; Pt—Ru
nanocatalyst; Pt—Rh nanocatalyst; adatom modification.

INTRODUCTION

Ethanol is a promising candidate to replace methanol in fuel cells due to its
higher energy density that corresponds to 12 electrons per molecule in the total
oxidation, low toxicity, mass production from renewable sources and easy sto-
rage and transportation. The complete oxidation of ethanol entails dehydroge-
nation, C—C bond cleavage and the stripping of the resulting adsorbed CO. The
fragmentation of ethanol on catalyst surfaces generating stable adsorbates has

* Corresponding author. E-mail: jlovic@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC110217136L
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been the subject of many previous studies using both in situ infrared spectros-
copy (FT-IR) and differential electrochemical mass spectrometry (DEMS).1-5
Although the mechanistic details of ethanol oxidation in acidic solution on a pure
Pt electrode still remain unclear, the genera view is that acetal dehyde (CH3CHO)
and acetic acid (CH3COOH) are the main products, with carbon dioxide (COy)
appearing at very high positive potentials. Thus, the major challenge for the
electrocatalysis of ethanol is to achieve its total oxidation to CO» at low over-
potentials.

Despite of fact that platinum is generally known as one of the best electro-
catalyst for alcohol oxidation at low temperatures, it has limited ability for C-C
bond scission and is easily poisoned by CO and other carbonaceous interme-
diates. Different C1 and Co adsorbates formed in the oxidative adsorption of etha-
nol have been identified.126-8 CO, is formed from strongly adsorbed interme-
diates on the electraode, while the products of partial oxidation, acetaldehyde and
acetic acid, are formed from weakly adsorbed intermediates.1.® The efficiency of
C—C bond activation in ethanol oxidation is the key to enable this reaction to be
useful in fuel cell applications. Hitherto, this efficiency was quite low and partial
oxidation products, acetaldehyde and acetic acid, were observed.10.11

The addition of a second metal to Pt by underpotential deposition or by al-
loying creates bimetallic catalysts and changes the electronic and structural pro-
perties of the base material, causing a change of its catalytic activity. It also aters
the number of large Pt ensembles on platinum surfaces, which are important for
site-demanding processes, such as C—C bond cleavage.

The activity of binary electrocatalysts was attributed to a bifunctional effect
(Pt adsorbs alcohol and oxidizes H, while the second metal supplies oxygen-
-containing species to oxidize the blocking intermediate CO) or to the electronic
interaction between Pt and alloyed metals.12-14 These effects may influence
ethanol oxidation on bimetallic catalyst in away either to accelerate the oxidation
of the CO adsorbate, as in the case of PtSn and PtRu bimetallic electro-
des, 231516 or to improve C-C bond activation, as in the case of PtRh.17 It was
shown that PtSn/C bimetallic carbon-supported materials are more active than
PtRu/C electrocatalysts for ethanol oxidation.1>18 The different promotion ef-
fects of PtSn/C and PtRu/C to ethanol oxidation can be explained by the struc-
tural effect (difference in aloy phase structure and particle morphology) and by
modified bifunctional mechanisms in different potential regions.18 However, the
electro-oxidation of ethanol on PtSn/C or PtRu/C yields almost only partially
oxidized products acetaldehyde and acetic acid, i.e., the presence of Sn or Ru did
not improve the conversion of ethanol to CO». On the other hand, PtRh bi-
metallic catalysts show significant activity for the production of CO> from etha-
nol, although the reaction currents are ailmost similar to that of a platinum elec-
trode.10.19 |t was proposed, from the results of DEMS measurements, that the
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strong CO—Rh bond or slow dehydrogenation on Rh diminish the overall ethanol
oxidation reaction (EOR) rate.1’

In order to improve both the activity and selectivity (the overall reaction
rate), ternary catalysts, such as PtSnRh/C, PtRuRh/C or PtRuSn/C, were made
using different methods of preparation.’-19-22 The joint action of the three cons-
tituents could explain the large activity of ternary catalysts for ethanol oxidation.
In the catalysts containing Rh, the role of Rh was to adsorb and stabilize the key
intermediate, which leads to cleavage of C—C bonds, Sn or Ru provides OH spe-
cies necessary for the oxidation of CO adsorbed on Rh sites, while Pt facilitates
ethanol dehydrogenation. It was shown that ternary Pt—-Sn—Rh alloy catalysts
possess the highest activity for ethanol electro-oxidation at potentials higher than
0.45V (RHE), as a consequence of geometric and electronic modification due to
the formation of aternary alloy phase.23 A Pt-Ru-Rh/C catalyst exhibited a com-
promise between the overall reaction rate and CO» yield, i.e., both characteristics
were between those of Pt—-Ru/C and Pt—-Rh/C.19 In a recent work of Kowal et
al.,24 it was stated that a ternary Pt=Rh-SnO, electrocatalyst was effective in
splitting the C—C bond in ethanol at room temperature and caused its predo-
minant oxidation to CO» at very low overpotentials. The catalytic property of this
ternary electrocatalyst was attributed to the synergistic effect between all three
constituents.

On the other hand, the ternary PtRuSn/C catalyst, benefited from the simul-
taneous presence of Ru and Sn and the positive effect was ascribed mainly to
interactions between Sn and Ru oxides.17:21.22 The addition of 10 wt. % of Sn to
PtRU/C resulted in an excellent performance and a two-fold enhancement com-
pared with PtSn/C.2°

The irreversible adsorption of Sn, Rh or Ru at Pt/C does not perturb signifi-
cantly Pt structurally or electronically, as was shown in spectroscopic studies,26-28
although the presence of the second metal alters the number of large Pt en-
sembles, which may be important for the site demanding process of C—C bond
cleavage. The catalytic action of Sn or Ru atoms was associated mostly with their
ability to adsorb oxygenated species at lower potentials than Pt, permitting the
bifunctional mechanism to proceed.1® Both of these two metals are inactive for
ethanol adsorption. Moreover, Rh alone is inactive for ethanol oxidation, but it is
capable of adsorbing and stabilizing the intermediate formed by ethanol dehyd-
rogenation, which leads to cleavage of C—C bonds at a reasonable rate, as well as
to act as a source of oxygenated species.19

Recently, the activity of Pt—Sn/C and Pt—Ru/C in ethanol oxidation was
correlated with the degree of aloying. Although the results reported so far are
generdly not in agreement, most of them indicate that highly alloyed catalysts
promote ethanol oxidation.323:29,30
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In a previous work,3! ethanol oxidation was studied at two aloys, Pt3Sn/C
and Pt3Ruo/C, as well as on a Pt/C catalyst modified with the corresponding
amounts of Sngg (25 % surface coverage) and Rugg (40 % surface coverage) in
order to simulate the alloy composition of the catalysts. The comparative inves-
tigation based on the effects influencing the catalytic properties of these electro-
des contributed to a better understanding of the different activities between al-
loys, as well as between alloys and Pt/C modified by the corresponding amounts
of irreversibly adsorbed Sn and Ru.

In the present study, ethanol oxidation was investigated on carbon-supported
Pt-based catalysts modified with a small amount (=10 %) of irreversibly ad-
sorbed Sn, Rh and Ru. The idea of such surface modifications arose from the fact
that modification of Pt3Sn/C with a small amount of Snyg created a powerful
catalyst for overall ethanol oxidation,31.32 as well as from a previous theoretical
study24 in which it was shown that a low Rh content relative to Pt is likely to
facilitate C—C bond breaking in the system.

The main goal of the present work was to examine the influence of electrode
composition on the electrocatalytic activity toward the electrochemical oxidation
of ethanol in order to explain the difference between modified and unmodified
Pt-based catalysts and finally, to determine the optimal concentration of the cons-
tituents that gives the most active catalyst for the EOR.

EXPERIMENTAL
Electrode preparation

Commercialy available Pt-based catalysts supported on high surface area carbon were
used: platinum (P/C) with 47.5 wt. % Pt and platinum—ruthenium (PtzRu,/C) with 33.5 wt. %
aloy provided by Tanaka Precious Metals Group (Kikinzoku International K.K) and plati-
num—tin (PtzSn/C) with 20 wt. % alloy provided by E-Tek, USA. The catalysts were charac-
terized by X-ray diffraction analysis.*

The catalysts were applied to a glassy carbon substrate in the form of a thin-film.”> A
suspension of 5 mg of the respective catalyst in a mixture of 1 ml water, 1 ml ethanol and 50
pl of a5 % aqueous Nafion solution was prepared in an ultrasonic bath and 10 pl of the
suspension was placed onto the substrate (5 mm diameter) and dried at room temperature to
form a homogenous catalyst layer. The resulting metal loading was 25 pg cm2.

To avoid the contribution of any other anions, surface modification by the adatoms was
achieved by holding a freshly prepared electrode at 0.2 V in 0.1 M HCIO, solution con-
taining Sn, Ru or Rh ions, produced by dissolving the required metal from the alloy matrix of
Pt3Sn/C, Pt3Ru,/C and PtRW/C, respectively, during cycling (20 cycles) at different anodic
limits. The adatom-modified electrode was then rinsed with water and transferred to the elec-
trochemical cell.

Electrochemical measurements

Electrochemical measurements were performed at room temperature in No-purged 0.1 M
HCIO, solution in a standard three compartment electrochemical cell with a Pt wire as the
counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The re-
agents used were of p.a. purity (Merck) and solutions were prepared with high purity water
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(“Millipore”, 18 MQ cm resistivity). Ethanol (0.5 M) was added to the solution while holding
the electrode potential at —0.2 V. The catalytic activity was measured using the potentio-
dynamic (sweep rate 20 mV s1), quasi-steady-state (sweep rate 1 mV s1) and chronoampro-
metric methods. The potentials are given versus SCE and the currents were normalized per
total mass of metal and are expressed as mA mgt

The current—time transient curves were recorded during 30 min upon immersion of the
electrodein the solution at —0.2 V for 2 s prior to steppingto 0.2 V.

A VoltaLab PGZ402 (Radiometer Analytical, France) was used in the electrochemical
experiments.

RESULTS AND DISCUSSION

Polarization curves for ethanol oxidation on unmodified and Snyg, Rugg and
Rhyg modified Pt/C, PtgRuo/C and Pt3Sn/C catalysts in acid solution are shown
in Fig. 1. The positive potential limit was set at 0.3 V to prevent any dissolution
of Sn, Rh or Ru.

A comparative investigation of ethanol oxidation on the Pt-based catalysts
showed that both alloys are more active than Pt/C, as was found previously.31
The initial potentials on the Pt3Sn/C and Pt3Ru,/C catalysts were approximately
-0.1V and -0.05 V, respectively, and the reaction rates at the alloyed catalysts
were higher than that at Pt/C, particularly at Pt3Sn/C. On the Pt/C catalyt, the
reaction commences at ~0.1 V, when dissociative adsorption of water occurred
providing the OHaq species33 required for the oxidation of the Cy and Cy inter-
mediates generated by dissociative adsorption of ethanol.

The activity of the Pt/C catalyst was improved in the presence of irreversibly
adsorbed adatoms and reaction commenced at ~0.05 V less positive potentials
relative to the unmodified P/C (Fig. 1). The negative shift of the starting po-
tential was more pronounced at the modified Pt3Sn/C electrode (=100 mV), while
it was the least expressed on the modified Pt3Ru,/C catalyst compared to the
unmodified Pt-based alloy catalysts.

The catalytic action of Snyg or Rugg on the investigated electrodes was cor-
related generally to their ability to dissociate water at lower potentias than P,
enabling the bifunctional mechanism between the adsorbed species on Pt and the
OH species adsorbed on the added metals to proceed (Fig. 1aand b).12 Spectros-
copic analysis of Sngg on Pt/C showed that Snyg interacted with oxygen species
in asimilar manner as in the Pt3Sn/C alloy.28 The high activity of this alloy ori-
ginates mainly from the electronic effect resulting in weak bonded adsorbate ge-
nerated by ethanol adsorption on the Pt sites,34:3% and an appropriate amount of
oxygen-containing species, weakly bound to the Sn sites.36:37 On the other hand,
the underpotential deposition of Sn on Pt/C did not provoke any significant elec-
tronic changes in Pt,27 which means that Snaq did not interfere remarkably with
the ability of Pt to adsorb strongly ethanol or the adsorbate generated by ethanol
dissociation. A small amount of Sn (=10 %) irreversibly adsorbed on Pt3Sn/C
(Fig. 1a) improved the activity of the alloy, creating a powerful catalyst for etha
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nol oxidation.31.32 The high activity of this catalyst can be explained by a combi-
nation of the electronic effect and the easier mobility of Snyg,38 with an enhanced
amount of oxygen-containing species on the Sn.
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Fig. 1. Potentiodynamic curves for the oxidation of 0.5 M C;H5OH in 0.1 M HCIO, at Pt/C,
PtsRu,/C and PtzSn/C: &) unmodified and modified with 10 % Sn,y; b) unmodified and
modified with 10 % Ru; ¢) unmodified and modified with 10 % Rhyy. v=20 mV s,
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Irreversible adsorption of Ru on Pt/C or Pt3Sn/C did not provoke significant
electronic changes in Pt26:27 and therefore ethanol oxidation on respective cata-
lysts obeyed the conditions relevant for the bifunctional mechanism (Fig. 1b).
The addition of 10 % Ru improved dlightly the activity of these catalysts due to
the increased amount of oxygen-containing species on the Ru sites. On the cont-
rary, the decreased activity of PtzRuy/C modified by 10 % Ru was the conse-
guence of the disturbance of the conditions relevant for the bifunctional mecha
nism, i.e., the appropriate ratio between Pt sites, which adsorb ethanol, and Ru
sites, which nucleate oxygen containing species necessary to oxidize the adsor-
bates. The ratio between Pt and Ru that provides the best catalytic performance is
60:40, isfulfilled in the PtzRu,/C catalyst.39

The addition of Rh slightly enhanced the reaction rate on all the investigated
catalysts. The effect of Rhyg on Pt/C was less expressed compared to Snyg or
Rugg (Fig. 1c). The role of Rh isto adsorb Co intermediates formed by ethanol
dehydrogenation, to stabilize them and permit the cleavage of C—C bonds.40
Nevertheless, Rh is less efficient for the dehydrogenation reaction compared to
Pt; thus a relatively high-energy barrier for the dehydrogenation can hinder C—C
bond scission necessary for the formation of CO.10 Thereby, the CO coverage
during the reaction must be lower on surfaces containing Rh. At the same time,
the presence of OHgg species on Rh at lower potentials compared to Pt could en-
hance the oxidation of reaction intermediates. The present results are consistent
with a small enhancement of the catalytic effect in ethanol oxidation observed on
carbon-supported PtRh (9:1) catalyst relatively to P/C and the role of Rh on
bimetallic PtRh electrodes was associated with the changes in the electronic pro-
perties caused by the addition of Rh to Pt.10.41

The catalytic activity of all the investigated catalysts at E = 0.2 V are sum-
marized in Table |. The most active was Pt3Sn/C modified with Sngg, which was
1.7 times more active than Pt3Sn/C and even 6 times more active than Pt/C. It is
also notable that the Ru modified Pt3Ruo/C electrode was less active than
Pt3Ruo/C by almost 15 %.

TABLE |. Mass-specific current densities (j / mA mg™) of the respective catalystsat E = 0.2 V
(SCE)

Catd ySt Unmodified Snaj Rhad Ruyy
Pt/C 34.7 52.5 384 42.2
Pt;Sn/C 124.2 212.4 180.0 160.2
Pt;Ru,/C 63.6 160.2 70.8 56.0

From a practical point of view, not only is the initial activity of catalysts an
important factor, but also the improvement of their poisoning tolerance. This is
possible to illustrate by measuring the current densities of ethanol e ectro-oxi-
dation at a constant potentia as a function of time. In this sense, chronoampero-
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metric experiments were performed (Fig. 2). The highest initial current density at
0.2 V on Pt3Sn/C compared to the other two unmodified catalysts is in accor-
dance with the potentiodynamic measurements (Fig. 1). The currents decayed
rapidly at the P/C and Pt3Ruo/C catalysts, reaching their steady state values
within a few minutes. On the contrary, at the Pt3Sn/C catalyst, the initial current
decreased dlightly and stabilized in the experimental period of time at a value
which was about two times higher than at the PtsRuo/C catalyst. The Pt3Sn/C
catalyst is evidently less poisoned than PtsRu,/C or Pt/C, since weaker bound
adsorbate on the electronically modified Pt in Pt3Sn/C could be more easily
oxidized than on Pt3Ru,/C or Pt/C.

i
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i
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3
PYC+sn b PtsRuz/C + Snad Pt,Sn/C + Sn_,
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Fig. 2. Chronoamperometric curves for the oxidation of 0.5M C,HsOH in 0.1 M HCIO,4 at 0.2
V at: 8 Pt/C unmodified and modified with 10 % Sn,y, Ru,y and Rh,; b) PtsRu,/C un-
modified and modified with 10 % Sn,y, Ruy and Rhy; €) PtaSn/C
unmodified and modified with 10 % Sn,y, Ruyy and Rhy,.

At 0.2V, theinitia current densities at the Snyg-modified Pt3Sn/C were sig-
nificantly increased compared to the unmodified catalyst and they were much
higher than at the other catalysts studied with or without Rugg and Rhgg. The cur-
rent decayed slower at the Snyg-modified than on the unmodified Pt3Sn/C cata-
lyst, indicating less accumulation of CO4q species. Finaly, two times higher
current densities were achieved at the Sngg-modified Pt3Sn/C than on Pt3Sn/C,
which was about 9 times more active than Pt/C. This corresponds with the results
obtained in the potentiodynamic measurements (Fig. 1).

The electrocatalytic activity of the catalysts studied for ethanol oxidation
after 30 min increased in the sequence: P/C < Pt/C+Rhyg < Pt/C+Ruy < Pt3Ruo/C
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+ Rugg < Pt3Ruo/C < Pt/C + Sngg < Pt3Ruo/C + Rhyg < Pt3Ruy/C + Sngg <
Pt3Sn/C < Pt3Sn/C + Rugg < Pt3Sn/C + Rhgyg < Pt3Sn/C + Sngyg, suggesting that
the activity of the supported Pt-based catalysts can be associated with their CO
tolerance, which was the most pronounced at the Snyg-modified Pt3Sn/C catalyst.

Moreover, a (di/dt) = f(t) plot at small time values alows an evaluation of
the initial poisoning rate, the greater the slope, the greater the initial poisoning of
the electrode surface. The initial poisoning rates for the Pt-based catalysts with
and without Snyg are presented in Fig. 3. It appears that Snyy leads to less poi-
soning, since the experimental slopes with added Sn were lower by a factor of
1.1, 1.22 and 1.6, compared to those obtained without the addition of Snyg to
Pt/C, Pt3Ru,/C and Pt3Sn/C, respectively.

‘TU)
o[
<
£
N o PYC
g 2f m PYC+Sn,
3 A PtRu/C
A PtRu,/C+Sn,,
sl O PtSn/C
i 3

Pt,Sn/C + Sn_,

4 )
-20 0 20 40 60 80 100 120 140

tls
Fig. 3. di/dt =f(t) Curvesfor Pt/C, PtzRu,/C and Pt3Sn/C catalysts with and without 10 % Sny.

The quasi-steady-state results of ethanol oxidation on the investigated cata-
lysts are given in Fig. 4. The Tafel slopes of ~120 mV dec1 obtained at the Snag-
and Rhgg-modified electrodes and at the unmodified Pt3Sn/C catalyst indicate
that the first electron transfer could be the rate determining step.2® The higher
Tafel slopes of 140-150 mV dec at the Rugg-modified electrodes and the un-
modified Pt3Ru,/C and Pt/C catalysts could be caused by large poisoning of the
pt.42

Hitherto, the mechanism of ethanol oxidation on bimetallic catalysts has
been discussed mainly in terms of a bifunctional effect12:39 and/or electronic ef-
fects.34:35 Since the investigated irreversibly adsorbed adatoms did not change
significantly the performance of the supported catalysts regarding ethanol ad-
sorption, their promotional or inhibiting effect (as in the case of Ruyg on PtsRuy/
/C) on ethanol oxidation requires additional explanation.
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Fig. 4. Tafel plotsfor oxidation of 0.5 M Co,H50H in 0.1 M HCIO, solution at: a) P/C
unmodified and modified with 10% Sny, Ru,y and Rh; b) PtzRu,/C unmodified and
modified with 10% Sn,y, Ruy and Rhyy; ¢) PtaSn/C unmodified and modified
with 10% Sn,g, Ruyg and Rhy. v=1mV s,
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With the underpotential deposition of Sn, Ru and Rh, it was intended that
different adsorption sites on the Pt particles be occupied. As Sn adatoms are mo-
bile on a Pt surface,38 it is reasonable to assume that they tend to nucleate on the
edges of the Pt particles, preventing strong adsorption of poison and simultane-
ously providing for the adsorption of OH species on Snyj at lower potentials than
on Pt/C, enabling the oxidation of the intermediates (C; and Co fragments) on the
facet sites. This characteristic of Snayg should be more pronounced on Pt3Sn/C
than on Pt3Ruo/C or on Pt/C due to the change in the electronic structure of Pt on
the aloyed surface.

Considering the irreversible adsorption of Ru, it was observed that Ru
creates two-dimensional (2D) nanosized and catalytically active islands.43 There
was no preferential deposition of this metal on surface steps under both electro-
deposition** and spontaneous deposition4® conditions, indicating that the Ru nuc-
leation does not occur preferentially at crystallographic defects, and that the Ru
islands are randomly dispersed over the electrode surface (on facets and step
sites), permitting the adsorption of poisoning and reactive species on the Pt active
step sites. Although the capability of Ru atoms to dissociate water is larger than
that of Sn atoms, Ru-modified surfaces (by irreversible adsorption or aloying)
creates catalysts less active than Sn-modified surfaces because of the higher poi-
soning.26 This refersto the all the investigated Pt-based catalysts.

Rhodium adlayers also grow in islands, but primarily on the facets, leaving
large domains of the surface uncovered, including steps and defect sites.46:47 As
Rh adatoms in the periphery of the islands form steps with the platinum substrate,
the idlands boundaries (Pt—Rh adsorption sites) could have an enhanced reactivity
toward OH and ethanol dissociative adsorption, i.e., the periphery of the islands
would contain bifunctional catalytic centers.

In spite of the capability of Ru and Rh atoms to dissociate water at lower po-
tentials with respect to Pt, thereby providing oxygen-containing species to oxi-
dize adsorbed fragments generated from ethanol, the Rhyg-modified Pt/C catalyst
was less active than the Rugg-modified Pt/C catalyst, most likely due to the
dightly stronger bond between the adsorbate and Rh.17

On both aloys, the effect of Rhyy was more expressed compared to Rugyg.
The possible explanation is the presence of larger amount of C; and C» inter-
mediates in the presence of Rh, which could be oxidized with OH species weakly
bound on Sn or Ru sites in the corresponding alloys. This assumption must be
supported by quantitative measurements; hence additional study is a necessity.

CONCLUSIONS

In this work, ethanol oxidation was investigated on carbon-supported Pt-
based catalysts modified with a small amount (=10 %) of irreversibly adsorbed
Sn, Rh or Ru. The concept of such surface modification was to provide more
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sites for the adsorption of oxygen-containing species necessary for the oxidation
of reaction intermediates and at the same time to maintain large Pt ensembles
important for C—C bond scission.

The irreversible adsorption of all types of adatoms enhanced the activity of
the Pt/C and Pt3Sn/C catalysts. The onset potential was shifted by <50 mV
towards lower values and the current densities over the whole studied potential
region were up to two times higher in respect to the unmodified catalysts. On the
other hand, the addition of Sngg or Rhgg slightly increased the activity of PtsRuo/
/C, while the presence of a Ruyg adlayer decreased its activity for ethanol oxida
tion. The catalytic actions of Snyy and Rugg were associated mostly with their
ability to adsorb oxygen-containing species at lower potentials than Pt, permit-
ting the bifunctional mechanism to proceed. Rh adatoms acted on the activation
of C—C bond scission and were a source of oxygen-containing Species, increasing
in this way the activity of the modified surfaces for ethanol oxidation.

Electrochemical measurements revealed that Snyg had the most pronounced
effect on ethanol oxidation on all the investigated Pt-based catalysts. The most
active was Pt3Sn/C modified with Snyg which was two times more active than
Pt3Sn/C and even 9 times more active than Pt/C according to chronoamerometric
measurements. At the same time this catalysts was less prone to poisoning, sug-
gesting a high CO tolerance.

Tafel slopes of ~120 mV dec! obtained at the Snag- and Rhayg-modified
electrodes and at the unmodified Pt3Sn/C catalyst indicated that the first electron
transfer could be the rate determining step. Higher Tafel slopes of 140-150 mV
dec® at the Rug-modified electrodes and the unmodified PtzRuy/C and Pt/C
catalysts could be caused by alarge poisoning of Pt.

Acknowledgements. This work was financially supported by the Ministry of Education
and Science of the Republic of Serbia, Contract No. H-172060.

U3BOJ

YTULOAJ MOJUDUKAIIAIE INTATUHCKUX HAHOKATAJIM3ATOPA
NPEBEP3VBMIIHOM AJICOPIILIJIOM Sn, Ru 11 Rh HA OKCUOAIINTY ETAHOJIA

JEJIEHA J1. JOBUR, AMAJINJA B. TPUIIKOBU'R u KCEHUJA B. [IOIIOBU'R
UXTM — Leniuap 3a eaexiupoxemujy, Ynusepauitieii y beozpady, thezowesa 12, it. tip. 473, 11000 Beozpao

Okcupanuja eranona je ucnutuBana Ha P/C, Pta3Sn/C u PtgRu,/C karanuszaropuma Momudu-
KOBaHHMM HPEBEPU3HOMIHO aJcopOOBaHUM Shyy, Ruyy 1 Rhyy amaromuma. IbuxoBa akTHBHOCT U
CTaOMJIHOCT MCIIUTHBAHA j€ MOTCHIHOMHAMUYKIAM, XPOHOAMIIEPOMETPH]CKUM H KBa3H-CTallHOHAP-
HUM MepemnMa. J[oOmjeHu pe3yiTaT Cy MoKa3aid Aa Majla KOJIWYHHA HPEeBEep3UOMIHO amcopbo-
Banux agaroma (10 %) mosehasa akruBHoCT PH/C 1 Pt3Sn/C karamusaropa. [Touerak peakimje je
MOMEpEH Ka HeraTUBHUjUM BpexHocTUMa 3a ~50 mV u nobujene cy oko nBa myta Behe rycrune
cTpyje y nopehemy ca HeMoanpUKOBaHUM KatanuzaTopuma. Jlogatak Sngyy mii Rhyy mano mose-
hasa aktuBHOCT Pt3RU,/C kartanusaropa, ok nonatak Ruyy cMamyje BEeroBy akTHBHOCT 32 OKCH-
Janujy eranona. Karanmurudka akTHBHOCT ajaToMa SN u RU ce yriiaBHOM Besyje ca BHXOBOM CIIO-
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cobHomhy na ancopOyjy OH yectuue Ha HIDKUM moTeHIMjanuMa of Pt u Ha Taj HaumH mobOoJpIIa-
Bajy OM(yHKIMOHATHN MexaHn3aM peakiyje. [loBehana akTHBHOCT KaTann3aTopa MOAH(DUKOBAHUX
amaromuma Rh moxe ce oGjacautu nakumm kugambem C—C Bese y eraHoiy, Kao W mosehaHoM
koinuruHOM OH4y yectria Ha Rh mectima.
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(Mpumsbeno 17. pebpyapa, pesumuparo 7. anpuna 2011)
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Microstructure and corrosion behaviour of Zn—Co alloys
deposited from three different plating baths
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Abstract: The effects of plating baths of different composition on the micro-
structure and corrosion stability of Zn—Co aloy coatings were studied. Zn—Co
aloys with the same Co content were deposited from chloride plating baths
containing different amounts of Co?*, as well as from a sulphate—chloride plat-
ing bath. The surface morphology and crystalite size were investigated by
scanning electron microscopy (SEM) and atomic force microscopy (AFM).
The corrosion stability of the Zn—Co aloys was determined by following the
change of the open circuit potential with time of immersion in a 3 % NaCl so-
lution and by polarization measurements. The results showed a significant
influence of the plating bath on the morphology and corrosion stability of the
Zn—Co dloys. The surface of the aloy coatings deposited from the chloride
baths were uniform and homogenous, whereas the deposit obtained from the
sul phate—chloride bath was quite inhomogeneous. The corrosion stability of the
homogenous Zn—Co deposits obtained by deposition from both chloride baths
was higher than that of the deposit obtained from the sulphate—chloride bath.
An increase in the Co content in the chloride-plating bath resulted in a reduc-
tion of the aloy crystallite size and it was shown that the alloy with the smaller
crystallites of the two aloy deposits, athough having the same chemical con-
tent, exhibited a lower corrosion rate.

Keywords: electrodeposition; coatings, Zn—Co alloy; corrosion; AFM.

INTRODUCTION

The electrodeposition of zinc alloy coatings has been of interest recently
since these alloys provide better corrosion protection than pure zinc coatings.14
The alloying of Zn is easily achieved with more noble metals, mostly with metals
of the iron group (Ni, Co and Fe).>11 If zinc aloys have effectively a high

* Corresponding author. E-mail: jela@tmf.bg.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/JSC110331137B
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1538 BAJAT, STEVANOVIC and JOKIC

amount of zinc, they can till maintain a sufficiently negative potential to steel
and yet, offer better corrosion protection than zinc alone.® It is stated in the lite-
rature that the main corrosion product for all zinc-coatings is zinc hydroxide
chloride, Zns(OH)gClo-HoO (ZHC).46.11,12 According to the corrosion mecha-
nism suggested by Lambert,13 zinc dissolves preferentially at the beginning of
the corrosion process, providing galvanic protection to the steel. This, however,
leads to an enrichment of the alloy with the nobler component (dezincification)
and the alloy coating becomes a composite-like structure, consisting of corrosion
products and a layer rich in the alloying elements. This newly formed coating
acts as a protective barrier layer, which reduces the corrosion rate. 103,14 This me-
chanism was confirmed by Short et a.14 for Zn—Co alloys containing 1-10 % Co.

It is known that, compared with Zn and other Zn aloys, Zn—Co aloys have
other superior properties, namely hardness, ductility, internal stresses, paintabi-
lity and weldability.15.16 Different plating baths for Zn—Co co-depositions are re-
ported in the literature, giving deposits with varied properties.317-22 The diffe-
rent properties of aloy coatings depend on their structure and composition, where-
by the structure and composition of an aloy coating are determined by the plat-
ing parameters. Some of these parameters are: temperature of the plating bath,
the type of the bath, the deposition current density or the deposition potential and
the deposition mode.23-2> Each of these parameters has its own influence on the
structure and composition of an aloy coating, which, however, could often not
be unambiguously defined, but are rather dependent on other plating parameters.

Since there are numerous publications related to Zn—Co alloy coatings having
alow Co content (= 1 wt. %)>7.11,12,15 gnd not many reported on Zn—Co aloys
with higher Co contents, Zn—Co deposits with 6 wt. % Co were investigated in
this work. The aim of this work was to study the effects of three different plating
baths on the morphology of Zn—Co coatings and their corrosion stability. Na-
mely, it would be of interest to investigate Zn—Co deposits having the same Co
content but obtained from different plating baths, and to determine how the type
of the plating bath affects the morphology and the corrosion stability of the ob-
tained Zn—Co deposits.

EXPERIMENTAL
Electrodeposition of Zn—Co alloys

Zn—Co dloys were deposited galvanostaticaly on a steel or platinum panel from three
different plating baths (Table I) at room temperature (25+1 °C). The employed plating baths
were free of additives since the am of the study was to investigate only the influence of
different deposition baths on the morphology and corrosion stability of Zn—Co deposits.

The electrolytes used were prepared using p.a. chemicals and high purity water (Milli-
pore, 18 MQ cm resistivity).

Deposition times were chosen to obtain Zn—Co deposits of 15-um thickness.

The working electrodes for polarization measurements and open circuit potential measu-
rements, as well as for scanning electron microscopy (SEM), atomic force microscopy (AFM)
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ELECTRODEPOSITION OF Zn-Co ALLOYS 1539

and energy dispersive spectroscopy (EDS), were Zn—Co alloys deposited on a steel (1SO T57)
panel. The stedl substrates were pre-treated by mechanical cleaning (abrading successively
with emery papers of the following grades: 280, 360, 800 and 1000) and then degreased in a
saturated solution of sodium hydroxide in ethanol, pickled with a 1:1 hydrochloric acid solu-
tion for 30 s and finally rinsed with distilled water. For determining the chemical composition,
Zn—Co alloys were additionally deposited on platinum panels, then dissolved in a small amount
of HCI solution (1:1) (5-10 cmd) and the chemical composition was determined by atomic
absorption spectroscopy. Prior to each electrodeposition, the Pt surface was mechanically
polished with a polishing cloth (Buehler Ltd.) impregnated with an agueous suspension of
alumina powder (0.3 um grade), and then rinsed with pure water in an ultrasonic bath.

TABLE |. Plating baths26
Bath Composition joep/ A dm2  pH
Chloride 0.1 mol dm ZnCl, 2 55
0.03 or 0.5 mol dm3 CoCl,-6H,0
0.4 mol dm3 H3BO;
3 mol dm3KClI
Sulphate-chloride 0.24 mol dm3 ZnS0, 7H,0 8 55
0.1 mol dm™3 CoSO,-7H,0
0.32 mol dm3 H3;BO,
2.0 mol dm3 KCl

The counter electrodes were a zinc panel placed parallel to a steel panel for the electro-
deposition of the aloys, or a Pt panel for the polarization and corrosion measurements. The
reference electrode used in all experiments was a saturated calomel electrode (SCE).

The plating parameters were chosen (Table I) so that al the aloy deposits had the same
Co content (= 6 wt. %).26

Corrosion measurements

The corrosion rates in aerated 3% NaCl solution (pH 6.7) of the electrodeposited Zn-Co
aloys were determined using extrapolation of anodic polarization curves to the open circuit
potential (OCP). A potential sweep rate of 0.2 mV s was applied starting from the OCP, after
a constant OCP had been established. The cathodic and anodic polarization curves were re-
corded in two separate experiments.

Chemical composition and surface morphology

The surface morphology of different Zn—Co deposits was observed by a JEOL JSM 5800
scanning electron microscope (SEM). The chemical content of deposited alloys was deter-
mined using an Oxford System for Energy Dispersive Spectroscopy (EDS) connected to the
SEM. In addition, the chemical composition of the Zn—-Co alloys was determined by atomic
absorption spectroscopy (AAS) using an AAS-PY E Unicam SP9, Philips instrument.

The morphological characterization was performed by atomic force microscopy (AFM)
using a NanoScope 3D (Veeco, USA) microscope operated in the tapping mode under am-
bient conditions. Etched silicon probes with a spring constant of 20-80 N mr! were used.
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1540 BAJAT, STEVANOVIC and JOKIC

RESULTS AND DISCUSSION
The effect of the plating bath on alloy deposition

Galvanostatic curves for deposition of Zn—Co alloys from different plating
baths are presented in Fig. 1. It could be seen that the deposition potential greatly
depends on both the type of the plating bath and the Co2* content in the plating
bath. Namely, the Zn—Co alloy deposited mainly at —1.22 V from the chloride
bath containing the lower amount of Co2* and the deposition potential advanced
to a more noble value, —1.13 V, as the concentration of Co2* in the bath in-
creased. According to the Fig. 1, a higher overpotential was needed to create the
initial nucleus during deposition from the bath with the lower Co2* content. Si-
milar results were reported for Zn-Ni deposition.2’ Plating from sulphate—chlo-
ride bath was performed at an even lower overpotential, —1.07 V, although the cur-
rent density of electrodeposition was higher than in the cases of the chloride baths.

-0.7 e B B
B - - - - chloride bath, [Co” ] =0.03 mol dm” -
-0.8F - - - - chloride bath, [Co”]=0.5 mol dm”
. sulphate-chloride bath
09F g
m .
$ :
a 1O ; .
> :
< v
) 1.1 ]
1.2 . oSS - .
l '3 1 1 | 1 1 1 1

0 100 200 300 400 500 600
t/s
Fig. 1. Galvanostatic curvesin different plating baths for the deposition of Zn—Co aloys.

The small potential fluctuation on the galvanostatic curves, especialy pro-
nounced for the curve related to Zn—Co deposition from the chloride bath with
the lower amount of Co2*, is the result of hydrogen evolution. Namely, the cur-
rent efficiency for the electrodeposition of this alloy coating was the lowest (23
%)26 as compared to 7526 and 40 % for electrodeposition of Zn—-Co coatings
from the chloride bath with the higher amount of Co2* and from the sulphate—
—chloride bath, respectively.

The differences in the deposition potentials from the two chloride baths were
due not only to the different amounts of Co2*, but also to the different ratios of

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

2011 Copyright (CC) SCS

@080

EW MG MO



ELECTRODEPOSITION OF Zn-Co ALLOYS 1541

Co?* to Cl~in the two plating baths. Namely, different types of complexes could
be formed in agueous halide solutions, depending on the cobalt to chloride ions
ratio.28 In electrolytes with a large excess of Cl— with respect to Co?*, as it was
the case in this work for the chloride plating bath with lower Co2* content, at
room temperature, it is considered that cobalt reactive species form complexes,
CoCl42-.28 The [CI-]/[Co?*] ratio was very high (109) in this plating bath and,
thus, electrodeposition was realized from complexes with the highest overpo-
tential (Fig. 1). On the contrary, in plating baths with alow [CI-]/[Co?*] ratio, the
reactive species are metal cations, Co2*. The [Cl-]/[C0o?*] ratio was lower (=8)
for the chloride bath with the higher Co2* content, which resulted in deposition
with lower overpotential in respect to deposition from the other chloride bath. As a
result of al the above-mentioned, the el ectrodeposition from the two different chlo-
ride plating baths resulted in deposits having the same amount of Co (=6 wt. %)
that were obtained at the same deposition current density, but at different overpo-
tentials. The electrodeposition from sulphate—chloride plating bath was aso per-
formed at a low [CI-]/[Co?*] ratio, which was, however, more than two times
higher (20) than in the chloride bath with the higher Co?* content; hence, €lectro-
deposition of the Zn—Co deposit with =6 wt. % Co from the sulphate—chloride
plating bath was realized at a different current density and the lowest overvoltage.

Surface morphology

The surface morphology of electrodeposited Zn—Co aloys was investigated
using SEM. SEM and optical microscopy have proved themselves to be con-
venient methods for the analysis of the surface morphology of electrochemical
deposits?9:30 and in determining the crystallite size in alloy deposits. SEM Ima-
ges of Zn—Co dloys having the same Co content, but deposited from different
plating baths, are shown in Fig. 2.

SEM Analyses of the morphology of the samples studied indicate clear dif-
ference between the deposits obtained from the different plating baths. The de-
posit obtained from the chloride bath with the lower Co?* content isillustrated in
Fig. 2a. The surface of this alloy coating is uniform, homogenous and consists of
irregular crystals particles. The surface morphology of the Zn—Co alloy obtained
from the plating bath with the higher Co2* content in the plating bath, at the same
current density, is shown in Fig. 2b. This deposit is also homogenous and uni-
form, with a dense surface morphology covering the entire surface area. EDS
Analysis showed the same chemica content over both these alloy deposits. It
could be seen that increasing the cobalt content in the plating bath resulted in a
reduction of the crystallite size (Figs. 2a and 2b). However, the deposit obtained
from the sulphate—chloride bath is quite inhomogeneous (Fig. 2c). The local dif-
ferences in chemical content for this deposit were determined using EDS. Na-
mely, the Zn—Co alloy deposit obtained from sulphate—chloride bath also con-
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1542 BAJAT, STEVANOVIC and JOKIC

tained 6.0 wt. % Co, as determined by AAS. EDS Analysis, however, showed dight
differences in the Co content in different areas of deposit, with the Co contents
ranging from 5.7-8.3 wt. %. In addition, 3.0 % oxygen was also detected by EDS.

20 um

Fig. 2. Surface morphology (SEM) of Zn—Co
alloys deposited from: a) chloride bath with
lower ratio of cobalt to zinc ions, b) chloride
bath with the higher ratio of cobalt to zinc
ions and c) sulphate—chloride bath.

Corrosion stability

The effect of the plating bath on the corrosion stability of the Zn—Co alloys
was determined by following the change of the open circuit potential, Eqcp, With
time of immersion in a 3 % NaCl solution and by polarization measurements.
The open circuit potential of the bare steel surface in 3 % NaCl was —640 mV vs.
SCE and it is marked with the dotted line in Fig. 3. The potentials of the Zn—Co
alloys were more negative than that of the steel base under the same conditions;
thus, the Zn—Co aloys provide sacrificia cathodic protection. The OCPs of the
alloys deposited from all three baths were initially almost the same, but over
time, they increased positively at different rates and reached almost the same
values (the steel Eqcp) after different time intervals, which represent loss of the
coating and the start of the corrosion process.

The results of the visually observed aloy destruction in 3 % NaCl solution,
or the appearance of red rust on the steel base, are presented in Table Il. The
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ELECTRODEPOSITION OF Zn-Co ALLOYS 1543

longest time before the appearance of red rust, indicating the best corrosion sta-
bility, was observed for Zn—Co alloy deposited from chloride bath with the higher
Co2* content, whereas the Zn—Co deposit obtained from the sulphate-chloride
bath was destroyed the fastest.

1.1 r T . T y T

T T T T
-~ %-- chloride bath, [Co™]=0.03 mol dm”
1.0 - - - -chloride bath, [Co™]=0.5 mol dm” )
Mmoo sulphate-chloride bath
%
. 09 4
0
> \
> N
08 N A
: "
f et e e e Nt e %f . X Weer o K ry T;"\s.}*‘x.-_-_: K e
0.6 - red rust appearance 7
L 1 ' 1 L 1 2 1 L 1
0 20 40 60 80 100
t/ days

Fig. 3. The dependence of E, for the Zn—Co alloys deposited on steel
from different plating baths (15-um thickness).

TABLE Il. The time of red rust appearance and corrosion current densities, jqor, for Zn—-Co
aloys deposited from different plating baths (all the data are mean values of 3-5 measure-
ments)

Bath Time, days icorr / LA cmi2
Chloride, [Co?*] = 0.03 mol dm3 70 12
Chloride, [Co?*] = 0.5 mol dm3 92 3
Sulphate—chloride 23 40

In addition, polarization curves were obtained in a 3 % NaCl solution and
are presented in the form of E-og j plots (Fig. 4). As can be seen, the anodic re-
action is activation-controlled alloy dissolution, while the cathodic reaction is
oxygen reduction under diffusion control. Thus, the corrosion current densities,
jcorr, Were determined from the intersect of the anodic Tafel plots with the OCP
and the values are given in Table 1. The data given in Table |1 are mean values
of three to five measurements.

Since the amount of Co in alloy deposits was the same, the corrosion poten-
tial differsonly dightly for all the aloy deposits. However, a clear difference among
the samples could be seen from the potentiodynamic curves (Fig. 4). The corro-
sion rate of the deposit obtained by plating from the sulphate—chloride bath was
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1544 BAJAT, STEVANOVIC and JOKIC

higher than the ones deposited from the chloride baths. The highest corrosion sta-
bility was observed for the Zn—Co alloy deposited from the chloride bath with the
higher Co2* content. These results are in agreement with the results of the appea-
rance of red rust.

-0.6 T T T T T T T T T T T T
- —x— chloride bath, [Co’]=0.03 mol dm”

-0.7F - - - chloride bath, [Coz‘] =0.5 mol dm”
sulphate-chloride bath

E/Vvs. SCE
=

-8 -7 -6 -5 -4 3 2
log (j /A cm’z)

Fig. 4. Anodic polarization curvesin 3 % NaCl for the Zn—Co alloys deposited
from the different plating baths.

The differences in corrosion properties among the different Zn—Co alloys arise
from the different surface morphology obtained by deposition from the different
plating baths. Namely, it is well known that Zn coatings deposited from baths of
various compositions have differences in porosity, structure and other characte-
ristics, which, in turn, affect the corrosion resistance of the coatings.® It was
shown in the literature that the phase composition of Zn—Co deposits is deter-
mined by their Co content.22:26:31.32 Zn—Co deposits with between 4 and 10 wt. %
Co are composed of quasi-pure Zn and the Zny;Cos yphase.3! However, since
al the investigated Zn—Co alloys contained 6 wt. % Cao, it is supposed that all
deposits had the same phase structure, and that the differences in corrosion sta-
bility arise from the different morphologies of the aloy deposits obtained from
the different plating baths.

It was shown in the literature that deposits formed from chloride baths have
less inorganic inclusions as compared to deposits from sulphate baths and the
presence of inorganic inclusions, in turn, leads to higher corrosion rates.33 The
Zn—Co deposit obtained from the sulphate—chloride bath did contain 3 % of oxy-
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gen (from oxide), as shown by EDS analysis. The inhomogeneous morphology of
alloy deposit obtained from sulphate—chloride bath is probably another reason for
the reduced corrosion stability of this aloy deposit (Figs. 2—4), since different
amounts of Co in different areas of Zn—Co aloy deposit obtained from sulphate—
—chloride bath could lead to the galvanic coupling and, consequently, to a reduc-
tion of protective properties. Namely, the local microstructural variations of de-
posit (as can be seen in Fig. 2c, for Zn—Co deposit obtained from sulphate—chlo-
ride bath) adopt different equilibrium potentials in aqueous solutions and are thus,
susceptible to local galvanic corrosion.34

Therefore, it could be concluded that the type of the plating bath had a signi-
ficant role in defining the surface properties, such as crystalite size, deposit ho-
mogeneity and distribution, as well as corrosion stability, of the alloys. From the
SEM micrographs shown in Fig. 2, it could be seen that the Zn—Co alloys depo-
sited from the chloride plating baths with the lower and higher Co2* content have
extremely different morphologies as compared to the surface morphology of the
Zn—Co dloy deposited from the sulphate—chloride plating bath. It would be of in-
terest to find out the reason for the better corrosion stability of the homogenous
deposit obtained from the chloride-plating bath with the higher Co?* content as
compared to the also homogenous deposit obtained from the chloride-plating bath
with the lower Co2* content. The SEM micrographs showed the differences in
morphology of the deposits obtained by deposition from those two chloride baths,
and that larger crystallites were obtained for deposition from the bath with the
low Co2* content.

In order to gain a deeper insight into the surface morphologies of these alloy
deposits, AFM images were taken. Typical three-dimensional (3D) and two-di-
mensional (2D) AFM images of the Zn—Co deposits obtained in the chloride plat-
ing bath with the lower Co2* content are shown in Figs. 5a and 5b. The deposit is
made up of crystallite agglomerations which are compact and uniformly cover
the entire substrate. The 2D image of this deposit resembles very well the mor-
phology shown in the corresponding SEM micrograph (Fig. 28). The crystal ag-
glomerations are of diverse dimensions, ranging from 1.5-2.5 um (Fig. 5b).

The AFM images of the deposit obtained from the chloride plating bath with
the higher Co2* content reveal a completely different surface morphology with
globular agglomerations (Figs. 6a and 6b). These globules are in the size range
0.7-2.0 um (Fig. 6b), and are made up of smaller, nanosized crystallites in the
150-300 nm size range (Fig. 6b).

The chemica compositions of deposits shown in Figs. 5 and 6 were the same,
but the increase of Co content in the plating bath resulted in a deposit having a
smaller crystallite size. This globular surface morphology, in turn, resulted in im-
proved corrosion stability. In addition, the deposit obtained from the chloride bath
with the lower Co2* content had a much coarser morphology than the one ob-
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1546 BAJAT, STEVANOVIC and JOKIC

tained from the chloride bath with the higher Co2* content. The finer grained
structure of the Zn—Co alloy obtained from the chloride bath with the higher
Co?* content resulted in better corrosion stability, probably because the small grain
size created a high-volume fraction of the boundaries that act as a corrosion bar-
rier.35> The deposition from the chloride bath with the lower Co?* content re-
sulted in larger crystallite sizes (Figs. 2, 5 and 6) and higher anodic dissolution
(Figs. 3and 4).

3500.0 nm

1750.0 nm

0.0 nm

o
=

{

=1500

(b)
Fig. 5. a) 3D AFM Images (5x5x3.5 umq3) and b) 2D AFM images and height profiles of the
Zn—Co alloy deposited from the chloride bath with the lower cobalt content at 2.0 A dm2.
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Fig. 6. 8) 3D AFM Images (5x5x3.5 um?3) and b) 2D AFM images and height profiles of the
Zn—Co alloy deposited from the chloride bath with the higher cobalt content at 2.0 A dr2,

Another reason for the increased corrosion stability of the Zn—Co aloy
coating deposited from the chloride bath with the higher Co2* content could be
related to the greater current efficiency obtained during deposition from this bath.
Namely, when hydrogen evolution, as a parallel reaction occurring at the ca-
thode, is immense, the hydrogen bubbles formed could be partly incorporated in
the alloy deposit. Since the current efficiency was more than three times smaller
for the deposition from the chloride bath with the lower Co2* content, these alloy
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1548 BAJAT, STEVANOVIC and JOKIC

coatings are probably more susceptible to corrosion, as compared to the deposits
obtained from the chloride bath with the higher Co2* content.

CONCLUSIONS

Based on the results presented, it could be concluded that the type of the
plating bath has a significant influence on the morphology, as well as, on the
corrosion stability of electrodeposited Zn—Co alloys.

The surfaces of the alloy coatings deposited from the chloride baths, de-
termined by SEM, were uniform and homogenous, whereas the deposit obtained
from the sulphate-chloride bath was quite inhomogeneous. The corrosion sta-
bility of the Zn—Co deposits obtained by deposition from both chloride baths was
higher than that of the deposit obtained from the sulphate—chloride bath.

The inhomogeneous deposit obtained from the sulphate—chloride bath with
oxygen inclusion resulted in reduced corrosion stability, namely the highest cor-
rosion current density, as well as the shortest time before the appearance of red
rust. However, the homogenous and dense surface morphology of the Zn—Co
deposit obtained from the chloride-plating bath with a higher Co?* content re-
sulted in increased protective properties.

The increase of the cobalt content in the chloride-plating bath resulted in a
reduction in the crystallite size of the aloy and an increase in the current effi-
ciency of the alloy deposition. It was shown that the alloy with the smaller crys-
tallite grains of the two alloy deposits obtained from the chloride-plating baths
having the same chemical content yielded alower corrosion rate.

Acknowledgement. This research was financed by the Ministry of Education and Science
of the Republic of Serbia, Contract No. 111 45019.

U3BOA

MUKPOCTPYKTYPA 1 KOPO3MOHO ITOHAITAE Zn—Co JIEI'YPA TAJIOXKEHNX
N3 CYJI®GATHOI' U XJIOPUIHNUX PACTBOPA

JEJIEHA B. BAJAT", CABbA U. CTEBAHOBUHR? u BOJAH M. JOKUR®

! TexHoaouko—meiiarypuiku gaxyaitieit, Ynueepauitieii y beozpaoy, Kaprezujesa 4, 11120 Beozpao u
2UXTM — Llenitiap 3a eaexilipoxemujy, Ynusepauitieini y Beozpady, lezowesa 12, Beozpad

V 0BOM papy j€ mpoydyaBaH yTHLQ] BPCTE PACTBOPA 33 TATOXKCHE HA MHKPOCTPYKTYPY U KO-
po3uoHy cTtabmiHoCT mpeBinaka Zn—Co nerypa. Zn—Co nerype ca uctum caapxkajem CO cy ernek-
TPOXEMHUJCKH TaJOKEHE M3 XJIOPHUIHUX PACTBOpA Ca PasIMIUTUAM CaApiKajeM joHa KobanTa, Kao U
U3 cyiahaTHO—XJIOPUIHOT pacTBopa. Mop¢oliorija MoBpLUIMHE MPEBJIaKa je UCIHTHBAaHA CKCHHpPa-
jyhoM eneKTpOHCKOM MHKPOCKOIH]OM M MHKPOCKOIIHjOM aTOMCKUX cuia. Kopo3moHa cTabuiiHOCT
npesnaka Zn—Co nerypa je onpehuBana mpahemeM MpoMeHe MOTEHIINjala OTBOPEHOT KoJia ca Bpe-
MeHoM jenoBama pactBopa NaCl koHuentpaimje 3%, Kao U Monapu3aldoHUM Mepewuma. J[oou-
JEHHM pe3yJITaTd Cy MOKa3ajiM 3HavajaH YTHIIAj BPCTE PACTBOpPA 3a TAOKCHE HA MOPHOIOTHjy U
KOpO3MOHY cTabmiHOCT mpeBnaka Zn—Co nerypa. [Ipesnake Zn—Co nerypa nobujeHe U3 XJIOpu-
HHX PacTBOpa Cy XOMOICHE, JIOK Cy HpeBiake J00HjeHe U3 CylI(aTHO—XIOPHUAHOT pacTBOpa HEXO-
morene. Kopo3noHa cTabmiTHOCT mpeBiiaka Jierypa ToOHjeHUX U3 00a XJIopuaHa pacTBopa je Beha y
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OJIHOCY Ha CTaOMITHOCT Jerypa HoOujeHnX U3 cyndaTHO—XJIOpUIHOT pacTtBopa. [loBehamem camp-
JKaja KoOaJTa y XJIOPUAHOM PacTBOPY 3a TAIOXKEHE T00Hjajy ce MpeBlake MambUuX KPUCTAINATA U Y
paly je MoKa3aHO KaKo BeIMYMHA KPUCTAJIMTA yTHYE HA KOPO3HOHY CTaOMIIHOCT JIETYpa Ca HCTHUM
cazpkajeM Kobanta.
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SHORT COMMUNICATION
Optimized and validated spectrophotometric methodsfor the
determination of hydroxyzine hydrochloride in phar maceuticals
and urine using iodine and picric acid

NAGARAJU RAJENDRAPRASAD, KANAKAPURA BASAVAIAH*
and KANAKAPURA B. VINAY

Department of Studies in Chemistry, Manasagangothri, University of Mysore,
Mysore 570 006, India

(Received 7 October 2010, revised 9 February 2011)

Abstract: Two simple, rapid, cost-effective and sensitive spectrophotometric
procedures are proposed for the determination of hydroxyzine dihydrochloride
(HDH) in pharmaceuticals and in spiked human urine. The methods are based
on the charge transfer complexation reaction of the drug with either iodine (1)
as a c-acceptor (method A) in dichloromethane or picric acid (PA) as a -
-acceptor (method B) in chloroform. The coloured products exhibit absorption
maxima at 380 and 400 nm for I, and PA, respectively. The Beer Law was
obeyed over the concentration ranges of 1.25-15 and 3.75-45 ug mL™1 for me-
thod A and B, respectively. The molar absorptivity values, Sandell sensitivities,
limits of detection (LOD) and quantification (LOQ) are reported. The accuracy
and precision of the methods were evaluated on intra-day and inter-day basis.
The proposed methods were successfully applied for the determination of HDH
in tablets and spiked human urine.

Keywords. hydroxyzine dihydrochloride; determination; spectrophotometry;
charge-transfer complexation; pharmaceuticals; spiked urine.

INTRODUCTION

Hydroxyzine dihydrochloride (HDH), chemically known as 2-[2-[4-[ (4-chlo-
rophenyl)phenymethyl]-1-piperazinyl]ethoxy]ethanol, dihydrochloride (Fig. 1),
is an Hq receptor antagonist. It is widely used as an anxiolytic agent to control
anxietyl and anti-emetic.2

The therapeutic importance of HDH initiated several reports on its determi-
nation both in pharmaceutical formulations and in biological fluids, viz. high-per-
formance liquid chromatography,34 gas chromatography,® micellar liquid chro-
matography,® capillary zone electrophoresis,” voltammetry,8 LC-MS,® potentio-

* Corresponding author. E-mail: basavaiahk@yahoo.co.in
doi: 10.2298/JSC101007138R
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1552 RAJENDRAPRASAD, BASAVAIAH and VINAY

metry10 and titrimetry.11-14 The United States Pharmacopoeia (USP)1° describes
an HPLC method for the determination of HDH in tablets in which HDH is
detected at 232 nm with a UV -detector.

g Fig. 1. Structure of hydroxyzine dihydrochloride.

Few visible spectrophotometric methods!216-18 have been reported for the
determination of HDH in pharmaceuticals. In the method reported by Basavaiah
and Charan,12 different concentrations of the drug are added to a fixed concen-
tration of Hg(l1)-diphenylcarbazone complex and the decrease in the absorbance
of the Hg(ll)-diphenylcarbazone complex, as a consequence of the replacement
of diphenylcarbazone in the complex by chloride from the drug, was measured at
540 nm and the method is reported to be applicable in the range 0-60 ug mL-1.
Sane et al.16 used three dyes for the determination of the drug content in phar-
maceuticals, the method being based on ion-pair formation. Marzanna et al.1/
employed Reinecke salt for the assay of the drug. A method based on the charge
transfer complex formation reaction with chloranilic acidl8 in acetonitrile was
also reported. The method was less sensitive and HDH could be determined only
in the concentration range 25-150 pug mL—1.

The aim of the present study was directed at developing and validating two
simple, rapid, sensitive and cost-effective spectrophotometric methods based on
charge-transfer (C-T) complexation reactions using iodine and picric acid as o-
and m-acceptors, respectively. In the first method (method A), the drug is reacted
with iodine in dichloromethane to form a lemon yellow coloured C-T complex
with an absorption maximum peaking at 380 nm. The second method (method B)
employs picric acid as a m-acceptor to form a yellow C-T complex with the drug
in chloroform and the absorbance of the complex is measured at 400 nm. The
methods were successfully applied to quantify HDH in pharmaceutical formula
tions and in spiked human urine. The results obtained were satisfactorily precise
and accurate.

EXPERIMENTAL
Apparatus

All absorption measurements were realised using a Systronics Model 106 digital spectro-
photometer with 1 cm path length quartz cells.
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Materials

Pharmaceutical grade HDH was procured from UCB Pharma Ltd., Mumbai, India, as a
gift, and was used as received. Tablets containing HDH, Atarax 25 and Atarax 10 (UCB Phar-
ma Ltd., Mumbai, India) were purchased from the local market and used in the investigation.
The urine sample was collected from a healthy volunteer (Male, around 27-year-old) and kept
frozen until use after gentle thawing. Chloroform and dichloromethane (spectroscopic grade)
were purchased from Merck, Mumbai, India. Distilled water was used wherever required. All
other employed chemicals were of analytical reagent grade.

Reagents

A 0.5 % iodine solution was prepared by dissolving 1.25 g of pure resublimed iodine
(S.D. Fine Chemicals Ltd., Mumbai, India) in 250 mL of dichloromethane and used after 30
min. Picric acid (0.2 %) was prepared by dissolving 500 mg of pure substance (S.D. Fine
Chemicals Ltd., Mumbai, India) in 250 mL of chloroform. To prepare 0.5 mol L1 sodium
hydroxide solution, an accurately weighed 2 g of pure NaOH (Merck, India) was dissolved in
water, the solution was made up to 100 mL with water.

Sandard drug solution

A 250-pg mL-1 solution of HDH was prepared by dissolving accurately weighed 25 mg
of pure HDH in water and the volume was brought to 100 mL with water and mixed well.

General recommended procedures

Preparation of HDH base (HDN) solution. Method A: HDH solution (10 mL, 250 pg mL-
1) was transferred to a 125 mL separating funnel containing 10 mL of a 0.5 mol L1 NaOH
solution and the content was mixed well. The hydroxyzine base was extracted with three 15
mL portion of dichloromethane, the extract was passed over anhydrous sodium sulphate and
collected in a 100 mL volumetric flask, the volume was made up to the mark with dichloro-
methane and the resulting solution (25 ug mL-1 HDN) was used for the assay in method A.

Method B: HDN solution (75 ug mL-1) was prepared by repeating the above procedure
for 30 mL of pure HDH solution (250 pug mL-1) but chloroform was used instead of dichloro-
methane for extraction. The resulting solution was used for the assay in method B.

Congtruction of the calibration curves. Method A: Varying aiquots of standard HDN
solution equivalent to 1.25-15 pug mL1 (0.25 — 3.0 mL of 25 pug mL-1) were accurately mea-
sured and transferred into a series of 5 mL calibrated flasks and 2 mL of 0.5 % iodine solution
was added to each flask, the content was mixed well and the flasks were alowed to stand at
room temperature (30+2 °C) for 15 min. The volume was brought to the mark with dichloro-
methane and the absorbance was measured at 380 nm against a reagent blank similarly pre-
pared but without the addition of HDN base solution.

Method B. Into a series of 5 mL calibration flasks, aliquots (0.25-3.0 mL) of standard
HDN solution (75 pg mL"1) equivalent to 3.75-45 pg mL-1 HDN were accurately transferred,
and to each flask 1 mL of 0.2 % picric acid solution was added and the mixture was diluted to
5 mL with chloroform. After 5 minutes, the absorbance of the yellow coloured C-T complex
was measured at 400 nm against the reference blank similarly prepared.

Procedure for commercial dosage forms

Twenty tablets were weighed and pulverized. The amount of tablet powder equivalent to
25 mg of HDH was transferred into a 100 mL volumetric flask. The content was shaken well
with about 50 mL of water for 20 min, diluted to the mark with water and filtered through
Whatmann No. 42 filter paper. The first 10 mL portion of the filtrate was discarded. HDN so-
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1554 RAJENDRAPRASAD, BASAVAIAH and VINAY

lutions of concentrations 25 and 75 pug mL-1 for method A and B, respectively, were prepared
as described under the general procedures for pure drug and a suitable aliquot was used for
assay by applying the procedures described earlier.
Procedure for spiked human urine

A spiked urine sample was prepared by adding 20 mg of pure HDH to 10 mL of urinein
a separating funnel. Twenty mL of water was added, followed by 10 mL of 0.1 M NaOH
solution and the mixture was extracted with three 15 mL portions of dichloromethane. The
organic layer was passed over anhydrous sodium sulphate and collected in a 50 mL volu-
metric flask. The solution was made to the mark with dichloromethane and mixed well. The
obtained solution was diluted appropriately to obtain a working concentration of 25 pg mL-1
HDN. A 1-2 mL portion of the solution was then subjected to analysis as described for the
pure drug in method A. For method B, the required volume of the base solution in dichlo-
romethane was evaporated to dryness. The residue was dissolved in chloroform and diluted
with chloroform to a specific volume to obtain a working concentration of 75 pug mL-1 HDN.
A portion of the solution (e.g., 2 mL) was used for the analysis by following the procedure
described earlier.

RESULTS AND DISCUSSION

Molecular interactions between electron donors and electron acceptors are
generdly associated with the formation of intensely coloured charge-transfer
complexes, which absorb radiation in the visible region.1® Charge transfer com-
plexation reactions have been extensively utilized for the determination of elec-
tron-donating basic nitrogenous compounds using either an c-acceptor (iodi-
ne)20.21 or a m-acceptor (picric acid).19.22-27 The application of picric acid for
the quantitative estimation of orphendrine citrate and phentolamine mesylate in-
jections listed in the USP.28

Soectral characteristics

HDN, an n-donor (D), forms a lemon yellow-coloured C-T complex with
iodine (lo) (c-acceptor) in dichloromethane and the resulting coloured species
was found to absorb maximally at 380 nm (Fig. 2). The colour of iodine in di-
chloromethane is violet showing absorption maximum (Amax) @ 500 nm. This
colour changed into lemon yellow when the iodine was mixed with the drug, and
showed an absorption peak at 380 nm (Fig. 2). HDN reacts with picric acid in
chloroform medium to yield a yellow-coloured C-T complex peaking at 400 nm
(Fig. 3). The interactions between HDN and acceptors to form charge transfer
complexes follows according to Schemes 1 and 2.

Optimization of the reaction conditions

Optimum conditions were established by measuring the absorbance of C-T
complexes at 380 and 400 nm, for method A and B, respectively, by varying one
parameter at atime and keeping the others constant.
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Fig. 2. Absorption spectra of the HDN—I, C-T complex (15 pug mL-1 HDN)
and the reagent blank.
+I,
D+L DItT DIT7+1 I
Cuter Irmer Tr-1dids
conmplex coruplex iot-pair

Scheme 1. Reaction pathway for the formation of the C-T complex
between HDN and |, in dichloromethane

D+ b — (D-&) Drt+ 40

Complex radical ions

Scheme 2. Reaction pathway for the formation of the electron donor—acceptor
complex and radical ions between HDN and picric acid.

Effect of reagent concentration. To establish optimum amounts of the re-
agents for the sensitive and rapid formation of the HDN charge transfer com-
plexes, the drug (HDN) was allowed to react with different volumes of the re-
agents (1-4 mL of 0.5 % iodine and 1-3 mL of 0.2 % picric acid in method A
and B, respectively). At 2 mL of iodine and 1 mL of picric acid, maximum and
minimum absorbance values with respect to the sample and blank were obtained
for method A and B, respectively. Therefore, 2 mL of 0.5 % iodine and 1 mL of
0.2 % picric acid in atotal volume of 5 mL were used throughout the following
investigations.

Choice of solvent. Acetonitrile, chloroform, dichloromethane, ethanol, 2-pro-
panol, methanol, benzene and 1,4-dioxane were the evaluated solvents. Dichloro-
methane was found to be the ideal solvent for I, and showed superior properties
compared to the other solvents, since it is favourable for the formation of the tri-
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1556 RAJENDRAPRASAD, BASAVAIAH and VINAY

iodide ion-pair (inner complex). With I, the other solvents produced lower ab-
sorption readings for the sample and higher absorption values for the blanks. In
method B, chloroform afforded the maximum sensitivity when compared with all
the investigated solvents. Hence, dichloromethane and chloroform were used as
solvents for method A and B, respectively.

Reaction time and stability. Complete colour development of the C-T com-
plex was attained after 15 and 5 min in method A and B, respectively, and the
coloured species were stable for at least 1 and 16 h, respectively.

Composition of the C-T complexes

The composition of the C-T complex was established by the Job method of
continuous variations?® using equimolar concentrations of the drug (base form)
and reagents (4.28x10~4 mol L1 in method A and 2.43x10~4 mol L~1 in method
B). Theresultsindicated that a 1:1 (drug:reagent) complex isformed in both cases.

Method validation

A linear correlation was found between the absorbance at Anax and the
concentration of HDH in the ranges given in Table |. Regression analysis of the
Beer Law data using the least squares method was performed to evaluate the
slope (b), intercept (a) and the correlation coefficient (r) for each system and the
values are presented in Table |. The optical characteristics such as the limits of
the Beer Law, molar absorptivity and the Sandell sensitivity values of both me-
thods are also given in Table I. In addition, the limits of detection (LOD) and
quantification (LOQ), calculated according to ICH guidelines,30 are also pre-
sented in Tablel.

TABLE |. Sensitivity and regression parameters

Parameter Method A Method B
Amex / NIM 380 400
Colour stability, h 1 16
Linear range, pg mL™ 1.25-15 3.75-45
Molar absorptivity (¢), L mol™ cm™ 259 x 10* 8.06 x 10°
Sandell sensitivity, pg cm? 0.0172 0.0556
LOD / pgmL™ 0.13 0.62
LOQ/ pgmL™ 0.39 1.88
Regression equation, Y*
Intercept (a) 0.0093 0.0113
Slope (b) 0.0565 0.0174
Standard deviation of a (S) 0.0998 0.0998
Standard deviation of b (S) 0.0095 0.0030
Regression coefficient (r) 0.9993 0.9995

8y = a+ bX, where Y is the absorbance, X is concentration in pg mL"1, aisthe intercept and b is the Slope
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Precision and accuracy

For three levels of analyte, the assays were repeated seven times within a
day to determine the intra-day precision and five times on different days to de-
termine the inter-day precision of the methods. The percentage relative standard
deviation (RD) values were <2.29 % (intra-day) and <2.98 % (inter-day), indi-
cating the high precision of the methods. The accuracy was evaluated as the per-
centage relative error (RE) between the measured mean concentrations and the
taken concentrations for HDN. The RE values of <2.40 % demonstrate the high
accuracy of the proposed methods.

Robustness and ruggedness

The robustness of the methods was evaluated by making small incremental
changes in the volume of reagent (2+0.2 mL of |o; 1+0.2 mL of PA) and contact
time (5£2 min in method B), and the effect of the changes was studied on the ab-
sorbance of the complex systems. The changes had negligible influence on the
results as revealed by small intermediate precision values expressed as % RSD
(<3 %). Method ruggedness was demonstrated by having the analysis performed
by four analysts, and by a single analyst performing the analysis on four different
instruments in the same laboratory. The intermediate precision values (RD) in
both instances were in the range 1.62—3.16 %, indicating acceptable ruggedness.

Applications

Commercial tablets. The proposed methods were applied for the quantifi-
cation of HDH in commercial tablets. The results were compared with those
obtained by the US Pharmacopoeial method.1® Statistical analysis of the results
did not detect any significant difference between the performance of the pro-
posed methods and reference method with respect to accuracy and precision as
revealed by the Student’s t-value and variance ratio F-value. The results of the
assay aregivenin Tablell.

TABLE Il. Results of analysis of tablets by the proposed methods and statistical comparison
of the results with the reference method

Tablet brand Nomina amount Found® (Percent of label claim + SD)
rand name mg/tablet Reference method Method A Method B
Atarax 25 100.6+1.36 101.3+1.56
25 99.16+0.88 t=2.03" t=277
F =239 F=314
Atarax 10 100.6+0.96 99.62+1.09
10 101.6+1.2 t=146 t=273

F =156 F=121

®Mean value of 5 determinations; Ptabulated t-value a the 95 % confidence level and for four degrees of
freedom is 2.77; Stabulated F-value at the 95 % confidence level and for four degrees of freedomis 6.39
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1558 RAJENDRAPRASAD, BASAVAIAH and VINAY

Recovery from spiked human urine. As another application of the proposed
methods, recovery from human urine samples was performed. A prior extraction
step, according to Mehran et al.31 was used. The recovery studies were realised
with samples containing various amounts of HDN. The results of recovery stu-
dies reveded that the other constituents present in the urine did not interfere in
the method. The recovery values were in the range 97.2-108.6 %.

Recovery from tablet powder. The recovery test was performed by spiking
the pre-analyzed tablet powder with pure HDH at three different levels (50, 100
and 150 % of the content present in the tablet powder (taken) and the total was
found by the proposed methods. Each test was repeated three times. In al the
cases, the recovery values ranged between 98.40 and 105 %, with a standard de-
viation in the range 1.04-1.85 %. The closeness of the results to 100 % showed
the fairly good accuracy of the methods.

CONCLUSIONS

Two simple, sensitive, extraction-free, rapid and cost-effective spectrophoto-
metric methods based on charge transfer complex formation reactions for the de-
termination of HDH were developed and validated. The suggested methods uti-
lize a single step reaction and single solvent. No substantial differences among
the proposed methods arose from analysis of the experimental results. The me-
thods are free from interferences from the common excipients and additives. The
statistical parameters and the recovery data reveal good accuracy and precision of
the methods. These methods, which can be used as general methods for the deter-
mination of HDH in bulk powder, dosage forms and spiked human urine, have
many advantages over the separation techniques, e.g., HPLC, such as reduced
cost, and speed with high accuracy. Hence, the methods can be used in the rou-
tine analysis of drugsin quality control |aboratories.

Acknowledgements. The authors thank UCB Pharma Ltd., Mumbai, India, for gifting
pure HDH. Two of the authors (NRP and KBV) thank the University of Mysore, Mysore,
India, for permission and facilities. NRP also thank the University Grants Commission, New
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U3BOJI

OIITUMHN3OBAHA 1 BAJIMJIUPAHA METOZA 3A CIIEKTPOOOTOMETPUJCKO
OAPEBUBAKBE XUJIPOKCU3UH-XUAPOXIJIOPUJIA ¥V DAPMALIEYTCKUM
I[IPEITAPATUMA U YPUHY V3 KOPUIITREWBE JOJA U ITMKPUHCKE KUCEJIMHE

NAGARAJU RAJENDRAPRASAD, KANAKAPURA BASAVAIAH u KANAKAPURA B VINAY
Department of Studies in Chemistry, Manasagangothri, University of Mysore, Mysore 570 006, India

Ipennoxene cy 1Be €KOHOMHYHE U OCETJBHBE CHEKTPOPOTOMETPHUCKE IpoLeRype 3a oapehu-
Bame XHApOKcH3MH-auxuapoxiaopuna (HDH) y dapmaneyrckum mpenapatima u onrepeheHoOM
ypuHY. MeTonia ce 3acHuBa Ha TpaHc(epy HaeleKTPUCIamha KOMIDIEKCOMETPH]CKE pPeakije y JIeKy
ca joI0M Kao G-akuenTopoM (Meroma A) y IUXJIOp-METaHy ¥ ca MUKPHHCKOM KHUCEITMHOM Kao Tt-aK-
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unenrropom (Meroxa B) y xmopodopmy. O6ojeHr mpou3Boau MMajy arcopIHOHE MAaKCHMyMe Ha
380 and 400 nm 3a |, 1 nukpuHCcKy Kucenuty. CarnacHocT ca Beer-oBum 3ak0HOM je OCTUTHYTa Y
omncery konuenTpamuja 1,25-15 u 3,75-45 pug mL-1, 3a 06e merone. Jlate cy BpeaHOCTH MonapHe
aricopntiBHOCTH, CaHIeNIOBOT HHEKCA, TPaHULA JeTeKIMje U KBaHTH(HKALMje U eBayupaHa Tay-
HOCT U Npelu3HOCT MeToje. [Ipeioxkene MeTosie Cy yCIenHo npuMermeHe 3a oapehusame HDH y
tabrerama u onTepeheHOM XyMaHOM YpUHY.

(TTpumsbeno 7. okrobpa 2010, pesuauparo 9. hedpyapa 2011)
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The growth of Mg,TiO4 single crystals using
afour-mirror furnace
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Abstract: A single crystal of Mg, TiO4 was grown by the travelling solvent float
zone (TSFZ) method. The lattice parameter a = 0.8444(8) nm was determined
by X-ray powder diffraction analysis. The optica properties of the Mg,TiO,
single crystals were studied using spectroscopic ellipsometry. The obtained
results are discussed and compared with published data.

Keywords: Mg,TiO,; crystal growth; single crystal; four-mirror furnace; spec-
troscopic ellipsometry.

INTRODUCTION

Magnesium orthotitanate, MgoTiOy4, has been used as a heat resistor, a di-
electric for microwave technology, a capacitor for temperature compensation and
as a refractory material.l MgoTiOy is a cubic crystal with a crystal structure of
the inverse spinel type.

MgoTiOy4 is a metastable system. It can be obtained below 800 °C, but it
decomposes to MgTiO3z and MgO on further heating.2 Mg, TiOy4 crystallizes in
the cubic system, with a Mg(MgTi)Og4 inverse spinel structure, in which magne-
sium occupies both tetrahedral and octahedral sites but titanium occupies only
octahedral sites. The sites formula can be written as (A 1_xBx) € (AxBo_x)°Ct-Oy,
where x is called to inversion parameter. In the present case, the spinel is named
to (inverse) since x is equal to 1.3 Mg, TiO4 single crystals could be grown by the
Verneuil Method, but there are considerable difficulties due to fact that the che-
mical composition of Mg,TiOy is covered by the primary crystallization field of
MgO before Mg,TiO4 during cooling.# This problem can be solved using the
travelling solvent float zone (TSFZ) method.# The TSFZ method is essentially
identical to the floating zone method, with the exception that the chemical com-

* Corresponding author. E-mail: golubovic@ipb.ac.rs
# Serbian Chemical Society member.
doi: 10.2298/J5C100818134G
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1562 GOLUBOVIC and RADOVIC:

position of the grown crystal is appreciably different from that of the melt zone.
The aim of the present research was to obtain MgoTiO4 single crystals using a
four-mirror furnace and determine their optical properties using ellipsometry.

EXPERIMENTAL

The apparatus used for crystal growth was a four-mirror furnace FZ-T-10000-H-HR-I-
VPO-PC (Crystal System Corp., Japan). The apparatus has a mirror the shape of an ellipsoid
and the focus positions are occupied by halogen lamps. The upper charge feeding and the
lower seed holding shafts are located so that the other focus position is always occupied by the
melt zone, into which the charge is dissolved and from which crystallization takes place on the
seed. The crystal growth was performed in the chamber isolated by a silica glass tube for
atmosphere control. An external camera was fixed at a position enabling the solidiquid
boundary to be observed during the crystal growth run and thisis presented in Fig. 1.

Fig. 1. A view of the floating zone in the
display of the four-mirror furnace during a
crystal growth run.

Powders of MgO (p.a., Centrohem) and TiO, (99.9 % pure, Degussa) were mechanically
mixed in the molar ratios of 2:1 and 3:2 for preparation of the materials of the Mg,TiO,
charge and the solvent zone, respectively. Each of the mixed batches was placed into a sealed
rubber tube and hydrostatically pressed (Crystal System HPTS-M-2000-W hydrostatic press)
under a pressure of 80 MPato give arod of the desired diameter and length (approximately 10
and 100 mm, respectively). The rods were then sintered at a temperature of 1300 °C (the seed,
exactly the solvent zone) and 1500 °C (the charge). In this way, the obtained rods had a den-
sity of approximately 85 % of the theoretical value.

Powder X-ray diffraction (XRD) was used for identification of crystalline phases, quan-
titative phase analysis and estimation of crystallite size and strain. The XRD patterns were
collected using a Philips PW 1729 X-ray generator on a Philips diffractometer (PW1710)
employing CuKa radiation. Step scanning was performed within the 26 range from 5 to 70°
with a step size of 0.06° and a fixed counting time of 0.41 per step. For product identification,
the Fullprof computer program and JCPDS (ASTM) card files were used.
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Ellipsometric measurements were performed using a high-resolution variable angle
spectroscopic ellipsometer (SOPRA GESSE - IRSE) of the rotating polarizer type. The light
source was a short arc Xe lamp while the detector was a photomultiplier tube.

RESULTS AND DISCUSSION

The formation of a steady TSFZ system for successful single crystal growth
depends on the following three essential conditions: the degree of sintering of the
charge rod, the growth rate, and the chemical composition of the charge rod. In a
successful TSFZ crystal growth run, a steady solid-liquid interface is essential
for avoiding the precipitation of foreign phases on the growing crystal. The phase
diagram of the system MgO-TiO, was well described by Woerman et al.> This
system is of interest because of the occurrence of four different eutectics. Such
eutectics in this and other systems have been used to prepare some interesting
two-phase materials. For example, when aliquid with a composition in the MgO-
-rich region is cooled from the eutectic temperature at 1707 °C, a material that
consists of aternating lamellae of nearly pure MgO and Mg,TiO4 will be pro-
duced.b Other systems show different structures, which are determined in part by
the interfacial energies. Of course, interfacial energies are usually not considered
in the analysis of phase diagrams.

When the charge rod is in contact with the molten solvent zone under dyna-
mic equilibrium, the liquid phase penetrates into the charge rod to the point where
the temperature corresponds to the invariant situation. Consequently, that part of
the charge rod is adjacent to the melt zone, thus causing an uneven solid-iquid
interface. During floating-zone run, a too wide molten zone may result in the
zone becoming unstable and precipitating, while a too narrow zone can lead to
the formation of a bridge of solid (or partially solid) material between the grow-
ing crystal and the feed rod.” While this may not necessarily prevent crystal growth
in all materials,8 it can lead to strain being imparted into the growing crystal,
especially if rotation is employed.

The growth rate is the second variable in the system and it was concluded
after many experiments that the maximum growth rate of MgoTiOg4 single crys-
tals was 2 mm h=1. A higher growth rate resulted in opague crystals due to fo-
reign phase precipitation and incorporation, while a lower rate lead to many pro-
blems during the crystal growth run due to inappropriate surface tensions. The
value of crystal growth rate of 2 mm h-1 is in accordance with literature data,4
but the employed rotation rate of 5 rpm was not (the literature value is 30 rpm, 4
but using this value of the rotation, unstable experimental conditions were
obtained in this study).

The third important condition for a successful MgoTiO4 crystal growth runiis
the composition of the rods. The charge rod had the composition MgO:TiO, = 2:1,
while the seed rod had the composition MgO:TiO, = 3:2. The composition of
seed was chosen according to the composition obtained from the liquidus curve.#
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1564 GOLUBOVIC and RADOVIC

Some authors? use solvent zone material in the shape of disk, which is put on the
end of a pressed charge rod and then again hydrostatically pressed to give a
charge rod with solvent material affixed. As the composition of solvent zone was
unknown, it was decided that a seed should be made from the same material (the
composition MgO:TiO» = 3:2).

Blue—grey crystals were obtained after the crystal growth run but after an-
nealing for 12 h at 1000 °C in an oxygen atmosphere, the grown crystals became
colourless and transparent. The structural properties were obtained using X-ray
diffraction analysis of powdered samples. The unit cell of Mg>TiO4 was calcu-
lated by the least square method. The parameter of the cubic unit cell is given to
be a = 0.8444 (8) nm, while the literature value is a = 0.84443 (4) nm, according
to corresponding JCPDS card 87-1174. The XRD pattern of a powdered MgoTiOg4
single crystal is presented in Fig. 2.

1754
150 4 ~
. ?% 6 s

©» 1254 d 3
o
2100+
8 754 = =
& 1 ¥ °

10 20 30 40 50 60 70 Fig. 2. XRD Pattern of the ob-
20/ deg. tained Mg, TiO, single crystal.

The optical properties of an Mg, TiO4 single crystal were studied using spec-
troscopic ellipsometry in the 1.5-6 €V photon energy range at a 70° angle of in-
cidence. The extraction of refractive index (n) and extinction coefficient (k) from
the elipsometric data was performed using a two-phase model. The spectral dis-
persions obtained for n and k are shown in Fig. 3.

Since inverse spinels have a direct band gap (Eg),9 the value of Eg for the
MgoTiOg4 single crystal was evaluated from the general relation:

aE=b,[E-Ey 1)

where E is the photon energy, b is a constant related to the density of states in
conduction band and « is the absorption coefficient derived from extinction
coefficient k through the relation:
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Fig. 3. The photon energy dependence of the refractive index and extinction coefficient
for the Mg, TiO, single crystal.

A plot of («E)? vs. photon energy is shown in Fig. 4. The linear extrapolation
towards zero energy gives the value of Eg = 4.25 eV for the direct band gap
transition, which is comparable with previously reported results, 1011 (Eg = 4 eV)
and (Eg = 4.4 eV), respectively. The position and slope of the optical absorption
edge makes this material a suitable UV-B light absorber.
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1566 GOLUBOVIC and RADOVIC

CONCLUSIONS

Good quality MgoTiO4 single crystals were obtained using a four-mirror
furnace. The optimum experimental conditions, crystal growth rate of 2 mm h—1
and rotation rate of 5 rpm, were experimentally obtained. The unit cell of para-
meter a = 0.8444 (8) nm and the value of the band gap energy of 4.25 eV for the
obtained MgyTiO4 single crystal were in good accordance to data reported in the
literature.

Acknowledgement. This work was financially supported by the Ministry of Education
and Science of the Republic of Serbia under projects No. ON171032 and 11145018

U3BOJI
PACT MOHOKPUCTAIJIA MgyTiO4 TIOMORY ITERU CA YETUPU OTJIEJAJTIA

AJIEKCAHAP I'OJIVBOBU'R u MAPKO PAJIOBh
Ynueepauitieii y beozpaoy, Uncitiuitiyin 3a pusuxy, Ipezpesuya 118, i. iip. 68, 11080 3emyH

Mowokpucran Mg,TiO4 je nobujen meronoM nedaehe 3oHe ca mytyjyhum pacrteapadem (TSFZ).
IMapamerap jemunuune henuje, a = 0,8444 (8) nm, je oapehen momohy audpakimje x-3paka Ha
npaxy. Onrudka cBojcrBa MoHOKpHcTana Mg,TiOy cy mpoyuaBana enurcomerpujom. oOujeHu
pe3yJTaTi Cy JUCKyTOBaHH U ynopehuBaHH ca IojalniMa us JuTeparype.

(TTpumsbeno 18. asrycra 2010, pepnaupano 9. pebpyapa 2011)
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An analytical study of the effects of vaporization of
two-dimensional laminar dropletson atripleflame
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Abstract: The structure of triple flame propagation in combustion systems,
containing uniformly distributed volatile fuel droplet was analyzed. The ana-
lysis was established for a one-step irreversible reaction with an asymptotic
limit, where the value of the Zeldovich number is large. Here, using unit Lewis
number, the analytical results for the triple flame temperature were obtained
considering two sections. In the first section, a non-vaporizing fuel stream was
studied and in the second section, a volatile droplet fuel stream was taken into
account. It is presumed that the fuel droplets vaporize to yield a gaseous fuel of
known chemical structure, which is subsequently oxidized in the gaseous
phase. Here two different cases are studied. In the first case, only the velocity
paralel to the reactant flow was considered; while for the latter one, the ver-
tical velocity was considered in addition. The energy equations were solved
and the temperature field equations are presented. The results are first pre-
sented for a non-vaporizing fuel and compared to the experiment results. In
addition, some other results of the temperature field for a vaporizing fuel
stream are demonstrated within the comparison between the above-mentioned
cases which reveded the effect of the considering the vertica velocity
component on the flame temperature field.

Keywords: triple-flame; volatile droplet; flame temperature.

INTRODUCTION

The importance of triple flames is now well established in applications in-
volving combustion phenomena, such as flame spread over solid or liquid fuel
surfaces, flame propagation in mixing layers, dynamic extinction of diffusion
flames and flame stabilization in reactive streams.

A flame propagating through a fuel/air mixing layer, mainly when the fuel
concentration is ranged from lean to rich, may display a triple flame structure,
which is composed of alean and a rich premixed flame wing with atrailing dif-

* Corresponding author. E-mail: ghazal _barary @mecheng.iust.ac.ir
doi: 10.2298/JSC100813133B
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1568 BIDABADI, BARARI and AZIMI

fusion flame, al extending from a single point. Mixing layers are frequently en-
countered in combustion problems, including two-dimensional (2-D) mixing lay-
ers, heterogeneous propellant combustion, opposed flame spread, jets and boun-
dary layers. The schematic of atriple flameis shownin Fig. 1.

Y

Rich Flame
Fuel Stream

Splitter Plate

X
Diffusion Flame
—_————
Oxidizer Stream
Lean Flame
Y
Premixed Zone
Rich Flame
Fuel Stream
——————————
Splitter Plate
X
Diffusion Flame
Oxidizer Stream
Lean Flame

(b)
Fig. 1. Triple flame schematic; a) the assumed configuration for the present work;
b) the configuration which existed in reality.

The stabilization, propagation and instability of triple flames were studied by
Chung.1 The prospect of establishing a planar turbulent triple flame was consi-
dered in the work of Bray and Champion.2 The local flame speed of a two-di-
mensional methane—air triple flame in a rectangular burner was investigated by
Hirota et al.3 The effect of reversibility of the chemical reaction on triple flame
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propagation was studied by Ali and Daou.# The effects of hydrogen enrichment
on the propagation of laminar methane—air triple flames in axisymmetric co-
flowing jets were numericaly investigated by Briones et al.5> A numerical study
of alaminar methane—air triple flame in two-dimensional mixing layers was per-
formed by Guo et.al.® The effect of flow strain on triple flame propagation was
investigated by Hong and Chen.” Flame spread in laminar mixing layers was in-
vestigated both experimentally and numerically by Kioni et al.8 The dynamics of
alaminar triple flame was numerically investigated for different degrees of mix-
ture by Dobrego et al.® The interaction of non-unity Lewis numbers (due to pre-
ferential diffusion and/or unequal rates of heat and mass transfer, was investi-
gated by Shamim.10

The aim of this work is to extend current knowledge of triple flames by
taking into consideration the influence of a vaporization term for the fuel drop-
lets. This aspect of the problem seems to have received no attention. The purpose
of this paper was to investigate how triple flames, and their propagation regimes,
are affected by the vaporization term of perfectly volatile fuel droplets in this
configuration. In addition, the influence of flow velocity components on the triple
flame temperature field was studied.

The paper is structured as follows: the problem is first formulated for a non-
vaporizing fuel stream, as a one-step combustion process considering constant
density and constant conductivity properties as well as an equal ratio of mass
diffusivity to temperature diffusivity (unit Lewis number). The basic equations
are solved in terms of dimensionless variables with specified dimensionless boun-
dary conditions. The results are then compared to the experimental work.1! Then,
using the same approach mentioned above, a vaporizing fuel stream will be stu-
died for two different cases related to the flow velocity components. The results
obtained in both cases are described and compared.

FORMULATIONS FOR A NON-VAPORIZING FUEL STREAM

The problem addressed herein is the steady propagation of a non-premixed flame con-
sisting of fuel and oxidizer streams. All external forces, including gravitational effects, are
assumed to be negligible.

Other approximations introduced are that diffusion caused by a pressure gradient and
heat transport by radiation are negligible. The combustion process is modeled by a single,
irreversible, one-step reaction of the form vgF + vy X — vpP, where ve molecules of a fuel
(molecular mass mg) react with vy molecules of an oxidizer (molecular mass my) to form v,
product molecules (molecular mass my). At the first step in the analysis, the problem will be
solved within the approximations above. The reactants and products are assumed to be in the
gaseous phase. For simplicity and in order to be able to compare the results with the expe-
riments, in this paper, only the case of unity Lewis number, i.e., the rate of temperature dif-
fusivity and mass diffusivity of the two species are the same, will be considered.
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Basic equations
The time evolution of the mass fractions of the two reactants, Yg (the fuel mass fraction)
and Yy (the oxidizer mass fraction) is described by:12

Pﬂ=DiV2Yi_Vimw @

Dt
wherel = For X, D/ Dt=9/ dt+uV isthe material derivative, p and u are the fluid density
and velocity, respectively, o is the rate of reaction in unit volume per unit time, and D; isthe

mass diffusivity of the speciesi. The time evolution of the temperature, T, is described by:
DT
pCth= DrVZT +Qo 2

where ¢, is the specific heat at constant pressure referred to unit mass of gas, Q is the amount
of heat released per reaction and D+ is the thermal conductivity. The Lewis numbers will be
assumed unity, thus:

De_Dx_ Dy
P P PuCp

where p,, is the density of un-burnt gas far upstream, which is assumed to be constant. There-
fore Egs. (1) and (2) become:

=k (©)]

DY
pﬁ:kpmVZYi—vima) (4)
and
pcp% =kp..coV2T + Qo (5)

For the reaction rate, the well known Arrhenius law will be applied by 12
@ = Ap"FNE Y xexp(—Ta [ T) (6)

where T, is the activation temperature, which is constant for a given reaction, and the expo-
nential factor A is assumed to be approximately constant and has no temperature dependence.

The problem is considered as a uniform flow aong the x-axis between x=(-,1), by U_x,
where U,, is the propagation speed of the triple flame far upstream. It is assumed that the fuel
mass fraction varies from Yg = 1 in the fuel stream (y—+L) to Yg = 0 in the oxidizer stream
(y—-L). Similarly, the oxidizer mass fraction varies from Yy = 1 in oxidizer stream (y—-L) to
Yy =0in fuel stream (y—+L), i.e.

y—)+L YF:]- Yx =0

y—)—L YF=O Yx=l (7)

such that for upstream:
Ye(=Ly) + Y (=1y) =1 ()

The fuel and oxidizer are assumed to be at the same constant temperature far upstream,
T = T,. Therefore, the boundary conditionsin alimited domain are:
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x0)=0 ©

The fuel mixture fraction, Z, is then defined as:13
_ rYF —Yx +1
1+r

z (10)
wherer = vymy/Veme. Clearly, Z = 1 in the fuel stream, Z = 0 in the oxidizer stream and Z =
= Zs= 1/(1+r) under stoichiometric condition.

It follows from Egs. (5) and (10) that Z evolves as a passive scalar:

p% =kp.V2Z (11)

By eliminating the source terms as well as the vaporization terms from Egs. (4) and (6),
it can be shown that the specific enthal py, which is defined below by Eq. (12), also evolves as
apassive scalar (Eq. (13)):

Hy =T+ (12)
vime,
DH;
=L —kp.V?H; 13
P ~ kP i (13

From Eg. (10) and (11) and the condition that T = T, far upstream, H; can be expressed
as alinear function of Z asH; = A; + BZ, where A; and B; are constants determined from the
conditions Yg = 1 in the fuel stream and Yg = 0 in the oxidizer stream. Thus, using the
definition of H;, the reactants mass fractions, Yg and Yy, may be expressed in terms of Zand T
asfollows:

YF=(T°°—T)%+Z (14)
YX=(T,X,—T)%—Z+1 (15)

Dimensionless system of the governing equations

In order to express the basic equations in terms of dimensionless variables, suitable
dimensionless parameters have to be identified so that the magnitude of the parameters will be
of the order unity. Thus, the dimensionless density @ =p/p,, and the dimensionless velocity
components (U,V)=(u/U,,v/U,.), as well as dimensionless coordinates (X,Y)=(x U, /Ky U,/K).
The maximum temperature is reached just behind the flame front along the stoichiometric
line, where the combustion is complete and neither fuel nor oxidizer are left in the product
stream. This “adiabatic flame temperature’, T, is obtained by substituting Z = Z5 = 1/(1+r)
and YE =0in Eq.(14):

e 1 +, Q
MeveCy 141 7 (Meve + vy )c,

The dimensionless parameter o characterizes the temperature rise, or the amount of heat
released in the flame:

Ts=T.+ (16)
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-1
_T-T. { 1 (Meve + myvy )coT, } an

Q

Further, the dimensionless temperature, ®, and the Zeldovich Number, g, are introduced,
which are defined as:
T-T,

o= = (18)

p=a

T
Ta

T,

In terms of dimensionless variables, Eq. (5) may be written as:

2 2
_(Ua_@ Va_g) o’ o’
X oy’ ax? 32

(19)

9°0 et 2(2/25,9)@@{ ﬂ((xl(fc)@)} @

where X is defined by the following expression:13
Z(x,y) = (x= )" [@-x+r@-y]* (21)
and A is defined by:

kQA po‘:,F+VX -1

1
o Tt Wrryeo exp(-p/ a)@ (22)

The dimensionless boundary conditions therefore become:

@(O—l,y) =0
O(0, =1
@i(x,y(%) =0 (23)
O(x,—L) =0

Activation energy asymptotic

In order to obtain an analytical solution, some approximations are introduced, whereby
@ may be taken unity. In addition, itisassumed U = 1and V = 0.
Equation (20) thus becomes:
00 2%  0°0
o =yt tAZ(Z]Z;,0)ex 1-0 24
X " a2 Fayz HAE @1 Z0)ep-pu-6)] (24)
The Zeldovich Number, g, defined by Eq. (19) is considered large for many practica
processes. Thus, the basic dimensionless equations describing flames are studied in the
asymptotic limit of p—oo. Thislimit is known as the activation energy asymptotic (AEA). Itis
clear from Eq. (24) that the source term vanishes and becomes:

00 09%0 9J%0
_——=——
oX 9X?Z 9v?
Equation (25) is alinear homogeneous partial differential equation which is converted to

Helmholtz differential equation by changing the variable ® to w by the following sub-
gtitution: 14

(25)
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OX.Y) =P XDy (X.Y) (26)
Hence, Eq. (25) becomes:
%y % 1
T4y =0 27
X2 ovZ 4 (@7)

Equation (27) is a two-dimensional homogeneous Helmholtz equation in the rectangular
Cartesian system of coordinates, which may be solved by the separation of variables method.
The boundary conditions a so become:

WE(;I,)V) =Ci
wlUy) =
p,(x0) =0 (29)
l//(X,—L) =0
Therefore,
oo K2 HUAX _ o[k 241 4(21+X)
v= 5 -2 sn(x ) el cosK,Y (29)
x,=1 L&}, 1— e2|\/1(‘n2+]f4
From Eq. (26) the triple flame temperature is obtained as:
w 1 K2 HUAX _ K2+ U421+ X)
0= 5 ™2 gn(e,L)| & el CoSK,Y (30)
Kn=1 Lx, 1_e2|\/l<'n2+1/4

where ;. - (21=Dr
L.
FORMULATIONSWITH VAPORIZATION

The problem presented here will undergo the same method as presented in the previous
section; however, here the fuel stream consists of uniformly distributed volatile fuel droplets.
It is presumed that the fuel droplets vaporize to form a known gaseous compound which is
then oxidized and the products are assumed to be in the gaseous phase.

Basic equations with vaporization
The kinetic of vaporization are presumed to be represented by the expression:15
W, = Bng(4n r2)T" (31

where W, is the mass of gaseous fuel vaporized per unit volume per second. The quantities B
and n are constants, which are presumed to be known, and T denotes the gas temperature. For
simplicity, it is assumed that the droplet temperature is approximately equal to the gas
temperature.

The time evolution of the temperature, T, is given by:

poo2 - =DIVAT +Qu-WQ, (32)

where W, is vaporization term described by Eq. (31) and Q, is the heat associated with a
vaporizing unit mass of the fuel. With the Lewis number unity, Eq. (32) becomes:

DT
P = kp..CpV 2T + Qu—W,Q, (33
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Dimensionless system of governing equations

Following the same approach as in the preceding section, Eq. (32) may be written in
terms of dimensionless variables as:

_ 90 %0  9°© f— __Ba-9) | n
(Ua_x 8_Y)_E)X_2 aY—2+/1 Z(Z/ZS,Q)exp{ m 79°Q, (34
where y is defined by:
n-1
_Bny(4wr?)( Qzg (35)
& (Mg,

Activation energy asymptotic

Here, as in the previous section, @ is introduced and taken to be unity. Two cases are
studied, the first U = 1 and V = 0 and the second V = 1, U = 1, in order to study the effects
the flow velocity components on the flame temperature field.

Casel,U=1andV = 0: Eq. (34) becomes:

00 2% %0
5+t +AX(Z1Z;,0)ex 1-0 36
X oz vz (Z1Z5,0)exp -p(1-0) |- 0", (36)
and with the AEA assumption, one obtains:
90 82@ %0
2] 3
X oxz vz 7 37

where y* = yQ, . Equation (37) is alinear homogeneous partia differential equation which is
converted to a Helmholtz differential equation by changing the variable ® to w by the same
substitution, @(X,Y) =exp(l/ 2X)w(X,Y).
Hence, Eq. (37) becomes:
Py oy
— - = 0 38
Rl G )w (38)
Equation (38) is a two-dimensional homogeneous Helmholtz equation in the rectangular
Cartesian system of coordinates, which may be solved by the separation of variables method.
The boundary conditions are also similar to that of the case without vaporization:

_§ZSin(KnL) eXp(—,/Kn2+(7k+2)X]—exp[‘//(n2+(7/* +i)(2I+X)]
B n Lx, 1
1—exp[2| /K'%+(f+4)}

Therefore, the triple flame temperature is obtained:

inexp(EX) 2sin(x;,L) «
2 Lx

exp[—,}zrn2+(;/*+‘ll)XJ—exp( /K'n2+(}/k+i)(2|+)()] (40)
CoSkyY
1—exp[2| k2 +(r +411)J

cosk,Y (39)

X
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Case2.V=1,U = 1: Eq. Eq. (34) becomes:
00 , 00 _ 0’0 9%
—+——+ 221 Z,,0 1-© 41
X oy T oxE Fayr A2 Z.0)ed -p1-6)]- 10", (41)
Considering large activation energy, Eq. (41) becomes:

00,96 _2°60 9% _
X oy oxz ' ovz

(42)
Equation (42) is also a linear homogeneous partial differential equation, which is con-

verted to Helmholtz differential equation by changing © to w by the substitution
O(X,Y)=expl/ 2(X +Y))w(X,Y), giving:
0%y 821//

%2 Tayz (VS )W 0

(43)
Equation (43) is aso a two-dimensional homogeneous Helmholtz equation in the rec-
tangular Cartesian system of coordinates. However the boundary conditions here would
become:

Therefore, one obtains:

oxp(~ 5 )sin(iL)  3exp(—)

3
cos(x,L)+—
K 453 Sl ) 453
£+sin(/(nL)
o 2 4K,
y=3

(a4)
ep(~ (([K3+7"+2)X) —expl( [k + 7+ )(2 + X)
% 2 2

cosk;,Y
1- exp(ZI\/K,% +7* +%))

Thus, @ the triple flame temperature is obtai ned

exp(—)sin(inl)  3exp(- )

3
cos(xyL)+——
K 453 s(nl) K3
L sin(knL)
0o 1 2 4K'n
O =3 exp(-(X+Y))
n=1 2

(45)
exp(~ (K2 + 7 +2)X) - xp((y[ K + 7 +2)(@ + X)
% 2 2

cosk, Y
1- exp(zl\/zcn2 +y +%))
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RESULTS AND DISCUSSION

Some results may now be presented for variations of the dimensionless
flame temperature versus the dimensionless coordinates. The three-dimensional
diagram of the flame temperature for a non-vaporizing fuel stream versus the
coordinates X and Y is shown in Fig. 2. The results of the flame contour are
compared to experimental results,11 which are displayed in Fig. 3.

Fig. 2. Three-dimensiona dia
gram of dimensionless flame
temperature for non-vaporizing
fuel stream vs. the dimensionless
coordinates X and Y.

=4 Experimental

=fi—Theoretical

0.60 . 1.00

Dimensionless Coordinate Y

Dimensionless Coordinate X

Fig. 3. Comparison of the theoretical and experimental results of the flame contour.

As can be observed in Fig. 3, the trend of flame contour for the theoretical
solution presented in this paper is in good agreement with the experiments. In
order to simplify the solution of the current governing differential equations, it
was assumed that the location of the flame formation was at the origin of the
Cartesian coordinate axis; this assumption is applied to the equation by the boun-
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dary conditions. While in reality the flame would be formed after mixing the fuel
and oxidizer. Therefore the location of flame formation would be dlightly shifted
and displaced through the reactant stream propagation, namely in the positive X-
-direction (see Fig. 1b). As aresult, referring to Fig. 3, it could be observed that
for small values of X (very close to the Y-axis), the discrepancy between the
theoretical and experimental resultsis quite significant, while it should be noticed
that in spite of the discrepancy at the values of X close to unity due to the effects
of the assumptions, in far upstream, the experimental results show more agree-
ment with the theoretical results. Since in reality combustion is an unsteady phe-
nomenon, flame propagation would be decreased in the places far from the stoi-
chiometric line, while the steady state condition was studied in the presented work.
The variation of temperature along the X-axis is demonstrated in Fig. 4 for
both sections of the non-vaporizing fuel stream and the volatile droplet stream. In
this diagram, it may be seen that the temperature increases moving along the X-
-axis. In the case in which the fuel droplets vaporized into the gaseous phase, the
curve of the temperature is located lower than in the case of the non-vaporizing
fuel stream, because vaporization heat is given to the fuel droplets in order to
convert them into the vapor phase. Therefore, the temperature has a lower value
than the case of the non-vaporizing fuel. Moreover, the stream temperature with
vaporization of the fuel droplets was studied under two fuel flow conditions; the
former diagram (case 1) in which only the velocity paralel to the reactant flow

1.00

0.90 =—#— With Vaporization, U=1, V=0

== With Vaporization, U=1, V=1

0.80 -
~e— Without Vaporization

0.70

0.60

0.50

0.40 -

0.30 +

Dimensionless Temperature ®

0.00 0.20 040 0.60 0.80 1.00

Dimensionless Coordinate X

Fig. 4. Flame temperature vs. X-axis, comparison between non-vaporizing and volatile fuel
streams; as well as the effects of the vertical velocity component of fuel flow.
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(V) is considered with the vertical velocity being neglected and the latter one
(case 2) in which the vertical velacity (V) was aso considered. Therefore the ef-
fects of this additional term were studied. From Fig. 4, it can be seen that the
inclusion of the vertical velocity in the energy equation affected a further shift to
theright of the flame temperature along the X-axis.

The temperature variation along the Y-axisisillustrated in Fig. 5 in the same
way as was the case for the X-axis. Here also, the effect of the additional term for
the vertical velocity of the fuel stream was studied. As can be seen from Fig. 5,
the flame temperature had its peak value at Y = 0, where the fuel and oxidizer
were mixed in stoichiometric amounts, while when considering the velocity per-
pendicular to the flow path, the flame temperature peak value moved to the right
and downwards. Thus, the extra momentum which is brought into the flow by
considering the velocity perpendicular to the flow path causes a decrease in the
maximum flame temperature and the location of the temperature peak is moved
to theright.

N
D
@

== With Vaporization, U=1, V=0
——With Vaporization, U=1, V=1

" ~—4— Without Viaporization

0:40—

Dimensionless Temperature @

-6:36—

0:20—

9:10—

a0
Bilt

-1.00 -0.50 0.00 0.50 1.00
Dimensionless Coordinate Y

Fig. 5. Flame temperature vs. Y-axis, comparison between non-vaporizing and volatile fuel
streams; as well as the effects of the vertical velocity component of fuel flow.

The flame temperature variations along the X- and Y-axis for particles of va-
rious radii are illustrated in Figs. 6 and 7, respectively. It can be observed that
increasing the particle radius results in a decrease in the flame temperature. The
smaller the particle, the higher would be the flame temperature due to the lower
burning surface.
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Fig. 6. Flame temperature vs. X-axis for various particle radii.
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Fig. 7. Flame temperature vs. Y-axis for various particle radii.
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The results shown are applicable to any triple flame configuration. Accord-
ing to the assumptions used in the present article, any volatile fuel particle could
be considered in this study. The overall flame configurations are the same, be-
cause the methods within which the fuel and oxidizer are mixed and as well the
governing equations are the same for different fuel droplets. The differences are
related to some constant parameters in the equations, such as fuel density, the
mixture fraction of the reactants, etc. Nevertheless the total schematic of the flame
asshowninFig. Lisstill valid. Therefore the presented results are not only appli-
cable to a specific flame, but can aso be applied to any triple flame configuration.

CONCLUSIONS

In this article, an analytical approach was developed for assessing the flame
structure and combustion properties of atriple flame containing uniformly distri-
buted volatile fuel droplet. The obtained results were compared to the results
obtained for non-vaporizing fuel particles. Furthermore, the role of vaporization
term was investigated in this research for two different approaches in which the
stream velocity along the flow and perpendicular to the direction of the flow
were considered. The calculated results were compared to the experimental data.
When the vaporization term for the fuel droplets was included, it was observed
that the temperature field of the triple flame was reduced compared to that for a
non-vaporizing fuel stream because of the heat removed from the flow. In addi-
tion, by studying the temperature field with flow velocity effects along horizontal
and vertical direction, it was demonstrated that the flame temperature was de-
creased due to the extra momentum brought into the flow comparing to the case
in which only the horizonta velocity component was considered.

The calculation method used in this article is based on an analytical ap-
proach in which al the governing equations were derived according to the related
energy equation in terms of temperature and the equations were written in the
non-dimensional form by using dimensionless variables. In the analytical ap-
proach, no attention was paid to the analysis of the triple flame. However, experi-
mental results were compared with the results of this study, and the terms of
agreements and discrepancies are described in the discussion. Hence, the ap-
proach employed to follow the steps of combustion within a tripe flame is not a
numerical method; however, there are many such methods, e.g., discretization of
the equation within afinely meshed domain, which may be used to verify the results.
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U3BOA

AHAJIMTUYKO UITUTUBABE EQEKTA UCITAPJBUBOCTU HA TPOCTPYKH
IJIAMEH CA IBOAUMEH3MOHUM KAIIJBMLIAMA

MEHDI BIDABADI, GHAZAL BARARI u MILAD AZIMI

Combustion Research Laboratory, Department of Mechanical Engineering; Iran University of Science
and Technology, Tehran, Iran

HcnuTHBaHa je CTPyKTypa TPOCTPYKOT IUIAMEHa KOjH IPOIarupa y CHCTEMHUMa ca caropena-
BEM H KOJU Caap)Ku AUCTPUOyHpaHe YeCTHUIIe UCTIApJbHBOT TOpHBA. AHaNN3a je U3BPILCHA 33 jel-
HOCTEIEHY MPEBEP3UOUIIHY PEaKinjy ca aCHMIITOTCKOM IpaHuIioM, riae je Bpeanoct Zeldovich-
-oBor Opoja Benuka. Kopumhewem jenuaudHor Lewis-or 6poja, OCTaBbEH je MaTeMaTHYKH MO-
JIeJT 1 T0OMjeHO je aHAIMTHYKO PEelIeHe 3a TEMIepaType Y TPOCTPYKOM IUIaMeHy, AHalu3a je ypa-
hena y nBa mena. Y mpBOM Jemy je TpeTHpaHa HEHCHApJbHBA CTPYja TOPHBA, JAOK je Y APYyTroM Jeiy
y3eTa y 003HMp MCIapJbUBOCT KallJbHIa TOpuBa. IIpeTnocTaB/beHo je Jla Kaljbulle ropHBa uchapa-
Bajy ¥ IONPHHOCE TaCOBHTOM TOPHBY IO3HATE XEMHUjCKE CTPYKTYpe, KOje ce 3aTUM OKCHAHWILE Y
racoBuToj ¢aszu. OBe cy pa3MaTpaHa JiBa ciiydaja. Y MpBOM Cliy4ajy, y3uMma ce y 003up camo Op-
3MHa MapajeliHa ca TOKOM peakTaHTa, JOK Ce Y JPYroM Cliydajy pasMmaTpa M BEpTHKalHA Op3uHA.
JenHaunHe eHepreTcKor OuaHca Cy pelieHe U NPEICTaBIbEHE Cy jeJHAYMHE TEMIIEPATyPHOT 110Jba.
IIpBo cy npHKa3aHK pe3yaTaTH 3a HEHCIIApJbUBO FOPHBO M yHopeljeHH ca ekcriepuMeHTHMa. Pesyir-
TaTH TEMIIEPaTYPHOT I0Jba 33 UCIIAPJEMBO F'OPHBO Cy Takohe NpUKa3aHu y OKBHUPY mopehema rope
MOMEHYTHX Clly4ajeBa, IUTO MOKasyje eekTe pa3Marparma BEPTHKaJIHE KOMIIOHEHTE Op3HHE Ha
TEMIEpaTypHO MOJbE.

(Mpumsbeno 13. aBrycra 2010, pesuanpanol0. janyapa 2011)
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Abstract: In this study, a simple, sensitive and accurate column preconcentra-
tion method was developed for the determination of Cd, Cu and Pbionsin river
water, urine and sediment samples by flame atomic absorption spectrometry.
The procedure is based on the retention of the analytes on a mixed cellulose
ester membrane (MCEM) column from buffered sample solutions and then
their elution from the column with nitric acid. Several parameters, such as pH
of the sample solution, volume of the sample and eluent and flow rates of the
sample were evaluated. The effects of diverse ions on the preconcentration
were aso investigated. The recoveries were >95 %. The devel oped method was
applied to the determination of trace metal ions in river water, urine and
sediment samples, with satisfactory results. The 36 detection limits for Cu, Pb
and Cd were found to be 2, 3 and 0.2 ug dm3, respectively. The presented
procedure was successfully applied for determination of the copper, lead and
cadmium contentsin real samples, i.e., river water and biological samples.

Keywords:. lead; copper; cadmium; mixed cellulose ester membrane; precon-
centration.

INTRODUCTION

Heavy metals are defined as those metals and metalloids generally consi-
dered to be of sufficient distribution and abundance to be in some way environ-
mentally or biologically significant as a toxic substance. Heavy metals may ori-
ginate from various types of sources, such as mining and smelting ferrous ores,
the surface finishing industry, energy and fuel production, fertilizer and pesticide
industries and applications, metallurgy, the iron and steel industry, electroplating,
electrolysis, electro-osmosis, leatherworking, photography, electric appliance
manufacture, metal surface treatment, aerospace and atomic energy installation,
etc. Thus, shortage of metal as a kind of resource is developing and metal also

* Corresponding author. E-mail: hzmousavi @semnan.ac.ir
doi: 10.2298/J5C101024139S
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1584 SHIRKHANLOO, MOUSAVI and ROUHOLLAHI

create serious environmental pollution, threatening human health and the ecosys-
tem.1-3

Cadmium, copper and lead are three elements that are among the most ha-
zardous to human health. Lead pollution in water systems has serioudly influ-
enced the quality of life, especially in developing country. Lead is accumulated
in tissues and may cause serious health problems for humans and animals. This
metal inhibits biosynthesis and affects the kidneys, brain cells and the permeabi-
lity the liver membrane, thereby reducing some of their functions. It can be accu-
mulated in the body and can promote disturbances such as nausea, vomiting,
diarrhea, sweating and, in some cases, convulsions, coma and death.4°> Cadmium
may cause renal injuries and may interfere with the renal regulation of the cal-
cium and phosphate balance. Cadmium concentrations in urine reflect long term
exposure and the quantity of cadmium stored in the body, particularly in the
kidney and liver. With commencement of renal damage, excretion of Cd can in-
crease markedly.6.7

Copper is an element essential for many biological systems and plays an im-
portant role in carbohydrate and lipid metabolism. In general, copper at nearly 40
ug dm=3 is required for normal metabolism of many living organisms; however,
in higher levels, it is considered to be toxic and severe oral intoxication will
affect mainly the blood and kidneys.89 Whenever toxic heavy metals are ex-
posed to the natural ecosystem, accumulation of metal ions such as lead, cad-
mium and copper in the human body occurs through either direct intake or the
food chain. Therefore, heavy metals should be prevented from reaching the natu-
ral environments because of their toxicity.

The determination of trace metals comprises one of the most important tar-
getsin analytical chemistry. This interest is also demonstrated in different areas,
such as biology and medicine.10 Various techniques have been applied for the
determination of trace heavy metals in agueous and biological samples. Flame
atomic absorption spectrometry (FAAS) has been a very attractive technique for
routine metal determinations, owing to its ease of operation, its low acquisition
and operating costs compared with inductively coupled plasma optical emission
spectrometry (ICP-OES).11

Direct instrumental analysis of these samples is difficult because of complex
formation and significance of the matrices, which invariably influence normal
instrumental analysis. In addition, some metals are present at low concentrations,
which are near to or below the limit of detection of the instrument. Moreover, the
low level of trace elementsin real samples is not compatible with the detection
limit of AAS. Preconcentration can solve the above two problems and lead to
simplified heavy metal determination. There are many methods of preconcen-
tration, including cloud point extraction,12-14 coprecipitation,15-17 cathodic ad-
sorptive stripping voltammetry,18 ICP-OES19.20 microextraction,? ion ex-
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PRECONCENTRATION OF HEAVY METALS 1585

change,22 inductively coupled plasma mass spectrometry,23 liquid-iquid extrac-
tion,24 electrothermal atomic absorption spectrophotometery?® and solid phase
extraction.26-28

Among the various preconcentration methods, solid-phase extraction (SPE)
is one of the most effective multi-element preconcentration methods because of
its simplicity, rapidity and ability to attain a high concentration factor. In addition
SPE provides for the removal of potentially interfering matrices.

Various materials, including amberlite (XAD) resins,2%-32 activated car-
bon,32-35 modified silica gel,36-38 aluming,3940 and synthetic zeolites*! have
been widely used for the preconcentration and separation of trace metal ions from
various matrices.

The purpose of the present study was to demonstrate the feasibility of using
mixed cellulose ester membrane as a solid-phase extractant for the preconcentra-
tion of lead, copper and cadmium found at trace level in water and biological
samples. In the procedure, the analytes were retained on a short mixed cellulose
ester filter column from a buffered sample solution and then eluted from the
column with nitric acid. In the development of the procedure, several parameters
relevant to the retention and elution of the analytes were examined.

EXPERIMENTAL
Materials

All the reagents used were of analytical reagent grade. Doubly-distilled water (DW) and
high purity reagents were used for the preparations of all the standard and sample solutions.
Standard stock solutions containing 1000 mg dm-3 analyte were prepared from nitrate salts of
Cd(11), Cu(ll) and Pb(Il) in 1 % of HNOs in 1-L calibrated flasks (Merck, Darmstadt, Ger-
many, atomic absorption grade). Ammonium chloride buffer solution (0.2 mol dm3) was pre-
pared by adding an appropriate amount of ammonia to anmonium chloride solution (Merck)
to prepare a solution of pH 8. The mixed cellulose ester membrane was purchased from Sar-
torius, No. 10401706 (USA). A GBC atomic absorption spectrophotometer (AA-932, Dande-
nong, Victoria, Australia) equipped with a single-element hollow cathode lamp and an air—
—acetylene burner were used for the determination of the metal ions. All instrumental settings
were those recommended in the manufacturer’s manual book. A Metrohm E-744 model pH
meter (Herisau, Switzerland) with a glass electrode was employed for measuring pH values of
the agueous phases. The preconcentration system consisted of cartridge tube with cellulose
ester membrane (100 mm height, 25 mm internal diameter) connected to a vacuum system.
Theinstrumental and extraction conditions are listed in Table .

TABLE |. Theinstrumental settings for the flame atomic absorption spectrometer

Parameter Lead Copper Cadmium
Wavelength, nm 217 324.8 228.8
Lamp current, mA 5 3 3
Spectral bandwidth, nm 1 0.5 0.5
Air flow rate, dm® min* 8 8 8
Acetylene flow rate, dm® min™ 2 15 2
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1586 SHIRKHANLOO, MOUSAVI and ROUHOLLAHI

Characteristics of the adsorbent material

The microstructure and surface morphology of the adsorbent was characterized by a
Phillips PW3710 field emission scanning electron microscope (SEM) at an accelerating
voltage of 15.0 kV. The SEM image of the MCEM, showing the highly porous morphology of
adsorbent with nanosized pores (200 nm), is presented in Fig. 1.

j& Fig. 1. An SEM image of mixed
.4 cellulose ester membrane, 4500x.

General procedure

A cartridge tube (100 mm length and 38 mm i.d) with mixed cellulose ester membrane
(0.83 mm thickness and 36 mm i.d) was used as a preconcentration column. An aliquot of the
sample solution (25 mL) containing 10-100, 12-350 and 0.8-35 g dm 3 of Cu, Pb and Cd,
respectively, were passed through the column at a flow rate of 1.0 ml minL. Then, the metals
retained on the column were completely dissolved in 2 mL of HNO; (1.5 mol dmr3). The con-
centration of metalsin the final solution was determined by FAAS. A blank solution was also
run under the same analytical conditions without the addition of Cu, Pb and Cd. A fresh
cartridge tube with mixed cellulose ester membrane was used for each experimental run.

RESULTS AND DISCUSSION

Nowadays, membrane filtration is one of the important enrichment tech-
niques for trace heavy metal ions. In membrane filtration, the collection of traces
metal ions is performed very quickly by filtration under suction with the aid of a
vacuum aspirator.4243 Initial experiments showed that MCEM has a tendency to
retain lead, copper and cadmium. Hence, a column containing MCEM adsorbent
was chosen for the preconcentration of lead, copper and cadmium and their sub-
sequent determination by flame atomic absorption spectrometry. In order to ob-
tain the best performance for the flow system, the effects of various chemicals
and instrumental variables on the preconcentration and determination of the me-
tal ions were studied and optimized using the one-at-a-time optimization method.
Therefore, the various analytical parameters, such as pH, sample volume, amount
of sorbent, flow rate and the matrix effect were investigated and optimized.
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Effect of the pH

The pH value of a sample solution is one of the most important variables
controlling the adsorption of the metal ions on the column. Therefore in order to
determine the optimum pH, the effect of pH in the range 4-9 on the retention by
the column was investigated. The effect of pH on the retention of Cu, Pb and Cd
on the MCEM column is shown in Fig. 2, from which it can be seen that a pH
value of 8 found to be the optimum for the quantitative extraction of the metal
ions and the metals recovery was about 99 %. Therefore, pH 8.0 was selected for
the al subsequent experiments.

100 1

80 A

Recovery, %

40

20 A

3 4 5 6 7 8 9
pH
——Cu —®Pb —&—Cd

Fig. 2. Effect of pH on retention of metal ions by MCEM column. Conditions: copper, lead
and cadmium concentration: 25 pg dm3; sample volume: 50 mL; flow rate: 1 mL minL,

Sample flow rate

The sample flow rate through the column is a very important parameter,
since thisis one of the steps that control the analysis time.44 The influence of the
sample flow rate on the preconcentration efficiency was tested at flow rates of
5.0-60 mL min~1. A flow rate in the range of 5.0-10 mL min~1 had no signi-
ficant effect on the recoveries of the investigated elements. In addition, it was
found that analytical signal decreased slightly on increasing the sample flow rate
to above 10 mL min~1 because of incomplete retention of the metal ions on the
column. Therefore, a sample flow rate of 10 mL min~1 was selected for further
studies (Fig. 3).
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Fig. 3. Influence of flow rate on retention of metal ions by MCEM column. Conditions:
copper, lead and cadmium concentration: 25 pg dm3; sample volume: 50 mL; pH 8.

Influence of sample volume

In order to explore the possibility of enriching low concentrations of the
analytes from large sample volume, the effect of the volume of the sample so-
Iution on the metal sorption was studied by passing 25400 mL volumes through
the column. In this work, the amounts of analyte added were constant. The results
are shown in Fig. 4. The adsorption of the metal ions by MCEM was not affected
by the sample volume below 200 mL. Above this volume, the percent sorption of
the analytes decreased. In the present study, sample solution volume of 200 mL
of was adopted for the preconcentration of the investigated ions from synthetic
water samples; the adsorbed metals can be eluted with 2 mL of HNO3 and an
enrichment factor of 100 was thus achieved by thistechnique (Fig. 4).

Effect of eluent volume

The effect of eluent volume on the desorption of the analytes was studied by
keeping the eluent concentration constant at 0.1 mol dm~3 and varying it volumes
from 0.5 to 3.0 mL. The experimental results indicated that with 2.0 mL HNOg,
guantitative recoveries (>98 %) for the target analytes could be obtained. There-
fore, 2.0 mL of eluent was selected for the subsequent experiments.

Adsorption capacity

In order to successfully represent the dynamic adsorptive behavior, it isim-
portant to have a satisfactory description of the equation state between the two
phases composing the adsorption system. Several isotherm models are available.
In this study, the Langmuir adsorption isotherm was employed. The Langmuir
model assumes uniform energies of adsorption onto the surface and no transmig-
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PRECONCENTRATION OF HEAVY METALS 1589

ration of the adsorbate in the plane of the surface. The Langmuir Equation may
be written as:

Je - PQmax  Qmax

where ce is the equilibrium concentration (mg dm3), ge is the amount adsorbed
at surface equilibrium (mg g-1) and Qmax and b are Langmuir constants related to
the adsorption capacity and the energy of adsorption, respectively. It isclear from
Table Il and Fig. 5 that the Langmuir model provided a good fit throughout the
concentration range. The applicability of the isotherm models and the high values
of the correlation coefficients (R2 = 0.978, 0989 and 0.998, respectively) for Cu,
Pb and Cd, suggest favorable and monolayer adsorption. The values of Qmax as
determined from the Langmuir plots are 24, 17 and 16 mg g~ for Cu, Pb and Cd,
respectively. According to the results, the maximum capacity of the adsorbent
under column conditions, due to the shorter contact time, is dightly lower than
under batch conditions, which is apparently quite expected. The values of the
constants of the Langmuir isotherm model are givenin Tablell.

1 | G )

100 ~

"t —h—

80 -

Recovery, %
&

20 1

0 100 200 300 400
Sample volume, mL

—e—Pb ——Cu —a—Cd

Fig. 4. Influence of sample volumes on the recovery of metal ions. Conditions. copper, lead
and cadmium concentration: 25 pg dm3; flow rate: 1 mL min1; pH 8.

Interference studies

In order to assess the effects of commonly co-existing ions, which could
interfere with the determination of Cu, Cd and Pb, several analytes were tested at
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the concentration levels at which they may occur in the sample concerned. The
results are given in Table Ill. The tolerance limit is defined as the ion concen-
tration causing a relative error smaller than £4 % related to the preconcentration
and determination of the analyte ions. The ions normally present in water did not
interfere under the employed experimental conditions. In addition, some of the
transition metals at mg dm=3 levels did not interfere with the recoveries of the
analyte ions. These results show that the proposed preconcentration/determi-
nation method could be applied to highly saline samples and the samples that
contain some of the transition metals given in Table 11 at mg dm3 levels.

TABLE II. The Langmuir isotherm model constants

Langmuir parameter Cu Pb Cd
Qmac/ My g™ 24 17 16
b/mg*L” 0.178 0.053 0.062
R? 0.997 0.989 0.998
25
5. 20
£
D-D 15 1
‘Q: 10
Qo
5 <4
0 T T T T !
0 10 20 30 40 50
¢,/ mgdm”

4Cu HPb ACd
Fig. 5. Langmuir plots for adsorption of metal ions on MCEM.

TABLE IIl. Tolerance limits of interfering ions in the determination of 50 pg dm of Cu, Pb
and Cd

Metal to interferent ratio (w/w)

lon

Cu Pb Cd
Na* 1/5000 1/5000 1/5000
K* 1/10000 1/10000 1/10000
Mg* 1/2000 1/2000 1/2000
cI- 1/2000 1/2000 1/2000
CO& 1/3000 1/3000 1/3000
Ni* 1/1000 1/1000 1/1000
v 1/1000 1/1000 1/1000
Pb** 1/2000 - 1/2000
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TABLE Ill. Continued

lon Metal to interferent ratio (w/w)

Cu Pb Cd
Mn** 1/1000 1/1000 1/1000
crt 1/1000 1/1000 1/1000
ca®* 1/2000 1/2000 1/2000
Al® 1/2000 1/2000 1/2000
cd* 1/2000 1/2000 -
zn** 1/2000 1/2000 1/2000
Fe 1/2000 1/2000 1/2000
cu* - 1/2000 1/2000
Ba®* 1/1000 1/1000 1/1000
Ag" 1/1000 1/1000 1/1000

Statistical evaluation of the method

The limits of detection (LOD) of the proposed method for the determination
of the investigated elements were studied under optimal experimental conditions
by applying the procedure for blank solutions. The detection limits of the in-
vestigated elements based on three times the standard deviations of the blank (k = 3,
N = 10) were 2 ug dm=3 for Cu(ll), 3 pg dm=3 for Pb(Il) and 0.2 ug dm=3 for
Cd(11). The values of the limit of quantification (LOQ) were obtained as 7, 8 and
0.6 ug dm=3 for Cu, Pb and Cd, respectively (SN = 10). The reproducibility of
the presented procedure was evaluated by a model solution containing heavy
metal ions (N = 6). The relative standard deviations (RSD) of these determina-
tions were below 4.7 %.

The calibration curves for anayte ions were drawn after setting various para-
meters of FAAS, including wavelength, slit width, lamp current, at the optimum
level. The optimum concentration ranges and regression equations for analytes
are given in Table IV. The statistical calculations are based on the average of
triplicate readings for a standard solution of the analyte ions.

TABLE V. Analytical characteristics of the calibration curves of the analytes

Anayte Correlation coefficient Linear range, ug dm RSD / %
Cu 0.9995 10.0-100 32
Pb 0.9997 12.0-350 4.3
Cd 0.9998 0.8-35 1.8

Addition/recovery tests

Tests of addition/recovery in the experiments for analyte ions were per-
formed for river water samples. The results are given in Table V. Good agreement
was obtained between the added and measured analyte amounts. The recovery
values for copper, cadmium and lead were in the range of 92—105 %. These va-
lues are quantitative and show that the presented method can be applied for the

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

2011 Copyright (CC) SCS

@080

EW MG MO



1592 SHIRKHANLOO, MOUSAVI and ROUHOLLAHI

separation—preconcentration of analyte ions in real samples and the results indi-
cate the applicability of the developed procedure for the determination of cad-
mium, copper and lead free of interference.

TABLE V. Application of the presented procedure to the analysis of a river water sample
from Tehran City, Iran

Concentration, pug dm™

0,

Analyte Added Found® Recovery, %
Cu - 40.0£0.5 -

30 68.2+0.2 94

40 81.0+0.6 102

50 88.0+0.8 9%
Pb 125+1.0

100 227+2.0 102

150 273+15 99

200 331+2.1 103
Cd 12.0+0.3

10 21.2+0.6 92

15 26.5+0.5 97

20 33.0+0.9 105

@Average of three determinations + SD

Accuracy of the method

In order to evaluate the accuracy of the proposed preconcentration method,
the analytes were determined in certified standard reference material (RM 8704
Buffalo River sediment). The sediment sample was dissolved and the column
preconcentration procedure was applied to the sediment solution. The results
obtained from the analysis of the certified reference material are depicted in
Table VI, from which it can be seen that the achieved relative error values (%)
were lower than 5%, meaning that the described method has good accuracy. The
results obtained from the proposed method were in a good agreement with the
certified values for Pb, Cd and Cu. In addition, the accuracy of the proposed
procedure was also checked by analysis of urine samples by electrothermal ato-
mic absorption spectrometry (ET-AAS). There was no significant difference at
the 95 % confidence limit between the results obtained by proposed method and
ET-AAS (see Table VII).

Comparison with other preconcentration studies

A comparison of the presented procedure with other preconcentration sys-
tems for the determination of cadmium, copper and lead can be seen in Table
VIII. Anaytical features, such as enrichment factor and detection limits, of the
proposed method are comparable to those of other methods described in the
literature.
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TABLE VI. Thelevels of analyteionsin the reference material (N = 6)
Content, mg kg™

0, 1 0,
Element Caificdvaie Obsrvedvaud 0 % Relativeerror, %
cu 98.6 97.2+1.40 21 14
Pb 161 154+2.20 19 43
cd 35 3.38:0.09 05 34

@Mean of six determinations at the 95 % confidence limit

TABLE VII. Determination of Cu, Pb and Cd in a urine samples
Concentration, ug dm*

Element - Relative error, %
Present method ET-AAS method

Cu 58.4+0.75 61.3+0.25 —4.7

Pb 81.4+0.57 85.3+0.51 —4.5

Cd 1.20+0.21 1.22+0.15 1.6

#Mean of six determinations at the 95 % confidence limit

TABLE VIII. Comparison of the proposed method with previously reported methods

Elements Enrichment factor LOD / pug dm™ Reference
Cu, Pb 20, 20 11,61 45

Cu, Cd 35, 38 18,16 46

Cu, Pb 100, 100 054,45 27

Pb, Cd 19.6,15.1 46,0.74 6

Pb, Cu, Cd 60, 60, 60 0.02,3.1,0.9 42

Pb, Cu, Cd 20, 20, 20 225,10,11 47

Pb, Cu, Cd 100, 100, 100 2.0,3.0,0.2 Present work

CONCLUSIONS

The developed procedure is very simple, sensitive and shows high tolerance
to interference ions. Due to its good analytical characteritics, such as detection
limit, enrichment factor and precision, the method is suitable for trace element
analysis. In addition, no modification or functionalization of the employed ad-
sorbent is required. The recoveries of the studied analytes were nearly quanti-
tative. The accuracy of the results was verified by analyzing a certified reference
material and spiked water samples. The recoveries for these elements were very
satisfactory, which evidence for the reliability of the proposed method in the ana-
lysis of real samples.
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1594 SHIRKHANLOO, MOUSAVI and ROUHOLLAHI

U3BOA

NMPEAKOHUEHTPUCAKBE U OAPEBHUBAIE TEINKUX METAJIA ¥V BOIH,
CEAMMEHTY 1 BUOJIOIIKHM Y30PIITUMA

HAMID SHIRKHANLOO", HASSAN ZAVVAR MOUSAVI? u AHMAD ROUHOLLAHI*

*Department of Chemistry, Faculty of Science, K. N. Toosi University of Technology, Tehran Chemistry
u *Department, College of Sciences, Semnan University, Semnan, Iran

VY oBoM pajy pa3BHjeHa je OCeT/bHBA M IPELH3HA METOJA 32 KOJIOHCKY NMPEAKOHLEHTPALH]Y
npu oapehuBamy joHa Cd, Cu u Pby y3opurma pedHe Bojie, ypuHa U CEAUMEHTA [IIAMEHOM aTOM-
CKOM ariCOPIIIMOHOM CIieKTpoMeTprjoM. OBaj OCTYIAK je 3aCHOBAH Ha PETCHIIU]H aHATUTA Ha KO-
JIOHH 071 MeMOpaHe ectpa Mmeane ueiyinoze (MCEM) u3 mydepoBaHor pacTBopa y30pka H BHX0-
BOT' ellyHparba U3 KOJIOHE a30THOM KUCEIHMHOM. I[IpoydeH je yTHIlaj HeKOJIMKO apaMerapa, Kao LITo
cy pH pacrtBopa y30pka, 3alpeMHHE y30pKa U elyeHTa M Op3uHe IMpoToKa y3opka. cnuraHu cy u
YTUIAjU pa3HUX jOHA Ha MpeKOHLeHTpauujy. [IppHOC aHATUTUYKOT MOCTYyIKa je yBek 6uo >95 %.
OBaj MeTo/1 je MpUMeheH Ha opeluBarbe TparoBa METaJIHUX jOHA y Y30pLUMa pPedHe BOJE, ypHHA
U CEJMMENTA, ca 3a/10B0JbaBajyhum pesynraruMa. ['pannie nerexuuje 36 3a Cu, Pb u Cd cy Gune
2, 3, omnocuo 0,2 ug dm3. Msnoxenu HOCTYIaK je YCIHEIIHO NpUMEHeH 3a onpehusame Gakpa,
0JIOBa U KaJIMHjyMa y CTBApHUM Y30pLMMa Kao IITO Cy PeYHa BOJa M GHOJIOLIKH Y30PIH.

(Ipumsbero 24. okrobpa 2010, pesuaupano 4. janyapa 2011)
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