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Comparative screening of the anti-oxidant and antimicrobial
activities of Sempervivum marmoreum L. extracts
obtained by various extraction techniques
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Abstract: This paper presents a comparative study of the anti-oxidant and anti-
-microbial activities, total phenolic compounds and total flavonoids in extracts
obtained from houseleek (Sempervivum marmoreum L.) leaves by the classical
(maceration), ultrasonic and Soxhlet extraction (CE, UE and SE, respectively).
The extract obtained by the CE contained higher amounts of phenolic and fla-
vonoid compounds and showed a better antioxidant activity than those obtained
using other two techniques. All the extracts, independent of the extraction tech-
nique applied, showed antimicrobial activities against Aspergillus niger and
Candida albicans only but not against the tested bacteria.

Keywords: antimicrobial activity; anti-oxidant activity; extraction; houseleek;
Sempervivum marmoreum L.; ultrasound.

INTRODUCTION

Houseleek (Sempervivum marmoreum L., syn. S. erytreum, S. italicum) is an
evergreen endemic plant on the Balkan Peninsula.l The genus Sempervivum con-
tains about 50 species which occur predominantly in rocky places and at higher
altitudes.2 Therapy with preparations of Sempervivum species can be traced back
to the origins of antique herbal medicine but the extracts of their leaves have not
yet been introduced into medical practice. The earliest publications concerning
the therapeutic use of this drug deal with its influence on pharingitis, tracheitis,
thrush, combustion and otitis.3 Strewn over wounds, sores, burns, abscesses or
painful areas, the fresh juice from squeezed leaves of S. tectorum is used as a re-
frigerant and astringent, a sure remedy for insect bites, as well as to ease ear pains
and inflammations, while the tea prepared from its leaves is recommended for
ulcer treatment.4
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The benefits of juice and tea prepared from the leaves of S. tectorum can be
attributed to the presence of many bioactive compounds, such as oligomeric and
polymeric polyphenols, phenol carboxylic acids, ascorbic, citric malic acids, fla-
vones- and flavonol-mono- and diglycosides with kaempferol and quercetin as
aglycones, tannins, coumarines, oligo- and polysaccharides.3:%:6 Polyphenols are
present in 4.2 %, flavonoids in 0.70 % and polysaccharides in 11.2 %.7 Glyco-
sides of kaempferol, quercetin, isorhamnetin, scutellarein, myricetin, herbacetin,
proanthocyanidins (prodelphinidin and procyanidin) and delphinidol were isola-
ted from Sempervivum sp. extracts.24 Rhamnose, arabinose, xylose, mannose
and galactose are characteristic monosaccharides.3 The extract of S. tectorum
exhibited a genuine superoxide scavenger activity in a cell-free system, which
suggested that this extract might also act as a direct scavenger of O3 in biolo-
gical samples.8 The antioxidant activity and antinociceptive effect of S. tectorum
extracts were shown both in vivo and in vitro.3.9 It was also found that S. tec-
torum extracts had a lipid-lowering effect in rats,’ free radical scavenger, mem-
brane stabilizing, and antimicrobial activity against Staphylococcus aureus, Ba-
cillus cereus, Enterococcus faecalis and Geotrichum sp., while the growths of
Escherichia coli, Proteus morgani and Saccharomyces cerevisiae were slightly
inhibited.# The dominant cations are Ca (76.2 mg/g), K (40.47 mg/g) and Mg
(817.85 mg/g),3 while no toxic elements were detected in S. tectorum extracts.10

Recently, it was shown that ultrasound-assisted extraction (UE) is an effi-
cient alternative to conventional extraction techniques.1! The main benefits of the
use of ultrasound are an increased extraction yield, a faster process and even an
improved quality of the extracts. Ultrasound can also reduce the operating tempe-
rature, allowing the extraction of thermolabile compounds. UE has already been
employed in the extraction of bioactive compounds of interest to the pharma-
ceutical and food industries, such as a phenolic component of coconut shell,12
flavonoids from Hypericum perforatum L.13 and anti-oxidants from Rosmarinus
officinalis.14

To the best of our knowledge, there have been no reports on the extraction
efficiency and kinetics of extractive substances (ES) from S. marmoreum leaves.
Furthermore, no comparative study of the anti-oxidant and antimicrobial activi-
ties of its extracts obtained by different extraction techniques has hitherto been
reported. To date, the extracts of Sempervivum sp. leaves have been prepared
only by a two-step stirring-assisted maceration at room temperature, using me-
thanol as the extracting solvent.4

In the present study, the extraction of ES from fresh leaves of S. marmoreum
L. by UE, classical solvent extraction (CE) and Soxhlet extraction (SE) using
methanol as the extracting solvent was investigated. The main goal was to com-
pare the anti-oxidant and antimicrobial activities of the extracts obtained by the
different extraction techniques. In addition, the yields of ES, total phenolic com-
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pounds and flavonoids in the extracts obtained by the different methods were
compared. The potential of methanolic extracts of S. marmoreum leaves for prac-
tical applications has not previously been studied in detail, thus this study pro-
vides important information concerning the natural anti-oxidants and antimicro-
bials present in the leaves of S. marmoreum.

EXPERIMENTAL
Materials

The plant material was harvested by hand in the morning, before the blooming period
(South Serbia, Mt. Suva Planina, 1500 m, in the second half of May, 2006). The leaves were
removed from the rosette and roots, washed, dried in the shadow, chopped and used imme-
diately. The moisture content, determined by drying at 105 °C to constant weight, was 88.1 %.

Methanol was from Zorka-Pharma (Sabac, Serbia). Folin-Ciocalteu reagent, 2,2-diphe-
nyl-1-picrylhydrazil (DPPH), gallic acid and rutin were obtained from Sigma (St. Louis, MO).
Sodium carbonate, potassium acetate and aluminum chloride were purchased from Merck-Al-
kaloid (Skopje, FYR Macedonia).

Seven microorganisms were selected to test the antimicrobial activity: Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 9027, Bacillus subtilis ATCC 6633, Staphylo-
coccus aureus ATCC 6538, Candida albicans ATCC 10231, Saccharomyces cerevisiae ATCC
9763 and Aspergillus niger ATCC 16404 (Oxoid, England). The tested bacteria were grown
on Trypton soya agar (TSA, Merck), while Sabouraud dextrose agar (SDA, Merck) was used
to grow the yeast and the mould. Plate count agar (Merck) was used for determining the total
number of microorganisms (CFU/ml).

Soxhlet extraction

Chopped fresh leaves (10 g) and methanol (100 ml) were put into a Soxhlet apparatus.
The solvent was boiled and refluxed for a period of 150 min (eleven extraction cycles). The
liquid extract was evaporated under vacuum at 40 °C to constant weight. This yield of ES
(9/100 g of fresh plant material) was taken to represent the content of ES in the plant material.

Classical extraction

Chopped fresh leaves (5.0 g) and methanol (50 ml) were put into Erlenmeyer flasks and
placed in a thermostated water bath. The extraction was performed at 25+0.1 °C for 2.5, 5, 10,
20, 40 and 60 min. At the end of the extraction cycle, the liquid extract was separated from the
solid residue by vacuum filtration. The solid residue was washed twice with fresh solvent (20 ml).
The filtrates were collected and the solvent was evaporated in a rotary vacuum evaporator at 40 °C.

Ultrasonic assisted extraction

Chopped fresh leaves (5.0 g) and methanol (50 ml) were put into Erlenmeyer flasks (100 ml),
which were then placed into an ultrasonic cleaning bath (Sonic, Ni§, Serbia; total nominal
power: 3x50 W and internal dimensions: 30 cmx15 cmx20 cm) operating at 40 kHz fre-
quency. The sonication was performed for 2.5, 5, 10, 20, 40 and 60 min. The bath was filled
with distilled water up to 1/3 of its volume (about 2.5 ). The extraction was carried out at 25 °C.
The temperature was controlled and maintained at the desired level (0.1 °C) by water cir-
culating by means of a pump from a thermostated bath. The separation and further treatment
of the filtrates were the same as described for the classical extraction.
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Hydroxyl radical assay

Hydroxyl radicals were obtained by the Fenton reaction in the following system: 0.20 ml
10 mM H,0,, 0.20 ml 10 mM FeCl, and 0.20 ml 0.30 M DMPO as the spin trap and 0.20 ml
DMF (“blank™). The influence of the extracts on the formation and transformation of hydroxyl
radicals was investigated by adding a DMF solution of the extracts to the Fenton reaction
system in the concentration range between 0.25 to 2.5 mg mll. The ESR spectra were
recorded after 5 min on a Bruker 300E ESR spectrometer (Rheinstetten, Germany) under the
following conditions: field modulation, 100 kHz; modulation amplitude, 0.512 G; receiver
gain, 5x10°; time constant, 81.92 ms; conversion time, 163.84 ms; center field, 3440.00 G;
sweep width, 100.00 G; x-band frequency, 9.64 GHz; power, 20 mW; temperature, 23 °C. The
magnetic field scanning was calibrated using Fremy’s salt (peroxylamine disulfonate).1® Split-
ting constants were calculated from computer-generated second derivatives of the spectra,
after optimizing the signal-to-noise ratios, and were verified by computer simulations. The
scavenging effect, %, of the extract was defined as:
Scavenging effect = 100h°h—hX
o

where hq and hy are the height of the second peak in the ESR spectrum of the DMPO-OH spin
adduct of the blank and the sample, respectively. Butylated hydroxyanisole (BHA) was used
as the reference compound (ECsq = 0.115 mg ml1),

DPPH photometric assay

The free radical-scavenging activity of the plant extracts was evaluated using the stable
radical DPPH.16 A series of extracts with different concentrations (1.00-0.01 mg ml, seven
different concentrations) were prepared in methanol. Then, 2.5 ml of the extract and 1.0 ml of
a 3.0x10* M DPPH solution in methanol were mixed and placed in the dark at the room
temperature for 30 min. The absorbance of each sample of the plant extract containing DPPH
(As) was measured at 517 nm using a Varian Cary-100 spectrophotometer. Methanol (1.0 ml)
plus the plant extract solution (2.5 ml) was used as the blank, while the DPPH solution plus
methanol was used as the control. All determinations were performed in triplicate. The DPPH
anti-radical-scavenging activity, DPPH (%), of each plant extract was determined using the
following equation:

DPPH =100 (1— A= Ab)
A

where A, is the absorbance in the presence of the plant extract in the DPPH solution, A, is the
absorbance of the control solution (containing only DPPH) and Ay is the absorbance of the
sample extract solution without DPPH. Ascorbic acid was used for comparison (ECsg =
=0.0039+0.0007 mg ml-1).

Determination of total phenolic content

The total phenolic content in the S. marmoreum extracts was determined according to the
Folin—Ciocalteu method,'” using gallic acid as the standard. Samples (200 pl, 20 pug mlt) were
introduced into test tubes and the Folin—Ciocalteu reagent was added and allowed to stand for
8 min at room temperature. Then, 0.80 ml of sodium carbonate (7.5 %) was added, mixed and
allowed to stand for 30 min. The absorbance was measured at 765 nm. The total phenolic
content was expressed as gallic acid equivalents (GAE), in mg/g of dry extract, as the mean
+SD of three replicate measurements:
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A(765 nm) = 12.722Cyiic acid (M9 ml-1) + 0.0034, R2=0.9994
Determination of total flavonoid content

The total flavonoid content was determined according to the aluminum chloride colori-
metric method.18 Each plant extract (2.0 ml, 5.0 pg mI1) in methanol was mixed with 0.10 ml
of 10 % aluminum chloride, 0.10 ml of 1.0 M potassium acetate and 2.8 ml of deionized
water. After 40 min incubation at room temperature, the absorbance of the reaction mixture
was measured at 415 nm against a deionized water blank. Rutin was chosen as the standard
and the total flavonoid content was expressed as milligram rutin equivalents (RE) per gram of
dry extracts, as the mean+SD of three replicate measurements:

A(415 nm) = 7.2328Cin (Mg mI'Y) — 0.2286, R2 = 0.9919

Determination of antimicrobial activity

An agar well-diffusion method was employed for the determination of the antimicrobial
activities of the extracts.1® 0.10 ml of micro-organism suspension, formed during 24 h culture
on agar with 10 ml sterile 0.90 % NaCl was suspended in 10 ml of the nutrition medium (ca.
108 CFU/mI). A Petri dish (86 mm internal diameter) was filled with this system. Wells (10 mm
in diameter) were cut from the agar and 30 pl of extract solution (concentration 10 mg mlt in
methanol) was delivered into them. Erythromycin (997 pg/mg; [114-07-8]; approx. 98 %;
H,0 content 4 %; Sigma) and tylosin tartrate (950 pg/mg; [74610-55-2]; Sigma) were used as
the positive controls (concentration in methanol 0.05 mg mi-1). All extracts were filtrated
using a 0.45 um membrane filter (Sartorius, Germany) and tested three times. After incubation
at 37 °C for 24 h, the agar plates were examined for any zones of inhibition. The diameters of
the inhibition zones, mm, were measured using a Fisher Lilly Antibiotic Zone Reader (USA).

Statistical analysis

Each of the measurements described above was performed in three replicate experi-
ments, except the extract yields which were in duplicate. Comparison of means was analyzed
by the Student’s t-test and differences were considered significant when p < 0.05.

RESULTS AND DISCUSSION

Kinetics of the extractions

The change of the ES yield from S. marmoreum during the CE and UE, using
methanol at a leaves-to-solvent ratio (1 g:10 ml) and a temperature of 25 °C, are
shown in Fig. 1. The obtained curves have the same shape as those for the
extraction of ES,20 flavonoids and active compounds!3 from St. John's wort (Hy-
pericum perforatum), pyrethrines from pyrethrum (Chrysanthemum cineraria)
flowers2! and ES from sage (Salvia officinalis).22 Independent of the recovery te-
chnique, the extraction occurred in two main stages: first, dissolution of the mate-
rial near the surface, characterized by a rapid increase in the ES yield at the be-
ginning of the process (washing or fast extraction), and second, diffusion of the
solute from the porous plant residue into the solution (slow extraction). The opti-
mum time for both CE and UE was approximately 40 min, ensuring a near maxi-
mum ES yield.

The efficiency of UE exceeded that of CE. Fig. 1 shows that ultrasound
improved both the ES yield and the rate extraction. The total ES yield obtained
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by UE was 4.3 % higher than the one obtained by CE but it was only 82.8 % of
the yield achieved by SE. This was explained by the higher extraction tempe-
rature and much longer extraction time in the case of the SE.

2.5

)
o

Yield of dry extracts, g/100 g
5 &

=
e

Fig. 1. Time course variation of the ES
0.0 = . . . . . yield from S. marmoreum (CE:

g i LY e e Y 80 triangles; UE: squares).
Time, min

Anti-oxidant capacity

The anti-oxidative effect of the houseleek extracts obtained by CE and UE
was estimated by the ability of the extracts to scavenge hydroxyl radicals. This is
very important because hydroxyl radicals are the major active oxygen species
causing lipid oxidation.1> Employing a spin trap, such as DMPO, it is possible to
convert reactive hydroxyl radicals to stable nitroxide radicals (DMPO-OH ad-
ducts) with spectral hyperfine splitting that reflects the nature and the structure of
these radicals. The relative intensity of free radical formation was determined by
ESR spectroscopy, the height of the peaks being in proportion to the number of
radical adduct molecules in the accumulating system.

As shown in Fig. 2, the reaction of Fe2* with H,O; in the presence of the
spin trapping agent DMPO generated a 1:2:2:1 quartet of lines with hyperfine
coupling parameters (aN = aH = 14.9 G). The intensity of the ESR signal, cor-
responding to the concentration of the formed free radicals, was decreased in the
presence of the extracts of S. marmoreum.

The anti-oxidative activity of the S. marmoreum extracts obtained by diffe-
rent extraction techniques was also estimated by the ability of the extracts to sca-
venge the stable DPPH radicals. The DPPH method was chosen to evaluate the
anti-oxidant activity because it is one of the most effective methods for evalua-
ting the concentration of radical-scavenging materials effective as a chain-break-
ing mechanism.23

The percentage of DPPH and the hydroxyl radicals-scavenging activity are
plotted against the plant extract concentration in Fig. 3. To calculate the concen-
tration of the extract necessary to decrease DPPH radical concentration by 50 %
(called ECsp), the relationships of DPPH and the hydroxyl radicals-scavenging
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activities on the concentration of the extract solution were determined by non-
linear (sigmoid) and linear regression methods, respectively. The ECsq value was
used to measure the antiradical activity of the extracts: the lower the ECsg, the
higher is the value of the antiradical activity.

150 ~
a

100

1

Intensity/100
&
——

400 -
Ao b
200 |~
2 wol-
>
@ ’ .N J f‘w‘w Fig. 2. ESR spectra of the DMPO-OH spin
g ey i i adduct recorded 5 min after mixing of a)
— -aso- ' 0.20 ml 0.30 M DMPO, 0.20 ml 10 mM
s H,0, and 0.20 ml 10 mM Fe2* (blank) and

T b) the same as the blank but with a DMF
3400 3420 3440 880 36 solution of S. marmoreum extract, 0.50 mg ml?
Magnetic field, G (sample).

As it can be seen in Table I, the extract obtained by CE showed the highest
anti-oxidant activity. This extract also contained the highest amount of total phe-
nolic compounds and flavonoids. The differences observed between the anti-oxi-
dant activity and the amounts of total phenolic compounds and flavonoids for all
the extracts were statistically significant with a 95 % confidence level. The total
amount of these compounds was accepted as an indication of the anti-oxidant po-
tential because they acted as anti-oxidants, antimicrobials and photoreceptors in
plants.24

It is believed that the observed reduction of phenolic and flavonoid com-
pounds in the extract obtained by UE was the result of their degradation by in-
teraction with the highly reactive hydroxyl radicals formed during sonication.
The extractions were performed in methanol, a solvent which does not give rise
to such a large proportion of radicals under cavitation,2% but the water present in
the fresh leaves of houseleek could.
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Fig. 3. Antioxidant activity against a) DPPH radical and b) hydroxyl radical for methanolic
extracts of S. marmoreum obtained by different extraction techniques
(CE: circles; UE: squares; Soxhlet extraction: triangles).

TABLE 1. Yield of ES (g/100 g fresh plant material) obtained by the different extraction
techniques, anti-oxidant capacity, total amount of phenolic compounds (mg gallic acid/g fresh
plant material®) and flavonoids (mg rutin/g fresh plant material®) of S. marmoreum methanolic
extracts

Extraction ,. ECso/ mg mlt Total phenolic ~ Total

. Yield of ES - .
technique DPPH assay® Hydroxyl radical assay ~ content  flavonoids
CEP 2.3 0.06+0.01 1.08 0.73+£0.005 0.62+0.003
UEP 2.4 0.09+0.01 1.26 0.59+0.005 0.58+0.011
SEC 2.9 0.12+0.04 NDd 0.56+0.004 0.51+0.006

@Data are expressed as the mean of three replicates + standard deviation; b40 min, 25 °C; €150 min, T dnot
determined

The total phenolic content was correlated to the anti-oxidant activity of the
extracts (R2 = 0.884), as can be seen in Fig. 4. Thus, the anti-oxidant activity of
an extract could be predicted from its total phenolic content. Statistically signifi-
cant relationships were also observed between the total phenolics and the anti-oxi-
dant activity in the case of virgin olive oils (R? = 0.991),26 flaxseed (R2 = 0.963)
and cereal products (R2 = 0.905).27

Antimicrobial activity

The antimicrobial activities of the methanolic extracts of S. marmoreum are
given in Table Il. As expected, the control treatment (methanol) had no inhibitory
effect on any of the tested micro-organisms. All extracts showed a lower antimi-
crobial activity than the control antibiotics. Independent of the extraction tech-
nique, the methanolic extracts from S. marmoreum showed antimicrobial activity
against only two of the seven tested microorganisms, the mould Aspergillus niger
ATCC 16404 and the yeast Candida albicans ATCC 10231, with the diameters
of the zone of inhibition ranging between 15.9 and 16.9 mm.
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squares) of methanolic extracts
from S. marmoreum.

TABLE II. Antimicrobial activity of methanol extracts of S. marmoreum and antibiotic
sensitivity of selected microorganisms to the extracts (zone size, mm)

Test microorganisms

Extracts (10 mg ml-1)

Antibiotics (0.05 mg ml1)

UE?

CE?

SEP

Erythromycin

Tylosin tartrate

Escherichia coli
ATCC 25922

c

Pseudomonas aeruginosa -

ATCC 9027
Bacillus subtilis
ATCC 6633

Staphylococcus aureus -

ATCC 6538

Candida albicans

ATCC 10231

16.3+0.1 16.2+0.2 16.4+0.0

Saccharomyces cerevisiae -

ATCC 9763

Aspergillus niger

ATCC 16404

16.9+0.3 16.4+0.4 15.9+0.3

21.2+0.1

24.1+0.8

19.1+0.1

23.4+0.1

23.0+0.0

20.5+0.5

18.4+0.0

17.6+0.1

17.3+0.5

18.4+0.4

16.2+0.2

18.1+0.1

Data are expressed as the mean of three replicates + standard deviation; 10 mg mlL, 40 min, 25°C; b150 min;

Cno antimicrobial activity

Independent of the tested micro-organism, there was no statistically signi-
ficant difference (95 % confidence interval) in antimicrobial activities of the ex-
tracts obtained by UE and CE. The extract obtained by SE exhibited a slightly
higher antimicrobial activity against A. niger and lower antimicrobial activity in
the cases of C. albicans, than two other extracts.

The S. marmoreum extracts, similarly to S. tectorum extract,# had no anti-
microbial activity against Escherichia coli and Saccharomyces cerevisiae.
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CONCLUSIONS

The present study is a comparative study of the anti-oxidant and antimicro-
bial activities, total phenolic compounds and total flavonoids in the methanolic
extracts obtained from houseleek (Sempervivum marmoreum L.) leaves by tradi-
tional (CE and SE) and novel (UE) extraction techniques. The extracts of S. mar-
moreum showed antimicrobial activity against the mould Aspergillus niger and
the yeast Candida albicans, but not against the tested bacteria. The methanolic
extract obtained by CE showed stronger anti-oxidant, but similar antimicrobial
activities, compared to the extracts obtained by UE and SE. Thus, the study sug-
gests that methanolic extracts of S. marmoreum are both potential sources of na-
tural anti-oxidants and natural antimicrobial preparations.

Acknowledgements. This work was supported by the Ministry of Science of the Republic
of Serbia, project Ol 142073B.

HU3BOJ

INOPEBEWE AHTUOKCUJJATHUBHOI' U AHTUMUWKPOBHOI" IEJCTBA
EKCTPAKATA Sempervivum marmoreum L. JOBUJEHHUX
PA3JIMYUTUM EKCTPAKIIMOHUM TEXMKAMA

CAIIIA C. CTOJMYEBHRY, UBAHA T. CTAHUCABJBEBHRY, JIPATAH T. BEJIMYKOBIRZ,
BJIAJIA B. BEJBKOBIR! 1 MUOJIPAT JI. JIA3WR?

YTexnonowxu paxyaitie, Byaesap ocaobobera 124 u230pasne-Actavis, Baajkosa 199, 16000 /leckosar

Pan npencraBba KOMIApaTUBHY CTYIHjy aHTHOKCHIATUBHOT, aHTUMHUKPOOHOT JIejcTBa U ca-
IpKaja YKYITHHUX (EHONHUX U (IIaBOHOMIHUX jeJIMI-CHha Yy eKCTPaKTUMa JTOOWjeHUM M3 JINCTa dy-
Bapkyhe (Sempervivum marmoreum L.) manepaiyjoM, yaTpa3BydHOM €KCTPAaKI[MjOM M CKCTPAaK-
mjoM o Cokcnery. ExcTpakT no6ujeH MareparyjoM caapiKu BHIIEe GEeHONHUX U (IIaBOHOMIHUX
jennmemha U MoKasyje Behie aHTHOKCHIATHBHO /I€jCTBO HETO €KCTPAKTH JOOMjCHH OCTAIUM TEXHH-
kama. CBH €KCTPaKTH HE3aBHCHO OJ] MPUMCH-CHE TEXHUKE MOKa3yjy CIMYHY aHTUMUKPOOHY aKTHB-
Hoct npema Aspergillus niger u Candida albicans anu He u npema TecTupanuM GakTepujama.

(Mpumsbeno 10. centembpa, pesuaupano 31. nerembpa 2007)
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Abstract: Bovine liver catalase immobilized on eggshell particles was charac-
terized and the reusability of the immobilized catalase was investigated in a
batch type reactor. For immobilized catalase onto ground eggshell (ICATG),
the optimum initial amount of catalase was 85 mg g of eggshells, the opti-
mum pH was 6.0 (75 mM citrate buffer) and the temperature was 30 °C. The
Vmax and Ky, values of ICATG were determined as 29.1+1.2 U/mg of protein
and 41.9+2.7 mM, respectively. The reusability of ICATG was tested and the
remaining activity of ICATG was found to be 73 % of the initial activity after
80 cycles of batch operation. The amount of catalase bound onto the carrier
was estimated by using the results of induced coupled plasma measurements.
The catalytic efficiencies (k /K, of free catalase and ICATG were found to
be 1.4x108 and 2.8x103 dm3 s™? mol-l, respectively. Catalase immobilization
onto eggshell is economic and has good reusability. Hence, it can be concluded
that eggshell is an efficient carrier for immobilizing catalase.

Keywords: catalase; eggshell; immobilization; glutaraldehyde; induced coupled
plasma.

INTRODUCTION

Catalase (EC 1.11.1.6) is an abundant enzyme in nature decomposing hydro-
gen peroxide to water and molecular oxygen. Catalase from bovine liver (M, =
240 kg mol-1) is composed of four tetrahedrally arranged identical subunits.
Each subunit consists of a single polypeptide chain, which associates with a pro-
stetic group, ferric protoporphyrin IX. Immobilized catalase has useful applica-
tions in various industrial fields for the removal of hydrogen peroxide used as
oxidizing, bleaching or sterilizing agent and in the analytical field as a com-
ponent of hydrogen peroxide or glucose biosensor systems.1~/ Catalase has been
immobilized on numerous carrier materials, such as magnesium silicate, magne-

* Corresponding author. E-mail: alptekinozlem@yahoo.com
doi: 10.2298/JSC0806609A
609
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tite, eggshell membrane, eggshell, gelatin, starch cellulose acetate, starch poly-
caprolactone blends, chitosan, cellulose, alumina, and agarose covalently; bio-
skin, kaolin and bentonite by adsorption; polyacrylamide gels and poly(isopro-
pylacrylamide-co-hydroxyethyl methacrylate) (PNIPAM/HEMA) copolymer hy-
drogel by entrapment.1.3-5.8-16

In the present study, bovine liver catalase was immobilized onto hen egg-
shell by crosslinking with glutaraldehyde. Eggshell being an abundantly available
and non-biodegradable waste product, unlike other supports which are expensive
but commonly used, was selected as carrier.1” Hen eggshell is a porous ceramic
material mainly composed of calcium carbonate, known as calcite which is a
more stable polymorph at room temperature. It has good mechanical strength and
it is resistant to microbial attacks.18

In this paper, the immobilization of catalase onto eggshell and the charac-
teristics of the immobilized catalase are reported.

EXPERIMENTAL
Materials
Hydrogen peroxide (aqueous solution, 30 % w/w), sulfuric acid (96.0 % w/w) were ob-
tained from Merck AG (Darmstadt, Germany). Bovine liver catalase with a specific activity of
3090 U/mg of solid, glutaraldehyde solution (aqueous solution, 50 % w/w) and all other che-
micals were obtained from Sigma (St. Louis, MO). Hen eggs were purchased from a local market.

Catalase immobilization

The hen eggshell was manually stripped from eggshell membrane after the albumen and
yolk had been removed. Then eggshells were ground into pieces as small as possible in a
mortar, kept in boiling water for 15 min, washed several times with acetone and dried in an
oven at 60 °C. This type of carrier was considered as ground carrier. The immobilization
method described by Chatterjee® was used with minor modifications. Briefly, 1.0 g of dried
carrier was added to 8.5 ml of catalase solution in a final concentration of 5.0, 10.0, 15.0, and
20.0 mg mI1 in 0.020 M, pH 6.8, potassium phosphate buffer and stirred for 15 min. Glutar-
aldehyde was added slowly with shaking to a final concentration of 1.2 % (w/v) to the mixture
and the mixture incubated at 5 °C for 4 h. The resulting immobilized catalase (ICATG) was
washed with the buffer until no catalase and glutaraldehyde were detected in the wash solution
(filtrate). The ICATG samples were kept overnight at 5 °C in an incubator and then stored in
closed glass tube.

Glutaraldehyde was detected according to Boratynski and Zal.1® 200 pl of filtrate or a
glutaraldehyde standard solution (8.0x106-2.5x10# M) was mixed with 1.0 ml of phenol re-
agent (40 pl of an aqueous 5.0 % phenol solution was added to 10 ml of 70 % perchloric acid)
and incubated at room temperature for 15 min. Absorbance was measured vs. the phenol re-
agent at 479 nm with a UV/Vis spectrophotometer.

The amount of catalase as a metalloenzyme in the filtrate was determined by induced
coupled plasma (ICP, Varian Liberty Series Il) using bovine liver catalase as the protein stan-
dard. Briefly, the filtrate was concentrated using a concentrator until the water had almost eva-
porated. 4.0 ml of sulfuric acid was added to the concentrated filtrate, then 3.0 ml of an aque-
ous H,0, solution (30 %) was added and the solution was diluted to 25 ml with distilled wa-
ter. To produce a calibration curve, the same procedure was applied for different amounts of
catalase (2.5-25.0 mg). The iron content of the solvents used was also measured. The amount
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of immobilized catalase was estimated by subtracting the amount of catalase determined in the
filtrate from the total amount of catalase used in the immobilization procedure.
Enzyme activity assay

The catalase activity was determined according to Lartillot,2% which is a modification of
the method described by Bergmeyer.2! The catalase activity was measured spectrophotome-
trically at 240 nm using a specific absorption coefficient of 0.0392 cm?/umol H,0,. The re-
action mixture containing 2.5 ml of substrate made up of 10 mM hydrogen peroxide in a 50 mM,
pH 7.0, phosphate buffer and 2.78x104 mg of free catalase or 5.0 mg of immobilized catalase
was used unless otherwise mentioned. The reaction was performed at 25 °C for 2 min and
stopped by adding 0.50 ml of 1.0 M HCI. Eggshells alone and denaturated ICATG, kept in a
boiling water bath for 1 h, were also used as controls to determine whether they decompose
hydrogen peroxide. The activity of the free catalase is given as U/mg of protein and the
activity of immobilized catalase is given as U/g of carrier or U/mg of protein.

Effects of pH, buffer concentration and temperature on the activity of free and immobilized catalase

Effect of pH. The dependence of the activity on pH was assayed using 50 mM acetate
buffer for pH 5.0 and 5.5, 50 mM citrate buffer for pH 6.0, 50 mM phosphate buffer for pH
6.5, 7.0, 7.5 and 8.0 and 50 mM borate buffer for pH 9.0 for both the free catalase and the
ICATG.

Effect of buffer concentration. The dependence of the activity of free catalase and ICATG
on ionic strength was assayed using 25, 50, 75 and 100 mM buffer at pH 7.5 and 6.0,
respectively.

Effect of temperature. The effect of temperature on the activity of free catalase and ICATG
were investigated in the temperature range 10-60 °C.

Thermal, storage and operational stabilities

Thermal stability. An estimation of the thermal stability was performed by measuring the
residual activity of free catalase and ICATG exposed to temperatures of 30, 35, 40, 50 and 60 °C.
Samples were taken at 1, 3, 7 and 15 h time intervals during incubation and the residual acti-
vities were measured.

Storage stability. Free catalase and ICATG were stored at 5 °C and room temperature
and the residual activities were measured.

Operational stability. To determine the operational stability, 1.0 g of ICATG was mixed
with 5.0 ml of 10 mM hydrogen peroxide solution in a glass column reactor (diameter 1.1 cm
and length 10 cm) for 2 min at room temperature. The solution was then immediately separa-
ted from the ICATG and the absorbance was measured at 240 nm. The same procedure using
the same ICATG sample was repeated every 2 min eighty times.

Effect of immobilization on the kinetic constants

The effects of substrate concentration (2.5-25.0 mM H,0,) on the activities of free and
ICATG were investigated. The Michaelis—Menten coefficients (K,,) and maximum velocities
(Vmax) Were determined from Lineweaver—Burk plots and the catalytical efficiencies (Kea/K)
were calculated.

RESULTS AND DISCUSSION
Immobilization of catalase on eggshell

The activity of ICATG as a function of the total amount of catalase con-
tacted with 1.0 g of ground eggshell during immobilization is shown in Fig. 1. On
increasing the total amount of catalase used in the immobilization from 42.5 mg to
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85 mg, the ICATG activity increased from 38 to 86 U/g of carrier. However, the
ICATG activity decreased when the total amount of catalase used in the immaobi-
lization was increased above 85 mg. Therefore, the optimal initial amount of ca-
talase for immobilization was determined as 85 mg/g of carrier.
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In most of the immaobilization studies, the enzyme load was measured by de-
tecting the decreased amount of protein in the residual enzyme solutions. The bi-
uret method, the Folin—Ciocalteu assay as modified by Lowry, the determination
of Bradford with the dyestuff Coomassie brilliant blue or spectroscopic absorp-
tion measurements at 280 nm are frequently employed analyses. In the present
study, it was not possible to obtain reproducible and reliable results for protein
determination with the above-mentioned classical methods, probably due to the
presence of glutaraldehyde in the filtrate, although in some studies it was repor-
ted that the protein content of the filtrate was determined using the Lowry me-
thod® and optical density measurement at 280 nm17 even in the presence of glu-
taraldehyde. Therefore, the amount of catalase immobilized on the carrier was
determined based on the iron content of catalase in the filtrate. The calibration
curve for analysis of the iron content of the catalase solutions showed a linear
correlation between the catalase concentration and the ICP iron signal, Fig. 2. In
the present immobilization experiments, the amount of bound catalase ICATG
was 82.3, mg/g of carrier, when 85 mg of total catalase was used per g of carrier.
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Effects of pH, buffer concentration and temperature on the activity of free and
immobilized catalase

Effect of pH. The effect of pH on the activity of free catalase and ICATG
was studied in the pH range 5.0-9.0. The relative activities at different pH values
are shown in Fig. 3. Free catalase and ICATG showed their maximum activity at
pH 6.0 and 7.5, respectively. Chatterjee® reported that eggshell bound goat liver
catalase showed two pH optima at 6.4 and 7.6. However, in this study only one
pH optimum was determined. The maximum activity of catalase shifted in the
acidic direction (pH 6.0) after immobilization on eggshell, as compared with that
of free catalase. The relative activities of free catalase and ICATG were 18 and
56 % of maximal activity, respectively, at pH 5.0 (50 mM acetate buffer).
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pH lase (®) and ICATG (0).

Effect of buffer concentration. The effect of buffer concentration (25, 50, 75
and 100 mM) on the activity of free catalase and ICATG were determined at pH
7.5 and 6.0, respectively. The results are presented in Fig. 4. The optimum buffer
concentrations were determined as 50 mM and 75 mM for free catalase and ICATG,
respectively. The ICATG activity was more significantly affected by the buffer
concentration than that of free catalase. As the buffer concentration was increa-
sed gradually from 25 to 75 mM, the relative activity of ICATG also increased
from 64 to 100 %. When the buffer concentration was increased from 75 to 100 mM,
the relative activity of ICATG dramatically decreased from 100 to 33 %.

Effect of temperature. The effect of the temperature on the activity was in-
vestigated in the temperature range from 10 to 60 °C. The activities of free
catalase and ICATG as a function of temperature are shown in Fig. 5, from which
it can be seen that the maximum activities of free catalase and ICATG were 25
and 30 °C, respectively. At 60 °C, the relative activity of free catalase was only
13 %. However, the relative activities of ICATG at high temperatures (50-60 °C)
were higher than those of free catalase.
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Thermal, storage and operational stabilities

Thermal stability. The thermal stability studies were performed by measu-
ring the residual activities of free catalase and ICATG after exposure to 5 diffe-
rent temperatures 30, 35, 40, 50 and 60 °C for 1, 3, 7 and 15 h. The residual
activities of free catalase and ICATG are shown in Figs. 6a and 6b, respectively.
The activities of the samples were determined under optimum conditions. Gene-
rally, as the pre-incubation time increased, the activities of free catalase and ICATG
decreased at a constant test temperature. The residual activity of ICATG was 88 %
of its original activity at 30 °C after 15 h pre-incubation time, as shown in Fig. 6a.
The residual activities of ICATG at 50 and 60 °C were similar for the same incu-
bation time. Free catalase did not show any activity after 15 h at 60 °C. Tkel and
Alptekin8 reported that catalase immobilized on florisil via glutaraldehyde showed
no activity after 15 h at 60 °C. Betencor et al.> immobilized M. lysodeikticus
catalase on agarose and they reported that the residual activity of the immobilized
catalase was only 70 % of its initial activity after 10 h at 45 °C.

Storage stability. As shown in Fig. 7, ICATG stored at 5 °C was more stable
than when stored at room temperature. After 36 days storage at room tempe-
rature, the residual activity of ICATG was 65 % of its initial activity while when
stored at 5 °C for the same time, the residual activity was 96 %. The free catalase
completely lost its activity after storage for 11 days at both 5 °C and also at room
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temperature. Cetinus et al.22 immobilized catalase on glutaraldehyde-pretreated
chitosan films. They reported that the free enzyme had retained about 50 % of its
activity after 18 days, immobilized catalase stored wet about 50 % of its activity
after 25 days and that stored dry about 50 % of its activity after 5 days at 5 °C.
Arica et al.18 immobilized catalase on poly(2-hydroxyethyl methacrylate)-Ciba-
cron Blue F3GA (poly HEMA-CB) and poly(2-hydroxyethyl methacrylate)-Ci-
bacron Blue F3GA-Fe(lll) (poly HEMA-CB-Fe(lll)) derivatized membranes by
adsorption. They found that the free enzyme lost all its activity within 20 days
when stored at 4 °C. Immobilized preparations of poly HEMA-CB-CAT and poly
HEMA-CB-Fe(l11)-CAT lost 40 and 25 % of their activities during the same pe-
riod at 4 °C. This decrease in activity was explained as a time-dependent natural
loss in enzyme activity and this was prevented to a significant degree upon im-
mobilization. Solas et al.12 immobilized bovine liver catalase on bioskin by ionic
adsorption. They reported that the free catalase lost its activity within 3 days and
the immobilized catalase retained about 70 % of its activity for 16 days at room
temperature.
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Operational stability. The operational stability of immobilized enzyme sys-
tems is very important for various biotechnological applications; an increased
stability could make an immobilized enzyme more advantageous than its free coun-
terpart. The operational stability of ICATG was determined and the results are
presented in Fig. 8, from which it may be seen that the activity decays with in-
creasing number of reuses. The remaining activity of ICATG was about 73 % of
its initial value after 80 cycles of batch operation. Betancor et al.2 immobilized
catalase on dextrane and reported that the immobilized catalase had not lost its
activity after 10 cycles. Tiikel and Alptekin8 reported that the remaining activity
of catalase immobilized via glutaraldehyde on florisil was about 90 % and cata-
lase immobilized via glutaraldehyde + spacer was about 30 % after 20 cycles of
batch operation.
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Number of reuses reuses in a batch type reactor.

Effect of immobilization on the kinetic constants

The Ky and Vmax values for free catalase and ICATG were determined and are
presented in Table I. from which it can be seen that the Ky, value of ICATG was
smaller than that of the free catalase. However, the Vimax values and catalytic effi-
ciencies of ICATG were smaller than those of the free catalase. The catalytic effi-
ciencies (keat/Km) Of free catalase and ICATG were 1.4x103 and 2.9 m3 s71 mol 2,
respectively. In a previous study,8 it was found that the Ky, value for catalase
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immobilized via glutaraldehyde on florisil was appreciably higher (10 fold) than
that of the free catalase and its Vimax was about 1 % of the Vmnax Of the free cata-
lase. Cetinus et al.22 immobilized bovine liver catalase on glutaraldehyde pre-
treated chitosan films. They found Ky, = 25.16 mM and Viax = 24042 min~1 pmol
H,0,/mg of protein for free catalase and Ky = 27.67 mM and Vpax = 1022 min—1
umol H,0,/mg of protein for immobilized catalase. Eberhardt et al.> immobi-
lized Aspergillus niger catalase on cellulose via glutaraldehyde and reported Ky,
and Viax values of free and immobilized catalase as 0.02664+0.00674 M and
3512046762 min~! pmol/mg of enzyme and 0.115+0.0166 M and 3135+203.8
min~1 pmol/mg of enzyme, respectively. Thus, a compromise has to be made
between immobilized catalase, which is less active but more stable, and free cata-
lase, which although being more active is less stable.

TABLE I. Michaelis—-Menten constant and maximal reaction rate values for free and immobi-
lized catalase

Enzyme form Ky, /MM Ve / U (Mg protein) ™  Key/ 104 5™ (Kea/Kin)x10-3 / m3 52 mol-L
Free catalase  49.0+1.6 1.7+0.05x10* 6.8 14

ICATG 41.9+2.7 29.1+1.2 0.012 0.0029

CONCLUSIONS

In this study, the optimal initial amount of catalase for immobilization was
determined as 85 mg/g of carrier. Reproducible and reliable results for protein
determination could not be obtained with classical methods, probably due to the
presence of glutaraldehyde in the filtrate. The amount of catalase bound on the
carrier was estimated using the results of induced coupled plasma measurements.
ICATG showed its maximum activity in 75 mM, pH 6.0, citrate buffer at 30 °C.
The thermal stability of ICATG was higher than that of free catalase at 60 °C.
Remaining activity of ICATG was about 73 % of the initial activity after 80 cyc-
les of batch operation. Catalase immobilization onto eggshell is economic and
has good reusability. Thus, it can be concluded that eggshell is an efficient carrier
for immobilizing catalase.
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OxarpakTeprcaHa je KaTajasa U3 jeTpe roBedyeTa MMOOMINCAaHa Ha YecTHIaMa JbYCKe jajera,
JIOK je MOTyhHOCT TOHOBHOT KOpHIhema HMOOMIMCAHE KaTajla3e UCIIMTHBAHA y CEPHjCKOM peak-
Topy. 3a KaTajasy umMobuikcany Ha crpaiieHoj jpycuu jajera (ICATG) onruManHa mov4eTHa KoJu-
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yrHa KaTtanase u3Hocu 85 MQ/Q copamene jpycke, ontumanta PH Bpenroct uznocu 6,0 (75 mM
mutpatau mydep), a temneparypa 30 °C. Oppelene cy Bpeanoctu Vi 1 Ky, 32 ICATG ox 29,1+
+1,2 U/mg nporeuna u 41,942,7 mM, pecniektiBHO. McutiBambe MOryhHOCTH MOHOBHOT KOPHIII-
hpmwa ICATG yxkasyje Ha TO ja akTHBHOCT M3HOCH 73 % y OHOCY Ha ITOYETHY aKTMBHOCT HakoH 80
LUKITyca y3acTonHor kopuithewa. KonnunHa karanase Be3aHe 3a HOCau HPOLCHEHA je€ Ha OCHOBY
pesyirara HCIUTHBakba METOJOM HHIYKOBaHE KyIUloBaHe IUTasme. Kartanutuuka egukacHOCT
(keat/Km) cmoGonme karamasze n ICATG wmsnoce 1,4x10% u 2,8x103 dm3 s1 mol, pecnexrusmo.
Hmobunm3anuja karanase Ha JbYCIH jajeTa je CKOHOMHYHA ca BEMMKOM MoryhHomhy moHOBHOT
kopumihema, ma ce 3akJbydyje 1a je Jbycka jajera 1obap Hocad 3a HMOOMIIH3AIH]jy KaTanase.

(Mpumibeno 12. centembpa, pesuaupano 21. nerembpa 2007)
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Abstract: Two new p-cymene ruthenium(Il) complexes containing as additional
ligands N-methylpiperazine ([(5%-p-cymene)RuCl,(CH;NH(CH,),NH)]PF4, com-
plex 1) or vitamin K;-thiosemicarbazone ([(#°-p-cymene)RuCl,(Kstsc)], com-
plex 2) were synthesized starting from [(3%-p-cymene),RuCl,], and the cor-
responding ligand. The complexes were characterized by elemental analysis, IR,
electronic absorption and NMR spectroscopy. The X-ray crystal structure de-
termination of complex 1 revealed “piano-stool” geometry. The differences in
the cytotoxic activity of the two complexes are discussed in terms of the ligand
present.

Keywords: ruthenium(Il) complexes; p-cymene; K;-thiosemicarbazone; N-me-
thylpiperazine; cytotoxic activity.

INTRODUCTION

The field of organoruthenium complexes has been widely explored in recent
years with regard to biological activity as well as catalytic activity of these
complexes.!=> Many of these compounds are soluble in water and display cyto-
toxicity to cancer cells, including cisplatin-resistant cancer cells.6’

Vitamin K3, menadione, (2-methylnaphthalene-1,4-dione), is a fat-soluble
vitamin and it is necessary for the production of prothrombin and five other
blood clotting factors in humans. It also regulates bone calcification.8 In addition,
it was found that vitamin K3, as well as its water-soluble derivative, menadione
sodium bisulfite, has significant antitumor activity in vitro and in vivo.%
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On the other hand, thiosemicarbazones play an important role in research
related to biological activity.10 These ligands form complexes with metals and
the influence of chelatation on antitumor activity has been very intensively in-
vestigated.!1-12 Thiosemicarbazones are the ligands of choice because thiosemi-
carbazones themselves exhibit antineoplastic activity. One of the most effective
thiosemicarbazone is triapine (3-aminopyridine-2-carboxaldehyde thiosemicarba-
zone).!3-14 This compound acts as a very strong iron chelator and, consequently,
inhibits ribonucleotide reductase (RR) activity.!5 The role of RR in the rate of
replication of cancer cells has been well established.!©

Hitherto, the thiosemicarbazone derivative of vitamin K3 was used in the
preparation of complexes with metals, such as Mn(Il), Co(Il), Ni(Il), Cu(Il),
Zn(I) and Au(I).17-19 It should be mentioned that the ruthenium chemistry of
thiosemicarbazones has received little attention, especially concerning their po-
tential antitumor activity. Ru(II) formed several complexes with thiosemi-
carbazones and some of them showed cytotoxic activity.20-22 In addition, re-
cently a lot of other ruthenium complexes containing the arene moiety have been
synthesized and some of them have been evaluated for activity both in vitro and
in vivo.23726 Some of the prepared complexes of the type [(1%-arene)-
RuCI(X)(Y)] showed cytotoxic activity to cisplatin-resistant cell lines. Prelimi-
nary structure—activity data showed that the hydrophobic arene group, the dia-
mine NH group and the Cl leaving group may all play important roles in the
anticancer activity of these complexes.2’

In this paper, the characterization of two newly synthesized complexes of
Ru(II) with p-cymene, which contain additional ligands Kstsc or N-methylpipe-
razine, is described.

EXPERIMENTAL
Materials

Menadione sodium bisulfite (MSB), thiosemicarbazide, a-terpinene and N-methylpipe-
razine were commercially available and used without further purification. MSB thiosemicar-
bazone (NaKjtsc) was prepared by treating thiosemicarbazide with menadione sodium bisul-
fite in an ethanol-water mixture using a published procedure.!”

The complex [(#°-p-cymene),RuCl,], was prepared following a published protocol.?8

Synthesis of the complexes

Synthesis of [(n°-p-cymene)RuCl,(CH;NH(CH,) ,NH)]PF, (1). A solution of N-methyl-
piperazine (0.07 ml, 0.50 mmol) in dry methanol (5.0 ml) was added to a solution of [(7°-p-
-cymene),RuCl,], (120 mg, 0.20 mmol) in dry methanol (10 ml). The resulting mixture was
stirred 2 h in dark. Orange solution was then concentrated to half volume and 250 mg
(1.5 mmol) of NH,PF¢ was added. The light orange product that appeared during night was
filtered off, washed with ethanol, and ether. Yield: 92.2 mg (42 %).

Synthesis of [(n6-p-cymene)RuCl,(Kstsc)] (2). A solution of Kstsc (220 mg, 0.50 mmol)
in dry methanol (5.0 ml) was added to a solution of [(7%-p-cymene),RuCl,], (120 mg,
0.20 mmol) in dry methanol (10 ml). The resulting mixture was stirred for 3 h. The obtained
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orange solution was then concentrated to half volume and left at 4 °C overnight. The light
orange product was filtered off, washed with methanol and then diethyl ether. Yield: 166 mg
(67 %).

Physical measurements

Elemental analyses were carried out with an Elemental Vario EL III microanalyser. The
infrared spectra were recorded on a Perkin—Elmer FTIR 31725X spectrometer using KBr pel-
lets (4000400 cm!). The electronic spectra were obtained using a GBC UV/Vis Cintra 40
spectrophotometer. The NMR spectra were recorded on a Varian Gemini 200 instrument. The
chemical shifts for the "H and '3C spectra are referenced to the residual 'H and '3C present in
deuterated dimethyl sulfoxide.

X-ray crystal structure determination

A crystal of complex 1 suitable for an X-ray diffraction study was obtained by the slow
diffusion of n-propanol into an aqueous solution of the complex. The data of complex 1 were
collected with a CCD Oxford Xcalibur S (A(Mog,) = 0.71073 A) using the ® and ¢ scan
modes at 130 K. Semi-empirical correction for absorption was performed with SCALE3
ABSPACK.?® The structure was solved by direct methods.?? Structure refinement was per-
formed with SHELXL-97.3! All non-hydrogen atoms were refined anisotropically and the H
atoms were located in AF and refined isotropically. Table I lists crystallographic details. The
hydrogen atoms from the N-methylpiperazine ligand were placed at their calculated positions
and refined using the riding model. The PFg anions are disordered as demonstrated by their
larger-than-normal mean-square displacement parameters. The structural disorder of the PFg
anions explains the relatively high R factors. A disordered model for PFy with split F-atom
positions was introduced. The resultant thermal parameters were better than those without the
split of the F-atom positions. Also, the split of the F-atom positions in three parts were exami-
ned. In addition, the latter refinement involved severe correlations and the resultant thermal
parameters of the F-atoms were still unreasonable. Therefore, the split positions within the
PF¢ anion were introduced into the calculations and a least-squares refinement in the space
group P2,/c with disordered F-atoms was preferred with the present data.

TABLE I. Crystal data, data collection and refinement parameters for 1

Empirical formula C,5H,,Cl,N,RuF¢P
Formula weight, g mol'! 552.33
Crystal system/space group monoclinic/P2,/c
alA 12.2534(7)
b/ A 7.9458(16)
clA 14.0359(8)
Bl° 111.114(6)
V/A3 2082.2(2)
V4 4
p/gem3 1.762
2(MoKa) / mm'! 1.142
F(000) 1112
Scan range, °© 2.98 < 0<25.51
Reciprocal lattice segments h -14 — 14,

k -15 —> 15,

/ -17 > 16

Reflections collected 3860
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Table I. Continued

Reflections independent [R;] 2198 [0.078]
Data/restraints/parameters 3860/0/236
Goodness-of-fit on F2 1.00

Ry, Ry [I>20(1)] 0.074, 0.183
Ry, wR, (all data) 0.135, 0.209
Largest differences peak and hole (e A3) 3.55and -1.19

Crystallographic data for the structural analyses of 1 have been deposited with the Cam-
bridge Crystallographic Data Centre, CCDC-658171. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44 1223-336033; E-mail: deposit@ccdc.cam.ac.uk; http//www.ccdc.cam.ac.uk).
Cytotoxicity assays

Preparation of the drug solutions. Stock solutions of the investigated ruthenium com-
plexes were prepared in dimethyl sulfoxide (DMSO) at a concentration of 10 mM, filtered
through a 0.22 pm Millipore filter before use and diluted with nutrient medium to various
working concentrations. DMSO was used due to solubility problems. The nutrient medium
was RPMI 1640 medium, without phenol red, supplemented with L-glutamine (3.0 mM),
streptomycin (100 pg ml!), penicillin (100 IU ml!), 10 % fetal bovine serum (FBS) and 25 mM
Hepes, was adjusted to pH 7.2 with bicarbonate solution. MTT, 3-(4,5-dimethylthiazol-2-yl)-
-2,5-diphenyltetrazolium bromide was dissolved (5.0 mg ml'!) in phosphate buffer saline,
pH 7.2, and filtered through a 0.22 pm Millipore filter before use. All reagents were products
of Sigma Chemicals.

Cell culture. Human cervix adenocarcinoma HeLa, malignant melanoma Fem-x and hu-
man breast carcinoma MDA-MB-361 and MDA-MB-453 cells were cultured as monolayers
in the nutrient medium, while human myelogenous leukemia K562 cells were maintained as a
suspension culture. The cells were grown at 37 °C in a 5.0 % CO, humidified air atmosphere.
For the growth of MDA-MB-361 and MDA-MB-453 cells and all subsequent experiments,
the complete medium was enriched with 1.11 g dm™ glucose. Peripheral blood mononuclear
cells (PBMC) were separated from whole heparinized blood of a healthy volunteer by Lym-
phoprep (Nycomed, Oslo, Norway) gradient centrifugation. The interface cells, washed three
times with Haemaccel (aqueous solution supplemented with 145 mM Na®, 5.1 mM K7, 6.2 mM
Ca?*, 145 mM CI" and 35 g dm? gelatin polymers, pH 7.4) were counted and resuspended in
nutrient medium.

Cell sensitivity analysis. HeLa (2,000 cells per well), Fem-x (2,000 cells per well),
MDA-MB-361 (10,000 cells per well), and MDA-MB-453 cells (3,000 cells per well) were
seeded into 96-well microtiter plates and 20 h later, after cell adherence, five different con-
centrations of the investigated compounds were added to the wells. The final concentrations
were in the range from 12.5 to 200 uM. Only nutrient medium was added to the cells in the
control wells. The investigated compounds were added to a suspension of leukemia K562
cells (3,000 cells per well) 2 h after cell seeding, in the same final concentrations as applied to
the HeLa and Fem-x cells. All experiments were performed in triplicate. Nutrient medium
with the corresponding concentrations of the compounds but void of cells was used as the
blanks. PBMC were seeded (150,000 cells per well) into nutrient medium or into nutrient
medium enriched with (5.0 ug ml!) phytohaemaglutinin (PHA, Welcome Diagnostics, En-
gland) in 96-well microtiter plates and 2 h later the investigated compounds were added to the
wells, in triplicate, at five final concentrations, except to the control wells where nutrient



(7%-p-CYMENE)RUTHENIUM COMPLEXES 623

medium only was added to the cells. Nutrient medium with the corresponding concentrations
of the compounds but void of cells was used as the blanks.

Determination of target cell survival. Cell survival was determined by the MTT test ac-
cording to the method of Mosmann3? modified by Ohno and Abe33 and Drakuli¢ et al.,* 72 h
after drug addition. The concentration /Cs of the investigated compounds which diminished
the survival of the target cells by 50 % was assessed from graphs of cell survival vs.
concentration of the investigated compound.

RESULTS AND DISCUSSION
Synthesis of the complexes
The neutral [(7-p-cymene)RuCly(Kstsc)] (2) and cationic [(70-p-cymene)-
RuCly(CH3NH(CH3)4NH)]PFg (1) organoruthenium complexes were obtained
by reaction of Kstsc and N-methylpiperazine, respectively, with [(779-p-cymene),-
RuCl,], at ambient temperature (Scheme 1). Complex 1 is well soluble in water,

ethanol (methanol) and DMSO, whereas complex 2 is less soluble in water and
ethanol.

/N
1. HN N S 1/
__/ - .
2h reflux,CH;0H, dark 3 R| 2 &
u! -
2. NH,PFg A%l N PF¢
Cl H—N 12
Nat 13 NZ_H
6 s QS gl
[(of"-p-cymene)RuCLl —| Y 5§ _
HN_ _ 8 " 25
26 17 23
21 I 22 e
Ru
a’/ N\
a

Scheme 1. Preparation of complexes 1 and 2.

Thiosemicarbazones usually coordinate with a metal ion either in the neutral
thione form or, after deprotonation, in the N,S ligand chelating mode. The diver-
sity of coordination can be further increased by the introduction of an additional
donor site into the thiosemicarbazone through the donor atom of carbonyl com-
pounds.!!

X-ray diffraction study of 1

The selected bond and angle parameters are listed in Table II. The molecule
adopts the usual three-legged “piano-stool” arrangement generally found in
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[M(7%-arene)L3] units (Fig. 1). Complex 1 is the first structurally characterized
mononuclear complex of the [Ru(77°-p-cymene)Cl,L] type with the Ru atom bon-
ded directly to a heterocyclic amine.

TABLE II. Selected bond lengths (A) and angles (°) for complex 1

Rul-Cg? 1.674(5) Rul-CI2 2.401(3)
Rul-Cl1 2.420(2) Rul-NI 2.161(8)
Cg-Rul-Cll 127.15(16) Cg-Rul-CI2 127.29(17)
Cg-Rul-N1 135.02) Cl1-Rul-CI2 87.63(9)

Cl1-Rul-N1 82.2(2) CI2-Rul-N1 80.6(2)

3The abbreviation Cg is the centroid of the 7°-arene ligand

Fig. 1. ORTEP presentation of [(7%-p-
-cymene)RuCl,(CH;NH(CH,),NH)]*
cation in crystals of 1. Displacement
ellipsoids are plotted at the 50 % pro-
bability level and H atoms are shown as
small spheres of arbitrary radii.

The distance between the metal and the arene centroid, 1.674(5) A is very
similar to that observed in other ruthenium(II) complexes of the [Ru(7%-p-cyme-
ne)ClpL] class (L/bond distance = dimethylamine/1.666; sec-butylamine/1.663—
—1.664; p-toluidine/1.637 A).35737 Similarly to the mentioned complexes, the
angles between the "legs" of the stool are slightly less than 90°, due to steric
hindrance of the arene ligand. The Ru-N distance (2.161(8) A) is comparable
with the same bond distance in [RuCly(79-p-cymene)(NH(CHj3),)] (2.165 A), but
it is significantly longer than those found in compounds of the same type,36:37
indicating a relatively weaker bond.

An interesting feature of this structure is the protonation of both N atoms of
the N-methylpiperazine ring, probably originating from NH4PFg.
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Characterization of the complexes

The analytic and spectroscopic data of the synthesized complexes are as follows.

[(M0-p-cymene) RuClr(CH3NH(CH,) NH)] PF¢ (1). Anal. Calcd. for Cy5Hy7-
CIh)N,>PFgRu: C, 32.62; H, 4.93; N, 5.07. Found: C, 32.82; H, 4.93; N, 4.94. IR
(KBr, cm™1): 3331-3435, 1630, 1467, 841. IH-NMR (199.97 MHz, DMSO-dg, 6,
ppm): 8.14 (1H, s, NH), 5.79, 5.51 (4H, m, n1—C¢Hy), 3.06 (4H, ¢, HN(CH))»),
2.86 (4H, m, CH3N(CH3)3), 2.30 (3H, s, NCH3), 2.20 — 2.00 (4H, m, CH(CH3)5,
17°—CcH4—CH3), 1.20 (6H, d, CH(CH3),). 13C-NMR (50 MHz, DMSO-ds, 9,
ppm): 106.60 (C-1), 100.31 (C-4), 86.58 (C-3,5), 85.73 (C-2,6), 51.46 (C-12,14),
45.60 (C-11,13), 43.14 (C-15), 30.18 (C-7), 21.70 (C-8,9), 18.07 (C-10). Elec-
tronic spectrum (Hy0) [Amax / tM (&max / 103 dm3 mol~! cm™1)]: 386 (sh) (0.4),
306 (sh) (0.8), 255 (1.8).

[(MC-p-cymene)RuCl>(K 3tsc)] (2). Anal. Caled. for CooHp6CloN3NaO4S,Ru:
C, 40.31; H, 4.00; N, 6.41; S, 9.80. Found: C, 40.41; H, 4.12; N, 6.92; S, 10.35;
IR (KBr, cm™1): 3363-3437, 1682, 1619, 1224, 1031, 762. 'H-NMR (199.97 MHz,
DMSO-dg, &, ppm): 10.88 (1H, s, N4H), 9.70, 9.06 (2H, s, N3H5), 8.52 (1H, d,
PhH, tsc), 7.86 (1H, d, PhH, tsc), 7.57 (2H, ¢, PhH, tsc), 5.79, 6.28 (4H, m,
17°—CgHy), 3.80 (1H, d, Ha, tsc), 2.87 (1H, ¢, Hb, tsc), 2.15 (4H, m, CH(CH3),,
1P—Ce¢H4—CH3), 1.51 (3H, s, CH3, tsc), 1.23 (6H, s, CH(CH3),). 13C-NMR (50 MHz,
DMSO-dg, o, ppm): 194.94 (C-2), 179.21 (C-9), 144.70 (C-6), 138.19 (C-10),
133.05 (C-12), 132.96 (C-15), 129.17 (C-11), 126.42 (C-14), 124.88 (C-13),
107.98 (C-17), 102.32 (C-20), 85.67 (C-19,21), 83.60 (C-18,22), 65.50 (C-8),
56.25 (C-17), 35.27 (C-7), 30.52 (C-23), 22.26 (C-26), 21.33 (C-16), 18.76 (C-24),
17.98 (C-25). Electronic spectrum (HyO/EtOH, 50/50) [Amax / M (&max / 103
dm3 mol~! ecm™1)]: 275 (sh) (15.3), 244 (19.4), 223 (19.3).

NMR spectra

The 'H-NMR spectra of both complexes displayed characteristic resonances
which can be attributed to the coordination of p-cymene, as well as thiosemicar-
bazone, or N-methylpiperazine. In both complexes the signals corresponding to
the phenyl ring of cymene moiety are at 65.79 and 5.51 (1) and at 6.26 and 5.79
(2) ppm. The signals which can be assigned to the two methyl groups of the
isopropyl groups are at 1.20 (1) and 1.23 (2) ppm. The methyl group of the p-cy-
mene moiety displays a signal at around ¢ 2.10 ppm for both complexes. The
signals assigned to the CH group of the isopropyl group were centered at 6 2.10
(1) and 2.15 (2) ppm. Hydrogen resonances due to the CH, groups of the pipe-
razine ring are located at 2.72-2.97 ppm, appearing as a triplet of triplets
((CH),NCH3), whereas those attached to the NH part of the heterocycle appear
as a triplet centered at 3.06 ppm. The resonance confirming the protonation of the
piperazine nitrogen is located at 8.14 ppm. In complex 2, the signals corres-
ponding to the phenyl ring of the coordinated Kstsc are at 67.57 (¢), 7.86 (d) and
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8.52 (d). Two resonances at 3.80 and 2.87 ppm were assigned to the two dia-
stereotropic protons of the CH» group of the thiosemicarbazone moiety. A signal
that can be assigned to the methyl group of thiosemicarbazone is at 6 1.51 (s) ppm.
Two resonances at 9.06 and 9.70 ppm were assigned to the two protons of the
N3H, chain, whereas the proton of the azomethine nitrogen appears at 11.88 ppm.
The 13C-NMR spectrum of complex 1 shows upfield shifts (51.46 (C-2,6), 45.60
(C-3,5), 43.14 (C-7)) for the piperazine part of the molecule comparing to free
piperazine (56.29 (C-2,6), 46.75 (C-3,5) and 45.67 (C-7)), due to coordination
via the unsubstituted N-4 nitrogen. In the spectrum of complex 2, a slight upfield
shift of C-2 was observed as a consequence of S-metallation, while no remar-
kable shifts of the other carbon atoms were observed.

Infrared spectra

The spectrum of the free ligand, Kstsc, was compared with those of the
complexes to confirm its coordination to metal ion. The v(CS) vibrations suffer a
negative shift from 1278 (L) to 1232 cm™! (2). Also, the v(CN) vibration of the
C2-N4 bond is slightly shifted to lower frequencies due to the partial multiplicity
of this bond after coordination. The peaks at 1690 cm™! in the spectrum of the
free ligand due to v(C=0) vibrations and at 1639 cm~! due to v(CN) vibrations
of CO-N5 remained unchanged in the complex, confirming the non-coordination
of oxygen and the azomethine nitrogen to the metal ion.

This study showed that in complex 2, Kstsc acts as a neutral monodentate
ligand, which is coordinated to the metal ion via the sulfur atom.

UV/Vis spectra

The complexes exhibit intense absorption in the visible region which can be
ascribed to high intensity metal-to-ligand charge transfer bands which interfere
with the expected d—d transitions, as is observed in low-spin d® ruthenium(II)
complexes.38 In general, complexes 1 and 2 exhibit two well resolved bands. The
bands at higher wavelengths can be ascribed to a Ru(4dn) — n*(NH) MLCT
transition, whereas the bands at lower wavelengths are attributable to intraligand
transitions or a combination of MLCT bands and intraligand transitions.

Cytotoxicity assays

The in vitro cytotoxicity of complexes 1 and 2 was determined by an MTT-
-based assay. The complexes were tested for cytotoxic activity on tumor cell
lines: human adenocarcinoma HelLa, human myelogenous leukemia K562, human
malignant melanoma Fem-x, human breast carcinoma MDA-MB-361 and MDA-
-MB-453 cells and on normal immunocompetent cells, i.e., on human peripheral
blood mononuclear PBMC cells non-stimulated and stimulated for proliferation
with phytohaemaglutinin (PHA). The data are given in Table III and Fig. 2.



(7°-p-CYMENE)RUTHENIUM COMPLEXES 627

TABLE III. ICsy (uM) for 72 h of action of the investigated compounds on various tumor cells
and on non-stimulated PBMC and PBMC stimulated with PHA, determined by the MTT test

Tumor cell Compound
1 2
HeLa >200 62.50+3.54
K562 >200 71.26+4.22
Fem-x >200 152.10+5.18
MDA-MB-361 >200 101.84+6.54
MDA-MB-453 >200 62.46+5.98
PBMC-PHA Not detected 61.10+1.12
PBMC+PHA Not detected 40.38+1.12
HeLa K562
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Fig. 2. Survival of tumor cells, determined by
20 the MTT test after 72 h of continuous action
0+ : , ‘ - of the applied concentrations of the investigated
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Complex 1 exerted low activity against all the selected cell lines (/Csp > 200 uM,
Table III and Fig. 2) as determined by the MTT test. This result is consistent with
the characteristics of ruthenium compounds which are generally less cytotoxic
than platinum compounds. One of two ruthenium complexes that is under clinical
investigations, trans-[HInd][RuCly(Ind),] (Ind = indazole; KP1019) is only mo-
derately cytotoxic to cancer cells,3® whereas the other complex, trans-[HIm]-
[RuCly(DMSO)(Im)] (Im = imidazole; NAMI-A) is relatively non-toxic to pri-
mary cancer cells, but exhibits antimetastatic activity.*0

Complex 2 showed low to moderate activity with /Cs9=152.10 uM for
Fem-x and /Csg = 101.84 uM for the slowly proliferating MDA-MB-361 cells.
Against HeLa, K562 and the rapidly proliferating MDA-MB-453 cell lines, com-
pound 2 exerted a moderate dose dependent antiproliferative action, with /Csg
values of 62.50, 71.26 and 62.46 uM, respectively. Complex 2 was more active
against the normal control PBMC, with /C5¢9 = 61.10 uM for non-stimulated
resting PBMC and /C5¢ = 40.38 uM for PBMC stimulated by PHA. Results from
this work are in accordance with many publications which deal with antitumor
activity of metal complexes of thiosemicarbazones!3:14:22 and of antileukemia
potency of thiosemicarbazones.#1:42 In addition, this compound acted toxically,
especially to PBMC which were stimulated for proliferation. This indicates that
the mentioned complex might also have a capability for the suppression of auto-
immune diseases. Further investigations in this direction need to be performed.

CONCLUSIONS

Two new organoruthenium complexes were synthesized and characterized.
The results from this work showed that the ruthenium complex containing vita-
min K3-thiosemicarbazone as the organic part exerted its maximal cytotoxic acti-
vity against immunocompetent cells stimulated for proliferation. The higher
activity of this complex compared with the complex containing N-methylpipe-
razine is probably related with the presence of vitamin Kj-thiosemicarbazone,
itself active. In addition, the obtained data indicate that complex 2 could be further
studied regarding its promising action for the control not only of malignant
diseases, but also for the control of autoimmune diseases.
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NU3BOJ

CHUHTE3A, CTPYKTYPHA KAPAKTEPU3ALIMJA 1 TUTOTOKCUYHA AKTHUBHOCT JIBA
HOBA OPTAHOPYTEHUIYM(II) KOMIIJIEKCA

CABA FPFYPI/ITl—HH/IHKAl, MOHAMED AL.ARBI M. ALSHTEWT' , AEJAH JEPEMUB! ,’OPAH H. KA.HYT)EPOBI/ITIZ,
SANTIAGO GOMEZ-RUIZ?, ®KEJBKO KUKAK?, 30PULIA JYPAHUR? 1t TUBOP J. CABO!
I Xemujcxu paxyaitiei, Ynusepauitieini y Beozpady, Citiyoeniicku inipz 12—16, 11000 Beozpad, > Mnciiuitiyimi 3a
Xemujy, fexHoa0zujy u meiianypzujy — Llenitiap 3a xemujy, Fhezowesa 12, 11000 Beozpad, >Departamento de
Quimica Inorganica y Analitica, E. S. C. E. T., Universidad Rey Juan Carlos, 28933 Mostoles, Madrid,
Spain u 41/1Hcmulftyu7 3a onkon02ujy u paouoaozujy, 11000 beozpao

Cunrerncana cy aBa HoBa p-uumeH-pyTreHujyMm(II) kommiekca Koju caapie Kao JoAaTHE
nuranae N-merunnumepasu ([(77°-p-cimen)RuCl,(CH;NH(CH,),NH)]PF, kommnexc 1) u Buta-
mus K3-trocemukap6ason ([(770-p-cimen)RuCl,(Kstsc)], kommieke 2). O6a HoBa KOMILIEKca TO6H-
jema cy momasehn og [(#7°-p-cimen),RuCl,], xomIuTekca n oxrosapajyhier muranma. Kommmekcu cy
OKapaKTepHCaHH eJeMEHTaIHOM aHanmu3oM, UL, enekrpoHcko-arncopriuonom u HMP crekrpo-
cKomujoM. PeHAreHo—CTpyKTypHa aHanu3a Komiiekca 1 mokasana je ,,piano-stool* reomerpujy. ¥
3aBHCHOCTH OJ] IPHCYTHOT JINT'aH/Ia IUCKYTOBAHA j€ pas3nKa y IMTOTOKCHYHO] aKTHBHOCTH OBa JIBa
Jno0ujeHa KOMIUIeKCa.

(ITpumsseno 27. nenem6pa 2007, pesuaupano 4. mapra 2008)
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Abstract: The photocatalytic degradation of Phenol Red was investigated using
thiocyanate complexes of iron, copper, cobalt and hydrogen peroxide. The rate
of photocatalytic degradation of the dye was followed spectrophotometrically.
The effect of the variation of different parameters, such as pH, concentration of
the complexes and dye, amount of H,O, and light intensity on the rate of
photocatalytic degradation was also studied. A tentative mechanism for the
photocatalytic degradation of Phenol Red is proposed.

Keywords: photocatalytic degradation; Phenol Red; metal complexes; hydrogen
peroxide.

INTRODUCTION

Water is one of the fundamental requirement of life and any undesired addi-
tion of chemical substances lead to its contamination and unfit for human use.
Generally, various dyes found in industrial effluents, ultimately enter the aquatic
ecosystem and can create various environmental hazards. These may have ad-
verse, sometimes irreversible effects on animals and plants, as well. Adsorption,
osmosis, flocculation and other methods have been used traditionally to remove
dyes from water bodies, but all such methods suffer from various drawbacks. A
group of waste treatment methods called AOPs (advanced oxidation processes),
such as photo-Fenton and photocatalytic methods, are now widely used for this
purpose.

The Fenton reagent is an established reagent for the degradation of dyes but
main disadvantage of the reagent is that the reaction ceases after complete con-
sumption of Fe2*, whereas, in the photo-Fenton reaction, Fe?" are regenerated
from Fe3* with the additional requirement of light. This makes the process cyclic
in nature and the photochemical degradation proceeds smoothly.

Degradation of dyes employing the photo- Fenton reagent provides a newer
method for the treatment of wastewater containing dye effluents. This reaction

* Corresponding author. E-mail: pb_punjabi@yahoo.com
doi: 10.2298/JSC0806631L
631
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involves the formation of hydroxyl and perhydroxyl radicals.!=4. In addition to
the involvement of *OH, some results on the mechanism of the Fenton reaction
suggests the participation of a ferryl complex.> Prousek et al.® reported the
utilization of the Fenton reaction for the degradation of dyes present in collared
waste water. Nerud ef al.’ investigated the decolourisation of synthetic dyes by
the Fenton reagent and the Cu/pyridine/H,O; system. Chen et al.® observed the
electrochemical degradation of Bromopyrogallol Red in the presence of cobalt
ions. Verma et al.® investigated the decolourisation of synthetic dyes using a
copper complex with glucaric acid. Lunak et al.10 studied the photocatalytic ef-
fects of halogen penta-amine cobalt (III) complexes and H>O;. The photoche-
mistry of complexes of a number of metals, such as Cr, Fe, Co, Pt, Mo and W
was studied extensively by Zhang er al.!! The photocatalytic effects of Fe (III)
compounds were observed to play a dominant role in the degradation of 4-chloro-
phenoxyacetic acid initiated by polychromatic visible radiation.!2

In a literature survey, no attention was found to have been paid to the photo-
catalytic degradation of Phenol Red dye using thiocyanate complexes of iron,
copper and cobalt and H>O;. Therefore, in the present investigation an attempt
was made to carry out photochemical degradation of Phenol Red dye in a homo-
geneous medium using thiocyanate complexes and HyO;, which generates *“OH.

EXPERIMENTAL

The photochemical degradation of Phenol Red (HIMEDIA) was studied in the presence
of a transition metal complex, i.e., [Fe(SCN)]?*, [Cu(SCN)]* or [Co(SCN)]*, H,0, and light.
A stock solution of Phenol Red (1.0x10-3 M) was prepared in doubly distilled water. The
Complex [Fe(SCN)]?" was prepared by mixing FeCl; (1.0x10 M, Himedia) and KSCN
(1.0x10" M, Himedia) in a 1:1 ratio. The [Cu (SCN)]™ and [Co(SCN)]" complexes were
prepared in a similar manner. H,O, (30 %, Merck) was a commercial product and was used as
received. The reaction mixture containing dye (10> M), complex (10® M) and hydrogen pe-
roxide was exposed to light for a certain period depending on the employed complex. A 200 W
tungsten lamp (Philips) was used for the irradiation. The intensity of light at various distances
was measured by a “Suryamapi” (CEL Model 201). The pH of the solution was measured
using a digital pH meter (Systronics Model 335). The desired pH of the solution was adjusted
by the addition of previously standardised 0.050 M sulphuric acid and 1.0 M sodium hyd-
roxide solutions. A visible spectrophotometer (Systronics Model 106) was used for measuring
the absorbance of the reaction mixture at regular time intervals.

RESULTS AND DISCUSSION

A 3.0 ml aliquot was taken from the reaction mixture at regular time inter-
vals and the absorbance measured spectrophotometrically at Ay, value of 430
and 560 nm for acidic and basic medium, respectively. The absorbance of the
solution was found to decrease with increasing time, which indicates that the
concentration of Phenol Red decreased with increasing time of exposure. A plot
of 2+log A vs. time was linear and followed pseudo-first order kinetics. The rate
constant, k, was determined using the following expression:
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k=2.303xslope
The data for typical run are graphically presented in Fig. 1.

O Iron complex
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Fig. 1. 2+log A vs. time plots for different complexes; V(H,0,) = 0.20 ml; complex
concentration: 1.75x10-5 M; dye concentration: 5.00x10- (a) and 2.50 x10-> M (b and c);
pH: 3.0 (a), 8.0 (b) and 9.0 (c); light intensity: 60 (a), 70 (b) and 40 mW cm2 (c). Rate
constants, k: 1.53x10% and 11.05x10 (a), 5.37x10 (b) and 4.61x10 57! (¢).

For iron complex/H>O» system, the reaction proceeded in two phases. The
first phase was an induction period,!3 in which radicals were generated, whereas
the major degradation of the dye occurred in second step, as shown by the sharp
decrease in the absorbance.

Effect of pH

The effect of pH on photocatalytic degradation was investigated in the pH
ranges 2.0-5.0, 7.0-9.0, 7.5-10.0 for the iron, copper and cobalt complexes,
respectively. The results are reported in Table I.

The photochemical degradation of Phenol Red was maximal at pH 3.0, 8.0
and 9.0, with the iron, copper and cobalt complexes, respectively. The photo-
chemical degradation depended strongly on the pH of the reaction medium. This
can be explained based on Egs. (1) and (2), which are part of the mechanism dis-
cussed later in the text:

Me"* + HyOy — Me*D* + OH- + *OH (1)
Me"D* L H,0— " s Me™ +*OH + H* )
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TABLE I. Effect of pH on the degradation rate of Phenol Red. V(H,0,) = 0.20 ml; complex
concentration: 1.75x10-3 M; dye concentration: 5.00x107 (iron complex) and 2.50 x10> M
(copper and cobalt complex); light intensity: 60 (iron complex), 70 (copper complex) and 40
mW cm2 (cobalt complex)

k/10%s!
pH kIron comple)]i Copper complex Cobalt complex
1 2

2.0 0.26 0.81 - -
2.5 0.75 2.1 - -
3.0 1.5 11.0 - -
35 0.10 0.16 - -
4.0 0.040 0.13 - -
4.5 0.030 0.10 - -
5.0 0.020 0.060 - -
7.0 - - 2.82 -
7.5 - - 4.80 3.65
8.0 - - 5.37 3.94
8.5 - - 3.96 4.27
9.0 - - 3.66 4.61
9.5 - - - 3.61
10.0 - - - 1.97

In case of the iron complex, it was observed that rate of degradation of the
dye increased on decreasing the pH from 5.0 to 3.0. This may be due to the
dominance of Eq. (1) over Eq. (2), where OH are generated. These OH are re-
moved on increasing the H" concentration with decreasing pH. This will facili-
tate via Eq. (1) the formation of more *OH, which are utilized for the oxidative
degradation of Phenol Red and thiocyanate radicals. On decreasing the pH fur-
ther, i.e., below 3.0, the reaction rate decreased again. This may be attributed to
the fact that Eq. (2) commences to dominate over Eq. (1), as Fe(OH);3 is less so-
luble than Fe(OH), and the generation of “OH via Eq. (2) is retarded at pH values
lower than 3.0.14

In cases of the copper and cobalt complexes, the reaction proceeds faster in
basic media. The rate of degradation of dye increased on increasing the pH from
7.0 to 8.0 and from 7.5 to 9.0 for copper and cobalt complexes, respectively. This
may be due to the dominance of Eq. (2) over Eq. (1), in which H" are generated.
These HT are removed by increasing the concentration of OH™. This will facili-
tate Eq. (2), forming more “OH, which are utilized for the oxidative degradation
of Phenol Red as well as the thiocyanate radical. Above pH 8.0 and 9.0 for the
copper and cobalt system, respectively, increasing the pH further resulted in a
decrease in the rate of degradation, which can be attributed as the dominance of
Eq. (2) over Eq. (1), in which HT are generated.
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Effect of hydrogen peroxide

The effect of amount of HyO, on the rate of photocatalytic degradation of
Phenol Red was also investigated. The results are reported in Table II.
TABLE II. Effect of the concentration of H,O, on the degradation rate of Phenol Red. Com-
plex concentration: 1.75x10~ M; dye concentration: 5.00x10-3 (iron complex) and 2.50 x10> M

(copper and cobalt complex); pH: 3.0 (iron complex), 8.0 (copper complex) and 9.0 (cobalt com-
plex); light intensity: 60 (iron complex), 70 (copper complex) and 40 mW cm2 (cobalt complex)

k/10%s!
VH;0;) /ml klron comple)]({ Copper complex Cobalt complex
1 2

0.0 0.060 0.16 0.66 0.38
0.10 0.45 0.81 1.4 23
0.20 1.5 11.0 3.1 29
0.30 1.4 10.2 3.4 3.1
0.40 1.4 10.0 3.7 33
0.50 1.3 9.8 3.8 3.4
0.60 1.2 9.4 4.0 4.2
0.70 1.1 7.4 5.4 4.6

The rate of photochemical degradation of Phenol Red was maximal with
0.20 ml HyO, for the iron complex, This may be explained because increasing
the amount of HyO, would result in more “OH, responsible for the oxidative
degradation of Phenol Red, being formed. However, after a certain amount of
H»>0O, (0.20 ml), a further increase in the amount of HyO, would produce more
OH' ions together with “OH and, as a result, the pH of the medium would incre-
ase, resulting in a decrease in the rate of degradation.

A different kind of behaviour was observed for the copper and cobalt com-
plex systems. In these cases, a continuous increase in the rate of degradation of
Phenol Red was observed with increasing amount of HyO» in the range from 0.0
to 0.70 ml. This may be attributed to the fact that Eq. (1) does not dominate over
Eq. (2) in these cases and hence no decrease in the rate was observed with in-
creasing amount of HO».

Effect of the concentration of the complexes

The effect of the concentration of the complexes on the rate of photocatalytic
degradation of Phenol Red was studied by keeping all other factors identical. The
results are given in Table III.

It is clear from the data that the rate of photocatalytic degradation increases
with increasing concentration of the complexes. The rates were determined up to
concentrations of 1.75x1075, 4.37x1075, 1.75x10° M for the iron, copper and
cobalt complexes, respectively. Above these limits, the rates were extremely fast
and it was not possible to study the rates satisfactorily due to experimental limi-
tations. This increasing trend may be explained by more molecules of the com-
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plexes being available to participate in the reaction. This results in an enhanced
generation of *OH and, therefore, the rate of photocatalytic degradation of the
dye increases.

TABLE III. Effect of complex concentration on the degradation rate of Phenol Red.
V(H,05) = 0.20 ml; dye concentration: 5.00x10 (iron complex) and 2.50 x10-> M (copper and

cobalt complex); pH: 3.0 (iron complex), 8.0 (copper complex) and 9.0 (cobalt complex); light
intensity: 60 (iron complex), 70 (copper complex) and 40 mW cm2 (cobalt complex)

Complex k/104s!

concentration Iron complex

<105 M a I Copper complex Cobalt complex
0.0 0.22 0.25 0.83 0.85
0.25 0.38 0.80 - 23
0.50 0.46 0.90 - 29
0.62 - - 2.9 -
0.75 0.75 3.0 - 3.4
1.0 1.1 6.0 - 4.0
1.2 1.5 7.0 33 43
1.5 1.5 9.0 - 4.4
1.8 1.5 11.0 - 4.6
1.9 - - 4.1 -
2.5 - - 43 -
3.1 - - 4.5 -
3.8 - - 4.7 -
4.4 - - 54 -

Effect of the Phenol Red concentration

The effect of the Phenol Red concentration on the rate of photocatalytic de-
gradation was also examined and the results are given in Table IV.
TABLE IV. Effect of the dye concentration on the degradation rate of Phenol Red. V(H,0,) =
= 0.20 ml; complex concentration: 1.75x10” M; pH: 3.0 (iron complex), 8.0 (copper complex)
and 9.0 (cobalt complex); light intensity: 60 (iron complex), 70 (copper complex) and 40 mW
cm (cobalt complex)

Dye k/ 104!

i?%ieﬁratlon kllron comple;l; Copper complex Cobalt complex
1.50 - - 4.02 1.03
2.00 1.42 7.66 4.70 3.07
2.50 - - 5.37 4.61
3.00 1.48 9.68 5.04 4.10
3.50 - - 4.76 3.94
4.00 1.53 10.1 4.56 3.85
4.50 - - 4.35 3.58
5.00 1.53 11.0 423 3.07
6.00 1.02 10.2 - -
7.00 0.760 10.9 - -

8.00 0.500 10.1 - -
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The rate of degradation was found to increase with increasing concentration
of Phenol Red up to 5.00x10->, 2.50x10~> and 2.50x10~> M for the [Fe(SCN)]?*,
[Cu(SCN)]™, [Co(SCN)]* complexes, respectively. Further increasing of the con-
centration beyond these limits decreases the rate of degradation. This may be
explained on the basis that, on increasing the concentration of Phenol Red, the
reaction rate increases as more molecules of the dye were available for degra-
dation. Further increase in the concentration causes a retardation of the reaction
because at higher concentrations, the dye molecules themselves act as a filter for
the incident light, thus the full intensity of the light was not employed in the
photodegradation, which resulted in a decrease in the rate of degradation. More-
over, at the higher concentration, the number of collisions between dye molecu-
les increases whereas the number of collisions between dye molecules and *OH
decreases. Consequently, the rate of the reaction is retarded. An unsuitable steric
orientation is also another factor for a decrease in the rate of reaction.15.16

Effect of light intensity

The effect of the light intensity on the photocatalytic degradation of Phenol
Red was also investigated and the results are reported in Table V.
TABLE VI. Effect of the light intensity on the degradation rate of Phenol Red. V(H,0,) =
= 0.20 ml; dye concentration: 5.00x10- (iron complex) and 2.50 x10> M (copper and cobalt

complex); complex concentration: 1.75x105 M; pH: 3.0 (iron complex), 8.0 (copper complex)
and 9.0 (cobalt complex)

o i k/10%s!
Light intensity I ]
mW cm? 7 Ton comp e)]i Copper complex Cobalt complex
1 2

10.0 0.43 0.57 3.87 3.86
20.0 0.65 8.1 4.19 4.04
30.0 0.87 8.2 4.48 432
40.0 1.1 8.4 4.65 4.61
50.0 1.3 9.6 4.78 443
60.0 1.5 11.0 5.07 432
70.0 1.3 10.9 5.37 4.20
80.0 1.3 8.8 4.78 4.04

The data indicate that an increase in the light intensity increases the rate of
reaction and maxima were found at 60, 70 and 40 mW cm™2 for the iron, copper
and cobalt complexes, respectively. This may be explained by an increase in the
number of photons striking per unit area as the light intensity was increased. A
further increase in the intensity beyond the maximum limits resulted in a decree-
ase in the rate of reaction, which may be due to thermal side reactions.

MECHANISM

Based on the experimental observations and corroborating existing literature,
a tentative mechanism is proposed for the degradation of Phenol Red in presence
of iron and copper complexes, HyO5 and light:17
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[Me(SCN)" —1Y s Me™ +*SCN 3)
Me"* + HyOy — Me("**+ + OH- + *OH (1)
Me" D" L H,0—"Y s Me™ +*OH + H* )
*SCN +8°OH — SO3~ + NH} +CO, + 2H,0 (4)
Dye + *OH — Products %)

*OH + *OH — H,0, (6)

2H>0, —» 2H,0 + Oy (7

where Me denotes iron or copper.
In case of cobalt complex, the following mechanism is proposed:

[Me(SCN)™* —1Y s Me"*D* L SN~ (8)
Me"D)* L H,0— Y s Me™ +*OH + H* )
Me"* + HyOy — Me"t+ + OH- + *OH (1)
*SCN +8°OH — SO3~ + NH} +CO, + 2H,0 (4)
Dye + *OH — Products 5)

*OH + *OH — H,0, (6)

2H>0, — 2H,0 + Oy @)

The photo-Fenton reaction is one of the examples of classical photocatalytic
process in homogeneous system that involves H>O», iron(Ill) and visible radi-
ation. The thiocyanate complex of Fe3* gives Fe2™ and the thiocyanate radical on
exposure to light. The Fe2™ decomposes hydrogen peroxide into *OH, OH~ and
Fe3*. The Fe3* decomposes water photochemically to give *OH and Fe2". The
thiocyanate radical and the dye are decomposed by hydroxyl radicals to simpler
ions/molecules, such as sulphates and ammonium ion, carbon dioxide, water, efc.

The above-proposed mechanism for the iron complex is also applicable for
the copper complex.

The mechanism for the cobalt complex differs from that for the iron and cop-
per complexes in that the iron and copper complexes involve thiocyanate radi-
cals, whereas in the case of the cobalt complex, thiocyanate ions are involved. The
release of thiocyanate ion from its cobalt complex was ascertained by its spot test,!8
however, the negative spot test for thiocyanate ions in the case of the iron and
copper complexes indicates that *SCN was involved in this reaction and not SCN™.

CONCLUSIONS

The rate of photocatalytic degradation of Phenol Red was enhanced by metal
complexes. The following order of the degradation rate with different metal com-
plexes was found:

[Fe(SCN)]2+ > [Cu(SCN)]* > [Co(SCN)]*
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Hydroxyl radicals photocatalytically degrade Phenol Red. The participation
of *OH as active oxidising species was confirmed by using hydroxyl radical
scavengers, where the rate of photodegradation was drastically reduced.

Further, this method is more advantageous over other methods, since it does not
add further to pollution. The active oxidising species, the hydroxyl radicals, dime-
rise to give hydrogen peroxide, which degrades ultimately to water and oxygen.
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doTokaTanmuTHYKa pasrpagma (EHON-IPBEHOT UCIUTUBAHA j€ TIOMONY THOLMjaHATHUX KOM-
riekca TBoxha, 6akpa M KoOajiTa M BONOHHK-TIepoKcHaa. bp3uHa (OTOKaTaUTHUKE pasrpaiatbe
obojeHor jenumema npaheHa je crexTpodoTomerprjcku. Takohe je ucnuTHBaHA U YTHIA] pa3HUX
napameTapa Ha Op3uHy (QOTOKaTaJUTHUKE pa3rpajibe, Kao mro ¢y pH, KOHIEHTpalja KOMILIeKca
n obojeHor jemumerma, kommuuHa H,O, m mHTEH3HWTeT cBeTiocTH. [IpemmoxkeH je MexaHH3aM
peakuuje GpoToKaTaTuTHIKE pasrpaimbe GEeHOI-IPBEHOT.
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Abstract: The temperature dependence of oxygen reduction reaction (ORR)
was studied on highly dispersed Pt nanoparticles supported on a carbon cryo-
gel. The specific surface area of the support was 517 m? g!, the Pt particles
diameter was about 2.7 nm and the loading of the catalyst was 20 wt. %. The
kinetics of the ORR at the Pt/C electrode was examined in 0.50 mol dm
HCIOy solution in the temperature range from 274 to 318 K. At all tempera-
tures, two distinct £~log j regions were observed; at low current densities with
a slope of —2.3RT/F and at high current densities with a slope of —2.3x2RT/F.
In order to confirm the mechanism of oxygen reduction previously suggested at
a polycrystalline Pt and a Pt/Ebonex nanostructured electrode, the apparent en-
thalpies of activation at selected potentials vs. the reversible hydrogen electrode
were calculated in both current density regions. Although AH : 1 >AH. : L » it was
found that the enthalpies of activation at the zero Galvani potential difference
were the same and hence it could be concluded that the rate-determining step of
the ORR was the same in both current density regions. The synthesized Pt/C
catalyst showed a small enhancement in the catalytic activity for ORR in com-
parison to the polycrystalline Pt, but no change in the mechanism of the reaction.

Keywords: oxygen reduction reaction; platinum catalyst; carbon support;
temperature dependence; enthalpy of activation.

INTRODUCTION

Platinum is the most active electrocatalyst for the oxygen reduction reaction
(ORR) and it is still the only electrode material that can fulfill the demands for
fuel cells working in acidic media. The kinetics of this reaction was extensively
studied on smooth polycrystalline! =8 and monocrystalline®9-14 Pt surfaces and
on supported Pt nanoparticles,!522, as well as on Pt-based alloys23725 and Pt-al-
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loy nanoparticles.!9-26 Investigations on supported Pt nanoparticles are especially
important because this type of electrocatalyst is employed for the fabrication of
gas-diffusion electrodes in fuel cells with a solid polymer electrolyte (SPEFC).
Most of the research was focused on the effects of loading,!7-2! particle size,!5~17
supporting material!7-22 and the influence of the alloying metal.19:26 However,
there has been little systematic research on the temperature dependence of the
ORR on Pt nanoparticles, although SPEFCs operate at elevated temperatures.
Paulus et al.13 investigated the ORR on a Pt/Vulcan rotating disk electrode and
found good agreement of both the Tafel slopes and the activation energy with the
corresponding values on a single crystall3 and polycrystalline Pt surfaces.® Yano
et. al.20 used a channel flow double electrode cell operating as a closed system in
to order to eliminate any influence of temperature on the concentration of oxygen
in the electrolyte. The activities of Pt/Carbon black and a bulk Pt film with and
without a Nafion coating were investigated at temperatures in the range 30 to 110 °C.
At all three electrodes, the current densities per real surface area and the apparent
energy of activation agreed quite well, with the last being close to the results of
Paulus et al.!3

The temperature dependence of the ORR is not only important from the prac-
tical point of view, but it can also be used as a diagnostic tool for the elucidation
of the mechanism of the reaction. A well established fact about the ORR on Pt is
that the Tafel slopes differ at low and high current densities.3-5-8-13,18-22 [t was
postulated that this is not caused by a change in the rate determining step but in
the surface coverage by adsorbed intermediates. Sepa et al.8 proved this by com-
paring the enthalpy of activation at zero Galvani potential difference for these
two current density regions.

In this study, the temperature dependence of the ORR on Pt nanoparticles
supported on a carbon cryogel was investigated in order to determine the mecha-
nism of the reaction and to compare it with that of a polycrystalline Pt surface.

EXPERIMENTAL
Preparation of the catalyst

The catalyst used in the experiments was platinum nanoparticles supported on a carbon
cryogel powder. The carbon cryogel was synthesized by a sol-gel polycondensation and fre-
eze-drying; its BET surface area was 517 m? g'!.27 The platinum was deposited on the support
by a modified ethylene glycol method. The details of the preparation are given elsewhere.?®
The Pt loading of the catalyst was 20 wt. %.

Characterization of the catalyst

The Pt/C catalyst was characterized by X-ray diffraction (XRD) analysis and transmis-
sion electron microscopy (TEM). The XRD measurements were performed on a Siemens
D500 X-ray diffractometer using CuKa radiation with a Ni filter. The 26 angular region
between 5 and 80° was explored at a scan rate of 0.02° s”! with an angular resolution of 0.02°
for all XRD tests.
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The transmission electron microscopy (TEM) measurements were performed at the Na-
tional Center for Electron Microscopy, USA, (NCEM) using an FEI (Phillips electronic ins-
truments). The catalyst powder was suspended in ethanol, dropped onto a clean holey carbon
grid and dried in air. The particle size distribution was determined from images of 20 different
regions containing 10-20 particles each. The particle shape was determined by real space
crystallography using high-resolution images taken from particles near or on the edge of the
carbon black substrate and/or by numerical Fourier filtering of the digitized image intensity
spectrum of particles on the top of the carbon.

Electrode preparation

The catalyst was applied to a gold substrate (6 mm diameter) in the form of a thin film.
One milligram of Pt/C catalyst was mixed with 1.0 ml of water and 50 pl of Nafion solution
(5 wt. %, Aldrich). The suspension was agitated in an ultrasonic bath for 60 min and 12.5 ul
of it was placed on the gold electrode using a micro-pipette. After volatilization of the solvent,
the electrode was heated at 80 °C for 10 min. The amount of Pt on the electrode was 2.5 pg,
ie., 8.8 ugcm2,
Electrochemical measurements

A conventional three-compartment all-glass cell was used. The gold working electrode
covered with a thin film of the Pt/C catalyst was in the form of rotating disk. The counter
electrode was a platinum sheet of 5.0 cm? geometric area. A reversible hydrogen electrode in
the same solution, maintained at room temperature in a compartment separated from the wor-
king electrode, was used as the reference electrode. All potentials are referred to the reversible
hydrogen electrode (RHE). The electrolyte was 0.50 mol dm=3 HCIO, solution (Spectrograde,
Merck), prepared with high purity water (Millipore, 18 MQ cm resistivity) at 293 K. The
measurements were performed in the temperature range from 273 to 318 K.

Cyclic voltammetry was carried out in the electrolyte saturated with high purity nitrogen
in the potential range from 0.03 to 1.40 V, at a sweep rate of 100 mV s, Polarization curves of
the ORR were recorded in the same solution saturated with O,, bubbled continuously at 10° Pa
pressure through the working electrode compartment. A slow linear sweep (1.0 mV s'!) and a
potentiostatic steady-state technique were applied. The electrode was rotated at 1600 rpm. An
EG&G 273 potentiostat and a Philips PM 8143 X-Y recorder were employed in all the elec-
trochemical experiments.

RESULTS AND DISCUSSION
Structure and particle size of the Pt/C catalyst

The XRD pattern of the Pt/C catalyst, given in Fig. 1, shows three characte-
ristic reflection peaks: a peak at 260 = 44.2°, corresponding to the hexagonal
graphite structure (100) and peaks at about 39 and 46°, corresponding to the Pt
(111) and Pt (200) plane, respectively. The first peak suggests good graphite cha-
racteristics of the carbon cryogel and the diffraction peaks of fcc Pt demonstrate
a successful reduction of the Pt precursor to metallic Pt.

The low magnification TEM micrograph, presented in Fig. 2a, shows a very
uniform Pt nanoparticles distribution. The mean particle size was determined as
2.7+0.7 nm. The atomically resolved image in Fig. 2b shows Pt atomic rows,
with a spacing corresponding to the (200) and (111) planes of the fcc Pt nano-
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particles, as indicated in the corresponding digital diffractogram also given in
Fig. 2b. The Pt particles have the common cubo-octahedral shape. Occasionally
twinned particles were observed with the same (111) twinning plane, as was ob-
served with some other Pt-based catalysts.2%
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Fig. 1. X-Ray diffraction pattern of the Pt/C catalyst.

Fig. 2. TEM Images of the Pt nanoparticles on the carbon substrate; a) low magnification
overview showing the spread of the Pt particles distribution on the carbon support; b) high
resolution image showing the cubo-octahedral shape of a Pt particle.

Cyclic voltammetry of the Pt/C catalyst

The electrochemically active surface area is an implicit factor in the determi-
nation of the current density for any electrochemical reaction. This parameter
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was determined from the steady-state cyclic voltammogram of Pt/C electrode in a
0.50 mol dm™3 HCIlOy4 electrolyte, shown in Fig. 3. The anodic part of the vol-
tammogram, corresponding to hydrogen desorption, was integrated and the doub-
le-layer charging current subtracted. Assuming that 210 pC cm2 corresponds to
a monolayer coverage of adsorbed hydrogen, the surface area of the Pt nanopar-
ticles was determined and the current densities for oxygen were calculated with
respect to the surface area of that particular layer of the catalyst. The average va-
lue of the specific surface area of Pt particles was found to be 76 m2 g~1. Appro-
ximating the cubo-octahedral Pt particles as ideal spheres, a particle diameter of
3.7 nm was calculated. This value is larger that that obtained by TEM but this is
to be expected because the surface of the supported catalyst particles in a thin
film on the electrode is never completely accessible in the electrochemical ex-
periments. However, taking into account also the fact that the carbon support ma-
terial was also of high porosity, it is to be expected that some of the Pt particles
were located in the inner part of the carbon support (micropores) and, conse-
quently, were not electrochemically active (utility efficiency).

04 ———7—T——T T T

0.2 -

0.2 | -

-0.4 | - Fig. 3. Cyclic voltammetry curve for the

e —— Pt/C electrode at a sweep rate of 100

O B R mV slina N,-saturated 0.50 mol dm™3
E/V vs RHE HCIOy, solution at 298 K.

It should also be stressed that the current associated with the double layer is
not constant with potential, meaning that the evaluation of the charge associated
with UPD H would carry a certain error and this might explain the discrepancies
between the average value of specific surface area found from integration of the
UPD H peaks and average particle size from TEM images.

Kinetics of oxygen reduction

Since the ORR depends on the hydrodynamic conditions, a rotating Pt/C disk
electrode was employed to measure the current densities of the reaction. The po-
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larization curves for the ORR at different temperatures recorded with a slow po-
tential sweep at an electrode rotating at 1600 rpm are shown in Fig. 4. The
limiting current densities increased with temperature, indicating that the increase
of the oxygen diffusion coefficient with temperature was higher than the decrease
of oxygen solubility. A similar temperature dependence of the limiting current
between 20 and 40 °C was reported in the literature.!8

0.0 T T T T T T == T
s 7 ’ /‘/."'
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E/V vs. RHE

Fig. 4. Potentiodynamic (1.0 mV s'!) polarization curves for the ORR at a Pt/C disk electrode
rotating at 1600 rpm in a 0.50 mol dm™3 HCIO, solution as a function of temperature.

For the kinetic analysis, the ORR current densities were determined by po-
tentiostatic steady-state measurements because this technique corresponds better
to real fuel cell conditions than linear sweep voltammetry. Also, a correction for
the double layer charging current is avoided in steady-state measurements, which is
important since the carbon cryogel support had a large surface area. After 30 min
stabilization of the open circuit potential of the Pt/C electrode, potential steps of
30 s were applied in the ascending direction of overpotentials. These currents were
corrected for the diffusion effects using the equation for the kinetic current density:

Ll 1 O

—

Iy, -1 Sp
where [ is the measured current, /1 is the limiting current and Sp; is the surface
area of the Pt nanoparticles on the electrode, determined by cyclic voltammetry.
The polarization curves, given as E vs. log jkin plots, at temperatures in the range
from 273 to 318 K are shown in Fig. 5. In the whole examined temperature range,
two distinct linear regions were observed, with Tafel slopes, b, increasing with
temperature from 57 to 74 mV dec™! at low current densities, and from 113 to
133 mV dec™! at high current densities. In order to determine the transfer coeffi-

Jkin =
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cients, the Tafel slopes were plotted as a function of temperature. Figure 6 shows
the linear dependence on temperature in both current density regions. At high cur-
rent densities, the b vs. T line follows the conventional dependence of-2.3R7/fF,
with £ being constant and close to 0.5. Such a conventional dependence, with f=
= 1/2, is indicated in Fig. 6 by a broken line. At low current densities, the slope
of b vs. T is close to —2.3RT/F. The Tafel slopes are similar to those on poly-
crystalline Pt.3-5.9
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0.65 |
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Fig. 5. Mass transfer corrected Tafel plots for the ORR on a Pt/C electrode in a 0.50 mol dm
HCIOy solution for the temperature range 274-318 K.
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Fig. 6. Temperature dependence
of the Tafel slope in low and
high current density regions for
the ORR at a Pt/C electrode in
a2 0.50 mol dm HCIO,. The con-
ventional dependence for = 0.5
is indicated by the broken line.

The apparent enthalpy of activation of the oxygen reduction can be deter-
mined from the Arrhenius plot log jii, vs. T~!. However, since the concentration
of dissolved oxygen in the electrolyte depends on the temperature, the kinetic
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currents were normalized with respect to oxygen concentration at the given tem-
perature.30 The data for the potentials in low and high current density regions are
presented in Fig. 7. The apparent enthalpies of activation were determined to be
69 kJ mol~! at 0.900 V and 46 kJ mol~! at 0.700 V. These values are higher than
those reported in the literature,!8:20 which is probably the result of the different
techniques employed for recording the polarization curves, i.e., in this study, the
steady-state technique was employed while in the others, the linear potential sweep
technique was applied.

1 Fig. 7. Arrhenius plots for the
ORR in a 0.50 mol dm> HCIO,
at a Pt/C electrode at potentials
in the low and high current den-
sity regions. The mass transfer
4 L . L ! ! corrected currents were normali-

3.1 3.2 3.3 3.4 3.5 36 3.7 zed with the respect to the con-

7"710° K centration of dissolved oxygen.

log [,/ ¢(0,)]

E=0.900V

The activity of the Pt/C catalyst for the ORR is compared with that of poly-
crystalline Pt in Fig. 8. For both electrodes, the current densities were calculated
using the Pt surface area determined by cyclic voltammetry. As can be seen, the
ORR current densities are higher on Pt/C catalyst than on polycrystalline Pt at
more positive potentials while they are almost the same at potentials closer to the
limiting current. The higher activity of Pt nanoparticles is probably the result of
their surface structure. According to Sattler and Ross,3! surface (111) and rough
(110) regions dominate for particles of less than 3.5 nm. The TEM image of a Pt
particle in the Pt/C catalyst used in this work (Fig. 2b) confirms that the (111)
structure prevails in small particles. On the other hand, Markovié et al.12 showed
that the activity for the ORR increased in the order (100) < (110) = (111) in HCIO4
solutions.

Mechanism of the oxygen reduction reaction and apparent enthalpies of activation

A change in Tafel slopes with potential for an electrochemical reaction is
usually explained by a change in the mechanism of the reaction. However, in the
case of oxygen reduction, where adsorbed intermediates are involved, there is
another possibility. For oxygen reduction on polycrystalline Pt, this was explain-
ed>-3 by a change in the adsorption conditions of the adsorbed intermediates from
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Temkin to Langmuirian. The same analysis as on polycrystalline Pt will be applied
for oxygen reduction on the Pt/C nanostructured catalyst employed in this study.

100 [ T T T T T T T
0.95F ® %, E
0.90 3
w 085F 3
T ]
T osof ]
¢ ]
> o075k @ PYC ]
W .
Polycrystalline Pt ]
0.70 [ E
; ® ] Fig. 8. Mass transfer corrected
W) s e 7 Tafel plots for the ORR at a Pt/C
I ) . . . ] and a polycrystalline Pt elec-
-3 2 -1 0 1 trode in a 0.50 mol dm= HCIO,
log (j/ mA cm?) solution at 298 K.

According to Sepa et al.5 the first step in oxygen reduction is the adsorption
of molecular oxygen, which is followed by the slow transfer of an electron with
or without the participation of an H30™:

M +0y == M09 2)
M--0; +H30" + e~ — products 3)
or
M--0; + e — products 4)
The rate equation for the proposed mechanism is:
sk
=k exp(- 20 expp EFaon)y 5)

where AGS is the Gibbs energy of activation for the rate determining step at the
zero Galvani potential difference, E,p is the potential on the hydrogen electrode
scale, at which the Galvani potential difference at the working electrode is zero32
and £ is the rate constant containing pH and oxygen partial pressure dependences
of the individual rate equations as required for the steps (3) or (4).

Taking that the surface coverage by the adsorbed intermediates at high cur-
rent densities is low, as was shown to be the case for both polycrystalline Pt> and
Pt nanoparticles supported on Ebonex,22 Langmuirian conditions prevail and AG(’)k
is independent of the coverage, meaning that the reaction rate is:
AGg,h ) exp] PF(Ey — Ezop)]

P RT
where the subscript "h" denotes the high current density region.

Jn = ky, exp(= (6)
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In the low current density region, the coverage with the reaction interme-
diates is appreciable-22 and Temkin adsorption conditions must be considered.
Since the adsorption energy of the reaction intermediate decreases with increa-
sing coverage of oxygen species, the chemical part of the Gibbs energy of activa-
tion increases with the coverage:

AGy = AGy + ar(6 - 6r) (7)

where Oy is the transition level of surface coverage above which AG* is affected
by the coverage and where Langmuirian conditions change to Temkin conditions
of adsorption, AGS is the Gibbs energy of activation at low coverage (6 < ér), r
is an energy parameter and « is a symmetry factor, usually taken to be 0.5. In the
potential region where the Tafel slope is —2.3RT/F, the surface coverage € was
found to be linearly dependent on the electrode potential,> according to the relation:

eer=§ (E - Ey) (8)

where ET is the transition potential at which ér is reached, and the Tafel slope
changed to —2.3x2RT/F. Substituting Eq. (8) into Eq. (7), the Gibbs energy of
activation is related to the electrode potential by:

AGy = AGy + aF (E - Et) 9)
When Eq. (9) is introduced into the rate law (4), it takes the form:

=k exp(— AGSJ)CX [- F(akE +:BE1 —akEr _ﬂEzop)]
J1 =K €Xp RT p RT

where the subscript "l" denotes the low current density region.

If rate determining step in the low and high current densities regions is the
same, then the enthalpies of activation in these two regions will also be the same.
Since the enthalpy of activation is a function of the electrode potential, the values
at the same potential, e.g., at the zero Galvani potential difference, are to be
compared. In order to do this, Egs. (9) and (10) have to be differentiated with
respect to temperature. If it is assumed that the variation of the entropy of acti-
vation over the narrow temperature range of 40 °C is small and can be ignored,
the enthalpies of activation at given potentials (£ and £7) vs. RHE, are given by
the following equations:

(10)

ki p By~ Ey)
e T VE5)

X
T d(1/7)

Vg, = AHop + BFER = FE,q, + (12)

and
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Ay g, = =R 5, = AHG + F(BE + (B~ Ep) =~ P op +
P @B = Er)+ f(E ~ Eyop)) 03
T d(1/7)

where AHS:h and AHS:I are the enthalpies of activation for the high and low
current density regions at the zero Galvani potential difference. They cannot be
experimentally determined because of the unknown £, but their difference can
be calculated usmg the apparent enthalpies of activation at the constant potential,
AH a, E and AH a El

*
AV(AHg)=AHy) - AHgp, =
0{F dET

* *
=AH, g, —AH, g —F(aE + PE - PEy, - ﬂET)"‘? a7

It should be noted that the difference in the enthalpies at the zero Galvani
potential depends neither on the position of the zero Galvani potential nor on the
choice of the reference electrode.

Calculation of All1 (AHS ) according to Eq. (14) requires the temperature de-
pendence of the transition potential, £7. The transition potentials were determi-
ned from the intersections of the Tafel lines in the low and high current density
regions (Fig. 6) and plotted as a functlon of temperature in Fig. 9. All the data
necessarz for the calculation of Al (AHO) at 298 K are given in Tablel. As a
result, A} (AH, 0) ~ 1 kJ mol_ was obtalned Such a small difference can be igno-
red taklng that AHOl ~ AHO h- This is the proof that oxygen reduction on the
Pt/C catalyst followed the same mechanism in both the low and high current
density regions. The difference in the Tafel slopes was not caused by different
rate determining steps but by the change in the surface coverage and the adsorp-
tion conditions.

(14)

0.84 |- .
0.82 .
% dE./dT"=-46 VK
5 080f
>
>
u~ 078 .
Fig. 9. Dependence of the tran-
0.76 | 4 sition potential on temperature
L 1 1 1 1 I for the ORR at a Pt/C electrode
3.1 3.2 3.3 3.4 3.5 3.6 37 in a 0.50 mol dm? HCIO,

T'710° K" solution.
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TABLE I. Data for the calculation of the difference in the enthalpies of activation at the zero
Galvani potential for oxygen reduction on a Pt/C catalyst at 298 K: the apparent enthalpies of
activation in the low and high current density region, the transition potential and its variation
with temperature

aF  dE;

AH) . _ AH, . _ FaE —x AN (AH
a,E1—04_710V aEp _010\/ v f;of-l T da;T) kl( 1(-)')
kJ mol kJ mol 1J mol”! J mo
69+4 4643 39 7.5 1
CONCLUSIONS

Platinum nanoparticles supported on a carbon cryogel showed activities for
the ORR which was higher than that of polycrystalline Pt in the low current den-
sity region but the same in the high current density region. This is in accordance
with literature data about preferential (111) and (110) faces on Pt nanoparticles
smaller than 3.5 nm3! and the higher activity of these planes for the ORR than
the (100) plane.!2

The Tafel slope values were —2.3RT/F in the low current density region and
—2.3x2RT/F in the high current density region, which is the same as on poly-
crystalline Pt. Therefore, an analysis of the apparent enthalpies of activation
based on the proposed mechanism for oxygen reduction on polycrystalline Pt was
performed. It was confirmed that the enthalpies of activation at the zero Galvani
potential difference in both current density regions were the same, meaning that
the same rate determining step of the ORR on Pt/C was operative in all potential
regions, despite the changes in the Tafel slopes. The change in kinetics with po-
tential arose from the different adsorption conditions of the reaction intermedi-
ates with potential. The values of the apparent enthalpies of activation, higher
than those reported by applying linear potential sweep, could be the result of the
steady-state technique used in the present experiments, which corresponds better
to the real fuel cell conditions than linear sweep voltammetry.

Acknowledgement. This work was financially supported by the Ministry of Science of the
Republic of Serbia, under Contact No. 142038.

U3BOJ

TEMIIEPATYPHA 3ABUCHOCT EJIEKTPOXEMMJCKE PEAYKIUWJE KHCEOHUKA HA
HAHOYECTUILAMA IUTATUHE HA YI'JbBEHUYHOM HOCAYY

HEBEHKA. P. EJIE30BUR', BUJbAHA. M. BABIR2, HEJIEJBKO. B. KPCTAJURS,
CHEXAHA. Jb. TOJKOBU'R u JHUJbAHA. M. BPAUAP?

! Mucitiniiyi 3a myaiiuducyuiiaunapra uciiipaxcusarba, beozpad, >Mnciiuiiyid 3a Hykaeaphe nayke "Bunua”,
beozpao u 3Texnoaouko—meitian ypulku axyaitieii YHusep3uitieitia y beozpaoy, beozpao

Kunernka peakije peayKiuje KHNCCOHHKA je UCIUTHBAHA HA HAHOYECTHI[AMA IUIATHHE JTUC-
IepropaHNM Ha yIJEEHMYHOM Hocauy, y 0,50 mol dm™ HClO4, y TemnepaTypHOM HHTEpBAIy O
278 no 318 K. 3a cunre3y Pt katanmuszaropa (Pt/C) je npumemeHa Moan(pUKOBaHA OIHOI METO/IA
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W3 PacTBOpa €TUJICH INIMKOJIA, AOK je Kao Hocad KopumheH yribeHn4HU kpuored. Kartammsarop je
okapaktepucan npumenoM BET merone, mudpakmmje X-3paka (XRD) u TpaHCMHCHOHE €1EKTPOH-
cke mukpockonuje (TEM). Kuneruka peakiyje peaykuuje KMCEOHHKA HUCIUTHUBaHA je Kopwuiihe-
BEM CTAllMOHApHE TT0JIapH3allOHe METOIe ¥ METO/Ie IMKINYHE BoaTameTpuje. O6IacT Majix ryc-
THHA CTpyje, Ha CBUM TerepaTypaMa, Ha KpUBOj Iojlapu3aluje, kapakrepuine Bpegsoct Tafel-osor
Haru6a on —2.3RT/F, nox je y oOJacTH BHCOKHX TyCTHHA CTpyje BpPEIHOCT OBOT Harmoa
—2.3x2RT/F. Onpehene cy BpemIHOCTH MPUBUAHE CHTAINH]C aKTUBAalWje Ha KOHCTAHTHUM IIOTCH-
nyjanuma, 3a obe obJacTu TyCTHHA CTpyja, M BUXOBa pasiiKa MCKa3aHa 3a Hyny [anBaHujeBe
paznuke norenuujana. [lorBpheHo je na je MexaHH3aM pelyKiHje KHCEOHHKA, Kao U CTyIam KOjH
onpehyje ykynHy Op3uHY peakiyje UCTH y 00e 001acTH TyCTHHA CTpYja, a Ja je pa3iiuka y KUHe-
TUIY peaklyje MoCIeanIa Pa3IuKe Y 3aBUCHOCTH aJICOPIILHje PeaKMOHUX UHTepMeanjapa o Ho-
teHuyjana. IlopehermeM KatanmuTHYKe aKTHBHOCTH, U3Pa)KCHE MPEKO T'YCTHUHE CTPYje IO PeaiHoj
MOBPIIMHA KaTajan3aTropa, KOHCTaToBaHa je HemTo Beha aktuBHOCT Pt/C xarannzaTopa y oJHOCY Ha
TOJIMKpUCTAHY Pt.

(ITpumsseno 11. jyma, peuaupano 20. HoBembpa 2007)
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Abstract: The pK, values of protonated triethylamine, pyridine and 2,2'-dipyri-
dyl in propylene carbonate (PC) were determined by applying the coulometric—
—potentiometric method and a hydrogen/palladium generator anode (H,/Pd).
The investigated and reference base were titrated to 50 % with protons electro-
generated from hydrogen-saturated palladium, in the presence of sodium per-
chlorate as the supporting electrolyte. The half-neutralization potentials £}
and E} /) of the investigated and standard base, respectively, were measured
using a glass—SCE pair. The obtained pK, values were compared with those
reported in the literature.

Keywords: coulometry; pK, of base; propylene carbonate; hydrogen/palladium
electrode.

INTRODUCTION

There are only a few papers in the literature concerning the determination of
the pKa of bases in PC.173 The presented procedures for the determination of
pKa values are based on the potentiometric titrations of bases with a standard so-
lution of perchloric or hydrochloric acid. The pKa values for protonated amines
reported in the literature differ considerably between one another.2-3

PC is an aprotic dipolar solvent which has some advantages ("environmental
friendly" solvent) over other protophobic solvents such as acetone or acetonitrile.
This solvent has been recommended as a medium for electrochemical investiga-
tions# and acid base titrations.>8 The principal disadvantage of PC, is that it
hydrolyzes fairly rapidly in the presence of strong acids. In previous papers’8 it
was shown that the use of a standard perchloric acid solution for titration of bases

* Corresponding author. E-mail: nikola66@net.yu
# Serbian Chemical Society member.

doi: 10.2298/JSC0806655J)
655
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in PC can be avoided by generating perchloric acid coulometrically at a Hp/Pd
electrode. Furthermore, a Hy/Pd electrode was applied as a generator electrode
for the determination of the autoprotolysis constant of PC® and other aprotic sol-
vents,10 as well of protonization constants of electrolytes in ketones.!!=12 The
aim of this work was to confirm whether the coulometric—potentiometric method
and a hydrogen/palladium generator electrode can be employed for the determi-
nation the pK s values of some organic bases in PC.

EXPERIMENTAL

Apparatus and electrodes

The apparatus and electrodes used in this study were described earlier. !
Reagents and solutions

All chemicals were of p.a. purity (Merck and Fluka). Propylene carbonate was distilled
under reduced pressure (b.p. about 80 °C) before use. The supporting electrolyte was a 0.10
mol dm™3 solution of sodium perchlorate in PC. The liquid bases triethylamine and pyridine
were dried over fused potassium hydroxide and then distilled under reduced pressure. An ap-
propriate amount of a base was weighed into a volumetric flask, dissolved in PC and then
diluted to the mark. The base concentration (0.010 mol dm™) was checked by titration with
protons generated at a H,/Pd electrode, with potentiometric detection of the equivalence point.
Procedure

A base solution (2.00 ml) and the sodium perchlorate solution (18.00 ml) were put into
the anode compartment of the electrolytic vessel. The sodium perchlorate solution was put
into the cathode compartment to the same level. The auxiliary electrode (a platinum wire) was
immersed in the catholyte. The generator H,/Pd anode and the electrode pair glass-modified
SCE were immersed in the anolyte. The current was switched on, and H* ions were generated
at the H,/Pd anode in the amount required to half-neutralize the reference base (investigated
base) solution. Titration of the base (0.0010 mol dm) was performed at a constant current
(3.0 mA). After thermostating at 25.0£0.1 °C, the potential was read.

RESULTS AND DISCUSSION

The dissociation constants of protonated triethylamine, 2,2'-dipyridyl and
pyridine in PC were determined in the following cells:

SCE || By, em, BHY; , oM | glass electrode
SCE || Bx, ecm, BHY, e | glass electrode

The standard and investigated base at the same concentration cp; were
titrated coulometrically to half-neutralization with protons generated by the
anodic oxidation of hydrogen dissolved in palladium in presence of sodium
perchlorate as the supporting electrolyte. The half-neutralization potentials Ej/st.)
and E/y(x) of the standard and investigated base, respectively, were measured by
a glass—SCE electrode pair. The pKa value of the studied base was calculated
according to the following equation:
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PKAx) = PKA(st) T (E172(x) — E1/2(s1))/0.059
where pKa(st,) represents the dissociation constant of the standard base 1,3-di-
phenylguanidine (pK(st.) = 16.98).

The pKa values of the investigated bases determined coulometrically using a
H,/Pd anode and a 0.10 mol dm=3 sodium perchlorate as the supporting elec-
trolyte, as well as the literature data obtained by other experimental techniques,
are summarized in Table I.

TABLE 1. Dissociation constants of protonated organic bases obtained by coulometry at

25.0+0.1 °C (supporting electrolyte, 0.10 mol dm sodium perchlorate in propylene carbo-
nate; generation current 3.0 mA)

Base pKAtSD? pK, literature data?
Triethylamine 17.28+0.09 17.94
2,2'-Dipyridyl 13.20£0.07 -

Pyridine 11.32£0.10 11.92

aStandard deviation; number of determinations: 5

No data have been published in the literature for 2,2'-dipyridyl. The experi-
mental pKp value for 2,2'-dipyridyl obtained in this study by coulometry is
13.2040.07. The pKa values for pyridine and triethylamine determined by the
herein proposed procedure are lower by approximately 0.60 pK units than those
obtained by the classic potentiometric method.! This can be explained by the dif-
ferent conditions of the investigation in the present work in comparison with those
applied by other authors.

In the herein proposed procedure, the use of a Hy/Pd anode as the source of
hydrogen ions in the coulometric determination of the dissociation constants of
bases in PC makes this simpler than the classical method. The oxidation of hyd-
rogen generates "dry" hydrogen ions, hence, as the introduction of a titrant into
the solution is avoided, the titrated volume and the ionic strength remain unchan-
ged. Particularly, since the ionic strength of the solution in PC cannot be calcu-
lated, the coulometrically determined acid dissociation constants of protonated bases
are only valid for the applied supporting electrolyte, sodium perchlorate at a con-
centration of 0.10 mol dm™ and thus represent conditional dissociation constants.

Based on the values of the dissociation and homoconjugation constants of
acids in PC and acetonitrile, it was shown that an enhanced polarity of the aprotic
solvent is favorable for the dissociation of the cationic acids and that PC is a
somewhat stronger base than acetonitrile.! In accordance with this consideration,
the pKa values of bases in PC determined either by coulometry or the classic
method are smaller than those obtained in acetonitrile.2

PC has a small autoprotolysis constant, a relatively high permittivity and
dipole moment, as well as a pronounced differentiating effect, relative to many
electrolytes. On account of these properties, PC is suitable for the determination
of mixtures of bases. A differential titration of bases in this solvent is only pos-
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sible if the difference between the pK values of the bases in the employed solvent
is sufficiently high. From this point of view, the conditional dissociation cons-
tants of protonated bases in PC are important physico—chemical parameters, which
can be used for predicting the conditions for the differential coulometric—poten-
tiometric titration of bases in mixtures in this solvent.

CONCLUSIONS

The conditional dissociation constants of triethylamine, pyridine and 2,2'-di-
pyridyl in propylene carbonate were determined by applying the coulometric—
potentiometric method and a hydrogen/palladium generator anode. Employing
this procedure, the preparation of a standard solution of perchloric acid, which is
unstable in this solvent, is avoided and the effect of dilution of the solution in the
course of the titration is eliminated. This method is simpler than the classical
potentiometric method.

Acknowledgments. The authors are grateful to the Serbian Ministry of Science for finan-
cial support (Grant No. 142060)

U3BOJ

KYJIOHOMETPUJCKO-TIOTEHHHMOMETPUICKO OAPEBUBAILE pK
HEKHNX OPITAHCKHX BA3A V ITPOITMJIEHKAPBOHATY

JBUJBAHA H. JAKIINR! u PAJIMUIJIA M. LIY}IOBI/I"FL2

! Mpupoono—maiiemaiiuyicu (axy.itieiss, Yuusepsuitieiis y Kpazyjeeuy, Padoja Jomanosuha 12, 34000 Kpazyjesay u
2Pydapcro—zeoaowu axyaitieid, Ynusepauiie y Beozpady, Bywwna 7, 11000 Beozpad
[TpumeHOM KyJIOHOMETPHjCKO—TIOTCHIIIOMETPHjCKE METOJE U BOJOHHK—IIANAJNjyMOBE T'eHe-
patopcke enekrpone oapehene cy pK, BpeOHOCTH MPOTOHHUCAHOT TPHETHIAMHHA, TUpUANHA U 2,2'-
IMITUPUANIA Yy TpomuieHkapOonaty. McnutuBana u pedepeHTHa 0a3za TUTPUCAHE Cy KYyJIOHO-
MeTpHjcku 10 50 % nporoHnMa JOOMjeHUM aHOAHOM OKCHALM]OM BOJIOHHKA PACTBOPEHOT y Maja-
JMjyMy Y TIPUCYCTBY HATPHjyM-TIEpXJIOpaTa Kao0 OCHOBHOT €IEKTPOJUTA. [1oyy-HeyTpan3aiioHu
notenumjanu (Eq/ ) and Ejj)) HCIUTHBaHE M cTaHuapjHe 0a3se MEPEHH Cy NPHUMEHOM ENeK-
TpoaHoT mnapa crakiena enxekrpona—3KE. Ha ocHOBY BpepHOCTH HONTy-HEyTpann3andOHHUX ITOTEH-
umjana u pKa(s) BPEAHOCTH CTaHAapAHe 0ase M3padyHATe Cy KOHCTAHTE JMCOLMjalMje MCIUTH-
BaHux 0aza. Jlobujene pK BpenHoctu ynopeheHe cy ca IuTepaTypHUM MOJaluMa.

(ITpumsbeno 30. nHoBemGpa 2007, peunupano 4. pedpyapa 2008)
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Abstract: The results of an investigation of the capacitive characteristics of sol—
—gel-processed titanium- and carbon-supported electrochemically active noble
metal oxides, as representatives of porous electrode materials, are presented in
the lecture. The capacitive properties of these materials were correlated to their
composition, the preparation conditions of the oxides and coatings, the
properties of the carbon support and to the composition of the electrolyte. The
results of the electrochemical test methods, cyclic voltammetry and electroche-
mical impedance spectroscopy, were employed to resolve the possible physical
structures of the mentioned porous materials, which are governed by the con-
trolled conditions of the preparation of the oxide by the sol-gel process.

Keywords: porous electrodes; sol—gel procedure; oxide sols; supercapacitors;
dimensionally stable electrodes.

High surface area porous materials, applied as electrodes in many electro-
chemical processes and in energy-storage devices, are comprehended as so-called
quasi-3D electrochemical systems.! Opposed to planar smooth electrode surfa-
ces, the electrochemical and capacitive properties of porous electrodes are cha-
racteristic functions of their morphology and physical structure.? Due to the ever-
-growing interest for the investigation of dispersed Pt-based electrocatalysts3—>
and electrochemical supercapacitors!-® of highly extended surfaces, it is extre-
mely important to develop powerful tools which model in detail the applicative
behavior of disperse electrodes, taking into account their physical state.”9

Carbon black!0 supercapacitors and carbon black-supported noble metal oxi-
des pseudo-supercapacitors, as well as porous coatings, consisting of noble metal

§ Lecture at the Meeting of the Electrochemical Division of the Serbian Chemical Society, 19
February 2008.

* E-mail: panic@ihtm.bg.ac.yu

# Serbian Chemical Society member.
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oxides on activated titanium anodes are typical examples of porous electroche-
mical systems. It is known that the capacitive properties of these materials are
strongly influenced by the real surface area, porosity and particle size and distri-
bution, due not only to diffusion limitations of the pseudocapacitive redox transi-
tions but also to the difficult double layer charging/discharging transients at the
inner surfaces of the porous material.l-11-13 Electrocatalytic activity and electro-
lytic stability of titanium anodes activated by sol-gel processed RuO,—TiO; in
chlorine and oxygen evolution were found to be sensitive to particle size and dis-
tribution owing to so-called geometric factor, related to real surface area chan-
ges.14-16 The above-mentioned structure-related electrochemical characteristics
of porous electrode materials emerge if they are subjected to a time-dependent in-
put signal — the electrode potential, in most cases. Hence, a variety of information
related to porous electrode system can be obtained using the methods of cyclic
voltammetry (CV), with changeable potential ramp input signal, and electroche-
mical impedance spectroscopy (EIS), with a sinusoidal potential signal of adjus-
table frequency.

In this lecture, a survey of the results of an investigation of the capacitive
properties of carbon blacks (CB) and two types of RuO»,-based porous materials
is presented. Two commercial CBs, with a near 10-fold difference in BET sur-
face area, and the from them obtained C/RuO; composite materials (first type of
RuO»-based porous materials), with different particle sizes of the sol-gel pro-
cessed RuO,, were investigated as supercapacitive materials in the form of a thin
layer over an appropriate current collector. The influence of the amount of Ti-sup-
ported RuO; coating (second type of RuO»-based porous materials) on its capa-
citive properties in H»SO4 and NaCl solution was examined for RuO, coatings
prepared by an alkoxide ink procedure.

For all the investigated porous materials, the capacitive response can be in-
terpreted by a layer (coating) in-depth distribution of the capacitance. From CV
measurements, the response of the external layer (coating) surface, directly expo-
sed to the bulk electrolyte, and the internal one, exposed to the electrolyte only
through the pores, can be resolved. More detailed in-depth capacitance profiling
is available from EIS measurements, since these materials were found to be elec-
trically equivalent to the transmission line circuit.! This electrical circuit com-
prises n parallel branches with R}, ;, and Cy,, being the pore resistance and associ-
ated capacitance, respectively, in series in each branch. In comparison to CV data,
EIS profiling offers refined distributions of R, and C with respect to the layer
(coating) depth, qualitatively reflected through the value of n. An analysis of the
capacitance in-depth profile thus aids in resolving whether a certain porous elec-
trode would be suitable for a certain electrochemical process and/or char-
ging/discharging regime.

The results for the CBs showed that the larger surface area the internal sur-
face is less available for charging/discharging processes. In the case of CBs with
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a surface area of the order of 1000 m2 g~!, the internal surface participates almost
90 % to the overall capacitive response, while for low surface area CBs (several
hundreds of m? g-1), this participation is below 50 %. Analysis of the EIS data
by fitting to the transmission line model showed that high surface area CBs, as a
rule, require higher n values than low surface area ones. In addition, the EIS data
indicated that the pore resistance increases by up to two orders of magnitude in
going from the external towards the internal surface (from the first to the nth
branch of transmission line).

Depending on the particle size of the oxide, CB-supported RuO, composite
supercapacitors can behave twofold. In the case of small oxide particles com-
bined with a high surface area CB, the total layer capacitance could be even
smaller than that of the pure CB. The detailed in-depth capacitance profile by EIS
indicates the hindered response of the internal CB surface, since small oxide par-
ticles block the pores required for the electrolyte to penetrate to the internal sur-
face of the CB, which appears not to be impregnated by the oxide due to steric
difficulties. The oxide pseudocapacitance superimposed on the CB double layer
capacitance is not high enough to replace the capacitance of the blocked internal
surface. However, if the oxide particle size is greater, the pores become partially
unblocked, which manifests itself as an increase in the capacitance of the com-
posite with respect to the CB-supported small oxide particles, due to the contri-
bution of the internal surface of the CB. Similar observations also hold for com-
posites involving a low surface area CB but, in this case, the composite capaci-
tance is considerably higher in comparison to the CB, irrespective of the particle
size of the oxide.

A similar behavior was also registered for RuO, coatings on Ti prepared by
the alkoxide ink procedure.!l” A thick coating required a higher n value than a
thin one, hence a more refined capacitance in-depth distribution was obtained for
the thick coating. Additionally, the distribution was dependent on the compo-
sition of the electrolyte; a higher » value was required for a NaCl solution of
rather high concentration than for a 1.0 M H»SOy4 solution. This effect can be ex-
plained by the different ion mobility in electrolytes of different composition and
concentration, bearing in mind the diffusion limitation of oxide redox transitions,
as well as the slow response of the ions to a fast perturbation of the input char-
ging/discharging signal.

Generally, an increase in surface area and a decrease in the particle size of
electroactive porous materials (for composites, these features are not straight-
forwardly interconnected!) should lead to an improvement of the electrochemical
characteristics, but the regime in which the material is to operate should be consi-
dered carefully.

Acknowledgements. The results presented in the lecture were realized due to the financial
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NU3BOJ

CYIIEPKOHAEH3ATOPCKE KAPAKTEPUCTHKE EJIEKTPOXEMUICKHU AKTUBHUX
ITOPO3HUX MATEPUJAJIA

BJIAJUMUP B. [IAHUR

Hncmuiniyi 3a xemujy, itiexnoaozujy u meiianyp2ujy, Llenitiap 3a eaexitipoxemujy, hezowesa 12, 11000 beozpao

VY okBHUpy npenaBama Cy MPUKA3aHH PE3yNTaTH NUCTINTUBAkA KaNalUTHBHUX KapaKTEPHCTHKA

SJICKTPOXCMU]CKH aKTHBHUX IPEBJIaKa OKCHJA IUIEMEHHTHX MeTana (POPMHpaHMX HAa TUTAHCKOM
HOCa4y ¥ KOMIIO3UTHHUX YIJbeHHYHO—OKCUIHUX MaTepHjajia Kao Hajuyehux THIOBa IIAHAPHUX I10-
po3HuX enekTpona. KananutueHa CBOjCTBA OBUX €JIEKTPOJA UCIIUTHUBAHA CY Y (QYHKIM]H EBHXOBOT
cacraBsa, ycJoBa IO/ KOjUMa cy HOOHMjeHH OKCHIH U IIPEeBJIaKe, KapaKTEePHCTHKA YIJbeHUIHOT HO-
caya M cacTaBa €JIEKTPOJINTA, METOAaMa LUKINYHE BOJITAMETpPHje U CIIEKTPOCKOIH]E ENICKTPOXe-
MHjCKe MMIleIaHnuje. Pe3ynraTn e1eKTpoXeMHjCKHX METoJa KOpEIHCaHH ¢y ca MoryhoM cTpyk-
TYpOM OBHX Matepujaia Kojy Ae(pUHHUIIEe KOHTOINCAHU HPoLieC Jo0Hjarba OKCH/IA COJ-Tell MOCTYIIKOM.
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Abstract: An accurate, sensitive and reproducible high performance liquid
chromatographic (HPLC) method for the quantification of doxycycline hyclate
in pharmaceutical samples has been developed and validated. The drug and the
standard were eluted from a Lichrosorb RP-8 (250 mmx4.6 mm, 10 pum par-
ticle size) at 20 °C with a mobile phase consisting of methanol, acetonitrile and
0.010 M aqueous solution of oxalic acid (2:3:5, v/v/v). The flow rate was
1.25 ml min"!. A UV detector set at 350 nm was used to monitor the effluent.
Each analysis required no longer than 4 min. The limits of detection and quan-
tification were 1.15 and 3.84 pg ml!, respectively. Recoveries for different
concentrations ranged from 99.58 to 101.93 %.

Keywords: high performance liquid chromatography; doxycycline hyclate; ultra-
violet detection.

INTRODUCTION

Doxycycline (C2pHp4N>Og-H,0, molecular mass 462.5 g mol~!, CAS num-
ber: 17086-28-1), is the monohydrate of (45,4aR,5S,5aR,6R,12aS)-4-(dimethyl-
amino)-1,4,4a,5,5a,6,11,12a-octahydro-3,5,10,12,12a-pentahydroxy-6-methyl-1,11-
-dioxonaphthacene-2-carboxamide, a substance obtained from oxytetracycline or
metacycline or by other means.! It is a broad spectrum anti-bacterial tetracycline
derivative with a wide range of activity against gram positive and gram negative
organisms, including Spirochetes, Actinomyces sp., and Mycoplasma sp.2 It is the
drug of choice in the treatment of sexually transmitted diseases.3 Doxycycline is
preferred to other tetracyclines in the treatment of specific infections because of
its fairly reliable absorption and its long half-life, which permits less frequent
dosage. Doxycycline hyclate (CopH24N>Og-HCI-0.5CoHsOH-0.5 H»O, molecular

* Corresponding author. E-mail: dan69@bankerinter.net
# Serbian Chemical Society member.
doi: 10.2298/JSC0806665M
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mass 51294 g mol~ !, CAS number: 24390-14-5) is the hydrochloride
hemiethanol hemihydrate of doxycycline. The synonym for doxycycline hyclate
is doxycycline hydrochloride. Doxycycline hyclate is much more soluble than
doxycycline monohydrate, which is one of the main reasons for it more frequent
use in pharmaceutical samples. One of the broadly used and important veterinary
pharmaceuticals is Tiadox powder. It is a complex powder with doxycycline hyc-
late as the main component.

Various methods for determination of doxycycline in vitro and in vivo have
been reported. These include microbiology,* fluorimetry,> TLC-fluorescence
scanning densitometry® and HPLC7~!7 for the determination of doxycycline in
biological materials. HPLC was also applied for the determination of doxycyc-
line in pharmaceutical formulations.!® Various chromatographic methods have
also been reported for the determination of doxycycline in human tissues!® and
foods.20.21 Derivative spectrophotometry (pharmaceuticals, urine and honey)?2
and sequential injection chromatography (SIC) methods (pharmaceutical prepara-
tions)23 for the determination of doxycycline have also been developed. Review-
ing literature data, it was concluded that there are a few methods reported for the
determination of doxycycline hyclate in pharmaceutical samples (spectrophoto-
metric methods2426 and HPLC methods27-28). The standard procedure is given
in the British Pharmacopoeia.2?

HPLC offers several advantages over other techniques, including minimal
sample manipulation before chromatography, rapid analysis and the simultaneous
analysis of multiple compounds with good specificity, precision and accuracy.
For this reason, a fast, simple method for the determination of doxycycline hyc-
late in the mentioned veterinary powder (Tiadox powder) was developed and is
presented in this paper. The proposed method is reproducible, reliable and per-
mits more samples to be analyzed in a short period of time.

EXPERIMENTAL
Reagents and chemicals

Doxycycline was obtained from PromoChem, Teddington, United Kingdom. All the em-
ployed solvents were of HPLC grade, while other chemicals were of spectroscopic grade and
were obtained from Merck (Darmstadt, Germany). The Pharmaceutical Industry “Actavis”,
Leskovac, supplied the Tiadox powder. It consists of various ingredients, among them doxy-
cycline hyclate (10.0 g doxycycline hyclate per 100 g of Tiadox powder) represents the only
active component.

HPLC apparatus and conditions

The HPLC system consisted of an Agilent 1100 series isocratic LC system, an Agilent
1100 series variable wavelength detector SL and a Hewlett Packard 1000 data system (Agilent
Technologies, Inc., Santa Clara, CA, USA). The detector wavelength was set at 350 nm. The
mobile phase consisted of methanol:acetonitrile:0.010 M oxalic acid (2:3:5, v/v/v). Routine
degassing of the mobile phase was performed by passing it through a 0.45 pm membrane filter
(Millipore, Bedford, MA, USA). The mobile phase was pumped isocratically at a flow rate of
1.25 ml min'! at 20 °C. The injection volume was 50 pl.
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Stock solutions

Doxycycline hydrochloride (25 mg) was dissolved in 25 ml of mobile phase. The work-
ing solution was obtained by dilution of 1.0 ml of the stock solution to 10 ml with mobile phase.
Assay procedure

Tiadox powder (250 mg) was dissolved in 25 ml of mobile phase. This solution (1.0 ml)
was diluted to 10 ml with mobile phase.

RESULTS
Assay validation

A high performance liquid chromatographic method for the quantification of
doxycycline hyclate concentrations in a pharmaceutical sample (Tiadox powder)
was developed. The active ingredients were monitored by measurement of the
peak area of both doxycycline hyclate from Tiadox powder and the standard, and
the ratio of the peak areas was calculated. The specificity of the chromatographic
method was determined by the screening of a placebo solution and the assay so-
lution. The placebo solution was prepared in the same manner as the investigated
solution but without doxycycline hyclate. Typical chromatograms of the standard
and assay solution are presented in Figs. 1 and 2, respectively.

3727

A(mAT)

400

300

200

100

2,846

Fig. 1. Representative chroma-
togram of a standard solution of
0 o0s 10 15 20 25 30 35 40 weun doxycycline hyclate.

Linearity

The linearity was checked on samples of standard doxycycline hydrochloride
at five different concentrations (25.2-252.0 ug ml~1).
A regression curve was constructed:

y=77498x — 72.455, with R2= 0.9997

where x represents concentration in pg ml~!, y represents the HPLC peak area,
which was automatically measured by an integrator of the HPLC instrument, and
R is the correlation coefficient. The calculations were performed on a personal
computer using the Microsoft Excel program (Version 2003, Microsoft Co., Red-
mond, USA, 2003).
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togram of an assay solution —
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Accuracy

The accuracy of the method was checked by determining recovery values.
Series of solution were made containing 80, 100 and 120 % of doxycycline hyc-
late regarding the declared content. The results are presented in Table 1.

TABLE I. Accuracy of the method

Concentration Recovery RSD
¢/100g % N Yor b %
8.00 101.7 3 101.5 0.1819 0.1809
101.4
101.4
10.00 101.8 3 100.5 1.108 1.102
100.2
99.6
12.00 100.8 3 101.6 0.6264 0.6167
101.9
101.9

Limit of detection and quantification
The limit of detection (LOD) and quantification (LOQ) were calculated ac-
cording to the following formula:
LOD =3S84o/bs; = 1.15 pg ml~!
where Sy, is the standard deviation of the response and by, is the mean value of
the slope of the calibration curve constructed during the linearity determination.

Precision

The precision was determined by measuring five sample probes under the
same experimental conditions. The obtained results are given in Table II, to-
gether with the calculated values of their standard deviation, SD, and relative
standard deviation, RSD.
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TABLE II. Precision of the method

Content of doxycycline hyclate in . D RSD
Tiadox powder, g/100g st %

5 9.98 9.82 0.0992 1.01

9.71

9.81

9.78

9.82

N

The method is precise since RSD < RSDpax. RSDmax is 2 %, which repre-
sents the maximum allowed value of the RSD for HPLC methods according to
the Pharmacopoeias.

DISCUSSION

A comparison of the proposed method with other methods is given in Table
III. The results obtained by the proposed method have an RSD of 1.01 %, better
than that reported by Satinsky et al.22, Salinas et al.23 and Lopez-Paz and Mar-
tinez Calatayud.?4 The first two methods?2:23 have relatively high RSD values,
higher than RSDp,.x. This suggests that the proposed method is more precise than
some of the previously published methods. The LOD values?2-23 were also a little
higher than in the method described in this paper. Mahrous and Abdel-Khalek?>
described a long pre-treatment of the drug through mixing with acetic acid and
sodium cobalt nitrite, then boiling the mixture, followed by cooling. In addition,
the same author2® described a determination employing ammonium vanadate. On
the other hand, Hoogmartens et al.27 revealed a method for the determination of
doxycycline hyclate by HPLC using poly(styrene—divinylbenzene) packing mate-
rials. Estimates for the repeatability and reproducibility of the method, expressed
as relative standard deviations of the results of the determination of doxycycline
hyclate, were found to be 0.90 and 1.20 %, respectively. The authors?” used a
complex mobile phase, consisting of 2-methyl-2-propanol, 0.2 M potassium hyd-
rogen phosphate buffer, tetrabutylammonium hydrogen sulfate and 0.10 M
Na;EDTA. Using this mobile phase system, the analysis time is about 20 min,
which is 5 times longer, compared to the method proposed in this paper.

TABLE III. Comparison of the proposed method with other methods for the determination of
doxycycline hyclate in pharmaceutical preparations

Concentration =~ RSD*  Recovery LOD

Ref. range, pg ml-! o o ug ml! Comments, conditions

g:[‘;r 2520-252.00  1.01 100.2 1.15 HPLC, UV detection

22 2.00-100.00 5.05 99.3 2.00 Sequential injection
102.8 chromatography

23 - 0.78-5.00> 95 0.6-3.00°  Derivative spectrophotometry

24 10.00-80.00 1.40d 2.3¢ - FIA-spectrophotometry
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Table III. Continued
Concentration ~ RSD*  Recovery LOD

Ref. range, g ml! o o ug ml-! Comments, conditions
25 10.00-30.00 - 100.3 - Spectrophotometry
26 20.00-100.00 - 99.6 - Spectrophotometry
28 - 0.1-1.7¢  92-107¢ - HPLC, UV detection

4RSD values were taken and compared for concentrations of = 10 pg ml™! of doxycycline; branges of RSD and
LOD values at different first-derivative signals; “relative error; dRSD for samples containing 2.5 pg ml™! of
doxycycline; recovery range for different pharmaceuticals

CONCLUSION

The proposed HPLC method provides a rapid, sensitive, accurate, and repro-
ducible determination of doxycycline hyclate in pharmaceutical samples, without
sample derivatization.

Acknowledgements. The presented study is a part of the grant number 142015, supported
by the Ministry of Science of the Republic of Serbia.

U3BOJ

BP30 U IIOY3AAHO OAPEBUBAILE JOKCULUKIINH-XUKIJIATA METOJOM HPLC
CA UV JETEKLIUIOM Y ®APMAILEYTCKHNM Y30PIITUMA

CHEXAHA C. MUTUR!, TOPJJAHA JX. MIUJIETUR!, JAHUJEJIA A. KOCTUR!, JAHUEJIA 4. HACKOBWR-
‘BOKURZ, BUbAHA B. APCUR' 1 IBAHA JI. PALLIAR!

100cex 3a xemujy, Mpupodno—maitiesaitiuuxu Gaxyaiteid, Buwezpadcka 33, 18000 Huu u
2J1. 1. “Bopasme—Akitiasuc”— Gapmaueyiticka u xemujcka komianuja, 16000 Jleckosat

Tauna, oceTIpHBa U PENPOAYKTUBHA METOIa BUCOKO ehekTuBHE TeuHe xpomatorpaduje (HPLC)
3a KBaHTU(HKALM]y TOKCHLIMKINH-XUKIATa y (apMaleyTCKUM Yy30pLUMa je pa3BHjeHa U IMOTBp-
hena. Jlex u cranmapz cy enyupanu ca kosone Lichrosorb RP-8 (250 mmx4,6 mm, Benu4nHe 4ec-
tune on 10 wm) Ha 20 °C ca MoOwIHOM (a30M Koja ce cacTojajia O METAaHOJA, allCTOHUTPUIA U
0,010 M BozeHOT pacTBOpa OKcaTHe KuceuHe (2:3:5, v/v/v). BpsuHa mpoToka je 6mra 1,25 ml min'!.
3a npaheme eduryenta kopumther je UV merekrop nozemeH Ha 350 nm. CBaka aHanm3a je Tpajana
He ayxe of 4 munyta. 'panmma nerekuuje je 1,15, nox je rpannna ksantudukamumje 3,84 pg ml-!.
EduxacHoct 3a pasnuuunte koHuenrpanuje ce kpehe ox 99,6 no 101,9 %.

(ITpumsbeno 14. centembpa, peBuaupano 7. HopemOpa 2007)
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Abstract: Exchangeable aluminium (Algc;) and CaCl,-extractable aluminium
(Algycy,) have approximately the same value in the prognosis of detrimental
effect on plants. Additional, more in-depth research should show which of the
two applied methods of exchangeable Al determination is more suitable (after
Sokolov or using aluminon). The contents of total Al and amorphous Al incre-
ase with depth and percentage clay. Crystalline Al oxides and CuCl,-extrac-
table aluminium (Alg,cj,) and EDTA-extractable aluminium (Algpra) repre-
sent the more mobile reserves of Al and they depend mostly on changes in the
acidity parameters of the soil. Exchangeable Al is on average 4.3—4.7 times lower
than the contents of Alc,cy, and Algpra, 8 times lower than crystalline Al and
35 times lower than amorphous Al. Some methods are not sufficiently selec-
tive, hence further research is required to achieve more favourable methods for
the determination of the different forms of Al.

Keywords: exchangeable Al; Al oxalate; Al dithionate; CuCl, extractable Al;
organic Al.

INTRODUCTION

Aluminium is the most represented metal in rocks and soil; on average it
accounts for about 7-8 %. In soil, it is found in primary and secondary alumino-
-silicates, hydrated Al oxides, in the form of compounds with inorganic ligands,
bound to organic matter, in allophanes, imogolites, various forms of short-range
order materials, exchangeably adsorbed and fixed (in interstratified three-layered
minerals), as well as in the soil solution.1—3

Knowledge of the total Al and other forms not readily available to plants is
significant in order to determine, primarily, the paedogenetic processes and the
reserves of mobile aluminium. Paedological research usually deals with the con-
tents of crystalline and amorphous Al oxides (along with Fe oxides). These are

* Corresponding author. E-mail: vesnavmrvic@yahoo.com
doi: 10.2298/JSC0806673M
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determined by various methods: Al and Fe organic, most often by the method
using pyrophosphate; total non-siliceous using the dithionate method and amor-
phous oxides by the oxalate method.#-5 However, the applied methods are less
specific to Al than to Fe, hence they often render unreal results.® More recent
studies include the distinction between non-crystalline and different quasi-crys-
talline forms of Al in vermiculite interlayers and other non-crystalline forms, as
well as the determination of crystalline oxides (sodium citrate—dithionate) and
non-crystalline oxides (acid NH4 oxalate in the dark).2 Employing the above me-
thods, some authors studied the contents of different forms of Al in several soil
types, their correlations and the relation with toxic forms of Al.7-9

The content of available Al (exchangeable and in the soil solution) is essen-
tial for the evaluation of the risk of plant production on acid soils, in which it can
occur in toxic concentrations for plants and micro-organisms.!? Exchangeable Al
(active, mobile) is plant-available Al and it is extracted using non-buffered solu-
tions of neutral salts (mainly 1.0 M KCl). This form is usually determined em-
ploying the standard method with titration (Sokolov), but some authors also re-
commended a colorimetric method with aluminon.! In addition to extraction
using a highly ionic reagent, such as 1.0 M KCI, phytotoxic Al can be determined
by extraction using a 0.010 M solution of CaCl,,!! which is advantageous
because it has an ionic dependence comparable to that of natural soil and is in
more direct relation with Al in the soil solution, because it extracts a smaller part
of the exchangeable Al.12

There have only been a few studies on the different forms of Al and their
inter-relationship in Serbian soils. The aim of this study was to determine the
content and relations of different forms of Al (available and non-available) in acid
soils, type pseudogley (occupying 6 % of the area of Serbia), using some rela-
tively novel chemical methods, taking into account their significance both in
paedological research and in the field of soil chemistry and environmental protection.

EXPERIMENTAL

The soil samples were taken at 30 sites under lowland Pseudogleys in Nortwest Serbia
(Jabugje, Bajevac, Debrc, Varna, Lipolist, Brankovina, Klasni¢), East Serbia (Salas, Kladovo,
Karbulovo) and in the valley of the river Zapadna Morava (Samaila, Cibukovac, Podunavci,
Globoder, KruSevac), from three characteristic horizons (Ah, Eg, EBtg and Btg). The basic
characteristics of the soil samples were determined by standard methods: pH in H,O and 1.0
M KCl - potentiometrically; humus — after Kotzman; available P and K—Al method of Egner—
Riehm; adsorptive complex of soil (H, T, S) — after Kappen; soil texture — combined method
of sieving and the pipette method. Exchangeable Al (Alkc;) was determined by two methods:
after Sokolov — extraction with 1.0 M KCl (1:2.5), shaken for 1 h, titration and
spectrophotometrically with aluminon! — extraction with 1.0 M KCI (1:10), shaken for 30 min
and using an aluminon—acetate buffer.

In selected samples phytotoxic Al was also determined — extraction with 0.010 M CacCl,,
(1:5), shaken for 1 h using aluminon (Alc,cy,).5!!
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At 15 sites, soil samples from three characteristic horizons were taken and in them less
available forms of Al were determined with different reagents:

— Na citrate-dithionite solution (Alg;, crystalline oxide): 5.0 g soil was shaken for 1 h
with 50 ml of a solution containing 0.15 M Na citrate, 0.050 M citric acid and 2 g dm™ Na
dithionite;’

— ammonium oxalate solution in the dark (Aly,, amorphous oxide): 1.0 g soil was
shaken in the dark for 4 h with 50 ml of acidified 0.20 M NH, oxalate at pH 3.25;7

— CuCl, (Alg,): 3.0 g soil was shaken for 2 h with 30 ml 0.50 M CuCl,;!3-14

— EDTA (Algpta): 5.0 g soil was shaken for 1 h with 50 ml 0.25 M EDTA (pH 7.0,
modification as in the original method 0.50 M EDTA was used).!’

All the suspensions were centrifuged for 20 min at 2500 relative centrifugal force and
filtered (Whatman 42) and the content of Al was determined by AAS with a N,O—C,H, flame.

The total Al was determined by digestion with HF and perchloric acid and then by AAS.!

The results were processed by mathematical—statistical methods of regression analysis
and descriptive statistics (program SPSS 10.0.).

RESULTS

The characteristics of pseudogleys are very variable depending on the site
and profile depth. Pseudogleys are characterised by lighter soil texture of the
eluvial horizons and clay accumulation in the hardly permeable illuvial horizon
(Table I). The soils were acidic, except the pseudogleys in Debrc and Kladovo,
which were neutral, thanks to the application of liming. Of the total number of
samples, 60 % were in the category of very acid soils (pH in KCI < 4.5) and
acidity increased slightly with depth. The content of humus in the Ah horizon
was below 2 % in about half the samples. The values of cation adsorption capa-
city (7) and of the composition of adsorbed cations (S and H) varied depending
on the pH value, the quantity and composition of organic and mineral colloid par-
ticles. Despite their acid reaction, most pseudogleys were rich in base cations,
according to other investigations.!® Only the most acid pseudogleys at two sites
in West Serbia (Samaila and Klasni¢) were dystric.

The exchangeable Al was determined by two methods. The method with
aluminon was preferable because the Al is read directly (not with the total ex-
changeable acidity) and the uncertainty of detecting the discoloration which oc-
curs in titration was avoided.

The values of exchangeable Al determined by the Sokolov method (non-mul-
tiplication with 1.75) ranges from 0-32.4 mg/100g (average 5.93) and by the
method with aluminon, the average content Al was 5.26 mg/100g (88.4 % of the
values determined by the Sokolov method). Their correlation is high but there are
some variations, therefore more in-depth research would show an appropriate
method (Fig. 1).

The exchangeable Al increased with depth, especially sharply in the illuvial
horizon. The method of simple correlation (quadratic function) shows that the
changes of exchangeable Al are maximally affected by the parameters of soil
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acidity: pH in HO (R =-0.78), pH in KCI (R = -0.86), hydrolytic acidity H (R =
0.85) and V' (R =-0.63).

TABLE I. Statistical parameters of the basic characteristics of the pseudogley soils

Total . Al
Silt Clay pH Humus H S T V/% mg/100g

%
% H,0 KCI meq/100g Sok. Alum.

Aoh Min 31.40 17.40 15.50 4.75 3.45 1.17 130 4.83 1542 1880 0.0 0.0
Max 67.10 42.20 34.30 7.30 6.80 4.13 20.88 36.52 37.83 96.55 19.80 23.76
Aver. 41.64 32.80 25.56 5.62 4.63 234 870 14.91 23.61 6293 2.05 249
Sd 981 7.24 448 047 0.64 0.79 4.11 532 435 1470 4.82 6.27
Eg Min 26.10 16.50 14.90 4.85 3.60 0.12 227 8.04 13.64 31.34 0.09 0.0
Max 68.60 40.10 43.40 6.40 570 3.51 17.62 22.84 34.68 88.22 23.13 19.91
Aver. 4038 31.68 27.94 554 440 141 859 14.66 23.24 63.48 2.85 2.90
Sd 995 7.00 6.10 032 045 081 3.63 3.75 441 1275 521 521
EBtgor Min 24.00 1520 21.3 4.70 3.20 0.01 2.57 10.05 1535 38.12 0.0 0.0
Btg Max 61.40 38.10 49.50 6.40 5.80 1.60 18.92 25.29 36.59 87.28 32.04 26.70
Aver. 36.44 28.19 35.31 5.57 437 0.50 9.35 16.87 26.23 65.28 5.61 4.82
Sd 994 631 844 042 0.68 044 422 357 531 11.38 880 6.93

. tat.
Horizon sand
param.
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20 | g0 Fig. 1. Exchangeable Al determined by two
Al- Sokolov methods (n = 90).

The release of Al from the reserves commences mainly at pH values <4.5 in
KClI and is well explained by a linear function (Fig. 2).

40
B 50 |4 0. ASokolow y= 21575 + 9558
= % * ) R=0.89
2 N g
o
£
<

3 4 5 B 7 Fig. 2. Relation between pH of the KCl1 and
pH uKcl the exchangeable Al.

The correlation of the exchangeable Al (Alkci, aluminon) and Al extracted
with CaCl, (Alcacy,) is high (Fig. 3). They have approximately the same value in
the prognosis of detrimental effect on plants. The average values of the exchan-
geable Al were about 12 times higher than Alcycy,.
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The sources of available Al in soil are the less available forms. The content
of these forms depends on the composition of the parent rock, the intensity of the
leaching processes of clay and other colloids, on the destruction process, the
content of organic matter and other soil characteristics.

15
y = 0,0996x - 0,1315 o o
R = 0,964
S il e e e R R
o
~
o
o B R o R b R e SR o
&
0.0 T T
0 a 10 15
AlKCI Fig. 3. Relation between Algc and Algycy,-

The content of total and amorphous Al increased with depth, which is related
to the leaching of colloid particles and Fe and Al oxides in the illuvial horizon
(Figs. 4a and 4b). Amorphous Al accounts for on average 1.8 % of the total Al
and in the Eg and Btg horizons and a significant, medium correlation between
these two forms exists (R = 0.58 and 0.66, respectively).

The concentrations of crystalline Al oxides were less, ranging from 17-51
mg/100 g and had a medium correlation with Alyy, (R = 0.60). The values were
changed under the effect of the acidity parameters: pH in HyO (R = —0.66), pH in
KCI (R =-0.53), hydrolytic acidity (R =0.71) and V (R =-0.54).

3 Ah
BEqg
| (O EBty, Bty

Aldit  Alcu AIEDTA Aleu-  AIKCI
Altot Aloxa AIKCI

Fig. 4. Content of less available forms of Al per horizon (average,
minimum and maximum).

The Al extracted with 0.50 M CuCly is Al which forms low and medium
stable complexes with organic matter,!3 and this reagent and pyrophosphate are
suitable for the determination of organic Al in organic-rich mineral horizons.%
The aluminium extracted with 0.50 M EDTA is also in good correlation with the
organic matter in the soil.”

The values of the CuCl,-extractable Al (Alcy) and EDTA-extractable alumi-
nium (AlgpTa) represent the more mobile reserves of Al and they depend mostly
on the changes of the soil acidity parameters.
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The average content CuCly-extractable Al (Alcy) was 15.02 mg/100g, i.e.,
92 % of the AlgpTa, and their correlation is very high (R = 0.96). These forms
show good correlation with Algj; and the soil acidity parameters but also not with
humus. A better correlation with humus was obtained if the Algcy was subtracted
from Alcy, according to other authors,8 and in this manner, the so-called unavai-
lable exchangeable Al is obtained. This correlation was higher in the Ah horizon
(values obtained with Algc) — aluminon, Fig. 5), and also in the Eg horizon (va-
lues obtained with Algcy — Sokolov: Ry = 0.725, Rgg= 0.740 and Rz = 0.510).

]
=

= Ah: R =072
b=t M * Ah
'c-n 18
o E

E 9
= 10 : & BigEBig
% : Linear (Ah)
= P b1
k= L Btg: R =054 ik
< ] T . T = Linear

(Btg,EBtg)

o 1 2 3 4 Fig. 5. Relation between humus con-
humus® tent, %, and AICu—-AIKCI.

The relation between the available Al and the less available Al forms show
that the values of the exchangeable Al are in low correlation with the total and
amorphous Al, with Algj¢ (crystalline) and Algpra the correlation is medium
(R =0.71 and 0.73, respectively) and with Alcy, it is high (R = 0.82). The exchan-
geable Al was on average 4.3—4.7 times lower than the content of Alc, and
Algpta, 8 times lower than the crystalline Al and 35 times lower than the amor-
phous Al. The inclusion also of other soil parameters, using the method of mul-
tiple linear regression, did not explain the changes in the exchangeable Al better.

DISCUSSION

The results of this study show that the content of exchangeable Al in pseu-
dogleys is very variable depending on the locality and profile depth and its dyna-
mics depends mostly on the change of the soil pH (active, exchangeable and
hydrolytic acidity).

Compared to 1.0 M KCI, on using 0.50 M CuCl,, 6-7 times more Al was on
average extracted in the humus horizon, 5 times more in the eluvial horizon and
about 3 times more in the illuvial horizon. CuCl, extracts potentially reactive
organic and inorganic Al reserves, because Cu?™ is a strong complexation agent,
hence it replaces Al from the organic matter and the acidity of the CuCl, solution
can cause depolymerisation of hydroxyl—-Al polymers.!3 In this study, it was shown
that the value Alcy—Algcy in the more humus horizons represents Al bound to
organic matter, while in the deeper horizons, CuCly probably also extracts the
polymerised hydroxyl-Al and the more soluble amorphous Al in the inorganic
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phase of the soil, as also reported by the above authors for soil types Ultisol,
Oxisol and Histosol.

According to the literature, amorphous Al is a more reactive reserve of Al
than crystalline Al.7-17.18 The present study showed a higher correlation of ex-
changeable Al with AlgpTa and Alc, but also with Algj; (crystalline). This could
be explained by the fact that exchangeable Al contributes to a considerable extent
to the Al reserves, which were shown to be potentially more mobile (especially in
the deepest horizon): Algjt on average 7-19 %, Alcy and Algpta 13-37 %.
Moreover, as already stated, some amorphous Al forms can also be extracted
using EDTA and CuCl,. The issue of selectiveness of the applied methods (also
reported by other authors)!4 still remains, which draws attention to the need for
further research of methods suitable for individual Al forms.

NU3BOJ
METO/IE 3A OZIPEBUBAE OBJIMKA Al: [ICEYJOTJIEJTHA 3EMJBUIITA

BECHA MPBUR!, MUOJIPAT JAKOBJBEBURZ, IPATY CTEBAHOBIRZ,
JIPATAH YAKMAK' 1 MUPJAHA 3/IPABKOBUR '

! Uncimiwitiyi 3a semmumiie, Teodopa pajsepa 7, Beozpad u *Ilomoipuspednu daxyaiiedss, Hemarsuna 6, 3emyn

Pasmensbuen anmymunujym (Algcp) m Al excrpaxosan ca CaCl, (Alc,cr,) MMajy MPHOIMKHO
UCTY BPEIHOCT Y IPOTHO3HM IUTETHOI JejcTBa Ha Owibke. HakHanHa neTasbHUja HCIMTHBAmKba Tpeba
Jia TIOKaXy Koja je o[ JBe MpHUMemeHe Metoe 3a onpehuBame pasmensbuBor Al (mo CokosoBy u
amymuHOHOM) moroanuja. Cazxpxaj ykynHor u amopgsor Al ce nosehaBa ca myOmMHOM M cazip-
xajeM rimHe. Kpucranau Al u Al excrpaxosan ca CuCl, (Alg,) 1 EDTA (Algpta) Ipencrasibajy
MoOunHUje pesepBe Al M HajBHIIE 3aBHCE OJ NMPOMEHA Mapamerapa KHCEJIOCTH 3eMJpHINTa. Pas-
MensbrBU Al je mpoceuno 4.3—4.7 myTa Mamu on canpxaja Alc, u Algpra, 8 myTa Mmamu ox Al
kpucTanHor u 35 myrta ox amopduor. IlojeanHe MeTose HECY TOBOJFHO CENICKTHBHE, T1a je MOTpe-
OHO /1aJbUM HCTpaXkuBameM JohH 10 HOrOJHUjUX MeToa 3a obuuke Al.

(ITpumsbeno 26. noBemOpa 2007, peuaupano 18. mapta 2008)
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Errata

1. Issue No. 5 (2008), Vol. 73, Contents (back cover):

— Title of the paper by V. V. Glodjovi¢ and S. R. Trifunovi¢ should read:
Stereospecific ligands and their complexes. Synthesis and characterization of
the s-cis-K[Ru(S,S-eddp)Cl,]-3H,0
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