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Following the tradition of the preceding Conferences on Fundamental and
Applied Aspects of Physical Chemistry, the aim of the present Conference
is again to allow researchers from different countries to enhance contacts and
exchange information and experiences.

The program of the Conference includes invited plenary lectures, invited sec-
tion lectures, oral contributions and poster sessions of 480 authors from twenty three
countries.

Beside six Plenary Lectures, given by internationally recognized scientists,
this book contains twenty two Invited Lectures and 184 contributions, given as ether
oral or poster presentations, arranged in sessions corresponding to their scientific
topics. All accepted papers are reviewed but without language revision, for which
authors bear responsibility.

Organizers of the Conference ““Physical Chemistry 2008 thank to all authors
for the effort to provide us with their paper and take part in the Conference, our spon-

sors, as well as to the Ministry of Sciences of the Republic of Serbia for contribution
to the success of Conference.

Belgrade, 2008 Editor
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RECENT ADVANCES IN PHYSICAL CHEMISTRY
IN ALZHEIMER’S DISEASE

R.M. Leblanc

University of Miami, Department of Chemistry, 1301 Memorial Drive, Cox Science Center, Coral
Gables, FL. 33146. U.S.A.

Amyloid beta (AP) is a major peptide constituent found in the neuritic pla-
ques involved in Alzheimer’s disease.[1] Significant progress has been
made in the characterization of (AB) peptides like AP (1-40, 1-42) and other
truncated peptide fragments. Characterization of A is of great importance
in understanding the mechanistic pathways leading to Alzheimer’s disease.
On the other hand, there have been studies showing that the formation of
amyloid fibrils is not restricted to AP peptides; various proteins like ly-
sozyme, B-lactoglobulin, the prion protein PrP°, the immunoglobulin light
chain, the SH3 domain of bovine phosphatidylinositol 3-kinase, and f,-
microglobulin can also form fibrils at different conditions. For most pro-
teins, the condition that leads to partial unfolding results in fibrillization.[2]
These proteins can also serve as models for the study of Alzheimer’s dis-
ease.

Amyloid fibrils contain bundles of B-sheets with backbone orthogonal
to fiber axis in the cross-f structure.[3] The combination of spectroscopic
characterization methods provides a clear picture of fibril formation. The
self-assembly of AP (16-20), a fragment of the amyloid beta peptide, has
been studied in dilute aqueous solutions and dry films.[4] Fourier transform
infrared (FTIR), cryo-transmission electron microscopy (cryo-TEM), and X-
ray diffraction reveal - sheet structures in the spectra obtained from more
concentrated solutions and dry films of AP (16-20). At lower concentra-
tions, circular dichroism (CD) and UV spectroscopy suggest the absence of
well-defined B-sheet conformation. Conformational analysis of AB (11-28)
have been studied in membrane-mimicking environment using sodium do-
decylsulphate via CD spectropolarimetry and NMR spectroscopy.[5] CD
spectra of all the peptides studied show that there is no a-helical conforma-
tion and that small amounts of -sheet structures in solution could seed the
aggregation process. One of the most important elements of information
used in determining secondary structure of protein by NMR is the character-
istic short range NOE;,. The inspection of NOE pattern of A (11-28) A21G
molecule shows lack of diagonistic don (1,i+3) NOE effects and provides the
evidence of unstructured conformation of the peptide. High quality NMR
experiments have also been analyzed using molecular simulations to check
the structural diversity of AP (21-30).[6] From the results, it was interpreted
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that majority (60%) of the population of AP was of unstructured conform-
ers, lacking persistent hydrogen bonding networks.

The effect of temperature, pH, and ionic strength on Ap (1-40) aggre-
gation mechanism was investigated by CD spectropolarimetry, isothermal
titration calorimeter (ITC), and hydrophobic fluorescence assay.[7] The re-
sults from the kinetic analysis showed that the nucleation was the rate de-
termining step during AP aggregation. The thermodynamic analysis demon-
strated that the hydrophobic effect is the driving force in the nucleation
process. Colloidal gold has been used to visualize positive charge clusters
on AP fibrils via electron microscopy.[8]

There has also been some work conducted on AP (1-40) adsorption at
air-lipid interface, which mimics the neuronal membrane. The interactions
are studied using infrared reflection absorption spectroscopy (IRRAS).[9]
Structural details of ApB-membrane association have been elucidated using
complementary X-ray (grazing-incidence X-ray diffraction) and neutron
scattering techniques.[10] In this study in situ association of AP with the
lipid monolayer at the air-buffer interface, composed of either the anionic
lipid 1,2 dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DPPG), the
zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), or
the cationic lipid 1,2-dipalmitoyl 3-trimethylammonium propane (DPTAP),
has been analyzed. It was revealed that the anionic lipid DPPG uniquely in-
duced crystalline ordering of AP at the membrane surface that closely mim-
icked the B-sheet structure in fibrils. The behavior of amyloid-like peptide
such as LSFD, a 12 amino acid peptide was studied at air-water interface
using Brewster angle microscopy (BAM) showing formation of large con-
densed domains on compression.[11] Fourier transform infrared spectros-
copy (FTIR) of Langmuir Blodgett films of LSFD revealed (-sheet struc-
tures at air-water interface. The morphology of film was investigated
through atomic force microscopy (AFM) that highlighted the heterogeneity
of the film, showing densely packed nanodomains that aggregate in coexis-
tence with thick disordered spots. AP (25-35) was modified with an ali-
phatic chain (C;s) at the N- terminal of the peptide for the study of the
Langmuir monolayer at air-water interface.[12] Surface pressure and surface
potential-area isotherms were measured to examine the self-assembly of the
peptide moiety in the subphase and hence the aggregation process. The to-
pography of the domains of the peptidolipid was observed utilizing the real
time-epifluorescence microscopy. Also, polarization modulation infrared
spectroscopy (PM- IRRAS) was applied to investigate the structural features
of the domains at air-water interface, and to complement conformational
analysis, CD of Langmuir-Blodgett (LB) films was investigated.



PHYSICAL CHEMISTRY 2008. PL-1

Fibril formation and mechanistic pathways involving misfolding and
aggregation have been studied using a variety of proteins. FTIR has been
utilized to detect amyloid-like fibrils formed in vitro from natively folded or
unfolded B,-microglobulin (protein associated with dialysis related amyloi-
dosis).[13] Pa-microglobulin adopts an identical B-sheet architecture, re-
gardless if fibril formation in vitro occurs spontaneously or from seeded re-
actions. Also, the amide I band that is observed in the range 1600-1700 cm™
is similar when compared to the amyloid fibrils extracted from the patients
with dialysis-related amyloidosis. B-lactoglobulin and insulin have also been
used as models for understanding neurodegenerative diseases. The thermal
dependence of formation and growth of spherulite structures, in the two
model protein systems, B-lactoglobulin and insulin at low pH and high tem-
perature conditions have been monitored with time lapse optical microscopy
and quantified.[14] Deep-UV Raman (DUVR) spectroscopy has been shown
to directly probe the fibrillation nucleus in lysozyme, quantitatively charac-
terizing the kinetics of nucleus formation.[15] Among lysozymes EL
(equine lysozyme) forms one of the most stable molten globules and shows
the most uncooperative refolding kinetics. Its partially-folded states serve as
precursors for calcium-dependent self-assembly, into ring-shaped and linear
amyloids.[16]

Physical chemistry has an important role in the diagnosis of Alz-
heimer’s disease. Detection of tau protein has been proposed at room tem-
perature using multi-spot localized surface plasmon resonance (LSPR)
based immunochip.[17] Recently, infrared spectroscopy has been mani-
fested as a new diagnostic tool in Alzheimer’s disease.[18] Cerebrospinal
fluid (CSF) tau and AP (1-42) have been investigated via FTIR spectros-
copy. Since FTIR spectra reflect the entire pattern of the biochemical con-
stituents in the examined probe rather than the analysis of single parameter,
a correlation of FTIR spectra with proteomic pattern has been suggested to
study the effect of different proteins in the individual spectra.
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DESIGN, FABRICATION, CHARACTERISATION
AND APPLICATION OF NANOELECTRODE
ARRAYS

R.G. Compton

Chemistry Department, Physical and Theoretical Chemistry
Laboratory, South Parks Road, Oxford, OX1 3QZ, United Kingdom

Abstract

The lecture will highlight recent work carried out in the author's laboratory
on methods of fabricating and characterising arrays of micro- and nano-
electrodes, as recently reported in the invited Frontiers article by R G
Compton, G G Wildgoose, I Streeter, N V Rees and R Baron in Chemical
Physics Letters, 2008, 459, 1-17.

The following will be discussed: The template fabrication of random
arrays of nanoband electrodes on highly ordered graphite surfaces and on
carbon nanotubes, acoutic methods of fabricating random arrayst of metal
nanoparticles on electrodes surfaces, and numerical methods of simulating
and modelling the electrochemical processes that occur at sich arrays. Fi-
nally examples of electroanalytical applications of nanoparticle arrays will
be given, including multi-metal nanoparticle arrays for combinatorial elec-
trochemistry.
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WATER AS A SOLUTE IN ORGANIC SOLVENTS
AS SEEN BY NMR

S. Macura, N. Jurani¢, B. Nedi¢ and F.G. Prendergast

Department of Biochemistry, Mayo Graduate School, Mayo Clinic,
Rochester, Minnesota, 55905, USA

While water has been studied intensively for many years[1], many of its properties
remain scantily described. This lack of understanding can be ascribed to the ten-
dency of water molecules to communicate with each other via hydrogen bonding
and proton exchange. The ability of a water molecule to act simultaneously as a H-
bond donor and acceptor leads toward formation of the hydrogen bonding network
which is in constant rearrangement due to molecular motion. In addition, water
molecules rearrange constantly due to proton jump between H-bonded molecules:
O-H---O < -0---H-O. The picture is further complicated by the cooperativity of H-
bonding which makes the whole system behave like a huge molecular assembly
whose properties cannot be described as a sum of properties of its components.
This limits theoretical description to a cluster of three water molecules [2]. Ex-
perimental measurements, on the other hand, necessarily define water in terms of
the particular experimental technique used. For example, nuclear magnetic reso-
nance (NMR) was able to determine that the proton exchange rate constant in the
reaction H,O + H;0"' = H;0" + H,0is 10.6 x 10° LM ' 5! [3]. This means that in
pure water, where [H'] =107 M L, the lifetime of the water molecule is of the
order of one millisecond.

Main advantage of NMR spectroscopy is its extraordinary sensitivity to
small perturbations of spin environment which makes it especially suitable for
studies of weak interactions. On the other hand, compared to other spectroscopic
techniques NMR is notoriously slow. If exchange processes are fast on the NMR
time scale, the detected signal is then weighted average of all molecular species.
Information content of NMR spectra considerably improves if the studied exchange
is slowed down so that the signal from individual spin groups could be observed. In
that respect, we resorted to water dilution with organic solvents. The added organic
solvent breaks hydrogen bonds among water molecules and slows down proton
exchange inasmuch that signature of individual molecules can be observed. For
example, it is well known that, due to isotope effect, proton chemical shift in HOH
and HOD are different. Yet, in the H,O/D,0 mixture, under normal conditions,
only one proton line is observed. Main reason for that is the fast chemical exchange
between water isotopomers,

HOH + DOD = HOD + HOD (1a)

HOD + HOH = HOD+ HOH (1b)
which averages chemical shifts, yielding single NMR line. However, if the water
system is diluted enough, the proton spectrum shows two resonances separated by
0.0305 ppm [4], top figure. In addition, the proton resonance from HDO molecule
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is split into triplet due to proton deuteron scalar coupling, Jpy = 1.1 Hz. The proton
exchange that takes place on the scale that is commensurate with the coupling con-
stant and the chemical shift difference induces dynamical signal averaging that af-
fects line shape of the HOD line and the linewidth of both lines. However, slower
exchange processes do not affect 1D spectrum. A true dynamic character of the
. system can be revealed from a double reso-
':?:2 2&%235;23 nance experiments or, even better, from 2D
A ZEES exchange experiment (bottom figure). The
main diagonal (dotted line) is equivalent to
the 1D spectrum. Cross-peaks indicate mag-
netization transfer, here chemical exchange,
between respective diagonal lines.

In this work we have studied H,O/D,0
mixture in different organic solvents in an
attempt to differentiate between various inter-

------- 1  actions of a water molecule with its surround-
‘ ppm ing. From a series of 2D experiments we were
able to obtain proton exchange rate constants
in Egs. (1) under different conditions (sol-
vent, temperature, water concentration). We
found that the proton exchange is much
slower in mildly polar solvents (acetone, ace-
tonitrile, chloroform, dichloromethane) than
S in the strongly polar solvents (dimethylfor-
o ;Q mamide, nitrobenzene, pyridine). Polar sol-
@ ) |~ vents are apparently able to generate traces of
) free H" or OH™ ions which further catalyze the
exchange reaction. From the analysis of the
number of participating spins [5] we conclude
that the catalytic effect is partly due to the preferential hydration of polar cen-
ters.
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RECENT ADVANCES IN FOOD ANALYSIS

J. Hajslova and T. Cajka

Institute of Chemical Technology, Prague, Department of Food Chemistry and Analysis, Technicka 3,
16628 Prague 6, Czech Republic, jana.hajslova@vscht.cz; GSM: 00420602833424

The science of food analysis has been developed rapidly in the recent years. New
analytical techniques have been developed and existing ones are continuously op-
timized. As a general trend, analysis systems have become fully automated includ-
ing data processing. All this effort is aimed at obtaining more knowledge on a
chemical composition of food since it is important to the health, well being and
safety of the consumers. Besides of various sophisticated instrumental techniques,
also a range of new technologies such as transcriptomics, proteomics and biosen-
sors have been finding their place in food analysis. These new approaches are
based on a rather new concept — the information about biological (toxic) effects
rather than report on single target compound concentrations is delivered. The ‘bio-
marker and fingerprinting’ concept is the key to this strategy.

The ‘food safety crises’, examples of which include ‘mad cow’ disease, di-
oxin-contaminated feed, olive adulterated oil by mineral oils or Sudan dyes in
curry powder and other spices, initiated a revision of food safety rules within the
European Union. Rapid Alert System for Food and Food (RASFF) shows that
monitoring of chemical contaminants in food and feed is a very relevant tool in
European food safety. Also consumers placed chemical contaminants on top of the
“worry-scale” of food-related risks.

Currently, modern trace analysis aims at implementation of broad scope,
rapid, and cost-effective methods with performance characteristics (such as accu-
racy, limits of quantification, uncertainty of measurement, etc.) complying with
particular purpose. Particularly, the hyphenation of mass spectrometry (MS) to cap-
illary gas chromatography (GC) and liquid chromatography (LC) as well as the
development of novel ionisation techniques caused an extensive spreading of this
technique in this area. Both research and routine application have benefited from
introduction of relatively inexpensive quadrupole and ion trap mass analysers and,
at the end of the last century, the rediscovery of time-of-flight mass analysers (TOF
MS) allowed further progress.

Referring to various pilot studies conducted in laboratories of Prague Insti-
tute of Chemical Technology, examples of challenges offered by selected advanced
analytical techniques in identification / quantification of various contaminants, tox-
ins and other biologically active food components, are illustrated in following
paragraphs, the basic principles of are outlined:

= Comprehensive two-dimension gas chromatography, GCxGC-TOFMS

This technique offers an enormous potential in analysis of volatile and semivolatile
compounds. When using conventional, one-dimensional GC coupled to unit resolu-
tion GC, for analysis of complex samples, co-elution sample components may

10
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hamper their reliable identification/quantification. Fairly higher peak capacity and
improved detectability is offered by recently introduced comprehensive two-
dimension (orthogonal) GC (GCxGC) technique. Two GC separations, both with
different separation mechanisms, are applied for characterization of a particular
sample. In most cases, separation of the sample components starts on a non-polar
(narrow-bore) capillary GC column (typically 15-30 m, 0.25-0.32 mm internal
diameter, 0.1-1 um film thickness) where separation of analytes takes place ac-
cording to their volatility. Slicing and refocusing of adjacent fractions of the first-
column eluate by an interfacing device called a modulator occurs continuously.
These fractions are then released into a short microbore capillary column (typically
0.5-2 m, 0.1 mm internal diameter, 0.1 pm film thickness) employing specific in-
teraction such as hydrogen bonding, n-m interaction, steric effects, etc., for separa-
tion. On the latter, second dimension column, very fast separation occurs, resulting
in extremely narrow peak widths of 50-500 ms. These second dimension peaks
therefore require a detector with acquisition rate in a range of 40-400 Hz, which
provides 20 data points across a peak. This criterion is partially met by, high-speed
TOFMS, which, thanks to acquisition rates up to 500 spectra/s, which is sufficient
for reconstruction of very narrow peaks typically produced by GCxGC.
In Figure 1, the example of 90 pesticide residues analysis in apple

within 11 minutes is shown. The scope of method can be further expanded.

l% ’ﬁ=k$g ::%3::{;’& it |
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Fig. 1. Application of GCxGC-TOFMS i pesticide redue analysis

In Figure 2, the analysis of persistent halogenated pollutants (POPs) in fish,
which is widely employed as indicator of water pollution is shown. Both major
polychlorinated biphenyls (PCBs), brominated flame retardants and other com-
pounds can be detected in a single run.

11
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= Ultra pressure liquid chromatography (UPLC) coupled to TOF-MS.

This technique, applicable to a wide range of analytes, represents another challenge
in food/quality safety control since it allows not only high throughput analysis, but
also non-target screening (thanks to the use of high resolution TOFMS). Theoreti-
cally, there are several strategies to reduce analysis time, the main being: (i) an in-
crease of mobile phase flow rate; (ii) the use of short columns with a low back
pressures and, since recently, (iii) the use of normal size column filled with very
small particles (<2um). The latter approach represents obviously the best solution.
In this way, both high peak capacity and fast separation of even complex mixtures
can be obtained. However, due to a very high backpressures at typical LC-MS
flow rates, such columns cannot be operated by common HPLC pumps. Current
UPLC instruments are able to perform at operational pressures as high as 15,000
psi (1,025 bars). In our study, columns with porous 1.7 um particles and common
size parameters (100—150 mm, 2.1 mm) could be operated at high mobile phase
flow rates without a loss of resolution. An example of substantial increase of the
speed of multiple pesticide residues analysis is documented in Figure 3.

Fig. 3. Application of UPLC-TOFMS in pesticide residue analysis

12
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Another example of UPLC-TOFMS potential in analysis of emerg-
ing toxins is shown in Figure 4. Although the analytical standards were not
available, conjugates (“masked” forms) of deoxynivalenol (DON), the major
trichothecene mycotoxin in cereal, were identified on the basis of accurate
mass of adduct ion (HILIC chromatography, ESI- ionization).

miz
intensity:

PO kontam_4 Sm (Mn, 22| 1
DON-{tri)-Glc ? »
miz = 841.2978 + 0.015Da

T um DON-{di)-Gle ?
11 miz=679.2449 = 0.015Da
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" ‘:\ miz=517.1821 1 0.015Da
PRV komtann_4 S (Mn T2 b ¥ 1-":-35:.!_5 Fa-
= pow
o miz= 355.1383 1 0.N50a

Fig. 4. Application of UPLC-TOFMS in mycotoxin analysis

= Ambient mass spectrometry: “Direct Analysis in Real Time” (DART) in-
terfaced with high-resolution time-of-flight mass spectrometry (TOF-MS)

As far as chromatographic separation of sample components is used prior to
MS detection, less spectral interferences caused by matrix components are ob-
served compared with direct measurement. However, the labour-intensity of sam-
ple preparation (which typically involves extraction, pre-concentration and/or
clean-up steps), and the time required for the chromatographic run itself, can be-
come a bottleneck in laboratory throughput. However, regardless of whether GC or
LC is employed, the optimisation of the separation process for multiple analytes
with different physicochemical properties is very challenging. The possibility of
overcoming these difficulties has emerged with the introduction of three new ioni-
sation techniques: direct analysis in real time (DART), desorption electrospray
ionisation (DESI) and atmospheric pressure solids analysis probe (ASAP). These
techniques allow a rapid, non-contact MS analysis of materials at ambient pressure
and ground potential. Compared with GC-MS and LC-MS, ambient MS requires
essentially no separation of Sample components employing chromatographic tech-
niques. Additionally, these techniques allow direct access to the sample while mass
spectra are being recorded. The outline of DART principle is shown in Figure 5.
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Fig. 5. Principle of DART.

In Figure 6, identification of banned anabolic steroids in “natural” herbal

supplements intended for musculature growth support is documented.
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Fig. 6. Application of DART-TOFMS in the analysis of anabolic steroids.
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Abstract

A concise introduction to the statistical theory of polymers is presented in a popu-
lar manner. Special emphasis is made on specific peculiarities of quantitative de-
scription of polymer liquids.

Introduction

The physical chemistry of macromolecular compounds is a rapidly developing field
of knowledge [1]. It is particularly remarkable that this branch of science is devel-
oping under the direct influence of technology which makes wide use of polymeric
materials. Rubber, plastics, fibers such as cellulose, wool and silk, are high poly-
mers. The very technological application of polymers is based principally on their
special service properties. Essentially, polymeric substances differ from the major-
ity of low-molecular weight substances of practical use in two key features.

Firstly, molecular weight of the former is normally several orders of mag-
nitude higher than that of the latter. Macromolecules of linear polymers may be
envisaged as a flexible string with threaded multicolored beads representing mo-
nomeric units of different types. Depending on whether number m of these types
is equal to unity or m> 2, it is conventional to speak about homopolymer or heter-
opolymer, respectively.

Secondly, polymeric products synthesized in laboratories and in industry
are a set of individual chemical compounds whose number is practically infinite.

Macromolecules of such products can vary either in the set of numbers (I,...,Iy)

of monomeric units My,...,M, or in fashion of their mutual arrangement, i.e. con-

figuration. For instance, the configuration of a linear heteropolymer macromole-
cule is defined by the sequence of types of its monomeric units. The number of

different possible configurations of such a macromolecule equal to m' exponen-
tially grows with the increase of its chemical size | =1; +---+1,,. Hence each par-

ticular specimen of a synthetic heteropolymer represents an ensemble of enormous
number of macromolecules differing in chemical size, composition and configura-
tion. Obviously, any quantitative description of such an ensemble is possible only
on the basis of a statistical approach. Its elaboration is a subject matter of the statis-
tical chemistry of polymers [2] whose major goal consists in establishing the de-
pendence of statistical characteristics of the chemical structure of polymers on
conditions of their synthesis.
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Physicochemical and mechanical properties of a polymer specimen are
essentially controlled by the above-mentioned structure characteristics. Revealing
of this sort of dependencies for equilibrium macromolecular systems is the subject
of the statistical physics of polymers [3],[4]. Among its major challenges is the
finding of the free energy of polymer melts, solutions and blends predetermining
their phase behavior. The solution of these problems rests on averaging over all
possible configurations of macromolecules embedded in three dimensional space,
that is over their conformations. The conformation of arbitrary polymer molecule is

specified by a set of coordinates (Ij,...,I,) of all | its units. Due to heat fluctua-

tions a molecule drifts randomly in space changing simultaneously its conforma-
tion. Under thermodynamic equilibrium, the probability measure, over which con-
formational averaging is made, represents the Gibbs distribution. However in case
of polymer systems, such an averaging differs fundamentally from that described in
text-books on the statistical mechanics of low-molecular weight compounds. This
distinction takes place because the probability distribution of different conforma-
tions of a macromolecule is controlled by its configuration. Therefore, when deriv-
ing the expression for the free energy of a polymer melt or solution one is supposed
first to average over heat fluctuations in the ensemble of macromolecules with
fixed configurations to average then the result obtained over the probabilities of
these configurations.

A theoretical approach is mainly meant for predicting the dependence of
the service properties of polymer products on the conditions of their synthesis.
Such approaches, enabling to considerably reduce experimental research, play an
ever increasing role in designing new industrial processes of polymer materials’
manufacturing. The efficiency of this theoretical approach as applied to chemical
engineering is predetermined to a great extend by an appropriate choice of the ade-
quate kinetic model of a particular process, which is capable of taking into account
its main physicochemical peculiarities on the basis of current concepts of polymer
science. Only then the model chosen can be expected to provide right extrapolation
and will allow thus a science-based application of the results of the laboratory re-
search for the calculation of commercial processes of polymer production.

Statistical chemistry of polymers

Characterization of polymers. A specimen of any synthetic polymer comprises so
many different individual chemical compounds that evidently it makes no sense to
speak about their concentrations since many of them are present in a single copy.
That is why a description of a polymer specimen on the molecular level is normally
performed in practice by virtue of some of its statistical characteristics defined as
certain quantities found by averaging all over the set of macromolecules of the spe-
cimen under consideration.

There are two types of such characteristics. To the first of them there be-

long the distribution f (I,...,ly,) of polymer molecules in numbers {l,} of units

of different types a=1,....,m, as well as statistical momenta of such Size-
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Composition Distribution (SCD). These characteristics are found experimentally
by chromatographic techniques. Pertaining to the second type are the statistical
characteristics carrying quantitative information on the fashion of arrangement of
monomeric units, i.e., on the structure of macromolecules. Among such character-

istics are fractions P(Uy) of k units long sequences Uy . Values of P(Uy) at

k =2,3,4 are often determined from the treatment of spectroscopic data obtained,

for instance, by nuclear or proton magnetic resonance technique. Some important
properties of heteropolymers are known to be governed by the sequence distribu-

tion P(Uk) in their macromolecules. In particular, some structure-additive physi-

cal characteristics of heteropolymers as well as their glass transition temperature
are related by simple linear relationships with fractions of diads P(Uz). An alter-

native way to describe the pattern of units’ alternation in chains of linear heter-
opolymers implies introduction of the chemical correlators. The simplest among

them, the two-point correlator Yop ( j) , 1s equal to the probability for a pair of ran-
domly chosen units separated in a macromolecule by | arbitrary units to be of
types a and S . Analogously, n-point correlators Y, ..o (jl,..., jn—l) are intro-

duced having a sense of the probability that n units positioned at given distances
Ji>--+» Jn_1 one from another pertain to types «;,...,a, . Generating functions of

such correlators play a decisive role in the statistical thermodynamics of heter-
opolymer melts and solutions.

Kinetic models of macromolecular reactions. Polymer materials are gener-
ally obtained either by the synthesis of monomers or via chemical modification of
macromolecules. Chain polymerization and step-growth polymerization belong to
the first type processes, while polymeranalogous transformations, crosslinking and
degradation belong to the second one. The processes of synthesis and transforma-
tion of polymer molecules proceed in consequence of chemical reactions of their
active centers, such as functional groups, free valences in radicals, double bonds
and so on. In many cases the reactivity of an active center in a polymer molecule
may be taken to be independent of both its configuration and this center position in
a molecule. This fundamental principle, bearing the name of Nobel prize winner
Flory, permits considering as identical the rate constants of elementary reaction of
any active centers of a particular type. In the framework of this approximation
known as the “ideal model”, the number of such elementary reactions in a typical
polymer obtaining process is comparatively small and, thus, it can be characterized
just by few kinetic parameters. The Flory principle makes it possible in a simple
way to relate the rate constants of macromolecular reactions (whose number is vir-
tually infinite) with corresponding rate constants of elementary reactions. Since in
line with this principle all chemically identical active centers are kinetically indis-
tinguishable, the rate constant of the reaction between any pair of molecules is pro-
portional to the rate constant of elementary reaction between their active centers
and the numbers of these centers in reacting molecules. Therefore, in the frame-
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work of the ideal kinetic model the rate constants of only elementary reactions en-
ter as kinetic parameters in the material balance equations describing a reaction
system.

The validity of the Flory principle is verified for a wide range of macromo-
lecular reactions. It is a good approximation for the description of the kinetics of
many processes of polymer obtaining. However, a considerable body of experi-
mental data is available today, unambiguously testifying to the existence of polym-
erization systems in which this principle is certainly violated, and, consequently,
the ideal model does not work. Possible reasons for the violation of the Flory prin-
ciple may be due to either short-range or long-range effects.

To the first of them the so-called “substitution effects” should be attrib-
uted. They are caused by steric, induction, catalytic and some other types of the
influence of reacted active centers on the reactivity of neighboring centers in a
molecule. To take such short-range effects into account under a theoretical consid-
eration the recourse has been suggested [5] to the extended Flory principle. Ac-
cording to this principle, the reactivity of any active center in a molecule is exclu-
sively controlled by local chemical structure of neighboring fragments of this
molecule. Essentially, the above-mentioned reactivity changes in the course of the
process due to the change of this local structure induced by the entry in the reaction
of neighboring active centers. In the framework of such models, one should to
choose as kinetically independent elements the small fragments of molecules in-
corporating the active centers rather than the active centers themselves (like in case
of the ideal model).

Specificity of polymer nature of the reagents is the most strongly pro-
nounced in the long-range effects, where the reactivity of any active center in a
macromolecule is acted upon by the fragments located in all its parts. Here in-
tramolecular catalysis by functional groups should be mentioned. They, being
spaced far apart from the active center in a macromolecule, fall nevertheless in
vicinity of this center because of spatial conformation rearrangements of polymer
chain. In the presence of such effects, the reactivity of its terminal active center can
be controlled by the length of a macromolecule as well as by the distribution along
this chain of units containing catalytic groups. For a rather fast reaction like re-
combination of macroradicals the dependence of its rate constant on their length is
controlled by the diffusion factors.

Theoretical approaches. Under a theoretical consideration of polymer obtaining
processes one faces with the problem of finding of SCD function. To have it solved
the kinetic and statistical approaches are traditionally invoked. The first of them
suggests the derivation and solution of the material balance equation for the con-

centration of molecules with fixed sets of numbers {l,} and {a;} of different

types of monomeric units and active centers, respectively. Summing this concentra-
tion over all sets {ai} and dividing it by overall concentration of all molecules we

will get the SCD function of macromolecules in a reaction system.
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Under the statistical approach, each macromolecule is considered as a re-
alization of particular stochastic process of conventional movement along heter-
opolymer chain. The probability of this realization equals, by definition, the frac-
tion of corresponding macromolecules residing at the moment in the reaction sys-
tem. The conventional movement along polymer chain may be considered as a suc-
cession of transitions from a monomeric unit to the next one. The type of unit at
every step is determined therewith in accordance with the statistics of the stochastic
process describing the heteropolymer specimen of interest. The most popular
among the stochastic processes is the Markov chain, when the probability v,z to

fall at any step in £ -th type state depends only on type « of the preceding state.

When the attempt to formulate the algorithm of finding the probability of
any trajectory of the above-mentioned stochastic process meets with success, the
task of exhaustive statistical description of a heteropolymer specimen may be con-
sidered as solved. For a specimen, in which the alternation of units is described by
the Markov chain, this algorithm is trivial. It enables to find immediately any sta-
tistical characteristics of markovian heteropolymers in terms of elements v,z of

the transition matrix. Specific peculiarities of particular processes of obtaining of
such polymers are taken into account only for finding the dependence of these ma-
trix elements on time of the synthesis as well as on stoichiometric and kinetic pa-
rameters of a reaction system.

Statistical and kinetic methods of calculation of the chemical structure of
polymers both have advantages and shortcomings. Being introduced by Flory more
than fifty years ago, the first of them found extensive application in quantitative
description of the products formed in the course of many processes of synthesis
and chemical modification of polymers [2], [5]. Principal merit of the statistical
method is its ability to describe in rather simple manner the detailed structure of
macromolecules in terms of just few probability parameters. However, the problem
of the choice of a particular stochastic process for probabilistic description of po-
lymeric products can not be solved in principle in the framework of the statistical
approach. This task can be coped with only resorting to the kinetic approach,
which also permits one to express the probability parameters of a stochastic process
through the rate constants of elementary reactions and the reagents’ concentrations.

Statistical physics of polymers

Dilute solutions. Nowadays the most thoroughly theoretically studied among po-
lymer systems are macromolecular solutions and melts. The simplest of such po-
lymer liquids are dilute solutions of macromolecules, which being widely spaced
almost do no interact one with another. That is why any of them can be considered
as independent of other macromolecules.

The size of an individual macromolecule of given configuration is found
by averaging its radius R over all conformations with allowance for their prob-
abilities which are specified by the Gibbs distribution. For a linear homopolymer
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chain the exponent v in asymptotic expression Ry, ~1" for the dependence of av-
erage radius of macromolecule R,, on number | of it units can assume different

values controlled by thermodynamic quality of the solvent. This is referred to as
“good” or “poor” depending on with whom is more gainfully for monomeric units
to contact, i.e. with the solvent molecules or one with another. As temperature de-
creases good solvent becomes poor one that happens at the so-called -
temperature. The theoretical analysis leads to values of exponent v equal to 3/5

and 1/3 for good and poor solvent, respectively. Therefore, the average density of

units in a macromolecule decreases in limit | — oo as 1™#3 in good solvent and

does not depend on the chain length | in poor one. In these two solutions, a mac-
romolecule resides in conformational states of coil and globule, respectively. Tran-
sition from one of these states to another occurs at | >1 in narrow vicinity of the
6 -temperature whose width tends to zero at | — co. For a flexible macromolecule
such a change of its conformational state can be considered as the second order
intramolecular phase transition.

The theory of homopolymer globules takes advantage of the possibility of
the description of spatial position of a macromolecule in terms of a certain stochas-
tic process. This is because the probability distribution of conformations of a linear
macromolecule with | units residing in the globular state coincides with the prob-
ability distribution of | long trajectories of a particle walking randomly under the
influence of external field (o(r) in the three-dimensional Euclidean space. Its role

is played here by an effective field that at point r acts upon the monomeric unit
characterizing its interaction with other units and solvent molecules. At T > @ this
field favors the swelling of a macromolecule in a good solvent, whereas at T <&
field (p(r) being compressing in a poor solvent, tends to decrease the size of a po-
lymer chain. In the framework of the self-consistent field approximation function
@(r) depends on coordinate r in an implicit way through function p(r). This, in

turn, is expressed through field (p(r). Hence the task of the quantitative descrip-

tion of a homopolymer globule is reduced to the solution of a set of equations for
functions p(r) andg(r).

When developing a theory of heteropolymer globules, macromolecules
should be necessarily distinguished not only by their conformations but by configu-
rations as well. In this case every polymer chain may be associated with the trajec-
tory of random walk of a particle, which moving in space is also capable at every
jump to change its “color” « corresponding to the « -th type unit. Statistics of
alteration of units’ types along a polymer chain completely predetermines the regu-
larities of recoloring of a walking particle. The external field ¢, (r) acting upon a

particle is dependent on its color «, so that in the self-consistent field approxima-
tion the globular state of a heteropolymer macromolecule with m types of units is
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described by the solution of the set of 2m equations for densities { o (r)} of -
th type units and fields {goa (r)} .

It is known that the rate of chemical reactions can be substantially in-
creased by localization of reagents in minute volume microreactors. The role of
them can be performed by polymer globules [6]. If the thermodynamic affinity of
low-molecular weight reagents to polymer essentially exceeds that to solvent, their
concentrations inside a globule will be considerably higher than those outside. Us-
ing globular solutions when conducting catalytic processes is especially efficient,
provided macromolecules contain catalytic centers.

Concentrated solutions and melts of polymers. The phase behavior of such
ensembles of macromolecules shows a number of qualitative peculiarities absent in
low-molecular weight liquids. One of the most important among them is the forma-

tion of thermodynamically stable mesophases in which densities { Pu (r)} of dif-

ferent type units change periodically in space with the period falling in nanoscale
range. The spatial symmetry controlling the morphology of each of such meso-
phases corresponds to some type of crystal lattice. The most often encountered are
lamellar, hexagonal and body-centered cubic mesophases.

Among fundamental problems arising in the statistical physics of polymers
is revealing the dependence of the morphology of the mesophases formed and their
period on temperature and chemical structure of macromolecules. The solution of
this problem apart from crucial theoretical importance has as well a considerable
applied value since many service properties of new heteropolymer-based polymeric
materials are essentially controlled by the morphology of mesophases.

One of the main approaches commonly used for this purpose is the Weak
Segregation Limit (WSL) theory [4], [7]. It rests on the ideas of the Landau theory
of phase transitions extensively employed in theoretical physics of condensed mat-
ter under the description of magnetics, crystals and liquids. According to this the-
ory, the nonequilibrium free energy F is written down as several first terms of

the functional series in powers of order parameters {l//a (r)} whose equilibrium

values are found by minimization of functional F . The coefficients of such an
expansion, referred to as the vertex functions, depend on the chemical structure of
macromolecules of the specimen under consideration. The problem of finding this
dependence from microscopic consideration constitutes the main challenge of the
WSL theory of heteropolymer liquids.

Along with polydispersity there is another specific feature inherent to such
liquids owing to which the Landau theory of phase transitions in polymer systems
differs qualitatively from that traditionally employed in condensed matter physics.
So, in the traditional Landau theory of low-molecular weight liquids the order pa-
rameter v, (r) is proportional to the deviation of local density p, (r) of a-th

type particles at point r from its average value. When this theory is invoked to
describe polymers, the role of particles is played by units. However, unlike parti-
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cles, they are not true thermodynamic components because monomeric units are
linked in a polymer chain by stable chemical bonds whose presence imposes some
restrictions on mutual spatial arrangement of units.

In order to describe periodic mesophases it is more convenient to deal with
the expression for functional F  which is written down in momentum representa-

tion. This expression comprises the Fourier transforms 7, (q) and

f(n) o (y.....0p) of the order parameters y, (r) and F(n) n(rl,...,rn) de-

o -

pending on wave vectors Qy,...,q,, . Coefficients 1:(n) of the expansion of the Lan-

dau free energy F  of polydisperse polymers exhibit at n>4 a remarkable pecu-
liarity resulting from averaging over macromolecules’ configurations. This peculi-
arity consists in the appearance in this expansion of the so-called “non-local” ver-
tex functions. These, as distinct from the local ones, tend to infinity when momenta
approach zero. The presence of such non-local contributions into the free energy is
responsible for qualitative peculiarities in phase behavior of polydisperse polymer
liquids that are absent in monodisperse specimens.

To have analytical expressions for the vertex functions it is convenient to
resort to the diagram technique [4], [7] which allows the derivation of these general
expressions in terms of the generating functions of the chemical correlators. The
solution of this problem involves two stages. At the first of them the dependence of
the vertex functions is found on the correlation functions of fluctuations of mono-
meric units’ densities at different points. The connection of these physical correla-
tors with chemical ones is established at the second stage.

The essentials of the statistical theory of synthetic polymers have been
formulated. In my oral presentation I intend to provide examples illustrating the
potentialities of this theory for the solution of some applied problems.
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Abstract

Reliable information on the thermophysical and thermochemical properties of ma-
terials is indispensable for engineers and scientists. Especially during the last dec-
ades, the need for data and the tentative detection of traces (even in environment
applications and life science, e.g.) of specific components has been improved. This
paper reviews different methods which have been developed in order to measure
concentration, up to trace level of specific atoms, to monitor chemical reactions, ...

Introduction

Photothermal and photoacoustic methods have been first developed in the seventies
and the early eighties [1-4]. They have been first used to image the thermal and
thermoelastic properties of the materials and have enabled the detection of surface
and subsurface defects [5-8]. But, at the same time, quantitative applications to
physics and chemistry have been investigated. A new family of tools has been im-
agined, then built and tested [9, 10]. We review these methods, some of them being
now quite unknown despite their potential advantages. Nevertheless, the techniques
have progressed, principally in the field of optical sources and electronic circuits. A
new glance at these techniques could be a way for developing very sensitive meas-
urements.

The main advantage of photothermal techniques is the optical probing which
is a powerful tool for non contact investigation of solids, liquids and gas, the main
limitation being the transparency of the medium to analyse. In this paper we review
the main physical principles and the applications of the photothermal and photo-
acoustic methods.

Physical basis

Photothermal and photoacoustic methods are based on the absorption of an optical
beam. The investigated material is heated with a modulated laser beam (the modu-
lation is needed to obtained the highest signal to noise ratio because signal process-
ing is easy at a given detection frequency). The different indirect detection methods
are reminded in Fig. 1 for an opaque sample. The excitation beam heats the surface
due to the absorption (a spectroscopic approach is possible by using selected wave-
lengths). A so-called “thermal wave” goes through the solid and interacts with it.
By using one dimensional model, the investigation depth is expressed as
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Uy = /ZaT , where o is the angular frequency and ar the diffusivity. For instance,
@

at 1 kHz excitation frequency and with the thermal constants of Al, the diffusion
length pris about 150 um.
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Fig. 1. Different methods for indirect detection of photothermal properties of solids

The thermal field is always indirectly detected. Different kinds of thermal
sensors can be used in reflection mode (microthermocouple close to the excitation
area, IR radiometer, e.g.) or in transmission mode (pyroelectric sensor). Some indi-
rect measurements are uncommon: mirage effect, photoreflectance (measure of the
variation of the reflectance depending on the temperature), thermo-deformation
(effect of the surface gradient related to local thermal expansion). Another way to
sense the temperature is to detect the thermal expansion effect (deformation of sol-
ids, pressure increase in gases, e.g.). Photoacoustic methods result from thermal to
acoustic energy conversion. A simple microphone may detect the acoustic sound in
the surrounding air and, on the other hand, an interferometer may measure the out-
of-plane component of the surface motion related to dynamic thermal expansion
(the excitation beam is modulated).

More generally, in photothermal experiments, the light of a laser beam is ab-
sorbed by the investigated medium. The temperature variation, or the physical ef-
fects resulting from photothermal excitation, give information about the required
species.
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Experimental techniques

Basically, the excitation source is a laser (dye laser for spectroscopy or monochro-
matic one for the investigation at single wavelength). This source is usually modu-
lated (direct modulation or use of modulation components: electro-optic or
acousto-optic cell). The detection, as shown above, will depend on the applications.
In this paper, we limit the presentation to some specific applications.

The spectroscopic approach for gas uses a modulated laser. The laser beam passes
through a cell which contains the gas to be analyzed. Depending on the concentra-
tion of absorbing molecules, the generated heat is detected using the previously
presented processes and the system is calibrated. Usually, this family of techniques
is very sensitive and results are reproducible.

A.OM. Photodiode

E—
C_J

T Gas cell l

Generator P LIA.

L1

Laser

Fig. 2. Basic experiment of photothermal spectroscopy

A basic setup used to detect traces of specific traces in gas is shown in figure
2. The wavelength of the laser has to be chosen in the absorption bandwidth of the
traces to detect. A low frequency generator drives, externally in this case, an acous-
to-optic modulator (A.O.M.) which enables to switch the beam at the output of the
laser. The cell containing the gas is heated due to the presence of absorbing mole-
cules. Basically, the photocurrent of the photodiode depends on the absorbed part
of the light power following the Beer-Lambert relationship:

A = log[IToj =mlC,

where A; is the absorbance, |y and | are the incident and transmitted light intensity
respectively, m is the molar absorptivity, | the length of the gas cell, and C, the
concentration of the absorbing species.

A double phase lock-in amplifier (L.I.A.) gives the magnitude of the periodical
signal detected by the photodiode. A second laser beam is often used to increase
the detection capability and some original setups have been developed in order to
optimize the detection. One of them is the photothermal lens spectroscopy which is
an ultra-sensitive method using the thermal gradient inside the cell. It is applicable
to trace analysis and studies involving photo-initiated reaction chemistries [11].
The cell is cylindrical and it is illuminated by the image of an excitation source
(optical image obtained by focusing). The sample cell is illuminated with spatially
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constant irradiance. Thermal diffusion results in the spatial anisotropic temperature
change. This, in turn, produces the thermal lens element. In order to overpass clas-
sical problems associated with photothermal lens spectrometry, an apparatus using
a two-laser photothermal lens apparatus can be built. Time-dependent photothermal
signals are detected and enable to accurately measure the concentration of specific
species. Focusing of the beam is an interesting effect, but simple deflection is also
very sensitive. It is based on the same physics: photothermal deflection spectros-
copy (PDS) is the measurement of the light absorptions by optical detection of the
refractive index gradient resulting from temperature variations in or near the sam-
ple. The observed phenomenon is the "mirage effect" which was first reported by
Boccara et al [12]. Uezima et al have demonstrated the high sensitivity of PDS to
detect low concentration of Fe*" ions in a solution [13]. They have obtained a linear
dependence showing the easy calibration of the technique.

The presented technique is closely related to photoacoustic spectroscopy
(PAS) which also monitors the photothermal process and detects the expansion due
to the generation of heat in the light absorbing material. Also called “Optoacous-
tic”, an application of this method is given in [14] for the detection of organic mo-
lecules (Tinuvin-P and Rhodamine 6G) for laser applications. The basic configura-
tion uses a photoacoustic cell with a microphone as a detector. The fluid sample
resonates in the photoacoustic cell giving a strong signal for CW excitation at the
resonant frequency. Pulsed excitation yields to a band limited strong signal which
is superposed on the tail of the impulse response curve. Experimentally, this band-
pass effect (second order) limits the measurement of the spectra at modulation fre-
quencies higher than the resonant frequency. PAS has been widely used to investi-
gate powder, gas traces and molecular dynamics [15-18]. Other more complex
techniques have also been developed: photothermal-deflection spectrometry [19],
e.g. Recent studies show that more investigation should be done in order to com-
pletely understand the experimental setups [20].

In order to complete this review, we should mention cross-techniques which
enable to simultaneously give different properties of the same sample. An example
is the SThEM (Scanning Thermo-Elastic Microscope) [7] which is a kind of multi-
acquisition microscope based on photothermoelastics. Its principle is given in fig-
ure 3. It uses an intensity modulated power laser (Ar+ or doubled NdYAG, but a
tunable laser can also be used) as excitation source. The beam of a second laser at a
different wavelength is split so that both optical, thermal (using photoreflectance)
and thermoelastic images of the same area are simultaneously recorded. The two
beams are focused with a microscope objective that enables a spatial resolution
better than 1 micron. This microscope gives information on the physical properties
of the surface and close subsurface (penetration depth up to about 20 um). A set of
5 images are obtained simultaneously: optical image and amplitudes and phases of
both thermal and thermoelastic signals. Two lock-in amplifiers are used to extract
the required information for each point. The scanning is performed with two-axis
translation stages with a total range above 5 mm and 0.1pm resolution. Tested ap-
plication concern physics and technology: thermal and thermoelastic properties of
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materials and non destructive testing: detection of defects (delamination of depos-
ited layers, structure analysis, ...) and more generally subsurface observation and
analysis. The main advantage of this technique is the absence of interference be-
cause thermal waves are evanescent and interferometric effect is very weak.

A | * — Mirror
rgon laser ]_
(excitation) AOM. = Sample
—— m.0.
LF. Phase demodul. [* Laser probe N /P
Gene.
Photodetector
l - - DichroicQ/
Lock-in Optical  Mirror
amplifier 1 Signal
| Lock-in Micro- ) Tran_slation
amplifier 2 computer units

Fig. 3. Setup of the combined optical, photothermal and thermoelastic scanning
microscope

Conclusion

We have shown the interest of photothermal and photoacoustic techniques to inves-
tigate, analyze and accurately quantize traces and specific species, in either gas,
liquid and solids. The presented techniques are, for some of them, industrialized.
They can be applied in various fields related to high-technology industry (research
and development) and academic laboratories. Innovative techniques have been de-
veloped to meet the new demands. The main advantage of photothermal and
photoacoustic techniques is the non invasive way of the methods based on light
probing (optical excitation and optical detection). In order to analyze traces, very
sensitive techniques have been developed and tunable lasers are often used to en-
able a complete spectroscopy. Many kinds of sensors have been imagined and
tested because the temperature can not be directly detected. The less invasive ways
to sense the local temperature are based on beam deflection or thermal lens. The
detection of the photoacoustic generated sound is also not invasive and without
direct contact. The only potential limitation of the photoacoustic technique is the
bandwidth which depends on the sensor itself. Finally, we have shown a mul-
tiphysic method which enables to simultaneously give optical, thermal and ther-
moelastic (or thermoacoustic) information. New developments can be expected in
these fields because the cost of high tech optical sources and sensors is decreasing
and the systems are more compact. Particularly, biomedical applications seem very
promising.
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DEPENDENCE OF ENTHALPY OF FORMATION OF ACYCLIC
SATURATED KETONES ON MOLECULAR STRUCTURE

S. Markovié, A. Despotovi¢, D. Jovanovi¢ and 1. Purovié
Faculty of Science, University of Kragujevac, 34000 Kragujevac, Serbia

Abstract

The dependences of enthalpy of formation (AHy) of saturated acyclic ketones on
the size of molecule, position of carbonyl group, and branching of molecule are
examined. The major part of AHy is determined with the size and branching of
molecule, whereas fine structure of AHy is determined with the position of carbonyl

group.

Introduction

Like many other properties, enthalpy of formation (AHy) is dependent on molecular
structure. To examine the dependence of AHy of ketones on molecular structure it is
necessary to calculate the values for those ketones for which the experimental
enthalpies are not available. The goal of this work is to investigate the dependence
of the enthalpy of formation of ketones on molecular structure (i.e. the size of
molecule, position of carbonyl group, and branching of molecule) using the Para-
metric Method 5 (PM5). In this method a new parameter set, called PM5, has been
added [1]. Parameters are available for all non-radioactive main-group elements,
Zn, Cd, and Hg. It is supposed that the average accuracy for enthalpies of forma-
tion over all parameterized elements is improved by approximately a factor of four,
compared to the AM1 and PM3 parameterizations [1].

Results and Discussion

Spartan’02 [2] is used to construct a series of low-energy conformers for each ke-
tone molecule under investigation. The so obtained structures are used as input ge-
ometries for the program package CAChe 6.01 [3], which enables calculation of
the enthalpies of formation employing PM5 Hamiltonian. Thus, a new series, con-
sisting of the PMS5 enthalpy values, is formed for each ketone. The enthalpies of
formation for all investigated ketones are computed using Eqs (1) and (2) [4], at
both PM3 and PMS5 levels of theory.

AH, =Y N(aH ) M)
Ni
Nit 2y = @
J#L QT

In Eqgs (1) and (2) (AHg); and N; represent the enthalpy of formation and mole frac-
tion of the i™ conformer.
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Following the above described procedure, the AH; values for 30 saturated
acyclic ketones are calculated employing PM3 and PM5 Hamiltonians. This set
embraces all ketones for which the experimental gas phase values for AH; are
available in literature [5,6]. The average relative errors for the PM3 and PMS5 ap-
proximations are equal to 3.5 and 2.5%, whereas the correlation coefficients
amount to 0.96 and 0.990, respectively. PMS5 reproduces enthalpies of formation of
ketones better than PM3, but definitely not by a factor of four.

The dependences of AH; on the size of molecule n (number of C atoms),
position of carbonyl group, and branching of molecule are considered. For this
purpose AH¢ values are calculated for all unbranched ketones up to n=11. In
agreement with the experimental results, AH; of ketones decreases with the
increasing size of molecule by approximately 5 kcal/mol per methylene group. The
dependence of AH; on n is linear. The correlation coefficients for the homologous
series of 2-, 3-, and 4-ketones are equal to -0.9993, -0.995, and -0.995,
respectively.
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Position of carbonyl group Number of CH; groups

Fig. 1. Dependence of AHy of ketones on the position of carbonyl group (left) and
number of CH; groups (right).

The dependence of AH; on the position of carbonyl group is examined in the
series of isomers where N = 7 — 11. For example, when this dependence is
investigated for n = &, then the AH; values of 2-, 3-, and 4-octanones are mutually
compared. The influence of the position of carbonyl group is smaller than that of
the size of molecule. For lower values of n (i.e. n < 8) the AH¢ values in a series of
isomers differ by no more than 0.2 kcal/mol. For n > 9 the differences among the
AHg values of the members of isomeric ketones become more pronounced, but do
not exceed 2 kcal/mol. Fig. 1 illustrates the influence of the position of carbonyl
group upon AHy of higher isomeric ketones. In each examined series of isomeric
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ketones the AH¢ value of 3-ketone is higher than that of 2-ketone. As the carbonyl
group is further shifted towards the middle of a molecule, enthalpy of formation
decreases. In case of decanones, where n is even number, 2-decanone exhibits the
lowest AH¢ value. In case of nonanones and undecanones, where n is odd number,
the lowest AH; values are associated with 5-nonanone and 6-undecanone,
respectively, what can be a consequence of pronounced symmetry of these
molecules.

To investigate the dependence of AH; on the branching of molecule, all 2-
ketones with n = 9 (having 0 — 4 methyl substituents) are examined. The results of
this investigation are presented in Fig. 1. The AH; values of monosubstituted 2-
oktanones are slightly lower than that of 2-nonanone. Enthalpy of formation further
increases with increasing number of methyl substituents. The difference between
the lowest (7-methyl-2-octanone) and highest (3,3,4,4-tetramethyl-2-pentanone)
AHy value exceeds 7 kcal/mol, implying that the influence of the branching of
molecule is stronger than that of the size of molecule.

Conclusion

Enthalpy of formation of acyclic saturated ketones decreases with the increasing
size of molecule. This dependence is linear. The influence of the branching of
molecule is even stronger than that of the size of molecule. Fine structure of AHy is
determined with the position of carbonyl group.
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Abstract

An ion-pair ultra performance liquid chromatography (IP-UPLC) method was de-
veloped to obtain a sensitive and efficient means for quantification of ADP in order
to follow the decrease of Na'/K" ATPase activity after its exposure to different in-
hibitors. The concentrations of ADP obtained after hydrolysis of ATP in the pres-
ence of enzyme depends on enzyme activity. Simultaneously with the chroma-
tographic determination of ADP, the spectrophotometric determination of phos-
phates liberated after the hydrolysis of ATP was done.

Introduction

Reversed-phase ion-pair chromatography (RP-IPC) is a popular separation tech-
nique [1]. The ultra performance liquid chromatography (UPLC) opens up new
opportunities in liquid chromatography [2] because it offers the possibility of using
bridged ethyl/siloxane silica (BEH) column packing with 1.7 pm particles, which
increase the efficiency of chromatographic separation, reduce the time necessary
for the analysis and also improve the resolution of chromatographic peaks.

Adenosinetriphosphatase (Na’/K'-ATPase) is an integral membrane protein
found in most mammalian cells. It catalyze adenosinetriphosphate (ATP) hydroly-
sis and energy liberated in this process is used as the driving force for active elec-
trogenic transport of monovalent cations (Na",K") through membrane [3]. The
quantity of released inorganic orthophosphate (Pi) or adenosinetriphosphate (ADP)
obtained during ATP hydrolysis corresponds to extent of enzyme activity.

The aim of this study was to develop IP-UPLC method for indirect determi-
nation of Na'/K'-ATPase activity based on the detection of ADP concentration
liberated from the hydrolysis of ATP.

Experimental

Instruments

Waters ACQUITY Ultra Performance Liquid Chromatography (UPLC) system was
used. Separations were performed on an ACQUITY UPLC™ BEH Cig
100mmx2.1mm column (Waters), with 1.7um particles, as a stationary phase. For
spectrophotometric experiments Perkin Elmer Lambda 35 UV-Vis spectro-
photometer was used.
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Results and Disscusion

Na'/K'-ATPase activity was determined in a standard incubation medium (200 pl),
containing 50 mM Tris-HCI (pH 7.4), 100 mM NacCl, 20 mM KCl, 5 mM MgCl,, 2
mM ATP and 80-220 pg of protein. Incubation mixtures were preincubated for 15
min at 37 °C in the presence of inhibitor or distilled water (control). The reaction
(in the presence or absence of inhibitor) was started by the addition of ATP, al-
lowed to proceed for 15 min, and interrupted by the addition of 6M HCI and im-
mediate cooling on ice. Afterwards, enzyme mixture was diluted to 2 ml and en-
zyme was excluded from working solution by centrifugation of samples at
13000%g for 10 min. After centrifugation an aliquot from the supernatant was taken
and after dilution, solutions were divided into two portions. One portion was used
for spectrophotometric determination of phosphates and the other was neutralized
by adding of NaOH and used for UPLC experiments. The Pi liberated from the hy-
drolysis of ATP was measured using modified spectrophotometric procedure based
on the stannous chloride method, by reading the absorbance at 690 nm [4]. The
results are expressed as the mean percentage of enzyme activity relative to the cor-
responding control value, from at least three independent experiments performed in
triplicate.

In order to develop the method for separation of adenine nucleotides, as ini-
tial condition, phosphate buffer with addition of ion-pairing reagent 4 mM tetrabu-
tyl ammonium hydroxide (TBAH) in 4 mM phosphate buffer (phase A) and
methanol (phase B) as organic modifier was used. The optimal chromatographic
conditions for adenine nucleotide separation and quantification were determined
and were as follows: the mobile phase was composed of solvents A and B in ratio
A:B=75:25. Optimal flow rate was 0.25 mL/min. The autosampler was maintained
at room temperature (20°C), and the column compartment at 40°C. Injection vol-
ume was 10 pL. The chromatograms were obtained in single wavelength mode at
254 nm.

A typical chromatogram with the separation of a mixed standard solution ob-
tained by mixing of known adenine nucleotides concentrations (AMP, ADP and
ATP), is shown on Fig. 1. The time necessary for recording of chromatogram was
less than 6 min. The separation was clear and allowed easy identification of the
peaks. For investigated adenine nucleotides, retention times were 1.66, 3.03 and
4.62 min for AMP, ADP and ATP, respectively. Afterwards, chromatograms of
assayed Na'/K'-ATPase samples were recorded. Concentrations of ADP liberated
by enzymatically catalyzed ATP hydrolysis were determined by comparing these
chromatograms and standard curve. From these results enzyme activity was calcu-
lated. Comparison of enzyme activities obtained by UPLC and spectrophotometric
method, showed very good agreement (Fig. 2).
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Fig. 1. Chromatogram obtained for the Fig. 2. UPLC determination of amount
mixture adenine nucleotides by using of of ADP and spectrophotometric deter-
UPLC mination of amount of P; both released
from ATP by ATPase.
Conclusions

IP-UPLC method for indirect determination of Na'/K'-ATPase activity based on
the detection of ADP concentration liberated from the hydrolysis of ATP was de-
veloped. Results obtained by this method are in good accordance with spectropho-
tometric method for Na'/K'-ATPase activity detection, but more precise with
lower experimental error, and simpler for experimentators.
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Abstract

The data by comparative determination of selenium in rocks and soils by means of
a high effective liquid chromatography (HPLC) with spectrofluorimetric detection
are presented. It is shown that spectrofluorimetric determination (SD) with HPLC
is more comprehensible than SD alone.

Introduction

Selenium is chalcophilous dispersed trace element included approximately in 40
microminerals. Taking into account, that the contents of the last in the basic rocks
of an earth's crust is 10™ - 10°® per cent, special value has an increase in sensitivity
and selectivity of the analysis by development of analytical methods of determina-
tion of selenium. It is connected not only to necessity of the analysis of trace
amounts of this element, but also to the requirement of reduction of mass of inves-
tigated samples. Last circumstance is especially actual at the analysis of biogeo-
chemical objects.

Now to determinate a ng quantities of selenium apply various physical and
chemical methods. Most it is frequently used the spectrofluorimetric method with
use 2.3-diaminonaphtalene (DAN) [1-3]. However, formation of complex of Se
(IV) with DAN-piazselenol is accompanied by formation of some products of oxi-
dation which have similar spectral characteristics that complicates quantitative de-
termination of this trace element.

Methods

With the purpose of more selective determination of selenium as a complex with
DAN we used a method highly pressure (effective) liquid chromatography
(HPLC). The chromatograph consisted from column "Diaspher"-110-C16 (150 x
4.0 mm, size of sorbent 5 microns), pumps "Knauer", the spectrofluorimetric detec-
tor RF-530 "Shimadzy" and injector with a loop in volume 20 mcl., liquid cell in
volume 3 mcl. Excitation light was about a maximum at 376 nm, and a maximum
of fluorescing light was at 570 nm. Eluent: a mix of ethanol and hexane 1:1 (on
volume), a flow rate — 0.5 ml/ min.

Tested objects were ore standards RUS-1, RUS-3, PS-1 and various types of
soils. Samples decomposed by means of HNO;, HF and HCIO, acids, and selenium
(VI) was reduced up to Se (IV) by means of 6 M HCI. The objects with high con-
tents of iron cleared on a column of catione exchange resin (hard acidic).
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Results of Researches

1. Structural formulas of basic derivatives of DAN are below, formed during reac-
tion between selenite and DAN (fig. 1):
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Fig. 1. Products of transformation of DAN.

2. It is achieved the clear resolution of a product of oxidation of DAN and a com-
plex of selenium with DAN (fig. 2). Thus linear dependence between height (area)
of peak of the basic Se-complex and intensity of its fluorescence (in mV) is ob-

served.
mV

26 Fig. 2. The comprehensive chromatograms
of HPLC—spectrofluorimetric method. 20 ng
of piazselenol (B, peak 3) and control
(blank) extract (A).

Peaks 1,2,4 — products of oxydation of DAN.
The injected volume - 20 mcl.

A flow rate of eluent, (the mixture of hexane
S an ethanol 1:1 (on volume) — 0.5 ml/min.

o 60 120 180 240

Elution time, sec.

3. It is established the basic possibility of determination of selenium in the speci-
fied objects with application of HPLC (fig. 3). The method allows to estimate
quantitatively the contents of pg amounts of selenium in natural materials after
their decomposition by a mix of inorganic acids with the subsequent complex of Se
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(IV) with 2,3-DAN and selective extraction of piazselenol. Detection of selenium
in standard samples reaches about 100 per cent and differences in repeated deter-

minations - within the limits of 3-6 per cent

Fig. 3. The comprehensive chromatograms of
HPLC-spectrofluorometric method. The first 2
peaks — a blank, standard - 2 ng of selenium (3,4),
RUS-3 (10 mg)(5,6), RUS-1 (7,8), soils — cher-
nozems of Transbaikalie (100 mg) (9-12). The
injected volume of sample — 20 mcl. A flow rate —

(table 1).

50T

3 46.70

4 45.84

AW “10)22)9p JO UONIERY
\

5 23.12

44.04
46.62
9 4145

.6 23.31

—q0 41.16

11 51.17
12 50.18

a mixture of hexane and ethanol, 1:1 — 0.5 g 8 ;
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Duration of analysis, min.
Table 1. Determination of selenium in ore samples and soils
Sample Se, Mass of Discovery of Se, Se in Se in
ng/20 mcl sample, mg ng/20 mcl standard, %  sample, %
RUS-1 1.28 10 1.33+0.02 (n=5) 0.0032 0.0033
RUS-3 0.80 10 0.88+0.02 (n=5) 0.0020 0.0022
RUS-3 2.00 25 1.90+0.09 (n=5) 0.0020 0.0019
PS-1 2.40 10 2.58+0.18 (n=5) 0.0060 0.0064
Soil
154/2004-1 - 100 1.01£0.07 (n=3) - 0.00025
Soil
34/2004-1 - 100 1.37£0.06 (n=3) - 0.00034
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Abstract

Mass transfer coefficient between fluid and column wall in liquid packed and fluid-
ized beds of spherical inert particle has been studied experimentally using adsorp-
tion method.

The adsorption method is based on the dynamic adsorption of an organic dye
onto a surface covered with a thin layer of a porous adsorbent. This method is, also,
suitable for fluid flow visualization.

Introduction

Research of transport phenomena in liquid — particles systems, in past years, had
more theoretical then practical importance[1-3].For industrial use, especially with
fast development of bio and water cleaning processes, better knowing of these sys-
tems become more important. Industrial application of these systems requires de-
termination of transfer characteristics, especially mass transfer.

Experimental

The experimental system was
shown in Fig. 1. Experiments
were conducted in column 40
mm in diameter (1), with lig-
uid distributor (2) and water
overflow (3). Very diluted so-
lution of methylene blue (cy =
2.5:107 g/dm’) was used as a
fluid in the presence of inert
glass particles 3.04 mm in di-
ameter (4). The foils of silica
gel (5) was used as adsorbent.
("Merck”, DC-Alufolien Kie-
selgel). Concentration profiles
of methylene blue were meas-
- ured in the flow of water
Fig. 1. Experimental system. through packed and fluidized

beds. Colour intensity of the
surface was determinated by "Sigma Scan Pro 5" software. The fluid flow was
changed with valve (8) and measured by flowmetar (9).
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Results and Discussion

Average color intensity of silica gel surface varies with fluid flows. Higher
color intensity means higher mass transfer coefficient as can be seen on Fig. 2.
With increasing liquid velocity in packed beds mass transfer coefficient increases
while in fluidized beds mass transfer coefficient decrease. The highest mass trans-
fer coefficient was at minimum fluidization velocity because of high concentration
of moving particles.

4.0t —— dp=3.04 mm
w 307
N
S
"
3
~ 20 T

1.0 + Fluidized bed

Packed bed
f - f - f
0.00 0.05 0.10 0.15 0.20
U, m/s

Fig. 2. Relationship between mass transfer coefficient and superficial liquid velocity

Adsorption method is also very useful for determination of local mass
transfer coefficient and fluid flow visualization as can be seen on Fig. 3. Values of
local mass transfer coefficients at a different points are shown in table on Fig. 3.

k-10°, m/s
5,57
3,85
7,82
20.2
24.2
18.7

10
2.02
0.825
15.2
19.9
22.5
19.7
17.6
14.4
16 12.6

Fig. 3. Fluid flow visualization around spherical particle in packed bed
Figure 4. presents the mass transfer factor as a function of Reynolds num-
ber in packed and fluidized beds for different experimental techniques. It could be

10
1"

13
14
15
16

(5]
e e e L e L
MQWN_OGOO\IO\U‘IAWI\D—‘
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seen that there is no significant difference between mass transfer factors obtained
by this two methods. [4, 5] Often used dissolution method is very reliable, and
agreement of data shows that the adsorption method gives good results also. Ad-
ventage of this method is possibility to obtain local mass transfer coefficients.

1.00

0.80 t O Adsorption method
[0 Dissolution method [4, 5]

0.60 T

Jo

0.40 t

0.20 1 %

0.00 T

O 0 m
|

0 2000 4000 6000 8000 10000 12000
Re

Fig. 4. The relationship between mass transfer factor and Reynolds number.

Conclusion

The wall-to-liquid mass transfer in packed and fluidized beds, with the adsorption
method of methylene blue was investigated. These method is suitable for fluid flow
visualization.

The wall-to-liquid mass transfer factor in packed beds is higher then in fluid-
ized beds for Reynolds number of column.

Result of adsorption method gives permanent picture of fluid flow and local
and average mass transfer coefficients in packed and fluidized beds.
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Abstract

In this paper the results of work on the synthesis of modified PAN fibres are given,
and a certain number of experiments were done to establish the necessary molal
surplus of reagent in relation to fibres, as well as the time and temperature in which
the modification was done. Such received PAN fibres were used for adsorption and
extraction of gallium from decomposed Bayer’s alkaline. PAN fibres show the ca-
pacity from 16-28% adsorption of gallium in one pass which corresponds to the
capacity of exchangel.4-2.5 mg Ga/g of fibres.

Introduction

Modification of poly acryl fibres was also done according to the literature practices
(which were modified in accordance with co-polymers that could be found on the
market) [1-4]. The conditions of syntheses were changed (temperature, time of re-
action, module of the bath etc.) such as adequate amines that, according to litera-
ture, can react with selected poly acryl nitrile co-polymers and produce chelate fi-
bres that adsorbed gallium from Bayer’s solution.

Experimental

Two fibres with following characteristics were used:

PAN-1 co-polymer acrylnitrile (92%), itaconic acid (5%) and methyl-acrylate (3%)
PAN-2 co-polymer acrylnitrile and methyl-acrylate of unknown ratio.

The mechanism of polyacrylnitrile co-polymers modification is shown in the fol-
lowing scheme. In reaction with hydroxyl amine, derivates of amidoxim (A) and
carbohydroxim (B) acids were received:

© NHOH
COOH
NH,OH
n m p n m p
CN COOH coOoH HOHN o o
NH  NHOH NHOH

(A) (B)

where, due to reaction medium of water, hydrolysis of amidoxim derivates of acids
could arise according to the following reaction:
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NHOH NHOH
—»
HOHN HOHN

NHOH NHOH NHOH NHOH

Transformation of poly acrylnitrile co-polymers with hydrazine occurs according
to the following chemism and hydrazone derivates of acids are obtained'

NHNH,
COOH
H,NNH,
B ——
H,NHN
COOH COOH

NHNH, NHNH,

where is also possible to obtain hydrolysis of originated derivates according to eq-
uitation:

NHNH; NHNH,
—>
H,oNHN HaNHN

NHNH, NHNH, NHNH, NHNH,

The chemism of reactions which arise is highly complicated and all acids derivates
that arise are not stable so, due to the successive treatments with solutions during
the process, there comes to transformations that lower the capacity of change. The
number of cycles during which the defined synthesised chelate resin — PAN fibre
could give the satisfactory capacity of change represent the part of future re-
searches.
During the experimental work on the synthesis of modified PAN fibres a certain
number of experiments was done in order to make the necessary molal surplus of
reagent in relation to fibres, as well as time and temperature in which the modifica-
tion was done. In those experiments three types of ion changeable PAN modified
fibres were chosen and those are:
e B1 modified fibre received by the reaction of PAN-1 fibre with hydroxyl
amine on 90-95°C during 90 min;
e B2 modified fibre received by the reaction of PAN-1 fibre with mixture
hydroxylamine/hydrazine (1:1) during 90 min;
e B3 modified fibre received by the reaction of PAN-2 fibre with mixture
hydroxylamine/hydrazine (1:1) during 90 min;
The addition of work represents the modification of different poly acryl nitrile co-
polymers with different ratio of functional groups (nitrile, carboxylic, halogenide
etc.) under different conditions (pre treatment with attenuate alkali and treatment
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with different basis (ammonia, hydroxyl amine, hydrazine, diethylentriamine or
any other combination).

Results and Discussion

According to so far results of gallium extraction from Bayer’s solution, the results
are received showing that present chelate resin does the extraction of gallium from
alkali aluminates solutions [5].

Modified resin based on LEWATIT TP 207 has better kinetic characteristics while
modified PAN fibres have larger capacity of change. Analytic method "VAMI”
Sankt Peterburg which has been used for determination of gallium oxide in bauxite
and red sludge was also used for quantitative determination of gallium in solution
after its extraction by acids from chelate resin.

Synthesized resin on the LEWATIT TP 207 basis showed the capacity from 12-
21% adsorption of gallium in one pass or what correspond to the capacity of
change 1.1-1.9 mg Ga/g of resin. More significant capacity of change shows the
resins which are modified PAN fibres and moves in ratio 16-28% of extracted gal-
lium in one pass or 1.4-2.5 mg Ga/g of fibres (Table 1).

Table 1. The results of the analysis of acid water solution after the extraction of Ga
PAN Extraction of Ga (in %)  Capacity of exchange (mg Ga/g PAN)

B1 22 2,0

B2 28 2,5

B3 16 1,4
Conclusion

In this paper the results of work on modified PAN fibres synthesis are given, a cer-
tain number of experiments were done in order to establish the necessary molal
surplus of reagent in relation to fibres, such as time and temperature in which
modification was done. Synthesized modified PAN fibres were used for adsorption
and extraction of gallium from decomposed Bayer’s alkaline.

According to the results of gallium extraction from Bayer’s solution, the received
results show that modified PAN fibres do the extraction of gallium from alkali
aluminates solutions.

Modified PAN fibres show the capacity from 16-28 % adsorption of gallium in one
pass that correspond to capacity of change of 1.4-2.5 mg Ga/g fibres.
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Abstract

Mineral solubilities in ternary electrolyte solution NaCl+MgCl,+H,0 at 7= 298.15
K are calculated using available thermodynamic data for solids and for aqueous
electrolyte solutions. Activity and osmotic coefficients are derived from the ex-
tended ion-interaction model of Pitzer and co-workers, the parameters of which are
evaluated from experimentally determined solution properties in binary and ternary
mixtures. The parameters of NaCl(aq) valid up to m < 11 mol-kg™' were obtained
by treatment of osmotic coefficients in unsaturated region and estimated values in
supersaturated solution. The calculated solubilities of halite NaCl(c) and bischofite
MgCl,-:6H,0(c) are shown to be in agreement with experimental data indicating
that the model can be successfully used to predict mineral-solution equilibria at
temperature 298.15 K.

Introduction

Equilibrium considerations based on experimental data and thermodynamic calcu-
lations provide an important basis for understanding rock-fluid interactions in natu-
ral systems. The problems associated with experimental work, particularly in com-
plex and concentrated electrolyte mixtures, underscore the need for a predictive
model for calculating mineral-solution equilibria in brine systems. The objective of
this study was to investigate the applicability of the extended ion-interaction model
originaly developed by Pitzer[1] to solubility equlibria. In this study, solubilities of
halite NaCl(c) and bischofite MgCl,-6H,0(c) in the system NaCl+MgCl,+H,0 at T
= 298.15 K were calculated using available thermodynamic properties of the sol-
ids[2] and of aqueous electrolyte solutions[3-7] and were compared with experi-
mentally determined values[8]. Model parameters of NaCl(aq) that are valid be-
yond solubility limit were obtained by treatment of data for osmotic coefficients in
unsaturated and estimated values[3] in supersaturated solution.

Results and Discussion

Ion-interaction parameters necessary to calculate osmotic and activity coefficients
of binary mixtures NaCl(aq) and MgCly(aq) at 7= 298.15 K are given in Table 1.
Interaction coefficients @y, \, and ¥, \,,c; complete the parameterization neces-
sary to describe the thermodynamic properties of investigated electrolyte mixture.

In order to obtain these mixing parameters of the extended ion-interaction
model for the system NaCl+MgCl,+H,0 the treatment of available osmotic coeffi-
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cients data[6-8] included the correction of values according to newly published
parameters of the binary solutions used as reference standards in isopiestic meas-

urements. Thus obtained mixing parameters were: 6, ,= 0.07 kg-mol ™' and
¥ namgc = 0.0092574 kg”mol  valid up to ionic strength of the mixed solution 7 <
8.4945 mol-kg™ with standard deviation of the fit s = 0.0043.

Table 1. Parameters of the extended ion-interaction model of Pitzer for binary mix-
tures NaCl(aq) and MgCly(aq) at 7= 298.15 K valid up to max. molality (Max. m) .

ﬁl{/([);( ﬁﬁ,%( A\ix Cls/([);( Cl(\}I)X Vi Max.m
(mol/kg)
NaCl(aq) 0.10157 0.31851 2.0 - - 2.5 11.0
0.0012643 0.17456
MgCly(aq)[4] 0.68723 1.56760 3.0 -0.007594 - 1.0 4.0251
0.35497

Mineral solubilities in concentrated electrolyte solutions can be calculated
from thermodynamic consideration provided that equilibrium constants[2] (includ-
ing appropriate chemical potentials) for the solubility reactions are known:

InK = InK°(my,m,) + R(my,my) 0+ T(m,,my) v

where m; and m, are the molalities of the NaCl and MgCl,, InK°(m;,m;) is
equlibrium constant based only on binary mixtures terms and R(m,,m,), T(m,m;)
are collection of terms contributing to equilibrium constant involving #and y mix-
ing parameters.

Comparison of the calculated results for the solubilities in the system
NaCl+MgCl,+H,0O with experimental data[8] shows good qualitative agreement.
For the halite solubility limit, calculations yield my,cycac = 6.0952 mol-kg_l, while
experimental value is mnaciexp = 6.1628 mol-kgfl, which is of sufficient accuracy
with respect that parameters for NaCl(aq) at 7 = 298.15 K are valid up to m < 11
mol-kg™'. Calculated solubility limit of MgCly(aq) was MMgCL, cale =3-7632

mol-kg"' with parameters applicable up to m < 4 mol-kg ', while experimental
value is mypocy, exp =35-8721 mol-kg .

The advantage of application of this ion-interaction model is that it can be
used not only for satisfactory prediction of mineral solubilites but also for precise
calculations of activity coefficients of the system NaCl+MgCL,+H,0 at T = 298.15
K in unsaturated region of the mixed solution.

In Figure 1. are presented calculated values of halite and bischofite solubili-
ties using extended ion-interaction model of Pitzer with parameters from Table 1.

and mixing parameters Oy, ;= 0.07 kg-mol™" and v/, 1, ;= 0.0092574 kg*-mol ,

together with experimental data[8].
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Fig. 1. Solubilities in the system NaCl+MgCl,+H,0 at 7= 298.15 K:
e - experimental data[8], curves - calculated values using extended ion-interaction
model of Pitzer parameters from Table 1. and mixing parameters HNa’Mg =0.07 and

Wnamgcl — 0-0092574 with standard deviation of the fit s = 0.0043.

Conclusion

Comparison of calculated versus experimentally determined solubilities of halite
and bischofite in the system NaCl+MgCl,+H,0 at 7= 298.15 K show that ion-
interaction model of Pitzer can be used to calculate brine-mineral equilibria at this
temperature.
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Abstract

Two mineral water springs at Western Balkan: Crni Guber (CG), in Bosnia, and
Djavolja Varos (DV), in Serbia, are characterized by acid (pH ~3.5) iron-sulfate
waters rich in several trace elements. The water composition appear is forming in
ground water-rock-ore interactions. The geochemical models of mineral water ge-
nesis based on phase relations in K,O-Na,O-CaO-MgO-FeO-Fe;0;3-Al,03-SiO-
H,0 and Fe sulfides-M sulfides-H,O systems were established and discussed.

Introduction

At Western Balkan (SE Europe), in the Serbo-Macedonian (SM) Tertiary petrolo-
gic calco-alkaline and Pb-Zn geochemical and metallogenic province there are nu-
merous mineral waters. The SM province extends through Serbia and parts of Bos-
nia and Macedonia and is characterized by numerous large massifs of dacito-
andesites and hydrothermal Pb-Zn-polimetalic ore deposits [1-3]. Two mineral
waters (MW) in the province: Crni Guber (CG), in Bosnia, well known iron-arsenic
medical water, and Djavolja Varo§ (DV), in Serbia, are geochemically interesting
due their low pH and Fe-sulfatic composition [4-6]. The paper presents and discus-
ses geochemical systems and models of genesis of these mineral waters.

Mineral Water Geochemical Systems and Models

The CG water spring is situated in NW part of the SM province, in NE Bosnia, in
central part of the volcanic and Pb-Zn ore area of Srebrenica, which is built up
mostly by volcanic rocks of dacite and quartz latite composition and contains seve-
ral quartz-sulfide Pb-Zn ore veins [1-3]. The CG water appears from an old mining
tunnel [4, 5]. The spring capacity is 0.05 L/s, water temperature 13° C, Eh 0,460 V,
and composition as in Table 1.

The DV water spring is situated in NW part of the SM province, in central-
south Serbia, in the dacito-andesite and Pb-Zn ore area of Lece, at the world famo-
us geomorphological locality of Djavolja Varos (Infernal Town). It appears in an
paleovolcanic caldera, built up by andesites and their pyroclastics and containig
some poor Pb-Zn and Cu sulfide minarizations [4]. The spring capacity is 0.05 L/s,
water temperature is 13° C, Eh 0,460 V, and composition as in Table 1.
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Table 1. Geochemical characteristics
of the studied mineral waters.

Mineral water CG! DV? 500
Mineral. (g/L) | 0,77 9,09
pH 3,6 3,5 400 -
Na® 1,9 1,8 .
K 7.5 0,1 "o 300 1
2+ 2 2 L
Ca 64 | 500 = 200 |
Mg** 3,9 61,0 =
Fe™' 125 419° 100
mg/L | SO, 525 4800
Cr 0,5 3590 0 ‘ ‘ ‘ ‘
HCO; | 00 0,0 0 1000 2000 3000 4000 5000
CO; 0,0 0,0 4=
) ) m I
SiO, 559 | 15,0 910
Al 41,9 52,9° Fig. 1. The relationship between sulfate
Cut 0,07 5,0 and Fe’" contents in CG and DV mineral
Zn” 8,0 5,0 waters.
HAsO, 8,0 0,03

' From [3]. -From [4]. *-Recalculated
from Fe, 03, Al,O3.

18 [
16 4 (. 08
14 4 K-mica :g :E 05 1
1315 —
12 N 2 >
1513 04
10 13 18 =
- I 18 !
+£ 8 1< 0.3 Fe 2
Z 6 A N |
E ul - : 0.2 ! \ \
aolinite
5 : _ 0 1 2 " 5 6
] : ¢ Fig. 2. A part of the pH-Eh diagram for
21 1*5v the system FeO-Fe,03-H,0. (Phase
41 | relations at 25°C, 1 atm, [Fe*" ]=10>",
. ! after [5]). 1=CG, 2=DV.
42 410 8 6 -4 2
log [H4Si04] Fig. 3. The diagram showing stability

fields of some phases in the K,O-Al,0;-
Si0,-H,0 system at 25°C, 1 atm, as a function of K'/H" and H4SiO,. (Phase
boundaries for activity AI**=10"* and pH=3,6, after [5]).
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Discussion and Conclusions

The geochemical water-rock-ore systems of the both MW are near symilar.
The rocks generaly consist of feldspars and Fe-Mg silicates. The predominate feld-
spars in DV- and CG-systems are plagioclase (CaNa-Al silicate) and K-feldspar
(K-Al silicate), respectively. In CG-system quartz (SiO,) also appears. In the ores,
most abundant are Fe-sulfides (pyrrhottite FeS and/or pyrite FeS,) predominate,
and they are accompained in CG-system by galena (PbS), sphalerite (ZnS) and
arsenopyrite (FeAsS) and in DV-system by Cu-sulfides.

In water-ore interaction, the processses of oxidation/disolution of Fe-
sulfides produce SO, and Fe*+ ions and a strong pH water decrease (equation 1)
which support dissolution of other sulfide minerals (equation 2):

2FeS, + 2H,0 + 70, = 2Fe”" + 450, + 4H" .o (1)

ZnS + 20, =70+ 8O, oo )

Accordingly, a positive correlation between Fe+ and SO, is expressed (Fig.1).

The iron content in water depend also on redox conditions, i.e. phase relation in the
system FeO-Fe,0;-H,0 (Fig. 2).

In water-rock interaction, processes of feldspar transformation and quartz
dissolution, appearing in the system K,0O-Na,O-CaO-Al,0;-SiO»-H,0, as for tran-
sformation of K-feldspar into kaolinite (equation 3):

2KAISi;05 + 3H,0 = 2K + ALSi,O5(0OH), + 4Si0y+ 20H ... 3)
and in corresponding reactions in the other parts of the systems: K,O-Na,O-CaO-
MgO-FeO-Fe,03-Al,05-Si0,-H,0. The phase relations are modelized in Fig. 3.

The established geochemical models indicate the following:

(1) Contents of Fe*" and sulfate in both waters are connected with oxidation of Fe-
sulfides and, accordingly, express a good positive correlation (Fig. 1).

(2) Contents of Fe*" depend on both water pH and Eh, i.e. stability of hematite and
Fe(OH); (ferrihydrite): in the related pH-Eh diagram (Fig. 2) both CG and BV are
in the hematite stability field but are unsaturated to respect Fe(OH);.

(3) The mineral waters differ significantly in contents of base cations. However, in
both of them base cations are in equilibrium with kaolinite and silica is saturated to
quartz and unsaturated to non-crystalline (amorphous) SiO, (Fig. 3).

(4) The differences in K*, Na” u Ca®" contents in water depend on diversities of
feldspar i.e. rock types (quartz latite, dacite, andesite) in the water-rock systems;
the differences in Mg”" contents depend on Fe-Mg silicate types.

(5) The differences in Cu, Zn and As contents in CG and BV depend on differences
in ore composition in the related water-ore-rock systems.
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Abstract

Vanadium in the Zvonce black shale was determined by atomic absorption
spectrometry (100 ppm). To obtain an indication of the chemical nature of the va-
nadium, a sample was analysed for vanadium at various stages of demineralization.
It is suggested that a likely source of vanadium in the Zvonce black shale was nor-
mal seawater and that most of the vanadium was adsorbed in the shale iron oxides.

Introduction

The East Serbian Silurian sequence, which is wholly marine, includes well-dated
strata of the early Llandovery age to early Devonian [1]. The Zvonce (Middle and
Upper) Silurian sedimentary deposits belong to the E. Serbia Silurian units. They
are calcerous and carbonaceous black shales with graptolitic faunal associations.
Although Silurian graptolitic black shale occurs throughout E. Serbia, our investi-
gations have centered on an outcrop area near the village of the Zvonce.

Extensive work has been done on the geology and paleobiology of the
Zvonce black shale and related geological materials; the reader is referred to
Petkovi¢ [1], Veselinovi¢ [2], Veselinovi¢ and Krsti¢ [3]. Despite this interest in
the Zvonce no modern detailed geochemical analysis of this rocks is available in
the literature. A sample of the Zvonce shale was investigated in order to establish
the geochemical distribution of vanadium (V).

Results and Discussion

The distribution of V in the various fractions of shaly rock is shown in Table 1.
This table reveals that the levels of total V in the rock sample, determined by
atomic absorption spectrometry (AAS) and the sum of V in the various rock frac-
tions, are in good agreement with one another within experimental error.

In order to try to understand the overall source of V in the Zvonce graptolitic
shale, the metal content of seawater (2 ppb) [4], ordinary shale (130 ppm) [5] and
Black Sea sediments (175 ppm) [6] were compared to the Zvonce shale, Table 1.
Relative to sea water the Zvonce black shale is enriched (ca. 10° times) in V but
similar to ordinary shale and recent Black Sea sediments in V abundance. Holland
[7] showed by calculation for several black shales of marine origin that 10° metal
enrichments including V could be obtained by removing these metals from normal
seawater. Thus, we suggest that V in Zvonce black shale is syngenetic and ex-
tracted from sea water.
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Table 1. Concentration and distribution of V in the Zvonce black shale:

Fraction Shale (wt. %) V (ppm) Total V (wt. %)

Extractable or- <1 > 1000 <10
ganic

Cold HCI 55 70 40
Boiling HCI 8 375 30
HF-Soluble 31 30 10
Kerogen 5 170 10
Shale 100 100 100

HCl-soluble V may represent: V associated with shale iron oxides, V ad-
sorbed on clay minerals of V precipitated in limestone. However, Krauskopf has
shown that hydrated Fe,Os5 is the most effective adsorbent for V in solution and the
association of V with sedimentary iron oxides (mainly geothites) is well known.
Thus, the content of HCl-soluble V may reasonably be explained in terms of ad-
sorption on shale iron oxides. Our analysis indicates that the Zvonce shale contains
a relatively high content of iron oxides: 2.43%.

Finally, it can be seen from Table 1. that the extractable organic fraction of
the Zvonce black shale contains a relatively high concentration of V (=1000 ppm).
This indicates that the organic matter was also the control for the V abundance in
the shale. The organic matter usually has functional groups that are able to ion-
exchange V, probably before it reaches the sediment.

Conclusions

The geochemical analyses of the Zvonce black shale shows that the most of V is
located in HCI fractions.
Most of these V is located in iron-oxides.
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Abstract

Knoevenagel condensation of 3-acetyl-4-hydroxy-chromene-2-one in the presence of
catalytically amount of piperidine leads to the effective synthesis of coumarin deriva-
tives (2b-8b) by a solvent free reaction under microwave irradiation.

Introduction

Coumarins are nowadays an important group of organic compounds that are used as
additives to food and cosmetics [1], optical brightening agents [2], and dispersed fluo-
rescent and laser dyes [3]. The derivatives of coumarin usually occur as secondary me-
tabolites present in seeds, root, and leaves of many plant species. Their function is far
from clear, though suggestions include waste products, plant growth regulators, fung-
istats and bacteriostats [4]. It is therefore of utmost importance that the synthesis of
coumarin and its derivatives should be achieved by a simple and effective method.

The solvent-free condition under microwave irradiation offers several advan-
tages [5]: solvents are often expensive, toxic, difficult to remove in the case of aprotic
dipolar solvents with high boiling point, and are environment polluting agents. More-
over, liquid-liquid extraction is avoided for the isolation of reaction products, and the
absence of solvent prevents from the risk of hazardous explosions when the reaction
takes place in a microwave oven. From the other side, the workup procedure is simply
reduced to the recrystallization of product from an appropriate solvent.

The aim of the present paper is to show that under the microwave irradiation the
Knoevenagel condensation can be successfully applied to the synthesis of a number of
coumarin derivatives starting from 3-acetyl-4-hydroxy-chromene-2-one.

Experimental

The reactions were carried out under atmospheric pressure in an open teflon vessel
adapted to microwave monomode reactor. All the compounds were identified by IR
and 1H NMR spectroscopy, GC/MS and elemental analysis. Microanalysis of carbon,
hydrogen and nitrogen was carried out with a Carlo Erba 1106 microanalyser. The IR
spectra were run on a Perkin-Elmer Grating Spectrophotometers Model 137 and Model
337, vin cm-1. The NMR spectra were recorded on a Varian Gemini 200 spectrometer
(1H at 200 MHz), in solvent CDCI3, using TMS (SiMe4) as the internal standard.
GC/MS were carried out in a Agilent 6890N/5975B gas chromatograph.

Diethyl 2-(1-(4-hydroxy-2-oxo-2H-chromen-3-yl)ethylidene)malonate 2b. Anal.
for C18H1807 (346.33). M+ 346 m/z. Calc. C: 62.42, H: 5.24. Found C: 62.44, H:
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5.23. IR (KBr disc) 3434 v(OH), 2949 and 2841 v(CH3 and CH2), 1731 v(lactone and
ester C=0), 1611, 1546 and 1496 v(C=C)ar, 1368 and 1032 v(C-O-C) cm-1. 1H NMR
(CDCI3): []1.23 (m, 6H, CH3, mixture of Z and E isomers), 4.21 (q, 4H, 4CH2), 7.31-
7.83 (m, 4H, H-5, H-6, H-7, H-8), 16.73 (bs, 1H, OH-4). Yield: 96 %.

Methyl 2-acetyl-3-(4-hydroxy-2-oxo-2H-chromen-3-yl)but-2-enoate 3b. Anal.
for CI6H1406 (302.28). M+ 302 m/z. Calc. C: 63.57, H: 4.67. Found C: 63.55, H:
4.71. IR (KBr disc) 3433 v(OH), 2948, 2930 and 2856 v(CH3), 1730 v(lactone and
ester C=0), 1700 v(C=0), 1610, 1545 and 1495 v(C=C)ar, 1369, 1032 and 1024 v(C-
0-C) cm-1. 1H NMR (CDCI3): [12.20 (s, 3H, CH3), 2.26 (s, 3H, CO-CH3), 3.81 (s,
3H, COO-CH3), 7.29-7.83 (m, 4H, H-5, H-6, H-7, H-8), 17.01 (bs, 1H, OH-4). Yield:
97%.

Methyl 3-(4-hydroxy-2-oxo-2H-chromen-3-yl)but-2-enoate 4b. Anal. for
C14H1205 (260.24). M+ 260 m/z. Calc. C: 64.61, H: 4.65. Found C: 64.63, H: 4.69.
IR (KBr disc) 3422 v(OH), 2949, 2930 and 2841 v(CH3), 1729 v(lactone and ester
C=0), 1609, 1542 and 1491 v(C=C)ar, 1364, 1033 and 1023 v(C-O-C) cm-1. 1H NMR
(CDCI3): 112.22 (s, 3H, CH3), 3.86 (s, 3H, COO-CH3), 5.76 (s, 1H, C=C-H), 7.29-
7.82 (m, 4H, H-5, H-6, H-7, H-8), 17.11 (bs, 1H, OH-4). Yield: 96%.

Methyl 2-cyano-3-(4-hydroxy-2-oxo-2H-chromen-3-yl)but-2-enoate Sb. Anal.
for CISH11NOS (285.06). M+ 285 m/z. Calc. C: 63.16, H: 3.89, N: 4.91. Found C:
63.18, H: 3.84, N: 4.95. IR (KBr disc) 3434 v(OH), 2949, 2929 and 2854 v(CH3), 2231
v(C=N), 1731 v(lactone and ester C=0), 1611, 1546 and 1497 v(C=C)ar, 1368, 1032
and 1025 v(C-O-C) cm-1. 1H NMR (CDCI3): [12.23 (s, 3H, CH3), 3.80 (s, 3H, COO-
CH3), 7.29-7.83 (m, 4H, H-5, H-6, H-7, H-8), 17.06 (bs, 1H, OH-4). Yield: 94%.

3-(1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene)pentane-2,4-dione 6b.
Anal. for CI6H1405 (286.28). M+ 286 m/z. Calc. C: 67.13, H: 4.93. Found C: 67.15,
H: 4.87. IR (KBr disc) 3434 v(OH), 2949 and 2929 v(CH3), 1731 v(lactone C=0),
1697 and 1686 v v(C=0) 1610, 1544 and 1496 v(C=C)ar, 1371 and 1032 v(C-O-C)
cm-1. 1H NMR (CDCI3): [J2.23 (s, 3H, CH3), 2.29 (s, 3H, CO-CH3), 7.31-7.83 (m,
4H, H-5, H-6, H-7, H-8), 17.01 (bs, 1H, OH-4). Yield: 94%.

2-Cyano-3-(4-hydroxy-2-oxo-2H-chromen-3-yl)but-2-enoic acid 7b. Anal. for
CI14HONOS (271.22). M+ 271 m/z. Calc. C: 62.00, H: 3.34, N: 5.16. Found C: 62.05,
H: 5.11, N: 5.21. IR (KBr disc) 3433 v(coumarine OH), 3100 v(OH from COOH),
2947 and 2927 v(CH3), 1731 v(lactone C=0), 1699 v(C=0 from COOH) 1611, 1543
and 1495 v(C=C)ar, 1371 and 1032 v(C-O-C) cm-1. 1H NMR (CDCI3): [12.24 (s, 3H,
CH3), 7.31-7.83 (m, 4H, H-5, H-6, H-7, H-8), 12.37 (bs, 1H, COOH), 17.13 (bs, 1H,
OH-4). Yield: 84%.

2-Acetyl-3-(4-hydroxy-2-ox0-2H-chromen-3-yl)but-2-enoic acid 8b. Anal. for
CI5H1206 (271.22). M+ 288 m/z. Calc. C: 62.50, H: 4.20. Found C: 62.55, H: 4.21.
IR (KBr disc) 3437 v(coumarine OH), 3111 v(OH from COOH), 2991 v(CH3), 1727
v(lactone C=0), 1699 and 1689 v(C=0 from COOH and keto group) 1601, 1541 and
1491 v(C=C)ar, 1369 and 1031 v(C-O-C) cm-1. 1H NMR (CDCI3): []2.21 (s, 3H,
CH3), 2.28 (s, 3H, CO-CH3), 7.31-7.83 (m, 4H, H-5, H-6, H-7, H-8), 12.65 (bs, 1H,
COOH), 17.17 (bs, 1H, OH-4). Yield: 87%.
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General Procedure

A mixture of a 3-acetyl-4-hydroxy-chromene-2-one (1) (2.5 mmol), carbonyl com-
pound (2a-8a) (2.8 mmol), and piperidine (catalytically amount) was irradiated and
heated the microwave reactor with power and by the time indicated in Scheme 1. At
the end of exposure to microwave, the reaction mixture was cooled to room tempera-
ture, and the crude product was recrystallised from methanol to effort the coumarin
derivatives (2b-8b) (Scheme 1).

Results and Discussion

No R, R, Pw Tm

OH O OH R, W) ()

X . piperidine N 2b COOEt COOEt 500 7

+ R R R, 3b COMe COOMe 500 7

o Yo o 0 4 H COOMe 500 9
1 2a-8a 2b-8b 5b C=N  COOMe 500 7

6b COMe COMe 500 10
7b C=N COOH 500 6
8b COMe COOH 500 5

“Final temperature reached by the reaction mixture

Scheme 1. Reaction conditions of Knoevenagel reaction

Conclusion

In summary, the method describes a noticeable improvement in reactions conditions
for the synthesis of coumarin derivatives by the Knoevenagel condensation and takes
advantage of both solvent free conditions reaction and microwave activation. As it is
shown in Scheme 1, the reaction time is reduced to only a few seconds by using mi-
crowave dielectric heating. The reactions can be run safely in good yields, and the
work-up procedure is reduced to the recrystallization of desired products.
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Abstract

Artifacts found at the archaeological sites which are produced at high temperatures
provide information about manufacturing techniques. Well-preserved ceramic ob-
jects are therefore excellent chronological markers and general markers of society
development. In this work Fourier transform infrared (FTIR) spectra of ceramic
body of 57 shards found at three excavation sites (Ras, Reljina Gradina and Novo
Brdo) were analyzed by unsupervised (hierarchical cluster analysis-HCA and prin-
cipal component analysis-PCA) and supervised (linear discriminant analysis-LDA)
statistical methods in order to establish reference groups for the purpose of assign-
ing future samples according to their origin, mineralogical composition and firing
temperature.

Introduction

The study of pottery objects is relevant because, once produced, they are practi-
cally indestructible and found in quantity at the majority of archaeological sites
dating from the Neolithic period onwards. Very often, pottery represents the only
available marker of provenance and dating. Thus it is of great importance to com-
bine archaeological findings with detailed knowledge of chemical and structural
features of pottery samples. The scarcity of analysis on Byzantine pottery still
strongly limits the classification and technology information of this important ma-
terial which represents a missing link between Roman and Ottoman production.
Therefore, the subject of our work is systematic investigation of archaeological
pottery samples, mainly shards of bowls, plates and pitchers from Ras, Reljina
Gradina and Novo Brdo by a multianalytical approach.

Because of the variability in chemical and mineralogical compositions
within an individual clay or temper source as well as within an individual produc-
tion group, provenance studies based on compositional fingerprint involve the
analysis of a large number of samples. Although FTIR spectroscopy is simple, fast,
almost nondestructive and reliable technique, complete analysis of spectral data in
such complex systems is a demanding task [2]. In order to establish reference
groups among investigated samples for the purpose of assigning future samples
according to the their origin, mineralogical composition or firing temperature we
have performed chemometric analysis of FTIR spectra. The objective of our work
is to explore suitability of FTIR data in statistical analysis instead of the chemical
composition traditionally used for this purpose in provenance studies of pottery.
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Methodology

The FTIR spectra were recorded on a FTIR Nicolet 6700 spectrometer using KBr
pellets technique, in the wavenumber range from 2000 cm™ to 400 cm™ and sub-
mitted to chemometric analysis. Employed chemometric techniques were: principal
component analysis (PCA), hierarchical cluster analysis (HCA), and linear dis-
criminant analysis (LDA). The first two techniques belong to unsupervised meth-
ods while LDA belongs to class of supervised methods. Prior to chemometric
analysis, FTIR spectra acquired on 57 shards were all normalized to values be-
tween 0 and 1 and smoothed using Savitzky-Golay method with a 25 points third
order polynomial filter. Numerical differentiation was additionally performed in
order to remove baseline and emphasize small peaks and shoulders (Fig.1).
Chemometric techniques were applied on normalized FTIR spectra as well as on
their first and the second derivatives. As a measure of distance between samples for
HCA, squared Euclidean distance was used, while Ward’s method was used for
aggregation. Model obtained by LDA was tested by cross-validation procedure. For
all calculations SPSS 12 software was used.

Results and discussion

The results of PCA on 57 investigated pottery samples have shown that total vari-
ance explained by first two PCs were 74.8 %, 47.6 % and 37.3 % for spectra, 1%
derivative and 2™ derivative, respectively. This confirmed that numerical differen-
tiation emphasized small variations between samples. By inspection of score plots
three main groups of samples have been observed, although there was large vari-
ability within these groups. HCA has also shown that there was certain grouping
between samples. If one assume that there are three clusters, which is equal to
number of possible different sources of samples, percentage of correctly classified
(%CC) samples was: 66.6 (spectra), 58.8 (1 derivative) and 78.4 % (2™ deriva-
tive).

Prior to LDA, samples were separated in three groups (NB, RAS, RG). This
assumption was based on their archeological origin and supported by the results of
unsupervised methods (PCA and HCA). Analysis has showed (Fig. 2) that reliable
model can be built on this categorization (%CC for samples from training set was
over 90% in all cases). After cross-validation procedure, %CC was less by few
percents but still over 90%, which assures that obtained model can be characterized
as very good.

The described results suggest that the obtained groups could be reliably used
for the purpose of assigning further new unknown samples.
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Conclusion

The results of this work have shown that chemometric analysis of FTIR data could
be applied with success for classification of ceramic. The obtained results are also
in good accordance with chemometric analysis of chemical composition obtained
by ICP/MS technique for samples from sites Ras and Reljina Gradina [1]. Obtained
results have unquestionably confirmed that pottery samples, classified by archae-
ologists to the same excavation site — Ras belong to two different sites: Ras and
Reljina Gradina. Future work will include other types of experimental data (for
example XRPD, XRF) for the purpose of chemometric analysis and more sophisti-
cated chemometric techniques such as SIMCA.
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SOME CHARACTERISTICS OF THE FULLERENE IONS
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Abstract

In this paper we investigated characteristics of the fullerene C,, which are con-

nected with the photoionization process. We calculated the photoionization cross
section (PCS) and demonstrated that the giant plasmon resonance in the photoioni-

zation spectrum of C,, is much stronger and narrower that for C,,. There is a
slight shift of the position of that resonance in Cj, spectrum. We obtained that the

giant resonance in the photoionization cross section for C, arises due to the corre-

lations between transition from o - orbitals. Our calculations are based on the con-
sistent many-body theory accounting for many-electron correlations ( the Random
Phase Approximation-RPA).We have used a simple self-consistent spherical jel-
lium model to treat the delocalized electron structure of the fullerenes. Our im-
proved RPA (ImRPA) calculations are in agreement with earlier calculations.

Introduction

The fullerenes Cy, and C,, has received a lot of attention during the last few

years. An interest to these objects is connected with its exotic hollow, but highly
stable structure caused by a significant delocalization of a large number of valence
electrons in this molecule. The many interesting physical phenomena occurring in
the collision processes involving fullerenes. For example, the surface plasmon os-

cillations in C, can be excited and they manifest themselves as giant resonances in
the spectrum (centered at the photon energy about 20e)") [1,2,3,4]. According to
that we investigated the corresponding characteristics of Cg, , i.e. we calculated

+ .

the plasmon oscillations in the photon energy range: (ionization threshold C,;

~40eV) [4]. The atomic system of units is used throughout the paper,
m, = |e| =h=1.

Theory and Discussion

The total photoionization cross section may be presented as the sum of the partial
cross sections for the ion orbitals .We calculated the amplitude of the each orbital
in the one-electron approximation (where we use the frozen core model and the
local density approximation LDA) and taking into account the many-electron cor-
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relations in the RPA model. From The RPA equations we obtained the amplitudes
of photoionization D, , (@) (in matrix form) [5]:

D, (0)=fd,,; X, (@.V,,,.) (1)
where the matrix elements of D are expressed via single-electron amplitudes d ,
virtual electron-hole excitations y (@) and the interelectron interaction V' [5]. Sin-
gle-electron states of the fullerene ion have been calculated within simple spherical
jellium model [6]. We assumed that four 252 p electrons of C atoms are delocal-

ized in the C|; (the ionic core is formed by positive C** ions with the electronic

configuration 1s® ). We also use that the charges of the C ions are averaged over
the radius of the fullerene ions R(C,,) = 6.69a.u. [9].

7000 —
6000 —
5000
4000 -

3000 —

cross section, MB

2000 —

1000

T .
40 50

photon energy, eV

Fig.1. Photoionization cross section of the C;, ion. Results 1, 2, 3 [4,7] are ob-

tained with averaged term, with coefficients, and RPA (respectively); 4-our result.

Our system has the open electronic shell ((L,,,S,,) # 0 ). In order to avoid this

complicated problem (to obtain the system which like to the closed shell system),
in recently published work [4,7] are introduced some approximation: 1. with aver-
aged terms; 2. with numerical coefficients in one-electron approximation and 3.
with the numerical coefficients in RPA [7]- they have been determined from the
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sum rule analysis of the partial photoionization cross sections of the open fullerene
shells. We have obtained our results using the third method with the improved RPA
(imRPA) (Fig.1.- number 4) [5].

In fig. 1 we present the photoionization cross section of the ion C,,.We see that

the giant resonance pattern is not much depend by the choice of the coefficients,
but the maximum of the cross section depends very much of their choice.The com-
parison between theoretical [7] and experimental cross sections [2] for the

C,, /C,,, one can see that the plasmon resonance for both fullerenes are close and

the resonance profile is much higher for C,, than for Cg,.We obtain that the

resonance of the fullerene ion is placed at the photon energy =~ 26eV . This reso-
nance arises from the correlation between transitions from o -orbitals [4]. The
giant resonances may be explained by the influence of the Coulomb core potential
on the ground and excited states of valence electrons (ionic target).

Conclusion

In this paper we presented our calculations for prediction the plasmon resonance in
photoionization cross section of the fullerene ion Cj,. Our results are in agreement

with earlier calculations. The method presented here may be generalized for the
calculation of the photoionization cross sections for many different (positive)

negative ions of C,, (with larger multiplicity) which are of great interest for ex-

perimental [10] and theoretical and experimental investigations [10, 11].
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Abstract

Micro-Raman spectroscopy was used for non-destructive identification of pigments
in fragments of wall paintings found in a sacral building, built in the 14™ century,
on the archaeological site of Skopsko Kale (Skopje Fortress). The identified pig-
ments in some of the wall paintings at Skopsko Kale could support the assumption
of the art historians that the sacral building was repainted over the period of four
centuries. Micro-Raman spectroscopy was also employed to characterize the mate-
rials and technological process used in manufacturing the glazed Byzantine ceram-
ics found at two different archaeological sites in Republic of Macedonia: Skopsko
Kale in Skopje and Markovi Kuli and Sv. Atanas church in Prilep. The study of the
glazes and the ceramic body of 12 Byzantine glazed ceramics enlightened the tech-
nological process, i.e. firing temperature of the glazes and the mineralogical com-
position of the clays used for manufacturing the Byzantine glazed ceramics.

Introduction

Raman spectroscopy is an experimental technique for identification and analysis of
molecular species. It enables the identification of both inorganic as well as organic
compounds. By introducing the microscope to focus the laser on the sample, micro-
Raman spectroscopy could be used to analyze a very small spot, with the diameter
of 1 to 10 um, depending on a selected laser wavelength and the focal length of the
objective. This enables obtaining molecular information from a small particle, such
as a pigment grain or a microcrystal of a mineral, but also a single fiber, gems, etc.

Nowadays, micro-Raman spectroscopy has been widely applied in analysis
of numerous archaeological objects and has become an important analytical tool in
conservation sciences and archacometry. The number of scientific and professional
papers dealing with micro-Raman spectroscopic analysis of various materials used
in art and archaeology objects has increased enormously in the last decade [1, 2].

In this work, we present two examples (case studies) of application of micro-
Raman spectroscopy on different artefacts from the Byzantine and post-Byzantine
period, found in the archaeological excavations in Republic of Macedonia: (a) Mi-
cro-Raman pigment analyzes of wall paintings from a sacral building unearthed in
Skopsko Kale and (b) micro-Raman studies of glazed ceramics finds from Skopje
and Prilep.
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Experimental

Micro-Raman spectrometer:

Micro-Raman measurements were performed with LabRam 300 (Horiba Jobin-
Yvon) Raman spectrometer equipped with two lasers: He-Ne laser operating at 17
mW and 633 nm and frequency doubled Nd:YAG laser operating at 50 mW and
532 nm. An Olympus MPlanN microscope with x10, x50 and x100 magnification
was used to focus the laser on the samples. The microscope was equipped with
color video camera, allowing positioning the samples to a selected region of inves-
tigation. The backscattered light was dispersed by using the 1800 lines/mm grating
and is detected on a multi-channel air cooled CCD detector. This allows recording
the spectra with the spectral resolution of 3—4 ¢cm™. The LabSpec software was
used for data acquisition and GRAMS software was used for data manipulation.
Samples:

Pigments from wall paintings were provided by the archaeologists from the
Museum of Macedonia and the Museum of the City of Skopje, directly involved in
the 2007 excavations at the Skopsko Kale site. The small fresco fragments were
placed directly under the microscope, while from some of the larger ones, the sam-
ples were collected with cotton buds. The obtained Raman spectra were compared
to the reference data base of pigments [3]. Most of the pigments were analyzed
with the 633 nm He-Ne laser and an average power of the laser on the sample of
13.7 mW.

Ceramic samples: The glazes and the ceramics body were analyzed using 532
nm laser line with the average power on the sample of 7 mW. The Raman spectra
of the ceramics body were recorded from the pellets prepared from 250 mg
scratched powder from the body of each fragment which were then placed under
the microscope (fx100) and recorded on a mapping stage (10 x 10 point-to-point)
on a 0.03 x 0.03 mm area.

Results and Discussion
Pigment Analysis

In the year 2007, an extensive excavation has been carried out on several sectors in
the Skopsko Kale (Skopje Fortress), Republic of Macedonia (Fig. 1). The site is
known to be inhabited since Neolithic times. In several layers, mostly dating from
the Middle Ages, 1500 different archacological objects were excavated. Remains
of sacral and profane buildings were also unearthed, among them at least one
church. According to the archaeological finds, it originated from the middle or the
second half of the 14™ century, with evidences of reconstructions dateable to the
16" century, and more recent ones, from the 19 century, both of them made dur-
ing the Ottoman rule in this region. Fragments of wall painting were uncovered in
its vicinity [4] and their micro-Raman spectra were recorded [5].
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Fig. 1. The foundation of the Medieval
church — Skopsko Kale (Skopje Fortress) —
Skopje Republic of Macedonia

On Fig. 2.a, a detail of a conserved wall painting of a profane figure, most
probably from the middle of 14™ century, according to the stylistic features [4], is
presented. The recorded micro-Raman spectra of some pigments from this wall
painting and a fragment from the later redecorations are shown on Fig. 2.b and 2.c.
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Fig. 2. (a) Fragment of conserved wall painting of a profane figure from the sacral building
at Skopsko Kale, (b) Raman spectra of the pigments and (c) Raman spectra of a fragment
from the later redecorated wall paintings.

All pigments identified by micro-Raman analyses are listed in Table 1. As it
can be noticed, the palette is limited since most of the pigments are natural, mineral
based, in use since Antiquity. However, in some fragments of the wall paintings,
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few pigments, dated from the 16" and 19" century were observed. The identifica-
tion of pigments was made by comparison of their Raman spectra to the reference
database of pigments [3]. As seen from Table 1, the red pigments were identified as
vermilion, red earth and litharge and one of the red pigments was identified as
Mars red (in use since 19th century) [3]. The blue pigments were detected as lazu-
rite and smalt, black as carbon black and white as calcite (chalk). Two yel-
low/ochre pigments were identified as Indian yellow (in use from 15™ until 19"
century) [3] and Mars yellow (in use since 19" century) [3]. This could support the
tentative dating of the redecoration of some parts of the wall paintings: it could
have been made not earlier than beginning of the 15" century when Indian yellow
was introduced as a pigment [3], most probably during the 16™ century. Further
evidence for this suggestion is the recorded Raman spectrum of the blue pigment,
identified as smalt, in use since 16™ century [3].

Table 1. Pigments identified in the fragments of the wall paintings from the
sacral building at Skopsko Kale.

Colour Minerals / Antiquity Other pigments
red red ochre, vermilion, hematite, litharge Mars red (since 19" c.)
yellow / Indian yellow (15"-19" c.)
ochre Mars yellow (since 19" c)
blue lazurite smalt (since 16" c.)
black magnetite, carbon black
white calcite

The variety of pigments found and their allocation to different time periods
confirms the assumption of the archaeologists that the sacral building has been
most probably reconstructed/redecorated both in the 16™ and 19™ century [5].

Ceramics

Twelve shreds of Byzantine glazed ceramic finds excavated in archaeological sites
in Skopje and Prilep, Republic of Macedonia, all dated from the 12" —14" century
were analyzed using micro-Raman spectroscopy. They are characterized with an
under glaze engobe and sgraffito slip decoration. Although the glazes are coloured,
the pigments gave no significant Raman signature, possibly, due to the dissolution
of the metal oxides in the glass matrix. One of the Byzantine glazed ceramic shreds
and its microscopic cross section is shown on Fig. 3.a and 3.b. Its corresponding
Raman spectra of the glaze and under glaze engobe are shown on Fig. 3.c. The two
broad bands, the strong one, at ~1000 cm’' and the less intense one, at ~500 cm™
(Fig. 3.c.) are characteristic for Si—O stretching and Si—O—Si bending modes from
Si04, observed in any glassy network containing a large amount of fluxing PbO [6,
71.
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Fig. 3. (a) Glazed ceramic shred from Markovi Kuli (Prilep); (b) its corresponding Raman
spectra of the glaze and the engobe and (c) its cross section (from Ref. 2). The polished
cross sections photographs were taken with a reflected light optical microscope - Leica
MEF4 (magnification x100).

The recorded Raman spectra of the glazes were used for determining the ratio
of the integrated areas of the Raman band envelopes, i.e. the polymerization index
(1,) [6-8]. The glazes of the twelve ceramic shreds have already been studied ex-
tensively with micro-Raman spectroscopy [2, 9—11]. They were classified accord-
ing to their indexes of polymerization calculated from the ratio of the Raman band
areas of the Si—O—Si bending and Si—O stretching modes (Asoo/Ajoo0) [6—8].
Hence, the majority of the studied Byzantine ceramic glazes could be classified as
lead-rich and fired below 700 °C, while only two samples are classified as lead-
based and fired at around 800 °C [2, 10, 11].

Point-to-point micro-Raman spectroscopy [12] was used in assessment of the
mineralogical composition of the ceramic bodies of the analyzed ceramic shreds.
The pellets from the body of each ceramic shred were placed under the microscope
(/x100) on a mapping stage covering an area of 0.03 x 0.03 mm (Fig. 4.), acquiring
approximately 100 Raman spectra. Depending of the surface that has been re-
corded, some of the spectra represent a pure mineral (Fig. 4.a — 4.c), while others
are mixtures of minerals (Fig. 4.d and 4.e). The results from the recorded point-to-
point micro-Raman spectra of all studied ceramics bodies are summarized in Table
2. As presented on Table 2, fifteen different minerals were identified. According to
the recorded Raman spectra, quartz, hematite, magnetite and feldspars have been
detected in all the studied samples of the ceramics body. Four different feldspars
could be identified: microcline, albite, sanidine and andradite and three different
polymorphic forms of TiO,: anatase, rutile and brukite could be distinguished from

72



PHYSICAL CHEMISTRY 2008. B-1-SL

SA25

Faman Intensity

200 400 GO0 800 1000 1200 1400
Wawvenumber f o’

Fig. 4. Raman spectra of the obtained minerals from the mapping area (given on the left
hand side). Spectrum a corresponds to Quartz; b to Rutile; ¢ to Anatase; d to mixture of
minerals: Albite(A)+Hematite(H)+Magnetite(M) and e to mixture of minerals: Hema-
tite(H)+Magnetite(M).

Table 2. List of the obtained minerals by point-to-point micro-Raman spectroscopy
from the ceramic samples. (F = Feldspars)

MINERALS SA25 SA27 | SA29 | SK31 MK2 MK9 | MKI10 | MK14 | MK22
Quartz V V V V V V V V V
Hematite V N N N N N N N N
Magnetite V V V V V V N N N
TiO, (rutil) N N N
TiO, (anatase) N N N N N N
TiO, (brukite) v

F (microcline) V N V N N N N
F (albite) V V N
F (sanidine) N

F (andradite) N

Calcite V J J
Apatite N N N

Forsterite N N N
Enstatite V N

Maghemite N
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the Raman spectra in most of the samples studied. Calcite, apatite, forsterite (as
olivine) and enstatite (as pyroxene) were also easily identified by micro-Raman
spectroscopy in some of the samples. The Raman signature of maghemite from
lepidocrocite has been observed in sample SA27.

A comparative study of the mineralogical composition of the ceramic shreds
was made, using the well established techniques in this field, as XRD [12] and
XRF [9, 10]. The obtained results from the three applied techniques are in good
agreement, although in some cases Raman spectroscopy is more informative.

Conclusions

A spectroscopic analysis by micro-Raman spectroscopy on medieval pigments
and glazed ceramics provides information on (a) the type of pigments used in wall
paintings and (b) the technology of manufacturing of ceramics, i.e. the firing tem-
perature of the ceramics glazes as well as the mineralogical composition of the
ceramics body.

(a) The characterization and identification of the pigments used in the wall paint-
ings remains one of the most important analytical tasks in characterization of the
art objects. It provides artistic, historical and technological information and enables
correct and appropriate approach during conservation and restorations procedures.

(b) Non-destructive Raman analysis offers considerable data and information
about the technological and manufacturing processes of medieval glazed ceramics.
The data recaptured from the polymerization indexes (/,) of the studied glazes pro-
vide information on their manufacturing processes, such as firing temperatures. On
the other hand, the mineralogical composition of the ceramics body can be easily
studied by point-to-point micro-Raman spectroscopy, by mapping the ceramics
body in a chosen area, which leads to identification of numerous minerals in ce-
ramics. The mineralogical data obtained by XRD [12] and XRF [9, 10] techniques
on the same samples were compared with the data obtained by micro-Raman spec-
troscopy. Although time consuming, micro-Raman spectroscopy was proven to be
accurate and precise and could be used in mineralogical assessment of ceramics.
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Abstract

An analysis of crystal structures from the Cambridge Structural Database (CSD)
was performed in order to study interactions of water molecule with C4 aromatic
group. The interactions of water molecule where whole molecule or one of the O-H
bonds is parallel to the Cq aromatic rings were recognized. The number of observed
interactions was 720. The observed normal distances between the OH bond and the
plane of the aryl ring are in the range of the distances previously found to be typi-
cal for the stacking interactions of two aromatic rings. Ab initio calculations were
performed on the model systems and the energies were calculated at the CCSD(T)
complete basis set limit.

Introduction

The OH/r interactions of water molecule with the m-electron cloud of aromatic
groups can play important role enabling interactions of nonpolar groups with polar
solvent. These interactions were observed in various molecular systems [1-5]. The
study of OH/m interactions between water molecule and aromatic groups of amino
acids in proteins confirmed the relatively frequent occurrence of aromatic OH/n
hydrogen bonding in protein crystal structures [2,3].

Besides XH/n aromatic interactions, there are abundant aromatic interactions
such as ©-7 stacking that also play important role for protein structure and protein-
ligand recognition. The Protein Data Bank studies revealed that the NH/z interac-
tions are outnumbered by the aromatic-amide stacked structures [6].

In this paper we present the intermolecular interactions of water molecule
where whole molecule or one the O-H bonds is parallel to the Cs aromatic rings.
The results were obtained by analyzing the interactions in crystal structures from
the CSD and by ab initio calculations of the benzene-water dimer model systems
including the CCSD(T) level of electron correlation correction.

Results and Discussion

The crystal structures involving non coordinated water molecule and Cs-aromatic
group were screened for intermolecular contacts. A survey of crystal structures
revealed that the total number of parallel contacts is 720. We found the parallel
alignments of the whole water molecule (79 contacts, A set) and parallel align-
ments of one of the O-H bonds (B and C sets). When one of the O-H bonds is in
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parallel alignment another O-H bond can be in positions ranging from the upward
orientation from the aromatic ring and the parallel alignment to the orientation
toward the m-system of the aromatic ring. In the last case the dominant interaction
is OH/z interaction. The number of intermolecular contacts where the contribution
of parallel alignment of one O-H bond is dominant is 391 contacts (B set).

The analysis of the geometries of the sets A and B pointed out that most wa-
ter molecules are positioned close to the edge of the aromatic ring or outside of the
ring - above the region of the C-H bonds. The normal distances of the O-H bonds
in parallel alignment are between 3.0 and 4.0 A. They cover the range typical for
stacking interactions of two aromatic rings, 3.3 - 3.8 A.

Ab initio calculations were done on the model systems based on the geome-
tries observed in the crystal structures. The calculation of the intermolecular inter-
action potentials were performed at the MP2 and CCSD(T) levels using the Dun-
ning’s correlation consistent basis sets (cc-pVTZ, cc-pVTZ, cc-pVQZ, aug-cc-
pVDZ, aug-cc-pVTZ). The basis set superposition error (BSSE) was calculated
using the standard Boys-Bernardi counterpoise procedure. The method of Helgaker
et al. for the estimation of MP2 and CCSD(T) interacting energies at the basis set
limit was used. The Gaussian98 series of programs were employed.

The model systems of the water-benzene dimers were made based on the ge-
ometries observed in crystal structures. The ab initio calculations were done on a
number of model systems with the parallel alignment of the whole water molecule
and with one of the the O-H bonds parallel to the ring plane. The most stable struc-
ture with the parallel alignment of the whole water molecule (A;) has the calculated
CCSD(T) basis set limit energy Eccspemyimic = -1.45 kcal/mol. The calculated model
systems with the water molecule above the ring have smaller interacting energy.
The interacting energy of the A, dimer is Eccsperyimit = -0.90 kcal/mol. The most
stable model system of all considered has one O-H bond parallel to the C-H bond
of the benzene with the oxygen atom above the hydrogen atom of the benzene (B,)
with the interacting energy Eccsperyimit = -1.60 kcal/mol. Similar to the model sys-
tems A, the B structures with the water molecule above the ring have smaller inter-
acting energy, the B, structure has interactions energy Eccspryimic = -0.78 kcal/mol.
In all model systems the calculated normal distances are shorter for the water
molecule above the C-H region (3.0 — 3.3 A) than above the ring (3.4 -3.6 A). The
calculated normal distances are in agreement with the distances observed in the
similar interactions in the crystal structures.

The calculated energy for the OH/rm interaction is Eccspmimie = -3.29
kcal/mol, showing that the OH/x interactions [7] are significantly stronger than the
parallel-alignment interactions. In spite of that, in the crystal structures parallel
alignments occur quite frequently. The explanation can be additional stabilization
achieved since in the parallel alignment all atoms of the water molecule can form
classical hydrogen bonds simultaneously. Such hydrogen bonds were observed in
the crystal structures.
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Conclusion

The observed parallel-alignment interactions in crystal structures confirm that this
kind of interaction like other weak interactions coexists or is in competition with
much stronger interactions. The ab initio calculations at the CCSD(T) complete
basis set limit support the assumption that observed parallel alignments are conse-
quence of attractive interactions of the water and aryl rings. The results indicate
that the water molecule could be involved in parallel-alignment interactions with
other aromatic systems that are part of various systems, including biomolecules.
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Abstract

In this paper we describe the use of molecular modelling, NMR spectroscopy and
mass spectrometry to investigate small molecule-small molecule interactions be-
tween substrates of multidrug-resistance (MDR) and inhibitors (modulators) of
MDR pumps. These MDR pumps confer resistance to many cells including bacte-
ria, plasmodia and cancer cells leading to resistance to certain drugs.

We show that computationally, substrates of efflux processes and modula-
tors have the capacity to form complexes and this can be supported by NMR and
mass spectral data. The formation of such complexes may facilitate entry of drugs
into the cell and may also make the drug ‘opaque’ to efflux once inside the cell.
The complex could then dissociate to yield the drug and modulator.

Introduction

MDR (multidrug resistance) causes many forms of resistance in human malignan-
cies. One prominent MDR mechanism in tumours involves membrane-bound ef-
flux pumps, which actively export anticancer agents from the cell resulting in a low
ineffective concentration of the therapeutic. It is still not fully known how modula-
tors of these MDR pumps function since many modulators are structurally unre-
lated and from different chemical classes.

Our previous studies have indicated that there is PN i

a relationship between MDR modulation and the Q::m N
molecular properties of complexes between =T
MDR modulators and drugs which are substrates B

of efflux pumpss [1,2]. s

We therefore proposed a novel mechanism USRS oot
of MDR modulation, where small molecule — ‘ i , ) .
small molecule interactions could play an impor- m\L ?—Q o~ )l\/\[/\\
tant role. Here we examine experimentally the |l ) 4 )
possibility of complex formation between some ! Theacine
MDR substrates (e.g. the drugs doxorubicin and L0 3
vinblastine) and efflux pumps modulators (vera- MOF %Q”
pamil, theanine and reserpine) shown in Scheme R .
1. Reserpina

MW = 60868

Methods

Molecular modelling studies were carried out using the Schrodinger suite with
integrated Maestro and MacroModel software. All molecules were prepared using
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the Ligprep module. The conformational search was carried out on all complexes
using 5000 steps of Monte Carlo multiple minimum (MCMM) conformational
search analysis. The MMFFs force field was employed with the implicitly repre-
sented aqueous environment using the GB/SA solvation method.

1D 'H NMR spectra were acquired on a BRUKER AVANCE 500 MHz
spectrometer at 298K. Samples were dissolved in D,O and spectra were referenced
using the internal standard TSP.

ESI-MS spectra were acquired using a Navigator LC-MS system in the posi-
tive mode.

Results and Discussion

Verapamil is known to restore the efficacy of vinblastine against MDR cancer cells [3].
The complexation is predicted by molecular modelling (Figure 1a), which was con-
firmed by NMR spectroscopy. The change of chemical shifts of vinblastine aromatic
hydrogen atoms was observed after verapamil addition. This change was most promi-
nent for atoms that are surrounded by verapamil in the molecular model (Figure 1b).
The complex formation was also confirmed at lower concentrations using ESI-MS
spectrometry with a peak at 1264.5 m/z in the ESI spectrum (Figure 1c).
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Fig. 1. a) The 3D molecular model of a vinblastine — verapamil complex obtained using
conformational search analysis (vinblastine in CPK representation, verapamil is depicted as
sticks with carbon atoms in green). b) The expansion of a 1D "H NMR spectrum of vin-
blastine (blue) and the mixture of vinblastine and verapamil (1:1) in red at 298K and 500
MHz. ¢) ESI-MS spectrum of a vinblastine-verapamil mixture.
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Reserpine is a natural product that has exhibited modulatory activity for a
range of efflux pump substrates [3]. The molecular model of the complex is pre-
dicted by molecular modelling (Figure 2a). The evidence of complex formation
was found in the NMR spectrum, where the change of chemical shifts of vin-
blastine aromatic protons was observed, in a similar fashion to that found in the
vinblastine — verapamil complex (Figure 2b). The complex between vinblastine, a
reserpine fragment, SO, and Na” was observed at lower concentrations using ESI-
MS spectrometry with a peak at 1328.8 m/z (Figure 2c).
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Fig. 2. @) The 3D molecular model of a vinblastine — reserpine complex obtained using
conformational search analysis (vinblastine in CPK representation, reserpine is depicted as
sticks with carbon atoms in green). b) The expansion of a 1D 'H NMR spectra of vin-
blastine (blue) and a mixture of vinblastine and reserpine (1:1) in red at 298K and 500
MHz. ¢) ESI-MS spectrum of a vinblastine-reserpine mixture.

Theanine, a green tea constituent, potentiates the activity of doxorubicin [4]
even though it is a relatively small molecule to occupy a broad binding site of
efflux pumps. Although molecular modelling predicts complex formation (Figure
3a) and the presence of theanine induces chemical shifts changes of doxorubicin
(Figure 3b), we could not prove existence of complexes by MS. It is notable that
chemical shift changes are more prominent in a solution of 1:0.5 doxorubicin to
theanine. The MS spectra of doxorubicin-theanine were possibly not observed due
to the fragmentation of the doxorubicin in the ESI-MS conditions. Further work is
need to be conducted to optimize the experimental conditions.
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Fig. 3. a) The 3D molecular model of a doxorubicin — theanine complex obtained using
conformational search analysis (doxorubicin in CPK representation, theanine is depicted as
sticks with carbon atoms in green). b) The expansion of 1D "H NMR spectra of doxorubi-
cin (blue), mixture of doxorubicin and theanine (1:0.5) in green and mixture of doxorubicin
and theanine (1:1) in red at 298K and 500 MHz.

The interactions between small molecules are evident in solutions, although
at concentrations higher than the biologically active concentrations. These interac-
tions might not fully explain modulation and replace the current views on the
mechanisms of MDR modulation, but it may account for some effects of modula-
tion that are still not fully understood. The search for novel modulators could bene-
fit from considerations of possible small molecule — small molecule interactions
particularly in the area of anti cancer drugs and modulators.

Conclusions

MS and NMR experiments have confirmed that formation of non-covalent com-
plexes between these small molecules is possible in vitro. We are proposing that
these inhibitors could function as ‘escorts’ by binding therapeutics outside the cell
and facilitating their entry into the cell and protecting them from efflux. Further
work is underway to confirm the complex formation in cells and in vivo.
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Abstract

Spatial distribution of delayed responses of argon and hydrogen spectral line and
continuum intensity to square power modulation was investigated in order to get
better insight into the processes occurring in argon dc arc plasma. The power was
abruptly changed between stationary values, 9 and 3.5 A. For these currents steady
state radial distributions of electron number density, temperature and emission
intensity were measured. On part of the discharge, radial profiles the power drop
and the power jump are both accompanied by intensity peaks which may be ex-
plained by displacement of the arc core axis and change in the arc core diameter
during the power modulation.

Introduction

In spite of the fact that direct current argon arcs have various applications in differ-
ent fields, and are intensively studied, a complete understanding of excitation
mechanisms and transport processes in some types of plasma is not yet accom-
plished. In addition to well known plasma diagnostic techniques, these processes
could be studied by monitoring the plasma behavior (spectral emission responses)
during and after the interruption or modulation of plasma power. A square modula-
tion of plasma power permits a variety of combinations of low and high current
duration times thus making it convenient for studying slow processes in plasmas.
The method of power modulation has often been used for studying inductively
coupled plasmas [1].

This work deals mainly with delayed responses of argon and hydrogen line
and background intensities, to square modulation of the arc current, in order to get
better understanding of the processes in the arc column of argon dc plasma. For the
above purpose, we have measured the radial distribution of electron number den-
sity, temperature and emission intensity in the plasma arc column for the arc cur-
rents of 9 and 3.5 A, between which the power was alternately switched. Electron
number densities were evaluated from measured Hg line profiles, and correspond-
ing temperatures were evaluated from measured absolute emissivity of argon line.

Experimental

A detailed description of the U-shaped dc argon arc with combined gas vortex and
wall stabilization, operating at atmospheric pressure was described in reference [2].
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In order to differentiate between the two sides of arc column we labeled the dis-
placements from the arc axis with the plus (+) and minus (-) signs. The plus side is
the one from which argon gas carrying aerosol is introduced into plasma. The
modulation period was 250 ms with variable low current interval up to 50 ms.
These modulation parameters prevent the superposition of effects coming from
subsequent disturbances which means that discharge has enough time to return to
stationary state before the next disturbance occurs. The time constant for a current
change was better than 5 ps.

Results and Discussion
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Fig. 1. Radial distribution of Ar I Fig. 2. Temporal evolution of the Ar I
696.54 nm line intensity for different 696.54 nm spectral line after the
arc current. Argon flow a) 2.7 L/min. current drop.
b) 2.0 L/min.
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Radial distribution of Ar I 696.54 nm line intensity for different arc currents
and 2.7 L/min argon flow is shown in Fig. 1a. The arc axis for the arc current of 12
A is represented as zero position on the x-axis. As it may be seen in Fig. la, by
lowering the arc current the arc axis is displaced toward the (+) side while the ra-
dial dimension of the arc core is decreased simultaneously. Displacement that is
even more evident is observed with lower argon flow (2 L/min), Fig. 1b. So, transi-
tion of the arc column (displacement and width change) between two stationary
regimes, that correspond to upper and lower current, must be taken in considera-
tions when we elucidate the line intensity evolution, caused by power modulation.

For elements with high ionization potential like Ar and H, and for continuum
radiation there is a pronounced asymmetry in radial distribution of delayed re-
sponses to power modulation. The observed asymmetry can not be explained by
asymmetry in radial distribution of plasma parameters. On part of the radial pro-
files, both a current jump and a current drop are accompanied by line intensity
increase. As these are the same parts of radial profiles where displacement of the
discharge axis takes place, it is obvious that delayed responses are actually a con-
sequence of this displacement. To support this assumption we have varied experi-
mental conditions that are related to the arc axis position and the arc column di-
ameter such as carrier gas flow and arc current.

Conclusion

The obtained results were in accordance with previous conclusions: intensity peak
increase and asymmetry were more pronounced for larger displacements of the arc
axis. Displacement of the arc column after the power modulation must be a conse-
quence of asymmetrical introduction of a carrier gas flow. Delayed responses of
analyte line intensity (metal atoms with ionization potential usually lower than 8
eV) show completely different evolutions [2, 3] and for their interpretation, it is
essential to understand the evolutions of a carrier gas and continuum, i.e. to take
the arc column displacement in consideration.

Acknowledgments

This work has been financially supported by Ministry of Science of the Republic of
Serbia under Project No. 142065.

References

[1] C. E. Hensman, L. R. Drake and G. D. Rayson, Spectrochim. Acta, 1997, 52B, 503-515.

[2] M. M. Kuzmanovi¢, M. S. Pavlovi¢, J. J. Savovi¢, M. Marinkovi¢, Spectrochim. Acta,
2003, 58B, 239-248.

[3] M. Kuzmanovi¢, J. Savovi¢, M. Pavlovié, M. Stoiljkovié, A. Antic-Jovanovic and M.
Marinkovic, J. Serb. Chem. Soc., 2005, 70, 1033-1040.

85



PHYSICAL CHEMISTRY 2008. B-3-SL

THEORY AND PRACTICE IN THE ANALYSIS OF POLARIZED IR
REFLECTANCE SPECTRA OF LOW SYMMETRY SINGLE
CRYSTALS

V. Ivanovski

Institute of Chemistry, Faculty of Natural Sciences and Mathematics, University of Sts. Cyril and
Methodius, Arhimedova 5, 1000 Skopje, Republic of Macedonia

Abstract

An overview on the theoretical and experimental conditions in the investigation of
single crystals, with emphasis on crystals crystallizing in the monoclinic crystal
system is presented. The main idea is to explain in short how the complexity of the
theories applied and the demands in the experimental conditions increases on low-
ering the crystal symmetry. The procedure of dispersion analysis (DA) employed
on the IR polarized spectra of monoclinic Tutton salts single crystals, is explained.
The results of the performed DA in these investigations are discussed in the course
of the importance of such kind of analysis in the obtainment of the vibrational
properties of low symmetry crystals.

Introduction

The interest towards the investigation of single crystals using IR reflectance spec-
troscopy follows from several reasons: it is in some cases (when polishing of the
crystal plane can be avoided) a non-destructive technique; reflection is more easily
applied than transmittance (for transmittance technique, samples with thickness
around 10 pum are required [1]); investigation of low symmetry crystals using s-
and p- polarized light give insight into the mixed modes [2, 3]. Optical, dielectric
and vibrational characteristics of the investigated material can be obtained in this
way [4]. By optical characteristic we recognize the values of the complex index of
refraction, i.e. its real and imaginary part [5, 6]. The dielectric characteristics of the
sample are described through the real and the imaginary part of the dielectric func-
tion. Vibrational characteristics of materials can be characterized by the frequen-
cies, oscillator strengths, damping constants, and orientation of the transition dipole
moments of the oscillators in space.

The way in which the experiment is set, depends on the crystal system in
which the crystal crystallizes and theories developed for the light propagation and
reflection in those crystal systems [7]. The experiment is most easily performed on
crystals crystallizing with cubic symmetry and is most complicated for triclinic
crystals. In case of cubic crystals a complete optical isotropy exists, thus a care has
to be taken only concerning the angle of incidence. If the angle of incidence is
quite different from normal incidence (> 10 °), then, reflectance function will de-
pend on the polarization state of the radiation [7]. The results of the experiment
though, will not depend on the crystal face of reflection. In optically uniaxial crys-
tals, reflectance of the mixed ordinary and extraordinary ray will exist if the polari-
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zation is neither s- nor p-polarized [8]. Optically biaxial crystals are characterized
with two optical axes. Nevertheless, dielectric properties of the crystal will depend
on the crystal system. For an arbitrary angle of incidence and face of the crystal,
the task in acquiring the optical properties is quite difficult. Nevertheless there is a
simplification in the theory as will be explained further in the text. In the most
complicated case (the triclinic), to the knowledge of the author, only one paper
concerned with the obtainment of vibrational parameters in CuSO4-5H,0 has been
reported so far [9].

The intention of this work is to give an overview on the ways that single
crystals of symmetries lower than cubic can be treated in order for the optical, di-
electric and vibrational properties using specular IR reflected radiation to be ob-
tained. The method of dispersion analysis (DA) and the results of the spectral
treatment is presented on two Tutton salts single crystals K,Ni(SOy4),-6H,O and
(NH4),Ni(SO4),-6H,0, in the v3(SO,”) spectral region [10, 11]. Tutton salts repre-
sent a large family of isomorphous compounds with a common formula
M’ ,M""(XY4),6H,O where M" stands for univalent ions like: K', NH,", Rb", Cs";
M’ for: Ni**, Co*, Mg2+, Cu*, Zn*, Fe**, Cr*". X =S or Se when Y = O, but X =
Be when Y = F. More on the structure and vibrational properties of these crystals
can be found in refs. [12, 13] and [14, 15].

Crystal optics — background

The Fresnel expression for the EM wave propagating in crystal with principal di-
electric axes values &, ¢, & and projections of the unit wave vector k/k on these
axes (Sy, Sy, §-) is derived out of the Maxwell equations and can be written in the
following form [16]:

g(s,—n')e, —n’)s; +¢&, (s, —n")e, —n')s; +
(1)

+¢&. (€, —nz)(a‘y -n’)s?=0

where 7 is the complex index of refraction in the direction of propagation of the
wave. In cubic crystals, due to the isotropy, the solutions of Eq. (1) are three waves
(two transversal and one longitudinal) with same index of refraction. In optically
uniaxial crystals the two solutions for the index of refraction of the two transversal
waves are,

£.&
=&, My, = 2
g.sin"@+¢&_cos O

where angle 6 is the angle formed between the z axis and the direction of K. The
polarization of the radiation of the “ordinary” ray (#,) is perpendicular, while that
of the “extraordinary” (n,.,) parallel to the plane formed by the z axis (¢ crystallo-
graphic) and the direction of K. In optically biaxial crystals, two independent waves

87



PHYSICAL CHEMISTRY 2008. B-3-SL

exist for every direction of the Kk vector being linearly polarized for non-absorbing
and elliptically polarized for absorbing [5, 7]. In orthorhombic crystals, when the

wave vector K is in the yz, (s, =0), Eq.(1) give solutions for n similar as for uni-

axial crystal, [Eq.(2)]. When K is along one of the principal axes (z axis), then
s, =5, =0 and the two transversal waves will have complex indexes of refrac-

tion given by,

2 _ 2
n,=¢&;n, =¢, 3)

In monoclinic crystals this further complicates because the eigenvectors of
the &, dielectric tensor are different for different frequencies, meaning that Eq. (1)
can not be used, since it is expressed employing principal dielectric vectors. Since
the y axis is symmetry fixed and if in the experiment the condition s, =0 is satis-

fied, the solution for the index of refraction having polarization of the wave along
the y axis is

n=¢ 4)

y

Reflectance function and dispersion analysis

From the previously said a conclusion can be derived that for crystals with symme-
try as low as orthorhombic, IR active vibrations can always be separately investi-
gated using normal incidence of the radiation on a principal dielectric plane with
polarization along one of the principal axes (actually near-normal incidence is what
can be physically attained in the experiments). This is possible since the direction
of the radiation determined by the vector K, does not change on entering the crystal.
Reflectance function for the normal incidence is then,

R=1_n2

)

1+n

In optically uniaxial crystals the reflectance function will also depend on the
crystal’s reflecting plane. When the incidence radiation is perpendicular but the
plane is not the principal dielectric one, the reflectance will be a mixture of ordi-
nary and extraordinary ray. The case of non-normal incidence on a principal plane
is explained in ref. [17], while the non-normal incidence on a non-principal plane
can be found in ref. [18].

In monoclinic crystals, recording the spectra of IR active modes with tran-
sition dipole along the b crystallographic axis can be easily performed under ex-
perimental condition of normal incidence on the plane containing the axis, with
polarization along the axis, so that Eqgs.(4 and 5) are valid. For modes with transi-
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tion dipole moments in the ac crystal plane, though, it is not possible to separately
observe the corresponding bands in the spectra. This is due to the presence of the
non-diagonal terms &, in the dielectric tensor, meaning that every mode contribute
more or less to the dielectric function and by that to every band, for arbitrary angle
of polarization. The way to analyze IR active modes with transition dipole mo-
ments appearing in the ac crystal plane is to record at least three reflectance spectra
with different polarization directions (cf. fig. 1; usually ¢ =0 °, 45 ° and 90 °) un-
der normal incidence of the radiation. Afterwards, a least square non-linear fitting
for the reflectance model function in Eq. (6) is performed in order to find the vibra-
tional parameters [19, 20].

Ry =lra| +|re| 6)
In the Eq. (6), the subscripts refer to the external XYZ coordinate system (cf. fig. 1)
[4, 10, 11]. The dielectric tensor, characterizing the crystal ac plane, is written in
internal xyz coordinates (fixed to the crystal) and given by:

(8.‘0{ gXZ J — g,:z‘ g: +
gXZ 6‘ZZ g)(Z gZZ
N 2 2 :
S, ( cos” 0, sin 6, cos HkJ

2 2 . . )
o W, — 0" — 1oy, ksm 0, cos 0, sin” @,

(7

+

The S;* is the oscillator strength, @y — the transversal phonon frequency, 7 — the
transversal attenuation constant of the A—th oscillator, while £°; is the background
permittivity.

Results and discussion

In order for the DA of Tutton salt single crystals to be performed, the experiment
was set as follows. The polished ac crystal face was rotated clockwise, meaning
that the polarization vector was rotated counter clockwise (fig. 1) when recording
spectra for a particular angle of polarization ¢.
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ac face

Fig. 1. xyz — internal right-handed crystal-fixed orthogonal system; XYZ — external right-
handed orthogonal system. a and ¢ — crystallographic axes (b axis is perpendicular to the
view), S — crystallographic angle, E — external electric field vector, g — transition dipole
moment vector of the k-th mode, ¢ - angle of polarization.

The incidence angle of 5 ° was employed in the experiment, so that Egs. (6,
7) were applicable. In order for the Eq. (7) to be used in conjunction with Eq. (6), a
similarity transformation, converting the permittivity tensor from internal xyz into
external XYZ coordinate system had to be performed [4, 10, 11]

o = ( cosg sin ¢}9n (cos ¢ —sin ¢J )

—sing cos¢ sing cos¢

The investigations performed on eight Tutton salt single crystals (cf. ref.
[11]) proved that the biggest change in the polarized spectra occurs when the uni-
valent cation is changed (whether K™ or NH,"). The v3(SO,”) spectral region of
Tutton salt representatives is given in fig. 2. For the salts containing K, a singlet
band appeared for the angle ¢ =90 °, which is not a feature for the spectra of the
NH," containing salts. Due to the local symmetry of the sulfate (C;) and the factor
group of the crystals (P2/a or Cyy’), three v3(SO,%) mode components of 4, and
the same number of B, symmetry type are expected, which should lead to the ap-
pearance of three bands in the spectra for each symmetry type [14, 15]. As men-
tioned, pure B, modes will be activated if the polarization direction is in the ac
crystal plane, while the three of 4, type, if the polarization direction is along the b
crystal axis.
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Fig. 2. Measured (solid line) and modeled (dashed line) polarized spectra for
¢=0°,45°,90° 135° of the v3(SO42') B, symmetry type mode components in
K,Ni(SOy),-6H,0 and (NH4),Ni(SO4),-6H,0 single crystals. Extra bands in the spectra are
indicated with arrows.

Just from the observation of the reflectance spectra, a conclusion on the number
and frequencies of the bands is not possible without a DA performed. The results
obtained from the performed DA on reflectance spectra of representative Tutton
salts, given in Table 1, explain the peculiarity of the singlet band in K* containing
samples. The orientation of the transition dipole moments for the three B, symme-
try type modes expressed through the angle 6, indicate two transition dipoles ori-
ented close to the direction perpendicular to the ¢ crystallographic axis (¢=0 °),
and one almost along the c axis (¢=90 °). This is not the case for NH; Tutton
salts (cf. Table 1). Thus, in K" containing salts, when the radiation has polarization
along the ¢ crystallographic axis, only one mode will be triggered and a singlet
band will appear in the spectrum. Another gain from the performed DA is the cor-
rect obtainment of the transversal phonon frequencies, which is difficult for the
spectra with an overlap between the bands. After the lifting of the degeneracy of
the triply degenerated v5(SO,”) mode, component frequencies are still close, pro-
ducing overlap of the reflectance bands.
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Table 1. Best fit parameters for the transversal and longitudinal modes in the two Tutton
salts. The complete data can be found in ref. [11]

wo/em’ Si/em’  0/° w/em! Si/em’ 6/ @yjem’ Syem! g
K-Ni 1128.6 514.5 8.1 1101.6 124.7 21.0 1083.3 507.8 103.5
NHy-Ni  1131.6 438.6 176.0 1089.8 255.5 32.6 1070.9 5149 92.8

1 I

o, /em 6,/° a)lz/cm_1 0,/° @ Jem 0/°
K-Ni 1187.7 2.3 1102.6 175.9 1142.6 96.8
NHy4-Ni 11795 177.6 1092.7 145.8 1138.7 86.4

By calculating S;* (Table 1), one can conclude that phonons in the ac plane
consist of two strong and one weak mode. The bands of the two strong modes seem
to be partially overlapped due to the appearance of the third, resultant band in the
spectra. As explained elsewhere [2, 3, 21] it is just an artifact originating from the
summation of the bands in the overlapping region and not a distinct band originat-
ing from a particular vibration. The band of the weakest mode seems to be com-
pletely overlapped by one of the strong modes. The width of the overlap region can
be judged by the LO-TO splitting, that is if the longitudinal frequencies are known.
Transition dipole moments of the longitudinal phonons, apart from being frequency
dependent, have different orientation from the transition moments of the corre-
sponding transversal phonons. Pavinich and Belousov [22] have proposed a
method that can be used in the evaluation of their longitudinal frequencies and the
directions of the transition moments in monoclinic crystals under approximation of
7% = 0. Similar calculations where performed in ref. [11]. There, the S; values were
firstly found from the non-linear fitting. Afterwards, these were used in acquiring
the longitudinal frequencies from the condition that the determinant of the dielec-
tric tensor at the longitudinal frequency @y should obtain zero value. After fre-
quencies were found, the corresponding angles were obtained with the aid of Eq

),

tan g, = — 2= 9)

zz Q=

In Table 1 are given the obtained values for the longitudinal frequencies in
the two Tutton salts. The frequencies of the longitudinal and transversal phonons in
Table 1 prove the abovementioned presumption about the existing overlap type
between the bands of the three B, symmetry type modes [11].

Conclusion

The theoretical bases for the practical analysis of single crystals using polarized IR
specular reflectance differ on the symmetry of the crystals to be investigated. In
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monoclinic crystals the theory is the simplest if the polarized radiation is perpen-
dicularly reflected from the ac crystal plane. Then, in order to perform DA and
obtain the knowledge on the vibrational, dielectric and optical characteristics, at
least three spectra at different polarization angles ¢ are needed (four were used in
this work). By performing a DA the orientations of the transition moments in the
ac crystal plane can be obtained, something that is impossible to perform just by
visual or Kramers-Kronig analysis of the polarized spectra.

References

[1]J. Herranz, J.M. Delgado, Spectrochim. Acta, 1975, 31A, 1255.

[2] V. Ivanovski, V.M. Petrusevski, J. Mol. Struct., 2003, 650, 165.

[3] V. Ivanovski, V.M. Petrusevski, Spectrochim. Acta, 2004, A60, 1601.

[4] V. Ivanovski, T. G. Mayerhofer, J. Popp, V. M. Petrusevski, Spectrochim. Acta, 2008,

69A, 629.

[5] P. Yeh, Optical Waves in Layered Media, Wiley, New York, 1988.

[6] J.C. Decius, R.M. Hexter, Molecular Vibrations in Crystals, McGraw-Hill, 1977.

[7]1 M. Born and E. Wolf, Principles of Optics, Pergamon, Oxford, 1968.

[8] M. Ishigame, T. Satd, T. Sakurai, Phys. Rev., 1971, 3, 4388.

[9] J.R. Aronson, A.G. Emslie, P.F. Strong, Appl. Opt., 1985, 24, 1200.

[10] V. Ivanovski, T.G. Mayerhéfer, J. Popp, Vibrat. Spectrosc., 2007, 44, 369.

[11] V. Ivanovski, T.G. Mayerhofer, J. Popp, Vibrat. Spectrosc., 2008,
doi:10.1016/j.vibspec.2008.02.010

[12] E.N. Maslen, S.C. Ridout, K.J. Watson, Acta Cryst., 1988, C44, 409.

[13] E.N. Maslen, S.C. Ridout, K.J. Watson, Acta Cryst., 1988, C44, 412.

[14] V. Ananthanarayanan, J. Chem. Phys., 1968, 48, 573.

[15] R.G. Brown, S.D. Ross, Spectrochim. Acta, 1970, 26A, 945.

[16] R. Claus, Phys. Stat. Sol., 1978, 88B, 683.

[17] L.P. Mosteller, Jr., F. Wooten, J. Opt. Soc. Am., 1968, 58, 511.

[18] Th.G. Mayerhofer, H.H. Dunken, Vibrat. Spectrosc., 2001, 25, 185.

[19] M.V. Belousov, M.F. Pavinich, Opt. Spektrosc., 1978, 45, 771.

[20] J.R. Aronson, A.G. Emslie, E.V. Miseo, E.M. Smith, P.F. Strong, Appl. Opt., 1983,
22, 4093.

[21] V. Ivanovski, V.M. Petrusevski, Marta K. Gunde, Spectrochim. Acta., 2005, 61A, 67.

[22] V.F. Pavinich, M.V. Belousov, Opt. Spectrosc., 1978, 45, 881.

93



PHYSICAL CHEMISTRY 2008. B—4-P

STUDY OF THE SPATIAL REDISTRIBUTION OF THE ANALYTE
SPECTRAL EMISSION IN DC ARC PLASMA INDUCED BY
EXTERNAL OSCILLATING MAGNETIC FIELD

M.M. Stoiljkovi¢, M.S. Pavlovi¢, M. Momcilovi¢ and J.J. Savovi¢

! The Vinca Institute, Laboratory of Physical Chemistry, P. O. Box 522, 11001, Belgrade, Serbia
? Faculty of Physical Chemistry, P. O. Box 137, 11001, Belgrade, Serbia

Abstract

Monochromatic digital imaging technique was developed for studying the spatial
emission intensity distribution of atmospheric pressure dc arc plasma with aerosol
supply. Arc plasma was imposed to external oscillating magnetic fields of strengths
up to 12 mT and frequency of 50 Hz. This plasma was studied in a laterally re-
solved manner and at selected observation heights. The intensity enhancement and
spatial redistribution of the analyte emission was evaluated and compared to the
steady state plasma. The intensity enhancements were correlated with the attained
speeds of plasma core movement. Spatial regions in the arc plasma with maximal
emission enhancement are identified and clarified. The effect of the electrode po-
larity was also investigated.

Introduction

Several diffusion-driven processes lead to partial separation of chemical elements
of different ionization energy in steady state dc arc plasma at atmospheric pressure
[1]. This causes spatial (lateral-axial) non homogeneity in composition of ana-
lyte/carrying-gas (argon) mixture in plasma followed by the limited analyte emis-
sion. Finally, this limits the power of detection for some chemical elements in ana-
lytical application of dc arc plasma.

The applied oscillating magnetic field forces the hot arc core to hasty pene-
trate into the plasma periphery enriched with analyte vapor resulting in consider-
able emission enhancement of spectral lines of the most chemical species.

Experimental

Description of the device for generation the stabilized dc arc argon plasma at at-
mospheric pressure with aerosol supply, as well as the entire experimental set-up
for coupling arc plasma with external magnetic field are given elsewhere [1, 2, 3]
A slit-less monochromator assembled with a Canon Power Shot G5 digital camera
as detector were used for instantaneous tracing of monochromatic emission (at
single wavelength) of the whole plasma volume.

A 50 Hz sine wave external magnetic field was oriented orthogonally to the
axial electric field of the arc plasma. Such configuration generates lateral drifts of
the current carrying arc core with appropriate speeds relatively to the surrounding
gas.
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Results

A series of images of steady-state arc plasma and plasma exposed to the magnetic
field of progressive strengths are captured and relative enhancements of the analyte
emission on characteristic spatial plasma regions are evaluated.

In steady state arc plasma several demixing processes governed by both axial and
radial electric fields induce typical spatial distribution of analyte emission which is
controlled by the partial depletion of element species with medium ionization en-
ergy in the hot arc core. This fact is demonstrated by the spatial distribution of
emission intensity of barium ion line in the steady state arc plasma Fig. 1. (left).
All along the plasma axial distance the lateral distribution of the line emission ex-
hibits two peaks separated by a deep minimum at lateral distance belonging to the
arc core itself, i.e. to the hottest plasma region.

When the plasma core was compelled to oscillatory drifts with appropriate
amplitudes a considerable changing in spatial redistributions of emission intensity
occurs. On distinctive axial distances (closer to the cathode plasma region; axial
electric field is upward oriented) the most remarkable emission enhancement was
recorded, Fig. 2. (right). Supposing the periodical path of the arc core is sine wave,
the maximum enhancement corresponds the moment of reaching the maximum
speed.

17004 60004

Intensity, a. u.
Intensity, a. u.

w" \ ¢r \
“j &'M

HQ& y
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Fig. 1 Spatial distribution (lateral-axial) of intensity on captured images of steady
state arc plasma (left) and plasma exposed to the magnetic field strength of 7,5 mT
(right) at wavelength Ba II 493, 409 nm

Correlation of laterally integrated emission with attained amplitudes (or
maximal speeds) at distinctive axial positions show that emission enhancements at
all positions linearly depends on maximal speed. But the biggest and nonlinearly
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dependant correlation is obtained at axial distance of about 8,5 mm. This result was
unexpected knowing that at all axial positions between 0 mm and about 8 mm the
arc core reaches about the same amplitude.

In the case of the reverse electrode polarity (axial electric field is downward
oriented) spatial distribution of barium ion emission intensity essentially differs in
comparison to the plasma with regular electrode polarity. However, plasma core
still stays depleted of barium ions. When the magnetic field of the same magnitude
is applied (7,5 mT) the emission enhancement also occurs but now mostly at the
lower axial distances (maximal at axial distance of about 3 mm). Moreover, lateral
distribution of emission at that axial distance shows that maximum emission do not
corresponds to the maximal speed of the arc core. Maximum emission is obtained
for somewhat lower speed.

Conclusion

This study demonstrated the ability to overcome and to make clear the problem
with inefficient introduction of the analyte into the hot dc arc plasma region. The
effect of the fast periodical lateral shifts of the hot arc plasma core induced by the
external magnetic field on the analyte emission enhancement was estimated. The
emission intensity enhancement strongly depends on speed, i.e. on amplitude of the
plasma core movement. Even that the emission enhancement is dissimilar on dif-
ferent axial plasma regions which may be contributed to the initial distribution of
the analyte species in the steady state plasma. This fact is confirmed in the case of
the reverse electrode polarity. Non conventional spectroscopic technique was suc-
cessfully applied for studying the described effects.
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Abstract

All gas-phase iodine laser (AGIL) powered by the decomposition of nitrogen tri-
chloride (NCI3) is studied. This reaction scheme uses commonly available reagents
and reaction paths are milder than the previously studied azide-based AGIL. Theo-
retical studies revealed the necessary operational conditions for achieving positive
gain. An apparatus is made based on the results of the theoretical works. Positive
gain at iodine I(2P1/2)— I[(2P3/2) transition is observed for the first time.

Introduction

The chemical oxygen-iodine laser (COIL) is a continuous-wave, near-infrared
chemical laser. It offers excellent properties for applications that require high-
power laser output from a mobile platform. The best-known example of a COIL
system may be the “Airborne Laser” ballistic missile defense weapon system[1],
which uses a multi-megawatt laser with good beam quality. For very-high-power
applications, chemical lasers are still advantageous over solid-state and fiber lasers,
in terms of its scalability and beam quality. Therefore, intensive studies are being
conducted not only in the U. S., but also in other countries, including Japan. A
typical COIL depends on the energy transfer from singlet oxygen 02(1A) to the

iodine atom, which is the lasing species. The O2(1A) is typically generated by the
following chemical reaction:

H202 + 2KOH + CI2 — 2H20 + 2KCl + 02('A). (1)

This reaction illustrates an inherent drawback for the mobile laser systems: the
reactant, basic hydrogen peroxide (BHP) aqueous solution is bulky to carry and it
decomposes over time, which limits both long-term storage of BHP and applica-
tions in remote places.

Because iodine is an ideal for the lasing species, scientists have sought an alterna-
tive donor that is compatible with singlet oxygen but does not depend on wet
chemistry. In 2000, Henshaw et al. succeeded in operating an all-gas-phase iodine
laser (AGIL)[2]. The energy donor of AGIL is an excited NCI molecule in the
singlet state. Generating NCl(lA) is achieved by the following chain of gas-phase
reactions:

F + DCI > DF + Cl )
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Cl + HN3 g HCI + N3 (3)

Cl + N3 - NCI('A) + N,. 4)

While this reaction avoids BHP, it still requires highly toxic and explosive hydro-
gen azide, highly corrosive fluorine, and expensive DCI. In search of a more
friendly reaction, Exton et al. demonstrated that decomposition of nitrogen trichlo-

ride (NCI13) produces NCI(IA) with high yield by the following reactions,
NC13 +H - NCIQ + HCI (5)

NCL, + H - NCI(*A) + HCI (6)

and this could be used as an energy source of the AGIL[3]. To distinguish this con-
cept from the previously demonstrated AGIL, the former is often called “azide-
AGIL”, and the later is called “amine-AGIL”. Since then, studies have conducted
in line of this scheme, and in 1993, energy transfer from the chemically generated
NCI3 to the iodine atom is demonstrated[4]. In 2005, breaching-out of the absorp-
tion loss at the I(2P1/2)— 1(2P3/2) transition is reported by Bauer et al.[5]. Never-
theless, positive gain at this transition has not been reported yet to date.

Theoretical Work

We have started ~ Resonator zone
the study of ami-
ne-AGIL  with

the nl%merical si- Diftfusive mixing

mulations. Bas- | Symmetric boundary| _ %- ..... SRR | I |
ed on the suc- 0 Gis Flow

cessful CFD / | I 1[ P 1 I I 1

chemistry hybrid _ Lt L1 t 1L Photon flux
simulation[6], [Primary flow layers| M N ey

we modeled the I 1 I I 1

chemical reac- -l M
tion of amine- n

AGIL by a one- i

dimensional mu- i i
ltiple leaky stre- n+2 '

_____________ g =g = o SIS
am tube model. Symmetric boundary A Tiow chdctor <
A 3"flow injector

Figure 1 illus- Y A 4" flow injector

trates the de- | Fig. 1: Schematic drawing of the one-dimensional, multiple leaky-
scription of the | stream-tube kinetics model.

model. The flow
field is divided into n stream tubes of primary flow layers, and second, third, fourth
flow layers those contain different species. The main-flow direction is defined as x
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and the perpendicular axis is defined as y. The flows of adjacent layers are not
mixed until the predefined injector position is reached. Downstream of the each
injector, diffusive mixing of adjacent layers is assumed. A rooftop optical resonator
is placed where the interaction of iodine atoms and photon flux is calculated. Since
top and bottom boundaries are assumed to be symmetric, layer 0 represents the
center of the duct, while the boundary of (n+2)th layer represents the top and bot-
tom walls of the flow duct if a wall injection scheme is assumed.

The partial differential equation governing the flow field is as follows:

aM[(x’yst) 2 j k
_— = CiT(x,y,)IM’ (x,y,0 )M " (x, y,t
= Z[ (X, 3, 0)IM 7 (x, y, )M " (x, y,1)

+ Y T, y.0IM° (x,y,OM” (x,y, )M (x, y,1)
h

(7
0 (o
- a{M (x, v, 1) H (x)v(x)}/ H (x)
_D, aZMi()Z’y,t) _58np(x,t) '
oy ot
Here, M'(x,y,t) is the number density of the ith species [1/cm’], C; [T ] is the rate

constant of the gth reaction of 2nd order [cm3/s], C’? [T] is the rate constant of the hth
reaction of 3rd order [cm6/s], T is the gas temperature [K], H(x) is the height of the
duct [cm], v(X) is the gas velocity at position x [cm/s], Da is the artificial diffusion
constant, and np is the photon density [1/cm3]. =1 if i represents the upper state of
the iodine atom, 6=1 if i represents the ground state of the iodine atom, and &=0 for the
other cases.

The differential equation is discretized by the upwind finite difference method. The
upstream boundary condition is given by the set of equations,

M(0,)= M. (8)

The difference equation is explicitly integrated in the time domain with first-order ac-
curacy. The rate equation set used in this work is not shown here, but readers would
find the complete description of the model in Ref. 7. The numbered reaction constants
hereafter is in consistent with those appears in Ref. 7.

Soon after the initial calculations, we realized there are two key factors of the amine-
AGIL reaction system that strongly affects the small signal gain. The primary one is
the self annihilation reactions of NCl(lA). Unlike the OZ(lA), the reaction constants of

self annihilation reactions
k26,k27,k28

NCI('A) + NCI('A) = products 9)

are on the order of 107> [cm?/s]. Since the reaction occurs at the rate of [NCI('A)T?,
local high concentration of NCI('A) should be avoided. The second important fac-
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tor is the Cl atom accumulation. CI atom is inherently generated as a by-product of
amine-AGIL reaction system, for example, by

NCI('A) + NCI('A) —=— N2 +2C], (10)

where kg is 7.02x10'? [cm?/s]. Since it is a strong quencher of the I” as
I*+Cl — [*+Cl, (11)

where kg is 1.5x107"" [em’/s], the accumulation of Cl atom affects the laser per-
formance considerably. We found that changing the order of injectors is effective
for both avoiding local high concentration of NCI('A) and rapid gain build-up be-
fore accumulation of Cl atom. Figure 2 shows the comparison of the injector ar-
rangements. The “Conventional” ar-

rangement was that of the first amine- ~ Conventonal Hy+He

AGIL setup[5]. We changed the order so HI NClz+Ar
that the NCI; is contained in the main
flow, and HI is injected at the same posi- o _,J

tion as H atoms.

Figure 3 shows the NCI('A) concentration _1

contours in the flow field with the conven-

tional arrangement and the new arrange-  pew Hy+He MW: microwave
ment. It is seen that NCI('A) is generated
sty o

locally and in a high density when con-

ventional arrangement is used. On the NClt Ar

other hand, the concentration of NCI('A) ’ _|—‘

is more uniformly distributed when the | N\

new arrangement is used. Figure 4 shows H

the concentrations of CI atom and popula- \ N J

tion inversion, namely, ANZ[I*]—I/Z[I], Mixing tube Gain section

with the conventional arrangement and the Fig. 2: Comparison of the injector arrange-
new arrangement. ments. Conventional: Ref. [5], New: this work.
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Fig. 3: Comparison of two injector arrangements: NCI('A) density contour.
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Population inversion is di- Conventional '
. J10
rectly connected to the small signal i Clatom.
. . 20F opulation
gain g, of the laser medium as Inversion

I
)

!
o
13

g, =O0AN, (12) 10F %
where o is the stimulated emission
cross section, and therefore the most
important parameter of any laser. The
factor 1/2 applied to the ground state
[I[] comes from the quantum state
degeneracy of the iodine atom. It is
seen that the inversion evolution of

the new arrangement is much faster % 01 02
than that of the conventional case, Distance From Mixing Point [m]

and its peak is reached before Cl Fig. 4: Comparison of two injector arrangements: Cl,
atom accumulation. Therefore, [ atom density and population inversion.

suffers less deactivation by Cl atom.

As a result, a higher peak population inversion (and gain) by a factor of two is seen in
this figure.

Also, flow rates of the species, operating pressure, and the position of the opti-
cal axis are the parameters to be optimized. Numerical model was useful to find an
optimum set from the vast parameter space. After a numerous runs of various
boundary conditions, we found a recommended operational condition of the amine-

AGIL as Table I.

New

Population
20F  Inversion

Cl Atom Number Density [1013 cm‘3]
o

\
\
\
\

100

Ne_o”

Population Inversion Density [10 cm'g]

Table I: Recommended flow conditions of the

. amineAG —————  Experimental setup
Species fraction [Pa] Fi ;

igure 5 shows the schematic draw-
HI 0.13% 0.86 ing of the experimental setup. Amine-
AGIL is composed of a simple mix-
NCL 0.32% 215 ing tube and a flow duct equipped
H, 1.61% 10.76 with transparent windows. The mix-
H 1.61% 10.76 ing tube is made of a 25.4 mm Pyrex
. glass tube. Three injectors are devised
He (NCI; carrier) 48.17% 322.74 as branches, namely, a 12.7 mm NCI;
He (H, carrier) 24.08% 16137  injector carried by Ar, a 12.7 mm H
He (HI carrier) 24.08% 161.37 atom injector passing through a mi-
crowave resonator, and a 6.35mm HI

total 100% 670

tube. H atom branch is made of silica
glass for better thermal durability.
Microwave is generated with a commercial magnetron (Panasonic) of 600 W output
originally designed for microwave oven. A microwave resonator having a pair of holes
is connected to the magnetron through a waveguide and the H, tube is passing through
it. H, is carried by He to help easier production of discharge plasma. Pressure of the
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mixing section is measured by a Wavelength
capacitance manometer (MKS
Baratron). In the typical operational
conditions, the pressure is 1000 Pa.

Magnetron

The upstream end of the flow duct
is 50 mm wide, 10 mm high, and it § Vgﬁ‘ﬁ?
is directly connected to the mixing [ N7
section. The duct can be set to di- Wi

. = indows
verging at an angle of 4 degrees or NClz+Ar HI

. . .. | Il |
straight. Stral'ght condition gave Mixing tube Flow duct
better result since we operated the Fig. 5: Experimental setup

laser at the subsonic flow condi-

tions. Duct width at the intermediate section is 80 mm (enlarged from 50 mm to gain
the optical path). A vacuum pump of 1,000 L/s capacity is driving the flowing gas,
however, the capacity is greatly reduced by the variable restrictor devised at the inlet.
The pressure at the center of the flow duct is monitored by a capacitance manometer
(MKS Baratron) and the pressure is controlled to match the condition tabulated in Ta-
ble I.

Small signal gain is measured by a distributed feedback laser diode (NTT Electronics
NLKI1B5SEAAA) operated at 1.315 um, and its wavelength is modulated at 1,200 Hz
near the 3-4 hyperfine level of the iodine transition, I(2P1/2)— I(2P3/2). The absolute
wavelength is assured by a wavelength meter (Advantest TQ8325).

Results and Discussion

Figure 6 shows the results. The traces show the intensity of the beam passed through
the laser media, as a function of the LD frequency. Due to the vibration coming from
the vacuum system and very small (on the order of 0.1%) round trip gain/loss, the sig-
nal to noise ratio of the traces were
not good. Nevertheless, we could Y Y Y
see the clear difference between - With microwave discharge |
two traces. '
As we use the microwave gen-
erator originally mounted on the
commercial microwave oven, it
works only the half cycle of the
alternate current. The blue line
(dip) shows the absorption of the
3-4 hyperfine level of the I(zPl/Z)—
I(*Ps5) transition when the mi- -0.02
crowave is off. lodine atom is
present probably by the following Without microwave discharge

reaction, -0.03 ‘ ‘ ‘
Relative frequency [a. u.]

Fig. 6: Result of the gain measurement experiment.

-0.01

Optical gain [m™]
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HI + Cl -1+ HCI (13)

but not pumped. When the microwave is “on” cycle, the trace turns to negative to posi-
tive and that is the proof of the following energy transition,

NCI('A) + 1 — NCI + I*. (14)

The round-trip small signal gain is not yet enough to achieve lasing and lower than
what we expected from the theoretical works. The reason is presumably that the
performance of the hydrogen discharge chamber is limited by the poor coupling of
the microwave power to the flowing gas. In addition, During the process of NCI;
synthesis[5], notable amount of Cl, is also trapped in the reservoir, and that is ad-
mixed to the supplied NCl;. Since Cl, molecule is a strong quencher of NCI('A) as

NCI('A) + Cl2 —=— NCI + CI2, (15)

where kg is 2.9x10 7! [cm3/s], it should cause a serious influence to the laser perform-
ance. Simulation result predicted that a 20% Cl, admixture in the NCl; supplied is suf-
ficient to extinguish the positive gain observed when Cl, was absent. We have not
quantified the purity of the NCI; we have synthesized yet, however, an applicable con-
tamination is suspected since the color of the trapped yellow liquid differed day-by-day
in accordance with the change of synthesis conditions, indicating the existence of Cl,
molecule. Reduction of the residual Cl, in the NCI; supplied is one of the keys to
achieve higher gain.

Summary

An amine-based all gas-phase iodine laser (AGIL) was studied theoretically and
experimentally. The numerical simulation code was developed to find the optimum
operational conditions of the amine-AGIL. It was found that the arrangement of the
injectors was the key for both avoiding a local high-concentration of NCI('A) at-
oms, and rapid gain build-up before excited iodine atoms were quenched by Cl
atoms. Based on the knowledge obtained by the theoretical works, we fabricated an
experimental setup and conducted gain measurement experiments. As a result, a
positive gain at iodine I(ZPl/z)f I(2P3/2) transition was observed for the first time.
Currently, the absolute gain magnitude is limited by the low hydrogen concentra-
tion due to the insufficient H, atom decomposition, and/or by the admixed Cl,
molecule in the supplied NCl;.

We are very grateful to Dr. Steven J. Davis of Physical Sciences Inc. for his useful
advices. We are also grateful to Kawasaki Heavy Industries Ltd, for the lease of their
vacuum system and measurement devices. This work is partly supported by the Society
of lodine Science.
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Abstract

Relative intensities of twenty-eight vibronic bands, belonging to the Av = -2 se-
quence of the B’Y "~ X’3" transition of four GaO isotopomers, have been meas-
ured and interpreted in terms of possible isotope effects on the parameters govern-
ing the band-intensity. Obtained results indicated that the observed intensity ratio
of the corresponding isotopic bands can be related to the abundance **Ga and "'Ga
isotopes in natural gallium.

Introduction

The analysis of the relative intensities in emission bands is based upon expression
for the intensity of the v’— v’ transition [1]:

Iu’u”oC Nu’ Vu’u"4 qu’u”Rez(r) (1)

where [, is the measured signal produced by the v’— v’ transition, N, is the
relative number density in vibrational level of the upper electronic state, v, is the
transition wavenumber, approximated often by the band head position, and R.(7) is
the electronic transition moment function.

The isotope effects on band intensities may thus be due: (i) to differences in
relative population of o’ level; (ii) to the obvious effect of the change in fre-
quency, which is usually very small; (iii) to the effect on Franck-Condon factors
(FCFs), and (iv) to isotope effects on the electronic transition moment (ETM),
which is the most difficult to predict. Any isotope effect on the ETM most be re-
flected either by an isotope effect on the r-centroid (average internuclear separa-
tion for a given transition, ., ), or on the parameters a, b, ¢ ...in expression:

R(r)=a+br+c’ +... )

which describes the dependence of ETM on internuclear distance.

This paper contains the results of analysis of measured band-head intensity
ratios of the B-X isotopic bands of two pairs of GaO isotopomners, I(**Ga'°0)/I
("'Ga'®0) and [(®Ga"*0)/I("'Ga'0). Attention was focused on the bands of Av = -2
sequence (407-418 nm) due to well resolved isotopic heads. Until the present work,
any data concerning the intensity measurements for the B-X bands of GaO have not
been available.
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Experiment and Calculation

Intensity measurements were performed on emission bands produced in discharge
of low-pressure arc in the atmosphere of both the oxygen-16 and oxygen-18 (en-
riched to 90%), as reported earlier[2,3]. Since the natural gallium is a mixture of
two isotopes, *Ga (60.2%) and "'Ga (39.8%), in both cases the bands of two corre-
sponding isotopomers, “Ga'°O and "'Ga'®0, as well as “*Ga'*0 and "'Ga'*0, were
recorded. From a densitometer tracing of the recorded spectrum we measured the
peak height at the positions of R-heads above the corresponding background for
each isotope species. Uncertainty of the measurements was determined to be not
more than 10%.

To analyze observed data, we computed FCFs and r-centroids for the iso-
topic bands involving v’ and v’ levels up to 10. Computations were performed by
using Morse potential functions and suitable modified Felenbok’s computer pro-
gram[4]. The molecular constants needed for these computations were taken from
Ref. [2,3 and 5] and partly calculated by known isotopic relations[1]. Reduced
masses of four isotopic gallium oxides were calculated from atomic masses of the
%Ga and "'Ga atoms and atomic masses of the '°O and '*O atoms.

Results and Discussion

For economy of space, Table 1 contains only a set of FCFs and r-centroids for the
isotopic bands of the Av = -1 and -2 sequences, isotope ratios of FCFs and the ob-
served relative band-head intensity ratios for the bands of Av = -2 sequence. Due to
different molecular constants used in present computation, obtained FCFs for
%Ga'®0 differ somewhat from those reported earlier. FCFs for the bands of other
three isotopomers are given in this work for the first time.

Data listed in Table 1 clearly show very small isotope effect on FCFs and
almost the same (very close to unity) ratio ¢(®Ga'°0)/g("'Ga'®0), and
q(®Ga'®0)/g( "'Ga'*0) for all bands. Isotope effect on r-centroids is negligible.
Due to this fact, and due to impossibility to determine any possible isotope effect
on the parameters a, b,... in Eq. (2) from the intensity measurements, the assump-
tion of equal transition probabilities was thus reasonable for the analysis of inten-
sity data listed in two last columns of Table 1. These data revealed almost the same
observed band-head intensity ratios for all isotopic bands amounting approximately
1.5.

Returning to Eq. (1), it was possible to discuss observed intensity ratios by
using the evaluated FCFs and quoted transition wavenumbers in Ref. [2] and those
presently determined for the new bands. In spite of noticeable isotope effect on
band- head positions (about 4 cm™), the ratio of fourth power of wavenumbers of
isotopic bands, resulting in the same v’— v’ transition, was found to be 0.9993 for
all sequence bands. Both, these data, and the fact that natural Ga/"'Ga ratio is
1.507 [6], indicated that the intensity ratios of measured isotopic bands can be re-
lated to the ratio of number density of isotopic species in v’ levels.

106



PHYSICAL CHEMISTRY 2008. B-5-P

Table 1. Franck-Condon factors (g), r-centroids (r) and observed relative band-head inten-
sity ratios for selective B-X bands of GaO isotopomers

v, qq 9o 9092 90 g9 40/ roy  ro lole 1/l

0,1 3.031-1 3.035-1 0.999 3.111-1 3.116-1 0.998 1.8194 1.8193 .

0,2  3.072-1 3.092-1 0994 3.553-2 3.562-2 0992 1.9374 19366 1.507 1.500
1,2 4.549-1 4.549-1 1.000 4.546-1 4.545-1 1.000 1.8220 1.8218

1,3 6.160-1 6.212-1 0992 7.186-2 7.248-2 0.992 19683 19672 1.514 1.501
2,3 5.464-1 5.457-1 1.001 5.331-1 5522-1 1.002 1.8225 1.8224

2,4 8984-2 9.055-2 0992 1.046-1 1.054-1 0.992 1.9910 1.9898

34 5779-1 5.769-1 1.002 5.561-1 5548-1 1.002 1.8280 1.8279

3,5 1316-1 1.325-1 0993 1.500-1 1.509-1 0.994 1.9844 19836 1.505 1.500
4,5 5360-1 5.349-1 1.002 5.104-1 5.090-1 1.003 1.8453 1.8451

4,6  1.929-1 1.939-1 0.995 2.167-1 2.180-1 0.994 1.9615 1.9608 1.506 1.507
5,6 4.659-1 4.646-1 1.003 4.344-1 4.328-1 1.003 1.8731 1.8728

5,7  2.454-1 2.469-1 0994 2.796-1 2.812-1 0.994 1.9505 1.9498 1.510 1.509
6,7 4314-1 4.297-1 1.004 3.901-1 3.885-1 1.004 1.8989 1.8987

6,8 2.567-1 2.586-1 0993 3.016-1 3.037-1 0.993 1.9614 1.9605 1.504 1.517
7,8 4.443-1 4.423-1 1.004 3.942-1 3.927-1 1.004 19147 1.9145

7,9 2.380-1 2.400-1 0992 2.890-1 2.914-1 0.992 19849 1.9839 1.509 1.511

Numbers in parentheses 1, 2, 3 and 4 denote 9Ga'®0, "'Ga'®0, “Ga'®0 and "'Ga'®0, respectively.
The negative entry in each listing indicates the decimal exponent.
Bands (5,7), (6,8) and (7,9) are reported for the first time.

Conclusion

Experimental and theoretical study of the isotope effect on band intensity of GaO
B-X bands of Av = -2 sequence, showed very small isotope effect on FCFs and r-
centroids and indicated difference in relative population of levels by isotopic spe-
cies as main parameter governing the band intensity ratio of investigated isotopic
bands.

Acknowledgment.

This work was supported by the Ministry of Science of the Republic of Serbia, Project No
142065

References

1] G. Herzberg, "Spectra of Diatomic Molecules", 2™ ed, 1951,Van Nostrand, Princeton.

2] V.Bojovic, D.S.Pesic and A. Antic-Jovanovic, J. Serb.Chem.Soc., 1993, 58, 109-115.

3] A. Antic-Jovanovic, V. Bojovic and D. S. Pesic, Spectrosc. Letters, 1994, 27, 247-256

4] P. Felenbok, C. R. Acad. Sc.,1963, 256, 2334 -2347

5] B. R. Yadav, S. B. Rai and D. K. Rai., Canad. J. Phys. 1979, 57, 496-504.

6] M. Vaygues Pelaes, J. M. Costa Fernandez and A.Sauz-Medel, AAS, 2002, 17, 950-
957.

[
[
[
[
[
[

107



PHYSICAL CHEMISTRY 2008. B-6-P

STUDY ON FISETIN-ALUMINIUM (111) INTERACTION IN
AQUEOQOUS BUFFERED SOLUTIONS BY SPECTROSCOPY AND
MOLECULAR MODELING

J.M. Dimitri¢-Markovié, Z.S. Markovi¢, Z.P. Nedi¢ and
M.S. Petrovié¢
L Eaculty of Physical Chemistry University of Belgrade Studentski trg 12-16, 11158 Belgrade 118,
Serbia, markovich@jfh.bg.ac.yu 5
Faculty of Agronomy, University of Cacak,Cara Dusana 34, 32000 Cacak, Serbia,’Institute of

Chemisty, Technology and Metallurgy - Department of Catalysis and Chemical Engineering,
Njegoseva 12, 11000 Belgrade, Serbia

Abstract

The spectroscopic (UV/VIS and IR) and theoretical studies were used to assess
relevant interaction of fisetin, tetrahydroxylated flavone’s molecule, and trivalent
aluminium in a wide range of buffered aqueous solutions. The chelation sites,
stoichiometry, stability and the dependence of the complexes structures from pH
and aluminium/fisetin mole ratios were defined. Obtained results implicated suc-
cessive formation of several complexes of stoichiometry aluminium (IIT) —fisetin
1:1, 2:1 and 1:2. Considering the fisetin molecular structure, the results of vibra-
tional analysis and the theoretical calculations it is possible to implicate 3-
hydroxyl-4-carbonyl and 3°4’-dihydroxyl groups as those with the chelating power.
The equilibrium geometries are optimized in vacuum at the B3LYP/6-31G(d) level
of theory. Structural modifications have been observed between the ligand mole-
cule in free state and in the complex structure. The theoretical model has been
validated by both vibrational and electronic spectroscopies.

Introduction

Flavonoid family is the vast, highly diverse, one with more than 8000 known com-
pounds. The basic flavonoid structure consists of 15 carbon atoms arranged in
three rings, benzo-ring referred to as ring A, the pyrone-ring as ring C, and the
phenyl-ring as ring B, (C¢Hs(A)-C5-CsHs(B)). A great number of flavonoids, es-
pecially flavones, can efficiently chelate metals like Al (III), Fe (II), Fe (III), Cu
(I) or Zn (II). Metal complexation reactions play important and multiple roles in
biological systems. They are sensitive colour stabilization mechanism developed
in higher plants under in vivo [1, 2]. They are also one of the mechanisms which
enable accumulation of metals in peripheral tissues limiting their bioavailability
and the possibility of their migration to eco systems suppressing metal toxicity and
at the same time enhancing protection of plants from pathogens and plant eaters.
Aluminium is the most abundant metal in the earth's crust. It is a trivalent cation
found in its ionic form in most kinds of animal and plant tissues and in natural wa-
ters everywhere [3] . Its presence has beneficial and harmful effects depending of
the conditions. Fisetin is an active biological ligand which can act as a chelator of
aluminium (IIT) reducing its overload in the diet. It can also be a heavy metal che-
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lator in the case of their deficiency caused by irradiation, since the use of heavy
metal salts is not recommended because of highly pronounced toxicity. A detailed
study of the influence of the medium on the chelation process between fisetin and
aluminium (III) could be of use in unraveling the nature of its interaction in the
processes of biological relevance under in vivo.

Results and Discussion

In the investigated solutions (pH 2-8) aluminium (III) bonded well with ligand
molecule fisetin. The pH value of the medium has a considerable impact on com-
plex stability and stoichiometry since the fisetin, as all other flavonoids, is a weak
polybasic acid which tend to protonate. Depending on pH and metal/ligand mole
ration the addition of aluminium to fisetin solutions resulted in successive forma-
tion of three complexes of different stoichiometries (Fig. 1). As all the spectra, at
pH>5, cross at least one of two isosbestic points the simultaneous presence of free
and two forms of the complex is not observed. This fact indicates that the forma-
tion of the second complex begins at the moment when all fisetin molecules are
already involved in first complex. The first complex (complex I) is formed at low
molar ratios of the components and the second one (complex II) is formed at
higher molar ratios. The stoichiometric composition of the first complex (alu-
minium:fisetin) formed in the buffered solutions pH 2-4 is 1:1 and in buffered
solutions pH 6 and pH 7 is 1:2. The stoichiometric composition (aluminium:fisetin)
of the second complex (complex II) in the buffered solutions pH 5-9 is 2:1.

Fig.1 Electronic spectra of equilibrated solutions of fisetin in pH 3 and pH 6 at
different aluminium—fisetin mole ratios (indicated on spectra)

Chelating properties of flavonoids towards metal ions could be generally at-

tributed to the presence of the 3-hydroxy-4-carbonyl groups or 5-hydroxy 4-
carbonyl groups and ortho-hydroxyl groups in the B ring.
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Fig.2 IR spectra of solid fisetin and complex formed at pH 2 (a) and geometry
optimized structure of the complex I in 1:2 stoichiometry (aluminium:fisetin) (b)

Much information on complex structures has been provided by infrared
spectroscopy. According to previous IR data [4] the presence of hydroxyl group
in C-3 position generally lowers the wavenumbers of carbonyl as well as C2=C3
stretching modes. The bands in the 1600-1400 cm™ region can be associated with
aromatic in plane skeletal vibrations, aromatic character of the pyrone ring and
double bond character of the carbonyl group (Fig. 2a). The comparative analysis
of the IR spectra of solid fisetin and complexes confirmed the assumption of possi-
ble involvement of 3-OH-4- carbonyl and catechol structural units in chelation of
aluminium. The theoretical treatment performed also fairly reproduces the experi-
mental results. Fig 2b presents geometry optimized structure of the complex I in
1:2 stoichiometry formed at lower components molar ratios.

Conclusion

Although the results obtained in vitro can not be simply extrapolated to the conditions
in vivo 1t is possible to get some insights into the conditions of chelation in acidic me-
dium, which may be important in some pathological conditions, and the conditions of
chelation in neutral or slightly basic media, which may be of relevance in interactions
with biological targets, e.g. membranes, at the molecular level.
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Abstract

Variation in the structure of different lignin model compounds can be observed
through characteristics of their fluorescent spectra. We explored differences in
fluorescence emission spectra of lignin model compounds (DHP) synthesized from
coniferyl alcohol and ferulic acid (CF) or coniferyl alcohol and p-cumaric acid
(CP) in different proportions. The obtained results indicate that differences in the
emission spectra can be related to the variation in polymer composition.

Introduction

Lignin, as a major structural polymer in the plant cell walls, is the second most
abundant polymer on Earth. Lignin is highly branched and random polymer com-
posed of cross-linked phenyl propanoid units derived from coniferyl, sinapyl and p-
coumaryl alcohols as precursors. In plants, it is intertwined and cross-linked with
other macromolecules in the cell walls [1]. Various types of inter-unit bonds are
possible in lignin, leading to different types of substructures. Fluorescence is an
intrinsic property of lignin [2]. The structural complexity of lignin makes its fluo-
rescence spectra difficult to interpret. In order to interpret the results, fluorescence
spectra of a variety of lignin model compounds were examined [3].

We performed deconvolution of fluorescence spectra of different DHP sam-
ples using appropriate mathematical model. The aim of the study was to use the
results of deconvolution to get a more detailed insight into the structure of these
polymers.

Materials and Methods

Lignin model compounds (DHPs) were synthesized from coniferyl alcohol and
ferulic acid (CF) in proportion 1:1, 2:1, 5:1 ,10:1, 20:1 (w/w), coniferyl alcohol
and p-cumaric acid (CP) in proportion 10:1 (w/w) and pure coniferyl alcohol (CA),
according to the procedure of Freudenberg [4].

Fluorescence spectra were collected using a Fluorolog-3 spectrofluorimeter
(Jobin Yvon Horiba, Paris, France) equipped with a 450 W xenon lamp and a pho-
tomultiplier tube. The lignin model compounds were dissolved in dioxan/water
(9:1, v/v) and placed in a 1-cm optical path length quartz cuvette for spectral re-
cording. Solution contained 0.5 mg /mL lignin model compound. The slits on the
excitation and emission beams were fixed at 4 and 2 nm, respectively. The spectra
were corrected for the dark counts. In each measurement, five scans were averaged.
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The emission spectrum of the solvent (dioxan/water) was subtracted. All measure-
ments were performed at 25 °C controlled by a Peltier element.

Emission spectrum of each sample was collected by exciting at different
wavelengths, starting from excitation maximum at 340 up to 460 nm, with a 5 nm-
step (Fig. 1, left panel). Nonlinear fitting of each obtained spectrum was performed
using the Nelder-Mead algorithm implemented in Matlab, version 6.5. Spectra
were deconvoluted into one Gaussian and four Lorenzian components. We calcu-
lated approximate probability distribution (APD) for positions of component
maxima by weighed averaging histogram values for a set of histograms.

Results and Discussion

Differences in the emission spectra (Fig.1, right panel) of studied polymer samples
reflect the influence of structural characteristics on the spectral properties.

Synthetic polymer containing ferulic acid shows high energy shift of emis-
sion component positions (Fig.2). In contrast, presence of p-cumaric acid causes
low energy shift. This indicates that DHP containing p-cumaric acid has
longer system of conjugated bonds than the polymer obtained from pure
coniferyl alcohol. The extension of conjugated system of bonds leads to the
decreasing of energy gap between excited and ground states, which shifts
emission to longer wavelengths. Contrary to that, the blue shift of component
positions in the presence of ferulic acid in DHP is caused by increasing of energy
gap between excited and ground states. This is a consequence of different
structural arrangements in the polymer. Ferulic acid has been shown to participate
in forming transversal connection between lignin and the other cell walls polymers.
Structural variations of lignin containing p-coumaric and ferulic acid are found in
native cell walls. Since lignin is major polymer providing mechanical strength in
plants, it is reasonable to assume that structures containing p-coumaric acid and
ferulic acid have different roles. Structures containing p-coumaric acid have ex-
tended system of conjugated bonds that prevents rotational movement, while those
containing ferulic acid provides lateral strength. This interpretation is consistent
with findings of p-coumaric structures in compressed wood.
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Fig. 1. Figure 1. Left panel: Emission spectra of CP- DHP dissolved in diox-
ane/water (9:1, v/v), for excitation wavelengths in the range 340 - 460 nm with 5
nm step. Right panel: Overlaid spectra of all samples.
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Abstract

We studied dependence of the fluorescence maximum position (FMP) on the size
of CdSe quantum dots (QD). It was found a linear correlation between QD size and
FMP. We also examined possibility of using dependence of the FMP on the QD
size as a means to check homogeneity of the QD solution. Deconvolution of the
QD emission spectra obtained by excitation with different wavelengths reveals the
number of QD groups having different diameter. The size of QD in particular
group is defined by FMP of corresponding component in the deconvoluted spec-
trum. The size and homogeneity of the QDs in one given solution are two essential
parameters for their application as fluorescent markers in biology.

Introduction

Quantum dots (QD) are semiconductor nanoparticles with increasing application as
fluorescent markers in biology. Their physical, electronic and optical properties are
strongly dependent on their size [1]. Therefore, special attention has been paid to
accurate measurements of the size distributions using different methods, such as
transmission electron microscopy (TEM), small-angle X-ray scattering, Raman
scattering, UV-Vis absorption spectroscopy, laser-induced breakdown detection.
Fluorescence spectrosopy is used for detection of QDs alone or complexed to a
molecule/structure of interest, but it has not been used, to our knowledge, for QDs
size determination. Subtle differences in preparation can lead to batch-to-batch
variation in QDs’ basic spectroscopic properties. The commercial dots are neither
spectroscopically standardized, nor are they characterized completely enough to be
used without further evaluation [2].

In this work we explored applicability of fluorescence spectroscopy in QD
size determination. More precisely, the aim of this study was to explore if it is pos-
sible to correlate the fluorescence maximum position (FMP) with the QD size (di-
ameter). This would have importance in further practical application. We also ex-
amined possibility of using dependence of the FMP on the QD size as a means to
check homogeneity of the QD’s solution. This is also an essential parameter for
QD application.

Materials and Methods

CdSe QDs were prepared by following procedure. The cadmium oxide (CdO) and
tetradecylphosphonic acid (TDPA) were used as Cd precursor, and the trioctyl-
phosphine selenide as Se precursor. The CdSe QDs were formed by pyrolysis of
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Cd and Se precursors in a coordinating solvent, trioctylphosphine oxide (TOPO), at
high temperature (270 - 320°C). The QDs were collected as powders using size-
selective precipitation with methanol and dried in vacuum.

Fluorescence spectra were collected using a Fluorolog-3 spectrofluorimeter
(Jobin Yvon Horiba, Paris, France) equipped with a 450 W xenon lamp and a pho-
tomultiplier tube. The CdSe QDs were dissolved in chloroform, in a 1-cm optical
path length quartz cuvette. The slits on the excitation and emission beams were
fixed at 4 and 2 nm, respectively. The spectra were corrected for the dark counts.
Integration time for one spectrum measurement was 1 s. The emission spectrum of
the solvent (chloroform/methanol) was subtracted. All measurements were per-
formed at controlled temperature of 25 °C by means of a Peltier element.

Results and Discussion

In Figure 1, absorption spectra and corresponding emission spectra, for two CdSe
particles of different diameters (sizes), are shown as an example. The size of the
particles was determined from the QD’s absorption spectra [3]. The dependence of
FMP on the QD size can be modelled using a linear regression model (Fig. 2). The
coefficient of determination is 0.89, which shows a strong linear dependence of the
emission maximum position on the particle size. This is important since determina-
tion of the size of QDs smaller than 10 nm is difficult [4]. Our results show that
this fluorescence method is applicable and sensitive for size (diameter) determina-
tion of such small QDs.
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Fig. 1. UV-Vis absorption spectra of two sizes of CdSe QDs: 2. 7 nm (1) and 4.4
nm (2) (left), and related emission spectra obtained by excitation at 435 nm and
520 nm, respectively
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Advantage of fluorescence in comparison with absorption method is in higher line-
arity, smaller quantity of substance necessary for analysis, and in particular, fluo-
rescence method can be readily applied to solid samples. Analysis of QD’s emis-
sion spectra obtained by excitation with different wavelengths can give information
about homogeneity of the QD’s particle sizes. Shifting of the FMP, upon excitation
by different wavelengths with a 5 nm-step (Fig. 3), means that there are more than
one size of QDs, although the absorption spectra did not show that. The absorption
spectra are not reliable regarding the size distribution because of band asymmetry
caused by strong UV absorption.
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-

Fig. 3. Emission spectra of CdSe QD
dissolved in chloroform, for excitation
wavelengths in the 400 - 460 nm range
with 5 nm step. The absorption spectra
indicated presence of only one size (3
nm) of QDs in the solution.
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Further deconvolution of the obtained emission spectra can show how many and
which QD sizes are present in the solution. This method is also good for screening
of the (in)homogeneity of the solution during purification of QDs, in the process of
their synthesis, but also in the exploration of stability of a given QD. The fact that
in some cases, the sizes of CdSe nanocrystals with the same absorption peak posi-
tion are different in size [4] illustrates how useful can be our method for homoge-
neity checking of a QD’s solution.

References

[1] X. Michalet, F.F. Pinaud, L.A. Bentolila et al., Science, 2005, 28, 538-544.

[2] D. Tonti, F. van Mourik, M. Chergui, Nano Lett., 2004, 4, 2483-2487.

[3] W. Yu, L. Qu, W. Guo, X. Peng, Chem. Mater., 2003, 15, 2854-2860.

[4] C.B. Murray, C.R. Kagan, M.G. Bawendi, Annu. Rev. Mater. Sci., 2000, 545-548.

116



PHYSICAL CHEMISTRY 2008. B-9-P

ATR-FT INFRARED MICROSPECTROSCOPY OF Cu(ll)
COMPLEXES WITH REDUCED DEXTRAN DERIVATIVES

G.S. Nikoli¢, M. Caki¢, Z. Miti¢, B. Ili¢ and P. Premovi¢

!Faculty of Technology, Bulevar Oslobodenja 124, 16000 Leskovac, Serbia (go-
ranchem_yu@yahoo.com)
Faculty of Medicine, Department of Pharmacy, Bul. dr Zorana Dindica 81,
18000 Nis, Serbia (zak_chem2001@yahoo.com)
3Laboratory for Geochemistry, Cosmochemistry and Astrochemistry,
University of Nis, 18000 Nis, Serbia

Abstract

Synthesized copper(Il) complexes with reduced low—molar dextran (RLMD), of
average molar mass M,, = 5000 g/mol were investigated by Attenuated total reflec-
tance—Fourier transform infrared (ATR-FTIR) spectroscopy and FTIR imaging
microscopy. The changes in intensity and width of the IR bands in region 1500—
1000 cm ™' were related to changes in conformation and short-range interactions of
the ligand dextran. The aim of this work is to use ATR-FTIR spectroscopy, and
FTIR imaging microscopy as the main tools to verify the conformation and struc-
ture of this type of ligand around the copper(II) ions.

Introduction

Dextran is extracellular polysaccharide described as a a—(1—6) linked polymer of
o—D—glucopyranose units. The numerous investigations have indicated that the
polysaccharide dextran and its derivatives have the extraordinary power to forming
the water—soluble complexes with various biometals [1,2]. It has been established
that the degree of Cu(Il) ion binding within the complex depends primarily on the
pH of the solution, as well as on the participation both of the OH groups and the
H,O molecules in the first coordination sphere of Cu(Il) ion. ATR-FTIR mi-
crospectroscopic data of synthesized complexes are rare in literature The emer-
gence of modern structural chemical methods such as Attenuated total reflectance—
Fourier transform infrared (ATR-FTIR) spectroscopy and FTIR microscopy made
it possible to assign the binding OH or other groups, and also to characterize the
metal ion coordination of polysaccharides, monitoring the ligand conformation
or/and configuration changes forced by the complexation processes [3—6].

Experimental

Copper(Il) ion complex synthesis with RLMD have been described in detail by
Miti¢ et al. [4]. FTIR microspectroscopy system, ATR—FTIR spectrometer Bruker
Hyperion Tensor-27 in conjunction with a FTIR Bruker Hyperion—1000/2000 mi-
croscopy attachment equipped with a 15x objective and a 250—um liquid nitrogen
cooled a narrow—band mercury—cadmium—telluride (MCT) detector (ATR objec-
tive GMBH, Germany) with the range of the IR spectrum from 4000 to 400 cm ',
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was used in this work. The spectra were measured with 4 cm™' resolution and 50
scans co—addition. The measurements were conducted in transmission mode.

Results and Discussion
ATR-FTIR spectrum of the polysaccharide dextran consists following bands:

v (cm™) Band assignation Comment
3600 — 3400 v(O-H) CH-OH gluc}cl)p(})franose units,
2
~2950 v(C-H) CH
~1640 8(HOH) H,O
1450 —1345 d8(C-H) CH
~1420 8(0O-H) OH
1150 - 1010 Vas(C—0), vo(C-C) glucopyranose units
1000-700 Y(C-H) configuration

The ATR-FTIR spectra of Cu(Il)-dextran complexes synthesized at different pH
(pH 7-8, pH 8-10 and pH 10-12) recorded at 298 K and related FTIR microscopy
images (250 pm x 300 um) are presented on Fig. 1. The differences of the number,
frequencies, intensity and shape of the bands (3600-3100 cm™") implies that in the
complexes there is displacement of H,O molecules by the OH groups in the first
coordination sphere of Cu(Il) ion. These results agree with a structural studies of
the investigated complexes have been based on other spectroscopic techniques.
[4,5]. The changes in number, frequencies, intensity, and width of the IR bands in
the particular region of v(O—H) vibrations (3400 cm "), 8(C—H) vibrations (1500—
1300 cm ') and v(C—0O) vibrations (12001000 cm ') were related to changes in the
conformation and short-range interactions of the polysaccharide dextran. Very
important changes can be observed in the range 1500-1300 cm ' by detailed em-
pirical analysis. Otherwise, the IR range is specific of bending vibrations of CH-
OH groups. Namely, exchange position and intensity of complex bands can be
registered in this range, where C—H and O—H bending vibrations from the CH-OH
groups take part. An approximate effect exists in the stretching of the IR range of
C—H vibrations (3000-2800 cm ). The appearance of bands at about 1460 cm '
and 1370 cm ' from §(C—H) vibrations and the band at about 1420 cm ' from §(O—
H) vibrations are characteristic for one of more possible positions of the CH-OH
group, rotating around the C2—C3 and C3—C4 bond of the glucopyranose unit. The
Cu(Il) ions in solution have a possible influence on the rotation of CH-OH groups
in the complexes. The band at 1080 cm™' in the spectra of RLMD is attributed to
the antisymmetric stretching vibration of C(6)—O—C(1) glycosidic bridge. The band
at 1080 cm™' in the spectra of Cu(Il) complex with RLMD is more pronounced
than in the spectra of RLMD. In the case of dextran, all C(6) atoms participate in
the formation of the C(6)—O—C(1) linkages; as a result, the band intensity at 1080
cm ' for dextran is reduced. The similarities of the y(C—H) range indicate that there
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is no difference in the conformation of the glucopyranose unit in the dextran and
complex molecules and they probably exhibit C1 chair conformation (916 and 850

Fig. 1. Typical attenuated total reflectance Fourier transform infrared spec-
tra of Cu(Il)—dextran complexes synthesized at different pH, and related
FTIR microscopy images (250 pm x 300 pm)

Conclusion

ATR-FTIR spectra of polysaccharide dextran and its complexes with Cu(Il) ion,
recorded at room temperature, were analyzed in order to obtain the information
about the structure and the conformation of these compounds. The similarities of
the y(C—H) range indicate that there is no difference in the conformation of the
glucopyranose unit in the dextran and the complex molecule, and they probably
exhibit C1 chair conformation of o—D—glucopyranose units. The differences in the
region 3600-3100 cm ', indicate that complexes originate from the displacement of
H,0 molecules by ligand O—H groups in the first coordination sphere of Cu(lIl) ion.
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INTERPRETATION OF ELECTRONIC ABSORPTION SPECTRA
OF SOME ANTHRAQUINONES USING ZINDO/S METHOD
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Anthraquinones physcion (1,8-dihydroxy-3-methoxy-6-methylanthracene-9,10-
dione), aloeemodin (1,8-dihydroxy-3-(hydroxyl-methyl) anthracene-9,10-dione)
and chrysophanol (1,8-dihydroxy-3-methylanthracene-9,10-dione) were isolated
from lichen Xanthoria parietina and medical plant Casia tora and their UV/VIS
spectra were recorded. Electronic absorption spectra of above-mentioned an-
thraquinone were investigated. Molecular geometries of the substituted an-
thraquinones in the ground state were optimized using semiempirical AM1 method
without imposing any symmetry constrains. The ground state geometries of all the
molecular systems were found to be planar. For interpretation of the spectra,
ZINDO/S-CI investigation employing singly excited configuration using the com-
pletely optimized geometries was carried out. Such calculations on the electronic
spectra of aloeemodin, chrysophanol, physcion and emodin were carried out for the
first time. On the basis of these investigations, the assignments of the spectra were
successfully made.

Introduction

The anthraquinones and their hydroxy and amino derivatives posses a wide ranging
potential for application in pharmaceutical, food and dye industries. [1-3] As part
of our investigations on the spectroscopy of substituted anthraquinones, we carried
out the detailed theoretical and experimental studies on the electronic absorption
spectra of physcion, emodin, chrysophanol and aloeemodin (Figure 1). For the
interpretation of the electronic absorption spectra of these substituted an-
thraquinones, we performed the calculations of their electronic transition energies
intensities using the Zerner’s Intermediates Neglect of Differential Over-
lap/Spectroscopy (ZINDO/S) [4] semiempirical method. This method has been
successfully tested for the calculations of the ground and excited state properties
for a wide rang of organic compounds [5].

Results and Discussion

The experimental data on the geometries of the anthraquinones under investigation
are not available. It is well known, that the ZINDO/1 and AM1 methods reproduce
structural/geometrical parameters of the parent molecules 1,4-dihydroxy-9,10-
anthraquinone,  1,5-dihydroxy-9,10-anthraquinone, and  1,8-dihydroxy-9,10-
anthraquinone [6]. Our investigation by means of the AM1 method showed that pla-
nar structures had the deepest local minima in all molecules considered (Figure 1).

120


mailto:ntm@kg.ac.yu

PHYSICAL CHEMISTRY 2008.

OH O OH OH ©O OH OH O OH
(6] [e) O
physcion chrysophanol aloeemodin

Fig. 1. Molecular structure of anthraquinones under investigation.

Physcion. We studied the electronic spectrum of this molecule in methanol.
In the ultraviolet region, we observed four strong absorptions at 224, 253, 265 and
286 nm. The UV band at 224 nm was accompanied with two shoulders at 219 and
217 nm. In the visible region, a broad absorption band was observed at 433 nm.
The results of the ZINDO/S calculation performed on the AM1 geometry showed
very good matching with these bands: 239, 264, 305 and 406 nm. Chrysophanol.
The UV-visible spectrum of chrysophanol measured in methanol at 298 K is de-
picted in Figure 2. This experiment revealed three bands located at 287, 277 and
256 nm in the UV region. The broad band at 428 nm was found to have a dominant
charge transfer character. The ZINDO/S calculations showed the electronic bands
at 236, 264, 302 and 397 nm. Aloeemodin. The electronic absorption spectrum of
aloeemodin was measured in methanol at 298 K. The analysis of the electronic
spectrum revealed four prominent bands with the maxima at 428, 286, 277 and 255
nm. The optimized geometry predicted that the most stable ground state structure
of the molecule allowed the formation of the two intramolecular hydrogen bonds.
The calculation by ZINDO/S method predicted four bands with the maxima at 394,
299, 263 and 236 nm. The ZINDO/S results are in good agreement with the ex-
perimental results.

The overall agreement between the calculated and experimental results is
quite satisfactory. We will investigate biological activities of these compounds in
the future.
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Fig. 2. Electronic absorption spectrum of chrysophanol measured in methanol and
calculated by means of the ZINDO/S method.
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Abstract

An industrial iron-molybdenum catalyst for methanol to formaldehyde oxidation,
produced by NEOCHIM SA, was investigated to study the work conditions and the
reasons of its deactivation in the course of its long-term use. The phase
composition and structural properties of the catalyst samples were investigated by
X-ray diffraction, Moessbauer spectroscopy and X-ray photoelectron spectroscopy.

Introduction

Formaldehyde is a raw material for many industrial processes in chemical industry
and cosmetics production. It is produced industrially by methanol oxidation,
catalyzed either by supported silver or by bulk-phase iron molybdate catalysts.
Nowadays, there are many studies concerning the optimal work conditions of iron
oxide — molybdenum oxide catalyst, but the question of increase of catalyst
lifetime has been not still established [1-2]. The main deactivation reasons are
poisoning, chemical and mechanical deactivation of the catalyst. Therefore, more
knowledge on the mechanism of deactivation is required.

The aim of this investigation was to study the work conditions of industrial
iron-molybdenum catalyst and the reasons of its deactivation in the course of its
long-term use.

Experimental

An industrial catalyst, produced by NEOCHIM SA according to BG patent Ne
60779 B, was used [3]. A fifteen months’ industrial experiment was carried out.
The industrial installation monitored consists of two pseudo-isothermal reactors.
Both reactors were fed with 14600 Nm® of gas mixture (6.0 + 0.2 % methanol and
11+ 0.5 % oxygen) at the start and 12000 Nm® at the end of the experiment. The
outlet gas mixture it is analyzed for CO, dimethyl ether, dimethoxymethane and
CO, content.

Catalyst samples taken from four different sites of the reactors (at different
height) were analyzed. The Moessbauer spectroscopy and XRD were used to
determine their phase composition and structure characterization of the used
catalyst samples. The phase composition and structure of the samples was
determined by XRD using TUR M62 diffractometer with Co K, radiation. The
transmission Moessbauer spectra were obtained at RT with a Wissel
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electromechanical Moessbauer spectrometer (Wissenschaftliche Elektronik GmbH,
Germany) working at a constant acceleration mode (*’Co/Cr, 10 mCi, a-Fe
standard). XPS measurements were carried out in the UHV electron spectrometer
ESCALAB-MKII (VG Scientific) by using AlK, radiation. The Fe2p spectra were
decomposed into two components: Fe*" and Fe’* components taken from the
appropriate standards.

Results and Discussion

The X-Ray diffraction patterns (Fig. 1) registered two main crystalline phases -
Fey(M0o0Oy); (monoclinic  structure) and MoO; (orthorhombic structure) with
additional carbon phase used as a solid lubricant. The ratio of mentioned Mo-
containing phases was determined to be different at different points. The analysis
of the obtained results showed that the major differences are observable between
the fresh catalyst, those from the “hot spot”(spent catalyst) zone and “20 cm after
hot spot” zone sample. The spent catalyst sample showed also some low degree of
crystallographic transformation from monoclinic to orthorhombic Fe;(MoQy)s.
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Fig. 1. Powder XRD patterns of selected  Fig. 2. Moessbauer spectra of selected
samples. samples.

a) fresh; b) “hot spot” zone ; ¢) “20 cm after hot spot” zone; d) “40 cm after hot spot” zone catalyst.
The Moessbauer analysis (Fig. 2) showed one component spectra of high

spin ferric ions (Fe’") in octahedral coordination. The obtained hyperfine
parameters are characteristic of Fe’™ ions, included in Fe)(MoO,);. There is no
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registered change in the phase composition of the iron-molybdenum oxide phase in
the studied samples.

Two samples were studied by XPS, fresh and spent catalyst (from the “hot
spot” zone) with ratio between Fe/Mo =1:3 for the bulk and 1:5(4) for the surface,
respectively. The measured spectra from the surface and bulk (Fig. 3) showed that
the catalyst surface has MoOj; excess in comparison to the respective bulk sample.
It was established different ratio between the Fe*” and Fe’* ions on the surface and
in the bulk of both samples, respectively.
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o as well as for Fe’" and
6 ¥
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binding energy (eV) binding energy (eV) the SpeCtra m eaCh
case.
Conclusions

The obtained data allow us to conclude that the probable reason of deactivation is
the loss of molybdena from the catalyst surface in the “hot spot” zone. This is
probably due to MoO; sublimation from the “hot spot” zone and its deposition in
the “20 cm after hot spot” zone.
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Abstract

The paper demonstrates the possibilities of in situ "H and "*C high resolution solid
state. NMR spectroscopy for characterization of chemical reactions on solid acid
catalysts in a wide temperature range, from room temperature to 300 °C.

Introduction

High resolution solid state NMR spectroscopy (MAS NMR) has been used for
more than two decades for the study of hydrocarbon conversion on solid acid
catalysts. The progress in the development of in situ NMR technique allowed one
to obtain a valuable information, which was indispensable for the development of
modern concepts of catalysis science. New results were obtained on the products
and intermediates formed on the catalyst surface and never earlier detected at the
reactor outlet, the nature and the structure of some important intermediates were
established. Many processes which are of importance for hydrocarbon activation
and transformation, but «invisible» by conventional ex situ techniques were
identified.

In this paper we provide the basic principles of using solid-state NMR
in situ for the analysis of adsorbed hydrocarbons and offer some particular
examples of application of MAS NMR for characterization of chemical
reactions on solid acidic catalysts.

Experimental

Preparation of the samples and performance of in situ NMR experiments are
realized in a following manner. The powder of the catalyst is placed in axially
highly symmetrical glass tube of 5.5 or 2.5 mm o.d. The tube is further connected
to a vacuum line. After the catalyst activation under vacuum at temperature 400-
450 °C, the reactant alkane is adsorbed on the catalyst and the glass tube is sealed
off the vacuum line. So the reaction occurs in a closed batch microreactor of
0.03-0.1 cm®. Glass microreactor is further placed in zirconia NMR rotor and
closed with zirconia cap. Then the rotor with sample is transferred to the NMR
probe. Increase of the temperature of the reactor inside the probe initiates the
chemical reaction. Magic angle spinning of the sample at 20-300 °C makes the
signals from adsorbed organic species narrow, which allow us both to perform
the analysis of hydrocarbons on the catalysis surface and follow the reaction
kinetics by monitoring the variation of NMR spectrum with time.
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Results and Discussion

Capability of solid state NMR to perform in situ analysis of reaction products and
intermediate based on their 'H and ">C chemical shifts allows characterization of
chemical reaction directly on the surface of solid catalysts. This makes possible to
discover in situ with NMR of occurrence of the novel reactions; to unravel the
mechanisms of the reactions, based on: (a) identified intermediates; (b)
monitoring the peculiarities of redistribition of the selective °C or 'H labels in the
course of the reaction; (¢) monitoring the kinetics of the reaction.

Some examples, demonstarting the possibilities of NMR in situ for
characterization of chemical reactions on solid acid catalysts are provided. They
include a disclosure by NMR of occurrence of the reactions of small olefin and
alkane carbonylation with CO on zeolite H-SZM-5 and sulfated zirconia under
mild conditions [1], identification of key reaction intermediate, N-alkyl-nitrilium
cation in the Ritter reaction [2], clarifying the mechanisms of ethane aromatization
and methane and propane co-aromatization on Zn-modified zeolite BEA [3].
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Fig. 2. Arrhenius plot for
the rate of H/D exchange
Figure 1. Regioselectivity of H/D excha- for methane (0,8) and eth-
nge for propane and n-butane on Zn/H- ane (©) on zeolites H-BEA
ZSM-5. and Zn/H-BEA.

Importance of the kinetics measurements for clarifyindg the mechanisms of
alkane activation is illustrated with the particular examples of the study of the
reactions of hydrogen exchange, “C-labeled carbon scrambling on solid acidic
catalysts and Zn-loaded zeolites. Particular attention is drawn to the significance of
simultaneous monitoring the kinetics of the transformation of different fragments
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of hydrocarbon molecules. This is crucial for evaluation of the different pathways
of the hydrocarbon activation and conversion.

Particular example of evaluation of difference in small alkane activation by
acidic and Zn-modified zeolite by means of monitoring the reaction kinetics of
hydrogen exchange shows, that propane and n-butane exhibit regioselectivity of
H/D hydrogen exchange. Only methyl groups of these alkanes are involved in the
exchange. '"H MAS NMR spectra reveal increase of the intensities of only methyl
groups at 1.0 ppm with reaction time for Zn/H-ZSM-5, whereas intensities of
signals at 1.0 and 1.5 ppm from both methyl and methylene groups increase with
time for propane and n-butane on pure acidic zeolite H-ZSM-5(see Fig. 1).

For methane and ethane, the rate of exchange is about three order of
magnitude higher and apparent activation energies are lower for Zn-modified
zeolites ZSM-5 and BEA (see Fig. 2).

Strong promoting effect of Zn on H/D exchange reaction and the
activation of C-H bonds of small alkanes by the zeolite Bronsted sites is
rationalized by involvement in the exchange of Zn-alkyl species, which
formation from alkane precedes its further involvement in interaction with
Brensted acid sites (See Scheme 1).
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Abstract

A new kinetic method is described for determination of herbicide Difenzoquat
(DFQ). The reaction of sulphanile acid (SA) and H,0,, catalysed by Cu(Il) in
phosphate buffer (pH=7.9), was used as the indicatory reaction in this study [1]. It
was noted that small amounts of DFQ inhibit the reaction, which was used for its
kinetic determination. Detection limit that experimentaly determined is 0.36
pg/ml. The relative error ranges between 3,61 and 1.0% for the concentration
interval 0.36 to 1.80 pg/ml. Kinetic equations are proposed for the investigated
process.

Introduction

Difenzoquat (DFQ) is widely used in agricultural applications and it is on a priority
list of herbicides of potential concern established for the Mediterranean Countries
by the European Union (EU) [2]. The determination of this pesticide at ppb levels
requires the development of a preconcentration step such as solid phase extraction
(SPE) which is frequently employed nowadays [3,4]. HPLC is the most effective
technique for its determination [5,6]. The aim of this work was to develop a kinetic
method for DFQ determination.

Results and Discussion

The investigated reaction rate was followed spectrophotometrically. The
absorbance of the solution was measured at the wavelength of 370 nm which
corresponds to the maximum absorption of SA in phosphate buffer at pH 7.9. The
dependence of the apsorbance (A) on time (t) was measured by Perkin-Elmer
Lambda 15 spectrophotometer, connected to a thermochirculating bath.

A tangent method was used for the processing of the kinetic data, because of the
existing linear correlation between the AA/At. [7]

Under the optimal reaction condition: pH=7.9; Cpp0,=0.16 mol/l; cgx-6-10

mol/l; ¢(Cu(I1))=3-10° mol/l; t=25°C, the concentration of DFQ, as the inhibitor,
was varied from 0.36 to 1.80 pg/ml. Figure 1. show the calibration line, at the
temperature 25+0,1°C, which can be used for the determination of DFQ
concentration in the interval mentioned.

The following kinetic equations were deduced on the basis of the graphic
correlations obtained for the investigated process. For the indicatory reaction (1),
and for inhibited reaction (2):
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ko — constant proportional to the rate constant of the indicatory reaction
k; — constant proportional to the rate constant of the inhibited reaction
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Fig. 1. Dependence of tga on the DFQ for the inhibited reaction( calibration line)

The accuracy and precision of the measurements presented in Table 1. It can be
seen that the relative error ranges from 3,61 to 1.0 % for the concentration of DFQ
in the range from 0.36 to 1.80 pg/ml.

Chemical structure of Difenzoquat
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Table 1. Accuracy and precision of the DF() determination

Taken Found x n S (pg/ml) G (%) ¥— p

(ug/ml) (ng/ml) R -100 (%)
0.36 0.38 0.0112 3.61 6.16
0.90 0.87 5 0.0178 2.55 3.11
1.80 1.83 0.0134 1.00 2.00

X - mean value; p-true value; n-number of determinations; S-standard deviation; G-

relative error (=100-ts/x \/; , where n=5 and t is Student's for 95% confidence)

Conclusion

In this paper, the new kinetic method is proposed for determination of herbicide
Difenzoquat. Under the optimal reaction condition a calibration line is constructed,
it can be used for determination of DFQ in the interval from 0.36 to 1.80 ug/ml.
Kinetic equations are calculated.
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CATALYST COKING - FROM A DAMAGE TO NANO -
TECHNOLOGY

N.M. Ostrovskii
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The formation of carbonaceous deposits on the catalyst surface is the major cause
for the degradation of catalyst performance in many industrial processes.

In catalytic cracking, ~3—6% of a raw material is converted into coke and
burnt off during catalyst regeneration. In the United States alone, this makes up
15—18 million tons of vacuum gas oil a year and is nearly identical to the capacity
of all cracking units in Russia [1].

In the steam-methane-reforming process, the formation of carbon filaments
over metallic catalysts is treated up to now as a serious problem due to the catalyst
deactivation and possible damages in the reactor walls.

The catalyst coking is the main obstacle in developing of catalysts for “dry
reforming” and for fuel cells [2].

The industrial application of solid acid catalysts in isobutane alkylation with
butenes is hampered by a very rapid deactivation owing to deposition of highly
unsaturated products on the catalyst [3].

Generally, the formation of coke-like deposits on catalysts becomes the key
problem in modern catalysis, the main goal of which is not yet the higher activity,
but the higher stability and selectivity. That is why a numerous techniques are used
for identification and characterization of carbonaceous deposits [4], such as TPO,
EM, EELS, FTIR, LRS, NMR, AES, XRD, XPS, EPR, etc.

On the other hand, the long-term investigations of the coke structure create a
base for purposeful synthesis of different carbon materials (filaments, fibers, like-
onion carbon, nanofoams, nanotubes, etc.) using solid catalysts. In such a manner,
the catalyst coking (a danger of industrial catalysis) gives birth to its “daughter” —
that is a nano-technology of carbon materials. Thus, it can be considered as an
“illegitimate child” of catalyst coking, born due to “extramarital relationships” with
physical methods.

Structure of Coke Deposits

Carbonaceous deposits grow like children — affected by “parents” (catalyst and
reaction) and by “street” (temperature, pressure and concentrations).

Generally, coke deposits differ in chemical composition (H/C ratio); in
molecular structure (aliphatic, aromatic, graphitic); in morphology (2D-patches,
3D-blocks, filaments, tubes, shells); in localization (on metal crystallite, on
support, inside or outside of zeolite crystallites). The wvariety of cokes is
manifested, for example, through different curves of temperature-programmed
oxidation (TPO) of coked catalysts (Fig. 1).
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With this information, the general formula CHx of coke can be obtained. The
H/C ratio is determined by measuring the total amount of H20 and CO2 released
during TPO. It was found in butane isomerization on ferrierite [5], that this ratio
decreases in time, and that during the TPO analysis, the H/C ratio varied from as
high as 4 at 300°C to as low as 0 at 600°C.

In n-heptane dehydrogenation, “...coke deposited on various alumina-
supported Pt—Re catalysts revealed a tri-dimensional stacking of aromatic ring
structures less than 1 nm in size which may further form larger porous carbon
particles as coking increased” [6].

Nickel and iron catalysts are well known for their ability to form whisker (or
filamentous) carbon. In butane steam reforming on Ni/AI203 and Ni/MgO
catalysts, using high resolution electron microscopy, the three kinds of carbon
deposits were found: true filaments, tubes, and shells [7]. The deposits produced at
low temperatures (below 500-600°C) consist of true filaments. At higher
temperatures (600-680°C) tubes with carbon layers nearly parallel to the tube axis
are formed. The close carbon shells occurred only on large metal particles of 100
nm approximately.

Certain types of these carbon fibers, also known as “nanotubes”, have been
discovered as far as at beginning of 50-th by Radushkevich and Lukianovich [8,9],
and are extensively characterized last fifteen years [9]. The nanotubes have the
graphite planes parallel to the cross-section of the fiber; whereas the whisker
carbon has the graphite planes parallel to the axis.

In carbon nanotubes (CNT) history, single-walled nanotubes (SWCNT)
should be distinguished from multi-walled nanotubes (MWCNT) [9]. The
formation of SWCNTs was first reported in 1993 [10,11], but MWCNTs are
widely investigated and used during at least sixty years [9,12].
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Mechanisms and Models

Voorhies [13] was the first to quantitatively describe catalyst coking for catalytic
cracking based on the theory of topochemical reactions:

a=a,-y C., C,=At" (1)

where 7, A, and n are the formal parameters.

Linear and exponential dependencies of catalyst activity vs. coke
concentration [14] are the simplest and widely used in theoretical and engineering
calculations:

a=1-y C,, azexp(—;f CC) (2)

The linear dependency is related with the monolayer (or monomolecular)
deposition of coke; and the exponential one corresponds to the case when the rate
of coke formation remains unchanged and independent of the catalyst activity [15].

The follows scheme presents the mechanism of multilayer coke formation:

/ Pc kp On I: \
k,, \ ...................... :

[OF;
O, |

O)=1-0p Op=20,

N /

Corresponding equations that relate the @ and C, parameters have two forms [15]:

a) infinite coke formation: %: (l - (0) (l - a)— ¢ Ina 3)

m

: CC Cm Cm
b) finite number of layers: =1- C a—|1-—"-|a? 4)

These equations and their combinations are applicable to solid acid catalysts [15]
and some zeolites [17]. Fig. 2 presents the plots corresponding to Eq. (4) at various
values of ¢ = k,/ k, . The curves between the straight lines ¢ =0 and ¢ =1 are
similar to those within the framework of the model of infinite coke formation.

The relations at ¢ > 1 correspond to the case of substantial coke deposition
(C,) at an insignificant decrease in the activity (a). Nevertheless, the long period of
slight deactivation is followed by its avalanche decrease or by so-called “critical
deactivation”. Such a deactivation is often observed in practice and may be caused
by blockage of pores or zeolite channels during coke deposition.

max max max
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The coking of metal supported catalysts has a number of specific features that
influence its kinetics and the dependence of catalyst activity on coke concentration.
This is most clearly seen for the low percentage platinum catalysts used in naphtha
reforming (Pt, Pt—Re, Pt—Sn on Al,O3). The corresponding mechanism and models
are proposed in [16]:

Coke formation ) Coke formation \
on metal Self-regeneration on support
kR PR kZ Pc

Graphltlzatlon
&,
O,

_%Metau \ \ —
\ Support Coke: polymeric, graphite-like, on support /

The main peculiarities are: the formation of several types of coke; the self-
regeneration of metal crystallites by hydrogen; and the coke graphitization.

Therefore, different equations for relationships between activity and coke
concentration should be derived for each type of active centers. For the metallic
active centers (hydrogenation-dehydrogenation reactions) such an equation has the
following form [16]:
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The model of dynamics of “polymeric” (C, ) and total coke deposition (C. ) is
also derived in [16]:

CP:I—CW (e‘“’ —e‘ﬁf) (6)
C.= I—CW (e_yt —e_ﬂt)ﬂ/CmaX (1—6_”) (7)

Here C; corresponds to ay, and parameters « , fand y are proportional to rates of
graphitization (a ~k, ), coking of metal (8 ~k, P, ), and of support (y ~k. P.).

Even more complicated is the filament carbon formation on supported Fe, Ni,
and Co metal catalysts [18-22] in according to so called “mechanism of carbide
cycle” [18]. It is generally accepted that it involves the formation of adsorbed
surface carbon, dissolution/segregation, diffusion of carbon through metal particles
and precipitation of filaments [20]. Snoeck et al. [20] have proposed that the global
driving force for carbon filament formation is the difference in chemical potential
between the gas phase and the carbon filament.

It is interesting that metal crystallites reshape its structure under process
condition [21] due to the carbon formation on the crystal face (111), Fig. 3.

Ni crys-
tallite (111) Fig. 3.

Schematic representation of the
mechanism of filamentous carbon
formation.

C — carbon; HC — hydrocarbon;
NiC — nickel carbide.

Nano-
tube

Support

7 Thus, tacking into account Fig.
: 3, the equation of carbon diffusion
through the nickel crystallite, which is proposed in [20], can be written in the form:

A i
I'pe = d_N D, (Cc(100) =Ce.any ): )
Ni

and should be supplemented with kinetic model of hydrocarbon conversion over
such a catalyst [22].

138



PHYSICAL CHEMISTRY 2008. C-2-SL

Applications

Before the age of carbon nanotubes, the application of coke deposits was
limited by combustion of coke during catalyst regeneration. For example, in
catalytic cracking (FCC) the catalyst coking continually adjusts itself to stay in heat
balance. The unit produces and burns enough coke to provide energy to:

(i) — increase the temperature of the fresh feed, recycle, and
atomizing steam from their preheated states to the reactor
temperature;

(i1) — provide the endothermic heat of cracking.

Therefore, FCC units in USA, Russia, and Serbia burn respectively about
42000, 2500 and 150 t/day of coke, producing 4800, 280, and 17 MW of energy.

The specific feature of carbon deposits on platinum catalyst is that carbon can
incorporates into active sites of certain reactions [23, 24]. In other words, carbon
participates in active site formation under the action of the reaction mixture.

The mechanism shown in Fig. 3 indicates that filamentous coke formed the
structure of metal crystallite, and can even increase its activity [25], while
encapsulating coke promoted deactivation. In such a manner, the catalyst coking
becomes an effective method of the synthesis of new catalysts Ni-Me/C for
different reactions, such as hydrogenation, CO conversion etc. [26].

Naturally, the main attention is paid in the literature to the synthesis of
different carbon materials using hydrocarbons decomposition on the catalyst. The
variation of catalysts, feeds and reaction conditions provide the production of
carbons with different morphology — from filaments (Fig. 4) to “flowers” (Fig. 5).

Many fields of application of such a new allotropic carbon structures arise
each month, especially in a popular scientific literature. Some of them, such as
catalyst supports, special adsorbents, or composites are successfully used. Others,
especially single-walled nanotubes, are at the beginning of application.

Carbon paper, carbon wool, and carbon felt are well-known materials applied
in adsorption technique, in fuel cells, and in medicine.

] ram
=

Fig. 4. Carbon nanotubes [22]. Fig. 5. Carbon nanoflowers [28].
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Many special adsorbents are developed, such as N-contained filamentous
carbon [27]; macro-porous carbon nanotubules, with diameters greater than 30 nm;
and micro-porous carbon with three-dimensional nanoarray structure, which has a
3600 m2/g surface area [29], etc.

Carbon nanotubes have already been used as composite fibers in polymers to
improve the mechanical, thermal and electrical properties of the bulk product [30].

Problems

In spite of significant progress, the most interesting are numerous practical and
theoretical problems of catalyst coking and formation of carbon deposits. From the
practical point of view, two contrary problems still remain:

1. In catalysis: — The maximal suppression of coke formation;

2. In carbon materials: — The maximal increasing of carbon
deposition.

There are also many scientific problems, having interdisciplinary character.
Probably the most complicated is the problem of application of some usual lows,
theories, and equations (like diffusion (8)) to the processes in nano-scale.

The new approach is necessary in kinetics of topochemical reactions that can
be applicable to the growing of nanotubes.

The application of thermodynamic functions (based on critical parameters) to
nano-materials probably should be revised.

It would be very useful to obtain the new simple equation of adsorption on(in)
nano-materials instead of Dubinin equation for micro-porous structure.

Note that new ideas in physics of solid state have already arisen during
investigation of carbon allotropes (fullerene, graphene, nanotubes, nanobud etc.).

It shouldn't be wonder if some new ideas and results will have presented at this
conference.

Nomenclature

a=r/r°—relative catalyst activity;

as — residual or stationary catalyst activity;

C., C, - coke concentration and polymeric coke on supported metal;

Cin . Cmax — monolayer and maximal coke concentration;

D, — carbon diffusivity in metal;

kn , k, — constants of the formation of the first (monolayer) and next coke
layers;

t — time;

r, r° — current and initial reaction rate;

0, — surface fraction occupied by n coke layers;

6, , Op — overall fractions of the free and coked surfaces, respectively;

140



PHYSICAL CHEMISTRY 2008. C-2-SL

References

[1] N.M. Ostrovskii — Catalyst deactivation kinetics, Moscow, Nauka, 2001, 334 p. (Rus.)

[2] De Chen, R. Lodeng, et al. — Chem. Eng. Sci., 2001, 56, 1371-1379.

[3] J.M. Martinis, G.F. Froment — Ind. Eng. Chem. Res., 2006, 45, 940-953.

[4] C.A. Querini "Coke Characterization", — In Catalysis, vol. 17, The Royal Society of
Chemistry, 2004, 166-209.

[5] W.Q. Xu, Y.G. Yin, S.L. Suib, C.L. O‘Young, — J. Phys. Chem., 1995, 99, 758-765.

[6] C.A. Querini, S.C. Fung — Catalysis Today, 1997, 37, 277-283.

[7] E. Tracz, R. Scholz, T. Borowiecki — Appl. Catal., 1990, 66, 133-147.

[8] L.V. Radushkevich, V.M. Lukianovich — J. Phys. Chem., 1952, 26, 88-95 (Rus.)

9]

[9] M. Monthioux, V.L. Kuznetsov — Carbon, 2006, 44, 1621-1623.

[10] S.Iijima, T. Ichihashi — Nature, 1993, 363, 603-605.
[11] D.S. Bethune, C.H. Kiang, et al. — Nature, 1993, 363, 605-607.
[12] H.P. Boehm — Carbon, 1997, 35, 581-584.
[13] A. Voorhies — Ind. Eng. Chem., Prod. Res. Dev., 1945, 37, 318-322.
[14] G.F. Froment, K.B. Bischoff — Chem. Eng. Sci., 1962, 17, 105-114.
[15] N.M. Ostrovskii — Kinetics & Catalysis, 2001, 42, 317-325.
[16] N.M. Ostrovskii — Kinetics & Catalysis, 2001, 42, 326-333.
]

[17] N.M. Ostrovski, S.A. Rovenskaja, G.V. Echevski — Chem. Ind. & Chem. Eng.

Quarterly, 2007, 13, 51-54.

R.A. Buyanov — Coking of the Catalysts, Novosibirsk, Nauka, 1983, 208 p. (Rus.)

J.R. Rostrup-Nielsen, D.L. Trimm — J. Catal., 1977, 48, 155-165.

J.W. Snoeck, G.F. Froment, M.J. Fowles — J. Catal., 1997, 169, 240-249.

V.V. Chesnokov, R.A. Buyanov, V1. Zaikovskii — Eurasian ChemTech Journal,
2003, 5, 253-260.

[22] M. Perez-Cabero, E. Romeo, et al. — J. Catal., 2004, 224, 197-205.

[23] S.M. Davis, F. Zaera, G.A. Somorjai — J. Catal., 1982, 77, 439-459.

[24] M.J. Sterba, V. Haensel — Ind. Eng. Chem., Prod. Res. Dev., 1976, 15, 3-17.

[25] A.L. Alberton, M. Souza, M. Schmal — Catal. Today, 2007, 123, 257-264.

[26] V.V. Molchanov, V.V. Chesnokov, R.A. Buyanov — 5-th. Russian Conf. on Catalyst

Preparation and Technology, Omsk, 2004, p. 18.

[27] G.N. II’inich, R.I. Kvon et al. — Ibid, p. 72.

[28] Jimin Du, Zhimin Liu et al. — Materials Letters., 2005, 59, 456-458.

[29] B. Sakintuna, Y. Yurum — Ind. Eng. Chem. Res., 2005, 44, 2893-2902.

[30] Yu Min-Feng — Science, 2000, 287, 637-640.

[18
[19
[20
[21

—_—

141



PHYSICAL CHEMISTRY 2008. C-3-0

STUDY OF REDUCED Pd-NiMg/SiO, SYSTEM BY MEANS
OF X-RAY DIFFRACTION TECHNIQUE

M. Gabrovska, P. Tzvetkov, D. Loncarevi¢ and M. Stankovié

!Institute of Catalysis, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria
(margarita.gabrovska@abv.bg)
’Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria
3ICTM, Department of Catalysis and Chemical Engineering, Belgrade 11000, Serbia

Abstract

Two series of palladium modified Ni-Mg materials with close composition are
synthesized on SiO, support derived from two silica sources: diatomite activated at
800°C (Series a; Mg/Ni = 0.1 and SiO,/Ni = 1.07) and synthetic water glass (Series
b; Mg/Ni = 0.1 and SiO,/Ni = 1.15). The palladium content corresponds to the
molar ratios of Pd/Ni = 0.0025, 0.025 and 0.1.

The effect of the support origin and the amount of palladium modifier on the
metallic nickel dispersion in reduced-passivated Pd-NiMg/SiO, samples has been
established by X-ray diffraction technique. It has been elucidated that the usage of
diatomite as silica precursor provokes better metallic nickel phase crystallization
than the water glass one. The modification of NiMg/SiO, samples with palladium
increases the degree of nickel phyllosilicate reduction accompanied by formation
of relative smaller metallic nickel particles more pronounced in the water glass
supported samples. The highest content of the palladium modifier causes the
highest dispersion of the metallic nickel phase on both supports, more remarkable
in the water glass supported sample.

Introduction

X-ray diffraction (XRD) is a well-consolidated technique, which continues to
maintain its relevance in the catalyst characterization. Though in heterogeneous
catalysis the active sites are usually located on the solid surface, the bulk structure
plays an important role, because many of the catalyst characteristics depend on it.
Traditionally, the information contained in a powder diffraction pattern has been
used essentially as a fingerprint, for crystal phase identification purposes [1].

The most widely used catalyst in the hydrogenation of vegetable oils consists
of small Ni clusters (nm range) dispersed on oxidic carriers like SiO, or Al,O; [2].
Despite of the intensive research activity in this field there are only scarce attempts
to investigate the role of additives or modifiers on the phase composition,
formation and dispersion of the metallic nickel phase of these catalysts.

In the present work Pd-modified NiMg/SiO, materials are investigated as
potential precursors of vegetable oil hydrogenation catalysts. The effect of the
source of the support and the palladium content on the metallic nickel dispersion
establish by XRD technique in reduced-passivated Pd-Ni-Mg/SiO, samples is the
object of this study.
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Experimental

Pd-Ni-Mg materials are synthesized on SiO, support derived from two silica
sources: activated at 800°C diatomite (Series a) and synthetic water glass (Series
b). Co-precipitation of metal nitrates with Na,COj; at 90°C and pH=10.00+0.05 is
applied. All samples are prepared with composition (Mg/Ni = 0.1 and SiO,/Ni =
1.07 (Series a) and Mg/Ni = 0.1 and SiO,/Ni = 1.15 (Series b), while the molar
ratios of Pd/Ni are 0.0025, 0.025 and 0.1. The designation of the materials
corresponds to the Pd/Ni molar ratio, i.e. Ni-0 (Pd free), PdNi-0.0025, PdNi-0.025
and PdNi-0.1. The studied samples are reduced at 430°C for 5 h with a gas mixture
of Hy/Ar (1/1) followed by passivation at room temperature with a mixture of 350
ppm O in nitrogen in order to diminish the exceptional pyrophority of the metallic
nickel. XRD measurements of the reduced samples are performed on a Bruker D8
Advance powder diffractometer employing CukK, radiation (A = 0.15418 nm). The
crystalline phases are identified using Joint Committee on Powder Diffraction
Standards (JCPDS). The estimation of the mean metallic nickel crystallite size is
done by “A curve fitting and data analysis program Fityk 0.8.6” using the Scherer
equation.

Results and Discussion

XRD patterns of the reduced-passivated materials from Series a (Fig. 1)
demonstrate very narrow diffraction line at 26 = 26.7°, due to the presence of
quartz phase (*) (JCPDS file #03-0444) from the diatomite used as a source of
support.

: Pd (1) PaNi-0 ; y
?grles a ] (2) PdNi-0.0025 :Senes b i g; :ﬂ::-g.oozs
diatomite (3) PdNi-0.025 water glass (3) PAN-0.025
Pd (4) PdNi-0.1 e
. . (4) PNi-0.1
=] Ni Pd .
< SN N @ 3
= < o Fl i Pd @
a @) =
S 2 ®
k= 2
- = @
(1)
20 40 60 80 100 20 40 60 80 100
20, degree 20, degree
Fig. 1. XRD patterns of reduced- Fig. 2. XRD patterns of reduced-
passivated samples from Series a passivated samples from Series b

The diffractograms of all samples show low intensity lines located at 26 =
21.6, 36 and 60° characteristics of unreduced remainder of nickel phyllosilicate
phase (o) formed during that the preparation procedure (Figs. 1 and 2). This phase
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is in a higher amount in the materials from Series b, particularly in the case of
unmodified material (Fig. 2, PdNi-0 sample). Obviously, the reduction of
phyllosilicate phase is more completed in the supported on diatomite samples.

The XRD patterns of unmodified solids from both Series (Figs. 1 and 2,
PdNi-0 samples) are characterized by four peaks situated at 20 = 44.5, 51.7, 76.6
and 92.9° which may be related to the metallic nickel phase in a cubic symmetry
(JCPDS file #4-0850), better organized in the material from Series a. This result
reflects on the Ni’ particle size, namely 4 nm of the sample supported on diatomite
and 2 nm of the corresponding material supported on water glass.

The addition of palladium to NiMg/SiO, sample from Series b leads to
decrease of the amount of nickel phyllosilicate phase depending on Pd/Ni ratio in
lesser extent than the samples from Series a.

The palladium presence in the samples from both Series causes appearance
of a phase, located at 20 = 40.3, 47, 68.6, 82.2 and 86.7° corresponding to the cubic
metallic palladium phase (JCPDS file #46-1043). It should be noted that well-
organized Pd’ phase appears only in the materials with the highest loading of
modifier (Figs. 1 and 2, PdNi-0.1 samples). Absence of any reflections from Pd’
phases in PdNi-0.0025 and PdNi-0.025 samples due to the lower palladium
concentration.

The broadening of the Ni° diffraction lines demonstrates the presence of
small crystallites particularly on the water glass supported samples. These results
are confirmed by H,-chemisorption data revealing that the usage of water glass as
silica precursor ensures higher total metal dispersion in all palladium containing
samples than the analogues supported on diatomite applied as a source of silica.

Conclusions

XRD reveals that the usage of diatomite as silica precursor provokes better
crystallization of the metallic nickel phase than water glass does.

The modification of NiMg/SiO, samples with palladium increases the degree
of nickel phyllosilicate reduction accompanied by formation of relative smaller
metallic nickel particles more pronounced in the water glass supported samples.

The highest content of the palladium modifier causes the highest dispersion
of the metallic nickel phase on both supports, more remarkable in the water glass
supported sample.
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Abstract

Kinetics of isothermal sucrose’s hydrolyses with strong acid type ion exchange
resin in microwave field was investigated. It was established that kinetic of
isothermal sucrose’s hydrolyses in the microwave field with strong acid type ion
exchange resin may be modeled with kinetics model of pseudo-first order chemical
reaction. The determined specific hydrolyses rate constants are higher for 5-12
times for microwave heated reaction system then for conventionally process at
same temperature. Under the influence of microwave heating, both activation
energy and pre-exponential factor of the process was decreased 2.4 times compared
to the same process under conventional conditions.

Introduction

Bucheman [1] and Pitar [2] have been investigated kinetics of isothermal sucrose’s
hydrolyses with strong acid type ion exchange resin. Khan [3] has been
investigated kinetics of sucrose’s inversion on the fixed layer of strongly acidic
carbon exchanger resin, while Siegers[4] has been examined influence of the
exchange resin type (gel or macroporous) on the kinetics of sucrose hydrolyses.
Bearing in mind that there are not any publications dealing with the influence of
microwave field on the mechanism and kinetics of sucrose hydrolyses, we
investigated in this work influence of microwave irradiation on the kinetics of
sucrose hydrolyses with strongly acidic exchanger resin.

Experimental

In reaction round bottom vessel, 50 mL sucrose solution (c=57g/L) was putted and
thermostated at predetermined temperature. Then, in this solution 15 mL of
strongly ion exchang resin IRA-120 was added. That reaction mixture was stirred
with a mechanic stirrer with glass-propeller mixer, with 200 rpm. Investigation of
kinetics of sucrose hydrolyses in microwave field were performed in a focused
microwave reactor (Discover, CEM Corporation, Matthews, North Carolina, US).
At predetermined time intervals, samples were withdrawn from the reaction
mixtures and glucose content was determined. Miler’s spectrometric method was
used to determine glucose concentration [5].
Cm
Cmax

Where: C; is glucose concentration at reaction time (t) and C,. is maximal
achieved glucose concentration in reaction mixture at certain temperature.

Degree of sucrose hydrolyses was determined as: a=
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Results and Discussion

Conversion curves of isothermal sucrose hydrolyse with acidic exchanger resin
under the conventional and microwave heating are present in Figures la and 1b.

1,04
0,84

30,61
0,41

0,24 //

0,0

0 20 40 60 0.05
Time, min

Fig. 1. Conversion curves of isothermal sucrose hydrolyse under a) conventional
and b) microwave heating

The increase of temperature of the reaction system, for both conventional
and microwave heating, leads to decrease of duration of the linear changes of the
degrees of hydrolyses with reaction time.

By applying the so-called” model-fitting method” it was found that kinetic
of isothermal sucrose’s hydrolyses with strong acid type ion exchange resin that
may be modeled with kinetics model of pseudo-first order chemical reaction.

The isothermal dependences of [—In(1-a)] vs. reaction time for sucrose
hydrolyses at different temperatures are shown in Figures 2a and 2b for the
microwave and conventional heating, respectively.
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T2 — — 21 /'? I/ 303K
.//_/'/ //;? - e 313K
Pt e 323 K|
0 0/7. 20 40 60 0" ; ' '
. 0 4 8 12 16
Tme, min Time, min

Fig. 2. The isothermal dependences of [-In(1-a)] vs. reaction time
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Rate constants of isothermal sucrose’s hydrolyses and the kinetics parameters
(activation energy (Ea) and — pre-exponential factor (InA) for conventional and
microwave heated processes are given in Table 1.

Table 1. Rate constants and the kinetics parameters of sucrose’s hydrolyses

T, K conventional microwave
k,min'l Ea, InA/min’ k,min'1 Ea, InA/min’
kJ/mol kJ/mol
303 0.017 61+1 20,1+£0.2 0.204 24+1 8.3+0.2
313 0.030 0.279
323 0.079 0.373

Based on the obtained results, it may conclude that microwave field, at same
temperature, leads to the significant increase of the rate constants (from 5 to 12
times) and to important decrees of the kinetics parameters of sucrose’s hydrolyses.

Under the influence of microwave heating, both activation energy and pre-
exponential factor of the process was decreased 2.44 times compared to the same
process under conventional conditions. Influence of various factors on the rate of
sucrose hydrolyses under the microwave field was evaluated. It was found that
microwave irradiation leads to the change of the mode of activation and to the
specific value of the inner activation energy of the reacting species. That has a
consequence the decrease of activation energy and the increase of the reaction rate.

Conclusions

Action of the microwave field at same temperature as conventional heating leads
to the significant increase of the sucrose’s hydrolyze rate. The increase of sucrose’s
hydrolyses in the microwave field is a consequence of the decrease of effective
activation energy of hydrolyses process which are caused by the changes of the
mode of the activation and with the inner energy of the reactive species under the
influence of microwave field.
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Abstract

Metal oxide pillared interlayered clays (PILCs) represent a new class of materials
that have found a wide range of potential applications including catalytic oxidative
degradation of organic pollutants in water. Synthesized Fe pillared bentonite clays
with different Fe content for possible catalytic application were characterized.
Phase composition and textural properties of the starting clay and synthesized
PILCs were determined using X-ray diffraction and physisorption of nitrogen.

Introduction

Catalytic wet peroxide oxidation (CWPO) of organic pollutants in water is a
promising technique for the purification of industrial waste streams. Pillared clays
(PILCs) can be employed as efficient catalysts in the CWPO, and Fe containing
ones have been widely reported as catalysts for the degradation of phenol and
phenolic monomers [1-3].

First step that follows the synthesis of a catalyst is its characterization.
Certain physical-chemical properties of catalysts, including texture, directly
determine their catalytic efficiency. It is known [4] that the indication of successful
pillaring — the incorporation of pillars in the clay structure — is the change in basal
spacing and its fixation, as well as the increase of the specific surface area of clay.
Therefore, the characterization methods chosen in this work were X-ray diffraction
and physisorption of nitrogen.

Materials and Methods

Starting material was a 2 pum fraction of characterized domestic clay from
Bogovina [5, 6]. The PILCs were obtained according to a common procedure
comprising the following steps: grinding, sieving, Na exchange, pillaring, drying
and calcination [7]. Pillaring solutions were adjusted to have the atomic ratio
Fe*' /(A" +Fe™) of either 10 or 15 %. Corresponding PILCs were denoted as
AlFel0 PILC and AlFel5 PILC.

X-ray diffraction (XRD) patterns for powders of raw and pillared clays were
obtained using a Philips PW 1710 X-ray powder diffractometer with a Cu
anticathode (A=0.154178 nm).

Nitrogen adsorption-desorption isotherms were determined on Sorptomatic
1990 Thermo Finningen at -196 °C.
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Results and Discussion

According to X-ray diffraction patterns (Fig. 1) the following phases were
identified in the investigated samples: smectite, quartz, feldspar and a small
amount of amorphous phase [8].

The Na-exchange

! “,] S S ? process lowered dgo;

i a 1 Q :: S from 1.53 nm (20=

3 s\“\ Y hF P, 5.78) for starting clay to

S I B e Mhrmsmmedd Thsad 1,28 nm (20= 6.92), but

T Y 5o ' the clay retained its
3 swelling properties. The
B pillaring process

increased and fixed the
basal spacing of the
clay. This resulted in
F, the shift of the (001)
et it et e e | smectite peak  to
0 ' o ' 20 ' 3 ' o0 20=5.40 (dop=1.64 nm)
o for AlFel0 PILC and
20=5.66 (d001:1.56 nm)

Fig. 1. X-ray diffraction patterns of 1) raw clay, 2) Na- for  AlFel5 PILC.
exchanged clay, 3) AlFel0 PILC and 4) AlFel5 PILC  Apart from smectite,

where S=smectite, Q=quartz and F=feldspar other phases remained
unaffected.

200 PR ————— Figure 2 shows nitrogen adsorption-
Na-exchang 1| desorption isotherms registered for

: AlFe 15 PILC desorption _.+| AlFel5 PILC (representing similar
=~ | behavior of both obtained PILCs) and

yayd Na-exchanged clay. The curves
100+ e correspond to the Type II isotherms
according to IUPAC classification
..... e [9]. All the isotherms have reversible

J JETTUIE Uy part at low relative pressures and
h hysteresis loops at higher relative
00 02 o4 o6  os 1o pressures corresponding to the H3

pip, type of hysteresis cycle characteristic

Fig. 2. Nitrogen adsorption-desorption o aggregated plane particles forming
isotherms slit shape pores [6, 9].
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Relevant data for all three samples obtained using WinADP software are
presented in Table 1.
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Table 1. Selected textural properties of investigated samples
SBET V0.98 Vmic Dmax Dmed
sample [m’/g] | [em’g] | [em’/g] | [nm] [nm]
Na-exchanged 99 0.094 0.041 3.9 3.9
AlFel0 PILC 172 0.229 0.072 5.3 7.3
AlFel5 PILC 175 0.236 0.075 5.7 6.5

Where: Sger - specific surface area; Vs - total pore volume, V. - micropore volume, Dy, - the pore diameter
where the maximum of derivative cumulative volume curves is reached; D,eq - median value of pore diameter.

Table 2 shows expected increase in the specific surface area, total pore
volume and volume of micropores for pillared samples comparing to the non-
pillared one. From Dy« and D,,q values can be concluded that the pillaring process
lead to the shift of mesopore fractions toward grater mesopore diameters.

Conclusion

Two Fe pillared clays with different Fe contents were synthesized from domestic
clay. Their phase composition and textural properties were investigated. The
pillaring process increased and fixed the basal spacing of the clay proving
incorporation of pillars into the clay structure. The increase in the specific surface
area from approximately 100 m*/g for Na exchanged clay to around 170 m?*/g for
both pillared clays was registered. Similarity in the textural properties of the two
synthesized PILCs indicates that possible difference in their catalytic performance
should be ascribed to the difference in the Fe content.
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Abstract

Series of alumina supported chromium—copper catalysts were prepared by co-
impregnation method. The samples were characterized by X-ray photoelectron
spectroscopy and X-ray diffraction. Dispersion and porosity was also obtained. The
experimental and catalytic test results have drawn a conclusion that an interaction
between copper and chromium ions takes place. This interaction is responsible for
the catalytic activity of the copper-chromium catalysts in reaction of total oxidation
of industrial formaldehyde production exhaust gases.

Introduction

The industrial formaldehyde production all over the world produce huge
amount of dusts and exhaust gases. Their complete oxidation is of high importance.
In catalytic studies, much attention is paid to systems containing two different
oxide phases deposited on the support [1]. The interaction between two oxide
phases may lead to changes in the surface structure and modification of their
catalytic properties in comparison to the systems containing such oxides separately.
The type of interaction between supported oxides and the structure of the material
formed depend on the chemical and crystallochemical properties of each
component.

Thus, we considered it interesting to follow the changes in the surface
structure of the system containing CuO and Cr,O; supported on y-Al,O; and make
an attempt to correlate the appearing surface species with catalytic activity [2].

Experimental

Series of copper-chromium oxide catalysts were prepared by co-impregnation
method. The samples were obtained by mixing of support y-Al,O; with an aqueous
solution of chromium anhydride and copper nitrate. The amount of solution taken
was sufficient for incipient wetness to be observed. The samples were calcinated at
different temperatures: sample 1 — 300 °C; sample 2 — 500 °C; sample 3 — 700
°C; sample 4 — 800 °C; sample 5 — 500 °C (triple impregnated).

A Sorptomatic 1990 (Thermo Finningen) was used to determined nitrogen
physisorption isotherms at 77K. Appropriate software-WinADP 5.1 was used to
determinate textural parameters: Specific surface area (Sggr), micropore volume
(Vmic) and mesopore volume (V). The phase composition and structure of the
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samples was determined by XRD using TUR M62 diffractometer with Co K,
radiation. Data interpretation was carried out using JCPDS database. XPS
measurements were carried out in the UHV electron spectrometer ESCALAB-MKII
(VG Scientific) with a base pressure of ~5x10™'” mbar by using AIK,, radiation.

Results and Discussion

Results of N, physisorption measurements indicated that applied procedure of co-
impregnation caused significant changes of textural parameters. The corresponding
calculated values Sget, Vimic and Ve

Table 1. Textural propreties of y-Al,O; of some samples and the used sup-
and samples 2 and 5 port are presented in Table 1.

SEET, V mics Viness Decrease of specific surface area for
Sample 2 .

m/g nm nm any of two chosen samples is ade-
v-ALO; 305.7 0.119 0.370 quate to decrease of V. (1/3 of
Sample 2 102.2 0.038  0.282 beginning value of carrier), showing
Sample 3 92.8 0.035 0.346 that Sggr value indubitable originates

form partial blocking of micropores
system. Change of mesopore volume indicates that deposition of added copper-
chromium species is present in this pore segment. Higher temperature of
calcinations opened system of mesopores giving of Vs similar to starting alumina
values.

The XRD patterns of all studied samples showed broadened low
intensity diffraction lines. The pattern of the support is exposed on Fig. 1-a.
It was registered aluminum hydroxide phase - a-AlIOOH beside of main crystalline
phase - y-Al,O;. The registered spectra of double oxide samples Cu—Cr-O
supported on y-Al,O; (Fig. 1b-d) include mainly the characteristic pattern of the
support, as well as broadened lines of low intensity, belonging to highly
dispersed supported phases. The reason of this is the small crystallite size of
supported phases, which complicated the exact analysis. The aluminum
hydroxide phase was not registered in the XRD patterns after thermal
treatment. The supported phases are Cu oxide and Cr oxide in sample 1 - CuO
and Cr,O; (Fig. 1b). The crystallynity of the supported phases slowly
increased and mixed Cu-Cr oxide phases (as CuCr,0,, CuCrO, and CuCrOy)
are obtained with an increase of thermal treatment (Fig. 1c-d). There are no
evidences of supported Cu-Cr oxides and alumina support interaction.

The samples were characterized also by XPS. The obtained spectra (Fig. 3a))
showed that the intensity of the satellite of the Cu2p peek increases from samples 1
to 5. This means that copper change from Cu'" to mixture of Cu'” and Cu*". The
established Cu'*/(Cu"*+Cu®") ratio is as follow: for sample 1 — 1; sample 2 — 0.85;
sample 3 — 0.67; sample 4 — 0.25 and sample 5 — 0.47. The result of these values is
in very good agreement with XRD analysis. The peek form and FWHM of Cr2p
show that the chromium exists in two forms of different chromium oxides.
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Conclusions

Complex copper-chromium oxide catalysts supported on y-AlLO; have
been prepared by co-impregnation method. The experimental methods have shown
a high-dispersed and low crystalline supported copper-chromium oxide phases.
With an increase of the treatment temperature the crystallynity of the
supported phases increases and mixed Cu-Cr oxide phases (as CuCr,Oy,
CuCrO, and CuCrO,) are obtained. This result is supported by the obtained
change of Cu'" to mixture of Cu'" and Cu®" in samples, respectively. All this
explains the observed high catalytic activity of the samples.
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Abstract

The influence if the temperature on the oxidation of MoS,/CaCl, mixture was
investigated. It was corroborated origination of CaSO,;, CaMoO, and MoO; as
main solid products at temperatures of 510°C and 610°C. Thermodynamic
calculations of standard enthalpy and standard Gibbs energy confirmed that two
chemical reaction of CaMoQ, origination could proceed spontaneously. In the
presence of oxygen this compound formed more probably via reaction of CaCl,
and MoO,Cl, than MoO;.

Introduction

The main products of MoS, oxidation are MoO; and SO,. In the mixture of NaCl
and MoS, those products react with NaCl producing Na,Mo,0; and some of
polymolibdates [1]. Oxidation of MoS, begins at temperature above 375°C
independently on the presence of NaCl. This reaction is always first step of the
very complex chemical process. The Cl, or molybdenum compound containing
chlorine generates at temperature above 400°C. Scanning electron microscopy was
confirmed melted layer on the surface on NaCl grain at the temperatures above
425°C, and EXD-analysis was confirmed the presence of molybdenum on the
surface of them. By x-ray analysis was also confirmed Na,S,0; generation, which
melts at the temperature of 425°C [2]. It suggests the melting of Na,S,S; is the
main reason for law temperature melting.

In the system metal sulfide/CaCl, chlorination also take place and the main
products of the reactions are metal chloride and CaSO,4 [3]. Metal chlorides
generates by the reaction of gaseous chlorine and metal oxides originated by
oxidation of metal sulfide. In the system MoS,-CaCl,-O, both SO, and MoQOj; can
react with CaCl,. It was the reason for beginning the study of this system.

Experimental

The equimolar mixture of MoS,/CaCl, was oxidized in air atmosphere during 30
min at the temperatures of 510 and 610 °C. X-ray diffraction analyze was used to
investigate the composition of solid rest. The Siemens D-500 diffractometer, with
Ni-filtered CuK,, radiation and Scanning speed of 0,02 °2®/s was used.

Results and Discussion

Following products was identified in the sample after oxidation: CaMo0Qy, CaSOy,
and MoO;. Some of the x-ray reflections of CaMoO,4 and MoO; overlap. The Fig.1
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shows the parts of the x-ray diffractogrames of the samples oxidized at 510°C and
610°C, respectively, and table 1 represents the results of the comparison of the
intensities of the three most intensive reflections of each compound. The main
product at 510°C is CaMoQ,, and at 610°C is CaSQ,. It is represented on the Fig.1.
Comparing the intensity ratio, Ig0/Is10, (Table 1) for all compounds, it can be seen
that the temperature influence positively on the formation of MoO;, and CaSOy,
and negatively on the formation of CaMoQ,.

G000 4 G000 -

- EAUR 61071 o Caho0y
v Mo
5000 5000 + CaSCy
w4000 - w4000 - +
- + . i
£ 3000 - T £ 3000 -
E om | - o = 200
+
1000 - B + 1000
I I L i aiany 0
10 15 20 25 30 35 40 45 50 015 20 25 30 35 40 45 50
2 2
Fig.1 X-diffractogram of the sample oxidized at 510°C
Table 1 Intensity ratio, ls;¢/I510
Angle d Intensity | Angle d Intensity
Compound | 20 A Cps, 20 A Cps, | Isio/Isio
510°C 610°C
MoO; 23,380 3,80177 704 23,352 3,80621 944 1,34

25,779  3,45317 1283 25,779 3,45317 2698 2,10
27,395  3,25301 750 27,363  3,25670 915 1,22

CaMoO, 18,692 4,74332 1647 18,664 4,75045 1110 0,67
28,802 3,09720 5457 | 28,796 3,09780 2805 0,51
47,172 1,92516 1614 | 47,136  1,92652 1102 0,68

CaSO, 25,528 3,48652 2985 | 25,511 3,48883 3660 1,23
31,377 2,84863 1283 31,384 2,84807 1481 1,15
40,893  2,20505 763 40,897 2,20485 1007 1,32

It is well known that the MoO,Cl, is the main product of the reaction of
MoOs; and Cl,. This compound is stable to 500°C, but in oxygen atmosphere it
decomposes to MoO; and Cl,. [4] At temperature of 553°C the vapor pressure of
MoOs; is only 0,1333Pa [5]. It is too little for significant transport of MoQO; to the
surface of CaCl, and reaction with it. Because we suppose that CaMoQO, forms at
510°C in the reaction of MoQO,Cl, with CaCl, or CaSOy:
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CaSO, + MoO,Cl, = CaMoO, + SO, + Cl, (1)
CaClz + M002C12 + 02 = CaMoO4 + 2C12 (2)

Thermodynamic calculations of standard enthalpy and standard Gibbs
energy confirmed that both chemical reactions could proceed spontaneously. Table
2 represents values of standard enthalpy and standard Gibbs energy for all
reactions, calculated for 510°C and 610°C.

Table 2. Calculated standard reaction enthalpy and standard Gibbs energy for
reactions (1) and (2).

Reaction @)) (2
Temperature AH ?,T > AG ?,T AH ?,T AG ?,T
kJmol
783K (510°C) 399,29 -15,77 -42,85 -115,25
883K (610°C) 413,77 -69,68 -46,55 -124,29

At temperatures near 500°C MoO,Cl, is still stable and both reactions could occur.
The temperature of 610°C is too high and MoO,Cl, decompose because no
reactions with CaSO, or CaCl, occur.

Conclusion

During oxidation of MoS, in a mixture with alkali or earth-alkali chlorides
chlorination of molybdenum does occur. Both products of oxidation, MoO; and
SO,, can react with chlorides. In the case of CaCl, two solid products originate,
CaS0O, and CaMoO,. We corroborate origination of these products at 510°C and
610°C by x-ray analysis and confirm that the growing temperature favors CaSO,
formation.

Acknowledgement

Financial support was provided by the Ministry of Science of the Republic of
Serbia (Proj.No.141049).

References

[1] D.Zlatanovi¢, Disertacija, Nis, 1999.

[2] W.L.Fielder, C.A.Stearns, F.J.Kohl, J.Electrochim.Soc., 1984, 131, 2414-2417.

[3] K.P.Perovié¢, Ispitivanje kinetike hlorovanja odabranih sulfida metala kalcijumhloridom,
Magistarska teza, Beograd, 1995.

[4] A.A .Furman, Neorganiceskie hloridi, Himia, Moskva, 1980.

[5] A.LEfimov, Svoistva neorganiceskih soedinenii-Spravocnik, Leningrad, Himia, 1983.

156



PHYSICAL CHEMISTRY 2008. C-8-P

KINETICS OF DEEP OXIDATION OF DIMETHYLAMINE
OVER Pt/Al,0; CATALYSTS

N. Radi¢, B. Grbié, Z. Arsenijevi¢, R. Gari¢-Grulovié¢ and Z. Grbav¢ic¢

!Institute for Chemistry, Technology and Metallurgy, Department of Catalysis and Chemical
Engineering, Njegoseva 12, Belgrade, Serbia
Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade, Serbia

Abstract

The dimethylamine deep oxidation has been studied over Pt/Al,O; catalysts with mean
Pt crystallite sizes of 1.0 and 15.5 nm. The turnover frequency is for order of
magnitude higher on the large Pt crystallites than for small Pt crystallites, indicating
that the reaction is structure sensitive. The observed changes in dimethylamine reaction
orders from 1 to 0 are interpreted on the basis of two kinetic mechanisms, Mars van
Krevelen and model based on non equilibrium adsorption of oxygen and strong
adsorption of dimethylamine on different active sites.

Introduction

Catalytic combustion of volatile organic compounds (VOCs) on noble metals is a
widely used method to remove VOCs from industrial waste gases, especially in
processes with high flow rates of waste gases and low concentrations of VOCs [1].
Typical catalysts for deep oxidation of VOCs are based on precious metal. For
supported noble metal catalysts, any reaction whose rate is affected by the change
in particle size is said to be structure sensitive [2]. Most studies have reported that
the specific activity of supported noble metal is known to depend on metal
crystallite size [3,4]. The aim of this work is to conducting kinetic investigations of
the dimethylamine (DMA) deep oxidation over the Pt/Al,O5 catalyst with platinum
mean crystallite size of 1.0 and 15.5 nm, in order to determine whether the
investigated reactions were structure sensitive.

Experimental

Catalysts preparation- Catalysts were synthesized by impregnation of a (y + 6)
ALO; support by an aqueous solution of hexachloroplatinic acid. After the
adsorption of hexachloroplatinic acid the catalyst was filtered, rinsed with distilled
water, air-dried and reduced. The average Pt crystallite size of the sample prepared
by the above procedure was 1.0 nm. In order to affect the Pt particle size the
catalyst synthesized in the previous procedure was calcinated in air at 700 °C for 48
h. The sintered catalyst had a crystallite size of 15.5 nm.

Catalysts characterization- The platinum dispersion measurements were
performed by CO chemisorption at a temperature of 24 =+ 0.2 °C using a pulse gas
chromatographic method, home-made apparatus.

Kinetic measurements- The kinetics experiments of DMA oxidation were
performed in a fixed bed catalytic reactor, made of a stainless steel tube having 6 mm
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0.d., 4 mm i.d. and 115 mm in length. Catalytic reactor was situated within gas
chromatograph Shimadzu 14-A in the oven that is originally designed for commercial
on-column injector OCI-14. Reactor was loaded with 0.100 g of crushed Pt/Al,O;
catalysts, which is near to a volume of 0.135 cm’. Applied air flow rates through the
catalyst bed corresponded to the space velocity of 17500 h™'. The kinetics
measurements were performed under steady state conditions and at conversion of
DMA below 10%, to ensure the validity of a differential reactor assumption. The
reaction rates were expressed as a turnover frequency (TOF), defined as the number of
the molecules reacting per second per one exposed Pt atom.

Results and Discussion

The TOF values for DMA oxidation is presented as a function of temperature in Fig. 1.
TOF values was calculated from conversion data in kinetic region and at constant

DMA concentration of 1700 ppm. Eoe

The turnover frequencies for DMA
oxidation are for order of magnitude 80.
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Fig. 2. TOF of DMA oxidation on Pt/Al,O; catalysts with (a) dp-1.0 nm and (b)
dp-15.5 nm as function of DMA concentration; Symbols: experimental data.
Dashed lines: Mars van Krevelen model; Filled lines: Model based on adsorption
of reactants on different active sites.
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The two classical kinetic models, Mars van Krevelen and model based on
adsorption of reactants on different active sites, were used to fits and interpret the
obtained results.

The values of apparent activation energies and the pre-exponential factors
for the surface reactions rate constant &; and the oxygen adsorption rate constant ko,
evaluated from Mars van Krevelen model, are summarized in Table 1.

Table 1. The kinetic parameters for DMA oxidation according to Mars Van
Krevelen kinetic model

dp (nm) Ko (s ki (s)
1.0 2.5 x 10™exp[-123000/RT] 5.1 x 10”exp[-117500/RT]
15.5 1.3 x 10"exp[-108000/RT] 1.1 x 10"7exp[-117000/RT]

According to Mars van Krevelen mechanism, the activation energy for
oxygen chemisorption rate constant (k,) decreases with the increase of the Pt
crystallite size and the apparent activation energy for the surface reaction rate
constant (k;) is independent on the Pt crystallite size.

The values for k, and k; obrained from model based on adsorption of
reactants on different active sites were equal to those obtained in Mars van
Krevelen mechanism. This kinetic model suggest that adsorption of DMA play a
significant role in overall reaction mechanism.

Conclusion

The calculated kinetics parameters from Mars van Krevelen mechanism fit fairly
good experimentally measured TOF values. Rate equation based on adsorption of
oxygen and DMA on the different active sites fit the kinetic data better than the
Mars van Krevelen model.

A observed correlation between kinetic parameters and oxygen reactivity,
suggesting that on large Pt crystallites oxygen involved in surface reaction is
loosely held, enhancing the reactivity in complete oxidation of DMA. The changes
in the reactivity of oxygen with the Pt crystallite size can explain the structure
sensitivity found for DMA deep oxidation.
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Abstract

The effect of the preparation method on the activity of Cu-Mn spinel oxide
catalysts for low-temperature water-gas shift reaction (WGSR) was studied. Single-
step urea-combustion and coprecipitation procedures were used for synthesis of the
catalysts. The -catalytic activity tests in idealized and realistic reformate
demonstrated the superior performance of combustion-prepared catalyst. The
comparison of WGS activity of these catalysts with that of commercial CuO-ZnO-
Al,O; pointed out the potential application of Cu-Mn catalysts in low-temperature-
WGSR. The results revealed that combustion synthesis leads to the preparation of
very active and stable Cu-Mn catalysts.

Introduction

The WGSR is well established industrial process for hydrogen generation by
conversion of CO in hydrogen-rich gas streams. The need of high-purity hydrogen
for fuel cell application stimulates a great activity in the design of novel, highly
active and stable WGS catalysts. Copper is often used as an active component in
LT-WGS catalysts. The problem with the tendency of Cu to deactivate could be
tackled by applying novel preparation methods. Different synthesis procedures
have been employed for preparation of Cu-Mn spinel oxide catalysts [1]. To date,
measurements of the WGS activity on combustion-prepared Cu-Mn catalysts in
idealized and realistic reformate have not been reported. Recently, some of us have
demonstrated that the urea-nitrates combustion method is an attractive technique
for preparation of Cu-Mn catalysts with favorable characteristics and catalytic
properties for steam reforming of methanol [2]. The aim of this study was to
examine the role of the preparation method on the activity of Cu-Mn spinel oxides
in the WGSR at low temperature.

Experimental

Two different routes were used for the preparation of Cugz;Mng7 catalysts -
single-step urea-combustion synthesis (CuMn-CB) and coprecipitation (CuMn-
CP). The combustion method (CB) involved autoignition of mixed solution of urea
with manganese nitrate and copper nitrate (75% excess of urea) in an open muffle
furnace (preheated at 400-500 °C). The powder was further heated at 550 °C for 1
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h in order to obtain pure, well-crystallized Cu—Mn catalyst. The coprecipitation
(CP) took place by mixing aqueous solutions of manganese and copper nitrate with
Na,COs at 80 °C, keeping a constant pH value of 8.2 and aging the resulting
precipitate at 80 °C for 6 h. After aging, the precipitate was filtered and washed.
Further, the precipitate was dried at 100 °C and calcined at 700 °C for 7 h. The
catalysts were characterized by N, physisorption, XRD, CO-TPR and TPD after
CO adsorption. The WGS activity was evaluated in a conventional flow reactor.
The following conditions were applied: catalyst bed volume 0.5 cm® (0.63-0.80
mm pellets), space velocity 4000 h™', and partial pressure of water vapor — 31.1
kPa. The activity tests were performed after slow reduction up to 250 °C in the
reaction gas mixture (CO/Ar + H,0). The influence of reaction gas mixture,
including idealized reformate (4.492 vol.% CO/Ar) and realistic reformate (15
vol.% CO, 10 vol.% CO,, 63 vol.% H,, 12 vol. % Ar) were investigated.

Results and Discussion

The BET surface area of both Cu-Mn spinel oxide catalysts is quite low (Sgpr =
5.8 and 5.9 m*/g for CB- and CP-prepared samples, respectively). XRD patterns of
fresh catalysts correspond to the spinel phase Cu;sMn;sO; and Mn,O;. No
detectable diffractions of copper oxide crystallites can be distinguished in both
catalysts most probably due to incorporation of the copper ions in the spinel
lattice. XRD analysis of used Cu—Mn catalysts showed that the spinel phase
has not been completely decomposed after testing under WGSR conditions up
to 240 °C and various Cu,Mn,O, spinel phases are still present and co-exist with
MnOjy and copper oxide phases. The exact phases are hardly distinguishable due to
the presence of many overlapping peaks.

The reduction profiles of Cu—Mn catalysts are very similar and are
characterized by a single peak centered at about 450 °C. The amount of CO
consumed during TPR is the same for both samples and corresponds to reduction
of both CuO (to Cu’) and Mn,O; (to MnO). The comparison with the TPR profiles
of pure CuO (peak maximum at 330 °C) and of pure Mn,0O; (broad low-
temperature shoulder at 300-500 °C with a peak maximum at 520 °C) indicates
that manganese ions are reduced at lower temperatures compared with pure
Mn,0;. This behavior is due to the promoting effect of copper on the reduction of
manganese ions in the spinel. TPD runs after CO adsorption at room temperature
showed that: i) no CO adsorbs on pre-oxidized samples; ii) very low amounts of
CO are adsorbed on pre-reduced CuMn-CB, while no CO or CO, were detected
during TPD over CuMn-CP.

The WGS activity of both samples in idealized and realistic reformate (Fig.
1A and B) revealed the superior catalytic performance of combustion-prepared
catalyst. This sample reached 95 %CO conversion at 180 °C in idealized reformate
and 90 %CO conversion at 220 °C in realistic reformate.
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Fig. 1. Temperature dependence of CO conversion during WGSR in:
A - idealized reformate; B - realistic reformate.

A favorable advantage of Cu-Mn catalyst is its stability. It is known the
problem with commercial low temperature shift catalysts composed of
CuO/Zn0O/Al,0s3, that degrade quickly after exposure to oxygen-containing stream.
In order to simulate a shutdown step in the reaction process, the effect of decrease
in reaction temperature was explored. The same WGS activity in the whole
temperature range was observed after cooling in a wet gas mixture. The stability of
Cu-Mn catalysts may be attributed to stabilization of metallic copper particles
formed under reaction conditions due to interaction with the host oxide MnO. The
catalytic performance of Cu-Mn oxide catalysts was compared to commercial low-
temperature CuO-ZnO-Al,O;. The results indicated that CuMn-CB is more active
than commercial sample in realistic conditions.

Conclusions

The results of comparative study of two preparation method demonstrated that
combustion synthesis is very suitable method for preparation of active and
stable Cu-Mn spinel oxide catalysts for low-temperature WGSR. The comparison
with commercial CuO-ZnO-AL,O; revealed the potential applicability of
combustion synthesized Cu-Mn spinel oxide catalysts in LT-WGSR.
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Abstract

The series of Re,0,/y-Al,O5 catalysts (15.3 wt.% Re,05) promoted with Ni, Co and
K additives were prepared by incipient wet impregnation. The in situ pre-sulfided
catalysts were tested in water-gas shift reaction (WGSR) in sulfur-containing feed.
The synergistic effect is observed in CoRe/y-Al,O; catalyst. The KCoRe system is
a promising catalyst for WGSR with sulfur-containing feed reaching the
equilibrium conversion degree still at 270°C.

Introduction

The water-gas shift reaction (WGSR) as well as the steam reforming of methane is
the most economical processes for hydrogen production. A revival of the interest in
the WGSR is observed because of the hydrogen consumption increase, coming
from the fuel-cell power system development [1-4].

The development of sulfur-resistant catalysts is expected to help to increase
the versatility of the syn-fuel process. A number of papers have appeared studying
predominantly sulfided unpromoted and promoted CoMo and NiMo systems [5-8].

Alumina-supported Re-based catalysts have been used in various reactions
as hydrogenation, metathesis, reforming. Some recent publications appeared about
their application in the hydrodesulfurization and hydrodenitrogenation process [9,
10]. According to our knowledge, these catalysts have not yet been investigated in
WGSR conditions. This prompted us to study the activity of Re,O/y-AL,O5 system,
with Ni, Co and K as additives, for the H, production from sulfur-containing feed
via the WGSR.

Experimental

The single-component Re (15.3 wt.% Re,05), Ni (3 wt.% NiO), Co (3 wt.% CoO)
and K (5 wt.% K,0) samples were prepared by incipient wet impregnation of the y-
Al,O; support (BASF D10-10) with aqueous solutions of the corresponding metal
salts followed by drying at 105°C and calcination at 450°C. The nickel and cobalt
was added as second component and the potassium was introduced either as a
second or a third component to single-component Re sample, following the same
preparation procedure of drying and calcination. The synthesized bi- and tri-
component samples were denoted as KRe, NiRe, CoRe, KNiRe and KCoRe. The
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weight content of the Re,O; corresponded to a surface density of 2 atoms Re/nm’
support.

The calcined samples were pre-sulfided in situ (6 vol.% H,S in H, at 400°C
for 2 h) in continuous-flow reactor. The WGSR was carried out with gaseous
mixture of 2 vol.% H,S, 7.8 vol.% CO, 90 vol.% Ar. The returning to the initial

reaction conditions (400°C and 4000 h™") at the end of each temperature cycle is
applied in order to verify if the deactivation has taken place.

Results and Discussion

Figure 1 illustrates that the CO conversion of the studied samples decreases in the
following order:

KCoRe > CoRe > KNiRe > NiRe = Re > KRe > Ni = Co >> K.

1004 - _eqiulibrium conversion degree

& 80 —*—Re

=2

T::/ —a—KRe
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Fig. 1. Catalytic activity of the pre-sulfided Re-containing and one-component
Ni, Co, K samples.

Potassium deposition (KRe sample) decreases the activity of Re sample,
while nickel addition has no significant influence. The cobalt additive (CoRe)

raises the conversion in the whole temperature range of 180-400°C, showing, at
higher temperature, activity comparable to that of KNiRe.
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(=] (=} (=}
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Fig. 2. Comparison of the activity of bi-component NiRe and CoRe samples with

the sum of conversion degrees of one-component samples.
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The best performance is given by the tri-component KCoRe sample, for
which CO conversion comparable to the equilibrium conversion degree is reached
already at 270°C. No deactivation has taken place at the return to the initial reaction
conditions (400°C and 4000 h™").

Fig.2 compares the activities of the bi-component NiRe and CoRe catalysts
with the added activities of the one-component Ni, Co and Re samples. It may be
seen that in the temperature range of 180-250°C the activity of CoRe catalyst
shows a synergetic effect as compared to the sum activity of its single components,
while an opposite phenomenon is observed for NiRe catalyst.

Conclusions

KCoRe system has been identified as a promising catalyst for WGSR with sulfur-
containing feed in the 250—400 °C temperature range.
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Abstract

Microwave (MW) irradiated bovine serum albumin (BSA) and bromphenol blue
(BPB) complex was used as substrate for the assay of pepsin by kinetic method.
Decreased reaction velocity under absorbed MW energy and constant temperature
was observed.

Introduction

Identifying and evaluating the biological effects of microwave (MW) have been
complex and controversial. Because of the paucity of information on the
mechanism of interaction between MW and biological systems, there has been a
persistent view that MW fields are incapable of inducing bioeffects other than by
heating. Using microwaves to promote reaction rates of chemical reactions become
routine [1, 2]. Their application in enzyme-catalyzed reactions is relatively limited
[3]. In general, it is believed that the reactions are accelerated since the molecules
absorb energy by two modes: dipole rotation and ionic movement. There is
evidence that microwaves cause different biological effects depending upon field
strength, frequencies, waveforms, modulation and duration of exposure [4].

Experimental

Bovine serum albumin (BSA), Brom-phenol blue sodium salt (BPB) and Porcine
pepsin A were purchased from Sigma Aldrich and used without further
purification. MW irradiation was performed in a single mode focused CEM reactor
(Model Discover, CEM Co., Matthew, NC) working at 2.45 GHz. External cooling
the reaction mixture provided the constant temperature and irradiation power of
0.45 W/g. Enzyme assay was performed in Gly-HCI buffer solution at pH 2 and
37° C using BSA-BPB as a substrate [6]. Lineweaver-Burk double reciprocal plots
were used to analyze the effects of MW treated substrate on reaction kinetics.

Results and Discussion

The water solution of BSA (10 g/ 100 ml) was used for further substrate
development. The appropriate amount of dye (BPB) was dissolved in the minimum
amount of ethanol, diluted with glycine buffer pH 2.0 to the concentration of 1
mM. 1.80 ml of BSA solution was added to 3.0 ml of BPB solution, mixed well
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and make up to 20 ml with glycine buffer pH 2.0. The final concentration of
substrate solution was 150 uM [6]. Albumin combines with BPB at pH 2.0 to give
a product having a different color from the original dye (Figure 1).

0.6 ——— Control
1 —— 10 min
0.5 —— 20 min
° 1 ——— 30 min
2 04 ——— 40 min
= |
Z
< 0.3 4
0.2 4
0.1+
T T T T T T T T T T 1
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Fig. 1. Changes in absorption spectra of BSA-BPB complex under different MW
exposure time at 37°C and pH 2.

The composition of BSA-BPB complex was determined by application of
the low of mass action to the assumed equilibrium:
mBSA+nBPB < BSA, — BPB,

where m and n represents of molecule reacting. We also determined that albumin
and bromphenol blue react in one-to-one molar ratio. There are two absorption
peaks, at 445 nm and 605 nm. Induced MW irradiation did not degrade formed
complex, but influence on its protein part, probably causing conformational
changes in BSA, which manifests in decreased absorbance at characteristic
maximum. Pepsin acting on this complex appears to break it up and regenerate the
free BPB (the characteristic absorption maximum at 445 nm increased with release
of free dye, while maximum at 605 nm decrease implying degradation of BSA-
BPB complex). The change in absorbance during enzymatic reaction was followed
at 605 nm.

To evaluate kinetic parameters of induced inhibition effects by microwave
irradiated substrate, Lineweaver — Burk linearization of Michaelis equation was
used. The Michaelis Menten constant (K,,) and maximum reaction rate (V.x) as
well as apparent values for Ky, and Viaeapp in @ presence of inhibition effects of
microwave irradiated substrate were derive from double reciprocal Lineweavre-
Burk plot (Table 1). Catalytic constant k¢, and catalytic effectiveness ke, K, 'ina
presence of MW treated substrate were also calculated.

167



PHYSICAL CHEMISTRY 2008. C-11-P

= Control
® S5
_ A S20
o) 1.0
_E
=
=
2
0.5+
UK, S~ WV
A\ o

aY
0.00 0.05 0.10
[BSA-BPB]' (M)

-0.05

Fig. 2. Lineweaver-Burk plot of pepsin inhibition caused by MW treated substrate.
! - control reaction under conventional heating in water bath at 37°C; , - reaction
with irradiated BSA-BPB solution for 5 minutes; 7 - reaction with irradiated BSA-
BPB solution for 20 minutes.

Tabe 1. Kinetic parameters evaluated from double reciprocal Lineweaver-Burk

plots
Vmaxapp I<mapp kcat kcat I<m-1
(uM min™) (uM) (min™") (min”' pM™
Control 3.51 19.28 2.34 0.121
S5 3.03 18.02 2.02 0.112
S20 2.56 18.23 1.71 0.094

Conclusion

The MW irradiation causes conformational changes in protein part of substrate
complex and consequently a decrease of enzymatic activity as a function of the
absorbed MW irradiation dose of substrate.
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Abstract

An extracellular lipase from Pseudomonas aeruginosa ATCC 27853 is active in a
solvent free system where organic solvent (methanol) represent nucleophyle so the
reaction of hydrolysis is replaced with reaction of transesterification. Gas
chromatography analysis confirmed the formation of methyl-esters (methyl
palmitate and methyl laurate) as products of enzyme reaction in methanol.

Kinetic parameters for the lipase reaction in solvent free media were
determined showing that the enzyme affinity for p-NP caprylate is the highest. On
the other side ratio Vmax/Km decreases in order: p-NP palmitate, p-NP caprylate,
p-NP laurate, p-NP butyrate, suggesting that specificity for p-NP palmitate is
significantly higher than for p-NP caprylate and butyrate.

Introduction

The use of enzymes in organic media has been one of the most exciting challenges
of enzymology in recent times. Namely, it was found that there were numerous
advantages of using enzymes in organic solvents or aqueous solutions containing
organic solvents compared with water, such as increased solubility of nonpolar
substrates, shifting thermodynamic equilibria in favor of synthesis over hydrolysis,
avoiding side reactions, elimination of microbial contamination in reaction
mixtures [1,2]. For non-aqueous enzymatic reaction, different solvent systems have
been employed: cosolvent systems, two-phase systems, nearly anhydrous systems,
ionic liquids and solvent free systems [3]. Lipases, besides proteases, are enzymes
which continue to dominate in applications in the nonaqueous media.

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are ubiquitous in nature,
catalyzing the hydrolysis of water insoluble triglycerides to di and mono
acylglicerides, free fatty acids and glycerol. Lipases have been utilized for
esterification, transesterification and the resolutions of chiral substrates. Lipases act
on water insoluble compounds in an emulsion system that is favorable for its
activation. Generaly enzymes are not stable in organic solvents and have tendency
to denature, but lipases usually remain stable and active in organic solvents without
any stabilizer. The stability in organic solvents has been reported for lipases from
different microorganisms but it appears that the most widely and extensively used
lipases in organosynthetic reactions in biotechnology originate from Pseudomonas
[3-6]. Obviosly genus Pseudomonas is attractive and promising because of its
enantiospecific biocatalytic efficiency and high organic solvent tolerance [7].
Between many potential biotechnological applications of lipases, the production of
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biodiesel, an alternative diesel fuel (methyl esters of long fatty acids) attracts
particular attention of scientific community nowadays offering several advantages
over the chemical routes [8,9].

Results and Discussion

The solvent free media are preferred over nearly anhydrous solvent media because
the use of solvent free media allows avoiding the unnecessary expenditure on the
solvents and obviates the need for evaporating the solvent for recovery of the
product [10].

As it was previously found that lipase from P. aeruginosa ATCC is stable in
different organic solvents in concentracion 30 %, 50 %, 70 %, and active in
cosolvent system methanol/water, it was assumed that the lipase could be active in
a solvent free system where organic solvent would be utilized as nucleophyle so
the reaction of hydrolysis would be replaced with reaction of transesterification.
Enzymatic reaction was carried out in methanol as a nucleophile, by lipase powder
using of p-NP-esters, as substrate. Gas chromatography analysis confirmed the
formation of methyl-esters (methyl palmitate and methyl laurate) as products of
enzyme reaction in methanol. This is suggesting that lipase from P. aeruginosa
ATCC 27853, represents a new opportunity in the area of applied enzyme catalysis,
in non water media particularly in methanolysis of vegetable oils using lipase, for
the production of biodiesel.

The optimum temperature for the lipase reaction in solvent free system is 45
°C. ATCC lipase is stable at 45 °C for 50 min with remaining activity of 70 %.
After the incubation at the temperature of 50 °C and 55 °C lipase activity in solvent
free system is reduced to 50 % after 10 and 5 minutes respectively.

Kinetic parameters for lipase reaction in solvent free media were determined
and it is shown in table 1.

Table 1. Kinetic parameters of P. aeruginosa ATCC 27853 lipase in
methanol

Substrate Viax x 107 Km x 107 Ve \Km
(mol/L min) (mol/L) (1/min)
p-NP-palmitate 0.169 5.2 0.0325
p-NP-laurate 0.127 7 0.0181
p-NP-caprylate 0.053 2.105 0.0251
p-NP-butyrate 0.104 17.86 0.0058

Obviously Km decreases in the following order: p-NP butyrate, p-NP laurate, p-NP
palmitate p-NP caprylate, meaning that the affinity of enzyme for p-NP caprylate is
the highest. On the other side ratio Vmax/Km decreases in order: p-NP palmitate,
p-NP caprylate, p-NP laurate, p-NP butyrate, suggesting that specificity for p-NP
palmitate is significantly higher than for p-NP caprylate and butyrate.
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Conclusion

The study has shown that extracellular lipase from P. aeruginosa ATCC 27853
successfully catalyses transesterification in methanol. It seems as quite possible
that many enzymes can function in organic solvent but the challenge is finding
the appropriate conditions, what could create new opportunities in the area of
applied enzyme catalysis, particularly in methanolysis of vegetable oils using
lipase, for the production of biodiesel.
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Abstract

The equilibrium and kinetics of the reaction between tetrachloroaurate(Ill) ion
(AuCly) and quercetin in 0.1 M HCIO4 were studied spectrophotometrically. The
fast and the slow reaction steps were distinguished in the reaction mechanism,
depending on the ratio of AuCl,” and quercetin concentration. The stoichiometry of
reaction, determined by molar ratio and Jobb’s methods, was 1:1. The kinetics of
complex formation was followed under the pseudo-first order conditions by
measuring the absorbance at 294 nm vs. time as the function of quercetin
concentration in 5 — 15 fold excess.

Introduction

The interaction of flavonoids with metal ions may change the antioxidant activity
and biological effects of flavonoids [1]. Quercetin (Q) is of a great importance for
the potential biological and clinical use, because it is a potent inhibitor of some
enzymes (myeloperoxidase, reductase) and has the antioxidant properties due to
free radical scavenging. Au(Ill) is a strong oxidizing agent and is, therefore, highly
toxic. One of the most investigated complexes of Au(Ill) with halogens is the
tetrachloroaurate ion. The reaction between Au(Ill) and different flavonoids as the
analytical method for the determination of gold in cosmetic preparates was
investigated previously [2]. The aim of this work was to investigate the reaction
between Q and [AuCl,]".

Experimental

All chemicals were of reagent grade quality. Absorption spectra and kinetic
experiments were performed on the Perkin Elmer Lambda 35 UV-Vis
spectrophotometer fitted to the universal rapid kinetic accessory HI-TECH model
SFA 12. The chromatographic experiments were performed on Waters ACQUITY
Ultra Performance Liquid Chromatography (UPLC) system, using an ACQUITY
UPLC™ BEH Cs, 1.7um, 50mmx2.lmm column as a stationary phase. The
mobile phase was composed of 0.5 vol % H;PO, in water (A) and acetonitrile (B)
(A:B=70:30) at a constant flow rate of 0.4 mL/min.
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Absorbance

Results and Discussion

Absorption spectra and chromatograms
The reaction between [AuCly] and Q was studied spectrophotometrically in 0.05M
HCIO, 1:1 water/methanol solution. The absorption spectra of solution containing
equimolar concentrations of Q and [AuCl,] (2.5%x10°M) in 0.05M HCIOy as the
function of time are presented in Fig. 1A. Quercetin has the absorption spectra with
the maxima at 250 and 370 nm. The decrease of the intensity of these bands and
the simultaneous rising of the absorption band at 294 nm indicates the formation of
the typical oxidation product due to the Q oxidation by Au(Ill). The spectral
changes were followed by two
quite well defined isobestic
points at 273 and 323 nm. The
1 reaction was almost completed
after 35 min under the given
experimental conditions.
The analysis of chromatogram
(Fig.1 B) indicates clearly, that at
least three oxidation products and
neutral quercetin form are
detectable in solution. These
. 200 300 400 0.0 0%5 1{0 1.5 prOduCts were ldentlﬁed
A Cm) according the literature data [3]
and are given in Table 1. They

Fig. 1. Time dependence of A) absorption spectra  resulted from solvent addition
of 2.5x10°M Q and [AuCl,] in 0.05M HCIO, 1:1 (methanol or/and water) to p-
water/methanol solution; B) chromatogram of the
same solution obtained at 294 nm (injection vol-
ume 10 pL).

quinonemethide, formed by two-
electron oxidation of Q [3].

Kinetic studies
It is reasonable to assume that oxidation of Q proceeded as the consequence of the
formation of the short time living intermediate formed between [AuCl,] ion and Q.
The absorption band with low molar absorptivity, in the wavelength range from
400 to 550 nm (data not shown) can be ascribed to the short living complex
between [AuCly] and Q.

The complex formation was
Table 1. Spectrophotometric and UPLC data followed at 450 nm. in the excess
for Q, [AuCly] and their reaction products in ’

f der th do first ord
0.05M HCI10, 1:1 water/methanol solution of Q, under the pseudo first order

conditions. The concentration of

oh0 ;8(33) 72“;3* (nm) [AuCL] was 2.5%10° M, since Q
SHEOMeOH 316 204 concentration ~ was  between
QMeOH 457 204 1.25x10° M and 5x10° M. The
QH, 61.6 254,370 rise and fall of the absorbance at
[AuCly] 213.2 225,315 450 nm as a function of time (Fig.

2) is characteristic for a reaction

173



PHYSICAL CHEMISTRY 2008. C-13-P

(1) that involves an intermediate C in the overall process during which Q and
AuCly react to give the oxidation product, QX:

Jfast
O+ AuCl; ——C—" 5 0x (1)
QX represents all possible reaction products obtained due to the oxidation of

quercetin [3] and C represents the complex between [AuCly] and quercetin. The
dependence of concentration on time can be presented as:

fe] = [e], (™ —e ™) @
kz - kl

where k; and k; are pseudo first order rate
constants for complex formation and
oxidation process, respectively, and [c]., is
the concentration on the plateau of c vs. t
curve. Using Eq. 2, the rate constants
k;=0.030 s and k,=0.002 s for the
solution containing [AuCly] = 2.5x10° M
and [Q] = 1.25%x10° M were obtained. oor
The recalculated results by using these
constants are in good agreement with the o
experimental data. These finding supports ’
the proposed reaction model.

0.04 -

Fig. 2. Kinetic curve for formation
of complex between Q and [AuCl,]

recorded at 450 nm (Cq= 1.25x107
M; Cauciu-=2.5%x10"° M)

Conclusions

The reaction between quercetin and [AuCly] in 0.05M HCIO,4 1:1 water/methanol
solution leads to the oxidation of quercetin, which resulted in the formation at least
three oxidation products. The proposed reaction mechanism involves the complex
formation between Q and [AuCl,]". For investigation conditions kinetics of reaction
between Q and [AuCly]” was followed under the pseudo-first order consecutive
reaction.
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Abstract

Two series of (Ag)NiMg/SiO, catalysts are synthesized on SiO, support derived
from two silica sources: diatomite activated at 800°C (Series a; Mg/Ni=0.1 and
Si0,/Ni=1.07) and synthetic water glass (Series b; Mg/Ni=0.1 and SiO,/Ni=1.15).
The modification with silver is made at three molar Ag/Ni ratios, namely 0.0025,
0.025 and 0.1.

The effect of the source of SiO, support as well as of the Ag presence and
content on the nickel oxidation state in the co-precipitated (Ag)NiMg/SiO,
catalysts after reduction-passivation procedure are studied by XPS.

The peak-fitting of the composite Ni2p level confirms that nickel on the
surface is presented in Ni’ and Ni*" oxidation states. The higher content of Ni’ on
the surface of the diatomite supported catalysts shows that the metallic nickel is
more stable to oxidation in comparison of the water glass supported ones.

Introduction

Nickel supported on a SiO, carrier is the most commonly used catalyst for
hydrogenation of vegetable oils. It has been published that Ni-Mg catalysts,
supported on SiO, derived from two siliceous sources, either diatomite or water
glass, demonstrate both high soybean oil hydrogenation activity and high quantity
of detrimental frans fatty acids (TFAs) production [1]. According to our data, the
addition of Ag to the nickel/diatomite catalyst suppresses the TFAs formation in
the hydrogenated products [2].

It is known that the metallic Ni is the active component in the vegetable oil
hydrogenation catalysts. The X-ray photoelectron spectroscopy (XPS) supply
useful information about the changes in the oxidation state of the components on
the catalyst surface.

It presents some interest to study the effect of the source of SiO, support as
well as of the silver presence and content on the nickel oxidation state in
(Ag)NiMg/SiO, catalysts after reduction-passivation procedure. The last procedure
is applied with purpose to monitor the stability of surface metallic Ni to oxidation.
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Experimental

Sample preparation

(Ag)NiMg samples were synthesized on two silica sources of SiO, support:
diatomite activated at 800°C (Series a; Mg/Ni=0.1 and SiO,/Ni=1.07) and synthetic
water glass (Series b; Mg/Ni=0.1 and SiO,/Ni=1.15). Co-precipitation of
corresponding metal nitrates with Na,CO; at 90°C and pH=10.00+0.05 was
applied. The modification with silver is made at three molar Ag/Ni ratios, namely
0.0025, 0.025 and 0.1. These ratios are noted as a number at the sample denotation.
The both Ag free samples are marked by zero (AgNiD-0 and AgNiWG-0).

The reduction-passivation procedure was performed by: (i) dry reduction at
430°C for 5 h with a Hy:Ar (1:1) gas mixture; (ii) cooling down to room
temperature in the same gas mixture; (iii) passivation of the reduced precursors
with a mixture of 350 ppm O,/N, at room temperature.

Sample Characterization

The electronic properties of the reduced precursors were investigated by X-ray
photoelectron spectroscopy (XPS). The measurements were performed in a VG
ESCALAB 1I electron spectrometer using AlK, radiation with energy of 1486.6
eV. The binding energies (BE) were determined with an accuracy of + 0.1 eV
utilizing the Cls line at 285.0 eV (from an adventitious carbon) as a reference. The
composition and chemical surrounding of the films were investigated on the basis
of the areas and binding energies of Cls, Ols, Ni2p;,, Ag3d, Mg2p and Si2p
photoelectron peaks (after linear subtraction of the background) and Scofield’s
photoionization cross-sections.

Results and Discussion

The general view of the Ni2p level evidences two types of the nickel oxidation
states. The binding energy (BE) values Ni2p;, peak reveal that nickel is present as
Ni** oxidation state in all reduced samples in the range of 855.4-857.1 eV for
Series a and 855.4-856.7 eV for Series b. These values characterize Ni** state in
Ni-O species. The asymmetry of the main Ni2ps, peak towards lower binding
energy values presumes the presence of Ni’ oxidation state (BE=853 eV). This
oxidation state is supported by X-ray diffraction and magnetic susceptibility data.

Table 1. XPS data of the (Ag)NiMg/D samples (Series a)

Nickel oxidation

Sample N;if;é}??:i;?g state cczr;r)ibution Ni’/Ni** ratio
Ni’ NiZ* Ni’ Ni*
AgNiD-0 853.5 856.6 5.6 94.4 0.059
AgNiD-0.0025 852.2 854.8 6.5 93.5 0.070
AgNiD-0.025 851.9 855.2 11.0 89.0 0.124
AgNiD-0.1 853.5 856.7 13.9 86.1 0.161
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The peak-fitting of the composite Ni2p level (Tables 1, 2) confirms that nickel
on the surface is presented in Ni’ and Ni** oxidation states. The obtained data
manifest that Ni’ contribution of the samples on diatomite support (Table 1)
changes within a wider range of 5.6—13.9 %, while its contribution in the samples
on water glass support varies in the 3.6—6.3 % range (Table 2). The silver presence
and content increase the Ni’ oxidation state contribution on the (Ag)NiMg/D
samples. On contrary, this effect is not clearly pronounced in the (Ag)NiMg/WG
samples.

Table 2. XPS data of the (Ag)NiMg/WG samples (Series b)
Ni2ps), binding Nickel oxidation state

Sample energy (eV) contribution (%) Ni%Ni?" ratio
Ni’ Ni** Ni’ Ni**
AgNiWG-0 853.6 856.6 3.6 96.4 0.037
AgNiWG-0.0025 852.5 855.0 6.1 93.9 0.065
AgNiWG-0.025 852.8 856.0 4.5 95.5 0.047
AgNiWG-0.1 852.3 854.9 6.3 93.7 0.067

The higher content of Ni’ on the surface has been demonstrated by diatomite
supported samples, where the metallic Ni crystallites possess larger size
(chemisorption data). Obviously, the lower dispersed Ni’ particles are more stable
to oxidation. On contrary, the higher dispersed Ni’ particles on water glass are
more susceptible to oxidation.

Conclusions

In conclusion, the source of SiO, support as well as of the silver presence and
content affect the nickel oxidation state. The surface metallic Ni on
(Ag)NiMg/diatomite catalysts is more stable to oxidation.
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Abstract

Two series of silver modified Ni-Mg materials with close composition are
synthesized on SiO, support derived from two silica sources: diatomite activated at
800°C (Series a; Mg/Ni = 0.1 and SiO,/Ni = 1.07) and synthetic water glass (series
b; Mg/Ni = 0.1 and SiOy/Ni = 1.15). The silver content corresponds to the molar
ratios of Ag/Ni = 0.0025, 0.025 and 0.1.

The effect of the support nature and the amount of silver modifier on the
reducibility of Ni*" ions in Ag-NiMg/SiO, materials is established by temperature-
programmed reduction. The enhanced nickel reducibility due to the silver addition
depends on the source and the preliminary thermal treatment of both SiO,-
containing carriers. This fact may be related to the formation of Ni*" species of
different strengths as a result of the metal-support interaction phenomenon. It has
been elucidated that the usage of water glass as silica precursor causes reduction of
Ni** species in all modified samples at temperatures significantly lower than in
their analogues prepared on silica derivates from diatomite.

Introduction

Temperature-programmed reduction (TPR) technique has been widely used in
studying the reduction behavior of supported and unsupported catalysts. The main
feature of the method is its capability of continuously monitoring the consecutive
reactions of reducible species at increasing temperatures.

Hydrogenation of vegetable oils is an important practice in the modification
of fats and oils. Currently, the most applied commercial catalyst is active nickel
supported on inert carriers as SiO2 or AI203.

Recently, it has been published that Ni-Mg catalysts, supported on SiO2
derived from two siliceous sources, either diatomite or water glass, demonstrate
both high soybean oil hydrogenation activity and high quantity of detrimental
trans-fatty acids (TFAs) production [1]. In order to suppress the TFAs formation,
NiMg/SiO2 materials are modified by addition of different amounts of silver, based
on the pioneer investigation of Lefebvre and Baltes [2]. The authors reported the
beneficial role of silver on the diminution of TFAs formation.

The aim of present study is to elucidate the effects of the source of support
and the amount of silver on the reducibility of Ni*" species in Ag-NiMg/SiO,
precursors of vegetable oil hydrogenation catalysts by means of TPR technique.
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Experimental

Ag-Ni-Mg materials are synthesized on SiO, support derived from two silica
sources: diatomite activated at 800°C (Series a) and synthetic water glass (Series
b). Co-precipitation of metal nitrates with Na,COj; at 90°C and pH=10.00+0.05 is
applied. All samples are prepared with the composition (Mg/Ni = 0.1 and SiO,/Ni
= 1.07 (Series a) and Mg/Ni = 0.1 and SiO,/Ni = 1.15 (Series b), while the molar
ratios of Ag/Ni are 0.0025, 0.025 and 0.1. The designation of the studied materials
from both series corresponds to the Ag/Ni molar ratio, i.e. AgNi-0 (silver free),
AgNi-0.0025, AgNi-0.025 and AgNi-0.1.

TPR behavior of the uncalcined samples (~0.025 g) is evaluated with a
laboratory set-up using thermal conductivity detector from 50 to 850°C. The
temperature is linearly raised at a rate of 100C min—1. The samples are reduced
with Hy/Ar stream (10% H,) at a flow rate of 25 cm’ min—1. The selected
conditions are in agreement with the criteria proposed by Monti and Baiker [3] to
avoid the mass transfer and temperature control limitations.

Results and Discussion

The unmodified precursors from both Series designated as AgNi-0 demonstrate
broad asymmetric TPR profiles spreading throughout 340—800°C range (Figs. 1
and 2). TPR profile of the sample from Series a represents variety of different in
intensity peaks situated at 270, 490, 520, 560, 730 and 810°C, also shoulders at 400
and 660°C. Their presence is due to the reduction of nickel phyllosilicate-type
compounds formed during the precursor’s preparation procedure. TPR profile of
Ag-free sample from Series b discloses similar feature, however, only one broad
peak at 615°C is clearly distinguished. The reduction in one step means whole
precursor reduced simultaneously. This increases the future catalyst longevity.

Series a Series b

AGNI0.1 /'

AgNi-0.0025 J
AgNi-0 AgNi-0

200 400 600 800
Temperature, °C

AgNi-0.1

AgNi-0.025

H2 consumption, a. u.
H, consumption, a. u

200 400 600 800
Temperature, °C

Fig. 1. TPR profiles of the samples from Fig. 2. TPR profiles of the samples from
Series a (“diatomite” support) series b (“water glass” support)

Series a: The modification of Ni-Mg material with the smallest silver content
(Fig. 1, AgNi-0.0025) does not significantly change the position of the maximum
in H, consumption (T.x). It may be seen disappearance of high temperature (HT)
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peaks and formation of a shoulder at 740°C. The addition of higher quantity of
silver (AgNi-0.025 sample) causes appearance of low-temperature (LT) shoulder at
370°C and shifting of HT shoulder at 740°C to 550°C. The introduction of the
highest amount of modifier leads to splitting of T in two peaks (at 470 and
530°C), formation of broad peak at 350°C and small one at 430°C (AgNi-0.1
sample).

Series b: The well-pronounced LT peaks, namely 380 and 4100C, better-
formed Tmax at 6200C and shoulders at 520 and 700°C may be observed on TPR
profile of AgNi-0.0025 sample (Fig. 2). The modification of NiMg/SiO2 material
with higher quantity of silver (AgNi-0.025 sample) provokes shifting of Tp.x
towards lower temperature (3400C), appearance of low intensity peaks at 450 and
580°C and disappearance of the observed shoulders. It is clearly shown that Tmax
of the sample with the highest silver loading (AgNi-0.1) is situated at the lowest
temperature of 300°C.

It may be summarized that the presence of silver vastly affects reduction
behavior of the materials supported on SiO2 obtained from water glass. The
gradual decreases of the high-temperature peaks intensity and shifting to lower
temperatures with increase of the silver concentration are visible. Consequently,
the highest quantity of modifier pretty promotes the reduction of Ni*" ions.
Moreover, the latter are completely reduced below 400°C.

Conclusions

The silver modification of MgNi/SiO2 samples from both series results in
diminution of Ni*" ions reduction temperature by comparison with unmodified
materials. The enhanced nickel reducibility due to the silver addition depends on
the source and the preliminary thermal treatment of both studied carriers. This fact
may be attributed to the formation of Ni* species of different strengths of the
metal—support interaction phenomenon.

The usage of water glass as silica precursor ensures reduction of Ni** species
in all modified samples at temperatures lower than in their analogues prepared on
silica derivates from diatomite. The highest silver presence in the water glass
supported sample leads to complete reduction of Ni** ions below 400°C.
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Abstract

The carboxylation reaction of sodium 2-naphthoxide in the positions 1, 3, and 6 is
examined by means of the B3LYP/CEP-31+G(d) method. After the initial
formation of sodium 2-naphthoxide-CO2 complex, the carbon of the CO2 moiety
can perform an electrophilic attack on the naphthalene ring in the position 1.
Further transformation leads to the formation of 2-hydroxy-1-naphthoate. Sodium
3-hydroxy-2-naphthoate is obtained by a 1,3-rearrangement, whereas sodium 6-
hydroxy-2-naphthoate is a result of a series of consecutive rearrangements. Our
findings are in accord with the experimental results on the carboxylation reaction
of sodium 2-naphthoxide.

Introduction

The Kolbe-Schmitt reaction is a carboxylation reaction of alkali and alkaline earth
metal phenoxides or naphthoxides, where aromatic hydroxy acids are formed [1,2].
The carboxylation reaction of alkali metal phenoxides has been a subject of
numerous experimental and theoretical investigations [1-9]. Carboxylations of
various alkali and alkaline earth metal 2-naphthoxides were examined by Kosugi et
al. [4]. It was shown that at moderate temperatures the only product of the reaction
of sodium 2-naphthoxide (1) was 2-hydroxy-1-naphthoic acid. At temperatures
above 200°C, a mixture of 2-hydroxy-1-naphthoic, and 3- and 6-hydroxy-2-
naphthoic acids was produced.

Recent Density Functional Theory (DFT) studies, performed at the B3LYP/
LANL2DZ level, explained the mechanism of carboxylation at enhanced
temperatures [10,11]. The proposed mechanism required some high activation
energies, thus it was not applicable to lower temperatures.

This provokes us to reinvestigate the mechanism of the carboxylation
reaction of sodium 2-naphthoxide. The goal of this work is to explain the formation
of 2-hydroxy-1-naphthoic acid at lower temperature, and the formation of a
mixture consisting of three acids at higher temperatures. For this purpose different
basis set is used.

Results and Discussion

Geometrical parameters of all stationary points and transition states are optimized
in vacuum, at the B3LYP/CEP-31+G(d) level of theory, using GAUSSIAN 03
program package [12]. CEP-31+G(d) uses Stevens/Basch/Krauss ECP split-valence
basis set and includes a set of polarization functions [13].
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The scheme of the mechanism and energetic diagram of the reaction are
presented in Figs 1 and 2. Our calculations reveal that the carboxylation reaction in
the position 1 of 1 (i.e. the formation of 5) proceeds via three intermediates and
three transition states. The reaction in the position 3 (i.e. the formation of 12) is a
result of a rearrangement from C1 to C3, thus it includes six intermediates and six
transition states. Similarly, the reaction in the position 6 (i.e. the formation of 10) is

a result of a series of consecutive rearrangements, and includes the formation of a
free radical 9.

,Na

b CO,Na
i

08 Ol o ¥ OH
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1+COy— | |
Co, c1o 03
COZNa//
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12 CO,Na
)
Na 02C NaO c NaO,C NaO,C

10

Fig. 1. Intermediates in the carboxylation reaction of sodium 2-naphthoxide.
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Fig. 2. Energy profile for the carboxylation reaction of sodium 2-naphthoxide.
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Fig. 2 shows that all reaction paths for the carboxylation reaction of 1 are
exothermic. Using free energies, the activation energies for all steps of the reaction
are calculated. The activation barrier for the transformation 4—5 is relatively low:
29.7 kcal/mol, and allows the formation of 5 at moderate temperatures. The
formation of 10 and 14 requires significantly higher activation energies (e.g. 11
—12 41.7 kcal/mol; 8510 57.7 kcal/mol). These high activation energies are in
agreement with the experiments which show that the reaction mixture needs to be
heated above 200°C to produce a mixture of 5 and 14 (major products) and 10 (low
concentration) [4,5].

Conclusion

There are three ways for 4 to transform. 4—11 and 4—6 are energetically more
favorable, but these steps are followed with transformations that require
significantly higher energy barriers. Thus, only 5 can be expected as a product at
lower temperatures. At high temperatures 5 and 14 can be expected as major
products, and 10 as a minor product.
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Abstract

The reaction between tetracycline and Cu(Il)/H,O, reagent in the presence of
phosphate buffer is described. It was found that in aqueous solution at
physiological pH degradation of antibiotic occurred. The influences of pH and
temperature on the reaction were studied. The relative rate constant at 293K, 298K,
303K, 308K and activation parameters of the transition state at 308K were
calculated.

Introduction

Tetracycline is a “broad-spectrum” antibiotic which is used to treat bacterial
infections. Because of the development of resistant strains of microorganisms, this
antibiotic has lost some of its usefulness. However, tetracycline is often an
alternative drug for people who are allergic to penicillin.

The aim of our study was investigation of the reaction between tetracycline,
hydrogen peroxide and Cu(Il) ions at physiological pH.

The reaction of catalytic decomposition of H,O, in the presence of transition
metal ions was studied by many authors. Although the mechanism of this reaction
is not completely clear, it is known that numerous reactive oxygen species,
including OH' radicals are generated. This reaction is well-known as Fenton
reaction and if occurs in the presence of Cu(Il) ions the reaction is Fenton-like. The
reagent Cu(Il)/H,O, is Fenton-like reagent. The production of reactive oxygen
species is the process which is permanently happened in human cells. Therefore, it
was interesting to investigate the reaction between tetracycline and Fenton-like
reagent at physiological pH.

Experimental

The stock solution of tetracycline (1.00 x 10™* mol/dm®) was freshly prepared by
dissolving the required amount of tetracycline-hydrochloride (Sigma-Aldrich), p.a.
C,H24N,0¢'HCl in deionised water. The solution of Cu(II) (1.00 x 10 mol/dm?)
was prepared by dissolving CuCl,-2H,O (Merck) in deionised water. Hydrogen
peroxide solution (1.00 mol/dm®) was prepared just before use from a 35%
commercial reagent (Merck). The phosphate buffer was obtained by mixing
solutions of 0.5 mol/dm® KH,PO, and 0.5 mol/dm’ Na,HPO,.
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The reaction rate was followed spectrophotometrically by Perkin-Elmer
Lambda 15 UV/VIS spectrophotometer, connected to a thermocirculating bath.

Results and Discussion

We have found that degradation of tetracycline occurs when the solution of
antibiotic is mixed with Cu(Il), H;O, and phosphate buffer. The degradation
product has absorption maximum at 376 nm which decreases during first 6 minutes
of the reaction. The rates of the reaction were calculated as the slopes of the initial
tangents to the absorbance-time curves, dA/dt.

Investigating the reaction kinetics we have found at 20°C the reaction rate
has maximal value for the next reactant concentrations: Cpygre= 0.2 mol/dm’, Ccuan
=3.33 x 10° mol/dm’, Ch,0,= 2.00 x 107 mol/dm’. In the range of tetracycline

concentration from 0.67-10° mol/dm’ to 6.67-10° mol/dm’ the pseudo-first order
kinetics was found (respect to the tetracycline).

The dependence of the reaction rate on pH at 20°C (Fig. 1) shows that at
physiological pH 7.4 reaction has significant progress.

40+ Fig. 1. Dependence of the
. reaction rate on pH.
Concentrations in measured

e 307 solutions: Creracyclines 5.33-10°
1S
5 s mol/dm*; Cy, , ,2.00-10”
g 2.0 mol/dm3;CCH(H),3.33-10'5
2 y mol/dm®; Cpysger, 0.2 mol/dm’;

' t=20°C.

1.04

05 T T T T T T T T 1

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6
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The dependence of reaction rate at pH 7.4 on temperature shown progress of
the reaction with the temperature increase. On the basis of first order reaction
kinetics, the equation (1) was used for the calculation of the relative rate constant at
293K, 298K, 303K and 308K (Table 1.):

dA/dt=k, - C Tetracycline (1)

185



PHYSICAL CHEMISTRY 2008. C-17-P

Table 1. The relative rate constant k, at pH 7.4.

T/K (k; £ SD* x 10™*/ dm’mol” min™
293 0.92 +0.052
298 1.16 £0.017
303 1.33 £0.010
308 1.52+0.031

a. SD, standard deviation of the 3 different tetracycline concentrations.

From the dependence of the relative rate constant on temperature, using the
Eyring equation, activation enthalpy (AHY), activation entropy (ASY), free
activation enthalpy (AG *-Gibb's free energy) and the apperent activation energy E,
at 308K were calculated (Table 2.).

Table 2. Thermodynamic parameters of the activated complex for the tetracycline
reaction with Fenton-like reagent at pH 7.4 and 308 K.

T (K) E, AH? AS* AG*
kJ mol™! kJ mol™ J mol'K! kJ mol™!
308 24.8 22.3 -93 50.9

The reaction is characterized with low value of apperent (activation energy)
but relatively large negative value of activation entropy. This shows that the
activated complex in the transition state has a very ordered structure and points to a
complex reaction mechanism.
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MECHANISM OF THE PREACTIVATION PROCESS OF
TRANS-[PdCL(DEA),] IN PHOSPHINE-FREE HECK REACTIONS

S. Markovié, Z.D. Petrovié, V. Petrovi¢ and D. Simijonovié¢
Faculty of Science, University of Kragujevac, 34000 Kragujevac, Serbia

Abstract

The use of trans-[PdCl,(DEA),]) as a precatalyst is examined. The mechanism of
the formation of Pd(0) complex is investigated using density functional theory.

Introduction

In the past decade phosphine-free Pd complexes [1] have been introduced in the
palladium-catalyzed arylation of olefins, known as the Heck reaction [2]. Recently
synthetized [3] trans-dichlorobis (diethanolamine-N)palladium(Il) complex (1)
contains both diethanolamine (DEA) and Pd(II). For this reason we assume that it
can be used as a precatalyst in phosphine-free Heck reactions in the presence of
strong and weaker bases [4]. Thus, we investigate possible intramolecular
reduction of Pd(II) to Pd(0) using computational methods.

Results and Discussion

It is reasonable to expect, for a reaction performed in the presence of a strong base,
that a proton from OH group can be abstracted from 1 (Fig. 1). In this way the
anion 2 would be formed. We assume that a hydrogen bonded to the carbinol C
atom can be coordinated to Pd(II) [5], thus forming 4 via transition state 3 (Fig. 1).
This transformation can be followed with reductive elimination of HCI, where 5 is
produced. Complex 5 contains Pd(0), thus it is catalytically active species in the
Heck reaction.

To confirm our assumptions we perform DFT investigation of the
preactivation process of trans-[PdCI,(DEA),]. All calculations are conducted using
Gaussian03 [6] with the B3LYP hybrid functional. The 6-31G(d) basis set is used
for C, H, O, N, and Cl, and LANL2DZ+ECP is employed for the Pd center. The
optimized geometry of 3 is presented in Fig. 2, whereas some crucial bond
distances for structures 1 - 5 are given in Table 1.

Our calculation of 1 yields the structure with bond distances and angles
consistent with the crystallographic experimental data (Table 1) [3]. Following the
above presented consideration (Fig. 1), H1 is removed from 1 as a proton, and the
so-obtained structure is optimized (structure 2). The atomic polar tensors (APT)
charge distribution of 2 shows that positive charge is distributed among palladium
(0.765), carbons, and some hydrogens, whereas negative charge is distributed
among all other atoms. The CI-H2 and C1-H3 bonds become particularly
polarized, with the ATP charges on C1, H2, and H3 of 0.700, -0.127, and -0.231,
respectively. A nucleophilic attack of H2 on palladium leads to the formation of
transition state 3 (Fig. 2) with an energy barrier of 83.0 kJ/mol. Here, the C1-H2
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and Pd-N1 bonds are being broken, whereas the Pd-H2 bond is being formed
(Table 1). The negative charge on H2 is slightly increased (-0.167). In the further
course of the reaction H2 coordinates with palladium as a hydride ion (4 in Fig.1
and Table 1). The Pd-N1 and C1-H2 bonds are completely broken, implying that
dehydrogenated DEA is eliminated. In the basic environment 4 undergoes
reductive elimination, thus forming 5.

1 2 3
R Cl n R
) N p R Cl; N R R C|‘ N R
L NTRENE —— HNTRANE — HN- RN
26 Cl H,C /€l R H,C /Cl R
g”z H-C_H H-C-H
m 0} 0]
4 5
Ciy R o R
A H—RINE = C—PaN
R-N-CHycHo ~ © .

Fig. 1. Supposed mechanism of the preactivation process of trans-[PdCI2(DEA)2]
precatalyst. R = -CH2CH2OH.

Table 1. Selected bond distances in nm for the species under consideration (1 — 6).

Distance 1 2 3 4 5 6
Pd-Cl1 0.2376 0.2405 0.2396 0.2392 0.2385 0.2379
Pd-CI2 0.2376 0.2408 0.2396 0.2408 - 0.2338

Pd-N1 0.2116 0.2111 0.2453 - - 0.3871
Pd-N2 0.2116 0.2123 0.2247 0.2325 0.2191 0.2083
Cl1-H2 0.1098 0.1117 0.1201 - - 0.1146
Pd-H2 0.2866 0.2603 0.2056 0.1536 - 0.1841

When a strong base is not present in the reaction mixture, the initial
abstraction of a proton from an alcoholic OH group does not occur. Our
calculations show that a transformation of 1 to 4 takes place via a transition state 6,
which requires significantly higher activation energy of 117.0 kJ/mol. The results
on the optimization of 6 are given in Table 1 and Fig. 2. In 6 the C1-H2 bond is
being broken, whereas the Pd-H2 bond is being formed. The APT charges on H2
and Pd amount -0.461 and 0.852, respectively. In the further course of the reaction
H2 is transferred to palladium as a hydride ion, thus yielding 4 and releasing OH-
CH,-CH,-NH-CH-CH,-OH.
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Fig. 2. Optimized geometries of transition states obtained in the presence of a
strong base (left) and weaker base (right).

Conclusion

Our investigation shows that in trans-[PdCl,(DEA),] carbinol hydrogen can
coordinate with palladium in the presence of a strong or weaker base. Our
predictions, obtained by means of DFT calculations, are confirmed by performing
Heck reactions catalyzed with 1 in the presence of a weak and strong base.
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OXIDATION KINETICS OF SUNFLOWER OIL STUDIED BY
DIFFERENTIAL SCANNING CALORIMETRY

S. Ostoji¢, S. Zlatanovié¢ and M. Kic¢anovi¢

Holding Institute of General and Physical Chemistry
Studenski trg 12/V P.O. Box 551 11000 Belgrade, Serbia

Abstract

The oxidation kinetic of cold pressed sunflower oils, obtained from two sunflower
hybrides NSH2075 and NSH2034 with geneticlly defined unsatutrated fatty acid
contempt, was studied by by differential scanning calorimetry (DSC). Samples
were heated at different heating rates (2.5, 5.0, 7.0, 10.0 and 12.5 K/min) and
oxidation kinetic parameters from Arrhenius eqation, apparent activation energy
(Ea), pre-exponential factor (A), and oxidation rate constant (k) were calculated
usig the Ozawa-Flynn-Wall method [1].

Introduction

Lipid oxidation is responsible for chemical changes in fats and oils that lead to
food spoilage and flavor deterioration [1-5]. A good understanding of lipid oxida-
tion kinetics in vegetable oils can improve our abilities to formulate food products
that maintain the existing oil quality in food system and minimize production of
undesirable breakdown components. Kinetic data are essential for predicting oxida-
tive stability of vegetable oils under various heat processing, storage and distribu-
tion conditions. The oxidation of vegetable oils can be treated as an apparent first
order reaction [1-4] because of the high concentration of oxygen compared to the
amount of oil in the sample. The transfer of an oxygen molecule to an unsaturated
fatty acid requires energy. This process can easily bee determined by differential
scanning calorimetry (DSC).

The purpose of this work was to evaluate the effect of fatty acid composition on the
oxidation kinetics of oils from different sunflower hybrids with defined amount of
saturated and unsaturated fatty acid and tockopherol.

Experimental

Two cold pressed sunflower oils, obtained from two sunflower hybrides NSH2075
and NSH2034 (Institute of Field and Vegetable Crops, Novi Sad) with geneticlly
defined palmitic, stearic, oleic, linolic and tocopherol compozition were heated at
different heating rates (B) : 2.5, 5.0, 7.0, 10.0 and 12.5 K/min, in temperature inter-
val from 231.15K to 623.15K. Samples were heated in open aluminum pans with
an oxygen purge flow of 50ml/min, using DSC Q1000 TA Instruments (Delaware
USA). NSH2075 is highly unsaturated oil with 50% of linolic acid, while oil
NSH2034 consists 17% of linolic acid. The onset temperature T, was determined
from these runs by TA Instruments Universal analysis 2000 software. T, was de-
fined as the temperature at which the heat flow significantly deviates from the
baseline, when rapid increase in the rate of oxidation is observed. This temperature
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is obtained from extrapolating the tangent drawn on the steepest slope of reaction
exotherm. The first process at T, is oxidation, and the seccond one at T,,
temperature maximum of first peak, could indicate the start of the oil thermal
decoposition [1]

Arrhenius rate constant (k), activation energies (E,) and preexponential fac-
tors (Z) were calculated using the Ozawa-Flynn-Wall method [1].Assuming an
overall first order process, the heat evolved (H) at time t is proportional to the
amount of reacted substrate [1].

Results and Discussion

The oxidation profiles obtained by DSC for the oils NSH2034 at different heatig
rates (B: 2.5, 5.0, 7.0, 10.0 and 12.5 K/min) are showen in Fig. 1.a). Generally, two
peak can be observed: the first one is wide and small while the seccond one is
sharper. The effect of heatig rate (B) on the position and shape of these peaks can
be also observed. As heating rate increases, the second peak becomes sharper while
first one tends to disappear, or to move towards higher temperatures.

a) b)
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- 081
8’ [ ]
~ 064
i 4 [
0.2 T T T T T )
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Fig. 1 a) DSC oxidative curves of cold pressed sunflower oil from hybrid
NSH2034 as a function of the heating rate; b) Relationship between the heating
rate and T, for oil from NSH 2075 and ¢) Relationship between the heating rate and
T, for oil from NSH2034
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Onset temperature T, is the temperature used to calculate the kinetic parameters of
oxidation. The activation energies E,, pre-exponential factors (Z), rate constant
(k).at 298K for the oxidation reaction are shown in Table 1.

Table 1. Kinetic parameters from the Arrhenius equation obtained from plotting
logB 1/T,; Linear regressions parameters (v = b+ax) obtained from plotting log
1/T,;

Sample b a E. Z koog
(intercept) (slope) [kJ/mol] [min™] [min™]
NSH2034 10.4 -4180 76+8 5.49x10° 4.01x10*
NSH2075 9.6 -3733 67+7 1.2x10® 1.49x10™

Table 2. Kinetic parameters from the Arrhenius equation obtained from plotting
logP 1/Tp; Linear regressions parameters (y = b+ax) obtained from plotting log 8
1/Tp

Sample b a E. Z koog
(intercept) (slope) [kJ/mol] [min™] [min™]
NSH2034 5.0 -2082 38+4 5.01x10* 1.1x102
NSH2075 8.8 -3669 67+7 5.01x10° 5.11x10™"

Oxidation rate constant values k obtained with either T, and T, increased as the
percentage of unsaturated fatty acids increased (NSH2075 is highly unsaturated oil
with 50% of linolic acid, while oil NSH2034 consists 17% of linolic acid) what is
in agreement to literature [1] As values for k calculated by Tp were lower than
ones found with T, sugegestig that two different reactions are taking place at the T,
and T, of the DSC curve. The first process at T, is oxidation, and the seccond
process at T, could indicate the start of the oil thermal deconposition [1]. The acti-
vation energies E,, pre-exponential factors (Z), are in the range comparable to lit-
erature [1].

Conclusion

Oxidation rate in lipids increases with the degree of unsaturation of the fatty acides
present in the oil. This paper provides kinetics parameters that can be used to
predict the oxidation behavior of cold pressed sunflower oils.
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OXIDATION KINETICS OF SUNFLOWER OIL STUDIED BY DIF-
FERENTIAL SCANNING CALORIMETRY- ISOTHERMAL OXI-
DATIVE INDUCTION TIME METHOD
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Studentski trg 12/V P.O. Box 551 11000 Belgrade, Serbia

Abstract

Cold pressed sunflower oils, obtained from sunflower hybrides NSH2075 and
NSH2035 with geneticlly defined amount of saturated and unsaturated faty acid
and tocopherol were isothermaly oxidized at eight different temperatures (from
358K to 393K) by DSC method. Oxidation induction time (OIT) was determined.
The rates of lipid oxidation were highly correlated with temperature. Based on
Arrhenius equation and activated complex theory [1] reaction rate constants (k),
activation energies (E,), activation enthalpies (AH) and activation entropies (AS)
for oxidation of oils were calculated

Introduction

Oxidative stability is an inportant property of edible oils in food science. It is
represented by the time in which an oil sample resists to oxidation and it can be
used to evaluate when an oil reaches an oxidation level inadequate for ingestion or
for its utilization in frying processes. This time, called oxidative induction time
(OIT) or induction period, has been determined by heating the sample (in oxygen)
to a constant temperature and measuring a physical or chemical parameter (evolved
heat in DSC experiment) [1-5] A good understanding of lipid oxidation kinetics in
vegetable oils, especially genetically modified, where is possible to illustrate the
effect of unsaturated fatty acids on the thermal and oxidative behavior, can im-
prove our abilities to formulate food products that maintain the existing oil quality
and minimize production of undesirable breakdown components. Kinetic data are
essential for predicting oxidative stability of vegetable oils under various heat
processing, storage and distribution conditions. The oxidation of vegetable oils can
be treated as an apparent first order reaction [1-4] because of the high concentra-
tion of oxygen compared to the amount of fatty acids in the sample. The transfer of
an oxygen molecule to an unsaturated fatty acid requires energy. This energy can
easily be determined by differential scanning calorimetry (DSC).

The aim of this work is to compare the oxidative stability of two sunflower oils
from diferent sunflower hybrids with geneticlly defined amount of saturated and
unsaturated fatty acides and tocopherol, to illustrate the effect of high linolic acid
content on the oil thermal and oxidative behavior.
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Experimental

Two cold pressed sunflower oils, obtained from two sunflower hybrides NSH2075
and NSH2034 (Institute of Field and Vegetable Crops, Novi Sad) with geneticlly
defined palmitic, stearic, oleic, linolic acids and tocopherol content were isother-
maly oxidized in oxygen atmosphere (purge flow 50ml/min) at eight different tem-
peratures (358K, 363K, 368K, 373K, 378K 383K, 388K and 393K) by DSC, using
oxidative induction time (OIT) method, on DSC Q1000 TA Instruments (Delaware
USA). An oil sample of 5.0-5.5 mg was weighed in the open aluminum pan. The
opened aluminum pan was used as the reference. NSH2075 is highly unsaturated
oil with 50% of linolic acid, while oil NSH2034 consists 17% of linolic acid. A
rapid increase in evolved heat was observed with an exothermic heat flow appear-
ing during initiation of the oxidation reaction. From resulting exotherm oxidation
induction time (OIT) was determined (software TA Instruments Universal analysis
2000).

Results and Discussion

From results obtained it is obvious that the rate of lipid oxidation was highly corre-
lated with temperature. Linear relationships were determined by extrapolation of
the In OIT against isothermal temperature. Based on Arrhenius equation and acti-
vated complex theory [1], reaction rate constants (k), activation energies (Ea), en-
thalpies of formation of the activated complex (AH) and entropies of formation of
the activated complex (AS) for oxidation of edible oils were calculated. Estimated
(Ea), (AH) and (AS) for lipid oxidation in oils are summarized in Table 1.

Table 1 Kinetic and thermodynamic values for lipid oxidation of cold
pressed sunflower oils: k-reaction rate constant at 393.15K; Ea-activation energy;
AH-enthalpy of formation of the activated complex; AS- entropy of formation of
the activated complex

0il E, AH AS K
(kJmol™) (kJmol™) (kJmol)  (x10°min™)
NSH2034 7745 7445 2542 694
NSH2075 88+6 84-+6 2042 12810

Generally, oils with higher proportions of unsaturated fatty acids are more prone to
oxidation than those containing lesser amounts.

AH and AS were greater for highly unsaturated oil NSH2075, than for oil with less-
er amounts of unsaturated fatty acids NSH2034 what is in agreement with literature
[1]. Greater negative AS value for NSH2034 indicates fever numbers of species in
the activated complex state. Therefore, the activated complex for lipid oxidation in
NSH2034 is less probable and rate is slower [1]. DSC isotherms for oils NSH2034
and NSH2075 are presented on Figure 1.
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Fig. 1. DSC-OIT isotherms obtained for oils a) NSH 2034 in temerature range
from 358K, to 393K; and b) NSH 2075 in temerature range from 358K t0393K.

Conclusion

Kinetic and thermodinynamic oxidation parameters: (k, E,, AH and AS), for
the cold pressed oils, from sunflower hybrids NSH 2034 and NSH 2075, have
been determined. From results obtained it is clear that oil from hybrid
NSH2075 with highly unsaturated fatty acid content (50% of linolic acid), was less
oxidative stabile, then oil from hybrid NSH2034 which consists 17% of linolic
acid

References

[1] T.C. Tan, Y.B. Man, J. Selmat M.S.A. Jusoff, JAOCS, 2001, 78, 1133-1138

[2]J. Thurgod, R. Ward, S. Martini, Food Res. International, 2007, 40, 1030- 1037.

[3]1J. Velasco, M.L Andersen, L.H Skibsted, Food Chemistry, 2004, 85, 623-632

[4] A. Kamal-Eldin, Eur.J.Lipid Sci. Technol.2006, 58, 1051-1061.

[5] S. Sathivel, J. Huang, W. Prinyawiwatkul, Journal of Food Engineering, 2008, 84, 187-
193

195



PHYSICAL CHEMISTRY 2008. C-21-P

KINETIC ANALYSIS OF EXPERIMENTAL INTENSITY CURVES
OBTAINED DURING ZEOLITE A SYNTHESIS USING IN SITU *Al
NMR SPECTROSCOPY

Z. Miladinovi¢ and J. Zakrzewska
Institute of General and Physical Chemistry, Studentski trg 12-16, 11000 Belgrade, Serbia

Abstract

Intensity curves obtained by in situ >’ Al NMR spectroscopy during zeolite A synthesis
has been used as a method for comparative kinetic investigation of zeolite crystalliza-
tion. Kinetic analysis was performed using inflection point analysis. Obtained time
values for starting and finishing points of intensity decay during crystallization, shows
increase dependency with decrease in absolute concentration of Na,O into reaction
solution and increasing of batch SiO,/Al,0; molar ratio.

Introduction

Kinetic investigations play significant role in understanding the mechanism of zeolite
formation. Different kinetic investigations of zeolite crystallization are performed using
mostly diffraction techniques [1], particularly their in situ applications, could provides
satisfied number of experimental data points necessary for further kinetics analysis [2].
Crystallization curves, obtained from such experiments are therefore used for evalua-
tion of kinetic parameters. Typically, for this purpose is exploited model based on
Avrami-Erofe’ev equation [2], consequently providing rate constant & and Avrami
coeficient 7.

In our previous work we have used Sharp-Hancock method for determination of
kinetic parameters using for this purpose experimental intensity curves obtained from
*’Al NMR spectra, corresponding to the changes of aluminum in solution phase [3].
Here, will be presented using of inflection point analysis of intensity curves to provide
a comparative kinetic analysis and consequently influence of chemical batch composi-
tion of synthesis to the crystallization kinetics.

Experimental

All intensity curves were obtained from Al NMR spectra during zeolite crystalliza-
tion in static condition inside Bruker MSL 400 NMR spectrometer, using experimental
procedure described earlier [4]. The batch composition was Al,Os: xSiO,: yNa,O:
zH,0, where x was 1.7, 2.0 and 2.5; y is ranged between 2.64 and 6.54; and z takes
values from 84.30 to 130.53. Reaction temperature during synthesis was 82 °C for all
synthesis.

Results

In situ *’A1 NMR spectroscopy was used to obtain experimental curves reflecting the
changes of aluminum presented in the solution phase. Figure 1 shows changes of inten-
sity of ”’ Al NMR narrow line at 79 ppm from aluminum in solution phase for different
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molar Si0,/Al,O5; compositions and different absolute Na,O concentrations during the
synthesis.
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Fig. 1. Changes of normalized intensity of ’ A1 NMR line at 79 ppm during reaction time of
zeolite synthesis for molar ratios: SiO,/Al,0; =1.7 (left), SiO,/Al,O; =2.0 (right); and for
different absolute concentration of Na,O. Arrows indicate time periods denoted as tqq. , tsart
and tg,g, given in Table 1.

All presented curves in Fig 1 show similar shape with three clearly distinc-
tive steps, corresponding to the processes occurring during synthesis in an in situ
NMR experimental condition. During crystallization, intensity of the line at 79
ppm decreases for several reasons. Rapid drop of normalized intensity during first
15-30 min. is associated to the process of sedimentation of aluminum-silicate gel
in NMR tube [3]. The induction period is represented with relatively flat part of
intensity curve, succeeding with crystallization process which is manifested as fast
drop in intensity of NMR signal, indicating rapid depletion of free alumina in solu-
tion phase and their incorporation into the solid crystalline phase [3]. Inflection
points, evaluated from presented S-shaped intensity curves denoted as tq, tsere and
tanisn for sedimentation, beginning and ending of intensity decay respectively, are
used for kinetic comparison of processes occurred during zeolite crystallization,
and are given in Table 1. According to the obtained values in Table 1, kinetic anal-
ysis of zeolite crystallization could be performed.

All data presented in Table 1, are placed in increasing ordered of absolute
Na,O batch concentration and grouped with equal molar ratios SiO,/Al,O;. It can
be seen from Table 1 that with increasing Na,O concentration, values of tg, and
tanisn decrease for any particular values of SiO,/Al,O;. Furthermore, comparing
synthesis with similar Na,O concentrations, general increasing trend of t., and
tenish 1S consistent with increasing molar ratio SiO,/Al,O; in order 1.7>2.0>2.5 (for
example synthesis S-1, S-4, and S-7 respectively to the value of tgyg). Overall
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above trends indicate obvious connection between initial batch composition and
rates of processes responsible for crystal growth.

Induction period also could be determined as difference between tg, and
tsea.. (Table 1). As well as in the previous analysis, similar dependency of induction
period from absolute concentration of Na,O and molar ratio SiO,/Al,O; could be
observed, indicating that rate of nucleus formation, occurring during this stage of
synthesis, is also batch concentration controlled process.

Changes in observed rate of sedimentation (t.q), depend on sample volume
in NMR tube used for particular synthesis, coefficient of diffusion and viscosity of
solution phase, middle radius of gel particles [5], but no significant dependency on
batch concentration was observed (Table 1).

IS\J;r.ngf Si0/ALO;  teea [min] tyare [Min] tinish [min] tari-tsea [MiN] Na,0 [mol/dm’]
S-1 1.7 25 88 117 63 1.685
S-2 1.7 19 45 62 26 2.671
S-3 1.82 16 38 51 22 2.858
S-4 2.0 28 88 145 60 1.681
S-5 2.0 24 70 107 46 1.711
S-6 2.0 17 36 52 19 2.683
S-7 2.5 22 110 150 88 1.700
S-8 2.5 31 85 134 54 1.713
S-9 2.5 19 34 46 15 2.702

Table 1. Different values of times of sedimentation, start and finishing obtained from nor-
malized intensity curves during zeolite synthesis for different absolute Na,O concentration
and molar batch composition.

Conclusion

The use of intensity curves obtained from ’Al NMR spectra during synthesis en-
able simplest method for comparing influence of different synthesis parameters on
the rate of processes occurred during zeolite crystallization. On the base of this
analysis, increasing of rate of crystallization with increase of Na,O concentration
and decrease of Si0,/Al,05; molar ratio are observed.
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ELECTROHYDRODYNAMICS OF DEVELOPED LIQUID/LIQUID
INTERFACES: FRACTIONAL ORDER TIME DELAY SYSTEMS

A.M. Spasié

Institute for Technology of Nuclear and Other Mineral Raw Materials
86 F. d’Esperey St. 11000 Belgrade, Serbia

Abstract/Introduction

The electroviscoelastic behavior of e.g., liquid/liquid interfaces (emulsions and double
emulsions) is based on three forms of “instabilities”; these are rigid, elastic, and plastic. The
events are understood as interactions between the internal (immanent) and external (inci-
dent) periodical physical fields. Since the events at the interfaces of finely dispersed sys-
tems have to be considered at the molecular, atomic, and/or entities level it is inevitable to
introduce the electron transfer phenomenon beside the classical heat, mass, and momentum
transfer phenomena commonly used in chemical engineering. Three possible mathematical
formalisms have been derived and discussed related to this physical formalism, i.e. to the
developed theory of electroviscoelasticity [1-7].

Stretching tensor model
It is assumed that the surface forces are, for the general case that includes the electro-
viscoelastic fluids, composed of interaction terms expressed by
i _ i
” dF/ =T"dA, 1)
where the tensor T" is given by
T =-a,0" +a, 6" +a,l" +a,l ¢V (2)
and TV is composed of two tensors, 8" is Kronecker symbol, and ¢ is the stretching
tensor. In the first and second isotropic tensors the ap=ay(p, U) and a,(p, U) are the

potentiostatic pressures, where U represents hydrostatic or electrostatic potential.
Now, the general equilibrium condition may be derived from Eq. (2), and may be

expressed by
—a,+a,+a (O-j+a (Uj
- 0 THTEL 3\ g o
2(a, + )
where 7is the tangential stress [2]. Note that for dispersed systems consisting of, or
behaving as Newtonian fluids, as=a;3(p, U) is equal to zero. The processes of

formation/destruction of the droplet or droplet-film structure are non-linear. Fur-
thermore, the viscosity coefficients g (i = 0, I, 2), where each consists of bulk,
shear, and tensile components, when correlated to the tangential tensions of me-
chanical origin 7, can be written as

T = d_u+ ﬂ_ﬁ. d_u ’ (4)
v H dx # dx? # dx

201



PHYSICAL CHEMISTRY 2008. D-1-O0

where u is the velocity and x is one of the space coordinates. Using the electrical
analog, the impedance coefficients Z; (i = 0, 1, 2), where each consists of ohm, ca-
pacitive, and inductive components, will be correlated with the tangential tensions
of electrical origin z,, as follows:

do, d2g0 do ?
T =7 c+/ —<+7 < 5
<70 dr b dr? Z(dt ©®)

where ¢, is the electron flux density, and ¢ is the time coordinate.

Van der Pol integer order derivative model
Postulated assumptions for an Electrical Analogue [1] are: 1. The droplet is a
macro system (collective of particles) consisting of structural elements that may be
considered as electro-mechanical oscillators; 2. Droplets as micro collectives un-
dergo tuning or coupling processes, and so build the droplet as a macro collective;
3. The external physical fields (temperature, ultrasonic, electromagnetic, or any
other periodic) cause the excitation of a macro system through the excitation of
micro-systems at the resonant/characteristic frequency, where elastic and/or plastic
deformations may occur. Now, a nonlinear integral-differential equation of the van
der Pol type represents the initial electromagnetic oscillation, homogeneous solu-
tion may be obtained beginning from
Cd—U+(£—an+yU3+lIUdt=0 (6)
dt R L

where U is the overall potential difference at the junction point of the spherical ca-
pacitor C and the plate, L is the inductance caused by potential difference, and R is
the ohm resistance (resistance of the energy transformation, electromagnetic into
the mechanical or damping resistance), t is the time; « and y are constants deter-
mining the linear and nonlinear parts of the characteristic current and potential
curves. A nonhomogeneous solution may be obtained considering the particular
equation, where m is the frequency of the incident oscillation

Cd—U+(l—ajU+7/U3+lIUdt=—2A,lcoswt (7)

dt R L
Finally, considering the droplet or droplet-film structure formation, “breathing”
and/or destruction processes, and taking into account all the noise frequency com-
ponents equation is
Cd—U—i—(l—osz+lJ'Ua?t+7/U3 =i(t) 1L j exp(jor)d, (o)dw
dt R L 2r

were i(?) is the noise current and A4,(w) is the spectral distribution of the noise cur-
rent as a function of frequency [1, 4].

Van der Pol fractional order derivative model - linearized

In an effort to generalize equations (6 and 7) the ordinary time derivatives and in-
tegrals are now replaced with corresponding fractional-order time derivatives and
integrals [1, 2]. Here, the capacitive and inductive elements, using fractional-order
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P<2(=n-9,n=1,2 6 <<1) enable formation of the fractional differential
equation, i.e. more flexible or general model of liquid-liquid interfaces behaviour.
Now, a differ-integral form using Riemann-Liouville definition is given by

t
d’U 1 if u) Uy e
(- T)l—p Further

t

_ 1

., oD Pluct)]=—=—
v e R M A |

0<p<l p>0

oDF[U(t)]=

on, a linear fractional differential equation with zeros initial conditions is obtained

CoD? [U(t)]{%—aju +o D Ue)=it) (10)

Van der Pol fractional order derivative model - nonlinear case
Here, both cases, a nonlinear homogenous (i(#) =0) and nonhomogeneous (i(?) #

0) are considered. Equivalent nonlinear problem applying differentiation of Eq. (6)
is presented

2
cYU L i |9 Ly (11)
dr? R dt L

In an effort to generalize the previous equation fractional order van der Pol equa-
tion become

c 1(1 c 3 ¢ 1
§DXPU(t) = _E(E_ a] §DPU(1) —%U(t)z §DPU(1) -~ VO (12)

Experimental confirmation/Conclusion

Presented theoretical predictions including both physical and mathematical formal-
isms have been experimentally corroborated by means of the electrical interfacial
potential (EIP) measurements, and by means of the nuclear magnetic resonance
spectroscopy (NMR) [1-7].
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Abstract

The iodine(+1) reduction by hydrogen peroxide is catalyzed by different buffers
and its rate is a complicated function of the acidity and of the iodide concentration.
The seemingly inconsistent published experimental results are reanalyzed and a
new kinetic model is proposed. A key step is the catalysis by the buffers of the
formation of the intermediate compound IOOH. This model reconciles the previous
works.

Introduction

Although the reduction of iodine(+1) by hydrogen peroxide has been studied dur-
ing more than eighty years, there is no consensus in the literature about its kinetics.
The first investigations [1-3] dealt with the catalytic decomposition of hydrogen
peroxide by iodine. The mechanism (1-5) was postulated in neutral or dilute acidic
solutions.

L+HO0==10H+T +H" (1)

L+I'=15 (2)

IOH =10 +H" 3)

10+ H,O, > T +H,O+ 0O, (4)

I + H,O, —» 10" +H,0 (5)
In more acidic solutions, the mechanism includes also reactions (6) and (7).

IOH + H,0, > '+ H + H,0 + O, (6)

I'+H" + H,0, - IOH +H,0 (7)
The sum of reactions (4) and (5) or (6) and (7) gives the decomposition (8).

2 H202 —2 Hzo + Oz (8)

The reduction of iodine(+1) by hydrogen peroxide is also important as a part of the
Bray-Liebhafsky oscillating reaction, that is the decomposition (8) catalyzed by
iodate and iodine in acidic solutions [4-9]. This decomposition is the result of the
global reactions (9) and (10).

2105 +2H +5H,0, > L +50,+ 6 H,O 9)
I, +5H,0, > 2105 +2H +4 H,0 (10)
In reaction (9), hydrogen peroxide acts as a reducing agent but its direct reaction

with iodate is much too slow to explain the observed rates. The mechanism is com-
plicated and the reducing action of hydrogen peroxide is mainly the result of reac-
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tion (6). Liebhafsky [3, 10] and Furrow [11] have tried to isolate this reaction and
to measure its rate constant but their values differ by a factor ten.

A third group of investigations deals with the importance of the iodine(+1)
reduction by hydrogen peroxide in analyzing the iodine behavior after a nuclear
reactor accident. *'I is one of the most toxic fission products that would be re-
leased in the atmosphere and the behavior of iodine has been the subject of exten-
sive studies for the nuclear industry [12-16]. An important part of these studies
were devoted to the iodine reactions in solution controlling the distribution of io-
dine between volatile compounds (I, and organic compounds) and non-volatile
compounds (mainly I" and 10;7). Hydrogen peroxide being one of the products of
the water radiolysis, the reactions of iodine(+1) with hydrogen peroxide producing
iodide or iodate are important processes that would influence the release of *'I in
the atmosphere.

H,0 —'— &, H', H', O, Hy, H,0;
The present state of our knowledge about the reduction of iodine(+1) by hydrogen
peroxide is mainly the result of the works of Liebhafsky [2, 3], of Shiraishi et al.
[12, 13] and of Ball and Hnatiw [16, 17].

Liebhafsky (1932)

Liebhafsky has studied the catalytic decomposition (8) in an acetate buffers be-
tween pH = 4 and 6 and in a phosphate buffers between pH = 6 and 8 [2]. He has
concluded that, under his experimental conditions, the rate of iodide oxidation (5)
is nearly equal to the rate of the iodine(+1) reduction (4). From the observed rates
of hydrogen peroxide decomposition and the well-known rate constant ks [18], he
has calculated ks = 6x10° mol™ dm® s”'. The obtained values were independent on
the acidity, the nature of the buffer and the iodide concentration. In another work
[3] he has measured the rate of oxygen production by reaction (4) far from the
steady state and has obtained ks = 3.3x10° mol™ dm’ s in satisfactory agreement
with the above value. Both works suggest that the rate is proportional to [IO] and
is independent on the acidity, the phosphate concentration and the iodide concen-
tration. It is this simplicity that led Liebhafsky to think that (4) was the rate deter-
mining step but further measurements have shown that it was an illusion.

Shiraishi et al. (1991)

These authors have discovered that phosphate buffers catalyze the iodine(+1) re-
duction by hydrogen peroxide while citrate buffers do not [12]. For this reason they
have performed a new kinetic study in a citrate buffer between pH = 5.5 and 7 [13]
and found a new term in the rate law, proportional to [I']. To explain this term, they
have added reactions (11) and (12) to the mechanism proposed by Lichhafsky.
Their value k; = 7x10” mol™ dm® s™! is much lower than Liebhafsky value.

IOH + I = LOH (11)
LOH + H,0, » 2T +H + H,0 + O, (12)
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Ball and Hnatiw (2001)

Ball et al. [16] have observed deviations from the rate law of Shiraishi ef al. and
have decided to perform a more complete kinetic study as a function of acid, hy-
drogen peroxide, iodide and buffer concentration in three different buffers [17]. On
the basis of this very important experimental work they have proposed the mecha-
nism (11), (13-15) where B™ denotes the anion of the buffer.

LOH + H,0, == T +I00H + H,0 (13)
IOOH + OH — I + H,0 +0, (14)
IOOH + B — I + BH + 0, (15)

This mechanism explains their experimental results but we will see that it is incon-
sistent with the former works. We can reject proposed mechanisms but we cannot
ignore published experimental results without a good reason. Thus, we have ana-
lyzed the published rate measurements, found that they are compatible and that a
modification of the Ball and Hnatiw mechanism can explain them all.

Analysis of the Experimental Results

The observed evolutions of the iodine concentration discussed in this work are the
result of two reactions, the reduction of iodine(+1) by hydrogen peroxide and the
oxidation of iodide to iodine by reaction (5). Denoting by [L,]; the total iodine(+1)
concentration, [I]; = [I] + [I3] + [IO] + [IOH] + [[,OH], and by ko [Io]; the
global rate of iodine(+1) reduction, the expression of the observed rates is (16)
where rs = ks[I'][H,O,] [18].

- d[Ia]vdt = Kobs [I2]c — 15 (16)

During the reduction of iodine(+1), ks [I2] decreases and rs increases until ks
[L;]; = 15. Then, the system has reached the steady state of the catalytic decomposi-
tion studied by Liebhafsky.

The different authors have presented their experimental results differently. In order
to compare them it is necessary to define and calculate the same function of all the
reported rates. The following function Z (mol® dm™® s™) is especially convenient.

- +42
2T Ly e
[H,0,] [I,]

Under the conditions of all the studied works the reactions (1-3) are quasi at equi-
librium and the concentrations [[O] and [[,OH'] can be neglected in the iodine
mass balance. This gives the following relations.

IOH][I'][H] =K, [L]

I37] = Ky [1][T]

IO][H]=Kj; [IOH]

L]i=[L] 1+ K, [I'T+K/[T[H)

1
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The mechanism proposed by Liebhafsky assumes that kgps [I2]; = ks[IO][H2O;]. As
[107] = K{Ks[LY[I'][HT, Z would be constant and equal to k;K;Ksx10'. The
changes of Z with the buffers, the acidity and the iodide concentration result from
the complications revealed by further works.

Kinetics in citrate buffers

Shiraishi et al. as well as Ball and Hnatiw have concluded that citrate buffers do
not catalyze significantly the iodine(+1) reduction by hydrogen peroxide. On the
other hand, Shiraishi et al. have observed a marked effect of the iodide ions, not
observed by Ball and Hnatiw. The values given in their figures lead to

Z=02+1.8x10° [H[I] (17)

A careful analysis of the results of Ball and Hnatiw reveals why they have not ob-
served this effect: in the rate expression (16) d[1,]/dt is proportional to [I,]; only if
15 can be neglected. Shiraishi ef al. have analyzed their results using the complete
expression (16) but Ball and Hnatiw have calculated k,ps assuming a simple first
order rate law. This approximation was correct for nearly all their measurements
but not for their study of the [I'] effect in citrate buffers. At high iodide concentra-
tions the rs5 term is important and their ks values are too low. They did not publish
the details of their measurements but the available information suggests that their
values corrected for the rs term would be similar to Shiraishi et al. values.

Kinetics in phosphate buffers

Ball and Hnatiw have measured ks between pH = 6.2 and 7.7 with phosphate total
concentrations equal to 0.02 or 0.05 mol dm™ and iodide concentrations equal to
5x10™ or 1x10° mol dm™. Figure 1 shows the increase of their reaction rates with
[H[B]. Iodide has a much smaller effect than the buffer. Figure 1 shows also the
Z values calculated from the Liebhafsky measurements between pH = 5.8 and 7.2
in 0.2 mol dm™ phosphate buffer with [I] between 0.001 and 0.1 mol dm™. The
scatter is important but these values are in qualitative agreement with Ball values.
They are higher because the phosphate buffer concentration is higher and they
seem independent on [I']. Liebhafsky values suggest that Z reaches a limiting value
at high buffers concentrations. For comparison, figure 1 shows also the Z value
calculated from the measurements by Shiraishi et al. for the reaction not catalyzed
without effect of iodide (Z = 0.2 mol* dm™® s™). The experimental results of these
different works are in good agreement and the kinetic model must explain them all.
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Fig. 1. Z values calculated from Ball and Hnatiw measurements in phosphate buffers 0.02
M (++) and 0.05 M (——) [17] and from Liebhafsky measurements in phosphate buffers
0.20 M (x) [2] or (A) [3]; Z value for the non-catalyzed reaction (e) [13].

Kinetics in barbital buffers

Most of the Ball and Hnatiw results were obtained in barbital buffers. The authors
have explained the observed effects of the buffer and of the iodide concentrations
by the mechanism (13-15) giving the rate law

k,,JOH ]+k,s[B]
k_j5[17]+k, [OH ]+ k5[B7]

With the quasi-equilibrium (11) and K, = [H'][OH] = 10, the corresponding ex-
pression of Z is (18).
7 _ KisKiK; 10"[I7][H"1(k,,K,, +k,s[BI[H'])
ko[ IH T+k K, +kis[BT][H]

kobs[IZ]t = k13[120H7][H202]

(18)

This expression can be fitted to the author's experimental values but is inconsistent
with the other works. In citrate buffers the catalytic term k;s[B][H'] can be ne-
glected, the rate constants obtained by Ball and Hnatiw give k;;K,/k 3 = 2x107"2
mol” dm™® and the expression of Z reduces to

7 = K13K1K11k14[1_][H+]
[IT][H ]+2x107"2

The range of [I'][H'] values is 5x10™"! to 6x10™° for the Ball and Hnatiw experi-
ments and 5x10"" to 8x10” for the Shiraishi et al. experiments. In both cases
[I][H'] is larger than 2x10"% and Z should be independent on [I']J[H']. This is in
contradiction with Shiraishi et al. results and also with Ball and Hnatiw k., values
if they are corrected for the effect of reaction (5) as indicated above. The expres-
sion (18) is also inconsistent with the results of Liebhafsky in phosphate and ace-
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tate buffers. The experimental Z values at high acetate or phosphate concentrations
shown in figure 1 are independent on [I']. However, the expression (18) predicts
the opposite: when the term k;s[BJ[H'] becomes so large that Z becomes inde-
pendent on the buffer concentration, Z should become proportional to [I'J[H'].
Liebhafsky has mentioned in a footnote [ref.2, p.1798] results obtained at a lower
phosphate concentration showing "a positive trend with increasing [I']". Unfortu-
nately he has discarded these results but this footnote confirms that the effect of [I7]
on Z decreases when the buffer concentration increases. In summary, Ball and
Hnatiw mechanism is inconsistent with Shiraishi et al. measurements, with Ball
and Hnatiw ks values in citrate buffers corrected for the effect of reaction (5) and
with Liebhafsky measurements.

Proposed Mechanism

The above contradictions can be resolved considering the following mechanism
where reactions (3) and (11) are quasi at equilibrium.

IOH =210 +H" (3)
IOH + I'=* L,OH (11)
10" + H,0, == I00H + OH' (19)
IOH + B" + H,0, == IOOH + BH +OH" (20)
LOH + H,O, = IOOH + 1 + H,O (13)
IOOH + OH — I" + H,0 +0, (14)
IOH + H,0, == 100H + H,0 (21)

This mechanism is similar to the one proposed by Ball and Hnatiw but the catalysis
of the IOOH decomposition (15) is replaced with the catalysis of its formation (20).
The non-catalyzed reaction (21) can be neglected under the experimental condi-
tions of the studies discussed here but is probably important in non-buffered acidic
solutions. The reactions (19), (20) and (13) are kinetically equivalent to its catalysis
by OH’, B and I gives respectively. This mechanism gives the rate law

ko[IO” ]+ k,,[IOH][B™ ]+ k5[I,OH"™
kobs[lz]t =k14[H202] 19[ ] 20[ I[B"] _13[ 2+ ]
ks +k_jg +k 5 [BH]+k_;[I"J[H ]/ K,

The rate constants are related by the condition of internal consistency of reaction
mechanisms [19]. As (11) + (13) = (21) we must have K;; K;; = K, or Ky; ky3/k ;3
= Kj,;. Similar relations for reactions (19) and (20) lead to

ki3 _ K; ki _ Kpg ky
ko3 Ky ko K kg
where Kg = [H'][B')/[HB]. With these relations, the rate law gives
koK + kK [T ][H ]+ k,[B™][H"]
kKo Ky + koK + k3K [T ]H ]+ koo [BT][HT]

K21 = K11

Z= k14K21K1

(22)
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Let us assume as a first approximation that k;4K,K,, is much larger than kioK; +
kisK[T][H.

koK; + kK [TT][H ]+ k0[BT ][H]

Z~k, K, ;K
e ki Ky Ky, +ky[B ][H"]

(23)

In citrate buffers the catalytic term ky[B][H'] can be neglected and this expression
reduces to Z = K (kjoK3 + k3K [I7] [H+])KW in accordance with equation (17) obtained
by Shiraishi et al. The expression (23) explains also the maximum value of Z observed
by Liebhafsky in concentrated buffers. When ky[BJ[H'] is very large Z approaches
kisK5:K; and [I'] has no effect. When ky[B][H'] is smaller, the term kK, [I[H']
explains the small effect of [I'] observed. Thus, the simplified equation (23) explains
qualitatively all the observations. To show that the agreement is also quantitative, we
have estimated the rate constants using the complete equation (22). For numerical rea-
sons, this was performed in two steps. A first analysis of all the different works shows
that k4K, K; must be equal to about 4 s, Then, keeping this value, the adjustment of
the other rate constants to Shiraishi et al. results gives kioK;K /Ky, = 0.20, k3K Ki/Ky,
=2.3x10" and ky ~ 0 as expected in citrate buffers. Finally, the adjustment of the other
rate constants to Ball and Hnatiw results in barbital buffers gives k;oK;K /Ky, = 0.11,
k3K Ky/K, = 2.8><108, in fair agreement with Shiraishi ez al. values, and kyK,/K,, =
9x10%. These values depend somewhat on the chosen Ky value and we have used pKp
= 7.5 for 0.2 mol dm™ ionic strength. Figure 2 shows the agreement between the ex-
perimental and calculated values. The equilibrium constants K;, K5 and K;; are well
known at zero ionic strength [20] and, taking the approximate value 0.8 for the activity
coefficients, the Ball and Hnatiw results give kj; = 1.3x10* mol dm™ s and ko =
5.5x10” mol dm™ s™.
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Fig. 2. Comparison of the calculated Z values (—) with Ball and Hnatiw experimental val-
ues in barbital buffers [17]. (a) [I'] = 5x10™, [Barbital] = 1x10? (A), 5x107 (x) and 2.5x107
(0); (b) [Barbital] = 5x107, [I]= 1x107 (A), 5x10™* (x) and 2.5x10™* (0).
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Conclusions

Liebhafsky had used two different methods in different acetate and phosphate buffers
and had obtained about the same value of Z. This let him to conclude logically that
reaction (4) was the rate determining step. Actually, he had observed a new interesting
kind of homogeneous catalysis, a catalytic reaction whose rate can be independent on
the nature and on the concentration of the catalyst. The proposed model explains this
phenomenon. When the action of the buffer is very effective, reaction (20) is quasi at
equilibrium and the rate determining step is (14) giving Z = k4K;K;. The work of
Liebhafsky is instructive for another reason. He had observed that at low phosphate
concentrations the values of Z were lower but had discarded these results because they
seemed abnormal. Actually, they were an indication that the kinetics of the iodine(+1)
reduction by hydrogen peroxide is not simple. Seemingly abnormal experimental re-
sults can be sometimes the most informative results. It is only sixty years later that
Shiraishi et al. have discovered the catalytic effect of the buffers used by Liebhafsky
and the complicated effect of the iodide concentration. Recently, Ball and Hnatiw have
measured more precisely these effects but their mechanism does not explain all the
former observations. The mechanism we propose explains all the well established ex-
perimental facts but we do not pretend that this is the end of the story.
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INVESTIGATION OF MICROWAVE EFFECTS ON THE OSCIL-
LATORY BELOUSOV-ZHABOTINSKY REACTION

T. Grdanovi¢, J. Brankov and D. Stanisavljev

Faculty of Physical Chemistry, Studentski trg 12- 16.
P.O. Box 137, 11001 Belgrade, Serbia

Abstract

The influence of the microwave (MW) field was examined on the Belousov-
Zhabotinsky (BZ) oscillatory reaction, generated in a batch reactor. It was found
that MW field reacted inhibitory on the decomposition of malonic acid contained in
the BZ system.

Introduction

Experimental investigation of the influence of MW field on the reaction is followed
by series of tehnical difficulties, primary caused by nature and effects of MW field.
From these reasons there is a small number of scientific papers related with direct
examination of process in the MW field [1,2]. Oscillatory chemical reactions repre-
sent an interesting model systems for testing in microwaves, because of the possib-
le MW effects on the reaction dynamics. In this work is analised the BZ oscillatory
reaction in which malonic acid decomposes trough alternative domination of two
reaction pathways: one is caracterised by reduction of bromate to Br, and the other
by its backward oxidation to bromate.

Experimental

As a source of MW radiation (2.45GHz), "single-mode" microwave CEM reactor
with adjustable output power DISCOVER is used troughout. The temperature insi-
de the reaction mixture is measured with a CEM-designed FIBER OPTIC sensor
(enabling accuracy of the temperature reading within 1 °C), which do not react
with MW radiation. Examination of the dynamics of the oscillatory BZ reaction
was conducted in the batch reactor without mechanical mixing. The raction vessel
was cylindrical glass vessel (inner diameter d ~ 21 mm), created especially for ope-
ratig in MW field. The reaction is followed potentiometrically recording the poten-
tial of a platinum (Pt) electrode (5 % 0.5 mm glass-sealed Pt wire immersed in solu-
tion) versus a double-junction Ag/AgCl reference electrode (METROHM AG: Se-
rial No.6.0726.100) with a saturated K,SO, electrolyte bridge. All sensors were
shielded from MW, with a well grounded copper tube covered with Teflon. Be-
cause there is the possibility of a small penetration of radiation into the shielding
tube, all electrical signals from the electrodes were additionally filtered to remove
possible MW interference from registering instruments. The potential changes of Pt
electrode during the experiment were followed and written down using data collec-
tor (Collecting system for electrochemical measuring EH-"Measuring instruments
Miljkovic Budimir and others" O.D.). To provide constant MW irradiation and
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constant temperature (measured in the vessel centre), the excessive heat during
MW heating is removed by conventional thermostating (Thermostat-PolyScience
9106).

The volume of the BZ reaction mixture in the cylindrical glass vessel was
V=6.09 ml. The initial composition in all experiments was (in mol/dm’): 6x10
H,S0, (Fluka), 5.02x107 KBrOs (Merck), 1.27x107% C3H404 (Merck), 1.48x107
KBr (Zorka Sabac), 2.45x10° Cey(SO4); (97% purity, Sigma-Aldrich). All
chemicals were of analytic grade and used without further purification. Deionized
water of specific resistance p=18 MQcm was used throughout. The experiments are
performed at T=53 °C and emitted MW power by CEM reactor of 20W, 40W and
60W.

Results and Discussion

In the MW field the BZ system retains same evolution with one pre-oscillatory and
one oscillatory periods as it is for P=0 W (Fig. 1). But, the oscillations are much
more irregular in respect to the oscillations recorded without microwaves. By in-
creasing MW power, the oscillations have generally smaller amplitudes, but the
oscillograms show extended duration of oscillatory evolution and irregular period
between oscillations.
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It is known that pre-oscillatory (t;) and oscillatory period (t.,q) are kinetic
parameters of the BZ reaction [3,4]. The pre-oscillatory period (t,) reflects on du-
ration of reduction pathway which preceded oscillatory evolution, while oscilla-
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tory period (Tenq) reflects the time in which reduction and oxidation pathways in-
terchange. Figure 2. shows that MW have more expressive influence over the oscil-
latory period (tenq) because corresponding curve is of the higher slope. Since the
influence of MW on reduction processes (t;) is considerably smaller, it can be con-
cluded that the inhibitory influence is greater on oxidation processes in the BZ re-
action.

In the reference [5], it was shown that on the recording signals of Pt-
reference electrode, MW effects do not exist for actual cell geometry. Since the
system is thermostated, and tested the influence of temperature have showed oppo-
site effects of microwaves, the existence of thermal effects was ruled out as well.
Considering that the effective MW heating of reaction mixture is enabled by the
dipolar and conduction processes associated with breaking and reforming hydrogen
bonds of water molecules, it can be assumed that detected MW effects are associ-
ated with their influence on the dynamics of hydrogen-bonded water network.

Conclusion

The dynamics of the Belousov-Zhabotinsky (BZ) oscillatory reaction is investi-
gated in the presence of the microwave (MW) field. Conducting the reaction in
isothermal conditions with MW heating, it is revealed that MW influence on the
BZ system could significantly modify the reaction mechanism. The oscillograms
are prolonged with increasing emitted MW power and at the same time poorly de-
fined oscillations are generated with irregular period of appearing. The whole reac-
tion is slowed by the microwaves, and the results show more expressive effects on
oxidation processes in the overall reaction mechanism.

Acknowledgement

The Ministry of Science of the Republic of Serbia, under the project number
142025, supported this work.

References

[1] F. Marken, U.K. Sur, B.A. Coles, R.G. Compton, Electrochimica Acta, 2006, 51, 2195.

[2] D.R. Stanisavljev, A.R. Pordevi¢, V.D. Likar - Smiljani¢, Chemical Physiscs Letters,
2006, 423, 59.

[3] E. Koéros, Nature, 1974, 251, 703.

[4] S. Ani¢, Lj. Kolar-Ani¢, E. Koéros, React. Kinet. Catal. Lett., 1997, 61, 111.

[5]J. Brankov and T. Grdanovi¢, The applicability of the platinum electrode for tracking
the dynamics of the Belousov-Zhabotinsky oscillatory reaction in the microwave field,
Physical Chemistry 2008, A. Anti¢-Jovanovi¢ (ed.), SFCS Belgrade 2007 p, xxx.

214



PHYSICAL CHEMISTRY 2008. D-2-SL

DYNAMICS IN INTERACTING MASS-COUPLED CHEMICAL
REACTORS

O. Pesek, L. Schreiberova and 1. Schreiber

Institute of Chemical Technology Prague, Department of Chemical Engineering and Center for
Nonlinear Dynamics of Chemical and Biological Systems, Technickad 5,166 28 Praha 6, Czech Repub-
lic; e-mail: Igor.Schreiber@vscht.cz

Abstract

We present results of the experiments with two reaction cells coupled by diffusion-
like mass transfer. The hydrogen peroxide-thiosulfate reaction catalyzed by Cu®" in
the solution of H,SO4 (HPTCu) was employed. We studied effects of the flow rate
and intensity of coupling on autonomous dynamics of the system.

Introduction

Reaction between hydrogen peroxide and thiosulfate catalyzed by Cu®’ ions
(HPTCu) in an isothermal stirred flow-through reactor is an autocatalytic chemical
oscillator with large amplitude pH variations. In these pH-regulated reactions the
concentration of hydrogen ions plays a critical kinetic governing role in the dy-
namical behaviour of system [1]. The oxidation—reduction reaction between H,O,
and S,0;” in the presence of catalytic amount of Cu®* has been shown to exhibit a
rich variety of dynamical behavior if it is carried out in a continuos-flow stirred
tank reactor (CSTR)[2,3].

Experimental setup

Experiments were carried out in a cascade of two reaction cells made of plexiglass
covered on top by a teflon cap and coupled via an opening for mass transfer. A po-
rous teflon grid was placed in the opening between both reaction cells so as to
minimize convection flow caused by stirring. Each cell of volume 19 ml was
stirred with a magnetic stirrer. Feed solutions were delivered with the use of a peri-
staltic pump (Ismatech). The solutions were prepared daily from standard commer-
cially available chemicals. Required temperature of 25°C was maintained via a
thermostat (Haake). The cells have a metal bottom to ensure rapid heat exchange
with the coolant. Temperature and pH in the reactors were monitored during ex-
periments by means of platinum thermocouples (Pt100) and glass combined pH-
electrodes, respectively. The signals were amplified, digitized, processed and
stored in a computer. The whole experiment, variation of the flow rate and data
processing was controlled by a special programme designed in the LabVIEW pro-

gramming environment. Feed concentrations were chosen as follows: c(H ) 02) =
0.1 mol/l, c(S2 032’) = 0.008 mol/l, c(Cu>*) =2.5-10° molll, ¢(H,S0,) =
0.001 mol/L.
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At the start of an experiment the selected coupling strength and initial flow
rate were set. After an initial transient period the measurement started. The control
program set a flow rate delivered by the peristaltic pump feeding the first reactor
and successively varied the flow after a chosen time interval. The flow was varied
stepwise from minimal to maximal value and then backward again so as to detect
any possible hysteresis. The period of changes had to be long enough so that a sus-
tained dynamical regime is obtained. The flow rate of the peristaltic pump feeding
the second reactor is kept constant at the value, where single reactor would oscil-
late.

Results

Variation of the system’s dynamics as the constraints are varied was examined by
Orban and Epstein [2]. They found that pH of the system corresponds to: steady
state I (SSI) — pH ~ 7-9, steady state II (SSII) — pH ~ 5, steady state III (SSIII) —
pH ~ 3,5 and oscillations. In addition, the steady states may coexist and the system
will operate at one of the alternative attractors depending on its history. In our ear-
lier work we found that there are also parameter regions, where the system is excit-
able to pulsed addition of selected chemical species [4].

In the present experiments in coupled cells we study synchronization be-
tween two oscillators. An example of a measured time series is shown in Fig. 1,
where the change of dynamical behaviour is monitored in time as the flow rate k is
stepwise varied. For further analysis of the dynamics the recorded time series are
used to construct one-parameter diagrams where the dependence of pH in both re-
actors on the flow rate (reciprocal residence time) in the first reactor ky, is repre-
sented (Figs. 2-3).

6,5
6 4
5,5 A
d
51 oy
T —pH1
=S — pH2
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35 1
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Fig. 1 Measured time series, [H,0,]o; = [H,0,]52 = 0.1 mol/L; [S,057 Jo1 = [S:057 Jo1 =
0.008 mol/l; [H,SO4]o1 = [H2SO4]02 = 0.001 mol/I; [Cu* o1 = [Cu* o1 = 2.5:10™ mol/l; ko; =
0.0005, 0.001, 0.0015, 0.002 s (varied every 1500 s); ko, = 0.003 s™'; K =0.00015 5™
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The system can be found in a combination of the four aforementioned dy-
namical regimes, the state of system depends on direction of changes of flow rate
thus its history and the reactors influence each other.

Series of experiments for various coupling strength are summarized in bifur-
cation diagrams, which are plotted in the parameter plane of the flow rate (recipro-
cal residence time) ky and mass transfer coefficient K (Figs. 4-5). The figures show,
that the coupling caused a disappearance of bistability between SS II and SS 1 in
the first reactor and an extinction of oscillations in the
second reactor, where oscillations are replaced by SS III.

Discussion and Conclusions

Due to its complex mechanism, the H202—82032'—H2$O4—Cu2+ system displays a rich
variety of dynamical regimes including multiple steady states and periodic oscilla-
tions in a single CSTR. We found that by coupling two nonidentical reactors, dy-
namical behaviour becomes more complex than each of the two reactors separately.
We measured time series of pH in a cascade of two mutually connected reaction
cells with various intensity of mass transfer and flow rate in the first reactor. Data
were processed and represented in terms of evolution (one-parameter) diagrams
and then bifurcation diagrams were constructed in the plane ky-K. These diagrams
display parameter regions corresponding to various dynamical regimes. We fo-
cused mainly on the effects of coupling on the dynamical behavior. The studied
system serves as a representative model for more complex biochemical and bio-
logical systems that are frequently pH-sensitive and can be represented as coupled
subsystems.
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APPLICABILITY OF THE PLATINUM ELECTRODE FOR
TRACKING DYNAMICS OF THE BELOUSOYV - ZHABOTINSKY
OSCILLATORY REACTION IN THE MICROWAVE FIELD

J. Brankov and T. Grdanovi¢
Faculty of Physical Chemistry, Studentski trg 12-16, P.O. Box 137, 11001 Belgrade, Serbia

Abstract

It is carried out testing the applicability of platinum (Pt) electrode to follow evolu-
tion of Belousov - Zhabotinsky (BZ) oscillatory reaction in the microwave (MW)
field. The Pt electrode potentials in a series of experiments without microwaves, as
well as in the experiments in the presence of MW radiation are recorded. It has
been found that using the carefully designed experimental setup, responses of Pt
electrode agree within experimental error.

Introduction

One of the often-applicable ways to track evolution of chemical oscillators is con-
tinuously tracking the potential of the Pt electrode. Measuring the Pt electrode po-
tential in the MW field is difficult to achieve because there are certain dangers, for
the experimenter himself, measuring equipment and misinterpretation of obtained
results:

1) In the MW field, arcing of the metal electrode can be reached as a conse-
quence of induced high electrical potential, introducing undesirable new processes
in the reaction mixture and possible damaging of the MW source;

2) Any metal wires which are parts of the sensors, act as antennas transmit-
ting high voltages to the measuring apparatus and causes way out the harmful MW
radiation outside the MW cavity, which represents a direct danger for experimenter
himself. Also, induced electric voltage in metal conductors can lead to damage a
delicate measuring instruments which, in the case of electrochemical measure-
ments, are not constructed to measure voltage over 5 V;

3) As a consequence of using thin electrodes to follow electrode potentials, a
local overheating of the reaction mixture and incorrect interpretation of the ex-
perimental results [1,2] can appear.

Despite of the existing problems, careful experimental design allows electro-
chemical measurements in presence of the MW field.

Experimental

In Figure 1 is schematically shown the investigated experimental setup: 1-shielding
copper tube, 2- temperature sensor; 3-Pt electrode, 4- reference electrode
(METROHM AG. 6.0726.100), 5 - reaction vessel, 6-reaction mixture.
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= . Experimental work has been perform§d by re-
cording potential of the Pt electrode for various pre-
pared Ce*'/Ce*" ratios [3], in a closed reaction vessel
with double walls, which enabled thermostating
i tested mixture. The thermostating is necessary be-
cause according to Nernst equation electrode read-
ing is temperature dependent. Changes in potential
5 of the Pt electrode during the experiment were re-
1 corded using data collector (EH-,,Measuring instru-
MT LR [ ments Miljkovic Budimir and others O.D.). As a
W 6 source of MW radiation, single-mode 2.45 GHz
MW CEM reactor with adjustable output power
(Discover) is used. Reaction vessel was cylindrical
glass vessel with the inner diameter of d~21 mm. In
the reaction vessel was introduced: Pt electrode (5x0.5 mm glass-sealed Pt wire),
electrolytic bridge Ag/AgCl reference electrodes and temperature sensor. Elec-
trodes and temperature sensor were protected from microwaves by a well-grounded
copper tube, which was coated with Teflon. That preserves chemical inertness in
touch with solution and its vapor. The electrical signal from the electrodes is addi-
tionally filtered to remove possible high voltage 2.45 GHz alternating signal result-
ing from the MW field (induced electric voltage in metal conductors can lead to
damage delicate measuring instruments) [4].

All chemicals are of p.a. grade: H,SO,4 from Fluka, KBrO; and C;H,O, from
Merck, KBr from Zorka Sabac, Ce,(SO4); 97 % from Sigma-Aldrich and Ce(SO,),
99 % from Acros. Deionised water of resistivity , p=18 MQcm was used.

The total volume of the BZ reaction mixture was V=6.09 ml. The initial
composition in all experiments was: [H,SO,4]=0.6 mol/dm’, [KBrO;]=5.02x10"
mol/dm’, [C3H,04]=1.27x10 mol/dm’, [KBr]=1.48x10” mol/dm’. The ratio con-
centrations of the redox couple Ce*"/Ce’" has varied from 1:1000 to 100:1 for de-
termining electrode responce. For those experiments, the reaction mixtures are ma-
de with H,SO4 (0.6 mol/dm”) to simulate oscillatory BZ reaction environment.

Fig. 1. Experimental .setup

Results and Discussion

. Table 1. Slopes and intercepts of the Nernst lines
Electrode potentials of the Pt P P S

electrode were obtained in a se-

ries of experiments performed at MW radiation Slope Intercept
53 °C, maintained constant with emitted power / W /mV /mV

conventional thermostating. It is 0 68 +3 11725
done in the absence of MW radia- 20 693 1168+5
tion, as well as during MW irradi- 40 69 + 3 1168+ 5
Zt(;n\% mixture with 20 W, 40 and 60 69 + 3 1168 < 5
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Comparing the slopes and intercepts

of the Nernst curves, E=f(log ow
[Ce*"/Ce™]) for different conditions
we conclude that their values agree - 2

40w

within experimental error. It means
that Pt electrode shows the same re-
sponse in experiments without MW,
and in the presence of MW field (Ta-
ble 1.).

This is important because it proves
that near the working electrode there
is no local overheating of the reaction 900
mixture. In other words, it means

900

1000 20

\

D
(=]
=]

i

1000

E [mV]

that applied experimental configu- 1000

ration can be used for electrochemical 900 - w ‘ ‘ |
measuring directly in the microwave oo A 0 2
field log[Ce™ ]/[Ce "]

Fig. 2. Calibrating lines - electrode potentials
in function of logarithm of the ratio concen-
The electrode readings in the absence  frations redox couple Ce''/Ce™ with MW
of MW field, as well as electrode POV OW, 20W, 40W, 60W, T=53 °C
readings in presence of MW radiation of 20 W, 40 W i 60 W is followed. It has
been found that responses of Pt electrode within experimental error were agreeable
in both cases, indicating that examined experimental configuration can be used for
direct electrochemical tracking of the BZ oscillatory reaction in the MW field.

Obtained results are of wider significance because they open a way for a
more detailed electrochemical investigation of different complex processes under
microwave irradiation.

Conclusion
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Abstract

In this paper, we applied multifractal analysis on time series obtained by determi-
nistic simulation of the Bray-Liebhafsky oscillatory reaction. Large Deviation
Spectrum was used to represent multifractal spectrum. We obtained spectrums with
two peaks, one in region of low and the other in region of high values of Holder
exponent. Their intensity depends on flow rate.

Introduction

The Bray-Liebhafsky (BL) reaction is the decomposition of hydrogen peroxide into
the water and oxygen in the presence of iodate and hydrogen ions:

2H,0, —% 50, +2H,0. (D)

Oscillatory dynamics of the BL reaction in CSTR can be simulated with the
model consisted of eight reactions where three of them are reversible and the reac-
tions due to flow of hydrogen peroxide through the system and outflow of all spe-
cies from the reaction vessel. With increasing flow rate j,, in numerical simulations
based on model, various simple, complex and chaotic oscillations were observed.
[1]

For detailed comparison of various chaotic states, multifractal analysis is
used here, rather than local fractal dimension evaluation, since it may yield addi-
tional insight into the complex nature of the chaotic dynamical state. [2] The multi-
fractal spectrum is graph, where abscissa represents the Holder exponent in the
signal and the ordinate is the fractal co-dimension which measures the extent by
which a given singularity is encountered. One of the ways to represent multifractal
spectrum is Large Deviation Spectrum since it yields information about the statisti-
cal behavior of the probability of finding a point with a given Holder exponent in
the signal under changes of resolution. *’

Methods

Deterministic simulations were performed using the MATLAB program package
using the odel5s solver. For the numerical calculation of the Large Deviation
Spectrum, the FRACLAB toolbox has been used. [4]

223



PHYSICAL CHEMISTRY 2008. D—4-P

Results and Discussion

Generally, large deviation spectrum is the method for examination of time series
with highly irregular oscillation periods and their amplitudes.

L.D. Spectrum [17],10° mol x dm"
j,=0.00482592

1.0 4 0 6
- 5,
0.5 — 4
4 3
0.0 24
' ! ' ! 0.12 0.13 0.14
j =0.0048316
1.0 4 0
- 67
0.5 5
- 47
3,
0.0 -
T T T T 21
0.12 0.13 0.14
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° o]
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0.12 0.13 0.14

Holder exponent 5 5
[I2], 10 mol x dm’

Fig. 1. Large Deviation Spectrum (left) and corresponding attractors

(right) with their time series at the insets. The jo is given in min™.

Here, the time series are also irregular, but with two types of oscillations
with significantly different periods and amplitudes. Moreover, the amplitudes of
large oscillations are almost same whereas the amplitudes of small oscillations are
different between themselves.
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By application of large deviation spectrum on these chaotic time series ob-
tained at different flow rates we have found one kind of bimodal distribution which
depends on fraction of large and small amplitude oscillations. In Figure 1, the five
chaotic states obtained at different flow rates, are presented. For the flow rate
0.0048504 min™ contribution of small and large amplitude oscillations are similar.
In that case large deviation spectrum has the same values for both corresponding
Holder exponents. At lower flow rates (jo = 0.00482592 min™ and j, = 0.0048316
min™') large deviation spectrum is higher for lower Hélder exponents that corre-
spond to situation when fraction of large amplitude oscillations is higher. The
situaltion is opposite at higher flow rates (j, = 0.0049466 min™ and j, = 0.0050812
min").

Conclusion

Time series were obtained by numerical integration of the ordinary differential
equations for the Bray-Liebhafsky oscillatory reaction model in the CSTR reactor
under the conditions of the deterministic chaos and mixed mode periodic oscilla-
tions. The applicability of the multifractal analysis in comparison of various cha-
otic states was demonstrated. For the low flow rate value, smaller Holder expo-
nents dominate, indicating appearance of signal fractality, while for the increased
flow rate values higher Holder exponents are more pronounced.

Acknowledgment

The authors thank the partial support of the Fund for Science and Technologies and
Development of Serbia. Proj. 142019 and 142025.

References

[1] G. Schmitz, Lj. Kolar-Ani¢, T. Grozdi¢, V. Vukojevié, J. Phys. Chem. A , 2006, 110,
10361-10368.

[2] R. C. Hilborn, Chaos and Nonlinear Dynamics, 2nd edition, Oxford University Press,
Oxford, 2000.

[3] M. Meyer and O. Stiedl, Eur. J. Appl. Physiol., 2003, 90, 305-316.

[4] Available at http://apis.saclay.inria.fr/FracLab/download.html

225



PHYSICAL CHEMISTRY 2008. D-5-P

STOICHIOMETRIC NETWORK ANALYSIS OF
PHOTOCHEMICAL PROCESSES WITHIN MESOPAUSE REGION

0. Hada¢, M. Kohout, I. Schreiber, V. Nevoral and M. Marek

Institute of Chemical Technology, Prague, Department of Chemical Engineering and Center for
Nonlinear Dynamics of Chemical and Biological Systems,
Technicka 5, 166 28 Prague 6, Czech Republic; e-mail: Otto.Hadac@vscht.cz

Abstract

The photochemistry of the mesopause region entails a chemical oscillator forced by
solar short-wave radiation. Lumped periodically forced model produces nonlinear
behaviour such as period-doublings cascades and chaos. Methods of stoichiometric
network analysis are used to decompose the entire network into irreducible sub-
networks and then apply linear stability analysis. Comparison of phase shifts of
essential species indicated by linear stability analysis with simulations identifies
subnetworks giving rise to oscillatory behaviour.

Introduction

The mesopause is the boundary region between the mesosphere and thermosphere.
It can be located as a region of having the lowest temperature occurring between 80
and 90 km above the surface of the Earth [1]. This region is one of the most sensi-
tive and least explored regions of the atmosphere. The atmosphere is essentially
vertically stratified, hence the description by 1D-model, which combines reaction
and transport (convection, diffusion, etc.), is a frequently used approximation.

The photochemistry of the mesopause region involves a nonlinear chemical
system forced by solar short-wave radiation. The diurnal variation of the solar ra-
diation permanently shifts the photochemical system out of equilibrium because of
sunrise and sunset. The system also generates subharmonic oscillations and deter-
ministic chaos [1, 2].

A photochemical mechanism consisting of eighteen chemical reactions can be
found in literature [3, 4]. The systems or subsystems of the atmosphere are con-
nected with each other and characterized by internal feedbacks, therefore the use of
stoichiometric networks analysis is the appropriate technique.

The model

The model of the mesopause region [3] examined here can be expressed as a
system of ordinary differential equations (lumped system) representing mass
balance equations for O, O3, OH, H and HO,:

dx(t) <
——~=>»v R, 1
7 Z R (1
where x; represents concentration of the species i, R is the reaction rate, v denotes

the stoichiometric coefficient. This model involves the hydrogen/oxygen kinetics
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of the mesosphere appropriate to an altitude of 81 km [3]. Photolysis of oxygen,
water and ozone depends on the photon intensity @ that varies between ‘day’ and
‘night’. For simplicity, the light variation is modelled by a square function: @ = 0
fort<0.25 and t > 0.75, @ = 1 for 0.25 <t < 0.75, where t = mod (time/day). This
time-dependence of the photon intensity causes a periodic forcing on the system,
with a forcing period of one day. The simplest response of the system is a periodic
oscillation with one-day period. The concentrations of the major species O, and M
(any particle) are assumed constant, with [0,] = 6.5x10"° molecule cm™ and [M] =
3.4x10" molecule cm™. The concentration of another component - H,0, is fixed in
any given computation, but regarded as the main bifurcation parameter.

Stoichiometric network analysis (SNA)

The SNA [5] provides a method of estimating stability of steady states of Eq. (1)
by expressing the set of all possible reaction rate vectors (Ry,..., Ry) as a linear
combination of major (or extreme) subnetworks obtained from stoichiometric con-
straints imposed on the steady states. Any steady state reaction rate vector in the
network is a linear combination of the rate vectors of the extreme subnetworks,
which form a basis of elementary pathways defining characteristic modes available
in the network. In geometrical terms, the space of all admissible (i.e., non-negative)
rate vectors is an open cone with the extreme subnetworks forming its edges (1D-
faces). Certain pairs of edges span 2D-faces, etc. The edges and the faces constitute
a natural hierarchy of increasingly complex subnetworks whose stability is exam-
ined to reveal potential sources of oscillatory behaviour by determining conditions
for a Hopf bifurcation.

Stability of a steady state (sub)network (not necessarily an edge or an n-
face) is given in terms of principal minors of a matrix closely related to the Jaco-
bian matrix [5]. The sign of the relevant minor determines whether the
(sub)network is stable for any choice of kinetic parameters or may become unsta-
ble. The species associated with the negative minor play a decisive role in the in-
stability if their steady state values are sufficiently small. By choosing the steady
state values accordingly, the full Jacobian matrix is obtained. If there is a pair of
pure imaginary eigenvalues of the Jacobian, the instability gives rise to periodic
oscillatory dynamics via a Hopf bifurcation. At the Hopf bifurcation, a classifica-
tion and determination of the role of species in oscillations [6] can be done, for ex-
ample, by calculating mutual phase shifts of oscillating species [7], or by other
methods [8, 9].

In terms of graphical interpretation of reaction networks, each reaction is
represented as a multi-tail/multi-head arrow, where the number of feathers/barbs
determines the stoichiometric coefficients of reactants/products and the number of
left feathers determines the reaction order. In the present case, the reaction network
can be decomposed into 35 extreme currents, where 13 out of those are unstable.
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isfies phase shifts of the full
model (1) in the best way. The
autocatalytic cycle involves re-
actions 4 and 7 and the species
OH and HO, (autocatalytic spe-
\- cies). An oscillatory instability
is achieved by combining this cyclic reaction path with reaction 3 involving O (exit
species). The autocatalytic and the exit species are indicated by the negative minor
as those, having small steady state concentrations. Finally, the oscillatory instabil-
ity is made possible by the presence of O;. There is a negative feedback exerted by
O; (negative feedback species) upon itself via the path through OH and HO, imply-
ing that the autocatalysis depletes the supply of Os;, which must be replenished by
the feed or by other transport processes (eddy diffusion, etc.) at a later time leading
thus to oscillations. In the simulations [1-4] the ‘day’ stationary state is excitable,
not oscillatory, but conclusions presented here apply also to this case, since excit-
ability and oscillations are intimately connected.

: )
~ Fig. 1: Unstable subnetwork re-
sponsible for excitability of ‘day’
stationary state
M 0 H 7 The subnetwork in Figure 1 sat-

r—é\/\flﬁ
\_ Aoj \O_ |
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Abstract

We study oscillatory and steady state regimes in the hydrogen peroxide — thiosul-
fate — sulfite reaction carried out in a flow-through stirred reactor. We find a large
region of regular oscillations when the inlet sulfite concentration and the flow rate
are varied, separating two steady state regions at low and high flow rates. In the
border zone between the two main dynamical modes complex transients are found,
indicating a narrow zone of hysteresis.

Introduction

The reaction of hydrogen peroxide with thiosulfate and sulfite in acidic solution
(HPTS reaction) is chemical system providing nonlinear behaviour in a continuous-
flow stirred tank reactor (CSTR). The experimentally observed dynamical regimes
of HPTS reaction are various steady states, periodic and aperiodic oscillations in
the CSTR under isothermal conditions. HPTS reaction belongs to the family of pH
oscillators where concentration of hydrogen ions exhibits large amplitude periodic
changes in time, typically in the pH range between 4.5 and 7. HPTS reaction exhib-
its complex periodic changes of pH in time and the reaction is also temperature
sensitive [1].

Experimental section

The experiments were carried out in cylindrical-shaped plexiglass cell with the
volume liquid of 17.6 mL, see Fig. 1. Inlet ports, outlet port and port for pH elec-
trode are found in the reactor cap. Two reactant solutions were pumped into the
reactor through inlet tubes by a peristaltic pump. One solution contained diluted
hydrogen peroxide and the other contained mixture of thiosulfate with sulfite and
sulfuric acid. Input concentrations of the reactants were: [H,0,];=0.0135 mol/L,
[Na,S03.5H,0]0=0.005 mol/L, [HZSO4]0=5.10'4 mol/L; the inflow concentration of
sulfite [Na,SO;], was varied from 0.002 mol/L to 0.004 mol/L. All solutions were
prepared daily from fresh demineralized water and bubbled with N, for at least 12
hours for elimination of CO,. The reactor was thermostated on required tempera-
ture at 26 + 0.2°C. Throughout the experiments stock solutions were bubbled with
N,.

Results

Measurements were carried out under constant operating conditions (inlet concen-
trations and temperature) with the flow rate (reciprocal mean residence
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Fig. 1. Experimental setup: 1 - reactor, 2 - magnetic stirrer, 3 - heat exchanger, 4 - electro-
motor with magnet, 5 - voltage regulator, 6 — thermostat, 7 - pH-electrode, 8 - syringe pump
(for the study of excitability), 9 - computer, 10 - pH-meter, 11 - A/D converter, 12 - peri-
staltic pump, 13 - stock solutions.

time) ko, being systematically varied in a step-wise manner up and then down to
indicate possible hysteresis. Such experiments were systematically repeated for
various inlet concentrations of the sulfite. Results for a particular inlet concentra-
tion are shown in Fig. 2. At the lowest value of ky (k;=0.000349 s™') the system is in
the high steady-state. The pH value of this state is about 7.5. The flow rate is
gradually increased in small steps while the system remains in high steady state up
to k=0.00104 s™'. When £k is greater than 0.00138 s™' the system occurs in a hys-
teresis region where the stable steady state coexists with simple oscillations. The
system starts to regularly oscillate above k,=0.00172 s'. For the flow rate
k4=0.00373 s™' the periodic oscillations are replaced by a long transient regime. Fi-
nally for k=0.00406 s the system entirely ceases to oscillate and the low steady
state with pH value 4.0 is reached. If the flow rate is systematically decreased no
hysteresis is observed. In the oscillatory region, the system displays stable simple
regular large amplitude oscillations. When the experiments for different levels of
the inlet sulfite concentration are put together, bifurcation diagram in Fig. 4 is ob-
tained. It shows that the hysteresis is observed only at the lowest inlet sulfite con-
centrations and for large enough inlet concentrations of the sulfite oscillations dis-
appears but no multiple steady states are observed. Transition between oscillations
and steady states indicate a subcritical Hopf bifurcation.

Conclusions

Experiments have shown the existence of oscillatory behaviour in the system as
well as strong sensitivity to the presence of carbon dioxide in the ambient air. The
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Fig. 4. Bifurcation diagram obtained by sequential increase of ky; square — high steady
state, triangle — low steady state, circle — oscillations, shaded squares — transient dynamics.

results of dynamical measurements were summarized in bifurcation diagrams indi-
cating steady states, periodic oscillations and a weak hysteresis. No irregular sus-

tained oscillations were found.

Acknowledgements

This work was supported by grants GACR 203/06/1269 and MSM 6046137306.

References

[1] Rabai G., Hanazaki I.: Chaotic pH Oscillations in the Hydrogen Peroxide-Thiosulfate-

Sulfite Flow System, J. Phys. Chem. A, 1999, 103 7268-7273.

231



PHYSICAL CHEMISTRY 2008. D-7-P

PULSE PERTURBATION TECHNIQUE FOR DETERMINATION
OF THIAMIN IN PHARMACEUTICALS USING AN
OSCILLATORY REACTION SYSTEM

J. Maksimovié¢', N. Peji¢?, D. Ribi¢' and Lj. Kolar-Ani¢'

!'Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12-16,
P.O. Box 137, 11001 Belgrade, Serbia
Faculty of Pharmacy, University of Belgrade, Vojvode Stepe 450,
11000 Belgrade, Serbia, bimesel@eunet.yu

Abstract

A novel procedure for kinetic determination of thiamin (VB;) is proposed and vali-
dated. The method uses a Pt electrode for potentiometric monitoring of the concen-
tration perturbations of the Bray-Liebhafsky (BL) matrix in a stable non-
equilibrium stationary state close to the bifurcation point. The proposed method
relies on the linear relationship between maximal potential shift, AE,,, and the loga-
rithm of VB; concentration. Under optimum conditions, linearity was obtained
over the range of 0.01-1.0 umol with the limits of detection of 0.01 pumol, as well
as analytical throughput of 30 determinations per hour. The technique provides
simple, effective and convenient method to assay the pharmaceutical samples.

Introduction

Oscillatory chemical systems in states far from equilibrium may be used as suitable
matrices for analytical determinations by means of pulse perturbation technique
(PPT). Applicability of oscillatory reactions to this goal originates from their non-
linear kinetics as well as from the inherent extreme sensitivity to various perturba-
tions [1-3]. Here, the Bray-Liebhafsky oscillatory reaction [4], i.e. the reaction of
catalytic decomposition of H,O, into H,O and O, in the presence of 1073 and H', is
used as the matrix for quantitative determination of thiamin.

Numerous methods have been reported for analysis of VB, in pharmaceuticals,
(spectrofluorimetric, polarographic etc.). The wide linear range and low detection limit
of the above-mentioned methods satisfy the requirements of most determinations.
However, the determination of water-soluble vitamins has always been a peculiar prob-
lem largely due to instability of these compounds and complexity of the matrices in
which they usually exist. Also, most of the proposed methods are laborious, time-
consuming or not accurate enough. Therefore, new methods based on a relatively sim-
ple, fast and cheap device are desirable. Based on our previous experience [2,3] we
have developed the PPT to this purpose and in particular, for quantitative determination
of VB, in bulk drugs and pharmaceuticals.

Experimental

The oscillating assembly is composed of a 50 mL glass Continuosly fed well Stirred
Tank Reactor (CSTR). Peristaltic pumps controlled the flows (inflow and outflow) of
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reactants (KIO;, H,SO, and H,0,). Inflow concentration of H,SO, was the control pa-
rameter. Sensitivity of the method was tested at three non-equilibrium stationary states:
[KIOs], = 5.9x1072 M, [H,05], = 1.5x107" M, specific flow rate, j, = 2,95x10~ min™",
T =56.0 °C and [H,SO,], = 8.16x107> M, = 8.44x10* M and = 9.0x10"> M. Highest
sensitivity was found for [H,SO4], = 8.44x107 M i.e. in a stable non-equilibrium sta-
tionary state that is closest to the bifurcation point found at [H,SOg4]gp = 7.95 x107 M.
Temporal evolution of the system was recorded by means of a Pt electrode and double
junction Ag/AgCl electrode interfaced to a PC-AT 12 MHz compatible computer via a
PC-Multilab EH4 16-bit ADC. For VB, determination in pharmaceutical, the sample
solution were prepared by quantitatively transfer the average mass of one tablet in a 25-
mL volumetric flask. The intensity of the perturbation corresponded to the total amount
(in pmol) of analyte injected in the 50 uL aliquot of standard samples.

Results and Discussion

The PPT used for quantitative determination of VB;, is based on potentiometric moni-
toring of the response of the non-linear matrix to perturbations induced by different
concentrations of standards and analyte (Fig. 1.). The maximal change in potential (in
mV), defined as the difference AE,, = E;, — E, where E, is the maximal potential value
attained after the perturbation is performed, and E; is the potential corresponding to the
stable stationary state before the perturbation is performed (Fig. 1.); the AE,, is used as
indicator of the perturbation strength. This potential shift is found to vary linearly as a
function of the logarithm of VB, concentration over the range 0.01 pmol<[VB,] < 1.0
pmol. The regression equation of the standard series calibration curves is AE,, = 17.6
+8.4 log ¢ (r=0.9986). The detection limit of the method is 0.01 umol.

In order to study the validity of the proposed method, it was applied to the
determination of VB, in pharmaceutical (Pentovit, Srbolek, Belgrade). The amount
of VB, obtained by the proposed method is in good agreement with that claimed by
the manufactures (RSD is 5.1%). The Table 1 shows the results obtained; it can be
seen that the RCV is 102 % indicating that the method developed is free from inter-
ference and provides accurate results; it is a useful method for quantitative analysis
of VB, in pharmaceuticals.

740, Fig. 1. Typical response curves obtained
after perturbing the stationary state in the
| | | BL reaction found at a mixed inflow

760 concentration of sulfuric acid, [H,SO4] =
8.44 x 10 M by addition of different
Ep Ep concentrations of VB; (from left to

780 Ep

right): 0.08 pmol; [VB;] = 0.15 pmol

‘ ‘ and [VB;] = 0.75 pumol. Arrows indicate
7000 8000 the moments at which stationary states
were perturbed.
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Table 1. Precision and recovery of VB, in pharmaceutical dosage form

Sample” | Claimed (mg) Concentration found (mean®+ | R.S.D. | RCV®
S.D.% (%) (%)

12.3 12.7+ 0.6 4.8 103.2

* Samples containing: thiamin (12.3 mg), pyridoxine (5 mg), B12 (0.05 mg), folic
acid (0.4 mg), nicotinamide (20 mg) and excipients; "Mean concentration
(n=6);‘average standard deviation; ‘Average relative standard deviation; °Per-
formed as accurate addition of 0.16 umol of VB, in the dilute samples (n=3)

Conclusion

The proposed method for the determination of VB, is fast (30 samples per hour),
accurate (RSD is 5.1%), precise (RCV = 102%) and sensitive (LOD = 0.01 pmol).
It was proved to be very appropriate for routine analysis of pharmaceuticals with-
out any pretreatment of the samples apart from its dissolution; it could be also used
for their quality control.
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Abstract

The experimental results obtained when the Bray-Liebhafsky (BL) reaction is real-
ised in the CSTR (Continuously fed well Stirred Tank Reactor) are presented. The
dynamic behavior of the BL reaction is examined by varying inflow concentration
of the H,SO, as a control parameter. The experimental evidence for the onset and
termination of oscillatory behavior via the saddle node infinite period (SNIPER)
bifurcation as well as some kind of the Hopf bifurcation is presented. Moreover,
the complex dynamic behavior is also found.

Introduction

The investigation of the chemical systems, which posses non-linear properties, self-
organization and temporal dynamic structures has become one of the most active
areas in chemical dynamics. Recently, bifurcation analysis has been attained to ob-
tain dynamic behavior of nonlinear system when driven in the CSTR. We have ex-
amined the dynamic behavior of the BL reaction [1] in the CSTR [2] when sulfuric
acid is the control parameter, what about there are only few informations [2] We
determined the conditions under which transition from a stable stationary state to
periodic oscillations can occur. Transition from simple periodic oscillations to
complex mixed-mode oscillations and chaos has also been found.

Experimental

We investigated the BL reaction as the reaction where H,O, decomposes into the
H,0 and O, in the presence of both 107; and H' ions. The dynamic behavior of the
BL reaction is examined in the CSTR when inflow concentration of H,SO, is a
control parameter. Under the following experimental conditions: [KIO;], = 0.059
M, [H,0O,], = 0.015 M; the specific flow rate j, = 0.0295 minﬁl, T = 56°C and the
inflow concentration of H,SO, varied from 0.0422 M to 0.09 M. Temporal evolu-
tion of the system was recorded by means of a Pt electrode and double junction
Ag/AgCl electrode interfaced to a PC-AT 12 MHz compatible computer via a PC-
Multilab EH4 16-bit ADC.
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Results and Discussion

In our experiment, concentration of H,SO, varied, while the other parameters (T, j,
and concentration of both KIO; and H,0,) remained unchanged (Fig. 1 (a)).
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Fig. 1. (a) Time series obtained under the given experimental conditions. (a)
0.0422 M (a;) 0.0591 M (a3) 0.0704 M (a4) 0.0761 M (as) 0.0774 M (ag) 0.0788 M
b) Bifurcation diagrams show transition from the stable stationary state (solid cir-
cles) to the large-amplitude oscillations (open circles) and small amplitude oscilla-
tion (triangle) denoting minimal and maximal potential in an oscillation; dash
doted lines show the boundary between different dynamic structures: stable
stationary states (I and 1V), oscillatory states (II) and aperiodic mixed mode oscil-
lations (III).

For H,SO, concentration in the range from 0.0422 M to 0.055 M, stable sta-
tionary states are found. Simple periodic oscillations as well as stable stationary
states exist for concentration of H,SO, in the range from 0.0563 M to 0.0746 M as
well as 0.0802 M to 0.09 M, respectively. When concentration of H,SO, increases
above 0.0761 M, aperiodic mixed mode oscillations with different mixing of the
large and small amplitude are detected (Fig. 1(as)—(as)). The bifurcation diagram,
showing the envelope of the simple periodic oscillations (zone 1) and two distinct
stable stationary states characterized by lower (zone I) and higher potential values
(zone IV) of the stable stationary states are presented in Fig 1b. Also, for H,SO,
concentration in the range 0.0761 M < [H,SO4] < 0.0788 M (zone III) a region of
aperiodic mixed mode oscillations is entered.
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The transition from the stationary state (zone I), into oscillatory goes
through losing stability at the lower bifurcation point, ([H,SO4] = 0.0557 M), via
SNIPER bifurcation. When the bifurcation point is approached, the period of the
simple a periodic oscillation increases whereas their amplitudes remain constant.
The bifurcation occurs at the same value of the mixed flow concentration of
H,S04, [HySO4] = 0.0557 M, when approached from either side. On the other hand,
at the higher bifurcation point, [H,SO4] = 0.0795 M, the transition from the mixed
mode oscillations into a stable stationary state occurs. When this bifurcation point
is approached, the period of the large-amplitude oscillations remains constant while
the amplitude decreases. This bifurcation point is found by linear extrapolation of a
plot of the square of the large-amplitude oscillations observed close to the bifurca-
tion point versus the inflow concentration of H,SO,4 (Fig. 2), but this intersection
cannot be ascribed easily to Hopf bifurcation point since two kinds of oscillations
emerge from it. Moreover, we could have more points between the chaos and the
stable steady state where dynamic states with simple sustained oscillations would
appear. Then we should probably have the simple Hopf bifurcation point.
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Abstract

The oscillatory Bray-Liebhafsky (BL) reaction is generated in the batch reactor at 60
°C. The composition of the BL system was kept constant: ([H,O.], = 3.00-107,
[H,SO,4]o = 5.50-107 and [KIOs]o = 6.00-10” mol-dm™. The BL reaction characterized
by one preoscillatory and one oscillatory period was perturbed with pulse involving
different concentration of potassium iodide (1-10° - 1-10° mol-dm™) at the end of
preoscillatory period. The significant effect appears for the [KI]o > 1-10™ mol-dm>; the
length of the iodide oscillograms and the number of oscillations decrease when potas-
sium iodide increases. The complex logarithmic function between the length of the
iodide oscillograms and initial potassium iodide concentrations was found.

Introduction

The Bray-Liebhafsky reaction is the decomposition of hydrogen peroxide into water
and oxygen

— 1t

2H,0, 2% _59H,0+0,, D
in the presence of iodate and hydrogen ions.[1] In this reaction appear numerous inter-
mediates such as I-, 12, HOI, HOOI etc.[1-4] The BL reaction can be monotonous or
oscillatory in the time [1-5]. The reaction (D) is result of two complex consecutive re-
actions [1]

210;+2H"+5H,0, — 1,+50,+6H,0 R

[,+5H,0, — 2I0;+2H" +4H,0 0]
Influences of different perturbation species on the BL reaction was investigated from its
discovery. There are several manners for introducing the perturbation species in the BL
system. One of them is pulse perturbation in desired moment during the reaction. The
effects of perturbations can be manifested in changing the properties of the BL reaction
as the preoscillatory or the oscillatory period, the total number of oscillations etc. [1-5]
Attention in present paper is focused on pulse concentration iodide perturbation of BL
reaction, which is generated under well stirred isothermal closed reactor (the batch re-
actor) at the end of the preoscillatory period.

Experimental

The BL oscillator with constant composition ([H,O,], = 3.00- 10'3, [HoSOy4]o = 5.50'10'2,
[KIOs], = 6.00-10” mol-dm™) and temperature (60 £ 0.2 °C) is generated in the vessel
(Methrom EA 876-20). The BL reaction is recorded by digitalized potenciometric
method with I'-ion sensitive electrode coupled with Ag/AgCl referent electrode. In this
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aim is used digital equipment (EH4 pH meter, Merni instrumenti B. MIljkovic, Serbia)
connected with PC computer. The electrode is calibrated by the method presented in
ref.6.

Experimental

The BL oscillator with constant composition ([H,O,]o = 3.00-107, [H,SO4], = 5.50-107,
[KIO;]=6.00-107 mol-dm™) and temperature (60 + 0.2 °C) is generated in the vessel
(Methrom EA876-20). The BL reaction is recorded by digitalized potenciometric method
with I'-ion sensitive electrode coupled with Ag/AgCl referent electrode. In this aim is
used digital equipment (EH4 pH meter, Merni instrumenti B. Mlljkovic, Serbia) con-
nected with PC computer. The electrode is calibrated by the method presented in ref.6.
The BL reaction starts after adding of hydrogen peroxide in the solution of potassium
iodide and sulfuric acid at the moment when working electrode gets up potential about
147 mV. Different amount of the potassium iodide (from 1:10° to 1:10° mol-dm™) was
added by pulse technique at the beginning of the oscillatory period of BL reaction.

All substances are produced by Merck. They are used without aditional purification.

Results and Discussion

After addition of the potassium iodide, the oscillatory evolution of reaction (D)
changes (Figure 1.). Namely, for low concentration of potassium iodide (1-10°-1-10™
mol-dm™) the length of the iodide oscillograms are changed slowly. In domain from
3.00-10" < [KI], < 3.40-10" mol-dm™ the length of oscillograms and the number of
oscillations decrease noticeably.

[KI],=6,00-10°M [KI], = 1,00 - 10% M
120 | 120 |
Sé 160 < 160
= 200 ézoo
w w
240 240 o]
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— =
< 160 < 160 =
S S 4 |
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Fig. 1. The potential traces of the iodide sensitive electrodes Fig. 2. The graphic presentation
for the BL reaction generated in the batch reactor (see EX- of relation between 7T y /T J
perimental). The arrows denote the moment of perturbation - “

. . R and [KT], in accordance to
BL system with solution of potassium iodide. .
equation 3.

Figure 2 presents the relation between relative length of oscillograms and initial potas-

sium iodide concentration. It is based on the formal kinetic analysis of the reaction (D).
The decomposition of hydrogen peroxide (D) can be described by the equation
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r =L L%k

kD [H 202]

where 7, ,is the length of oscillogram, whereas [/,0,], and [H,0,],,, denote

the concentration at the beginning and the end of oscillogram, respectively. [7] If
we suppose that the potassium iodide influences on &, by the relation

(1)

end

y
_ [KT],
ky, =kp| exp x([Hzoz 10 ] (2)

where k,, is the new rate constant, x and y are parameters that are functions of
kinetics of BL reaction; and that now the length of oscillograms of the BL per-
turbed systems can be described by equation (2) but with new constantk,, , we can
obtain relation

In(In 7Ly = 1n x + yIn it do

Tend [H,0,],

where z':n , 1s length of oscillograms of perturbed BL system. The constant &, re-

flects the domination of the reaction O after adding potassium iodide in the BL sys-
tem. This phenomenon was also discussed in ref.4 by G. Schmitz.

)

Conclusion

The influence of potassium iodide on the BL reaction is analyzed and described by
classical kinetic considerations. This method can be used as the criterion for the
change or the keeping of the kinetic of any investigation process.
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Abstract

The simulation of the Belousov-Zhabotinsky (BZ) reaction under batch condition was
performed and compared with experimental data. With this aim, the reaction scheme
with twelve reactions including new ones was used. The experimental and calculated
behaviors of the BZ system are in well agreement in the examined temperature range
between 30 and 40 °C.

Introduction

Various kinetic models of the Belousov-Zhabotinsky reaction were proposed [1-2], but
they can not simulate our experimental data satisfactory. Therefore, beside other cor-
rections [3], we introduced here the reaction due to evaporation of bromine as was al-
ready discussed by Noszticzius and Gaspar [4,5].

Experimental

The Belousov-Zhabotinsky isothermal oscillatory system (the volume of 51 mL) The
temporal evolution of the reaction systems was monitored by potentiometric method
where a bromide ion—sensitive electrode versus double junction Ag/AgCl as the refer-
ence was used. All experiments were carried out under the constant values of the initial
concentrations of the following species (in mol dm73): [HySO4]y = 1.00;
[CH5(COOH),]o = 2.20x107%; [KBrOs]o = 6.20x107%; [KBr]y = 1.50x107; [Cex(SO4)s]o
=2.50x10"". The experiments were performed at 30, 35 and 40 °C.

Results and Discussion

The typical potentiometric traces of the BZ systems at different temperatures are pre-
sented in Figure 1. The obtained time series were simulated by the proposed reaction
scheme shown in Table 1. Almost all rate constants were taken from earlier numerical
simulations [3]. The rate constants at T=25 °C [6] are recalculated by means of the ac-
tivation energies to corresponding values at 30, 35 and 40 °C.

The simulations of the BZ reaction (Figure 2) are carried out under the condi-
tions used in the experiments (exp). Most important oscillatory features [preoscillatory
period (1), the time elapsed between the start of the reaction and the termination of the
oscillatory phase (Teng), period of the oscillations and number oscillations (n)] are well
modeled (calc) (Figure 3 and 4). With aim to see the influence of reaction due to
evaporation of bromine from the system (R12), in Figure 3 and 4, the simulations of 1,
and 1.,q obtained with the model without this reaction are presented.
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Table 1. Reaction and rate constant used in the numerical simulations

Reaction

?Rate constants at 30 °C

R9

R10
R11
R12

Br~+ HOBr+ H' — Br, + H,O

Br, + H,O — Br- + HOBr + H"
HBrO, + Br + H" — Br,0 + H,0
Br,0 + H,0 — 2HOBr

2HOBr — Br,0 + H,O

Br + BrO;~ + 2H" — HOBr + HBrO,
2HBrO, — BrO;~+ HOBr+ H"
BrO;~ + HBrO, + H" — 2BrO,’ + H,0
2Br0," + H,0 — BrO;~ + HBrO, + H"
Ce** + BrO,” + H'— Ce*" + HBrO,
Ce*" + HBrO, — Ce** + BrO, + H'
MA + Br, » BtMA + Br + H"

MA + Ce*" — Ce*" + P, + H'

BrMA + Ce*" — Ce*" + Br+ P,
Br,0 + MA — BrMA + HOBr

Br, (sol) — Bra (g)

2.55%10°
3.18
€5.93x10°
©3.21x10°
©3.22x10°%
2.86
3.49x10°
44.70
6.70x10’
3.20x10*
1.12x10*
423

0.36
47.17
4.23x107
1.10x1072

mol? dm® s7!

mol™ dm® s7!
S—l

“The concentration of water [H,O] = 55 mol dm is included in the rate constants.

Conclusion

The proposed model reproduces several experiments performed at different tem-
peratures in closed BZ oscillatory reaction. The numerical results of the dynamics
of BZ reaction, which were carried out by the known skeleton model including the
Br,O species and reaction due to evaporation of bromine, are in a very good

agreement with the experimental ones.
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Abstract

The already found saddle—node infinite period (SNIPER) bifurcation point in tran-
sition from stable quasi—steady state to periodic orbits and vice versa is confirmed
by both, experimental and numerical investigations of the Belousov-Zhabotinsky
(BZ) system, realized under batch conditions.

Introduction

The character of bifurcation points at the beginning and at the end of the oscillatory
region is examined by periods, oscillatory amplitudes and excitability of the stable
steady state in their vicinity, just as it is already performed in the previous investi-
gations of the Belousov-Zhabotinsky system in closed reactor performed by Nosz-
ticzius et al [1-2]. In the model applied here for the numerical simulation of the
experimentally obtained results, the Br,O as intermediate species [3], and the reac-
tion due to evaporation of bromine [4], were included in the existing GF model [5].

Experimental

The Belousov-Zhabotinsky oscillatory reaction was carried out at 30 °C in a thermo-
stated closed reactor with a reaction volume of 51 ml with a magnetic stirrer. Bromide
ion-sensitive electrode versus double junction Ag/AgCl as the reference was used for
potentiometric monitoring of the temporal evolution of the system. All experiments
were carried out under the constant values of the initial concentrations (in mol dm™):
H,S04=1.00; CH,(COOH),=1.60x10%  KBrO;=6.20x107%  KBr=1.50x10"";
Cex(S04):=2.50x10"". During the preoscillatory and postoscillatory period a small
amount (8 — 200 pl) of 0.1 M KBr solutions was injected repeatedly into the BZ reac-
tion mixture with a micropipettes.

Results and Discussion

The potentiometric traces of the BZ systems and time evolutions obtained by
the numerical simulation according to the kinetic scheme given in Table 1 is pre-
sented in Figure 1. The obtained time evolutions have same type and structures as
the experimental ones.
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Fig. 2. One example of excitability of
the preoscillatory ((a) and (c)) and
postoscillatory ((b) and (d)) stable
quasi-steady states in the vicinity of
the bifurcation points. The moment of
perturbations are denoted by arrows.
Perturbations intensity was equal to
7.84x10° mol dm™ KBr.

Fig. 1. Experimental results: the potentiometric
traces of the bromide ion—sensitive electrode at
30.0 °C.

Calculated results: the time dependence of log[Br]
obtained by the numerical simulation according to
the kinetic scheme given in Table 1.

[H']p = 1.29 mol dm™. The concentrations of the
other external species are as in experimental results.
[HOBr],=1.50x10"*mol dm™.

By analyzing oscillograms obtained experimentally and by simulation of the BZ
reaction using the proposed model, the only large-amplitude relaxation oscillations
with increasing period between them are found. Moreover, the excitability in the
vicinity of the bifurcation points in the preoscillatory (Figure 2a and 2c¢) and
postoscillatory (Figure 2b and 2d) stable quasi—steady states is noted (Figure 2).
Thus, we can say that we are dealing with the SNIPER bifurcation points, as it is
already obtained under batch conditions in refs [1] and [2]. Besides, we can con-
clude that such slightly modified model can simulate very good the experimentally
obtained results.
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Table 1. Reaction and rate constant used in the numerical simulations

Reaction ?Rate constants for 30 °C

R1 Br~ + HOBr + H' — Br, + H,0 2.55x10° mol? dm® s~
R-1 Br, + H,O — Br~+ HOBr + H' 3.18 s

R2 HBrO, + Br + H — Br,0 + H,0 °5.93x10° mol? dm® s~
R3 Br,O + H,0 — 2HOBr °321x10° st

R-3 2HOBr — Br,0 + H,0 ©3.22x10° mol™ dm’ s~
R4 Br + BrO;™ + 2H' — HOBr + HBrO, 2.86 mol™ dm’ s
R5 2HBrO, — BrO;” + HOBr + H' 3.49%10° mol™ dm’s~!
R6 BrO;™ + HBrO, + H" — 2Br0," + H,0 44.70 mol ™ dm°® s
R-6 2BrO," + H,0 — BrO;™ + HBrO, + H' 6.70x10’ mol™ dm’ s
R7 Ce* + BrO," + H'— Ce*" + HBrO, ®3.20x10* mol > dm°®s™
R-7 | Ce*" +HBrO, — Ce’" +BrO, + H' 1.12x10* mol ™ dm’ 5!
RS MA + Br, — BrtMA + Br + H' °4 24 mol™ dm’ s
R9Y MA + Ce*" — Ce*" + P, + H 0.36 mol™ dm®s™
R10 | BIMA + Ce*" — Ce** + Br=+ P, 47.17 mol™ dm®s™
R11 | Br,O + MA — BrMA + HOBr 4.23x1072 mol™! dm® s~
R12 | Bry(sol) — B (g) °1.10x1072 s

“The concentration of water [H,O] = 55 mol dm™ is included in the rate constants.
®The rate constants modified in this work. “The rate constants defined in this work.

Conclusion

By the already proposed method for determination of a bifurcation point under
batch conditions, the SNIPER bifurcation was obtained, and found that it is in ac-
cordance with the previous investigations of the other Belousov-Zhabotinsky sys-
tem under batch and, also, under CSTR conditions [6].
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Abstract

Poly-4-vinylpyridine-co-divinylbenzene-Co2+ catalyst was analyzed in the Bray-
Liebhafsky (BL) oscillatory reaction as the matrix for its characterization. The ad-
dition of the catalyst do not change the kinetics of the BL reaction, but the charac-
teristics of its temporal oscillatory evolution as the preoscillatory period (1), the
total number of oscillations (n), the duration from the beginning of the reaction to
the end of the oscillatory state (1.,q) are changed.

Introduction

The Bray-Liebhafsky oscillatory reaction is the decomposition of hydrogen perox-
ide into the water and oxygen in the presence of iodate and hydrogen ions. [1]

2H,0, —1%1" 21,040, D

The global reaction D is the result of the oxidation O of iodine to iodate
[,+5H,0, — 2I0;+2H " +4H,0 0)
and the reduction (R) of iodate to iodine

2I10;+2H"+5H,0, — 1,+50,+6H,0 . R
The BL reaction is already used as the matrix for the characterization of the cata-
lysts. [2]

Experimental

Catalyst is prepared by wetness impregnation of cobalt(Il)-nitrate on the
macroreticular copolymer of poly-4-vinylpyridine with divinylbenzene. The con-
tent of octahedral Co>" coordination on polymer was 5.72 mas.%. [3]

The experiments were conducted in the thermostated, closed well-stirred
reactor. The Pt and I' as the working electrodes, and A,/A,Cl as the reference elec-
trode, were immersed into the stirred (900 rpm) reaction mixture (52 ml).

The chemicals of p.a. cleanliness where used. The composition of the BL
system was kept constant: [KIOs;]y = 7,2:10% mol/dm’, [H,SO4], = 4.8-107
mol/dm’, [H,0,]o= 4.,6-10% mol/dm’ and T = 62°C.

The catalyst is added in the reaction vessel before other substances. The
begins when the hydrogen peroxide is added to the vessel.
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Results and Discussion

The iodide oscillograms of the BL matrix and the matrix with 0.07g catalyst are
presented in figure 1. The number of oscillations (n) and the duration of the oscil-
lograms (t.,q) decrease, whereas the preoscillatory period (1)) increases, when
amount of catalyst increases.
The decomposition of hydrogen peroxide (D) in the matrix can be de-
scribed by equation
1 H.,O
Tond =L UOh (1)
kD [H 2 02 ]
where [H,0, ], initial concentration and [H,0, ]

oscillogram. [4] Similar as in the ref. [5] we can suppose that the catalyst influ-
ences on kp by the relation

end

the concentration at the end of

end

* * y
k =k, exp(x(mkat) ) (2)
where m,, is dimensionless mass of the catalyst normalized with respect to mass

units, x and y are empirical kinetic parameters. If the dynamics of the BL reaction
does not change in the presence of catalyst, the equation (1) can be applied on per-
turbed BL system. In this case according to equations (1) and (2) we obtained fol-
lowing relation. and that now t.,q of the BL perturbed systems can be described by

equation (2), but with new constant &~ , we can obtain equation

ln(ln (TﬂD =Inx+ylnm,, (3)
z-enal

where Z':n ., 1 length of oscillograms of perturbed BL system. The validity of equa-
tion (3) is illustrated in Fig. 2.

Conclusion

Presence of the catalyst under applied conditions did not changed the dynamics of
the BL reaction. By the formal kinetic analysis we did evaluate the activity of the
tested catalyst.
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Abstract

Outcomes of research and systematization of all possible three-stage schemas of
the reactions proceeding on catalyst with changing activity and describing self-
oscillations are presented. These schemas used for reproduction of self-oscillations
in reaction of catalytic oxidation of carbon monoxide.

Introduction

In works [1,2] of model three-stage of carbon monoxide oxidation reaction describ-
ing self-oscillations are considered at deactivation of the catalyst are considered. In
the given report analysis and systematization of all possible three-stage schemas
are supplemented by a buffer stage which can be used for the description of self-
oscillations.

Results and discussion
Let's consider in the general view a reaction

DAYV d =2 d YV A, (1)

proceeding via the following steps

D VA, +Z4:al.ij éia_ij)(j +> v A, d,, 2)
e j=1 =l e

i=lde=1s,

where 4. and X; - the basic and intermediate substances; v,,, v_, u a;, a_.are

ie> " —ie /]
4 4
stoichiometric  coefficients; (Zaij = Za_ij, i=14; a,=a,=0 at
Jj=1 j=1
o 4
i=13,a,=0;1< Zaiij <2); d; > 0 - stoichiometric numbers of stages; ; 7;,
=1
r; > 0 —rates of i stages in direct and return directions defined by interrelations

— 4 - 4
r=w||x, ro=0,]|x",
J j
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where o,; =k, | | C¢ - frequencies of stages in direct and return directions, x; -
e

concentrations intermediate substances ( j =1,3) and buffer substance (j=4), C, -
concentrations of base substances 4., k,, - constants of stage rates.

The non-stationary behavior of reaction (1) in conditions of open isothermal
system at constancy of concentration of the basic substances is described by system
of the ordinary differential equations:

X, = Z(a; -a; )(’3 —-r, ), j=14. (3)

To kinetic model (3) there corresponds a characteristic polynomial
AP +0 4 +0,4+0,)=0, (4)
one of which A radicals is equal to null in view of justice for heterogeneous cata-

lytic reactions of a conservation law Zx ;=1
J

According to work [3] a condition of occurrence of a self-oscillation regime
for a system (3) are negativity of coefficient o, and positivity of coefficient o;.
Analysis of a system (3) and the equations (4) with usage of conditions of the in-
stability [3] has allowed to detail the schema (2) and to systematize of all possible
three-stage schemas of the reactions proceeding on catalyst with changing activity
and describing self-oscillations. All found schemas have been grouped on number
of stages of various molecularities and presence of autocatalytic stages. In total 15
schemas of free of autocatalytic stages, 82 schemas with one autocatalytic stage, 76
schemas with two autocatalytic stages and 18 schemas with three autocatalytic
stages have been found. In tab. 1 the elementary schemas are given.

Table 1. The elementary four-stage schemas-oscillators*
Stoichiometric coefficients of the stages
Ne
1 2 3 4

1 2000=0200 1000=0010 0110=2000 0100=0001

2 2000=0200 1000=0010 0110=2000 1000=0001

3 2000=0200 1000=0010 0110=2000 0010=0001
*QGangs from four figures at the left and to the right of equal-signs mean stoichiometric
factors at loose center X, intermediate substances X,, X3 and buffer substance X, in each
of four stages.

The schema of 1 tab. 1 corresponds, for example, to the following mechanism of
catalytic oxidation of carbon monoxide

2C0+0, — 2C0, 5)

on platinum in conditions of its deactivation:
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1. 0, +2K <> 2KO
2. CO+K <> KCO

3. KCO+KO — 2K +CO,
4. CO+KO <> (KCO,),

(6)

where K are active centres on a catalyst surface; KO, and KO - intermediate sub-
stances; materials{*matters*}; (KCO,) — buffer substance. On fig. 1 results of nu-
merical calculation of the schema (6) are given.
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Fig. 1. Dependence of rate (r;= m; X, X3) formations of carbonic gas from time for a
reaction (5) weeping under the schema (6) at values of frequencies of stages ®; =
12.07730868, w, = 5.991844027, w; = 120.8658151, w4 = 0.7380678856, ®_; = 0.1,
02=1,05=0, 04=0.022 (0, s™).

In work [1] the three-stage of catalytic oxidation of carbon monoxide (5) in condi-
tions of deactivation of the catalyst has been investigated:

1. 0, +2K <> 2KO

2. CO+K <> KCO

3. KCO+KO — 2K +CO,
4. CO+K <> (KCO).

This mechanism corresponds to the schema of 2 tab. 1. In [1] the numerical ac-
counts confirming a possibility of the description of self-oscillations with the help
of the mechanism (7) are given.

Thus we systematize of all possible three-stage schemas describing self-
oscillations in conditions of deactivation of the catalyst. These schemas used for repro-
duction of self-oscillations in reaction of catalytic oxidation of carbon monoxide.

(7
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Abstract

We report in the present paper a novel photochemical disinfection method for
drinking water using Proteus mirabilis as model microorganism. The method is
based on the bacteria killing by the hydroxyl radicals (OH’), which are generated
during the irradiation of a semiconductor, like TiO,, which is in contact with the
infected solution. Photocatalytic inactivation of pathogenic microorganisms is a
‘clean’ disinfection method, which takes place under mild conditions by using a
non toxic and reusable catalyst.

Introduction

Water is the basic element for growing and maintaining life on earth. Last decades
the water quality has significantly worsen due to various organic and inorganic
pollutants. Today there is obviously a great need for a more rational use of the
water resources and for a more profound research into the methods that will be able
to solve the severe pollution problems. The well-known physicochemical methods
for water and wastewater treatment, such as sedimentation, adsorption on activated
carbon etc, are not any longer sufficient, because they mostly result in the transfer
of pollutants from the one phase to the other and not to their complete removal.

The heterogeneous photocatalysis presents in comparison to other methods
for water and wastewater treatment some significant advantages [1, 2]. The organic
and inorganic compounds that exist in water can be completely oxidized if this is
mixed with a chemically and biologically inactive, semiconductive catalyst like

TiO; and the whole system is exposed to artificial or natural light. The OH- radicals
formed on the illuminated semiconductor surface are very strong oxidizing agents
with an reduction potential of 2.8 V. According to the literature, OH' radicals have
also antimicrobial activity, due to the high potential of oxidation and their non-
selective reactivity. Furthermore, Matsunaga et al. [3], suggested that the
photogenerated holes in the valence band receive electrons from CoA thus forming
the dimeric CoA. The dimerisation of CoA inhibits the growth of microorganisms.

In the present paper, some preliminary results of the efficient use of the
suggested method are reported. As model microorganism, for the disinfection
experiments, Proteus mirabilis of the enterobacteriaceae family was used. It was
isolated in a drinking water sample by the membran filtration method in m-Enolo
agar and was identificated according to the API System 20E by Bio-Merienx.
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Experimental Methods

The catalyst used was TiO, P-25 Degussa (BET 65 m*/g, mean grain size 30 nm,
anatase/rutile 65/35). The water samples were artificially infected by Proteus
mirabilis colonies. The strain of Proteus mirabilis was used after being incubated
for 24 hours at 37° C in nutrient broth. The experimental setup that was used for
the photocatalytic inactivation of the mentioned microorganisms can be seen in
Fig. 2.

()

—(A)
— (E)

Fig. 2: Experimental setup for the photocatalytic inactivation of Proteus mirabilis
colonies in a recirculation system: (A) photocatalytic reactor, (B) bed and catalyst,
(C ) container with the infected solution, (D) pump, (E) glass cylinder with the
lamp (OSRAM DULUX 9W / 78).

Results and Discussion

Fig 3 shows the results of the photocatalytic disinfection of contaminated drinking
water samples. The concentration of the Proteus mirabilis colonies present in the
supernatant is plotted as a function of illumination time. The different curves
correspond to different initial bacteria concentrations. It is observed that under the
given experimental conditions, in the concentration region 100-1200 colonies
/100ml a practically complete elimination of the colonies number is achieved after
3 hours of light exposure, while in the absence of illumination noticeable changes
in survival were not observed.

The catalyst life time is a significant parameter of the photocatalytic process,
especially when the catalyst used is immobilized on a matrix. For this reason the
photocatalytic experiment was repeated 25 times with the same catalyst and
different initially infected solutions. From Fig. 4 it is clearly seen that the catalyst
activity remains constant.
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Fig. 4: Photocatalytic desinfection of drinking water infected with various initial
concentrations of Proteus mirabilis colonies.

Fig. 5: The photocatalytic inactivation of Proteus mirabilis for repeating
experiments with the same catalyst.

Conclusions

The first experimental results of the photocatalytic desinfection of drinking water,
infected with the model microorganism Proteus mirabilis, are presented. The
advantages that this method has to offer, in comparison to the existing ones
(chlorination ozonation, e.t.c.), are the ability to inactivate any microorganism (due
to the very strong oxidizing ability of OH’), the absence of organochlorine
compounds after the treatment, the synchronous oxidation of many organic
pollutants, as well as the extinction of smell and taste without using any chemical
additives. The disadvantage of the method, when comparing it to chlorination, is
the absence of an oxidising residue, a fact that results in the compulsory addition of
chlorine after the photocatalytic disinfection. The combination however of
photocatalysis and chlorination for the water disinfection could be preferable to
simple chlorination because of the production of smaller amounts of
organochlorine compounds.
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Abstract

Advanced oxidation processes (AOPs) are characterized by a common chemical
feature: the capability of exploiting the high reactivity of OH radicals in driving
oxidation processes, which are suitable for achieving the complete degradation and
mineralization of various organic pollutants. Photocatalysis using semiconductors such
as TiO; in the presence of artificial or solar light, as an advanced oxidation technique,
has been a focus of research by a number of groups worldwide during the last two
decades. The photocatalytic approach has been adopted successfully to develop an
efficient method for purifying water and air. The present article discusses briefly
certain directions concerning the ability of heterogeneous photocatalytic oxidation to
degrade pollutants such as dyes, pesticides and inactivate pathogenic bacteria.

Introduction

The elimination of toxic chemicals from water and wastewater is presently one of
the most important subjects in pollution control. These pollutants may originate
from industrial applications (petroleum refining, textile processing etc.) or from
household and personal care areas (pesticides and fertilizers, detergents, etc.). The
search for effective means of removing these compounds is of interest to regulating
authorities everywhere.

Advances in chemical water and wastewater treatment have led to the
development of methods termed advanced oxidation processes (AOPs) or
technologies (AOTs). AOPs can be broadly defined as aqueous phase oxidation
methods based on the intermediacy of reactive species such as (primarily but not
exclusively) hydroxyl radicals in the mechanisms leading to the destruction of the
target contaminant. Over the past 30 years, R&D concerning AOPs has been
immense particularly for two reasons, namely (i) the diversity of technologies
involved and (ii) the areas of potential application. Key AOPs include
heterogeneous and homogeneous photocatalysis based on ultraviolet (UV-A) or
visible irradiation, electrolysis, ozonation, the Fenton’s reagent, ultrasound (US)
etc., while less conventional (and consequently less studied) processes include
ionizing radiation, microwaves, pulsed plasma and the ferrate reagent [1-3].

Although water and wastewater treatment is by far the most common area
for R&D, AOPs have also found applications as diverse as groundwater treatment,
soil remediation, municipal wastewater sludge conditioning, water and wastewater
disinfection, production of ultrapure water and volatile organic compounds
treatment and odor control. The growing interest of academic and industrial
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communities in AOPs is reflected in the increasing numbers of (i) publications in
several peer-reviewed journals (ii) patents and (iii) international conferences
dedicated to the environmental applications of AOPs [4, 5].

Among these methods heterogeneous and homogeneous photocatalytic
detoxification methods (TiO./H,O,, Feﬂ/HzOz) have shown recently great promise for
the treatment of industrial wastewater, groundwater and contaminated air. The
semiconductor mediated photocatalytic process has also shown great potential for
disinfection of air and water, thus making possible a number of applications. Addi-
tionally, advantages of the photocatalytic processes are their mild operation conditions
and the fact that they can be powered by sunlight, thus reducing significantly the
electric power required and therefore reducing the operating costs [6, 7].

Background of Heterogeneous Photocatalysis

It has been demonstrated that semiconducting materials mediating photocatalytic
oxidation of organic compounds can be an alternative to conventional methods for
the removal of organic pollutants from water and air. The illumination of these
catalyst particles with light energy greater than the bandgap energy of the
semiconductor (hv>E,) produces excited high energy states of electron and hole
pairs (e/h") that can migrate to the surface of the particle and initiate a wide range
of chemical redox reactions, which can lead to complete mineralization of the
organic pollutants. The quantitative formation of CO, is of great significance in
water treatment, because it provides unequivocal evidence for the total destruction
of organic pollutants present in water. The disappearance of these compounds
could take place via formation of partially oxidized intermediates that could be
even more toxic than the original pollutants. A variety of semiconductor powders
(oxides, sulphides, etc.) acting as photocatalysts has been used. Most attention has
been given to TiO, (anatase) because of its high photocatalytic activity, its
resistance to photocorrosion, its biological immunity and low cost.

a F!
’ Eg hwv
+ OH"

A7l :

R-H + OH == CO,* H,0

Fig. 1. Photocatalytic oxidation of organic compounds in the presence of TiO, as a
catalyst.

TiO; + hv (<390 nm) —> TiO, (h* + ') (1)
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0, + ¢ —> 0, )
h" + HLO ——> H" + OH (3)
OH + RH ——> H,0 + R (4)
R + 0, ——> ROO' ——>— CO, (5)

By the illumination of an aqueous TiO, suspension with light energy greater
than its band gap energy (hv>E,=3.2 e¢V) conduction band electrons (¢') and valence
band holes (h") are generated. The photogenerated electrons, as can be seen in Fig. 1)
react with the adsorbed molecular O, on the Ti(Ill)-sites, reducing it to superoxide
radical anion,0O,, while the photogenerated holes can oxidize either the organic
molecules directly or the OH™ ions and the H,O molecules adsorbed at the TiO,surface
to OH radicals, which act as strong oxidizing agents (Fig.1 and equations 1-5). These
can easily attack the adsorbed organic molecules or those located close to the surface
of the catalyst, thus leading finally to their complete mineralization [8-11].

Photocatalysts such as TiO, can either be used as powders in a slurry form or
as supported films. The latter configuration is advantageous for catalyst separation, but
poses surface area and mass transfer limitations. To counterbalance these, the use of a
conducting substrate offers the possibility of enhancing the photocatalytic activity of
TiO, overlayer by applying a positive bias on the catalyst in an appropriate
electrochemical cell, thus drawing the photogenerated electrons away from the catalyst
interface and minimising recombination with photogenerated holes. As result of the
electrochemical enhanced photocatalytic oxidation or photoelectrocatalytic oxidation
an improvement of the photocatalytic system to inactivate various organic or inorganic
pollutants in water or wastewater is expected [12, 13]. The process occurs in the
presence of both artificial or solar light, while at the same time no catalyst removal
from the treated solution is needed.

c — + —
o o
Ty ©: 7
o
—“ HZO e'
hv>E,
/ Organic pollutants
£ 2w A n'+H,0>H+OH" Oxidation
h c Products
Anode (mineralisation) Cathode

Fig. 2. Photoelectrocatalytic oxidation of organic pollutants.
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Photocatalytic Degradation of Model Pollutants

Photocatalytic degradation of organic pollutants in the presence of artificial or solar
illumination has become during the last 20 years a growing area of environmental
research involving extensive studies on decomposition and deactivation of organic
waste materials such as the halogenated hydrocarbons, dyes, pesticides, bacteria,
and herbicides [14-21]. Many pollutants, which normally do not undergo any
appreciable homogeneous photolysis, have been found photodegradable in the
presence of newly developed heterogeneous catalysts. The first complete
mineralisation of a compound in water was reported by Ollis et al. [16] in 1983.
Using a TiO, photocatalyst, the complete destruction of several halogenated
hydrocarbons including trichloroethane, methylene chloride, chloroformand carbon
tetrachloride was achieved. A detailed kinetic analysis of the destruction was
carried and it was found that the simple Langmuir-Hinshelwood (L-H) rate
equation represented the destruction of these materials. The use of the L-H model
for the photocatalytic destruction of organic compounds has been subsequently
applied by a number of researchers.

Halogenated aromatic and aliphatic compounds, as well as pesticides and
dyes represent the most comprehensively studied classes of compounds for which
photocatalytic water treatment has been applied. In Figures 3-5 some examples of
the photocatalytic degradation and mineralization of representative pollutants in the
presence of artificial and solar illumination are given.

0 50 100 150 200
T T T v r . . . 1000

1 sl
—— 4 00
——
40 /
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w
E
+

concentration of Eosin Y, DOC, Br (mg l‘]J
number of living microorganisms/100 ml
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o - 200
— e DOC
/ \\-_7_' n

0 + . T e r T 0
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C,,H,0.Br,Na+18.50,—%™ »___520CO, +2HBr+2NaBr+2H,0

Fig. 3. Photocatalytic mineralization and toxicity reduction of Eosin Y in the
presence of TiO, P-25 [22].
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Fig. 4. Photocatalytic recolorization of the
azo dye Reactive Black 5 in the presence of
1 gL TiO, P-25.

Fig. 5. Photocatalytic degradation of the
insecticide Triclopyr in the presence of
artificial and solar illumination [23].

This process has been implemented successfully, apart from the oxidation of
organic and inorganic pollutants, also to the reductive removal of heavy and
precious metals (Cr'®, Hg™, Pt™, Au™, Ag™) [24]. Additionally the powerful
oxidizing ability of the OH® radicals in combination with their non-selectiveness
allows not only the oxidation of the various organics present in water or
wastewater, but also the simultanously destruction and lysis of the cell membrane
of various pathogenic microorganisms[25, 26].

The mechanism of the photocatalytic inactivation, as proposed by several
authors, contains the attack of the cell wall, followed by the cell membrane and
finally the oxidative attack of the cytoplasmic contents. They concluded that
alterations in the membrane structure, caused by lipid peroxidation, ultimately lead
to conformational changes in membrane- bound proteins and electron mediators
with the loss of cell membrane integrity. Once the cell membrane is damaged, cell
respiration ceases. The loss of cell energy production mechanisms and subsequent
oxidative attack of internal cellular components could ultimately result in cell
death. In Figs. 6 and 7 the photocatalytic and the photoelectrocatalytic inactivation
of Proteus Mirabillis and E. coli respectively are presented.
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% 200 § 2]
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Time (min.)

Fig. 6. Photocatalytic inactivation of Proteus

mirabilis in the presence of TiO2.
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Fig. 7. Photoelectrocatalytic inactivation of
E. coli colonies under various experimental

conditions [27].
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Solar photocatalytic degradation of water contaminants (a process also known
as ‘solar detoxification’) is an outstanding example of how well solar applications and
environmental problems fit together. Solar photocatalytic degradation of organic
pollutants in water employing the interaction between ultraviolet radiation from the
sun with a semiconductor catalyst has been widely demonstrated and it represents a
strong potential method for the industrial destruction of toxic organics in water. Where
medium to high solar radiation is available, solar detoxification is useful for treating
water containing non-biodegradable contaminants. The process has proven promising
for the treatment of contaminated water, air and soil. The use of solar light, combined
with the simple technology required for this method, can offer economically
reasonable and practical solutions to the processing of wastewater containing non-
biodegradable or toxic substances.
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Fig. 8. Solar photocatalytic decolorization and DOC reduction of a simulated
dyestuff effluent under various experimental conditions [28].
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Abstract

Simultaneous determination of copper(Il) and nickel(Il) by ion chromatography
(IC) has been optimized and the detection limits of the new method were compared
to stripping voltammetry. The best eluent enabling fast end efficient separation of
Cu(Il) and Ni(Il) is a mixture of 8 mM citric and 0.3 mM oxalic acid using a
Metrosep C2 (Metrohm) IC column. The detection limits are significantly lower
using stripping voltammetry, while IC is considerably faster.

Introduction

The radionuclide ®*Cu combines three types of decay (B, P~ and internal
conversion followed by Auger electron emission), making it suitable for
applications in positron emission tomography (PET) imaging and targeted
radiotherapy of different diseases. The nuclear reaction “*Ni(p,n)**Cu performed
with small medical cyclotrons, is the most suitable production route for **Cu for
nuclear medical applications. The most frequently used method for the separation
of ®*Cu from the enriched nickel target is ion exchange chromatography [1,2].

Our future work will be orientated towards the optimization of separation of
Cu(II) and Ni(II) by membrane-based solvent extraction. In order to find adequate
separation conditions for Cu(II) and Ni(II), and to investigate the physicochemical
parameters of transport of Cu(Il) and Ni(II) across the membrane, a suitable
analytical method that would enable the determination of low (ppm) and very low
(ppb) concentrations of non-radioactive Cu(Il) and Ni(II) is needed. Ion
chromatography (IC) and stripping voltammetry (anodic, ASV, and cathodic, CSV)
are promising techniques for the determination of trace quantities of Cu(Il) and
Ni(ID).

The aim of this study was to find optimum conditions for the determination
of Cu(Il) and Ni(Il), in terms of separation factors, detection limits, linearity and
duration.

Results and Discussion

Ion chromatographic separation of transition metals is performed by cation-
exchange columns with eluents which contain a complexing agent such as tartaric
acid, oxalic acid, citric acid and pyridine-2,6-dicarboxylic acid. Metals form
complexes of differing stabilities with the anions and as a result their charge
density is reduced. As this occurs in accordance with the kinetics of complex
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formation and stability constants of the complexes, differences in selectivity
increase and separation becomes possible [3]. Retention of cations is controlled by
the concentration of the complexing agent and the pH of the eluent. Ion
chromatographic measurements were performed by the 861 Advanced Compact IC
system (Metrohm, Switzerland) with conductivity detector and analytical column
Metrosep C2 (Metrohm, 150 mm x 4 mm, particle diameter of 7 pm). All reagents
used were of analytical reagent grade. Working solutions of Cu(Il) and Ni(II) were
prepared by diluting their stock standard solutions (1000 ppm) with 2 mM HNO;.

Considering the stability constants of complexes, the separation of Cu(Il) and
Ni(Il) was tried using eluents which are different mixtures of complexing acids:
tartaric and dipicolinic, tartaric and oxalic, tartaric and citric, oxalic and ascorbic,
citric and oxalic. By changing the eluent composition and concentrations, the main
task was to find a suitable eluent which would enable elution of Cu(Il) and Ni(II)
in a reasonable period of time.

The best results for the separation of Cu(Il) and Ni(Il) were obtained using 8
mM citric and 0.3 mM oxalic acid as eluent (Fig. 1). Retention times for the Cu(II)
and Ni(II), are 2.6 and 8.1 min, respectively. Duration of the analysis is 11 min,
which fulfills the requirements for short and efficient analysis.
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Fig. 1. Chromatogram of Cu(Il) and Ni(II) obtained using 8 mM citric acid and 0.3
mM oxalic acid (flow rate = 1 ml/min, injection volume = 100 pl)

Concentration ranges of Cu(Il) and Ni(I) between 0.1 and 25 ppm were
investigated. The obtained conductivity vs. concentration dependences were linear,
with correlation coefficients of 0.999 for Cu(Il) and 0.998 for Ni(Il) determination.
Detection limits for the determination of Cu(Il) and Ni(Il) are 0.2 ppm for both
ions.
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Voltammetric determinations of Cu(ll) and Ni(I[) were done according to
Metrohm’s procedure No. 231/2¢ using a 797 VA Computrace analyser (Metrohm,
Switzerland). The electrolyte used for the determination of Cu(Il) and Ni(Il) by
ASV and CSV, respectively, was 0.05 M ammonium-chloride buffer with pH 9.4.
For the determination of Ni(II) addition of 0.1 cm® of 0.1 M dimethylglyoxime is
necessary.

Cu(II) gives a well developed ASV peak, with peak potential, £, at -0.10 V.
Three concentration ranges of Cu(Il) were investigated: (0.001 — 0.015) ppm, (0.01
—0.15) ppm and (0.15 — 1.5) ppm. Depending on the concentration range, Cu(Il)
was deposited at -1.15 V for a period of 30 to 120 s. The obtained current vs.
concentration dependences were linear with correlation coefficients of 0.994, 0.999
and 0.998, respectively. The detection limit of this method is 1.0 ppb.

Ni(II) gives a well developed CSV peak, with a half wave potential, E,, at -
0.95 V. Two concentration ranges of Ni(II) were investigated: (0.1 — 1) ppb and (1
— 10) ppb. Depending on the investigated concentration range, Ni(I) was deposited
at -0.7 V for a period of 90 to 120 s. The obtained current vs. concentration
dependences were linear with correlation coefficients of -0.998 and -0.999,
respectively. The detection limit of this method is 0.1 ppb. Duration of both
analysis, ASV and CSV, is at least 30 min.

For the determination of Cu(Il) and Ni(II) concentrations higher than 1 ppm
and 0.03 ppm, respectively, polarography on static mercury drop electrode
(SMDE) can be applied.

Conclusion

Ion chromatography and stripping voltammetry are complementary methods
regarding the determination of low (ppm) and very low (ppb) concentrations of
Cu(Il) and Ni(II). Detection limits for Cu(II) and Ni(II) by ion chromatography are
0.2 ppm, while ASV and CSV provide significantly lower determination limits of
1.0 ppb and 0.1 ppb, respectively. The main drawback of stripping voltammetry is
that Cu(Il) and Ni(II) can not be determined during one single run, which implies
longer time for the analysis.

IC of Cu(Il) and Ni(Il) is performed during a single run and provides a fast
and efficient method for simultaneous determination of Cu(Il) and Ni(II). IC is the
method of choice for the determination of Cu(Il) and Ni(Il) concentrations of 0.2
ppm or higher.
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Abstract

Several factors affecting the electrochemical and electroanalytical performance of
three nanostructured metal oxide materials, namely NiO, MnQO,, and CuO, formed
using hydrothermal and sol-gel methods and supported on graphite electrodes are
examined. First, the importance of considering the effect of the substrate electrode
upon which such materials are supported is exemplified by the apparent
electrocatalytic detection of aspirin and salicylic acid at NiO modified graphite
electrodes. By performing the appropriate control experiments, it is possible to
demonstrate that the observed electrochemical response towards these analytes is
not due to the presence of NiO, but is due to the properties of the underlying
graphite electrode. In the absence of these control experiments, one might have,
erroneously attributed the enhanced performance of this system as being due to the
NiO nanoparticles.[1]

Second, nanorods of MnO, were synthesised as two different phases, o-
MnO; nanorods and -MnO; nanorods. The difference in the phase energy of these
two materials is estimated using cyclic voltammetry, and found to be of the order
of 3 kJ mol’. Differences in the electrochemical behaviour of nanometre sized
MnO, and MnO, microparticles, as measured by the potential of the cathodic
stripping peak of MnO,, are also observed. Finally the electroanalytical
performance of the a-MnO; nanorods, f-MnO, nanorods, and MnO, microparticles
towards the detection of hydrogen peroxide is presented. The a-MnO, and f-MnO,
nanorods were found to produce limits of detection of 3-6 uM respectively, which
was much lower than that obtained at the MnO, microparticles (25 uM).[2]

Third, the non-enzymatic detection of biologically important analytes, such
as hydrogen peroxide, glucose, sucrose and fructose is studied using bundles of
CuO nanorod agglomerates. Again, the electroanalytical performance of the
nanostructured CuO was compared with CuO microparticles. The CuO nanorods
agglomerates were found to produce lower limits of detection for carbohydrates in
general than the CuO microparticles, of the order of 1-3 uM, and also produced a
limit of detection for hydrogen peroxide of 0.22 uM.[3]

Finally, the role of CuO nanoparticle impurities in certain types of
multiwalled carbon nanotubes (MWCNTSs) is presented as the latest, rare,
exception to the “edge-plane rule” describing the location of electroactive sites in
MWCNTs.[4]
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Abstract

A study was made of the electrode reduction mechanism of the genotoxic
substances: 1-phenyl-3,3-dimethyltriazene and its 4’-bromo and 4’-iodo substituted
derivatives. It was established that for reduction of the triazene group four
electrons and four protons are required resulting in the formation of amino and
hydrazo compound. The resulting products were identified, and the reduction
pathway was proposed.

Introduction

1-phenyl-3,3-dimethyltriazene and its o-, m-, and p- substituted derivatives rank
among  genotoxic substances that also exhibit cancerostatic activity [1,2].
Therefore, there is an increasing demand for sensitive analytical methods for the
determination of these substances. Considering the fact that triazene group is
polarographically active [3], polarography and more sensitive techniques, such as
differential pulse polarography and adsorptive stripping voltammetry could be used
for the determination of variously substituted derivatives of 1-phenyl-3,3-
dimethyltriazene.

On the basis of voltammetric, coulometric, spectrophotometric and
chromatographic measurements, in the present paper, an attempt was made to
investigate the mechanism of electrochemical reduction of the studied triazenes and
to postulate corresponding reduction scheme.

Experimental

Three substances were investigated: 1-phenyl-3,3-dimethyltriazene (PDMT), 1-(4’-
bromophenyl)-3,3-