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This paper introduces the readers into the great variety organic electroactive compounds suitable for the preparation
of organic light-emitting diodes (OLED). Some of our results on successful usage of new Zn complexes as light-

emitting layers in OLED are presented.
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INTRODUCTION

In the past decades, an enormous amount of
research work as well as commercial interest has
focused on the new field of conjugated organic
electronics materials. This interest, which has
recently received a new impulse thanks to the Nobel
Prize in chemistry of Shirakawa, MacDiarmid and
Heeger for year 2000, is due to the fact that these
materials combine a number of interesting pro-
perties, which give rise to a broad variety of new
applications. Probably the most important feature of
conjugated organic electronics materials is their
ability to transport charges, i.e. they can be con-
ductors or semiconductors. On the other hand, these
materials are organic molecules or polymers and
thus offer the possibility they to be designed in such
a way as to fit perfectly the desired requirements.

The search for polymers and small organic
molecules as the active layer in light emitting diodes
has made rapid advance. Organic light-emitting
diodes (OLEDs) are energy converting devices
(electricity-to-light) based on electroluminescence
(EL) of organic compounds and are considered as
next generation full-colour flat panel display.

Even though the display market is still
dominated by Cathode-Ray-Tubes (CRT) and
Liquid-Crystal-Displays (LCD) the impact of

organic light emitting diodes (OLEDs) is getting
stronger, so that the first mass products are hitting
the market.

In this paper, an overview of the different
organic compounds used as -electroluminescent
materials in the organic light emitting devices is
presented. Besides some of our results on
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developing of OLED on the basis of Zn complexes
will be discussed.

TYPICAL OLED STRUCTURE

OLED devices contain the substrate materials,
electrodes and functional organic substances. Two
types of electrodes are used. A layer of indium - tin
oxide (extremely thin, because it has to be optically
transparent), is used as anode. Low work-function
metals such as Mg, Ca, Al, Li and their alloys with
Ag are commonly used as cathodes. Several types of
organic materials are used as the functional layers:
polymers or small molecules transporting the
injected charges to the recombination zone,
fluorescent or more efficient phosphorescent
materials emitting the light.

Light

Fig. 1. Scheme of a typical multi-layer OLED with
electron transporting layer (ETL), emitting layer (EL),
and hole transporting layer (HTL).

When an electric field is applied, electrons are
injected from the cathode and holes from the anode
into the organic layers. The electron moves through
the layers by a hopping process from one molecule
to another until it meets an “electronical hole” (a
defect formed by the abstraction of an electron at the
anode). This abstraction leads to a radical cation,
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which is neutralized again by receiving an electron
from a neighbour molecule, thus drifting in the
direction of the cathode. In this way, charges can
combine, forming excited molecular species, e.g.
excitons, some of which decay to their ground state
emitting the light (Fig. 1).

“Small molecular” organic compounds and con-
jugated oligomers or polymers with precise chain
length, and defined electrical and optical qualities
are used as organic light-emitting materials. Dendri-
mers is the newest class investigated materials.

The light emission colour of the polymers
strongly depends on their chemical composition. By
chemical modification of the polymer structure, a
range of soluble light-emitting polymers emitting in
the range from 400 nm to 800 nm is made available.
This means that any colour in the visible spectrum
can be obtained. Important for the emission colour
of the light-emitting polymers are the type of
polymer and the nature of the side-groups (which
are also important for the solubility of the polymer).
Well-known examples of light-emitting polymers
are poly(p-phenylenevinylene), and poly(fluorene)
(Fig. 2).

The use of emissive additives (known also as
dyes) is an interesting option for influencing the
emission colour of light-emitting polymers. By
adding a small amount of a suitable dye to a
polymer, energy can be transferred from the polymer
to the dye and the light will only be emitted from
the dye. The colour from the device can be tuned
using different dyes. For example, a green dye in a
blue polymer will give green light, while a red dye
in a blue polymer will give red light.

INDUSTRIAL CHALLENGES

The industrial methods for deposition of organic
materials depend on the type of the device produced.
Four industrial methods for deposition of organic
materials are known:

Thermal vacuum evaporation — used for manu-
facture of “Small Molecular” Organic Light-Emit-
ting Device (OLED). The small molecules are
deposited by vapour deposition.
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Spin-coating — used for deposition of soluble
polymers. Monochrome displays (PLED) are
produced by this method. Conjugated polymers can
be applied to a surface either through dip-coating or
spin-coating. The thickness of the Ilayers is
dependent on the composition of the polymer and
the concentration of the polymer solution.

Ink-jet printing — used for manufacture of full-
colour display (PLED). Patterning of pixels could be
done through ink-jet printing, but the pixel pitch at
28 um obtained by this method is considered too
large for microdisplays.

Laser induced thermal image — used for manu-
facture of high resolution full-colour display (OLED
& PLED).

The materials can be deposited in many separate
layers or mixed into one or several layers.

Also, an extremely uniform thickness of each
layer is necessary for device fabrication. Non
uniformities may lead to localized surges of electric
current, localized overheating, and gradual destruc-
tion of the device. The complexity makes the
fabrication of OLEDs difficult and slows down
testing of new materials.

Polymeric OLEDs have the advantage that the
active layers can be deposited from solution, thus
allowing large-area devices preparation, while in
“small molecular” OLEDs, the active layers are
typically deposited by vapor deposition technique.
Vacuum deposition is limited to vaporizable low
molecular weight materials and can only be applied
to compounds, which endure thermal stress without
decomposition. On the other hand, by vacuum tech-
nique the complicated multilayer device architecture
can be constructed without any serious problems.
This technology is relatively expensive and can only
be applied for smaller devices with high quality.

However, multi-layer preparation from solution
is far from trivial. It is of crucial importance that
previously deposited layers are absolutely resistant
against the solvent used for deposition of the
subsequent layer(s). Yet the most elegant strategy is
the application of precursors containing polymeriz-
able groups, which are converted into an insoluble
network by an additional crosslinking step.
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Fig. 2. Light-emitting polymers based on poly(p-phenylene) and poly(p-phenylenevinylene).
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Requirements to the materials used in OLED

The materials need to have a good thermal
stability because of the heat generated in the device,
low turn-on voltages, high conductivity and high
electroluminescence efficiency. The conducting
polymers have to be soluble, with good mechanical
properties, high resistance to acids and bases and
high conductivity.

The glass transition temperature Tg, of the
polymer materials is also an important issue in the
choice of the material for the device. In OLEDs the
conjugated polymers have a very high Tg approxi-
mately 90-95°C that results in a hard glasslike
structure in usage at room temperature. At tempe-
ratures over 7g the display does not obtain a proper
functionality and the lifetime is reduced. The upper
limit of the temperature range can be improved
finding the polymer materials with a higher 7g [1].

The study of the variety of organic materials as
active components is determined by the necessity to
optimize the characteristics of the devices.

ELECTRO-CONDUCTING AND/OR
LUMINESCENT ORGANIC MATERIALS

“Small molecular” organic compounds

Low-molecular weight materials such as metal
chelates (organometallic compounds), simple oxadi-
azole compounds, triarylamines, porphines, and
phthalocyanines are used for OLED [2]. Organome-

Fig. 3a. N,N’-diphenyl-N,N’-bis(3-methylphenyl)(1,1’-
biphenyl)-4,4’-diamine (TPD) is preferred as a hole
transporting material.

Fig. 3b. 2-(4-Biphenylyl)-5-(p-tert-butylphenyl)-1,3,4-
oxadiazole (PBD) is used as an electron transporting
layer.

tallic compounds are successfully applied in OLEDs
as the emitters or electron transporters.

The substituted “small” molecules with aromatic
amines are used for hole transport (Fig. 3a), while a
variety of polynuclear aromatic complexes with
high electron affinity and the oxadiazoles (Fig. 3b)
are used for electron transport. The porphines and
the phthalocyanines [3, 4] are used as dopant emit-
ters (dyes) and photo-conducting materials. In some
cases, the charge transporting “small” molecules (or
polymers) themselves assume the role of emitters.

One of the most widely used materials because
of its excellent luminescent, electron transporting,
and film-forming properties is tris(8-quinolinolato)
aluminium, commonly referred to as Alqg; (Fig. 4)
[5-9]. The compound Alq; is one of the typical
examples for amorphous films that can be prepared
by vacuum vapour deposition. Two geometric
isomers can be formulated for Alqgs, the meridianal
(mer) and the facial (fac) form [10, 11], which may
even be interconverted into each other at high
temperatures. The 4-methyl-8-quinolinolato ligand
also could be used successfully [12].

The efforts with small organometallic com-
pounds (SOC) are directed to design and prepare
various electrolumophores (chromophores that are
electroluminescent). This is very important area of
research, because of the main use of electro-
lumophores in the fabrication of Organic Light-
Emitting Diodes (OLEDs) for full-colour displays.

Aluminum(IIT) tris(8-hydroxyquinoline) Alqs
Green Emitter.

X
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Europium (III) 4,7-Dimethylphenanthroline-

tris(1,3-diphenyl-1,3-propadione) Red Emitter-Dopant.

Fig. 4. Organometallic compounds.
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A broad range of metal ions have been used for
the complexation of functional ligands, including
beryllium [13], zinc, boron [14], transition metals
[15] such as iridium [16—-19], and the lanthanide
metals introduced by Kido [20], especially europium
[21] and terbium. Common ligands are phenanthro-
line (phen) (Fig. 4), bathophenanthroline (bath),
2-phenylpyridine (ppy), acetylacetonate (acac),
dibenzoylmethanate (dbm), anthracene [22] and
thenoyltrifluoroacetonate (TTFA). A frequently
used complex is the volatile Eu(TTFA);(phen) [23].
In general, these complexes tend to crystallize and
require the use of a stabilizing matrix. By incorpo-
rating larger ligands, the glass forming tendency is
increased.

Electroactive polymers

The electroactive polymers fulfil multiple
functions: both electron and hole transport and light
emission, even though dopant emitters can be used
to tune the colour.

Conjugated polymers. Conjugated polymers (CPs)
are organic semiconductors with delocalized -
molecular orbitals along the polymeric chain.

Conjugated polymers have a framework of alter-
nating single and double carbon—carbon (sometimes
carbon—nitrogen) bonds. Single bonds are referred
to as o-bonds, and double bonds contain a c-bond
and a m-bond. All conjugated polymers have a o-
bond backbone of overlapping sp® hybrid orbitals.

ﬁQ 4=

The remaining out-of-plane p, orbitals on the carbon
(or nitrogen) atoms overlap with neighbouring p,
orbitals to give m-bonds. Electron movement within
delocalized m-molecular orbitals is the source of
conductivity. In CPs (Fig. 5), conductivity within
one polymer chain is based on the conjugated nature
of the polymer molecules and the resulting mobility
of p-electrons.

With the discovery of electrical conductivity of
electroactive polymers began a period of intense
theoretical and experimental research into the
physical and chemical properties of these materials.
Polyacetylene (PA) was the first organic conducting
polymer, synthesized in 1971 by a co-worker of
Shirakawa, who accidentally used an excess of
Ziegler-Natta catalyst [24]. This was followed in
1977 by the discovery of Heeger, MacDiarmid and
Shirakawa that polyacetylene doped with iodide
demonstrated a much higher conductivity than with
other dopants, with conductivities reaching as high
as 10° S:cm™' under appropriate conditions [25, 26].
Following these discoveries, research in the field of
conducting polymers began in earnest.

Different types of conjugated polymers such as
polyacetylene (PA), poly(p-phenylene) (PPP),
poly(p-phenylenevinylene) (PPV), poly(phenylene
ethynylene) (PPE), polyfluorene (PF), polyaniline
(PAni), polypyrrole (PPy), polythiophene (PT),
poly(3,4-ethylenedioxythiophene) (PEDOT) have
been developed and intensively investigated.

R G P U Polyacetylene (PA)

Poly(p-phenylene)
(PPP)

..... NH| N-§--
/
/©/ - Polyaniline (PAni)
NH ~N
n

m

Poly(p-phenylenevinylene)
(PPV)

Fig. 5. Basic structures of common conducting polymers.
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Linear m-conjugated polymers are not only
known as electrically conductive materials but also
have recently been found to function as electro-
chromic [27, 28], photovoltaic [29, 30], and organic
EL device materials [31, 32].

Most conjugated polymers have semiconductor
band gaps of 1.5-3 eV, which means that they are
ideal for optoelectronic devices that emit visible
light. They can also be chemically modified in a
variety of ways, and a lot of efforts have been put
into finding materials that can be processed easily
from solution — either as directly soluble polymers,
or as “precursor” polymers that are first processed in
solution and then converted in situ to form the
semiconducting structure.

Fine tuning of polymers chemical structures is
achieved via copolymerization variation of different
conjugated units into the polymer backbone. Thus
high purity, ease of processability, control of the
band-gap and the emission colour of the polymer are
achieved [33, 34].

The wvarieties, excellent optical and electronic
properties, and high thermal and chemical stability
of polyfluorenes (PFs) make them an attractive class
of materials for polymer light-emitting diodes
(PLEDs) [35-39]. The polyfluorene copolymers are
of high molecular weight, highly photoluminescent,
and their emissive colours can be qualitatively
correlated to the extent of delocalization in the co-
monomers. For example, the thiophene copolymer
emits  bluish-green light, the cyanostilbene
copolymer emits green light, and the bithiophene
copolymer emits yellow light [40]. Thus, the choice
of co-monomer in the fluorene-based polymer
family has served as an excellent synthetic tool for
designing polymers with well-balanced hole- and
electron-transport properties and fine colour control
[41, 42]. No other polymer class offers the full
range of colours with high efficiency, low operating
voltage, and high lifetime when applied in a device
configuration. Thus, the polyfluorene-based mole-
cules are the most viable LEPs for comercialization.

Oligomers. Main chain conjugated polymers
inevitably contain random dispersed defects leading
to a statistical distribution of lumophore lengths [43,
46]. In contrast, well-defined conjugated oligomers
allow strict control of the effective conjugation
length. Initially, they have been synthesized as
model compounds in order to gain more insight into
the structural and electronic peculiarities of the
corresponding polymers [44, 45]. However, on
account of their controllable and rigorously defined
structure, conjugated oligomers have also been used
as novel materials and potential alternative in
electrooptical applications.

Like the corresponding polymers, the conjugated
oligomers can be deposited from solution or, since
they are molecular materials, by sublimation. The
method of choice depends mainly on molecular
weight and solubility of the material.

Solution processing demands sufficient solubility
which is typically ensured by introduction of solu-
bilizing side chains. Pursuing this concept, a wide
range of oligo(p-phenylenevinylene)s with alkyl
[47-50] (Fig. 6a) or alkoxy [51-56] (Fig. 6b)
substituents have been synthesized. Oligo(p-phe-
nylene)s have been used as blue emitters [S7—64]
(Fig. 7) in electroluminescent devices. They exhibit
high-fluorescence quantum yields. Oligothiophenes
[65-68] (Fig. 8) with various number of thiophene
rings in the molecular chain [69] and end-capping
group have been synthesized. Oligothiophenes are
intrinsically electron-rich compounds exhibiting low
electron affinity. Oligomers have been incorporated
into OLEDs as spincast films [50, 70] and in
polymeric blends [51, 54].
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Fig. 6. Substituted oligo(p-phenylenevinylene)s.
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Fig. 7. Oligo(p-phenylene).
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Fig. 8. End-capped oligothiophenes, n =35, 6, 7.

Oligomers are very often used as side chain in
non-conjugated polymers with pendant m-electron
systems. For example, series of non-conjugated
vinyl and methacrylate polymers containing pendant
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unsubstituted and substituted oligothiophenes have
been synthesized [71].

Substituted conjugated polymers. The variety of
polymer materials synthesized with the aim to be
used for the production of OLED is enormous. One
of the main trends is the modification of conjugated
polymers.

The most widely used polymer is poly(phenylene
vinylene) or “PPV”, which has a band gap of about
2.5 eV and emits yellow-green light. PPV is
insoluble in common solvents, and as such requires
special processing steps to produce a conjugated
thin film necessary for EL device application. The
researchers often modify PPV by attaching alkyls
side-chains to the phenylene rings. The introduction
of substituents into the PPV skeleton on one hand
allows the modification of the electronic properties
(e.g. band gap, electron affinity, and ionization
potential) and on the other hand it enables the
generation of PPVs that are soluble in organic
solvents.

In 1991, Heeger and Braun reported a red-orange
emitting OLED based on the asymmetrically sub-
stituted soluble PPV derivative poly[2-methoxy-5-
(2-ethylhexyloxy)-p-phenylenevinylene] (MEH-PPV
has an energy gap of about 2.2 e¢V) (Fig. 9) in a
simple single-layer device configuration
(ITO/MEH-PPV/Ca) with an external quantum yield
of 1% [72].

MeO

Fig. 9. Poly[2-methoxy-5-(2-ethylhexyloxy)-
p-phenylenevinylene] (MEH-PPV).

A variety of PPV derivatives containing long
alkyl [73-75] and alkoxy [73, 74, 76—81] side chains,
and oligoethenyloxy [82—84] substituents have been
synthesized by polycondensation. PPV derivatives
with at least one long solubilizing alkoxy side chain
are soluble in organic solvents such as chloroform
or THF providing sufficient processability with
respect to electrooptical applications [85]. Further-
more, long side chains separate the polymeric chains
from each other and hence impede the formation of
non-emissive relaxation sites. This effect seems to
be advantageous with regard to the fluorescence and
electroluminescence efficiencies of the corres-
ponding polymers.

The introduction of silyl substituents, as realized
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for PPV derivative, (see Fig. 10), gave an increase
in solubility and a widening of the band gap with
respect to PPV, enabling the emission of green light
[82, 86-90].

H,C
H,C \\Si

N
n

Fig. 10. Silyl substituted poly(p-phenylenevinylene).

An orange colour became accessible using
copolymers with unsubstituted phenylene and
statistically distributed alkoxy-substituted phenylene
segments [91, 92].

2
Fig. 11. Aryl substituted poly(p-phenylenevinylene)s.

Other successful approaches to tune the band gap
were the introduction of oligo(p-phenylene)
moieties [93, 94] as well as the incorporation of m-
phenylene segments [95-97].

The most important example, poly(2,3-diphenyl-
p-phenylenevinylene) Compound 1 (Fig. 11), [98,
99] exhibits EL in a single-layer configuration
(ITO/Comp.1/Al) with an external quantum
efficiency of 0.04% [98, 100] similar to the values
obtained for simple PPV-diodes [101].

Pendent phenylanthryl substituents have proven
to increase the EL efficiency of single-layer devices
based on polymer Comp. 2 (Fig. 11) by a factor of
10 in comparison to LEDs based on PPV [102, 103].
This improvement was interpreted based on both
increased interchain distance and an intrachain
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electronic energy transfer between the main chain
and the pendants. The latter effect was expected to
slow down the decay of the excited state.

Organic compounds in general, and conjugated
polymers in particular, tend to have low electron
affinities rendering electron injection more difficult
than hole injection. One strategy to overcome this
problem is the use of metals with lower work
functions for the cathodes. The more perspective
strategy is to improve the electron affinity of the
inserted polymer. This concept was first used by
Friend, Holmes et al. in 1993 [104]. They attached
electron-withdrawing cyano groups to the vinylene
bonds of a dihexyloxy-substituted PPV (Fig. 12),
which was synthesized by a Knoevenagel conden-
sation polymerization of suitable monomers. A
bright red fluorescent material was obtained (CN-
PPV, Fig. 12, Comp. 3). Internal efficiencies of
0.2% were reported for a single-layer configuration
Al/CN-PPV/metal, independent of the type of
cathode material (Al or Ca).

Fig. 12. Polymers with electron-withdrawing substituents.

Following this initial report, a series of other
CN-PPV derivatives [105, 106], and thiophene
analogues Comp. 4 and Comp. 5 (Fig. 12) [105]
have been synthesized by Knoevenagel method. The
PLEDs with blue, red and near-IR emission have
been fabricated with these polymers.

Polymer OLEDs emitting in the blue region are
therefore an attractive target for research. Blue
emission from the active luminescent material
requires a HOMO-LUMO energy gap of approxi-

mately 2.7-3.0 eV [107]. In 1992, Leising et al. for
the first time reported on blue electroluminescence
from OLEDs containing poly(p-phenylene) (PPP)
[108]. They observed external quantum efficiencies
for simple single-layer devices (ITO/PPP/Al) of
0.05%. Like PPV, PPP is also insoluble and
infusible and has to be incorporated into an
electrooptical device via a soluble precursor
polymer [109].

In an effort to improve processability, PPP
derivatives bearing solubilizing alkyl, aryl, alkoxy,
or perfluoralkyl side chains have been synthesized
by transition metal-catalyzed polymerization of
appropriate monomers and have been utilized as
active organic materials in OLEDs [110-117].

On account of their good solubility and chemical
stability poly(3-alkylthiophene)s (PATs) have
attracted considerable interest. The properties of
polythiophene derivatives (PTs) in general can
easily be altered by structural modification, which
allows the control of the torsion of the main chain
and thus the adjustment of the effective conjugation
length. PATs and other PT derivatives are attractive
electroluminescent materials due to their ease of
tunability [118-125]. Although simple PATs [126,
127] usually exhibit red emission, all other colours
from blue to near infrared have been realized in
OLED applications. Although PTs tend to exhibit
fluorescence intensities smaller than PPVs and PPP
derivatives they have frequently been used as active
layers in electrooptical applications [118—123, 128].

Non-conjugated polymers containing pendant
m-electron system. Non-conjugated polymers con-
taining pendant n-electron systems are of interest for
the following reasons: the wvariety of possible
pendant molecules, chemical stability, ease of
processability, possibility to form morphologically
stable system, photoconductivity of pendant n-elec-
tron systems, and invariance of the standard redox
potential with the degree of doping.

The concept of attaching chromophoric groups to
or as the side chain of a non-conjugated polymer
was found to be of great advantage for the transfor-
mation of crystalline electroluminescent materials to
amorphous derivatives. Thus, blue electrolumi-
nescence from perylene-containing poly(methyl-
acrylamide) was reported Comp. 6 (Fig. 13) [129].

Side group polymers with laterally fixed charge
transport units have proven to provide a homo-
geneous, amorphous morphology essential for
device stability. The oxadiazole moieties, including
the PBD, were introduced as pendant groups in
many non-conjugated polymers in order to reduce
the electron-injection barrier and improve the EL
efficiency of the device. To avoid phase separation
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and molecular PBD crystallization several groups
introduced the PBD moieties as pendant groups in
polymetacrylate [130-132] and polyethylene [133]
chains. Polymers (Comp. 7-9, Fig. 14) have been
studied as materials for PLEDs [130, 131], both in a
single-layer devices and in combination with PPV
hole transporting layer. The authors mention that the
device instability is a great problem for these
systems, and creating a more robust polymer back-
bone would be necessary. Later, Register et al.
[134] synthesized and studied related polymers
(Comp. 10 and Comp. 11) based on polystyrene
backbone. Observing the immiscibility of oxadi-
azole polymer (Comp. 10) with PVK, the authors
designed the co-polymer Comp. 11 containing both
electron- and hole-transporting units. The device
ITO/Comp. 11/Mg:Al showed improved external
quantum efficiency of 0.3%, although the turn-on
voltage was still high (16 V). Doping the polymer
with different molecular dyes, the emission colour
was tuned from blue to orange [134].

Fig. 13.

Polystyrenes with quaterphenylene segments in
the side chain (Fig. 15a) were utilized as electron
transporting material [135]. Polyacrylate with

pendant triphenylene segments (Fig. 15b) was used
as an efficient hole transporting material in a two-
layer configuration with Alq; (ITO/ polyacrylate/
Algs/Al) [136].

A high hole mobility and excellent photocon-
ductive properties of carbazole-containing polymers,
such as poly(N-vinylcarbazole) (PVK) (Fig. 15¢) [3]
and poly(N-epoxyprolylcarbazole) (PEPK, Fig. 15d)
rate them among the most studied polymers for
optoelectronic application. Generally, the electrolu-
minescent properties of non-conjugated carbazoles
are quite poor. On the other hand, being an excellent
hole-transporting material, PVK has been extens-
ively used as a HTL [137-144] or as a hole-trans-
porting material in blends with other conjugated EL
materials in PLEDs [145-149], and host material in
host / guest systems [150].

In an effort to simplify device fabrication and
restrict all functions to a single layer, a series of
copolymers containing both charge transport and
emissive chromophores on pendant side chains has
been synthesized [151-154].

High-efficiency red, green and blue phospho-
rescent polymer light-emitting devices based on
phosphorescent polymers involving carbazole units
and iridium-complex units (Fig. 16) have been
reported by Tokito et al. [155]. Many other com-
pounds may be associated with this polymer groups.

Dendrimers

Light-emitting dendrimers generally consist of a
light-emitting core, to which one or more branched
dendrones are attached. Surface groups are attached
to the distal end of the dendrons to provide the
solubility necessary for solution processing. The
dendritic structure allows independent modification
of the core (light emission), branching groups (charge
transport) and surface groups (processing properties).

Fig. 14. Non-conjugated polymers containing pendant oxadiazoles as n-electron system.
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Fig. 15. Non-conjugated polymers containing pendant phenylene segments or carbazole units as n-electron system.
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Fig. 16. Synthesized molecular structures of red
phosphorescent polymers (RPP)

Dendrimers possess a number of potential
advantages over the conjugated polymers and small
molecule light-emitting materials. First, their key
electronic properties, such as light emission, can be
finely tuned by picking out among a wide range of
luminescent chromophores, including phospho-
rescent groups. Second, solubility of the molecules
can be adjusted by selecting the appropriate surface
groups to optimize the materials to meet different
processing and application requirements. Finally,
the level of intermolecular interaction of the electro-
active chromophores can be controlled by the type
and generation of the dendrons employed, a vital
element in the performance of OLEDs. This makes
it possible to adapt dendrimers to various processing
systems without compromising the quality of light
emission.

These design principles have been illustrated in
the development of green-light-emitting phospho-
rescent dendrimers that contained fac-tris(2-phenyl-
pyridyl)iridium(III) cores, biphenyl based dendrons
and 2-ethylhexyloxy surface groups. The solution
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Fig. 17. n-Type conjugated dendrimer [G2—-12Q)].

processable green phosphorescent dendrimers have
been used to fabricate highly efficient single layer
[156, 157] devices, as well as bi-layer OLEDs
giving efficiencies of up to 16% and 40 Im'W ' at
400 cd'm ™ [158]. Anthopoulos et al. [159] reported
two new solution processable red phosphorescent
dendrimers for use in OLEDs. Kwon et al. [160]
reported three new electron-acceptor and light-
emitting conjugated dendrimers, based on a benzene
core, poly(phenylenevinylene) dendrons, and diphe-
nylquinoline peripheral groups (Fig. 17). As the
emissive materials in light-emitting diodes, these
dendrimers showed yellow electroluminescence, the
brightness and efficiency of which increased with

generation and number of electron-acceptor
peripheral groups.
OLEDS WITH Zn COMPLEXES

It was one of our aims to test the new Zn
organometallic compounds bis(2-methyl-8-hydroxy-
quinoline)zinc  (Znqy), bis(2-(2-hydroxyphenyl)
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benzothiazole)zinc  (Zn(BTz),), and bis(2-(2-
hydroxynaphthyl)benzothiazole)zinc (Zn(NBTz),) as
light-emitting materials (Fig. 18). The presented Zn
complexes were investigated in electroluminescent
devices with conventional structure:
ITO/HTL/EL/M, where ITO is a transparent anode
of In,05:Sn0O,, HTL — a hole-transporting layer, EL
— an emitting layer, and M — a metallic cathode of
Al. We demonstrated earlier, that the composite film
of N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzi-
dine (TPD) incorporated in poly(N-vinylcarbazole)
(PVK) matrix [161] was a promising HTL for OLED.
More details about device preparation and measure-
ments are published in our previous paper [162].

The electrical and optical properties of the OLED
are complicated linked to molecular organization of
layers, such as morphology, and chain arrangement
in polymer. The surface morphology of the com-
posite film PVK:TPD, spin coated on PET substrate
covered with ITO, is shown in Fig. 19a. SEM
micrographs of the vacuum deposited Zng, and
Zn(BTz), in the case of both investigated OLED
structures ITO/PVK:TPD/Zn complex are presented
in Figs. 19b, c. The images show very smooth and
homogeneous surfaces of the deposited films. It is a
substantial prerequisite for developing of OLED

Zn(BTz),

with good characteristics.

The present metal complexes showed bright
emission as emitting layers. Fig. 20 represents the
current/voltage (/-V) (a) and luminance/voltage (L—
V) (b) characteristics of the three type identical
devices with different EL at two concentrations (x =
10 and 20 wt.%) of TPD in PVK:TPD, composite
HT film. All devices emit from yellow-green for
Znq, to pure green for Zn(BTz), and Zn(NBTz),
spectrum of visible light.

The current densities (/) of the all devices are
similar, while the luminances (L) at the same current
densities (/) are quite different. It was established
that the luminance of the devices with Zn(BTz), is
2.5 times higher than those with Znq, and 3 times
higher than those with Zn(NBTz), (at 15 V DC).
Besides Zn(BTz), shows the lowest “turn-on
voltage” and the best electroluminescent efficiency
— 2 times higher than that of Znq, and 6x higher
than that of Zn(NBTz), at luminance of 250 cd/m’
(Fig. 21).

The current density and the luminance of the
devices with Znq, increase with the concentration
(x) of TPD in composite PVK:TPD, while the “turn-
on voltage” becomes lower. Just the opposite are the
results in the cases of Zn(BTz), and Zn(NBTz),.

Zn(NBTz),

Fig. 18. Chemical structures of the investigated Zn complexes.

a) PET/ITO/ PVK:TPD

b) PET/ITO/ PVK:TPD/ Znq,

¢) PET/ITO/ PVK:TPD/ Zn(BTz),

Fig. 19. SEM micrographs of PET/ITO/PVK:TPD, PET/ITO/PVK:TPD/Znq,, and PET/ITO/PVK:TPD/ Zn(BTz),
surfaces.

220



P. Petrova and R. Tomova: Organic electroactive compounds used for OLED

fill —a—PVK:TPD,
open—o—PVK:TPD, .

—u—Zn
<2100 .
—b—Znq,

1—*—Zn(BT2),
—o—Zn(BT2),
|—a—Zn(NBT2),
—a—Zn(NBT2),

3
9]
1

Current Density (mA/cm
N n
» 9

<
1

0 5 10 15 20
Voltage (V)

N

n

=}
1

—=—Znq, fill —e—PVK:TPD,
_750—o—17nq, open—5—PVK:TPD, .
NE —e—Zn(BTz), -
o
= 1—o— ¢
,_8 0—Zn(BTz), J Oé; /E
~ 500 —4—Zn(NBTz), J g
ot —5—Zn(NBT2), J 7
£ / of
s
=
o
g
=
|

Voltage (V)

Fig. 20. Current/voltage (I-V) (a) and luminance/voltage (L-V) (b) characteristics of the three types of identical devices
with different EL at two concentrations (x = 10 and 20wt.%) of TPD in PVK:TPD, composite HT film.

<
b=
ef 8 —I—anz
Z} —O—Zn(BTz)2
'g 6- e —A—Zn(NBTz),
a‘: I
3 ./ \°\
‘g 4- '\,\
9 heN
3 / s
E 24 ¥/ —
= ././ A-ABAA, \"I
£ 2
>3
5}
m T T T T
0 leltl)r(l)inance“Pch/mz) 600

Fig. 21. Electroluminescent efficiency of devices with
HTL of PVK:TPD 9, and different EL.

The results presented in this paper show that the
studied Zn complexes can be successfully used as
emitters and electron transporting layers for OLED.
The best characteristics are shown by the devices on
the basis of Zn(BTz), (Fig. 22). It could be empha-
sized that the efficiency of the devices with Zn(BTz),
is 6.3 cd/A at luminance 250 cd/m” and 4.1 cd/A at
luminance 100 cd/m’. It is one of the best reported
up to now in the literature for the devices with
similar structure. Sano [163] reported efficiency

139 cd/A at luminance 100 cd/m* for
ITO/TPD/Zn(BTz),/Mg:In device. Maximum quan-
tum efficiency of 03% was found for

ITO/PVK/Zn(BTz),/Al device by Wu [164]. Zheng
et al. [165] showed maximum quantum efficiency
0.63% and the corresponding luminance efficiency
4.05 cd/A and luminance 4048 cd/m” for the white
device on the basis of Zn(BTz), doped with rubrene.
Studying the molecular structure of Zn(BTz),
Wu et al. [164] showed that as disturbed by Zn*",
the complex molecular rigidity and planar structure

were strengthened and enlarged greatly. Moreover,
augmented conjugative effect of @ electron made the
transition 7 --- T * more easily, which results in high
fluorescence of Zn(BTz),, eventually. Probably it is
a reason for the best characteristics of the devices on
the basis of Zn(BTz),.

.

Fig. 22. Picture of our luminous OLED device with
structure ITO/(PVK:TPDy)/Zn(BTz),/Al at 15 V DC.

It was established that Zn complexes synthesized
by T. Deligeorgiev [166] are useful for the develop-
ment of OLED and further improvement of their
characteristics is in progress. Besides some other Zn
and Al organometallic complexes are under investi-
gations.

CONCLUSION

Although this review is not exhaustive, it does
illustrate some recent developments of organic
materials used in OLED.

The use of m-conjugated materials is not limited
to their application in OLEDs. Organic chemistry
offers an endless variety of structures, and therefore,
the choices of charge transporters, emitters and
other dopants are virtually unlimited.

For highly stable and efficient materials of such
applications semi-conducting materials with smart
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designed and optimized properties are greatly
desired. The toolbox of organic chemistry hereby
opens a broad variety of suitable reactions and
easily accessible target compounds. The optimiza-
tion of the target structures results therefore in smart
materials with finely-tuned optical and electronic
properties.

The advantages of polymeric materials compared
with other “classic” materials like glass, ceramic or
metal are the low specific weight, high corrosion
stability and good process ability. The addition of
additives opens furthermore the option of fine-
tuning of properties.
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Base-catalyzed synthesis of 2-thioxo-2,3-dihydrothieno[2,3-d]pyrimidin-4(1H)-ones
and isolation of intermediates using microwave irradiation
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A simple and fast method for the synthesis of some 3-substituted-5,6-dimethyl-2-thioxo-2,3-dihydrothieno[2,3-
d]pyrimidin-4(1H)-ones has been developed via base-catalyzed cyclocondensation of ethyl 2-amino-4,5-dimethyl-
thiophene-3-carboxylate with isothiocyanates. The uncyclized intermediates, ethyl 4,5-dimethyl-2-[(substituted
carbamothioyl)amino]thiophene-3-carboxylates, were isolated when the reactions were carried out under microwave
irradiation. These intermediates subsequently underwent cyclization in t-butanol in the presence of potassium #-butoxide

on heating under reflux to give the desired bicyclic products.

Key words: ethyl 2-amino-4,5-dimethylthiophene-3-carboxylate, isothiocyanates, 2-thioxo-2,3-dihydrothieno[2,3-d]py-

rimidin-4(1H)-ones, microwave irradiation.

INTRODUCTION

Our interest in thieno[2,3-d]pyrimidine synthesis
emerges from the numerous reports on their diverse
biological activities [1-10]. Various methods have
already been proposed for the synthesis of these
compounds and the most general ones involve
cyclocondensation of suitably functionalized thio-
phenes with different electrophiles such as chloro-
formamidine [11], o-substituted acetonitriles [12],
formic acid [13], phosgene [14], ethyl chloroformate
[14] and guanidine [15]. To the best of our
knowledge, base-catalyzed cyclocondensation of
ethyl 2-amino-4,5-dimethylthiophene-3-carboxylate
(1) with isothiocyanates for the synthesis of 3-
substituted-  5,6-dimethyl-2-thioxo-2,3-dihydrothi-
eno[2,3-d]pyrimidin-4(1H)-ones (3a—e) and the
utilization of microwave irradiation for isolation of
the intermediates (2a—e) has not been reported in the
literature.

Prompted by these findings and due to our
interest in the synthesis of heterocyclic compounds
[16-25] and in continuation of our previous works
on the synthesis of thieno[2,3-d]pyrimidine deri-
vatives [26-28], we report here a simple and fast
method for the synthesis of 3-substituted-5,6-di-
methyl-2-thioxo-2,3-dihydrothieno[2,3-d]pyrimidin-
4(1H)-ones (3a—e) through cyclocondensation of
ethyl  2-amino-4,5-dimethylthiophene-3-carboxy-
late (1) with isothiocyanates under basic conditions.

* To whom all correspondence should be sent:
E-mail: adavoodnia@yahoo.com
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RESULTS AND DISCUSSION

The starting material (1) was prepared according
to the literature method [29]. Cyclocondensation of
this compound with isothiocyanates in the presence
of potassium ¢-butoxide in #-butanol under reflux
gave products identified as 3-substituted-5,6-di-
methyl-2-thioxo-2,3-dihydrothieno[2,3-d]pyrimidin-
4(1H)-ones (3a—e). Under this conditions, attempts
to isolate the reaction intermediates (2a—e) failed
when we monitored the course of the reactions
carefully (Scheme 1).

Due to our interest in the utilization of micro-
wave irradiation for the synthesis of heterocyclic
compounds [30-33], we tried to extend this non-
conventional synthetic method for the synthesis of
compounds 3a—e. Therefore, ethyl 2-amino-4,5-
dimethylthiophene-3-carboxylate (1) was allowed to
interact with isothiocyanates under microwave
irradiation under solvent-free conditions at 800 W.
During monitoring of the reaction mixture by TLC
(CHCI13:MeOH = 95:5), surprisingly, we observed
that unexpected products, with Re-values different
from those expected for compounds 3a—e, were
being formed. During work up and identification, it
was established that a condensation and not a cyclo-
condensation reaction had occurred and the inter-
mediates ethyl 4,5-dimethyl-2-[(substituted carb-
amothioyl)amino]thiophene-3-carboxylates (2a—e)
were isolated. The reaction did not proceed to form
cyclic products even after prolonged irradiation, but
when the latter compounds were heated under reflux
for 3 hours in the presence of potassium z-butoxide

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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in t-butanol, cyclization reaction occurred and the
cyclic products 3a—e were obtained (Scheme 1).

The structure of the synthesized compounds was
deduced from their spectral and microanalytical
data. For example, the 'H NMR spectrum of 2a did
not show the NH, signal of the precursor 1 at d 5.61
ppm, but instead of it showed two broad signals at &
9.62 and 11.80 ppm belonging to the NH groups
indicating the formation of compound 2a. The IR
spectrum showed the absorption bands at 1651,
3215 and 3299 cm' for carbonyl and two NH
groups respectively. The MS of 2a showed a
molecular ion peak at m/z 286 (M") corresponding
to the molecular formula C;,HgN,O,S,. This
compound gave also satisfactory elemental analysis
data (See Experimental).

RNCS o R
t-BuOH
Me CO,Et £ BUOK Me, N
/U\ g I\ J=s
Me s NH, reflux Me s H

3a-e

1
t-BUOH
Me CO,Et +BuOK
RNCS /ﬁ\ reflux
MW Me NH

S )\
S NHR

a:R=Et
b: R=Ph
c: R=3-MeCgH,y
d: R = 4-MeCgHy 2a-e
e: R = 4-0,NCgH,
Scheme 1.

In conclusion, we have developed a facile method
for the synthesis of 3-substituted-5,6-dimethyl-2-
thioxo-2,3-dihydrothieno[2,3-d]pyrimidin-4(1H)-
ones (3a—e) through cyclocondensation of ethyl 2-
amino-4,5-dimethylthiophene-3-carboxylate (1) with
isothiocyanates in #-butanol containing potassium
t-butoxide as a base catalyst. Using microwave
irradiation, the uncyclized intermediates 2a—e were
isolated.

EXPERIMENTAL

Melting points were measured on a Stuart Model
SMP3 melting point apparatus. The IR spectra were
obtained on a 4300 Shimadzu spectrophotometer as
KBr disks. The '"H NMR (100 MHz) spectra were
recorded on a Bruker AC 100 spectrometer. The
mass spectra were determined on a Shimadzu
GCMS 17A instrument. Elemental analysis was
performed on a Thermo Finnigan Flash EA micro-
analyzer. Reactions were performed in a domestic
microwave oven Model LG MS-543XD.

Preparation of 3-substituted-5,6-dimethyl-2-thi-
oxo-2,3-dihydrothieno[2,3-d] pyrimidin-4(1H)-ones
(3a—e). General Procedure .Method A. To a solution
of the ethyl 2-amino-4,5-dimethyl-thiophene-3-
carboxylate (1) (5 mmol) and potas-sium #-butoxide
(2 mmol) in t-butanol (20 ml), the appropriate
isothiocyanate (6 mmol) was added. The reaction
mixture was heated under reflux for 6 hours. After
the completion of the reaction (monitored by TLC,
CHCIl;:MeOH = 93:7), the solvent was evaporated
in vacuum, the residue was dissolved in water (15
ml) and subsequently neutralized by 1 N HCI. The
crude product was collected and recrystallized from
ethanol to give compounds 3a—e in 75, 77, 68, 86
and 74% yields, respectively.

Method B. A mixture of ethyl 4,5-dimethyl-2-
[(substituted carbamothioyl)amino]thiophene-3-car-
boxylates (2a—e) (3 mmol) and potassium #-butoxide
(1 mmol) in #butanol (15 ml) was heated under
reflux for 3 hours. After the completion of the
reaction (monitored by TLC, CHCI;:MeOH = 93:7),
the solvent was evaporated in vacuum, the residue
was dissolved in water (15 ml) and subsequently
neutralized by 1 N HCI. The crude product was
collected and recrystallized from ethanol to give
compounds 3a—e in 79, 78, 73, 91 and 75% yields,
respectively.

3-Ethyl-5,6-dimethyl-2-thioxo-2,3-dihydrothieno-
[2,3-d]pyrimidin-4(1H)-one (3a). M.p. 257-259°C;
"H NMR (DMSO-d;, & ppm): 1.17 (t, 3H, J = 7 Hz,
CH;), 2.24 (s, 6H, 2CH;), 4.36 (q, 2H, J = 7 Hz,
CH,), 13.45 (br, 1H, NH); IRS (KBr disc): v 1684
(C=0), 3137 cm' (NH); MS, m/z: 240 (M");
Analytically calculated for C;,H;;N,OS;: C 49.97;
H 5.03; N 11.66; S 26.68. Found: C 50.24; H 5.21;
N 11.35;S26.91.

5,6-Dimethyl-3-phenyl-2-thioxo-2,3-dihydrothi-
eno[2,3-d]pyrimidin-4(1H)-one (3b). M.p. 325-
327°C; '"H NMR (DMSO-d,, & ppm): 2.24 (s, 6H,
2CHj3;), 7.0-7.6 (m, 5H, phenyl), 13.65 (s br, 1H,
NH); IRS (KBr disc): v 1703 (C=0), 3152 cm
(NH); MS, m/z: 288 (M"); Analytically calculated
for C14H12N,0S,: C 58.31; H 4.19; N 9.71; S 22.24.
Found: C 58.67; H 3.98; N 9.50; S 22.45.

5,6-Dimethyl-3-(3-methylphenyl)-2-thioxo-2,3-
dihydrothieno[2,3-d]pyrimidin-4(1H)-one (3¢). M.p.
295-297°C; '"H NMR (DMSO-ds, & ppm): 2.25 (s,
3H, CH;), 2.29 (s, 6H, 2CH;), 6.85-7.45 (m, 4H,
arom-H), 13.61 (br, 1H, NH); IRS (KBr disc): v
1709 (C=0), 3163 cm ' (NH); MS, m/z: 302 (M");
Analytically calculated for C;sH;4N,OS,: C 59.57;
H 4.67; N 9.26; S 21.21. Found: C 59.28; H 4.89;
N 9.51; S 20.97.

5,6-Dimethyl-3-(4-methylphenyl)-2-thioxo-2, 3-
dihydrothieno(2,3-d]pyrimidin-4(1H)-one (3d). M.p.
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270°C (dec); 'H NMR (DMSO-dg, & ppm): 2.24 (s,
3H, CHj), 2.28 (s, 3H, CH3), 2.34 (s, 3H, CHs),
6.90-7.25 (overlapped doublets, 4H, arom-H), 13.60
(br, 1H, NH); IRS (KBr disc): v 1703 (C=0), 3155
cm' (NH); MS, m/z: 302 (M"); Analytically
calculated for C;sH;4N,OS,: C 59.57; H 4.67;
N 9.26; S 21.21. Found: C 59.34; H 4.46; N 9.48;
S 21.43.
5,6-Dimethyl-3-(4-nitrophenyl)-2-thioxo-2,3-di-

hydrothieno[2,3-d]pyrimidin-4(1H)-one (3e). M.p.
340-342°C; '"H NMR (DMSO-ds, 8 ppm): 2.25 (s,
3H, CHs;), 2.32 (s, 3H, CH3), 7.40-8.45 (overlapped
doublets, 4H, arom-H), 13.68 (s br, 1H, NH); IRS
(KBr disc): v 1707 (C=0), 3170 cm' (NH); MS,
m/z: 333 (M"); Analytically calculated for
Ci1sH1N305S,: C 50.44; H 3.33; N 12.60; S 19.24.
Found: C 50.71; H 3.62; N 12.73; S 19.01.

Preparation of ethyl 4,5-dimethyl-2-[(substituted
carbamothioyl)amino]thiophene-3-carboxylates
(2a—e). General Procedure. A mixture of ethyl 2-
amino-4,5-dimethylthiophene-3-carboxylate (1) (3
mmol) and the appropriate isothiocyanate (4 mmol)
was subjected to microwave irradiation at 800 W for
2-3 min (4-5 times). After the completion of the
reaction (monitored by TLC, CHCI;:MeOH = 95:5)
the crude product was recrystallized from ethanol to
give compounds 2a—e in high yields.

Ethyl  2-[(ethylcarbamothioyl)amino]-4,5-dime-
thylthiophene-3-carboxylate (2a). Time 5%2 min;
Yield 75%; m.p. 165-167°C; "H NMR (DMSO-dg, &
ppm): 1.44 (t,3H, J = 6.5 Hz, CH3), 1.58 (t, 3H, J =
7 Hz, CH3), 2.32 (s, 6H, 2CH3;), 4.41 (q, 2H, J = 6.5
Hz, CH,), 4.52 (q, 2H, J =7 Hz, CH,), 9.62 (br, 1H,
NH), 11.80 (br, 1H, NH); IRS (KBr disc): v 1651
(C=0), 3215, 3299 cm ' (two NH); MS, m/z: 286
(M"); Analytically calculated for C;,H;sN,O,S;:
C 50.32; H 6.33; N 9.78; S 22.39. Found: C 50.05;
H6.11; N 10.06; S 22.21.

Ethyl  4,5-dimethyl 2-[(phenylcarbamothioyl)-
amino]thiophene-3-carboxylate (2b). Time 4x3
min; Yield 90%; m.p. 170-172°C; 'H NMR
(DMSO-dg, 6 ppm): 1.22 (t, 3H, J = 7 Hz, CH;),
2.17 (s, 6H, 2CH3;), 4.20 (q, 2H, J = 7 Hz, CH,),
7.0-7.6 (m, 5H, phenyl), 10.91 (s, 1H, NH), 11.79
(s, 1H, NH); IRS (KBr disc): v 1664 (C=0), 3175,
3282 cm™' (two NH); MS, m/z: 334 (M"); Analy-
tically calculated for C,¢H;sN,O,S,: C 57.46; H 5.42;
N 8.38; S 19.17. Found: C 57.78; H 5.19; N 8.64;
S 18.98.

Ethyl  4,5-dimethyl-2-{[(3-methylphenyl)carb-
amothioyl]amino}thiophene-3-carboxylate (2¢).
Time 5%3 min; Yield 84%; m.p. 168-169°C; 'H
NMR (DMSO-dg, 6 ppm): 1.48 (t, 3H, J = 7.5 Hz,
CH,), 2.30 (s, 6H, 2CH3), 2.47 (s, 3H, CHj3), 4.37 (q,
2H, J = 7.5 Hz, CH,), 7.1-7.6 (m, 4H, arom-H),

228

11.12 (s, 1H, NH), 12.10 (s, 1H, NH); IRS (KBr
disc): v 1659 (C=0), 3165, 3180 cm™' (two NH);
MS, m/z: 348 (M"); Analytically calculated for
C17H30N,0,S,: C 58.59; H 5.78; N 8.04; S 18.40.
Found: C 58.94; H6.01; N 7.81; S 18.59.

Ethyl 4,5-dimethyl 2-{[(4-methylphenyl)-carba-
mothioyl]amino}thiophene-3-carboxylate (2d).
Time 4%3 min; Yield 89%; m.p. 165-167°C; 'H
NMR (DMSO-dg, 6 ppm): 1.25 (t, 3H, J = 7 Hz,
CH,), 2.18 (s, 6H, 2CH3), 2.29 (s, 3H, CHj3), 4.11 (q,
2H, J = 7 Hz, CH,), 7.1-7.5 (overlapped doublets,
4H, arom-H), 10.89 (s, 1H, NH), 11.78 (s, 1H, NH);
IRS (KBr disc): v 1658 (C=0), 3178, 3200 cm’!
(two NH); MS, m/z: 348 (M"); Analytically cal-
culated for C;7H,,N>O,S,: C 58.59; H 5.78; N 8.04;
S 18.40. Found: C 58.81; H 5.54; N 7.87; S 18.73.

Ethyl  4,5-dimethyl  2-{[(4-nitrophenyl)carba-
mothioyl]amino}thiophene-3-carboxylate (2e). Time
5x3 min; Yield 78%; m.p. 213-215°C; 'H NMR
(DMSO-ds, & ppm): 1.26 (t, 3H, J = 7 Hz, CHs),
2.22 (s, 6H, 2CH3;), 4.30 (q, 2H, J = 7 Hz, CH,),
7.7-8.4 (overlapped doublets, 4H, arom-H), 11.61
(s, 1H, NH), 12.08 (s, 1H, NH); IRS (KBr disc): v
1654 (C=0), 3184, 3205 cm™' (two NH); MS, m/z:
379 (M"); Analytically calculated for C;¢H;7N304S,:
C 50.64; H 4.52; N 11.07; S 16.90. Found: C 50.35;
H4.77; N 10.79; S 16.62.
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CHUHTE3A HA 2-TUOKCO-2,3-AUXUJPOTHUEHO[2,3-d[IITMPUMNUNH-4(1H)-OHU
YPE3 FA3MYHA KATAJIU3A U N30JIMPAHE HA MEX/IMHHU CBbEAMHEHN A
C U3ITOJI3BAHE HA MUKPOBBJIHOBO OBJIBYUBAHE

A. Nasynuua*, M. bakaBonu, H. 3apuen, H. Tapakonu-XoceitHu

Henapmamenm no xumus, Yuuruwe no nayku, Ucasimcku ynusepcume Azad, Omoen Mawixao,
Mawixao 91735-413, Hpan

[Moctpnuna Ha 13 centemspu 2008 r.; Ilpepaborena Ha 15 okromBpu 2008 T.
(Pesrome)

[IpemmoxkeH e mpocT U OBP3 METOJ 3a CHHTE3aTa Ha 3-3aMECTeHH-S,0-TIMETHII-2-THOKCO-2,3-TIMXUAPOTHEHO[2,3-
dJmupumunna-4(1H)-oan  upe3  HUKIOKOHAEH3AIMss Ha  2-aMuHO-4,5-muMeTHITHO(EH-3-KapOOKCHeTHIaT €
M30THOIMAHATH dpe3 Oa3uyHa Karanm3a. Hermuknmm3upanuTe MEeXAWHHH TpoaykKTH 4,5-muMeTrii-2-[(3aMecTeHn
KapOamMaToOTHOMI )aMHHO |THO(eH-3-KapOOKCHIIaTH ca U30JIMPAaHU KOTAaTO PEAKIMHUTE Ce MPOBEXKIAT IIPU MUKPOBBIHOBO
obsrbuBane. Te3u MEXIMHHH MPOJIYKTH BIIOCIEICTBUE LUKIN3UPAT B -OyTaHOJ B MPHUCHCTBHE Ha KalUEB f-OyTOKCH]
NP HarpsiBaHe ¢ 00OpaTeH XJIaJHHK 10 MMOJy4aBaHe Ha )KelaHUTe OUIMKIMYHU IPOAYKTH.
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A new, attractive and applicable method, based on spectrophotometic partial least-squares procedure, was proposed
for simultaneous determination of thorium and zirconium using SPADNS as a colour reagent. Absorbance measure-
ments were made in the interval of 541-620 nm with 1.0 nm steps in buffered solutions at pH 3.5. The linear
dependences were obtained in the ranges of 0.5-11.5 and 1.5-14.5 pg'ml"' for Th*" and Zr*" ions, respectively. The
limits of detection were determined 0.4 and 1.2 pg-ml™" for thorium and zirconium, respectively. The standard deviation
(n = 3) and recovery percentage of 10 samples in the prediction set were obtained in the range 0.22-0.38 pg-ml™ and
91.3-109.2, respectively. The proposed method was used for simultaneous determination of mentioned ions in spiked
real water samples and wastewater of AENTC. The satisfactory results showed that the method was applicable to the

analysis of samples with similar matrix.

Key words: thorium, zirconium, spectrophotometic determination, SPADNS.

INTRODUCTION

For a number of reasons, spectral measurement is
one of the powerful methods in quantitative analysis
of chemical mixtures. It is relatively easy to
generate good data in short time by proper using of
spectroscopy. However, getting useful results from a
set of spectral data is not always straightforward.
Determining the amounts of the components of a
mixture can often be problematic without a prior
separation steps because of the overlap of spectral
response. For this reason, the analysts have
increasingly turned to chemometrics in dealing with
spectral data [1].

Quantitative spectrophotometry has been greatly
improved by the use of variety of multivariate
statistical methods such as classical least square
(CLS), inverse least squares (ILS), principal com-
ponent regression (PCR), and partial least squares
(PLS). Multivariate calibrations are effective in
spectrophotometric analysis because the simul-
taneous inclusion of multiple spectral intensities can
greatly improve the precision and applicability. The
widespread use of these methods is due to the
proliferation of commercial software for laboratory
computers and detectors, capable of recording full
spectra very rapidly [2—4].

Partial least-squares modelling is a powerful
multivariate analysis of spectroscopic data. PLS is

* To whom all correspondence should be sent:
E-mail: HR_ POURETEDAL@mut-es.ac.ir
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capable of being a full spectrum method such as
principal component regression and classical least
squares. It has also characteristics and the
advantages of inverse least-squares method, which
is limited in the number of spectral frequencies that
can be included in the analysis. The use of PLS
method in chemical analysis was pioneered by Wold
and co-workers [5]. A particularly detailed study of
multivariate calibration by PLS was carried out for
spectrophotometric determination of metals [6—11].

Heavy metal ions represent a major environ-
mental problem and their detection and monitoring
in waste water outlets, rivers, reservoirs or sources
of drinking water is necessary [12]. Thorium is a
naturally occurring element that has a number of
industrial and medical applications. It is present in
very small quantities in virtually all rocks, soils,
waters, plants and animals. Where high concen-
trations occur in rock, thorium can be mined and
refined, producing waste products such as mill
tailings. If not properly controlled, wind and water
can introduce the tailings into the wide environment
[13]. Zirconium is used in a wide range of appli-
cations including nuclear caps, catalytic converters,
surgical appliances, metallurgical furnaces, super-
conductors, ceramics, lamp filaments, anti-corrosive
alloys and photographical purposes. Hence, nano-
gram level determinations of zirconium are critically
important [14, 15].

However, there are few reports on the deter-
mination of zirconium and thorium simultaneously.
Although strong claims are made for the specificity

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and sensitivity of NAA, ICP-AES and ICP-MS,
some interference causes a problem using this
method [16]. Therefore, spectrophotometric methods
for thorium and rare earth continue to be of interest
[17-20].

UV-Vis spectrophotometric techniques, due to
both the simplicity and rapidness of the method, are
the most widely used analytical methods in multi-
component analysis [21-24]. However, the simul-
taneous determination of thorium and zirconium
ions by the use the traditional spectrophotometry
technique is difficult because, the absorption region
and the superimposed curves are not suitable for
quantitative evaluation. There is a serious problem
in most complex samples spectral overlap because
the information for each component obtained from
the overlapping spectra is very limited and the
condition number of the absorbance coefficient
matrix is too large to give satisfactory results. In
most cases of analysis of complex samples, physical
separation and non-standard instrumentation are
required. Spectrophotometric techniques as well as
chemometrics methods have been recently used to
solve these problems [9, 10, 25-27].

In this work, a spectrophotometric method based
on using partial least-squares multivariate calibra-
tion is proposed for simultaneous determination of
Th(IV) and Zr(IV) ions in synthetic and real
samples. The method is based on the reaction
between these ions with SPADNS as chromogenic
reagent at pH 3.5.

EXPERIMENTAL
Reagent

All of the chemicals used were analytical reagent
grade of purity. Doubly distilled water was used
throughout. Standard solutions of Th(IV) and Zr(IV)
(1000 pg'ml™") were made using Th(NOs),.6H,O in
0.1 M HNO; and ZrOCl,.8H,O in 2.0 M HCI,
respectively (Merck Co.). The diluted Th(IV) and
Zr(IV) solutions were prepared with dilution of
stock solutions. A 1.5x10° M solution of SPADNS
as sodium salt was prepared and used daily.
Adjusting the pH values of the working solution was
carried out using acetic acid and sodium acetate
solutions. The foreign ions were introduced using
their suitable salts having analytical grade of purity.

Apparatus

A portable 100 UV-Vis scanning spectrophoto-
meter was used to record the absorbance spectra of
Th—SPADNS and Zr—SPADNS complexes with a
1.0 cm path length quartz cell. The cell temperature

is controlled by circulating water around the cell by
thermostat. The slit width was set at 2 nm and a fast
scan speed at 600 nm /min was used. The spectra
were recorded between 400 and 700 nm at 1 nm
scanning intervals. A Metrohm 691 pH meter
equipped with combined glass electrode was used
for measurement of the pH. The computations were
performed on a Pentium IV computer. All the
programs in the computing process were written in
MATLAB® for Windows.

Procedure

Individual calibration. In order to obtain the
calibration curve for each element as an analyte, 1.0
ml of 1.5x10° M SPADNS as reagent, 2.0 ml of
buffer with pH 3.5 and appropriate amounts of the
metal ion solution were added to 10 ml volumetric
flask and made up to the mark with doubly distilled
water. The concentrations of Th(IV) and Zr(IV) ions
were 0.50-11.50 and 1.50-14.50 pgml™, respect-
ively, that means the proposed method is a valuable
method for simultaneous determination of Th*" and
Zr*" in a sample. The absorbances were measured at
580 nm, against a reagent blank for thorium and
zirconium ions, respectively.

PLS calibration. To a series of 10 ml volumetric
flasks, 1.0 ml of 1.5x10° M SPADNS as reagent
and 2.0 ml of buffer with pH 3.5 were added. The
appropriate amounts of each metal ion containing
5.0-115.0 pg of Th(IV) and 15.0-145.0 pg of
Zr(IV) were also added and the solutions were made
up to the mark with distilled water. These solutions
were used for preparation of data sets of calibration
and prediction in PLS multivariate calibration
method. Excess concentration of SPADNS has been
applied to ensure quantitative formation of the
complexes in the whole range of calibration. The
absorbance of the solutions was measured in the
range of 561-640 nm with 1.0 nm steps and
therefore 80 experimental points (A) per spectrum
were obtained.

RESULTS AND DISCUSSION

SPADNS or (4,5-dihydroxy-3-(p-sulphophenyl-
azo)-2,7-naphthalene disulphonic acid, trisodium
salt) can be used as an indicator for determination of
zirconium and thorium [28]. The complexes
stoichiometry of Th(IV)-SPADNS and Zr(IV)-
SPADNS is 1:1 and 2:1, respectively. Both normal
absorption spectra of Th—SPADNS and Zr—SPADNS
complexes show maximum absorption (Ay.) value
at 580 nm; whereas the free ligand has A« at 510
nm (Fig. 1).
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Fig. 1. Absorbance spectra of (a) Th—-SPADNS and
(b) Zr—SPADNS against reagent blank. Conditions:
Cspapns 1.5x10* M, Cy 2 pg'ml ™", pH 3.5 and t 25°C.

Therefore, a calibration curve was obtained with
absorbance measurement of standard solutions of
metal complex versus concentration of each metal
ion. As it is seen in Fig. 1, since there is overlapping
of obtained spectra in the amplitude 560—640 nm,
the presence of each metal ion is interfered in
measurement of the other ion. Thus, multivariate
calibration such as partial-least squares method can
be used to determine two analytes in a mixture
sample.

Assay conditions, such as pH of the solutions,
were investigated for optimization. The effect of pH
on the spectrum of each complex was studied
separately in the pH range of 2.0-5.0. The absorb-
ance of each complex solution at a constant con-
centration of metal ion was measured at its A and
as a function of pH. In the case of both formed
complexes, the absorbance of solutions increased up
to pH 3.5, then diminished in the pH above 3.5 for
Th-SPADNS, whereas, the absorbance of Zr—
SPADNS decreased in the pH above 4.5. Therefore,
the pH value of 3.5 of acetate buffer was selected as
an optimum pH for simultaneous determination of
Th*" and Zr*" jons. This pH was achieved via
addition of 2.0 ml of buffer solution (pH 3.5) per 10
ml of final solution. Excess concentration of
SPADNS (1.5x10™* M) has been applied to ensure
quantitative formation of the complexes in the
whole range of calibration.

Single component calibration. In order to find
the linear range of concentration of each metal ion,
single component calibration was performed for
each analyte. In a 10 ml volumetric flask, 1.0-ml
SPADNS 1.5%10° M, 2.0 ml acetate buffer 3.5 and
different volumes of 100 pgml' solution of
thorium(IV) ion were added and diluted to the mark
with distilled water. The absorbance of the
thorium(IV) ion standard solutions was measured at
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Amax 0f Th—SPADNS complex (580 nm). The same
procedure was followed for zirconium and the
absorbance of the solutions was monitored at 580
nm. The linear dependences were obtained in the
ranges of 0.50-11.50 and 1.50-14.50 pg'ml™ for
Th*" and Zr*" ions, respectively. The R values for
thorium and zirconium calibration curves were
obtained to be 0.9987 and 0.9981, respectively. The
limits of detection were also determined 0.4 and 1.2
pg'ml™ for thorium and zirconium, respectively.

Two components calibration. The calibration set
contains 30 standard solutions. The compositions of
the calibration mixtures were selected, randomly, in
the amplitude of calibration curve of each analyte.
For preparation of each solution, different volumes
of two analyte solutions (25 pgrml" ) were added
t01.0 ml of SPADNS 1.5x10° M and 2.0 ml of
acetate buffer 3.5 in a 10 ml volumetric flasks. The
concentration of each cation was in the linear range
of the cation in single component calibration. The
calibration matrix used for the analysis is presented
in Table 1. After 5 min, the absorption spectra of the
prepared solutions were recorded.

Table 1. Concentration of the components (ug-ml ') in
the calibration set.

No. Th(IV) Zr(IV) No. Th(IV) Zr(IV) No. Th(V) Zr(IV)

1 050 150 11 1050 4.00 21 550 5.50
2 150 3.00 12 11.50 6.00 22 750 7.50
3 250 450 13 1.00 12.00 23 950 9.50
4 350 6.00 14 3.00 10.00 24 1150 11.50
5 450 750 15 5.00 800 25 11.50 14.50
6 550 9.00 16 7.00 6.00 26 &850 10.00
7 650 1050 17 9.00 4.00 27 650 8.00
8§ 750 12.00 18 11.00 2.00 28 450 6.00
9 850 1350 19 150 150 29 250 4.00
10 950 200 20 350 350 30 150 2.00

Selection of the number of factors. The selection
of the number of the factors in the PLS algorithm is
very important to achieve the best prediction. The
number of factors was estimated in the PLS1 by
cross-section validation method, leaving out one
sample at a time and plotting the prediction residual
sum of squares (PRESS) versus the number of
factors for each individual component [29-31].
Predictive residual error sum of squares (PRESS)
was computed using the following equation:

PRESS = (Cpros = C pea,)’

Where, Ciy.; is the known concentration for i
sample and C,.q; represents the concentration
predicted by the model. The PLS calibrations were
performed based on the 29 spectra out of 30
calibration spectra. The components in the sample
left out during calibration were predicted using this
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calibration. This process was repeated 30 times and
in each step of calibration, one sample was left out.
The prediction residual sum of squares was
calculated by comparing the predicted concentration
of components in each sample with known
concentration of components in standard solutions.
To optimize the number of factors, the F-statistic
with F-ratio probability of 0.75 was used. The
optimum number of factors was selected for the first
PRESS values the F-ratio probability, which drops
down below 0.75. The Fig. 2 shows, the PRESS
obtained by optimizing the calibration matrix of the
absorbance data with PLS. The optimal number of
factors for thorium and zirconium was obtained to
be 5 and 6, respectively.

Statistical parameters. To evaluate prediction
ability of a multivariate calibration model, the root
mean square error of prediction (RMSEP), the
square of the correlation coefficient (R*) and relative
standard error of prediction (RSEP) can be used.

RMSEP = \/Z (Cpred - Ctme)z /}’l
i=l

R2 = Z (Cpred - Etme )2 /Z (Ctrue - Etme )2
i=1 i=1

RSEP(%) =100 x \/ D(Ch —Ch) 1 D(C)
i=1

where C,., is the predicted concentration in the
sample, C,,. is the true value of the concentration in
the sample, Cyye is the mean true value of the

concentration in the sample and » is the number of
samples in the prediction test.

140

120 A
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80

PRESS

60 |

40

20
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Number of factors

Fig. 2. Plot of PRESS versus number of factors:
(¢) Th(IV) and () Zr(IV).

Simultaneous determination of thorium and zir-
conium was made on the 10 synthetic test samples by
the proposed method. Figs. 3 and 4 show plots of
predicted concentrations versus true concentrations
using the optimized model. Predicted results and
their recovery percentage are given in Table 2.

Table 2. Concentration of the components (ug-ml™") in
the prediction set, predicted values and recovery percent.

No  True value Predicted value® Recovery, %

Th(IV) Zr(IV)  Th(V) Zr(IV)  Th(V) Zr(IV)
1 050 1.50 0.52+0.25 1.37+025 1040 913
2 150 3.00 1.53+£027 296+0.24 102.0 98.7
3 150 10.00 1.60+0.22 1092+0.28 107.0 109.2
4 400 3.00 3.86+0.28 3.06+031 965 1020
5 400 1200 4.16+0.25 11.96+0.25 104.0 99.7
6 10.00 2.50 10.28+0.38 2.33+0.27 102.8 93.2
7 10.00 10.00 9.78+0.25 10.10£0.25 97.8 101.0
8 5.00 1.50 536+0.26 1.60+£030 107.2 106.7
9 5.00 8.00 542+033 7.77+0.28 108.4 97.1
10 11.50 14.50 11.28+0.25 14.24+0.35 98.00 98.2
* Mean = S.D. (n = 3)
14
y=0.986x + 0.1531
12 R®=0.9967
g 10 | $
£ o
=
=
T oo
£ 44
2 .
0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14

True Th(IV), ppm

Fig. 3. Plots of predicted concentration versus true
concentration for Th(IV) ion in the prediction set.
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y = 1.0078x - 0.0206
R*=0.9953

—
~
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Predicted Zr(IV), ppm
e
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Fig. 4. Plots of predicted concentration versus true
concentration for Zr(IV) ion in the prediction set.
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Table 3. Statistical parameters of the test matrix.

Table 5. Analysis of real samples.

Analyte  No. of factors ~ RMSEP R? RSEP, % Sample Spiked, Found, Recovery,
a b
Th(IV) 5 0.0448 09967  2.18 pg/ml pg/ml %
Z1(1V) 6 0.0535 09953  1.18 Th(IV) Zt(IV) Th(IV)  Zr(IV) Th(V) Zr(IV)
Table 4. Tolerance limits for the diverse ions in the Tap 50 50 52£02 48£03 1040 96.0

determination of Th(IV) and Zr(IV) ions.

Interfere ion Tolerance limit

(Wlon/ WM)
Li', Ag", K, NH,", Mg*, St**, Ba*', Ca*’, 1000
HCOy, I, Br, CI', F, NO;y~, NO5 -, $,04%,
SO.*, SCN, S,057, 1057, ClO;”

Hg*', Ti(IV), Mo(VI), Cr(VI), Mn(VII) 500
Cr’', sn*, sSn**, Ti(III), V(IV), V(V) 100

Mn*, Co?", Ni¥, Zn*", Cu*", Cd*", Pb*", 50

Bi*", HPO,*, H,PO,
Fe?t, PO, 10
F, Fe*", A 1

The standard deviation and recovery percentage
of 10 samples in the prediction set were obtained in
the range 0.22-0.38 pgml"' and 91.3-109.2, res-
pectively. Also, the values of RMSEP, R>, RSEP (%)
and number of factors according to the obtained
results for prediction test are summarized in Table 3.

Effect of foreign ions. The interference by several
cations and anions on the determination of two
components (5 pg'ml™") has been investigated by
multivariate calibration method. The tolerance limit
for each foreign ion is obtained when its presence at
tested weight ratio produced a variation in con-
centration of analytes lower than 5%. The results
(Table 4) indicate that the most of the cations and
anions did not show any significant spectral inter-
ference at weight ratio greater than 1000. The most
interfering ions are F, Fe’" and AI*" ions.

Application of the method. The proposed method
was successfully applied to determination of
thorium and zirconium in several real water spiked
samples and wastewater of AENTC after dilution
(Table 5). Thorium and zirconium were not detected
prior to spiking samples using AAS (atomic absorp-
tion spectroscopy) method. As it is seen from Table
5, good recovery and low standard deviation was
obtained by the PLS method using absorbance data.
Therefore, this proposed method can be used for the
analysis of samples of similar matrix, effectively.

CONCLUSION

Thorium(IV) and zirconium(IV) have chemical
properties which can interfere with each other in
their determination. For example, in spectrophoto-
metric methods using colour reagents for complex
formation with these elements, a high spectral over-
lapping can be observed between the absorption
spectra of these components. Thus, there are reliable
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water (5.1£0.2)° (4.7+0.1)
River 5.0 50 49+03 53£0.1 98.0 106.0
water (49+0.2) (49+0.3)
Spring 5.0 50 48+03 46+02 960 92.0
water (4.9+0.2) (4.7+0.3)
Waste 2406 195+4

water of (245+5) (198+4)

AENTC!

* Thorium and zirconium were not detected prior to spiking samples
using AAS method; ° Proposed method and mean £ S.D. (n = 3);
© AAS; ¢ The actual amounts of Th and Zr are 250 and 200 pg/ml,
respectively.

methods for simultaneously determination of these
elements in the real samples. However, the partial
least-squares (PLS) method shows two advantages
in this work: (i) it is applicable to analysis of two
analyte in a sample; (ii) there is not need of pre-
treatment in complex samples.
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EJHOBPEMEHHO CIIEKTPOPOTOMETPUYHO OIPEJAEJISIHE HA CJIE[I OT TOPUI U
IIUPKOHUU YPE3 HACTUYEH METO/I HA HAU-MAJIKUTE KBAZIPATHU

X. P. Ilyperenan"*, B. Illapun’, M. X. Kemapaps'

I
Jenapmamenm no xumus, Texrnonoeuuen yeepcumem Manex-awmap, Lllaxun-waxp, Ucnsamcka penyonuxa Upan
2
Hcnameku ynusepcumem Azao, Omoen Lllaxpesa, Hcnamcka penyoruxa Upan

Ioctpnuna Ha 5 aBryct 2008 r.; Ilpepaborena Ha 1 HoemBpu 2008 T.

(Pesrome)

[pemnoxen e HOB ceKTPOGOTOMETPHYEH METOA, OCHOBABAI Ce Ha MPOLEAypaTa Ha Hail-MaJKWTe KBaJpaTH, 3a
€IHOBPEMEHHO ONpeeliTHe Ha TOpUil M nupKoHUH ¢ peareHT SPADNS. AGcopOUMOHHUTE H3MEPBAHUS Ca MIPOBEICHHU B
untepBana 541-620 nm npu crenka 1.0 nm B Oydepen pazrsop ¢ pH 3.5. [lonyuenu ca JMHEHW 3aBUCHUMOCTH B
o6macture 0.5-11.5 u 1.5-14.5 pg'ml™ cvoreerno 3a Th*' u Zr*'. I'panmuure Ha oTkpuBane ca 0.4 u 1.2 pg'ml’,

3) e 0.22-0.38 pug'ml' u npouentusr no6uB or 10 obpasuu e 91.3-109.2%

CHOTBETHO 3a TOPHMU W HUPKOHMH. [IpeayaraHusT METO € M3IOJI3BaH 3a €JHOBPEMEHHO OMPEJENIIHE HA MOCOUYECHHUTE
HOHM B JOTHpaHH peajHd NMpPOOM OT BOAA, KAKTO W B OTMAJHU BOJM. 3a/OBOJUTEIHUTE PE3YJITAaTH IOKa3BaT, ue
METOABT € MPUIOKHUM 33 aHAJIM3 Ha 00pa3iy C MoI00EH ChCTAaB.
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An efficient one-pot synthesis of a-aminophosphonic acid esters
from Schiff bases using sodium ethoxide as a catalyst
(Pudovik reaction) and their bio-activity
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Synthesis of novel a-aminophosphonic acid esters was achieved through a one-pot two-step reaction process
(Pudovik reaction). In the first step tryptophan methyl ester is reacted with substituted aromatic aldehydes in absolute
ethanol to form Schiff bases. In the second step, these are treated with dialkyl/diaryl phosphites in situ using sodium
ethoxide as a catalyst at refluxing temperature. The structures of these compounds were established by elemental ana-
lyses IRS, 'H, "°C, *'P NMR and mass spectral data. All the title compounds exhibited moderate antimicrobial activity.

Key words: o-aminophosphonic acid esters, dialkyl/diaryl phosphites, aldehydes, tryptophan methyl ester, sodium

ethoxide, antimicrobial activity.

INTRODUCTION

a-Aminophosphonic acid esters are an important
class of compounds since they are structural
analogues of the corresponding a-aminoacids [1].
Recently they have been receiving considerable
attention due to their wide applications in the
synthesis of phosphanopeptides [2]. The utilization
of a-aminophosphonic acid esters as peptide mimics
[3], haptens of catalytic antibodies [4], enzyme inhi-
bitors [5], antibiotics and pharmacological agents
[6] is also well established. Even though few syn-
thetic approaches are available [7] for a-aminophos-
phonic acid esters, nucleophilic addition of dialkyl/
diaryl phosphites to imines (Pudovik reaction) [8] is
one of the most convenient methods. This method
has been successfully used for the synthesis of title
compounds.

Tryptophan itself is an important bio-active
aminoacid [9], which undergoes enzymatic decar-
boxylation to tryptamine. It plays an important role
in nerve functioning. Its hydroxy derivative is a well
known antimigraine drug. Tryphtophan is phospho-
rylated in the present investigation to increase its
bioactivity [10, 11].

RESULTS AND DISCUSSION

The synthesis of the title compounds (5a—1) was
accomplished by the conversion of tryptophan methyl
ester to the corresponding Schiff’s base (3) by the

* To whom all correspondence should be sent:
E-mail: naga raju04@yahoo.co.in
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reaction with the respective aldehydes. Compound 3
upon treatment with diphenyl/diethyl/dimethyl phos-
phite in the presence of catalytic amount of sodium
ethoxide in absolute ethanol at reflux temperature
for 4-5 hours afforded a-aminophosphonic acid
esters (5a—1) in 72—82% yield. Thin layer chromato-
graphy was employed to monitor the reaction pro-
gress and to determine the purity of the products. All
the title compounds (5a-1) were readily soluble in
polar solvents and melted in the temperature range
of 90-302°C.

Absorption bands were present in the regions
3354-3413, 1200-1250, 951-957, 1175-1191, 737-
748 and 1039-1094 cm ™' for -NH, P=0, P-O, O-C,
P—Claiiphaticy and P—O—Ciiphatic) respectively [12], in
compound 5a—1 (Table 1).

The 'H NMR spectral data of compound 5a-1 are
given in Table 2. The aromatic protons [13] of a-
aminophosphonic acid esters showed a complex mul-
tiplet at 6 6.67-8.85. The P-C—H protons resonated
as a multiplet [14] at 6 3.58-3.74 due to coupling
with phosphorus and N—H. The N-H proton signals
appeared at 6 2.94-3.75 (J = 6.5-8.8 Hz) as doublets
and aromatic NH appeared at 6 10.73—10.90 as a sin-
glet. These signals are confirmed by D,O exchange
spectral recording. The —CH, protons showed a
doublet at 6 2.93-3.61 (J = 7.1-8.7 Hz) and —CH
proton appeared at & 3.55-3.64 as a multiplet and —
COO-CH; as a singlet at & 2.30-2.85. The proton
signal of P-OCH,—CHj appeared as a multiplet and
P-OCH,—CH; gave a triplet at ¢ 3.61-3.68 and
1.08-1.20 (J = 6.9-7.0 Hz) respect-ively. The P-
OCH; appeared as a singlet at 6 2.31-2.50.

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Physical, analytical, infrared and *'P NMR spectral data of 5a—1.

Comp. m.p., Yield?,  Molecular Elemental Analysis IRS Mg, cm™* lp
°C % formula Found (Calc.), % NMR®
C H N -NH P=0 Pfofcaryl PﬁC(aliphalic) P-O-
P-O 0O-C C(aliphatic)
5a  249-251 72 CyHyuN,OsPCl 5589 5.26 6.15 3413 1203 - - 745 1078 2.44
(55.96) (5.30) (6.20)
5b 278280 76  CpHypN,OsPCl 57.60  5.81 5.78 3404 1230 - - 746 1094 1.62
(57.68) (5.89) (5.84)
5¢ 300302 74  C;HxpN,OsPCl 64.65 4.87 477 3412 1227 951 1180 - - 5.14
(64.71) (4.90) (4.82)
5d 115-117 80 CyHyuN;O,P 5458  5.18 9.07 3408 1201 - - 747 1054 2.79
(54.61) (5.24) (9.10)
S5¢ 120-122 82 CyHpN3O,P 5637 5.70 8.47 3413 1208 - - 737 1079 2.31
(56.42) (5.76) (8.53)
5f  109-111 79 C;HsN;O,P  63.47  4.76 7.12 3410 1203 957 1175 - - 5.19
(63.51) (4.82) (7.17)
5¢ 117-119 79 Cy HysN,OgP 58.25 577 6.40 3389 1211 - - 746 1054 2.30
(58.30) (5.82) (6.47)
5h 114-116 80 CpHyoN,O6P 5991 6.25 6.01 3354 1250 - - 747 1039 2.96
(59.99) (6.34) (6.08)
51 120-122 78 C3;HyN,OP  66.86  5.19 497 3351 1249 955 1182 - - 5.14
(66.90) (5.25) (5.03)
5j 95-97 78 CypHpN,OsP 62.22 6.29 6.25 3401 1220 - - 743 1077 2.96
(62.29) (6.36) (6.31)
5k 90-92 77 CypsH3N,0OsP 63.55  6.78 5.83 3395 1200 - - 746 1075 2.43
(63.60) (6.83) (5.90)
51 91-93 76 C33H3;N,0sP 69.75  5.60 487 3392 1219 954 1191 - - 5.17
(69.83) (5.68) (4.93)

a - After one crystallization;

3 + HPOORY

COOH

EtOH, CzHsOMa
—_— =

R eflux

50Cl,
CHgOH

b - Recorded in DMSO-ds.

Cm/\r

H

1

= COzhe

N=CH-R"

7 H'  HC-R
1

sal ROTH=0
OR

x COzM e

MNHz

+ H,0

Comp. R’ (OR), Comp. R’ (OR),
5a 4-C1*C6H4 CH3 Sg 2-OH*C6H4 CH3
5bp 4-CI-C¢H, C,Hs  Sh 2-OH-C¢Hy  C,H;s
Sc 4-C1—C6H4 C6H5 5i 2-0H—C6H4 C6H5
5d 3-NO,—C¢H, CHj 5fj CeHs—CH=CH CH;
Se 3-NO,-C¢Hy C,Hs Sk CeHs—CH=CH C,Hs
5f 3-N02*C6H4 C6H5 51 C(,Hsch:CH C(,HS

Sheme 1.

There is corresponding doubling of signals of the
ethoxy group in >C NMR spectra (Table 3).

In fact, P-O—CH,—CH; group resonated [15] as a
doublet at & 13.2-13.5 (Jp_o_cc = 8.2-9.1 Hz) and
at 8 14.2-15.6 CJr.o.c.c = 8.2-9.2 Hz), the P-O—
CH,—CH; group gave two doublets one at & 62.3—
63.1 (ZJP,O,C = 6.9-7.0 Hz) and the other one at &
63.1-642 (“Jooc = 7.0-7.1 Hz) and -COO—CH;
resonated at & 50.2-50.9. The chiral carbon of
tryptophan methyl ester (—(CH-CO,CHj3) resonated in
the region 6 60.5-63.4. The chiral carbon of P-C-H
gave a doublet in the range of 6 39.5-49.2 (d, Jpc =
143-147 Hz). The methoxy carbon (P-OCH;) reso-
nated as a doublet due to coupling with phosphorus at
o 51.8 (d, Jpoc = 169 Hz). These values are in
agreement with the literature data [16, 17].

*'P NMR chemical shifts [14, 18] (Table 1) of
these compounds (5a-1) appeared in the down field
region 1.62-5.19 ppm.

In the FAB mass spectra [19] (Table 4), com-
pounds 5a, 5d, 5e, 5g and 5i exhibited their res-
pective molecular ions at m/z 450 (7), 461 (11), 489
(7), 432 (10) and 528 (10).

ANTIBACTERIAL ACTIVITY

Compounds 5a—-1 were screened in regard to their
antibacterial activity against gram positive bacteria,
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Staphylococcus aureus, Bacillus faecalis and gram
negative bacteria, Escherichia coli, Klebsiella pneu-
moniae by the disc diffusion method [20, 21], in
luria bertani nutrient agar medium at various con-
centrations (75, 100 pg/ml) in DMSO. These solu-
tions containing 10° cells/ml were added to each
Whatmann No.l (made in UK) filter paper disc (6
mm diameter) and DMSO was used as the control.
The freshly prepared agar medium containing the
bacteria species was loaded on the discs by using
micropipette. The plates were incubated at 35°C and
examined for zone of inhibition around each disc
after 24 h. The results were compared with the
activity of the standard antibiotic Penicillin (75

ug/ml).
EXPERIMENTAL

Solvents were used after purifying them by the
established procedure. The progress of the reaction
and purity of the compounds were monitored by thin
layer chromatography (TLC) using n-hexane and
ethylacetate (2:1, by volume) as eluating system on
silica gel and iodine as visualizing agent. Melting

Table 2. '"H NMR chemical shifts * of Sa—1.

points were determined in open capillary tubes on
Mel-temp apparatus and were uncorrected. Micro-
analysis was performed at Indian Institute of
Science, Bangalore, India.

IR spectra were recorded using KBr pellets on
Nicolet 380 double beam spectrophotometer (V' in
cm') in Environmental Engineering Lab, Sri Ven-
kateswara University, Tirupati. 'H and *C NMR
spectra were recorded on a Bruker AMX 400 MHz
spectrometer operating at 400 MHz for 'H and 100
MHz for °C, 161.9 MHz for *'P NMR as solutions
in DMSO-dq. The 'H and "*C chemical shifts were
referenced with respect to tetramethyl silane, and *'P
chemical shifts to 85% H;PO, (ortho-phosphoric
acid). The techniques of double heteronuclear reso-
nance were used while recording '"H NMR spectra.
'H, *C and *'P NMR spectral data were obtained by
Indian Institute of Science, Bangalore, India. Mass
spectra were recorded on a Jeol SX 102 DA/600
mass spectrometer using Argon/Xenon (6 kV, 10
mA) as the fast atom bombardment (FAB) gas and
also a Shimadzu QP-2000 GC-MS (gas chromato-
graphy-mass spectroscopy) instrument.

Comp. Ar-H -CH, -CH P-C-cH N-H -COO- P-OCH, P-OCH» ArNH Other H's
(d,2H) (m, 1H) (m, 1H) (d,1H)  CH, CH;  CHyOCH; (s, 1H)
(s,3H)  (m,2H) (3H)
52 7.85-691 293 3.61-3.58 3.70-3.68 3.0l 2.32 - 2.31 10.80 -
(m,9H) (J=7.1) (J=6.5) ()
5h  7.83-6.95 294 3.60-3.57 3.69-3.67 2.94 232 3.65-3.61  1.08 10.87 -
(m,9H) (J=7.0) (J=8.3) (t,J=6.9)
S¢  8.52-6.87 294 3.583.55 374370 298 2.30 - - 10.90 -
(m, 19H) (J=6.8) (J=6.8)
5d  7.86-6.90 3.12 3.60-3.58 3.72-3.68  3.13 2.31 - 2.30 10.90 -
(m,9H) (J=8.1) (J=8.4) (s)
Se  7.84695 3.06 3.60-3.57 3.71-3.69  3.12 231 3.67-3.64  1.09 10.87 -
(m,9H) (J=8.2) (J=8.5) (t,J=17.0)
5f 8.85-7.22 336  3.59-3.55 3.62-359 335 2.50 - - 10.88 -
(m, 19H) (J=8.3) (J=8.1)
5¢ 744668 3.03 3.61-3.58 3.64-3.63 3.1 2.85 - 2.49 10.74 10.42
(m,9H) (J=7.9) (J=823) (s) (s, 1H, OH)
Sh  7.43-6.67 330 3.60-3.58 3.63-3.61 3.72 249  3.68-3.64 1.8 10.75 10.41
(m,9H) (J=7.9) (J=8.4) (J=6.9) (s, 1H, OH)
5i 8.13-676 328 3.60-3.59 3.61-3.58  3.75 2.51 - - 10.73 10.40
(m, 19H) (J=8.2) (J=8.2) (s, 1H, OH)
5§  7.87-6.95 3.60 3.62-3.59 3.70-3.67  3.33 2.61 - 2.50 10.81  7.45 (-CH=CH,, t,
(m, 10H) (J=8.6) (J=8.8) (s) J=11.4Hz, 1H),
6.65 (-CH=CH,, d,
J=13.3 Hz, 1H)
5k 7.85-693 3.60 3.61-3.57 3.71-3.68  3.34 249  3.67-3.62 120 10.80  7.44 (-CH=CH,, t,
(m, 10H) (J=8.5) (J=28.6) (t,J=17.0) J=11.2, 1H),
6.64 (-CH=CH,, d,
J=13.1, 1H)
51 815673 3.61 3.64-3.60 3.71-3.67 335 2.71 - - 10.82  7.46 (-CH=CH,, t,
(m, 19H) (J=8.7) (J=82) J=11.5 Hz, 1H),
6.60 (-CH=CH,, d,
J=13.5, 1H)

- No such type of protons present; a - Chemical shifts in ppm from TMS and coupling constants J in Hz in parenthesis; b - Recorded in DMSO-d.
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Table 3. °C NMR spectral data™ of compounds 5b, Se, 5g and 51.

Comp.

Chemical shifts in ppm

Sb

Se

Sg

128.6 (C-2). 115.8 (C-3), 127.5 (C-4), 128.4 (C-5), 119.7 (C-6), 111.0 (C-7), 136.4 (C-8), 131.9 (C-9),

30.9 (-CH,~CHCOOCH;), 64.3 (-CH,~CHCOOCH,;), 171.2 (-CH,—~CHCOOCH;3), 50.3 (-CH,—~CHCOOCH}),

48.9 (d, Jpc = 143 Hz, 1C, P-C—H), 136.1 (C-1"), 129.5 (C-2'&C-6"), 128.7 (C-3'&C-5"), 132.4 (C-4"),
62.3 (d, “Jpoc = 6.9 Hz, IC,-OCH,~CH3), 14.5 (d, *Jp_o_c.c = 8.2 Hz, IC, -OCH,—CHj),
63.1(d, *Jp_o.c =7.0 Hz, IC, -OCH,~CHy), 15.6 (d, *Jp_0.c.c =8.2 Hz, IC, ~OCH,~CHj3).

128.9 (C-2). 115.9 (C-3), 127.8 (C-4), 128.5 (C-5), 119.7 (C-6), 111.0 (C-7), 136.7 (C-8), 132.1 (C-9),
31.3 (-CH,-CHCOOCH3), 63.4 (-CH,CHCOOCH;), 172.3 (-<CH,CHCOOCHj), 50.5 (-CH,CHCOOCHS),
423 (d, Jp.c = 145 Hz, 1C, P-C-H), 138.2 (C-1), 123.3 (C-2'), 148.3 (C-3"), 121.9 (C-4"), 129.2 (C-5"),
134.2 (C-6"), 63.1 (d, “Jp.o.c =7.0 Hz, IC,—~OCH,—CH3), 13.2 (d, *Jp_o_c.c = 9.1 Hz, IC, -OCH,—CHj),

64.2 (d, Jp.o.c =7.1 Hz, IC, -OCH,~CH3), 14.2 (d, *Jp.0.c.c =9.2 Hz, IC,~-OCH,-CH3).
128.7 (C-2). 115.7 (C-3), 127.4 (C-4), 128.4 (C-5), 118.4 (C-6), 111.2 (C-7), 136.2 (C-8), 133.4 (C-9),
28.9 (-CH,~CHCOOCHj), 60.5 (-CH,CHCOOCHS), 172.8 (-CH,CHCOOCHj3), 50.5 (-CH,CHCOOCH3),
39.5(d, Jpc = 147 Hz, 1C, P-C-H), 120.8 (C-1"), 156.4 (C-2"), 117.5 (C-3"), 129.1 (C-4"), 126.5 (C-5"),

129.4 (C-6'), 51.8 (d, %Jp o ¢ = 16.9 Hz, IC, ~O-CH3).
51 128.5 (C-2). 116.0 (C-3), 127.9 (C-4), 128.6 (C-5), 119.6 (C-6), 111.0 (C-7), 136.5 (C-8), 131.7 (C-9),
31.5 (-CH,-CHCOOCHj), 63.4 (-CH,CHCOOCH3), 172.3 (-CH,CHCOOCH), 50.2 (-CH,CHCOOCHj),
49.2 (d, Jp.c = 147 Hz, 1C, P-C-H), 135 (C-1'), 126.3 (C-2'&C-6'), 128.3 (C-3'&C-5"), 127.3 (C-4"),
127.4 (C-7'), 123.3 (C-8'), 157.3 (C-1"), 115.8 (C-2" & C-6"), 129.2 (C-3"" & C-5", 121.2 (C-4")..

a - Chemical shift in ppm from TMS and coupling constants J (Hz) in parenthesis; b - Recorded in DMSO-dj.

Table 4. FAB Mass spectral data of compounds 5a, 5d,
Se, 5g and 5i.

Comp. m/z (%)

5a 450 (7.1, M™) 417 (81.2), 335 (100), 193 (19.2),
146 (18.2), 118 (20.3), 64 (14.2).
5d 461 (10.7 M™) 428 (17.8), 339 (100), 215 (7.5),
118 (10.8), 64 (7.1).
Se 489 (7.3, M™) 431 (5.2), 399 (10.7), 359 (14.2),
327 (71.4), 255 (78.5), 118 (100), 64 (71.4).
5 432(10.0,M™) 390 (14.2), 309 (25.7), 249 (100),
231(17.1), 203 (11.4), 188 (77.1).
5i 528 (9.8, M™) 492 (7.8), 419 (17.1), 235 (65.2),
118 (100), 64 (31.2).

Table 5. Antibacterial activity® of some new a-amino-
phosphonic acid esters (5a-1).

Bacillus  Escherichia Klebsiella
faecalis coli pneumoniae

75 100 75 100 75 100 75 100

Comp. Staphylococcus
aureus

pg/ml  pg/ml pg/ml pg/ml pg/ml pg/ml pg/ml pg/ml

5a - - 8 9 - - 7 8
5b 6 8 - - 10 12 10 12
Sc - - 10 11 9 12 - -
5d - - 9 10 - - 6 8
Se 7 9 - - 8 10 9 10
5f 13 16 12 14 16 18 10 12
5g 8 10 - - 10 11 12 15
5h 12 13 - - 11 12 10 11
5i 8 11 - - 8 10 - -
5j - - 6 8 8 10 - -
5k 7 8 10 12 8 9 6 9
51 8 11 14 15 6 10 -

Peni- 9 8 7 11

cillin®

a - Concentration in ppm; b - Standard antibacterial compound.

Synthesis  of  2-{[hydroxy-phenyl-methyl-2-di-
methoxy-phosphoryl)-methyl]amino}-3-(1 H-indol-3-
yvl)-propionic acid methyl ester (5g). Tryptophan-
methyl ester was prepared using the reported
procedure [22].

Tryptophan methyl ester (1.09 g, 0.005 mol) and
o-hydroxybenzaldehyde (2) (0.52 g, 0.005 mol) in
dry ethanol (20 ml) were refluxed upon stirring for 2
hours to form the imine (3). A solution of dimethyl-
phosphite (4) (0.53 ml, 0.005 mol) was added
slowly at room temperature, in the presence of
catalytic amount of sodium ethoxide without iso-
lating the imine. The reaction temperature was raised
to reflux value and maintained for 4 h. Completion
of the reaction was monitored by TLC analysis.
After completion of the reaction, solvent was
removed in a rotary evaporator. The residue was
purified by column chromatography using silica gel
(60—120 mesh) as adsorbent and hexane and ethyl-
acetate (2:1) as an eluent to afford pure a-amino-
phosphonic acid ester (5 g) as a solid phase, yield
1.16 g (79%), m. p. 117-119°C.

The results indicate that the compounds Sb, Se,
5f and Sh exhibited promising antibacterial activity.
The compound 5a showed the same activity against
gram positive bacteria Bacillus faecalis when com-
pared to that of the standard. The compound 5l
exhibited more activity against gram positive
bacteria Bacillus faecalis when compared to that of
Penicillin. 1t is gratifying to note that the nitro
compound 5f exhibited very high activity against
both gram positive and negative bacteria, since it
contains nitro-group.
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CONCLUSION

In conclusion, synthesis of a-aminophosphonic
acid esters is achieved in good yields in a two-step
reaction process in the presence of sodium ethoxide
as a catalyst. The advantages are smaller reaction
time intervals, low cost of the reactant chemicals,
simple experimental procedure.
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EOUKACHA CUHTE3A B EJIMH CbJl HA ECTEPU HA 0-AMHUHO®OCPOPHATA KHUCEJIMHA C
HNPOBU BA3U C U3IIOJI3BAHE HA HATPUEB ETOKCUJ KATO KATAJIM3ATOP (PEAKLIUA
HA ITYIOBUK) U TAXHATA BMOJIOTMYHA AKTUBHOCT

Y. Moxan', C. H. Pa/:pKyl*, A. JTIx. Pao', P. fO. H. Jlakumu®

1 “
Henapmamenm no xumus, Yuueepcumem ,, Cpu Beuxamecyapa *, Tupynamu, Hnous
2 »
Henapmamenm no 6omanuxa, Yuusepcumem ,, Cpu Benxamecyapa “, Tupynamu, Huous

IToctpnuna Ha 6 1ouu 2008 1.

(Pesrome)

OchlileCcTBEHa € CHHTE3a Ha HOBH eCTepu Ha a-aMuHO(pOoChOpHATA KUCEINHA Ype3 IBYCTaiHA PEaKIsl B €IUH Ch]
(Peakius na [Tynosux). B mbpBust cragnii METHIIOB ecTep Ha TPUNTO(AH pearnpa chC 3aMECTEHH apOMATHH aJIJIEXUIU
B abcoyoTeH eraHoi 1o oOpasyBane Ha IlludoBu 06asu. BbB BrOpHsl cramuil Te B3aumojeiicTBar in sifu ¢
JUAITKHI/ IMapuaocUT ¢ M3I0JI3BaHe Ha HATPUEB €TOKCHJ] KaTO KaTajlu3aTop U MPU HArpsiBaHe ¢ 0OpaTeH XJIaJHUK.
CtpykTypaTa Ha Te€3H ChEeIMHEHUS € ompejelieHa ¢ eneMeHTeH ananus3, MUC, 1H, 13C, 3'p SIMP u MACCIIEKTPOMETPHS.
Bcuuku cnomenatu CbCIUHCHMS TTOKa3axa yMEpECHa aHTI/lMl/leOGHa AKTHUBHOCT.
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compounds containing 1-phenyl-3-pyridylpyrazole moiety
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New 1-phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]pyrazole-5-carboxylic acid ethyl ester has been obtained by the
reaction of 5-chloro-1-phenyl-3-pyridin-3-yl-1H-pyrazole-4-carbaldehyde with ethyl bromoacetate and sodium
sulphide. Alkaline hydrolysis of the ester gave the corresponding acid, while reaction of the same ester with hydrazine
hydrate gave the corresponding hydrazide. Reactions of the hydrazide with potassium isocyanate and ammonium
isothiocyanate gave the corresponding triazole and thiadiazole, respectively. The treatment of 5-chloro-1-phenyl-3-
pyridin-3-yl-1H-pyrazole-4-carbaldehyde with hydroxylamine hydrochloride gave 4-cyanopyrazole-5-one. Reaction of
the latter with POC]; afforded 5-chloro-4-cyanopyrazole, which cyclized by hydrazines to give pyrazolo[3,4-c]pyrazol-
3-yl-amine derivatives. The reaction of 4-nitrosopyrazol-3-ol with o-aminophenol and o-phenylenediamine afforded the
corresponding dipyrazolyl derivative, benzoxiazine and quinoxaline, respectively. The reduction of 4-nitrosopyrazol-3-
ol with Zn/AcOH affored 4-(5-hydroxy-1-phenyl-3-pyridin-3-yl-1H-pyrazol-4-ylimino)2-phenyl-5-pyridin-3-yl-2.4-
dihydropyrazol-3-one, which was also obtained from reaction of 2-phenyl-5-pyridine-3-yl-2H-pyrazole-3,4-dione with
benzylamine. Finally, the reaction of 4-nitrosopyrazol-3-ol with 5-chloro-1-phenyl-3-pyridin-3-yl-1H-pyrazole-4-carb-
aldehyde gave 3,5-diphenyl-7-pyridin-3-yl-1-pyridin-4-yl-3,5-dihydro-4-oxa-2,3,5,6,8-pentaazocyclopenta [f]azulene.

Keywords: pyridyl pyrazolone, thieno[2,3-c]pyrazole, 4-nitrosopyrazole, Vilsmeier-Haack reaction.

INTRODUCTION

5-Pyrazolones are very important class of hetero-
cyclic compounds due to their biological and phar-
macological activities [1, 2] such as anti-inflamma-
tory [3], herbicidal [4], fungicidal [5], bactericidal
[5], plant growth regulation [4], antipyretic pro-
perties [6] and protein kinase inhibiting effect [7].
They are also used as key starting materials for the
synthesis of commercial arylazopyrazolone dyes [8,
9]. In conjunction with our interest in preparing
pyrazolone derivatives, we tried to prepare sulphur
heterocyclic moieties fused to pyrazole ring, which
might have some interesting bioactive properties.
We report herein the results of the reactions of 5-
chloro-1-phenyl-3-pyridin-3-yl-1 H-pyrazole-4-carb-
aldehyde and 4-nitroso-2-phenyl-5-pyridin-3-yl-2H-
pyrazol-3-ol with different readily available reagents.

RESULTS AND DISCUSSION

Firstly, the Vilsmeier-Haack reaction of 2-phenyl-
5-pyridin-3-yl-2,4-dihydro-pyrazol-3-one (1) gave
5-chloro-1-phenyl-3-pyridin-3-yl-1H-pyrazole-4-
carbaldehyde (2) in 55% vyield. Treatment of (2)
with ethyl bromoacetate and sodium sulphide in
ethanol produced 1-phenyl-3-pyridin-3-yl-1H-thieno
[2,3-c]pyrazole-5-carboxylic acid ethyl ester (3) in

* To whom all correspondence should be sent:
E-mail: dr_hala_fawzy@yahoo.com

70% yield.

Alkaline hydrolysis of (3) gave 1-phenyl-3-pyri-
dine-3-yl-1H-thieno[2,3-c]pyrazole-5-carboxylic acid
(4) in 85% yield. The reaction of (3) with hydrazine
hydrate afforded 1-phenyl-3-pyridine-3-yl-1H-thi-
eno[2,3-c]pyrazole-5-carboxylic acid hydrazide (5)
in 65% yield. When compound (5) reacted with
potassium cyanate in 50% acetic acid cyclization
took place to give 5-(1-phenyl-3-pyridin-3-yl-1H-
thieno[2,3-c]pyrazol-5-yl)-4H[1,2,4]-triazol-3-ol (6)
in 50% yield. Similarly, treatment of (5) with am-
monium thiocyanate in ethanol in presence of con-
centrated HCl gave (1-phenyl-3-py-ridin-3-yl-1H-
thieno[2,3-c]pyrazol-5-yl)-[1,3,4]thia-diazol-2-yl-
amine (7) in 45% yield (Scheme 1). This result is
consistent with the one that was reported by Balagh
et al. [10].

The reaction of 5-chloropyrazole-4-carbaldehyde
(2) with hydroxylamine hydrochloride in ethanol
gave directly 5-oxo-1-phenyl-3-pyridin-3-yl-4,5-di-
hydro-1H-pyrazole-4-carbonitrile (10) in 85% yield
through the removal of HCIl from the nonisolable
oxime (8). The chlorination of compound (10) with
POCI; gave 5-chloro-1-phenyl-3-pyridin-3-yl-1H-
pyrazole-4-carbonitrile (11) in 90% yield. Conden-
sation of compound (11) with hydrazine hydrate and
phenyl hydrazine afforded the corresponding 6-
phenyl-4-pyridin-3-yl-1,6-dihydro-pyrazolo[3,4-c]
pyrazol-3-yl amine (12a) and 1,6-diphenyl-4-pyri-

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 241



H. F. Rizk, Synthesis of novel heterocyclic compounds

din-3-yl-1,6-dihydro-pyrazolo[3,4-c]pyrazol-3-yl [11].

amine (12b) The mechanism supposed by us for the The intermediate products were characterised by
reaction is outlined in Scheme 2. This mechanism is  spectroscopic methods including IRS, NMR, mass
in accordance with that proposed by El-Sayed e al.  spectra and microanalysis (Tables 1, 2).
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Table 1. Physical data of compounds 2-25.

Com- m.p., Yield %, Molecular formula, Analysis, % Calculated/Found
pound °C (colour) mass C H N cl S
2 110-112 55 C5H;(N;OCl 63.50 3.55 14.81 12.50 -
(pale yellow) 283.71 63.23 3.34 14.75 12.32
3 160-161 70 C19H5N;50,S 65.31 4.33 12.03 - 9.18
(white) 349.41 65.20 4-28 11.84 9.00
4 > 300 85 C7H N;0,S 63.54 345 13.08 - 9.98
(white) 321.06 63.45 3.35 12.93 9.87
5 258-259 65 Ci7H3N50S 60.88 3.91 20.88 - 9.56
(pale yellow) 335.38 60.52 3.85 20.78 9.40
6 243-245 50 CigH1,NgOS 59.99 3.36 23.23 - 8.90
(pale yellow) 360.39 59.88 3.25 22.98 8.75
7 275-277 45 CisH2NgS, 57.43 3.21 22.32 - 17.04
(yellow) 376.46 57.21 3.00 22.10 16.85
10 160-162 85 Cy5HoN,O 68.69 3.84 21.36 - -
(pale yellow) 262.27 68.44 3.64 21.14
11 150-152 90 C15sHoN,Cl 64.18 3.23 19.96 12.63 -
(yellow) 280.71 63.98 3.12 19.88 12.22
12a 210-212 88 CisHpNg 62.21 4.38 30.42 - -
(yellow) 276.30 61.88 4.23 30.22
12b 165-168 30 C,H 6Ng 71.58 4.58 23.85 - -
(dark orange) 352.39 71.20 433 23.61
13 245-248 80 C4H;oN4O, 63.15 3.79 21.04 - -
(orange) 266.25 62.89 3.55 20.80
17 190-192 50 Cy3H,0NgO, 71.17 4.27 17.79 - -
(buff) 472.16 70.86 4.02 17.43
18a 125-127 60 CyoH14N,O 73.61 432 17.17 - -
(dark brown) 326.35 73.23 4.12 16.94
18b 184-185 75 CyoH 5N 73.83 4.65 21.52 - -
(yellow) 325.37 73.44 4.33 21.31
19 122-124 60 C14HoN30, 66.93 3.61 16.73 - -
(yellow) 251.24 66.63 3.33 16.55
23 270-272 70 CyH9N;0, 69.27 3.94 20.20 - -
(red violet) 485.50 69.02 3.74 19.98
25 250-252 75 CyH,oN,0 72.34 3.98 20.36 - -
(brown) 481.51 72.13 3.77 20.11

The nitrosation of 2-phenyl-5-pyridin-3-yl-2,4-
dihydro-pyrazol-3-one (1) gave 4-nitroso-2-phenyl-
5-pyridin-3-yl-2H-pyrazol-3-ol (13) in 80% yield
(Scheme 3). When compound (13) was heated with
2-aminophenol and 2-phenylenediamine at 140°C
with ammonium acetate afforded the dimer (17),
pyrazolo[3,4-b]benzoxazine (18a) and pyrazolo
[3,4-b]quinoxaline (18b). This result could be
explained by the nucleophilic attack of both amino
groups of 2-phenylenediamine or hydroxyl and
amino groups of o-aminophenol on the C4 and Cs of
nitroso compound (13) to give intermediate (15)
followed by simultaneous elimination of both water
and hydroxylamino molecules yielding the pyra-
zolo[3,4-b]benzoxiazine (18a) and pyrazolo[3,4-b]
quinoxaline (18b) (Scheme 3). However, dipyra-
zolyl compound (17) could be formed from pyra-
zole radical (16), which would be obtained from the
intermediate (15) via elimination of an amine mole-
cule and nitric oxide (Scheme 3). Analogous results
were previously reported by El-Rady [12].

The acidic hydrolysis of 4-nitrosopyrazole (13)

with concentrated HCl at 0°C gave the expected
dione (19) in 60% yield (Scheme 4). Compound
(23) could be obtained by two routes: (a) by the
reaction of compound (19) with benzylamine in
alcoholic medium, which produced the imine
intermediates (20) and (21) followed by air oxida-
tion of amino compound (22) to afford (23). The
route (b) involved the air oxidation of intermediate
(24). Finally, compound (25) was obtained in 75%
yield by the reaction of (2) with the amino inter-
mediate (24), which could be obtained by reduction
of nitroso compound (13).

EXPERIMENTAL

All melting points were measured on a Gallen-
Kamp melting point apparatus and are uncorrected.
The IR spectra were measured on Perkin-Elmer-1430
spectrophotometer using KBr tablets technique. 'H
and "C NMR spectra were recorded on a Bruker
AV400 spectrometer operating at 400 MHz for 'H
and 100 MHz for °C measurements at Chemistry
Department, University of Wales Swansea, UK.
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Low-resolution mass spectra were recorded on a
VG 12.253 spectrometer, electron impact (EI) at 70
eV. Microanalyses were performed by the Micro-
analysis Laboratory at Cairo University. Progress of
reaction was monitored by thin-layer chromato-
graphy (TLC) using benzene/acetone (3:1) mixture
as an eluent.

5-Chloro-1-phenyl-3-pyridin-3-yl-1H-pyrazole-
4-carbaldehyde (2). The pyrazolone (1) [13] (1.3 g,
0.0057 mol) was added to a cold Vilsmeier reagent
prepared by the addition of POCI3 (2.75 ml, 0.0285
mol) to DMF (5 ml, 0.068 mol) at 0°C, and the

244

reaction mixture was heated for 8 h at 80°C. The
reaction mixture was poured onto ice-cold water (10
ml) and basified with K,CO; solution to reach pH =
9. The pale yellow solid phase thus separated was
filtered and recrystallized from benzene.
1-Phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]pyrazo-
le-5-carboxylic acid ethyl ester (3). A solution of (2)
(22.98 g, 0.081 mol) in ethanol (50 ml) was added
to a solution of sodium sulphide nonahydrate (19.41
g 0.081 mol) in ethanol (500 ml) at 40°C. The
reaction mixture was refluxed for 2 h, and then ethyl
bromoacetate (9.0 ml, 0.0081mol) was added in a
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dropwise manner. The reaction temperature was
kept constant at S0°C and triethylamine (11 ml) was
added and the reaction mixture was allowed to stay
overnight at room temperature. The precipitate,
which was formed, was then filtered and recrystal-
lized from ethanol.
1-Phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]pyrazo-
le-5-carboxylic acid (4). A solution of (3) (3.5 g,
0.01 mol) in a mixture of ethanol (62.5 ml) and
water (15 ml) was treated with aqueous 85% potas-
sium hydroxide (0.95 g, 0.017 mol). The reaction
mixture was refluxed for 2 h. The reaction mixture
was left to cool down and water was added to dis-
solve the salt obtained. Concentrated hydrochloride
acid was added in a dropwise manner until the
solution became acidic. The formed solid phase was
filtered, washed with water and recrystallized from
water/ethanol solvent.
1-Phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]pyrazo-
le-5-carboxylic acid hydrazide (5). A mixture of (3)
(3.5 g, 0.01 mol), 98% hydrazine hydrate (7.5 g,
0.15 mol) and ethanol (100 ml) was heated under
reflux on a steam bath for 2 h. A colourless solid
was formed, filtered and recrystallized from ethanol.
5-(1-Phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]pyra-
zol-5-yl)-4H-[1,2,4]-3-0l (6). A solution of potas-
sium cyanate (1.7 g, 0.022 mol) in (10 ml) water
was added dropwise to a cold (0°C) solution of (5)
(6.7 g, 0.02 mol) a mixture of acetic acid (40 ml)
and water (40 ml). The reaction mixture was left for

Table 2. Spectroscopic data of compounds 2-25.

one hour at 0°C upon stirring and then heated under
reflux for 4 h. A pale yellow solid was formed after
3 h. The formed solid phase was filtered, washed
with water, dried and recrystallized from ethanol.
5-(1-Phenyl-3-pyridin-3-yl-1H-thieno[2,3-c]py-
razol-5-yl)-4H-[1,3,4]thiodiazol-2-ylamine (7). A
mixture of (5) (3.35 g, 0.01 mol), ammonium thio-
cyanate (2.3 g, 0.03 mol) and concentrated HCI (9 M,
4 ml) in ethanol (200 ml) was heated under reflux
for 15 h. The solvent was removed by distillation
and water (500 ml) was added. The formed solid
phase was dried and recrystallized from ethanol.
5-Oxo-1-phenyl-3-pyridin-3-yl-4,5-dihydro-1 H-
pyrazole-4-carbonitrile (10). Hydroxylamine hydro-
chloride (2.0 g, 0.29 mol) in water (5 ml) was treated
with NaOH solution (4 M) to reach pH = 8. A
solution of (2) (2.83 g, 0.01 mol) in ethanol (40 ml)
was added and the reaction mixture was heated
under reflux for 2 h. The mixture was left to cool
down, poured into ice-cold water (100 ml) and
acidified with 20% aqueous HCI (4 M). The formed
solid phase was filtered, washed with water, dried
and recrystallized from ethanol.
5-Chloro-1-phenyl-3-pyridin-3-yl-4,5-dihydro-
1H-pyrazole-4-carbonitrile (11). Compound (10) (2.6
g, 0.01 mol) was heated under reflux with POCl; (15
ml) for 1 h. The reaction mixture was left to cool
down, poured into ice-cold water. The formed solid
phase was filtered and recrystallized from ethanol.

Comp IR spectra (Vpay in cm ™) '"H NMR (8 in ppm), *C NMR (& in ppm), Mass spectra
2 1680 (C=0), 1580 (C=N) 6 7.3-9.3 (m, 9H, Ar-H), 6 10.0 (s, 1H,CHO), M.S: 283 (100%).
3 1605 (C=N), 1599 (C=0) 8 1.35 (t, 3H, CH;CH,0), 6 4.35 (q, 2H, CH3CH,0), 6 7.4-9.3 (m, 9H, Ar-H), 6 7.5
(s, 1H, Hy), M..S: 349 (75%).
4 3050 (OH), 1581(C=N) 8 7.4-9.3 (m, 9H, Ar-H), § 7.5 (s, 1H, Hy), 8 11 (s, 1H, OH), M.S : 321 (100%).
5 1660 (C=0), 1620 (NH,), 8 4.6 (s, 2H, exch., NH,,), 6 7.4-9.2 (m, 9H, Ar-H), 3 7.5 (s, 1H, Hy),
1605 (C=N), 1570 (C-N-H amide) 8 9.9 (s, exch., 1H, NH), 107 (C,.), 124.64 (C3,), 138.10 (Cy), 142.29 (C5),
143.09 (Cs), 118.02, 126.8, 130.44, 138.86 (Cpheny1), 128.86, 133.51, 134.20, 147.35,
150.17 (Cpyrigy1), 161.86 (C=0), M.S: 335 (35%).
6 3450 (OH), 3100 (NH), 8 6.2 (s, exch., 1H, OH), § 7.4-9.3 (m, 9H, Ar-H), 3 7.5 (s, 1H, Hy),
1650 (C=N) 8 10.4 (s, exch., 1H, NH); M.S: 360 (80%).
7 3390 (NH,), 1605 (C=N) 8 6 (s, exch., 2H, NH,), § 7.4-9.3 (m, 9H, Ar-H), 6 7.5 (s, 1H, Hy), M.S: 376 (65%)
10 2220 (C=N), 1660 (C=0), 1610 (C=N) 83.4 (s, 1H, Hy), 6 7.4-9.2 (m, 9H, Ar-H), M.S: 263 (100%).

§7.4-9.2 (m, 9H, Ar—H); M.S : 280 (90%).

, 2H, NH,), 8 7.4-9.2 (m, 9H, Ar-H), 5 13.3 (s, exch., 1H, NH);

M.S: 276 (80%).

8 4 (s, exch., 2H, NH,), 8 7.4-9.2 (m, 14H, Ar—H), M.S: 352 (75%).
§4.8 (s, 1H, OH), 8 7.3-9.1 (m, 9H, Ar-H), 118.51 (Cy), 128.68 (C3), 139.37 (Cs),

118.87, 123.86, 129.05, 135.05 (Cypenyr), 124.28, 135.78, 146.89, 149.13,

149.91 (Cpyriay); M.S: 266 (100%).

§3.1 (s, 2H, Hy, Hy), 8 7.2-9.3 (m, 18H, Ar—H); M.S: 472 (34%).
8 6 (s, exch., 1H, NH), § 7.0-9.3 (m, 13H, Ar—H; M.S: 326 (56%).
8 6.2 (s, exch., 2H, NH), § 7.3-9.1 (m, 13H, Ar—H; M.S: 325 (34%)

Ar-H), 153.65 (Cs), 187.73 (Ca), 160 (C5), 120.42, 124.16, 128.73,

138.31 (Cppeny1), 123.70, 126.3, 136.25, 150.30, 152.1 (Cpyrigy); M.S: 251 (100%).

11 2230 (C=N), 1612 (C=N)

12a 3450 (NH,), 3100 (NH), 8 4.2 (s, exch.
1605 (C=N)

12b 3300 (NH,), 1612 (C=N)

13 3380 (OH), 1604 (NO)

17 1700 (C=0), 1612 (C=N)

18a 3150 (NH), 1615 (C=N), 1320 (C-O)

18b 3150 (NH), 1620 (C=N)

19 1670(C=0), 1625(C=N) §7.3-9.1 (m, 9H,

23 3030 (OH), 1760 (=N), 1690 (C=N)

25 1670(C=N), 1612 (CH=N), 1312 (C-O)

85.4 (s, 1H, OH), 6 7.3-9.3 (m, 18H, Ar—H); M.S : 485 (98%).
8 7.3-9.2(m, 18H, Ar-H), 8 9.7 (s, 1H, CH=N); M.S : 481 (100%).
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6-Phenyl-4-pyridine-3-yl-1,6-dihydro-pyrazolo
[3,4-c]pyrazol-3-ylamine (12a) and I,6-diphenyl-4-
pyridin-3-yl-1,6-dihydro-pyrazolo[3,4-c]pyrazol-3-
vl amine (12b). Compound (11) (2.8 g, 0.01 mol) was
heated with hydrazine derivatives (0.51 mol) for 6 h
in ethanol (30 ml). The reaction mixture was left to
cool down and poured into water. The formed solid
phase was filtered and recrystallized from ethanol.

4-Nitroso-2-phenyl-5-pyridin-3-yl-2H-pyrazol-3-
ol (13). A solution of 2-phenyl-5-pyridin-3-yl-2,4-
dihydro-pyrazol-3-one (1) (2.37 m, 0.01 mol) in
acetic acid (40 ml) was added in a dropwise manner
to a solution of sodium nitrite (0.075 g, 0.01 mol) in
water (2 ml). The mixture was left for 15 min upon
stirring. An orange solid phase was formed, filtered
and washed with petroleum ether.

2,2 -Dipenyl-5,5 ~di-pyridin-3-yl-2,4,2 4 “tetra-
hydro-[4,4]bipyrazolyl-3,3 “dione (17). A mixture
of (13) (0.8 g, 0.003 mol), ammonium acetate (1 g,
0.013 mol), o-aminophenol and/or o-phenylene-
diamine (0.003 mol) and ammonium acetate (1 g,
0.013 mol) was heated at 140°C for 30 min then
diluted with methanol. A buff crystal was precipi-
tated, washed with hot methanol and filtered.

1-Phenyl-3-pyridin-4-yl-4-hydro- 1 H-pyrazolo
[3,4-b] benzoxiazine (18a) and 1-phenyl-3-pyridin-4-
viI-4,9-dihydro-1H-pyrazolo[3,4-b]quinoxaline (18b).
A mixture of (13) (0.8 g, 0.003 mol), ammonium
acetate (1 g, 0.013 mol), o-aminophenol and/or o-
phenylenediamine (0.003 mol) and ammonium
acetate (1 g, 0.013 mol) was heated at 140°C for 30
min, diluted with methanol, the formed precipitate
was filtered. The filtrate was concentrated and the
coloured precipitate was filtered off and recrystal-
lized from ethanol.

2-Phenyl-5-pyridin-3-yl-2H-pyrazole-3,4-dione
(19). To a stirred solution of (13) (2.66 g, 0.01 mol)
in ether (100 ml), 10% H,SO,4 (100 ml) was added
dropwise at 0°C. The mixture was stirred for 30 min
at room temperature. The organic layer was sepa-
rated and ammonium sulphate (5 g) was added, the
aqueous layer was extracted with ethyl acetate (100
ml). The combined organic layers were dried over
anhydrous MgSO,4 and the solvent was removed
under reduced pressure. The formed solid phase was
collected, washed with cold ethanol and recrystal-
lized from ethanol.

4-(5-Hydroxy-1-phenyl-3-pyridin-3-yl-1H-pyra-
zol-4-ylimino)-2-phenyl-5-pyridin-3-yl-2,4-dihydro-
pyrazol-3-one (23). Method (a): A mixture of (19)
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(2.5 g, 0.01 mol) and benzyl amine (1.072 g, 0.01
mol) in a mixture of water (20 ml) and ethanol (10
ml) was heated under reflux for 30 min. The mixture
was concentrated and the precipitate obtained on
cooling was isolated under vacuum and recrystal-
lized from ethanol. Method (b): To a cold (0°C)
solution of (13) (1.3 g, 0.005 mol) in acetic acid (10
ml) Zn powder (2.0 g, 0.03 mol) was added upon
stirring for 1 h. The Zn powder was removed by
filtration. The filtrate was concentrated. A red violet
solid substance formed was filtered, washed with
cold ethanol and recrystallized from ethanol.

3,5-Diphenyl-7-pyridin-3-yl-1-pyridin-4-yl-3,5-
dihydro-4-oxa-2,3,5,06,8-pentaazacyloazacyclopen-
ta[f]azulene (25). To a cold (0°C) solution of (13)
(1.3 g, 0.005 mol) in acetic acid (10 ml) Zn powder
was added (2 g, 0.03 mol) upon stirring. The Zn
powder was filtered off and the filtrate was trans-
ferred to a flask containing (2) (1.8 g, 0.005 mol) in
acetic acid (10 ml). The reaction mixture was
refluxed for 4 h and left to cool down and the
formed solid phase was filtered, washed with water
and recrystallized from acetic acid.
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[MPOCTU U ITOAXO AN ITPOLUEAYPU 3A CUHTE3ATA HA HOBU XETEPOLIMKJIMYHUA
CBbEJUHEHUA CbABPXKAIIN 1-OEHUJI-3-ITMPUANIIA3OJIOBA HACT

X. ®@. Pusk

Xumuuecku oenapmamenm, @axyimem no nayxu, Ynusepcumem na Tanma, Tanma, Ecunem

Hocrenuna va 11 romm 2008 r.; [Ipepabotena na 15 HoemBpu 2008
(Pestome)

ITomyuen e HOB etmiioB ectep Ha 1-(eHwn-3-mupuanH-3-mi-1H-treHo[2,3-cnupa3oi-5-kapOoKCHIIoBa KHCEIHHA
ype3 peakuus Ha S5-xuop-1-denmwn-3-nupuaun-3-ui-1H-nmpaszon-4-kapbangexun ¢ eTuiadpomaneraT M HaTpHEB
cynua. [Ipn ankanHara Xuapos3a Ha ecTepa ce MoJyyaBa ChOTBETHATA KUCEIHMHA, TOKATO MPH PEAKLUITa Ha CHIINS
ecTep C XUAPa3UHXHUAPAT ce MOJydaBa ChOTBETHHA XUApa3u. IIpu peakuuuTe Ha XHIpa3uia C KalHeB H30LHAHAT U
AMOHHMEB M30THOLIMAHAT CE MOTyYaBaT ChOTBETHHS TPHA30J M THOAXA30I. [Ipu B3anMoaeHcTBIEeTO Ha S-XJop-1-perHu-
3-mupuauH-3-mi- 1 H-mupa3on-4-kapbannexu] ¢ XUIPOKCHIAMHH XHIAPOXJIOPHI Ce MOIy4aBa 4-IMaHOMMPA30iI-5-OH.
Pearmusita Ha mocaenuust ¢ POCl; gaBa S-xmop-4-IUaHOMUPAa30l, KOWTO HUKJIM3MPA C XUAPA3HHH A0 MHpa3oio[3,4-
c]nupazon-3-wiaMUHOBY TPOM3BOAHM. Peakmusata Ha 4-HATPO30MUPa30J-3-071 ¢ 0-aMUHOGEHON U O-PeHUIIEHANAMHUH
JlaBa ChbOTBETHOTO AMITMPA30IMIOBO ITPOU3BOIHO, OEH30KCHA3UH U XMHOKCAINH. Penykiusara Ha 4-HUTPO30MMpa3oi-3-
on ¢ Zn/AcOH pnaBa 4-(5-xunpokcu-1-denmwn-3-nupuaun-3-ui-1H-nupazon-4-minmMuHo)2-heHn-5-upuanH-3-ui-
2,4-MUXuapOTUPa3oi-3-0H, KOWTO Oe ToJIydeH ChIIO NPH peakuus Ha 2-(peHu-5-nmupuani-3-mi-2H-nupa3on-3,4-11ox
¢ OensmnamuH. Hakpas, peakuusra Ha 4-HUTPO30MHPA30i-3-0y1 ¢ S-xjop-1-penmn-3-nupuans-3-un-1H-nupaszon-4-
KapOanmexuy ngaBa  3,5-muQeHWI-7-MUPUINH-3-WI- | -MUpUANH-4-11-3,5- TuXunpo-4-okca-2,3,5,5,8-1eHTaa3omKI0-
nieHralf]asyseH.
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Synthesis of phosphorus, nitrogen, oxygen and sulphur macrocycles
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Phosphorus macromolecules containing oxygen, nitrogen and sulphur were synthesised by the addition of
phosphoric acid diallyl esters to 1,2-ethandithiol or various amines in dry dichloromethane. All compounds were
characterised by IR, NMR ('H, "*C and *'P) and mass spectral studies and elemental analysis. Their antimicrobial

activity has also been evaluated.

Key words: allylic alchol, macrocycles, phosphorodichloridates, antimicrobial activity.

INTRODUCTION

Phosphorus-containing macrocycles are inter-
esting molecules with potential application in
supramolecular and synthetic organic chemistry [1].
They have been synthesised as phosphine oxides,
phosphines, phosphonium salts, phosphates, phos-
phonates and phosphoranes [2]. The importance of
these molecules, as phosphorous analogues of
crown ethers, is their potential catalytic activity and
ion-carrier properties. The design and synthesis of
host molecules capable of binding neutral organic
molecules as guests is an area of rapidly expanding
interest [3]. Cram [4], Lehn [5], Vogtle [6],
Diederich [7] and others have made significant
advances in the field of host-guest complexation [8].
Some of our past and present research has led to the
construction of large preorganised macrocyclic
cavities bearing concave functionalities [9]. They
are also expected to function as good ‘Hosts’ in the
‘Host-guest chemistry’. This particular property
enables them to carry the drug molecule to the
required cite in the living system, thus foreseeing
great future for them in pharmaceutical industry.
More recently Pietrusiewicz et al. have presented
the synthesis of macrocyclic systems containing
phosphorus and sulphur-based on a double con-
jugate addition of dithiolates to vinyl phosphane
oxides and sulphides as Michael acceptors [10].
Nitrogen and oxygen mixed donor macrocycles can
form stable complexes with alkali and transition
metal ions. Therefore, mixed donor macrocycles
have received much attention as receptors for a
range of metal ions and other cations [11—14]. This
particular property enables their use as efficient
reagents to trap heavy toxic metals in polluted water.

* To whom all correspondence should be sent:
E-mail: csrsvu@gmail.com
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In view of their possible applications and novelty in
the chemistry of Host-guest molecular ensembles, it
is thought worth to synthesise and study the
properties of several phosphorus macro-cycles with
nitrogen, oxygen and sulphur as donor atoms.

RESULTS AND DISCUSSION

The synthesis Scheme 1 involves the condensa-
tion of allylic alchol (2) with various aryl phospho-
rodichloridates (1a—c) at 0°C under inert, anhydrous
conditions in dry dichloromethane to afford the cor-
responding phosphoric acid diallyl esters (3a—c).
Their subsequent addition to 1,2-ethanedithiol or
various amines in dry dichloromethane at refluxed
conditions leads to the final products, which were
purified by column chromatography using hexane:
ethylacetate step gradient mixtures as eluents.

All the compounds (4a—c, Sa—i) exhibited IR
stretching frequencies for P=0, P—O—(Cromatic))s
(P)-O—Com in the region of 1260—1291, 926—939
and 1202-1228 cm ', respectively [15-21] (Table
1). Their 'H NMR spectra gave signals (Table 2) for
all aromatic protons at & 6.96—7.69 as complex
multiplets [22—24]. The methylene groups (H-4 and
13) directly attached to oxygen in 4a—c resonated as
triplets at & 4.24-4.26 (J = 5.0-6.0 Hz). Another
two triplets in the region of 2.82—2.85 ppm and
2.62-2.63 ppm are attributed to H-6 and 11 and H-5
and 9, respectively. Multiplets in the region of
1.93-1.96 ppm are assigned to H-5 and 12. Simi-
larly, the endocyclic six methylene protons of di-
oxaphosphocin system in Sa—i exhibited two triplets
for H-4 and 10 and multiplets for H-5 and 9 in the
expected regions. All carbons in the compounds
(4a—b, 5a, 5d, 5h and 5i) exhibited signals at their
expected values (Table 3). Carbons 8 and 9 in com-
pounds 4a and 4b, exhibited one singlet.

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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1c & 4¢ 4-CH3C6H5 5c¢ C6H5 CH2C6H5 5f 2-CH3C6H4 CH2C6H5 5i 4-CH3C6H4 CH2C6H5
Scheme 1.
Table 1. Analytical and spectral data of 4a—c and 5a—i.
Compound M.p., Yield, Molecular formula Elemental analysis, % P-O-C, cm’! 3P NMR
°C % Calculated (Found) (85% H5PO,)
C H P=0 P-O 0-C
4a 77-79 86 C14H,,04S,P 48.13 6.01 1270 928 1212 -3.29
(48.26) (6.07)
4b 99-101 89 C15sHp304S,P 49.60 6.21 1260 926 1210 —4.73
(49.71) (6.39)
4c 85-87 87 Ci5H,304S,P 49.56 6.26 1291 939 1202 22
(49.71) (6.39)
5a 48-50 80 C16Hs0O,NP 58.58 791 1282 930 1216 22
(58.70) (8.00)
5b 69-71 79 C7H30O4NP 59.70 8.11 1273 931 1228 —4.5
(59.81) (8.26)
5¢ 110-111 80 C,oH604NP 63.79 6.81 1289 929 1213 =33
(63.99) (6.98)
5d 63—65 83 C16H6O4NP 58.60 8.00 1261 931 1221 -3.7
(58.70) (8.005)
Se 69-71 79 C7HsO,NP 59.70 8.11 1276 928 1228 —4.5
(59.81) (8.26)
5f 77-78 78 CyoH604NP 63.80 6.968 1273 931 1215 —4.3
(63.99) (6.979)
5g 72-74 76 C16H2604NP 58.58 8.09 1269 936 1219 -3.8
(58.70) (8.01)
5h 95-96 86 C17Hs0O4,NP 59.75 8.16 1278 924 1227 -3.2
(59.81) (8.26)
5i 110-112 88 C,oHs0O4NP 63.79 6.81 1289 929 1213 -3.3
(63.94) (6.98)

The signals for C-4 and 10, C-6 and 8, and C-5
and 9 in S5a-b appeared as doublets at their cor-
responding values. The oxygen bearing C-4 and 13,
C-4 and 10 in 4a-b and Sa, 5d, 5h, 5i experienced
coupling with phosphorous and exhibited doublets.
All the compounds except 4a, 4b exhibited two *'P
NMR chemical shift values because of their presence
as two conformers in solution state.

EXPERIMENTAL

Melting points were determined in open capillary

tubes on a Mel-Temp. apparatus and were not cor-
rected. IR spectra (Vma, in cm ') were recorded in
KBr pellets on a Perkin-Elmer 1000 unit. The 'H,
BC and *'P NMR spectra were recorded on various
Gemini 300 and Varian AMX 400 MHz NMR
spectrometers operating at 300 or 400 MHz for 'H,
75.46 or 100.57 MHz for °C and 121.7 MHz for
'p. All the compounds were dissolved in CDCl;
and chemical shifts was referred to those of TMS
(*H and "C) and 85% H;PO, (*'P). Microanalytical
data were obtained from the Central Drugs Research
Institute, Lucknow, India.

249



M. Kasthuraiah et al.: Synthesis of phosphorus, nitrogen, oxygen and sulphur macrocycles

Table 2. 'H NMR spectral data of 4a—c and 5a—i.

Com-

pound Chemical shifts, ppm

4a  6.98-7.26 (m, SH, Ar-H), 4.26 (t,J=5.1 Hz, 4 H, H-4
& 13),2.85, (t,J= 10.8 Hz, H-6 & 11), 2.63 (t, J =
10.8 Hz, H-8 & 9), 1.96 (m, 4H, H-5 & 12)
4b  7.07-7.29 (m, 4H, Ar-H), 4.25 (t, J = 5.0 Hz, 4H, H-4
& 13),2.82 (t,J = 10.6 Hz, 4H, H-6 & 11), 2.63 (t, J =
10.3 Hz, 4H, H-8 & 9), 1.95 (m, 4H, H-5 & 12), 2.31
(s, 3H, H-7)
4c  7.06-7.28 (m, 4H, Ar-H), 4.24 (t, J = 6.0 Hz, 4H, H-4
& 13),2.84 (t,J=10.8 Hz, H-6 & 11), 2.62 (t, J= 9.6
Hz, 4H, H-8 & 9), 1.93 (m, 4H, H-5 & 12), 2.30 (s, 3H,
H-7')
52 7.06-7.28 (m, SH, Ar-H), 4.23 (t, J= 5.3 Hz, 4H, H-4
& 10), 2.81-2.86 (t, J = 8.9 Hz, 4H, H-6 & 8),
2.69-2.74 (m, 2H, H-1"), 1.68-1.73 (m, 4H, H-5 & 9),
1.26-1.31 (t, 2H, H-2"), 0.88-0.92 (m, 3H, H-3")
5b  7.03-7.24 (m, SH, Ar-H), 4.21-4.27 (t, J = 5.1 Hz, 4H,
H-4 & 10), 2.85-2.92 (t, J = 8.8 Hz, 4H, H-6 & 8),
2.66-2.72 (m, 2H, H-1"), 1.70-1.74 (m, 4H, H-5 & 9),
1.42-1.46 (m, 2H, H-2"), 1.25-1.31 (m, 2H, H-3"),
0.87-0.94 (m, 3H, H-4")
S5¢  6.96-7.33 (m, 10H, Ar-H), 4.19-4.25 (t, /= 4.9 Hz,
4H, H-4 & 10), 3.82 (d, J = 16.2 Hz, 2H, H-1"),
2.73-2.76 (t, J= 9.2 Hz, 4H, H-6 & 8), 1.76-1.81 (m,
4H, H-5 & 9)
5d  7.11-7.42 (m, 4H, Ar-H), 4.41-4.44 (t, J = 5.4 Hz, 4H,
H-4 & 10), 2.84-2.90 (t, J=9.1 Hz, 4H, C-6 & 8),
2.65-2.71 (m, 2H, H-1"), 2.3 (s, 3H, Ar-CH;),
1.77-1.82 (m, 4H, H-5 & 9), 1.36-1.39 (m, 2H, H-2"),
0.81-0.87 (m, 3H, H-3")
Se  7.09-7.52 (m, 4H, Ar-H), 4.28-4.34 (t, J= 4.84 Hz, H,
H-4 & 10), 2.82-2.87 (t, J = 9.4 Hz, 4H, H-6 & 8),
2.59-2.63 (m, 2H, H-1"), 2.36 (s, 3H, Ar-CH;),
1.72-1.79 (m, 4H, H-5 & 9), 1.42-1.47 (m, 2H, H-2"),
1.21-1.26 (m, 2H, H-3"), 0.81-0.85 (m, 2H, H-4")
5f  7.12-7.69 (m, OH, Ar-H), 4.42-4.49 (t,J = 5.1 Hz, 4H,
H-4 & 10), 3.74 (d, J = 16.7 Hz, 2H, H-1"), 2.71-2.78
(m, 4H, H-6 & 8), 2.29 (s, 3H, Ar-CHs), 1.69-1.72 (m,
4H, H-5 & 9)
5¢  6.92-7.34 (m, 4H, Ar-H), 4.11-4.16 (t, J = 5.0 Hz, 4H,
H-4 & 10), 2.76-2.81 (m, 4H, H-6 & 8), 2.63-2.68 (m,
2H, H-1"), 2.27 (s, 3H, Ar-CH;), 1.74-1.79 (m, 4H, H-
5&9), 1.21-1.26 (m, 2H, H-2"), 0.91-0.96 (m, 3H,
H-3")
5h  6.97-7.28 (m, 4H, Ar-H), 4.21-4.27 (t, J = 4.9 Hz, 4H,
H-4 & 10), 2.91-2.94 (m, 4H, H-6 & 8), 2.72-2.76 (m,
2H, H-1"), 2.32 (s, 3H, Ar-CH), 1.69-1.74 (m, 4H, H-
5&9), 1.41-1.45 (m, 2H, H-2"), 1.11-1.16 (m, 2H,
H-3"), 0.90-0.94 (m, 3H, H-4")
5i  7.04-7.36 (m, 9H, Ar-H), 4.280-4.33 (t, J= 5.1 Hz,
4H, H-4 & 10), 3.76 (d, J = 16.9 Hz, 2H, H-1"),
2.67-2.71 (t, J=9.3 Hz, 4H, H-6 & 8), 2.29 (s, 3H,
Ar-CH;), 1.68-1.71 (m, 4H, H-5 & 9)

* Chemical shifts in ppm from TMS and coupling constants J (Hz) given
in parenthesis; ° Recorded in deuterochloroform.

Synthesis of 2-o-tolyloxy-1,3-dioxa-7,10-dithio-2-
phosphacyclotridecane-2-oxide (3b)

A solution of 2-methylphenylphosphorodichlo-
ridate (1b, 2.25 g, 0.01 mole) dissolved in 20 ml of

250

dry dichloromethane (DCM) was added over a
period of 20 minutes at 0°C to a stirred solution of
allyl alcohol (1.24 g, 0.02 mole) and triethylamine
(2.02 g, 0.021 mole) in 30 ml of dry DCM. After
completion of addition, the temperature of the reac-
tion mixture was raised to 45—50°C and kept for two
hours with stirring. Progress of the reaction was
monitored by TLC analysis, the precipitated triethyl-
amine hydrochloride was separated by filtration and
the filtrate was vacuum evaporated. The crude
product obtained was dissolved in DCM and 1,2-
ethanedithiol (1.4 g, 0.015 mole) in 25 ml of dry
DCM was added dropwise with stirring. The mixture
was refluxed over a period of two hours to ensure
the completion of the reaction. The resulting syrupy
liquid was purified by column chromatography
(ethyl acetate-hexane 0:100 to 25:75) to afford 1.25
g (89%) of 3b as a semi-solid. Analogous were
prepared by adopting the above procedure.

Table 3. °C NMR spectral data of 4a-b, 5a, 5d, 5h and 5i.

Com-

pound Chemical shifts, ppm

d4a  67.9(d,J=52Hz 1C, C-4), 669 (s, 1C, C-13), 38.6
(s, 1C, C-6), 36.9 (s, 1C, C-11), 31.3 (s, 1C, C-5),
30.8 (s, 1C, C-12), 25.6 (s, 2C, C-8 & 9), 148.4 (s,
1C,C-1%), 120.0 (s, 2C, C-2' & 6'), 132.8 (s, 2C, C-3' &
5, 123.9 (s, 1C, C-4")
4b  68.66 (d,J=5.1Hz, 1C, C-4), 66.69 (s, 1C, C-13),
38.2 (s, 1C, C-6), 37.4 (s, 1C, C-11), 31.3 (s, 1C, C-5),
30.1 (s, 1C, C-12), 24.5 (s, 2C, C-8 & 9), 148.9 (s, 1C,
C-1',129.1 (s, 1C, C-2'), 131.2 (s, 1C, C-3"), 126.9 (s,
1C, C-4"), 127.3 (s, 1C, C-5'), 119.6 (s, 1C, C-6'), 16.3
(s, 1C, C-2', CH3)
5a  149.1 (s, 1C, C-1'), 134.3 (s, 1C, C-4"), 132.2 (s, 2C, C-
3" & 5'), 119.5 (d, J = 6.0 Hz, 2C, C-2' & 6'), 66.61 (d,
J=5.8Hz, 2C, C-4 & 10), 46.8 (d, /=4, 2C, C-6 and
8),46.1 (d, J=21.7 Hz, C-1"), 31.2 (s, 2C, C-5 & 9),
36.8 (s, 1C, C-2"), 13.9 (s, 1C, C-3")
54  66.63(d,J=58Hz 2C,C-4 & 10),46.2 (d,J=4.1, Hz
2C, C-6 & 8),46.1 (d, J=21.5 Hz, C-1"), 37.1 (s, 1C,
C-2"), 13.02 (m, 1C, C-3"), 149.8 (s, 1C, C-1"), 133.9 (s,
1C, C-4'), 132.1 (s, 2C, C-3' & 5"), 118.9(d, J= 6.1 Hz,
2C, C-2' & 6'),20.7 (s, 1C, C-2', CH;)
5h  66.72(d,J=6.1 Hz, 2C, C-4 & 10), 46.1 (d, J=4.1,
2C, C-6 & 8), 32.8 (s, 2C, C-5 & 9), 47.2 (d, J=27.8
Hz, 1C, C-1"),37.9 (s, 1C, C-2""), 21.2-21.7 (m, 1C,
C-3"), 13.6-13.9 (m, 1C, C-4"), 150.9 (d, J= 7.3 Hz,
1C, C-1'), 133.8 (s, 1C, C-4"), 131.9 (s, 2C, C-3' & 5'),
119.7 (d, J= 4.6 Hz, 2C, C-2' & 6'), 22.9 (s, 1C, C-4)
5i  66.63(d,J=6.9Hz, 2C, C-4 & 10),45.7 (d, J=5.9
Hz, 2C, C-6 & 8), 31.3 (s, 2C, C-5 & 9), 47.2 (d, J =
17.8 Hz, 1C, C-1"), 148.7 (s, 1C, C-1"), 143.7 (s, 1C,
C-2"), 135.7 (s, 1C, C-4"), 133.1 (s, 1C, C-3' & 5'),
128.7 (s, 2C, C-4" & 6'"), 126.9 (s, 2C, C-3" & 7""),
126.1 (s, 1C, C-5""), 22.9 (s, 1C, C-4', CH3)

* Chemical shifts in ppm from TMS and coupling constants J (Hz) given
in parenthesis; ° Recorded in deuterochloroform.
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Table 4. Mass spectral data of 4b, Sa and 5i.

Com- m/z,
pound %
4b  363[M'1](24), 267 (31), 186 (24), 162 (19), 150 (26)

5a  313[M'](30), 289 (60), 270 (56), 188 (24), 141 (20)
5i  375[M'](60), 285 (32), 281 (40), 236 (80), 190 (28),
186 (29)

ANTIMICROBIAL ACTIVITY

Compounds 4a—c¢ and S5a-i were screened for
their antimicrobial activity against the growth of
bacteria Staphylococcus aureus (gram +Ve) and
Escherichia coli (gram —Ve) and fungi Aspergillus
niger and Helminthosporium oryzae at concen-
trations [25, 26] 20 pg/disc and 400. pg/disc. They
have exhibited moderate antibacterial and moderate
antifungal activity when compared to the standard
reference compounds (Table 5, 6).

Table S. Antibacterial activity of 4a—c and Sa—i.

Zone of inhibition, mm

Staphylococcus aureus Escherichia coli

Compound
200 400 200 400
pg/disc pg/disc pg/disc pg/disc

4a 14 19 13 20
4b 13 18 11 15
4c 18 16 15 15
Sa 16 14 16 12
5b 17 12 18 14
5¢ 17 15 17 13
5d 12 18 14 13
Se 13 19 18 12
5f 16 17 16 11
5g 13 18 14 17
5h 15 17 16 18
5i 14 20 17 18

Penicillin® 22 21

* Concentration in ppm; ° Standard reference compound.

Table 6. Antifungal activity of 4a—¢ and Sa—i.

Zone of inhibition, mm

Compound Aspergillus niger  Helminthosporium oryzae
200 400* 200 400*
pg/disc  pg/disc ng/disc pg/disc
4a 16 22 18 23
4b 14 23 16 22
4c 13 21 14 20
5a 18 24 17 23
Sb 17 21 16 20
Sc 18 23 17 21
5d 11 19 12 21
Se 13 22 13 21
5f 12 20 11 19
5¢g 18 23 15 22
5h 17 22 16 24
5i 18 25 16 23
Griseofulvin® 28 28

* Concentration in ppm; ° Standard reference compound.
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Calcium-strontium fluoride boules with different Sr-content were grown simultaneously in crucible with axis-
symmetrically disposed nests by utilizing an original Bridgman-Stockbarger (BS) apparatus. Implemented control upon
the position of crystallization front (CF) within an unusually broad adiabatic furnace zone (AdZ) minimizes the radial
heat exchange that ensures in practical planar CF-shape for proceeding a normal growth. The CF-positions are
determined by empirical formulae taking into account various impacts altering the thermal field inside the load and are
related to characteristic parameters, representing: 1) the mean value and 2) the alteration of absorption + light-scattering
losses per unit of optical path of monochromatic beam transmitted through optical windows prepared from different
sections of the boules. The irradiation is induced utilizing either CuBr vapour laser operating with wavelengths in
ultraviolet (UV) or visible (Vis) regions as well as SrF, vapour laser operating in infrared (IR) region, or high sensitive
spectrophotometer operating in UV—near IR. The use of vapour lasers allows the measurement of external transmittance
(transmissivity) being carried out rapidly at wavelengths of practical interest under highly sensitive control upon the
area and the position of the beam spot. The grown boules represent complete solid solutions of CaF, and SrF, with
uniform compositions and negligible amounts of structural defects. Thus, they appear to be a high-grade optical
material for manufacturing various elements with wide applicability in UV—IR optical systems.

Key words: optical mixed fluoride crystals, optimum growth control, structural imperfection, UV-lithography.

and refraction in CaF, elements vary unevenly
INTRODICTION across a beam incident. The final impact is blurring
and/or reduction of image sharpness as well as loss
of the light through the optical reduction system.

A generally used approach for eliminating the
birefringence effect in any optical system appears to
be a relevant combination of catadioptric design to
crystal orientations and clocking strategies [2].
Another approach consists in nulling out the bire-
fringence effect at a given wavelength in each
optical element by combining CaF, with some other
crystal materials (SrF, and BaF,) having birefrin-
gence values that are opposite to those of CaF, [3].
Since the cubic fluorite symmetry of CaF,, BaF,,
and SrF, is preserved when they form solid
solutions, the optical properties of Ca; Sr.F,,
Ca,Ba,F,, and Ca,,BaSrF, mixed crystals are
supposed to be intermediate between those of end
members, CaF, and SrF,, as the variations can be
thought to be linearly dependent on composition.
The techniques for growing mixed fluoride com-
pounds vary from Bridgman-Stockbarger (BS)
method [4] or its modifications [5], gradient freeze
technique (GFT) [6] to the newly developed single
* To whom all correspondence should be sent: crystal technology (SCT) [7].
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The increasing industrial demands for integrated
circuits with increasing number of components and
increasing integral density in layouts cause a rapid
development of semiconductor fabrication tech-
nology in direction of improving the efficiency of
optical reduction system as key section in the
exposure device for any micro-lithographic appa-
ratus. Since the demand for an ever-decreasing
minimum size is very high, it becomes increasingly
important to enlarge the resolution of micro-litho-
graphic techniques. This can be accomplished by
shortening the light-wavelength used in fabrication
procedure but retaining at the same time signifi-
cantly high light-transmittance. An optical material,
whose transmissivity is high enough to satisfy the
demands of 193- and even of 157-micro-litho-
graphy, is calcium fluoride. However, this single
fluoride crystal reveals a relatively high degree of
intrinsic (spatial-dispersion-induced) birefringence,
which is dependent strongly on the direction of light
propagation [1]. For this reason the transmissivity
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The external transmittance determining the
absorption and light-scattering losses, refractive
losses, structural homogeneity, and overall residual
stress-induced plus spatial-induced birefringence
appear to be key parameters for efficient control of
crystal quality so that they have to be correctly
determined and interpreted. The absorption + light
scattering losses turn out to be especially convenient
for linking crystal quality to growth conditions and
this manner to provide growth optimum with planar
or slightly convex CF-shape for single boules [8] as
well as for group of boules with different composi-
tion [9].

The methodologies for measurement of bire-
fringence and transmissivity in VUV region (below
193 nm) demand relatively sophisticated devices
and apparatuses [10]. Thus, the VUV-external trans-
mittance is being measured precisely using compli-
cated and very expensive highly-sensitive spectro-
photometers. At A > 193 nm either highly sensitive
UV-spectrophotometer is used or the method of
laser irradiating the samples and measuring the
beam attenuation is implemented. The vapour lasers
irradiation (VLIr) technique has already been
applied by us to measure the transmissivity, ¢, of
optical windows, finished from different sections of
calcium fluoride single boules [8] as well as of
calcium-strontium fluoride boules with different Sr
content, grown simultaneously in multicameral
crucible with axis-symmetrical nests [9]. Our
originally constructed vapour lasers are two types:
1) CuBr, operating in UV region at 248.6 nm and
Vis region at 510.6 nm; 2) SrBr,, operating in
middle IR at 6.45 pum [11-13]. The total absorption
+ light-scattering losses, Laps+sc, are distinguished
from twice the reflectivity of the first face of used
optical window, 2r, calculated for operating
wavelengths, where ¢ + Lyssc + 27 = 1. We have
traced a way for improvement of the control of
growing conditions in order to produce boules with
stable optical characteristics. The applied approach
consists in derivation of empirical relationships
between the CF-position inside the furnace unit and
two structural parameters, the mean absorption +
light-scattering losses per unit of opti-cal path,
Lapstsenwin, and the difference in Lgpsiseiwin-values
along the height of grown boules. Since the accurate
determination of these parameters depends on the
reliability of applied #-measurement technique we
apprehend the necessity of comparative analysis
between spectrophotometrical (SpPh) and VLIr
techniques in order to assess their usefulness for
specifying the needed empirical relationships. Thus,
we hope to ensure much better growing control
aimed at obtaining simultaneously several boules of
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calcium-strontium fluoride crystals with different
ratio of alkali earth elements. Boules grown by such
technique are unique for research purposes since the
crystallization optimum may be reached, in practice,
for each one of the boules, independently of
alterations of solidus/liquidus temperatures.

The goals of the present study are: first, to
analyse comparatively the data from ¢-measure-
ments, carried out consecutively by VLIr and SpPh
techniques, on optical windows of calcium-stron-
tium fluoride crystals with different composition
grown simultaneously by improved BS-technique;
second, to obtain reliable empirical relationships
between quality-determining parameters — absorp-
tion + light scattering losses per unit of optical path
and its alteration along boule’s height, and key
growing parameter — the shift in CF-position within
the furnace unit; third, using the obtained relation-
ships to verify their potential for efficient control of
the CF-optimum during simultaneous growth of
calcium-strontium fluoride crystals with significant
variation in composition.

EXPERIMENTAL

The crystal growth is accomplished in specially
designed Bridgman-Stockbarger Growth System
(BSGS) [14]. Its key specifications are: 1) the
diaphragm, which separates the upper hot zone (Z1)
from the lower cold zone (Z2) in the furnace unit, is
constructed to be much thicker than usually, in this
way differentiating a broad adiabatic zone (AdZ),
where the radial temperature non-uniformity is
marginal and the vertical temperature gradient
remains constantly sufficiently steep; 2) an intro-
duction of additional shielding system of molyb-
denum devices for control of the ratio of radial to
axial thermal heat transfer through the moving load;
3) a precise control of residual atmosphere inside
the furnace chamber by quadruple mass-spectro-
meter, when growing is carried out in vacuum; 4) a
device for preliminary deep gas purification (< 1
vpm) when working in argon atmosphere.

The applied multichamber crucibles have central
and peripheral sections (nests), the latter provided
by 8 axis-symmetrical interior or by up to 9 fixed
cylin-drical inserts, all sections being end-tipped
conically at angle 90° [14]. Highly concentrated
fluorspar (> 99.7 wt.%) and a Suprapur® quality of
SrF, (Merck) are used as starting materials for pre-
melting mixtures. The optical windows are finished
to meet requirements: 3 arc minutes — for paral-
lelism, 40-20 scratch-dig — for surface finishing of
both surfaces, 1-2 waves at 632.8 nm for both
surfaces — for surface figure, and 80% — for clear
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aperture. Two windows were prepared from each
boule, the “lower” windows, adjacent to conical
boules’ section, are located at a mean distance of
(2.18 £ 0.50) cm from the “upper” windows. The
mean windows’ thickness, /i, varies within 0.59
and 0.67 cm interval, while the diameter takes
values of (24.3 £ 0.1) mm, (29.1 £ 0.1) mm or (32.3
+ 0.1) mm according to crucible modification. Two
series of windows were specified along the boules’
height: Ser. 1 — for sequence of the “lower”
windows and Ser. 2 — for sequence of the “upper”
windows. The windows were used for measuring
consecutively transmissivity, ¢, by VLIr and SpPh
techniques. The spectroscopic technique is applied
for obtaining the light transmission spectrum within
the UV-near IR region (190900 nm), that is the
operating range for the used highly sensitive
spectrophotometer, type Varian Cary 100. The ¢-
values at 248.6 nm, 510.6 nm and 900 nm are taken
for comparison with ¢-values measured at 248.6 nm,
510.6 nm, and 6450 nm by VLIr technique. The
comparison in the IR region is correct since the
optical transmittance is proved to alter insignifi-
cantly within this spectral region in case of pure
CaF, crystals [5].

The structural parameters for the studied mixed
fluorides crystals are estimated based on the equa-
tions:

Labs+sc/lwin = [ l_t_z(nmix_l )2/(nmix+ 1 )2]/lwin ( 1 )
Labs+sc/h2—l = [ l_t_z(nmix_l )2/(nmix+ 1 )2]/h2—1 (2)

where the reflectivity, 7yix, 1S replaced by its func-
tional expression of refractive index, nyx [15], the
dependence of which on the crystal composition is
considered linear:

Nmix = (1=X)ncar2 + XN552 3)

although a polynomial of second order may be a
better expression, taking into account the difference
between calcium and strontium ionic radii. Never-
theless, the linear approximation seems rather
reasonable comparing the very close A-dependence
of the index of refraction for end-members: CaF,
(x = 0) and SrF; (x = 1) [9]. The divergence from
linearity should be so small that the relative errors
upon estimating the quantity 27, by applying the
formulas for calculating errors of complex functions
[16] are expected to be insignificant within investi-
gated spectral range (Table 1).

The method of Quenched Interface (QI) deter-
mination in a fixed crucible [14] is applied to
determine the position along the furnace unit of the
CF shift in particular bowels according to the

thermal conditions and mixtures’ content. The

derived formulas for CF-positions are:

XCR = XCF(X1 = 0) — 0.36X1(Z) — [06T1(X1) +
+0.1875(x1)] + 0.0017[x1(z) — 80][(71(x1) — Ta(x1)]

for 0 <x(z) <110 mm (4a)

XCR = xCF(xl = 110) + 023[)(71(2) — 110] — [06T1(X1) +
+0.1875(x1)] + 0.0017[x1(z) — 110] [T1(x1) — To(x1)]

(4b)

where x(z) is the distance of crucible movement in
z-direction beginning from starting position fixed at
22 mm from the upper plane section of Z1, while
Ti(x;) and Ty(x;) represent the set up rises of
temperatures at given x;-value for Z1 and Z2, res-
pectively.

for x;(z) > 110 mm

Table 1. Maximal theoretical relative errors for refractive
index, nyy, and twice reflectivity, 2ry,, of optical
windows made of mixed fluoride crystals Ca;_(SryF,.

Wavelength )‘s nm (Anmix/nmix)max [A(zrmix)/zrmix]max
248.6 0.003602 0.0597
510.6 0.001485 0.0280
900 0.001411 0.0310
6450 0.002772 0.0644

Two growing experimental runs were carried out
at different temperature regimes for both furnace
zones, manifesting in different dwell levels and rises
of 71 (run 1) and 75 (run 2). The speed of crucible
withdrawal towards Z2 is maintained constant
between 2 and 6 mm/h. The mutual configuration of
the fixed and moving parts for additionally inserted
molybdenum shielding system differs in the number
of rings slipped on crucible tail. The mole part of
strontium x in final Ca,_,SrF, crystals varies within
0.007-0.307 (9 boules for run 1) and 0.383-0.675 (8
boules for run 2). The coefficient of distribution for
calcium/strontium in such crystallized solid solu-
tions remains uniform within the experimental error
along the boules’ height [17]. The phase diagram of
Ca, St F, compounds is built on the basis of newly
obtained data for liquid/solid phase temperature
functionalities of calcium strontium solid solutions
[18], corrected by estimated quantities based on
assumption of linear lowering on calcium content
(1-x) in both curves, starting at initial value of 43 K
forx=0.

RESULTS AND DISCUSSION

The x-dependence of Lapsiseiwin Shows a similar
course within the studied UV-NIR range independ-
ently of the technique applied for measurement
(Fig. la—c).
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The minimum absorption + light-scattering los-
ses per unit of window’s thickness vary for x within
0.5 and 0.6 according to the operating wavelengths.
At fixed composition (x = const) Lyps+se/win decreases
rapidly when the wavelengths become longer as the
difference diminishes for x within 0.5-0.6. This is a
reflection of the peculiarities in growing conditions
for the two runs. At wavelengths within UV and
VIS the calculated L,pcrsenwin-values for Ser. 2-
windows (Fig. la, b), based on ¢-data using VLIr
technique, appear higher than the corresponding
Laps+serwin-values, obtained by SpPh technique. The
found differences diminish around function minima,
where the growing conditions are supposed to be
optimal to ensure a normal growth of boules with
stable optical properties. Such result is grounded on
the specificity of VLIr technique itself, where the
relatively large size of the beam spot supposes a
stronger effect of any structural defects as light-
scattering centres. Nevertheless, the sizes of these
centres are, evidently, too small to cause a notice-
able internal light-scattering within the IR range, so
that VLIr technique gives more reliable results
especially in the middle IR region (Fig. 1c¢).

The calculated data for Lapsiseiwin Were used for
performing a correlation analysis (Table 2).

Comparing the data, obtained consecutively by
the applied techniques, one can see very high R-
values throughout the studied spectral range. R is
highest (0.9825) in the UV region (248.6 nm) where
the relationship becomes, practically, a functional
one. With increasing the wavelength, R-values
reduce to 0.7287 in NIR-MIR range that is clearly
shown in Fig. 2. These results indicate: first, both
techniques provide a reliable qualitative analysis for
recording and explanation of any alterations in
absorption and light-scattering losses per unit of
optical path, when monochromatic light passes
through the studied optical windows, depending on
the wavelength, composition of grown boules, and
growing conditions; second, there are some struc-
turally inhomogeneous areas inside testified
samples, revealing themselves upon rising up the
scattering probability when A becomes longer. On
the other hand, the spectrophotometrical technique
itself leads to R-values varying near to 1 (0.9375—
0.9943) for the chosen values of A within UV-NIR
spectral range. Such strong correlations confirm the
high reliability for SpPh-technique and the used
spectrophotometer.

At the same time, the VLIr technique itself
manifests significantly lower R-values in compa-
rison with those obtained by SpPh, as R declines
fast, decreasing A towards IR region due to disor-
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dering of data points and increase in their SD. More
likely, the reason for such behaviour lies in the
relatively large spot of laser beam, different in size
for the used vapour lasers, which should promote an
increasing effect of any structural inhomogeneity on

the total attenuation for passing beam.
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Fig. 1. Absorption plus internal light-scattering losses as
part of the total losses for Ser. 2 Ca,_ Sr,F, optical
windows with different strontium contents measured in
UV-IR range by using of vapour laser irradiation and
spectrophotometric techniques. a) 248.6 nm: (e) - VLIr,
(o) - SpPh; b) 510.6 nm: (A) - VLIr, (A) — SpPh;
¢) NIR (900 nm): (V) - VLIr and MIR (6.45 pum),
(V) - SpPh.
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Table 2. Correlational analysis of absorption plus internal light-scattering losses in Ca; ,SryF, optical windows

obtained from VLIr and SpPh t-measurements.

Statistics Coefficient of linear correlation R / (SD)
Laptspiiwin Vapor Laser Irradiation Spectrophotometer
Labispiiwin A (nm) 248.6 510.6 6450 248.6 510.6 900
248.6 ° 0.8725 0.4359 0.9825 0.9537 0.9440
(1.1029) (1.8789) (0.4200) (0.6794) (0.7446)
VLIrr 510.6 0.8725 . 0.0932* 0.7862* 0.7766* 0.7783*
(1.1029) (0.0885) (0.0514) (0.0524) (0.0522)
6450 0.4359 0.0932* ° 0.7159 0.7246 0.7287
(1.8789) (0.0885) (0.3758) (0.3709) (0.3685)
248.6 0.9825 0.7862* 0.7159 ° 0.9680 0.9375
(0.4200) (0.0514) (0.3758) (2.8450) (3.9446)
SpPh 510.6 0.9537 0.7766* 0.7246 0.9680 . 0.9943
(0.6794) (0.0524) (0.3709) (2.8450) (0.0053)
900 0.9440 0.7783* 0.7287 0.9375 0.9943 °
(0.7446) (0.0522) (0.3685) (3.9446) (0.0053)

* The standard deviation (SD) of the particular point is not taken into consideration.

(cm’)

(laser vapour irrariation)

‘abs+sc/lwin

L

2004 000 004 008 012 016 020
L (cm'l) (spectrophotometer)

abs-+sc/lwin

Fig. 2. Linear fit regression for two series of data for
absorption + internal light-scattering losses in Ca;_,SryF,
optical windows obtained consecutively by vapour laser
irradiation and spectrophotometric techniques at wave-
lengths within UV-IR range: 1) 248.6 nm (R = 0.9825,
SD =0.42); 2)510.6 nm (R =0.7766, SD = 0.0524);
3) 900 nm/6.45 pm (R = 0.7287, SD = 0.3685).

Longitudinal inhomogeneity of the grown boules
is assessed following the variations of Lapsrsemz-1 ON
strontium content x and A within UV-MIR (Fig. 3).
Since the shift of CF also depends on x [9], in this
way we found out indirect relationship between
structural and growing parameters. A larger absolute
divergence from zero is seen for run 1-boules com-
pared to run 2-boules. The differences for run 1 are
positive with the exception of the boule with the
lowest x (0.0073), whereas they appear negative or
near to zero for run 2-boules.

Most of the studied run 1-boules show higher
divergences in the Vis region compared to UV and
IR regions that is just the opposite of run 2-boules,

[72]
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Fig. 3. Difference in absorption plus light-scattering
losses, determined at particular wavelength within UV—
NIR range, between pairs of optical windows prepared
from non-adjacent parallel sections of Ca; SryF, boules

as a function of the strontium content x at A 248.6 nm (0);
510.6 nm (®) and 900 nm/6.45 pm (A).

the Laps+semz-1-values of which approach zero in the
Vis region. The established trend for increase in the
parameter Laps+senz-1 towards the top section of run
I-boules testifies the changing towards worse
growing conditions during crystallization. At the
same time, the growing conditions during crystal-
lization of run 2-boules turn out either constant (for
three of the boules) or change to better (for the
remaining five ones) that corresponds to the
observed variations of Lgpeisomz1-values near to or
noticeably below zero. For two boules (with x =
0.38 and x = 0.5) the divergences appear insigni-
ficant and close to zero, which reveals high struc-
tural homogeneity along boules’ height, and suggests
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reaching the optimum set of growing conditions.
The opposite trend for Lgpsiseonz 1-alteration in the
Vis region emphasizes again the importance of
growing conditions for ensuring a normal growth
with minimum structural defects acting in this case
as internal scattering sites rather than colour
(absorption) centres for Vis-light.

Optical properties and crystallization front position

The optical quality of grown boules, assessed by
involved semi-empirical parameters, is related to
growing conditions via the shift of CF-positions,
xcr, according to formulas (4). The distance from
conical tip of crucible’s interior (where nucleation
starts) to lower plane section of AdZ (z = 0) is
marked by x.n(z). Then the height of crystallized
volume is determined by the difference (xcr — Xcon)s
where for simplicity of analysis the quantities are
reduced by division to 24 mm (AdZ thickness) and
marked by asterisk. The variable x,* represents the
distance of crucible withdrawal towards Z2 as a part
of total crucible movement during the run. The cross
points of xcp*(x1*) curves with straight line
Xeon ¥ (x1%) specify a nucleation curve xp,*(x;*) that
manifests the crystallization start in particular nests.

Several peculiarities may be discussed following
the dependences in this study (Fig. 4a, b):

1) The CF-positions shift equidistantly at con-
stant slope towards Z2 during approximately 50% of
total crucible movement, remaining within Z1 or
AdZ. This determines planar or convex shape for
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CF that is favourable for normal growth with
minimal built in structural defects.

2) The second half of the boules are crystallized
under entirely different thermal conditions ex-
pressed in gradual decrease of the negative slope of
xcp¥-curves (run 1) or in twice changed sign of the
curves’ slope (run 2), being implemented into AdZ
or the adjacent lower section of Z1. This is due to
redistribution of thermal exchange between the load
and its surroundings causing significant radial heat
losses [9]. Under such thermal conditions the CF-
shape is expected to vary slightly around planarity,
being closer to convex if CF-position turns out to be
above the middle cross section of AdZ, which
ensures an optimum for growing boules with perfect
optical quality. This is a result of the effective
removal of plenty of micro-defects (impurities,
parasitic nuclei, and others) aside from the thin layer
in front of the CF.

3). The starting point for x,,.*(x;*)-curves varies
widely between —0.27 (run 1, x = 0.307) and +4.41
(run 2, x = 0.675) that shows great differences in the
initial nucleation conditions at the tip of particular
nests for further propagation of normal growth. This
way, two of run 1-boules, with the highest x (0.189
and 0.307), turn out under worst conditions in
regards to the initial shape of the just nucleated CF,
which remains firmly concave within the entire
conical section, thus initiating dendroidal crystal-
lization (Fig. 5).
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Fig. 4a, b. Reduced positions of the CF and of the conical crucible’s tips along the furnace unit during two
experimental runs carried out under different thermal conditions into a load, representing a multichamber graphite
crucible charged with portions of pre-melted CaF,-SrF, mixtures for growing of Ca,_,Sr,F, crystals.
a)run 1: () —0.007, (A)-0.021, (¥) —0.054, (0) — 0.056, (V) — 0.065, (m) — 0.088, (<I) — 0.113, (v) — 0.189,
(%) —0.307, (A) — Centre-0.213, (%) —Xn*; b) run 2: (@) —0.383, (A) —0.408, (¥)—0.436, (A)—0.471,

(m) - 0.509, (O) — 0.554, () —
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4) The higher position of x,,* within Z1 sug-
gests larger and more convex curvature of the CF
favouring the efficiency of self-purifying mecha-
nism. Here, it has to be taken into consideration that
the magnitude of the vertical temperature gradient
decreases upwards in the furnace unit approximately
up to the middle cross section of Z1 that leads to
increase in melt suppercooling within the thin layer
in front of the CF, which, in turn, initiates dete-
rioration in the normal growth with rapidly propa-
gating dendroidal crystallization [20]. Besides,
stronger radial inhomogeneities will arise into the
load [21, 22] as far as CF shifts from AdZ, which
would disrupt additionally the normal growth. As a
whole, the growing conditions for run 2 seem to be
much more favourable to ensure a normal growth at
steeper vertical temperature gradient and gradually
changing negligible shift for most CF within the
AdZ that implies a perfect crystal quality.

o235, CM

B I B B B

|
0

Fig. 5. Boules grown during run 1 with upper section of
dendroidal crystallization: F —x =0.307, H —x = 0.189.

CONCLUSIONS

Important relationships between structural,
technological and characteristic parameters, con-
trolling a simultaneous growth in multichamber
crucible and originally modified furnace unit of BS
apparatus of calcium—strontium fluoride boules of
different composition, are firmly established. The
growing conditions are set to be optimal via appro-
priate shift of the CF-position according to the
composition of starting mixtures. The optimum is
reached when the CF are positioned predominantly
in an unusually broad adiabatic zone, while the real
crystallization rate remains steady slightly over the
set up crucible movement speed. A realistic assess-
ment of the grown boules optical quality is being
implemented by measuring the transmissivity ¢ of
optical windows, finished from different boules’
sections, and separating the actual absorption from
refractive losses. The ~-measurements are performed

by two different techniques using a highly intensive
vapour lasers irradiation within DUV-NIR spectral
range (VLIr) and a highly sensitive spectrophoto-
meter (SpPh). The advantages of VLIr over SpPh
technique lie in the higher efficiency of VLIr since it
allows large statistics for a short time at particular
wavelengths, high sensitivity and precise control of
the area and position of the beam spot. The grown
mixed fluoride crystals represent solid solutions
with wide range of compositions and possess prac-
tically uniform distribution of Ca and Sr atoms
inside the lattice and nearly perfect microstructure
especially for boules with x between 0.5 and 0.6.

The applied original growing technique and
reliable methods for assessing the key optical
properties imply production of high-grade optical
material with stable unique characteristics ranged
from DUV to NIR. This material is favourable for
UV-lithography optics being also suitable for optics
of newly developed vapour lasers.

The successful reiteration of simultaneously
grown calcium-strontium fluoride boules with widely
altering composition has acquired also a definite
scientific importance supplying the researchers with
perfect material for new explorations in non-linear
optics as appear to be cleaning of femto-second
pulses and precise measurements of short high
intensive laser pulses in UV.
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EJHOBPEMEHEH PACTEX HA KPUCTAJIHU BYJIN OT Ca,_xSrxF, C PA3JINYHO
CbABbP’)KAHUE HA Sr UPE3 [IOJJOGPEHA AITAPATYPA HA BPUIMAH-CTOKEAPI'EP.
HAAEXIHOCT HA TEXHUKUTE U3IIOJI3BAHU 3A USMEPBAHE HA
CBETOITPOITYCKJIMBOCTTA

. T. MyXOBCKI/Il*, K. A. TeMeJ‘IKOBZ, H. K. ByIIKOBz, H. B. Cs60THHOB’

! [Jenmpanna nabopamopus no munepanoeus u kpucmanozpagus ,, Axao. Hean Kocmos*,
Buvreapeka akademus na nayxume, ya. ,, Axao. I'. bonueg*, bnox. 107, 1113 Cogus
? Hucmumym no ¢usuxa na mewpoomo msiio ,, I eopeu Haoocaros “,
Bvreapcra akademus na naykume, oyn. ,, Lapuepaocko woce“ Ne 72, 1784 Cogus

Ioctrenmna Ha 20 sayapu 2009 r.; IIpepaborena Ha 2 deBpyapu 2009 r.
(Pestome)

OCBhIIIECTBEHO € €IHOBPEMEHHO M3pAacTBaHE HA KPUCTAIHU OYyJIM OT KaJllMeBO-CTPOHLMEB (Iyopui C pasinieH
KOJIMYECTBEH ChCTAaB B CHMETPHYHM CHPSMO aKCHalHaTa OC OTJCJCHUS Ha THresl KaTo € M3I0JI3BaHa OpUTHMHAIHA
Bpunman-Crokbaprep anaparypa. KoHTpous BbpXy mosioxkeHHeTo Ha kpuctanu3annonHus gpont (K®) B rpanununTe Ha
HeoOMYalfHO mMpoka aguabaTHa 30Ha (An3) Ha memTa, MUHUMHU3UpAa PaJdalHUs TOIUIOOOMEH, KOETO OCHIYpsBa
npakTHyecku paBHUHHA hopma Ha KD 3a HopmaieH pactex Ha otaenHute Oynu. [Tonoxenuero Ha K@ e onpeneneHo
Yype3 eMNUpPHYHN (OpMyNIH, KOMTO OTYMTAT pasIMuHUTE (PAKTOpH, BIMACIINM BBPXY TEPMHUYHO IIOJE B TOBApA.
[Mozunmsara Ha KO e cBpp3aHa ¢ XapaKTepUCTHYHH MTapaMeTpH, MPEICTaBIIBAIIN: 1) cpeHATa CTOMHOCT U 2) N3MEHe-
HHETO Ha CyMaTa OT aOCOpOLMOHHWTE 3aryOM M TE3W OT CBETOpa3celBaHE 3a €IWHHUIA ONTHYEH ITbT Ha MOHO-
XpOMaTH4EH CBETJIMHEH JIbY, MPOIYCKaH IPe3 ONTHYECKH MPO30PLH, U3TOTBEHH OT Pa3IMYHU CEKTOpHU Ha OynuTe.
W3npuBaHeTo € Mpeau3BHKAHO WM upe3 u3noszBaHe Ha CuBr masep ¢ MeTanHm mapwu, paoTen mpu ABDKHMHA HA
BBJIHATa B yirpaBuoieroBus (YB) u Bumnmus (Bux) nmamasonu, kakto u SrF, mazep ¢ metanHu mapu, padoremns B
unppauepBenns (MY) nuanazon, wiau 4pe3 BHCOKOUYBCTBHTENIEH CHEKTPOGOTOMETHp, pabdoren] B YB—omu3kus Y
nuana3oH. V3non3BaHeTo Ha Jla3epy ¢ METAIHU NapH [T03BOJISIBAa M3MEPBAHETO Ha BHHITHOTO CBETONPOITyCKaHe Aa Obje
OCBIIECTBEHO OBP30 32 (PUKCHPAHU IBJDKMHM Ha BBJIHATA C MHTEPEC 3a IPaKTHKaTa IPHU BUCOKOYYBCTBUTEICH KOHTPOI
BBPXY IUIOIITA U MTOJIOKEHHETO Ha METHOTO Ha JIbya. M3pacnure OyiM nmpeacTaBisBaT €IHOPOAHHU TBBPAM Pa3TBOPH HA
CaF, u SrF, c He3HaYMTETHO IPHCHCTBUE HA CTPYKTYPHHU AedeKTH. Taka MoJydeHH, Te Ca BUCOKOKAYeCTBEH ONTHYECKH
MarepHal 3a u3paboTBaHe Ha pa3HOOOpa3HM eIEMEHTH C MIMpPOoKa NpuiIokuMocT B YB-UY ontudecku cucremy.
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One new carboxylato-bridged dimeric network of Co(Il):
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A new carboxylato-bridged Co(II) dimeric complex, formulated as {Co(H,O)s[Co(2,6-pdc),].2H,0} (H,PDC =
Pyridine-2,6-dicarboxylic acid), was synthesized in solid state under mild conditions, solved by single crystal X-ray
diffraction techniques and characterized by elemental analysis, IR and electronic spectra, thermogravimetric analysis
and variable temperature magnetic moments. The structural investigation shows that the crystal system of the new
complex is monoclinic, having space group P2(1)/c, a = 8.3545(5), b = 27.1474(16), c = 9.5882(6) A, = 99.089(1)°,
and Z = 4. The neighbouring Co atoms are bridged by carboxylate group of one pdc ligand and the dihedral angle
defined by the mean planes of two pdc ligands is 88.6°, showing that they fall almost perpendicular. The effective
magnetic moment g value of the new complex is close to 5.31 pg at 302 K, and much larger than the spin-only value
of 3.87 pp for high-spin Co(Il). The complex is extended into a three-dimensional hydrogen bonding network.

Key words: Crystal structure, cobalt(Il), carboxylato-bridge, H,-PDC, spectral studies, TGA analysis.

INTRODUCTION

The compounds containing carboxylate group
are an important class of ligands in inorganic and
bioinorganic chemistry. Metal complexes containing
monocarboxylic acids are well known regarding the
versatility of the carboxylate group as an inner-
sphere ligand [1]. Rigid dicarboxylates are parti-
cularly attractive because the metal carboxylate
bonding is also rigid and the use of appropriate
spacers can lead to predetermined network struc-
tures [2-5].

Previously it was found out that the reaction of
simple transition metal salts with functionalized
carboxylic and dicarboxylic acids leads to the iso-
lation of soluble materials, which were structurally
elucidated [6—8]. H,PDC (pyridine-2,6-dicarboxylic
acid) is an efficient ligand, which is usually used as
a tridentate ligand, as well as a bridging linker in the
chemical design of metal-organic molecular
assemblies [9-13]. H,PDC forms chelates with
simple metal ions and oxo-metal cations and it can
display widely varying coordination behaviour,
functioning as a multidentate ligand. Other isomeric
pyridine-dicarboxylic acids, e.g. pyridine-2,3-, 2,4-
and 2,5-dicarboxylic acids, behave like picolinic
acid and act as bidentate (chelating) N,O donors. A

* To whom all correspondence should be sent:
E-mail: nrevapra@pan.uzulu.ac.za

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

very important characteristic of these ligands is their
diverse biological activity. Pyridine-2,3-dicarboxy-
lic acid is an intermediate in the tryptophan de-
gradation pathway and it is precursor for NAD [14].
However, reports for H,PDC’s coordination com-
plexes having 3D open framework structures are
rarely seen [15, 16].

In this regard, Ghosh et al. [17] reported the
complex, [Co(pdc)(4,4’-bpy)].1/2MeOH, where
pyridine-2,6-dicarboxylic acid has been used as a
ligand for binding more than one metal ion through
carboxylate bridging to form 1-D coordination
polymeric chains.

On the basis of the aforementioned considera-
tions, herein, we describe the crystal structure, spec-
troscopic study, thermogravimetric analysis and
low-temperature magnetic properties of a new
carboxylato-bridged cobalt(Il) complex (1), using
pyridine-2,6-dicarboxylic acid, in which the Co(2)
atom possesses a distorted octahedral geometry.

EXPERIMENTAL

All the chemicals used for the synthesis were of
reagent purity grade. Cobalt(Il) nitrate and pyridine-
2,6-dicarboxylic acid (Aldrich) were used as
received.

C, H, and N analyses were carried out using a
Perkin-Elmer 240C elemental analyzer. Infrared
spectra were recorded on a Perkin-Elmer 883 infra-
red spectrophotometer in the range 4000-200 cm '
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as KBr pellets. Electronic spectra were measured on
a Hitachi U-3400 (UV-Vis-NIR) spectrophotometer
in methanol. The thermal investigation was carried
out on a Shimadzu TGA-50 thermal analyser in a
dynamic nitrogen environment. Magnetic suscep-
tibility measurements were carried out on a
Quantum Design SQUID MPMS-XL susceptometer
apparatus working in the range 2-302 K.

Synthesis of {Co(H,0)5[Co(2,6-pdc)2].2H,0} (1)

To a 10 ml methanolic solution of cobalt(Il)
nitrate (2 mmol, 0.582 g), 10 ml of aqueous solution
of pyridine-2,6-dicarboxylic acid (2 mmol, 0.334 g)
were added upon stirring and reaction mixture was
kept at room temperature. Several days later good
quality green square-shaped crystals of 1 were
separated. They were filtered, washed with methanol-
water mixture (1:1) and dried. Yield: 73%. Anal.
Calcd. for C14H20C02N2015Z C 2925, H 351, N
4.87%; Found: C 29.19, H 3.46, N 4.82%.

Crystallography

The details concerning crystal data, data
collection characteristics and structure refinement
are summarized in Table 1. Diffraction data were
measured at 100(2) K on a Bruker AXS P4 four-
circle diffractometer fitted with graphite-mono-
chromated CuKa radiation, A = 0.71073 A and the
® : 20 scan technique for data collection within a 0
range of 1.50-28.33°.

Table 1. Crystal data and refinement parameters for
complex 1.

Chemical formula C14H20C02N2015

Molecular weight 574.18
Space group P2(1)/c
Wavelength 0.71073 A

Crystal system Monoclinic
a(A) 8.3545(5)
b(A) 27.1474(16)
c(A) 9.5882(6)
a (%) 90
L) 99.089(1)
7 (®) 90
T (K) 100(2)
v (A% 2153.0(2)
VA 4
D (mg/m°) 1.771
Absorptin coefficient (mm ™) 1.620
0 for data collection (°) 1.50-28.33
Reflections collected 16028
Independent reflections 5354
Goodness-of-fit on F* 1.044

Final R indices [ > 20(1)]
R indices (all data)
Largest diff. Peak and hole

RI=0.0310, wR2 = 0.0740
RI=0.0378, wR2 = 0.0764
0.469 and —0.339 ¢-4~°

The structure was solved by direct methods using
the SHELXTL PLUS [18] system and refined by
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full-matrix least-squares methods based on F* using
SHELXL93 [19]. In this case, non-hydrogen atoms
were calculated employing anisotropic displacement
parameters and the hydrogen atom positions were
calculated with fixed isotropic displacement para-
meters.

RESULTS AND DISCUSSION
Crystal structure section

The ORTEP representation of 1 is shown in Fig.
1 with selected bond lengths and angles summarized
in Table 2.

Fig. 1. An ORTEP plot of complex 1 drawn with 40%
probability level. Hydrogen atoms have been omitted
for simplicity.

Complex 1 crystallizes in monoclinic system
with space group P2(1)/c. It consists of elongated
octahedral molecules, where the Co(l) centre
exhibits a coordination surrounding O4+N,, of the
type 4+2. The six donor atoms are the one N-
pyridine and two O-carboxylate donors of each
tridentate pdc ligand. They define well a mean plane
(deviations < 0.032 A), which virtually contains the
metal atom (deviation of 0.019 A). The trans-
angles, O(1)-Co(1)-O(3) and O(5)-Co(1)-O(7),
have a significantly low value. Both O—Co-O trans-
angles of 1 reveal the rather rigid structures of such
tridentate ligands, which are approximately planar
(within 0.019 A). In contrast, the trans-angle N—-Co—
N [N(1)-Co(1)-N(2)] is quite close to ~ 180° and
the dihedral angle defined by the mean planes of
two pdc ligands is 88.6°, showing that they fall
almost perpendicular.

The Co(1) and Co(2) atoms are held together by
single u-carboxylate oxygen of the pdc ligand. The
Co(2) atom is chelated by one oxygen atom of
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bridging-carboxylate from the pdc ligand and it
coordinates five oxygen atoms from five water
molecules. Thus, the Co(2) atom exhibits a distorted
octahedral coordination geometry. Among the six
coordination sites, the four sites are almost in an
equatorial plane (the deviation from a regular
square-planar structure is 9.47°) and these are
occupied by four oxygen atoms from four water
molecules, the two sites in the axial position are
occupied by one oxygen atom from bridging-
carboxylate and one oxygen atom from one water
molecule. The deviation from the octahedral
geometry is also indicated by the bond angles
between the atoms in the cis positions, which vary
from 79.83(5) to 99.25(5)° as well as the angles
involving the trans positions that vary to a large
extent from 168.78(5) to 176.58(5)°. The Co(2) sites
are located on a crystal inversion centre.

Table 2. Selected bond lengths (in A) and interbond
angles 9in °) for complex 1.

Co(1)-N(1) 2.0157(16)
Co(1)-N(2) 2.0241(15)
Co(1)-0(1) 2.1708(13)
Co(1)-0(5) 2.1802(12)
Co(1)-0(3) 2.113(13)
Co(1)-0(7) 2.2148(12)
Co(2)-0(8) 2.0868(12)
Co(2)-0(9) 2.1681(13)
Co(2)-0(10) 2.0525(14)
Co(2)-0(11) 2.0877(13)
Co(2)-0(12) 2.0516(14)
Co(2)-0(13) 2.0832(13)
N(1)-Co(1)-N(2) 171.83(6)
0(1)-Co(1)-0(3) 149.90(5)
0(5)-Co(1)-0(7) 151.48(5)
0(1)-Co(1)-0(7) 96.82(5)
0(3)-Co(1)-0(5) 85.36(5)
0(8)-Co(2)-0(10) 79.83(5)
0(10)-Co(2)-0(9) 86.09(5)
0(9)-Co(2)-0(11) 85.65(5)
0(11)-Co(2)-0(13) 99.25(5)
0(13)-Co(2)-0(12) 88.31(6)
0(12)-Co(2)-0(8) 87.29(5)
0(8)-Co(2)-O(11) 170.37(5)
0(10)-Co(2)-0(13) 168.78(5)
0(9)-Co(2)-0(12) 176.58(5)

Fig. 2. The crystallographic packing diagram of
complex 1 along the a axis.

Spectral data section

The infrared spectrum of 1 is very consistent
with the structural data presented in this paper. It
shows characteristic absorption of the coordinated
carboxyl groups. The strong bands at 1646 and 1400
cm ' for Co(1) centre and 1680 cm ™' and 1395 cm™
for Co(2) centre were assigned as v, (COO") and
vegm (COO") stretching vibrations, respectively. In
the low energy region, a series of absorption peaks
is also observed, such as vo_c o at 1670 cm‘l, Vou at
925 cm’l, vey at 1370 cm™! [20]. There are also
three absorption peaks at 3385, 3345 and 3047 cm ',
due to vo g vibration modes for water molecules.
The absorption bands in the 1400-1600 cm ' region
arise from the skeletal vibrations of the aromatic
rings of the ligand.

The UV-visible absorption peaks correspond to
the absorptions for octahedral Co(Il), which has
features between 19600 and 21600 cm ™' assigned to
the *Ti(F) — *Ax(F) and *T(F) — *Tiu(P)
transitions, respectively [21].

Table 3. Data on hydrogen bonds for 1.

Extensive intermolecular hydrogen bonds are
formed in the crystal by means of the five coor-
dinated water molecules 09, 010, O11, O12 and
O13 and the two lattice water molecules O14 and
015, the two coordinated carboxylic oxygen atoms
O1 and OS5, and three uncoordinated carboxylic
oxygen atoms O2, O4 and O6, respectively. Thus,
the complex is extended into a three-dimensional
network by means of hydrogen bonds (Fig. 2). The
data on hydrogen bonds for 1 is summarized in
Table 3.

Bond Distances, Bond Distances,
A A
Ollg,...014y, 2.655 Oll,...05 2.767
010.y...015, 2.986 010,...06 2.636
012...015y, 2.821 012...04 2.723
09....01 2.799 09y...06 2.684
013,...02 2.710 O15...09. 2.938
014,,...04 2.769 014y,...02 2.781

cw = coordinated water; lw = lattice water.

Thermogravimetric study

Thermogravimetric analysis was carried out in
N, atmosphere with a heating range of 10°C-min "
The TGA curve indicates that complex 1 expe-
rienced three steps of weight loss. It began to lose
lattice water slowly at 115°C and this ended at about
140°C. The loss of an aqua ligand began at 160°C
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rapidly and ended at 190°C. This could occur
because the latter has much higher bond energy than
the former and higher lattice energy. Pyridine-2,6-
dicarboxylate rapidly decomposes at 270°C and the
process ends at 295°C.

Magnetic moment measurements

The effective magnetic moment, p.¢ value of 1 is
close to 5.31 pp at 302 K, and much larger than the
spin-only value of 3.87 pg for high-spin Co(Il).
Upon cooling down, the u.g value decreases gradu-
ally to 3.96 pg at 18 K. The magnetic behaviour
should be due to a larger orbital contribution arising
from the 4T1g ground state of Co(Il). It is very close
and comparable with the u.g value on cooling 3.94
ug, derived by Liao et al. [22]. The magnetic cal-
culation has been done with the susceptibility
equation based on H = -2J(SS, + S»S5)).

Oem = (Ng2BY/4KT)[1 + exp(-2J/KT) +
+ 10exp(J/KT)[1 + exp(=2J/KT) +
+ 2exp(J/kT)] + No (1)

Where y = A/kT, yy denotes the susceptibility per
dinuclear complex, A is the spin-orbital coupling
constant and Na is the temperature independent
paramagnetism. Magnetic data were well fitted to
Eqgn. (1) in the temperature range of 18-302 K with
A =-130.6 cm ' and g =2.31.

Very recently, Ribas and coworkers [17] derived
the magneto-structural relationship for carboxylate-
bridged 1-D coordination polymeric chain of Co(II)
complexes, J = —5.35 c¢m'. Obviously, here the
calculated J value may be affected by the spin-
orbital coupling and should be regarded only as the
highest possible value for the antiferromagnetic
coupling. In our present complex (1), an agreement
factor has been defined as T = (3™ — y*™) /(™)
and its value was 2.73x10°°.

CONCLUSION

One new carboxylato-bridged Co(I) complex,
has been reported in which two different Co centres
possess distorted octahedral geometry. Electronic
spectra of the complex support its geometry as
established based on X-ray analysis. Magnetic
studies indicate that upon cooling down, the s
value decreases gradually to 3.96 pg at 18 K. We are
presently probing the capability of different modes
of pyridine-dicarboxylic acids, like pyridine-2,3-,
2,4- or 2,5-dicarboxylic acids, to form metal-organic
frameworks structures acting as bidentate (chela-
ting) N,O donors on the Co(Il) and other transition
metal systems.
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Supplementary material

Crystallographic data have been submitted to the
Cambridge Crystallographic Data Center with depo-
sition number 273379. Copies of the information
may be obtained free of charge from the Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: +44-1233-336033; E-mail:
deposit@ccde.cam.ac.uk; http://www.ccdc.cam.ac.uk).
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HOBA JIBYMEPHA MPEXA OT KOMIIJIEKC HA Co(II) C KAPBOKCHUJIATHU MOCTOBE:
CHUHTE3 U CTPYKTYPHU ACIIEKTU

A. latta', V.-C. Xyanr', H. Peanpacay”*

Henapmamenm no xumus, Hayuonanen ynusepcumem one-Xya, ,,[a-Xcroe* poyo, Ne 1, cex. 2,
Ulygene, Xwoanuen — 974, Tatisan, Kumaticka penybnuxa
Jlenapmamenm no xumus, Ynueepcumem na 3ynyneno, IIK X1001, Kea /{nancesya,
FOoicnoagppurancka penybnuka

Tocrprmna Ha 22 ronu 2008 r.; [Ipepaborena Ha 9 dpeBpyapu 2009 T.
(Pesrome)

CuHTte3upan € B MeKH ycioBus HOB numepeH komiuiekc Ha Co(Il) B TBBPAO CBCTOSHUE, OMPENETIEH KaTo
{Co(H,0)s[Co(2,6-pdc),].2H,0} (H,PDC = nupuaun-2,6-1ukapOOHOBa KHUCEIUHA) Ype3 PEHTICHOBA MH(PAKIUSI OT
MOHOKPHCTAJI M € OXapaKTepusupaH ¢ ejaeMenTeH aHanus3, MUC, eneKTpoHHM CHEKTPH, TEPMOTrPaBUMETPUYEH aHAIIU3 U
MarHUTE€H MOMEHT IpH Pa3In4Hu Temrneparypd. CTpyKTypHUTE W3CJIEABAaHMS ITOKa3BaT 4Ye KpUCTAHATA CHCTeMa Ha
HOBHS KOMIUIEKC € MOHOKIMHHA, IpOCTpaHcTBeHa rpymna P2(1)/c, a = 8.3545(5), b = 27.1474(16), ¢ = 9.5882(6) A,
£ =99.089(1)°, u Z = 4. Crcenunure Co aTOMH ca CBBP3aHH C MOCTOBE OT KapOokcmiaTHu rpynu oT enuH PDC nurann
U TPOCTPAHCTBEHHAT BI'BII, ONpeneNieH OT paBHHHHTE Ha naBa PDC muranma e 88.6°, mokasBaliku, 4e Te€ ca IOYTH
neprieHAnKyIspHA. CTOMHOCTTa Ha e(EKTUBHHUA MAarHUTEH MOMEHT |l HA HOBHS KOMIUIEKC € Onm3o 1o 5.31 pg npu
302 K, MHOTO MO-TOJISIM OT CIMHOBaTa CTOMHOCT OT 3.87 pp 3a BucokocmuHOB Co(Il). KommekesT ce paspacTBa B
TPUHA3MEpHA MpeXkKa Ipe3 BOJOPOTHH BPH3KH.
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Investigation of Zn sorption by natural clinoptilolite and mordenite
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Sorption and desorption of zinc on two natural zeolites — clinoptilolite and mordenite was studied using batch
technique. The sorbed Zn quantity was studied as a function of its concentration in solutions. The equilibrium sorption
data were analyzed using Langmuir’s and Freundlich’s models. It was found that for the sorption on clinoptilolite both
Langmuir’s and Freundlich’s isotherm expressions gave a good fit to the experimental data. For mordenite, at low
added concentrations the sorption followed well both models, but at higher concentrations the shape is different for the
two applied models. The amount of zinc, sorbed by clinoptilolite, is greater than that sorbed by mordenite. The
modeling of the release of sorbed zinc is carried out by extraction with ethylenediamine tetraacetic acid (EDTA). The
percentage of extracted to sorbed zinc varies from 94.2% to 74.6% and from 95.5% to 67.9% for clinoptilolite and
mordenite, respectively, with the increase in Zn concentration of the initial treatment. The results of this study show that
both zeolites possess a high potential for zinc sorption and slow rate of desorption.

Key words: clinoptilolite, mordenite, zinc sorption.

INTRODUCTION

Natural zeolites clinoptilolite and mordenite are
potential adsorbent agents for metal cations because
of their porous structure, high specific surface area
and cation exchange capacity [1, 2].

Their application as sorbents is important for
purification of wastewaters or for metal immobili-
zation in the processes of removal of heavy metals
from polluted soils. The agricultural application of
natural zeolites includes also their use as fertilizers,
when metals, adsorbed on zeolites are released
under control in order to compensate for nutrient
deficiency in microelements of some soils or as soil-
additives to modify its water regime, physical
properties, pH, efc.

Zinc plays a substantial role as a microelement in
the formation of proteins in the body and thus it
assists the general growth and maintenance of
human and animal bodies, in healing skin lesions
and blood formation. This metal is component in a
large number of enzymes, participating in the meta-
bolic processes. The main way to obtain enough
zinc in our body is eating a variety of foods that
contain an appropriate amount of Zn. That is why
the soil content of zinc and its mobile form,
accessible to plants, is very important for nutrition.
The average content of zinc in soils is 50 mgkg™
and depends on the soil composition. When the
amount of extractable forms of zinc is low, the

* To whom all correspondence should be sent:
E-mail: nlihareva@abv.bg

266

metal is imported artificially into soils either
directly (as ZnSQO,) or as an incidental component in
other fertilizers [3, 4]. The direct addition of zinc is
not preferable due to the risk of eventual exceeding
of limit levels that results in contamination of soil.
Therefore, in order to preserve environment at
present the introduction of zinc as well as some
other components in the soil is realized through
slow-release zeolite-bound zinc fertilizers, which
are considered as natural carriers for trace elements.

The effective utilization of such fertilizers needs
the design of chemical models that describe the
processes of equilibrium. The investigations on
sorption and desorption of zinc on zeolites con-
stantly increase with the time, which proves the
importance of this metal for such purposes [5-7].
Chemical models, describing the processes of
equilibrium between sorption and desorption of Zn
are studied by Langella [8], Roman [9] and Top
[10]. On the other hand several investigators have
reported that clinoptilolite shows low selectivity
towards the Zn*" ion [8, 11-13]. The exchange
reaction of Zn”" on zeolite is reversible and Zn*" can
be released by appropriate extractants.

This study represents the applicability of two
Bulgarian natural zeolites, namely clinoptilolite and
mordenite, for sorption of zinc, considering utiliza-
tion of ion-exchanged forms as soil fertilizer. The
effect of addition of these zeolites to soil and the
mobility of sorbed zinc, were evaluated by a
modelling leaching procedure.

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL
Materials and Methods

Two naturally occurring zeolites in Eastern
Rhodopes, Bulgaria, were studied — namely clinopti-
lolite and mordenite. The clinoptilolite sample is a
clinoptilolite rich tuff from Beli Plast layer deposit.
The sample of mordenite is mordenite tuff from
Lyaskovets deposit.

The samples were ground in an agate mortar and
sieved through a 0.16 mm sieve. The sieve fractions
of 0.016-0.032 mm for clinoptilolite and 0.016—
0.064 mm for mordenite were obtained by sedimen-
tation technique. The purity of the separated mate-
rial was checked by powder XRD phase analysis.

Then the two samples were further enriched in
zeolite phase by separation with heavy liquid
(ethanol and bromoform mixture with specific
gravity of 2.2).

The chemical composition of the two samples
was determined by AAS and inductively coupled
plasma atomic emission spectrometry ICP-AES
after dissolution in a mixture of HF-HNO;-HCIO,.
The silicon was determined gravimetrically. The
data are shown in Table 1.

Table 1. Chemical composition of the studied zeolites.

Component Clinoptilolite Mordenite
SiO, 68.05 60.32
AL O3 12.63 12.72
Fe,0; 0.83 1.25
K,0 3.02 4.89
Na,O 0.51 4.03
CaO 3.53 8.80
MgO 0.18 0.10
TiO, 0.08 0.06
MnO 0.02 0.01
H,O 11.24 8.4
Sum 100.09 100.58
Zn* 36.8 343
Si/Al 5.39 4.74
*in pg/g.

Powder XRD analysis was used to determine the
mineral composition of the initial zeolite samples
(Table 2).

Table 2. Quantitative phase analysis of clinoptilolite and
mordenite samples (wt.%).

Sample Clinop- Morde- Feldspar Quartz Opal
tilolite nite
Clinoptilolite 80 - 2 3 15
Mordenite - 75 25 - -

The XRD powder patterns were obtained by
DRON 3M difractometer using CoKa radiation (40
kV, 25 mA) with a Fe filter. The step scan was
performed in the 26 range from 8§ to 60° at a step of

0.050° with 3 s intensity measurement in each step.

The ion-exchange experiments were carried out
by a bath technique. To 1 g of samples, taken in
double portions, 20 ml of solutions of zinc were
added, with concentrations of 0.0, 5.0, 25.0, 50.0,
100.0, 250.0 and 500.0 mgl1”', prepared from
ZnS04.7H,0 [5]. The pH value of all used solutions
of Zn was adjusted to 5.80, so the influence of
different pH on the sorption was eliminated. No pH
adjustment was made during the experiments.
Precipitation of oxides, hydroxides or carbonates,
especially at certain higher pH cannot occur in this
case, because the solubility product, depending on
the pH and Zn concentration, cannot be reached.
The samples were agitated in a shaker (amplitude 20
mm and 150 oscillation'min™") until equilibrium was
reached. Preliminary experiments were carried out
in order to determine the time interval, necessary to
reach ion equilibrium. The samples were shaken for
8 hours and an aliquot was taken at 2 hours inter-
vals. The Zn*" concentration in the solution after
each period was measured by AAS. It was found
that the ion-exchange equilibrium was completely
achieved in about 4 hours. The suspension was
centrifuged for 15 min at 3000 rpm. The supernatant
liquid was removed and the zinc concentration was
measured by AAS. The amount of sorbed Zn was
determined as the difference between added zinc
and the amount in the equilibrium solution

The equations of Langmuir and Freundlich were
applied to describe the sorption equilibrium of the
studied zeolites. The Langmuir’s model used is:

Geq = b.SmaxCeg/ (1 + bCy),

where Coq (mmol/l) and g, (mmol/g) are the equi-
librium Zn concentration in the aqueous phase and
in the solid phase, respectively, and the Langmuir’s
parameters S, (mmol/kg), representing maximum
sorption capacity and b (I/mol) — the site energy
factor.

The Freundlich’s model used is:

qeq = KFCeqN:

where Kr (mmol/g)/(mmol/l) and N (dimension-
less) are Freundlich’s parameters.

The biologically accessible amount of sorbed
zinc is the water-soluble one and the zinc fractions
dissolved during biological processes. A large
number of single extractants have been studied for
prediction and assessment of mobility of trace
elements available for the plants [14]. Among the
various organic and inorganic reagents that are used
for modeling of the above processes EDTA and
DTPA are mostly preferred [5, 15, 16]. In our study
we used EDTA according to the method proposed
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by Ure et al. [14], which, at present, is a harmonized
procedure of BCR of the European Commission.
Moreover, Haq and Miller [17] have found that the
correlation coefficients between the content of zinc
in plants and the extractable zinc in soil estimated
by extraction with EDTA and DTPA are respect-
ively 0.607 and 0.602. These findings suggest that
both extractants are applicable. As it was suggested
by Ure et al. [14] EDTA is preferable because it
extracts greater amounts and is simpler to prepare
and use.

RESULTS AND DISCUSSION

The studies of the sorption isotherms were
conducted in order to evaluate the sorption effi-
ciency of clinoptilolite and mordenite. The sorption
isotherms of zinc with the studied samples are
shown in Figure 1 and 2.

(a) 100
= = Qe = Langmuir model
20 4 —&— Zn-clinoptilolite
o0
=
B 60 4
£
£
= 40
20

0 1 2
Ceq, mmol/L

W
-—

==g=== Langmuir model
—8&—— Zn-mordenite

30 4

20 4
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4 6 &
Ceq, mmol/L

=
[

Fig. 1. Sorption isotherms of Zn on: a) clinoptilolite and
b) mordenite. Solid and dashed lines represent experi-
mental data and the Langmuir’s model fitting,
respectively.

The shapes of the two isotherms are similar at
the low initial concentrations and are characterized
with relatively steep slope. At higher concentrations
the slope is more uniform and the shapes are
different — for clinoptilolite the sorbed amount of Zn
increases, whereas for mordenite there is a defined
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plateau before the next increase. These results are in
conformity with the results, presented by Langella
[8]. The data of our experiments show that the
exchange levels of zinc at different initial concen-
trations are between 98% and 81% and 100% and
47.3% for clinoptilolite and mordenite, respectively.

Both Langmuir’s and Freundlich’s isotherms are
displayed for the two zeolites in order to determine
the model with better mathematical fit to the experi-
mental data. The equation of the Zn sorption
isotherms for the Langmuir’s model is:

Ceq/qeq = Ceq/SmaX + l/b.SmaX.

The linear Freundlich’s model used to fit the Zn
sorption data is:

log geq = logKr + N.logCe.

The Langmuir,s parameters (b and Sy.x) for Zn
sorption were calculated from the best fitting
equation, describing the C.q/g.q and Cq dependence
(Table 3). The calculated data for maximum adsorp-
tion (Spax) show that clinoptilolite adsorbs more zinc
than mordenite. The site binding energy values are
of the same order: clinoptilolite > mordenite,
although the difference is not significant.

"
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100 4 ==Om = Freundlich model Fo)
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< 804
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Fig. 2. Sorption isotherms of Zn on a) clinoptilolite and
b) mordenite. Solid and dashed lines represent
experimental data and Freundlich’s model fitting,
respectively.
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Table 3. Langmuir's model parameters for sorption of Zn on clinoptilolite and mordenite.

Sample Langmuir’s equation R’ Sinax» mmol/kg b, 1/mmol
Clinoptilolite Y=0.0118x + 0.0054 0.9617 84.74 2.2263
Mordenite Y =0.0351x + 0.0244 0.7349 28.49 1.4385
Table 4. Freundlich’s model parameters for sorption of Zn on clinoptilolite and mordenite.
Sample Freundlich’s equation R? Ky N
[(mmol/kg)/(mmol/)]N
Clinoptilolite Y=0.5719x + 1.6629 0.9611 48.02 0.5719
Mordenite Y=0.3893x+1.1167 0.9346 13.08 0.389

The sorption isotherms of Freundlich’s model
and the calculated parameters according to Freund-
lich’s adsorption equation are presented in Figure 2
and Table 4, respectively. The sorption isotherms
are highly nonlinear as indicated by the N-values of
Freundlich’s model (0.389—0.572). They are char-
acterized by an almost complete sorption at low
concentrations of added zinc and decrease at the
higher concentrations.

It is not clearly evident from the calculated
isotherms which model describes the experimental
data better. As the regression coefficient for
clinoptilolite is the same for the two models it can
be supposed that Langmuir’s model gives better
description because the calculated values for Spx
are close to the experimental data. Experimental
results with a good fit for Zn sorption with both
Langmuire’s and Freundlich’s isotherms have been
presented also by Oren [18]. El Kamash [19] has
found based on the obtained results for Zn sorp-tion
good fitting using Freundlich’s and Dubinin-
Radushkevitch (D-R) isotherm models. According
to Purna et al. [20] the sorption of zinc follows
Freundlich’s sorption model, while Sheta [5] finds
better fitting for experimental results with Lang-
muir’s model. Panalitova et al. (21), studying the Zn
sorption by Bulgarian zeolite, also reported a best
description of uptake by Langmuir’s isotherm. In
case of mordenite the two models give difference in
the isotherm shape at higher concentrations.

In order to evaluate the sorption behavior of
natural zeolites it is necessary to establish the
mechanism of fixation of zinc to the zeolite struc-
ture (as well as the sorption capacity of different
zeolites.)

The sorption behavior of zinc ions depends on
the differences in the structure of zeolite species, the
surface characteristics, the amount of other cations
and their ionic radii and hydrating energy.

As it is given in Table 1 the contents of sodium,
potassium, and calcium are higher in mordenite than
in clinoptilolite sample. The content of magnesium
is low and it is similar in both zeolites. In the
clinoptilolite structure, potassium is located in M(3)

site, which has the highest coordination number
among all the cation sites in the unit cell [22]. In this
sitt K™ is coordinated by six framework oxygen
atoms and three water molecules and therefore it is
strongly bonded. This may be effective reason for
its lower exchange ability [23].

On the other hand, the cations in the solutions
interact with water molecules to form hydrated
complexes. In general, the radius of these hydrates
is inversely proportional to the cation radius. Thus,
the smaller alkaline-earth cations Ca** and Mg™",
have a bigger hydration radius than the monovalent
cations like K" and Na' [24, 25] and cannot be
removed easily out of the channels. This fact can
also explain the lower sorption ability of mordenite
for zinc than clinoptilolite. As the contents of
sodium, potassium and calcium in mordenite are
higher than those in clinoptilolite the zinc selectivity
in case of mordenite is lower (Fig. 3).

16

144 —— % exchanged Na
—O— % exchanged K

—— % exchanged Mg
= = @& = +% exchanged Ca

%exchanged element
o0

added Zn, mg

Fig. 3. Percentage of exchanged elements in the solution
with respect to their content in mordenite during Zn
sorption.

The low amounts of Ca, K in the solution that are
registered after reaching equilibrium (Fig. 3) during
Zn sorption on mordenite demonstrate that zinc
cations are exchanged mainly on the sites of Na and
Mg in the mordenite structure.

The results of studying the extraction of sorbed
zinc are represented in Table 5. The data reveal, that
the sum of the extracted amounts of zinc during four
successive extractions is greater for clinoptilolite
than that for mordenite.
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Table 5. Amount of sorbed zinc and EDTA extracted zinc.

Zn added, Zn sorbed, Sum of EDTA extracted Zn,  Extracted/Sorbed Zn, Extracted Zn in first extraction,
mkg/g mkg/g mkg/g % %
Clinoptilolite
0 0 0.31 - -
100 85.6 81 94.2 95
500 462 365 78.6 60.3
1000 919 796 86.7 66.4
2000 1704 1402 82.3 34/54
5000 3237 2409 74.4 56.8
10000 5222 3896 74.6 52.4
Mordenite
0 0 0.21 - -
100 93.5 89 95.5 100
500 413 352 85.2 100
1000 593 493 83.0 92
2000 837 681 81.4 96
5000 896 503 56.1 70.3
10000 2183 1483 67.9 81

For both zeolites, the percentage of the total
amount extracted to the sorbed zinc decreases with
increasing the initial amount of Zn added. Up to
2000 mg/kg added zinc, the difference between
these percentages remains small. After that, the
percentage becomes lower for the amounts extracted
from mordenite. The lowest percentage of desorbed
zinc is about 60%.

The extracted amount of Zn during the fourth
extraction from clinoptilolite is 140 mg/kg for the
sample treated with 500 mg/l Zn. Under the same
conditions, the extraction of sorbed =zinc from
mordenite leads to a release of 70 mkg/g. These
results indicate that both zeolites have a capacity for
slow releasing of zinc allowing to use them as
fertilizers.

CONCLUSION

The studied natural zeolites display difference in
their sorption behavior in respect to zinc cations as
well as difference during extraction of zinc with
EDTA. It can be accepted that the cation exchange
and sorption properties of the two zeolites are
dependent on the initial content and distribution of
cations in the structure, which determines the
different accessibility of the cationic sites for
cationic exchange. Clinoptilolite has a higher
sorption ability for zinc, which can be explained by
more favorable cationic complex. Also the greater
the zeolite content in the rock sample the higher is
its sorption capacity.

Further on, in order to model the mobility of the
sorbed zinc and to evaluate its accessibility and
assimilation by plants we used EDTA extraction
applying the method proposed by BCR.

The cation exchange and sorption properties of
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these two Bulgarian natural zeolites showed a good
selectivity for zinc that is promising for different
practical applications.
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WU3CJIEJIBAHE HA COPBLIMSITA HA Zn* OT ITIPMPOIHN KJIMHOIITUIOJIUT U MOPJIEHUT

H. JImxapesa*, JI. JIlumona, O. Iletpos, f. LIBeTanoBa

Lenmpanna nabopamopus no munepanozus u kpucmanozpapus, Bvicaperka akademus na naykume,
ya. ,,Axao. I'. bonueg™, 1. 107, 1113 Cogpus

Ioctenmna Ha 30 okromBpr 2008 T.; IIpepaborena na 28 stryapu 2009 T.

(Pestome)

W3cnensana e copOrusaTa u AecopOIMaTa Ha IIMHK OT JBa MPUPOIHU 3€OJIUTA - KJIMHOITUIONUT U MOPACHUT KaTo
EKCIICPUMCHTHUTE Ca U3BHPIICHH B CTATHYHH YCIOBUs. M3cieBaHa ¢ 3aBUCMMOCTTa Ha COPOMPAHOTO KOJHMYECTBO ITUHK
OT HEroBaTa KOHIICHTPAIMs B pa3TBOpa U BpeMeTo Ha copOIws. JJaHHWTE 32 paBHOBECHETO IPH PA3IHMYHH HAYATHU
KOHIICHTPALMU Ca aHAIM3HWPAaHU, U3NON3yBaliku Monenute Ha Jlanrmronp u @poitnmmux. Hamepero e, ue copOrusta
BBPXY KJIMHOITHJIONUT CE OIKCBA €IHAKBO J00pe U ¢ ABaTa mojena. [Ipi MOpJeHUTa U JBaTa MOJea OMKCBaT 100pe
copOIHsATa PU HUCKH KOHIEHTPAIMU, HO TPH MO-TOJEMH KOHIIEHTpanuu (opmaTta ce pa3nuyaBa M 3a J[BaTa MOJEINA.
KonuuecTBaTa Ha 1[MHKA, COPOMPAHU OT KIMHONTHIIONUT Ca MO-TOJIEMH OT T€3H, COPOMPAHU OT MOPJCHHUT TPH CHIIUTE
ycnoBus. V3cienBana e mecopOuusaTa Ha OWHKA Ype3 eKCTPaKLIus ¢ eTHiIeHIUaMHuH TeTpaoueTHa kucennHa (EDTA).
[IponeHTsT Ha eKCTpaxupaHUs HUHK CHpsSMO copOupanus ce m3MeHs ot 94.2 % mo 74.6% wu ot 95.5% mo 67.6%,
PECHEKTUBHO 33 KIMHONTHIONUT U MOPJCHUT 3a MPOOH, B KOUTO HApacTBa HavalHATa KOHIEHTpAIUs HA TPETHPaHe C
ITUHK. Pe3ynTaT1/1Te OT TE€3U U3CJICABaHUA ITOKa3BaT, 4€ ABaTa 3€0JIMTa MPUTEIKABAT BUCOK IMOTCHIIMAJT KaTO COp6eHTI/l Ha
LMHK ¥ OaBHA JECOPITHUS.
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A selective, sensitive, less expensive and more precise method has been developed for separation of palladium(II)
with N-n-octylaniline, coated on silica gel as a stationary phase. Quantitative extraction of palladium(II) is observed in
the acidic medium within the range 0.8—1.2 M nitric acid with 1.5% N-n-octylaniline at a flow rate of 0.5 ml /min. The
extracted metal ion is striped with 7.0 M ammonia and determined by spectrophotometric method. The extraction
behaviour of palladium(IT) has been studied as a function of different parameters such as concentration of mineral acids,
reagent, eluation time and diverse ions. The method is free from large number of cations and anions. It is applied for
separation of palladium(Il) from synthetic mixtures corresponding to alloys. A scheme for mutual separation of
platinum(IV), palladium(II) and iridium(IIT) has been developed. Log-log plot of N-n-octylaniline concentration versus
distribution ratio indicates that probable extracted species is [RR’NH2+Pd(NO3’)3]Org.

Key words: extraction chromatography, palladium(Il), separation alloys.

INTRODUCTION

Abundance of palladium in Earth’s crust is
8.5x10%%. It is used as a catalyst for various
organic reactions as well as multi-layer ceramic
capacitor (MLCC), photography and jewelry.
Palladium alloys have wide range of applications in
industry. It is used as low current electrical contact,
preliminary telephone equipment and integrated
circuit, efc. [1], in view of its wide range of appli-
cations, the separation of palladium has analytical
importance.

Palladium(Il) has been extracted using LIX 841
[2], but extraction quality is poor and it requires
higher concentration of hydrochloric acid for
stripping. Palladium(II) was extracted and separated
with aliquot-336 [3], in hydrochloric acid media.
Cyanex 471X [tri-isobutyl phosphine sulphide) [4],
has been used for separation of palladium(Il) by
extraction chromatography in nitric acid media
using thiourea as a stripping agent. Palladium(II)
and platinum(IV) were preconcentrated on Am-
berlite XAD-7 resin, coated with dimethylglyoxal
bis (4-phenyl-3-thiosemicarbazone) [5], using acidic
solution in the presence of iodide and it was eluated
with dimethylformamide. Palladium(Il) has been
extracted with various ketones [6], from nitric acid
media, which requires 3.0 M ligand concentration
above 2.0 M acidity. Silica gel, impregnated with
prime JMT, is used for separation of palladium(II)

* To whom all correspondence should be sent:
E-mail: shashil7@gmail.com
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in sulphuric acid media and eluated using sulphate
phases [7]. Palladium(II) was extracted from hydro-
bromic acid media by hexadecylpyridinium bromide
[8], which gives metal recovery 99%. 1-(2-pyri-
dylazo)-2-naphthol [9], has been used for solvent
extraction of palladium(Il) but in the method, non-
ferrous alloys affect the determination of palladium.

In our laboratory n-octylaniline has been used for
solvent extraction of gallium(Ill), indium(III), thal-
lium(III), [10], zinc(Il), cadmium(Il), mercury(Il)
[11], lead(Il) [12]. n-Octylaniline and N-n-octyl-
aniline has also been used for extraction column
chromatography of gallium(IIl), indium(III), thal-
lium(III) [13], and reversed phase paper chromato-
graphic separation of zinc(Il), cadmium(Il), and
mercury(Il) [14]. The N-n-octylaniline has also been
used for reversed phase paper chromatographic
study of cooper(Il), silver(I), gold(Ill) [15],
gallium(IIl), indium(IIl), thallium(III) [16].

In the present communication selective, sensitive,
less expensive and more precise method has been
developed for extraction chromatographic separa-
tion of palladium (II) is achieved at 1.5% N-n-octyl-
anilne in 1.0 M nitric acid and the metal ion was
stripped with 7.0 M ammonia. Various parameters
are studied such as acid concentration, reagent
concentration, effect of flow rate and different ions.
The method is extended for separation of palla-
dium(Il) from synthetic mixture corresponding to
alloys and mutual separation of palladium(Il),
platinum(I'V) and iridium(III) has been achieved.

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Apparatus. An Elico spectrophotometer model
SL-159 with 10 mm path length quartz cell has been
used for absorbance measurements. Control dyna-
mic pH meter is used for pH measurements.

Reagent and chemicals. A stock standard solu-
tion of palladium(Il) is prepared by dissolving 1.0 g
palladium chloride (PdCl,) (Loba. Chem.) in 1.0 M
hydrochloric acid and diluted to 250 ml with
distilled water. It is standardized by gravimetric
method [17]. A working solution of palladium(Il),
25 pg/ml has been made by diluting the stock stan-
dard solution with distilled water. Other standard
solutions of different metal ions are prepared by
dissolving the respective salt in distilled water and
diluted hydrochloric acid. N-n-octylaniline has been
prepared using method reported by Gardlund [18].
The stock solution of N-n-octylaniline is prepared in
chloroform. All other chemical used were of an
analytical reagent purity grade.

Preparation of anion exchange material. Silica
gel (60—120 mesh), obtained from BDH, has been
dried at 120°C for 2-3 h and stored in desiccators. It
is packed in U tube, through which a stream of
nitrogen that has been bubbled though a small
Durand bottle, containing about 20.0 ml of dime-
thyldichlorosilane (DMCS) (Across organic). The
passage of DMCS vapour continued for 4 h. The
silica gel is then washed with anhydrous methanol
and dried. A portion of 5.0 g of this silaned silica
gel has been soaked with 1.5% (v/v) N-n-octyl-
aniline, previously equilibrated with nitric acid (1.0
M) for 10 min. The solvent has been evaporated to
get nearly dried gel. The slurry of N-n-octylaniline
coated silica gel has been prepared by centrifugation
at 2000 rpm and coated silica gel is packed into
chromatographic column to give a bed height of 6.0
cm. The bed has been covered with glass wool plug.

General procedure. An aliquot of a solution
containing 25.0 pg of Pd (II), made up to 25.0 mL
by adjusting concentration of nitric acid 1.0 M, is
passed through the column containing silica coated
with 1.5% N-n-octylaniline at a flow rate of 0.5
ml/min. After extraction, the metal ion is stripped
with 25.0 mL aqueous ammonia, evaporated to
dryness and determined spectrophotometrically [19].

RESULTS AND DISCUSSION

Effect of acid concentration on extraction. The
extraction of palladium(Il) has been studied in
hydrochloric (0.2 to 2.0 M), hydrobromic (0.2 to 2.0
M), sulphuric (0.015 to 0.96 M), perchloric (0.5
to2.5 M) and nitric (0.2 to 1.2 M) acid media with
1.5% (v/v) N-n-octylaniline. A maximum extraction

of palladium(Il) is in hydrochloric 74.35%, in hy-
drobromic 91.82%, in sulphuric 82.22%, in per-
chloric 22.02% and in nitric acid 99.65% (Fig. 1).
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Fig. 1. Extraction behaviour of palladium(II) as a
function of acid concentration.

Effect of flow rate. The effect of flow rate on
percentage extraction for palladium(Il) has been
studied from flow rate 0.5 ml/min up to 3.0 ml/min.
It is observed that percentage extraction decreases
with increase in flow rate. Therefore normal flow
rate is kept at 0.5 ml/min for further extraction
studies.

Effect of N-n-octylaniline concentration. The
concentration of N-zn-octylaniline in chloroform is
varied from 0.1% up to 2 .5% (v/v) over nitric acid
range 0.2 to 1.2 M for palladium(Il). It is extracted
quantitatively with 1.5% (v/v) N-n-octylaniline in
1.0 M nitric acid media. The increase in N-n-octyl-
aniline concentration increases the percentage extra-
ction. Log-log plot of N-n-octylaniline concentra-
tion versus distribution ratio at 0.4 M and 0.6 M nit-
ric acid gives slope 1.0 indicating that the probable
extracted species is [RR'NH, " Pd(NO3 )s]or (Fig. 2).

m04 M HNOS
A05MHNO3

o o
=R KR

L L
Log Distrbution Ratio

Log N-n-octylaniline conc.

Fig. 2. Log-log plot N-n-octylaniline concentration versus
distribution ratio.

273



S. J. Kokate et al.: Reversed phase extraction chromatographic separation of palladium(II)

Effect of diverse ions. The extraction of palla-
dium(II) in presence of cations and anions has been
carried out according to recommended procedure to
examine their interferences. The tolerance limit is
set at the amount required to cause = 2% error in
recovery of palladium(Il). For 25 pg of palladium(II)
there is no interference from 400 pg chromium(VI);
200 pg of tin(II) and molybdenum(VI); 100 ug of
mercury(Il), cobalt(Il), bismuth(III), nickel(Il), ura-
nium(VI), iron(Ill), cadmium(Il), cerium(IV) and
vanadium(V); 75 pg of titanium(I'V); 50 ug of mag-
nesium(II), copper(ll), rhodium(III), gold(IlI), ruthe-
nium(Ill), osmium(VIII), silver(I), manga-nese(1l),
strontium(Il), platinum(IV), lead(Il), iron(Ill),
selenium(IV) and iridium(III); 25 pg of gallium(III),
indium(IIl), thallium(Il) and aluminium(IIl). 500
pg of citrate and tartrate; 300 pg of oxalate and
acetate; 250 pg of thiourea; 200 pg of thiosulphate,
fluoride, EDTA and malonate (Table 1).

Analysis of synthetic mixture corresponding to
alloy. Validity of the method is confirmed by
applying method for separation of palladium(II)
from synthetic mixtures corresponding to alloy. The
composition of alloy has been prepared for ‘Golden-
coloured silver alloy resistance to tarnishing, iri-
dium alloy, oaky alloy, solder alloy, jewelry alloy,
stibio palladinite mineral, jewelry alloy (Pd-Au

Table 2. Analysis of synthetic mixture corresponding to alloy Pd(II) 25 pg, organic phase N-n-octylanilinel.5% in

chloroform, eluent 7.0 M ammonia.

alloy), Pd-Ag alloy and Pd-Cu alloy’ in laboratory
and the proposed method was applied for separation
of palladium(II). The results are reported in Table. 2.

Table 1. Effect of various ions on the extraction of
palladium(II). Pd(II) 25pg, Organic phase N-n-octylanilin
1.5% in chloroform, Eluent 7.0 M ammonia.

Foreignion Tolerance limit, Foreign ion Tolerance limit,

Hg Hg

Co(1I) 100 Mo(VI) 200
U(vI) 100 Cr(VI) 400
Ni(II) 100 Pb(II) 50
Bi(III) 100 W({IV) 150
Hg(1I) 100 Ti(IV) 75
PY(IV) 50 Ir(I1T) 50
Ga(III) 25 In(IIT) 25
TI(IIT) 25 AI(TIT) 25
Fe(Il) 100 Mg(II) 50
Cu(II) 50 Rh(III) 50
Sn(II) 200 Ru(IIT) 50
Cd(1n) 100 V(V) 100
Fe(III) 50 Ag() 50
Se(IV) 50 Sr(IT) 50
Ce(IV) 100 Mn(1I) 50
Os(VIII) 50 Au(IID) 50

Oxalate 300 H,0, 0.5 ml

Acetate 300 Citrate 500
Tartrate 500 Fluoride 200
Thiourea 250 Malonate 200
Thiosulphate 200 E.D.T.A. 200

Sample alloy, Sample solution taken Pd(II) found, Mean  Average Relative
equivalent to Pd(II) recovery,  errors,
% composition ug ug ug % %
Low melting dental alloy 50 49.4,49.9, 49.6 49.6 99.1 0.9
(Pd 34.0, Au 10.0, Co 22.0, Ni 34.0)
Golden colored silver alloy 25 24.8,24.8,24.7 24.8 99.2 0.8
(Pd 25.5,1In 21.0, Cu 18.0, Ag 35.0)
Iridium alloy 25 24.7,24.9,24.8 24.8 99.2 0.8
(Pd 3.5, Cu 8.01, Pt 55.51, Fe 3.51, Rh 7.01, Ir 28.01)
Oaky alloy 50 49.6,49.7,49.6  49.6 99.1 0.9
(Pd 18.2, Pt 18.2, Ni 54.2, V 9.1)
Solder alloy 50 49.4,499,49.6  49.6 99.1 0.9
(Pd 30.0, Pt 10.0, Au 60.0)
Jewelry alloy 100 99.2,99.0, 99.1 99.1 99.1 0.9
(Pd 95.0, Ru 4.0, Rh1.0)

Stibio palladinite mineral 100 99.3, 99.0, 99.0 99.1 99.1 0.9

(Pd 75.0, Sb 25.0)
Jewelry alloy (Pd-Au alloy ) 100 99.8, 99.0, 99.4 99.4 99.4 0.6

(Pd 50.0, Au 50.0)
Pd-Ag alloy 100 99.4,99.6,99.2 994 99.4 0.6

(Pd 60.0, Ag 40.0)
Pd-Cu alloy 100 99.6, 99.6, 99.1 99.4 99.4 0.6

(Pd 60.0, Cu 40.0)
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In 25 ml waol. fask add 25 pg PACIT + 50 pg PIVY + 50 pg Iq1ID + HM O3z to make 1.0

I solution and  transfer it
1.5% M-n-octylaniline.

in a column

containing  silica coated with

¥
Crganic phase (in columng Pd(1D
Elated with 7.0 b atrmonia and

determined by the spectrophotometnic
tnethod

¥
Aqueous phaze PV and (11D
evaporate the aqueous phase up
to dryness, add water toit, add to
the solution ascorbic acdd equivalent
to rmake 250 ol solution 0.015 I at
pH 1.0 Transfer this salution to a
colutrn containing silica coated with
1.5% M-n-octylaniline.

+

Organic phase PHITWV)

Elnate distilled water,
deterrmined hy
spectrophotornetric method [20].

¥
¥
Arqueous phase IIID
Evaporate to dryness and add
digtilled water to it, determine
by spectrophotometric method [20].

Scheme. 1. Mutual separation scheme for palladium(II), platinum(IV) and iridium(III).

Mutual separation of palladium(ll), platinum(1V)
and iridium(IIl). In 25.0 mL volumetric flask 25 pg
palladium(II), 50 pg platinum(IV), 50 pg iridium(11I)
were transferred, nitric acid has been added to make
total solution 1.0 M with respect to nitric acid and
this solution was transferred to column containing
silica coated with N-n-octylaniline. Palladium (II) is
extracted in column, which is stripped with 7.0 M
ammonia and determined by spectrophotometric
method [20]. Platinum(IV) and iridium(III) are
eluated in aqueous solution. Aqueous solution was
evaporated to dryness, after addition of distilled
water and ascorbic acid to make 25.0 ml solution,
0.015 M at pH 1.0. It is transferred to a column
containing silica coated with 1.5% N-n-octylaniline
equilibrated with 0.015 M ascorbic acid at pH 1.0.
Iridium(III) was not extracted and it was eluated in
aqueous phase, which is evaporated to dryness and
is estimated by spectrophotometric method [20].
Column containing platinum(IV) is eluated with
distilled water and determined by spectrophoto-
metric method [20] (Scheme 1, Table 3).

Table 3. Mutual separation of palladium(II), plati-
num(IV) and iridium(III). N-n-octylaniline 1.5%.

Metal Amount taken, Amount found,* Recovery, RSD,
ion ug ug % %
Pd(ID) 25 24.85 99.43 0.47
Pt(IV) 50 49.53 99.06 0.40
Ir(I1T) 50 49.50 99.00 0.66

* - Average of three determinations.

CONCLUSION

Literature survey revealed that some of the
existing methods have drawbacks as:

- Palladium(II) was quantitatively extracted with
very high concentration of hydrochloric acid (11.5
M) as a chloro-complex in the presence of tin(Il)
chloride by tri-n-octylamine (TOA) [21].

- Palladium(II) was extracted with 1.0 M n-
octylaniline in chloroform from 3 M hydrochloric
acid but the method requires multiple extractions for
quantitative recovery of metal ion [22].

- Effectiveness of n-octylaniline in this extraction
depends on its method of preparation [23].

- Extraction of palladium using hexaacetato
calix(6) arene but the methods have major inter-
ferences from copper and chromium [24].

- Extraction of palladium(Il) and other VIII
group metals using 2-hydroxy-4-sec-octanoyl diphe-
nylketoxime [26], but for its quantitative recovery
high hydrochloric acid concentrations were used.

The proposed extraction chromatographic sepa-
ration of palladium(Il) has advantages over other
reported method.

- The method is simple, rapid, reproducible and
reliable.

- Extraction of palladium(Il) requires
concentration of N-z-octylaniline.

- It permits mutual separation of palladium(II),
platinum(I'V) and iridium(I1I).

- The method is free from large number of
foreign ions.

- The method gives separation of palladium(II)
from alloys.

- Silica gel is used as good solid support because
of the higher stability towards stationary phase.

low
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PA3JIEJISIHE HA TTAJIA JUM(IT) YPE3 XPOMATOI'PA®CKA EKCTPAKIIMSA C OBBbPHATA ®A3A C
U3II0JI3BAHE HA TEHEH AHUOHOOBMEHHUK

C. Ix. Kokate, X. P. Axep, C. P. Kyuekap*

Henapmamenm no anarumuuna xumus, Koneoc ,, [laomawpu Buxxe [lamun“, I[lpasapanazap, Paxama,
P-1 Axmeonazap 413713, Huous

[Nocrpnuna Ha 28 HoemBpu 2008 r.; Ilpepaborena Ha 9 despyapu 2009 r.

(Pesrome)

Pa3paboTeH e cenekTuBeH, YyBCTBUTENCH, €BTUH M TOYECH MeTO 3a pasznersiHe Ha mananuii(1l) ¢ N-n-okTrnaHumH,
HAaHECEeH Ha CWJIMKaresl KaTo mocTosHHa (a3a. HabmromaBa ce kommdectBeHa ekcrpakius Ha mamaauii(Il) B kmcema
cpena (0.8-1.2 M azotHa kucenuna) ¢ 1.5% N-n-oKTninaHuiIMH npu ckopocT Ha notoka 0.5 ml/min. Ekcrpaxupanust
MeTaJlieH HOH ce peekcTpaxupa ¢ 7.0 M aMOHsK U ce ompenens crekTpodoroMeTpudHo. M3caenBana € eKCTpakiuusaTa Ha
nanagmii(1l) kaTo QyHKIMA Ha pa3IMYHH TapaMeTpH KaTo KOHIEHTPAIMs Ha MUHEpalHaTa KUCENHA, PeareHTH, BpeMe
Ha eIyupaHe U pa3InyHH HOHU. MeToxbT He ce BIHse OT rojsiM Opoi KaTHOHM M aHHOHH. lIpunoxkeH e 3a pasnmensiHe
Ha mananuii(Il) oT u3KyCTBEHHM CMeCcH, ChOTBETCTBAIIM Ha cIuiaBu. PaspaboTeHa e cxema 3a paszeinsHe Ha miatuHa(lV),
nanaaui(11), u upuauia(11l) equn ot apyr. JlorapuTMUYHATA 3aBUCUMOCT Ha KOHIICHTPAIUATA HA N-71- OKTHJIAHMIUH OT
KoeHUIeHTa Ha pa3peeeHne 0Ka3Ba, Ye BeposiTHATa eKCTpaxupana Gopma e [RR’NH2+Pd(N03’)3]O,g.
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Redox activity of gold-molybdena catalysts: influence of the preparation methods
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The redox activity of gold-molybdena catalysts, supported on ceria-alumina, prepared by two different methods, was
studied. The oxidation activity was measured in complete benzene oxidation reaction. The reduction activity was
evaluated by TPR measurements of fresh catalysts and after reoxidation. The influence of the preparation methods is
discussed. It was established that two factors were of great importance for the higher redox activity: oxygen mobility
and the enhanced electron transfer involving the participation of gold. Both factors depend on the oxygen vacancies
formation after adding gold and alumina to ceria as well as on the average size of gold and ceria particles.

Key words: gold-molybdena catalysts, ceria-alumina supports, preparation method, redox activity.

INTRODUCTION

Supported molybdenum oxide catalysts are
widely used as catalysts for redox reactions such as
propene metathesis [1, 2], ethanol oxidative dehy-
drogenation [1], propene oxidation [3] methanol
oxidation [4, 5], selective partial oxidation of
methane [6], efc. Recently it was established in our
laboratory that Au-V,0Os and Au-MoO, catalysts,
supported on titania, zirconia, ceria and ceria-
alumina were very active at low temperatures in
complete benzene oxidation (CBO) [7—10]. It could
be assumed that the main factors responsible for the
higher activity in CBO are as follows: structure and
dispersity of the surface vanadium, resp. molyb-
denum phase, strength of the V(Mo)=0O bond and
ease of reduction of the supported VO,(MoOy) cata-
lysts. Wachs and co-authors [11, 12] have revealed
that the V—O—support bridging bond appears to be
controlling the reactivity and reducibility of
supported vanadium oxide catalysts. Mestl et al. [5]
studying MoOy supported catalysts have suggested
that the degree of reduction, and, hence, the
presence of reduced surface metal centres, strongly
affects the adsorption properties for hydrocarbons,
related directly to the reactivity of these catalysts. It
was also observed by some of the present authors
[13] that a good correlation exists between reduci-
bility and activity of vanadia and molybdena sup-
ported catalysts on ceria and titania. Quite recently,
it was shown in our laboratory that gold catalysts
based on ceria-alumina exhibited a high and stable
CBO activity [10]. The addition of alumina to ceria
increases the oxygen vacancies concentration and

* To whom all correspondence should be sent:
E-mail: andreev@ic.bas.bg

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

oxygen mobility, which is reflected on the redox
activity of this type of catalysts.

The accent in this study is on the relationship
between the reducibility and CBO activity of gold-
molybdena catalysts supported on ceria-alumina.
The influence of the preparation methods on the
redox activity is discussed.

EXPERIMENTAL
Catalysts preparation

Two different methods were applied for the
preparation of modified ceria support — co-precipi-
tation (CP) and mechano-chemical activation (MA).
Via the 1st route, ceria-alumina support was syn-
thesized by co-precipitation using nitrates of cerium
and aluminium as initial salts in the relevant ratio
with a solution of K,CO; (10 wt.% and 20 wt.% of
alumina were added, the percentage of alumina is
shown after the symbol Al). The supports are
denoted as CeAl10CP and CeAl20CP. Via the 2nd
route, mixed CeO,-Al,O5; support was prepared by
mechanical mixing of alumina and vacuum dried
cerium hydroxide. A mixture of y-Al,Oz (supplied
by BASF, Sggr = 231 m%/g) and freshly prepared
cerium hydroxide was subjected to mechano-che-
mical activation by grinding in a mortar for 30 min.
The obtained precursor was calcined at 400°C for 2
h. The content of alumina was again 10 and 20
wt.%. Then, before depositing the gold hydroxide,
the mixed oxide support was activated in a disin-
tegrator “Ultrasonic UD-20 automatic” under vigo-
rous stirring for 5 min. The supports are denoted as
CeAl10MA and CeAlI20MA, respectively.

Gold was loaded by the deposition-precipitation
method. Deposition of gold on CeO,-Al,O; supports,
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suspended in water, was performed via interaction
of HAuCl,.3H,0 and K,COj; at constant pH = 7.0
and temperature 60°C. After ageing for 1 h, the
precipitates were carefully washed, dried in vacuum
at 80°C and calcined in air at 400°C for 2 h. The
gold loading was 3 wt.%. The syntheses of ceria-
alumina and gold catalysts were carried out in a
"Contalab" laboratory reactor enabling complete
control of the reaction parameters (pH, temperature,
stirrer speed, reactant feed flow rate, etc.) and high
reproducibility.

After deposition of gold, molybdenum was intro-
duced by wet impregnation with (NH4)sM070,4 solu-
tion. The precursors were dried once again under
vacuum at 80°C and calcined in air at 400°C for 2 h.

Samples containing only gold or only molybdena
were also synthesized. The samples, containing only
gold on ceria-alumina were denoted as AuCeAl10CP,
AuCeAl20CP, AuCeAllOMA and AuCeAl20MA
and the samples, containing only molybdenum — as
MoCeAl10CP, MoCeAI20CP, MoCeAllOMA and
MoCeAI20MA. The catalysts containing both gold
and molybdenum were denoted as AuMoCeAl10CP,
AuMoCeAl20CP, AuMoCeAllOMA and
AuMoCeAI20MA.

The all used initial salts were of ‘“analytical
grade” of purity.

Catalytic activity

The catalytic activity was expressed as a degree
of benzene conversion. It was measured using
microcatalytic continuous flow fixed-bed reactor at
atmospheric pressure, connected to a “Perkin Elmer”
gas chromatograph, equipped with a flame ioniza-
tion detector (2 m column filled with Porapak Q at
65°C). Benzene was fed into the catalytic reactor
using air as carrier gas through a benzene saturator,
which was kept at an appropriate temperature to
maintain the desired benzene concentration. The
oxygen to benzene ratio was about 7.5 (the stoichio-
metric ratio) needed for complete benzene oxida-
tion. The following conditions were chosen: catalyst
bed volume 0.5 cm’ (particle size 0.25—0.50 mm),
inlet benzene concentration 4.2 g'm in air, space
velocity 4000 h™', temperature range 150—300°C.
The catalyst amounts charged into the reactor and
the catalysts particles size were selected to be small
enough to avoid both bulk and pore diffusion
retardation effects. The samples were activated “in
situ” by purified air at 150°C for 1h. A special
experiment with supplementary chromatographic
analysis was carried out with a column Carbowax
20M HPDMCS. No byproducts of mild oxidation
were registered.
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TPR measurements

The TPR measurements were carried out by
means of an apparatus described elsewhere [14]. A
cooling trap (—40°C) for removing the water formed
during reduction was mounted in the gas line prior
to the thermal conductivity detector. A hydrogen-
argon mixture (10% H,), dried over a molecular
sieve SA (—40°C), was used to reduce the samples at
a flow rate of 24 ml'min'.The temperature was
lineally raised at a rate of 15°C-min'.The sample
mass charged was 0.05 g. The amount was selected
based on the criterion proposed by Monti and Baiker
[15]. In addition, TPR experiments were performed
after re-oxidation. The reoxidation with purified air
was carried out at two different temperatures. In the
first case of high temperature (HT) re-oxidation the
H,-Ar flow was discontinued and air was fed at the
temperature immediately after the end of the cor-
responding TPR peak of the fresh sample. The
sample was kept in air at this temperature for 15 min
and then the TPR profile was recorded after cooling
down to room temperature (RT) in purified argon
flow. In the second case after the end of the TPR
peak the sample was cooled down in purified argon
flow to RT, reoxidized in air for 15 min and then the
TPR pattern was registered (RT reoxidation).

Hydrogen consumption (HC) during the reduc-
tion processes was calculated using preliminary
calibration of the thermal conductivity detector,
performed by reducing different amounts of NiO to
Ni (NiO “analytical grade” of purity, calcined for 2
h at 800°C to avoid the presence of non-stoichio-
metric oxygen).

RESULTS

The chemical composition, BET surface area and
average size of gold and ceria particles of the gold-
containing samples and the initial supports are
presented in Table 1. The introduction of gold and
alumina causes an increase in the BET specific
surface area. The average size of gold particles,
determined by XRD measurements, is below 6 nm
[10]. In MA samples, the average size of gold is
smaller than that in the CP ones. For the ceria
particles size the opposite tendency was observed.
For the MA samples, the average size of ceria
particles was higher than that for the CP catalysts.
The addition of alumina led to an increase in the
number of oxygen vacancies, estimated by the main
line of ceria in Raman spectra [10].

TPR results

The reduction behaviour of the studied samples
was evaluated by TPR measurements. The hydrogen
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consumption was calculated as well.

Table 1. Chemical composition, BET surface area and
average size of Au and CeO, particles of the gold-based
catalysts and initial supports.

Catalysts Au MoO; BET Average
content content surface size
area Au  CeO,
wt.% wt.% m*g' nm nm
CeAl10CP - - 83 - 5.0
CeAl20CP - - 83 - 4.5
CeAllOMA - - 89 - 9.5
CeAI20MA 3.0 - 98 - 9.2
AuCeAl10CP 2.9 - 103 4.0 4.0
AuCeAI20CP 3.0 - 140 6.0 3.0
AuCeAllOMA 3.0 - 105 2.9 10.0
AuCeAI20MA 3.0 - 115 3.5 9.7
AuMoCeAlIOCP 2.9 4.0 110 4.0 4.0
AuMoCeAI20CP 3.0 4.0 123 6.0 3.0
AuMoCeAllIOMA 3.0 4.0 87 2.9 10.0
AuMoCeAI20MA 3.0 4.0 98 3.5 9.7

Figure 1 represents the TPR profiles of gold
containing CP catalysts. Only the low temperature
(LT) region is represented because only it is of
interest for the studied catalytic reaction. The TPR
profiles of the initial supports are shown as inset.
Two peaks have been registered in the TPR pattern
of pure ceria: a high temperature (HT) peak at T«
= 855°C, connected with the bulk reduction of ceria
and a LT one at T, = 490°C, assigned to the ceria
surface layers reduction [16]. In the profiles of both
ceria-alumina supports only one peak (T .x = 535°C
for the CeAll0 sample and Ty« within the interval
500—-550°C for the CeAl20 sample) was registered
in the region up to 800°C. For all gold-containing
samples a significant lowering of the temperature of
ceria surface layers reduction was observed as in a
previous study [17].

Detector responce

o
o
c
o
o
(n 100 200 300 400 500 EDO 700 800 900
(] Temperature, -C
s AuCeAl20CP
e
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il
a —
AuCe

0 100 200 300 400 500 600
Temperature, °c

Fig. 1. TPR spectra of the gold-based catalysts;
inset: initial supports.

The TPR patterns of gold-molybdena containing
catalysts are shown in Fig. 2, as insets are presented
the TPR profiles of samples containing only
molybdena. The Ty, of the peak, assigned to the
molybdena and ceria reduction, had the lowest value
for the MoCe sample (487°C). The peak with the
highest Tpax (517°C) as well as the highest intensity
was observed with the MoCeAl20CP sample. The
LT-TPR peaks of gold-molybdena catalysts were
located at temperatures about 300° lower than those
of the corresponding non-containing gold samples.
These peaks are obviously complex due both to
ceria surface layers and to MoOy species reduction.
The peak of the AuMoCe sample is a narrow one
with a predominant LT part at Ty, = 120°C and a
HT shoulder at about 180°C, assigned to the MoOy
reduction. The peaks of the samples on mixed ceria-
alumina supports are broad ones with T, within the
interval 120—220°C.
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. : e
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Fig. 2. TPR spectra of gold-molybdena catalysts;
inset: molybdena samples.

The TPR patterns of gold-containing samples
MA, nonpromoted and promoted by molybdena are
represented in Fig. 3, as insets are given the TPR
profiles of the initial supports MA.

3
e 520
% 64 CeAl20MA
9;’ 514 "CeA110MA
8 g w
e 198 8
] b
% (=) 10(Zr200 300 400 t500 60007((%0 800 900
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Fig. 3. TPR spectra of the gold-based and gold-
molybdena catalysts; inset: initial supports.
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For the pure supports, in the region up to 800°C
peaks with Tp.x = 514°C for the CeAlIOMA, res-
pectively 520°C for the CeAI20MA, were registered,
related with the surface layers reduction. The start of
the second HT peak is also visible. The addition of
gold leads again to a significant shift of the
reduction temperature of ceria surface layers to the
LT region. For both AuCeAllOMA and
AuCeAl20MA samples the reduction peaks are at
Tiax = 128°C and they are very similar, independ-
ently of the alumina content. Ty, in the TPR peaks
in the case of MA samples are generally a little bit
higher than those of the CP samples.

Additional experiments on reoxidation of the
catalysts after the direct TPR were carried out. The
reoxidation was accomplished at RT as well as at
HT. The TPR profiles of gold-containing CP
samples after RT and HT reoxidation are repre-
sented in Fig. 4: nonpromoted (Fig. 4A) and
promoted by molybdena (Fig. 4B). For gold-
molybdena CP catalysts on mixed supports the HC
at RT and especially at HT (the temperatures at the
end of the TPR peak of the fresh samples, which are
practically equal to the reaction temperatures for the
highest benzene conversion degree) is very close to
that of the initial samples.

) 130
120
®
o
c
8 128/ 120 \AuCeAi20cP X128 /100 AuCeAI20CP
[7] RT ! HT
o 120
- 100 AuCeAl10CP x 128 AuCeAl10CP
9 x128 /) T
© RT
[7] AuCe
B x128 AuCe x 12
(=] RT HT
0 100 200 300 400 0 100 200 300 400
Temperature, °C Temperature, °C
(B) 170
150
8
c AuMoCeAl20CP
8 x128/ 120 499
9 RT X128 0CeAI20CP
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P AuMoCeAIl10CP
S x12
)
8 RT 120 x128 JDO uMoCeAl10CP
b ‘ HT
o
° /\\L
)|(11T28 uMoCe X1H28 MoCe
T T T 1 T T T T 1
0 100 200 300 4000 100 200 300 400

Temperature, °C  Temperature, °C

Fig. 4. TPR spectra after RT and HT reoxidation of:
A — gold catalysts and B — gold-molybdena catalysts.

For the gold-containing MA samples the TPR
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profiles after reoxidation are given in Fig. 5SA and
for the gold-molybdena MA catalysts in Fig. 5B.
After reoxidation at RT, Ty.x for the ceria-alumina
based MA catalysts was shifted to higher
temperatures, but after reoxidation at HT, the
temperature of the peak maximum was shifted to the
LT region — for the AuCeAllOMA sample Ty.x =
80°C and for the AuCeAlI20MA — T« = 97°C. The
addition of molybdena causes differences in the
form and position of the LT TPR peaks. They are
complex and are attributed to the reduction of
molybdena surface layers as well as of the ceria
surface layers. It is interesting to note that after HT
reoxidation (the temperature region of the catalytic
reaction), the LT shoulder, which we attributed to
the reduction of ceria surface layers, was disposed at
temperatures higher than those for the samples

nonpromoted by molybdena.
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Fig. 5. TPR spectra after RT and HT reoxidation of:
A — gold catalysts and B — gold-molybdena catalysts.

In Table 2 the hydrogen consumption corres-
ponding to the first LT-TPR peak of the studied
catalysts is presented. Comparing the initial sup-
ports CP and MA, big differences are visible due to
the different methods of preparation. It is seen that
the hydrogen consumption of the pure supports CP
in the presence of alumina is significantly higher
compared to that of MA samples and pure ceria. The
H, consumption of the CeAl20CP sample is the
highest. This behaviour could be connected with the
enhanced reduction of deeper ceria layers, due to the
oxygen vacancies formation in the presence of
alumina.
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Table 2. Hydrogen consumption to the first TPR peak in
the spectrum of the fresh catalysts and after reoxidation at
room temperature (RT) and at high temperature (HT).

Sample HCof HC after RT HC after HT
direct TPR, reoxidation, reoxidation,
pmol-g™' pmol-g™' pmol-g™!
Ce 492 - -
CeAll0CP 716 - -
CeAlI20CP 1006 - -
CeAllOMA 299 - -
CeAI20MA 352 - -
AuCe 462 240 300
AuCeAll10CP 528 360 360
AuCeAI20CP 572 320 400
AuCeAllOMA 352 216 322
AuCeAI20MA 322 216 334
AuMoCe 550 260 270
AuMoCeAl10CP 570 510 540
AuMoCeAl20CP 730 550 720
AuMoCeAllOMA 422 476 594
AuMoCeAI20MA 458 470 562

After RT or HT reoxidation, the oxygen capacity
of the fresh CP catalysts containing gold only
cannot be reached. In the case of AuMoCe the
oxygen treatment at RT and HT is also not enough
to restore the oxygen capacity of the fresh sample.
Upon adding molybdena some supplementary
amount of hydrogen, corresponding to the reduction
of MoO, species, was consumed. Comparison
between gold-molybdena containing catalysts shows
that the same tendency is reproduced (higher H,
consumption in the presence of AI’"). In the latter
case the peaks are less intensive because they are
located at significantly lower temperatures, at which
the oxygen mobility is not so high, compared to that
of the catalysts without gold. For the MA samples
containing only gold, after reoxidation at RT the
oxygen capacity did not reach the initial value, but
upon reoxidation at HT, the hydrogen consumption
of the AuCeAI20MA sample was even higher. On
the contrary, the hydrogen consumption was higher
with the Au-Mo samples even at RT and the oxygen
capacity was fully recovered.

Catalytic activity data

The catalytic activity of the samples was
estimated in the reaction of complete oxidation of
benzene and the benzene conversion was taken as a
measure of it. The results on the temperature
dependence of the catalytic activity of the CP
samples are represented in Fig. 6. The catalysts
containing molybdena show a significantly lower
activity in this temperature interval (not shown in
the figure). Generally, the catalysts supported on
CeAl20CP are more active than the corresponding
catalysts on CeAl10CP. In the LT region the activity

is low and there are practically no significant
differences.
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Fig. 6. Temperature dependence of the catalytic activity
in CBO of the catalysts studied.

The catalytic behaviour of the MA samples is quite
different compared to the CP samples. The catalytic
activity data on the corresponding gold samples,
supported on CeAl10MA and CeAl20MA, nonpro-
moted and promoted by molybdena are compared in
Fig. 7, A and B.
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Fig. 7. Temperature dependence of the CBO conversion
degree on the catalysts: (A) containing 10 wt. % alumina
and (B) containing 20wt. % alumina.

An interesting catalytic behaviour is observed.
The gold catalysts promoted by molybdena exhibit a
higher activity in comparison to the corresponding
nonpromoted ones in the LT interval. At the higher
temperatures the opposite behaviour is observed.
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Depending on the alumina content, the temperature
of the cross-point of the two activity curves is
different. This temperature is higher for the sample
with higher alumina content. The catalysts con-
taining molybdena showed a significantly lower
activity (not shown in Fig.) than that of other
catalysts and they will not be an object of further
discussion. For the gold MA samples higher
activities are exhibited by the AuCeAll0MA sample
but at 220°C the activities of gold samples con-
taining 10 and 20% alumina are practically equal (at
about 100% conversion). This tendency is reversed
for the gold-molybdena samples. The activity in the
LT region of the samples containing Au-Mo is
higher than that of the samples containing only gold.
In the whole temperature range, a slightly higher
activity was manifested by the AuMoCeAlI20MA
catalyst than that of AuMoCeAllOMA.

In Fig. 8 the catalytic activities of the Au-Mo
samples, obtained by both preparation methods are
compared: for the samples, containing 10 wt.% of
alumina (A) and for the samples, containing 20
wt.% of alumina (B). One can see that in the LT
region the MA catalysts are more active, while in
the HT region the activities are almost equal, a
slightly higher being that of the CP ones.
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Fig. 8. Temperature dependence of the CBO conversion

degree on the gold-molybdena catalysts: (A) containing
10 wt.% alumina and (B) containing 20 wt.% alumina.
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DISCUSSION

The obtained catalytic activity data showed
different behaviour depending on the applied
method of preparation. The MA catalysts containing
simultaneously gold and molybdena are more active
in the LT interval than the corresponding CP
catalysts. In the HT region the opposite behaviour
was found out. The MA catalysts, containing only
gold were more active in the HT region compared to
the gold-molybdena MA samples. The cross-point
position depended on the alumina content.

The studied catalytic systems are complicated
and more than one factors are of great importance
for the higher redox activity. On one hand, this is
the oxygen mobility, which is enhanced by the
presence of oxygen vacancies. On the other hand is
the electron transfer from the hydrocarbon to the
oxygen molecule via the catalytic surface by the
activation of hydrocarbon on MoOy species being
able to enhance the redox transfer. The activation of
hydrocarbons at temperatures below 220°C is
possible only in the presence of gold. The electron
transfer also proceeds between small gold particles
and Ce’" ions via oxygen vacancies and depends
strongly on the size of gold particles [10, 18]. The
transfer becomes possible due to the strong
modification of ceria in the presence of gold [19].
Studying the reaction mechanism by FTIR of CBO
on Au-V,0s supported on titania it was found out,
that the activation of benzene took place on the VO,
species [20]. The MoO; species should play the
same role like that of VO, in gold-vanadia sup-
ported catalysts. The addition of gold to the cata-
lysts in all cases leads to a significant lowering of
the reduction temperature of ceria surface layers,
which is in accordance with the higher LT redox
activity of the gold catalysts.

Concerning Au and Au-Mo MA catalysts, the
temperature of the cross-point should be around the
point, where the predominant role of the first factor
gives away to the role of the second one.

The enhanced oxygen mobility upon adding
alumina to ceria is seen very well comparing the HC
during TPR of the initial supports prepared by CP.
In this case the first peaks in the TPR profiles of the
samples are due not only to the ceria surface layers
reduction, but also to the reduction of deeper layers.
The calculated degree of reduction for CeAI10CP is
27.4% and for CeAl20CP, 43.3% [21]. Sanchez and
Gazquez have considered that CeO, can be reduced
up to 17% without changing the fluorite structure to
the hexagonal Ce,O; structure [22]. Laachir and
coworkers have observed that when the reduction is
limited only to the surface of ceria, this leads to a
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20% reduction degree [23]. In view of these obser-
vations, the bulk reduction of ceria-alumina samples,
leading to structural changes, has to be considered.
The bulk ceria reduction is stronger when the
amount of alumina is higher. This enhancement of
ceria reduction can be connected with increased
oxygen mobility in the defective ceria structure
generated by the introduction of alumina using the
CP method of preparation. In addition, the reduction
process is enhanced by the decrease of the size of
metal oxide particles. For the CP catalysts the
addition of alumina leads to the lowering of the
average size of ceria particles (about 2 times) [10].
In the case of MA technique (Table 2), the HC is
lower than that of pure ceria. This means that only
surface ceria layers are reduced, which could be
related to the predominant vacancies formation on
the catalysts surface. The increase of alumina
amount leads to the higher HC for both preparation
methods. However, the differences in the case of CP
between 10 and 20% alumina are drastic due to the
creation of deep oxygen vacancies at higher concen-
tration.

In all cases the addition of gold leads to a
significant lowering of the reduction temperature of
ceria surface layers. This effect is related to the
hydrogen activation on nanosized gold particles [24]
and an increase in number of potential sites for
reduction along the border between gold and
support. Additionally, the introduction of alumina
leads to an enhancement of ceria reduction, con-
nected to the oxygen mobility in the defective ceria
structure. After reoxidation at RT and at HT for
gold-containing samples, the redox capacity was
partially recovered. Comparing the HC of the gold-
containing samples in the LT region, it can be seen
that the higher HC was registered with the CP
samples compared to the MA ones. This is in accor-
dance with the higher concentration of oxygen
vacancies, found by Raman spectroscopy [10]. It
has to be noted that after reoxidation at HT (the tem-
perature of the catalytic reaction) the oxygen capa-
city of CP samples cannot be recovered, while in the
case of MA catalysts almost the same oxygen capa-
city as in the fresh samples was restored (Table 2).

In the presence of molybdena as a promoter, a
complex TPR peak was registered in the LT region
due to the reduction of both ceria surface layers and
MoO, species. Modifying ceria by alumina, a
broadening of the LT TPR peaks was additionally
found. The TPR results after reoxidation at HT
show that for both preparation methods the
recovering of the oxygen capacity is complete in the
presence of molybdena. After RT reoxidation only
for the MA catalysts the HC is even higher than that

of the fresh samples, which is fully in agreement
with the higher LT activity of Au-Mo MA samples.
This is also in accordance with the higher dispersion
of gold in the MA catalysts (2—3 nm compared to
the CP ones, 4—6 nm) [10]. Another explanation is
the lower surface at.% of Au for the CP catalysts
compared to the MA samples, estimated by XPS
measurement results (0.30 at.% for AuMoCeAl10CP
and 0.16 at.% for AuMoCeAl20CP compared to
0.41 at.% for AuMoCeAll0OMA and 0.37 at.% for
AuMoCeAI20MA) [10]. In the HT region (200°C
and higher) the catalytic activities are almost inde-
pendent of the preparation methods, the CP catalysts
exhibit even a slightly higher activity than the MA
ones, most probably due to the higher oxygen
mobility. This is valid for the samples with 10 wt.%
alumina as well as for those with 20 wt.% (Fig. 8).

CONCLUSIONS

The study of complex catalytic systems based on
Au-Mo supported on ceria-alumina showed that
more than one factor influenced the CBO activity.
In the LT region the effect of electron transfer with
the participation of nanosized gold particles has a
prevailing effect and this is in agreement with
significantly higher activity of Au-Mo MA samples.
In the HT region obviously a predominant role is
played by the oxygen mobility, related to the
presence of oxygen vacancies. It could be concluded
that redox activity depends on one hand on the
reaction temperature and on the other hand on the
method of catalysts preparation.
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PEJAOKC AKTHBHOCT HA 3JIATO-MOJIMB/IEHOBU KATAJIU3ATOPU:
BJIMAHUE HA METO/IUTE HA TIOJIYHABAHE

I1. Ilerposa, JI. Unuesa, /|. AunpeeBa*

Hncemumym no kamanus, bvreapcka akademusi na Haykume, yi. ,,Axkao. I'. bonues*, oa. 11, 1113 Cogus

Tlocrbruna Ha 17 nexemBpu 2008 r.; Ilpepabotena Ha 5 mapt 2009 r.

(Pesrome)

I/I3y11eHa € PCOOKC aKTHMBHOCTTA Ha 3J1aTO-MOJIMO/ICHOBU KaTajain3aTopu, HAHECEHU BBPXY LCPHEB AHUOKCHUI-

QTyMHHHEB OKCHJI, TTOJIyYeHH 10 [1Ba pa3nuyHu MeTona. OKHCIHUTEeNHATa aKTHBHOCT Ha KaTaTU3aTOPUTE € U3MEPEHa B
peaxIusITa Ha ITBJIHO OKKCIICHUE Ha OcH3eH. PeyKiiMoHHATa aKTHBHOCT € orleHeHa ¢ momoiira Ha TITP usmepBanus Ha
CBEXH KaTalu3aToOpu U cllel, peokuciaeHue. J[MCKYyTUpaHO € BIMSIHMETO Ha METO/AA Ha II0Jy4aBaHE BBPXY PEIOKC
AKTHBHOCTTA. YCTAHOBEHO €, Y€ IJIaBHO J1Ba (haKkTopa ca OT CHLIECTBEHO 3HAYCHHE 3a BUCOKATa PEAOKC aKTHBHOCT Ha
KaTaJIM3aTOPUTE: KUCIOPOJIHATA MOOWIIHOCT W YJICCHEHHsSI NMPEHOC Ha €IEKTPOHHA IUTBTHOCT C YYACTHETO Ha 3JIaTOTO.
JBata pakTopa 3aBUCAT OT CTEIICHTa HA (POPMHPAHE HA KUCIOPOJHU BaKaHIIMU CIe]] 10OaBKaTa Ha 3JIaTO U ATYMUHHCB
OKCHJT KbM LIEPUEBUS JUOKCU, KAKTO U OT pa3Mepa Ha 371aTHUTE U LIEPUEBOOKCUIHUTE YACTULIM.
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The present work represents an analytical survey of experimental results from conducted investigations, regarding
desulphurization of dumped Pb-paste and the possibilities for the realization of the process. The aim is to compare and
evaluate the results that we have obtained, with already existing data in the literature of leading technologies. Here are
examined the kinetic relationships of the processes that take place and the related problems. The optimal conditions of
the desulphurization process, developed by our team, are determined when using the following reagents — Na,CO; and
NaOH, depending on the working reactor (reactor with a laboratory stirrer and rotational reactor of drum type). The
content of impurities in the solutions of our technology is investigated and compared with others of that type in order to
obtain sufficiently clean crystalline Na,CO; for the industry.

Key words: lead paste, Pb-paste desulphurization, lead accumulators processing.

INTRODUCTION

The main aspects regarding chemistry and
conduction of the process of desulphurization are
targets of many investigations and publications of
different authors [1-8]. In the industry there exist
installations and technologies for the realization of
the process in different hydro-metallurgical schemes
[9-13].

Dumped lead acid batteries can be characterized
like complicated secondary products because their
processing causes many difficulties [14].

Lead acid batteries consist of three basic
fractions and electrolyte [1—15]:

- Metalic (combs, poles, lattices and others) with
Pb content of 93—95% and Sb content of 0.1—0.3%.

- Oxysulphatic (positive and negative paste),
which has 68—76% Pb and 0.1-0.3% Sb.

- Not metallic — organic (boxes made from either
ebonite, polypropylene or polyethylene, polyvinyl
chloride separators and others).

During the production of the metal fraction lead
and antimony or lead and calcium [1, 16] are mainly
used, which causes reduction of impurities in the
metal.

On the other hand the oxysulphatic fraction is
divided into two categories: waste and dumped lead
paste [1, 17]. Waste lead paste is obtained during
the production of lead acid batteries and it consists
of 79—86% Pb, mainly as oxide phase and 0.1-0.3%

* To whom all correspondence should be sent:
E-mail: dimi.atanasova@gmail.com

Sb. Redeemed (positive and negative) paste has
68—76% Pb in the form of PbSO,4 ~ 50-60%, PbO,
~30-35%, PbO ~ 10-15% and Sb ~0.2-0.7%.

Many authors have investigated the pyrometal-
lurgical processing of the lead pastes [18-21].
During these methods the extraction of lead reaches
98% and it can be conducted at relatively low
temperatures 500—600°C under the condition that no
lead sulphates are present. The presence of lead
sulphate requires increasing of the temperatures of
the process above 900°C, which leads to decreasing
the degree of lead extraction and causes techno-
logical and ecological problems.

The necessity of desulphurization of pastes prior
to pyrometallurgical processes of melting and
refining is theoretically predicted and experiment-
tally proved [22].

The preliminary desulphurization of lead paste
contributes to the decreasing of the melting tempe-
rature, decreasing of the amounts of fluxes and
caustic soda, slag and dusts, reduces the content of
SO, in the gases and the quantity of chemical
reagents used in the refining cycle, enhances the
degree of lead extraction and so on [5, 11, 22].

The essence of the desulphurization process
consists in taking the sulphate ions out of the paste
into the solution and generating chemical compound
of the lead, which does not cause any difficulties
during following pyrometallurgical treatment [22].

Physicochemical and technological investiga-
tions of the main aspects of the desulphurization
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process of the lead sulphate have been published in
the literature [22].

The basic chemical and kinetic principles like:
stoichiometry of the reaction and diffusion kinetics,
are thoroughly examined by Laidler et al. [23].

The most commonly used reagent for desulphuri-
zation of dumped lead pastes is the sodium carbo-
nate [1—11, 24—26]. The desulphurization process is
accomplished by treating the paste with solutions of
sodium carbonate according to the reaction:

PbSO4 + Na,CO; — PbCO; + Na,SO, (1)

The sulphur goes into the solution in the form of
sodium sulphate. The obtained solutions, after
separation of the liquid and solid phase, can be
subjected to evaporation and centrifuging in order to
obtain waterless sodium sulphate [2, 27].

In the presence of electrolyte in the paste -
H,S0,, a complete neutralization of the acid in the
solution of Na,CO; takes place, with molar pro-
portion Na,CO;:H,SO, > 1, according to the
following reaction:

N.':12CO3 + H2$O4 i NBQSO4 + HzO + COz (2)
This explains the generation of Na,COs:
2N32CO3 + HzSO4 — Nast4 + 2NaHCO3 (3)

In view of the conditions during the desulphuri-
zation process — concentration of sodium carbonate,
ratio of liquid to solid mass, temperature, duration
of the process, efc., it is possible to have parallel
reactions.

When the consumption of the reagent exceeds
the stoichiometrically corresponding to the reaction
(1), actually in excess of sodium carbonate, the
following reactions take place:

PbSO, + 4Na,CO; + 2H,0 —

— 2PbCO;.Pb(OH), + 3Na,SO, + 2NaHCO; (4)
3PbCO; + Na,CO; + 2H,0 —

— 2PbCO;.Pb(OH), + 2NaHCO; 5)

The interaction between the lead sulphate and
sodium carbonate has been studied by many authors
[1, 2, 8, 28, 29], and according to them reaction (1)
describes accurately enough the process of
desulphurization. Investigations of the chemistry of
the process prove the generation of complex
compound of the lead, incorporating in itself sodium
and sulphatic ions of the type: Pb3(CO3),(OH),,
NaPb,(CO;),0H, Pb;pO(CO3)6(OH)g,
Pb4(S04)(CO;)>(OH); [24, 30].

The nature of the compounds in solid phase
depends on several factors, in particular on the pH
and on the concentration of sodium carbonate and

sodium sulphate in the solutions [24]. The formation
of these compounds causes increase of the reagent
consumption and difficulties during further treat-
ment and usage of the ready product.

It is established that during desulphurization of
Pb paste with Na,COs3, 2—3% of the Sb, contained in
the paste, can pass into the solution [22].

Many technologies for processing of dumped
lead paste use sodium base for the desulphurization
process [7, 9, 10, 30—34].

Also during this method a reaction of neutrali-
zation of the H,SO, contained in the paste initially
takes place:

2NaOH + H,SO4 — Na,SO4 + 2H,0  (6)

The transformation of PbSO, into Pb(OH), is
typical for the process of desulphurization and it
takes place according to the reaction:

PbSO, + 4NaOH — Pb(OH), + Na,SO,  (7)

The desulphurization using NaOH can be accom-
plished at room temperature. Increasing of the
temperature may lead to changes in the solid phase

of Pb(OH), to 3PbO.2H,O (or Pb0O.1/3H,0),
according to the reactions:
PbSO, + 2NaOH —
— PbOl/3H20 + Nast4 + 2/3H20 (8)

PbSO, + 2NaOH — PbO + Na,SO4 + H,O (9)

An excess of NaOH ~10—20% of the stoichio-
metrically needed for the reaction (7) is necessary,
for a complete desulphurization process in the
technological practice [7, 22].

Part of the lead is transferred into the solution in
the form of Na,PbO,, according to the reaction:

PbSO4 +4NaOH < N32Pb02 + NaZSO4 + 2H20 (10)

There is a direct relationship between the
concentration of NaOH and the content of Na,PbO,
in the solutions. The concentration of Na,PbO,
increases at higher excess of NaOH [7, 29].

The solution of Na,SO,, obtained after desul-
phurization process, can be subjected to purifying
from the lead using neutralization with H,SO,,
according to the reaction:

NaszOz + HzSO4 — PbSO4 + NaZSO4 + 2H20 (1 1)

The separated PbSO, in the form of deposit,
again returns into stage for desulphurisation, and the
solution of Na,SO, is good for obtaining crystalline
Na,SO, which is free of impurities.

Many authors suggest that the regeneration of the
Na,SO, is to be conducted using Ca(OH), [25,
38—42] and Ba(OH), [42].
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The degree of desulphurization is determined by
the content of PbSOy in the treated paste. The bigger
that percentage content in the initial product is, the
higher is the consumption of NaOH (the concen-
tration in the solution), which leads to increases in
the concentration of Pb in the solutions [7, 29].

During desulphurisation with NaOH almost no
Sb passes into the solutions, and no insoluble
sodium salts are created [7, 29, 43].

There exists also technology for desulphurization
of lead pastes with NaOH, during which the
solutions of Na,SO, are subjected to electrolysis for
regeneration of NaOH. The ratio of liquid to solid
phase, when using this method, is 10—15:1 [33].

In many technologies the desulphurisation of
lead pastes with NaOH is followed by treatment
with NBF, [44—46]. The insoluble remainder is
treated with concentrated H,SO,. Because of that
PbO, is transferred in the electrolyte and proceeds
as electrolysis with insoluble anode.

Desulphurization of Pb paste can be successfully
accomplished with ammonium carbonate, as well
[47-52]. The chemical reaction takes place
according to the reaction:

PbSO, + (NH,),CO; — PbCO; + (NH,),80, (12)

Data in the literature, concerning the usage of
ammonium carbonate as a desulphurisation agent, is
mainly connected with the investigation of kinetic
and technological parameters. According to data by
the authors, when the process lasts 30 minutes, the
degree of desulphurization reaches 90%. Further
increasing of the duration of the process does not
affect significantly the degree of desulphurization.
Increasing of the temperature in the range of
22—60°C is insignificantly accelerating the process.

Many authors are also investigating the possibi-
lity to use K,CO; [2, 53—55] as a desulphurization
agent, which reacts with PbSO, according to the
reaction:

PbSO4 + K2C03 — PbCO3 + KzSO4 (13)

High degree of desulphurization reached ~95%.
The process proceeds at temperature ~60°C, ratio of
liquid to solid 3:1, excess of K,CO; 10—15% and
duration of 60 minutes [2].

In the literature there exist data on the influence
of the basic factors in the process (degree of
desulphurization and utilization of the reagent). The
authors have also investigated possible schemes for
continuous process, which are followed by evapo-
ration and taking out the salts from the solutions
with the aim to obtain crystalline K,SO4 [2].

The hydrometallurgical treatment of the lead-

containing raw materials can also be done with the
use of amines. There also exists a technology for
desulphurization of dumped lead pastes using the
organic solvent diethylenetriamine (DETA) [1, 8,
56, 57]. The method is based on the formation of
metallic complex compound, in which the metal-
amine bond is stronger than the metal-water bond.

When the liquid phase is being treated with
Na,CO; pure compounds can be obtained: PbCOj;
and PbSQ,, and when it is treated with H,SO4— pure
PbSO, for the needs of lead acid battery industry.
Soft lead can be obtained from the solid phase,
when melted at relatively low temperatures, [1, 8].

The chemistry of the process comprises the
following reactions:

3PbSO, + 4DETA — [Pby(DETA)](SO4); (14)
[Pby(DETA),](SO.); + 3NaCO; —
— 3PbCO; + 3NaSO, + 4DETA
[Pby(DETA)4](SO.); + 2DETA + 3H,SO, —
— 3PbSO, +2DETA.3H,SO, + 4DETA (16)
2DETA.3H,S0, + Ca(OH), —
— 2DETA + 3(CaS0,.2H,0)

(15)

(17)

On the basis of the above literature review
concerning the methods for desulphurization of
dumped lead pastes from lead batteries, the aims of
the present investigation are formulated as follows:

- to determine the influence of the basic kinetic
factors (concentration of Na,CO; (NaOH) and the
ratio of liquid to solid phases as a function of the
temperature and duration of the process), that
influence the parameters of the process of desul-
phurization of Pb-pastes — degree of desulphuri-
zation and utilization of the reagent;

- to specify the optimal conditions for accom-
plishing desulphurization of Pb-pastes with Na,CO;
or NaOH, depending on the type of the reactors
used;

- investigation of the content of impurities in the
solutions in order to obtain sufficiently pure crystal-
line sodium sulphate for further use in the industry;

- the results from the conducted experimental
researches on both samples will be compared with
each other and with the existing experimental and
technological data in the literature.

EXPERIMENTAL

Object of the first part of our investigations [7] is
dumped lead paste from lead acid batteries imported
from Romania - Sample Ne 1 given to us by “KCM-
Plovdiv”, Bulgaria.
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The second part of the investigations is done
with dumped lead acid battery paste imported from
Poland (Sample No. 2) given to us by the same
company.

The pastes have the following chemical compo-
sition (%):

Sample No. 1: Pb 59.85; Sb 0.73; As 0.042; C1 0.33;
Cu 0.13; Zn 0.10; Sy 7.20; SSOZ‘ 6.45.
4

Sample No. 2: Pb 73.05; Sb 0.053; As 0.015; CI
0.01; Cu 0.007; Zn 0.009; Sy 7.15; SSOZ‘ 6.38.
4

It should be pointed out that Sample No. 2 is
purer than Sample No. 1 with respect to impurities.

Before subjecting to desulphurization process,
the Pb-paste is dried and sifted in a sieve of mesh
5.0 mm.

Sample No. 1: The fraction (< 5.0 mm) is 80% and
the fraction (> 5.0 mm) is 20%.

Sample No. 2: The fraction (< 5 mm) is 95%, and
the fraction (> 5 mm) is 5%.

Sample Ne 1 is contaminated, which may be due to
ineffective separation technology.

A laboratory stirrer type ER 10 and mass of the
paste 200 g are used for the laboratory work and the
temperature is maintained constant by thermostat
type Ultra NBA. When treating in rotational reactor
of drum type VEB Elmo Hartha DDR, the mass of
the paste is 400 g. In this case the amount of paste is
higher because of the larger working volume of the
equipment and the related difficulties. These dif-
ficulties concern maintaining constant working
temperature in this type of reactor under laboratory
conditions, as with increasing the amount of
material the rate of cooling under atmospheric air
decreases.

The lead paste 200 (400) g is added to solutions
of specified Na,CO; (NaOH) concentration and at
definite liquid-solid phase ratio (at preset
temperature and duration of the desulphurization
process).

The analyses are realized using analytical
chemical methods. Upon accomplishment of the
chemical treatment, the pulp is filtered and the solid
phase is washed with water on the filter, dried to
constant weight and analyzed for content of SO,
The liquid phases are analyzed for content of
Na,CO; (NaOH) and SO4*". The determination of
SO4* in the solid phase is done using weighting
method. Initially the sample is decomposed with
solution of Na,COs and after that from the obtained
solutions SO,* is precipitated using BaCl, in the
form of BaSO,. The analysis of SO, in liquid
phase is identical (precipitation with BaCl,). The

data from it in this case can be used for verification
of the results from the analysis for SO,* in solid
phase (balance with respect to sulphur).

The remaining concentration of uncombined
Na,CO; and NaOH in the liquid phases (filtrates) is
determined by titration with 0.1 M HCI and Methyl
orange as indicator.

The content of sulphatic sulphur S in the

S02~
non-desulphurized paste and the chemical composi-
tion is determined by phase analysis.

The desulphurization degree o (%) is calculated
by the formula:

Ds(initial) — Ds(final)
- 100 = «,

Ds(initial)

where: DSinitay and Dssnary are initial and residual
SO.* concentration.

The reagent utilization degree B (%) is calculated by
the formula:

C(initial) — C(final)
C(initial)

0=,

where: Cinitiay and Cmnay are initial and residual
reagent concentrations, g-Lﬁl.

RESULTS AND DISCUSSION

Desulphurization of Pb-paste with Na,COj
in a reactor with a laboratory stirrer

For the purposes of the present research, regarding
the desulphurization of the paste, an examination
regarding the influence of the basic kinetic factors is
conducted: initial concentration of Na,CO; (con-
sumption of Na,COs), ratio of liquid to solid phase,
duration of the desulphurization process with set
temperature interval, which is connected with the
properties of the reagent and the products from the
reaction.

Based on the conducted preliminary experiments
[7, 28, 29] and data from the literature [2] it is
determined that the temperature does not affect
significantly the parameters of the desulphurization
process (degree of desulphurization a, degree of
utilization B of the Na,COs;), because the work is
done in an environment of diffusion control [23].
The coefficients o and  have highest values in the
range 30—40°C, above that temperature the solu-
bility of Na,CO; and Na,SO, in water decreases
[58—-60].

The solubility of Na,CO; and Na,SO, and of the
compounds, obtained from them, are directly
connected with the indexes of the process — degree
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of desulphurization and degree of utilization of the
reagent and the stoichiometric realization of the
filtration process, as well [5, 6].

Fig. 1 presents the results from the desulphu-
rization of Pb-paste — Sample No. 2 with ratio of
liquid to solid phase m = 2.25 (m = 2.25:1), tempe-
rature 38—40°C and different initial concentrations
of Na,COs:
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Fig. 1. Dependence of the percentage of desulphurization
(a) and Na,CO; utilization degree () on the treatment
time (t) when stirring with laboratory agitator (m = 2.25;
t = 38—-40°C): Cinitiai1y = 84.51 g'L—1 (a1, B1), Cinitiai) =
93.93 gL' (¢2,B,) and Ciniguiyy= 103.33 gL (os, Ba);
a—ay, oy, and o3; b — By, B, and Bs.

I experiment — with shortage of 10% with respect
to the stoichiometric ratio Ciyiai1) = 84.51 g-Lf1
Na,COs; II experiment — Ciitiaiz) = 93.93 g'L_1
Na,CO; (stoichiometric ratio); III experiment —
Cinitiaisy= 103.33 g'L™' Na,CO; (10% excess).

A satisfactory degree of desulphurization,
corresponding to the technological requirements
[10], is achieved after 30 minutes but it is desirable
that T > 45, when the degree of desulphurization is o

= 92.48 % (content of SSOZ_ in the desulphuri-
4

zated paste 0.48%). With an excess of Na,CO3 10%
(Cinitiai3) = 103.33 g'L™") and duration of the process
60 minutes, the degree of desulphurization is o3 =

92.95% (SSOi_ =0.45%).

The obtained results are in accordance with the
data from the literature [2, 7, 22] and are close to
those for Sample No. 1. After 15 min treatment of
Pb-paste with stoichiometric amount of Na,CO;
(Cinitiai2) = 94.95 g'L_l) the degree of desulphuri-
zation is o = 94.11% (0.38% Ssoz, in the desul-

4

phurized paste) [7]. For Sample No. 1, even with
10% shortage of the Na,CO; the degree of

desulphurization is a; = 92.09% (0.51% SSOZ‘ in
4

the desulphurized paste) [7].

The high degree of utilization of the Na,CO; is
noticeable. This imposed a series of two more
experiments with Sample No. 2, to be conducted
upon changing the ratio m = 2.5, temperature
37-40°C and increasing the initial concentration of
N32CO3I

I experiment — with Cinijay =
Na,CO; (10% excess);

II experiment — Cipitiai2) = 101.45 g-Lﬁ1 Na,CO;
(20% excess).

The results are presented in Fig. 2.

93.00 gL

100

95 — B

N 9g |

Percent desulphurization, %
Degree utilization, %

80 —|

! ! I i ! T
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Fig. 2. Dependence of percentage of desulphurization (o)
and Na,CO; utilization degree () on the treatment time
(t) when stirring with laboratory agitator (m = 2.5;
t= 37_4OOC)Z Cinitial(l): 93.00 g'Lil ((1 1s B]),
Cinitiae) = 101.45 g'Lil (a2, B)-

Satisfactory for the practice results [10] are
obtained after t = 30 min, with initial concentration
of Na,CO; with 20% excess (Cinitai2)= 101.45 g-Lﬁl)

— degree of desulphurization a, = 92.79% (Ssoz_ =
4

0.46 % in the desulphurized paste), for 45 min and
60 min respectively 93.10% (SS = 0.44 %) and

= 0.40%).

0%
o
93.73% (SSOﬁ_

These results correspond to existing data in the
literature from laboratory experiment, during which
the possibility for optimal running of the desulphuri-
zation process with excess of Na,CO; — 20% is
determined, duration 2 hours, temperature 55°C,
<33% solid phase in the pulp and pH 8 [24].

Recommended conditions for desulphurization of
Pb-paste — Sample Ne 1 with Na,COs, when stirred
with a laboratory stirrer, were established: excess of
the reagent up to 10%; ratio of liquid to solid phase
m = 2.0-2.5; temperature and duration of the
process — t = 35-40°C and t = 15-30 min
respectively [7].
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As optimal conditions in regard to degree of de-
sulphurization and utilization of the reagent for
Sample No. 2, can be accepted: initial concentration
of Na,CO5 with 20% excess (Cinitia2) = 101.45 g-Lfl),
m = 2.5 and duration of the process T = 35—40 min.

These minor differences in the obtained results
for the different Pb-paste samples are due to the
differences in their chemical composition.

The condition to work in excess of Na,CO; not
higher than 20% was observed during running this
group of experiments, in order to avoid the forma-
tion of NaHCO; and the double salt NaPb,(COs),OH
[24, 30], which increase the consumption of Na,COs.

The results from investigations of the process
pointed out by Yanakieva [2] are analogous. For op-
timal concentration, when working with a laboratory
stirrer, the author recommends 20% excess of
Na,CO;. The same methods of the experiment and
the same analytical chemical analysis for determi-
nation of the results have been used.

The world leading company in desulphurization
of dumped lead acid battery pastes is the Italian
company “Engitec Impianti [10]” - installation “CX
Compact”.

When using the installation “CX Compact”,
dumped lead paste, after wet transportation on
vibration sieve, is transferred into a precipitation
device, and after compaction in it, is fed into one of
two parallel working mechanical stirrers, where it is
treated with solutions based on sodium carbonate or
sodium hydroxide. During the process the pulp is
heated, where upon the lead sulphate is transformed
in either lead carbonate or lead hydroxide, and the
sulphur passes into the solution as sodium sulphate.
After the desulphurization process the pulp is fed
into an automatic filter-press. The filtered solution is
then sent for evaporation-crystallization, the solid
desulphurizated paste, with humidity below 13%
and sulphur content less than 0.8%, is collected in
containers for revision.

Based on this technology the following com-
panies are working: Monbat AD - Bulgaria; Asarco;
Doerun; GNB - USA; Metallgesellschaft - Germany,
STCM - France, Metallum-Switzerland; Enirisorse -
Italy, Tonolli - Canada, Brittania - England and
others [8].

Desulphurization of Pb-paste with Na,CO;
in rotational reactor of drum type

The investigations are conducted in order to
avoid the difficulties, which are typical of stirrers:
stirring of the materials and emptying the device.
The inconvenience when working with rotational
reactor is that it is not possible to maintain constant

temperature. This disadvantage can be overcome by
heating with sharp vapour in the volume of the
device.

At temperature 56—28°C and m = 2.25 two expe-
riments were conducted with Na,CO; and Sample
No. 2 (Fig. 3), with changed initial concentration:
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Fig. 3. Dependence of the percentage of desulphurization
(a) and the Na,CO; utilization degree () on the treatment
time (t) when using rotary reactor at t = 56—28°C, m =
2.25: Cinitay = 93.92 gL' (001, B 1),

Cinitial) = 103.31 g'Lfl (o2, B2).

I experiment — Ciyiary = 93.92 g-L™' (stoichio-
metric ratio);

II experiment — Ciyigiai2) = 103.31 g-Lf1 (10% ex-
cess).

Good results, which correspond to the already
mentioned technological requirements, were obtained
with 10% excess of Na;COs (Ciii = 103.31 g-L™)
and duration of the treatment T = 30 min — degree of

desulphurization a, = 92.01% (Ssoz_I 0.51%);
4
when T = 45 and 60 min correspondingly 93.57%
= o () = (1)
(SSOi_ 0.41%) and 94.04% (SSOi_ 0.38%).

The following parameters can be accepted as
optimal for the process when working with
rotational reactor: initial concentration of Na,CO;
with excess of 10% (Cinisia = 103.31 gL ™), m =2.25
and T = 30—45 min.

The obtained results supplement the previous
data received for Sample Ne 1. Two experiments
were conducted with it using Na,COs, t = 55-28°C
and changing the ratio m [7], for the following
conditions:

I experiment —
chiometry); m = 2.25;

II experiment — Ciyiiar = 94.00 gL' (10% ex-
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cess); m=2.5.
For m = 2.25 and t = 15 min the obtained degree
of desulphurization is 92.40% (in the desulphurized

paste S = 0.49%); at T = 30 min — a. = 93.95%
(S

oy
= 0/
so2- = 039%);

For m = 2.5 and t = 15 min — a = 92.87%
= 0.46%), when t = 30 min. — o is 93.64%

= 0.41%).

(S
(S

oy

oy
The optimal conditions for desulphurization of
Sample No. 1 are excess of Na,CO; up to 10%; m =
2.25-2.50; t = 40-38°C; T = 15—30 min.

The obtained results are close to those obtained
when working with an ordinary reactor equipped
with a laboratory stirrer [7].

In order to optimize the influence of the initial
concentration of Na,CO; and m when using
rotational reactor of the drum type, an experiment is
conducted with Sample No. 2 (Fig. 4), under the fol-
lowing conditions: m = 2.5, t = 58—28°C and initial
concentration Cipia = 101.44g-L_1 Na,CO; (20%
excess).

With 20% excess of Na,CO; the process runs at
higher speed. On the 15th minute the degree of

desulphurization is 93.57% (Ssoz_ =0.41%).
4

As it has already been determined for the same
sample (Sample No. 2 in the section above, when
using laboratory reactor with a stirrer and initial
concentration of Na,COs with 20% excess (Cinitial(2)
= 101.45 g-L™"), results which are satisfactory for
the practice are obtained after T = 30 min.
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Fig. 4. Dependence of the percent desulphurization (o)
and Na,COs utilization degree () on the treatment time
(t) when using rotary reactor at t = 58-28°C, m =2.5,
Cinitia] =101.44 g'Lil.

The process of desulphurisation takes place
faster in a rotational reactor compared to that in a
laboratory stirrer, which is due to improvement of
the conditions for better contact with the reagent.

The obtained results clearly show the kinetic
correlations described above, that is upon increasing
of the concentration of Na,CO; the degree of
desulphurization increases but the degree of utili-
zation of the reagent decreases because the process
runs with diffusional difficulties [23].

The change in the ratio m does not affect signi-
ficantly the kinetics of the process. The obtained
data are in accordance with those mentioned in the
literature [7, 22].

The correlations were determined also by
Yanakieva [2] by indicating data regarding perio-
dical and continuous process of desulphurization in
rotational drum separator in a technological line No.
1 in department “Lead acid battery waste” of the
company OCK-LTD in Kurdjali. It is established
that when using 20% excess of Na,CO; under
industrial conditions, after washing the paste a
higher degree of desulphurization is achieved (99%)
than under laboratory conditions with a stirrer
(95%).

Desulphurization of Pb-paste with NaOH
in a reactor with a laboratory stirrer

These investigations were done in order to
determine the influence of the initial concentration
of NaOH and the ratio of liquid to solid phase at
temperature 38—40°C upon the parameters of the
process, as a function of time: degree of desulphu-
rization of the paste and degree of utilization of
NaOH.

Here, similarly to the other groups of experi-
ments, it was found out that the temperature above
certain value does not affect significantly the para-
meters of the desulphurization process [7, 28, 29].

Four experiments with Sample No. 2 paste were
done at t = 40°C and m = 2.25 (Fig. 5a, b) and the
following conditions:

I experiment —
chiometric ratio);

II experiment — Ciyiaiz) = 67.00 g-L7l (5% ex-
cess);

III experiment — Cipitiaizy = 70.20 g'Lf1 (10%
excess);

IV experiment — Ciyisiaiiay = 76.56 g'L™' (20 %
excess).

On the 5th minute a very high degree of desul-
phurization is reached, at a stoichiometrical ratio
(Cinitiai2) = 63.80 g-L_l) the degree of desulphuri-

Cinitiaiy = 63.80 gL (stoi-
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zation is a; = 94.62% (SSOi_ =0.37%), and at 5%
excess (Ciia = 67.00 gL™") — o, = 96.08%
(Ssoﬁ— =0.25%).
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Fig. 5. Dependence of the percentage of desulphurization
(a) and Na,COs utilization degree (B) on the treatment
time (t) when stirring with laboratory agitator (m = 2.5;
t= OOC) Cmmal(l) 63.80 g L ((X], B ) Cmmal(Z) 67.00
gL' (02, Bo), iy = 7020 gL " (a3, ).
Cmmdl(4) 76.56 g L ((1.4, B4) a— o, Oy, O3 and Oy,
b — B4, B2, B3 and Pa.

Analogous research works were done with NaOH
and change in the ratio m with Sample No. 1 as well
[7], at t = 38—40°C, m = 2.0 and concentration:

I experiment — stoichiometric ratio (Ciyta =
80.62 g-'L™");

II experiment — 5% excess (Ciyitia = 84.65 g-Lfl);

III experiment — 10% excess (Cintia = 86.68
gL™h.

The indexes of the desulphurization process with
NaOH were very good with Sample No. 1, as well
[7]. On the 5th minute the degree of desulphuri-
zation at stoichiometric ratio is o = 92.10% (in the

desulphurized paste Ssoz_ = 0.51%). After 15 min
4

degrees of desulphurization are achieved o =
93.64—94.88%, depending on the initial concen-
tration of NaOH.

Decrease in the conversion of the reagent () is
observed with the increase of the initial concen-
tration (excess 5-10%), which is in complete
correspondence with the kinetic laws.

When using a bigger excess of NaOH (Sample
No. 2) — 10% and 20%, the desulphurization degree
=96.55% (S = 0.22%) and a4 = 97.65%

1S: O3

(S

S02~

_ 0
s02- = 0-15%).

It is noticeable that the change in the ratio of
liquid to solid phase for desulphurization with
NaOH in the range m = 2-2.5, does not affect
significantly the parameters of the process.

It can be accepted that m = 2.5 is optimal,
because bigger ratio will increase the volume of the
system and the amount of waste solutions and the
consumption of the reagent respectively.

The optimal conditions for desulphurization in
relation to a and B are: from 0 to 5% excess of
NaOH (Cay = 63.8-67.00 g-L™"), m = 2.5, t = 40°C
and t = 5-15 min.

According to data from the technological
practice of the desulphurization process, the need of
~10-20% excess of NaOH is determined, and the
degree of desulphurization reaches ~95%, and the
content of sulphate sulphur in the desulphurized
paste does not exceeds 0.6% [22].

Desulphurization with NaOH when working with
rotational reactor of the drum type

In order to confirm and summarize the results
three experiments were conducted with Sample Ne 2
(Fig. 6a, b), at t = 48—28°C, m = 2.5 and initial
concentration of NaOH:

I experiment — Cipiairy = 63.80 g'L_1 (stoi-
chiometric ratio);

II experiment — Cipiaie) = 67.00 g~L71 (5%
excess);

III experiment — Ciyitiaizy = 70.20 g-L'1 (10%
excess).
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Fig. 6. Dependence of percentage of desulphurization (o)

and Na,CO; utilization degree () on the treatment time
(t) when using rotary reactor at t = 48—28°C, m = 2 5:
Cmmal(l) 63 80 g L (al, B ) Cmmal(Z) 67 OO g L ((127
Bz) and Cmmal(3) 70.20 g L ((1 3, B3) a— 0 0o and a3,
b — By, Boand Bs.

On the 5th minute and stoichiometric ratio
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Ciiaiy= 63.80 gL @1 = 92.16% (S y2- = 0.50%).
4

For 5% excess of NaOH (Ciyia1= 67.00 g-Lfl) we
obtained a, = 95.55% (Ssoz_ = 0.28%), and for
4

10% excess (Cing = 70.20 g'L7") — a3 = 96.24%
(ssoﬁ, =0.24%).

These data are also confirmed by three expe-
riments conducted with Sample Ne 1 [7], under the
following conditions: m = 2, t = 48—28°C and initial
concentration of NaOH: Ciuiial 80.62 g'L_1
(stoichiometric content) — I experiment; Ciyifiar =
84.65 g'L™' (5% excess) — II experiment ; Cinigal =
86.68 g'L ™' (10% excess) — III experiment.

These results are similar to those obtained by
treating the Pb-paste with NaOH in a reactor with a
laboratory stirrer.

During desulphurization in rotational reactor of
the drum type increase of the degree of desulphuri-
zation is observed after the 15th minute. On the 30th
minute values of a = 95.50-97.36% are reached.

These results exceed significantly the technolo-
gical requirements [10]. Because of this, the
following conditions can be accepted as optimal for
both samples: up to 5% excess of NaOH, m = 2-2.5,
t=48-42°C and t = 515 min.

Data, regarding desulphurization process with
NaOH in rotational reactor of the drum type, were
not found in the literature.

Behaviour of the impurities during desulphurization
of Pb-pastes

Behaviour of the impurities during desulphuri-
zation of Pb-pastes with Na,CO;. The results from
analysing the liquid phase after desulphurization of
the pastes with Na,COs, using a laboratory stirrer,
regarding the concentration of impurities are
presented in Table 1.

It is also important to point out the fact that the
solutions obtained after treating Sample No. 2 are
10—100 times purer than those from Sample No. 1,
regardless of the fact that with it values of the
degree of desulphurization above 90% are achieved
with stoichiometric amount of Na,CO; and the
process of desulphurization is of shorter duration.

The value of pH of the solutions after desulphu-
rization, is 9.20-9.40 for Sample No. 1 and
8.17—8.63 for Sample No. 2.

The concentration of Sb in the solutions is
directly connected with the excess of Na,COs. For
100% excess of Na,CO; in the solution one can
obtain up to 7% Sb [22]. This causes additional
purification of the solutions, including also from Pb,
which in the technological practice is done by
adding iron salts.

Data by other authors were not found in the
literature, concerning investigation of the concen-
tration of impurities under the different conditions
of conducting the desulphurization process. There
exist only data regarding the content of lead in the
crystalline Na,SO, obtained after desulphurization
of the pastes. Yanakieva [2] indicates data received
by X-ray-structural (Rontgen-structural) analysis for
the percentage content of Pb in the crystalline
Na,SO4, which is in the range 0.0129-0.0099%.

Behaviour of the impurities during desulphuri-
zation of Pb pastes with NaOH. The results from
analyzing the obtained liquid phase after desul-
phurization of the pastes with NaOH, using a
laboratory stirrer and a rotational reactor of the
drum type, concerning the concentration of impu-
rities, are presented in Table 2.

In contrast to the solutions obtained after
desulphurization of the pastes with Na,CQO3, here the
lead passes to a greater extent and the antimony to
smaller degree.

Table 1. Concentration of impurities in the liquid phase of Na,SO, when treating the pastes with Na,CO; and a

laboratory stirrer.

Condition of carrying out the process

Inclusion concentrations, mg-Lf1

No. pH
Sample No. 1 Pb Sb Cl, As Cu Zn Fe
1 stoichiometric; m = 2; 7= 30 min 4.76 38.40 2160.0 51.00 4.30 0.22 1.5 9.42
2 stoichiometric; m = 2.25; =30 min 2.90 28.44 2140.0 24.20 7.49 2.21 0.04 9.20
3 10% excess Na,CO3; m = 2.25; t= 15 min 6.80 13.40 1980.0 50.80 2.62 0.54 0.09 9.41
4 10% excess Na,CO3; m = 2.5; =30 min 6.10 15.90 1940.0 42.00 2.39 0.26 0.08 9.27
Sample No. 2
1 10% excess Na,CO3; m = 2; =30 min 0.40 32.40 170.0 0.47 0.07 1.16 1.20 8.63
2 10% excess Na,CO3; m = 2.5; =30 min 0.11 29.63 140.0 0.44 0.14 2.20 0.05 8.17
3 20% excess Na,CO;3; m=2.5; =15 min 1.20 15.30 170.0 0.11 0.53 <0.01 8.48
4 20% excess Na,CO3; m = 2.5; 1= 30 min 1.20 14.70 170.0 0.83 0.05 1.85 <0.01 8.22
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Table 2. Concentration of impurities in liquid phase of Na,SO,4, when the pastes are treated with NaOH.

Conditions of carrying out the process

Inclusion concentrations, mg-Lf1

No. pH
Sample No. 1 Pb Sb Cl, As Cu Zn Fe

A Common reactor with laboratory agitator

1 stoichiometric; m = 2; 1= 30 min 972.0 <0.1 1320.0 52.5 <0.01 13.93 1.8 12.55
2 5% excess of NaOH; m = 2; 1= 30 min 1602.6 <0.1 1640 65.3 <0.01 6.16 1.8 12.60
3 10% excess of NaOH; m = 2; t =30 min 2019.2 <0.1 1560.0 70.3 <0.01 5.10 1.7 12.60
B Rotary reactor of drum type

4 stoichiometric; m = 2; T = 30 min 874.7 <0.1 1460.0 48.5 0.60 14.60 1.70 12.50
5 5% excess of NaOH; m = 2; =30 min 1097.8 <0.1 1640.0 60.0 0.90 20.40 1.90 1253
6 10% excess of NaOH; m = 2; t =30 min 1496.8 <0.1 1840.0 689 0.80 26.50 2.00 12.55

Sample No. 2

A Common reactor with laboratory agitator

1 stoichiometric; m = 2.5; T = 30 min 0.12 <0.1 54.0 <0.01 0.05 0.1 <0.01 10.35
2 5% excess of NaOH; m = 2.5; t = 30 min <0.1 40.0 10.8 0.04 4.12 <0.01 1246
3 10% excess of NaOH; m = 2.5; =30 min 43.84 <0.1 44.0 4.0 0.07 0.20 <0.01 12.22
B Rotary reactor of drum type

1 stoichiometric; m = 2.5; =30 min 76.82 <0.1 64.0 0.77 <0.01 1.00 1.2 12.15
2 5% excess of NaOH; m = 2.5; 7= 30 min 304 <0.1 60.0 2.40 0.40 0.12 1.2 12.15
3 10% excess of NaOH; m = 2.5; =30 min 20.4 <0.1 46.0 4.70 0.50 0.10 1.30 12.22

The lead passes into the solutions in the form of  these conditions is 92.4-94.4%, and Ssoz‘ =
4

sodium plumbite (Na,PbO,).

Regarding the chlorine and arsenic, the purity of
the solutions depends on the purity of the nonde-
sulphurized paste and the presence of other lead-
containing impurities or additives (for example lead
powder). The latter also holds true to some extent
for the arsenic and some of the other impurities in
the paste.

The pH value of the solutions after desulphuri-
zation is: 12.50—12.60 for Sample No. 1 and
10.30—12.40 for Sample No. 2, respectively.

Based on the analysis of the results received
from both paste samples, the increase in concen-
tration of impurities is important when the process is
done in rotational reactor of the drum type, which is
due to the better conditions of contact between the
paste and the reagent.

Data were not found in the literature, concerning
investigations on the effect of the concentration of
impurities in the solutions after desulphurization
with both types of reactors.

CONCLUSIONS

- The process of desulphurization runs at higher
speed when using NaOH, than using Na,CO; for
both types of reactors;

- The optimal conditions for desulphurization of
Pb-paste with Na,CO; in both reactors are: excess of
Na,CO; up to 10%, m =2.0-2.5,t=55-35°C and
= 15-30 min (the degree of desulphurization under

0.49-0.36%);

- For the two reactors the optimal conditions for
desulphurization of Pb-paste with NaOH are: excess
of NaOH up to 10%, m = 2, t = 55-35°C and t =
15-30 min. (the degree of desulphurization under
these conditions is 93.64-96.90%, and S

0.41-0.20%);

- After desulphurization with Na,CO; greater
amount of Sb goes into the solutions than of Pb,
while when using NaOH into the solutions goes
more Pb, and the amount of Sb in them is below 0.1
mgL™";

- The process of desulphurization of Pb-paste can
be realized continuously when using rotational
reactor of the drum type, and from the solutions
significantly pure crystalline Na,SOs can be
obtained, which is suitable for the aims of the
industry (Tables 1 and 2).

S0~
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XUAPOMETAJIYPITMUHO [NIPEPABOTBAHE HA AMOPTU3NPAHA OJIOBHA AKYMVYJIATOPHA
ITACTA

J. A. AtanacoBa
Xumuxomexuonozuuen u memanypeuien ynusepcumem, oyi. ,, Knumenm Oxpudcku™ Ne 8, 1756 Cogpus

B namem na npogp. H. K. Jlaxos u npog. I'. A. Xapanamnues
[ocrenuna va 8 ssayapu 2009 r.  IIpepaborena Ha 9 mapt 2009 r.

(Pesrome)

Hacrosmata pabora mpeicTaBs aHaM3 Ha CKCICPUMCEHTAIHU PE3YJITaTH OT HM3BBPIICHH H3CICABAHUS OTHOCHO
necyndaruzupane Ha aMOPTH3HPaHA OJIOBHA MACTa M BH3MOXXHOCTHTE 3a OCBIIECTBSIBaHE Ha mporeca. Llenrta e na ce
HalpaBU CPaBHUTEJHA OICHKA HA TOJNYYCHUTE PEe3yJITaTH ChC CHIIECTBYBAIIM JAHHU B JIHTEpaTyparta U BOACIIU
TexHONoruu. Pasrienanu ca KMHETUYHUTE 3aBUCUMOCTH HA MPOTHYAIIMTE MPOIECH M CBbP3aHUTE C TOBA MPOOJIEMH.
Omnpeneneny ca ONTHMAIHUTE YCIOBUS Ha Tpoleca Ha aecyindarusupane, npu unon3saHe Ha peareHtute Na,CO; u
NaOH B 3aBHCHMOCT OT THNa Ha PabOTHHUS peakTop (OOMKHOBEH PeakTop ¢ j1aboparopHa ObpKaiKa W POTAI[MOHCH
peaktop ot OapabGaneH Tum). M3cnenBaHo € ChIbpKaHMETO Ha MPUMECH B Pa3TBOPUTE C €N MOJydaBaHe Ha
JIOCTaTBYHO YUCT KpucTasieH Na,SOy4 32 IpOMUIILIEHOCTTA.
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Synthesis and static light scattering studies of hairy rod polymers containing
1,3,4-oxadiazole rings in the repeating units
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Three new ‘hairy’ polymers containing 1,3,4-oxadiazole rings in the repeating units have been prepared and
investigated by static light scattering. The two polymers of rod-like structure of the main chain show evidence of the
same aggregation phenomena as other well known hairy rod polymers. The dimensions of the aggregates increase with
increasing the polarity of the solvent. No aggregation occurs in the solution of the third polymer whose spacers,
connecting the conjugated segments, are longer. This probably is determined by the increased flexibility of the polymer
backbone. The third polymer, though hairy, has no rod-like structure of the main chain. Obviously, the rod-like

structure is the determining factor for the aggregation observed.

Key words: hairy rod polymers; 1,3,4-oxadiazole ring; static light scattering.

INTRODUCTION

Hairy rod polymers, unlike the flexible random
coil polymers, exhibit unique behaviour due to
which nowadays they have often been investigated.
These novel materials have good prospects for
scientific and technological applications [1, 2].
Wegner and co-workers [3—5] have synthesised
poly(p-phenylenes) with a large variety of side
groups and investigated their properties. One of the
major problems in the molecular characterisation of
these polymers is their tendency to aggregate in
solutions [6].

Most of the hairy rod polymers are substituted
poly(p-phenylenes). It is well known however that
the 1,3,4-oxadiazole ring exhibits the same
electronic properties as the benzene ring [7].
Polymers, containing 1,3,4-oxadiazole rings, linked
with unsaturated building units exhibit the typical
properties of conjugated polymers [8]. Polymers
with these rings have the advantage, however, to be
more easily prepared than the corresponding
polymers containing benzene rings.

The aim of this paper was to prepare a new class
of hairy rod polymers containing 1,3,4-oxadiazole
rings in the main chain and to investigate the
influence of the length of the conjugated segments
and their spacers on the aggregation phenomena.

* To whom all correspondence should be sent:
E-mail: hristina@feit.ukim.edu.mk

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

EXPERIMENTAL
General methods

N-methylpyrrolidone (NMP) and N,N-dimethyl-
formamide (DMF) (both from Fluka) were dried
over phosphorus pentoxide and vacuum distilled.
LiCl (Fluka) was dried at 130°C for 3 hrs. Tere-
phtaloyl chloride and hydrazine sulphate (both from
Fluka) were used without any further purification.
10% solution of phosphorus pentoxide in methane-
sulphonic acid (PPMA) was prepared from AR
purity reagents (Fluka). All new polymers were
characterised by 'H NMR, FT-IR and elemental
analysis. The 'H NMR spectra were recorded on a
Bruker 250 MHz instrument. Chemical shifts are
reported in ppm using tetramethylsilane as an
internal standard. The FT-IR spectra were taken as
KBr pellets on a Bruker Vector 22 spectrometer.
Gel permeation chromatography measurements we-
re performed on a Waters 244 instrument. The
number average molecular weight M, was deter-
mined using monodisperse polystyrene standards.
Columns of Ultra-Styragel were used with pore
sizes of 100 and 500 A at 45°C, eluent THF.

Static light scattering (SLS)

The refractive index increments (dn/dc) of poly-
mer solutions in DMF were measured by using a
Brice-Phoenix Differential Refractometer BP-2000-
V.
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Brice-Phoenix Universal Photometer 2000 with
light source, high-pressure mercury vapour lamp (4
= 578 nm) was used for the static light scattering
experiments. Scattering intensities were measured
with photomultiplier over an angular range between
45 and 135°, at three temperatures, 25, 40 and 55°C.

The same measurements were carried out on a
multi-angle laser light scattering detector DAWN
DSP Laser Photometer (Wyatt Technology Corp.).

Synthetic procedures

Dihydrazide of hexadecylmalonic acid. To 6.38 g
(16.6 mmol) diethylester of hexadecylmalonic acid
(obtained acc. [9]), dissolved in 10 ml n-butanol,
was added slowly a solution of 2.08 g (41.5 mmol)
hydrazine hydrate. The mixture was heated under
stirring at 100°C for 4 h. After cooling, the crystals
were filtered and recrystallised from ethanol. Yield
4.90 g (83%). M.p. 128—130°C.

'H NMR (C,D,Cls, ppm): & = 8.82 (s, 2H, NH);
4.22 (s, 4H, NHy); 2.93 (t, 1H, CH); 1.67 (m, 2H,
aCH,); 1.21 (m, 28H, CH,); 0.90 (t, 3H, CHj3).

Anal. calc. for C9H4N4O, (%): C, 64.00;
H, 11.32; N, 15.71; Found: C, 64.11; H, 11.61;
N, 15.33.

(':I:ths

cmc@—com +
CHs
PPMA
*+ — CONHNH—OC CO—NHNHCO—GH— - —_—

H;NHNOC—CH—CONHNH, —PLich o

{?H:}m
CH;
HiR\ iR\
£ =X [
B W
(':I:ths
Polymer 1 CH,

Scheme 1. Synthesis of polymer 1.

Synthesis of polymer 1. (Schemel). A mixture of
3 g (8.43 mmol) dihydrazide of hexadecylmalonic
acid, 28.1 ml N-methyl-pyrrolidone and 1.45 g LiCl
was stirred at room temperature under nitrogen to
complete dissolution. The solution was then cooled
to 0°C and 1.71 g (8.43 mmol) terephtaloyl chloride
were added in portions. The stirring was continued
at this temperature for 1 h and at room temperature
for another 6 h. The clear viscous solution was
poured slowly in water under stirring. The
precipitated polymer was filtered, washed with
water and dried. It was dissolved then in 30 ml
PPMA and stirred with heating under argon at 90°C
for 3 h. After cooling the reaction mixture was
poured in water. The precipitate was filtered,
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washed with water and dried. Yield 3.8 g (94%). M,
= 6900, M,, = 9800.

'H NMR (C,D,Cly, ppm): & = 8.11 (s, 4H, ArH);
2.78 (t, 1H, CH); 2.37 (m, 2H, aCH,); 1.16 (m, 28H,
CH,); 0.84 (t, 3H, CHj3).

Anal. calc. for (Cy7H3sN4O,), (%): C, 71.96; H,
8.50; N, 12.43; Found: C, 70.82; H, 8.81; N, 12.09.

N—N
PPMA // \
HZNHNOC_?H—CONHNHZ B _C\ /C— H—
(o)
(?H2)15 ($H2)15
CHs CHs

Polymer 2
Scheme 2. Synthesis of polymer 2.

Synthesis of polymer 2. (Scheme 2) 3.00 g (8.43
mmol) dihydrazide of hexadecylmalonic acid and
1.2 g (0.009 mmol) hydrazine sulphate were
dissolved in 90 ml. PPMA. The solution was stirred
for 30 h at 80°C, then cooled and poured in water.
The polymer was filtered, washed with water and
dried. Yield 3.00 g (93%). M, = 2450, M,, = 3200.

'H NMR (C,D,Cl,, ppm): & = 3.05 (t, 1H, CH);
1.67 (m, 2H, aCH,); 1.22 (m, 28H, CH,); 0.85 (t,
3H, CHa).

Anal. calc. for (C9H34N,0), (%): C, 74.46; H,
11.18; N, 9.14; Found C, 74,11; H, 11.59; N, 8.95.

O(CH_)sCH3
H,NHNOC CONHNH, + CICO(CHp)sCOCI —3
O(CH>)sCH3
(CH2)sCH3
PPMA
——OCHNHNOC CONHNHCO—(CHp)y— ——3
O(CH;)sCH3
(CH)5CH3
I\ I\
—c¢ ¢ Cl C—(CHy)y— "
\0/ \o/
O(CH,)sCH3
Polymer 3

Scheme 3. Synthesis of polymer 3.

Synthesis of 2,5-dihexyloxyterephthalyc acid
diethyl ester. 1t was prepared by Kossmehl and co-
workers [10].

Synthesis of 2,5-dihexyloxyterephthalyc acid
dihydrazide. 8.6 g (0.02 mol) 2,5 dihexyloxy-
terephthalic acid diethyl ester dissolved in 40 ml
ethanol were added dropwise for 2 h, with stirring at
80°C to 8.7 ml hydrazine hydrate (0.18 mol)
dissolved in 65 ml ethanol. Heating was continued
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for another 6 h. After cooling a white solid preci-
pitated. It was recrystallised from water- ethanol
(1:1) mixture, M.p. 98°C. Yield 5.8 g (73.6%).

'H-NMR (DMSO-dg, ppm): & = 9,22 (s,2H,
CONH); 7,33 (s,2H, Ar H); 4,577 (s,4H, NH,); 4,05
(t, 4H, OCH,); 1,7 (m, 4H, OCH,CH,);1,32 (m,12H,
CH,); 0,87 (t, 6H, CHj3).

Anal. calc. for CH3N4O4 (%): C, 60.89; H,
8.69; N, 14.20; Found C 60.45; H, 8.67; N, 13.91.

Synthesis of polymer 3 (Sheme 3). 1.86 ml (0.008
mol) sebacoyl chloride were added slowly with
stirring to ice-cooled solution of 2.5 g (0.0063 mol)
2,5-dihexyloxyterephthalic acid dihydrazide in 42
ml N-methylpyrrolidone. The mixture was stirred
for 6 h and poured in water with stirring. The
precipitate was filtered, washed with water and
dried. It was dissolved then in 30 ml PPMA and
stirred with heating under argon at 75°C for 24 h.
After cooling, the solution was poured in water. The
polymer was filtered, washed and dried. Yield 2.72
g (86.8%). M, = 150 000, M,, = 162 000.

'"H-NMR (CDCl;, ppm): & = 7.67 (s, 2H, ArH);
4.10 (t, 4H, OCH,); 2.90 (t, 4H aCH,); 1.87 (m, 4H,
OCH,CH,); 1.34 (m, 24H CH,); 0.89(t, 6H, CH,).

Anal. calc. (%) for (C30H44N4O4),: C, 68.67; H,
8.45; N, 10.68; Found: C, 68.90; H, 8.22; N, 10.33.

RESULTS AND DISCUSSION

Three new polymers (1-3) with structure
designed for our investigations have been prepared.
The polymers contain 1,3,4-oxadiazole rings in their
repeating units. The conjugated segment in polymer
1 consists of one benzene and two 1,3,4-oxadiazole
rings. The segments are connected with very short
spacers (CH-group). The conjugated segment in
polymer 2 consists of only one 1,3,4-oxadiazole
ring. Here the spacer is the same (CH-group).
Consequently, the macromolecules of polymer 1
differ from the macromolecules of polymer 2 in the
length of the conjugated segment. Due to the very
short spacer in polymers 1 and 2 their macro-
molecules represent typical rigid rods. In order to
increase their solubility, side chains are attached to
the main polymer chain, therefore, these polymers
belong to the class of hairy rod polymers. Polymer 3
contains conjugated segments connected by long
flexible spacers with eight methylene groups. This
polymer has the same conjugated segments as
polymer 1. In order to get solubility the benzene
rings are substituted in this case. We prepared this
polymer especially since it is ‘hairy’, but its main
chain has not rod-like structure.

Polymers 1-3 were prepared via two different
synthetic procedures. For polymers 1 and 3 we

applied the two-step method for 1,3,4-oxadiazole
ring preparation proposed by Frazer et al. [11, 12].
First we prepared polyhydrazides, which were then
cyclised to 1,3,4-oxadiazole ring containing poly-
mers. Frazer et al. performed the cyclisation in poly-
phosphoric acid. We used instead a reagent made by
dissolving 10% of phosphorus pentoxide in methane-
sulphonic acid since Ueda et al. [13] have shown
that it exhibits similar chemical reactivity as
polyphosphoric acid but with higher effectiveness.
Polymer 2 was prepared according to the direct
method of Iwakura et al. [14].

The characterisation of polymers 1 and 2 was
done in dilute solutions in DMF using static light
scattering (SLS) measurements. The results of the
SLS measurements were compared to the SLS
measurements of the segmented polymer 3 whose
repeating unit differs from the repeating units of the
other two polymers in the length of the spacers
connecting the conjugated segments.

The refractive index increments dn/dc of
polymers 1-3 in DMF at 578 nm wavelength of the
incident light are given in Table 1.

Table 1. Refractive index increment dn/de (ml-g™') of
polymers 1-3 in DMF.

Polymer 1 14 2 3

Index 0.1107 0.0745 0.0875 0.1535

a - Refractive index increment of polymer 1 in DMF + 3% LiCL

Static light scattering was used to determine the
weight average molecular weight M,,. Zimm plots
were constructed making use of the Rayleigh-Gans-
Debye equation [15]:

R, M, 3
with
2 2 2

k- (o] @)

N, 4, \dc

47n 0
=——sin—, (3)

=77

0

where the Rayleigh ratio Ry depends on the intensity
of scattered light at different scattering angles 6, c¢ is
the polymer concentration, ¢ — magnitude of the

scattering wave vector, <Rg2 > — the mean square
radius of gyration of the particles, 4, — the second
virial coefficient, n — the refractive index of the

solvent, 4y — the wavelength of incident light in a
vacuum, and N, — the Avogadro constant.
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The problem of SLS measurement in coloured
solutions was solved by correction of the Rayleigh
ratios Ry of measured intensities of scattered light
using the method proposed by Brice and co-workers
[16].

One of the ways to analyse the results of the SLS
is by using the Zimm plots. With this method, we

1/2
can obtain the values of<R§ > , M, and 4, in a

single chain. But when the polymer solutions
represent complex systems, which, besides unimers,
contain aggregates larger than the usual Zimm plot
can provide, only the information of the polymer
mixture, containing both the unimers and the aggre-
gates could be obtained. Therefore, the appearance
of aggregation phenomena in both hairy rod
polymers 1 and 2 was studied through the acquired

)\ 1/2 ) )
values of M, and <Rg> of the particles in the

system.

160 - 5 o
140

1204

N

o

o
1

Kc/R, - 10° (mol g ')

0 15 20 25 30 35 40 45 50 55
500 ¢ + sin’(6/2)
Fig. 1. Zimm plot of polymer 1 in DMF at 25°C.

Figure 1 shows one of the constructed Zimm
plots for polymer 1 from which the values for

1/2
<Rg2 > , M, and A, have been calculated and are

given in Table 2 together with the values of these
parameters for polymer 2. The values for M, and

1/2
<Rg2 > for both polymers are high and point to the

presence of large aggregates.

Similar results have been obtained from the SLS
measurements on poly (p-phenylenes) made by
Fytas and co-workers [17]. These authors support
the idea that rigid rods are aggregated into small
units, probably trimers, under these conditions. With
the increase of temperature the solvent quality also
increases, which can be seen from the values of A4,
for both hairy rod polymers, which suggests that this
system becomes more strongly interacting as the
temperature is reduced. These interactions in the
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system enable the dimensions of the aggregates to
decrease with the temperature increase, which can

1/2
be seen from the values for M, and <Rg2 > .

Table 2. Weight average molecular weights M, radius of

gyration < R é >1/2 of the particles and second virial coeffi-

cient 4, of polymers 1-3 at different temperatures.

Polymer T, M, \1/2 Ay x 104,
<Rg> ’ ’

°C kg'mol nm mol'ml-g?

1 25 37.8 310.9 2.1
40 355 193.9 2.6
55 32.9 121.9 11.1
40 76.3¢ 83.0¢ -0.1¢

2 25 75.2 114.3 5.7
40 66.4 124.1 10.7
55 56.2 135.7 11.6

3 25 157.7 140.2 1.9
40 150.1 150.4 9.7
55 1554 151.5 16.8

a - Results of polymer 1 in DMF + 3% LiCL

1/2
Comparing the values for M, and <Rg2 > for

polymers 1 and 2 it can be concluded that polymer 2
forms larger aggregates in its solutions than the
aggregates present in polymer 1 solutions. Most
probably this phenomenon is determined by the
higher rigidity of its molecular backbone compared
with that of polymer 1. This is also confirmed by the
fact that the size of the aggregates in polymer 1
increases with the increase of the polarity of the
DMF solvent caused by adding 3% LiCl. Also in
this system the second virial coefficient 4, (Table 2)
has a negative value. These results suggest that the
solvent quality is not good.

45

40

35 |

30

25

20

Kc/R,-10° (mol g

00 05 10 15 20 25 30
500 ¢ +sin’(0/2)
Fig. 2. Zimm plot of polymer 3 in DMF at 25°C.

Unlike polymers 1 and 2, polymer 3 does not
form aggregates in diluted DMF solutions. This can
be seen from the shape of the constructed Zimm
plots. One of these is shown in Fig. 2. Also, the
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1/2
acquired values for M,, and <Rg2 > at all three

temperatures in Table 2 correspond to values of a
single chain. The values of the second virial coeffi-
cient 4, are positive and show that DMF is a good
solvent for this polymer.

In conclusion, apart of the fact that polymer 3
contains the same conjugated segment in the
repeating unit as polymer 1, it does not aggregate.
This is obviously due to the longer flexible spacers.
In this polymer by bending the flexible spacers
enable approaching of the conjugated segments [18].
Here the flexibility of the macromolecule is
enhanced also by the higher molecular weight.
Polymers 1 and 2, however, obviously due to the
short spacers, have aggregation specific for the hairy
rod polymers. The cause for this aggregation is not
only the presence of the flexible side chains but the
rod-like structure of the polymer backbone.

CONCLUSIONS

Polymers 1 and 2 containing 1,3,4-oxadiazole
rings in their repeating units exhibit the same
aggregation phenomena as other well known hairy
rod polymers [6]. The dimensions of the aggregates
increase with increasing the polarity of the solvent.
No aggregation occurs in the solution of the third
polymer whose spacers, connecting the conjugated
segments, are longer. This probably is determined
by the increased flexibility of the polymer
backbone. The third polymer, though hairy, has not
rod-like structure of the main chain. Obviously, the
rod-like structure is the determining factor for the
aggregation observed.
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Daxynmem no e1eKmMpoUHICEHEPCNBEO U UHGOPMAYUOHHY mexHoao2uu, Yuusepcumem ,, Ce. Kupun u Memoouii*
1000 Cronue, Penyonuxa MakeOooHus
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CuHTe3UpaHu ca TPU HOBH ,,0KOCMEHH * MOJIMMEPH, ChIbp KAy 1,3,4-0kcaana3ooBy NPHCTEHU B OBTAPSIIUTE UM
C€ 3BEHA U Ca M3CJEABAHU ChC CTATUYHO CBETIIOpasceiiBaHe. JlBaTa monuMmepa ¢ MPBbUKOBHIHA CTPYKTYpa Ha IJIaBHATa
BEpHUra MoKa3BaT ChIIOTO SIBJICHUE Ha arperupaHe KakTo U JIpyrd 100pe U3BECTHH OKOCMEHHU NPBHUYKOBUIHU ITOJIMMEPH.
Pa3mepure Ha arperatuTe HapacTBaT C YBEJIMYAaBAHE Ha IOJIAPHOCTTa HAa pas3TBopuTens. B pasrBopa Ha Tperus
MOJIMMEp, Ha KOTOTO CIIEHChPUTE, CBBP3BAIIM CIIPETHATHTE CETMEHTH Ca MO-IBJTH, HE NMPOTHYa arperupane. Tosa
BEPOSITHO CE ONpenesisi OT yBENWYeHaTa 'bBKABOCT Ha Ta3W IOJIMMEPHA BepHura. TpeTHAT MoJuMep, Makap U OKOCMEH,
HSIMa MPBUYKOBUHA CTPYKTYpa HA IMlaBHaTa Bepura. O4eBHAHO NPHUKOBUAHATA CTPYKTypa € ONpeAessiuys (GpakTop 3a
Ha0JIF0OTaBaHOTO arperupaxe.
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V,05-Z10, catalyst for selective oxidation of o-xylene to phthalic anhydride:
I. Catalyst preparation, catalytic activity and selectivity measurements
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The thermal stability, activity and selectivity of a series of V,05-ZrO, catalyst samples towards o-xylene oxidation
to phthalic anhydride have been investigated. It has been established that the phthalic anhydride content yield reaches
about 55 mol.% in samples containing 7 and 10 wt.% V,0s. The selectivity of the catalyst with 7 wt.% V,05-ZrO, has
been compared to that of commercially available V,05-TiO, (anatase). The investigations have been performed within
two temperature ranges. At low temperatures (below 410°C) the V,05-TiO, (anatase) catalyst shows a better selectivity
to phthalic anhydride than the V,05-ZrO, catalyst does. At high temperatures, the V,05-ZrO, catalyst is more selective
with respect to the main product of partial oxidation due to the positive effect of the ZrO, support. Even when the
temperature rises up to 550°C and the time of exploitation becomes 50 h, the selectivity of V,05-ZrO, decreases slightly
and remains above 50 mol.%, whereas with the V,05-TiO, (anatase) sample a significant decrease in selectivity (below
45 mol.%) is observed. The results from experiments on the activity and selectivity of a model mixture of 7 wt.% V,0s-
Zr0, and pure ZrO, taken in a ratio of 1:1 show that high catalyst selectivity is achieved when the zirconia surface is
completely covered by VO,-phases. Studies by different physicochemical analysis methods have shown that V,05-ZrO,
used in a high-temperature regime undergoes no significant phase and structural changes, which is an indication of its
good thermal stability. The specific surface area decreases a little, the monoclinic zirconia support exhibits no phase
changes and the fine structure of the V,0s active phase displays no substantial alterations.

Key words: V,05-ZrO, catalyst, V,05-TiO, (anatase) catalyst, partial selective oxidation, o-xylene oxidation, phthalic
anhydride, maleic anhydride.

the use of ZrO, as a support of vanadium oxide
INTRODUCTION catalysts for partial oxidation of o-xylene. There are
no published data regarding the selectivity of V,0s-
ZrO, catalysts to the valuable side product, maleic
anhydride, as well as to the undesired substance
phthalide.

Supported metal oxides exhibit interesting cata-
lytic properties depending on the kind of the sup-
port, the active component content and the prepara-
tion method [5—7]. In particular, vanadium oxide
catalysts combinated with various promoters are
widely used for several reactions including oxida-
tion of hydrocarbons [8], ammoxidation of aromatics
and methylaromatics [9], olefins [10], ethanol and
ethane, ammoxidation of 3-picoline and toluene,
oxidation of methanol [11] and selective catalytic
reduction of NOy by NH; [12, 13].

All partial oxidation processes are highly exo-
thermic, due to which the support of the V,0s active
component should be carefully chosen. Among the
mentioned partial oxidation processes and oxidation
ammonolysis, the partial oxidation of o-xylene to
phthalic anhydride is most interesting both from
industrial and scientific viewpoint [5, 6, 14]. The
V,05-TiO, (anatase) system is the basis of modern
* E-mail: lubomir60@yahoo.com catalysts for partial oxidation of o-xylene to phthalic

Vanadium oxide catalysts are frequently used for
the oxidation of aromatic compounds [1, 2]. As the
specific surface area and catalytic activity are
usually low, the active phase is fixed on a support.
The role of the support is not only to increase the
surface area and to improve the mechanical strength.
It might also modify the active surface due to an
interaction of the support and the active phase.
Among the multitude processes of partial oxidation
of aromatic compounds, the process of oxidation of
o-xylene is most interesting both in scientific and
industrial aspects. Usually such catalysts are sup-
ported on TiO, in the form of anatase [3] and SiO,
[2]. In comparison with titanium and silica, much
less attention has been paid to zirconium as a sup-
port. In our opinion the use of zirkonia is interesting
because of its high thermal stability and acid-base
character, which is very close to that of TiO..
Having in mind that the process of partial oxidation
is highly exothermic, these properties of the support
are of great significance. In the scientific and patent
literature there are few communications concerning

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 303
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anhydride [5, 14].

It has been established [23, 24] that under the
effect of high temperatures and reduction medium
the catalyst is sintered, and the anatase is trans-
formed into rutile, part of the V** ions being incor-
porated in the rutile lattice [15], which leads to
sharply dropping of the catalyst activity. This deac-
tivation is observed mostly in the ‘hot spot’ zone of
the industrial reactor where the temperature exceeds
440°C and where the largest part of the reaction
proceeds [16]. These investigations show that it is
very important to find supports that would be stable
at high temperatures in a reduction medium.

During the past years some patents have reported
the use of ZrO, as a support of V,0s. Systems V,0s-
ZrO, in combination with various promoters are
widely used for several reactions including o-xylene
oxidation [17, 18], ammoxidation of aromatics and
methylaromatics, oxidation of toluene [19, 20],
decomposition of propan-2-ol [21, 22], oxidative
dehydrogenation of propane [23, 24], oxidation of
naphthalene, partial oxidation of methanol [25] and
selective catalytic reduction of NOy by CsHg [26].
The utilisation of ZrO, is based on the fact that it is
stable at very high temperatures [27] and its acid-
basic characteristics are very close to those of TiO,.

Interesting studies [27, 28—33] have reported the
use of zirconia as a support of vanadium oxide
catalysts. The valuable zirconia properties in this
aspect are its high thermal stability and acid-basic
characteristics which are close to those of titania
(anatase) [28—30].

It is known [34] that vanadia promotes the
transition of tetragonal to monoclinic zirconia at
high temperatures. The interaction of dispersed
vanadium oxide species with a zirconia support
leads to the formation of ZrV,0,. Antimony tends to
stabilise the tetragonal phase of zirconia and its
specific area. The simultaneous presence of Sb and
V on zirconia at 1 cm coverage leads to a pre-
ferential interaction of individual V and Sb oxides
on the zirconia surface rather than the formation of a
binary Sb-V oxide. However, at high Sb-V coverage,
SbVO, is formed at the expense of surface Sb oxide,
while the transition to monoclinic polymorph is
minimised. Simultaneously, the excess of antimony
forms a-Sby0y.

In previous papers [35, 36], the selectivity of
supported V,05-ZrO, catalysts for o-xylene oxida-
tion to phthalic anhydride was investigated under
conditions close to the industrial ones with conven-
tional supported V,0s-TiO, (anatase) oxide cata-
lysts. The by-products of this oxidation process
were maleic anhydride, phthalide and the com-
bustion products — CO and CO,. In contrast to
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conventional V,0s-TiO, (anatase) catalysts, the
V,0s5-ZrO, catalysts exploited at low oxidation
temperatures (310—-350°C), were found to be very
selective to the wvaluable by-product maleic
anhydride, but showed no selectivity to the harmful
organic oxidation products. The same catalyst also
demonstrated a relatively high selectivity towards
the main product of oxidation (phthalic anhydride)
and a very low selectivity to the undesired phthalide
formed during the oxidation. The data designated
brought to assumption [34] that a supported V,Os-
710, catalyst may be used for selective oxidation of
o-xylene. This catalyst should be combined with the
conventional V,05-TiO, (anatase) catalysts and
placed in the low-tempe-rature zone of the industrial
reactor.

The goal of the present investigation was to
prepare a V,05-ZrO, catalyst, to study its catalytic
activity and selectivity for partial o-xylene oxidation
towards phthalic anhydride and to compare our
results with the conventional V,0s-TiO, (anatase)
catalyst.

EXPERIMENTAL
Synthesis method of the catalyst

Supported V,0s5-ZrO, catalyst samples were
obtained by a method based on the preparation of an
industrial BASF catalyst: V,05 (specific surface
area — 6 m’/g) and NH,VO; (AG-Fluka) were used
for V>*-contention; ZrO, was taken as a commercial
product (AG-Fluka; monoclinic [9], specific surface
area — 26 m’/g).

The catalyst samples were prepared by reducing
V>* of V,0s. The ratio V,05:H,C,0,4 = 1:(2.5-3.0)
in an aqueous solution of oxalic acid at 60—80°C.
Zirconia was introduced simultaneously. Surfactants
(formamide or diphenylformamide in an aqueous
solution at ratios water:formamide = 3.5-5.0:1.0)
were used as binding substances. The suspension
obtained was subjected to ultrasonic treatment with
a view to homogenisation, dispersion and additional
activation of the catalyst mass. The active catalyst
mass was applied on an inert support (steatite
spheres, 6 mm in diameter), by pulverising the
suspension on the spheres pre-heated up to
200—250°C. The catalyst samples thus obtained had
a coverage layer of the total catalyst mass with 1
mm thickness. They were dried at 110°C and
calcined for 2—10 h at 450°C (a temperature corres-
ponding to the calcination temperature of the
industrial V,0s5-TiO, (anatase) catalyst in air flow).

Catalytic activity and selectivity measurement

The activity and selectivity of the -catalyst
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samples for the vapour-phase partial oxidation of
o-xylene to phthalic anhydride were investigated in
a standard flow-type installation functioning at a
pressure of 1 atm. The laboratory flow reactor had a
length of 450 mm and contained 250 cm® catalysts.
It was immersed in a salt bath containing
KNO,:NaNO, (1:1) salt melt, the temperature being
maintained with an accuracy of up to 1°C. The
temperature of the catalyst grains along the catalyst
layer was measured by thermocouples. A minipump
achieved the exact dosage of o-xylene. Along with
the air introduced by a compressor, o-xylene came
to a mixer with a filling where the temperature of
the air-xylene mixture was maintained at 180°C.

Characterisation of catalysts and products
of o-xylene oxidation

The analysis of the oxidation products was
performed on-line by a gas chromatograph. The
contents of phthalic anhydride (FA), phthalide (Ft),
benzoic acid (BA), maleic anhydride (MA), CO, —
(CO, + CO) were determined. The catalyst samples
were activated by air for 48 hours, while the selec-
tivity measurements were done 2 h after fixing the
corresponding regime. In all experiments a 100%
o-xylene conversion was achieved.

The final reaction mixture was subjected to gas-
chromatographic analysis in a Perkin Elmer 8500
apparatus (capillary column OV-101, 1 =25 m, inner
diameter = 0.25 mm, carrier gas H,, T = 90—120°C,
detector PID). The reaction products found were
o-toluyl aldehyde, benzoic acid, phthalide, maleic
anhydride, phthalic anhydride and unreacted
o-xylene. The products of full oxidation to CO and
CO, were determined chromatogra-phically in a
steel column (1 = 4 m, 1/8”, GMCS, 60—80 mesh,
hot catarometer as a detector).

The catalyst samples were activated in an air
flow at the corresponding temperature and volume
rate for 48 h. The kinetic measurements were
performed two hours after establishing the corres-
ponding regime.

RESULTS AND DISCUSSION
Catalytic activity and selectivity

Catalyst V,0s5-ZrO, samples with 4, 7 and 10%
of the active V,0Os component content were
prepared. In the conventional V,0s-TiO, (a) catalyst
the active component is usually between 2 and 10%.
In order to determine the qualities of the synthesised
V,05-Zr0, catalyst samples, differing in the amount
of deposited V,0s, we carried out test in the
temperature interval 310—410°C, under flow rates of

1500-2500 h™'. These conditions are close to the
industrial ones of exploitation of the conventional
V,05-TiO; (a) catalysts. The experimental results of
activity and selectivity and studies of several V,0Os-
ZrO, catalyst samples are exposed in Figs. 1-3. It
can be seen that the catalytic sample with 7% V,0Os
content has the best selectivity towards phthalic
anhydride exposed at the temperatures 350, 370 and
390°C and space velocity w = 2000 h™', but in the
case of T = 350°C the by-products content (BA and
Ft) becomes higher.

The poorest selectivity has been found for the
sample with lowest (4%) amount of supported V,0s
(Fig. 1). This difference reaches about 15% at tem-
peratures higher than 350°C and is preserved even at
the highest temperatures. The fact observed clearly
shows the specific promoting effect of ZrO,. These
results are especially interesting having in mind that
the highest selectivity to phthalic anhydride is
produced by a V,0s5-ZrO, catalyst sample con-
taining 7 wt.% V,0s, which contents is much higher
than that of a monolayer coverage (about 3 wt.%
V,05). On the other hand, it is well known [6] that a
V,05-Z1rO, catalyst having monolayer coverage
shows highest selectivity to phthalic anhydride.

As to the selectivity to the valuable side product
of oxidation — maleic anhydride (MA), the highest
values have been obtained by the sample possessing
the highest (10 wt.%) V,0s, while the samples of
lowest V,0s content show again the lowest
selectivity to maleic anhydride (Figs. 1-3). It is
worth noting that the highest selectivity (about 6
mol.%) is established not only at low temperature
regime 310—350°C, but also at high temperature
(450°C) under all flow rates. The promoted
industrial V,05-TiO, (a) catalyst, depending on the
exploitation conditions, shows a lower selectivity to
maleic anhydride (in the range of 2—5 mol.%). The
high selectivity to maleic anhydride demonstrated
by the V,0s-ZrO, catalyst in all the temperature
range is a good basis to optimise the process of
partial oxidation of o-xylene. For example, a part of
the conventional V,05-TiO, (a) catalyst operating in
the spot zone can be replaced by V,0s-ZrO,
catalyst. It is also of scientific and technological
interest the V,0s-ZrO, catalyst to be promoted in
order to raise its total selectivity to phthalic and
maleic anhydrides. As can be seen in Figs. 1 and 3,
a minimum of the selectivity to maleic anhydride is
observed at temperatures about 370°C for the
catalyst samples containing 4 and 10 wt.% V,Os.
We are not able to explain satisfactorily this fact at
present, but it is probably due to the specific
promoting effect of ZrO,.
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Fig. 1. Oxidation of o-xylene over 4% V,05-ZrO, Fig. 2. Oxidation of o-xylene over 7% V,05-ZrO,
catalyst. Product selectivity (S;) obtained for steady state catalyst. Product selectivity (S;) obtained for steady
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Fig. 3. Oxidation of o-xylene over 10% V,05-ZrO,
catalyst. Product selectivity (S;) obtained for steady
state at different temperatures (T =310, 330, 350,
370, 390 and 410°C) and different volume rates:
a—w=1500h"", b—w=2000h", c—w=2500h";
initial concentration of o-xylene — Cyyiene = 42 g/nm3.

As to the selectivity of the undesired inter-
mediate product of partial oxidation phthalide (Ft)
and benzoic acid (BA), it is heighten for the samples
with 4 and 10 wt.% V,0s and decreases sharply as a
function of the temperature for all catalyst samples
tested (Figs. 1 and 3). Having in mind that the
catalyst V,05-ZrO, sample with 7 wt.% V,0s shows
highest selectivity (Fig. 2) to phthalic anhydride at

all flow rates and temperatures, it may be concluded
that the phthalide is an intermediate oxidation
product. It is oxidised to phthalic anhydride like in
the presence of V,05-TiO, (a) catalyst.

§ Q
~0 > S0
CH CO

phthalide phthalic anhydride

The selectivity to the products of destructive oxi-
dation CO and CO, increases significantly (10—15
mol.%) (Figs. 1-3) with temperature for all catalyst
compositions and all flow rates. It is remarkable that
under highest flow rate (w = 2500 h™") all catalyst
samples show very close selectivity values to CO
and CO, over the whole temperature range. Taking
into account the almost constant catalyst activity to
phthalic anhydride at 350°C, one may settle that the
increase of the products of destructive oxidation
(CO, CO,) as a function of the temperature can be
ascribed to the direct combustion of a part of o-
xylene, but not of phthalic anhydride.

Comparison between 7% V,0s5-ZrO, and
7% V,05-TiO; catalysts

Figure 4 presents the main products of o-xylene
oxidation - FA, MA, Ft, BA and CO,, the selectivity
of o-xylene oxidation towards the different reaction
products as a function of temperature (310—410°C)
and space velocity (w = 1500-2500 h™') for a
catalyst sample of 7 wt.% V,05-TiO, (anatase). This
composition exposes the best catalytic properties — a
fact, well known from scientific papers.

At a temperature rising from 310 to 370°C, the
selectivity increases up to about 10%. The further
temperature rising to 390 and 410°C leads to slight
decrease in selectivity.

Simultaneously, the undesired product of not
complete oxidation (phthalide) decreases signify-
cantly in amount. The temperature effect on the
selectivity towards of over-oxidised products (maleic
anhydride, carbon oxide and carbon dioxide) towards
oxidation is different. The selectivity to maleic
anhydride exhibits a minimum at 350°C under all
three volume rates, whereas the selectivity towards
oxidation to carbon monoxide and carbon dioxide is
constant over the whole temperature range (310—
410°C) and is independent of the space velocity.
According to the experimental results, the catalytic
studies at higher temperatures when the amount of
partial oxidation product (phthalide) is small, while
the amount of the desired product of o-xylene
oxidation (phthalic anhydride) increases, are more
interesting. However, it is well known [1] that
V,0s5-TiO, (anatase) catalysts are strongly deac-
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tivated at high temperatures (> 440°C). For that
reason we also investigated V,0s5-ZrO, catalysts
which are expected to have a higher thermal stabi-
lity and are very close to V,05-TiO, (anatase) cata-
lysts with respect to their acid-base characteristics.

1310 o
801 1330 '
[ 350 08

Selectivity, mol %

FA CO+CO2 MA @ BA Ft :

Ft

Selectivity, mol %

FA CO+CO2 MA @ BA Ft

Selectivity, mol %
IR

FA CO+CO2 MA @ BA Ft :

Fig. 4. Oxidation of o-xylene over 7% V,05-TiO,
catalyst. Product selectivity (S;) obtained for steady
state at different temperatures (T =310, 330, 350,
370, 390 and 410°C) and different volume rates:
a—w=1500h"", b—w=2000h"", c—w=2500h"";
initial concentration of o-xylene — Cyyiene = 42 g/nm3.

It is obvious that the selectivity increases with
the reaction temperature although this increase is
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smaller than that for the V,05-TiO, (anatase) cata-
lyst (Fig. 4). With temperature raising the amount of
the partial oxidation product considerably decreases
and is practically independent of the space velocity.
As to the over-oxidised products (maleic anhydride,
carbon monoxide, carbon dioxide), their amount
increases with temperature. Comparison with the
V,0;5-TiO, (anatase) catalyst shows that 7% V,0s-
ZrO, catalyst samples (Fig. 2) display a 5—15%
higher selectivity with respect to carbon monoxide
oxidation. These experimental results indicate that
at low oxidation temperatures (310—410°C), V,0s-
TiO, (anatase) catalysts have a much higher select-
ivity towards o-xylene oxidation to phthalic anhy-
dride than in the case of the V,05-ZrO, catalyst.

The similar catalytic behaviour of the both com-
pared samples was an expected result. The reason is
probably in the similar structures of the supports
(ZrO, and TiO,) and the active component of V,O:s.

During industrial catalytic exploitation, the acci-
dental deviation of the normal technology regime is
an often case. It is really possible the transcendent
temperature rises to act destructively towards the
catalyst. In order to check the thermal stability of
our catalyst an additional experiment was carried
out- to compare the selectivity of both samples in a
temperature range of 450—550°C. Those tempera-
tures are much higher over the normal ones for the
standard V,0s-TiO, (anatase) catalysts. The resulting
selectivity after 10 h exploitation in overheated
regime towards the main products of o-xylene
oxidation — FA, MA, Ft, BA and CO, over the
V,0s5-Zr0O, catalyst are shown in Fig. 5 and over
V,05-TiO;, (anatase) — in Fig. 6. In this case the
selectivity towards the main oxidation product FA is
comparable (55 mol.%). BA and Ft are not present
in V,0s5-ZrO, probes and Ft is about 1.4% Ft in the
V,05-TiO; (anatase) sample. Probably the high-
temperature regime had an influence over the V,0s-
TiO, (anatase) catalyst with resulting structural and
morphologic changes and the sintering processes led
to catalyst deactivation.

The thermal stability of V,0s-ZrO, and the con-
ventional V,0s-TiO, (anatase) sample was investi-
gated after their prolonged (up to 50 h) exploitation
at high temperature (500°C). The comperative results
are shown in Figs. 7 and 8.

The change in the catalytic selectivity behaviour
after their long-time high-temperature treating
exposes the main predominance of the V,0s5-ZrO,
catalyst. In order to illustrate this one can compare
the changes in V,05-TiO, (anatase) samples in Figs.
4 and 8 and V,0s5-ZrO, (anatase) samples — in Figs.
2 and 7.
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Fig. 5. Oxidation of o-xylene over 7% V,05-ZrO,
catalyst. Product selectivity (S;) obtained for steady
state at different temperatures (T = 450, 500 and
550°C) and different volume rates: a —w = 1500 h"",
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The selectivity of V,0s5-TiO, (anatase) samples
to the main product FA drops sharply from 72
mol.% (Fig. 4) to 43 mol.% (Fig. 8). The selectivity
to the total oxidation product (CO,) rises twice-
from 27 mol.% (Fig. 4) to 45 mol.% (Fig. 8). The
maleic anhydride contents stand almost unchanged-
able after pre-heating, since the undesirable by-
products contents significantly rise: BA content
increases from 0.9 mol.% (Fig. 4) to 2.5 mol.% (Fig.
8) and Ft- from 0.01 mol.% (Fig. 4) to 1.3 mol.%
(Fig. 8). During the exploitation time the Ft and BA
content increase proportionally with pre-heating
from 10 to 50 h.

The selectivity of V,0s-ZrO, samples to the
main product FA decrease slightly from 63 mol.%
(Fig. 2) to 51 mol.% (Fig. 7). The selectivity to the
total oxidation product (COy) stands almost un-
changeable and varies about 40 mol.%. The maleic
anhydride contents increase from 5 mol.% (Fig. 2)
to 8 mol.% (Fig. 7). The undesirable by-products
BA and Ft are not registered at high temperature
regime. The experimental results of V,05-ZrO, (Fig.
7) and V,0s-TiO, (Fig. 8) expose a comparable
yield of FA in both cases, since there are desirable
changes of the by-product content (the rise of MA
and total absence of BA and Ft).

An interesting dependence of the selectivity
towards maleic anhydride is observed in the case of
V,05-TiO, (anatase) catalysts. The experimental
results in Fig. 7 show the selectivity to drop after 50
h at all space velocities. The selectivity towards
o-xylene oxidation to CO, shows a constant value of
about 40 mol.% (Figs. 6 and 7). The kinetic tests at
high temperatures (> 440°C) show that with respect
to its selectivity of o-xylene oxidation to phthalic
anhydride and phthalide, the V,05-ZrO, catalyst has
some advantages as compared to conventional
V,05-TiO, (anatase) catalysts. Nevertheless, it should
be noted that the selectivity of V,0s-ZrO, catalysts
in o-xylene oxidation to phthalic anhydride, as
measured at 410°C, is by about 15% lower than that
of conventional V,0s-Ti0O, (anatase) catalysts (Figs.
1 and 4).

With rising temperature (up to 450-550°C), a
V,05-TiO, (anatase) catalyst sample has exhibited a
more pronounced decrease of selectivity in partial o-
xylene oxidation than in the case of V,0s5-ZrO..
This decrease amounts to about 7—8 mol.% (Fig. 8),
while for V,0s5-Zr0O; it is 1-2 mol.% (Fig. 7).

CONCLUSION

A highly active and selective V,05-ZrO,-based
catalyst has been synthesised. In comparison with
conventional V,0s5-TiO, (a) catalyst, the V,05-ZrO,

catalyst has shown a higher selectivity to the valu-
able side product maleic anhydride under conditions
close to the industrial ones.

At low oxidation temperatures (up to 410°C) this
catalyst is inferior to the conventional industrial
V,05-TiO, (a) catalyst. The kinetic studies per-
formed in a high temperature regime (above 440°C)
have shown the vanadium-zirconium catalyst to
surpass in properties the V,05-TiO, (a) catalyst
under these conditions. It has been established that a
high selectivity in o-xylene oxidation is attained
when during the preparation of the V,05-ZrO,
catalyst ZrO, is completely covered by VOsx.

It has been also found that a V,0s-TiO, (a)
catalyst sample containing 7 wt.% V,0s demon-
strates best catalytic activity expressed in highest
selectivity to phthalic and maleic anhydrides and
lowest selectivity to phthalide, CO and CO,.

In contrast to the conventional V,0s-TiO, (a)
catalyst, the V,0s contents in V,05-ZrO, catalyst is
higher than that typical for monolayer coverage.

SYMBOLS

PhA phthalic anhydride;

Pht phthalide;

BA benzoic acid;

MA maleic anhydride;

w space velocity, h™';

S; selectivity, mol.%;

Cyylene cOncentration of o-xylene, g/nm’
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V,0s5-ZrO, KATAJIU3ATOP 3A CEJIEKTUBHO OKMCJIEHUE HA o-KCUJIOJI 1O ®TAJIOB
AHXUAPUL: I. IOJIVHABAHE, KATAJIMTUYHA AKTUBHOCT U CEJIEKTUBHOCT

JI. MakegoHcku
Meouyuncku ynusepcumem, yi. ,, Mapun [punos“ Ne 55, 9002 Bapua
Toctprmna Ha 15 mait 2008; Ilpepaborena Ha 15 sayapu 2009

(Pestome)

W3cnenBana e TepMHUYHATa yCTOMYMBOCT, KATAJIUTHUYHATA AaKTUBHOCT U CENEKTUBHOCT Ha cepus oT V,;0s5-ZrO,
KaTaJM3aTOpHH 00pa3ly 3a NaplHaIHO OKUCICHUE Ha O-KCHIION 10 (raynoB anxuapua. KaramurudHara celneKTHBHOCT
Ha Katanu3aTopHus obpazen cbc 7% V,05-ZrO, e cpaBHeHa ¢ KOHBEHIIMOHAIHUS MPOMHILIEH KaTanuzartop V,0s-TiO,
(amata3). TepmuuHaTa yCTOHYHMBOCT € W3CIIe[BaHA B [[Ba TeMIepaTypHH obOxBaTa. [Ipm HUCKH Temmeparypu (IOI
410°C) V,0s5-TiO, (anata3) moka3Ba IO-HHCKAa CEJIEKTHBHOCT CIPAMO (PTaloB aHXWUAPWUA B CpaBHEHHE CBC
cuaTesnpanus V,0s-ZrO, xatanm3atopeH oOpasen. [Ipu mo-BHCOKHM peakIMOHHU TeMIieparypu, nopu mpu 550°C B
npoab/pkeHne Ha 50 Jaca eKCIIoaTaloOHHO BPEME, CEJIEKTUBHOCTTA CHPSAMO LIENEBUS MPOLYKT OT (hTaIOB aHXUIPHUI
Ha V,0s5-ZrO, xaTtanu3aTopeH oOpasell HaMasiBa HE3HAYUTETHO.
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II. Physicochemical characterisation of the catalyst
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Vanadium oxide-zirconia catalysts were prepared by impregnation of ZrO, powder with an aqueous solution of
NH4VO;. The thermal stability, activity and selectivity of a series of V,05-ZrO, catalyst samples towards o-xylene
oxidation to phthalic anhydride have been investigated. It has been established that the phthalic anhydride content
reaches about 55 mol% in samples containing 7 and 10 wt% V,0s. The physicochemical characterisation of the
catalysts prepared was performed using IR spectroscopy, XPS analysis, X-ray spectroscopy, derivatograph analysis,

EPR spectroscopy and temperature - programmed reduction.
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INTRODUCTION

Vanadium oxide-based catalysts are well known
and extensively employed in industry for hetero-
geneous oxidation and ammoxidation of aromatic
hydrocarbons [1—7]. Generally these catalysts are
supported on oxides such as Al,O;, SiO, and TiO,.
Supports are often found to modify the physico-
chemical properties of wvanadia catalysts. The
supported oxides do not form three-dimensional
crystal phases, but rather a patchy or continuous
‘monolayer’ covering the support [8, 9]. Recently,
ZrO,-supported catalysts were found to exhibit
better catalytic properties than the catalysts
supported on other oxides [10].

During the past years some patents have reported
the use of ZrO, as a support of V,0s [11]. Systems
of V,0s-ZrO, in combination with various
promoters are widely used for several reactions
including o-xylene oxidation [12], ammoxidation of
aromatics and methylaromatics [13], oxidation of
toluene [14, 15], decomposition of propan-2-ol [16,
17], oxidative dehydrogenation of propane [18, 19],
oxidation of naphthalene [21, 23], partial oxidation
of methanol and selective catalytic reduction of NOy
by C3;Hg [20]. The utilisation of ZrO, is based on the
fact that it is stable at very high temperatures [21]
and its acid-basic characteristics are very close to
those of Ti0,.

Interesting studies [21—29] have reported the use
of zirconia as a support of vanadium oxide catalysts.
The valuable zirconia properties in this respect are
its high thermal stability and acid-basic character-
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istics which are close to those of titania (anatase)
[22-25].

The activity of supported vanadia catalysts
depends mainly on the method of preparation, the
nature of the support and the dispersion of the active
component on the support surface. Considerable
efforts have been made to develop surface char-
acterisation of the active component in supported
catalysts. These include specific surface area, IR
spectroscopy, XPS analysis, X-ray spectroscopy,
derivatograph analysis, EPR spectroscopy and
temperature - programmed reduction.

EXPERIMENTAL
Synthesis of the catalyst

Supported V,0s-ZrO, catalyst samples were
obtained by a method based on the preparation of an
industrial BASF catalyst, V>-V,0s (specific surface

area 6 mz/g), NH4VO; (AG-Fluka) and ZrO, (AG-

Fluka; monoclinic [6], specific surface area 26 mz/ 2)
being used.

The catalyst samples were prepared by reducing
V> of V,05 (V,05:H,C,04 = 1:2.5-3.0) in an
aqueous solution of oxalic acid at 60-80°C. Zirconia
was introduced simultaneously. Surfactants (form-
amide or diphenylformamide) in an aqueous solu-
tion: surfactants ratio = 3.5-5.0:1.0 were used as
binding substances. The suspension obtained was
subjected to ultrasonic treatment with a view to
homogenisation, dispersion and additional activa-
tion of the catalyst mass. The active catalyst mass
was applied on an inert support of steatite spheres, 6
mm in diameter, by pulverising the suspension on
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the spheres pre-heated up to 200-250°C. The
catalyst samples thus obtained had a coverage
thickness of 1 mm of the total catalyst mass. They
were dried at 110°C and calcined for 2—10 h at
450°C (a temperature corresponding to the calcina-
tion temperature of the industrial catalyst in air
flow).

Apparatus for investigating the catalytic activity and
selectivity of the samples, under study

The activity and selectivity of the catalyst
samples towards the vapour phase partial oxidation
of o-xylene to phthalic anhydride were investigated
with a flow-type installation functioning at a
pressure of 1 atm. The laboratory flow reactor had a
length of 450 mm and contained 250 cm® catalysts.
It was immersed in a salt bath containing a KNO,
:NaNO, (1:1) salt melt, the temperature being
maintained with an accuracy of up to 1°C. The
temperature of the catalyst grains along the catalyst
layer was measured by thermocouples. A minipump
achieved the exact dosage of o-xylene. Along with
the air introduced by a compressor, o-xylene came
to a mixer with a filling where the temperature of
the air-xylene mixture was maintained at 180°C.

Condensers up took the vapour phase oxidation
products and the gas phase was conducted to the gas
chromatograph.

Methods and apparatus for characterisation of
catalyst samples and products of o-xylene oxidation

The analysis of the oxidation products was
performed on-line by a gas chromatograph. The
contents of phthalic anhydride (PhA), phthalide
(Pht), benzoic acid (BA), maleic anhydride (MA)
and CO, + CO were determined. The gas chromato-
graph was connected on-line with the flow installa-
tion for o-xylene oxidation. The catalyst samples
were activated by air for 48 h, while the selectivity
measurements were done 2 h after fixing the corres-
ponding regime.

The final reaction mixture was subjected to gas-
chromatographic analysis in a Perkin Elmer 850
apparatus (capillary column OV-101, 1 = 25 m,
inner diameter = 0.25 mm, carrier gas = H,,
T =90-120°C, detector PID). The reaction products
found were o-toluyl aldehyde, benzoic acid,
phthalide, maleic anhydride, phthalic anhydride and
unreacted xylene. The products of fragmentary
oxidation (CO and CO,) were determined chromato-
graphically in a steel column (I = 4 m, inner
diameter = 0.25 mm, catarometer as a detector).

The catalyst samples were activated in an air
flow at the corresponding temperature and volume
rate for 48 h. The kinetic measurements were
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performed two hours after establishing the corres-
ponding regime.

The samples were characterised by a series of
physicochemical methods.

The specific surface area was measured with a
Klyachko-Gurvich apparatus by the BET method.

The IR spectra were recorded by a Nicolet
Avatar 320 FIIR spectrometer using KBr tablets.

The XPS analysis of V,05-ZrO, was carried out
with an Escalab II electron spectrometer at a
pressure of about 10~ Pa. The samples were stored
in stainless steel vessels. The photoelectron spectra
were excited by MgK, radiation.

The X-ray spectra were recorded with a DRON-3
apparatus using CuK, radiation.

The EPR spectra of the samples at room
temperature were obtained by an ERS 220/Q
electron resonance spectrometer system at 100 kHz
modulation of the magnetic field.

Temperature-programmed reduction (TPR) was
carried out on a standard laboratory apparatus using
a quartz thermometer. The weight of the sample was
0.1 g. The temperature was raised linearly from 30
to 800°C at a constant heating rate of 10°/min. The
samples were reduced in a 10% hydrogen + 90%
argon mixture (flow-rate of 30 ml/min).

Derivatograph analysis was made with a Paulik
Erdey derivatograph apparatus. This permitted
simultaneous registration of the temperature curve
(T), the enthalpy curve (DTA), the mass change (TG
curve) and the DTG curve. The analysis was
performed with a TG sensitivity of 200 mg, a
sample weight of 0.5 g, a heating rate of 10°C/min,
technically pure alumina as an inert substance,
turbulence air in the furnace and heating up to
1000°C.

RESULTS AND DISCUSSION

In order to elucidate the behaviour of the
zirconium cations in the catalyst samples, we
performed the following experiment. The catalytic
activity and selectivity of a 7% V,05-ZrO, sample,
1:1 mechanic (physical) mixture of the same catalyst
sample with pure ZrO,, and a sample of pure
zirconia were investigated and compared.

The experimental results in Fig. 1 show that pure
zirconia oxide has very low catalytic selectivity in
vapour phase oxidation of o-xylene to phthalic
anhydride. The coordinatively unsaturated cations
initiate processes of complete oxidation. On this
basis it can be expected that the pure zirconia
surface would lead to complete o-xylene oxidation.
At first sight the relatively low activity of pure
zirconia seems to be an indication of its inertness
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towards the complete o-xylene oxidation to phthalic
anhydride. From the scientific literature it is known
that coordinatively unsaturated titanium cations also
have a low activity with respect to the oxidation of
o-xylene oxidation to phthalic anhydride. However,
they favour the complete oxidation of the inter-
mediate products of partial oxidation.
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Fig. 1. Selectivity of pure ZrO, and a physical mixture of
pure ZrO, and catalyst sample 7% V,05-93% ZiO, (1:1)
at a different temperature oxidation of o-xylene. Cy.xyiene =
42 g/nm’, w = 1500 h™'time of exploitation T = 10 h.

Let us study the behavior of the zirconium
species. If they are completely inert, a drop in
catalyst activity should be observed due to the lower
(50%) relative content of the active V,0s phase.

The experimental results (Fig. 1) obtained at
different (330, 370 and 410°C) temperatures reveal
a significant drop (by about 10%) in activity of the
7% V,05-ZrO, sample when it is mixed mecha-
nically with pure zirconia in a 1:1 ratio. Simulta-

neously, the amount of CO; in the products
increases. The content of o-toluyl anhydride and
phthalide in the oxidation products increases several
times. This is also an indication of a reaction
proceeding towards complete oxidation.

The experimental results permit the important,
with respect to the catalyst structure, conclusion that
high catalyst selectivity towards the oxidation reac-
tion can be achieved when the zirconia surface is
completely covered by VO. It should also be noted
that the amount of the VO, surface phase needed for
monolayer coverage would not necessarily ensure
the absence of a bare zirconia surface. It is known
that in many cases the VO surface phase forms the
so-called islands. A suitable method is needed for
the synthesis of surface phase VO, coverage.

Determination of specific surface

The specific surface areas are: 26 m’/g for the
initial monoclinic ZrO,, 28 m?/g for the obtained
fresh catalyst of 7% V,05-ZrO,, 22 mz/g for the
catalyst 10 h at 450°C, and 7 m*/g for the heated in
air at 800°C for 3 h (Table 1). These data show that
during the exploitation of the 7% V,05-ZrO, catalyst
at 450°C no intense sintering proceeds since the
specific surface area does not change substantially.
The sintering occurring at 800°C leads to a strong
decrease of the specific surface area.

It should be noted that according to [30] the
conventional V,0s5-TiO, (anatase) catalyst is
strongly sintered (deactivated) at this temperature.
However, considerable sintering of the 7% V,0Os-
ZrO, catalyst resulting in a specific surface area
drop has been observed at 800°C.

Derivatograph analysis (DTA, DTG, TG)

The DTA curve of the synthesised catalyst
sample (7% V,05-93% ZrO,) exhibits a double
exothermic effect beginning above 100°C and
showing a maximum at about 260°C, then a second
maximum at 365°C. The latter is visible within the
same temperature range on the TG curve (Fig. 2)
and is produced by a two-stage decomposition
process. According to our opinion this may be due
to further decomposition of the vanadium-oxalate
complex used as a precursor in preparation of
catalysts samples. The supposition is confirmed by
IR and X-ray phase analyses of the catalyst samples.
The total weight drop of the sample indicates about
93% of undecomposed oxalate complex.

The DTA curve (Fig. 3) of the same catalyst
sample (7% V,05-93% ZrO,) after 100 h exploita-
tion in o-xylene oxidation to phthalic anhydride at
450°C displays one barely visible exothermic effect
at 230—290°C with a maximum at 260°C. It is
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probably a result of additional decomposition, which  there are only ZrO, and TiO, in the 4" oxidation
is indicated by the DTG and TG curves within the  state. This is evident from Figs. 4 and 5 presenting
same temperature range. the XPS spectra of Ti2p and Zr3d. The chemical
shift of the above lines is characteristic of TiO, and
Zr0,. In both substrates (Figs. 4 and 5) vanadium is

The XPS studies of the catalyst samples have  in the same oxidation state as V,0Os, which is proved
registered Ti 2p”” and Zr 3d** lines. On the surface by the shift of the V 2p*” lines.
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Fig.2. Derivatograph analysis (DTA, DTG, TG) of  Fig. 3. Derivatograph analysis (DTA, DTG, TG) of catalysts
fresh 7% V,05-93% ZiO, catalyst sample. samples 7% V,05-93% ZiO, tested in o-xylene oxidation,
T=370°C, Corylene = 42 g/nm’, w = 1500 h™', time of
exploitation T = 10 h.
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Fig. 4. Photoelectron spectra of pure ZrO, (curve A) and
pure TiO, (anatase) (curve B).

The Ti:V:O or Zr:V:O concentration ratio (at.%)
calculated on the basis of XPS experiments (Table
1) is, after correcting the free path of photoemitted
electrons, in a very good agreement with the above
considerations.
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Fig. 5. Photoelectron spectra of catalyst sample
7% V,05-93% ZiO, (curve C) and catalyst sample
7% V,05-93% TiO, (anatase) (curve D), tested in
o-xylene oxidation (curve B), T =370°C, C, xyicne = 42
g/mm’, w = 1500 h™', time of exploitation t = 10 h.

Thermoprogrammed reduction

The catalyst samples were subjected to
temperature programmed reduction. Figures 6 and 7
present results from TPR of fresh V,05-ZrO,
samples containing different V,0Os concentrations
(from 4 to about 10%). The peaks observed up to
300°C with samples a, b and ¢ are probably due to
desorption of water from the samples. Two more

groups of peaks are observed: low-temperature
peaks at 340—360°C and high-temperature ones at
460—480°C. According to literature [49, 50], the
low-temperature peaks are characteristic of the
reduction of V,Os crystals, while the high-tempe-
rature ones are produced by reduction of surface
vanadium. The areas of the low-temperature peaks
(a-c) show an obvious trend to increase with the
V,0s5 content. The same trend, although much less
pronounced, is observed with the areas of the high-
temperature peaks.

0 200 400 600 800

Temperature,deg.C

Fig. 6. Temperature-programmed reduction of fresh
catalysts systems V,0s-ZiO, at different contents of
V,05 (Wt.%): a. catalyst sample 4% V,05-96% ZiO,;
b. catalyst sample 7% V,05-93% ZiO,;
c. catalyst sample 10% V,05-90% ZiO,.
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Fig. 7. Temperature-programmed reduction of tested
in o-xylene oxidation catalysts systems V,05-ZiO,,
T = 450°C, Cyyyiene = 42 g/nm’, w = 1500 h™', time of
exploitation T = 10 h at different contents of V,05
(Wt.%): a. catalyst sample 4% V,05-96% ZiO»;

b. catalyst sample 7% V,05-93% ZiO,;

c. catalyst sample 10% V,05-90% ZiO,,

Comparison of the data from TPR of a conven-
tional V,0s-TiO, (anatase) catalyst [31, 32] with
those on V,05-ZrO, shows a low-temperature peak

317



L. Makedonski: Physicochemical characterisation of V,0s5-ZrO, catalyst

much smaller than the high-temperature one in the
first case. This is attributed to the fact that the V,0s-
TiO, (anatase) catalyst samples contain a much
larger amount of surface vanadium. On the zirconia
substrate, vanadium is coordinated much more
easily and is more difficult to remove than in the
case of the titania (anatase) support. Taking into
account that V,0Os is the active phase, the V,05-ZrO,
catalyst should have a good catalytic activity.

The spectra of used in process of oxidation of o-
xylene V,0s5-ZrO, catalyst samples (Fig.7) show a
single peak at 450—510°C, which is probably due to
the reduction of surface vanadium. With increasing
V,0s amount in samples a-c, the peak areas in-
crease. The ratio between the areas of the peaks for
fresh and used samples also increases with the ac-
tive phase (V,0s) concentration in the direction a-c.
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Fig. 8. Temperature-programmed reduction of tested in

o-xylene oxidation catalysts sample 7% V,05-93% TiO,

(anatase), T = 450°C, Co.xylene = 42 g/nm3, w=1500h"",
time of exploitation T = 10 h.

For the sake of comparison, a 7% V,05-TiO,
(anatase) sample was also subjected to TPR. Figure
8 shows the spectrum, which is very close to that of
the conventional V,0s-TiO, (anatase), described in
literature [30]. The low-temperature peak is observed
at about 460°C. It is due to reduction of surface
vanadium. A high-temperature peak, much more
intense than the low-temperature one, is observed at
600°C. No such peak has been established with
V,05-Zr0, samples. According to Wachs et al. [30],
this peak is due to the partial reduction of V,Os
probably to V,0, during the catalytic reaction. A
low-intensity peak is observed at 340—350°C. Its
presence indicates that not completely reduced
crystallites of V,0s have remained in the used
catalyst sample.

Previous studies on the catalytic activity of the
V,05-ZrO, system [33] have shown values
commensurable with those for the system V,Os-
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TiO,. Taking into account this and the experimental
results of TPR one may draw some conclusions on
the role of the V,0s active phase with respect to the
catalytic properties of the samples.

The relatively high catalytic activity of samples
of the V,05-Zr0O, system may be due to distribution
of the active sites on the surface of the vanadium
support. This assumption is based on the fact that
the peak area of 7% V,05-ZrO, — used in oxidation
of o-xylene (Fig. 7) is much larger that the area of
the low-temperature peak in the spectrum of using
V,0;5-TiO; (anatase) sample (Fig. 8).

The high catalytic activity of the catalyst sample
from the V,0s-TiO, (anatase) system shows that the
partial reduction of V,Os to V,04 is also of
importance for the catalytic reaction.

EPR spectroscopy

Figure 9 shows the EPR spectra of fresh V,0s-
ZrO, catalyst samples as well as of samples used in
o-xylene oxidation to phthalic anhydride.
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Fig. 9. EPR spectra of the catalyst system V,05-Zi0,:
1. pure V,0s; 2. fresh catalyst sample 4% V,05-96%
Zi0,; 3. tested in o-xylene oxidation catalyst 4% V,0s-
96% Zi0,, T = 450°C, Co.yyiene = 42 g/mm’, w=1500h",
time of exploitation T = 10 h; 4. fresh catalyst sample
7% V,05-93% Zi0,; 5. tested in o-xylene oxidation
catalyst 7% V,05-93% ZiO,, T = 450°C, Cy xyiene = 42
g/nm3, w = 1500 h™", time of exploitation T = 10 h;

6. fresh catalyst sample 10% V,05-90% ZiO,; 7. tested
in o-xylene oxidation catalyst 10% V,05-90% ZiO,,

T = 450°C, Cy.xyiene = 42 g/nm’, w = 1500 h™', time of
exploitation T = 10 h.

In the same figure a comparison with the EPR
spectrum of a sample of V,0;s is made. Evidently,
the EPR spectrum of V,0s (curve 1) consists of a
single line on which an unresolved fine structure is
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visible. According to the data from literature [34,
35], this signal may be ascribed to exchange-
associated VO**complexes. The spectra (2, 4 and 6)
of fresh catalyst samples exhibit a single line with a
Lorentzian shape whose width slightly decreases
with increasing the amount of supported V,Os (from
curve 2 to curve 6): curve 2: 4% V,05-96% ZrO, —
AH,, = 115 £ 1G; curve 4: 7% V,05-93% ZrO, —
AH,, = 104 = 1G; curve 6: 10% V,05-90% ZrO, —
AH,,=100 £ 1G.

The model V,0s5 used as a standard has about
200 times lower intensity as compared to the EPR
signal of the sample where V,0s is the active phase.

With the catalyst samples used in o-xylene
oxidation to phthalic anhydride (Fig.9, curves 3, 5
and 7), the intensity of the EPR signal sharply drops
and the EPR spectra (Fig. 9, curves 3, 5 and 7)
contain an asymmetric signal of isolated VO**
complex group.

In these catalyst samples the amount of
exchange-associated VO*" groups decreases. The
appearance of isolated VO** groups (having not
changed during the catalytic reaction) can be
attributed to that part of the active V,0s phase,
which has partly interacted with zirconia support.

The period of exploitation of catalyst depends
significantly on their thermal stability. The EPR
spectra of a fresh 7% V,05-ZrO, catalyst and
catalysts samples calcined at 450°C and 800°C for
10 h are show in Fig. 10.

The EPR spectrum of a fresh 7% V,05-ZrO,
catalyst (Fig. 10, curves 1a—1c) shows two signals: a
singlet signal being 11 mT wide (curve la) and an
octet signal, which is not well solved (curve 1b).
The combination of both signals (curve la and 1b)
leads to the registration of a total signal presented in
Fig. 5 by a thick line (curve 1¢). According to the
authors [34, 36], these two signals are due to
clustering V** (with respect to the singlet signal) and
to a VO** complex (for the octet signal).

The form and the view of EPR spectrum of a
catalyst sample calcined at 450°C for 10 h (curve
2a-2b) do not differ practically from that of a fresh
catalyst (Fig. 10, curves la—lc). This means that
there is no significant change of the fine structure of
the active phase (V,0s) of the catalyst calcined at
450°C. The thermal treating of the catalyst under
this temperature has practically no influence on its
thermal stability. On the contrary, a V,0s-TiO,
(anatase) catalyst undergoes consider-able structural
changes under such conditions of calcination.

An appreciable variation of the shape of the EPR
spectrum of a sample calcined at 800°C for 10 h is
observed (Fig. 10, curve 3). The singlet signal
(clustering V*") disappears and is completely

compensated by the octet signal due to the VO**
complex. The last one is presented in Fig.10 by a
thick line (curve 3).

1a
K 1b
2a
1c
2b
2c

10 mT

B/mT

Fig. 10. EPR spectra of 7% V,05-93% ZiO, catalyst
sample. curves la-1c — fresh catalyst; curves 2a-2¢c —
catalyst calcined at 450°C for 10h; curves 3a-3c —
catalyst calcined at 800°C for 10h

X-ray phase analysis

The X-ray phase analysis of catalyst samples
used in the o-xylene oxidation to phthalic anhydride
shows the presence of a crystalline phase of mono-
clinic zirconia with all catalysis samples (Fig. 11).
Peaks of the supported V,0s phase are not visible,
which indicates that at the working temperature of
the catalyst samples (450°C) it is amorphous or
clusters of V,0s particles have been formed. Well
shaped V,0s crystals have not been observed.

The intensity of the zirconia peaks decreases
with the increase in V,0s concentration (from 3 to 1
in Fig. 11). The mean thickness of the V,0s
coverage in the whole bulk surface of the zirconia
support was estimated from the decrease in integral
intensities of the zirconia peaks due to absorption of
the X-rays by the catalyst layer.

The calculations were performed according to
the formula [37]:
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where [ denotes the integral intensity of the of 7%
V,05-93% ZrO, sample, lo — the integral intensity
of the peak of zirconia, p — absorption coefficient, p
— the density (grem3), ¢+ — the density of the
coverage and 0 is the angle for which the intensities
I and Jo are calculated. According to the cal-
culations, the mean thickness of the V,0s coverage
in the whole bulk surface of the zirconia support of
the 7% V,05-93% ZrO, catalyst is 375 nm.
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Fig. 11. X-ray spectra of the catalyst system V,0s-ZiO,:
1. tested in o-xylene oxidation catalyst 10% V,05-90%
Zi0,, T =450°C, C, ryiene = 42 g/nm’, w = 1500 h™', time
of exploitation T = 10 h; 2. tested in o-xylene oxidation
catalyst 7% V,05-93% ZiO,, T = 450°C, C,.xylene = 42
g/mm’, w = 1500 h™', time of exploitation T = 10 h;

3. tested in o-xylene oxidation catalyst 4% V,0s-
96% ZiOs, T = 450°C, C,xyiene = 42 g/nm’, w = 1500 h ™",
time of exploitation T = 10 h; 4. pure ZrO,.

IR Spectroscopy

Figure 12 shows the IR spectra of the fresh
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synthesised sample (with 4 and 7% V,0s) and
catalysts samples tested in o-xylene oxidation.
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Fig. 12. IR spectra of catalysts samples 4% V,0s-
96% Zi0, and 7% V,05-93% Zi0,: 1 - fresh catalysts
samples; 2 - tested in o-xylene oxidation catalysts
samples, T = 450°C, Cq_yiene = 42 g/nm3 ,w=1500h"",
time of exploitation T = 10 h.

The IR spectra of use catalyst samples contain
absorption bands at 1010, 820 and 520 cm ', which
are characteristic of pure V,0s. The high-frequency
band at 1010 cm™' is assigned to vibration of isola-
ted V=0 non-bridge bonds in the [VOs] trigonal
bipyramids [38, 39]. The broad absorption band at
810 cm™' is due to stretching modes of V-O-V
chains, while the bands at 500 and 430 cm ' are
associated with bending modes of the V,05 network
consisting of [VOs]. The intensity of these absorp-
tion bands is higher than that of the band of fresh
catalyst samples. This may be a result of crystalli-
sation processes initiated by the temperature of o-
xylene oxidation.

A characteristic feature of the IR spectra of fresh
catalyst samples is the shift of the absorption lines
of [VOs] groups to lower frequencies, which is
probably due to lengthening of the V-O bonds.

The IR spectra of 7% V,05-93% ZrO, system
treated at 450 and 800°C (normalised with respect to
the most intensive peak at 501 cm™') are presented
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in Fig. 13. The spectra of both samples (curve 1 -
450°C and curve 2 - 800°C) in the region of
1100—400 cm™' do not show significant variations in
the structure of the active phase. The reason for such
a statement is the fact that the positions of the peaks
(characteristic for the system V,0s-ZrQO,) of the
absorption band coincide. On the other side, it can
be seen that the intensity of the peak at 1020 cm ™'
for the catalyst sample calcined under 800°C (curve
2) increases significantly. Most probably this is due
to crystallisation processes taking place at this high
temperature. In our point of view, they lead to an
intensive sintering of the catalyst sample and as a
result the adsorption characteristics of the support
decline and the thermal stability of the catalyst
being worsened, respectively. This is in accordance
with the specific surface data (Table 1). It is worth
noting that in the interval 450—800°C a separation of
the water occurs and the peak observed at 1633 cm '
for a sample calcined at 450°C (curve 1) disappears
(curve 2) (deformation fluctuation of the water). The
peaks observed in the spectrogram 1 at 1384 and
1458 cm ' are very likely due to the thermal
decomposition of the binding agent that is used in
the synthesis of the catalyst.
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0,04 |- E
1 1 1 1 1 1 1
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Fig. 13. IR spectra of 7% V,05-93% ZiO, catalyst
sample: 1 - catalyst samples calcined at 450°C for 10 h;
2 - catalyst samples calcined at 800°C for 10 h.

CONCLUSIONS

The physicochemical characterisation of prepared
V,05-Zr0, catalyst samples was performed using IR
spectroscopy, XPS analysis, X-ray spectroscopy,
derivatograph analysis, EPR spectroscopy and
temperature-programmed reduction.

A high catalyst selectivity towards the oxidation
reaction can be achieved when the zirconia surface
is completely covered by VO, The amount of the
VO surface phase needed for monolayer coverage
would not necessarily ensure the absence of a bare
zirconia surface.

In the synthesised V,0s-ZrO, and V,0s-TiO,
catalyst samples vanadium is in the same oxidation
state as V,0s, which is proved by the shift of the V
2p*” lines.

The relatively high catalytic activity of samples
of the V,05-Zr0O, system may be due to distribution
of the active sites on the surface of the vanadium
support. The high catalytic activity of the catalyst
sample on the base of V,05-TiO, (anatase) system
shows that the partial reduction of V,0s to V,0, is
also of importance for the catalytic reaction.

The EPR analyses of fresh V,05-ZrO, catalyst
samples expose the presence of exchange-associated
VO* complexes and isolated VO*"complex groups.
The appearance of isolated VO** groups (having not
changed during the catalytic reaction) can be attri-
buted to that part of the active V,0s phase which has
partly interacted with zirconia support.

The thermal treating of the catalyst has
practically no influence on its thermal stability. On
the contrary, a V,05-TiO, (anatase) catalyst under-
goes considerable structural changes under such
conditions of calcinations.
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V,05-ZrO, KATAJIM3ATOP 3A CEJIEKTUBHO OKMCJIEHUE HA o-KCUJIOJI
JO ®TAJIOB AHXUAPU/: II. PUSUKOXNUMUYHO OXAPAKTEPU3MPAHE

JI. MakenoHcku

Meouyuncku ynusepcumem, yi. ,, Mapun [punos“ Ne 55, 9002 Bapua

Iocrenmna Ha 15 maif 2008; IIpepaborena Ha 15 suyapu 2009

(Pestome)

V,05-ZrO, katanuzatop € CUHTEe3UpaH 4pe3 HaHacsiHe Ha npax oT ZrO, ¢ BojaeH pa3tBop NH,VO;. Uscnenpana e

T€pMUYHATa YCTOHUMBOCT, KaTalUTUYHATA AaKTUBHOCT M CEJNEKTUBHOCT Ha cepust oT V,0s-ZrO, kaTamu3aTopHU
00pa3y CHpsMO OKHCICHHETO Ha O-KCHJION 0 (hTaJOB aHXMIPUA. Y CTaHOBEHA € CEeJIEKTUBHOCT OKOJIo 55 M0i1.% 3a
obpasiu ceaepxkanm 7 1 10% V,0s. HanpaBena e ¢pu3nkoxiuMnuyHa XapaKTEpPUCTHKA HA KaTaJM3aTOPHHUTE 00pasiy ¢
MOMOIITa Ha WH(padyepBeHa CIEKTPOCKOMUs, peHTreHodasoB aHanus3, EIIP anamm3, peputorpadcku aHamms wu
TEPMOIPOTpaMHUpPaHa PEIyKIHSL.
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Enzymatic esterification in reversed micelle system is presented. The initial reaction rate has its local maximum at
equimolar initial ratio of alcohol to acid for each one of the studied acid concentrations. Modelling of this phenomenon
is made based on Michaelis-Menten equation for Ping-Pong Bi-Bi mechanism. One variable in this equation changes
with the initial acid concentration while the other is set to alter with the ratio of alcohol to acid and its deviation from
the determined optimal value of 1. The observed inhibition by the acid is considered. The effect of acid dilution when
the initial water concentration in the reversed micelle system is increased is also taken into account. The kinetic
parameters are determined graphically. The modelled rate dependences on the substrates ratio are compared to the
measured data. Suggestions for further model development are made.

Key words: enzymatic esterification, Ping-Pong Bi-Bi kinetic model, substrate inhibition, Candida rugosa lipase,

reversed micelles.

INTRODUCTION

The kinetics of many fatty ester syntheses
catalysed by fungal lipases (free or immobilised)
has been shown to follow Ping-Pong Bi-Bi mecha-
nism [1]. This mechanism was postulated for reac-
tions in biphasic organic-aqueous systems with
solvent [2, 3], in solvent-free systems [4] or in
reversed micelle solvents [5—7]. Regarding micro-
emulsion reaction network, some elaborated theo-
retical models were proposed which took into
account the partitioning of the substrates between
the phases [5, 8]. For biphasic systems, the effect of
the organic solvents polarity was mathematically
described through dissociation constants for the
substrates [2] or by their thermodynamic activities
[4]. However, substrate inhibition was included only
in the latter case taking into account a competitive
inhibition by the alcohol solely.

The enzymatic esterification that proceeds in the
fastest way at one and the same ratio (despite the
change in both substrates concentrations) was pre-
viously studied by us [9]. Although such phenom-
enon has not been directly stated anywhere in
literature, similar relationship can be revealed if
some data are carefully examined. Thus in n-hep-
tane Novozyme 435 catalyses best the ethyl acetate
synthesis at an ethanol molar excess of ca. 4.5 [10],
and i-amyl oleate at about an equimolar ratio of the
substrates [3].

* To whom all correspondence should be sent:
E-mail: zlazar@bas.bg

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

In the present article, we propose an approach to
modelling the enzymatic synthesis, which proceeds
with optimal rates at a constant initial ratio of
alcohol to acid in spite of the change in their
concentrations.

EXPERIMENTAL
Materials and methods

The studied reversed micelle system (RMS)
consisted of substrates, oleic acid and i-amyl alcohol
dissolved in i-octane, all p.a. (Merck or Sigma-
Aldrich). The enzyme, CRL (Candida rugosa
lipase, TypeVIl, Sigma), was incorporated inside
the reversed micelles formed by the quaternary
ammonium salt, cetyl pyridinium chloride, CPC
(Sigma) under injection of a known amount of an
aqueous buffer solution.

The effects of substrates and water concentra-
tions on the initial esterification rate were examined
in kinetic series following titrimetrically (alcoholic
0.1 mol-dm~ KOH/phenolphthalein) the consump-
tion of the free oleic acid [11]. Some esterifications
were performed in duplicate, the rates determined
deviated from each other by a relative error of 1%.
CRL was used as received and the initial rates were
referred to g {solid}. The protein content in the solid
CRL preparation was assayed according to Sigma
Diagnostics, Procedure No. 690 and it was found to
be =~ 14%. In the same origin CRL preparation,
~8% protein was measured by Zaidi et al. [12].
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In the studies (if otherwise stated) the following
RMS parameters were held constant: CRL — 3 g
{solid}-dm™; CPC — 0.115 mol-dm>; aqueous
buffer type - K,H/KH, phosphate — 0.05 mol-dm>;
pH 6.88—7.09; temperature — 35°C; stirring rate —
~ 70 rpm.

Experimental base of the model

In Fig. 1, the effects of the initial concentration
of the acid and of the initial ratio R = mol
[alcohol]o/mol [acid], (Fig. 1a) and of the water, i.e.
the aqueous buffer (Fig. 1b) on the initial reaction
rate (V) are shown. For [oleic acid], = 0.1 mol-dm™
at R = 0.5 and R = 0.75 (Fig. 1a), the initial CPC
concentration was reduced 3-fold (to 0.0383
mol-dm™) in order to establish a stable RMS of W,
=30 (W, = mol H,O/mol CPC). In Fig. la it is well
seen that for each acid concentration the rate has its
local maximum at R = 1. The aim of this work is to
consider this phenomenon ‘optimal rates at a con-
stant substrates ratio’ into well known kinetic model
for Ping-Pong Bi-Bi mechanism (Eqn. (1)):

K K
L: 1 + "’Bxl+ "’Axl (D).
Ve V, | 4 B V., 4

max max

For the purpose, we propose a modification of
the variable for the alcohol concentration A4, in the
model equation (1).

Moreover, from the data represented in Fig. 1b, it
is seen that the initial water concentration in the
RMS-volume, [H,O]y, affects significantly the reac-
tion rate. For highest [oleic acid], = 0.4 mol-dm™
and Wy = 30 ([H,O]p = 3.45 mol-dm™) the rates
decreased (Fig. 1a), obviously due to the inhibition
caused by the acid. However, increasing the water
concentration the rates increased substantially (Fig.
1b). At [H,0], = 4.60 mol-dm™ (W, = 40) the rates
approached the highest values gained at [oleic acid],
= 0.3 mol-dm™. The effect of substrates dilution by
water is evident and it diminishes the inhibition
effect. It can be concluded that both substrates
influence the reaction rate through their
concentrations with respect to the dispersed aqueous
phase of the reversed micelles where the enzyme
molecule is incorporated and where the reaction
proceeds. In eq. 1, the variables for the substrates
concentrations 4 and B should be transformed
taking into account the dilution effect of the water
initially present in the RMS.

Model development

Transformation of the variables A and B in order
to consider the effect of the initial water. The first
transformation consists in normalisation of both
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initial substrates concentrations, 4 and B, to the
initial water concentration in the RMS-volume.

initial Wo=30

0.3
=)
<
< £
E 35
E 2.5
0.1
02 0-75 initial molar ratio
[oleic acid]o 03 04 0.5 R= [alcohol], /
[mol dm?] ’ [acid]g
a
[oleic acid]o = 0.4 mol dm
35
o
e
¥E
©
IS
£
A5 =
3.5
A0 25
[Hol 39" 15
[mol dm™] QA5 1 initial molar ratio

R= [alcohol], / [acid]y
b

Fig. 1. Effect of the initial concentrations of the substrates
(a) and of the water (b) on the initial reaction rate, V.
CPC and CRL concentrations were as mentioned in
Experimental, except for [oleic acid]= 0.1 mol-dm* at
R =0.5 and R = 0.75 where CPC-concentrations were
0.0383 mol-dm * and CRL, 1 g-dm °. [Oleic acid],= 0.4
mol-dm, R = 3.5 and [H,0],= 3.45 mol-dm > was not
measured.

The reason 1is, that the substrates concentrations
with respect to the dispersed aqueous phase of the
RMS can not be initially settled and known as they
are consequent upon the spontaneous processes of
micelle formation and mass exchange between the
reversed micelles and the continuous hydrocarbon
phase where the substrates are dissolved. The
variables B and 4 in Eqn. (1) are transformed into B"
and A" and the following expressions (2) and (3) are
assigned:
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B [oleic acid ],
[H,0],

i.e. B is the initial molar ratio of the oleic acid to
the water in the RMS-volume. B is dimensionless
variable. As it can be calculated from the data in
Fig. 1, the effect of B is studied for five B*i-values:
0.0299, 0.0614, 0.0899, 0.1053, and 0.1189;

2),

s [i—amyl alcohol ],
[H,0],

i.e. A is the respective dimensionless variable for
the initial molar ratio of the i-amyl alcohol to the
water in the RMS-volume.

Further transformation of the variable A" in
order to consider the effect of the initial substrates
ratio. As already discussed, for each one experi-
mental B, the highest initial rate, V;;, was measured
when A*j = B',, i.e. always at R = 1. In Fig. 1 two
areas can be distinguished. In the series B, = A*j >
A" > A", >... (R decreases from 1 to 0.5), Vo >
Vo1 > Vojj2 > as a result of the reduction in the
initial alcohol concentration. In the series B’y = A*j<
A*jﬂ < A%Z <... (R increases from 1 to 3.5),
VO,ij > V(]’ijJrl > Vo,ij+2 >... due to the inhibition by the
alcohol.

On this experimental base, further transformation
of the variable 4 is made in order to consider the
described effect of the initial substrates ratio.
Instead of 4" in the model Eqn. (1) we propose a
new variable Ap which represents a relationship
between the two substrates according to the
following expression:

),

4]
A, =e (4).

Each one value Ag; can be directly calculated
from the known initial concentrations in the RMS,
[oleic acid]y, [i-amyl alcohol]y, and [H,O]y using
expressions (2) and (3). The power on the right side

of Eqn. (4), a ;*B | , is involved in the following two
equalities:
A -B| p
- for each 4* < B*, =1 4);
A A
A -B B
- for each A* > B*, — =] —— @).
A A

In both cases the power represents a measure of
how much A4 deviates from B, i.e. how much the
substrates molar ratio deviates from its optimum

value of 1. Otherwise, the new variable can be
represented as follows:

A, =e 1 =e =e K 4.
The present exponential form is chosen to limit
up the Ag-value when 4" = B" (R = 1). A can be
maximally equal to 1 only if 4"=B" (R = 1).
Using the new variable A, Eqn. (1) is trans-
formed into Eqn. (5):

K . K
Lo L, Ly ]* b ey L ),
V0 Vmax V max B Vmax AR

where the variable B is defined according to Eqn.
(2), and the variable 4z, — according to Eqn. (4).

Our arguments that the variable A can introduce
correctly the observed effect of the initial substrates
ratio on V; (Fig. 1a) are pointed as follows:

- Ag is maximal (= 1) for each pair A*j = B’; (each
R = 1) and according to Eqn. (5) the initial rate, V%,
will have its local maximum depending only on B
value.

- In the series B, = A*j > A*j_J > A*j_g > (R
decreases from 1 to 0), Az diminishes and tends to 0
at A*j << B",. In this way the decrease in V; with the
alcohol reduction is described.

- In the series B = A*j < A*j+] < A*j+2... (R
increases above 1), Ax diminishes. Thus the decrease
in V, caused by inhibition by the alcohol can be
described. It has to be mentioned that the values 4
>> B"; are not allowed due to system restrictions. It
is known that large amounts of the alcohol (co-
surfactant) cause an increase in the interface cur-
vature and reversed micelles too small in size do not
suit the enzyme [13, 14].

The dependence of the measured V; on the new
variable Ay is illustrated in Fig. 2 for two of the
studied B'-values: 0.0614 and 0.1189. The values
Vo raise from 0 to Vi with Ag altered from O to 1.
Ag tends to 0 when R tends to 0 (4°°”), which means
no alcohol in the system, so it is logical to have no
reaction rate. On the other hand, due to the dis-
cussed system restrictions, it is not advisable to raise
the alcohol concentration very much; R is recom-
mended to be below 9 [15]. It can be calculated that
for R up to 9 Ay has great sensibility to the change
in R. Thus, by means of the variable A the effect of
the alcohol concentration can be considered,
including its inhibition effect.

The dependences like those shown in Fig. 2 can
be further transformed into the known linear forms
of the Michaelis-Menten equation, and the kinetic
parameters in Eqn. (5), Michaelis-Menten constants
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K,5* and K,.4,, and V. can be graphically deter-

mined.
0.35
0.3 | >
PR -4
"> 0.25 el
e o
E o2}
:
£ 015 | -
S o1} B ;=
+0.0614
005 | /-
/ 0.1189
0 n 1 n 1 n 1 n 1 n
0 02 04 06 08 1
Ap [

Fig. 2. Dependence of the measured rates
on the new variable 4z (Eqn. (4)).

Kinetic parameters determination. Lineweaver-
. 1 i
Burk transformations 7 — € 7~ (B* =
0,i R
based on experimental data (Fig. la and 1lb) are
represented in Fig. 3.

const)

B* - 6000 -

l
—o—0.0299
o—0.0614
—e—0.0899
---aA--- 0.1053
—-—a--0.1189 4000 ~

1/Vo,i [min*g*(mol™)]

1145 [

Fig. 3. Lineweaver-Burk linearisation —- oc -

V(),[ AR
for different fixed B*I» .

The slopes, intercepts and correlation co-
efficients of the lines obtained are listed in Table 1.

Table 1. Characterisation of the lines obtained from

. . 1 I . .
Lineweaver-Burk transformations 7 = o 7, inFig. 3.
B’; Slope, Intercept, Correlation
min-g'mol ™’ min-g'mol”  coefficient, R?
0.0299 996.16 2676.6 0.8511
0.0614 1128.6 2105.9 0.8974
0.0899 1238.4 1544.0 0.6833
0.1053 1003.2 1576.7 1
0.1189 1372.2 2153.9 0.9789
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It is seen that the slope is not constant but it rises
with B". This is due to the competitive inhibition
effect caused by the acid. The linear dependence of
slopes on B is shown in Fig. 4a and the following
equation 6 is drawn:

K ' K K :
mAg X(]-‘r B J: mAp + mAp x B —

max K,'B" Vmax Vmax iB"

=:926.2+2732x B (6),

where K;z* is inhibition constant of the acid under
the form of the variable B*.

o 3000 =

f e slope B ;

m ) )

+ T 2000 || —y = 2732*x + 926.2

= E

i> | ‘
> £ 1000 L
g - I

< @)
1l 0 ] ] ] ] ]

y

0 0.02 0.04 0.06 0.08 0.1 0.12
x=B" []

3000

2000

1/ Vmax + (KmB* / Vmax)*
*(1/B") [min*g*(mol™")]

1000 || o intercept B*i
" [|——Yy = 36.666"x + 1434.2] (b)
> 0 ) ) ) ) ) 1
0 5 10 15 20 25 30 35
x=1/B" [
b

Fig. 4. Replot of slopes (a) and intercepts (b)
of the lines in Fig. 3.

The intercepts are proportional to 1/B* as shown in
Fig. 4b and the following linear equation is drawn:

K .
LI 1* =1434.2 +36.666 x 1* ().
Vmax Vmax B B

Including the inhibition observed, Ping-Pong Bi-
Bi model for the studied reaction (Eqn. (5)) is
transformed in the final form:

K . K :
i _ 1 n mB % 1* + mdp x 1 + B % 1 (8).
v K.| 4,

max max max

iB”
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From equations (6) and (7) the kinetic parameters
for the studied reaction are determined and listed in
Table 2. As in parameters determination are involved
experiments of [H,0]p = 3.45-4.6 mol-dm™,
according to Eqn. (2) K,p* corresponds to [oleic

acid]y = 0.0882-0.1176 mol-dm™. According to
Eqn. (47”"), Ky, corresponds to R = 0.696. Taking
into account the protein content of the lipase pre-
paration used, ~14%, the determined value of V,,,,
can be recalculated to be 0.30 mol-h™"-g™" {protein},
which is comparable to published data for oleate
esters produced by nylon-immobilised Candida
rugosa lipase [12]. Thus, for butyl oleate enzymatic
syntesis, V., was determined to be 0.19 rnol'hfl-gf1
{protein}, and the ratio Kmaicoho/Kmacid) COITES-
ponded to R =0.5.

Table 2. Kinetic parameters in Ping-Pong Bi-Bi model
with inhibition (Eqn. (8)) for the studied esterification
reaction in RMS *.

R corres-
Vmaxa KmB* KiB* KmAR ponding to
mmol-min "-g”! Kmag
(Eqn. (47))
0.6973 0.0256 0.3390 0.6458 0.696

a - RMS consisted of CPC — 0.115 mol-dm™>; CRL — 3 g-dm™>;
[H,0]o= 3.45—4.6 mol-dm .

Comparison between experimental and model
data. Suggestions for further model development.
Comparison between experimental and model
values of the initial reaction rate is shown in Fig.
S5a—d. The model data describe well the trend of rate
dependence on R, which is the goal of the proposed
modelling approach. However, the model Eqn. (8)
describes poorly the rate decrease at [oleic acid], =

0.4 mol-dm™ (Fig. 5c). It is due to the fact that
inhibition effect on 1/V 4.« has not been introduced.
As seen in Fig. 3 at B = 0.1189 the rate decreases
(intercept in Fig. 4b is increased). Dependence on

£

B

2

x [1 N f(B*)]a has to be involved when
experiments at B* > 0.1189 are carried out.

Experimental and predicted values for some
esterifications, which have not been used in the
parameters determination procedure, are com-pared
in Table 3. The model proposed is sensitive to the
increase in [H,O], through the variable B* (Eqn.
(2)). This means that the model is sensitive to the
acid dilution by the dispersed aqueous phase.
However, the second variable, A; (Eqn. (4*’)), does
not depend on water. The model is not sensitive to
the dilution of the alcohol-substrate, which needs
further resolution. As it has been discussed, some
esterifications in Fig. la required a special condi-
tion, lower CPC-concentration, 0.0383 mol-dm
and subsequently lower water concentration, [H,O],
=1.15 mol-dm_3, in order to keep Wy = 30. These
data can be also modeled using the kinetic para-
meters in Table 2 if the variables are recalculated for
[H,0]p = 3.45 mol-dm™ where the parameters are
valid. The recalculated variables (B*)" and (4%*)'
should keep the following ratio constant:

(8) _(4') _(#,01,) =345mol - dm™

B A :[Hzo]o =1.15mol - dm™ 9).

The recalculated variables, experimental and
predicted (in Eqn. (8)) rates are shown in Table 4.
The comparison shows good approximation of
modeled to measured rates.

Table 3. Experimental and predicted values of the initial reaction rate®.

Initial concentrations in RMS, mol-dm™

Variables in Eqn. (8) Vo, mmol-min'-g”!

5

[oleic acid], [alcohol]y [H,O]o B Ag experimental predicted
0.3083 0.3 345 0.0894 0.9727 0.3391 0.3281
0.3015 0.3 4.60 0.0655 0.9951 0.3088 0.3221
0.4126 0.4 4.60 0.0897 0.9689 0.3232 0.3277
0.4115 0.4 5.175 0.0795 0.9717 0.3162 0.3255

a - Predicted values are calculated upon model Eqn. (8) and parameters in Table 2.

Table 4. Experimental and predicted values of the initial reaction rate®.

initial concentrations in RMS, mol-dm

variables in Eqn. (8) Vo, mmol'min g

[oleic acid]y [alcohol], [H,O], (B *)’ (Ap) = Ag experimental predicted
0.1113 0.050 1.15 0.2904 0.2932 0.1682 0.1347
0.1043 0.075 1.15 0.2721 0.6764 0.2115 0.2477
0.1043 0.150 1.15 0.2721 0.7375 0.2659 0.2609

a - Predicted values are calculated upon model Eqn. (8) and parameters in Table 2.
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[H,0]1,=3.45 mol dm™
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Fig. 5. Comparison between experimental and model
values of reaction rate for different initial concentrations
of acid, alcohol, and water in RMS (a)—(d).
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CONCLUSIONS

Esterification reaction in RMS, characterised by
optimal rates achieved when keeping constant the
initial molar ratio of alcohol to acid, is modeled.
The modeling is based on the Michaelis-Menten
equation for Ping-Pong Bi-Bi mechanism. One
variable in this equation is conventional and
changes with the concentration of the acid while the
other alters with the ratio of alcohol to acid and its
deviation from the optimal value is experimentally
determined. By this transformation, the effect of the
alcohol concentration including its inhibition effect,
which causes the rate decrease above the optimal
ratio, is considered together in one variable. This
simplifies the model equation. The approach could
be applied to other reaction systems of similar
catalytic behavior, i.e. the highest rates at constant
substrates ratio.

In the studied reaction inhibition by the acid is
observed and considered in the model equation. The
effect of acid dilution when the initial water
concentration in RMS is increased is also taken into
account. The modeled rate dependences on the
substrates ratio correspond well to the measured
data. The model needs further evolution with respect
to dilution effect on the alcohol-substrate. The
inhibition effect of the acid-substrate also needs
future experimental research and model refinement.
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MOJIEJIMPAHE HA KNHETUKATA HA EH3UMHA ECTEPUOUKALINA
10 OTHOIIEHUE HA CbOTHOHIEHUETO HA CYBCTPATUTE

K. TonoBa'*, 3xp. JIazaposa’

! Hucmumym no unswcenepna xumus, bvaeapcka akademus na nayxume, yiu. ,,Axao. I'. Bonues“, bnok 103, 1113 Cogus
24 i 0 bi 0 - Booa, 2444 3aii6epco A
6CMPUIICKU U3CIe008amelicKu yeHmvp, buocenemuxa u npupoonu pecypcu - Booa, aiibepcoopqh, Ascmpus

Ioctemmna Ha 16 romm 2008 r.; IIpepaborena na 12 despyapu 2009
(Pesrome)

W3cnensana e peakiss Ha CH3MMHA eCTepU(UKAIMA B CHCTEMa C OOBPHATH MHUIICIH. 3a BCSIKAa €IHA OT
U3CJIC/IBAHUTE KOHIICHTPAIIMK HAa KHCEIMHATA € YCTAHOBEH JIOKAJICH MaKCHUMYM B MpodHia Ha HaYyaJlHaTa CKOPOCT Ha
peakuusaTa, ChbOTBETCTBAIl Ha €KBUMOJIAPHOTO HAYAIIHO CHOTHOIIEHUE Ha akoXoja KbM KucenuHara. IpemioxeHo e
MOJICIUPaHEe Ha TOBa sBICHHWE. MOIETHOTO OIHMCAaHWE CE OCHOBaBa Ha TpaHC(OpMHUpAaHE HAa YpaBHEHHETO Ha
Muxaenuc-MeHTeH 3a peaknuu, IpoTHYamy 1o ,,[IuHr-moHr" MexaHu3bM. EjHaTa OT MPOMEHIMBUTE B MOAUDUIIH-
paHOTO ypaBHEHHE € CBBbp3aHa C HayallHaTa KOHIICHTPAINsI Ha KHCEJIMHATa, JOKATO Apyrara IMPOMEHINBA OTpa3siBa
CHOTHOIIICEHUETO Ha aJKOXOja KbM KHCEIHHATa U ce ABSBa KOJNMYECTBEHA MIpPKA 3a TOBA, C KOJKO TO CE€ Pa3inyaBa OT
eKCIIepUMEHTANHATa ONTHManHa cToWHOCT 1. OTueTeH e HabOmromaBaHUAT e(eKT Ha CyOCTpaTHO HWHXHOMpaHE OT
kucenuHaTa. Ilog BHUMaHKe € B3eT e(DeKThT Ha Paspe)kIaHe Ha KHCEIMHATA MPH [TOBHIIABAHE HA KOHIICHTPAIMATA HA
BOJiaTa B CUCTeMara ¢ 0ObpHATH MHIeTH. KHHETHYHHUTE MTapaMeTpy B MOJCITHOTO OMMCAHWE Ha U3ClIe[BaHATa CH3UMHA
ecrepuduKanus ca onpeaesicHu rpapuyro. EKcriepuMeHTaIHUTE W MOJICITHUTE 3aBHCHUMOCTH Ha HadajaHaTa CKOPOCT Ha
peakIysITa OT HAYaJHOTO MOJIHO ChOTHOIICHHE HAa CyOCTpaTHTe ca cpaBHeHU. HampaBeHu ca MmpeiokKeHus 3a A0IMb-
HUTEJIHO MOA00psBaHE HA MOJICITHOTO OMUCAHUE.
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Potentiodynamic and galvanostatic investigations of copper deposition from sulphate
electrolytes containing large amount of zinc
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The electroextraction of copper was studied on platinum cathode from sulphate electrolytes containing large amount
of zinc. It was established that in electrolytes, containing 50 g:dm > Zn*" and 1 or 5 g«dm > Cu®" at potentials more
negative than —1.6 V vs. SSE both copper and zinc deposition takes place. At concentration higher than 5 g-dm™> Cu®**
and in the presence of 130 g-dm > H,SO, (independently of Cu*" concentration) only copper is deposited. The addition
of H,SO4 to the electrolyte leads to abrupt increase in cathodic current but it decreases the current efficiency of both
copper and zinc deposition, which means that the current increase is a result of enhanced hydrogen evolution. The
additive hydroxyethylated-2-butyne-1,4-diol (Ferasine) decreases the areas of Cu and Zn dissolution peaks, showing that
the deposition process is inhibited. Dense, smooth and bright coatings of pure copper are deposited at current densities
0.5-2 A-dm? in electrolytes with Cu®*" concentration higher than 5 g:dm * in the presence of Ferasine. Non-adherent,
dark-red slime of copper is obtained at lower Cu®** concentrations.

Key words: copper, cyclic voltammograms, deposition, electroextraction, zinc.

INTRODUCTION

Metallurgy is a branch of the industry that affects
very strongly the environment. After a number of
pyro- or hydrometallurgical ores treating processes,
large amount of wastes with high metal content
remain. For example, the waste product known as
“blue powder” that results by condensing furnace
gases during the thermometallurgical processing of
non-ferrous ores contains: Zn (25-41%), Pb
(20-25%), Fe (3—5%), Cu (0.5-1%), Cd (0.5—1%),
etc. [1, 2]. The purification of the electrolytes for Zn
electrowinning by cementation is another process
that produces wastes containing large amount of
different metals such as: copper cake(containing
36-54% Cu, 5-10% Zn and 0.08-0.16% Cd),
copper-cadmium cake (containing 10% Cu, 30% Zn,
12% Cd), collective cake (containing 5.8% Cu,
35.9% Zn, 7.2% Cd), copper-nickel cake (con-
taining 25% Cu, 20% Zn, 3% Cd, 0.75% Co, 0.05%
Ni). [3]. Cementates of the zinc industry, obtained
during the hydrometallurgical zinc winning process,
where the sulphate leach liquor is treated with
arsenic trioxide and zinc powder for the removal of
Cu, Ni, Co, Cd and other impurities before electro-
winning, contain: Cu (28.6%), Zn (22.4%), Cd
(6.7%), Co (1.32) and Ni (0.16%) [4]. Flue dusts in
a secondary copper smelter treated in the electro-
winning zinc plant contain: Zn (40—65%), Cu

* To whom all correspondence should be sent:
E-mail: isivanov@ipc.bas.bg
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(1-6%), (Pb 6—20%), Cd (0.5—0.8%), Ni (0.1-1%),
Sn (1-2%), etc. [5]. Muresan et al. [2, 6] studied the
process of Cu electrowinning from sulphate acidic
electrolytes and observed that the addition of small
amounts of Zn>" had no effect on the composition of
the Cu deposits, but it increased their microscopic
roughness. The effect of horse-chestnut extract
(HCE) and IT-85, representing a mixture of triethyl-
benzyl-ammonium chloride (TEBA) and hydroxy-
ethylated-2-butyne-1,4-diol  (Ferasine) upon the
morphology and structure of Cu deposits was
studied. The cathodic polarization was also investi-
gated and compared to the effect exerted by thiourea
and animal glue. The additive IT-85 was found to be
an efficient inhibitor of the Cu electrocrystallization
process, leading to levelled, fine-grained cathodic
deposits. The effect of HCE was similar to the effect
exerted by animal glue, leading to deposits
consisting of rounded nodules, reflecting a smaller
levelling effect. Varvara et al. [7—10] studied the
influence of TEBA, Ferasine and IT-85 on the
kinetics of Cu electrodeposition from such elec-
trolytes and on the morphology and structure of Cu
deposits. TEBA acts as an inhibitor of the electro-
deposition process only as a blocking agent com-
peting with cuprous ions for the adsorption sites of
the cathodic surface. Due to its adsorption on the
electrode surface, Ferasine inhibits the charge
transfer and thus affects the electrocrystallization
step, impeding the crystal growth process and
promoting the nucleation of Cu. In spite of their
different chemical nature, both additives were found

© 2009 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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to be efficient as levelling agents, leading to fine-
grained cathodic deposits. Comparison of the
inhibiting effects exerted by IT-85 and its com-
ponents on the electrodeposition process pointed out
to the existence of a beneficial complementarity of
TEBA and Ferasine when they are used in mixture.

The aim of this paper was to study the influence
of Zn*" ions, Ferasine and some experimental
conditions on the process of Cu electroextraction
from sulphuric acid electrolytes.

EXPERIMENTAL

The experiments were carried out in a thermo-
stated (37 £ 1°C), three-electrode glass cell without
stirring of the electrolyte.

The cathode (2.0 cm?) and both anodes (4.0 cm?
total area), used in the potentiodinamic studies, were
Pt plates. The reference electrode was a
mercury/mercurous sulphate electrode in 0.5 M
H,SO, (SSE), its potential vs. NHE being +0.720 V.
The studies were carried out using a cyclic
potentiodynamic technique. The potential scanning
at a rate of 30 mV-sec ' in the potential range from
+1.000 to —1.800 V vs SSE was performed by
means of computerized PAR 263A potentiostat/gal-
vanostat using Soft Corr Il software. The current
efficiency of deposition process was obtained by
integration of cathodic part and anodic peaks on the
cyclic voltammograms (CV curves). The potential
range and scanning rate were chosen experimentally
as the most suitable.

Galvanostatic deposition was carried out using
copper cathodes (4.0 cm?) and two Pt anodes (4.0
cm’ total area) at current densities in the range of
0.5-2 A-dm™.

All electrodes were degreased in an ultrasound
bath and then only Cu cathodes were etched in
HNO; (1:1).

Cu*" ions (1, 5 or 10 g:dm ™) were added to elec-
trolytes, containing from 14 to 50 g-dm™ Zn*" ions
(as ZnSO,4.5H,0) and from 0 to 130 g-dm_3 H,SO,.
The organic additive was 30% solution of hydroxy-
ethylated-butyne-2-diol-1,4 (Ferasine).

RESULTS AND DISCUSSION
Potentiodinamic studies

Influence of the vertex potential on CV curves.
Figure 1 shows CV curves obtained in an electro-
lyte, containing 50 g-dm> Zn*" and 1 g-dm> Cu*".
The potential scan direction is changed at cathodic
potentials (vertex potentials) —0.8, —1.2 or —1.6 V.
When the change of scan direction is made

at—0.8 or —1.2 V (curves 1 and 2) one little cathodic
peak at —0.265 V and one higher cathodic peak at
—0.455 V due to Cu deposition on the Pt surface are
observed on the cathodic part of the curves. At more
negative potentials simultaneous Cu deposition and
hydrogen evolution is occuring. On the anodic part
of each CV curve one high peak at —0.275 V (curve
1) and at —0.250 V (curve 2), due to the dissolution
of the larger amount of the deposited Cu, and much
lower one at 0.035 V (curve 1) and 0.130 V (curve
2), due to the dissolution of the Cu layer deposited
on the Pt surface, are observed. When the vertex
potential is —1.6 V (curve 3) on the cathodic part of
the CV curve the two peaks due to Cu deposition are
followed by sharp rise of the current due to
codeposition of Cu and Zn as well as to hydrogen
evolution. On the anodic part of the curve at —1.260
V peak of Zn dissolution appears, followed by the
peaks of Cu dissolution at —0.210 V and 0.135 V,
respectively. CV curves obtained in the presence of
1 cm’dm™ of the organic additive Ferasine in the
electrolyte are similar.
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Fig. 1. Cyclic voltammograms, obtained on Pt cathode in
an electrolyte, containing 50 g-dm > Zn*" and 1 g-dm
Cu?". Vertex potentials vs. SSE (V): 1) —0.8; 2)—1.2;

3) —1.6. Scan rate 30 mV-sec .

Figure 2 shows the CV curves obtained in an
electrolyte, containing 50 g-dm> Zn*", 1 g-dm™
Cu?*" and 130 g-dm_3 H,S0O,. The change of the scan
direction is made at the same potentials as in the
absence of acid. The peaks of Cu deposition are
similar to those shown in Fig. 1. When the vertex
potential is —1.6 V or more negative on the anodic
part of the curves only peaks of Cu dissolution are
observed. This shows that in the presence of H,SO,
Zn is not deposited. The addition of 1 cm’dm™
Ferasine to the electrolyte does not change the CV
curves.
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Fig. 2. Cyclic voltammograms, obtained on Pt cathode in
an electrolyte, containing 50 g-dm > Zn**, 1 g-dm > Cu**
and 130 g-dm > H,SO,. Vertex potentials vs. SSE (V):
1) -0.8; 2) —1.2; 3) —1.6. Scan rate 30 mV-sec .

CV curves obtained in an electrolyte, containing
50 g:dm” Zn®" and 10 g:dm™ Cu®*" are shown in
Fig. 3. The change of the scan direction is made at
the same potentials as in Figures 1 and 2. The
cathodic part of the curves is similar to those
obtained in the electrolyte, containing 1 g-dm ™ Cu*".
The peaks of Cu deposition are higher, as it could be
expected. Only peaks of Cu dissolution are observed
on the anodic part of the curves showing that Zn
deposition does not take place. The CV curves,
obtained in the presence of Ferasine, H,SO4 or both
H,SO,4 and Ferasine are similar. In all cases Zn
deposition does not take place, even if the vertex
potential is —1.8 V.
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Fig. 3. Cyclic voltammograms, obtained on Pt cathode in
an electrolyte, containing 50 g-~dm—" Zn*" and 10 g-dm™
Cu®". Vertex potentials vs. SSE (V): 1) —=0.8; 2) —1.2;
3) —1.6. Scan rate 30 mV sec™.

Influence of the Cu’" concentration and the
vertex potential on the current efficiency of Cu and
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Zn deposition. Integration of the cathodic part of CV
curves as well as of the anodic peaks of Zn and Cu
dissolution is used to determine the current
efficiency of Zn and Cu deposition according to the
following formulae:

CEZH [%] — qanodezn /qcathOde.IOO
CECu [%] — qanodecu /qcathode.IOO

Figure 4 shows the dependence of the current
efficiency of Cu and Zn deposition on the vertex
potential in electrolytes, containing 50 g-dm” Zn**
and 1, 5 or 10 g:dm™ Cu®", respectively. It can be
seen that in the electrolyte, containing 1 g-dm™
Cu?", when the change of scan direction is made at
—1.4 V, the current efficiency of Cu deposition is
70—72% and it decreases to about 20 %, when the
vertex potential is —1.8 V (curve 1a). In the same
electrolyte the current efficiency of Zn deposition
rises from 0% at vertex potential —1.4 V to about
75% at vertex potential —1.8 V (curve 1b). At Cu*"
concentration 5 g-dm > the current efficiency of Cu
deposition is higher than 85% when the vertex
potential is —1.6 V and it decreases to 75% at vertex
potential —1.8 V (curve 2a). In the same electrolyte
the current efficiency of Zn deposition rises from
0% at vertex potential —1.6 V to 15% at vertex
potential —1.8 V (curve 2b). At Cu*" concentration
10 g'dm™ the current efficiency of Cu is in the
range 80—95% at all vertex potentials (curve 3). In
this case, Zn is not deposited at all. The results
obtained in electrolytes, containing Zn>" 50 g-dm,
Cu®" (1,5 0r 10 g«dm ) and 1 cm’-dm Ferasine are
similar.
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Fig. 4. Current efficiency (CE) of Cu and Zn deposition
on Pt cathode vs. vertex potential (E,exex). Electrolyte,
containing 50 g-dm " Zn*" and 1 g-dm > Cu*'; 1a) CE of
Cu; 1b) CE of Zn. Electrolyte, containing 50 g-dm > Zn*"
and 5 g-dm ™ Cu*": 2a) CE of Cu; 2b) CE of Zn.
Electrolyte, containing 50 g:dm > Zn*" and 10 g-dm™>
Cu’": 3) CE of Cu.
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In Figure 5 the dependence of current efficiency
on vertex potential in electrolytes, containing 50
g-dm Zn*", 130 g-«dm™ H,SO, and 1, 5 or 10 g-dm™
Cu”", respectively, is represented. The current effi-
ciency of Cu decreases with the shift of vertex
potential in negative direction, which is an indica-
tion of enhanced hydrogen evolution. As it could be
expected, the increase in Cu®" concentration leads to
increase in the current efficiency. CV curves show
that in the presence of H,SO, at all Cu®" concen-
trations Zn is not deposited. The addition of 1
cm’-dm Ferasine in these electrolytes does not lead
to any significant changes in the CV curves.
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Fig. 5. Current efficiency (CE) of Cu deposition on Pt
cathode vs. vertex potential (E,exex)- Electrolytes,
containing 50 g-dm * Zn**, 130 g-dm* H,SO, and:
1)1 gdm Cu*; 2) 5 g:dm> Cu*’; 3) 10 g«dm ™ Cu?".

Influence of H,SO, and the organic additive
Ferasine on the current efficiency of Cu and Zn
deposition. Figure 6 shows the influence of the
vertex potential on the current efficiency of Cu in
electrolytes, containing 50 g-dm™> Zn*" and 1 or 10
g-dm ™~ Cu®" in presence or in absence of 130 g-dm™
H,S0,. The current efficiency of Cu decreases in the
presence of H,SOy, (curves 2 and 4) compared to the
current efficiency in absence of H,SO,4 (curves la
and 3). Zn is deposited in electrolytes containing 50
g-dm™ Zn*"and only 1 g-dm™ Cu*" (curve 1b).

The CV curves show that Ferasine decreases the
cathodic current and the anodic peaks of metal
deposition, which means that the organic additive
inhibits the process. The influence of Ferasine is
more pronounced in electrolytes without H,SO,.
The additive decreases the current efficiency of both
metals, especially the current efficiency of Cu. In
the presence of H,SO, in the electrolyte Zn is not
deposited at all vertex potentials.
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Fig. 6. Current efficiency (CE) of Cu and Zn deposition
on Pt cathode versus vertex potential (Eyeex)-
Electrolyte, containing 50 g:dm > Zn*" and 1 g-dm > Cu®":
1a) CE of Cu; 1b) CE of Zn. Electrolyte, containing
50 grdm > Zn*', 1 g-dm ™ Cu*" and 130 g-dm* H,SOy:
2) CE of Cu. Electrolyte, containing 50 g-dm > Zn*" and
10 g«dm > Cu®": 3) CE of Cu. Electrolyte, containing
50 g/dm ™ Zn*", 10 g-dm™ Cu*" and 130 g-dm > H,SO,:
4) CE of Cu.

Galvanostatic studies

The effects of current density and electrolyte
composition on the surface morphology and compo-
sition of galvanostatically deposited coatings on Cu
substrates were also studied. In all cases only copper
is detected by microprobe analysis.

It has been established that dense and smooth Cu
coatings are deposited when the Cu*" concentration
is higher than 5 g-dm™ and the current density is in
the range 0.5 + 2 A-dm °. At density of 1 A-dm” the
deposition potential is —0.500 +~ —0.600 V. In all
cases the current efficiency of Cu deposition is
higher than 95%. Figure 7 shows SEM micrograph
of Cu coatings obtained after 3 h deposition at
density of 1 A-dm ™ in an electrolyte, containing 50
g-dm™ Zn**, 10 grdm™ Cu®" and 130 g-dm™ H,SO,.
The coating is light-red, smooth and semi-bright.
The addition of Ferasine (1 cm’®-dm) leads to more
fine-grained surface morphology of the coatings
(Fig. 8). The additive effect is more strongly
expressed at Ferasine concentration 5 cm*dm™. In
the presence of Ferasine the coatings are light-red,
smooth and bright. Coatings obtained in electrolytes
containing 20 g-dm~ Cu’" and, respectively 50 and
100 g-dm > Zn*" are more coarse-grained but in the
first case they are bright, while in the second — dark-
red and rough.

The grain size of all coatings is presented in
Table 1.
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Table 1. Grain size of Cu coatings obtained in different electrolytes (in um).

Electrolyte Grain size, pum

50 g-dm > Zn*" + 10 g-dm > Cu** 25-30

50 g-«dm> Zn*" + 10 g«dm > Cu®* + 1 ml-dm° Ferasine 15-18

50 g-dm > Zn*" + 10 g-dm > Cu®" + 130 g-:dm > H,SO, 12-18

50 g-dm Zn*" + 10 g«dm > Cu®" + 130 g:dm > H,SO, + 1 cm®dm > Ferasine 10-12
50 g-dm > Zn*" + 10 g«dm > Cu®" + 130 g-dm > H,SO, + 5 cm®dm > Ferasine <3

50 g-dm > Zn*" +20 g-dm > Cu®" + 130 g-dm > H,S0, + 5 cm*-dm > Ferasine 9-12

100 g-dm > Zn*" + 20 g-dm > Cu*" + 130 g-dm > H,SO, + 5 cm*dm ° Ferasine 15-20
50 g-dm > Zn*" + 5 g g«dm™ Cu*" + 130 g-dm > H,SO, + 5 cm®-dm > Ferasine <6

14 g-dm ™ Zn* + 1.25 g-dm™ Cu*" + 16.5 g-dm > H,SO, + 0.6 cm®-dm > Ferasine <1-2

Fig. 7. SEM micrograph of Cu coating, obtained after 3 h
deposition at density 1 A-dm* in an electrolyte,
containing 50 g-dm " Zn**, 10 g-dm~ Cu*" and

130 g-dm " H,SO,. Magnification x1000.

Fig. 8. SEM micrograph of Cu coating, obtained after 2 h
deposition at density 1 A-dm 2 in an electrolyte,
containing 50 g-dm " Zn**, 10 g-dm ™ Cu*', 130 g-dm’
H,SO, and 1 cm*-dm* Ferasine. Magnification x1000.

It was established that non-adherent, dark-red Cu
slime is deposited on Cu substrate at Cu”" concen-
tration lower than 5 g:dm™. In the case of low Cu*"
concentration the deposition potential is more
negative (between —1.000 and —1.100 V) due to the
concentration polarization. Figure 9 shows the
morphology of Cu slime obtained after 30 min
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deposition at density 0.5 A-dm* and potential —1.05
V in an electrolyte, containing 1.25 g-dm~> Cu*’,
14 g-dm™ Zn*", 16.5 g«dm ™ H,SO,and 0.6 cm’-dm™
Ferasine. In this case the current efficiency is less
than 75%.

5% <0 ‘“Qe:ﬁ ,.'é‘l!'_.--.u:?&-'

¥ --c'"!.;".'..';‘ ,‘;.‘n;-‘.':_ﬁ >
M asnet el S
e . . o m iR

min deposition at density 0.5 A-dm* in an electrolyte,
containing 14 g-dm > Zn*" 1.25 g-dm™ Cu*" 16.5 g-dm
H,SO, and 0.6 cm®-dm * Ferasine. Magnification x1000.

CONCLUSIONS

In electrolytes, containing 50 g:dm™ Zn*" and 1
or 5 g«dm™ Cu®" at potentials more negative than
—1.6 V vs. SSE simultaneous deposition of Cu and
Zn on Pt cathode is taking place. With the increase
in Cu®" concentration, the anodic peaks of Zn dis-
solution decrease. At Cu®* concentration 10 g-dm™
only Cu deposition takes place. In electrolytes,
containing 50 g:dm~ Zn®" and 130 g-dm™ H,SOj at
all studied Cu”*" concentrations and vertex potentials
only Cu deposition takes place.

In electrolytes, containing 50 g:dm™ Zn*" current
efficiency of Cu deposition at vertex potentials more
negative than —1.6 V vs. SSE decreases from 70% to
20% (at Cu*" concentration 1 g-dm~) and from
85-90% to 75-80% (at Cu®" concentration 5 or 10
g-dm™). As it is expected current efficiency of Cu
increases with the increase in Cu®" concentration.
Current efficiency of Zn deposition increases at
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vertex potentials more negative than —1.6 V vs. SSE
from 0 to 75% and 15% (at Cu®" concentrations of 1
and 5 g-dm, respectively). At Cu>" concentration
of 10 g-dm™ Zn deposition does not take place.

In electrolytes containing 50 g-dm~> Zn®" and
130 g-dmf3 H,SO, the current efficiency of Cu
deposition increases with the increase in Cu®’
concentration and decreases with the increase in the
vertex potential. In all cases Zn deposition does not
take place. The current efficiency of Cu deposition
in the presence of 130 g-dm~ H,SO, is lower than
the current efficiency in its absence.

Dense and smooth copper coatings on Cu
cathode with current efficiency higher than 95% are
deposited when Cu®" concentration is higher than 5
g-dm ™ and the current density is in the range 0.5-2
A-dm™. More fine-grained coatings are obtained in
the presence of H,SO, and the organic additive
hydroxyethylated-2-butyne-1,4-diol (Ferasine). At
lower Cu®*" concentration, non-adherent dark-red
slime of copper is deposited with current efficiency
less than 75%.

10.

. L. Muresan, S. Varvara, G. Maurin,
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IHNOTEHIUMOJUHAMMNYHHN U I'AJIBAHOCTATUYHUN U3CIIEABAHNWA HA OTJIAI'AHE HA ME/|
OT CYJI®ATHU EJIEKTPOJIMTU CBABPXKAIIU I'OJIEMU KOJIMYECTBA LITMHK

I'. A. Xomxaorny, A. T. Xpycanosa, 1. C. IBaHoB*

Hucmumym no gpusuxoxumus, Pvireapcka akademus Ha naykume, yi. ,,Akao. I'. Bonues*, on. 11, 1113 Cogus

Ioctenmna Ha 23 mait 2008 r.; IIpepabotena Ha 25 despyapu 2009 r.

(Pesrome)

W3cnenBaHa € eEKTPOEKCTPAKIMATa HA MEJ BBbPXY IUIATUHOB KaTOJ OT CyJA(aTHH ENEKTPOIUTH, ChAbPIKAIIN
TOJIIMA KOJTMYECTBA ITMHK. Y CTAHOBEHO €, Y€ B €JIEKTPOJIUTH, ChAbpKaniy 50 g-dmf3 Zn* u 1 wm 5 g~dmf3 Cu?', mpu
IOTEHIMAIN TO-0TpHuaTenHn oT —1.6 V vs. SSE ce oTiarat exHoBpeMeHHO Mex i uuHK. [Ipu koHnentparms Ha Cu’’
no-Bucoka ot 5 g-dm > u B npuckereue Ha 130 g-dm H,SO, (He3aBucumo ot koHmeHTpamuata Ha Cu’’) ce oriara
camo me. [IpubaBsiHeTo kbM enexTpoiurta Ha H,SO4 Boau 10 pA3KO HapacTBaHe Ha KaTOIHHS TOK, HO ChILEBPEMEHHO
NOHIKaBa JI0OMBa 0 TOK, KAKTO Ha OTJIaraHeTO Ha MeJl, Taka M Ha IJMHK, KOETO 03HayaBa, 4e HapaCTBAaHETO Ha TOKa €
pesyiraT OT 3acWJICHOTO OTHeNsiHe Ha Bogopond. JloOaBkata xuapokcuerwimpaH-2-0yTuH-1,4-muon (Pdepacun)
HamaJsiBa IUIOINTa Ha MEJHMTE M IIMHKOBHM IIMKOBE Ha pa3TBapsiHe, KOETO II0Ka3Ba, Y€ IMPOIEChT HA OTJaraHe e
vHXHOMpaH. [LTTHN, TIaIKH U 6JIECTAIIN MOKPUTHS OT YMCTA MEJ[ Cé OTNIAraT MpH IIFTHOCTH Ha Toka 0.5—2 A-dm” B
NeKTPOIHTH ¢ KoHUeHTpamu Ha Cu®’ mo-Bucokn ot 5 g«dm > B npuchcTie Ha DepacuH. THMHOUEPBEH H ChC clIaba
aJIXe3Ms KbM KaToJla MeJIeH IILIaM Ce MOJTyJaBa IPH T0-HUCKH KOHIeHTparuu Ha Cu®.
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