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IN MEMORIAM
Zsako loan (Janos) (1926 — 2001)

The brilliant scientist Professor Zsako loan (Janos) was born on January
22,1926, and died on August 7, 2001, in his natal town Cluj-Napoca.

He was educated at “Bolyai" University of Cluj-Napoca, Faculty of Sciences,
Chemistry Department, where he graduated as a chemist in 1948. He studied for
his Ph.D. with the famous scientist Academician Professor Raluca Ripan in the field
of complex protolytic equilibria in aqueous solutions, particularly about physico-
chemical investigations of phosphoric acids and his Ph.D. degree was awarded in
1956.

As well as being a world-class scientist, he was a great teacher. He was
appointed assistent in 1950 and lecturer in 1955 at “Bolyai" University, where he
taught students in Hungarian language. In 1959, when “Bolyai" University was
united with “Babes" University (with Romanian language for the students instruction),
he was nominated associated professor (reader) at the “Babes -Bolyai" University,
where he taught in both Romanian and Hungarian languages. In 1990 he was appointed
full professor at the same university in Cluj-Napoca, physical chemistry department.
Later, in 1991, he was retired and nominated as a consultant professor remaining active
in research and teaching activities as well as being supervisor for Ph. D. students
untill his death.

He taught general chemistry and physical chemistry, such as kinetics,
electrochemistry, chemical structure, thermodynamics, and quantum chemistry
both in Romanian and Hungarian languages. He also taught courses abroad, e.g.,
chemical structure, qguantum chemistry and quantum mechanics in French language at
the University in Constantine, Alger (1972-1976). Then, in 1992, he was invited professor
at Politechnic Institute in Budapest, Hungary, for two months and had a special
course of quantum chemistry.

As a recognition of his accomplishments, in 1990, he received the honor to
be a supervisor and lead students for Ph.D. degree in chemistry, specialty in
physical chemistry. Many of his Ph.D. students or co-workers became leaders in
their fields at the forefront of science and technology.

He was a world-renowned physico-chemist for his remarkable scientific
achievements combined with his personal integrity. In this context, we would like to
recall some of his major scientific interests.

A series of studies of non-isothermal kinetics in homogeneous and
heterogeneous systems was carried out and he developed kinetic theories, new
calculation methods, and novel experimental methods for thermogravimetry,
particularly, for the thermal decomposition of coordinative combinations with an
emphasis on the kinetic effect of compensation. For outstanding achievements he
was nominated in 1971 as a member in the Editorial Advisory Board for the Journal
of Thermal Analysis, Budapest, Hungary. Then, he initiated and developed a scientific
collaboration between "Babes-Bolyai" University of Cluj-Napoca and Technical
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University of Budapest, Hungary. For outstanding work in science and for the
Journal of Thermal Analysis, his 75" birthday was celebrated at the Hungarian
Academy of Sciences, when a scientific meeting was dedicated for that event.

Important contributions also include: kinetic studies of ligand-exchange
reactions and of protolytic equilibria, IR spectra of coordinative combinations and
the calculation of force constants, UV-VIS spectra, protolytic equilibria in bulk
solutions, acidity constants using potentiometric and spectro-photometric methods.

Further, an outline of his remarkable work with major importance in
physical chemistry of interfaces and surface science will be given here.

He developed the surface thermodynamics and described phase equilibria,
complex phase diagrams in mixed Langmuir monolayers, compression isotherms
of Langmuir and Gibbs monolayers by using molecular models, molecular packing
in the two-dimensional lattice, and molecular conformational transitions. A novel
approach to the surface protolytic equilibria was developed and the interfacial pH
was determined with large applications in membrane science.

A series of studies of molecular associations at interfaces with the
formation of supramolecular functional associations was also carried out. The
developed thermodynamic theory of supramolecular associations in interfacial
solutions opens a new horizon to the modern physical and biophysical chemistry
and explains the formation of complex supramolecular associations in monolayers
at fluid interfaces, liquid/gas and liquid/liquid, with large applications in bio-
medicine, cosmetics, pharmaceutics, material science and micro-electronics.

The work done on systems containing Langmuir bio-active monolayers and
anesthetics, such as procaine, dibucaine and tetracaine, and Gerovital formula, is
directly applicable to studies of some diseases of the nervous system, such as
Alzheimer's and Parkinson’s disease. The effects of procaine, in very specific
formulations, on Langmuir monolayers can be substantially correlated with its
interfacial effects on the neuronal membrane and they might play an important role
in the molecular treatment of these diseases. This scientific research has
generated effective therapeutic modalities to treat neurological and aging disorders
and was developed in collaboration with well known scientists, Professor Petre T.
Frangopol, Professor David A. Cadenhead from State University of New York State
(SUNY) at Buffalo, USA, Professor Peter J. Quinn from University of London, UK,
and Professor Traianos Yupsanis from Aristotle University of Thessaloniki, Greece.
The kinetic models developed for the adsorption of various surfactants at fluid
interfaces and for the collapse mechanisms and relaxation processes within Langmuir
monolayers represent a key step to describe various industrial phenomena including
emulsions, lubrication, drug delivery systems, pharmaceuticals, cosmetics, food
industry, micro- and nano-technology and oil recovery. These accomplishments led
to the development of new membrane models and selective methods in biophysics
of membranes and thin films and in colloid chemistry.

We would like to mention that many outstanding contributions, in the field of
"physical chemistry of interfaces”, were developed jointly with the eminent scientist
Professor Emil Chifu (In Memoriam, Studia Universitatis Babes-Bolyai, Chem.,
XL, 1-2, 1998, pp. 3-17). Their application to chemistry, physics and biology leads to
the creation of new original theoretical tools in this inter- and multi-disciplinary
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enterprise and represents major achievements in modern science. For exceptional
original contributions in this field — in 1983 - he received jointly with Professor Emil
Chifu and other colleagues the prestigious Gheorghe Spacu award of the Romanian
Academy of Sciences on "The physical and chemical properties of thin films" with
important applications in the space technology of liquids and in the modeling of
biological surfaces.

He published over 270 scientific papers in peer review journals (the attached
List of publications) with a cumulative citation index greater than 1500. Many of
them cited over 30 times, and another one cited more than 200 times, which is an
unusual event for the citation of original papers in the field of physical chemistry. For
major contributions to science and technology in 1993, he was elected vice-president
of the Thermal Analysis and Calorimetry Section at the Romanian Academy of
Sciences, Bucharest.

He was a member of the Romanian Academy of Sciences, the Hungarian
Academy of Sciences and the Romanian Society of Colloids and Surface Science.

He elaborated single or in collaboration eight scientific books, in Romanian
and in Hungarian languages. Two of them, namely, Physical Chemistry: The
structure of atoms and molecules, 1973, and Symmetry and Molecular Structure,
1998, (the attached List of publications), are used frequently by students not
only in Cluj-Napoca but all over the country, at all university centres in Romania.
He is also co-outhor at an Encyclopedia for Chemistry in Hungarian language.

He was also interested in phylosophical problems risen from natural
sciences and he published papers in Korunk Review. He also published articles for
the community science in newspapers. In 1990 he was nominated the editor in
chief of Firka Review, for Section of physical chemistry and informatics, edited for
high school level by the Hungarian Society for Science and Technology in Transylvania.

He was a private but generous person with consideration for others
reflected in his research group as well as in his home.

We would like to thank his wife Magdolna Zsako, and to colleagues and friends
Aurora Mocanu and losif Albu for valuable discussions during the preparation of this
obituary.

Maria Tomoaia-Cotisel
"Babes-Bolyai" University of Cluj-Napoca
Faculty of Chemistry and Chemical Engineering
Physical Chemistry Department
The Section of Thermodynamics, Biophysics and
Colloid and Surface Chemistry
400028 Cluj-Napoca
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ABSTRACT. This study was designed to investigate the effect of melatonin on the bovine
serum albumin (BSA) at the air/agueous solutions interfaces. Melatonin is a known
secretory hormone of the pineal gland with multiple actions "in vitro" and "in viva", namely,
it clearly protects macromolecules from oxidative damage. This hypothesis is supported
by our experimental data which show that melatonin specifically interact with bovine serum
albumin (BSA). Our findings indicate that melatonin increases the surface pressure of
BSA adsorbed films exerting a substantial stabilizing effect on BSA interfacial self-
assembled films at the air/water interface. This effect suggests that melatonin might act as
a protective agent of macromolecules "in vitro" and "in vivo" through physicochemical
specific interactions with bio-molecules, such as BSA, and/or with their biologically active
assemblies. As a consequence, melatonin may facilitate the inhibition of the peroxidation
damage of bio-molecules by increasing their supramolecular assemblies stability. Our
results confirm both the involvement of melatonin in specific interactions with BSA and its
remarkable effect on the stabilization of biological compounds at fluid interfaces.

Key words: adsorption at liquid interfaces, melatonin, bovine serum albumin, interfacial
pressure, ring du Noly method.

INTRODUCTION

Melatonin (N-acetyl-5-methoxy-tryptamine; Fig. 1), the main secretory hormone
of the pineal gland of vertebrates including the humans, it is also produced by
extrapineal tissues and edible plants and it has multiple actions "in vivo". Recently,
melatonin was reported to efficiently protect biomolecules against oxidative damage
and, consequently, against carcinogenesis [1,2]. Melatonin’s function is substantially
consistent with a general protection action, upon fatty acids [3,4] lipids, proteins
and DNA. It is evaluated as being an effective hydroxyl free radical scavenger and
an efficient antioxidant [5,6]. This non-receptor related action might shed light on
several of melatonin activities on cell membrane function, that is largely committed
to cellular membrane integrity. The multiple actions make melatonin a potentially
useful compound in the treatment of various diseases generated by the oxidative
damage "in vivo" [7-9].
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Fig. 1 Molecular structure of melatonin

To our knowledge, no data are available about the effects of melatonin on
proteins at fluid interfaces. The goal of this study was to determine the effects of
melatonin on the bovine serum albumin (BSA) self-assembled films adsorbed at
the air/aqueous solution interface, near the physiological pH. Our results indicate
that melatonin interacts with BSA and stabilizes the supramolecular structure of
BSA self-assemblies formed at fluid interfaces. Consequently, melatonin might
modulate some biological phenomena by having its ability to stabilize macromolecules
from oxidative stress both "in vitro" and "in vivo".

EXPERIMENTAL

Melatonin was purchased from Sigma Chemical Co. and used without
further purification. Bovine serum albumin (BSA) was obtained from Merck and
used also without further purification. All other chemicals were of the highest grade
available commercially. Other chemicals used were of analytical grade and obtained
from commercial sources. Twice distilled water was used in all experiments. In
order to ensure identical working conditions, all BSA solutions were prepared in
phosphate buffer (pH 7), made up from phosphate salts (6.6x10°M) in twice distilled
water.

Surface tension O (dyn/cm) measurements were performed at the interface
between the air and phosphate buffer solutions, in the presence of melatonin
(ranging from 10 M to 10 M) both in the absence of BSA and in the presence of
the constant concentration of BSA of 0.4% w/v, at 20° C, by using the ring du Notly
method, with an accuracy of + 0.1 dyn/cm. The experimental details have already
been given in one of our previous work [10].

RESULTS AND DISCUSSION

The equilibrium adsorption of melatonin at the air/aqueous phosphate
buffer interface, in terms of surface tension as a function of time, was reached in
about 60 minutes, in the absence of bovine serum albumin (BSA), and in 40 minutes
in the presence of BSA at a constant concentration in BSA of 0.4 % w/v. The more
rapid attainment of the adsorption equilibrium for melatonin at the air/water interface in
the presence of BSA is probably the result of the interaction of melatonin with BSA
within the interfacial self-assembled films.
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These results clearly show that both melatonin and BSA are surface active
bio-molecules and both act by lowering the surface tension of the pure air/water
interface. The simultaneous adsorption of melatonin and BSA at the air/water
interface is a complex phenomenon difficult to be fully analyzed.

However, the two compounds show a synergistic effect when adsorbed
together from water phase to the fluid interfaces being incorporated into interfacial
mixed self-assemblies. The molecular association of melatonin and BSA in the
interfacial self-assembled films or adsorbed membranes at fluid interfaces is
particularly noteworthy and might explain some biomembrane phenomena.

Further, the equilibrium values of the surface tension were given versus
logarithm of the melatonin concentrations in Fig. 2, both in the absence and in the
presence of BSA. By analyzing these isotherms a linear dependence of 0 = O (log ¢)
is found in the range of large concentrations of melatonin.

The maximum adsorption coefficient (I'y,5) and molecular area (a,) for

melatonin in adsorbed films at the air/water (pH 7) interfaces, both in the absence
and in the presence of bovine serum albumin (0.4% wi/v) in aqueous phase, were
determined from the slope of the linear portions of the isotherms (Fig. 2) by using
the Gibbs adsorption equation. These values are given in Table 1.

Table 1
Maximum adsorption coefficient ( rmax ) and molecular area (ao) for melatonin in adsorbed

films at the air/water (pH 7) interfaces, both in the absence and in the presence of bovine
serum albumin (0.4% wi/v) in aqueous phase.

Interface Aqueous solution Aqueous solutions of melatonin
of melatonin and bovine serum albumin
(pH=7)/air (BSA: 0.4% wi/v; pH 7)/air
[max , moles/cm? 2.6x10™ 1.02 x10™
ao , A%molecule 63.85 162.78

From the data given in Table 1 we can observe that the melatonin film is
more expanded in the presence of BSA due to the penetration of biopolymer into
the melatonin film, in a similar case with the drug penetration from water phase into
the model membranes at the air/water interface [11-14].

In order to obtain an image of the possible interactions in the interfacial
mixed film of melatonin and BSA, in Table 2, are listed the data related to the
variation of the equilibrium interfacial tension with the melatonin concentration
(column 1), both in the absence (column II) and in the presence of BSA (column 11},
respectively. By comparing column Il with column IIl, it can be seen that the
presence of BSA lead to a supplementary decrease of the interfacial tension,
respectively to an increase of the pressure in the adsorbed melatonin film.
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Fig. 2. Dependence of static (equilibrium)
interfacial tension, as a function of logarithm
of melatonin concentration in aqueous buffer

phosphate pH 7, both in the absence of bovine
serum albumin (BSA) (¢) or in the presence
of BSA (0), at the air/water interfaces.

Column IV contains the in-
terfacial pressures of pure melatonin
film. In colum V of the Table 2, the
contributions of the BSA to the in-
terfacial pressure of the mixed me-
latonin- BSA film are given, in con-
sidering the melatonin contribution
(column 1V) as constants. The BSA
contribution was evaluated from the
difference between the values in col-
umns |l and Il for each melatonin
concentration. It can be seen that the
interfacial pressure due to BSA (col-
umn (V) is lowered as the melatonin
concentration increases. In other
words, the contribution of each com-
ponent to the interfacial pressure of
the melatonin-BSA film is not inde-
pendent. This fact also suggests that
the interaction between melatonin and
BSA is a strong and specific one.

Furthermore, one considers
the adsorption of BSA as being
constant at the air/water interface
with the value of 0 = 62.50 dyn/cm
for the interfacial tension (see column

[ll). The last column VI of Table 2 indicates the interfacial pressure increment
(A T, dyn/cm) due to the melatonin adsorption and it is calculated with the values
in column lll. The increase of interfacial pressure is more pronounced as the
concentration in melatonin is increased. The interaction between melatonin and
BSA is thus evidenced by the decrease of the interfacial tension, respectively, by
the increase of the interfacial pressure at the air/water interface.

Table 2

The effect of melatonin and of bovine serum albumin (BSA) on the surface tension and the

surface pressure at the air/aqueous buffer ( pH 7)) interface.
11

Melatonin 0) o A Ti
Conc.4 dyn/cm dyn/cm dyn/cm dyn/cm dyn/cm
[M] 10 (without (with BSA (for pure (BSA: 0.4 (melatonin

BSA) 0.4 % wiv) | melatonin % wiv) and BSA)
films)

I Il ] v \ \
0.00 72.75 62.50 0.00 10.25 0.00
1.00 71.85 62.05 0.90 9.80 0.45
3.10 71.76 62.03 0.99 9.73 0.47
5.60 71.57 61.96 1.18 9.61 0.54
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Melatonin o) (o) n n ATl
Corlc.4 dyn/cm dyn/cm dyn/cm dyn/cm dyn/cm
[M] 10 (without (with BSA (for pure (BSA: 0.4 (melatonin

BSA) 0.4 % wiv) melatonin % wiv) and BSA)
films)

10.00 71.28 61.64 1.47 9.64 0.86

17.70 70.58 61.21 2.17 9.37 1.29

31.00 69.20 60.31 3.55 8.89 2.19

39.00 68.22 59.67 4.53 8.55 2.83

50.00 66.72 58.85 6.03 7.87 3.65

Consistent with our data are the findings on the interaction of bovine serum
albumin with various soluble surfactants [15-17] showing a good stability of
molecular associations of surfactants to BSA.

The mechanism of specific interaction between melatonin and BSA is
unknown. Melatonin probably interact with the hydrophobic regions of the protein
and also with the hydrophilic groups of the protein, taking into account its
hydrophilic and hydrophobic structure (Fig.1). Consequently, the melatonin
molecules might be covalently attached to proteins. These experimental findings
should bring insights on the binding of soluble compounds to biomembranes and
might simulate and explain some biomembrane phenomena [18].

Taking into account that melatonin decreases significantly the surface
tension of BSA adsorbed films at fluid interfaces, our data are, certainly, an
important contribution to the knowledge of the interfacial action of melatonin on bio-
macromolecules stabilizing their interfacial supramolecular structures. This binding
of melatonin with macromolecules is likely to be of a physiological significance, but
future studies will be design to systematically evaluate the melatonin capacity to
stabilize the cellular membranes.

CONCLUSIONS

Melatonin has a hydrophilic and a hydrophobic character, possessing a
methoxy group in the 5-position and an acetyl side chain that can orient the
molecule at the air/water interfaces. Our findings show that melatonin associates
with and increases the stability of BSA interfacial adsorbed layers. These results
confirm the involvement of melatonin in specific interactions with soluble proteins.

Melatonin effect on the stabilization of biopolymers might provide a general
protection of biological compounds against oxidative damage "in vitro" and "in
vivo". The detailed mechanism of melatonin action on BSA interfacial self-
assemblies and for its stabilizing effect is not clear at the present time and it is a
research subject of future interest in our laboratories.
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RELAXATIONPHENOMENAINCAROTENOIDFILMS
ATTHEOIL/WATERINTERFACE
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ABSTRACT. The kinetic analysis of the relaxation phenomena in carotenoid films
adsorbed at the oil/water interface is presented for several carotenoid concentrations in
the oil phase. A new kinetic approach is applied and it addresses the diffusion adsorption
associated with a reversible interfacial reaction of reorientation of carotenoid molecules
between two conformations The new model contains two characteristic times, i.e.,
diffusion relaxation and kinetic relaxation times and it describes with high accuracy the
experimental data of dynamic interfacial tensions for the adsorption of two carotenoids:
ethyl ester of 3 — apo — 8' — carotenoic acid and [3-carotene, both all-trans isomers, from n-
hexane phase to the n-hexane/water interface. The calculations give the two characteristic
times for the relaxation phenomena in carotenoid adsorbed fims at the oil/water interface.
The data are in substantial agreement with the molecular structure of these carotenoids.

Keywords: relaxation kinetics; dynamic interfacial tensions; ethyl ester of33— apo - 8' —
carotenoic acid; 3 -carotene; hexane/ water interface; diffusion relaxation time;
kinetic relaxation time

INTRODUCTION

Carotenoids are important biological pigments that play vital role in cell
membrane stability, cellular differentiation, growth control, photooxidative protection,
vision process, photosynthesis and nutrition [1-4]. It clearly appears that the varied
biological activities of carotenoids in living organisms are determined by the biophysical
and chemical properties of these molecules [1-7]. Among them, the adsorption
properties of carotenoids seem to be defined by their molecular structure and their
molecular geometry [1, 5]. In addition, specific conformations of carotenoid
derivatives and their correct orientation [5] at various biological interfaces [6, 7] will
determine their proper function within cellular and subcellular structures [1].

Generally, a surfactant solution is characterized by the adsorption of
surfactant molecules in monolayers at the fluid interface [8-26]. The adsorption
kinetics can be controlled by surfactant molecular diffusion from the bulk to the
subsurface [11-14, 19-22] and/or by an energy barrier, which controls the transfer
of the surfactant molecules from the subsurface to the interface [9, 19].

In the present study, we focus on the relaxation kinetics in carotenoids films
adsorbed from oil solutions at the oil/water interface, by using interfacial tension
measurements as an experimental tool. For our systems containing carotenoids, the
dynamic interfacial tensions versus time show long time effects which cannot be
understood by diffusion from the bulk to the subsurface and the transfer from the
subsurface to the interface.
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These time effects can be described by a surface reaction of reorientation
of surfactant molecules. This type of behavior is also found with some sulfosuccinates
[20] at the air/water interface and with proteins [26] at the oil/water interface.

The kinetic analysis of the interfacial tension relaxation becomes more
complex when the surfactant molecules participate in an interfacial reaction of
molecular reorientation [8, 26- 29] or when they form aggregations or clusters in
the bulk phase or in the interfacial adsorbed layer [30, 31]. Although relevant for
many important applications in various fields, like, pharmaceutical formulations,
food processing, and emulsification processes, the relaxation kinetics in carotenoid
films at fluid interfaces has received so far only a marginal attention [29].

The major goal of this study is to describe the long time effects recorded
for the dynamic interfacial tensions of carotenoid systems at the oil/water interface.
To reach this goal, a new kinetic theoretical model is applied to allow for a diffusion
process to be associated with a surface reaction of reorientation.

KINETIC MODEL OF RELAXATION PHENOMENA

The kinetic model applied in this study, consists of a bulk diffusion process,
given by the diffusion penetration theory [12-14, 20, 32], which is associated with a
first order reversible interfacial reaction of surface reorientation.

The surfactant molecules are adsorbed at the liquid/liquid interface as
conformation 1, soluble in oil phase, and at the interface they undergo a transformation
to the conformation 2. The conformation 1 is exchangeable with the bulk oil phase,
but the conformation 2 is not, being stable only at the interface. Both conformations
are assumed practically insoluble in the aqueous phase.

To model the relaxation phenomena in adsorbed films at the liquid/liquid
interface, we start from the mass balance at the interface for conformation 1 written
as:

ar, _ p =5 _ k(rl— rf) )

dt J 7Dt

or written in an equivalent form:

and for conformation 2, given by:

=

% = (%)2 (cO - cs) - k(rl - I'f) 2
%2 = (er - Fz) 3)

where, ¢, and ¢, are the surfactant bulk and subsurface concentrations, respectively,
at the time t: T is 3.1415; D value is the diffusion coefficient of the surfactant
molecules in the bulk solution; I'; and I, are the adsorption of conformation 1 and of
conformation 2, respectively, at the time t; Fle and er represent the adsorption of
conformation 1 and of conformation 2, respectively, at the equilibrium; k is the rate
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constant for the surface reaction of molecular transformation or reorientation. The
subsurface layer is situated only a few angstroms away from the interface and still
belonging to the oil bulk solution.

Eq. (3) is readily integrated, taking in to account that at t =0, ", =0, whence:
r,b="_Ts - T5e" @)

The subsurface concentration (noted cs or simply c) in equilibrium with the
composition at the liquid/liquid interface depends on IN';and I, as follows:

dc = (ﬁ] dry +(£] dr, (5)
or, r, or, r

come =[50 ) Fron)e(3E] Ger) ®

The Eq. (6) can be further written in another equivalent form:

or

0 S

_[ acj (e -r)+ (a%rz)n

o) | 20 e -r,) @

%),

We note by v:

v =- L= — (8)
oc e
(Alnl'l)r (Arl)rz g
and it obtains
(acar )
e
nos vk ©
ac rs
ory r
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Further, with Egs.(4) and (10), Eq. (2) becomes:
1
dar D)2( o0c _
—L1 = | =7 = [(rf—rl) -vlfe "t] - k(rl—rf) (11)
dt Tt ory ),
2
We introduce the diffusion relaxation time [32-34], noted Ty or 1, defined as:

(T)l% -0’ [aa_lz]r "

and in this way Eq.(11) is written as:

_ b e Kt
d(l‘le r1)+(1)2+k (rf—rl):vrle a3
dt Tt (mt)%

The Eg. (13) is a linear differential equation and its integral is:

(m J% [4t j% [‘“j%

i — — L

e-rp=e'\™ eMiK+yrfe™ =Ke ekt +vrf et (14)

From the initial conditions, t=0 and I'1=0, the integration constant K is obtained:
K=rF@-v) (15)

Finally:

1
at

_(4t)2
re-rp= rf (1-v)e [m] e+ vrfe Xt (g

Further, since the surface tension depends on I'; and I, it results:

0-0g= (:—gjrz (r1 - rf)+ (a%} . (rz - r§) 17)

By using Egs.(4) and (16), the Eq. (17) gives:

af
0 - 0= —( do J (1—\))e - Vv _(a Ia:er ekt (18)
M2 El
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By noting:

|
7~ N\
(S5
5|
31lQ
[EnY
N—
-
N
I
m
o
=

19)
( 00 ] -
- - €02
olnTl, ,
the Eq. (18) becomes:
(2"
0-0g=|ggl-V)e ‘™ + (veg +gg)[e™ (20)
By making the notations:
go(l-V)=00¢,
VEqy €02 =A0(p (21)
(0-00=00)
the Eq. (20) becomes:
i [m]%
0 = Og+|Aog e\ + Aoy, |e X! (22)
where, for t=0, it results:
NOg1+ACy, =AOy=0¢—0¢ (23)

0o being the surface tension of the pure interface without surfactant. It should
be remarked that we have linearized the mathematical problem, i.e.,

oc ) oc (00 00 _
; ; and are considered as constants.
aolnr, " oinr, . ar, ). or, .

In practice, however, Eq. (22) describes the experiments quite well, as it will be
detailed in this investigation. It is also noteworthy here that the dynamic interfacial
tension, a(t), appears to be determined mainly by the two characteristic times,

namely, T the diffusion relaxation timeand 7, the reaction relaxation (k _l) time, k being

the rate constant of the interfacial reaction.
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4t \/2 e . .
In Eq. (22), the term exp— (—j accounts for diffusion relaxation with t
L

(noted also as 1p) the diffusion relaxation time and e accounts for the surface

reaction of reorientation at the oil/water interfacewith 7, the reaction relaxation
(k ) time.

The Eq. (22) describes the dynamic surface tension with time. For k = 0
(no surface reaction) and Aoy, = 0, Adg; = Agy, and Eq. (22) becomes:
m]%

T

o—oe:AG:Aooe( (24)

The Eg. (24) is the equation for a pure diffusion controlled process.

Further Eqg. (22) can be used to derive simple analytical expressions
describing the relaxation behavior in the short and long time limits of the relaxation
diffusion time. For some situations it may happen that diffusion equilibration is so

fast Tp (( Ty, thatwe only observe the transformation step and the Eq. (22) becomes:

O = 0.+ Aoy, e (25)

The Eg. (25) shows an exponential decrease of AC with time. The extrapolation
of Eq. (25) at t=0 do not yield 0 value, but the following relation results:

o(tao) = 0o+ A0, (26)

If diffusion is slow Tp )) Ty, Eqg. (22) gives:

t
Ao = Aoy exp| —— (27)
T
k
and the diffusion is the rate controlling step and, for7, -, Eq. (22) extrapolates
to an equivalent form of Eq. (27) given by:

Ao (t)=(Ao, +Ao,,)e™ =Ag,e™ (28)

and theAAO shows an exponential decrease with time, which for t — O extrapolates
to the O value. The decay is again exponential but the interfacial tension fort - 0

extrapolates to o, = 50 mN m™. Between these two limiting cases, the adsorption
relaxation is affected by both diffusion and surface reorientation processes at
liquid/liquid interfaces.

To describe the relaxation phenomena in adsorbed films at the oil/water
interface we apply our new kinetic approach to the dynamic interfacial tension data

for two carotenoids at the hexane/water interface and the characteristics time Tp

and Ty are determined.
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EXPERIMENTAL

The compounds used, namely ethyl ester of B - apo — 8'-carotenoic acid and
B - carotene, were synthetic commercial products of analytical grade. They were
purchased from Hoffmann La Roche. Both carotenoids are all-trans isomers and they
are insoluble in the water phase. Therefore, their transfer through the interface
towards aqueous phase can be neglected. The n-hexane was purchased from
Merck. All chemicals were used without additional purification. Two distilled water
was used as aqueous phase.

The equilibrium (0,) and the dynamic interfacial tensions, O (t), were

measured by Du Nouy ring method and Wilhelmy plate method as described
elsewhere [1, 20, 34-36]. The agreement between the two methods is excellent
and the deviations do not exceed the error of the individual method. The accuracy
of interfacial tension measurements was + 0.1 mN/m, in agreement with literature
data on different systems [20, 34-36]. All measurements were carried out at
constant temperature of 25 + 0.1 °C.

RESULTS AND DISCUSSION

Dynamic interfacial tensions

The dynamic interfacial tension, O (t), as a function of time for several
concentrations of the ethyl ester of B - apo - 8' - carotenoic acid in n-hexane solutions
at the hexane/water interface are presented in Figs. 1 and 2.

The results of measurements for different B - carotene concentrations in
hexane phase at the hexane/water interface are presented in Figs. 3 and 4. As can be
seen, in Figs. 1-4, both carotenoids possess a high surface activity as indicated by

the equilibrium interfacial tensions(0, ), values considered at the time of 120 minutes.

1 1 1

1
0 1000 2000 3000 4000 5000

1

t,s
Fig. 1. Dynamic interfacial tensions, O (t), as a function of time, for hexane solutions of ethyl ester of

[ - apo-8'- carotenoic acid at the interface with water, for two ester concentrations. Curve (1) for
=310 mole cm™ and (2) c; =7.9 10°® mole cm®. Full line calculated by Eq. (22 ) using constant

parameters given in Table 1. Horizontal line indicates O ¢ value for each ester concentration.
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Figs. 1-4 show that the relaxation process illustrated by the dynamic interfacial
tension measurements is long time dependent for the two selected carotenoids. To
investigate the relaxation process in adsorbed films at the hexane/water interface
for the two carotenoids we use our new kinetic model developed in this paper.

Kinetic analysis of dynamic interfacial tensions

The dynamic interfacial tensions, shown in Figs. 1-4, are analyzed applying
our new kinetic approach, which considers diffusion relaxation associated with surface
reorientation relaxation in carotenoid films at the oil/water interface, by using
Eq.(22). The total jump in interfacial tension isAc,defined asA0 g = 0g — O, (0o
is the interfacial tension of the pure hexane/water interface of 50 mN m™), and
Ao, =A0y +A0,, where Acy, and Acg, are the amplitudes of the interfacial

tension.

Ift is very small, the interfacial tensions with time seem to extrapolate fort — 0
to 0 - O+ Ao, given by Eq. (26). Here the diffusion equilibrium is established,
i.e., the equilibrium between the initial surface configuration and the bulk concentration
is established, but the surface reaction did not start.

50

3000 4000 5000
t,s
Fig. 2. Dynamic interfacial tensions (O versus t) at the hexane/water interface, for several

concentrations of ethgl ester of 3 - apo-8'-carotenoic acid in hexane solution. Curve (1) for
Co =1.76 10" mole cm™>; (2): 0 =2.97 107 mole cm™ and (3): co =5.07 10" mole cm. The full
line calculated with Eq. (22) using constant parameters given in Table 1. Symbols as in Fig. 1.

The decay of the interfacial tension with time is exponential and it is given by
Eq. (25). If T is very large, diffusion is the rate controlling step and, for T -, Eq. (22)
extrapolates to Eq. (28).

The decay is again exponential but the interfacial tension for t - 0
extrapolates to 0, = 50 mN m™. We have analyzed the dynamic interfacial tensions
for both carotenoids and the data are well fitted by the Eq. (22) and the standard
deviation of experimental data from the calculated ones is within the experimental
errors. The parameters of Eqg. (22) that fit the experimental data for ethyl ester of
B-apo-8’-carotenoic acidare given in Table 1 and for B-carotene in Table 2.
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G, mN/m

20 ! '
0 500 1000 1500 000 2500

t,s

Fig. 3. Dynamic interfacial tensions for hexane solutions of 3 carotene at the interface with water, for
different /3 carotene concentrations. Curve (1): ¢=6.7 10® mole cm™; (2): 1.34 107 mole cm™®; (3): 3.43
10" mole cm™. Full lines calculated with Eqg. (22) using constant parameters given in Table 2.

Horizontal line indicates O ¢ value for each 4 carotene concentration.

From Tables 1 and 2, it is seen that for T - o, Agg =0. In these cases and
fort - 0, Eq. (28) extrapolates to Eq. (26) and again 0 - 0.+ Adg,. Therefore, it is
evident that the (0. + A0g,) values represent the interfacial tensions when the
diffusion equilibrium is established, but the interfacial reaction did not start. The
reaction rate constant k is nearly concentration independent for each of the two
carotenoids. For the adsorption behavior of ethyl ester of 3-apo-8'-carotenoic acid,
the mean value of k is <k>=8.2 10™s™ (Table 1) and corresponds to a kinetic relaxation
timeof 1, =k~ 1.2 10%s (approx. 20 minutes). For B-carotene, the reaction rate constant
k is again nearly independent on concentration and the mean value is <k>=1.310%s™
(see Table 2) and 1,~760 s (approx. 13 minutes). The 1, for the ethyl ester of 3-apo-8'-
carotenoic acid is higher than its value for B-carotene. This result is in substantial
agreement with the molecular structure of these carotenoids and reflects the flexibility
of the terminal group of the ethyl ester with possibilities of both the interfacial
conformational changes and the polar group hydration against the terminal hydrocarbon
[B-ionone rigid ring from B-carotene molecule.

Both carotenoid compounds possess the same type of conjugated polyene
hydrocarbon moiety, carrying the lateral methyl groups [37]. The B-carotene molecule
has a symmetric structure with a long hydrocarbon chain with a terminal 3-ionone
ring at each end. The ethyl ester of [-apo-8'-carotenoic acid is an asymmetric
molecule with a shorter hydrocarbon chain with only one terminal 3-ionone ring and
at the other extremity with an ethyl ester group.

The diffusion relaxation time for B-carotene (Table 2) is higher than its value
for ethyl ester of 3-apo-8'-carotenoic acid (Table 1) for a comparable carotenoid bulk
concentration. This is plausible because the -carotene molecule is longer than the
molecule of ethyl ester of 3-apo-8’-carotenoic acid.
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0,mN/m

20

10 1 1 1 1 1
0 500 1000 1500 2000 2500

t,s

Fig. 4. Dynamic interfacial tensions for hexane solutions of - carotene at the interface with
water, for the 3 - carotene bulk concentration ¢o=5.99 10" mole cm™. Full lines calculated
with Eg. (22) using constant parameters given in Table 2.

Horizontal line indicates O value.

Table 1

The parameters for the relaxation kinetics of dynamic interfacial tensions caused by the
diffusion adsorption with surface reorientation of the ethyl ester of 3-apo- 8 -carotenoic acid
from hexane solutions to the hexane/water interface at 25 °C, calculated by Eq. (22).

Co Oe Aoy Aoy, 0] k Oc+A\C,

mole cm™ mN m* mN m* mN m™ s st mN m*
5.07 10 20.0 26 4.0 120 8.910™ 24
2.9710" 25.3 9 15.7 60 1.110° 41
1.76 107 30.0 2 18.0 30 8.0 10™ 48
7.90 107 37.0 0 13.0 o 7.210" 50
3.0010° 43.0 0 7.0 o 6.010™ 50

Similar long time effects are also observed for other surfactants, soluble in
the oil phase only, such as, lauric acid and palmitic acid at the oil/water interface
[19]. Due to a few fatty acid concentrations reported it is not possible to evaluate
the relaxation times by using our kinetic model. Sometimes, long time effects are
also observed for adsorbed surfactants at the air/water interface [20, 21].
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Table 2.

The parameters for the relaxation kinetics of the dynamic interfacial tensions generated by the
diffusion adsorption of 3-carotene from hexane solutions to the hexane/water interface associated
with surface reorientation of B-carotene molecules at 25 °C, calculated by Eq. (22).

Co Oe Aoy Aoy, T K Oe+ACg
mole cm™ | mNm® mN m? mN m? s s?t mN m™?
5.99 107 15.6 27.0 7.7 450 1.10 107 23.3
3.4310° 22.5 8.6 18.9 160 1.50 107 41.4
1.34 10" 33.8 0 16.2 0 1.55 107 50.0
6.70 10° 42.5 0 75 0 1.10 107 50.0

In the foreseen future we intend to deepen the description of the relaxation
phenomena in adsorbed films at fluid interfaces and to extend this investigation on
a large variety of biosurfactants.

Molecular mechanism of the surface relaxation

Among other factors, the hydrophobic effect [17, 38] seems to have an
important role in the relaxation process of the dynamic interfacial tensions due to
the adsorption of carotenoid molecules from oil phase at the oil/water interface and
due to the molecular reorientation of carotenoids at the interface. It is important to
mention that according to the hydrophobic effect, the hydrocarbon chains anchored
in aqueous solutions are surrounded with structured water. We further suggest that
the interfacial water is also structured around the polar groups (e.g., ethyl ester group
in the ethyl ester of B-apo-8'-carotenoic acid) and around the hydrocarbon B-ionone
ring (in B-carotene), these moieties being oriented towards the water phase at the
hexane/water interface or somehow the molecular chains are penetrating into the
aqueous phase [5, 39].

Consequently, the two states of adsorption related to the conformer 1 and
conformer 2 give different molecular interfacial areas, which can be evidenced
thermodynamically (unpublished results). The molecular area at the initial states of
the diffusion equilibrium is almost identical for both carotenoids and corresponds to
the value of the cross section area of the hydrocarbon moiety existing in both
carotenoid molecules. The cross section area determined by X-ray analysis [37] is
around 15 A?/molecule and it almost equals the collapse molecular area for B-carotene
spread at the air/water interface [39]. This indicates that the carotenoid molecules
are vertically orientated in the adsorbed monolayer at the hexane/water interface at
the initial states of the diffusion equilibrium.

We also suggest, as an alternative, that the conformation 1 corresponds to
the non — hydrated molecules oriented vertically at the hexane/water interface and
the conformation 2 corresponds to the carotenoid molecules vertically oriented at
the interface having the structured water around their polar groups and around
their hydrocarbon extremity anchored in the water phase. It is evident that in the
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conformation 2, the carotenoid molecule with its anchoring terminal group in the
agueous phase and with structured water around it, is irreversibly adsorbed at the
interface being insoluble in hexane phase or in water phase.

At the final state of the equilibrium of adsorption with surface reorientation
probably the predominant molecular species are the hydrated forms of carotenoid
molecules vertically oriented at the oil/water interface. It is evident that the mean
molecular area of conformation 2 is higher than its value for the conformation 1.
Thus, it seems that the carotenoid molecules are initially adsorbed from n-hexane
in a very compact film at the interface with water, and then, they relax at the
interface into an equilibrium interfacial film having their molecular terminal groups
surrounded with structured interfacial water.

This new kinetic model sheds light on the relaxation phenomena of carotenoid
films at the oil/water interface and it leads to the diffusion relaxation times and the
reaction relaxation times in substantial agreement with their molecular structure. The
understanding of the interfacial behavior may contribute to the design of new carotenoid
derivatives with high surface activity that will determine an increased stability of
multi-phases systems with a remarkable impact on the designing of new carotenoid
delivery systems for therapeutic purposes.

CONCLUSIONS

In this paper, we present a new kinetic approach applied to the dynamic
interfacial tensions, which are generated by the adsorption of two carotenoids (e.g.,
ethyl ester of B-apo-8'-carotenoic acid and (3-carotene, all trans-isomers) at the oil/
water interface for several carotenoid concentrations in the n-hexane solutions. For
these systems it is found that the relaxation of the dynamic interfacial tensions is
basically governed by two processes, namely, the diffusion process and the interfacial
reaction of surfactant re-orientation and hydration.

In the theoretical description of this new kinetic model are included two
characteristic relaxation times, namely, the relaxation diffusion time and the
relaxation reaction time. The relaxation phenomena of the dynamic interfacial tensions
are very well described by the new Eq. (22) within the limits of the experimental
errors. The two specific relaxation times, i.e., diffusion and surface reaction relaxation
times are determined and they are in substantial agreement with the molecular
structure of these biosurfactants.

Thus, it seems that the carotenoid molecules are initially adsorbed from
hexane phase in a very compact film at the interface with water. Then, they seem
to relax at interfaceintoan equilibrium interfacial film having their terminalgroups
oriented towards water phase and finally surrounded with structured water
molecules. This is also related to the hydrophobic effect or hydrophobic bonds. At the
equilibrium, it is plausible that the interaction of carotenoid molecules with the interfacial
water molecules leads to an expended interfacial lattice in adsorbed films at the
hexane/water interface.
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ABSTRACT . The lithium content of some natural waters has been determined by flame
atomic emission spectroscopy using the methane-air flame. It was studied the effect of
Na, K, Rb, Cs, Mg, Ca, Sr and Ba on the emission of lithium in the conditions of earlier
optimized flame and instrumental parameters. The lithium content of some mineral -,
well - and seawaters has been quantified using the standard calibration and the standard
addition method. The results agree between these two methods.

INTRODUCTION

Lithium is a physiologically important trace element for human, animal and
plant life. It is the 27" in the rank of the element-abundance in the Earth crust, the
mean Li-content of the soils being of 32 mg kg™, that of surface waters of tens of
Hg L™, respectively [1]. The peat, moorland and alluvial soils have low lithium
content, whereas the calcareous soils as well as the soils in contact with high-
salinity mineralized waters could contain with one order of magnitude higher
quantities of Li, exhibiting phytotoxic effects. Lithium has a large mobility in the
environment being retained by soils and by biosorption, primarily by plants (the
mean Li-content of plants being between 20 — 200 mg kg™, species dependent).
Usually, for most plant-species there is a direct relationship between the soil and
the built in Li-content [2]. For human and animal life lithium is considered at present
as an essential element, with multiple physiological effects: the lithium deficiency
can cause for domestic animals and pets loss of gain in weight, increase of
juvenile and dam mortality, decrease of milk production of goats [3]. These
symptoms can occur for the humans too. In human medicine Li-salts are used in
the therapy of psychic depression, its overdoses can produce different side effects,
as: decrease of insulin and zinc [4], the vanadium and manganese [5]
concentration in the blood plasma with the increase of the aluminum content in the
same time, renal insufficiency [6]. The daily human lithium intake is attained with
vegetables, diary products and drinking water. The knowledge of lithium content of
different natural waters is important regarding to health protection aspect as well
as to hydro-geochemical one concerning his origin.

Flame atomic emission spectrometry (FAES) is the standard method for
the quantification of lithium in natural waters of different origin [7, 8, 9 and 10]. As
excitation sources the use of C,H,-air, propane-butane-air (PB-A) flames are
recommended, the optimal flame, instrumental and experimental conditions for the
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quantification of lithium in waters are well known. The methane-air flame (M-A) has
similar properties with the PB-A and natural gas-air (NG-A) flames, exhibiting lower
temperature and burning velocity than the C,H, ones. To our best knowledge the
guantification of lithium in natural waters using the M-A flame was not reported.
The aim of this work is to study the effect of different elements, existing in waters
(as possible interferents) on the emission of lithium in the M-A flame and the
guantification of lithium in natural waters of different origin, respectively.

EXPERIMENTAL

INSTRUMENTATION

The instrumental setup and operation conditions were the same as described
earlier [11].

REAGENTS

Stock standard solutions of 1000 mg L™ were prepared by dissolving the
appropriate amounts of metals (Mg (Specpure, Johson Matthey Chemicals Limited,
England)) and compounds (Li,COs;, CaCOs;, SrCO; (Specpure, Johnson Matthey
Chemicals Limited, England) in corresponding acid. KCI, NaCl (analytical grade,
Reactivul, Bucuresti, Romania), CsCl, RbCI (used as ionization suppressors), HCI
(analytical grade, Merck, Darmstadt, Germany)) were dissolved and diluted with
double distilled water, respectively. For further dilutions double distilled water was
used in all cases. The diluted solutions were prepared just before measurements. The
natural water samples of 350 ml were conserved with 1 ml of conc. HCI (analytical
grade, Merck, Darmstadt, Germany).

SAMPLING AND SAMPLE HANDLING

The well water samples were collected in village Savadisla (county Cluj),
located 24 km far north-west from Cluj-Napoca city. The sea water sample arose
from the Black Sea coast, Constanta zone. All waters were sampled and handled
in accordance with the EPA-recommendations [7]. The mineral waters (commercial
available, "lzvorul Minunilor", "Anavie", "Borsec", "Perla Harghitei", "Bona Aqua")
were analyzed after the sealed bottles were opened and degassed by shaking and
acidified with 2 ml of conc. HCI (analytical grade, Merck, Darmstadt, Germany).
The determinations were carried out within 72 hours after sampling, the water samples
were diluted properly before measurements.

PROCEDURE

The determinations have been carried out in the M-A flame at p = 670.78 nm,
at observation height over the burner head of 7 mm in fuel rich conditions, established
earlier [12]. Six replicate measurements were made in each case. The mean, the
standard deviation were calculated, it was tested the homogeneity of the means (at a
significance level of 0.05) too [13,14]. The burner was held parallel to the optical axis
of the spectrophotometer. The slit width of the monochromator was of 0.1 mm, the
sensitivity of the strip chart recorder was different, considering the size of the measured
signal intensity. For a given set of determinations the sensitivity was kept constant.
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RESULTS AND DISCUSSION

First the effect of Na, K, Mg, Ca, Sr and Ba on the emission signal of lithium
of 1 mg L™ was investigated, till to five hundred-fold concentration excesses, as
possible inorganic interferents in the samples. The effect of Rb, Cs was tested too,
as ionization suppressors. The analytical signal, intensity (I, in a.u.), was measured
at 670.78 nm and the background intensity (in the presence of interferent), at the
base of the atomic emission, at 672 nm. The variation of the emission signal of lithium
versus the concentration of the interferents is represented in Fig. 1 (The experimental
data series for different elements are slightly shifted for better visibility).
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Fig. 1. Influence of Na, K, Rb, Cs, Mg, Ca, Sr and Ba on the emission of lithium of 1 mg L™

As expected, Rb, Cs acts as ionization suppressors due to slight ionization of
lithium in the M-A flame. Sr and Ca enhances the analyte signal too, acting as
releasing agent by binding the free OH radicals of the flame and hindering the
formation of the low stability LIOH. Sr increases the flame background emission too by
superimposing the SrOH molecular band over the flame spectrum. Na and Ba have no
influence. Mg decreases gradually the lithium emission signal.
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QUANTIFICATION OF LITHIUM IN WATER SAMPLES

The standard calibration and the standard addition method were carried
out for the lithium quantification in natural waters, the later being used as reference
one (absence of certified reference material) for validation. The determinations were
performed with optimal instrumental parameters. Four parallel measurements (n=4)
were made everywhere. To minimise the effect of the interferences the samples were
diluted 1:1 before measurements. The linear regression calibration curve was established
using six standards in the 0,1 — 1 pg L™ concentration domain (I=1.7037 + 45.647C
and r* = 0.998). In case of standard addition method 100 pL of concentrated lithium
standard was added (three additions in 1-mg L™ concentration steps) to the 25 ml
of diluted sample. The analyte content was determined from the intercept of the
regression line. Comparing the calibration curves, the slope of calibration curves
corresponding to the standard additions are close to that obtained by calibration,
which suggests the absence of any interference. The results of the two methods
(Table 1) agree within the error of determinations for the given water (except of
mineral water "Borsec"), so the calibration method could be used for lithium
guantification.

Table 1
Results of analysis of water samples (n = 4)
Sample Co_qcent_ratio_n _lconcentration N
(ug L, calibration) (ug L™, standard addition)
Sea water 78 +6.6 76 +10.1
"Anavie" 636 + 27 620 + 45
Mineral "Bona A_qug" 6.2+3.8 8.1+4.2
water "Izvorul Minunilor" 5.6 £ 3.8 6.1+ 4.2
"Perla Harghitei" 185+ 7.6 164 +£12.6
"Borsec" 256 + 6.6 218+14.4
Nr. 1 60 + 3.8 63+4.2
Nr. 2 43 +3.8 43 +4.2
Nr. 3 82+3.8 93+4.2
Nr. 4 60 + 3.8 58 +4.2
Well water Nr. 5 54 +3.8 50+4.2
Nr.6 35+3.8 32+4.2
Nr.7 13+3.8 13+4.2
Nr.8 13+ 3.8 13+4.2
Nr.9 15+ 4.1 15+4.2

The Li content of the seawater obtained with both methods is very close to
each other although it exhibits high salinity, the highest of all waters studied. The
mineral waters "Anavie", "Perla Harghitei" and "Borsec” have high lithium content
suggesting (among the other dissolved alkaline- and earth metal ions) a deep
groundwater origin, while "Bona Aqua" and "lzvorul Minunilor" could be considered
mostly as surface spring waters. The well waters (samples Nr.1 — Nr.5) collected from
the center area of the village has significantly higher Li-concentration as those ones
collected from the side area (samples Nr.6 — Nr.9). This suggests the different origin of
the ground waters feeding the wells and dissimilar geochemical composition of the
rocks through the ground waters flow.
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In conclusion we can consider that both methods give acceptable results,
the lithium content of sea-, mineral- and well waters can be quantified with acceptable
precision using atomic emission spectrometry with the M-A flame and the standard
calibration. For the corroboration of the results the standard addition method is
recommended.

CONCLUSIONS

Lithium exhibits slight ionization in the M-A flame, the phenomenon could be
overcome by use Rb, Cs or K in 200 mg L™ concentration, adding to the sample. The
Ca and Sr salts act as releasing agents, increasing the emission of lithium, while Mg
exhibits adverse effect. The lithium content of sea-, mineral- and well waters can be
determined precisely with the standard calibration or the standard addition method.
The former method is faster and easier, but for the corroboration of the results the
standard addition method is recommended.
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ABSTRACT. The oxidation of thiolactic acid by decavanadate and VO in aqueous acidic
media, using perchloric acid, has been followed spectrophotometrically. A first-order
dependence on decavanadate has been found for both the hydrolysis and the oxidation
process as well as a first-order dependence on the substrate. The activation energy has
been obtained. The oxidation by VO under the conditions of comparable concentration with
the substrate, has been approached by a stopped-flow technique. The reaction obeys an 1.5
order dependence on VO; ion, first-order in thiolactic acid and a complex (negative order)

dependence on hydrogen ion concentration. The V(IV) intermediate valence state has been
identified by ESR spectroscopy. Some suggestions on the mechanism were put on.

Keywords : decavanadate, thiolactic acid, kinetics, oxidation

INTRODUCTION

In acidic medium, V(V) plays a role of an oxidizing agent relative to numerous
inorganic or organic substances, and its ultimate valence state is V(lll). Oxidation studies
have been carried out on various compounds such as formic and malonic acids® glycollic
acid®, oxalic acid®, mandelic acid®, tartaric acid® and pinacol®. The oxidation of thiomalic
acid (2-mercaptosuccinic acid)’ has been approached using fast reaction techniques.
In these oxidation reactions the mechanism postulated has involved the formation of a
transient complex between the vanadium(V) and the organic substrate. No physical
evidence for such complex was presented, with the exception of thiomalic acid oxidation
where the spectrum of a purplish-brown colored intermediate has been recorded.

The difficulties arising in the oxidation with V(V) consist of the existence
of numerous hydrolytic and acid-base equilibria involving this valence state, strongly
depending on the solution pH, total V(V) concentration and ionic strength.
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Monomeric species VO3 ,HVO3 ,H,VO;,H;VO,, and VO3 or isopoly-vanadates

V,037, V503, v,08,, V;005% , HV;403%, H,V1003s are involved®™. The
decomposition and dissociation of decavanadate have been studied by
spectrophotometrical means in basic'®'®, neutral and weakly basic’’ or acidic
solutions*®?°, even from the kinetic point of view.

The purpose of this paper is to study the oxidation of thiolactic acid within the
conditions where the main species is dacavanadate and/or vanadyl ion respectively
and search for some reaction intermediates.

EXPERIMENTAL

The chemicals used in this study were of reagent grade purity, purchased from
commercial sources (Reanal Budapest, Merck, Fluka and Aldrich) and employed
without further purification.

The preparation of the decavanadate stock solution has been made in the
following manner: 0.0117 g of NH,VO; were weighted and introduced to a 50 mL
volumetric flask. It was dissolved into 10 mL NaOH 0.1 mol/L. Perchloric acid 0.24
mol/L was added to neutralize the solution and get to aopH value around 5.5, when
made up to the mark. This solution contains HV100,5> ion™ in a concentration of 2x107
mol/L, expressed in monomer. The solution has an intense yellow colour and is stable
up to 3 hr. The solution stability has been checked, by recording the UV/VIS spectra.

A similar procedure has been followed to prepare the VO," solution, but adding
enough HCIO, until a pH value in the range of 1.5 — 1.7 was reached. The solutions
were used after the accomplishment of hydrolysis (1-2 hrs), when they become stable.

Thiolactic solution was prepared from a concentrated one of this acid and
standardized by acid-base titration. It has been freshly prepared before each set of
runs and used within a period of at most 3 hr.

Stock solution of HCIO,4 0.24 mol/L was obtained by dilution of a concentrated
perchloric acid 70% (density 1.664 g/mL) and standardized by acid-base titration.
NaClO, solution used for the adjustment of ionic strength was prepared from crystalline
NaClO,H,O and standardized by acid-base titration after passing a known volume
through a column with Vionit ionic resin in H-form.

Classic spectrophotometry was employed when the oxidant was HV;0O”".
Kinetic measurements were performed, always under the conditions of pseudo-first-
order using substrate excess, by means of an ABLE JASCO V-530 spectrophotometer,
provided with a temperature jacket surrounding the cell holder. The cuvette jacket was
connected to a LAUDA M-20 recirculatory water bath. Reaction mixtures were
prepared directly in the quartz cell of the spectrophotometer with 5 cm path length. A
rapid injecting of a measured amount of oxidant solution over the reaction mixture
containing HCIO,4, NaClO,4, and thiolactic acid in de-ionized tetra-distilled water at
desired concentration started the reaction.
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Either HV100,5> or VO," exhibits an absorption peak around 280 nm, the first
having a larger molar absorptivity. To avoid interference of thiolactic acid absorbing in
the same range of spectrum at the concentration around 50 fold excess, the reaction
was monitored at 340 nm.

When VO," was the oxidant, stopped-flow measurements were performed with a
custom built multi-channel apparatus with photomultiplier detection. They used comparable
concentrations of VO," and thiolactic acid, but excess of H".

To search for paramagnetic intermediate species, some ESR measurements
were performed on a JEOL X-band type PE-3X ESR spectrometer, connected to 8-
inch AEG-magnet at 100 kHz field modulation. Field measurements were achieved by
an NMR-Gaussmeter, Drusch MNR-2. The spectrometer was set up with a flow system
composed of two solution containers of approximately one liter each, connected to a
qguartz mixing cell, assuring the mixing of the reactants to occur immediately upon
entrance to the microwave resonator.

RESULTS AND DISCUSSIONS

The stoichiometry of the reaction has been considered 2 CH;CH(SH)COOH : 1
V(V), as Pickering and McAuley’ determined for the oxidation of mercaptosuccinic
acid. The products were disulphide and V(Ill). It was confirmed by an experimental
spectrophotometrical titration.

The oxidation by decavanadate. Under the condition of a large excess of
thiolactic acid (noted as RSH in the paper) the evolution of absorbance presents an
exponential shape. Such a dependence is shown in figure 1. It should be mentioned
that, at the acidity employed in the measurements, the acid hydrolysis of decavanadate
takes pace along with the oxidation process. This is also shown in figure 1. As seen,
the hydrolysis proceeds slower as compared to the oxidation. The acid hydrolysis obeys a
first-order dependence on the coloured species (decavanadate) concentration.
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Fig. 1. Absorbance against time dependence for the acid hydrolysis (curve a) and combined
redox + hydrolysis (curve b). Conditions: [HV10025>] = 2.22x10™ mol/L, [RSH] = 2.22x102 moliL,
[HCIO4] = 3.16x102 mollL, #=05mol/Land T =293 K.
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The semilogarithmic plots
In(A=A,) =In(A; = A,) — Kgt 1)

were linear to more than 90 % of hydrolysis reaction. A, A, and Ag stands for
absorbance at the time t, at the beginning and at the end of the process respectively,

and kf,‘bsd for the observed first-order rate constant of hydrolysis. It is in agreement with

the data obtained by Clare and co-workers™. The same type of linear equation has
been used for the sum hydrolysis + reduction by RSH process. It should be mentioned
that the linear parts of such plots were only for at most 1-1,2 units of natural logarithm
(about 40-50 % of reaction). Within this range of V(V) conversion, the correlation
coefficients were in the range 0.9966 - 0.9998.

The reason for such a behaviour consists in the higher reactivity towards reduction
of the smaller poly-oxovanadates or monomeric forms. Both hydrolysis and redox
processes release fragments of higher reactivity, resulting a reaction rate increase.
This work shows that the VO, ion reacts quite fast, requiring a stopped-flow device to
monitor the reaction. In the same time this ion does not contribute significantly to the
solution absorbance, due to its slow formation by hydrolysis and rapid consumption in
redox reaction. Bg using the early part of the reaction it is to expect that decavanadate
species HV;00,” is the one involved. The fact the V(V) consumption by both
hydrolysis and reduction by thiolactic acid proceeds faster that the hydrolysis itself
indicates that polymeric vanadates accepts electrons, not only the monomeric V(V)
species, generated by hydrolysis. Because the oxidation and hydrolysis take place
simultaneously and obey first-order kinetics, one can distinguish them by making the
differences between apparent first-order rate constants of the overall process and the
hydrolysis one.

I(obsd = koverall - kgbsd (2)

kobsa represents the first-order rate constant for redox process only. Table 1 contains
values of first-order rate constants under several experimental conditions.

As seen from the data presented in Table 1, the acid hydrolysis exhibits a
linear dependence on the acidity. The same order has been determined previously by
Clare and co-workers'® at higher H" concentrations using nitric acid. Our results, when
using HCIO, as the hydrogen ion source, extend the first-order range towards lower
acid concentrations.

Concerning the redox process, a first-order dependence on the thiolactic acid
concentration has been noted as shown in figure 2a, while the effect of the acidity on
the rate is more complex, as depicted in figure 2b.
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Table 1
First order rate constants* for overall, hydrolysis and redox processes at various
excesses of thiolactic acid and various perchloric acid concentration at ionic
strength g = 0.5 mol/L and T = 293 K, when [HV100,5°] = 2.22x10™ mol/L.

10°[HCIO4] 10°[RSH] 10° Koveral 10° K opsd 10° Kobsa

mol/L mol/L (s (s™ (sh
1.00 - - 0.475 -
1.59 - - 0.854 -
251 - - 1.42 -
3.16 - - 1.80 -
5.01 - - 3.06 -
7.94 - - 5.04 .
10.00 - - 6.63 -
1.59 2.22 12.23 11.38
251 2.22 8.55 7.13
3.16 2.22 7.96 6.16
5.01 2.22 6.50 3.44
7.94 2.22 7.70 2.66
10.00 2.22 9.17 2.54
3.16 0.556 2.80 0.997
3.16 1.11 443 2.63
3.16 3.33 12.23 10.42
3.16 4.44 14.83 13.02
3.16 5.56 18.28 16.47

* The values in the table are means of at least 3 to 4 kinetic runs.

The equation of the line at constant acidity is:
K obsg = —(0.0007 £ 0.0003) + (0.312 + 0.009)[ RSH] (3)

confirming first-order dependence on RSH. The fig. 2b indicates a negative (-1) order
with respect to hydrogen ion concentration. A plot of 1/K.psq iS quite linear. Therefore,
the real rate constant (s™) can be computed as Kopsg[H+]/[RSH]. If some intermediate
complex V-thiolactic acid is involved, through a V-S bond, as proved by McAuley’, then
the thiol function is involved and it should be acid dissociated before bonding or
simultaneously with bonding, which is in accordance with a negative order on H".

Further experiments are needed to suggest a well argued reaction mechanism.
It is obvious that some consecutive one-equivalent electron transfer steps are involved.
The mixture change its colour to a pale-blue one, characteristic to V(IV) compounds.
As presented in this paper, V(IV) has been identified by ESR studies.
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Fig. 2. The effect of thiolactic acid (a), ([H"]= 3.16x10 mol/L) and H* (b)
(IRSH] = 2.22x10 mol/L) on the reaction rate at T = 293 K.

An attempt to determine activation parameters has also been made.
Measurements at three different temperatures (293, 303 and 313 K) have been carried
out, studying both the hydrolysis and the redox processes, when the experimental
activation energies E," = 61.0 kd/mol and respectively E,** = 34.0 kJ/mol for the two
reactions have been computed. Even if few, these measurements are quite reliable, as
the value obtained for E," is similar to the one given by Clare at al*® in nitric acid (75
kJ/mol) and other pH range (other prevalent equilibria).

Oxidation by VO,". Oscillograph traces, obtained by means of a stopped-flow
device, showing the disappearance of VO," ion, were recorded under various concentration
of VO,', RSH and H’, the last in the concentration range where vanadium VO," was
the predominant species. The reaction has accomplished within 1- 1.5 seconds.

Reaction orders were determined combining the isolation and the initial rate
methods, by varying one after the other the concentration of one reactant while
keeping the concentration of the other constant, as well as solution pH (1.5) and ionic
strength (0.1 mol/L). By calculation of the initial reaction rate, the reaction order with
respect to the species whose concentration was varied, has been determined from the
classic double logarithmic plot. Such plots are exemplified in figure 3, for the two main
reactants.

For VO, concentration ranging from 5x10 mol/L to 3.5x10 mol/L at constant
concentration of thiolactic acid (1.13x10 mol/L) the method leads to an order of 1.5.
Analogously a first-order dependence was found for thiolactic acid (2.5x10° - 2.25x10
mol/L) at constant concentration of VO," (2.5x10° mol/L).
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Fig. 3. Double logarithmic plots giving the reaction orders on RSH (a) and VO, (b).

Investigating the effect of H" upon the reaction rate proved more troublesome,
which owes to the very narrow range of pH’s usable in the investigations: 1.5-1.7. This
limitation has two causes, the lower limit being that the construction of the stopped-
flow apparatus does not allow for more acidic solutions, while the incomplete
hydrolysis of the polymeric structure of the oxovanadate compound at higher pH's
provided the upper limit. Nevertheless a clear trend towards decreasing rates with
increasing pH was seen, allowing to estimate the reaction order on H" as being -1. The
value is the same as in the case of decavanadate oxidation.

The influence of the ionic strength of the solution upon the reaction was also
investigated, using constant concentrations of the reactants at pH 1.5, while varying
ionic strength between 0.1 and 1 mol/L. It was found that the redox process suffers no
effect of the ionic strength at pH 1.5, as the classical plot Ig keps versus pt? shows no
trend.

It should be mentioned, at this point, that the information so far achieved was
found not satisfactory to describe the full mechanism of the reaction. That is because
one or more further steps are known from the presence of some intermediates, which
have been investigated by other means.

ESR investigations on the VO,'/thiolactic acid system. The first ESR
measurements were performed in continuous flow, when the attempts to identify
parama%netic species in the reaction of VO," (2.5x10° mol/L) with thiolactic acid
(7.5x10™ mol/L), at pH 1.5 and ionic strength 0.1 showed the presence of free V(IV), in
moderate concentrations, at some stage of the reaction. This complies with results
reported in literature’®?. Figure 4 shows the intensity of ESR signal of V(IV) at
different elapsed-time.
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The idea of comparing the results with those obtained for the oxidation of
thiolactic acid by Cr(V1) urged us to search for organic radicals in the studied reaction®.
However, no such species could be observed, due to either experimental limitations -
such as the incapability of setting a sufficiently slow flow - or to reaction it self — the
radical is formed in very low "teady-state" concentrations (has a too short life time).

With identical experimental setup - only differing by the application of stopped-
flow in contrast to the previous continuos one - kinetic curves were obtained, directly
from the plotter of the spectrometer console. That was achieved by positioning at a
constant magnetic field corresponding to that found in the field sweep experiments,
and monitoring the evolution of the signal in time (in the units of "mm per second”). The
curves obtained this way were then scanned and digitized, in order to be transferred to
simple ASCII format for later use in computer simulations. Good, reproducible kinetic
curves were produced, but this part of the study is still in its early stages.

3 min

0 min

r T T T
2500 3000 3500 4000
Magnetic field / G

Fig. 4. ESR spectrum of free V(IV) and its evolution in time.

CONCLUSIONS

Although more data are needed to infer a certain and complete reaction
scheme, there are several obvious findings as the rate law, the electron transfer with
polyoxo-vanadate (before a more reactive monomer is separated), the involvement of
V(IV) that reacts not too fast, small or lack of any effect of ionic strength. They argued
the supposition that successive and parallel steps are involved: the formation of a 1:1
complex with a S-V bond along with a binuclear 1:2 RSH:V(V) complex, where the
substrate is a bridge, the formation of V(IV) in one-equivalent electron transfer that
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needs the formation of a thiyl radical, further oxidation by V(IV). The assumption of the
binuclear intermediate also finds support in the work of Kiss at al.® who concluded that
bidentate mercaptocarboxylates were formed COO -V or S™-V coordinated mono or bis
complexes.

On the base of these findings, the following mechanism can be assumed when
having VO," as oxidizing agent:

VO," + RSH— 2= VG- SR+ H' (4)
VO, - SR—KL » V(IV) + R9 )
2V0," + RSH=—2== V@- SR'COO - VO, + 2 H' (6)
VO, - SR'COO - VO, —X2_»  V(IV) + R )
V(IV) + RSH —3 \/(ill) + RS s + H ®)
2RSe 8L 5 RsSSR ©)

Further ESR studies will bring information on k.

When the oxidant is HV34025”, a similar mechanism can be assumed. In the
first step an adduct is formed, which reacts further to yield V(IV), thiyl free radical and a
cluster having one vanadium unit less. Here, the volume of the V(V) species should
make difficult the formation of the 1:2 intermediate complex. However, the fact that
only first-order in polyoxo-vanadate has been found, does not rule out the binding of
the substrate by thiol and carboxylic function to two neighboring VO, units in the
cluster.
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INVESTIGATION OF ZnS THIN FILM ELECTRODEPOSITION
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ABSTRACT. Electrodeposition mechanism of ZnS thin film from acidic thiosulphate
solutions was studied by cyclic voltammetry and electrochemical quartz crystal
microbalance. For that, investigation of thiosulphate ions reduction was performed both
in presence and in the absence of zinc ions. The formation of the electrodeposited
film was confirmed and composition was evaluated by electrogravimetry.

INTRODUCTION

Materials in which charge carrier motion is restricted by physical size, such
as quantum dots, quantum wells and multiple quantum wells, possess interesting
optical, electronic and transport properties, that have broad technological
applications as well as being of fundamental interest. Devices based on these
nanomaterials require obtaining of thin films, usually by the means of vacuum
deposition techniques (such as molecular beam epitaxy, vapor phase epitaxy or
metal-organic chemical vapor deposition). Increasingly, however, electrochemical
depositions are attractive alternatives to the vacuum-based methods mainly due to
their cost and ability of working at ambient temperature and pressure.

Electrodeposition of semiconductor films is a field which has been driven,
to a large extent, by the need for large-area thin films for photovoltaic and
photoelectrochemical solar cells [1]. Although not commonly used, ZnS has the
advantage of the low toxicity of its components, replacing other toxic compounds
as those containing As, Sb, Se, Te or Cd.

The electrochemical quartz crystal microbalace (EQCM) is a powerful,
versatile electroanalytical tool which has been used in the study of many
semiconductor compounds electrodeposition such as CdSe [2], CdTe [3,4], PbSe
[5], PbTe [6], CuSe [7,8] and CulnS; [9]. The operation of the EQCM is based on
the converse piezoelectric effect which means that an oscillating electric field
causes a mechanical oscillation in the quartz crystal. The resonant frequency of
the mechanical oscillation depends on the mass of the crystal, which allows its use
in the determination of very small mass changes. If the deposit is rigid, the change
in the resonant frequency, Af, is proportional to the change in mass of the deposit
on the crystal according, Am, to the Sauerbrey equation (Eg. 2, see below) [10].

For characterizing the electrochemical processes at the electrode surface,
the primary Af vs. potential (E) EQCM data can be treated in different ways. In this
paper a straight-to-forward method, based on AQ - Am correlation, was used.
Using Faraday’s law it is possible to calculate the parametre AM/n:
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AM/n =-F Am/AQ Q)

where AM is the stoechiometric molecular (or atomic) mass variation of the solid
phase species involved in reaction, n the number of exchanged electrons, AQ the
charge consumed by the reaction and F the Faraday constant (96,485.31 C mol™).
The minus sign is a result of used current convention (negative current indicates a
cathodic process).

Usually, the AM/n parametre is specific for a given reaction. The theoretical
values are listed in the text after each redox reaction. By comparing these values
with the experimental found ones, it is possible to identify the reactions taking
place at the electrode.

There are more alternatives to electrodeposit ZnS films [11-13]. Beside the
codeposition of metallic zinc and elementary sulphur, followed by generation of
ZnS by a solid-state chemical reaction, in this paper another alternative is
investigated. It involves the precipitation of zinc ions with sulphide (ions or acid)
electrogenerated by reduction of thiosulphate. If the experimental conditions
ensure total reduction of thiosulphate without reduction of zinc ions to metal, it is
possible to obtain a film with an ideal Zn:S stoechiometric ratio.

The elementary equilibriums involved in this procedure of ZnS formation
are as follow:

- sequential reduction of thiosulphate ions, at first to elementary sulphur: [3]

2- - -
S,05 + 6H' +4e” - 25 +3H,0 EgQOg_,H"'/S =+0.47V
AM /n=16.03g mol 1 (R1)
and secondly (at low pH value) to hydrogen sulphide:
+ - 0 —
S t2H +2e = H,S SH* THs +0.14 V
AM /n =-16.03g mol * (R2)
or globally:
- + - o -
S,053 +10H" +8¢ < 2H,S+3H,0 Eszog‘,H”/st =+0.305 V

AM/n=0gmol ! (R3)

It should be mentioned that the electrochemical sulphur formation step

(R1) is potentially in competition with a homogenous chemical step, i.e. the
decomposition of thiosulphidric acid generated in acidic media:

S,03” +2H" = H,S,0; = S +S0, +H,0 (R4)
- formation of the ZnS film by precipitation:
H,S+2Zn*" = ZnSg +2H"  Pyzng(q) =1.6107% (R5)

leading to the global reaction:
S,05 +6H" +2Zn*" +8e” = 2ZnS, +3H,0

Egzoz_ g2t = F0.362V, AM /N =24.36 g mol 1 (R6)
3 il ’
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The presence of the zinc ion can lead also to an undesired reduction to
metallic zinc, as follows:

2+ - (0] —
Zl’l + 2e And ZI’I(S) EZI’]2+/ZI’] - _0763 V

AM/n=32.69gmol ! (R7)

In order to stimulate the total reduction of thiosulphate, it must take place
on experimental conditions (i.e. concentrations, pH) where the redox potential of
(R1) is more positive than this of (R3). As indicated by the values of standard redox
potentials, listed after each reaction [14], in standard conditions the total reduction
is thermodynamically favoured by a margin of app. 0.17 V. Clearly, high
concentration of thiosulphate and low pH value will favor (R1) in the competition
with (R3). But these requirements cannot be simultaneously accomplished due to
the homogenous reaction (R4), which leads to the obtaining of colloidal (mainly
electrochemical inactive) sulphur. Although the presence of zinc ions impede on
sulfur formation, a too high concentration would favor its reduction on metallic zinc
as well.

In this study were examined some aspects of the ZnS thin fim electrodeposition
mechanism. ldentification of the slow steps of the process and the reaction
pathway were among the aims. For that, cyclic voltammetry and electrochemical
quartz crystal microbalance were used in order to obtain qualitative and semi-
quantitative information.

EXPERIMENTAL

The voltammetric measurements were performed using a Computer controlled
(via an AT-MIO-16F-5, National Instruments, USA, data acquisition board) analogical
potentiostat (PS3, Meinsberg, Germany). A data acquisition software package
(developed in LabVIEW™, National Instruments, USA) ensures multi-channel
input, including the frequency measurement via a high-speed digital timer/counter.

A standard three-electrode configuration was employed for the measurements.
The reference electrode was a double-junction saturated calomel electrode and the
counter electrode was a spiraled Pt wire.

Voltammetric measurements were performed using a Al (refined, 99.5%
purity) disk electrode (A=0.032 cm?), polished prior to use with a 1200 grade emery
paper.

Planar AT-cut quartz crystals, with an Au film (A=0.503 c¢cm?® on a Cr
adhesion layer, were used as a working electrode for EQCM measurements. The
unpolished crystals were mounted vertically on a Teflon” holder, being operated at
the fundamental mode (10 MHz). This EQCM cell (type EQCM-1, made at
Department of Physical Chemistry, E6tvds Univesity, Budapest, Hungary) was a
gift of Professor G. Inzelt.

All electrochemical measurements were performed at 20 + 2 °C.
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The electrolyte used in this study contained 10 mM Na,S,0s3, desired pH
value of 3.2 being adjusted using dilute H,SO, (p.a., Panreac, Spain). When
present, the ZnSO, concentration was 0.15 or 0.5 mM. 0.2 M Na,SO, (p.a. Riedel-
de Haen) was used as supporting electrolyte. All the solutions were prepared using
bidistillated water.

High purity, with metallic impurities of 10®° % m/m or less, Na,S,0; and
ZnSO,4 were used as received from Dr. E. -J. Popovici ("Raluca Ripan" Institute of
Chemistry, Cluj-Napoca).

The EQCM allows simultaneous measurement of the electrode potential
dependence of current and frequency oscillation change, Af, of the quartz crystal.
While integration of the electric current gives the charge consumed, AQ, during an
electrode process, the quartz oscillation frequency change, Af, can be correlated
with the electrode mass modification, Am, using Sauerbrey equation:

Af =-2Amf2/\Jup =-CgAm )

where f, is the fundamental frequency of the crystal, p the shear modulus (2,947
10" g cm™s®) and p the density (2,648 g/cm®) of quartz. All the constants of the
equation can be included into a single constant (Sauerbrey constant, Cs) which
was determined experimentally by copper electrodeposition, from a suplhate acidic
bath, assuming ideal faradaic efficiency. A Cs value of 649.7+0.7 Hz ug* was
obtained, in good agreement with the theoretical value of 653.7 Hz ug™, calculated
with Eq. 2. This corresponds to a remarkable sensibility of 1.54 pg Hz?'. As
indicated, a mass increase causes a decrease in the resonant frequency and a
mass decrease results in a higher frequency.

RESULTS AND DISCUSSION

At the beginning, the case of ZnS electrodeposition on the Al electrode is
considered. In order to obtain information about the occurring mechanism,
electrodeposition was considered under sweeping potential conditions, cyclic
voltammetry being the chosen technique.

Fig. 1 shows the cyclic voltammograms in a solution containing 10 mM
Na,S,03; and Na,SO, 0.2 M at pH 3.2 recorded with the Al electrode. Since no
relevant electrode processes are occurring at higher potentials, the starting
potential used here is —1.0 V vs. SCE.

The most important feature of this voltammogram is the presence of a
single chemical irreversible reduction peak. This is consistent with the reduction of
thiosuplhate ions, leading to formation of sulphur as an intermediate species, only
if the sulphur reduction step (R2) occurs easier than its generation (R1). At least
thermodynamically, this is in good agreement with the presented standard potentials.

Another experimental evidence of the sulphur formation is the important
evolution of the voltammogram shape and parametres during successive scanning.
This occurs only if at the electrode interface are taking place important changes,
like those generated by the obtaining of sulphur, either as adsorbed or as distinct
solid-phase. It can be mentioned that, during successive scanning, the peak definition
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increases on initial cycles. After several cycles, however, the definition gradually
decreases. For a better illustration of the different effects on the voltamograms,
both first and second cycles will be taken into account.

1/ mA

-0.03

-1.4 -1.3 -1.2 -1.1 -1.0
E | Vvs. SCE

Fig. 1. Multiple scan cyclic voltammograms recorded during reduction of 10 mM Na,S,03
and 0.2 M Na,SO, at pH 3.2. Al electrode (A=0.032 cm?). Scan rate: 10 mV s™.

The scan rate influence on the voltammetric response can provide further
information about investigated process, being presented in Fig. 2. The shift
towards negative values of the peak potential, specific for an electrochemical
irreversible system, reveals a slow charge transfer. Moreover, since it is indicated
that the peak current is roughly proportional with the square root of the scan rate,
specific for the systems with soluble reacting species, this peak can be related
either to (R1) or (R3), totally excluding (R2).
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Fig. 2. Influence of scan rate on the voltammograms obtained during the first (a)
or the second (b) scan. Conditions as in Fig. 1.
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Unfortunately, the chemical irreversible nature of occurring peak prevents
the obtaining of further thermodynamic or kinetic information. Commonly, the
influence of pH on the peak potential (or, better, on the formal standard potential)
allows the evaluation of the stoechiometric ratio between the number of exchanged
protons and electrons, see for instance [15]. But all three possible reactions have
close values of the mentioned stoechiometric ratio, i.e. 1.5, 1 and 1.33, which
together with the inaccessibility of the formal standard potential values prevents the
identification of the electrode process based on pH influence.

The addition of zinc ions into the electrolyte solution allows not only the
obtaining of ZnS films, but also provides supplementary information on the
thiosulphate reduction. The common shape of the voltammograms in presence of
zinc ions is depicted on Fig. 3.

0.00
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-0.01 - -0.01 4

1ImA
1/mA

-0.02 4
-0.02 4

-0.03 4

-0.03 T T T T T T T
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Fig. 3. Multiple scan cyclic voltammograms recorded during reduction of 10 mM Na,S,03
and 0.2 M Na,SO,4 at pH 3.2, after 0.15 mM, in (a), or 0.5 mM, in (b), addition of
ZnS0,. Al electrode (A=0.032 cm?). Scan rate: 10 mV s™.
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Fig. 4. Influence of the ZnSO, concentration on the voltammograms obtained during the second
scan. Scan rate 10 mV s, in (a), or 20 mV s, in (b). Other conditions, as in Fig. 1.
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The most important feature is the presence of a new reduction peak (at=-1.4 V
vs. SCE), with the current roughly proportional to the zinc ions concentration. For
this reason it was attributed to reaction (R7) leading to metallic zinc. This is in
agreement to the calculated equilibrium potential (of = -1.1 V vs. SCE). Furthermore,
the enhancement of hydrogen evolution, on very negative potentials, proves also
the metallic zinc formation, since on zinc the hydrogen evolution occur slower than
on aluminum (e.g., compare Fig. 1 with Fig. 3b) [14]. Another feature is a faster
stabilization of the voltammogram during successive scanning. This can be related
to the obtaining of an electrochemical inactive (at least for the used potential
window) film with both composition and thickness homogeneity.

But, more important, is the effect of zinc ions concentration on the reduction
peak of thiosulphate, as presented in Fig. 4. Regardless of scan rate, it can be
evidenced an increase of peak intensity and a decrease of peak width while the
peak area remains, roughly, constant. Starting from peak current (I,) and width at
half-height (W,) relations, for an electrochemical irreversible system: [16]

I, =2.9910°n(n,a)Y2AC DY 22 ©)
152

W, = [mV] (4)
n,a

some correlation can be established between the electrochemical response and
the process chemistry. Here, n is the (total) number of exchanged electrons, n, the
number of electrons involved in the rate determining step, a the transfer coefficient,
A the surface, v the scan rate, C’ the concentration and D the diffusion coefficient
of the reacting species.

The above mentioned effects of the zinc ions addition can be explained by
the increasing of the n,a term. Very likely, during addition of zinc ions, the
increasing of n, parametre is the direct result of the activation of the slow electron
transfer step. In this way, increasing the rate of the slower step up to the rate of
other relatively slow elementary steps, the presence of zinc ions enhances the
overall process. Since it does not involve additional reactions, the number of
exchanged electrons remaining constant, the peak area (quantifying the electric
charge involved) must be invariant, as experimentally evidenced. Because zinc
ions presence influences only the sulphur reduction (R2), by shifting the
equilibrium potential towards positive values caused by the precipitation process
(R5), it can be assumed that the slow step is, or is contained by, reaction (R2).
This is consistent to discussed single-peak exhibited by the voltammograms, only if
kinetics of sulphur formation overcomes the thermodynamical limitations.

Fig. 5 reveals the influence of the scan rate on the voltammogram. Once
again, both occurred peaks are electrochemically irreversible, due to the shift of
the peak potential. Also, due to the dependence on the peak current it seems that
are diffusion controlled as well.

Another parametre with potential relevance to the behaviour of the system
is the starting potential. Fig. 6 shows this dependence. If a more positive starting
potential was used (i.e. -0.8 V vs. SCE) an additional oxidation peak occurs at = -0.95 V
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vs. SCE. Since this peak is not present in the absence of the zinc ions (corresponding
voltammogram not presented here), it can be attributed to the oxidation of metallic
zinc. Also the complex shape of this peak is common to a metal dissolution
process, see for instance [17]. Even if present, the oxidation of ZnS (in fact of the
sulphide at some soluble products) is unimportant, since the charge used for

reduction largely exceeds that used for oxidation.
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Fig. 6. Influence of initial potential on the voltammograms obtained during multiple scan.
Scan rate: 20 mV s™. Other conditions, as in Fig. 3 (b).

Concluding the voltammetric investigation, it was revealed that, for the Al
electrode, is possible to electrodeposit ZnS by zinc ions precipitation with sulphide
electrochemically-generated from reduction of thiosulphate. Using a potential value
in between -1.2 and -1.3 V vs. SCE (for investigated electrolyte solution), the
formation of metallic zinc can be avoided. The only difficulty is the generation of
sulphur, which potentially can be obtained not only as intermediate in the ZnS
formation, but also as the reduction product. Unfortunately, for the investigated
system, no evidence about the presence or absence of sulphur incorporation into
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the film was possible using cyclic voltammetry. Since it involves important mass
changes at the electrode interface, EQCM measurements are much more
appropriate for this kind of experiments.

EQCM measurements consist in simultaneous recording of current and
mass deposited (via the resonance frequency of the quartz crystal) on the
electrode during the potential shift. Thus, the results consist in a couple of
representations: the current vs. potential (voltammogram) and mass vs. potential
(often called voltamassogram) representations. Although the use of Au instead of
Al for the electrode substrate changes somehow the reduction processes, the
novel information provided surpasses this inconvenient.

Fig. 7 presents the EQCM measurements of thiosulphate reduction. Some
difference can be noted: a small pre-peak wave is present (at = -0.4 V vs. SCE)
and the main peak is shifted towards positive potentials. Attempting the identification
of occurred processes, the scanned range was divided into several potential windows.
For each of these characteristic zones, the used charge (AQ) was calculated by
integration of current intensity. Aiming the calculation of the AM/n parametre, the
deposited mass (Am) was determined using the voltamassogram. All these
electrogravimetric parametres are presented in Tab. 1.

It was found that, during the initial cathodic scan (zone la), the reduction to
sulphur (R1) prevails, since the determined AM/n parametre is close to the
theoretic value of 16.03 g mol™. The lower founded value seems to indicate a slow
sulphur desorption, leading to colloidal sulphur formation. At more negative
potentials (zone Ib), the main reduction takes place. The -0.9 g mol* value
indicates that the main process is the total reduction (R3), with a small contribution
of sulphur reduction (R2) or desorption. At lowest potentials (zone Ic), in addition to
(R3) a mass increasing process is present; it may well be the inclusion of hydrogen
into the already deposited sulphur. During the anodic scan, the reduction process
(R3) still prevails. Only at the highest potentials (zone le) the mass decreases; the
slow release of the incorporated hydrogen can well be the explanation. After a
complete cycle, little changes of the electrode surface can be evidenced.
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Fig. 7. EQCM measurements of thiosulphate reduction. Electrolyte: 10 mM Na,S,03 and
0.2 M Na,SO, at pH 3.2. Au electrode (A=0.503 cmz). Scan rate: 10 mv s™.
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Table 1
Electrogravimetric parametres for thiosulphate reduction
Zone Potential window AQ / mC | Am / nug AM/n /g mol™*
la 0to-05V -0.91 0.14 15.2
Ib -05t0-1.12V -10.33 -0.09 -0.9
Ic -1.12t0-15V -9.77 0.26 2.6
Id -1.5t0-05V -13.86 -0.25 -1.7
le -0.5t00V -0.36 -0.03 -8.1

Overall, the total reduction to hydrogen sulphide is the predominant
process. This explains the nature of chemical irreversibility of the voltammetric
peak. Since the solubility of hydrogen sulphide in acidic media is limited, too small
amount are available towards oxidation during anodic scan.

A similar procedure was used for the electrodeposition of ZnS, as it can be
seen in Fig. 8 and Tab. 2. While the presence of the zinc ions causes little effects
on the voltammograms, a striking difference is evidenced for voltamassograms.
Not only that a tenfold mass change is exhibited, but after a complete cycle, the
electrode mass has an important increase.

Once more, reduction to sulphur (R1) prevails on initial cathodic scan
(zone lla). But the charge used here is small enough (= 5%) to conclude that
suplhur incorporation into the film cannot exceed 10% (in molar units). Compared
to the cited Zn:S stoechiometric ratios, that usually are close to 1:2 [18,19], the
described procedure of one-step electrodeposition of ZnS films gives much better
results.

cycle
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Fig. 8. EQCM measurements of ZnS electrodeposition. Electrolyte: 10 mM Na,S,0;, 0.5 mM
ZnSO, and 0.2 M Na,S0O, at pH 3.2. Au electrode (A=0.503 cmz).Scan rate: 10 mV s™.
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Table 2
Electrogravimetric parametres for ZnS electrodeposition
Zone Potential window AQ / mC | Am / nug AM/n /g mol™*

lla 0to-0.6V -1.43 0.26 17.2
IIb -0.6t0-0.9V -2.63 0 0

lic -0.9t0-1.3V -8.73 1.81 18.2
Iid -1.3t0-1.4V -2.29 0.47 15.7
lle -14t0-05V -15.07 -0.58 -3.7

After a depositless zone Ilb, where the charge is unimportant, the main
electrodeposition process takes place in zone lic and lld. The obtained values of
determined AM/n parametre and the absence of a zinc reduction peak indicate that
here the ZnS formation (R6) is the main process. The absence of an oxidation
voltammetric peak, accompanied with a mass decrease, also argues the metallic
zinc deposition (R7). Zone lle corresponds to a dissolution reduction; this can be
explained either by sulphur reduction (R2) or by erosion of the ZnS film.

CONCLUSIONS

One-step electrodeposition of ZnS films from an acidified thiosulphate
solution was investigated. The film formation is based on precipitation of zinc ions
with sulphide electrogenerated by thiosulphate reduction. In this way, the film can
be obtained with a close to ideal Zn:S stoechiometric ratio, which is extremely
difficult to obtain with a co-deposition technique.

Cyclic voltammetry and electrochemical quartz crystal microbalance were
used in order to obtain information about the electrodeposition mechanism. It was
found that, under the investigated experimental conditions, the slow charge
transfer step of thiosulphate reduction is, or is contained in, the sulphur reduction.
Since sulphur is produced mostly at low overpotentials, a much different transfer
coefficient favours the consumption (R2) in comparison to the production (R1) of
sulphur.

Based on the unique gravimetric ability of EQCM, an evaluation of film
composition is possible. While no evidence of metallic zinc was observed, only
limited amounts of sulphur incorporated into the film was detected. A better than
1:1.1 value of Zn:S stoechiometric ratio was therefore estimated.
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ABSTRACT. Identification of compounds from medicinal plants is one of the oldest
fields for the application of thin-layer chromatography (TLC). The past few years
have seen tremendous growth in the use of herbal medicines worldwide.

The flavonoids are one of the most numerous and important group of natural
compounds and they have many biological properties.

This paper is concerning to test the antioxidant capacity of flavonoids from Tilia
Platyphyllos by treated the methanolic extract of plant with nitroxidic radical and
analyzed of these samples by TLC in situ coupled with UV spectroscopy.

INTRODUCTION

Natural compounds offer without doubt the richest resources of chemical
diversity. They can be found not even in medicinal plants. The term medicinal and
aromatic plants (MAP) include not only the plants used for medicinal purposes, but
also aromatic plants and spices [1]. Interest in research concerning the constituents
and biological activities of MAP has significantly increased in recent year [2].

The principal aim of MAP researched development is to produce new or
more efficient phytopfarmacons. This can be basically divided into four categories:
pulverized MAP in which all the compounds occurring in the plant are presented;
raw extracts of the MAP which contain only substances soluble in the extraction
solvent used (e.g. aqueous extracts of different plants, tea, are the common raw
extracts); purified extracts which occurring as a result of selective purification. They
contain only certain types of biologically active compounds. The fourth category —
used very often in conventional therapy, but rarely in phytotherapy - is that of
isolated active substances, with purity greater than 99%.

Most of these categories are biological complex matrices; therefore planar
chromatography is the first choice and, generally, the most useful analytical method in
the research and development of MAP, because the widely used silica can be applied
as the only stationary phase. Because of the usefulness of thin layer chromatography
(TLC) when cost-effectiveness is essential, TLC or HPTLC is widely used as a
standard technique for rapid and accurate identification of plant materials [3] or
finished product, and for purity testing of raw materials and formulations in different
pharmacopeial prescriptions. A disadvantage of planar chromatography is the skill
and experience required because of relatively large number of factors influencing
the result [4].
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One of the most important and most widespread groups of natural compounds
present in the composition of MAP with a lot of therapeutic properties is the flavonoid
class [5]. Flavonoids occur in a variety of structural forms and they are phenolic
compounds with a basic Cs-C3-Cg skeleton. First of all, they are remarkable because
of their antioxidant capacity. Conveniently, the 5000 different flavonoids are divided
into 12 classes according to the oxidation level of the central C; unit [6]. Paper
chromatography, TLC, HPTLC, high performance liquid chromatography (HPLC),
column chromatography (ion-exchange resins, polyamide powder, gel material),
and countercurrent chromatography have been the most commonly used methods
for the separation and purification of flavonoids [7]. TLC and HPTLC is a technique
that is applicable to all classes of flavonoids and is especially useful for rapid
analysis of partly purified mixtures derived from paper or column chromatography
and various TLC or HPTLC systems have been described in the literature [8-12].

The aim of this study is to confirm the presence of flavonoids in Tilia
Platyphyllos methanolic extract and to illustrate the antioxidant capacity of these
compounds. Tilia Platyphyllos can be included in MAP category. Tilia Platyphyllos
has been used traditionally as a calming agent in treatment of anxiety, indigestion,
and common cold and as a remedy for ear infection and fever, but medical studies
demonstrated its antispasmodic and diuretic actions.

EXPERIMENTAL

All the solvents were of analytical grade. The solution of tempol (Fluka,
purity > 97%) was prepared by dissolving 0.0195g tempol in methanol.

The spectrophotometric measurements were performed using Spekol 20
(Carl - Zeiss Jena) spectrophotometer.

The chromatographic experiments was realized on silicagel plates Sil G F,s4
(Merck).The samples (50uL) were applied on plates as belts. The mixtures ethyl
acetate — methyl-ethyl-ketone — formic acid — water (50 : 30 : 10 : 10, v/v) were used
as mobile phase. The plates were developed on a 12cm distance, in saturated N-
chambers at room temperature and then they were dried and the detection was
performed in UV light either at 254nm or at 365nm after spraying the plates with
diphenyl-borate-amino-buthylic alcohol (NTS).

The densitogram and the in situ UV spectra were recorded at 254nm using
a Desaga CD60 densitometer.

RESULTS AND DISCUSSION

This research followed the next steps:

1) Establishing the total quantity of flavonoids contained in extract;

2) Testing the assumption that flavonoides react with the nitroxydic radical;

3) Qualitative analysis of simple extract in comparison with the extract treated
with the radical for confirming the antioxidant capacity of flavonoides.

The extract of Tilia Platyphyllos is made by extraction of dry plant (flowers)
in methanol and then the solution was concentrated by evaporation [13].

The total quantity of flavonoids from extract was determined spectrophoto-
metrically at 430nm, using a calibration curve. Different concentration solutions,
prepared from rutozid standard according to Pharmacopoeia [14] were used for
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plotting the curve. The calibration curve is presented in Figure 1. The total quantity
of flavonoidic compounds was expressed in rutozid units. In the Tilia Platyphyllos
extract the total quantity of flavonoidic compounds, determined from calibration
curve, was 17.74mg/100mL (A = 0.480).
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Fig. 1. The calibration curve for spectrophotometric determinations of flavonoids.

For testing the assumption that flavonoids act as antioxidant, the Tilia
Platyphyllos extract was treated with methanolic solution of tempol. Tempol, 4-hidroxy-
2,2,6,6-tetramethyl-piperidin-N-oxyl, is a free stable nitroxidic radical. Using different
molar ratio extract: radical (1 : 1, 1 : 5) and the same spectrophotometric measurements
it came out that absorbance, measured at 430nm decreased and this is the first
proof that flavonoidic compounds react with nitroxidic radical and they have
antioxidant capacity.

Qualitative analysis of samples — simple Tilia Platyphyllos extract and
extract treated with tempol — was made by TLC coupled with UV spectroscopy.

The densitogram (Figure 2) shows that Tilia Platyphyllos extract contains
four flavonoides. Comparing the densitograms of samples (Figure 2) it can be
observed that the suitable spots of each flavonoidic compound decreased in
intensity and this is another proof of antioxidant capacity.

There are also compared the in situ UV spectra of each flavonoidic
compounds from Tilia Platyphyllos and from treated extract (Figure 3 — 6). From
these figures it came out that the absorbance of flavonoidic compounds decreased
in intensity or the place of the absorbency maximum is changed.
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In conclusion, these researches confirm the fact that flavonoidic compounds
act like antioxidant agents. As a remark we can say that these researches prove
the advantages of TLC in situ coupled with UV spectroscopy.
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Fig. 2. The densitograms of extract and treated extract with tempol.
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Fig. 3. The UV spectra of flavonoidic compound I.
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Fig. 4. The UV spectra of flavonoidic compound II.
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Fig. 6. The UV spectra of flavonoidic compound IV.
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ABSTRACT. The most important problem of planar chromatography is the theoretical
and experimental elaboration of methods for predicting mixture separation conditions
that would eliminate the arduous choice of the optimum parameters of a chromatographic
process.

In this paper "window diagrams" method is used for optimizing the solvent
system used in separating of eight dyes by thin-layer chromatography. Kowalska
retention model is used to determine the separation selectivity.

Among the interpretative methods for optimizing separation quality, those that
employ window diagrams play a specific role, mostly because of the compulsory
implementation of this approach with a reliable theoretical model of solute retention
as an unavoidable precondition.

An advantage of this optimization procedure is that the optimum composition
can be easily obtained even for multicomponent mobile phase.

INTRODUCTION

In analytical TLC, as in any other chromatographic method, the greatest
effort is devoted to the purpose of obtaining the largest separation of the compounds
of a mixture. Optimization of the quality of separation can be considered as one of
the major practical tasks of the theory of chromatography.

Because separated mixtures usually contain compounds of very similar
chemical and electronic structure, their separation is not simple. Interaction of such
chromatographied substances with the surface of stationary phases and components
of the mobile phase are similar and separation of mixtures with mono or binary
mobile phases is practically impossible. Multi-component mobile phases are very
often used in modern chromatographic analysis. Because of the many different
compositions possible for ternary and quaternary mobile phases, determining the
optimum composition of mobile phases with more than two components is rather
complicated.

The several techniques used for optimization of separation selectivity can
be grouped under three major strategies: simultaneous methods, sequential
methods and interpretative methods.

“Corresponding author
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Among the interpretative methods for optimizing separation quality, those
that employ window diagrams [1, 2] play a specific role.

Laub and Purnell [1, 2] in order to optimize the separation selectivity in gas
chromatography first used the "window diagrams" method, which is an interpretative
one. Ever since, the method has been widely used in gas chromatography (GC)
and high performance liquid chromatography (HPLC).

In the case of direct phase liquid chromatography, is used the simplest
variant of "window diagrams" method, where the efficiency of the chromatographic
separation can be quantified by use of ARy, which is responsible against the solvent
composition. For any given pair of compounds, the value ARy is given by relationship:

Ry =2 (1)
(L+ky)L+k,)

The k; and k, values can be calculated as a function of a binary solvent’'s

composition:

log k = alog Xs (2)

where Xs represents the molar fraction of the strongest solvent.

If all the pairs of solutes contained in a mixture are being considered, the
maximum of AR values were arranged around a specific molar fraction of binary
solvent system.

The advantage of this method resides in the fact that global optimum can
be easily traced, either visually or by computer.

Same articles [3, 4] had compared optimization power of three different
retention models suitable for liquid chromatography systems by aid of relationship
proposed by Snyder [5], Schoenmakers [6] and Kowalska [7]. The direct optimization
procedure was performed with aid of window diagrams method [3, 4]. The research
studies concluded that Kowalska model is the most relevant model for obtaining
the optimum results. According to this model, nonlinear relationship, which links the
solute Ry coefficient with composition of binary mobile phase, is given below [8]:

Ry =A(X, )2 +B(X,)"?+C 3)

where X, X, are the volume fractions of solvents and A, B, and C are, in the first
instance, the constants of equation.

The separation selectivity a, offers the possibility of simple quantification of
separation quality and for this practically reason the magnitude of a has very often
been employed in procedures aimed at optimization of solute separation. The
physico-chemical interpretation of a is given by the relationship:

K k
a=—4t=—2 (4)
KZ k2
where K; and K; are the distribution coefficient of solutes 1 respectively 2 between

the stationary and mobile phases, and k; and k, are the respectively capacity
factors (K; > K, or k; > k»).
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Adaptation of eq.3 for determination of separation selectivity a results in
formula [9]:

I_l_(Al Xy +BiyX, +C1)](A2 Xy +ByqX, +Cz)

o =
(Al X, +B/X, +(2111—(A2 X; +B,4/X, +Cz)J
where A;, B; and C; are the constants of eq. 3 for solute i.
This research is concerning to the optimization of separation quality of
some dyes.

EXPERIMENTAL

All the solvents were of analytical grade.

The silicagel plates with normal phase 60F,s, (Merck) were used for the
chromatographic experiment.

The mixtures of methanol, petroleum ether and acetone were used as
mobile phases. These solvents were selected according to Snyder classification.

The solutions of dyes (0.1%) were prepared in methanol and the
compounds (0,2ul) were applied on plates as spots. The plates were developed on
a 9 cm distance at room temperature. After developing, the plates were dried and
detection was performed in 254nm UV light.

RESULTS AND DISCUSSION

In the present paper "window diagrams" method is used for the optimizing
the composition of solvent system used in separation of eight dyes by thin-layer
chromatography. The dyes were recently synthesized with intend to create a new
set of dyes. The structural formulas of dyes are presented in Figure 1.

Until now, the "window diagrams" method has been used for the optimization
of binary mobile phase only. For this reason, in the first step of optimization
procedure there are used mixture of methanol (strong solvent €° = 5,1) and petroleum
ether (week solvent e = 0) as mobile phase. Three chromatographic experiments
were performed with methanol-petroleum ether in various proportions (Table 1).
The experimental values of Ry (Table 1) were put in the eq.3 in order to determine
the coefficients A, B and C for each solute. The values of these coefficients are
presented in Table 1.

The plots of a against X; (Figure 2) and the plots AR; against X; (Figure 3)
(X1 represent the molar fraction of methanol) for each solute represent the "window
diagram" showing relationship between a and X; respectively AR; and X;.

®)

Table 1.
The R values and the coefficients A, B and C of eq.3 for each solute.
Nr. R¢ Coefficients
crt. |Mobile Phase (methanol - petroleum ether, v/v) A B C
40 : 60 80: 20 50:50

1 0.084 0.070 0.064 -1.821 -1.157 1.930
2 0.241 0.270 0.258 0.929 0.536 -0.669
3 0.325 0.353 0.333 0.110 0.002 0.254
4 0.482 0.482 0.441 4.524 -2.963 5.127
5 0.494 0.506 0.538 4.524 2.933 -4.127
6 0.506 0.482 0.516 1.765 1.216 -1.340
7 0.542 0.541 0.581 4.331 2.839 -3.900
8 0.807 0.812 0.871 0.144 0.286 0.626
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Fig. 1. The chemical structures of dyes.
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Fig. 2. Window diagrams showing relationship between a and X; obtained by using
methanol - petroleum ether mixture as mobile phase.
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From Figure 2, it can be observed that the greatest difference as a sum of
differences between the values lies around the methanol fraction of 0.9 + 0.02. This
fact can also be proved by watching the plots AR; of against X; (Figure 3).

061 R
0.56 |
0.52
0.48
0.43
0.39
0.35 |
0.30
0.26 ]
0.22 |
017
0.13 |

8.09 |
0.04

0.20 530 0.40 0.50 0.60 .70 5.80 190 X,
|

Fig. 3. Window diagrams showing relationship between AR; and X; obtained by using
methanol - petroleum ether mixture as mobile phase.

In accord with these models, the optimum composition is methanol -
petroleum ether 9 : 1 (v/v).

With a mixture of more than two solutes it is again necessary to use the
"window diagrams" approach in order to select the most suitable separation
conditions. Therefore, in the second step the composition of ternary mobile phase
was optimized in order to obtain a good separation of compounds. The procedure
are similar with that used in first step but the strong solvent (I) is acetone (€° = 5,1)
and the mixture methanol-petroleum ether (9 : 1 v/v) represents the week solvent
(1) (€° = 4,6). The results are given in Table 2.

From Table 2, it can be observe that the R; values increase with increasing
of solvent | molar fraction.

In order to find out which proportion of methanol - petroleum ether -
acetone mixture provides the optimum results, there are plotted again o and ARy
against X; (X; is molar fraction of acetone) for each solute.
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Table 2.
The Ry values and the coefficients A, B and C (from eq.3) of each solute.
Nr. crt. Ry Coefficients
Mobile Phase (I =11, v/v) A B C
50:50 30:30 70:30
1 0.077 0.055 0.072 0.903 0.610 -0.867
2 0.344 0.244 0.333 3.344 2.276 -3.092
3 0.411 0.333 0.389 3.344 2.276 -3.092
4 0.566 0.511 0.544 2.575 1.776 -2.144
5 0.589 0.522 0.567 2.977 2.037 -2.534
6 0.600 0.533 0.589 2.609 1.744 -2.117
7 0.622 0.578 0.628 1.280 0.793 -0.673
8 0.844 0.850 0.818 0.669 0.563 0.089
The plots of AR; against X; (Figure 5) show that the greatest difference, as
a sum of differences between the AR; values, lies around the acetone fraction of
0.35. Same thing can be ascertained by watching the plots of a against X; (Figure 4).
Thus, it was established that the optimum composition of solvents mixture | - 1l is
35: 65.
o, L
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5.63 //
51617
4.69 |
422
3.75 \\
3.28 e
2.81
\\‘ 3
2.34 .\ \_\____‘—‘ 7
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| X

Fig. 4. Window diagram showing the relationship between a and X; in case of ternary

mobile phase (methanol - petroleum ether - acetone).

Therefore, considering the fact that the optimum composition of solvent I
is 9:1, it can conclude that in the case of the ternary mobile phase, the optimum
composition acetone - methanol - petroleum ether is 35 : 58.5 : 6.5.
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The mixture was further used to separate the eight dyes. As a result of
chromatographic experiment, it was establish that this mobile phase mixture,
acetone : methanol : petroleum ether in a volumetric proportion of 35 : 58.5 : 6.5
provides the best separation of the studied compounds.

In conclusion, for the first time the composition of ternary mobile phase
was optimized using "window diagrams" method and retention model. The advantage
of this method is that that optimum composition of mobile phase can be easily
obtained.

Introduction of a physico-chemical logical to the optimization procedure is
an ultimate goal of chromatography theory, and particularly of all efforts that aim to
model solute retention.

5%,
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2.9
2.68 | \
2.48
2.24 ]
2.01
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1.57
1.34

0.22 ————— g
0.20 0.30 0.40 050 060 (%] 0.80 0.90 ",‘;

Fig. 5. Window diagram showing the relationship between AR and X; in case of ternary
mobile phases (methanol - petroleum ether - acetone).
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ABSTRACT. A new amperometric biosensor for ethanol was obtained using a graphite
electrode modified with 1,1,2,2,3,3,4,6,7,8,9-undecachloro-1,2-dihydro-phenothiazine
as transducer, and alcohol dehydrogenase (ADH) cross-linked with glutaraldehyde, as
NAD'/NADH dependent detecting enzyme. The ethanol amperometric detection is
based on the oxidation of NADH generated in the enzymatic reaction between ethanol
and NAD" in the presence of ADH. The biosensor response increases linearly with
ethanol concentration up to 2 M and the detection limit was 1.5 mM. The biosensor
activity remains relatively stable for about 2 days.

Keywords: amperometric biosensors, alcohol dehydrogenase, nicotinamide
adenine dinucleotide, phenothiazine derivative, modified electrodes.

INTRODUCTION

The majority of redox enzymes widely used in amperometric biosensor
research are NAD'/NADH-dependent dehydrogenases [1,2]. Their electrical
connection with electrodes reveals several fundamental limitations that prevent
their broad use for biosensor applications. Thus, the NAD*/NADH redox couple: (i)
operates by a diffusion controlled mechanism; (ii) exhibits poor electrochemical
properties at bare electrodes; (iii) requires a large overvoltage because its direct
electrochemical reduction/oxidation is kinetically unfavorable [3-5]. So, an effective
way to avoid these problems is the mediated electrocatalytic oxidation of NADH.

The phenothiazine derivatives are one of the compounds more frequently
used as mediators to design efficient electrocatalytic schemes for NADH recycling.
Thus, to develop biosensors based on NAD'-dependent enzymes it is important to
integrate the enzyme-NAD" cofactor and the catalyst for NADH oxidation as an
assembly that electrically communicates with the amperometric transducer [4,6,7].

Because ethanol is an important compound in medicine, biotechnology and
food industry, amperometric methods based on using of either alcohol oxidase
(AOX) [7] or alcohol dehydrogenase (ADH) [1,8-12] to an appropriate electrode are
employed. The interest in ADH instead of AOX for ethanol detection is due to the
fact that in the first enzymatic reaction oxygen is not involved [13].
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The alcohol dehydrogenase (ADH) has been immobilized onto the
electrode surface by physical entrapment using Nafion membrane [14] or a dialysis
membrane [9], into electropolymerised polypyrrole film or o-phenylenediamine [13]
as well as by cross-linking using glutaraldehyde/albumin [15,16].

Recently [17], it was demonstrated that a graphite electrode modified with
1,1,2,2,3,3,4,6,7,8,9-undecachloro-1,2-dihydro-phenothiazine (G/UDP) shows a
significant reduction of the NADH oxidation overpotential and a remarkably stable
voltammetric response. In this context, the aim of the present study was to use this
new electrochemical interface for NADH detection in order to develop and
characterize a G/JUDP/ADH amperometric biosensor for the ethanol detection.

EXPERIMENTAL SECTION

Chemicals

B-nicotinamide adenine dinucleotide, NAD" was purchased from Merck
(Darmstadt, Germany), alcohol dehydrogenase (ADH alcohol:NAD" oxidoreductase;
EC 1.1.1.1., from bakers yeast, activity of 340 U mg’ ) was obtained from Sigma (St.
Louis, MO, USA) and both used as received. Glutaraldehyde (25 % wi/v), obtained
from Aldrich (Steinheim, Germany), was diluted to 2.5 % (v/v) with distilled water.
Dimethylformamide was purchased from Merck (Darmstadt, Germany) and
absolute ethanol (96 %) was obtained from Prodvinalco, Cluj-Napoca.

The phenothiazine derivative, 1,1,2,2,3,3,4,6,7,8,9-undecachloro-1,2-dihydro-
phenothiazine (UDP, see Scheme 1) was kindly offered by Prof. Silberg (Department
of Organic Chemistry, "Babes-Bolyai" University), who synthesized it as described
previously [18]. The supporting electrolyte was a 0.1 M phosphate buffer solution
(pH 7.0), prepared using appropriate amounts of Na,HPO, and NaH,PO, (Merck,
Darmstadt, Germany). All other reagents were of analytical grade and used as
received.

All solutions were prepared with distilled water. The ethanol aqueous solution
and the ADH stock solution were prepared in phosphate buffer solution (pH 7) and
stored at 4° C.

Enzymatic activity determination of alcohol dehydrogenase

Before use, the enzymatic activity of ADH was spectrophotometrically
tested (Jasco V530, PC connected spectrophotometer). The UVv-VIS absorptlon
spectrum of a phosphate buffer solution (pH 7), containing 10 M ethanol and 107
M NAD®, was compared with that of the same solution containing in addition 476
units ADH/mI. In the presence of ADH, a maximum of absorption located at 330 nm
proves the enzymatic formation of B-NADH, according to reaction 1:

Ethanol + B-NAD" AR . Acetaldehyde + B —NADH + H* (1)
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Scheme 1. Structure of 1,1,2,2,3,3,4,6,7,8,9-undecachloro-1,2-dihydro-phenothiazine (UDP).

Preparation of the G/UDP-modified electrodes

A spectrographic graphite rod (Ringsdorff-Werke, GmbH, Bonn-Bad Godesberg,
Germany), of ~ 3 mm diameter, was wet polished on fine (grit 400 and 600) emery
paper (Buehler, Lake Bluff, In., USA). Then, a graphite piece of suitable length was
carefully washed with distilled water, dried, and finally press-fitted into a PTFE folder in
order to obtain a graphite electrode, having in contact with the solution, a flat circular
surface of ~ 0.071 cm®.

Spreading onto the graphite surface 5 pl of 10 mM UDP dissolved in
dimethylformamide, and leaving the graphite for 20 minutes at room temperature to
evaporate the solvent the G/UDP-modified electrodes were obtained. Before
immersion in a test solution, the G/UDP-modified electrodes were carefully washed
with doubly distilled water.

Preparation of the G/UDP/ADH bioelectrodes

In order to immobilize the ADH on the G/UDP-modified electrodes a cross-
linking technique with glutaraldehyde (GA) was used. Thus, 3 mg of ADH were
dissolved in 100 pl of 0.1 M phosphate buffer solution (pH 7) and was stirred
thoroughly with 50 pl glutaraldehyde (2.5 % v/v). Spreading onto the electrode
surface 5 pul ADH-GA mixture the G/UDP/ADH bioelectrodes were obtained. This
procedure was repeated three times. Before use the resulting bioelectrodes were
incubated at 4° C, for least 1 h in a phosphate buffer solution (pH 7).

Electrochemical measurements

Electrochemical experiments were carried out using a typical three-
electrode electrochemical cell. The modified graphite electrode was used as working
electrode, a platinum ring as counter electrode and a saturated calomel electrode
(SCE) or Ag|AgCI (KClsy) as reference electrodes.

Cyclic voltammetry experiments were performed on an electrochemical
analyzer (Autolab-PGSTAT 10, EcoChemie, Utrecht, The Netherlands) connected
to a PC for potential control and data acquisition.

Amperometric measurements were carried out with the G/JUDP/ADH biosensor
at an applied potential of +150 mV vs. Ag|AgCI (KClsy) and under constant stirring
using a modulated speed rotator (model AMSFRX, Pine, Grove City, Pa., USA).
The current-time data were collected using a computer-controlled BAS CV-50W
voltammetric analyzer (Bioanalytical Systems, West Lafayette, In., USA). The
experiments were performed in phosphate buffer solution (pH 7) containing 1 mM
NAD". The background current was first allowed to decay to a constant value, and
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Fig. 1. Voltammetric response of UDP
adsorbed on spectrographic graphite.
Experimental conditions: starting elec-
trode potential, -200 mV vs. SCE; scan
rate, 50 mV s™; supporting electrolyte,
0.1 M phosphate buffer (pH 7.0).

P
’ S~
12+ , '
1 ’
! 7’
- - - GIUDP Il NADH L7
—— eoP L’
8’ 1 /,
1 7/
1 ’
< Lo
1 ’
- 1 ’
1 ’
— 4’ 1 1
1 r
1 7’
’ 7’
/ /
/ 7’
P Z
0, =
. . .
-100 0 100

E / mV vs. SCE

Fig. 2. NADH electrocatalytic oxidation at
G/UDP-modified electrode: voltammetric
response in 0.1 M phosphate buffer
solution (pH 7.0) ( ) and in the
presence of 5 MM NADH (exeessuss ).
Experimental conditions: scan rate,
5mVv s'l; surface coverage,
~3.0 nmol cm'z; starting potential,
-180 mV vs. SCE.
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then the ethanol was added. The steady-
state current was measured under constant
solution stirring.

Results and discussion

1. Electrochemical behavior of the
G/UDP modified electrode

The voltammetric response recorded
for G/UDP electrodes (Fig. 1), exhibited
three peak pairs placed at following formal
standard potentials: (E”), = -15; (E”), = 185;
(EO’)”. = 396 mV vs. SCE (pH 7.0). The first
peak pair of UDP was attributed to the for-
mation of the 1,2,3,4,6,7,8,9-octachloro-
phenothiazinyl cation radical [19]. The sec-
ond and the third peak pairs were sup-
posed to correspond to two different dimers
formed during the electrode potential cy-
cling, namely 3,10’-bis(1,1,2,2,3,3,4,6,7,8,
9-undecachloro-1,2-dihydro-phenothiazine)
and 10,10'- bis(1,1,2,2,3,3,4,6,7,8,9-unde-
cachloro-1,2-dihydro-phenothiazine) [17]. All
further results will refer exclusively to the
first peak pair, because its redox formal
potential is well placed in the for amperometric
detection [20]. The electrochemical analysis
of the voltammetric response, corresponding
to the formation of the UDP cation radical
involves a quasi-reversible, 1e/1H" transfer.
The UDP formal redox potential was found
pH-dependent with a slope of 52 mV/ApH [17].

2. Electrocatalytic activity of the G/UDP
modified electrode

Starting from the favorable electro-
chemical behavior of the UDP adsorbed on
graphite, its electrocatalytic activity towards
NADH oxidation was tested by cyclic volt-
ammetry (Fig. 2).

In the presence of NADH, a re-
markable enhancement of the anodic peak
current, associated with the progressive
diminishing of the cathodic one, proved the
electrocatalytic effect of UDP. The electro-
catalytic efficiency, estimated as the
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(lca)napr/(lcat) ratio, at an applied potential of +15 mV vs. SCE, was found equal to
5, when the NADH concentration was 5 mM.

Taking as reference the potential for NADH electro-oxidation at bare
graphite electrodes [21,22], an overpotential decrease higher than 400 mV was
observed. The calibration curve of G/UDP-modified electrode for NADH (results not
shown), recorded at an applied potential of +15 mV vs. SCE, exhibited a linear
range up to ~1 mM NADH and a sensitivity of 1.0 mA/(M.cm?).

3. Electrochemical behavior of G/UDP/ADH bioelectrode

3.1. Detection of NADH generated by enzymatic reaction

The above-presented results showed that the G/UDP-modified electrode
exhibits a significant catalytic activity toward NADH oxidation. However, it was
necessary to check if its sensitivity is enough high to allow the detection of the
enzymatically generated NADH resulting from reaction (1). In order to verify this
supposition, the G/UDP voltammetric response in a phosphate buffer solution was
compared to that corresponding to the same electrode in contact with a buffer
solution containing simultaneously dissolved ADH and NAD" as well as with that
recorded at G/UDP-modified electrode immersed in a buffer solution containing
dissolved ADH, NAD" and ethanol (Fig. 3). It can be seen that the presence of
ethanol in the solution containing NAD" and ADH lead to a significant increase of
the anodic peak current, proving the ability of the G/UDP-modified electrode to
detect the enzymatically generated NADH.

3.2. Analytical performances of G/JUDP/ADH bioelectrode

ADH catalyzes the oxidation of
ethanol with a simultaneous reduction of
an equivalent amount of NAD" to NADH
(reaction 1) and, subsequently, the gen-
erated NADH reduces UDP,, (Scheme 2).

Fig. 3. Cyclic voltammograms at G/UDP-
:::g’ﬂiﬁ:émm;%mwm modified electrode in phosphate buffer

’ solution (pH 7.0) ( ), in the
e presence of 2 mM NAD" and 100 U ml*
ADH (— —) and after addition of 46 mM
ethanol (-._._. ). Experimental conditions:
starting electrode potential, -130 mV vs.
E/ mV vs. SCE SCE; scan rate, 5 mV s".

I/ pA

During the anodic scan the reduced mediator (UDP,g) will be reoxidized at
the electrode and, consequently, the anodic peak current will increase significantly.
A catalytic current will be not observed if any component shown in Scheme 2 is absent.
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By fixing the NAD" concentration in solution, the increase of the peak current
should depend only on the ethanol concentration. This is the basis for the ethanol
determination via NADH amperometric detection, using the G/UDP/ADH bioelectrode.

1€ UDP,

UDP&

NADH Acetaldehyde

NAD* Ethanol

Scheme 2. Scheme of the electrochemical coupled enzymatic oxidation of ethanol.

The batch amperometric response of G/UDP/ADH bioelectrode to
successive additions of ethanol, observed at an applied potential of +150 mV vs.
Ag/AgCl (KClsy) and a fixed (1 mM) NAD"® concentration [9], corresponds to a
typical Michaelis—Menten kinetics (Fig. 4).

A linear response was observed up to 0.6 mM ethanol for G/UDP-modified
electrode in the presence of dissolved ADH and up to 2 M ethanol for the
G/UDP/ADH bioelectrode. A detection limit of 0.2 mM ethanol was calculated for
the G/UDP-modified electrode and 1.5 mM ethanol for the G/UDP/ADH bioelectrode
(signal-to-noise ratio of three). The response time necessary to reach 95% of the

e

20+

I / nA

[Ethanol] / M

Fig. 4. Calibration curve for ethanol at G/
UDP/ADH modified electrode. Experimen-
tal conditions: applied electrode potential,
+150 mV vs. Ag|AgCl; electrode rotation
speed, 300 rpm; supporting electrolyte, 0.1 M
phosphate buffer (pH 7.0).
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steady state signal was almost independ-
ent on the substrate concentration and,
in both cases, its average value was less
than 50 s.

The stability of the G/UDP/ADH
bioelectrode was evaluated by measur-
ing periodically its response towards
ethanol. The response remained at 90%
of the initial value for 2 days and de-
cayed to half of its initial value after one
week, indicating the G/UDP/ADH bio-
electrode displays a relatively stable re-
sponse for ethanol. Experimental

The decrease in the response
towards ethanol might be due mainly to
the loss of ADH enzyme activity, because
it was noticed that the G/UDP electrode
exhibited a higher stability (more than a
week) for NADH detection [17].

For immobilized enzymes used
to obtain amperometric biosensors, the
observed electrochemical response may
be controlled either kinetically or by sub-
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strate transport. For an immobilized enzyme reaction that is kinetically controlled,
the steady-state current, lss, is proportional to the initial rate of the enzymatic
process. In order to obtain the kinetic parameters of the biosensor, three different
linearization of Michaelis-Menten equation (Lineweaver—Burk, Hanes—Woolf and
Eadie—Hoffstee) were used. The kinetic parameters obtained for G/UDP/ADH
bioelectrode are presented in Table 1. As expected, the ADH immobilization lead to
an increase of Ky** value and a decrease of sensitivity in comparison with the
corresponding values obtained when ADH was dissolved in solution (Ky = 3 M and
S =45 nA/M).

A survey of the literature shows that the value of apparent constant
Michaelis—Menten, Ky**", for ADH varies between 3.2 mM (for dissolved ADH; Pt
rotated disk electrode; using hexacyanoferrate(lll) as mediator; at pH 8.8) [23] and
41.7 mM ethanol (for ADH immobilized on a nickel hexacyanoferrate modified
microband gold electrode, using glutaraldehyde/bovine serum albumin cross-
linking procedure; at pH 7.5) [9]. The difference between the results obtained in this
study and those presented above could be due to the restricted substrate access
at the electrode surface, as a result of diffusion constraints created by the enzyme
layer. This finding confirms the fact that the value of Ky**® is not an intrinsic
property of a given enzyme, but it is strongly dependent of the microenvironment
around the immobilized enzyme and the transductor geometry.

Table 1.
Analytical parameters for G/UDP/ADH bioelectrode.
Kn™ (M) | Imax (MA) | Sensitivity (nA/M)  [R/ no. of exp. points
Lineweaver — Burk linearization
7.2+0.8 |  012+001 | 17.7+05 | 0.9984 / 22
Hanes — Woolf linearization
75%0.9 |  013+001 | 17.5+05 | 0.9833/22
Eadie — Hoffstee linearization
7.2+1.0 |  012+001 | 17.6 +4.2 | 0.9617/ 20

Conclusions

The results indicate that the new bioelectrode, obtained by ADH cross-
linking with glutaraldehyde on the surface of a G/UDP-modified electrode, is a
promising detector for ethanol. Its analytical signal is based on the electrocatalytic
oxidation of NADH enzymatically generated in the reaction between ethanol and NAD",
in the presence of ADH. G/UDP/ADH bioelectrode responds rapidly to ethanol with
a detection limit of 1.5 mM. The response current increases linearly with ethanol
concentration up to 2 M. The bioelectrode maintains its activity for about 2 days.
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ABSTRACT. Flow graphs used in physics and electronics have been applied to
chemical kinetics. The expressions of various concentrations of species involved in
various mechanisms have been described on the base of the signal flow graphs.
Flow graphs were constructed in agreement with the mechanism and differential
equations that characterize the time evolution of molecules or radicals involved, and the
characteristic determinants for the system. They were applied to substitution, enzyme
catalyzed and chain reactions.

INTRODUCTION

Although the steady-state approximation has been used for almost a century1 in
describing complex mechanisms, the condition of constant concentration of the active
intermediates is never fulfilled. The method is said to entail setting to zero the first
derivative of the concentration of each intermediates involved in the reaction mechanism.
Even in the well-known mechanism of HBr synthesis, the bromine atom concentration
computed by steady-state approximation is in fact the one given by the dissociation
of bromine molecule, that is an equilibrium concentration. The less severe condition of
very small accumulation rate of intermediate as compared to the one of reactant
consumption or product accumulation is in fact the quasi steady state approximation.
It has been used for substitution reactions, non-equivalent redox reactions, chain
reactions, acid-base catalytic reactions, enzyme catalyzed reactions, or heterogeneous
catalyzed reactions. Several examples are discussed in this paper.

To show that, the consecutive reactions with reversible step is being chosen.
The reaction sequence for the net transformation of A to C via reversible formation
of intermediate B is:

A 0 =B, klik—l B -C k2 (1)
The differential rate equations are:
—dA]
——==k4[A]-k4[B
pm 1[A] —k4[B]
dB
4B = cyfa] -k 4181 - kolB) @
dcC
del_ ko[B]

dt



MARIUS SOCOL, IOAN BALDEA

In order to integrate them, the system can be simplified in certain circumstances
to a far more tractable form. It consist on setting d[B]/dt= 0. A situation is a common
one, and method finds wide application in many different chemical systems as
enumerated above. As one can see, that is an unduly strict statement of the condition,
which must be met to validate the method. Nonetheless, proceeding in this fashion
for the moment and equating d[B]/dt to zero, the steady state concentration is:

_ kq[A]
[Bls=+——— 3
k—l + k2

It reveals that the concentration of B is not constant but depends on the
concentration of starting reactant A. As reaction proceeds, the starting material
decays and the steady-state concentration of the intermediate declines. By
substituting it to the rate expression of [A] consumption yields:

-dA k_1kq[A]  kik5[A
[ ]:kl[A]— 1K1[A] _ kika[A] @
dt kg+ky Kk +ko
and the accumulation of final product C is:
dcC kiko[A
[ ]:kz[B]: 1 2[ ] (5)
dt k_1+k2

It results that the two rates -d[A]/dt and d[C]/dt are equal, as a consequence

of setting d[B]/dt = 0. The conservation of mass requires
[A] +[B] + [C] = [Alo

Actually, d[B]/dt is not zero. If it were, d[A]/dt would also be zero and no
reaction would occur. Thus it seems worthwhile to examine more closely the nature
of this approximation, so widely useful. It is necessary and sufficient condition for
the validity of the above relations that

[B] <<[A] +[C]
If it is so, from the material balance expressions
[A]=[Alb-[C] or [C]=[A]o-[A]-I[C]

results the equality between the rate of consumption of A and accumulation of C.
Another approach to exploring the nature of the steady-state approximation is based
on the rearrangement of the rate expression of d[B]/dt to

ki[A] —d[B]/dt
(5] = KalAl ~dE] ©
k-1 +ks
By using this, the consumption of A is of the form
~d[A] _ kiko[A] , kd[B]/dt

dt kKqy+ks  kg+ko

)

This general equation contains a second term not found in steady-state
solution. Another view of the condition needed to reduce this general solution to a
simplified one resulting in steady-state approximation is:
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dB] __ kikalAl
dt Ky

This is a condition® far less restrictive than the starting mathematical
statement d[B]/dt = 0.
For the system with mixed consecutive and parallel processes

®)

A+BO=C kl,k_l; C+D-P kz;
where C is an active intermediate, the condition of steady-state validity is:
dcC k1k
a9 X2 agyio) ©
at ko

These general rules were applied to various reaction systems as enumerated
above. It is often important to compare the form of an experimental rate law with
the one derived for the proposed mechanism. The rate law is expressed in terms of
the concentrations of reactants, products, and catalysts in the reaction mixture,
eliminating the concentrations of the reaction intermediates. The comparison is
needed to learn whether each postulated mechanism is consistent with the data.
For that reason one must develop some facility with the derivations.

Graphs and diagrams of various types have been used to depict reaction
mechanisms in chemistry as chain processes, catalyzed processes, and enzyme-
catalyzed processes®*. Temkin®’ and Segal® have proposed a convenient version
of cyclic graphs. These graphs incorporate only intermediate species as vertices
and not starting materials and main or secondary products. They were used to deduce
- in a quite simple way - the concentration of reactive intermediates and the overall
reaction rate®**. Inspired by the flow graphs used in electronics, physics and
engineering™™’, we show in this work how to use flow graphs to associate them with
reaction mechanisms in order to obtain some kinetic characteristics of any reaction
scheme. Besides the intermediates, these graphs incorporate also the starting chemical
species, the main and secondary products. At the same time, we associated determinants
to chemical change and constructed graphs on this base. Our approach has the
advantage of offering the opportunity to calculate the concentration of any species
involved either being in a quasi-steady-state or a transient concentration.

In dealing with complex reaction kinetics we have applied signal flow
graphls. A flow graph is a diagram that represents a set of simultaneous differential
equations connecting the system variables which could be solved by using Cramer
method™*°. It consists of a network in which vertices or nodes, representing
chemical species involved in the mechanism, are connected by edges acting as
signal multipliers. These signal flow graphs (SFG) depict the flow of signals from
one point of the system to another, give the relationships among signals and yield
the determinants of the systems. We consider here the flow graphs for several
examples where the steady state has been applied above in order to see how
simple is this way to reach the steady-state concentration of intermediates or to
find the rate law.

The basic principles of flow graphs, their properties, their algebra along
with several applications have been presented previouslylg.
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APPLICATIONS

Monomolecular nucleophilic substitution. A classical example is the Syl
mechanism for substitution in organic or inorganic chemistry. The replacement of
H,O from complexes MLg(H,O)"" by an anion Y has been found to be essentially
first-order in both complex and substituting anion over a large range of conditions.
Experiments of this kind are not entirely satisfactory with positively charged
complexes because of complications brought about by ion-pair formation. To avoid
this, anionic complexes were used. The concentration of Co(CN)sH,O” has been
found to conform to a Sy1 mechanism?’:

Co(CN)5H,0%" 0= Co(CN)Z" +H,0  ky,ky
Co(CN)2™ +Y ™ [ - Co(CN)g Y3~ ks

with Y being Br’, I, CN', CNO', OH'. The steady-state concentration for pentacoordinate
intermediate is:

(10)

[Co(CN)Z ] = KUl C(CN)sH20] (a1

ko +ka[Y ]

and the rate law:
d[Co(CN)sY37] _ kqk3[Co(CN)sH,OI[Y ]
dt ko +ka[Y ]
The apparent first-order rate coefficient expression can be rearranged in a
linear form. From various kqps determined under various experimental conditions a

various incoming ligands, a value of k;=1.6x10° s™ has been found.
For this system the flow graph is depicted bellow"®:

@ kil CO(CN)H0"] Y] )

ko

Fig.1. The global flow graph

12)

where "S" represents the source of the interested species (B) or the input node, "B”
is Co(CN)s™, "C” is Co(CN)sY* and "A" refers to Co(CN)sH,O?. It is observed that
the reactant Co(CN)5H202' take place to the source and in the same time as an
output node because it is formed in the first reversible reaction. The transmittances
are the pseudo-first-order rate constants with respect to Co(CN)s” (B).

[Co(CN) é_ _ Theformati gn det er mi n ant (13)
The consumption  det er min ant

The formation flow graph results from the main graph in which the interested
species (B) becomes the target (the output node):
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2.
@ Ki[COCNH0% ] —

Fig. 2. The formation flow graph of the species B

Dtormation = Ki[CO(CN)H;0”] (14)
From the consumption determinant a graph (the consumption flow graph) is

derived, which indicates the flowing from the transitional species to the output
nodes and is obtained from the main flow graph eliminating the source:

At (g) Y1,

Fig. 3. The consumption flow graph

The value of the consumption determinant results from adding the
transmittances of the independent ways to obtain a products™™*":

Aconsumption = ko + ka[Y] . (15)
It results that
_ kq[Co(CN)H,07?]

ko +k3[Y ]
which is the same with that obtained above (11).

[Co(CN)52]

(16)

Enzymatic reactions. An representative example of enzymatic reaction is:

S+E = X4 K, K

X1+S- P+E ke
X1 = Xo ks, ks %)
X2 — X3+E Ka

with the rate law: 1 = Ko[S][X4] .
By applying the QSSA, we obtain:
2
kik2[S]“[E]o

KalS]+ ko[ + kg + "aKalS, Kaka
kog+ky Kk_g+ky

r=

(18)
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The same results were obtained by King and Altman* using a schematic
method of derivin%; the rate laws for enzyme catalyzed reactions, and also by Segal
and co-workers®* using the graph method. In the case of enzymatic reaction, the
global signal flow graph is the perfect image of the mechanism:

Eo kl[S] k3

OGC XY

Fig. 4. The global flow graph for enzymatic reaction

The enzyme balance is [E]+[Xi]+[X;] = [E]o. The consumption of each
species leads to the formation of the others species, so the consumption determinant
could be written as a summation of three determinants® resulting from the flow
graphs, characterized by the propriety that every species becomes the target
species (the output node):

kq[S] ks
X2
kq[S]
X1
ks
Kg
ks

: K+l @ /@

Fig. 5. The consumption flow graphs of the implied specie
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Using the algebra properties of the flow graph*>*"* the consumption is:

Aconsumptin= K[k + (K3 +Ka)ke[S + (kg +ka) (K +ko[J) +kgK4(19)

The formation flow graph for the intermediary "X;” is:

k1[S]

Fig. 6. The formation flow graph for the species X;

"S" is the source or input node and represents, in this case, the initial
concentrations of the involved species. The value of the formation determinant is:

Axy = Eoka[Sk4 + Egky[Sk-3 = Egky[S](k-3 + k4) (20)
[Xq] = Ax1  _ Eoky[S(k—3 +kg)
Aconsumption  K1[SIkg + (k-3 +kg)kq[S] + (k-3 +kg)(k-1 +k3[]]) +kzky
(21)
Knowing that the rate law is I = K5[S][X1] we obtain:
2
= kik2[S“[E]g 22)

kiks[S | kskga
k_3+k4 k_3+k4

Ki[S] + ko[ +k_1 +

which is the same result as that given by King and Altman* andE.Segal®*.

Chain Reactions. The application refers to gas decomposition of ethanal.
The main reaction is:

CH3CHO - CH,+ CO (23)

and exhibits a fractional order 1.5 on ethanal. Trace quantities of C,Hg and H, were
also detected in the products. Consider the following chain mechanism?®*:

Initiation CH3;CHO - CHjz +CHO kq
CHO - CO+H k, (24)
CH3CHO + H' - Hy+ CH;CO ks

Propagation CH3+ CH3;CHO - CH, + CH;CO Ka
CH3CO - CHj3 + CO ks

Termination 2 CH; - CyHg Ks
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The formyl radical produced in the initiation reaction does not enter the
chain reaction but gives the rise to secondary products. Making the steady state
approximation, in order to eliminate the intermediate concentrations, one can
derive the rate law:

d:(;|;|3] = kl[CH3CHq - k4[CH3CHq [CH3] + k5[CH3CCﬂ - 2k6[CH3]2 =0
—d[(i:o] = k4[CH3CHO] -k [CHO] =0
d[H] _ _
—— =ko[CHO] - k3[H][CH3CHO] =0 (25)
w = kg[H] [CH3CHO] + k4[CH3][CH3€HO] - k5[CH3CO] =0
Addition of the steady-state conditions for the intermediates gives the result:
2kq[CH3CHO] = 2kg[CH3]? ; [CH3lg = m (26)
6

and the rate is:

1/2
_WZZM[CH:%CHO]*'M[%} [CHsCHOI'®  (21)
6

This result is in agreement with the experimental rate law, provided the
second term is much larger than the first. For long chain approximation, meaning
that the substrate is consumed mainly in propagation step, this holds. Therefore,
the experimental rate constant is:

k 1/2
Kopsa = Ks [k_lj (28)
6

The global flow graph of the equation system is a perfect image of the
reaction mechanism®:

o G o) 2
Ksa 4
k]_a

Fig. 7. The global flow graph of system (24)

where "S" represents the reactant CH;CHO. The transmittances are the pseudo-
first order rate constants with respect to the intermediate species; "a" means
[CH3CHO] and "x" is [CH3].
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The consumption flow graph is obtained from the system flow graph
eliminating the source (input node):

k kia
G -2 G (R o

Fig. 8. The consumption of the radical specie flow graph

Aconsumption = Ko ksa ks 2Kex (29)

The formation flow graphs are drawn considering the species of interest as
target nodes (output nodes). Their values are the product of the transmittances,
starting from the source to the target species.

The formation flow graph for CHj' is:

M,@L( ) ksa , CH3
kia /

Fig. 9. The formation of CHz' radical flow graph

AfCHg =k 1a'k2'kga'k5 +k 1aAk2'kgaAk5 =2k 1a'k2'k3ak5 (30)

[CH3] = X = Atcriz /Aconsumption @Nd results:
k4[CH,CHO
GICH3CHOL = kglCHg)? ; [CHg] = <L 3] @)
6
which is the same result as discussed above.
The formation flow graph for H' is:

kla

Fig. 10. The formation of the H' flow graph
Dy = kK 1a'ky ks 2Kgx (32)

Inserting the intermediate concentration obtained from the ratios of
determinants into the rate law, gives:

1/2

H4CH

_ dCHCHO] g’tc O]:Zkl[CH3CHO]+k4[k—J [CH4CHOJ%/2 (33)
6

which is identical to that obtained by applying the classical QSSA.

Ky
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When one becomes accustomed to the flow graph all the formation or
consumption determinants can be written directly from the global graph scheme
and their concentrations calculated straightforward. The overall rate is immediately
deduced. It avoids the need of detailed calculations with QSSA.
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ABSTRACT. The purpose of this paper is to present a probabilistic approximation
procedure for the risk assessment, suitable for technological equipments. It is
reported like a risk of failure for a tank vessel type during its serviceable life.
Simulation technique of a threshold value, named the limit state function (LSF),
was prefered. It was conducted under the direct simulation method named Latin
Hypercube Sampling (LHS). The LSF was establishing on the base of the growth of
a local admissible flaw of the welding seams until the fracture occurs. A
professional analysis package Cristal Ball 2000-free trial version, was used to
perform the simulation. Finally the study reveals the probabilistic assessment of
failure for a chlorine tank under technological loads and design parameters. The
study estimates the risk of damage as a measure for the safety. Highly values for
LSF lead to low values for the risk of failure. This threshold value may be a key
factor for engineers to decide when the structure can become unsafe. The method
can be used to predict the probability of failure, such as the limit-state in risk and
reliability analysis. This type of study is suitable for chemical engineers to work out
optimal inspection and mentenance schedules

1. Introduction

The behaviour of any technological equipment for process industries under
operating conditions are always affected by variability and uncertainties; for example,
variations in service loadings, scatters in material properties, chemical degradation
and so one. The level of safety of these structures — often estimated by the load
carrying capacity diminish with time and the risk of a major technological accident
increase. Many studies were developed in order to maintain an acceptable level of
safety and avoid technological incidents, achieving improvements in serviceability
assessment. Some of the main issues related are: (a) introduction of qualitatively
representation of service loads, (b) more consistent analysis of load effect combination
and (c) transition to probabilistic reliability assessment concept.

The aim of this paper is to present a procedure suitable for engineers in the
stage of a preliminary risk analyse, to avoid major technological incidents. It focuses
on the reliability assessment concept. The development of computer technology allows
a transition from deterministic structural reliability assessment methods to ‘fully’
probabilistic concepts using the full potential of the computer. The need to incorporate
variability and uncertainties in an engineering design has long been recognized.
One of the traditional approach, the so-called “deterministic design”, makes use of
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safety coeficients in order to prevent unpredicted failures due to the variability of
the data. On the other side, a relatively new trend, named “probabilistic design”, allowing
the estimation of the reliability of the design, considers the full stochastic variability
of the data.

Briefly, the reliability of an engineering system can be defined as its ability
to fulfill its design purpose for a time period. The fundamental base to measure this
ability is provided by the theory of probability. So the reliability of a structure can be
viewed as the probability of its satisfactory performance according to some
performance functions under specific service conditions within a stated time period.
In estimating this probability, system uncertainties are modeled using random
variables with probability distribution functions. Many methods have been proposed
for structural reliability assessment purposes, such as: first-order reliability method
(FORM), first-order second moment method (FOSM), advanced second moment
method (ASM) and computer-based simulation methods [6-8].

In this paper only the computer-based probabilistic simulation method for
reliability assessment is presented. It is a direct simulation method, named Latin
Hypercube Sampling (LHS). Latin hypercube sampling is considered to be a
development of simple random sampling or Monte Carlo Simulation. It is more
efficient than simple random sampling Monte Carlo Simulation (MCS). It requires
fewer simulations to produce the same level of precision. Latin hypercube sampling
is generally recommended over simple random sampling when the model is complex
or when time and resource constraints are an issue. Like as Monte Carlo Simulation,
Latin Hypercube Sampling is a computer-based method of analysis that uses statistical
sampling techniques in order to obtain a probabilistic approximation to the solution
of a mathematical equation or model.

The study reported as a probabilistic assessment of failure for a chlorine tank,
under the technological loads and design parameters, has two distinct objectives.
The first is the crude probabilistical estimation of failure of a tank-type reactor. The
second is the preliminary assessment of the safety level or the risk level. Based on
the general presumptions of the probabilistic simulation methods the formulation of
a performance or limit state function (LSF) it is necessary. This function represents
the total performance of the structure and includes the main operating and dimensional
parameters. Simulation technique based on a professional risk analysis package
Cristal Ball 2000-free trial version are used to estimate the probability of failure
under operating parameters. The main stages of this approach are:

« establishing the LSF on the base of failure pressure function;
« establishing the probability of failure based on the LSF;
« assessing the risk level.

The model and the established LSF contain some idealizations and assumptions,
which can introduce additional uncertainties. Supplementary a sensitive analysis-
according variance reduction of the LSF to the basic variables on which depends may be
performed. This is necessary to identify the most important variables in failure analysis,
so the model could be improved by focusing on the most crtitical parameters.

2. Theoretical considerations

To avoid some cumbersome approaches, unnecessary for the purpose of
this paper, only general design standard limitations [1,2] are considered. For simplicity,
the main idealisations and assumptions are mentioned:
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« basic variables: material properties, design parameters, rate of corrosion-
erosion, operating parameters, depth of acceptable defect, etc. are assumed to be
random variables;

* any estimator is statistic, hence any estimated parameter is a random variable;

« the random variables were assumed to be statistically independent — just
for simplicity;

«it will be considered only two constructive areas of the tank: "I" for the
collecting bottom closure and "II" for pipe connections "R7A , R7B";

There are a lot of methods to establish the failure pressure model. Based
on general design standards [4,5,8] the failure pressure model choosen in this
paper derived from one deterministic, when the damage is done by a pre-existing
initial flaw on welding joints that escaped in non-destructive detection. Then the limit
state function (LSF) is expressed as a failure pressure mode, reported to fracture
mechanics, on the base of the critical energy for propagation the admissible flaws
of the welding seams.

2.1 Latin Hypercube Sampling (LHS).

Latin hypercube sampling is a stratified sampling scheme designed to
ensure that the upper or lower ends of the distributions used in the analysis are
well represented. Because direct Monte Carlo simulation is a foundation for Latin
hypercube sampling technique, some general statements is timely. The direct Monte
Carlo simulation is a process of approximating the output of a model through repetitive
random application of a model's algorithm. In the context of the cumulative distribution
function of a real-valued random variable X the output of the model may be

generally defined as P(x) = Prob{X < x} :
The corresponding notion for a multidimensional random vector (Xl, X, ,...Xn)
is the joint cumulative distribution function

P(X,, Xy,.., )= Prob{X; < x — for---all---i =1..n}.
Considering the joint density function we have the relationship :
Prob{xD D}=jf(x1,x2,...xn)x1 Colx, [IMeix,, , (1)

D
where D /7R " for any Lebesgue measurable subset.

The reliability of a process equipment structure using the computer
simulation methods can be estimated based on a performance or limit state
function (LSF). In the context of previous statements these functions can be
expressed in terms of basic random variables Xi for relevant loads and structural
strength. Mathematically, the performance function Z can be described as

Z=7(Xy, X%,,..X,,) )
where Z is called the limit state function (LSF) of interest. The unsatisfactory performance
limit state of interest can be defined as Z < 1. Accordingly, with Z < 1, the structure

is in the unsatisfactory performance state and when Z >1 =D itis in the safe state.
If the joint probability density function for the basic random variables Xi 's is

fxlyxzimxn(xl,xz,...xn) then the unsatisfactory performance probability Py of a
structure can be given by the integral:
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P, =”D]]]ﬂ fxl,xz,...xn(xl’XZ""Xn)XX1 [olx, C1.dx, ®)
D

where the integration is performed over the domain D in which Z >1 = D. In
general, the joint probability density function is unknown and the integral is a
difficult and cumbersome task.

Due to the difficulties in solving this integral Eq. (3) for practical purposes
alternate methods of evaluating Py are required. One of these methods is the direct
simulation method named Latin Hypercube Sampling (LHS). This sampling method
is a stratified sampling scheme designed to ensure that tails of the distributions
used in the analysis are well represented. This simple and intuitive method consists
in calculating Eq. (2) for a great number of combinations of X ; . The combinations,
called “trials”, are randomly sampled from the probability distribution of each X ;, by
means of the standard random-generator functions implemented on any modern computer.

The probability Py according to the performance function of Eq. (2) is
provided by the integral of Eq. (3). The larger the margin of safety Z and the smaller
its variance, the larger the needed simulation effort to obtain sufficient simulation runs
with unsatisfactory performances. In other words, smaller unsatisfactory-performance
probabilities require larger numbers of simulation cycles. Assuming Ny to be the
number of simulation cycles for which Z < 0 in a total N simulation cycles, unsatisfactory
performance probability Py, of a structure given by the integral Eq. (2) can be expressed
as:

PU :N/NU . (4)

2.2 Crack propagation model

To avoid cumbersome approaches only general design standard and several
already published papers [1-6] limitations are considered. Based on general design
standards settlements, the critical load model used in this paper derived from one
deterministic model. Accordingly some scenarios of failure, mentioned in several
already published works [3-6,8], the admissible value of a pre-existing initial flaw on
welding joints that escaped in non-destructive detection is consider a threshold
value for fracture. These flaws are approximated with a curved crack in a plane
stress state. Based on the general statements of fracture mechanic, the LSF is
established on the base of the spreading the local admissible flaws of the welding
seams, until the fracture occurs. The flaws increasings are assumed to be linearly
directly along the crack direction. The analyze is reported to the welding seam in
the two areas of interest, on the base of critical energy of spreading the admissible
flaws of the welding seams.

When the amplitude of stress intensity factor reaches the value for the impact
ductility KCV =K|¢, the crack propagation will become unstable. According to some
previous papers [3,4] related to fracture for a ductile elastic-plastic steel type R52
STAS 2883/2-80, the LSF is reported as the matching of the fracture toughness of
the materials K,c and the stress intensity factor K,. Based on the previous statements,
the general form of the LSF in this stage is:

LSB=K /K, 21; )
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Fig. 1. The main design and constructive dimensions of the tank.

On these presumptions, two distinct LSF may be defined for the areas of
interest:

"Area I"
0,5
Ls1p = [1,034 xE xKCV] | 21
{1,77KA1ngf[PeX(D +Sp-VexTu) ,  10MixDe H
Ksx(Sp—VcxTu)  |De* —(D-2VexTu)*|
"Areall"
LS2B =[1,034x Ex KCV]O’E/{LWKAZX Rﬁf{wﬂ 21, @)
KsxSp
Table 1.
The main values of design and simulation parameters
Parameters Values Statistical distribution
Elasticity modulus, E[MPa] 210000 N
Corrosion rate, Vc[mm/an] 0.5 N
Working elapsed time, Tu[year] 10 W
Fracture toughness, Kic[N/mm~<] 2115 N
Yielding strength, oo 2[MPa] 340 N
Fracture strength, o,[MPa] 510 N
Inner diameter, D[mm] 2600 N
Design body thickness, Spc[mm] 255 N
Design bottom thickness, Spf[mm] 30 N
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Parameters Values Statistical distribution
Operating pressure, Pe[Mpa] 1.6 W

Welding seam'’s radius, Rs1[mm] 200 N

Maximum bending moment, Mi[N*mm] | 340000000 N

Hole’s pipe diameter, d[mm] 40 N

Bottom’s radius, Riffmm] 1300 N

Welding seam'’s radius, Rs2[mm] 20 N

Welding factor Ks 1.8 N

*** According to technical book of the tank "Ch. 441.437 — 7" and Fig. 1

The geometrical shape factors of the flaws in the areas of interest "I" -"II"
were defined according related statement [3] by the following form:

KAl= [0,55i na, % (1+ cosa,)*° {1— sin’ 02'1} ©)

KA2= [OSsnaZx(1+cos<12)°5 [1 stC;} (9)

where the angular rates for the spreading of the flaws, a; and a,, may be calculated
by an approximate expression :

2a ><18O [degree] (10)
2R.. = ’
where "2a" is the initial or current size of the flaws.
Based on some general assumptions presented in some related papers
[4,6,8], the crack propagation model to catastrophic failure is evaluated under the
Paris-Erdogan’s law,. in the following basic form;

da_ crak,)"

dn (1_ R)[ﬁch - K, ]s
where da/dn is the crack propagation rate, 4K, is the change in the stress intensity
factor K, at the crack tip for the "nth" cycle; C, m, s, 4K, K,c are material constants

and R is the cyclic amplitude ratio. Finally the characteristic forms of the LSF in the
areas of interest is given by the following expressions [4]:

(11)

"Areal"
am acrmc
Ng, :8,17X10IZXIK??31 +3,07+10°x | %a (12)
ay an
"Area llI"
Agritic
N, =8,17x10%x K‘;'Tag. (13)
12

a,
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The LSF defined by the previous Eg.(5-10) state the safety margins during
tank’s service. Reaches or overfulfilment the limit state values of these is evaluate
probabilistic from Latin Hypercube Sampling. Thus the probability of LSF’s values
under the limit state range is defined as the safety domain. According to the basic
probability statements, the probability of failure will be stated as the reverse.
Finally, considering a comparative assessment of these scenarios, risk assessment
of failure for the chlorine tank is judged on the base of the values of this limit state
functions, yielding the probability of failure.

3. Numerical applications and discussions

Forecast: LSB1
20707 Trids 20731 Trids
- 808 | an
6% 6%
2 12 -
- o = 1]
g oz 3 -
: 33 :
Q
£ w & f 2 ¢
Lo 0
oy, 19 25 30 3’ 1m0 3m 50 70 am
Gatanty is 9.3%from10to 375 Gatainty is B8 90%fron175to 7.00
Fig.2. Probability forecast for LSF on the base of the fracture propagation.
Forecast: LSB1 Forecast: L2
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=] = =] =
o o
b 4 Rl I R
075 150 25 300 35 100 30 500 700 900
Catainty is 9.3%from1L00to 375 Catainty is %6.90%from 1 75t0 7.00

Fig. 3. Cumulative probability forecast for LSF on the base of the fracture propagation.

Numerical simulations based on two alternative principles, a maximum
number of 100.000 trials or a control of precision defined by the minimum
confidence parameters of 95% reported to standard deviation, were conducted
under the Latin Hypercube Sampling. The probability trends for LSF reported as
the safety coefficients and the matching of both fracture toughness K,c and stress
intensity factor K, are significant for the LSB1 in the "Area I"(Fig. 4). Thus on the
basis of probability histograms (Fig.2-3.) the probability of crack progression to
failure is meaningful only in the "Area I", when:

Probability of failure = 1- Certainty =1 —0,9932 = 0,0068.
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According to Mc.Leods and Plewes’s scale, this probability of failure suits
on the scale of risk in the range between 102...10°°. This risk is characterized as a
reduced one. Due to the variations in service load during service elapsed time, a fatigue
damage can occur. Hence, the containment of this damage becomes essential for the
safety working life of the tank.

Overlay Chart - Frequency Comparison

.1097

.082 B L sB1

Probability

|[| 1l £ LsB2
. ,

.000 T ‘l .

0 6.75 9.00

Based on general crack propagation model, evaluated under the Paris-
Erdogan’s law Eq. (11-13), when serviceable elapsed lifetime is assimilated to one
variable cyclic pressure low rate, numerical simulated values for the crack growth
were obtained (Fig.5). Numerical simulated results and the linear crack propagation
are in reasonable agreement with probability histograms.

On the base of these simulations, feasible N load cycles or the assessment
of safety serviceable life may be evaluated (Table 2).

180G
160G
1406

12004

100G

Intensity stress factor [N/mm®?]

| LA I B LA LA ENNNLE NN |
0O 20 40 60 8 100 120 140 160

Equivalent size of flaw 2a [mm]

Fig. 5. Crack growth considering the fracture propagation in the areas of interest.
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Table 2.
Crack propagation scenario for admissible flows
Area "I" Area "llI"
Initial flaw Initial stress Initial flaw 2a=3mm Initial stress
2a=3mm concentration factor concentration factor
Kiz =327[N/mm*?] Kiz =433[N/mm>?]
Final flaw Final stress Final flaw 2a=16mm Final stress
2a=155mm concentration factor concentration factor
Kip =1815[N/mm*?] Kiz =765[N/mm>?]
Predicted service lifetime cycles Predicted service lifetime cycles
N = 2.112x10° cycles Nci = 1,89x10° cycles

Additional assumptions:
» the crack propagation will become unstable when KCV =K
K| = KIC .

« K 02115 [N/mm*?], the impact ductility of material;

e Assuming N=100 load cycles/day during a serviceable life Ty = 300
dayslyear, the safety probabilistically serviceable life in the areas of
interest are:

e In the "Area-I" approximate 2,3 years;
e Inthe "Area-1I" approximate 2,1 years

4. Conclusions

The paper introduces a probabilistic approximation procedure for calculating
the risk of failure, named the risk assessment for tank vessel during its serviceable life.
Numerical results demonstrate a significant dependence on the operational and
design state of the tank vessel. These approaches reduce the need for excessive safety
margins in design and more cumbersome experimental and analytical approaches. High
values for LSF lead to low values for the risk of failure. This threshold value may be
a key factor suitable for engineers to decide when the structure can become unsafe.
The method can be used to predict the probability of failure, such as the limit-state in
risk and reliability analysis. This type of study is recommended for engineers, specially
for chemical engineers to work out optimal inspection and maintenance schedules.
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SYNTHESIS AND STEREOCHEMISTRY OF SOME NEW
1,3-OXATHIANES OBTAINED FROM 1,4-DIMERCAPTOTHREITOL
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"Babes-Bolyai" University, Faculty of Chemistry and Chemical Engineering,
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ABSTRACT. The synthesis and the stereochemistry of some new 1.3-oxathianes
with cis decaline skeleton are disscused. The NMR investigations revealed the
anancomeric structure of compounds.

INTRODUCTION

In the last years [1-7] the 1,3,5,7-tetraoxadecaline (TOD) system was intensively
studied, beeing used as "building-block™ in a series of macromolecular host compounds.
The TOD system exists in trans (rigid, obtained from erythritol) and cis (flipping, yielded
from threitol) configurations.

The similar tetraaza [8] and dioxadiaza [9] systems were also investigated,
similar results being reported.

It was considered of interest to study the stereochemistry of the 1,5-dioxa-
3,7-dithiadecaline, containing two 1,3-oxathiane units because of two main resons:
our interest in the stereochemistry of 1,3-oxathiane derivatives (including the ring-
chain tautomerism) [10-12] and the "construction" of macrocycles using these
derivatives as substrates.

RESULTS AND DISCUSSION
The compounds were obtained using the condensation reaction between
1,4-dimercaptothreitol (1) and p-nitrobenzaldehyde and p-nitroacetophenone, respectively

(Scheme 1).
SH

o. R
Ry OH PTSA \ﬂ .
o o
Ry O
R>

HS

Ri=H Ry= P—CgHs—NO, 2
R1:CH3 Rzz p—CGH4—N02 3

Scheme 1
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The conformational analysis for compounds 2 and 3 shows anancomeric
structures. For compound 2, the conformational equilibrium is shifted towards the
conformation A, with the phenyl groups in equatorial position, whereas compound
3 prefers the conformer D with the phenyl groups in axial orientation.

The anancomeric structure of the compounds determines the recording in
the NMR spectra of different signals for the axial and equatorial protons of 1,3-oxathiane
rings.

Ar

vl | — Smori\i)\?

O%—CH;; s\‘
Ar
s HsC Ar
— o CHg
Ar\%o O S

C D

Ar = p- CeHsN O
Scheme 2

As an example, the 'H-NMR spectrum of compound 3 (Figure 1) shows an AB
system for the aromatic protons ( § =8.21, 6 =7.68 ppm) and a multiplet ( 6 =4.34 ppm)
belonging to the protons 9 and 10. The spectrum also exhibits two doublets of
doublets (8 ,=3.18, 6 ¢4=3.07 ppm) associated with the methylene protons of the two
CH,S groups and a singlet ( § =1.94 ppm) for the methyl groups.

CONCLUSIONS

The NMR investigations of compounds 2,3 revealed anancomeric structures
due to the presence of different substituents in positions 2 and 6. The aryl groups
prefer the equatorial orientation when they are the unique substituents at positions
2 and 6 and the axial position when the second substituent at these positons are
methyl groups (compound 3).

EXPERIMENTAL

'H and *3C spectra were recorded at room temperature, using CDCl; as solvent,
in 5 mm tubes, on a Bruker NMR spectrometer, equipped with a multinuclear head,
operating at 300 MHz for protons and at 75 MHz for carbon atoms.
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Fig. 1. "H NMR spectrum of compound 3

Melting points were measured with Kleinfeld Apotec melting point apparatus
and are uncorrected.

New compounds 2,3 general procedure

Stoechiometric amounts of 1,4-dithiathreitol and carbonyl compound (0.05 mol)
with catalytic amounts of p-toluenesulphonic acid (0.05 g) were solved in 20 ml toluene
and refluxed until 80% of the theoretical amount of water was separated by the Dean
Stark trap. After cooling at room temperature, the catalyst was neutralized (under
stirring 0.5 h) with KOH 0.1 M (20 ml). The organic layer was washed twice with 20 ml
water. The toluene was removed and the 1.3-oxathiane compounds were purified
by flash chromatography.

2.6-Di(p-nitrophenyl)-1.5-dioxa-3.7-dithia-biciclo[4.4.0]decane (cis, RR, SS) 2

White crystals, m.p. 235.1-235.2°C. Yield 27%. CisH1606S:N, found C
51.20,H 3.53, N 6.81, S 15.08 , required C 51.42, H 3.84, N 6.66, S 15.25

'H NMR (CDCls, 3ppm): 3.2-3.4 (4H, dd, overlapped signals, 4, 8-CH,), 4.50
(2H, m, 9, 10-H), 6.24 (2H, s, 2,6-H), 7.63 (4H, d, J = 8.7 Hz, aromatic protons), 8.21
(4H, d, J = 8.7 Hz, aromatic protons); *C NMR (CDCls, ppm): 35.46 (C*?), 84.37 (C*™9),
85.73 (C*°), 124.20, 127.79 (tertiary aromatic carbon atoms), 148.59, 159.31 (quaternary
aromatic carbon atoms)

2.6-Dimethyl, 2.6-di(p-nitrophenyl)-1.5-dioxa-3.7-dithia-biciclo[4.4.0]decane
(cis, RR, SS) 3

White crystals, m.p. 119-120°C. Yield 33%. Co0H2006S2N, found C 53.73,
H 4.25, N 6.18, S 14.52, required C 53.46, H 4.49, N 6.25, S 14.30
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'H NMR (CDCls, 8ppm): 1.94(6H, s, 2,6-CH3), 3.07 (2H, dd, J = 105, J'= 5.2

Hz, 4,8-Hc), 3.18 (2H, dd, J = 10.5, J’= 5.2 Hz, 4,8-H,,), 4.34 (2H, m, 9, 10-H), 768
(4H, d, J = 8.7 Hz, aromatic protons), 8.21 (4H, d, J = 8.7 Hz, aromatic protons)

NMR (CDCls, ppm): 32.48 (2,6-CHs) 35.35 (C*®), 83.04 (C* lO) 95.48 (C*°), 123. 86
126.15 (tertiary aromatic carbon atoms), 147.33, 154.02 (quaternary aromatic carbon
atoms)
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INTRODUCTION

The self-assembly of complementary fragments occurs throughout nature
and plays an essential role in the construction of biological "superstructures” such
as nucleic acids, multicomponent enzymes, cell membranes, etc.™?. The structural
information required for facile self-assembly is preprogrammed in the topography
and functionality of the building block surfaces **.

Calix[4]pyrroles are a class of old® but yet new compounds that show
interesting anion and neutral substrate binding properties®. The anion binding
properties of meso-octamethylcalix[4]pyrrole 1, was first mentioned by Jonathan L.
Sessler and coworkers’, and subsequently developed by his group®.

The discovery that calix[4]pyrroles such as 1 are effective anion binding
agents in solution has led to the synthesis of a variety of new calixpyrrole
macrocycles that have been used for anion binding, sensing and for new anion
separation technologies. The general route for the synthesis of calix[4]pyrroles is
the condensation of pyrrole with ketones in the acid catalysis™

This review is dedicated to some applications of calix[4]pyrroles as anion
and neutral binders, chromatic, fluorescent and electrochemical sensors.

THE BINDING AND SEPARARATION OF ANIONS

Anions play essential roles in biological processes; indeed, it is believed
that they participate in 70% of all enzymatic reactions’.

Different research groups, which work in the field of molecular recognition,
synthesized receptors that bind anions by using hydrogen bonds alone, or in
concert with electrostatic interactions.

The solution binding properties of calix[4]pyrroles 1-5, were studied by using
'H NMR titration techniques in CD,Cl, and stability constants were determined
using the EQNMR least-squares fitting procedurelo. The data summarized in Table 1,
revealed that all compounds are not only effective 1:1 anion binding agents in
solution but they are also selective. Specifically, they show a marked preference for
F" over other anionic guests (CI, Br,, I',H,PO, and HSO,).

1R=Me 2an=3 2bn=2 2cn=1
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The stability constants for spiro-calix[4]pyrroles 2b and 2c in CD,Cl, are
lower (fluoride: 3000 and 2300; chloride: 100 and <100, respectively) than for macrocycle
2a (Table 1). All spiro-calix[4]pyrroles demonstrate the much lower stability constants
than octamethyl 1 does; so the anion binding ability decreases in the order: octamethyl >
spiro-cyclohexyl > spiro-cyclopentyl > spiro-cyclobutyl (i. e., 1 > 2a > 2b > 2¢)™.

Table 1
Stability constants for compounds 1-5 with anionic substrates in
CD,Cl, at 298K. " - " — not determined
anion - Stability constant (M™)
"guest" 1’ 2a’ 37 4% 5%
F 17 170(+ 900) | 3600 (+ 395) | 170(+20) 1100(+200) | 27000(+4000)
cr 350(25.5) 117(+4.0) <10 47(+1) 4300(+600)
Br 10(0.5) - - - -
I <10 - - - -
H.PO4 97(23.9) <10 - - -
HSO4 <10 - - <10 650(+40)

The similar titrations of the monomeric 2,5-dimethylpyrrole using fluoride
anion demonstrate that the binding properties of anions are not so pronounced.

The anion binding properties of calix[4]pyrroles are an obvious proof of the
gapﬁciltg/ of polypyrrolic macrocycles of similar sizes and shapes to form hydrogen

onds™.

Compound 3 and 4 show lower stability constants with fluoride and chloride
than calix[4]pyrroles 1 and 2a. This is due to the electron-donating ability of eight
C-rim methoxy groups causing a decrease in the acidity of the pyrrole NH protons
in 3 and to unfavourable interactions between the bound anion and the lone pair
electrons on the oxygen atoms of the C-rim ester group in 4.

In contradiction to receptors 3 and 4, compound 5 exhibits higher stability
constants for the binding of fluoride, chloride and dihydrogen phosphate anions
than does 1 under the same conditions as the substitution with electron—withdrawing
bromine atoms increases the acidity of the pyrrole NH protons thus enhancing
anion binding ability. 1

= '

3 4 R =CHCOf, R =H
These last three examples illustrate that the anion binding property of the
calix[4]pyrroles can be tuned by appending different groups to the carbon in C-rim
of the calixpyrrole. Receptors of increased anion binding ability such as 5 may
have potential uses as anion sequestering agents (for example, in removal of
126



APPLICATIONS OF CALYX[4]PYRROLES

phosphate pollutants from aqueous environments) while those with decreased anion
binding ability (compound 3 and 4) could prove useful in HPLC; in this latter application
low affinity constants and fast complexation-decomplexation rates generally lead to
efficient separation of substrates.

The introduction of the electron-withdrawing fluorine substituents to the S-pyrrolic
positions of calix[4]pyrrole (5a) results in a dramatic increase of the affinity this
receptor displays toward anionic substrates in solution™.

B Br

5 5a

Calix[4]pyrrole 5a displays not only increased affinity for anions, specifically
chloride and dihydrogen phosphate for which accurate K, values for 1:1 complex
formation could be obtained, but also increased selectivities for certain anions as
compared to 1 (Table 1). Affinity constants for 5a (mol'l) for anionic substrates (in the
form of their tetrabutylammonium salts) and DMSO-dg as neutral substrate recorded in
acetonitrile-d; (0.5% v/v D,0O) at 22°C are the following: 17100 (F’), 10700 (CI),
9100 (H,POy,), 20 (DMSO-dg). The ratio of the binding constants of 5a and 1 (Rsy/1)
are: for F - 21.71, for CI" - 2.14, for H,PO, - 7.0 and for DMSO-d¢ - >4.0.

Studies of mono-halogen substituted calix[4]pyrroles reveal that replacement
of a single S-pyrrolic hydrogen atom can increase the anion binding ability of
calix[4]pyrroles for a variety of anions (e.g. CI, Br, H,PO,, HSO,) in comparison to
normal non-halogen substituted calix[4]pyrrole. The chlorine substituted calix[4]pyrrole
was found to display a slightly higher affinity in the case of each anion than the
fluorine-bearing derivate™.

The fact that the substituents of the calix[4]pyrroles (in the C-rim or in the
meso-position) influence the anion binding capacity, led to the synthesis of new
functionalized calix[4]pyrroles as illustrated in the examples 6 and 7. By using NMR
spectroscopy to probe the effect of anion binding in solution, it was found that
under conditions of strong binding, such as those proved true for fluoride, phosphate,
and chloride anions interacting with the aoaa isomers of 6 and 7 and fluoride
anions interacting with the aapp isomer of 6, addition of the substrate served to
lock the system into the expected cone conformation™.

In the case of the aoaf isomer of 6 and the aaff isomer of 7, high
concentrations of fluoride anion served to lock the system into separate, well-defined
conformations that, on the basis of symmetry considerations, were assigned as
being the two conformationally accessible conelike forms and the cone and partial
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cone conformations, respectively. In other systems, where weaker anion binding
occurred, the addition of anions did not serve to lock the fluxional calixpyrrole core
into a single conformation. Quantitative assessments of anion binding affinity were
made using the induced changes in the 'H NMR spectra as a function of anion
concentration. From these analyses (Table 2) it became clear that the affinities of 6
and 7 for chloride and dihydrogenphosphate anions are actually lower than those of 1.
This, presumably, is due to a combination of electronic effects and steric interactions
between the meso-aryl groups and the anion.

6 Ar=4-hydroxyphenyl; 7 Ar = 4-methoxyphenyl

Table 2
Stability constants for compounds 1, 6 and 7 (M™) with anionic substrats in
acetonitrile-dz (0.5% v/v D,0) at 22 C

anion- 1™ 6'° 7%

"guest” aafp aaaf aaaa aafp aaaf aoaa
F >10 000 >10 000 5000 >10 000 4 600 1100 10 000
Cl >5 000 1 400 260 320 <100 220 300
H,PO, 1 300 520 230 500 <100 <80 <100

It is important to appreciate that isomers in the 6 and 7 do serve to modulate
the anion binding affinities. For example, the aaaa isomer of 7 has the highest affinity
for anions among the three isomers of 7.

It was observed that the anion binding affinities of 6 are greater than those
of 7. The explanation offered by the analysis is the presence of hydroxy groups in 6
able to serve as secondary hydrogen-bonding recognition elements that stabilize
the calix[4]pyrrole-anion complex. In the case of the aaaa isomer of 6 this effect
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reverses the intrinsic fluoride>chloride>phosphate selectivity that has previously
been observed for calix[4]pyrrolessa.

Not only p-hydroxyacetophenone, but also m-hydroxyacetophenone can
be used as ketone in order to obtain calix[4]pyrroles in three isomeric forms, with
the cone conformer displaying topological)/ variabile multi-site or multi-point surfaces
for binding anionic or neutral substrates®’.

Tetra-ester (8) and tetra-amide (9) macrocycles with «super-extended cavities»
were noticed to have higher selective anion coordination properties'®.

The adition of 20 equivalents of CI', Br, I, H,PO, or HSO, anions (as
tetrabutylammonium salts) to deuteriated DMSO solutions of 8 and 9 caused no
changes in the NMR spectra of these calix[4]pyrroles. This means that compounds
8 and 9 do not interact with these anionic guests in DMSO solution.

On the other hand, the addition of fluoride anions in the same conditions
causes changes in the 'H NMR spectra of compounds 8 and 9, corresponding to the
formation of fluoride complexes with slow complexation/decomplexation kinetics.

The presence of an extended cavity in compound 6 and a super-extended
cavity in compounds 8 and 9 serves to decrease (6) and switch off (8 and 9) the
affinity of this class of receptors for anions other than fluoride in DMSO solution™®.

8 R= CHCOOEt 9 R=CHCONE,

The binding behavior of the «super-extended cavity» tetraacetylcalix[4]pyrrole™.
was investigated by NMR titration, and the complex was found to exclusively bind
fluoride anions in DMSO-d¢ The binding behavior was investigated by Monte Carlo
free energy perturbation simulations and Poisson calculations, and the ion specificity
was seen to result from the favorabile electrostatic interactions that the fluoride gains
by sitting lower in the phenolic cavity of the receptor®.

Using different symmetrical or asymmetrical ketones were elaborated diverse
calixpyrrole meso-substituted systems. It was observed that many of these systems
demonstrate basic anion binding characteristics of the calix[4]pyrrole skeleton **
and these properties are indeed affected by the number and type of substituents
present on the meso-like bridges and/or B—pyrrolic sites.

An interesting application of functionalised calix[4]pyrroles is the separation
of different mixtures using carboxylic acid functionalized calix[4]pyrroles attached to
aminopropyl silica gel via both the meso-position (10) and Spositions (11). The stability
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constants (M'l) of 10 and 11 in CD,Cl, solution for different anions are respectively:
chloride — %5(145), 405(x10); dihydrogenphosphate - 62(+6), 80(x15); hydrogensulfate
- <10, <10*.

The calix[4]pyrrole-modified silica provide a new solid support for the HPLC
separation of nucleotides, oligonucleotides, N-protected aminoacids and perfluorinated
biphenyls. Using Gel A and Gel B (Fig.1) were separated: a) fluoride, chloride, bromide,
hydrogensulfate, and dihydrogenphosphate anions; b) phenyl arsenate, phenyl
phosphate, phenyl sulfonate; c) N-protected anionic aminoacids (serine, glutamine,
alanine, phenylalanine, tryptophan, aspartate, and glutamate).

R EE
atas o

The Gel A was used for the HPLC separation of 5 -adenosine monophosphate
(AMP), 5"-adenosine diphosphate (ADP), and 5 -adenosine triphosphate (ATP)?.

: S0, /\ﬂj\/\/ESOZ

Fig.1

These same media also permit the HPLC-based separation of mixtures of
neutral species such as polyfluorobiphenyls®.

Calix[4]pyrroles containing the ferrocenyl (Fc) moiety attached to one of
the meso-positions 12 and 13 bind anions in dichlorometane-d, solution®.

It was demonstrated by *H NMR titration studies in acetonitrile-ds/ DMSO-
ds (9:1, viv) that calix[4]pyrrole 14 coordinates fluoride, chloride and dihydrogen

phogphate in this solvent mixture with association constants (M™): 3375, 3190 and
304",
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In the Fig. 2 is designed the schematic representation of the ferrocene CH
and calix[4]pyrrole NH hydrogen-bonding interactions, which permit to stabilise the
bound anion.

N

Supramolecular interaction of calix[4]pyrroles with several inorganic anions
was reported by addition of this macrocycle to the background electrolyte in capillary
zone electrophoresis (CZE)®. It was observed that the retention time of all anions
increases with increasing concentration of calix[4]pyrroles and the effect of F" is most
evident.

The analyses via FABMS of calix[4]pyrroles derived from steroidal ketones
demonstrate that these macrocycles are reasonable in effecting the enantioselective
recognition of appropriate organic anions. Results for ant|podal R>S selectivity were
obtained in the case of tartaric acid and mandelic acid®®

Calix[4]pyrrole dimmers 15 [X=bond, p-CsH,4, m- C6H4] synthesized by palladlum
(O) catalysed C-C bond formation show an interesting effect of cooperative blndlng
In the case of 15 [X=bond] authors made a detailed study of carboxyl ate anion binding
using *H NMR spectroscopy. For isophthalate anion it was observed a 1:1 binding
stoichiometry and a much higher association constants was found than for the control
monomer, octamethylcalix[4]pyrrole. For phthalate and benzoate anions, 1.2 (host:guest)
binding stoichiometries and lower association constants were recorded than with
isophthalate anion. The controle compound, octamethylcalix[4]pyrrole, showed a 1:1
binding stoichiometry and much lower association constants than 15 [X=bond], not
just with isophthalate, but also phthalate and benzoate anions?’.

The calix[4]pyrroles bearing m- orcmol derived diether straps of dlﬁerent lengths
on one side of tetrapyrrolic core 16-18? and the analogous diester 19%° display
enhanced affinities for chloride and bromide anion.
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Schematic representation of strapped calix[4]pyrroles show how the properties
of the parent system can be modified (X represents an anion and G — an ancillary
binding motif) [Fig.3].

It was found that the anion binding ability of these systems could be effectively
tuned by modifying the length and nature of the bridging straps. In the specific case
of the diether systems the largest chloride affinity in acetonitrile and DMSO was
seen with the shortest strap, whereas the highest affinity for bromide anion was
recorded in the case of the longest strap (Table 3).

16 (n=1), 17 (n=2), 18 (n=3)

Fig.3

Table 3
Association constants for the binding of chloride and bromide by compound
16-19 measured by isothermal titration calorimetry (ITC) at 30 C
using the corresponding alkylammonium and cryptand salts.

TBA=tetrabutylammonium.

calix[4]pyrrole™® TBA-CI”® K-cryptand-CI*® TBA-Br™® TBA-CI”®
CH3CN DMSO
16 3 630 000 4 270 000 30 000 340 000
17 1 370 000 1810 000 31 000 11 000
18 1370 000 1810 000 120 000 7 400
19 1 380 000 1 620 000 ~0 110 000

On the basis of these findings, as well as supporting ‘*H NMR spectroscopic
studies, it was postulated that not only cavity size, but also the ability of the aryl portion
of the strap to serve as CH hydrogen bond site are important in tuning the observed
anion affinities.

X-Ray crystal analyses of the Bu,;NCI complex of calixpyrrole 1 and the Bu,NF
complex of calixpyrrole 2 revealed that in both cases the calix[4]pyrrole ligand adopts a
cone-like conformation in the solid state. In the case of the chloride complex (Fig.4)
the nitrogen-anion distances are in the range of 3.3264(7)-3.331(7)A, while for the
corresponding fluoride complex they are 2.790(2)A8a. The results demonstrate that
in these two complexes the chloride and fluoride anions reside 2.319(3) and 1.499(3)
A above N, root mean square planes of calixpyrrole 1 and 2, respectively. Thus, the
fluoride anion appears to be more tightly bound, at least in the solid state.
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Fig. 4

In order to find the explanation of the conformation of calix[4]pyrroles in the
absence of halide anion in comparison with its conformation in the presence of the
same anion some theoretical studies were made. The complexation of anions by
octamethylcalix[4]pyrrole 1 and 2,5-dimethylpyrrole were investigated by energy
minimizations in the gas phase and by Monte Carlo (MC) simulations in dichloromethane
using the OPLS force field*. It was found that, in agreement with experiment, the
1,3-alternate conformation of 1, in which adjacent pyrrole rings are pointing in
opposite directions, is the most stable conformation in the absence of a halide
anion. The cone conformer of 1, having all pyrrole units in a parallel orientation, is
not stable in the absence of halide anion, but it is the most stable conformation
upon anion binding due to the formation of four NH-halide hydrogen bonds. The
relative free energies of binding of chloride, bromide and iodide with the cone of 1
in dichloromethane were calculated with free energy perturbation (FEP) simulations
to be in the excellent agreement with experiment. The calculations predict a far
greater affinity for fluoride ion than was measured. Authors explained this fact by
the influence of the presence of trace amounts of water.

Later it was examined the influence of different factors on the anion binding
properties of calix[4]pyrroles. The binding of different anions to calix[4]pyrrole was
studied using molecular dynamics coupled to thermodynamic integration calculations.
The effect of diverse apolar solvents, octafluoro substitution, and the change in binding
free energy derived from the presence of cosolute and water traces were studied 1t
was demonstrated that both calix[4]pyrrole 1 and octafluorocalix[4]pyrrole 5a have
preference for F in the gas phase and pure aprotic solvents, but the situation can
change much in protic solvents or in the presence of the hydrated cation which is
used as cosolute of the anion. These results provide interesting clues for a better
understanding of the process detected experimentally as «binding».

CALIX[4]PYRROLES — SENSORS FOR ANIONS

The development of chemosensors for specific chemical species is emerging
as a research area of considerable importance within the generalized field of
supramolecular chemistry.
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As shown before the calix[4]pyrroles are very good anion receptorss"’1 SO
they show considerable promise in the area of anion sensing.

In general, such systems contain some combinations of substrate-recognition
functionality (receptor) and optical-signaling capacity (cromophore), either directly
linked or appropriately associated in a noncovalent manner, and are designed to permit
the detection of substrates by binding-induced changes in absorption or emission
properties®. The use of calix[4]pyrroles as chromatic sensors and fluorescent sensors
is presented below.

Chromatic sensors

While the utility of these approaches are becoming increasingly appreciated in
terms of both qualitative and quantitative analysis, the number of chromatic sensors
available at present for anionic substrates remains quite limited. Only a few chemical
systems are known that undergo colour changes of sufficient magnitude that they
can be used for the direct «naked-eye» sensing of anions®.

In the process of the formation of the complex from meso-octamethyl-
calix[4]pyrrole 1 and the 4-nitrophenolate anion (yellow) 20 in MeCN or CH,Cl, the
colour of the complex 120 disappears (Scheme 1)°. Complexation studies were
made using *H NMR titration techniques. Significant downfield shift (from & 7.0 to
10.6) of the pyrrole NH proton was observed upon the addition of 5 equiv. of
tetrabutylammonium 4-nitrophenolate, consistent with the formation of calixpyrrole
— phenolate hydrogen bonds. Analysis of titration data using the EQNMR computer
program10 revealed that meso-octamethylcalix[4]pyrrole forms a 1:1 complex with
4-nitrophenolate with a stability constant of 290 (+9.7) dm® mol .

Because this value is much lower than that reported earlier for F (17 200 M),
the substitution of a p-nitrophenolate by F took place when a CD,ClI, solution of the
complex 1«20 was treated with aliquots of tetrabutylammonium fluoride. After an
initial addition of 0.2 equiv. of fluoride, the NH proton resonance broadened and could
not be located in the NMR spectrum. Only after addition of 1.0 equiv. of fluoride did
the NH resonance reappear, further shifted downfield by over 3 ppm as compared to
120, indicating the formation of a calixpyrrole-fluoride complex. As expected from the
values of the stability constants, tetrabutylammonium chloride and dihydrogenophosphate
produced smaller downfield shifts (0.78 for CI" and 0.37 ppm for H,POy).

The strongest absorbance is observed upon addition of fluoride anions
followed by chloride and dihydrogenphosphate anions. This trend reflects the
absolute and relative affinities of meso-octamethylcalix[4]pyrrole for these anionic
guests (Table 4 )°.

Table 4

Relative absorbance values for calixpyrrole — 4-nitrophenolate solutions
containing equimolar concentrations of various anions.

Anions F Cl’ H,PO,4 Br- HSO,4
A Absorbance 0.282 0.193 0.162 0.092 0.015
Relative absorbance 1.0 0.68 0.57 0.33 0.05
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NO,

NG,

yellow colorless

20 120

yellow
20 colorless

Scheme 1

The calix[4]pyrroles, such as 1, may be used to produce anion sensors that
can report the presence of anions (for example, fluoride anion) by means of a
colour change.

Compounds 21-25 with arylalkynyl groups onto one of the Spyrrolic positions
of the calix[4]pyrrole skeleton (Scheme 2) were prepared by metal-mediated carbon-
carbon bond cross coupling reactions, especially the Sonogashira reactions. Compound
21 contains an electron-donating substituent, whereas both calix[4]pyrroles 22 and
23 contain electron-withdrawing aryl subunits. Furthermore, compounds 24 and 25
contain a built-in fluorophore and a built-in chromophore, respectively®.

It was found® that the mono- and dinitrophenyl-functionalized systems 22
and 23 undergo naked eye-detectable spectral changes upon exposure to the
tetrabutylammonium salts of fluoride, chloride, and phosphate anions in a
dichloromethane solution. The addition of fluoride anion to dichloromethane solutions
of 23 (5><1O'5M) leads to a significant broadening of the UV — VIS absorption bands
while engendering a noticeable red-shift in the position of the absorption maximum
(Amax shifts from 441 to 498 nm). As a consequence of these anion-induced
spectral changes, the solution undergoes a naked-eye detectable colour change
from yellow to red. Addition of 200 equiv. of tetrabutylammonium chloride caused
the change of the color from yellow to orange (the absorption maximum, Anax, shifts
from 441 to 483 and 478 nm, respectively). Exposure to bromide, iodide and
sulfate anions, even in vast excess did not lead to any noticeable changes in either
colour or basic spectral properties.
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Scheme 2. (i) I2-(CF3CO2)2Phl (20%); (ii) TMS acetylene, Pd(PPhs)4 (73%), Cul;
(iii) tetrabutylammonium fluoride, then NaHCO3 (89%); (iv) Arl, Pd(PPh3)s, Cul.

The treatment of the mononitrobenzene conjugated calix[4]pyrrole 22 with
20 equiv. of tetrabutylammonium fluoride changed the colour of the solution from
pale yellow to intense yellow related to the shift of the absorption peak from 391 to
433 nm°®. The presence of chloride and phosphate anions could also be detected
from the intense final yellow colour after their exposure to 22. No discernable
change could be noticed when dichloromethane solution of 22 was exposed to 200
equiv. of bromide, iodide and sulfate anions.

No important changes were observed for compound 21 when it was
treated with anions. It is thus clear that "attachment" of nitro groups produces a
bathochromic shift in the absorption peak (this effect is especially pronounced in
the case of dinitrobenzene compound 23).

The functionalized calix[4]pyrroles of the type described above could
emerge as useful anion sensors and the Fig. 5 represents the schematic mechanism
of the changes in colour observed when calix[4]pyrrole 23 is exposed to certain
anions.

Calix[4]pyrrol-anthraquinones systems 26, 27 and 28 act as an optically
sensitive indicator of anion binding.
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Color change

Yellow ——> Red

Fig.5

System 26 represents a good sensor for F, Cl and H,SO, in dichloromethane
and the effect can be detected with "naked-eye". In the absence of anions, the
absorption spectrum of receptor 26 is characterized by the presence of two peaks at
Amax=357 and 467 nm, (in comparison with anthraquinone itself which has Apna=327 nm).
Upon the addition of fluoride anion, the peak at 467 nm decreases while a new peak
appears at 518nm, the color of the solution modifies from yellow to red. These changes
are complete after the addition of only six equivalents of F ions. The addition of
either chloride or phosphate ions induced a less impressive colour change (from yellow
to reddish-orange) and required greater amounts of anion to effect a commensurate
change (the absorption peak shifts to 501 and 497 nm upon the addition of 100
equivalents of tetrabutylammonium chloride and phosphate, respectively).

Exposure to bromide, iodide, and sulfate anions, species that do not bind
to calix[4]pyrroles appreciably®, did not lead to any noticeable change in colour.
This combination of anion-specific response/nonresponse makes this system an
effective naked-eye-detectable anion sensor.

The addition of 100 equivalents of various anions to dilute (5.0x10°M) solutions
of 27 in dichloromethane is accompanied by the colour change of the system from
red to blue or purple, again with the most pronounced effect for fluoride ions.

The above qualitative changes are reflected in more quantifiable terms in
the corresponding absorption spectra. Whereas 4-hydroxyanthraquinone itself is
pale yellow and displays an absorption maximum at 405 nm in dichloromethane,
conjugation to calix[4]pyrrole through an alkyne spacer shifts the absorption maximum
to the red region of the spectrum and produces a species with lowest energy
absorption maximum at 526 nm. Upon the addition of fluoride ions, the absorption
maximum is shifted even further (to 613 nm) and the solution turns blue. Similar,
but less pronounced bathochromic shifts are seen upon the addition of excess chloride
and dihydrogen phosphate ions, with the lowest energy maxims being observed at
567 and 549 nm, respectively. In these cases the colour of the solution change
from red to purple and to dark purple, respectively.

No significant colour changes were observed upon the addition of bromide,
iodide, and sulfate ions. These spectral results, as well as the corresponding visual
changes, are thus completely consistent with the association constants for 27 with
different anions, namely F>CI>H,PO,>>Br~ I'~HSO,.
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The origins of the dramatic colour changes observed with chemosensors
26 and 27, was ascribed to charge-transfer interactions between the electron-rich,
calix[4]pyrrole-bound anions and the electron-deficient anthraquinone moieties.
The anthracene-containing control compound 28, a calix[4]pyrrole system bearing
a more electron-rich appendage, does not act as a naked-eye-detectable anion
sensor, while the addition of 100 equivalents of tetrabutylammonium fluoride to a
5.0x10°M solution in CH,Cl, induced only a slight bathochromic shift in the absorption
maximum (Anax Shifts from 408 to 416 nm) along with a modest reduction in
absorption intensity. Detailed '"H NMR spectroscopic and fluorescence analyses
revealed, however, that 28 nonetheless acts as an efficient receptor for F CI', and
H,PO, ions under these conditions".

The non-covalent calix[4]pyrrole-chloranil aggregation has been used as
anion sensor for the facile identification of F and H,PO, ions in chloroform and it
can be used as a chromatic sensor for effective and selective detection of F and
H,PO, anions. The specific phosphate/chloride selectivity is potentially advantageous
in biological sensing applications®*.

These systems were investigated using UV-VIS spectroscopic techniques.
Chloranil 29 itself displays an absorption maximum at 370 nm in chloroform. In the
presence of calix[4]pyrrole 30, the peak at 370 nm undergoes an obvious increase,
while a new absorption peak appears at 622 nm. The colour of mixed system changed
from pale yellow to blue, as a result of the formation of 1:1 molecular complex (with
the binding constant 5800 M), which was confirmed by Job plot analysis.

29

30R=E

Similarly, the addition of meso-cyclopentylcalix[4]pyrrole 2b to the solution
of chloranil changes the colour from pale yellow to purple (at 550 nm). However,
under the same conditions, less impressive changes were observed upon addition
of meso-octamethylcalix[4]pyrrole 1, or meso-tetracyclohexylcalix[4]pyrrole 2 to the
solution of 29%*.

Fluorescent sensors

Fluorescent anthracene-calix[4]pyrrole conjugates 31-33 are the receptors which
can detect the presence of anions by a significant quenching of their fluorescence®.

Quenching was observed in varying degrees upon addition of other anions to
receptors 31-33; the addition of fluoride anion to 31 causes the highest fluorescence
guenching, followed by dihydrogenphosphate and chloride anions.
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31 R=NH-1-anthryl 32 R=NH-1-anthryl
33 R = NHCH;9-anthryl

The same anion can quench the fluorescence of different calix[4]pyrrolic
systems with distinct efficiency, as it is shown in Table 5.

Table 5
Stability constants for compounds 31, 32 and 33 with various anions (as
tetrabutylammonium salts) in CH,Cl, and CH3;CN as determined from
fluorescence quenching analyses at 25 .
"-" - quenching insufficient to provide an accurate stability constant value.

Anions Log K (in CH,Cly) Log K (in CH3CN)
3135 323b 33.5':: 313b 3235 33.5'::
F 4.94 4.52 4.49 5.17 4.69 4.69
Ccr 3.69 2.96 2.79 4.87 3.81 3.71
Br 3.01 - - 3.98 2.86 -
HoPO4 4.20 3.56 - 4.96 3.90 -

The highest stability constants found for compounds 31 can be explained
by the conjugated bond pathway linking the fluorophore and anion-binding site of
the calixpyrrole providing an electronic communication pathway between them.
Compounds 31-33 represent prototypical calix[4]pyrrole based-fluorescent anion
sensing agents.

Calix[4]pyrroles 34-36 represent the second generation of calixpyrrole-based
fluorescent anion sensors™. These systems bind anions with greater affinity than
previous systems while displaying a more efficient fluorescent response. In the design of
sensors 34-36, a rigid aromatic spacer was used so as to fix the distance between the
guencher (anion) and the signalling moiety. This spacer element contained either a
sulphonamide (compounds 34 and 35) or thiourea (sensor 36) group.

These linker moieties were introduced with the expectation that they might
provide additional hydrogen bond donor sites that would act in concert with the
calixpyrrole NH protons to enhance the overall anion binding affinities. The affinity
constants for all three sensors and four anions are listed in Table 6%.

Sensors 34-36 display the highest anion binding affinities so far recorded for
calixpyrrole-type receptors. They are also the first to show high phosphate/chloride
selectivity (2 orders of magnitude) and, in the case of sensor 36, the first such systems
to operate successfully in the presence of water at physiological pH.
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Table 6

Affinity constants for sensors 34-36 and anionic substrates as determined in
acetonitrile (0.01% v/v water) for sensors 34 and 35 and acetonitrile-water
(96 :4, pH=7.0+0.1) for sensor 36.

—S

H
i‘ SOz CI

36

Anions Association constants (mol™) determined by emission quenching
34 (5x10°M) *° 35 (5x10°M) *° 36 (5x10°M) *°
F 222 500 >1 000 000 >0 200 000
Cr 10 500 18 200 <10 000
HoPO4 168 300 446 000 682 000
HP,0;> 131 000 170 000 >2 000 000

Electrochemical sensors

Only a few electrochemically active sensors based on calix[4]pyrroles have
been reported®”*®. Electrochemically active sensors, designed to permit the detection
of substrates by binding-induced changes in the redox properties, are generally
composed of a receptor unit, which works by the covalent association of a substrate-
recognition functionality, and an electrochemical-signaling capacity (redox-active unit).

The redox active tetrathlafulvalene (TTF) unit can exist in three stabile
redox states (TTF TTF', and TTF? ™). This unit was used in the synthesis of the first
calix[4]pyrrole mcorporatlng a TTF redox moiety 37 which is an eff|C|ent chemosensor
and allows the detection of anions by electrochemical means®

Z>=<SJ(M

37

S\/\/\
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This system displays the strongest anion binding affinities yet recorded for
calix[4]pyrrole receptors, and the binding constants between 37 and Br, CI, and F ions
are two orders of magnitude hlgher than those reported for meso-octamethylcalix[4]pyrrole
1 under the same conditions™® (Table 7).

Table 7%
Blndlng constants between 37 and the Br, Cl', and F ions determlned by
'H NMR spectroscopy at 300 K, and first redox potentials E', of the
complexes 372X (where X is a halide) determined by CV at 298K.

X Ka [M™] (CDsCN/0.5% viv D;0) E'12 [mV](MeCN)™ AE[mV](MeCN)"
Br 7 600 +467 -34
cr 120 000 +462 -43
F' 2 100 000™ - -

— values obtained from 1:1 mixtures of 37 and nBusNX; ™ — maximum (AEqmax) were obtained from
1:2 mixtures of 37 and nBuNX;  — a CDsCN (0.5% viv D,O) solution of NBUNBr which also
contained receptor 37 at the initial concentration to account for dilution effects; ¥ — determined from
competitive binding experiments. An average K of 16.8 for the ions CI/Br was obtained by
analyzing a CDsCN (0.5% viv D,O) solution of 37 (3.9 mM) containing Br (3.9 equiv.) and CI (either
1.6 or 2.1 equiv.), estimated error was <15%; ® — determined from competitive binding experiments.
An average Ky of 16.9 for F/CI’ was obtained by analyzing a CDsCN (0.5% v/v D,0O) solution of 37
(3.9 mM) containing CI (7.4 equiv.) and F (either 2.0 or 2.2 equiv.), estimated error was <15%.

The stronger affinity of 37 towards anions is presumably a direct consequence
of the pyrrolo-TTF-NH proton being more acidic than the other NH protons of 37.
This fact implies that the pyrrolo-TTF-NH proton is able to form a stronger hydrogen
bond with anions upon complexation, as compared to NH protons in the parent
calix[4]pyrrole.

Calix[4]pyrroles were used as anion binding agents in liquid polymeric
membrane ion-selective electrodes. Poly(vinyl chloride)-derived ion-selective electrodes
prepared from meso-octamethylcalix[4]pyrrole 1 display at lower pH values (i.e.,
3.5 and 5.5) strong anionic responses toward Br’, ClI, and H,PO, and, to a much
lesser extent in the case of F. By contrast, at high pH (i.e., 9.0) ion-selective electrodes
not only display cationic responses toward chloride and bromide anions but also
selectivities (i.e., Br < CI'< OH = F < H,PO, )39. This fact was considered consistent
with the poly(vinyl chloride)-supported receptor behaving as a direct anion binding
agent at low pH but acting as a hydroxide-complexing receptor at higher pH.

Using cyclic voltammetry were studied the electrochemical properties of
ferrocenyl including calix[4]pyrroles 12 and 13 and it was demonstrated that these
systems bind anions in dichloromethane-d, solution®. Electrochemical studies
using cyclic voltammetric and square-wave voltammetric techniques of calix[4]pyrroles
14 containing a ferrocene moiety attached to one of the meso position show cathodic
shifts of up to 100 mV with dihydrogenphosphate anions®*

BINDING OF NEUTRAL SUBSTRATES

Molecular recognition of neutral compounds presents a challenge in the area
of supramolecular chemistry. Binding of substrates such as short-chain alcohols
and simple monoamides is particulary difficult because these molecules have few
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functionalized sites available for hydrogen bonding, and they lack the large hydrocarbon
surface necessary to participate in efficient hydrophobic or 77- 77stacking interactions.
Association constants for neutral substrate/synthetic receptor complexes are thus
genelrally modest, even though the architectural complexity of the receptors is often
high".

It was found that the molecular recognition chemistry of the calix[4]pyrroles
is not limited to anionic substrates. The coordination of neutral species was achieved
using meso-octamethylcalix[4]pyrrole 1. The *H NMR titration experiments in CgDs,
revealed that this calix[4]pyrrole forms complexes with neutral species, including
short chain alcohols, amides and other oxygen-containing neutral species™. Although
the binding constants are modest, a clear trend is evident within the alcohol and amide
series. Specifically, it was found that the relevant stability constants decrease as
the steric bulk around the oxygen atom is increased (Table8).

The structure of 1 coordinated to two molecules of MeOH was determined
by X-ray diffraction analysis. The calixpyrrole in this neutral substrate adopts a 1,3-
alternate conformation in the solid state. In the case of DMF molecules, each of the two
DMF molecules was found to be coordinated to a single calix[4]pyrrole macrocycle
via two hydrogen bonds and this complex adopts a 1,2-alternate conformation .

Similarly, using X-ray analysis it was found that calix[4]pyrrole 2a also acts
as a receptor by H-bond interactions to an EtOH solvent. The pyrrole groups are
arranged in a 1,3-alternate conformation that gives rise to disorder in the EtOH guest,
due to its ability to coordinate both above and below the plane of the macrocycle®.

Table 8
Association constants for 1 with neutral substrates

Neutral substrate Ka(M™) Neutral substrate Ka(M™)
MeOH 12.7£1.0 N,N-dimethylacetamide 9.0+0.9
EtOH 10.7+0.7 1,1,3,3-tetramethylurea 2.240.1
BnOH 9.7+0.7 DMSO 16.2+1.1
Pr'OH 7.0+0.4 1,2-dimethylimidazole 5.4+0.3
Bu°OH 6.2+0.4 acetone 2.240.2
N-formylglycine ethyl ester 13.3£1.0 nitromethane -
DMF 11.3+0.8

Meso-octaethylcalix[4]pyrrole 30 inclusion crystals with lower alcohols
undergo reversible guest-responsive structural changes, for much a long-range
cooperative effect with a Hill coefficient of 40 was observed*.

According to the X-ray analysis, the conformation of octabenzylcalix[4]pyrrole
38 in 38-2(acetone)-acetongagice is 1,3-alternate (as in 1-2(MeOH)), but the two acetone
guests are both located on the same face of the ligand, held in place by single H-
bonds.

The molecular structure of 38-2(acetone)-acetong,u.. demonstrates that the
NH groups of bulky calixpyrrole 38 can access the carbonyl portion of acetone, thus,
the weak solution binding of acetone by unhindered 1 (K, = 2.2+0.2 M) cannot be
explained on steric grounds. In this case, water could not be completely removed
from the solution used in the titrations, and the presence of this competing H-
bonding material could account for the low apparent K,.
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R
38 R=CH,Ph

These results confirm that the calixpyrroles can be used to bind neutral
species both in solution and in the solid state.

Calix[4]pyrroles 6 and 7 containing deep cavities and fixed walls show
binding properties not only for anions, but also for neutral species. For example, in
the specific case of the aaaa isomer of 6, a deep cavity structure was observed in
the solid state, wherein the calixpyrrole core is in a so-called cone conformation
(Fig.6). Structures of lower symmetry are seen in the case of the other isomers, with
conformations other than pure cone (e.g., 1,3-alternate, partial cone) being observed in
certain instances (e.g., the aoap isomer of 7; Fig.6)"°.

Fig. 6. View of the molecular structures of the ethanol adducts of the aaaa isomer
of 6 in the cone conformation (left) and the acetonitrile adduct of the aaafisomer
of 7 in the partial cone conformation (right). Dashed lines are indicative of a
hydrogen-bonding interaction.

Some calix[4]pyrroles with extended or superextended cavities play an
important role in multi-point or multi-site host-guest interactions. For instance, compound
6 in its cone conformation a is associated into dimmers or trimmers, the molecular
complexity being determined by the guest molecule. In the presence of hydrogen-
binding substrates such as DMF or acetic acid, the isomer 6a is assembled into
closed two-basket cavity dimmers, 6a-DMF, or into cyclic turmeric units 6a-AcOH®,
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The trimeric cavity hosts nine molecules of AcOH, three of them being
associated to the calix[4]pyrrole moieties while the other six establish an intermolecular
hydrogen bonding network with other trimmers.

It was observed that not only the attached moiety, but also its position
influences the selectivity of the calix[4]pyrroles. Systems containing cytosine-substituted
calix[4]pyrrole conjugates, bearing the appended cytosine attached at either a 3- or
meso-pyrrolic position, were tested as nucleotide-selective carriers and as active
components of nucleotide-sensing ion-selective electrodes at pH 6.6*%. Studies of
carrier selectivity were made using a Pressman-type model membrane system
consisting of an initial pH 6.0 aqueous phase, an intervening dichloromethane
barrier containing the calix[4]pyrrole conjugate, and a receiving basic aqueous phase.
Good selectivity was found for the Watson-Crick complementary nucleotide, 5'-
guanosine monophosphate (5'-GMP), in the case of the meso-linked conjugate with
the relative rates of through-membrane transport being 7.7:4.1:1 for 5-GMP, 5-AMP,
and 5'-CMP, respectively. By contrast, the B-substituted conjugate, while showing a
selectivity for 5'-GMP that was enhanced relative to unsubstituted calix[4]pyrrole,
was found to transport 5'-CMP roughly 4.5 times more quickly than 5-GMP. Higher
selectivities were also determined for 5'-CMP when both the -and meso-substituted
conjugates were incorporated into polyvinyl chloride membranes and tested as ion
selective electrodes at pH 6.6, whereas near-equal selectivities were observed for
5'-CMP and 5'-GMP in the case of unsubstituted calix[4]pyrroles. These seemingly
disparate results are consistent with a picture wherein the meso-substituted cytosine
calix[4]pyrrole conjugate, but not its B- linked congener, is capable of acting as a
ditopic receptor, binding concurrently both the phosphate anion and nucleobase
portions of 5'-GMP to the calixpyrrole core and cytosine "tails" of the molecule,
respectively, with the effect of this binding being most apparent under the conditions of
the transport experiments“.

Another use of calix[4]pyrroles is the investigation of thin films of meso-
tetra(methyloctyl) calix[4]pyrrole, which were transferred onto hydrophobized quartz
and silicon oxide sheets by using the Langmuir-Schaefer (LS) method (horizontal
lifting). Scanning force microscopy investigation show that the LS films are almost
homogeneous and are consistent with the X-type configuration with the hydrophobic
tails of the calix[4]pyrrole disposed almost perpendicularly with respect to the substrate.
Induced circular dichroism (ICD) measurements were performed in the presence of
chiral alcohol vapors, such as (-)-(R)-2-butanol, (-)-(R)-2-pentanol, and (-)-(R)-2-
hexanol. The results show that although not chiral by themselves this kind of
calix[4]pyrrole molecules within the film exhibit chirality induced by binding with the
chiral guests. The reversibility of the binding event, coupled with the differentiated
response observed towards the investigated alcohols, makes the LS films promising
active layers for the chemical recognition of short-chain polar neutral molecules®.

Silver surfaces covered with Langmuir-Blodgett (LB) films of meso-octaethyl-
calix[4]pyrrole 30 were investigated as sensing material for alcohol vagors recognition
by Surface Plasmon Resonance (SPR) transduction methodology***>*® In particular,
SPR tests were performed by exposure of calix[4]pyrrole 30 films at fast sequential
alcohol insets in the optical cell. The results demonstrate that this calix[4]pyrrole
provides a clear recognition of alcohol species used in the inset sequences.
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The same calix[4]pyrrole films were inspected by Atomic Force Microscopy
(AFM). The films deposited onto silver were also tested for recognition of alcohol
vapors by the SPR technique. The results reveal an increased sensitivity in the
series isopropanol > ethanol > methanol*’.

CALIX[4]JPYRROLES — POTENTIOMETRIC SENSORS FOR NEUTRAL

SPECIES

Calix[4]pyrroles were applied as a new class of ligands of potentiometric
sensors for neutral nitrophenol isomers. Lipophilic macrocyclic and acyclic derivatives
of pyrrole were applied as sensory elements of liquid membrane potentiometric
sensors destined for the recognition of neutral form of nitrophenol isomers. It was
determined that the potential of liquid membranes containing pyrrole derivatives
strongly depend on the pH of the solution. Their potentiometric responses generated
in the presence of nitrophenol derivatives were studied at three different pH: 4.0,
6.0 and 8.0. It was found that all studied membranes respond towards the neutral form
of nitrophenol isomers and do not respond to their anionic forms. It was determined
that the symmetry of the macrocyclic cavity of calix[4]pyrroles has a very mild effect
on the molecular recognition of nitrophenol guests and the membrane incorporating
macrocycle pyrrole derivatives generate a higher potentiometric signal in the presence
of neutral nitrophenol in comparison to membranes containing acyclic pyrrole derivatives.
It was noticed that these sensors display higher selectivity for para-nitrophenol®.

Using the same manner and calix[4]pyrrole 2a and 39 as ligands authors®
show a very high affinity of calix[4]pyrrole-containing liquid membrane electrodes to
uptake of protons and very high selectivity toward para-nitrophenol, in his neutral
form in the presence of other nitrophenols and dihydroxybenzene isomers.

They also demonstrate the mechanism of the potentiometric signal generation
of these sensors, generally, consisting on the reversible interaction of protonated
calix[4]pyrrole membrane surface with the neutral nitrophenol guest, and subsequent
proton transfer from the interface to the aqueous solution.

Potentiometric discrimination of fluoro- and chlorophenols isomers based on
the host functionality of calix[4]£)0yrolle at liquid membrane interfaces was also reported
by the same group of authors™.

OTHER APPLICATIONS OF CALIX[4]PYRROLES

TI(l) selective electrodes based on meso-octamethylcalix[4]pyrrole 1, meso-
octaethylcalix[4]pyrrole 30 and meso-tetraspirocyclohexylcalix[4]pyrrole 2 as sensor
molecules were tested. This electrode exhibit a fast response time of 30 s and high
selectivity over Na*, K™ and other metal ions with only Ag” interfering. It was demonstrated
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that this electrode works well in the pH range 2.0-11.0 and can be successfully
employed for the determination of TI". The presented electrode was also used as
an indicator electrode in potentiometric titration of TI" >,

The electropolymerization properties of calix[4]pyrroles containing pendant
N-substituted pyrrole moieties 40 and 41 were studied and it was found that
electrochemical copolymerisation with pyrrole was successful. By contrast, attempts to
polymerise the calix[4]pyrroles alone failed®.

€ Me
M¢ e O . HZ@NH(CHZ)S_NQ
W OO0

40 CHAENH(CH)— ] a1

The examples presented in this review suggest that there could be a rich
molecular recognition chemistry associated with calix[4]pyrroles. Not only the introduction
of meso-, but also the 3- substituents allow the anion and neutral binding and selectivity
of the calix[4]pyrrole skeleton. Facile fictionalisation of calix[4]pyrrole systems opens
the possibility of producing calixpyrroles with an endless variety of secondary binding
sites that may allow for the optimised recognition of cationic, anionic, and neutral guestsl .
On the other hand, calix[4]pyrroles exhibit very interesting chromatic, fluorescent
and electrochemical sensing properties, which can be used in different area.
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ABSTRACT. Porous Al,O3; membranes were prepared by low-temperature anodic
oxidation in aqueous electrolyte solution of Al foils with and without thermal
pretreatment. Some of membranes were doped with Co and Ni by a.c. electrolysis.
Scanning electron microscopy of the membranes confirms the existence of strain
field regions, thus providing an experimental evidence of the earlier proposed
mechanism for the development of the porous structure. The Co doped membranes
were found as being very effective substrates for catalytic growth of carbon nanotubes.

Keywords: Porous Al,O3; Scanning Electron Microscopy; Carbon Nanotubes

1. INTRODUCTION

The obtaining of well-ordered nanostructured patterns with good accuracy
over large areas is important task of the modern microelectronics. Utilization of
substrates of naturally self-organized meso- or nanostructure can spectacularly reduce
the processing times in comparison with conventional and electron beam lithography.
Porous alumina prepared by anodic oxidation of aluminum has been recently studied
and applied to produce nanowires, nanodots from different metals [1-3]. In this paper
we report some of our results about the influence of the preparation conditions on
the morphology of such alumina membranes, as well as some results obtained in the
study carried out on electrochemically metallized membranes (doped by a.c. deposition
of Ni or Co) in order to establish the dopant localization and structure. Alumina
membranes doped with Co were tested as substrates for low-temperature catalytic
growth of carbon nanotubes.

2. EXPERIMENTAL

Porous Al,O; membranes were prepared from pre-annealed as well as
thermally untreated 0.1 mm thick Al foils. Heat treatment was performed at 250°C
or 300°C, and for 30 or 50 min, respectively. Low-temperature anodic oxidation was
carried out in a two-compartment electrochemical cell, one compartment of which
contained the aqueous electrolyte solution and the other distilled water. The Al foils
were placed vertically between the two compartments providing their hermetic separation.
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The exposed area of the Al foils was of 6 cm®. An Al disk of 15 cm” area was used
as counter electrode. In order to avoid the dissolution of the porous layer formed,
during the oxidation the electrolysis compartment was cooled by circulating through
a glass coil water chllled in a cryostat. However the temperature slowly raised in
time, from 4.0 + 0.2°C at the start to 6.0 + 0.5°C when the anodization was finished.
The preparation of the membranes was preceded by electrochemical
cleanlng ("polishing") of the Al foils, by anodic oxidation carried out for 2 min at
85°C and current density of 100 mA/cm? (used electrolyte: 70 % HNO; + H3PO,).
Then, the foils were rinsed in distilled water, immersed for 5 min in 1 M NaOH, and
carefully washed with bidistilled water.
Preparation of membranes by anodic oxidation was carried out in several
steps as follows:
() Oxidation at constant potential (10 V) for 10 min;
(ii) Oxidation at constant current in 17 % sulfuric aC|d at current density of
15 mA/cm?; the time of oxidation was 90 and respectively 120 min for
the dlfferent specimens;

(iii) Oxidation at constant potential (20 V) for 15 min in 15 % sulfosalicylic
acid;
(iv) Finally, the samples were treated with 5 % H3PQO, in order to enlarge the

pores and avoid their sealing.

The remained Al substrate was removed in a 0.1 M CuCl, solution prepared
in 20 % HCI.

On some of the obtained Al,O; membranes, Co or N| was deposited by a.c.
electrolysis. The deposition was carried out at 13 V and 40°C for 20 min using a
metallization bath which contained 30 g/l CoSQO,, 40 g/l H3BO3 and 20 g/l (NH,),SO, in
case of Co deposition, and respectively 30 g/l NiCl, 40 g/l HsBO3 and 20 g/l (NH4),SO4
in case of Ni doping.

Carbon nanotubes were synthesized by low-temperature catalytic decompaosition
of a hydrocarbon over the Co doped alumina membranes. In this purpose, N, diluted
acetylene was passed over the metallized sample for 10 min, the temperature ranging
from 600°C to 700°C. The flows of the carrier gas (N) and of the reacting gas (acetylene)
were set to 300 and 30 ml/min, respectively [4].

The surface morphology and cross-sectional structure of the samples were
observed by means of SEM using a JEOL JSM 840 microscope. Microanalysis of
metal doped membranes was carried out using ORTEC EDS equipment.

3. RESULTS

We have observed membranes in cross-sectional and in plan view.
Micrographs in cross-sectional view show that oxidation produced columnar pores
in all samples. In plan view all samples also show some common morphologic elements
(plateaus, cracks, bulges). The size and number of morphologic elements is different
in case of different preparation conditions. The formation of porous Al,O3 is accompanied
by generation of strain fields at the interfaces between the substrate Al and the
barrier layer of Al,O; as well as between the Al,Oz and the electrolyte solution. This
process is described in ref. [3]. Bulges find by us can be regarded as material evidence
for the existence of such fields (see Fig. 1.). This supposition is confirmed by the
finding of especially large number of bulges presented by non-annealed samples.
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Fig. 1. Membrane morphology in case of
non-annealed sample obtained by two-step
anodic oxidation. Cross-sectional view:
(a) bulge accompanied by cracks;

(b) pores in higher magnification.

Plan view: (c) bulges as they
appear on the membrane surface.

0.5 pm

Thermal treating of the Al foils influences the size of the formed pores: the
average pore diameter in case of pre-annealed samples was of only 35 — 45 nm
vs. 50 nm as measured in non-annealed samples (Fig. 2.).

1

Fig. 2. Pores size in different samples.
(a) Sample pre-annealed at 250°C for
50 min; (b) and (c) samples pre-annealed
at 300°C for 30 min; (d) non-annealed

L
samples.

0.5 um

—

The morphology of the examined samples was very "rich" and non-regular
indicating a non-regular underlying porous structure: the columnar pores are not
arranged in symmetrical hexagonal cells. However, as can be seen on Fig. 3., in
some pre-annealed samples the plateaus observed form joint angles of approximately
120° in evidence of the "hidden" hexagonal symmetry. Open self-organized pores
have been found exclusively in non-annealed samples (Fig. 4.).
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I jum

Spot 'Magn —1 20
120kv.20 116277 KI9P
Fig. 3. plateaus formed on the surface of Fig. 4. Open pores domain on the surface
a sample pre-annealed at 300°C for 30 min, of a non-annealed alumina membane

indicating a "hidden" hexagonal ordonation
of the membrane structure.

A well-defined closure layer (the so called barrier layer) appears at the Al/AI,O3
interface (Fig. 5a.).

A similar continuous closure layer at the top of membrane (at the Al,Oz/electrolyte
interface) can be observed in case of pre-annealed samples only (Fig. 5b.).

J ¢

Al substrate side ?

§

top of the membrane

Fig. 5.a. Closure layer at the Al/Al,Oz interface  Fig. 5.b. Closure layer at the Al,Os/electrolyte
in case of a non-annealed sample. interface (at the top of the alumina membrane)
formed in case of a pre-annealed sample.
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The metal penetration depth was determined by microanalysis on metallized
samples. In non-annealed samples the presence of metal was detected in depth
until approximately 4 um. In case of pre-annealed samples, the deposited metal quantity
was under the detection limit of the measuring apparatus: despite the visible
presence of the metal, we were not able to evidence it.

The Co doped membranes were experimented, and proved to be suitable,
as substrates for the purpose of catalytic growth of carbon nanotubes. As the catalytic
activity was higher as expected, it was impossible to control the carbon nanotubes
growing process even in the mildest experimental condition used (Fig.6).

Fig. 6. Carbon nanotubes "scrub”
grown on a Co doped non-
annealed anodic alumina
membrane.

4. CONCLUSIONS
The presented results can be summarized as follows:

0] the electrochemical oxidation procedure applied leads to formation of
columnar pores even at low potential and short exposition time;

(ii) pre-annealing seems to decreasing the strain field caused by the
complex pore development process;

(iii) the diameter of the formed pores can be influenced by the pre-
annealing conditions (time and temperature of Al foils thermal treatment);

(iv) carbon nanotubes can be grown in low-temperature conditions on

similarly prepared Co doped samples in non-controlled way only.
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ABSTRACT. The leaching rate constant and the apparent activation energy of chalcopyrite
concentrate were investigated in sulphate media. The chemical composition (weight
percent) of concentrate was: 30.38% Cu, 4.20% Zn, 1.92% Pb, 28.89% Fe and 34.49%
S, respectively. The leaching time, the leaching temperature and the quantity of ferric
sulphate and of oxygen as oxidizing agents were modified during the experiments. From
the shape of the leaching curves, three stages of the process were observed. The
apparent activation energy depends on the period of leaching as well as on the presence
of ferric ion and oxygen as oxidizing agents in the leaching medium. The study intends to
establish the rate controlling reaction step, according to both the activation energies, and
the analytical expressions for each period.

INTRODUCTION

The most common hydrometallurgical processes for copper recovery are
based on the solubilization in sulphuric medium. The sulphate-based process exhibits
some potential advantages over the other systems. The sulphate leaching chemistry is
generally simpler and better understood than other media leaching chemistry, and
copper recovery by solvent extraction and electrowinning from sulphate medium is
easier.

The dissolution of copper from chalcopyrite concentrate involves a complex
mechanism. The most studied copper mineral is chalcopyrite, which leaches in
sulphate medium by a parabolic kinetic [1-3], caused by the progressive formation
of a sulphur layer or other products at the external surface. It behaves as a
passivation layer.

From kinetic and surface science studies, the following reaction sequence
has been proposed to describe the oxidative leaching and passivation of
chalcopyrite in sulphate medium [3]:

CuFeS, (I - Cuy,Fe,S,+xCu” +yFe” +2(x +y) e (fast), (1)
y>>x,x+y=1

Cui Fer,S; (I - Cupy,S; + 2 Cu™™ + (1-y) Fe™ + 2(z+1-y) e (slow), (2)

CUiy.S; M - (1-x-2)z Cu* + 2 S* + 2(1-x-zy) € (the slowest). (3)

Within the fast initial period, the iron leaches preferentially as compared to
copper. An intermediate disulphide phase is formed, Cu,«Fe;.,S,, where y >> x and
x +y = 1. In the second slow stage, the disulphide phase is further oxidized to form
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copper polysulphide, Cuy,.,S,, alternatively expressed as CuS, where n=2/(1-x-z).
The copper polysulphide acts on chalcopyrite as a passive layer.

The rate controlling reaction step is the slow decomposition of the copper
polysulphide to cupric ions and elemental sulphur, with the polysulphide chains
restructuring to form Sg rings. The elemental sulphur is porous enough, so that the
rate is not limited by reactant/product diffusion through sulphur unless the sulphur
melts during leaching when higher temperatures are used.

EXPERIMENTAL

The leaching tests were carried out on chalcopyrite concentrate obtained
by flotation of ores from mines around Baia Mare. The chemical and mineralogical
composition of the investigated concentrate is shown in table 1.

Table 1.
The chemical and mineralogical composition of concentrate.
Chemical composition

Element Cu Zn Pb Fe S

% (weight percent) 30.38 4.2 1.93 28.89 34.49
Mineralogical composition
Chalcopyrite Pyrite Sphalerite Galena

Mineral (CuFeSy) (FeSy) (ZnS) (PbS)

% (weight percent) 85.5-86.5 5-6 6-7 2-3

The particle size of chalcopyrite concentrate ranged between 0.071 and
0.1 mm. A solution of 8.0 N H,SO,4 was used as leaching medium. Each leaching
experiment was performed with 2 g chalcopyrite concentrate and 15 ml leaching
solution therefore, with a solid/liquid ratio of 1/7.5. The leaching experiments were
carried out between 20 and 60°C.

To increase the copper dissolution, ferric sulphate was added to the
leaching solution, as oxidizing agent. The tested concentration of ferric sulphate in
8.0 N H,SO, was of 10, 20 and 30 g/I. Also, the leaching pulp was stirred by air
bubbling at 200 I/hour in a volume of 210 ml leaching agent, at the same ratio of
solid/liquid. The leaching experiments were carried out at a temperature of 40 and
60°C when the oxidizing agents (Fe3+ and/or O,) were used. The leaching pulp was
filtrated and the copper concentration of the solution was analyzed spectropho-
tometrically by using cuprizon as complexing agent.

RESULTS AND DISCUSSIONS

The leaching curves, presented in figure 1, indicates three periods of
leaching [4-6]. From the shape of the leaching curve, it is obvious that the leached
copper pecent present a sharply increse in the initial period followed by a tendency
of leveling of in the third period of the solubilization.

Similary to the shrinking-core model for gas-solid noncatalytic reactions [7],
three rates are observed:

| - diffusion of reagents through the boundary layer;

Il - diffusion through the layer of products;

lll - reaction at the interface of the unreacted core.
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Fig. 1. The chalcopyrite concentrate’s leaching curves as a function of time
at different temperatures.

We were encouraged to use this shrinking-core model by the fact that the
particle size did not vary after the leaching process. By drying the remaining solid
material and separation by screening, the same size (between 0.071 and 0.1 mm)
has been obtained.

It is obvious that the initial stage of solubilization is characterized by linear
kinetics. Within this stage, the rate controlling reaction step is the external diffusion
(the diffusion of reagents from the bulk solution to the particle surfaces).

The second period of solubilization could be described by a power
function. For this leaching period, the rate controlling reaction step is the internal
diffusion through the product layer adherent to the original material.

Within the third stage of solubilization, the rate controlling reaction step
seems to be the chemical reaction.

The change of the leached copper percent in first, second and third period,
respectively, could be described by the analytical expressions presented in table 2,
where t is the leaching time, t., represents the time for complete copper conversion
if the process would follow the same mechanism throughout, and x is the converted

1
fraction of copper. The ratio t_ represents the rate constant (time™).

[

From the graphic representation of the functions t/t.=f(t), could be
observed a near-linear dependences with a good enough correlation coefficients,
as seen in figure 2 (a, b and c). Thus, the assumed model seems to be satisfactory.
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The values of the apparent rate constants were estimated from the slopes of the
straight lines obtained by using the experimental data for all three periods of chalcopyrite
concentrate leaching, with sulphuric acid at 20°C.

Table 2.
The analytical expressions which describes the change of the leached copper

percent in first, second and third period, respectively.
Period Analytical expressions Time elapse (minutes)
I tL:l_(l_x): k,t (1) | o0+30

0

I %:1—3(1—x)§+2(1—x)= k,t @ | 30:180

1
n tL =1- (- x)s = Kt ()| 180+1440

(a) (b) (©

1,55

3

28 1,5

t/t.,x10°

26

t.x10°
t/t.x10°

1,45

24 1,4

- -5
k]?— 3,40010

ko= 1,1510°
R?=0,9862

k= 1,51007
R?=0,9751

22 1,35 R’=0,9651

2 33

4 8 12 16 0 4 B8 40 6 8 100 120 140 160 180
t (minutes) t (minutes)

1,3
220 395 570 745 920 1095 1270 1445
t (minutes)
Fig.2. The near-linear dependences t/teo=f(t) for all three periods of chalcopyrite
concentrate leaching with sulphuric acid at 20 <C.

The values of the rate constants, obtained as function of leaching temperature,
for chalcopyrite concentrate solubilization curves, are listed in table 3. As seen,
important enhancement of rate constant is obtained within the third and second
stage, and only small enhancement within the first stage when the leaching temperature
is risen. Also, it could be observed a differences between the first period rate
constant value and the other two periods rate constant values. We atributed the
differences to the formation of the adherent product layer to the original material,
which produces the decrease of the leaching rate.

Table 3.
The values of the rate constants.
Temperature (°C) 10° ky (min™) 10° kz (min™) 10" k3 (min™)
20 3.40 1.15 1.51
30 3.56 1.23 2.00
40 3.73 1.25 2.50
50 3.84 1.67 3.33
60 4.04 2.50 5.00
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The quantitative expression of the temperature influence can be obtained

by the Arrhenius relation. The values of the apparent activation energies are presented
in table 4.

Table 4.
The apparent activation energy.
Period | Il 1l

Ea (kJ/mol) 3.14 + 0.002 18.76 £ 0.028 24.21 + 0.001

To increase more the copper dissolution from chalcopyrite concentrate with
sulphuric acid, oxidizing agents were added into the leaching solution. Therefore,
the influence of the ferric sulphate and/or oxygen addition, as oxidizing agent, on
the rate of chalcopyrite concentrate was studied. Figure 3 presents the chalcopyrite
concentrate leaching curves, with sulphuric acid when using the oxidizing agent.

The rate constants and apparent activation energies, within the temperature

range 40-60°C, for all of three period in the presence of oxidizing agents, are presented
in table 5.

6

I
!

Leached copper (%)
w

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
Time (minutes)

Fig. 3. The chalcopyrite concentrate leaching curves, when using oxidizing
agents, as function of time.

(a) the addition of oxygen at 40°C; (b) the addition of oxygen at 60°C; (c) the addition of
oxygen and ferric sulphate (30 g/l) at 40°C; (d) the addition of ferric sulphate (10 g/l) at
60°C; (e) the addition of ferric sulphate (20 g/l) at 60°C; (f) the addition of ferric
sulphate (30 g/l) at 60°C; and (g) the addition of oxygen and ferric sulphate
(30 g/l) at 60°C.

159



CAMELIA LUMINITA VARGA, |. BALDEA, ANCA MIHALY-COZMUTA

Table 5.
The rate constants and apparent activation energies, for all of three oxidizing
leaching period of the chalcopyrite concentrate.

Oxidizing agents Period Temperature (°C) k (min'l) E. (kJ/mol)
0, I 40 8.64 x 10° 17.2
60 12.86 x 10°
I 40 1.58 x 10 33.6
60 3.43x 10"
T 40 3.33x10° 47.6
60 10.00 x 10°
0, and Fe** I 40 1.11 x 107 65.2
60 5.00 x 10”7
I 40 1.28 x 10° 38.2
60 3.09 x 10°
T 40 3.04x 10° 52.1
60 10.11 x 10°

CONCLUSIONS

The obtained apparent activation energies are comparable with those found in
literature: about 69 kJ/mol for ferric chloride chalcopyrite leaching, in the range of
40-100°C [8]. Also, the small leached copper percent obtained for ferric sulphate
chalcopyrite (about 6% in 24 hours) can be compared with the literature values. At
ferric chloride chalcopyriteleaching, in similar conditions, the leached copper percent
are at about 7% [8]. The ferric chloride chalcopyrite leaching conditions was:

- the fraction of concentrate sample between 0.071 and 0.1 mm;

- the chemical composition of fraction: 32.3% Cu, 28.4% Fe, 31.9% S;

- the solid/liquid ratio of 1/25;

- the leaching agent concentration: 1.0 M FeCl; in 0.2 M HCI;

- the leaching time: 240 minutes;

- the temperature: 60°C;

- the stirring speed: 300 rpm.

The slightly increased percent for ferric chloride chalcopyrite leaching, can
be explained by the fact that the ferric chloride is much more aggressive than
sulphate, due to the ability to accelerate dissolution of the mineral, owing to the
formation of complexes, as well as due to the fact that a high stirring speed was
applied to the pulp.

The examination of the obtained rate constants and apparent activation
energies leads to the following conclusions:

According to the apparent activation energy (~3 kJ/mol) in the range 20-
60°C, the rate controlling reaction step within the first period of leaching is the
diffusion of leaching agent from the bulk to the grain surface (external diffusion);

Within the initial stage of dissolution, fast leaching rates have been
observed due to dissolution of the fine portions of chalcopyrite concentrate, the
high concentration gradients at the interface, as well as the fact that the start of the
process is not retarded by layers of elemental sulphur or other weak reactive
products, formed on the leached surface;
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The second period of leaching is much longer than the first one and the
values of the apparent activation energy (~18 kJ/mol) indicate that the diffusion of
reactants and products over the passivating layer (internal diffusion), as the rate
controlling reaction step;

For the third period of leaching the values of the apparent activation energy
(~24 kJ/mol) indicate the same rate controlling reaction step, as in second period;

The increase of the apparent activation energy (up to 50 kJ/mol), when the
oxidizing agents were used, can be assigned to the change of mechanism. It is
highly probable that the copper polysulphide layer can release copper (see
reaction (3)) in the interaction with the oxidizing agents, and the chemical control is
installed.

The same conclusions were driven when the same oxidizing agents were
used for leaching of low-grade chalcocite-covellite-chalcopyrite ore in sulphuric
acid media [5].
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ABSTRACT. The paper present aspects concerning accumulation of heavy metals
(Pb, Cu, Zn) in the walls of a tailing pond and in the spontaneously vegetation species
who grow up on that. 10 soil samples and 8 vegetation species samples have been
analyzed. Based on two parameters, namely concentration degree and selectively
coefficient, the preferentially accumulation series has been established for studied
heavy metals.

INTRODUCTION

Processing ores activity, an important branch of mining industry, presents a
major impact on environment because of wastewaters and solid wastes resulted
from different applied technologies. Considering that in every year thousands tones
of ores are processed, it is obviously that the amount of wastewaters is very
important. The wastewaters coming from non-ferrous and golden ores processing
plants, that applied flotation technology, contain flotation reagents (xanthates,
phenols, simple and complex cyanides), soluble salts of heavy metals (Pb, Cu, Zn,
Fe) and solid suspensions. Solid suspensions are represented by the raw processing
particles, contained in range 50 — 96% in the ores processed. For the most processing
plants, the only solution to store and clean up the wastewaters is a tailing pond.
Those take place a decanting of suspensions, the clear waters resulted cannot be
spilled in running waters because they still contain dissolved pollutant agents. That
is why, the mentioned waters should be advanced cleared. Because the cleaning
process takes a long time, an important problem shows up, concerning the strong
pollutant impact of tailings ponds on the environment. Theirs integration in environment
is a major problem. The solid wastes, where the chemical analysis show high
concentrations of heavy metals, are made by low granularity particles. They are easily
transported by the wind and pollute the environment on a wide area. The stability
of the tailing ponds is improved by the vegetation that grows up spontaneously on
the walls.

COLLECTING AND PROCESSING THE SAMPLES

Our study has chosen the tailing pond exploited by REMIN SA Company —
Baia Mare — Romania, spreads on 120 hectares. The profile of the company is
obtaining of the heavy metals (Pb, Cu, Zn) concentrates by using flotation technology.
The wastes resulted from the processes are spilled in the mentioned tailing pond.
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Also, in the same tailing pond are spilled the wastewaters coming from golden ores
cyanidation process and acid mine waters resulting from the non-ferrous mines that
surrounded the area.

On the areas where the flotation waters are spilled, with a basic pH, the
vegetation grows up better than the areas were acid mine waters are evacuated.
Also, as we claim to the top of the tailing pond, the vegetation is less and on the
last level, the newest one, none vegetation species have been present.

Development of the vegetation on the walls of tailing pond is stopped by
the high concentration of heavy metals and acidity of the soil and by the bacterial
leaching processes that occur inside of solid layers of the walls.

For the study, have been collected 10 soil samples from surface and 30 cm
depth and 8 vegetation species samples that grower-up on that soil [1].

These samples were air-dried at room temperature prior to grinding in agate
mortars, sieving (at —500 microns) and dissolution. In this purpose, 10 mL of 1:1 (v/v) HCI
was added to 0.2 g sample in a 150 mL beaker and the sample heated to near dryness.
After cooling, 10 mL of 3:1 (v/v) HNO; + HCI Lunge mixture, was added, and again the
acid was evaporated to near dryness. The residue was dissolved in 25 mL HCI 1:4 (v/v)
and heated for approximately 15 minutes in open air. The sample was then transferred
into a 100 mL volumetric flask and diluted to the mark with distilled water. The sample
was filtered to remove suspended particulate matter and the solution has been chemical
measured using an AAS-IN spectrometer. The concentrations of heavy metals contained
were analyzed by nebulization of the solution in the acetylene-air flame and measuring
the light absorption of lead, zinc and copper atoms, at 283.3 nm, 213.9 nm and
324.7 nm wave lengths [2, 3, 4].

The heavy metal concentrations were calculated as follows:

CO v
C=—— (1)
m
where;
Co — the metal concentration read from calibration curve, mg/|
V — the total volume of solution, ml
m — the weight of dried sample taken for analysis, g
In Figure 1+ 3 are presented the calibration curves used.

b Illisplag Calibration - C:\AA-USER\AA.FILES\ELEMENTYPBALTO. FEL =
0.576
/554
= 53
g -
Nonlinear
Corr. Coef. : 0.99986
51 Slope: 0.0253
0.0 Concentration a0.00
L]

Figure 1. Calibration curve for Pb
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Figure 3. Calibration curve for Zn

EXPERIMENTAL RESULTS
In Tables 1 and 2 presents the amounts of heavy metals in soil and vegetation
samples collected.

Table 1.
The amount of heavy metals in soils samples
General Soil samples
symbols Collecting Symbols of the Concentration of heavy
of the depth soil sample metals, C; (%)
sample
Cu Pb Zn
1 Surface 1A 0.07 0.17 0.22
At 30 cm depth 1B 0.03 0.14 0.11
2 Surface 2A 0.01 0.12 0.07
At 30 cm depth 2B 0.01 0.10 0.08
3 Surface 3A 0.04 0.19 0.15
At 30 cm depth 3B 0.03 0.14 0.11
4 Surface 4A 0.07 0.2 0.21
At 30 cm depth 4B 0.05 0.19 0.18
5 Surface 5A 0.07 0.11 0.46
At 30 cm depth 5B 0.07 0.12 0.24
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Table 2
The amount of heavy metals in vegetation samples
Vegetation samples Concentrations of heavy
metals C,, (%)
Names of Symbols of the soil | Symbols Cu Pb Zn
plants samples from of plants
where the plants samples
have been
collected
1 2 3 4 5 6
Reinoutria 1 1C 0.0020 | 0.0059 0.0185
japonica
Arctium lappa 1 1D 0.0043 | 0.0080 0.0194
Robinia 2 2C 0.0024 | 0.0005 0.0187
pseudaccacia
Typha latifolia 3 3C 0.0022 | 0.0033 0.0059
(rush)
Festuca 4 4C 0.0032 | 0.0065 0.0107
pratensis
(grass)
Vegetation samples Concentrations of heavy
metals C,, (%)
Robinia 4 4D 0.0054 | 0.0191 0.0196
pseudaccacia
(acacia —
pods)
Chamomilla 4 4E 0.0312 | 0.0295 0.2053
millefolium
(chamomile)
Alchemilla 5 5C 0.0138 | 0.0175 0.1277
millefolium

DISCUSSION OF THE RESULTS

For an objective appreciation of the results, we calculated two parameters:
concentration degree (CD, %) and selectively coefficient (SC, %) for each heavy
metal from plants.

Concentration degree (CD, %) is defined as follow:

CD(%) = &100 (2)
Cl
where C; and C, are the parameters from the Tables 1 and 2.
The resulted values are presented in Table 3.
Selectively coefficient (SC, %) indicate the affinity of each vegetation
specie for a heavy metal and he has been calculated as follow:

CD
SC(%) = ——— =100 3)

2 CD
i=1
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where:
> CD - the sum of concentration degrees of all heavy metals analyzed, [%];
n — the number of vegetative species analyzed, [adimensional].
Table 3
The values of concentration degree (CD, %) for analyzed metals
Symbols of Vegetation species Concentration degree, CD (%)
plants
samples
Cu Pb Zn
1 2 3 4 5
1C Reinouttria japonica 2.86 3.47 8.41
2C Robinia pseudaccacia 24.00 0.5 23.38
3C Typha latifolia (rush) 5.50 1.74 3.93
4C Festuca pratensis (grass) 4.57 3.25 5.09
5C Achilea millefolium 19.71 14.58 53.21
1D Arctium lappa 6.14 4.70 8.82
4D Robinia pseudaccacia (acacia — pods) 10.80 10.05 10.89
4E Matricaria chamomile (chamomile) 44.57 24.58 85.54

In Table 4 are presented the calculated values of SC (%) for studied
species. Base on these, we express the preference of each studied species for
each analyzed heavy metals.

Table 4
The calculated values of selectively coefficient, SC (%),
for each studied species and heavy metals
Name Selectively coefficient Preference for heavy metals
SC (%)
Cu Pb Zn Maximum | Middle Low

Reinoutria japonica 19.29 23.57 57.14 Zn Pb Cu
Arctium lappa 31.23 23.90 44.87 Zn Cu Pb
Robinia pseudaccacia 50.12 1.04 48.84 Cu Zn Pb
(acacia — leafs)
Festuca pratensis (grass) 35.39 25.17 39.44 Zn Cu Pb
Robinia pseudaccacia 34.02 31.66 34.32 Zn Cu Pb
(acacia — pods)
Matricaria chamomilla 28.81 15.88 55.31 Zn Cu Pb
(chamomille)
Achilea millefolium 22.52 16.67 60.81 Zn Cu Pb
Typha latifolia 49.24 15.58 35.18 Cu Zn Pb
(rush)

CONCLUSIONS

Based on the experimental data, we can draw the following conclusions:

1. All analyzed species accumulate heavy metals from the soils that they
develop;
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2. With the exceptions of Typha latifolia (rush) and Robinia pseudaccacia
(acacia-leafs), Zn is the heavy metal present the higher concentration degrees.
These are in range 85.54%, for Matricaria chamomille (chamomile) and 3.93 for
Typha latifolia (Table 3). The explanation is connected to the high level of Zn in the
solid wastes where the mentioned species grows. The species Typha latifolia (rush)
and Robinia pseudaccacia (acacia — leafs) have a particular behavior. Thus they
were collected from a soil containing 0.15 % Zn and 0.04% Cu (Typha latifolia) and
0.07% Zn and 0.01% Cu (Robinia pseudaccacia) (Table 1), the analyses of plants
show a higher concentration degree for Cu than Zn (Table 2).

3. Most of vegetative species accumulate a low led amount (Table 3). The
maximum concentration degree was realized by Matricaria chamomilla (chamomile),
24.58%, and the lower, by Robinia pseudaccacia (acacia -leafs), 0.5%.

4. Between the studied heavy metals, copper presents the lower concentration
in solid wastes, in range 0.01 +~ 0.07% (Table 1), but vegetative species assimilate
copper rather than led, although the concentrations of led in soil samples are almost
ten times higher (Table 1).

5. We can observe that, as the others authors indicate [5-10], the plants
adapted on these conditions, act according to a buffer system. They accumulate in
a high quantity the metals with lowest concentrations in soil and in a low quantity
the metals with the highest concentrations in soil.

Starting from the presented data, we can conclude that, for the analyzed
vegetation species, the preferentially accumulation series of studied heavy metals
is:

Zn > Cu > Pb.
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