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The concept of green chemistry emerged in the 1990s with the aim of minimizing the environmental impact of
chemical activities. The basic principles to which a chemical procedure should correspond in order to be recognized as
environmentally friendly (green) are reviewed. These include reduction of reagent and solvent usage, minimization of
solid, liquid and gaseous materials, produced by the processes involved, reduction of energy and water consumption.
Special emphasis is put on the features of green analytical chemistry, the challenges to the introduction of green
principles to analytical laboratories, the assessment of the environmental impact and the waste management. The
present state and the perspectives of green analytical chemistry in Bulgaria are discussed with an emphasis on the

contributions of Bulgarian researchers in this field.
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SUSTAINABLE DEVELOPMENT AND GREEN
CHEMISTRY

In 1987 the World Commission on Environment
and Development defined sustainable development
as a form of development that meets the needs of
the present generation without compromising the
ability of future generations to meet their own
needs [1]. One of the major goals of sustainability
is to maintain an optimal balance between increases
in manufacturing output, and a clean and safe
environment. In the 1990s the concept of green
chemistry emerged with the aim of minimizing the
environmental impact of chemical activities. In
their book “Green chemistry” published in 1998
[2], P. Anastas and R. Warner defined the
principles to which a chemical procedure should
correspond in order to be recognized as
environmentally friendly. These include reduction
of reagent and solvent usage, minimization of solid,
liquid and gaseous materials, produced by the
processes involved, reduction of energy and water
consumption. Environmentally friendly (green)
chemistry has received widespread interest in the
past two decades due to its ability to harness
chemical innovation to meet economic and
environmental goals simultaneously [3-7].

Green chemistry embodies two  main
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components. First, it addresses the problem of
efficient utilisation of raw materials and
concomitant elimination of waste. Second, it deals
with the health, safety and environmental issues
associated with the manufacture, use and disposal
or re-use of chemicals. The activities in the area of
green chemistry should meet two goals [1]:

e teaching of basic aspects of environmental
science at all levels of education, resulting in the
production of specialists, capable of handling and
solving existing and potential environmental
problems;

e creating a fresh approach to typical chemical
activities, leading to the environmentally more
friendly use of facilities.

GREEN ANALYTICAL CHEMISTRY

An important part of the green chemistry
philosophy is the need to develop and adopt green
analytical techniques and procedures. Analytical
chemistry takes a special place in the green
chemistry concept. It is aimed to detect and
quantitatively determine various substances by
means of methods which often use harmful
reagents. As a result, the analysis itself may
become a source of pollution. Analytical chemistry
is considered to be a small-scale activity, but this is
not always true in the case of controlling and
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monitoring laboratories with a large number of runs
performed. The use of instrumental methods instead
of wet chemistry; the miniaturization and
automation are the new trends of analytical
chemistry, making this branch of chemistry more
sustainable [8]. The determination of a broad
spectrum of analytes at low concentrations (ppb,
even ppt) in samples of complex matrix
composition has been facilitated by the introduction
of a new generation of highly sensitive analytical
devices and by the development of new sample
preparation procedures. The main features of green
analytical chemistry are [9]:
e climination or significant reduction of reagents,
especially toxic substances and organic solvents
from the analytical procedures;
e reduced emissions of vapors and gases, as well
as liquid and solid wastes, generated in the
analytical laboratories;
e reduced labor, energy and water consumption
of the analytical procedures;
e reduced time between sampling and obtaining
of the desired information about the sample.
e The challenges to the introduction of
sustainable development (green) principles to
analytical laboratories are related to:
e preferable use of direct methods of analysis;
e simplification, intensification and acceleration
of the sample preparation procedures;
e miniaturization, integration and automation of
the analytical systems;
e assessment of the environmental impact of the
analytical procedures.

The challenges are magnified when trace
analysis and particularly microtrace analysis is
concerned.

Methods of analysis

The development of direct instrumental methods
is a general trend in analytical chemistry resulting
in time saving and waste reduction. Optimization of
instrumental methods is often related to a decrease
in sample volume needed for analysis. In some
cases, there is a choice of direct techniques of
analysis which may be defined as green processes,
especially when the method is automated and uses a
minimal amount of sample.

Presently, spectroscopic methods dominate the
area of green analytical chemistry [10]. A special
issue of Spectroscopy letters appeared in 2009 as an
attempt to put green spectroscopy in the first line of
the objectives of the spectroscopy community. The
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issue was dedicated to green analytical techniques
in the spectrometric analysis of environmental and
biological samples [11], simple alternatives for
sample pretreatment and analyte determination
[12], alternative solid sample pretreatment methods
in green analytical atomic spectrometry [13], a.o.

The most common method of sample
introduction in atomic spectrometry is via a
solution despite the fact that the large volume of
solvent compared to the analyte may present
problems to the atom cell: decrease in temperature,
increase in the time of atomization, efc. The use of
a thermospray sample introduction system is a way
to remove or considerably reduce the solvent in a
solution prior to its delivery to the atom cell. This
can minimize potential interferences and improve
the accuracy and precision of the analysis, as well
as reduce the amount of waste [14,15].

Solid  sampling  spectroscopy  strongly
contributes to the development of green analytical
chemistry methodologies. Direct solid sampling
methods of atomic spectrometry are particularly
useful for the analysis of materials that need
sophisticated and time-consuming decomposition.
Only several milligrams of the sample are
consumed; contamination and loss hazards are
brought to the minimum, no reagents are needed
and there are no wastes. A number of direct solid
sampling methods of atomic spectrometry are
developed and optimized for the trace and
microtrace analysis in various matrices like
industrial materials, plants, plastics, foods, etc. [16—
23]. Slurry sampling is another highly efficient
green approach of atomic spectrometry, applicable
to the trace element analysis in solid samples by
flame AAS, electrothermal AAS, total reflection X-
ray fluorescence spectrometry (TXRF) and other
spectroanalytical techniques [24-31].

There are several benefits of using field analysis
to reduce environmental impact. Along with better
efficiency and financial profile, field techniques
allow for analysis and data collection to be
conducted on-site. As an example the field portable
X-ray fluorescence (XRF) facilities for analysis of
environmental samples may be mentioned [32, 33].
Energy dispersive XRF has found application as a
field analysis method for the determination of trace
and microtrace element contents in a large variety
of samples like objects of arts, industrial materials,
as well as for in-vivo measurements [34—38].
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Sample preparation methods

Direct methods of analysis are although
preferable, but not always available, particularly in
the case of microtrace analysis in samples of
complex matrix composition. In these cases sample
preparation procedures are unavoidable. Sample
preparation has three main functions [39]: (i)
digestion/dissolution ~ of the sample; (i)
preconcentration of the analytes; and (iii)
separation of the analytes from the matrix
components.

The choice of a separation/preconcentration
procedure depends on the particular analytical task
— method of analysis, type of analytes and matrix,
required level of sensitivity, accuracy and precision
of the analysis, loss/contamination hazards. Some
of the most popular separation/preconcentration
techniques are liquid-liquid extraction,
precipitation/co-precipitation and solid phase
extraction. These techniques are continuously
improved and new techniques are introduced by the
demand for faster, more cost-effective and
environmentally friendlier analytical methods. For
example, a simple and efficient sample preparation
procedure was proposed for the flame or
electrothermal AAS determination of trace
elements in nails and hair by sample solubilization
with aqueous tetraalkylammonium hydroxide [40].

Both existing methods and new procedures were
improved by miniaturization and integration to
provide higher sample throughput and/or
unattended operation using minicolumns, coiled or
knotted reactors, most often in flow injection
performance [41-57]. A modern way of increasing
the selectivity of the separation/preconcentration
process is the solid-phase extraction using
molecularly imprinted or ion imprinted polymers
[58-61]. The hyphenation (integration) of
separation and detection, as well as the
incorporation of microwave or ultrasonic treatment
considerably contributes to increase the efficiency
and environmental safety of the methods, e.g. [62—
67].

ASSESSMENT OF THE ENVIRONMENTAL
IMPACT AND WASTE MANAGEMENT

Nowadays, in the development of new analytical
procedures, the amount and toxicity of the wastes
are as important as any other analytical feature.
Miniaturization and automation are explored as
approaches for waste minimization. As stated in the
priority order for establishing of cleaner analytical

methods, if the use of toxic reagents cannot be
avoided, the involved amounts should be
minimized. This approach also has the advantage of
reducing operational costs, including those spent on
waste treatment and disposal [24]. Promoting clean
methodologies in environmental remediation is the
best way to address future challenges [68].

The use of organic solvents in separation and
preconcentration methods is the main source of
organic waste. The search for alternative solvents is
an important step in making an analysis “greener”
and  environmentally  friendlier. = Moreover,
alternative solvents like supercritical fluids and
ionic liquids are even more attractive due to the
possibility of varying their properties like
solubility, polarity or volatility. Using supercritical
fluids instead of organic solvents is becoming
popular for most liquid-liquid extractions,
especially when supercritical water or CO, are used
as solvents [8,69]. The application of ionic liquids
is intensifying in many areas of analytical
chemistry, particularly in chromatography [70]. The
non-volatility and good solvating properties,
together with a large range of spectral transparency
make them suitable solvents for spectroscopic
measurements as well [8].

During the last two decades cloud point
extraction has become a versatile and simple
alternative to liquid-liquid extraction. In this
method the organic solvents are replaced with non-
ionic surfactants [71,72]. Some recent examples for
the wuse of cloud point extraction for the
preconcentration of metal ions prior to their
spectrometric determination are given in [73-79].

Green analytical chemistry in Bulgaria

The analytical laboratories in Bulgaria are
presently in a process of renovating their
methodologies and adapting them to the European
norms. This renovation is based on the green
chemistry concept, recognized as one of the main
tools for reducing environmental pollution. In
Bulgaria, however, this process is at the initial
stage. Nevertheless, some of the methods for trace
element analysis by atomic spectrometry (XRF,
AAS, ICP-OES, ICP-MS), published by Bulgarian
scientists, are essentially green analytical methods,
e.g., [44, 80-93].

Recently, two projects in the area of green
analytical chemistry were funded by the National
Science Fund of Bulgaria. According to the first
one, the GAMA - Green Analytical Methods
Academic Centre was created at the University of
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Plovdiv “Paisii Hilendarski”. The aim of this
research centre was to unify the efforts of
prominent experts and young scientists of five
universities and to focus their varied expertise
towards development and application of modern
analytical methodologies of trace element analysis
in environmental samples like soils, plants and
animal tissues. This project accentuates on the
possibilities of inductively coupled plasma mass
spectrometry and electrothermal atomic absorption
spectrometry, combined with suitable sample
preparation methods by observing the principles of
green chemistry. A major activity of the GAMA
Centre is the teaching of university students, PhD
students and specialists on the issues of green
analytical chemistry.

The second project deals with the development
and practical application of total reflection X-ray
fluorescence spectrometry (TXRF) at the Institute
of General and Inorganic Chemistry of the
Bulgarian Academy of Sciences. As an exemplary
green analytical method TXRF uses sample
amounts at the milligram level; involves minimum
sample pretreatment for the analysis of solutions,
suspensions or powders; the analysis is rapid and
automated, with low energy, water and gas
consumption [33, 94-96]. Within the project, TXRF
will be applied to the trace element analysis of
bottled Bulgarian mineral, spring and table waters,
to the determination of the elemental composition
of archaeological glasses and the determination of
major and trace components in ashes of industrial
biomass. Educational activities in the field of green
analytical chemistry are also foreseen.

The dissemination of the theoretical and
practical results of the mentioned projects at an
educational, scientific and industrial level will
contribute to achieving the goals of green chemistry
in Bulgaria by:

e cducating specialists, capable of handling and
solving environmental problems in the (micro)trace
analysis of different materials;

e creating a new approach to typical chemical
activities leading to environmentally friendly use of
facilities in science and technology.
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3EJIEHA AHAJINTUYHA XMMHKS 1 HEMHUTE ITEPCITIEKTUBU B BbJITAPUS
E. X. BanoBa, A. K. [IleueBa

Hucmumym no obwa u Heopeanuuna xumus, bvicapcka akademus Ha waykume, yi. ,,Akao. I'. bonues*, 61. 11, Coghus
1113

(Pestome)

[Hoctenuna va 17 mapt 2011 r.; mpueta Ha 3 anpui 2011 r.

TepMuHsT ,,3e1eHa XuMUs” € BbBeJeH npe3 90-Te ToANHN Ha MUHAJIHS BEK C IeJI Ja C€ MHHUMU3UPA BINSHUETO Ha
XMUMHUYHUTE JICHHOCTH BBPXY OKOJIHATa cpela. B o030pa ca pasrieqaHu OCHOBHUTE NMPHHIMIIK, HA KOUTO TpsiOBa ja
OTroBapsl eIHa XUMHYHA TPOILEAypa, 3a Aa ObJe TpH3HATa 3a 3eleHa (IIajsiia OKoJdHaTa cpena). Te3w NMPUHINIHN
BKJIIOYBAT M3MOJI3BAaHE HAa TMO-MAJIKH KOJHYECTBA PEareHTH W Pa3TBOPUTENH, OTACISHE Ha IO-MaJKh KOJHYECTBa
TBBPIU, TEUHU U Ta3000pa3HU MPOIYKTH B Pe3yJITaT HA HM3IOJ3BAHHUTE MPOIECH, ITO-MAJIKO MMOTpeOIeHHe Ha BOJa U
eHeprus. CrenuaaHO BHUMaHHE € OOBpPHATO Ha OCOOCHOCTHTE Ha 3€JeHaTa aHAIWTHUYHA XVMHS, BBBEXKIAHETO Ha
3elieHH TNPUHIMIM B aHAJUTUYHATA [PAKTHKA, OIICHKaTa Ha BIUSHHETO BBPXY OKOJHATA cpela U
OIOJI30TBOPSIBAHETO/00€30MIaCsBAHETO HA OTMAJHHUTE MPOAYKTH. Pa3sriielaHo € ChCTOSHUETO W TEPCIEKTUBUTE 3a
pPa3BUTHETO HA 3€JICHATA AHAJTUTUYHA XUMHUS B BbJirapusi, KaTo € moco4eH MPUHOCHT HA OBJITAPCKUTE aHATUTHUIIH.
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A simple procedure for the preparation of diphenylmethylethers from benzhydrol and alcohols or phenols using
Preyssler acid and silica-supported heteropolyacids (HPAs) catalysts is reported. The inexpensive and ecofriendly
(green) synthesis offers satisfactory yields. The catalyst is easily recoverable and may be recycled and reused without

loss of catalytic activity.

Keywords: Diphenylmethyl ethers, Preyssler catalyst, Heteropolyacid, Phenol

INTRODUCTION

Among  solid catalysts, heteropolyacids
constitute a large class of compounds that are
remarkable owing to their physicochemical
properties like strong Brénsted acidity, reversible
transformations, activation of molecular oxygen
and hydrogen peroxide, high proton mobility and
solubility in polar solvents. These properties have
made them popular in many fields, such as

catalysis,  biology,  medicine, = magnetism,
photochemistry and  material science [1].
Heteropolyacids (HPAs) are transition metal

oxygen anion clusters that exhibit a wide range of
well-defined molecular structures, surface charge
densities, chemical and electronic properties [2].
They also display acid and redox catalytic
properties [3]. Among various HPA structural
classes, Keggin-type [4] HPAs have been mostly
investigated as catalytic materials. The acid and
redox catalytic properties of HPAs have been
conventionally modified by replacing the protons
with metal cations and/or by changing the
heteroatom of the framework polyatoms [5,7].
HPAs are inorganic acids and strong oxidizing
agents [6]. Although Keggin-type polyoxoanions
and their derivatives have been widely studied and
much attention has been devoted to their catalytic
behavior [8], the catalytic reactions and the
application of Preyssler anions have been largely

*) To whom all correspondence
E-mail: : aligharibS@yahoo.com

should be sent:

overlooked [9]. The Preyssler type heteropolyacid,

Fig. 1.

exclusive physicochemical properties such as
strong Brensted acidity, reversible transformations,
solubility in polar and non-polar solvents, high
hydrolytic stability and high thermal stability, all
very important in catalytic processes. The structure
of the Preyssler anion, [NaP5W3oOno]14', is shown
in Fig. 1. The anion has an approximate Dsh
symmetry and consists of a cyclic assembly of five
PWOy, units; each derived from the Keggin anion,
[PW1204o]3’, by removal of two sets of three corner-
shared WQOg4 octahedra. A sodium ion is located
within the polyanion on the fivefold axis and 1.25A
above the pseudo mirror plane that contains the five
phosphorus atoms [10]. Preyssler polyanion as a
large anion can provide many ‘‘sites’’ on the oval-
shaped molecule that are likely to render the
catalyst effective. Recently, we studied the catalytic
activity in preparation of DPME by using various
heteropolyacids as catalysts under green and mild
conditions. We have already used this catalyst in
the esterification of butanol, esterification of
salicylic acid with aliphatic and benzylic alcohols,

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 1]
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synthesis of f-butyrolactone, e-caprolactone and 2-
cumaranone, synthesis of aspirin [11-14]. DPME
and DPM groups are found as part of the structure
of pharmacologically active compounds [15]. There
are some studies on the preparation of DPME from
diphenylmethyl phosphate-trifluoroacetic acid [16],
xenon difluoride [17], diphenylmethyl chloride or
bromide in the presence of a base [18] or p-
toluenesulfonic  acids [19], diphenylmethyl-
diazomethane [20], diphenylmethanol in the
presence of concentrated sulphuric acid [21],
ytterbium triflate-ferric chloride [22]. In this
research, we used a Preyssler heteropolyacid and a
silica-supported Preyssler catalyst in preparation of
DPME from various alcohols and phenols.

EXPERIMENTAL
Materials

All chemicals were obtained from Merck and
were used as received.

Instruments

IR spectra were obtained on a Buck Scientific
500 spectrometer. 'H NMR spectra were recorded
on a FT NMR Bruker 100 MHz Aspect 3000
spectrometer. GLC analysis was performed on a PU
4500 gas chromatograph with FID detector. The
purity of the products was determined by GC
analysis. The products were characterized by
comparison of their spectroscopic (IR, 'H NMR,
GC) data with those of authentic samples. The
yields were determined by GC. The mass spectra
were scanned on a Varian MAT CH-7 instrument at
70 eV. Melting points were recorded on an
Electrothermal type 9100 melting point apparatus
without correction.

Catalyst Preparation

Hi4[NaPsW300110],(Hi4-Ps),
H]4[N&P5W29MOO] 10], (H14-P5M0) and H14P5/Si02
were prepared as described earlier [11-14].

Procedure for the preparation of DPME of alcohols

In a round-bottom flask, alcohol (1 mmol),
diphenylmethanol (1 mmol), heteropolyacid
catalyst (0.05 mmol) and solvent (5 mL) were
added and the mixture was stirred as indicated in
Tables 1a, 1b, 1c. After completion of the reaction,
the catalyst was filtered off and washed with ethyl
ether (3 x10 mL ). Then, the solution was washed
with water (3 x 10 mL) and 3M NaOH (15 mL),
dried over anhydrous MgSQO,, after which the
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solvent was evaporated. The pure product (DPME)
was obtained by column chromatography.

Recycling of the catalyst

The filtered catalyst was washed with toluene (2
x 5 mL), dried under vacuum and then reused.

Benzhydryl phenethyl ether (1a). 'H-NMR
(400 MHz, 6y , CDCl5): 2.72 (t, 2H, 6Hz), 3.50 (t,
2H, 6Hz), 543 (s, 1H), 7.13-7.35 (m, 15H); IR
(KBr) Vma/em™: 1635, 1240, 1040, 1048, 710,
842.

Dibenzhydryl ether (1b). 'H-NMR (400 MHz,
ou , CDCLy): 5.40 (s, 2H), 7.21-7.39 (m, 20H); IR
(KBr) vmadem ™ 1645, 1243, 1040, 1051, 720,
842.

Benzhydryl 4-methylphenyl ether (1¢). 'H-
NMR (400 MHz, oy , CDCl;): 2.20 (s, 3H), 5.50 (s,
1H), 6.70 (d, 2H, J=8Hz), 6.96 (d, 2H, J=8Hz),
7.17-7.36 (m, 10H); IR (KBr) vmax/cm'lz 1639,
1240, 1038, 1049, 719, 840.

Benzhydryl 3-methylphenyl ether (2¢). 'H-
NMR (400 MHz, oy , CDCl;): 2.22 (s, 3H), 5.50 (s,
1H), 6.90 (m, 3H), 7.16- 7.36 (m, 11H); IR (KBr)
Vmax/cm: 1638, 1240, 1041, 1048, 717, 841.

Benzhydryl 4-nitrophenyl ether (6¢). 'H-NMR
(400 MHz, oy , CDCl): 5.51 (s, 1H), 6.90 (d, 2H,
J=8Hz), 7.16-7.35 (m, 10H), 8.3 (d, 2H, J=8Hz); IR
(KBr) Vmad/em™: 1605, 1550, 1319, 1240, 1040,
1045, 710, 840.

Benzhydryl phenyl ether (7c). 'H-NMR (400
MHz, dy , CDCls): 5.50 (s, 1H), 6.92 (m, 3H), 7.14-
7.38 (m, 12H); IR (KBr) vmax/cm'lz 1643, 1245,
1041, 1050, 718, 840.

Benzhydryl #-butyl ether (12¢). 'H-NMR (400
MHz, 6y , CDCL): 1,20 (s, 9H), 5.35 (s, 1H), 7.11-
7.30 (m, 10H); IR (KBr) Vmad/em: 1246, 1038,
1525,1600, 715.

Benzhydryl allyl ether (13c). 'H-NMR (400
MHz, éy , CDCl,): 3.81 (d, 2H, J=3Hz), 5.20 (m,
2H), 5.43 (s, 1H), 6.01 (m, 1H), 7.15-722 (m, 10H);
IR (KBr) Vmax/cm™: 1585, 1220, 1030, 1520,1580,
710.

Benzhydryl isopropyl ether (15¢). 'H-NMR
(400 MHz, oy , CDCl;): 1.21 (6H, d, J=6Hz), 3.68
(1H, sp, J=6Hz), 5.32 (s, 1H), 7.16-7.25 (10H, m);
IR (KBr) Vmax/em’': 1250, 1040, 1520,1600, 710.

Benzhydryl methyl ether (16c¢). 'H-NMR (400
MHz, 6y , CDCl;): 3.48 (3H, s), 5.37 (1H, s) 7.31-
7.40 (10H, m); IR (KBr) vma/em: 1240, 1030,
1510,1595, 720.
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Benzhydryl benzyl ether (17¢). 'H-NMR (400
MHz, 6y , CDCly): 4.50 (s, 2H), 5.39 (s, 1H) 7.11-
7.35 (m, 15H); IR (KBr) vmax/cm'lz 1640, 1250,
1040, 1050, 705, 840.

RESULTS AND DISCUSSION

The heterogeneous catalytic synthesis of DPME
from benzyl alcohol derivatives, allylic and
aliphatic alcohols using Preyssler heteropolyacids
supported onto silica gel at the indicated times and
temperatures is reported and the products are
identified by TLC (Scheme 1).

OH OR

HPAs, Pyridine
+ROH ———
refiux

Scheme 1. Synthesis of DPME from alcohols and
phenols using heteropolyacid catalysts

The reaction conditions were optimized by
studying the effects of alcohol type, reaction time,
catalyst type and other important factors, such as
the solvent that controls the yield of
diphenylmethyl ethers. The reaction was performed
using various heteropolyacid catalysts. For
preparing DPM-ethers, methanol, benzhydrol and
various heteropolyacid (HPAs) catalysts were used
under different conditions (Tables 1a, 1b, 1¢).

The preparation of DPME starting from
methanol and benzhydrol was tested under various
conditions (temperature and solvent), using the bulk
catalyst. The reaction gives higher yields in
pyridine than in chloroform solution. The reaction
was completed in 1 h at 115 °C, with pyridine as a
solvent and 95% DPME was obtained (Table lc,
entry 16).

We performed the reaction under the same
conditions for the protection of substituted phenols.
The reactions proceeded efficiently with good
yields. The nature of the substituents had no effect
on the conversion rates (Table Ic, entries 1, 2, 6).

Silica supported Preyssler catalysts gave similar
yields, also providing easy separation, simple
recycling and  recovery. The  recycled
heteropolyacid catalysts were used in reaction
without loss of activity.

Effect of the alcohol type

The reaction with primary alcohols gave DPME
in higher yields compared with secondary alcohols
(Table 1c, entries 14 and 15). In benzylic alcohols

with electron-donating substituents DPME was
obtained with a higher yield than in alcohols with
electron-withdrawing groups (Table la, entries 9-
16). This can be attributed to the activating effect of
the substituents.

Effect of the reaction temperature

carried out at two
temperatures: room temperature (lowest
temperature) and reflux temperature (highest
temperature, 115°C). The maximum yield was
reached at the reflux temperature (115°C). This
effect was expected since increasing the
temperature apparently favours the acceleration of
the forward reaction. In general, at room
temperature (25°C) no product was obtained.

The reaction was

Reusability of the catalyst

In order to know whether the catalysts would
succumb to poisoning and loss of catalytic activity,
the catalyst was recovered after the reaction and
reused in the esterification reactions. These studies
were performed with all forms of Preyssler
catalysts. We have found that Preyssler catalysts
can be reused several times without any appreciable
loss of activity. IR spectra of the resulting solids
indicated that the catalyst can be recovered without
structural degradation. After several consecutive
recoveries the catalytic activity only slightly

decreased, pointing to the stability and retention
capability of the polyanion. Similar results were
obtained for DPME of phenol (88% yield, Table lc,
entry 7).

Effect of the solvent

Preparation of DPME from benzhydrol and
alcohols or phenols using heteropolyacid catalysts
were carried out in various solvents, such as
pyridine and chloroform. We have found that
pyridine is the most effective solvent because of its
solubility in polar and non-polar conditions, which
corresponds to the activity of heteropolyacids in
polar and non-polar solvents and systems. The
results are shown in Table 2. The product yields
were in the order: pyridine > chloroform. It is
noteworthy to mention that even prolonged heating
of the reactants in neat pyridine and chloroform in
absence of catalyst did not give products.

Effect of the reaction time

Typical time courses of the reactions with
various types of alcohols and phenols are shown in
Tables la-c at reflux temperatures. The results
show that in the initial stage, the reaction proceeds
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rapidly. The effect of reaction time on DPME

percent yield indicates that the latter strongly

depends on reaction time. The best reaction time

Table 1a. Preparation of DPME from alcohols, phenols and benzhydrol using bulk Preyssler catalysts and silica
supported Preyssler catalysts under reflux at different times with pyridine as a solvent

Entry Alcohol *Time “Yield(%) “Yield(%) ‘Yield(%) ‘Yield(%)
(h) H,4-Ps HisPsMo  Hy,Ps/SiO, (50%) H,4-P5/SiO, (40%)
1 W 1 92 90 90(90,89)" 88(88,87)°
OH
2 @M 1.5 93 91.5 91(90,89)° 88.5
OH
3 @\M 1 96.5 94 95(94,94)" 93(93,92)"
OH
4 C :"H 1 90(90,89)° 87.5 88.5 87(87,86)"
HjC:
5 @< 1.5 86 83 85 83(83,82)"
6 — o 2 70(70,69)° 66 68.5 67
N7/
7 R PH 2 75 73.5 73(72,72)° 72
8 . OH 2 78(77,77)° 76 77(76, 75)° 75.5
9 @_/ 25 46.5 435 45 425
10 C o 1.5 63 61.5 61 59.5
11 C P 1.5 59.5 57 575 56
12 g .25 49.5 46 48(47,46)° 47
13 ; § 2 51 47 50(50,49)° 47
14 ; 05 94(94,93)° 91 93(93,92)° 91(90,90)°
15 FH 1 90.5(90,89)°  87(87,85. 88 87(87,86)"
MeO 5) b
16 Meoz I 86 83 85 82.5(82,1)°
17 @J 225 92(91,90.5)° 87 90(90,89)" 87
18 @JOH 2.25 90(90,89)° 86.5 88(88,87)° 84.5
i_Pr

14
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1.5

88

84

86.5

85(85,84)°

® In parentheses, yields obtained in the first and second reuse of the catalyst. **“Yields analyzed by GC.

Table 1b. Preparation of DPME from from alcohols, phenols and benzydrol using Preyssler catalysts and its silica
supported under reflux, different times and pyridine as solvent

Entry Alcohol Time  “Yield(%) “Yield(%) “Yield(%) “Yield(%)
(h) H14-P5 H14P5MO H14-P5/Si02 (50%) H14'P5/Si02 (40%)

1 o 1 96(96,95)° | 93(92.5,91.5)° 94(94,93.5)° 93(93,92)°

2 ¥ 1 98 95.5 96.5 94

3 oH 15 95 92 925 91
Cl :

4 oH 1.25 92 91 90 89

5 on 2.5 83 81.5 80.5 78

6 °“ 2.5 78 75.5 76.5 75

7 . . o 1.5 71 68 70 69

8 [ 2 91.5 90 89 86.5

9 B 15 96(96,95)° 95(94,92.5)° 95(95,94)° 93.5(93,92.5)°

10 o 2 935 92 90.5 88

11 o 1.5 945 925 91.5 90
HJC

12 o 2 69.5 67.5 67 65

13 “/OH 15 82 80 795 78.5

® In parentheses, yields obtained in the first and second reuse of the catalyst. **“Yields analyzed by GC.

15




Table 1c. Preparation of DPME from from alcohols, phenols and benzydrol using Preyssler catalysts and its silica
supported under reflux, different times and pyridine as solvent

Entry Alcohol *Time “Yield(%) “Yield(%) “Yield(%) “Yield(%)
(h) H,4-Ps HiuPsMo  Hyu-Ps/SiO,(50%)  Hya-P5/SiOs (40%)

1 C 1 89.5(89.5,89)°  88(88,87)° 87.5(87,86)" 86.5(86,85.5)"
H4C OH

2 Q 1 85 83.5 84 82
OH

3 "’cz 1.5 86 84 83.5 82
OH

4 FHs 1.25 88 87 87 86
:< OH

7 1 88(88,87)"° 86 81 77
OH
8 2.5 76 73.5 74.5 73.5

9 OH 1 91 89 89 88
HSC\)\
CH,
10 \)OH\ 1 96 94.5 94 92.5
H,C
N CH;
11 n-CgH1,-CH,-OH 1 93 87 87.5 86
12 (CH3);COH 1.5 87(87,86)° 85(85,84)°  84.5(84.5,84)° 82(82,81)°
13 CH,=CH-CH,0OH 1 89 90 91 90
14 CH;-(CH;),CH,0H 1 94 86 86 85
15 CH;CH-OHCH;, 1 91 90 90 88
16 CH;OH 1 95 91 91.5 91
17 — OH 1 85 84 82.5 80

\ /

® In parentheses, yields obtained in the first and second reuse of the catalyst. **°Yields analyzed by GC.
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Table 2. Preparation of DPME from from alcohols, phenols and benzydrol using Preyssler, heteropolyacids catalysts
under reflux, different times and chloroform as solvent
Entry Alcohol “Time "Yield(%) “Yield(%)
(h) H4[NaPsW300;] H4[NaPsW2oMoOy 0]

1 84.5 83

—_
=
S
|
o
T

2 Q 1 81 80
OH
HsC
3 "3? 1.5 82 80.5
OH
4 ;CHs 1.25 83.5 81.5
OH
6 i:: 1 79 77
O,N OH
7 1 85.5 83.5
OH
8 cl 25 73.5 72
9 OH 1 88 86.5
HSC\)\
CHj3
10 OH 1 92.5 91
Hzc\)\
x CH,
11 n-CgH1,-CH,-OH 1 90 88.5
12 (CH3);COH 1.5 84.5 82
13 CH,=CH-CH,0H 1 86 84.5
14 CH;-(CH,),CH,0H 1 91.5 89.5
15 CH;CH-OHCH; 1 87 85
16 CH;0H 1 91 89.5
17 : OH 1 80.5 78.5
17 C Va 2.25 92(91,90.5)° 87
18 pH 225 90(90,89)" 86.5
iPr
19 1.5 88 84

{

*DYields analyzed by GC.

was found to be 1 h at reflux temperature. At any Effect of the catalyst type
reaction time, H,[NaPsW3,0;;0] was found to be

the most active heteropolyacid catalyst. The reaction of DPME preparation was followed

by GC. The yields are shown in Tables la-c.
According to the results, the highest yield was
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achieved in the presence of Hi4[NaPsW3,0yi],
(H14—P5) and H]4[N3P5W29MOO]]0], (H14—P5M0) as
catalysts. The Preyssler catalysts used in this
system gave similar results. Along with the bulk
catalyst we used Hj4[NaPsW,sMo00,4]/SiO, and
Hi4[NaPsW300y14]/Si0O, for comparative purposes;
very similar yields were obtained in comparable
reaction times (Table 1a-c). Furthermore, the use of
the supported catalyst allows its easy separation and
recovery for immediate reutilization. The highest
yield of the products was achieved using
H;4[NaPsW300110] as a catalyst.

Comparison of the catalysts (Tables la-c)
showed that H;4[NaPsW3000] is the catalyst of
choice. In all cases the supported polyacid was less
active than the non-supported one.

CONCLUSIONS

The preparation of DPME of alcohols and
phenols in the presence of an inexpensive, reusable,
easy to handle, non-corrosive, highly hydrolytic,
thermally stable and environmentally benign
Preyssler heteropolyacid catalyst was studied. This
catalyst offers advantages as regards simplicity of
operation due to the heterogenecous nature of
reaction, easy work-up, high yields of products,
high selectivity and recyclability of the catalyst.
The catalyst can be easily recovered, regenerated
and reused without loss of structure and appreciable
activity, thus providing an economic and
environmentally friendly method for DPME
preparation.
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KATAJIMTUYHA CUHTE3A HA JIUOEHWUJI-METWIOBU ETEPU (DPME) U3IOJI3BANKI
PREYSSLER‘OBA KUCEJIMHA H4[NaPsW300;10] U PREYSSLER‘OB KATAJIU3ATOP
BBPXY ITOJJIOKKA OT CWIMLIMEB JIMOKCH

A. Tapu6 "% M. Jlxaxaurup', M. Pourarn ', 1. (Xanc) B. Cxeeper’

! Meanapmamenm no xumus, Henamexu ynusepcumem ,, A3ad*, Mawxao, Hpan
’Lenmwp 3a cencko-cmonancku usciedsanus u ycayeu, Mawxao, Hpan
IKnvcmep 3a monexynna xumus, Jenapmamenm no opeanuuna xumus, Yuusepcumem Pao6oyo ¢ Haiivexen,
Huoepranous

IToctenmna Ha 4 centemBpu, 2010 r.; Kopurupana u npueta Ha 18 mapr, 2011 1.
(Pestome)
Cho01aBa ce 3a nojy4aBaHeTo Ha AU()EHUI-METUIOBH €TepH OT OCH3UXUAPOI U aJIKOXOJHN WK (DEHOJIU C TOMOIITa
Ha Preyssler‘oBa kucenwHa W Katamu3atopud or xeperepononukucenuHu (HPA), HaHeceHM BBpXY IOIUIOKKA OT

CUIIMOUEB AOUOKCHUI. Ta3u eBTMHA U eKOJIOI‘I/I‘IHO-CT)O6paSHa (36H€Ha) CHUHTE3a mnpemiiara 3aJ0BOJIUTCIIHA I[06I/IBI/I.
KaTaHI/BaTOpT)T JIECHO C€ BB3CTAHOBABA U MOXKCE J1a C€ U3II0JI3Ba MHOT'OKPATHO 0e3 3ary6a Ha KaTaJlJuTU4YHa aKTUBHOCT.
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density dependencies of the parameters of the average effective pair potential for
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In this work, four equations of state, namely MSRK, RK, Jan-Tsai and Nasrifar-Jalali were compared in predicting
the parameters of the average effective pair potential for dense methane at various temperatures and densities. All
equations of state show temperature and density dependencies for e¢/k and o: ¢ increases with temperature and €
decreases, while ¢ increases and € decreases as density decreases.

Key Words: Average effective pair potential; Lennard-Jones potential; Equation of state

1. INTRODUCTION

Methane represents the most spherical molecule.
The phase diagram of condensed methane is
experimentally well investigated and exhibits a
disordered phase upon solidification [1,2].

In statistical mechanics, the light and small
methane molecule plays a key role. Its liquid phase
represents the natural choice for investigating
orientational effects upon spatial structural ordering
and for examining the complex dynamic problem of
translational - rotational coupling. Also, as the first
representative of the homologous series of saturated
hydrocarbons, the CH; molecule has vital
importance for the description of the systematic
changes in experimental physical and chemical
properties with increasing number of CH,
increments in alkanes and in relating these changes
to particular molecular characteristics. Thus, it is
not surprising that a huge number of potential
models have been developed for modeling the
liquid phase of methane [3].

The Lennard—Jones potential is:

u(r)=

m

{(%)” —(%)’"} (1)

(2
m m

n—

where ¢ is the separation at which the potential is
zero, ¢ is the depth of the potential well and » and
m are integers.

Lennard—Jones potential is a qualitative realistic

* To whom all correspondence should be sent:
E-mail: msouri@pnu.ac.ir
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potential and is the most frequently used potential
for gaseous and liquid systems even at dense fluid
conditions. It is a simple pair potential function that
possesses both repulsive and attractive London
forces and has been extensively used owing to its
simplicity [4,5].

Our aim in this work was to predict the
temperature and density dependency of the
Lennard-Jones potential, as an Average Effective
Pair Potential (AEPP). Parsafar et al. [6] studied the
density and temperature dependency of the
Lennard-Jones parameters of dense fluids using
linear isotherm regularity (LIR). Nasehzade and
Azizi [7] introduced a new simple method to
estimate the Lennard-Jones parameters for rare
gases and n-alkanes at any desired temperature
range from triple point to boiling point. Their
approach was based on experimental data for the
heat of vaporization, free energy of solution, as
well as on the application of the scaled-particle
theory (SPT) and other new expressions that give
the free energy of cavity formation AG,, in hard
sphere fluids [8,9].

The state dependency of the Effective Pair
Potential (EPP) parameters, the well depth, €, and
the intermolecular separation at constant o, have
been previously studied by some investigators via
radial distribution function calculations and shape
factor theory [10,11].

The interaction potential of an isolated pair is
different from that of the pair in the presence of
other molecules. This difference can be attributed
to the effect of the medium on the molecular charge

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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distribution. In the absence of such an effect, the
interaction potential of two isolated molecules
depends on their intermolecular separation (for
simple spherical molecules). However, this effect is
important in dense fluids. Based on this idea, the
concept of the EPP, which includes the effects of
the medium plus the isolated pair interaction
potential, was introduced. Such a potential is
considered to be the interaction of two nearest
neighbor molecules in which all of their longer-
range interactions are added to it. Since the effect
of a fluid medium on the electronic distribution of
molecules is included, the total potential energy of
the fluid can be represented exactly as the sum of
all average effective pair interaction energies.
Therefore, the pairwise additivity of the potential
energy in terms of the AEPP is an exact treatment
(if one can include all long-range potentials in
AEPP) and the total potential energy of a fluid can
be written as:

U=N/2uz ©)

where u is the AEPP, N is the number of
molecules, and z is the average coordination
number [6].

2. THEORY

In this work, four equations of state were
compared in predicting temperature and density
dependency of Lennard- Jones parameters.

The Redlich- Kwong equation of state is:

RT a

P= - 3
V—b TV +b) ®
0.42748R’T7° , — 0-08664RT
a=—-—-- — ,———
PC PC

where P, T, V and R are pressure, temperature,
volume and gas constant, respectively (see [12]). a
and b are parameters of the equation of state
Tc.and Pc are the critical parameters of methane:

T.=190.564K and P.=4.59x10°Pa

U, internal energy, can be derived from each
equation of state by the following steps:

oP
) P, =T(—
1) th (6T)V

11) ljin = ])tor - ])th

oU
oV
where Py, is the thermal pressure and Py, is the
internal pressure.

For Redlich- Kwong equation of state, the
expression for the internal energy has the form:

iil) P, =~(22);

2 3
y=13a —2+b—2—b—3+...) )
NG A S
or:
U=L29 Cppibp — b7 p +.)

NG

On the other hand, using the (9,3) Lennard-
Jones potential function as an EPP and applying eq.
(2), the internal energy will be:

U =1299R(e/k)Z(T, p)(c’p’ — o’ p)+3RT (5)

where the first term is the configurational energy
and the second one is the kinetic energy of the
fluid.

One can assume that:

Z(T,p)=AT)+B()p (6)

This is a simple function for the coordination
number.

Inserting eq. (6) in eq. (5) and comparing the
expression obtained for the internal energy with eq.
(4) yields:

4L
=(b’ =)
o=( B) @)

and

1.5a
1.299RA(73,/TC

elk = (8)

Inserting eq. (7) and eq. (8) in eq. (5):

[WW e +1J /p:Absp_B ©)
B

1.5ap A

The solution of eq. (9) provides a value of A/B
for any values of U, p and 7. Therefore o can be
obtained at any condition.

An expression for U can be derived from each
equation of state that is listed in the Appendix. ( Eq.
4 is an expression for the internal energy derived
from Redlich- Kwong equation of state. Similar
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derivation could be done for each equation of state Table 1.Parameter o, calculated for methane at given
in the Appendix). Comparing these expressions conditions. (The experimental data for the internal
with eq. (5) using the method discussed above, energy of methane are taken from Ref. [13])
permits to calculate ¢ values for each data point. o/A U P TK
The results of such calculations are summarized in Nastifar- Jan MSRK RK_ (Jmol™) (moLlit
Table 1. Jalali  Tsai )

Th; temperature dependency of ¢ for the RK 665 525 528 520 14830 1200 3580
EoS is shown in Figure 1. At any constant 625 496 496 496 14500 13.69 580
temperature o decreases with density, but at higher 597 477 474 474 14240 15.09 580
temperatures the slope of variation is greater. In 6.42 510 5.10  5.09 13880 1236 560
addition, at high densities the temperature 6.05 485 4.80 479 | 13560 14.05 560
dependency of o is negligible and its values 579 |4.86 4.60 | 4.59 | 13290 | 1546 | 560

620 498 4.92 491 12960 12.74 540
5.85 476 4.65  4.63 12620 14.44 540
5.62 4.61 447 445 12360 15.85 540

obtained at different temperatures are similar.
The other EoS exhibit analogous trends.

Figure 2 shows the density dependency of & 597 487 475 472 12040 13.14 520
obtained from different equations of state at 5.65 4.67 451 | 448 11700 14.85 520
constant temperature, 400 K. As is shown, o 543 454 436 432 11440 1625 520
decreases with density at constant temperature. 5.75 477 4.60 455 11140 13.58 500
Although different equations of state do not predict 545 14.60) 4.39 | 4.34 | 10800 | 15.29 | 500

525 448 426 421 10530 16.63 500
5.10 439 4.16  3.12 10320 17.85 500
5.01 435 4.11  4.06 10140 1835 500

the same value for ¢ at constant density, still
within the range of data the profiles of Jan-Tsai,

Nasrifar-Jalali and MSRK equations of state are 490 426 403 399 9995 1974 500
parallel. In addition, ¢ values obtained from RK 3.95 421 399 395 9872 2052 500
and MSRK equations of state show a considerable 513 470 436 424 | 7615  12.68 400
agreement with each other. Since the MSRK is a 492 459 423 412 | 7305 | 14.09 = 400
modified form of RK EoS, such similarity was 4.64 4.43| 4.08 | 3.99 | 6837 [16.25 400
expected. 4.45 435 399 391 6497 | 17.37 400

437 424 392 385 6238 19.16 400
430 4.18 3.88 381 6032 2024 400
temperature. 424 413 3.84 378 5866 21.16 400
One can write eq. (5) as follows: 420 409 381 376 5730 2197 400

B o 5 s 417 405 379 374 5616 2268 360

U-3RT =1299Re/k A1+~ p)o”p’ —o"p) 485 469 431 417 6349 1242 360
461 456 417 405 5955 1415 360
445 446 408 398 5617 1552 360

One can observe a similar trend at any constant

where ¢/k and A are unknown. Therefore:

y= %_3RT 426 432 397 389 5191 1759 360
1290R(1+ 2 o 3 3 445 445 407 397 3806 1317 300
(Pl p = p) (10) 434 460 320 408 4323 1438 300

where 423 452 412 402 4039 1538 300
403 435 399 390 3442 1694 300

y=Aelk or ny=lA+Ine/k 3.96 428 393  3.86 3165 18.14 300
Assuming that A is a function of T, such as 3.86 14.18 3.86 | 3.80 | 2760 |19.93] 300

5 381 411 381 375 2472 2127 300
A=e” one also has: 3.77 405 377 372 2253 2233 300
375 401 375 370 2081 2322 300

Iny=ne/k+f/T () 3.91 429 395 3.89 2027 17.89 260

In y in terms of I/7is not a straight line. 3.80 4.16 3.85  3.80 1485 ' 20.19 260
Therefore /k is not a constant value. We suggest 3.67 410 3.80  3.76 | 1137 2127 260

. . . 3.71 4.03 3.76 | 3.72 | 886.5 22.87 260
the following equation for y: o osl 373 a6 6o 12280 260

2
Iny=aln(p/T)+b(n( p/T))* + B/T (12) 407 437 402 399 5686 1660 200
3.95 420 3.89 3.87 -1474 1959 200
3.89 412 3.83 381 -509 2106 200
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< T=500K 0 T=400K AT=300K

12 14 16 18 20 22 24
p/(mol Lit™)

Fig. 1. Parametero in terms of density for RK equation
of state at different temperatures.

© RK O MSRK A Jan- Tsai O Nasrifar- Jalali

3.8 A

3.5

12 14 16 18 20 22
p/(mol Lit")

Fig. 2. Parameter ¢ vs density for different equations of
state at constant temperature 400K.

This equation shows that ¢/k is a function of
temperature and density. Fitting of about 120 data
points in eq. (12) with SIGMAPLOT software gave
o, b and S with a negligible standard error. The
parameters @, b and f and the relative standard
errors for each equation of state are summarized in
Table 2.

Eq. (12) indicated that:

In&/k =al(p/T)+b(n( p/T))*  (13)

Therefore e/k can be calculated for each
temperature and density. The results of such
calculations for each EoS are shown in Table 3.

Table 2.Fitting results for different equation of states

RK MSRK Jan- Tsai
value  St.err. value St.err. value St err.
a -4313 0.0893 -4.425 0.09446 -5.970 0.2401

b -0.7875 0.02266 -0.8109 0.02396 -1.225 0.06089
£ 2468 2087 2258 22.06 74.05 56.07

Figure 3 shows the temperature dependency of &/k
for the RK EoS. This plot suggests that as the
temperature  increases, ¢&/k decreases. Such
dependency can be observed for the other EoSs as
well.

Figure 4 shows the density dependency of e/k
obtained from different EoSs at constant

temperature 7 = 500 K. For all EoSs examined &/k
increases with density. As can be seen, the e/k
values, obtained with the RK and MSRK EoSs are
close together. Similar trend is observed at other
constant temperatures.

Table 3.Parameter ¢/k, calculated for methane at given
conditions

clk U p T
(K) (mol™) (mol L)  (K)
Jan-Tsai MSRK R-K

136.82 15183 | 136.20 = 14830 = 12.00 580
231.74 | 18359 | 16533 14500 @ 13.69 580

329.06 =~ 21024 | 189.85 = 14240 15.09 580
178.52 17158 | 153.01 = 13880 12.36 560
282.27 | 204.85 | 183.47 13560 14.05 560
388.01 23295  209.28 = 13290 15.46 560
224.84 | 19295  171.58 12960 12.74 540
338.93  228.37  204.05 12620 14.44 540
450.55 = 256.55 | 229.81 @ 12360 15.85 540
276.80 @ 216.66 @ 192.77 12040 13.14 520
399.06 = 252.83  225.86 = 11700 14.85 520
516.25 = 280.65 @ 251.10 = 11440 16.25 520
333.04  241.65 215.58 11140 13.58 500
462.63 | 277.46 @ 248.09 10800 15.29 500
58236  304.26 272.18 = 10530 16.63 500
702.98 @ 325.84  291.18 = 10320 17.85 500
765.27  338.53  302.87 10140 18.35 500
920.08 = 357.43  318.74 = 9995 19.74 500
1020.1 = 369.46 | 329.11 9872 20.52 500
392.71 = 267.20 23930 10250 14.04 480
528.73  301.55 | 269.97 9911 15.74 480
683.57 = 32998 29446 @ 9643 17.43 480
779.45  347.26 | 309.81 9428 18.27 480
303.00 = 244.38  219.55 9844 12.34 460
45542 | 291.78 @ 262.11 9381 14.54 460
598.93 32435 290.52 9036 16.23 460
733.63 | 34823 31090 = 8769 17.60 460
859.35 366.64 326.38 8556 18.74 460
0 T=560K 0 T=500K A T=460K

380

340 A

300 A

260 A

(/K

220 A

180 A

140 r r r T T
12 13.5 15 16.5 18 19.5 21
p/(mol Lit™)

Fig. 3. Search for density dependency of the e/k
resulting from RK equation of state at different
temperatures.
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O RK O MSRK A Jan- Tsai

13 15 17 19 21
p/(mol Lit")

Fig. 4. Parameter &/k in terms of density for various
equations of state at constant temperature S00K.

3. CONCLUSION

Parsafar e al. [6] have shown that the
parameters of the AEPP, o and ¢, are independent
of density. Application of the CWA-VM theory
(Chandler-Week-Andersen perturbation theory [14-
17], analytically modified by the Verlet and Weis
theory [18-19]) indicated that the obtained values of
Lennard-Jones pair potential parameters are not
constant and are dependent on temperature, so that
when the temperature increases, ¢ increases and e/k
decreases [20].

As demonstrated above, ¢ and ¢/k are dependent
on temperature for all EoSs discussed.

Furthermore, the value of o increases with
temperature, while ¢&/k decreases. This is in
agreement with previously reported results. When
the parameter ¢ increases the repulsive branch of
the potential shifts toward the longer separations.
Therefore we may expect that as T increases, the
potential well &, decreases [6].

Potential parameters show density dependency:
increasing density causes a decrease in ¢ values and
an increase in &/k. The reason behind this is the
compression of the dense phase and the low free
space between molecules. When density increases,
molecules will pack closer together and o
decreases, which in its turn causes the shift in the
repulsive branch of the potential toward shorter
separations and the increase in €/k values.

APPENDIX: The equations of state used
Al. Redlich- Kwong equation of state [12]

RT a
P= —
V—b TV +b)

0.42748R’T:°  _ 0.08664RT,
a= =
PC PC

24

A2. Jan-Tsai equation of state [21]:
P RT i a i

V—b V°+ubV +wb
a=[1+m,InT, )]

&= 2241, I, )

m, =—0.3936—0.6353w+0.11320° +0.07673/Z .

a=a.a
a=a.a
QRT?
aC: u C
PC
b :QbRTC
PC
1-3¢&
Q =
u—1

Q = 3502 + W —-w )sz +ul),
£ =0.0889+0.750Z .

2.277
u =

-5.975

c

W =ou(@ 1) 3

Q

A3. MSRK (modified Soave Redlich- Kwong)
equation of state [22]:
P RT a
V—-b VI +b)

R’T;}

a, =0.4286

C

RT,

b =0.08664

C
a=a,a(T))
a(T) =[1+C,(1-[T.)+ C,(1—=JT.)* +C,(1-JT. )’ T’ for T,<1
a(T) =[1+C,(1-[T)]* forT>1
Ad4. Nasrifar-Jalali equation of state [23]:
aé +aé’ _ (Z, —2)r

Z =1+
(1-¢) 1+l
zZ, :%(4\/57Z)R3 -1
E=t V=NV
I =exp(g/kT)—1

For methane: R=2,
6 =3.487 x10™" m; &k = 62.589 K.
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methods
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Systems of sunflower oil containing rapeseed oil or cotton oil were studied. Data on the color characteristics
of the specified sample mixtures in CIE La* b* and XYZ colorimetric systems were obtained. The metric
brightness, purity of color and metric angle were determined. Regressive dependencies between the specified
parameters and the concentration of rapeseed or cotton oil admixtures were found, which permit the quantitative
determination of the admixture content. The qualitative detection of the latter is possible using transmission

spectra in the visible region and infrared spectra.

Key words: vegetable oils, infrared spectroscopy, color characteristics, fatty acid composition

INTRODUCTION

In recent years the purity of sunflower oil has
become of great importance. There are different
methods for identifying admixtures in it. These
methods include determining the iodine number,
saponification number, density, fatty acid
composition (FAC) and viscosimetric
measurements [1].

Some authors have used data on the content
of fatty acids, triglycerides, tocopherols, etc., for
detecting vegetable oil admixtures in sunflower
oil and olive oil [2, 3]. However, detecting
admixtures by determining their
physicochemical characteristics is a difficult
process, as the fatty acids found in various oils
are almost the same. Most of the analytical
techniques for the detection of adulterants rely
upon chromatographic methods such as gas and
liquid chromatography (GC and HPLC) [4-6].
The latter methods are expensive and time-
consuming. That calls for cheaper, faster and
simpler methods for detecting admixtures of
other vegetable oils in sunflower oil.

The objectives of this study are as follows:

to investigate the potential and efficiency of
infrared spectroscopy for detecting vegetable oil
admixtures in sunflower oil as a fast, non-
destructive and cheap method;

to use the possibilities of colorimetric
analysis in the quantitative identification and

determination of the admixtures.

MATERIALS AND METHODS

In the experiments commercially available
sunflower oil (Bulgaria), cottonseed oil (Turkey)
and rapeseed oil (France), as well as mixtures of
sunflower oil / cotton oil and sunflower oil /
rapeseed oil with concentrations of the
admixtures ranging between 10% and 50 % were
investigated.

Fatty acid composition of the pure oils
(sunflower, rapeseed and cottonseed) was
determined by gas chromatography. The total
fatty acid composition was determined by GC
after transmethylation of the respective sample
with 2N methanolic KOH at 50 °C according to
Christie [7]. Fatty acid methyl esters (FAME)
were purified by silica gel TLC on 20x20 c¢cm
plates covered with 0.2 mm Silica gel 60 G layer
(Merck, Darmstadt, Germany) with mobile
phase n-hexane:acetone 100:8 (by volume). GC
was performed on a HP 5890 (Hewlett Packard
GmbH, Austria) gas chromatograph equipped
with a 30 m x 0.25 mm (I.D.) capillary InnoWax
column (cross-linked PEG, Hewlett Packard
GmbH, Austria) and a FID. The column
temperature was programmed from 165 °C to
240 °C at a rate of 4 °C/min and held at each
value for 10 min; injector and detector
temperatures were 260 °C. Nitrogen was the
carrier gas at a flow rate of 0.8 cm’ /min; split
was 100:1. Identification was performed by

* To whom all correspondence should be sent:
E-mail: kr.nikolova@abv.bg
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comparison of retention times with those of a
standard mixture of fatty acids subjected to GC
under identical experimental conditions [8].

The specified colorimetric system was
selected because of its suitability for working
with pigments, simple use and possibility of
assessing the resulting colors obtained by mixing
pigments. The samples were poured into 10 mm-
wide cuvettes. The color parameters (index of
lightness L* chroma C°  and hue Au)
corresponding to the wuniform color space
CIELab [9], were determined on a Lovibond
PFX 880 device using a standard light source at
wavelengths from 420 nm to 710 nm selected by
means of 16 narrow-band interference filters.
These filters have translucency peaks at every 20
nm but the measuring system was programmed
in such a way as to interpolate light at intervals
of 5 nm. Lovibond PFX 880 was used for
determining the f -carotene and chlorophyll
content in the sunflower oil and its double
mixtures with rapeseed oil and cotton oil. The
device features a special program through which
the S -carotene and chlorophyll contents in the
product are determined from the readings
obtained from the RYBN color scale, designed
for determining the color characteristics of
transparent products.

Parameters such as chroma (C") and hue (/)
are defined by formulas (1) and (2):

o TR | A

hap = arctan[b*J (2)

a

The infrared spectra of sunflower oil and of
its double mixtures with 50% content of
rapeseed or cotton oil, respectively, were
obtained. The spectra were collected using a
Nicolet 6700 FTIR spectrometer with a spectral
resolution of 2 cm™ , accumulating 32 scans.

To record spectra, approx. 50 uL of the oil
was dissolved in 5 % CCl,. The cuvette used was
4 mm thick and 10 mm wide. The cuvette was
carefully cleaned by twice scrubbing with
hexane followed by acetone and was dried with a
soft tissue before filling with the next sample.
The transmission IR spectrum of all diluted
standards and oil samples were recorded under
the same parameters and background was
subtracted from each one. These spectra were
recorded as absorbance values at each data point.

The spectral reconstruction was carried out in
two steps:

-The spectrum of the diluent was subtracted
from the spectrum of the diluted oil to eliminate
the spectral contributions to measure the dilution
factor (1).

-The resulting spectrum was then multiplied
by (1-r)"' to correct for dilution as to
reconstitute the oil spectrum.

For the sunflower oil and all sample systems,
the transmission spectra within the interval from
400 nm to 750 nm were measured on the
Lovibond PFX 880 device.

RESULTS AND DISCUSSION

The results for the fatty acid composition of
the pure vegetable oils are given in Table 1.

Table 1. Fatty acid composition of sunflower,
rapeseed and cottonseed oils

Fatty Acid, % Sunflower oil Cottonseed Rapeseed oil
oil

Cl14:0 - 0.7 -

C16:0 9.7 23.5 5.1
Cleé:l 0.3 0.6 0.3
C18:0 4.8 2.6 1.9
C18:1 28.2 20.6 66.3
C18:2 56.7 51.0 17.4
C18:3 - 0.3 7.1

C20:0 0.3 0.4 0.7
C20:1 - - 1.2
C22:0 - 0.3 -

100 -

Transmission-T%

wavelength, nm
Fig. 1. Transmission spectra of sunflower oil and of
its double mixtures with cotton oil. 1-10% cotton
0il+90 % sunflower oil; 2-20% cotton 0il+80 %
sunflower oil; 3-30% cotton 0il+70 % sunflower oil;
4-40% cotton oil+60 % sunflower oil; 5-50% cotton
0il+50 % sunflower oil; 6- sunflower oil.

The transmission spectra of sunflower oil and of
its double mixtures with cotton and rapeseed oil are
presented in Figures 1 and 2. The addition of cotton
oil to sunflower oil creates turbidity and lowers the
product transmittance. The latter is a sign of the
presence of an admixture in sunflower oil. It cannot,
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however, serve to identify the admixture as cotton oil
due to the lack of a characteristic absorption band. It
is evident from the graph that the area under the
spectrum decreases with the content of cotton oil in
the mixture. The linear dependence Area = —84.78.C
+25656 is found with a correlation coefficient R =
0.9.

100 -

10 rapeseed o0 s unflower oil
0% rapes eed oitB0 % sunflower oil
30% rapes eed oitT0 sunfouer oil
A0 rapeseed oi GO 2 unfloweer oil
B0% rapes eed oitS0% sunflover ol

Transmision, %
&
1

rapeseed oil
sunfiamer oil

+ & % aF ocom

“©—
40 450 500 550 GO0 65  F0 750

wigvelenght,nm
Fig. 2. Transmission spectra of sunflower oil and of
its double mixtures with rapeseed oil

The presence of rapeseed oil admixture in
sunflower oil, however, can easily be detected
on the basis of the translucency spectrum in the
visible range. Rapeseed oil has a marked
absorption band in the interval from 630 nm to
680 nm, and there is no such band in the
sunflower oil. The presence of rapeseed oil
admixture up to 10 % results in the appearance
of an absorption band typical of rapeseed oil.
This fact can be used for the fast and easy
detection of rapeseed oil in sunflower oil. In the
case of low concentrations (C< 20%) of rapeseed
oil, transmission abruptly drops in the spectral
range from 400 nm to 500 nm. The presence of
10% rapeseed oil in sunflower oil leads to a two-
fold decrease in transmission at A =420 nm. The
characteristic absorption band in the 630 to 680
nm spectral range and the transmission between
15 % and 40 % in the 400 nm to 500 nm range
present an opportunity for the identification of
small concentrations (below 10%) of rapeseed
oil.

The transmission coefficient T at A = 690nm
decreases with the concentration of cottonseed
oil in model systems of sunflower and
cottonseed oils. A regression dependence of the
type T = f (C) with a correlation coefficient R =
0.88 was established as T = —0.14x C + 92.27.
A dependence of the same type was valid for
model systems of sunflower and rapeseed oils at
A = 670mm with T=-0.28C+89=65 and a
correlation coefficient R= 0.89, where C is the
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admixture concentration. The dependence of the
transmission on the admixture concentration was
determined at A = 690nm nm which is the
transmission minimum of rapeseed oil.

Absorbance

A 0 A0 20 20 B0 A0 S0
Wilvenurmber (crri')

Fig.3. Infrared spectra of sunflower oil and of its
mixtures with cotton and rapeseed oil 1-sunflower oil,
2-50% cottonseed 0il+50% sunflower oil, 3-50%
rapeseed 0il+50% sunflower.

The biggest changes in the transmission for
the admixtures of rapeseed oil in sunflower oil
are in the 400 nm to 500 nm spectral range. For
each of the two groups used as substitutes of
sunflower oil, correlations between transmission
T and concentration C were looked for at A =
470nm nm, at which largest differences were
registered. For admixtures of rapeseed oil in
sunflower oil the exponential dependence T =
65.11 x ¢ " with R’= 0.99 was found. For the
same wavelength, the difference in transmission
for cotton and sunflower oil is smaller and the
dependence is linear, namely, T = —0.416C +
79.93 with R=0.95.

The infrared spectra of sunflower oil and its
double mixtures with rapeseed and cotton oil in a
proportion of 1:1 in the interval from 500 c¢m ™' to
4000 cm™' are presented in Figure 3.

Two peaks observed at 1747 ¢m™' and 1160
cm’" are due to the stretching vibrations of the
aldehyde group (C=0) and ester group (C-0),
respectively. In the region of the former peak,
infrared energy is absorbed due to the carbon-
oxygen bonds in the oil and it is often used for
determining the level of oxidation.

There also are two peaks attributed to the
bending vibrations in methylene (CH,) groups
and C-H stretching vibrations, which appear at
1465 ¢m ™" and 2929 em', respectively.

For the specified wavelengths 2929 ¢m ' and
1747 ¢m’', the peak height increases upon
addition of cotton oil, and decreases when the



same concentration of rapeseed oil is added. A
similar decrease in the peak height is observed
when corn and soybean oil are added as
admixtures to olive oil [10].

The investigation carried out shows that
infrared spectroscopy makes it possible to detect
cotton oil and rapeseed oil admixtures in
sunflower oil. In future studies, the obtained
results will be used for identifying correlation
dependencies between the peak height or peak
area in the infrared spectrum and the
concentration of the admixture in sunflower oil.

The p -carotene and chlorophyll content of
sunflower oil and of its double mixtures with
cotton oil and rapeseed oil was investigated. The
obtained data are presented in Table 2.

Table 2. Data on the chlorophyll @ and f-carotene
content in sunflower oil and in its double mixtures
with cotton oil and rapeseed oil.

Concentrat Sunflower oil+ rapeseed Sunflower oil + cotton

ion of the oil oil
admixture
C%
X £ - Chlor X f - Chlor
carotene ophyll carotene ophyll
ppm a ppm a
ppm ppm
10 0.3803 15.36 0.162 0.3266  3.52 0
20 0.4145 25.54 0.286 0.3329 4.87 0
30 0.4323 3410 0.397 0.3348 5.30 0
40 0.4487 43.73 0.504 0.3383  6.05 0
50 0.4579 53.25 0.597 0.3410 6.58 0
sunflower 0.3202  2.23 0 03202 223 0

oil

Table 3 Color parameters of sunflower oil and its double mixtures with cotton oil or rapeseed oil.

Concentration of
the admixture.

Sunflower oil + rapeseed oil

Sunflower oil + cotton oil

C%
L a b AEub C hab L a b AEab C hab

10 93.72 -11.07 4841 4130 49.66 -77.11 9457 -393 12.08 3.05 1270 -71.98
20 92771 -13.62 7236 6535 73.63 -79.34 9316 -4.68 1598 721 16.65 -73.68
30 90.70 -13.63 86.33 7926 8740 -81.03 9275 -496 17.16 848 17.86 -73.88
40 90.03 -13.40 100  92.81 100.89 -82.37 88.65 -5.05 1876 11.61 19.43 -74.93
50 82.30 -11.09 102.06 95.40 102.66 -83.80 90.56 -5.25 20.55 1237 21.21 -75.67
0 95.51 -3.06 7.93 - 850 -6890 9487 -3.19 9.14 - 9.68 -70.76

There is no chlorophyll in pure sunflower oil,
and the f -carotene content is low, ranging from
2.23 ppm to 2.61 ppm. The presence of cotton
oil admixture in sunflower oil results in an
increase of the f -carotene content to 6.58 ppm,
and the presence of rapeseed oil admixture - to
53.25 ppm. The presence of chlorophyll a in
sunflower oil from 0.162 ppm to 0.597 ppm is a
sign of the presence of rapeseed oil from 10% to
50%. When cotton oil is added, the chlorophyll a
content in sunflower oil remains unchanged and
cannot therefore be used as a parameter for
detecting cotton oil admixtures in sunflower oil.
Oil with 3 — 7 ppm of f§ -carotene contains cotton
oil admixtures, and oil with above 10 ppm of § -
carotene contains rapeseed oil admixtures. The
dependence between the transmission coefficient
at A = 670nm and the content of chlorophyll in
the rapeseed oil-containing samples was
obtained:7 = — 4.46 Chlorophyl +94.23 with a
correlation coefficient R = 0.95.

For the different brands of sunflower oil, as
well as for each of the investigated sample
systems, data on the color coordinates a* and b*
in the CIE La*b* colorimetric system were
obtained; the color coordinate x in XYZ
colorimetric system, as well as the metric

lightness L*, the metric chroma C* and the
metric angle of the hue of the color 4, were
calculated. The color differences AE,, between
sunflower oil and its double mixtures with
rapeseed or cotton oil were calculated. The data
are presented in Table 3. The translucency
spectra were recorded using a 1 cm wide cuvette,
without dilution.

The data presented in Table 3 clearly show
that the addition of cotton oil or rapeseed oil
admixtures leads to an increase in the values of
the color coordinate ¢*. This fact indicates that
both admixtures lead to an enhancement of the
yellow hue of the product. The higher values of
the color coordinate x are connected with the
higher f-carotene content.

The presence of admixtures in sunflower oil
causes turbidity, and hence a decrease in the
value of the metric lightness L* of the product.
The presence of cotton oil admixtures leads to a
decrease in the specified value by 2 or 3 units,
while the presence of rapeseed oil leads to a
decrease in the L*value up to 10 units. There is a
correlation dependency between the metric
lightness L* and the concentration of the
admixture when rapeseed oil is added to
sunflower oil: L*= —0.1689 *C+95.75 with a
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correlation factor R= 0.96, but this dependency,
when cotton oil admixture is added, has a
relatively low correlation factor, and is,
therefore, not mentioned in the discussion.

Table 4. Correlation dependency between the color
parameters and the concentration of admixtures in the
sample.

Sunflower oil + rapeseed oil  Sunflower oil+ cotton oil

Linear dependences R Linear dependences R

AE;,=1.3564*C+34.131 0.93 AE,;,-0.2305*C+1.6282 0.95
hay=—0.1639*C-75.8150.99  h,,-0.0864*C-71.43  0.95
x=0.0026%C+0.3439 0.93 x=0.0004*C+0.3232  0.80

The knowledge of the type of the admixture
in sunflower oil and the color characteristics of
the sample makes it possible to determine the
concentration of the admixture. For this purpose,
linear regression dependencies of the type AE,, =
f(C), ha, =f(C) and x =f(C) were identified. The
specified dependencies, together with their
correlation factors, are presented in Table 4.

CONCLUSIONS

It is possible to detect admixtures of rapeseed
oil in concentrations from 10 to 50 % to
sunflower oil on the basis of the translucency
spectrum in the visible range and the presence of
an absorption band at 670 nm. An absorption
band in the interval from 630 nm to 680 nm and
a transmission coefficient between 15% and 40%
in the 400 to 500 nm range of a sunflower oil
sample is a solid indication of the presence of
low concentrations (up to 20%) of rapeseed oil
adulterant.

The adulteration of sunflower oil by
cottonseed oil (up to 50%) leads to a decrease in
the transmission coefficient T in the interval

from 400 to 500 nm. There is no absorption band
found in the visible spectrum.

In the infrared spectrum at a fixed A, the peak
height increases with the addition of cottonseed
oil and decreases with the addition of up to 50%
of rapeseed oil. Through the infrared spectrum it
is possible to detect adulterants of rapeseed or
cottonseed oils in quantities lower then 50%.
Future studies are recommended to investigate
the relationship between the characteristics of
the IR spectra and the concentration of
adulterant oils in the range from zero to 25%.

REFERENCES

1. G. Tous, in: Analysis and characterization of oils,
fats and fat products, H. A. Boekenoogen (eds),
Interscience, London, 1968, p.315.

2. R. Aparicio,b, M. T. Morales, Alonso, J.
Agricultural and Food Chemistry, 45, 1076 (1997).

3. M. Dennis, Analyst, 123, 151R (1998).

4. R. Aparicio, R. Aparicio-Ruoz, J Chromatogr A.,
881, 93 (2000).

5. M. Tsimidou, R. Macrae, Food Chem., 25, 251
(1987).

6. N. K. Andrikopoulos, I. G. Giannakis and V.
Tzamtzis, J. Cromatogr. Sci., 39, 137 (2001).

7. W. W. Christie, in: Lipid Analysis, The Oily Press,
Bridgewater, England, 2003, p. 2345.

8. Animal and vegetable fat and oils. Determination
of methyl esters of fatty acids - Gas
chromatographic method. ISO 5508, 2000

9. Commission Internationale de 1° Elairage.
Recommendations on uniform color spaces, color
difference equations, psychometric color terms.
CIE publication no 15 (F. 1. 3. 1) 1971,
supplement 2, Bureau Central de la Commission
Internationale de 1’ Elairage, Vienna, 1978

10.M. D. Guillen, N. Gabo, J. Sci. Food and
Agriculture, 75, 1, (1997).

OTKPUBAHE HA ITPUMECH OT PACTUTEJIHU MACIJIA B CJIBHUOI'JIEJOBO
MACIJIO YPE3 OIITUYHU METOA1

Kp. Huxomnoga, M. Ilepudanoa-Hemcka, I'. Y3yHoBa

Yuusepcumem no xpanumennu mexunonozuu, I1noeous
Iocrenuna 4 suyapu, 2011 r.; npepadorena Ha 3 maif, 2011 r.

(Pesrome)

B Hacrosmara paboTa ca W3CJIeIBAHU MOJEIHHM CUCTEMU OT CIBHUYOITIEOBO MACIO B CMEC C PAlMYHO WU
naMmy4Ho. ITosrydeHn ca JaHHM 3a LIBETOBUTE XapaKTEPUCTUKH Ha nocodeHuTe MozaenHu cmecu B CIE La*b* n
XYZ xonopumerpuunu cuctemu. OnpeaeseHd ca MEeTpUYHaTa CBETIO0TA, YUCTOTATa HA IIBETa M METPUUHUSIT
prbi. IlokazaHo e, 4e CBILECTBYBAT PErPECHMOHHM 3aBHCHUMOCTH MEXKJY IIOCOYECHHMTE IapaMeTpu |
KOHIIGHTpAlLUATa Ha HpUMeca OT PalM4yHO MM IaMy4HO Macjo. Upe3 TAX € BB3MOMKHO KOJIUYECTBEHOTO
olpesie/IIHE Ha IpHMeca, a KAaueCTBEHOTO My OTKPHBAaHE € BB3MOXKHO 4pe3 IIOJydyaBaHE Ha CIEKTbpa Ha
IPOIYCKAaHE BbB BUIUMATa YacT Ha CIIEKThpPa U IPOBEXKIaHe Ha HH(PPAUEPBEHA CIIEKTPOCKOIHS.
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The aggregation of detonation nanodiamonds hinders their wider implementation and requires application-oriented
studies and selection of stabilizers, which do not interfere with the rest of the components in the product in which they

are used.

The aim of this work was to study the effect of typical lubricant additives on the sedimentation stability of
nanodiamond powders in non-polar media (liquid paraffin). The low temperature stability of lubricating oils with

nanodiamonds was also evaluated experimentally.

The used powders (nanodiamonds, ND and nanodiamonds with 40 % soot, NDS 40) were with sizes typical for
commercial industrial nanodiamonds. Experimental evidence is presented that they contain a significant amount of

aggregates with larger than nano-sizes.

Conventional laboratory mechano-chemical disaggregation, in the presence of experimentally selected best
additives, ensure that more than 50 % of the NDS stays in the upper-most layer of the paraffin concentrate after 90 days
of storage, while mild homogenization recovers around 70 % of the powder.

The mechano-chemical disaggregation was not so effective for ND. Similar stability was achieved when it was
combined with a technology in which the concentrate was prepared from water suspension, by evaporation of the water

in the presence of the stabilizer and some paraffin.

The NDS and ND powders slightly influence the low temperature stability of automotive oils, but their effect should

be checked.

Keywords: detonation nanodiamonds; mechano-chemical disintegration; oil suspensions; sedimentation stability;

lubricating oils, low temperature stability.

1. INTRODUCTION

Detonation of carbon-containing explosives
under conditions of mnegative oxygen balance
produces nanodiamond crystals with dimensions
below 100 nm (NCDs) and/or below 10 nm
(ultrananocrystalline  diamonds, UNCD) [1],
together with soot and other impurities, that have to
be removed. Different purification methods have
been suggested, but the most widely used involve
treatment with oxidative agents in water suspension
[2-4]. Soot might be only partially removed for
some applications [5].

Depending on their size and specific conditions
of formation, detonation diamonds might exhibit
unique physical (highly developed surface) and
chemical (active surface functional groups)
properties [6]. These properties allow for a wide
range of potential applications [5-8]. However,
there are serious problems, which have to be solved
in order to put nanodiamond production on an

*To whom all correspondence should be sent.
E-mail: cholakov@uctm.edu

industrial scale [9] and increase it significantly
from the estimated 7 tons sold world-wide in 2008
[10].

The presence of active functional groups,
obtained on the surface of both soot and
nanodiamonds during their synthesis and/or
purification, leads to formation in storage, of
aggregates in which the original 4 — 5 nm sized
nanoparticles, become chemically bonded [11].
There is evidence that aggregated particles with
above micron dimensions are found in significant
amounts in the water suspensions and dry powders
offered on the market [8, 12].

Preserving the size and storage stability of the
suspensions with disaggregated powders as a
serious problem, especially in non-polar media, has
been recognized fairly recently. It is complicated by
the many interrelated factors, which influence its
adequate solutions [13, 14]. The increase of the
aggregates in storage compromises the inherent
advantages of nanodiamond powders and seriously
impairs their properties for different applications.
Disaggregation methods and chemical

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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modifications for preserving the size and storage
stability of the disaggregated powders in
suspension have been suggested [5-14]. Typically,
most surface groups are transformed into a
particular type (e.g., —-OH or —COOH), which
facilitates further chemical reactions — for instance,
esterification[15]. More sophisticated modifications
can produce hydrophopic, fluorinated, borated, etc.
nanodiamonds [1, 3, 14-16].

However, the choice of a particular combination
of methods should be application-oriented in terms
of specific requirements for particle size and
physical stability, possible interactions with other
components in the final product, price-effect ratio,
etc. Hereunder, we shall illustrate these specific
requirements for the application of nanodiamonds
in lubricants.

The interest in the lubricating properties of
novel carbon materials stems from the present use
of nanodiamonds for creating very efficient thin
solid lubricating films on metal substrates, and to
their potential “ball bearing effect” when
introduced as suspensions in lubricants [5, 17-20].
The typical application in the former case is
lubrication in vacuum (e.g., in space) and in the
latter case more conventional and much less
expensive products - lubricating oils, greases, etc.
are targeted.

Numerous lubricating additives with
nanodiamonds are being advertized on the market.
Their positive effect on lubrication reported in
different publications, can be characterized as
significant [17-20] or very high [5, 21, 22], though
at least in one paper [23] negative results for a
nanodiamond additive in automotive oils are
presented.

Nanodiamonds can be used in two types of
conventional lubricating products: liquid (i.e., oils)
and plastic (i.e., greases, pastes, etc.). Modern
liquid lubricants are synergistic combinations of
hydrocarbon and/or synthetic base oils, and
additives which ensure adequate performance
according to a preset specification. The chemical
types of the used components depend on the
particular application of the oils [24]. Moreover,
different producers might employ chemically
different additive compounds to achieve the
lubricating, oxidation, rheological, etc. properties of
their products [25].

Solid additives that can be solubilized in
micelles of organic surfactants and form stable
colloid solutions are incorporated into the
respective lubricating oils in their production [26].
Micro- and nano-sized solid particles of metals,
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MoS,, graphite, fluorine polymers, etc. [27] for
liquid lubricants are offered as “Do It Yourself
(DIY)” oil suspensions, which the consumer might
add to commercial oils. Nanodiamonds fall in the
same category and presently are commercialized as
concentrated suspensions in oil [28, 29].

There is a need for systematic studies of
engineering problems, concerning the whole field
of application of nanodiamonds in non-polar media
and pertaining not only to lubricants. These include
specification of acceptable particle size and
sedimentation stability, compatibility of
stabilizers/modifications with other compounds in
the same product (e. g, base oil and lubricant
additives), influence of the powders not only on the
targeted functional properties (e.g., lubrication), but
also on other important properties of the final
product (e. g., low temperature properties,
oxidation stability), etc.

Previously, we developed a method for UV-VIS
determination of the concentration of nanodiamond
powders in non-polar media [28], and applied it for
estimation of the sedimentation stability of
suspensions of nanodiamonds with soot (NDS) and
pure nanodiamonds (ND), stabilized with different
surfactants [29].

The aim of this work is to study the effect of
typical lubricant additives on the sedimentation
stability of ND and NDS in non-polar media (liquid
paraffin). The low temperature stability of
lubricating oils with nano-diamonds is also
evaluated.

2. EXPERIMENTAL

2.1. Nanodiamond powders and concentrated
suspensions in liquid paraffin

We used two powder samples, produced in the
Space Research Institute (SRI) of the Bulgarian
Academy of Sciences— a blend of nanodiamond and
soot, containing 40 % nanodiamond (denoted as
NDS 40) and — pure nanodiamonds (denoted as
ND). In SRI, after the detonation, soot from both
powders had been removed by treatment with a
boiled mixture of sulfuric acid and potassium
bichromate, followed by moderate thermal
oxidation with HNO; and washing with de-ionized
water to pH 7. The water suspensions of the
powders had been finally subjected to ultrasonic
treatment.

The average particle size distribution of the used
powders, obtained from SRI as water suspensions
(Fig. 1), was determined by photometric
sedimentation analysis with a Shimadzu Centrifugal
Particle Size Analyzer, Type SA-CP-2.
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Fig. 1. Size distribution in the used nanodiamond
samples: [l - ND; [l] - NDS 40.

The NDS 40 sample has considerably larger
aggregates than the ND sample, some of which are
more than 10 microns in size. Both samples are
comparable to the typical commercial industrial
nanodiamonds, analyzed by Osawa [12], with
dynamic light scattering. More information about
the used powders can be found in publications by
our colleagues from SRI [30-32].

Evidently, the aggregates in both samples used
could be crushed and chemically modified by
sophisticated techniques. However, for our studies
on implementation of nanodiamonds in
conventional automotive oils, it was important to
start our work with the sizes, typical for
commercial powders, available at a reasonable
price.

The suspensions in liquid paraffin (kinematic
viscosity at 40 °C = 32.82 mm* s '; density at 20 °C
= 842.5 kg m*; its GC analysis is given in [28]),
were prepared either from the dry powders, or from
their water suspensions. When the model
suspensions were prepared from dry powders,
firstly a paste containing approx. 20 % powder was
obtained by homogenizing weighed amounts of
powder and liquid paraffin with a laboratory
homogenizer with shearing blades for 10 sec at
rotation speed of 10 000 rpm. For mechano-
chemical disintegration, the respective stabilizer
was included in the paste, which was then
disintegrated in six subsequent 10 sec. runs for a
total of one minute. The applied technology for the
particular pastes is noted in the respective Tables.
The concentration of the powder in all pastes was
determined in parallel by the UV-VIS method, and
gravimetrically, after centrifugation of the
suspensions in hexane. In the latter case, the hexane
was removed from the separated oil phase in a

rotary vacuum evaporator, and from the powder —
in a vacuum drying oven.

The powder suspensions in paraffin were
prepared by weighing calculated amounts of the
respective paste, stabilizer(s) and liquid paraffin in
laboratory flasks, followed by mixing with a
conventional laboratory stirrer for 30 min at 60 °C,
conventional laboratory ultrasonic treatment, and
again mechanical stirring under the described
conditions. The preparation of oil suspensions from
water suspensions of the powders is described later
in the text.

2.2. Stabilizers and lubricating oils

Nanodiamond powders might be stabilized with
different surface-active substances [33]. However,
it is an advantage if the stabilizers are compounds
involved in the potential application of the
powders. Therefore, in continuation of our previous
studies [29], in the present work we have tested the
combinations of the additives and packages, typical
for gear and automotive oils, shown in Table 1. The
influence of the powder suspensions on the pour
point temperatures was studied in three typical
petroleum oils. The first one was SAE 90 base oil
(SAE is the US Society of Automotive Engineers),
used as received by the manufacturer — the “Prista
Oil” Company, Bulgaria. The second oil was
prepared in our laboratory by dissolving a required
amount of the auto gear oil package 1 in the base
oil at concentration, recommended by the package
producer for SAE 90 API GL 5 automotive gear
0il(API is the American Petroleum Institute). The
third oil was a commercial sample of SAE 15W/40
API SJ/CF engine oil, bought from a gasoline
station. It is mineral oil based and widely used in
gasoline and diesel engines on the road in many
countries.

2.3. Methods of analysis

The method for the estimation of the
concentration of NDS 40 and ND in oil
concentrates with UV-VIS has been described in
detail in [29]. The sedimentation stability [28] was
studied by determination with UV-VIS of the
concentration of the powder in the upper 0.5 cm
layer of the paraffin concentrates, stored in closed
laboratory test tubes. The tubes were kept at room
temperature in the laboratory. Samples for the
sedimentation stability studies were taken after 0,
20, 75 and 90 days of storage, thus characterizing,
respectively, initial, short, medium and long-term
stability in their potential application. Additionally,
recovery of the stability of the concentrate after
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long-term storage was tested after 1 min

stabilization of the 75 or 90 days samples with a

Table 1. Description of the lubricant additives and packages tested as stabilizers.

Stabilizers Description by the supplier®
Gear oil package 1 Additive package for automotive gear oils, containing S, P, N
Gear oil package 2 Additive package for automotive gear oils, containing S, P, N
Motor oil DD package 1 Overbased Ca detergent + N-containing dispersant
Motor oil DD package 2 Detergent and dispersant (DD) additive package

Finished motor oil package 1
Finished motor oil package 2
Motor oil additive 1
Motor oil additive 2
Motor oil additive 3

Motor oil additive package, containing S, P, N, B, Zn, Mg
Motor oil additive package, containing S, P, N, Zn, Ca, Mg
Thermostable polyalkenyl succinimide dispersant
Overbased Ca alkylaryl sulphonate

Neutral Ca alkylaryl sulphonate

“ The single capital letters are the symbols of the respective chemical elements.

conventional laboratory tube-shaking machine.
Thus, it is also application-oriented, though in DYI
applications vigorous shaking of the pack, often
containing a ball, is used.The FT-IR spectra of all
liquid samples were recorded with a “FT-IR
Equinox” spectrophotometer (“Bruker
Corporation”) in thin film, and those of the powders
— in the standard thin tablets, prepared with KBr.

The amount of calcium in the additives and the
oils was determined by inductively coupled plasma
atomic emission spectrometry (ICP  AES),
following the ASTM D 4951 method on a “Varian
Vista MPX”, with a detector with CCD matrix.
Sulphur was determined by the ASTM D 4951
method and checked with Wavelength-Dispersive
X—Ray Fluorescence Spectroscopy (ASTM D 4927
method). The reason for determination of sulphur
by two methods was that its concentration turned
out to be somewhat higher than that given by
additive manufacturers. Both methods confirmed
the sulfur concentrations presented in the respective
Table.

The pour point temperatures were determined
according to the ASTM D 97 method.

3. RESULTS AND DISCUSSION

3.1. Stability in liquid paraffin of NDS 40
suspensions, stabilized with lubricant additive
packages and additives

Our previous work with individual additives and
additive packages [28] implied that succinimide
dispersants and alkylarilsulphonate detergents are
promising stabilizers for concentrated suspensions
that can be used in lubricants. More importantly, it
demonstrated that engine oil additive packages,
which contain such additives, have also a
stabilizing effect. The tested gear oil packages and
additives could not stabilize the suspensions.
Inorganic alkalinity, solubilized in the overbased
sulphonates showed a negative effect as compared
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to the neutral sulphonates tested. For polymeric
dispersants the presence of an imide group
improved stability. Table 2 summarizes the most
important results for suspensions, containing 3 %
NDS 40. The stability at 15 min after preparation is
given as an indication of the easiness of initial
dispersion. The Table includes also a binary
combination of the better stabilizers, which within
experimental error [28], does not show synergistic
action of additives 1 and 3.

In general, the amount of stabilized powder after
short-term and medium-term storage in all samples
is low, but the recovery after 75 days for some of
them is satisfactory.

The above observations determined our further
experiments, namely we studied systematically the
short-term stability of gear oil package 1 with
combinations of three engine oil additives. In
engine oils these additives are expected to adsorb
on soot and prevent its flocculation. It was
important to establish if there might be antagonism
between the gear oil package and the engine oil
additive stabilizers, which might compromise their
effect. The amount of NDS 40 was decreased, in
order to estimate the effect of lower powder
concentrations. Fig. 2 shows the obtained results
With the lower powder concentration the short-term
stability is improved. For all samples the stabilizing
effect decreases with decreasing the amount of the
stabilizer. However, the polyalkenyl succinimide
additive 1 shows some positive effect (i.e. higher
stability than the proportional to its concentration),
while the other two additives have a negative effect.
Thus, this additive is more appropriate for
stabilizing NDS 40 in gear oils. This is important
because additives without metal are preferred in
these oils.

3.2. Stability of NDS 40 paraffin suspensions,
prepared with binary additives and mechano-
chemical disintegration.
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Our next experiments were targeted on
improving medium and long-term stability. We

tested systematically combinations of the two best

Table 2. Stability of paraffin suspensions of 3 % NDS 40°.

No Stabilizers® Stability, % of initial
15 min 20 days 75 days Recovery,
75 days

1 Auto gear oil package 1 47.54 0.0 - -

2 Auto gear oil Package 2 44.53 3.1 - -

3 Engine oil DD package 1 99.02 54.0 11.9 37.2
4 Engine oil DD Package 2 95.49 42.8 20.5 61.8
5 Finished engine oil package 1 76.26 54.6 7.2 81.7
6 Finished engine oil package 2 90.59 56.7 12.9 74.0
7  Engine oil additive 1 89.92 17.6 9.1 65.1
8 Engine oil additive 2 85.62 37.0 11.1 34.1
9  Engine oil additive 3 97.22 61.5 19.2 84.0
10 0.50 Add. 1+0.50 Add. 3 93.94 36.9 243 54.4

 From dry powder, without mechano-chemical disintegration.

 «“DD” stands for “Dispersant and Detergent” — i.e. packages of dispersant and detergent additives for engine
oils that can be bought separately.

Table 3. Stability of 3 % NDS 40 suspensions from paste, with additives 1 and 3"

Sample Stabilizers (mixtures in mass Sedimentation stability, % of initial
ratios) 20 days 75 days 90 days Recovery, 90

days
25 Motor oil additive 1 71.46 58.51 57.07 72.98
26 0.75 Add. 1 +0.25 Add. 3 77.57 62.33 60.94 75.43
27 0.50 Add. 1 +0.50 Add. 3 59.50 45.61 40.72 60.87
28 0.25 Add. 1 +0.75 Add. 3 66.01 - 51.72 67.73
29 Motor oil additive 3 62.59 63.34 59.80 67.32

¥ From dry powder, with mechano-chemical disintegration.

Stability 20 days, %

0.4

0.6 0.8 1.0

Gear package, mass parts

Fig. 2. Stability of paraffin suspensions of 2 % NDS 40 with mixtures of gear oil package 1 and engine oil additives:

(e)-additive 1;(m)-additive 2; ( * )- additive 3.

stabilizers, including them in the pastes and
increasing the disintegration time with the view to
achieve mechano-chemical crushing of some
aggregates. Table 3 presents the obtained results.

It shows that more than half of the powder stays
suspended even after 90 days of storage. The
recovered stability is somewhat lower than the best
results achieved previously. The observed
synergism for sample 26 and antagonism for

sample 27 needs further studies, although the
respective result in Table 1 provides some relevant
evidence for the latter sample. However, we
decided not to perform such studies at this stage
because of the modeling approach of this work,
done in paraffin. In a DIY product the used oil for
the suspensions would be of higher viscosity and
the recovery more effective, thus minimizing the
practical importance of the observed effects.
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Our next task was to study the effect of the
applied mechano-chemical disintegration of NDS
40. For this purpose, the oils and the powders from
the pastes with individual additives had been
separated by centrifugation and the respective FT-
IR spectra had been recorded. Fig. 3 shows the FT-
IR spectra of additive 1, the oil (liquid paraffin) and
the powder, obtained by centrifugation of the paste
from which the suspension with additive 1 had been
prepared.

The spectrum of additive 1 (Fig. 3, up) among
the peaks of hydrocarbon groups, shows two peaks
characteristic for succinimides: vibrations of -NH-
groups (a wide peak at 3448.7 cm ') and vibrations
of >C=0 groups (a sharp peak at 1704.9 cm™"). In
the oil spectrum (Fig. 3, up) the first peak
disappears, and the second one (at 1705.7 cm ") has
a much lower intensity.

In the spectra of the crushed NDS 40 powder
(Fig. 3, down) the -NH- peak is identified at 3442.5
cm, and the peak of the >C=0 groups is at 1697.5
cm ', These peaks are not present in the spectra of
the liquid paraffin or the NDS 40 powder used to
prepare the suspension (Fig. 3, down). Thus, the
FT-IR spectra on Fig. 3 confirm the assumption that
additive 1 has been adsorbed on the powder during
the preparation of the paste.

Table 4. Active elements in Additive 3, its paste with
NDS 40?, and the oil from the paste after centrifugation.

Samples Concentration, %
Sulphur  Calcium

Additive 3 5.16 2.78

Oil portion of paste 1.04 0.55

Oil, obtained from the 0.23 0.17

paste by centrifugation

Calc. reduction in 779 69.1

separated oil as compared

to oil in paste, %
9 From dry powder, with mechano-chemical
disintegration.

The adsorption of the alkylaryl sulphonate
additive 3 is supported by FT-IR spectra (peak of
S=0 vibrations for the additive at 1212.4 cm™).
However, the spectra are not presented here,
because the adsorption of additive 3 is confirmed
more profoundly by the data presented in Table 4.
According to these data a significant portion of
additive 3 is not present in the oil, obtained after
centrifugation, and presumably has been adsorbed
on the surface of the powder. The effect of the
mechano-chemical dis-integration of NDS 40 in the
presence additive 1 on the powder size distribution
is presented in Fig. 5.
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Transmittance, arb. units

Transmittance, arb. units
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Fig. 3. FT-IR spectra indicating adsorption of the
polyalkenyl succinimide additive 1 on the NDS 40
powder. Up: Straight line - Additive 1 (thin film);
Dashed line - oil, separated from the paste, containing
additive 1 (thin film). Down: Straight line - NDS 40
powder (tablet); Dashed line - NDS 40 powder,

separated from the paste (tablet).

3.3. Sedimentation stability of liquid paraffin
suspensions with pure nanodiamonds.

Table 5 presents the results for the
sedimentation stability of the paraffin suspensions
of pure nanodiamond powder (ND), prepared with
additives 1 and 3.

The pastes for the first two samples were
obtained from dry powders, without mechano-
chemical stabilization. As expected, the results
were not satisfactory. The next two samples were
prepared with mechano-chemical disintegration, as
those with NDS. A certain improvement was
achieved, but the effect was lower than for the NDS
samples. The last two samples were prepared from
water suspensions of the ND powder, into which
portions of paraffin and additive were added, and
the water was evaporated. The rest of the paraffin
and additive needed to prepare pastes with approx.
20 % powder were then added, and the pastes were
mechano-chemically disintegrated. The developed
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Table 5. Sedimentation stability of paraffin suspensions with nanodiamond powder (ND).

Sample Technology Sedimentation stability, %
20 days 75 days 90 days Recovery

30 Dry powder, paste with Add. 1 23.80 - 16.00 30.00
31 Dry powder, paste with Add. 3 39.12 - 28.20 56.90
32° Dry powder, paste with Add. 1 54.75 37.83 28.70 70.43
33% Dry powder, paste with Add. 3 44.60 37.27 31.81 86.70
34* Water suspension and paste, add. 1 68.20 44.60 46.50 79.10
35" Water suspension and paste, add. 3 82.60 70.50 65.20 84.70

* With mechano-chemical disintegration.

Table 6. Active elements in Additive 3, its paste with ND*, and the oil from the paste after centrifugation

Samples Concentration, %
Sulphur Calcium
Additive 3 5.16 2.78
Oil portion of paste 2.58 1.39
Oil, obtained from the paste by centrifugation 1.51 0.58
Calc. reduction in separated oil, as compared to oil in paste, % 58.53 41.73
* From water suspension, with mechano-chemical disintegration.
paraffin) and the powder, obtained by

0.8
“
0.6 [

0.4 -

Transmittance, arb. units

0.2 -

0.0

1000 1500 2000 2500 3000 3500

Transmittance, arb. units

o

0 L L L L L
1000 1500 2000 2500 3000 3500

Wave No., cm"I

Fig. 4. FT-IR spectra indicating adsorption of
polyalkenyl  succinimide additive 1 on pure
nanodiamond. Up: FT-IR spectra (thin films) of additive
1 - straight line and the oil, separated from the
nanodiamond paste containing it - dashed line. Down:
FT-IR spectra (tablets) of the used nanodiamond -
straight line and the nanodiamond, separated from the
paste containing additive 1 - dashed line.

preliminary treatment of the water suspensions
brought up the stability of the ND suspensions to
the levels achieved with the NDS powder.

Fig. 4 shows the FT-IR spectra of the
polyalkenyl succinimide additive 1, the oil (liquid

centrifugation of the paste from which the
suspension with additive 1 had been prepared.

The two characteristic peaks of additive 1:
vibrations of -NH- groups (a wide peak at 3448.7
cm’') and vibrations of >C=0 groups (a sharp peak
at 17049 cm') are clearly seen on Fig. 4 (up).
Their intensity in the oil centrifuged from the paste
is lower, though not so profound as in Fig. 3. Fig. 4
(down) also shows the appearance of the
characteristic additive peaks, though the wide peak
at 3100 — 3600 cm' might include —OH, -NH, and
>NH groups present on the original nanodiamond
powder surface, as well. In general the spectra with
nanodiamonds are more complex than with the
NDS 40 blend. They suggest more complex
interactions between the additive and the functional
groups on the nanodiamond surface.

Table 6 presents the content of the active
elements in the alkylaryl sulphonate additive 3, its
nanodiamond paste, and the oil from the paste after
centrifugation. Again a considerable amount of the
additive is not present in the oil, centrifuged from
the paste, and has remained on the nanodiamond
powder surface.

Fig. 5 presents the effect of the mechano-
chemical disintegration in the presence of additive
1 on the size distribution of both the NDS and ND
powders. The analysis was performed on samples
taken from the respective freshly prepared paraffin
suspensions. The comparison with Fig. 1 clearly
shows that the larger aggregates have been crushed,
with effect similar to ball milling [33].
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Fig. 5. Size distribution of the mechano-chemically disintegrated nanodiamond samples: . - ND in the presence of

additive 1; [l] - NDS 40 in the presence of additive 1.

Table 7. Pour temperatures of lubricating oils with NDS 40 and ND.

Sample

Pour point, °C

Base gear oil (specification) +

(less than -18)

no additive -19
5% liquid paraffin -19
5 % concentrate of NDS 40 with Additive 1 -19
5 % concentrate of NDS 40 with Additive 3 -19
5 % concentrate of ND with Additive 1 -19
5 % concentrate of ND with Additive 3 -18
Automotive gear oil SAE 90 API GL 5 (specification) + (less than -18)
no additive -20
5% liquid parafin -19
5 % concentrate of NDS 40 with Additive 1 -19
5 % concentrate of NDS 40 with Additive 3 -16
5 % concentrate of ND with Additive 1 -17
5 % concentrate of ND with Additive 3 -17

Motor oil 15W/40 API SJ/CD (specification) +

no additive
5% liquid parafin

5 % concentrate of NDS 40 with Additive 1
5 % concentrate of NDS 40 with Additive 3
5 % concentrate of ND with Additive 1
5 % concentrate of ND with Additive 3

(less than -27)
less than -32
less than -30
less than -30
less than -30
less than -30
less than -30

3.4. Low temperature stability of lubricating oils
with NDS and ND
As shown in the introduction, the effect of
nanodiamonds on lubricating properties has been
widely studied. However, the requirement that they

should not impair the rest of the important
properties of the original lubricant — oxidation
stability, low temperature and anticorrosion
properties, demulsibility, etc. seems to be
neglected. Chou and Lee [19] recently showed that
addition of nanodiamond particles, depending on
their size and the additives in the lubricant, might
increase the viscosity of lubricating oils.
Hereunder, we present results on the influence of
nanodiamond concentrates on the low temperature
stability of three oils, accessed by their pour point

temperatures (Table 7). The pour point temperature
is indicative of depletion at low temperatures of
high molecular mass n-alkanes from the oil.
Experimental data of the influence of the powders
on this phenomenon is needed, because the
particles might become centers for the
crystallization of the alkanes.

The results in Table 7 show that, within the error
of the analysis, the concentrates slightly influence
the pour point temperatures of the oils. This is very
important, especially for multi-grade fuel economy
engine oils, which have to pass more sophisticated
tests related to low temperature properties [24, 25].
In any case, our results show that the pour point
temperature should always be tested when
developing nanodiamond suspensions for different
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oils, because particular combinations of powder
stabilizers and lubricant additive packages might
impair the low temperature properties of the doped
oil.

CONCLUSIONS

The sedimentation stability of the studied
nanodiamonds (ND) and their blends with soot
(NDS) in paraffin was estimated after 20, 75 and 90
days of storage. Recoverability of the initial
stability by mild homogenization was also tested.
Typical additives for automotive gear and engine
oils, their packages and binary combinations were
evaluated as stabilizers. The obtained results show:

- Dispersant and detergent additives for engine
oils and their packages are effective stabilizers.
Succinimides and neutral sulphonates showed best
results.

- The ND sample was more difficult to stabilize
than its 40 % blend with soot (NDS 40), which can
be explained with the fact that these additives are
designed to disperse soot and coke particles.

- Mechano-chemical disaggregation with a
laboratory homogenizer with razor blades was also
evaluated. Both tested additives adsorbed on the
surfaces of NDS 40 and ND, and some of the larger
aggregates were crushed.

- With the selected stabilizers and mechano-
chemical disaggregation more than 50 % of the
NDS stayed in the upper layer of the paraffin
concentrate after 90 days of storage, with recovery
of around 70 % of the initial stability with mild
homogenization. Higher stability is expected when
more viscous hydrocarbon oils are used for the
concentrates.

- The mechano-chemical disaggregation was not
so effective for ND. Similar to the NDS results
were achieved, when it was combined with
evaporation of the water in the presence of the
stabilizer and the paraffin.

- The NDS and ND powders slightly influence
the low temperature stability of tested lubricating
oils, but their effect should always be checked.
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OUNYECKA CTABMJIHOCT HA JETOHAIIMOHHN HAHOAMAMAHTU B TEYHU
CMA30YHU MATEPUAJIN

I'. Cr. Yonakos*, B. b. Torea, Cr. /1. Slues, Cr. I'. Craiikos, K. I'. Ctanynos

Kameopa ,, Opeanuuen cunmes u eopusa’’, Xumuxomextonozuder u memanypeuieH ynusepcumem, oyn. “Knumenm
Oxpuocku”, Cogpus 1756, bvreapus

IMocrbnuna na 10 auyapu, 2011 r.; kopurupana Ha 21 anpui, 2011 r.

(Pesrome)

ArperupaHeTo Ha JIETOHALMOHHMTE HAHOJMAMAHTU CI'bBA IIO-IIMPOKOTO UM H3IIOJ3BAHE M U3MCKBA U3CIEIBAHUA,
OPUEHTHPAHH KbM KOHKDETHOTO IPUIIOKEHHE, M CTaOMIM3aTOpPH, KOUTO Jla HE B3aUMOJEHCTBAT HEraTHBHO C
OCTaHAJIUTE KOMIIOHEHTH Ha IPOJYKTa.

OcHoBHaTa 1e1 Ha paboTaTta Oemie na u3cienBa epeKkTa HA TUIMYHU HPHCAJKU 33 CMA30YHU MAaTepHaNIU BbPXY
CeJMMEHTAlMOHHATa CTa0MIHOCT HAa HAHOAMAMAHTEHU IPaXoBe B HEMOJsIpHA cpena (TeueH napadus). OneHeHa Gere
eKCIIEPHMEHTAIHO U HUCKOTEMIIEpaTypHaTa CTAOUIHOCT Ha CMAa30YHU Macja ¢ HAHOAUAMAHTH.

W3non3Banute npaxose (Hanoguamantu, ND u Hanoauamantu ¢ 40 % caxau, NDS 40) 6sixa ¢ pasmepu, THITMYHU
3a MpPOJAaBaHUTE WHIYCTpUAIHM HaHoauMaMmaHTH. IlpencTaBeHM ca eKCIIEPUMEHTAJIHM pE3y/ITaTH, Y€ T€ ChIbpiKar
3HAYUTEIIHO KOJMYECTBO arperaTu ¢ Mo-rojleMu OT HAHO pasMepHu.

Ilpn u3nons3BaHe Ha J1a0OPATOPHO MEXAHO-XMMHYECKO JIE3MHTErPUpaHe, B IPHCBHCTBHE HA EKCIEPUMEHTAIHO
noxOpanute Hai-noOpu mpucanku, Hax 50 % ot NDS 40 ocraBaT B Hali-ropHHs CJIOH Ha mapaduHOBHS KOHLIEHTPAT
cienr 90-aHeBHO cbXxpaHeHHe, a okoso 70 % oT mpaxa ce cycleHIupaT OTHOBO CJIe/l yMEPEHO XOMOT'CHU3UPaHe.

MexaHO-XHMHUYHOTO HNE3MHTETrpupaHe He Oeme TonkoBa epektumBHO mpu ND. Ilomobna crabmmHOCT Oere
IIOCTUTHATA, KOraTo TO Oelle KOMOMHUPAHO ¢ TEXHOJOrHs 3a MIPUrOTBSHE HAa KOHLEHTPaTa 4pe3 U3NapsBaHe Ha BOjAaTa
OT BOJIHA CYCHEH3Usl B IIPUCHCTBUE HA CTAOMIIN3aTOPA U U3BECTHO KOJIMUECTBO NapaduH.

ITpaxosere NDS 40 u ND cnaGo BIusAT BbPXY HHMCKOTEMIIEpPAaTypHATa CTaOMIHOCT HAa M3NUTAHUTE CMAa30YHU
MacJa, Ho TexXHUs eeKT TpsiOBa BUHATHU Jja Ce IIPOBEPSIBA.
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The inhibition efficiency (IE) of malachite green- (MG) Zn”" system in controlling corrosion of carbon steel in well
water containing 665 pm of Cl'(model corrosion medium) has been evaluated by weight loss method. Weight loss study
reveals that the formulation consisting of 30 ppm of MG and 25 ppm of Zn®" has 95% inhibition efficiency in
controlling corrosion of carbon steel immersed in well water (model corrosion medium). Synergistic parameters suggest
that a synergistic effect exists between MG and Zn®". Polarization study reveals that this system functions as cathodic
type inhibitor controlling cathodic reaction predominantly. AC impedance spectra reveals that a protective film is
formed on the metal surface. The FTIR spectra reveals that the protective film consists of Fe*'-MG complex. This is
further confirmed by UV-visible spectra and fluorescence spectra. The colour of the dye can be removed by electrolysis
using platinised titanium as anode and graphite as cathode.

Keywords : Carbon steel, corrosion inhibition, malachite green, F-Test, synergism parameter

Table 1: Physico —chemical parameters of well water
(model corrosion medium)

INTRODUCTION

Several compounds such as nitrates [1,2]

Parameter Well Water

phosphates [3,4] silicates [5] sodium salicylate [6]

) . ) pH 8.38
Sthum cinnamate [7] molyl?dates [8,9] phosphoplc Conductivity 3110 umhos/cm
acids [10,12] polyacrylamide [13] and caffeine Total dissolved solids 2013 ppm
[14,15] have been used as corrosion inhibitors. Chloride 665 ppm
Talati and Gandhi have studied the effect of some Sulphate 14 ppm
dyes as corrosion inhibitors for B26S aluminium in Total hardness 1100 ppm
hydrochloric acid [16,18]. The inhibition efficiency and presence of zinc ions; (ii) the influence of pH
(IE) of triphenylmethane dyes such as Victoria and immersion period on the inhibition efficiency
blue, fast green, light green, malachite green,  and (i) the protective film by UV-visible
fuchsine base, fuchsine acid, crystal violet and reflectance, FTIR and fluorescence spectra.
methyl violet 6B in controlling corrosion of
aluminium in phosphonic acid has been studied by MATERIALS AND METHODS
Talati and Daraji using mass and polarization
studies [19]. Several dyes such as Nile blue, indigo Preparation of the specimens

carmine organic dyes [20], crystal violet [21],
congo red [22], methylene blue [23], basic yellow
13 [24], fluorescein [25], methyl orange [26], and
eriochrome black-T [27] have been used as
corrosion inhibitors. The present work is
undertaken to investigate (i) the inhibition
efficiency of malachite green in controlling
corrosion of carbon steel immersed in well water
(model corrosion medium) (Table 1) in the absence

Carbon steel specimens (0.026% S, 0.06% P,
0.4% Mn, 0.1% C and rest iron) of the dimensions
1.0 x 4.0 x 0.2 cm were polished to a mirror finish,
degreased with trichloroethylene, and used for the
weight-loss method and surface examination
studies.

Mass-loss method
Determination of surface area of the specimens
The length, breadth and the thickness of carbon

* To whom all correspondence should be sent: © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
E-mail: E-mail: srmjoany@sify.com
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steel specimens and the radius of the holes were
determined with the help of vernier calipers of high
precision and the surface areas of the specimens
were calculated.

Weighing the specimens before and after corrosion

All the weighing of the carbon steel specimens
before and after corrosion were carried out using
Shimadzu Balance-AY62.

Determination of corrosion rate

The weighed specimen in triplicate were
suspended by means of glass hooks in 100 ml
beakers containing 100 ml various test solutions
and after 24 hours of immersion, the specimens
were taken out, washed in running water, dried and
weighed. From the change in weights of the
specimen, corrosion rates were calculated using the
following relationship.

Loss in weight (mg)

Corrosion rate =

Surface area of the specimen (dm?)x period of immersion (days)

Corrosion inhibition efficiency (IE) was then
calculated using the equation.

IE =100 [1-(W,/W))] %,

where W, is the corrosion rate in absence of
inhibitor; W, is the corrosion rate in presence of
inhibitor.

Surface examination study

The carbon steel specimens were immersed in
various test solutions for a period of one day. After
one day, the specimens were taken out and dried.
The nature of the film formed on the surface of
metal specimen was analyzed by surface analysis
technique, namely, FTIR, UV-visible reflectance
and fluorescence spectroscopy.

The UV-Visible Spectra

The UV-visible reflectance spectra were
recorded using Hitachi U-3400 spectrophotometer.
The same instrument was used for recording UV-
visible absorption spectra of aqueous solutions also.

Luminescence spectra

The luminescence spectra of solution and the film
formed on the metal surface were recorded using
Hitachi 650-10 S fluorescence spectrophotometer
equipped with 150 W Xenon lamp and a
Hamamatsu R 928 F photomultiplier tube.

Potentiodynamic polarization study

Potentiodynamic polarization studies were
carried out using CHI electro chemical impedance
analyzer, model 660 A. A three electrode cell
assembly was used. The working electrode was a
rectangular specimen of carbon steel with one face
of the electrode exposed and the rest shielded with
red lacquer. A saturated calomel electrode (SCE)
was used as a reference electrode and a rectangular
platinum toil was used as the counter electrode.
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The working electrode and platinum electrode
were immersed in well water (model corrosion
medium) in the absence and presence of inhibitor
saturated calomel electrode was connected with the
test solution through a salt bridge. Potential (E) vs
log current (I) plots were then recorded. Corrosion
potential (E.,,) and Tafel slopes b, and b. were
determined from E vs log I plots.

AC impedance measurements

A CHI electrochemical impedance analyzer
(Model 660A) was used for AC impedance
measurements. A time interval of 5 to 10 minutes
was given for the system to reach the stable open
circuit potential. The real part (Z’) and imaginary
part (Z”) of the cell impedance were measured in
ohms for various frequencies. The R, (charge
transfer resistance) and C,; (double layer
capacitance) values were calculated. Equivalent
circuit diagram is shown in Scheme 1.

||Cdl
|

R
o

Scheme 1: Equivalent circuit diagram

Synergism parameters

Synergism parameters are indications of
synergistic effect existing between two inhibitors.
Synergism parameters were calculated using the
relation
S =|1- 01/ 1- 0"

where 6 1.,= (01+ 6,) — (0 % 0,);
- 8= surface coverage of substance 1;
- 0= surface coverage of substance 2;
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-where 6’ ., = combined surface coverage of
substance 1 & 2.

Analysis of variance (F-Test)

F-test was carried out to investigate whether the
synergistic effect between CAE and Zn*" was
statistically significant.

Analysis of the results of the mass loss method

The calculated inhibition efficiencies (IE) of
malachite green in controlling the corrosion of
carbon steel immersed in well water (model
corrosion medium) both in the absence and
presence of zinc ion have been tabulated in Table 2
and 3. The calculated values indicate the ability of
malachite green to be a good corrosion inhibitor.
The inhibition efficiency is found to be enhanced in
the presence of zinc ion. The formulation consisting
of 30 ppm of MG and 25 ppm of Zn*" offers 95%
inhibition efficiency.

Table 2: Corrosion rates (CR) of carbon steel in well

water (model corrosion medium) in the absence and

presence of inhibitors and the inhibition efficiencies
obtained by mass loss method. Inhibitor system:
Malachite green (MG) + Zn*" Period of immersion:
1 day

MG ppm Zn*" CR mdd IE %

ppm
0 0 42.72 -
10 0 16.36 61
30 0 15.45 63
50 0 8.18 80
70 0 7.27 82
90 0 2.72 93

Table 3 : Corrosion rates (CR) of carbon steel in well
water (model corrosion medium) in the absence and
presence of inhibitors and the inhibition efficiencies
obtained by mass loss method. Inhibitor system :
Malachite green (MG) + Zn>". Period of immersion:

1 day

MG ppm Zn** CR mdd IE %

ppm
0 25 18.18 17
10 25 4.54 75
30 25 2.14 95
50 25 2.72 85
70 25 2.72 85
90 25 0.90 80

Influence of immersion period on the corrosion
inhibition of carbon steel in well water (model
corrosion medium) by MG + Zn’" system

The corrosion rates of carbon steel in the
presence of the inhibitor system in well water
(model corrosion medium) for different durations
of immersion are tabulated in Table 3.

The IE of 30 ppm MG-25 pm Zn*" system is
found to decrease as the immersion period

Table 4: Corrosion rates (CR) of carbon steel in well
water (model corrosion medium) in the absence and
presence of inhibitors and the inhibition efficiencies
obtained by mass loss method. Inhibitor system:
Malachite green (MG) + Zn*". Period of immersion:
1 day

MG Zn’ CR IE
ppm “ppm  mdd %
0 50 9.09 23
10 50 5.45 40
30 50 4.54 50
50 50 3.63 60
70 50 2.72 70
90 50 0.90 90

increases. This indicates that the protective film
formed on the metal surface is unable to withstand
the continuous attack of corrosive ions such as CI’
ion (665 ppm) present in well water (model
corrosion medium). There is a competition between
the formation of FeCl, (and also FeCl;) and Fe*'—
MG complex on the anodic sites of the metal
surface. Analysis of results suggests that the
formation of FeCl, is more favoured than the
formation of Fe’-MG  complex.  Similar
observation has been made by Selvaraj et al., [28],
while studying corrosion behaviour of carbon steel
in presence of polyvinyl pyrrolidone.

Table 5 :Influence of immersion period on the inhibition
efficiency of the MG (30 pm) - Zn>" (25 pm)

Corrosion rates of carbon steel in well water (model
corrosion medium) in the presence and absence of the
inhibitor system and the inhibition efficiencies obtained
by the mass loss method

Inhibitor system : MG (30 ppm) + Zn>" (25 ppm).

MG Zn**  Immersion Corrosion Inhibition

ppm ppm perioddays  Rate mdd efficiency
%
0 0 1 42.72 --
30 25 1 0.90 95
0 0 3 4731 --
30 25 3 4.73 90
0 0 5 49.25 --
30 25 5 5.42 89
0 0 7 54.01 --
30 25 7 9.18 33

Influence of pH on inhibition efficiency of
malachite green Zn’" system

Corrosion rates of carbon steel in well water
(model corrosion medium) in the presence of the
inhibitor system at different pH values and the IE
are tabulated in Table 6.

At pH 8, the IE of MG Zn®>" system is 90%.
When the pH is lowered to 6 (by the addition of

43



V. Johnsirani et al.: Inhibitive action of malachite green-Zn"" system

dil.H,SO,), the IE decreases to 88 due to the attack
of H' ion present in the acid, on protective film
formed on the metal surface. When the pH
decreased from 8 to 7 (by addition of diluted
H,S0O,). The IE decreases from 90 to 83. This is
due to the fact that the protective film formed on
the metal surface is broken by the attack of H' ion
[29]. The IE at pH 6 is found to be greater than that
at pH 7. This is explained as follows: The inhibitor
contains amino groups. When acid is added (pH =
6), protonation of amines takes place. Nitrogen
atom attains positive charge. This positive charge
and the (Fe’") positive charge on the metal are
coordinated through the chloride ions (665 ppm)
which are also present on the metal surface. Thus,
when acid is added (pH=6), inhibition efficiency
increases.

Table 6: Influence of pH on the inhibition efficiency of
MG (30 ppm) - Zn*" (25 pm). Corrosion rates of carbon
steel in well water (model corrosion medium) at different
pH and the inhibition efficiencies obtained by the mass
loss method. Inhibitor system : MG (30 pm) — Zn®* 25
ppm. Immersion period: 1 day.

Corrosion Rate

2+ 0,

MG ppm Zn" ppm  pH mdd IE %

0 0 7 30.27 -

30 25 7 5.15 83

0 0 8 42.72 -

30 25 8 1.82 90

0 0 6 32.78 -

30 25 6 3.93 88
Influence of CTAB, SDS on the IE of MG + Zn’t

system
Influence of CTAB

The corrosion rates of carbon steel in well water
(model corrosion medium) containing Zn*" — MG
inhibitor formulation for various concentrations of
N-Cetyl-N,N,N-trimethyl ~ammonium  bromide
(CTAB) are tabulated in Table 7.

Table 7: Influence of CTAB on the IE of MG + Zn*"
system. Corrosion rates of carbon steel in well water
(model corrosion medium) in the presence and absence
of the inhibitor system and the inhibition efficiencies
obtained by mass loss method
Inhibitor system : MG + Zn”" + CTAB

MG ppm  Zn* ppm CTAB ppm CR mdd IE %

30 25 0 2.14 95
30 25 5 6.36 73
30 25 10 0.15 34
30 25 15 9.09 61
30 25 20 9.09 61
30 25 25 4.54 80

It is seen that as the concentration of CTAB (a
cationic surfactant) increases, the IE increases and
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then decreases and again increases. The decrease in
IE at a given concentration of CTAB is due to the
fact, that at this concentration of CTAB, monomers
are formed. Hence more number of CTAB
molecules are adsorbed on metal surface. Hence IE
increases, at higher concentrations of CTAB [30].
Similar observations have been made by. CTAB is
a biocide [31]. It can control the corrosion caused
by bacteria. The present study reveals that the
formulation consisting of MG, Zn*" and CTAB has
excellent corrosion inhibitor efficiency. This
formulation may find application in cooling water
systems, provided the experiments are carried out at
high temperature and under dynamic condition.

Influence of SDS on the IE of MG + Zn”" system

The corrosion rates of carbon steel in well water
(model corrosion medium) containing Zn** + MG

Table 8: Influence of SDS on the IE of MG + Zn**
system. Corrosion rates of carbon steel in well water
(model corrosion medium) in presence and absence of
the inhibitor system and the inhibition efficiencies
obtained by the mass loss method. Inhibitor system :
MG + Zn* + SDS

2+
MG Zn SDS  CRmdd IE %
ppm  ppm
30 25 0 2.14 95
30 25 5 12.73 53
30 25 10 9.09 66
30 25 15 8.18 70
30 25 20 5.45 80
30 25 25 4.54 83

inhibitor formulation for various concentrations of
sodium dodecyl sulphate (SDS) are tabulated in
Table 8.

When various concentrations of an anionic
surfactant, SDS, were added to the inhibitor system,
the inhibition efficiency decreased and reached a
minimum and then increased. A micelle would
have been formed at the minimum efficiency
concentration. Afterwards the micelles would have
been converted into monomer, which improved the
inhibition efficiency. When more amount of SDS is
added, SDS exists as monomer. These monomers
are easily adsorbed on the metal surface. A
protective film is formed. This prevents corrosion
of metal SDS is a biocide [32]. This formulation
may find application in cooling water systems,
provided the experiments are carried out at high
temperature and dynamic condition.

Synergism parameters

Synergism parameters have been calculated to
evaluate the synergistic effect existing between two
inhibitors [33-37]. There is synergistic effect when
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the value of the synergism parameter is greater than
1.

The synergism parameters are given in Table 9.
It is observed that the value of synergism parameter
is greater than 1. This suggests that a synergistic
effect exists between MG and Zn*". It is also
interesting to note that the values of S; are slightly
smaller in the case of 50 ppm of Zn*', when
compared with 25 ppm of Zn*" (Fig.1). This is in
agreement with inhibition efficiencies obtained by
weight loss method. Thus the values of synergism
parameter give a quantitative picture of synergism
existing between two inhibitors.

6

Volume of MG, ppm

| W7Zn2+25 ppm  <&Zn2+50 ppm |

Fig. 1. Synergism parameters as a function of
concentration of MG.

Table 9: Synergism parameters derived from inhibition
efficiencies (surface coverage, 6 )of MG-Zn** system

Zn2+
MG ppm S
bp 0 ppm 25 ppm !
0 - 17 -
10 61 75 1.345
30 63 95 2.142
50 80 85 3.293
70 82 85 3.404
90 93 80 3.01

Table 10 : Synergism parameters derived from inhibitor
efficiencies (surface coverage, 0)of MG-Zn*"

Zn2+

MG ppm S

PP 0 ppm 50 ppm I

0 - 23 -
10 61 40 0.399
30 63 50 0.510
50 80 60 0.965
70 82 70 1.338
90 93 90 4.861

Analysis of variance (ANOVA)

F-test was carried out to find out whether the
influence of Zn*" on the inhibition efficiencies of
MG is statistically significant [38-40]. The results
are given in Tables 11 and 12.

In Table 11, the influence of 25 ppm of Zn>" on
the inhibition efficiencies of 7, 10, 30, 50, 70 and
90 pm MG is investigated. The obtained F-value
0.1071 is statistically insignificant, since it is less
than the critical F-value 5.32, for 1,8 degrees of
freedom at 0.1071 level of significance. Therefore,
it is calculated that the influence of 25 ppm of Zn**
on the inhibition efficiencies of various
concentration of MG is not statistically significant.

In Table 12, the influence of 50 ppm of Zn** on
the inhibition efficiencies of 10 ppm, 30 ppm, 50
pm, 70 ppm, 90 ppm of MG is investigated. The
obtained F-value 0.4052 is statistically insignificant

35 . . i A A H
4.0
-4.5
-5.0
3.5
6.0
6.5
7.0
1.5
8.0 T r r r — r
-0.10 -0.20 -0.30 -0.40 -0.50 -0.60 -0.70 -0.80
Potential / V
Fig. 2. Polarization curves of carbon steel immersed in
various test solutions. (a) -Well water (model corrosion

medium).(b) -Well water (model corrosion medium) +
MG 30 ppm + Zn>" 25 ppm.

log(Current/A)

since it is less than the critical F-value 5.32, for 1,8
degrees of freedom at 0.4052 level of significance.
Therefore, it is concluded that the influence of 50
ppm of Zn** on the inhibition efficiencies of
various concentrations of MG is not statistically
significant.

Table 11: Distribution of F-value between the inhibition
efficiencies of various concentrations of MG (0 ppm of
Zn*") the inhibition efficiencies of MG is the presence of
25 ppm of Zn*"

Source Sum of Degree of Mean L eyel of
of F  significanc
. squares  freedom  square
variance eof F
Between  168.1 1 168.1
Within  12547.232 8 1568.404 0-1071 p<0.05

Table 12: Distribution of F-value between the inhibition
efficiencies of various concentrations of MG (0 ppm of
Zn*") and the inhibition efficiencies of MG is the
presence of 50 ppm of Zn®

Source Sum of Degree Mean . Level of
squares square F  significance of

variance 1 freedom F

Between 476.1 1 476.1

Within  9398.84 8 1174.85 04052 p<0.03
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Analysis of polarization curves

Polarization study has been used to detect the
formation of protective film on the metal surface
[41-45]. When a protective film is formed on the
metal surface, the linear polarization resistance
(LPR) increases and the corrosion current (L)
decreases. The potentiodynamic polarization curves
of carbon steel immersed in various test solutions
are shown in Fig.2. The corrosion parameters
namely, corrosion potential (E..), Tafel slopes
(be=cathodic; b,=anodic), linear polarization

1000 : : : i 4 s 4

00
B0O
Tod
600
500
400
309
200

=L [ ohm

B09 800 1200 1500 1BO0D 2900 2400
L' [ ohm

Fig. 3 : AC impedance spectra of carbon steel immersed
in various test solutions (Nyquist plots). (a) - Well water
(model corrosion medium); (b)- Well water (model
corrosion medium) + MG 30 ppm +Zn*" 25 ppm

1] 00

resistance (LPR) and corrosion current (I...) are
given in Table 13. When carbon steel is immersed
in an aqueous solution containing well water
(model corrosion medium) (665 ppm), the
corrosion potential is —619 mV vs SCE. The
formulation consisting of 30 ppm of malachite
green solution (MG) and 25 ppm of Zn®" shifts the
corrosion potential to —635 mV vs SCE. This
suggests that the cathodic reaction is controlled
predominantly. The LPR value increases from
7.454 x 10° to 16.71 x 10° ohm cm’. This suggests
that a protective film is formed on the metal
surface. Further the corrosion current decreases
from 4.858 x 10° A/em’ to 2.029 x 10° A/em’.
The IE calculated from corrosion current is 58%.
This value is lower than the IE obtained by weight
loss method (95%). The discrepancy may be
explained by the fact that in electrochemical
processes, the instantaneous corrosion current is
measured.

Analysis of AC impedance spectra

AC impedance spectra have been studied to
detect the formation of film on the metal surface. If
a protective film is formed, the charge transfer
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resistance increases and double layer capacitance
value decrease [46—50]. The AC impedance spectra
of carbon steel immersed in various solutions are
shown in Figs.3 and 4. The AC impedance
parameter, namely charge transfer resistance (R;)
and double layer capacitance (Cg4) (derived from
Nyquist plot) are given in Table 14.

Table 13. Potentiodynamic polarization curves of
carbon steel immersed in various test solution

System Ecor be by LPR Low Alem’
mV mV/mV/d ohm cm?
vs deca ecade

SCE de
—619 193 147 7.454 x10° 4.858 x 10°

Well water
(model corrosion
medium)
Well water
(model corrosion
medium) + MG
30 ppm + Zn** 25
ppm
However, in the case of the weight loss method, IE
is calculated after a long time. The protective film
formed is strengthened as the duration of

immersion increases.

—635 192 132 16.71 x 10* 2.029 x 10°°

338
3304
3251
320
3154
3104
3051

log (Z/ohm)

100

2.85

2.90
B0k 10 15 e 25 0

log (Freq/Hz)
Fig. 4a. AC impedance spectra of carbon steel
immersed in various test solutions (impedance — Bode
plots). (a) - Well water (model corrosion medium); (b) -
Well water (model corrosion medium) + MG 30 ppm +
Zn*" 25 ppm.

When carbon steel is immersed in aqueous
solution containing well water (model corrosion
medium). The R, value is 1710 ohm cm’ and Cy
value is 2.98 x 10~ F/em’.

When MG and Zn®" are added, the R, value
increases from 1710 ohm cm” to 1748 ohm cm® and
C value decrease from 2.98 x 10° F/em® to 2.92 x
107 F/cm®. This suggests that a protective film is
formed on the surface of the metal. This accounts
for the very high IE of MG Zn®>" system. Further
there is increase in impedance, log (z/Ohm), value

15 40 45 &
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from 3.909 to 3.343 (derived from Bode plot shown
in Fig.4).
60.0 ==

50.0
40.0
30.0
20,0

-Phase / dee

10.0

0 e e
0 051015 20 25 3.0 3.5 40 45 5.0
log (Freq/Hz)

Fig. 4b. AC impedance spectra of carbon steel immersed
in various test solutions (-phase — Bode plots).(a)-Well
water (model corrosion medium (b) -Well water (model
corrosion medium) + MG 30 ppm + Zn*" 25 ppm.

In electrochemical studies, instantaneous
corrosion rate is measured. But in weight loss
method corrosion rate is measured after a longer
period in the present study after one day. After a
longer period the protective film becomes more
compact and stable. This accounts for the
discrepancy in IE, obtained from AC impedance
spectra and from weight loss method.

Table 14: AC impedance parameters of carbon steel
immersed in various test solution.

System R; Ca Impedance
ohm F/em? Value
cm? log(z/ohm)

Well water (model 1710 2.98 x 10°  3.309

corrosion medium)
MG (30 ppm) + Zn*"*
25 ppm

1748 292 x10°  3.343

Analysis of UV visible spectra

The UV-visible absorption spectrum of an
aqueous solution of MG and Fe*" (freshly prepared
FeSO, solution) is shown in Fig. 5. Peaks appear at
202, 313, 423 and 615 nm. This is due to the Fe*'-
MG complex formed in solution [51,52].

The UV-visible reflectance spectrum of the
film formed on the metal surface after immersion in
the solution containing well water (model corrosion
medium), 30 ppm of MG and 25 ppm of Zn*" is
shown in Fig. 6. Peaks appear at 202, 313, 423 and
615 nm.

These peaks match with those of the Fe*'-
MG complex in solution. Hence it is confirmed that
the protective film consists of the Fe’-MG
complex [53, 54].

Analysis of luminescence spectra

Fluorescence spectra were used to confirm the
formation of a protective film on the metal surface
during corrosion inhibition studies [55,56].

The luminescence spectrum (A,=300 nm) of an
aqueous solution of malachite green (MG) and
freshly prepared Fe*" (FeSO,.7H,0) is shown in
Fig. 7(a). Peaks appear at 336 nm, 364 nm, 410
nm, 441 nm and 521 nm. This spectrum is due to
the formation of a MG-Fe*" complex in the
solution.

The luminescence spectrum (A,=300 nm) of the
film formed on the metal surface after immersion in
an aqueous solution containing well water (model
corrosion medium), 30 ppm of MG, and 25 ppm of
Zn*" is shown in Fig. 7(b). Peaks appear at 335 nm,
364 nm, 410 nm, 440 nm and 520 nm. These peaks
match with the peaks of the Fe’’-MG complex
formed in solution, which confirms that the
protective film formed on the metal surface consists
of the Fe*"-MG complex.

0.8

202
615

313

Absorbance

423
0.2 -

0.0

T T T T
200 300 400 500 BO0 J00
Wavelength, nm

Fig.5. UV-visible absorption spectrum of an aqueous
solution of MG + Fe”" .
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%T
&

200 300 400 500 600 700

Wavelength, nm
Fig. 6. The UV-visible reflectance spectrum of the film
formed on metal after immersion in the solution
containing Well water (model corrosion medium) + MG
30 ppm + Zn** 25 ppm/
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Analysis of FTIR spectra

The structure of MG is shown in Scheme 2. The
FTIR spectrum (KBr) of pure MG is shown in Fig.
8(a). The peak at 1616 cm’ corresponds to
aromatic -C=C- stretching frequency. The peak at
1319 cm’ corresponds to — N stretching

frequency. Thus the structure of MG, namely,

40

Int.
336 nm 410 nm

441 nm
10

521 nm

;ZO 500
‘Wavelength [nm]
Fig.7a. The luminescence spectrum of an aqueous

solution containing MG and Fe?" .
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Fig.7b. The luminescence spectrum of the film formed
on the metal surface after immersion in aqueous

containing well water (model corrosion medium), 30

ppm of MG and 25 ppm of Zn*".
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Fig.8: FTIR spectra. (a) pure MG; (b) - film formed on
the carbon steel surface after immersion in a solution
containing well water (model corrosion medium) + MG
(30 ppm) + Zn*" (25 ppm).
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4-[(4-dimethylaminophenyl)-phenylmethyl-N,N-
dimethyl aniline] is confirmed by FTIR [57].

The FTIR spectrum of the protective film
formed on the surface of the metal after immersion
in the well water (model corrosion medium)
containing 25 ppm of Zn>" and 30 ppm of MG is
shown in Fig.8b. It is found that the disappearance
of teritary nitrogen confirms the co-ordination
through the — N:" atom. It is interesting to note that

@ o

N(CH,),

Scheme 2. Structure of Malachite Green

Fe™ Matst Surtace
LELLLLLLLL LTSS

AN NN
cH | T, ch, | cw,
cH

Scheme 3. Adsorption of MG on metal surface.

the aromatic 7 electron peak at 1616 cm™ does not
disappear in the FTIR spectrum of the protective
film.It appears at 1616 cm™ without shift, which
indicates that the aromatic n-electrons do not
participate in the coordination with Fe’" on the
metal surface. Thus, it is confirmed that the Fe*'-
MG complex on the metal surface is formed
through coordination of electrons of nitrogen atoms
and Fe*" on the metal surface. The aromatic 7-
electrons do not participate in Fe*-MG complex
formation. The probable structure of this complex
is shown in Scheme 3.

Parallel coordination is not possible due to steric
hindrance. Hence, perpendicular coordination takes
place. The peak at 1350 cm™ is due to zinc
hydroxide. Thus, it follows from the FTIR spectral
study that the protective film consists of the Fe*'-
MG complex.
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Decolourisation process

Platinized titanium anode and graphite cathode
were immersed in 100 ml of the solution to be
decolorized. Current was passed for 10 minutes
without addition of NaCl. Potential was 2 V;
current density was 0.25 A/cm”. There was no
discoloration. When 1 g of NaCl was added (1%
solution supporting electrolyte), partial
discoloration took place after passing current for 10
minutes, due to the low concentration of sodium
hypochlorite produced. = However, it is very
interesting to note that when 2 g of NaCl were
added (2% solution), the solution was completely
discolored within a few seconds. Hence this
formulation, namely 2% solution of NacCl,
platinized titanium anode, graphite cathode, current
density of 0.125 A/cm’ and potential of 2 V may be
used for a few seconds to discolor the solution of
MG (20 ppm). The supporting electrolyte plays an
important role in the oxidation process [58,59].
When NaCl solution is electrolysed, the active
species produced is CI” which oxidizes the colored
product into a colorless one (Scheme 4).

. Colourless
c Product
or Coloured
Compound

Scheme 4. Mechanism of decolourisation.

The optical density value for coloured solution
before decolourisation was 0.38 and after
decolourisation was 0.01. Hence the efficiency of
decolourisation is 96%.

The optical density of the colored solution
before discoloration was 0.38 and after
discoloration - 0.01. Hence, the efficiency of
discoloration is 96%.

The main objection for using dyes as corrosion
inhibitors in cooling water systems is the color of
dye.

The present study offered a method of
discoloration of the colored inhibitor solutions.

Table 15: The decolourising efficiency

System gz:;?;’ Potential NaCl oD Efﬁ((:)iency
Aem? volts g %
MG before -- -- -- 0.38 --
electrolysis
MG after 0.125 2 2 0.01 96
electrolysis

CONCLUSION

The inhibition efficiency (IE) of the malachite
green (MG)-Zn®" system in controlling corrosion
of carbon steel in well water containing 665 ppm
of CI" (model corrosion medium) was evaluated
by the mass-loss method. The present study
leads to the following conclusions:

e The mass-loss study reveals that the formulation
consisting of 30 ppm of MG and 25 ppm of Zn*"
has 95% inhibition efficiency in controlling
corrosion of carbon steel immersed in well water
(model corrosion medium).

e The values of the synergistic parameters point to
a synergistic effect between MG and Zn®".

e The polarization study reveals that the
formulation functions as a cathodic type
inhibitor ~ predominantly  controlling the

cathodic reaction.

e [t follows from the AC impedance spectra that
a protective film is formed on the metal
surface.

e The FTIR spectra show that the protective film
consists of the Fe*’-MG complex, which is
further confirmed by the UV-visible spectra
and fluorescence spectra.

e The colour of the dye can be removed by
electrolysis using platinized titanium as anode
and graphite as cathode.
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MHXUBUPAILO JEVCTBUE HA CUCTEMATA Zn*" -MAJIAXUTOBO 3EJIEHO

B. I[)KOHCI/IpaHI/Il, C. PaIDKCHIlpaHl’Z, Jlx. Carsibama’, T.C. MyTxyMeranal,
A. KpI/ILHHaBeHI/I3 , H. Xamxapa Bumen’

U Hscneoosamenciu oenepmamenm no xumus, GTN konegic no uskycmeama, JJunoueyn — 624005, Tavun Hady, Hnous

7 RVS Yuunuwe no uncenepcmeo u mexnonozus, Juuouzyn — 624005, Tamun Hady, Andus
Y enapmamenm no xumus, Konexc Hdasa, Madypaii, Unous
4 Jenapmamenm no xumus, B.S. Ynusepcumem A60yp Paxman, Bandanyp, Yenau-600048, Anous

[octermna Ha 7 siHyapu, 2011 r.; kopurupana Ha 29 mapt, 2011 r.

(Pestome)

Edexrusrocrra Ha nuxubupane (IE) Ha cucremara Zn®' - Manaxutoso 3eneno (MG) pH KOpO3HsTA HA BBIIIEPOIHA
CTOMaHa € OIICHEeHa 110 MeToJia 3a 3aryda Ha Teryioto. M3mon3BaHa e MozenHa cpela, Chabpxkaia 665 ppm XJI0pUaAHU
itHu. M3cnenBanusATa mokassatr, 4e IpenaparsT, chabpxkain 30 ppm or MG u 25 ppm ot Zn*" uma UHXHOUpaIa
epexTuBHOCT 0T 95% mpu wu3Noi3BaHata MojenHa cpena. Vma gaHHu 3a cuHepru3bpM Ha MG u Zn*".
[lonsipu3annoHHUTe M3CIEBAHUSA TIIOKa3BaT, 4e CHCTeMaTa pabOTH KaTo HMHXMOMTOp OT KaToAEH THUl, T.e.
KOHTpOJIMpalla HpeAUMMHO KarojgHara peakuus. AC-uMIeJaHCHUTE CHEKTPU IIOKa3BaT, 4Y€ BBbPXY MeETajHaTa
MOBBPXHOCT ce o0Opasysa 3ammreH ¢unM. FTIR-criekTpute mokassat, 4e To3u (QUIM CE ChCTOU OT KOMIUIEKC MEXILY
Fe*" u Garpuioro. Tosu pesynrar e notspaes UV-Vis u diayopecuentra crekrpockonus. ONBETIBAHETO MOKE /1A Ce
OTCTPaHHU Ype3 eJIEKTPOJIM3a IPU aHOJl OT IJIATUHU3UPAH U TpaduT KaTo KaTo.

51



Bulgarian Chemical Communications, Volume 44, Number 1 (pp. 52 — 56) 2012

Flame AAS determination of trace amounts of Cu, Ni, Co, Cd and Pd in waters after
preconcentration with 2-nitroso-1-naphthol
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Flame AAS was applied to the determination of micro trace amounts of Co, Ni, Cu, Cd and Pd in waters after
precipitation of their complexes with 2-nitroso-1-napthol. The precipitate was separated from the sample solution by
filtration through Millipore filter of 0.22 pum pore size under suction. It was dissolved with a minimum amount of
ethanol and was subjected to flame AAS analysis. The detection limits of Co, Ni, Cu, Cd and Pd were 0.61, 0.64, 0.89,
0.10 and 0.60 pg 1", respectively. The method was validated using the reference material SPS-WW2 — Spectrapure
Standards, Norway, and was applied for analysis of capture water and waste water.

Keywords: Flame AAS, preconcentration, 2-nitroso-1-naphthol, waters, Co, Ni, Cu, Cd, Pd

INTRODUCTION

Waters are among the most often analyzed
samples. A large number of elements occur as
contaminants from natural processes, industrial
activities and automobile traffic. The determination
of the toxic trace elements Cd, Co, Cu, Ni and Pd in
natural and waste waters is of significant interest in
the monitoring of environmental pollution. The use
of atomic absorption spectrometry for direct trace
and ultra-trace analysis of these waters meets
specific difficulties — e.g., insufficient sensitivity
(flame AAS) or severe matrix interferences
(graphite furnace AAS) [1]. Therefore, sample
pretreatment is usually necessary to separate/
preconcentrate trace analytes prior to their AAS
detection [2].

Solvent extraction is one of the most widely
applied  procedures for  trace element
preconcentration and separation with subsequent
flame AAS analysis. The main reason for this is the
higher sensitivity of the analysis of organic
solutions in comparison with that of aqueous
solutions. The trace metal ions are usually extracted
as chelate complexes into the organic phase [3]. In
solid phase extraction the chelate complexes of the
metal ions are collected onto solid sorbents [4—6].
As chelate complexes are insoluble in aqueous
solutions, they may be separated from the aqueous
phase as precipitates without the addition of a solid
sorbent. Depending on the adopted method of

* To whom all correspondence should be sent:
E-mail: gentg@svr.igic.bas.bg

52

detection, the precipitates, separated by filtration,
may be dissolved in a suitable solvent [7-9] or
directly analyzed e.g., by X-ray fluorescence
spectrometry [10, 11]. An essential advantage of
the precipitation procedure is the possibility to
handle large sample volumes achieving high
preconcentration factors [12].

2-Nitroso-1-naphthol is a chelating reagent that
has been used for on-line preconcentration of cobalt
on a chelating microcolumn [13], for the
spectrophotometric  determination of ruthenium
[14], as well as for the solid phase extraction of Th,
Ti, Fe, Pb and Cr from waters [15]. There are no
data in the literature for the preconcentration of Cu,
Ni, Cd and Pd with 2-nitroso-1-naphthol.

The purpose of the present work was to study
the possibilities for precipitation preconcentration
of trace amounts of Cu, Ni, Co, Cd and Pd using 2-
nitroso-1-naphthol with a view to their subsequent
flame AAS determination. The method developed
was validated using a reference material and was
applied to the determination of traces of these
elements in capture water and waste water.

EXPERIMENTAL
Instrumentation

A Thermo SOLAAR MS5 flame atomic
absorption spectrometer with deuterium
background corrector was used in this study. All
measurements were performed in air-acetylene
flame under standard conditions except for the 10

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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% reduction in the acetylene flow in the analysis of
the ethanolic solutions.

Reagents

Analytical grade reagents and redistilled water
were used throughout. The stock solutions of Ni,
Co, Cu, Cd and Pd of concentration 1000 mg I
were prepared from Merck titrisols. Intermediate
standard solutions were prepared by stepwise
dilution of the stock solutions with ethanol. 2-
Nitroso-1-naphthol (95%, Fluka), ethanol (96%,
Merck), ammonia (25%, Merck), acetic acid (99—
100%, Merck) and ammonium acetate (Merck)
were used.

Buffer solutions for the pH range 5.0 — 7.0 were
prepared from 0.5 mol I ammonium acetate and
were brought to the needed pH value with dilute
ammonia or acetic acid. Durapore® membrane
filters (Millipore), cat. No GVWP02500, 0.22 um
pore size were employed. A 1 % solution of 2-
nitroso-1-naphthol was prepared in ethanol.

The reference material for measurement of
elements in waste water SPS-WW2, Batch no.108,
Spectrapure Standards AS (Oslo, Norway) was
used.

Preconcentration procedure

150 ml of the water sample were mixed with 10
ml of buffer pH 6.5 and 11 ml of 1 % solution of 2-
nitroso-1-naphthol. The mixture was stirred for 40
min on a shaking machine. The precipitate formed
was filtered under suction through a membrane
filter. The precipitate was transferred into a 5 ml
volumetric flask, dissolved in ethanol and filled up
to the mark with ethanol.

Blank samples were prepared by treating 150 ml
of redistilled water in the described way. The
calibration solutions were prepared by adding
aliquots of the standard solutions of the analytes to
precipitates obtained from blank samples prior to
their dissolution in ethanol.

For the analysis of the reference material (RM)
20 ml aliquots (2 ml for the determination of Ni and
Cu) were diluted to 150 ml with water and supplied
with 10 ml buffer pH 6.5 and 11 ml reagent
solution. The subsequent steps of the procedure
were as described above.

RESULTS AND DISCUSSION
Calibration
The slopes of calibration curves prepared in
ethanol and in a 1 % ethanolic solution of 2-nitroso-
I-naphthol were compared. It was found that 2-
nitroso-1-naphthol considerably suppressed the
absorbance of the analyte elements (differences in

the slopes between 20 and 40%). On the other hand,
only part of the reagent added to the aqueous phase
passed into the final concentrate. In order to
eliminate calibration errors due to varying reagent
concentrations, the calibration curves were
prepared as described in the experimental part.

Effect of pH of complexation

The effect of pH was studied in the range 5.0—
7.0 using model aqueous solutions of 50 ml volume
and analyte concentration 0.2 ug ml™" for nickel,
cobalt and copper, 0.1 ug ml™" for cadmium and 0.5
pg ml' for palladium. The obtained results are
presented in Fig. 1. As can be seen, all analyte
elements are quantitatively recovered (>95%) in the
pH range 6-6.5.

120

100

80

60

Recovery, %

a0

20

v]

pH

Fig. 1. Effect of pH on the recovery of Ni, Co, Cu, Cd
and Pd with 2-nitroso-1-naphthol.

Effect of sample volume and amount of 2-nitroso-1-
naphthol

The effect of sample volume on the recovery of
the analyte elements was studied in the range from
20 to 250 ml. The results are shown in Fig. 2. As
can be seen, the maximum sample volume allowing
quantitative recovery of the analytes (>95%) is 160
ml. At higher sample volumes the recovery
gradually  decreases. For the quantitative
preconcentration of nickel and cobalt sample
volumes up to 200 ml were admissible.

120 I

100 — o—Cu

=

5_80 —O— Ni

(V]

260 ——Co

(8]

e 40 —=—Cd
20 —X—Pd
0 ]

20 60 110 160 200 250
Sample Volume, ml

Fig. 2. Effect of sample volume on the recovery of Ni,
Co, Cu, Cd and Pd with 2-nitroso-1-naphthol.
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The amount of 2-nitroso-1-naphthol needed for
the quantitative precipitation of the analyte
elements at a 150 ml sample volume was optimized
using increasing volumes of the 1% ethanolic 2-
nitroso-1-naphthol solution. It was found that 10-12
ml was the optimal volume range of the reagent
solution.

Effect of time of complexation

The effect of the time of complexation was
studied over the range 15-60 min, see Fig. 3. As can
be seen, the optimum time of complexation is 40
min. Longer time did not affect the recovery of the

analytes.
120

100
g0  ——
ai ——Cu
E 60 ——Ni
-
] —a—C0
= 40
—'.‘—(_d
20 ——pd
o

15 30 40 500 &0
Duration, min

Fig. 3. Effect of time of complexation on the recovery of
Ni, Co, Cu, Cd and Pd with 2-nitroso-1-naphthol

Interference studies

The precipitation of the analyte elements was
studied in the presence of Na, K, Ca, Mg, Pb, Fe,
Mn and Zn as possible matrix components (Table
1). No essential effects at the examined interferent
levels on the recovery of the analytes were
registered. The only exception was Cd with
recoveries lower than 95%. Therefore, the standard
addition method was adopted for Cd determination
in further experiments.

Table 1. Effect of interferents on the determination of
Cu, Ni, Co, Cd and Pd at the pg 1" level

Concen- Recovery, %
Interfe tration,
rent 1 .
mgl Cu Ni Co Cd Pd

Na 100 99+2 99+2 100+2 83+2 99+2
K 10 99+2 99+2  99+2 90+2 9942

Ca 6 100+£2 9942  99+£2 914+2 99+2
Mg 6 99+2 9942  99+2 9142 9942
Pb 2 98+2 98+2  98+2  B4+2 9842
Fe 5 98+2 98+2 98+2 80+2 98+2
Mn 2 99+2 100+£2 1004£2 83+2 99+2
Zn 3 101£2  100+£2 100+2 91+£2 99+2
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Analytical parameters

The detection limits (DL) were calculated as 3c
of the blank signals: Co - 0.64 ug 1", Ni — 0.61 g
1", Cu-0.89 ugI'", Cd — 0.10 ug I"" and Pd - 0.60
pg 1", The precision of the results was
characterized by an RSD of 1.5-2.0%.

The accuracy of the method was checked by
analysis of the reference material SPS-WW2 (waste
water). As the RM does not contain Pd, the “added-
found” method was used. The recovery of the
added concentrations of Pd (0.167 and 0.067 mg 1)
was 98 and 103%, respectively. In order to check
whether the concentrations of the analytes
determined by the present method are
undistinguishable from the certified values Welch’s

Table 2. Measured (n = 5) and certified concentrations and t-
statistic

Ni Co Cu Cd
Measured
concentration, ng  4945+65 300,8+4,4 1985+25 99,3+1,7
ml!
Certified
concentration, ng 500025  300+2  2000£10 100+0.5
ml’!
t calc 1,70 0,35 1,19 0,84
Vor * 6,22 7,17 6,42 5,27

£(0.05: V) 2,45 2,36 2,45 2,57

* effective degrees of freedom

t-statistic evaluation was carried out according to
[16]. The results obtained are shown in Table 2. As
it can be seen, the values of t.,. are lower than the
corresponding tabulated values at a probability of
0.05 and the corresponding effective degrees of
freedom (Ver) for all analytes which points to the
good accuracy of the results and confirm the
validity of the proposed method.

Application
The method was applied to the determination of
traces of Cu, Ni, Co, Cd u Pd in capture water from

Table 3. Determination of Cu, Co, Ni, Cd and Pd in
capture water from the region of an old copper mine
(Bov, Bulgaria) and waste water from the copper plant
“Assarel”, Bulgaria

Sample Capture water Waste water
Concentration, _, Concentration, 5
O u(c), mg 1 5 u(c), mg 1
Element mg | mg |
Ni 0.0068 0.00102 0.0350 0.00092
Co 0.0144 0.00097 0.0230 0.00093
Cu 0.0810 0.00378 0.4500 0.02529
Cd 0.0020 0.00007 0.0084 0.00023
Pd <DL - <DL -
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a region close to an old copper mine (Bov,
Bulgaria) and waste water from the copper-dressing
plant “Assarel” in Bulgaria. The obtained results
are shown in Table 3.

The results are given with their uncertainties. As
can be seen, copper is the trace element with the
highest content not only in the waste water sample,
but also in the capture water sample. The latter may
be attributed to the high residual level of this
element in the environment of the former copper
mine. The Pd content was below the DL of the
method. It follows from the obtained results that the
flame AAS determination of micro trace amounts
of Co, Ni, Cu, and Cd in waters after precipitation
of their complexes with 2-nitroso-1-napthol is
applicable to the analysis of real water samples.

Acknowledgements: The authors acknowledge the
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IIIIAMBKOBO AAC OITPEJAEJISIHE HA CJIEAU OT Cu, Ni, Co, Cd 1 Pd BbB BOJAM CJIE/]
KOHLEHTPUPAHE C 2-HUTPO30-1-HA®TOJI

I'. 'enueBa*, A. Ilerpos, E. BanoBa, 1. XaBe3oB

Bvneapcka axademus na naykume, Hncmumym no oowa u Heopeanuuna Xumuis,
Va. Axao. "I". bonueg", oa. 11, BG-1113 Cogus, Bvaecapus

[Monyuena nHa 18 smyapu 2011 r., npuera na 20 despyapu 2011

ITnambkoBa AAC e nznon3sana 3a onpenensine Ha cneau oT Co, Ni, Cu, Cd u Pd BbB Boau ciiesn yrasBaHe Ha
TEXHH KOMIUIEKCH C 2-HUTpO30-1-Hadroin. [TomydeHaTa yTaiika € oT[elieHa OT pa3TBOpa Ha mnpodata upe3 GpuiaTpyBaHe
npe3 memOpaneH GuITHp ¢ pasmep Ha nopute 0.22 um. Pa3rBopena e B 5 ml eTaHON 1 € aHAIM3UpaHa C TIOMOIITA Ha
mwiambkoBa AAC. ['pannnure Ha otkpuBane 3a Co, Ni, Cu, Cd u Pd ca cvorBetHO 0.61, 0.64, 0.89, 0.10 1 0.60 pg I
MetonbT € BalMIMpaH ¢ u3noiizBaHe Ha pedepenten marepuan SPS-WW2 — Spectrapure Standards, Hopserus u e
MIPUIIOKEH 32 aHAJIM3 Ha KalTa)KHa M OTHaHA BOJA.
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Oxidative changes in some vegetable oils during heating at frying temperature
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The oxidative changes in refined sunflower, grape seed, soybean, corn and olive oils caused by frying temperature
were studied. The oxidative degradation of the oils was evaluated by monitoring their respective peroxide value (PV),
oxidation stability (IP), content of conjugated dienes as absorbance at 232 nm (Aj32,m), content of conjugated trienes as
absorbance at 270 nm (Aj70,m), changes in fatty acid composition (C18:2/C16:0), and content of total polar components
(TPC). Results showed that olive oil has better stability against thermal oxidation when compared to polyunsaturated
oils. On the other hand, corn and soybean oils (among unsaturated oils) are most resistant to oxidation at frying
temperature. The best correlation was observed between the rate of decrease in C18:2/C16:0 ratio and the content of

total polar components.

Key words: frying temperature; sunflower oil; grape seed oil; soybean oil; corn oil; olive oil

INTRODUCTION

In recent years the contribution of frying
oils to total energy intake has markedly increased in
the industrialized countries. This is mainly due to
the rising consumption of deep-fried products,
which are very popular because of their desirable
flavour, colour, and crispy texture. Recently, much
concern has been expressed on the biological
effects of oxidized lipids, and there is increasing
evidence that they may be detrimental to health [1,
2]. The chemistry of oxidation at high temperatures
is very complex since both thermal and oxidative
reactions are involved [3]. During the deep fat
frying a number of chemical reactions takes place —
hydrolysis, oxidation, thermal decomposition and
polymerization. The chemical mechanism of
thermal oxidation is principally the same as the
autoxidation mechanism, but the thermal oxidation
rate is faster than the autoxidation rate [4].
Oxidative stability is very important factor in oil
quality especially for these used for frying because
of the high temperature applied. Frying oil must
have high oxidative stability during use. From a
nutritional point of view, it should be taken into
account that oils with high amounts of saturated
fatty acids and fats containing trans fatty acids are
less desirable for good health [5]. More over,
highly saturated fatty acid composition of some
industrial frying oils may represent a problem in

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

case it is necessary to keep the product in the liquid
state [6].

Vegetable oils like soybean, sunflower,
corn etc. are often judged as very unstable for
continuous frying due to their content of
polyunsaturated fatty acids. On the other hand, the
presence of natural substances such as tocopherols,
oryzanol, sterol fraction, squalene etc., enhances
their stability at higher temperatures [7].

Since many factors affect the rate of
deterioration of fats used for deep-fat frying, no
single procedure will be reliable under all
conditions [8]. With prolonged heating time the
accumulation of deterioration products leads to
organoleptic failures and a decrease of the nutritive
value. Deep-fat frying decreases the unsaturated
fatty acids and increases polar material. Many
methods have been used for determination of fat
deterioration during frying. They include methods
for assessment of peroxide value, iodine value
dienes, fatty acids, polar components etc. For the
quality control of frying fats or oils the
determination of total polar parts is an approved
standard method.

The aim of the present study was to
investigate the high temperature performance of
some vegetable oils as a function of heating
duration at simulated frying temperature of 180°C.
The oxidative degradation of the oils was evaluated
by monitoring peroxide value (PV), oxidation
stability (IP), content of conjugated dienes as

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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absorbance at 232 nm (As;nm), content of
conjugated trienes as absorbance at 270 nm

(Ay70um), changes in fatty acid composition
(C16:0/C18:2), and content of total polar
components (TPC).

MATERIALS AND METHODS

Samples. Commercially available samples of
refined sunflower oil (“Papas olio”, Yambol,
Bulgaria) refined grape seed oil (Olitalia, Forli,
Italy), refined soybean oil ((Olitalia, Forli, Italy),
refined corn oil (Olin Yag Sanagyi, Edirne, Turkey)
and refined olive (pomace) oil (Cotoliva, Dos
Hermanas, Spain) were purchased from the local
markets, Sofia, Bulgaria.

Simulated deep frying. Oil samples (5g) were
placed into glass vessels with an internal diameter
of 12 mm and heated continuously at 180 + 5°C in
an oven. At certain time intervals, samples from the
oils were taken away and stored at -18°C until the
parameters characterizing oxidation process were
determined.

Gas chromatography of fatty acid methyl esters.
Fatty acid methyl esters (FAME) were prepared by
acid-catalysed transesterification of the oil samples
using 1% sulfuric acid in methanol [9]. If needed,
the FAME were purified on silica gel G TLC plates
developed with hexane-acetone (100:8, v/v) mobile
phase. GC of the FAME was performed on a
Shimadzu GC-17A gas chromatograph (Shimadzu
Corp., Kyoto, Japan) equipped with a 30 m x 0.25
mm x 025 pm INNOWAX capillary column
(Agilent Technologies, USA). The temperature
gradient started from 165°C increased to 230°C
with 4°C/min and held at this temperature for 15
min; injection volume was 1 pl. Injector and
detector temperatures were 260°C and 280°C
respectively. Nitrogen was the carrier gas at flow
rate 0.8 ml/min. The analyses were performed in
triplicate.

Determination of peroxide value (PV). The
peroxide value was determined by modified
iodometric method [10].

Measuring the content of conjugated dienes
(CD) and trienes (CT). Content of conjugated
dienes as absorbance at 232 nm (Azs.m) and
content of conjugated trienes as absorbance at 270
nm (Ayjonm), Wwere determined by dissolving
weighed-out samples in isooctane (0.1%) and
reading the sample absorbance at 232 nm (As3nm)
and 270 nm (Ay7oum), using a Cecil Series 8000
UV/VIS double-beam scanning spectrophotometer
(Cecil Instruments Ltd., Cambridge, UK). The
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Ao (1%) and Aszonm (1%) were calculated from
the absorbance reading.
Determination of the oxidative stability.

Oxidation at 100°C (+0.2°C) was carried out by
blowing air through the samples (2 g) in the dark at
a rate of 50 ml/min. The process was followed by
withdrawing samples at measured time intervals
and estimating the degree of oxidation by
determination of PV. Kinetic curves of PV
accumulation were plotted. All of them represent a
mean result of three independent experiments.
Determination of the amount of unchanged
triacylglycerols (TAG) and total polar components
(TPC). The amount of unchanged triacylglycerols
(TAG) and polar components (PC) was determined
after their separation by preparative thin-layer
chromatography [11]. The developing system used
was hexane — acetone (100:10). Upon registration
of the triacylglycerol zone, the layers containing
triacylglicerols and those corresponding to the polar
components were scrapped off, transferred to glass
columns and eluted with chloroform and methanol
(2:1). The solvents were evaporated and test-tubes
were weighed until constant weight was reached.
Statistical analysis. The coefficient of variation
for the PV determination was 7-8% irrespective of
the measured value. The reported values for the IP
were a mean result from three independent
experiments. The coefficient of variation ranged from
6-13% and was inversely related to the induction
period. Linear relationships between parameters
investigated were obtained using the Linear fit tool of
Origin 6.1 software (OriginLab Corporation, One
Roundhouse Plaza, Northampton MA, USA).

RESULTS AND DISCUSSION

The characteristics of the oils used in these
experiments are given in Table 1. During heating
each oil sample was analyzed periodically for PV,
oxidation stability (IP determined at 100°C),
absorption at 232 nm, absorption at 270 nm, fatty
acid composition (18:2/16:0 ratio) and the content
of total polar components (TPC).

Peroxide value (PV)

Whereas storage of oil leads to increases in
peroxide value (PV), the use of oils for frying does
not lead to substantial increases in PV because
peroxides decompose spontaneously above 150°C
[12, 13]. The changes in PV during heating of the
oils investigated are presented in Fig. 1. It is shown
that PVs are not representative for changes
occurring with oil samples during heating at 180°C.
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Table 1. Initial characteristics of the refined vegetable oils used in the experiments

Vegetable oil PV IP A232  A268  TPC
(meqkg-  (h)  (1%)  (1%) (%)

1)

Fatty acid composition

Cl6:0 C18:0 C20:0 C18:1 Cl18:2 Cl18:3
Sunflower 8.8 6.7 3.65 3.27 5 7.4 4.1 0.2 25.6 62.7 0.0
Grape 5.7 10.2 3.95 3.21 9 6.9 3.4 0.2 22.1 66.8 0.5
Soybean 4.0 11.5 5.07 4.29 5 9.8 34 0.6 25.1 55.6 5.6
Corn 6.9 12.0 3.35 1.51 7 10.4 1.8 1.0 28.1 58.5 1.0
Olive (pomace) 8.9 30.0 3.62 1.25 6 11.5 32 0.4 753 9.0 0.6
O Sunflower oil 450 4
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24 5 Soybean ol 400 4
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201 o Olive oil (pomace) ° 3504
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Fig. 1. Changes in the peroxide values (PV) of the oils
during heating at 180°C.

Oxidation stability

The oxidation stability (or induction period, IP)
is defined as the time during which the oil’s natural
resistance to oxidation, due to the presence of
naturally occurring antioxidants, inhibits oxidation
[13]. Vegetable oils contain a range of components
such as tocopherols, phenolics, sterols, etc. which
are beneficial to oil stability during heating. Fig.2
illustrates, by way of example, the kinetic curves of
peroxides accumulation during heating of corn oil.
After processing all the kinetic curves obtained, the
lengths of the IP were determined. It was
established that the IPs decrease gradually with
increasing thermal treatment in all oils investigated
(Fig. 3). From the values of the regression line
slopes, the rates of the decrease of oxidation
stability (RDOS) are determined (Table 2). As
shown from the results the values of RDOS
decreased in the following order: olive oil =
sunflower oil > grape seed oil > soybean oil ~ corn
oil. Obviously, the oils rich in y-tocopherol, in this
paper soybean and corn oils [14] showed higher
oxidation stabilities during treating at high
temperature.

Time (h)

Fig. 2. Kinetic curves of peroxides accumulation during
heating of corn oil after: 0 — 0 h; 1 - 10 h; 2 — 20 h; 3 —
24h;4—-32h;5-36h.

30 'L Sunflower oil
Grape oil
Soybean oil
Corn oil

Olive oil (pomace)

25

op»[>eo

20

104

0 T T T T o, T T T T T
0 5 10 15 20 25 30 35 40 45 50

Heating time (h)

Fig. 3. Dependence of the induction periods (IP) on the
heating times (h) of the oils.

Content of conjugated dienes (473 2nm)

Thermal oxidation of unsaturated fatty acids is
accompanied by considerable isomerization of
double bonds leading to products containing trans
double bonds and conjugated double bond systems
[13].

From the Fig. 4A it is seen that UV absorbance
at 232 nm tends to increase initially and then
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plateau off during later stage of heating fat
deterioration. This has been related to the
establishment of equilibrium between the rate of
formation of CD and the rate of formation of
polymers formed by a Diels Alder reaction [4].
From the values of the regression line slopes the
rates of CD accumulation (RCDA) during the first

step of heating were determined (Fig.4B, Table 2).
The results showed that the RCDA decreased in the
following order: sunflower > grape seed > soybean
> corn >olive oil. These data indicated that with
respect to CD accumulation olive oil is most stable
and among polyunsaturated oils - corn and soybean
oils.

Table 2. Regression coefficients and coefficients of determination (r*) from the linear regression of PV and CD

Vegetable Rate of the decrease of IP Rate of CD accumulation Rate of the decrease
oil C18:2 / C16:0 ratio
Sunflower Y =6.7-0.561x Y =2.6+1.64x Y=8.6-0.101x
> =0.986 1’ =0.982 1’ =0.682
Grape Y =9.0-0.382x Y =3.7+1.07x Y =9.8 -0.092x
1’ =0.954 r =0.998 1’ =0.956
Soybean Y =10.2-0.272x Y =53+0.82x Y =5.6-0.032x
" =0.953 1 =0.992 " =0.870
Corn Y=122-0271x Y =3.1+0.73x Y =5.6-0.020x
¥ =0.976 " =0.998 *=0.910
Olive Y =29.5-0.586x Y =3.2+0.34x Y =0.8-0.007x
(pomace) *=0.981 > =0.960 > =0.996
(¢} Sunﬂowgr oil 354
35 - A Z :;x::rll oil B
L4 o A Cornoil 30 -
30 o o O Olive oil (pomace)
25 4
25 ° i N Loa £ 1
& A S 20
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é’ 15 - o o ; . 8 1
10 - . 10 5
° [}
5 54
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Fig. 4. Dependence of the content of conjugated dienes (Ay;onm) on the heating times (h) of the oils: 1 — sunflower oil; 2
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— grape seed oil; 3 — soybean oil; 4 — corn oil; 5 — olive (pomace) oil.
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Fig. 5. Dependence of the content of conjugated trienes
(Az70nm) On the heating times (h) of the oils.
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Fig. 6. Dependence of the changes in C18:2/C16:0 ratio
on the heating times (h) of the oils: 1 — sunflower oil; 2
— grape seed oil; 3 — soybean oil; 4 — corn oil; 5 — olive
(pomace) oil.
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Content of conjugated trienes (A270mm)

Conjugated trienes absorbing at 270 nm are
produced by linolenate oxidation products or by
dehydration of hydroxylinoleate [13]. The results
presented on Fig.5 show, that there was a trend of
increasing triene content with the increase in
heating time. This process is less pronounced in
olive oil. In soybean oil conjugated trienes
decompose more rapidly than in other oils.

Change in C18:2 C16:0 ratio

Monitoring of fatty acid changes in oils
during deep fat frying is an effective method to
assess thermal oxidative changes in the oils [15].
Linoleic acid content is frequently used as an
indicator of the degree of oil degradation, since the
polyunsaturated linoleyl chain is highly susceptible
to oxidation. [16] found that changes in
C18:2/C16:0 ratio was an effective parameter for
assessing oxidation of oils. From Fig. 6, it can be
seen that the C18:2/C16:0 ratio declined as time of
heating is increased. From the values of the
regression line slopes the rates of decrease in
C18:2/C16:0 ratio (RD 18:2/16:0) were determined
(Table 2). The results showed that this parameter
decreased in the same order as RCDA: sunflower >
grape seed > soybean > corn >olive oil.

Total polar components (TPC)
The content of total polar components
(TPC) in used deep frying fats is until today an
important criterion for assessing the decrease of fat
quality [17]. TPC are considered to be nonvolatile
compounds having a higher polarity than triacylgly-

55 -
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Fig. 7. Changes in total polar components (TPC) on the
heating times (h) of the oils.
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Fig. 8. Correlation between some parameters

characterizing changes in the vegetable oils during
heating at 180°C.

cerols, resulting from thermal, hydrolytic and
oxidative alteration [18]. In several European
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countries the maximum value for TPC is between
24 and 27% for commercial frying oils [19-21].
Research has shown that the fraction of polar
components isolated from oxidized oils is the most
toxic to laboratory animals [22]. In all oils,
examined in this study, TPC content increased
throughout the heating period. The results are
presented on Fig. 7. Assuming that the limit of
acceptance for the TPC is 25%, the time required to
reach this limit differed for the oils examined and
were: olive oil (41.7 h) > cormn oil > (37.2 h) >
soybean oil (33.5 h) > grape seed oil (20.0 h) >
sunflower oil (10.5 h).

Some correlations between monitored parameters
are presented on Fig. 8. The best one was observed
between the rates of decrease in C18:2 / C16:0 ratio
and total polar components.

CONCLUSIONS

The results revealed that olive oil has better
stability against thermal oxidation when compared
to polyunsaturated oils, which is due to fatty acid
composition. On the other hand, corn and soybean
oils (among unsaturated oils) are most resistant to
oxidation at frying temperature.

Acknowledgments: The authors are grateful to the
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OKUCJIMTEJIHU [TPOMEHU B PACTUTEJIHU MACIJIA, HATPABAHU [1PU
TEMITEPATYPA HA ITbP2XKEHE

E.M. Mapunosa*, K.A. Ceusosa, 1.P. Touesa, CB.C. [lanaitoroBa, I.H. Mapekos, CB.M. MomunioBa
Hnemumym no opeanuuna xumusi ¢ L{enmvp no pumoxumuss — BAH
Tlocrenuna Ha 15 ¢pepyapu, 2011 r.; kopurupana Ha 29 mapt, 2011 r.
(Pesrome)

W3scnenBaHu ca OKHCIMTEIHHTE NPOMEHH B pa(UHUpPAHU CIBHYOIIIENOBO, T'PO3/I0OBO, COCBO, LAPEBHUYHO H
maciauHOoBO Macia npu 180°C (ycioBust Ha mepkeHe). OmpenelieHn ca CIeIHUTEe HapaMeTpu: MEPOKCHUIHO YHCIIO
(TTOY), oxucnurenna crabuianoct (UII), chabpikaHne Ha CIperHaTH TUEHH kKato abcopOuus mpu 232 HM (Aszoum),
ChIbp)KaHWE Ha CIpEerHaté TpueHW KaTto adbcopOmmst mpu 270 HM (As7omy), TPOMEHH B MAacCTHOKHCEIHHHUS CHCTaB
(ceotHOmEeHue C18:2/C16:0) u chabpxanue Ha TotanHu noisipan kommoHeHtn (TIIK). Pesynrarute mokaszaxa, ue
MacJIMHOBOTO MAacjIO € C Hai-BUCOKa CTaOWJIHOCT NpPU TEPMUYHO TpeTupaHe. Cpes MOJMHEHACUTEHUTE PACTHTEIHHU
Macia ¢ Hai-BUCOKa CTaOWIIHOCT Ce XapaKTepH3HpaT LapeBHYHOTO W COeBOTO Macia. Haii-moOpa kopenamus e
perucTpupana Mex,y CKOpocTTa Ha HamasieHue Ha cboTHOIIeHneTo C18:2/C16:0 u ToTadHUTE MOIIPHI KOMIIOHEHTH.
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Mass transfer kinetics of biologically active compounds from Propolis
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The present investigation is provoked by the increasing interest in propolis as a source of biologically active
compounds (BAC) and the great differences in contact times, reported in literature, for their extraction by an ethanolic
solvent. Two sets of kinetic investigations are performed:

- Liquid phase kinetic curves are obtained by spectrophotometric analysis of the extract (total polyphenols, flavones
and flavonols, flavanones and dihydroflavonols). The total yield is determined gravimetrically.

- Size evolution of the propolis particles during extraction is continuously monitored by microscopy connected with
a photo camera.

The effect of the liquid/solid ratio and the stirring intensity is studied. The results confirm that BAC release
proceeds faster than usual solid-liquid extraction, because of the partial dissolution of the solid matrix, as well as the
destruction to smaller particles, due to the particulate character of the propolis material. The effective mass transfer
coefficient is of the order of 10™° m/s. Favourable conditions for process performance are found.

Keywords: propolis, mass transfer, kinetics, biologically active compounds

INTRODUCTION Table 1. Experimental conditions for extraction of BAC
from propolis
) Propolis-containing products. have been Time Origin of Pre- Solvent  Analytical
intensely marketed by pharmaceutical industry and of Propolis/Reference treatment gy control
heqlth-food stores. Propolis is cpmposed of 45.% extract o
resins, 30% waxes and fatty acids, 10% essential ion

oils, 5% pollens and 10% organic compounds and

d
minerals [1, 2]. More than 300 compounds, among (d2y9)

. - . : . 90 Southeastern BrazilPowdered 96  TP* by Folin-
which terpenoids, steroids, sugars and aminoacids 9]

Denis
have been detected in raw propolis. Important colorimetric
bioactive compounds in propolis are flavonoids and o . method
phenolic acids, as well as their derivatives, because 14 E‘g‘;pea“‘Ts"ber"a“ Grained 96 GC-MS analysis
of their antibacterial, antifungal, antiprotozoan, an rarﬁb]uraman
antiviral, antitumoral, immunomodulatory, anti- 7  Bulgaria and Brazil Ground 70 bactericidal
inflammatory and antioxidant activity [3—8]. The [11] activity
most common process for propolis extraction uses 7 Beekeeping section Ground 70 immunomodulat
ethanol as solvent. There are very few Ofo‘gI?g(S’PF arm ory action
investigations. concerning the mass transfey of Botucatu) [12]
propolis constituents and the reported contact times 3 Greece, Aegean Ground 70 TP by Folin-
vary in a wide range, as can be seen from Table 1. Sea islands and Ciocalteu
It is also seen from Table 1 that two concentrations Cyprus [13] CO]OT}:“*Q“C

. . metho
of the. ethanolic solven.t are mamly used for ) Turkey [14] Grated 70 TP (Folin-
extraction. As the extraction of biologically active Ciocalteu)
compounds (BAC) in aqueous solutions is much 1 China [15] - 96 TP (Folin-
lower [16], ethanolic solvents with higher water ‘ Ciocalteu)
content are not in common use 7 Brazil [16] Inbench EtOH TP (Folin-
’ blender  or Ciocalteu)
H,0 total flavonoids
by HPLC

* TP — total phenolics

* To whom all correspondence should be sent:
E-mail: tsibranska@uctm.edu
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n [17] different diffusion models have been
tested to describe the release kinetics of selected
polyphenols from propolis incorporated into
polylactic acid (PLA) film. With ethanol as a
solvent a very fast release has been observed
whatever the polyphenol.

The object of the present investigation is the
mass transfer kinetics of BAC from propolis into
ethanol-water solvent.

EXPERIMENTAL

Propolis was provided by the Centre of
Phytochemistry of the Institute of Organic
Chemistry, BAS, (Bulgaria); ethanol (99.9 %) and
methanol (99.9%) were supplied by Valerus
(Bulgaria);  aluminium  chloride  anhydrous,
potassium hydroxide (ISO), sodium carbonate
anhydrous (ISO), sulfuric acid (96%), Folin-
Ciocalteu's phenolic reagent and methanol
Lichrosolv (99.8%), were supplied by Merck;
pinocembrin was supplied by Extrasynthese
(France); galangin was supplied by Fluka.

Before extraction the propolis material was
cooled at 5°C and ground. The mean number-based
diameter, obtained by ESEM micrographs and
“Image-ProPlus 5” software, was 32 um; 90% of
the particles size was in the range of (15-52) £2 pm
[18]. Extraction was performed with 70% (v/v)
EtOH-water solvent, as well as with pure ethanol at
room temperature and different liquid/solid ratios
(8 to 30 ml liquid/g solid). Contact times up to 2
days were used. Stirring (up to 300 rpm) was
applied, using MM2A Lab. Pristroje Praha
magnetic stirrer.

The decrease in the dimensions of propolis
particles after contact with immobile liquid was
continuously observed on an Axiovert 40C
microscope for transmitted-light brightfield and
phase contrast with condenser 0.4, inclusive object
traverser M, and optical micrographs from the
particles taken by digital camera DeltaPix Invenio
3S, connected with the microscope. The
undissolved solid collected after extract filtration,
was determined gravimetrically.

UV-VIS analysis was performed on Hexiosy v
7.06 spectrophotometer:

- Flavones and flavonols were determined by
aluminum chloride complex formation [19]. 20 ml
methanol and 1 ml 5% AICI; were added to 2 ml of
the test solution and the volume was made up to 50
ml. After 30 min, the absorbance was measured at
425 nm. Blank: 2 ml methanol instead of test
solution. Calibration with galangin was used in the
concentration range 0.0052—0.052 mg/ml [18].

- Flavanones and dihydroflavonols were
determined according to [20, 21]. 1 ml of the test
solution and 2 ml of 2,4-dinitrophenylhydrazine
(DNP) solution (1 g DNP in 2 ml 96% sulfuric acid,
diluted to 100 ml with methanol) were heated at 50
°C for 50 min. After cooling to room temperature,
the mixture was diluted to 10 ml with 10% (w/v)
solution of KOH in methanol. 1 ml of the resulting
solution was added to 10 ml methanol and diluted
to 50 ml with methanol. Absorbance was measured
at 486 nm. Blank: 1 ml methanol instead of the test
solution. Calibration with pinocembrin was used in
the concentration range 0.14-1.0 mg/ml [18].

- Total phenolics were quantified by the Folin—
Ciocalteu’s method [22]. 1 ml of the test solution
was transferred into a 50 ml volumetric flask,
containing 15 ml distilled water, and 4 ml of the
Folin—Ciocalteu’s reagent followed by 6 ml of a
20% sodium carbonate solution were added. The
volume was made up to 50 ml with distilled water
and kept for 2 h. Absorbance was measured at 760
nm. Blank solution: 1 ml methanol instead of test
solution. Calibration with a 2:1 pinocembrin—
galangin mixture was used in the concentration
range 0.025-0.3 mg/ml [18].

RESULTS AND DISCUSSION

The ground propolis is characterized by a
pronounced particle size distribution, shown in
Fig.1.

By continuous observation of the particles in
contact with the solvent (Fig. 2a), the time
evolution of the particle size is obtained (Fig.2b).
The latter undergoes essential alteration during the
process, the final distribution being shifted to the
left, corresponding to a decrease of the mean
number-based particle diameter from 32 to 13 um.

A certain correspondence is observed between
the kinetic curves for polyphenolics release and the
evolution of the mean particle size, as shown in Fig.
3. For comparison, the final concentration of
polyphenols after 48 h is also given.

These results suggest a process involving BAC
release, as well as partial dissolution of the solid
matrix, as gravimetrically proven. The total solid
content in the liquid phase after 15 min is 27 mg/ml
and remains constant upon prolonging the time of
extraction. The corresponding total phenolic
concentration is 18.2 mg/ml, which constitutes
about 67.6% of the dissolved solid substances
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Fig.1 Initial particle size distribution
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Fig.2.  Optical micrographs for different time of
extraction: a) 5s; b) 2 min; ¢) 15 min. Time evolution of
the particle size distribution (70% ethanol, no mixing).

and 91.6% of the phenolics concentration after 48 h
of contact. The use of pure ethanol slightly
increases the total solid content (to 29 mg/ml after
15 min). Longer times of contact lead to a slight
increase in the concentration of polyphenols - after
30 min the BAC are practically completely
recovered (19.5 mg/ml).

As the mass transfer process is fast, no effect of
stirring is observed, as shown in Fig.4. Few minutes
are enough to reach the equilibrium concentration
of the respective groups of extracted compounds,
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Fig. 3 Time evolution of the mean particle radius (pum)
and the total phenolics concentration (mg/ml) at a
liquid/solid ratio of 20.
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Fig. 4. Effect of the stirring speed on the extraction of
BAC from propolis at a time of15 min and liquid/solid
ratio of 20.

3

SE 60 .

£ O : *

S E 50 .

2% ¢ *

o % 401 -

S o

¥ g 309 .

2c

@S 20 A .

BE

2 E 10 - # %solid not dissolved

25 W concentration, mg/ml

g ° 0 T T T T T

0 5 10 15 20 25 30

liquid/solid ratio, ml/lg

Fig.5. Undissolved propolis part and liquid phase
concentration of total phenolics for different liquid/solid
ratios.

which are (in mg/g propolis): total phenolics
386.4;flavones and flavonols 68.5; flavanones and
dihydroflavonols 63.1.

Fig.5 shows the undissolved part (% of the solid
mass) together with the liquid phase concentration
(mg/ml) for increasing liquid/solid ratios. With
liquid/solid ratios exceeding 20 ml/g the amount of
undissolved solid remains practically constant
(Fig.5). The insoluble part is about 46% of the
initial mass of the propolis.
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If we consider the BAC as diffusing species and
the other propolis constituents as particle matrix,
the above results show that part of the matrix also
dissolves. In this way the mass transfer surface is
renewed and the BAC extraction is accelerated.

The change in the particle mass is related to the
mass balance of the extraction process:

dM :pg47zR2Nd—R:—dM’ =_£
dt ‘ dt dt dt

Here ‘s> and ‘I’ denote the solid and liquid
phase; dR/dt is known from Fig.3, the initial solid
mass, particle radius and solid density are M,, = 1g,
R~ 16pum and p=1180kg/m’ [22-23]; N is the
number of particles, considered constant during
extraction. The slope of the initial linear part of the
R() curve in Fig.3 (the first 1.5 min) gives
dR/dr=1.09-10 'm/s. Hence the average liquid phase

concentration is evaluated to C_’,=20.69 mg/ml, i.e.,

v, (D)

about 77% of the final measured total concentration
in the extract, which is a reasonable result.

Eq.(1) can be written with respect to the mass
transfer from the particle surface (with
concentration Cy) into the surrounding liquid,
accounting for the mass transfer coefficient k£ [m/s].

aM daM, —
L= =kaC,-C 2
dt dt c-cy,
The average liquid phase concentration
C = (MS (t=0)-M, (t))/ V, is  experimentally

calculated (here V; is the liquid volume). The
specific interface a=6&/(2R)=47R’N/V, decreases
proportionally to the square of the particle radius,
the initial value of ¢ being &=V,y/V/~=0.044 and the

volume of the solid — Vyy=M,y/p=(4/3) ﬂRg N.

Eq.(2) supposes a linear plot of dM/dt vs
alC, -C, )Vl, which is confirmed by the results in
Fig.6. The slope gives k=1-10"m/s, which is about
one order lower than the usually observed values
for dissolution processes. The latter can be easily
checked, using the well known relation:

_R2R

Sh 4+12Pe )" (3)

m

which tends to the limiting value of Sh =2 in case
of stagnant fluid [25].

The main components in the extract have
molecular mass between 180 and 410 [15, 24].
Hence, the coefficients of molecular diffusion,
estimated by Wilke-Chang equation, are of the
order of 10" m?/s. For instance, with D, pinobanksin=

3410 'm*s we obtain k=1.9-10"m/s. This
coefficient is time dependent and increases with
decreasing particle size. The deviation from the
origin of the coordinate system in Fig.6 can be due
to errors either in the value of the saturation
concentration, or in the number of particles. A short
discussion of the latter is given below.

1,4E-05
1,2E-05 A

» OE05 1

£ 8,0E-06

k<] |

% 6,0E-06
4,0E-06 y = 1E-06x + 2E-06
2,0E-06 1 ¢ R? = 0,9887
0,0E+00 . : : :

0 2 4 6 8 10

a(C*-C)V,, kg/m

Fig.6. Determination of the effective mass transfer
coefficient

From the analysis of the kinetic data
(concentrations and particle size) the following
question arises: is the particle size evolution due
uniquely to mass transfer? For a positive answer the
global balance with a constant number of particles
should hold:

4 —
A =p N (R - R} )=ViC, 4)

Here ‘0’ and ‘" denote the initial and final
volume averaged size of the particles (2R= 36 um
and 15 pm respectively). The initial number of
particles (V) is:

IM
N() _ s0

- 5
TAR;p, ©

Combining eqs.(4) and (5) for N=N,, the final
liquid phase concentration is obtained:
_ Ry -R
C = (O—f) (6)

Rgx

where x stands for the initial liquid/solid ratio
(Vi/My=20).

Calculation by eq.(6) gives C,J =46.6 mg/ml,
which is much higher than the experimentally
obtained C,=27 mg/ml and
explanation. According to eq.(5) Ny =3.55-10". As
the final mass is My = 0.46M,, and 2R,= 15 um,
then the final number of particles is N;=23.9-10". A

very probable reason for this difference lies in the
destruction of mechanically unstable bigger

value needs
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agglomerates of particles in contact with the
solvent, which takes place in parallel to the
dissolution process. This explanation is based on
the particulate nature of the material, due to the
way in which propolis is produced by the bees. The
microscopic data, illustrated in Fig. 2, give some
visual evidence for the increasing number of
particles.

CONCLUSIONS

The results, obtained from the measured particle
size¢ and BAC concentrations during extraction,
prove that the release is a fast process and the
preparation of ethanolic extracts from propolis
might be essentially rationalized by decreasing the
speed of rotation and the time of contact.

If we consider the BAC as diffusing species and
the other propolis constituents as particle matrix,
the above results show that part of this matrix also
dissolves. The insoluble part is about 46% of the
initial mass of the propolis. At a liquid-solid ratio
of 20 (ml/g) practically all the soluble part of the
solid is dissolved.

The kinetics of BAC release lies somewhat
between dissolution and the usual liquid-solid
extraction with internal diffusion control, the
effective mass transfer coefficient being of the
order of 10°m/s. The partial dissolution of the solid
phase leads to continuous renewal of the liquid-
solid interface and to lower diffusion time in the
particle, both resulting in an essential acceleration
of the BAC extraction.

Acknowledgements: The research leading to these
results has received funding from the European
Community’s Seventh Framework Programme
(FP/2007-2013) under grant agreement No PIAP-
GA-2008-218068.
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KMHETHUKA HA MACOIIPEHACAHETO HA BUOJIOTMYHO-AKTHBHU BEIIECTBA OT
[MPOIIOJIC

nXx. L[I/I6pch1<a1, B. Tunkoseku', T.A. Tlees', M. I[)K&M6epI/IHI/12, P. Fapcna—Bancz,

1
Xumuko-mexnonozuuen u memanypeuien ynusepcumem, /lenapmamenm no unsxcenepua xumus, oyin. Knumenm
Oxpuocku 8, 1756 Cogpus

2
Yuueepcumem Posupa u Buposicunu, [{enapmamenm no undgicenepna xumus, Tapazona, Mucnanus

IToctenmna Ha 28 maprt, 2011 r.; Kopurupana na 16 maif, 2011 r.
(Pestome)

Hacrosimero m3cienBane O¢ NPOBOKUPAHO OT HapacTHANWS HMHTEPEC KbM MPOIONUCAa KAaTO HM3TOYHUK Ha
OuonornyHo-akTuBHH BeriectBa (BAB), kakTo M rojsMara pasiMka B MyOJNIMKYBaHHUTE BpPEMEHA Ha KOHTAKT MpH
TSAXHATa €KCTPAKLHUS C €TaHOJI-ChbpiKalll pa3TBOpuTell. bsixa npoBeaeHy Ba THIIAa KHHETHYHH U3CJIEIBAHUS:

- Kunernuynure xpuBu B TeuHa ¢a3a 0fxa MONydEHH 4pe3 CHEKTPO(GOTOMETPUUEH aHANIU3 HAa EKCTPAKTa
(oTHOCHO 001N MONMM(eHOoIH, (IIaBOHY U (HIABOHOIH, (JIaBaHOHU U AUXpuApodIaBoHon). OOMIMSIT U3BICK
0e ompeessiH TErJI0BHO.

- V3meHeHneTo Ha pa3Mepa Ha YaCTHMUKHUTE IPONOIUC BBB BPEMETO Ha EKCTpakuus Oelle HEMpPeKbCHATO
CJIeICHO MUKPOCKOIICKH Upe3 CBbp3aHa oToKamepa.

W3cnenBano Oe BIMAHMETO HAa XHUAPOMOIyJa M CKOpPOCTTa Ha pasz0bpkBane. [lomydenute pesynrartu
MOTBBPIKABAT, Y€ M3BIMYaHeTo Ha BAB npoTHya mo-06bp30 0T OOMKHOBEHOTO 32 €KCTPAKLUS TBBPIO-TEYHOCT MOPAIH
YaCTUYHO pa3TBapsAHE Ha TBbBpJAATa MaTpula, KaKTO H pa3;[po6$IBaHe Ha HO-}Ipe6HI/I JacTulu Imopagu 3BbPHECTHUA
XapakTep Ha M3XOAHUS Marepual. EQekTHBHUAT KOe(DUIIMEHT Ha MaCOOOMEH € OT MopsiIbka Ha 10 my/s. OmnpeneneHn
ca OJaronpuATHHUTE YCIOBHS 3a POBEXkKIaHE Ha MpoLeca.
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Studies of tautomerism in the azonaphthol derivatives of benzimidazoles
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The tautomeric behaviour of three azonaphthol derivatives of benzimidazoles, 1-[(6-nitro-1H-benzimidazol-5-
yl)diazenyl]naphthalen-2-ol, 1-[1H-benzimidazol-5-yldiazenylnaphthalen-2-ol and 1-[(1-methyl-1H-benzimi- dazol-5-
yl)diazenyl|naphthalen-2-ol, were studied in solution, in solid state and in gas phase using spectroscopic techniques.
The results show that the ketohydrazone tautomeric form is predominant in solution and in solid state while in gas phase

the tautomeric equilibrium is on the azoenol side.

Keywords: Benzimidazole, azonaphthol, tautomerism, mass spectroscopy

INTRODUCTION

Heterocycles have been extensively used as
diazo or coupling components in the synthesis of
azo dyes [1-3] and many of these compounds
display  tautomerism  depending on  the
intramolecular  proton transfer which also
determines  their  optical and  physical
characteristics. Their application as disperse dyes or
photosensitive and photoconductive materials
provokes a considerable interest in the technology
of these compounds [4]. Owing to the properties of
azo dyes, such as volatility, thermal lability, efc.,
the tautomerism of these compounds has been
widely studied by wvarious techniques [5-9]
including NMR, UV-vis, IR spectroscopy, X-ray
crystallography and limited mass spectrometry
analysis [10-12].

This paper reports the study of the azoenol-
ketohydrazone tautomerization of the
benzimidazole derivatives, namely, 1-[(6-nitro-1H-
benzimidazol-5-yl) diazenyl]naphthalen-2-ol 1, I-
[1H-benzimidazol-5-yl diazenyl|naphthalen-2-ol 2,
and 1-[(I-methyl-1H-benzimidazol-5-yl)diazenyl]
naphthalen-2-ol 3, using '"H NMR, UV-vis, IR and
mass spectroscopy (Scheme I).

OH OH OH
‘“‘”D[”\ @@ ‘”@@»
oN \ N N
H CHy
1 2 3

\
Scheme 1. Structures of the reported compounds

S
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E-mail: sdincer@science.ankara.edu.tr

MATERIALS AND METHODS

5-Nitro-1H-benzimidazole, naphthalen-2-ol,
nitric acid, sulfuric acid, dimethyl sulfate and the
solvents were purchased from Merck. Melting
points were measured on a Gallenkamp apparatus.
NMR measurements were carried out on a Bruker
500 MHz spectrometer. FTIR and UV-vis spectra
were recorded on a Mattson 1000 FTIR
spectrometer (in KBr discs) and on a UNICAM
UV2-100 series spectrometer, respectively. Mass
spectra were recorded on the AGILENT 1100 MSD
spectrometer. Elemental analysis performed on the
LECO 932 CHNS agreed with the calculated
values.

EXPERIMENTAL

The synthesis of 5(6)-amino-6(5)-
nitrobenzimidazole and its azonaphthol derivative —
[(6-nitro-1H-benzimidazol-5-diazenyl] naphthalen-
2—o0l 1 was reported in a previous paper of the
author [13]. The compound 2 was prepared
according to ref. [13] and the compound 3 was
synthesized in the same way using 5-amino-1-
methyl-1H-benzimidazole as starting material.

Synthesis of 1-[(1-methyl-1H-benzimidazol-5-
yl)diazenyl]naphthalen-2-ol

5-Amino-1-methyl-1H-benzimidazole: A mixture
of 5-nitro-1H-benzimidazole (10 mmol), (CH;),SO4
(5.0 mL) and 1.5 mL 1.0 N NaOH was refluxed for
30 min. After cooling, the crude product was
filtered and recrystallized from water. 1-Methyl-5-
nitro-1H-benzimidazole was obtained as a brown
solid, m.p. 203°C, yield 1.5 g (82%). This nitro
compound was reduced using Sn/HCI by a standard
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procedure;  5-amino-1-methyl-1H-benzimidazole
was obtained as a yellow solid after
recrystallization from ethanol, m.p. 158-159°C,
yield 0.98 g (67 %).

1-[(1-Methyl-1H-benzimidazol-5-
yl)diazenyl]naphthalen-2-ol 3

5-Amino-1-methyl-1H-benzimidazole (10
mmol) was stirred at 0-5 °C into nitrosyl sulfuric
acid prepared from sodium nitrite (0.7 g) and
concentrated H,SO, (10 mL). After diazotizing, a
5% solution of naphthalen-2-ol in 2 N NaOH was
added. By adjusting the pH to 6.0-6.5, the crude
product was precipitated, filtered and recrystallized
from ethanol. The compound 3 was obtained as a
dark-red solid, decomp. > 340 °C, yield 2.5 g (79

%) (scheme II).
0,N N 0,N N HyN N
A\ (CH4),80 AN SWHCI N
Ty e LY e LD
\ \ \
CH; CHy
OH
1. NaNO 2/H2S0 4 ‘
R S S
on N N
2 A\
o
\
CHy

Scheme II. Synthesis of 5-amino-1-methyl-1H-
benzimidazole and 1-[(1-methyl- 1H-benzimidazol-5-
yl)diazenyl|naphthalen-2-o0l

RESULTS AND DISCUSSION

The 'H NMR, UV-vis and IR spectra of the
azonaphthol derivatives were interpreted in respect
of their azoenol-ketohydrazone tautomeric behavior
in solution and in solid state. The mass spectra
helped to throw light on these structures in gas
phase, excluding external factors like solvents and
intermolecular interactions.

"H NMR spectra

The basic structure required for tautomerism is
the existence of a labile proton in the molecule.
This attitude 1is observed as azoenol [J
ketohydrazone tautomerization in azonaphthol
compounds containing hydroxy group conjugated
with azo group as shown below.

OH o
(‘ . LK
2 N X NH
SRS ges;
R N
\ R N
R &

Tautomerisation of the azonaphthol derivatives of
benzimidazole

1 R:H,R"NQ
2 R:H,R"H
3 R:CH;,R":H

The equilibrium between azoenol and
ketohydrazone tautomers changed rapidly and the
nature of the substituents in the phenyl ring affected
the position of the equilibrium. Using 'H NMR
spectroscopy it was possible to decide the position

of the labile hydrogen atom in the molecule and
determine the ratio of tautomers present at the
equilibrium depending on the intensity of the
signals which are proportional to the molar amounts
of the compounds.

The examination of the '"H NMR spectra of the
three azonaphthol compounds, measured in ds-
DMSO shows that the equilibrium between azoenol
and ketohydrazone tautomers is predominantly
shifted to the ketohydrazone form. The analysis
also revealed that the nitro group attached to C(6)
in the benzimidazole ring slightly shifted the
tautomeric equilibrium towards the azoenol form
because of the change in 7 electron configuration
depending on the resonance in the benzimidazole
ring.

The enumeration of atoms is shown below and
the chemical shifts and coupling constants are
presented in Table I. Multiplicity of signals is
presented as: (s) singlet, (d) doublet, (t) triplet, (m)
multiplet, (b) broad.

5

N

\>z

N\1
R

The enumeration of atoms

Table I. 'H chemical shifts 8/ppm, and coupling
constants J/Hz of azonaphthols

Compound &/ppm, J/Hz
16.36, s; 12.60, b; 9.70, b; 8.57, s; 8.49, s; 8.29, s; 7.95,d, 8
Hz;

7.75,d, 9 Hz; 7.60-7.00, m; 6.79, d, 8 Hz
15.35,s; 12.80, b; 12.20, b; 8.53, d, 3 Hz; 8.45, s; 8.00,d, 9
Hz;
7.98,d,9 Hz; 7.85, d, 9 Hz; 7.66, t, 7 Hz; 7.60-7.90, m; 7.47,
t, 7 Hz;
6.85,d,9 Hz
15.32,s; 13.20, b; 8.73, d, 7 Hz; 8.18, s; 7.12, d, 9 Hz; 7.99,
d, 9 Hz;

7.76,d, 9 Hz; 7.70-7.90, m; 7.68, t, 8 Hz; 7.49, t, 8 Hz; 3.92

In all cases, in the spectra there is a signal in the
range of 15.32-16.36 ppm corresponding tothe —
NH-N= hydrazone protons. The broad peaks
appearing at 12.60-13.20 ppm indicate —OH
protons. The peaks observed between ca. 6.79 and
9.70 ppm are related to aromatic protons and their
integration agrees with the number of protons for
each compound.

UV-vis spectra

The UV spectra of the azonaphtol derivatives 1,
2 and 3 show that ketohydrazone tautomers
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predominantly exist in methanol solution. The
strong band appearing at 480—-500 nm indicates the
presence of the ketohydrazone form while the band
related to the azoenol form apparently disappeared.
Using dichloromethane as a solvent with
corresponding decrease in polarity, no absorption
band about 400 nm was observed which proves that
these compounds exist in azoenol form in non-polar
solvents. It is suggested that the tautomerism
strongly depends on solvent polarity causing
intermolecular or intramolecular hydrogen bonding.
Therefore, the ketohydrazone form can be
stabilized by hydrogen bonding with polar solvents
and when hydrogen bonding is not possible, the
azoenol form is stabilized by intramolecular
hydrogen bonding as shown below.

v ),
S e
4 \\IN@/N\R > "
0—H O—H
R’ R

Intramolecular hydrogen bond in O-H.....N and
N-H.....O forms
IR spectra

In all cases, the vo. absorption bands observed
around 3200-3000 cm ', are shifted to lower values
as a result of the intramolecular hydrogen bond in
the O-H.N form. This bonding favors the shift of
the tautomeric equilibrium on the ketohydrazone
side. The observation of vc.o phenolic absorption
bands at 1320, 1300 and 1342 cm' for the
compounds 1, 2 and 3, respectively, supported the
existence of a ketohydrazone tautomer including an
intra- molecular hydrogen bond in the N..O in the
solid state. vc-o absorption bands confirming this
structure are not distinguishable because of the
overlapping with vc—y imine absorption band of the
benzimidazole ring.

Mass spectra

Mass spectra of the azonaphthol derivatives of
benzimidazoles were also interpreted in respect of
their tautomeric behavior. The spectra resemble
each other revealing the preference of the azoenol
tautomeric form in the equilibrium. The formation
of a ketohydrazone tautomer by the hydroxy group
in ortho position affected the fragmentation
pathways in mass spectrometry [14-17]. The
ketohydrazone tautomer shows a cleavage of the
single HN-N= bond, whereas the =N-C(napht)
bond in the azoenol form should be preferably
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broken. The proposed fragmentation pathways are
given in schemes II[, IV and V.

Electron-impact (EI) fragmentation of this
azonaphthol derivatives gives rise to the major ions
M"—(m/z 190) —(m/z 163) —(m/z 144) —(m/z
115)" for the compound 1 (scheme III) and
M"—(m/z 145)"—(m/z 115)" for 2 (scheme IV)
which corresponds to cleavage of the =N-C(napht)
single bond.

The existence of the azoenol form of 1 was
particularly supported by the (M-190)" ion of the
major decomposition. The cleavage of the (benz) —
N=N-C(napht) bonds occurred as indicated above
depending on the electron donating power of the
naphthalene ring [18-21]. On the other hand, the
ion peaks (m/z 178)' —(m/z 132)" and (m/z 157)"in
the mass spectra of 1 point to a minor
fragmentation process of the ketohydrazone form
due to the nitro group at ortho position.

oH o j+ .
Sy — &
b |

-z

m/z 333
HN

¢N' HoN.
SO I JO0
ON N ON N

m/z 144 m/z 157

s L
e oS,

m/z 115

-NOy, -HCN miz 115 w13

+
CeHsN -HCN
m/z 91
¥
CeHsN,
m/z 105

Scheme III. Proposed fragmentation pathway for
compound 1

In addition, the comparison of the abundances of
the ion (m/z 144)" in the spectra of these
compounds suggested that the azoenol tautomer
dominates in the gas phase for 2 rather than for 1,
probably due to the resonance effect.

OH
(] "
N. /N+ HO.
N N NZ N
A\ A\
D D
N\ N
H m/z 144
m/z 288 m/z 145 z

o

wz 118 m/z 115

Scheme 1IV. Proposed fragmentation pathway for
compound 2
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The main reaction observed in the mass spectra
of the compound 3 is (M+23)" — (m/z
288) —(m/z 260) —(m/z 144)"—(m/z 115)". The
major ion at (m/z 288) corresponds to the loss of
Na and -CH;. The ion peak at (m/z 260) may be
attributed to the proposed azoenol type
fragmentation including N, loss. The ion peak (m/z
115) dominates in the spectrum and the ion peak
observed at (m/z 144) confirms the cleavage of the
azoenol tautomeric form (scheme V).
LS O o

Y . ‘

I g es,

m/z 115
iz 324 \CH m/z 144

—Na,—Cl—j\\ ‘ o /t(NZ
Sen

m/z 288
(74 %)

Scheme V. Proposed fragmentation pathway for
compound 3.

m/z 260 H
(14.4 %)

CONCLUSION

Three azonaphthol derivatives of benzimidazole

were studied in respect of azoenol = ketohydrazone
tautomerism using '"H NMR, UV-vis, IR and mass
spectroscopy. The results show that the
ketohydrazone tautomeric form is predominant in
solution and in solid state while the tautomeric
equilibrium is on the azoenol side in gas phase.
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Charge-transfer (CT) complexes formed between perylene (Pery) as donor with iodine (I,), piciric acid (PA) and
chloranilic acid (CLA) as acceptors were studied spectrophotometrically. The synthesis and characterization of perylene
CT complexes of iodine, [(Pery),]I".I;, picric acid, [(Pery)(PA)] and chloranilic acid, [(Pery)(CLA)] were described.
These complexes were readily prepared by the reaction of Pery with I, PA and CLA using CHC]; as a solvent. The IR,
UV-Vis and '"HNMR spectral techniques, as well as elemental analysis (carbon, hydrogen and nitrogen contents) and
thermal analysis were used to characterize the three perylene charge-transfer complexes. Benesi-Hildebrand method and
its modification were applied to the determination of association constant (K) and molar absorption coefficient (g).

Keywords: Perylene, charge-transfer complexes, picric acid, chloranilic acid, iodine, thermal studies.

1. INTRODUCTION

Charge-transfer materials have attracted broad
interest in the recent years due to their efficiency in
the field of magnetic, electrical conductivity and
optical properties [1, 2]. Generally, charge-transfer
complexes play an important role in biological
systems as well as in the field of drug receptor
binding mechanisms [3, 4]. The solid charge-
transfer complexes formed between iodine and
several types of electron donors such as aromatic
hydrocarbons,  polycyclic amines, mixed
oxygen/nitrogen cyclic bases, aromatic/aliphatic
amines have been studied and categorized [5—13].
The tri-iodide ion I3, penta-iodide ion Is, and
ennea-iodide ion Iy were formed through the
reaction of iodine with various donors like metal
acetylacetonates [14-16], polyazacyclic [17-19],
and crown ethers [20-23]. Some charge-transfer
complexes show very interesting applications in the
analysis of drugs in pure form or in pharmaceutical
preparations [24, 25]. The charge-transfer (CT) in
fullerene-based [26, 27] compounds is currently of
great interest since these materials can be utilized
as superconductors [28] and to produce non-linear
optical activity [29]. In this paper the charge-
transfer complexes obtained by the interactions of
perylene (Pery) as a donor with c-acceptors, like
iodine and m-acceptors such as picric acid (PA) and
chloranilic acid (CLA) were studied

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

spectrophotometrically. The obtained data point to
the formation of new and interesting CT complexes
of the general formula [(Pery),]I".I;” and [(Pery)(n-
acceptor)].

2. MATERIALS AND METHODS

The general chemical structures of donor
and acceptors are given in Fig. 1.

OH
O2N NO; Cl OH
HO Cl
NO, o)
Picric acid (PA) Chloranilic acid (CLA)

Perylene (Pery)

Fig. 1. General chemical structure of donors and
acceptors

2.1. Perylene charge-transfer complexes

The solid CT complexes of Pery with n-
acceptors like CLA and PA and c-acceptors like I,
were prepared by mixing 1 mmol of the donor in
chloroform (10 ml) with 1 mmol of each acceptor
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in the same solvent with constant stirring for about
15 min. The solutions were allowed to evaporate
slowly at room temperature; the resulting solid
complexes were filtered and washed several times
with little amount of solvent and dried under
vacuum over anhydrous calcium chloride. The CT
complexes: [(Pery)/(CLA)] (orange) with empirical
formula Cy6Hi404Cly; [(Pery)/(PA)] (yellow-green)
with  empirical formula  C,sH;sO;N;  and
[(Pery)/(Iy)] (yellow) were formed.

2.2. Electronic Spectra

The electronic spectra of the donors, acceptors
and the resulting CT complexes were recorded in
the region of (200-800 nm) using a Jenway 6405
spectrophotometer with quartz cells of 1.0 cm
pathlength. The electronic (UV/vis) absorption
spectrum of the iodine complex was measured in
chloroform. The complex was formed by adding X
ml of 5.0 x 10°* M I, (X = 0.25, 0.50, 0.75, 1.00,
1.50, 2.00, 2.50 and 3.00 ml) to 1.00 ml of 5.0x10™*
M Pery. The volume of the mixture in each case
was completed to 10 ml with the used solvent. The
concentration of Pery in the reaction mixture was
kept fixed at 0.5 x 10* M while the concentration
of iodine was varied over the range from 0.125 x
10* M to 1.50 x 10* M. These concentrations
produced donor:l, ratios in the range from 1:0.25 to
1:3.00.

Photometric titrations were performed [30] at
25°C for the reactions of Pery with c- or m-acceptor
in methanol and/or chloroform as follow:

The concentration of the donor in the reaction
mixtures was kept fixed at 1.0 x 10* M, while the
concentration of acceptors (I,, PA or CLA) were

changed over a wide range from 0.25 x 10~ to 4.00
x 10* M, which produced solutions with
donor:acceptor molar ratios varying from 1: 0.25 to
1: 4.00.

2.3. Infrared Spectra

The infrared spectra of the reactants and the
resulting CT complexes were recorded in KBr discs
on a Bruker IFS 113V FT-IR spectrometer, in the
wavenumber range (4000-400 cm ).

2.4. 'H-NMR spectra

'H-NMR spectra were obtained on a Varian
spectrometer Gemini 200 MHz using d¢—DMSO as
a solvent.

2.5. Thermal analysis

Thermogravimetric ~ analysis  (TGA)  was
performed on a Shimadzu TGA 50H instrument., 2-
5 mg samples were heated in standard platinum
TGA pans from 25°C to 600°C at a rate of 10°C/
min under nitrogen flow rate of 30 ml/min. The
amount and weight change of each obtained
compound were recorded as a function of
temperature to determine thermal stability.

3. RESULTS AND DISCUSSION

Elemental analysis data of all perylene charge-
transfer complexes are listed in Table 1. From this
table, it can be seen that the data are in a good
agreement with the calculated ones, and the
composition of the CT complexes matched the
molar ratios deduced from the photometric titration
of Pery and the acceptors (c- and m- acceptor).

Table 1: Elemental analysis CHN and physical parameters of the CT complexes formed in the

reaction of Pery with iodine, CLA, and PA.

Complexes M.wt C% H% N% Physical data
(FW)
Found Calc. Found Calc. Found Calc. Color Am
(Q'em™ mol™)

[(Pery),]T".I5” 1012 47.12 4743 229 237 - - Violet 49
(CyoHasols) red
[(Pery)(CLA)] 460 67.48 67.83 298 3.04 - - Red 10
(Cy6H14C1,04)
[(Pery)(PA)] 481 64.59 6486 3.08 3.12 792 8.73 Red 16

(Cy6H1sN307)

Table 2 Spectrophotometric data for the Pery-iodine CT-complex

Complex Amax  EcT K €max f x 10 M I,
am L.mol™! l.mol™.cm™ (Debyes) (V)
(Pery)2]I+.I; 350 3.55  2.63x104 6.29x104 0.80 771 765
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3.1. lodine/Pery charge-transfer complex

The conductivity data confirm that this complex
has a positive (I') and negative (I;) charge
resulting from the associated triiodide ion in
accordance with the CT transition. The electronic
absorption spectra of the 1:1 ratio in CHCl,
together with those of the reactants I, and Pery are
shown in Fig. 2. The spectra show two absorption
bands which are not present in the spectra of the
free reactants iodine and Pery. These bands at 350
and 293 nm are assigned to the CT complex formed
by the reaction of Pery with I, in chloroform
solvent. Photometric titration curves based on these
two absorption bands are given in Fig. 3.

3.90
B Perylene/I,

§ — — — donor

2 //‘ — Complex
Vs
/

0 | |

200 400 600

Wavelength (nm)

Fig. 2. Electronic absorption spectra of Pery/iodine
reaction in CHCl;.

Absorbance

2.2 = Abs. at 293 nm
® Abs. at 350 nm

0 1 2 3 4

ml added of Iy

Fig. 3. Photometric titration curves for Pery/iodine
system in CHC]l; at 293 and 350 nm.

These photometric titration curves were
obtained according to known methods [30] by
plotting absorbance against ml added acceptor. The
equivalence points shown in these curves clearly
indicate that the formed CT complex between Pery
and iodine is 1:1. The formation of 1:1 complex
was supported by both elemental analysis and
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thermal measurements. However, the two
absorption bands around 360 and 290 nm are well
known [31-33] to be characteristic for the
formation of the triiodide ion (I37). Accordingly,
the formed complex was formulated as
[(Pery)loI"I5 .
It was of interest to observe that the solvent has
a pronounced effect on the spectral intensities of
the formed [(Pery)],I'.I;" complex. To study the
stability of the Pery/iodine complex, it was
necessary to calculate the values of the association
constant, K, the molar absorption coefficient ¢, and
the oscillator strength, f, of the iodine complex. The
1:1 modified Benesi-Hildebrand equation [34] was
used in the calculations.
Cocyl _ 1 Ca+Cy )
A Ke €

where ¢ and ¢ are the initial concentrations

of the acceptor (I;) and the donor (Pery),
respectively, and A is the absorbance of the strong
bands around 290 and 360 nm. When the

Cg.Cg/A values are plotted against the

corresponding cg+cg values, straight lines were

obtained with a slope of 1/¢ and intercept of 1/ke.
The oscillator strength f was obtained from the
approximate formula in the equation of Tsubomura
and Lang [35]. The oscillator strength values
together with the corresponding energy of charge-
transfer interaction, Ecr, ionization potential, I, and
dipole moment, p are given in Table 2. The trend
of the values in this Table reveals several facts.

The [(Pery),]I".I;” complex shows high values of
both the association constant (K) and the molar
absorption coefficient (¢). This high value of K
reflects the high stability of the iodine complex as a
result of the expected high donation ability of Pery
(five aromatic rings).

The high value of K agrees quite well with the
existence of the tri-iodide ion, 15", which is known
to have high absorptivity value [31-33].

Finally, a general mechanism for the formation
of the [(Pery),]I".I;” complex is proposed, as
follows:

2[Pery]+l, — [Pery],I".I"

[Pery]ZI+. I'+L, > [Pery]zr.lf

The mid infrared spectra of Pery and the formed
CT-complex, [Pery],I".I;” were recorded as KBr
discs. The spectral bands, resolved and assigned
into their vibrational modes are given in Table 3.



M.S. Refat et al.: Spectroscopic and thermal studies of perylene charge-transfer complexes

As expected, the bands characteristic for the Pery
unit in [Pery],I".I; are shown with small changes in
band intensities and frequency values of aromatic
ring and phenyl groups. This proves that the
charge-transfer transition occurs from the aromatic
ring to iodine (m1—c*).

Table 3. Infrared frequencies® (cm™) and tentative
assignments for the Pery donor and [(Pery),]I".I;~
complex.

Pery [(Pery),]T".15 Assignments(b)

3431 s,br 3434 s,br  vomy; HyO of KBr
3045 s 3046 ms V(cny: | aromatic
2929 ms 2922 mw
1653 ms 1647 w V(c=c); aromatic
1516 ms 1605 mw
1491 m 1590 w Phenyl
1374 m 1529 w
1327 m 1493 s
1282 m 1379 w
1210 m 1320 w
1213w
796 vs 810 vs Aromatic rings
765 vs 765 vs

Table 4. Maximum temperature, T ,,,/°C, and weight
loss values of the decomposition stages for the
[(Pery),]I".I;” complex.

Decompos T/ Lost species Y%weight losse

1tion C Found Calc.
First stage ~ 92°C I 24.67%  25.10%
Second 291° I, + 2Pery 72.44%  74.90%
stage C moieties
Total loss 97.11% 100%
Residue residual 2.89% 0.00%
carbon

The far infrared spectrum of [Pery],I".I;~ was
recorded in Nujol mulls dispersed on polyethylene
windows in the region 50400 cm'. The spectrum
associated with the [Pery],I".I; complex shows the
characteristic bands for the triiodide ion, I at 135,
100 and 67 cm'. These bands can be assigned to
the vy(I-), A, vi(-I), B, and o), Ay,
respectively. These three absorptions do not exist in
the spectrum of the donor, Pery. However, the I3~
ion may be linear (D.y;) or non-linear (C,,). Group
theoretical analysis indicates that the I3~ with Cy,
symmetry displays three vibrations vy(I-I), A, vas(I-
I), B, and &(13), Ay, all infrared active in agreement
[31, 36, 37] with the observed three infrared bands
for [Pery],I".I;. Accordingly, the formed iodine
complex is formulated as [Pery],I".I;. The
conversion of iodine molecules into polyiodide
units is well known in the literature [31, 36, 37].

To confirm the proposed formula and structure
of the new [Pery],I".I;” complex, thermogravimetric
analysis (TG/DTG) was carried out for this

complex under N, flow. TGA thermograms and
DTG curves are shown in Fig. 4. Table 4 gives the
maximum temperature values, T, /°C, together
with the corresponding weight loss for each step of
the degradation reactions of this complex. The
obtained data strongly support the structure
proposed for the complex under investigation as
follows. The thermal decomposition of the Pery-
iodine CT complex in inert atmosphere proceeds
approximately with two main degradation steps

(Fig. 4).

1.2 0.1

+ 0.05

T -0.05

T -0.15

Weight loss, mg

|
t
'
©
N

T -0.25

0 ‘ ‘ ‘ -0.3
0 200 400 600 800

Temperature, °C

Fig. 4. TGA/DTG thermal diagram of [(Pery),]I".I;" CT
complex;(| )— TGA; (...) — DTGA.

The first stage of degradation at 92°C is
accompanied by a weight loss of 24.67%
corresponding to the loss of one iodine molecule.
Theoretically, the loss of this molecule corresponds
to a weight loss of 25.10%. The second
decomposition stage occurs at a maximum
temperature of 291°C. The weight loss associated
with this step (72.44%), can be due to the loss of
the second iodine molecule besides the organic
moieties of two perylene molecules, in good
agreement with the theoretical weight loss values of
74.90%. Accordingly, the mechanism for the
thermal decomposition of the complex, [Pery],I".I5~
is proposed as follows:

[(Pery),|T"I; —22C

291°C
—>2Pery + 1,

[(Pery) ]I, + 1,

[(Pery), ]I,

In recent years there has been increasing interest
in determining the rate dependent parameters of
solid-state non-isothermal decomposition reactions
by analysis of the TG curves. Several equations
[38—45] have been proposed as means of analyzing
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a TG curve and obtaining values for kinetic
parameters.

In the present investigation the general thermal
behavior of the Pery/iodine CT complex in terms of
stability ranges, peak temperatures and values of

Table 5. Kinetic and thermodynamic data of the
[(Pery),]I".I;” CT complex at the essential stage.

Complex Parameters* Coats-Redfern
equation
E 67.8
[(Pery),]I" .15 A 3.98x10""°
AS -23.1
AH 56.8
AG 49.8
r 0.9954

*Units of parameters: E in KImole™, A ins™', AS in Jmole'K™', AH and
AG in KJmole

kinetic parameters, is summarized in Table 5. The
kinetic parameters E and Z were evaluated using
Coats-Redfern equation. The kinetic parameters,
AH, AS and AG are tabulated in Table 6. Taking the
main decomposition steps as a criterion, the values
of the activation entropies, (—AS) in this complex
indicate that the activated complex has a more
ordered structure than the reactants. AG is positive
for a reaction for which AH is positive and AS is
negative. The reactions for which AG is positive
and AS is negative are considered as unfavorable or
non-spontaneous. Reactions are classified as either
exothermic (AH < 0) or endothermic (AH > 0) on
the basis of whether they give off or absorb heat.
Reactions can also be classified as exergonic (AG <
0) or endergonic (AG > 0) on the basis of whether
the free energy of the system decreases or increases
during the reaction. The correlation coefficients of
the Arrhenius plots of the thermal decomposition
steps were found to lie closer to the value 0.9954,
showing a good fit with a linear function. It is clear
that the thermal decomposition process of the
iodine complex is non-spontaneous, i.c., the
complex is thermally stable.

3.2. m—acceptors/Pery charge-transfer complexes

The electronic absorption spectra of the
reactants, Pery (1.0 x 10" M) and the acceptors
CLA and PA (1.0 x 10* M) in CHCl; along with
those of the formed 1:1 CT complexes are shown in
Fig. 5 (A and B). The spectra demonstrate that the
formed CT complexes have absorption bands at 300
nm for [(Pery)(CLA)] and 348 nm for [(Pery)(PA)]
complexes. These bands are located as
hypsochromic behavior in the spectra of the CT
products rather than reactants. The stoichiometry of
the Pery-acceptor reactions was shown in all cases
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to be of ratio 1:1. The 1:1 stoichiometry was

strongly supported by the photometric titration
3.90

Perylene / PA

Absorbance

0.0
3.90

Perlene /CLA
— -~ denor

e Aceptor

Absorbance

Complex
1 |
600

0.0
200

A nm)
Fig. 5. Electronic absorption spectra of: (A): Pery/CLA
and (B): Pery/PA reactions in CHCl;

measurements as well. In these measurements, the
concentration of Pery was kept fixed, while the
concentration of the acceptors was varied over the
range from 0.25 x 10* M to 3.00 x 10°* M.
Photometric titration curves based on these
measurements are shown in Fig. 6 (A and B). The
Pery-acceptors equivalence points indicate that the
Pery: acceptor ratio in all cases is 1:1 and this result
agrees quite well with the elemental analysis and
infrared spectra of the solid CT complexes.
Accordingly, the CT complexes formed upon
reaction of Pery as a donor with the m-acceptors
under investigation in chloroform have the general
formula [(Pery)(acceptor)]. The 1:1 modified
Benesi-Hildebrand method [34] was used in
calculating the values of the association constant, K
and the molar absorption coefficient, €. The
spectral data of the two Pery CT complexes are
given in Table 6. These complexes show high
values of both the association constant (K) and the
molar absorption coefficients (g). These high values
of K confirm the expected high stability of the
formed CT complexes as a result of the expected
high donation power of Pery as a chromophore
system containing a conjugated structure (C=C).
The equilibrium constants are strongly dependent
on the nature of the used acceptor including the
type of electron withdrawing substituents, such as
nitro and halo groups.
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Table 6. Spectrophotometric results for the CT complexes of (A): [(Pery)(CLA)] and (B): [(Pery)(PA)].

Solvent Mmax Ecr K Emax f M I,
(nm) (eV) (Lmol™) (Lmol™.cm™) x 107 (Debyes) @)
A 300 4.14 117x10 7 132x10 7 0.142 30.10 8.01
B 348 3.57 117x107 264x 107 0.246 42.40 7.61
R . the IR spectra of the isolated CT complexes clearly
14+ . indicated that the characteristic bands of Pery show
some shift in the frequencies, as well as some
o change in their band intensities. This could be
g 25 0.1
8 12 l
o
3 2]
< 114 10
1.0 g 15 £
K 4 0.1 g
£ $
0.9 T T T T % 14 8
0 1 2 3 4 H a
ml added of CLA Lo2
0.5
D
2.8 L 0 . . . : 0.3
0 200 400 600 800 1000
Temperature, oC
S 261
% 1.8 0.20
2
§ 244 ] 1.6 4 Series1
< o
1.4 -
+ 0.10
2.2-
1.2 4
g
2.0 g 1
£ - + 0.0
T T T T 508
0 1 2 3 4 2
ml added of PA 06
0.10
0.4 4
Fig. 6. Photometric titration curves for (A): Pery/CLA
and (B): Pery/PA reactions in CHCl; at 300 and 348 nm, 021
respectively. . | | | | 020
(@] 0 200 400 600 800 1000
// Temperature, oC
o—N* OH . .
Fig. 8. TGA/DTG thermal diagrams of: (A):

“O——N*

\\o
Fig. 7: Structure of the [(Pery)(PA)] CT complex

Full assignments for the infrared bands of
[(Pery)(m-acceptor)] CT complexes are given in
Table 7. A comparison of the relevant IR spectral
bands of the free donor, Pery and acceptors (CLA
and PA) with the corresponding ones appearing in

[(Pery)(CLA)] and (B): [(Pery)(PA)] CT complexes.

attributed to the expected symmetry and electronic
structure changes upon formation of the CT
complex. Moreover, the IR spectra of the molecular
complexes of CLA and PA with Pery indicate that
the v(C-Cl) and v(NO,) of the free acceptors (CLA
and PA) are generally shifted to lower wavenumber
values upon complexation. Thus we can conclude
that the molecular complexes are formed through
n—n* charge migration from HOMO of the donor to

the LUMO of the acceptor (Fig. 7).
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The 'HNMR spectrum of the [(Pery)(PA)] CT
complex in d¢-DMSO displayed distinct signals
with appropriate singlet and multiplets. The singlet
accounting for the proton centered at & 3.40 (1H;
OH) is assigned to the proton of the phenolic group
of picric acid; the other multiplet peaks at & 7.30—
8.40 ppm are due to protons of the aromatic groups
of Pery and PA. The decrease in the intensities of
hydrogen protons of Pery and PA proved that the
CT interaction occurred.

Thermogravimetric analysis (TGA and DTG)
was carried out in dynamic nitrogen atmosphere (30

Table 7. Infrared frequencies™ (cm™) and tentative
assignments for CLA, PA, [(Pery)(CLA)] and
[(Pery)(PA)] compounds.

CLA  PA Pery/CL Pery/PA
A

Assignments

32355s, 3416 br 3234 vs 3435 s,br v(O-H); H-bonded
br
3103 ms 3046 m 3104s
3056 vw
-—- 2980 sh 2924 vw 2920 vw v¢(C-H)
2872 w vas(C-H)
1664 ms 1861 ms 1866 vw 1613 s v(C=0); NO, of PA
1630 vs 1632 vs 1782w 1605 vs v(C=C)
1608 vs 1663 s 1590 w Ring breathing bands
1529 vs 1630 vs 15165
1542 vw

v(C-H); aromatic

--- 1432s 1491s 1492ms C-H deformation
1368 s 1343 ms 1369 vs 1410 ms v(C-C)
1263 vs 1312w 1265vs 1378s v(C-N)
1207w 1263w 1210s 1365w v(C-0)
1168 w 1150ms 1184 w 1339 vs Phenyl
1086 s 1305 s
1277 s
1216's
1184 w
1149 s
1078 s
981vs 917vs 982vs 938 ms (C-H) bend
851 vs ’ 829 w ‘ 851's ‘ 914 vs |  Aromatic rings
809 vs | 817 vs
752vs 781s 763vs 770s  Skeletal vibrations
690vs 732s  692s  729s
703s  570s
652 sh
569vs 522ms S54lw 544 ms 3(ONO); PA
419w  CNC deformation

ml/min) with a heating rate of 10 °C/min using a
Shimadzu TGA-50H thermal analyzer. CLA and
PA complexes of Pery were studied by
thermogravimetric ~ analysis  from  ambient
temperature to 800°C in nitrogen atmosphere. The
TG curves were redrawn as % mass loss vs.
temperature curves. Typical TG curves are
presented in Fig. 8 (A and B), and the temperature
ranges and percentage mass losses of the
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decomposition reaction are given in Table 8
together with evolved moiety and the theoretical
percentage mass losses. The overall mass loss from
the TG curves is 97.16% for Pery/CLA and 72.75%
for Pery/PA complexes. All complexes show two
peaks of mass loss. The first and the second peak
are due to the decomposition of the acceptors and
the Pery moieties. The final products were polluted
with carbon.

Thermal analysis curves of the Pery complexes
show that decomposition takes place in two stages
in the temperature range between 100—-400 °C for
the Pery/CLA complex and between 150-800°C for

Table 8. Maximum temperature, T,,,,/°C, and weight
loss values of the decomposition stages for the
[(Pery)(CLA)] and [(Pery)(PA)] compounds.

Decomposition of Ty, /°C Lost species  %weight losses

[(Pery)(CLA)]

Found Calc.

219°C 97.16% 97.39%

First stage
awe  290°¢ CHiOCLy

Second stage
Total loss
Residue

97.16% 97.39%

Carbon 2.84%  2.61%
residual

Decomposition of

T1a/°C Lost i
[(Pery)(PA)] max/'C Lost species

%weight losses

Found Calc.
230°C
3250C C15H15N307

First stage
Second stage
Total loss
Residue

72.75% 72.65%
72.75% 72.65%

Carbon 27.25% 27.35%

residual

the Pery/PA complex (Fig. 8 A and B). The two
endothermic decomposition stages correspond to
decomposition of the donor and acceptors. The TG
curves of the two complexes show weight losses
(Found 97.16, Calcd. 97.39%) for the Pery/CLA
complex and (Found 72.75%, Calcd. 72.65%) for
the Pery/PA complex corresponding to the loss of
CyH1404Cl, organic moiety and C;sH;sN;O,
organic moiety for Pery/CLA and Pery/PA
complexes, respectively. The final product formed
at 800°C is residual carbon. Reported data on
thermal analysis studies in nitrogen atmosphere
indicate that the two Pery complexes decompose to
give a number of remaining carbons according to
the acceptor.

The kinetic and thermodynamic parameters of
the decomposition of the Pery complexes, namely,
activation energy (E), enthalpy (AH), entropy (AS)
and free energy of decomposition (AG) as well as
the pre-exponential factors (4) were evaluated
graphically using the Coats-Redfern relationship. A
plot of ln[_ln(lz_“)} against 1/T gives a slope

T
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from which E was calculated and Z (Arrhenius
constant) was determined from the intercept. The
entropy of activation (AS), enthalpy of activation
(AH*) and the free energy changes of activation
(AG) were calculated wusing the following
equations:

AH =E —RT, ;AG =AH -T, AS

The calculated values of E, Z, AS, AH and AG
for the decomposition steps are given in Table 9.
On comparing the activation energy of the first
stage of decomposition for the two CT complexes,
the order of the activation energy values of the

Table 9. Kinetic and thermodynamic parameters data of
(D: [(Pery)(CLA)] and (I): [(Pery)(PA)] compounds.

Comp Paramet r
ounds er
E/ z/ AS/ AH/  AG/
kJmol ™ s Jmol'K™! kJmol™! kJmol™!
I 101 4.53x10°  —83.5 97.1 139  0.9940
11 48 2.89x10*  —161 45.5 106 0.9887

different acceptors was PA>CLA. This difference
may be due to the reactivity of the complexes and
the electronic configuration of the acceptors
attached to Pery. These results agree well with
those of the TG analysis detailed above. The AS
values of the main stage for all complexes were
found to be negative, indicating that the activated
complex was more ordered than the reactants.

CONCLUSION

Perylene, as a powerful laser dye, formed stable
intermolecular CT complexes with the electron
acceptors iodine (I), picric acid (PA) and
chloranilic acid (CLA) in CHCl;. The
stoichiometry of the present CT complexation
determined by the molar ratio method showed
that association was in 1:1 molecular ratio. The
equilibrium constants, K, and molar absorption
coefficients, €, of the complexes were determined
by the Benesi-Hildebrand method. The increase in
the K values reflected the high stability of the Pery
charge-transfer complexes as a result of the
expected high donation power of Pery (five
aromatic rings). The activation of enthalpies and
entropies of Pery complexes were calculated
utilizing Coats-Redfern equation. The entropies
were more negative, suggesting that the formation
of Pery charge-transfer complexes is favored at low
temperatures and the complexes are more ordered
than the reactants.
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CIIEKTPOCKOIICKM 1 TEPMWYHU U3CJIEABAHM HA TTEPUJIEHOBY KOMIIIEKCH C
I[TPEHOC HA 3APA[

M.C. Pepar™°, X M.A. Kuna®, A. Ex-Marpa6u®, M.U. En-Caiien®

Y enapmamenm no xumus, @axynmem 3a nayka, Yuusepcumem & Ilopm-Caud, Ecunem

b
Jenapmamenm no xumus, ®@axynmem 3a Hayka, Ynusepcumem ¢ Taugh, Kpancmeo Cayoumcka Apabus
¢ lenapmamenm no xumus, @axynmem 3a nayka, Ynusepcumem ¢ 3azosue, Ecunem

[Toctenmna Ha 14 stayapn,.2011 r.; kopurupana Ha 21 anpur, 2011 1.

H3cneBaHu ca CIEKTPOCKOIICKH KOMIUICKCUTE ¢ MPEHOC Ha 3apsii, 00pa3syBaHH MEXLy IEPUICH KaTo JOHOp ¢ ifof,
MIMKPHHOBA KHCEINHA M XJIOpaHWIOBa KucennHa. OMHCaHy ca CHHTE3UTe U 0XapaKTepH3UPaHETO Ha Te3M KOMILICKCH.
Te ce NpUrOTBAT JIECHO, KaTo 3a Pa3TBOPHUTEN ce U3Mon3Ba xjopodopm. M3non3sanu ca uHdppa-uepsena, UV-Vis and
'H-s/IpeHO-Mar HUTHO-PE30HAHCHA CIIEKTPOCKOMMS, ENEMEHTEH aHaiM3 (3a BBIIEPOJ, BOJOPOA M a30T) KaKTO M
TEPMOTPaBUMETPUUCH aHAIN3 32 OXapaKTepU3UpaHe Ha TpUTe KoMmiuiekca. [Ipunoxken e meronsT Ha Benesi-Hildebrand
1 HeroBa MOAM(HKALUS 32 ONPEIeITHETO Ha acolannoHHaTa koHctanTa (K) 1 Monapaus abcopOIMOHEH KOS(PHUIIUCHT

().
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A facile synthesis of an indol-dihydrotestosterone succinate derivative
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In this study, an indol-dihydrotestosterone succinate derivative (4) was synthesized. The first stage, involved
the preparation of an indol-dihydrotestosterone derivative (3) by the reaction of dihydrotestosterone (1) with
phenylhydrazine using hydrochloric acid as catalyst. The second stage was achieved by reacting 3 with
anhydride succinic or succinic acid to form an indol-dihydrotestosterone succinate derivative (4).

Keywords: dihydrotestosterone, phenylhydrazine, succinate.

INTRODUCTION

There are several methods for the synthesis de
indoles; for example, the preparation of 2-
Substituted Indoles by Photostimulated Reactions
of o-Todoanilines with Carbanions'. Other reports
show the preparation of a series of benzonitrile
derivatives on position 6 or 4 of indole ring via a
Leimgruber-Batcho reaction”. In addition, other
studies showed that ruthenium catalyzed synthesis
of indoles from N-substituted anilines and
alkanolamines®. Other data show the synthesis of
2-substituted indoles from 2-ethynylanilines with
tetrabutylammonium fluoride®. It is important to
mention, that has been development several indoles
steroid derivatives, for example, the synthesis of
17-indazole  androstene  derivatives’  using
dehydroepiandrosterone acetate as substrate. Other
data showed the procedure for synthesis of 1'-
Methylindolo  (3',2":2, 3)2(5a)-androsten-17-one
which was prepared by the Fischer indole
synthesis’. Additionally, other studies show the
synthesis of 1'H-5a-Cholest-2-eno[3,2—b]indoles
using the Fisher reaction’. All these works show
several procedures are available for synthesis of
several indol-compounds derivatives; nevertheless,
expensive reagents and special conditions are
required. In this study, an indol-dihydrotestosterone
succinate derivative (4) was synthetized; the first
stage was achieved by reacting dihydrotestosterone
(1) with phenylhydrazine (2) in presence of
hydrochloric acid to form 3-indole-
dihydrotestosterone derivative (3); the second stage

* To whom all correspondence should be sent:
E-mail: lauro1999@yahoo.com

was achieved by reacting 3 with anhydride succinic
or succinic acid to form 4.

EXPERIMENTAL
General methods

Dihydrotestosterone and the other compounds
evaluated in this study were purchased from Sigma-
Aldrich Co., Ltd. The melting points for the
different compounds were determined on an
Electrothermal (900 model). Infrared spectra (IR)
were recorded using KBr pellets on a Perkin Elmer
Lambda 40 spectrometer. 'H and °C NMR spectra
were recorded on a Varian VXR-300/5 FT NMR
spectrometer at 300 and 75.4 MHz in CDCl; using
TMS as internal standard. EIMS spectra were
obtained with a Finnigan Trace GCPolaris Q.
spectrometer. Elementary analysis data were
acquired from a Perkin Elmer Ser. I CHNS/0 2400
elemental analyzer.

10,13-Dimethyl-
4,5,6,7,8910,11,12,13,14,15,16,17-
tetradecahydro-1H-8-aza-inden [2,3,b]cyclo-
pentalaJphenanthren-17-ol (3).

A solution of 100 mg dihydrotestosterone (0.34
mmol), 60 mg phenylhydrazine (0.55 mmol) in 10
mL of ethanol was stirred for 10 min at room
temperature. Then 0.5 mL of hydrochloric acid was
added and the mixture was stirred for 48 h at room
temperature. The reaction mixture was evaporated
to a smaller volume, diluted with water, and
extracted with chloroform. The organic phase was
evaporated to dryness under reduced pressure, the
residue was purified by crystallization from
methanol-water (3:1) yielding 75% of product;

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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m.p.: 192-194 °C; IR: V. = 3,330, 3119 cm '; '"H
NMR (300 MHz, CDCl;) dy; 0.76 (s, 3H), 0.78 (s,
3H), 0.98-1.13 (m, 4H), 1.30-1.46 (m, 6H), 1.55-
1.93 (m, 7H), 2.23-2.61 (m, 4H), 4.01 (m, 1H),
7.09 (m, 1H), 7.18 (m, 1H), 7.36 (m, 1H), 7.42 (m,
2H), 7.49 (broad, 2H) ppm. ° C NMR (75.4 Hz,
CDCl5) 8¢; 11.12 (C-26), 12.40 (C-25), 20.60 (C—
16), 23.83 (C-20), 24.05 (C-24), 29.48 (C-12),
31.02 (C-21), 31.96 (C-13), 33.68 (C-9), 35.60
(C-14), 37.03 (C-17), 37.79 (C-10), 40.55 (C-11),
43.93 (C-18), 51.44 (C-19), 54.76 (C-15), 76.86
(C-22), 105.72 (C-3), 110.56 (C-8), 117.63 (C-6),
118.21 (C-5), 120.79 (C—4), 126.65 (C-7), 133.72
(C-23), 135.33 (C-2) ppm. EI-MS m/z: 363.16 (M"
13), 237.34, 129.16. Anal. Calcd for C,sH33NO: C,
82.60; H, 9.15, N, 3.85; O, 4.44. Found: C, 82.60;
H,9.12

Succinic acid mono-(10, 13-Dimethyl-
4,56,7,89,10,11,12,13,14,15,16,17-tetradeca-
hydro-1H-8-aza-
inden[2,3,b]cyclopentala]phenanthren-17-yl)ester
4).

Method A

The compound 3 (100 mg, 0.27 mmol) was
added to a solution of 54 mg anhydride succinic
(0.54 mmol), 3 mL of pyridine in 10 mL of toluene
was gently refluxed for 8 h, and then cooled to
room temperature. The reaction mixture was
evaporated to a smaller volume, diluted with water,
and extracted with chloroform. The organic phase
was evaporated to dryness under reduced pressure.
The residue was purified by crystallization from
hexane:methanol:water (1:2:1) yielding 78% of
product 4. m.p.: 158-160 °C; IR: V. = 3,326,
1,615, 1,712 em-1; '"H NMR (300 MHz, CDCls)
Su; 0.78 (s, 3H), 0.80 (s, 3H), 1.01-1.14 (m, 4H),
1.30-1.46 (m, 3H), 1.51-1.64 (m, 5H), 1.70-1.93
(m, 3H), 2.23-2.48 (m, 4H), 2.52 (t, 2H, J = 6.0
Mhz) 2.54 (t, 2H, J = 6.0 Mhz), 2.66 (m, 1H), 4.68
(m, 1H), 7.09 (m, 1H), 7.18 (m, 1H), 7.36 (m, 1H),
7.42 (m, 2H), 9.40 (broad, 2H) ppm. “C NMR
(75.4 Hz, CDCl3) 6¢; 12.08 (C-25), 12.10 (C-26),
20.60 (C-16), 23.83 (C-20), 24.05 (C-24), 27.60
(C-21), 29.20 (C-12), 29.48 (C-30, C-31), 31.96
(C-13), 33.68 (C-9), 35.60 (C-14), 37.03 (C-17),
37.79 (C-10), 40.55 (C-11), 43.93 (C-18), 51.44
(C-19), 54.76 (C-15), 79.80 (C-22), 105.72 (C-3),
110.56 (C-8), 117.63 (C-06), 118.21 (C-5), 120.79
(C4), 126.65 (C-7), 133.72 (C-23), 135.33 (C-2),
171.80 (C-32), 173.60 (C-28) ppm. EI-MS m/z:
463.20 (M" 13). Anal. Caled. for CyH3NOy,: C,
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75.13; H, 8.04, N, 3.02; O, 13.80. Found: C, 75.10;
H, 8.00

Method B

The compound 3 (100 mg, 0.27 mmol) was
added to a solution of 65 mg succinic acid (0.55
mmol) and 100 mg 1,3-dicyclohexylcarbodiimide
(0.48 mmol) in 15 cm3 acetonitrile-water (3:1) and
69 mg p-toluenesulfonic acid monohydrate (0.36
mmol) was added and the mixture was stirred at
room temperature for 72 h. The solvent was then
removed under vacuum and the crude product was
purified by crystallization from methanol-hexane-
water (3:2:1) yielding 78% of product. Similar 'H
NMR and C NMR data were obtained compared
with method A product.

RESULTS AND DISCUSSION

In this study, an indol-dihydrotestosterone
succinate derivative (4) was synthetized; the first
stage involves the synthesis of an indol-
dihydrotestosterone derivative (3). It is important to
mention that several protocols have been
development for preparation of indol derivatives,
nevertheless different protocols suffers from several
drawbacks; 1) The products of reaction have
limited stability and 2) the need to use hazardous
reagents for their preparation®'. In this study, the
compound 3 was synthetized by reacting
dihydrotestosterone (1) with phenylhydrazine (2) in
presence of hydrochloric acid to form 3-indole-
dihydrotestosterone derivative; (Figure 1, see). 'H
NMR spectra of 3 showed chemical shifts at 0.76
and 0.78 ppm for methyls present in the steroid
nucleus. In addition, other signals at 0.98-4.01 ppm
for hydrogens involved in the steroid nucleus were
found. Other signals at 7.09-7.42 ppm for
methylenes involved in the phenyl group were
display. Finally, a signal at 7.49 ppm for protons
involved in both amine and hydroxyl groups were
found. The “C NMR spectra display chemical
shifts at 11.12 and 12.40 ppm for the carbons of
methyls presents in the steroid nucleus of 3.
Another chemical shifts at 20.60-76.86 ppm for
carbons of methylenes involved in the steroid
nucleus were exhibited. Finally, several signals at
105.72-135.33 ppm for carbons corresponding to
methylenes involved in the indol group were found.
The presence of 3 was further confirmed from mass
spectrum which showed a molecular ion at m/z
363.16.
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OH

Fig. 1. Synthesis of an indol-dihydrotestosterone
derivative (3). Reaction of dihydrotestosterone (2) with
phenylhydrazine (1) using hydrochloric acid as catalyst
to form of 3.

On the other hand, the second stage was
achieved by the synthesis of 4 which contains in the
D-ring of the steroid nucleus an arm with ester
functional group coupled to the steroid nucleus of
4. It is important to mention, that there are diverse
reagents to produce esters derivatives, nevertheless;
most of the conventional methods have found only
a limited use for this purpose'>'*. In this study, two
different methods were used; in the first step the
technique reported by Figueroa and coworkers' for
esterification of steroids using the compound 3,
succinic anhydride and pyridine (method A) for
ester bond formation en the new arm bound to
nucleus steroid in the compound 4 (Figure 2, see)

o]

0
Method A "
—_
Method B
N
H

Fig. 2. Synthesis of an indol-dihydrotestosterone
succinate derivative (4). Method A. Reaction of 3 with
anhydride succinic using as catalyst pyridine to form 4;
Method B. Reaction of 3 with succinic anhydride using
as catalyst 1,3-dicyclohexylcarbodiimide in presence of
p-toluenesulfonic acid monohydrate to form 4.

o

was used; in the second step was achieved by the
reaction of 3 with succinic acid in presence of 1,3-
dicyclohexylcarbodiimide to form 4 (method B). It
is important to mention that during recent years,
some carbodiimides derivatives such as the
dicyclohexylcarbodiimide (DCC) have attracted
increasing attention as condensing agents in ester
synthesis'®'’. Nevertheless, it is important to
mention that when dicyclohexylcarbodiimide is
used as condensing agent in esters synthesis, yields
of the esters are often unsatisfactory because of

formation of the N-acylurea derivative as by-
product. Some reports reveal that addition of a
catalytic amount of a strong acid to the
esterification reaction in the presence of
dicyclohexylcarbodiimide considerably increases
the yield of esters and reduces the formation of the
N-acylurea compound'®.  For this reason,
esterification of the hydroxyl group of 3 with
succinic acid in the presence of
dicyclohexylcarbodiimide and p-toluenesulfonic
acid (Scheme 2) was used to increase the yield of 4.
It was found that the use of carbodiimide derivative
results in higher yields compared to the ester bond
formed with method A.

The results indicate that 'H NMR spectrum of 4
showed signals at 0.78 and 0.80 ppm for methyls
present in the steroid nucleus. Additionally, other
signals at 1.01-2.48, 2.66 and 4.68 ppm for
hydrogens involved in the steroid nucleus were
found. Other signals at 2.52-2.54 ppm for
methylenes involved in arm bound to steroid
nucleus of 4; at 7.09—7.42 ppm for phenyl group
were display. Finally, a signal at 9.40 ppm for both
amine and hydroxyl groups were found. The “C
NMR spectra display chemical shifts at 12.08 and
12.10 ppm for the carbons of methyls presents in
the steroid nucleus of 4. Other chemical shifts at
20.60-29.20 and 31.96-79.80 ppm for carbons of
methylenes involved steroid nucleus; at 29.48 ppm
for methylenes involved in arm bound to steroid
nucleus were exhibited. Finally, other signals at
105.72-135.33 ppm for indol group; at 171.80 ppm
for carboxyl group and at 173.80 ppm for ester
group were exhibited. The presence of 4 was
further confirmed from mass spectrum which
showed a molecular ion at m/z 463.20.

CONCLUSIONS

In this work, we report an easy methodology to

synthesize  indol-dihydrotestosterone  succinate
derivative.
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JIECHA CHUHTE3A HA ITPO13BO/JHO HA MHJOJI-IUXNJIPOTECTOCTEPOH
CYKLMHATA

JL d)I/Irepoa—BaJIBep)lel, ®. Jlnac-Ceaubo’, E.l“apc:I/Ia—CepBepa1

1
Jlabopamopus no papmayesmuuna xumus, @axyimem no XuMuko-ouosocudnu Hayku, Aemonomen
yHugepcumem na Kavneue, Mexcuko

2
Bucwe yuunuwe no buonocuunu nayku, Hayuonanen nonumexnuuecku uncmumym, Canmo Tomac, Mekcuxo

IMocTenmna Ha 4 mapr, 2011 r.; npuera Ha 20 ronn, 2011 1.

CuHTE3MpaHO € MPOM3BOJHO HAa HMHIOJI-AUXUAPOTECTOCTEpOH cykuuHara (4). B mbepBusa eram, cBbp3aH C
MIPUTOTBSIHETO HA MPOU3BOJHOTO HA WHIOJI-IUXUAPOTECTOCTEpOoHa (3) upe3 peakuusra ¢ JUXHIPOTECTOCTEPOH
(1) ¢ deHmnxuapasHH ¢ XJIOPOBOJOPOJ KAaTO Karauu3arop. Bropusar eram ce M3BbpIIBa, Karo 3 pearupa c
SHTAPCH aHXWJPUJ WIM C SHTAapHA KHUCEJIMHA W Ce IO0JIy4aBa MPOU3BOJHOTO HA WHIOJI-AMXHIPOTECTOCTEPOH

cykiuHaTta (4).
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Mixed SiO,-TiO, supported tungsten catalysts containing 8 wt.% tungsten were prepared by incipient wetness
impregnation. The catalyst with 10% TiO, addition, designated as WO;/SiO,-10Ti, displayed improved conversion and
propylene selectivity, 72 % and 48 %, respectively, toward metathesis of ethylene and 2-butene compared with
conventional silica supported tungsten without TiO, addition. The better dispersion of tungsten achieved by TiO,
addition and the tetrahedral tungsten oxide species of relatively high surface were believed to be responsible for the
good metathesis activity of the catalyst for propylene formation.

Keyword: Metathesis, Silica-Titania, Mixed support, Tungsten

1. INTRODUCTION

Recently, there has been an ever increasing
demand of polypropylene owing to the considerable
growth of propylene production [1-2]. One of the
pathways for propylene production is the metathesis
reaction of ethene and 2-butene using suitable
catalysts [3-4]. Supported WO; catalysts are known
from several patents and publications where well
dispersed low-loaded WO,/SiO, catalysts have been
claimed to have activity equal to that of catalysts of
appreciable higher tungsten content. This points to
the importance of obtaining a well dispersed catalyst
[5-7].

Verpoort et al. [8-12] have made extensive
studies on olefin metathesis catalysts relating to the
catalytic activity of supported tungsten phenoxide
complexes, activation and characteristics of a
‘molecular’ tungsten unit on silica and have found
that the catalytic activity was related to the structure
of the molecular entities on the surface of the
precursor. Many researchers have tried to improve
the catalyst performance by using composite
supports, such as Al,05-Si0, [13], ALLO;-B,05 [14—
15], and ALOs;—P,Os [16]. Recently, SiO,-TiO,
mixed oxides were used as the support material for
Pt [17-19], Er [20], Au[21], Ni [22], Fe—Pt [23] and
Mo [24] metals in many reactions. It was found that
the presence of a mixed oxide support has great
effect on the dispersion of the active components

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

and their catalytic performances. Therefore, the
objective of this work was to investigate the effect
of mixed SiO,-TiO, supported tungsten catalysts
with 8 wt% metal loading on the catalytic
performance in propylene production by metathesis.

2. EXPERIMENTAL

2.1 Catalysts Synthesis

Si0,-TiO, mixed oxide supports were prepared
by physical mixing of silica gel, Davisil grade 646
(pore volume: 1.15 cm®/g, supplied by Aldrich) and
titania (Degussa P25). The catalysts were
impregnated with an aqueous solution of
metatungstate hydrate (Aldrich, 99.9%), to yield an
8 wt% loading on the mixed oxide support, then
dried at 110 °C overnight. The catalysts were
calcined at 550 °C for 8 h with a heating rate of 10
°C/min in an air atmosphere. These prepared
catalysts are denoted as WOs/ SiO,—xTi, where x
indicates the wt. % of TiO, (5, 10, 30) in the SiO,—
TiO, support.

2.2 Catalyst Characterization

Surface areas of the samples were determined
using a multipoint BET method. The -catalyst
samples were degassed at 300°C and 10° mm Hg
for 3 h. Adsorption measurements were carried out
using liquid nitrogen at -196°C with a
Micromeritics ASAP 2020 device. The Raman
spectra of the samples were collected by projecting
a continuous wave YAG laser of Nd (810 nm)

© 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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through the samples at room temperature. A
scanning range of 200—1400 cm ' with a resolution
of 2 cm™' was applied. Phase identification and
investigation of the crystallite samples was
performed by X-ray diffraction (Siemens D5000)
using Ni filter Cu Ko radiation from 10° to 60°.

2.3 Reaction Studies

The catalyst sample was placed at the center of a
reactor with inner diameter (ID) of 7.5 mm. The
catalyst was pretreated at 500 °C in nitrogen flow
for 1 h before allowing the catalyst to cool down in
an inert atmosphere to the reaction temperature 400
°C. The reaction conditions were as follows:
pressure=0.1MPa, C,Hy/trans-2—C,Hg=2. The
sampling was made at 8 h on stream, and sample
analysis was performed on a Shimadzu GC 2014
equipment with a column of packed 10% silicone
SE-30 (3.02 m with 0.53 mm ID) and a FID
detector using helium as the carrier gas (5 ml/min).

3. RESULTS AND DISCUSSION

The catalysts performance on the metathesis
activity of ethene and trans-2-butene is shown in
Table 1. and Fig. 1. It was found that both
conversion of 2-butene and propylene selectivity
increased with TiO, addition and as high as 72% of
conversion of 2-butene and 48% of propylene
selectivity were obtained on a 10% TiO,-containing
catalyst designated as WO5/SiO,-10Ti. However,
the side reaction of isomerization to 1-butene, cis-2-
butene and butadiene became more competitive with
the 30% TiO,-containing catalyst, and almost no
propylene formation was observed on the silica-free
TiO, supported tungsten catalyst. According to
XRD patterns of the relevant catalysts shown in Fig.
2, peaks characteristic to tungsten crystallites at 20
of 23.12, 23.60 and 24.38° were observed while
silica is almost amorphous. It was noticed that lower
peak intensities in this region corresponding to a
lower amount of tungsten crystallites were
discernible upon increasing the amount of TiO,, and
those peaks almost disappeared for the silica-free
Ti0O, supported tungsten catalyst. This indicates the
higher dispersion of tungsten species on the mixed
Si0,-TiO, support. Nevertheless, the intrinsic lower
surface of TiO, seemed to result in a lower BET
surface of the mixed SiO,-TiO, supported tungsten
catalysts with a high loading of TiO,, as shown in
Table 1. The marked increase in both conversion of
2-butene and propylene selectivity on WO;/SiO—
10Ti may be attributed to the higher dispersion of
tungsten resulting from TiO, addition. However, the
metathesis activity site for propylene formation on
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the 30% TiO,-containing catalyst, WO5/SiO,—30Ti,
tends to be overshadowed by the TiO,-related
secondary reaction sites for 1-butene, cis-2-butene
and gutadiene formation.

Propylene

1-butene
i Butadiene
Cis-2-butene

40

Selectivity (%)

Y

A ITTHITTTTIIY

=m

A .....
WO03/5i0,

T 1
WO3/Si0,+10Ti WO,/TiO,

WO3/Si05+5Ti WO3/Si0+30Ti

Catalysts

Fig.1. The product distribution of different catalysts after
8 h on stream.
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WO3/Si05 -30Ti
8WO5/SiO, -10Ti
WO03/Si0; -5Ti
Y
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WO3/SiOp
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Fig.2. The XRD patterns of WO;/SiO,-xTi catalysts.
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Fig3. The FT-IR spectra of pyridine adsorbed on various
samples at 50°C.
Raman spectroscopy was adopted as a suitable
tool for determination of the structure of tungsten
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Tablel. The property and activity of catalysts with different TiO, content on mixed SiO,-TiO, supported tungsten

catalysts
Catalysts TiO,content Conversion | BET Sugfe}f:e area Raman ratio
(% wt) (%) (m°g™) 970/ Is0s
WO,/SiO, 0 63 257 0.64
WO5/Si0,-5Ti 5 65 250 0.88
WO;/Si0,-10Ti 10 72 240 1.11
WO05/Si0,-30Ti 30 63 194 0.89
WO,/TiO, 100 57 50 0.66

species present in supported catalysts. Huang et al.
[25] proposed that the band at 970 cm™ was assigned
to the surface tetrahedral tungsten oxide species
which are the active species for metathesis reaction
to propylene. According to the literature, the ratio of
the relative intensities of Raman bands between 970
and 805 cm’! (Iy70/130s) was used to reflect the
relative content of active sites for propylene
formation. As shown in Table 1, the maximum ratio
of Iyz0/l30s was achieved for WO5/SiO—10Ti (10
wt% TiO, content).

The Lewis and Brénsted acidities were assessed
by adopting the FT-IR technique for the desorption
of pre-adsorbed pyridine at 50°C. As shown in
Fig.3, the sharp peaks around 1595 and 1445 cm
were assigned to Lewis acid sites and the less
intense one around 1488 cm™ to the Brénsted acid
site [26]. It was found that WO;/Si0,-10Ti
displayed the highest number of total acid sites
compared to the titania-free sample; however, the
number of acid sites decreased with further addition
of TiO, above 10%. Kim et al. [27] reported that the
number of surface acid sites linearly increases with
tungsten oxide surface density below tungsten oxide
monolayer surface coverage. However, the number
of exposed surface acid sites continuously decreases
with tungsten oxide density at the above monolayer
surface coverage because of the presence of WO;
crystallites. The highest amount of acid sites found
for WO3/SiO,—10Ti in this work should be
attributed to the better dispersion of tungsten species
to obtain tungsten oxide monolayer surface
coverage. Nonetheless, with TiO, addition higher
than 10%, the smaller support surface area
influenced by the intrinsic low surface area of TiO,
compared with SiO, may be not enough to obtain
tungsten oxide monolayer surface coverage. As a
consequence, the state of the above-monolayer
surface coverage may be obtained for the catalysts
with TiO, addition higher than 10%, causing a
decrease in the number of acid sites. The H,~TPR

Table 2. The relative amount of H, uptake and reduction
temperature of catalysts with different TiO, content in
mixed Si0,-TiO, supported tungsten catalysts.

Catalysts H, uptake Reduction
(aw) Temperature (°C)
WO0,/Si0, 4.74 531, 800
WO5/Si0,-5Ti0, 3.94 531, 807
WO,/Si0,-10TiO, 3.78 537,817
WO,/Si0,-30TiO, 3.08 537,824
WO,/TiO, 1.80 601,810

technique was used to investigate the interaction
between tungsten species and the SiO,-TiO,
support. The H, uptake and the temperatures
corresponding to the lower and higher reduction are
summarized in Table 2. Ramirez et al. [28] ascribed
the reduction peak at higher temperatures to the
reduction of well-dispersed tungsten species rich in
tetrahedral coordination. The variation in H, uptake
as well as the shift of the reduction peak to higher
temperature established for the samples with TiO,
addition reflects the modification of surface
tungsten oxide species as well as the stronger
interaction between tungsten and the SiO,-TiO,
support. WO3/SiO,—10Ti should be a sample rich in
surface tetrahedral tungsten oxide species, which
contribute to the improvement in metathesis
activity.

4. CONCLUSION

The improvement in catalytic performance by
using a mixed support is a cheaper and more
convenient approach, compared with changing the
process conditions or the process system. The mixed
Si0,-TiO, supported tungsten catalyst containing
10% TiO, markedly improved both conversion of 2-
butene and propylene selectivity for metathesis of
ethene and trans-2-butene. Though the detailed
mechanism is subject to further investigation, the
preliminary characterization reveals that less
tungsten crystallites are formed, which reflects the
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better dispersion of tungsten as well as the
achievement of relatively high surface tetrahedral
tungsten oxide species, widely accepted as the
metathesis active site for propylene formation.
While TiO, addition seems to contribute to the
better dispersion of tungsten, TiO, itself favors the
secondary reaction of 1-butene, cis-2-butene and
butadiene formation. WO;/SiO,—10Ti (10% TiO,
content) represents a novel metathesis catalyst
which displays good propylene selectivity not
overshadowed by TiO,-related secondary reaction
sites.
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HOB KATAJIM3ATOP OT BOJI®PAM BHPXY S10,-T1IO, 3A METATE3A HA ETEH U 2-
BYTEH

C. quqyeHl, V. Jlumcanrkac', B. HeTOBopapaKcal, C. CDaTaHanI/Il , H. Cae-Ma', K. CypI/I62
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uHXKeHepHa xuMmus, mkeneper dakynret, YHuBepcuter UynanonrkopH, banrkok 10330, Taitnana
2 o
SCG Kemumsbinc Co., mumuren, 1 Cuam-niement poya, banr cro, banrkok 10800, Taiinann

[octpimna Ha 8 mapt, 2011 r.; kopurupana Ha 9 maii, 2011 r.

(Pestome)

[TpurorBenu ca BoJippaMOBH KaTaau3aTopH, HaHeCeHH BBpXy cMec oT Si02-TiO2, ceabpikama 8 % Teri. Boidpam
4ype3 MOKpo uMnpernupane. KarammzatopsT ¢ mobaska ot 10% TiO2, ompenenen xaro WO3/Si02-10Ti, mokassa
nooopeHa kousepcus (72 %) 1 CeNeKTUBHOCT CNpsMO TponuiieHa (48 %) u CbOTBETHO IO OTHOLIGHUE MeTaTe3aTa Ha
eTeHa W 2-OyTeHa CHpsSMO KOHBEHI[MOHAJICH KaTaJu3aTop OT BoJ(paM BbPXYy CHJIMIHEB JUOKCHI Oe3 noOaBka Ha
THUTaHOB JIuoKcua. IIpenmoinara ce, ye noOpara akTHBHOCT Ha KaTalH3aTopa CIpsMO o0pa3yBaHETO Ha MPOIMJICH ce
IBIDKA Ha TO-7I00paTa JUcliepcHs HA Bolippama NpH J00aBSHETO Ha THTAHOBHUS IHMOKCHI M Ha TeTpacapHYHUS
BOJI(GPAMOB OKCHJI C TOJISIMA TIOBBPXHOCT.
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Electroless deposition of nanodisperse metal coatings on fabrics
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Metal plated fabrics are modern composite materials characterized by a combination of the beneficial physiological
and ergonomic properties of the textile substrate with those of the deposited metal coating.

A technology was developed for deposition, by chemical methods, of nanodisperse copper coatings with various
types of dispersoids (graphite, SiO,, Al,O; and TiO,) onto two types of polyethyleneterephtalate (PET) polyester
fabrics: woven and non-woven. The influence of the deposition conditions of the coatings on their thickness,
electroconductivity, elemental composition and morphology was studied.

Key words: Electroless copper plating, Nanodisperse metal coatings, Woven fabric, Non-woven fabric, Specific

electrical resistance, Electromagnetic interference shielding.

1. INTRODUCTION

Metal plated fabrics have valuable properties
which make them suitable for various applications
in everyday life and in engineering technologies.

Metal plated fabrics are electroconductive and
are employed in electrical engineering and
electronics as electric heating components. These
materials are used for production of highly efficient
plastic screens [1, 2] for protection against

electromagnetic emissions within the radio
wavelength range. The good heat reflecting
properties of metallized fabrics make them

perspective materials for green house construction
elements, for manufacture of cold/heat-resistant
clothing for protecting people exposed to extremely
low or high temperatures for many hours.

All known methods for metal plating of
dielectrics are employed in the process of
metallization of fibres and textile materials of
various chemical nature. The electroless deposition
via reduction of metal ions in aqueous solutions has
proved to be the most readily available, convenient
and highly effective technique for deposition of
metal coatings onto dielectric substrate. Various
methods for metal plating of fibres and fabrics have
been described in a number of articles and patents
[1-6].

Reference [3] treats the two-step activation of a
cotton fabric, whereby the object is first immersed

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

in a solution containing Sn** or Ti*", and then in a
noble metal solution, preferably of PdCl,. Then the
object is chemically plated with copper or other
metal coating. Most often fibres or fabrics of PET
are metal plated, which is the reason why their
behaviour in alkaline medium has been investigated
by many authors [4-7].

A detailed study into the pre-treatment of
polyester fibres with potassium or sodium
hydroxide has been described in reference [4]. The
authors have established that as a result of the
above pre-treatment the mass of the PET fibres is
reduced by about 10%, the surface is roughened
and its area increased. Moreover, etching leads to
formation of caverns on the polymer surface thus
increasing the thickness of the metal deposit and
improving its adhesion to the substrate. The authors
state that the reason for these changes is not clear.

The research reported in reference [5] has
established that PET + 20H — disodium
terepthalate + ethylene glycol.

The rate of polymer dissolution increases with
time, temperature and area of the processed surface.
The alkali concentration and the presence of a
cationic surface active substance (SAS) also have
an impact on the process rate.

The thickness of electroless nickel or copper
coatings deposited on a textile made of
polyethyleneterephtalate, as well as their adhesion
and specific electrical resistance have been
investigated with regard to their dependence on the
etching conditions in alkaline medium and on the
duration of the electroless metallization process [6].

92 © 2012 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



M. Petrova et al.: Electroless deposition of nanodisperse metal coatings on fabrics

It has been found that with increase of NaOH
concentration in the etching solution up to 250 g/L
the thickness of the deposited nickel coating grows
to 0.80 um, the adhesion determined by the metal
loss in dry friction being relatively low (1.0
mg/dm). At higher alkali concentrations the
investigated parameters substantially decline. The
thickness, adhesion and specific electrical
resistance of the coating are most significantly
affected by the duration of the electroless
metallization process. With an increase of the
nickel layer thickness up to 3.2 pm the metal loss
rises up to 18.4 mg/dm, the specific resistance

being 0.69x107 Qm.
Lately, the so called disperse coatings have been
used in engineering technology. A  basic

characteristic of these coatings is that solid
dispersoids are incorporated into the base
deposition material (called matrix), thus forming a
second phase. The preferred metals for matrix
deposition are nickel, cobalt, copper, etc. The
physical and chemical properties of dispersoids
affect the properties of the deposited disperse
coating. Possible dispersoids may be micropowders
of nanoparticles of high-melting-point oxides,
carbides, silicides, borides, nitrides, diamonds, etc.

The influence of the particle size of diamond
and tungsten carbide (150, 1000, 2000 nm)
dispersed in cobalt and nickel coatings on their
adhesion, hardness and tribological behavior is
discussed in ref. [8, 9]. It has been established that
these coatings could be an alternative to chromium
coatings obtained via reduction of hexavalent
chromium.

The literature  survey evidences  that
nanodisperse coatings are mostly deposited on solid
metal or dielectric substrates.

The aim of the present work is to produce
nanodisperse coatings on textile materials (fabrics),
which can find wide application in engineering
technology (industry).

2. EXPERIMENTAL

Electroless deposition of disperse copper
coatings on substrates of woven and non-woven
textile (“Yambolen”, Bulgaria) was carried out
employing the following technological scheme:
degreasing in alkaline solution for 15 min at 65°C;
activation in colloidal activator A—75-12 (product
of the Technical University—Sofia) for 5 min;
alkaline treatment by a commercial X-75-4
accelerator (product of the Technical University-
Sofia) for 5 min; chemical plating in copper
containing electrolyte.

The basic components of the base electrolyte
(BE) (working electrolyte, WE) were copper
sulfate, formaldehyde, Na,-EDTA complexing
agent and stabilizer2 (a commercial product of the
Technical ~ University—Sofia). =~ The  working
electrolyte had a pH within the range 12.5+12.8.

It is a must to use non-stationary electrolytes for
the deposition of disperse coatings in order to avoid
sedimentation of the dispersoid. That is why air
agitation was employed in the present experiments.
The dispersoids used were graphite, TiO,, AL,Os,
SiO, in the form of powders with particle size
between 30 and 60 nm for TiO,, Al,Os, SiO,, and
between 7 — 10 pm for graphite particles (Institut
fir Baustoff- und Umweltschutz-Technologie
GmbH Weimar, Germany).

The deposition rate was determined by
gravimetric analysis. The obtained thickness was
called by us “conditional thickness of the coating”.

Energy dispersive X-ray microanalysis (EDX)
was used to determine the content of the dispersion
particles in the coating. The coating morphology
and the particle size distribution on its surface were
examined by scanning electron microscopy (SEM)
on the JEOL JSM 733 (Japan) microscope.

The electric conductivity of the metallized
specimens was measured on a stand specially
designed to that end, using a method similar to the
four-point probe for measuring the conductivity of
semiconductor materials.

The phases contained in the deposits were
identified by X-ray diffraction analysis (XRD). An
automated vertical powder diffractometer Philips
PW 1050 equipped with a  secondary
monochromator (Cu Ka radiation) was used for the
purpose. The XRD patterns were recorded within
the angle range from 10 to 80 degrees 260 at an
angle step of 0.04° and 1s exposition time.

Adhesion tests of the coatings were carried out
at the Technical University-Sofia and the samples
were subjected to burnishing in dry and wet
conditions (according to Bulgarian Standard 4680-
87).

3. RESULTS AND DISCUSSION

3.1. Influence of dispersoid concentration on the
conditional thickness of the coating and on its
incorporation in the coating

It was established in our previous investigations
[10] that the conditional thickness of the coatings
increases with increasing deposition time and
temperature. The best incorporation in the
chemically obtained disperse coatings was observed
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for TiO, as compared with the other dispersoids.
Therefore, TiO, was selected for the present
experiments aimed at determining the optimum
dispersoid concentration in the electrolytic bath for
deposition of composite copper coatings onto
textile fabrics.

Coatings' thickness, yum
T:O2 content in the coating, , mass.%

TiO, concentration in plating electrolyte, g L™

(a)

55 455
501 450
451
40+
35
30
251
20

Coatings' thickness, um

15F

10+ 410

TiO, content in the coating, , mass.%

05 05

0.0 L L L L 0.0

TiO, concentration in plating electrolyte, g L™
(b)
Fig. 1: Influence of TiO, concentration in the plating
electrolyte on the conditional thickness of the coating
(curve 1) and on dispersoid incorporation in the coating
(curve 2) deposited on: (a) woven fabric; (b) non-woven
fabric. Deposition time 30 min at 30°C.

The experiments were conducted with TiO,
concentrations in the plating electrolyte of 3, 5, 10
and 20 g/L. As is evident from the data in Fig. la,
at TiO, concentrations from 0 to 5 g/L, a certain
degree of dispersoid incorporation into the coating
deposited onto a woven substrate is reached, after
which the percent incorporation does not
substantially change with further increase in
dispersoid concentration (curve 2). At plating on a
non-woven substrate, the increase in TiO,
concentration (from 3 to 20 g/L) in the working
electrolyte leads to a proportional increase in the
percent content of TiO, in the coating (Fig. 1b,
curve 2). The conditional thickness of the coating
remains almost the same at different TiO,
concentrations (curve 1). The composite copper
coating with dispersed TiO, is a high quality
coating with good adhesion and high percentage of
dispersoid incorporation.

The surface structure of the disperse coatings
prepared at 3, 5, 10 and 20 g/L concentrations of
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TiO; in the plating electrolyte was studied. It was
established that with increase in TiO, concentration
in the plating electrolyte (up to 10 g/L), thickening
of the individual fibres was observed, leading to a
denser structure of the deposit.

3.2. Influence of the nature of various dispersoids
on the properties of the obtained disperse coatings

These investigations were performed using a
base electrolyte containing various dispersoids
(graphite, SiO,, Al,O;, Ti0O,) at a concentration of 5
g/L, 30°C and 30 min deposition time. The obtained
experimental results summarized in Table 1
evidence that, on both types of fabrics, coatings
with the highest conditional thickness and degree of
dispersoid incorporation are obtained from
solutions containing graphite. Some adhesion
problems of this coating to the substrate were,
however, noticed.

Table 1
Woven textile Non-woven textile
Type of disperse substrate substrate
particles Condition Dispersoid Condition Dispersoid
al coating content in al coating content in
thickness, coating, thickness, coating,
pm wt.% pm wt.%
Base electrolyte 1.5 - 1.9 -
(BE)
BE +5¢g/L 1.8 18.7 2.5 28.3
graphite
BE + 5 g/L SiO, 1.5 1.7 1.8 1.4
BE + 5 g/L Al,O3 1.5 1.4 1.8 1.2
BE + 5 g/L TiO, 1.3 4.4 1.4 2.8

The difference in the percentage of included
TiO, in the coating (4.4% in the woven fabrics and
2.8% in the non-woven fabrics), is probably due to
the fact that the non-woven one consists of pressed
polymer fabrics which hamper the diffusion of the
electrolyte in the depth of the sample, while the
woven fabrics are of porous structure.

No substantial difference in the deposition
kinetics of the other dispersoids (SiO,, Al,O;, TiO,)
was observed, and the highest degree of
incorporation was registered for TiO,.

In an attempt to resolve the adhesion problem
with graphite disperse coatings we used two types
of surface active substances (SAS): Veranol
(nonylphenol polyglycol ether), which is a non-
ionogenic surfactant, and sodium lauryl sulfate, an
anionic surfactant. The following disperse coatings
were deposited on the woven fabric: BE + 5 g/L
graphite + SAS Veranol (0.5 g/L), and BE + 5 g/L
graphite + SAS sodium lauryl sulfate (0.5 g/L).
First, a pure copper coating was deposited onto the
fabric for 5 min under air agitation and then
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20kV X200 _100pm 0168  10.40 BEC:

(d)

Fig. 2: SEM images of woven fabric: (a) and (c) with 2.5 g/L graphite; (b) and (d) with 10 g/L graphite. Deposition time

30 min at 30°C.

o 1]t TV\‘\.
20kV | X200, 100pm; 0151 1030 SEIl

graphite was added to the bath. Both surface
active substances proved equally effective in
solving the adhesion problem. The influence of
graphite concentration in the deposition
electrolyte on the degree of incorporation in the
disperse  coating was investigated by
conducting deposition experiments with 1 h

20kV xfbo 100pm 0158 1030 SEl _ =

(d

Fig. 3: SEM images of disperse coatings on woven fabric deposited from electrolytes containing various dispersoids: (a)
non-treated woven fabric; (b) copper coating; (¢) with 5 g/L Al,O3; (d) with 5 g/L SiO,; (e) with 5 g/L graphite; (f) with
5 g/L TiO,. Deposition time 30 min at 30°C.

deposition time and 2.5, 5 or 10 g/L graphite
concentration using Veranol (0.5 ml/L) as SAS.
The SEM images of the obtained coatings (Fig.
2) clearly indicate that the increased graphite
concentration in the electrolyte leads to an
increase in the percent incorporation in the
coating.
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Fig. 4. SEM images of disperse coatings on non-woven fabric deposited from electrolytes containing various
dispersoids: (a) non-treated non-woven fabric; (b) copper coating; (c¢) with 5 g/L graphite; (d) with 5 g/L TiO,.
Deposition time 30 min at 30°C.
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Fig. 5. XRD patterns of disperse copper coating deposited from electrolyte containing 5 g/L TiO, (a) of
woven fabric and (b) of non-woven fabric. Deposition time 30 min at 30°C.

The conditional thickness of the disperse
coatings in the presence of nanoparticles remains
almost unchanged upon varying the graphite
concentration, except for the graphite containing
disperse coating as compared to the one obtained
from base electrolyte. Analogous results were
obtained in previous experiments with ABS
substrates [11].

The morphology of the obtained disperse
coatings was examined by scanning electron
microscopy (SEM). The SEM pictures are
presented in Figs. 3 and 4. The SEM images in
Figs. 3e and 4c support the data in Table 1
evidencing higher percent incorporation of graphite
in the coatings as compared to other dispersoids.
The most compact structure is observed when TiO,
is present in the electrolyte (Figs. 3f and 4d). It can
be presumed that the coating is initially deposited
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in the caverns formed on the polymer surface as a
result of etching [3], and then grows to cover the
whole fibre surface.

Table 2.
Specific electrical
Type of disperse resistance, Qm
particles
Woven textile (as Non-woven textile
substrate) (as substrate)
Base electrolyte(BE) 6.0x107° 7.2x107°
BE + 5g/1 graphite 6.1x107° 7.4x107°
BE + 5g/1 SiO, 6.5%107° 7.6%107°
BE + 5g/1 ALLO, 6.5%x107° 7.6x107°
BE + 5g/1 TiO, 6.8x107° 8.1x107°

For better characterization of the disperse

coatings  under

investigation

their

specific

resistance was determined (Table 2). The obtained

experimental

data evidence that the

specific
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electrical resistance of disperse copper coatings is
of the same order (a little higher) as that of pure
copper deposits.

The phases contained in the deposits were
identified by X-ray diffraction analysis (Figs. Sa
and 5b). For the purpose, first the diffractograms of
the primary substrates were recorded and the
characteristic peaks for woven and for non-woven
textile were identified. This approach allowed for
better distinction between the substrate peaks and
the peaks identifying the different phases in the thin
layers  deposited onto it. The obtained
diffractograms feature well pronounced peaks of
Cu identified using the PDF #04-0836 entry of the
database provided by the International Centre for
Diffraction Data (ICDD). These experimental data
indicate that the obtained coatings are of desired
thickness and of adequate crystallinity. The
intensity distribution is typical for randomly
oriented powder samples and indicates that there
are no visible texture effects in the deposits.

No signs of same influence of the dispersoids on
the deposition of Cu were observed (e.g., changes
in parameters, crystallinity size or texture).

For the coatings containing disperse particles,
only the strongest peaks of TiO, (anatase) or C
(graphite) could be identified on the diffractograms
due to their small amount. Their strongest peaks
overlay the strongest peaks of the woven and non-
woven textile phases, but still the changes in curve
profile and in peak position can be distinguished
fairly well to confirm the presence of minimum
quantities of C (PDF #75-2078) and TiO, (PDF
#89-4203) in the coatings.

As a result of Cu reactivity, slight oxidation of
the sample surface is observed, which exhibits a
minimum content of a Cu,O phase (PDF #65-
3288).

4. CONCLUSIONS

The optimum conditions of a previously
developed technology for electroless metallization

of fabrics were determined. Pure copper, as well as
dispersed copper coatings containing various types
of dispersoids (graphite, SiO,, Al,O; and TiO,)
were chemically deposited onto two types of
polyester fabrics: woven textile and non-woven
textile. Semi-bright coatings of uniform thickness
were obtained which give the textiles aesthetic
appearance. The specific electrical resistance of the
coatings was determined.

The obtained experimental data indicate that
these coatings can be used as protective screens
against electromagnetic interference (i.e. for EMI

shielding) and find application in industry,
agriculture and everyday life.
Acknowledgement: ~ The  authors  gratefully

acknowledge the financial support of the National
Foundation “Scientific Research” (Bulgaria) under
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BE3-EJIEKTPOIHO OTJIATAHE HA HAHOAWCIIEPCHU METAJIHU ITOKPUTUA BBPXY
THhKAHU

M. HeTpOBa], M. FeopmeBa], Ek. I[06peBa2, I'. ABnees'

"Hnemumym no gusurkoxumus “Axad. Pocmucias Kauwes”, Boneapcka akademus na naykume,yi. Axao. I Bonues,
on. 11, Coghus 1113, Bvneapus
Texnuuecku ynusepcumem, Cogpus, 6ya. Knumenm Oxpuocku 8, Codus 1000, Bonzapus

[octprmna Ha 7 mapt, 2011 r.; kopurupana Ha 16 ronu, 2011 r.

Meranu3upaHnTe THKaHH Ca CHBPEMEHHHM KOMIIO3UTHH MaTepHallM, XapaKTepH3Hpalld ce ¢ ChYeTaBaHETO Ha
OaronpusATHA GU3HOJOTUYHH ¥ €PrOHOMHYHN CBOWCTBA HAa TEKCTHIIHUS HOCHTE U METATHOTO MOKPUTHE.

PazpaboTreHa e TEXHOJOTHUS 32 XMMHUECKO OTJIaraHe Ha HAHOMMCIIEPCHO MEIHO IOKPHUTHE C PA3IMYHH AUCIICPTUPALIH
arentu (rpadur, SiO2, Al203 u TiO2) BepXy JBa BuIa TeKcTi oT nonuermieH-repedranar (PET): ThkaH U HEThKaH.

W3cnensano € BIUSHHUETO Ha ycjoBuATa Ha OTJIaraHE€ BBPXY ,I[G6CJ'II/IHaTa Ha IOKpHUTHUATA, CJICKTPOIIPOBOJAUMOCTTA,
CIIEMCHTHUA CbCTaB U MOp(l)OJ'IOFI/IﬂTa HUM.
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ACADEMICIAN ROSTISLAYV KAISHEYV - A LIFE DEDICATED TO
SCIENCE

The book contains the reminiscences of Acad. Rostislav Kaishev — the founder,
together with Professor Ivan N. Stranski of the modern physical chemistry in
Bulgaria and a creator of the worldwide recognised Bulgarian school of nucleation
and crystal growth. It is based on the story told by Acad. R.Kaishev and recorded
by Prof. A.Milchev and Prof. S.Stoyanov between October 2001 and April 2002.
The second supplemented edition of this book consists of three parts.

. XUBOT, MOCBETEH HA HAYKATA

AKAIIEMUK
POCTUCAAB KAUILIIEB

A

The first part contains the reminiscences of Acad. R.Kaishev, which refer to
the period 1908-1960 and cover his childhood, youth, university studies, the work
on his PhD thesis in Germany (1930-1932), his scientific research work with Prof.
[.N.Stranski on the modern theory of crystal growth, the founding of the Chair of
Physical Chemistry at the University of Sofia and the Institute of Physical
Chemistry at the Bulgarian Academy of Sciences (BAS), etc. The contacts of
Acad. R.Kaishev with famous foreign scientists, among them the professors
F.Simon, M.Volmer and H.Betge (Germany), the academicians A.N.Frumkin,
Ya.B.Zeldovich and P.Rebinder (Russia) and others are described, as well.

The second part contains brief recollections of Acad. R.Kaishev, written by his
daughter Prof. Anastasia Kaisheva from the Institute of Electrochemistry and
Energy Systems, BAS, and 16 of his closer students and co-workers: Acad.
G.Bliznakov, Acad. P.Bonchev, Acad. I.Gutzov, Acad. D.Exerowa, Acad.
A.Popov (Vice President of BAS), Prof. A.Milchev, Prof. Chr.Nanev, Prof.
D.Nenov and Prof. S.Stoyanov from the Institute of Physical Chemistry “Acad.
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Rostislav Kaishev”, BAS, Prof. V.Platikanova from the Institute of Optical
Materials and Technologies “Acad. J.Maliniovski”, BAS, Prof. D.Platikanov and
Prof. B.Toshev from the Physical Chemistry department at the Chemical Faculty of
Sofia University “St. Kliment Ohridski”, Prof. A.Gittis (USA), Prof. A.Chernov
(Russia), Prof. B.Mutafchiev (France) and Prof. G.Staikov (Germany). These
recollections shed additional light on the remarkable personality of the outstanding
scientist Rostislav Kaishev.

The third part contains some pieces of writting, selected by the compilers
A.Milchev and S.Stoyanov to give the readers an idea of the spirit of the Institute
of Physical Chemistry beyond the sphere of pure science. The purpose of this part
is to show that people involved in scientific research are ordinary people, who,
apart from their scientific work, know how to joke and entertain themselves as
every ordinary person, as every Bulgarian. This part is also supplemented with
some jocular readings.

The book is illustrated with numerous unique photographs from the personal
archives of Acad. Rostislav Kaishev. It is in Bulgarian and can be found in the
bookstore of Marin Drinov Academic Publishing House, Acad. G.Bonchev Str.
block 6, 1113 Sofia and in the bookstore “Academic Book™ of the Headquarters of
BAS, 15" November str. 1, 1040 Sofia.

Alexander Milchev
Stoyan Stoyanov

100



Bulgarian Chemical Communications, Volume 44, Number 1 (pp. 101 —102) 2012

AKAJJEMHUK POCTUCJIAB KAULIEB - )KUBOT, IOCBETEH HA
HAYKATA

Axkanemuk Poctucnas KauieB, ch3gaTensat Ha ObiArapcka Iikosia B o0nacTra
Ha KPUCTAJIHUS PACTEeX U YUUTEN HA HIKOJIKO MOKOJEHUS OBbArapcku PU3NKOXUMHUIIH,
710 Kpasi Ha JIHUTE CH 3aIla3H CBOSTA SICHA MUCBHJ U OUCTHP YM. UnTaTeniar Moxe aa ce
yOenu B TOBa OT aBTEHTMYHHUS pa3Ka3 Ha TO3U 3a0elekuTelieH ObJIrapcku yd4eH,
3amucad oT mpod. Anekcanapp MumdeB u npod. Crosa CrosHOB mpe3 mepuoaa
oktoMBpu 2001 r. — ampun 2002 r. ¥ BKIIOYEH B HACTOSLIETO BTOPO, TOI'BIHEHO
W3/1aHHUE HA Ta3H KHUTA.

| XUMBOT, MTOCBETEH HA HAYKATA

AKAITEMIMK
PoctmcaAR KAUIIIEB

AKAAEMUYHO U3AATEACTBO
Mpoc. MAPUH APUHOB*

IIppBaTa 4yacT Ha KHMrara cChbabpka croMeHuTe Ha akal. P. Kaumes 3a
HErOBUTE JETCKH, FOHOLIECKU U CTYJIEHTCKU FOJUHH, 3a padoTaTa BbpXY JOKTOpCKaTa
My auceprauuss B ['epmaHus 1oa pPBKOBOACTBOTO HAa M3BECTHUS HEMCKH
¢uzukoxumuk npod. @pann CuMoH, 3a u3cienBanusTa My ¢ npod. Mean Ctpancku,
IIOCBETEHW Ha CBBPEMEHHATa TEOpHs HAa KPUCTAJHUS pPACTEXK, KAKTO M 34
ocHoBaBaHeTo Ha Kareapara mo ¢usukoxumus Ha Coduiickus YHHUBEpPCUTET U HA
WNucturyra no ¢usukoxumus Ha BAH. Onwmcanu ca U koHTakTuTte Ha akana. P.
KanmeB ¢ BHOHM 4yXIECTpaHHM YYE€HHM, MeXAy KouTo mnpod. M.Donmep
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(I'epmanus), npod. X.berre, npeacenaren Ha akagemus ,,Jleononauna” (I'epmanus),
axkanemunure A.H.®pymkun, S.b.3ennosuy u [1.Pebunaep (Pycus) u np.

Bropara yact chappka KpaTku cnomeHd 3a akana. P.KawimeB cnoxpenenu c
yuTatenas, OT Jbleps My npoueHT Amxacracus Kaummea ot HHetutyra 1o
eJNeKTpOoXuMusi U eHepruiinu cucremu, bBAH u oT 16 HeroBu OJM3KM YYEHUIM U
cpTpyaHunM: axkagemunure [.bausnakos, Il.bonueB, W.I'ynos, JI.ExcepoBa u
A.lloroB (3am.mpencenaren Ha BAH), mpod. A.Mwumues, npod. X.Hanes, mpod.
J.Henor u pod. C.CtostHoB oT UHCTHTYTA IO hm3mkoxumus ,,Poctrucnas Kaures”,
BAH, nou. B.ITnatukanoBa ot MHCTUTyTa MO ONTUYECKU MATEPUAIM M TEXHOJIOTUU
“Axan. M.Mamunosckn”, BAH, npo¢. J.IInarmkanoB u mnpod. b.Tomes ot
Karenpara mo ¢usukoxumus Ha CY ,,CB.Kmument Oxpuncku”, mpod. A.I'mrtuc
(CAIL), mpod. b.Myraduuer (Ppanmus), npod. I'.CraiikoB (I'epmanusi) u mpod.
A.A.Yepnos (Pycus). Ta3zu yact Ha KHUTATa XBBHPJIA JOMBIHUTEIHA CBETIUHA BBPXY
JUYHOCTTAa Ha akaaemMuk PocrtucnaB KawuiieB, karo e€QuH TOJAM YY€H U
M3KIFOUHUTENIEH YOBEK.

Tperara yacT BKJIOUBA MaTepuasy, MOJOPaHU OT ChbCTABUTEINTE, 3a Jla Aaiat
npeacraBa 3a ayxa B MHcturyra no ¢usukoxumus Ha BAH, u3BbH cdeparta Ha
yucrara Hayka. Llenra Ha Ta3u 4acT € Ja mokaxe, 4ye xopaTra 3aHMMaBalld Ce C HayKa
ca OOMKHOBEHH XOpa, KOUTO U3BbH HAYYHUTE CH 3aHUMAHUS yMESAT J1a ce€ LIEryBaT U
3a0aBisIBAT KaTO BCEKM OOMKHOBEH YOBEK, KaTo BCeKM ObarapuH. C HIKOJIKO
IIErOBUTH YETUBA € JAOMbJIHEHA U Ta3u MOCJIEIHA YaCT Ha BTOPOTO U3JIaHUE.

Kuurara e miatoctpupana ¢ MHOTOOpOMHM yHUKaIHU (pororpaduu OT JTUUHUS
apxuB Ha akaaemuk PoctucnaB Kawumes. I[lpenmara ce B KHMKapHUIIATA Ha
AkaneMu4HOTO M3AaTeNcTBO ,,IIpod. Mapun [dpunoB”, yn. Akazn. I'eopru bonues,
ook 6, 1113 Codwusl, KakTO U B KHIDKapHUIIA ,,AKajeMUYHa KHUTA B Ccrpajara Ha
entpanno ynpasnenue Ha BAH, yi. ,,15 HoemBpu™ Ne 1, 1040 Codus.

Aunekcanibp MunueB
Crosia CtosiHOB
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BULGARIAN CHEMICAL COMMUNICATIONS

Instructions about Preparation of Manuscripts

General remarks: Manuscripts are submitted in
English by e-mail or by mail (in duplicate). The text
must be typed double-spaced, on A4 format paper
using Times New Roman font size 12, normal
character spacing. The manuscript should not
exceed 15 pages (about 3500 words), including
photographs, tables, drawings, formulae, etc.
Authors are requested to use margins of 3 cm on all
sides. For mail submission hard copies, made by a
clearly legible duplication process, are requested.
Manuscripts should be subdivided into labelled
sections, e.g. Introduction, Experimental, Results
and Discussion, efc.

The title page comprises headline, author’s
names and affiliations, abstract and key words.

Attention is drawn to the following:

a) The title of the manuscript should reflect
concisely the purpose and findings of the work.
Abbreviations, symbols, chemical formulas, refer-
ences and footnotes should be avoided. If indis-
pensable, abbreviations and formulas should be given
in parentheses immediately after the respective full
form.

b) The author’s first and middle name initials,
and family name in full should be given, followed
by the address (or addresses) of the contributing
laboratory (laboratories). The affiliation of the author(s)
should be listed in detail (no abbreviations!). The
author to whom correspondence and/or inquiries
should be sent should be indicated by asterisk (*).

The abstract should be self-explanatory and
intelligible without any references to the text and
containing not more than 250 words. It should be
followed by key words (not more than six).

References should be numbered sequentially in
the order, in which they are cited in the text. The
numbers in the text should be enclosed in brackets
[2], [5, 6], [9-12], etc., set on the text line. Refer-
ences, typed with double spacing, are to be listed in
numerical order on a separate sheet. All references
are to be given in Latin letters. The names of the
authors are given without inversion. Titles of
journals must be abbreviated according to Chemical
Abstracts and given in italics, the volume is typed in
bold, the initial page is given and the year in
parentheses. Attention is drawn to the following
conventions:

a) The names of all authors of a certain
publications should be given. The use of “ef al.” in
the list of references is not acceptable.

b) Only the initials of the first and middle names
should be given.

In the manuscripts, the reference to author(s) of
cited works should be made without giving initials,
e.g. “Bush and Smith [7] pioneered...”. If the refer-
ence carries the names of three or more authors it
should be quoted as “Bush et al. [7]”, if Bush is the
first author, or as “Bush and co-workers [7]”, if
Bush is the senior author.

Footnotes should be reduced to a minimum.
Each footnote should be typed double-spaced at the
bottom of the page, on which its subject is first
mentioned.

Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to in
the text. Column headings should be as short as
possible but they must define units unambiguously.
The units are to be separated from the preceding
symbols by a comma or brackets.

Note: The following format should be used when
figures, equations, etc. are referred to the text
(followed by the respective numbers): Fig., Eqns.,
Table, Scheme.

Schemes and figures. Each manuscript (hard
copy) should contain or be accompanied by the
respective illustrative material as well as by the
respective figure captions in a separate file (sheet).
As far as presentation of units is concerned, SI units
are to be used. However, some non-SI units are also
acceptable, such as °C, ml, 1, etc.

The author(s) name(s), the title of the
manuscript, the number of drawings, photographs,
diagrams, etc., should be written in black pencil on
the back of the illustrative material (hard copies) in
accordance with the list enclosed. Avoid using more
than 6 (12 for reviews, respectively) figures in the
manuscript. Since most of the illustrative materials
are to be presented as 8-cm wide pictures, attention
should be paid that all axis titles, numerals,
legend(s) and texts are legible.

The authors are asked to submit the final text
(after the manuscript has been accepted for
publication) in electronic form either by e-mail or
mail on a 3.5 diskette (CD) using a PC Word-
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processor. The main text, list of references, tables
and figure captions should be saved in separate files
(as *.rtf or *.doc) with clearly identifiable file
names. It is essential that the name and version of
the word-processing program and the format of the
text files is clearly indicated. It is recommended that
the pictures are presented in *.tif, *.jpg, *.cdr or
*bmp format, the equations are written using
“Equation Editor” and chemical reaction schemes

are written using ISIS Draw or ChemDraw
programme.

The authors are required to submit the final text
with a list of three individuals and their e-mail
addresses that can be considered by the Editors as
potential reviewers. Please, note that the
reviewers should be outside the authors’ own
institution or organization. The Editorial Board of
the journal is not obliged to accept these proposals.
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