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The Institute of Chemical Engineering at the Bulgarian Academy of Sciences — 30 years recap

Ay As scientific and
I applied discipline
chemical engineering is
known since the

beginning of the last
century. Its onset is based
- “ on the demands of oil
processing, chemical industry, metallurgy, etc.
being the engine of the economic development
for the period. Chemical Engineering comprises
scientific and applied activity for the
implementation of chemical sciences in
industry. Therefore its methodology comprises
knowledge and theory either of chemistry or of
applied  physics, applied mathematics,
theoretical mechanics, heat engineering, etc.

The Institute of Chemical Engineering
(IChE) started as a Department of Mass Transfer
processes in the Institute of General and
Inorganic Chemistry at the Bulgarian Academy
of Sciences. Later, in 1972 it was transformed in
autonomous Central Laboratory of Chemical
Engineering (CLCE) and finally it was
promoted to institute in 1986 by act of the
Government. Last year the Institute celebrated
its 30" anniversary.

Founder of CLCE and IChE was Prof. DSc
Dimiter Elenkov (Coresponding Member of
BAS), also founder of the Chair of Processes
and Apparatuses in the Chemical and
Technological Institute in Sofia (the present
Department of Chemical Engineering at the
University of Chemical Technology &
Metallurgy).

The mission of IChE is to contribute to the
environmentally sustainable development with
its scientific methodology, scientific capacity
and broad experience and applied research in
chemical technologies, energy saving and
industrial  biotechnologies. The following
world-wide priorities are assumed:

- Green and waste-free technologies for

reduction of industrial waste and exclusion
of hazardous waste.

- Methods and processes for integrated waste
management (household, industrial,

hazardous) combined by their secondary use

as renewable raw materials and energy

sources.

- Processes, equipment and entire
technologies for enhancement of material
and energy efficiency of running and new
enterprises.

- Process engineering  for  chemical
technologies and industrial biotechnologies
with thermodynamic modelling.

- Training of students and post-docs in the
area of competence. During the period
2009/2016 in the Institute 16 PhD theses and
two - for DSc were defended. For the same
period the institute had trained 43 Bachelor
and Master Students.

The Institute publishes about 50 scientific
articles with 40% of them in international
journals with impact-factor. There are also
published monographs, chapters in collections
on certain subjects, review articles, etc.

In its applied activity the Institute follows
the logics of the chemical technology
development in Bulgaria. There are many
applied technologies and units developed in the
Institute throughout the years. The following
has got practical application, namely: sulfur
dioxide and fine particulates capturing (1967);
nitrobenzene removal from aniline in distillation
columns (1977); removal of hydrogen sulfide in
absorption columns (1978); extraction of
essential oils from plants (1980s); liquid
extraction of residual copper from waste streams
(1988); advanced method for sulfur dioxide
oxidation for sulfuric acid production (1990);
contact economizers for energy saving in
thermal power plants (1990/93).

In the new century the efforts were
concentrated in the field of renewable fuel
technologies and waste recycling, like:
methanol regeneration in biodiesel production
(2007); eight equipments for bioethanol
distillation (2002/2008); one for biogas
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production (2009); one for pyrolysis of organic
compounds, e.g. used tires (2015/16).

Various algorithms and software are
developed for optimal design and management
of batch and semi-continuous manufacturing.

During the last years new project on
hydrogen sulfide conversion, contained in the
Black sea waters, into energy was developed.

The Institute develops and maintain various
connections with partners from the country and

abroad. There are joint projects with partners
from the European Union (Germany, The
United Kingdom, Austria, The Netherlands,
etc.), the United States, Turkey, India, etc. Many
projects supported by the European Frameworks
Programs, by bi-lateral agreements with the
U.K, Turkey, Belgium, etc. have been running
for decades.

Prof. DSc Venko Beschkov
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70" Anniversary for Professor Venko Beschkov, DSc

With this issue of the
Bulgarian Chemical
Communications we
celebrate the 70" birthday
of  Professor  Venko
Beschkov and mark his
considerable contributions
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to the chemical and

- biochemical engineering

' in Bulgaria. Many are the

important benchmarks of Prof. Beschkov’s

outstanding career and the results of his scientific
endeavors are varied and it is difficult to select the
most worthy of note in this brief overview.

Venko graduated from Sofia University with an
MSc in Inorganic Chemistry with first class honors
and since 1969 he has been affiliated with the
Institute of Chemical Engineering, Bulgarian
Academy of Sciences whose Director he was from
1993 till his retirement.

In 1978 Venko was awarded a PhD for the
successful defence of his thesis: “Influence of some
surface phenomena on mass transfer in liquid film
flows”. In 1996 he presented and defended his
Doctor of Science Thesis “Kinetics and importance
of mass transfer in some fermentation processes by
free and immobilized biocatalysts”, which
summarized his research in the field of biochemical
kinetics and biochemical reactors.

Venko has authored and co-authored two
monographs, seven chapters in books (and
encyclopedia) and 187 scientific articles published
in international journals which have been cited more
than 1200 times. His research achievements are
highly recognized abroad and he has established,
supported and actively participated in several
efficient international collaborations with colleagues
from Belgium, The United Kingdom, The
Netherlands, Germany, Portugal, Italy, Hungary,
Romania, Georgia, etc. which have spawned further
networking.

In the years 1991/1992 Prof. Beschkov was
appointed Deputy to the Minister of Environment of
the Bulgarian Government. Besides the many duties
and obligations during this period, the everyday
administration of that challenging Ministry helped
him to further expand his overview on the
combination of science and environmental issues
and gave him new ideas for modern scientific
research.

We should, of course, not omit the fact that, as
well as being an excellent researcher, Prof.
Beschkov is a first-rate teacher and advisor - 29 MSc
students and 13 PhD students have benefitted from
his utter professionalism and dedicated work ethic,
and are now pursuing a scientific carrier in Bulgaria
and abroad.

Beschkov has been invited to deliver lectures at
the universities in Louvain, Montreal, Hamburg-
Harburg, Pretoria, etc., and as a plenary and key-note
speaker in different congresses and conferences as
well. Furthermore, he has presented different
university courses in his area of expertise in the
Faculties of Chemistry and Biology of the Sofia
University and the University of Chemical
Technology and Metallurgy in Sofia for more than
thirty years.

Because of his scientific curiosity and open mind
Venko has never been short of new ideas and shy of
their practical application. His patents were recently
recognized at the 9" International Invention Fair in
the Middle East, Kuwait (2017), where they were
awarded a silver and a bronze medal, respectively.
His name is in the list of Honorable Inventors of the
Bulgarian Patent Office Golden Book, and in 2014
Venko was awarded with the “Golden Coin of
Letters” for science issued by the Club of the
Bulgarian Scientific and Cultural Elite.

In 1996 Venko was elected an Editor in Chief of
the Bulgarian Chemical Communications. Some of
his characteristics that have shaped him as an
outstanding scientist — perseverance, precision,
practicality, action, tolerance to even the most
outrageous views of colleagues and co-workers, and
a wonderful sense of humor helped him immensely
in turning the modest at that time “national” journal
to the nowadays well recognized international
journal with an Impact Factor.

Venko is also very actively involved in shaping
the new avenues in chemical engineering in Bulgaria
by participating in different National and
international councils, committees, etc., and last but
not least as serving as a Head of the Union of
Chemists of Bulgaria for more than 8 years. His
achievements, demonstrated strategic and leadership
qualities are acknowledged and recognized by the
Bulgarian Academy of Science and he was recently
awarded the Honorary Sign "Marin Drinov" on
ribbon .

Dear Venko, seventy years of age are just the
present fifty... they mark a new beginning. So, enjoy
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life, rock-and-roll and classical music, vacations and
sight-seeing with your wonderful family and many
other pursuits! Moreover that now you have some
real quality time for research which you so much
appreciate.

Many happy returns, and we, your former
students, present colleagues and collaborators will
be following and looking towards your new
explorations and adventures in science — needless to
say it will be worth it!

Prof. Dragomir Yankov
Prof. Roumiana Stateva
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Professor Christo Boyadjiev’s 80 years anniversary,
60 years in science

Professor Christo
Boyadjiev was born on
August 17, 1936. He
graduated Higher Institute
. of Chemical Technology
(Sofia) in 1960.

His overall inventive

( career is inextricably linked
with the Instltute of Chemical Engineering and its
predecessors — the Mass Transfer Processes
Department in the Institute of General and Inorganic
Chemistry at the Bulgarian Academy of Sciences
(1963-1972) and the Central Laboratory of
Theoretical Fondations of Chemical Engineering
(1972-1986).

In 1962 the young then Christo Boyadjiev after a
competition starts working as a research associate in
the Mass Transfer Processes Department at the
Institute of General and Inorganic Chemistry. In
1963 he passed specialization in the Institute of
Electrochemistry in the Soviet Academy of Sciences
at the famous professor Benjamin Levich. He was
highly motivated by his contact with such world-
renowned scientist as Professor Levich from the
school of Nobel laureate Academic Lev Landau and
conducted researches on "The Effect of the
Surfactants on the Hydrodynamics and Mass
Transfer”. In 1968 he defended his PhD dissertation
entitled "The Influence of Surfactants on the
Hydrodynamics and Mass Transfer in Laminar
Films" at the Moscow Institute of Chemical
Machinery Constructions.

The laid foundations for joint theoretical and
experimental research with Prof. Levich and later
with Prof. Krylov on "Hydrodynamics and mass
transfer in liquid film flowss" puts strong reflections
on Prof. Boyadjiev’s scientific researches. He
continues them with his Ph.D. students. In 1978 he
defended a dissertation on the same topic and
received Doctor of Technical Sciences degree. The
results are summarized in 39 scientific publications
and two monographies "Mass Transfer in Liquid
Film Flows", (Chr. Boyadjiev, V. Beschkov, Publ.
House Bulg. Acad. Sci., Sofia, 1984) and
“MacconepeHoc B JABWXKYIIMXCS  IJIEHKax
skuakoctn” (Xp. bosmkues, B. bemkos, W3,
“Mup”’, Mocksa, 1988).

Along with these studies Prof. Boyadjiev, along
with Prof. Krylov began intensive research on non-
linear effects in mass transfer and became one of the

founders of the non-linear mass transfer theory. This
theory is an outstanding contribution to the
development of the mass transfer theory. It gives
response of the nature of the observed deviations of
the experimental data from the predictions of the
linear mass transfer theory and explains their
mechanism through the induction of secondary
flows which are violating the hydrodynamic stability
on the phase boundaries in gases and liquids and are
changing the mass transfer kinetics. Unfortunately
the early death of Professor Krylov, interrupts their
joint work, but the results were published in a joint
monography  “Non-linear  Mass  Transfer”,
(Novosibirsk, 1996, in russian). Those studies
however are continued by Prof. Boyadjiev and lead
to the creation of a comprehensive non-linear mass
transfer and hydrodynamic stability theory,
presented in the monography "Non-Linear Mass
Transfer and Hydrodynamic Stability”, (Chr. B.
Boyadjiev, V. N. Babak, ELSEVIER, 2000).

With the creation of the Central Laboratory on
Theoretical Basis of Chemical Engineering and later
the Institute of Chemical Engineering are created
laboratories "Modeling and Optimization" and
"Chemical Process System Engineering"”, whose
longtime leader was Prof. Boyadjiev. This new
"Processes systems engineering" research field
begin to develop in Bulgaria almost parallel with his
development in such leading countries like USA,
UK, Switzerland and others. Methods for optimal
design and / or management for modeling and
simulation of chemical-technological systems,
methods for energy integration and reconstruction of
technological systems with continuous and batch
processes, methods for multi-product and multi-
process systems optimization are developed by
collaborators of the laboratory, under the guidance
of prof. Boyadjiev. Under his guidance are published
over 40 scientific works. These basic studies are
summarized in the monography “OcHoBu Ha
MOACIUPAHCTO U CHMYJIHUPAHCTO B HHIKCHCPHATA
XUMUS M XuMH4YHaTta TexHonorus’”, (Xp. bosmxkues,
NNX-BAH, Codwusa, 1993). Prof. Boyadjiev is a
pioneer of Chemical Process Systems Engineering in
Bulgaria. He set up his own school and his students
taken their own path, to this day, are continuing the
oriented research activities and are training the next
generations young scientists.

In his 60 years creative path, Prof. Boyadjiev
strived to use a new scientific method or approach
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every 4-5 years. Thus in his publications a wide
range of theoretical methods for modeling and
simulation of processes and systems in the chemical
industry are used. An overview of these methods and
their application is presented in the monography,
"Theoretical Chemical Engineering. Modeling and
simulation ", (Christo Boyadjiev, SPRINGER -
Verlag, Berlin Heidelberg, 2010). That monography
presents methods for simple and complex processes
modeling, methods of theoretical quantitative and
qualitative models analysis, methods for analysis the
stability of the models, methods for parameters
identification in models and more.

His latest monography "Modeling of Column
Apparatus Processes" presenting new methods for
modeling of column apparatus is published in 2016,

10

(Christo Boyadjiev, Maria Doichinova, Boyan
Boyadjiev, Petya Popova-Krumova,, SPRINGER -
Verlag, Berlin Heidelberg , 2016).

For his overall contribution to the development of
the chemical engineering science in Bulgaria,
Professor Christo Boyadjiev was awarded with the
Medal of Cyril and Methodius | class and for its
contribution to the development of scientific
research between Bulgaria and Russia was awarded
with the Medal Mikhailo Lomonosov by the Russian
Federation.

Of course much more can be said about the
scientific achievements of Professor Christo
Boyadjiev, but we will finish with the words:

Happy anniversary!

Prof. Natasha Bancheva
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In vitro investigation of the antioxidant properties of Cancer pagurus hemocyanin
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Hemocyanins are copper-containing proteins in the hemolymph of many arthropods and mollusks, whose biological
function is mainly related with the oxygen transport to the tissues. As components of marine food that is traditionally
associated with a healthy diet, they are an interesting object for examination of their biological activity and
pharmacological potential.

In the present study, the hemocyanin from the marine crab Cancer pagurus (CpH) was isolated and purified, and its
antioxidant properties were in vitro investigated in prooxidant systems. Three radicals were used — superoxide, hydroxyl
and 2,2-diphenyl-1-picrylhydrazyl (DPPH). The protection by CpH against oxidative damages of two model lipid
membranes - rat liver supernatant and liposomal suspension in conditions of iron-induced lipid peroxidation was tested.
CpH exhibited good DPPH and hydroxyl radicals scavenging activities in a concentration-dependent manner and a lower
ability to capture superoxide radicals at a physiological value of pH. CpH showed very good capacity to inhibit Fe?*-
induced lipid peroxidation in the examined systems, and chelating activity toward iron ions.

This study reveals that CpH has the ability to act as an iron chelating protein, and may provide protection against
oxidative stress and decline in this waythe risk of destruction of biomolecules, caused by initiation of harmful free radical-

mediated chain reactions.

Keywords: Cancer pagurus hemocyanin, antioxidant properties, iron chelating activity

INTRODUCTION

In recent years researchers have investigated the
potential of compounds in natural products,
including sea food, that may possess bioactive
properties, in particular, an antioxidant activity [1].
In conditions of rapid growth of the aquacultures
industry, it is a challenge for scientists to utilize
those valuable natural products and find novel
substances, with leading biological function
connected to their potential for antioxidant
prevention and therapeutic applications. In
particular, marine proteins have attracted a great deal
of attention due to their potential effects in
promoting health and reducing disease risk [1, 2]. A
number of marine-derived compounds have been
isolated and identified, and their therapeutic effects
and pharmacological profiles characterized [3].

Hemocyanins (Hcs) are copper-containing
proteins which act as oxygen carriers in the
hemolymph of many molluscs and arthropods. In the
latter, they exist as hexamers or multihexamers of
subunits, e.g., 1x6, 2x6, 4x6, 6x6 or 8x6, depending
on the species [4]. The subunits are ~75 kDa

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

polypeptides containing a copper pair active site,
capable of binding an O, molecule. The increasing
interest in Hcs is due to their important functions in
hemolymph connected with the oxygen transport,
and with the possibility for practical application in
immunology. There are data showing that Hcs have
good ability to modulate immune defense [5-7]. Hcs
have been used for therapy of superficial bladder
cancer and murine melanoma models [8, 9].
Recently, a potential anti-cancer effect of Hcs on a
murine model of colon carcinoma was demonstrated,
suggesting their use for immunotherapy of different
types of cancer [10]. Many physiological and
pharmacological functions have been reported for a
variety of Hcs, but little is known about their
antioxidant  activity.  Quite  often  good
immunomodulators exhibit good antiradical and
antioxidant properties. Thus, it was suggested that
the radical-scavenging properties of Hc from marine
snails Rapana thomasiana are the basis of its
radioprotective effect in gamma induced acute
radiation syndrome [11]. Very recently, for the first
time, a detailed investigation on the antioxidant
activity of molluscan Hc, namely the Hc of terrestrial
snails Helix aspersa maxima, was published [12].

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 11


mailto:idakieva@orgchm.bas.bg

M. Mileva et al.: In vitro investigation of the antioxidant properties of Cancer pagurushemocyanin

The only scientific report concerning the antioxidant
activity of arthropodan Hc is that of Queinnec et al.
[13]. In order to determine the antioxidant activity of
Hc isolated from scorpion Androctonus australis, the
authors have investigated the kinetics of superoxide
anion decays using pulse radiolysis.

The marine crab Cancer pagurus (Linnaeus,
1758)  (Crustacea, Decapoda,  Brachyura),
commonly known as an edible crab or brown crab,
is the commercially most important crab species in
Western Europe. The molecule of Hc isolated from
Cancer pagurus (CpH) is composed of four
immunologically distinct ~75 kDa subunits forming
2-hexameric structures [14]. It has been reported that
the CpH possesses intrinsic and inducible o-
diphenoloxidase activity [15, 16].

In the present study, the Hc from the marine crab
Cancer pagurus, originating from the Black Sea,
was isolated and purified, and its antioxidant
properties were in vitro investigated in some
prooxidant model systems.

EXPERIMENTAL
Reagents

Sephacryl S-300 was purchased from Fluka AG.
Superoxide dismutase (SOD) from bovine
erythrocytes and nitro blue tetrazolium (NBT) were
supplied by Sigma—Aldrich Chemie GmbH. All
other chemicals used were of analytical grade.

Isolation and purification ofhemocyanin

The CpH was isolated according to the procedure
described in [15]. Briefly, the native CpH was
obtained from the hemolymph, collected from the
species Cancer pagurus by ultracentrifugation at
180 000 g (ultracentrifuge Beckman LM-80, rotor Ti
45) for 4 h at 4 °C. The pellets were resuspended in
stabilized buffer (50 mM Tris-HCI, containing 10
mM CaCl, 10 mM MgCl;, and 100 mM NacCl, pH
7.2) and CpH was purified by gel filtration
chromatography on a Sephacryl S-300 column (80 x
1.6 cm), equilibrated and eluted with the stabilized
buffer. The purity of the isolated CpH was controlled
by 7.5 % SDS-PAGE. The concentration of protein
was determined spectrophotometrically using the
specific absorption coefficient Ay7s*'* = 1.265
ml.mg*.cm? for CpH.

Extraction of liposomes and preparation of liver
supernatant

Liposomal suspension was obtained from
phospholipids of egg yolk as described in [17]. After
evaporation under vacuum, the chloroform fraction
was dissolved in 50 mM K-Na phosphate buffer, pH
7.4, to a final concentration of 2 mg lipid.ml~.

12

Wistar rats (180-200 g) were used for preparation
of the liver supernatant. Livers were washed in situ
with ice-cold 1.15% KCI. After homogenization in
PBS at a ratio tissue: PBS = 1:3 (w/v) and
centrifugation (10 min, 5000 rpm) the supernatant
was used as a working medium, containing 2 mg.ml-
! protein.

Estimation of antioxidant activity

Antioxidant activity in the liposomal suspension
and in the liver supernatant was determined by
formation of endogenous lipid peroxidation
products, reacting with 2-thiobarbituric acid
(TBARS), and detected spectrophotometrically
(Amax = 532 nm) according to [18]. The induction
of lipid peroxidation was initiated by adding 50 pl
Fe?* to a final concentration of 1 mmol. 1. Each
sample contained 1 ml supernatant and 0.8 ml PBS
to a final concentration of 2 mg. I protein (or 1.8 ml
liposomal suspension with concentration of 1 mg
lipid. I'%), 50 pl of 2.1 mmol. It ascorbate and 100 pl
solution of CpH to achieve concentrations of 10 —
10° mol. I'X. The amount of TBARS generated in the
system was determined after incubation for 30 min
at 37 °C. The activity of CpH was compared to the
activity of Trolox as a hydrosoluble analogue of
tocopherol, known as chain breaking antioxidant, at
the same concentrations. The ratio of the absorption
at 560 nm for the sample containing the tested
substances in different concentrations and the same
absorption for the controls (without CpH or Trolox)
in percentage is called antioxidant activity (AOA,
%). The experiments were performed in triplicate.

Superoxide - scavenging assay

The generation of reactive oxygen species (ROS)
in the model system xanthine-xanthine oxidase (XO)
and the changes occurring upon the CpH were
investigated photometrically by the NBT test. The
detailed procedure has been described elsewhere
[18]. Briefly, spectrophotometric registration of O™
was carried out by measuring the amount of
formazan which is generated upon O induced
reduction of NBT. The decrease of absorbance in
presence of antioxidants indicates the consumption
of superoxide anion in the reaction mixture. Data are
calculated in percentage as spectrophotometric
scavenger index (SpSl) - the ratio of the absorption
at 560 nm for the sample with CpH, and the same
absorption for the control (without CpH).

DPPH - scavenging assay

The antioxidant activity using the DPPH assay
was measured by modifying the method of Blois
[19]. An ethanolic solution of DPPH (100 mM) was
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incubated with CpH in the applied concentrations,
and the optical density (OD) was monitored
spectrophotometrically at A517 nm, after 30 min of
incubation. Inhibition of DPPH in percentage (I, %)
was calculated as given below:

I, % =[(OD control — OD sample) / (OD control)]
x100

Hydroxyl radical scavenging assay

Scavenging of the hydroxyl radicals (HO-)
generated by the ascorbic acid/Fe*’H,0, system was
used. The reaction mixture contained 0.3 mM 2-
deoxy D-ribose, 0.5 mM H.0,, 50 uM Fe®*" and 52
puM EDTA without or with CpH in PBS, pH 7.4. The
reaction was triggered by the addition of 50 uM
ascorbate and the mixture was incubated at 37 °C for
30 min. Solutions of FeCls, ascorbate and H,O, were
made up in ultra pure water immediately before use.
The extent of deoxyribose degradation by HO+ was
measured with the TBA test [20]. Percentage
inhibition of deoxyribose degradation was
calculated as DI, %.

Metal chelation ability

Iron chelation ability was determined by adding
200 uM of FeCl; to CpH in PBS, pH 7.4 (protein
concentration 5 mg/ml). After incubation at room
temperature for 10 min, absorption spectra were
recorded. The chelation of iron ions by CpH was
evaluated by monitoring the spectral shift after
incubation [21].

Statistics

The results were expressed as mean + SE. Data
were analyzed by the program Statistica for
Windows and using Student’s t-test. The results
were accepted as statistically significant when p<
0.05.

RESULTS

The isolation and purification of Hc from the
hemolymph of Cancer pagurus yielded a pure
protein preparation, as assessed by gel filtration
chromatography and SDS-PAGE (Fig. 1A). SDS-
PAGE confirmed the presence of Hc subunits with a
molecular mass of ~75 kDa (Fig. 1B). The ratio OD
340 nm/OD 280 nm = 0.2, found for the peak
fractions of CpH is typical for fully oxygenated Hc
and indicates that the protein is isolated with
preserved active sites.

) oo oo L §
20 40 60 80 100 120 140

Elution volume (ml)

Fig. 1. A. Gel filtration chromatography of CpH,
isolated from the hemolymph of Cancer pagurus, on a
Sephacryl S-300 column (80 x 1.6 cm), equilibrated and
eluted with the stabilized buffer, at a flow rate of 0.3
ml/min. (-e-) OD at 280 nm, (-o0-) OD at 345 nm. B. SDS-
PAGE on 7.5% running gel: lane 1, protein markers (from
the top): myosin (205.0 kDa), B-galactosidase (116.0
kDa), phosphorylase b (97.4 kDa), albumin (66.0kDa),
ovalbumin (45.0 kDa), carbonic anhydrase (29.0 kDa)
(Merck); lane 2, purified CpH (subunit).

The effect of CpH on Fe?*-induced lipid
peroxidation in liposomal system, as well as in liver
supernatant, was measured by the TBARS test.
Results are expressed as percentage of inhibition of
the oxidation process in comparison to the control
sample (without CpH or Trolox) in which the
oxidation is assumed to proceeded as much as
possible. Lower AOA value means higher AOA.
Figure 2A shows the results of Fe?*-induced
oxidation of an aqueous emulsion system of egg
liposomes as an AOA test. On Figure 2B the results
of the AOA of CpH in terms of Fe?*-induced
oxidation, in a system of mice liver supernatant, are
shown. In both systems CpH showed an efficient
dose-dependent inhibition of lipid peroxidation.
Control experiments indicated that CpH did not
affect the level of TBARS without creating of
prooxidant conditions (data not shown). The results
obtained reveal that the CpH has a potential to inhibit
the oxidative processes in a slightly lower degree
than Trolox.

Metal-mediated formation of free radicals may
cause various modifications to DNA bases, as well
as enhance lipid peroxidation. Because elemental
species, such as the ferrous ion (Fe?*), can facilitate
the production of ROS, the ability of substances to
chelate iron can be a valuable antioxidant property.
Bound to CpH, iron is less susceptible to
participation in the Fenton reaction. Our results
demonstrated that CpH possesses ability to chelate
iron ions. The absorption spectrum of CpH showed
characteristic for Hcs bands at 280 and 340 nm,
corresponding to aromatic residues and Cu"-O,*-
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Cu" complexes at the active sites, respectively.
Metal ions caused a spectral shift and absorbance
change at 340 nm (Fig. 3). Data shown on Fig. 3
reveal that the ability of CpH to act as a peroxidation
inhibitor may be related to its iron binding capacity.

® CpH w CpH
100 u Trolox 100 u Trolox

Fig. 2. Lipid peroxidation inhibitor ability of CpH in
systems of egg liposomes (2A) and rat liver supernatant
(2B). The ratio of the absorption at 560 nm for samples
containing CpH in different concentrations and the same
absorption for the controls (without CpH or Trolox) in
percentage expresses the antioxidant activity (AOA).

The DPPH radical was one of the few stable
radical sources and was widely used to test the free
radical-scavenging ability of various samples. A
freshly prepared DPPH solution exhibited a deep
purple color with a maximum absorption at 517 nm.
This purple color disappears when an antioxidant is
present in the medium. Our results showed that CpH
can quench DPPH free radicals and convert them to
a colorless product, resulting in a decrease of
absorbance at 517 nm.The scavenging activity of
CpH was expressed as | (%). Based on the results in
Table 1, there is a significant decrease (p < 0.01) in
the concentration of DPPH radicals due to the
scavenging ability of CpH.

Superoxide is an oxygen-centered radical which
can generate more dangerous species and promote
oxidative reactions due to its ability to reduce
transition metals, release protein-bound metals and
form perhydroxyl radicals which initiate lipid
oxidation [20]. The generation of superoxide in the
model system xanthine-xanthine oxidase and the
changes occurring upon CpH were investigated
spectrophotometrically by the NBT test. The
decrease of absorbance in presence of CpH indicated
the consumption of superoxide anion in the reaction
mixture. Data were calculated in percentage as

spectrophotometric scavenger index (SpSl) - the
ratio of the absorption at 560 nm for the sample with
CpH, and the same absorption for the controls
(without CpH). From the results given in Table 1 it
can be seen that CpH slightly inhibits the generation
of superoxide anions in the system applied.

20 ——CpH
- - -Fe™- CpH

oD

0,0 ! ! ! L '
300 350 400 450 500 550

Wavelength (nm)

Fig. 3. Absorption spectra of CpH (A) and Fe?*-CpH
complex (B) in PBS buffer, pH 7.4.

Hydroxyl radical (OHe) is the most reactive
among oxygen species. The statistically treated
results for the scavenging activity of OHe radicals of
CpH are shown in Table 1. The results are expressed
in percentage of inhibition of hydroxyl radical-
induced deoxyribose degradation (DI). They reveal
that the OHe radical scavenging activity of the tested
compound increases in a concentration-dependent
manner.

DISCUSSION

In this work we investigated the antioxidative profile
of the copper-containing protein CpH in some model
systems. In general, antioxidant compounds can
interact with free radicals, to scavenge them,
removing catalytic metal ions, and inhibit or retard
the process of lipid peroxidation [22]. Antioxidant
power of natural products can manifest itself through
prevention the degradation of biomembranes by
oxidants in different ways, including the possibility
to express capacity of defense from the action of the
free radicals [23-26].

Table 1.Antioxidant capacity of different concentrations of CpH (0.01 — 10 nmol.I'%). The ability of CpH to scavenge
DPPH radicals is presented in percentage (I, %). Data for the superoxide scavenging activity are presented as
spectrophotometric scavenger index (SpSl). Percentage inhibition of deoxyribose degradation was calculated as DI, %.

CpH, [mmol.I"}] 1, [%] SpSl, [%] DI, [%]
0 100 100 100
0.01 68.2 £ 10.1** 96.6 + 6.6 94.36 + 8.12*
0.1 52.8+£9.1* 947+54 93.02+7.33
1.0 453 +8.7* 915+£7.1* 62.66 + 6.37**
10 31.5+£7.2* 88.3 £ 7.5** 53.18 + 4.24**

**p < 0.001 versus control; *p < 0.05 versus control
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Although peroxidation in model membranes may
be very different from peroxidation in cell
membranes, the results obtained in model
membranes may be used to advance understanding
of peroxidation in biological membranes [26].

Lipids such as free and ester forms of
polyunsaturated fatty acids are vulnerable targets of
free radicals. Liposomal system and rat liver
homogenate are usually used as model systems to
evaluate the antioxidant activities of compounds on
lipid peroxidation. It is known that transition metal
ions are involved in both initiation and propagation
of lipid peroxidation. In this system, we found that
CpH effectively inhibited ferrous ion-induced lipid
peroxidation (Figures 2A, B). Ferrous chelation may
render important antioxidative effects by retarding
metal-catalysed oxidation [20].

The DPPH radical scavenging test is a sensitive
antioxidant assay and depends of substrate polarity.
CpH shows good ability to reduce the stable radical
DPPH (Table 1). Undoubtedly, the DPPH test
provides very important evidence of the antioxidant
profile of the tested substances, but often this radical
has little relevance to be present in biological
systems [25, 26].

Hydroxyl radicals can be formed from
superoxide anion and hydrogen peroxide in the
presence of metal ions, such as iron or copper.
Hydroxyl radicals could damage important
biomolecules such as proteins, DNA,
polyunsaturated fatty acids, nucleic acids and almost
all biological membranes. Therefore, removal of
hydroxyl radicals is one of the most effective
defenses of a living body against various diseases.
Our studies showed that CpH is a good scavenger of
hydroxyl radicals (Table 1).

The fact that CpH possesses some antioxidant
activities could be connected with the biological
protective role of this protein. Reactive oxygen
components are often generated under aerobic
conditions. Hypoxia is known as a condition for
generation of superoxide radicals [20]. Aquatic
organisms routinely experience fluctuations in
oxygen levels. In response to hypoxia exposure of
Cancer magister, the concentration of respiratory
pigment Hc significantly increased in hypoxic crabs.
On the other hand, total oxy-Hc was significantly
higher in crabs that had been exposed to hypoxic
conditions [27]. Due to the high affinity to oxygen,
several Hcs subunits play an important role as a
regulator for oxidative homeostasis [11]. The
beneficial effects of antioxidant marine bioactive
peptides are well known in scavenging ROS and free
radicals or in preventing oxidative damage. It is not
surprising that proteins, such as CpH, can inhibit the

lipid oxidation by biologically designed mechanisms
(e.g. antioxidant enzymes and iron-binding proteins)
or by nonspecific mechanisms [1, 2].

Proteins have excellent potential as antioxidant
additives in foods because they can inhibit lipid
oxidation through multiple pathways including
inactivation of ROS, scavenging free radicals,
chelation of prooxidative transition metals [24]. A
protein's overall antioxidant activity can probably
occur by disruption of its tertiary structure to
increase the solvent accessibility of amino acid
residues so that they can scavenge free radicals and
chelate prooxidative metals [28]. Considering the
destructive effect of lipid peroxidation processes in
several disease conditions, the ability of CpH to
inhibit peroxidation could perhaps partly constitute
the basis for the pharmacological reasons for its
implementing.

In conclusion, the present study elucidates the
antioxidant activity of CpH. This work verifies that
CpH is a natural antioxidant against lipid
peroxidation in rat liver supernatant, as well as in the
liposomal system. Its antioxidant activities are
primarily attributed not only to its free radical
scavenging actions, but also to iron ion chelation
ability. It will be interesting to further investigate the
effect of CpH on various radical-mediated injury
models in vivo. CpH can be incorporated into lipid-
containing foods as an antioxidant to minimize free
radical-mediated lipid peroxidation. It can also be
used as an alternative to conventional drugs for
treating human diseases associated with free radical-
mediated tissue damage. However, such usage must
be adequately justified by animal and clinical
studies, creating a need for further research.
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HH BUTPO WU3CJIIEABAHE HA AHTUOKCUJJAHTHUTE CBOMCTBAHA XEMOILIMAHWH
OT PAK CANCER PAGURUS
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(Pesrome)

XeMOIMaHWHHUTE Ca MEA-ChABPIKAIM MPOTCHHH B XeMoOJuMdaTa HA MHOTO UYJICHECTOHOTH W MEKOTEH, YHITO
OuonornyHa (DYHKIMS € OCHOBHO CBBP3aHA C TPAHCIOPTHPAHETO HA KHCIOPOJA M0 ThKaHWTe. KaTo KOMIOHEHT Ha
MOpCKaTa XpaHa, KOSTO TPaJHUI[OHHO Ce CBhP3Ba ChC 37PABOCIOBHA JHETA, TC Ca WHTEPECEH OOEKT 3a M3CIe/IBaHe Ha
TAXHATa OMOJIOTUYHA AKTUBHOCT U (DapMaKOJIOTHUEH TTOTEHIHAIL.

B HacTosIOTO M3CIeaBaHe, XeMOIMAHNH OT Mopcku pak Cancer pagurus (CpH) e usomupan ¥ MpedrCTeH, U ca
W3CIC/BAHH HETOBUTE AHTHOKCHIAHTHM CBOWCTBA MH BHTPO. M3MON3BaHM ca TPU paauKand - CyNepOKCHICH,
xuapokcunen u 2,2-diphenyl-1-picrylhydrazyl (DPPH). TectBan e 3ammTHust epekr Ha CpH cpelly OKHCIUTEIHO
YBPEXKJIAaHE TPH JBE MOJCIHH JIUIUIHA MEMOpPaHU — YEPHOAPOOCH CyNMepHATAHT OT IUIbX U JIMIIO30MHA CYCIICH3Hs, B
YCIIOBHUSITA Ha XKEIA30-UHAYLUpaHa JunuaHa nepokcuanus. CpH mokazeaT no0pa pagukan yiaaBsiia aKTHBHOCT 110
orHouteHue Ha DPPH u XUAPOKCHITHY pajuKaii U MO-HUCKA COCOOHOCT 3a yJIaBsHE Ha CYNEPOKCUIHU PaTUKAaIIM, IPU
¢usnonornuna croitnoct Ha pH. CpH mokasza mMHoro jo6pa crnocoGHocT na uHxubupa Fe?'-unaynupana nunujaHa
TIEPOKCHIAIINS B IPHIIOKCHNTE CHCTEMH, M XEJIaTHpAIia aKTUBHOCT KbM JKEJIC3HU HOHH.

ToBa u3cneaBane nokassa, ue CpH nma crmocoOHOCTTa [a XelaTupa METATHH HOHH, KAKTO W JIa OCHTYPHU 3aIluTa
Cpelly OKCHIATHBEH CTpEC M T0 TO3H HAYHMH [a HAMAlW PHUCKA OT paspyllaBaHe HAa OMOMOJIEKYJH, MPUYHHCHO OT
CBOOOHHTE PaIUKAIIH.
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Study on the synthesis of 2,3,4,6-O-tetraacetyl-a-D-glucopyranosyl bromide
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2, 3, 4, 6-O-Tetraacetyl-a-D-glucopyranosyl bromide 3 is widely used as an intermediate for the synthesis of sugar
esters. Red phosphorus and bromine were reacted in glacial acetic acid to generate phosphorus tribromide. Then glucose
pentaacetate and phosphorus tribromide were reacted to provide compound 3. The yield of product obtained was 83.5%.
IH NMR and *3C NMR were used to confirm the structure of 2, 3, 4, 6-O-tetraacetyl-a-D-glucopyranosyl bromide 3.

Keywords: 2,3,4,6-O-tetraacetyl-a-D-glucopyranosyl bromide, synthesis, optimization.

INTRODUCTION

Studies on the modification of sugars and their
derivatives to leading drugs have become an active
field in the research and development of new drugs.
The brominated derivatives of sugars are important
intermediates, which can be used to synthesize
sugar-containing drugs and biochemical reagents of
sugars. Based on the intermediates of sugar-
brominated  derivatives, other carbohydrate
derivatives with biological and pharmacological
functions can be further synthesized [1,2]. Herein,
the  synthesis of  2,3,4,6-O-tetraacetyl-a-D-
glucopyranosyl bromide 3 was investigated.

RESULTS AND DISCUSSION

In order to prepare a-D-glucose pentaacetate, the
catalysts mainly used are proton acids, Lewis acids,
solid acids, and enzymes. The traditional
homogeneous catalysts have low phase diffusion
resistance, are easy to control and conveniently
operated in the catalytic process, but the selectivity
of the reactions and the yields of the products need
to be further improved. Moreover, the homogeneous
catalysts are not easy to reuse. In heterogeneous
catalysis, solid acid catalysts have high selectivity
and yields, but the preparation process of catalysts is
complex. So, it is of very high importance to develop
simple and effective catalysts with high catalytic
activity and selectivity, to improve the yield of a
single configuration, and to reduce the production
costs [3]. Herein, glucose pentaacetate 2 was
synthesized by esterification of glucose 1 and acetic
anhydride, using pyridine as a catalyst (Fig. 1). The
molar ratio of glucose and acetic anhydride was
1:26, the dosage of catalyst was 13 times the glucose
mass, the reaction time was 20 h at room
temperature, the esterification yield of glucose and
acetic anhydride was up to 98%. The molar ratio of

* To whom all correspondence should be sent:
E-mai: huangdoctor226@163.com

a-glucose pentaacetate and B-glucose pentaacetate
was 3:1.

OH AcO OAOC
HONLZO oy Accpyritne 565 LIR2L 0%
OH rt OAC
i 2

Fig. 1. Synthesis of glucose pentaacetate 2.

The system temperature is too high to be easily
reached by the decomposition of 2,3,4,6-O-
tetraacetyl-a-D-glucopyranosyl bromide 3, which
affects the final yield and purity of product. The
bromination reaction is carried out at room
temperature.

The reaction time has a great influence on the
product yield. Short reaction time greatly reduced
the yield of product. But long reaction time also
caused the yield to decrease. This is due to the fact
that the stability of 2,3,4,6-O-tetraacetyl-a-D-
glucopyranosyl bromide 3 is not high: the bromide 3
is easily decomposed by light or heat. It was proven
that the optimum reaction time is 3 h.

1,2,3,4,6-Penta-O-acetyl-(a,3)-D-glucopyranose
2 was reacted with phosphorus tribromide. After
stirring for 3 h at room temperature, 2,3,4,6-O-
tetraacetyl-a-D-glucopyranosyl bromide 3 was
obtained in a yield of 83.5% (Fig. 2).

OAcC
OAC AcO O
AcO o _ PBrg
ACO% OAc rt ACO OAC
OAc 3 Br
2

Fig. 2. Synthesis of 2,3,4,6-O-tetraacetyl-a-D-
glucopyranosyl bromide 3.
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EXPERIMENTAL
General

13C and *H NMR spectra were recorded using a
Bruker DPX-300 spectrometer at 75 and 300 MHz,
respectively. Mass spectra were recorded with a VG
PLATFORM mass spectrometer using the ESI
mode. TLC was performed on silica gel plates
(GF2ss) with detection by UV light or by charring
with 10% H2SO4 in EtOH.

Synthesis of D-glucose pentaacetate 2

70 mL of acetic anhydride was added to a flask
and was carefully mixed with 5 g of D-glucose 1.
While stirring with a magnetic stirrer, anhydrous
pyridine (70 mL) was added. This mixture was kept
at room temperature under stirring for 20 h. When
the reaction was completed, the solution was mixed
with ice and was stirred until all ice melted. The
filtered product was recrystallized in a solution of
water/methanol (v/v=1/2). Yield: 98%; C NMR
(75 MHz, CDCls): 6 170.7, 170.5, 170.2, 169.3,
167.3 (5% C=0), 92.0 (C-1p), 89.8 (C-1a), 68.8 (C-
5), 67.6 (C-3 and C-4), 66.7 (C-2), 61.5 (C-6), 21.2,
21.0, 20.9, 20.8, 20.7 (5% C(O)CHs); *H NMR (300
MHz, CDCls): 8 6.33 (d, 1H,, J12 1.5 Hz, H-10), 5.64
(d, 1Hp, Ji2 1.5 Hz, H-1B), 5.45 (dd, 1H, J34 < 1.0
Hz, Jss 1.3 Hz, H-4), 5.34-5.28 (m, 2H, H-2, H-3),
4.30 (dt, 1H, Js6 6.5 Hz, H-5), 4.16-4.01 (m, 2H, H-
6a, H-6b), 2.13, 2.09, 2.00, 1.99, 1.97, 1.96 (all s,
15H, 10x C(O)CHs); ESI-MS: m/z=413.3 [M+Na]".

Preparation of phosphorus tribromide

1.5 g of red phosphorus was suspended in 15 mL
of glacial acetic acid, mixed and cooled in ice water
bath to 4 °C. 3 mL of bromine was dropwise added
to the above solution. After dropping, the
temperature was maintained at 20 °C and the reaction
mixture was stirred for 1 h, then the insoluble solid
was filtered out. The filtrate was phosphorus
tribromide, which was sealed for storage at low
temperature.

Synthesis of 2,3,4,6-O-tetraacetyl-a-D-
glucopyranosyl bromide 3

1.75 g (4.5mmol) of D-glucose pentaacetate 2
and 5 mL of phosphorus tribromide were added into
a 25 mL flask, and the reaction mixture was stirred
at room temperature for 3 h. Then 25 mL of
chloroform was added, and washed with ice water
(100 mLx2), saturated sodium hydrogen carbonate
solution, and water. The liquid was separated, and
the chloroform layer was dried with anhydrous
magnesium sulfate. After filtering, the filtrate was
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decompressed and concentrated, giving a light
yellow syrup. The syrup was dissolved in diethyl
ether under heating, then iced for 24 h. After
filtering, 1.5 g of white solid was obtained. The yield
was 83.5%. C NMR (75 MHz, CDCls): § 167.1
(4xC=0), 88.1 (C-1), 70.9 (C-5), 67.8, 67.1 (C-3/C-
4), 66.8 (C-2), 60.9 (C-6), 21.0, 20.7 (4% C(O)CHa);
'H NMR (300 MHz, CDCls): 6 6.68 (d, 1H, J1» 3.5
Hz, H-1),5.49 (dd, 1H, J34 3.1 Hz, J45 1.1 Hz, H-4),
5.38 (dd, 1H, J23 10.2 Hz, H-3), 5.02 (dd, 1H, H-2),
4.46 (m, 1H, H-5), 4.17 (dd, 1H, Jeaevr 11.3 Hz, Js6
5.8 Hz, H-6a), 4.01 (dd, 1H, Js 6» 6.6 Hz, H-6b), 2.14,
2.11, 2.05, 2.01 (all s, 12H, 4x C(O)CHjs).
CONCLUSIONS

2,3,4,6-O-Tetraacetyl-a-D-glucopyranosyl bromide
3 is easily removed the hydroxyl protection. It is
often used for structure modification of drugs to
increase the polarity of drug, reduce the toxic effects,
and improve drug activity [1]. So, compound 3 has
been widely used as an intermediate to modify drugs.
However, due to the instability of 2,3,4,6-O-
tetraacetyl-a-D-glucopyranosyl bromide 3, its
application has been limited. Therefore, the
development of a more rapid, more concise, and
more effective synthesis method for improving the
application of compound 3 is of great importance.
Herein, using phosphorus tribromide as bromide
reagent, 2,3,4,6-O-tetraacetyl-a-D-glucopyranosyl
bromide 3 was obtained by reaction at room
temperature for 3 h with high yield (83.5%).
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W3CJIEJIBAHE HA CUHTE3ATA HA 2,3,4,6-O-TETPAALIETHJI-0-D-TJIIOKOITUPAHO3MJI
BPOMUI

I'. JI. Xyanr, X. I'ao, C. ﬁn, M. Xyanr, J[x. Xan
Koneoic no xumus, Ynusepcumem Yonexun, Yonexun, 401331, Kumaii
[Toctenuna Ha § anpui, 2016 r.; kopurupana Ha 17 1omu, 2016 .
(Pestome)

Cwenunenneto 2, 3, 4, 6-O-terpaanermwi-o-D-rmrokormpanosnn Opomun 3 ce H3MOI3Ba MUPOKO KATO MEKIUHHO
Che[IMHEHUE MPU CHHTE3aTa Ha 3axapHu ectepu. YepBeH (ocdop u Opom pearupar B Jie[eHa OLETHA KHCEIHHA 32
mojay4yaBaneto Ha (ocdopen Tpubpomuza. Cien ToBa TIIIIOKO30-TICHTaareraT pearupa ¢ (ocdopHus OpoMua 3a
HOIy4aBaHETO HAa CheAuHeHHeTo 3. JIoOMBLT Ha HOIydeHHUs NpoAykKT Oe 83.5%. Msnomssanu ca IMP-meroaure ‘H
NMR u 3C NMR 3a s1a ce noTebpau cTpykTypara 2, 3, 4, 6-O-teTpaauerun-o-D-rirokonupanosun 6pomu 3.
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Water treatment by an adsorption method is being evolved in recent years. In this work, the effectiveness of removing
direct blue 15 dye from aqueous medium by two adsorbents, viz., Camellia sinensis (tea) and Carica papaya (papaya)
leaves was evaluated and compared on a batch scale. Various parameters affecting the biosorption efficiency were
optimized and then applied for Langmuir isothermal modeling of equilibrium data. Characterization of Camellia sinensis
and Carica papaya was done by using FT-IR. The results showed that the Camellia sinensis waste was more effective
and removed 90.9 mg/g of Direct Blue 15 as compared to Carica papaya leaves, which removed only 3.98 mg/g of this
dye under optimized operational conditions. Hence, Camellia sinensis waste was superior to Carica papaya leaves for

removing Direct Blue 15 dye from waste water.

Keywords: Camellia sinensis, Carica papaya leaves, Direct Blue-15 dye, Adsorption, Langmuir isotherm.

INTRODUCTION

Water pollution caused by dyes and other organic
pollutants is severely increasing due to rapid
flourishing of industrialization and advancement in
research, which develops toxic dyeing agents [1].
Waste water coming from leather, printing, dying,
textile, cosmetics, food coloring and paper-making
industries contains a large amount of such hazardous
pollutants [2-4]. They can be accumulated in surface
water leading to pollution of drinking water sources.
The present research work describes the removal of
direct blue 15 dye from water. It is an anionic diazo
direct dye. It exists as deep purple to dark blue
microcrystalline powder and decomposes in air. It is
soluble in water (60 g/l at 85°C) and insoluble in
most organic solvents. It is also called direct sky blue
A and direct sky blue 5B. Its structural formula is
given in Fig. (1) [5].

SOzNa
OCH;

()= :

wos (L
0 H = |

N

NH HiCO
2 3 HzN
QQ S0sNa

NaO;S

Fig. 1. Direct blue 15 dye
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It has strong affinity to cellulose fibers and is thus
employed in textile industries. When heated, it emits
poisonous fumes of SOy, NOx and COy which are
dangerous to health [6-8].

In dye containing waste water, colloidal matter
increases the turbidity of water and gives it bad
aroma. It prevents the penetration of sunlight
essential for photosynthesis. These effluents clog the
pores of soil, decrease soil fertility and prevent
penetration to roots [9-11]. Several methods, such as
reverse osmosis, chemical oxidation, coagulation,
flocculation, sonolysis, ozonation, etc., were used
for removing dyes [12]. In last decades, biosorption
is becoming popular in water treatment [13].
Increase in search of low-cost biosorbents was more
emphasized due to the high cost of activated carbon
[14-16]. Several novel biomaterials have been used
as adsorbents [17,18]. Numerous adsorbents have
been reported for the elimination of direct blue-15
dye from waste water like: activated carbon, palm
ash, tea waste, papaya leaves, white rot fungus,
coconut, orange peels and Loofa egyptiaca [19-25].

In the present research work Carica papaya
(papaya) leaves and Camellia sinensis (tea) waste
are used as novel adsorbents for the biosorption of
direct blue-15 dye. The leaves and leaf buds of this
plant are used for producing tea beverage [26].
Camellia sinensis is useful for the treatment of
tumors, bladder ailments, lethargy and abscesses
[27]. The anti-microbial activity of tea is manifested
against the vibrio cholerae bacterium which causes
cholera [28]. Total cholesterol level can be reduced
by consuming green tea. Body fat can also be
reduced by green tea, which is supported by
randomized control trials [29]. Green tea affects the
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lining of blood vessels. It keeps them relaxed and
helps to regulate changes in blood pressure. It
prevents the formation of blood clots which are the
main cause of heart attacks. The risk of esophageal
cancer can be reduced by consuming green tea. It can
kill cancer cells without damaging the healthy tissue
around them [30-33].

Papaya leaves are large with a diameter of 50-70
cm. The leaf has seven lobes and is palmately lobed
[34]. Low platelet counts can be cured by using
papaya leaf tea which also helps against clotting. Tea
made of papaya leaves acts as a laxative for the
treatment of constipation [35].

EXPERIMENTAL
Chemicals used

Direct blue-15 dye (C.1.=24400, mol. wt=992.85
g/mol), HCI and NaOH were purchased from Merck
(Germany) and used as such.

Preparation of adsorbents

The Camellia sinensis waste was taken from
local markets of Lahore, Pakistan. The Carica
papaya leaves were collected from the gardens of the
home institute. Tea waste was placed in acetone for
3 h for removing color and after filtration, was dried
in an oven at 110°C for 3-4 h. Papaya leaves were
kept in sunlight for 3-4 days to completely remove
moisture, followed by oven drying at 110°C. After
that the materials were ground. Their FT-IR spectra
were recorded and resulting peaks are summarized
in Table 1.

Adsorption experiments

They were carried out in batch mode at 25°C. pH
was maintained by 0.01 N HCI and 0.01 N NaOH.
All factors were studied using a 25 ppm dye solution.
After adsorption, dye concentration was checked in
the filtrate on a UV-Vis spectrometer at 601 nm. The
% removal of dye at any time was determined by the
following equation:

% Removal of dye = (Co-Ce/Co)x100, (1)

where C, and C. are the concentrations of dye before
and after adsorption, respectively. Each experiment
was repeated three times for increasing accuracy of
the data and average values were used for
calculations.

Study of adsorption isotherm

Optimized conditions of all operational
parameters were applied on dye solutions with
various concentrations (15-90 ppm) for studying the
adsorption isotherm. After that the solutions were
filtered and dye concentration was checked in the
filtrate as described above. Then, applying eq. 2,
Langmuir isotherms were plotted for Camellia
sinensis waste (TW) and Carica papaya leaves (PL).

1/q = 1/bgmCe+ 1/0m, (2)

The value of ‘q’ is calculated by formula 3:
q = (Co—Ce)V/m, (3

where ‘q’ (mg.g?) is the amount of dye adsorbed,
‘Ce’ (ppm) is the remaining concentration of dye
after adsorption, ‘gqm’ (mg.g?) and ‘b’ (L.g?) are
Langmuir isotherm parameters which were
calculated from the slope and intercept values of the
graph of “1/q’ versus 1/C¢’. “V’(l) is the volume of
dye solution, ‘m’ is the mass of adsorbent used.
Separation factor ‘R and ‘4G® (thermodynamic
parameter) were calculated using equations 4 and 5,
respectively:

R.= 1/(1+bC,), 4)
AG® = —RT InK, (5)

Here ‘Co’ is 25 ppm and K is the inverse of
Langmuir constant ‘b’ [24].

RESULTS AND DISCUSSION

Characterization of adsorbents surface

Characterization of adsorbents surface was done
by FT-IR to confirm the presence of functional
groups that can be used for bonding with direct blue
15 dye during biosorption. The resulting
characteristic vibration frequencies are listed in
Table 1. It was found that carboxylic groups are
present in the biosorbent samples, as indicated by the
—OH group stretching frequencies at 2923.25,
2954.11, 2954.11, 2625.53 and 2923.25 cm™.
Alkane group —CH; peaks were found at 2725.53,
1458.25, 1457.28 and 721.41 cm™. Aromatic amine
peaks were found at 1304.90 and 1306.83 cm™ [36].
These functional groups can chelate dye molecules.

Table 1. Specific FT-IR absorption frequencies of leaf samples.

Adsorbents

Band frequencies (cm™)

Camellia sinensis
Carica papaya

2923.25, 2853.81, 2725.53, 1458.25, 1304.90, 721.41
2954.11, 2923.25, 2625.53, 1457.28, 1306.83, 721.41
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Adsorbent dose effect

The adsorbent dose effect was followed by varying
adsorbent dose from 0.1 to 1.0 g. The maximum
removal of dye occurred at adsorbent dose of 0.7 g
using Camellia sinensis and 0.5 g using Carica
papaya, as shown in Fig. 2. It was found that the
adsorption initially increases due to the presence of
a large number of adsorption sites on the surface of
the adsorbents but when equilibrium is established
the adsorption capacity of the biosorbent decreases.
The reason is that after establishment of equilibrium,
further increase in leaf sample dose leads to
increased interference between the active sites, so
removal of dye decreases [37-39].
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Fig. 2. Effect of adsorbent dose of Camellia sinensis
waste (TW) and Carica papaya leaves (PL) on the
elimination of direct blue-15 dye from water.

Effect of contact time

The effect of contact time was studied in the
range from 5 to 60 min. The results are shown in Fig.
3 which indicates that the maximum removal of dye
occurs in 40 and 45 min using Camellia sinensis and
Carica papaya leaves, respectively.
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Fig. 3. Effect of contact time of Camellia sinensis
waste (TW) and Carica papaya leaves (PL) on the
biosorption of direct blue-15 dye from water.

In the beginning, dye adsorption was rapid due to
the availability of a large number of vacant binding
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sites but after the optimum time, decrease in
adsorption capacity was observed due to covering of
the available binding sites by dye molecules, which
repel incoming molecules of dye lowering
biosorption.

Effect of initial pH

The effect of initial pH is shown in Fig. 4 which
indicates that dye removal is maximal at pH 3.0
using Camellia sinensis waste (TW) and at pH 7.0
by Carica papaya leaves (PL).
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Fig. 4. pH effect on the removal of direct blue 15 dye
from water using Camellia sinensis waste (TW) and
Carica papaya leaves (PL).

In acidic conditions, leaves surface becomes
protonated, which helps in attracting the anionic type
dye, thus the removal of dye increases. But in the
case of basic conditions, biosorption decreases due
to the presence of negative charge on leaves surface,
which repels anionic dye species, resulting in poor
biosorption [39].

Effect of agitation speed

The effect of agitation speed is graphically
presented in Fig. 5.
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Fig. 5. Influence of agitation rate on the biosorption of
direct blue 15 dye from water using Camellia sinensis
waste (TW) and Carica papaya leaves (PL).

The maximum removal of dye occurred at 100
and 50 rpm using Camellia sinensis waste and
Carica papaya leaves as adsorbent, respectively.
Agitation of dye solution helps for better interaction
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between leaf waste and dye molecules, so that these
molecules penetrate to deeper layers of the
adsorbent. When agitation speed surpassed the
optimum level, less interaction occurred between
dye molecules and adsorbent, so biosorption
decreased at higher speed [39].

Effect of temperature

The effect of temperature is shown in Fig. 6. The
maximum biosorption of dye occurs at 40 and 30°C
using Camellia sinensis waste and Carica papaya
leaves, respectively. It indicates that this process is
exothermic, which was further confirmed by
isothermal modeling of equilibrium data.

/

40

N w w
w oS w
L L L

o
o
L

——TW

—_
o
L

% Removal of dye

=
[C S
1 .

(=]

20 30 40 50

Temperature (°C)

60 70

Fig. 6. Temperature effect on direct blue 15 dye
adsorption from water by Camellia sinensis waste (TW)
and Carica papaya leaves (PL).

Isothermal studies

The Langmuir isotherms for direct blue-15 dye
adsorption using Camellia sinensis and Carica
papaya are shown in Fig. 7 and the results are
summarized in Table 2.

Maximum removal of dye - g, value was 90.9
and 3.98 mg/g for Camellia sinensis waste (TW) and
Carica papaya leaves (PL), respectively. The
constant ‘b’ value for direct blue 15 dye was 2.2 and
1.65 L/g for Camellia sinensis waste (TW) and
Carica papaya leaves (PL), respectively. It was
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Fig. 7. Langmuir isotherm for direct blue 15 dye
adsorption from water using Camellia sinensis waste
(TW) and Carica papaya leaves (PL).

used to calculate AG® and separation factor ‘R’

values. The correlation coefficient ‘R* values
indicated that the Langmuir model was suitable to
explain the adsorption of direct blue 15 dye on
Camellia sinensis waste and Carica papaya leaves.
This indicates that adsorption sites are arranged in
monolayer fashion and homogenously distributed on
the biosorbent surface.
AG® value indicated that these processes are
exothermic in nature and separation factor ‘R’ value
less than unity indicated the favorability of these
adsorbents for removing direct blue 15 dye from
water on a bulk scale.

CONCLUSIONS

In the present work low-cost adsorbents such as
Camellia sinensis waste and Carica papaya leaves
were used for the removal of direct blue 15 dye from
water. It was observed that Camellia sinensis waste
can remove 90.9 mg.g*! of dye, which is 23 times
greater than Carica papaya leaves’ capacity of 3.98
mg.gl. The process is exothermic in nature and
favorable under optimized conditions, as indicated
by thermodynamic data. So these adsorbents can be
used on a bulk scale for removing direct blue 15 from
waste water streams.

Table 2. Results of isothermal studies for adsorption of direct blue 15 dye

b Om AGe

2

Sample R (LgY) (ma.g) (kJ/mol) R

Camellia sinensis waste (TW) 0.963 2.2 90.9 -1.953 0.017
Carica papaya leaves (PL) 0.905 1.65 3.98 -1.238 0.024
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COPBLHMOHHO OTCTPAWBAHE HA BATPNJIOTO IMPEKTHO CUHBO-15 OT BOJIA
M3IIOJI3BAUKU JIMCTA OT Camellia sinensis 1 Carica papaya

P. Pexman!, T. Maxmyxn!, P. Puas!, A. Payg?, JI. Muty?”

YUncmumym no xumus, Yuueepcumem ¢ Ilynoscab, Jlaxop -54590, Iaxucman
2ﬂenapma/wehtm no xumus, Ynueepcumem 6 [umewy, Ilumew—110040, Pymonus

[ocTpnuna Ha 2 deBpyapu, 2016 r.; npuera Ha 4 maii, 2016 .
(Pe3stome)

IMpeurcTBaHETO Ha BOIM MO anCOPOIMOHHM METOIM CE pa3BhuBa Obp30 Mpe3 MOCIeTHUTE TOMMHH. B HacTosmaTa
paboTa ce n3cieaBa epeKTHBHOCTTA Ha OTCTPaHsIBaHe Ha 6arpmioTo JIMpeKTHO CHMHBO- 15 upe3 1Ba afncopbeHTa, a IMEHHO
mucta ot Camellia sinensis (uait) u Carica papaya (mamast), KaTo aAcOpOLIMOHHATA UM CIIOCOOHOCT € CpaBHEHa MO
cTaHgapTHa ckana. ONTHUMH3HpPAHH Ca Pa3IUYHH TapaMeTpH, BIMACIIM HAa OHOCOPOIMOHHATA EKEKTHBHOCT U €
MPUIIOKEHA aJICOPOIIMOHHATa H30TepMa 32 MOJEIUpaHe Ha paBHOCBecHUTe naHHu. Oxapakrtepusupanero Ha Camellia
sinensis u Carica papaya e uzsbpiieHo upe3 FT-IR. Pesynratute mokasear, ue otnaasiure ot Camellia sinensis ca mo-
edukacuu u orcTpanssat 90.9 mg/g ot GarpunoTo B cpaBHeHHe ¢ nuctara oT Carica papaya, KOUTo OTCTpaHSBAT CaMmo
3.98 mg/g npu ontuMu3MpaHu paboTHH ycioBus. 3aTtoBa ocrtaTeimre or Camellia sinensis mpesb3xosxkaaT nucrata ot
Carica papaya mpu oTcTpaHsSBaHETO Ha 6arpuiioTo JIMpeKTHO CHHBO-15 OT OTMa buHH BOIH.
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rubber with bismaleimide
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The thermal and morphological properties of ethylene-propylene-diene rubber with bismaleimide (EPDM-g-BMI)
were investigated. The effects of EPDM concentration, BMI concentration, reaction time and reaction temperature in
terms of grafting efficiency (%) were examined. As the BMI concentration increases, the grafting efficiency increases.
The FT-IR spectroscopy analysis of EPDM-g-BMI reveals that the C=C double bond in EPDM reacts with the maleimide
double bond through a nucleophilic addition reaction. The SEM image of EPDM-g-BMI reveals a rough surface due to
the formation of inter-crosslinked network between EPDM and BMI.

Keywords: Thermal properties, Ethylene-propylene-diene rubber, EPDM-g-BMI, DSC, SEM.

INTRODUCTION

Ethylene-propylene-diene (EPDM) has excellent
wear strength and superior mechanical resistance. It
also has excellent tribological properties after
chemical coupling [1]. Crosslinked EPDM is one of
the major compounds commonly used as industrial
polymers because of its marvelous resistance to
wearing out and swelling, its thermal and flame
retardant properties [2-4]. A number of graft
copolymers, such as PS [5, 6], (POE)-graft-PS [7],
EPDM-graft-POE [8] and (PE)-graft-PS [9-11] have
been formed. These copolymers play an important
role as compatibilizer at the interface of blends and
decrease the interfacial tension between polymer
phases.

Bismaleimides (BMI) are widely used as elevated
performance composite matrices in aerospace
industry. As compared with extra thermosetting
polyimides, bismaleimides show both outstanding
high performance and cost effectivity; thus they have
been chosen as attractive candidates for advanced
composite matrices [12]. Bismaleimides have
outstanding solubility in the majority of the solvents
like ethylene chloride, cyclohexanone, methylene
chloride, etc. With the characteristics of both rigid
rings and network forming ability, the final Tg of
such systems can reach 400 °C [13]. Therefore, the
main challenges concerning the use of

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

bismaleimides for composite applications are the
improved processability and the crack toughness
[14]. EPDM rubber has considerable marketable and
technological importance and high research value.
Though earlier investigations present a lot of useful
information, however, no effort has been made to
develop EPDM grafted bismaleimide.

EXPERIMENTAL
Materials

The EPDM (ENB type diene) terpolymer used in
this study of a commercial grade Nordel IP 4750R
was supplied by DuPont Dow elastomers, USA.
(Ethylene/propylene/5-ethylidene-2-norbornene:
71/20/9 by wt. % and specific gravity 0.88).
Dibutyltin dilaurate (DBTDL, Merck, Germany,
density = 1.066 g.cm?, freezing point >110 °C, mw
=631.56). Maleic anhydride 99% (Otto Kemi, India,
mw = 98.06, melting point = 53 °C). Nickel acetate
(HiMedia Laboratories Pvt Ltd, India, mw =
248.86). Triethyl amine (Fisher Chemic Ltd, India,
mw = 101.19). Analytical grade toluene and n-
hexane were used as received. Synthesis of
bismaleimide (BMI) was already reported [15].

Methods

The FT-IR spectra of the samples were measured
in KBr disks on a Shimadzu-1800S spectrometer.
The samples were scanned from 4000 to 400 cm™.
DSC (differential scanning calorimetry) was
performed with a NETZSCH DSC 200 instrument.
The sample (2 to 6 mg) was put in a sealed aluminum
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pan and was heated at 10 °C/min in the range of O -
500 °C using an empty sealed pan as a reference.
SEM (scanning electron microscope) micrographs of
the composite materials were recorded using a
Quanta-200, FEG scanning electron microscope
(The Netherlands), and micrographs were taken at
the required magnification. A working distance of
9.8 mm was maintained and the acceleration voltage
used was 20.00 kV with the minor electron image as
the detector.

Preparation of epdm grafted bismaleimide (EPDM-
g-BMI)

CH,
2

A °~ [
n n n H ‘ I\
LN /
N 0 o
H

DBTDL

Benzoyl Peroxide l 80°C

and
=
= N
i 0 7/
O

Scheme 1. Schematic presentation of EPDM-g-BMI
preparation

EPDM (10 g/5 mM) was dissolved in 200 mL of
toluene. Bismaleimide (0.025g/0.5 mM) was
dissolved in 20 mL of toluene. The above two
solutions were mixed in a 250 mL three-necked flask
fitted with a condenser and nitrogen inlet. Benzoyl
peroxide (0.05 ¢/0.01 mM) and DBTDL (0.005
9/0.0015 mM) were added to the above mixture and
heated at 80 °C for 5 h. The EPDM-g-BMI was
precipitated by pouring the homogeneous mixture in
excess amount of acetone where the unreacted BMI
was removed. The precipitate was dried at 50 °C for
48 h (Scheme 1).

Isolation of graft terpolymer

After the synthesis, ungrafted EPDM, BMI and
EPDM-g-BMI are present in the medium. The
EPDM was separated from settled down products by
extraction using n-hexane. The bismaleimide grafted
EPDM (EPDM-g-BMI) was separated from BMI
using DMF where the former is soluble and the latter
is insoluble. The total conversion was calculated
from the ratio of the total weight of crude products
to the weight of EPDM charged. The grafting ratio
and grafting efficiency were determined on the basis
of the changes in polymer weight during the reaction
development and the total amount of EPDM-g-BMI

CH;

H, Hy\/Hy |
—ec—c%c—c
H

n

formed, respectively. The grafting ratio and grafting
efficiency were calculated by the following
equations:

The weight of polymers formed N
Weight of EPDM charged

100

Total conversion (%) =

Weight of EPDM - g - BMI % 100

Grafting ratio (%) =
& ) Weight of EPDM charged

Weight of EPDM - g - BMI
Total weight of polymers formed

The best grafting efficiency of BMI onto EPDM
was achieved by the solution (grafting)
polymerization method. All samples were dissolved
in toluene followed by intense stirring for 10 min, till
the mixture became homogeneous. Then, the
solution was transferred into a glass mold and closed
with Para film to permit the removal of small
molecules of both the solvents, and those produced
in the hydrolysis. Upon gradual ventilation over 10
days, translucent samples of hybrids were obtained
without cracks. All samples are listed in Table 1.

Grafting effeciency (%) = x 100

Table 1. Conditions of graft copolymerization

Conditions Description
EPDM concentration (%) 5.0 10 15 20 25
BMI concentration (%) 1.0 15 20 25 3.0

Reaction time (h) 20 40 6.0 80 -
Reaction temperature 50 60 70 80 -
()

RESULTS AND DISCUSSION
FT-IR spectroscopy

The IR spectra of EPDM and EPDM-g-BMI
exhibit v(C-H) stretching, v(CH2) rocking v(CHz)
symmetric bending (aliphatic) and v(CH.), wagging
vibrations at 2911, 1451, 1367 & 721 cm™ and 2918,
1464, 1375 & 719.15 cm?, respectively (Fig. 1).

In addition, EPDM shows vibrations at 2851 cm-
tand 811 cm™* for v(C-C) and v(>C=CH-) stretching
due to the presence of ENB. However, v(C-H=)
stretching vibration at 3090 cm™? is observed while
v(C=C) stretching vibration at 1627.99 cm™ of BMI
has disappeared [15] due to the grafting reaction by
a free radical mechanism which involves the allylic
position of the ENB unit of the EPDM with addition
across the a,fB-unsaturated linkage [16] in the
bismaleimide resin. Similar observations are made
for bismaleimide toughened reactive rubbers [16]. A
decrease in band intensity due to unsaturated v(C=H)
present in the side chain of ENB at 815 cm is
observed which indicates that v(C=C) is utilized for
new chemical bond formation with BMI.
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Fig. 1. FT-IR spectra of (a) EPDM, (b) BMI and (c)
EPDM-g-BMI

Effect of reaction conditions on grafting
Effect of EPDM content

The effect of EPDM content on the graft
copolymerization is presented in Fig. 2(a). The
grafting reaction was carried out at 80 °C for 4 h with
2.5 wt% of BMI. The grafting efficiency increases
linearly with the increase in concentration of EPDM,
due to the availability of a double bond present in
EPDM. The grafting efficiency for 10 wt% EPDM is
20% and that for 30 wt% is 30%. At higher
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concentrations of EPDM, additional active sites are
created and thus the grafting efficiency increases.
However, a smaller number of active sites are
generated in the case of lower concentration of
EPDM resulting in a decrease in grafting efficiency,
which favors the enhanced homopolymerization of
BMI.

Effect of BMI concentration

The effect of BMI on the grafting efficiency is
presented in Fig. 2(b). The grafting reactions were
carried out at 80 °C for 4 hwith 1, 1.5, 2, 2.5 and 3%
of BMI on EPDM. The grafting efficiency increases
with the increase in BMI concentration. The grafting
efficiency for 2 wt% of BMI is 24.67, whereas the
highest grafting efficiency of 28.01 is observed for
2.5 wt% of BMI. There is a sharp increase in grafting
efficiency up to 2.5 wt% of BMI. Above 2.5 wt% of
BMI no significant increase in grafting is observed.
The higher concentration of BMI favors the
formation of a larger number of active sites in the
amine part of BMI, which favors the
homopolymerization rather than grafting.

Effect of reaction time

The efficiency of grafting of BMI onto EPDM as
a function of reaction time is given in Fig. 2(c). The
reactions were carried out at 80°C with 0.1wt% of

(b)
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30

254

= . // —

Grafting efficiency (%)

T T T T T
30 40 50 60 70 80 a0

Reaction Temperature (Celsius)

Fig. 2. Plot of grafting efficiency against (a) EPDM concentration; (b) BMI concentration; (c) reaction time; (d)

reaction temperature.
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benzoy! peroxide for periods of 2, 4, 6, 8 and 10 h. It
was observed that the grafting efficiency increases
with increase in reaction time up to 2 h, and beyond
4 h there was no appreciable effect on the grafting
efficiency. However, the total conversion increases
with increase in reaction time due to the formation
of the homopolymer.

Effect of reaction temperature

The influence of temperature on the grafting is
presented in Fig. 2(d). The reaction was carried out
with 2.5 wt% of BMI and 0.1 wt% of benzoyl
peroxide at different temperatures, namely, 40, 50,
60, 70 and 80 °C. The grafting efficiency increases
with increasing reaction temperature from 40 to 80
°C. However, beyond 80 °C, there was no significant
change in the grafting efficiency which indicates the
end of the reaction.

Calorimetric analysis

A sharp endothermic peak at -52.1 °C indicates
the simultaneous occurring of dehydrogenation and
disproportionation of EPDM. DSC scans also show
a sharp endothermic peak at 489 °C due to the curing
of EPDM-g-BMI (Fig. 3).

0.4 “V\
(©)

0.0 4

0.4

Heat flow (mass in gm) Exo

-0.8 4

T y T T T
50 100 150 200 250

Temperature ('C)

Fig. 3. DSC curves of (a) EPDM, (b) BMI and (c)
EPDM-g-BMI.

The complex molecular structure of the grafted
copolymer of bismaleimide and EPDM hinders the
contribution of reactive sites for the curing reaction,
which in turn increases the curing temperature of the
system. The increase in endothermic peak
temperature was also due to the steric hindrance
produced by the EPDM particles between the two
reacting sites, which necessitated a higher
temperature to increase the reactivity of the
crosslinking sites [17].

SEM analysis

The SEM images of the EPDM, BMI and EPDM-
g-BMI are shown in Figs. 4(a) to 4(c). The SEM
micrograph of EPDM shows a smooth surface

morphology. The SEM micrograph of the
unmodified BMI reveals that crystallites with
micropores are representative of the brittle phase.

Fig. 4. SEM micrograph of (a) EPDM; (b) BMI; (c)
EPDM-g-BMI.

The SEM micrograph of the EPDM-g-BMI
system reveals that the minor component (BMI) is
dispersed within a range of the major component
(EPDM) with continuous morphology [18, 19]. Fig.
4a of pulled out traces of micrographic morphology
depicts the poor adhesive nature of EPDM. Fig. 4b
also shows a chunk of BMI agglomerate-like
morphology. Figs. 4a and 4b explain their lower
stiffness value / storage modulus. From Fig. 4c, a
high interfacial tension between BMI and EPDM
phases follows which leads to a bigger size of
dispersed rubber phase (3.3 um), which means
enhanced stress transfer and higher impact on
strength and supports the rubber wear concept by the
process of plowing. It is obvious that it is a
stratification phenomenon, if no segregation of the
core and periphery exists, due to the configuration of
inter-crosslinked network indicated by the active and
rough surface. Moreover, Fig 4c implies that there is
an influence on storage modulus and loss factor,
separately.

CONCLUSIONS

EPDM-g-BMI graft terpolymer was synthesized
by a solution polymerization method. The following
conclusions are made based on the data resulting
from different experimental studies. The grafting of
BMI onto EPDM reveals that the C=C double bond
in EPDM reacts with the maleimide double bond
through a nucleophilic (Michael) addition reaction
which is confirmed by FTIR spectra. It was
ascertained that the threshold grafting efficiency was
maximum at 2.5 mol% of BMI. The grafting
efficiency increases with the increase in temperature
and EPDM content. The grafting of BMI onto
EPDM increases Tg values. Hence the EPDM-g-
BMI rubber may be used in cable insulation
application for better performance. The morphology
proved that EPDM-g-BMI rubber shows improved
adhesion, better stress transfer, superior impact on
strength and protective rubber wear.
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OIITUMUBALNA HA YCIIOBUATA HA TTIPOLIECA 1 OXAPAKTEPU3MPAHE HA
KAYUYK OT ETWJIEH-ITPOIIMJIEH-IUEH C BUC-MAJIEMHUMUA /]

M. Bagusen'”, C. lllo6ana?, C.A. Hapasan®, JI. Mury*, [lk. JIxaseerxy Pamxal, M. Cankapranem’

Yenapmamenm no xumus & Uscnedoeamencku yenmuvp, Konesxc no unscenepcmeo ,, Moxameo Camxax “, Kunapau
623 806, Pamamxanypam, Tamurnady, Hnous.
2[lenapmamenm no xumus & Hscnedosamencku yenmuvp, Konesc nouskycmea u nayka ,, Aounamap *,
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*fenapmamenm no ¢pusuxa u xumus, Yuueepcumem 6 Iumewy, ITumew—110040, PymoHus

Ilocrprmna Ha 18 sryapu, 2016 r.; kopurupasa Ha 18 mait, 2016 r.
(Pesrome)

W3cnenBanu ca TepMUYHATE U MOP(OJIOTMYHNTE CBOMCTBA HA KaydyK OT ETHJICH-TIPONMJICH-IUECH ¢ OMC-MaJenMUI
(EPDM-g-BMI). N3y4enu ca edextute Ha KoHLEeHTpauuuTe Ha EPDM 1 BMI, Bpemero 3a peakuusta u TeMneparypara
B mapamerpute Ha rpadr-edextuBHocTTa (%). C HapacTBaHe Ha KOHLeHTpanusira Ha BMI napactBa u rpadrt-
epexkruBHocTTa. FT-IR crextpockonckust ananus nHa EPDM-g-BMI moxassa, ve C=C npoiitnata Bpp3ka B EPDM
pearupa ¢ JBOHHATa Bpb3Ka B MOJIEKyJlaTa Ha MaJeMHUMHU/IA Ype3 HyKJIeo(pHIHa IPUChEANHHUTENICH MeXaHn3bM. SEM-

obpasute Ha nonumepa EPDM-g-BMI nokasBar rpanaBa moBBbpXHOCT mopajgu o0pa3yBaHETO Ha BBTPEIIHH MPEXH
Mexry EPDM u BMI.
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Antioxidant potential of black pepper extract for the stabilization of sunflower oil
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Variable concentrations (500 ppm and 1000 ppm) of methanolic extract of black pepper were used for the stabilization
of sunflower oil during ambient storage. Antioxidant potential of black pepper extract was evaluated by FFA (free fatty
acid), PV (peroxide value) and IV (iodine value) parameters. The efficacy of the extract towards sunflower oil samples
increased with increase in concentration. 500 ppm of black pepper extract added to control showed comparable values of
FFA, PV and IV to that of 200 ppm of BHA or BHT added to control. However, stabilized sample of black pepper extract
showed less increase in the PV and FFA values. The current study reveals that black pepper is a potent source of natural
antioxidants that can be safely used to suppress peroxidation of lipids and to prevent them from getting rancid.

Keywords: Sunflower oil, Antioxidant potential, Stabilization, BHA, BHT, Black pepper.

INTRODUCTION

Since long time, synthetic antioxidants such as
butyl  hydroxytoluene (BHT) and butyl
hydroxyanisole (BHA) are being used to prevent oils
and fats from deterioration. But there are several
safety and economic concerns associated with their
usage [1]. In spite of their safety and other concerns,
these antioxidants are widely needed for preventing
deterioration of other oxidizable substances such as
cosmetics, pharmaceuticals, plastics etc. [2]. These
concerns, however, can be addressed and resolved
by the introduction of natural antioxidants extracted
from different spices which are used as food flavors.
Some important contributions regarding the
evaluation of the antioxidant potential of various
herbs, spices and other natural substances in the
literature are: Marja et al. (1999) [3], Esam et al.
(2000) [4], Sharma et al. (2000) [5], Yu et al. (2002)
[6], Javid et al. (2003) [7], Naz et al. (2004) [8], Zia
et al. (2004) [9], Hinneburg et al. (2006) [10],
Nedyalka et al. (2006) [11], Jinyoung et al. (2008)
[12] and Kandlakunta et al. (2008) [13]. In this study
a natural herb extract was used instead of synthetic
antioxidants to check its efficacy to edible oils in
comparison with synthetic ones.

We have selected black pepper, a common spice
consumed on a daily basis in almost every part of the
world. The purpose was to evaluate its antioxidant
potential for the stabilization of refined, bleached
and deodorized sunflower oil.

EXPERIMENTAL
Materials and instruments

Chemicals such as BHA, n-hexane, acetic acid,
BHT, potassium iodide, iodine monochloride,

* To whom all correspondence should be sent:
E-mail: ktm7ro@yahoo.com

sodium thiosulfate, chloroform, carbon
tetrachloride, ethanol, phenolphthalein and HCI
were of analytical grade and were used without
further purification. The Pyrex made glass ware was
immersed in 0.5% w/v EDTA overnight, rinsed with
deionized water and finally dried at 150°C as per
previous report [14].

Black pepper

Black pepper was purchased from a local market
of Lahore. It is a cheap and easily obtainable spice
that is used in many Pakistani and Indian dishes not
only because of its nice flavor but also for its
medicinal value.

Preparation of black pepper extract

The extract of finely ground black pepper was
obtained in 80% methanol at room temperature [14].
The extract was evaporated to dryness under reduced
pressure at 40-45°C in a rotary evaporator and was
stored at —18°C for further analyses [14].

Stabilization of sunflower oil and antioxidant
activity testing

Five 250 ml glass-stoppered flasks were taken. In
each flask 5 g of the sunflower oil was added. One
was labeled as control and in the other four 200 ppm
BHA, 200 ppm BHT, 500 and 1000 ppm black
pepper extracts, respectively, were added.
Antioxidant potential of the control was measured
immediately, while portions of the four samples
were analyzed after intervals of 15, 30 and 45 days.
IUPAC standard methods [15, 16] were used for the
determination of free fatty acids (FFA), peroxide
(PV) and iodine (IV) values during ambient storage
of sunflower oil.
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RESULTS AND DISCUSSION

Effect of synthetic antioxidants and black pepper
extracts on FFA

It is established in the literature that an increase
in free fatty acid value will take place as fat
deterioration proceeds; hence FFA is the best
indicator of deterioration [17]. FFA was reduced
from 0.214% to 0.188% with BHA and from 0.214%
to 0.193% with BHT during 45 days of storage, Fig.
(2). Similar findings have been reported by Kiyomi
[17].
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Fig. 1. Comparison of free fatty acid values with
time.

Addition of 1000 ppm black pepper extract
showed significant reduction in the FFA value of
sunflower oil during 45 days of storage, as compared
to BHA or BHT. Reduction of FFA by 500 ppm
black pepper extract was comparable to BHA and
BHT as it showed 0.176% FFA value at the 45" day
of storage while 1000 ppm black pepper extract
showed 0.170% FFA value at the same day of
storage. These findings are comparable with related
results of Frega et al. [18].

Effect of synthetic antioxidants and black pepper
extracts on peroxide values

The gradual increase in PVs of synthetic and 500
ppm & 1000 ppm black pepper extracts is shown in

Fig.(2).
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o
g - BHT(200pynn}
E 10 Black
[ B . Peppe(00ppm)
[ 15 30 15 - {1600gym)
Staagetmme{ilays)

Fig. 2. Comparison of PV values with storage time.

Control showed a PV value of 43.8 m.eq/kg at
45" day of storage while the sample with added
BHA showed a value of 29.88 m.eqg/kg. Similarly,
the sample with added BHT showed a PV value of
30.0 m.eg/kg at the 45" day of storage. The samples
with added 500 ppm and 1000 ppm black pepper
extracts appreciably controlled the peroxide value
and a regular increase in PV as a function of storage
time was observed for all samples at all intervals.
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The control sample showed a tremendous increase in
PV as compared to the other samples. Stabilized
samples showed a slower increase in PV as
compared to control. PV of 500 ppm black pepper
was comparable with that of the synthetic
antioxidants BHA and BHT.

Effect of synthetic antioxidants and black pepper
extracts on iodine values

Along with the increase in free fatty acid and
peroxide values, a marked decrease in the iodine
value was observed during storage of sunflower oil.
Results are shown in Fig. (3).
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Fig. 3. Comparison of iodine values with time

These results showed that the addition of
synthetic and natural antioxidants (BHA & BHT and
black pepper extracts) retarded the decreasing trend
of the iodine value in sunflower oil samples relative
to control during storage for 45 days. The iodine
value of the control oil sample at the 45" day of
storage was 114.01 mg/g. Addition of BHA and
BHT to sunflower oil resulted in iodine values of
123.22 mg/g and 117.99 mg/g, respectively, at the
45" day of storage. While the IV of 500 ppm black
pepper stabilized extract was 120.85 mg/g at the 45"
day of storage and for 1000 ppm black pepper
stabilized extract was 155.98 mg/g at the same day
of storage. Therefore, the iodine values of stored
sunflower oil treated with synthetic antioxidant and
black pepper extracts were distinctly higher than that
of the control oil sample.

The gradual decrease of IV can be attributed to
breaking of double bonds of unsaturated fatty acids
of lipids that is consistent with the findings of Noor
and Augustin [19].

CONCLUSIONS

The antioxidant activity of a methanolic extract
of black pepper for the stabilization of sunflower oil
is comparable with that of synthetic antioxidants
such as butyl hydroxyanisole (BHA) and butyl
hydroxytoluene (BHT). Rancidity of oil can safely
be controlled using high levels of black pepper
extract as compared to synthetic antioxidants (BHA
& BHT) and thus can increase stability of oils and
fats.
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AHTNOKCUJAHTEH ITOTEHIIMAJI HA EKCTPAKT OT UEPEH IIHUIIEP 3A
CTABUWIM3UPAHETO HA CIIBHUOI'JIEAOBO MACIJIO
A. CDHpnocl, A.P. Taplzml, M. I/IMpaHl, . Huamar?, ®. Kausai!, JI. MHTyZ*
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INoctenuna Ha 15 snyapu, 2016 r.; kopurupana Ha 4 Maif, 2016 r.
(Pesrome)

M3non3BaH € METaHOJOB EKCTPaKT OT YEpeH Numep B pa3nuyHu koHueHTtpamuu (500 ppm u 1000 ppm) 3a
CTaOMJIM3UPAHETO Ha CI'BHYOIJIEJOBO Macjio MpPU ChXpaHEHHWE NpH OOMUKHOBEHH YCIOBHUS. AHTHKOCHIAHTHHUST
MOTEHIMAJ Ha YepPHUS MHUIIEP € OLIEHEH upe3 aHajiu3a Ha cBoOogHMTE MacTHH Kucenunu (FFA), mepokcuaHOTO YHciIo
(PV) u iomHoto uucio (V). EdukacHocTra Ha eKcTpakTa COPSAMO MPOOUTE OT CIBHYOINIEAOBO MACiO HApacTBa ¢
HapacTBaHETO Ha KOHIEHTparusra My. JlobasstHeTo Ha 500 PPM OT eKcTpakTa MOKa3BaT ChIIOCTABUMU CTOWHOCTH 32
FFA, PV u IV ¢ te3u npu 200 ppm nodasku ot BHA mwnmu BHT. O6ade crabmnmsupanuTe mpodu ¢ eKCTPAKT OT YepeH
IUTep MOKa3BaT Mo-ciado moBuieHHe Ha croitHoctute Ha PV u FFA. Hacrosmara pabota mokasBa, 4e YepHUST MTUIIEP
€ TMOTEeHIMAJICH U3TOYHNK Ha MPUPOAHU aHTHOKCHIAHTH, KOUTO MOJKE Jla C€ M3MO0JI3BAT OE301acHO 3a MOJTHCKAaHETO Ha
OKHCJIEHHETO Ha JINIIMJNUTE 1 /1A C€ TIPEJOTBPATBa TPAHSICBAHETO UM.
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In this investigation the technical characteristics and elemental composition of animal bones were determined and
their pyrolysis, production of bone char, tar, water and gases and application of bone tar as a curing agent of epoxy resin
were studied. It was found that animal bone has a higher quantity of mineral components - (A? -63.5%) than organic
matter - (V2 31.30%) and also has less organic carbon - (C%-32.90%) than oxygen and other elements - (O%f + others -
55.9%). Pyrolysis experiments of animal bone were carried out at different heating temperatures and the yields of obtained
solid (char), liquid (tar and pyrolysis water) and gas products were determined. A temperature around 600°C was
determined as the optimal heating temperature of pyrolysis and the obtained products were approximately 66.35% char,
4.33% tar, 18.02% pyrolysis water and 11.29% gas. The bone char has a higher ash content — 84.8% compared to initial
bone (A% 63.5%) and significantly lower contents of carbon, hydrogen, nitrogen and oxygen. For tar the contents of
carbon, hydrogen and nitrogen increased almost 10 times compared to char while the content of oxygen was the same in
both products. The pyrolysis of the animal bone samples was carried out in a laboratory reactor. In the present work a
curing agent- tar was obtained from animal bone by pyrolysis. The product contains 18.95% of pyrolysis water with
76.05% degree of curing reaction for epoxide resin ED — 20. We prepared a new curing agent for epoxide resin by mixing
bone tar and diethylenetriamine at a mass ratio of 1:1 (homogeneous mixture), which has 96% degree of curing reaction.

Keywords: animal bone, bone pyrolysis, bone char and tar, application of tar as a crosslinking agent of epoxy resin.

INTRODUCTION

Animal bones are very important bio-organic
source of Caand P [1] and are also used for obtaining
bone powder, glue and fat. About 40-50 thousand
tons of animal bones per year are produced in
Mongolia. Unfortunately, animal bone is almost
considered as a waste materialin Mongolia, except
the production of small amount of bone powder for
export. The production of cheap animal glue was,
however, closed. The same is the situation in
Bulgaria, only the quantity of animal bones is
smaller.

An alternative method of animal bone
processing is the thermal treatment (pyrolysis) for
producing bone char and tar [2]. Bone char is a cheap
and effective filtering and adsorbent material after
it’s activation [3]. Usually pyrolysis of a mixture of
animal bones and meat is carried out [4]. The first
experiments of pyrolysis of pure animal bone have
been carried out in a laboratory of the Mongolian
Academy of Sciences and the yields of bone char, tar
and gas products were determined [5, 6]. The bone

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

char was processed by activation with preheated
water steam to produce activated carbon material
with porous structure [7]. In this work a more
detailed investigation of the pyrolysis process was
performed.

EXPERIMENTAL

The applied cattle bones were crushed into pieces
of 3-6 mm size and rinsed three times with deionized
water. After that the bones were boiled at least 3
times in distilled water for 4 h. to remove meat
residues, fat and finally the samples were dried at
105°C and allowed to cool in a desiccator. The
analytical samples were prepared by powdering to a
particle size < 0.2 mm in a steel mill. These
processes are described in the Mongolian National
Standards:  2719.2001  (analytical ~ sample
preparation), 656-79 (moisture content), 652-79 (ash
yield), 654-79 (volatile matter yield) and 669-87
(gross calorific value). The apparatus used for
elemental analysis was 5E C 2000 model CNH —
analyzer. FTIR spectra were recorded on a Nicolet
20-PC FTIR spectrometer with Csl optics and DTGS
detector with KBr pellets with 0.5% sample content.
Thermogravimetric analyses were made with
TG/DTA7200 Hitachi, Japan model equipment in
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the temperature range of 20 — 1150 °C, with heating
rate of 40°C/min, carrier gas nitrogen p.a. and a Pt-
Rh thermocouple for temperature measurement. All
pyrolysis experiments of animal bone samples were
performed in a laboratory quartz retort (tube) which
could contain dry air. All samples (1 g) were
powdered to a particle size < 0.2 mm. The retort was
placed in a horizontal electric tube furnace with a
maximum heating temperature of 950°C. The actual
heating temperature in the tube furnace was
measured by a chromel-alumel thermocouple. The
pyrolysis experiments were carried out at different
heating temperatures in the range of 200-700°C with
a constant heating rate of 20°C/min. Firstly, the
quartz retort with the bone sample was heated to
600°C with a heating rate of 20°C/min and was kept
at 700°C for 80 min. The retort was connected with
a thermostated glass tube also heated in a tube
furnace at 80°C for collecting tar. This tube was
connected with an air-cooled glass vessel for
collecting pyrolysis water. The glass vessel for
pyrolysis water was also connected with a thin glass
tube for collecting non-condensable gases. The
yields of pyrolysis products including solid residue
(coal char), tar (condensed liquid product) and
pyrolysis water (condensed liquid product) were
determined by weighing and the yield of gases was
determined by difference as the average value of 3
replicates.

The preparative-scale pyrolysis experiments of
animal bone samples were performed in a laboratory
vertical cylindrical retort made of stainless steel
which could contain 1000 g. of sample. The retort
was placed in an electric furnace (model SNOL)
with a maximum temperature of 950°C. The actual
heating temperature was measured using achromel-
alumel thermocouple immersed in the bone bed,
equipped with a potentiometer for temperature
control. The retort was connected with an air-cooled
iron tube, a water-cooled laboratory glass condenser
and a collection vessel for the condensate of liquid
products (tar and pyrolysis water). The non-
condensable gases after the water-cooled condenser
left the system through a thin glass tube. The
experiments were carried out a tatemperature of
900°C at a heating rate of 20 °Cmin™. The yields of
products including solid residue (char), tar and
pyrolysis water were determined by weighing and
the yield of gases - by difference.

Method for separation of tar and pyrolysis water

The liquid condensed products of bone pyrolysis
consist of tar and pyrolysis water. They form two

immiscible layers which can be easily separated by
means of a separatory glass funnel. The upper layer
is tar (a viscous liquid) with black-brown color and
unpleasant smell. The bottom layer is pyrolysis
water (not viscous liquid) with bad smell and brown
color. The final cleaning of tar from pyrolysis water
residues takes place by mixing with thermally
treated CaCl, and separating (filtering or
centrifuging). The mass ratio of tar and pyrolysis
water is approximately 1:4.

The pyrolysis water can be concentrated by
vacuum distillation. The distillation starts at 45 °C by
foaming and forming colorless water drops and
continues until 85 °C. In our experiments 63%
concentrated pyrolysis water with black-brown color
and some precipitates, 27% colorless distilled water
and 14% uncondensed gas was obtained.

Method for curing of epoxy resin with tar and
concentrated pyrolysis water

A sample of 1.0 g. of technical grade epoxy resin
ED-20,made in Russia, was mixed with 15-20% tar
or 20-25% concentrated pyrolysis water in a small
glass vessel to form a homogeneous mixture. When
this mixture was kept for 24 h. at room temperature,
no curing of the epoxy resin took place. Therefore,
this mixture was transferred to a small glass vessel
and was kept for 2h. in an oven at 120°C. In this case
there was curing of the epoxy resin resulting in a
hard glassy product. The cured epoxy resin was
powdered in a steel mill and 1.0 g. of the sample was
packed in a pre-weighed filter paper and was
extracted with technical grade acetone, product of
Merck on a Soxhlet apparatus. After finishing the
extraction, the sample and filter paper were dried at
105 °C in an oven until constant weight and the
fraction insoluble in acetone (gel fraction or degree
of curing reaction of epoxy resin in %) was
determined. The accuracy of weighing was 0.0001 g.
To increase the curing ability of bone tar, a
homogeneous mixture of bone tar and technical
grade diethylenetriamine, CAS N 111-40-0, product
of DOW, was made by mixing the liquids (mass ratio
1:1) in a glass vessel. Diethylenetriamine (DETA) is
a standard curing agent of epoxy resin.

RESULTS AND DISCUSSION

The average results of the pyrolysis of animal
bones are given in tables 1 and 2.

Animal bone is a bio-organic material
characterized with a higher mineral content such as
63,35% ash and for this reason has comparatively
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Table 1.Analytical results for the pyrolysis of animal bone samples

Moisture, %, Ash, % Volatile matter, % Caloric value,
Ne Sample Wa
A? Ad \& \daf Quaf, kcal/kg
1. Ak;‘(;rr?ea' 5.68 63.35 67.17 3130 86.06 3604

daf = dry, a = ash-free;
Table 2.Results of the analysis of animal bones.

Ne Sample C%f % HY% 0% Ndaf 0 H/C 0% + others %
1. Animal bone 32.90 8.00 3.20 2.91 55.90
(N+O)%- by difference

Table 3.Yield of pyrolysis products at different heating temperatures of animal bone samples.

Condensed liquid

Ne  Heating temperature, T°C he;:g; ?Tl:in. Char, % Tarpmduc;;r(o)/?ysis Un(;zgfjg;sed
water
1. 200 80 93.20 1.30 2.98 2.52
2. 300 80 83.02 2.63 7.53 6.82
3. 400 80 75.12 4.84 13.10 6.94
4, 500 80 70.86 6.55 13.27 9.32
5. 600 80 69.71 7.21 12.57 10.51
6. 700 80 68.60 7.20 12.10 12.00

Table 4.Yield of pyrolysis products in a large-scale retort at 600°C

Ne  Char, % Condensed liquid pro_ducts, % Uncondensed gas,
Tar Pyrolysis water %
1. 67.25 4.31 17.60 10.84
2. 65.89 4.45 18.66 11.00
3. 65.92 4.24 17.80 12.04
4. 66.35 4.33 18.02 11.29
Table 5.Elemental composition of the bone pyrolysis char and tar and main technical specifications.
Ne Elemental composition and specifications Char Tar
1. Carbon (C), wt %, 8.4 73.3
2. Hydrogen (H), wt % 0.5 10.1
3. Nitrogen (N), wt % 11 11.3
4, Oxygen (0O), wt % (by difference) 5.1 5.3
5. H/C atomic ratio 0.71 1.65
6. Ash, wt % 84.8 -
7. Volatile matter, wt % (daf) 1.7 -
8. Caloric value, kcal/kg 560.33 -

Table 6.Conditions of curing tests and determined degree of curing reaction of epoxide resin with bone pyrolysis tar
and pyrolysis water

Samples: Epoxy resin(ER), Added Weight of Weight of _Acetone
Acetone insoluble
Tar (T), amount of cured sample cured sample .
No . . ' . soluble  fraction(degr
Pyrolysis Water(PW), curing agent, for extraction after extraction : -
. o . . fraction,% ee of curing
Diethylenetriamine (DETA) % in acetone, g in acetone, g .
reaction),%
1 ER+T 15.00 1.2626 0.2393 81.05 18.95
2 ER+PW 20.00 0.6477 0.4077 37.05 62.95
3 ER+PW 60.00 0.7243 0.5509 23.94 76.05
4  ER+PW(concentrated) 20.00 0.9952 0.7282 26.81 73.12
5 ER+(T+DETA)(50:50wt.%) 15.00 1.0231 0.9812 4.00 96.00
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Fig.1.Results of the thermogravimetric analysis of
animal bone.

lower volatile organic matters and caloric value. The
elemental composition of bone (Table 2) shows that
the contents of organic C,H and N are lower and the
contents of O and other elements are higher, which
is an evidence for the higher mineral content of
animal bone (Table 1).

The results of the thermogravimetric analysis of
animal bone are shown in Figure 1.

The heating of the bone sample at temperatures
in the range of 25-1000 °C in nitrogen atmosphere
shows that the thermal decomposition of bone ends
with a 35% weight loss and 65% hard residue at 1000
°C (Figure 1). The TG curve in Figure 1 consists of
different temperature intervals (steps) such as 25-
200°C; 200-500°C; 500-700°C; 700-1000°C. In the
first step (25-200°C) the weight lost is due to the
release of some absorbed gas and moisture from the
bone sample. In the second step (200-500°C)
intensive thermal decomposition of the organic
matter of the bone samples starts forming liquid (tar
and pyrolysis water) and gas products. In the third
step (500-700°C) the weight loss strongly decreases,
which is an indication for ending thermal
decomposition and starting carbonization of the
bone sample. In the fourth step (700-1000°C) the
weight loss lowly increases, which is related with the
release of gas, e.g., CO2, Ha, P,Os from the mineral
bone contents.

The further experiments focused on the pyrolysis
of the bone samples at different heating temperatures
in a standard quartz retort and the yields of obtained
hard residue (char), condensed liquid (tar and
pyrolysis water) and gas products after pyrolysis
were determined (Table 3).

Table 3 shows that the yield of char decreases and
the yields of tar, pyrolysis water, gas lowly increase
by increasing the heating temperature. The yields of
pyrolysis products are comparatively higher in the
temperature range of 500-700 °C, which is the
optimal heating temperature. The results of the
thermogravimetric analysis (Figure 1) and the results
of the pyrolysis experiments (Table 3) are very

similar and confirm each other. 600°C was chosen as
the optimal heating temperature and the further
experiments of pyrolysis were carried out in a large-
scale retort at this temperature for collecting more
char and tar for their characterization. The yields of
pyrolysis products in the large-scale retort (for 3
replicate experiments) are shown in Table 4.

The FT-IR spectrum of bone char is shown in Fig.
2.

3440

Transmittance (%)
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Fig. 2. FT-IR spectrum of bone char

The FT-IR spectrum of bone char in Figure 2
shows that the bands observed at 1640 and 3440 cm’
! indicate adsorbed H.O in the char. The bands
appearing at 875 and 1470 cm™ are indicative of
carbonate. Bands located around 1040, 607 and 560
cm? are related with phosphate group absorption.
The FT-IR spectrum of bone tar is presented in
Figure 3.
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Fig. 3. FT-IR spectrum of bone tar

The FT-IR spectrum of bone tar in Figure 3
shows weak absorption bands for H of aromatic -CH
group at 1000-1300,700-800 cm™ and strong bands
for H of aliphatic -CHs, -CH; and -CH groups at
2853-2924 cm™ and also for H of -OH and -NH, -
NH. groups at 3358 cm™. There are strong bands at
1400-1642cm™ for skeletal vibrations of >C=0
groups in ketones, aldehydes, esters and quinines.
Therefore the bone tar is a multicomponent mixture
mainly consisting of organic substances with
aliphatic chains and aromatic structures with oxygen
and nitrogen functionalities.
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The separated bone tar and pyrolysis water were
tested as curing agents for epoxide resin, because the
oxygen and nitrogen functionalities in them can react
with the epoxy ring of the resin. Epoxy resin, tar and
pyrolysis water are soluble in acetone. In case of
curing reactions between them, the product should
not be soluble in acetone, because of crosslinking
reactions between the epoxide chain molecules. The
primary results obtained and the conditions of curing
reactions are presented in Table 6.

The data in Table 6 show that T and PW both
display some curing ability for ER, but the curing
ability of PW is over 3.3 times higher than that of T.
By increasing the amount of PW 3 times, the degree
of curing increased to 76.05%, but such large
amount of the curing agent is not suitable. Therefore,
as mentioned in the experimental part, the PW was
concentrated and used as a curing agent. In this case
almost the same result was achieved (73.12%)
compared with that of unconcentrated PW (76.05%).
This result shows that T and PW originate from the
bio-organic material — bone, containing 3.2% N.
Therefore T and PW have a certain amount of
oxygen (-OH; -COOH) and nitrogen (-NH; -NH; -
CN) functionalities, H atoms from which are able to
react with the epoxy groups of ER in crosslinking
reactions. PW has more functionalities than T.

To increase the curing ability of bone tar a
homogeneous mixture of tar and diethylenetriamine
was prepared at a mass ratio of 1:1; the determined
degree of curing reaction was 96%. The results of
this experiment show that this is a reasonable way
for increasing the curing ability of bone tar for epoxy
resin (Table 6).

In our previous work a curing agent (casein tar
from milk casein, having higher nitrogen content
(15.75%) than bone (3.2%)), has been obtained with
94.00-96.00% degree of curing reaction for ER [9].
In our present work a curing agent with 18.95% (T)
and 76.05% (PW) degree of curing reaction for ER
was obtained from animal bones by pyrolysis. The
lower degree of curing reaction of bone T and PW in
comparison with that of milk casein is due to the
lower content of N in bones.

CONCLUSIONS

1. For the first time the technical characteristics
and elemental composition of pure animal bones
were determined. Animal bones contain a larger
amount of mineral components (A%63.5%) than
organic matter (V2-31.30%) and also have less
organic carbon (C%f-32.90%) than oxygen and other
elements (0% + others -55.9%).

2. Heating of bone samples in the temperature
range of 25-1000 °C in nitrogen atmosphere shows
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that the thermal decomposition ends with 35%
weight loss and 65% hard residue. The TG curve
consists of different temperature intervals (steps)
such as 25-200°C; 200-500°C; 500-700°C and 700-
1000°C. In the first step (25-200°C) the weight loss
is due to the release of absorbed gas and moisture
from the bone samples. In the second step (200-
500°C) intensive thermal decomposition of the
organic matter of the bone sample starts, forming
liquid (tar and pyrolysis water) and gas products. In
the third step (500-700°C) the weight loss strongly
decreases, which is an indication for ending thermal
decomposition and starting carbonization of the
bone sample. In the fourth step (700-1000°C) the
weight loss slowly increases, which is related with
the release of gas, e.g., COz, Hz, P,Os from the
mineral content of the bone.

3. The bone char has a higher content of ash-
84.8% than initial bone (A*- 63.5%) and strongly
decreased content of carbon, hydrogen, nitrogen and
oxygen. The caloric value of the char is 6.4 times
lower than that of initial bone, which confirms the
lower content (8.4%) of C in the char.

4. In the case of tar, the content of carbon,
hydrogen and nitrogen increased almost 10 times in
comparison with the char, except the content of
oxygen, which remains the same in both cases.
Increasing of the content of C, H and N in the tar
indicates that these elements come from the bone
organic matter released during the thermal
decomposition of bone. The pyrolysis tar is a viscous
liquid with black-brown color and unpleasant smell.

5. The FT-IR spectrum of bone char shows that
the bands observed at 1640 and 3440 cm™ indicate
adsorbed H,O in the char. The bands appearing at
875 and 1470 cmare indicative of carbonate. The
bands located around 1040, 607 and 560 cm™were
related with phosphate group absorption.

6. The FT-IR spectra of bone tar in Figure 3 show
weak absorption bands for H of aromatic -CH group
at 1000-1300,700-800 cm* and strong bands for H
of aliphatic -CHs; -CH. and -CH groups at 2853-
2924 cm? and also for H of -OH and —NH and -
NH groups at 3358 cm™. There are strong bands at
1400-1642cm™* for skeletal vibrations of >C=0
groups in ketones, aldehydes, esters and quinines.
Therefore, the bone tar is a multicomponent mixture
consisting mainly of organic substances with
aliphatic chains and aromatic structures with oxygen
and nitrogen functionalities.

7. Curing agents - tar and pyrolysis water were
obtained from pyrolized animal bone with 18.95%
and 76.05% degree of curing reaction for low
molecular epoxy resin, respectively.
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8. A new curing agent for the same epoxy resin
was prepared by mixing bone tar and
diethylenetriamine at a mass ratio of 1:1
(homogeneous mixture), displaying 96% degree of
curing reaction.
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ITUPOJIN3A HA XUBOTUHCKU KOCTU, XAPAKTEPU3UPAHE HA TTOJIYYEHUTE
BBIJIEH U KATPAH U ITPUJIATAHETO HA KOCTEH KATPAH 3A OMPEXKBAHE HA
EITOKCHUJTHA CMOJIA.
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U. K. I'naBues*

1 Hnucmumym no xumust u xumuunu mexuoaoeuu, Moneoncku akademus Ha naykume, Ynan Bamop-51, Moneonus.
2Uncmumym no opeanuuna xumus, bvneapeka axademus na naykume, axao. I. Bonues Street, Czpada 9, 1113 Coghus,
bvacapus;

SUscnedosamenckuu uncmumym no cmpoumennu mamepuanu, yi. Mnus Bewxoe 1, 1528 Coghus, Bvreapus
*Xumurxomexuonozuyen u memanypauven yuueepcumem, 8 Ki. Oxpuocku, 1756 Copus, Bvieapus

[Nonydena Ha 19 okromBpu, 2015 1.; mpepaborena Ha 27 Maii, 2016 T.
(Pesrome)

B TOBa m3cneaBaHe ca ONpeNeNeHN TeXHHUECKUTE XapaKTePUCTHKH M €JIEMEHTHHAT ChCTaB Ha >KMBOTHHCKU
KOCTH, TSIXHaTa MUPOJIM3a, IIPOU3BOJCTBOTO Ha TBBPJ, TEYECH U ra3000pa3HU MPOJYKTH M MPHUIOKEHUETO Ha TEUHUS
MIPOAYKT KaTO BTBBPAMUTEN HA €TMOKCHIHA cMojia. JKMBOTHHCKUTE KOCTH CE€ XapaKTepPH3HPaT C MO-TOISIMO ChIbpPXKaHNE
Ha MUHEpaTHH KOMIOHeHTH - (A? -63,5%), oTkosKOTO Ha oprannds - (V- 31,30%) ,a CBIIO U € MO-MAJKO ChIABPIKAHUE
Ha opraimdeH Beriaepo- (C%-32,90%) oTkonkoTo Ha kucnopon u apyru enementu (0% + npyru -55,9%). ITuponusauTe
OIINTH Ha >KUBOTHHCKHU KOCTH ca TPOBEACHHM IIPH PA3IMIHN TEMIIEpaTypH HA HarpsiBaHe W ca ONpeJieNieHn JOOMBHUTE Ha
TBBPA (IMPOJIN3EH BBIJIEH), TeUCH (KaTpaH M MHPOJIM3HA BOJA) M Ha ra3000pa3HM MPOXYKTH. TemrepaTypaTra OKOJIO
600°C 6e ompeneneHa KaTo ONTHMAJIHA TEMIIEpaTypa Ha HarpsBaHe M ca MOJy4YeHH 0KoJo 66,35% mupoin3eH BbIIEH,
4,34% xatpan, 18,02% nuponusna Boga u 11,29% razose ca momydeHu npu nuponu3saTa. [Tupoln3HUAT KOCTEH BBIIIEH
UMa BHCOKO ChIbp)kaHue Ha reren -84,8% B cpaBHeHHe ¢ koctuTe (A? -63,5%) M CbC MHTEH3MBHO HaMaJeHHE Ha
CHIBP)KAHUETO HA BBIJIEPO, BOJOPOJ a30T U KHCIOpoI. B cirydast Ha karpaHa, CbABPKAHUETO Ha BBIJIEPOJ, BOAOPO 1
a30T HapacTBa okojo 10 MBPTH B CpaBHEHHE CHC CHOTBETHOTO CHIBbpXKaHHE B KocTHTe. Ilmpomms3ata Ha mpoOH OT
KIBOTHHCKH KOCTH € TIPOBEZCHA B JJabopaTopeH peakTop. BB mpeauniHa Hamia pabota 6e MOITy4eHO BTBBPASBAHE HA
enokcuaHa cmona /1 — 20 cve koctHUS KaTpaH 18,95% u ¢ mupoimsHa Boga 76,05%. Hue npuroTBuxme HOB BTBBPIUTEN
Ha ChIIaTa CMOJIa Ype3 CMECBaHe Ha KOCTHHS KaTpaH C TUETHIICHTPHAMUH B MaCOBO CHOTHOIIIEHHE 1:1 (XOMOTeHHa cMec),
KOATO NaBa 96% Ha oMpekBalaTa peakius.
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Alkaline treatment (4 and 6 hours) of hydrolyzed waste lignocellulosic materials was carried out. Monomeric phenolic

compounds: 2-methoxyphenol,  3-ethylphenol,

4-ethyl-2-methoxyphenol,
methoxybenzaldehyde, 4-hydroxy-3,5-dimethoxybenzaldehyde,

2,6-dimethoxyphenol, 4-hydroxy-3-
1-(4-hydroxy-3-methoxyphenyl) ethanone, 1-(4-

hydroxy-3,5-dimethoxyphenyl) ethanone, etc. were obtained. Toluene and ethyl acetate were used for extraction of the

monomeric products.

Keywords: Waste hydrolyzed lignocellulosic materials; Alkaline treatment; Phenolic compounds; Extraction.

INTRODUCTION

The chemical treatment of wood to produce
cellulose and monosaccharides is accompanied by
the production of about one third of its mass of
lignin-rich residue. The production of bioethanol
from raw materials has been increasing, and hence,
the utilization of lignin has started to attract
significant interest.

The alkaline hydrolysis of lignin results in its
depolymerization through the rupture of ether and C-
C bonds connecting the phenylpropane units. The
method leads to the production of low-molecular
weight monomeric phenols (2,6-dimethoxyphenol,
3,6-dimethoxy-4-hydroxy acetophenone, 4-
ethylguaiacol, 2-methoxyphenol, 4-ethyl-2-
methoxyphenol,  2-methoxy-4-propylphenol, 4-
methylcatechol, phenol, 4-hydroxy-3,5-
dimethoxybenzaldehyde, and 4-hydroxy-3-
methoxybenzaldehyde [1]. Waste lignocellulosic
biomass has been shown to be a suitable source of
monomeric  phenolic compounds [2]. The
monomeric and oligomeric lignin-derived products
have been produced by supercritical water treatment
of softwood and hardwood [3-5] and might be useful
for substituting the aromatic chemicals from fossil
resources.

In our earlier investigations, the antioxidation
effect of methoxyphenols produced from lignin was
demonstrated by the oxygen absorption of liquid
paraffin in a laboratory manometric installation [6]
and by determining the gasoline induction period
[7]. Furthermore, alkaline treatment is widely
applied in hydrolyzed residual lignin activation
aiming its utilization [8]. In the cited paper it was
found that the treatment with 5.0 % NaOH leads to

* To whom all correspondence should be sent:
E-mail: nusha_v@uctm.edu
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the production of lignin products with the highest
hydrophilicity and the best porosity.

The aim of the present study was to investigate
the nature of the low-molecular products extracted
with a polar and a non-polar solvent from the liquid
phase after the alkaline treatment, from hydrolyzed
waste lignocellulosic materials. Steam explosion and
dilute acid hydrolysis were used as pretreatment
methods. Their application was followed by
enzymatic hydrolysis with cellulase enzyme
complex combined with B-glucosidase [9].

EXPERIMENTAL

The process conditions were determined based on
the results of our earlier investigations [10, 11]. The
determination of lignin was carried out according to
TAPPI standard test method T 222 om-11.

The alkaline treatment of hydrolyzed waste
lignocellulosic materials was carried out in stirred
autoclaves made of stainless steel, heated in a bath
of polyethylene glycol at 180 °C for 4 and 6 hours.
An aqueous solution of NaOH (5%) was used as a
depolymerization agent, at a ratio of waste materials
to aqueous NaOH solution of 1:8. The principal
scheme for the production of low-molecular
compounds from hydrolyzed waste lignocellulosic
materials is shown on Fig.1. The destructed lignin
suspension obtained by alkaline treatment was
filtered, and the quantity of solid residue was
determined. The dissolved part was precipitated by
acidification with HCI (2mol/L) to pH 1-2. The
volume of the liquid part separated by filtration was
reduced by rota evaporation. A triple extraction was
carried out at a toluene to water ratio of 1:5. The
toluene extract was dried up with anhydrous Na,SO4
and then filtered. The liquid phase separated after the
toluene extraction was subjected to a double
extraction with ethyl acetate at an organic to water
ratio of 1:5. The amounts of obtained extracts,
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insoluble residue, precipitated and non-precipitated
lignin were determined.

The compounds were identified by GC-MS
analysis with a KONIK gas chromatography unit,
model HRGC 5000B, equipped with a mass
selective detector, MS Q 12. A 15 m x 0.25 mm i.d.
capillary column KNK 5 with a film thickness of
0.25 um was used. The GC oven temperature was
held at 40 °C for 5 min and then programmed to
attain a temperature of 270 °C at a 10 °C/min
ramping rate. The injector temperature was 280 °C
with 20:1 split ratio. Helium was used as the carrier
gas at a constant flow rate of 1.3 mL/min. Typical
mass spectrometry operating conditions were as
follows: temperature of transfer line, 250 °C;
temperature of ion source, 245 °C; electron energy,
70eV.

RESULTS AND DISCUSSION

The lignin content determined in the hydrolyzed
waste lignocellulosic materials is shown in Table 1.
The yield of products from the alkaline treatment of
hydrolyzed waste lignocellulosic materials is shown
in Table 2. During alkaline treatment, 55 to 75% of
the starting material became soluble (Table 2). These
values include both solubilized lignin and
hydrolyzed polysaccharides. Some cellulose and
lignin remained as insoluble residue. The main
portion of lignin was destructed and dissolved in the
alkaline solution. From the solution, after
acidification, alkaline activated lignin  was
separated; the liquid phase contained low-molecular
phenol compounds (LMPC) from the decomposed
lignin.

It was found that by increasing the process
duration, enhanced yield of monomeric compounds
was obtained.

[ Autoclave batch reactor J

50 g lignocellulosic materials
400 ml (5 % aqueous solution of NaOH)

4h, 180°C
Speed 50 rpm

[ Slurry product J Filtration; Water wash

/\

Filtration; Water wash

Acidification with HCI
(2 mo/l) to pH 1-2;

Liquid phase ]

[ Insoluble residue J

Unprecipitated part of lignin Toluene
[ Precipitated activated lignin {[ (liquid phase) extraction

[

-
Ethylace'tate Toluene phase Solven_t
extraction evaporation

\

/

[ Water phase [{ Ethyl acetate phase ] SolvenF ]
evaporation

[ [ Ethyl acetate extract J GC-MS [ Toluene extract ]}

Fig. 1. Scheme for production of low-molecular compounds from hydrolyzed waste lignocellulosic materials.
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Table 1. Lignin content in hydrolyzed waste lignocellulosic materials

Waste materials from Lignin content

[%]
Acid (130°C) and enzymatic hydrolysis of wheat straw 40.2
Steam explosion (190°C) and enzymatic hydrolysis of wheat straw 36.6
Acid (130°C) and enzymatic hydrolysis of maize stalks 42.7
Steam explosion (190°C) and enzymatic hydrolysis of maize stalks 38.3
Steam explosion (190°C) and enzymatic hydrolysis of paulownia 37.4

Table 2. Yield of products from the alkaline treatment of hydrolyzed waste lignocellulosic materials

Dissolved part

. ; Total yield
Unpreci-
Duration Undissolved _tpt d Toluene Ethyl of
of residue  Precipitated ~P'%€ extract 2R onomeric
Waste materials  treatment lignin part in the extract d
aqueous compounds
phase
[% of lignin
(V% (V% 0/ * 0/ * 0/n*
[h] [%*] [%*] [%*] [%*] [%] content]
Wheat straw
Acid 4 29.64 22.46 47.90 1.64 1.50 7.81
pretreatment
Wheat straw 4 44.53 25.14 30.33 1.88 3.68 15.19
Steam explosion
pretreatment 6 28.75 28.43 42.82 3.00 3.77 18.50
Maize stalks 4 36.44 16.48 47.08 0.87 213 7.02
Acid
pretreatment 6 27.83 26.49 45.68 3.97 3.30 17.02
Maize stalks
Steam explosion 6 29.26 21.60 49.14 3.27 3.74 18.28
pretreatment
Paulownia
Steam explosion 6 24.34 19.40 56.26 3.93 2.22 16.45
pretreatment

Note: * mass percentage of initial material.

With 4 h of alkaline treatment, the highest yield
of low molecular compounds was obtained by steam
explosion of enzymatic hydrolyzed straw (15.19%
mass of lignin). The highest yield of soluble and
precipitated lignin was obtained by this process. It
was found that the total yield of low-molecular
compounds with acid pretreatment is considerably
lower than the yield obtained with steam explosion
pretreatment. (7.81% mass of lignin for wheat straw
and 7.02% mass of lignin for maize stalks).
Probably, the acid pretreatment leads to some
condensation in the chemical structure of the lignin.

With 6 h of alkaline treatment, the highest yield
of low molecular compounds was obtained again by
steam explosion of enzymatic hydrolyzed straw
(18.50% mass of lignin). The yield obtained from
steam explosion of maize stalks was 18.28%,
followed by the yield from acid pretreatment of
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maize stalks (17.02%) and the yield from steam
explosion of paulownia (16.45 %).

Tables 3 and 4 present the low-molecular
compounds and their contents identified in the
toluene extracts and in the ethyl acetate extracts.

The following compounds were identified in both
extracts, but in different quantities: 2-
methoxyphenol, 3-ethylphenol, 4-ethyl-2-methoxy-
phenol, 2,6-dimethoxyphenol, 4-hydroxy-3-
methoxybenzaldehyde, 4-hydroxy-3,5-dimethoxy-
benzaldehyde, 1-(4-hydroxy-3-methoxyphenyl)
ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)
ethanone, etc. The polar solvent ethyl acetate
extracts mainly carbonyl compounds, such as
ketones, aldehydes, and carbonic acids, which are
not extracted by toluene.

The main compounds extracted with toluene are:
2,6-dimethoxyphenol (from 13.7 to 46.4 Area %); 1-
( 4-hydroxy-3,5-dimethoxyphenyl) ethanone (from
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Table 3. Compounds identified in the toluene extracts

Wheat Wheat straw Maize Maize Paulownia
stalks
straw (Steam stalks (Steam (Steam
Compounds _Retentlt_)n (Acid) explosion) (Acid) explosion) explosion)
time, [min]
0 0, 0, 0
[Area,%] [Area,%] [Area,%] [Area,%] [Area,%]
4h 4h 6h 4h 6h 6h 6h
Unidentified compound 5.20 1.2 0.8 - - - -
Benzaldehyde 5.91 9.1 2.9 - 34 - - -
Phenol 6.71 5.7 15 - 1.8 - - -
Unidentified compound 7.67 8.9 4.2 - 4.7 - - -
Unidentified compound 7.80 13 - - - - - -
Unidentified compound 7.93 1.0 1.0 - 3.2 - - -
1,3-cyclopetanedione
2.4-Dimethyl- 8.33 2.6 2.4 - 1.8 - 4.0 -
2-methoxyphenol 8.85 22.8 242 232 159 146 16.2 11.6
Unidentified compound 9.43 - 1.2 - 12 6.6 3.9 11.7
3-Ethylphenol 9.92 1.8 3.8 - 3.8 - - -
4-Ethyl-2- 11.91 - 1.2 108 17 109 3.7 -
methoxyphenol
Unidentified compound 11.96 - - - - - 3.4 -
Unidentified compound 12.01 - - - - - 55 -
2,6-Dimethoxyphenol 12.89 13.7 165 29.2 232 2938 40.6 46.4
4-Hydroxy-3-
methoxybenzaldehyde 1352 2.9 9.1 i 2.1 i i i
1-(4-Hydroxy-3-
methoxyphenyl) 14.62 3.1 6.5 - 29 43 - -
ethanone
Unidentified compound 15.12 - 0.7 - - - - -
4-Hydroxy-3,5- i i i
dimethoxybenzaldehyde 16.63 11 14 18 44
1-( 4-Hydroxy-3,5-
dimethoxyphenyl) 17.43 24.8 226 368 271 294 22.7 30.3
ethanone
Unidentified compound 17.76 - - - 1.1 - - -
Unidentified compound 20.23 - - - 2.6 - - -
Unidentified compound 24.39 - - - 1.1 - - -
22.6 t0 36.8 Area %) and 2-methoxyphenol (from ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)
11.6 to 24.2 Area %). ethanone, etc.
The total vyield of extracted monomeric

CONCLUSIONS

By extraction with two solvents, the following
lignin degradation products were isolated: 2-
methoxyphenol, 3-ethylphenol, 4-ethyl-2-methoxy-
phenol, 2,6-dimethoxyphenol, 4-hydroxy-3-
methoxybenzaldehyde, 4-hydroxy-3,5-dimethoxy-
benzaldehyde, 1-(4-hydroxy-3-methoxyphenyl)
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compounds after 6 h of alkaline treatment is from
16.45% mass of lignin (paulownia, steam explosion)
to 18.50% mass of lignin (straw, steam explosion
followed by enzymatic hydrolysis). It was found that
the highest total yield of low-molecular compounds
from the waste was obtained with steam explosion
pretreatment. The acid pretreatment may lead to
lignin condensation.
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Table 4. Compounds identified in the ethyl acetate extracts

Wheat Wheat straw Maize Maize stalks Paulownia
straw (Steam stalks (Steam (Steam
Compounds Retenthn (Acid) explosion) (Acid) explosion)  explosion)
time, min
[Area,%] [Area,%] [Area,%] [Area,%] [Area,%]
4h 4h 6h 4h 6h 6h 6h
Unidentified compound  4.00 5.2 - - 3.7 - - -
Unidentified compound  4.26 3.2 - - - - - -
Benzaldehyde 5.84 1.3 - - 3.6 - - -
Phenol 6.66 6.0 131 145 7.0 - - -
1,2- Cyclopentanedione- 768 31 i i 16 ) ) i
3-methyl-
1,3-Diethylbenzene 8.04 1.4 - - 3.3 - - -
1,3-Cyclopentanedione
N 4-D%/metrt)1yl- 8.28 5.8 75 - 21 - 7.6 4.6
2-methoxyphenol 8.82 8.9 8.5 40 122 56 35 17.3
Unidentified compound ~ 9.02 2.7 8.0 - 9.0 - - 16.7
Unidentified compound ~ 9.40 - - - 1.2 - - -
Unidentified compound  9.64 - 6.1 - 1.6 - - 5.2
Unidentified compound ~ 9.92 1.0 - - 2.0 - - -
Benzoic acid 10.32 1.6 - - 2.0 - - 6.4
Benzenediol 10.76 3.7 - - 3.0 - - 10.8
3-Methoxy-1,2- 11.62 3.3 60 - - - . 6.8
benzenediol
2,6-Dimethoxyphenol 12.89 10.2 7.9 9.0 104 117 17.0 13.1
4-Hydroxybenzaldehyde 13.04 1.7 - - - - -
4-Hydroxy-3-
metzoxybinzal dehyde 1349 5.4 53 256 32 133 14.9 47
1-(2-Hydroxyphenyl) -4, 5 23 49 - - - - -
ethanone
1-(4-Hydroxy-3-
methoxyphenyl) 14.59 2.5 - 3.3 21 86 - -
ethanone
4-Hydroxy-3- 15.58 16 66 - - 59 - .
methoxybenzoic acid
4-Hydroxy-3,5-
dimethoxybenz- 16.61 1.8 - - - 10.8 4.4 -
aldehyde
Unidentified compound  16.80 1.0 - - - - - -
1-( 4-Hydroxy-3,5-
dimethoxyphenyl) 17.43 23.6 26.1 436 32.0 38.6 40.1 14.4
ethanone
4-Hydroxy-3,5-
dimZthOX)}//benzoic acig 1830 L7 i i ) ) i i
Diisobutyl phthalate 18.68 - - - - - 7.8 -
Dibutyl phthalate 19.71 1.0 - - 5.4 4.7 -
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MOHOMEPHU ®EHOJIHU CBEJAUHEHNWA OT OTITAJIBYHU XUIPOJIM3HU
JIMI'HOLEJIYIIO3HU MATEPHUAJIN

T. X. PapoiikoBa,* C. K. Henkosa, 1. B. Boiues
Xumuro-mexnonocuuen u memanypauuer ynugepcumem, oyi. Knumenm Oxpuocku Ne8, 1756 Cogus, Bvreapus
[Mocrbnuna Ha 23 HoemBpH, 2015; kopurupana Ha 1 tonu, 2016
(Pesrome)

[MpoBenena e ankanna oopadoTka (4 1 6 yaca) Ha OTHAIBYHH XMIPOJIM3HHU JIMTHOLETYJI03HH MaTepuanu. [lomy4denu
ca CJIeHUTE MOHOMEpPHHM (EHOJIHHM CheAMHEHUs: 2-MeTokcueHous, 3-eTwindeHon, 4-eTwmi-2-MeTokcudeHomn, 2,6-
IUMETOKCU(EHOI, 4-XUApOKCcU-3-MeTOKCHOCH3anaex u, 4-Xuapokcu-3,5-numerokcudensanaexun, 1-(4-xunpokcu-3-
MeTokcH(eHnT) eTaHoH, 1-(4-xuapokcu-3,5-IuMeTOKCH(EHNIT) eTaHOH, W JAp. 3a eKCTpaxhpaHe Ha MOHOMEPHHUTE
MPOJYKTH Ca U3IOJI3BaHU TOJYEH U eTUJIalleTar.
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Synthesis, spectroscopic characterisation and biological activity studies of Co(ll),
Ni(Il), Cu(ll) and Zn(I1) metal complexes with azo dye ligand derived from 4,4’-
diaminodiphenylether and 5-sulpho salicylic acid
S. N. Chaulia
P. G. Department of Chemistry, G. M. (AUTO) College, Sambalpur, Odisha (INDIA)
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A series of metal complexes of Co(ll), Ni(ll), Cu(ll) and Zn(Il) have been synthesized with a new azo dye ligand
4,4’-bis(2’-hydroxy-3’-carboxy-5’-sulphophenylazo)diphenylether derived from 4,4’-diaminodiphenyl ether and 5-
sulpho salicylic acid. The metal complexes along with the ligand have been characterised by analytical, molar
conductance, magnetic susceptibility measurement, IR, NMR, electronic, ESR, mass spectra and thermal study. The
analytical and spectral data predicts octahedral for Co(ll), Ni(ll),distorted octahedral geometry for Cu(ll) complexes
and tetrahedral geometry for Zn(ll) complex. Computational study of the ligand and the metal complexes has been
made to determine the geometrical parameters and the global reactive descriptors. The XRD(powder pattern) indicates
orthorhombic crystal system for the Cu(ll) complex. The thermal study reveals thermal stability of the complexes and
the fluorescence study predicts photoactive properties of the azo compounds. The SEM image of the Zn(11) complex
provides its information about its surface morphology. The Biological study indicates the antibacterial properties and

DNA binding activity of the newly synthesised compounds.

Keywords: Computational study, Biological study, Azo compounds, SEM image

INTRODUCTION

Azo compounds constitute the largest class of
synthesised organic dyes and azo dyes and their
metal complexes have been attracting the attention
of researchers due to their versatile application in
various fields. In addition to the traditional uses of
dyes as dyeing agents[1], laboratory reagents[2],
these compounds are also used in biomedical
studies as antibacterial, antifungal, antitumor
agents etc [3,4] and high technology areas
including textiles, paper, leather and electro-optical
devices[5,6]. The Azo compounds derived from
4,4’-diaminodiphenyl ether and its complexes have
evoked great interest in recent years due to its
antibacterial properties and its application in the
making of thermally stable materials that can be
used in the field of adsorption and catalysis[7,8],
that encouraged me to prepare azo dye from 4,4’-
diaminodiphenylether and 5-sulpho salicylic acid,
its metal complexes, to characterise the compounds
by various physico-chemical and spectral
techniques and to evaluate their biological
activities.

EXPERIMENTAL
Materials and Measurements

All chemical and solvents wused in this
investigation are analytical grade provided by

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

Himedia and double distilled deionised water was
used during the experiments. Elemental analysis of
the ligand and complexes was carried out by
Perkin—Elmer elemental analyser, cobalt, nickel,
copper and Zn contents were determined by
Perkin—-EIlmer2380 atomic absorption spectrometer
and chloride content was estimated by standard
procedure, Systronic conductivity bridge 30 was
used to measure molar conductance of the
complexes, Magnetic susceptibility of the
complexes was measured by Guoy* balance using
Hg[Co(NCS).] as a calibrant at room temperture,
IR spectra of the ligand and metal complexes were
recorded using KBr pellets by Perkin- Elmer FT-
IR spectrometer within the range 4000- 450 cm?,
UV-Visible spectra of the complexes were
collected using a THERMO SPECTRONIC 6
HEXIOS o and fluorescence spectra were recorded
in a Fluorescence spectrometer, 'H NMR spectra
of the ligand and the Zn(1l) complex were obtained
from 500 MHZ- NMR spectrometer using TMS as
reference, ESR spectrum of the Cu(ll) complex was
recorded on spectrum of the Cu(ll) complex was
recorded on JES-FA 200 ESR spectrometer, Mass
spectra of the ligand and its complexes were
recorded  through JEOL GC-MS  Mass
Spectrometer, thermal study of the metal complex
was done by NETZSCH STA 449 F3 JUPITOR,
SEM image of the complexes were taken in JES FA
200, the XRD powder pattern of the Cu(ll) complex
was collected using a Philips X’Pert Pro
diffractometer.
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In order to get the better picture about reactivity
and geometrical parameters, computational study of
the ligand and the metal complexes was performed
by Gaussian 03 software package[9].

The DNA binding study of the azo compounds
was made by Gel electrophoresis method [10]. 10
pL of the metal complexes was taken along with 15
pL of CT DNA solution dissolved in Tris-EDTA in
centrifuge tubes. The tubes were incubated at 37°C
for 1 hour. After incubation, the tubes containing
solution were kept in a refrigerator at 0°C for few
minutes, 5 pL gel loading buffer with tracking dye
(0.25% bromo phenol) was taken in the tubes for
electrophoresis. The electrophoresis was continued
under constant voltage (50 V) and photographed
under UV illumination.

Hydrodynamic volume change [11] was
observed by Ostwald Viscometer immersed in a
thermostatic bath maintained at 37°C . A digital
stopwatch was used to measure the flow time,
mixing of complexes under investigation with CT-
DNA was carried out by bubbling nitrogen. Data
were presented by plotting a graph indicating
(n/no)*® verses [complex]/[DNA] where n is the
viscosity of DNA in presence of complexes and np
represents the viscosity of DNA alone.

The antibacterial activity of the ligand and its
metal complexes was studied in vitro by the cup-
plate method [12] against the Escherichia coli
(MTCC 40) and Staphylococcus aureus (MTCC
87) using agar nutrient as the medium. The
investigated ligand and its complexes were

dissolved in DMF. The sterilised agar plates were
swabbed with the bacteria culture and filled with
test solutions, then incubated at 37 °C for 24 h. The
activity was evaluated by measuring the zone of
inhibition with respect to the standard drug
Tetracycline.

Synthesis of the ligand

The ligand is synthesised by the coupling
reaction between diazonium chloride solution
derived from 4,4’-diaminodiphenylether and the
alkaline solution of 5-sulphosalicylic acid. The
diazonium chloride solution was prepared by the
dissolution of 4,4’-diaminodiphenylether(0.01 mol,
2.0 gram) in hydrochloric acid and adding
equivalent sodium nitrite solution at 0 — 5 °C with
vigorous stirring, The ice-cooled diazonium
chloride solution was added to added to alkaline
solution of 5-sulphosalicylic acid(0.02 mol, 4.02
gram). The coloured azo compound produced again
recrystallised from ethanol (Fig. 1.).

Preparation of metal complexes

The metal chlorides in ethanol solution were
mixed with DMF solution of the ligand separately
and the reaction mixture was refluxed for one hour
at 60°C .The solution is allowed to cool and
concentrated Ammonia solution was added drop
wise to the solution with stirring till the formation
of complex compounds. The solid (Fig. 3, 4)
complexes thus separated were washed with
alcohol and dried in vacuum (Fig. 2).

Y

O.
HCI+NaNO2
0-5°C
HoN NH,
O
+ OH
N*==NCI

CI'N=N"

OH

/©/o\©\
CINE==NY N*=—=NCI"
OH

NaOH
O
—_—
s//\ 0-5°%C
// OH
fe) (e]
O, OH

/o
HO. N N
N Xy s/\
/o
o) OH o
o)

Fig. 1. Reaction scheme-1.
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Reflux, 1 hour,g0° C

AMCI, + LH, [M4LCIl4(H50)45] +  ANH,CI
NH,OH
M= Co(ll), Ni(ll) and Cu(ll)
Reflux, 1 hour,g0% C
AM/Cl, + LH, . [M/,LCI,(H,0),] + 4NH,CI
NH,OH
M’= Zn(11)
Fig. 2. Reaction scheme-2.
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Fig. 3. Structure of Co(ll) complex.
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Fig. 4. Structure of Zn(Il) complex.
IR study

RESULTS AND DISCUSSION

The analytical and physical properties of the
Azo dye and its complexes are in good agreement
with calculated values (Table 1). The analytical
data of the complexes are consistent with the
general formula [M4LCli(H20)12]  for Co(ll),
Ni(Il), Cu(ll) and [M4LClsy(H20)4]. The molar
conductance of the complexes with 1x 1073 M
DMSO solution are found to be in the range of 9.1-
125 ohm™cm?mol? indicating non-electrolytic
nature[13] All compounds are insoluble in
ethanol, methanol, acetone, ether, and chloroform
but soluble in DMF and DMSO.
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The IR spectrum of the ligand (Fig. 5) is
compared with the spectra of metal complexes (Fig.
6) in order to examine the mode of bonding
between ligand and complexes(Table 2). The IR
spectrum of the ligand shows a broad band at 3422
cm® which is missing from the spectra of the metal
complexes that indicates deprotonation of
phenolic(-OH} and bonding of metal atoms with
oxygen atom of the —OH group. The C-O frequency
vibration band observed at 1268 cm? in ligand is
shifted to ~1235 cm® in complexes confirming
bonding of metal atoms with oxygen atom of —OH
group[14]. Two bands appear at 1383 and 1589 cm’
! corresponds to vsym and vasym respectively in the
spectrum of the ligand which are observed at 1279
cm?® and 1581cm™ due t0 vsym and vaym that
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indicates monodentate nature of the carboxylate
group and bonding of carboxylic oxygen with metal
atoms[15]. A band appears at 1491 cm?
corresponds to —N=N- group in the ligand is shifted
to ~1489 cm™ in metal complexes that suggests
bonding of azo nitrogen with the metal
ions[16].The peak at 1657 cm™ in ligand confirms
the presence carbonyl group of ethanoyl group of
the ligand which is shifted to 1649 cm™? in metal
complexes that indicates bonding of carbonyl
oxygen atom with the metal ions. The spectra of

complexes reveal the presence of band at ~3512
cm® due to the vibrational frequency of O-H of
coordinated/ lattice held water. The presence of
coordiated water is further confirmed by the
rocking band at ~ 836 cm* and twisting band at ~
780 cmt [17].The vibrational frequencies of M-O
and M-N bonds which appear at ~ 589 cm™ and ~
489 cm! respectively confirm the bonding between
metal ions with the ligand through phenolic oxygen
and azo nitrogen atoms[18].

Table 1. Analytical data of the ligand and its metal complexes

M.P. % Found(calcd)
comp Colour °C)
M C H N Cl S
Brick 85 ) 47.15 2.32 8.29 9.43
LH4 Red (47.42) (2.75) (8.51) 9.7
Reddish 5300 18.43 24.87 3.01 412 11.03 4.96
[CosLCl4(H20)12] brown (18.88) (25.02) (3.07) (4.49) (11.37) (5.14)
Red >300 18.39 24.76 2.99 4.33 11.11 4.94
[NisLCla(H20)12] (18.82) (25.04) (3.07) (4.49) (11.37) (5.14)
Brown >300 19.89 24,53 2.86 421 11.07 4.65
[CusLCls(H20)12] (20.07) (24.65) (3.02) (4.42) (11.20) (5.06)
Lightred ~ >300 22.87 27.33 1,75 4.75 12,14 5.43
[Zn4LCla(H20)4] (23.15) (27.64) (1.96) (4.96) (12.55) (5.68)

Fig. 5. IR Spectrum of the ligand.
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Fig. 6. IR Spectrum of the Co(ll) complex
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Table 2. IR data of the investigating compounds

g G A0 C00ur 0o
1 1268 1491 1383 1589 - -
2 1235 1489 1279 1581 589 489
3 1234 1488 1278 1580 588 489
4 1235 1488 1279 1581 588 489
5 1236 1489 1278 1580 589 488

1-LHa, 2- Co(ll) complex, 3-Ni(I1)complex, 3- Cu(ll) complex and 4- Zn(11) complex

Electronic spectra and magnetic measurement

As synthesis of single crystals of the complexes
has been failed, the electronic spectral and
magnetic moment measurement data are used to
confirm the geometry of the complexes(Table 3).
Three d-d transition bands are observed in the
Spectrum of Co(ll) complex(Fig. 7.) at 13880,
16150, 26315 cm? corresponding to “Tyy(F) —
Tog(F),*Tig(F) = *Agg(F),“T1g(F) — “Toy(P) that
indicates octahedral geometry of the complex[19].
The electronic parameters of the Co(ll) complex
were calculated by using the following equations.

Dq=v.—v1/10
B=vy+v3-3vi/15
B35 = B/ 971

% of Bss =(B%)=( 1- P35)100

0.45

0.4

0.35

\
oo \
g - \

0.15
01 \
0.05 \
0 . : \/\.—
0.05 200 400 §00 £00 1000

Fig. 7. Electronic Spectrum of the Co(ll) complex.

In the Ni(ll) complex(Fig. 8) also three bands
are observed at 14705, 18867, 25641 cm™ due to
SAzg(F) = 3Toy(F),*Axg(F) — *Tig(F), *Azg(F) —
T14(P) which arises from octahedral geometry[20].
The parameters of the complex were calculated by
using the equations

Dq =v2-vi1/10

B=v,+v3-3vi/15

B35 = B/ 1041

% of Bss Z(BO)Z( 1- [335)100

The Racah parameter(B), Nephelauxetic
effect(B), B° of Co(ll) and Ni(ll) complexes
strongly indicate covalent bonding between ligand
and metal ions. The value of v./v; for Co(ll) and
Ni(Il) complexes was found to be 1.16 and 1.28
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respectively which are close to the value expected
from a octahedral geometry.
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Fig. 8. Electronic Spectrum of the Ni(ll) complex

The Cu(ll) complex shows a d-d transition band
at 15350 cm™ which may be assigned to 2Eq — 2T
transition which favours a distorted octahedral
geometry for the complex[22]. The magnetic
susceptibility measurements of the metal complexes
are undertaken to get information’s regarding their
structures. The magnetic moment of the Co(ll),
Ni(ll) and Cu(ll) complexes were found to be 1.38
B.M., 1.31 B.M. and 1.04 B.M. respectively in
place of 3.87 B.M., 2.83 B.M. and 1.73 B.M.
magnetic moment expected from a octahedral
geometry. This sub-normality in magnetic moment
of the investigating complexes may be due to
interaction of electron spins of the neighbouring
metal ions. This anti ferromagnetism due to pairing
of electron spins may be due to super exchange
through(M-O-M)[23,24]. The Zn(ll) complex is
found to be diamagnetic, hence tetrahedral
geometry may be suggested based on the spectral
and analytical data.

'H NMR Study

The spectra of the ligand (Fig. 9) and Zn(ll)
complex (Fig. 10) are recorded in DMSO-ds
solvent. The *H NMR spectrum of the ligand shows
multiplet at & 6.99-8.45 ppm which may be
assigned to aromatic protons. The peaks at 6 10.21
ppm corresponds to phenolic(-OH) group and —CHjs
group is also confirmed by the presence of peak at 6
2.89 ppm[25].
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The spectrum of Zn(l1l) complex is compared
with the azo dye ligand and it is observed that the
peak due to —OH group found in the ligand was
absent in the complex. This indicates deprotonation
of —OH group and formation of metal-O bond [26]
in accordance with the data revealed by IR.

Mass spectra Study

the mass spectra of the ligand and its Co(ll) (Fig.
11, 12) complexes are recorded to confirm their
molecular mass and stoichiometric composition.
The spectrum of the ligand shows the molecular ion
peak at m/z 658.76 corresponding to the molecular
mass of [CasHi1sN4O13S2]. The spectrum of the
Co(ll) complex of the ligand gives molecular ion
peak at m/z 1248.27 which confirms its proposed

As mass spectra of the compounds provides molecular formula as [M4LCl4(H20)12]
vital information for their structural elucidations,
Table 3. Electronic data of the metal complexes.
Com' }Lmax oy % Of ueff
pound  (cmY) Transitions B Bas Bs V2l Geometry B.M.
13880 4T19(F) - 4To4(F)
16150  “T14(F) — *Axg(F)
1 26315 “Tyy(F) — “Tog(P) 55 0.056 1.16 octahedral 1.38
34482 CT
14705  3Ay(F) = 3T4(F)
18867 3Aog(F) = 3T14(F)
2 25641 3Asy(F) — Tug(P) 19.8 0.019 1.28 octahedral 131
38461 CT
Distorted
2 2 - -
3 15350 Eq — 2Ty octahedral 1.04

1-Co(Il) complex, 2-Ni(ll)complex, 3- Cu(ll) complex
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Fig. 9. 'H Spectrum of the ligand.
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Fig. 12. Mass Spectrum of the Co(ll) complex.
ESR spectra

The ESR spectrum of the Cu(ll) (Fig. 13)
complex was recorded at room temperature to study
nature of bonding between the Cu(ll) ion and donor
atoms of the ligand. The spectrum shows that g
value is 2.16 and gt is 2.05. As the gy > g>
2.0023, the unpaired electron is localised in dxo.y>
orbital of the Cu(ll) ion and axial symmetry
tetragonal geometry of the complex is implied[27].
This is confirmed by the electronic spectrum of the
complex. The observed value of G was found to be
3.2 by using the relation G= gu -2/ gt-2 which
suggests exchange interaction between the copper
centres in a polycrystalline solids[28]. The Qav
value of the complex is calculated as 2.086 by
using the relation gav = 1/3(gll + 2g '—). The
spin-orbit coupling constant is also calculated by
using the equation gav = 2(1 —24/10dq) and it
is found to be -660.05 cm™.This value is found to
be less than the free ion value(-830 cm™) that
indicates overlapping of metal-ligand orbitals[29].
The covalent bonding between metal ion and
orbitals of the ligand is also confirmed from the g
value, According to Kivelson and Neiman covalent
bonding can be predicted for a Cu(ll) complex with
gn value less than 2.3[30]. Hence, distorted
octahedral geometry may be proposed for the
Cu(Il) complex.
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Thermogravimetric study

The thermo gravimetric study of the Ni(ll) (Fig.
14, 15) complex as a representative member of the
investigating complexes was carried out by the
simultaneous TG,DTG and DSC techniques in the
atmosphere of nitrogen at a rate of 10 °C per minute
from the ambient temperature to 1400 °C.The TG
/DTG curves show that the complex suffers mass
loss in a number of stages. The complex loses a
mass of 13.39 % at 82.2 °C in the first stage, with
an endothermic peak at 85°C in the DSC curve
which corresponds to the loss of lattice held water.
In the second stage, it suffers a mass of 12.60 % at
341.6 °C corresponding to the loss of coordinated
water with a endothermic peak at 312°C. The
complex compound loses a mass of 27.09 in the
third stage which corresponds to the loss of ligand
moeity and chlorine atoms at 565°C with an
endothermic peak 580°C. The complex suffers a
total mass of 62.78 % and its remaining residual
mass consisting of NiO as the residue is 37.22% up
to 1400 °C . This study indicates thermal stability of
the complex.

XRD study

The XRD(powder pattern) study of the Cu(ll)
complex given in Fig. 16, Table 4 and Ni(ll)
complex given in Fig. 17, Table 5 was made to
determine their crystal system. The X- ray powder
diffraction diagram was collected from the X’Pert
diffractometer and the recording conditions are 40
kv and 40 mA for CuKa with A= 1.542A between
20°to 80° with a step size of 0.0089°.
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Fig. 13. ESR Spectrum of the Cu(ll) complex.
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Fig. 14. TG/DTG Graph of Ni(ll) complex.
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Fig. 15. DSC Graph of Ni(ll) complex.
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Fig. 16. XRD Powder pattern of the Cu(ll) complex.
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Fig. 17. XRD Powder pattern of the Ni(ll) complex.
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Table 4. XRD data of the Cu(Il) complex at room temperature.

SIno  26(degree) d FWHW(degree) Intensity(cps degree)
1 31.39(2) 2.8470(19) 0.56(4) 8980(1850)
2 32.10(2) 2.786(2) 1.06(8) 28678(1957)
3 35.62(7) 2.519(5) 0.4(2) 418(254)
4 39.48(3) 2.2805(15) 0.94((3) 15078(384)
5 42.29(4) 2.1354(19) 0.37(12) 463(177)
6 49.77(8) 1.831(3) 1.01(12) 5850(399)
7 53.19(2) 1.7207(7) 0.57(9) 2385(214)
8 56.97(11) 1.615(3) 0.86(10) 1386(178)
9 59.05(13) 1.563(3) 0.57(11) 699(108)
10 68.2(2) 1.374(4) 3.3(3) 6740(334)
11 75.78(13) 1.2542(18) 2.31(18) 3094(231)
Table 5. XRD data of the Ni(1l) complex at room temperature.
Sl no 20 (degree) d FWHW(degree) Intensity(cps degree)
1 22.79(15) 3.90(2) 6.6(4) 11979(788)
2 34.2(2) 2.618(16) 4.49(2) 10912(742)

The XRD powder pattern was processed in
X’pert high score software package. The search
matching procedure was adopted for the PXRD
pattern for the Cu(ll) complex and revealed a match
with a copper compound corresponding JCPDS
powder diffraction file with PDF No 751765 . The
pattern can be indexed to be a orthorhombic crystal
system with a=14.25, b=22.68,¢=13.50, a=f=y=90°
Jattice-primitive and space group is Ccca.
Similarly, the search matching procedure is
repeated for Ni(ll) complex that provided a match
with a Nickel compound corresponding JCPDS
powder diffraction file with PDF No 451027 and
the pattern is indexed to be a Hexagonal crystal
system with lattice primitive and space group
P6s/mmc.

Surface morphology study

The surface morphology study of the Zn(ll)
complex of the ligand as a representative of all
complexes was undertaken to evaluate its
morphology and particle size. It is seen from the
SEM image of the complex as given in Fig. 18 that
the size of the particles is 2 um with the formation
single phase morphology. It is also noticed that
there is a uniform matrix of the synthesized
complex and the complex shows a flower like
shape consisting of particles with nanosized grain.

Fig. 18. SEM image of Zn(Il) complex
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Fluorescence study

The fluorescence study of the ligand (Fig. 19)
and its Cu(Il) complex (Fig. 20) were carried out to
study the photoconductive nature of the
investigated compounds and the emission spectra of
the compounds were given here. The ligand shows
a emission maximum wavelength at 400 nm but the
Cu(ll) complex depicts the emission maximum
wavelength at 420 nm. The red shift of the Amax
value of the complexes may be due to the
deprotonation of the (-OH) group. The fluorescence
intensity of the complex is more than the ligand due
to complexation as it enhances conformational
rigidity and non-radiative energy loss[31]. The
emission in the complexes may be due to
intraligand w — m * transition.These findings
suggest that both the ligand and its complex are
fluorescent in nature[32].

Computational study

A computational study of the investigating
compounds was made to examine their reactivities
and to evaluate geometrical parameters. Gauss view
4.1[33] and chemcraft software are used to draw the
structures. The structures of the ligand and its all
metal complexes are optimised at B3LYP[34] level
of theory using 6-311++G(d,p) basis set. 6-
311++G(d,p) is a large basis set which include
diffused and polarised wave functions to take in to
account the characteristics associated with ionic
species having heavy atoms like N. The harmonic
frequency calculation is also carried out at the same
level of theory to ensure that the structures are true
minima. Optimised was performed without any
symmetry constraint using the default convergence
criteria provided in the software.
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Fig. 20. Emission Graph of Cu(ll) complex.
terms ionisation potential(IP) and electron

Conceptual DFT defines chemical potential 1 as
the first derivative of energy with respect to number
of electrons

OE

= (ﬁ) 9(r) where E= energy, N= number of
electrons of the system at constant external pressure
9(r).

and chemical hardness n as the half of the
second derivative of energy with respect to humber
of electrons, so chemical hardness will the first
derivative of energy with respect to number of

electrons
_ 1(o
n=3 (aN)ﬁ(r)
But chemical potential(p) and chemical
hardness(n) were also calculated in most cases in
57

affinity(EA) and therefore

IP+EA IP-EA
,u——(z)andn—(z)
According Koopman’s theorem, IP and EA are

related to energies of the Highest occupied
molecular orbital(Enomo) and Lowest occupied
molecular orbital(ELumo) in this way
I[P = —EHOMO and EA = —ELUMO
— (ELUMO—EHOMO
2

) and u=
(ELUMO+EHOM0)

2
and Parr and co-workers proposed
electrophilicity[35] as a measure of electrophilic
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power of a compound the electrophilicity can be
represented as

w=2

2n

The chemical potential(u) and chemical
hardness(n), electrophilicity and dipole moment of
the ligand and complexes are given in the table-6.
The reactivity of the ligand and its metal complexes
can be predicted by considering the minimum
electrophilicity principle. According to minimum
electrophilicity  principle, compound having
minimum electrophilicity will have maximum
stability. The chemical potential(p), chemical
hardness(n), electrophilicity(lWll) were calculated
from the HOMO and LUMO value of the ligand
and its complexes (Fig. 21) and presented in the
table 6.

The geometrical parameters of the investigating
compounds were also collected from their
optimised geometry (Fig. 22, 23) and presented in
the table 7. It is seen from the table that the bond
angles around the metal ion in case of Co(ll), Ni(ll)
and Cu(ll) complexes are close to 90° and in case
of Zn(ll), it is close to 109°. Therefore, distorted
octahedral geometry for Co(ll), Ni(ll) and Cu(ll)
complexes and distorted tetrahedral geometry may
be suggested for the Zn(11) complex.
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Non-linear optical properties

The electronic  properties of  chemical
compounds are related to their non-linear optical
activities. Easy electron transition between
molecular orbitals is the basic requirement for good
nonlinear optical materials. It is seen from the
Table-6 that all metal complexes except Zn(ll)
complex have higher dipole moment than the free
ligand. The energy gap between the HOMO and
LUMO of the ligand is found to be higher than the
complexes. All these findings indicate that
complexes have better nonlinear  optical
properties[36] than the free organic ligand. The
Cu(Il) complex will be the good nonlinear optical
material due to small energy gap between its
HOMO and LUMO and high dipole moment.

BIOLOGICAL EVALUATIONS
Antibacterial studies

All the test compounds were screened against
the gram-positive and gram negative bacterial
(Table 8, Fig. 24). The ligand and some complexes
have moderate effect on the growth of the
microorganism. The complexes have more
antibacterial abilities than the free ligand and the
enhanced ability of the complexes may be
explained by considering overtone’s concept and
chelation theory [37].

i

Fig. 21. HOMO and LUMO of the ligand a) HOMO of the ligand; b) LUMO of the ligand; c) LUMO of the Co(ll)
complex; d) HOMO of the Co(ll) complex; ) HOMO of the Ni(ll)complex; f) LUMO of the Ni(ll)complex; g)
HOMO of the Cu(Il)complex; h) HOMO of the Zn(Il)complex; i) LUMO of the Zn(ll)complex.
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Fig. 22. Optimised geometry of the Ni(Il) complex

Fig. 23. Optimised geometry of the Cu(ll) complex

Table 6. Reactive descriptors of the ligand and its complexes.

Dipole
Compound Evomo(6V)  Erumo(eV) L(eVv) nev)  Wev) momerﬁ’t(B'M_)
LHs -0. 33549 0.01561 -0.1599 0.1755 0.072 8.194
[CosLCl4(H20)12] -0. 17651 0. 00380 -0.086 0.090 0.041 14.592
[NisLCls(H20)12] -0.30137 -0.01775 -0.1595 0.1418 0.089 25.544
[CusLCla(H20)12] -0. 11799 -0.07763 -0.097 0.0201 0.234 29.54
[ZnsLCl4a(H20)4] -0.34638 -0.02249 -0.1844 0.1619  0.1050 4.9775
Table 7. Selected bond length and bond angle
Bondlength(A%) Bondangle(®)
comp  N(14)-  N(5)-  O(28)- ,\'\/'I((f;)) N(15)-M(47)- ,\'\/'I((f;))
N(15) C(16) C(27) 0(29) 0(60) CI(55)
1 1.232 1.445 1.352 - - -
2 1.273 1.483 1.351 87.779 96.927 84.565
3 1.273 1.481 1.350 87.769 96.926 84.561
4 1.274 1.416 1.373 75.431 91.848 96.578
5 1.244 1.462 1.347 86.938 107.854 101.008
1.LH2, 2.[Ni4LC|4(H20)12], 3.[CU4LC|4(H20)12], 4, [Zn4LCI4(H20)4]
Table 8. Antibacterial Screening of the investigating compounds.
compound Concentration E. coli S. aureus
1.LH,4 500 pg/ml 9 12
2.[Co4LCl4(H20)12] 500 pg/ml 14 13
3.[NisLCl4a(H20)12] 500 pg/ml 10 14
4.[CusLCl4g(H20)12] 500 pg/ml 12 12
5.[ZnsLCls(H20)4] 500 pg/ml 10 11
6.Tetracycline 500 pg/mi 30 30
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Fig. 24. Antibacterial Screening of the investigating
compounds

Gel electrophoresis

The interaction between complex and metal
complexes was also studied by gel electrophoresis
as given in Fig. 25. The electrophoresis study
shows that intensity of the DNA-complex bands are
less than the DNA control and the intensity
decreases in the order of [CusLCli(H20)12]>
[Ni4LC|4(HzO)12]> [CO4LC|4(H20)12]( lane 2-
Co(Il) complex, lane 3 — Ni(ll) complex, lane 4-
Cu(Il) complex and lane 1- DNA CONTROL .
Due to the intercalation of the metal complexes in
to the DNA base pairs, intensity decreases

Fig. 25. Intensity of the DNA-complex: from left -
1.[CU4LC|4(H20)12] , 2. [Ni4LC|4(Hzo)12,
3. [Co4LCl4(H20)12], 4.DNA control

Viscosity measurement test

All the metal complexes are subjected to
viscosity measurement study to confirm the DNA
binding abilities of the metal complexes with the
CT DNA. The increase in viscosity of DNA occurs
when the complexes intercalate between the base
pairs due to extension in the helix[38]. The effects
of all the synthesised complexes on the viscosity of
DNA are shown in Fig.26. The graph shows that
viscosity of DNA increases with increase in the
concentration of complexes and the order of

increase of viscosity IS [CusLCls(H20)12]>
[Ni4LC|4(HzO)12] >[Zn4LCI4(H20)4]>
[CO4LC|4(H20)12].
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Fig. 26. (n/no)*® verses [complex]/[DNA] Series:
1-[CU4LC|4(H20)12], 2-[Ni4LC|4(H20)12],
3-[Zn4LC|4(H20)4], 4-[CO4LC|4(H20)12].

CONCLUSION

On the basis various physico-chemical and
spectral data presented and discussed, the ligand
acted as a hexa dentate ligand as it coordinated
with the metal atoms through OON-NOO donor
atoms.Distorted octahedral geometry for the Co(l1),
Ni(Il), Cu(ll) and distorted tetrahedral geometry for
Zn(ll) is proposed on the basis of analytical,
spectral data and computational study. Thermal
study of the metal complex indicates thermal
stability of the complexes, the fluorescence studies
reveals that both ligand and its metal complexes
have fluorescent properties and can be used for
making photo conducting materials. The ligand and
its complexes are known to have antibacterial
properties and DNA binding abilities as indicated
from their biological studies.
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CUHTE3A, CIIEKTPOCKOIICKO OXAPAKTEPU3UPAHE U BUOJIOTMYHA AKTUBHOCT
HA Co(II), Ni(II), Cu(II) ¥ Zn(II) METAJIHA KOMIUIEKCH C JIMTAHU OT A30-
BATPUJIO, TIOJIYUEHO OT 4,4’- IUAMUHOAU®EHWIETEP U 5-CYJIOOCAJIULUIIOBA
KUCEJIMHA

C.H. Yaynus

Jlenapmamenm no xumus, .M. Koneac, Cambarnyp, Oouwa, Unous

Iocremmna Ha 16 despyapu, 2016 r.; kopurnpana Ha 27 Maif, 2016 T.
(Pesrome)

Cunresupanu ca cepus ot Metanan komiuiekcu Ha Co(II), Ni(IT), Cu(Il) u Zn(Il) ¢ HOBM JUTaHIN OT a30-0arpuio
4,4°-bis(2’-xunpokcu-3’-kapbokcu-5’-cyadodennn-azo)audpenunerep, moaydeHo ot 4,4’-muaMuHOGEHUT eTep U 5-
cyidocaanuunioBa KucearHa. MeTaaHUTe KOMIUIEKCH U JIMFAaHJUTE Ca OXapaKTepU3UPaHU 4Ype3 aHATUTHYHU METOIU
(Y- n AMP-cniekTpockomnusi, Mac-ClieKTPOMETPHs, €JIEKTPOHHHU CHEKTPH) U U3MEPBAHUS HA MOJIapHaTa MPOBOUMOCT,
MarHUTHa 4YyBCTBHTEIHOCT W TEPMUYHU M3MEpBaHHUS. AHAJIUTHYHHTE M CHEKTPAJHUTE JaHHH IpeacKa3Bar
okraenpruyHa reomerpus 3a komruiekcure Ha Co(Il) u Ni(Il), nehopmupana okraeaprudHa TeOMETpHs 3a KOMIUIEKCA Ha
Cu(Il) u Terpaenpuuna reomerpusi Ha komruiekca Ha Zn(Il). IIpoBeneHu ca yucieHM W3CNeABaHHUS Ha JIMTAHIUTE U
METaJIHUTE KOMIUICKCH 3a ONpPEACIITHETO Ha I'C€OMETPHYHHUTE MapaMeTpd M Ha OOIIMTE PEaKTHBHH JASCKPHIITOPH.
PeHTreHo-CTpYKTYpHUAT aHAIN3 Ha TPAaxoBU 00pasly MOKa3Ba OpTO-poMOMYHA KpUCTallHA CHCTeMa 3a KOMIUIeKca Ha
Cu(ll). TepMmuuHHTE WH3CIEABAHMS pPAa3KPHBAT TEPMHYHA CTAOMIHOCT Ha KOMIUIEKCHTE, a (IyOpECIECHTHHTE
W3CIeABaHMs MpEIBIDKIAT (OTOAKTHBHHM CBOHCTBA Ha a3o-cheauHeHusra. CHuMkure Ha Zn(II)-xomruiexcure ot
CKaHWpala eJeKTPOHHAa MUKPOCKOIMS JaBaT MH(OpMaIMs 3a TSAXHATa IMOBBPXHOCTHa Mopdoiorus. bruonormynoro
u3cieaBaHe pa3KpuBa aHTH-OakTepuaiHy cBoiictBa 1 JJHK-cBBp3Baiia akTHBHOCT Ha CHHTE3UPAHNUTE ChECIHHCHUSL.
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Arc discharge method is used to prepare carbon nanotubes (CNTS) in air atmosphere with high yield. Multiwall-
CNTs are produced in absence of catalyst. When 10wt% of Fe and amorphous FeB are used as catalysts during the
synthesis process, the quality of produced CNTSs is improved and the number of walls tends to decrease. The XRD
structural study records the graphite 002pattern accompanied with the main peaks of Fe structure. Scanning electron
microscopy showed high yield of CNTSs distributed all over the soot when catalysts are used. High transmission electron
microscopy is utilized to investigate the local microstructure of the CNTs. The growth mechanism of CNTSs in presence
of amorphous FeB is discussed. After removal of the catalyst, the hydrogen storage capacity is measured at 80K under
applied hydrogen pressure up to 20 bar. The storage capacity is improved to 3.25 wt% when CNTs are prepared in
presence of catalysts.

Key words: Hydrogen storage, Carbon nanotubes, Catalyst

nanoparticles. They  detected remarkable

INTRODUCTION improvements of kinetics of Mg hydride

: oo . absorption/desorption cycling. When TiO,-Co
Since their discovery in 1991 [1], CNTs draw the nanoparticles  decorated  the CNTs  using

attention of the researchers, as they possess unique
mechanical, electronic, thermal, chemical and
optical properties. Scientists classified them

electrophoretic  deposition, Bordbar et al.[23]
recorded atwo-fold increase in the hydrogen

according to the number of walls assingle-walled
nanotubes (SWNTSs), double-walled nanotubes
(DWNTs) and multi-walled nanotubes (MWNTS).
The most popular methods of CNTS preparation are
arc discharge, chemical vapor deposition and laser
ablation [2-7]. Other methods have been reported,
e.g., electrolysis [8,9], hydrothermal[10] and ball
milling [11,12].Arc discharge is considered as the
most successful preparation method for quantitative
production. However, the atmosphere used is mostly
hydrogen [13], noble gas like argon or helium [14]or
a mixture of hydrogen with noble gas [15]. Carbon
nanotubes have been found promising for several
applications like hydrogen energy storage. This is
due to theirinteresting rolling graphene sheets. The
tube hollow cavity is considered a possible site for
hydrogen to occupy along withits possible
adsorption on the outer surface as a result of VVan der
Waals forces. Several publications reported the
adsorption of hydrogen by CNTs either
electrochemically [16-18] or from the gas phase [19-
21].Additionally, CNTs were used as a catalyst to
overcome the slow kinetics of Mg hydride.Chen et
al. [22] added CNTs to Mg hydride during ball
milling which enhanced the formation of Mg hydride

* To whom all correspondence should be sent:
E-mail:nahlaismail24@yahoo.com

discharge capacity(305 mAh/g) compared to CNT
alone. Another study claimed an enhancement in
hydrogen storage capacity of Ag-CNTs when CNTs
have been deposited on Ag microporous foam by
electrophoretic deposition [24]. The researchers
believed that the interconnections between the CNTs
and the Ag increased and became more stable, and
in return, the charge transfer process through the
electrode was facilitated. This was believed to be the
reason for the remarkable increase in the hydrogen
storage capacity to reach 5.2 wt%.When 10 mol% of
CNTs were mixed with NaAlH, the hydrogen
storage capacity reported was 3.3wt% [25], a further
increase up to 4.2 wit% was achieved by
rehydrogenation.

In this work we report a convenient method of
preparation of CNTs by arc discharge method in air
atmosphere. Fe and amorphous FeB alloy were used
as catalysts for the synthesis process and the
hydrogen storage capacity wasenhanced in case of
CNTS prepared using acatalyst.

EXPERIMENTAL

Preparation of amorphous FeB

Intermetallic iron boride alloy of 99% purity was
purchased from CHEMPUR, Poland. Mechanical
alloying was performed using a planetary ball mill

62 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fritsch Pulverisettein order to convert it from
crystalline to amorphous state. A mass of 20 g of
FeB alloy was transferred to a stainless steel vial.
The ball to powder ratio was kept 10:1 in argon
atmosphere. The powder was milled for 50 h at a
constant rotation speed of 700 rpm. Figure 1 shows
the XRD pattern of the amorphous structure of FeB
alloy after ball milling.

Intensity

50

10 15 20 25 0 ELY 40 45 50 55 60
20 (deg.)

Fig. 1. XRD pattern of FeB alloy after ball milling
Setup of arc discharger

To synthesize CNTs the power was adjusted at
40V constant potential usingM30-TP305E DC
power supply.The two electrodes used for arc
discharge are of graphite of 99.7%purity.The anode
is a hollow rod of 11 mm diameter facing the cathode
disc of 2.5 cm diameter mounted on a rotating
copper plate. The hollow space is centered in the
middle with 6 mm diameter and 6 cm depth filled
with the catalyst. Filling the anode with Fe and
amorphous FeB catalyst is performed in a glove box
in argon atmosphere. A schematic diagram of the
experimental setup is shown in ref. [26]. The copper
disc rotates at a slow speed adjusted at 5 rpm and is
cooled during the experiment by water running
through a tube coil surrounding the cathode. All
experiments were carried out in air atmosphere. Soot
deposited on the cathode disc was removed using a
thin blade during rotation.

Phase identification was performed by X-ray
diffraction (XRD) EMPY REAN diffractometer
operated at 30 mA and 45 KV, using Cu Ka
radiation. Phillips XL30 FEG scanning electron
microscope (SEM) was utilized to study the soot
morphology and Phillips CM 20 FEG transmission
electron microscope (TEM) was used with an
acceleration voltage of 200 KV for local
microstructure investigations of the nanotubes. A
volumetric Sieverts method was used to estimate the
weight percentage of the amount of hydrogen
adsorbed by the CNTSs, as previously mentioned in
[2, 28].

RESULTS AND DISCUSSION

The anode was filled with 10wt% of Fe in argon
atmosphere, then arc discharge was operated for few
minutes in air and the chamber was left to cool down
before repeating the process. The soot deposited on
the cathode disc was collected. Its physical
properties are: hard grey from the outside andblack
from inside where bundles of CNTSs exist. The SEM
image of the soot (Fig. 2) reveals its hard, brittle
properties.

;m Det WD
OW30 100« SE 51 Ao

Fig 2. SEM image of the soot

The soot was purified from undesired
carbonaceous materials by calcination in an oven at
550°C for 1 h. After that, the soot wasre-weighed
and the difference in weight was considered as
undesired carbonaceous materials which became
oxidized to CO,. The remaining product was CNTSs.
In absence of a catalyst, the undesired
carbonaceousmaterials were found to be 7wt. % of
the soot. When Fe and amorphous FeB were used as
catalysts, the undesired carbonaceous materials were
reduced to 1.3 wt. % and 1.7 wt. %, respectively.

The SEM image of the CNTSs synthesized without
a catalyst is shown in Fig 3a. Long nanotubes which
look like needles are observed in different areas of
the image, their lengths are in micrometers. The
image shows the graphitized materials covering the
major parts of the image. Figs.3b and c present the
image of the crushed soot formed in presence of Fe
and amorphous FeB, respectively. These images
justify the high yield of CNTSs calculated in presence
of catalyst. The formation of bundles of CNTs is
seen all over the soot samples and few graphitized
materials are observed. The length of CNTs
observed is in micrometers. The rotating cathode
disc promoted the formation of um long CNTSs both
in presence and absence of the catalyst. Certainly,
the presence of Fe and amorphous FeB remarkably
promotes the CNTs yield and the distribution of the
CNTs all over the soot, and also minimizes the
formation of graphitized materials.
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Fig 3. SEM images of the prepared CNTs

The soot formed in presence of Fe and FeB was
purified by stirring in boiling 6M HCI for 2 h, then
ultrasonicated in ethanol for 10 min. The SEM
images of purified CNTs are presented in Figs 3 d
and e. The images illustrate the formation of lumps
of CNTs.

64

For local microstructure investigations to identify
the type and size of CNTs, HR-TEM was utilized.
The images of CNTs synthesized without a catalyst
and in presence of Fe and amorphous FeB as
catalysts, are shown in Fig 4.

Fig 4. SEM images of CNTs formed a) without a
catalyst, b) in presence of Fe, ¢) in presence of amorphous
FeB.

Image (a) shows the CNTSs synthesized without a
catalyst - MWCNTSs with a large number of walls,
outer diameter larger than 10 nm and inner diameter
about 2.5 nm. They coexist with ellipsoidal
polyhedral particles (see the arrow) which are
considered as embryonic state of CNTswhich may
grow under constant ion supply [29]. Figs. 4b and ¢
present the local microstructure of the CNTs grown
in presence of Fe and amorphous FeB, respectively.
From image 4b it is seen that the synthesized CNTs
inner diameter is 2.5 nm and the outer diameter is 6.3
nm, the number of walls is 5-7. Image 4c shows that
the CNTs inner diameter is 3.9 nm, the outer
diameter is 6.7 nm and the same number of walls is
observed in the case of Fe.The statistical error of the
measurement is + 0.2. From these results we deduce
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that the presence of the catalyst tends to reduce the
number of walls and this agrees with another
conformation [30] that the catalyst favors the growth
of single- and double-wall CNTs rather than
MWCNTSs. During arc plasma discharge the catalyst
metal atoms vaporize along with the carbon atoms
and at the cathode the metal liquid redistributes its
temperature in a way that it suppresses the formation
of multi-walls during the nucleation of the carbon
nanotubes. For the binary catalyst FeB the nonmetal
is added as a promotor, during plasma arc discharge,
the difference between the metal and nonmetal
melting points leads to the formation of a core/shell
on the cathode [31, 32]. It forms active sites on the
catalyst surface so that CNTs nucleation occurs at
these sites. Thus, the type of catalyst controls the
number of walls and the diameter of the nanotubes.
In case of metallic Fe asa catalyst, the tube diameters
were relatively smaller than those of the tubes
formed in presence of amorphous FeB; in both cases
of catalysts the number of walls was almost the
same. This observation confirms the suggestion that
core/shell active sites (of logically larger diameter)
are formed and that nucleation occurs on these sites.

The structural investigation of the sootwascarried
out using XRD (Fig. 5). The plots show the 002
graphitic reflections of pyrolytic graphite [33, 34],
which indicates a high degree of crystallinity. The
CNTs formed in presence of Fe as a catalyst, record

additional peaks of Fe pattern.
XRD

Intens i, &,

x = ® D & ™ ™ W W
2 Trefa, degree
Fig 5. XRD patterns of the CNTSs soot in presence of
Fe as a catalyst and without a catalyst.

The hydrogen sorption capacity in weight
percentage was estimated by the computer
programmed volumetric Sievertsdevice. At 80K, the
pressure composition isotherm (PCI) of CNTs
formed in absence of the catalyst is shown in Fig.6.
Theplotdisplays typellisotherm so that at relatively
low applied hydrogen pressure (up to 13 bar), the
CNTsadsorb hydrogen linearly, then the rate of
adsorption decreases by increasing the applied

hydrogen pressure. At 20 bar, the amount of sorbed
hydrogen is 2.5 wt%.
3.0

2.5 ]

2.0 /'

J

0.0 +— T T T T T T T T T

H sorbed, wt%
P
1

Pressure, bar

Fig 6. PCT isotherm of the CNTSs prepared in absence
of a catalyst.

At the same temperature, the hydrogen sorption
plots of the CNTs prepared in presence of Fe and
amorphous FeB are shown in Figs. 7 and 8,
respectively. Both diagrams display linear first order
plots so that the rate of hydrogen sorption is almost
constant all over the range of the applied hydrogen
pressure.

3.5

3.04 o

254 e

2.0+ ~

H sorbed, wt%
| |
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0.0

Pressure, bar

Fig 7. PCT isotherm of the CNTs prepared in presence
of Fe.

35
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Fig 8. PCT isotherm of the CNTs prepared in presence
of amorphous FeB.

The amounts of hydrogen stored by the CNTs at
20 barare 3.25 and 3.2 wt % respectively. The
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enhancement of the amount of hydrogen sorbed by
the CNTSs prepared in presence of the Fe catalysts is
related to the quality of CNTs produced in presence
of the catalysts. The regularity of the produced CNTs
and the reduction of the number of walls may have
increased the possibility of the CNTSs to uptake more
hydrogen.

CONCLUSIONS

Carbon nanotubes were prepared by arc discharge
in an air atmosphere. Contrary to other research
reports [35], CNTs can be prepared without a
catalyst, but the presence of the catalyst, in our case
Fe and amorphous FeB, improved the quality of the
CNTs. Regular tubes were produced. In addition, the
presence of Fe and FeB tended to reduce the number
of walls to reach penta to hepta walls. The improved
quality of the CNTs in presence of the catalysts had
enhanced, on its turn, the hydrogen sorption capacity
under the same conditions.
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I[MTOJJOBPEH KAITAIIUTET HA BBIJVIEPOJIH HAHOTPBHBU (CNT) 3A CKIIAAMPAHE HA
BOJOPO/ ITPU IbI'OBO U3IIPASBAHE BEB Bb3/1VX B ITPUCHCTBUE HA XKEJIE3EH
KATAJIU3ATOP

H. Wemamn?!, P. ixomm?, WM. Exrcrnep?, V.. lluaiinep?

1ﬂenapmameym no gusuxoxumus, Hayuonanen uscniedosamencku yenmop, Joxxu 12311, Kauipo, Ecunem
2 [lenapmamenm no xumus, Heopaanuuna xumus, Texuonozuuen ynusepcumem 6 Japmwaom, Iepmanus

[octpnuna Ha 15 snyapu, 2016 r.; kopurupana Ha 4 HoemBpH, 2016 T.
(Pestome)

W3znon3Bane e MeToJ Ha IbroBO M3Mpa3BaHe BbB Bb3IylLIHA aTMOC(epa 3a U3TOTBSHETO Ha BBIJIEPOAHU HAHOTPHOU
(CNTS) ¢ Bucok mobus. Muorocrennute CNTS ce momydaBaT B OTCHCTBHE Ha Katanusarop. Koraro ce mo6asst 10 %
(TermoBHM) xkeis130 u amopdern FeB karo karammsarop Mo BpeMe Ha cuHTe3ara kKadecTBoTo Ha momydernte CNTS ce
momo0psBa M OpOSAT Ha CTCHHWTE HaMalisiBa. PEHTreHO-CTPYKTYPHHAT aHANW3 MOKa3Ba Hammumero Ha rpadur 002,
NPUAPYKEHH OT TJIABHHU ITMKOBE Ha JKelsi3Ha CTpykTypa. CkaHHupaiara eJeKTpOHHA MUKPOCKOIIHS MOKa3a BUCOK JOOHB
na CNTS, pasnpeneneHu mo HENUTe CaXKAH KOTaTo Ce M3I0J3Ba KAaTalu3aTop. BHCOKO-TPAaHCMHCHOHHA €JIeKTPOHHA
MHUKPOCKOIHS € M3MOJ3BaHa 3a W3CICIBAHETO Ha JoKanHata Mukpoctpykrypa Ha CNTS. OOGChIeH e MexaHH3Ma Ha
m3pactBane Ha CNTS B mpuckctBue Ha FeB. Crnen oTcTpaHsBaHETO Ha KaTajlu3aTopa ¢ HM3MEPEH KamaluTeTa 3a
ckianupane Ha Bogopon mpu 80 K mpu Hansirane Ha rasa 1o 20 6apa. KananuteTsT Ha ckiiaaupase ce moaobpssa o 3.25
% (TernoBun), korato CNTS ce H3roTBAT B IPUCHCTBHE HA KaTaIU3aTOP.
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In the present study various physical and chemical characteristics have been studied and may be used for
guality control of the main edible vegetable oil brands sold on the Algerian market, namely: Afia, elio, fleurial,
La Belle, Oleor. The result obtained indicate that all the oils were consistent with the norms established
indicative of edible oils with a good quality: Free Fatty Acid ranged from 0.044 to 0.054 %, the peroxide value
varied from 1.61 to 2, the iodine value ranged from 124.07 to 129.91, the saponification value (189.01 to
192.21), the density at 20°C (0.917-0.921) and the refractive index at 40°C (1.4663-1.4670). However, the oils
recorded a high PUFA content (mean 60%) suggesting that our oils are highly unsaturated and may be
susceptible to rancidity. “Fleurial” oil can be more sensitive to oxidation and thermal alteration when compared
with the others; this oil had the lowest induction period (8.27h), the lowest activation energy (438.16KJ/mol)
and the highest PUFA content (mean 65%); however, at the factory, this oil was enriched by vitamins A and

D, which makes it suitable for use as a salad oil.

Keywords: frying vegetable oils, Algeria, characterization

INTRODUCTION

Vegetable oils are substances derived from oil
plants; they are composed of triglycerides which
contain primarily polyunsaturated and
monounsaturated fatty acids. Oil is extracted
primarily from seeds. However, the crude oil
obtained needs to be refined in order to transform it
into a range of useful products for industry and
consumers.

Oils improve the flavor, lubricity, texture, and
satiety to foods. They have also been found to have
a major role in human nutrition. Oils and fats have
the highest energy in comparison to carbohydrates
and proteins, carriers of oil soluble vitamins and
many contain fatty acids essential for health, that are
not manufactured by the human body [1].

Algeria has a large deficit in edible oils. The main
oil produced is olive oil. But production hardly
covers the needs and that makes it highly dependent
on imports to supply the market. Thus, high
quantities of crude oil are imported. After refining,
the oil is sold under different brands. Some oils are
pure and others are a blend of two oils. These oils are
sold at different prices and used in cooking, notably
for frying.

The main objective of this study was to
characterize the refined vegetable oils used for

* To whom all correspondence should be sent:
E-mail: Sadoudirab@yahoo.fr

frying commercialized in Algeria and improve the
understanding as regards the oil quality, stability and
applicability.

MATERIALS AND METHODS

Samples for examination represent all (five)
Algerian manufacturers, i. e. Cevital Bejaia (two
oils: Fleurial and elio), C.0.G.B/La Belle Bejaia
(one oil: La Belle) and Afia International Oran (two
oils: Oleor and Afia). The five refined edible
vegetable oils analyzed in this study were acquired
from a supermarket, Tizi-Ouzou, Algeria. These oils
were submitted to the following tests: Free Fatty
Acid, peroxide value, iodine value, saponification
value, fatty acid composition, density, UV
absorbance, Rancimat test, activation energy and
refractive index assessment using the methods given
in Table 1. The Data obtained was statistically
analyzed using analysis of variance (ANOVA).

Free Fatty Acids content (FFA)

FFA content is a conventional expression of the
percentage mass-fraction of the oil total. In view of
the results shown in Table 2, the percentages of FFA
(calculated as oleic acid) of the vegetable oils sold
on the Algerian market were very low. The results
obtained were in the range of 0.044%-+0.003 (“elio”
oil), 0.050+0.001 (“Afia” oil), 0.051+0.003 (“Oleor”
oil), 0.051£0.005 (“fleurial” oil) and 0.054+0.003
(“La Belle” oil). These values were under the value
of 0.2%, which is the maximum established by the
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Algerian standard 1169 (1990) for refined oils. The
values were lower than those reported for Slovene
sunflower oils (0.043) by Tasic and Klofutar [2]. The
low values can be attributed to the efficient removal
of the FFA during the refining of crude oil.

Table 1. Methods of analyses

Chemical analysis
Free Fatty Acids (AFNOR NF T60-204, 1988).
Peroxide value (AFNOR NF T60-220, 1988).
lodine value (AFNOR — NFT60 — 203, 1968).
Saponification value (AFNOR T60-206, 1968)

Physical analysis

Refraction index (1SO 6320, 2000),

Density « DMA 4500 » densimeter,

Ultraviolet spectrophotometry (AFNOR T60-223,
1968),

Fatty acid composition (AFNOR ISO 5509,
1978),

Rancimate test (ISO 6886) «Rancimat 743»,

Activation energy « NETZSCH STA 449C »

RESULTS AND DISCUSSION
Chemical properties

The mentioned chemical and physical
characteristics of refined oils in our country are
shown in Table 2. As shown, significant differences
were found between these edible oils.

lodine value

The iodine value (IV) is an indicator of the degree
of unsaturation of fats and oils. The IV is the mass
of iodine in grams that is consumed by 100 grams of
oil. The IV provides an overall status of the
unsaturation of the oils. The iodine value increases
with the increase of unsaturation of oil. As in the
measurement of the FFA %, our oils have acceptable
values of IV in comparison with the range
established by the Algerian Official Journal (120-
143gl»/100g oil) and Codex STAN 210, 1999 (118-
141). In addition, these values are in agreement with
those suggested by Pocklington [3] for edible oils of
good quality.

Nevertheless, frying vegetable oils in our country
are more unsaturated than those commercialized in
Romania; Chira et al. [4] obtained the values of 113,
122 and 128 for canola oil, sunflower and soybean
oil respectively. Our results were also higher than
those of Tasic and Klofutar [2] for oils
commercialized in Slovenia. The high IV indicates a
high degree of unsaturation of our oils. From the oils
studied, “fleurial” oil is characterized by the greatest

IV; this may result from the fact that this oil has a
higher content of polyunsaturated fatty acids. Its
established unsaturated character affects the stability
of the oils and as a result, leads to the appearance of
degradation effects during storage.

Peroxide value

The peroxide value of an oil or fat is used as a
measurement of the extent to which rancidity
reactions have occurred during storage. This
parameter expresses the oxidation in its early stages.
The values obtained were low (mean 1.826)
compared to the maximum acceptable value of
10meq KOH/g by the Codex Alimentarius
Commission for oleaginous seed. The oils under
investigation were purchased the same day these
were received by the supermarket, which explains
the lowest peroxide value. The low values of PV are
indicative of the low levels of oxidative rancidity of
the oils.

Otherwise, our fresh oils are less peroxidized
than those commercialized in Bulgaria; Marinova et
al. [5], that report values of 8.8 and 4 meq for
sunflower and soybean oil, respectively. Bazlul
Mobin et al. [6] report the values of 2.5 and 5 meq
for our oils in Malaysia. Tasic and Klofutar [2]
determined that the average of the peroxide values
for four brands of our sunflower oil in Slovenia was
2.090.

Saponification value

The saponification value (SV) is an indicator of
the average molecular weight and hence chain
length. It is inversely proportional to the molecular
weight of the lipid [7]. The results for the SV of the
refined oils analyzed in this study were similar.
These values were in agreement with the Algerian
Official Journal (189-195) and Codex STAN 210,
1999 (188-194).

It was established that a high SV (>194) for the
fats and oils is due to the predominantly high
proportion of shorter carbon chain lengths of the
fatty acids [8]. Our oils contain fatty acids with the
same number of carbon atoms; four fatty acids are
present in significant quantities: palmitic, stearic,
oleic and linoleic acids which are all basically
medium chain fatty acids and account for the high
SV values.

The SV of the “fleurial” oil is lower than the
result of Chira et al. [4] for sunflower oil in Romania
(mean 204), but higher than that found by Tasic and
Klofutar [2] for sunflower oils commercialized in
Slovenia (192.077).
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Table 2.Physical and chemical properties of the refined oils studied.

Oil brands :
La Belle Oleor elio Afia Fleurial
Free fatty acids (%)  0.054+0.003 0.051+0.003 0.044+0.003 0.05040.001 0.051+0.005
Peroxide value 2.00£0.20 1.97+0.12 1.70+0.20 1.85+0.10 1.61+0.21
(meq kg™)
lodine value 127.05+2.07 124.07+4.10 125.14+4.82 126.25+4.03 129.91+2.78
(g 100g™)
Saponification 191.06+1.41 189.32+0.77 192.21+1.49 189.22+0.96 189.01+0.62
value (mg g?)
Refractive index 1.4664 1.4664 1.4667 1.4663 1.4670
at 40°C
Densities at 20°C 0.921 0.920 0.917 0.920 0.920
A232nm(1%) 3.03 2.93 3.07 2.93 2.52
A270nm(1%) 1.74 2.00 2.34 1.75 2.06
Aozl Aoro 1.74 1.46 1.30 1.67 1.22
Table 3.Saturated fatty acid composition of different types of vegetable oils (% w/w).

Type of Qil Cl14 Cl16 C18 C20 C24

La Belle 0.080+0.000° 10.611+0.016¢ 3.984+0,0016°¢ 0.423+0.003° 0.201+0.001°¢
Fleurial 0.070+0.000° 6.472+0.008f 3.857+0.004¢ 0.273+0.001f 0.245+0.005%
Oleor 0.080+0.000° 10.637+0.003¢ 3.919+0.000¢ 0.432+0.0022 0.202+0.003¢
Afia 0.070+0.000° 10.749+0.012° 4.493+0.003° 0.358+0.0004 0.124+0.002¢
Elio 0.070+0.0004 8.050+0.001° 3.517+0.000f 0.288+0.002° 0.213+0.002°

Means * SD (standard deviation) within a column with the same lower case letters are not significantly different
at P < 0.05; C14, myristic acid; C16, palmitic acid; C18, stearic acid; C20, behenic acid; C24, lignoceric acid

Table 4.Unsaturated fatty acid composition of different types of vegetable oils (% w/w).

Type of Qil C18:1 n-9 C18:1 n-7 C18:2 n-6 C18:3n-3 C20:1 n-9
La Belle 28.055+0.030? 1.458+0.0022 49.3660.020° 5.199+0.003¢ 0.250+0.001°
Fleurial 23.266+0.004¢ 0.699+0.002 64.442+0.0432 0.327+0.001° 0.152+0.001"
Oleor 27.184+0.012° 1.441+0.006° 50.240+0.027¢ 5.297+0.001° 0.266+0.006°
Afia 20.977+0.003¢ 1.335+0.001° 55.063+0.007¢ 6.37620.000° 0.183+0.001¢
Elio 23.537+0.002¢ 1.059+0.003¢ 60.475+0.002° 2.320+0.000° 0.173+0.003¢

Means + SD (standard deviation) within a column with the same lower case letters are not significantly different

at P < 0.05; C18:1, oleic acid; C18:2, linoleic acid; C18:3, linolenic acid; C20:1, paullinic acid
Table 5.The content of SFA, MUFA, PUFA (% w/w) and the values of P/S indexes in different types of vegetable

oils.
Type of QOil Total SFA Total MUFA Total PUFA P/S n-6 / n-3
La Belle 15.331+0.023°  29.763+0.033*  54.565+0.023 3.560+0.006" 9.494+0.004¢
Fleurial 10.959+0.016°  24.117+0.005¢  64.769+0.042%  5.909+0.013? 195.271+0.1212
Oleor 15.281+0.013¢  28.891+0.012°  55.537+0.028°  3.633x+0.004° 9.474+0.005¢
Afia 15.797+0.010°  22.495+0.003°  61.439+0.007°  3.890+0.004° 8.630+0.000¢
elio 12.188+0.000°  24.769+0.002°  62.795+0.003°  5.150+0.001° 26.060+0.000°

Table 6. Densities, UV absorption, induction period and activation energies of refined edibles vegetables oils
analyzed.

Densities at : Aozonm/ Activation energies
Oils 283.17K 293.14K 303.14K 313.14K A32”m IP (h) 3 mol
(10°C) (20°C) (30°C) (40°C) 270nm (KJ/mol)
M1 0.926 0.921 0.916 0.913 1741 10.15 550.09
M2 0.926 0.920 0.916 0.912 1.465  14.05 581.52
M3 0.922 0.917 0.912 0.909 1311  13.46 570.50
M4 0.926 0.920 0.916 0.912 1674  13.25 570.03
M5 0.926 0.920 0.916 0.912 1.223  08.27 438.16

M1: La Belle; M2: Oleor; M3: elio; M4: Afia and M5: fleurial
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Physical properties

The physical properties of vegetable oils depend
primarily on the composition (and hence the
biological origin) and temperature [9]. They can be
used to assess the purity or quality of lipid material
with reference to the known standards or preferred
characteristics [10].

Fatty acid composition

FA contents (as % of total FA) of all oils were
significantly different. The percentage of the total
saturated fatty acid (SFA) contents changed from
10.959+0.016% (“fleurial” oil) to 15.797+0.010
(“Afia” oil) (Table 3). These results are logical
considering the nature of these oils.“Fleurial” oil is
constituted only of sunflower oil, while “Afia” oil is
100% soybean oil. It seems that soybean oils contain
the highest percentage of SFA from sunflower oils.
Indeed, Kostik etal. [11]; Tasan et al. [12]; Zambiazi
et al. [13] reported that soybean oils were more
saturated when they were compared to sunflower
oils; the values obtained were respectively 13.5% v.s
8.8%, 14.24% v.s 9.45% and 15.10 v.s 12.36%;
consequently, soybean oil may be more resistant to
oxidation spoilage in comparison to sunflower oil.
Otherwise, these values were lower than those found
by Asgary et al. [14] for edible Iranian frying oils
(18.9%). In consideration of SFA content, our oils
are not suitable for frying. It has been indicated that
only saturated oils are considered good sources for
cooking and short term frying processing, due to
their relatively higher SFA content and consequently
higher stability [15, 16]. In addition, palmitic acid
(C16:0) was the major SFA for all our oils, followed
by stearic acid (C18:0). The values of our oils are
lower than those of Iranian frying oils; these
common SFAs that jointly constitute 21.8% in
Iranian frying oils, but only 10.329% in our
“fleurial” oil. The distribution patterns of myristic
(C14:0) and behenic (C22:0) are almost the same for
all vegetable oils and are independent of the oil
origin, only traces were found. However, arachidic
(C20:0) and lignoceric (C24:0) were found in
considerable amounts in all our oils. Besides, our
vegetable commercialized oils don’t contain lauric
acid (C12:0). This result is in line with Gregorio[17]
and Gopala et al. [18]; these authors reported that
only coconut oil is a major source of lauric acid.

The mean values of total unsaturated FAs (UFAS)
of our oils varied from 83.934% (“Afia” oil) to
88.886% (“fleurial” oil) of the total FAs for all
refined vegetable oils used in our study. Oleic
(C18:1, ®9) and linoleic (C18:2) acids were the
major UFA present in all studied oils (Table 4).

“fleurial” oil and pure sunflower oil, contain a low
proportion of palmitic acid as well as a considerable
guantity of oleic acid and very high content of
linoleic acid which give it a higher UFA content than
other oils. This result is in accordance with Kostik et
al.[11]; Tasan et al. [12] and Zambiazi et al. [13].
Hence, our commercialized oils are much
unsaturated than those used in Iran: frying (72.3%),
cooking (83.4%) and hydrogenated oils (34.9%).
The oleic acid content of our oils was the lowest in
comparison to Iranian edible oils: cooking (41.7%)
and frying oils (40.2%). However, considering the
linoleic acid content, ours oils appears to be superior;
whereas frying, cooking and hydrogenated Iranian
oils contain only 28.4%, 375% and 7.3%
respectively.

The relationship between SFA and PUFA content
is expressed as the P/S index. All the vegetable oils
analyzed present a total PUFA higher than the SFA
content (Table 5); these oils had a P/S ratio which
varied from 3.560 (“La Belle” oil) to 5.909
(“fleurial” oil); these values were higher compared
to Iranian frying oil (1.66), but similar to the cooking
oils used in this country (4.351). All the refined
vegetable oils used in our country are highly
unsaturated. The refined oils have a higher total
PUFAs content than the oils used in Iran (60.07% v.s
31.5% for frying oils), which make our oils suitable
for use as a salad oil. Our commercialized vegetable
oils, despite containing significantly higher amounts
of PUFA, were used in frying. “Fleurial” oil showed
a high PUFA (C18:2 + C18:3) content (64.769%)
with linoleic acid being the major FA (64.442%) and
a-linolenic acid the minor one, when compared with
all other oils; consequently, this oil presented the
highest n-6/n-3 ratio (195.271%). It is obvious, that
due to the high content of PUFASs our oils are more
prone to oxidation. Thus, none of these oils is
suitable for frying.

Refractive index

Both the iodine value and refractive index (RI)
are important characteristics which determine the
degree of saturation or unsaturation of fats and oils.
The RI of oils depends on their molecular weight,
fatty acid chain length, degree of unsaturation and
degree of conjugation [10]. The mean (1.466),
obtained at 40°C, for the oils under investigation was
within  the range established by Codex
alimentarius(1992) (1.466-1.470). As for the iodine
value, “fleurial”oil showed a high value for the RI
(1.467) in comparison to other oils.
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Density

Density is one of the important characteristics of
a vegetable oil. This parameter is dependent on their
PUFA content, oxidation and polymerization level
[19]. In this study, the density was determined for
temperatures ranging from 283.17K (10.17°C) to
313.14K (40.14°C). The density variation with
temperature for the studied oils was presented in
Table 6. It can be observed that blindedoil (“elio”)
has a lower density than the others which have
similar densities.

Otherwise, it was observed from this study that
the densities of pure sunflower oil (“fleurial” oil) and
pure soybean oil (“La Belle” and “Oleor” oils) are
comparable to those of pure soybean oils. These
values are within the range established by Codex
STAN 210 (1999) at 20°C (0.918-0.923 for
sunflower oil and 0.919-0.925 for soybean oil).
From Table 6, it can be seen that the density of all
oils decline with the rise in temperature. These
values are lower than those obtained by Bazlul
Mobinet al.[6] for our sunflower oil (0.932) and
soybean oil (0.931) in Malaysia.

Rancimate test and activation energy

The oil stability index directly relates to the
oxidative resistance of oil. This quality is
proportional to the induction period. This latter
represents the time needed for decomposition of
hydroperoxides produced by oil oxidation [20]. The
Rancimat induction time at 98°C for oils under
investigation varied from 8.27 h to 14.05 h (Table 6);
the minimum and maximum of the oxidative
stability belongs to “fleurial” and “Oleor) oils,
respectively.

It can also be seen that pure soybean oil is more
stable than pure sunflower oil. “Oleor” oil, with a
higher induction time, was probably more stable in
comparison to others. “Fleurial” oil recorded a low
induction period and a high iodine value suggesting
that this oil may be particularly sensitive to
oxidation. The sensibility of this oil (“fleurial” oil) is
most likely due to its FA composition which
contains a high proportion of PUFA (nearly 65%)
(Table 5).

However, the induction times of our oils were
found to be higher than those in most countries.
Marinova et al. [5] noted a value of 6.7h and 11.5h
respectively for sunflower and soybean oils sold in
Bulgaria.

The activation energy represents the minimum
energy required to start a chemical reaction. It is
expressed, in this study, in units of kilojoules per
mole (kJ/mol). The two parameters (activation
energy and Rancimat test) showed a good agreement
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when the results were compared. From Table 6 it is
seen that the energies values ranged from 438.16
KJ/mol (“fleurial” oil) to 581.52 KJ/mol (“Oleor”
oil). The results reveal that the minimum energy
required for “fleurial” oil to undergo deterioration
reactions when compared to other oils is an
indication of the bad oxidative stability of this oil.
The energy activation of “fleurial” oil has a direct
relationship with the Rancimat test and the high
degree of unsaturation of this oil.

CONCLUSIONS

The quality and properties of freshly refined
vegetable oils sold in Algeria were evaluated
through this study using different parameters. The
results obtained indicate that there are significant
differences in all the physical and chemical
parameters analyzed of these oils. All the refined
vegetable oils had a very high IV. This is an
indication of high unsaturation in these oils and thus
they become more vulnerable to oxidation, making
these oils unsuitable for deep-fat frying purposes
notably “fleurial” oil. This oil had the highest PUFA
content, mainly represented by linoleic acid, which
makes it particularly sensitive to oxidation. In
addition, its induction time and energy activation
were very low; this is also another reason to make
this oil more vulnerable to oxidation and thermal
processing such as frying. However, this oil
(“fleurial” oil) has nutritional advantages; indeed,
during its refining, vitamins A and D were
incorporated, which makes this oil suitable for use as
a salad oil.
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N3CJIIEJABAHE HA ®U3UKO-XUMNYHUTE XAPAKTEPUCTUKHN U CbCTABA OT
MACTHU KUCEJIMHU HA ThPT'OBCKU AJDKUPCKU XPAHUTEJIHU PACTUTEJIHU
MACIJIA

P. Caz[yz[I/I*, . Amu Axmen, M. Tpaue, A. Kernn

Jlenapmamenm no zemedenue, @axyimem no ouonoeusi, Yuusepcumem ,, Mynyo Mamepu *, Tuzu-¥3y, 15000, Anxcup

IMocrenuna Ha 22 suyapu, 2015 r.; kopurupana Ha 2 despyapu, 2016 r.

(Pestome)

B nacrosiata paboTta ca M3CieABaHM Pa3TUIHU QUIHYHHA U XUMHUYHU XapaKTCPHCTUKU HA TJIABHUTE XPAHHTCIHU
pacTHUTENIHU MacJlia ¥ CMECH, Mpeiaranu Ha aypkupcekus masap: Afia, elio, fleurial, La Belle, Oleor. Te3u xapaktepuctuku

MOIXKE [a IMOCIYKAT 3a Ka4CCTBCH KOHTPOJI Ha MacJiaTa.

[MonyueHnTe pe3yaTaTi MOKa3BaT, Ye BCHYKH Macia OTTOBapST HA HOPMUTE 32 XPaHUTEIHH Macia ¢ I00po KauecTBO:
CBHIBPXKAHUETO HA cBOOOHU MacTHU kucenuHH ¢ B rpaHumure ot 0.044 mo 0.054 %, mepoKCHAHOTO YHCIO BapHupa OT
1.61 to 2, itogHoTo umcio e B mHTepBana ot 124.07 no 129.91, uucnoro Ha ocamyuBane e 0r189.01 mo 192.21),
mwreTHOCTTa TIpu 20°C e mexay 0.917 u 0.921, a unnekca Ha npeuynsane npu 40°C e mexnay 1.4663-1.4670. Odaue,
ChIbpPXKAHUETO Ha moyu-HeHacutenu MmacTau (PUFA) noctura cpeano 60%, koeTo mokas3Ba, 4e Macjara ca CKIOHHU KbM
rpansiceare. Macnoto “fleurial” e Haii-4yBCTBUTETHO CIIPSAMO OKUCICHUE U TEPMUYHH BB3ICHCTBHS; TO MMa Hail-KpaThK
uHAyKIMoHeH nepuo/ (8.27 yaca), Haii-Hucka aktuupaina eHepris (438.16 kJ/mol) u Haii-BHCOKO CchabpiKaHHe Ha
PUFA (cpeano 65%). Ho To e Gorato Ha ButamuHuTe A 1 D, KOETO IO MpaBH MOIXOIAIIO 32 KOHCYMAIHS.
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Synthesis of a new five-coordinate ternary copper (I1) complex: crystal structure and
spectral studies
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A new ternary complex of benzhydrazide-phenanthroline-H,O ligands with copper (I1) was synthesized and
characterized by elemental analysis, infrared spectroscopy and UV-Vis electronic absorption spectroscopy. The crystal
and molecular structure of [Cu(BH)(Phen)(H20) ].NOs.1.5 H,O was determined by the single crystal diffraction method
which confirmed that the complex has square pyramidal geometry and contains a bidentate heterocyclic ligand on one side
and a bidentate benzhydrazide (BH) ligand on the other side. This coordination takes place through the nitrogen and
oxygen atoms from benzhydrazide and two nitrogen atoms from 1,10-phenanthroline. The apical position is occupied by

an oxygen atom from a water molecule as a third ligand.

Keywords: Copper (I1) complex, Mixed ligand, X-ray crystal structure, Square pyramidal.

INTRODUCTION

Investigation on mixed ligand systems reveals
that ternary complexes are often more stable than
expected from statistical reasons [1-3]. They are
known for their high stability, and are
multifunctional in many fields of chemistry. The
mixed chelate complexes of Cu(ll) have general
formulas such as  [Cu(NN)(NO)]* and
[Cu(NN)(OO)]* that are extremely stable. In
addition, they attracted the attention of the scientific
community because of their peculiar spectroscopic,
photochemical and electrochemical features [4-8].
They also have useful pharmacological benefits. In
this set of formulas, two nitrogen atoms (N,N) from
the phenanthroline molecule represent a di-imine
ligand [9]. Herein, we report the synthesis, structure
and spectral properties of
[Cu(phen)(BH)(H20)]2N0Os.1.5 H,O (Scheme 1).

2+

Cu(NO3),.3H,0 + CQ} M
— — 30 min

2NOy

N

Benzhydrazide/EtOH ©)\
—_—

Scheme 1. Synthesis of Cu(phen)(BH)(H20)].NOs.
1.5H,0.

2NOy

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

EXPERIMENTAL

Material and methods

All chemicals used were of reagent grade and
used without any purification. The IR spectra were
recorded in KBr pellets on an FT/IR JASCO 460
spectrophotometer in the range of 4000-400 cm™.
Elemental analysis for C, H and N was performed on
a Heraeus CHN-O-Rapid elemental analyzer.
Electronic spectral measurements were performed
using a JASCO 7850 spectrophotometer.

General procedure for the synthesis of
[Cu(phen)(BH)(Hzo)]2N03. 1.5 H,0

Magnetically stirred solution of Cu(NO3)2.3H.0 (1
mmol, 0.2416 g) and 1,10-phenanthroline (Immol,
0.198g) in water (10 mL) immediately produced a
blue colored solution. After that, ethanolic solution
of benzhydrazide (1 mmol, 0.136 g) was slowly
added. Then, the resulting solution was filtered and
allowed to evaporate slowly at room temperature.
After one week, blue crystals of the complex were
formed.

RESULTS AND DISCUSSION

The procedure was simple and easy to handle.
The structure of the compound
Cu(phen)(BH)(H20)]2NOs.1.5 H.0 was
characterized by single crystal X-ray diffraction. The
single crystals of the complex, obtained by slow
evaporation from its aqueous ethanolic solution,
were suitable for X-ray diffraction study (Figure 1).
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structure  of the

Fig.1 Molecular
[Cu(phen)(BH)(H20)]2NO3.1.5 H,O projected oblique
the coordination plane. Only one component of the
disordered atoms is shown.

complex

Infrared spectral study

The IR spectrum of the complex displays an
absorption band at 1552 cm that is related to the
C=N moiety of Phen [10]. The basal positions are
occupied by the nitrogen atoms of the heterocyclic
base that represents the absorption of Cu-N, which is
seen in the range of 400-4000 cm?. This
phenomenon is due to the heterocyclic ring [11-12].
Besides, Cu-O vibration was observed at 455 cm™ in
the IR spectrum. The spectrum of the water molecule
was observed at 3422 cm™ [13]. When this complex
was heated for 15-20 min at 100°C, the Cu-O bond
did not disappear from the IR spectrum. This
observation indicates that the water molecule in this
complex is a coordinated ligand with the copper (11)
ion. The band observed at 1764 cm is related to the
nitrate group in the crystal lattice of the complex
[14].

Electronic spectrum

The electronic spectrum of the complex in
solution was recorded in various solvents (MeOH,
EtOH and DMF) and their maximum parameter was
approximately the same in all solvents. The
spectrum exhibited a d-d transition as a broad band
centered at 675 nm. The n—=” intraligand transitions
in the phenyl group were observed in the 220-270
nm region [15,16]. The electronic spectral data of the
complex in ethanol solution are listed in Table 1.

Table 1. Electronic absorption solution data [10* M]
Solution (EtOH )

Assignments

Amax (NM)
675 d-d
272 i
224 i

X- ray crystallography

Single crystal structure of the complex was
established from X-ray diffraction. The extracted
crystal data of the complex are summarized in Table
2 and the structure of the complex is depicted in Fig.
1. Herein, by considering the structure of X-rays, we
could explain that ellipsoid atoms have been drawn
at the 50% probability level. Selected coordination
geometries are shown in Table 3.

Crystallographic data for the structures were
collected at 100(2) K on an Oxford Diffraction
Gemini diffractometer fitted with graphite-
monochromated Mo Ka radiation yielding Nigtg]

reflections, these merging to N unique after
analytical absorption correction (Rjn¢ cited), with N

reflections having | > 2o(l). The structure was
refined against F2 with full-matrix least-squares
using the program SHELXL-97 [17]. The phenyl
ring of the benzohydrazine ligand is disordered over
two sites with equal occupancies. Anions were
modeled as being NOs™ on the basis of refinement.
Two of these, NO;s (2) and NO; (3), were disordered
about crystallographic inversion centres. Two
solvent water molecules, O (2) and O (3), were
located with site occupancies for O (3) fixed at 0.5
after trial refinement. Hydrogen atoms of water
molecule for O (1) and O (2) were included at
located positions and refined with restrained
geometries. Those for O (3) were not located. All
remaining H-atoms were added at calculated
positions and refined by use of a riding model with
isotropic displacement parameters based on those of
the parent atom. Anisotropic displacement
parameters were employed throughout for the non-
hydrogen atoms.

Structural description

The formula of the new synthesized complex is
shown in Figs. 1 and 2. The copper is five-coordinate
square pyramidal with the apical bond, Cu-H,O
2.1733(16) A, longer than those in the basal plane
which lie in the range 1.9572(16)- 2.013(2) A. The
hydrazine H atoms are all involved in H-bonding
with the oxygen atom from nitrate group. The
hydrogen atoms of the dd water molecule form
hydrogen bonds with the oxygen atom of nitrate
groups and water molecules as solvent O (2), that
lead to the formation of a three-dimensional
network. The geometrical details are shown in Table
4,
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Table 2. Crystal data and structure refinement for the complex

Empirical formula C19H21CUNgOg 50
Formula weight 548.96
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic

Space group P1

Unit cell dimensions a=9.0342(9) A

b =9.6415(5) A
¢ =13.8100(9) A
a= 88.668(5)°
B= 73.969(7)°

y = 78.467(6)°

Volume 1132.12(15) A3

z 2

Density (calculated) 1.610 Mg/m3

Absorption coefficient 1.031 mm-1

F(000) 564

Crystal size 0.50 x 0.43 x 0.15 mm3

0 range for data collection 3.69 to 34.89°

Index ranges -14<=h<=12, -13<=k<=14, -22<=I<=21
Reflections collected, Niotal 15814

Independent reflections, N 9095 [R(int) = 0.0255]

No, [1>26(1)] 6287

Completeness to 6 = 33.50° 99.2 %

Absorption correction Analytical

Max/min. transmission 0.89/0.66

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9095 /281 /407
Goodness-of-fit on F2 1.019

Final R indices [1>2c6(1)] Ry =0.0654, wR, = 0.1902

R indices (all data) R1 =0.0912, wR2 = 0.2001
Largest diff. peak and hole 2.601 and -1.574 e.A-3

Table 3. Selected bond lengths [A] and angles [°] for the complex

Cu(1)-0(10) 1.9572(16)
Cu(1)-N(21) 1.9813(18)
Cu(1)-N(11) 2.0047(18)
Cu(1)-N(13) 2.013(2)
Cu(1)-0(1) 2.1733(16)
0(10)-Cu(1)-N(21) 92.20(7)
0(10)-Cu(1)-N(11) 167.24(7)
N(21)-Cu(1)-N(11) 82.86(7)
0(10)-Cu(1)-N(13) 82.18(8)
N(21)-Cu(1)-N(13) 168.82(8)
N(11)-Cu(1)-N(13) 100.59(8)
0(10)-Cu(1)-0(1) 92.17(7)
N(21)-Cu(1)-O(1) 98.71(7)
N(11)-Cu(1)-O(1) 100.19(7)
N(13)-Cu(1)-O(1) 91.18(8)
C(16)-N(11)-C(12) 118.23(19)
C(16)-N(11)-Cu(1) 130.03(16)
C(12)-N(11)-Cu(1) 111.71(13)
C(10)-O(10)-Cu(1) 113.08(14)

N(12)-N(13)-Cu(1) 106.68(14)
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Table 4. Hydrogen bonds for g 44 [A and °].

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
H(12N)(..1.f))(_31)2 0.88 172 2.566(8) 159.5
H(1';l)(.1..2c%_(32) 0.88 2.02 2.886(9) 169.8
H(13’\,IAE)1.?)C-)(23) 0.92 2.07 2.929(4) 154.8

H(13NA()%.§())-(22)1 0.92 2.16 2.876(5) 1345
H(13[\IB()1.%(11) 0.92 2.16 3.060(3) 167.4
H(lB(())()%.).-O(13) 0.818(15) 1.918(15) 2.728(3) 171(3)
H(lAOé;).jO(Z) 0.791(13) 1.933(14) 2.720(3) 173(4)
H(zfcg.).TO(s) 0.903(17) 2.26(2) 2.827(5) 120(2)

0(2)- 0.840(16) 1.984(19) 2.783(3) 159(3)

H(2BO)...0(13)°

Symmetry transformations used to generate equivalent atoms:
Lox,y,-z+1; 2-x+1,-y,-z+1; 3 -x+1,-y+1,-z

Fig. 2. Molecular structure of the complex projected
onto the coordination plane. Only one component of the
disordered atoms is shown.

CONCLUSION

The present paper reports the synthesis,
characterization and crystal structure of a new five-
coordinate ternary copper (Il) complex. In the
structure of the complex the copper atom has square
pyramidal coordination geometry. This coordination
is due to two nitrogen atoms from phenyl groups of
phenanthroline and one oxygen and one nitrogen
atoms from benzhydrazide in the basal plan. The
water molecule occupies the axial position. Unique
properties are observed for Cu? complexes
containing an aromatic diimine and bidentate ligand
with oxygen and nitrogen atoms [18-20]. The
effective magnetic moment (ueff) of the complex
was measured by the Evans method. The magnetic
moment of the complex in crystalline state at 300K
was found to be 1.92 B.M which is consistent with

the spin only values for mononuclear d9 copper (11)
system [21-23]. The elemental analysis data are
consistent with a 1:1:1 ratio of the metal ion:
benzhydrazide: heterocyclic base for the synthesized
complex.

Crystal data of [Cu(phen)(BH)(H20)]2NOs. 1.5
H.0

Crystallographic data (except structure factors)
for the structure have been deposited in the
Cambridge Crystallographic Data Centre as a
supplementary publication CCDC 1007750. Copies
of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK, (fax: +44-(0)1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk). Summary of Data CCDC
1007750; Formula: Ci9H21CuNsOgso; Unit cell
parameters: a 9.0342(9) A, b 9.6415(5) A, ¢
13.8100(9) A; o= 88.668(5)°, B= 73.969(7)°, vy =
78.467(6)°; space group P1.
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CUHTE3A HA HOB TPETUYEH ME/] (1) KOMIUJIEKC: KPUCTAJIHA CTPYKTYPA U
CIIEKTPAJIHN NU3CJIEJIBAHUA

A. Pe3a Pespann?, X. Jlxananu®, ®@. Pocramu-Yaparu?', B.Y. Ckentbu?

Y2 Tenapmamenm no xumus, Ynusepcumem na Cucman u Banyuecman, 3axeoan, Upan
2[lenapmamenm no xumus, Hayuen gpaxyimem, Yuueepcomem ,,I'onbao Kaeyc“, I'onbao, HUpan
3 lenapmamenm no xumus, Yuunuwe 3a 6uoMeOUYUHCKU, GUOMOTEKYIHU U XUMUYECKU HAYKY, YHueepcumem 6 3anaoua
Ascmpanus, [Tvpm, 3anaona Aecmpanus 6009, Ascmpanus

IMoctenuna Ha 26 depyapu, 2016 r.; kopurupana Ha 28 maii, 2016 r.
(Pesrome)

Cunre3zupan e HOB TperuueH kKomruiekc Ha Men (II) ¢ amramam ot Oemsxunmpasup denantpoiauH- H.O wu e
oXapaKkTepH3upaH upe3 eJIEMEHTEeH aHanu3, uHppadepBeH crekTbp U UV-Vis enekTpoHeH aOCOpOLMOHEH CHEKTHP.
Omnpezenena e KpucTanHarta 1 MosiekyiHa ctpykrypa Ha [Cu(BH)(Phen)(H20) ]oNOz.1.5 H20 no Meto/a Ha enuHHYHATA
KpHcTalHa Judpakius, KOeTo NOTBhPIK/IaBa, Ye KOMIUIEKCHT MMa KBajpaTHa IMUpaMuJaiHa TeOMETpUsl U Chabpxka Ou-
JIeHJIaTeH XETEePOLMKBII OT e/lHaTa CTpaHa u Ou-genaaten oensxuapasua (BH) ot npyrara crpana. Ta3u koopiuHaius ce
OCBILECTBSIBA Ype3 a30THHS M KUCIIOPOAHUS aTOM OT OCH3XWIpasujaa M jaBa a30THH aroma or 1,10-penanrponuna.
[TpoTHBOIIONOKHATA ITO3HIMS CE 3aeMa OT KUCIOPOJEH aTOM OT BOJHATA MOJICKYJIa KaTO TPETH JIMTaH.
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An efficient and scalable two-step synthesis of bis-arylchloromethanes, an important building block for the synthesis
of biologically important aryl piperidine and piperazine derivatives, and its 4,4’-disubstituted analogues is described.

Keywords: Substituted bis-arylchloromethanes; scalable synthesis; biologically active compounds.

INTRODUCTION

Diphenylchloromethane and its  halogen
substituted analogues are important building blocks
for the synthesis of aryl piperazine compounds
which are important structural units for the
synthesis of a variety of biological compounds [1-
3]. This skeleton has also been established as a
useful privileged scaffold for library synthesis and
drug discovery applications. A number of diphenyl
methyl piperazine derivatives are being used as
pharmaceuticals for a range of different biological
targets [4]. Similarly, the diphenylmethoxy skeleton
is the key structural element of the widely
employed anticholinergic, antihistaminic agents and
dopamine reuptake inhibitors as well [5]. Ebastine,
benzatropine and vanoxerine are the most relevant
examples that constitute diphenylmethoxy as an
integral unit (Figure 1).

L St

B\

5

Benzatropine

Ebastine

o

Vanoxerine

Fig. 1. Biologically important molecules possessing
diarylmethane moieties

As a consequence, a number of synthetic
methods have been reported for the synthesis of
diphenylchloromethane and its derivatives. In
particular, synthetic routes involving the use of
transition metal reagents and catalysts have been
described. Though a variety of synthetic protocols
are reported in the literature, the use of toxic,

* To whom all correspondence should be sent:
E-mail: hari.pati@advinus.com

expensive and air-sensitive aryl metal reagents and
catalysts in presence of anhydrous solvents restrict
their application on a practical scale. Further,
cumbersome catalyst recovery and product
contamination are additional drawbacks of these
methodologies. Moreover, it is difficult to ensure
robustness and reproducibility on kilogram scale
using these reagents. Herein we report an efficient
large-scale procedure for the synthesis of
diphenylchloromethane and its derivatives.

In a two-step synthetic pathway, Scheme 1,
benzophenone la-c is reduced to benzhydryl 2a-c
using sodium borohydride, which on nucleophilic
substitution with thionyl chloride, furnishes the
dichlorophenylmethane 3a-c.

EXPERIMENTAL

All  raw materials were obtained from
commercial suppliers and were used as received.
Melting points were determined on a Buchi B-545
digital melting point apparatus and are uncorrected.
IH NMR spectra were recorded on a Varian-400
spectrometer using CDClI; as the solvent with TMS
as the internal standard. The reaction was
monitored and the purity of the compounds was
analyzed using HPLC.

General procedures

Diarylmethanol (2a-c): To a cold solution of
benzophenone la-c in methanol (5 vol.) sodium
borohydride (1 equiv.) was added and the mixture
was stirred for 1 h at the same temperature. After
complete consumption of the starting material
(monitored by TLC), excess methanol was removed
from the reaction mixture under reduced pressure.
The reaction mixture was then quenched with water
(5 vol.), extracted with ethyl acetate, dried over
anhydrous sodium sulfate and filtered. The filtrate
was evaporated to dryness to obtain crude
diarylmethanol 2a-c which was used in the next
step.
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NaBH4
MeOH

la-c
R, = H and/or F

Chlorodiarylmethane (3a-c): To a cold
solution of diarylmethanol 2a-c in toluene (5 vol.)
thionyl chloride (1.25 equiv.) was slowly added and
the mixture was stirred for 1 h at room temperature.
After complete consumption of the starting material
(monitored by TLC), the reaction mixture was
poured into ice-cold water (10 vol.), extracted with
ethyl acetate, dried over anhydrous sodium sulphate
and filtered. The filtrate was evaporated to dryness
under reduced pressure to obtain pure chlorodiaryl-
methane 3a-c as oil.

EXPERIMENTAL DATA

Diphenylmethanol (2a)[6]: Off white solid; yield
88.0 %; IR (v cm™): 3337 (OH), 3061, 3028, 1960,
1894, 1813, 1599, 1493, 1451, 1348, 1268, 1178,
1019, 912, 852, 737, 700, 656, 602, 543; *H NMR
(CDCls, 400 MHz): 6 7.38 (4H, d, J = 7.6 Hz), 7.34
(4H, dd, J=14.8 and 7.6 Hz), 7.27 (2H, d, J = 7.2
Hz), 5.85 (1H, s, CH-OH), 2.21 (1H, s); 3C NMR
(CDCls, 100 MHz): 6 143.8 (2C), 128.5 (4C),
127.6 (2C), 126.6 (4C), 76.2 (CH, CH-OH).

Chlorodiphenylmethane (3a)[6]: Colourless oil;
yield 90.0 %; purity 98.0 % (area % by HPLC); IR
(v em?): 3063, 3031, 1953, 1886, 1806, 1758,
1661, 1599, 1493, 1451, 1317, 1263, 1216, 1077,
1030, 1003, 918, 825, 748, 699, 627, 583, 504, 470;
'H NMR (CDCls, 400 MHz): 8 7.41 (4H, d, J 7.6
Hz), 7.35 (4H, dd, J = 14.8 and 7.6 Hz), 7.28 (2H,
d, J = 7.2 Hz), 6.1 (1H, s, CH-CI); ¥C NMR
(CDCls, 100 MHz): 6 141.2 (2C), 128.7 (4C),
128.2 (2C), 127.9 (4C), 64.4 (C, CH-CI).

(4-Fluorophenyl)phenylmethanol ~ (2b)  [7]:
Viscous semisolid compound; yield 92.0 %; IR (v
cmt): 3328 (OH), 3029, 2891, 2649, 2023, 1958,
1901, 1817, 1772, 1603, 1510, 1450, 1416, 1338,
1231, 1178, 1098, 1020, 921, 851, 816, 728, 699,
650, 623, 563, 533, 501, 468; ‘H NMR (CDCls,
400 MHz): 6 7.41-7.26 (7H, m), 7.01 (2H, dd, J =
17.6 and 8.8 Hz), 5.83 (1H, s, CH-OH), 2.21 (1H,
s); BC NMR (CDCls, 100 MHz): & 163.4,160.9,
143.6, 139.6, 139.5, 128.6, 128.3, 128.2, 127.7,
126.4, 115.4, 115.2, 75.6 (CH, CH-OH).

Chloro-(4-fluorophenyl)phenylmethane (3b)[7]:
Colorless oil; yield 91.0 %; purity 98.0 % (area %
by HPLC); IR (v cm?): 3033, 2934, 1954, 1894,
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Scheme 1. Two-step synthesis of chlorodiphenylmethanes

socl2

Toluene

Cl
R{ I I R>
3a-c

1870, 1764, 1604, 1508, 1452, 1414, 1299, 1230,
1160, 1099, 1076, 919, 848, 817, 791, 731, 699,
632, 609, 539; 'H NMR (CDCls, 400 MHz): &
7.40-7.20 (7H, m), 7.02 (2H, dd, J = 17.2 and 8.4
Hz), 6.11 (1H, s, CH-CI); **C NMR (CDCls, 100
MHz): 6 163.6, 161.2, 140.9, 137.2, 129.7, 129.6,
128.7, 128.3, 127.8, 115.6, 115.4, 63.6 (C, CH-CI).

Bis-(4-fluorophenyl)methanol (2c)[6,8]: Viscous
semisolid compound; yield 95.0 %; IR (v cm™):
3348 (OH), 3072, 2885, 1896, 1770, 1604, 15009,
1414, 1299, 1227, 1181, 1157, 1099, 1015, 835,
779, 598, 555, 497; *H NMR (CDCls, 400 MHz): &
7.32 (4H, dd, J = 8.0 and 6.0 Hz), 7.03 (4H, dd, J =
17.2 and 8.8 Hz), 5.82 (1H, s, CH-OH), 2.20 (1H,
s); °C NMR (CDCls, 100 MHz): & 163.4, 161.0,
139.39, 139.36, 128.2 (2C), 128.1 (2C), 115.5 (2C),
115.3 (2C, 74.9 (CH, CH-OH).

Chlorobis-(4-fluorophenyl)methane  (3c)[6,8]:
Colourless oil; yield 90.0 %; purity 98.0 % (area %
by HPLC); IR (v cm™): 3046, 2935, 2799, 2584,
2456, 2386, 2259, 2011, 1895, 1767, 1652, 1604,
1509, 1414, 1300, 1231, 1160, 1099, 1015, 941,
836, 776, 749, 687, 624, 572, 527; 'H NMR
(CDCl3, 400 MHz): 6 7.35 (4H, dd, J = 7.2 and 5.2
Hz), 7.02 (4H, dd, J = 17.2 and 9.6 Hz), 6.09 (1H,
s, CH-CI); °C NMR (CDCls, 100 MHz): & 163.6,
161.2, 136.85, 136.82, 129.58 (2C), 129.50 (2C),
115.67 (2C), 115.45 (2C), 62.8 (C, CH-CI).
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(Pe3srome)

Omnmcana e eeKTHBHA W MallabupaHa IBYCTEIIEHHA CHHTE3a Ha OHC-apHII-XJIOPOMETaH, KOWTO € BakHA TpaguBHA
eJIMHUI]A 33 CHHTe3aTa HAa OWOJIOTMYHO BaKHH INHIICPHIUH- W MHUIEPa3HHOBU IPOWU3BOJHU U HeroBute 4,4°-

JABY3aMCCTCHU aHAJIO3U.
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Powders of some organic compounds (compounds 1-4) were irradiated with ®°Co gamma-rays and the spectroscopic
properties of the free radicals formed were investigated at ambient temperature using electron paramagnetic resonance
(EPR) technique. The analysis of the EPR spectra of irradiated powder samples demonstrated that the paramagnetic
species produced by the radiation damage was NCH,. The g values of the radicals and the hyperfine structure constants
of the free electron with nearby protons and **N nucleus were determined. The EPR spectra show that they are of radicals
remained unchanged for more than two months. The results were found to be in good agreement with earlier studies on

amine radicals.

Keywords: EPR, Free radicals, Gamma-irradiation, 1,4-dihydropyridines.

INTRODUCTION

It is known that ionizing radiations produce free
radicals that have unpaired electron [1]. Free radicals
provoke both beneficial and harmful effects in living
organisms [2]. By initiating and propagating free
radical chain reactions, they can damage the cells
and may be involved in the progression of a number
of diseases including diabetes, hyperlipidemia,
neurodegeneration, heart disease, cancer, and so on
[3-5]. Qualitative and quantitative aspects of free
radicals in oxidative stress can be evaluated by using
different techniques [6]. The EPR spectroscopy is
the most effective technique for detection of free
radicals [7, 8]. Thus, the EPR method has been
applied to the identification of irradiation damage
centres in many substances, including amino acids,
drugs and other organic compounds [9-18]. The
spectroscopic splitting factor g and the hyperfine
coupling constants (a) of unpaired electrons give
valuable information about the structure of the
radical [19]. The X-irradiated hippuric acids have
been investigated at 295 K by the EPR technique and
the observed paramagnetic species have been
attributed to the PhCONH-CH, radical [20].
Furthermore, the EPR of gamma-irradiated powders
of L-arginine monohydrochloride were studied by
Aydin [21] at ambient temperature, and the radiation
damage center was attributed to the
NH2(NH)HNCHCH>CH>CH(NH2)COOH radical.
Another technique to identify the molecular
structure of substances is the infrared spectroscopy.

1,4-Dihydropyridines are an important class of L-
type calcium channel blockers that mainly exert their
pharmacological activity by modulating Ca?" influx

and are used to treat cardiovascular conditions such
as hypertension and angina [22, 23]. We have
previously reported the development of a series of
condensed 1,4-dihydropyridine derivatives.
Although the effects of these compounds on calcium
and potassium channels have been elucidated [24,
25], the defects induced by gamma-irradiation have
not been investigated. The purpose of this study is to
investigate the defects induced by gamma-
irradiation in powders of 1,4-dihydropyridine
derivatives (compounds 1-4) and to determine their
properties at ambient temperature.

EXPERIMENTAL
Materials

The study was performed on the following
dihydropyridine derivatives differing in number,
position and type of the substituents:

Compound  1:  methyl  2-methyl-4-(2,3-
dichlorophenyl)-5-oxo-7-phenyl-1,4,5,6,7,8-
hexahydroqguinoline-3-carboxylate; molecular
weight (MW, g/mole): 442.34;

Compound 2: ethyl 2,7-dimethyl-4-(2,5-
dichlorophenyl)-5-0x0-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate; MW, g/mole:
394.30;

Compound 3: ethyl 2-methyl-4-(2,3-
dichlorophenyl)-5-oxo-7-phenyl-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate; MW, g/mole:
456.37;

Compound 4: ethyl 2-methyl-4-(2,5-
dichlorophenyl)-5-oxo-7-phenyl-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate; MW, g/mole:
456.37.
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(b)
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Fig. 1. Molecular structures of: (a) compound 1, (b)
compound 2, (c) compound 3, (d) compound 4.

The synthetic procedure to obtain the compounds
1-4 has been described previously [24]. Briefly: 1
mmol of the appropriate 1,3-cyclohexanedione (5-
methyl-1,3-cyclohexanedione /5-phenyl-1,3-
cyclohexanedione), dichloro-substituted
benzaldehyde (1 mmol) and methyl or ethyl

aminocrotonate (1 mmol) were refluxed for 4 h in
methanol. The solvent was then evaporated and the
residue was crystallized from ethanol. The molecular
structures of the compounds are shown in Figs. 1a-d
which are simple demonstration pictures obtained
from ACD/3D Viewer (Freeware) to explain the
structural properties of the compounds used in this
study.

Irradiation

The powder samples were irradiated for 40 h
using ®°Co gamma ray source with dose speed of
0.89 kGy/h. The irradiated samples were kept in
plastic bags at ambient temperature in the dark.

EPR spectroscopy

The EPR measurements were performed with a
Varian model X-band E-109C spectrometer at
ambient temperature. The modulation amplitude was
below 0.40 mT and the microwave power was 2
mW. The spectroscopic g factors of the radicals were
determined by comparison with a
dipenhylpicrylhydrazyl (DPPH) sample (g = 2.0036)
as reference [26]. Before irradiation no EPR signals
were observed for all studied samples. The EPR
spectra of the gamma-induced free radicals were
unchanged and undiminished at ambient
temperature for more than two months after
irradiation.

RESULTS AND DISCUSSION

The EPR spectrum of the gamma irradiated
compound 1 at ambient temperature is shown in Fig.
2a. The spectrum exhibits a triplet (1:2:1) due to the
two equivalent o - protons adjacent to the carbon
atom and each of the lines (1:2:1) splits into the
triplet (1:1:1) because of the N nucleus, resulting
in an approximate intensity distribution of
1:1:1:2:2:2:1:1:1. Hence, the paramagnetic species
can be attributed to the R1 radical which is a result
of the removal of hydrogen atom from the methyl

group.
(Icoocm
|

N e,
H

(RY)

The EPR parameters (g factor and hyperfine
splitting) of the R1 radical were extracted from the
EPR spectrum analysis as a, = 1.56 mT, ay = 0.42
mT and g = 2.0034 £ 0.0005. The simulation of the
EPR spectrum with the above given values is shown
in Fig. 2b.
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Fig. 2. (@) EPR spectrum of gamma-irradiated
compound 1, (b) simulation of the spectrum.

Fig. 3. (@ EPR spectrum of gamma-irradiated
compound 2, (b) simulation of the spectrum.

The radical R1 discussed here is similar to the
radical which has been observed in the gamma-
irradiated powders of ethyl 2-methyl-4-(2,6-
dichlorophenyl)-5-oxo-7-phenyl-1,4,5,6,7,8-
hexahydroguinoline-3-carboxylate at  ambient
temperature; the determined EPR parameters were
a,=1.24mT,an=0.48 mT and g =2.0029 [27]. But
the hyperfine coupling constants of the a- protons
measured here are higher than the values reported in
ref. [27]. Similar values of the hyperfine coupling
constants of «- protons have been found in the
gamma-irradiated N-glycyl-L-valine as 1.45 mT
[28].

The characteristic EPR spectrum of the gamma-
irradiated compound 2 at ambient temperature is
shown in Fig. 3a. As can be seen, the spectrum
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consists of a triplet with a spacing of 1.34 mT. The
1:2:1 triplet structure of the spectrum is obviously
brought about by the interaction of the unpaired
electron with two magnetically equivalent «- protons
in the methylene group. Therefore, we assume that
this EPR spectrum belongs to the R2 radical.

(ICOOCZH5
[

N7 CH,
H

(R2)

A simulation of the EPR spectrum is shown in
Fig. 3b using the hyperfine coupling constants a, =
1.34 mT, an=0.41 mT and linewidth (AH) 0.54 mT.
Since the linewidth of the spectrum is larger than the
hyperfine splitting of the nitrogen nuclei, the
hyperfine splitting is not observed in the spectrum
and was determined using the simulation program.
The g value of the radical was measured as g =
2.0029 £ 0.0005. The EPR spectrum of the radical
R2 is similar to the EPR spectrum observed in the
irradiated powders of ammonium acetate at ambient
temperature [4], but the hyperfine coupling constants
of a-protons were higher than the values determined
for the radical R2. However, similar to the R2
radical were the hyperfine coupling constants of a-
protons measured in the gamma- irradiated azocalix
[4] arene (a, = 1.28 mT) [29].

Fig. 4a presents the EPR spectrum of the gamma-
irradiated compound 3, recorded at ambient
temperature. Since this spectrum has fairly large
linewidth (AH= 0.60 mT), it is not resolvable at first
view. The EPR parameters of the spectrum can be
determined from the simulation of the spectrum [30,
31]. The hyperfine constants values obtained by the
simulation are a, = 1.24 mT, an = 0.46 mT and AH=
0.60 mT and the simulated spectrum (Fig. 4b) is in
excellent agreement with the experimental spectrum.
The measured g value at the center of the spectrum
is 2.0032. According to these results, we can state
that the R3 radical is obtained by the removal of
hydrogen from the methyl group.

(ICOOCZHS
[

1}1 CH,
H
(R3)

The EPR spectrum of the gamma-irradiated
compound 4 is similar to that of the irradiated
compound 3. Thus, the observed radical of the
gamma-irradiated compound 4 is similar to the
radical R3. Therefore, the spectrum of compound 4
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is not shown. The g values, hyperfine coupling
constants and linewidth obtained by the simulation
are a, = 1.24 mT, an = 0.46 mT and g = 2.0027 +
0.0005. These results agree well with the EPR
parameters of the (CH3).NCH, radical [12]. The g
values of the radicals in this study, which were
produced by gamma rays, are in agreement with the
literature data for their analogous and various other
amine radicals [15, 21, 27, 32-36].

Fig. 4. (@) EPR spectrum of gamma-irradiated
compound 3 and compound 4, (b) simulation of the
spectrum.

CONCLUSION

It can be concluded that gamma-irradiation
produces very stable amine type free radicals of
dihydropyridine derivatives. The EPR parameters
and the spectroscopic properties of these radicals
were determined. The values of the spectroscopic
splitting factor g of these radicals were quite similar
to the g-factor for a free electron. The determination
of magnetic properties of the produced radicals can
be helpful in the study of similar radicals found in
biological systems.
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CBOMCTBA HA CBOBOJHUTE PAIUKAJIA HA HIKOU I'AMA-OBJTBUEHU
OPI'’AHMYHU CBEJUHEHNW A

P. Iummrex?, M. T. Tormost, k. [ladak’, 1. Keoxmuuap? M. Aiinpu®”

YDdaxynmem no papmayus, Yuusepcumem Xaooncemene, 06100-Auxapa, Typyus
2[Ipoghecuonanto yuunuwe 3a mexnuyecku nayxu, Yuusepcumem Aovsaman, Typyus
306pazoeamenen paxynmem, , Yuusepcumem Aovaman, Typyus, 02040-Aovaman, Turkey

[Moctenuna Ha 15 mait, 2015 r.; kopurupana Ha 3 ¢peBpyapu, 2016 .

(Pestome)

IIpaxoBe Ha HAKOUW OPraHUYHH ChEAUHEHHS (IUXUAPO-TIMPHUIMHY, CheIuHeHus 1-4) 6sxa o0IbUeHH ¢ rama-
abun ot °Co, a CIEKTPOCKONICKUTE CBOWCTBAa Ha OOpa3yBaHWTE CBOOOJHM PaIMKaid OsSXa W3CIEABAHH TPHU
OOMKHOBEHA TeMIlepaTypa ¢ IOMOLITA Ha eJeKTpOHeH mapamarHuteH pesuHanc (EPR). Anamusst Ha EPR-
CTEKTpHTE TIOKa3Ba, Y€ MapaMarHMTHUTE TPOIYKTH, TOJyYeHM MpH paguanuonHata gectpykims ca NCHo.
OmnpenenieHn ca CTOWHOCTUTE § Ha pajUKalUTe W CBPBX-(QUHHUTE CTPYKTYPHHM KOHCTAaHTH Ha CBOOOJHMTE
€JIEKTPOHU C ONM3KUTE MPoToHU M sapara Ha ““N. EPR-cnektpute mokassar, 4e Te ca Ha PajMKajd, OCTABAllM
HENPOMEHEHH B IIPOIbJDKEHHE Ha ITOBEYE OT JBa Mecela. Pesynrarure ca B 100po chriiacue ¢ Te3H OT MPEANIIHI
U3CIeIBaHMUS Ha aMHHOBH PaIHKaIIH.
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Some indolenines (3H-indoles) were prepared via reaction of phenylhydrazine derivatives, isopropyl methyl ketone,
2-methyl cyclohexanone and diisopropyl ketone in the presence of propanoic acid or acetic acid as a catalyst/solvent
under reflux conditions. We compared the obtained results with propanoic acid to those with acetic acid. In most cases,
the results were similar. In some cases, however, propanoic acid provided slightly better results with respect to reaction
time and yields. Under these reaction conditions, we did not observe any indole output as by-product.

Keywords: Indolenine, 3H-indole, Phenylhydrazine derivatives, Aliphatic ketones, Propanoic acid, Acetic acid

INTRODUCTION

Indolenine derivatives are a very important class
of nitrogen-containing compounds and have been
widely used in dyes and antimigraine drugs of the
triptan class [1]. The first report of indolenine
synthesis was announced by Fischer in 1883 [2].
Some of the Brgnsted acids such as HCI, H2SOs,
polyphosphoric acid and p-toluenesulfonic acid,
and also Lewis acids such as boron trifluoride, zinc
chloride, iron chloride, and aluminum chloride have
been successfully used as catalysts [2, 3].

Robinson suggested the mechanism of Fischer
indole synthetic reaction [4-6]. The methodologies
for the synthesis of 3H-indole derivatives are very
limited [7]. Therefore, a general and efficient
method for the synthesis of 3H-indole derivatives is
an attractive and formidable challenge in synthetic
chemistry [8].

Miller and Neal Schinske have examined the
effects of acid catalysts and temperature in the
Fischer indole synthesis. Higher acidity or higher
temperature during the thermal process cause
cyclization toward the less substituted position. The
observations are considered in terms of a refined
version of the first two stages of the mechanism of
the reaction [9].

A perplexing aspect of the Fischer indole
synthesis has been reported in the cyclization of
phenylhydrazones of unsymmetrical ketones to
form two possible indoles. The early
generalizations of Plancher [5] suggesting that the
course of the reaction depends only on the structure

* To whom all correspondence should be sent:
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of the ketone moiety of the phenylhydrazone, have
not been sustained by more recent investigations
[10-12] in which the ratio of the products has been
found to vary with the nature of the acid used as the
catalyst, its concentration, or its absence in a
thermal cyclization.

Recently, we wused citric acid as an
organocatalyst for the preparation of some new
indolenine derivatives under reflux of ethanol [13].

In continuation of the studies on the preparation
and functionalization of heterocyclic compounds
[14-17], herein we report that propanoic acid can be
used as a catalyst/solvent for the preparation of
some indolenine derivatives without any indole
output as a by-product and that the results are
comparable with those using acetic acid.

EXPERIMENTAL
General

All chemicals were purchased from Merck or
Fluka Chemical Companies. Progress of the
reactions was monitored by TLC using silica gel
SIL G/UV 254 plates. IR spectra were run on a
Shimadzu FTIR-8300 spectrophotometer. The ‘H
NMR (300 MHz) and **C NMR (75 MHz) spectra
were run on a Bruker Avance DPX spectrometer.
Melting points were recorded on a Biichi B-545
apparatus in open capillary tubes.

General procedure for the indolenine synthesis

Phenylhydrazines derivatives (1 mmol) and
three aliphatic ketones [isopropyl methyl ketone, 2-
methyl cyclohexanone and diisopropyl ketone] (1
mmol) were added to propanoic acid (3 mL) under
reflux conditions. The mixture was refluxed for the
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appropriate time (see the table) under stirring.
Progress of the reactions was monitored by TLC
(using n-hexane:ethylacetate 3:1 as an eluent). The
mixture was cooled and neutralized with 1 M
NaOH, then diluted with water (100 mL) and
extracted with CHCI; (3x50 mL). The organic layer
was extracted and dried with Na;SOs, the solvent
was evaporated and the residue was passed through
a short silica gel column for further purification. A
light brown viscous oil of indolenines was obtained
in high yield.

RESULTS AND DISCUSSION

A range of indolenines derivatives was
synthesized from a combination of
phenylhydrazines and three aliphatic ketones in the
presence of propanoic acid as a solvent/catalyst
under reflux conditions. For comparing the results
of propanoic acid with those of acetic acid, these
reactions were also performed in the presence of
acetic acid as a solvent/catalyst. In most cases, the
results were similar. In some cases, however,
propanoic acid provided slightly better results as
regards reaction time and yields.

As mentioned in the introduction, higher
temperature during the thermal process causes
cyclization toward the less substituted position, i.e.
indoles. Although 2-methyl cyclohexyl ketone and
isopropyl methyl ketone can generate both indole
and indolenine, wunder the present reaction
conditions, no indole did not was obtained (Scheme
1). The results are summarized in the table.

_ I C,H 5COOH \
o)

Phenylhydrazine derivatives reacted with
isopropyl methyl ketone and produced the
corresponding indolenines (see the table, entries: 1,
4,7, 10, 13, 16) in high yield (92-95%). In the 'H
NMR spectrum of these indolenines a singlet signal
of two methyl groups at 6=1.1 ppm, and a singlet
signal of a methyl group C-2 at 6=2.05 were
noticed. The IR spectrum indicated a stretching
vibration C=N at 1690 cm™.

Also, phenylhydrazine derivatives reacted with
2-methyl cyclohexanone producing indolenines
(see the table, entries: 2, 5, 8, 11, 14, 17) in high
yield (86-95%). The 'H NMR spectrum of 5,6,7,8-
tetrahydro-1,4b-dimethyl-4bH-carbazole (see the
table, entry 2) as a model for these indolenines
showed 0.80 (t, J=11.74 HZ, 1H) 0.94 (s, 3H, CHs)
1.10 (t, J=13.2 HZ, 1H) 1.25-1.46 (m, 2H) 1.86 (t,
J=13.74 HZ, 2H) 2.19-2.30 (m,1H) 2.36 (s, 3H,
CHs) 2.63 (d, J=12.74 HZ, 1H) 6.79 (s, 3H, Ar-H
(Figure 1 as a model shows the *H NMR spectrum
of the aliphatic cyclic region). The IR spectrum
indicated a stretching vibration C=N at 1706-1716
cm,

This reaction was carried out with diisopropyl
ketone producing indolenines (see the table, entries:
3, 6,9, 12, 15, 18) in good vyield (71-83%). In the
'H NMR spectrum of these products a doublet
signal of two methyl groups at &=1.52, a singlet
signal of two methyl groups at 6=1.64 and a
multiplet signal of CH at 6=2.17-2.29 ppm were
noticed. The IR spectrum indicated a stretching
vibration C=N at 1706-1716 cm™.

N
H
100% 0%

X
R
C,H5COOH N
7 NHNH, + bl bl @%Q + R@Q

R: 2-CHj, 2-Cl,
4-F, 4-Cl, 4-Br,
4-OCH,

CaHsCOOH _ %
R p
Z N

100% 0%

Scheme 1. Preparation of indolenines by the reaction of substituted phenylhydrazines with isopropyl methyl ketone,

2- methyl cyclohexanone and diisopropyl ketone.
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Table. Indolenines synthesis using propanoic acid or acetic acid as a solvent/catalyst under reflux conditions

Propanoic acid Acetic acid
Entry Product Time Isolated Time Isolated
(h:min) yield (%) (h:min) yield (%)

[N
ZE\;;

00:15 96 00:15 01
CHs
2 @SNQ 00:15 86 00:15 79
CHj
3 @fé{ 24:00 83 24:00 81
CHj
4 % 1:00 94 1:00 90
Cl
5 (;RNQ 00:45 93 00:45 90
Cl
6 @g{ 48:00 76 48:00 62
Cl
7 C'w 00:45 93 00:45 01
N
8 C'\CSQ 00:30 94 00:30 93
N
9 C'©%§_< 32:00 71 32:00 59
N
10 B'w 00:30 94 00:30 92
N
11 B'@\)Q 00:15 92 00:15 88
N
12 B’W 48:00 75 48:00 66
N
13 Fw 00:30 94 00:30 92
N
14 F@%@ 00:15 95 00:15 89
N
15 F@fg{ 24:00 72 24:00 95
N
16 Meow 00:30 95 00:30 90
N
17 Meo@f@ 00:30 04 00:30 90
N
18 Meo@fﬁ{ 18:00 83 18:00 68
N
19 °”ﬁ©%$ 90:00 10 90:00 10
N
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Fig. 1. *'H NMR spectrum of the aliphatic cyclic region in 5,6,7,8-tetrahydro-1,4b-dimethyl-4bH-carbazole

CONCLUSION

As a weak organic acid, propanoic acid can act
as a solvent/catalyst for the efficient indolenines
(3H-indoles) synthesis in good to excellent yields.
We compared the obtained results with propanoic
acid to those with acetic acid. In most cases, the
results were similar. In some cases, however,
propanoic acid provided slightly better results as
regards reaction time and yields. Under the present
reaction conditions, we did not observe any indole
output as a by-product.
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CPABHEHUE MEXAY OLUETHATA U ITPOITAHOBATA KHCEJIMHA KATO
PA3TBOPUTEJI/KATAJIN3ATOP B CUHTE3ATA HA MHAOJIEHWHU: ITOAXO/] BE3
NMHAOJIOBU CTPAHUYHU ITPOAYKTU

C. Caoocaougpap®, M.A. 3ongpueon %, H. JPcasaxepnewan®, I'. Yexapooau™"

Tenapmamenm no xumus, Ynusepcumem Iasme Hyp, Texepan, Upan
2Daxynmem no xumus, Yuueepcumem By-Anu Cuna, Xameoan, Hpan
3 Jenapmamenm no meduyuncka xumus, Yuunuwe no gpapmayus, Meouyuncku ynusepcumem 6 Xamaoan, Upan

ITocTpnuna Ha 24 maii, 2015 r.; mpuera Ha 7 rouu, 2016 .
(Pe3stome)

Hsxon nunonennan (3H-unmonm) ce momydyasaT 4pe3 peaknns Ha GEeHMWIKUAPA3UHOBH TTPOU3BOIHH, N30-IPOIMIMETHIIKETOH, 2-
METHJI-IIUKJIOXEKCAHOH ¥ JH-M30IPONIIKETOH B IPUCHCTBHE Ha IPOMAHOBA H/WIM OIETHA KHCEIMHA KaTo KaTajlu3aTop WIH
pa3TBOpHTEN IpH ycJoBUsTa Ha pehryke. Hue cpaBHUXMe IMOTydeHUTe pe3yaTaTy IIPH M3MI0JI3BaHe Ha ABETE KHCeNUHU. B moBeueTo
CIIydM pe3yATaTUTe ca CXOAHH, HO B HSIKOM CIydaH IPONAHOBAaTa KHCEIHMHA JaBa MaJIkO MO-I00pU pe3ynTaTd KaTo BpEME 3a
peakmusaTa ¥ o6uBH. IIpu Te3u peakIMOHHH yCIOBUS OTAEISIHETO HA WHJON KaTo CTPAaHHUEH MPOLYKT HE ce HaOIo1aBa.
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In this study, slices of nectarines (var. nucipersica or var. nectarine maxim) were dried using three different drying
methods: microwave (MW), infrared (IR) and hybrid (combined IR and MW). MW drying method was applied with
power levels between 90-600 W, while IR drying method was applied with a power level of 125 W. For the hybrid drying,
125 W of IR and 180 W of MW were consecutively applied. Along with the aforementioned methods a pre-treatment
process with citric acid was also applied. Minimum drying time of 127 min was reached using the hybrid drying method.
After obtaining the experimental drying values, drying Kinetics was calculated using mathematical modeling by different
methods widely used in the literature. Considering the high coefficient of determination (R?), low root mean square error
(RMSE) and low chi-square (3?) values, the Aghbashlo et al. model was found to be the best one.

Keywords:MW drying, IR drying, hybrid drying, Aghbashlo et al. model

INTRODUCTION

Nectarines (var. nucipersica or var. nectarine
maxim) and peaches (prunuspersica) belong to the
Rosaceae family. The nectarine is a peach with
recessive genes and is referred to as a “shaved
peach" or "fuzzless peach™, due to its lack of fuzz or
short hairs. There are also some differences
including fruit size, shape, firmness, external color,
aroma and flavor. Nectarine fruits, which can be
yellow or white fleshed, have smooth skin, a
distinctive flavor and texture, and are usually smaller
[1, 2]. The worldwide peaches and nectarines
production in 2012 was 21 083151 tons. The major
producer countries are China, Italy, USA, Greece,
Spain and Turkey. The production in Turkey in 2012
was 575730 tons [3].

Dehydration operations are important steps in
food processing industry. The basic objective in
drying food products is the removal of water in the
solids up to a certain level, at which microbial
spoilage is minimized. A wide variety of dehydrated
foods including dried fruits, dry mixes and soups,
etc., is today available to the consumer [4]. Hot air
drying has many disadvantages such as low energy
efficiency and long drying times, but nevertheless, it
has been widely used [5, 6].

Infrared (IR) heating has many advantages
compared to hot air drying. High heat transfer
coefficients, short process time and low cost of
energy are the characteristic properties of IR heating.
Also, the IR equipment is compact with controllable
parameters permitting to control overheating and
fast heating [7]. There are many studies on the IR
method used for the dehydration of several foods.

* To whom all correspondence should be sent:
E-mail: skipcak@yildiz.edu.tr, seyhunkipcak@gmail.com

Some examples are: paddy dried by Daset al., 2009,
barley dried by Afzal and Abe,2000, onion dried by
Sharmaet al., 2005, carrots dried by Xuet al., 2014
and apple slices dried by Nowak and Lewicki, 2004
[8-12].

For the last 20 years microwave drying has been
of interest in the area of water removal from
agricultural products. The short drying time leads to
lower energy consumption and better quality of the
dried food [13]. Drying time is shortened due to
quick absorption of energy by the water molecules,
which causes rapid evaporation of water, resulting in
high drying rates of the food. However, because of
non-uniform heating, uneven distribution of the
microwave field can occur. Also, overheating and
quality deterioration can take place. To overcome
these problems, the microwave drying technique has
been combined with other drying methods [14].
Several studies were conducted using the microwave
method, e.g., Yongsawatdigul and Gunasekaran,
1996, dried cranberries, Bouraoui et al., 1994, dried
potatos, Funebo and Ohlsson, 1998, Prothon et al.,
2001, Bilbao-Sainz et al., 2006, dried apples and Al-
Harahsheh et al., 2009, dried tomato pomace [15—
20].

Today, efforts have been focused on developing
better products in accordance with consumer
preferences of the drying processes. The biggest
problem encountered in fruit drying is the inner
surface color change of cut fruit. Several methods
were used to obviate color changes, such as: osmotic
pre-drying, hot water interaction, steaming,
microwave pre-drying and citric acid treatment [21,
22].

While studies exist in the literature regarding
dried peaches, there are no studies on the drying of
nectarines which are a subgroup of peaches. Hence,
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the drying time and color quality is the most
important stage of this study. Two different methods
of MW and IR drying were used along with the
hybrid drying process (IR and MW). Lewis,
Henderson and Pubis, Page and Aghbashlo et al.
models were fitted to the experimental data for
obtaining the best model for the drying Kkinetics of
nectarine slices.

MATERIALS AND METHODS
Materials

The experiments were carried out using
nectarines purchased from a local market in Istanbul,
Turkey. The nectarine samples were stored in a
refrigerator at 4 + 1 °C before commencement of the
experiments.

Sample preparation and pretreatment

Dry matter and moisture contents of the fresh
samples were determined prior to the drying
process.The moisture contents of the samples were
obtained according to the Association of Official
Analytical Chemists [23]. To determine the initial
moisture content four sets of identical experiments
were conducted. In these sets samples of 30 g were
dried in an Ecocell LSIS-B2V/EC55 model
incubator (MMM Medcenter Einrichtungen GmbH,
Planegg, Germany) at 105 °C for 24 h. The average
initial moisture content of the nectarine slices
obtained from the four sets was found to be 84.0 £
0.1% weight base.

As a pre-treatment, nectarine samples were
cleaned with tap water from dust and foreign
materials, then immersed into a solution of 5% citric
acid and kept for 3 min at ambient temperature.
Citric acid, which is known as lemon salt among the
people, E330 food additive code, is used as a
preservative inside the foods that reduces color
conversion (becoming dark) and deterioration, also
increases the shelf life of the fruits [24].

Drying equipments

Drying equipment of MW

Drying experiments were carried out in a
microwave oven (Robert Bosch Hausgerate GmbH,
Germany) which has a maximum output of 800 W
working at 2450 MHz. In the microwave drying
process, the samples were evenly and
homogeneously placedover the entire pan. The
microwave oven has the capability of operating at
five different microwave power levels of 90, 180,
360, 600 and 800 W.

Drying equipment of IR
Drying experiments were carried out in a
moisture analyzer with one 250 W halogen lamp
(Snijders Moisture Balance, Snijders bv Tilburg,
Holland). During the infrared drying process, the
samples were evenly and homogeneously placed
over the entire pan.

Drying procedures

The MW, IR and hybrid (IR and MW) drying
methods were used for the drying of nectarine slices.
Before the experiments the nectarines were washed
and kept in open air for 2-3 h, to become equal with
the ambient temperature. Then the nectarines were
cut into slices of 15 mm using a knife. These slices
were used in the aforementioned drying methods.

MW drying method

The adjustment of microwave output power level
and processing time was done with the aid of a
digital control facility located on the microwave
oven. Drying experiments were carried out using
sliced nectarines of known weight of about 30+2 g
arranged as a thin layer on the rotatable plate fitted
inside the microwave oven cabinet. The rotating
plate provides equal distribution of the microwave
radiation energy throughout the sample. Drying was
performed at a single power level at a time. In the
microwave drying method, four power levels of: 90,
180, 360 and 600 W were used. Moisture loss was
measured in 60 and 30 s intervals with a digital
balance (Precisa, model XB220A, Precisa
Instruments AG, Dietikon, Switzerland) with an
accuracy of 0.001 g. Three replicates of each
experiment were performed according to a preset
microwave output power level and time schedule,
and the average of these results was given.
Microwave drying continued till the moisture was
reduced to about 0.18 g water/g dry matter. After this
point the nectarine slices burned. The average values
of the moisture content were used for drawing the
drying curves.

IR drying method

The most convenient power level for IR drying
was reported as 125 W [25, 26]. So the drying
experiments were performed at an infrared power
level of 125 W. Moisture loss in the samples with
initial load of 32 + 1 g was measured with a digital
balance at 30 min intervals. Drying was finished
when the moisture content of the samples was
approximately 0.06 g water/g dry matter. The
experiments were triplicated and the average values
of the moisture content were used for drawing the
drying curves.
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Hybrid drying method

In this method, IR and MW methods were
consecutively applied to the same nectarine slices.
According to the results obtained from MW and IR
method, the details of the hybrid drying were
determined.

Firstly IR method at a power level of 125 W was
applied on nectarine slices weighing 36.0 + 1.0 g.
The IR method continued until the moisture content
decreased to 50%, i.e., 2.15 g water/g dry matter.
Then the MW method was applied at a power level
of 180 W. The second drying step was continued
until the moisture content of the samples decreased
to 0.10 g water / g dry matter.

Calculations of the moisture content and drying
rate

During the drying process, all weighings were
completed in 10 s. Samples were weighed at
intervals of 30 and 2 min, for the methods of IR and
MW, respectively. Three replicates were taken and
the average value was calculated on dry basis by the
following equation:

W, -W,
Mipiiar = WW—
d
where Miniial IS the initial moisture content of
nectarine on dry matter (%), Wy is the wet weight
and Wy is the dry weight of nectarine in g. The drying
rate during the experiments was calculated using the
following formula:
dM _ Mt+dt — Mt 2
= )
dt dt ,
where Miand M are the moisture content at t
and moisture content at t+dt (g water/g dry matter),
respectively, and t is the drying time (min).

1)

Color measurements
Color analysis for MW, IR and hybrid dried

samples were replicated five times and average
values were calculated.“L” represents the lightness
or darkness of the sample on the scale of 0-100
where white equals 100 and dark equals 0. “a”
represents redness (+) or greenness (—). “b”
represents yellowness (+) or blueness (—). The color
difference (AE), chroma (C") and R (a/b) were
determined using the following Eqns. [27, 28]:

AE = (L, —1)? +(a, —a)* +(b, =b)?) (3)
C'=va’+b* 4)

R=" )

Lo, apand by are the parameters that are measured
before drying of the fresh nectarine samples. The
chroma value represents the saturation of the color,
the chroma value being lowfor dim colors and high
for vivid colors.

Mathematical modeling

In order to determine the moisture ratio as a
function of drying time, four different thin-layer
drying models, namely Lewis, Henderson & Pabis,
Page, and Aghbashlo et al. models [29-32] were
applied to IR and MW drying (Table 1).

The moisture ratio of the nectarines was
calculated using the following Eqn.:

Mt_Me
Mo_Me

where MR is the moisture ratio, M; Mo, and M. are
the moisture contents (g water/g dry matter) on dry
basis at any time, initial and equilibrium,
respectively. The equilibrium moisture content (M)
was assumed to be zero for microwave and infrared
drying and the MR equation (Equation 6) was
simplified as Eqn. 7 [33, 26]:

MR = 6)

nectarine samples was done on three randomly MR = ﬂ @)
selected slices. Color measurement was done using M,
Chromameter CR-400 (Minolta, Japan) and an ’
image analysis system. Color tests of the nectarine
Table 1. Thin-layer drying curve models considered
Model name Model Reference
Lewis MR = exp(—kt) [29]
Henderson and Pabis MR = aexp(—kt) [30]
Page MR = exp(—kt") [31]
kit
Aghbashloet al. MR =exp| — [32]
1+k,t
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Statistical analysis

The statistical analysis of experimental data was
performed using Statistica 8.0.550 (StatSoft, Inc.,
Tulsa, OK) software package, which is based on the
Levenberg—Marquardt algorithm. Three criteria of
statistical analysis were used to evaluate the fitting
of the experimental data to the different models:
coefficient of determination (R?), reduced chi-square

(¥ and root-mean-square error (RMSE). These
parameters can be calculated as:
N 2
> IVIRexp i _MRpre i)
x?=1=1 : . ®

N —z

. 712
=3 (MR _—MR j N C)
N i—1 pre,i exp, 1

where MRey,1and MRyrei are the experimental and
predicted dimensionless MR, respectively, N is the
number of data values, and z is the number of
constants of the models. Higher R? and smaller »?
and RMSE values indicate a better fit of the
experimental data to the model [34, 35].

RMSE =

RESULTS AND DISCUSSION
Drying Curves
First stage (MW drying)

In the first stage the nectarines were dried in the
microwave oven as natural and pre-treated. From the
results of the pre-treated nectarines it can be seen
that the pre-treatment process did not affect the
drying time. So the pre-treatment curves are not
given. The effect of microwave oven on the drying
curves of natural nectarines is shown in Fig. 1.

£90W o 180W s 360W o GOOW

10

0.8 -

ratio (MR)
o
H

04 4

Moisture

02 -

0.0

o 10 20 30 40 50 60
Drying time (min)

Fig. 1. Drying curves of nectarines at different
microwave power level.

The final moisture content of the natural
nectarines was reached for about 58 min at the
microwave power level of 90 W, where at 180, 360
and 600 W, the final moisture content of the natural

nectarines was reached after 13, 7 and 5 min,
respectively.

Water molecules within the nectarines are
exposed to a greater number of electromagnetic
waves by the increase in microwave output
frequency, so the drying time was shortened by the
generation of heat inside the nectarines that
increased the evaporation of the water molecules

(Fig. 2).
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Moisture content (g water / g dry matter)

o
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Fig. 2.Drying rate versus moisture content of nectarine
slices at different microwave power levels.

In the high-moisture zone, the initial drying rates
were high. Drying rates decreased over time while
the moisture content of the nectarines dropped
significantly.

In the microwave drying of nectarines, constant
rate and falling rate periods were consecutively seen.
Constant rate period was seen at the microwave
power levels of 90 and 180 W in the high moisture
zone, then reduced speed period was seen by the
decreasing moisture content. In contrast, falling-rate
period was seen at the power levels of 360 and 600
W. As a result, the microwave output power level
had a crucial effect on the drying rate. Similar results
were reported in previous studies [36—38].

Second stage (IR drying)

Fig. 3 shows the experimentally determined
moisture ratios of natural and pre-treated nectarines
versus drying time at infrared power level of 125 W.
The moisture ratio of the nectarines was calculated
by the simplified Eqn. 7. The moisture ratio
decreased continuously with drying time. The drying
curves are typical for those for similar fruits and
vegetables. Drying curves were used to determine
the effect of pre-treatment (citric acid) on the drying
time and it can be easily seen that pre-treatment
conditions very little affect the drying time. Drying
was continued until the moisture content of the
sample reached 0.06 g water/g dry matter and drying
times were determined as 225 min and 210 min for
natural and citric acid treated samples, respectively.
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Similar results were reported during air-drying of
citric acid treated banana by Ayim et al., 2012 [39].

o Natural = Pre-treated

1o

o 2 o
2 H H

Moisture ratio (MR)

e
n

0.0 + T T
(4] 40 80 120 160 200 240
Drying time (min)

Fig. 3. Experimentally determined moisture ratios of
natural and pre-treated nectarines versus drying time at
infrared power level of 125 W.
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Fig. 4. Drying rate versus moisture content of
nectarine slices at infrared power level of 125 W.

Curves of drying rate versus moisture content for
pre-treated and natural samples are presented in Fig.
4. As can be seen, there are three drying rate periods
in these curves. At the beginning of the drying
process, under all drying conditions, there are short
heating up periods after which the drying rates
gradually decrease and two falling rate periods occur
during the drying process. The results are consistent
with the observations made by different authors on
drying various agricultural products [40-42].

Third stage (Hybrid drying)

The hybrid drying curves of nectarines are shown
in Figs. 5, 6 and 7. As seen from Fig. 5, the total
moisture content reaches 50% for 120 minutes.
Natural and pre-treated nectarines were dried to 0.30
and 0.27 g water/g dry matter in the falling-rate
periods, respectively. The pre-treatment process had
no effect on natural nectarine drying. The remaining
moisture content was removed using MW at the 180
W power level (small graph inside Fig. 5) and the
moisture content decreased to 0.10 g water/g dry for
a period of 7 min.
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Fig. 5. Experimentally determined moisture ratio of
nectarine slices versus drying time during the hybrid
process.
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Fig. 6. Changes in drying rate with moisture content
at 125 W infrared power level.

Drying rate versus moisture content of the first
step of hybrid drying (IR at 125 W) is given in Fig.
6. The drying rate, although showing a short-term
increase at the beginning of the drying process,
shows a declining trend later for both natural and
pre-treated nectarines. Constant rate drying was not
observed.

The second step (MW at 180 W), of the drying
rate curves for the nectarine slices is given in Fig. 7.
As can be seen, in the first two minutes the drying
rate increases, then decreases for both natural and
pre-treated samples. As a result, the moisture content
of the nectarines was very high during the initial
phase of the drying process, which resulted in a
higher absorption of microwave power level and
higher drying rates due to the higher moisture
diffusion. As the drying progressed, the loss of
moisture in the product caused a decrease in the
absorption of microwave power level and resulted in
a fall in the drying rate. Similar findings were
reported in previous studies [43, 44].
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Fig. 7. Changes in drying rate with moisture content
at a microwave power level of 180 W

Effect of drying and pre-treatment on the color of
nectarine slices

One of the quality parameters of food and
agricultural productsis the color. Too big color
change affects the quality of the product and leads to
negative marketing conditions. For the dried
products high “L” and low “R” values are preferred.
In Table 2, “L”, “a”, “b”, “AE”, “C*” and “R” values
of the control group and nectarines dried by different
methods are given.

In comparison with natural nectarines, the
lightness values of the pre-treated hybrid dried
nectarines decreased a little; on the contrary, the
redness and yellowness values increased. Citric acid
pre-treatment prior to the hybrid drying process
increased the lightness value. The highest values of
“L”, “a”, “b” and “R” were observed for IR and
hybrid dried nectarines. Similar results were
obtained for various agricultural products [45, 46].

The highest and the lowest total color change
(AE) values were found as 27.67 and 12.32 for the

MW method (600 W) and the IR method with pre-
treated nectarines, respectively. The highest
chroma(C*) values were obtained for the IR and
hybrid methods.

The pictures of nectarines dried by different
drying methods are shown in Fig. 8.

90 W (MW)

o

360 W (MW)

180 W (MW)

600 W (MW)

Natural (IR) Natural (IR and MW)

Pretreated (IR)

Pretreated (IR and MW)

Fig. 8. Colors of dried nectarine slices

Table 2. Color parameters of fresh and dried nectarine slices

Drying . Color parameters .
Method Power level  Nectarine C 2 b AE C R
- - Fresh 65.10 6.00 21.56 - 22.37 0.28
oW Natural 53.85 11.10 19.47 12.53 22.41 0.57
MW 180 W Natural 51.42 13.89 20.41 15.83 24.68 0.68
360 W Natural 49.85 13.57 19.69 17.13 23.91 0.70
600 W Natural 40.68 11.90 9.97 27.67 15.52 1.19
Natural 63.86 14.22 34.45 15.34 37.27 0.41
IR 125 W Pre-
64.02 12.03 30.99 12.32 33.24 0.39
treated
125 W (IR) Natural 52.15 15.14 28.43 17.28 32.21 0.53
Hybrid & 180 W Pre-
(MW) treated 63.93 15.67 30.13 12.97 33.96 0.52
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As can be seen in Fig. 8, on increasing microwave
output power level, excessive browning of the
nectarine slices (burning) occurred. This burning
decreased on lowering the microwave output power
level. In the IR method, the color quality of both
natural and pre-treated nectarines was found to be
the best among the other methods (Table 2). During
hybrid drying, the color values were close to those
of the IR method, which means that the hybrid
drying method leads to promising results. Another
conclusion ensuing from Fig. 8 is that the pre-
treatment process had a positive impact on the color
quality.

RESULTS OF THE MATHEMATICAL
MODELING

Mathematical modeling results of MW dried
nectarines are given in Table 3.

*90W ol180W +360W oGOOW
Lo

" a

Predicted MR
-

0.0 02 0.4 06 0.8 10
Experimental MR

Fig. 9. Comparison of experimental and predicted
moisture ratio values using the Aghbashloet al. model for
nectarine slices at different MW power levels

From the R?, RMSE and y?values obtained, the
Aghbashlo et al. model was found as the optimum
one.For the model of Aghbashlo et al., the R? values
were found as 0.9988, 0.9966, 0.9970 and 0.9910 for
the MW power level of 90, 180, 360 and 600 W,
respectively. RMSE and 2 values were calculated as
0.037362, 0.029480, 0.039507, 0.062795 and
000098, 0.000444, 0.000389, 0.001928 for the MW
power level of 90, 180, 360 and 600 W, respectively.
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Fig. 10. Comparison of experimental and predicted
moisture ratio values using the Aghbashlo et al. model for
nectarine slices at different IR power level.

The comparison of the experimental and the
predicted values is given in Fig. 9. Mathematical
modeling results of the IR dried nectarines are given
in Table 4.

Table 3. Curve fitting criteria for the various mathematical models and parameters for nectarine slices at different

MW power levels.

Power level (W) Model R? N RMSE
Lewis 0.9779 0.001816 0.205167
90 Henderson and Pabis 0.9864 0.001147 0.145434
Page 0.9969 0.000254 0.069229
Aghbashlo et al. 0.9988 0.000098 0.037362
Lewis 0.9193 0.009011 0.213650
180 Henderson and Pabis 0.9386 0.008041 0.200565
Page 0.9944 0.000722 0.052846
Aghbashlo et al. 0.9966 0.000444 0.029480
Lewis 0.9029 0.011143 0.234195
360 Henderson and Pabis 0.9242 0.010146 0.217807
Page 0.9953 0.000618 0.052454
Aghbashlo et al. 0.9970 0.000389 0.039507
Lewis 0.8409 0.021674 0255297
600 Henderson and Pabis 0.8709 0.021981 0.258622
Page 0.9918 0.001381 0.058116
Aghbashlo et al. 0.9910 0.001928 0.062795
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Table 4. Curve fitting criteria for the various mathematical models and parameters for IR dried nectarine slices

Pretreatment Model R? v RMSE
Lewis 0.9632 0.004590 0.162364
Natural Henderson and Pabis 0.9699 0.004292 0.157089
Page 0.9969 0.000439 0.041236
Aghbashlo et al. 0.9990 0.000138 0.025463
Lewis 0.9624 0.004549 0.137584
Pre-treated Henderson and Pabis 0.9692 0.004341 0.133052
Page 0.9954 0.000649 0.042771
Aghbashlo et al. 0.9976 0.000329 0.035763

From the obtained results for the R?, RMSE and
y?values, the Aghbashlo et al. model was again
found as the optimum one. For the model of
Aghbashlo et al., the R? values were found as 0.9990
for natural and 0.9976 for pre-treated nectarine
slices. The RMSE and y? values were calculated as
0.025463, 0.000138 for natural and 0.035763,
0.000329 for pre-treated nectarines, respectively.

The comparison of the experimental and the
predicted values is given in Fig. 10.

As it is seen from Figs. 9 and 10, all values are
placed near the control line, meaning that the
experimental and predicted values are very close.

CONCLUSIONS

Turkey has an important place in nectarine fruit
production. Nectarines, mostly consumed fresh,
have a significant value in terms of human nutrition.
The acquisition of new productsfrom dried
nectarines, the nectarine production/ processing will
increase the income and will allow the consumption
of nectarines in every month of a year. Considering
the described reasons, in this study, an appropriate
method and conditions for drying nectarine slices
was found.

In MW drying of both natural and pre-treated
nectarines, the drying process was not successful
because of the burning of the sugar content (7-12%)
inside the nectarines. The nectarines were partly
cooked. In IR drying, the drying process was
successful with drying times of 210 and 225 min, for
natural and pre-treated nectarines, respectively.
Even if there is no significant difference in the
drying time between natural and pre-treated
nectarines, the color quality of pre-treated nectarines
was better than that of natural dried nectarines. In the
hybrid drying method, the drying time was 127 min,
meaning that the drying time was reduced by 40%
and 44%, for the pre-treated and natural nectarines,
respectively. Likewise, in the IR method the pre-

treatment did not affect the drying time but affected
the color quality.

The most suitable model for the mathematical
modeling of MW and IR drying methods was that of
Aghbashlo et al.

As a result, considering all aforementioned
parameters, the best method for nectarine drying was
found to be the hybrid drying method.
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KMHETHUKA HA CYUIEHE HA ThbHKU CJIOEBE OT HEKTAPWUHU I1PU IR, MW U1
XUBPUJHU METO/IN

O. Ucmann, A.C. Kunuax™®, 1. Jlotimas, C. I[Tummkux
Jenapmamenm no unsicenepua xumus, Texuuuecku ynusepcumem Hvnovs, 34210, Hemanbyn, Typyus
[Mocrenuna Ha 13 tonu, 2015 1.; mpuera Ha 20 ssHYapH, 2016 .

(Pe3stome)

B Tta3u paboTa ce uscie/iBa CyIIeHeTO Ha pe3eHu OT HekTapuHu (Var. nucipersica mium var. nectarine maxim) mo tpu
paznuuHu MeToza: MUKpoBBIHOBO (MW), nadpauepseno (IR) u xubpuaHo (komounupanu IR u MW). MW-meToasT e
npuiiarad npu moiHoctu Mexy 90 u 600 W, nokaro IR-meToasT Ha cyieHe e npuiara npu MouHoct ot 125 W. Tlpu
XUOPHUIIHHS METOJI MociieioBaTenHo ce npuiarat IR-meronst npu mMomrHoct ot 125 W u MW-meroast npu 180 W.
3aeHO C OMHUCAHWTE METOMH CE TIPHUJIara W MpeJABapUTENTHO TPETHPAHE C JTMMOHEHa KHCeNlnHA. MUHUMATHO BpeMe 3a
CYIIICHE ce MOCTUTA MPU XUOPpHIHUS MeTo/]. KiHeTHKATa Ha CYIIeHE € Onpe/ieieHa OT eKCIIEPUMEHTATHATE PE3YIITATH C
MTOMOIITA Ha MaTEMATHYHO Mojenupane. Karo Hail-1o0bp KMHETHYEH MOJIET € onpeeieH To3u Ha Aghbashlo et al. na
0asara Ha BUCOK Koe(uuueHT Ha kopenauus (R?), manka cpeano-kpaapatudna rpetka (RMSE) u Hucka cToliHoCT Ha -
KpUTEpHsL.
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In this study, the contents of Sh, Pb, and Ba in GSR collected simultaneously from the hands and clothes of the shooter
and the barrel of the firearm, were determined by GFAAS in order to determine the time-dependent persistence of GSR.
The most intensive GSR was found in the samples collected from the hands of the shooter, and it was observed that the
persistence of GSR is longer on the barrel of firearms since this area is less prone to the effects of environmental
conditions. Therefore, we were able to analyze the gunshot residues deposited on the barrel of the firearm in a longer time
interval. The average half-time of the GSR particles obtained from the hands and clothes of the shooter was found to be
one hour. The importance of the time factor in collecting the samples is evident from the findings. The density of the GSR
detected varies depending on the type of ammunition used. Although the density of the GSR collected from the hands and
clothes of the shooter depends on the type of firearm, it is evident that the surface and environmental factors are very

important for the persistence of residues collected.

Keywords: Forensic Sciences, Firearm Investigation, Gunshot Residues.

INTRODUCTION

In forensic science, chemical analysis has gained
importance in recent decades [1]. Identifying trace
elements in gunshot residues (GSR) provides useful
information helping to find the suspect and the
victim. The primers of cartridges used in firearms
contain lead styphnate, barium nitrate, and antimony
trisulfate [2]. When a weapon is fired, the heat and
pressure lead to the deposition of residual organic
and inorganic substances in the gunpowder and shot
shell. In addition, to reveal the shooter, firearm, and
ammunition and to obtain other useful information
about the shot fired, gunshot residue (GSR) analysis
should be performed. There are detailed studies on
the detection, identification, and analysis of the
firearms that left inorganic GSR [2]. Atomic
absorption spectrometry (AAS) is a common method
for the analysis of trace elements [3-6]. The
morphological and elemental characteristics of the
GSR of the fired firearms can be analyzed using
scanning electron microscopy and energy-dispersive
X-ray spectroscopy (SEM/EDS) imaging techniques
[7]. Analysis of the residue of the products
attributable to the explosion of the shots is of great
importance [6-12] to determine whether the person
in question has fired a shot with that firearm [12, 13].

All of these particles can also contain abundant
or trace amounts of elements such as aluminum,
calcium, sulfur, and silicon; trace amounts of

* To whom all correspondence should be sent:

E-mail: ilkerkara06@hotmail.com

chlorine, copper, iron, potassium, and zinc, as well
as traces of magnesium, sodium, and phosphorus
[13]. In the last three decades, the lead-free, heavy-
metal-free, pollutant-reduced, or even low-emission
primers are trending. The conventional pyro-system
is now being replaced by “environmentally
compatible” components, due to concerns about the
health of shooters that contact the vapors of GSR in
daily work [14]. When a firearm is fired, a cloud of
various substances, which are called GSRs, leaves
the muzzle along with the bullet. These particles are
deposited mostly on the hands, clothes, and hair of
the shooter, and on the barrel of the firearm [15].
These findings can be used to reveal the suspect and
the details of the incident. If performed and
interpreted correctly, such analyses distinguish
between homicide and suicide [16]. In studies
carried out to date, the focus was on the collection of
GSR from the hand of the shooter immediately after
shooting [14]. As a result of many years of
experience, it was observed that GSR can be
detected on the clothes and hair of the shooter after
some time following the incident, despite the
negative GSR-detection results in the samples
collected from hands [17]. In their study conducted
in 2008, Rosenberg and Dockery showed that GSR
could be detected on the hands of shooters up to nine
days later, according to measurements made at one-
day intervals [18]. However, in practice, the swab
samples are collected from the suspect a few hours
after the incident.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The purpose of this study is to investigate the
time-dependent permanence of GSR traces
obtained from three different forms of ammunition
used with two different brands of pistols. This
information can contribute to the routine GSR
examination.

EXPERIMENTAL
Gunshot experiments

A Smith-Wesson (S&W) brand revolver and a
semi-automatic Glock 17 brand pistol were used
with proper Machine Chemistry Institute (MKE),
Czech Republic Sellier and Bellot (S&B), and
Germany  (Geco) brand  full-metal-jacket
ammunition. GSR samples were collected from the
right hand of the shooter, from a 10x10 cm area on
the right sleeve of the shooter and from the interior
of the barrel of the firearm used, in order to
determine the time-dependent change of the
persistence of GSR. All ammunition used had
conventional lead-, antimony-, and barium-based
primers.

Fig.1. Backscattered electron images of chosen
examples of GSR.

Each test shot took place in an indoor firing range
after turning off the flow-through ventilation. Air
circulation was minimal. The firearms and
ammunition are listed in Table 1.

Table 1. Pistol and cartridge mark list.

A standard solution of 5% nitric acid was
prepared by diluting a 1000 mg/l stock standard
solution of 50 ml, and the barrel was rinsed with this
solution to obtain a solution of GSR [19]. The
samples were collected immediately after each shot
from the shooter’s right hand and right sleeve on
aluminum stubs using double-sided adhesive tape.
GSR was collected by pressing the stub for 100 times
to the hand skin including thumb and index finger of
the right hand and the right sleeve of the shooter. To
prevent any accidental contamination, the shooters
did not collect any samples. For the same reason, the
residues were collected by only one person, and
analyzed under the same strict conditions.

Samples were collected by using different carbon
tapes for each measurement, and after putting them
into sterile sampling containers, 5 ml of 5% nitric
acid solution was added to the containers and
allowed to stay for 24 h after centrifuging for 2 h.
The related samples were transferred to 5 ml vessels
made for the GFAAS device. The control samples
were collected from clean barrels, empty carbon
tapes, empty tubes, and target areas after applying
cleaning procedures.

Apparatus

A Varian (Australia) electrothermal atomic
absorption spectrometer model SpectrAA 240Z
equipped with a Zeeman background correction
system, a thermal graphite atomizer (TGA-120), and
an autosampler (PSD-120), was utilized for the
determination of analytes. Integrated mode was used
for the absorbance measurements throughout the
studies. An antimony hollow cathode lamp (Varian),
a multi-element (Co-Mo-Pb-Zn) hollow cathode
lamp (Varian), and an electrothermal atomizer were
used for the determination of Sb and Pb under the
conditions suggested by the manufacturer. The
wavelength, lamp current, and slit width were 217.6
nm, 10 mA, and 0.2 nm for Sb and 217.0 nm, 10 mA,
and 1.0 nm for Pb. A Varian AA240FS was used for
Ba in atomic emission (AES) mode under the
conditions suggested by the manufacturer. The
wavelength, slit width, and acetylene flow rate were
553.6 nm, 0.2 nm, and 2.15 L/min.

Pistol Mark Smith&Wesson Glock 17
Cartridge MKE Geco S&B MKE Geco S&B
Caliber 38 special 38 special 38 special 9 mm 9 mm 9 mm
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Fig. 2. Time-dependent change of the persistence of GSR particles deposited on the barrel of the S&W brand revolver
for a) MKE b) Geco c¢) S&B brand 38 special caliber cartridges.

RESULTS AND DISCUSSION
Time-dependent amount of particles

The formation of GSR particles is a very dynamic
and complex process. This process can involve
numerous metal particles [20]. All of these particles
can also contain abundant or trace amounts of
elements such as aluminum, calcium, sulfur and
silicon; trace amounts of chlorine, copper, iron,
potassium, and zinc; as well as traces of magnesium,
sodium, and phosphorus [15]. Quantitative analysis
of antimony (Sb), barium (Ba), and lead (Pb), which
are the major elemental components of most of the
cartridge primers, performed on the GSR collected
from the hands of a suspect, provides valuable data
to be used for associating the suspect with recently
discharged or contaminated firearms, or with an
ammunition component. Therefore, Sbh, Pb, and Ba
present in the ammunition analyzed were preferred
in detecting the traces of GSR. The most important
factor in determining the persistence of GSR is the
collection of GSR particles in a quality and steady
manner. Therefore, swabs should be simultaneously
taken from the same areas of the only shooter to
minimize the variables, and the GSR collection
method should be completely consistent.

The time-dependent persistence of the amount of

Sb, Pb, and Ba obtained from the GSR collected
from the hands and clothes of the shooter, and the
barrel of the firearm used is shown in figures 2-7.
Naturally, GSR deposition is denser in the barrel of
firearms, and it was observed that the amount
deposited on the right hand of the shooter was higher
than the amount collected from the clothes of the
shooter.

Although the GSR density occurring after firing
shots depends on the type of ammunition used, the
dispersion of the particles into the environment after
the explosion varied according to the type of firearm
used. It is shown in figures 2-7 that the amount of
particles formed significantly decreases as the
distance from the barrel increases.

In Figure 2, time-dependent changes of the
persistence of Sb, Pb, and Ba obtained from the
particles deposited on the barrel of the S&W brand
revolver were examined up to one month later. It was
observed that GSR particles can be detected even
after one month, since the interior of the firearm’s
barrel is the least affected part by environmental
conditions. Of the three elements examined, the
amount of Sh was found to be lower than the
amounts of Pb and Ba, and its persistence was
minimal. The amount of Ba was found to be
significantly higher in GSR obtained from the MKE
brand cartridges. In addition, they have the minimum
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amount of Pb compared to other types of
ammunition. Additionally, the amount of GSR
particles deposited in the S&W brand revolver is
expected to be lower since it has a shorter barrel than
the Glock 17 brand pistol because of the design of
the revolver.

In Figure 3, the time-dependent change of the
persistence of Sb, Pb, and Ba obtained from the
particles deposited on the barrel of the Glock 17
brand pistol were examined up to 1 month at various
intervals. Although the amount of GSR deposited is
approximately two times higher in a Glock 17 brand
pistol due to its longer barrel in comparison with the
S&W brand revolver, these two firearms had similar
time-dependent persistence of GSR change.

In Figure 4, the time-dependent change of the
persistence of Sb, Pb, and Ba obtained from the GSR
particles collected from the right hand of the shooter
after firing shots with the S&W brand revolver,
examined in the range of 0-5 h, is shown. The
amount of GSR dispersed was higher after the
explosion in the S&W brand revolver due to the
effective ballistic power of revolver ammunition and
the design of the revolver [21]. Thus, the amount
deposited on the hands of the shooter was higher
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using a S&W brand revolver. The amount of Pb was
found to be lower in GSR obtained from the MKE
brand ammunition compared to other types of
ammunition. GSR was detected on the hands of the
shooter up to the fifth hour.

In Figure 5, the persistence of the amount of Sb,
Pb, and Ba obtained from the GSR particles
collected from the right hand of the shooter, using
Glock 17 brand pistol, examined in the range of 0-5
h, is shown. It was observed that the amount of GSR
deposited on the hands of the shooter was
significantly lower compared to a revolver. This may
be caused by the design of the revolver and the
effective ballistic power of the ammunition used
[21]. The amount of GSR collected from the shooter
was maximum when the MKE brand ammunition
was used.

In Figure 6, the persistence of the GSR deposited
on the clothes of the shooter, using a S&W brand
revolver, examined in the range of 0-5 h, is shown.
Taking swabs from the shooter’s clothing is a less
preferred method than taking swabs from the hands
of the shooter. However, GSR particles were found
to stay longer on the shooter’s clothes. This result is
critical in evaluating cases.
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In Figure 7, the time-dependent persistence of
GSR particles deposited on the clothes of the shooter
using a Glock 17 brand pistol, examined in the range
of 0-6 h, is shown. Although the GSR density was
lower than that obtained with a S&W revolver, it was
observed that the GSR particles could be detected up
to the sixth hour later.

The persistence of GSR was found to decrease
quickly after firing shots, and it was also observed
that it can be detected on the hands of the shooter up
to five hours later; whereas from the clothes of the
shooter it can be detected up to six hours later.
Hence, taking swabs from the clothes and the hands
of the shooter will be beneficial for justice providers
in evaluating the incident.

CONCLUSIONS

While the persistence of GSR particles is higher
in the firearms’ barrel, they disappear first from the
hands and clothes of the shooter with time. This can
be caused by the GSR particles loosely bound to the
surface of the hand compared to the surface of cloth,
or by the daily activities of the shooter affecting the
particles on the surface of the hand. The intensity of
GSR particles that occurred as a result of the
explosion is highly dependent on the type of
ammunition used. The intensity of GSR particles
dispersed in the environment varies depending on
the type of firearm. Since the barrels of firearms are
less affected by the environmental conditions, the
GSR particles on the barrel can be detected for a
longer time. This result showed that the
environmental conditions are very effective on the
GSR.

This study can be considered as a
recommendation for justice providers. In the
detection of GSR, the type of firearm used in the
incident and ammunition types were also found to be
of significance. Taking swabs from the clothes and
the hands of the shooter was found to be potentially
advantageous. These analytical data will be
beneficial in practice.
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OLIEHSIBAHE HA TPAUHOCTTA HA OCTATBLIU OT U3CTPEJIHU (GSR) C ATOMHO-
ABCOPBLIMOHHA CITEKTPO®OTOMETPHSI B TPA®UTHA IIELL (GFAAS)

U. Kapal?, O.. SAnmuunkas®

Ulenapmamenm no unocenepna gusuxa, Unoicenepen gpaxynmem, Ynusepcumem 6 Anxapa, Typyus
2lenapmamenm no 6anucmuxa, Honuyeticka rabopamopus no kpumunarucmuxa 6 Anxapa, Typyus
3 flenapmamenm no xumus, Hayuen paxynmem, Ynusepcumem Iazu, Auxapa, Typyus

IMocrbnuna Ha 31 aBryct, 2015 r.; npueta na 20 mait, 2016 .

(Pesrome)

B Ta3u pabora ce u3cneqBa ChbIbpKaHHETO Ha Hskou enementd (Sb, Pb u Ba) B ocrareuure ot msctpenu (GSR),
cbOpaHu eIHOBPEMEHHO OT PBLIETE M JPEXHUTE Ha CTpelielia U OT IIeBTa Ha opkkueTo 1o metona GFAAS u TpaiiHocTTa
Ha 3aMbpcsBaHeTo oT octarbka (GSR). Hait-unrensnusno 3ambpcesiae (GSR) ce 3a0ensn3Ba B mpobHTe, B3ETH OT PBIETE
Ha CTpeJielia M Ce YCTAHOBSIBA, Ye TPAHHOCTTa Ha 3aMBPCSABAHETO € MO-TOJIIMA 110 [IEBTa Ha OPBIKHETO, Thil KaTo TA € IOo-
MaJKo M3JI0’KeHa Ha OKOITHO BB3jeiicTBre. CpemTHOTO MONy-BpeMe Ha TPailHOCT Ha OCTATBIMUTE IO PHLETE U IPEXHUTE Ha
cTpeena e enuH gac. OT TOBa ce YCTaHOBSIBA 3HAYCHHETO HA MOMEHTa Ha MPOoOOB3MMaHeTo, [IIbTHOCTTa HA OTKPUTHTE
GSR Bapupa criopes U3IO0I3BaHUTe aMYHHIMU U THIIA Ha OPBKUETO. BBIIPeKH ToBa ce yCTaHOBsBA, Y€ OBBPXHOCTTA H
OKOJIHATa cpelia ca BayKHU 32 TPAifHOCTTa Ha B3UMaHUTE IPOOH.
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hydrogen sorption properties of MgH
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The hydriding and dehydriding properties of 95 wt.% MgH: - 5 wt. % C composites, synthesized by ball milling under
argon with two different carbon additives (activated carbon derived from apricot stones - AS and from polyolefin wax -
POW), were studied. Both samples showed no significant difference in the hydrogen absorption kinetics and reached
absorption capacity of 5.8 wt.% for 95 wt.% MgH., - 5 wt. % AS and 5.4 wt . % for 95 wt.% MgH> - 5 wt. % POW at
573K and 1MPa after 60 min of hydriding. Faster desorption rate at 623 K and 0.15 MPa was demonstrated by the
composite containing activated carbon derived from apricot stones. Morphology and phase composition of the composites

were investigated by TEM and XRD.

Keywords: Mg-C nanocomposites, hydriding/dehydriding, ball milling, hydrogen storage capacity

INTRODUCTION

Important factor in the use of hydrogen as a clean
fuel is the development of safe and effective
materials for its storage. One of the most promising
hydrogen storage materials is magnesium, mostly
because of its high theoretical hydrogen storage
capacity (7.6 wt.%), abundance and low cost. Its
practical application, however, is hindered by the
slow hydrogen sorption kinetics and high
hydriding/dehydriding temperatures. Improvement
of the hydrogen storage properties of magnesium is
achieved by the method of high-energy ball milling
using different types of additives which act as a
catalyst during the processes of hydriding/
dehydriding. According to many authors, carbon
containing additives improve the hydrogen sorption
properties of magnesium [1-19]. It has been proven
that carbon protects magnesium from oxidation and
acts as process controlling agent during ball milling
due to its anti-stacking properties [1, 4, 12-14, 19].
In addition, carbon containing additives reduce
hydrogen storage temperature and improve the
hydrogen sorption kinetics of magnesium based
materials [2, 4, 5, 12, 13, 19].

Various carbon containing additives as graphite
[1-6, 8-15, 17, 18], activated carbon [1, 6, 20-22],
carbon nanomaterial [5, 16], nano diamonds [16],

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

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

diamonds [17, 18] carbon from anthracite coal [19],
carbon fibers and nanofibers [1, 18], nanotubes [1, 6,
7, 14,17], carbon black [6, 14-16], amorphous
carbon soot [16] and amorphous carbon [15, 17] are
used as additives to magnesium and MgHs..

All carbon materials used by Lillo-Rodenas et al.
[1] decrease the decomposition temperature of
MgH: and the best results are demonstrated by the
mixtures with carbon nanofibres and multi-walled
carbon nanotubes. Huot et al. [2] reported that
graphite additive significantly intensifies the
reactive milling synthesis of MgH: and improves the
hydrogen desorption kinetics. Improvement of
hydrogen sorption properties in ball milled MgH-,
using expanded natural graphite and compression in
order to form compacted disks, has been observed by
Chaise et al. [3]. Wu et al. [6, 7] found that
considerable improvement of the hydrogen storage
properties of Mg can be achieved upon mechanical
milling of MgH; with carbon additives compared
with non-carbon materials. Purified single-walled
carbon nanotubes (SWNTs) show the most
pronounced catalytic effect on the hydrogen storage
properties of Mg. The hydrogen absorption capacity
and hydriding kinetics of the composites are
dependent on the added amount of SWNTSs, as well
as on the milling time [6, 7]. Several papers by
Imamura et al. and Montone et al. have presented
results for the Mg-graphite nanocomposites,
prepared by ball milling with different organic
additives [8-11]. They suggested the possibility of
the formation of new sites for hydrogen storage other
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than those due to the magnesium, able to reversibly
store hydrogen. Materials synthesized by reactive
mechanical milling of magnesium powder, a mixture
of Mg-graphite flakes and MgH.- graphite flakes for
different duration, were investigated by Fuster et al.
[12, 13]. The composite prepared from a mixture of
magnesium powder and graphite shows better
sorption properties in comparison with a material
where graphite is added to MgH, already
synthesized and mixed by milling. When the
additive is homogeneously distributed within the
bulk, graphite catalytic activity is more pronounced.

Among the composites with different carbon
additives, magnesium with carbon black revealed the
best hydriding properties - low temperature of
hydriding and relatively fast hydriding Kinetics.
Spassov et al. [16] suggested that the improved
sorption properties of this composite are due to the
finer particles and the better contact between carbon
and MgH,/Mg particles compared to the other two
materials studied. Hydrogen sorption by Mg-based
composites with addition of different carbon
additives during reactive ball milling was
investigated by Rud et al. [17]. The use of these
types of additives led to a significant increase in
hydrogen sorption rate. The formation of MgH:
during reactive ball milling has been faster for the
carbon added materials than for the pure magnesium.
Awad et al. [18] investigated the desorption reaction
of MgH, catalyzed by different forms of carbon
under microwave irradiation. Rising carbon content,
microwave power and milling time resulted in
enhancement of dehydrogenation rate.

Despite the numerous results published on
addition of carbon to magnesium, the mechanism of
carbon additive influence on hydrogen absorption/
desorption properties of magnesium is not very
clear. The effect of graphite and activated carbons
derived from low-cost agricultural by-products on
the hydrogen sorption properties of Mg and Mg;Ni
was investigated previously by us and results were
published in several papers [4, 20-23]. It was
established that the presence of carbon containing
additives in the Mg-based composites has positive
influence on their hydrogen sorption properties,
leading to an enhanced hydriding rate and higher
absorption capacity compared to pure magnesium.
The aim of the present work was to continue the
investigation of the role of carbon containing
additives derived from non-expensive and waste
products on the hydrogen sorption kinetics of
magnesium. Activated carbons derived from apricot
stones and from polyolefin wax (a waste product
from polyethylene production) were used as
additives to MgH, and the hydrogen sorption
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properties of the composites obtained by ball milling
under argon were studied.

EXPERIMENTAL

One of the activated carbons was prepared from
apricot stones by steam pyrolysis. Detailed
description of the preparation procedure of activated
carbon derived from apricot stones can be found in
[24]. As for the other activated carbon, it was
synthesized from polyolefin wax, a waste product of
low-pressure polyethylene production from Burgas
petroleum plant, Bulgaria. The polyolefin wax
sample was heated to 383 K until melting.
Concentrated sulfuric acid was added dropwise
under continuous stirring, and the temperature was
increased up to 433 K. The obtained solid product
was washed with water, dried at 423 K and
carbonized at 873 K. POW carbonizate was
subjected to water steam activation at 1073 K for 1
h to obtain activated carbon. Textural
characterization was carried out by measuring the N»
adsorption isotherms at 77 K using Quantachrome
NovaWin2 porosimeter. The isotherms were used to
calculate the specific surface area Sger and the total
pore volume Vt. The pore size distribution,
micropore and mesopore volumes were obtained by
applying the DFT model to the N, adsorption data,
assuming a slit-shaped pore geometry. The carbon
samples were analyzed using the FTIR spectrometer
Bruker IFS 113V with resolution of 1 cm™ and 64
scans. The samples were mixed with potassium
bromide (1:1000) and the mixture was pressed into
pellets to be used in the analysis.

Composites of MgH. (98 % purity, purchased
from Alfa Aesar) and 5 wt.% activated carbons,
were obtained by ball milling in a planetary mono
mill Fritsch Pulverisette 6. The milling was
performed under Ar atmosphere using stainless steel
balls (diameter 10 mm) and vial (volume ca. 75 cm?),
the balls to sample weight ratio being 10:1. The
rotation speed was 200 rpm and the grinding
duration 30 min. Messer GmbH argon and hydrogen
gases with purity of 99.998% and 99.999%,
respectively, were used in the experiments. Further
in the article, the composites will be denoted as:
MgH:-AS: 95 wt.% MgH: - 5 wt.% activated carbon
derived from apricot stones; MgH»-POW: MgH- - 5
wt.% activated carbon derived from POW.

The phase composition of the starting
compounds, the initial, hydrided and dehydrided
composites was controlled with the use of a Bruker
D8 Advance X-ray diffractometer (CuK, radiation).

Additional characterization of the samples was
performed by transmission electron microscopy
(TEM). The TEM studies were performed on a JEOL
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2100 instrument at an accelerating voltage of 200
kV. The specimens were prepared by grinding and
dispersing in ethanol followed by an ultrasonic
treatment for 6 min. The suspensions were dripped
on standard holey carbon/Cu grids.

The hydrogen absorption-desorption properties
of the composites were determined by volumetric or
Sievert’s type apparatus. Hydrogen absorption
proceeded at temperatures of 573 K and 473 K and a
pressure P = 1 MPa. Desorption was carried out at
573 Kand 623 K and P = 0.15 MPa.

RESULTS AND DISCUSSION

The XRD patterns of the composites 95 wt.%
MgH:2- 5 wt.% AS and 95 wt.% MgH:- 5 wt.% POW
after ball milling are shown in Fig. 1.
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Fig. 1. X-ray diffraction pattern of the composites a)
95 wt. % MgH; - 5 wt. % activated carbon from apricot
stones and b) 95 wt. % MgH; - 5 wt. % activated carbon
from polyolefin wax, obtained by ball milling.

Stable B-MgH; was detected as the main phase.
Small amount of magnesium and no MgO was
detected. Probably, even after only 30 min of ball
milling some part of MgH. was decomposed,
because overpressure in the ball milling jar was
observed when opened after ball milling. For such a
short milling time, e.g. 30 min and at these milling
parameters it is not unexpected that no metastable y-
MgH; was formed.

The hydrogen absorption curves at 573K and 1
MPa are presented in Fig. 2. Both composites
showed very close and overlapping curves in the first
15 min of hydriding. Addition of activated carbon
derived from apricot stones resulted in higher
absorption capacity of 5.8 wt%. The decrease in the
absorption temperature to 473 K led to a slower rate
of hydriding and after 1 hour both samples reached
an absorption capacity of about 1 wt.%. If we
compare our previous result for the composite based
on Mg and the same additive, viz. activated carbon
derived from apricot stones [20, 21], it is obvious

that the 95 wt% Mg-5 wt% AS has slightly better
hydrogen absorption kinetics and higher absorption
capacity. Same effect on the hydrogen absorption
properties was observed by Fuster et al. [13].
Obviously, the ball milling conditions of their
experiments are very different from these used by us,
but probably better contact with carbon containing
additives can be achieved when the starting material
is magnesium. With such short milling time, as
applied in this study, no drastic difference in the
rates of hydriding of the samples based on
magnesium and magnesium hydride can be

expected, as can be seen in Fig. 2.
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Fig. 2. Kinetic curves of hydrogen absorption by the

composites 95 wt. % MgH, - 5 wt. % activated carbon

from apricot stones and 95 wt. % MgHj3 - 5 wt. % activated

carbon from polyolefin wax at P = 1 MPa and T=573 K.
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Fig. 3. X-ray diffraction pattern of the composites a)
95 wt. % MgH; - 5 wt. % activated carbon from apricot
stones and b) 95 wt. % MgH> - 5 wt. % activated carbon
from polyolefin wax obtained after hydriding at 573 K and
1 MPa and ten cycles.

The XRD patterns after ten cycles of
hydriding/dehydriding and hydriding at 573K and 1
MPa are shown in Fig.3. B-MgH. was detected as the
main phase and the diffraction patterns of both
composites did not show substantial difference from
these observed for ball milled samples (Fig. 1). Only
presence of a minor quantity of MgO was registered.
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The appearance of MgO could be explained by the
higher surface area obtained and the sensitivity to
oxidation after cycling and hydriding.
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Fig. 4. Kinetic curves of hydrogen desorption from the

composites 95 wt. % MgH, - 5 wt. % activated carbon

from apricot stones and 95 wt. % MgH, - 5 wt. %

activated carbon from polyolefin wax at P = 0.15 MPa and

e

b

Fig. 5. TEM bright field micrograph and electron
diffraction pattern of the composites a) 95 wt. % MgH: -
5 wt. % activated carbon from apricot stones and b) 95
wt. % MgH- - 5 wt. % activated carbon from polyolefin
wax obtained by ball milling.

The fastest desorption rate at 623 K and 0.15 MPa
was demonstrated by the composite containing
activated carbon derived from apricot stones (Fig. 4).
During the first few minutes of desorption all
samples showed overlapping curves as it can be seen
from the inset graph in Fig. 4. Desorption at a lower
temperature of 573 K was not observed. The
desorption rate of MgH»-AS was faster than that
published before for Mg-AS [20, 21]. This could be
due to the use of MgH,, which has a higher surface
area and is more brittle material.

Fig. 6. HTREM image of the composite 95 wt. %
MgH. - 5 wt. % activated carbon from polyolefin wax
obtained by ball milling.

For the activated carbons derived from apricot
stones and polyolefin wax the same values of
specific surface area were measured, but they differ
in some other characteristics. Activated carbon
derived from apricot stones has a higher carbon
content and a higher micropore volume than
activated carbon derived from polyolefin wax (Table
1). The results from IR spectroscopy (figure not
shown) demonstrated the presence of oxygen-
containing surface groups for both activated carbons
[20, 27]. It was shown in the literature that the
electrochemical hydrogen storage is favoured in
carbon materials with a well developed porosity and
a low content of surface oxygen complexes [25]. The
functional groups on the surface of the activated
carbons, as well as the porosity have a strong effect
on the adsorption properties. According to Su et al.
[26], adsorption capacity of activated carbon for
non-polar molecules such as hydrogen, increases
with the increase in the amount of surface acidic
groups. Additionally, Gergova et al. [24] established
that a higher amount of surface chemical groups
containing oxygen or another heteroatom in
activated carbons derived from agricultural by-
products, ensures higher concentrations of active
sites. Both activated carbons have well developed
pore structure and are suitable for the adsorption of
small molecules. The activated carbon derived from
apricot stones has a higher carbon content and this
can probably explain the better hydrogen
adsorption/desorption  properties as  slightly
increased hydrogen absorption capacity and faster
desorption for MgH,-AS than for MgH,-POW.

Table 1. Chemical characterization, BET surface area and pore volume of the activated carbons, determined by N

adsorption
Type of activated Seer Ash™  Vig?  VPrhico  VPmeso  C° He s o¢
carbon midg wt% cmdg cmig cmig wt% wt% wt% wt %
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Activated carbon from

apricot stones [21, 24] 800 1.10 0.50

0.36 0.04 95.1 13 0.7 1.9

Activated carbon from

polyolefin wax 800 011  0.60

0.27 0.14 87.4 3.5 0.5 8.6

mf — moisture-free sample; a - evaluated at relative pressures of 0.99; b - evaluated by DFT method applied to N2 adsorption data
using slit-shaped pore model; ¢ - data from combustion elemental analyzer; d - data from Eshka method; e - determined by difference;

Vot - total pore volume; Vmicro - volume of micropores and Vmeso -

moisture-free samples

TEM, SAED and HRTEM images of the
composites after ball milling are presented in Figs. 4
a, b and Fig 5. The samples consisted of
agglomerates and two principal groups of small and
large particles. The particle size of the ball milled
powders was varied from less than 1 pm to several
um. The composite containing activated carbon
derived from apricot stones had finer particles and a
separation between them was more clearly observed.
MgH well defined hexagonal shaped particles were
not visible in contrast to the study of Chi Xue Zhou
et al. [19]. Probable reason for that was the
formation of mixed areas of magnesium hydride and
carbon. The single crystal electron diffraction
patterns revealed the presence of tetragonal MgH,
Mg and graphite. The interplanar distance of the
lattice fringes of about 0.22 nm belongs to (200)
planes of f-MgH.. Other lattice fringes that were
observed are these of MgO - dz0 = 0.21 nm, Mg -
di00 = 0.28 nm and graphite - doo2 = 0.34 nm and digo
=0.21 nm. XRD patterns in Fig. 1 show no presence
of MgO in both samples after ball milling, but
HTREM detected this phase. Probably MgO content
in ball milled composites is below the detection
limits of XRD analyses. Only for the sample
containing activated carbon derived from apricot
stones, mixed areas on the surface containing MgH.
and graphite were observed by SAED and HTREM.
For the sample containing POW, no graphite was
detected.

The influence of the carbon additive morphology
on its catalytic activity concerning magnesium
sorption properties was studied by Fuster et al. [13].
They used graphite in form of powder or flakes as an
additive to Mg and MgH.. Sorption rates were
practically the same for both samples and they
implied that the catalytic activity of graphite does
not rely upon its initial microstructure or
morphology [13]. In our experiments, as it is seen in
Figs. 2 and 4, the effect of magnesium on the
hydrogen absorbing properties depends on the
starting material - Mg or MgH, and also on the type
of activated carbon. It was shown that there is no
substantial difference in absorption kinetics, but the
effect of the additive was more pronounced in the
kinetics of desorption. These two additives of
activated carbon have different micropore volume,

volume of mesopores; the chemical composition results are for

carbon and oxygen content, which play a role in the
absorption of hydrogen.

CONCLUSIONS

Hydrogen sorption properties of 95 wt% MgH»-5
wt% activated carbon derived from apricot stones-
AS or polyolefin wax-POW synthesized by high
energy ball milling in argon medium were studied.
Probably, because of the short time of ball milling,
no formation of yMgH> was observed. After 60 min
of hydriding at a temperature of 573 K and a pressure
of 1 MPa, the composites showed no substantial
difference in hydrogen absorption rate and capacity;
the one containing AS reached 5.8 wt% versus 5.4
wit% for the second one containing activated carbon
from POW.

More pronounced positive effect on the hydrogen
desorption of MgH, was demonstrated by the
activated carbon derived from apricot stones. It
seems likely that for the investigated composites,
after ball milling the activated carbon prepared from
apricot stones had better contact with MgHo, its
addition also resulted in finer particles with less
agglomerates compared to activated carbon derived
from polyolefin wax. Carbon containing additive
with high pore volume and higher carbon content has
a more favorable effect on the hydrogen sorption
characteristics of magnesium.
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E®EKT HA AKTUBHU BBIJIEHU, [TIOJIYUEHU OT KAPI§HEBH KOCTHMIJIKHU UJIN
ITOJIMOJIE®MHOB BOCHK BHPXY COPBIIMOHHUTE CBOUCTBA 110 OTHOIIEHME HA
BOJIOPO/] HA MgH:
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Iocrenmna Ha 8 oxromBpu 2015 T.; Kopurupana Ha 16 maii 2016 1.
(Pesrome)

CpoiicTBara Ha XUApHPAHE U JeXUIpUPaHe Ha KOMIO3UTH ChC CheTaB- 95 mac.% MgH: - 5 mac. % C, cunrte3upanu
¢ NOMOINTa Ha MEXaHOAaKTHBHpaHe B atMocdepa OT aproH C JBe pasMYHU BBIVIEPOJI- CHIBPXKAIIM NOOABKH ca
u3cine/BaHy (aKTHBEH BBIVICH MOJyYeH OT KaiicueBH KocTwiku- AS u monunoneduroB Bockk- POW). JIsete mpodu He
MOKa3BaT ChHIIECTBEHA pa3jIMKa B KHHETHKATa Ha abcopOuust Ha BOJOPOJ M JOCTHraT abcopOLMOHEH KananuTeT oT 5.8
Mmac.% 3a 95 mac.% MgH:- 5 mac. % AS u 5.4 mac . % 3a 95 mac.% MgH2- 5 mac. % POW npu 573 K u 1 MPa cien 60
MUH. xujapupane. [lo- Bucoka ckopoct Ha necop6ums npu 623 K u 0.15 MPa noka3a koMIo3uTa chabpiKai] akTHBEH
BBIJICH MOJIy4YeH OT KallCHeBU KOCTWIKA. Mopdoorusara u (pa3oBUsT CbCTaB Ha oOpasiuTe ca u3ciensany upe3 TEM u
XRD.
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Changes in the visible spectra of strawberry anthocyanins were studied depending on the addition of quercetin as a
co-pigment. The investigations were carried out at different temperatures between 20°C and50 °C. The solution with a
molar pigment:co-pigment ratio of 1:6 exhibits absorption maxima(Amax) at 20 and 30 °C; in solutions with molar ratios
of 1:8 and 1:10 Amax decreases. At temperatures of 40 and 50 °C Amax gradually increases with the increase in the
concentrations of strawberry anthocyanin and quercetin, accompanied by bathochromic and hyperchromic effects.
Experiments were performed at pH=3.4 (0.1 M Mcllvaine buffer). The thermodynamic parameters of the system, AG,

AH and AS were calculated as a function of temperature.

Keywords: Co-pigmentation, anthocyanins, quercetin, thermodynamics, equilibrium constant

INTRODUCTION

Anthocyanins represent one of the most
important and most widespread groups of plant
pigments of the class of flavonoids. This group of
pigments is responsible for the existence of most of
the red, blue, and purple colors in flowers and fruits
[1]. Unfortunately, accelerated pigment degradation
occurs during conventional processing and storage
due to the low total content of strawberry
anthocyanins [2] and their inherent heat and light
sensitivity [3]. Therefore, retention of strawberry
color has always been a technological challenge. Co-
pigmentation is regarded today as one of the
significant factors of structure stabilization and
coloration of anthocyanins under in vivo conditions.
In the last years, pigment:co-pigment couples were
studied by different authors and thermodynamic
parameters of the systems were determined.
Marcovic et al. [4] investigated the process of co-
pigmentation of the anthocyanin molecule malvidin
with two organic acids - caffeic and ferulic acid by
electronic absorption spectroscopy. Equilibrium
constant, Gibbs energy and entropy of the co-
pigmentation process were calculated. Color
intensification of anthocyanin solutions in the
presence of natural polyphenols (co-pigmentation)
was re-interpreted in terms of charge transfer from
the co-pigment to the anthocyanin by Da Silva et al.
[5]. It was also demonstrated, for a large series of
anthocyanin-co-pigment pairs, that the standard
Gibbs free energy of complex formation linearly
decreases on increasing the difference between the

* To whom all correspondence should be sent:
E-mail:gandova_71@abv.bg

electron affinity of the anthocyanin, EA(Anthoc),
and the ionization potential of the co-pigment,
IP(Cop).Co-pigmentation of  malvin was
investigated by Olivera et al.[6] and Baranc et al.
[7]. The former authorsstudieda series of naturally
occurring colorless organic molecules (co-pigments)
by UV-visible absorption and determined the co-
pigmentation  stability constant.  Co-pigment
formation was defined by kinetic and
thermodynamic parameters obtained by the authors
of [7]. Brouillard et al. [8] investigated the system
caffeoylquinic acid:flavylium cation of malvin
chloride(1:1)using visible absorption
spectrophotometry. Using UV-vis
spectrophotometry, Baranac et al. [9] established
that a process of co-pigmentation takes place
between an anthocyan molecule, malvin chloride
and a non-glycosidized pentahydroxyflavone.
Oszianski et al. [10] investigated the process of co-
pigmentation between isolated acylated anthocyanin
and rutin. The thermodynamic parameters were
related to the structure and position of the
substituents in the interacting molecules. Rose petal
polyphenols were foundas stabilizing agents for
strawberry anthocyanins in real beverage systems by
Mollov et al. [11] and in heated model systems by
Shikov et al. [12]. Recently, Shikov et al. [13-15]
investigated canned and frozen fruits and strawberry
anthocyanins in model solutions depending on the
addition of rose petal polyphenols acting as co-
pigments.

No investigation of the system strawberry
anthocyanin and quercetin was found in the literature
so far. The present study aimed at performing a
spectrophotometric investigation on the system
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pigment:co-pigment to determine its stability at
different temperatures using the equilibrium
constant of the transfer from the co-pigment to the
anthocyanin and other thermodynamic parameters.

EXPERIMENTAL
Chemicals

The co-pigment quercetin dihydrate (97%)was
from GmbH&C0AG Company, Germany. The
reagents used for preparing the Mcllvaine buffer of
pH 3.4 - citric acid monohydrate and disodium
hydrogen phosphate dodecahydrate - were from
Merck (Darmstadt, Germany). The adsorbent resin
Amberlite XAD 16N was purchased from Sigma
Aldrich Co. (St. Louis, MO, USA). All other
reagents and solvents used were of analytical grade.

Extraction, purification and determination of
anthocyanins

Strawberry anthocyanins were extracted and
purified as described by Shikov et al. [12]. Frozen
strawberries  (Fragariaxananassa Duch. cv.
Siabelle, harvest 2014) were thawed and manually
squeezed in a beaker. The homogenized purée was
extracted overnight at 4 °C using methanol acidified
with hydrochloric acid (1%, v/v) at a solvent/solid
ratio of 2.5:1 (v/w). The extraction mixture was
filtered and the organic solvent was evaporated
under vacuum at30 °C. To remove sugars, salts, and
amino acids from the crude extracts, the samples
were purified using a column (465 x 30 mm i.d.)
filled with the adsorption resin Amberlite XAD 16N.
Prior to sample application, the resin was
conditioned and equilibrated by rinsing with 500 ml
of methanol and 1000 ml of water, and acidified with
trifluoroacetic acid (TFA, pH 2). Subsequently,
250 ml of the aqueous strawberry extract were
applied and the column was rinsed with 1000 ml of
acidified water (pH 2). For elution of the pigments,
at least 500 ml of a mixture of methanol and
acidified water (TFA, pH 2) (95:5, v/v) was applied
until the column was colorless. The organic solvent
was evaporated from the eluate under vacuum
(30 °C). To separate anthocyanins from colorless
phenolics, further purification was performed by
extracting the aqueous phase three times with the
same volume of ethyl acetate. After evaporation and
concentration under vacuum (30 °C), the residue was
lyophilized for 72 h.

The total monomeric anthocyanins were assessed
by the pH-differential method, as described by
Shikov et al. [14].The results were expressed as
pelargonidin 3-glucoside equivalents.
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Preparation of model solutions

Stock solutions of strawberry extract, on the basis
of the total anthocyanins, and quercetin dehydrate,
were prepared in Mcllvaine buffer (0.1 M, pH
3.4).Model solutions of strawberry anthocyanins (1
x 104 M)were obtained by mixing equal volumes (5
ml) of the corresponding stock solutions and were
left for equilibration (30 min at 25 °C).

Spectrophotometric measurements

Absorption spectra from 380 to 780 nm were
recorded with a Helios Omega UV-Vis
spectrophotometer equipped with  VISIONIite
software (all from Thermo Fisher Scientific,
Madison, WI, USA) using 1 cm path length cuvettes.

Before measurements, the samples were
thermostated (VEB MLW PRUFGERATE-WERK
Medingen,Sitz Freital, Germany) at 20, 30, 40 or 50
°C, respectively.

Statistical analysis

The results reported in the present study are the
mean values of at least two determinations and the
coefficients of variation were found to be below 2%
in all cases. Linear regression analysis was
performed using the statistical package of Microsoft
Excel.

RESULTS AND DISCUSSION

Since the anthocyanin concentration in the model
solutions was constant, the spectral variations
(Figure 1) caused by the co-pigmentation reaction
depended on the concentration of quercetin. Figure
1a presents the system at 20 °C. At this temperature
some deviation from the results of co-pigmentation
effect at different concentrations appeared. With an
increase inco-pigment  concentrations no
bathochromic effect but only hyperchromic effect
appeared. The results of this investigation are
presented in Table 1. Da Silva et al. [5] studied the
system malvin:ferulic acid (pigment:co-pigment)
and observed similar results. At a ratio between
strawberry anthocyanins and quercetin = 1:6,a large
absorption maximum appeared, while with other
concentrations of co-pigment and at pigment:co-
pigment ratios of1:8 and 1:10, the absorption
maximum decreased. The same effect was observed
in the system at a temperature of 30°C. These results
are probably connected with interactions during the
co-pigmentation process which stabilized the system
at this ratio(1:6). Probably a more stable complex
was obtained that decomposed at a higher
temperature. In Figure 1b the results of the system
strawberry anthocyanins:quercetin at a temperature
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of 40 °C are shown. Co-pigmentation of these
molecules at this temperature shows expected results
- the absorption maximum increases with the
increase inco-pigment concentration. In the studied
solutions, bathochromic and hyperchromic effects
on the main quercetin absorption peak at 40and 50
%Caremanifested. The respective magnitudes of the
bathochromic and hyperchromic shifts at a ratio of
1:10 are observed at a higher temperature.

Table 1. Bathochromic (AAmax) and hyperchromic
(AA%) effects in model solutions of strawberry
anthocyanins and quercetin at different molar ratio
pigment/co-pigment

Molar ratio
pigment/co- Almax AA%
pigment
t=20°C
1:0 - -
1:1 0 10.7
1:2 0 375
1:4 0 58.8
1:6 1 72.3
1:8 0 49.1
1:10 1 58.8
t=30°C
1:0 - -
1:1 1 125
1:2 0 52.3
1:4 0 54.3
1:6 1 87.6
1:8 1 74.2
1:10 1 54.3
t=40°C
1:0 - -
1:1 2 43.4
1:2 2 12.9
1:4 1 34.3
1:6 2 35.2
1:8 2 61.4
1:10 1 107.4
t=50°C
1:0 - -
1:1 1 37.0
1:2 1 16.9
1:4 3 31.1
1:6 3 22.6
1:8 3 38.4
1:10 1 140

1.2

104, t=20°C o
=Y ST

0.8+

0.6

Absorbance

0.4

0.2+

0.0 +— T T
400 500 600 700

Wavelength, nm

1la)

Absorbance

4(I]O 560 660 T(I)D
Wavelength, nm
1b)

Fig.1. Absorption spectra of purified strawberry
anthocyanins in model solutions with added quercetin at
different pigment:co-pigment molar ratios (1:0, 1:1, 1:2,
1:4, 1:6, 1:8 and 1:10) at 20 °C (a) and 40 °C (b).

The equilibrium constant K and the
thermodynamic parameters: Gibbs free energy,
enthalpy and entropy for the co-pigmentation
reaction, are presented in Table 2. The constant was
calculated using the following equation: In[(A -
A0)/Ao]= In[K] + n x In[C], where A and Ao are the
absorption maximum values of the anthocyanin
solution with and without added co-pigment,
respectively; C is the molar co-pigment
concentration; K is the equilibrium constant and n is
the stoichiometric ratio of the reaction[16]. The
dependence of In[(A - Ao)/Ao] on the co-pigment
concentration, In[(A - Ao)/Ao] = f(In[C]), is a straight
line with a slope and intercept equal to n and In[K],
respectively.

The equilibrium constant exhibited different
values at different temperatures.

The thermodynamic parameters: Gibbs free
energy, enthalpy and entropy were calculated using
the following equations [17]:

AG =—-RT InKp Q)

where R is the universal gas constant (R = 8.314
J Kt mol?), T is the absolute temperature (K), AG is
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Gibbs free energy (kJ mol?), K - equilibrium
constant.

The enthalpy was calculated by the Van’t-Hoff
equation:

dinK -AH
d@/T) R

AH is the enthalpy for the co-pigmentation
reaction (kJ mol™).

Once the Gibbs free energy and the enthalpy were
obtained, the entropy was determined by the
classical thermodynamic equation (3):

AS — (AH —AG)

2)

©)

AS is the entropy for the co-pigmentation
reaction (kJ K'* mol?).

At 30 °C the constant showed the highest value.
At the same temperature the Gibbs energy exhibited
the highest value — 22.105 kJ mol™. This result
shows that the system is most stable at 30 °C. At
temperaturesabove30 °C, the stability decreased and
interactions between pigment and co-pigment
slowed down. At all temperatures negative Gibbs
energies were calculated. These results are
connected with the spontaneous process of co-
pigmentation leading to formation of the products.
On the basis of Gibbs energy changes (Table 2) at
the four temperatures it can be concluded that the
process of co-pigmentation is possible only at
temperatures up to30 °C.

With temperature increase the permanent
degradation of the co-pigment does not regenerate
upon cooling. There is no reversibility of the co-
pigmentation in the malvin-quercetin system,
contrary to the malvin-rutin system [9]. In this work
the same results were observed as in themalvin-
quercetin system [9]. The enthalpy and entropy
changes of the process were also negative at all
temperatures. It can be concluded that such a
dependence on temperature is a consequence of the
exothermic co-pigmentation process, AH® < 0. The
negative value of the entropy, AS, indicates that co-
pigment formation establishes greater order in the
system.

Figures 2-4 present the thermodynamic
parameters as depending of different parameters.

14 4
-16 4

-18 4

-20 4

-22 4

-24 - T I T T

25 30 35 40 45 50
t.%e

A G, kJ mol”

20

Fig. 2. Temperature dependence of Gibbs free energy
for the co-pigmentation interaction between strawberry
anthocyanins and quercetin.

The graphical view of Gibbs free energy
dependence on the temperature is presented in
Figure 2. The stability of the system is determined
by the decrease in Gibbs energy to a minimal
negative value. On the figure the minimal value is
observed at 30 °C. The second temperature close to
the first one was 20 °C. At the other two
temperatures, 40 and 50 °C, the Gibbs energy
increased to positive values, which is connected to
the break-down of the pigment: co-pigment bond
and destroying of the system.

In Figure 3 a good correlation between Ln of the
equilibrium constant and different temperatures is
observed. The spots exhibit linear dependence with
a deviation at 30 °C due to the increasein the
equilibrium constant at this temperature. According
to Brouillard et al. [18] the temperature has a major
influence on the degradation kinetic plots of Ln(K)
against 1/T (K?%) for each of the Hibiscus
anthocyanins. These experimental results confirm
that with increase of temperature, Gibbs free energy
increases to positive values too. Figure 4 presents the
linear dependence between enthalpy and entropy
change in the strawberry anthocyanins:quercetin
system.

Table 2. Equilibrium constants and thermodynamic parameters for the co-pigmentation interaction between
strawberry anthocyanins and quercetin at different temperatures and stoichiometric ratio n=1.1:1.

T,°C K [M1] AG [kJ mol?] AH [kJ mol?] AS [kJ K1 mol?]
20 4677.351 -20.585 -25.992 -0.0184
30 6456.542 -22.105 -27.232 -0.0169
40 449.883 -15.897 -25.121 -0.0294
50 181.970 -13.974 -24.867 -0.0337

118



I. Petrova et al.: Spectrophotometric and thermodynamic study on the co-pigmentation interaction between...
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Fig.3. Plot of Ln(K) for the co-pigmentation
interaction between strawberry anthocyanins and
quercetin as a function of reciprocal temperature.
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Fig.4. Plot of enthalpy-entropy compensation for the
co-pigmentation  interaction  between  strawberry
anthocyanins and quercetin.

Similarly, the looser contact between pigment
molecules and co-pigments, suggests enthalpy-
entropy ~ compensation.  The  compensation
temperature was 30 °C and at this temperature the
maximum value of enthalpy was observed,
connected with deviation of the straight line.

CONCLUSIONS

In this study, the thermal stability of isolated
strawberry anthocyanins was examined in model
solutions in the presence of quercetin as a co-
pigment at four temperatures. The study in the
temperature range 20-50 °C revealed that the system
was most stable at30 °C. This result is connected
with the Gibbs free energy determined which
exhibits the lowest negative value at the same
temperature. Based on the experimental and
calculated results of this work, further studies would
be necessary for finding out appropriate processing
conditions in small temperature intervals. More

efficient utilization of this pigment is topicalfor food
products.

Acknowledgements: We are grateful to Cima 99
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strawberries.
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CIIEKTPO®OTOMETPUYHO U TEPMOJAMHAMMNYHO U3CJIEABAHE HA KO-
[MNI'MEHTAIIMOHHU B3AUMOIAENCTBUA MEXIY AHTOLIMAHU OT AI'OAU 1
KBEPLETHH B MOAEJIHN CUCTEMU

U. Terposal, B. Illukos?, B. lNangosal”, K. Muxanes?, JI. U. lumutpos?

! Vuusepcumem no Xpanumennu mexnonozuu, xkameopa ,, Heopaanuuna xumus u usuxoxumus”’, 4000 Ilnoeous,
bvneapus
2 Vuueepcumem no Xpanumennu mexnonozuu, kameopa ,, Koncepeupane u xnaounna mexnonozus”, 4000 Ilnoedus,
bvneapus

INocrenuna Ha 26 okromBpu 2015 r.; kopurupana Ha 26 cenrtemspu 2016 r.
(Pestome)

W3cnenBaHa e mpoMsiHaTa Ha BUAMMUTE CIICKTPH Ha aHTOIIMAHHM OT SICOJIH C 100aBKa Ha KBEPLETUH, KATO KO-TIUTMEHT.
MscrepaHusTa ca IIPOBEICHH MpH pasiudHu Temmeparypu oT 20 g0 50 °C. B pasTBopa HpUrOTBEH C MOJIAPHO
CHOTHOIIEHHE 1:6 NUIMEHT:KO-MIMEHT Ca M3MEPEHH MakcuMaHu abcopOuuu mpu temnepatypu 20 u 30 °C, a B apyrure
nBa pa3tBopa 1:8 u 1:10 cToitHOCTHTE Ha M3MepeHaTa abcopbuns Hamanssat. [lpu apyrurte ase Temmeparypu 40 u 50
C, u3mepenara abcopOIys ce MOBHUIIABA C IIOBHIIABAHE HA KOHIEHTPALMATA HA PAa3TBOPHMTE, KATO ca HAONIOIABAHH
XHIepxpoMeHn u Oatoxpomen edexru.Excniepumenture ca nposeaenu npu pH=3.4 (0.1 M Bydep na MakinuBaus).
[IpecmeTHaTH ca TepMOMHAMUYHUTE MapaMeTpu Ha cucteMaTta AG, AH u AS kato QyHKIUs Ha TeMIepaTypara.
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In the field of gas sensory research, metal oxide layers are used as sensitive elements of semiconductor adsorption
gas sensors. In this work samples of ZnO were prepared by the sol-gel method with variation of the annealing
temperature from 100 to 500 °C. The microstructure of the surface of the obtained samples was investigated by atomic
force microscopy. The sensitivity of the samples to the vapors of acetone and ethanol was investigated by the method of
impedance spectroscopy. For interpretation of the obtained results an electric equivalent R-CPE circuit was used. The
ZnO sample produced by annealing at 300 °C exhibited maximum sensitivity to both vapors. Addition of Fe to the ZnO
sample annealed at 500 °C led to an increase in the sensitivity to the vapors of acetone and ethanol due to the increased

concentration of reducing vapor adsorption sites.

Keywords: Impedance spectroscopy, zinc oxide; gas sensors; sol-gel method.

INTRODUCTION

Various metal-oxide materials as SnO,, ZnO,
Fe,Os, WO3, Co030y4, etc., are used as sensitive
materials in metal-oxide semiconductor gas
sensors. Their operating principle is based on
increasing the sensitive element conductivity in the
surface region as a result of sorption of the
analyzed gas. Depending on the composition of the
sensitive layer, the sensor reacts with different
vapors and gases as CoHsOH, CO, CH4, H», O,
etc. The operating temperature is within the range
from 200 °C to 500 °C.

Sensitive layers for gas sensors are based on a
significant number of materials and technologies. In
modern sensor technology gas-sensitive layers are
prepared using metal oxides having electron
conductivity, such as SnO,, In,Os, ZnO, Fe,0s3,
CuO, TiO2, WO3 and Co304. The principle of
operation, based on metal oxide layer
semiconductor gas sensors [1— 4], is the reversible
change in the electrical properties during the
charged oxygen species adsorption and desorption
of reaction products as a result of the interaction
with the molecules of reducing gases at elevated
operating temperatures, usually within the range
from 200 °C to 500 °C. In gas sensory research tin

* To whom all correspondence should be sent:
E-mail: dimitrov2001@yahoo.com

dioxide is the most studied material [5]. However,
ZnO is also suitable for use in this field due to the
possibility to vary its resistance in a broad range, its
high chemical stability, and low toxicity.
Nowadays, a variety of methods is used for the
preparation of nanostructured layers of ZnO, such
as spray pyrolysis [6], chemical vapor deposition
[7], magnetron sputtering [8], hydrothermal method
[9], sol-gel technique [10—15]. The sol-gel method
allows easy control over the structure of the
obtained materials by varying the technological
conditions of the process, such as the choice of
solvent and precursor, the aging time of the sol, etc.
For example, in [14], porous layers based on zinc
oxide are produced by the sol-gel method and it is
shown that the pore size depends on the
concentration of zinc nitrate in solution.

The aim of this paper is to investigate the
sensitivity of semiconductor nanomaterials based
on ZnO prepared by the sol-gel method under the
conditions of a gaseous medium in an alternating
electric field.

EXPERIMENTAL

Four types of samples were obtained by the sol-
gel method (Table 1).

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 121
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Table 1. Conditions of preparation of sols and coresponding samples

Type of sample Composition of

Used precursors

Annealing

sample temperature, °C
I 100
I ZnO Zn(CH3CO0);- 2H,0 300
1] 500
Zn(CH3CO00);,- 2H-0,
v ZnO-Fe Fe(NO3)s: 9H,0 500
Table 2. Parameter values of relaxators in air and in the presence of reactant gases
e Atmosphere g PR G RafRas AadAge
Air atmosphere 11.233 14.17 434.1
| In the presence of acetone vapor 486.26 0.33 15.7 27.6 3.1
In the presence of ethanol vapor 46.416 3.43 125.4 3.5 15
Air atmosphere 5.094 31.24 1100
1 In the presence of acetone vapor ~ 162.975 0.98 50.9 21.6 2.0
In the presence of ethanol vapor 34.305 4.64 218.4 5.0 1.7
Air atmosphere 6.734 23.63 955
I In the presence of acetone vapor 22.051 7.22 248 3.9 11
In the presence of ethanol vapor 19.630 8.11 278 3.4 11
Air atmosphere 2.656 59.92 1150.7
v In the presence of acetone vapor 57.224 2.78 140.7 8.2 3.3
In the presence of ethanol vapor 26.561 5.99 273.3 4.2 2.9

Table 3. Sensitivity of the sample in an alternating electric field to acetone and ethanol vapors

Sample type Atmosphere maxSge f,Hz maxSym, f, Hz
I 25.8 1384 536.0 2984

I In the presence of acetone vapor 309 5995 = 9457.7 6734

1l 3.8 1149.8 153 1385

v 7.9 2257 126.8 1707

I 3.3 1233 15,5 1385

I In the presence of ethanol vapor a7 1520 358 1592

Il 3.2 1098 124 1123

v 4.1 1707 22.2 1831

The first three types of samples were produced
from sols and Zn(CH3COQ),-2H,0 precursor [16,
17]; for the fourth type of samples,
Zn(CH3CO00),-2H,0 was used as a precursor and
Fe(NO3)3-9H,O was subsequently added [18].
Precursors were dissolved in 2-methoxyethanol.
Monoethanolamine was added as a surfactant. For
the fourth type of sample the mole fraction of iron
nitrate in the film was chosen to be 0.5%. All
films were annealed for 1 h at fixed temperatures,
as listed in Table. 1. The film thickness was kept
about 1.5 pm.

The microstructure of the surface of zinc oxide
layers, prepared by the sol-gel method, was
investigated using atomic force microscopy
(NTEGRA Therma, NT-MDT) in semi-contact
mode [19, 20].

Investigation of the electrical properties of the
produced samples was performed by the method of
impedance spectroscopy [21], which was a tool for
investigation of electrical properties on the
122

interface based on the study of the influence of an
electrical field with variable frequency.

Measurement of the frequency dependence of
the module of complex resistivity and phase shift
angle between current and voltage in the capacitor
circuit was carried out in the frequency range from
100 Hz to 500 kHz. The experiment was carried out
in a laboratory installation [22], providing
opportunities for investigation of samples by the
method of impedance spectroscopy under changing
gas environment (in an air atmosphere, in the
presence of vapors of ethanol and acetone at a
concentration of 1000 ppm at the temperature of
measurement of 300 °C).

For processing of impedance spectroscopy
experimental data, the complex plane method was
used. As a complex number, the impedance is
represented as the dependence of the imaginary
component as a function of the real one (Nyquist

plot).
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RESULTS

The results of the investigation of the surface
morphology of the samples, produced by variation
of the annealing temperature and the composition
of the material, are shown in Figures 1 and 2. It was
found that increasing the annealing temperature
from 100 °C to 300 °C resulted in an increase in the
average particle size from 10 to 100 nm and during
annealing at a temperature of 500 °C aggregation of
nanoparticles into larger objects of elongated shape
occurred.

Fig. 1. AFM images of zinc oxide layers, prepared by
the sol-gel method at various annealing temperatures: a -
100°C; b - 300°C. Scan size area of 10x10 pm?.

Fig.2a

Fig. 2. AFM images of layers, prepared by the sol-
gel method at annealing temperature of 500°C: a - ZnO;

b — ZnO with the addition of Fe. Scan size area of 10x10

pum?,

The investigations of the frequency dependence
of the real ReZ and the imaginary ImZ components
of the complex impedance were performed by
plotting it in semi-logarithmic coordinates for an
atmosphere of air and vapors of ethanol and
acetone at a detection temperature of 300 °C. As an
illustrative example, in Fig. 3 the frequency
dependence of both, ReZ (Fig. 3a) and ImZ (Fig.
3b) components is shown in an air atmosphere and
in the presence of vapors of acetone and ethanol for
a sample of Il type. On the plot of the reactive
component of the complex impedance, (shown in
Fig. 3b), a relaxation maximum is observed
satisfying the conditionwt=1, where ®is the
angular frequency for the maximum value of the
reactive component of complex impedance
(relaxation maximum point on the hodograph of the

impedance), Tis the relaxation time of polarization
(characteristic charge accumulation time). The
value of the characteristic charge accumulation
time is inversely proportional to the angular
frequency (t=1®=1/27f pax , Where fax -
frequency corresponding to the position of the
relaxation maximum).

1200
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sethanaol

ReZ, kOhm

100 1000 10000 100000 1000000

f, Hz

Fig.3 a
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acetone

ethanol

100 1000 10000 100000 1000000
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Fig. 3. The frequency dependence of the components
of the complex impedance of the sample of type IlI: a -
real component; b - imaginary component.
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Fig. 4. Nyquist diagrams for the sample of type I11.
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A Nyquist diagram in air and in the presence of
reducing gas vapors for the sample of type Il is
shown in Fig. 4. It reveals that the center of the
semicircle in the detection of gas shifts to higher
frequencies. This is due to the shift of the relaxation
maximum in the frequency dependence of the
reactive component of the impedance at higher
frequencies.

Impedance spectroscopy data obtained in this
work are interpreted in terms of “equivalent
electrical circuit”. To describe the resistive-
capacitive properties of the materials in the
equivalent circuit the constant phase element (CPE )
was used due to the fact that the centers of the
semicircles on the complex plane are lying below
the x-axis. The choice of the equivalent circuit
elements was due to the fact that the samples are
characterized by a set of relaxation times. The
impedance of a constant phase element is described

by the formula: z = 1/ A(jo) , where A is the factor
of proportionality, N is the exponential index

indicating the phase deviation within the range
-1<n<1, o is the angular frequency, j is the
imaginary unit. The pre-exponential frequency-
independent factor has the dimension of
capacitance. It was revealed that the value of the
exponential index in air and in the presence of
reactant gases is 0.82 — 0.99.

The spectroscopic data were interpreted by
using LabVIEW media with a parallel R —CPE
chain, where R is the resistance of the relaxator.
The R —CPE chain is associated with the region
characterizing the grain boundary of zinc oxide
particles.

The value of the sensitivity toward reducing
gases at a temperature of 300 °C in the detection
frequency range from 100 Hz to 500 kHz was
calculated in two ways: by the real component:

Sr. =ReZ, /ReZ ., where ReZ, is the real

component of the complex impedance in air,
ReZ,, is the real component of the impedance in

the presence of reactant gas; and by the imaginary
component: S, =ImZ,, /ImZ ., where ImZ,

is the imaginary component of the complex
impedance in air, ImZ,  is the imaginary

component of the impedance in the presence of
reactant gas.

The influence of annealing temperature and
added iron to the gas sensing properties of
nanomaterials is discussed in details in the next
section.

air

air

124

DISCUSSIONS

It was revealed that the relaxation time,
associated with the contact area of the particles
(grain boundaries), was very sensitive to changes in
the environment and resulted in a 3.4 - 42.9 fold
decrease depending on the annealing temperature of
the samples (Table 2). It was established that with
an increase in annealing temperature of the samples
from 100 °C (I type samples) to 500 °C (Il type
sample) the characteristic charge accumulation time
increases 1.7 times in air, 21.8 times in the presence
of acetone vapor, and 2.4 times in the presence of
ethanol vapor (Table 2).

It is shown that on adding iron (IV type
samples) to samples annealed at 500 °C (Il type
samples), the characteristic charge accumulation
time increases 2.5 times in air, while it decreases
2.6 times and 1.4 times in the presence of vapors of
acetone and ethanol, respectively (Table 2).

In this way it was revealed that for the samples,
produced in the presence of reducing reactant
vapors the value of the frequency-independent pre-
exponential factor (the minimal and maximal
values of Aair/Ags) decreases 1.1-3.3 times, while
the resistance of the grain boundaries of the
particles (Rair/Rgass) - 3.1-27.6 times, calculated for
all samples (Table. 2). The reasons for the
decreasing values are considered to be the
combined effect of the reduction of the charge
depletion region at the grain boundary, the
modulation of current flow channels and the
recharge of surface states.

It was revealed that the maximum sensitivity is
observed for type Il samples annealed at 300 °C.
The sensitivity of this type of samples towards
acetone vapor was 30.9 at a frequency of 5995 Hz
by the real component of the complex impedance
and 9457.7 by the calculated imaginary component
at a frequency of 6734 Hz. The sensitivity was
lower towards ethanol vapor, but still significant. It
was 4.7 by the real component of the complex
impedance at the frequency of 1520 Hz and 35.8 by
the imaginary component at a frequency of 1592
Hz (Table 3).

It was established that adding of iron (IV type
samples) to the samples annealed at 500 °C (llI
type samples) increased the sensitivity to ethanol
vapor by a factor of 1.3, evaluated by the real
component of the complex impedance and by a
factor of 1.8 calculated by the imaginary
component. At the same time, the sensitivity to
acetone vapor evaluated by the real component of
the complex impedance increased by a factor of 2.1
and by a factor of 8.3 calculated by the imaginary
component (Table 3). This result could be
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explained by means of the model of interaction of
reducing gases with metal oxides developed by our
team [23].

According to our model, the increase in gas
sensitivity can be achieved by using
multicomponent metal oxides as sensor materials.
This is done by careful selection of oxide
components, taking into account their redox and
acid-base properties. The effect of increasing the
sensitivity of the composite materials based on
Zn0O-Fe,03 to the vapors of acetone and ethyl
alcohol in comparison with Fe,O3 and ZnO alone,
was investigated experimentally in our work [24]. It
was confirmed beyond any doubt that increasing of
the concentration of reducing vapor adsorption sites
(metal cations and acid OH-groups) on the surface
of the composite material is responsible for the
increase in sensitivity.

In summary, the observed dependence of the
properties of samples of type I, II, Ill, based on
pure zinc oxide gas-sensitive layer, as a function of
annealing temperature could be explained by their
specific morphological and structural
characteristics. For the sample of type | the
annealing temperature of 100 °C is not sufficient
for the formation of the crystal structure of zinc
oxide and complete evaporation of the organic
components of the initial solutions. For the sample
of type Il the annealing temperature of 300 °C
causes formation of zinc oxide particles of a size
about 100 nm. For the sample of type Ill the
annealing temperature of 500 °C causes association
of the particles in micrometer-sized objects. This
causes a reduction of the surface area available for
surface-vapor interaction.

CONCLUSIONS

The gas-sensitive properties of samples based on
zinc oxide were investigated by impedance
spectroscopy at a detection temperature of 300 °C.
It is revealed that during vapor detection the center
of the semicircle at the Nyquist diagrams shifts to
the higher frequencies region.

The data obtained by  spectroscopic
measurement were interpreted by using parallel
R — CPE - chains. Those R —CPE - chains are
associated with the region which characterizes the
grain boundaries of zinc oxide particles. It was
found that the values of the exponential index, the
relaxation time, the pre-exponential frequency-
independent factor and the resistance of the grain
boundaries of the particles are very sensitive to the
changes in air conditions.

It is shown that the sample of pure ZnO
annealed at 300 °C has the maximum sensitivity

values to acetone and ethanol vapors. That fact is
explained by the smaller particle size and structural
perfection of the zinc oxide layers obtained in these
synthesis conditions. It was found that the
sensitivity values of ZnO samples with added Fe
annealed at 500 °C to both acetone and ethanol
vapors are higher than those of pure ZnO. This can
be associated with complementary redox and acid-
base properties of ZnO and Fe;0s.
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N3CJIEABAHE HA USMEPEHU 110 METOJA HA UMIIEJAHCHA CIIEKTPOCKOIIMS HA
UYBCTBUTEJIIHUTE KbM U3ITAPEHA CBOUCTBA HA CJIOEBE OT HMHKOB OKCU/
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(Pesrome)

B oGnactra Ha ra3-ceH30pHUTE U3CICIBAHNS METAIHU OKCHUIHHU CIOEBE CE M3IIOI3BAT KaTO YyBCTBUTEIHHU €JIEMEHTH
Ha IMTOJIYIIPOBOJIHUKOBHTE aJICOPOIMOHHN Ta30BU JaTduiin. B Ta3zu pabora mpobu ot ZnO ca MoxydeHH dpe3 30J-TeIeH
METOJ| C IpOMsIHA Ha TemmeparypaTa Ha oTrpsBae oT 100 mo 500 °C. MukpocTpykTypaTa Ha HOBBPXHOCTTa Ha
MOJyYeHHUTE POOH € M3CIie/IBaHa Ype3 aTOMHO-CHIIOB MHUKPOCKOIL. UyBCTBUTEIHOCTTA Ha MPOOUTE KbM HM3NapeHHs Ha
aleTOH U €TaHOJ Ce Hu3cie/Ba MO MEeToJa Ha HUMIIEJaHCHA CHEKTPOCKOmHUs. 3a MHTEepHpeTalus Ha MOJydeHHUTE
pe3ynTaTu e u3noi3BaHa enekrpuuecka ekpuBaneHTHa R-CPE cxema. [Ipo6ara ot ZnO, nony4yeHa upe3 OTrpsBaHe mpu
300 °C mposiBsiBa MaKCMMaJIHa YyBCTBUTEIHOCT KbM H3MApEHUATA HA JBaTa OpraHUYHH pa3tBoputens. JlobaBsiHeTo Ha
Fe xpM ZnO mpobara, orrpsra mpu temmneparypa or 500 °C Boam n0 yBenM4YaBaHE Ha YYBCTBHUTEIHOCTTa KbM
M3MAapeHnsITa Ha aleToH W eraHois. IlpnumHara 3a TOBa € yBEIMYaBAaHETO HA KOHIEHTPAIWATa HA aJCOPOLMOHHUTE
LIEHTPOBE 32 PEIYKTOPHHUTE Ta30B€, KAKBATO (DYHKIMS M3MBIHABAT U3MIAPEHUATA OT €TAHOJI M alleTOH.
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Two blends of palm oil and alkyd resins were prepared. The first blend comprises 20% palm oil while the second
blend comprises 30% palm oil. These blends contained quantities of fumaric acid ranging from 2g to 10g. Also, a drying
agent composed of a mixture of cobalt, calcium and lead compounds was included in each blend sample. After the
preparation of the samples, their physicochemical properties such as density, viscosity, drying time, acid value, peroxide
value, saponification value, and dry extract were determined following standard methods. Structural properties of
prepared blends were determined by proton magnetic nuclear resonance spectroscopy. In the absence of fumaric acid, the
analysis showed that the blends exhibited high drying times, low viscosity and density. However, the drying times of both
alkyd blends decreased with the increase in fumaric acid content and 20% palm oil is the optimum proportion for alkyd
palm oil blend. The results suggest that fumaric acid can be used in alkyd resins based on non-drying oils as a blending

additive in coating formulations.

Keywords : Alkyd resin; blend; palm oil; fumaric acid; physicochemical properties; drying properties.

INTRODUCTION

Modification of polymers is one of the techniques
industrially used for obtaining a large range of new
products [1, 2]. Chemical and/or physical
modification found large application in the
industries with the aim of adjusting polymer
properties to the various technical applications [3,
4]. Alkyd resins are widely used in the surface
coatings industry as a binder for making industrial
and offshore paints [5]. They are resinous materials
synthesized by the reactions of polyol, dicarboxylic
acid, and triglycerides of fatty acids derived from
vegetable oils [6]. In order to enhance film
properties, alkyd resins are usually modified by raw
materials and/or resins by chemical incorporating [7]
or physical blending [8].

The trending down of petroleum resources has
resulted in an increasing demand toward vegetable
oils as an inexpensive and renewable source. It is
estimated that about 1 million tons of vegetable oils
are used in polymeric surface coatings each year [9].
In the recent 20 years palm oil production has
increased, as a result of the increasing demand
toward vegetable oils as an inexpensive and
renewable source. Now, compared to soybean oil,
palm oil takes the second place in the list of oils
produced around the world and will probably
overtake soybean oil in another 10-15 years [10].
Palm oil can be considered as a useful candidate to

* To whom all correspondence should be sent:
E-mail:itoua_63@yahoo.fr

respond to the increasing oil consumption of organic
coatings industry. Many studies are using palm oil as
an alternative vegetable oil for alkyd synthesis [11,
12] and as an additive [13] for enhancing rheological
properties of alkyd resins. The main problem for
resins based on palm oil is that they are not able to
air dry due to the low iodine value of palm oil. But
the literature survey reveals that if vegetable oils are
used in the blend for alkyd resin synthesis, the drying
properties of alkyd resins could be improved [14].
Based on designed formulations, different types of
alkyd resin were synthesized by using a mixture of
oils.

Fumaric acid is a dicarboxylic acid with the same
molecular weight as maleic acid. Nevertheless, they
have different structural formulas. Maleic acid is cis-
(2)-2-butenedioic acid and fumaric acid is trans-(E)-
2-butenedioic acid. Fumaric acid is an organic acid
widely found in nature, in humans, animal feed and
is an essential ingredient of plant life [15]. Fumaric
acid has been used in food and beverage products
since 1946 [16]. Research shows that it improves
quality and reduces costs of many food products. In
coating industries, fumaric acid contributes to the
Improvement of the properties of vegetable oils
[17].Through modification with fumaric acid in the
synthesis of alkyd resins, changes are imported in
their physicochemical properties[18]. In the present
work the improvement of physicochemical
properties of alkyd resin and palm oil blend through
physical modification with different proportions of
fumaric acid was investigated.
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EXPERIMENTAL
Materials

Palm oil was obtained from Ng. Enterprise (Ng
Enterprise, Edou, Oyo District, Republic of Congo).
Commercial long alkyd resin was produced by
MPCROKIM, 32, Rue du Mercure Z.I, Ben Arous
2013 Ben Arous, Tunisia and it was supplied by the
Congolese Enterprise of Paint (COPE). The driers
used were produced by DSM Coating resin, The
Netherlands. The drier is a mixture of 10% of zinc-
based drier, 10% of calcium-based drier, 10% of
cobalt-based drier, and 10% of lead-based drier in
white spirit as solvent. All materials were used as
received.

Method

Preparation of alkyd and palm oil blends

Alkyd resins were mixed intimately with palm oil
in a small aluminum box of 50ml using a spatula as
a mixer. After near-perfect homogeneity of the
mixture, it was left for two hours for letting air
bubbles in the mixture to escape. Different samples
with 10%, 20%, 30%, 40% and 50% palm oil were
prepared. The same quantity of driers (0.2%) was
mixed with each sample.

Preparation of alkyd and palm oil blends with
fumaric acid
The samples with 20% and 30% palm oil were
mixed in a small aluminium box of 50 ml to perfect
homogeneity with 2g, 4g, 6g, 8g and 10g fumaric
acid. The quantity of driers was increased (0,6%) to
accelerate the drying time. The different samples
obtained are presented in table 1.

Testing

Viscosity
The viscosity was measured by using a
Brookfield rotary Viscometer KU-2 model DV-III
according to ISO 288. It is composed of a dial with
digital display and keys for the hand drive operation.
The measurements were performed by using spindle
n°6 posted directly on the numerical dial.

Density
The density was determined according to NF en
1097-6. The measurement was performed by using
analytical scale and Pycnometer S9611826. The

Pycnometer is a metal container standardized with
volume of 100 cm?®, It is equipped with a bored lid of
a hole to evacuate the bubbles of air and remove the
excess of product.

The density was determined by the following

relation;
M2-M1,

D=—"—, @
D: density of the product

M1: weight of the pycnometer empty

M2: weight of the Pycnometer filled with product

V: volume of the pycnometer

Dry extract
The quantity of dry extract was determined by
using a cooking isotherm (123°C) according to I1SO
3251. The dry extract was calculated from the
difference of the plates, which were taken initially
and lineally. The mean value of three results was
reported as the percent non-volatile matter.

Drying time

The drying time (set-to-touch time) was
determined according to ISO 9117. The
measurement was performed by using a painting
applicator of 150 microns. A thickness of 150um is
applied on the contrast paper and exposed for drying
in free air. The drying time is measured when the
film is not sticking to the touch any more.

'H NMR spectra analysis

The proton nuclear magnetic resonance (*H NMR)
spectra were recorded on aNuclear Magnetic
Resonance 500 MHz (Model: FT-NMR Avance I,
Bruker 500, UltraShield) instrument after
dissolving the samples in deuterated chloroform
CDCls.Each sample was dissolved in CDCls, and
the resulting mixture was placed into a ultra-
precision NMR sample tube. The probe was at
room temperature. The chemical shifts are reported
in ppm, using the solvent proton signal as a
standard.

Acid value

Acid value was determined according to the
AOAC method and the standard 969.17 1997 by
titrating the mixture with a KOH solution till a pale
pink coloring. The acid value (1A) was calculated as
follows:

Table 1: Blend of alkyd resin and palm oil with various proportions of fumaric acid

Alkyd /Oil 80:20

70:30

Fumaric acid [g] 0 2 4 6

Blend designation Mi M, M3 M,

M7 M1 Mz M3 M4 M5 MG
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VXNX 56,1,

A =20 )

V: the volume of KOH (in ml) necessary to the
neutralization of the free fatty acids.

N: normality of the solution of KOH

M: mass test specimen

Peroxide value

Peroxide value was determined using AOAC
method and according to standard 965.33,1977 by
titrating the iodine released with a thiosulfate
solution.

The peroxide index (IP) was calculated as

follows:
Ip = (V—VO);INX 100 _ (V—VO)I\>/<IN>< 100 E)
V: volume in ml of the thiosulfate solution used;
VO0: volume in ml of the thiosulfate solution
used for the white test;
N: exact normality of the thiosulfate solution;
M: mass test specimen.

Saponification value

Saponification value was determined using
AOAC method and according to standard
920.160,1997 by titrating the mixture with a
solution of HCI. The saponification index (I1S) was
calculated as follows:

IS 56.1x N x(V,-V)
M ,

(4)

Vo : volume of HCI used for the white test;
V : volume of HCI used;

N : normality of KOH solution;

M : mass test specimen.

RESULTS AND DISCUSSION

Effect of fumaric acidon the drying time of the
blends film

Figure 1 shows the change in drying time (set-
to-touch time) with the increase in the content of
fumaric acid in the blend. The drying time
decreases with the increase in fumaric acid content.

The decrease in the drying time at 30% palm oil
is moderate up to 10g fumaric acid content, and this
decrease is clearly observed at 20%. However, the
values of drying time at 30% palm oil are higher
than those at 20% palm oil. Alkyd resin film dries
by an autooxidation process [19], due to intake of
oxygen from the atmosphere. Mechanistic studies
of autooxidation revealed that the drying process of
coatings based on alkyd resin is due to the presence
of unsaturated bonds in the vegetable oil and results
in lower drying times.

180 |

160
120

10 ———

——20% palm oil

—l=30% palm oil

Drying time { min}

[ R ]

2 4 3 8 10 1z

Quantity fumaric acid {g)

Fig.1. Drying time of alkyd resin and palm oil blend
with the quantity of fumaric acid

30
25

20 /

15 /

Drying time

0il (%)

Fig. 2. Drying time of alkyd resin with the quantity
of oil

Palm oil is known as a non drying oil. Its
blending with alkyd resin has shown an increment
of drying time (figure 2). As it is shown in figure
1, for all blends, set-to-touch (surface drying)
drying time decreases on increasing the proportion
of fumaric acid in the blend. This happens because
of the presence of unsaturated bonds in fumaric
acid which contribute to the reduction of drying
times.The highest reduction of drying times in the
presence of fumaric acid is for the blend with 20%
palm oil content. Based on this result, it can be
concluded that 20% palm oil is the optimum
proportion for alkyd palm oil blend.
Undoubtedly,in the presence of a more effective
drying system, the oxygen activation is further
accelerated and results in a shorter drying time.

Effect of fumaric acid on the dry extract of the
blends film

Figure 3 shows the change of dry extract with
the increase in the content of fumaric acid in the
blend. The dry extract increases with the increase
in fumaric acid content. The increase of dry extract
is higher at 30% than at 20% palm oil content. The
non-volatile material content found is 81%for the
higher and 0 % for the lower, indicating a relatively
solid portion of blend.
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—— 20 % palm oil

——30% palm oil

Dry extract (%)

12

Quantity fumaric acid (g)

Fig. 3. Dry extract of alkyd and palm oil blend with the
quantity of fumaric acid.

Characterization of palm oil and alkyd blends

Different parameters of palm oil and alkyd resin
were measured and the results obtained are shown

in Table 2.The density and viscosity of the alkyd
was found to be 0.95 and 5000cps, respectively.
The density of oil was found to be 0.89 implying
freedom from any heavy metals.

Figure 2 shows the *H NMR spectrum of palm
oil. The peaks at 0=0.85-0.90 ppm are
characteristic for the proton of a terminal methyl
group. The protons of all internal -CH, groups
present in the fatty acids were confirmed by the
peaks ato= 1.60 ppm. Peaks at o= 2.0 and 6= 2.75
ppm are characteristic for allylic and double allylic
proton. The a-proton of ester group is found at
0=2.30 ppm. The -CHy- protons of glycerol are
found at 6=4.1-4.3 ppm and the protons for -CH of
glycerol and unsaturated carbons appeared at o=
5.33-5.35 ppm.

Table 2: Physico-chemical data of alkyd resin and palm oil

Parameters
Density Gloss ( 60°) 1A IP IS Viscosity
Samples [%] [Mg KOH/g] [mgeqO./Kg] [mgKoH/g] [cps]
Palm oil 0,89 - 7,29 3,29 121,2 -
Alkyd resin 0,95 86 1,68 0,28 19,63 5000
——  Palmoil

|

| .

!I [

ks ik LIS '

6.0

2.0

Fig .4."HNMR spectrum of palm oil
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—— Alkyd resin
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Fig.5.'HNMR spectrum of alkyd resin

Blend of alkyd and
palm oil
[
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Fig. 6.'HNMR spectrum of alkyd and palm oil

Blend of alkyd , oil and
fumaric acid
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Fig. 7."HNMR spectrum of a blend of alkyd, oil and fumaric acid
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The information on the proton density of
different alkyd samples and their blends is depicted
in Figures 4, 5, 6 and 7 by *H NMR spectra.

The high-field region of the proton spectra (6= 0—
3.5) contains mainly methylene and methyl peaks
from fatty acid protons. The proton for terminal
methyl groups of fatty acids was confirmed by the
peak at around 0 = 0.87.

Peaks next to that in the range ofo= 1.25 to 3.5
are due to protons of all -CH, present in the chain.

The middle region of the proton spectra (o= 3.5—
6.0) contains peaks from the vinyl protons of the
fatty acids (FA) incorporated in the alkyd resins and
from protons of neighboring hydroxyl or ester
groups [20], and thus peaks appearing at 4.2 to 4.4
can be probably attributed to the methylene protons
of the glycerol molecule and those at 5.25t0 5.4 - to
unsaturated carbons.

The low-field region 6.5— 8.0 contains aromatic
protons originating from phthalic (PHT) and ester
fragments of the polyesters.The peak appeared at
6.75t0 6.85 ppm is characteristic for the -CH present
in the glycerol molecule. The proton of the aromatic
ring is related to the peak at 6=7.5- 8.

The vinyl protons of fumaric acid appear mainly
at 6= 6.53 [21]. From figure 7 at 6 = 6.5 to 6.56, this
peak is due to protons of CH= present in fumaric
acid. The peak at 6 = 13 can be probably attributed
to the proton present in the COOH group of fumaric
acid molecule.

CONCLUSIONS

The results obtained in the present work showed
the easy blending of various proportions of fumaric
acid with alkyd resin and palm oil. Such blending
can be made for improving the generally long drying
time of alkyd based palm oil. Two types of ratios of
alkyd/ palm oil are reported. Blends of palm oil with
long alkyd resin and palm oil were prepared and their
physicochemical properties were studied. It was
shown that palm oil contributed to the increase in
drying time of long alkyd resin. Results indicated
that 80/20 (w/w) is the optimal blend of alkyd and
palm oil providing significant improvements in
drying time by varying fumaric acid proportion and
its incorporation in the alkyd palm oil blend.*HNMR
technique was wused for understanding the
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improvements in the properties of coating film due
to the presence of fumaric acid in the blend.
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BJINSIHUE HA ®YMAPOBATA KUCEJIMHA BbPXY CBOMCTBATA HA CMECU HA
AJIKUJHA CMOJIA U [TAJIMOBO MACIIO,

Ban. B. Utya'”, JI. C. Orynwmii?, I1. Onrokal, JI. [Tetpos®

Hopmanno eucwe yuunuwe, Ynusepcumem Mapuen Hzyabu, Konzo-Epazaeun
2 lenapmamenm no unscenepna xumus, Ynusepcumem ¢ Mnopun, Illam Kyapa, Huzepus
3 Kameopa no xamanus SABIC, [Jenapmamenm no unocenepna xumus u mamepuanosuanue, Muicenepen gpaxyrmem,
Yuusepcumem ,, Kpan A6oynazuc“, /iceoa, Kparcmseo Cayoumcka Apabus

Iocrbnuna va 27 anyapu, 2016 r.; npueta Ha 30 ronu, 2016 r.
(Pesrome)

W3cienBanu ca IBE CMECH OT IMAJMOBO Macjio M aaKWAHU cMOiH. IIbpBara cmec chabpxa 20%, a Bropara - 30%
maaMoBo Maciio. Te3u cMecH ChIbpKAT KonnuecTBa GpymMapoBa KucennHa B rpanunute ot 2 jo 10 rpama. OcBen ToBa
KBbM BCsIKa TIpo0a ce 100aBAT ChXHEIN areHTH, ChIbPXKAIIH CMECH OT CheIMHEHHS Ha Kobaira, Kaamus 1 ooBoto. Cien
MPUTOTBSHE HA MPOOHTE CE OMPEEIAT TEXHUTE (PU3NKO-XUMHUUYHU MMOKA3aTeNH, KaTO IUIBTHOCT, BUCKO3UTET, BPEME 3a
M3CHXBAHE, KHUCEIUHHO YUCIIO, MEPOKCUIHO YHUCIIO, YUCIIO HA OCAMyHBAaHE MO CTaHAapTHU MmeToau. CTPYKTypuTe Ha
MPUTOTBEHUTE MPOOH ce OMpeAeNaT upe3 nporonHa IMP-cnekrpockormus. B oTchcTBHE Ha (hyMapoBa KHCETHHA MPOOUTE
HMAT T0-IBJIr0 BPEME 3a M3ChXBAaHE, MO-MAJIKH BHCKO3UTET M IUTBTHOCT. BpeMeTo 3a M3chXBaHE Ha JBETE ATKHIOBU
CMECH HaMaJIsiBa ¢ YBEJIMUABAHETO HA ChABPKAHMETO HA (PyMapoBa KHCEIHHA, a ChabpikaHreTo Ha 20% maimMoBo Macio
€ ONTHMAJTHO 33 cMecTa. Pe3ynraTture mokaspart, 4ye (pymMapoBaTa KUCEJIMHA MOXE Jla C€ U3I0JI3Ba B aJIKUIHH CMOJIH HA
0azaTa Ha He-ChXJIMBH MacJia KaTo J00aBKa 3a MOKPHUBAIIH CMECH.
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Density functional theory (DFT) at the B3LYP/6-31G level was used to compute the heat of polymerization of six
olefins, namely, polypropylene (PP), 1,2-polybutadiene (1,2-LPB), poly-2-chloro-butadiene (CR), polyisoprene (IR),
poly(isoprene-3,4) and poly(isoprene-1,2), by taking into account the previously determined system error. By comparing
the calculated results to experimental data available in the literature for the first four polymers, the relative errors were
found to be 0%, 1.66%, 2.04% and 1.20%, respectively, demonstrating that the method employed is able to calculate the
heat of polymerization of olefins with reasonable accuracy and reliability. Based on the findings, the heats of
polymerization for the other two polymers poly(isoprene-3,4) and poly(isoprene-1,2) were predicted to be -44.71 kJ-mol

Land -50.67 kJ-mol%, respectively.

Keywords: Heat of polymerization, Density Functional Theory (DFT), B3LYP/6-31G, Olefins

INTRODUCTION

Heat of a polymerization reaction represents the
enthalpy change during the formation of the polymer
from its monomer.

Such thermodynamic data are a fundamental
property in chemistry, e.g., allowing feasibility
studies of polymerization reactions before
performing an experiment and also optimization of
the polymerization processes in terms of heat
transfer and other operational parameters [1].
Therefore, there has been continuous effort in
determining, either experimentally or theoretically,
the heat of polymerization for different
polymerization reactions. Experimentally, it can be
measured with a range of methods through, e.g.,
direct reaction calorimetry, combustion method, and
thermodynamic  equilibrium  techniques [2].
Although there has been increasing number of
reports about experimental data, there are still
numerous substances for which no thermodynamic
data are available, and one of the key causes is
associated with the complexity of experimental
setups required to obtain thermodynamic data [3]. In
that respect, theoretical and computational
approaches provide valuable tools as complementary
or alternative methods. For example, the density
functional theory (DFT), associated with Gaussian
software package, has proven to be an effective
approach to compute and estimate thermodynamic
characteristics of a wide range of reactions [4-9],
including polymerizations [10-19].

To predict the heats of formation, Keshavarz et al.
used recently developed density functionals such as

* To whom all correspondence should be sent:
E-mail: xlzhang@xsyu.edu.cn

®B97X-D and M06-2X in comparison with B3LYP
for estimating the gas phase heats of formation,
4:H°(g), and the condensed phase heat of formation,
4:H°(c) of polycyclic saturated hydrocarbons [20].
Chi et al. studied the heats of formation, specific
enthalpies of combustion, detonation performances,
and electronic structure at B3LYP/6-311 G** level
for a series of polydinitroaminocubanes [21]. Based
on the computations for a series of
polyisocyanoadamantanes also at the DFT-B3LYP
level, Zhao et al. estimated the heats of formation
and strengths of group interactions for 19
polyisocyanoadamantanes [22]. Lee et al. used DFT
to calculate the thermodynamic properties of
polychlorinated  dibenzo-p-dioxins and  also
investigated the intramolecular CI-Cl repulsion
effects and their thermochemical implications [23].
In our previous work, we computed the heat of
polymerization of polyethylene with DFT at the
B3LYP/6-31G level and, by comparing to the
experimental results, estimated the system error
which was further taken into account for the
calculation of the heat of polymerization of 1,3-
polybutadiene [24]. Based on that, the aim of the
present studies was to further study the heats of
polymerization of a series of polyolefins in order to
develop a reliable and efficient method for the
calculation of heats of polymerization for other
polymers of interest. The heats of polymerization of
four polyolefins were computed and compared with
published experimental data. The heats of
polymerization of further two polyolefins were then
predicted with the method validated.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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COMPUTATIONAL DETAILS

The computations were performed using DFT at
the B3LYP/6-31G level with a Gaussian 3 program
package [25]. The geometry of each molecule was
optimized first, and the standard enthalpies of
formation of all molecules were calculated in order
to obtain the heat of polymerization. The chemical
reactions of the polymerization of olefins are
generally represented by equations (1) and (2).

R2
N CHy—C—R; + H, — » H{_CHz_é_%H

1 1 , (1)
NCHy—C—CH=CH, + H, — » H—éCHz—C=CH—CH2)ﬁH

3 3 , (2)

Six polymers were examined and the

corresponding side chains or groups are presented in
Table 1.

The heat of polymerization of olefins is expressed
as

N ALY -~H,
n n

polvmer polvmer monomer

)

RESULTS AND DISCUSSION

With the Gaussian 03 program the H values of PP,
1,2-LPB, CR, IR, poly(isoprene-1,2) and
poly(isoprene-3,4) with different degree of
polymerization were calculated. a, (in hartree)
represents the mean of H with a degree of
polymerization n. The values of a, for different
olefins polymerization are summarized in Table 2.

Further analysis on data shown in Table 2
revealed that for each polymer a can be represented
by

n-1

p— — ! _— —_— f— d
G” - an—l + al at' + bn—l - nal (f? ])aﬂ + Z br'
i=1

whenn > 1, (4)

where aq is the enthalpy of monomer, and b is a

constant (in hartree). The best fitting values of b for
each polymer are summarized in Table 3.

It can be seen from Table 3 that for PP the value
of by has insignificant variation when n varies from
1 to 14, thus their mean value may be used. That also
applies to the other five polymers. It indicates that n
is negligible for computing their heats of
polymerization if nis low (n < 22). When n increases
(n >>22) the heat of polymerization can be
determined to be the convergence value of
an( N — oo)taking into account the system error of
SE = -0.0004 hartree which was obtained for
computing the heat of polymerization of ethylene
using the same method [24].

Thus,

. .11 1
hm AH/;olvnleﬁn = llm[ an -
n—w =0 n n

a, —aﬂ}+SE =

n—L

]im{1 [na, —(n—1)aj +(n —])b]—ia(’) - a(]}+SE
n n

n—ow

. -1
= lim| g, —a(’,+n—b—a(]}+SE
n

=a,—a,+b—a,+SE , (5)

By inserting data from Tables 2 & 3 into equation
(5), heats of polymerization for the six polymers
were calculated. The results are summarized in Table
4. For comparison, experimental data for the first
four polymers, obtained from the literature, are also
shown.

By comparing the calculated results and
experimental data available for the four polymers,
absolute errors were found to be 0.00 kJ-mol-?%, 1.44
kJ-mol~, 1.62 kJ-mol*and 0.87 kJ-mol, and relative
errors - 0%, 2.10%, 2.04%, and 1.20%, respectively.
It was demonstrated that the use of the DFT
B3LYP/6-31G method can provide good agreement
between computed and experimental results with a
low computational cost, which can be further applied
for more complex molecular systems. Based on that,
it was employed to predict the heats of
polymerization  for  other two  polymers
poly(isoprene-3,4) and poly(isoprene-1,2) which
were found to be -44.71 kJ-mol* and -50.67kJ-mol-
! respectively. The prediction may be compared and
validated by further experimental work.

Table 1. Six polymers with various side chain groups (R1, Rz and R3).

Polymer R1 R2 Rs3
Polypropylene (PP) CHs H
1,2-polybutadiene (1,2-LPB) CH=CHz H
Poly-2-chloro-butadiene (CR) Cl
Polyisoprene (IR) CHs
Poly(isoprene-3,4) CH2=C-CHs H
Poly(isoprene-1,2) CH=CHz CHs

135



Q.-Z. Zhang et al.: Density Functional Theory Based Study of the Heat of Polymerization of Olefins

Table 2. Values of a with different degree of polymerization

PP 1,2-LPB CR IR 3,4-polyisoprene 1,2-polyisoprene

a -117.794734 -155.866934 -615.452433 -195.145478 -195.145478 -195.145478
a -119.006746 -157.071514 -616.662688 -196.353608 -196.34544 -196.347412
a -236.830172 -312.960675 -1232.185366 -391.522469 -391.508378 -391.512622
a3 -354.653582 -468.849173 -1847.666046 -586.691365 -586.671314 -586.677827
VA -472.476986 -624.737217 -2463.145597 -781.860233 -781.834251 -781.843037
as -590.300398 -780.625639 -3078.623159 -977.029127 -976.997186 -977.008238
as -708.123816 -936.514442 -3694.101793  -1172.198001 -1172.160122 -1172.173446
az -825.947223 -1092.402896  -4309.624445  -1367.366872 -1367.323056 -1367.338652
as -943.776214 -1248.291347  -4925.147118  -1562.535728 — -1562.503856
as  -1061.594052  -1404.179761  -5540.669762 — — -1757.669061

a0 -1179.417458  -1560.068178  -6156.192427 — — —

an  -1297.24087 -1715.956593  -6771.715036 — — —

a2 -1415.064287  -1871.845091 — — — —

ais  -1532.887702 — — — — —

ais  -1650.711114 — — — — —

ais  -1768.534528 — — — — —

Note: The heat of formation of hydrogen a;=-1.162033 hartree.
Table 3. Best fitting of b values for different olefins
PP 1,2-LPB CR IR 3,4-polyisoprene 1,2-polyisoprene

b1 0.021287 0.020320 0.022023 0.022714 0.020469 0.020169
b2 0.021303 0.020983 0.022021 0.022679 0.020471 0.020174
bs 0.021309 0.021437 0.022026 0.022707 0.020470 0.020169
b4 0.021300 0.021058 0.022019 0.022681 0.020472 0.020178
bs 0.021295 0.020678 0.022017 0.022701 0.020471 0.020171
be 0.021306 0.021028 0.021997 0.022704 0.020473 0.020173
b7 0.021300 0.021030 0.022018 0.022719 — 0.020175
bs 0.021297 0.021066 0.021989 — — 0.020174
be 0.021307 0.021064 0.02201 — — —

b1o 0.021301 0.021066 0.021954 — — —

b1 0.021295 0.020983 — — — —

b12 0.021298 — — — — —

b1s 0.021301 — — — — —

b1a 0.021299 — — — — —

AV 0.021300 0.020974 0.022007 0.022701 0.020471 0.020172

Table 4. Comparison of calculated results with experimental data of heats of polymerization

Calculated results

Polymer Experimental data / k-mol! Relative error / %
hartree kJ-mol?
PP -0.032679 -85.80 -85.80 [26] 0
1,2-LPB -0.025686 -67.44 -68.58 [27] 2.10
CR -0.029606 -77.73 -79.35 [27] 2.04
IR -0.026397 -71.93 -72.80 [26] 1.20
poly(isoprene-3,4) -0.016029 -44.71
poly(isoprene-1,2) -0.018301 -50.67

NB. 1 hartree = 2625.5 kJ-mol [28]
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There is generally a range of factors which can
have effects on the accuracy of the results obtained
by this method, such as polarity of side chain groups,
where more accurate results may be computed for
determining the heat of polymerization of polymers
with straight chains or small groups. Approximation
is also necessary with DFT and algorithm (e.g.,
numerical limit analysis) in most cases. In addition,
the effect of reaction conditions such as temperature,
pressure and solvation can cause variation in the heat
of polymerization [29] which, in turn, can result in
further discrepancy between computational and
experimental data.

CONCLUSIONS

In the present study, the heat of polymerization of
six olefins was calculated using the DFT B3LYP/6-
31G method by taking into account the previously
estimated system error. The calculated heats of
polymerization for four polymers, namely,
polypropylene, 1,2-polybutadiene, poly-2-chloro-
butadiene and polyisoprene, were compared with
experimental results available in the literature,
showing relative errors of 0%, 2.10%, 2.04% and
1.20%, respectively. Based on the results presented,
it can be verified that the method employed was able
to calculate heat of polymerization of olefins with
reasonable accuracy and reliability. That method was
further used to predict the heats of polymerization
for the other two polymers poly(isoprene-3,4) and
poly(isoprene-1,2) to be -44.71 kJ-mol™* and -50.67
kJ-mol, respectively.
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N3CJIEIBAHE HA TOIUVIMHATA HA ITOJIMMEPU3ALIMA HA OJIEOUHU C IIOMOUITA
HA TEOPUATA HA TINITBTHOCTHHU A ®YHKIIMOHAJI (DFT)

Kyn-Xenr Xanr?, Jlxun-Jleit JIro 1,deii Sur?, Cu-Tlenr Xao !, Konr-IO Ke!, Cunr ITan?,
Kcyn-Jlu XKanr 2*

! Koneoic no xumus u xumuuno unsicenepcmeo, Yuueepcumem Kcuan u Lo, Kcuan, Kumaii
2 lenapmamenm no gpapmayus, Yuunuwe no meduyuna, Ynusepcumem Kcuan [Jocuaomonz, Kcuan, Kumaii

Ioctenmna Ha 15 despyapu, 2016 r.; kopurupana Ha 3 rouu, 2016 T.
(Pestome)

W3znomsBana e Teopusrta Ha urbTHOCTHUS QyHKIMoHaN (DFT) Ha nuBo B3LYP/6-31G 3a na ce n34ucnu ToruimHaTta
Ha MoJMMepu3anus Ha miecT oneduHa, a MeHHo: nonunponwieH (PP), 1,2-momuGyranuen (1,2-LPB), monu-2-xmopo-
oyranueH (CR), monu-uzonped (IR), nomu(usonpen-3,4) u nonu(u3onpeH-1,2), OTYMTaRKH NPEABAPUTEIHO HATPYyMAHATA
rpemka. [Ipu cpaBHEHMETO Ha M3UUCIIEHUTE PE3yNTaTH C JAOCTBIIHUTE €KCHEPUMEHTAJIHU JaHHU 3a IBbPBUTE YETHPU
MoJIMMepa ce OKa3Ba, 4e OTHOCUTENHATA rpemika € cboTBeTHO 0%, 1.66%, 2.04% u 1.20%, koeTo mokasBa ue METOIAbT
MI03BOJISIBA W3YMCIIIBAHETO Ha TOIUIMHATA HA MOJMMEpU3alysi Ha oe(MHU C pa3yMHa TOYHOCT M HajiexHocT. Ha Tasn
OCHOBa TOIUIMHMTE HA MOJMMEpHU3alus 3a OCTaHAIUTE JBa IMoJjMMepa nonu(uzonpes-3,4) u monum(usomnpeH-1,2) ca
onpeenenn choTBeTHO Ha -44.71 kJ-mol™t u -50.67 kJ-mol.
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Large amounts of technical hydrolyzed lignin are a residual waste of the hydrolysis industry. Hence, there is an interest
to investigate its thermal decomposition. The latter applied in this study consists in a preliminary selective thermal
treatment with a subsequent activation aiming to increase the specific area and develop the porous structure. The
adsorption-structural method is applied to study the behavior of the activated carbon adsorbents obtained. The main
parameters of the porous structure are determined on the ground of the experimentally derived isotherms of Brunnauer,
Emmett and Teller. The surface thermodynamic characteristics obtained provide a comparative analysis of the samples
of the initial hydrolyzed lignin and the activated carbon obtained through pyrolysis as well as through initial hydrolysis

and subsequent pyrolysis of the residual hydrolyzed lignin.

Keywords: activated carbon; technical hydrolyzed lignin, BET isotherm

INTRODUCTION

Technical hydrolyzed lignin (THL) is residual
waste of the hydrolysis industry. It presents a
complex mixture of wood’s hydrolytic
decomposition including lignin, incomplete
hydrolyzable polysaccharides, reducing substances,
resins, mineral compounds and monosaccharides.
The interest towards studying its thermal
decomposition is determined by the large amounts
left in the course of production [1]. THL is
characterized by its capillary-porous structure
determined by its initial wood capillary structure and
the lignin production conditions. The porous
structure developed determines the sorption
properties of THL with respect to organic and
inorganic products [2]. It is suitable for production
of activated carbon [3] which is predominantly a
microporous material with an additionally
developed inner surface. Its pore distribution with
respect to their dimensions depends on the type of
the initial raw material, the process of activation and
the conditions of its application [4]. The basic
principle of activated carbon production on the
ground of a carbonaceous material consists in a
preliminary selective thermal treatment and
subsequent activation under specific conditions.
Thus, the specific surface area of the material is
increased and its porous structure is additionally
developed. Chemical activators can be used. KOH is
one of them. It is experimentally verified that it can

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

split graphite microcrystals thus assuring micro-pore
formation. Its application in case of activated carbon
production on the ground of carbonaceous materials
is also reported [5]. The basic parameters required to
properly choose an activated carbon refer to its
texture and mechanical parameters as well as the
chemical nature of its surface. Different methods are
used to study the adsorbents to be used. One finds
that the adsorption-structure has the widest
application in case of activated carbon adsorbents. It
provides the determination of the main parameters of
the porous structure only on the ground of
experimentally derived adsorption isotherms [5],
which is in fact its basic advantage.

The adsorption isotherm of Brunnauer, Emmett
and Teller (BET) is often found valid in the case of
physical adsorption on highly energetic powder-like
materials. The adsorption model of BET has the
following characteristics: A) The adsorbent surface
behaves as an energetically homogeneous one with
adsorption centers of an identical capacity to adsorb;
B) The adsorption layers are subsequently deposited,
while each new one is identical to that previously
formed; C) There are no intermolecular forces of
interaction in the adsorbate itself [6, 7]. The classic
form of the BET equation connects the amount of the
adsorbed substance (I') on the surface of a solid
adsorbent with the pressure of the adsorbate vapors
(p). It refers to polymolecular adsorption in a
pressure range from p = 0 to the pressure of the
adsorbate saturated vapors p°:
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b
rm9°c( p°J 1)

where ', is the maximum surface concentration of
the adsorbate, C is a constant (known as the BET
constant Cger) which depends on the temperature,
while & is the accessible surface of the adsorbent. &
is expressed through the following relation:

- ) @

_1+(C—1{;)OJ

The substitution of the latter into Eq. (1) leads to
the following expression:

nel ) @

o))

Eqg. (3) can be simplified through a rearrangement.

This leads to:
1 1 c-1( p] (4)
=4+ C 5

r((;’]_lj L, T,Clp

One of the forms of the BET equation is obtained
through the substitution of I" with the volume of the
adsorbed gas V corresponding to a specific value of

=

(poj and that of ', with the maximum volume of
p
the adsorbed gas Vn , i.e.
X _ 1 N C —1X )
V(l-x) cv, V,C

where x = £0 Eqg. (5) is an adequate form of the
p
BET isotherm because the dependence of __*
V(1-x)

on x is linear and provides the determination of Vi,
and the constant Cser. The value of Vi, can be used
to estimate the specific surface of the adsorbent Sger:

V_N,A°
S —_m' YA (6)
BET V0

where Na is the Avogadro's number, A° is the van
der Waals area of the molecule, while Vo is the
volume of a mole of a gas under normal conditions.
The total area of the adsorbent’s surface Sexr can be
calculated on the ground of:

Sexr = Sger-M )
where m is the sample's mass. The value of Sger

and Sexr are used to estimate the micro-pores area
S|v||l
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Swi = Sger — Sexr (8)

The other important characteristic term, the BET
constant Cger, is related to the adsorption heat AH:
referring to the first adsorption layer:

AHl_AHcond
RT ) 9)

AHcong IS the heat of condensation of the adsorption
layers deposited on the initial one [8, 9].

The aim of the present work is to carry out a
comparative thermodynamic analysis of the
adsorption characteristics of highly effective
carbonaceous materials (activated carbons) obtained
from residual hydrolyzed lignin.

Ceer ~ exp(

EXPERIMENTAL

The investigation was carried out with technical
hydrolyzed lignin which is a residual waste obtained
in the course of wood hydrolysis carried out in the
course of forage yeast production. It is worth noting
that it has been kept for more than 20 years on a sole.

HPLS (UltiMate 3000) was used to determine the
content of residual polysaccharides with respect to
that of glucose, lignin and mineral compounds. The
humidity of the hydrolyzed lignin sample was
determined using the Kern and Sohn apparatus at
105°C. The pH was read using a pH-meter. The
characteristics of the initial material are summarized
in Table 1.

Table 1. Characteristics of the initial THL.

Parameters Values
Content of THL polysaccharides (%) 18.84
Content of mineral compounds (%) 5.18

Content of lignin (%) 65.98
pH of the aqueous suspension 3.30
Easily reduced saccharides (%) 2.00

The pyrolysis was carried out in an aluminum
Fischer retort following the standard procedure. It
produced semi-coke (at a final temperature of
520°C) used for the subsequent preparation of
activated carbon. The liquid product obtained after
THL pyrolysis was used to determine the moisture
content. This was done at a pH of 5.5 using the Dean-
Stark apparatus. The material balance of the
pyrolyzed THL and of that subjected to hydrolysis
and subsequent pyrolysis is presented in Table 2.
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Table 2. Material balance of L1 and L2 samples.
Yield, (%)
Pyrolyzed THL

Product Pyrolyzed after preliminary
THL hydrolysis
Solid carbonaceous 494 487
product
Total liquid 298 311
product 67.7 70.9
- water 323 20.1
- tar
Gas and losses** 20.8 20.2

*in % on the ground of the liquid product; ** as a balance
difference to 100%

The chemical activation of the samples was
carried out with KOH. The samples used consisted
of pyrolyzed THL (L1) and pyrolyzed THL, but
were initially subjected to hydrolysis (L2). A sample
of the initial THL (LO) was used as well.

A mixture of a precursor and KOH in the ratio of
1:1.2 was added to the samples described above.
Then they were ground to obtain a homogeneous
mass. The activation was carried out for 1 hour in a
tube oven at 600 °C under vacuum. Then they were
washed thoroughly to reach a neutral pH value. The
subsequent process of reactivation was carried out
for 2 hours in a reactor under vacuum at 300°C.

The determination of the specific surface area and
the parameters of the porous structure of the treated
samples were carried out using a High-Speed
Surface & Pore size Analyzer System, type NOVA
1200 e of QUANTACHROME instruments (USA)
through low temperature adsorption of nitrogen at
77.4 K.

The morphology of the initial and fabricated
lignin samples was investigated by scanning electron
microscopy at 20 kV using JEOL JSM 6390 with a
INCA x-sight chemical analysis detector from
OXFORD INSTRUMENTS.

RESULTS AND DISCUSSION

The adsorption-desorption isotherms of LO, L1
and L2 were determined through adsorption of
nitrogen. They are presented in Figs.1, 2 and 3, with
the corresponding SEM images.

Fig. 1 shows that the isotherm of the untreated
initial THL (LO) refers to type Il adsorption
isotherms characteristic for nonporous solid
substances or for macroporous adsorbents according
to the IUPAC classification. The image presented
shows that the surface of the initial lignin has a
layered structure of a wavy and chaotic character
which is in fact typical for most of the natural
polymers.
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Fig.1. An adsorption-desorption isotherm of the LO
sample and the corresponding SEM image.

Fig. 2 shows that the isotherm of L1 obtained
from the initial THL subjected to pyrolysis refers to
a type | isotherm relevant to microporous
adsorbents. There the width of the pores does not
exceed the value of several adsorbate molecule
diameters. The force field of the neighboring walls
is overlapped by the energy of the adsorbent-
adsorbate interaction. The interactions of this type
are strong enough to provide complete coverage of
the pores at relatively low pressures.

The pyrolysis of the initial THL does not affect
the wavy character of the surface but brings about a
multilayered tubular structure (Fig.2). The latter
corresponds to the structure of plant cells with easily
discerned pores.

Fig. 3 shows that the isotherm of L2 obtained
from initial THL subjected to hydrolysis and
subsequent pyrolysis refers to the mixed type (I and
IV) isotherm observed in case of microporous
adsorbents with a presence of mesopores. The
deviation from type | behavior is observed only in
the high pressure range.
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Fig.2. An adsorption-desorption isotherm of the L1
sample and the corresponding SEM image.

The surface of the L2 sample as seen in Fig. 3 is
wavy with well expressed micro-pore formation. Its
juxtaposition to the structure presented shows that
the multilayered tubular structure is in fact preserved
but the corresponding tube-like elements are sharply
outlined. That is most probably due to the
preliminary removal of the residual hardly
hydrolysable polysaccharides.

The BET isotherm is applied to the adsorption
equilibrium attained in the first monolayer. Eq. (5) is
applied in the range from 0.05(£J to 0.35( P J

0 0

p

X vs. x

V(1-x)

) and an intercept of (

The linear dependences obtained in

c-1

have a slope of (B =

m

A= L), i.e. they provide for the determination of
Cv,

Cger and the maximum volume of the adsorbed gas

Vi of the samples. The values obtained are

summarized in Table 3. The latter shows also the
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values of the specific area of the adsorbent Sger, the
total area of the surface Sexr and the specific area of
the micropores, Swi, calculated with the application
of Egns. (6), (7) and (8).
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Fig.3. An adsorption-desorption isotherm of the L2
sample and the corresponding SEM image.

Table 3. Basic adsorption parameters of the initial
THL and the activated carbon samples.

Seer,  Smi, SexT, c Vm,  AH,,
(m?g) (m?g) (m?g) ~*=" (cm*g) (3/mol)
LO 4 - - 544 0919 -5361.6
L1 1300 781 519 290 302.6 -6438.5
L2 1428 1259 169 527 328.3 -6822.9

Sample

As seen from Table 3 the activated carbons
obtained (L1 and L2) are characterized by a large
specific area Sger and high values of the maximum
volumes which refer to the carbonaceous materials
suitable for gas adsorption. The preliminary
hydrolysis and the subsequent pyrolysis and
chemical activation in the case of L2 provide a
dominant development of the microporous structure
illustrated by the Sm values obtained.

The constant Cger can be used, in accordance
with Eg. (9), to determine the adsorption heat (
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— AH,) characteristic for the specific interaction of

the adsorbate and the adsorbent molecules within the
first adsorption layer. The Reference data shows
that:

—AH gy, =2.79(kJ /mol) .

The process is exothermic, while the relatively

low value of the enthalpy change is an indication of
the proceeding physical adsorption. But it is worth
noting that the energy of the adsorbate-adsorbent
interaction is greater than that of the adsorbate-
adsorbate, which in turn provides polymolecular
adsorption.
The values of the entropy and Gibbs function change
for the first adsorption layer, AS and AG, can be
evaluated with the application of Eqns. (10) and
(12):

AG =RT |n(£oj (10)
p
AS = AH -AG (11)

T
Table 4 presents the values obtained for the L2
sample.

Table 4. Values of the entropy and Gibbs function
change at(%) — const’
p

L1 L2
(ioj (ﬁn?m') Vv, AS, Vv, AS,
P (cm®g) (J/K.mol) (cm¥/g) (J/K.mol)

0,1 -14805 284.6 -102.3 3610 -107.3
0,15 -1220.8 287.0 -98.9 371.3  -103.9
0,20 -1035.6 291.8 -96.5 385.0 -1015
0,25 -892.1 292.0 -94.7 389.5 -99.7
0,30 -774.7 293.3 -93.2 394.1 -98.2
0,35 -675.5 294.4 -91.9 394.2 -96.9

As expected on the ground of the exothermic
character of the process the values of AG and AS
are negative. Furthermore they decrease with the
increase of the gas adsorbed because the number of
the degrees of freedom of the adsorbed species
decreases with the simultaneous decrease of the
forces of interaction determining the proceeding
adsorption. It is worth adding that the tendency

observed in the case of L2 is also followed in L1
although the corresponding values cannot be directly
juxtaposed at V = const .

CONCLUSION

The surface thermodynamic characteristics of the
activated carbon obtained from the technical
hydrolyzed lignin and of that produced from the
same residual waste but through pyrolysis as well as
by initial hydrolysis and subsequent pyrolysis are
derived on the ground of the corresponding BET
adsorption isotherms. The comparative analysis
carried out shows that the additionally treated
samples have a large specific area and a microporous
texture. The preliminary removal of the residual
non-hydrolyzable polysaccharides is a prerequisite
for obtaining well outlined multilayered structures.
The adsorbents’ surface is  energetically
homogeneous and favors polymolecular adsorption.
The process is a spontaneous one.
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AJICOPBIIMOHHU XAPAKTEPUCTUKU HA AKTUBEH BBIJIEH ITOJIVYEH OT
OTHHAABYEH TEXHUYECKU X1JIPOJINU3NPAH JIMI'HNH

JI. PaiiueBa, I'. PaneBa, C. Henkosa, P. Hukosos

Kameopa ,, Lenynosa, xapmus u nonuzpapus”
2Kameopa ,, Dusuxoxumus”
3Kamedpa ,, Opeanuuen cunmes u 2opusa,” Xumukomexnonoauuen u memanypauuen ynusepcumem — Copus, 6ys.
Knumenm Oxpuocku 8, 1756, Cogus, Bvreapus

[TocTpnuna Ha 5 okromBpu 2015 r.; Kopurupana Ha 1 romu 2016 T.
(Pestome)

I'oneMuTe KonuyecTBa OTNAABUCH XUAPOIU3EH TUTHIH IPEAU3BUKBAT CHIIEH HHTEPEC KbM MPOYUBAHUTA 332 HETOBOTO
TepMHUYHO pasznaraHe. OCHOBHUAT IPUHIIMII 32 MOJyyaBaHEe HA aKTUBEH BBIVIEH OT BBIIEPOJACHAbPIKAIl MaTepUan ce
CBhCTOM B IIpEJBAapHUTENIHA CEJEKTUBHA TEpMHUYHA 00paboTKa, C MOCie/iBallla aKTHBALMs C IIeJ yBelIWYaBaHEe Ha
cnenuduIHATa MOBBPXHOCT M HA TMOpecTaTra CTPYKTypa. M3cienBaHeTo Ha MONYyYEHHWTE BBITIEPOAHHU aICOPOCHTH €
HaNpaBeHo 4pe3 aJcopOLMOHHO-CTPYKTYpHHUS MeTo. [ TaBHNTE MapaMeTpH Ha IOpecTaTa TEKCTypa ca ONpPEACICHH Bb3
OCHOBa Ha ONUTHO MMOCTpOeHHTe m30TepMu Ha bpynayep, Emer u Temep. Ha 6azata Ha moixydeHUTE TEPMOIHMHAMUIHA
XapaKTEpPUCTUKH HA TOBBPXHOCTTA € HANpaBEeH CPABHUTEIECH TEPMOJMHAMHYCH aHAJIW3 Ha INPOOM OT H3XOAEH

XUAPOJIN3ECH JINTHUH U aKTUBEH BBIJICH OT ITUPOJIM3UPAH U IPEABAPUTEIHO XUAPOJIU3UPAH U MUPOIU3UPAH TEXHUICCKHA
XAUAPOJIN3CH JIUTHUH.
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Prompted by the various biological activities of carboxamides and benzofurans, a series of substituted benzofuran-2-
carboxamide derivatives (10a-10j and 11a-11j) were synthesized and evaluated for anti-plant pathogenic fungal activity.
Some of the novel benzofuran-2-carboxamide derivatives exhibited good antifungal activity against four plant pathogenic
fungi. Compound 10g showed good antifungal activity at 200 mg L and is hoped to be a potential lead compound.

Keyword: Synthesis, anti-plant pathogenic fungal activity, benzofuran-2-carboxamide.

INTRODUCTION

Agricultural fungal diseases are a cause of major
economic loss to agriculture [1,2]. At present,
chemical control of fungal diseases is mainly
achieved by several classes of chemicals, such as
carboxamides, methoxyacrylates, pyrimidinamines,
triazoles and so on [3-5]. Among them the
carboxamide fungicides have played an important
role in the market for fungicides [6,7]. They can
inhibit the growth of pathogens and cause their
eventual death by interfering with the respiration of
the pathogen [8,9]. However, fungicide resistances
were observed in fungal populations [10,11].

In order to overcome the threat of widespread
multifungicide resistances in plant pathogenic fungi,
there is ongoing demand for new fungicide agents.

Literature survey reveals that benzofurans having
various amide, ester, ether and thioether derivatives
with varying functional groups show antifungal
activity [12-15], while little work is reported on
benzofuran-2-carboxamide derivatives application
in agriculture as fungicides.

Hence, we designed and synthesized (Figure 1)
novel benzofuran-2-carboxamide derivatives. They
were tested for antifungal activity against
Rhizoctonia solani (R. solani), Bipolaris maydis (B.
maydis), Gibberella zeae (G.zeae) and Botrytis
cirerea (B. cirerea). To the best of our knowledge,
this is the first report on benzofuran-2-carboxamide
derivatives with potential controlling effect against
plant pathogenic fungi.

EXPERIMENTAL
Material and Equipment

All reagents used were commercial and were
used without further purification unless otherwise

* To whom all correspondence should be sent:
E-mail: tibet99@tom.com

indicated. Analytical thin-layer chromatography was
performed with silica gel plates (60 GF254, Qingdao
Haiyang Chemical Co., Ltd., Qingdao, Shandong
Province, China). 'H NMR spectra were recorded in
deuterochloroform solution on a Bruker 400 MHz
spectrometer, using tetramethylsilane (TMS) as an
internal standard.

Synthesis of Compounds
1. Synthesis of benzofuran-2-carboxylic acid (4)

1.1. Synthesis of coumarin dibromide (2)

A solution of Br, (100 mmol) in CHCI3 (8.5 mL)
was dropwise added to a well stirred solution of
compound 1 (100 mmol) and CHCI; (20 mL) at
room temperature for 3 h. Then a solution of Na;SO3
(20%, 20 mL) was added till the excess Br, was
removed. The organic layer was separated, washed
and dried. Finally, the solvent was removed in
vacuum to give a pale yellow compound 2 in a yield
of 86 % [16].

1.2. Synthesis of benzofuran-2-carboxylic acid
(4)

KOH (800 mmol) was dissolved in absolute
ethanol (70 mL) and cooled to 15°C. Then
compound 2 (70 mmol) was added to the above well
stirred solution in 30 min. Finally, the reaction
mixture was refluxed for 30 min, and crushed ice
was added. Concentrated HCI was added till the pH
value of the solution was 1. The crude product was
collected, washed, dried and recrystallized to give
compound 4 in a yield of 79 % [16].

2. Synthesis of 3-methylbenzofuran-2-carboxylic
acid (7).

2.1. Synthesis of compound (6)

A solution of compound 5 (1.36 g), K.COs (3 g),
K1 (1.65 g) and acetone (40 mL) was dropwise added
to a well stirred solution of ethyl bromoacetate (20
mmol) at room temperature in 1 h. Then the mixture
was refluxed for 2 h. Finally, the solution was cooled
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to room temperature and filtered. The liquid was
distilled and compound 6 was obtained in a yield of
84 % [17].

2.2. Synthesis of compound (7)

A solution of compound 6 (20 mmol), absolute
ethanol (25 mL) and NaOC;Hs (3.4 g) was refluxed
for 15 h. Then ethanol was removed from the
reaction mixture, the resulting mixture was added to
H,O and the solution was neutralized. Finally the
organic layer was separated, washed and dried. The
solvent was removed in vacuum to give compound 7
in ayield of 64 % [17].

3. Synthesis of compounds (8) and (9)

Thionyl chloride (20 mL) was added to
compound 4 or 7 (15 mmol) and the mixture was
refluxed for 1 h. Then the excess thionyl chloride
was removed in vacuum. The crude product 8 or 9
was obtained and used in the subsequent reaction
without further purification [18].

4. General procedure for the preparation of the
target compounds 10a-10j and 11a-11;j.

A mixture of NaOH solution (2 mol L?, 10 mL)
and arylamine (5 mmol) cooled to 0°C was added to
compound 8 or 9 (5 mmol) in 10 min. Then the
reaction mixture was stirred at room temperature for
another 5 h. Finally, the mixture was turned into H,O
and the precipitate was collected by filtration. The
pure compounds 10a-10j and 11a-11j were obtained
by recrystallization in anhydrous ethanol in yields of
30-73%. All compounds are listed in Table 1 and the
'H NMR spectral data are as follows [18]:

N-phenylbenzofuran-2-carboxamide (10a)

Pale brown solid, yield: 86.3 %;*H-NMR (400
MHz, CDClz): 7.17-7.19 (m,1H), 7.32-7.34 (m,1H),
7.38-7.41 (m,2H), 7.45-7.47 (m,1H), 7.56-7.57
(m,1H), 7.60 (s,1H), 7.70-7.73 (m,3H).

N-(2-chlorophenyl)benzofuran-2-carboxamide
(10b)

White crystals, yield: 74.2 %; H-NMR (400
MHz, CDClz): 7.10-7.13 (m,1H), 7.33-7.36 (m,2H),
7.44-7.49 (m,2H), 7.60-7.63 (m,2H), 7.71-7.73
(m,1H), 8.57-8.58 (m,1H), 8.97 (s,1H).

N-(3-chlorophenyl)benzofuran-2-carboxamide
(10c)

Pale brown solid, yield: 70.1 %; *H-NMR (400
MHz, CDCls): 7.13-7.15 (m,1H), 7.26-7.34 (m,2H),
7.44-7.48 (m,1H), 7.53-7.59 (m,3H), 7.69 (d,1H),
7.84 (s,1H), 8.39 (s,1H).

N-(2-fluorophenyl)benzofuran-2-carboxamide
(10d)

Pale brown solid, yield: 85.5 %;; H-NMR (400
MHz, CDCls): 7.11-7.20 (m, 1H), 7.31-7.35 (m,1H),
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7.45-7.49 (m,1H), 7.58-7.62 (m,2H), 7.71 (d,1H),
8.48-8.53 (m,1H), 8.61 (s,1H).

N-(4-fluorophenyl)benzofuran-2-carboxamide
(10e)

Pale brown solid, yield: 81.3 %; H-NMR (400
MHz, CDCls): 7.11-7.20 (m, 1H), 7.31-7.35 (m,1H),
7.45-7.49 (m,1H), 7.58-7.62 (m,2H), 7.71 (d,1H),
8.48-8.53 (m,1H), 8.61 (s,1H).

N-(naphthalen-1-yl)benzofuran-2-carboxamide
(10f)

Purple solid, yield: 63.9 %;*H-NMR (400 MHz,
CDCl,): 7.25-7.37 (m,2H), 7.42-7.65 (m,5H), 7.72-
7.82 (m,2H), 7.90-7.92 (m,1H), 8.01-8.03 (m,1H),
8.17-8.19 (m,1H), 8.83 (s,1H).

N-((furan-2-yl)methyl)benzofuran-2-
carboxamide (10g)

Pale brown solid, yield: 87.8 %; *H-NMR (400
MHz, CDCls): 4.68 (d,2H), 6.33-6.36 (m,2H), 6.96
(s,1H), 7.26-7.31 (m,1H), 7.36-7.43 (m,2H), 7.47-
7.55 (m,2H), 7.62-7.66 (m,1H).

N-phenethylbenzofuran-2-carboxamide (10h)

Pale yellow solid, yield: 91.5 %;*H-NMR (400
MHz, CDClz): 2.96 (t,2H), 3.73-3.77 (m,2H), 6.70
(s,1H), 7.25-7.30 (m,4H), 7.33-7.35 (m,2H), 7.39-
7.41 (m,1H),7.45-7.46 (m,2H) , 7.66-7.67 (m,1H).

N-(pyridin-3-yl)benzofuran-2-carboxamide (10i)

Gray solid, yield: 93.4 %; *H-NMR (400 MHz,
CDCl): 7.33-7.37 (m,2H), 7.47-7.51 (m,1H), 7.57-
7.59 (m,1H), 7.64 (s,1H), 7.72-7.74 (m,1H), 8.33-
8.37 (m,1H), 8.42-8.48 (m,2H), 8.79 (s,1H).

N-(2-chloropyridin-3-yl)benzofuran-2-
carboxamide (10j)

Pale brown crystals, yield: 78.6 %; *H-NMR (400
MHz, CDCls): 7.32-7.38 (m,2H), 7.48-7.52 (m,1H),
7.61-7.74 (m,2H), 8.18 (s,1H), 8.89-8.93 (m,2H).

3-methyl-N-phenylbenzofuran-2-carboxamide
(11a)

Pale brown crystals, yield: 86.5 %;*H-NMR (400
MHz, CDCls): 2.69 (s.3H), 7.14-7.18 (m,1H), 7.31-
7.35 (m,1H), 7.36-7.41 (m,2H), 7.44-7.53 (m,2H),
7.64-7.66 (m,1H), 7.70-7.73 (m,2H), 8.35 (s,1H).

N-(2-chlorophenyl)-3-methylbenzofuran-2-
carboxamide (11b)

White crystals, yield: 81.7 %;'H-NMR (400
MHz,CDCls): 2.70 (s,3H), 7.09-7.11 (m,1H), 7.31-
7.36 (m,2H), 7.43-7.50 (m,2H), 7.54-7.56 (m,1H),
7.65-7.67 (m,1H), 8.56-8.59 (m,1H), 8.98 (s,1H).

N-(3-chlorophenyl)-3-methylbenzofuran-2-
carboxamide (11c)

White solid, yield: 76.2 %;'H-NMR (400 MHz,
CDCls): 2.6 (s,3H), 7.13-7.15 (m,1H), 7.28-7.36
(m,2H), 7.45-7.56 (m,3H), 7.65-7.67 (m,1H), 7.87
(t,1H), 8.35 (s,1H).

N-(2-fluorophenyl)-3-methylbenzofuran-2-
carboxamide (11d)
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Pale brown crystals, yield: 88.6 %; *H-NMR (400
MHz, CDCls): 2.69 (s,3H), 7.11-7.21 (m,3H), 7.32-
7.36 (m,1H), 7.45-7.49 (m,1H), 7.53-7.55 (m,1H),
7.65-7.67 (m,1H), 8.48-8.53 (m,1H), 8.61 s,1H).

N-(4-fluorophenyl)-3-methylbenzofuran-2-
carboxamide (11e)

Pale yellow crystals, yield: 81.5 %; H-NMR
(400 MHz, CDCls): 2.68(s,3H), 7.06-7.10(m,2H),
7.31-7.35(m,1H),  7.44-7.52(m,2H), 7.64-7.69
(m,2H), 7.65(s,1H).

3-methyl-N-(naphthalen-1-yl)benzofuran-2-
carboxamide (11f)

White crystals, yield: 92.6 %;'H-NMR (400
MHz, CDCls ): 2.72(s,3H), 7.34-7.37(m,1H), 7.47-
7.62(m,5H), 7.68-7.69(m,1H), 7.74-7.76(m,1H),
7.88-7.92(m, 1H), 8.03-8.05(m,1H), 8.18-
8.20(m,1H), 8.83(s,1H).

N-((furan-2-yl)methyl)-3-methylbenzofuran-2-
carboxamide (119g)

Brown crystals, yield: 78.4 %;'H-NMR (400
MHz, CDCls): 2.64(s,3H), 4.65(d,2H), 6.32-
6.36(m,2H), 6.94(s,1H), 7.26-7.30(m,1H), 7.38-
7.43(m,3H), 7.59-7.61(m,1H).

3-methyl-N-phenethylbenzofuran-2-
carboxamide (11h)

Yellow crystals, yield: 87.9 %; 'H-NMR (400
MHz, CDCls): 2.64 (s,3H), 2.95 (t,2H), 3.25 (g,2H),
6.72 (s,1H), 7.25-7.30 (m,4H), 7.32-7.35 (m,2H),
7.39-7.40 (m,2H), 7.59-7.61 (m,1H).

3-methyl-N-(pyridin-3-yl)benzofuran-2-
carboxamide (11i)

Yellow solid, yield: 88.0 %; *H-NMR (400 MHz,
CDCls): 2.69 (s,3H), 7.33-7.37 (m,2H), 7.47-7.54
(m,2H), 7.66-7.68 (m,1H), 8.35-8.40 (m,3H), 8.78
(s,1H).

N-(2-chloropyridin-3-yl)-3-methylbenzofuran-2-
carboxamide (11j)

White crystals, yield: 82.5 %;'H-NMR (400
MHz, CDCls): 2.69 (s,3H), 7.31-7.37 (m,2H), 7.48-
7.52 (m,1H), 7.56-7.58 (m,1H), 7.66-7.68 (m,1H),
8.15-8.17 (m,1H), 8.91-8.93 (m,1H), 8.95 (s,1H).

In Vitro Antifungal Activity Test

For preliminary evaluation of compounds 10a-
10j and 11a-11j the antifungal tests of R. solani, B.
maydis, G.zeae and B. cirerea were carried out using
the plate growth rate method [19]. The fungi were
obtained from the Institute of Pesticide and Crop
Protection, Sichuan University.

The tested compounds were dissolved in acetone
and added to a sterile agarized Czapek-Dox medium
at 45°C. In primary screenings the compounds were
used at a concentration of 200 mg L. The control
sample contained only one equivalent of acetone.
The media were poured onto 8-cm Petri dishes (10

mL for each dish) and after 2 days were inoculated
with 4 mm potato dextrose agar (medium) discs of
overgrown mycelium. The Petri dishes were
incubated at 26 °C in the dark. Two or seven days
after inoculation the diameters of the cultures were
measured. The percentage of inhibition of fungal
growth was determined by comparison between the
development of fungi colonized on media containing
compounds and on the control. Carbendazim and
Boscalid, commercial fungicides, were used as a
positive control. Three replicates of each test were
carried out and the results were statistically treated.

RESULTS AND DISCUSSION
Chemistry

The synthesis of intermediates and target
compounds was performed as illustrated in Scheme
1, Scheme 2, Scheme 3 and Table 1. To synthesize
target compounds 10a-10j and 1l1a-11j, the
intermediates 4 and 7 were prepared in three steps.
First, compound 1 was reacted with Br. by addition
reaction to produce compound 2. Then compound 2
was rearranged under KOH to obtain compound 3.
Finally, compound 3 was acidified by HCI to give
compound 4.

Compound 7 was prepared in two steps. First,
compound 5 was reacted with ethyl bromoacetate
under K,COs to produce compound 6 which was
rearranged under NaOC;Hs to give compound 7.

Then compound 4 or 7 was reacted with SOCI; to
obtain compound 8 or 9. Finally, compound 8 or 9
was reacted with various substituted aromatic
amines by amidation to obtain the target compounds
10a-10j and 11a-11j.

Antifungal Activity Evaluation

The results of the antifungal activity of
compounds 10a-10j and 1la-11j against R. solani,
B. maydis, G. zeae and B. cirerea are listed in Table
2, in which the antifungal activities are expressed as
inhibition of growth. We compared the growth rate
of fungi on a medium containing a vehicle with the
growth rate of fungi on a pure medium. The result
indicated that the vehicle for compounds showed no
visible antifungal activity.

The results of Table 2 show that the target
compounds 10a-10j and 11a-11j are active against
nearly four fungi at 200 mg L?. Some of the
compounds showed good antifungal activities
against R. solani. For example, the inhibition of the
growth of compounds 10f and 10g reached 78.68 %
and 65.68 % against R. solani at 200 mg L7,
respectively. Compounds 10g and 10i exhibited
good antifungal activities against B. maydis. Their
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inhibition ratios were 80.57 % and 78.36 %, %. Compound 10g was expected to be a potential
respectively. Compound 10g had good inhibition lead compound.
against B. cirerea and the inhibition ratio was 68.33

Br
COOK O OH
o~ "rn CHCL 0 " EtOH i
1 2

Scheme 1. Synthesis of benzofuran-2-carboxylic acid (4).

0 0 o,
BrCH,CO0CH, CH; NaO CHyCHy
OH OCH;C0 OCH; CHy 0
] [ T

Scheme 2. Synthesis of 3-methylbenzofuran-2-carboxylic acid (7).

'1 1

S0Cl; Rz —HH. \ HI\LR.
COOH COCl ™ aon

4 F = 8 k= 10a-104;
7 Ry = CH3 9 R = CH3 11a-11;

Scheme 3. Synthesis of target compounds10a-10j and11a-11j.

Table 1. Structures of benzofuran-2-carboxamide derivatives.

Compound R1 Rz Compound R1 R,
10a H phenyl lla CHjs phenyl
10b H 2-chlorophenyl 11b CHjs 2-chlorophenyl
10c H 3-chlorophenyl 11c CH;s 3-chlorophenyl
10d H 2-fluorophenyl 11d CH;s 2-fluorophenyl
10e H 4-fluorophenyl 1le CHs 4-fluorophenyl
10f H 1-naphthalenyl 11f CHs 1-naphthalenyl
10g H 2-furanylmethyl 119 CHs 2-furanylmethyl
10h H phenethyl 11h CH;s phenethyl
10i H 3-pyridinyl 11i CHs 3-pyridinyl
10j H 2-chloro-3-pyridinyl 11j CHs 2-chloro-3-pyridinyl
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Table 2. Antifungal activity of benzofuran-2-carboxamide derivatives at 200 mg L.

Inhibition of growth (%)

Compound R. solani B. maydis G. zeae B. cirerea
10a 3.15 5.46 3.85 5.68
10b 5.23 14.26 5.39 16.34
10c 4.56 20.25 21.47 10.05
10d 25.79 6.37 2.04 24.18
10e 56.37 14.88 14.06 10.35
10f 78.68 66.41 32.64 49.88
10g 65.68 80.57 28.69 68.33
10h 4.14 39.26 14.05 18.24
10i 57.22 78.36 25.03 66.78
10j 29.29 22.12 11.66 6.28
1la 58.95 32.06 16.08 42.37
11b 18.23 32.11 4.31 11.00
11c 13.34 29.26 3.23 19.21
11d 47.26 7.78 3.69 41.06
11le 38.00 26.56 4.46 53.07
11f 15.17 20.57 34.29 46.41
11g 22.25 20.69 9.37 42.24
11h 63.87 53.35 24.06 49.45
11i 24.96 44.33 14.08 28.26
11j 12.36 12.26 8.20 5.60

CONCLUSIONS

In summary, 20 novel benzofuran-2-
carboxamide derivatives 10a-10j and 11a-11j were
synthesized and evaluated for their antifungal
activity against four plant pathogenic fungi (R.
solani, B. maydis, G. zeae, B. cirerea). The results
showed that some of the synthesized compounds
exhibited good antifungal activities at 200 mg L*
and compound 10g is expected to be a potential lead
compound. Furthermore, these preliminary results
are promising and beneficial for further studies in
developing new and more effective fungicides in the
agrochemical field. Further structural modification
and biological evaluation of these compounds are
ongoing in our laboratory.
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CHUHTE3A HA HOBU BEH30®VYPAH-2-KAPBOKCAMNWJIOBU ITPOU3BO/IHU U TAXHATA
AKTHUBHOCT CIIPAMO ITATOTI'EHHU I'bBUYKHN

SI. Cun*, X. Vaur, ®©. Uen
Dapmayesmuuen konexc, Meduyuncku xonexc ¢ Yernedy, Kumati
Ioctenmna Ha 17 centemspu, 2014 T.; kopurupana Ha 28 ampui, 2016 T.
(Pesrome)

CuHTE3UpaHK ca cepusi 3aMecTeHn Oen3odypan-2- kapookcamunosu npoussoaau (10a-10j and 11a-11j) u e oneHena
TSAXHATa XepOHIMIHA U GYHTUIUIHA aKTUBHOCT. HAKOM OT TAX mposiBABAT 100pa akKTUBHOCT CPEIy YETHUPH IIaTeTeHHH
pacturennu Gpynru. Crenunenne 109 nokasea n06pa Gpynrumuana aktusHoct npu 200 mg L u ce mpeanonara na 6b1e
MOTEHLHATHO BOJCIIO CheTHHCHHE.
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A novel approach, ultrasound-assisted hollow fibre liquid-phase microextraction (UA-HF-LPME) was used for the
preconcentration of Copper (Cu), cadmium (Cd) and chromium (Cr) of environmental samples by flame atomic
absorption spectrometry (FAAS). The method was based on the extraction of the analytes from environmental samples
(donor phase) into 15uL of nonanoic acid supported by a porous-walled polypropylene hollow fibre by ultrasound-
mixing. Ultrasound-mixing was used as an assisted method to accelerate the mass transfer and minimize fluid loss.
Under the optimal conditions, the detection limits of this method for Cr, Cu, and Cd were 0.28, 0.35, and 0.19 ng/L,
respectively. The relative standard deviations for Cr, Cu, and Cd were 2.0, 2.6 and 1.8% (C=0.5ug/L, n=9). The relative
recoveries of Cr, Cu, and Cd in well water and wastewater samples at the spiking level of 10ug/mL ranged from 80.5 to
96.4%. The method is successfully applied for these metals content evaluation in environmental samples with
satisfactory results and high enrichment factors (200).

Keywords:Ultrasound-assisted hollow fibre liquid-phase microextraction, Environmental samples, Metal ions, Flame

atomic absorption spectrometry.

INTRODUCTION

Environmental contamination by heavy metal
ions in aquatic ecosystems has been increasing with
industrial growth and development in recent years.
Among all heavy metals, cadmium ion is
considered as an extremely toxic metal ion when its
concentration in water exceeds 0.01 mg/L which is
the permissible limit for human consumption [1].
The main emissions of cadmium occur from waste
incineration and fuel burning, but it is also used in
foundry and metallurgic industries, batteries,
plastics, fertilizers and other materials. Inhaling
cigarette smoke has proven to cause expose to
cadmium [2]. Copper is an essential element for
many biological systems, which plays an important
role in carbohydrate and lipid metabolism. In
general, copper at nearly 40ug Lt is required for
normal metabolism of many living organisms;
however, in higher levels it is considered to be
toxic and severe oral intoxication will affect mainly
the blood and kidneys [3]. Direct determinations of
trace or ultra-trace levels of heavy metals in
environmental samples are difficult because of their
extremely low concentrations in interfering
matrices [4]. To overcome these problems, the
combination of a separation and preconcentration
procedure  with  flame atomic  absorption
spectrometry (FAAS) is useful [5,6].

* To whom all correspondence should be sent:
E-mail: 554214954@qq.com

Therefore, a separation and preconcentration
technique is extensively applied to the FAAS
determination of metal ions [7], hollow fibre liquid-
phase microextraction (HF-LPME) is an excellent
pretreatment method that is highly compatible with
FAAS and overcomes many of the disadvantages of
traditional extraction techniques, such as solid-
phase  extraction (SPE) [8], solid-phase
microextraction (SPME), co-precipitation
[9]liquid-liquid extraction (LLE) [10,11] and
dispersive liquid-liquid microextraction (DLLME)
[12]. Hollow fibre liquid-phase microextraction
(HF-LPME) technique, originally proposed by
Pedersen-Bjergaard and Rasmussen [13] has gained
considerable interest in the analytical area and has
been widely applied to a variety of environmental
and biological samples. In HF-LPME procedure,
the analytes are extracted from an aqueous sample
(donor phase) into an organic acceptor phase
supported by a porous-walled polypropylene
hollow fibre [14-16]. The volume of sample in HF-
LPME can range between 5mL and greater than 1L,
however, the volume of the extraction solvent
(acceptor phase) is, in most cases, in the range 2-
30uL [17], thus, the very high analyte enrichment
factor can be obtained. Although classical HF-
LPME procedure take long time (more than 30
min), and the repeatability is not good, the major
advantages of HF-LPME are simplicity, negligible
volume of solvents used, high enrichment factor,
large pH tolerance range, excellent sample clean-up
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and low cost [18]. In general, most HF-LPME
reports performed using stirring to help mass
transfer were very slow [19-21]. Ultrasound-
assisted  hollow  fibre  liquid-liquid-liquid
microextraction was reported by Yu-Ying Chao
[22] for the determination of chlorophenols in water
samples. However, to the best of our knowledge,
ultrasound-mixing has not yet been applied for
determination metal ions in environmental samples
using hollow-fibre liquid phase microextraction.

In this work, a novel approach, ultrasound-
assisted hollow fibre liquid-phase microextraction
(UA-HF-LPME) was used for the preconcentration
of Cd, Cu, and Cr from environmental samples by
FAAS. Ultrasound-mixing was used as an assisted
method to accelerate the mass transfer and
minimize fluid loss. The factors affecting
preconcentration of the metal ions such as sample
pH, eluent type and concentration, extraction
solvent type and concentration, fibre length,
equilibrium time and matrix effects were
investigated in detail.

EXPERIMENTAL
Chemicals and reagents

All reagents used were of analytical grade. All
solutions were prepared with ultra-high purity
(UHP) water from a Milli-Q system (18.2 MQ cm).
Laboratory glassware was kept overnight in 10%
HNOs solution. Standard stock solutions of metal
ions (1000 mg L) were prepared by dissolving
their nitrate salts in 1 mol L™ HNOs. The standard
working solutions of metal ions were prepared by
dilution of their stock solutions. Buffer solutions
are CH3;COOH-CH3COONa (pH =4-6),
CH3COONH4 (pH=7) and NHs/NH4CI (pH=8-10).
1-octanol, nonanoic acid, caprylic acid, capric acid
and 1-undecanol of analytical standard were
obtained from Aladdin Chemistry (Shanghali,
China).

Instrumentation and materials

A ultrasound instrument was employed for
experiments (Shanghai, China) and flame atomic
absorption spectrometer (AA-6300C, Shimadzu,
Japan) were used for the determination of the
concentration of metals. A centrifuge with
centrifugal vials (Shanghai surgical instrument
factory, 80-2, Shanghai, China) was used for phase
separation. A vortex agitator (Kylin-Bell Lab
Instruments Co. Ltd., Jiangsu,China) was used for
vortex-mixing. The porous hollow fibre used to
support the organic phase was Q3/2 polypropylene
(Wuppertal, Germany) with 600 Im inner diameter,
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200 pm of wall thickness and pores of 0.2um. A 1.0
mL microsyringe (model 702SNR) with a sharp
needle tip was used for the injection of the
extraction solvent into the hollow fibre lumen.
Instrumental parameters were adjusted according to
the manufacturer’s recommendations.

Preparation of hollow fibre and UA-HF-LPME
extraction procedure

The hollow fibre was cut into 5 cm length
pieces. Before use them, each piece was sonicated
for 5 min in acetone in order to remove any
contamination in the fibre and then, dried in air.
The fibre was soaked in nonanoic acid for 15 s to
impregnate the pores, and the lumen of the prepared
fibre piece was filled with 15pL nonanoic acid
using a microsyringe carefully. Both open ends of
the fibre were sealed by a piece of aluminium foil.
Then the hollow fibre was bent to a U-shape and
immersed in the 5 mL sample solution (pH 5.0,
adjusted with CH3COOH-CH3;COONa buffer
solution) containing 10pug mL-1of each metal
ion(Cu. Cd. Cr). The sample was ultrasound-
mixed for 2 min at room temperature. Then, the
fibre was removed from the sample solution, and its
closed end was cut. The 0.5mL methanol was
injected into one of its end by a microsyringe.
Finally the extract was filtered by a 0.45um
membrane and injected into the FAAS system for
analyses. A fresh hollow fibre was used for each
extraction to decrease the memory effect [23].

Sample Preparation

Well water and wastewater samples were
collected from Kunming, China. The samples were
filtered through a 0.45 pm membrane filter.

RESULTS AND DISCUSSION
Optimization of the UA-HF-LPME procedure

Several different experimental parameters that
can influence the extraction efficiency were
investigated in our experiments. The optimization
procedure was done as described in UA-HF-LPME
procedure.

Selection of organic extraction solvent and eluent

The type of organic solvent used in HF-LPME
is an essential consideration for an efficient
extraction of target analyte from aqueous solution.
Firstly, it should provide high solubility for the
target analytes, and should have a low solubility in
water. Addition, the ideal organic extraction solvent
should have a low volatility and an appropriate
viscosity to prevent diffusion and volatile loss.



YuJiao Tu, Haizhi Wu: Determination of metal ions by ultrasound-assisted hollow fiber liquid-phase microextraction technique

Compared with the other extractant, long chain
alcohols and acids have those particular properties,
which have special extraction efficiency for the
analytes. Thus, five organic solvents (1-octanol,
nonanoic acid, caprylic acid, capric acid, 1-
undecanol) with different viscosities, volatilities
and partition coefficients were evaluated in this
work. As shown in Fig. 1, nonanoic acid was the
most suitable extraction solvent as it resulted in the
highest response. Nonanoic acid has larger
viscosity, less volatility and better compatibility in
polarity with metal ions, those characteristics
attributed to lower solvent loss during extraction
and higher recovery.
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-nonanoicacidaprylicacid capric acid  1-octanol 1-undecanol
Extraction solvent

Fig. 1. Effect of extraction solvent on the recovery

The selection of eluent is critical and it affects
the extraction efficiency and the enhancement
factor. The elution of analytes could be
inconvenience owing to irreversible binding of
some elements. An appropriate eluent should
desorb the metals or chelate complexes and be
suitable for the subsequent determination
technique. The studied eluents include methanol,
ethanol and acetonitrile, The results were shown in
Fig. 2, which proved methanol was the best eluent
for Cu, Cr and Cd.

Cu
100 - <

80
60

40

Recovery(%)

20

04

etha

Eluent solvent
Fig. 2. Effect of eluent solvent on the recovery

Effect of fibre length

In general, a short fibre length will provide a
high enrichment factor for the concentration of
trace analytes in HF-LPME procedure. However,
too short fibre membranes cannot provide sufficient
extractant to promote analytes transport to
extraction solvent. Thus, the fibre lengths of 2, 4, 5,
6, 8, and 10cm were examined. The results in Fig.
3 indicated that 5 cm was sufficient, and no
significant effect was found when the fibre length
ranged from 6 to 10 cm. accordingly, an HF length
of 5 cm which containing approximately 20uL
extraction solvent was selected for the subsequent
experiments.
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Fig. 3. Effect of fiber length

Effect of pH on UA-HF-LPME

The formation of metal complexes and its
chemical stability are the two important effective
factors for the HF-LPME and the pH of the sample
solution plays a critical role on metal chelate
formation and subsequent extraction efficiency.
Thus, the effect of pH ranged from 3.0 to 9.0 using
acetate buffer solutions for pH adjustment on
extraction efficiency of Cr, Cu, and Cd was
evaluated and the results are shown in Fig. 4. As
can be seen, the optimum pH for Cr, Cu, and Cd
maximum extraction efficiency was 5.0. So, in
subsequent experiments, pH 5.0 was chosen as the
optimum for further experiments.
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—=—Cu
100+ —e—Cr
—4a— Cd

95+

90 +

85+

Recovery(%)

80 +

75

3 4 5 6 7 8 9
pH

Fig. 4. Effect of pH
Effect of the ultrasound-mixing time

In our study, the extraction can be accelerated
by ultrasound-mix of the sample solution. Similar
results were observed with ultrasound-mixing times
between 1 and 10 min (Fig. 5). Significant effect
was observed on the extraction recovery when the
ultrasound-mixing time was increased. This may be
due to the fact that the analytes were thrown out
from fibre membrane because of the high shear
forces. Therefore, an ultrasound-mix time of 2 min
at 3000 rpm was selected for further experiments.
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Fig. 5. Effect of the ultrasound-mixing time

Comparison of the proposed method with other
reported methods

Table 1 provides a comparison between the
proposed method and other reported pretreatment
techniques coupled with FAAS from the viewpoint
of sample preparation, recovery, extraction time,
solvent amount. As listed in Table 1, the analytical
performance of this novel extraction is certain
advantages and feasibility.
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Analytical Figures of Merits

The analytical characteristics of the method were
evaluated under the optimum experimental
conditions. The relative standard deviations (RSD)
and the limits of detection (LOD) are effective
factors to evaluate a developed analytical method.
With the optimized system, the calibration graph of
Cr ,Cu and Cd was linear in the range of 10 to
1,000 pg/L. The calibration equation is A=2.8 x 10°
2C+0.0031 with a correlation coefficient of 0.9997
for Cr , A=3.6 x 102C+0.028 with a correlation
coefficient of 0.9968 for Cd and A=7.9 x 10
2C+0.003 with a correlation coefficient of 0.9999
for Cu, where A is the absorbance and C is the
Cu,Cr or Cd concentration in pg/L. The detection
limits, defined as the concentration equivalent to
three times the standard deviation of the reagent
blank, for Cr ,Cu and Cd were 0.28,0.35 and
0.19ug/L, respectively. The relative standard
deviations for Cr ,Cu and Cd were 2.0, 2.6 and
1.8% (C=0.5ng/L, n=9). The relative recoveries of
Cr ,Cu and Cd in well water and wastewater
samples at the spiking level of 10pg/mL ranged
from 80.5 to 96.4%.

Analysis of Real Samples

The environmental samples which are Well
water and wastewater were analyzed to evaluate the
feasibility of the described preconcentration
method. The obtained results are shown in Table 2.
The obtained values are in good agreement with the
certified values. The determination of Cr, Cu and
Cd in well water and wastewater samples was made
together with the recovery studies. The recoveries
for spiked metal ion concentrations were found in a
range of 80.5-96.4% which indicate that the method
is applicable for the determination of analytes in
real samples with various matrices.

CONCLUSION

A novel ultrasound-assisted hollow fibre liquid-
phase microextraction (UA-HF-LPME) method has
been developed for determination of three metal
ions in environmental samples. The target analytes
were enriched very quickly into the acceptor phase
with continuous ultrasound-mixing instead of
stirring. Coupled with flame atomic absorption
spectrometry detection, the method has been proven
to be simple, rapid, and reliable for metal ions in
environmental samples. In future work, it will be
extended in separation and preconcentration of
different inorganic and organic species.
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Table 1. Comparison of the proposed method with other reported methods

Analytes Method Re((;(%ery Er):]téa(?n“% :r?]l(\)ljrr:: References
Pd,Ag SPE 4 [24]
Cu,Ni,Co SDSPE 80.7-97.5 2 0.5mL [25]
Cu,Cr,Cd UA-HF-LPME 80.5-96.4 2 20uL This work
Table 2. Analysis of metal ions well water and wastewater
Samples Element Added (ug LY Found (ug L) Recovery (%)
Well water Cu 0 ND
5 4.5+0.3 90
10 8.7+0.2 87.0
Cr 0 ND
5 4.8+0.2 96.0
10 9.6+0.2 96.0
Cd 0 ND
5 4.2+0.4 84
10 8.2+0.2 82.0
Waste water Cu 0 ND
5 4.2+0.4 84.0
10 8.5+0.3 85.0
Cr 0 ND
5 4.840.2 96.0
10 9.6+0.2 96.0
Cd 0 ND
5 4.5+0.3 90.0
10 8.07+0.2 80.5
REFERENCES 12(.2C(:).1%)Wu, D.Y. Chen, Y.S. Feng, Anal. Lett., 14, 45
1.M.M. Saeed, M. Ahmed, Anal. Chim. Acta., 2, 525 13.S. Pedersen-Bjergaard, K. Rasmussen, Anal. Chem.,

(2004).

2.T.A. Maranhao, D.L.G. Borges, M.A.M.S. da Veiga,
A.J. Curtius, Spectrochim. Acta, Part B., 5, 60 (2005).

3.H.B. Tabrizi, J. Hazard. Mater. B., 4, 139 (2007).

4.J. Yea, S. Liu, M. Tian, W. Li, B. Hu, W. Zhou, Q. Jia,
Talanta, 15, 118 (2014).

5.E. Yavuz, S. Tokalioglu, H. Sahan, S. Patat, RSC
Advances, 3, 46 (2013).

6.A. Bagheri, M. Behbahani, M.M. Amini, O. Sadeghi,
A. Tootoonchi, Z. Dahaghin, Microchim. Acta, 3, 178
(2012).

7.A. Ballesteros-Gomez, Rubio, S. Perez-Bendito, D, J.
Chromatogr.A, 3, 1216 (2009).

8.Q. Jia, X. Kong, W. Zhou, L. Bi, Microchem. J., 1, 89
(2008).

9.M.S. Bispo, E.S.B. Morte, , M.G.A. Korn, L.S.G.
Teixeira, M. Korn, A.C.S. Costa, Spectrochim. Acta,
Part B, 5, 60 (2005).

10.S.L.C. Ferreira, A.S. Queiroz, A.S.Q. Melo, J.C.R.
Asis, M.G.A. Korn, A.C.S Costa, Anal. Lett., 12, 30
(1997).

11. S. Nazari, Microchem. J., 2, 90 (2008).

14, 71 (1999).

14.H. Ebrahimzadeh, N. Shekari, Z. Saharkhiz, A.A.
Asgharinezhad, Talanta, 6, 94 (2012).

15. H. Hansson, U. Nilsson, Talanta, 4, 77 (2009).

16.Y.L. Wu, B. Hu, J. Chromatogr., A, 45, 1216 (2009).

17.S. Pedersen-Bjergaard, K.E. Rasmussen, J.
Chromatogr. A, 1-2, 1184 (2008).

18. M. Hadjmohammadi, H. Karimiyan, V. Sharifi, Food
Chem., 2, 141 (2013).

19. H. Hadi, A. Makahleh, B. Saad, J. Chromatogr., B, 3,
895 (2012).

20.R.l. San, M.L. Alonso, L. Bartolome, R.M. Alonso,
Talanta, 20, 100 (2012).

21.X. Xu, F.H. Liang, J.Y. Shi, X. Zhao, Z.M. Wang,
Anal. Chim. Acta., 15, 790 (2013).

22.Y.Y. Chao, Y.M. Tu, Z.X. Jian, HW. Wang, Y.L,
Huang, J. Chromatogr., A, 1, 1271 (2103).

23. M. Asadi, Iran.J.Anal.Chem., 1, 2 (2014).

24.R.J. Cassella, O.1.B. Magalhaes, M.T. Couto, E.L.S.
Lima, M. Neves, F.M.B, Coutinho, Talanta, 1, 67
(2005).

25.L. Meng, C. Chen, Anal. Lett., 3, 48(2015).

155



YuJiao Tu, Haizhi Wu: Determination of metal ions by ultrasound-assisted hollow fiber liquid-phase microextraction technique

OIIPEJIEJISIHE HA METAJTHU MOHM YPE3 YJITPA3BYK-TIOJAIIOMATAHA TEUHA-
MUKPOEKCTPAKIIMOHHA TEXHUKA C KYXU BJIAKHA

IO xuao Tio', Xaitku Bro? *

10Omoenenue no xumuynume Hayku u mexnonozuu, Ynueepcumem ¢ Kynmun, Kyumun, [lposunyus FOnan, Kumaii;
2Dakynmem 3a semuu pecypcu u undicenepcmeo, Yuueepcumen 3a nayka u mexuono2uu, Kyumun 650093, Kumaii.

IMonyuena Ha 10 okromBpu, 2016 r.; peBusupana Ha 10 ¢pespyapu, 2017 r.

(Pesrome)

EnuH HOB MOJXOJ, y/ATpa3ByK-NOANIOMAaraHa TEYHO-MUKPOEKCTpaKIMOoHHa TexHuka ¢ kyxu BinakHa (UA-HF-
LPME) ce u3nonssa 3a npexonueHtpupane Ha mex (Cu), kaagmuii (Cd) u xpom (Cr) oT mpodu OT OKOJIHATa
cpena upe3 atoMHO abcopOrmonHa cruekTpoMerpusi (FAAS ). MeToabT ce OCHOBaBa Ha EKCTpPAaKIIHS Ha
aHaJMTUTE OT NMpoOM Ha okosiHaTa cpena (¢pasza monop) B 15 PL Ha HOHAHOBa KHCENHMHA, MOATbP)KAHA OT
MOJIMMPONTMIICHOBY KYXH BJIaKHA C IOPECTH CTEHH, C YJITPa3BYKOBO CMECBaHeE. YIITPa3ByKOBOTO CMECBAHE ce
M3I0JI3Ba KaTO METO] 3a MOAIIOMAaraHe M yCKOpsIBaHE Ha MacONpeHoca U CBEXXJaHe JO MUHIMYM Ha 3arybara
Ha TeuHocT. [lpyu onTuManHu ycnoBus, TpaHUIIUTEe HAa OTKprBaHe Ha To3u MmeTof 3a Cr, Cu, Cd u ca 0.28,
0.35 1 0.19 pg/L croTBETHO, OTHOCHTENHUTE cTaHAapTHU oTKIoHeHHus 3a Cr, Cu, Cd ca 2.0, 2.6 u 1.8% (C =
0,5 ng/L, n =9). Orrocutenuure HuBa Ha pereHepupanus Ha Cr, Cu u Cd B ipo0Ou OT KjIaJeHY0Ba BOAA M
ornagHu Boau B rpanuimre Ha 10 Pg/L Bapupat ot 80,5 mo 96,4%. MetoasT ce mpuiara yCIreIiHO 3a
OLICHKA Ha ChABP)KAHHETO HA TE3W METAIM B MPOOHM OT OKOJIHATA cpella ChC 3aJOBOJIMTCITHH PE3yITaTH U
BUCOKH (pakTopu Ha oboratasane (200).
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from desalination plant

Jing Liu ¥, Xingyu Zeng, Dongxing Zhou, Yunrong Zhao, Xianhui Pan

The Institute of Seawater Desalination and Multipurpose Utilization(SOA), Tianjin ,China
Received October 10, 2016; Revised February 10, 2017

Concentration analysis was performed on five chlorination by-products (chloral, dichloroacetic acid, trichloroacetic
acid, 2,4,6-trichlorophenol, and pentachloro-phenol) present in the brine discharged from desalination project of
Dagang New Spring Co., Ltd. Moreover, toxic effects (L(E)Cso) analysis was performed on three basic levels of aquatic
organisms, namely, Scenedesmus vacuolatus, Daphnia magna, and Oncorhynchus mykiss. Based on the analysis, the
quotient method from the technical guidance document on safety assessment of chemical substances by the European
Union was adopted to assess the ecological risks of five chlorination by-products in the brine discharged from
desalination plant. The results showed that the rates of detection of five chlorination by-products were 100%. The
quotients of PEC/PNEC of chloral, dichloroacetic acid, trichloroacetic acid and pentachlorophenol were higher than 1.
Among the four pollutants, we must pay more attention to chloral which environmental concentration in the brine
discharged from desalination plant is 17 times higher than the no effect concentrations.

Key words: by-products, brine, chlorination, desalination, discharged, safe assessment.

INTRODUCTION

The global water production by desalination will
exceed 38 billion cubic meters per year, nearly
twice the rate of global water production in
2008[1]. According to the 12th Five-Year (2010-
2015) Plan for the scientific and technological
development of seawater desalinization [2], an
innovative system would be established during the
period, and desalinization technology should reach
an advanced level [3]. But brine discharge from
desalination plants contains pollutants such as
chemical additives and heavy metals, resulting in
serious impacts on the offshore seawater
environment and the ecological system. This
discharge also includes anticorrosion products used
in the plants and has to be treated to acceptable
levels of each chemical before discharge; however,
acceptable levels vary depending on certain factors
such as receiving waters and state regulations.
Furthermore, the extent of impact intensifies with
the increasing capacity of desalination [4-6].

In order to prevent biofouling and corrosion
caused by bacteria, algae, and other marine
organisms during the process of desalination,
bactericides such as chlorine or hypochlorite are
commonly used with a regular dosage of 2-5 mg/L
and a maximum of 8 mg/L [7]. These chlorine-
based bactericides may react with organic
compounds in seawaters to form chlorination by-
products such as chloral. Although concentration of
chloral declines due to continuous degradation and

To whom all correspondence should be sent:
E-mail: g.kashill@yahoo.com

dilution, even very low level could harm the aquatic
organisms [8-9]. These chlorinated and halogenated
organic byproducts are toxic, carcinogenic, or
otherwise harmful to aquatic life. Therefore,
monitoring of chlorination by-products in the
discharged brine to study their environment effects
has attracted significant attention which remarkably
facilitates the sustainable development of the
desalination industry.

In this study, concentration analysis was
performed on five chlorination by-products
(chloral, dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA), 2,4,6-trichlorophenol
(2,4,6-TCP) and pentachlorophenol(PCP)) present
in the brine discharged from desalination project of
Dagang New Spring Co., Ltd. The vulnerability of
marine ecosystems is likely to be influenced by the
chlorination  by-products present in  brine.
Therefore, preliminary  environmental safety
assessment on chlorination by-products in the brine
discharged from desalination plant was introduced
in this study.

EXPERIMENTAL
Materials Analytical methods

Nine surface water samples were collected from
three sections of the hydrological station in the
immediate vicinity of the brine discharge of Tianjin
Dagang Newspring Co., Ltd. in July 2015 (Figure 1.
Sampling points: S1-S9). Samples were collected in
chemically cleaned glass sampling bottles,
refrigerated, and sealed for laboratory detection. An
Agilent 7890 gas chromatography system was used
for analysis.
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Fig 1. Sampling locations map of 5 chlorination by-
products in the brine discharged of Tianjin Dagang
Newspring Co. Ltd

Analysis of chloral

The head space and gas chromatography used to
determine chloral. The method has many
advantages such as wide linear range, high
precision, accuracy and sensitivity. The minimum
detection limit can reach 0. 05ug/L, the water
sample determination is simple and rapid, and the
result is satisfactory. The peak with retention time
of 4.28min was chloral, respectively (Fig. 2)
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Fig.2. Chromatogram of standard solutions of chloral
Analysis of DCAA and TCAA

The purge and trap/gas chromatography used to
determine DCAA and TCAA. The analyte was
esterified by acidic methanol, preconcentrated by
purge and trap, determined by gas chromatograph
(GC) with an electron capture detector (ECD). The
factors of acidic methanol were discussed. The
linear correlation coefficients at concentrations
ranging from 0.0 to 120.0 pg/L were 0.998 and
0.996.The detection limits of this method were 0.15
and 0.84ug/L.
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Fig. 3. Chromatograms of standard solutions of
DCAA and TCAA

The relative standard deviations (RSD %) for
the determination of DCAA and TCAA in water
were 1.01 and 2.68%, and the recovery was 87.2-
112.4%.The feasibility of this method was
sensitive and precise for determination of DCAA
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and TCAA. The peaks with retention time of
12.32min and 15.62min were DCAA and TCAA,
respectively (Fig. 3)

Analysis of chloral

The automated headspace solid phase micro
extraction (HS-SPME) and gas chromatography
used to determine TCP and PCP. Through
automated sample pre-treatment to improve the
detection efficiency and results accuracy. The
linearity in the detecting range is good (> 0.999)
with the detection limits of 0.148 and 0.126ug/L,
and the RSD (n =7) were 4.89 and 7.31%.Test for
recovery was made by standard addition method,
giving results in the range of 90.0 % - 112.8 %. The
peaks with retention time of 7.65min and 9.51min
were TCP and PCP, respectively (Fig. 4)

time/min
Fig. 4. Chromatograms of standard solutions of TCP
and PCP

Method of Environmental Risk Assessment

An ecological risk assessment method was
adopted for the environmental safety assessment,
which roughly included both the qualitative and
quantitative analysis. Qualitative methods were
designed to assess the effects with minor
guantitative information, providing the decision-
making process involving deep-level information.
However, quantitative methods mainly consisted of
guotient methods, probability risk assessment
methods, and statistical analysis methods, with
quotient methods representing the most commonly
and extensively used risk characterization
approaches. The hazard quotient is calculated
through comparison between actual environmental
exposure concentrations and  toxicity data
characterizing the substance’s harm extent, thus
assessing the ecological risk of the pollutant [10-
12]. Referring to Guidelines for Risk Assessment of
Chemical Substances [13], the acute toxicity effects
of algae, fleas, and fish could be considered as the
initial assessment index in the environmental safety
assessment of the pollutant, in order to
preliminarily determine the range of safe
concentration. Therefore, the results indicated that
safety analysis and assessment could be
conveniently conducted through a quotient method
on five chlorination by-products in the brine
discharged from desalination plant.
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RESULTS AND DISCUSSION

Concentrations of chlorination by-products in the
brine discharged from desalination

The statistical data of concentrations of
individual chlorination by-products in the brine
discharged from desalination plant are listed in
Table 1. The rates of detection of five chlorination
by-products were 100%.

Table 1. Concentrations of chlorination by-products
in the brine discharged from desalination plant (pg/L)

S1 S2 S3 S4 S5
Chloral 15.4 18.5 222 133 9.65
DCAA 21.9 1.37 1.37  0.36 3.3
TCAA 10.1 4.27 427 426 4.3
TCP 0.51 0.47 047 041 0.44
PCP 0.20 0.43 043  0.18 0.20
S6 S7 S8 S9
Chloral 30.6 10.7 210 146
DCAA 3.56 0.36 036  2.69
TCAA 4.26 4.26 426 447
2,4,6-TCP 0.37 0.36 031 042
PCP 0.08 0.07 0.06  0.20
Safety Analysis

The Predicted No Effect Concentration (PNEC)
is an estimate of the highest concentration of a
chemical in a particular environment at which no
adverse effects are expected and is an estimate of
the sensitivity of the ecosystem to a chemical. A
dose-effect assessment was adopted with the
objective of determining the PNEC which could be
predicted through the acute toxicity data of five
chlorination by-products on algae, fleas, and fish.
Dose-effect assessment primarily requires species
laboratory toxicological test to obtain toxicological
data before considering adequate assessment
factors, which is applied to toxicological data
extrapolation to calculate the PNEC, the highest
concentration  offering the least possible
unacceptable effects. On account of several
uncertainties of the extrapolation process, the
assessment coefficient has been considered 1000 as
extrapolating PNEC through the acute toxicity
effects (L(E)Cso) of the three basic nutrition levels
(algae, fleas, and fish) [14].

Referring to the concentrations based on aquatic
life protection from Canadian Water Quality
Guidelines for the Protection of Aquatic Life [15],
this study provided the preliminarily prediction of
the PNEC (Tab. 2).

The Predicted Environmental Concentration
(PEC) represents the exposure situation of a
chemical substance in the evaluated environment.
PEC is obtained through model prediction or

environmental monitoring. This study conducted
the exposure assessment based on the field
measurement. Adhering to the “worst situation”
principle in risk assessment, the highest
environmental detection concentration was selected
as the PEC of exposure assessment in the analysis
results of different batches of samples (Tab. 2).

Risk assessment is designed to supervise the
possible risks and provides the guarantee of safety.
The internationally accepted hazard quotient (HQ)
represents the ratio of the PEC to PNEC. In this
study, quotient method was adopted to assess risk
characterization and risks are quantified by using
the following formula:

HQ = PEC/PNEC (1)

Where, HQ represents hazard quotient; PEC is
Predicted Environmental Concentration, and PNEC
is the abbreviation for Predicted No Effect
Concentration.  Following  conclusions  were
derived, conclusion A:for HQ <0.1, environmental
risks were negligible and implementation of the
management measures over target substances was
not required; conclusion B: when HQ was in the
range of 0.1-1.0, environment was still considered
to be in the safe level, however, required long-term
observation of the environmental dynamics of
target substances to avoid the occurrence of high
risks; conclusion C: HQ >1.0 indicated possibility
of environmental risks under the existing pollution
conditions; therefore, long-term monitoring was
necessary and the predictability should be improved
through conscientiously analyzing all links of risk
assessment. The HQs of five chlorination by-
products in the brine discharged from desalination
plant are listed in Table 2.

Table 2. Safety assessment of chlorination by-
products in the brine discharged from desalination plant

PEC PNEC HQ  Conclusion
Chloral 30.6 1.8 17.0 C
DCAA 21.9 8.7 251 C
TCAA 10.1 8.7 1.17 C
TCP 0.51 18.0 0.03 A
PCP 0.43 0.25 1.72 C

The HQ value of chloral, DCAA, TCAA, and
PCP were higher than 1.0, in particular, the HQ
value of chloral reaching a peak of 17.0. The results
showed that potential ecological risk from
chlorination by-products was presented in the brine
discharged from desalination plant. Bactericides
were used in seawater desalination pretreatment,
which were tended to have chlorination reaction
with humus in water. The chloral was the major
product, leading to a relative high level in
concentrate discharge. The risk of chloral has been

159



Jing Liu et al.: Environmental safety assessment on chlorination by-products in brine discharged from desalination plant

proved by toxicology and biology. Based on the
research, we concluded that monitoring should be
conducted over chlorination by-products in brine
discharged from desalination plant posing serious
environmental risks. Moreover, an effective
resolution program should be proposed and
implemented through the study on the relationship
between the ambient concentrations of chlorination
by-products in concentrate and the types and
amount of biocides in use.

CONCLUSION

In conducting ecological risk assessment,
exposure concentration and toxicity data are
represented either as single values or as
distributions. Among the five chlorination by-
products studied, the by-products of bactericides
used in seawater desalination concentrate discharge
posed serious risks on the ecology. We proposed
intense monitoring of bactericide by-products, in
particular, chloral. Moreover, a series of
management measures should be considered to
strengthen the control over concentrate discharge
and the use of bactericides.
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EKOJIOI'MYHA OLHIEHKA HA BE3OITACHOCTTA HA BTOPUYHU ITPOAYKTU HA
XJITOPHUPAHE B CAJTAMYPA, U3XBBPJIEHA OT MHCTAJIALIMA 3A OBE3COJISIBAHE

JLxunar Jiny™, Kennrro 3enr, Jloarkcunr XKy, FOuponT Xao, Kcnanxtoii [Tan
Huemumym 3a obezconsgane Ha Mopcka 600a u Komniekcho ononsomeopseare (SOA), Tuenosun, Kumaii
Iomyuenu 10 okromspu 2016 r., peBusupana 10 dpespyapu 2017 T.

(Pesrome)

M3BbpmieH € aHanM3 Ha KOHILEHTpAIMATa HAa NET BTOPHYHM TPOAYKTH HA XJIOpHpaHe (XJopail,
IUXJIOPOOLETHA KHCENNHA, TPUXJIOPOLETHA KHUCeNHnHa, 2,4,6-TpUXJIopodeHos, ¥ NEeHTaxiaopo-(heHo:),
HaMHpaIly ce B cajlamypaTa, U3XBBpJCHa OT MPOeKT 3a obe3cossiBaHe Ha Dagang New Spring Co., Ltd.
OcseH ToBa , ananm3a Ha TokcuuauTe edektr (L (E) C50) ce u3pbpinBa Ha TpU OCHOBHH HWBA 3a BOIHHU
OpraHu3Mu, a IMeHHO, Scenedesmus vacuolatus, Bogau ObJIXH, U IBroBa MCThpPBA. B3 OCHOBA Ha aHAJM3a,
METOABT OT AOKYMEHTa 3a TEXHWYECKH HACOKHM 3a OLIEHKA Ha 0€30MacHOCTTAa Ha XMMHYHHTE BEIECTBA Ha
EBpomelickusi cpi03 € MpHET, 3a Ja Ce HalpaBHW OIEHKA Ha EKOJOTMYHHTE PHCKOBE OT IETTE€ CTPAHWYHH
MPOJIYKTH Ha XJIOPUpPAHE B callaMypa, U3XBBPIICHA OT MHCTANAIMS 32 o0e3consaBaHe. Pe3ynraTure nokassar,
4e MPOLEHTHT Ha OTKPUBaHE Ha NeTTe npoaykTu Ha xiopupane e 100%. Koepumuenture Ha PEC/PNEC Ha
XJIOpall, TUXJIOPOOIETHA KHCEIHHA, TPUXJIOPOIETHA KHCEIHHA U TIeHTaXJIOp(EeHONbT ca MO-BUCOKH OT 1.
Mexay 4eTupuTe 3aMBbPCHTEIH, TPSOBA J1a ce 00bpHE MOBeUe BHUMAHUE Ha XJIOpaia, YAATO KOHICHTPAIUS
B OKOJIHATa Cpeja OT cajamypaTa, U3XBbpJeHa OT MHCTANalusITa 3a 00e3comsiBane € 17 mMbTH MO-BUCOKA OT
Oe3onacHaTa KOHLIEHTPAIIHS.

160



Bulgarian Chemical Communications, Volume 49, Number 1, (pp. 161 — 170) 2017

Optimization of cell culture for HON2 subtype AlV and establishment of high-yield
cell strain

Yu-Jian Lut23, Xin-Ming Wu*, Yu Guan*, Song-Lin Zhang?*, Jin-Liang Wang?, Jiu-Xia Zhao®,
Wen-Yu Han?, Zhi-Qiang Shen#>

!Postdoctoral Program, “Shandong Binzhou Animal Science and Veterinary Medicine Academy, Binzhou, China
2pPostdoctoral Program, Jilin University, Changchun, China.
3Department of Life Sciences, Binzhou University, Binzhou, China.
Shandong Lvdu Biological Technology Co., Binzhou, China.

Received October 10, 2016; Revised February 10, 2017

It has become the direction and trend of influenza vaccine production by cell culture. This study aimed to establish
the key technologies of the cell culture of HIN2 subtype AIV (avian influenza virus). Results showed that during the
culture of the H9-4 isolate in MDCK (Madin-Darby canine kidney) cell lines, when the inoculation amount was 10
3~10 with 0.5 pg-mL* TPCK (tosyl phenylalanyl chloromethyl ketone)-trypsin, 40 mmol-mL* HEPES (hydroxyethyl
piperazine ethanesulfonic acid) or 3 mmol-mL™ GIn (glutamine) in the maintenance media, the proliferation of AIV was
excellent at 96~108 hpi (hour post inoculation). Moreover, the supplement of 0.3 ug-mL* TPCK-trypsin could increase
the titer of the virus to a certain extent. The chicken St3gall gene was cloned and transfected into MDCK cell lines. By
screening, 1 strain of highly-expressed St3gall monoclonal cell strain S8 was obtained, of which the a-2,3 linked
receptor abundance was evidently increased. On S8 cells, the proliferation of H9-4 was significantly increased. The
results confirmed that the infection sensitivity and replication capacity of the isolates of HIN2 subtype AIV were

further improved by increasing the receptor abundance on the host cell surface.

Key words: HIN2 AlV, MDCK, TPCK-trypsin, St3gal I gene, a-2,3 linked receptor.

INTRODUCTION

HIN2 subtype avian influenza is a low
pathogenic infectious disease of poultry caused by
the AIV [1,2]. In 1966, HIN2 subtype AIV was
isolated from the turkeys in the United States for
the first time [3]. Since 1997, the subtype AIV has
been in the epidemic in birds or poultry around the
world [4-6]. HON2 subtype AIV is a type of low
pathogenic AIV (LPAIV), but it can cause the
decrease of egg production rate, immune
suppression, as well as the mixed infections with
other viruses or bacteria, hence huge economic
losses were led to the poultry industry [7,8]. In
recent years, there have been world-wide incidents
of human infections of HIN2 subtype AIV many
times, indicating that the virus could increase its
gene mutations and recombinant opportunities with
other subtypes of influenza viruses because of
antigenic drift and antigenic shift, which would
result in continuous discoveries of new types of
AIlV [9-11]. Therefore, HON2 subtype AlV is a big
potential threat to human health.

According to the prevention practices of AIV in
China and internationally, the vaccine is the main
measure to prevent the avian influenza outbreak
and to avoid huge losses. Current production of
influenza vaccines for human and animals is mainly
the method of embryonated eggs [8]. Despite some
effective purification processing, this method still

To whom all correspondence should be sent:
E-mail: bzshenzg@163.com

has many disadvantages. For example, the
influenza viruses isolated in embryonated eggs
often happen to antigenic variations after
continuous passages, this method requires high
labor intensity, huge amounts of embryonated eggs,
sometimes tedious purification processes, and there
are also contamination problems caused by
exogenous virus [12-15]. The influenza pandemic
and the continuous new strains of such influenza
virus call for an urgent need to establish a new
method of vaccine production. With the
improvement and wide application of animal cell
culture techniques, the vaccine production using
animal passage cells has become an inevitable trend.
Compared with the method of embryonated eggs,
the cell-culture-based production of influenza virus
is economical, convenient and reproducible with
stable quality, the mass production is easy to carry
out, and the antigenicity is closer to natural strains,
therefore the immune effects are quite reliable [15-
19]. Currently, the establishment of the flexible and
effective  cell-culture-based influenza vaccine
production platform has become the target of
numerous producers. In the vaccine production
process, the cell-culture-based production of
influenza virus also has disadvantages including
poor replication and low yield. In order to increase
the yield, it is necessary not only to optimize the
conditions for the proliferation of influenza virus,
but also to thoroughly study the mechanism of the
replication of influenza virus in the host cells. The
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hemagglutinin (HA) constitutes the most important
surface antigens of HIN2 subtype AIV [20,21].
Cell surface receptors and HA protein receptor
binding sites are the two most important factors of
the influenza viruses host specificity. There are two
common influenza virus receptors: the sialic acid a-
2,3 of D-Galactose (SA-alpha-2,3Gal), and the
sialic acid a-2,6 of D-Galactose (SA-alpha-2,6Gal)
[22-24]. Most AIV preferentially binds to the
receptor of SA-alpha-2,3Gal receptors, while
human influenza virus mainly binds to the receptor
of SAa-2,6Gal [25-27]. The infection of influenza
virus is mediated by the sialic acids on the cell
surface. Sialic acids usually bind with the 2nd from
the bottom at the end of N terminal of the glycans,
mainly Galactoses, in the way of a2, 3 or a2, 6
glycosidic bonds [6,28,29]. Under the effects of
Sialyl transferases (STs), sialic acids then bind with
the terminals of glycoproteins and glycolipids [30-
32]. Therefore, it is a potential approach to increase
the cell surface receptor abundance through
transgenic technology to improve the effect of virus
multiplication.

Given that HON2 subtype AIV is a kind of
LPAIV, it hasn’t attracted much attention, hence
related researches have lagged behind with very
inadequate  prevention  methods.  Although
vaccination is an effective means to prevent the
epidemics of the LPAIV, currently the production of
such vaccine takes long preparation period, with
low yields and high costs. The main reasons are that
the in vitro proliferation of HIN2 subtype AIV is
very difficult and that the cell culture technology is
not mature enough. The goal of this study is
optimizing of cell culture conditions of HI9N2
subtype AIV, and screen the cell strains with high
yields by genetic engineering technologies, so as to
try and establish the key technologies and
production platform for the cell culture of HIN2
subtype AV, as well as to provide technical support
for the prevention and control of the avian
influenza.

MATERIALS AND METHODS

Virus strains, cell lines, bacterial strains and
plasmids

HINZ2 subtype AlV local isolates including H9-1,
H9-2, H9-3, H9-4, H9-5, H9-6 and H9-BX, and cell
lines including MDCK, \ero
(Africa green monkey cell ), DF-1 (a continuous
cell line of chicken embryo fibroblasts), BHK
(Baby hamster kidney), Vero-E and CEF (Chick
embryo fibroblast) cells were all provided by
Shandong Lvdu Biological Technology Co. Ltd.
pCl-neo plasmid and DH5a bacterial strain were
preserved by Shandong Binzhou Animal Science
and Veterinary Medicine Academy. And pMD18-T
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plasmid  was  purchased from  TaKaRa

Biotechnology (Dalian) Co., Ltd.
Main reagents

T4 DNA ligase and restriction endonuclease
were purchased from TaKaRa Biotechnology
(Dalian) Co., Ltd. Plasmid extract kit and gel
extraction kit were purchased from Tiangen Biotech
(Beijing) Co., Ltd. Reverse transcription kit, Taq
DNA polymerase, DNA extraction kit, RNA
extraction kit, G418, DMEM cell culture media,
TPCK-trypsin, Lipofectamine 2000 Regeant were
purchased from Invitrogen (Thermo Fisher
Scientific), Fetal Bovine Serum (FBS) was
purchased from Gibco (Thermo Fisher Scientific),
the primers were produced by Shanghai Generay
Biotech Co., Ltd. 1% chicken red blood cell
suspension was prepared by blood collection from
SPF adult male chickens.

Optimization of the conditions of AlV proliferation

The H9-1, H9-3, H9-4 and H9-5 isolated virus
strains were inoculated into the embryonated eggs,
the allantoic fluid was harvested after 72 hours, and
used as a source of the experimental virus below.
The single-layer cells grown on six-well plates
(MDCK, Vero, DF-1, BHK, Vero-E and CEF cells)
were washed with PBS twice, and then were
inoculated with these viruses (H9-1, H9-3, H9-4,
and H9-5) at different dilution levels (102, 102, 1073,
104, 10°, and 10F). After different time lengths of
absorption (0, 30, 60, 90 and 120 min), TPCK-
trypsin at different concentrations (0, 0.125, 0.25,
0.5, 0.75, and 1.0 pg-mL™), trypsin at different
concentrations (0, 2, 5, 8, 10, and 12 pg-mL?),
serum at different concentrations (0, 0.2, 0.5, and
1.0%), HEPES at different concentrations (0, 5, 10,
20, 30, 40, and 50 mmol-L?), GIn at different
concentrations (0, 1, 2, 3, 4, and 5 mmol-L™?) or
BSA at different concentrations (0, 0.1, 0.2, 0.3, 0.4,
and 0.5%), were added into the maintenance media.
The supernatant was harvested at different time
points (24, 36, 48, 60, 72, 84, 96, 108, and 120 h),
and the routine micro-hemagglutination test was
conducted to measure the HA titer of the virus. At
24, 48 or 72 h after the inoculation, 0.3 or 0.5
ug-mL? TPCK-trypsin could be re-added to the
maintenance media [33].

Virus strain stability assay

The cells in the form of dense single layers were
washed with PBS twice, and then were inoculated
by 102 diluted H9-4 embryonated egg virus. After
60 min of absorption, the maintenance media
containing 0.5 pg-mL™* TPCK-trypsin was added.
And at 96 hpi the cell viruses were harvested [34].
During the 10 passages in MDCK cells, the HA
titer of each passage was tested [35].
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Gene cloning and vector construction

Based on the sequencing imformation of
chicken sialytransferase gene Stégal I, the primers

St3gal 1 LP: 5'-
GGGGAATTCATGGTCACCGTCAGGAAA-3',
and St3gal I RP: 5'-

GGGGTCGACTCATCTGCCCTTGAAAAAT-3'
were designed [31]. The 5' terminals of the primers
were added with restriction enzyme cutting sites
EcoR I and Sal I . With the SPF embryonated egg
of 12 d, RNA was extracted to produce reverse
transcription cDNA. The high-fidelity Taq enzyme
was used for the amplification of St3gal I, then the
product was lined with pMD18-T and sequenced.
The restriction enzyme cutting of pMD18-T-
St3gal I and pCl-neo plasmids were performed
with Sal I -EcoR I, and the extracted target
segements were linked, then the eukaryotic
expression vector pCl-neo-St3gal I  was then
established.

MDCK cell transinfection and cloned culture

Lipofectamine 2000 was used to transfer pCl-
neo-St3gal I plasmids into MDCK cells, and the
transgenic cell lines were acquired after 500
ug-mL?* G418 (neomycin) screening (according to
the specifications). The transgenic cells were
diluted to the concentration of 50/100 uL. Then 2
ML cell suspension was added to 96-well plate, with
the re-addition of 100 uyL DMEM culture media
containing G418. The single cell formed clonal
clusters after 10 d culture. After the consumption of
the cells, the culture was continued. With 90%
confluence, the cells were transfered into 24-well
plate to expand the culture [31,36].

Quantitative real time PCR

The total RNA of the stable cell strains were
extracted and then used to produce cDNA by
reverse transcription kit. With pg-actin gene of
MDCK cells as the internal reference, the
sequences of the primers were: g-actin LP: 5'-
CCTCTATGCCAACACAGT-3', p-actin RP: 5'-
GTACTCCTGCTT GCTGAT-3'. The expression of
St3gal I in transfected cells were measured by
gRT-PCR (Quantitative real time PCR) assay. The
primers for the amplification of St3gal I segment
were: St3gal | LP: 5'-
ACGAATCAGATGTTGGGAGC-3' and St3gal I
RP: 5-CATTCACCTCATCGCATA-3". The gRT-
PCR assay was performed by LightCycler®480
SYBR Green Master Kit by Roche. The results and
date were analyzed by LightCycler®480 software
and Excel 2003 [37].

FCM assay

The control and the stable transfected cell strains
were put into the 6-well plate evenly. At the cell

density of 90%, the cells were consumed and
collected, then washed 2 times by PBS containing
10 mmol-L* Glycine, and then washed 1 time by
Buffer 1 (50 mmol-L? Tris-HCI, 0.15 mol-L* NaCl,
1 mmol-L'? MgCl;, 1 mmol-L? MnCl, and 1
mmol-L? CaCl,, pH 7.5). The cells were re-
suspended by Blocking Solution on ice for 1 h, and
then were processed with Maackia
amurensisagglutinin (MAA) and blank control for
incubation on ice for 1 h. The cell sedimentation
was re-suspended by Rhodamine-labeled anti-
digoxin secondary Ab for incubation on ice for 1 h.
In the end, after 3 times wash with PBS, the
products were tested by flow cytometry (FCM) [36].

TCIDsp and EIDso assay

The control and the stable transfected cell strains
were put into the 96-well plate evenly. At the cell
density of 90%, the cells were inoculated with AlV
which was continuous 10 times serially diluted. The
CPE  (cytopathic  effect) were  observed
continuously for 72 h, then the viruses were
harvested for HA test. The TCIDso (tissue culture
infective dose) was calculated by Reed-Muench
method. The virus was diluted by saline and
inoculated into the allantoic cavity of 10 d SPF
chicken. The survival of embryonated eggs was
observed continuously for 72 h, then the viruses
were harvested for HA test. The EIDsy (egg
infectious dose) was calculated by Reed-Muench
method [38].

Data analysis

The date were analyzed by Excel 2003 and
SPSS 19.0. The significance analysis of the
differences among multiple groups were conducted
with Duncan's Multiple Range Test. Same letter
was defined as insignificant difference, while
different letters indicated significant differences on
0.05 level (lowercase letters). The significance of
the difference between two average numbers were
tested by the t test, p <0.05 was defined as
significant difference, p <0.01 was defined as
highly significant difference, and p <0.001 was
defined as extremely significant difference.

RESULTS AND DISCUSSION

The establishment of the key process conditions of
cell culture of HON2 subtype AIV
Cell proliferation features of HON2 subtype AIV

The HA gene sequence of the isolated virus
strains was compared with some international
reference strains and the representative strains,
which showed that these strains were divided into 3
evolved subtypes: representative strain AF156376
(Subtype 1), AF156378 (Subtype II), and
AF156377 (Subtype I11) respectively.
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Fig. 1. The phylogenetic relationship analysis of 7 isolates compared with HA gene.

In this study, 7 strains of HON2 subtype AIV in
the comparisons (including H9-1, H9-2, H9-3, H9-4,
H9-5, H9-6, and H9-BX) were all in Subtype I,
with the representative strain as A/duck/Hong
Kong/Y280/97 (AF156376), indicating that the 7
isolates all belonged to Eurasian strains with closed
phylogenetic relationship (Figure 1). According to
the locations of the isolates on the phylogenetic tree,
H9-1, H9-3, H9-4, and H9-5 were selected as the
candidate strains for the production of AIV vaccine.

The 4 selected strains were inoculated to MDCK
cells and the hemagglutination values were tested
after harvest. The results were shown in Figure 2A.
With the same amount of inoculation, the
proliferation of H9-4 was the best, with significant
differences between the other 3 isolates. This
indicated that H9-4 could proliferate easily in the
cells with the potential to become a vaccine strain.
H9-4 presented different sensitivities to different
host cells, and that MDCK cells were the most
suitable for the proliferation of H9-4 (Figure 2B).
The difference of the sensitivity might be because of
the better binding ability of H9-4 to cell surface
receptors and the more influenza virus receptors on
MDCK cells to facilitate more viruses to absorb and
invade. The proliferation of H9-4 was better after
24 h cell culture with the inoculation at 10°~10*
(Figure 2C). Too much inoculation dose would
accelerated cytopathic changes in the cells, and inhibit
the proliferation of the viruses; while inadequate
inoculation led to poor proliferation in the cells.
During 96~108 hpi, almost all the cells presented
CPE, and the titer of the virus was close to the peak
value (Figure 2D). With the cell culture time, the titer
decreased mainly because the constant nutrient
consumption of the media and the deaths of the host
cells [39]. The absorption time also influenced the
proliferation of AlV: with the absorption time as 60
min, the HA titer of H9-4 was higher (Figure 2E).
The HA titer was evidently increased after 2 times
of freezing and thawing of cells with 102 dilution
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of the wviruses (Figure 2F). Higher serum
concentration could present higher inhibitory
effects (Figure 2G). This was because serum not only
contained trypsin-resistant substance damaging the
proteolysis effects of trypsin, but also had some
substances that could cover virus receptors on the cell
membrane, thus affecting the virus infection of the
cells. Therefore, during the cell culture of H9-4,
serum shouldn’t be added to the maintenance media.

The influences of trypsin on the proliferation of AlV

After the inoculation of MDCK cells, trypsins
with different concentrations were added into the
maintenance media. The results showed that with
the concentrations of TPCK-trypsin and trypsin at
0.5 pg'mL™? and 10 pug-mL™* respectively, the titer
of the virus was at the peak value (Figure 3A and
B). Data analysis suggested obvious improving
effect of trypsin on the proliferation of AlV, and the
effect of TPCK-trypsin was better than the ordinary
trypsin. In addition, 24 h or 48 h after the
inoculation of MDCK cells, the supplement of 0.3
pgmL? and 0.5 pg'mL* TPCK-trypsin into the
maintenance media could both increase the titer to a
certain degree, with the better proliferation result of
the addition of 0.3 pg-mL* TPCK-trypsin at 48 hpi
(Figure 3C).

The influenza virus HA was split by the host
protease into the mature HA1 and HA2, which should
be the precondition of the cell infection of AIV.
However, such protease was lacking in the tissues and
cells, the right amount of exogenous trypsin should be
added during the proliferation period of AlV, so as to
increase the splitting of HA and to enhance the
infectivity of AIV [40,41]. But the excessive level of
trypsin would cause the early cell shedding and the
reduction of the titer, while the inadequate trypsin
couldn’t have the effects. After the treatment with
TPCK, trypsin could present higher activity and better
improving influence on the proliferation of the viruses.
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Other factors influencing the proliferation of AlIV

After the inoculation of MDCK cells, the solutions
at different concentrations of HEPES, GIn or
bovine serum albumin (BSA) were added into the
maintenance media. The results showed that the HA
titer was the highest with 40 mmol-L* HEPES with
significant differences, that the HA titer was
thehighest with 3 mmol-L* GIn with non-
significant differences, and that BSA inhibited the
proliferation of H9-4: with higher BSA
concentration, the titer was significantly lower
(Figure 3D-F).

HEPES, as a hydrogen ion buffer, might maintain
the long-term constant pH range; GlIn, as the must-
have additive in in vitro cell culture, was used as an
energy source in the synthesis of protein and nucleic
acid metabolism. Therefore, adding the right amount
of HEPES and GIn in the maintenance media could
help maintain normal cell growt. Just like serum, the
addition of BSA also led to the obvious reduction of
the titer, probably because it occupied the cell-surface
receptors.

Stability of H9-4 isolates

After 11 continuous passages of H9-4 isolates
from embryonated eggs in MDCK cells, the results
showed that the HA titer increased gradually and
achieved to the peak value at passages F4, and then
began to fall (Figure 4A). This is probably because
there was a gradual process of adaptation for the
proliferation of AIV in the host cells. But the
increased trypsin inhibitor accumulation level
elevated with the passages and caused the inhibition
to the proliferation, or it was also possible that the
abundance of the a-2,3 linked receptors was still low
on MDCK cells [39,42].

Analysis on the key factors influencing the
proliferation of AlV

H9-4 isolate was inoculated into MDCK and
Vero cells accordingly, with the addition of 0.5
ug-mL* TPCK-trypsin, 40 mmol-L* HEPES or 3
mmol-L* GlIn. It could be seen that without TPCK-
trypsin, there was hardly any proliferation of virus
in \Vero cells whether or not with the addition of
HEPES or GIn. For MDCK, it was found that
without TPCK-trypsin, there was poor proliferation
of AlV; and that with TPCK-trypsin, the HA titer
increased significantly, and improvement of the
proliferation if with the addition of HEPES or GlIn
(Figure 4B). The results above indicated that
TPCK-trypsin was the most important factor
influencing the proliferation of H9-4, and the right
amount of HEPES or GIn improved the
proliferation of the virus.

In order to better understand the effects of the
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supplement of TPCK-trypsin, 24 h, 48 h or 72 h
after the inoculation of Vero and MDCK cells, 0.3
ug-mL? TPCK-trypsin was re-added and the HA
titer was measured at 96 hpi. The results indicated
the re-addition of TPCK-trypsin could improve the
proliferation of the virus in both cells, but more
evidently in MDCK cells (Figure 4C). The reason
might be that with the elevated accumulation of
trypsin inhibitor during the replication of AlV, the
trypsin in the culture media was inactivated fast, and
only the timely addition of TPCK-trypsin could meet
the needs of effective proliferation of AlV [17,43,44].
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Fig. 4. Analysis on stability of HON2 subtype AIV
isolate and the key factors influencing the proliferation
of AIV. (A) Stability of H9-4 isolate; (B) Effect of
TPCK-trypsin, HEPES and GlIn on the proliferation of
HON2 subtype AlV; (C) Effect on the proliferation of
HION2 subtype AIV supplemented with TPCK-trypsin at
different time. The virus strain used in fig.4 was H9-4.
The cell line used in fig. 4A was MDCK. Same letter
was defined as insignificant difference, while different
letters indicated significant differences on 0.05 level. An
asterisk(*) represented p <0.05, two asterisks represented
p <0.01, and three asterisks represented p <0.001.

Establishment of high-yield cell strain of HIN2
subtype AIV

Construction of pCl-neo-St3gal / vector and
screening of stable transfected cell strains

In addition to optimizing the conditions of the
proliferation of influenza virus, other methods
could also be applied, such as reforming the cell
lines for the better virus proliferation environment,
the higher yield and titer. Influenza virus could
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infect the host by the specific binding of HA with
the host cell surface sialic acid receptor [25,45].
MDCK cells had both SAa-2,3Gal and SAa-2,6Gal
receptors, while the abundance of the SAa-2,3Gal
receptors were quite low and caused the low liter of
AlV in MDCK cells [46]. The a-2,3-
sialyltransferase I (ST3Gal I ) could transfer the
sialic acid to the host cell surface in the form of a-
2,3 link, and formed the receptor of AIV [31].
Therefore, through the high expression of St3gal I ,
the abundance of SAa-2,3 Gal receptors on MDCK
cells could be improved.

The SPF chicken St3gal I gene was cloned and
inserted into pCl-neo plasmid (Figure 5A). After
identification, the expression vector pCl-neo-
St3gal I was obtained (Figure 5B). The pCl-neo

and pCl-neo-St3gal I plasmids were used for the
transfection of the MDCK cells. Then 30
monoclonal cell strains were selected and picked
out. The PCR assay of the genomic DNA indicated
only the cell strains with the target genes could
present ~1 kb amplification band (Figure 5C). The
total RNA of the transfected cells were extracted
for RT-PCR assay. The results showed that the
stable transfected cell strains could amplified
proper bands (Figure 5D). 9 transfected cell strains
with good amplification effect were selected for the
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transcription level detection of St3gal I with p-
actin gene as internal reference. The results showed
that the St3gal I expression level in transfected cell
strains were higher comparatively (Figure 5E).
Combining the results of qRT-PCR, the expression
level of St3gal I gene was the highest in S8 cell
strain (p <0.001), followed by S1, S3 and S4 (p
<0.01) (Figure 5F). The HA titer analyses showed
the better proliferation of H9-4 in S8 cell strain than
the control (Figure 5G).

Analysis of high-yield cell strain receptor
abundance and AlV proliferation effect

Microscopic observation found that the normal
MDCK cells, empty transfected and S1 cells were
spindle-shaped, however S8 cells in tight
arrangement appeared prismatic-shaped (Figure
6Aa-d). At 72 hpi, the growth of the control cells
(uninoculated) were almost normal, with few cell
masses and shedding cells (Figure 6Ae). However,
the CPE were observed for the cells inoculated H9-
4 virus (Figure 6Af~h). By comparison, the
cytopathogenic degree of S8 cells was more severe
and there were fewer adherent cells. The abundance
of a-2,3 linked receptors on the stable transfected
cell strains was detected by FCM assay.
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Fig. 5. Construction of eukaryotic expression vector and screening of stable transfected cell strains. (A) Schematic
illustration of pCl-neo expression vector; (B) Schematic illustration of pCl-neo-St3gal I expression vector; (C) PCR
assay of stable transfected cell strains; (D) RT-PCR assay of stable transfected cell strains; (E) Detection of the St3gal I
expression level in stable transfected cell strains by RT-PCR; (F) Detection of the St3gal I expression level in stable
transfected cell strains by qRT-PCR; (G) HA titer analyses of stable transfected cell strains by inoculation of HIN2
subtype AlV. In Fig. 5G, the culture conditions of the H9-4 isolate in different MDCK cell lines: the inoculation amount
was 10 with the addition of 0.5 pug-mL™® TPCK-trypsin, the harvest time of AIV was at 96 hpi. An asterisk(*)
represented p <0.05, two asterisks represented p <0.01, and three asterisks represented p <0.001.
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Fig. 6. Detection of receptor abundance and AlIV proliferation effect. (A) The morphology of the stable transfected
cell strains and CPE at 72 hpi; (B) Detection of the abundance of a-2,3 linked receptors on the stable transfected cell
strains; (C~E) Detection of AlV proliferation effect by HA, TCIDso and EIDsg assay. An asterisk(*) represented p <0.05,
two asterisks represented p <0.01, and three asterisks represented p <0.001. In Fig. 6, the culture conditions of the H9-4
isolate in different MDCK cell lines: the inoculation amount was 10 with the addition of 0.5 pg-mL* TPCK-trypsin,

the harvest time of AlV was at 96 hpi.

The results indicated that the fluorescence
intensity of S8 cells were obviously improved, with
higher content of a-2,3 linked receptors than those
of the mock and S1 cells (Figure 6B). H9-4 was
inoculated to S8 cells to measure the HA titer,
TCIDsy and EIDso. Experimental results showed
that the HA titer of H9-4 in S8 cells was
significantly higher than control cells (p<0.05)
(Figure 6C). TCIDsy and EIDso were also higher,
including very significant differences of TCIDso
between S8 cells and the control (p<0.01) (Figure
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6D and E). Based on the above results, it concluded
that S8 stable transfected cell strain created by
transgenic technology could improve the cell surface
a-2,3 lined receptors, the sensitivity and replication of
the wvirus, thus it was more suitable for the
proliferation of HON2 subtype AIV. However, any
physiological process in cells should often be the
results of the combination of multiple genes. So the
single gene transfer was also limited here. In order to
increase yield of AIV in the cell culture, multiple
approaches should be integrated together.
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CONCLUSION

For the cell culture of the virus in some specific
cell lines, the obtaining of high-titer virus depends
on many factors, including the properties of the
virus itself, the sensitivity of the host cells, and the
ideal conditions for the biosynthesis. In this study,
two strategies improving cell culture conditions,
reforming cell lines were used to improve the yield of
the virus. The experimental results showed that during
the culture of the H9-4 isolate in MDCK cell lines,
when the inoculation amount was 10-3~10"* with the
addition of 05 pg'mL? TPCK-trypsin, the
proliferation of AIV was excellent at 96~108 hpi. At
different stages of AIV culture, the re-addition of 0.3
pug'mL? TPCK-trypsin in the maintenance media
could increase the titer of the virus to a certain extent.
Also, the addition of 40 mmol-mL?* HEPES or 3
mmol-mL? GIn in the maintenance media could
improve the proliferation of AlV, while the addition of
serum or BSA significantly inhibited the proliferation
of the virus. Among them, trypsin was the key
factors influencing the proliferation of HON2
subtype AIV by optimizing the cell culture
conditions. To further increase the sensitivity of
HIN2 subtype AIV to the host cells, the chicken
St3gal I gene was cloned, and was transfected into
MDCK cell lines. 1 strain of highly-expressed
St3gal I -positive monoclonal cell strain S8 was
detected, of which the «-2,3 linked receptor
abundance was evidently increased. After testing, it
was found that the stably-expressed St3gal I -positive
cell strain S8 could improve the infection sensitivity
and replication capacity of the isolates of HIN2
subtype AIV.
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OIITUMMBALINA HA KIIETBYHA KVJITYPA HA HON2 ITOATHUITI HA AIV 1
YCTAHOBSBAHE HA KJIETBUEH IIIAM C BUCOK JJOBVB

I0-/Ixuan JIio'?3, Keun-Mun By*, 10 I'yan*, Conr-Jlun Xanr®, lxun-JIluan Ban®, [lxuy-Kcua JKao®, Ben-
10 Xan?, XKu-1au ent*5*

YTocmookmopcka npozpama, * Axademus 3a HcusomHOBLOHU HAYKU U 6emepunapha meouyuna Lllandyn Bunuicoy,
bunuoicoy, Kumaii
2 [Tocmo Y K i
ocmookmopcka npoepama, J{3unun ynugepcumem, Yanuyn, Kumail.
3Omoenenue na naykume 3a scusoma, Yuueepcumem & Bunuscoy, Bunuxcoy, Kumail.
S llanoyncku uncmumym no 6uomexuonozus, Bunuocoy, Kumaii. Bunucoy, Kumaii.

IMonyyena Ha 10 okromepu 2016 r.; peBusupana Ha 10 deBpyapu 2016 r.
(Pesrome)

TennenuusTa B NMPOM3BOJICTBOTO Ha IPOTHBOTPUIIHA BAKCHMHA € I0JICYaBAHETO M OT KJIEThYHM KyinTypu. ToBa
Npoy4YBaHe MMalle 3a IeJl A2 YCTAaHOBHM KJIIOYOBHMTE TEXHOJIOTHMM Ha KieThyHarta Kyiarypa Ha montun HON2 na AlV
(Bupyca Ha ntiuust rpur). Pesyntarure nokassar, 4e o BpeMe Ha KyJITHBUpPAHE Ha KIEThbYHH JMHUH OT u3onar H9-4 B
MDCK (Manun-Jlap6u kyuemku ObOpek), korato uHOKyJdomMbT € 102 ~ 10% ¢ 0.5 mxr mn? TPCK (tosun
(enunananun xjaopmetwi kerton) -tpurcuH, 40 mmon wmal HEPES (XMIpOKCHETWINHUIIEPasHH €TaHCyN(pOHOBA
kucenHa) win 3 mmon Mt Gln (riyTamun) B cpesiata 3a NOAPHKKA, pasnpocTpaHenueto Ha AIV Geute oTiMuHO B
96 ~ 108 HPI (uac cnen 3apassBaneto). OcBen ToBa, no6askaTa Ha 0.3 Mkr M’ TPCK-TpuIcHH MOXe 13 yBEIUdYM
TUTBpPa Ha BHpyca 10 m3BecTHa cremeH. [Imnemku ren St3gall Ge kimoHMpaH M TpaHCHEKTHpPAH B KICTHYHU JIMHUH
MDCK. Ype3 ckpuHHHT, O€ TOIyYeH eIMH IIaM Ha MOHOKJIOHAJIEH KJIEThYCH maM S8, ChC CHITHO M3Pa3eHa MPOTyKITH
Ha St3gall, oT xoWTO WM3NMMIIBKA HA o -2,3 CBBP3aH PELENTOp OYEBHAHO CE yBEIMYaBa. JHAYMTEIHO CE yBEIMYaBa
pasnpoctpaHeHnero Ha kietkn S8 Ha H9-4. Pesynratute morBepamxa, de HWH(GEKIMOHHATA YYBCTBHUTEITHOCT W
KananuTeThT Ha pemukanus Ha uzosnatute Ha HIN2 moarun na AIV 0sxa JOMBJIHUTENHO NOAOOpPEHH Ype3
yBeJIMYaBaHE Ha W3JIMIIbKA HA PELIENTOP HA MOBPXHOCTTA Ha KJIETKATa TOCTOIIPUEMHUK.
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The study made a research on Jacaranda mimosifolia and other four common plant species in areas with heavy
traffic in Chengdu, Zigong and Suining similarly to find an objective law aiming at the haze pollution. The results
showed: the average quantity of unit leaf area’s dust was L. chinense > F. altissima > B. papyrifera> J.
mimosifolia> C. pedunculatum, which was 6.2690, 4.9561, 4.6474, 3.927, 1.0825g/m? respectively; From bacteria
culture test, the bacterial colonies area of leaves dust of each plant increased over time in 24, 48 , 72hrs, and the
outbreak point was in 48hrs; The area also increased with the increasing temperature (10,20,25,30,37°C) , but
there were some differences in different levels. It was shown that there were significant differences (P < 0.05) and
extreme difference (P < 0.01) between 10-20°C, especially on L. chinense and C. pedunculatum. And the relevant
data of J. mimosifolia increased while others reduced or held steadily between 20-30°C, but the increment was
much less than other plants in other times. From a general view, the bacterial colonies area of unit leaves
dust-catching quantity was C. pedunculatum> B. papyrifera> L. chinense> F. altissima> J. mimosifolia. Thus it
can be seen that Jacaranda mimosifolia has a certain ability of dust-catching, while there’s a much stronger
capability of inhibiting microorganism than other control plants. Therefore the contemporary plant configuration
should be combined with the specific habitat, following the objective law. However, the specific secretion of
Pythoncidere, producing by Jacaranda mimosifolia, as well as microorganism types need to further explore.

Keywords: Jacaranda mimosifolia, Pythoncidere, inhibite microorganism.

INTRODUCTION

Recent years, environmental problems have been
increasing prominently while the process of
urbanization was accelerating. The urban air pollution
has caused API [1], PM2.5 and PM10 problems in
more and more cities [2], which has seriously affected
the physical and mental health of urban residents.
However, the garden plants not only beautify the
environment and reduce the light pollution or the
noise [3], but also have a strong capacity of
dust-catching and microorganism-inhibiting [4]. Dr.
B.P.Toknnh has put forward the concept of
Pythoncidere [5], the plant leaching solution to inhibit
other biological growth, which mainly present in
chemical materials, such as phenol and alkaloid, by
changing the biofim and protein structure of
microorganism [6]. Thus it plays a significant role in
improving the regional air quality.
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* Supported by the Sichuan Science and Technology
Innovation Talent Project(2015032)
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It was reported that Jacaranda mimosifolia, which
had the thick foliage and contains a variety of
bioactive substances, could well cure the diseases on
skin, gastrointestinal and cardiovascular system
[7-9].But there has not been reported [10-14] about
the ability of dust-catching and inhibiting
microorganism of Jacaranda mimosifolia in the same
condition contrast other plants. Thus, the goal of this
study was to explore the ability of dust-catching and
inhibiting microorganism of Jacaranda mimosifolia
under the same condition of compare experiment to
heal the haze pollution in the future.

EXPERIMENTAL
Experimental material

Five common plants species, Jacaranda
mimosifolia, Broussonetia papyrifera , Ficus altissima,
Cinnamomum  pedunculatum and Loropetalum
chinense, at the intensive traffic places [15] in
Chengdu, Zigong and Suining, which had similar
habitats, were taken as research objects which had the
same DBH, height and growth status [16]. Chengdu,
Zigong and Suining all belong to subtropical monsoon
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humid climate of which the average annual rainfall is
greater than 900mm, and the annual average
temperature of 17°C, while the annual frost-free
period is greater than 300 days. The bacterial culture
medium (Table 1) was improved (Number 2N-5N) on
the basis of Beef Extract Peptone solid medium [8, 17]
in inhibiting microorganism test.

Table 1. Beef extract peptone medium with different
concentrations of formula (1L distilled water, pH7.0~7.2)

number Beef Peptone NaCl Agar
extract (g) (¢)) (9)  powder (9)
IN 5.00 10.00 5.00 20.00
2N 6.00 10.00 5.00 20.00
3N 4.00 10.00 5.00 20.00
AN 5.00 8.00 5.00 20.00
5N 5.00 12.00 5.00 20.00
Treatments

The dust-catching test was performed on days with
sunny and windless weather after seven days of
5mm’s rainfall above [18] in two seasons, which have
the biggest dust-catching ability [19], winter and
spring (December 2015 to February 2016). In each
season, five plant species were collected at
Riyue Road in Chengdu, Dangui Road in Zigong and
Heping Road in Suining, respectively.

Measurement of Leaves dust

The test sampled from the perimeter of crown
leaves on the upper, middle and lower parts [20] by
lopper, and the samples were carefully sealed in
plastic bags. Then leaves were immersed in distilled
water for 3 hours and gently brushed with a small
brush, and also the plastic bag. The leaves were
removed with tweezer. The test weighed the amount
of leaves dust by Weight difference method [21]. And
then, the amount of dust per unit leaf area was
calculated with AutoCAD.

Bacteria culture

The inhibiting microorganism test was improved
on the basis of Natural sedimentation method [8] with
the five plant species collected from Riyue Road in
Chengdu. The test cultivated bacterial colonies of the
leaves dust and recorded the amount of them by
setting  different  concentrations of  medium,
temperature(10, 20, 25, 30,37°C) and time periods(24,
48, 72h). The bacterial colonies area per unit
dust-catching quantity of different plant species leaves
was calculated by the formula of:

C2=C1/W3 1)

Where, C1 is the average bacterial colonies area
per dish; W3 is the average dust-catching quantity in
December per dish). And the data were analyzed by
Excel and DPS.
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RESULTS AND DISCUSSION
Comparison of plant species dust-catching ability

The test data showed (Fig. 1) that the amount of
dust-catching in December was much more than it in
February. According to the survey (Fig. 2), it was
known that comparison of dust-catching quantity per
leaf area in December was L. chinense > F. altissima >
B. papyrifera > J. mimosifolia > C. pedunculatum,
which was 6.2690, 4.9561, 4.6474, 3.927, 1.0825 g/m’
respectively. It reflected the ability of dust-catching of
these five plant species.

Dust catching ability(g/m?)
O w N0 G 00D
K‘\

€. pedunculatum L. chinense
—e— Dust Catching ability by 7daysin December
—&— Dust Catching ability by 7daysin February

Average dust Catching ability

Fig. 1. Different species in December, February and
average dust catching ability (experimental conditions:
25 °C, pH: 7, reaction time: 24h).
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9 A
8
7
A AB
6
AB
5
4
3
B
2
: m
ol

J.mimosifolia  C.pedunculatum L. chinense B.papyrifera

Average dust Catching ability(g/m?)

F. altissima

Fig. 2. The average dust catching ability of three
different experimental locations in December and the
letters P <0.01 significant level (experimental conditions:
25 °C, pH: 7, reaction time: 24h)

Bacterial colonies of inhibiting microorganism test

The inhibit microorganism test showed (Fig. 3&4)
the bacterial growth of leaves dust, which collected
from five plant species in December at Riyue Road in
Chengdu. It was visible that sterilization ability of J.
mimosifolia was higher than others species during
0-72h.

According to the data of bacterial growth trend
(Fig. 5, table 2) in different culture period (24, 48,
72h), the bacterial colonies area of leaves dust spreads
with time. It was shown that, the area existed
extreme differences P < 0.01) or
significant differences (P < 0.05) in 48-72h, except for
B. papyrifera. So that, the outbreak stage of total
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bacterial colonies was in 48-72h, and the point was on

E altissima L. chinense
48h 4sh
B. ,-Jup\ufuu C. p(drm(uf(mmr

F r 1 W
Lﬁx %JL 4\ JL.JL‘)

Fig. 3. Four compared plant species leaves bacteria
culture growth (experimental conditions: 25 °C, pH: 7,
reaction time:24-72h).

N0\
( J@mﬁ- 3

Fig. 4. J. mimosifolia leaves bacteria culture
growth and the observation under OLYMPUS,CX21
microscope (experimental conditions: 25 °C, pH: 7,
reaction time:24-72h).

—+— 1IN —8—IN ——3IN——4N ——— 5N

Colonies area (mm?)

24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 721h

B.papyrifera F. altissima L. chinenseC .pedunculatum.mimosifolia

Fig. 5. Different species of different media bacterial

growth trend (experimental conditions: 25 °C, pH: 7,
reaction time: 24-72h, in IN-5N medium).

According to the survey of bacterial culture at
different temperatures during 72h, the maximum
of each bacterial colonies area distributed at
25,30,37°C respectively, while the minimum was at
10°C(Fig. 6), which was the outdoor temperature
when we collected the leaves. By analysis of variance,
there were significant difference (P < 0.05) and
extreme difference (P < 0.01) between 10-20°C,
especially L. chinense and C. pedunculatum. The
relevant data of J. mimosifolia increased while others
reduced or hold between 20-30°C, but the increment
was much less than other plant species in other period
of time. So that, temperature has a great influence on

the bacterial cultivate, but there was an exception on J.

mimosifolia.

It was shown in Fig. 7 that the bacterial colonies
area per dish of J. mimosifolia  was
greater than other plant species, which was B.
papyrifera>L.chinense>F. altissima>C.

pedunculatum> J. mimosifolia. And the average
dust-catching quantity in December in single culture
dish (6358.5mm? each dish) could be calculated as
0.0300, 0.0400, 0.0315, 0.0069g and 0.0250g
respectively, combined with Fig. 2.

Table 2. Bacterial colonies growth level single
factor statistical analysis of different time periods
about each species (species, Processing, Mean, 5%
significance level and 1% significant level)

5% 1%

. Processing - P
species ) Mean signifyca significa
nce level nt level
1906.59
72 00 a A
B.papyrifera 48 13%51'32 a AB
24 649(.)842 b B
72 960(.)300 a A
F. altissima 48 373(')410 b B
24 79.2940 b B
1539.22

72 80 a A
L. chinense 48 786(')644 b B
24 229.280 c c

0
79 540(.)834 a A
C .peduncula 48 219.878 b AB

tum 0
24 18.9820 b B
72 482.406 A

0
J.mimosifolia 48 82.1380 b B
24 14.3820 b B

— 10T =207 r— 25T =—s=—307T — 37T

INZHNINANSNINZNINANSNINZNINANSNINZNINANSNINZNINANSN

B.papyrifera F. altissima L. chinenseC .pedunculatum. mimosifolia

Fig. 6. The different temperatures of different
species of bacterial growing line graph (experimental
conditions: 10- 37°C, pH: 7, reaction time: 72h, in
1N-5N medium).
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Therefore, the bacterial coloniesarea per unit
dust-catching quantity of different plant species leaves
was C. pedunculatum> B. papyrifera> L. chinense> F.
altissima> J. mimosifolia (Fig. 8). In terms of the
different formulations of the bacterial culture medium,
4N had more bacterial colonies than 3N, however, it
was not particularly evident. Therefore, the demand of
Beef Extract is more than Peptone in culture medium
for bacteria relatively.

2500

& 2000
£
E
© 1500
=4
(1]
»
2 1000
=
o
S smw I I I
0 I I I ]
IN 2N 3N 4N SN
mB.papyrifera WF. altissima m L. chinense ® C .pedunculatum mJ.mimosifolia

Fig.7. The average bacterial colonies area of the
different plant species(experimental conditions: 10-
37°C,pH: 7, reaction time:72h, in 1IN-5N medium).
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B Bpapyrifera W F. altissima

Fig.8. The average bacterial colonies area of unit
dust-cathing quatity(experimental conditions: 10- 37°C,
pH: 7, reaction time:72h, in 1IN-5N medium).
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Discussion

From experimental results and analysis concluded
above, the dust-catching ability of the same plant
species was significantly higher in December than in
February (Fig. 1). It could be seen that the
dust-catching capacity of Jacaranda mimosifolia was
affected by phenophase. The amount of dust-catching
per leaf area was only 54% in February for the reason
that the leaves of Jacaranda mimosifolia was very
thin from November to February because of its
dormancy [22]. So it was the same as B. papyrifera
[23]. In addition, the ability of dust-catching of
Jacaranda mimosifolia had a close relationship with
the surface structure of leaves [24, 25]. The ability of
dust-catching was weakened because of the bipinnate
leaves, which reflected the positive correlation
between leaf areas and dust quantity on each leaf [26],
though there was fluff on the surface.

According to inhibiting microorganism test, the
bacterial colonies area of each plant species’ leaves
dust had wvarious trends in different times,
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temperatures and media. Under the condition of the
same amount of dust-catching, the smaller the
bacterial area was, the stronger bactericidal ability of
the plant was [27]. So, the comparison of these five
plant species were J. mimosifolia> F. altissima> L.
chinense> B. papyrifera> C. pedunculatum.

In summary, Jacaranda mimosifolia has a certain
ability of dust-catching , while there’s a much stronger
capability of inhibiting microorganism than other
control plants. In general, the amount of leaves dust is
in proportion to the microorganism theoretically. But
the result was not the case, the ability of dust-catching
was L. chinense > F. altissima > B. papyrifera > J.
mimosifolia > C. pedunculatum, while the inhibiting
microorganism was J. mimosifolia> F. altissima> L.
chinense> B. papyrifera> C. pedunculatum. The
appearance of this kind of phenomenon may be
related to the structure of the leaf surface and its
secretion.

CONCLUSION

Therefore, the ability of inhibiting microorganism
of Jacaranda mimosifolia is more obvious than others
species while the ability of dust-catching is not that
effective, which shows that different plants had
different sterilization. In this case, it is urgent to do
further research on the specific secretion of Jacaranda
mimosifolia to inhibit the microorganism.
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[NPOYYBAHE HA ITPAXOVYJIABAHETO N CIIOCOBHOCTTA 3A MHXMBHPAHE HA
MUKPOOPI'AHU3MMU HA Jacaranda mimosifolia ITPU EJJHAKBU YCJIOBU A HA
EKCIIEPUMEHT 3A CPABHEHUE

Januun Veii!, Cuniien I3au’?, J3unAn laiil, Veu/lxoy dxaol, Caollsn [lao'*, {u6bun Uss', Uu Cyn®

YKoneowc no nanowagmua apxumexmypa, Azpapen ynusepcumem Cvuyan, Yenoy-611130, Kumaii
2Cvuyancka wenwanuwenwyu xpanumenta xomnanus OO, JIyoaxcoy-646000, Kumaii
3Koneac no apxumexmypa u ousaiin, FOz03anaona ynusepcumem Lusomyn, Yendy- 611756, Kumail
4Iyoocoy Jlao Lizsi0 Tpyn, JIydacoy- 646000, Kumaii
S lenapmamenm no mpaduyuonnama xumaiicka meouyuna, Ilpoghecuonanen konexc no rekapcmeama u Xpanume
Llanoone, Beiixau- 264200, Kumau

IMTony4ena ua 10 oxromBpu 2016 r.; kopurupana Ha 10 ¢peBpyapu 2016 .
(Pesrome)

Hanpaseno e npoyuBane Ha Jacaranda mimosifolia u Apyru Y4eTHpPU pacTHTEIHUA BUAOBE B PAWOHU C WHTCH3UBCH
Tpaduk B UbHny, 3uron u CyiHUH 3a J1a ce HaMepu OOCKTHBEH 3aKOH, HACOYCH KBbM IPAXOBOTO 3aMbpCSIBAHETO HA
Bb3yXa. Pe3ynraTute OT M3CIEABAHETO TOKA3axa . CPEJHOTO KOJIUYECTBO Tpax Ha eIMHUIIA JIMCTHA Tutomy Oemie L.
chinense> F. altissima> B. papyrifera> J. mimosifolia> C. pedunculatum, ceorseTHO 6,2690, 4,9561, 4,6474, 3,927,
1,0825 r / m% Ot Tecta Ha GakTepuanHu KyITypH, IUIOLITA HA OAKTEpPUATHHTE KOJOHMH HA IPAIIHHU JIUCTA HA BCSKO
pacTeHme ce yBelnndaBa ¢ Te€UeHHe Ha BpeMeTo 3a 24, 48, 72 gaca, a Hail-BucokaTta Touka € B 48 vac; [Inomra cpmro ce
yBenaM4aBa ¢ ToBuiaBaHe Ha Temneparypara (10, 20, 25, 30, 37 °C), HO uMa U HIKOU PA3IMKHU B Pa3IMYHUTE HUBA.
[Toxazano e, ye ca Hanmie 3HaunTenHN pa3nuku (P <0.05) u excrpemua pasnuka (P <0.01) mexay 10-20 °C, ocobeno
Ha L. chinense u C. pedunculatum. CrorsetauTe manuu 3a J. mimosifolia ce yBenuaasar, 10KaTo APyruTe HAMAISBAT
win octaBar nmoctossHHU Mexay 20-30 °C, HO yBEJIMYCHHETO € MHOTO I0-MajKO B CPaBHEHHE C JPYTd PACTCHHS I10
npyro Bpeme. OT o011 morien, pejia Ha OaKTepUATHUTE KOJIOHHUHU 10 YAOBEHOTO KOJIMYECTBO MPax Ha CIMHHUIA JHUCTHA
mwiowr e C. pedunculatum> B. papyrifera> L. chinense> F . altissima> J. mimosifolia. Moxe na ce Buau, ue Jacaranda
mimosifolia uma onpezenena cmocoO6HOCTTA 3a Mpaxo-yJaaBsHe, JOKATO HMa MHOTO MMO-CHJIHA CIIOCOOHOCT Ja HHXUOUpa
MHUKPOOPTaHU3MHUTE OTKOJIKOTO JPYTHTE KOHTPOJHH pPacTeHHs. 3aToBa KOH(UIypalusTa Ha CHBPEMCHHO PAaCTCHHE
TpsiOBa Ja ce KOMOMHHpPA ¢ KOHKPETHO MECTOOOHMTaHUE, CIeBaiiKi OOCKTUBCH 3aKOH. BhIpeku ToBa, crienupuvHaTa
cekperusra Ha Pythoncidere, npoussexxnanu or Jacaranda mimosifolia, kakto u Bua Ha MUKpOOpPraHU3MHUTE TPsiOBa
Jla e Mpoyyar JOMbIHUTEIHO.
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The paper took the typical rural domestic sewage in the surrounding districts and counties of Chengdu as the
research object, and it chose the combined process of cyclic activated sludge system (CASS) and vermibiofilter (VBF).
It used computer to simulate the process and systematically analyze the process of related influencing factors, control
conditions, operation mechanism of rural domestic sewage and so on. Controlled the inlet water flow Q, the
concentration of the inlet water BOD So (equal to 175 mg/L) and sludge age SRT (14.29 d) unchanged, respectively
changed the reflux ratio R and dissolved oxygen concentration, and made the concentration of effluent BOD to reach
the town sewage treatment plant pollutant discharge standard of GB18918-2002 grade B.

Key words: New rural sewage treatment, CASS, VBF, Computer dynamic simulation.

INTRODUCTION

Took into account the Chengdu belongs to the
plain area, and combined with the new rural water
supply and drainage system in the process of
construction. It made the new rural domestic
sewage in Chengdu area was easy to collect [1].
Therefore, it was obvious that developing the
process of high hydraulic load, strong ability to
remove nitrogen and phosphorus, simple system,
convenient operation maintenance, and make the
maximum use of local resources was the best choice
[2]. The article selected the combination of cyclic
activated sludge system (CASS) and vermibiofilter
(VBF) treatment process. The wastewater was
degraded by CASS technology, and then the VBF
process reduced the sludge. At the same time, the
paper systematically analyzed the process of related
influencing factors, control conditions, operation
mechanism of rural domestic sewage and so on,
which provided the theoretical guidance for the
practical project commissioning.

DETERMINATION OF PROCESS SCHEME

According to the specific characteristics of the
new rural domestic sewage in Chengdu plain, this
paper put forward the following requirements for
the treatment of domestic sewage in new rural
areas, 1)Low input and high efficiency. Due to the
low income of rural residents, the priority should be
given to the technology with low cost, low

To whom all correspondence should be sent:
E-mail: 122054216@qq.com

operating cost, low energy consumption or no
energy consumption, stable operation, easy
maintenance and high efficiency [3]. 2) Low
secondary pollution. it is easy to cause indirect
pollution in the process of sewage treatment, so it is
necessary to choose the treatment process without
secondary pollution or low secondary pollution. 3)
Strong resistance to impact load. In order to avoid
the waste or paralysis of the system resources
caused by the change of the sewage discharge in the
domestic sewage treatment system, it is necessary
to select the wastewater treatment process with
strong impact load capacity [4]. 4) Easy to manage
and maintain.

In conclusion, considering CASS and VBF
process have the characteristics of ‘three low and
two little and one high’, namely, low construction
cost, low operation cost, low management
requirements, little area, little secondary pollution,
high degree of resources, and they are in line with
the direction of sustainable development. Moreover,
they have distinctive ‘ecological balance’ and
‘environmental  friendly’  technical  features.
Therefore, these processes was the best choice for
the treatment of rural domestic sewage [5].

RESEARCH PROGRAM
Selection of control index of sewage treatment

Collected and analyzed the main controlling
parameters BOD, COD, SS, NHs-N and TP from
Chengdu six urban area and Jintang, Qingbaijiang,
Longquanyi, Pengzhou, Xindu, Pixian, Shuangliu,
Wenjiang, Dujiangyan, Chongzhou , Dayi,
Qionglai, Xinjin, Pujiang, 20 districts and counties
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(city), the concentration range of BOD, COD, SS,
NHs-N, TP and so on in sewage were shown in
Table 1.

Combination of CASS and VBF process

Figure 1 presented that the process mainly
included CASS and VBF two important processes.
CASS pool was mainly used for the remove of
BOD, COD, SS, NHs-N, TP and so on in the
sewage [6-7]. Partial supernatant fluid treated by
CASS pool directly to the ultraviolet disinfection
canal, and part to the adjusting tank which had the
Oxygen filling function. The remaining sludge from
the bottom of the CASS pool was deposited into the
reservoir, and partial sludge returned to the CASS
pool, and part to the adjusting tank. Entered to the
adjusting tank and through water quantity and water
quality regulation, the supernatant fluid and mud
went into VBF pool for sludge reduction. The final
drainage of VBF pool returned to CASS pool for
processing, and the little sludge into the mud

storage pool [8].
i

L

Fig. 1. Flow chart of CASS and VBF process
(1.Inlet water; 2.The coarse grid; 3.Fine screen; 4.Grit
chamber; 5.Ventilator room; 6.Aeration; 7.CASS pool;
8.Ultraviolet disinfection canal; 9.Effluent; 10.Return
sludge; 11.Excess sludge; 12.Mud storage pool;
13.Adjusting tank; 14.VBF pool; 15.Return sludge;
16.Sludge discharging; 17.Efflux sludge; 18.Supernatant
reflux.)

Computer dynamic simulate CASS technology

This paper adopted the method of computer
dynamic simulation to study the influence factors
which are related to organic matter removal of
CASS process, controlling parameters and running
mechanism. The experiment used continuous
completely mixed aeration tank experiment device.
The aeration tank was square, and the secondary

sedimentation tank and aeration tank were
combined and they were separated by reflux baffle.
The water of aeration tank entered the secondary
sedimentation tank by the hole of reverse-flow
baffle, and the return sludge can be realized by
adjusting the height of the backflow slit. Different
sludge age can be achieved by adjusting the valve
of the secondary sedimentation tank. In the process
of implementation, the dissolved oxygen
concentration and MLSS in the aeration tank were
unchanged, and the water quantity or quality was
constantly changed to get different sludge load. At
the same time, the sludge age was controlled by the
mud discharge valve to eliminate the surplus, and
the parameters of the four groups under different
sludge load were measured [9]. Finally, the work of
the calculation, drawing and parameter was
completed [10].

VBF treatment of excess sludge

Set the VBF pool [11]: Filter was a cylinder,
radius was 0.15m, height was 0.15m, volume was
about 39L and the ventilation effect was good. VBF
pool was divided into three parts [12-13]: watering
zone, filling area and drainage area. There was a
layer of elastic filler under the water distributor, and
the function of it were secondary water distribution
and shading and supplemental oxygen. Filling area
was divided into three layers: The upper was
earthworms decomposition layer, and it involved
fine sawdust, rice husk and peat etc. The middle
layer was added layer, and its packing was the same
as the upper. Bottom layer was the retainer layer,
and it was filled with the ceramic grain filters [14].
The sludge of aeration tank through water
distributor and elastic packing was distributed to the
filter material surface evenly. After through the
packing area of 0.50m high and the hole at the
bottom of the device, the sludge was collected into
the tank under the vermibiofilter [15]. The
experiment selected Eisenia foetida, which showed
short sexual maturation period and strong
adaptability and high cocoon production rate.

The ceramic filter material particle's diameter
was 6.0 ~ 9.0 mm, and its solid density and bulk
density respectively was 2.26g/cm*® and 0.89 ~
1.00g/cm?®, and its voids and porosity respectively
was greater than 41% and 50% . In addition, its
specific surface area was about 1.8X10*%

~5.0 X 10%cm?/g.

Table 1. The quality of input water.

Performances BOD

COD SS NH3z-N TP

Water Quality (mg/L)  170-200

240-300

170-200 45-52 4.0-4.5
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Adjusted the sludge concentration of suspended
solid (SS) to about 300mg/L in running time, the
main conditions and design parameters were as
follows[16]: the earthworm density was 32¢g/L,
hydraulic load was 3.0m%(m?.d), the earthworm
organic load was 35g / (kg.d), pH was about 7, and
the DO was 3.5mg/L,SS was 250~350 mg/L.The
concentration of volatile suspended solids (VSS)
was 160 ~ 200mg/L, and COD was 350 ~ 500mg/L.

ANALYSIS OF EXPERIMENTAL RESULT

The biochemical reaction kinetic coefficient K, Ks,
Vmax, Y, Kd, a, b and so on

Without oxygen consumption rate measurement

Se as the abscissa, (So-Se)/Xt (sludge load) as
the ordinate, the curve of substrate degradation and
substrate concentration without oxygen
consumption rate measurement was shown as
Figure 2. According to the formula (So-Se)/Xt
=K-Se got the slope K~0.023.

e

40
£ 0.0227x — 0.0073
| R* = 0.9982

15 20

w
o
<
t

—
o
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o
(e

10
Se (mg/L)

Fig. 2. Curve of substrate degradation and substrate
concentration  without oxygen consumption rate
measurement.

Q:(So-Se)/Xt-V (sludge removal load) as the
abscissa, AX/Xv-V as the ordinate, the curve of
activated sludge growth  without oxygen
consumption rate measurement was shown as
Figure 3. According to the formula
AXIXv-V=Y-Q-(So-Se)/Xv-V-Kd, the yield
coefficient of activated sludge microorganisms Y~-
0.300, The self-oxidation rate of activated sludge
microorganisms Kd ~-0.240.

1/Se as the abscissa, (So-Se)/Xt (sludge load) as
the ordinate, the curve of substrate degradation
curve  without oxygen consumption rate
measurement was shown as Figure 4. According to
the formula Xt/(So-Se)=Ks/Vmax:-1/Se+1/Vmax,
Ks/Vmax=40.683, 1/Vmax=0.3095. The maximum
specific degradation rate of organic substrate can be
obtained Vmax=3.231, Saturation constant
Ks=12.59.
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Fig. 3. Curve of activated sludge growth without
0Xygen consumption rate measurement.
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Fig. 4. Curve of substrate degradation curve without
0Xygen consumption rate measurement.

Therefore, without oxygen consumption rate
measurement, the biochemical reaction Kinetic
coefficient K=0.023, Y=-0.300, Kd=-0.240,
Vmax=3.231, and Ks=12.59.

Within oxygen consumption rate

Se as the abscissa, (So0-Se)/Xt (sludge load) as the
ordinate, the curve of substrate degradation and
substrate concentration within oxygen consumption
rate measurement was shown as Figure 5.
According to the formula (So-Se)/Xt =K:Se got the
slope K =~0.022.

0.60
050 |V =0.0215x + 0.0063
0.40 - R =1

2

30
[}]

9.20 |
Q

@10 |
O. 00 Il Il Il Il I

0 5 10 15 20 25
Se (mg/L)

Fig. 5. Curve of substrate degradation and substrate
concentration  within ~ oxygen consumption rate
measurement.
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Q:(So-Se)/Xv:V (sludge removal load)as the
abscissa, AX/Xv-V as the ordinate, the curve of
activated  sludge growth  within  oxygen
consumption rate measurement was shown as
Figure 6. According to the formula
AXIXv-V=Y-Q-(So-Se)/Xv-V-Kd, the microbial yield
coefficient of activated sludge was Y=0.1315, The
self oxidation rate of activated sludge
microorganisms was Kd=-0.075.

0.20 ¢
y = 0.1315x + 0.0754

0. 15R? = 0. 9989

.10 -

<

~N

.05 |

0. 00 : /
0 0.5 1
Q(So—Se) /XvV

Fig. 6. Curve of activated sludge growth within
oxygen consumption rate measurement.

1/Se as the abscissa, (So-Se)/Xt (sludge load) as
the ordinate, the curve of substrate degradation
curve  within  oxygen  consumption  rate
measurement was shown as Figure 7. According to
the formula Xt/(So-Se)=Ks/Vmax:1/Se+1/Vmax,
Ks/Vmax=45.210, 1/Vmax=0.1356. The maximum
specific degradation rate of organic substrate was

obtained Vmax=11.257, Saturation constant
Ks=3.954.
8.00 -
6.00 -
o 4.00 -
b
G 200 1 ¥ 45 91k + 0.1356
< 0.00 I ‘
R* = 0,9965
= 0.00 0.05 . 10 027520, 20
1/Se

Fig. 7. Curve of substrate degradation curve within
oXxygen consumption rate measurement.

Q:(So-Se)/Xv-V as the abscissa, Ox/Xv-V as the
ordinate, the curve of oxygen consumption rate was
shown as Figure 8. According to the formula
O2/Xv-V=a-Q:(So-Se)/Xv-V+b, a=0.4956,
b=0.1029.

Therefore, within oxygen consumption rate
measurement, the biochemical reaction Kinetic
coefficient K=0.022, Y=0.1315, Kd=-0.075,
Vmax=11.257, Ks=3.954, a=0.4956, b=0.1029.

0.50
y0.=46)R.24956X + 0.1029

0,30 = 0.9995

>
£9.20 -
[aN]
.10 |

0.00 ‘ ‘
0 0.5 1
Q(So-Se) /XvV

Fig. 8. Curve of oxygen consumption rate.

Discussion the relationship between substrate
degradation rate and substrate concentration

In the Figure 9, without oxygen consumption
rate measurement or within oxygen consumption
rate measurement, the rate of substrate degradation
was increased with the increase of substrate
concentration. But as for the degradation rate,
without oxygen consumption rate measurement was
far less than within oxygen consumption rate
measurement.  In  theory, without oxygen
consumption rate measurement, the velocity should
be larger. Analyzed the cause of this situation was
that the MLSS sludge concentration had an
influence on the organic matter degradation speed
[17].

2 _
(a) ""”.,—0
81
) y = 0.0656x + 0.7763
! R2 = 0.9958
0 | | | |
0 5 10 15 20
Se (mg/L)
15 (b)
10 F
+
o
> | v =0.1581x + 6.2252
iy R = 0.9233
0 | | |
0 10 20 30
Se (mg/L)

Fig. 9. The relationship between the substrate
concentration and the degradation rate of the substrate
without(a) and within (b) oxygen consumption rate
measurement.
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Discussion about the experiment from the
relationship between microbial increment rate and
substrate concentration

It can be seen from the Figure 10: when the
oxygen consumption rate was not measured, the
growth rate of activated sludge decreased with the
increase of sludge removal load. But when the
oxygen consumption rate was measured, the growth
rate of activated sludge increased with the increase
of sludge removal load. The causes of such
differences was analyzed : when the concentration
of organic matter in input water respectively was
100 mg/L, 125 mg/L, 150 mg/L, 175 mg/L, and the
oxygen consumption rate was not measured, the
sludge concentration MLSS respectively was 2481
mg/L, 2555 mg/L, 2629 mg/L, 2704 mg/L. But
when the oxygen consumption rate was measured,
the sludge concentration MLSS respectively was
3947 mg/L, 3145 mg/L, 2406 mg/L, 1765 mg/L.
The sludge concentration was different so that the
guantity of microorganism in the sludge also was
different. The competition of the microorganism in
the sludge to the organic matter and the dissolved
oxygen had produced the above result [18].

0-2 7 (g v =-0.2995x + 0.2396
0.1 ¢
><
~
G.05 F
0 ‘ ‘ ‘ | |

0 0.1 0.2 0.3 0.4 0.5
Q(So—Se) /XvV

0.20 (b

0.15 /
.10 |
5<

S y = 0.1315x + 0.0754

D.05 | R> = 0.9989

0.00 ‘ ‘
0 0.5 1

Q(So-Se) /XvV

Fig. 10. Growth curves of activated sludge without(a)
and within(b) oxygen consumption rate measurement.

Effect of control parameters on the system

Controlled the inlet flow rate Q, the air inflow
O,, dissolved oxygen concentration DO
(2.01mg/L), the concentration of the inlet water
BOD So(equal to 175mg/L) and sludge age
SRT(14.29d) unchanged, and changed reflux ratio
R, the relationship between reflux ratio and organic
matter in water was shown in Table 2.

Table 2. The relationship between reflux ratio and
organic matter in water.

Reflux ratio R(%) 20 30 40 50 60
Se (mg/L) 20.1 152 126 110 9.9

It can be seen from the date that the
concentration of effluent BOD Se decreased with
the increase of reflux ratio. Therefore, In other
conditions remaining unchanged, increasing the
reflux ratio can increase the degradation of organic
matter [19]. The causes of the result was analyzed:
Increasing the reflux ratio was equivalent to
increasing the amount of sludge returned to the
reactor, which increased the amount of microbes in
the reactor. The amount of organic matter in the
water was decreased because of the adsorption and
ingestion of microorganism [20].

The inlet flow rate Q, the BOD concentration So
(equal to 175mg/L) of input water and reflux ratio
R (30%) were controlled to be unchanged, and the
air flow was changed to change the concentration of
dissolved oxygen DO. Then the following data were
obtained in Table 3.

From the above data, it was concluded: increased
the concentration of dissolved oxygen DO can
reduce the concentration of organic matter so that
the organic matter concentration can reach a higher
standard, and changed the dissolved oxygen
concentration DO can also make other parameters
change in the treatment process. Increased O,, the
concentration of dissolved oxygen in the reaction
pool increased. Increased the dissolved oxygen
concentration satisfied the growth and reproduction
of microorganisms for oxygen demand, made the
microbial growth and reproduction have further
consumption to organic matter. At the same time, it
made the concentration of organic matter in water
decreased gradually. Finally, higher emission
standards was achieved [21].

Table 3. The relationship between dissolved oxygen and removal organic matter.

1 2 3 4 5

Air input O,
Dissolved oxygen concentration DO (mg/L)
Effluent BOD Se (mg/L)
MLSS X (mg/L)
180

9000 10000 11000 12000 13000
0.89 1.23 1.65 211 2.62
29.5 225 17.6 14.2 11.8
1281 1762 2322 2939 3591
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Sludge age SRT (d)

10.38

14.29 18.84 23.84 29.13

CONCLUSIONS

The sludge age changed with the change of other
parameters, but the single change of sludge age had
no effect on the concentration of organic matter in
the effluent. Substrate degradation rate increased
with the increase of substrate concentration. When
the oxygen consumption rate was measured or not
measured, the quantity of sludge increased. Not
only the concentration of organic matter had an
effect on the increment of microbes, sludge
concentration and dissolved oxygen and so on also
played an important role in the increment of
microbes. In addition, the demand for O2 increased
with the increase of organic matter removal.
Controlled the inlet flow rate Q, inlet water BOD so
(equal to 175 mg/L) and sludge age SRT (14.29d)
invariable, respectively changed reflux ratio R and
the dissolved oxygen concentration DO (2.01mg/L).
When the dissolved oxygen concentration DO (2.01
mg/L) was invariable, and the concentration of
BOD So decreased with the increase of reflux ratio.
When the reflux ratio of R (30%) was unchanged
and changed the concentration of dissolved oxygen
DO, and it was found that increased dissolved
oxygen concentration DO can reduce the
concentration of organic compounds. When reflux
ratio was greater than 30% or when the
concentration of DO was 1.65mg/L, the
concentration of effluent BOD can reach the
GB18918-2002 level B standard of ‘municipal
wastewater treatment plant pollutant emission
standard’.
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ITPOYUBAHE HA HOBA TEXHOJIOI'A 3A OGPABOTKA HA CEJICKHM bBUTOBU
OTITAZAHM BOAU HA BA3ATA HA CASS U VBF

IOnran 13682, Yemioan JIu!, [3un Xyan', JIxxanysn Xyan®, [I3un Yan', JIzun Huen'3, Ao I0an?,
TunTtun Jy!, Slun Xy!, daran Jint

YWyunuwe 3a apxumexmypa u cmpoumencmeso, Yonoy yuueepcumem, Yenoy, Kumaii
2 H3cnedosamencka akademus Ha HAYKUME U MeXHOI02UUme 3a onaseane Ha okornama cpeoa, Yenoy Yyanxyan
Yenoy, Kumati
3Vuunuwe no ecmecmeenu u npunocru nayxu, Ceeeposanaden nonumexnuuecku yuueepcumem, Cuan, Kumaii

IMony4ena 10 oxromepu 2016 r.; peBusupana 10 pespyapu 2017 .
(Pe3tome)

Crarusta ©Ma 3a U3CIICABaH OOCKT THUIMYHU CEJICKH OUTOBO(EKATHHM BOJM OT OKOJIHUTC KBapTalW M PalilOHU Ha
Yenny kato oOckT. Beme w30pan komOWHHMpaH Npolec Ha IUKJIMYHA cucTeMa ¢ aktuBHa yraiika (CASS) u
BepmubuodpunTep (VBF). 3a 1a ce cumysupa nporeca 1 Jia Ce HampaBu CUCTEMATHUYCH aHAM3 HA CBbP3aHUTE BIIHACIIN
(akTOpH, YCIOBUATA 32 KOHTPOJI, OMIEPAIIMOHHUS MEXaHU3bM HA CEJICKA OMTOBH OTITAJHH BOJU U T. H. Ocllie U3MOI3BaH
KOMIIOTEDP, KoHTponupan Bxomsamus Ha BogHUA OTOK Q, KoHIeHTpanusaTa Ha BIIK Ha Bxomsmara Boma So (175 mr / m)
u Bb3pactra Ha yraiikute SRT (14.29 1) ca 6e3 mpomsiHa, CHOTBETHO CE€ IPOMEHsS ChOTHOIIeHHETo peduykc R u
KOHIIGHTpAIlMsi Ha Pa3TBOPEH KHUCIOPOJ, W Oellie MOCTHrHATO KoHueHTpauusra Ha BIIK Ha oTmaapuHuTe BOAM 12
JOCTUTHE CTaHAapTa 3a 3aycTBaHe Ha 3aMbpcuten Ha GB18918-2002 xmac B Ha rpanckara cTaHIHS 3a IpeIUCTBaHE
Ha OTHabYHH BOJIH.
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Hydroxyl radical scavenging activity of microparticles prepared from solid
fermentation by edible-medicinal fungi
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Kelp waste is the main solid waste in the kelp processing industries. At the same time the hydroxyl «OH radical is
one of the main chemical species which can damage all types of macromolecules in an organism. In this study, the
possibility of incubation of popular edible-medicinal fungi producing hydroxyl radical scavenging activity
polysaccharides on the kelp waste medium is discussed. Experiments were conducted to optimize the growth rate of the
fungi solid fermentation. Each component of the fermentation mixture was investigated with hydroxyl radical
scavenging assays respectively. Results showed that the edible-medicinal fungi could grow on this medium and produce
abundant polysaccharides which have the capacity for hydroxyl radical scavenging. Assays of each component
indicated the scavenging rate of the hot water extracts of these fermentation products and their polysaccharides were

much higher than established by BHT control.
Keywords: Hydroxyl radical, Edible-medicinal fungi

INTRODUCTION

Kelp waste is a principle oceanic solid waste in
large scale kelp cultivation and the related factories,
such as the production of iodine, mannitol, sodium
alginate and fucoidin [1] which contains minerals,
crude fibers and proteins. With the development of
these processing industries, kelp waste has been a
potential source of environmental contamination
that can cause water eutrophication and a potential
source of red tide bloom by the draining of this
industrial waste to the ocean together with the

amounts of organic substance and nutritive salts [2].

Discarding this is also a great loss of natural
resources. Edible-medicinal fungi fermented on
kelp waste will have an excellent capacity for
hydroxyl radical scavenging and polysaccharides
producing with a low cost [3].

The hydroxyl *«OH radical is one of the main
chemical species controlling the oxidizing capacity
of the global earth atmosphere. It can damage
almost all types of macro molecules: nucleic acids,
carbohydrates, amino acids and lipids. The
hydroxyl radical has a very short in vivo half-life of
approximately 107° seconds and a high reactivity
[4]. This makes it a very dangerous compound for
the organism [5].

It can be scavenged by antioxidants such as
glutathione and melatonin and dietary antioxidants
such as mannitol and vitamin E [6].

Hypsizygusmarmoreus is also called the
Zhengjigu, jade mushroom, a spot jade mushroom,

* To whom all correspondence should be sent:
E-mail: 43359998@qq.com

in China, belonging to Hypsizygus,
Tricholomataceae, Agaricales, hymenomycetidae,
Basidiomycetes. This Edible-medicinal  fungi
contains 8 kinds of amino acids necessary for us
humans and several kinds of polysaccharide. Its
extracts drawn by hot water from the fruit body
have the role of clearing away the free radicals in
the human body, which suggests that the solid kelp
waste fermentation may have the effects of
hydroxyl radical scavenging.

MATERIALS AND METHODS
Fungi strain and Solid fermentation

The kelp waste material was obtained from
factories engaged in sodium alginate production in
Weihai, China. The fungi Hypsizygusmarmoreus
was preserved in our lab and initially incubated on
a potato dextrose agar PDA medium (fresh potato
20%, glucose 2% and agar 1.5%) in a Petri dish at
25°C for 10 days.

Agar plugs of 10 mm in diameter with young
mycelia were punched out by a puncher and
inoculated into 370 mL tissue culture bottles. It
contained 50g kelp waste with addictive glucose
and wheat bran.

The antioxidant BHT was used as positive
control (C1). The medium without fermenting fungi
was used as negative control (C2). Each treatment
had three replications and each replication included
three parallel tissue culture bottles.

Single factor experiments: water content, PH
value, wheat bran content, temperature and glucose
content were conducted to optimize the growth rate
of Hypsizygusmarmoreus.
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Treatment of the experimental samples

The kelp waste product after 30 day’s
fermentation, with mature mycelia was dried and
shattered into microparticles (160~200 mesh).

The fermented powder suspension was made by
the microparticles suspended in distilled water. The
prepared concentration of this powder suspension is
50 mg/mL.

Hot water extracts were taken by bathing (100°C)
of the micro particles for 2 hours, to extract the
soluble part of the product which contained
polysaccharides and other soluble substances. After
precipitation and lyophilization, it was dissolved in
distilled water with a hot water extraction of 50
mg/mL.

The polysaccharides solution was then made by
four fold volumes of ethanol (95%) added to the hot
water extraction. Centrifuged at 6,000 rpm for 30
min., left overnight at 4°C, the polysaccharides
were then obtained after precipitation and
lyophilization. The solution was then re-dissolved
(50mg/mL) in distilled water as experimental
samples.

All the chemicals used in the study were of
analytical grade.

Assays of hydroxyl radical scavenging activity and
ECso

Fenton's reagent is the most common reaction
producing HO-:, developed by Henry John
Horstman Fenton. Ferrous Iron (I1) is oxidized by
hydrogen peroxide to ferric iron (111), a hydroxyl
radical and a hydroxyl anion. Iron (ll1) is then
reduced back to iron (II), a peroxide radical and a
proton by the same hydrogen peroxide.

(a) Feo+ + H,0, — Fest+ + OH- + OH—
(b) Fes+ + H,O, — Feo+ + OOH- + H+

There is a maximum absorbance peak at 550 nm,
adding a griess reagent to the fenton’s reagent
system, in a specified concentration range, the light
absorption of the fenton’s reagent system is
positively related to the concentration of HO-. So
the light absorption OD value will be reduced when
the inhibitor of HO- exists in the system, which can
test the hydroxyl radical scavenging activity of the
substance. The formula is listed below as formula
(1), where ODc is the absorbance without samples
and ODu is the absorbance in the presence of the
samples of the fermented products.

Hydroxyl radical scavenging activity(%)
=[(ODc-ODu)/ODc]x100 Q)

The ECso value is the effective concentration at
which hydroxyl radicals were scavenged by 50%
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and was obtained by interpolation from regression
analysis.

RESULTS AND DISCUSSION

Fermentation of Hypsizygusmarmoreuson kelp
waste medium

Fig. 1. Hypsizygusmarmoreus fermented on a PDF
medium (a) and a kelp waste medium (b,c)

Hypsizygusmarmoreus, as shown in Figure 1 can
grow on the solid medium mainly composed of
kelp waste. It produced white, moderately long and
dense mycelia during the fermentation, which
indicated kelp waste could be employed as an
alternative medium for the fermentation of
Hypsizygusmarmoreus. Experiments were
conducted to optimize the growth rate of
Hypsizygusmarmoreus: water content, PH value,
wheat bran content, temperature and glucose
content. The results of 5 single factor experoments
are shown in figure 2 and the selected optimum
solid fermentation conditions for growth and
achiving a maximum growth rate were shown in
table 1.

Table 1.0ptimum Solid Fermentation

Optimum parameters Results
Water content (%) 70
PH value 6.5
Bran content (%) 0.25
Glucose content (%) 0.16
Temperature (‘C) 22
Maximum growth rate (mm/day) 2.16+0.35

According to the single factor optimization of
the growth rate for Hypsizygusmarmoreus, the
optical solid conditions were a water content of
70%, a PH value of 6.5, bran content of 25% and
glucose content of 16%. The temperature of the
fermentation system was 22°C. The experiment to
attain a maximum growth rate was conducted under
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these conditions, which showed that the growth rate
for Hypsizygusmarmoreus was 2.16 + 0.35 mm/d.

Growth rate {mmiday)

28 —s—Growth rate {mmiday)

|

Growtn rate (mmiday)
\
|
|

'Wheat bean content| %)

c

—»— Growth rate [mméday]

Growth rate (mmiday)
f

Growth rate {mmiday)

Fig. 2. Growth rate affected by the water content (a),
PH value (b), wheat bran content (c), Temperature (d)
and Glucose content (e)

The hot water extracts and the polysaccharides
from Hypsizygusmarmoreus fermentation

The dried and shattered kelp waste product was
suspended in distilled water. The soluble part of the
product which contained polysaccharides and other
soluble substances was in hot water extracts, then
the polysaccharides were drawn from hot water
extracts, with the vyield following these steps
weighed, calculated and listed in table 2.

Table 2. Yield of the Target Product in (%).

Hot water extracts  Polysaccharides

Yield 18.35+0.62 10.58+0.42

Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity of the
microparticles suspension, hot water extracts and
polysaccharides obtained from solid fermentation,
the kelp waste medium and BHT solution are
shown in Figures 3 to 5.

The Hydroxyl radical scavenging activity of the
obtained samples from Hypsizygus incubation (T in
figures 3 to 5), BHT(C1) and the seaweed waste
alone (C2) as a control sample was tested. The data
was presented as the mean of three independent
experiments + SD.

The formula is listed below as formula (2), where
ODc is the absorbance without samples and ODu is
the absorbance in the presence of the samples of the
fermented products.

Scavenging effect = (ODc - ODu)/ ODc 2

—c1
0| —cz

Scavenging Effect (%)

0o

00 01 02 03 04 05 06 07 OB 09
Concentration {mg/mL)

Fig. 3. Hydroxyl radical scavenging capacities of the
powder suspension (T) obtained from Hypsizygus.

In accordance with figure 3, a dose-dependent
increase of the hydroxyl radical scavenging activity
of the microparticle is exhibited. The hydroxyl
radical scavenging activity of the microparticles
suspension was slightly less than BHT but more
than the kelp waste medium without fermenting.
But the hot water extracts (figure 4), especially the
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polysaccharides (figure 5) drawn from the
fermentation products had much more Hydroxyl
radical scavenging activity than BHT and a kelp
waste medium without fermenting.

——7
—a=C2

Scavenging Effect (%)

Concentrabon  pg/mL)

Fig. 4. Hydroxyl radical scavenging capacities of the
hot water extracts (T) obtained from Hypsizygus.

Compared with the data for hydroxyl radical
scavenging, among the fermented powder
suspension, hot water extraction and polysacch-
arides solution and BHT solutions (as positive
control), Hypsizygusmarmoreus solid fermented
products have a high hydroxyl radical scavenging
activity, which also increases with the higher
concentration of polysaccharides which exist in
both the suspension and extracts solution at a
diferent consentration.

qing Effect (%
& 8 8
—

8
)

. . L N
o 25 50 75 100
Concentration « pg/mL)

Fig. 5. Hydroxyl radical scavenging capacities of the
polysaccharides (T) obtained from Hypsizygus

Results of ECso for each sample

The effective concentrations at which the
hydroxyl radicals were scavenged by 50% (ECso)
were calculated according to the scavenging rate of
the microparticle suspension, hot water extracts and
its polysaccharides each at this 50mg/mL
concentration respectively. The ECsy for each
sample was listed in table 3.

Table 3. EC50 Value (ug/mL)

Sample Results
Powder suspension 204+10.3
Hot water extract 7.44+0.51
polysaccharides 1.73+0.14

BHT 151+13.0
Kelp waste medium 2910+32
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As shown in table 3, the ECsvalue of the fungi
sample, microparticles suspension obtained from
Hypsizygusmarmoreus fermentation was
204pg/mL, which was significantly lower than that
of the kelp waste without Hypsizygus fermentation
(2910pg/ml) as control 2, but higher than the BHT
solution (151ug/ml) as control 1.The ECso for the
hot water extracts obtained from
Hypsizygusmarmoreus fermentation was
7.44ug/mL, which was significantly lower than that
of the kelp waste without Hypsizygus fermentation
and the BHT solution. The ECso value for the
polysaccharides obtained from fermentation was
1.73pg/mL, significantly lower than that of the kelp
waste without Hypsizygus fermentation and the
BHT solution.

According to the ECs values, the microparticle
obtained from Hypsizygusmarmoreus fermentation
exhibited significantly higher hydroxyl scavenging
capacity than the kelp waste medium, the hot water
extracts exhibited a significantly higher hydroxyl
scavenging capacity than BHT and the kelp waste
medium and the polysaccharides obtained from
Hypsizygusmarmoreus fermentation exhibited a
much higher hydroxyl scavenging capacity than
BHT and the kelp waste medium.

CONCLUSIONS

In this study, Hypsizygusmarmoreus was shown
to grow on the solid medium mainly composed of
kelp waste, which indicates that kelp waste can be
employed as an alternative medium for
fermentation of Hypsizygus .

Compared with the hydroxyl radical scavenging
activity of BHT and the kelp waste medium without
fermentation, the activity of the hot water extracts
and polysaccharides from Hypsizygusmarmoreus
were higher than both of these, while the ferment
microparticles suspension had a larger hydroxyl
radical scavenging activity than the negative
control but less than BHT.

Since a dose-dependent increase of the hydroxyl
radical scavenging activities of the polysaccharides
was exhibited and the ECs of the polysaccharides
was obviously much lower than the other
components  from the  fermentation, the
polysaccharides from the Hypsizygusmarmoreus
kelp waste solid fermentation system is clearly the
most  effective hydroxyl radical scavenging
substance in solid fermentation.

The hydroxyl radical scavenging results showed
the product of the kelp waste fermentation of
Hypsizygus have a high useful value. The efficient
and high biological activity conditions of the
biological conversion of kelp waste ferment of
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edible-medicinal fungi has provided a potential
pathway for the biological transformation of kelp
waste into high value-added industrial products for
application in medical and food stuffs products in
natural hydroxyl radical scavenging. It is also a
practical and environmentally friendly resource
recycling method.
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CITOCOBHOCT 3A OCTPAHSIBAHE HA XUJAPOKCUIHU PAJIMKAJIU OT
MUKPOYACTULIN, TTOJTYYEHU [IPU TBBPO-PA3HA GEPMEHTALIMS HA EJUIUBU
MEJINIIMHCKA T'bBU
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(Pesrome)

OtnaxpauTe OT KaQsSBUTE MOPCKH BOJOPACIH Ca OCHOBHHS TBBPI NTHAIBK MPH TSIXHOTO Ipom3BoAcTBo. OT apyra
cTpaHa XuJpokcuiHuTe pajukain *OH ca eaHO OT IaBHUTE XUMHYHM BEIIECTBa, KOUTO MOPA3siBAT BCHYKH BHOBE
MaKpOMOJIEKYJIM B YOBEIIKUS OpraHu3bM. B Hacrosimata paboTta ce oOCHXKIa BB3MOXHOCTTA 3a (pepMEeHTanus Ha
W3BECTHH €JUIMBM MEAMLMHCKU I'bOM C OCTAaTHLM OT Ka(siBM BOJOpACIH, IPU KOETO CE I0JIy4aBaT IHOJIN3aXapuan ¢
MIPOTUBO-pa/IKalIHa aKTHUBHOCT. [IpoBeneHN ca eKCIepUMEHTH 3a ONTUMH3HMPAHE Ha pacTexa Ha IbOUTe MpH TBHPIO-
¢a3na depmenranys. Bcekn KOMIIOHEHT Ha (pepMEHTALMOHHATA CMEC € M3MUTaH 32 NPOTHUBO-PaJUKAIOBAa aKUBHOCT.
PesynraTure mokassar, 4e €UIMBHTE MEIMIMHCKHM I'bOM MOraT Jia pacTtaT Ha TasH cpela M Ja NpOM3BEXJaT OOMIIHO
MOJIM3aXapyuay, KOUTO UMaT CIHOCOOHOCTTA /1a OTCTPaHSIBAT XWUAPOKCHIHM PajuKald. AHAIU3bT Ha BCEKH KOMIOHEHT
MOKa3Ba, 4e MPOTUBO-PATNKAIOBATa CIOCOOHOCT B EKCTPAKTH C TOpela BoAa OT (pepMEHTAIIMOHHHUTE CPEAH € MHOTO

0-BHUCOKa OTKONIKOTO ipr BHT xoHTpOII.
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Pt was supported on a TiO; surface using different methods. Pt doped TiO; (Pt-TiO2) sol gel thin films were
successfully produced by reducing chloroplatinc acid (H2PtCls). The structures of the prepared composites were
investigated using X-ray diffraction (XRD). The physical morphologies of the composites were examined using
transmission electron microscope (TEM). After annealing the grain size of the Pt-TiO- thin film was also measured by

an atomic force microscope (AFM).

Keywords: TiO;, Pt annealing, Pt-TiO; sol gel film.

INTRODUCTION

Recently, extensive research of titanium dioxide
(TiO2) has been carried out in efforts to develop a
variety of applications including capacitors for
photovoltaic cells [1], sensors [2], antireflection
films [3], white pigments [4], optical coatings [5]
and high density dynamic random access memory
devices [6]. TiO- has three different crystal phases,
such as anatase, rutile and brookite [7]. Rutile is the
most common natural form of TiO,. The brookite
phase crystallizes in the orthorhombic system and
does not exhibit any photocatalytic activity.
Anatase TiO; has an excellent photocatalytic
activity, physical and chemical stability and
antimicrobial activity [8-11].

Earlier studies have revealed that the
photocatalytic activity of TiO, can be improved
significantly by doping with noble metals such as
Pt, Au and Ag [12,13]. It is well known that the
coverage of TiO, with platinum often shows a high
photocatalytic activity. The doping of TiO2 with
platinum can form a Schottky diode barrier between
the metal and the electronic potential barrier at the
metal-semiconductor heterojunction and the TiO;
covered with platinum traps the photogenerated
electrons efficiently [14]. The deposition of Pt on
the TiO, surface has been widely reported to
improve the photocatalytic performance of the split
water and the degradation of different harmful
compounds [15].

In this paper, we report characteristic properties
of the TiO, and Pt composite including the UV-
visible spectra, transmission electron microscope
(TEM) images, X-ray diffraction (XRD) patterns

* To whom all correspondence should be sent:

E-mail: perfect_chn@hotmail.com

and atomic force microscope (AFM) images.

EXPERIMENTAL DETAILS

Titanium oxide was used as a sol-gel precursor.
The metal alkoxide was mixed with ethanol. The
resulting solution became a milky color and white
precipitation was observed. Hydrochloric acid was
slowly added to the solution with vigorous stirring
until the solution become transparent. Various
amounts of chloroplatinc acid (H2PtClg) (8 wt. % in
water) was added to the TiO, sol-gel solution.
Sodium borohydride (NaBH4) was dispersed in
ethanol and slowly added to the HyPtCle/TiO-
solution to reduce the [PtCls]* to zero Pt. The aged
sol was spin coated on to the glass and the silicon
substrate by spin-coating at 2000 RPM and heated
at 200 °C for 5 minutes. UV-visible spectra were
obtained with a diode array spectrophotometer
(Hewlett-Packard 8452 A). The sol-gel was diluted
to ethanol and dropped on to the copper TEM grid.
Using this copper grid sample, TEM images were
obtained with a CM200 (Philips) microscope. The
TiO; thin films coated on to a silicon wafer were
annealed in a gas environment tube furnace (EM
Tech). The annealing process started from room
temperature up to 750 °C in steps of 5 °C/min and
then maintained the temperature for 1 h. The films
naturally cooled down to room temperature. The
TiO- thin films doped with Pt were subject to XRD
analysis with an X’Pert MPD Pro diffractometer
(Philips). The surface of the film was also analyzed
with a NanoScope 3D (Veeco) microscope.

RESULTS AND DISCUSSION

UV-visible spectra of bare TiO, and Pt-TiO;
prepared with different Pt concentrations are shown
in Figure 1. The single broad intense absorption
peak of Pt-TiO, between 300 — 350 nm can be
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attributed to the charge-transfer from the valence
band to the conduction band. The UV-visible
absorption peaks also show a red shift due to the
modification of TiO, with Pt [16].

0

T I T I
400 500 600 700

Wavelength (nm)
Fig. 1. UV-Visible spectra of a bare TiO2 and Pt-
TiO2 sol-gel thin film after annealing.

I T
200 300

Fig. 2. TEM image of TiO2-Pt with 0.1% Pt.

The UV-visible spectra show the possible
uniform distribution of Pt-nanoparticles throughout
the sol-gel films. To obtain the particle size and
distribution, a TEM was employed. Figure 2 (a)
shows the TEM image for the film of 0.1 % Pt-TiO;
with a scale bar size of 100. The aggregated area

600 -

400

200

Intensity (arb. unit)

Intensity (arb. unit)

0.2 | -

was further focused and the image obtained with a
scale bar size of 20 nm is shown in Figure 2 (b). Pt-
nanoparticles do not have big aggregates, distribute
relatively uniformly and have particle sizes
between 4-8 nm.

Figure 3 (a) shows the XRD patterns for Pt-TiO>
films prepared by the sol-gel method with various
amounts of Pt. All these samples show typical TiO-
diffraction peaks in the form of anatase. As
observed these almost coincide with the pure TiO-
diffraction peaks and show no diffraction peaks due
to the doped Pt. It can be assumed that the amount
of Pt doped particles was very low, which resulted
in the non-appearance of Pt crystalline peaks
[17,18]. However, the diffraction intensity
increased with the increase of Pt concentration.
The crystalline size of the Pt-TiO, samples after
annealing was estimated from line broadening
using the Scherrer equation based on the (101) peak
of anatase TiO2 [19].

D=0.94/pcosé

where A is the X-ray wavelength of Copper Ka
radiation, 0 is the Bragg’s angle and B is the pure
full width of the diffraction line at half of the
maximum intensity (Figure 3(b)). The calculated
grain sizes are 15 nm (0.01%), 20 nm (0.05%), 35
nm (0.08%) and 40 nm (0.1%), respectively. The
results refer to Pt doping and also retard the grain
growth of the TiO- thin film.

AFM images of the Pt-TiO; surface were used
to monitor the grain size of the sol-gel thin film that
depends on the Pt concentration. 1 pm X 1 um
scans revealed it is clear that the grain size of Pt-
TiO; gradually increased with Pt loading.

25.0 25.2 254

20

25.6 25.8

Fig. 3. XRD pattern of the TiO,-Pt thin film depending on the Pt concentration.
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CONCLUSIONS

Metallic doping is one factor for the TiO;
anatase phase grain growth. The intensity of the
main anatase diffraction peak increased with
increasing Pt concentration. The grain sizes
estimated from the anatase XRD major diffraction
peaks were 15, 20, 35 and 40 nm for the sample
with Pt concentrations of 0.01%, 0.05%, 0.085 and
0.1%, respectively. The measured grain sizes using
AFM images also increased depending on the Pt
concentration. The governing factor to determine
the grain size of the TiO; thin films is Pt doping.
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THHKU OWJIMHU OT TiO2, ITOJIYYEHU I10 30JI-TEJI METOJIA Y JOTUPAHH C
TJTATUHA (Pt-TiO2)

W. Jx. Jxual, M. V. Xe?, X. H. Yen?
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(Pesrome)

[InaruHaTa ¢ QukcHpaHa BpXY MOBBpxHOCTTA OT Ti02 ¢ MOMOIITA HA PA3IMYHU METOAU. JJOTHPAHETO C IIaTHHA
Ha 30j-ren ThHKU ¢unmu TiO; (Pt-TiO2) craBa ycmemHo upe3 peayuupane Ha xjioporuiatuaoBa kucenunHa (HoPtCls).
CrpyKkTypara Ha TPUTOTBEHUTE KOMITO3WUTH € HW3CJIEIBaHa uYpe3 PEeHTreHO-CTpyKTypeH aHanmu3 (XRD). ®wusnunata
MOpPQOJIOTHsT Ha KOMIIO3MTHTE € M3CIeIBaHa ¢ TPAaHCMHCHOHA ejeKTpoHHa Mukpockomnus (TEM). Cren 3akanssane
JebenuHaTa Ha (QUIIMHUTE € OIpeesssHa aTOMEH CHIOB MUKpockorl (AFM).

192



Bulgarian Chemical Communications, Volume 49, Number 1, (pp. 193 — 198) 2017

Droplet characteristic adjustment method based on LEM for 3D electronic printing
M. He, W. Zhu, F. Liu, H. Chen*

School of Computer Science and Software Engineering, Tianjin Polytechnic University, Tianjin 300387, China

Received February 20, 2016; Revised August 30, 2016

The major challenge in 3D electronic printing is the print resolution and accuracy. In this paper, a typical mode -
lumped element modeling (LEM) method - is adopted to simulate the droplet jetting characteristic. This modeling
method can quickly get the droplet velocity and volume with a high accuracy. Experimental results show that LEM has
a simpler structure with sufficient simulation and prediction accuracy.

Keywords: Droplet characteristic adjustment, Lumped element modeling, 3D electronic printing

INTRODUCTION

3D electronic printing has been widely applied to
manufacture low-cost electronic products, such as
flexible electronics, radio frequency identification
(RFID) tags, solar cells, organic light emitting
diodes (OLED) and flexible packaging electronic
devices, such as medical equipment [1]. A classical
implementation of 3D electronic printing is to use a
drop-on-demand (DoD) piezoelectric (PZT) inkjet
print head to deposit conductive, dielectric and
non-conductive ink onto various substrates [2].

A typical DoD piezoelectric inkjet print head
for 3D electronic printing is comprised of a number
of ink channels that are arranged in parallel [3]. A
piezoelectric actuator covers all the ink channels that
can generate pressure oscillations inside the ink
channel to push the ink droplet out of the nozzle.
Nowadays the developments of DoD printing are
moving towards higher productivity and quality.
Therefore, the adjustable small droplet sizes fired at
high jetting frequencies must be implemented.

The printing quality of a DoD piezoelectric
inkjet print head is reflected in many respects, such
as the jetting direction, the droplet velocity and the
droplet volume. The practical applications meeting
the various requirements of 3D electronic printing
require a higher inkjet performance, while the
droplet characteristics of the ink have to be tightly
controlled. To improve the droplet jetting
performance, several operational issues, such as the
residual vibrations and cross talk, should be
considered.

To solve such a problem, the researchers have
proposed many methods. One of the most typical
methods is using numerical techniques to model the
DoD piezoelectric inkjet print head [4], which

* To whom all correspondence should be sent:
E-mail: perfect_chn@hotmail.com

focuses on the liquid filament evolution of the
droplet formation process with known pressure input
boundary conditions after solving the nonlinear
Navier-Stokes equations. This method provides
directly visualized information about the acoustic
pressure wave travelling inside the channel [5].
Another typical method is using the analytical
modeling method with a higher simulation speed.
This method can describe the ink channel dynamics,
although the accuracy of the analytical models is
lower than that of the numerical models. Based on
several assumptions and simplifications, the
analytical models can provide a simple and time
saving way to control via modeling the droplet
generator with sufficient accuracy [6].

In this work, we adopted a typical analytical
model — the lumped element modeling method - to
simulate the droplet formation process. The
advantage of this method is its simpler structure with
sufficient simulation accuracy. After setting a series
of desired droplet characteristics, a grid search
method is applied to determine the parameters of the
print head driving waveform.

The rest of this paper is organized as follows: In
Section 2, a review of the original lumped element
modeling droplet generator is present. The
simulation results of the droplet volume and velocity
define the most suitable model in Section 3. The
prediction process of the droplet characteristics is
built in Section 4. Finally, the concluding remarks
are summarized in Section 5.

LUMPED ELEMENT MODELING

A classical LEM is presented to simulate the
jetting characteristics of a PZT print head, as shown
in Fig. 1. An equivalent circuit model is constructed
with the aid of the energy storage elements and the
ideal dissipative terminal. In this electro-acoustic
system, the pressure and voltage are independent
variables, while the current and volumetric flow rate
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are dependent variables. The model structure shows
that the energy converts from electrical energy to
mechanical energy then to fluid/acoustic energy and
finally into kinetic energy as described in Fig. 1(b).
The droplet generator structure can be characterized
by equivalent acoustic mass (representing the stored
kinetic energy) and acoustic compliance
(representing the stored potential energy), in which
the corresponding equivalent circuit models are
supported by various fluid mechanisms, as

represented in Fig. 1(a) and 1(c). Furthermore, the
piezo-ceramic model is constructed based on the
electric fluid/acoustic theory [7]. The neck model is
built on the velocity profile function [8]. The nozzle
model is constructed in accordance with the end
correction for an open tube theory [9]

The equivalent circuit model is shown in Figure 1
the excitation voltage V. is applied to a piezoelectric
ceramic to create mechanical deformation.

Piezo-Ceramic

Channel

@I Nozzle

Piezo-Ceramic

(@)

Driving Piezo- > > > Drop
Waveform Ceramic |« Channel < Neck < Nozzle »| formation
Electrical Mechanical Fluidic/acoustic  Fluidic/acoustic Fluidic/acoustic Kinetic
domain domain domain domain domain domain
(b)

l:Na C RaD MaD RaN IvlaN Qout
N C N Rao
— c
Vac Ceb MaRad
«—>>
electrical fluidic/acoustic Kinetic
domain domain domain
(c)

Fig.1. Schematic overview of lumped-element modeling for a PZT print head: (a) Droplet generator structure (b)

Model structure (c) Equivalent circuit model.

Table 1. Droplet generator parameters.

Parameter Unit Value
Channel volume, Vo pL 166000
Channel length, Lo um 7200
Brint head Nozzle radius, ag um 13.5
Neck length, L um 45
Piezoceramic thickness, h um 25
Free electrical capacitance, Cer nF 2.8
Free electrical capacitance, © N/m 45*10°
nk Viscosity,u Kg/(m*s) 15
Density, po Kg/m3 1.05*10°
Sonic speed, Co m/s 1400
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The coupling coefficient &, represents a
conversion from the mechanical domain to the
acoustic domain. Ce is the blocked electrical
capacitance of the piezoelectric material. In the
acoustic domain, Cap and Cac represent the acoustic
compliance of the piezoceramic and channel. Rqp,
Rav and Rao are the acoustic resistance due to
structural damping, neck tapering and fluid flowing
out of the nozzle, respectively. Map, Man and Marad
represent the acoustic mass of the piezoceramic neck
and nozzle in the proper order, respectively.

The dimensions of the droplet generator and
physical properties of the nanosilver ink provided by
the LEED-PV Corporation are listed in Table 1 and
the calculation formulas of the LEM model
parameters are provided in Eq. 1 -9.

_ o, 39\ A 2P @
Ry =@+—>)—5—
r r
t+ At
M, = 24D 2)
wr
At=0.85r(1—0.7--) 1 0.85r 3)
a
rt(1-v?)
_mre-v) 4
®  16Eh® @
M, =4p,L/37a; (%)

RaD = Zé:\/(MaD + MaRad)/CaD (6)

Cis =Cy (- KZ) (7)
PoCo 2J, (2kr)

R, = 1- 8

a0 7zr2 [ 2kr ] ( )

M ras =80 / 3z Zao 9)

where u is viscosity, w is the wave frequency and
aolr is the gradients ratio, Vo is the volume of the
cavity, E is the elastic modulus, v is Poisson’s ratio
and h is the thickness, & is the experimentally
determined damping factor [18], /1 is the Bessel
function of the first kind and k = w/co, Kk? is the
electro-acoustic coupling factor.

SIMULATION

For industry applications in printable electronics
fabrication, the print head must work at a certain

status to meet many restrictive conditions. Among
these, the most important problem is choosing the
appropriate combinations of the driving waveform
parameters for the use of conductive inks. However,
an exhausting manual selective process inevitably
wastes a lot of time. Therefore, the computer-aided
methods are urgently needed to search out the
appropriate combinations efficiently and robustly.
As mentioned above, the LEM model is chosen
to simulate the jetting characteristics of the
nanosilver ink. Here, an illustrative example is given
to display the effect of predicting the typical
combinations of waveform parameters with different
dwell times (T1 = 3~8ps, T, = 2*T,) and the same
amplitude (12V). The properties of the nanosilver
ink provided by the LEED-PV Corporation have
been listed in Table 1. In Fig. 2, the predicted
outflow and average velocity curves with various
dwell times are depicted. We can observe from Fig.
2(a) that, before the droplets rush out of the nozzle,
the depth of the inhaled meniscus is proportional to
the dwell time. From Fig. 2(b), the time of the
droplet appearing is postponed with the increase of
the dwell time. That is, both simulation phenomena
consist of a theoretical analysis of the results in [10].

PREDICTION

In this experiment, an illustrative example under
the desired conditions is presented to demonstrate
the feasibility and effectiveness of the proposed
method for predicting the jetting characteristics. The
dimensions of the droplet generator and the
properties of nanosilver ink are listed in Table 1. In
order to reach a high printing resolution and good
quality of droplet impact with the substrate, the
desired conditions require that the droplet volume is
smaller than 14 pL and the droplet velocity is larger
than 5 m/s.

Based on the prediction procedure, the
predictive values of the drop volume/velocity with
various dwell times T, andT are listed in Table 2.
According to the desired conditions, two
combinations of the parameters are found: 71 =
Sus/T, = 13us and T1 = 5us/T. = 7.5~8 ps. After a
small range search around the predictive values in
the actual test, the combination of T1 =4.9 ps/T, =
7.7 ps is finally chosen. The dynamic effect of the
jetting characteristics driven by this combination is
shown in Figure 2. From this figure, it is clear that
the jetting characteristics satisfy the specified
desired conditions quite well. Meanwhile, almost no
satellite droplets emerge after jetting the main
droplets.
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Fig.2. Predictive droplet volume and velocity with a different dwell time T,=2*T;
(a) Simulation curves of the outflow change (b) Simulation curves of the droplet average velocity
Table 2. The predictive droplet volume (pL) and velocity (m/s)
T2
T 7 7.5 8.5 9 9.5 10 105 11 115 12 12.5 13
1
vV 119 12.7 14.3 14.6 14.9 15.1 15 147 14.2 Default Default Default
4
S 3.9 4.17 4.78 491 5.00 489 471 451 435 Default Default Default
vV 117 12.5 15 15.5 15.9 16.2 16 157 153 147 13.9  Default
4.5
S 421 451 5.16 5.32 5.48 560 543 523 501 4.82 466  Default
V Default Default 15.1 15.7 16.3 16.7 16.8 16.6 16.3 15.7 15 14.2
5
S Default Default 5.31 5.53 5.72 587 6.00 583 563 540 5.25 5.09
V Default Default 15.1 15.9 16.5 168 169 17.1 169 165 16 154
55
S Default Default 5.24 5.50 5.72 593 6.09 6.24 6.01 571 5.51 5.37
V Default Default Default Default 15.8 16.3 164 165 165 16.5 15.8 14.95
6
S Default Default Default Default 4.95 515 533 549 564 544 5.19 4.94
V Default Default Default Default Default Default 155 159 16 155 15.0 14.3
6.5
S Default Default Default Default Default Default 4.73 4.85 495 5.03 4.90 4.69
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12us

30us 33us 36us 39us 42us

6.353pL
7.36m/s

15us 18us 18us 24us 27us
9.318pL  11.441pL 13.127pL 14.252pL 14.786pL
6.12m/s  5.72m/s 5.48m/s 5.20m/s  5.04m/s

@)

o

Q

45us 48us 51us 54us 57us

14.364pL 14.046pL 13.980pL 13.952pL 13.858pL 13.869pL 13.891pL 13.924pL 13.877pL 13.840pL

4.98m/s  5.10m/s 5.20m/s 5.25m/s

5.25m/s  5.20m/s

5.24m/s 5.22m/s 5.24mls 5.30m/s

Fig 3. A sequence of pictures of a droplet falling from the nozzle.

CONCLUSION

The lumped element modeling based on the
linear model of a piezoelectric ceramic has been
successfully used to simulate a piezoelectric droplet
generator for 3D electronic printing. In this work,
the droplet volume/velocity curves simulated can
carry sufficient information to distinguish the
nanosilver droplet formation process. The LEM
model is also successful in predicting the jetting
characteristics under the desired conditions.
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METO/I 3A HACTPOMKA HA PASMEPA HA KAIIKUTE I10 LEM-METOJIA 3A 3D
EJIEKTPOHHO IIEHATAHE

M. Xe*, ¥V Ky, ®. JIny, X. Yen™

Yuunuwe no komnomvpru Hayku u copmyepro unxicenepcmeo, TUAHONCUHCKU ROJUMEXHULECKU YVHUBEPCUME,
Tuanoxcun 300387, Kumai

ITocrenuna Ha 20 depyapu, 2016 r.; kopurupana Ha 20 asryct, 2016 .
(Pesrome)

[1aBHOTO NPEAU3BUKATENCTBO NPH 3D-€JEKTPOHHOTO MeyaTaHe ca pasieiuTelHaTa ClIoCOOHOCT U MPELU3HOCTTA.
B nacrosimara padora e npuioxer meroga LEM (lumped element modeling) 3a na ce cumynupar xapakTepHCTHKHTE
Ha KaIKUTE U CTPYUTE OT MacTWiIO. To3d METOA JaBa ObP30 M € roJisiMa TOYHOCT CKOPOCTTA HA KAIIKMTE U 00eMa UM.
Excniepumentute nokassat, ye LEM-MeToqsT MMa mpocra CTpyKTypa € JOCTaThuHa TOYHOCT Ha CUMYJIMPAHETO W
NpeIBUKIAHUATA.
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Abiraterone acetate is an orally administered, selective inhibitor of the 17a-hydroxylase and C17,20-lyase enzymatic
activities of cytochrome P450 (CYP) 17. The convenient protocol for the synthesis of Abiraterone acetate from
dehydroiso and rosterone 3-acetate via a four-step reaction includes converting Ketone carbonyl into hydrazine, an
lodine reaction, cross-coupling and zcetylation. A total conversion of 51-55% for Abiraterone acetate, was
accomplished. The structure of Abiraterone acetate was characterized by *HNMR, *C NMR, IR, MS, HPLC and
elemental analysis. The reaction conditions of the route was studied to reduce the cost and avoid the formation of
by-products and make the route suitable for large-scale production.

Keywords: Abiraterone acetate; synthesis ; Structure.

INTRODUCTION

Abiraterone acetate (Zytiga, chemical structure
shown Fig.1) is an orally administered, selective
inhibitor of the 17a-hydroxylase and C17,20-lyase
enzymatic activities of cytochrome P450 (CYP) 17.
CYP17 is required for androgen biosynthesis, with
androgen receptor signaling crucial in the
progression from primary to metastatic prostate
cancer [1-4]. Previously called hormone-resistant or
(hormone-refractory prostate cancer) — i.e., prostate
cancer not responding to androgen deprivation or
treatment with androgen receptor antagonists. In
addition, on the Pharmaceuticals market the drug
under the trade name Abiratas, Cadila
Pharmaceuticals markets the drug as Abretone and
Glenmark Pharmaceuticals as Abirapro.

Abiraterone acetate (brand names Zytiga,
Abiratas, Abretone, Abirapro) is a steroidal
antiandrogen, specifically an androgen synthesis
inhibitor, used in combination with prednisone in
metastatic castration-resistant prostate cancer (It is
a product of the active agent abiraterone and is
marketed by Janssen Biotech under the trade name
Zytiga.

Abiraterone acetate is a CYP3A4 substrate and
hence should not be administered concurrently with
strong CYP3A4 inhibitors such as (ketoconazole,
itraconazole, clarithromycin, atazanavir,

* To whom all correspondence should be sent:
E-mail: liuyu0138@163.com

nefazodone, saquinavir, telithromycin, ritonavir,
indinavir, nelfinavir, voriconazole) or inducers such
as phenytoin, carbamazepine, rifampin, rifabutin,
rifapentine, phenobarbital. It also inhibits CYP1A2,
CYP2C9, and CYP3A4 and likewise should not be
taken concurrently with substrates of any of these
enzymes that have a narrow therapeutic index.

(35'8R9S'10R'135'145) 1013 diMethyl 17 (pyidin'3'yly 2:3:47'8:910'11'12'1314'15 d0geCahy""1H CyCIopentaajphenantyren’s’y| acetate
Chemica FOrmua: C,H, NO,
[EXact Mass: 391'25
MOJecujar Weight: 391'55
m/Z: 39125 (lDD D%)‘ 39225 (ZB 5%)‘ 39326 (4 3%)
Elementa) Anajysis: Cr 79°76; H' 8'50; N’ 3'58; O' 817

Fig. 1. Chemical structure of Abiraterone acetate.

This article is aimed at the development in the
USA of Abiraterone acetate, including its
pharmacological properties, although the synthesis
of Abiraterone acetate has been discussed together
with the problems from a different viewpoint such
as the reaction rate, conversion, uncertain
properties and derivate product harmful for humans
or the environment.

In this research [5-9], dehydroiso and rosterone
3-acetate was used as the starting material with a
specific synthetic pathway shown in Scheme 1. The
final products were characterized by 1H Nuclear
Magnetic Resonance (1H NMR), 13C Nuclear
Magnetic Resonance (13C NMR), Infrared
Spectroscopy (IR), Mass Spectroscopy (MS) and
elemental analysis.

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 199
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INSTRUMENTS AND EXPERIMENTS
Instruments

A Nicolet 170 SX type infrared spectrometer
(KBr tablet); a BRUKER AV - 500 nuclear

magnetic resonance instrument (DMSO-d6+TFA-d);

an AGILENT 1200 LC-MSD mass spectrometer
and Elementar Vario EL III type element analyzer
were employed. Analytical reagents were used in
the analysis and for synthesis.

Preparation of different compounds

Preparation of compound B

Anhydrous ethanol (50000 g, 1085.3 mol),
compound A (10000 g, 30.26 mol), hydrazine
hydrate (2188.75 g, 40.3 mol) and glacial acetic
acid (350g, 5.80 mol) were added in the reactor.
The reaction temperature was fixed at 20~30°C, the
mixture was stirred to a complete dissolution for 60
min (TLC monitoring, VEA: VHex = 2:5, ARf
about 0.9, BRf about 0.15, phosphomolybdic acid-
a color development reagent), with detection every
15 minutes until the raw material reacted
completely.

0. N,H,H,0 + CH;COOH 0’ _L'T™MG
‘@ apso|ute ethanol ‘@ e
AN
N
S
o G
0‘ TBAF TRIHYDRATE NaoH MeoH
THF - Pd PPh. 2C|
sogium carbonate so|ut|on/
N

Acetic anhydnde -
DMAP Methanol water

DCM

purification
_—

ENd producyE)

OA(

E(foughy

Scheme 1. Synthesis pathway of Abiraterone acetate.

The mixture was cooled to 0~5°C, the washing
process added the DCM (dichloromethane,65000Q)
with precooling of the purified water (80000g) at
2~8°C, the organic phase was dewatered by
washing stratification in anhydrous sodium sulfate
for about 30 min, the dewatering process at the
temperature 0~10°C and gas protection by N2.
Washing the filter cake of filtration with a small
amount of DCM, the merged filtrate evaporated to
dryness under a reduced pressure and removed the
DCM (the heated water evaporated at less than
30°C, because B is an unstable intermediate) since
the mixture was no obvious liquid in the reactor.
After stirring, THF (tetrahydrofuran, 20000g) was
immediately added and dissolved for 30 min (and a
vacuum drained the residual gas of DCM) a faint
yellow solution resulted with the mixture

200

preserved at 0~10°C and a gas protection by N at
the next step given a melting point of 204-206°C.

Preparation of compound C

THF (40000 g, 554.7 mol) and iodine (15000 g,
59.1 mol) were added in the reactor by gas
protection of N2, cooled to -5~5°C, then slowly
adding TMG (1,1,3,3-Tetramethylguanidine, 13500
g, 117.2 mol), attention must be drawn to the fact
that this process was intensely exothermic and
therefore the temperature was maintained under 10
°C. The final mixture was stirred for 10 min and
then Compound B and the THF solution were
added to the reactor, the temperature was
maintained at 5 ~ 5°C and added drop by drop over
a period of 6h. The final drops completed the
reaction for 20 minutes (the reaction was monitored
by TLC ,VEA: VHex = 2:5, A Rf is about 0.15,
with phosphomolybdic acid as a color development
reagent). Washing filter cake by filtration with a
small amount of THF, the merged filtrate
evaporated to dryness under reduced pressure and
removed the THF at 45~ 55 °C to about a 25-30 L,
residue mixture after a reflux reaction for Sh.
Following HPLC detection, the diiodide compound
concentration was established at less than 0.1 %,
evaporated to a dry state under reduced pressure
with the THF removed at 45~ 55 °C. Until
completely dissolved DCM (36 kg) was added and
stirred as a mixture.

The reaction solution was poured into a
precooled 0.6 M of sulfuric acid aqueous solution
(50000g, 2~8°C).

The organic layer was washed with purified
water twice (40000g * 2), then dried over sodium
sulfate. The solvent was concentrated under
reduced pressure to 10 L. Anhydrous ethanol
(40000g) was added to the mixture, concentrated
under reduced pressure at 10~25 °C for 4 h, with
precipitation into a white solid, mixing and
crystallization for 1h at a controlled temperature of
0~5 °C. Yielding a crude compound C, with 10.5 kg
of a light yellow to white powder after washing and
stratification, the organic phase obtained after
washing the anhydrous sodium sulfate and drying.
The filter cake with a small amount of methylene
chloride leaching and merging the filtrate, reduced
the pressure concentration to about 50 I, adding the
anhydrous ethanol (40000g) and concentrated for
4h, with a feed liquid, at the same time continued to
concentrate the methylene chloride. Rejection of
the filter cake after precooling the ethanol - water
(V/IV=5:1, 0~5°C) beating time, with two raw
intermediates, the light yellow to white powder
being about 63 kg. The power was added to the
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anhydrous ethanol(25000g), heated at 45~50°C,
stirred for 60 min and cooled at 0~10°C,
crystallizing after stirring for 1h, the solid obtained
after filtration was air dried at 45~50°C for 6h to
obtain a white powder compound C (10000g), with
dry weight loss of less than 0.5%. Step 1 and step 2
yield a total of 71 % with a range: 70% ~ 80%, at
a melting point of 172-177°C.

N,H,H,O » CHyCOOH

Preparation of compound D

Diethyl(3 - pyridine borane)(3500 g, 3.7 mol),
Pd(PPh3)2CI2(175.4 g, 0.25 mol), TBAF
(Tetrabutylammonium fluoride trihydrate, 7870,
24.94 mol) and C (10000 g, 22.71 mol) were stirred
with dry THF (35200 ¢, 488.12 mol) in the reactor
at RT(room temperature) for 20min. Then (16.7 %,
31000 g) of sodium carbonate solution were added
and heated for a reflux reaction at 65 ~70°C in a
water bath, on the surface the reaction mixture
become red brown for 75min.

Chemical FOrmuja: C,,H, 0,
MOJecujar Weight: 330°46

Scheme 2. Synthesis pathway of Compound B

CH, '/\‘—NHZ

Chemica) Formuja: C,,H,,N,0,
Mojecufar weight: 344'49

Scheme 3. Synthesis pathway of Compound C

apSojute ethanol

l,’ TMG
THF

H;CCOO

Chemical FOrmufa: C,;Hg,N,0,
MOJecUlar Weight: 344°49

Chemical FOrmuja: C,,H,l0,
Molecujar Weight: 440°36

NaoH

Chemicaj Formuja: C,; H,l0,
MOJECU[ar Weight: 440'36

Scheme 4. Synthesis pathway of Compound D.

THF + Pd( PPh,),Cl,
s0djum carponate sojutjon H
C TBAF

AbSO|Ute Methano|

Chemicaj Formuja: ,,H, NO
Molecujar weight: 349’51
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DMAP

ACetiC anhydride

Methano| water

>

DCM

Chemical Formuja: C,,H, NO
Mojecujar wejght: 349'51

Scheme 5. Synthesis pathway of Compound E.

The reaction was monitored by TLC for a period
of 15 minutes, (VEA: VPE = 1:8, Rf of Borane is
about 0.85, Rf of C is about 0.8, phosphomolybdic
acid as a color development reagent). After the
complete disappearance of compound C the
reaction mixture was cooled to 25~35°C adding
active carbon, then after stirring for about
30minutes the mixture was collected by filtration.
The organic phase of the mixture was added, 8% of
sodium hydroxide methanol solution (22000g) at
25~35°C, the reaction was monitored by TLC over
a period of 15 minutes (VEA: VHex = 1:2 and Rf
of D is about 0.2, UV detected), after the complete
disappearance of compound C, the reaction halts.

The reaction mixture crystalized after being
stirred for 1h at 0~5°C. Methanol (14000 g) was
added to the filtration cake and stirred for 30
minutes, then purified water (17000g) was added
and stirred for 30 minutes. The cake of filtration
was washed by water-methanol (v/v=1,31000g).
The cake of filtration was washed by precooled
THF(0~5°C), the solid obtained by filtration was
force air dried at 47~52°C for 6h to gain the white
color of the crude solid compound D, the dry
weight loss was less than 2%. Crude compound D
was added to the THF (20000g), the mixture was
stirred and refluxed for 90 minutes cooled and
stirred at 0~5°C, after crystallization for 1h the
white solid compound D (5400g) was obtained,
with a dry weight loss of less than 2% and a
melting point of 225-230°C.

Preparation of compound E

DCM(45000 g, 529.8 mol), compound D (5400
0, 15.45 mol), DMAP (4-Dimethylaminopyridine,
200 g, 1.63 mol) and Acetic Anhydride (2500 g,
24.29 mol) were stirred for 16h at 15~35°C, the
reaction was monitored by HPLC (compound D
less than 0.2%). Activated carbon (120g) was added
and stirred for 30 minutes, the liquid of filtration
was then washed with saturated sodium bicarbonate
water twice. The organic phase was dewatered by
stratification of the anhydrous sodium sulfate after
202

E(rOUg h)
Chemicaj Formuja: C,,H,3NO,
Mojecujar Weight: 39155

about 30 minutes and the liquid of filtration was
then evaporated under a reduced pressure at 20~
30°C for a reduced volume of 50L. Methanol
(18000 g) was added to the mixture at less than
15°C, evaporated under reduced pressure for 4h,
crystalizing into a white solid. At the time of adding
the purified water (23000 g) the mixture was stirred
crystalizing after 30 minutes. The cake of filtration
was dried under reduced pressure for 6h, in order to
obtain the white solid rough compound E (5100g),
with a dry weight loss of less than 2%.

The solid compound E (rough, 5000g) and
active carbon (90g) were added together with
acetonitrile (25000g), heated up at 75~80°C, stirred
for 60 min, then cooled below 35°C. Then cooled
continuously between 0 and 5°C, stirring and
crystallizing for 1h, obtaining a solid by filtration
and drying under reduced pressure at 45~50°C for
8h to obtain the white solid compound E(4500q),
mp.143-147°C.

The HPLC detection condition for the column
was C18 (4.5*% 250mm, 5um), the mobile phase
consisted of 0.05mol/L ammonium acetate (pH=2.0)
the acetonitrile was 5:95, the detection wavelength
was 254 nm, flow rate was 1.5mL/min, the
concentration of Abiraterone acetate was less than
99.4%, HPLC spectrogram is shown in Fig.2.

20+
184
164
144
124
104

Intensity(mAu)

N o N A O ®
T R S

T T T T T
0 5 10 15 20
Time(min)

Fig. 2. HPLC spectrogram of Abiraterone acetate.

Compound E (Abiraterone acetate) 'H NMR
(400 MHz, CDCls) 6(ppm): 8.61 (d, J = 1.5 Hz,
1H), 8.49 — 8.41 (m, 1H), 7.66 — 7.61 (m, 1H), 7.21
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(dd, J=17.9, 4.8 Hz, 1H), 6.00 — 5.97 (m, 1H), 5.41
(d, J =5.0 Hz, 1H), 4.66 — 4.56 (m, 1H), 2.33 (dd, J
= 9.3, 3.6 Hz, 2H), 2.03 (s, 6H), 1.86 (dd, J = 15.4,
5.2 Hz, 2H), 1.80 — 1.70 (m, 2H), 1.63 — 1.53 (m,
3H), 1.08 (s, 3H), 1.04 (s, 3H).

ESI-MS m/z:392.22[M+H]".

RESULTS AND DISCUSSIONS

In this research, dehydroiso and rosterone
3-acetate as the starting material, reacted with
hydrazine hydrate, iodine and Diethyl (3 - pyridine
borane). Our attempt to synthesize compound B,
was shown in Scheme 2. The Molar ratio of
dehydroiso and rosterone-3-acetate and hydrazine
hydrate is from 1 to 2, the best molar ratio was
1.42-1.50. The solvent of choice was absolute
ethanol its weight ratio was 5, at the same time
CH3COOH was added, at a molar ratio of 0.18. The
process for compound C as shown in Scheme 3,
molar ratio compound B, iodine and TMG was 1.95
and 3.80, vyielding about 75%. The route to
Abiraterone acetate commercially available, was
obtained for a 52% total yield.

CONCLUSION

The convenient protocol for the synthesis of
Abiraterone acetate from dehydroiso and rosterone
3-acetate via a four-step reaction including Ketone
carbonyl into hydrazine, an lodine reaction,
cross-coupling and zcetylation has been presented.
High purity Abiraterone acetate, can be obtained
after purification of the crude product. The total

conversion of Abiraterone acetate was 52%. The
reaction conditions of the route were studied in
order to reduce the cost and avoid the formation of
by-products and make the route suitable for
large-scale production.

Acknowledgments: The research and the team
were supported by funding of Xuzhou Science and
technology innovation, No. KC15H0071.
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N3CJEIBAHUSA 1 OXAPAKTEPU3UPAHE HA ABIPATEPOH-ALIETAT
U. o', JI. JTro?, T. 1w, JTx. Iu, V. JI. JTan?

YKoneoic no npomuwinenu mexnonoauul, Jorcuanzcy, Keyooscoy 221140, Kumaii
2Bucw uncmumym no ynpaenenue na oxoanama cpeoa, Yruusepcumem Taiien, Taiiean
$Koneoic no npupodnu pecypcu u oxoana cpeda, FOxucnoxumaiicku cenckocmonarncku yuueepcumem, Iyandon, Iyanorcy
51064, Kumarii

[Mocrenuina Ha 15 sayapu, 2016 T; Kopurupana Ha 27asryct, 2016 .
(Pesrome)

AbuparepoH-alETaThT € CEJICKTUBEH HHXMONTOP Ha €H3MMHATa aKTUBHOCT Ha 17a-xunponasara u C17,20-nuazara B
mutoxpom P450 (CYP) 3a opanna ymorpe6a. IloaxoasiiusT MpPOTOKOJ 3a YETHPH-CTANHATA CHHTE3a Ha
abupaTepoH-alieTaTa oT IeXUAPO-H30- U POCTEPOH-3-alleTaT BKJIIOYBA MIPEBPBIIAHETO HA KETOHOBA KapOOHMIIHA Ipyma
B XHJpa3MH, peakuus ¢ Hol, KyneiayBaHe W auetwiupane. [locturnaro e npespsbiuaHe ot 51-55% no orHomenue Ha
abupatepon-anerara. CTpyKkTypara Ha aOupaTepoH-alleTaTa € oxapakrepusupana upes ‘H SIMP, ¥C SIMP, VY-,
MS-cnekTpockonus, BUCOKO-€()eKTUBHA TEYHA XpOMaTorpadusi M €IEMEHTEH aHalu3. YCIOBHUATA Ha peakuusTa Mo
OINMCaHUs MapIIpyT ca M3CJIEABaHM C IIeJ Ja Ce HaMaJisIT pa3xoAuTe M Ja ce u30erHe oOpa3yBaHETO HA CTPAHUYHU
MPOJYKTH 32 IOCTUTAHETO Ha MO-EAPOMAIIa0HO ITPOU3BOJICTBO.
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Attention is paid in this paper to the problem that the existing physics-of-failure model cannot input and calculate a
complex multi-level stress environmental profile when conducting simulation calculations of microelectronic devices’
studing reliability. A physical model of corrosion failure is analyzed as an example. We carry out cumulative
calculation and improvement using the theory of the accelerated factor, the theory of fatigue damage accumulation and
the general function of physics-of-failure model for corrosion damage accumulation under a multi-level stress profile.
This model can achieve simulation and prediction of cycle time before failure under a multi-level stress profile. At the
end of this paper, an instance of a multi-level stress profile’s calculation is provided.
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INTRODUCTION

At present, using the technical means of
reliability simulation to establish the virtual
prototype and calculate the user reliability of
microelectronic devices through the simulation of
the physics-of-failure model, is one of the most
important branches and the future development
trend in the field researching the methods of
electronic products’ reliability design. However,
most of the environmental stress parameters of the
common physics-of-failure model are becoming
uniform. Only a single stress value can be input
during calculation. Actually, complex multi-level
stress environmental profiles always exist. In this
case, the physics-of-failure model cannot be input
and calculated. Because of the limitation brought
about by this defect, a technical problem appears
when simulating and calculating microelectronic
devices’ for their reliability.

This paper uses a physical model of corrosion
failure as an example, predicts a model of multi-
level stress damage accumulation and improves the
theory, according to the basic theories of
accelerated test and factor and theory of fatigue
damage accumulation. Meanwhile, the general
functional physics-of-failure model for corrosion
damage accumulation under a multi-level stress
profile and its corresponding mathematical
expressions are set up. The model can input
complex multi-level stress profiles and calculate the
cycle index of damage accumulation as well as time
to failure under multi-temperature stress.

* To whom all correspondence should be sent:
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PHYSICS-OF-FAILURE MODEL FOR
CORROSION

Corrosion failure mechanism

Moisture and impurities can cause the corrosion
of the aluminum, aluminum copper alloy or silico
aluminum interconnect of the microelectronics
components. Due to the low cost and ease of mass
production, microelectronic components use a lot of
resin for encapsulation, which is moisture
permeable and absorptive. Impurities such as a
variety of positive and negative ions like Na * ions
are introduced during the resin material
manufacturing process. The ions along with the
penetration and absorption in vapour continue to
infiltrate into the surface of aluminum or the
aluminum alloy interconnects and traverse through
the surface passivation film of tiny defects into the
metal interconnects inside and cause the
interconnects to electrochemically react and then
the metal interconnects open or the interconnect
resistance increases. The process describes
corrosion.  In microelectronic ~ components,
corrosion of aluminum has two mechanisms:
chemical corrosion and electrochemical corrosion

[1]~[6].
Chemical corrosion

Corrosion of aluminum happens when the
microelectronic components are stored in a high
temperature and high humidity environment. When
exposed to dry air, aluminum forms a layer of
Al,O; on the surface and the film will prevent
aluminum from being oxidized and the chemical
etched. But during the presence of moisture,

204 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



L. Wang, B. Wan: Research on physics-of-failure model for corrosion damage accumulation under multi-level stress profile based ...

aluminum can form AI(OH); and AI(OH); is
soluble in alkali as well as acid.

When the external substances reach the surface
of the aluminum material, the chemical reactions
are as listed below:

Reactions with an acid substance:

2Al+6HCI——2AICl3+3H;
Al+3C1——AICl3+3e

AICI;+3H,0 Al(OH);+3HCI
Reactions with an alkaline substance:
Al+NaOH+H-,0O NaAlO,+3/2H,
Al+30H——A1(OH);+3e
2AIl(OH)3 Al,03+3H,0

2A10,  +2H*——A1,03+H,0

Usually, a passivation film on the surface of the
chip protects the aluminum. However, in the pad of
the wire bonding area, the aluminum metal is
exposed on the surface and chemical corrosion
frequently occurs in these parts. The corrosion
situation of the chip pad is shown in Figure 1.

Fig. 1. PAD on the chip is corroded

Electrochemical corrosion

Electrochemical corrosion occurs when the
microelectronic components are under exploitation
under a high temperature and high humidity
environment. According to the positive or negative
potential of the aluminum electrode, the
electrochemical corrosion is divided into anodic
corrosion and cathodic corrosion [7]~[10]. When

the anodic corrosion happens, the aluminum
electrode has a positive potential, which attracts
negative ions such as CI to start the chemical
reactions as follows:

AL(OH)s+Cl———AI(OH),C1+OH—
Al+4ClI———AICIl;, +3e
AICI,—+3H,0 A|(OH)3+3H++4C|_

The reaction above reduces the Cl—absorbed on
the anode and the results of the reaction furthers the
corrosion of the small amount of CI".

For the cathodic corrosion, due to the negative
potential of aluminum, positive ions such as Na*,
K* are attracted to produce chemical reactions as
follows:

Na*+e Na
Na+H.0 Na*+OH—+1/2H,

After the reaction, the concentration of the OH"
increases, the aluminum hydroxide forms and the
aluminum is corroded. The electrochemical

corrosion of the cathode of the microelectronic
components is shown in Figure 2 and Figure 3.

2 l
.

Fig. 2. The electrochemical corrosion of cathode.
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Fig. 3. The ESD of the electrochemical corrosion of
the cathode.

The metal in a high humidity environment will
obviously corrode. One solution is to use the
ceramic sealing packaging which can prevent the
corrosion, if the structure is not hermeticaly sealed,
the residue remaining after the plasma or reactive
ion sputter etching occurs (such as chlorine) along

205



L. Wang, B. Wan: Research on physics-of-failure model for corrosion damage accumulation under multi-level stress profile based ...

with the moisture will corrode the aluminum and
attain erosion, even in the absence of an applied
electric field:

2A1+6HCI——2AICI3+3H,
A1C15+3H,0——AI(OH)s+3HCl

It is clear that after the formation of Al (OH)s,
the chlorine is not bound, which leads to further
corrosion of the exposed aluminum. In the VLSI
structure, the metal wires are very close to each
other and the electric field between them causes the
problem to become complicated.

External lead corrosion

The lead material of a micro electronic device is
usually kovar alloy, it is the iron-nickel-cobalt alloy,
the linear expansion coefficient of which is similar
to that of molybdenum. In addition to the
introduction of stress in the mechanical processing
and the production of stress corrosion, there is also
an electrochemical corrosion reaction during the
presence of CI" and other impurities, thus the
corrosion rate speeds up.

When the water vapor condenses around the
external leads and the potential difference exists
(such as discrete devices inserted in the printed
circuit board), the leakage current travels through
the leads continuously, and materials (such as iron)
with a high ionization tendency (standard electrode
potential to negative) will produce electrochemical
corrosion.

As for the silver plating on the external lead, the
silver anode will have Ag* ions, migrating in the
electric field and precipitating at the cathode. Then
these will grow like resin on the anode, causing a
deterioration in performance, or short circuits.

PoF model of Corrosion

The degradation process of the chemical or
electrochemical properties of materials is known as
corrosion, which is a time dependent wear-out
failure mechanism. From a macroscopic point of
view, corrosion will lead to brittle fracture caused
by stress, or fatigue crack extension caused by the
wear-out; from the microscopic point of view,
corrosion can change the electrical properties of the
material and its thermal properties. The corrosion
rate correlates with the type and dimensions of the
materials and the ionic contaminants[11].

The corrosion failure physical model is given

by:

MTTF = A(RH)™" exp(%) 1)

In the formulation,
206

A is the constant related to the corrosion area;

RH is the relative humidity;

N is the empirical constant, and generally have
values of 3;

Ea is the activation energy, measured by the test;

K is the Pohl Seidman constant;

T is the ambient temperature and the units are
degrees Kelvin.

ACCELERATED FACTOR MODEL

The rate of physical and chemical change varies
with the temperature, leading to various lifetimes of
the products. In the general case, there is a more
rapid rate of physical and chemical change under
high stress levels, which means a shorter life of the
products. Hence, the process of change at a high
stress level can be regarded as acceleration of that
at a low stress level. The idea of an Accelerated
Factor (AF) needs to be put forward, in order to
describe the acceleration extent of high stress levels
relative to low levels. The accelerated factor, from
the accelerated test [12][13][14], is the ratio of the
product’s lifetime characteristic under different
stress levels. It is a parameter used to present the
extent of acceleration. While the value of AF is
greater than 1, it means that the device’s lifetime
can be shortened by increasing the stress S. The
definition formula is as follows [15][16]:

TF,
AF = P, (2)
TFstree

Here, TF,, is the expected failure time under

stress S (normal working conditions) and TF,

under stress So (accelerating stress conditions).

The method of AF damage accumulation
converts the multi-level stress of the actual profile
to single stress before evaluation with the help of
the AF concept. Afterwards, the cycle index of the
actual profile will be solved through time to failure
under the single failure mechanism and single stress
level. Finally, a time to failure for practical working
conditions is obtained.

tree

ESTABLISHMENT OF A PHYSICS-OF-
FAILURE MODEL FOR CORROSION
DAMAGE ACCUMULATION BASED ON THE
ACCELERATED FACTOR MODEL

Method for establishing a physics-of-failure model
based on an accelerated factor model
The stress 0q is selected as a datum plane and the
duration of every phase is converted to duration
under a datum plane. The overview flow is shown
in Figure 4.
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‘ Select datum plane 6,

Tre(8o )

Time to failure of datum ‘

hether the
stress change

True False

! l

Stress fL‘mctlon varied with Accelerated factor AF(S;)
time: 0, (t)

v !

Time solved after integral Time solved after directly
transformation: t;’ transformation: t;’

| |
v

Summation of multi-section
conversion time: t’

Fig.2. Multi-level stress damage accumulation based
on the accelerated factor model.

The specific steps are described below:
1) Calculating the time to failure Ttr(6) under

a datum plane 6, based on the corresponding

physics-of-failure model;

2) According to a model of the failure time,
calculating the time to failure under actual working
conditions and marking it as Trr(0(t));

3) Calculating the acceleration  factor
T (6
according to the formula AF (e(t)):—TF( b) ;
Tre (01))

4)  The mission time for one mission cycle can
be converted to that of the datum plane through FA.

T

Thatis t'= jo AF (6(t))dt

5) Calculating the

N — TTF (90)
tl

(3)

mission cycle index

, in accordance with the formula

Toe (90) _ 1 (@)

T T 6) . 7 L
It ooy ® b o)™

Method of accelerating the damage
accumulation at a constant stress stage

As shown in Figure 5:

The formula is calculated as:

AF(0) = I—((z)) ®
t'=AF(G)x(t,, - ti’) ’ (6)

Here, t," is the duration that the stress @i
translated into the datum plane g, within the time

interval [t,,t.,]. T (@) shows the expected failure

time under stress 6i (normal working conditions)
and  Tre(6o) under ¢, (accelerating stress

conditions); AF(9) is the accelerated factor of the
stress di and g, .

Method of accelerating damage accumulation at
the slowly changing stress stage

The method process is shown in Figure 6.
The formula is calculated as:

T (6(t
AF (6(t)) = —TTF ((65 ;) ©)
t'=| AR (0(t) )dt )

Here, 0(t) is the function of stress 6 and time t,
which can be confirmed according to the known
stress profile; TTF(0(t)) is the expected failure time
under slowly changing stress 6(t); TTF(8o) is on
behalf of the failure time under stress 6o (specific
accelerating stress conditions); and t,' is the
duration that the slowly changing stress &(t)
translates into a given stress ¢, within the time

interval [t;,t..,].

The establishment of a corrosion damage
accumulation model based on the accelerated
factor

On the basis of a multi-level-stress failure model
using the method of AF, the physics-of-failure
model and the formula of corrosion PoF model is
derived. The specific forms are as follows:

T (6) _ 1
T T (6) T 1
Jy =t [ T, (O(t))dt o

N =

° T (61)

The final multi-level-stress failure model based
on the method of AF can be described as:

1
[ 1 L
A(RH) "exp [aj
ké, (10)

EXAMPLE

Figure 7 is a typical profile and the parameters
of temperature and time are shown in Table 1.

N =
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Fig. 3. The condition for the parameter value of stress to remain unchanged.
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Fig. 4. The condition that the parameter value of stress is slowly changing
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Fig. 7. A typical sectional multi-level stress profile.

Table 1.The parameters of temperature stress

No. T t
1 25°C 30min
2 (2t-35) °C 25min
3 75°C 30min
4 (-2t+245) °C 25min
Table 2.Technological parameters
Parameter value
A 13
RH 80%
n 3
k 1.381x10%J/K
Ea 0.7eV

A certain type of microelectronic device is taken
as an example. In accordance with the corrosion

208

PoF model and formula (1), the device’s internal
process parameter values can be obsrved in Table 2.

In accordance with formula (11) and under the
profile stipulated in Figure 7 and Table 1, the total
cyclic index of damage accumulation of this certain
type of microelectronic device in which corrosion
failure occurred is N=5043. While the time to
failure isTTF=20153h.

CONCLUISIONS

In this paper, the accelerated factor model is
applied and the damage accumulation under a
multi-level stress profile is calculated based on the
physics-of-failure model of corrosion. Meanwhile,
the method of accelerating damage accumulation at
the constant and slowly changing stress stage is
respectively provided. The generalized corrosion
damage accumulation model based on the AF is
also established. Finally, for the case of a certain
type of microelectronic device, the applicability of
this model is demonstrated and the total cyclic
index before failure and the time to failure of the
physics-of-failure model for corrosion damage
accumulation under the multi-level stress profile
are solved. This paper provides a new theoretical
method and solution for more scientific and rational
applications of the corrosion failure model in the
evaluation of microelectronic devices’ reliability
and emulation ability.



L. Wang, B. Wan: Research on physics-of-failure model for corrosion damage accumulation under multi-level stress profile based ...

Acknowledgements: This work was financially
supported by Innovation ability promotion project
of the Beijing municipal colleges and universities
(PXM2014 014213 000033), Major Project of the
Beijing Municipal Education Commission of
science and technology development plans
(KZ201510011011) and the General Project of the
Beijing Municipal Education Commission of
Science and Technology Development
Plans(SQKM201610011009).  All  support s
gratefully acknowledged.

REFERENCES

1.J. Barranco, F. Barrerasb, A. Lozanob, M. Mazaa.
Journal of Power Sources, 196, 4283 (2011).

2.L. Hua, C. Yang, Microelectronics Reliability, 51,
2274 (2011).

3.D Pavlov, Journal of Power Sources, 48, 179 (1994).
4.E. Brambilla, P. Brambilla, C. Canali, F. Fantini, M.
Vanzi, Microelectronics Reliability, 23, 577 (1983).
5R.M. Lum, L.G. Feinstein, Microelectronics

Reliability, 21, 15 (1981).

6.R.C. Olberg, J.L. Bozarth, Microelectronics
Reliability, 15, 601 (1976).

7.G.J. Andrews, Microelectronics Reliability, 30, 1200
(1990).

8.Y. Kobayashi, T. Wada, Microelectronics Reliability,
29, 1094 (1989).

9.L.C. Tang, IEEE Transactions on Reliability, 44(4),
562 (1995).

10.M.A. Ebrahem, J.J. Higgins, Applied Mathematics
and Computation, 174(1), 365 (2006).

11.S.S. Nanson, Fracture, 2, 51 (1966).

12. M.A. Miner, Journal of the Applied Mechanics,
67(12),159 (1945).

13.L. Wang, X. Wang, J. Xu, H. Zhang, J. Yao, X. Jin,
C. Liu, Y. Shi, Nonlinear Dynamics, 84(1), 371
(2016).

14.L. Wang, Z. Liu, C. Wu, CIESC Journal, 64(12),
4649 (2013).

15.L. Wang, C. Gao, X. Wang, Z. Liu. CIESC Journal,
68(3), 1065 (2017).

16.L. Wang, X. Wang, J. Xu, Y. Shi, J. Yu.
Engineering review, 34(2), 131(2014).

N3CJIIEABAHE HA HATPYIIBAHETO HA KOPO3MOHHU JE®EKTHU TP MHOI'O-
CTEITEHHO HAITPEXXEHUE C YCKOPEHUME C MOJEIJIA ,,PHYSICS-OF-FAILURE

JIu Yau**, Bo Yan?

YWaunuwe no komniomwspro u ungopmayuonno unscenepcmso, Texnonozuuen u bGusnec- ynueepcumem 6 Ilexun,
Texun 100048, Kumaiicka HP
2YVuunuwe no cucmemno unxcenepcmeo, Yuueepcumem Betixan, Hexun, Kumaiicka HP

Iocrenuna Ha 4 ¢pepyapu 2016 r.; kopurupana ua 19 okromepu 2016 r.
(Pesrome)

B Hacrosimara pabota ce oOpbiia BHUMaHKUEe HA (akTa, Y€ ChIIecTByBamms ,,physics-of-failure” — momen ne nasa
BB3MOXKHOCT J]a C€ U3YMCIAT CII0KHU MHOTO-CTCTICHHH HANPE)KEHUS MPU CUMYIUPAHETO HA HAJCKIHOCTTA HA MUKPO-
enekTpoHHH ypeau. Kato mpumep ¢ aHamusupaH (u3MueH MOJEN 3a KOPO3WOHHHM Jedektu. M3BbprieHu ca
KyMYJIaTUBHU MpPECMATaHHS W TMOJOOPEHUS C IMOMOIINTa Ha TEOopusATa Ha YyCKopsBamus (akrop M Teopusra Ha
HATPyIBaHE HAa yMOpa B Marepuaiure, 3aeqHo ¢ Mmogena ,physics-0f-failure”. To3um Momen Moxke na MOCTHUTHE
CUMYJIMpaHEe W MpEeJCKa3BaHe Ha IMKBJIA OT BPEME MPEIu pa3pyllaBaHe O]l MHOTOCTEIICHHO HampexeHue. B kpas Ha
paborara e AajieH UIICTPATHBEH TPUMEp.
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Study on the influence of different clearance on the crack of PBX explosive
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Explosives are widely used in military affairs. Aiming at the characteristics of the explosive component, the paper
analyzes the stress intensity factor of the surface crack of the spherical shell and ellipsoidal shell made of explosive
material. The results show that the stress intensity factor of the inner surface of the component is larger than that of the
outer surface and the stress intensity factor of the surface crack of the explosive component with a cushion layer is
larger than that without a cushion. These conclusions provide theoretical guidance for the actual assembly of the nuclear

components.

Keywords: PBX Explosive, Crack, Stress Intensity Factor, J-Integral, Clearance Contact.

INTRODUCTION

The JOB-9003 plastic bonded explosive (PBX)
is a kind of polymer binder as a continuous phase,
an explosive mixed with high-energy particles and
two-phase composite materials. It has good
detonation and safety characteristics together with
excellent mechanical properties. It plays an
important role in the development of national
defense and modern weapons. The explosive
component is composed of a main explosive and a
binder.

The main ingredient is Cyclotetramethylene
tetranitramine also called octogen (HMX), this is a
powerful and relatively insensitive nitroamine high
explosive. It is a white crystal and the chemical
formula is C4H8NB8OS8. Its chemical structure is
shown in Fig.1
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Fig.1. Schematic diagram of the atomic number and
optimized geometry of HMX.

The binder is used to ensure the explosives have

* To whom all correspondence should be sent:
E-mail: happywells@163.com; 542900823@qq.com

plastic properties, appropriate sensitivity and
should possess a strong adhesive force, good
plasticity and coating performance, while kept at a
low glass transition temperature, have good
physical and chemical properties and a lower cost.
At present, the majority of explosive materials use a
polymer binder and its molecular structure is shown

in Fig.2.
F F
| 7L
C—CcC
||
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Fig. 2. Molecular structure of the binder
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There are many factors affecting the surface
cracking of the ellipsoidal explosive. In the process
of being formed, processed and used, the explosive
parts may be damaged or even generate cracks due
to the effect of temperature and mechanical stress,
which will cause great loss and influence the
original performance. In the long-term the storage
of the explosive parts, the bonding surface of the
base and the binder is likely to crack under the
action of a compressive force or tensile force, as
shown in Fig.3 and Fig.4.

Fig. 3.Cracks under the action of a compressive force.

210 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 4.Cracks under the action of a tensile force.

.

Dol Hinl| P vl

Fig. 5. WgPUecay heat power

The stress conditions of the explosive parts in
the structure of the assembly and the simulation
analysis of the nuclear material and the structure of
heat, the heat power is shown in Fig. 5. From the
figure, we know that in 200 years time, the decay
power of plutonium have reached a peak of
2.6887W/Kg., The more the heat released from
plutonium, the greater the thermal stress produced
by the structure. The heat power produced in this
paper is based on the calculation of the peak power
of plutonium. According to the storage environment
of the parts, the temperature of the component in a
ventilated environment is 22~25°C and the
convection coefficient of air is 3.8 * 10-6W/m?,

ANALYSIS MODEL AND VERIFICATION
CALCULATION

Analysis model

The crack surface at the top of the crack surface
on the outer surface of the explosive component is
parallel to the crack surface of the top surface of the
outer surface of the short diameter parallel
explosive component.

It can be seen from the figure that FEM analysis
value and theoretical value is relatively close. The
results show that the FEM simulation has a very
good effect.

(d)
Fig. 6. Several contact modes on the ellipsoid: (a)
Surface contact without clearance; (b) Surface contact
with long axis clearance; (c) Surface contact with short

axis clearance; (d) Enlarged view with short axis
clearance.

Finite element analysis and theoretical calculation

analysis
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Fig. 7. Crack surface parallel to the short diameter.
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Fig. 8. Crack surface parallel to the long diameter.
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CRACK ANALYSIS
Analysis of the inner surface of a crack

The inner surface of the spherical explosive without
clearance

It can be seen from the figure that there is a big
difference of the crack intensity factor between the
spherical parts with a cushion and the spherical
parts without a cushion layer. The stress intensity
factor of the top of the inner surface of the
explosive component with the cushion is close to
zero and the value of the stress intensity factor is
positive. It shows that the crack is open and the
stress intensity factor at the inner surface is less
than zero, which shows that the crack is closed.
From the section stress contour of the explosive
component, we can see that the top of the inner
surface of the explosive component without a
cushion layer is as high as 171.76MPa and the top
of the inner surface with a cushion layer is
144.97MPa. The stress of the surface cushion
should be much higher than that without a cushion.
The cushion plays a certain role in relieving the
stress of the crack of the explosive components.
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o
z |
= |
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Fig. 9. Stress intensity factors.
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Fig. 11. Contact pressure on the inner surface of the
sphere.
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Fig.12. Equivalent stress of the inner surface crack of
the spherical component
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0.12212 Min

Fig. 15.Inner surface stress without a cushion.

Fig.16.Inner surface contact pressure with a cushion.

The crack is located on the inner surface of the
ellipsoidal explosive without clearance. It can be
seen from Fig.15 and Fig.16 that the contact
pressure without a cushion of inner surface in
general is more than that with a cushion, but in
some areas of the crack with a cushion contact the
pressure reached -50MPa. From Fig.13 and Fig.14,
the stress intensity factor K1 with a cushion is more
than that without a cushion. The stress intensity
factor with a cushion occurs with mutations at
3.8mm, we can see that the partial stress of the
cracks change the surface with a cushion.

Crack surface paralleled to a long diameter

The crack is located on the inner surface of the
ellipsoidal explosive without clearance. From
Fig.17 it can be seen that the stress intensity factor
of the explosives components with a cushion is
similar to that without a cushion and the stress
intensity factor K1 is more than that without a
cushion. As seen from Fig. 20, the maximum stress
of the crack reaches 30.157MPa, which is much
larger than that without a cushion.

Analysis of the outer surface of the crack

The outer surface of the spherical explosive without
clearance

The crack is located on the outer surface of the
spherical explosive without clearance. It can be
seen from Fig.21 that the stress intensity factor K1

without the cushion is less than zero. According to
the definition of K1, the crack is in the closed state.
The stress intensity factor K1 is greater than zero
with a cushion and the equivalent stress of the crack
is shown in Fig.24. It can be seen from Fig.23 and
Fig.24 that the equivalent stresses of the outer
surface of the PBX component with a cushion and
without a cushion arevery different.
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Fig.19. Equivalent stress without a cushion

Fig. 20. J-integral with a cushion
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Fig. 24.Equivalent stress with a cushion.
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Crack surface parallels a short diameter

The crack is located on the outer surface of the
ellipsoidal explosive without clearance. The
maximum elastic stress of the ellipsoid without a
cushion is 6.3165MPa and at the top of the outer
surface of the explosive it was the lowest.

From the stress intensity factor of the crack it
can be seen, that the stress intensity factor with a
cushion is more than that without a cushion and the
J-integral with a cushion is more than that without a
cushion, because the J-integral and stress intensity
factor K1 are related. As observed in Fig. 27 the
maximum equivalent stress of the outer surface is
4.5459MPa and the shape of the elastic stress is the
same as the crack shape. The stress intensity factor
of the crack is shown in Fig. 25 and the maximum
value of the stress intensity factor K1 is
concentrated in the middle part of the crack.
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Fig. 28. Elastic stress with a cushion.

Fig. 29. Stress intensity factor without a cushion.
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Fig. 27. Elastic stress without a cushion.

Fig.28. Elastic stress with a cushion.

Fig. 29. Stress intensity factor without a cushion.

The crack is located on the outer surface of the
ellipsoidal explosive without clearance. The stress
value of the crack in the direction of the long
diameter is smaller than that of the short diameter.
At the same time the stress intensity factors
between the crack direction in parallel with the long
diameter direction and the short diameter direction
are generally the same.

CONCLUSION

1. Under the same condition, the stress intensity
factor of the crack in the inner and outer surface is
not the same, the stress intensity factor of the inner
surface is larger than that of the outer surface, in the
middle of the crack, stress intensity factor appears a
“broken” phenomenon and the crack in the inner
surface occurs as a"break” phenomenon in the 3/4
position of the crack.

2. The stress intensity factor K1 of the crack in
the perpendicular direction at the top of the inner
surface of the explosive is different and the crack
perpendicular to the radial stress intensity factor is
greater than the crack parallel to the radial direction.
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The two stress intensity factors in the clearance of
the explosives components are more obvious.

3. In the proper position of a crack, the stress
intensity factor of a crack parallel to a short
diameter of the outer surface with a cushion occurs
with mutations and the mutations may be caused by
the strong strain effect.

4. Without a cushion and sphere the conformal
contact and the stress intensity factor is negative,
indicating that the crack is in a strong closed state.
During the actual engineering, the surface and
surface contact state is an ideal state and it will not
exist in real life. The crack will not yield a closed
state and yet the close state is an ideal result.

5. The stress intensity factor of the inner surface
with a cushion is significantly higher than that
without a cushion, also the stress intensity factor of
the outer surface with a cushion is larger than that
without a cushion, but the attenuation stress
intensity factor of the inner surface of the explosive
is more than that of the outer surface.

6. Under the same conditions, the stress intensity
factor of the crack intensity factor of the sphere is
larger than that of the ellipsoid.
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N3CJIEIBAHE HA BJIMAHUETO HA OTCTPAHABAHETO HA ITYKHATHUHU ITPU PBX-
EKCIIIO3MBHA
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(Pesrome)

Excruio3uBute ce M3MON3BaT IIUPOKO BHB BOCHHOTO MHXCHEPCTBO. B Ta3u pabora e pasriiejaHo BIUSHHETO Ha
MHTCH3MBHOCTTA HA HANPEXKEHUATA Npu cepryuHa U enurcoBuaHa popmMa Ha 0OBUBKATa Ha €KcIUIo3uBa. Pesynrature
MOKa3BaT, Y€ HAMPEKCHUATA Ca MTO-TOJIEMHU OT BhTPEIHATA CTPaHA Ha OOBHBKATA U Y€ HANPEKECHUETO € MO-TOJSIMO TIPH
HaIMYAEe Ha amMopTuchop.Te3m pe3ynTaTh IO3BOJNSBAT CHCTABIHETO HAa TEOPETHYHO PBHKOBOACTBO 32 PEATHO

KOHCTPYHpPaHE Ha SAPCHNTE KOMIIOHEHTH.
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Numerical analysis of surface cracks of spherical explosive with a cushion
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Explosive components are widely used in military engineering. In view of the characteristics of the crack in the
explosive component, the stress intensity factor and the J integral of the PBX component were studied. This paper
studies the mechanism of crack damage under different conditions. The results show that the shape of the crack opening
at different position of the components is different, together with the crack strength.

The crack intensity factor will be affected by the location of the crack, crack length, crack depth and crack direction.
The study of the explosive components provides engineering with theoretical support.

Keywords: PBX Explosive, Crack, Stress Intensity Factor, J Integral, Gap Contact

INTRODUCTION ANALYSIS OF THE INFLUENCE OF THE
The explosive components in nuclear structure CRACK ON THE EXPLOSIVE COMPONENTS

are an important component of the explosive Analysis of conforming spherical contact
detonation structure. The main component of the
explosives is Octogen (HMX), which is a white
crystal with the chemical formula CsHgNgOs. The
chemical structure is shown in Figl.

Study on the interaction of multiple cracks

020 019
\\
Nn/

2\14/‘:\ \016 Fig. 1. One crack

Nz
O/ \014

13
Fig.1. Schematic diagram of the chemical structure

The PBX explosive is formed by the main
component and the binder. Under the action of the
stress of the structure of PBX, it is easy to crack,
which directly affects the performance of the
explosive component. Therefore, it is necessary to
study the mechanical properties of the explosive
component. This article discusses the studies of the
law of the crack of the explosive component.

Fig. 2. Two cracks
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Fig. 3. Three cracks.

Fig. 4. Four cracks.

S
L

-
s

*
o

& .'.‘.I-""-"-l,--‘-‘. \.

Stress intensity factor{ MPa-mm®0.5))

08 4 *
,; =— One Crack \.'\.
06 4 e = Two Cracks
’ . 4 Three Cracks }\
[ ¥— Four Cracks
04 T T T T T 1
Q 1 2 3 4 g

Length of The Inner Top Crack (mm)

Fig. 5. K1 of stress intensity factor.

o
o
]

;

]

]

Stress intensity factor( MPa-mm™(0.5))
g
2

*0.004 1 : #— One Crack P
+— Two Cracks e
<0006 1 4— Three Cracks e
»— Four Cracks \
<0.008 4 "
0.010

T T T T 1
o 2 3 4 L]

Leng;m of The Inner Top Crack {mm)
Fig. 6. K2 of stress intensity factor.

Figures 1 to 4, respectively illustrate one to four
cracks. It can be seen from the picture, that stress
intensity factors are not the same when the surface
of an explosive component is subjected to one
crack or a plurality of cracks. As observed in Fig.5
to Fig.8, when the explosive component is affected
by the two cracks, the K1 influence factor of the
crack on the top of the explosive component is
different. When the number of cracks increase the
stress intensity factor is not significantly different.
The stress intensity factor K2 is similar to the
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starting position, but the strength of the crack is
very different in the end position. At the same time,
the stress intensity factor K2 and K3 can be seen to
be a wave shape fluctuation from Fig. 6 and Fig. 7.
The figures show that the sliding force and tearing
force of the crack are more complex. As can be
seen in Fig. 8, the J-integral of the crack has the
same trend for the stress intensity factor.
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Cracks on the inner surface or outer surface of the
explosive without a cushion

It can be seen from Fig.9, that the stress
intensity factor at the top of the inner and outer
surface is negative, so the crack is in the closed
state and is not extended. Observing the stress
amplitude, the stress intensity factor of the inner
surface is greater than that of the outer surface and
illustrates that the force of the inner surface is
greater than that of the outer surface.
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The stress intensity factor on the inner surface of
the top appeared suddenly changed and the crack
stress of the inner surface appeared attenuated at
the middle of the crack length. The more closed the 5274 Max
joint forces are at both ends of the crack, the more 4583

the crack will not occur. Cre

34008

Study on the influence of the crack parameters 2.0369

along with the change in crack length e

1.9184 Min

Fig. 10. A crack at the top of the explosive.
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The analysis of this section is the case of the
outer surface of the explosive component with a
cushion layer without a clearance and contact. The
crack is located outside the top of the explosive
component and the crack length is 3mm, 4mm,
5mm, respectively. Seen in Fig. 11 to Fig.13, the
stress intensity factor and J-integral will change
along with the length of the crack. With the crack
length increasing, the stress intensity factor K1 at
some crack positions appear attenuated, meanwhile
with the length of the crack increasing the stress
intensity factors K2 will increase a lot. The stress
intensity factor K3 change is not too obvious and
the J- integration curve and the K1 curve are
consistent.

Analysis of the influence of the crack parameters
along with the depth of the inner surface
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Fig. 14. The location of the crack.

The crack is located at the top of the inner
surface of the explosive component without a
cushion layer. The locations of the three cracks are
as follows: at a depth of the top of the inner surface
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Crack Length (mm)

of the explosive component, at a depth of the inner
surface of the explosive component below 1mm
and at a depth of the surface of the explosive
component below 2mm.
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The crack stress intensity factor and J integral
are different in three different depths from Fig.15.
Generally speaking, the stress intensity of the crack
on the surface is greater than the stress intensity
factor of the crack at a depth of 1mm and 2mm. As
can be seen from Fig.16, the J-integral of the
surface crack is greater than that at a depth of 1mm,
and the J-integral at the depth of 1mm is greater
than that at a depth of 2mm. From Figure 15 and
Figure 16 we observe, that the stress of the surface
crack is greater than that of the internal crack.

Analysis of the surface crack of a sphere with a

clearance contact

Stress intensity factor analysis without a cushion

Effect of the crack length on the stress intensity
factor of the inner surface top of the explosive
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Effect of crack length on the stress intensity
factor of the outer surface top of the explosive

From Fig.21 compared with Fig.21, the stress
intensity factors at major radii of 2mm, 2.5mm,
3mm and 3.5mm of the outer surface crack are
much larger than those for radii of 1mm, 1.5mm
and 2mm. Because there is no cushion on the outer
surface to protection the crack, the stress intensity
factor of external surface cracks is much larger than
that of the inner surface crack. The stress intensity
factor of K2 and K3 increases with the increase of
crack in length.
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Analysis of the stress intensity factor of the
crack of the inner surface along with the depth

The cracks at four different depths (Omm,
0.5mm, 1mm, 1.5mm) were analyzed in this case. It
can be seen that the crack stress intensity factor
decreases with the increase in depth of the crack.
Especially, when the crack depth is 1mm and
1.5mm, the stress intensity factor attenuation is
especially obvious. At the same time, with the
increase of depth, the stress intensity factor K2 and

K3 also have different degrees of attenuation.
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parameters.

Stress intensity factor analysis with a cushion

Analysis of the stress intensity factor of the crack
of the outer surface along the depth

The stress intensity factors K1, K2, and K3 are
shown in Fig.34 to Fig.36, where the locations are
at the outer surface of the top surface depths of
below 1 mm, 2 mm and 6 mm of the explosive
component crack with a cushion. As can be seen,
attenuation suddenly appeared at the stress intensity
factor of K1. It can be seen that the deeper the
crack is below surface, the smaller the stress
intensity factor is. At the same time, it can be seen
that the stress intensity factor with the cushion is
smaller than that of the stress intensity factor
without a cushion given the crack is in the same

place.
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Fig. 33. The crack location.
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Compared with the stress intensity factor of the
inner surface, the stress intensity factor of the outer
surface is very different. First, the stress intensity
factor increases, because there is no cushion on the
outer surface. When the outer surface of the metal
shell is constrained, the stress intensity factor is
larger than that of the inner surface; Second, after
the depth of the crack below the surface is
increased, the intensity factor of the crack is
reduced. The stress intensity factor is especially
obvious when the crack depth is Imm and 1.5mm.
On the whole, the crack parameters of the outer
surface are very similar to the inner surface crack
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Fig. 34. Stress intensity factor K1.
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Fig. 37. Two cracks at different directions and the
simulation results.

It can be seen that the stress intensity factor is
less than zero in two directions, indicating the
cracks in the closed state. But the stress intensity
factor in both directions vary greatly in size, the
stress intensity factor perpendicular to the radial
direction is greater than that parallel to the radial
cracks. The simulations show that the cracks are
perpendicular in the radial direction rather than
parallel to the radial cracks and are more
susceptible to the effect of the closing force.
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A crack at the bottom of the explosive component
near a cushion
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Fig. 38. Two cracks at different directions and
simulation results.

The above simulation is the stress intensity
factor K1 of the bottom of the explosive component
without gap contact. Compare Fig.38 with Fig.37,
the stress intensity factor of outer surface crack is
much larger than that of the inner surface crack. It
can be seen that the cushion has a very good
protective effect on the explosive components.

A crack at the bottom of the explosive component
near the cushion with a gap contact
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Fig. 39. Two cracks in different directions and the
simulation results.

The stress from the crack can be observed with
the stress in parallel direction to the radial crack
being much larger than the stress perpendicular to
the radial crack. Comparing Fig. 38 with Fig.39
shows that the stress of the radial crack is very
different for the two contact states. This is the
reason that the crack in the radial direction is the

most susceptible to the thermal stress caused by the
heat released from the nuclear components. When
the initial boundary conditions are set, the bottom
surface is fixed in the Y and X directions, so the
crack can't be displaced in the plane direction.
Since the crack is not moving in the plane direction,
the crack is in a closed state.
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Fig. 40. Two cracks at different directions and
simulation results.
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Fig. 41. Two cracks at different directions and
simulation results.

A crack at the top of the outer surface of the
explosive in two vertical directions

Through the analysis of the external surface
crack of the explosive components, it can be seen
that the stress intensity factor curve of the two
kinds of cracks is similar, which shows that the
stress characteristics of the two kinds of cracks on
the outer surface are relatively close. It can be seen
that the stress intensity factor K1 of the crack on
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the outer surface is greater than zero, which
indicates that the crack in the outer surface is
affected by the opening force. Between 0.4 mm and
4 mm in length, the two kinds of crack intensity
factors have a mutation, which shows that the stress
is relatively small between 0.4 mm and 4 mm.

A crack at the top of the inner surface of the
explosive in two vertical directions

There are differences between the stress
intensity factors of the cracks in the two directions
at the top of the inner surface. The crack intensity
factor in the direction of the short radius is larger
than that in the direction of the long radius. This
shows that the intensity factor of the crack with a
gap is larger than that without a gap. In accordance
with Fig. 40 and Fig. 41 the outer surface of the
crack occurred mainly due to the simulation of the
crack being too long and the stress not enough to
support the stress in such a long crack.

CONCLUSION

1 After adding a crack, first the crack stress
intensity factor will obviously increase. Continuing
to increase the cracks, the stress intensity factor did
not change significantly.

2 Under the same condition, the stress intensity
factor at the inside and outside surface is not the
same. The stress intensity factor at the inner surface
is larger than that at the outer surface and the stress
intensity factor in the middle of the crack at the
outer surface appears a "broken™ phenomenon.

3 Once the crack length increases, the crack
intensity factor K1 can be mutated. It is shown that
the stress of the crack is not enough to support the
crack at the corresponding length, so the length of
simulation assumes that the crack should shorten.

4 The stress intensity factor K1 of the cracks in
the two perpendicular directions at the inner top
surface of the explosive with a clearance in contact
is different. Generally speaking, the crack stress
intensity factor which is perpendicular to the radial
direction is larger than that which is parallel to the
radial direction.
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UMCJIEH AHAJIM3 HA ITOBbPXHOCTHU ITYKHATHUHU [TPY COEPUYHU EKCIIJIO3UBU
C AMOPTHUCBHOP

. Kemxu*?, X. bunt, I'.3. Munrt

Kcuan Xaii-Tex uzcredoeamencku uncmuntym
2N0O.96401 Force

ITocreimia va 30 hespyapu, 2016 r.; kKopurupana Ha 26 okTomMBpH, 2016 T.

(Pesrome)

Excruto3uBuTe ce M3MON3BAT IMMPOKO BBB BOCHHOTO WH)KEHEPCTBO. TyK ca W3CIEIBAHH XapaKTEPHCTUKUTE Ha
ITyKHATUHUTE B €KCIUIO3UBUTE, ()aKTOPHT HA MHTEH3MBHOCT Ha HampekeHHeTo u J-nHTerpana Ha PBX-kommonenTure.
W3cnenBan e MeXaHM3MBT Ha BIUSHHUE Ha MyKHATHHUTE TIPY Pa3IUYHU yCJIOBHS. Pesynrature mokasart, ye ¢popmara Ha
IMyKHAaTHHATA TPH Pa3IMYHO TOJI0KEHNE Ha KOMITOHEHTHUTE € pasimyHa, 3aeHO ChC 3/IpaBHHATA HA ITyKHATHHATA.

®DakTOphT HAa WHTCH3MBHOCT 3aBHCH OT IIOJIOKEHWETO Ha ITyKHATWHATA, ABIDKHHATA,  JBJIOOYMHATA U
HaIPABJICHUETO W.
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The stability of tailing dam has an important influence on the surrounding ecological environment and the
security and property of people. This article, from the micro perspective, analyzes of the water-tailing
chemical interactions and process and analyzes its effects on tailing micro structure and dam stability. The
experimental results show that ferrous iron in water(PH=9.5-10.3) is constantly in contact with the air and
then produces a series of reactions such as oxidation, eventually becomes a clogging substance what mainly
include Fe(OH)s; the chemical clogging substances mainly include Fe(OH)s, some cements and strong
adsorption humus groups that will block the pore channels and absorb the ions or tailings in water to form a
larger group that accumulating in porous media and drain mouths will result in poor seepage and affect its
permeability; The chemical clogging can reduce the stability of tailing dam. Those researches of chemical
process of tailing dam will provide directions references for tailing dam security-research and the

improvement of tailing dam water-environment.

Keywords: Tailings dam, chemical clogging, tailing micro structure, stability

INTRODUCTION

Accidents with tailing dam breaching have
occurred from time to time in recent years that not
only cause enormous economic losses and
casualties, but also cause serious environmental
pollution and ecological destruction. Studying the
mechanism of tailing dam breaching and analyzing
the factors influencing dam stability will be of great
importance to ensure that the tailing dam will be
exploited safely and stably avoiding or reducing the
occurrence of probable disasters thereby reducing
the inevitable economic losses. A tailing dam is a
structure not only storing tailings but also storing
tailing water so that water is an important and
influential factor as regards dam breach accidents
and also an important factor that renders the
geotechnical engineering problems more complex.
Chemical reactions within the tailing dam, such as
the precipitation and crystallization, produce a
range of chemical substances that can jam the
tailing dam pore channels, for instance sludge
plugging, this will influence the dam drainage
performance and reduce the safety of the tailing
dam. The researches of water-soil interaction, Qiao
Juan and Luo Xiangi [1] discussed the water effects
on dam breach and made the following conclusion:
the water effects on a dam mainly include the

* To whom all correspondence should be sent:
E-mail:wangguangjin2005@163.com

increasing downslide slope strength and reducing
slope shear strength; Liu Jifeng [2] researched the
change in the laws of slope soil cohesion and the
internal friction angle for different water contents
and the experiment showed that the internal friction
angle (o) appears to show a downward trend in the
form of an exponential function with a water
content upward trend and the cohesion appears as a
trend first to increase and then to decrease in the
form of a Gaussian function with the water content
upward; Qin Huali [3] expounded the two ways the
water acts on the dam slope and discussed the water
effect on the stability of the dam body and its action
mechanism; Xing ye [4] and Ma chixiang [5]
studied the effect of combining the water-soil
coupling interaction with an analysis of tailing dam
stability and studying the water-soil coupling
interaction of the tailing dam; Zandarina [6], Wang
Feiyue [7], Yan Qiong [8] and Hu Jingyou [9]
studied the seepage and stress fields of mine
granular material and built an equation and
calculation model considering tailing dam fluid-
solid coupling at different conditions; Zhen
Xunzhen [10] built a dam deformation model
considering the chemistry, seepage and stress fields
coupling and studied in depth the nonlinear
compressibility-permeability mathematical model
of dam deformation; Feng Xiating [11] built the
convection-diffusion-reaction model considering
the water-rock system based on the chemical
Kinetics theory, the solute transport theory and

228 © 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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applied porosity to quantitatively describe the rock
microstructure changes caused by the water-rock
interaction; Zhang Xingui [12], from the chemical
perspective, analyzed the chemical reactions
following the water-soil interaction and analyzed
the changes in the soil microstructure; Van Gulck
[13] studied the mechanism of chemical and
biological clogging in the dam porous media
through researching the testing column; Rowe and
Mclsaac [14] researched the debris-sand clogging
phenomenon with solution permeating testing
columns.

At present, many researches on stability of
tailing dam mainly focus on the dam seepage and
the water-soil physical interaction, but researches
on water-soil chemical interaction are relatively
fewer, So this article analyze the chemical reactions
process at the condition of tailing dam specific
water-environment, further discussing the clogging
mechanism, the main clogging materials and the
interactions between sludge plugging and seepage.
Researches of chemical process in a dam not only
provide directions for tailing dam security-research,
but also provide references for improving the
tailing dam water-environment and analyzing the
chemical action effects on the tailing microscopic
structure and the tailing dam stability. Researches
of chemical process in a dam not only provide
directions for tailing dam security-research, but also
provide references for improving the tailing dam
water-environment.

RESEARCH AND ANALYSIS ON CHEMICAL
CLOGGING MECHANISM

Studying the tailing dam clogging problems, the
key is to reveal the conditions, material sources and
chemical reaction process of chemical clogging.
With the aid of this research, we first collect
relevant chemical data about tailing dam and other
dam buildings, then forecast the contingent
chemical clogging problems, thus providing a
theoretical basis for the prevention and control of
the engineering problems. Table 1 and table 2 list
the main chemical composites of copper-lead-zinc
ore tailings and tailing water (PH=9.5-10.3) .

Table 1. Main chemical composites of original
tailing (% -mass percentage).

Sample 1 (original tailing)

Element Mg Al Si S K Ca Mn Fe Cu Zn
Content 0.20 9.40 30.4 1.43 3.34 0.27 0.24 3.61 0.01 0.19

Sample 2 (original tailing)
Element Mg Al Si S K Ca Mn Fe Cu Zn
Content 0.31 7.30 29.3 1.27 4.12 0.18 0.30 4.17 0.03 0.16

Table 2. Main chemical composites of tailing water
(mg/L).

Sample 1 (tailing water)
lon  Fe® Mg? SO COs> Cl- Ca®* Na* AP* K* Zn?

Con-
tent

0.07 0.15 0.78 7.16 0.01 275 33.70.3557.50.04

Sample 2 (tailing water)
lon Fe¥* Mg? SO COs% CI* Ca** Na* AR+ K* ZPZ

Con-
tent

0.10 0.23 0.54 6.14 0.01 210 25.6 0.27 49.60.08

Table 3. Main composites of clogging matter (% -
mass percentage).

Sample 1 (tailing before clogging)

Ele-
ment

Con-
tent

Mg Al Si S K Ca Mn Fe Cu Zn

0.25 153 27.61.32 3.32 10.13 0.34 4.76 0.01 0.11

Sample 2 (tailing before clogging)

Ele-

memMg Al Si S

K Ca Mn Fe Cu Zn

(igr:]t- 0.312.70 25.2 0.96 3.5612.85 0.27 5.35 0.04 0.13

From table 1 above, the main chemical
composites of copper-lead-zinc ore tailings are Fe,
Al, Si, Mg, K, S, but the Cu and Zn are less; Table
2 shows that the main chemical composites of
tailing water are Ca%, K*, Na*, COs> with a
relatively smaller content of Mg?, SO.*, CI.
Analyzing the clogging substances, the main
composites are listed in table 3.

From table 3, it is apparent that the matter
containing Fe is more and accounts for almost all of
the entire matter clogging. Meanwhile we must
combine with the analysis of the XRD spectra of
the clogging matters. In XRD, in order to confirm
the existence of a material, we need to view
whether the analysis line and the peak center of
XRD line is closer, if closer, we will think the
material existing. Combine with figure 1, the
analysis line of Fe(OH); is much closer with the
peak center of XRD line, so we can determine that
the main clogging material is Fe(OH)s.

Both of Figure 2 and Figure 3 are the pictures of
tailing SEM scans and reflect the characteristics of
tailing surface. Figure 2 reflects the attached
particles on tailing surface, such as sand, silt, clay.
Figure 3 reflects the changes of tailing surface
characteristics before and after chemical clogging.
Before chemical clogging, the tailing surface is
smooth and its attachments are less, but after
chemical clogging, the tailing surface presents
clustered structure and becomes more rough.
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Fig. 2. Tailings SEM scans
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Fig. 1. XRD spectra of clogging matter.

(c) clay particles
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Fig. 3. The microscopic surface of tailing: a)

Common tailings; b) Tailings of chemical clogging.
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By detecting copper-lead-zinc ore in tailing dam,
it was found that the dam is in a good reducing
condition so that iron exists mainly in a ferrous
form. In accordance with the above analysis of the
clogging materials, we know the main component
of the clogging material is Fe(OH)s. Therefore, the
mechanism of chemical clogging within the tailing
dam is: ferrous iron in water(PH=9.5-10.3) is
constantly in contact with the air and preduces a
series of reactions such as oxidation, eventually
becomes a blocking substance with Fe(OH)s as the
main clogging matter. The clogging substances
accumulate in porous media and drain mouths that
will result in poor seepage and affect its
permeability.

According to the above analysis of copper-lead-
zinc ore chemical clogging substance and the
wholesome clogging process, the main chemical
processes occur in the molybdenum mine tailing
dam:

4Fe?*+0,+2H,0=4Fe**+40H;

Fe3*+3H,0=Fe(OH);|+3H";

Fe2*+20H=Fe(OH).|

Fe(OH),+0,+H,0=Fe(OH)3|

4Fe(HCO3),+0,+2H,0=4F¢(OH)3| +CO-;

2FeS,+4H,0+7.50,=Fe;05(s)+4S0,>+8H".

Over time, Fe(OH);s is also changed:

2Fe(OH)3—Fe 03+3H:0;

In addition to Fe, the tailing water also contains
Ca, Cu, Mg and other elements that are in a free
state in the dam, when contacting the oxidizing
environment, these will generate insoluble
materials; condensation cements manufactured by
OH" ions and certain metal cations not only
embodying the tailing particles, but also adsorbing
other ions in solution that is an important reason for
chemical clogging.

C8.2++2HCOs'—>CaC03l+C02+H20;

2Cu?*+0p+4e—2CuO(s);

2Mg+0,+4e—2MgO(s).

In addition the above main chemical reactions,
since the tailing dam site are found near mountains,
and the tailing water has chemical properties, so
some animals and plants die under a cover of
tailings, over time, these decomposed and form
humus. Humus has a strong chelating effect and can
combine organic substances in water by means of
Van der waals force, the electrostatic interaction
and hydrogen bonding interaction between metal
ions and the ion bridge bond, when the water-
environment is close to PH=9-10, the plant auxin
can combine with humus by the bridge bond roles
of some transition metal ions or some common
metal ions (Ca?*). The humus in the tailing dam can
also combine with clay minerals by Fe* and Ca?".
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Fulvic acid, the main component of humus, can
combine with metal ions and organic matter in a
dam by physical and chemical action and form
groups with stronger adsorption ability. The whole
process of dam chemical clogging can be expressed

in the following figure 4:
%/‘/ ey
///

§\

Legend: 7] Tailings [/77 Clogging matters

Fig. 4. Porosity changes over time.

From Figure 4 above, with tailings increasing,
the chemical matter in the dam is replenished
constantly so the chemical reactions taking place
will be an ongoing process. The ongoing chemical
reactions produce more chemical clogging matter,
from the micro structure and the dam pore channels
get narrower. Based on the above analysis, the
chemical clogging substances mainly include
Fe(OH)s, some cements and strong adsorption
humus groups that will jam the pore channels and
absorb the ions or tailings in water to form a larger
group. Tiny particles are the main product as a
result of the physical clogging, since the chemical
clogging makes the pore channels narrower, the
original tiny particles can no longer cross the same
channels and the long-term accumulation of fine
materials will reduce the dam permeability.

ANALYSIS OF DAM STABILITY

Chemical clogging substances block pore
channels by attachment and settlement so that
increases the solution flow resistance in porous
media and reduces the material migration ability in
dam porous media, in addition, it can also change
the micro structure of the tailings.

Influence of chemical clogging on the permeability

coefficient
According to Darcy the empirical formula [15]:
Q:kiAt:k%At )
QL
- <= 2
HAt @)

L -water permeation through the thickness of the
soil; Q -seepage flow; t -seepage time; H -the upper
and lower water surface height difference; A- the
cross sectional area; k -the permeability coefficient.

Chemical clogging causes the resistance of the
tailings water flow in the porous medium to
increase resulting in a reduction of the seepage flow
Q per unit time, with the seepage time increasing,
according to the formula (2), the permeability
coefficient k shows a trend to decline in the case of
chemical clogging.

Influence of chemical clogging on volume-weight

Because the chemical clogging jams the inner
pore channels of the tailing dam, it results in a
decrease of the material migration ability in the
pore channel and leads to the pore channel within
tail ore per unit volume being blocked by the
materials that do not migrate in time, causing an
increase in the tail ore density per unit volume. In
accordance with the above formula, we can come to
the conclusion that the tail ore density gamma
increases in the case of chemical clogging.

The expression for the formula of the gravity
density is:

7 =p9 3)
p -Soil density; g -Soil gravity acceleration

Influence of chemical clogging on the cohesion and
internal friction angle

According to the soil test'®, the soil shear
strength is expressed as a function of the normal
total stress on the shear failure surface in Coulombs
and the following general expression is put forward
as suitable to evaluate cohesive soil:

7, =C+oflang 4
r, -shear strength; o -total stress; c¢ -soil

cohesion; # -soil internal friction angle.

By means of Coulomb's law, the indexes which
characterize the shear strength of tailing include the
tailing internal friction angle and cohesion: the
rougher the particle surface is, the higher the
density is, so the larger the soil internal friction
coefficient tang is; the cohesion between tailing
particles depends on the connectivity between the
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particles and is related to the forces between these
and the chemical reactions generated. As can be
observed from figure 3, the surface roughness of
the tailings increases after the chemical clogging,
moreover, the chemical clogging reduces the
material migration ability of the porous media, so it
also makes the density of the tailings per unit
volume increase. Finally, this may cause an
increase in the internal friction coefficient tan¢ and
the combination of both affects the tail ore shear
strength.

Influence of chemical clogging on stability of
tailing dam

At the scene retrieved tailing samples include
mainly the common tailings and the tailings at the
clogging location. The saturated infiltration
coefficient is measured by taking a constant head
permeation test. The cohesion and internal friction
angle are measured by a shear strength test. In
addition, it also includes other tests, such as:
density,  volume-weight. The  relevant  key
parameters for the molybdenum starter dam are
chosen from similar earth-rock dam survey data®’
and the parameters of the shear strength of the
saturated tailings chosen from the literature®. Other
relative parameters get from indoor soil tests. All
the needed parameters are shown in the following
table 4.

Table 4. Physical and mechanical parameters of the
tailings.

Material y(KN/m®)  c(kPa) o()
Initial tailing dam 24.6 28.18 36.3
Medium tailing 26.4 13.9 31.3
Clogging matter 26.9 15.1 25.2
Fine tailing 26.7 0.64 19.5
Silty tailing 27.6 0.32 14.3

v -Unit weight; ¢ -Cohesion; ¢ -Internal friction angle.

Table 5. Stability coefficient of the tailing dam

State  Ordinary  Bishop  Janbu
Bc 1.181 1.357 1.216

Ac 1.047 1.057 1.047
Note: Bc -before clogging; Ac -after clogging

The stability of a tailing dam before and after
chemical clogging is analyzed by slide5.0 and the
whole tailing dam model is divided into four
different materials: starter dam, medium tailing,
fine tailing, silty tailing (from left to right) as
illustrated in figure 5.
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Fig. 5. Calculation section of tailing dam stability.

Clogging occurs mainly in the model
corresponding to the position of medium tailing.
When analyzing the stability of a tailing dam in the
case of chemical clogging, the parameters of
medium tailing were replaced by the parameters of
clogging materials. The results after analyzing the
dam stability are listed in table 5. From table 5, we
can study, regardless of the ordinary method, the
Bishop simplified method or Janbu simplified
method, that the stability coefficient after clogging
is smaller than before clogging and also it shows
that the chemical clogging can influence the safety
and stability of the tailing dam and the trend to
reduce the direction.

In fact, chemical clogging occurs in a part of
medium tailing area so the actual safety coefficient
is higher than for the model, but it is still lower than
in the case of chemical clogging.

CONCLUSION

Through the indoor soil test and mathematical
model analysis, we study:

(1) Ferrous iron in water(PH=9.5-10.3) is
constantly in contact with the air and produces a
series of reactions such as oxidation, eventually
becomes a blocking substance with Fe(OH); as the
main clogging component.

(2) The chemical clogging substances mainly
include Fe(OH);, some cements and strong
adsorption humus groups that will jam the pore
channels and absorb the ions or tailings in water to
form a larger group that accumulate in porous
media and drain mouths will result in poor seepage
and affect its permeability.

(3) The surface roughness of the tailings
increases after the chemical clogging, moreover,
the chemical clogging reduces the material
migration ability of the porous media, so it also
makes the density of the tailings per unit volume
increase. Finally, this may cause an increase in the
internal friction coefficient.

(4) The chemical clogging can reduce the
stability of tailing dam.

(5) Complex chemical environment is the
precondition of the chemical clogging, so
strengthening monitor on the water environment of
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tailing dam will contribute to the study on the
stability of tailing dam.
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R. Rodriguez,

AHAJIN3 HA BIIMAHUETO HA XUMHWUYECKOTO 3A/IPbCTBAHE 1 ITIPOCMYKBAHE
BBbPXY CTABMJIHOCTTA HA XBOCTOXPAHUJIMIIIATA

I'. Yaurt?, U. Tao?, U. Tanr!

YUncmumym no zeomexanuxa, Kumaiicka axademus na naykume, 430071 Vxan, Kumaii
2Vuueepcumem 3a nayka u mexronozuu 6 Kyuvunz, 650093 Kymuune, Kumaii

Ioctemmna Ha 9 maprt, 2016 r.; kopurupana Ha 7 HoemBpH, 2016 T.
(Pesrome)

YcTrolunBOCTTa Ha CTEHWTE HA XBOCTOXPAHWIMINATA MMa MHOTO Ba)KHO 3HAYCHHE 32 OKOJIHATa cpela, |OBEIIKHUs
XKHMBOT ¥ CUTYPHOCT. XMMHYHHUTE NPOIECH B XBOCTOXPAHHIMIIETO, KATO yTasBaHE M KPHUCTAIU3aIUs MPOU3BEKAAT
MHOTO XUMHYHHM BEIIECTBA, KOUTO MOTAT J1a 3aIlylIaT MOPUTE Ha KaHanuTe (T.e. 3aapbcTBane ¢ TuHs). Ilo To3u HaunH
ce BIMSIE Ha peXMMa Ha M3TOYBAHE HA XPAHWIWIIETO M CE 3acTpamana Oe3omacHocTTa My. B crmenmdmunara
XUIPOXMMHUYHA OOCTaHOBKAa MHUKPOCTPYKTYpHTE ca BakeH (DakTop 3a 0E30macHOCTTa Ha XPAHWIHINETO, a Makpo-
SIBIICHUTA (TI01aBaHE WM CKbCBAaHE HA CTEHATA) CE OTPa3ABaT HAa MUKPO-CTPYKTypaTa. B Tasu pabora ce aHamm3upar
XUMUYHHTE e(EeKTH BBB B3aUMOAEHCTBHETO BOJA-TIOYBA, CBBp3BallaTa pojis HAa MHUKPOCTPYKTypara, Ha
B3aUMO/ICHICTBUETO BOJIA-XBOCT, KaKTO M €(EKTHTE BHPXY (M3MYHM M MEXaHWYHM MapaMeTpH, KaTo Koe(pHIMEeHTa Ha
MPOHUIIAEMOCT, 00eMHaTa IUIBTHOCT, KOXE3Us M Ip.. B pe3ynTar Ha BCHYKO TOBa ce MPaBU aHAIN3 33 CTA0OMIIHOCTTA Ha
XBOCTOXPaHHJIMIIETO.
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Material composition detection using an image segment with an improved artificial
bee colony algorithm
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In the process of material composition detection, image analysis is an inevitable problem. Multilevel thresholding
based on the OTSU method is one of the most popular image segmentation techniques. The increase of the number of
thresholds increases with the exponential increase in computing time. In order to overcome this problem, this paper
proposes an artificial bee colony algorithm with a two-level topology. This improved artificial bee colony algorithm can
quickly find the suitable thresholds without the trap of a local optimum. The test results confirm the good performance.

Keywords: Image segment; Artificial Bee Colony; Material Composition Detection

INTRODUCTION

The target of image segmentation is to extract
meaningful objects from the image. Segmentation is
of major importance and holds an elementary place
in image processing for image interpretation. It is
useful in the discrimination of an objective from
other objects or the background.

In recent years, researchers proposed many
methods for image segmentation. Among the
existing segmentation techniques, multilevel
threshold is a simple but effective tool to isolate the
objects of interest from the background, which
requires multiple threshold values to achieve
segmentation [1]. Several such methods have
originally been developed for bi-level thresholds and
later extended to multilevel thresholds as described
in [2]. However, all of these methods have a
common problem, that the computational
complexity rises exponentially when extended to
multilevel thresholds due to the exhaustive search
employed, which limits the multilevel threshold
applications.

Recently, to address this issue, several swarm
intelligence (SI) algorithms such as powerful
optimization tools have been introduced to the field
of image segmentation owing to their predominant
abilities of coping with complex nonlinear
optimizations [3]. Among them, the artificial bee
colony algorithm (ABC) is one of the most popular
members of the SI family, which simulates the social
foraging behavior of a honeybee swarm [4]. Due to
its simple arithmetic and good robustness, the ABC
algorithm has been widely used in solving many
numerical ~ optimizations and  engineering

optimization problems. However, when solving
complex multimodal problems, the ABC algorithm
suffers from the following drawbacks: (1) It is easily
trapped into a local minimum in early generation,
which leads to a low population diversity in
successive generations. (2) With the dimension
increasing, the information exchange of each
individual is limited to a random dimension,
resulting in a slow convergence rate. (3) Due to the
random selection of the neighbor bee and
dimensions, food sources with higher fitness are not
utilized, which influences the global search ability.

In this paper, we propose an improved artificial
bee colony algorithm with a two-level topology
controlling the information exchange. The
experimental results confirm its’ good performance.

The rest of the paper is organized as follows. In
Section 2 the proposed hierarchical artificial bee
colony is presented. Section 3 presents the
experimental studies of the improved artificial bee
colony algorithm and the other algorithms with
descriptions of the involved benchmark functions,
experimental settings and experimental results. Its
application in image segmentation has been
presented in Section 4. Finally, Section 5 outlines the
conclusion.

IMPROVED ARTIFICIAL BEE COLONY
ALGORITHM

Canonical artificial bee colony algorithm

The artificial bee colony (ABC) algorithm,
proposed by Karaboga in 2005 [4] and further
developed by Basturk and Akay et al. [5, 6] for
real-parameter  optimization, simulates the
intelligent foraging behavior of a honeybee swarm,

as one of the most recently introduced swarm-based
optimization techniques.
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The entire bee-colony contains three groups of
bees: employees, onlookers and scouts. The
employee bees explore the specific food sources;
meanwhile passing the food information to the
onlooker bees. The number of employee bees is
equal to the number of food sources, in other words,
each food source is owned by only one bee
employee. Then the onlooker bees choose the good
food sources based on the information received and
then further exploit the food near their selected food
source. The food source with a higher quality would
have a greater opportunity of being selected by the
onlookers. There is a control parameter called
“limit” in the canonical ABC algorithm. If a food
source is not further improved when the limit is
exceeded, it is assumed to be abandoned by its
employee bee and the employee bee associated with
that food source becomes a scout beginning to
randomly search for a new food source.

Hierarchical Artificial Bee Colony Algorithm with a
Two-level Topology (HABC)

In our model, cooperation occurred at two levels,
the species level (interaction between the species)
and the individual level (interaction within the
species). Two hierarchical interaction topologies
have been employed in this paper to realize this
two-level cooperative mechanism. The first
topology (namely the 2-level star topology, is shown
in Fig. 1(a)), each individual is influenced by the
performance of its own species and all the other
species in the ecosystem. In the second topology
(namely the 2-level ring topology, as shown in Fig.
1(b)), each individual is influenced only by n closest
neighbors from its own species and the other n
species from the ecosystem.

The main steps of the proposed algorithm are
summarized as follows: In accordance with the
constraints and dimensions of the search problems,
the stochastically generated M species and each
species owns N individuals with D dimensions.
According to the selected topological structure,
determine the neighbor individuals of each
individual in its own species and the neighbor
species of its own species for later information
communication. The flow of the proposed artificial
bee colony algorithm is shown in Fig. 2.

EXPERIMENTAL STUDY

In this experiment, we compared four variant
versions of the Hierarchical Artificial Bee Colony
Algorithm with a Two-level Topology and a
canonical ABC algorithm.

Table 1 shows the basic statistical results (i.e., the
mean and standard deviations of the function values
found in 30 runs) of the 30D benchmark test
functions—griewank, rastrigin, rosenbrock and
ackley. Obviously, the canonical ABC algorithm
demonstrates the worse performance as compared to
the other four algorithms. The ABC’s variants
outperform the canonical ABC algorithm. The ABC
algorithm with the star colony and the star swarm is
comparatively good amongst these algorithms. The
results of the ABC algorithm with the ring colony
and the star swarm are also competitive. The two
variants of the ABC algorithm with the ring colony
and the ring swarm and ABC algorithm with the star
colony and the ring swarm yield nearly the same
results. This is attributed to the topological structure
of the upper level and lower level both with a star
scan to improve the convergence rate.

(b)

Fig. 1. Two-level interaction topologies: (a) Hierarchical star topological structure (b) Hierarchical ring topological

structure.
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Fig. 2.The flowchart of the proposed artificial bee colony algorithm.
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Table 1. Results for all multi-colony algorithms (ring) on benchmark functions.

Function Criteria ABC_ colony=ring  colony=star  colony= star col=ring
D=30 original swarms=star; swarms=star; swarm=ring swarm=ring
Mean  3.5273e-002 2.0072e-002  1.6706e-002  1.8036e-002  2.9307e-002
griewank Best 2.0460e-002  1.2149e-002  9.9191e-004  4.6484e-003  2.1519e-009
[-600,600] Worst  1.1344e-001  1.9317e-001  7.5833e-002  1.1030e-001  1.8270e-002
Std 2.9923e-002  3.0132e-002  6.1813e-003  5.3601e-003  2.0087e-002
Mean  2.3766e+000 1.3091e+001  1.4505e+001 1.5822e+000 7.0624e+001
rastrigin Best 7.3355e-001  2.3292e-001  2.1183e+000  3.9955e-001  4.3973e-001
[-15,15] Worst ~ 8.7333e+000  6.9749e+000  2.4977e+001  7.1948e+000  1.5009e+001
Std 2.2283e+000 2.3365e+000  6.1069e+000 2.1939e+000  3.8349e+000
Mean  5.5504e+001 8.0374e+001 2.3365e+001  1.2928e+001  4.5391e+001
rosenbrock Best  1.0025e+001 1.5002e+001 5.1353e+000 1.8746e+000 1.0252e+001
[-15,15] Worst ~ 7.5467e+001  1.7651e+002  3.4417e+001 1.9675e+001 6.7366e+001
Std 2.0495e+001 1.1712e+002 1.1957e+001  1.0906e+001  2.5445e+001
Mean  4.6581e-002  3.1423e-001  1.4241e-002  9.0066e-001  3.0116e+000
ackley Best 5.3002e-003  5.8978e-002  2.0973e-003  4.3395e-002  9.3130e-001
[-32.768,32.768]  Worst  9.2545e-002  4.2501e-001  8.3362e-002  3.2369e+000  9.6034e+000
Std 4.2248e-002  1.7765e-001  3.4167e-002  8.1111e-001  2.1700e+000
Table 2. Objective values and thresholds by the Otsu method.
M-1=2 M-1=3 M-1=4
Image Objective Optimal Objective Optimal Objective Optimal
values thresholds values thresholds values thresholds
avion 3.4445E4 108,167 3.4583E4 92,146,192 3.4543E4  83,130,174,206
house 2.8486E4 106,178 2.8623E4 86,138,182 2.8576E4  72,116,155,184
lena 1.7784E4 95,156, 1.7764E4 812,129,173 1.7834E4  76,111,143,183
Mean CPU time  1.4427 61.421 2644.543

Multilevel threshold for image segmentation

The Otsu multi-threshold entropy measure [7]

Maximize f (t) = w,w, (U, —u,)* (2)

proposed by Otsu has been popularly employed to
determine whether the optimum threshold method
can provide image segmentation with satisfactory
results. Here, it is used as an objective function for
the involved algorithms and its process can be
described as follows:

Let the gray levels of a given image range over [0,
L-1] and h(i) denote the occurrence of gray-level i.

Let

LN

N =X h(i), P)=h(i)/ N for 0<i<L-1 ()

i=0

o(t) =W, x o, +W, X0} +..W, X0 (3)

-

1
4 :Z(i_uo)sz I Wy

i=0

L-1 L-1
S =Y (i—-u)*xP/w 5=> (i-u)*xP/w
i=t i=0
L-1 L=1
w=» Bu=)ixP/w
i=0 i=0
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Expand this logic to a multi-level threshold
(1) =Wy x 5,2 + W, X 5,7 + W, X5,% + .o+ W, X 5,2
where N is the number of thresholds. The above
function is used as the objective function to be
optimized (minimized).

The experimental evaluations for segmentation
performance by HABC are carried out on a wide
variety of image data sets. These data sets involve a
set of popular tested images used in previous studies,
namely avion.ppm, house.ppm, and lena.ppm [8].
Table 2 presents the fitness function values, mean
computation time and corresponding optimum
thresholds (with M-1 = 2, 3, 4) obtained by Otsu.
Due to that when M-1>4 the consumption of CPU
time is too long to bear, the correlative values are not
listed in our experiment. It is noteworthy that the
term CPU time is also an important issue in the
real-time applications.

As can be seen form Table 3, the proposed
algorithm with the ring colony and the ring swarm
generally perform close to the Otsu method in terms
of the fitness value when M-1=2,3,4, whereas the
performance of the improved ABC on the time
complexity is significantly superior to its
counterpart Otsu. In other words, the proposed
algorithm consumes less computing time than the
traditional one. This is mainly due to the fact that the
crossover-based social learning strategy used in the
proposed algorithm has a faster convergence speed.
Furthermore, the HABC-based algorithm in most
cases achieves the best performance among the
population-based methods. This can be explained by
the HABC two-level ring topology and high
convergence rate.

CONCLUSION

In this paper, we propose a novel hierarchical
artificial bee colony algorithm with a two-level
topology to improve the performance of solving
complex problems. The concept and main idea
extends the single artificial bee colony algorithm to
the hierarchical and cooperative mode by combining
the multi-population cooperative co-evolution
approach. The proposed algorithm is applied to
solve image segmentation. The experimental results
show that the proposed algorithm performs well to
segment images for material composition detection.
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(Pesrome)

Anamn3bpT Ha 06pa31/1 e HeusbexeH np06neM npu pa3sKpuBaHETO Ha CTPOCKAa Ha MaTepualiu. EL[I/IH oT
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Jla HaMCpPpHU NOAXOAAIIUA 6p017[ nparose, nmo4Tu 0e3 rnonaaaHe B JIOKAJICH ONITUMYM.
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The high nickel steel friction stir welding process of microstructure construction was studied, analyzing the
influence of the stability of austenite on the tensile properties of materials. The results show that the austenite grains in
the stir zone are more refined and the dislocation accumulation is due more to the rotation speed of the stirring head.
During the welding process, the austenite structure of the mixing area is more stable, which improves the strength and
elongation of the joint. Therefore, the stability of the retained austenite can be improved and the friction stir welding is

an effective method to improve the strength of building materials.

Keywords: friction stir welding, high nickel steel, building materials, austenite

INTRODUCTION

Friction stir welding is a solid state welding
technology (FSW), the research and development
of the mixing head and the technical conditions
promote the application of friction stir welding.
During the process of friction stir welding, the
material is experiences plastic flow and friction
heat is produced, thus friction stir welding can be
regarded as a thermo mechanical process, similar to
the hot rolling of steel [1]. The thermal mechanical
process is accompanied by phase transformation.
Therefore, the phase transformation can be
controlled by controlling the conditions of friction
stir welding, which can improve the mechanical
properties of the welding parts. Studies were done
of the rotating head speed, welding process and
microstructure of the phase change process
parameters, welding speed and so on. But the
stability mechanism and its influence on the tensile
properties of the retained austenite during friction
stir welding have not been fully elucidated [2].

Because of its high mechanical strength, good
corrosion resistance, low thermal expansion
coefficient and high - strength it is widely used in
construction, industry, metallurgy and other
industries. In addition, due to the martensitic
transformation temperature, the high nickel steel
(Ms) is low and the phase change process is
commonly used to study martensite. Therefore, the
high nickel steel material after welding, the
microstructure due to phase transformation and its
performance will change. The building material of
the high nickel steel microstructure changes

* To whom all correspondence should be sent:
E-mail: 1iu85142012@163.com, liulp@ncst.edu.cn

automatically mixing the friction welding process
studied allowing for an analysis of the influence of
the stability of austenite on the tensile properties of
materials.

EXPERIMENTAL METHODS

Experimental material was synthesized for
vacuum induction furnace smelting and pouring
into ingots from high nickel steel, the chemical
composition is 24 wt%Ni-0.1%C-bal.Fe. At a
temperature of 1073 K the hot rolling process
yields plate material with a thickness of 1.6 mm,
then the surface oxide is removed and we have
automatic friction stir welding as a result. The
rotational speed of the rotary head is 400 mm/min,
and the rotation speed is 200300 and 400 r/min,
respectively. The welding load range is kept within
2000-3000 kg to ensure a constant insertion depth.
The material of the stirring head is a hard alloy
steel, the diameter of the stirring shoulder is 12 mm,
the stirring needle diameter is 4 mm, the length is
1.4 mm and the stirring head dip angle is 3 degrees.
The observed direction of the microstructure is the
welding direction (WD), which is perpendicular to
the horizontal (TD) and normal (ND), as shown in
Figure 1. In order to prevent parts welding and
rotating hair oxidation, Ar is used as a protective
gas, the flow rate is 20L/min.

SR

ot Séﬁ")f"l’f"l’fén‘/'lj

S

A3

Fig. 1. Schematic diagram of friction stir welding.
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The welded samples were observed by an
optical microscope after cutting, mechanical
polishing and solution corrosion in turn. The
samples are electronic polishing at 290 K and 20 V
in a 900 ml CH3COOH + 100 ml HCIO4 mixed
solution, then with electron backscatter diffraction
(EBSD), field emission scanning electron
microscopy (FE-SEM) the microstructure and
fracture surfaces of the specimens are observed [3].
The geometry and sampling position of the three
drawing samples in the mixing area are shown in
Figure 2 and the distance between the samples is 2
mm. The sample size of the base material is the
same as that of the mixing zone and the sampling
method is the same. The tensile test at room
temperature is 0.5 mm/min. Before the test, the
sample is polished to a thickness of 1 mm, to avoid
the influence of the thickness of the test results.

50

ARSI
(Do)

wD )
€ I e 405 o
TD Unit: mm

[on 185

OM and EBSD Tensile test

Fig. 2. Geometry and sampling locations of the
tensile specimen.

EXPERIMENTAL RESULTS AND ANALYSIS
Microstructure of the base metal

The EBSD analysis in Figure 3 shows the
crystal orientation of the high nickel steel base
metal as a color map. By comparison with the aid
of the standard triangle marked as the color key,
the crystal orientation in the lateral (TD) parallel
direction are determined. In Figure 3 the BCC and
FCC phases are separated by the same position,
each color represents the BCC crystalline phase and
the FCC phase orientation, the color of the volume
fraction of the image area proportion of both the
BCC and FCC phases, the proportion of the
Analysis and automatic analysis software OIM are
given by EBSD. The microstructure of the base
metal is composed of martensite and retained
austenite. The original austenite grain size is about
30-60 um, with the length and width of the
martensite crystal about 10pum and 2-3um.

Figure 4 shows the orientation map in the same
area of the base metal. The orientation diagram of
the BCC and FCC phases in the same position is

240

given and the maximum intensity is indicated at the
bottom of the orientation map. It can be seen that
the FCC phase with a high strength are in the [011]
orientation and [111] orientation. In addition, it can
be observed that the relationship between the
crystal degree is [011]//[111], that is, the K-S

(Kurdjumov-Sachs) relationship [4].
m
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Fig. 3. Diagram orientation of high nickel steel (a)
BCC (b) FCC

Base metal
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lax=18.6

Inyx=10.4

Fig. 4. The diffraction pattern of grain orientation in
the same area of the base material.

The joint microstructure

The welding speed is 400 mm/min and the
rotation speed is 200, 300 and 400r/min
respectively. The friction welding is carried out on
high nickel steel and the welding direction is
respectively sampled. The optical microscope
image is shown in Figure 5. The right side of the
figure is the welding direction (AS) and the white
dotted line shows the shape of the rotating head.
Generally the friction stir welding joints are divided
into the base material (BM), stir zone (SZ), heat
affected zone (HAZ) and heat affected zone
(TMAZ). The mixing zone is deformed under the
action of the stirring shoulder or the stirring needle,
and the recrystallization phenomenon is obvious.
The heat affected zone is affected by the frictional
heat and the grain size will obviously grow. The
heat affected zone is located in the transition zone
between the mixing zone and the heat affected zone.
But in this paper, it is difficult to determine the heat
affected zone and the heat affected zone, which
may be due to the microstructure of the welded
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specimens. A large number of black stripes were
found in the corrosion images of all the joints, and
their morphology was similar to that of the trees.
The bright corrosion area of the welded joint
obtained by rotating at a speed of 200r/min is the
biggest. With the increase of the rotating speed, the
corrosion area becomes smaller and smaller. The
EBSD diagram (Fig. 6) shows the area
corresponding to the austenite phase in the bright
corrosion area. In addition, at the speed of 300 and
400r/min in the joint, the small defects can be
observed along the cross section of the needle
(shown in Figure 5B and C in the white arrow). In
order to simplify the comparison of the welded
joints, this paper makes a further study of the most
obvious characteristics of the micro structure.

(a)

Fig. 5. oOptical microscopy: (a) 200r/min (b)
300r/min (c) 400r/min of the joints at different rotation
speeds.

m

Fig. 6. The crystallization orientation of the joint in
the mixing zone. (a,b)200r/min (c,d)300r/min (e,f)400
r/min.

Figure 6 shows the crystal orientation of 0.7 mm
at the center of the mixing zone at different rotating
speeds. According to the color the crystal
orientation can be determined in parallel to the TD.
It can be established that the fibrous tissue in the
mixing region is composed of BCC grains
(martensite) and FCC grains (retained austenite),
which is the same as that of the parent material.

However, after friction stir welding, the area of the
retained austenite was significantly increased and
the austenite grain size was obviously refined. The
austenite grain size decreases with the decrease in
the rotational speed. In addition, with the decrease
of the grain size of the austenite, the martensite
grains become smaller. The distribution of the
martensite is not uniform, which may be related to
the inhomogeneous material flow during friction
stir welding.

The orientation map of the mixing zone of the
mixing zone at different rotational speed is shown
in figure 7-9.
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Fig. 7. The orientation of the mixing zone of the
200r/min joint with a rotation speed.
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Fig. 8. The orientation of the mixing zone of the
300r/min joint with a rotation speed.
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Fig. 9. The orientation of the mixing zone of the
400r/min joint with a rotation speed.

The Figure with a triangle and diamond indicate

a strong accumulation phase in the [011] and [111]
FCC orientation and the maximum intensity value
is given at the bottom of each drawing. According
to the density of [011] and [111] in the BCC phase
and FCC phase, the relationship between the crystal
phase and crystal degree can be observed, which is
[011]BCC//[111]FCC and [111]BCC//[011]FCC,
241
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that is K-S (Kurdjumov-Sachs). It is indicated that
the martensite is formed by the transformation of
austenite during the cooling of the friction stir
welding process.

Figure 10 shows the distribution of the grain
orientation difference in the parent material and the
mixing region of the FCC phase. The small angle
grain boundary (LABs) and large angle grain
boundary (HABs) of more than 15 degrees are
respectively indicated by the red and green lines in
the graph. From figure 10A we can estgablish that
the base material contains less LABs and HABSs. In
contrast, due to the refinement of the austenite, the
number of HABSs in the stir zone was significantly
increased and the LABs were also densely
distributed in the austenite grains (Fig. 10b-d). For
a guantitative analysis, the average length of the
unit area LABs is established and the correlation
data of the FCC and BCC phases are given in
Figures 11 and 12, respectively. In the figure,
VFCC and sigma (1-5) respectively, are the total
length of the FCC phase area fraction and 1-5
degrees of dislocation. It can be seen that with the
decrease in the orientation difference, the
proportion of LABs gradually increased. By
comparison of the base metal and the mixing area,
we can see that the density of LABs in the BCC
phase and FCC phase was significantly increased
after welding. The density of LABs in the BCC
phase did not show a specific correlation with the
rotational speed, but in FCC, the density of LABs
decreased gradually (FIG. 11 and 12) with the
increase of the rotational speed. The density of
LABs was higher in the FCC phase, which
indicated that the plastic deformation dislocation
accumulated in the process of friction stir welding.

Fig. 10. Grain orientation difference distribution of
the base material (a) and stir zone (B, C, d) in the FCC
phase.
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In the process of friction stir welding, the
microstructure of austenite has two changes: grain
refinement and LABs increase (FIG. 10). The grain
refinement can be realized by recrystallization in
the welding process and can be accelerated by the
plastic deformation under the high strain rate
condition. These two changes should make the
austenite tend to be stable, which significantly
affects the martensite transformation.
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Fig. 11. FCC phase of parent material (a) and stir
zone (B, C, d) the proportion of specific bits of the angle
histogram.
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Fig. 12. BCC phase of parent material (a) and stir
zone (B, C, d) the proportion of specific bits of the angle
histogram.

Tensile properties

Stress - strain curves obtained from 200, 300
and 400 r/min samples obtained by a tensile test at
room temperature, respectively. Figure 14 and table
1 provide the ultimate tensile strength of each
specimen measured (UTS o max), yield strength
(YS: y) and elongation (Ef). It can be seen that the
parent material has experienced high work
hardening and fracture at a low elongation rate. In
general, with the increase of the tensile strength, the
elongation of grain refinement in the process of
welding is gradually reduced. However, this paper
studies the limit of tensile strength and elongation
at the same time, as shown in Figure 13.

The stress-strain curve in the concave stir zone
shows that the work hardening rate (D /d sigma
epsilon) gradually increased. The stress-strain curve
of the metastable austenitic stainless steel which
has the phenomenon of phase transformation
induced plasticity (TRIP) is very similar to that of
B1. Therefore, the tensile property of the stir zone is
enhanced and the phase transformation induced
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plasticity is shown in the residual austenite of the
friction stir welding.
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Fig. 13. Stress - strain curves of the samples of the
parent material and the mixing zone.
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Fig. 14. The tensile properties of the base metal and
the mixing zone.

Table 1. Tensile properties of the base metal and the
mixing zone.

Ultimate vield elongati

tensile stength " &

strength ,MF?’a break

IMPa 1%
BM 798t24  336:20  56£L.1
SZ(ZS)O” M 1283474 39035  29.0+38
32(32)0” M 1270450  308+22  21.1+17
SZ(4r(1))Or/m| 1192+88 31535 15.9+2.8

Figure 15 shows the SEM images of the center
of the fracture surface of the base metal and the
room temperature tensile specimen of the mixing
zone. It can be seen that the fracture surface of the
base material is flat and smooth (Fig. 15a), which
shows that it is shear fractured. The fracture surface
of the mixing zone is a ductile surface with a small
pit (Fig. 15b-d), so it is a ductile fracture. This
change is caused by the phase change of the
fracture site. It is showed that the friction stir
welding not only increases the strength and
elongation, but also changes the fracture mode.

400 rpm

Fig. 15. Fracture surface of a and D (c) in room
temperature tensile test specimens.

CONCLUSIONS

In this paper, the microstructure and tensile
properties of high nickel steel were studied by
automatic friction stir welding. Due to the plastic
deformation of the material during the welding
process the austenite in the mixing area is more
stable. With the reduction of the rotational speed of
the mixing head, the austenite grains in the stir zone
are more refined and the dislocation accumulation
is more significant. During the welding process, the
stability of the austenite structure in the stir zone
increases the strength and elongation of the joint
due to the phase transformation induced plasticity.
These results show that the stability of the retained
austenite can be improved and the friction stir
welding is an effective method to improve the
strength of the material.
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E®EKT HA TBBPIO-®ASHOTO 3ABAPIBAHE BbPXY OBPASYBAHETO HA
MUKPOCTPYKTYPATA 11 CBOUCTBATA HA BUCKO-KAYECTBEHA HUKEJIOBA
CTOMAHA
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IMocrbnuna Ha 16 mapt, 2016 r.; kopurupana Ha 12 asryct, 2016 .
(Pesrome)

WzcnenBan e mporechT Ha TBBPAO-(Pa3HO 3aBapsBaHE BBHPXY MHUKPOCTPYKTypaTa Ha HHUKEIIOBA CTOMaHa H €
aHAJM3UPAHO BIUSHUETO HA ayCTCHHWTA BBPXY YCYKBAIIUTE CBOICTBAa Ha MaTepuana. Pe3ynTatuTe moka3BaT, 3bpHATa
ayCTCHHUT B 30HATA Ha 3aBapkKara ca mo-(UHW,a HATPYIBAHETO Ha JUCIOKAIMH CE IBJDKH HA MMOBEUYE Ha CKOPOCTTA HA
BBPTEHE Ha 3aBapsBamaTa riaaBa. CTpyKTypara Ha ayCTEHUTA € MMO-CTaOWIIHA 10 BpeMe Ha 3aBapbUHHUs IPOIEC, KOCTO
moIo0psiBa 3IpaBHHATA M YABDKABAHETO Ha OoOpa3era. 3aToBa CTAOMIHOCTTA Ha 3alla3cHUs ayCTCHUT MOXE Ja ce
moo0pu, a TBHPIO-(ha3HOTO 3aBpsiBaHE Aa Oble CPEKTHBEH METOI 3a MOJO0OpSBAaHE Ha SKOCTTA HA CTPOUTCIHHUTE
MaTepHany.
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Study on the nonisothermal crystallization behaviorof polyvinyl
alcohol/montmorillonite composite by DSC analysis
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Polyvinyl alcohol (PVA)/montmorillonite (MMT) composite films were prepared by a solution-casting technique.
The nonisothermal crystallization behavior of PVA and PVA/MMT composite have been investigated by differential
scanning calorimetry (DSC). It has been found that the uniformly dispersed MMT in the matrix have a great influence
on the crystallization behavior of PVA. The Jeziorny method has been employed to analyze the DSC data. The results
show that the Jeziorny method can describe this system very well. Comparing with the PVA, the PVA//MMT composite
has a higher crystallinity X;, shorter semicrystallization time ty» and higher crystallization rate constant Z.. It can be
concluded that MMT acted as an effective nucleating agent and had an effect on the growth of crystallites in the

crystallization process of the PVAmatrix.

Keywords:polyvinyl alcohol; Montmorillonite; crystallization behavior; DSC analysis

INTRODUCTION

It is well known that montmorillonite(MMT), a
kind of inexpensive natural layered silicate, has
been widely used to prepare polymer/layered
silicate  nanocomposites[1-2]. These composites
have excellent overall properties and a low gas
permeability. Major preparation methods of the
polymer  nanocomposites include in  situ
polymerization and the direct blending method
(including polymer melt, solution and emulsion
blending). In recent years, more and more
researchers are interested in direct blending because
it is the most direct, most costefficient method and
is benign for the environment [3-6].

As we know, polyvinyl alcohol (PVA) can
dissolve in hot water and there are many hydroxyls
existing on its molecular chains. So, it is possible
that MMT may be dispersed into the material and
has good adhesion to the PVA matrix by simple
blending. Furthermore, PVA is a semicrystalline
polymer in which high physical interaction exists
between the polymer chains, due to hydrogen
bonding between the hydroxyl groups.

MMT may affect both the crystallinity and the
physical network of PVA, causing variations in
both the thermodynamic and kinetic characteristics
of crystallization. But studies of the effects of
MMT on the crystallization of PVA have not been
reported.

* To whom all correspondence should be sent:
E-mail:msongjun@163.com

In this work, PVA/MMT composite films have
been prepared by the solution-casting method. The
nonisothermal crystallization behavior of the PVA
matrix have been investigated by differential
scanning  calorimetry(DSC)  analysis.  The
nucleation function of MMT has been observed for
the crystallization process of the polymer matrix.

EXPERIMENTAL
Materials

The Polyvinyl alcohol, supplied by Chang Chun
Petrochemical Co. Ltd. was 99.5% hydrolyzed. The
MMT was provided by the Aldrich Corporation
and the organics treated by octadecylamine before
use.

Sample Preparation

PVA grains were fully dissolved in deionized
water by stirring at 95°C. MMT solution was added,
this was dispersed in water for about 30 min in an
ultrasonic bath at 90°C. The MMT content of PVA
was in wt%. The blend was uniformly mixed by
strong stiring and placed in an oven for solvent
evaporation at 70°C for about 24 h. Then, the blend
solution was ready for film preparation.

The PVA/IMMT composite films were obtained
by casting the blend solution on glass substrates
and drying in an oven at 70°C for 24h and then all
the samples were dried for 8h at 70 °C under a
vacuum. After being fully dried, the films were
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peeled off from those glass substrates, the thickness
of the obtained films was in the range 0.05-0.1pm.

Sample Characterization

The melting and crystallization behavior of the
PVA/MMT film samples were determined with a
Netzsch DSC 200 (Germany) equipped with a
cooling system in a nitrogen atmosphere. The
instrument was calibrated for temperature and heat
enthalpy with pure indium as the standard medium.
About 2-5 mg of the sample was sealed in an
aluminum pan, heated from room temperature to
230°C at a heating rate of 20 °C/min and held at
that temperature for 5 min to eliminate the thermal
history. The nonisothermal crystallization process
was recorded at a cooling rate of 5°C/min,
10°C/min, 20°C/min and 40°C/min respectively
from 230°C to 30°C. The endothermic and
exothermic flows were recorded as a function of
temperature. The pure PVA sample was treated by
the same method for comparison.

RESULTS AND DISCUSSION

DSC analysis is one of the most convenient and
accurate techniques for determining the crystallinity
of polymers[7-9]. Considering the crystalline
essence of PVA, we can safely say that the change
of crystallization and melting behaviors of PVA
will take place due to the introduction of MMT and
the alteration of the interface properties between
them, which will affect the final properties of the
composite. Owing to the melting point of MMT
being much higher than 1400°C, whatever
measurements were made by DSC show the
properties of the PVA matrix only.

Figure 1 shows the DSC curves of the
nonisothermal crystallization of pure PVA and the
PVA/IMMT composite at the cooling rates
of °C/min, 10°C/min, 20°C/min and 40°C/min. The
onset temperature (To) and the peak temperature (Tp)
are listed in Table 1.

It can be seen that with the increase of the
cooling rate, the crystallization peaks of the PVA
and PVA/MMT composite shift from a high to a
low temperature and the peak shapes become wide.
This is mainly because the faster cooling rate can
degrade the ordered arrangement of the molecular
chain during the crystallization process, which
makes nucleation lag behind and causes an initial
crystallization delay. Finally, the crystallization
peaks move from a high to a low temperature.
Meanwhile, the faster cooling rate also leads to a
worse mobility of the molecular chain. Then the
imperfect crystals form, which results in a greater
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range of the crystallization temperature and wider
crystallization peaks.

Compared with pure PVA, the crystallization
temperature of the PVA/MMT composite is higher
at any given cooling rate. This phenomenon can be
explained by the heterogeneous nucleation effect of
the MMT particles. As we know, the homogeneous
nucleation of a material occurs spontaneously
below the melting point and requires a long time.
But the heterogeneous nuclei might be formed as
soon as the material reaches its crystallization
temperature.  Therefore, the  heterogeneous
nucleation needs less time at the same cooling
temperature.

Heat flow, mW/mg

Exo

40 °C/i

20 °C/min

10 °C/mi

5 °C/mi

80 100 120 140 160
Temperature/ °C
a

Heat flow, mW/mg

20 °C fnin

10 °C fnin

80 100 120 140 160 180
Temperature/  °C

b

Fig. 1. DSC thermograms of the nonisothermal
crystallization for (a) pure PVA and (b) PVA/MMT
composite at different cooling rates

To analyze the crystallization process even
further, we have calculated the relative crystallinity
Xiat any crystallization temperature (T) using the
following equation:

fTTO(dHC/dT)dT

(1

t Jr2(Te/dT)ar
where Ty is the onset crystallization temperature,
T, is the temperature of crystallization termination
and dHc, the enthalpy of the crystallization released
during an infinitesimal temperature change dT. In
this case, the relationship between X; and T can be
obtained from the DSC data, corresponding to the
crystallization peaks in Figure 1. Figure 2 shows
the plots of the relative crystallinity versus the
crystallization temperature for the PVA and
PVA/MMT composite at different cooling rates.
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It can be seen from Figure 2 that the
crystallization  processes of the PVA/MMT
composite are over in a shorter time than for pure
PVA. It has been known that the crystallization
process of the polymer consists of the formation of
nuclei and the growth of crystallites. Since MMT
can work as crystallization nuclei and help the
orderly distribution of PVA chains and crystal
sheets, we can safely say that this effects both the
formation of nuclei and the growth of crystallites.

10+
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><NO.4»
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b
Fig. 2. Plots of X: versustemperature for

crystallization of PVA (a)PVA/MMT (b)composite.

Many researchers use the method of DSC
analysis to study the nonisothermal crystallization
kinetics of polymers. They start from isothermal
analysis and modify it, according to the
characteristic of nonisothermal crystallization®Z,

Every method has its application area and limitation.

In this paper, we use the Jeziorny method'? to
analyze the nonisothermal crystallization kinetics of
pure PVA and PVA/MMT composite.
The crystallization process can be expressed by
the following Avrami equation:
1-X, = exp(—Z;t™) 2
where Xiis the relative crystallinity at time t; n is
the Avrami exponent related to the crystallization
dimension, mechanism of nucleation and the form
of crystal growth; and Z; is the crystallization rate
constant, which describes the nucleation and
growth of the crystallites. The logarithmic analytic
function of equation 2 is the following equation:
In[-In(1 — X;)] = InZ; + nint (3)

However, the Avrami equation indicates only
the relationship of X; and t, thus we have to convert
the measurement temperature to time in accordance
with the equation:

t=To—T)/B (4)

where t is the crystallization time; Ty is the onset

crystallization temperature; T is the crystallization
temperature at time t and £ is the cooling rate.

According to equation 4, the relationship
between the relative crystallinity Xand the
crystallization time t can be obtained as shown in
Figure 3.
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Fig. 3. Plots of X; versus time for the crystallization
of PVA (a)PVA/MMT (b) composite.

The plots of In[-In(1-X:)] versus Int for the pure
PVA and PVA/MMT composite samples are shown
in Figure 4. It is clearly seen from this figure that
In[-In(1-Xy)] and Int show good linear relationships.
The meaning is that the Jeziorny method can
successfully describe the nonisothermal
crystallization kinetics of the PVA and PVA/MMT
composite under the given cooling rates.

The values of In Z;and n were obtained from
the intercept and slope of these straight lines
respectively in accordance with equation 3. Given
the  characteristics of the  nonisothermal
crystallization process, the Avrami equation is
modified by the Jeziorny method and the constant
logZ: can be described as the following equation:

logZ. =logZ,/B ®)

where Z. is the crystallization rate constant and

p is the cooling rate. The calculated results are
listed in Table 1.
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t12 is determined by the following equation:
ti2 = (In2/Z)*/" (6)
where the half time of crystallization (ti) is the
time required to reach 50% of the final
crystallization. The values of ti, are also listed in
Tablel.
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Fig. 4. Plots of In[-In(1 - XJ)] versus Int for
crystallization of PVA (a) PVA/MMT (b)composite.

According to Table 2, To and T, of the
PVA/MMT composite was higher than that of pure
PVA, indicating that the addition of MMT can
effectively increase the crystallization rate. With
the increase in thef values, Toand T, shifted to a
lower temperature region. The reason is that a high
cooling rate can make the system become a part of
a low temperature range fast and the low
temperature can freeze the mobility of some

segments, which leads to the
crystallization.

Obviously, the ti, values of the PVA and
PVA/MMT composite decreased with the
increasing p values. Furthermore, the ti» values of
the PVA/MMT composite were smaller than those
of pure PVA under the given cooling rates, it
showed that MMT acted as an effective nucleating
agent for the PVA and it can increase the
crystallization rate of the PVA during the
nonisothermal crystallization.

The Z; andZ; values of the PVA and PVA/MMT
composite increased while n decreased with the
increase in thep values. Zi, Zc, n and AH. of the
PVA/MMT composite were higher than that of pure
PVA under the given cooling rates, which indicates
that the MMT can induce heterogeneous nucleation
with a nonisothermal tridimensional growth of the
spherulite.

growth of

CONCLUSIONS

The crystallization properties of pure PVA and
PVA/MMT composite were studied by DSC
analysis.  The  nonisothermal  crystallization
behavior of PVA/MMT composite was greatly
affected by the loading of MMT. The PVA/MMT
composite samples were found to have a shorter
semicrystallization time ti2, a higher crystallization
temperature Toand T,, and crystallization enthalpy
AH. than that of pure PVA. The nonisothermal
crystallization  kinetics of pure PVA and
PVA/MMT composite were analyzed by the
Jeziorny method. The Avrami constants n and the
crystallization rate constants Z. were compared
with the pure PVA. The results showed that the
addition of MMT may significantly affect the
nucleation and growth of PV A crystallization.

Table 1. Characteristic temperatures and kinetic parameters of nonisothermal crystallization for PVA and

PVAMMT.
B To Tp z 7 n tu2 AHc
(‘C/min) chH o (Ch ‘ c min)  (Jg)
5 16812 14601 0004 0336 308 467 -21.92
VA 10 14833 11891 0021 0680 303 333 -18.82
20 13247 10653 0151 0910 296 219  -14.37
40 12584 9455 0593 0987 274 124  -8.643
5 18722 1681 0010 0397 320 388 -2539
10 17754 1548 0051 0743 309 239  -24.62
PVAIMMT 20 17633 1350 0174 0916 298 143  -19.95
40 16114 114 0641 0989 282 084 -16.37
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N3CJIEABAHE HA HEMU3OTEPMHWYHATA KPUCTAJIM3ALIA HA KOMIIO3UTU OT
[NOJIN-BUHUJIOB AJIKOXOJI C MOHTMOPWJIOHUT YPE3 INOEPEHITMAJIHA
CKAHUPAILIA KAJIOPUMETPU (DSC)

Jlx. Conr'?, 3.-11. lan*? T. Conr®, X.-JI. YUen*"

YWyunuwe no xumus u xumuuno unxcenepcmso, Ceeepo-usmouen ynusepcumem no nempona, Jaxune 163318, Kumaii
2[Iposunyuanna 1a6opamopus XumMuuna mexuono2us na nepma u 2asa 6 Xevinyneysan, Jaxune 163318, Kumaii
$Tpenupoevuna b6asa Kanysanxy, Xebeii 075100, Kumaii
*lenapmamenm no xumuurno undicenepcmeo u Llenmuvp 3a 2panuunu u3cied6anus no GyHOAMEHMATHO U NPULONCHO
mamepuanosuanue, Hayuonanen ynusepcumem Lun Xya, Xcun-9y 30013, Taiisan

Tocrenmna Ha 25 stHyapu, 2016 r.; kopurupana na 9 cenrremspu, 2016 T.

(Pesrome)

Komrnosutau ¢unmu ot nonu-suamioB ankoxod (PVA) ¢ moutmopuionut (MMT) ca npuroTBeHu upes3 jieeHe OT
pastBop. Kpucranuzamusata B He-u30TepMuyHU ycnoBus Ha PVA u Ha komnosutute PVA/MMTe uscneaBana 4pes
mudepenmuania ckanupama kamopumerpus (DSC). YcranoBeHo e, 4ye paBHOMepHO aucneprupanust MMT B
MaTpHIlaTa MMa ToJIsIMO BITUSIHEE BbpXY Kpuctammsarmsata Ha PVA. [punoxken e Jeziorny-metona 3a anannsa va DSC-
naHHMTe. PesynraTHTe moOKasBar, ue, 4ye TO3HM METOJ OIMCAB CHCTeMara MHOro noOpe. CpaBHEHHETO IIOKa3Ba, 4e
koMno3utbT PVA/MMT wuma mo-BHCOKAa CTENEeH Ha KpUCTATHOCT copsiMo PVA, mo-KkpaTko BpeMe Ha TOJy-
KpucTanmzauus ty, ¥ mMo-BHCOKa KOHCTaHTa Ha KpucTanmm3ammsa Z.. Moxe ma ce 3axmioun, ¥¢ MMT neiictBa xato
edexrusen acted 3apocuur-oOpa3yBaml areHT W UMa BIMSHHE BbPXY PAcTea Ha KPHCTAIUTH IIPU KPUCTATIU3ALMATA C

Matpuiia ot PVA.
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When sea silt that contains more soluble salt is used for the sintering of building materials, its adverse impact is a
widespread concern. Lianyungang sea silt in Jiangsu Province is taken as an example. The changes of weight and heat,
soluble salt and chlorine content in the sintering process are studied by laboratory experiments. The results show that
the ion content of chlorine, sodium and sulfate is higher in the sea silt, the content of SO4> reaches a peak of 18%. at
500 C, less than 4%. after 1000 ‘C; the content of Na* decreases dramatically above 600 °C, but remains 0.1 %o after
1000 °C; the content of CI- decreases sharply above 600 ‘C and is almost zero at 900 ‘C. The XRF (X-ray
fluorescence diffraction) test of sintering sea silt at 1000 C shows that chlorine has disappeared and does not exists in
a crystalline and glassy ionic state; the possible mechanism of sintering sea silt is dechlorination such that sodium
chloride melts to a volatile solution at 800 °C, the sodium chloride gas reacts with the water vapor, carbon or carbon
dioxide to yield hydrogen chloride. In this study, the quantitative change of the soluble salt in the sea silt is proved by
the change of the sintering temperature. The content of the soluble salt is very low when the sintering temperature is
above 1000 °C, which can eliminate the concerns for the sintering materials of sea silt. The transfer and
transformation process of sodium chloride was revealed, which suggests that the tail gas treatment should be
strengthened in the production of sintering building materials.
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INTRODUCTION

With the rapid development of the coastal
development strategy, the sea sediment production
brought about by harbor excavation and waterway
dredging increase dramatically, which if abandoned,
will seriously affect the appearance of the city and
produce the secondary pollution problems of dust
and wet mud. More and more sea dredged mud is
dumped into the ocean and the selection of the sea
dumping site is increasingly difficult, which is a
serious impediment to the development of the port
and waterway [1]. Sea silt will also bring seawater
eutrophication and even result in blocked or even
abandoned seawater farms. Another aspect is the
ban to use sintered clay bricks and a shortage of
alternative raw materials occurs. The way to utilize
sea mud is for building materials also by using
waste, not to reduce the occupation of cultivated
land, thus protecting the environment and providing
alternative products for the construction market,
with good economic and social benefits [2].
Therefore, it is very important to study the
development and utilization of sea silt as a
resource.

The feasibility of sea silt sintering building
materials has been confirmed [3, 4]. The feasibility

* To whom correspondence should be sent.
E-mail address: ytlimd@163.com.

of sintered brick was studied by Salim W, et al. [5]
with dredged sea sludge extracted at Kuala Perlis.
That local sea silt contains the appropriate brick
materials SiO2 and AlI203. The scumming degrees
of two kinds of sea silt sintered perforated brick
with iron tailings and fly ash were studied by
Dongyan Han, et al. [6]. It was found that the iron
tailings reduce the scumming degree of the sintered
bricks and these are more suitable for the admixture.
A study of the Xiamen sea silt sintered brick has
been made by Zhou Min [7], which shows that the
scumming degree is very slight, only in the corners
and can even be neglected. The addition of fly ash
can effectively reduce the temperature of the
scumming. Andrea Mezencevova, et al. [8] have
made a study of the strength of a sintered brick
using 100% dredged silt and dredged silt adding
50% clay respectively. It was found that two kinds
of sintered brick can be used for construction. The
compressive strength of the pure sea mud brick is
8.3~11.7 MPa while the compressive strength of
sea silt with 50% clay added to the sintered brick is
up to 29.4 MPa. In addition to sintering building
materials, a very effective water purification and
adsorption material that uses the seabed sediments
and can remove heavy metals was sintered at 400°C
by Dabwan Ahmed H A, et al. [9]. In the sintering
process of sea mud, salinity is an important feature.
Many researchers worry that sodium chloride has
adverse effects including scumming [7, 10].
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Dehydration and desalination technology were used
to reduce the salt content in the sea mud [11, 12].
There is also a study showing that the salt content
during the sintering process will greatly decrease.

The physical and chemical changes of the sea
silt during sintering are presented in this paper,
including the change in weight, soluble salt and
chloride content and the transfer and transformation
mechanism of sodium chloride.

TEST MATERIALS AND METHODS
Materials

The test samples of the sea silt are taken from
Oriental Garden of Lianyungang, Jiangsu Province,
China. Its main minerals are halloysite, calcite,
magnesium chlorite, quartz, albite and glauconite.
As shown in Table 1, the characteristics of its main
chemical composition are with a slightly low
silicon content, high content of potassium, sodium
and salt. The content of SiO2 is slightly low, while
the content of AI203 is middle to high. Table 2
shows that it contains more K20 and Na20 that are
fusible as well as CaO and MgO that can reduce the
refractoriness of clay. It is similar to fusible acid
clay in chemical composition. CaCOs; will break
down at 898°C.

Test methods

The method of X-ray diffraction XRD analysis
studies the mineral composition together with
X-ray fluorescence diffraction XRF wused in
chemical composition analysis; a German Netzsch
simultaneous thermal analyzer (DSC/DTA-TG)
STA 449 F3 is used in the thermo-gravimetric
analysis; tests of the solubility of salt; the sintered
soil samples at different temperatures (including
105, 200, 300, 400, 500, 600, 700, 800, 900, 1000,
1100 °C) were respectively cooled to a room
temperature. 10 g of milled powder were weighed
and dissolved in 100 ml of deionized water, filtered
by filter paper after 48 h and the water samples

Table 1. Chemical composition of sea silt

diluted 10 times at the end.

The cations (Na', K*, Ca?, Mg?) were
registered by a Wantong ion chromatograph,
automatic sampler and cation chromatographic
column at 30 ‘C, with a flow rate of 0.9 ml/min and
an eluent of pyridine dicarboxylic acid system
while the anions (CI, SO4%, NO*) were registered
by a Wantong ion chromatograph, automatic
sampler, conductance detector and eluent generator
at 30 °C, with a current of 50 mA, a flow rate of 1.0
ml/min and an eluent of 20 mMol dilute KOH
solution.

THERMO GRAVIMETRIC ANALYSES

The thermo-gravimetric analyses curves of sea
silt are shown in Figure 1. The quality decreases
slowly before 400 °C is reached; it begins to
decrease drastically between 400-665 °C; the trend
of change begins to decrease between 665-900 C;
the quality changes rarely and remains almost
unchanged after 900 C. Heat is generally generated
in the direction of absorption. The heat absorption
is very small prior to reaching 400 C, while the
endothermic range increases gradually after 400 C.
There is a significant change in heat fluctuation at
975 C.

Possible reasons for this phenomenon are the
weakly adsorbed water and strongly bound water
separated in turn by the increase in temperature and
the heat absorption due to the gradual increase in
dehydration. At 975 C a strong endothermic
reaction occurs, the reason is that CaCOs is
possibly decomposed into CaO and CO; gas with
heat absorption. A large amount of the heat
absorption above 1000 C is related to the heat
absorption and phase transformation of the soil
when melting.

Name SiOz A|203 Fezos CaO MgO Kzo Nazo SOs
Composition o715 1735 1730 310 217 401 310 071
content/%

Note: detection limit of SO3 =30ppm.

Table 2. Physical properties of the main components of sea silt

Component Si0; AlbO; Fe)O3 CaO MgO KO Na,O CaCOsz NaSOs KjSOq
Melting point/’C 1650 2054 1565 2572 2800 770 1132 825 884 1069
Boiling point/’C 2230 2980 3414 2850 3600 1500 1275 * 1404 1689

Decomposition/C 898
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Fig. 1. Thermo-gravimetric analysis curve of sea silt.

CHANGES OF SOLUBLE SALT CONTENT

The changes of soluble salt content are shown in
Figure 2.

(a) SO4? ions are of a higher content and almost
unchanged before 400 ‘C and increase gradually to
a peak concentration of 18%o between 400-500 C,
the reason is still not clear but the decomposition of
some substance containing sulfate is suspected; it
decreases gradually after 500 °C, indicating thermal
decomposition or a chemical reaction for the
molten state of sulfate; it is below 4%. after
1000 C.

(b) Overall the content of Ca?* is low, probably
because the soluble salt of calcium is very small in
guantity especially the formation of micro soluble
calcium sulfate in the presence of a large quantity
of sulfate. The content of Ca? is basically
unchanged before reaching 400 ‘C, gradually
increasing to its peak of only 0.56%. at between
400-500 C and gradually decreasing after 500 C.
Ca?* disappear after 1000 ‘C, which indicates that
Ca®" have reacted with silicon and aluminum to
give insoluble alumino-silicate.

(c) The content of K* is the lowest and the peak
is only at 0.04%. with a fluctuation in a minimum
range before reaching 800 °C. It decreases sharply
after 800 ‘C. As shown in Table 2, the melting point
of K;O is 770 °C. After reaching that temperature,
the oxide of potassium melts with the formation of
an insoluble alumino-silicate vitreous body reacting
with silicon and aluminum.

(d) The content of Na* doesn’t change basically
before 600 ‘C, but decreases sharply above 600 C
and remains 0.1%. unchanged after 1000 °C,
showing that sodium has reacted with silicon and
aluminum to yield an insoluble alumino-silicate.

(e) The content of Mg?* is rare and the highest
percentage does not exceed 0.08%.. It fluctuates in
the minimum range before 600 °C, is reached and
decreases gradually after 600 ‘C, then the content
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becomes zero above 1000 °C, indicating that
magnesium has completely reacted with aluminum
and silicon to synthesize alumino-silicate crystals.

(f) The content of CI is relatively high. It
fluctuates within a small range of 12-14%. before
600 C are reached and begins to drastically
decrease over 600 “C and drops to almost zero after
900 °C are reached showing the transfer and
transformation ~ of  chlorine  during  the
high-temperature sintering process, which will be
further analyzed as shown below.

THE CHANGES OF CHLORINE CONTENT
AND ITS MECHANISM ANALYSIS

Changes of chlorine content

The chlorine content is higher before sintering,
but the content of chlorine decreases significantly
after sintering ¥, ultimately falling to almost zero.
In order to further study the whereabouts of
Chlorine, XRF analysis is used to test the content
for Chlorine in the sintered sea mud at 1000 ‘C and
the test results are shown in Table 3. From the table,
it is obvious that the content of chlorine is zero
after the sintering process, which indicates that the
chlorine is transferred during the sintering process.

Analysis on the change mechanism of the chlorine
content

Basic properties and thermal properties of NaCl

NaCl is soluble in water and with the increase of
temperature, the solubility will increase but the
change is not obvious. The solubility is 36.0 g at
20 ‘C. The melting point is 801 ‘C and the boiling
point is 1465 C.

The thermo-gravimetric analysis curve of
sodium chloride is shown in Figure 3. At 54 min,
the temperature is 800 ‘C, the heat absorption peaks
and the quality of sodium chloride begins to
decrease. It decreases drastically to about 900 C,
with the heat absorption peaking subsequently. This
shows that sodium chloride melts with heat over
800 ‘C and begins to volatilize above 900 C, with
a rapid reduction in quality.

Table 3. Changes of chlorine content in sea silt

The content of chlorine (%)

Names
Before After
Sample 1 2.37 0.000
Sample 2 2.78 0.000
Sample 3 2.19 0.000

* Note: the sintering temperature is 1000°C.
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Fig. 2. Changes of soluble salt content with the change of sintering temperature.

Sodium chloride transfer

Under normal temperature and pressure, NaCl
doesn’t react with water and its melting state also
does not react with water at a high temperature.
However, four substances of NaCl, the clay
components (Ai»0z-Si02-2H,0), H,O and C are
indispensable materials to prepare hydrochloric
acid and CO. or CO directly instead of C
participating in the reaction. Therefore, when the

temperature of a coal stove is higher than 800 C,
sea silt in sintering will generate complex chemical
changes and produce gaseous HCI, resulting in the
heat absorption peak at 800 C in Figure 3. The
main reactions occurring in the sintering process
are as follows [13]:

C+0, +4NaC|—tovemerate _, 59Na, O + CCl,

CC|4 + ZHZO high temperature COZ +4HC|
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high temperature.

Na,O + Al,O, - 2Si0,, —Mdhemperare.

Na,O-AlQ, - 2Si0,

This shows that the element chlorine participates
in the reaction to produce HCI gas escaping from
the product during the sea silt sintering process.
The sintering product will not be of poor quality
due to the presence of sodium chloride in the raw
materials.

DSC /(miimg)
Tempersture /1

\ t 800
t 600

t 400

Fig. 3. Thermo-gravimetric analysis curve of sodium
chloride

CONCLUSIONS

Through a series of laboratory experiments, the
following conclusions can be listed:

(1) With the increase in temperature, the free
water, weakly adsorbed water and strongly bound
water separate in turn and the heat absorption of
dehydration gradually increases. At 975 °C, a strong
endothermic reaction occurs the reason is possibly
because CaCO; is decomposed into CaO and CO;
gas with the absorption of heat. A large amount of
heat absorption above 1000 °C is related to the heat
absorption of phase transformation due to the soil
melting.

(2) The content of SO.* increases to a peak
concentration of 18%. at 500 °C, the reason is still
not clear but the decomposition of some substance
containing sulfate is suspected; it decreases
gradually after 500 °C, indicating the thermal
decomposition or chemical reaction of the molten
state of sulfate; it is below 4% after 1000 C.

(3) Calcium, sodium, magnesium and potassium
react respectively with silicon and aluminum
compounds to synthesize an alumino-silicate
vitreous body above 500 ‘C, 600°C and 800°C.

(4) Chlorine has disappeared and does not exists
in a crystalline and glassy ionic state when the
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sintering temperature is above 1000 C and the
content of soluble salt is very low, which can
eliminate the concerns of sintering materials from
sea silt.

(5) Sodium chloride melts or becomes a volatile
solution at 800 C, the gaseous chloride sodium
reacts with the water vapor, carbon or carbon
dioxide to yield hydrogen chloride as the gas
escapes.

(6) HCI gas is generated with the transfer and
transformation process of sodium chloride, which
suggests that the tail gas treatment should be
strengthened during the production of sintering
building materials.
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XNUMMWYHU I[TPOMEHU 1 MEXAHU3MU HA CUHTEPYBAHETO HA MOPCKA TUHA
M. JIn?, C. Ionr?

Yscnedosamencku nocm-00kmopceku yenmvp no Xuopasiuuno unsicenepcmeo, Yunueepcumem ,, Xoxaii “, Hanocunz
210098, Kumaii
2Yuunuwe no cmpoumento unicenepcmeo, Texnonozuuen uncmumym ,, Xyaiixaii *, Jlanyneanz 222005, Kumaii

[Toctpnuna Ha 14 suyapu, 2016 r.; kopurupana Ha 29 onu, 2016 1.
(Pesrome)

MopcKuTe HAHOCH, W3MOJ3BAHH 3a CTPOUTEIHH MaTepHald MMAarT BPEIHO Bb3JCHCTBHE BBPXY OKOJHATA Cpea.
Tunsita oT e3epoTo JIsHyHTraHr B mpoBHHIMS JKUSHICY € B3eTa Karo mpuMmep. [IpoMeHHuTe B TErIOTO, TOIUIMHATA,
ChIBPKAHUETO HA CONM W XJIOp, HAaTpuil W cyndard B Tpolleca HA CHHTEPYBAaHETO HA THHSATA Ca H3CICIBAHU
eKCTIEpUMEHTAITHO. Pe3ynTaTuTe MoKassar, 4e ChAbPKAHUETO Ha HOHHUTE HA XJIOpa, HATPHil U CYI(aTHTE € T0-BUCOKO B
THHATA, ChabpxkaHueto Ha SO42 gmoctura makcumyMm npu 18%. u 500 °C, no-manko or 4% mang 1000 °C;
chappkanneTo Ha Na* mamanssa npactuuno Haj 600°C, wo ocraBa 0.1 %o Hax 1000°C; ceaspxkanuero Ha Cl pssko
namassiea Haz 600 °C u e moutn myaa npu 900 °C. Metoast XRF (pentreHosa quiypecieHTHa Tu(paKkiys) IMoKa3Ba, e
CHHTEpyBaHaTa THHs ryon HambiHo xmopuaute mpu 1000°C u Te He ce HaMHUpAT HUTO B KPUCTAIHO, HHUTO B HOHHO
ChCTOSIHUE. BB3MOKHHUAT MEXaHM3bM HA JIEXJIOPHPAHE € CTAIMSTHETO HAa HATPUEBHS XJOPU 0 JIETIMBA CTOMMJIKA MPU
800 °C, xaro ra3000pa3HUST HATPHEB XJIOPH] pearupa C BOJHUTE MApH, BBIVICPOAA WM BBIVIEPOMHHS THOKCHUI C
MOJy4aBAHETO HA XJIOPOBOJAOPOJA. B TOBa wW3cienBaHe ce JIOKAa3BaT KOJMYECTBEHUTE MPOMEHH MPHU Pa3IHIHU
TeMmIeparypu Ha cuHtepyBaHe. ChIbPXKAHHETO HA PA3TBOPHMA COJ € HUCKO HPHU TEMIEpaTypyU HA CHHTEPYBAHE HAJl
1000 °C, koero enMMHHHUpA OIACHOCTTa 3a CHHTEPYBAHUTE MaT€pPHald OT THHSITA. YCTAHOBEHH Ca MPEHOC H
TpaHc(hopMaIus Ha HATPHUEBHUS XJIOPHI, KOETO TpeJiara OTIAEISHUTE Ta30Be OT TPETHPAHETO TPsIOBA [a Ce YCHIIH TIPH
MPOM3BOJICTBOTO HA CHHTEPYBAHU CTPOUTEHH MaTEePHAIH.
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First ethyl lactate was prepared from L-lactic acid and ethanol, with L-lactic acid the conversion rate as an index, the
effect on the reaction of the molar ratio, reaction time and amount of catalyst were studied. Then maltose ester lactate
was prepared from maltose and L-ethyl lactate, with monoester yield as an index, the effect on the reaction of the molar
ratio of maltose and L-ethyl lactate, reaction time and amount of catalyst were then studied. The features of products
such as: emulsifying and emulsion stability, oil retention were also studied. The results showed that the optimum
conditions for the preparation of ethyl lactate is the molar ratio of L-lactic acid and ethanol 2:1, a reaction time of 1h,
with the catalyst accounting for 2.5% of the lactic acid amount. The optimum conditions for the preparation of maltose
ester lactate is a molar ratio of maltose and L-ethyl lactate of 1:2, areaction time of 6h and a catalyst amount of 8%.

Keywords:Emulsifier, maltose ester lactate, L-lactic acid, maltose

INTRODUCTION

Since China's accession to the WTO, there are a
variety of products that should conform with the
international quality standards. In order to satisfy
the people's quality requirements and avoid foreign
technical barriers to exports, the state requires to
implement the international standards for a variety
of products. Thus, in the food industry, food
emulsifier selection and use heeding the constraints.

Currently the commonly used food emulsifier
glycerin fatty acid ester [1], about 53% of the total;
soy lecithin and derivatives, accounting for about
20% of sucrose fatty acid esters and sorbitan fatty
acid esters Rio 10%, about 6% of propylene glycol
fatty acid ester. In addition, xylitol anhydride
monostearate, polyoxyethylene stearate and xylitol
anhydride and the like. However, in recent years
many experiments showed that these emulsifiers
are not ideal.

Lately, in bread production, in order to slow
down the aging of bread, reduce the gluten strength
and improve the machinability of the dough, in
orderto improve the quality of bread, make color
bread, improve smell, taste, shape and better meet
the needs of the consumers around the world, bread
improvers have been widely introduced.

Bakery products impatiently stored, during the
storage process will be acquire mildew and begin to
age. In the large-scale production and sales of bread
today, especially as the most serious problem is the
aging of bread: the bread stored will be a little hard
on the skin, the flavor is lost and other changes also

* To whom all correspondence should be sent:
E-mail: ashleyswift@163.com; yxx310@aliyun.com

occur. According to the statistics, in 1990 due to the
aging of bread the United States losses reached $ 1
billion. As early as a century ago, the people started
to seek solutions, foreign studied developed rapidly
in this area. Thus, the French manufactured a bread
with a shelf life of up to 92 days; the US military
can allegedly increase bread shelf life to three years.
Compared with foreign countries, China's bread
industry, still experiences significant gaps, aging
bread is a serious problem in China's bread industry,
generally bread ages in three to five days, due to the
short shelf life and intolerant storage, but also bread
staling as a constraint to the development of China
as an important reason for the bread industry,
therefore, how to slow down the aging of bread, our
bread industry needs to solve this major issue.
Meanwhile, in the baking industry, there are similar
problems, to solve this problem, we will promote
the development of the baking industry.

In the production and use of the world's food
emulsifier class of about 65 [2], the United Nations
developed a standard total of 34 species, 58 kinds
in the United States, the world's total annual
demand is equivalent to about 800 million US
dollars, 250,000 tons more than for consumption. In
recent years, with the rapid rise of the food industry,
emulsifier output ranked first in industrial output,
the food additives production and research also has
been considerably developed. The food emulsifier
is the most important food additive, it not only has
the typical surface activity in order to maintain a
stable food emulsion state, but also exhibits a
number of special features and thus plays an
important role in the food industry. More widely
applied since 1994 in our country are 30 kinds of
food emulsifier varieties that are approved for use.
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This practice started late, but developed rapidlyand
there are several varieties arrived at following
Research and Development. At present, China is
capable of producing glycerides, sucrose esters,
Span and Tween, propylene glycol, soy lecithin,
nearly 30 species, consumption is expected to reach
15,000 ~ 20,000 tons.

L-lactic acid, which is a lactic acid. Lactic acid,
its formula is CHsCH (OH) COOH, the scientific
name a- hydroxy acid, the molecule contains an
asymmetric carbon atom and is therefore optically
active (L-, D- and racemic). There are three
configurations of lactic acid, L- lactic acid is one
kind, one kind of the D- lactic acid, there is a
known DL- lactic acid. Lactic acid is an important
organic acid, a raw material to it as an additive,
preservatives, disinfectants and regulating agents
play an important role in the brewing, food,
cosmetics, pharmaceuticals, packaging, tobacco and
other industries. The study found that the human
body is only able to metabolize L- lactic acid, so
that only L- lactic acid can be absorbed by the body
and the microorganisms without any toxic effects,
if too much D- or DL- lactic acid is ingested it will
cause the blood rich in D - lactic acid, DL- lactic
acid to cause fatigue, metabolic disorders and even
poisoning. Therefore, it was suggested to the World
Health Organization that D- and DL- lactic acid
should not be used in children's foods. Thus, in the
food industry L- lactic acid gradually substituted D-
Lactic acid as an inevitable trend. Currently L-

lactic acid production has just begun, with about 5%

of the total production of lactic acid, as production
increases, the application will also be expanded.

Starch sugar esters in domestic development is
still in its infancy [3], yet we went to further
research and develop these. Starch sugar (jelly) as a
raw material for ester products, its superior
performance and functionality with glycerol esters
and such products. | chose maltose and ethyl lactate
as the raw material, synthesis of maltose lactate
ingestion of the human body, can be hydrolyzed to
lactic acid and maltose (broken down into two
glucose molecules) that can regulate the body's
physiological function, with broad development
prospects.

Maltose ester lactate is an important class of
thickening with excellent emulsifying properties [4],
biodegradation, security, a good surfectant and
starch sugar esters. It not only has monoglyceride,
sucrose ester emulsification, but also a thickening
effect. Especially the emulsion stability of its
unique properties, can be used to replace animal
and plant gum. It also has more of a role in
regulating the body's physiological function, so it

was developed to meet the requirements of the
natural, nutritious, low-calorie, multi-functional
role people expect. Maltose lactate as the food of
industry, the pharmaceutical industry, the cosmetics
industry, dispersants, emulsifiers, stabilizers,
suspending agents, thickening agents, clouding
agents, binders and suds boosters and
detergents.The development of maltose lactate can
be added as the emulsifier series to a new class of
ester products, enriched emulsifier varieties, it has
good prospects as a class of products.

L- lactic acid and maltose are good for the
health, so these are used as a raw material, this
paper describes the process conditions of maltose
lactate, providinga theoretical and practical basis
for the future development of starch sugar esters.

The synthesis process of maltose lactate is
reported rarely and only at the research stage, we
have not formed references to sucrose fatty acid
ester (SE) and synthetic maltose lactic acid ester
transesterification. Transesterification is divided
into a solvent and its solvent-free, synthesis
experiments were carried out by two methods, the
solvent-free starting material can not form a
homogenous system, the reaction hardly proceeds,
we used selected solvents. The solvents are:
methanol, propylene glycol and ethanol. Propylene
glycol as a solvent after the reaction takes place is
difficult to remove, but maltose was not dissolved
in ethanol, so methanol was used as a solvent.

MATERIALS AND METHODS
Synthesis of L- ethyl lactate

Principle of the method
Esterification of L-lactic acid and ethanol in
solid ferric chloride as a catalyst may be the
mechanism of the process as follows[5] (Fig.1):

H H

H
09
-~ CH3CHC<
O FeCly

--FeCly
- -

CHzCH—C—O0H + FeCly—> y* + CHSCHE
o

CH3CH,OH
H
on OH
CHyCHCOCH,CH3 ‘ o° ‘ o
p .
FeOH)ClL +cf < CHCH —¢ CH3CHc<o~Feclg

@
CH3CH,0 S”Feds CH3CH,0H

Fig. 1. Synthesis of L-ethyl lactate.
Synthetic methods

A reflux condenser, a thermometer and an
electric mixer were installed on a three-necked flak.

First, three-necked flask were added in 100ml of
solid iron chloride, L-lactic acid, ethanol, reflux
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condenser installed, start the electric mixer stir, and
heat up, reflux esterification, and sampled for
lactate conversion rate, when a total reflux after a
certain time, to join the band agent, installed water
separator and reflux condenser, heating was
continued reaction, esterification reaction, the
esterification side edge excess water separated from
the oil-water separator, maintaining evaporated the
water carrier and raw materials continue to reflux
until no more water separator to separate water
droplets when discharged trap layer of water and oil,
and heating was continued to maintain boiling,
quickly evaporated ethyl acetate, ethanol, mixed
with oil recycling to save, and then vacuum
distillation to collect the product fractions,
analytical testing, the conversion rate calculated by
a vacuum pump.

Synthesis of maltose ester lactate

Principle of method
Maltose and ethyl lactate in the catalytic
composite catalyst of anhydrous K,CO; and PEG-
400 transesterification reaction mechanism is as
follows(Fig.2):

CHOH CHOH .
H oH Hl—o R R
A A _
‘ H H ‘ +  CHCHCOOC;H PEGTA00,
HO OH K2C05(ibE@
H OH
OR CWOH

HH +  CoHOH
OH

Fig. 2.Synthesis of maltose ester lactate
Synthetic methods

In a three-necked 100mL flask, adding a certain
amount of maltose, homemade L-lactate, PEG-400,
and a basic catalyst is K,COs thoroughly mixed
together, a high speed stirring, heating. The
reaction 6-8 hours, every half hour during the
reaction stopper is removed, releasing the resulting
ethanol. After completion of the reaction, a basic
catalyst is added and tartaric anhydrous K,COs, pH
value reached about 7, the system not only
precipitated the crude product as a pale yellow
viscous liquid maltose lactate, the yield was
calculated.

Analysis method
NaOH standard solution calibration

NaOH standard solution preparation
The solution is 1000mL0.1mol/NaOH in a small
beaker on the scales quickly weighing 4g of NaOH,
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dissolved in 100mL of water and transferred to a
1000mL volumetric flask, then washed with pure
water in a beaker three times with 50ml transferred
to the capacity of the flask and then diluted to
1000mL, stoppered with a stopper, shaked and
posted.

NaOH standard solution calibration

The referencereagent of 0.4-0.5g wasaccurately
weighed with anelectronic balance then 250mL of
potassium hydrogen phthalate(KHCgH4O4) was
added in a conical flask and dissolved in 20-
30mL of distilled water adding 1-2 drops of
phenolphthalein indicator to the NaOH solution
titrated to a solutionprepared from a
colorless to reddish appearence, it does not fade for
half a minute. Calculate the molar concentration
of the NaOH standard solution.

3
Myricyh,0, X 10

CNaOH -

M KHCgH,0, %V aon
Wherein:
Cnaon -For calibration of the concentration of
NaOH solution (mol /1)
MkrcsH 0. -KHCgH4O4 molar mass (g /mol )

MkHcsH 04 - Mass of KHCgH.04 (g )

Vnaon -For calibration of the volume of NaOH
solution consumed during titration (ml)

Determination of the L- lactic acid content
Determination of the L- lactic acid density

Dependent on the quality and volume
proportional to the pipette the L-lactic acid is 5mL,
in the electronic balance the quality is fine, with
three sets of parallelexperiments, taking the average
in accordance with theformula:

Density=Mass / Volume

Determination of L - lactic acid content (acid-base
neutralization titration method)

Taking 5mL of L-lactic acidthis is transferred
into a 50mL volumetric flask with a constant
volume and shaken. A volumetric flask with 2mL
of L- lactic acid is kept in the conical flask with 1-2
drops of phenolphthalein added, the formulated
NaOH standard solution after titration appears
colorless to reddish and does not fade for half a
minute. Write down the number for the volume of
NaOH consumed, the three sets of parallel
experiments were averaged.

L- lactic acid content(%)=
Mass of L- lactic acid / Mass of sample
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Determination of the L - ethyl lactate acid value

The acid value is: 1g sample and the number of
milligrams of free acid is required for KOH[6].

A 1mL amount of the system solution is placed
in a pipette then into a Erlenmeyer flask, weighed
on an electronic scale and adding to 10mL of
distilled water, shaken, dropping 1-2 drops of the
cresol red indicator into a standard KOH solution
(configuration with NaOH) titrated to a purple color,
milli-liters of the KOH solution are consumed. At
the same time a blank test is carried out under the
same conditions.

Calculated according to the formula:

The acid value is (mg KOH/g)=NxVx56.1/W

Wherein:

V- consumption volume of NAOH solution(ml)

N-Molar  concentration of the KOH
solution(mol/l)

W- Weight of the sample(g)

56.1- Molar mass of potassium hydroxide

Determination of L-lactic acid conversion rate

Conversion rate(%)= (Total acid number of
feedstock - Total acid number of products) / Total
acid number of feedstock x100%

Determination of the maltose ester lactate yield
Yield(%)=Actual yield / Theoretical yieldx100%
Determination of the maltose ester lactate features
Oil retention measurement method

Accurately weigh 0.8g of maltose lactate
dispersed in 25mL of oil spin at 5000r / min
homogeneously for 2min, keep still for 15min, then
centrifuge at 500r / min for 15min, afterwards
discard the supernatant, access the precipitation
weight, while molecular distilled monoglycerides
control the experiments, according to the
formula[7]:

Hold oil yield(%)=Precipitation mass / Sample
massx100%

Determination of the emulsification and emulsion
stability

The lactate 1.2g maltose dissolved in 50mL of
distilled water is prepared at a certain concentration
of the liquid with 50mL of soybean oil added at a
speed of 10000r/min homogeniously dispersed for
2min, divided into 2 equal parts, transferred to a
50mL centrifuge tube and centrifuged at 1500r /
min for 10 minutes, at the same time completing a
control experiment with monoglycerides, calculated

according to the height of the emulsion layer and
emulsification as follows:

Emulsification(%) =
Height of emulsion layer /Total height x100%

A scale load in a 50mL tube is placed in a water
bath at 50°C for 30min successively measuring the
volume of the emulsion at every 2.5h. At the same
time a single ester is utilized in a controled
experiment.

The emulsion stability is calculated as follows:

Emulsion stability(%)=
Final volume of the emulsion / Initial volume of the
emulsion x100%

Structural Identification of the product
Removable liquid absorption cell method

The liquid perfusion in a fixed thickness sealed
liquid pool or into a removable liquid pool, into the
optical path, the whole scan for the determination.

Solid compression method

Weigh the dry solid sample 1 ~ 2mg and 200mg
bromine potassium powder in the agate mortar, in
the infrared light grinding evenly, pour into the
tablet mold in the shop, put the tongue, put the
mold on the hydraulic machine and connect
Vacuum system, the first pumping 5min, to remove
the mixed in the powder of moisture and air, and
then pumping the side pressure to 8t, to maintain
5min, remove the vacuum. The mold rotation 1800,
and then pressure to 8t, to maintain 2 ~ 3min,
remove the mold. With the help of the "sampler",
use a hydraulic press to carefully remove the
tongue, in the middle of the upper and lower tongue
to get a diameter of 1cm, thickness of 0.8mm sheet,
put it on the sample box on the back. Then, 200 mg
of potassium bromide powder was ground under the
same conditions to make a blank potassium
bromide sheet and placed on a reference frame. The
prepared film is placed on the corresponding optical
path of the infrared spectrophotometer, select the
appropriate scanning speed, from 4000 ~ 400cm*
full scan, drawing the infrared spectrum of the
sample. The infrared measurement method of the
product is the same as above[8].

RESULTS AND DISCUSSION

Determination of the optimum process conditions
for the synthesis of ethyl lactate

Process: raw material (catalyst) — esterification
(the reaction was kept boiling) water removal —
detected— finished product
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Determination of the optimum L- lactic acid and
ethanol molar ratio

The fixed reaction temperature is 85 °C, the
amount of catalyst was 2%, the reaction time is 1h,
to change the L- lactic acid and ethanol molar
ratios of 1. 1, 1: 151: 1.8,1: 2,1: 2.5 The
conversion rate results are shown in Fig. 3
determined after the synthesis of L- lactic acid

60
0 p——
20
0

Conversion rate/%

t t t {
1 15 1.8 2 25
Molar ratio

Fig. 3. Effect of the L- lactic acid and ethanol molar
ratio on the L- lactic acid conversion rate.

Fig.3. shows that the process parameters for the
reaction temperature of 85°C, the amount of
catalyst was 2%, the reaction time is under 1h, the
conversion of ethyl lactate is mainly affected by the
molar ratio of the L- lactic acid and ethanol, the
molar ratio is small, the L- lactic acid conversion is
low, with an increase of the molar ratio, the L-
lactic acid conversion rate also increases, but the
molar ratio is more than 1: 2 later, the L- lactic acid
conversion rate does not improve up to a 1 molar
ratio of the L- lactic acid and an ethanol ratio of 2 is
more appropriate.

Determination of the optimal amount of catalyst

The L-lactic acid and ethanol are in a molar ratio
of 1: 2, the reaction time was 1h, the reaction
temperature is under 85°C, changing the amount of
catalyst, the synthesis of L- lactate, measured the
amount of catalyst used in amountsfor 0.5% of L-
lactic acid, at a 1%, 1.5%, 2%, 2.5% level of
conversion of the L- lactic acid, the results are
shown in Fig.4.

Conversion rate/%

T t t t {
0.5 1 15 2 25

Amount of catalyst/%

Fig. 4. Effect of the amount of catalyst on the L-
lactic acid conversion rate.

The catalyst is generally added to increase the
reaction rate and can be seen from Fig.4, it
increases with the amount of catalyst, the L- lactic
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acid conversion rate gradually increased, but when
the catalyst amount used is greater than 2%, the L-
lactic acid conversion rate is reduced, the L- lactate
synthesis catalyst is about 2%in amount.

Determination of the optimum reaction time

In a molar ratio of L- lactic acid to ethanol is 1:
2, the reaction temperature is 85°C, the amount of
catalyst is for the next 2%, the reaction time was
changed to 0.5h, 1h, 1.5h, 2h, 2.5h, measuring the
L- lactic acid conversion rate, the results are shown

in Fig.5.

0.5 1 15 2 25
Reaction time/h

D

Conversion
0
rate/%

o O oo

Fig. 5.Effect of the reaction time on the L- lactic acid
conversion rate.

Fig.5 shows that, the L- lactic acid conversion
rate increases with time, but the conversion rate is
not 1h after significant changes in the conversion
rate decrease after 2h, a reaction time of 1h is
appropriate.

The reaction time is complete and does not have
a great influence on the esterification reaction
carried out under the same conditions, the reaction
time is too long and will lead to reduction of the
conversion of L-lactic acid, but also to a deep color
of the product, affecting the quality of the product,
the appropriate reaction time is 1h.

Identification of the L- ethyl lactate structure

As observed in Fig.6 and Fig.7 the peaks of the
L- lactate structures are identified, indicating that
this substance is L-ethyl lactate.

TRANSM | TTANCE
T Ty

Fig. 6.The L- lactic acid infrared spectrum.

Shown in Fig.6 is the L-lactic acid feedstock
infrared spectrum and in Fig.7 the product L-lactate
IR spectra for comparison, the product spectrum
generatesa methylene (2925cm™) absorption peak
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and a carbonyl peak (1740cm™) for the ester
carbonyl peak, which consists of the carbonyl
starting material (1725cm™), a number moving to a
longer wavelength in the direction provenby the
reactant converted to the ester product yielding the
desired product. (Ethyl lactate and consistent with
the spectrum of the standard products).

TRANSMITTANCE / %

WAVENUMBER / CM™

Fig. 7.The L- ethyl lactate infrared spectrum.

Determination of the optimum maltose ester lactate
synthesis conditions

Process: raw  material  (catalyst) —
transesterification — neutralization — still —
detected — finished.

Determination of the optimum maltose and ethyl
lactate molar ratio

In the synthesis of ethyl lactate the maltose
reaction temperature is 60 °C, the amount of
catalyst is 8%, the reaction time was 6h, the change
of maltose, the molar ratio of the ethyl lactate and
ethyl lactate yields after synthesis were measured in
th molar ratios of maltose and ethyl lactate of 1: 1,1:
1.5,1: 2,1: 2.5, the results are shown in Fig.8.
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50
40
30
20
10

Yield/%

1 15 2 25
Molar ratio

Fig. 8. Effect of the maltose and L-ethyllactate molar
ratio on yield.

Fig.8 shows that the reaction temperature is 60
°C, the amount of catalyst is 8%, the reaction time
is 6h and the conditionsyielding maltose are mainly
affected by the lactate and ethyl lactate molar ratio
of the maltose impact molar ratio which is small,
having a maltose low vyield of the lactic ester,
givenan increase of the molar ratio, the maltose
yield of the lactic ester is increased, but a molar
ratio of more than 1: 2 is registered later, the yield

then declins, thus a mole of the maltose ethyl
lactate of 2 is more appropriate:1is a control ratio.

Determination of the optimum reaction time

The maltose and ethyl lactate molar ratio is 1: 2,
the reaction temperature is 60 °C, the catalyst
dosage is 8% of the synthesised maltose lactate.
Synthesis under the above conditions remains
unchanged, the reaction times were 5h, 6h, 7h, 8h,
for the maltose lactate yields measured, the results
are shown in Fig.9.

Shown in Fig.9 are the maltose lactic acid ester
synthesis reaction time increases, the yield is not
increased, but thereaction timedecreased, the
product will become darker in color, a reaction time
maintained at around 6h is favorable.

Yield/%
w
S

o L

6 7

o1 4

Reaction time/h

Fig. 9. Effect of the reaction time on the yield.
Determination of the optimum amount of catalyst

The Maltose and ethyl lactate molar ratio is 1: 2,
the reaction temperature is 60 °C, the reaction time
is 6h, the conditions change the amount of the
catalyst and maltose lactate  synthesized,
respectively, the amounts of L- lactate catalyst are
6 %, 8%, 10%, 12% forthe measured maltose yield
of the lactic ester, the results shown in Fig.10.
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Yield/%

Amount of catalyst/%

Fig. 10.Effect of the amount of catalyst on yield.

The catalyst added may generally increase the
reaction rate of the reaction in the positive direction
of the reaction, the excess catalyst will also affect
the progress of the reaction and can be seen from
Fig.10, it increases with the amount of catalyst,
when the catalyst amount exceeds 8%, the maltose
yield of the lactate decreased and the additional
catalyst causes the product color to deepen,
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affecting the quality of the product, such that the
appropriate amount of maltose lactate catalyst
synthesized is 8% or less.

Effect of the reaction temperature on the synthesis
of maltose ester lactate

The temperature requirements for the synthesis
of Maltose lactate are very strict, the reaction
temperature in the inquiry follow the test:

The maltose and ethyl lactate molar ratio was 1:
2, the reaction time was 6h, the catalyst amount was
8%, the reaction temperature was set at 50 °C, the
results of a two-phase reaction system, the raw
materials were not dissolved into the solvent,
resulting in a yield of less than 10%.

Under the condition of maltose and ethyl lactate
molar ratio of 1: 2, reaction time of 6h, catalyst
dosage of 8%, the reaction temperature is set at
70 °C, the temperature is too high, resulting in
maltose discoloration, the product color is
extremely deep, seriously affecting the quality of
the product.

Because of these two reasons, the choice of the
temperature range is very small, at around 60 °Cthe
yield did not change much, so the reaction
temperature was set at 60 °C.

Structural identification of the maltose ester lactate

From the peaks in Fig.11 and Fig.12 the
structure of maltose lactate was identified,

indicating that this substance is maltose ester lactate.

Fig. 11. Maltose infrared spectrum.

TRANSM I TTANCE / %

WAVENUMEER / CM

Fig. 12. Maltose ester lactate infrared spectrum.
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Fig.11 and Fig.12 present synthesized raw
product maltose and maltose lactate apparent from
the comparison between the two spectra, the
spectrum of the product, the starting material
maltose plurality ester carbonyl peak (1740cm™)
and (1580cm™) of absorption peaks. Very weak
carbonyl group (3450cm™) ester overtone peaks
were covered by hydroxy, the reaction proved that
the product converted to maltose lactate, the desired
product.

Features of maltose ester lactate

Emulsification and emulsion stability of Maltose
ester lactate

Emulsifying refers to the lactate maltose binding
properties of the oil-water emulsion, the emulsion
stability refers to the oil-water emulsion formed
together with the ability to maintain stability.
Maltose monoglycerides and lactate were measured
given emulsification and emulsion stability at the
same temperature, the same concentration, as
measured and presented in Table 1.

Table 1. Comparison of emulsification and emulsion
stability.

Emulsion stability/%

Species
Emulsifi

0.5h 1.0h  15h 2.0h  25h

cation
10/

55.00 53.09 53.09 5122 4872 4871

Maltose ester
lactate

40.00 39.14 3415 3275 3089 27.14

Monoglycer
ides

Table 1 shows, that maltose lactate has
emulsification and emulsion stability, compared
with monoglycerides, its emulsifying properties and
emulsion  stability is greater than for
monoglycerides and lactic acid esters, the
description  of  the  experiments  render
emulsification and emulsion stability as standard.

Oil retention of maltose ester lactate

Oil retention refers to the ability to maintain an
oil emulsifier, the results in Table 2 present the
measured monoglycerides and lactate maltose only
holding oil.

Table 2 shows that, compared with
monoglycerides, lactic acid ester oil retention by
maltose is greater than for monoglycerides,
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indicating good oil retention by maltose lactate is
desirable.

Table 2. Comparison of oil retention.

Name Maltose ester Monoglycerides
lactate
oil 281.25 187.50

retention/%

In summary, the laboratory synthesis of maltose
lactate in emulsifying, emulsifying stability, oil
holdings are similar to monoglycerides or greater
than monoglycerides, maltose lactate ester to prove
the functional characteristics of the basic meet the
requirements, good performance.

CONCLUISIONS

With L-lactic acid and ethanol for the synthesis
of L- lactate, the single factor experiment to
determine the optimum conditions for the synthesis
of ethyl lactate are: a molar ratio of the L- lactic
acid and ethanol of 2: 1, a reaction time of 1h, the
catalyst accounts for 2% of the L- lactic acid
content. While its structure was identified by
infrared spectroscopy.

The maltose-step synthesis of L- lactate was
synthesized from maltose lactate, through a single
factor experiment to determine the optimum
conditions for maltose lactate: with a maltose and
acetic acid L- ester molar ratio of 1: 2, the reaction
time is 6h, the catalyst amount is 8%. While its
structure was identified by infrared spectroscopy.

The synthesis of maltose lactate features:
emulsifying, emulsion stability, oil retention
measured simultaneously using the molecular

distillation of monoglycerides as a control
experiment. The results showed that the functional
properties of maltose lactate are greater than or
equal to those of the monoglycerides.

This experiment proves that the project
toprepare maltose lactate either by feature or by
practical application of the emulsifiers is basically
in line with the requirements of a good performance
of the emulsifier. The results will be further applied
to maltose lactate to provide basic data.
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TIOJIVUABAHE U ®YHKLIMOHAJIHU CBOMCTBA HA MAJITO30-JIAKTATEH ECTEP

. Kcroexcun

Yuunuwe no mypuzom u comeapcmeo, Topeoscku ynusepcume ¢ Xapoun, 150076 Xapoun, Kumaii

Ioctenuna va 9 nexemspu, 2015 r.; kopurupana Ha 17 rouu, 2016 r.

(Pesrome)

Haii-nanpen ce momydaBa eTHI-JIaKTaT OT L-MJedHa KucenmnHa M €TaHoJ ¢ MOKa3aTel 3a CTeIeHTa Ha MPEeBpPhIIaHe,
MIPH Pa3TUIHN MOJIAPHH OTHOIICHHMS, BpEeMEHa 3a peakIys U KoIndecTBa Kataiam3arop. Cieq ToBa MaaTo30-TaKTaThT Ce
MoJIydaBa OT MaiTo3a M L-eTmn-makraT ¢ mokasaTen noOMBa Ha MoHoecTep. M3cmeapann ca edexra Ha BpeMeTo 3a
peakiusi, MOJApHOTO OTHOIIEHHE Ha Majro3aTra W eTHJIOBHS eCTep M KOJMYEeCTBOTO Karanusarop. CBolicTBata Ha
NPOJXYKTUTE (EMyJITHMpaHe M CTAaOWJIHOCT Ha eMYJCHsITa, 3adbpXKaHeTo Ha Macjo). PesynraruTe mnokasBaT ue
ONTHMAJIHUTE YCIIOBHS 3a IOJYy4aBaHETO Ha E€THJI-IAaKTaT ca MOJIapHO OTHomeHHe L-miedyHa xucennHa u eranon 2:1,
BpeMe 3a peakuus oT 1 yac u karanuzarop 2.5% oT KOJIMYecTBOTO Ha MileyHaTa KuceianHa. ONTHMaIHUTE YCIIOBUS 32
MOJTy4aBaHETO Ha MAJITO30-TAKTaTHHUS €CTEp Ca MOJIADHO OTHOLIEHHE Ha MalTo3a KbM eTHJIOB ectep 1:2, Bpeme 3a

peaknus 6 Jaca, a KOJIM4Y€CTBO Ha KaTajin3aTtopa OT 8%.

263



Bulgarian Chemical Communications, Volume 49, Number 1, (pp. 264 — 268) 2017

A kind of integrated microfluidic system for rapid pathogenic botrytis cinerea
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In order to overcome the poor timeliness and low automaticity of the detection of existing botrytis cinerea in fruits
and vegetables, an integrated microfluidic system for rapid detection is proposed. In this system, the microelectrode is
mounted on the bottom of the microfluidic chip channel and connected to a digital impedance measurement circuit. The
magnetic beads whose surface is encased by mouse botrytis cinerea antibody, is controlled by an external Gauss
magnetic field to capture botrytis cinerea. Then the combination of botrytis cinerea and the magnetic beads is
transferred to a microelectrode array. By constructing a counting circuit based on impedance measurement at the
electrode terminals, the amount of botrytis cinerea can be effectively measured. The results show the validity of the
system in detecting the amount of botrytis cinerea in fruits and vegetables. In addition, the detection time is only nearly

one-fiftieth compared with a traditional laboratory test.

Keywords: Pathogens; formatting; Integrated microfluidic; Rapid detection; Impedance

INTRODUCTION

Gray mold is one of the main diseases which
damage the facilities of fruit and vegetable
cultivation, mainly infecting the night shade family,
cucurbit crops, onion leeks, berries and so on,
leading to crop root rotting, withering away,
decomposing, stem gangrening and so forth,
decreasing the quality, affecting productivity and
decreasing by more than 50% the productivity
when this is serious. Therefore, highly efficient,
rapid, portable botrytis cinerea detection is the key
technology to ensure the quality of agricultural
production and promotion of the intensive mode of
production.

Traditional botrytis cinerea detection methods
include the AGAR plate culture method [1]; the
direct microscopic counting method [2]; the plate
counting method [3]; the light spectrum detection
method [4]; the mold rapid test paper method [5]
and others. The culture medium is heated in the
flame over a long period of time using the AGAR
plate culture method, which is not conducive to
bacteria recovery and the water is not consistent
before and after loading. The plate count method
has greatly influences the fungi duirng the sample
treatment process, so it does not reflect the
pollution situation accurately. The light spectral
detection method is relatively advanced, but the
process requires the help of professional laboratory

* To whom all correspondence should be sent:
E-mail: yangning7410@163.com
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personnel with complex experimental steps carried
out with the aid of expensive equipment. The mold
rapid test paper method is simple and easy to
operate, cultivating at room temperature, the results
are observable in two days, the efficiency is higher,
but it is expensive. These defects limit the practical
application of the technology in agricultural
production it also restricts the development of a
high quality and highly efficient horticultural
production technology in our country.

In recent years, the micro fluidic technology is
an effective method that renders, injection, mixing,
reaction and detection linking integrate into a piece
of the micron scale chip. The introduction of the
system has greatly improved the automation and the
objectivity of the fungus detection process, which
has caused the wide attention of the scholars at
home and abroad [6-9]. However, a complete
detection method and detection system of botrytis
cinerea matching in fruits and vegetables to the
micro fluidic chip does not exist.

On this account, this paper presents an
integrated microfluidic system for rapid pathogenic
fungus detection based on immunomagnetic capture
by the compound microelectrode impedance
detection technique.

THE IMMUNOMAGNETIC BEAD
PREPARATION AND THE ACQUISITION
PRINCIPLE OF BOTRYTIS CINEREA

The pathogens’ immuno magnetic capture
technology uses magnetic beads as carrier for
antibody immobilization, via specific binding of the

© 2017 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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antibody to antigen, realizing the capture of
pathogens, also realizing the enrichment of the
object on the solid support surface and then
improving the sensitivity of the detection method
[10].

The first step of the preparation of an
immunomagnetic sample is Si(OC.Hs)(short for
TEQS) being hydrolyzed to get Si(OH). under the
catalysis of ammonia water. Then a chemical
reaction occurs at some active points of the Si(OH)4
and Fe3O4 particle surface, as the combination point
on the surface film, obtaining composite magnetic
micro  spheres (Fes0s@SiO;). Then using
triethoxyaminopropylsilane (short for APTES) as
the organic precursor, an Amino modification of

the silicon oxide surface of Fes0.@SiO- takes place,

obtaining Fes0.@SiO»-NH, composite micro beads

(MMPs) in the process of preparation, the main

process is shown in the Picture 1.
Si(OC2H5)+4H2095i(OH)4+4C2H50H

TEOS
OH
Si
OH 0/ &
(N NOH — " 5i_om
(Tesee —OH +nS|(OH)4_>‘ F 50 —
L "\OH ei&\o O/ +nH O
S\fOH
/
/OH 70 \5' NH
. i 2
o1 _/0-§|i_oWNH2 o éW
0
w:"/Fe3 \ﬁO/}i —OH — Fe&*o/o/w
N, P
\5\—OH \S\W H,

/ /

Fig. 1. Preparation principle of Fe;0.@SiO2-NH;

CH3CHaN=C=N(CH2)NHCHs - 4 _>CH CH,N=C=N(CH,),NHCH,

|
Ebc (|2H3 \COOH oc _

|
b «[ko%—“”m Ii

| _NHC _—
Fe304@SI02 NH2 3&

Fig. 2. The preparation principle of IMMPs.

Then activating the carboxyl group of the
surface of the mouse’s gray mold antibody via an
EDC/NHS crosslinking agent, forming intermediate
products with the active group and then after being
covalently bound to the amino group on
Fes0.@SiO,-NH,,  obtaining  immunecomplex
micro beads (IMMPS) in the process of preparation,
the process is shown in the Picture 2.

CHIP OPERATING PRINCIPLE

Figure 3 is the principle diagram of an
integrated microfluidic system for rapid pathogenic
botrytis cinerea detection, which uses chemical
crosslinking technology to make pathogens
antibody to coat the micron sized magnetic beads,
so as to bring beads into the microfluidic chip
system, then the microfluidic chip system is placed
in a Gauss magnetic field controller (as shown in
Figure 4), by controlling the transformation of the
magnetic field to drive the magnetic beads. In the
process of beads movement, the antibody can
effectively capture the pathogen antigen. Then the
combination of pathogenic fungus and magnetic
beads was brought to the microelectrode array at
the bottom of the micro fluidic chip by the Gauss
magnetic field controller. After capturing the
pathogen antigen, the microelectrode array can
measure the impedance change to determine the
amount of pathogenic fungus in fruits and
vegetables through the impedance measuring circuit.
pathogenic

. / bacteria
o 9
, ® A
Ve e

microfluidic chip

magnetic bead

v\é«{/ ;

electrode pair

Fig. 3. The principle of rapid detection of pathogenic
bacteria.
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— B
1. Gauss magnetic field controller; 2. Control power
supply; 3. microfluidic chip; 4. driven pump

Fig. 4. Picture of the magnetic field controller.

In order to maximize the detection probability,
the electrode array at the bottom of the microfluidic
chip is arranged as dense as possible. The electrode
pair is closely connected with the detection circuit,
and each pair of electrodes has an independent XY
address, which can be tested separately.

There are three possible conditions between the
electrodes. First, there are no free beads between
the electrodes, this is the only ionization medium
and the impedance level is low. Second, only the
immunomagnetic beads are between the electrodes
meaning that the beads do not capture the
pathogenic fungus and therefore the impedance
level is highest. Finally, the beads capture the free
pathogen between the electrodes, under the
influence of parallel micro magnetic resistance and
fungal cytoplasm resistor, the impedance level
reduced to an intermediate value. In order to ensure
the sensitivity of the electrode detection, the
voltage across the electrodes must always be
greater than the bacterial cell membrane breakdown
voltage, so the selection is from 0.2V to 1.5V [9].
In this way, the capacitance of the cell membrane
can be neglected, which renders the bacteria into a
superior conductor. Through the above working
principle, a relationship can be established between
the concentration and the variation of the
impedance of the pathogenic fungus in fruits and
vegetables. The equivalent circuit of impedance
measurement of the pathogen is shown in Figure 5.

a Cal Ro Cai
0—~{ }-\/w/\/\/—‘ }——o ’
|

Cab
|

Fig. 5. The equivalent
measurement system

circuit for impedance
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The research electrode and the auxiliary
electrode are represented respectively by a and b,
then the electrode impedance is calculated as
follows:

Zl Q 2

S e ®
1

Z|l= |

1z (2zfC,)’ 2)

1 1.1

Ztotal Zl ZZ (3)

Where, Ca is the interelectrode capacitance, Cq is
the interface between the poles of the electric
double layer capacitor, Re is the resistance of the
fungus and bead complexes, f is the frequency of
impedance testing, Z: is the impedance of the
equivalent circuit of Ca + Ca + Ro; Z» is the
impedance of the equivalent circuit of Cap, Ziatol IS
the system impedance. The bacteria concentration
can be assessed by determining the quantitative
relationship between the systematic impedance with
the concentration of pathogen.

MICROELECTRODE AND IMPEDANCE
DETECTION CIRCUIT
A. The fabrication of a microchannel and
microelectrode

The microfluidic chip is produced from poly
dimethyl siloxane (PDMS) material. PDMS is
evenly mixed with a curing agent in the proportion
of 90% and the mixture is injected into the
container. The significant number of bubbles
produced during the mixing process can be removed
by a vacuum-pumping system. The mixture stands
at room temperature for about 10 hours until PDMS
curing and remolding, so as to form a micro channel
based on the microfluidic chip PDMS substrate. the
micro channel is used to provide a place to capture
the immunomagnetic beads.

The tin indium oxide conductive film is chosen
as a substrate. Ultrasonic cleaning is carried out by
deionized water, methylbenzene, acetone and
alcohol. The water is heated to a temperature of
120°C. The negative photoresist ITO array electrode
pattern can be obtained in 4 steps: whirl coating,
prebaking, exposure and developing. Afterwards,
the microelectrode array (20umx20um) is fabricated
by means of hard baking, corrosion, removing of the
photoresist, scouring, baking and others. Shown in
Figure 6 is the microscopic image of the
microelectrode array. The overall microfluidic
system can be obtained by plasma bonding to the
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ITO substrate with a microelectrode array and
PDMS chip.

Fig. 6. The microscopic image of microelectrode
array

B. Design and fabrication of the impedance
detection circuit

For each pair of electrodes, there is a
corresponding detection circuit which is used to
detect the real part of the impedance. Figure 7 is a
simplified schematic of the detection circuit. The
detection circuit is used to measure the electrical
level between the electrode pairs. The specific steps
are the following: first the reference current is
injected into one electrode and then passes through
the test target and then finally it flows to earth. The
test target is a parallel model of the
immunomagnetic bead and the aquaculture
pathogen. If K1 is closed and K2 is opened, then
this state shows that the immunomagnetic bead does
not capture the pathogen. If K1 and K2 are closed,
then this state shows that the immunomagnetic bead
captures the pathogen. The current which is
exported from the current supply is converted to a
voltage signal through the impedance between the
electrodes. The voltage signal is compared with a
reference voltage, thus an output signal that reflects
the relationship between the electrodes can be
obtained.

current supply

microelectrode

R1 R>

microelecfrode =

Fig. 7.
diagram.

Impedance detection circuit principle

In order to enable the detection circuit to
accurately measure the amount of the pathogens,
the impedance threshold of the pathogens that have
fallen into the microelectrode should be measured
accurately. The impedance signals that can be
obtained through microelectrode measurement are
introduced to the logic circuit by ITO lead wire. To
ensure the tight joint between the ITO conductive
glass and the electronic circuit, this paper adopts
silver paste for the welding procedure. The
distribution of pathogenic fungi can be observed
under a microscope, the different impedance values
which correspond to the magnetic beads that carry
pathogenic fungai and the magnetic beads that
don’t carry pathogenic fungai stand idle
respectively in accordance with the distribution
conditions. The paper uses the Botrytis cinerea in
strawberries as an example and the average
impedance measured by the microelectrode load
conditions is 65 kQ. When magnetic beads don’t
capture the pathogenic bacteria, the average
impedance is 800kQ. On the other hand when the
magnetic beads capture the pathogenic bacteria, it
is 200kQ. According to the wvalues for the
impedance, Rs and Re are set effectively, when the
magnetic beads capture the pathogenic fungi, the
comparator LMz and LM, output at high levels at
the same time so that the gate circuit output digital
signal is "1" and its output digital signal is "0"
under different conditions.

=3

@
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w

N

Direct microscopic count method/ 104 CFU-mL?

o

o
-
~
wh
IS
&
>

Systematic detection/ 104 CFU-mL™

Fig. 8. Regression analysis for the two methods.

The results show that the average relative error
of the two detection methods is less than 8%.
Compared with the most widely used plate count
method, the integrated microfluidic system for
aquaculture pathogenic fungus achieved the daily
detection accuracy and the detection time was
shortened to about 55 minutes, the detection
efficiency was raised about 50 times. In addition,
the human input and complexity is far lower than
for the traditional plate count method during the
whole detection process, it greatly improves the
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automation level in the detection of the pathogenic
fungi in fruits and vegetables.

Table 1. Error comparison of the two detection methods

Microscopic . -
Count Microfluidic Relative

Sample System
Method ; Error

CFU-mL!

CFU-mL!
1 1.23x10* 1.56x10* -2.68%
2 2.99x104 2.79x10* 6.69%
3 5.89x10* 5.04x10* 1.44%
CONCLUSION

A rapid integrated microfluidic detection system
is proposed in this paper. The system puts the
microelectrode at the bottom of the microfluidic
chip channel and it connects with the digital circuit
for impedance measurement. The paper uses
chemical crosslinking technology to make a
pathogenic fungus antibody and coat the magnetic
beads also using an external Gauss magnetic field
to control the capture of pathogen fungi by
magnetic beads. Then the combination of magnetic
beads and pathogen fungi is taken to the
microelectrode array and the impedance
measurement circuit between the microelectrodes
will detect the content of the pathogenic fungi. The
research results show that the detection system has
basically reached the daily detection accuracy and
the detection time is shortened to about 55 minutes,
the detection efficiency is raised about 50 times and
the human input and complexity is far lower than
the traditional plate count method during the whole
detection process, this greatly improves the process
of automation level detection of pathogenic fungi in
fruits and vegetables. Thus, research experience
was gained in the development of a portable
horticultural plants pathogen detection system.
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NUHTEI'PUPAHA MUKPO®JIYUIHA CUCTEMA 3A BbP30
OTKPUBAHE HA ITATOI'EHUTE Botrytis cinerea
I1.®. Key'?, H. SIu?", Ix. dxual, K. Key?, Jx. Jx. [yo?
! Husicenepno-mexnonozuuen yenmuvp 3a Mooepuu xopmuxyanypu, Ilonumexnuuen Konexc no semedene u 1ecomexiuxa
oicuanosy “, ITocypone, Kumaiicka HP
2 Vyunuwye no enekmpo- u uHPopMayuonHo unxcenepcmso, Yuusepcumem “Iocuanosy “, Qowcenoxcusn, Kumaiicka HP

Tocrenmna Ha 12 despyapu, 2016 r.; kopurupana Ha 24 HoemBpH, 2016 .

(Pesrome)

Ipemmoxkena ¢ MUKpO-(QIyHIHA CHCTeMa 3a OBP30 OTKpHWBaHEe Ha marorcHuTe Botrytis cinerea B mmomose u
3ejieHYynd. B cxemara eMH MHKPOEJIEKTPO/ C€ MOHTHPA Ha IbHOTO HAa KaHAJI HAa MUKPO-(QJIYU/ICH YHUI U Ce CBHP3Ba
¢ IU(ppPOB KOHTYp 3a HMMIICAAHCHO u3MepBaHe. CucTeMara ce 3apekia ¢ MarHUTHH cepu ¢ HMOOWIM3HpaHH
anTuTena ot Botrytis cinerea (M3onupaHu OT MHUIIKH) ¥ KOHTPOJIUPAHH OT BBHIIHO MAarHUTHO MOJIE 32 3abPXKAHETO
Ha aHTUTenara. IMOOMIM3UpaHKUTE aHTUTENA CE TIPEXBBPIIAT B MUKPOCIECKTPOIHOTO NPOCTpaHcTBO. KonnyecTBOTO Ha
Botrytis cinerea ce ompenenst upe3 Oposi KOHTYp, 0a3supaH Ha MMIEIAHCHO W3MeEpBaHe. PesynraruTe Mmokas3BaT
NPWIOKHUMOCTTa Ha CHCTeMara. Bpemero 3a ompenensHe € NETAeCeT MbTH I0-Kparko OT HEeoOXOIMMOTO 3a
TpaaIuIHOHHUS JTab0opaTopeH TECT.
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In order to improve the accuracy of the photometric detection of pesticide residues performed on integrated microfluidic
chip, errors are analyzed and the model is built in photometric detection with different kinds of microfluidic chips. From the
point of common, detection error is mainly caused by the temperature and the preparation time. The wavelength which is the
causes error has became an impact factor in photometric detection with glass-based microfluidic chip, so the detective
wavelength should be optimized. Because of small scale and fixed optical path, the path-length error is unique in glass-based
microfluidic chip, which affect the pesticide residue sensitivity of photometric detection system.. Therefore, the relationship
between error resulting from fixed optical path and optical path is established and verified by experiments. According to the
particularity of photometric detection with paper-based microfluidic, the parameters of the optical wavelength and the color
uniformity of different structures were evaluated and the errors analysis were carried out, then the optimal reaction conditions
were determined. This research provides theoretical basis for the study of precise photometric detection of pesticide residues

with glass-based and paper-based microfluidic.

Keywords: pesticide residues, photometric detection, microfluidic, error model

INTRODUCTION

The data from the state council shows that the
number of cancer due to ingestion of food and
vegetables with pesticide residues increases by 15%
each year [1,2]. Therefore the use of portable
equipment to detect residues plays an important role
in guaranteeing the safety of food [3,4]. However,
precision is the key factor that restricts the
development of pesticide residue detection
technology.

At present, the detection of pesticide residue is
carried out mainly by immunoassay [5~7], sensors
[8~10] and quick test card [11~13]. But the testing
equipment mentioned above lacks of high sensitivity
so it isn’t practical for farmers to apply. Photometric
detection technology provides the qualitative or
quantitative analysis of pesticide residue through
testing its light absorption in specific wavelength or
a certain range [14]. Microfluidic technology is a
new type of technology that puts the basic operating
units such as reaction, separation and testing, which
were involved in the detection of pesticide residues,
into a chip of a few square centimeters (or less)
[15,16]. The method combining microfluidic with
photometric detection can resolve the problem of
low sensitivity of pesticide residue detection.

Domestic and foreign scholars have studied the

* To whom all correspondence should be sent:
E-mail: yangn@ ujs.edu.cn

error in photometric detection system of pesticide
residue. For example, Bera found that, in the process
of detection, different ratio of the reactants in the
microfluidic chip will produce volume error to
different extent, while volume error will affect the
accuracy of detection systems [17]. He put forward
a simple and feasible method of combining micro
molding and enzymatic cross-linking mechanism to
make a channel of microfluidic chip, and he also
pointed out that the processed error of the channel
will have an influence on the test result [18]. Zou
found out that the fluctuation of temperature would
cause variation of spatial distribution in biochemical
reaction, and eventually led to serious error in
detection systems [19]. The researcher above shown
that it is relatively mature to classify error and
research model in photometric detection in the
traditional macro scale, the theory of traditional
photometry error is not directly applicable in errors
caused by fixed optical path in the test condition of
micro-nano liter in photometric detection of
pesticide residue with integrated microfluidic and
the random error existing in paper-based
microfluidic chip [20]. For this reason, in this article
the error caused by external factors in photometric
detection of pesticide residue with microfluidic [21],
such as the test temperature and preparation time is
discussed. The relationship between error resulting from

fixed optical path and optical path is established and
verified by experiments.
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AL REACTION AND PHOTOMETRIC
DETECTION MECHANISM

The principle of chemical reaction

The reaction principle of enzyme inhibition is
that indophenol acetate (C14H11NO3s) can be
hydrolyzed into indophenol (C12HsNO>) and acetic
acid (CH3COOH). And acetyl cholinesterase (AchE)
can catalyze the hydrolysis of indophenol acetate.
Indophenol  (Ci2HgNOy), the product, is blue.
Organophosphate and carbamate in crops will have
certain inhibitory effect on acetylcholinesterase
(AchE), leading to destroy of the catalysis,
hydrolysis and discoloring. The concrete is shown in
figure 1:

C,H;NO, + HZOL'“E>ClegNOZ(BIue)+CH3COOH
Fig. 1. Principle of chemical reaction

Detection mechanism of absorbance of pesticide
residue in glass microfluidic chip

Lambert Beer's law is the theory basis of the
detection of pesticide residue in microfluidic chip
[22]. This law is also called the basic law of light
absorption, which is used to show the relationship
among the absorbance of pesticide residues (A), the
concentration of a material that can suck light (c;)
and the thickness of liquid material that can also
suck light (). The relationship among them can be
expressed following:

A =o-cl=—lgT=—Ig (/1) D)

Take parathion pesticide solution as an example
to study the formation mechanism of error caused
by fixed optical path, in the formula, A is absorbance
value when parathion solution is detected in the
photometric detection of pesticide residue, a is the
absorption coefficient of parathion solution (the light
absorption coefficient of parathion solution is
1.736°10 4Lecm-1emol-1), c is the the concentration
of pesticide residues in parathion solution, T is
transmittance, lo is the intensity of the incident light,
I is the intensity of transmitted light. The formula (1)
shows that the intensity of transmitted light | also
can be written in the following form:

I= 1o:10%°' (2)

There are many ways to define the sensitivity of
photometric detection system of pesticide residue,
and the sensitivity of photometric detection system
SEN was defined as the change of intensity of
transmitted light caused by the change of unit
concentration of components to be tested (Parathion
solution), namely (SEN=|dl/dc]| ), the derived process
is as follows:
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SEN=|dl/dc|= lo:In10- ([-¢10%¢") =
=In10:lo-l-a-107 "¢ (3D
Take derivative of the sensitivity of photometric
detection system of pesticide residue SEN in
formula (4) with respect to optical path I, and optical
path with maximum sensitivity is:
10=0.434/a-C 4

The detection mechanism of reflective absorbance of
pesticide residue in paper-based microfluidic chip

Since that the paper-based chip is opaque, when
the monochromatic light irradiates to the surface of
solid, there will be reflection and absorption,
according to the theory of KUBELKA-MUNK,
reflection of light follows the formula:

ARZK/S (5)

In the formula, Ar is reflective absorbance, S is
reflective coefficient, K is the linear absorption
coefficient. According to the definition of the linear
absorption coefficient, the relationship among K, the
molar absorption coefficient of light on solid phase
(¢) and the concentration (C) is as follow:

K=¢C (6)
So it can be deduced:
Ar=C¢/S D

Reflection coefficient S is only related to the
character of interfacial medium of incident light, this
part of light intensity can be offset by a blank
reference. So there is quantitative relationship
existing in the detective signal and concentration of
the object to be tasted. If reflection coefficient S
remains the same, there is linear relationship
existing in Az and C in a certain concentration range,
that is to say, reflective absorbance value is in
proportion to the concentration of solution.

THE DESIGN OF TEST SYSTEM

According to the principle of enzyme inhibition
reaction and effect of light absorption, a photometric
detection system is established. Light is disposed
differently because of the different detection
mechanism of glass-based microfluidic and
paper-based microfluidic.

The design of glass microfluidic detection system

Figure 2 represents schematic diagram of pesticide
residue photometric detection system. The test light
source 2 was placed on the test area a of
microfluidic chip 1, and photosensitive diode 4
under the test area a, to receive the light emitted by
the detective light. Spill-resistant cover plates 3
makes microfluidic packaged firmly. Photoelectric
detection device will convert light signal into
electrical signal, and achieve detecting pesticide
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residues through the process of signal acquisition,
data collection etc.

Fig. 2. Schematic diagram of pesticide residue
photometric detection system: 1- microfluidic chip, 2- test
light source, 3-spill-resistant cover plates, 4-
photosensitive diode.

The design of detection system with paper-based
microfluidic

Since that paper is not pervious to light, the
detection mechanism of reflective absorbance is
adopted to detect the pesticide residues. The
equipment is same as the one mentioned above and
shown in figure 3, in the equipment, paper-based
chip 1 was placed on the chip placement agencies 4,
and test light source 2 irradiate vertically to the color
area b of the chip to make it be irradiated well, and
the photosensitive diode 3 also placed vertically in
the color area b to receive the reflective light signal.
Similarly, the detection of pesticide residues is
achieved through the process of signal acquisition,
data collection etc.

AN

4
1 b

Fig. 3. Schematic diagram of the paper based
microfluidic system: 1-paper-based microfluidic chip,
2-test light source,3- photosensitive diode, 4- chip
placement agencies

ANALYSIS OF SYSTEM ERRORS IN
MICROFLUDIC

While the system errors are analyzed, both the
glass-based microfluidic and the paper-based
microfluidic are influenced by the external
interference, but there is also interference caused by
the chip structure. So, the analysis of common error
and the error caused by structure should be done
separately in two types of microfluidics.

Analysis of general error

In the process of photometric detection of
pesticide residue, both absorbance detection and
reflective absorbance detection would be influenced
by external interference such as temperature,
preparation time etc. So, the interference of error
caused by these factors should be analyzed.

Temperature error

Temperature is one of the factors that affects the
microfluidic chip based on the chemical reaction,
which would lead to differences in color, while color
uniformity degree of detection precision is of great
significance. In order to achieve the appropriate
reaction temperature to obtain chip color uniformity,
experiments were carried out. at different reaction
temperatures (15°C, 20°C, 25°C, 30°C, 35°C, 40°C,
45°C) with 0 mg/L pesticide reagents in microfluidic
chip for enzyme inhibition. The absorbance value
was detected at different temperature, and the
optimum temperature was determined.

T T T T T T
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=
T
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e

5 .30 35 on 40
preparing temperature | C
Fig. 4. Absorbance value at different temperature

Preparation time error

Multiple sets of pesticide reagent in multiple
concentration are tested at 16°C, with different
preparation time (1 min, 6 min, 11 min, 16 min, 21
min, 26 min and 30 min). The average of the results
of different concentration of reagent is calculated,
and the error between test absorbance and standard
absorbance (16°C, 1 min) under different
temperature conditions is analyzed.

Figure 5 shows the relationship between
preparation time and the error of reflected intensity.
In order to reduce the error arising from different
preparation time, the compensation formula is

M; = 0.0001244 T2 - 0.0062T — 0.0009832

where T is prepared time (for preparation?VVB)
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Fig. 5. Relationship between preparation time and
absorbance error.

Analysis of errors in glass-based microfluidic system
Error of light wavelength

Light wavelength reflects the relationship
between solution concentration and light absorption
most veritably. The error of light wavelength is
analyzed by color reaction of enzyme inhibition in
the detection area in microfluidic chip with five
different concentration of parathion solution which
are10*mol/L. 2x10*mol/L. 3x10“*mol/L. 4x10*
mol/L and 5x*mol/L in experiments.

Table 1 was built based on different absorbance
value in the same wavelength, according to the
parathion solution with different concentration, and
displays the change of the linearity value along with
the wavelength in the range of 300-550nm. The
better the system linearity is, the higher precision is
and the interference of error is less.

Table 1 The value of linearity with wavelength in the
range of wavelength 300-550nm.

wavelength 300 350 400 450 500 550

linearity  0.741 0.783 0.861 0.841 0.749 0.698

In the table, when the wavelength is about
300-400nm, the value of linearity in photometric
detection system of pesticide residue increases along
with the increase of the detective wavelength. But it
is not optimized. However, when the wavelength is
about 450-550nm, the value of linearity in
photometric detection system of decreases along
with the increase of the detective wavelength.
Eventually, when the wavelength is about
400-450nm, the value of linearity in photometric
detection system is obviously higher than that in
other scope, and the accuracy is better, with smallest
error interference.

Above all, the wavelength of 412nm is chosen as
the detective wavelength by experiments, so that the
interference of error in photometric detection system
of pesticide residues is reduced.
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Validation of the error caused by fixed optical path
in glass-based microfluidic

After the experiment of light source wavelength,
the light-emitting diodes with the wavelength of
412nm are chosen as the light source of photometric
detection system for pesticide residues. The model is
verified with the example of 10 mol/L parathion
solution, which is the relationship between error
caused by fixed optical path and optical path which
has been deduced.

In the photometric detection system for pesticide
residue, the main sources of error are those caused
by transmitted light noise and reference light, while
the measuring error caused by the reference light
can be neglected. The error caused by transmitted
light noise o in photometric detection for pesticide
residue can be indicated by the following
expressions:

oc=o1 /|SEN| (8

If replace the expressions of the sensitivity of
photometric detection system SEN from formula (3)
into formula (8), the following expressions of the
relationship between error caused by fixed optical
path oc and optical path I is received.

oc=o1 [|SEN| =o1 /( In10:lo:1-0-107 ")

=[ &1/ (In10-lo:)] -10%“° /I (D

o1 1 (In10:lp-a) in formula (9) is believed to be
equal to m for convenience due to the fact that o1, lo,
a are all fixed figure. As a result, formula (9) can be
simplified as :

oc=a1 /|SEN| =m-107*¢ /| (10
It can be seen that a-c is equal to 0.434/ Iy from
formula (4) (lo is the optical path length with
maximum sensitivity). So formula (10) can also be
expressed as formula (11). The relationship between
error caused by fixed optical path in photometric
detection o and optical path length | is shown in

figure 7.
oc=o1 /|[SEN| = m-10044 19" (1D

Constant range error

2.7164m/

0 I 2 3l a

|
optical length (nM)

Fig. 7. The relationship between photometric
detection error and constant path length in pesticide
residues.
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Different degree of errors caused by fixed optical
path emerges during the detection. The microfluidic
chips with the thickness of 0.8 mm, 1.0 mm, 2.2 mm,
2.4 mm, 2.5 mm, 3 mm, 8.5 mm, 9 mm are selected,
and photometric detection system of pesticide
residues, taking advantages of the chromogenic
reaction principle of enzyme inhibition, is used to
test the absorbance of pesticide residue in the
detection area of the microfluidic chip, measuring
absorbance value of parathion solution, the
concentration of which is known, and get the
measured value of parathion solution indirectly by
combining the absorbance value that has been tested
with Lambert Beer's law. The error in this optical
path is the absolute value of difference between the
measured value and the true value of pesticide
residues in parathion solution. Figure 8 shows a
curve comparison between measured value and the
predictive value in formula (11) of error in optical
path of any length.

It can be concluded from figure 8 that the curve
fitting which involves the error tested by
experiments in different optical path length and the
predictive error in formula (11) is much better. So
this constant error and path length relationship
model is basically correct.

The absorption coefficient of the methyl
¢ solution is 17.36 (L-cm™mol™)

y o
®vog0a e
OB

L L L L L L L L
0 1 2 3 4 5 6 7 8 9

optical length

Fig. 8. The path length measurement error and forecast
error curve (11)

Analysis of errors in paper-based microfluidic
system

Errors of light wavelength

The system uses different wavelengths when
testing pesticide residue, because that the
mechanism of reflective absorbance detection is
adopted. The result of the detection is different along
with the different wavelength, so errors in the
measurement can be produced.

According to the statement that coloring area in
paper-based biosensor (blue) variously absorbs light
of different wavelengths, the most sensitive
wavelength to the change of pesticide residue
concentration is found to be detective wavelength,

which is helpful to reduce experimental error.
Therefore, the pesticide reagent of different
concentration (0 mg/L, 0.1 mg/L, 0.15 mg/L, 0.2
mg/L, 0.25 mg/L, 0.3 mg/L) is detected in full
spectrum in experiments (wavelength:
200nm-1112.428nm). The figure 9 shows the
diagram of the relationship between wavelength and
illumination intensity.

In the diagram, when the wavelength is
599.753nm, the change rate of the light intensity of
different concentrations of pesticides is the largest. It
has the better testing linearity, with high accuracy
and low error interference, so an appropriate
wavelength in this range is chosen as the detective

wavelength.
10000

' —<— 0mg/L
0.1mg/L
80001 —@—0.15mg/L
< —&— 0.25mg/L
g 6000 —<—0.3mg/L
G 0.4mg/L
c
g
£ 4000}
c
S
g
é 2000
2 b
2000 . . . . .
0 200 400 600 800 1000 1200
optical wavelength (nm)
Fig. 9. [llumination intensity of different
concentration.

Errors in color uniformity of different structure

Blue material can be produced after chemical
reaction, the color uniformity of coloring area is the
crucial testing link in paper-based microfluidic
system. Uneven distribution of color will result in
serious error when photometric detection has been
done. So paper-based microfluidic chips of different
structure are tested and the color after the reaction is
processed in the form of image to determine the
error. As shown in figure 10, 11 and 12, in order to
compare the color uniformity, the whole color area
and local color area enlarged are collected in the
form of image with electron microscope and the
gray-level histogram is obtained.

For the paper-based microfluidic chips of
different structure, it can be concluded that the
grayscale average of overall image and focused
image, according to the comparison of data, the
contrastive formula of color uniformity can be set as
follow:

D= | A1 —-Ao |

@ is the absolute value of difference after
comparing, A: is the grayscale average of overall
image, Ao is grayscale average of focus image. The
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smaller @ is, the higher uniformity will be and the
errors in detection are smaller.

_

200
grayscale of whole image

i

grayscé]oé) of focus |mage

r

c

Fig. 10. Bridge structure color uniformity contrast
figure: a) picture of whole image; b) gray histogram of
whole image; c) picture of focus image; d) gray histogram
of focus image.
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Fig. 11. Y structure color uniformity contrast figure: a)

picture of whole image; b) gray histogram of whole image;

c) picture of focus image; d) gray histogram of focus
image.

Specific experimental data are shown in table 2.
The grayscale average of overall image and focus
image of bridge structure are 158.563 and 152.512
respectively, the difference is 6.501, and the data of
structure Y are 178.274 and 155.686 respectively,
with the difference of 22.588. According to the
formula, paper-based microfluidic chip of bridge
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structure is chosen in photometric detection for
pesticide residue, with small difference of the
average of color grayscale, uniform color and
smaller error.

Table 2. Different structure of the overall image and
the focus of the image grayscale average difference
contrast table.

w Bridge structure Y structure
numerical valu microfluidic microfluidic
A lue of
Verge gray valle ot o5 563 178.274
the whole
A lue of
verge gray value 152512 155,686
the focus
D-value 6.051 22.588
SUMMARY

The error sources of photometric detection system
of pesticide residues performed on microfluidic
device have been analyzed. Error analysis has been
done, which involves the external factors such as
preparation time, temperature, and error analysis
model is established. The parameters of the system
can be optimized to reduce error sources. The model
of the relationship between error caused by fixed
optical path and the optical path was analyzed, and
the model is verified by experiments from the view
of Lambert Beer's law through the study of the
formative mechanism of error caused by fixed
optical path in glass-base microfluidic system. The
results show that error caused by fixed optical path
does exist in photometric detection system for
pesticide residue, the model of the relationship
between error caused by fixed optical path and
optical path has been analyzed theoretically. At the
same time a method of optimizing the testing data
has been put forward for paper-based microfluidic
system, reducing the errors in detection of pesticide
with paper-based microfluidic chip. In this method,
by comparing the testing standards in different cases,
errors in light wavelength in detection is analyzed,
and the model is established and the parameters of
process are optimized, reducing the error in
detection system of pesticide residue with
paper-based microfluidic.
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NMHTEPO®EPEHYEH AHAJIU3 3A ®OTOMETPUYHOTO OITPEJEJISIHE HA OCTATBHILHA OT
IECTUIINAN C UHTET'PAJIHYN MUKPO-®JIYUJIHN YUITIOBE

H. sTu®?, 3. JIut, JIx. Cys?, I1.®. Key?, Jix.JIx. T'yol, X.I1. Mao?"

Y Vuunuwe no enexkmpo- u ungpopmayuonto unsicenepcmeo, Yuueepcumem “Iocuanosy, Jowcenoxcuan 212013, Kumaiicka HP
2 Uucmumym no 3emeoencko unscenepcmso, Jowcenoxcusan 212013, Kumaiicka HP

IMocTrenmna Ha 27 mMapt, 2016 r., kopurupana Ha 25 ronu, 2016 .
(Pesrome)

3a momoOpsiBaHETO HA TOYHOCTTA Ha (POTOMETPUIHOTO OTKPHUBAHE HAa OCTATHIM OT MECTUIIUAN C€ BBBEKAa MUKPO-QIIyHICH
YHIT ¥ C€ ChCTaBs MOJIEN C aHAIN3 Ha rpemkuTe. OOMKHOBEHO TpeIlKkaTa Ha OTKPHBAaHE Ce MPUYMHSIBA ITIABHO OT IPOMEHIINBA
TeMIeparypa W BpEMETO 3a IIOATOTOBKa Ha mpodarta. J[bpDKMHATA Ha BBIHATA € (AKTOp C OCHOBHO BIHSHHE MPH
(OTOMETPUYHOTO OTKPHBAaHE C MHKPO-YMIIOBE HAa CTHKJICHA OCHOBA, 3apagll KOETO IBJDKMHATa Ha BBJIHATA TpAOBa Ia ce
ontumusupa. [lopagn MankuTe pasMepu U QUKCHPAHUS ONTHYEH ITHT, FPEIIKaTa OT TOBA € SAMHCTBEHA IIPH MUKPO-UYHIIOBETE Ha
CTBKJIEHa OCHOBA, KOETO BIHAE BHPXY YYBCTBHTEIHOCTTa Ha METOJA. 3aTOBAa TYK € YCTaHOBEHA TpelIKaTa MpH (UKCHPAHUS
ONTHYEH ITBTH € TMOTBBPIEHA eKcrepuMeHTaHo. Criopen 0co0eHoCTHTEe Ha (POTOMETPHUIHOTO OTIPEIeNITHE ¢ MUKPO-YHIIOBE Ha
XapTrheHa OCHOBA ca ONpEAeTICHN AbDKMHATA Ha BBJIHATA U €THAKBOCTTA HA I[BETA 32 PA3INYHU CTPYKTYpU U ca aHAIN3UPAHU
TpeIIKATE 32 TO3HW Cciiydail. B mocnencTBue ca onpeneieHN ONTUMAIHATE YCIIOBHS 3a aHann3uTe. HacTosmeTo m3cieaBaHe 1aBa
TEOpETHYHAa OCHOBA 33 MPEHU3HOTO (OTOMETPHYHO OTKPHBAHE HA OCTATBLIM OT MECTHIUIN C MHKPO-(IIYHIHH CHCTEMH Ha
CTHKJICHA WJIM XapTHeHa OCHOBA.
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The spread of infectious diseases has a serious impact on the aquaculture industry. But aquaculture pathogens
detection in a water environment often relies on traditional laboratory techniques which are difficult to use. time-
consuming and lower degree of automation. The paper proposes a magnetic isolating method based on microfluidic
chip for aquaculture pathogens detection. We designed a dedicated microfluidic chip with automatic sample injecting-
magnetic isolation, and set up the experiment platform based on a microfluidic magnetic isolating system. The optimum
magnetic pole current and switching frequency in the microfluidic isolating system were determined and as an example
of Salmonella typhimurium the performance of the system was experimentally evaluated. The experimental results
showed that compared with the passive isolation by barriers, the capture efficiency of the magnetic isolating system
increased by 32%, more than 93%, which benefits pathogens efficient separation and high precision detection in the

prevention of aquaculture disease.

Keywords:Microfluidic chip; aquaculture

INTRODUCTION

Nowadays aquaculture diseases have been the
biggest barrier to the sustained, rapid and sound
development of the aquaculture industry in the
world. Among all the causes, many aquaculture
pathogens(.i.e.Aeromonas hydrophila. Escherichia
coli. Salmonella typhimurium ) are major factors
of aquaculture diseases, which have caused
enormous economic loss. Therefore, rapid
aquaculture pathogen detection is the key to prevent
the occurrence of aquatic product breeding diseases
and the quality improvement of aquatic products[1-
4].Compared with pathogens detection technique in
the traditional laboratory, The lab-on-a-chip (LOC)
devices based on a microfluidic chip is
characterized by its high sensitivity, high
determination speed, less dosages and high
automation [5-9].

The aquiculture water environment are usually
diverse and complex, so how to rapidly isolate
pathogens from the samples is especially critical to
improve  subsequent  microfluidic  detection
precision.Conventional ~ pathogens  separation
methods include filtration, centrifugation, dielectric
electrophoresis. Filtration and centrifugation can
need multiple procedures, consume a long time and
have a difficulty to screen target pathogens.
Dielectric electrophoresis is likely to damage the

* To whom all correspondence should be sent:
E-mail:474820848@qg.com

pathogens;magnetic

isolation; capture efficiency
target pathogens and has a low separation
efficiency.The immunomagnetic isolating method
applys immunomagnetic nanoparticles (MNPs)
coupling pathogen antibodies to capture and
separate the target pathogens [10-13]. Nevertheless,
The microchip with micro-nano scale structure can
cause fluid laminar flow, which cannot bring out
the magnetic nanoparticles and target pathogens to
sufficiently mix and immunological reaction. In the
end the lower isolating efficiency of magnetic
nanoparticles can lead to poor detection accuracy.

This paper proposes a microfluidic magnetic
isolating method for the aquaculture pathogens
detection system and takes Salmonella typhimurium
for example to experimentally evaluate the
proposed method.

A MAGNETIC ISOLATING SYSTEM FOR
PATHOGENS MICROFLUIDIC DETECTION

The basic principle

By Maxwell's law the total current is showed as
follows[14-15]

fuar =1 (1)

In the equation, H is the magnetic field intensity,
L is coil winding length, | is the current of
electromagnetic coil, Based on equation (1), the
intensity of the magnetic field is proportional to the
driving current of the electromagnetic coil.

During the process of the magnetic separation of
the pathogens, the magnetic field exerts the
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magnetic force on MNPs.Meanwhile, the viscous

resistance is exerted on MNPs by the microfluid.

Therefore,the magnetic force of the single magnetic

nanoparticle exerted by the outer magnetic field is:
Fm = :uoleffVP (H V)H (2)

In the equation: wo is the permeability of
vacuum, V, is the volume of the magnetic
nanoparticle,yer is the effective  magnetic
susceptibility of the magnetic nanoparticle.

Based on equations (1) and (2), when other
parameters are constant, the magnetic force exerted
on the magnetic nanoparticle by the outer magnetic
field is proportional to the magnetic field intensity,
which is proportional to the drive current of the
role coil.

The viscous resistance exerted on single
magnetic nanoparticle by the microfluid is:

F, =6t (v, v, @3)

In the equation: # is the fluid viscosity, rp is the
semidiameter of the magnetic nanoparticle, v: is the
fluid velocity, v, is the speed of the magnetic
nanoparticle.

Based on Newton’s second law :

dv, —
mpT:FerFdJng (4)

In the equation: m, is the mass of the magnetic
nanoparticle, Fq is the sum of the magnetic
nanoparticle’s gravity and buoyancy.

Due to the minuteness of the magnetic
nanoparticle, Fgyis far less than the magnetic force
and the viscous vesistance and can be ignored.

MzH
HaM - MaH  [2)1Glutaric
(DRETES ﬂ anhydride
e Y

— | i C=0

F,+F, =0 (5)
According to the equation (5),the magnetic force
balances with the viscous resistance exerted by the
microfluid.The capture and separation of pathogens
with MNPs are affected by the magnetic force F.
Based on the Navier-Stokes equation of the
incompressible fluid while in laminar flow

Py %m (Vi V)V, ==VP +7 V2V, +cF8(f) (6)

In the equation: pris the fluid density, P is the
pressure intensity of the microfluid, ¢ is the
concentration of the magnetic nanoparticles, J(f) is
the periodic function varying with the magnetic
field frequency f.

Based on equation (6), the capture and
separation of pathogens with MNPs are affected by
the magnetic field frequency and the concentration
of MNPs.

The magnetic capture efficiency of pathogens
can be defined (Capture efficiency,CE),

e 100% ()
0

In the equation: C is the concentration of
pathogens after magnetic isolation, Co is the initial
concentration of pathogens.

the capture efficiency can quantitively evaluate
the performance of the magnetic isolating method
of microfluidic detection system.

CE =

Y
=/ NH
I I
HN C=0 ttljf
[ : =0
- MH
(4)ABHRP  C=0 —HN e

Fig. 1. Functionalization scheme of magnetic nanoparticles.
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Functionalization of the magnetic nanoparticles

This experiment used the magnetic nanoparticle
with 10nm silica shell and 160nm iron oxide core.
As a proof of the immunoreaction principle, 180nm
magnetic nanoparticles were functionalized with
anti-Salmonella typhimurium Ab and horse radish
peroxidase (HRP) to generate Ab-HRP-MNPs. The
scheme for the MNPs immune-functionalization is
shown in Fig.l. Treatment of the magnetic
nanoparticles with (3-aminopropyl) triethoxysilane
(APTES) produced a self-assembled monolayer
containing surface amino groups that were
converted to carboxyl groups by reaction with
glutaric anhydride. The carboxyl groups were
activated by sequential reactions with 1-ethyl-3-(3-
dimethylamino-propyl) carbodiimide (EDC) and N-
hydroxysuccinimi-de (NHS). The resulting NHS
groups were used for chemical conjugation of anti-
S. typhimurium Ab and HRP enzyme to generate
Ab-HRP-MNP [16].

Design of a microfluidic chip

o | Magnetic separating charmer_—" | C

~ ™

o oo N Ji%ejif o
- °© %’ %%ﬁ% 2

,1' %}

. L
A

B
®pathogens © magnetic nanoparticles <" others

E}

Fig.2. Structure model of the microfluidic chip

As shown in figure 2, A is the inport of
immunomagnetic nanoparticles and B is the inport
of pathogens. Immunomagnetic nanoparticles and
pathogens are simultaneously injected into the
magnetic separating chamber by an injector pump.
C is the impurity outlet and D is the detection outlet
after magnetic separation. The microfluidic chip
adopts port on-off method to realize the flow
control of the sample fluid. Port A and B adopts
the injector pump to run and stop the flow. Outlet C
and D adopt manual clips with teflon catheter to
control the on-off flow. The material of the chip is
polydimethylsiloxane (PDMS), which is bonded to
a glass substrate.The micro channel volume on the
chip is 8.2x103mL.

The magnetic separating chamber is mainly used
for the complete mixture of magnetic nanoparticles
and pathogens, which cause specific immune-
response under the action of an external magnetic
field to realize the capture and separation of the

278

pathogens. The inadequate separation will yield
great errors of subsequent detection.

Experimental platform

Fig.3 is the photo of the overall experimental
platform. The microfluidic chip is set on the +Z
iron core terminal of the magnetic field generator,
which is in the center of the generator.The
Microinjector is connected to an injection pump
(0.098 um/pace, flow accuracy of CVs < 1%). The
pathogen samples and MNPs solution (particle size
180 nm, concentration 10 mg/mL) are injected into
the microfluidic chip through the port A and B. The
outlet C is connected to the impurity collecting tube
and the outlet D is connected to the sample
collecting tube after the magnetic separation.

Fig.3. Photo of the microfluidic magnetic isolating
system:1-Power controlled panel,2-DC stabilized supply
power, 3-Magnetic field generator, 4-Microfluidic chip,
5 - Microinjector, 6 - Injection pump, 7 - test tube.

The magnetic field generator is driven by role
currents from six iron core coils and generates
parallel magnetic fields in six positive and negative
directions. The magnetic induction intensity in each
direction at the center of the magnetic separation
chamber can be adjust between 0~65mT. The
power control board can manage the DC stabilized
power supply (YB3205, 0-5A) by a program
supplying power in all directions. the X-Y-Z
magnetic field were varied to realize magnetic
separation of the pathogens.

The size of applied magnetic nanoparticles is
180 nm in the experiments and their surface is
conjugated with Salmonella typhimurium specific
antibodies which can have specific binding with
Salmonella typhimurium and produce the magnetic
nanoparticles/ pathogens compounds.

Separated pathogens are collected into the test
tube and adopted the plate counting method to
count the pathogens colony. The magnetic capture
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efficiency of pathogens is calculated to verify the
effect of the separation of the chip.

Experimental procedure

Water environment of aquiculture usually has a
lower pathogens content in unit volume, so the
pathogens detection needs to adopt the vacuum
pump with special membrane (<0.45um)to enrich
pathogens, and need to rinse and dilute to earn
pathogens samples . The standard detection method
applys plate counting method. The sample is
applied to the color culture medium, and put into
the oscillation incubator with constant temperature
(37°C, 200r/min) to conduct a 48h enrichment
culture.In the end the concentration of the pathogen
samples is obtained by the pathogens colony
counting.

Salmonella typhimurium is used as the target
pathogens,  while  Escherichia  coli  and
Staphylococcus aureus are used as interference
pathogens in the experiment. The pathogens strain
is provided by the Food Engineering Experiment
Center of Jiangsu University in China. Three kinds
of strains are blended into pathogens solution
through phosphate buffer solution (PBS) and series
of concentration samples are obtained after gradient
dilution. The plate counting method is adopted to
obtain the concentration of pathogens in standard
samples. Three kinds of pathogen samples are
blended into the synthetic samples of the pathogens
in aquaculture according to a certain concentration
ratio.We mix 0.1mL of Salmonella typhimurium
samples with 0.9mL of Escherichia coli and
Staphylococcus  aureus.Synthetic  samples  of
Salmonella  typhimurium  with  series  of
concentrations are obtained after a 10'~108 gradient
dilution.

Four magnetic poles of the X-Y plane of the
magnetic field generator are driven to produce
parallel magnetic field to magnetic separating
chamber of chips. Then the samples are disturbed
with MNPs movement to speed up immunological
reaction to produce MNPs/pathogen compounds,
which is shown in Fig.2. After a certain period of
time, the magnetic pole in the X-Y direction stops
and the magnetic pole in the -Z direction starts to
attract the beads wrapped pathogens cells to the
underside of the separation chamber. The B port is
replaced by PBS buffer injection washing
separation chamber and the magnetic pole in the -Z
direction  stops  releasing = MNPs/pathogen
compounds to realize the separation of pathogens
from samples. Samples from the output D are taken
to test tube to carry out plate colony counting and

The magnetic capture efficiency of the pathogens is
calculated using equation (7).

WORKING PARAMETERS OPTIMIZATION OF
THE MAGNETIC SEPARATION SYSTEM

The main parameters of the microfluidic
magnetic separation system include the magnetic
pole current and magnetic frequency.

The synthetic sample of 1mL Salmonella
typhimurium (2.8x10%® CFU/mL) and 1mL of MNPs
solution are injected into the microfluidic chip.
Different parameters are adopted to detect the
magnetic capture efficiency and determine the
system’s optimal working parameters .

Based on equation (1) and (2), the magnetic
capture efficiency is connected with the magnetic
force of the magnetic nanoparticles. When the
magnetic pole current increases, the magnetic field
intensity increases and so does the magnetic force
of the magnetic nanoparticles. When the magnetic
field intensity meets or exceeds its saturation level,
the magnetic force no longer increases. Therefore,
the experiments adopt 7 kinds of magnetic current
(0.5~3.5A) to detect magnetic capture efficiency.
As observed in Fig.4, the results show that when
the magnetic pole current is more than 3A, the
change of the magnetic capture efficiency is not
obvious, which the magnetic nanoparticles reach
magnetic saturation.The magnetic force of the
magnetic nanoparticles exerted by the magnetic
field is a maximum.Thus, the optimum magnetic
role current of the system is 3A.

100

80|
60|

401

Capture efficiency (%)

20 1 1 1 1 1 1
0.5 1 15 2 25 3 35

Magnetic pole current(A)

Fig. 4. Capture efficiency VS. Magnetic pole current.

Based on equation (6), the switching frequency
of the magnetic field varied to disturb the flow of
the sample fluid,which improve the immunological
reaction of magnetic nanoparticles and pathogens
and thus increase the magnetic capture
efficiency.When the switching frequency is too low,
the disturbance of the magnetic force is too slow
and the magnetic capture efficiency is not high. The
capture efficiency increases with the increase of the
magnetic switching frequency.When the frequency
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is too high, the magnetic nanoparticles lag the
disturbance of the magnetic force owing to the
action of the viscous liquid resistance.At the same
time, the magnetic nanoparticles can’t be fully
released owing to the action of the rapidly changing
magnetic force. So the magnetic field with the
further increase of the magnetic switching
frequency will lead to the decline of the magnetic
capture efficiency.The experiments adopt 7 kinds of
magnetic switching frequency (1~4 Hz).As
observed in Fig.5, the results show that when the
magnetic frequency is over 3Hz ,the magnetic
capture efficiency starts to decline significantly.So

the optimal magnetic frequency is 3Hz.
100

80

60

Capture efficiency (%)

40

20 1 1 1 1 1
1 15 2 25 3 35 4
Switching frequency(HZ)

Fig.5. Capture efficiency vs. switching frequency.

RESULTS AND DISCUSSION

The performance of the microfluidic magnetic
separation system mainly include the capture
efficiency, the separation speed and the degree of
automation.

We uses the aboved optimum parameters of the
system to analyze the results of the magnetic
separation of the samples with different
concentrations.  The  pathogen  sample(1mL
Salmonella typhimurium 3x10® CFU/mL)is taken
as detection target. Meanwhile,two kinds of
interfering pathogens with different concentrations
is added and mixed.After gradient dilution, 7 kinds
of target pathogens detection samples are obtained.
The target detection sample and 1 mL magnetic
nanoparticles solution are injected into the
microfluidic chip at the same time and the magnetic
separation detection is conducted under the
condition of the optimum parameters. A
guantitative relationship between the magnetic
capture efficiency and the target pathogens
concentrations in samples is obtained, as shown in
Fig.6.

The results illustrates that when the target
pathogens concentration is within the range from
3x10°CFU/mL to 3x10°CFU/mL, the capture
efficiency of target pathogens is over 93% on

average. When the concentration of target
pathogens is over 3x10°CFU/mL, the magnetic
capture efficiency of the system is below 93%.
Thus, the magnetic separation method has a high
capture efficiency to pathogens with both a high
concentration(10°CFU/ml) and a low concentration

(102 CFU/mL).
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Fig. 6. Capture efficiency vs. the concentration of
Salmonella typhimurium.

In order to analyze and verify the performance
of the designed microfluidic magnetic separation
system, after adding interfering pathogens to
conduct detection 6 groups of target pathogens
samples with random gradient concentration within
the range from 4x102CFU/mL to 4x10’CFU/mL are
injected into the system. Passive microfluidic chips
mentioned in the document [15] are adopted to
conduct comparison and analysis of pathogens
separation.

100
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Fig. 7. compared analysis for the proposed
method and passive isolation method

Fig.7 is the comparison histogram of Salmonella
typhimurium capture efficiency with two kinds of
methods. As shown in Fig 7, compared with the
passive separation method, the target pathogens
capture efficiency of the magnetic separation
method increases about 32% and realizes the high
efficiency separation of the aquatic microfluidic
pathogens concentration. It is also convenient to
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improve subsequent detection

efficiency of pathogens.

accuracy and

CONCLUISIONS

This paper integrates magnetic separation on a
microfluidic chip, and establishes a microfluidic
magnetic isolating system for aquaculture
pathogens detection. Compared with the passive
capture separation method, the capture efficiency of
the proposed method increases by 32% and realizes
the high efficiency isolation of the aquatic
pathogens. It is also convenient to improve the
subsequent detection accuracy of the pathogens.
The proposed method will provide prospective
references for the research of aquaculture disease
by early warning and prevention .
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[NPOEKTHUPAHE U OLIEHKA HA METO/] C MUKPO-®JIYUIHA U30JIALINA 3A
OTKPUBAHE HA ITATOI'EHM B AKBAKVJITYPU

Jx.JIx. T'yo 12, P.B. JIxan®", H. du’

YWuumuye no enexmpo- u ungpopmayuonno undicenepcmeo, Ynusepcumem “Iocuandsy “, Jocenoncusn 212013, Kumai
2Vuunuwe no enekmpo- u pomoenekmponno undicenepcmeo , Texronozuuen uncmumym ¢ Yanocoy, danoicoy
213002, Kumaii

Iocremmna Ha 11 sryapu,2016r., kopurupana Ha 19 HoemBpu, 2016 T.
(Pesrome)

PasnpocTpaHeHneTo Ha HHOEKIMO3HN 0OJIECTH HMA CEPHO3HO BB3IEHCTBUE BbPXY aKBAKYITYypPHATA POMHUIILICHOCT.
OTKpUBaHETO HA IATOTEHHTE BBB BOJHA CPENAYyecTO 3aBHCH OT TPAJUIHOHHH Ta0OPAaTOPHH METOMH, IIPU KOUTO
BKJIFOYBAT M30JAIMS U MPOIBIDKUTENHN ONEPAIUH, IPU HUCKA CTEleH Ha aBroMarm3anus. Tyk ce mpemara MeTo[ €
MarHWTHa M30Jal(Ms 3a OTKPHBAHETO HA IATOTEHH B AaKBAaKY/JITYpH, OCHOBaH Ha MuKpoduyuaen unm. — Hue
HPOEKTHPaXMe MUKPOQIIYHIEH YUII ¢ aBTOMATHYHO BIIPHCKBaHe HA Mpo0ara, MATHUTHA M30JIALUA M YCTPOWCTBO 3a
ekcriepuMenTanta 1wargopma. OnpeeneHu ca ONTHMAIHHS HOJIAPEH MATHUTEH IOTOK W MPEBKIIOYBAIIATA YECTOTA B
M30JIAIIMOHHATA CHCTEMa W KaTo TMPUMEp CKCIIEpMMEHTANHO € u3cieaBaHa kyirypara Salmonella typhimurium.
OnuTHHUTE PE3yNTaTH MOKA3Bart, 4Ye B CPABHEHHUE C TIACHBHATA U30JalUsIHa OakTepunTe e(EeKTUBHOCTTA HA YIABAHE WM
HapacTtBa ¢ 93%, K0eTo GnaronpusITCTBa e(EKTUBHOTO OTACISIHE HA ATOTCHUTE M BUCOKATA TOYHOCT IIPH OTKPHBAHETO
UM IIPY [PENa3BaHeTO HA aKBAKYJITYPHUTE OT 3a00IsIBaAHMS
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Optimization of fermenting conditions for antioxidant activity and yield of
polysaccharides from mushroom solid fermentation
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In order to establish a simple procedure for producing edible mushrooms with a high polysaccharides yield,
antioxidant and hydroxyl radical scavenging activity, experiments were conducted to optimize the fermentation
conditions for the mushroom, as well as the fermentation time. The results showed that mushrooms can grow on this
medium and produce abundant polysaccharides which have the capacity for antioxidant and hydroxyl radical
scavenging, which also provide a theoreticaland practical way to a large-scale production of Pleurotuseryngii with a
high polysaccharides yield, high antioxidant and hydroxyl radical scavenging activity under an optimum fermenting

time of 20 days’ cultivating.
Keywords: polysaccharids, solid mushroom fermentation
INTRODUCTION

Mushrooms are able to convert lignocellulose
biomass waste into human food and also produce
medicinal and nutritional products which have
many health benefits [1-3]. Pleurotuseryngii is an
edible mushroom native to the Mediterranean
regions of Europe, the Middle East and North
Africa, but also grown in many parts of Asia [4]. It
may naturally contain chemicals that stimulate the
immune system [5]. Dietary intake of
Pleurotuseryngii may function as a natural
cholesterol lowering dietary agent [6].

Polysaccharides such as Ganodermalucidum
polysaccharides [7], lentinan [8] and
Pleurotuseryngii polysaccharides [9], from edible
mushrooms have been reported as antioxidants in
recent years. In this study, Pleurotuseryngii was
fermented on a solid medium of kelp waste, a main
oceanic nonproductive in related industries. The
microparticles obtained from the incubation were
investigated for antioxidant activity and hydroxyl
radical scavenging activities.

The results showed that the Pleurotuseryngii can
grow on the solid medium and produce
polysaccharides. Meanwhile, the assays showed
that an antioxidant activity and hydroxyl radical
scavenging capacity of the microparticles obtained
from Pleurotuseryngii incubation were significantly
higher than those of the kelp waste without
fermentation. The assays showed that antioxidant
activity and hydroxyl radical scavenging capacity
under the optimum conditions were significantly
higher than those without optimization. It would be
a beneficial pathway to recycle kelp waste by the
fermentation of Pleurotuseryngii to produce

* To whom all correspondence should be sent:
E-mail: 43359998@qg.com

potential natural antioxidants.

MATERIALS AND METHODS
Mushroom strains and solid fermentation

The kelp waste material was obtained from
factories engaged in sodium alginate production in
Weihai, China. The mushroom Pleurotuseryngii
was preserved in our Lab and initially incubated on
a potato dextrose agar PDA medium (fresh potato
20%, glucose 2% and agar 1.5%) in a Petri dish at
25°C for 10 days. Agar plugs, 10 mm in diameter
with young mycelia were punched out by a puncher
and inoculated into 370 ml tissue culture bottles
containing 50 g kelp waste with addictive glucose
and wheat bran.

The medium without fermenting mushrooms
was used as negative control and the antioxidant
BHT was used as positive control. Each treatment
had three replications and each replication included
three parallel tissue culture bottles. Uniform design
and DPS software were employed to optimize the
yield of polysaccharides from Pleurotuseryngii and
the second-order regression model with five-factor
five-level design was established. The factors and
levels considered in the experiment are listed in
table 1 and the testschemes were elaborated in
table 2.

The experiments were conducted by the test
schemes, the optional conditions were chosen and
the verification experiment was then conducted
under the optimum conditions. Single factor
experiments were conducted respectively according
to the relationship between the fermenting time and
the yield of mushroom polysaccharides, antioxidant
activity, as well as the hydroxyl radical scavenging
activity. The ECsy value is the effective
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concentration at which hydroxyl radicals were
scavenged by 50% and obtained by interpolation
from regression analysis.

Treatment of the experimental samples

A ferment powder suspension, hot water extracts,
the polysaccharides solution and BHT solution was
prepared for positive control. After fermentation for
20 days, the kelp waste product was dried and
shattered into microparticles (160~200 mesh), then
suspended in distilled water. The prepared
concentration of this powder suspension is
50mg/mL.

A water bath (100 °C) for 2 hours was applied to
extract the soluble part of the product which
contained polysaccharides and other soluble
substances. After precipitation and lyophilization, it
was dissolved in distilled water with a hot water
extraction of 50mg/mL.

Fourfold volumes of ethanol (95%) were added
to the hot water extraction, centrifuged at 6,000
rpm for 30 min, left at 4°C overnight and the
polysaccharides were obtained after precipitation
and lyophilization. The polysaccharides were also
re-dissolved (50mg/mL) in distilled water for
further study. Finally, BHT control experiments
which is known as an antioxidant were carried out

Tablel. Factors and Levels to be optimized.

under the same conditions. All the chemicals used
in the study were of analytical grade.

Assays for hydroxyl radical scavenging activity

Fenton's reagent is the most common reaction
producing HO-, which was developed in the 1890s
by Henry John Horstman Fenton. Ferrous iron (I1)
is oxidized by hydrogen peroxide to ferric iron (1),
a hydroxyl radical and a hydroxyl anion. Iron (l11)
is then reduced back to iron (Il), a peroxide radical
and a proton by the same hydrogen peroxide.

(a) Fe?* + H,02 — Fe®* + OH- + OH-
(b) Fe** + H20, — Fe?* + OOH: + H*

Adding griess reagent to Fenton’s reagent
system, there is a maximum absorbance peak at 550
nm. In a definite concentration range, the light
absorption of Fenton’s reagent system is positively
related to the concentration of HO-. Thus, the light
absorption OD value will reduce when the inhibitor
HO- exists in the system, which can test the
hydroxyl radical scavenging activity of the
substance. The formula is listed below as formula
(1), where ODc is the absorbance without samples
and OD, is the absorbance in the presence of the
samples of the ferment products. Hydroxyl radical
scavenging activity (%)=[(OD.-OD)/OD¢]x100 (1)

Level

Factor Code 1 2 3 4 5

Water content (%) X1 50 55 60 65 70

Bran content (%) X2 5.0 55 6.0 6.5 7.0

pH value X3 0 0.25 0.5 0.75 1

Glucose content (%) X4 0 0.04 0.08 0.12 0.16
Temperature (C) X5 15 20 25 30 35
Table2.Test schemes of the fermentation.
Numerical code

X1 X2 X3 X4 X5
N1 4 3 5 3 1
N2 3 5 3 5 1
N3 1 2 3 4 5
N4 1 4 4 4 2
N5 4 4 1 4 2
N6 2 5 2 2 4
N7 2 1 5 5 3
N8 2 2 2 2 1
N9 5 1 3 1 2
N10 5 3 2 5 5
N11 5 5 4 3 3
N12 3 1 1 3 4
N13 4 2 4 2 4
N14 1 3 1 1 3
N15 3 4 5 1 5
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Assays for antioxidant activity of the microparticles

The chemical kits used for total antioxidant
capacity (T-AOC) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing,
China). The measurement was followed by the
manufacture’s instruction.

T-AOC was described as the following
equation;

T-AOC (U/mg) =[ (As-Ao) /0.01/ 30]xVt/ Ms. (2)

Where As is the absorbance of the sample, Ao is
the absorbance without the sample, Vt (ml) is the
total volume of the reaction mixture and Ms (mg) is
the mass of the sample.

RESULTS AND DISCUSSION

Optimization of the solid fermentation conditions
from Pleurotuseryngii

Pleurotuseryngii can vigorously grow on the
solid medium, as shown in Figure 1.

Fig.1. Pleurotuseryngii fermented on a kelp waste
medium.

Uniform design and DPS software were
employed to optimize the yield of polysaccharides
from Pleurotuseryngii. Then a regression equation
prediction model was established see formula (3)

bellow, whose correlation coefficent
R=1 e Fhel t8efdo,
cient=0.99994 a residual path  coefficient

=0.00805
regression equation was significant with a good
fitting degree.
¥ =1.582+4 0.635X1 — 0.584X3 — 0.628X4
—0.007X1 * X1 —0.015X3 * X3
—0.572X4 x X4 — 0.008X5 * X5
+0.016X1 X3 + 0.017X1 = X4
+ 0.007X1*X5 —0.038X2 * X3
+0.161X3 * X4 — 0.005X3
* X5 (3)
The selected optimum solid fermentation
conditions for the growth rate are shown in table 3.
According to the optimization of the growth rate
for Pleurotuseryngii.optimum conditions of the
fermentation were: water content 70%, the PH
value 5.0, the bran content 1. 0%, and the glucose
content 0.16%, the temperature of the solid
fermentation condition was 25.9°C. The maximum
predicated growth rate for Pleurotuseryngii was
4.78mm/day. The verification experiments were
conducted completed under the optimum
conditions, which gave a growth rate of 4.93
mm/d. The fitting degree of 97.0% indicated a
close agreement of the values predicted by the
models and the wvalues in the verification
experiments.

Optimization of the fermentation time for a yield of
mushroom polysaccharides, antioxidant activity
and hydroxyl radical scavenging activity

After fully fermentation, the relationship
between the fermentation time and the yield of
mushroom polysaccharides, the antioxidant activity
and the hydroxyl radical scavenging activity were
investigated respectively. The results are shown in
tables 4 to 6.

As is in table 4, the antioxidant activity affected
by the fermentation time reached the top value 20
days after the bottles had fully grown mushrooms.
Table 5 shows the yield of polysaccharides reached
the top on that day too.

Table 6 shows that 15 days after fully grown,

p=QKR25Mydieigyhitadical scavenging activity was

highest as ECso was the lowest.

Table3.Optimal fermenting conditions

Optimal parameters Results
Water content (W, , %) 70  Predictive value (mm/day) 4.78
PH value (p, ,1) 5.0  Actual value (mm/day) 4.93
Bran content (B, , %) 1.0  Fitting rate (%) 97.0
Glucose content (G., %)  0.16 Traditional growth rate(mm/day)3.15
Temperature(T_, C) 25.9 Multiple of the increase(%) 58.1
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Table 4. Antioxidant activity affected by fermenting
time.

Fermenting time A_nt_lomdant
activity(U/mg)
Kelp waste medium 0.252
0 day after fully grown 0.263
5 day after fully grown 0.327
10 day after fully grown 0.339
20 day after fully grown 0.387

Table 5. Yield of polysaccharides affected by the
fermentation time

Fermenting time Yield of polysacc-

harides(mg/g)
Kelp waste medium 59.49
0 day after fully grown 88.79
5 day after fully grown 100.64
10 day after fully grown 107.89
20 day after fully grown 123.83

Table 6. Hydroxyl radical scavenging activity affected
by the fermentation time

Fermenting time ECso(U/mg)
Kelp waste medium 122
0 day after fully grown 30.55
5 day after fully grown 17.44
10 day after fully grown 19.28
15 day after fully grown 12.83
20 day after fully grown 14.35

Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity of the
microparticles suspension, hot water extracts and
polysaccharides obtained from solid fermentation,
the kelp waste medium and BHT solution are
shown in Figures 2 to 4.

The hydroxyl radical scavenging activity of the
obtained samples from Pleurotuseryngii incubation
(T in figures 2 to 4), BHT (C1) and the kelp waste
alone(C2) were control tested. The Data was
presented as the mean of three independent
experiments + SD.

The formula is listed below as formula (3),
where ODc is the absorbance without samples and
OD, is the absorbance in the presence of the
samples of the fermentation products.

Scavenging effect = (OD; - OD,)/ OD;  (3)

In accordance with figures 2 to 4, a dose-
dependent increase of the hydroxyl radical
scavenging activities of the microparticles is
apparently exhibited. The hydroxyl radical
scavenging activity of the microparticles
suspension was less than BHT but more than the
kelp waste medium without fermentation. But the
hot water extracts (figure 3), especially the

polysaccharides (figure 4) drawn from the
fermentation products had much more hydroxyl
radical scavenging activity than the BHT and kelp
waste medium without fermentation.
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Fig.2. Hydroxyl radical scavenging capacities of the
powder suspension (T) obtained from Pleurotuseryngii
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Fig.4. Hydroxyl radical scavenging capacities of the hot
water extracts (T) obtained from Pleurotuseryngii
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Fig.5. Hydroxyl radical scavenging capacities of the
polysaccharides (T) obtained from Pleurotuseryngii

Compared with the data for hydroxyl radical
scavenging, among the fermented powder
suspension, the hot water extraction, the
polysaccharides solution and BHT solutions (as
positive control), Pleurotuseryngii solid ferment
products have a high hydroxyl radical scavenging
activity, which also increased with the higher
concentration of polysaccharides which exist in
both the suspension and extracts solution at
different concentrations.
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Antioxidant activity of the microparticles

As shown in table 7, the antioxidant activity of
the mushroom sample, microparticles suspension
obtained from Pleurotuseryngii fermentation was
0.141U/mg, which was slightly lower than that of
the kelp waste without Pleurotuseryngii
fermentation as control 2 and the BHT solution as
control 1. The antioxidant activity for the hot water
extracts obtained from fermentation products was
0.530U/mg, which was significantly higher than
that of the kelp waste without Pleurotuseryngii
fermentation and the BHT solution. The antioxidant
activity for the polysaccharides obtained from
fermentation was 1.433U/mg, significantly higher
than that of the kelp waste without fermentation
and the BHT solution, which means the hot water
extracts and polysaccharides have more antioxidant
activities.

Table 7.Antioxidant activity(U/mg)

Sample Results
Powder suspension 0.141
Hot water extract 0.530
polysaccharides 1.433
BHT 0.218
Kelp waste medium 0.174

CONCLUISIONS

In this work, the Pleurotuseryngii can grow on
the solid medium and produced polysaccharides. It
was shown that the antioxidant activity and the
hydroxyl radical scavenging capacity of the
microparticles obtained from Pleurotuseryngii
incubation were significantly higher than those
from the kelp waste without fermentation. Likewise
the assays showed that the antioxidant activity and
hydroxyl radical scavenging capacity under the
optimum conditions were significantly higher than
those without optimization. A dose-dependent
increase of the hydroxyl radical scavenging
activities of the microparticles was apparently
exhibited. The hydroxyl radical scavenging activity
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of the microparticles suspension was less than for
BHT but more than for the kelp waste medium
without fermentation. But the hot water extracts,
especially the polysaccharides drawn from the
fermentation products had a much higher hydroxyl
radical scavenging activity than BHT and the kelp
waste medium without fermentation. After
optimization of the fermentation time, the optimum
fermention time was chosen, which can affect the
yield of polysaccharides, the antioxidant activity
and hydroxyl radical scavenging activities. Thus,
each component of the fermentation investigated of
the antioxidant activity and hydroxyl radical
scavenging activities obviously have encouraging
results. It would be a beneficial pathway to recycle
the kelp waste by fermentation of Pleurotuseryngii
to produce potential natural antioxidants.
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ONTUMI3ALINS HA YCJIOBUSTA 3A TBBPIO-PA3HA ®EPMEHTAISA HA I'bEU BLB
BPB3KA C TAXHATA AHTUOKCUJJAHTHA AKTUBHOCT U JOBUBA HA
[MTOJIN3AXAPUIN
Jix. YOan, I1. SIn", 1. JI>xbH
Yuunuwe no coyuanno u exonozcuuno unocenepcmeo, Texnonocuuen uncmumym 6 Xapoun, Xapoun 150001, Kumai
ITocTpnuna Ha 23 sHyapu, 2016 r. ; kopurupana Ha 6 aBrycrt, 2016 .

(Pesrome)

[IpoBeneHu ca eKCIEPUMEHTH 33 YCTAHOBSBAaHE HAa ONTHUMAITHWUTE YCIIOBHs3a HOOWBaHE HAa CJIMBH I'bOM C BHUCOK
OOUB Ha MONU3aXapuIy U Ha aHTHOKCUJAHTH OTCPTAHSIBAINM XHJIPOKCHIHUTE paJHKaiu. Pe3ynraruTe mokaspar, 4e
Morar Ja pacTaT W Jia NpPOM3BEXIaT OOMIIHO IOJHM3axapHIu C TOPENoCOYeHHTEe CBOMCTBA. Te3n pesydaraT naBar
BB3MOXKHOCT 3a ManjabupaHe Ha Tporieca U 3a MPOMUIIIICHO TpriiaraHe Ha Ta3W TBHPIO-(asHa pepMeHTanus ¢ THOuTe
Pleurotus eryngii mpu onrrmaiio Bpeme oT 20 JHH.

287



Bulgarian Chemical Communications, Volume 49, Number 1, (288 — 296) 2017

Using point cloud data for tree organ classification and real leaf surface construction
Ting Yun'?®, Banggian Chen?, Weizheng Li3 Yuan Sun?, Lianfeng Xue!®”

1School of Information Science & Technology, Nanjing Forestry University, 210037 Nanjing, China.
2Danzhou Investigation & Experiment Station of Tropical Crops, Ministry of Agriculture/Rubber Research Institute,
Chinese Academy of Tropical Agricultural Sciences, Danzhou 571737, China
3Advanced Analysis and Testing Centre, Nanjing Forestry University, 210037 Nanjing, China.
“College of Forestry, Nanjing Forestry University, 210037 Nanjing, China.
5Joint Center Sustainable Forestry Studies in Southern China, Nanjing Forestry University, 210037 Nanjing, China

Received December 18, 2015; Revised September 17, 2016

Terrestrial Laser Scanning (TLS) enables easy and fast Point Cloud Data (PCD) acquisition from objects, and it has
been widely used in complex scene survey. However, trees have seriously irregular and complex morphology, and
scanning process always be influenced by external environment variation and have occlusion effect, so quantifying the
3-D morphology structure and assessing parameters of forest stands by TLS is challenging. In order to solve these
problems, we applied computer technique to improve Terrestrial Laser Scanning (TLS) performance in forestry
measurement. Here, new PCD feature vectors, including shape, orientation, normal vector distribution and normal
vectors of tangent plane, was proposed, and Supervised Locally Linear Embedding (SLLE) algorithm and Gaussian
Mixture Model (GMM) were adopted for the feature dimensionality reduction and PCD classification as well. Hence,
the algorithm efficiency was improved and various tree organs could be automatically identified. Moreover, a leaf
modeling method using polynomial fitting method and Moving Least Squares (MLS) were presented to depict real
foliage silhouette and eliminate ghost points, yielding accurate reconstruction of complex foliage surface. As detailed
experimental comparison stated, the recognition rate remained higher than 87.51 % while our classification method was
applied to different tree PCD, and accurate 3D morphological reconstruction of leaf models have similar leaf area
versus manually LI-3000C measurement results. Thus, our method show promise in further exploration of utilizing TLS
as an effective tool for forestry parameter retrieval.

Keywords: Terrestrial Laser Scanning (TLS), Point Cloud Data (PCD), Tree organ classification, Leaf surface
reconstruction.

INTRODUCTION to classify different plant species. 3D reconstruction
model of plant was utilized to characterize tree
structures, light interception within the canopy and
leaf photosynthetic capacity [3,4,5]. Moreover, a
multitude of computer software, including
YPLANT [6], Arbaro [7], VegeSTAR [8] and
Speedtree [9] were designed for bio-simulation.
Secondly, laser scanning shows incomparable
advantages in tree measurement in recent years.
Many researchers selected Terrestrial laser scanner
to obtain spatial explicit points representing target
trees, and proposed a plethora of methods on basis
of scanning data to retrieve ecological parameters.
These achievements include developing PCD
feature histograms to reflect plant geometrical
information [10], reflecting changes in the deep
oxidation state of the xanthophylls cycle from TLS
return intensity [11], presenting voxel-based
method with line quadrat direction to retrieve the
biophysical characteristics of the forest canopy
[12,13] and modeling laser-vegetation interactions
probabilistically based on Poisson gap model [14],
and so on. Besides, airborne laser scanning (ALS)

The forest has an irreplaceable status and role in
regulating the earth's environment for human
survival and slowing down and even curbing the
global environmental degradation trend. Moreover,
forest measurement science and  forestry
information research have become an important
issue in recent years, we have to face the task that
exploring the fine measurement of forest trees and
providing an effective way to improve the accuracy
and efficiency of forestry data collection for
forestry surveying.

In recent years, quite a few methods of
analyzing plant structure and measuring plant
parameters was proposed, which could be divided
into two types.

Firstly, tree measurement method based on the
image processing and computer graphics theory is
designed to calculate ecological parameters of the
plants. Image recognition methods [1,2] was
adopted to analyse numerous leaf images in order

* To whom all correspondence should be sent: offers an opportunity to conduct large scale
E-mail: 18951080592@163.com, xuelianfeng@njfu.edu.cn surveying of vegetation at great resolution than has
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previously been available. Commercially-available
equipments, such as aircraft and drones, loaded
laser scanners and was manipulated by engineers to
rapidly generate point-cloud data of vegetation.
Corresponding algorithm were proposed for a broad
range of forestry and environment management
applications, such as forest biomass estimation [15],
delineation of individual tree crown [16],
aboveground biomass and carbon storage
evaluation [17,18] and tree species recognition [19].

Although a number of researches have done
considerable work on agricultural and forestry
measurement, three challenging questions still
remained in forestry parameters acquisition from
scanning data. 1) How do we extract and
distinguish every leaf from the flourishing tree’s
PCD with enormous variation in leaf inclination
angle and azimuth angle? 2) The scanning data
exists noise and deviation caused by occlusion
effect and external environment interferences [20].
How do we eliminate deviation and design
appropriate algorithm to construct real foliage data?
3) The presentation of scanned leaf is in the discrete
points and not 3D surface model. How do we
design a reasonable algorithm realizing the
transformation from scanned point to leaflet surface.

Based on the above issues, here, two meaningful
works have been done on basis of PCD. Firstly,
original feature vector composed by normal vector,
normal vector distribution and normal vectors of
tangent plane was proposed, and supervised
manifold learning method was designed to process
these feature vectors for principal component
analysis and dimensionality reduction. Then,
Gaussian Mixture Model (GMM) and Expectation-
Maximization (EM) method were adopted to the
processed features in order to realize PCD
classification and automatically recognize tree
organs. Secondly, we established polynomial
equations to fit leaf boundaries based on PCD, and
manipulated MLS algorithm to eliminate noise
points caused by external interference. Then,
Delaunay triangulation method was introduced to
generate numerous triangle meshes composing real
leaf surface.

MATERIALS AND METHODS

Data collection by TLS

Our experimental trees were chose on the
campus of Nanjing Forestry  University

(32°08'N,118° 81’E), including many well-isolated
individual trees such as Michelia trees and Sakura
trees. Assuming that the shape of target tree crowns

is ellipsoidal, each scan was obtained in
azimuthally symmetric location and target tree
located in the centre of the experimental plot. Every
TLS placed in turn at different lateral side and kept
several meters away from target tree. After TLS
scanning procedure finished, every scan of different
angle was finally integrated into a single coordinate
system through registration process to acquire full
coverage of objective trees.

Extraction of PCD feature

The features we employed include color, shape
and orientation information. For every point

P =(%%7) point cloud P , PcR® ts

surrounding finite space is defined the set of k

nearest points ™ =(x.%,2))

— k

P :(l/k)Zj:l P
. o 14 _ _

point p, is defined by C, =K2(pj -5,) (p,-7,).

j=1

with the mean being

C

, The covariance matrix ~? of

Let e eigenvector and

{e’.¢',ef} be the

4 ={4%, 4,47} be the corresponding eigenvalue of

Poand A°<A'<A? . e corresponding to the

minimum “i approximates the normal vector at
point p, .

Next, we computed the covariance matrix of
normal vector about this neighborhood using
equation (1), where g denotes the mean normal

vector of the 3D points in the neighborhood

& 2(1/k)zl;:16? .
A NCEL) CE) I

Consequently, Eigenvalue Decomposition on
this covariance matrix Vv, was performed to get

three eigenvalues I IF 17 of Vv . For isotropic

spatial distributions (corresponding to fruits),
always

I°~1'~1?> ; for predominantly linear
distributions  (branches), I°>1'~I> ; and for
roughly planar distributions (leaves), I’ =1 >17 .
Next, we calculated local tangent space feature
of every point cloud. Assuming that the set of data
points are sampled from a d-dimensional affine
subspace, i.e.,
p;=c+Q0f+5 (1<j<k) (2
where ¢, € R® represents noise vector, ¢, eR" is
projection coordinates about p; on the local

tangent space, O, =[6,,6,,...6,] and d <3. ¢ R’
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is the origin coordinates of the tangent space and
Q, eR* is a matrix which forms an orthonormal

basis of the affine subspace. The problem of linear
manifold learning amounts to seek ¢.Q.6;, to

minimize the reconstruction error, i.e.,

min i"pj -, —Qiej"z = min ||pj -c —Qi®||z 3)

[ ,Q,ﬂj 0 [ ,Q,,BJ
The matrix of p, neighborhood is also denoted
as  X,=[p.p,..p] ., and we extract local
information by calculating the eigenvectors and
eigenvalue of the correlation matrix
T 1 .

X —pi") (X, == o, zis a k-
( I pI ) ( 1 k;pj 14
dimensional column vector of all ones. i.e.,

xi(l i T)xT_UAUT 4)

- ), where b,

where U, =[uf,u’,..uf | is orthogonal matrix, and
the diagonal elements of the diagonal matrix A, are

monotone decreasing, so the local tangent space
information for the sample point p, is calculated:

o =1xiz
k
Q :[ufufu,"] (5)

0, :Q:Xi(l —%llTj

From the above derivation, we can calculate the
column vector u" which is corresponding to the

smallest diagonal element of A, and u" is also the
normal vectors of local tangent space on p,.

We represented the features of a given point p,
using the color information (r,g;,b, ), normal vector
e’, normal vector distribution I° 111> and normal
vectors of tangent plane u" to form 12-dimensional
feature vector c, ={r,g,.b.e/, I’ I'I7,u"} for each

point in the cloud. Consequently, these features
were taken into the supervised manifold learning
method to extract the principal component for
realizing dimensionality compression.

Feature optimization by supervised LLE

Sam [21] proposed nonlinear dimensionality
reduction algorithm by Locally Linear Embedding
(LLE), which include unsupervised LLE and
supervised LLE algorithms. Here, supervised LLE
was introduced to deal with PCD features for
improving algorithm efficiency.

Specific steps of the SLLE are as follows:
Firstly, we separated whole PCD into training
samples and testing samples, The features of
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training samples denote as C_,, . Through the LLE
projection we can get Y, , where q is original

dimension of training samples, t is output
dimension of training samples, H is the numbers of
training samples; Let C' be the set of testing
samples, and choose one test sample c,,, c,,, €C’.

is taken into the matrix C then the matrix

Chn qxH ?
size of C,,,, becomes qx(H +1). Afterwards, try to

finding K nearest neighbors of c,,, in testing

samples. The Dijkstra distance is used as a
similarity measure, but for the testing samples, the
priori category information cannot be taken into
account. Secondly, find weight coefficients of c,, ,

and its k-nearest neighbor points, which satisfy the
following conditions:
2

min gn , where

Z H+1,j

j=1

k
dwit=1.c¢,,;, (j=12..k) are the neighbor
j=1

H+1

points of the c,,,, w™ is the weight coefficients
between c,,, and ch . Thirdly, the LLE algorithm

is used to find low-dimensional embedding features
of the testing samples, which preserve the
geometries inalterability in a low-dimensional
space. Through the SLLE transform, training
samples and testing samples of PCD are projected
into the low dimensional space with the invariance
of main characteristics, the original features c, of

point p, reduce to low-dimensional vectors 3

PCD classification based on GMM

Our tree PCD data set was manually labeled as
two semantic classes (branch and leaf). Using a
portion of the data, Gaussian Mixture Model
(GMM) classifier was used to classify tree PCD.

A Gaussian mixture model is a weighted sum of
A component Gaussian densities as given by
following equation.

p(S,12) = ng( ol o) (6)
where 3, is processed PCD features.
9(3,|%.0;) . i=1.,A , are the component

Gaussian densities. Each component density is a
Gaussian function of the form, with mean vector g,

and covariance matrix o;, and o is the weight
coefficient of each class. The expansion formula of

g Is:

g(3p|ﬂilo'i):

1 1. '
—)Mexp{—i(\sp -l )

(270 o (3 -4 )} "
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The mixture weights satisfy the constraint that
" @ =1. The mean vectors, covariance matrices

i=1 !
and mixture weights from all component densities
parameterize  GMM. These parameters are
collectively  represented by the notation,
A={w, 4,0} ,i=1..,A . Then the Expectation
Maximization (EM) algorithm is proposed to
maximize the likelihood p(3,|4) of the data 3,

drawn from an unknown distribution. Specific
formula is expressed as follows:
n A
[:argmfleZa)kg(Sm,ﬂy) (8)
j=1 k=1
where n represents the number of whole PCD. The
output of the SLLE, GMM and EM generated an
integrated classification for scanning points based
solely upon their feature vectors.

Foliage surface reconstruction

TLS scanned data always be interfered by plant
swaying in the wind and perspective occlusion.
This section addressed accurate leaf boundary
detection and 3D leaf surface reconstruction on
basis of discrete points.

Foliage boundary depiction

TLS rangefinder system was based upon the
principle of time-of-flight measurement of short
infrared laser pulses. A rotating polygon mirror
wheel realizes the line scan measurement and the
frame scanner mechanism relies on rotating the
optical head together with the fast line scan
mechanism. Both the vertical scan and tilt scan
covering the whole field of tree can produce global
scan with a line scan angle. Thus, the tree PCD
obtained by TLS show linear characteristics and
can be represented by linear function y, =k x +b,

on horizontal (X-Y) plane. After each scan line
equation was obtained, we can easily determine the
endpoints of every scanning line, which represent
the edge points of scanned foliage. These edge
points at left and right sides can be denoted as

Pledge = {(Xu: Y|1vZ|1)l(X|2: Yios ZIZ)""(XIn'yIn'ZIn )} )

Preage ={(Xetr Ve Zea ) (X2 Voo Ze0 ) oo (Xen Yenn 2 )p
respectively. Under the guidance of polynomial
fitting, we firstly proposed fitting algorithm to
locate the true leaf boundary points based on each
half-side edge points. To the end points

Pese ={X. .2}, the magnitudes of y, was taken

as input parameters to calculate the corresponding
fitting x/ and z values. Polynomial fitting was

adopted to find the polynomial coefficients

v*(x,,y,) with term number n’ that make the data
X/ close to X, , ie.,

Xy, N1 Xy,N'-2

X=X =V vy vy
where x/ is calculated value to substitute x, .
Likewise, Polynomial fitting was also used to
obtain fitted z/ substituting initial z,. The specific
formula is as follows:
L7 =V, () =V VYT VY Y Y
Thus, smooth outer contour of each foliage could
be delineated when the fitted boundary points

Pie = {X ¥1.2/;X,y,, 2, } are connected in sequence.

X X
Foa VLY, +V :

Leaf surface fitting based on MLS

In this step, we smoothed and re-sampled data
for each leaf point cloud using the Moving Least
Square (MLS) method [22]. The algorithm fitted a
2D manifold to the 3D point cloud data and re-
sampled the points to place them on the estimated
surface. The method also provided surface normal
and curvature estimates and up-sampled or down-
sampled the point set appropriately. After MLS
fitting  processing, foliage scanned  point

P = (%Y%) \yas transformed into P = (%:%:2).
Delaunay triangulation was applied to convert
every point p/ into smooth leaf surface as

triangular mesh.

As shown above, we extended method to deal
with foliage silhouette delineation and smooth
surface reconstruction on basis of PCD. Our
method is intuitive and well suited for processing
deviations caused by leaf jitter in wind and
perspective occlusion. Visually important aspects
of foliage appearance such as posture and smooth
boundary be easily captured and described. Next,
the experiments were conducted to demonstrate the
effectiveness of our approach.

RESULTS AND DISCUSSION

Every target trees including Michelia tree and
Sakura tree on our campus was scanned from three
side-lateral locations with a middle sampling
resolution and three markers were used as reference
to align the three scans. Then, the ground points
were removed and each individual tree was isolated
for analysis.

Plant organs classification

After applying our algorithm to TLS point cloud
data of an individual tree, we obtained a promising
classification result as shown in Fig 1.
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(e)

Fig. 1. Visualization of final classification of
different components being to an individual tree. (a)
Original point cloud data of Michelia tree. (b) Partially
selected PCD was manually labeled as two classes
(branch and leaf), which was taken as training samples

of SLLE and wused in GMM. (c) Preliminary
classification with linear class points in blue color (i.e.,
branches and stems), surface class points in red color
(i.e., leaves and shoots) and undetermined class points in
green color. (d) Adjusted classification of Michelia tree
after adapting algorithm parameters. (e) Final
classification of Sakura tree after correcting
misclassified points by our method.
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Fig. 2. Comparison with various algorithms and
feature sets. (a) Recognition rates of different classifiers.
(b) Recognition results using different feature sets. (c)
Computation time of different classifiers.

The misclassification of minor points was
occurred while leaves and shoots were
misclassified as linear class due to perspective
occlusion. Besides, small branches shaded by
surrounding leaves always be misclassified as
planar class. However, for most of scanned data,
our method can identified photosynthetic and non-
photosynthetic components using color, orientation
and geomantic information. These salient features
make the proposed method robust to lighting and
inevitable color changes as the plant matures. Thus,
obtaining better non-destructive measurements of
foliage from tree PCD are realized for convenient
leaf area estimate.
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Consequently, we conducted a comparison with
different classifiers and feature sets. Fig. 2 (a)
shows that our SLLE + GMM classification method
achieved a significant improvement in tree organ
recognition. There are 92.38 % and 87.51 %
recognition rate on the Michella tree and Sakura
tree, respectively. The result is higher than other
similar algorithms such as SVM and GEPSVM?,
which is shown in Fig. 2(a). Color, normal vector,
normal distribution and normal vectors of local
tangent plane of PCD features were respectively
adopted to address the recognition rate of our
method. It is clearly visible from Fig. 2(b) that all
feature combination gives the highest recognition
rate, with an average recognition rate of higher than
85.01 %. Due to the interference of external
environment light, the minimal average recognition
rates depending upon the color features only
achieve average 50.27 %. In terms of time
consuming, our algorithm takes similar time with
GEPSVM method, but less time than other semi-
supervised SVM classification methods, which is
shown in Fig. 2 (c).

Plant leaf reconstruction

In order to test validation of our leaf surface
construction algorithm, we preliminarily measure
real Michelia leaf by L1-3000C portable area meter,
which can displays and stores plant parameters such
as: individual leaf area, accumulated area, leaf
length and width. The practical experiment
conducted by our student was shown in Fig 3(a).

Consequently, 3D watershed algorithm was
designed to separate each leaf from whole leaf PCD
and the classification results were shown in Fig
3(b).

We randomly chose some classified foliage data
for 3D reconstruction, and Fig. 4 illustrates tree
leaves modeling process on basis of PCD. Fig 4(a)
shows classified scanned points of one leaf, where
the green points are the original scanning PCD with
noise and deviation and show linear arrangement
along laser beam emitting angle. The linear
equation was adopted to fit each scan line that likes
blue lines in Fig 4(a). Preliminary leaf silhouette
was labeled by the endpoints of each line. Then, we
focused on the half side endpoints of every blue
line and adopted polynomial curve fitting method to
draw two fitting surfaces, and the x, and gz

magnitude of these points were modified to define
smooth and real leaf boundary through the
intersection algorithm of these two surfaces. The
process was shown in Fig 4(b). After the detection
of leaf boundary, we discarded outlier points
outside the leaf silhouette, and then the Least

Squares (LS) estimation and Moving Least Squares
(MLS) method were adopted to the residual foliage
points for eliminating deviation caused by wind.
Fig. 3(c) is the result of foliage surface fitting
through the LS method (blue color) and the result
of the MLS method (red color). The comparison
between LS and MLS methods were carried out in
Fig. 4(d), where original scanning points, fitted
results by LS approach and by MLS approach were
shown by green, blue and red color, respectively.
Due to the global convergence performance, the LS
method cannot reflect local curvature of the leaf
surface. MLS can achieve partial optimal solutions
of the equations, so the MLS surface fitting scheme
can describe the local geometric information of
foliage. Seen from the Fig. 4(e), the MLS method
gives a better result than the LS method as MLS
fitted results are closer to the original topological
properties of real foliage surface. Finally, after leaf
silhouette extraction, Fig. 4(f) gives polygon-based
representations and curled meshes of leaf surface.
Then the transform from discrete scanning points
into 3D leaf surface was realized and visualization
of Michelia and Sakura leaf by our method were
achieved.

We compared the area of our reconstruction leaf
model with the precise measurement value by LI-
3000C. Specific comparison data was shown in
Table 1. For the experimental leaves such as
Michelia and Sakura tree with different size and
curvature, measured results from LI-3000C and our
method got similar value, which proved our method
is versatile and effective enough to apply for a
much larger variety of plant leaf modeling.

Table 1. Leaf area estimation from meter and our 3D
model.

Leaf

Number of Deviation
Area of the area
tetrahedron - . between
. reconstruction  using
composing leaf model LI- two
leaf model 3000C methods
Mesophyll
Michelia (3212) 61.13 63.03 o
leaf Vein (cm?) (cm?) 3.02%
(487)
Sakura  Mesophvll 14.93 15.72
leaf (879) (cm?) (cm?) 503 %
Vein (148)
CONCLUSION

In recent years, TLS has been used for forestry
parameter measurement, but the topology structure
of tree is irregular. The scanning results always be
interfered by external environment, such as wind
and illumination variation, so deviation often exists
in the scans and results in failing to capture
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accurate 3D structural information of forest stands.
Meanwhile, TLS using LiDAR popular tools is
capable of producing 3D PCD about scanning trees,
but extracting structural and biophysical parameters
directly from discrete PCD is a problem to be
solved.

Fig. 3. Schematic to illustrate the (a) practical
experiment using LI-3000C portable area meter and (b)
separation of each leaf using 3D watershed method from
scanned data.

In this paper, we have used computer graphics
and vision theory to quantitatively identify the tree
structure and accomplished the foliage surface
reconstruction from discrete PCD. The main
contributions of our research were as follows:

1) We demonstrated the feasibility of
recovering fine-scale plant structure in 3D point
clouds using features extraction and pattern
recognition theory. The proposed feature extraction
method employs a combination of color, shape,
normal vector distribution and normal vectors of
tangent plane to model the local neighborhood
about given 3D point in terms of its spatial
distribution. Consequently, the dimensionality of
PCD features reduced by SLLE were brought into
the GMM and EM classifiers, which enabled us to
label each point as the fruit (isotropic distribution),
leaf (planar) or branch (linear). Our experiment
results on different tree PCD show that our method
can automatically detect tree leaves and branches
with high accuracy.
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Different

Fig. 4. stages of foliage surface
reconstruction through our method. (a) Original scanned
points of one leaf, which shows linear arrangement on
X-Y plane. (b) Smooth edge points generated through
the binary polynomial fitting. (c) The points with blue
and red color are the fitted results through LS and MLS,
respectively. The points in green color are the original
scanned points. (d) Visualization results through LS and
MLS processing from different viewpoints. (e)
Triangulation based on the LS and MLS fitted points. (f)
Final construction model of 3D foliage surface using our
method.
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2) In the multi-location scanning process of TLS,
foliage jittering in the wind and perspective
occlusion always occurred to lead to inadequately
representation of target object surfaces. Thus,
scanned PCD can not reflect integrated information
of real canopy leaves. In our work, the bilateral
edge points of foliage elements were extracted
through calculation of bilateral endpoints of spatial
lines, which were arranged along with the scanning
angle of TLS increasing. Based on these extracted
edge points, polynomial curve fitting method was
adopted to obtain two fitting surfaces with original
Y magnitude. Consequently, the intersection
algorithm of this two fitting surfaces was proposed
to determine smooth foliage silhouette. For the
inner points of leaf surface, MLS approach was
designed to remove deviation caused by tree
joggling in wind and preserve the localized biologic
deformation characteristics. Finally, Delaunay
triangulation algorithm was designed to realize the
transform from the discrete PCD into real leaf
surface.

In brief, this paper used the latest measurement
technology (TLS) to extend the traditional
approaches of tree index acquisition. The main
contributions include combining pattern recognition
theory to identify different plant organs and
accurate leaf surface reconstruction based on the
computer graphics technique. After this subject
study, we can provide more useful information
about canopy structure and enhanced the capability
of terrestrial LiDAR for characterizing forest
canopies. With further development of our methods
for extracting biophysical and ecological
parameters from TLS data sets, long-term forest
ecosystem monitoring will benefit from our
techniques assuring data for sustainable forest
management practices.
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N3ITOJI3BBAHE HA TOUKOBU JIAHHU B OBJIAK 3A KITACUOUKALUATA HA
OPI'AHUTE U PEAJIHMA CTPOEX HA JINCTATA HA ABPBETA

Tun 0825, Bankuan Ysn?, Vaiimxen JIn®, I0an Cyn?, Jlangwsa Crol**

! Yyunuwe no ungpopmamuxa u mexnonoeuu, Ynusepcumem no copcko cmonarcmeo, Hanoocun, Jlanoacoy 571737,
Kumaii
2U3cnedoeamencka u usnumMamenna Cmanyus 3a mponuuecku Kymmypu, JJanoxcoy 571737, Kumaii
3l[eHmbp 34 aHanu3u u uznumanus, Yuueepcumem no 2opcko cmonancmeo, Hanoocun, Kumaii
“Koneorc 3a 2opcko cmonancmeo, Ynusepcumem no 2opcko cmonancmeo, Hanoocun Kurait
S[enmvp 3a uzcredsanus 3a yCmouuueo 20pcko cmonancmeo 6 FOoxcen Kumaii, Ynusepcumem no 20pcko cmonancmeo,
Hanoorcun, Kumarti

[ocrpnuna 18 nexemspu, 2015 r.; kopurupana Ha 17 centemspu 2016 r.
(Pesrome)

HaszemuoTto na3epro ckanupane (TLS) mo3BossiBa 1eCHOTO W Obp30 ChOMpaHe Ha TOYKOBHU aaHHM B 001ak (PCD) ot
pa3nyHKu 00EKTH U Ce M3M0J3Ba MacoBo. [IbpBerara obaue UMAT ChIECTBEHO HE-peryssipHa U CII0KHA MOPQOIIOTHs 1
CKaHMPAHETO BHHArM Lie ObjAe IHOBIWSHO OT BHHIIHM INPOMEHHM M e(eKTH Ha BKIIOYBAHE. 3aTOBAa KOJMYECTBEHOTO
omnpenensine Ha 3D mopdonorusTa M oneHkaTa Ha napaMmerpuTe B ropure upe3 TLS e mpeausBukaTenctBo. 3a ja
pemrM To3u npoOIieM, HUE MPHIOKHUXME KOMITIOThPHA TEXHHKA 32 MO0A00psBaHEe HAa Ha3eMHOTO JIa3ePHO CKaHUpaHE
(TLS) 3a uamepBanusi B ropcka cpena. [Ipemmoxenu ca HoBu PCD-BeKTOpH, BKIIOYHTETHO (GopMa, OpHUCHTALHS,
HOpPMaJIHO paslpeselieHue Ha BEKTOPUTE W HOPMalHUTE BEKTOPH B paBHMHATA Ha TAaHICHTHTE W ajrOPUTHM 3a
KOHTPOJIUPAHO JIOKaJHO JnHeiHo BriouBaHe (SLLE). T'aycoB cmecen monen (GMM) e Bw3mpuer 3a HamasiBaHe
pa3MepHOCTTa Ha 3amadara, kakto u PCD-kmacupukammsara. Taka ehekTHBHOCTTa Ha andropuThMa € MOIOOpeHa |
pa3MuHK OpraHd Ha JbpBerarta ce uaeHtuduuupar. OCBeH TOBa, METOJBT 3a MOJCIMPAaHE Ha JIMCTATa HM3I0JI3Ba
MONMHOMHAJTHA ANPOKCHMALMS | C ,,IOABIKHUTE Haii-manku kBagpatu® (MLS) ce ommcBaT MCTMHCKHMTE CHJIyeTH Ha
JcTara, M30ArBaT ce ClydallHUIIETHA, BOJCHKH JOTOYHA PEKOHCTPYKIMS Ha CJOXKHATA MOBBPXHOCT HA JIMCTATA.
[MompoOHNTE eKCTIEpIMEHTH ITOKa3BaT, Ue Pa3llO3HaBAEMOCTTa OcTaBa MO-BHcoka oT 87.51 %, kaTo HAmMAT METOX €
npuioxkeH 3a pasanuau PCD Ha gppBerata, a Tounara 3D-mopdoornyna peKOHCTPYKIKSA Ha JINCTATa JaBa MMoJA00Ha
wromy Ha ppuyHO ompereneHute 1mo LI-3000C—meromnka. Taka HammsT MeTox AaBa oOOEIIABAIIN pe3yNTaTH 3a
n3non3BaHeTo Ha TLS kaTo eukacHO CpeJCTBO 32 HAMUPAHE Ha MapaMeTPH Ha PaCTCHUSATA.

296



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

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, etc.

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 “et 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., Egns.,
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, Sl units
are to be used. However, some non-SI units are also
acceptable, such as °C, ml, I, 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-
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

297



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

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 wusing ISIS Draw or ChemDraw

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.

programme.

EXAMPLES FOR PRESENTATION OF REFERENCES

REFERENCES

1. D. S. Newsome, Catal. Rev.—Sci. Eng., 21, 275 (1980).
2. C.-H. Lin, C.-Y. Hsu, J. Chem. Soc. Chem. Commun., 1479 (1992).
3. R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford Univ. Press, New York, 1989.
4. V. Ponec, G. C. Bond, Catalysis by Metals and Alloys (Stud. Surf. Sci. Catal., vol. 95), Elsevier, Amsterdam, 1995.
5.

G. Kadinov, S. Todorova, A. Palazov, in: New Frontiers in Catalysis (Proc. 10th Int. Congr. Catal., Budapest,

1992), L. Guczi, F. Solymosi, P. Tetenyi (eds.), Akademiai Kiado, Budapest, 1993, Part C, p. 2817.
6. G. L. C. Maire, F. Garin, in: Catalysis. Science and Technology, J. R. Anderson, M. Boudart (eds), vol. 6, Springer-

Verlag, Berlin, 1984, p. 161.
7. D. Pocknell, GB Patent 2 207 355 (1949).
8. G. Angelov, PhD Thesis, UCTM, Sofia, 2001.

9. JCPDS International Center for Diffraction Data, Power Diffraction File, Swarthmore, PA, 1991.

10. CA 127, 184 762q (1998).
11. P. Hou, H. Wisg, J. Catal., in press.
12. M. Sinev, private communication.

13. http://www.chemweb.com/alchem/articles/1051611477211.html.

298



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

CONTENTS

The Institute of Chemical Engineering at the Bulgarian Academy of Sciences — 30 years recap ...........c.cooevne.
70" Anniversary for Professor VEnko BESCHKOV, DSC ... .. .cuueiurieeieeeee et eeeee e eee et et e eeeee et e ee e e e
Professor Christo Boyadjiev’s 80 years anniversary, 60 years in science
M. Mileva, Y. Raynova, I. Kindekov, D. Krastev, K. Idakieva, In vitro investigation of the antioxidant properties
of Cancer Pagurus NBMOCYANIN ... .. .e it ie et et e et e e et e e e e te e e e e e e e e e e veaanas
G.L. Huang, H. Gao, C. Yi, D. Huang, J. Han, Study on the synthesis of 2,3,4,6-O-tetraacetyl-a-D-
o110 Tod0] 037 = V00153 V4 I8 ] 0] .41 -
R. Rehman, T. Mahmud, R. Ejaz, A. Rauf, L. Mitu, Sorptive removal of Direct Blue-15 dye from water using
Camellia sinensis and Carica papaya IEAVES ... ..o e e e
M. Vadivel, S. Shobana, S.A. Narayan, L. Mitu, J. Dhaveethu Raja, M. Sankarganesh, Optimization of process
conditions and characterization of ethylene-propylene-diene rubber with bismaleimide .....................
A. Firdos, A.R. Tarig, M. Imran, I. Niamat, F. Kanwal, L. Mitu, Antioxidant potential of black pepper extract for
the stabilization of sunflower Oil ...
B. Purevsuren, Ya. Davaajav, J. Namkhainorov, Z. I. Glavcheva-Laleva, V. Genadiev, I. K. Glavchev, Pyrolysis
of animal bone, characterization of the obtained char and tar and application of bone tar for crosslinking
0T 1=T 010010 1= 1
T. Hr. Radoykova, S. K. Nenkova, I. V. Valchev, Monomeric phenolic compounds from hydrolyzed waste
Lo a0 o011 U] o T (ol 44T (=) - 1
S. N. Chaulia, Synthesis, spectroscopic characterisation and biological activity studies of Co(ll), Ni(ll), Cu(ll)
and Zn(1l) metal complexes with azo dye ligand derived from 4,4’-diaminodiphenylether and 5-sulpho
T 1103V ol o o OSSOSO RS URURUPU
N. Ismail, R. Joshi, J. Engstler, J. J. Schneider: Improved hydrogen storage capacity of CNTs synthesized in
presence of iron catalyst using arc discharge method in air atmosphere ..o iiiiieann.
R. Sadoudi, D Ali Ahmed, M. Trache, A Kecili, Studies of the physico-chemical characteristics and fatty acid
composition of commercially available Algerian frying edible 0ils ..............ccoov i,
A.R. Rezvani, H. Janani, F. Rostami-Charati, B.W. Skelton, Synthesis of a new five-coordinate ternary copper
(11) complex: crystal structure and SPectral STUAIES ...... v et viere it e e
R. K. Bandi, A. Waghmare, R. M. Hindupur, H. N. Pati, A simple, efficient and scalable synthesis of substituted
oTRRr= 1Y (ot a1 (o 0] 0 T=] T T
R. Simsek, M.G. Giindiiz, C. Safak, O. Kokpinar, M. Aydin, Free radicals properties of some gamma-irradiated
oo Lo ol oo] 1 4] oTo g o - PP
S. Sajjadifar, M. A. Zolfigol, N. Javaherneshan, G. Chehardoli, Comparison between acetic acid and propanoic
acid as a solvent/catalyst in the indolenines synthesis: an approach without any indole by-product .......
O. Ismail, A. S. Kipcak, . Doymaz, S. Piskin, Thin-layer drying Kinetics of nectarine slices using IR, MW and
RYDFIA MELNOAS ... .. e e e e e e et e e et et e
I Kara, O. Yalginkaya, Evaluation of persistence of gunshot residue (GSR) using graphite furnace atomic
absorption spectrometry (GFAAS) MethOd .........oiiiii e e i e e e e e ee s
E. Grigorova, M. Khristov, I. Stoycheva, B. Tsyntsarski, D. Nihtianova, P. Markov, Effect of activated carbons
derived from apricot stones or polyolefin wax on hydrogen sorption properties of MgHz ............ccoce....
I. Petrova, V. Shikov, V. Gandova, K. Mihalev, D. I. Dimitrov, Spectrophotometric and thermodynamic study on
the co-pigmentation interaction between strawberry anthocyanins and quercetin in model systems .......
S. S. Nalimova, I. E. Kononova, V. A. Moshnikov, D. Tz. Dimitrov, N. V. Kaneva, L. K. Krasteva, S. A.
Syuleyman, 4. S. Bojinova, K. |. Papazova, A. Ts. Georgieva, Investigation of the vapor-sensitive
properties of zinc oxide layers by impedance SPECLIOSCOPY ....vuneuiein it et et e e ee e eeee
BLV. ltoua, D.S. Ogunniyi, P. Ongoka, L. Petrov, Effect of fumaric acid on the properties of alkyd resin and
PAIM OTLDIBNA ..o e e e e e e e e e e e e e et e e e
Q.-Z. Zhang, J.-L. Liu, F. Yang, X.-P. Hao, C.-Y. Ke, Q. Pan, X.-L. Zhang, Density functional theory based
study of the heat of polymerization of 0lefins ..........cooiii i
L. Raicheva, G. Radeva, S. Nenkova, R. Nikolov, Adsorption characteristics of activated carbon obtained from
residual hydrolyzed lIgNIn ... et renrn
Y. Xin, H. Wang, F. Chen, Synthesis and anti-plant pathogenic fungal activity of novel benzofuran-2-
CarbOXaAMIAE JEIIVALIVES ......cvoviiiiiieriiiere ettt er e enas
YuJiao Tu, Haizhi Wu, Determination of metal ions by ultrasound-assisted hollow fiber liquid-phase
MICTOEXIFACtION TECHNICUE ... .. et e e e e e e e e et e et e e e aen e
Jing Liu , Xingyu Zeng, Dongxing Zhou, Yunrong Zhao, Xianhui Pan, Environmental safety assessment on
chlorlnatlon by-products in brine discharged from desalination plant .. .
Yu-Jian Lu, Xin-Ming Wu, Yu Guan, Song-Lin Zhang, Jin-Liang Wang, Jiu- Xla Zhao Wen Yu Hanq Zh| Qlang
Shen, Optimization of cell culture for HON2 subtype AlV and establishment of high-yield cell strain .

11
17
20
26

31

34

40

46
62
68
74
79
82
87
92

101

109

115

121
127
134
139
145
151
157

161

299



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

LanQing Wei, XinYan Jiang, JinAn Shi, WenZhou Zhao, XiaoPeng Shao, QiBing Chen,Ying Sun, Study on dust-
catching and inhibiting microorganism ability of Jacaranda mimosifolia under the same condition of
COMPATE EXPEIIMENT L.ttt et ettt e et e et et e et e et e e et e re et e e e e ret s ne et e e eenee

Yonggang Zeng, Wenyuan Li, Jin Huang, Zhengwen Huang, Jin Wang, Jin Qian, Ao Yuan, Tingting Du, Yaqi
Hu, Dagang Li, Study on new rural domestic sewage treatment technology based on CASS and VBF ....

The 4" Asia-Pacific Conference on Engineering Technology (APCET 2016).........cuvvveeitieiieiinieeeeeeeeinnnns

Z. Yuan, P. Yan, Hydroxyl radical scavenging activity of microparticles prepared from solid fermentation by
edible-medicinal fUNQE .....oeie e e e

Y.J. Jia, W.X. Su, Y.B. Hu, H.N. Chen, Pt doped TiO; (Pt-TiOy) sol gel thin films ..............ccoooii i,
M. He, W. Zhu, F. Liu, H. Chen, Droplet characteristic adjustment method based on LEM for 3D electronic
0111 4o
Y. Liu, L. Liu; G. Shi; J Shi, W. L. Lai, Research on the synthesis and characterization of abiraterone acetate ......
L. Wang, B. Wan, Research on the physics-of-the failure model for corrosion damage accumulation under a
multi-level stress profile based on the acceleration factor ...
G. Zhenzhi, H. Bin, G. Zhengming, N. Libo, C. Lujie, Study on the influence of different clearance on the crack
OF PBX BXPIOSIVE ... et e e e e e e e e e
G. Zhenzhi, H. Bin, G.Z. Ming, Numerical analysis of surface cracks of spherical explosive with a cushion .........
G. Wang, Y. Gao, Y. Tang, Research on the mechanism for chemical clogging and its effect on the stability of
12 UL T4 0 - U o
L. Sun, X. Liang, Q. Wang, H. Chen, Material composition detection using an image segment with an improved
artificial bee colony algorithm ... ... i e
L.L. Ping, Y.J. Tao, Friction stir welding automatic effect on building the microstructure and properties of high
AT10 T IR -] PP
J. Song, Z-D. Dai, G. Song, H.-L. Chen, Study on the nonisothermal crystallization behaviorof polyvinyl
alcohol/montmorillonite compasite by DSC analySiS ......c.uuieinevinie et ire e e e e e e aeeens
M. Li, X. Cong, Chemical changes and the mechanisms in the sintering process of sea silt .................c.ocoonis
Y. Xuexin, Preparation and functional properties of maltose ester lactate ..............coooiiii i
P.F. Xu, N. Yang, J. Jia, C. Xu, J.J. Guo, A kind of integrated microfluidic system for rapid pathogenic botrytis
(o [T = W (=] (=T ot o] o PRSP
N. Yang, Z. Li, J. Sun, P.F. Xu, J.J. Guo, H.P. Mao, Interference analysis for pesticide residue photometric
detection based on integrated microfluidic Chip ...... ...
J.J. Guo , R.B. Zhang, N. Yang, Design and evaluation of the microfluidic magnetic isolating method for
aquaculture pathogens detECLION .......v e it e e et e e e e e e e e e
Z. Yuan, P. Yan, D. Jing, Optimization of fermenting conditions for antioxidant activity and yield of
polysaccharides from mushroom solid fermentation .............cccoiiiiii i i e e,
Ting Yun, Banggian Chen, Weizheng Li,Yuan Sun, Lianfeng Xue, Using point cloud data for tree organ
classification and real leaf surface CONSLIUCTION ..o e
INSTRUCTIONS TO THE AUTHORS ..ttt vt tueeutettae saeeateat s tae saeeetean se s ee tee eet et ba e ee saeeet ea e e et aee sanaenbas e s

300

171

176

185
190

193
199

204

210
217

228

234

239

245
250
256
264
269
276

282



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

CBIBbP>KAHUE

M. Munesa, FO. Paiinosa, He. Kumnoexos, J]. Kpwvcmes, K. Hoaxuesa, Hu eumpo wu3CIeNBaHEe Ha
AHTHOKCHUJIAHTHUTE CBOMCTBAHA XeMOIIMAHUH OT PAK CaNCEr PAGUIUS ... c.veiririneceen e eeneeiieennes
I JI. Xyane, X. Tao, C. Hu, 1. Xyane, [loc. Xan, N3cnensane Ha cunTe3ata Ha 2,3,4,6-O-terpaanetmi-o-D-
TITFOKOTIPAHOZIIT OPOMEUIT . ettt et ittt eetteaes s e aes eae ete et e ne e ee t et e e e e re e et b et ean e ne eaeteet e e et beneneas
P. Pexman, T. Maxmyo, P. Pua3, A. Paygp, JI. Mumy, CopOIIMOHHO OTCTpaHSBaHE HA OarpwioTO TUPEKTHO
cuHbO-15 oT Boza n3non3Baiiku aucta ot Camellia sinensis u Carica papaya ...........covevveveviennnnnn
M. Baousen, C. lllobana, C.A. Hapasn, JI. Mumy, [[xc. [{xageemxy Paooica, M. Cankapeanew, OnitumMu3anus
HA YCJIOBUATA HA TpOIleca W OXapaKTCpU3UPaHE HAa KaydyK OT CTHUJICH-TIPONWICH-IUEH C Ouc-
LYl (517051207 101 (PP
A. @upooc, A.P. Tapux, M. Umpan, U. Huamam, @. Kanean, JI. Mumy, AHTUOKCHIAHTCH NOTCHIIMAT Ha
SKCTPAKT OT YEPEH IHIIEP 332 CTAOMIM3UPAHETO HA CITBHUYOTIICTIOBO MACIIO ...teeenvirurenieestenieesseansenseessesens
E. Ilypescypen, A. Jasaaoxcas, Joc. Hamxaiinopos, 3. U. I'tasuesa-Jlanesa, B. I'enaouee®, U. K. I'tasues,
[Muponmza Ha )KUBOTHHCKH KOCTH, XapakTepU3UpaHe Ha MOJYYEHHUTE BBIVICH M KaTpaH W MPHIIATaHeTO
Ha KOCTEH KaTPaH 32 OMPEKBAHE HA CTIOKCHTHA CMOJTIA ... . evuerte e an ansenaenennenee e ensennnenenaenenns
T. X. Paoouixosa, C. K. Henxosa, U. B. Bviueg, MoHOMepHHU (EHOJIHU ChEIUHEHUS OT OTHNATBbUYHU XHIPOIUIHU
B107005 (00 (3 3708 (036330 8 e U 30 ) s 1 (P
C.H. Yayaus, CuHTE3a, CIIEKTPOCKOTICKO oxapakTepusupane u ouosorndHa aktuBHOCT Ha Co(I), Ni(Il), Cu(Il)
u Zn(Il) MeTanHu KOMILIEKCH C JIMTAHIU OT a30-0arpuio, rnojy4eHo ot 4,4’-nnamMuHoauEeHUIEeTEp U
5-CYNDOCATUIIMIOBA KHCEIIHHA ... ...t evuereiisesteisissessessessesteesseessesasbtsseste b e an e st e e b e s b e e b b e e bt b e b b e nrs
H. Ucmaun, P. [icowiu, yZ8 Enecmuep, Hu. Ulnaiioep, TlogoOpeH KamayuTeT Ha BHIIEPOAHU HAHOTPHOU (CNt)
3a CKJIAJUpaHe Ha BOJOPOJ MpPH ABIOBO HU3IPa3BaHC BBB BB3AYX B IPHCHCTBHE Ha IKEIC3CH
KATAITHBATO +.-vveuveentessrersesseesseseessessessseassesssnssesseassesssansesssansesssssssssssasssssesesssesssessesssassenssensenseensessssssesesssesnes
P. Caoyou, J]. Anu Axmeo, M. Tpaue, A. Keyunu, V3cnensane Ha (U3NKO-XUMHYHUTE XAPAKTCPUCTHKH U
ChCTaBa OT MACTHH KHCEIMHHU Ha THPTOBCKH aJDKUPCKH XPAHUTEITHU PACTHTEITHNA MACTIA «..vvvsveneerenens
A. Pesa Pessanu, X. [ocananu, ®@. Pocmamu-Yapamu, B.Y. Cxenmwvn, H. Haoepu, /[c. Aceapnanax, Cunresa
Ha HOB TpeTtndeH Mex (II) kommiieke: KpucTaimHa CTPYKTYPa U CIIEKTPATTHHI U3CHEIBAHII . ..covvevvnennerne
P. K. Banou, A. Baemap, P.M. Xunoynyp, X.H. Ilamu, Tlpocta, epexkTuBHA W MamaOWpaHa CHHTE3a Ha
CYOCTUTYHUPAHHU OUC-APUIT-XTTOPOMETAHH .. vuevettantasaenaenaes eueaneensenetenaesaesaensesaasneensareenaaneaens
P. Hlumwex, M. I'. I'ionorws, Hoxc. Hlagax, yZ8 Kovoxnunap, M. Aiiovn, CBOWCTBA HA CBOOOJHUTE PATUKAIN Ha
HSIKOU TaMa-00TbYEHN OPTAHUYHU CHEIITHEHIS « . e.euenet ettt et et et entt et et ettt e e et e ene e etenenenenenes
C. Caoxcaougpap, M.A. 3ongueon, H. [xncasaxeprewan, I. Yexapoonu, CpaBHCHHE MEXAy OIETHATA H
MPOTNAHOBATa KUCEIMHA KaTO pPa3TBOPUTEI/KATANN3aTOpP B CHHTE3aTa HAa WHAOJCHUHH: Hoaxon Oe3
WH/IOJIOBH CTPAHUUHU TIPOILYKTH ....vvuveestsuessuesssessesssesseesssssssssessssssesssesseanseasssnsessssasesssssessessessssssesssesnsssenns
O. Uemaun, A.C. Kunuax, U. Jloiimas, C. [Tuwkun, KuHeTrka Ha cylieHe Ha ThHKH CJIOCBE OT HEKTapHHH MpH i,
0NV 4% (075001 107 0L (3 X' D1 1 S PP
U. Kapa, O.. Anuunxas, OueHsBaHe Ha TpalHOCTTa Ha ocTaThiH OT u3ctpeian (GSR) ¢ aToMHO-abcopOIMOHHA
crekrpodoromerpust B rpa@uTHA TELT (GFAAS) ... vt e e e e e aeaees
E. Tpucoposa, M. Xpucmos, b. Huuyapcku, U. Cmouuesa, /]. Huxmanosa, I1. Mapkos, Edekr Ha akTUBHU
BBIJICHHU, TIOTY4YEeHN OT KaCHEBH KOCTIJIKH WM MOJNOJIe(HHOB BOCHK BHPXY COPOLIMOHHUTE CBOICTBA
MO OTHOMICHHUE HA BOJOPOT HA IMGH ..ottt
U Ilemposa, B. Ilukos, B. Ilanoosa, K. Muxanes, J[. HU. Jumumpos, CnekTpopOTOMETPUYHO H
TEPMOJAMHAMHYHO M3CJICABAHE HAa KO-IIMTMCHTAI[MOHHH B3aUMOJICHCTBHS MEK/Y aHTOIIMAHU OT STOJU U
KBEPIICTUH B MOJICITHI CHCTEMEL ... .ottt et eueau easenaasaan s ae taeteas sen et aes e ne saetennea b ee s e s e taeeesaennennns
C. C. Hanumosa, U. E. Kononosa, B. A. Mowmnuxos, /[. []. lumumpos, H. B. Kvnesa, JI. K. Kpvcmesa, L1I. A.
Cronetiman, A. C. Boxcunosa, K. U. IManasosa® A. I]. I'eopeuesa, VI3cnensane Ha M3MEPEHH 10 METO/A
Ha MIMIIEJJAHCHA CIIEKTPOCKONHS Ha YYBCTBHUTEITHHTE KbM H3MAPEHHS CBOHCTBA HA CIOEBE OT I[MTHKOB
0} 0 51
Bn. B. Umya*, [I. C. Ozynuii®, I1. Onzoxa®, JI. Ilempos®, Bnusuue Ha ¢hymapoBata KHCEIHHA BbPXY CBOWCTBATa
HAa CMECH Ha AJIKUIHA CMOJA U TTATIMOBO MACIIO «rt.vvueveees eeaennenane eeeae ens eessenaennenane e eneensnen nenns
K.-2K. XKane, Jorc.-JI. Jlio, ®@. HAue, C.-I1. Xao, K.-FO Ke, C. Ilan, Kc.-JI. Kane, 3cnensane Ha TOIUIMHATA Ha
MoJIMMEpH3aIUs Ha oJieHHM ¢ TIOMOIITA Ha TeopusTa Ha TuIbTHOCTHUSA (yHKIMoHaN (DFT) ..............
JI. Paiiuesa, I'. Paoesa, C. Henxoea, P. Huxonos, A1cOpOLIMOHHY XapaKTEPUCTUKU HA aKTUBEH BBIJICH MOJTy4YeH
OT OTHAJABYCH TEXHIUYCCKU XUIPOTHBUPAH JIHTHITH ......veuveeueessesssesseeuessesssessesssesssessesssensesnsessessessesssessssnens
A. Cun, X. YVane, @. Yen, Cunresa Ha HOBU OeH30(ypaH-2-KapOOKCaMUIOBH IIPON3BOIHH U TAXHATa aKTUBHOCT
CIIPSIMO TTATOTCHHI TBHOMUKH ......veeuveueersesseestessaesseeseesteessesssassaseasseassaaseasessseasssssesseasessbesseesbesssnssesssessesnsenses

16
19

25

30

33

39

45

61

67

78
81

86

91
100

108

114

120

126
133
138
144

150

301



Bulgarian Chemical Communications, Volume 49, Number 1, 2017

10 Jxcuao Tio, Xauioweu Bro, OmnpepensHe Ha METaTHM HOHM upe3 YyITPa3ByK-NOANOMAaraHa TEuYHA-
MUKpOEKCTpaKkimoHHa TexHuKka ¢ kKyxu BJIAKHA ...
IDicune Jluy, Kcumeio 3ene, Jomnexcume XKy, IOmpone XKao, Kcuamxion [lan, ExomormyHa olleHKa Ha
0e30macHOCTTa Ha BTOPWYHH MPOAYKTH Ha XJIOpUpPaHE B calaMypa, W3XBBbpJIEHA OT WHCTajanus 3a
Lo L0 Tola ) ¥74: T2 c (PR
FO-IIrcuan Jho, Keun-Mun By, IO I'van, Coue-Jlun XKane, [owcun-Jluan Ban, /icuy-Kcua Kao, Ben-FO Xan,
Ku-Ian Ilen, OnTuMu3anus Ha KieThyHa Kyiatypa Ha HIN2 moarum Ha AIV m ycTaHOBsSBaHE Ha
KJIETHYEH IIIaM C BUCOK JTOOUB .. .
Jlanyun Ve, Cuntien /{3sn, J{3unAH H[au YbH,ZZ?fcoy ,becao CﬂOH‘bH Hlao llu6uH q‘bH HH CyH HpquBaHe
Ha MPaxOyJIaBSHETO U CIOCOOHOCTTA 3a MHXUOMpaHe Ha MUKpoopranu3mu Ha Jacaranda mimosifolia
MPY CTHAKBU YCJIOBUS HA CKCIICPUMECHT 38 CPABHEHUC ... veuvesveeseesteetesteesteassesseansesseasessssssessesssssssessesssessens
FOnean /[3vn, Vonwan Jlu, [J3un Xyan, /Jocanyvn Xyan, Jzun Yan, /[3un Luen, A0 FOan, Tunmun [y, Ayu Xy,
Jlaean Jlu, [IpoyyBaHe Ha HOBA TEXHOJOTHS 3a 00pabOTKa Ha CeJICKH OUTOBU OTMAJHH BOJM Ha Oa3zaTta
HA CASS H VB o e e e e e e e e
4-"4 gonpepenyusn na A3uamcKo-muxookeaHcKus pe2uon no unsicenepna mexuonozus (APCET 2016), ............
3. FOan, II. AIn, CiocoOHOCT 3a OCTpaHsABaHE HA XUAPOKCHIHHU PAJMKAIA OT MHUKPOYACTHIIH, TOTYYSHH MPHU
TBBPAO-(Pa3Ha GepMEeHTANNS Ha SIITUBU METUIIUHCKH T'bOU . T e .
. Jpc. Jorcua, M. V. Xe, X. H. Yen, TbHKH (I)I/IHMI/I or TiOy, nonyqel-m 10 30JI-T€J METOoJa U ,Z[OTI/IpaHI/I c
mwiatuHa (Pt-TiOy) ..
M. Xe, V. XKy, @. Jluy, X Qey MeToz[ 3a HaCTpOHKa Ha pasMepa Ha KanKWTe II10 LEM -MeTo/1a 3a 3D
CIICKTPOHHO TICUATAHE ... .vveuveeueesretesueessesssessessaesseessesssassesssansesssanssansssssasssssssssessesssessssssesssessesssenseansensesnsesses
U Jho, JI. Jho, I'. Ulu, /. L, V. JI. Jlau, VI3cnenBanus u oxapakTepu3upaHe Ha aOUPaTepOH-aLETaT ..........
JIu Yan, bo Yan, V3cnenBane Ha HATPYIIBAHETO HA KOPO3HOHHU JE(PEKTH IPU MHOTO-CTCIICHHO HAMPEIKCHHE C
yCKOpeHHe ¢ Mozena ,,physics-0f-faillure” .......... ..
I XKenowcu; X. bBun; I. Kenemune;, H. Jlubo; K. Jlyocue, V3cnensane Ha BIMSHAETO HAa OTCTPAHSIBAHETO Ha
mykHaTHHY 11pu PBX-excrio3usy . . .
I XKenowcu, X. bun, I'.3. Mune, Uncnen aHaim3 Ha MOBBPXHOCTHU HyKHaTI/IHI/I an cd)epnq}m €KCIIJIO3UBH C
aMOPTHCHOP . T
I Vane, U. Tao, H T ame, AHaHI/IS Ha BJIMSHUETO HA XMUMHYECKOTO 3aJpbCTBAHE W IMPOCMYKBAHE BBPXY
CTaOMITHOCTTA HA XBOCTOXPAHMIIHIIIATA . v. e vvvenennentenee ee tne snsnenaennen e ne e ene eanaanens sasnenen e e e rennns
JI. Cyn, X. Jluane, K. Bane, X. Yen, OnpenesnsHe cTpoeka Ha MaTepUaIM 10 CETMEHTH Ha 00pa3u ¢ OMOIIITa Ha
AITOPUTHM ,,A3KYCTBCHA ITUCITHA KOJTOHII ™ ...\ testenattee e ene atetet e e eae et aenaenaenaee s eeienanenebeaenas
JIJI. Tlune, 1. /]oc. Tao, Edext Ha TBBpIO-(pa3HOTO 3aBapsiBaHE BBPXY 00pa3yBaHETO Ha MHKPOCTPYKTypaTa U
CBOMCTBATA HA BUCKO-KAUCCTBCHA HIUKCITOBA CTOMAHA ... .. ..veeeeeteaueessessessuesssessesssessessesssesssessessesssensennsnens
Ihic. Cone, 3.-1. Hau, I'. Cone, X.-JI. Uen, N3cnenBane Ha HEM3OTEPMUUHATA KPUCTATIU3ALUS HA KOMIIO3UTU OT
MOJIM-BUHUIIOB AJIKOXOJI C MOHTMOPHJIOHHUT Ype3 nudepeHiuaina ckanuparia kanopumerpus (DSC) ....
M. Jlu, C. [Jone, XUMUYHU IPOMEHHU U MEXAHU3MH HA CUHTEPYBAHETO HA MOPCKA THHS .......coviirirriniisiasininaass
U. Kcroexcun, [lonydaBane v GyHKITMOHATHU CBOWCTBA HA MAITO30-TTAKTATEH €CTED vt vurveerrerrireereeerireseeessensnnes
I1.®. Kecy, H An, Iic. Jocua, K. Key, Hococ. I'vo, VIHTerpupana mMukpodaynmHa cuctema 3a OBp30
OTKPHMBAHE Ha MATOTEHUTE BOLIYLIS CINEIBA ... ..iiii it e
H. A, 3. Jlu, Ioc. Cyn, ILD. Kcy, Hoc [lc. I'vo, XII. Mao, Natepdeperuer aHamm3 3a (HOTOMETPUIHOTO
OTIpeNieNIsTHe Ha OCTAThIH OT MECTHIUIHN C MHTETPAITHHA MAKPO-(ITYHIHU GHUTIOBE .....vvvverreeeeereanrenneensnens
Lo, J[nc. Tyo, P.b. /ican, H. An, IlpoekTipane U OlleHKa Ha METO/ ¢ MUKPO-(IIynIHA U30JIalHs 32 OTKPHBAHE
HA TTATOTCHU B AKBAKYIITYPH ...+ e uveeuetsueessesueesseassesessesssessssssesssssssassesssenseassanseassssstssssasesssssesssessesssessessnsenns
Hoc. FOanm, I1. An, /1. /]cwvn, OnTrMu3anus Ha yCIIOBUSTA 3a TBBPA0-(azHa GepMeHTarys Ha I'bOH BB BPB3Ka C
TAXHATA AHTUOKCUIAHTHA aKTUBHOCT M JOOMBA HA MOITUBAXAPHII .. ... eerereeeenresiessuesseessessessesssesssessenseens
Tun FOn, bauxuan Yon, Yaiioocon Jlu, FOan Cyn, JIangvn Cro, V30NI3BaHEe HA TOYKOBH JaHHU B 00JaK 3a
KiIacu(UKaUATa HA OPTAaHUTE W PEATTHHS CTPOCK Ha JINCTATa HA JbPBETa
HHCTPYKIJUA 34 ABTOPHTE ...... .. iee ius et e e et tee et et eee taa e te e e et aes e et et e et aae e et e e eaate ee e ntaee enans

302

156

160

170

175

182

183

189

192

198
203

209
216
227
233
238
244
249
255
263
268
275
281
287

296
297



	K1_49_n_1-1
	The Institute of Chemical  Engineering at the Bulgarian Academy of Sciences1
	VB_Acknowledgement_Draft-edited_19_03_2017
	Professor Christo Boyadjiev's 80 years anniversary
	49-1-2017-4295-Idakieva-11-16
	49-1-2017-4266-Huang-17-19
	49-1-2017-4184-Mitu-20-25
	49-1-2017-4182-Vadivel-26-30
	49-1-2017- No. 4181- Mitu-31-33
	49-1-2017-4098-Glavchev-34-39
	49-1-2017-4135-Sanchi-40-45
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Unpreci-pitated part in the aqueous phase
	CONCLUSIONS
	Acknowledgements:The authors are grateful for the support of the National Science Fund of the Ministry of Education and Science.
	МОНОМЕРНИ ФЕНОЛНИ СЪЕДИНЕНИЯ ОТ ОТПАДЪЧНИ ХИДРОЛИЗНИ ЛИГНОЦЕЛУЦОЗНИ МАТЕРИАЛИ

	49-1-2017-Chaulia-46-61
	49-1-2017-4177-Ismail-62-67
	49-1-2017-3770-Sadoudi-68-73
	49-1-2017-4224-Rezvani-74-78
	Magnetically stirred solution of Cu(NO3)2.3H2O (1 mmol, 0.2416 g) and 1,10-phenanthroline (1mmol, 0.198g) in water (10 mL) immediately produced a blue colored solution. After that, ethanolic solution of benzhydrazide (1 mmol, 0.136 g) was slowly added...

	49-1-2017-3867-Hari_Pati-79-81
	49-1-2017-3902-Aydin-82-86
	49-1-2017-3926-Chehardoli-87-91
	49-1-2017-3943-Kipcak-92-100
	49-1-2017-4023-Kara-101-108
	49-1-2017-4088-Grigorova-109-114
	49-1-2017-4113-Gandova-115-120
	49-1-2017-4120-Dimitrov-121-126
	Impedance spectroscopy data obtained in this work are interpreted in terms of "equivalent electrical circuit". To describe the resistive-capacitive properties of the materials in the equivalent circuit the constant phase element () was used due to the...
	The spectroscopic data were interpreted by using LabVIEW media with a parallel  chain, where R is the resistance of the relaxator. The  chain is associated with the region characterizing the grain boundary of zinc oxide particles.
	DISCUSSIONS
	The gas-sensitive properties of samples based on zinc oxide were investigated by impedance spectroscopy at a detection temperature of 300  C. It is revealed that during vapor detection the center of the semicircle at the Nyquist diagrams shifts to the...

	49-1-2017-4187-Itoua-127-133
	3. 3 S. Jose, S. Thomas, E. Lievana, J. Karger-Kocsis, J. Appl. Polym. Sci., 95,1376 (2005)

	49-1-2017-4213-Zhang-134-138
	49-1-2017-4083-Radeva-139-144
	3666-Xin-BCC-49-1-2017-145-150
	14. H. Ebiike, M. Masubuchi, P. Liu, K. Kawasaki, K. Morikami, S. Sogabe, M. Hayase, T. Fujii, K. Sakata, H. Shindoh, Y. Shiratori, Y. Aoki, T. Ohtsuka, N. Shimma, Bioorg. Med. Chem. Lett., 12, 607 (2002).
	18. A. A. Marei, R. A. Paphael, J. Chem. Soc., 2624 (1958).

	Ebadi-1-Wu-BCC-49-1-2017-151-156
	Ebadi-2-LIu-BCC-49-1-2017-157-160
	Ebadi-3-Lu-BCC-49-1-2017-161-170
	Ebadi-4-Wei-BCC-49-1-2017-171-175
	Ebadi-5-Zheng-BCC-49-1-2017-176-182
	APCET-49-1-183
	Blank Page

	49-1-2017-Kitaj-01-185-189
	ok-49-1-2017-Kitaj-03-190-192
	Pt doped TiO2 (Pt-TiO2) sol gel thin films
	INTRODUCTION
	EXPERIMENTAL DETAILS
	RESULTS AND DISCUSSION
	Fig. 3. XRD pattern of the TiO2-Pt thin film depending on the Pt concentration.
	CONCLUSIONS
	REFERENCES

	49-1-2017-Kitaj-04-193-198
	INTRODUCTION
	LUMPED ELEMENT MODELING
	PREDICTION
	CONCLUSION
	REFERENCES

	49-1-2017-Kitaj-08-199-203
	ok-49-1-2017-Kitaj-09-204-209
	49-1-2017-Kitaj-12-210-216
	49-1-2017-Kitaj-13-217-227
	Stress intensity factor analysis with a cushion
	Analysis of the stress intensity factor of the crack of the outer surface along the depth


	49-1-2017-kitaj-14-228-233
	49-1-2017-Kitaj-16-234-238
	INTRODUCTION
	IMPROVED ARTIFICIAL BEE COLONY ALGORITHM
	Canonical artificial bee colony algorithm
	Hierarchical Artificial Bee Colony Algorithm with a Two-level Topology (HABC)

	EXPERIMENTAL STUDY
	Multilevel threshold for image segmentation
	CONCLUSION

	49-1-2017-kitaj-17-239-244
	9-1-2017-kitaj-18-245-249
	ok-49-1-2017-kitaj-19-250-255
	1Hydraulic engineering postdoctoral research station, Hohai University, 210098 Nanjing, China
	2School of civil engineering, Huaihai Institute of Technology, 222005 Lianyungang, China
	Keywords: sea silt, sintering, chlorine, physical, chemical
	INTRODUCTION
	Materials
	Test methods
	Table 1. Chemical composition of sea silt
	Table 2. Physical properties of the main components of sea silt
	Basic properties and thermal properties of NaCl
	Table 3. Changes of chlorine content in sea silt
	* Note: the sintering temperature is 1000℃.
	Sodium chloride transfer
	CONCLUSIONS
	Acknowledgements: This material is based upon work supported by Natural Science Foundation of China under Grant No.51609093, No.41306114, and Jiangsu Planned Projects for Postdoctoral Research Funds under Grant No. 1601007A.
	REFERENCES
	1Изследователски пост-докторски център по хидравлично инженерство, Университет „Хохай“, Нанджинг 210098, Китай
	2Училище по строително инженерство, Технологичен институт „Хуайхай“, Лянунганг 222005, Китай
	Постъпила на 14 януари, 2016 г.; коригирана на 29 юни, 2016 г.
	(Резюме)
	Морските наноси, използвани за строителни материали имат вредно въздействие върху околната среда. Тинята от езерото Лянунганг в провинция Джиянгсу е взета като пример. Промените в теглото, топлината, съдържанието на соли и хлор, натрий и сулфати в про...

	49-1-2017-kitaj-22 -256-263
	49-1-2017-kitaj-25-264-268
	A. The fabrication of a microchannel and microelectrode
	B. Design and fabrication of the impedance detection circuit

	49-1-2017-kitaj-26-269-275
	ok-49-1-2017-kitaj-27-276-281
	ok-49-1-2017-kitaj-28-282-287
	49-1-2017-kitaj-15-288-296
	Fig. 1. Visualization of final classification of different components being to an individual tree. (a) Original point cloud data of Michelia tree. (b) Partially selected PCD was manually labeled as two classes (branch and leaf), which was taken as tra...
	Fig. 2. Comparison with various algorithms and feature sets. (a) Recognition rates of different classifiers. (b) Recognition results using different feature sets. (c) Computation time of different classifiers.
	In recent years, TLS has been used for forestry parameter measurement, but the topology structure of tree is irregular. The scanning results always be interfered by external environment, such as wind and illumination variation, so deviation often exis...
	In this paper, we have used computer graphics and vision theory to quantitatively identify the tree structure and accomplished the foliage surface reconstruction from discrete PCD. The main contributions of our research were as follows:
	2Изследователска и изпитателна станция за тропически култури, Данджоу 571737, Китай

	Instructions-49-1
	CONTENTS-Vol49-No1
	Ланцин Уей, Синйен Дзян, ДзинАн Шай, УънДжоу Джао, СяоПън Шао, Цибин Чън, Ин Сун, Проучване на прахоулавянето и способността за инхибиране на микроорганизми на Jacaranda mimosifolia при еднакви условия на експеримент за сравнение................................................................................


