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Recently, there are certain tendencies in the development of natural sci-
ences. For example, researchers are moving toward nanostructures, nano-
chemistry, nanophysics, nanotechnology (1 cm = 1,00,00,000 nano, and 
1 nano = to 10 Å,), and so on, and the chemistry, in turn, moves toward 
biochemistry, biochemistry to biology, and biology to medicine and agri-
culture.

We decided not to lag behind these general tendencies and compiled 
this collection of book articles with actual problems in chemistry, bio-
chemistry, and biology. We have included in this volume information 
about research of local characteristics of process of separation of a dust 
in a rotoklon; biodegradable film materials based on polyethylene; modi-
fied chitosan; effect of ozonation on crude oil foamability and properties 
contributing to it; effect of zinc precursor solutions on nucleation and 
growth of ZnO nanorod films deposited by spray pyrolysis technique; 
a study of acid-base properties of ionizable biopolymeric compositions 
by pK spectroscopy; synthesis in the interfacial conditions of hybrid dis-
persed magnetic nanomaterial based on poly-n-phenylanthranilic acid and 
Fe3O4; synthesis, structure and properties of composite material based 
on polydiphenylamine and cobalt nanoparticles; the research of complex-
forming properties of the new composite materials based on dialdehide 
cellulose and acrylate derivatives of guanidine with d-elements; structure 
and properties of metal-filled polyarylates obtained explosive pressing; 
and biodegradable blends of poly(3-hydroxybutyrate) with an ethylene 
propylene rubber.

We also discuss the problems of flame retardants on the basis of the 
renewable raw materials; variety differences of Galega orientalis Lam. in 
radionuclide accumulation; anticancer activity of oregano essential oil in 
F1 DBA C57 black hybrid mice; effects of essential oil dietary supplemen-
tation on the antioxidant status of bulb/c mice liver in vivo; prevention of 
Lewis carcinoma in mice by dietary oregano essential oil intake; evalua-
tion of oregano essential oil ability for protection of Lewis carcinoma in 
mice; synthesis, physiochemical properties and application of polyacete-
lyne; the effectiveness of inoculation of the seeds of G. orientalis with 

PREFACE
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xxvi	 Preface

microbial agents Vogal and Rhizophos; methodic fundamentals of the 
fruit crops production orchards distribution in Ukraine; mechanochemi-
cal halide modification of elastomers with fluorine-containing modifica-
tor and properties and materials based on it; the structure and properties 
of low-density polyethylene and butyl rubber blends; and comparison of 
free-radical scavenging properties of glutathione under neutral and acidic 
conditions.

The editors and contributors will be happy to receive comments from 
the readers that we can use in our future research.

— Roman Joswik, PhD, and Andrei A. Dalinkevich, DSc
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CHAPTER 1

RESEARCH OF LOCAL 
CHARACTERISTICS OF PROCESS 
OF SEPARATION OF A DUST IN A 
ROTOKLON

REGINA R. USMANOVA, ROMAN JOZWIK, and  
GENNADY E. ZAIKOV
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1.1  INTRODUCTION

The main problems of the known wet-type collectors are single-value 
usage of liquid in the dust removal process and its large charges for gas 
clearing. For machining of great volumes of an irrigating liquid and slimes 
salvaging bulky, complex systems of circulating water supply are required. 
It considerably increases the cost of the process of clearing of gas and does 
its commensurable with clearing costs of application of electro filters and 
bag hoses.

Therefore, now there is a necessity for the creation of such wet-type 
collectors that would work with the lowest consumption of an irrigating 
liquid. New dedusters should combine the basic advantages of modern 
means of clearing of gases: simplicity and compactness, high efficiency, 
possibility of management of processes of a dust separation, and optimiza-
tion of regimes.

To use modern techniques in the gas industry, wide circulation of liquid 
is used in wet-type collectors with inner circulation in the systems of gas 
cleaning in Russia and abroad.

1.2  KNOWN CONSTRUCTIONS OF SCRUBBERS WITH INNER 
CIRCULATION OF FLUID

The system will improve considerably if water circulation is performed. 
Accumulated slurry can be drained continuously or periodically or by 
means of mechanical carriers, in this case necessity for water recycling 
system disappears, or a hydraulic path—a drain on a part of water. In the 
latter case, the device of the system of water recycling can appear expedi-
ent, but load on it is much less than at circulation of all volumes of water 
[1, 2].

Dust traps of such aspect are characterized by the presence of the ca-
pacity filled with water. Cleared air contacts in this water, and contact 
conditions are determined by the interaction of currents of air and waters. 
The same interaction calls a water circulation through a zone of a contact 
at the expense of the energy of the most cleared air.

The water discharge is determined by its losses on transpiration and 
with deleted slurry. At slurry removal by mechanical scraper carriers or 
manually, the water discharge minimum also makes only 2–5 g on 1 м3 air. 

© 2015 by Apple Academic Press, Inc.

 



Research of Local Characteristics of Process of Separation	 3

At the periodic drain of the condensed slurry, the water discharge is deter-
mined by the consistency of the slurry and averages to 10 г on 1 м3 air, and 
at fixed drain the charge does not exceed 100–200 g on 1 м3 air. Filling of 
dust traps with water should be controlled automatically. The maintenance 
of a fixed level of water has primary value as its oscillations involve an 
essential change as efficiency, and the productivity of the system.

The basic most known constructions of these apparatuses are intro-
duced in Figure [3].

FIGURE 1.1  Constructions of scrubbers with inner circulation of a fluid: (a)—a scrubber 
a VNIIMT (Russia); (b)—PVM CNII (Russia); (c)—rotoklon N (USA)

Mechanically, each of such apparatuses consists of contact channel 
fractionally entrained in a fluid and the drip pan merged into one body. 
The principle  performance of the apparatuses is based on intensive wash 
down of gases in contact channels of various configurations with the sub-
sequent separation of a water gas flow in the drip pan. The used fluid is 
not discharged and recirculates several times for the dust removal process.

Circulation of a liquid in the wet-type collector occurs at the expense 
of a kinetic energy of a gas stream.

Each apparatus is equipped with some devices for fixing of fluid level 
and for removal of slurry from the scrubber collecting hopper.

Distinctive features of apparatuses:
1.	 Fluid spray in the gas without the use of injectors allows using a 

fluid with higher contents of suspended matters for spraying (up to 
250 mg/m3);
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2.	 Landlocked fluid circulation in apparatuses allows to reuse a fluid 
in contact devices of scrubbers and by that to devise out its charge 
on clearing of gas to 0, 5 kg/m3, i.e., in 10 and more times in com-
parison with other types of wet-type collectors;

3.	 Removal of the trapped dust from apparatuses in the form of slur-
ries with low humidity that allows to simplify dust salvaging to 
reduce loading by water purification systems. In certain cases it is 
possible to refuse a construction of a system of water purification;

4.	 Layout of the drip pan in a body of the apparatus which allows to 
diminish sizes of dust traps to supply their compactness.

The indicated features and advantages of such scrubbers have led to 
the wide popularity of these apparatuses, active working out of various 
constructions, research and a heading of wet-type collectors, as in Russia, 
and abroad.

The scrubbers are presented in Figure 1.1. Concern to apparatuses 
with non-controllable operating conditions as in them there are no gears 
of regulating. In this type of scrubbers the stable conditions of activity of a 
high performance is difficultly supplied, especially at varying parameters 
of cleared gas (pressure, temperature, a volume, a dust content, etc.). In 
this regard wet scrubbers with controlled variables are safer and better in 
maintenance. Regulating of operating conditions allows changing a hy-
draulic resistance from which magnitude, according to the power theory 
of a wet dust separation, efficiency of trapping of a dust depends. Regu-
lating of parameters allows to maintain dedusters in an optimum regime. 
Optimum conditions of interacting of phases are thus provided and peak 
efficiency of trapping of a dust with the least power expenses is reached. 
The great value is acquired by dust traps with adjustable resistance also for 
stabilization of processes of gas cleaning at varying parameters of cleared 
gas.

From the literary data, it is known that scrubbers with internal circula-
tion of a liquid can work in a narrow interval of change of speed of the 
gas in contact channels. Scrubbers are used in industrial production for 
clearing of gases of a dust in systems of an aspiration of auxiliaries [3–5]. 
Known apparatuses are rather sensitive to change of gas load on the con-
tact channel and to fluid level, negligible aberrations of these parameters 
from best values lead to a swing of levels of a fluid at contact channels, to 
unstable operational mode and dust clearing efficiency lowering. Because 
of low speeds of the gas in contact channels known apparatuses have large 
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gabarits. These defects, and also the weak level of scrutiny of processes 
passing in apparatuses, absence of reliable methods of their calculation 
complicate working out of new rational designs of wet-type collectors of 
the given type and their wide introduction in manufacture. In this regard, 
necessity of more detailed theoretical and experimental study of scrubbers 
with inner circulation of a fluid for the purpose of the prompt use of the 
most effective and cost-effective constructions in systems of clearing of 
industrial gases has matured.

1.3  PROCEDURE ARCHITECTURE OF HYDRODYNAMIC 
INTERACTING OF PHASES

In scrubbers with inner fluid circulation, the process of interacting of 
gas, liquid and solid phases consist of solid phase (dust), finely divided 
into gas, passes in a fluid implements. Because concentration of a solid 
phase in gas has rather low magnitudes (to 50 g/m3), she does not influ-
ence hydrodynamics of streams. Thus, hydrodynamic studies in a scrubber 
with inner circulation of a fluid have paid less attention to gas and liquid 
phase’s interactions.

Process of hydrodynamic interacting of phases can be observed as 
stages passing consistently:

•	 Fluid acquisition by gas flow on the contact device influent:
•	 Fluid distribution by a fast-track gas flow in the contact channel;
•	 Integration of fluid drops on the contact device effluent;
•	 Separation of a liquid from gas in the time of passage through a trap 

of drops.

1.3.1  FLUID ACQUISITION BY A GAS FLOW ON AN THE 
CONTACT DEVICE INFLUENT

Before an entry in the contact partition of the apparatus, there is a contrac-
tion of a gas flow for gas speed enhancement, acquisition of the high layers 
of a fluid and its entrainment in the contact channel. The functional ability 
of all dust traps depends on the efficiency of acquisition of a fluid by a gas 
flow—without fluid acquisition will not be supplied effective interacting 
of phases in the contact channel and, hence, qualitative clearing of gas of a 
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6	 Chemistry and Chemical Biology: Methodologies and Applications

dust will not be attained. Thus, fluid acquisition by a gas flow on an entry 
in the contact device is one of defined stages of hydrodynamic process in 
a scrubber with inner circulation of a fluid. Conditions for the origination 
of interphase turbulence are presence of a gradient of speeds of phases on 
boundaries, difference of viscosity of flows, an interphase surface tension. 
At gas driving over a surface of a fluid, the last will brake gas boundary 
layers, therefore in them, there are the turbulent shearing stresses promot-
ing cross-section transfer of energy. Originating cross-section turbulent 
oscillations lead to penetration of turbulent gas curls into boundary layers 
of a fluid with the subsequent illuviation of these stratums in curls. Mutual 
penetration of curls of boundary layers leads as though to the clutch of gas 
with a fluid on a phase boundary and to the entrainment of the high layers 
of a fluid for moving gas over its surface. The intensity of such entrain-
ment depends on a kinetic energy of a gas flow, from its speed over a fluid 
at an entry in the contact device. At gradual increase in the speed of gas, 
there is a change of a surface of a fluid at first from smooth to undular, 
then ripples are organized and, at last, there is a fluid dispersion in gas. The 
efficiency of wet-type collectors with inner fluid circulation is expedient 
for conducting by means of a parameter m = Vz/Vg m

3/m3 equal to a ratio 
of volumes of liquid and gas phases in contact channels and characterizing 
the specific charge of a fluid on gas irrigating in channels. Obviously that 
magnitude m will be determined, first of all, by the speed of a gas flow on 
an entry in the contact channel. Other diagnostic variable is fluid level on 
the contact channel influent which can change cross-section of the channel 
and influence speed of gas:

	
( )

r r r

r k g k g

v V v
s bh bh b h h

= -
- -

	 (1)

where Sг—cross-section of the contact channel, m2; b—a channel width, 
m; hK—channel altitude, m; hg—fluid level, m.

Thus, for the exposition of acquisition of a fluid a gas flow in contact 
channels it is enough to gain experimental relation of following type:

	 	 (2)
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1.3.2  FLUID SUBDIVISION BY A FAST-TRACK GAS FLOW 
IN THE CONTACT CHANNEL

As shown further, efficiency of trapping of a dust particle in many respects 
depends on the fluid drop size: The decreasing of drop size is leading to in-
crease the dust clearing efficiency. Thus, the given stage of hydrodynamic 
interaction of phases is rather important.

Process of subdivision of a fluid by a gas flow in the contact channel 
of a dust trap occurs at the expense of high relative speeds between a fluid 
and a gas flow. For calculation of average diameter of the drops gained 
in contact channels, it is expedient to use the empirical formula of the 
Japanese engineers Nukiymas and Tanasavas who consider the agency of 
operating conditions along with physical performances of phases:

	

0,2
3585 10 49,7 l

l

l
o

r rl

LD
W V

mσ
ρ σ

 ⋅= +    
	 (3)

where Wr—relative speed of gases in the channel, m/s; σl—factor of a 
surface tension of a fluid, N/m; ρl—fluid density, kg/m3; µl—viscosity of 
a fluid, Pas/s; Ll—volume-flow of a fluid, m3/s; Vr—volume-flow of gas, 
m3/s.

With the increasing speed of the gas process of subdivision of a fluid 
by a gas flow gains in strength, and drops of smaller diameter are orga-
nized. The most intensive agency on a size of the drops renders change of 
speed of gas in the range from 7 to 20 m/s, at the further increase in speed 
of gas (> 20 m/s) intensity of subdivision of drops is reduced. It is neces-
sary to note that in the most widespread constructions of shock-inertial ap-
paratuses (rotoklons N) which work at speed of the gas in contact devices 
of 15 m/s, the size of the drops in the channel is significant and makes 
325–425 µ. At these operating conditions and sizes of drops qualitative 
clearing of gas of a mesh dispersivity dust is not attained. For decreasing 
particle size and increasing efficiency of these apparatuses the increase in 
speed of gas to 30, 40, 50 m/s and more depending on the type of a trapped 
dust is necessary.

The increase in the specific charge of a fluid at gas irrigating leads to 
growth of diameter of organized drops. So, at increase m with 0, 1,· 103–3 
… 10 m3/m3 the average size of the drops is increased approximately at 150 
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µ. For the security of a minimum diameter of drops in contact channels of 
shock-inertial apparatuses the specific charge of a fluid on gas irrigating 
should be optimized in the interval (0.1–1.5)∙10З m3/m3. It is necessary to 
note that in the given range of specific charges with a high performance 
the majority of fast-track wet-type collectors works.

1.3.3  INTEGRATION OF FLUID DROPS ON CONTACT 
DEVICE EFFLUENT

On an exit from the contact device, there is an expansion of the irrigated 
gas and increase in drops of a liquid at the expense of their concretion. The 
maximum size of the drops weighed in a gas flow, is determined by stabil-
ity conditions: the size of the drops will be that more than the less speed 
of a gas flow. Thus, on an exit from the contact device effluent together 
with fall of speed of a gas flow the increase in a size of the drops will be 
observed. Turbulence in a dilated part of a stream more than in the channel 
with constant cross-section. Turbulence grows with increase at an angle of 
expansion of a stream, and it means that the speed of turbulent concretion 
will grow also to increase at an angle of expansion of a stream. Than more 
intensity of concretion of corpuscles of a liquid, the corpuscle on an exit 
from the contact device will be larger and the more effectively they will be 
separated in the drip pan.

Practice shows that the size a coagulation of drops on an exit makes of 
the contact device, as a rule, more than 150 µ. Corpuscles of such size are 
easily trapped in the elementary devices (the inertia, gravity, centrifugal, 
etc.).

1.3.4  BRANCH OF DROPS OF A FLUID FROM A GAS 
FLOW

The inertia and centrifugal drip pans are applied to the branch of drops of 
a fluid from gas in shock-inertial apparatuses in the core. In the inertia drip 
pans, the branch implements at the expense of veering of a water gas flow. 
Liquid drops, moving in a gas flow, possess definitely a kinetic energy. If 
to accept that the drop is in the form of a sphere and speed of its driving is 
equal in a gas flow to speed of this flow the kinetic energy of a drop, mov-
ing in a flow, can be determined by formula
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3 2

0

6 2
r

K l
D WE p ρ= 	 (4)

with decrease of the diameter of a drop and speed of a gas flow the drop 
kinetic energy is sharply diminished. At gas-flow deflection the inertial 
force forces to move a drop in a former direction. The more the drop ki-
netic energy, then, is more and an inertial force:

	
3

0

6
r

K l
D dWE

d
p ρ

τ
= 	 (5)

Thus, with flow velocity decrease in the inertia drip pan and diameter of a 
drop the drop kinetic energy is diminished, and efficiency drop spreads are 
reduced. However, the increase in speed of a gas flow cannot be bound-
less as in a certain velocity band of gases there is a sharp lowering of the 
efficiency drop spreads owing to the origination of secondary ablation the 
fluids trapped drops. For the calculation of a breakdown speed of gases in 
the inertia drip pans it is possible to use the formula, m/s:

	
r

êl
c KW

ρ
ρρ -= 	 (6)

where Wc—optimum speed of gases in free cross-section of the drip pan, 
m/s; K—the factor defined experimentally for each aspect of the drip pan.

Values of factor normally fluctuate over the range 0.1–0.3. Optimum 
speed makes from 3 to 5 m/s.

1.4  PURPOSE AND RESEARCH PROBLEMS

The primal problems of working with a new construction of the wet-type 
collector with inner circulation of a fluid are as follows:

•	 creation of a dust trap with a broad band of change of operating con-
ditions and a wide area of application, including for clearing of the 
gases of the basic industrial assemblies of a mesh dispersivity dust;

•	 creation of the apparatus with the operated hydrodynamics, allowing 
to optimize process of clearing of gases taking into account perfor-
mances of trapped ingredients;
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•	 to make the analysis of hydraulic losses in blade impellers and to 
state a comparative estimation of various constructions of contact 
channels of an impeller by efficiency of security by them of hydro-
dynamic interacting of phases;

•	 to determine the relation of efficiency of trapping of corpuscles of a 
dust in a rotoklon from the performance of a trapped dust and oper-
ating conditions major of which is the speed of a gas flow in blade 
impellers. To develop a method of calculation of a dust clearing ef-
ficiency in scrubbers with inner circulation of a fluid

1.5  EXPERIMENTAL RESEARCHES

1.5.1  EXPERIMENTAL INSTALLATION AND THE TECHNIQUE 
OF REALIZATION OF EXPERIMENT

The rotoklon represents the basin with water on which surface on a con-
necting pipe of feeding into of dusty gas the dust-laden gas mix arrives. 
Thus gas changes a traffic route. The dust containing in gas, penetrates 
into a liquid under the influence of an inertial force. Turn of the blades of 
an impeller is made manually, rather each other on a threaded connection 
by means of handwheels. The slope of blades was installed in the interval 
25°–45° to an axis.

In a rotoklon three pairs the blades having the profile of a sinusoid are 
installed. Blades can be controlled for installation of their position. De-
pending on the cleanliness level of an airborne dust flow the lower lobes 
by means of handwheels are installed on an angle defined by the opera-
tional mode of the device. The rotoklon is characterized by the presence of 
three channels, a formation the overhead and bottom blades. And in each 
following on a run on gas the channel the bottom blade is installed above 
the previous. Such arrangement promotes a gradual entry of a water gas 
flow in slotted channels and thereby reduces the device hydraulic resis-
tance. The arrangement of an input part of lobes on an axis with a capabil-
ity of their turn allows creating a diffusion reacting region. Sequentially 
slotted channels mounted in a diffusion zone equipped with rotation angle 
lobes, a hydrodynamic zone of intensive wetting of corpuscles of a dust. 
In process of flow moving through the fluid-flow curtain, the capability 
of multiple stay of corpuscles of a dust in the hydrodynamically reacting 
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region is supplied that considerably raises a dust clearing efficiency and 
ensures the functioning of the device in broad bands of the cleanliness 
level of a gas flow.

The construction of a rotoklon with adjustable sinusoidal lobes is de-
veloped and protected by the patent of the Russian Federation, capable to 
solve a problem of effective separation of a dust from a gas flow [6]. Thus 
water admission to contact zones is implemented as a result of its circula-
tion in the apparatus.

The rotoklon with the adjustable sinusoidal lobes, presented in Figure 
1.2 consists of a body (3) with connecting influent (7) and effluent (5) 
pipes. Moving of the overhead lobes (2) can be done by screw jacks (6), 
the lower lobes (1) are fixed on an axis 8 with rotation capability. The rota-
tion angle of the lower lobes is chosen from a condition of a persistence of 
speeds of an airborne dust flow. For rotation angle regulating a handwheel 
at the output parts of the lower lobes 1 are embedded. Quantity of lobe pair 
is determined by the productivity of the device and the cleanliness level of 
an airborne dust flow, which is a regime of a stable running on the device. 
In the lower part of a body there is a connecting pipe for a drain of slime 
water 9. Before a connecting pipe for a gas makes 5 the labyrinth drip pan 
4 is installed. The rotoklon works as follows. Depending on the cleanli-
ness level of an airborne dust flow the overhead lobes 5 by means of screw 
jacks 6, and the lower lobes 1 by means of handwheels are installed on 
an angle defined by the operational mode of the device. Dusty gas arrives 
at the upstream end 7 in the upper part of the body 3 apparatus. Having 
reached a liquid surface, gas changes the direction and moves to the slot-
hole channel formed upper 2 and inferior 1 blades. Thanks to a high speed 
traffic, gas captures the upper layer of a liquid and atomises him in small-
sized drip and foam. After passage of all slot-hole channels, Gas moves 
to the labyrinth drip pan 4 and is inferred in an atmosphere through the 
discharge connection 5. The collected dust settles in the loading pocket of 
a rotoklon and through a connecting pipe for removal of slurry 9, together 
with a liquid, is periodically inferred from the apparatus.
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12	 Chemistry and Chemical Biology: Methodologies and Applications

FIGURE 1.2  A rotoklon general view

Lower 1 and the overhead 2 lobes; a body 3; the labyrinth drip pan 4; 
connecting pipes for an entry 7 and an exit 5 gases; screw jacks 6; an axis 
8; a connecting pipe for a drain of slurry 9.

The mentioned structural features do not allow to use correctly avail-
able solutions on hydrodynamics of dust-laden gas flows for a designed 
construction. In this connection, for the well-founded exposition of the 
processes occurring in the apparatus, there was a necessity of realization 
of experimental researches.

Experiments were conducted on the laboratory-scale plant “rotoklon” 
and presented in Figure 1.3.

The examined rotoklon had 3 slotted channels speed of gas with gas 
speed up to 15 km/s. At this speed the rotoklon had a hydraulic resistance 
800 Pases. Working in such a regime, it supplied efficiency of trapping of 
a dust with input density 0.5 g/nm3 and density 1,200 kg/m3 at a level of 
96.3 percent [7].
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FIGURE 1.3  Experimental installation “rotoklon”

In the capacity of modelling system air and a dust of talc with a size of 
corpuscles d = 2 ÷ 30 a micron, white black and a chalk have been used. 
The apparatus body was filled with water on level hg = 0.175 m.

Cleanliness level of an airborne dust mix was determined by a direct 
method [8]. On direct sections of the pipeline before and after the appa-
ratus the mechanical sampling of an airborne dust mix was made. After 
determination of matching operational mode of the apparatus, gas test was 
taken by means of tubes. On tubes for researches with various diameter 
tips have been installed.

Full trapping of the dust contained in taken test of an airborne dust mix, 
was made by an external filtering draws through mixes with the help cali-
brates electro-aspirator EA-55 through special analytical filters AFA-10 
which were put in into filtrating cartridges. The selection time was fixed 
on a stop watch, and speed—the rotameter of electro-aspirator EA-55.

Experimental installation of a mechanical sampling at the definition of 
dustiness of gas on a method of an external filtering is shown on Figure 
1.4.

Dusty gas is selected from the flue by an intaking tube 3 and filtrated 
through filter AFA-10 fixed in a cartridge 4. The cleared gas from a car-
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tridge arrives in the glass diaphragm 9 connected to the differential ma-
nometer 15 and further in the blowing machine 13. 

FIGURE 1.4  Experimental research of speed and stream dustiness

On a line from a glass diaphragm to the blowing machine, there is a 
tee-joint 11 which is connected to an atmosphere a rubber tube supplied 
with a crimped lock 14. By means of this crimped lock control speed of 
selection of gas from the flue, changing a false air in the blowing machine. 
On a section from a cartridge to a glass diaphragm install a crimped lock 5, 
using which, it is possible to change a rarefaction at a glass diaphragm. In-
taking tube 3 and a cartridge 4 are connected to the transformer 12, with an 
output voltage of 12 volt. At the expense of it, they have an electric heater. 
Speed of gas is measured in the flue by a tube 6 which is connected to the 
micro manometer 7. The temperature and pressure (rarefaction) of gas are 
measured in the flue accordingly by the thermometer 2 and a manometre 1.

Dust gas mix gained by dust injection in the flue by means of the me-
tering screw conveyer batcher. Application of the batcher with varying 
productivity has given the chance to gain the set dust load on an entry in 
the apparatus.

The water discharge is determined by its losses on transpiration and 
with deleted slurry. The water drain is made in the small portions of the 
loading pocket supplied with a pressure lock. Gate closing implements 
sweeping recompression of air in the gate chamber, opening—a depres-
surization. Small level recession is sweepingly compensated by a top up 
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through a connecting pipe of feeding into of a fluid. At periodic drain of 
the condensed slurry the water discharge is determined by the consistency 
of the slurry and averages to 10 г on 1 м3 air, and at fixed drain the charge 
does not exceed 100–200 г on 1 м3 air. Filling of a rotoklon with water was 
controlled by means of the level detector. Maintenance of a fixed level of 
water has essential value as its oscillations involve an appreciable change 
as efficiency, and productivity of the device.

1.5.2  DISCUSSION OF RESULTS OF EXPERIMENT

In a rotoklon process of interacting of gas, liquid and solid phases in which 
result the solid phase (dust), finely divided into gas, passes in a fluid is 
realized. Process of hydrodynamic interacting of phases in the apparatus 
it is possible to disjoint sequentially proceeding stages on the following: 
fluid acquisition by a gas flow on an entry in the contact device; fluid 
subdivision by a fast-track gas flow in the contact channel; concretion of 
dispersion particles by liquid drops; branch of drops of a fluid from gas in 
the labyrinth drip pan.

The inspection of the observation port shows that all channels are filled 
with foam and water splashes. Actually, this effect caused by a retardation 
of a flow at an end wall, is characteristic only for a stratum which directly 
is bordering onto glass. Slow-motion shot consideration allows to install a 
true flow pattern. It is visible that the air jet as though it chooses the path, 
being aimed to be punched in the shortest way through the water. Blades 
standing sequentially under existing conditions restrict air jet extending, 
forcing it to make a sharper turn that, undoubtedly, favors to separation. 
Functionability of all dust traps depends on the efficiency of acquisition of 
a fluid a gas flow—without fluid acquisition will not be supplied effective 
interacting of phases in contact channels and, hence, qualitative clearing 
of gas of a dust will not be attained. Thus, fluid acquisition by a gas flow at 
consecutive transiting of the blades of an impeller is one of defined stages 
of hydrodynamic process in a rotoklon.

Fluid acquisition by a gas flow can be explained presence of interface 
turbulence which is advanced on an interface of gas and liquid phases. 
Conditions for the origination of interphase turbulence are the presence 
of a gradient of speeds of phases on boundaries, difference of viscosity of 
flows, and interphase surface tension.
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1.5.3  THE ESTIMATION OF EFFICIENCY OF GAS CLEANING

The quantitative assessment of efficiency of acquisition in apparatuses of 
shock-inertial type with inner circulation of a fluid is expedient for con-
ducting by means of a parameter n = Lz/Lg, m

3/m3 equal to a ratio of vol-
umes of liquid and gas phases in contact channels and characterizing the 
specific charge of a fluid on the gas irrigating in channels. Obviously that 
magnitude n will be determined, first of all, by the speed of a gas flow on 
an entry in the contact channel. The following important parameter is fluid 
level on an entry in the contact channel which can change cross-section of 
the channel and influence speed of gas:

	 ( )
g g g

g k l k lS bh bh b h h
ϑ ϑ ϑ

= -
- -  	 (7)

where Sg—cross-section of the contact channel, m3; b—a channel width, 
m; hK—channel altitude, m; hl—fluid level, m.

Thus, for the exposition of acquisition of a fluid a gas flow in contact 
channels of a rotoklon it is enough to gain the following relation experi-
mentally:

	 )( lg hfn ⋅= ϑ 	 (8)

As it has been installed experimentally, the efficiency of trapping of cor-
puscles of a dust in many respects depends on a size of the drops of a fluid: 
with decrease of a size of the drops the dust clearing efficiency raises. 
Thus, the given stage of hydrodynamic interacting of phases is rather im-
portant. For calculation of average diameter of the drops organized at tran-
siting of the blades of an impeller, the empirical relation is gained:

	

0,68
3467 10 17,869 l l

o rl

Ld
L

mσ
ϑ ρ σ

 ⋅= + ⋅ 
 

	 (9)

Where υ0—relative speed of gases in the channel, m/s; σ—factor of a sur-
face tension of a fluid, N/m; ρl—fluid density, kg/m3; μl—viscosity of a 
fluid, the Pas/with; Ll—volume-flow of a fluid, m3/with; Lg—volume-flow 
of gas, m3/with.
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The offered formula allows to consider also together with physical per-
formances of phases and agency of operating conditions.

On Figure 1.5. Design values of average diameter of the drops orga-
nized at transiting of the blades of an impeller, from speed of the gas in 
contact channels and a gas specific irrigation are introduced. At calcula-
tion values of physical properties of water were accepted at temperature 
20°С: ρl = 998 kg/m3; μl = 1.002∙10−3 N С/m2, ξ = 72.86∙10−3 N/m

FIGURE 1.5  Computational relation of a size of drops to flow velocity and a specific 
irrigation

The gained relations testify that the major operating conditions on 
which the average size of drops in contact channels of a rotoklon depends, 
speed of gas flow υ0 and the specific charge of a fluid on gas irrigating n 
are. These parameters determine the hydrodynamic structure of an orga-
nized water gas flow.

Separation efficiency of gas bursts in apparatuses of shock-inertial 
act can be discovered only on the basis of empirical data on particular 
constructions of apparatuses. Methods of calculations, which are put into 
practice, are based on an assumption about the possibility of linear ap-
proximation of dependence of separation efficiency from the diameter of 
corpuscles in a likelihood-logarithmic coordinate system.

Calculations on a likelihood method are executed under the same cir-
cuit design, as for apparatuses of dry clearing of gases [9].
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Shock-inertial sedimentation of corpuscles of a dust occurs at the flow 
of drops of a fluid by a dusty flow, therefore the corpuscles possessing in-
ertia, continue to move across the curved streamlines of gases, the surface 
of drops attains and are precipitated on them.

Efficiency of shock-inertial sedimentation ηu is function of following 
dimensionless criterion:

	
0

p p
u

c

m
f

d
ϑ

h
ξ

 
= ⋅  

 	 (10)

where тp—mass of a precipitated corpuscle; υp—speed of a corpuscle; 
ξ—factor of resistance of driving of a corpuscle; d0—diameter a middle of 
cross-section of a drop.

For the spherical corpuscles which driving obeys the law the Stokes, 
this criterion looks like the following:
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Thus, efficiency of trapping of corpuscles of a dust in a rotoklon on the 
inertia model depends primarily on the performance of a trapped dust (a 
size and density of trapped corpuscles) and operating conditions major of 
which is the speed of a gas flow at transiting through the blades of impel-
lers.

The results of the calculation of a dust clearing efficiency by means 
of the formula (12) are shown in Figure 1.6. For a various sizes of a dust 
the increase in the general efficiency of a dust separation with increase in 
number of Stokes is observed.

On the basis of the observed inertia of model the method of calculation 
of a dust clearing efficiency in scrubbers with inner circulation of a fluid 
is developed.
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FIGURE 1.6  Relation of efficiency of clearing of gas to Stokes number StK

The basis for calculation on this model is the formula (12). To under-
stand the calculation, it is necessary to know disperse composition of a 
dust, density of corpuscles of a dust, viscosity of gas, speed of gas in the 
contact channel and the specific charge of a fluid on gas irrigating.

The calculation is conducted in the following sequence:
•	 • by formula (9) determine an average size of the drops D0 in the 

contact channel at various operating conditions;
•	 • by formula (10) count the inertia parameter of the Stokes for each 

fraction of a dust;
•	 • by formula (11) calculate the fractional values of efficiency η for 

each fraction of a dust;
•	 • general efficiency of a dust separation is determined by formula 

(12), %.
The observed inertial model in detail characterizes physics of the pro-

cesses flowing in contact channels of a rotoklon.

1.5.4  COMPARISON OF EXPERIMENTAL AND 
COMPUTATIONAL RESULTS

Based on analyzing the gained results of researches of the general effi-
ciency of a dust separation, it is necessary to underscore that in a starting 
phase of activity of a dust trap for all used in researches a dust separa-
tion high performances, components from 93.2 percent for carbon black to 
99.8 percent for a talc dust are gained. Difference of the general efficiency 
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of trapping of various types of a dust originates because of their various 
particle size distributions on an entry in the apparatus, and also because of 
the various forms of corpuscles, their dynamic wettability and density. The 
gained high values of the general efficiency of a dust separation testify to 
correct selection of constructional and operation parameters of the studied 
apparatus and indicate its suitability for use in the engineering of a wet 
dust separation.

As shown in Figures 1.7 and 1.8, the relation of the general efficiency 
of dust separation on the speed of a mixed gas and fluid level in the ap-
paratus will well be agreed to design data that confirms an acceptance  of 
the accepted assumptions.

FIGURE 1.7  Relation of efficiency of clearing of gas to irrigating liquid level

FIGURE 1.8  Dependence of efficiency of clearing of gas on a size of corpuscles and 
speed of gas
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The results of researches on trapping of various dust in a rotoklon with 
adjustable sinusoidal are shown in Figure 1.9. The given researches tes-
tify a high performance of trapping of corpuscles for low dust with their 
various moistening ability. From these drawings by fractional efficiency of 
trapping it is obviously visible, what even for corpuscles a size less than 1 
µ (which are most difficultly trapped in any types of dust traps) installation 
efficiency considerably above 90 percent. Even for the unwettable sewed 
type of white black, general efficiency of trapping was more than 96 per-
cent. Naturally, as for the given dust trap lowering of fractional efficiency 
of trapping at the decrease of sizes of corpuscles less than 5 µ, however, 
not such sharp, as or other types of dust traps is characteristic.

FIGURE 1.9  Fractional efficiency of clearing of corpuscles of a various dust.

1.6  CONCLUSION

1.	 The new construction of the rotoklon is developed, in order to 
solve a problem of effective separation of a dust from a gas flow. 
In the introduced apparatus, water admission to contact zones is 
implemented as a result of its circulation in the device.

2.	 Experimentally, it is shown that fluid acquisition by a gas flow at 
consecutive transiting of the blades of an impeller is one of defined 
stages of hydrodynamic process in a rotoklon.

3.	 The theoretical concepts are confirmed by immediate measured 
data of efficiency value of shock-inertial sedimentation of disper-
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sion particles in a rotoklon. The gained design relationships, allow 
to size up the contribution of the characteristics of a collected dust 
(a size and density of collecting corpuscles). Also, it is possible to 
size up the contribution of operating conditions important such of 
which is the speed of a gas stream at passage through the blades of 
impellers.

4.	 Good convergence of the results of scalings on the gained relation-
ships with the data that are available in the technical literature and 
this experiment confirms an acceptance of the accepted assump-
tions.

The formulated leading-outs are actual for intensive operation wet-
type collectors in which the basic gear of selection of corpuscles is the 
gear of the inertia dust separation.
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2.1  CLASSIFICATION OF FILLERS

Production of most varieties of artificial construction compositional mate-
rials (ACCMs) is accompanied by the introduction of mineral and organic 
components of natural and anthropogenic origin as powdered fillers [1–3]. 
Fillers, based on the type of ACCM, are applied to the specific surface 
ranging from 2.10−4 to 2.10−9 m2/kg. The introduction of fillers is one of the 
most effective ways of controlling economic performance, structure, and 
the physico-technical and technological properties of ACCMs.

It is common to classify mineral admixtures as inert and active. The 
definition of fillers that do not form hardening products with binding 
properties as “inert” limits their significance, and accordingly limits the 
research of their role in the structure and property formation processes 
of ACCMs. In addition, this distinction is obviously relative because all 
types of mineral powders have some degree of effect on the structure and 
properties of the mixed binders; and therefore, they are not only active 
but are also multifunctionally active, differing only in the mechanism of 
influence on the binder gel сomposition, structure, and properties of the 
filled binders. Therefore, it seems reasonable to divide mineral filling ma-
terials not on the basis of whether they are “inert”—or “active,” but rather 
on whether they are “chemically active”—that is, they form hydration 
products with binding properties, or “physically active”—that is, they do 
not form hydration products, but they do affect the physical structure and 
properties of mixed binders, or “physically active and reactive” supple-
mentary materials.

The group of “physically active,” blending materials includes mineral 
supplements of crystalline structure and (or) chemically inert admixtures. 
When mixed with PC, for example, they

-	 promote the hydration of the cement particles in blended cements 
by heterogeneous nucleation and dilution effects [4, 5].

-	 form transitional zones between the mineral matrix and admixture 
particles that have different composition and properties than that of 
the bulk matrix [6].

-	 have an effect on the pore structure of the hardened cement paste 
[7, 8].

All these result in changes in the physical structure and properties of the 
hardened cement paste. The nature of the binder gel of blended cements at 
the introduction of “physically active” SCM is virtually unchangeable. It 
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is worth noting nevertheless, especially given the trend toward the use of 
finer mineral admixtures, that the described changes significantly depend 
on the specific surface area of the blending materials [9–14]. Grinding can 
cause the surface amorphization of inert crystals. In the case of quartz, a 
decrease in size from 50 to 3 µm increases its solubility 80-fold at room 
temperature [15]. Benezet [11] supposed that if the particle size of a quartz 
powder is less than 5 μm, the quartz powder can have the pozzolanic activ-
ity. Quyen [13] found the pozzolanic reaction effect, the nucleation effect, 
the effect of the physical interaction between hydrating cement particles 
and micronized sand, and the effect of the actual water-cement ratio in the 
hydration of blended cements with micronized sands (5–50 μm). Here-
by, quartz powder at a high specific surface area can demonstrate weak 
“chemical” activity.

It is important to keep in mind that chemically active fillers have physi-
cal activity as well. The definition of fillers that do not form hardening 
products with cementing properties as “inert,” limits their significance and 
the research of their role in the formation of the structure and properties 
of ACCMs.

In the determination of the effectiveness of the influence of fillers on 
the properties of the hardened binder pastes, it is important to consider 
their influence on the structure. It is expedient to describe the mechanism 
of the influence of the fillers on the properties of ACCMs by modelling 
their structure and structural element formation. There are numerous 
examples of the modelling of ACCM structures and structural elements 
based on various types of binders and mineral admixtures [16–21]. Mod-
ern perspectives of ACCM development technology are based on the 
materials science and methodology and information resources that allow 
the development of the so-called virtual cements and concretes [22]. The 
design of generalized models of the structure and structural elements of 
ACCMs—depending on filler size, particle-size distribution, density, and 
physical and chemical activity—is reasonable for this development; and 
some models, based on the analysis of well-known research and the re-
search by the authors of the present paper [16–25], are presented below.
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2.2  TOPOLOGICAL MODELS

2.2.1  ENLARGED MODELS

The models of structure are classified as porphyritic, contact, and overcon-
tact types (Figure 2.1).
	 (a)	 (b)	 (c)

FIGURE 2.1  Enlarged models of ACCM structure: (a) porphyritic, (b) contact, and (c) 
overcontact: 1—filler particle, 2—binder, and 3—hollow space.

The porphyritic structure of an ACCM is formed when the volume of 
the matrix of the binder Vb is much higher than the volume of the filler Vf. 
Therefore, not all Vb is modified as a result of interaction with the filler 
in the interfacial transition zone (filler particles float in the binding). A 
contact (“restricted”) structure is formed when Vf/Vb is higher. The filler 
particles that are in contact with each other through a thin layer of the 
binder create a hard skeleton. Each piece of the filler is covered with a 
layer of binder and interparticle voids that are filled with the binder. An 
overcontact structure is formed at high Vf/Vb, where the rigid framework of 
the fillers is bound by the binder in the point contacts between them. The 
particles of the filler are not covered by a continuous film of the binder and 
interparticle voids are not filled with the binder. A variation of the binder 
content in ACCMs of the structure of the model (c) allows control of its 
heat engineering and acoustic properties. The variety of the content of the 
filler, the thickness and the structure of the interfacial layer allow control-
ling the strength, deformation, and other properties by filling structural 
ACCMs with the structure of models (a) and (b).

The properties of ACCMs with the structure of models (a) and (b) are 
predetermined to a large extent by the properties, structure, and thickness 
of the interfacial layer. These depend on the composition and structure of 
the binder and the filler and on the mechanism, duration, and conditions of 
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their interaction. The structure of ACCMs of model (a) can be transformed 
into a structure of the model (b) when at the increase of temperature, the 
pressure and curing duration increasing thickness of the interfacial layer 
on the surface of the filler lead to the formation of a rigid frame of contigu-
ous filler with developed interfacial transitional zones.

In ACCMs with the structure of the model (b), as a result of processes 
similar to those described earlier, when the growing volume of interfacial 
layer leads to an increase in internal stress, the physico-mechanical prop-
erties with the formation of micro- and macrocracks can be reduced up to 
a spontaneous breaking.

2.2.2  STRUCTURE MODELS OF HARDENED MATERIALS 
WITH PHYSICALLY ACTIVE FILLERS

The following fillers do not form hardening products with cementing 
properties, but they influence the structure, properties, and kinetics of hy-
dration. They are mostly mineral and organic fillers in the gypsum-based 
hardened pastes, organic fillers, graphite, and metal fillers in the lime- and 
cement-based hardened pastes. The surface of the filler material does not 
undergo a change of chemical composition. The structure of the dense 
filler surface area also does not undergo the changes. The density of the 
surface area of the porous filler is changed by introducing the components 
of the binder into the pores. However, based on the surface energy, the fill-
ers affect the structure of the interfacial layer (Figure 2.2).

FIGURE 2.2  Structure models of filled materials with (a) dense and (b) porous physically 
active admixtures: 1—particles of the (a) dense and (b) porous physically active fillers, 
respectively; 2—mineral matrix; 3—modified layer of binder; and 4—compacted by 
penetration of the binder surface layer of the porous filler.
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The thickness, structure, and properties of the interfacial layer depend 
on the type of the binder and the filler. The thickness and properties of the 
compacted surface layer of porous filler depend on the porosity character 
and the type and rheological properties of the binder.

2.2.3  STRUCTURE MODELS OF THE HARDENED PASTES 
WITH “PHYSICALLY ACTIVE AND REACTIVE” FILLERS

Practically, all types of mineral fillers, in one way or another, chemically 
interact with lime and PC bindings through the formation of an interfa-
cial layer of reaction products with binding properties [26, 27], To some 
extent, mineral binders with fillers can be considered as blended cement 
depending on the process of hydrate formation, which appears in the fol-
lowing form [28]:

	 Cl + W → RP1	 (1)

	 RP1 + F + W → RP2	 (2)

where Cl is the clinker component, F is the mineral microfiller, RP1 is 
the reaction products of the clinker, and RP2 is the reaction products of 
microfiller.

An exception to this is the interaction of fillers with gypsum binders, 
occurring without the formation of reaction products with binding proper-
ties, but instead affecting the structure, properties, and the kinetics of their 
hydration [29, 30].

The structure and composition of an interfacial layer depend on the 
type of the binder, degree of fineness, and the hydraulic activity of the 
filler. Figure 2.3 shows the model of an interfacial layer as an example in 
the paste of lime–silica binder.
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FIGURE 2.3  Structure of interfacial layer in the paste of the blended sand–lime 
binder: 1—particles of siliceous fillers; 2—interfacial layer, decreasing in density and 
concentration from filler to reaction products with cementing properties, including low-
basic CSH; and 3—volumetric Ca(OH)2 at hardening in medium of CO2 and long-term 
hardening crystallizes in succession Са(ОН)2,→ Са(ОН)2 + СаСО3 → СаСО3.

In this model, in the case of a dense silica filler, the milled quartz sand 
thickness of the interfacial layer is determined by the grinding fineness, 
increasing the solubility of the sand, thickness of the amorphous layer on 
its surface, which reaches 150–400 angstroms and significantly increases 
at steam curing and autoclave treatment. Heat-treated and milled quartz 
sand has a thicker surface layer of amorphous and fractured defects, which 
provides high reactivity, and a thicker layer of reaction products while 
interacting with lime [27].

In the case of introducing fillers of porous amorphous siliceous rocks 
(diatomite and tripoli) into the lime binders, depending on their fineness 
and curing conditions, the structure formation occurs as follows. The pores 
of particles are filled with tobermoritу-like reaction products and ultrafine 
particles that interact with lime are transferred completely into the reaction 
products [31].

Here, in the material of the matrix of the stone of the binding is a 
combination of the two grids:  hydrated lime and calcium hydro, where 
particles of not fully reacted silica filler and the silicate interphase layer 
are distributed.

In the cement hardened paste, the role of the filler, depending on its 
dispersion and the activity, is seen in the following directions: it acts as 
the filler in the cement paste, as in microconcrete, forming products with 
cementing properties and modifying the structure and properties of a main 
binder, which acts as a seed crystal. Figure 2.4 shows an example of a 
model of cement-based system with polydispersed fillers.
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FIGURE 2.4  Model of cement-based system with polydispersed fillers: 1, 2—unreacted 
particles of clinker and filler, respectively; 3—reacted part of clinker grain; and 4—
interface layer.

In this model, the isometric shape of the particles of clinker and fill-
ers is conditionally accepted. The reacted part of the cement clinker is 
represented by gel; crystalline reaction products of various shapes; and 
submicro-, micro-, and macropores. The structure and composition of the 
interfacial layer at the hydraulically active fillers are described by a model 
similar to that shown in Figure 2.3. The composition of the interfacial 
layer on carbonate fillers (limestone, marble, magnesite, dolomite) is rep-
resented by calcium carbonated hydrates Са(ОН)2

.СаСО3
.nН2О and in the 

presence of clay enclosures in addition to calcium carboaluminum silicate 
hydrates, calcium carboaluminate hydrates, and calcium or magnesium 
carboferrite hydrates [32]. Micro- and nanoparticles sized from 1.10−7 up 
to 2.10−9 m of the hydraulically active fillers are absorbed in the process 
of cement hydration with an increase in the content of low-basic calcium 
silicate. Nanoparticles of physically active fillers, penetrating the inter-
granular and intracrystalline pores due to high  surface energy (up to 1.25 
J/m2), increase the adhesion strength of the particles and the density of the 
gel, and therefore reduce shrinkage and the tendency for the microcrack 
formation of the hardened paste.

As the final properties of the cement-filled pastes to a large extent 
are determined by the properties of the interfacial layer and its adhesion 
strength with the filler, these are important results of its research. In this 
regard, the results of well-known studies of interfacial layers of different 
types of cements and selected minerals, in their hardening in pastes and 
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mortars on the surface of various fillers with a thin layer between them, 
are of great interest.

By considering that the microhardness determines directly the strength 
of the cement paste, it is important to study the microhardness of the inter-
facial layer. In particular, it is known that the microhardness of the contact 
layer of Portland cement on the border with quartz, feldspar, calcite, mar-
ble, and limestone, depending on the type of mineral and rock, rises from 
2 to 7 times compared with the microhardness of the binder in the volume, 
and it also depends on the curing duration. It is noted that the maximum 
hardness of the contact layer is at the boundary with quartz sand and re-
gardless of the type of the binder, the thickness of the maximum hardened 
layer is 20–30 µm.

Modelling of the structure and study of the composition and properties 
of the structural elements of the filled materials allows for controlling and 
predicting the properties of the filled ACCM.

2.3  CONCLUSION

1.	 A new approach to the classification of filling for ACCM is pro-
posed. The fillers are classified as follows:

	 - � “Chemically active,” which consist only of amorphous struc-
tures, form reaction products with binding properties, and modi-
fy the composition of the binder.

	 - � “Physically active,” which consist only of crystalline and (or) 
chemically inert structures, do not modify the composition of the 
binder, but do affect the physical structure of the mixed binder.

	 - � “Physically active and reactive,” which are of partially crystal-
line structure, and combine the above two effects. 

2.	 Generalized topological models of the structure and structural ele-
ments of blended binders depending on filler size, particle-size dis-
tribution, density and chemical activity. The models are intended 
for forecasting the structure and properties of materials based on 
the various binders and fillers and materials they are based on and 
can be used for developing the theory of strength of filling materi-
als and computerized systems for designing the structure, proper-
ties, and interactions of components.
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3.1  AIM AND BACKGROUND

The purpose of this work is to study the joint impact of explosive effect, 
and subsequent heat treatment on the structure and properties of polymer 
composite materials on the basis of polyarylate DV [3] with the filling of 
50 percent powders Al, Fe (the size of particles up to 45 mkm), Nic, Cu 
(the size of particles up to 30 mkm), and W (the size of particles up to 15 
mkm).

3.2  INTRODUCTION

The explosive compaction (EC) allows for metal-filled polymeric com-
posite materials (PCMs) based on heat-resistant polymers, and filler dis-
persion can be implemented in terms of production of composites with 
different physical, mechanical, and electrical properties, which offers the 
prospect of using such composite materials [1, 2].

3.3  EXPERIMENTAL PART

As the test materials were used in this study, PCM based polyarylate DV 
[3] content of 50 percent powders of aluminum, iron (particle size 45 µ), 
nickel, copper (particle size 30 µ), tungsten (particle size 15 µ). The effec-
tiveness of the explosive process is largely determined by the method of 
loading; therefore, the EC metal-filled polyarylate carried a moving shock 
wave (SW) in the plane loading with compaction pressure 0.67 GPA, 
which provides high-quality compacts. In order to achieve the required 
level of physico-mechanical properties of the treated metal-filled explo-
sion polyarylate samples were sintered at a temperature of 260°C [4].

To study the combined effect of the blast and subsequent heat treat-
ment on the structure and properties of metal-filled PCM-based polyary-
late were applied different methods. Thermophysical and deformability 
characteristics in a wide range of temperatures were measured by thermo-
mechanical analysis using a TMI-1 device. Electrical resistance measure-
ment was carried out by four-wire system with the meter type 2,000. Mi-
crostructural studies were conducted using optical microscopy microscope 
Olympus 61BX in reflected light at 200 times magnification.
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3.4  RESULTS AND DISCUSSION

Results thermomechanical studies metal-filled PCM based polyarylate, 
compressed blast showed that metal powders as fillers lead to displace-
ment softening temperature than compacts polyarylate (Figure 3.1, curve 
1) to higher values (Figure 3.1, curve 2–6). However, upon heating SMP 
based polyarylate behave differently depending on the type of filler metal. 
Introduction to polyarylate aluminum powders (Figure 3.1, curve 2) and 
iron (Figure 3.1, curve 3) leads to an improvement of thermomechani-
cal characteristics of the tracks: the softening temperature of metal-filled 
PCM rise to 285–290°C. With increasing temperature in the presence of 
significant thermal deformation (Table 3.1): they are in the compositions 
of aluminum and less PCM with iron, which may be due to various inter-
actions between adhesion metal powder and a polymer matrix. This can 
be explained by the presence of oxide film on aluminum powder, which 
reduces its interaction with the polyarylate [1]. Comparatively low value 
of thermal deformations observed in polyarylate compositions with pow-
ders of nickel, copper, and tungsten (Figure 3.1, curves 4–6) indicate the 
involvement of more of the polymer in the adhesive interaction between 
the metal and enhancing the intermolecular interaction in the interphase 
layer, which contributes increase the contact areas between smaller filler 
particles, their welding and education durable carrying metal frame [1, 
5], the deterrent and prevents deformation of the polymer when heated. 
As a result, not only is a significant increase in thermal characteristics of 
the compositions (the softening temperature increases to 335–445°C), but 
their decrease deformability by heating (Table 3.1) to 2–4.1 percent com-
pared with aluminum (16.3%) and iron (9.1%).
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FIGURE 3.1  The thermomechanical curves polyarylate DV (1) and PCM based on it 
with 50% vol. Al (2), Fe (3), Ni (4), Cu (5), W (6) and EC after sintering at 260°C.

TABLE 3.1  Thermomechanical characteristics polyarylate DV and metal-filled PCM 
based on it after the EC and sintering at 260°C

Materials
ts

(оC)

The relative deformation (%) at temperatures
(оC)

250 300 350 400 450

Polyarylate DV(PAr) 250 1,5 - - - -

PAr + Al 285 1,2 7,1 10,5 13,6 16,3

PAr + Fe 290 0,6 5,2 6,8 8,2 9,1

PAr + Ni 335 0 0 1,7 3,3 4,1

PAr + Cu 405 -0,2 -0,1 0 0,1 2,9

PAr + W 445 -0,3 0 0 0 2

Since the EC is under intense strain, it is advisable to study the result-
ing materials along and across the direction of propagation of the shock 
front (SF). Analysis of the results of the study of conductive properties 
of metal-filled (50% vol.) Polyarylate showed that the EC moving shock 
wave is accompanied by increased conductivity PCM depending on the 
type of filler metal (Figure 3.2) has the highest conductivity composition 
polyarylate with copper (γ from 98•103 to 190•103 Sm/m) and the small-
est—and iron (γ of 18•103 to 30•103 Sm/m). This anisotropy of conductiv-
ity is observed: along the SF propagation direction is much higher (40–
60%, depending on the type of filler metal) than in the transverse direction. 
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This is due not only to the increased interaction between the resin adhesive 
and the metal, but primarily with the orientation of metal particles along 
the direction of SF implementation stronger contact between the metal 
particles of the filler up to their welding to form a continuous conductive 
phase in the form of long, connected contacting a chain of the conductive 
filler particles. Those particles whose orientation coincides with the direc-
tion of the field, reduces the electrical conductivity material compared to 
the maximum possible, which defines a significantly lower conductivity 
value PCM laterally spread SF.

FIGURE 3.2  Conductivity metal-filled PCM (50% vol.) based polyarylate and EC after 
sintering at 260°C: 1—along the SF; 2—across the SF.

The results are in good agreement with literature data on the electrical 
conductivity of metals used [6], that is has the highest electrical conduc-
tivity copper, iron lowest. Differences in electrical conductivity along and 
across the direction of propagation of the SF confirmed by microstructural 
studies compositions (Figure 3.3). Along the direction of the SF there is a 
significant deformation of metallic particles regardless of the type of met-
al, contributing to their orientation, welding at the contact points to ensure 
smooth passage of electric current through the metal particles. Thus, larger 
particles of aluminum and iron forming less extended channel, which may 
also reduce the conductivity of the PCM.
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FIGURE 3.3  Microstructure PCM based polyarylate DV with 50% vol. Cu (a, b) and Fe 
(c, d) after the EC and sintering at 260°C: a, c—along the SF; b, g—across the SF (dark 
background—polymer light switch—metal).

3.5  CONCLUSIONS

1.	 Introduction polyarylate powders of aluminum, iron, nickel, cop-
per, and tungsten increases the softening temperature to higher val-
ues depending on the type of metal (up to 285–445°C), indicating a 
significant increase in the production of heat resistance obtained by 
treating explosive PCM to thermal characteristics are significantly 
affected by the type of filler metal and its content in the composite.

2.	 Blast processing, metal-filled shock wave moving polyarylates 
provides intensive deformation of metal particles, their interpar-
ticle interactions during compaction of a powder mixture, which 
is accompanied by increase in conductivity PCM leads to its an-
isotropy along the direction of propagation of SF is much higher 
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(40–60%) than in the transverse direction, which is associated with 
the formation of contacts between the metal filler due to the de-
formation of the particles along the direction of SF, welding them 
on the boundaries of the contact with the formation of conductive 
channels.
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4.1  INTRODUCTION

Ozonation is a possible way of changing the chemical composition and 
physicochemical properties of crude oil. Processes that place in oil during 
ozonation are sufficiently described in several papers [1–5]. Some prop-
erties that oil has after ozonation can be useful for industry that is why 
the investigation of petroleum ozonation is actual. For example, ozonated 
oil can be used as reagents for commercial oil demulsification [1], for 
sulfurcontaining compounds removing [3], and so forth. In this work we 
show the possibility of regulation of oil’s foaming properties by ozone 
treatment.

Foaming property is an important factor when oil fields are exploit-
ed with the help of electric submersible pumps (ESPs). This method 
is often used at the late stages of oil production. These stages are ac-
companied by pressure decrease and a result of gas separation from oil. 
This free gas can form continuous gas phase and affect ESP. But high 
oil foamability can reduce gas caverns formation and make the flow 
more homogeneous. So the higher foamability of oil leads to the higher 
ESP’s efficiency [6].

The most famous method to increase the foamability of oil is the addi-
tion of synthetic surface active compounds (surfactants). But this method 
has several disadvantages: the efficiency of method depends on oil com-
position, lab work should be made to find the best proportions, additional 
costs are needed for purchase, and transportation to an oil field.

This study is targeted to find a new effective method of maintaining 
high foamability of oil while ESP application.

4.2  MATERIALS AND METHODS

Oil produced from Aris oilfield, Russia, is taken as an object of experi-
ment. Oil properties at normal conditions are next: kinematic viscosity 4.5 
cSt, the surface tension at oil/air border is 25.5 mN/m, and foam volume 
15 ml.

Ozone was synthesized in the device by passing a stream of oxygen 
through a zone of electrical discharge at 5 kV. Oil was ozonated as it was 
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described in literature [7]. Ozone–oxygen mixture was sparged through 
oil with a flow rate of 100 ml/min and an ozone concentration of 90 mg/L.

During the process of ozonation a precipitate is formed. To determine 
oil properties after ozonation upper non-sediment layer of oil was inver-
stigated.

Changes in the chemical composition of the investigated oil were stud-
ied using FTIR spectrometer VERTEX—70 (Bruker, Germany) with a 
DTGS-detector, averaging 256–512 accumulated scans with a resolution 
of 4 cm−1.

The kinematic viscosity of the oil was measured using a capillary vis-
cometer in accordance with standard GOST 33–2000 “Petroleum prod-
ucts. Transparent and opaque liquids. Determination of kinematic viscos-
ity and calculation of dynamic viscosity.”

The surface tension at oil/air border was measured by the du Noüy 
ring method ASTM D1331—11 “Standard Test Methods for Surface and 
Interfacial Tension of Solutions of Surface-Active Agents.”

The foamability of oil was measured (ASTM: D 892—06 “Foaming 
Characteristics of Lubricating Oils”). The volume of foam formed in the 
reactor is taken as a characteristic of foamability. Foam stability is mea-
sured as foam half-life period.

4.3  RESULTS AND DISCUSSIONS

It is known that physicochemical characteristics and chemical compo-
sition affect the foaming properties of oil [8–11]. The kinematic vis-
cosity and the surface tension at oil/air border after ozonation were 
investigated to see how these changes correlate with foamability and 
oil foam stability.

Figure 4.1 shows the dependence of the oil’s kinematic viscosity on 
the depths of ozonation (ozonation time). It is clear that the viscosity rises 
with the time of ozonation.
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FIGURE 4.1  Kinematic viscosity of oil vs. time of ozonation.
Ozonation has only a slight effect on oil/gas surface tension but with a tendency to 
increase (Figure 4.2).

FIGURE 4.2  Surface tension at oil/air border vs. time of ozonation.
Dependence of foamability on time of ozonation is shown in Figure 4.3. It is seen that the 
oil foam volume increases linearly with the time of ozonation.

FIGURE 4.3  Oil foamability vs. time of ozonation.
Measurment of the foam half-life showed that the foam stability increases from 15 sec for 
the oil before ozonation to 30 sec for ozonated oil.
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Previously it was shown that foaming is a result of combination of 
physical and chemical factors where surface tension [12] and the veloc-
ity of the liquid drain out of interphase films, which in turn is determined 
by the viscosity of the liquid phase [8], plays the significant role. It is 
seen from the graphs (Figures 4.1–4.3) that the increase of foamability is 
accompanied by an increase in the viscosity and a slight increase in the 
surface tension at oil/air border. This effect is achieved due to changes in 
chemical composition of oil that take place during ozonation.

It is known that ozone reacts with many organic molecules (phenols, 
sulfides, heteroatomic compounds, and polyaromatic compounds) and 
forms oxygen-containing compounds that are meant to be surface active 
[13].

Analysis of IR spectra (Figure 4.4) showed that the ozonation of tested 
oil leads to formation of oxygen-containing functional groups (OH, C=O, 
S=O, etc.) as evidenced from increased intensity of peaks in the 1,245–
1,155 cm−1 corresponding to vibrations of S=O groups in sulphonic acids 
and 1,830–1,700 cm−1 corresponding to vibrations of carbonyl groups. Ap-
pearance of an intense peak 1,700 cm−1, and peaks in the 3,250–3,101 cm−1 
is an evidence of the formation of a wide range of carboxylic acids. For-
mation of carboxylic acids, sulfonic acids, and sulfones, probably should 
increase foamability of the oil tested due to their surface activity. But the 
expected decrease in surface tension at oil/air border is not observed due 
to the prevalent tendency of these compounds to associate [14]. This as-
sociation increases kinematic viscosity of ozonated oil. And, as we see, 
the increase of viscosity correlates with foamability but surface tension 
change is not significant, so we can conclude that viscosity has the stron-
ger influence on foaming properties of tested oil.
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FIGURE 4.4  Differential IR-spectra of ozonated and crude oil.
Kinematic viscosity of the oil could also increase due to the formation of polymer ozonides 
[1], but we could not confirm it as the ozonides’ absorption frequencies (1,100–1,000 cm−1) 
overlap with other functional groups.

4.4  CONCLUSION

Changes in foaming properties, kinematic viscosity, and surface tension at 
oil/gas border of Aris oil after ozonation were measured.

It is shown that the foamability and foam stability increases with the 
time of ozonation and so does the kinematic viscosity. Surface tension 
varies slightly.

It is determined that ozonation produces oxygen-containing com-
pounds (carboxylic acid, esters, sulfonic acids, and sulfones) that promote 
the growth of foamability of Aris oil due to its association and increase of 
viscosity.
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5.1  AIM AND BACKGROUND

In recent years, materials based on polymers with a system of polycon-
jugation and magnetic nanoparticles attract special interest due to their 
unique electric, magnetic, and optical properties. This determines the high 
potential of their practical use. Metal–polymer nanomaterials based on 
polymers with a conjugation system are candidates for organic electron-
ics and electrorheology, as well as the creation of microelectromechanical 
systems, supercondensers, sensors, solar batteries, displays, and so forth. 
The introduction of magnetic nanoparticles into nanocomposites makes 
them prospective in systems for magnetically recording information, the 
creation of electromagnetic screens, contrasting materials for magnetic 
resonance tomography, and so forth.

5.2  INTRODUCTION

By now, a multitude of methods for synthesis of magnetic, in particular, 
Co, nanoparticles have been developed [1–3]. Nanoparticles 1–20 nm in 
size have high surface energy, which defines their high tendency to ag-
gregate [4]. One method to effectively prevent magnetic nanoparticle ag-
gregation is their stabilization in the polymer matrices [5, 6]. On this basis, 
the search for methods to synthesize metal–polymer magnetic nanomateri-
als based on polymers with a conjugation system with a high dispersity of 
magnetic nanoparticles and a systematic investigation of structure, mor-
phology, and physicochemical properties of the nanomaterials obtained 
depending on the synthesis conditions is urgent in both fundamental and 
practical terms.

In this research work, a method for synthesis of a composite material 
based on PDPhA and Co nanoparticles was developed for the first time. 
The results of an investigation into the nanocomposite formation process 
via the chemical transformation of PDPhA in the presence of cobalt (II) 
acetate Co(CH3CO2)2 4H2O under conditions of infrared heating in Ar at-
mosphere at 250–600оС������������������������������������������������ are presented. The magnetic and thermal proper-
ties of the resulting nanomaterials are investigated.
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5.3  EXPERIMENTAL PART

Monomers and reagents were prepared according to techniques described 
by Orlov et al. [7] PDPhA was obtained by an interfacial oxidative po-
lymerization ([M] = 0.2 mol/L, [(NH4)2S2O8]:[M] = 1.25, [HCl]:[M] = 5) 
[7]. Ammonium persulfate (NH4)2S2O8 (AR) was purified by recrystalliza-
tion. Hydrochloric acid (CP), aqueous ammonia (CP), isopropyl alcohol 
(ACS), toluene (AR), DMFA (Acros Organics, 99%), and Co(CH3CO2)2 
4H2O (P) were used without additional purification. Aqueous solutions of 
reagents were prepared using distilled water.

To synthesize the Co/PDPhA nanocomposite, a solution of PDPhA and 
Co(CH3CO2)2 4H2O in DMFA was prepared. The PDPhA concentration in 
the DMFA solution was 2 wt %; cobalt content [Co] = 5–30 at % relative 
to the polymer weight, without taking acid residual into consideration. 
Upon removing the solvent at T = 85оС�����������������������������������, the residual was subjected to in-
frared radiation using an automated infrared heating device [8] in Ar atmo-
sphere at T = 250–600оС for 5–90 min. The intensity of infrared radiation 
was estimated by the sample-heating temperature.

Infrared spectra of PDPhA and Co/PDPhA nanocomposite samples 
were registered on an IFS 66v Fourier transform spectrometer in the re-
gion of 4,000–400 cm–1. The samples were prepared as tablets pressed 
with KBr.

X-ray investigations into PDPhA and Co/PDPhA nanocomposite were 
performed at room temperature on a Difrei X-ray diffractometer with 
Bragg–Brentano focusing under CrKα radiation.

Micrographs of Co/PDPhA nanocomposite were obtained on a Philips 
EM-301 transmission electron microscope (the Netherlands) with an ac-
celerating voltage of 60–80 kV.

The metal content in the Co/PDPhA nanocomposite was quantitatively 
determined by atomic absorption spectrometry method on a Carl Zeiss 
Jena AAS 30 spetrophotometer. The error of Co content determination 
was ± 1.0 percent.

The magnetic characteristics of Co/PDPhA nanocomposite were in-
vestigated on a vibrating coil magnetometer [9] in the temperature range 
from room to 600oC and controllable composition of the gaseous phase. 
The absolute magnitude of the magnetic moment was determined by a Co 
model with a weight of 2 mg.
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The thermal analysis of PDPhA and Co/PDPhA nanocomposite was 
performed on a Mettler Toledo TGA/DSC1 apparatus in a dynamic mode 
in the range of 30–900oC in air and in nitrogen flow. The polymer sample 
was 100 mg, the heating rate was 10 grad/min, and the nitrogen flow was 
10 ml/min. Calcined aluminum oxide was used as a model. The samples 
were analyzed in an Al2O3 crucible.

DSC analysis was carried out on a Mettler Toledo DSC823e calorim-
eter. The samples were heated to 10o/min in an argon atmosphere at a 70 
ml/min flow rate. The measurement results were processes using STARe 
service software supplied with the device.

5.4  RESULTS AND DISCUSSION

PDPhA is an aromatic polyamine with a conjugation system in which di-
phenyl units are divided by amino groups. The molecular weight of PD-
PhA is Mw = (9 − 11) × 103 [7, 10, 11].

The polymer was chosen due to its high thermal stability (up to 450oC 
in air and up to 600–650oC in inert atmosphere [12]).

Synthesis of the nanomaterial was conducted by condensation of PD-
PhA in the presence of cobalt (II) acetate Co(CH3CO2)2 4H2O in an inert at-
mosphere under IR radiation (Т = 250−600оС), with the use of automated 
set of IR heating. Emitted hydrogen contributes to reduction of Co2+–Coo. 
As a result, polymeric composite material, in which cobalt nanoparticles 
are uniformly distributed in the structure of PDPhA matrix, is formed.

Structure of the nanocomposite was proved by methods of IR spectros-
copy, XRD, and transmission electron microscopy (TEM). IR spectros-
copy results (Figure 5.1) have shown that the growth of PDPhA polymeric 
chain occurs under IR radiation in the presence of Co(CH3CO2)2 4H2O. 
This is evidenced by an increase in the intensity of the absorption band at 
800 cm–1, which characterizes nonplanar deformation vibrations of δС–H 
4,4/-substituted aromatic rings.

It was found that growth of polymer chain occurs due to condensa-
tion of crystalline oligomers of diphenylamine with hydrogen emission, 
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which contributes to reduction of Co2+–Coo. Increase of temperature of the 
sample leads to decrease of content of crystalline fraction in the polymer. 
This is evidenced by decrease of diffraction peak intensities at scattering 
angles 2q = 5−35о, which characterize crystalline oligomers of diphenyl-
amine contained in the polymer (Figure 5.2(a)).

FIGURE 5.1  IR spectra of PDPhA (a) and Co/PDPhA nanocomposite obtained by 
heating at 400oC for 10 min (b).
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On nanocomposites diffractogram one can identify reflection peaks 
of α-Со and β-Со nanoparticles (Figure 5.2(b)). Their ratio depends on 
sample temperature and heating time. Depending on sample temperature, 
heating time, and Co concentration at loading, CoO can also be formed. 
Optimal conditions for obtaining only Co nanoparticles in the structure of 
metal–polymer nanocomposite were found. IR heating must be held in an 
inert atmosphere at sample temperature in the range of 400–450oC for 10 
min.

FIGURE 5.2  (Continued)
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FIGURE 5.2  (a) X-ray diffractograms of PDPhA, (b) and Co/PDPhA nanocomposite 
obtained by heating at 350oC and (c) 450oC for 10 min.

According to TEM, Co nanoparticles have a size of 2 < d < 8 nm (Fig-
ure 5.3(a)). According to AAS cobalt content in the Co/PDPhA nanocom-
posite obtained at 350oC is 14.5 wt. %. It was established that the sample 
temperature increase above 500oC leads to a change in Co nanoparticle 
morphology. Figure 5.3(b) shows the micrographs of a Co/PDPhA nano-
composite obtained at a sample temperature of 550oC. It is seen that, apart 
from spherical Co nanoparticles, more coarse square Co nanoparticles 
with sizes from 18 ×12 nm to 24 × 21 nm were formed.

Research of magnetic characteristics of Co/PDPhA nanocomposite at 
room temperature (Figure 5.4) has shown that the obtained nanomaterial 
is superparamagnetic (MS = 0.984 emu/g, HC = 142 Oe, MR/MS = 0.08).
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FIGURE 5.3  Microphotography of Co/PDPhA nanocomposite obtained by heating at (a) 
300oC and (b) 550oC for 10 min.

FIGURE 5.4  Magnetization of Co/PDPhA nanocomposite, obtained by heating at 300oC 
for 10 min, as a function of applied magnetic field at room temperature.

The thermal stability of the Co/PDPhA nanocomposite was investi-
gated by TGA and DSC methods. Figure 5.5 shows the temperature de-
pendence of the weight decrease of the Co/PDPhA nanocomposite 
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in comparison with PDPhA on heating up to 900oC in the nitrogen flow 
and air. The thermal stability of the nanocomposite is higher than that of 
PDPhA. A weight loss of 5 percent was observed at 410oC and 340oC for 
nanocomposite and PDPhA, respectively. The weight loss at low tempera-
tures (~ 108oC) in the nanocomposite is connected with moisture removal, 
which is also confirmed by DSC data (Figure 5.6). There is an endother-
mic peak on DSC thermograms of the Co/PDPhA nanocomposite in that 
region of temperatures. This peak is absent upon reheating. Thus, 5 per-
cent weight loss occurs because of the presence of moisture in the nano-
composite. After moisture removal, the nanocomposite weight remains 
unchanged up to 410oC.

FIGURE 5.5  Weight loss of Co/PDPhA nanocomposite (1, 2) and PDPhA (3, 4) while 
heating to 900оС at a rate of 10 oC /min in nitrogen flow (1, 3) and in air (2, 4).

As is seen from Figure 5.5, the curve in PDPhA weight loss has a step-
like character in an inert medium caused by the removal of crystalline 
oligomers contained in the sample [12]. The absence of weight loss in 
this region of temperatures in the Co/PDPhA nanocomposite is connected 
with the fact that, during nanocomposite synthesis, the condensation of 
crystalline diphenylamine oligomers leading to the growth of the polymer 
chain occurs [8, 13]. There is a gradual weight loss in the Co/PDPhA 
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nanocomposite, and the residual comprises 79 percent at 900oC in an inert 
medium. For PDPhA the main processes of thermal destruction begins at 
650oC.

FIGURE 5.6  DSC images of Co/PDPhA nanocomposite while heating in nitrogen flow 
to 350oC at a rate of 10oC/min ((1) first heating and (2) second heating).

The character of weight loss curves of the Co/PDPhA nanocomposite 
is not distinct from PDPhA in air. However, the nanocomposite is less 
thermostable than PDPhA. A weight loss of 5 percent is observed at 410oC 
and 480oC for the nanocomposite and PDPhA, respectively. The main pro-
cesses of thermooxidative destruction of PDPhA begin at 470oC, and Co/
PDPhA nanocomposite at 450oC. PDPhA loses half its initial weight at 
700oC and the nanocomposite loses it at 566oC.

5.5  CONCLUSION

As a result of an investigation into the PDPhA thermal transformations in 
the presence of cobalt (II) acetate under conditions of infrared heating, it 
was established that a nanostructured composite material based on PDPhA 
and Co nanoparticles is formed. Magnetic nanoparticles have sizes of 2 < 
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d < 8 nm, fulfilling the single-domain criterion. The kp squareness ratio of 
the hysteresis loop is 0.08, which testifies to the significant fraction of the 
superparamagnetic particles of cobalt. It was shown that the Co/PDPhA 
nanocomposite is characterized by extremely high thermal stability. The 
residual comprises 79 percent at 900oC in an inert medium.
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6.1  AIM AND BACKGROUND

A special place among the hybrid materials is given to the magnetic nano-
materials with core–shell structure, where magnetic nanoparticle is the 
core and the polymeric shell acts as a stabilizer, preventing aggregation. 
Such hybrid nanomaterials can be used as components of magnetic flu-
ids—unique systems, combining properties of a magnetic material and 
a fluid. Combination of these properties, which never appear in natural 
materials, determines a high potential of practical use of magnetic fluids.

Nanomaterials are meant to be promising if the shell is formed by a 
functionalized polymer with a system of polyconjugation, which provides 
a stronger bond between the core and the shell. It should provide high 
stability of the nanomaterial.

Development of magnetic nanomaterials with a high degree of disper-
sion, based on new functionalized polymers with a system of polyconjuga-
tion, is an actual problem both in scientific and applied aspects.

The aim of this study is to obtain a dispersed magnetic nanomaterial 
based on a new functionalized polymer with a system of polyconjuga-
tion—polymer of N-phenylanthranilic acid.

6.2  INTRODUCTION

Magnetic nanoparticles attract a special attention because of their unique 
properties, such as low toxicity and biological compatibility, which allow 
to apply them as magnetic components of ferrofluids [1–3]. One of the 
main problems of ferrofluids is the aggregation of magnetic nanoparticles 
[4,5]. One of the methods of effective prevention of magnetic nanoparti-
cles aggregation is their stabilization by means of the polymer shell with a 
conjugation system. Nanostructured materials based on polymers with the 
conjugation system combine advantages of both finely dispersed systems 
and organic conductors. Nowadays, only a small number of methods of 
synthesis of magnetic nanocomposite materials with core–shell structure 
are developed [6–10].

Earlier we have obtained for the first time hybrid dispersed magnetic 
nanoparticles based on Fe3O4 and polydiphenylamine-2-carboxylic acid 
(PDPhACA) in ammonium hydroxide solution [11–13]. In situ polymer-
ization of DPhACA is conducted directly in the alkaline medium where 
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Fe3O4 nanoparticles are obtained, unlike the works described in the litera-
ture, in which previously obtained magnetite nanoparticles are introduced 
into the reaction medium of polyaniline synthesis.

In this study, an interfacial method of obtaining a nanocomposite mag-
netic material with core–shell structure, where Fe3O4 nanoparticles form 
the core and polymer of NPhAA is the shell, was developed. Magnetic and 
thermal properties of the obtained nanomaterials were studied.

6.3  EXPERIMENTAL PART

NPhAA of the analytical grade, sulfuric acid of the reagent grade, am-
monia of the reagent grade, ethanol of the reagent grade, iron(II) chloride 
(Acros Organics) and iron(III) chloride of the reagent grade were used as 
received. Ammonium persulfate of the reagent grade was purified via re-
crystallization. Aqueous solutions of reagents were prepared with the use 
of distilled water.

Synthesis of Fe3O4/PNPhAA nanocomposite was conducted as follows. 
First the synthesis of Fe3O4 nanoparticles was carried out via hydrolysis 
of the mixture of Fe(II) and (III) chlorides in the ratio 1:2 in the solution 
of ammonium hydroxide at 55оС. The solution of the monomer in chloro-
form of the necessary concentration was added to the obtained suspension 
to immobilize the monomer on the surface of Fe3O4 nanoparticles. Process 
was carried out at 55°С with constant intensive stirring for 0.5 h.

Aqueous solution of ammonium persulfate was added to the previously 
cooled 0°С suspension of Fe3O4/NPhAA to conduct the interfacial oxi-
dative polymerization of NPhAA on the surface of Fe3O4 nanoparticles. 
Synthesis was carried out for 3 h with intensive stirring at 0°С. When the 
reaction was finished, the mixture was precipitated in a two-fold excess 
of 1 M H2SO4, filtered and washed many times with distilled water till 
the neutral reaction of the filtrate. The obtained product was dried under 
vacuum over KOH to a constant weight.

To obtain magnetic fluids, the suspension of Fe3O4/PNPhAA magnetic 
nanoparticles in ethanol was prepared. Stability of the suspension has been 
observed for 6 months.

The FTIR spectra of the Fe3O4/PNPhAA nanocomposite were recorded 
using “IFS 66v” FTIR spectrophotometer in the range 4000–400 сm−1. 
The samples were prepared as KBr pellets.
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An X-ray analysis of Fe3O4/PNPhAA nanocomposite was performed 
at the room temperature with a “Difrey” diffractometer (CrKα source, 
Bragg–Brenato geometry).

Microphotographs of Fe3O4/PNPhAA nanocomposite were made on a 
transmission scanning microscope JEM-301, acceleration voltage 200 kV.

Quantity of metal in Fe3O4/PPhAA nanocomposite was found with the 
use of atomic absorption spectrophotometer AAS 30, “Carl Zeiss JENA”. 
The error in determination of Fe quantity was ±1.0 percent.

Magnetic characteristics of Fe3O4/PNPhAA nanocomposite were stud-
ied on a vibrational magnetometer [14] at room temperature. The absolute 
value of the magnetic moment was defined by the cobalt standard with a 
weight of 2 mg.

The thermal analysis was performed on a TGA/DSC1, “Mettler To-
ledo,” instrument under dynamic heating in the temperature range 30–
1000°С in air and in a flow of nitrogen. The sample weight was 100 mg, 
the heating rate was 10°С/min, and the nitrogen flow rate—10 mL/min. 
Calcined aluminium oxide was employed as a reference. The samples 
were analyzed in an Al2O3 crucible.

DSC analysis was carried out on a DSC823e calorimeter, “Mettler Tole-
do.” Samples heating rate was 10°С/min in argon atmosphere (its feeding 
rate was 70 mL/min). Processing of measurement results was performed 
using a service program STARe. The accuracy of measurements for the 
temperature determination was ±0.3 К and for the enthalpy determination 
was ±1 J/g.

6.4  RESULTS AND DISCUSSION

The peculiarity of the developed method of synthesis of composite 
nanoparticles is the in situ polymerization of NPhAA, which is carried 
out not in the presence of the magnetite nanoparticles, introduced into 
the reaction medium, but directly in the alkaline medium of synthesis of 
Fe3O4 nanoparticles. Formation of the nanocomposite dispersed material 
Fe3O4/PNPhAA in the interfacial conditions includes synthesis of Fe3O4 
nanoparticles via hydrolysis of a mixture of Fe(II) and Fe(III) chlorides 
in 1:2 ratio in the ammonium hydroxide solution [15] and immobilization 
of the monomer on the surface of Fe3O4 nanoparticles via addition of the 
monomer solution in chloroform with the further in situ polymerization in 
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the presence of ammonium persulfate. In these conditions, the monomer 
and the oxidizer are distributed into two immiscible phases. The monomer 
is situated in the organic medium (chloroform) and the oxidant is in the 
water solution of NH4OH.

IR spectroscopy data confirm monomer immobilization on Fe3O4 
nanoparticles via binding of carboxyl ion to Fe with Fe–O bond formation. 
An absorption band at 572 cm−1, corresponding to the stretching vibrations 
of Fe–O bond, appears in the IR spectra (Figure 6.1).

FIGURE 6.1  (a) IR spectra of PNPhAA and (b) Fe3O4/PNPhAA nanocomposite.
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In the IR spectra of nanoparticles, the absorption band of valence vi-
brations of νС=О bond in the carboxyl group appears at 1654 cm−1; it is 
shifted to longer wavelengths compared to the position of this band in the 
polymer at 1683 cm−1. Such shift of νС=О band, simultaneously with the 
appearance of an intensive band at 572 cm−1, shows that carboxyl groups 
of the polymer are immobilized on Fe3O4 nanoparticles with the formation 
of the polymer shell. It should be noted that absorption bands of valence 
vibrations of Fe–O bond in the magnetite are situated in the range of 480 
and 440 cm−1. The absorption band at 572 cm−1 is absent in the IR spectra 
of the nanocomposite, in which Fe3O4 nanoparticles are dispersed in the 
matrix of polydiphenylamine (PDPhA); in its structure there are no COOH 
groups.[16] The presence of absorption bands at 830 and 750 cm−1 (which 
are due to nonplanar deformation vibrations of dС–Н bonds of 1,2,4- and 
1,2-substituted benzene rings) in the IR spectra shows that the polymer 
shell around Fe3O4 nanoparticles is formed via С–С—joining into 2- and 
4-positions of phenyl rings with respect to nitrogen [17].

Analysis of the results of spectral studies allows to represent the chem-
ical structure of Fe3O4/PNPhAA nanocomposite material this way:
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Formation of nanoparticles based on Fe3O4 is confirmed by XRD meth-
od. The diffraction peaks of Fe3O4 are clearly identified in the range of 
scattering angles 2θ = 46.3°, 54.6°, 66.8°, 84.7°, 91.0°, 101.6° (Figure 
6.2). According to TEM, Fe3O4/PNPhAA nanoparticles have sizes 2 < d < 
12 nm (Figure 6.3). According to AAS, content of Fe is 53 wt.%.

FIGURE 6.2  X-ray diffractogram of Fe3O4/PNPhAA nanocomposite.

FIGURE 6.3  Microphotograph of Fe3O4/PNPhAA nanocomposite.
Nanocomposite dispersed material Fe3O4/PNPhAA is a black powder, completely soluble 
in concentrated H2SO4 and insoluble in concentrated HCl and organic solvents. It allows 
to use Fe3O4/PNPhAA nanoparticles for obtaining magnetic fluids, which are a stable 
suspension of magnetic nanoparticles in water or organic medium. As can be seen from 
Figure 6.4, Fe3O4 nanoparticles start to precipitate to the bottom from the first minutes, 
while the suspension of Fe3O4/PNPhAA nanoparticles is stable for at least 6 months.
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FIGURE 6.4  Suspension of Fe3O4 nanoparticles (a) and Fe3O4/PNPhAA nanocomposite—
after 5 minutes and (b) in ethanol—after 6 months.

Analysis of magnetic properties at room temperature has shown that 
Fe3O4/PNPhAA nanocomposite has a hysteresis magnetization reversal 
(Figure 6.5). Values of the main magnetic characteristics are given in 
Table 6.1. Magnetic characteristics of the nanocomposite obtained in the 
solution of ammonium hydroxide [12] are given for comparison.

As can be seen from Table 6.1, the hysteresis loop squareness param-
eter varies in different methods of obtaining кn = MR/MS ~ 0.007–0.15, 
which corresponds to the superparamagnetic behavior of the hybrid 
nanoparticles, which is characteristic of uniaxial single-domain magnetic 
nanoparticles. The hybrid nanomaterial, obtained by in situ interfacial po-
lymerization, is a superparamagnetic, with almost 100 percent content of 
superparamagnetic nanoparticles.

TABLE 6.1  Magnetic characteristics of Fe3O4/PNPhAA nanocomposite.

Methods of obtaining HC

(Ое)
MS

(emu/g)
MR

(emu/g)
MR/MS

In the interfacial process

In the NH4OH solution

1.6

76

27.5

33.5

0.19

5.0

0.007

0.15
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FIGURE 6.5  Magnetization of Fe3O4/PNPhAA nanocomposite as a function of the 
applied magnetic field at room temperature.

Thermal stability of the obtained nanocomposite dispersed material in 
comparison with the polymer PNPhAA was studied by TGA and DSC. It 
was shown that polymer immobilization on magnetite nanoparticles leads 
to the increase of thermal stability compared to the polymer [17,18]. In 
PNPhAA, weight loss at 168 C is due to the removal of COOH groups 
(Figure 6.6) [17–19]. In the DSC thermogram, there is an exothermic peak 
in this range of temperatures (Figure 6.7). Lack of weight loss at this tem-
perature in the nanocomposite is due to the fact that carboxyl groups in the 
polymer chain are immobilized on Fe3O4 nanoparticles.

© 2015 by Apple Academic Press, Inc.

 

http://www.crcnetbase.com/action/showImage?doi=10.1201/b17413-7&iName=master.img-006.jpg&w=303&h=214


74	 Chemistry and Chemical Biology: Methodologies and Applications

FIGURE 6.6  Weight loss of Fe3O4/PNPhAA nanocomposite (1, 2) and PNPhAA (3, 4) 
while heating to 1,000°С at the rate of 10°C/min in nitrogen flow (1, 3) and in air (2, 4).

FIGURE 6.7  DSC images of PNPhAA (1) and Fe3O4/PNPhAA nanocomposite (2) while 
heating in nitrogen flow to 200°C at rate 10°C/min.
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Fifty percent weight loss for the PNPhAA on air occurs at 520°C. The 
lack of Fe3O4/PNPhAA nanocomposite weight at 520°C is 73 percent of 
the original. In the inert atmosphere, PNPhAA loses half of its original 
weight at 660°C. The lack of the nanocomposite weight at this temperature 
is 76 percent.

The set of the experimental data, namely, the sizes (2 < d < 12 nm) 
and superparamagnetic behavior of nanoparticles (MR/MS ~ 0.007), immo-
bilization of polymer chains on magnetite nanoparticles, and suspension 
stability at least for 6 months, provides basis to assume that the obtained 
hybrid nanoparticles have the core–shell structure. Fe3O4 nanoparticles 
form the core and PNPhAA form the shell.

6.5  CONCLUSION

Nanocomposite hybrid dispersed magnetic material with core–shell struc-
ture, where Fe3O4 nanoparticle is the core and PNPhAA is the shell, was 
proposed in the interfacial process for the first time. The peculiarity of the 
developed method of synthesis of composite nanoparticles is the in situ 
polymerization of NPhAA, which is carried out not in the presence of the 
magnetite nanoparticles, introduced into the reaction medium, but directly 
in the alkaline medium of synthesis of Fe3O4 nanoparticles. The polymeric 
shell effectively prevents aggregation of nanoparticles. Fe3O4/PNPhAA 
nanoparticles have size 2 < d < 12 nm. The obtained dispersed nanomate-
rial has superparamagnetic behavior, MR/MS ~ 0.007. The shell (PNPhAA) 
is not soluble in water and organic solvents; this fact gives the possibil-
ity to use Fe3O4/PNPhAA nanoparticles to obtain magnetic fluids. High 
thermal stability of the nanocomposite in air and in the inert atmosphere 
makes it possible to use the obtained nanocomposite dispersed material in 
high-temperature processes.
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7.1  INTRODUCTION

Composite materials based on biodegradable polymers are currently evok-
ing great scientific and practical interest. Among these polymers is poly(3-
hydroxybu-tyrate) (PHB) that belongs to the class of poly(3-hydroxyal-
kanoates). Because of its good mechanical properties (close to those of 
PP) and biodegradability, PHB has been intensely studied in the literature 
[1]. However, because of its significant brittleness and high cost, PHB is 
virtually always employed in the form of blends with starch, cellulose, 
PE [2], and so forth rather than in pure form. This work is concerned with 
the study of the structural features of PHB–EPC blends and their thermal 
degradation.

7.2  EXPERIMENTAL

The materials used in this study were EPC of CO-059 grade (Dutral, Italy) 
containing 67.4 mol % ethylene units and 32.6 mol % propylene units. 
PHB with Мц = 2.5 × 105 (Biomer, Germany) was used in the form of a 
fine powder. The PHB:EPC ratios were as follows: 100:0, 80:20, 70:30, 
50:50, 30:70, 20:80, and 0:100 wt %.

The preliminary mixing of the components was performed using labo-
ratory bending microrolls (brand VK-6) under heating: the microroll di-
ameter was 80 mm, friction coefficient was 1.4, low-speed roller revolved 
at 8 rpm, and gap between the rolls was 0.05 mm. The blending took place 
at 150°C for 5 min.

Films were prepared by pressing using a manual heated press at 190°C 
and at a pressure of 5 MPa; the cooling rate was ~ 50°C/min.

The thermophysical characteristics of the tested films and the data on 
their thermal degradation were obtained using a DSM-2M differential 
scanning calorimeter (the scanning rate was 16 K/min); the sample weight 
varied from 8 to 15 mg; and the device was calibrated using indium with 
Tm = 156.6°C. To determine the degree of crystallinity, the melting heat 
of the crystalline PHB (90 J/g) was used [2].

The Tm and Ta values were determined with an accuracy up to 1°C. 
The degree of crystallinity was calculated with an error up to ± 10 percent. 
The structure of polymer chains was determined using IR spectroscopy 
(Specord M-80).
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The bands used for the analysis were structure-sensitive bands at 720 
and 620 cm−1, which belong to EPC and PHB, respectively [3]. The error 
in the determination of reduced band intensities did not exceed 15 percent.

7.3  RESULTS AND DISCUSSION

The melting endotherms of PHB, EPC, and their blends are shown in Fig-
ure 7.1. Apparently, all the first melting thermograms (except for that of 
EPC) show a single-peak characteristic of PHB.

As is apparent from thermophysical characteristics obtained using DSC 
for blends, the melting heat rHml of PHB during first melting changes just 
slightly in comparison with the starting polymer. During cooling, only a 
single peak corresponding to the crystallizing PHB additionally appears.

FIGURE 7.1  The melting endotherms of (1) PHB, (2) EPC, and their blends with 
compositions (3) 80:20, (4) 70:30, (5) 50:50, (6) 30:70, and (7) 20:80 wt %.
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However, the repeated melting endotherms of some blends (70% PHB 
+ 30% EPC, 50% PHB + 50% EPC) display a low-temperature shoulder. 
Note that the melting enthalpy significantly changes as one passes from an 
EPC-enriched blend to a composition where PHB is predominant. When 
the content of EPC is high, the melting heat AHm2 of the recrystallized 
PHB significantly decreases. This effect should not be regarded as a con-
sequence of the temperature factor because the material was heated up 
to 195°C during the DSM-2M experiment and the films were prepared 
at 190°C; the scanning rate was significantly lower than the cooling rate 
during the formation of the films (50 K/min). Thus, the state of the system 
after remelting during DSC measurements is close to equilibrium.

These results make it possible to assume that the melting heat and the 
degree of crystallinity of PHB decrease in EPC-enriched blends due to the 
mutual segmental solubility of the polymers [4] and due to the appearance 
of an extended interfacial layer. Also note that the degree of crystallinity 
may decrease because of the slow structural relaxation of the rigid-chain 
PHB. This, in turn, should affect the nature of interaction between the 
blend components. However, the absence of significant changes in the Tm 
and Ta values of PHB in blends indicates that EPC does not participate 
in nucleation during PHB crystallization and the decrease in the melting 
enthalpy of PHB is not associated with a decrease in the structural relax-
ation rate in its phase. Thus, the crystallinity of PHB decreases because of 
its significant amorphization related to the segmental solubility of blend 
components and to the presence of the extended interfacial layer.

Figure 7.2 shows the IR spectra for two blends of different composi-
tions. As is known, the informative structure-sensitive band for PHB is 
that at 1,228 cm−1 [5]. Unfortunately, the intensity of this band cannot 
be clearly determined in the present case, because it cannot be separated 
from the EPC structural band at 1,242 cm−1 [3]. The bands used for this 
work were the band at 620 cm−1 (PHB) and the band at 720 cm−1 (EPC), 
[6] which correspond to vibrations of C–C bonds in methylene sequences 
(CH2), where n > 5, occurring in the trans-zigzag conformation. The ratios 
between the optical densities of the bands at 720 and 620 cm−1 (D720/D620) 
are transformed in the coordinates of the equation where (5 is the fraction 
of EPC and W is the quantity characterizing a change in the ratio between 
structural elements corresponding to regular methylene sequences in EPC 
and PHB.
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Figure 7.3 demonstrates the value of W plotted as a function of the 
blend composition. Apparently, this dependence is represented by a 
straight line in these coordinates but shows an inflection point. The latter 
provides evidence that phase inversion takes place and that the nature of 
intermolecular interactions between the polymer and the rubber changes.

	 720 620log[ / (1- )] 2,W D Db b= +

FIGURE 7.2  The IR spectra of PHB–EPC blends with compositions (a) 80:20 and (b) 
20:80 wt %.

The phase inversion causes the blends in question to behave in dif-
ferent ways during their thermal degradation. The DSM-2M traces (Fig-
ure 7.4) were measured in the range 100–500°C. The thermograms of the 
blends display exothermic peaks of the thermal oxidation of EPC in the 
range 370–400°C and endothermic peaks of the thermal degradation of 
PHB at T > 250°C. For the pure PHB and EPC, the aforementioned peaks 
are observed in the ranges 200–300°C and 360–430°C, respectively. The 
blend samples studied in this work display two peaks each, thus confirming 
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the existence of two phases. Note that the peak width increases (curves 3, 
4 in Figure 7.4).

FIGURE 7.3  Plot of W vs. the content of PHB in the blend.

FIGURE 7.4  The DSC traces of (1) PHB, (2) EPC, and their blends with compositions 
(3) 70:30 and (4) 30:70 wt %.
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This effect is apparently determined by the blend structure rather than 
by its composition. In blends, PHB becomes more active compared to the 
pure polymer and the rate of its thermal degradation increases. The tem-
perature corresponding to the onset of thermal degradation 7° decreases 
from 255°C, the value characteristic of the pure PHB, to 180°C (Table 
7.1). The structure of the polymer becomes less perfect in this case; two 
likely reasons for this are a change in the morphology and the appearance 
of an extended interfacial layer.

As to EPC, it acquires a higher thermal stability in the blends under 
examination, as indicated by the increase in the temperature correspond-
ing to the onset of its thermal oxidation 7o (Table 7.1). The position of the 
exothermic peaks on the temperature scale characteristic of EPC indicates 
that its activity in blends is lower than that in the pure sample. The low-
temperature shoulder of the exothermic EPC peak in the range 360–380°C 
(Figure 7.4) decreases with increasing content of PHB. Apparently, this 
effect is due to a change in the copolymer structure related to the interpen-
etration of PHB and EPC segments.

TABLE 7.1  The parameters of the thermal degradation process

Thus, the existence of two peaks in DSC thermograms of the blends 
indicates the presence of two phases in the PHB–EPC blends. The phase 
inversion takes place in the vicinity of the composition with equal compo-
nent weights. The components influence each other during film formation, 
and, hence, the appearance of the extended interfacial layer is presumed 
for samples containing more than 50 percent EPC. A change in the struc-
ture of the blends affects their thermal degradation. The degradation of 
PHB in blends is more pronounced than that in the pure PHB, but the 
thermal oxidation of EPC is retarded.
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8.1  INTRODUCTION

In nature, a plant is exposed to not one, but several environmental factors. 
In this regard, study of the metabolism of the plant cell rearrangements at 
the combined effect of several abiotic factors, including combined effects 
of insufficient moisture and moderate cooling is relevant.

Energy metabolism plays an important role in adaptive responses of 
plant cells. In this case, mitochondria play a key role in energy, redox, and 
metabolic processes in the cell [1]. It was found that the change of ambient 
temperature leads to a change in the lipid composition of mitochondrial 
membranes.

At the same time, there is a change in the number and degree of satura-
tion of free fatty acids, which is probably a sign of the stress factor [2]. 
Increasing the amount of free fatty acids (FFA) alters the redox state of 
the mitochondrial inner membrane, which leads to the expression of genes 
primary response (stress genes) [3]. Insufficient moisture, salt stress, and 
heat shock are the cause of the displacement pro-oxidant–antioxidant bal-
ance and increase the level of reactive species (ROS) in the cell. On this 
basis, it can be concluded that mitochondria are functionally dependent or-
ganelles. In animal cells and yeast, these organelles are combined into an 
extensive network, referred to as “mitochondrial reticulum.”[4] In higher 
plants, the mitochondria  have either a spherical or cylindrical shape [5]. In 
terms of stress (heat shock, hypoxia, UV irradiation or under the influence 
of strong oxidants), mitochondria form dense clusters grouped around the 
chloroplast or in other areas of the cytosol. Creation of a “giant mito-
chondria” is accompanied by an increase in the generation of ROS. Anti-
oxidants prevent the formation of a “giant mitochondria” and increase the 
generation of ROS by these organelles [6, 7].

The standard procedure for selection of the mitochondria in a sucrose 
solution leads to the complete destruction of intermitochondrial contacts. 
For this reason, the mitochondria are presented in separate vesicles of 
0.86–1.18 μm in diameter and 0.3–0.4 μm in height. The morphology of 
isolated mitochondria possibly reflects their functional state [8].

In our study, we investigated the combined effect of moisture defi-
ciency, a moderate cooling to 10–14°C, and the processing of peas plant 
growth regulator melaphen (melamine salt of bis [hydroxymethyl] phos-
phinic acid) on lipid peroxidation (LPO) and AFM images of isolated mi-
tochondria 5-day-old pea (Pisum sativum).
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8.2  MATERIALS AND METHODS

8.2.1  PLANT MATERIAL

The study was carried out on mitochondria isolated from pea seedlings 
(Pisum sativum) obtained in standard conditions and in the conditions of 
insufficient watering.

8.2.2  PEA SEEDS GERMINATION

The seeds from the control group were washed with soap solution and 0.01 
percent КMnO4 solution and left in water for 60 min. The seeds from the 
experimental group were placed in the 2 × 10−12 M melaphen solution for 
60 min. After 1-day exposure, half of the seeds from the control group and 
half of the seeds treated with melaphen were placed onto a dry filter paper 
in open cuvettes. After 2 days, the seeds were placed into closed cuvettes 
with periodically watered filter paper and left for 2 days. On the 5th day, 
the amount of germinated seeds was calculated and mitochondria isolated.

8.2.3  ISOLATION OF MITOCHONDRIA

Isolation of mitochondria from 5-day-old epicotyl of pea seedlings (Pisum 
sativum) and  grade Alpha performed by the method [9] in our modifica-
tion. The epicotyls having a length of 1.5–5 cm (20–25 g) were placed 
into a homogenizer cup, poured with an isolation medium in a ratio of 1:2, 
and then were rapidly disintegrated with scissors and homogenized with 
the aid of a press. The isolation medium comprised: 0.4 M sucrose, 5 mM 
EDTA, 20 mM КН2РО4 (рН 8.0), 10 mM КСl, 2 mM dithioerythritol, and 
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0.1 percent BSA (free of fatty acids). The homogenate was centrifugated 
at 25,000 g for 5 min. The precipitate was resuspended in 8 ml of a rinsing 
medium and centrifugated at 3,000 g for 3 min. The suspension medium 
comprised of the following: 0.4 M sucrose, 20 mM КН2РО4, 0.1 percent. 
BSA (free of fatty acids) (рН 7.4). The supernatant was centrifuged for 
10 min at 11,000 g for mitochondria sedimentation. The sediment was re-
suspended in 2–3 ml of solution containing the following: 0.4 M sucrose, 
20 mM KH2PO4 (pH 7.4), 0.1 percent BSA (without fatty acids), and mito-
chondria were precipitated by centrifugation at 11,000 g for 10 min. The 
suspension of mitochondria (about 6 mg of protein/ml) was stored in ice.

8.2.4  ATOMIC FORCE MICROSCOPY

Samples were prepared by mitochondria atomic force microscopy (AFM) 
on a polished silicon wafer before air drying on the substrate mitochondria 
washed with buffer without BSA, fixed with 2 percent glutaraldehyde for 
2 min. This was followed by washing with water and air drying. The study 
was performed on a SOLVER P47 SMENA at a frequency of 150 kHz in 
tapping mode. NSG11 used cantilever with a radius of curvature of 10 nm. 
The geometrical parameters of the image of the mitochondria were deter-
mined using “Image Analysis” and “Statistica 6.” 

8.2.5  LEVEL OF LIPID PEROXIDATION

The level of lipid peroxidation (LPO) was evaluated by the fluorescence 
method [10]. Lipids were extracted by the mixture of chloroform and 
methanol (2:1). Lipids of mitochondrial membranes (3–5 mg of protein) 
were extracted in the glass homogenizer for 1 min at 10оС. Thereafter, 
equal volume of distilled water was added to the homogenate and after 
rapid mixing the homogenate was transferred into 12 mL centrifuge tubes. 
Samples were centrifuged at 600 g for 5 min. The aliquot (3 mL) of the 
chloroform (lower) layer was taken, 0.3 mL of methanol was added, and 
fluorescence was recorded in 10-mm quartz cuvettes with a spectrofluo-
rometer (FluoroMaxHoribaYvon, Germany). The excitation wavelength 
was 360 nm and the emission wavelength was 420–470 nm. The results 
were expressed in arbitrary units per mg protein. Using this method per-
mits recording both fluorescence of 4-hydroxynonenals and the fluores-

© 2015 by Apple Academic Press, Inc.

 



Melaphen Prevents Mitochondrial Swelling Caused by Stress	 91

cence of MDA. The emission wavelength depends on the nature of the 
Schiff’s bases: the Schiff’s bases formed by 4-hydroxynonenals have fluo-
rescence wavelength 430–435 nm; those formed by MDA have fluores-
cence wavelength 460–470 nm.

8.3  RESULTS AND DISCUSSION

AFM images of the mitochondria of pea seedlings reveal significant 
change and differed from the control samples after exposure to 2 days of 
insufficient moisture and moderate cooling. Moreover, large number of 
swollen mitochondria was found.

Figures 8.1(a) and (b) is a perspective view of AFM images of mito-
chondria from pea seedlings in the control (similar types of mitochondria 
were detected in pea seedlings treated by melaphen and exposed to com-
bined action of insufficient moisture and moderate cooling) (Figure 8.2 
shows the histograms of the distribution of the average height of mito-
chondria (nm) and normal approximation raspredeleniem.

(a)
FIGURE 8.1  (Continued)
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(b)
FIGURE 8.1  (a) AFM image of mitochondria from pea seedlings in the control and (b) 
under the influence of insufficient moisture and moderate cooling.

FIGURE 8.2  Histograms of the distribution of the average height of mitochondria (nm) 
and normal approximation raspredeleniem.
1,control; 2,melaphen + cold + drought; 3,cold + drought.
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AFM images of mitochondria were prepared and carried out with the 
use of treatment programs, Imidge Analysis. The histograms of distribu-
tion space, and the average height of the AFM images of mitochondria 
from pea seedlings treated by melaphen and exposed to combined action 
of insufficient moisture and mitochondria. It is evident that the action of 
insufficient moisture in combination with a moderate cooling area increas-
es the distribution width. Also it increases the average height of the mito-
chondria. The statistics are shown in Figure 8.2 and Table 8.1.

TABLE 8.1  Geometric parameters of the AFM image of mitochondria and 95 percent 
confidence interval

Area’s image mean (µm2) −0.95 +0.95

Control 2.3 1.5 3.1

Cold–drought–melaphen 1.7 1.1 2.3

Cold–drought 3.6 2.3 4.9

The average height of the image mean (nm) −0.95 +0.95

Control 82.3 68.1 96.4

Cold–drought–melaphen 75.0 64.3 85.6

Cold–drought 101.5 90.5 112.4

There was an increase in the height, area, and volume of the image of 
a number of mitochondria and the number of dividing mitochondria sig-
nificantly decreased.

Statistical analysis of the volume and length prefixed with glutaralde-
hyde mitochondria in Table 8.1 indicates the appearance of mitochondria 
single larger volume and length of sprouts in the group subjected to stress 
impact, compared with the control group. Similar results were obtained 
in [6] The comparison of published data and the results obtained in our 
experiment allowed us to assume that the combined effect of moderate 
cooling and insufficient moisture probably leads to an increase in ROS 
generation and subsequent swelling of mitochondria in the cells of pea 
seedlings [7]. Indeed, simultaneous cooling and moisture deficit led to 
LPO activation in the mitochondrial membranes in pea seedlings. In this 
case, the fluorescence intensity of LPO products increased 3 to 2.5 times 
(Figure 8.3). Soaking the seeds in a 2 × 10−12 M melaphen solution resulted 
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in a decrease of LPO products in the membranes of the mitochondria: the 
fluorescence intensity of lipid peroxidation products decreased almost to 
the control level (Figure 8.3). Such treatment prevents changes to the mor-
phology of mitochondria. 

This was accompanied by an increase in number of fission mitochon-
dria, which were similar to that observed in the control group.

FIGURE 8.3  The fluorescence spectra of LPO products in the mitochondrial membranes 
of pea seedlings exposed to combined action of insufficient moisture and moderate cooling 
or mitochondrial membranes from pea seedlings treated by melaphen and exposed to 
combined action of insufficient moisture and moderate cooling.

It can be assumed that the protective effect of the drug is due to its 
antioxidant properties [11]. The mechanism of action of melphen may be 
associated with activation of mitochondrial K+

ATP channel, which reduces 
the generation of ROS and prevents mitochondria swelling [12, 13]. Since 
minute quantities in melaphen prevents swelling of mitochondria it sug-
gests that melaphen regulates activation of mitochondrial K+

ATP channel 
where it can interact with its channel-subunit integrated into the membrane 
of mitochondria. Previously it was shown that in plants that melaphen sig-
nal has properties similar to the action of ATP molecules, as well as natural 
phytohormones such as kinetin, whose main function is to stimulate the 
growth and division of cells [14].
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Similarity and location of charges on the surface of the purine groups 
of ATP, considered cytokinins and melaphen accessible to a water mol-
ecule are quite similar, suggest that melaphen may also interact with an 
adenine-binding sites in the plant cell.

It is now established that ATP plays a role not only the substrate (sup-
plying power), but also in very low concentrations performs the function 
of the signal, amplifying the transmission signals via the ATP receptors on 
the outer cell membrane, in particular signals for growth and division [15].

It can be assumed that melaphen also relates to that particular chemi-
cal factors like ATP, which is capable of handling ultra-low concentra-
tions of the plant cell growth. Did melaphen ATP act as contact with the 
outer membrane of plant cells and causes increased growth and division? 
According to the literature, melaphen stimulates plant growth due to the 
activation energy processes, such as photosynthesis and respiration (cy-
clic phosphorylation) [16]. This increases the overall speed and heat pro-
duction that characterizes the energy efficiency of the cell. The results 
obtained in cell culture of Chlorella, the mitochondria of the storage pa-
renchyma of sugar beet and pea seedlings [17, 18] led to the conclusion 
that melaphen, having high multifunctional physiological activity at low 
concentrations , can be recommended as a plant growth regulator, to-date 
technology to the test on the leading crops [18, 19].

8.4  CONCLUSION

By atomic force microscopy (AFM) a statistically significant change in 
the shape of mitochondria is revealed—the swelling and decrease the 
number of dividing mitochondria in the combined insufficient moisture 
and moderate cooling. Preparation of melafphen at 2 × 10−12 M prevents 
the morphological changes of the mitochondria and restores their ability 
to divide.

In the combined insufficient moisture and moderate cooling, activa-
tion of lipid peroxidation was observed . Soaking the seeds in a 2 × 10−12 
M melaphen solution resulted in a decrease of LPO products in the mito-
chondrial membranes: fluorescence intensity of LPO products decreased 
almost to the control level. It is assumed that the protective properties of 
the drug due to its antioxidant properties and its signaling function similar 
to that of ATP as a signaling molecule.
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Since melaphen prevents mitochondrial swelling and restores mito-
chondrial fission process, it is possible that it is involved in the regulation 
of the activation of mitochondrial K+

ATP channel.
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9.1  EXPERIMENTAL

The chemical composition of terpene phenol (TP) samples and UV spectro-
scopic data obtained in 1,4-dioxane are listed in Table 9.1. It is known that 
IP I, IP II, IP IV, and IP V samples are technical-grade mixtures of dialkyl-
ated isobornylphenols, whereas sample IP III is 99 percent pure [6]. All the 
samples are characterized by IR, UV, 1H, and 13C NMR spectra [6].

TABLE 9.1  Chemical composition and UV spectral data for IP samples in 1,4-dioxane

Technical-grade mixture 
of isobornylphenols

Mixture composition lmax, нм Extinction coefficient  
ε (M–1 cm–1)

IP1 92% (I), 8% (II) 282 2740
IP2 (III) and (IV) 274 2280
IP3 99% (V) 283 3190
IP4 (V) and (VI) 283 4000
IP5 (V) and (VI) 289 2720
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We studied the antioxidant activity (AOA) of IP I–IP V mixtures of 
isobornylphenol in a model reaction of initiated oxidation of 1.4-dioxane 
by the method of kinetic photometry, as judged from the variation with 
time of the concentration of the antioxidants under study at a temperature 
of 348 K [2, 8]. Azobisisobutyronitrile (AIBN) served to initiate the oxida-
tion process [2].

Experiments in which the AOA was studied were performed at an 
initiation rate Vi = 2 × 10–7 Ms–1 in a thermostated cuvette placed in the 
cuvette compartment of a Shimadzu UV-2401 PC spectrophotometer. Ki-
netic curves of substance consumption were recorded by measuring the 
decrease in the optical density at the maximum absorption at λmax (nm) of 
282 for IP I, 274 for IP II, 283 for IP III, 283 for IP IV, and 289 for IP V. 
The numerical values of the consumption rate VIn for compounds IP I–IP 
V were calculated by the least-squares method from the initial portion of 
the kinetic curve describing the consumption of the samples under study.

1,4-Dioxane was preliminarily purified by the standard procedure [9]. 
The initiation rate Vi was calculated by the equation Vi = ki[AIBN], where 
ki is the initiation rate constant (s–1). When calculating the initiation rate, 
we assumed that ki = 2ekd, where kd is the rate constant of AIBN decom-
position, and e is the probability of exit of radicals into the bulk. Calcula-
tions of ki were made with a value of kd measured in cyclohexanol, log 
kd = 17.70 − 35/(4.575T × 10–3), and e = 0.5 [2, 8, 10]. The AOA of the 
substances under study was characterized by the inhibition rate constant 
kIn [2-3].

The degree of thermooxidative destruction of rigid poly(vinyl chloride) 
(PVC) and that plasticized with dioctyl phthalate (DOP) in the absence 
and in the presence of IP IV isobornylphenol mixtures was evaluated by 
the dehydrochlorination rate of PVC in the temperature range 150–190°C.

The dehydrochlorination rate of PVC was determined in thermal expo-
sure of polymer samples in a Wartman reactor from the amount of released 
HCl by the method of continuous dehydrochlorination in a carrier-gas 
flow (delivery rate of N2 and O2 was 3.5 L hr–1) [11]. We used suspended 
poly(vinyl chloride) PVC C 7059 M with a Fikentcher constant Kf = 70 
and Mη = 1.2 105. The mixture of PVC with IP IV isobornylphenol was 
homogenized by grinding in a porcelain mortar by the method described 
in Minsker [11].

Under the experimental conditions, 1,4-dioxane is oxidized by the rad-
ical-chain mechanism. The chain termination occurs with two reactions 
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involved: recombination of peroxyl radicals [reaction (6) in the conven-
tional oxidation scheme] and interaction of peroxyl radicals with inhibitor 
molecules [reaction (7)], and includes a series of elementary stages, com-
mon to most of organic compounds [12]:

	 2 ,I r r RH rH R· · ·® + ® + 	 (i)

	 2 2R O RO· ·+ ® 	 (1)

	 2RO RH ROOH R· ·+ ® + 	 (2)

	 ROOH RO HO· ·® + 	 (3)

	 2 22RO ROOR O· ® + 	 (4)

	 2RO PhOH ROOH PhO· ·+ ® + 	 (5)

	 2 PrRO PhO• •+ → 	 (6)

where •R and 2RO·  are alkyl and peroxyl radicals of 1,4-dioxane, and •PhO , 

phenoxyl radicals formed with interaction of 2RO·  radicals with molecules 
of isobornylphenols PhOH.

It is known that the model substrate is oxidized in the kinetic mode; 
and at low concentration of oxidation inhibitors, the main channel for loss 
of peroxyl radicals of the substrate is the reaction of their recombination.

The antioxidant properties of isobornylphenol mixtures were studied 
by kinetic photometry at a constant temperature of 348 K and initiation 
rate Vi = 2 × 10–7 Ms–1. Figure 9.1 shows typical kinetic curves describing 
the consumption of IP III–IP V samples at close concentrations in 1,4-di-
oxane being oxidized. It can be seen that, in the course of time, all the 
compounds being tested are steadily consumed, with a distinct kink ob-
served on all the dependences. The existence of a kink in the kinetic curves 
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indicates that the isobornylphenol samples under study contain minimum 
two or more, rather than one, individual substances.

Under the experimental conditions, the consumption rate VIn of antioxi-
dants is described by the kinetic equation [2].

	
2

[ ] •[ ]•[ ]In In
d PhOHV k RO PhOH

dt
·=- = 	 (1)

FIGURE 9.1  Kinetic curves of consumption of (1) IP III, (2) IP IV, and (3) IP V samples 
in initiated oxidation of 1,4-dioxane at their maximum absorption. Vi = 2 × 10–7 Ms–1, T = 
348 K. (t) Time. IP concentration (M): (1) 1 × 10–4 and (2, 3) 7.5 × 10–5.

In the steady oxidation mode of the model, substrate at a low antioxi-
dant concentration

	
2

6 6 22 •[ ]iV V k RO·= = 	 (2)

Then
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2

6

[ ]
2

iVRO
k

· = 	 (3)

	 6

[ ] •[ ]•
2

i
In In

Vd PhOHV k PhOH
dt k

=- = 	 (4)

The initial portions of the kinetic curves of oxygen consumption for 
each of the antioxidants were used to calculate the initial consumption rate 
VIn of the antioxidants, whose dependence on the concentration of the IP I 
and IP III–IP V additives introduced into 1,4-dioxane being oxidized are 
shown in Figure 9.2.

FIGURE 9.2  Consumption rate VIn of (1–3) IP I, IP III, IP IV and (4)IP V inhibitors vs. 
their concentration [IP]. Vi = 2 × 10–7 M s–1, T = 348 K.
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It can noted in Figure 9.2 that the dependence of the consumption rate 
of antioxidants on their concentration is linear in the range (0.25−1.00) × 
10–4 M. This experimental fact indicates that, in the given concentration 
range, the reaction order with respect to the inhibitor is unity and makes 
it possible to use, as an alternative method for calculating the inhibitor 
consumption rate constant, the equation derived by integration of Eq. (4):

	 0

6

[ ]ln • •
[ ] 2

i
In

t

PhOH Vk t
PhOH k

= 	 (5)

where [ PhOH ]0 and [ PhOH ]t are the initial and running AO concentra-
tions, respectively.

Expressing the antioxidant concentration in terms of the optical density 
D by the Bouguer–Lambert–Beer law, we can easily obtain from Eq. (5) 
relations that are more convenient for processing of experimental kinetic 
curves of antioxidant consumption, recorded by the method of kinetic 
photometry:

	

0

6

ln • •
2

i
In

t

D Vk t
D k

=
	 (6)

	 0ln lntD D kt= - 	 (7)

	 2•[ ]Ink k RO·= 	 (8)

where D0, Dt, and D∞ are the optical densities of the substance at the initial, 
current, and final instants of time; t, current instant of time (s); k, effective 
rate constant of antioxidant consumption (s–1); [ 2RO· ], concentration of 
peroxyl radicals of 1,4-dioxane; and kIn, rate constant of the interaction be-
tween peroxyl radicals of 1,4-dioxane and antioxidant molecules (M–1 s–1).

To find quantitative characteristics of the AOA, we processed the ex-
perimental results in the coordinates of Eqs. (4) and (6). Table 9.2 lists 
numerical values of kIn, calculated by formulas (4) and (6).
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As indicated by the data in Table 9.2, the numerical values of kIn, calcu-
lated by formulas (4) and (6), are close. For comparison of the antioxidant 
action efficiencies of these substances, the table also presents values of 
ionol equivalents (IEs), calculated by the formula

	
In

In
ionol

kIE
k

= 	 (9)

The results we obtained suggest that the isobornylphenols under study, 
contained in technical grade mixtures, exhibit a synergic effect and are 
comparable in AOA with ionol (Table 9.2). Based on the structure of IP 
I–IP V inhibitors, we can suggest that the mechanism of their antioxidant 
action is similar to that for this antioxidant. At the same time, the com-
pounds studied are less volatile than ionol, which enables their use as sta-
bilizers for polymeric materials. Therefore, isobornylphenols were studied 
as polyvinyl chloride stabilizers.

TABLE 9.2  Quantitative AOA characteristics of mixtures containing 4-, 6-substituted 
derivatives of isobornylphenol; T = 348 K

Sample kIn•10-3, M–1 s–1 IE

by formula (4) by formula (6)

IP I 4.7 ± 0.5 3.8 ± 0.4 1.00

IP II - 4.7 ± 0.4 0.47

IP III 5.3 ± 0.5 3.7 ± 0.4 0.53

IP IV 4.8 ± 0.5 4.2 ± 0.4 0.48

IP V 7.0 ± 0.5 7.0 ± 1.0 0.70

Ionol 10.0 ± 1.0 - 1.00

The reaction of thermooxidative dehydrochlorination of PVC in the 
presence of IP IV in a Wartman reactor occurs in the kinetic mode, which 
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is provided by an appropriate delivery rate of the carrier-gas (3.5 L hr–1). 
Figure 9.3 shows kinetic curves for dehydrochlorination of PVC plasti-
cized with DOP in the absence and in the presence of IP IV antioxidant. 
Introduction of IP IV into the plasticized polymer leads to a decrease in the 
rate of its thermooxidative dehydrochlorination. The rate of HCl elimina-
tion from a polymer containing 40 mass parts of DOP per 100 mass parts 
of PVC at various destruction temperatures is observed, as also in the case 
of unplasticized PVC, at an IP IV content of 2 mmol mol–1 PVC.

FIGURE 9.3  Kinetic curves for dehydrochlorination of PVC plasticized with DOP (40 
mass parts per 100 mass parts of PVC) in the presence of TP4 sample. T = 175°C; O2, 3.5 
L/hr; the same for Figure 9.4. ([HCl]) Content of HCl and (t) time.

[IP IV] (mmol/mol PVC): (1) 0, (2) 1, and (3) 2

Figure 9.4 compares the effects of IP IV additives on the thermooxi-
dative destruction of the starting and plasticized PVC. As follows from 
these experiments, addition of IP IV to the starting PVC does not improve 
the thermal stability of the sample lead to any significant extent, which 
is manifested in a slight decrease in the dehydrochlorination rate. The 
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dehydrochlorination rate of plasticized PVC substantially exceeds that 
without a plasticizer because peroxyl radicals of DOP are involved in the 
thermooxidative destruction reaction [11]. Thus, the introduction of IP IV 
is accompanied by hindrance of the radical-chain oxidation of the plas-
ticizer. In this case, raising the concentration of TP to above the optimal 
value (to more than 2 × 10–3 mol IP IV per mole of PVC in the example in 
Figure 9.4) results in an increase in the dehydrochlorination rate, probably 
because phenoxyl radicals of the inhibitor are involved in the chain growth 
reactions (Figure 9.3) [1].

FIGURE 9.4  Rate VHCl of thermooxidative dehydrochlorination of PVC versus the IP 
IV content [IP IV] (1) in the absence and (2) in the presence of DOP plasticizer.

It was shown that, with increasing temperature, the dehydrochlorina-
tion of PVC plasticized with DOP and stabilized with IP IV antioxidant 
steadily grows.
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By processing the experimental data on the dehydrochlorination rate 
of plasticized PVC in the presence of IP IV at various temperatures in 
the coordinates of the equation we estimated the numerical value of the 
activation energy of thermooxidative destruction of PVC plasticized with 
DOP to be 120 ± 20 kJ mol–1.

FIGURE 9.5  Dependence of the dehydrochlorination rate VHCl of PVC plasticized with 
DOP on temperature T (K), plotted in the coordinates of Eq. (10).

	 ln
RT

act
HCl

EV const= - 	 (10)

It can be seen in Figure 9.5 that the dependence of the dehydrochlo-
rination rate of PVC plasticized with DOP and stabilized with IP IV an-
tioxidant on inverse temperature is linear in the coordinates of Eq. (10) 
(correlation coeffi cient r = 0.98).
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9.2  CONCLUSIONS

1.	 The consumption kinetics of mixtures of some isobornylphenol de-
rivatives as inhibitors of oxidation processes was studied using the 
method of kinetic photometry for the example of a model reaction 
of initiated oxidation of 1,4-dioxane.

2.	 The inhibition rate constants kIn × 10–3 were measured for all mix-
tures of these substances (M–1 s–1): 4.7 for IP I, 4.7 for IP II, 5.3 for 
IP III, 4.8 for IP IV, and 7.0 for IP V (348 K).

3.	 It was demonstrated that a mixture of isomers of 4-methyl-2,6-di-
isobornylphenol exhibits a high stabilizing efficiency in thermoox-
idative decomposition of plasticized polyvinyl chloride. The maxi-
mum decrease in the elimination rate of HCl at various destruction 
temperatures is observed, as also in the case of unplasticized poly-
vinyl chloride, is observed at a terpenephenol content of 2 mmol 
mol–1 polyvinylchloride. At a higher content of the antioxidant, the 
decomposition of the polymer becomes faster.
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10.1  AIM AND BACKGROUND

Purpose—To determine the conditions for luminescence enhancement of 
5,10,15,20-tetra (4-carbomethoxyphenyl) porphyrin Pd complex in the 
formation of inclusion complexes with b-cyclodextrin and serum albumin. 
Also the parameters of the complexes on the basis of quantum-mechanical 
calculations are being identified. Formation of inclusion complexes of in-
soluble porphyrins with serum albumins and cyclodextrins allows to obtain 
stable aqueous solutions for physicochemical studies, in which the photo-
active compounds are screened from influence of aqueous medium, which 
leads to a considerable increase of their luminescence. A similar result is 
obtained by incorporation of porphyrins in micelles. Formation of such 
complexes is accompanied by changes in spectral characteristics, shear 
of absorption and luminescence bands, which depend on the structure of 
photoactive compound and the ratio of components in the complex. Selec-
tion of the preparation conditions of the complexes helps to achieve their 
optimal composition for specific basic research or practical applications. It 
is an important possibility in photosynthesis modeling—to use porphyrin 
compounds, more stable and cheap than natural pigments. Obtaining the 
inclusion complexes makes it possible to carry out physicochemical, pho-
tochemical, and biophysical research of photoactive molecules in dilute 
aqueous solutions of nanoscale complex materials.

10.2  INTRODUCTION

Luminescence of porphyrins and their metal complexes are of consider-
able interest for many different fields of fundamental science and practi-
cal applications [1–7]. Study of luminescence can give information about 
structure and properties of films [5, 6] and supramolecular complexes [7, 
8], including porphyrins.

Currently, an interest increased in research on modeling photosynthe-
sis using porphyrins and phthalocyanines [9–12], artificial supramolecular 
complexes of porphyrins with carbon and metal [13–16] nanostructures, 
amino acids, and peptides [17], as well as natural pigments complexes 
with proteins (serum albumin) [18, 19]. Luminescence of pigment protein 
complexes can be used to model the properties of natural photosynthetic 
membranes [18, 19], and for creation of biosensors [20–22]. Note that 
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natural chlorophyll and porphyrins [23] and photosynthetic pigment–pro-
tein complexes [24] can be effectively used as markers for the fluorescent 
immunoassay, and the phenomenon of energy transfer, actively studied 
from the viewpoint of photosynthesis, is used to create biosensors with 
fluorescent recording [21].

The aim of this study is to investigate the luminescence of the Pd com-
plex of 5,10,15,20-tetra (4-carbomethoxyphenyl) porphyrin in complex 
with human serum albumin (HSA) and b-cyclodextrin, and conducting 
quantum-mechanical calculations of the molecular structure of the CD, 
PdTCMPP in the complex PdTCMPP–CD and their binding energy. For-
mation of nanoscale supramolecular complexes, where porphyrin mol-
ecule is in a nonpolar environment, can cause a significant increase in 
luminescence intensity and may change the position of the bands in the 
absorption and luminescence. Getting stable nanostructures with biologi-
cal macromolecules currently is of growing interest [25–27].

Cyclodextrins (CDs) is a class of organic oligosaccharides construct-
ed of residues d(+)-glucopyranose, interconnected by 1,4-a-glycosidic 
bonds. Such residues in a CD molecule can be six or more. CDs are the 
only natural low-molecular weight compounds whose molecules have a 
three-dimensional cavity. Because of its availability, CDs have the unique 
ability to form inclusion complexes with various compounds of organic 
and inorganic nature [28–30]. CDs are also a system, alternative to deter-
gents, in use in the phosphorescent immunoassay, based on it there was 
proposed a new framework for analysis—cyclodextrin phosphorescent 
immunoassay. One of the major advantages of using cyclodextrins is a 
higher gain compared with the phosphorescence detergents [31]. Encap-
sulation of molecules in the CD’s cavity protects such molecules from 
the effects of the solvent and substances dissolved in it, thus hindering 
the process of quenching of the excited states of molecules. The observed 
effect is most significant for the phosphorescence of organic molecules, 
which have long-lived phosphorescence in triple complexes in aqueous 
solutions at room temperature in the presence of oxygen [32, 33].

Albumin also has at least three hydrophobic cavities for ligands bind-
ing [34, 35]. Incorporation of metalloporphyrin into the cavity will also 
shield it from the solvent and enhance the luminescence, but the magni-
tude of the signal, as we expect, will be higher because of the contribution 
of aromatic amino acids (tyrosine and tryptophan) present in the albumin 
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and possibly capable of delivering excitation to the porphyrins adsorbed 
[36].

10.3  EXPERIMENTAL

Pd—complex of 5,10,15,20-tetra (4-carbomethoxyphenyl) porphyrin 
(PdTCMPP) was synthesized according to the procedure described in Ref. 
[37] In order to get an inclusion complex b-cyclodextrin-PdTCMPP, 1 mL 
of PdTCMPP solution in chloroform (initial concentration of 10−3 M) was 
added to 5 mL of 0.5 percent aqueous solution of CD and was stirred with 
a magnetic stirrer at 35°C to evaporate the chloroform. The resulting solu-
tion was kept a night in the refrigerator (4°C) and then filtered off. In a 
similar manner, PdTCMPP was incorporated into the hydrophobic cavity 
of the HSA using the 10−5 and 10−6 M solutions of HSA and 10−4 and 10−5 
M solutions of PdTSMRR, respectively.

10.4  RESULTS AND DISCUSSION

The absorption spectrum of PdTCMPP (10−5 M) in chloroform has max-
ima at 414 nm (Soret band) and 522 nm (Figure 10.1(A)). The lumines-
cence spectrum of PdTCMPP (10−5 M) with excitation by light lex = 400 
nm shows two bands with maxima at 611 and 693 nm (Figure 10.1(B)).

The luminescence spectrum of 10−4 M of PdTCMPP in a solution of 
neutral surface-active agent (surfactant) (Triton X-100, 0.5% solution) 
consists of two substantially identical intensity bands with maxima 623 
and 781 nm as seen from Figure 10.2 (spectrum 1). Changing the position 
of the luminescence bands can be explained by changes in the electron 
configuration of the complex when it is solubilized in the micelles, which 
is a consequence of the interaction of the central atom (Pd) with differ-
ent components of Triton X-100, both aromatic and aliphatic portions of 
the surfactant. The formation of complexes of these types is known for 
palladium [38]. Effect of additional complexation with metalloporphyrins 
is known in the literature, and it leads to the stabilization of the metal 
complex [39]. Interaction of the central atom of metalloporphyrin with 
different surfactants and its influence on the luminescent properties of 
metalloporphyrin are known for other metal atoms also, in particular for 
rare earth ions [40]. In [41], two bands of equal intensity at 650 and 700 
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nm were observed in the luminescence spectra of films of tetra-3-eikosil-
pyridinyl-porphyrin-bromide. The authors explain that the same intensity 
of the bands in the spectrum of luminescence is due to quenching of the 
luminescence of the monomer by aggregated form of porphyrin, presented 
in very small amounts, and did not appear in the absorption spectra, which 
are typical for the monomeric form. Likewise, that is, due to the formation 
of porphyrin aggregates, it is, probably, be explained the intensity of bands 
in the spectrum 1 in Figure 10.2, especially that at lower concentrations 
of PdTCMPP (Figure 10.2, spectrum 2) the ratio of the intensities of the 
bands varies similarly to that of the luminescence spectrum of PdTCMPP 
in chloroform solution (Figure 10.1(B)).

FIGURE 10.1  (A) Spectrum of absorption (B) and luminescence of Pd complex of 
5,10,15,20—(4-carbomethoxyphenyl) porphyrin in a solution of chloroform (10−5 M).
Inset—increased absorption peak in the visible spectrum.
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FIGURE 10.2  The luminescence spectrum of PdTCMPP in 0.5 percent Triton X-100 
(lex = 400 nm).
1—10−4 M of PdTCMPP; 2—10−6 M of PdTCMPP. Maxima positions of the luminescence 
bands are indicated. The intensity of the spectrum 2 is increased by 2.5 times.

Figure 10.3 shows the luminescence spectra of complex PdTCMPP 
with CD. Stoichiometry of PdTCMPP–CD complex can be determined 
from the intensity of the luminescence signal of the maximum (661 nm) 
when the molar ratio of PdTCMPP and CD changes. The optimum molar 
ratio in the range investigated is 1:1, although the characteristic of the 
experimental curve at Figure 10.3(c) suggests that an optimum molar ratio 
of PdTCMPP and CD can be 2:1 as well. The significant difference in the 
luminescence spectrum of PdTCMPP in the Triton X-100 (Figure 10.2, 
spectrum 1) from the spectrum of the complex PdTCMPP–CD is the pres-
ence of the luminescence band at 781 nm. This band is shifted by 88 nm 
relative to luminescence band of PdTCMPP in chloroform. Meanwhile, 
there is a shoulder in the 660–670 nm region in the spectrum of PdTCMPP 
in Triton X-100 (Figure 10.2, spectrum 1) and a band at 661 nm in the 
spectrum of complexes PdTCMPP–CD. We believe that the bands at 623 
and 781 nm in the spectrum of PdTCMPP in Triton X-100 belong to an 
aggregate, a shoulder at 660–670 nm (Figure 10.2) can be explained by the 
presence of monomeric form. This is confirmed by the presence of a fluo-
rescence band of complexes PdTCMPP–CD at 661 nm (Figure 10.3(A)) 
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and the fact that the sizes of the porphyrin and cyclodextrin molecules can-
not ensure the aggregate–cyclodextrin complexation (see below). The 50 
nm shift of the band position relative to that in the spectrum of PdTCMPP 
in chloroform (Figure 10.1(A)) can be explained by the change of polarity 
environment, which indicates the effective interaction of PdTCMPP and 
cyclodextrin. Spectra of PdTCMPP in chloroform and PdTCMPP–CD are 
generally similar in shape and the ratio of intensities of the absorption 
bands. The similarity of the luminescence spectra of porphyrins and por-
phyrin–CD complexes was observed also in Chudinova [42].

According to Chudinova [42], Pd complexes of porphyrins are not pla-
nar molecules, namely, when interacting with the Pd2+ ion, porphyrin co-
ordination space is substantially narrowed, and then coordination complex 
takes the corrugated form [42, 43]. Dimensions of mesotetraphenylpor-
phyrin elucidated by X-ray analysis are shown in Ref. [44]. If we approxi-
mate the PdTCMPP molecule with a circle, its diameter must be greater 
than 15 Å, [44, 45] while the diameter of the internal cavity of b-CD is 
8 Å [33-40]. Consequently, derivatives of tetraphenylporphyrin can form 
symmetric complexes mesotetraphenylporphyrin–CD at a ratio of 1:2 only 
with negligible probability, wherein the porphyrin is incorporated into the 
internal cavities of two CD molecules, as described in Nakahara [46]. It 
can be assumed that the atom Pd2+ itself is partially incorporated into the 
inner cavity of b-CD forming a complex PdTCMPP–CD = 1:1. This in-
creases the distance between central atom and porphyrin plane and affects 
the shape of luminescence spectra.

PdTCMPP luminescence intensity values in chloroform and Triton 
X-100 are comparable: in chloroform—6.6 units (lem = 611 nm, 10−5 M); 
in Triton X-100—14 and 15 units (lem = 623 and 781 nm, respectively, 
10−4 M). Formation of a complex PdTCMPP–CD = 1:1 leads to fire fluo-
rescence (~70 units, Figure 10.3(A)). The complex PdTCMPP–CD = 1:10, 
where the concentration of PdTCMPP is 10−5 M, has the intensity of lu-
minescence 18.5 units (lem = 611 nm, Figure 10.3(A)), which is almost 
2.8 times higher than luminescence of PdTCMPP in chloroform (Figure 
10.1(B)). Incorporation of PdTCMPP into the internal hydrophobic cavity 
of HSA leads to an increase of luminescence signal of the complex. The 
luminescence spectrum of PdTCMPP in albumin is a single band with 
a maximum of 683 nm and an intensity of 85 units. (the spectrum not 
shown). We believe that PdTCMPP, as well as hemin, can bind to albumin 
hydrophobic cavity located in subunit IB. There are two polar tyrosine 
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residues in this cavity, one of which may form a coordination bond with 
the central atom Pd2+, as well as residues of lysine, histidine, and arginine 
which also react with porphyrin molecules [47], and which may lead to 
changes in the geometry of the complex. Note that tyrosine and trypto-
phan, together with phenylalanine, has a strong fluorescence in the 350 
nm range [48-50]. Probably, in the complex PdTCMPP–HSA there is a 
transfer of energy from tyrosine to PdTCMPP with luminescence at 683 
nm, but we did not especially study this question.

FIGURE 10.3  Luminescence of CD–PdTCMPP complexes in aqueous solution. (A)—
luminescence spectra (lex = 400 nm); (B)—dependence of the luminescence intensity (lem 
= 661 nm) on the molar ratio of PdTCMPP and CD.
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To elucidate the molecular structure of the CD, PdTCMPP, and com-
plex PdTCMPP–CD, as well as to estimate the energy of the molecules in 
the complex, we carried out quantum-mechanical calculations by the den-
sity functional theory using the GAUSSIAN 03 computer program. Ex-
change-correlation functional in the form of PBE1PBE was used, which 
takes into account gradient corrections. Calculations of the CD molecule 
structure were carried out in the basis 6-31G** and 3-21G**. Comparison 
of the results revealed no significant differences; so in the calculations of 
the structure of PdTCMPP molecule and complex PdTCMPP-CD, basis 
3-21G** was used.

The calculations were started with an assessment of the accuracy of 
numerical results. For this purpose, we have calculated molecular configu-
ration of mesotetraphenylporphyrin and compared with the experimental 
data [36]. It was found that the calculated and the experimental configu-
ration of the molecule matched within experimental accuracy. Next, we 
examined how the shape of the molecule TCMPP changes because of the 
formation of the complex PdTCMPP. Figure 10.4 shows two views of one 
conformation of PdTCMPP complex, where the atoms of the porphyrin 
core are numbered. The size of the core will be characterized by the dis-
tances between opposing atoms. Calculations have shown that in the TC-
MPP molecule: 

3 11
6.940C CL - = Å, … 7 15

6.890C CL - = Å, … 
1 9

4.195N NL - = Å, … 5 13
4.008N NL - = Å.

In the molecule PdTCMPP, the corresponding values are equal:

3 11
6.906C CL - = Å, … 

7 15
6.906C CL - = Å, … 1 9

4.070N NL - = Å, … 

5 13
4.069N NL - = Å.

The characteristic size of the molecule TCMPP and complex PdTC-
MPP is ~ 22 Å.

To assess the degree of pleating of the porphyrin core, as outlined in 
Refs [34, 35], we have built a plane, where deviation from the core’s atoms 
is minimal in the sense of the least squares method, and the standard devia-
tion L  of the core’s atoms from that plane was calculated, and also the 
deviation LPd of the Pd atom from the plane. It was found that the standard 
deviation of the core’s atoms from the plane in the molecule TCMPP is 
0.090 Ǻ, and in the complex PdTCMPP—0.089 Ǻ, that is virtually un-
changed, and Pd atom is located almost in the middle plane: LPd = 0.0027 
Ǻ.

© 2015 by Apple Academic Press, Inc.

 



122	 Chemistry and Chemical Biology: Methodologies and Applications

Thus, calculations have shown that as a result of complex formation 
of PdTCMPP, porphyrin core becomes more symmetrical, almost without 
increasing its area, its corrugation does not occur, Pd atom is located in the 
median plane of the core, the characteristic size of the complex is almost 
the same as the size of the molecule TCMPP.

One of the conformations of molecule CD, shown in Figure 10.5 in two 
projections, has, according to calculations, an internal cavity limited by 
OH remains, where diameter very conditionally can be estimated at 4.5 Å. 
The molecule itself has a shape reminiscent of a cylinder with a diameter 
of about 15 Å and a height of ~4.5 Å.

To find the structure of the complex PdTCMPP–CD, we have modeled, 
using the HyperChem program with the empirical potential MM+, heating 
of the PdTCMPP–CD complex surrounded by water and placed in a rigid 
box, to a temperature of 300 K, at which rotational degrees of freedom of 
the molecules PdTCMPP and CD are excited, and the subsequent slow 
cooling to a temperature of 0 K.

FIGURE 10.4  Two projections of one of the conformations of the complex Pd—
5,10,15,20—(4-carbomethoxyphenyl) porphyrin (calculation results).
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FIGURE 10.5  Two projections of one of the conformations of the molecule CD 
(calculation results).

Then, we calculated the structures and energies of this complex by pro-
gram GAUSSIAN 03, using obtained by the program HyperChem nuclear 
coordinates of PdTCMPP–CD complex as the initial approximation. De-
fined as a result of this calculation structure of the complex PdTCMPP–
CD is shown in Figure 10.6. This figure shows that the molecule PdTC-
MPP in the complex PdTCMPP–CD is markedly deformed. The standard 
deviation of the porphyrin core atoms from the mean plane is L = 0.207 Å, 
and the Pd atom deviates from the mean plane for LPd = 0.058 Ǻ. However, 
the characteristic dimensions of the porphyrin core are changed a little:

3 11
6.841C CL - = Å, … 

7 15
6.903C CL - = Å, … 

1 9
4.079N NL - = Å, … 

5 13
4.064N NL - = Å.

The binding energy E∆  of the molecules in the complex PdTCMPP–
CD can be estimated using the calculated values ​​of energy of the complex 
and energy of individual molecules that make it up:

E∆ =  (ЕPdTCMPP + ЕCD) − ЕPdTCMPP–CD
However, the energy of the molecules depends on the conformation; 

therefore, it is necessary to know the energy of the PdTCMPP and CD 
molecules in those conformations that are formed after the collapse of the 
complex PdTCMPP–CD. These conformations were calculated using the 
arrangement of atoms in the PdTCMPP and CD molecules forming the 
complex as the initial data. The binding energy of the molecules in PdTC-
MPP–CD complex, obtained as a result of this calculation, was 0.4 eV.
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FIGURE 10.6  Conformation of the PdTCMPP–CD complex obtained as a result of 
the “annealing” as described in the text, and then calculated using the GAUSSIAN 03 
(calculation results).

10.5  CONCLUSION

Thus, the luminescence of Pd complex of 5,10,15,20-tetra (4-carbome-
thoxyphenyl) porphyrin in various ordered systems was investigated: in 
micelles of Triton X-100, as well as in stable nanoscale complexes with 
b-cyclodextrin andHSA. The formation of an aggregated form of PdTC-
MPP in micelles of Triton X-100 was found. It was demonstrated that the 
position of bands in the spectra of luminescence and their intensity depend 
strongly on the structure of the complex. The optimum molar ratio for the 
PdTCMPP and CD complexation is of 1:1 ratio. The highest intensity of 
luminescence was observed in complexes PdTCMPP–HSA.

This work was supported by RFBR # 0403-32890a, # 07-02-00160-a.
The team thanks A.V. Chudinov (IMB RAS) for the synthesis of PdTC-

MPP.
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11.1  INTRODUCTION

Free radical oxidation processes play an important role in the vital activ-
ity of all living organisms. Under physiological conditions, they are under 
the control of the multilevel system of endogenous antioxidants and an-
tioxidant enzymes[1,2]. It has been shown that antioxidants are universal 
modifiers of the composition, structure, and functional activity of mem-
branes, and their multiple effects on cellular metabolism may be explained 
from this point of view[3–5]. The environment and development of patho-
logical processes in the body result in impairments of some steps in this 
well-organized system and the progress of oxidative stress[6]. In order to 
attenuate and prevent the consequences of oxidative stress, additional ex-
ogenous antioxidants may be used. Among them, the essential oils of spice 
and aromatic plants are very interesting and promising[7,8].

Application of antioxidants in biological objects needs special studies 
on their effects and the mechanisms of their action[9]. Studies on these 
processes are very difficult. To date, no methods have been developed, 
allowing one to discover a specific mechanism of action of even indi-
vidual antioxidants in biological objects and, moreover, of mixtures of 
substances with different antioxidant properties[9–11]. In literature, only 
a few studies demonstrate the bioantioxidant activity of essential oils in 
vivo[9,12,13]. The difficulties in studies of the bioantioxidant activity of 
essential oils are related to the presence of multiple components in their 
composition. The components of essential oils have different chemical and 
biological properties from the rate of their absorption, transport, excretion, 
penetration, and accumulation in a cell to a direct effect on oxidative stress 
in various cellular compartments. On the one hand, this is a disadvantage, 
whereas, on the other hand, this is an advantage of multicomponent drugs, 
because, in contrast to an individual substance, it has several active com-
pounds, which may have different mechanisms of action and enhance the 
activity of each other.

The aim of thisstudy was to examine in vivo the effects of a 6-month 
treatment process with low doses of the essential oils from clove, oregano, 
and a mixture of lemon essential oil and a ginger extract on the indices of 
oxidative stress in the liver of mice.
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11.2  EXPERIMENTAL

We used the essential oil extracted from leaves and flowers of the oregano 
Origanumvulgare L. (Lionel Hitchen Ltd., United Kingdom), buttons of 
the clove Caryophyllusaromaticus L., peel of the lemon Citrus limon L., 
and an extract of the ginger Zingiberofficinale R. (the latter three are ob-
tained from Plant Lipids Ltd., India). Female Balb/c mice were used for 
experiments in vivo. The animals were supplied by the Stolbovaya animal 
farm (Moskow oblast) at theage of 2 months. During the experiment, the 
mice were fed with the general PK120 diet (Laboratorkorm, Moscow). All 
mice were divided into four groups. The control group (n = 37) was given 
pure water ad libitum. The other three experimental groups were given 
water containing essential oils, such as oregano (n = 37), clove (n = 37), 
or a mixture of lemon essential oil and a ginger extract at a ratio of 1:1 (n 
= 39). The concentration of essential oils in water was 150ng/mL. Each 
mouse drunk approximately 2mL of water; thus, the daily dose of the es-
sential oil was about 300ng. After 6-month dietary supplementation of the 
essential oils, the blood, brain, and liver were sampled from five mice of 
each group.

According to the ordinary method, the products of the cleavage of per-
oxides of fatty acids in lipids, mainly malonicdialdehyde, form colored 
azomethine complexes with thiobarbituric acid (TBA) and their content 
may be measured using the spectrophotometric method[14]. Estimation 
of the content of active products (APs) of the reaction of TBA with LPO 
products was performed in freshly prepared mouse livers and in liver sam-
ples stored at 2–5°C for 7 days[14].

The activity of liver antioxidant enzymes, such as superoxide dismutase 
(SOD), glutathione peroxidase (GSHPx), and glutathione-S-transferase 
(GT), was measured in mouse liver homogenates using methods described 
elsewhere[15]. The activity of GP and GT was expressed in international 
units (U/mg of protein). The enzymatic activity in the experimental sam-
ples was expressed in relation to that in the control sample (considered as 
100%).

A statistical analysis of the data was performed using the Microsoft Ex-
cel 2007 and Sigma Plot 10 software. The standard deviation of the mean 
values was no more than 5–8 percent (relative).
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11.3  RESULTS AND DISCUSSION

For studying the biological activity of the essential oil in animal experi-
ments, we chose only those, which exhibited high or very high antiradi-
cal activity in reactions with free stable diphenylpicrylhydrazyl radi-
cals[22,24]. Thus, we chose the essential oils of clove and oregano and a 
mixture of lemon essential oil and a ginger extract, which is used in alter-
native medicine for the treatment of some diseases. The main purpose of 
our experiments was to study the effects of long-term intake of low doses 
of the essential oil on the antioxidant state of mouse organs. Oregano es-
sential oil was the most studied of the three types of oil chosen. It has 
been previously shown that in a model system, this oil efficiently inhibited 
the oxidation of polyunsaturated fatty acids extracted from lipids of the 
mouse brain[16]. Constant dietary supplementation of oregano oil at low 
doses elevated the mean and maximum lifespan in mice and maintained 
a high level of polyunsaturated fatty acids in the brain of aging and very 
old mice; thus, oregano oil exhibited properties of a bioantioxidant[17]. 
Noteworthy, the composition of oregano essential oil is similar to that of 
savory and thyme essential oils, which differ in the ratio and total content 
of phenols, such as carvacrol and thymol, and also exhibited similar an-
tiradical activity[18]. The values of antiradical efficiency and the rates of 
interaction of the components of these three types of essential oils were 
the same; therefore, the data obtained from the experiments with oregano 
essential oil could be probably generalized for savory and thyme essential 
oils.

In order to examine the supposed effects of low doses of essential oils 
on the antioxidant status in the liver, we measured the levels of TBA–AP 
in this organ in control and experimental mice (Table11.1). Data on the 
content of LPO products showed that essential oils were bioantioxidantsin 
vivo. Treatment with essential oregano oil decreases the TBA–AP con-
tents in the mouse liver by 6 percent. Essential oil obtained from clove 
bud significantly decreased the TBA–AP level in the liver of mice of the 
experimental group by 29 percent compared to the control group (Table 
11.1). A mixture of essential lemon oil and ginger extract exhibited the 
maximum activity. Six-month treatment with this mixture was followed 
by decreases in the TBA–AP contents in the liver of mice by 39 percent. 
This strong effect of the compounds with antiradical and antioxidant prop-
erties indicates that the constituents of the essential oils influenced the 
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LPO processes in mouse organs even at very low doses; thus, these com-
pounds could be recognized as bioantioxidants. Moreover, our data show 
that long-term treatment with essential oils and extracts improved the re-
sistance of lipids in the liver of mice to oxidation. This conclusion was ad-
ditionally supported by the measurement results of the TBA–AP levels in 
the liver stored at 2–5°C. After 7-day storage of the liver of control mice, 
the content of TBA-AP was increased in 3.6 times. In the groups of mice 
treated with essential oils obtained from oregano and clove bud or lemon 
essential oil mixed with a ginger extract, the contents of TBA–AP were 
only increased by factors of 2.4, 2.2, and 1.7, respectively, compared to 
freshly prepared samples of the liver of mice from the same groups. Our 
data show that long-term 6-month treatment of mice with essential oils de-
creased the LPO rate in the liver by factors of 1.5, 1.6, and 2, respectively. 
The clear bioantioxidant activity of the mixture of essential lemon oil and 
a ginger extract directed to polyunsaturated fatty acids of the mouse liver 
may be related to an approximately 70percent content of dry residues, 
including di- and triterpenoids, flavonoids, substituted methoxyphenols, 
and other compounds of unknown composition[19]. Ginger root contains 
flavonoids, such as quercetin, epicatechin, catechin, kaempferol, fisetin, 
morin, and a lot of methoxyphenols, which are called gingerols and gin-
gerones[19–21]. These methoxyphenols with side hydrocarbon substitu-
ents contain 4–18 carbon atoms and 1–2 alcohol or ketone groups, which 
are responsible for the hot taste of ginger or its extract. Many substances 
found in the extract of ginger root are known as efficient natural antioxi-
dants. The higher molecular weights of substances in ginger extract and 
their multifunctionality are probably responsible for the stronger binding 
and retention of these substances, that is, their accumulation, in the tis-
sues of mouse organs compared to mono- and sesquiterpenes and low-
molecular-weight phenols, which are present in oregano and clove essen-
tial oils. Therefore, we probably observed higher efficiency of the mixture 
of essential lemon oil and a ginger extract used as bioantioxidant after its 
long-term application at low doses. Thus, studies of other extracts of spice 
and aromatic plants and an estimation of their antiradical properties using 
model systems and bioantioxidant activity in experiments with animals 
will be very interesting. These studies have not been performed until now.

It is known that LPO processes in the body are controlled by the sys-
tem of antioxidant enzymes. We studied the activity of several enzymes in 
the mouse liver homogenate and found the effect of the essential oils on 
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them. The enzymatic activity in the experimental samples was compared 
to that in the control sample, which wasconsidered as 100percent (Table 
11.1). The enzymes studied, such as SOD and GSHPx, are the first row 
enzymes of cellular defense, representing a single cascade, in which SOD 
catalyzes the conversion of superoxide radical into hydrogen peroxide, 
whereas GSHPx converts Н2О2 into water. Treatment with all essential 
oils increased the SOD activity by a factor of 1.25–1.5. This enzyme of 
the first row of antiradical defense plays an important role in the general 
system of antiradical enzymes. SOD substantially, that is, by two to three 
orders of magnitude, accelerates the dismutation of superoxide anion radi-
cals and prevents the formation of singlet oxygen in nonenzymatic reac-
tion of dismutation[8,22]. Thus, the activation of SOD associated with 
treatment with essential oils substantially improves the antioxidant status 
of the mice body.

TABLE 11.1  Activity of antioxidant enzymes and TBA–AP values of the liver in control 
and experimental groups of mice

Enzyme 

Control

Enzyme activity, % of the control

Oregano es-
sential oil

Clove essential oil Lemon 
essential 

oil + ginger 
extract

SOD 100 151±7 128±8 125±8

GSHPx 100 94±8 128±9 107± 8

GT 100 158±9 198±10 116±10

SOD/GSHPx 100 166±10 102±10 116±10

TBA–AP in the 
liver, nmol/g of 
tissue (%)

Fresh 
sample

3.14±0.23 
(100%)

2.95±0.20(94%) 2.23±0.19 
(71%)

1.92± 0.16 (61%) 

after 7 
days

11.21 ±0.36 
(357%)*

7.12 ±0.23 
(241%)*

4.85 ±0.20 
(223%)*

3.26 ±0.18 
(170%)*

* The content of TBA–AP in the fresh liver of the mice in the control group was considered 
as 100percent.

In cells of higher animals, the family of GSHPx enzymes catalyzes 
the reduction of hydrogen peroxide and organic hydroperoxides, includ-
ing hydroperoxides of higher fatty acids, such as free fatty acids and fatty 
acids of phospholipids of biomembranes, with the formation of water and 
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alcohols with the involvement of glutathione (GSH)[23]. We observed 
an increased GSHPx activity by 28percent after treatment with essential 
clove oil only. It is important that GSHPx exhibited a clear trend toward 
a negative correlation with other enzymes, specifically SOD [24],and we 
observed this trend after treatment with oregano essential oil. The ratio 
between the activities of SOD and GSHPx was suggested as an index of 
functioning of antioxidant enzymes as one whole system[5,24]. Under 
normal physiological conditions, the activities of individual enzymes are 
interrelated in order to provide appropriate defense. We calculated this 
ratio for all liver samples, and these data are presented in Table 11.1. Treat-
ment with oregano, lemon, or clove essential oils increased this index by 
66, 16, and 2percent, respectively, compared to the control. These data 
indicate that after the intake of oregano essential oil, the enzymes of the 
first row of antioxidant defense mostly contributed to protection from re-
active oxygen species, whereas glutathione-dependent enzymes were less 
involved. After the intake of clove essential oil or a mixture of lemon es-
sential oil and a ginger extract, the protection from the detrimental action 
of reactive oxygen species was more balanced and the SOD/GSHPx ratio 
changed insignificantly compared to the control. These data show that in 
the absence of oxidative stress, the essential oil studied changed the bal-
ance between antioxidant enzymes and influenced the antioxidant state 
due to a decrease in the LPO intensity (Table 11.1) and improvement in 
resistance to oxidative stress.

The effect of the essential oils on the activity of the third enzyme—
GT—was expressed most of all. After treatment with clove and lemon es-
sential oils, the GT activity increased by a factor of 2, whereas after treat-
ment with oregano essential oil, it increased by a factor of 1.6 (Table 11.1). 
It was previously shown that the capability of some natural compounds to 
induce the activity of detoxification enzymes, such as GT, correlated with 
their anticancer activity[3,25]. GT is an enzyme, which directly restores 
lipoperoxides in membranes, using reduced glutathione without phospho-
lipase hydrolysis, and thus decreases the consequences of oxidative stress 
and endogenous intoxication. In contrast to selenium-containing GSHPx, 
for which the best substrates are hydrophilic hydroperoxides with low mo-
lecular weights, GT efficiently reduces hydrophobic hydroperoxides with 
large molecular weights, including hydroperoxides of polyunsaturated 
fatty acids, phospholipids, and hydroperoxides of mononucleotides and 
DNA, and thus repairs them[26]. Moreover, GT binds toxic products of 
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lipid peroxidation, such as nonenals, decenals, and cholesterol oxidation 
products, with glutathione and thus promotes their excretion out of the 
body. Therefore, GT is an important part of the system of detoxication and 
antioxidant defense, including endogenous metabolites formed under oxi-
dative stress conditions[27]. The effect of the intake of essential oils on the 
GT activity was mostly prominent. It is noteworthy that a similar activat-
ing effect of essential oils on the enzymatic system studied in thisexperi-
ment was observed in studies with a synthetic analogue of epiphysialtetra-
peptideepitalamineAla-Glu-Asp-Gly and tripeptidepinealonGlu-Asp-Arg 
performed in aged 24-month-old rats[28,29]. The authors concluded that 
the increased activity of antioxidant enzymes was associated with com-
pensatory–adaptive mechanisms directed toward the attenuation and pre-
vention of peroxidation damage to DNA in mitochondria and other cel-
lular organelles. This resulted in a substantial increase in the resistance 
of cells and the whole body to various physical and chemical influences.

11.4  CONCLUSION

Thus, the essential oils applied in drinking water to mice for 6 months 
were efficient antioxidants in vivo. A mixture of lemon essential oil and 
a ginger extract with the maximum efficiency decreased the contents of 
products of lipid peroxidation in the liver of animals and in addition en-
hanced the resistance of lipids of this organ to autooxidation. The intake 
of the essential oils induced the activation of the enzymatic antioxidant 
system and thus elevated the antioxidant status of the body and its re-
sistance to oxidative stress. The bioantioxidant activity of the essential 
oils, which was observed after their systematic intake in low doses, is 
probably responsible for the anticancer activity previously found in our 
study with oregano and savory essential oils [30,31] and the capability 
to increase the lifespan of intact mice[17]. Our data are very promising 
for future studies of essential oils and extracts from spice and aromatic 
plants and their use as preventive and therapeutic tools for the treatment 
of different diseases.
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12.1  AIMS AND BACKGROUND

On the basis of historical data, halide modification (HM) of high-molec-
ular compound, which was carried out in 1859, natural rubber (NR) was 
exposed to modification and addition to NR was dissolved in perchloro-
methane, through which chlorine gas was running through. Modified NR 
is a powder product with content-fixed chlorine not over 62–68 percent, 
which does not have properties of elastomer [1, 2]. HM of NR may be 
referred to as one of the first attempts of commitment of bringing new 
properties to the polymer with help of chemical modification.

Nowadays HM of polymers together with obtaining halogen-contain-
ing polymers with the help of synthesis is one of the intensively developing 
direction in the field of obtaining chlorine-containing polymers. As a re-
sult of carrying out HM of polymers, which have technologically smooth, 
large-capacity industrial production, elastomer materials and composites 
are managed to obtain with a wide complex of new specific properties: 
high adhesion, fire-, oil-, gasoline-, heat resistance, ozone resistance, in-
combustibility, resistance to influence of corrosive environments and mi-
croorganisms, high strength, gas permeability, and so on.

In this chapter, we consider questions concerned with obtaining prop-
erties of halide-modified fluorine-containing cauotchoucs as NR and butyl 
rubber (BR), which are prospective in terms of application in rubber in-
dustry as corrosion-preventing coatings. Perspectivity of their production 
and application consists in specific properties of these cauotchoucs (high 
gas permeability of FBR and accessibility, and high strength of FNR). 
These properties are caused by structure of both initial (BR and NR) and 
fluorine-containing cauotchoucs (FBR and FNR). In addition, fluorine-
containing NR and BR have high rate of sulfuric vulcanization in com-
parison with initial NR and BR.

12.2  RESULTS AND DISCUSSION

As a result of the conducted work, samples of fluorine-containing NRs 
using technology of solid-phase mechanicochemical haloid modification 
(FNR-2, FNR-4, FNR-6, and FNR-8) were obtained. The ciphers are used 
in notation of caoutchouc point at quantity of added fluorine-containing 
modificator in weight fraction (w.f.). Modification of NR was carried out 
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when study of mechanochemical conversions of NR was in optimal condi-
tions using a laboratory rubber mixer in self-heating mode. To determine 
the presence and content of fluorine in modified elastomeric samples, the 
method of mass-spectrometric analysis was used. To define the presence 
of fixed fluorine in macromolecule of NR infrared of extracted samples, 
FNR was used. Extraction was carried out in Soxhlet’s apparatus by add-
ing acetone during 20 h and adding dimethyl formamide during 20 h.

To determine the reaction activity (RA) of NR samples, relatively flu-
orine-containing modificator in the process of mechanochemical haloid 
modification was used in the ratio of content-fixed fluorine in caoutchouc 
(Ff) to its common content (Fcom). Ff was determined using sample FNR 
after extraction, but Fcom was determined using FNR, which were not ex-
posed to extraction.

RA = (Ff/Fcom) × 100%
The results of investigations are given in Table 12.1.

TABLE 12.1 Reaction activity and fluorine content in patterns of FNR

FNR-2 FNR-4 FNR-6 FNR-8

Common fluorine content (%) 1.16 2.31 3.21 4.44

Content of fixed fluorine (%) 0.92 1.50 1.73 2.53

Reaction activity (%) 79 65 54 57

Obtained results shows that the fraction of chemically fixed fluorine 
with caoutchouc also increased with increasing quantity of added fluorine-
containing modificator.

However, it is necessary to note that RA of NR slightly decreased with 
increased fraction of adding modificator and hence it refers to increase of 
content of unreacted modificator fraction in FNR.

The highest RA is noted in FNR-2 (79%) and slightly decreased in the 
range of FNR-4 (65%), FNR-6 (54%), and FNR-8 (57%).

Similarly, with NR, samples of fluorine-containing BR (FBR-2, FBR-
4, FBR-6, and FBR-8) were obtained and their RA were determined. The 
results of investigations are presented in Table 12.2.
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TABLE 12.2  Reaction activity and fluorine content in patterns of FBR

FBR-2 FBR-4 FBR-6 FBR-8

Common fluorine content (%) 1.17 2.3 3.23 4.43

Content of fixed fluorine (%) 1.11 2.25 2.78 4.12

Reaction activity (%) 95 98 86 93

Data point was obtained for high RA of butyl caoutchouc relatively 
fluorine-containing modificator in the process of mechanochemical haloid 
modification (~95%). Moreover, when the content of modificator is 
changed, RA practically keeps on the same level.

Then, we studied the vulcanized characteristics of rubber mixes and 
physicochemical properties of rubbers were calculated using the standard 
formula of NR and BR on the basis of NR (BR) and FNR (FBR). Results 
are presented in Table 12.3 for NR and Table 12.4 for BR, respectively.

TABLE 12.3  Vulcanized characteristics of rubber compounds based on the fluorine-
containing natural rubber

Rubber 
compound 
based on:

Vulcanized characteristics

Мst 
(dN·m)

Мmin 
(dN·m)

Мmax 
(dN·m)

Мopt 
(dN·m)

ts 
(min) tс (min) Vc, (%/

min)

NR 9.2 7.9 35 32.3 2 6.7 21

FNR-2 7 5 33 29.7 1.5 4 40

FNR-4 7 5 33 29.7 1.5 4 40

FNR-6 7 5 30 27 1.7 4.5 36

FNR-8 7 5 33 29.7 1,5 4 40

Vulcanized characteristics show that mechanochemical modification 
of NR by fluorine-containing organic compound refers to increase in the 
vulcanization rate by almost two times in comparison with vulcanization 
rate of rubber based on initial NR (21%/min for NR and 40%/min for all 
FNR). Other characteristics practically do not change.
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TABLE 12.4  Vulcanized characteristics rubber compounds based on the fluorine-
containing butyl rubber

Rubber compound 
based on:

Vulcanized characteristics

Мst 
(dN·m)

Мmin 
(dN·m)

Мmax 
(dN·m)

Мopt 
(dN·m)

ts 
(min)

tс 
(min)

Vc (%/
min)

BR 13 10 23 20.7 8 45 2.7

FBR-2 12 9 20 18.0 5 25 5

FBR-4 12 9 18.5 16.7 5 25 5

FBR-6 12 9 19 17.1 5 25 5

FBR-8 12 9 19 17.1 5 25 5

Vulcanizing characteristics show that mechanochemical modification 
of BR by fluorine-containing organic compound refers to increase of vul-
canization rate by almost two times in comparison with the rate of vulcani-
zation of rubbers, which is based on initial BR (2.7%/min for BR and 5%/
min for all FBR). Other characteristics do not change practically.

Also, we studied physicomechanical properties of rubbers based on the 
fluorine-containing NR and BR. Results are presented in Table 12.5 for 
NR and Table 12.6 for BR, respectively.

TABLE 12.5  Physicomechanical properties of rubbers based on fluorine-containing 
natural rubber
Properties Rubber based on:

NR FNR-2 FNR-4 FNR-6 FNR-8
Conventional strength at elongation 
(MPa)
At 200% 2.2 1.8 1.9 2.0 2.4
At destruction 21.9 24.3 24.8 26.1 23.6
Tensile strain (%) 644 690 700 700 660
Elongation set after destruction (%) 29 32 38 38 43
Tear resistance (kg/sm) 110.9 102.4 96.2 111.6 113.6
Shore hardness number 57 60 56 56 60
Rebound elasticity (%) 38 29 30 32 28
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The results of carried out investigations show that addition of fluo-
rine in macromolecular structure refers to some amount increase in tensile 
strain (650% for NR and −700% for FNR) and conventional stress (21.9 
MPa for NR, 34.3 MPa for FNR-2, 24.8 MPa for FNR-4, 26.1 MPa for 
FNR-6, and 23.6 MPa for FNR-8).

TABLE 12.6  Physicomechanical properties of rubbers based on fluorine-containing 
butyl rubber

Properties Rubber based on:
BR FBR-2 FBR-4 FBR-6 FBR-8

Conventional strength at elongation 
(MPa)
At 100% 0.48 0.17 0.12 0.20 0.12
At 200% 0.87 0.33 0.34 0.39 0.34
At 300% 2.0 0.72 0.58 0.85 0.58
At destruction 18.3 17.4 17.8 18.5 17.6
Tensile strain (%) 881 1150 1075 1060 1075
Elongation set after destruction (%) 27 40 35 36 34
Tear resistance (kg/sm) 64,6 59,6 59,4 55,6 59,4
Shore hardness number 45 46 46 48 50
Rebound elasticity (%) 7 5 5 5 4

Obtained experimental data show that during the process of adding 
modificator, some kind degradation rubber strength properties (18.3 MPa 
for BR, 15.5 MPa for FBR-2, 14.8 MPa for FBR-4, 16.5 MPA for FBR-
6, and 14.8 MPa for FBR-8) are observed, which can be associated with 
decrease of molecular mass of butyl caoutchouc because of the destruc-
tion in macromolecules under mechanical influence in rubber mixer; when 
modificator is added in quantity, 6 w.f. is achieved optimal content of fixed 
fluorine (2.78%). Also, the presence of fluorine in macromolecular struc-
ture of caoutchouc refers to increase of tensile strain (880% for BR and 
−1100% for FBR) and permanent elongation (25% for BR and −40% for 
FBR). At the same time, nominal rupture resistance, tear resistance, hard-
ness, and rebound elasticity practically do not change [1-3].
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12.3  CONCLUSIONS

So we learned a new obtained fluorine-containing NR and BR by the 
method of mechanochemical HM. Some structural characteristics of caou-
tchoucs, vulcanized and physical-mechanical properties of rubber mixes 
and rubbers were studied, which are based on them.
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13.1  INTRODUCTION

High efficiency, degree of cleaning, and renewability of raw materials 
make the natural polymers a proper material for the control of the content 
of metals in aqueous solutions, and for their concentration and removal. 
The greatest interest today represents the application of the modified natu-
ral polymers, not only for adsorption and concentration of metal ions, but 
also for receiving pharmaceutical preparations containing metal nanoclus-
ters, catalysts, and nanoparticles of metals [1–6].

The choice of object of research of composite materials on the basis 
of dialdehyde cellulose (DAC) and acrylate guanidine (AG) derivatives is 
connected with the fact that these compounds have biocidal properties and 
functional groups capable for a complex formation, which opens oppor-
tunities for the creation of new complex compounds with directed proper-
ties.

13.2  AIM AND BACKGROUND

In connection with this problem, authors were faced with a task to synthe-
size complexes containing new guanidine composite materials based on 
cellulose dialdehyde and d-elements, study the conditions of their forma-
tion, and investigate complexing properties of these materials depending 
on the composition and structure.

13.3  EXPERIMENTAL PART

Microcrystalline cellulose (MCC)—cotton cellulose containing carbonyl 
groups ≈ 0.65 percent and degree of polymerization n ≈ 150 [5].

DAC—MCC, oxidized with sodium periodate [3].
AG and methacrylate guanidine (MAG) were obtained as described by 

Sivov et al. [6].
The radical polymerization initiator ammonium persulfate (APS) 

(NH4)2S2O8 marks “analytical grade” recrystallized from bidistilled water 
and dried in a vacuum oven to constant weight [5].

Complexes of new composite materials based on DAC and acrylate 
derivatives of guanidine with d-elements were studied by IR spectroscopy, 
ionometry, and photoelectrocolorimetery.

© 2015 by Apple Academic Press, Inc.

 



A Research Note on Complex Forming Properties	 149

The pH of the solution was adjusted by addition of dilute hydrochloric 
acid HCl (1:10), ammonia, and NH4OH (1:10).

The photometry of complexes was carried out on KFK—3.
Composition of these complexes was determined by the molar ratios 

and isomolar series.

13.4  RESULTS AND DISCUSSION

The conditions of complex formation of new composite materials based 
on DAC and acrylate derivatives of guanidine with d-elements were in-
vestigated. Research on the complex formation is necessary for obtaining 
data on the factors of formation of steady connections of the complexes, 
providing possibility of a choice of existence and development of new ef-
fective sorbents and qualitative and quantitative indicators of the content 
in a solution of d-elements.

Five complexes of new composite materials on the basis of DAC and 
acrylate derivatives of guanidine with d-elements steady in time and to 
external influences were found after a search for photometric reactions. 
The revealed complexes and their characteristic colors are presented in the 
Table 13.1.

TABLE 13.1  The composition and colors of the found complexes

No Basis of the complex Me pH Ratio of the 
components Complex color

c MAG + DAC Cu 6,0 1:1 Blue

2 MAG + DAC Co 8,2 1:1 Blue-green

3 AG + DAC Ni 8,5 1:1 Blue-green

4 AG + DAC Co 8,9 1:1 “Dirty” blue

5 AG + DAC Cu 6,1 1:1 Blue
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During the course of studying complexing properties, correlation of 
optical density of solutions from their pH values was revealed and its op-
timum value is defined.

For the complex Cu + (MAG + DAC), the optimal value pH = 6.0 
(neutral) was found. The complex is formed in a narrow range of pH ≈ 
5–7 and has a blue color. Results of finding the optimal pH value of the 
complex Cu + (MAG + DAC) are shown in Figure 13.1.

FIGURE 13.1  Dependence of the optical density of the solution complex of Cu + (MAG 
+ DAC) of Ph CCu = CMAG = CDAC = 1 ml = 1 × 10−1 М; V = 10 ml.

For the complex Co + (MAG + DAC), the optimum value is set at pH 
= 6.0. This complex is formed pH range ≈ 7–9 and has a blue-green color. 
Results of finding the optimal pH value of the complex Co + (MAG + 
DAC) is shown in Figure 13.2.
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FIGURE 13.2  Dependence of the optical density of the solution complex Co + (MAG + 
DAC) of pH CCo = CMAG = CDAC = 1 ml = 1 × 10−1 М; V = 10 ml.

Figures 13.1 and 13.2 shows the graphs of the absorbance of the com-
plex solution of pH, specific for neutral or alkaline environment, respec-
tively. Graphs searching for an optimal pH value for the complexes Ni + 
(K + DAC) and Co + (K + DAC) are similar to graph presented in Figure 
13.2, and the complexes of Cu + (K + DAC) are similar to graph shown 
in Figure 13.1.

The concentration dependence of the optical density of the solutions 
of the complexes by varying the concentration of the DAC is shown in 
Figure 13.3.
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FIGURE 13.3  Dependence of the optical density of the complex solution from the DAC 
concentration CCu,Co,Ni = CAG, MAG = 1 ml 1 × 10−1 М; CDAC = 1 × 10−1 М; V = 10 ml.

As can be seen from Figures 13.3 and 13.4 for all five of the considered 
systems, the necessary and sufficient component ratio is 1:1.

FIGURE 13.4  Determination of composition of the complexes by the method of isomolar 
series CCu,Co,Ni = CAG,MAG = CDAC = 1 × 10−1 М; V = 10 ml.
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13.5  CONCLUSION

Thus, the received results show that new composite materials containing 
guanidine-based DAC have effective complexing properties in relation to 
the studied transitional metals and provide opportunities for creation of 
new pharmaceutical preparations with controlled properties.

Besides, the obtained data have scientific and practical values for de-
velopment of ideas of the adsorptive processes on bulking-up polymer, the 
mechanism of complex formation, and structure of the metal-containing 
complexes based on cellulosic materials.
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14.1  AIM AND BACKGROUND

In this study, ZnO nanorods were prepared by hydrothemal method on 
ZnO layer seed was deposited on ITO substrate by ultrasonic spray pyroly-
sis technique. Here, we report the effect of zinc precursor solutions on the 
structure of ZnOnanorods.

14.2  INTRODUCTION

ZnO is an attractive semiconductor material with a large band gap (Eg = 
3.37 eV), possessing good optical characteristics, high stability, and excel-
lent electrical properties [6, 8]. One-dimensional (1-D) ZnO nanostruc-
tures have widely been studied over the past decade, not only because of 
their rich morphologies produced by various methods, but also because 
of their wide applications in optics, electronics, piezoelectronics, sensing, 
and so on. Particularly, as an environmental-friendly material, 1D ZnO 
nanostructures have intensively been studied for clean and sustainable so-
lar energy devices [5, 2]. On the basis of these remarkable applications, 
large effort has been put on ZnO nanomaterials that are fabricated.

Until now, many chemical and physical deposition techniques are able 
to prepare one-dimensional ZnO nanostructures, such as nanorods, mi-
crorods, nanowires, nanostars, nanoribbons, and nanobelts by techniques 
such as reactive and nonreactive sputtering, pulse laser ablation, chemi-
cal vapor deposition, spray pyrolysis, sol–gel, and chemical bath and hy-
drothermal deposition. Among them, the spray pyrolysis is an attractive 
method to get thin films, as it is a simple and inexpensive method and is 
particularly useful for large-area applications. On the contrary, hydrother-
mal synthesis is a “soft solution chemical processing” that provides an 
easy way to prepare a good crystalline oxide under the moderate reaction 
condition, that is, at low temperature and with short reaction time [2, 4, 5]. 
Owing to the ability to yield high-purity and homogeneous fine crystalline 
powders, hydrothermal process has gained much popularity in preparing 
ceramic samples with controlled particle size and morphology.

In this study, ZnO nanorods were prepared by hydrothemal method on 
ZnO layer seed deposited on ITO substrate by ultrasonic spray pyrolysis 
technique. Here, we report the effect of zinc precursor solutions on the 
structure of ZnO nanorods.

© 2015 by Apple Academic Press, Inc.

 



A TechnIcal Note on the Effect of Zinc Precursor Solutions	 157

14.3  EXPERIMENTAL DETAILS

14.3.1  CHEMICALS

Zinc acetate [Zn(OOCCH3)2], zinc chloride [ZnCl2], zinc nitrate hexahy-
drate [Zn(NO3)2.6H2O], hexamethylenetetramine [HMTA; C6H12N4], and 
isopropanol [C3H8O] are used as received without further purification.

14.3.2  SYNTHESIS OF ZNO NANORODS

The synthesis of ZnO is accomplished in two steps: deposition of the ZnO 
seed layer and then the growth of nanorods by solution process. The ZnO 
seed layer was grown on ITO substrate using the ultrasonic spray pyrolysis 
deposition technique. The precursors are sprayed on a glass substrate at 
constant substrate temperature of 420°C. The nozzle-to-substrate distance 
was about 30 cm. The transfer rate of aqueous solution was kept at 0.5 
ml/min, and nitrogen for the industry is used as a carrier gas. In a typical 
synthesis process, equimolar ratio (10 mM) of zinc nitrate and hexamethy-
lenetetramine solution was prepared in 50 ml aqueous solution under stir-
ring. After this step, the as-prepared solution was transferred into a pot 
and the ZnO/FTO substrate was taken in a hole and placed in the pot and 
heated at 90°C for 6 h. At the end of the reaction, the system is allowed 
cooled down to room temperature. The products were washed for some 
time with distilled water and absolute ethanol. The final product was dried 
at 90°C for 24 h.

To control the AR of ZnO NRs, the effect of zinc precursor solutions 
on nucleation and growth of ZnO nanorod films was observed.

14.3.3  CHARACTERIZATION

The surface morphology of the films was characterized by field emission 
scanning electron microscopy image (FESEM; Hitachi S-4800). X-ray 
diffraction (XRD) patterns were recorded with a D8 ADVANCE Bruker-
Diffractometer using the Cu-Kα radiation (l = 1.54056 Å).

The band gap determined from optical transmittance spectra in the UV 
region of 350–900 nm was measured using a Carry 100 Spectrophotom-
eter.
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The Raman spectrum (Renishawinvia) was collected at room tempera-
ture with the 633 nm excited wavelength and laser power of 10 mW.

14.4  RESULTS AND DISCUSSION

FESEM images in Figure 14.1 illustrate the morphology of the ZnO seed 
layers deposited at 10 ml zinc precursor solutions. The deposited seed lay-
er was uniform and highly adherent. In case we use zinc acetate solution as 
precursor solutions, film is micronanorod with a diameter of about 50 nm 
(Figures 14.1(a) and (d)). Zinc nitrate solution is the precursor solution; 
the surface is continuous, flat, with some pinholes and any microcrack 
(Figures 14.1(b) and (e)).

FIGURE 14.1  FESEM image of seed layer deposited by zinc precursor solutions: (a) and 
(d) zinc acetate; (b) and (e) zinc nitrate, and (c) and (e) zinc chloride.

In case if we use zinc chloride solution as precursor solutions, surface 
of film is a nanorod with hexagonal packing over the FTO substrate with 
an average nanorod size of 100–300 nm in diameter and 20–50 nm in 
length.

In order to confirm the structure and growth direction of the seed lay-
ers, XRD patterns of ZnO films were recorded with a D8 ADVANCE 
Bruker Diffractometer) in the range 25–75°C. The XRD pattern shown in 
Figure 14.2 confirms our assumption that the ZnO thin film grew in the 
dominant (002) orientation and a very weak peak between 60 and 70°C 
is a little part of ZnO crystal in the growth direction of (103) (Figures (a) 
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and (c)) and the ZnO thin film grew in the dominant (100) and (110) direc-
tions for which zinc nitrate is used as precursor solution. This indicates 
that ZnO films with a good c-axis preferred orientation can be obtained by 
ultrasonic spray pyrolysis using zinc acetate or zinc chloride as precursor 
solution.

FIGURE 14.2  XRD patterns of seed layer of the zinc salt solution: (a) zinc acetate; (b) 
zinc nitrate and (c) zinc chloride.

Figure 14.3 shows FESEM images of the sample deposited by solu-
tion technique on seed ZnO/FTO substrates in 6 h at 90°C. As is shown 
in Figure 14.3(a), it is observed that the ZnO nanorods have the size of 
about 200–300 nm in diameter and about 2–5 mm in length. According to 
the seed layer deposited by zinc nitrate, the results indicated that the ZnO 
particles have the size of about 20–40 nm and in surface have a ZnO rod 
(Figures 14.3(b) and (e)). Figure 14.3(c) and (f) shows a high-resolution 
FESEM image of the ZnOnaorods. The hexagonally shaped crystal with 
an average nanorod size of 100–300 nm can be clearly observed. It is 
believed that the nucleation layer much affects the growth orientation of 
ZnOnanorods [3, 1]. This reveals that the number and the crystal structure 
of seeds is a key factor in determining the morphology of ZnO nanorods.
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FIGURE 14.3  FESEM images of the top view of vertically well-aligned ZnO nanorods: 
(a) and (d) zinc chloride; (b) and (e) zinc nitrate and (c) and (f) zinc acetate.

The XRD pattern shown in Figure 14.4 also reveals high crystallin-
ity and c-axis preferential growth of these ZnOnanorods. Only the X-ray 
diffracted peaks corresponding to the (002) planes can be seen with high 
intensity.

FIGURE 14.4  XRD patterns of ZnOnanorod film with zinc acetate as precursor solution.
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ZnO crystal is one of the most important wurtzite crystals, exhibit-
ing one of the simplest uniaxial structures. Wurtzite structure belongs to 
the space group C4

6n (C63mc) with two formula units per primitive cell 
and with all atoms occupying C3v sites. Group theory predicts the lattice 
phonons as [4, 9, 10]: an A1 branch of which the Raman-active phonon is 
polarized in the z-direction and which is infrared active in the extraordi-
nary ray; an E1 branch in which the phonon polarized in the xy plane can 
be observed in the infrared in the ordinary ray spectrum and is also Raman 
active; two E2 branches that are Raman active; and two silent B1 modes. 
The room-temperature Raman spectrum of the sample is shown in Figure 
14.5. The Raman-active mode occurs due to the E2 mode of the nanorods. 
The A1 (LO and TO) mode is illustrated in Figures 14.5(a)–(c), although it 
has low intensity. The results are listed in Table 14.1.

FIGURE 14.5  Raman spectra of seed layer of the zinc salt solution: (a) zinc acetate; (b) 
zinc nitrate, and (c) zinc chloride.
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TABLE 14.1  Frequencies of the Raman modes of ZnO bulk and nanorods

Frequency (cm−1) Bulk
Nanorod

Cl− NO3
− CH3COO−

A1(TO) 377.48 380.2 - 379.68

E1(TO) 409.78 - - -

E2 437.57 439.7 438 440.5

LA overtone 540.85 - - -

A1(LO) 573.9 577 - 583

14.5  CONCLUSIONS

ZnOnanorod films were prepared by solution method on ZnO seed/ITO at 
90°C in 6 h. All films are crystalline and (002) orientated and zinc acetate 
or zinc chloride is used as a precursor solution. From the FESEM im-
ages, we found that the nucleation layer significantly affects the growth 
orientation of ZnOnanorods. This reveals that the number and the crystal 
structure of seeds is a key factor in determining the morphology of ZnO 
nanorods.
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15.1  AIM AND BACKGROUND

The pK spectroscopic method is an advanced method to examine the bal-
ance in complex naturalistic systems that lack data on their functional 
structure and are difficult to be studied with classical methods that some-
times fail to provide sufficient information on their structure. Mathemati-
cal justification of the method pK spectroscopy is described in Ryazanov 
[1]. Previously, this method has been successfully applied to study various 
homogeneous and heterogeneous systems listed in the work given in Ref. 
[2]. To examine the suspensions of such composition of biopolymers as 
lignocellulosic material, the present method was used for the first time. 
This study by means of the use of the pK spectroscopy method shows 
the difference between the acid–base properties of the suspensions of un-
bleached softwood cellulose and the products of its destruction obtained 
by different methods.

15.2  INTRODUCTION

The lignocellulosic material is a natural complex biopolymer composition, 
wherein the major component along with—cellulose present accompany-
ing the substances—lignin and hemicellulose. Physicochemical features 
of the biopolymer composition cause its multi-functional compound. Pre-
viously it was shown, what the impact of high catalytic reagents, that ca-
pable of providing modifying and destructive actions on macromolecules 
of the biopolymers, leads to rupture of ester bonds. In particular, the aver-
age degree of polymerization (DPav) of cellulose decreases resulting from 
the processing, and its fibers are converted into powder [3–6]. The decay 
of macromolecules cellulose occurs rapidly and ends within the first 5–20 
min from the start of the reaction. Depending on the type of impact on a 
biopolymer, the change in the molecular weight of its accompanied by 
a change the chemical composition of biopolymer and of physicochemi-
cal properties. By varying reaction conditions may receive either partially 
destructive or finely modified lignocellulose product [5–10]. Methods 
of treatments affect the increase or decrease in the content of ionizable 
groups on the surface of biopolymers [2, 8–10]. It is known, that the use 
of hydrolytic or oxidative-hydrolytic methods degradation of cellulose, 
leads to the conversion its fibers into microcrystalline cellulose powder 
(MCC), [11] and resulting in loses part of ionizable groups. The purpose of 
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this paper is to study the acid-base properties of the unbleached softwood 
cellulose before and after treatment in solutions of hydrochloric acid and 
Lewis acid, in particular titanium tetrachloride.

15.3  EXPERIMENTAL PART

Research object was the unbleached softwood cellulose (sample 1) that 
produced by the CJSC “Mondi Syktyvkar LPK,” Komi Republic (Russia). 
It was treated by the solutions of titanium tetrachloride (TiCl4) in hexane 
(C6H14) with concentrations 4.0 and 80.0 mmol/dm3 at 22ºC, then washed 
by C6H14 and air-dried. In the result the modified lignocellulosic products 
(samples 3 and 4) were obtained [2, 7–9]. As the model of comparison 
for samples 3 and 4 the lignocellulosic product (sample 2) from the same 
raw material as a result of hydrolytic destruction (in 2.5 mol/dm3 solution 
of hydrochloric acid) commonly used in the industrial processing [12] in 
order to get MCC was obtained.

Determination of Ti(IV) in the samples (as a colored complex with 
hydrogen peroxide in acidic medium) was carried by method of photo-
colorimetry [13]. The work was performed on the photometer KFK-3-01.

The value of the average degree of polymerization (DPav) of the cel-
lulose in the samples was calculated from the viscosity of their solutions 
in cadoksen according to the equation given for samples of polydisperse 
cellulose [14]: [η] = 7 × 10−3 × DP0.9.

The content of lignin was determined with surfuric acid 72 percent in 
Komarov modification [15].

The value of the bulk density—ρbulk (g/cm3) of the samples was deter-
mined according to GOST 19440—94.

The study of the ion exchange ability of unbleached softwood cellulose 
and products of its destruction was held on the basis of the data on poten-
tiometric titration of their suspensions. The amount of adsorbed hydrogen 
ions—Gibbs adsorption (GH) on the phase boundary between “sample” 
and “water solution” was calculated according to the formula (1):

	 GН = [(cHClV0 − cNaOHV) − [H+](V0 + V)]/m, mmol/g	 (1),

where cHCl—concentration of strong monoacid (HCl) added to the suspen-
sion of sample (mmol/cm3) before titration; V0—volume of aliquot taken 
for titration (cm3); cNaOH—concentration of titrant (mmol/cm3); V—vol-
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ume of NaOH added at the present point at the titration curve (cm3); m—
mass of sample in aliquot (g).

Total adsorption of all hydrogen ions of the solution on the surface of 
lignocellulosic particles can be reflected in the formula (2):

	 0 pKpH

1
1 10 ii i

i
G G G -+ =

+∑ 	 (2)

where Gi—exchange capacity of the i acid-base group; pKi—the index of 
the dissociation constant which characterizes the i acid-base group; ΣGi—
total exchange capacity of the sample in relation to hydrogen ions. The 
summation in Eq. (2) holds for all acid-basic groups, potentially able to 
react with the hydrogen ions on the surface sample in studied suspension. 
It is suggested that all acid-base groups are monobasic.

15.4  RESULTS AND DISCUSSION

Table 15.1 summarizes some physicochemical properties unbleached soft-
wood cellulose before (sample 1) and after (samples 2–4) treatment by 
methods described previously.

TABLE 15.1  Physicochemical properties of the samples

S. No. Type of 
treatment

Ti(IV)
(mmol/g)

DPav

Content of 
lignin
(%)

Soluble 
fraction (pH 

= 11)
(%)

ρbulk

(g/cm³)

1 - - 1260 5.74 0.69 -

2 HCl-H2O - 170 5.61 0.73 0.146

3 TiCl4-C6H14 0.16 400 3.81 4.24 0.043

4 TiCl4-C6H14 1.05 150 3.69 21.15 0.163

In all cases the impact solutions of acids on the unbleached softwood 
cellulose leads to the destruction of cellulosic component and its DPav de-
creases. The solutions of titanium tetrachloride are destroy the chemical 
bonds (glycosidic) in the macromolecule cellulose and ester bonds in the 
macromolecule lignin, leading to a reduction of it content is 1.5 times. The 
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obtained samples are characterized by a bulk density value (ρbulk), which 
increases as destruction (Table 15.1).

On the basis of the GH calculation results, obtained according to the 
formula (1), for each of the samples was found the correlation between the 
Gibbs adsorption and pH values (Figure 15.1).

FIGURE 15.1  Correlation between the Gibbs adsorption of suspensions of the samples 
and pH values (numbering corresponds to the number of samples in Table 15.1).

The value G0 (residual capacity) includes both—hydrogen ions cor-
responding to the point of zero charge of the adsorbent under study and 
hydrogen ions that cannot be titrated under the experiment conditions (for 
example, hydrogen ions present in ОН—groups of hydrox complexes 
characterized with strong basic properties).

The results obtained for samples 3 and 4 indicate a strong specific in-
teraction Ti4 + ions with surface of the particles of the suspension, whereby 
the point of zero charge of the surface is strongly shifted towards lower 
pH values, and GH becomes negative [2] (Figure 15.1). The lowest of the 
absolute value of GH lignocellulosic products from unbleached softwood 
cellulose are present on sample 2, obtained by hydrolytic degradation as 
compared to samples 3 and 4 obtained treatment by in solutions of TiCl4.

By means of computer processing of the potentiometric titration data 
with a specially developed program were obtained pK spectrums for each 
the sample, they are shown in graphs in Figure 15.2. The qi values are 
equal to relative molar fractions of corresponding acid-base groups.
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The difference in the number of peaks in the pK-spectra of the samples 
indicates the species and quantitative difference of ionizable groups, de-
pending on the method of processing lignocellulosic material.

FIGURE 15.2  pK-spectrum of suspensions of samples (numbering corresponds to the 
number of samples in Table 15.1).

Figure 15.3 shows the values of the total capacity of the samples (G = 
ΣGi) with respect to hydrogen ions (mmol/g). The calculation results were 
obtained using the developed and applied in this paper a computer pro-
gram [16]. Samples 3 and 4, the resulting impact on the TiCl4 unbleached 
softwood cellulose, have the highest values ​​of the total exchange capacity 
equal to 0.37 and 1.54 mmol/g, respectively (Figure 15.3)

FIGURE 15.3  The value of the total exchange capacity of the sample in relation to the 
hydrogen ions (mmol/g) (numbering corresponds to the number of samples in Table 15.1)
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15.5  CONCLUSION

Using the method of pK-spectroscopy was shown that, depending on the 
method treatment of lignocellulosic composite material (unbleached soft-
wood pulp) takes place either increase or decrease in the amount of acid-
base groups of the lignocellulose products of degradation. Found that the 
impact of the solutions TiCl4, that causing breakdown macromolecule of 
biopolymers, leads to weakening of the bond of hydrogen ions with the 
corresponding ionizable groups in lignocellulosic product. Increasing the 
content of Ti(IV) in the product 6.5 times leads to an increase in its ion 
exchange capacity of from 0.37 to 1.54 mmol/g.
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16.1  INTRODUCTION

Galega orientalis Lam. refers to legumes with prevailing symbiotrophic 
nutrition [1]. It is an excellent nitrogen fixer. This is of particular impor-
tance to energy saving, environmental protection, and production of envi-
ronment-friendly products. Under favorable growing conditions, Galega 
rapidly accumulates fixed biological nitrogen from the air in the roots, the 
amount of which increases with the age of the plants. Simonov [2] found 
that the nitrogen content increased from 146 to 819 kg/ha in the grass root 
residues of G. orientalis from the first to sixth year of life. In the research 
conducted by Kshnikatkina [3], it was found that for 3 years, the amount 
of fixed nitrogen from the air, depending on the mineral nutrition supply, 
varied from 275 to 650 kg/ha.

Biological nitrogen fixation from the atmosphere is the cheapest and 
most environment-friendly source of this vital element of the plant nutri-
ents. Production of synthetic nitrogen in the form of chemical nitrogen fer-
tilizer requires significant energy costs and is not safe for the environment. 
In order to “bind” 1 kg of nitrogen from the air and get the fertilizer, which 
is incorporated into the soil, it is necessary to provide pressure of 300 at-
mospheres and a temperature of 600°C, having spent 2 m3 of gas or 15,000 
kcal of energy [4]. G. orientalis as a legume in symbiosis with rhizobia 
conducts this process in a natural manner at normal atmospheric pressure 
and the temperature of the soil. Moreover, of the total amount of the ap-
plied mineral nitrogen, plants absorb on an average only 50 percent, while 
the rest decomposes to ammonia, evaporates into the atmosphere, and is 
washed away the surface water or ground water flows, causing environ-
mental pollution. During the biological fixation of atmospheric nitrogen, 
contamination of soil, ground water, and the atmosphere is eliminated as 
the remaining unused by the plant-fixed nitrogen accumulating in stubble 
and root residues is used by subsequent crops in the rotation [2, 3].

The biological fixation of atmospheric nitrogen in G. orientalis de-
pends on the conditions of its cultivation and may be entirely absent. One 
of the critical factors necessary for an effective symbiotic activity in G. 
orientalis is its inoculation with specific strains of nodule bacteria [5]. 
This is evidenced by long-term observations and bitter failures during the 
laying of industrial plantations of G. orientalis on the soils where it previ-
ously did not grow [6]. In the centers of the origin of G. orientalis or in 
the soils where it has already grown earlier, there are specific strains of 

© 2015 by Apple Academic Press, Inc.

 



The Effectiveness of Inoculation of the Seeds	 175

its nodule bacteria and nodules are formed on the roots, while in the soils 
where it did not grow, the bacteria are completely absent and the nodules 
are not formed at all. Without nodules on the roots of the plants of G. 
orientalis, symbiotic nitrogen fixation from the atmosphere does not hap-
pen and symbiotrophic nutrition is not provided. When applying mineral 
nitrogen, plants of G. orientalis switch to autotrophic nutrition, which in 
the end leads them to a massive loss in the second or third year of their life.

It should be noted that even in the fields with a primary autotrophic 
nutrition of plants, individual nodules are sometimes formed on the roots 
of certain plants, the origin of which can be either spontaneous or because 
of random strains of nodule bacteria included with the seeds. This may ex-
plain the presence of single plants with clearly marked signs of symbiosis 
in crops sown without prior inoculation [2–5].

First Simonov [2] noticed it in the experiments carried out at the All-
Union Scientific Research Institute of Fodder in 1932. Watching the de-
velopment of G. orientalis on not fertilized heavy clay soils, he saw that 
some individual plants evolved powerfully and had a dark or bright-green 
stems and leaves, and the others, on the contrary, developed very slowly 
and their stems and leaves had yellow coloring. By comparing their root 
system, he found that well-developed plants with dark or bright-green col-
or of the stems and leaves formed great number of nodules with the bac-
teria, whereas the slow-growing plants with yellow coloring of the stems 
and leaves either did not have nodules completely or they were in small 
quantities. On the basis of this, he, for the first time, came to the conclu-
sion about the need for rhizobia inoculation of G. orientalis. He studied 
responsiveness of G. orientalis to inoculation using the soil with rhizobia 
from the old area to infect the experimental plot. As a result, it was found 
that during the two growing seasons (1934–1935) in the area not infected 
with rhizobia, G. orientalis was pathetic, the leaves and stems were yel-
low, and in the infected area, the plants from sickly turned into powerful. 
However, inoculation of G. orientalis with the soil infected with rhizobia 
was not only a very time-consuming procedure, but also turned out to be 
ineffective [2]. Further studies conducted in this direction at the Moscow 
Agricultural Academy named after K.A. Timiryazev and the All-Russian 
Scientific-Research Institute of Agricultural Microbiology made it pos-
sible to identify from the nodules of G. orientalis specific for it strains of 
nodule bacteria and obtain on their basis microbial fertilizers.

© 2015 by Apple Academic Press, Inc.

 



176	 Chemistry and Chemical Biology: Methodologies and Applications

It should be noted that the isolated strains of nodule bacteria in the effi-
ciency differed significantly among themselves, so only the most active of 
these were used to create effective microbial fertilizer, called rhizotorphin, 
which was produced industrially in the Soviet Union in Estonia, Russia, 
and Belarus at Nesvizhsky biochemical plant [6, 7]. It was mentioned in 
all the published works at the time recommendations for the cultivation 
of G. orientalis, and the need for inoculation of the seeds with specific 
strains of nodule bacteria and the efficiency of its use for these purposes 
would be stressed. In the absence of rhizotorphin, it was recommended to 
inoculate the seeds of G. orientalis with either a “mash” made from fine 
roots with nodules or with soil with small roots and nodules taken from the 
old growth plantations [6].

However, this technique was not given due attention in practice. This 
was one of the main causes of failure in the laying of the production crops 
and negative attitudes toward G. orientalis on the part of the producer, 
which ultimately negatively affected the pace of its introduction into pro-
duction in the seventies of the last century.

Such bad luck befell us in the experiments carried out with G. orienta-
lis in 2000 at the Belarusian State Agricultural Academy [8, 9]. By coin-
cidence of circumstances without prior inoculation of the seeds, a nursery 
crop of the competitive test of the variety samples of G. orientalis was 
laid. The growth and development of the variety samples of G. orientalis 
were unusual. First there were good and even sprouts, which thanks to 
the careful hand-weeding and hoeing between the rows were in the most 
favorable conditions for further growth and development. However, by 
the middle of the summer the crops started to turn yellow, and by the end 
of the growing period, there was a significant thinning of theirs. In the 
second year of life, we carried out a top-dressing with nitrogen fertilizer, 
but it did not give proper results. The plants evolved slowly, and had the 
same depressed view, and the stems and leaves were pale-yellow. In ad-
dition, mass mortality of plants, which in some plots reached 70 percent, 
was observed. We used the surviving plants for the selection and laying 
of the nursery to study biotypical composition. But before planting the 
selected species were inoculated by wetting their roots in the mash made 
from soil, water, and a new microbial inoculant containing specific to G. 
orientalis strains of the nodule bacteria. Already in the year of planting 
the transplanted seedlings began to grow rapidly, and by the end of the 
growing season, the plants acquired bright-green stems and leaves, and 
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in their development, reached the phase of the formation of beans. By the 
third year of life in the nursery planted by squarely cluster method with the 
distance between plants of 70 × 70 cm, a solid sward height of 150–185 
cm was formed [8, 9].

A new liquid microbial inoculant Vogal obtained at the Institute of Mi-
crobiology of the National Academy of Sciences of Belarus on the basis of 
isolated strains of nodule bacteria from the created by us variety Nesterka 
was used. Creation of the inoculant Vogal allowed us to find an effective 
replacement of the microbial fertilizer Rhizotorphin, production of which 
ceased in Belarus in 1992 due to the closure of Nesvizhsky biochemical 
plant, and to obtain a more efficient microbial product based on specific 
strains of root nodule bacteria to the new selection variety Nesterka. All 
this formed the basis for the implementation of further mutual cooperation 
between the Institute of Microbiology of the National Academy of Sci-
ences of Belarus and the Belarusian State Agricultural Academy.

In producing the inoculant Vogal, we took into account the principle of 
selectivity of the crop introduced in microbiology by the famous scientist 
Sergey Vinogradsky [4], the essence of which is that it is the plant that 
gives energy to microorganisms to meet its needs and the implementation 
of nitrogen fixation. He pointed out here that the selection of the active 
strains of rhizobia for nitrogen fixation near the root system not always 
makes it possible to identify the most effective ones which when inocu-
lated show high nitrogen-fixing ability. The plant usually chooses a mi-
croorganism most appropriate in a particular habitat, allowing most likely 
to isolate from the association formed on the roots those microorganisms 
that have the most beneficial effect on the plant. With this in mind, in 
order to obtain microbial preparation Vogal we used the most powerfully 
developed plant s of the variety Nesterka growing for many years in the 
experimental field of the Department of Breeding and Genetics of the Be-
larusian State Agricultural Academy.

The test of the inoculant Vogal on the other varieties of G. orientalis 
proved that it shows the highest nitrogen-fixing activity exactly on the va-
riety Nesterka. This was a confirmation of the fact that G. orientalis holds 
varietal specificity of strains of nodule bacteria, making their symbiotic ef-
ficiency higher not only at the species, but also at the varietal levels [8, 9].

In this regard, in recent years not only the selection of highly produc-
tive varieties of G. orientalis acquired relevance, but also associated with 
it symbiotic selection which must be carried out at the same time to raise 
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the nitrogen-fixing ability of the variety and the strains of the root nodule 
bacteria. G. orientalis is one of the few forage legumes, which has both 
high production (maximum yield per hectare of valuable biomass and es-
pecially protein), and the habitat formation (the highest nitrogen-fixing 
ability for backgrounds with a low nitrogen content) potential. Both po-
tentials can be realized in full only with an effective symbiosis in which 
two closely related biological processes—photosynthesis and nitrogen 
fixation—are taking place [5]. The growth of the photosynthetic apparatus 
in G. orientalis is in close correlation with the efficiency of symbiosis [3, 
10]. Therefore, the increase of the efficiency of symbiosis with rhizobia 
in G. orientalis is important for the implementation of its both production 
and habitat-forming potentials. The most important question that arises in 
this context is the relation of G. orientalis to nitrogen nutrition. For proper 
orientation in addressing this question, it is necessary to pay attention to 
the growth of G. orientalis in the wild. In nature it grows for decades 
without any attention from the man. And at the same time, it has a very 
high yield of forage and efficient symbiotic nitrogen fixation. The basis 
for the fullest realization of production and habitat-forming potential of G. 
orientalis in the natural environment is aptitude of the growing conditions 
to its biological requirements.

Introduction of G. orientalis from Northern Caucasus in cultivation 
is of stressful character for it. In the rapidly changing conditions, it be-
haves quite differently in the field crops, but it retained a biological need 
for symbiotrophic nutrition. This is evidenced by the results of numerous 
studies on the effect of nitrogen fertilizer on the nitrogen-fixing ability of 
G. orientalis. It is known that under conditions of high soil fertility, or in 
the case of applying high doses of nitrogen fertilizer, nitrogen-fixing func-
tion of Rhizobium is significantly reduced or rather suppressed [5].

In the literature, opinions on the problem how nitrogen fertilizer af-
fects nitrogen-fixing ability of G. orientalis have been divided. Some re-
searchers believe that the need for nitrogen in G. orientalis is fully met 
by symbiotic nitrogen fixation for which the necessary conditions are the 
presence of active nodules on the roots, sufficient supply of mineral nu-
trition, close to the neutral pH of the soil, its good moisture content and 
aeration [6]. The same view is held by the authors Meinsen [11], Vavilov 
and Posypanov [12, 13].

Sveshnikova and Sveshnikov [14] pointed to the oppression of the 
symbiotic nodule bacteria as a result of a nitrogen fertilizer application 

© 2015 by Apple Academic Press, Inc.

 



The Effectiveness of Inoculation of the Seeds	 179

in G. orientalis. A number of researchers believe that the application of 
nitrogen fertilizer decreases the activity of the root nodule bacteria, as a 
result the plant turns accumulator of nitrogen into its consumer [10]. Cuts-
chik [15] says that adding ammonia contained in the chemical nitrogen 
fertilizer to the cells of a nitrogen-fixing microorganism fully suppresses 
the activity of the enzyme nitrogenase without which the process of nitro-
gen fixation is impossible. In addition, in the experiments by Melnikov 
[16], it was found that in the variants where mineral nitrogen fertilizer 
was applied, the size of the biological nitrogen fixation in G. orientalis re-
duces almost three times, the total symbiotic potential—by 30–65 percent, 
and active—2.5–3.0 times. Furthermore, studies conducted in Belarus by 
Dorofeyuk and Dorofeyuk [17], Meleshko [18] proved that G. orientalis 
negatively reacts and reduces the yield of green mass when applying even 
small doses of nitrogen—30 kg of active ingredient per hectare and it is 
inappropriate to apply nitrogen fertilizers under G. orientalis. However, 
there is another view of researchers the essence of which is that applying 
small starting dose of nitrogen does not inhibit symbiosis. This view is 
shared by Raig [7]. He says that application of nitrogen fertilizers in the 
form of a starting dose of 30 kg contributes to the initial growth and devel-
opment of G. orientalis on the poor in humus soils. Studies carried out by 
the researchers of the Russian Velikoluksky Agricultural Institute found 
that the application of 30 kg/ha of the nitrogen reactant gives a significant 
yield increase [19]. The scientists from Samara State Academy of Agricul-
ture recommend applying nitrogen fertilizer in small doses (40–60 kg/ha). 
They are motivated by the fact that the nodules on the roots of G. orienta-
lis are formed only at the end of the first year of life, and in the early stages 
of growth and development, nitrogen nutrition of plants is entirely by the 
nitrogen of the soil [20]. Thus, the analysis of the literature on the efficacy 
of nitrogen fertilizers and their effects on the nitrogen-fixing ability of 
G. orientalis showed that there are different points of view among the 
researchers. Some believe that the application of nitrogen fertilizers in the 
cultivation of Galega is inappropriate and even harmful because it inhibits 
the activity of nodule bacteria and suppresses its process of symbiotic ni-
trogen fixation. Others recommend applying it in small doses, the rate of 
30 kg/ha, arguing that in the first year of life, the nutrition of plants in the 
early stages of growth and development is mainly due to the nitrogen of 
the soil, and nodules begin to form only at the end of the growing season.
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It is possible to agree with the both points of view, but we believe that 
the supporters of the complete elimination of nitrogen fertilizer and with 
mandatory inoculation of seeds of G. orientalis with specific to it strains 
of nodule bacteria have more motivations. Convincing arguments against 
the application of nitrogen fertilizer made on the basis of the results of 
the research only confirm the fact that in G. orientalis when inoculated 
symbiotrophic nutrition prevails, and it does not need mineral nitrogen. 
Moreover, the possibility of exclusion of nitrogen fertilizers in the cultiva-
tion of G. orientalis provides cost savings, environmental protection, and 
getting clean not polluted by nitrate feed.

According to Kshnikatkina [3], provision of the plant with phospho-
rous and potassium—vital nutrients not only for the growth and develop-
ment of plants, but also for the increase of their nitrogen-fixing efficiency 
affects greatly on the increase of the production and habitat-forming po-
tential of G. orientalis. The importance of phosphorus, for example, is 
due to the fact that the fixation of atmospheric nitrogen occurs with the 
participation of ATP of which it is the main component. With the lack 
of phosphorous, little ATP is produced and nitrogen from the air is fixed 
weakly. At low levels of phosphorus in the soil, nodule bacteria penetrate 
the root, but nodules are not formed on them. Phosphorus regulates all 
life processes of plants, promotes better root development, increases resis-
tance to adverse conditions in the winter, increases the longevity of grass, 
positively affects on the formation of seeds, and increases their produc-
tive properties. Healthy with a well-developed root system plants have 
the highest nitrogen-fixing ability. Potassium is known to contribute to the 
movement of carbohydrates from the leaves to the root nodules. It plays 
an important role in protein synthesis and upgrading in plants increases the 
plant transpiration rate and facilitates more efficient use of soil moisture. 
Improving the potash plant nutrition increases the photosynthesis [21].

The effect of phosphorus–potassium fertilizer on the increase of the 
nitrogen-fixing productivity of G. orientalis was studied in great detail at 
Penza State Agricultural Academy [10] where it was found that phospho-
rus–potassium fertilizer increases the total and active symbiotic potential 
of G. orientalis. Common symbiotic potential takes into account the mass 
of all nodules and the period of their life. It is always bigger than active 
symbiotic potential, which takes into account the mass of nodules with 
leghemoglobin and the duration of their operation.
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Leghemoglobin is a hemoglobin-like protein synthesized by plant 
cells. Leghemoglobin binds O2 and transports it to the symbiosomes pro-
viding the respiratory activity of the nodules. It amounts to 30 percent of 
the protein in the nodules and gives them a bright-pink color. Leghemo-
globin is similar in structure and function to the human and animal one 
which specializes, as you know, in transporting O2 and CO2. Leghemoglo-
bin is found in the cells of the root nodules inhabited by nitrogen-fixing 
microorganisms. In the first year of life of Galega, the highest indicators 
of common symbiotic and active symbiotic potential are manifested at the 
end of the growing season in the phase of stem—bud formation. In the 
year of sowing, G. orientalis develops very slowly, its symbiotic nitrogen 
fixation rates are low, the maximum increase in the number and mass of 
nodules occur in August, and reduces by the end of the growing season. 
Most nodules are formed precisely at phosphorus–potassium background. 
When applying a phosphorus–potassium fertilizer in the dose of P120 K150, 
active symbiotic potential increases by 35–46 percent, and when applying 
N30 P120 K150—by only 16 percent. Nitrogen fertilization at the rates of 30, 
60, and 90 kg/ha retards the formation of active nodules by 10, 20, and 35 
days, respectively. Increasing the dose of phosphorus and potassium twice 
provides increase of the total number of nodules by 51.1 percent, and that 
of the active ones by 49.0 percent.

A similar trend on the effect of fertilizers on the dynamics of the num-
ber and mass of nodules is manifested in the second year of life. By the 
time of the first cut from 105 to 237 mln pcs/ha of nodules with total mass 
of 171–518 kg/ha are formed on the roots of the plants, most of them 
(89–91%) are active. Adding nitrogen at the dose of reactant 30, 60, and 
90 kg/ha at the background of P60K90 reduces the mass of active nodules 
to the background of 26.8, 43.1, and 56.4 percent, respectively. In intro-
ducing nitrogen at the reactant dose of 60 kg/ha, the number and mass 
of active nodules decrease by 18.1 and 17.6 Percent, respectively. The 
greatest number and mass of nodules are formed by introducing P120K180. 
By the second cut of G. orientalis of the second year of life, 88–198 mln 
pcs/ha of the nodules with total mass of 108–271 kg/ha are formed, which 
is 16.5–21.6 percent and 25.4–27.5 percent less compared to the first cut.

Total and active symbiotic potential of the plants of the second and 
successive years is many times higher than that of the first year.

High active symbiotic potential of G. orientalis characterizes its high 
nitrogen-fixing ability. In total, over 3 years plants of G. orientalis fix from 
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the atmosphere from 267 to 720 kg/ha of nitrogen. This rate increases with 
the age of the plant; in the sixth year of life, the level of the fixed nitro-
gen reaches 800 or more kg/ha. All of the foregoing is evidence that the 
introduction of phosphorus–potassium fertilizer stimulates the activity of 
nodule bacteria and increases the nitrogen-fixing ability of G. orientalis. 
Adding mineral nitrogen, on the contrary, inhibits its process of symbiotic 
nitrogen fixation.

Phosphorus–potassium fertilizers have also a positive effect on the for-
mation of the photosynthetic apparatus in G. orientalis. This increases the 
size of leaves reaching maximum size at the flowering stage. Depending 
on the level of supply with phosphorus–potassium fertilizers, the leaf area 
of G. orientalis in the first year of life ranged from 28 to 45 thousand m2/
ha, and in the second from 70 to 109 thousand m2/ha. Maximum assimila-
tion area is formed by introducing P120K180. Phosphorus–potassium fertil-
izers have a positive effect not only on the power of the leaf apparatus, but 
also on the rate of photosynthesis and the formation of dry matter.

Trace elements, including a special role of molybdenum, have a sig-
nificant effect on the nitrogen-fixing ability of G. orientalis. Therefore, to 
strengthen the symbiotic fixation simultaneously with the inoculation of 
the seeds, it is recommended treating G. orientalis with molybdenum at 
the rate of 150 g molybdenum—acid ammonium per hectare seed rate. In 
combined application molybdenum fertilizer may be dissolved in 0.5 L of 
water and then a necessary amount of microbial fertilizer may be added to 
this solution, and the resulting suspension can be used for treating seeds. 
The criteria for the activity of nitrogen fixation are the number, size, and 
color of nodules. Nodules that actively fix nitrogen from the air must be 
of red or pink color. Nodules having a green or gray color cannot absorb 
nitrogen from the atmosphere. All this confirms the fact that the root nod-
ule bacteria can realize their full potential only in favorable conditions of 
plant growth with good security of necessary nutrients.

In recent years, the issues of the interaction of plants not only with 
rhizobia, but also with other microorganisms, which are formed on the 
roots of plants and have a beneficial effect on them have acquired greater 
urgency. A promising direction in this regard is the establishment of con-
sortiums of the most useful for the plant microorganisms isolated from the 
association, which was formed on its roots. It is those microorganisms, 
which in the course of their joint life complement each other and do not 
come together in an antagonistic relationship. With respect to G. orientalis, 
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implementation of this direction is done by creating breeding varieties 
adapted to the conditions of Belarus and their specific microbial agents on 
the basis of nodule and phosphate-mobilizing bacteria.

As a result of the study of the root nodule and phosphate-mobilizing 
bacteria isolated from the root system of the variety Nesterka of G. orien-
talis, the Institute of Microbiology of the National Academy of Sciences 
of Belarus developed a prototype of a new complex microbial preparation 
Rhizophos having not only nitrogen-fixing, but also phosphate-mobilizing 
capacity. Both of the microbial agents—Vogal previously developed on 
the basis of the specific to varieties Nesterka strains of nodule bacteria, 
and the new Rhizophos developed on the basis of the nodule and phos-
phate-mobilizing bacteria—were studied on the crops of G. orientalis in 
the experimental field of the Department of Plant breeding and Genetics 
on a small experimental plot and in production at the agricultural indus-
trial cooperative “Belle” in 2007–2008.

The aim of our study was to investigate the effect of the inoculation of 
the seeds of variety Nesterka of G. orientalis with microbial agents Vogal 
and Rhizophos on the growth of plants, their symbiotic activity, and yield 
of green mass.

The objectives of the study included the following:
–	 To study the effect of microbial agents Vogal and Rhizophos on 

plant growth, efficiency, and productivity of symbiosis and yield 
of green mass of the varieties Nesterka of G. orientalis in a small 
plot experiment.

–	 To test microbial agents Vogal and Rhizophos in the production 
crops of varieties Nesterka of G. orientalis in the agricultural in-
dustrial cooperative “Belle” Krichevsky district, Mogilev region.

Objects, Conditions and Methods of research:
Samples of microbial agents Vogal and Rhizophos were developed in 

the Institute of Microbiology at the National Academy of Sciences of Be-
larus.

Variety Nesterka was obtained in the Belarusian State Agricultural 
Academy by the method of individual selection of the best biotypes of 
the local population and the subsequent formation from them a variety 
population adapted to the local conditions. Erect shrub height of 125–180 
cm. Leaf color varies from light-green to dark-green with pigmentation. 
Raceme is an erect truss. From seven to nine trusses of 20–25 cm in length 
with 45–55 flowers are formed on the stem. The flowers are blue. The bean 
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is linear, slightly curved, 2–4 cm at length, and it has a yellow-brown col-
or. The mass of 1000 seeds is 6–8 g. The seeds are yellow, kidney-shaped.

The variety is early ripening, vegetation period lasts 85–100 days. It 
gives two to three cuts of green mass during the growing season with a 
yield of 550 to 850 mc/ha or more, the seed yield is from 2 to 8 mc/ha, 
of dry matter—150–165 mc/ha. The variety is winter-hardy, drought and 
short-term flooding resistant, and is not susceptible to diseases.

The efficiency of the prototypes of the microbial preparations Vogal 
and Rhizophos to inoculate seeds of the varieties Nesterka of G. orientalis 
was studied on a small plot in the experimental field of the Department 
of Breeding and Genetics of the Belarusian State Agricultural Academy, 
and the industrial test was carried out in a field rotation of the agricultural 
production cooperative “Belle” Krichevsky district.

The soil of the experimental plot was sod-podzolic, light loamy, under-
lain at a depth of 1 m with moraine loam. The humus content in the soil is 
1.8 percent, mobile forms of phosphorus—248 mg and of exchangeable 
potassium 190 mg per 1 kg of soil. The acidity of the soil solution is at pH 
in KCl 5.9.

The soil of the test area occupied by G. orientalis in agricultural pro-
duction cooperative “Belle” is sod-podzolic, medium loamy with the lev-
els of fertility of 30 points. The humus content is 1.8 percent, mobile forms 
of phosphorus—314 mg, exchangeable potassium—342 mg per 1 kg of 
soil. The acidity of the soil solution is at pH in KCl 6.25.

Weather conditions were very favorable for the growth and develop-
ment of G. orientalis and for the research. The amount of rainfall during 
the growing season of 2007 was 384.6 mm against the average annual 
figure of 354.5 mm, and the temperature sum was by 225.7 °C higher than 
the long-term average and amounted to 2269.5 °C against 2043.8 °C.

The experimental setup consisted of three options:
1.	 Control, sowing seeds without inoculation.
2.	 The use for the inoculation of seed biopreparation Vogal containing 

specific strains of the nodule bacteria of the variety Nesterka of G. 
orientalis.

3.	 The use of the microbial agent Rhizophos for the seed inoculation 
(specific strains of the nodule bacteria of the variety Nesterka of G. 
orientalis plus phosphate-mobilizing bacteria).

In a small plot experiment in the test field of the Belarusian State Ag-
ricultural Academy, the area of the plot was 3 m2 with a four-time replica-
tion, the location of the variants was randomized.
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The production experiment in the agricultural industrial cooperative 
“Belle” was laid in one iteration; the area of the plot of each variant was 
1.0 ha.

Phenological observations of the crops were done, phases of plant de-
velopment were recorded, and the yield of green mass was recorded. In 
the small plot experiment, the dynamics of the linear growth of plants 
was studied. Assessment of the yield was done by continuous method. 
Statistical analysis of the experimental data using analysis of variance was 
conducted.

16.2  THE RESEARCH RESULTS

A small plot experiment. Sowing of G. orientalis was held on May 21, 
2007 and the sprouts appeared on May 28. During the growing season, 
thorough care was taken of the crops, which consisted of a timely weeding 
and hoeing between the rows. This forwarded high rates of growth and 
development of the plants of G. orientalis throughout the growing season. 
In all the cases, the date of the phases of development was recorded, the 
height of plants was measured, the yield of green mass per unit of area 
was recorded, the mass of the elevated part and roots in isolation from one 
plant were determined, as well as the proportion of root relative to the total 
mass of the whole plant. Differences in the pace of the plant development 
were revealed in the studied variants of the experiment. Depending on the 
variant of the experiment, plants entered the phase of the beginning of 
flowering from 10 to 15 September (Table 16.1).

TABLE 16.1  The effectiveness of the inoculation of the seeds of variety Nesterka of 
Galega orientalis with agents Vogal and Rhizophos (2007)

Variant Phase of 
flowering

Height of 
the plant 

(сm)

Yield of the 
green mass 

(kg/m2)

Mass per one plant (g)
Elevated 

part
Root 

system
Proportion of 

the root part in 
the total mass of 

the plant (%)
Control 15.09.07 70.0 0.75 34.3 4.3 11.1
Vogal 12.09.07 100 0.93 45.0 15.0 25.1
Rhizo-
phos

10.09.07 105 1.0 46.0 16.0 25.8

LSD 05 - - 0.06 2,3 0,8 -
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Plants of G. orientalis in the experiment where microbial agent Rhi-
zophos was used for the seed inoculation flowered earlier of all the plants 
(10.09.07), and later of all (15.09.07) those in the control variant where the 
inoculation was not performed. In the experiment with the Vogal inocula-
tion, the phase of plant flowering was on 12.09.07.

Galega developed more rapidly during its all-vegetation period in the 
experiments with Rhizophos inoculation where by the end of the growing 
season in the 1st year of life beans of milky ripeness were formed, which 
is an indirect confirmation of the manifestation of phosphate-mobilizing 
bacteria activity and their positive impact on the acceleration of the pro-
cesses of life activity of G. orientalis. In the experiment with the seed 
inoculation with the agent Vogal, the plants reached the phase of the be-
ginning of the bean set, and in the control variant the phase of the begin-
ning of flowering was recorded only in single plants. Especially apparent 
were the differences in the height of plants depending on the type of the 
experiment. The tallest were the plants in the experiments with the seed 
inoculation with the microbial agents Vogal and Rhizophos, their height 
was 100 and 105 cm, respectively, while in the control variant this figure 
was significantly lower—70 cm.

These data were confirmed by the results of observations of the linear 
growth of the plants of G. orientalis during all the period of vegetation 
(Table 16.2).

TABLE 16.2  The dynamics of linear growth of the plants of Galega orientalis of variety 
Nesterka (2007)

Type of experiment Dates of measurements and plant height
(cm)

1.07 10.07 20.07 30.07 10.08 20.08 30.08 15.09
Control, crops without 
seed inoculation

10 21 26 33 40 48 55 70

Seed inoculation with 
agent Vogal

9 20 25 31 39 49 75 100

Seed inoculation with 
agent Rhizophos

10 21 25 31 39 50 76 105

The results of the measurements of the plant height every 10 days dur-
ing the growing season showed that G. orientalis in the early stages of 
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growth and development varied slightly in plant height in all the variants 
and even on August 10 its excessive height over the control variant was 
observed. It is during this period that processes of the root system and 
nodule formation occur in Galega, which are a determining factor for ac-
celerating growth and development of plants. In the cases where the plants 
formed a stronger root system and more nodules, the rates of their further 
growth were significantly higher (Figure 16.1).

FIGURE 16.1  Dynamics of plant growth of G. orientalis in the first year of life with and 
without seed inoculation (2007).

In the plants inoculated with the agents Vogal and Rhizophos, many 
large pink nodules were formed on the roots, in the control variant there 
were significantly fewer of them. It should be noted that in the experimen-
tal field of the Department of the Selection and Genetics, specific strains 
of nodule bacteria are still present in the soil as G. orientalis has been 
intensively cultivated here since 1982. And even in these conditions, in-
oculation contributed not only to the increase of the yield of green mass 
of G. orientalis in the first year of life, but also significantly accelerated 
the development of plants. Nodules formed on the roots of the inoculated 
plants had a large size; the plants were of larger mass unlike those with-
out inoculation. At the same time, simultaneous inoculation of plants with 
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nodule bacteria strains and phosphate-mobilizing bacteria was more effec-
tive and already in the 1st year of life provided intensive growth of the root 
system, the mass of which in relation to the total mass of the whole plant 
had a significant excess compared to the other variants.

Mass of the elevated part of the plant of Galega ranged in the variants 
from 34.3 to 46.5 g. More vigorous plants were in the variant where the 
agent Rhizophos was used for inoculation and the share of the root in the 
total mass of the plant was 25.8 percent versus 11.1 percent in the control 
and 25.1 percent in the variant where agent Vogal was used to inoculate 
Galega. Pronounced differences in the capacity of the development of the 
root system in the variant where agent Rhizophos was used for the seed 
inoculation testify to the efficient operation of the phosphate mobilizing 
bacteria, which certainly confirms the high efficiency of the preparation to 
inoculate G. orientalis in order to raise not only its habitat formation, but 
also production potential.

Thus, inoculation of G. orientalis with agent Rhizophos accelerates 
ripening for 6–7 days, stimulates plant growth in height of 40 cm and 
more, preserves productive herbage, and provides increase of the green 
mass yields by 80–100 percent.

In the conditions of the agricultural production cooperative “Belle,” 
there were significant differences in the growth and development of G. 
orientalis already in the first year of life in the control variant where sow-
ing was conducted without seed inoculation compared to the variants that 
were inoculated. In the absence of inoculation of seeds during the growing 
season, Galega developed slowly, and by the end of the growing season 
looked weakened and depressed. In both variants with the inoculation of 
seeds with both Vogal and Rhizophos plants developed dynamically, and 
by the end of the growing season had a saturated bright-green color. By a 
visual comparison of the variants with Vogal and Rhizophos inoculation, 
no external differences were observed. Analysis of the root system showed 
that nodules were not formed at all on the plant roots in the control variant, 
and in both cases with inoculation there were a lot of them. At the same 
time, in the variant with seed inoculation with agent Rhizophos, plants had 
a strong root system and more nodules were formed on it.

In the second year of life in the control variant, where the inoculation 
was not carried out, crops of G. orientalis almost did not develop and by 
the end of the growing season were even more unsightly than in the first 
year of life. And the roots of the plants still had no nodules. Moreover, 
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plants of G. orientalis were almost entirely supplanted by grasses and 
weeds only a few remained who had pale-yellow and stunted appearance.

In the variants with the inoculation with agents Vogal and Rhizophos, 
on the contrary, good high-yielding and stable herbage was formed. Dur-
ing the growing season, there were two cuts of green mass. The first cut 
was less productive, and amounted to 111.0 mc/ha in the control variant, 
in the variants with Vogal inoculation—131 mc/ha, with Rhizophos—144 
mc/ha (Table 16.3).

TABLE 16.3  Productivity of green mass of Galega orientalis in the agricultural 
production cooperative “Belle” in the second year of life (2008)

Variant of the experiment Yield of green mass in the second year 
of life (mc/ha)

First cut Second cut

Control, without inoculation 111.0 170.0

Inoculation of seeds, with agent Vogal 131.0 350

Inoculation of seeds, with agent Rhizophos 144.0 370

LSD05 13 19

In the second cut, productivity in the control variant was also very low 
and amounted to 170.0 mc/ha, while in the variants with inoculation this 
figure was much higher and amounted to 350 and 370 mc/ha.

Analysis of the individual plants in height, the power of the root sys-
tem, and the number of the formed nodules in each variant showed that 
production and habitat-forming potential of G. orientalis differed signifi-
cantly in variants.

In the control variant where inoculation was not carried out, the plants 
had light-green or yellow color of the leaves and stems, their height did 
not exceed 60 cm, and the nodules on the roots were completely absent. In 
the variant with the seed inoculation with the agent Vogal, on the contrary, 
plants developed dynamically, had saturated bright-green color of leaves 
and stems with a minimum height no less than of 110 cm, a strong root 
system with a large number of nodules. The most powerful development 
of plants was observed in the variant with the inoculation of seeds with the 
agent Rhizophos. This resulted in a more powerful and well-developed 
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root system, a large number of nodules and more rapid passage of the 
phases of plant development. More shoots were formed on the root system 
of the plants. However, there were no significant differences in yield be-
tween the variants with the inoculation with agents Vogal and Rhizophos. 
Inoculation of G. orientalis with agents Vogal and Rhizophos, compared 
to the control, accelerates ripening for 6–7 days, stimulates plant growth 
in height by 40 cm and more, preserves productive herbage and provides 
steady increase of the yield of green mass.

16.3  CONCLUSIONS

1.	 Nitrogen fertilizers suppress the activity of nodule bacteria and re-
duce the nitrogen-fixing ability of G. orientalis whereby it goes 
on autotrophic nutrition and turns from the accumulator into con-
sumer of nitrogen.

2.	 Production and habitat-forming potential of G. orientalis depends 
on the quality of the variety and efficiency of its interaction with 
plant microorganisms.

4.	 A prerequisite for symbiotic nitrogen fixation in G. orientalis is the 
presence of specific for it strains of nodule bacteria in the soil or on 
plant roots.

5.	 The effective microbial agents to inoculate seeds of G. orientalis 
are Vogal and Rhizophos the application of which arouses the ac-
tivity of nodule bacteria and the formation of nodules stimulates 
plant growth in height by 43–50 percent and accelerates seed ripen-
ing for 6–7 days.
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17.1  INTRODUCTION

In the Republic of Belarus after the Chernobyl nuclear power plant acci-
dent, 23 percent of the total agricultural land or 1.8 million ha were radio-
actively contaminated. Of these, 12.9 percent or 1.18 million ha continue 
to be used for agricultural production. The main sources of the radioac-
tive contamination are long-lived radionuclides cesium-137 (Cs 137) and 
strontium-90 (Sr-90), wherein greater part of which has got accumulated 
in the soil. They come from the soil into the atmosphere, water, plants, 
and are included in the feed and food chain while increasing the dose of 
external and internal exposure of humans [1]. In this regard, in the agroin-
dustrial complex of the Republic of Belarus, priority is given to the prob-
lem of producing standard agricultural products in the contaminated areas. 
The solution of this problem is impossible without scientific justification 
and analysis of all the factors that affect the movement and reduction of 
radionuclides in agricultural products in the process of production and en-
tering into the human body through the food chain: soil →  plants → farm 
animals → livestock products → people [2].

On the basis of scientific analysis, protective measures to reduce the 
level of the radionuclide contamination of crop products are designed 
and implemented. Interventions are based on the laws of interaction of 
radionuclides with the soil and plants. This takes into account the physi-
cochemical properties of radionuclides and features of their admission to 
the plant, mechanical, agrochemical, and mineralogical composition of the 
soil, biological features, and conditions of the plant nutrition, species, and 
varietal composition of the crops and a number of other factors [3]. Know-
ing, for example, physicochemical properties of radionuclides and their 
interaction with plants, restriction of their admission to the plant has been 
targeted. It is known that cesium-137 in the exchangeable processes in the 
soil is similar to potassium, and strontium-90 to calcium. Both radionu-
clides are characterized by high biological mobility and can be rapidly ab-
sorbed by plants. So, sufficient supply of potassium and calcium in the soil 
is essential for preventing their replacement by radioactive cesium-137 
and strontium-90 analogs in the plants during nutrition, thus preventing 
their accumulation in agricultural products [3].

An important factor in reducing the intensity of the radionuclide ac-
cumulation in plants is the mechanical and mineralogical composition of 
the soil, and its ability to sorption of radionuclides. Radionuclides in the 
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soil are found in a variety of forms—soluble, exchangeable, unexchange-
able, and firmly fixed, which affect their availability to plants. By the 
availability of radionuclides to plants, there are hard and easily accessible 
forms. Availability of radionuclides to plants depends on the strength of 
their fixing in the soil. It was found that cesium-137 is fixed in the soil 
more rapidly than strontium-90 [4, 5]. During the period from 1987 to 
2006, the content of hard available forms to plants, firmly fixed in the 
soil forms has more than doubled and amounted to 70–84 percent of the 
total, while the proportion of readily available forms has significantly de-
creased. Strontium-90, on contrast, is characterized by the predominance 
of easily accessible for plant forms that make up 53–87 percent of the 
total amount, and over time there is a tendency for them to increase [4]. 
Availability of radionuclides to plants can be regulated by agricultural ac-
tivities aimed at increasing the fertility and sorption capacity of soils. The 
higher the fertility of the soil, the stronger the sorption of radionuclides, 
and the less they are accumulated by plants. Durability of the sorptions of 
redionuclides is closely related to the structure of the soil and its particle 
size, distribution of humidity, with its content of organic matter and other 
characteristics of the soil. Sorbent capacity of the soil rises from the sandy 
sod-podzolic, loamy sod-podzolic to humus. In these soils, the dispersity 
of soil particles, the content of clay minerals, and organic matter increase. 
The more organic matter there is in the soil, the higher the adsorption of 
radionuclides and the less they accumulate in plants [5]. The type of the 
root system of plants, its capacity, and location in the soil has a significant 
effect on the accumulation of radionuclides. It was found that plants with 
a fibrous root system located in the upper layers of the soil, where most 
of the radionuclides accumulate, adsorb more of them than plants with a 
tap root system that penetrates deeper and in “cleaner” soil horizons. This 
means that species and varietal characteristics of crops affect the accumu-
lation of radionuclides in plants. It was found that depending on the spe-
cific characteristics of the plants the differences in the degree of the radio-
nuclide accumulation by crops range from 5 to 50 times. Thus, on the soils 
with the same density of pollution, accumulation of cesium-137 in the dry 
matter of individual crops may vary up to 50 times, and strontium-90–30 
times. Significant differences in the accumulation of radionuclides are also 
noted among the varieties and reach triple sizes. This allows, without ad-
ditional costs by proper selection of varieties, to reduce the concentration 
of radionuclides in the crop production by three times [5].
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In the selection of crops and varieties for the conditions of radioactive 
contamination, feasibility of their cultivation should be considered. As the 
priority sector of agricultural production in the affected areas is animal 
husbandry, a special importance is given to feed crops. Of particular im-
portance in this regard is a new fodder crop G. orientalis, which along 
with high feeding qualities is characterized by all the characteristics and 
properties of positively influencing the consolidation of radionuclides in 
the soil, thus reducing their content in plants. Varietal diversity of the crop 
is of practical interest for its importance to obtain products with a lower 
content of radionuclides.

Therefore, the aim of our study was to investigate the effect of varietal 
differences of G. orientalis on the accumulation of radionuclides while 
cultivating the plants in the conditions of radioactive contamination.

The experiments to study the varietal differences in G. orientalis on 
the radionuclide accumulation were carried out in the industrial crops in 
the agricultural industrial cooperative “Privolny” in Slavgorodsky district, 
Mogilev region, located in the area with high level of radioactive contami-
nation.

The objects of the study were regionalized variety Nesterka and new 
variety samples of G. orientalis BSAA-1, BSAA-4, BSAA-5, and BSAA-
6 created at the Department of Selection and Genetics of the Belorussian 
State Agricultural Academy.

THE OBJECTIVES OF THE STUDY WERE

•	 to take the samples from the soil and plants of G. orientalis present 
in the experimental plots and determine their level of cesium-137 
and strontium-90.

•	 to calculate the transition ratio (Tr) of cesium-137 and strontium-90 
from the soil to the herbage of the studied cultivars and variety sam-
ples of G. orientalis.

•	 to lay the industrial crops and seed plot of G. orientalis Nesterka in 
the agricultural industrial cooperative “Privolny.”

•	 to provide scientific methodological and practical assistance in 
growing G. orientalis in the conditions of radioactive contamination 
and to be used for feeding purposes.
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17.2  METHODOLOGY OF THE RESEARCH

The laying of the field experiments was carried out in 2005 by the standard 
technique. The area of the crops of variety Nesterka was 15 ha, and each 
variety sample had a plot of 100 m2. The effect of the varietal differences 
in G. orientalis on the degree of the radionuclide accumulation was stud-
ied in the crops of the first and second years of life. Variety Nesterka was 
a standard.

The accumulation of radionuclides in the variety samples of G. ori-
entalis was determined by the ratio of their transition from the soil to the 
crop. For this purpose in the production, crops of each variety sample, 
triplicate trial plots size of 1 m2 were laid, in which mating soil and plant 
samples were selected and analyzed for radionuclides cesium-137 and 
strontium-90. The level of the accumulation of cesium-137 and stron-
tium-90 in the plants was defined by the Tr, which was determined by the 
ratio of the specific activity of plant sample (Bq/kg) to the surface activity 
of the soil (kBq/m2).

The general agrochemical characteristic of the soil was determined by 
the standard methods.

The determination of radionuclides in the samples was carried out by 
the method of spectrometry with beta-gamma spectrometer MKS-1315.

Statistical processing of the experimental data was performed by the 
analysis of the variance.

17.3  RESULTS AND DISCUSSION

G. orientalis Lam. is a perennial legume with high production potential 
and forage qualities. By growing in one place for more than 20 years, it 
is able to annually produce yield of green mass of 56–98 t/ha. It can be 
used for making grass meal and cutting, granules, pellets, hay, haylage and 
silage, and green fodder in the system of green conveyor. Feed of Galega 
is suitable for feeding farm animals, poultry, and can be used in fish farm-
ing. Using G. orientalis in the diet increases the milk yield of cows by 14 
percent [5]. High productivity is combined with high nutritional value of 
the feed: 100 kg of the green mass have 20–28 feed units, that of silage it 
is 20–22, and of hay it is 55–60. A feed unit contains 150–270 g of digest-
ible protein. According to the chemical composition and nutritional value, 
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G. orientalis is equivalent or superior to alfalfa and clover. Green mass is 
characterized by high dry matter content—20–25 percent. Depending on 
the conditions of growth and development phases of the plant, dry mat-
ter of the green mass contains from 18.5 to 32.6 percent protein, 1.5–3.0 
percent fat, 24.5–31.7 percent fiber, 33.6–42.2 percent nitrogen-free ex-
tractives, and 6.0–10.3 percent ash. Protein contains 18 amino acids, of 
them essential amount to 38–47 percent. Green mass of G. orientalis is an 
important source of vitamins. It contains, depending on the phase of the 
plant development, from 50 to 60 mg/100 g carotene and 500–900 mg/100 
g ascorbic acid. There is also high content of chlorophyll in it—748.6 mg/
kg, which plays an important role in metabolism and blood circulation. 
In addition, G. orientalis contains physiologically active substances, such 
as galegin, netannin, and hinozolon that stimulate lactation in animals by 
stimulating the sympathetic adrenaline system and reinforcing the process 
of blood formation and blood circulation [6].

For cultivation in the conditions of radioactive contamination of 
particular importance in Galega is its capacity to resist wind and water 
erosion, restore and increase the fertility of the soil, and improve its 
structure. Academic V.R. Williams (1951) wrote [7] that only in struc-
tural soils, it is possible at the same time to supply the plant with mois-
ture and air, to create a normal water, air, heat, redox, microbiologi-
cal and nutrient regime and combat the influence of weather extremes. 
The results of a long-term study of G. orientalis plantation located on 
the slopes of steep 6–7°C prove its ability to prevent soil erosion. It 
was found [8] that after 11 years on the plantation of G. orientalis, 
erosion was completely eliminated and the previously lost soil fertility 
was restored. G. orientalis has a positive impact on improving the soil 
structure. Thanks to the deep penetration into the soil, the root system 
brings nutrients from deeper layers in the surface, and not only loosens 
the soil, but also enriches it with minerals (calcium and magnesium), 
thus contributing to the improvement of the structure. G. orientalis also 
increases the concentrating ability in relation to potassium, phosphorus, 
and certain trace elements, such as cobalt, copper, molybdenum, boron, 
zinc, and manganese.

Crops of G. orientalis are able to leave behind in a 1/2-meter layer 
of the soil up to 15–18 t of organic matter containing 250 kg of nitrogen, 
120 kg of phosphorus, 250 kg of potassium, and 350 kg of calcium. G. 
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orientalis can be used as a biological soil improver. Owing to the intake 
of calcium and magnesium from the deeper soil horizons and by enriching 
with them the plowing and subsurface horizons, soil acidity is reduced 
[9]. High biological activity of the crop promotes intensification of the 
formation of humus. The process of humus formation depends on the age 
of the plant and availability of moisture and nutrients. Since the fourth 
year of the life of plants, humus content in the plantations of Galega in-
creases by 0.12–0.13 percent per year [10]. Galega is a good precursor 
for cereals and row crops, which can significantly raise the productivity 
of the crop rotation. After it barley increases the yields by 14–19 cwt/ha, 
spring wheat—10 cwt/ha, potatoes—85 cwt/ha, and beets—277 cwt/ha. 
The studies on the contaminated territories of Russia confirm its high and 
multifunctional value. When being cultivated in conditions of radioactive 
contamination, it not only provides cheap and high-quality feed, but also 
increases the fertility of the soil, maintains a positive balance of humus, 
enriches the soil with organic matter, which acts as a sorbent intensively 
binding radionuclides in the soil. It produces high yields over the years 
and at the same time accumulates radionuclides in the feed mass not great-
er than cereal grasses [11, 12].

Thus, the complex of economically useful traits and biological prop-
erties, characteristic of G. orientalis, makes it possible to consider it as 
a promising forage crop for the cultivation in the radioactively contami-
nated areas of the Republic of Belarus, and doing a scientific research of it 
in the contaminated areas is an objective necessity.

The soil of the experimental fields was sandy sod-podzolic. The hu-
mus content was 1.98 percent, mobile form of phosphorous—168 mg, 
exchange potassium—264 mg per 1 kg of the soil. The acidity of the soil 
solution was at the pH 6.25 in KCl.

In the year of starting the field experiments, the amount of radioactive 
cesium in the soil in different variety samples varied from 713 to 746 Bq/
kg, and strontium—90 from 27.8 to 31 Bq/kg (Table 17.1).
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TABLE 17.1  Accumulation of radionuclides of cesium-137 and strontium-90 by the 
variety samples of Galega orientalis of the first year of life (year 2005)

Variety and variety 
samples

Cs-137 in 
the plants
(Bq/kg)

Cs-137 
in the 
soil

(Bq/kg)

Tr
Cs-137

Sr-90 in 
the plants
(Bq/kg)

Sr-90 in 
the soil
(Bq/kg)

Tr
Sr-90

Nesterka (standard) 28.4 739 0.147 19.9 29.5 2.59

BSAA-1 25.4 713 0.135 19.5 28.6 2.62

BSAA-4 29.7 746 0.153 21.2 29.4 2.77

BSAA-5 27.4 723 0.146 18.9 27.8 2.61

BSAA-6 30.2 719 0.162 23.7 31.0 2.94

LSD05 2.8 0.010 1.3 0.19

Note: LSD05 the least significant differences; Tr—transition ratio, Bq—becquerel, Sr—
strontium, and Cs—cesium.

In the plants, this parameter was much lower and amounted to 25.4–
30.2 Bq/kg on cesium-137 and 18.9–23.7 Bq/kg on strontium. That proves 
the fact that transition of strontium-90 into plants takes place more inten-
sively than cesium-137, which is connected with its greater mobility in the 
soil and hence greater availability to plants. As to the varietal differences, 
they were revealed both by the degree of the accumulation of cesium-137 
and strontium-90. Variation of this parameter on cesium-137 in the vari-
ety samples was from 0.135 to 0.169. The variety sample BSAA-1 was 
characterized by the lowest Tr of cesium—137 (Tr 0.135), and the variety 
sample BSAA-6 had the highest (Tr 0.162). The Tr of strontium-90 was 
much higher and amounted among the samples to 2.59–2.94. The variety 
sample BSAA-6 had a reliable excess over the standard in the degree of 
radionuclide accumulation; the rest variety samples were at the standard 
level on this parameter.

In 2006, the analysis of the soil and plant samples showed differences 
in their content of radionuclides, cesium-137 and strontium-90, compared 
to the previous year and among the samples. In the soil, the cesium-137 
content varied among the samples from 700 to 745 Bq/kg, and stron-
tium-90—from 24.5 to 29.9 Bq/kg (Table 17.2).
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TABLE 17.2  Accumulation of radionuclides cesium-137 and strontium-90 by the variety 
samples of Galega orientalis in their second year of life (Year 2006)

Variety and variety 
samples

Cs-137 in 
the plants
(Bq/kg)

Cs-137 in 
the soil
(Bq/kg)

Tr
Cs-137

Sr-90 in
the plants
(Bq/kg)

Sr-90 in 
the soil
(Bq/kg)

Tr
Sr-90

Nesterka (standard) 26.3 731 0.136 19.3 24.5 2.54

BSAA-1 21.1 745 0.109 17.4 27.3 2.29

BSAA-4 27.3 726 0.141 19.9 29.9 2.63

BSAA-5 29.4 700 0.153 20.5 26.2 2.67

BSAA-6 22.6 711 0.116 20.0 28.0 2.64

LSD05 3.0 0.016 1.8 0.24

In the plants, variation of the radionuclide content among the samples 
was also revealed. Cesium-137 content varied from 21.1 to 29.4 Bq/kg, 
and strontium from 17.4 to 20.5 Bq/kg. The Tr of radionuclides from the 
soil into the plants was a little lower compared to the previous year and 
amounted to o cesium—137 depending on the variety sample 0.109–0.153 
against 0.135–0.162, and on strontium—90 it was 2.29–2.67 against 2.59–
2.94.

Annual data differences confirm the trend and variability of the process 
of radionuclide transfer from the soil to the plants. The significance of 
differences in the degree of the accumulation of radionuclides depending 
on the variety samples was confirmed by the results of the variance analy-
sis. Hence, in the variety sample BSAA-1, the ratio of cesium-137 accu-
mulation was 0.109 and was significantly lower than that of the standard 
variety Nesterka (Tr 0.136) and the variety samples BSAA-4 (Tr 0.141) 
and BSAA-5 (Tr 0.153). Differences of the variety samples BSAA-1 and 
BSAA-6 in the degree of the radionuclide accumulation are not reliable 
and within the margin of allowable error. The same relationship is ob-
served in the variety sample accumulation of strontium—90. The Tr in 
them was 2.29–2.64. The variety sample BSAA-1 accumulates signifi-
cantly less strontium in the plant than the other varieties and it had the 
lowest transfer ratio (2.29).

Depending on the cut the transfer of radionuclides in the green mass 
also changed. In the green mass of the first cut, the radionuclide content 
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was higher than in the second one. The Tr of cesium-137 in the first cut 
ranged among the variety samples from 0.126 to 0.161, and in the second 
one—from 0.092 to 0.145 (Table 17.3).

TABLE 17.3  The accumulation of radionuclides in the green mass of the first and second 
cuts of Galega orientalis (year 2006)

Variety and variety sam-
ples

Cs-137 in the 
green mass 

(Bq/kg)

Tr Cs-137 Sr-90 in the 
green mass

(Bq/kg)

Tr
Sr-90

First cut

Nesterka (standard) 28.0 0.145 21.0 2.77

BSAA-1 24.3 0.126 18.5 2.44

BSAA-4 29.5 0.153 20.1 2.65

BSAA-5 31.0 0.161 19.5 2.57

BSAA-6 26.7 0.138 21.4 2.82

LSD 05 3.4 0.018 1.8 0.24

Second cut

Nesterka (standard) 24.7 0.128 17.6 2.32

BSAA-1 17.8 0.092 16.3 2.15

BSAA-4 25.0 0.130 19.8 2.61

BSAA-5 27.9 0.145 20.4 2.52

BSAA-6 18.4 0.095 18.7 2.46

LSD 05 3.0 0.016 2.0 0.26

For strontium—90, this figure in the first cut was 2.44–2.82 and 2.15–
2.61 in the second one. Thus, a tendency to the reduction of the radionu-
clide content in the green mass from the first cut to the second one was 
defined.

We also carried out a comparative evaluation of the Tr of cesium-137 
and strontium-90 in the G. orientalis and red clover herbage. The Tr of 
cesium-137 in G. orientalis and clover differed insignificantly and ranged 
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from 0.092 to 0.161 in G. orientalis and 0.080–0.210 in the red clover 
(Table 17.4).

TABLE 17.4  Differences in the radionuclide accumulation in the green mass of Galega 
orientalis and red clover (year 2006)

Radionuclides Galega orientalis Clover

Tr Cs-137 0.092–0.161 0.080–0.210

Tr Sr-90 2.15–2.82 3.40–6.96

The Tr of strontium-90 in the green mass of G. orientalis was half as 
much than that of the red clover and amounted to 2.15–2.82 and 3.40–
6.96, respectively.

However, it should be noted that during the first 2 years of life, the 
herbage of G. orientalis forms slowly. In the first year of life, the root 
system grows and develops more intensely, thus laying the basis for many 
years of productivity and the above-ground mass developing very slowly. 
In the second year of life, the development of the root system and the 
above-ground organs of G. orientalis occurs approximately at the same 
rate, but does not reach the maximum productivity. The peculiarity of G. 
orientalis is its ability to increase its biological, ecological, and produc-
tional potential [12] with each successive year; so, to study better the ef-
fect of the varietal differences of G. orientalis on the radionuclide accu-
mulation from the soil, the investigations are to be continued.

In addition to doing research, we laid in the agricultural production 
cooperative “Privolny” on the area of 15 ha industrial crops of G. orienta-
lis Nesterka variety for the feed use. Following the procedure of acceler-
ated intraeconomic seed growing developed by us for Nesterka variety, we 
transplanted the pregrown in the Belorussian State Agricultural Academy 
seedlings on the seed plot. Planting of seedlings was carried out manually 
with the nutritional area of 70 × 70 cm2. The area of 0.5 ha is located next 
to the farm. Because of the availability of organic matter and nutrients in 
the soil and timely nursing of the plants, it was possible already during the 
first year of life to form a good herbage of G. orientalis which will allow 
the farm to obtain varietal seeds for many years and gradually expand 
areas of industrial crops .
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17.4  CONCLUSIONS

1.	 The urgent problem of agricultural production in the conditions of 
radioactive contamination is to obtain standard clean agricultural 
products.

2.	 A priority sector of agricultural production in the radionuclide-con-
taminated areas is livestock breeding, which is inseparably linked 
to the fodder production.

3.	 A promising crop for increasing efficiency of the forage production 
and obtaining standard clean feed in the conditions of radioactive 
contamination is G. orientalis. Compared with the red clover G. 
orientalis, half as much accumulates strontium-90.

4.	 Varietal differences influence on the accumulation of radionuclides 
from the soil in the plants of G. orientalis. The variety sample of 
G. orientalis BSAA-1 accumulates radionuclides significantly less 
than the other samples, and its Tr had the lowest score and con-
tained cesium-137–0.109, strontium-90–2.29 or by 0.027 and 0.25 
lower than in the standard variety Nesterka, respectively.

5.	 Study of the variety samples of G. orientalis by the degree of the ra-
dionuclide accumulation in the cultivation of the provocative back-
ground of radioactive contamination of soils is an important factor 
in increasing the efficiency of breeding radiophobian varieties .

6.	 Doing research in the radioactively contaminated environment en-
hances the effectiveness of the production of standard clean agri-
cultural products, significantly accelerates the implementation of 
new scientific developments, and increases practical interest in sci-
ence on the part of producers.
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18.1  INTRODUCTION

The distribution of fruit crops in the regions of a country according to their 
requirements to the weather and soil growing conditions makes it possible 
to achieve the optimum productivity and fruit quality by means of realiz-
ing the agrobiotical factors and crop characteristics valuable for economy, 
that is to use to the fullest degree their biological potential which means 
the total spectrum of the characteristics variability that manifest them-
selves as a result of the genotype and environment interaction. It is just the 
factors, which ensure the optimum productivity and fruit quality that are 
of the greatest importance in this variability [1–4].

The methods of measuring distribution of fruit crops existing at the 
present time [2, 5] are not always applicable under the conditions of 
Ukraine. Therefore, the methods were elaborated based on the capabil-
ity of crops to display their biological potential in the concrete soil and 
climatic conditions. On the basis of those methods, the regions have been 
chosen in Ukraine, which are the most favorable for the industrial cultiva-
tion of the main fruit crops—apple, pear, plum, cherry, sweet cherry, and 
apricot.

18.2  MATERIALS AND METHODS

The objects of the researches were production and experimental orchards, 
which are in the major soil and climatic regions of Ukraine. For the analy-
sis, the 20-year data about the yield of those crops main cultivars were 
used as well as the everyday information from the meteorological stations 
adjoining to the investigated orchards. The weather conditions computer 
base was created to process the received data, which enables to analyze 
them with the use of the existing methods [6, 7, 8].

The methods of the region integral criterion as concerns weather con-
ditions were formed on the basis of obtained equations and formula for 
the calculation of the weighted sum of standardized deviations from the 
predetermined ideal [9].

The degree of the soil favorability for each crop was determined on the 
basis of the generalized field data, experimental data, and corresponding 
scientific literature.
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18.3  RESULTS

The proposed methods are based on the selection of regions favorable 
for the fullest concrete crop biological potential realization and include a 
number of stages. Let us consider the realization of those methods using 
the example of sweet cherry.

1.  FORMULATION OF THE FRUIT CROP REQUIREMENTS TO 
THE WEATHER CONDITIONS AND DETERMINATION OF THE 
COUNTRY’S REGIONS THAT MEET THOSE REQUIREMENTS.

As a result of generalizing the data of studying the sweet cherry reaction 
to the main environmental factors, we determined [10] that for the fullest 
realization of this crop biological potential, the necessary amount of tem-
peratures above 10°C is 2,600°C, the number of days with the temperature 
above 15°С for the vegetation period must be not less than 110, and mini-
mum temperatures during the sweet cherry dormancy period should be 
not below −23°C. Besides, those regions should be considered favorable 
for the sweet cherry cultivation where the temperatures below −23°C oc-
cur not oftener than during 20 percent of winters, limitedly favorable are 
those where such temperatures are in 21–39 percent of winters and in un-
favorable regions such temperature reduction takes place in more than 40 
percent of winters. Short-term reductions of the temperature in the phase 
of “white bud” may not exceed −4°C and in the flowering period −0.6 to 
−2°C. The risk of such temperature occurring exists to a certain degree in 
all the regions, but their probability corresponds on the total to that of the 
temperature reduction during the dormancy period and does not demand 
the correction of the above-mentioned zones.

So favorable as to the weather conditions for the sweet cherry cultiva-
tion are larger part of the Steppe and partly the Forest-steppe of Ukraine.

2.  THE CLASSIFICATION OF SOILS CONCERNING THEIR 
FAVORABILITY FOR A CONCRETE FRUIT CROP.

Sweet cherry is more sensitive to the soil conditions compared to other 
fruit crops. The total state and productivity of this crop correlate directly 
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with the humus horizon power, especially on the skeletal, high-carbonate, 
sandy and other low-productive soils. Sweet cherry is one of the most sen-
sitive crops to the clay content [8]. The sweet cherry requirements to soil 
are determined to an important degree by a rootstock. For the sweet cherry 
on the mahaleb cherry, the light-textured soils are favorable even with the 
high carbonate content.

On the sandy loam chernozems, sweet cherry on this rootstock is more 
productive than on the cherry. On the heavy-textured soils, it on the maha-
leb cherry, on the contrary, develops badly and this rootstock is unfavor-
able here [8].

The following soils are favorable for sweet cherry: leached cherno-
zems, podzolized chernozems, regraded chernozems, typical chernozems, 
typical moist chernozems, common chernozems, common meadow cher-
nozems, southern chernozems, dark-residually alkaline soils, light gray 
forest, chestnut grey forest soils, dark grey podzolized soils, soddy-pod-
zolic loamy and sandy loam soils, dark grey podzolized regraded soils, 
and soddy brown warm soils.

We refer to the limitedly favorable soils as follows: common cherno-
zems, southern alkaline chernozems, chernozems on fine clay, dark chest-
nut alkaline soils, chestnut alkaline soils, typical meadow chernozems, 
chernozems on the eluvium of the carbonate rocks, soddy carbonate soils 
on the eluvium of the carbonate rocks, chernozems on the eluvium of the 
thick rocks, soddy soils on the eluvium of the thick rocks, soddy podzol-
ized loamy gley soils, podzolic brown soils, podzolic gleyed soils, brown 
mountain soils, medium-eroded chernozems, and podzolized soils.

Unfavorable for sweet cherry are soddy chernozems, sandy soils, weak-
ly humus sands, soddy podzolic sandy soils, soddy sandy soils, meadow 
soils, meadow alkaline soils, meadow bog and bog soils, peat-boggy soils, 
turf-peats, meadow chernozem soils, meadow chernozem alkaline soils, 
solonetzs, meadow chernozems, soddy solodized gley soils, degraded 
solonetzs, strongly eroded chernozems, podzolized soils, brunizems, dark 
brown soils, mountain meadow acidic soils, and alkaline chernozems on 
fine clay.

The soils, which are favorable for sweet cherry, lie compact in the For-
est-Steppe and Steppe. It should be noted that among the favorable soils 
there are many heavy ones. They are unfavorable for sweet cherry on the 
mahaleb cherry seedlings; however, it may be grown successfully here on 
other rootstocks.
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The limitedly favorable soils occur most frequently in the Donbas, on 
the left bank of the Dnieper, in Crimea, Southern Steppe, Western Forest-
Steppe, and Transcarpathia. Most of the unfavorable soils are in the Wood-
lands, Carpathians, and Mountainous Crimea and in the valleys of rivers.

3.  INTEGRAL CRITERION OF THE FRUIT CROP (CULTIVAR) 
BIOLOGICAL POTENTIAL REALIZATION DEGREE IN THE CONCRETE 
SOIL AND CLIMATIC CONDITIONS.

We consider that the crop distribution to regions on the basis of taking into 
consideration main soil and climatic factors can be merely approximate 
because it does not reflect in full the peculiarities of certain cultivars and 
the genotype interaction with the total spectrum of the environment con-
ditions. That is why we suggest that the most favorable for a certain crop 
(cultivar) regions should be specified by means of the integral criterion of 
this crop (cultivar) biological potential realization degree under the con-
crete cultivation conditions. This process includes the following stages.

(1)	 The collection of the data about the crop (cultivar) productivity and 
weather conditions of regions for a certain period. This collection 
can ensure the authenticity on the 95 percent level. The calcula-
tion of regression equations of the productivity dependence on the 
weather conditions.

(2)	 The possible contribution of calculation of the weather factors into 
the crop (cultivar) productivity realized by means of the multipli-
cation of the difference between minimum and maximum values of 
each factor to corresponding coefficients under variables in regres-
sion equations.

(3)	 The calculation of the integral criterion (IC) of the favorability of 
regions for crops (cultivars):

( )
1

IC
N

a a a

a a

Y X X
C=

-
= ∑ ;

	 where Ya is the weight coefficient, Ca is the standard deviation, Xa is 
the desirable level of the weather factor a and its virtual value; and 
N is the amount of factors.

© 2015 by Apple Academic Press, Inc.

 



212	 Chemistry and Chemical Biology: Methodologies and Applications

(4)	 The analysis of the integral criterion values: better conditions for 
the crop cultivation correspond to the lower value.

Taking into consideration the data of the integral criterion (IC) of the 
sweet cherry biological potential realization in the concrete soil and cli-
matic conditions, it is the Donbas (IC = 0.41), Podillya (IC = 1.1), Pryd-
nistrovya (IC = 4.4), and Southern Steppe (IC = 4.9) that are the most 
favorable regions for this crop. Much more favorable are the conditions 
in the northern and eastern parts of the Forest-Steppe (IC = 10.1 − 12.9).

4.  PREPARATION OF THE RECOMMENDATIONS FOR THE CROP 
(CULTIVAR) DISTRIBUTION ON THE TERRITORY OF UKRAINE.

The important result of our research studies is the determination of the 
regions favorable, limitedly favorable, and unfavorable for the cultivation 
of main fruit crops by means of the complex estimation of the soil and cli-
matic conditions and integral criterion of the degree of realizing the crop 
(cultivar) biological potential. Besides, we have analyzed the correspon-
dence of the distribution of actual orchards to the scientifically grounded 
requirements. The obtained data have been used for the preparation of the 
Horticulture Development Sectoral Programme of Ukraine for the years 
2014–2020.

Sweet Cherry. The total surface of the orchards will be 15.5 thousand 
ha, the surface in the Steppe (Donets’k, Dnepropetrovs’k, Zaporizhzhya, 
Kherson, Mykolaiv and Odessa regions) being about 70 percent (Figure 
18.1). The rest of the orchards is to be in the Prydnistrovya and Podillya 
[8].

Among the cultivars, the best ones will be new large-fruited (medium 
mass of fruits about 10 g). They form fruits of highly marketable and taste 
quality. They are mostly middle cultivars, which distinguish themselves 
for the complex of valuable characteristics and are compatible with the 
existing and new middle and semidwarf rootstocks. That makes it possible 
to create intense and absolutely new orchards which ensure the begin-
ning of fruit bearing in the third and fourth years after planting and in the 
period of the full fruit-bearing the yield will be not less than 20–25 t/ha. 
In the Steppe, we shall prefer the inland cultivars “Annushka,” “Vasilisa 
Prekrasna,” “Valeriya,” “Jerelo,” “Donets’ka Krasavytsya,” “Krupnoplid-
na,” “Melitopol’s’ka Chorna,” and “Proshchal’na Taranenko.” In the other 
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regions, “ Lyubava,” “Nizhnist,” “Vasilisa Prekrasna,” “Etyka,” “Annush-
ka,” “Donets’ky ugolyok,” “Donchanka,” “Yaroslavna,” “Otrada,” “Ama-
zonka,” and others which will be grown with the main role of their fruit is 
to be consumed as fresh.

FIGURE 18.1  Favorability of Ukraine’s regions for the sweet cherry cultivation.

Apple is the main crop among the fresh fruit production in Ukraine. 
The entire surface of the fruit-bearing orchards will be 132 thousand ha. 
Approximately 40 percent of them is located in the Western Forest-Steppe, 
40 percent in the Central Steppe and Crimea, and the rest in other regions 
of the country. For apple, it is optimal to grow cultivars of different ripen-
ing terms in the following correlation: summer cultivars 5 percent, autumn 
ones 15 percent, and winter cultivars 80 percent.

In the most favorable regions of the Steppe and Forest-Steppe the 
leaders (about 60%) will be the introduced cultivars “Delicia,” “Cham-
pion,” “Golden Delicious” and clones, “Jonagold” and clones as well as 
the inland cultivar “Ranette Symyrenko” and its clones with a production 
level of 25–35 t/ha and in the regions with the less amount of warmth 
which lie farther to the north the Ukrainian cultivars (about 80%) “Slava 
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Peremozhtsyam,” “Amulet,” “Askol’da,” and “Papirovka.” In order to 
augment the raw material base for processing (juices, purée, and jams) and 
obtain fruit products with the pesticide load in the least possible degree 
and a yield of 25–30 t/ha in the Forest-Steppe and Western Woodlands the 
high resistant and immune to the main fungous diseases cultivars will be 
preferable, namely the inland ones “Amulet,” “Skifs’ke zoloto,” “Rado-
gost,” “Askol’da,” “Edera,” “Mavka,” “Sapfir,” “Antonivka,” “Caleville 
Donets’ky” (about 70–80%) and the foreign cultivars “Ligol,” “Topaz,” 
and others (up to 20–30%).

Pear. The total fruit-bearing orchard surface will be 16.0 thousand ha, 
48 percent of them being proposed to be placed in the Steppe and Crimea, 
40.6 percent in the Forest-Steppe, 8.7 percent in the Woodlands and 2.7 
percent in the Carpathian region. In comparison to the existing distribution 
the amount of the orchards in the Carpathians is suggested to be decreased 
and that in the Steppe and Forest-Steppe to be increased considerably.

The surfaces have been differentiated depending on the region and rip-
ening terms. For instance, in the Woodlands summer and autumn cultivars 
only are proposed to be grown in the correlation of 46 and 54 percent 
respectively. In the Forest-Steppe autumn cultivars should be preferred 
(46.7%), then winter cultivars (35.2%) and at last summer ones (18%). 
In the Steppe more than a half of surfaces have been assigned for winter 
cultivars, one third for autumn cultivars and the rest for summer ones. In 
the Peredcarpathians and Transcarpathians 37.5 percent of surfaces will 
be for winter and autumn cultivars each and a quarter for summer ones. 
The greatest part of the surfaces for summer cultivars is suggested for 
Crimea, southern regions and Carpathian region in order to provide with 
fruits tourists and those who rest in sanatoria.

Taking into consideration the main role of autumn which ensure a yield 
of 20–25 t/ha of high quality fruits the surfaces will be increased with 
the use of cultivars cultivar that are resistant to bacteriosis and fungous 
diseases of leaves (the inland cultivars “Yablunivs’ka,” “Malivchanka,” 
“Bukovynka,” “Krupnoplidna,” “Khotynchanka,” “Osin’ Bukovyny,” 
“Cheremshyna,” “Stryis’ka” and some introduced ones. The importance 
of the large-fruited and high quality cultivars “Noyabrs’ka Moldavii,” 
“Veresneve Devo,” “Vyzhnytsya” will increase as well. The cultivars like 
“Conference” will be important for the storage of fruits as frozen.

Cherry. The entire surface of the orchards will be 22.1 thousand ha. 
Almost 60 percent of the industrial orchards are to be located in the Steppe 
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(mainly the western and southern parts), approximately 30 percent in the 
Forest-Steppe (mostly the eastern part) and Prydnistrovya, about 10 per-
cent in the other regions.

The principal requirements to the cultivars must be their ecological 
tolerance, early ripening, high fruit quality, and favorability for the mecha-
nized harvesting. Approximately 25 percent of them are dessert cultivars 
of different ripening terms. Other cultivars will be used for different types 
of processing.

In the southern regions, the cultivars “Vstryecha,” “Shalunya,” “Igrush-
ka,” “Melitopol’s’ka Radist,” “Chudo-Vyshnya,” “Kseniya,” “Slavyanka” 
and others will be preferable that will ensure in the intense orchards a yield 
of about 20 t/ha.

The cultivars “Nochka,” “Podbyel’s’ka,” “Turgenyevka,” “Vstrye-
cha,” “Shalunya,” “Kseniya,” “Slavyanka” with a yield of 15–20 t/ha will 
be more purposeful in the Forest-Steppe and Southern Woodlands. The 
correction of the pesticide load on their fruits will be carried out taking 
into consideration the conditions of the year and Coccomyces hiemalis 
Higg. resistance.

The creation of the cherry orchards for the processing of fruits exclu-
sively will have an important role in the horticultural processing industry.

It is self-fertile and partly self-fertile cultivars with high-quality fruits 
resistant to fungous diseases (C. hiemalis Higg. and monilia) (“Molodizh-
na,” and “Nord Star”) and favorable for the mechanized harvesting 
(“Lotovka” and others) that will be competitive ones.

Plum. The total orchard surface will be 22.0 thousand ha. Approxi-
mately 50 percent of the industrial orchards are to be concentrated in the 
Steppe (Donet’sk, Zaporizhzhya, Dnipropetrovs’k, Kirovograd, Mykolaiv, 
and Odesa regions) and about 40 percent in the Forest-Steppe (Kharkiv, 
Poltava,Vinnytsya, and Khmelnyts’ky regions), the rest in the other re-
gions which are favorable for plum, those orchards, as a rule, being non-
marketable on the individual patches. The surfaces of the classical but 
not Plum pox virus-resistant cultivars “Ugorka Italiis’ka,” “Veresneva,” 
“President,” and so on, will be decreased while for the Ukrainian cultivars 
“Nen’ka,” “Lagidna,” “Reineclaude Karbysheva,” “Reineclaude Rannii,” 
“Ugorka Donets’ka Rannya” and introduced ones “Hanna Spät,” “Stenley” 
with a yield of over 20 t/ha will be increased. It is the existing and new 
cultivars, Plum pox virus resistant with high fruit marketable qualities and 
a yield level of 20–30 t/ha (“Khanita,” “Chachakska Lepotica,” and others 
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that will enjoy the greatest demand. Concerning the ripening terms it is just 
the universal cultivars (for freezing, drying, and processing) that will oc-
cupy up to 75–80 percent of surfaces, that is late cultivars from the group 
of “ugorkis” (“Stenley,” “Donets’ka Konservna,” “Ugorka Donets’ka” 
and others). At the same time taking into consideration the severe affec-
tion of ugorkis by plum fruit moth and chalcid wasps, it is impossible to 
reduce their fruit pesticide load.

Apricot. The entire surface of the orchards will be 10.6 thousand ha. 
Almost 35 percent of all the industrial orchards should be located on the 
favorable soils of the Southern Steppe, approximately 40 percent in the 
Central Steppe, Podillya, Prydnistrovya, and partly in the Volyn’. In this 
region, it is best to use patches with the most favorable conditions pro-
tected from the northern winds.

About 25 percent of the orchards may be placed on the favorable soils 
in the regions with risky cultivation—the L’viv, Volyn’, Zhytomyr, Kyiv, 
Poltava, Kharkiv, and Donets’k regions.

On the condition of growing in the most favorable regions, the ex-
isting (“Chervonoshchoky,” “Melitopol’s’ky Piznii,” “Kyivs’ky Krasen,” 
“Olimp,” “Parnas,” and others) and new inland and foreign (“Early Gold”) 
large-fruited cultivars will be preferable. At the same time, it is impossible 
to avoid necessary sprinkling with fungicides against monilia at different 
stages of its manifestation. Early cultivars (“Melitopol’s”ky Rannii and 
others) will not occupy large surfaces. Those for the cultivars with the high 
organic oil content in the kernel will increase for the usage in the perfum-
ery and cosmetic industry.

18.4  CONCLUSION

The proposed methods of the fruit crop distribution based on the inte-
gral criterion of their biological potential manifestation under the concrete 
soil and weather conditions have made it possible to select the regions 
of Ukraine, which are the most favorable for the industrial cultivation of 
apple, pear, plum, cherry, sweet cherry, and apricot.
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19.1  AIM

The aim of this study is to work out the optimal method for obtaining bio-
degradable polymer films on the basis of ultradispersed powders of low-
density polyethylene (LDPE) modified by the natural polymer chitosan 
(CTZ) in combined conditions of high pressure and shear deformation, 
which is quite expedient.

19.2  BACKGROUND

The problem of biodegradability of well-known tonnage industrial poly-
mers is quite urgent for modern studies. It is promising enough to use 
synthetic and natural polymer mixtures, which can play the roles of both 
filler and modifier for creating biodegradable environmentally safe poly-
mer materials. The macromolecule fragmentation of the synthetic polymer 
is to be provided due to its own biodestruction.

19.3  INTRODUCTION

The synthetic polymer has been modified by the natural one under the 
combined effect of high pressure and shear deformation. The usage of this 
method for obtaining polymer composites is sure to solve several prob-
lems at once. First, the ultradispersed powders with a high homogeneity 
degree of the components can be obtained under combined high pressure 
and shear deformation, thus resulting in easing the technological process 
of production [1]. Secondly, the elastic deformation effects on the polymer 
material may lead to the chemical modification of the synthetic polymer 
macromolecules by the natural polymer blocks via recombination of the 
formed radicals. Thus, it can provide for the polymer product biodegrada-
tion.Thirdly, the choice of the best exposure conditions of high pressure 
and shear deformation on the polymer mixture (modification degrees, pro-
cess temperature, pressure in the working zone of the dispersant, shear 
stress values, etc.) may lead to creating environmentally safe biodegrad-
able polymer composite materials processed into products by convention-
al methods.

Therefore, the working out of the optimal method for obtaining biode-
gradable polymer films on the basis of ultradispersed powders of LDPE 
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modified by the natural polymer in combined conditions of high pressure 
and shear deformation is quite expedient. In the paper given a polysaccha-
ride of natural origin, chitosan was used as a polymer.

19.4  EXPERIMENTAL

LDPE 10803-020 (90,000 molecular weight, 53 percent crystallinity de-
gree, and 0.917 g/sм3 density) and chitosan samples of Bioprogress Ltd. 
(Russia) obtained by alkaline deacetylation of crab chitin (deacetylation 
degree ~84%), and Мsd = 1,15,000 were used as components for producing 
biodegradable polymer films.

The initial highly dispersed powders with different mass ratios of com-
ponents have been obtained by high temperature shearing under simulta-
neous impact of high pressure and shear deformation in an extrusion-type 
apparatus with a screw diameter of 32 mm [2, 3]. Temperatures in knead-
ing, compression, and dispersion chambers amounted to 150°С, 150°С, 
and 70°С, respectively.

The size of the particles in powders of LDPE, CTZ, and LDPE/CTZ 
with various mass ratios of the components was determined by “Shimadzu 
Salid—7101” particle size analyzer. The measurement of film formation 
was carried out by rotomolding [4] at 135 and 150°С. The film sample 
thickness amounted to 100 and 800 mm.

The absorption coefficient of the condensed vapors of volatile liquid 
(water, n-heptane) К’ in static conditions is determined by complete satura-
tion of the sorbent by the adsorbent vapors under standard conditions at 
20оС [5] and was calculated by the formula: absorbed water

sample

' 100%mK
m

= × , where 

mabsorbed water is the weight of the saturated condensed vapors of volatile liq-
uid in grams; msample is the weight of dry sample in grams.

Film samples were long kept in the aqueous and enzyme media to de-
termine the water absorption coefficient while the absorbed water weight 
was calculated. The water absorption coefficient of film samples of 
LDPE/CTZ with different weight ratios was determined by the formula: 

absorbed water

sample

100%mK
m

= × , where mabsorbed water is the water weight ab-

sorbed by the sample, whereas msample is the sample weight. Sodium azide 
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was added to the enzyme solution to prevent microbial contamination. Af-
ter 3 days, both the water medium and the enzyme solution were changed. 
The “Liraza” agent of 1 g/dl concentration was used as an enzyme (Im-
munopreparat SUE, Ufa. Russia).

In experiments determining the absorption of the condensed vapors 
of volatile liquid and water absorption coefficients at a confidence level 
of 0.95 and five repeated experiments, the error did not exceed 7 percent.

The obtained film samples were kept in soil according to the method 
given in Ref. [6] to estimate the ability to biodegradation. The soil humid-
ity was supported on 50–60 percent level. The control of the soil humidity 
was carried out by the hygrometer ETR-310. Acidity of the soil used was 
close to the neutral with рН = 5.6 − 6.2 (pH meter control of 3 in 1 pH). 
At a confidence level 0.95 and five repeated experiments, the experiment 
error in determining the tensile strength and elongation does not exceed 5 
percent.

Mechanical film properties (tensile strength (σ) and elongation (ε)) 
were estimated by the tensile testing machine ZWIC Z 005 at 50 mm/min 
tensile speed.

19.5  RESULTS AND DISCUSSION

It is well known that amorphous–crystalline polymers are subjected to 
high temperature grinding because of shearing impact on the polymer. 
For example, a good result is obtained in low-density polyethylene at 
high-temperature shearing [2]. Despite the fact that chitosan is an infus-
ible polymer, ultradispersed powder with 6–60 mm particles was formed 
in the output of the rotary disperser after low-density polyethylene and 
chitosan convergence under high pressure and shear deformation (Table 
19.1). During high-temperature shearing, the powders of LDPE and CTZ 
with the latter not exceeding 60 percent mass were obtained. The particle 
distribution of LDPE/CTZ powders does not depend on the ratio of the 
components of the mixture and little differs from the particle distribution 
of the powder size of the CTZ under high-temperature shearing.

The speed of the hydrolytic destruction of the polymer materials is 
closely connected with their ability to water absorption. Values of their ab-
sorption capacity according to water and heptane vapors were determined 
for a number of powder mixture samples of LDPE/CTZ (Table 19.1). It 
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was established that the absorption coefficient of the condensed water va-
pors is directly proportional to the chitosan content.

TABLE 19.1  The absorption coefficient of the condensed water vapors of volatile liquid 
(water and n-heptane) К ‘ of LDPE/CTZ powders at 20°С

S. No. LDPE/CTZ powder
(mass. %)

Particle size
(mm)

К′ by water vapors
(%)

К′ by n-heptane
(%)

1 0 5.5 − 8.0;

10.0 − 80.0

1.10 ± 0.08 17 ± 1

2 20 6.5 − 63.0 12.3 ± 0.8 11.0 ± 0.8

3 40 6.5 − 50.0 20 ± 1 5.0 ± 0.4

4 50 4.3 − 63.0 25 ± 2 4.0 ± 0.3

5 60 6.5 − 63.0 35 ± 2 4.0 ± 0.3

As the initial powders, the films with high chitosan content under roto-
molding absorb water well (Table 19.2). At the same time, thinner films 
absorb more water for a shorter period of time.

TABLE 19.2  Values of equilibrium water absorption coefficients K (%) of LDPE/CTZ 
films at 20°С

No LDPE/CTZ 
powder
(mass. %)

К, %

Medium—water Medium—Liraza enzyme (1 g/l)

Film thick-
ness 100 
mm

Film thick-
ness 800 
mm

Film thickness 
100 mm

Film thickness 
800 mm

1 20 5.0 ± 0. 2.0 ± 0.2 5.0 ± 0.4 4.0 ± 0.3

2 40 10.0 ± 0.7 4.0 ± 0.3 13.0 ± 0.9 7.0 ± 0.5

3 50 38 ± 3 14 ± 1 40 ± 3 45 ± 3

4 60 - 31 ± 2 - 95.8 ± 0.7

In case the film samples were placed into the enzyme solution, water 
absorption changes slightly. First, the equilibrium values of the absorption 
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coefficient of films in the enzymatic medium are higher than in water (Ta-
ble 19.2). It is in the enzymatic medium usage that a longer film exposure 
(for more than 30–40 days) was accompanied by weight losses of the film 
samples. Moreover, after 40 days of testing, the film with 50 percent mass 
of chitosan and 100 mm thickness lost its integrity. Films of 800 mm thick-
ness and chitosan content of 50 and 60 percent lost their integrity after 2 
months of the enzyme agent solution contact. These facts are quite logical 
as “Liraza” is subjected to a β-glycoside bond break in chitosan. Thus, 
the destruction of film integrity is caused by the biodestruction process. 
Higher values of the water absorption coefficient may be explained by 
enzyme destruction of chitosan chains as well due to some loosening in the 
film material structure (Table 19.2).

Tests on holding the samples in soil indicate biodestruction of the ob-
tained film samples either. It is found that the film weight is reduced by 
7–8 percent during the first four months. Here the biggest weight losses 
are observed in samples with 50–60 mass % of chitosan.

Chitosan introduction into the polyethylene matrix is accompanied by 
changes in the physical and mechanical properties of the film materials 
(Table 19.3).

TABLE 19.3  Physical and mechanical properties of LDPE/CTZ film materials

No Chitosan 
content 
in LDPE/
CTZ, 
mass, %

σ, МPa ε, %

Film thickness
100 mm

Film thickness
800 mm

Film thickness
100 mm

Film thickness 
800 mm

1 0 13.30 ± 0.5 40.10 ± 0.5 460.00 ± 0.05 125.00 ± 0.05

2 20 5.40 ± 0.5 22.0 ± 0.5 24.30 ± 0.05 13.20 ± 0.05

3 40 7.50 ± 0.05 25.80 ± 0.05 12.50 ± 0.05 7.60 ± 0.05

4 50 11.10 ± 0.05 29.80 ± 0.05 6.00 ± 0.05 6.20 ± 0.05

5 60 11.60 ± 0.05 30.60 ± 0.05 5.20 ± 0.05 4.80 ± 0.05

As seen from Table 19.3, the polysaccharide introduction into the 
LDPE compounds results in slight decrease in the tensile strength of films. 
Wherein the number of the chitosan introduced does not affect the com-
position strength. However, low-density polyethylene/chitosan films obtain 
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much less elongation values compared with low-density polyethylene 
films under the same conditions. Thus, films that were obtained on the 
basis of ultradispersed LDPE powders modified by chitosan possess less 
plasticity while retain their satisfactory strength properties.

19.6  CONCLUSION

A method of obtaining compositions of ultradispersed LDPE powders 
modified by chitosan under combined high pressure and shear deforma-
tion was worked out. The samples received obtain suitable strength prop-
erties, a good absorption ability, and capability to biodegradation.
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20.1  INTRODUCTION

Free radicals are capable of attacking the healthy cells of the body, causing 
them to lose their structure and function. Damage to cells caused by free 
radicals is believed to play a central role in the aging process and disease 
progression. Antioxidants are the first line of defense against free radi-
cal damage, and are critical for maintaining optimum health and wellbe-
ing. The need for antioxidants becomes even more critical with increased 
exposure to free radicals. Exposure to pollution, cigarette smoke, drugs, 
illness, stress, sunlight, and even exercise can increase the free radical 
exposure. As so many factors can contribute to oxidative stress, individual 
assessment of susceptibility becomes important [1]. Potentially effective 
antioxidants involve thiol-containing compounds. These compounds play 
a central role in many biochemical and pharmacological reactions. Disul-
fide bonds play an important role in determining the tertiary structure of 
proteins, and in many drugs the cysteine moiety is an important reactive 
center that determines their effects. Molecules containing cysteine resi-
dues are among the most easily modifiable compounds, being easily oxi-
dized by transition metals or participating in thiol-disulfide exchange [2].

Glutathione (Figure 20.1, GSH) is a tripeptide molecule composed of 
glutamic acid, cysteine, and glycine. It is a ubiquitous endogenous thiol, 
maintaining the intracellular reduction/oxidation (redox) balance and reg-
ulating signaling pathways during oxidative stress/conditions. It has been 
referred to as the body’s “master antioxidant.”

Glutathione is mainly cytosolic (90%) in the concentration range of ca. 
1–10 mM; however, in blood plasma, the range is only 1–3 µM. About 10–
15 percent of cellular GSH is located in mitochondria and a small percent-
age of GSH is located in the endoplasmatic reticulum. As mitochondria 
have a very small volume, the local GSH concentration in these organelles 
is usually higher than that in the cytosol. This monothiol is found also in 
most plants, microorganisms, and all mammalian tissues [3-6]. Although 
GSH does not react directly with hydroperoxides, its use as a substrate for 
glutathione peroxidase has been recognized as the predominant mecha-
nism for the reduction of H2O2 and lipid hydroperoxides for almost 40 
years [2].

While GSH does not react nonenzymatically with H2O2, another role 
of glutathione in antioxidant defense, which depends on its stability to re-
act with carbon-centered radicals, has been proposed by Winterbourn [7]. 

© 2015 by Apple Academic Press, Inc.

 



Comparison of Free-Radical Scavenging Properties 	 229

GSH acts in concert with superoxide dismutase to prevent oxidative dam-
age and it exists in two forms, the thiol-reduced and disulfide-oxidized [2, 
6].

Under conditions of moderate oxidative stress, oxidation of “cys” ami-
noacid residues can lead to the reversible formation of mixed disulfides 
between protein thiol groups and low-molar-mass thiols (S-thionylation), 
particularly with glutathione (S-glutathionylation). Protein S-glutathio-
nylation can directly alter or regulate protein function (redox regulation) 
and may also have a role in protection of proteins from irreversible (ter-
minal) oxidation. S-glutathionylation of protein cysteine residues protects 
against higher oxidation states of the protein thiol, thereby preserving the 
reversibility of this type of modification.

GSH participates in many cellular reactions: (1) it effectively scav-
enges free radicals and other reactive oxygen species (e.g. hydroxyl radi-
cals, lipid peroxyl radicals, peroxynitrite, and H2O2) directly and indirectly 
through enzymatic reactions. In such reactions, GSH is oxidized to form 
glutathione disulfide (GSSG), which is then reduced to glutathione by the 
NADPH-dependent glutathione reductase. (2) GSH reacts with various 
electrophiles, physiological metabolites (e.g. estrogen, melanins, prosta-
glandins, and leukotrienes), and xenobiotics to form mercapturates. (3) 
GSH conjugates with NO· radical to form an S-nitrosoglutathione adduct, 
which is cleaved by the thioredoxin system to release glutathione and NO·. 
(4) GSH is required for the conversion of prostaglandin H2 (a metabolite 
of arachidonic acid) into prostaglandins D2 and E2 by endoperoxide isom-
erase. Moreover, S-glutathionylation of proteins (e.g. thioredoxin, ubiq-
uitin-conjugating enzyme, and cytochrome c oxidase) plays an important 
role in cell physiology. Physiological functions are summarized in detail 
in Table 20.1 [8]. Depletion of GSH results in an increased vulnerability 
of the cells to oxidative stress [9]. In most cells and tissues, the estimated 
redox potential for the GSH/GSSG couple ranges from −260 to −150 mV.

GSH plays a more specific and well-documented role in the metabo-
lism of copper and iron. It is believed to be responsible for the mobiliza-
tion and delivery of copper ions for the biosynthesis of copper-containing 
proteins. In this case, (i) GSH is involved in the reduction of Cu(II) to 
Cu(I), (ii) mobilization of copper ions from stores, and in delivery of cop-
per ions during the formation of “mature” proteins. For the last function, 
Cu(II) must be reduced to Cu(I) before it can be incorporated into apo-
proteins, and GSH provides the reducing power. Interestingly, GSH is not 
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only the carrier for Cu(I), but is also involved in copper mobilization from 
metallothioneins in a reversible manner [5].

TABLE 20.1  Roles of glutathione in animals

Antioxidant defense

Scavenging of free radicals and other reactive species

Removal of hydrogen and lipid peroxides

Prevention of oxidation of biomolecules

Metabolism

Synthesis of leukotrienes and prostaglandins

Conversion of formaldehyde to formate

Production of d-lactate from methylglyoxal

Formation of mercapturates from electrophiles

Formation of glutathione–NO adduct

Storage and transport of cysteine

Regulation

Intracellular redox status

Signal transduction and gene expression

DNA and protein synthesis and proteolysis

Cell proliferation and apoptosis

Cytokine production and immune response

Protein S-glutathionylation

Mitochondrial function and integrity

FIGURE 20.1  Structure of glutathione.

Hyaluronan (HA, Figure 20.2) is a linear unbranched polysaccharide 
consisting of repeating disaccharide units of b-1,4-d-glucuronic acid and 
b-1,3-N-acetyl-d-glucosamine [10]. In the body, HA occurs in the form of 
salt, and is omnipresent in the vertebrate connective tissues, particularly in 
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the umbilical cord, synovial fluid, vitreous humor, dermis, and cartilage. 
Significant amounts of HA are also found in lung, kidney, brain, and mus-
cle tissues. Its molecular size can reach the values of up to 107 Da [10, 11]. 
Increased evidence has been gathered that low-molar-mass HA fragments 
have different activities than the native polymer. Large matrix polymers of 
HA are spacefilling, antiangiogenic, and immunosuppressive, whereas the 
intermediate-sized polymers comprising 25–50 disaccharides are inflam-
matory, immunostimulatory, and highly angiogenic [12]. In addition to 
its function as a structural molecule, HA also acts as a signaling molecule 
by interacting with cell surface receptors and regulating cell proliferation, 
migration, and differentiation. The unique viscoelastic nature of HA solu-
tions/gels along with their biocompatibility and nonimmunogenicity has 
led to their use in a number of clinical applications, including the supple-
mentation of joint fluids in arthritis, usage as a surgical aid in eye surgery, 
to facilitate the healing and regeneration of surgical wounds, and as a drug 
delivery agent [11].

FIGURE 20.2  Structure of hyaluronan (acid form).

During inflammation, when HA is degraded, the conditions are slightly 
acidic. Therefore, the aim of this study was to compare the protective ef-
fects of GSH under neutral, that is, normal/physiologic conditions, and 
acidic conditions occurring in inflammatory diseases against HA degrada-
tion induced by cupric ions and ascorbate and against preformed ABTS·+ 
cation radicals.

20.2  MATERIALS AND METHODS

20.2.1  MATERIALS

The high-molar-mass HA sample Lifecore P0207-1A was purchased from 
Lifecore Biomedical Inc., Chaska, MN, USA (Mw = 970.4 kDa). The ana-
lytical purity grade NaCl and CuCl2 × 2H2O were purchased from Slavus 
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Ltd., Bratislava, Slovakia. l-Ascorbic acid and K2S2O8 (p.a. purity, max 
0.001% nitrogen) were the products of Merck KGaA, Darmstadt, Ger-
many. 2,2′-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS; pu-
rum, > 99%), GSH, and acetic acid were purchased from Sigma–Aldrich, 
Steinheim, Germany. Deionized high-purity grade H2O, with conductivity 
of ≤0.055 mS/cm, was produced using the TKA water purification system 
(Water Purification Systems GmbH, Niederelbert, Germany). 

20.2.2  METHODS

PREPARATION OF STOCK SOLUTIONS

The HA solution (2.5 mg/ml) was prepared in aqueous NaCl solution (0.15 
M) in the dark in two steps: first, the solvent (4.0 ml) was added to HA 
(20 mg), and after 6 h of its swelling, the same solvent (3.90 or 3.85 ml) 
was added. The stock solutions of ascorbic acid, GSH (16 mM), and CuCl2 
(160 µM) were dissolved also in aqueous NaCl solution (0.15 M).

STUDY OF UNINHIBITED/INHIBITED HYALURONAN DEGRADATION

The procedure for examining HA degradation by the Weissberger biogenic 
oxidative system (WBOS) was as follows: a volume of 50 µl of 160 µM 
CuCl2 solution was added to the HA solution (7.90 ml) and the reaction 
mixture after a 30-s stirring was left to stand for 7 min 30 s at room tem-
perature. Then, 50 µl of ascorbic acid solution (16 mM) was added to the 
HA solution, and stirred again for 30 s. The final reaction mixture (8.0 ml) 
was then immediately transferred into the viscometer TeflonÒ cup reser-
voir.

The procedures to investigate the pro- and antioxidative effects of ace-
tic acid and GSH were as follows:

(a)	 A volume of 50 ml of 160 ml CuCl2 solution was added to the HA 
solution (7.85 ml), and the mixture, after a 30-s stirring, was left to 
stand for 7 min 30 s at room temperature. Then, 50 ml of 0.5 per-
cent acetic acid or 50 ml of GSH (16 mM) dissolved both in saline 
or 0.5 percent acetic acid was added to the solution followed by 
stirring again for 30 s. Finally, 50 ml of ascorbic acid solution (16 
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mM) was added to the reaction mixture, stirred for 30 s, and im-
mediately transferred into the viscometer TeflonÒ cup reservoir.

(b)	 In the second experimental setting, a procedure similar to that de-
scribed in procedure (a) was applied; however, after standing for 
7 min 30 s at room temperature, 50 ml of ascorbic acid solution 
(16 mM) was added to the reaction mixture and a 30-s stirring fol-
lowed. After 1 h, finally 50 ml of 0.5 percent acetic acid or GSH (16 
mM) was added to the reaction mixture, followed by 30-s stirring 
and immediate transfer into the viscometer TeflonÒ cup reservoir.

The resulting reaction mixture (8.0 ml) was transferred into the TeflonÒ 
cup reservoir of the Brookfield LVDV-II-PRO digital rotational viscometer 
(Brookfield Engineering Labs., Inc., Middleboro, MA, USA). Recording 
of the viscometer output parameters started 2 min after the onset of the ex-
periment. The changes of dynamic viscosity of the system were measured 
at 25.0 ± 0.1°C in 3-min intervals for up to 5 h. The viscometer TeflonÒ 
spindle rotated at 180 rpm, that is, at the shear rate equaling 237.6 s−1 [13].

For the ABTS‏ decolorization assay, the ABTS·+ radical cations were 
preformed by the reaction of an aqueous solution of K2S2O8 (3.3 mg) in 
H2O (5 ml) with ABTS (17.2 mg). The resulting bluish green radical cation 
solution was stored overnight in the dark below 0°C. Before the experi-
ment, the solution (1 ml) was diluted into a final volume (60 ml) with H2O 
or acetic acid solution (0.5%). The GSH solution (1.0 mM) was prepared 
both in distilled water and acetic acid solution (0.5%). A modified ABTS 
assay [13] was used to test the radical-scavenging efficiency applying a 
UV-1800 spectrophotometer (SHIMADZU, Japan). The UV/VIS spectra 
were recorded in defined times, in 1-cm quartz cuvette after mixing the 
solution of the antioxidant (50 µl) with the ABTS·+ solution (2 ml).

20.3  RESULTS AND DISCUSSION

The scheme displaying the formation of H2O2 by reacting ascorbate with 
Cu(II) ions was suggested by Weissberger in 1943 [15]. Since then many 
papers have been published [16-27].
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SCHEME 1  Weissberger’s biogenic oxidation system (adapted from Ref. [28]).

Scheme 1 illustrates the statement that, for example, at the ratio of 
the reactants [Cu(II)]:[ascorbate] = 0.1/100 the reaction cycle will be re-
peated 1,000-times and if all elementary reaction steps are performed at 
100 percent the products will be dehydroascorbate and H2O2—both in 100 
μM concentrations. This proposition is virtually incorrect as the product 
generated, that is, H2O2 is decomposed, yielding ●OH radicals because of 
the presence of the reactant Cu(II) reduced to Cu(I) intermediate [29].

H2O2 + Cu(I) --- complex → ·OH + HO− + Cu(II) --- complex

Degradative action of Cu(II) ions and ascorbate on the molecule of HA 
was demonstrated also by Matsumura and Pigman [30] and Harris et al. 
[31].

For the purpose of scavenging ·OH radicals, a well-known endogenous 
antioxidant—glutathione—was selected. Figure 20.3 illustrates the results 
of a potential prooxidative effect of acetic acid itself in both experimental 
settings (a, b) on the oxidative degradation of HA macromolecules in-
duced by WBOS (the reference). The decline of dynamic viscosity (h) of 
the reference (black curve) represents the value 4.77 mPa×s after a 5-h 
treatment. However, the addition of acetic acid before initiating HA oxi-
dative damage accelerated the degradation of HA, reaching the declines 
of h value by 5.11 (red curve). In case of adding acetic acid 1 h later, this 
decline was somewhat greater and represents 5.53 mPa×s (green curve).
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FIGURE 20.3  Effect of acetic acid (0.5%) on HA degradation induced by WBOS (black). 
Acetic acid was added to WBOS before initiating HA degradation (red) or after 1 h (green).

Hyaluronan itself was recorded to be slightly degraded in acidic condi-
tions with pH below 1.6 and in basic medium with pH above 12.6 using 
molar-mass-distribution analysis; however, its rheological behavior was 
relatively not influenced by pH [32]. As the pH in our reaction mixture 
was about 4, a rapid HA degradation may be attributed to the influence of 
acid medium in WBOS. 

FIGURE 20.4  Effect of GSH (dissolved in saline) on HA degradation induced by the 
system composed of 1.0 µM CuCl2 and 100 µM ascorbate. GSH was added to the reaction 
system before initiating HA degradation (panel A) and 1 h after the reaction onset (panel 
B). The concentrations of GSH in µM: 1 (red), 10 (green), 50 (blue), 100 (cyan), and 200 
(magenta).
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Results of investigating GSH (dissolved in saline) as a function of a 
potential antioxidant against HA degradation are reported in Figure 20.4. 
As evident, within the time interval examined (5 h), application of the 
GSH concentrations (50 and 100 mM) resulted in a marked protection of 
the HA macromolecules against degradation, leading to the total inhibi-
tion of the solution viscosity decrease. The higher the GSH concentration 
used, the longer the observed stationary interval in the sample η values. 
However, the concentration of GSH—10 mM—was not sufficient enough 
to inhibit HA degradation completely. At the lowest concentration, that is, 
1 mM GSH, a pro-oxidative effect can be observed. The function of GSH 
in a low concentration was examined also by the authors Nappi and Vass 
[33], who demonstrated a pro-oxidative action of GSH in 6.0 µM concen-
tration generating thus ·OH radicals.

The prooxidative effect of GSH can be ascribed to the formation of an 
intermediate [GSSH]·−, which can convert molecular oxygen to hydrogen 
peroxide under aerobic conditions as follows [34]:
GSH + HO· → GS· + H2O
GSH → GS− + H+

GS· + GS− → [GSSH]·−	

[GSSH]·− + O2 → GSSH + O2
·−

O2
·− + O2

·− + 2H+ → H2O2 + O2

GSH added to the reaction mixture 1 h later (Figure 20.4, panel B), that 
is, already in a process of performing degradation, demonstrated similar 
efficacy as illustrated in panel A. At higher concentrations (50, 100, and 
200 mM), a decrease of h was only around 1 mPa×sec. Concentration of 
GSH 10 mM was sufficient to a mild protection of HA. However, GSH in 1 
mM concentration was ineffective and its corresponding curve was identi-
cal to the reference one up to 240 min.

The application of 1 h-delayed addition of the GSH solution was de-
signed based on the results of EPR, which demonstrated disappearance of 
producing ·OH radicals up to 1 h (Figures 20.5(a) and 20.5(b)) using the 
aqueous system composed of CuCl2 (0.1 μM), ascorbic acid (100 μM), 
and the spin-trapping agent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO; 
250 mM) [29].

As seen during the first approximately 60 min of the reaction of WBOS 
components, the EPR signal detected was typical for ascorbyl anion radi-
cal (Asc·−; Figure 20.5(a)). The ·DMPO–OH adduct was detectable as late 
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as 1 h after initiating the reaction, that is, after disappearance of the EPR 
signal of ascorbyl anion radical, pointing to the depletion of ascorbate in 
the reaction mixture monitored. Figure 20.4(b) shows an explanatory chart 
of the time courses of the integral EPR signals of Asc·− anion radical and 
the ·DMPO–OH adduct.

FIGURE 20.5 (A)  Time course of EPR spectra of the aqueous mixture containing 
CuCl2 (0.1 μM), ascorbic acid (100 μM), and spin trapper DMPO (250 mM) at room 
temperature—adapted from Šoltés et al. [29].

The record illustrates the scans of the Asc·− anion radical evidenced in 
time from 0.5 to 56 min.

FIGURE 20.5 (B)  Illustrative representation of the time dependences of the integral EPR 
signals of Asc·− anion radical (○) and the ●DMPO–OH adduct (●)—adapted from Šoltés 
et al. [29].
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In the figure, both the EPR spectrum of the ascorbyl anion radical Asc·– 
and that of the ·DMPO–OH adduct are depicted.

The mechanism of HA degradation by ·OH radicals followed by forma-
tion of peroxyl radicals and hydroperoxides is mentioned in reactions as 
follows

HA + ·OH → A· + H2O

Polymers with –CH groups, such as HA, are readily degraded by ·OH radi-
cals. The ·OH radical abstracts H· radical from the HA macromolecule to 
produce a C-macroradical—the so-called alkyl radical (A·). Under aerobic 
conditions, during a phase known as propagation, a dioxygen molecule 
reacts with the alkyl radical to form peroxy-type radicals (AOO·).

A· + O2 → AOO·

which may be followed by the reaction

HA + AOO· → A· + AOOH

that is, peroxyl radicals form hydroperoxyls and a novel C-macroradical 
by random trapping of the H· radical from adjacent of the HA macromol-
ecule.

Owing to a continual process of propagation reactions, the low-molar-
mass fragments of the biopolymer are formed, which directs to the de-
crease of the HA solution dynamic viscosity. The radical process involv-
ing the four steps such as initiation, propagation, transfer, and termination 
can be stopped by the addition of a free-radical scavenger. When such a 
scavenger is admixed into the HA solution before applying WBOS, the 
scavenger may be tested as a function of a preventive antioxidant (against 
production of ·OH radicals) while, on adding the substance during the 
propagation phase of the HA degradation, the substance is examined as 
a function of a chain-breaking antioxidant (against production of peroxy-
type radicals AOO·).

There exist only a few publications concerning to the activity of thiol 
compounds in the reaction system ascorbate and Cu(II). One of them is the 
paper by the author Winkler [35], who demonstrated inhibition of ascor-
bate (1 mM) oxidation by GSH (100 and 1,000 mM) in the presence of 
Cu(II) (10 mM). Similar results were obtained by Ohta et al. [36], who 
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demonstrated that ascorbate inhibited GSH autoxidation in the environ-
ment of Cu(II) ions.

Applying acetic acid (pH 4) as a solvent of GSH instead of saline led 
to a new knowledge, that is, a more intensive degradation of HA. To sup-
press HA degradation, it was necessary to apply GSH in five-times higher 
concentration (1,000 mM) compared to the experiments where saline was 
used. Somewhat less protective effect of GSH against ·OH radicals was 
observed at 100 mM concentration. No protective effects of GSH were 
demonstrated in low concentrations, that is, 10 and 1 mM (Figure 20.6, 
panel (A) reaching the values of h decrease by 5.36 and 5.87 mPa×s, re-
spectively. A similar effect of GSH was observed in the reaction system 
generating predominantly peroxyl radicals (Figure 20.6, panel B).

FIGURE 20.6  Effect of 0.5 percent acetic acid itself (red) and the effect of GSH dissolved 
in acetic acid (0.5%) on HA degradation induced by WBOS (black). GSH and acetic acid 
were added to the reaction system before initiating the degradation of HA (panel A) or after 
1 h (panel B). The concentrations of GSH in micromolar: 1 (green), 10 (blue), 100 (cyan), 
and 1,000 (magenta).

All principal viscometric/rheometric methods fall into one of the two 
classes: (1) involving a moving fluid or (2) involving a moving element. 
The first class is characterized by a liquid moving through a definite chan-
nel/capillary—the variable measured is the time, which relates to the kine-
matic viscosity of the fluid. Capillary viscometers, being the simplest and 
most widely used devices, are however not “true” rheological instruments. 
Capillary tube viscometers, characterized by shear rates in the range of 
hundreds up to thousands of reciprocal seconds, are suitable only for use 
with Newtonian fluids. The second class comprises either a linearly 
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moving element, such as the falling ball, or a rotationally moving ele-
ment. In the latter group of instruments, either the stress is controlled and 
the resulting rotational speed is measured, or the rotational speed is con-
trolled and the stress is measured. Those instruments in which the rota-
tional speed is controlled and stress is measured can certainly indicate that 
h changes with time.

Rotational rheometers, characterized by a very low shear rate, are ad-
dressed to characterize the rheological parameters of non-Newtonian flu-
ids, including beyond controversy the HA solutions. Moreover, oscillatory 
(rotational) rheometers allow assessment of the storage (G'') as well as 
loss (G') moduli—the parameters, which provide information on polymer 
structure and might be related to the polymer molar mass distribution, 
cross-linking, and so forth [37].

The method of rotational viscometry determines hydrogen-atom donat-
ing properties unlike the ABTS assay, by which electron donor properties 
are determined. Viscometry is a well-established method, whose results 
can be documented by many publications [38-50].

Figure 20.7 illustrates the results of decolorization of ABTS·+ in the 
presence of GSH of different concentrations (25, 12.5, and 2.5 mM) in 
acidic and neutral conditions 20 min after admixing GSH with ABTS·+ 

solution. It is evident that GSH demonstrated higher activity in scavenging 
ABTS·+ cation radical, that is, better electron donor properties in neutral 
rather than in acidic conditions. This result can correspond to the results 
observed by Ikebuchi et al. [51], who found that the glutathione redox 
cycle in cultured endothelial cells decreased by 20 percent at pH 6 and by 
51 percent at pH 4 compared to that one at pH 7.4.

FIGURE 20.7  Effect of GSH dissolved in H2O (left panel) or in acetic acid (right 
panel) on reducing ABTS·+ cation radical measured 20 min after the reaction onset. GSH 
concentrations in the ABTS·+ solution were in micromolar: 2.5 (green); 12.5 (blue) and 25 
(red).
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The same influence of GSH in neutral and acidic conditions is ex-
pressed in Figure 20.8, which depicts the kinetics of scavenging ABTS·+ 
cation radical by GSH after elapsing 1, 2, 5, 10, and 20 min at the wave-
length 730 nm under the identical conditions as mentioned earlier.

FIGURE 20.8  Time dependence of absorbance at 730 nm measured after the addition of 
GSH into the ABTS·+ solution under the same experimental conditions than in Figure 20.7. 
Concentrations of GSH dissolved in H2O (left panel) or acetic acid (right panel) were in 
mircomolar: 2.5 (green); 12.5 (blue); and 25 (red).

Scavenging of ABTS·+ cation radicals was measured in the presence of 
GSH in neutral and acidic conditions. The assay uses intensively colored 
cation radicals of ABTS to test the ability of antioxidants to scavenge radi-
cals. The original assay developed by Miller et al. [52] and Rice-Evans 
[53] utilized metmyoglobin–H2O2 to generate ·OH, which then reacted 
with ABTS to produce the ABTS·+. However, quantitating antioxidant ef-
fects were equivocal because antioxidants could react with the original 
radical oxidant as well as the ABTS·+, causing an overestimation of anti-
oxidant activity [54]. Thus, the assay has been revised to clearly generate 
ABTS·+ using oxidizing agents such as potassium persulfate and manga-
nese dioxide [55-57], then adding antioxidants and measuring direct reac-
tion with an electron:

ABTS·+ + e− → ABTS 
bluish-green colorless

ABTS·+ exhibits a bluish-green color with maximum absorbance values 
at 645, 730, and 815 nm, which rapidly decreased after addition of GSH.

Overall, the ABTS assay offers many advantages that contribute to its 
widespread popularity in screening antioxidant activities of a wide range 
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of materials. The assay is operationally simple, reactions are rapid (most 
methods take 30 min or less), and run over a wide range of pH values. 
ABTS·+, being a singly positively charged cation radical, is soluble in both 
aqueous and organic solvents and is not affected by ionic strength, so it has 
been used in multiple media to determine both hydrophilic and lipophilic 
antioxidative capacities. Reactions can be automated and adapted to mi-
croplates [58] as well as to flow-injection and stopped-flow methods [59].
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