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The main attention in this book of collected scientific papers is paid to the recent 
theoretical and practical advances in engineering chemistry research. 

This volume highlights the latest developments and trends in engineering 
chemistry research. It presents the developments of advanced Engineering Chem-
istry Research and respective tools to characterize and predict the material prop-
erties and behavior. The book is aimed at providing original, theoretical, and im-
portant experimental results that use non-routine methodologies often unfamiliar 
to the usual readers. Furthermore chapters on novel applications of more familiar 
experimental techniques and analyses of composite problems indicate the need 
for new experimental approaches presented.

Technical and technological development demands the creation of new mate-
rials, which are stronger, more reliable and more durable, i.e. materials with new 
properties. Up-to-date projects in the creation of new materials go along the way 
of engineering chemistry research. 

The technology of engineering chemistry research forges ahead; its develop-
ment is directed to the simplification and cheapening the production processes of 
composite materials with new particles in their structure. However, the engineer-
ing chemistry research develops at high rates; what seemed impossible yesterday, 
will be accessible to the introduction on a commercial scale tomorrow.

The desired event of fast implementation of engineering chemistry research 
in mass production depends on the efficiency of cooperation between scientists 
and manufacturers in many respects. Today’s high technology problems of ap-
plied character are successfully solved in close consolidation of the scientific and 
business worlds.

With contributions from experts from both industry and academia, this book 
presents the latest developments in the identified areas. This book incorporates 
appropriate case studies, explanatory notes, and schematics for clarity and under-
standing.

This book will be useful for chemists, chemical engineers, technologists, re-
searchers, and students interested in advanced engineering chemistry research 
with complex behavior and their applications

On the other hand, this book is also designed to fulfill the requirements of 
scientists and engineers who wish to be able to carry out theoretical and experi-
mental research in engineering chemistry research using modern methods. Each 
chapter in section one describes the principle of the respective method as well as 
the detailed procedures of experiments, with examples of actual applications pre-
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sented in section two. Thus, readers will be able to apply the concepts as described 
in the book to their own experiments.

Experts in each of the areas covered have reviewed the state of the art, thus 
creating a book that will be useful to readers at all levels in academic, industry, 
and research institutions.

Engineers, polymer scientists, and technicians will find this volume useful in 
selecting approaches and techniques applicable to characterizing molecular, com-
positional, rheological, and thermodynamic properties of elastomers and plastics.
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CHAPTER 1

A NOTE ON VAN DER WAALS 
RADII AND ATOMIC DIMENSIONAL 
CHARACTERISTICS

G. A. KORABLEV,1 G. S. VALIULLINA,1 and G. E. ZAIKOV2

1Izhevsk State Agricultural Academy, Studencheskaya St., 11, 
Izhevsk, 426000, Russia, E-mail: korablevga@mail.ru

2Institute of Biochemical Physics N.M. Emanuel, 4, Kosygin St., 
Moscow, 119991, Russia, E-mail: chembio@sky.chph.ras.ru

CONTENTS

Abstract ..................................................................................................... 3
1.1 Introduction ...................................................................................... 4
1.2 Research Methods ............................................................................ 4
1.3 Calculations and Comparisons ......................................................... 5
Keywords .................................................................................................. 7
References ................................................................................................. 7

ABSTRACT
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4 Analytical Chemistry from Laboratory to Process Line

1.1 INTRODUCTION

Covalence and Van der Waals radii are widely used in physical-chemical 
research.

The covalence bond is the bond formed by a pair of electrons. At the 
same time, each atom included into the bond sends one electron to the pair, 
which belongs to both atoms.

Van der Waals interactions are intermolecular interactions between 
electrically neutral particles. These are weak interactions but they are very 
important in structural conformation processes, especially for biosystems.

However, there is still no mathematical bond between the radii of 
these significant interactions. The concept of spatial-energy parameter 
(P-parameter) is applied for this purpose in this research [1].

1.2 RESEARCH METHODS

It was found that P-parameter possesses wave properties [1].
The interference maximum, amplification of oscillations (in the phase) 

occur if the wave path difference equals the even number of half-waves: 

∆ = =2
2

n nλ
λ  or ∆ = +( )λ n 1 , where λ – wavelength, n = 0, 1, 2, 3… 

(even number).
As applicable to P-parameter, the maximum amplification of interac-

tions in the phase corresponds to the interactions of like-charged systems 
or systems homogeneous by their properties and functions (e.g., between 
the fragments or blocks of complex organic structures). Then, the relative 
value of P-parameters of these systems is as follows:

 γ = = +( )P
P

n
i

1  (1)

Similarly, for “degenerated” systems (with similar function values) of 
2D harmonic oscillator, the energy of stationary states is as follows:

ε ν= +( )h n 1 ,

where h – Plank’s constant, ν – frequency.
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From the Eq. (1) we have: P P
ni =

+1
 or P P

ni = .

This means that apart from the initial (main) atom state with 

P-parameter, each atom can have structural-active valence orbitals with 
another value of Pi-parameters, moreover, the nearest most active valence 
states differ in two times by the values of P-parameters. Formally, this 
corresponds to the increase in the distance of interatom (intermolecular) 
interaction in 2 times, that is, we observe the transition from the interac-
tion radius to the diameter.

Therefore, for Pe-parameter we have:

 
P P

R ne
'

( )
=

+
0

1 1  
(2)

or 

 
P P

R ne
'' = 0

2   
(3)

Apparently, the periodicity of element system also corresponds to the 
Eqs. (2) and (3), in which, taking into account the screening effects, it is 
better to use the effective main quantum number – n*  instead of n, the 
bond between which by Slatter [2] is as follows:

 n 1 2 3 4 5 6 

 n*1 2 3 3,7 4 4,2   

Then: P P
R ne

i'

( * )
=

+1 1
 and P

P
R ne

i"

*
=

2

where Pi – P0-parameters of each element in the given period of the 
System.

1.3 CALCULATIONS AND COMPARISONS

It is known that an electron energy, if there are no other electrons on the 
orbital, depends only on Z

n
*

*( )2
, where Z *  – nucleus effective charge. 

In accordance with the equality principle of Р-parameters of interacting 
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systems and as applicable to the given atom at its different radii of inter-
molecular interaction, we make the Eqs. (2) and (3) equal, and, raising n *  
and ( n *+1) to the second power, we have:

 r n R n R n
n

rk v v k* * *
*

+( ) = → =
+






1 12 2

2

, (4)

where rk  – covalence radii, Rv  – Van der Waals radii.
The correctness of the Eq. (4) is proved by the calculations given in 

Table 1.1. By physical sense, this equation is determined by quantum 

Period
γγ ==

++n*
n

1
*









Atom rk(Å) γrk (Å) Rv (Å)

I 1 1
1

4
2+






 =

Н 0.28 1.120 1.10

II
2 1

2
2 25

2+





 = .

В 0.80 1.800 1.75
С 0.77 1.733 1.70
N 0.70 1.575 1.50
O 0.66 1.485 1.40
F 0.64 1.440 1.35

III 3 1
3

1 778
2+






 = .

Si 1.11 1.974 1.95
P 1.10 1.956 1.90
S 1.04 1.849 1.85
Cl 1.0 1.778 1.80

IV 3 7 1
3 7

1 6136.
.

.+





 =

Ga 1.25 2.017 2.0
Ge 1.24 2.001 2.0
As 1.21 1.952 2.0
Se 1.17 1.888 2.0
Br 1.20 1.936 1.95

V 4 1
4

1 5625
2+






 = .

Sn 1.40 2.188 2.20

Sb 1.41 2.203 2.20

Te 1.37 2.141 2.20

I 1.35 2.109 2.15

TABLE 1.1 Dependence Between Covalence and Van der Waals Radii
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changes in the radius of intermolecular interaction of elements of different 
periods of the System.

Thus, covalence and Van der Waals radii are linked by a simple depen-

dence via the coefficient n
n
*

*
+








1 2

.
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ABSTRACT

Metaphosphates alkali metals of inorganic polymers, which in the molten 
state retain polymer structure as electrolytes with high ionic conductivity 
and have a substantially viscosity.

Due to introduction to polytungstate systems the phosphates alkali met-
als the alkaline tungsten bronzes were obtained, which are used as catalysts.

Experimentally state diagrams were investigated involving metaphos-
phates of sodium (potassium) with tungsten alkali metals (Na, K).

The systems metaphosphate-tungstate sodium and potassium can be 
used to create the crystallization resistant vitreous semiconductor materials.

mailto:belkaas52@list.ru
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2.1 INTRODUCTION

One of the most important problems of modern inorganic chemistry is the 
obtaining of new polymer and composite materials with predetermined 
properties. In nowadays, there are high requirements to the quality of 
oxide and oxide-salt materials such as powders, ceramics, pellicles and 
fibers have led to the development of principally new methods of obtain-
ing them [1].

Complex oxide tungsten containing phases, with unique physical and 
chemical properties, are promising inorganic materials for creation of new 
engineering and technologies. Therefore, considerable attention is paid to 
the improvement and development of theoretical and practical bases of 
obtaining them [2].

Currently, one of the main methods of obtaining them is electrolysis of 
oxide melts and tungsten salts with implementation as thinners the elec-
trolytes more low-melting component. However, there is the formation of 
macrocrystalline precipitation, but for use, for example, oxide tungsten 
bronzes (OGB) as catalysts are required powders of high dispersity [3].

One of the possible solutions is to set a high-viscosity melts such as 
electrolytes, which in particular achieved by the introduction in polytung-
state system phosphates alkaline metals [4].

Physicochemical properties vary depending on the amount of metal 
embedded: color, texture, conductivity, etc. Crystal lattice of the oxide 
tungsten bronzes is built from octahedra three-tungsten oxide, intercon-
nected in a variety of ways. There are some voids between octahedra 
where an ion can fit with no distortion of the lattice; the size is equal to or 
less oxygen. Depending on how connected octahedra of tungsten trioxide 
with each other, and which kind of voids with the form, we can obtain 
the structures of one or another crystal or a crystallographic symmetry. In 
particular, for oxide tungsten bronzes currently known cubic, tetragonal, 
hexagonal, orthorhombic, monoclinic structure [5].

A wide range of compositions oxide tungsten bronzes opens the pos-
sibility to vary with valuable physical and chemical properties. The most 
studied of all the oxide tungsten bronzes are alkaline tungsten bronze. 
Research of acid-base properties of melts in the system Na2WO4- NaPO3 
also showed that the potential platinum oxygen electrode, immersed in 
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the study melts, is moving to the positive area while increasing them in 
concentration metaphosphate sodium [6] which, obviously, is also associ-
ated with the anionic polymerization groups of tungsten, consequently, 
reduced activity of oxygen ions:

 2WO4
2– +PO3

– ↔ PO4
– +W2O7 

2 

 PO3
– + O2 ↔ PO4

3– 

Anion PO3
– as a strong acceptor ion of oxygen, with the injection of tung-

state melts shifts the reaction to the right, and induces the polymerization 
tungstate-ions as well as in these melts with the injection the oxide tung-
sten (VI) [7].

Thereby, injection to tungsten melts of metaphosphate of alkali metal 
leads to an increase in the melt concentration double tungstate ion W2O7

2– 

that “supply” in the melt WO3 particles, that is, the melt is source of tung-
sten (VI). Therefore, in melts tungsten phosphate systems in the chemical 
way it is possible to synthesize in oxide tungsten bronzes powders (OGB), 
but in the absence of tungsten (VI). Phosphorus has the ability to form the 
various polymer compounds with the range of properties.

The most complete information about the interaction of condensed phos-
phates is available by examining the phase diagram of the complex of meth-
ods of physical-chemical analysis, including the DTA, the ARF. These data 
give an idea about the state, the properties of the solid and liquid phases, the 
areas of glass formation. Such approach allows to avoid unnecessary losses 
of substances and time when selecting a practical important compositions.

It seemed interesting to study of phase diagrams with the participation 
of inorganic polymers-metaphosphate sodium (potassium) with tungstate 
of alkali metals (Na, K), which still not enough studied [2].

Metaphosphates of alkali metals belong to the class of inorganic poly-
mers, which in the molten state retain the polymer structure as electrolytes 
with high ionic conductivity. One of the most important advantages of meta-
phosphates of alkali metals with polymeric structure is the ability to dissolve 
the oxides of many metals. Like many other inorganic polymers, metaphos-
phates of alkali metals in molten form have considerable viscosity, which is 
conditioned by the peculiarities of polymer structure of these compounds [2].
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According to the data of Ref. [3] the degree of polymerization of 
metaphosphates of alkaline metal minerals increased in the range: LiPO3, 
KPO3. Viscosity according to the data of Ref. [4] with increasing radius 
cation decreases. At interaction with some oxides, for example, V2O5, the 
metaphosphates form complex ions. The increase in density and viscosity 
in melts is explained by formation of complex ions. With oxides of some 
metals, the metaphosphates of alkaline metals are forming the glass.

Metaphosphate of alkaline metals, according to data of Refs. [5, 6] 
thermally resistant to temperatures of 100–150°С above their melting 
point.

Initial condensed metaphosphates were received by us with the method 
of solid-phase reactions of interaction of salt (soda, a potassium) with 
orthophosphoric acid:

H3PO4 + Na2CO3 = 2NaH2PO4 + CO2 + H2O

NaH2PO4 = NaPO3 + H2O

H3PO4 + K2CO3 = 2KH2PO4 + CO2 + H2O

KH2PO4 = KPO3 + H2O

2.2 IDENTIFICATION OF PHASES WAS CARRIED OUT BY THE 
X-RAY PHASE ANALYSIS

The results of the research of interaction of metaphosphate of sodium with 
sodium tungstate and complex of methods of the physical and chemical 
analysis allowed to establish that in this NaPO3 – Na2WO4 system form 
two dystectics (D1) with melting point 680°С, (D2) with melting point 
570°С, forms four eutectics е1, е2, е3, е4 with melting points 612°С, 580°С, 
540°С, 500°С, respectively.

The KPO3 – K2WO4 system is also studied. Its components form con-
gruent connections of K2WO4 – 2KPO3 (D3) with melting point 646оС, and 
to the eutectic points there correspond structures 55 (620оС) and 75 mol. % 
(618оС) KPO3.
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The chart of fusibility of data of systems was constructed of experimen-
tally obtained data and fields of crystallizing phases and character of non-
variant points are outlined. The greatest ability to formation of double salts 
metaphosphates of monovalent metals is differ. It should be noted the ten-
dency of metaphosphates mono and divalent metals to formation of restricted 
solid solutions. Studying of crystallization ability in melts metaphosphate – 
sodium tungstate and a potassium of data of systems is of interest to creation 
of crystallization and steady vitreous semiconductor materials.
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 • phase transitions

 • two-component systems
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ABSTRACT

This chapter explains synthesis and influence of copolymers of Na-acrylic 
acid and methacrylic acid isobutyl ester on the physic-mechanical properties 
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of cement systems. Cement systems were investigated, according to state 
standard specifications. Studied the fluidity of water–cement mortar and 
strength of a cement stone with the addition of chemical additives.

3.1 INTRODUCTION

In contrast to many modifiers superplasticizer based on polycarboxylate 
esters are attached to the surface of the cement grains, mainly character-
ized by a dot and spatial structure of molecule with branched side chains, 
which contributes to more effective dispersion of the cement flocculant 
due to steric effect, as well as to provide access water to clinker miner-
als. Virtually unlimited varying the amount and length of the side chains 
allow you to create a controlled plasticizers of adsorption and plasticizing 
effect depending on the features used cement and aggregates, as well as 
requirements for the concrete mix. This makes superplasticizers based on 
polycarboxylate the most promising water-reducing action modifiers and 
opens wide horizons of their use for high quality cement composites for 
construction purposes [1–4].

Study of the influence of polycarboxylates on hydration, structure and 
stability of cement systems is of great importance. Is currently insufficient 
data on the effect of polycarboxylates on cement systems.

We have studied the impact copolymers of methacrylic acid isobutyl 
ester (MAAIBE) with sodium salt of acrylic acid (AA) on the properties of 
cement systems. Copolymers were obtained by block copolymerization in 
the presence of benzoyl peroxide at various weight ratios of the monomers.

When testing was used cement M400. Spreadability of water–cement 
mortar was determined according to GOST 26798.1-96. The Effect of 
superplasticizers on strength of cement stone was measured on samples 
of size 2 × 2 × 2 cm3, obtained from the normal consistency of the cement 
dough, and a control sample at a constant water cement ratio with the addi-
tion of plasticizers, hardened samples under normal conditions, and then 
tested for compressive after 28 days.

As can be seen from Tables 3.1–3.4, a sharp increase in strength of 
cement by adding plasticizer based on the sodium salt of a copolymer 
of AA and MAAIBE in range 0.02–0.05% by weight of cement in the 
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TABLE 3.1 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium AA and MAAIBE at a Weight Ratio Percentage: 95:5

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.40 6 34
3 100 0.05 0.38 6 34
4 100 0.08 0.36 6 30
5 100 0.1 0.35 6 27
6 100 1 0.34 6 27
7 100 1 0.43 8 15

TABLE 3.2 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium AA and MAAIBE at a Weight Ratio Percentage: 90:10

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.41 6 31
3 100 0.05 0.39 6 29
4 100 0.08 0.36 6 28
5 100 0.1 0.35 6 24
6 100 1 0.33 6 20
7 100 1 0.43 12 16

cement–water solution under constant spreadability (decreased w/c ratio), 
but a further increase in the amount of copolymer decreases the strength 
of the cement stone.

Spreadability water–cement slurry is increased to 16 cm when add-
ing plasticizer in an amount of 1% of the amount of cement, based on the 
copolymer of sodium salt AA and MAAIBE in a weight ratio %: 95:5, 
90:10, 80:20, but further increasing the amount of monomer MAAIBE the 
weight ratio to 50%, increases the water requirement of the cement dough.
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3.2 CONCLUSION

Thus, the resulting copolymer based on the sodium salt AA and MAAIBE, 
when added in different weight ratio is important to investigate the influ-
ence of polycarboxylate on the gelation of cement stone. The copolymer 
dramatically increases the strength of cement stone by adding it in small 
quantities.

TABLE 3.3 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium AA and MAAIBE at a Weight Ratio Percentage: 80:20

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.40 6 32
3 100 0.05 0.38 6 33
4 100 0.08 0.36 6 31
5 100 0.1 0.35 6 27
6 100 1 0.34 6 24
7 100 1 0.43 16 15

TABLE 3.4 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium AA and MAAIBE at a Weight Ratio Percentage: 50:50

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.40 6 33
3 100 0.05 0.38 6 34
4 100 0.08 0.36 6 32
5 100 0.1 0.35 6 28
6 100 1 0.48 6 16
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ABSTRACT

The chapter explains synthesis and influence of copolymers of Na- meth-
acrylic acid and methacrylic acid isobutyl ester on the physicomechanical 



22 Analytical Chemistry from Laboratory to Process Line

properties of cement systems. Cement systems were investigated, accord-
ing to state standard specifications. Studied the fluidity of water–cement 
mortar and strength of a cement stone with the addition of chemical 
additives.

4.1 INTRODUCTION

At the moment there is no clear evidence of an effect of polycarboxylates on 
the hydration, structure and stability of cement systems. Establishing com-
mon patterns of influence of polycarboxylate on the properties of cement 
compositions is difficult due to the large amount of polycarboxylate addi-
tives in the world market [1].

Introduction of polycarboxylates is capable of changing the morphol-
ogy of the hydrated phases, leading to a decrease in the linear dimensions 
of the crystals ettringite. There is an opportunity deposition of polycar-
boxylates for primary hydrosilicates calcium ratio CaO/SiO2 ≥ 2.5 and 
examining the effect on their morphology [2, 3].

Hydration and structure of cement systems, modified polycarboxylates 
diverge. However, most researchers did not rule out the possibility of slow-
ing down the hydration in the presence of a polycarboxylate plasticizer. 
In this connection remain unexplained issues associated with stability and 
the composition formed hydrated phases in the presence of polycarboxyl-
ate, respectively, with its resistance and durability [4].

We have studied the impact of copolymers of methacrylic acid isobutyl 
ester (MAAIBE) with the sodium salt of methacrylic acid (MAA) on the 
properties of cement systems. Copolymers were obtained by block copo-
lymerization in the presence of benzoyl peroxide at various weight ratios 
of the monomers.

When testing was used cement M400. Spread ability of water–cement 
mortar was determined according to GOST 26798.1-96. The Effect of 
superplasticizers on strength of cement paste was measured on samples 
of size 2 × 2 × 2 cm3, obtained from the normal consistency of the cement 
dough and a control sample at a constant water–cement ratio with the addi-
tion of plasticizers, hardened samples under normal conditions and then 
tested for compressive after 28 days.
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TABLE 4.1 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium MAA and MAAIBE at a Weight Ratio Percentage: 95:5

№ (Quantity) 
the amount of 
cement, g

The amount 
of additive 
by weight of 
cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 
28 days, 
MPa

1 100 - 0.43 6 17
2 100 0.02 0.40 6 26
3 100 0.05 0.38 6 28
4 100 0.08 0.36 6 30
5 100 0.1 0.35 6 27
6 100 1 0.34 6 26
7 100 1 0.43 14 16

TABLE 4.2 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium MAA and MAAIBE at a Weight Ratio Percentage: 70:30

№ (Quantity) 
the amount of 
cement, g

The amount 
of additive 
by weight of 
cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.41 6 31
3 100 0.05 0.39 6 29
4 100 0.08 0.36 6 28
5 100 0.1 0.35 6 24
6 100 1 0.33 6 20
7 100 1 0.43 13 16

As can be seen from Tables 4.1–4.3, a sharp increase in strength of cement 
paste, adding a plasticizer additive, based on a copolymer of the sodium 
salt MAA and MAAIBE in small amounts by weight of the cement in the 
cement–water solution under constant spread ability (reduced w/c ratio), but 
further increases in the copolymer degrades the strength of the cement stone.

Spread ability of water–cement slurry decreases with increasing mono-
mer IBEMAK in comprising of the copolymer, adding plasticizer in an 
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amount of 1% of the amount of cement. Increasing the amount of mono-
mer MAAIBE the weight ratio to 50%, increases the water requirement of 
the cement paste.

4.2 CONCLUSION

Thus, the resulting copolymer based on the sodium salt MAA and 
MAAIBE, when added in different weight ratio is important to investi-
gate the influence of polycarboxylate on the gelation of cement stone. The 
copolymer dramatically increases the strength of cement stone by adding 
it in small quantities.

KEYWORDS

 • cement systems

 • copolymer

 • methacrylic acid isobutyl ester

 • Na-methacrylic acid

TABLE 4.3 Test Results of Cement Pastes with a Plasticizing Additive Based on a 
Copolymer of Sodium MAA and MAAIBE at a Weight Ratio Percentage: 50:50

№ (Quantity) 
the amount of 
cement, g

The amount 
of additive 
by weight of 
cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.02 0.40 6 33
3 100 0.05 0.38 6 34
4 100 0.08 0.36 6 32
5 100 0.1 0.35 6 28
6 100 1 0.50 6 16
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ABSTRACT

In this chapter, rheological properties of cement systems and mechanism 
of action of superplasticizers are studied. This chapter shows the results of 
analysis of the IR spectra and the resulting impact of the superplasticizer 
on the strength and the fluidity of cement systems.



28 Analytical Chemistry from Laboratory to Process Line

5.1 INTRODUCTION

The mechanism of action of superplasticizers is considered by many 
authors. It is shown that the liquefaction slurry is provided by many fac-
tors. Adsorbed on the surface of dispersed particles, molecules of super-
plasticizer reduce the surface tension at the solid – solution, thereby 
reducing the tendency of particles to aggregate, with the observed pepti-
zation of particles and release the immobilized water, and the increased 
mobility of the suspensions. In during the plasticization of suspensions 
are important increase zeta potential of the dispersed phase, the forma-
tion of the solvate adsorption layers on the particle surface, the creation 
of structural and mechanical barrier to the development of other factors 
aggregation stability [1].

Rheological properties of mineral dispersions are more dependent 
on the availability and quality of protection layers between the particles. 
Through these interlayer attraction forces between particles depend on the 
distance between them, and which are due to van der Waals and hydro-
gen bonds. As the authors show, the interlayer environment in places of 
contact, playing the role of lubricant provides mobility of the individual 
elements of the structure. Hence, by increasing or decreasing the thickness 
of interlayers of the medium at the contact points of particle or by chang-
ing their hydrodynamic properties, applying plasticizers can be adjusted 
within a wide range coagulation structure of the mechanical properties of 
the material [2].

We synthesized superplasticizer based on hydrolyzed polyacryloni-
trile. Based on indications from the IR spectrum, it can be said that the 
resulting superplasticiser, mainly has the following functional group. New 
absorption bands (or spectrums) in the 3346 cm–1 show that the functional 
group – CONH2 changed its structure to – CONH – chemical bond.

In IR spectrum can be shows absorption bands of asymmetric stretching 
vibrations in the 1150–1260 cm–1 and the absorption band characteristic of 
the symmetric stretching vibrations occur in the region 1010–1080 cm–1. 
These absorption bands show that the synthesized superplasticizer has a 
functional group – CH2SO3Na.

When testing cement M400 was used. Spreadability of water–cement 
mortar was determined according to GOST 26798.1-96. The effect of 
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superplasticizers on strength of cement paste was measured on samples 
of size 2 × 2 × 2 cm3, obtained from the normal consistency of the cement 
dough and a control sample at a constant water–cement ratio with the addi-
tion of plasticizers, hardened samples under normal conditions and then 
tested for compressive after 28 days.

As seen from Table 5.1, adding obtained superplasticizer increases flu-
idity and strength of cement systems at a constant water–cement ratio.

As seen from Table 5.2, with the addition of obtained superplas-
ticizer in an amount of 1% by weight of cement, water/cement ratio 
decreased from 0.43 to 0.28 and the strength of the cement stone 
increased to 30 MPa.

TABLE 5.1 Test Results of Cement Pastes with the Addition of Prepared 
Superplasticizer at Constant W/C Ratio

№ (Quantity) 
the amount 
of cement, g

The amount of ad-
ditive by weight of 
cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.2 0.43 10 20
3 100 0.5 0.43 11 24
4 100 0.8 0.43 14 26
5 100 1 0.43 18 27

TABLE 5.2 Test Results of Cement Pastes with the Addition of Prepared 
Superplasticizer at Constant Spreadability

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17

2 100 0.2 0.40 6 24
3 100 0.5 0.36 6 25
4 100 0.8 0.32 6 27
5 100 1 0.28 6 30
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5.2 CONCLUSION

Thus, plasticizers can dramatically changing the rheological properties of 
disperse systems. Mobility of disperse systems depends on the molecular 
weight compounds. At a constant water content, more prolonged retention 
of mobility in time characteristic of the polymers, which, in contrast to the 
oligomers some change speed setting process.
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ABSTRACT

This chapter reviews the effect of Na-carboxymethylcellulose on physi-
cal and mechanical properties of on cement systems. The main goal is 
to review the effect of the resulting plasticizing additive for strength 
and fluidity of cement systems. Compared the fluidity of water–cement 
mortar by adding obtained Na-carboxymethylcellulose with other 
Na-carboxymethylcellulose.
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6.1 INTRODUCTION

Plasticizers are the most widely used in the production of concrete and 
reinforced concrete, due to their high efficiency, the lack of a negative 
effect on the properties of concrete and condition of reinforcement.

The main purpose in this field used plasticizers – increasing the mobil-
ity of the concrete mix, which is important to facilitate the molding pro-
cess of designs, increasing the density and strength of the concrete by 
reducing the water requirement of the concrete mix, while maintaining its 
original mobility, or to reduce the consumption of cement [1].

According to modern concepts plasticizers – surface-active substance 
(SAS) are dispersants – stabilizers, as a result of adsorption on the surface 
of solid and liquid phases, structured film. Immobilization bound in floc-
culation cement water, reducing the internal friction coefficient of cement–
water suspension, in some cases, increasing the electrostatic repulsion of 
the particles due to a significant increase in their electrokinetic potential – 
the main factors that affect the plasticizing effect of SAS on the cement–
water systems to reduce their water demand and consumption of binder.

Plasticizing SAS significantly improve the fluidity of cement paste by 
reducing the surface tension at the interface. This greatly reduces the water 
requirement of the concrete mix. Additives of this group are the most effec-
tive plasticizers in concrete mixtures at relatively high flow cement [2].

As the plasticizer used in concrete mixtures also cellulose derivatives 
such as methylcellulose, carboxymethylcellulose, etc.

The degree of polymerization (DP) Na-carboxymethylcellulose is 
important when using it as a plasticizer. Use of concentrated solutions of 
alkali during mercerization of cellulose in turn affects on DP Na – carboxy-
methylcellulose. We have obtained Na – carboxymethylcellulose based 
linters using low concentrated solutions of alkali during mercerization. 
Figure 6.1 shows the results of studying the spreadability of water–cement 
mortar with the addition of Na – carboxymethyl cellulose, obtained on the 
basis of domestic cellulose (Na-CMC – 1), foreign Na – carboxymethyl 
cellulose (Na-CMC – 2) and Na – carboxymethyl cellulose, obtained by 
us using lint (Na-CMC – 3).

As can be seen from the graph, the effect of the obtained Na-carboxy- 
methyl cellulose on the fluidity of water–cement mortar significantly. With 
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TABLE 6.1 Test Results of Cement Pastes with the Addition Obtained Na-CMC – 3

№ (Quantity) 
the amount 
of cement, g

The amount of 
additive by weight 
of cement, %

Water–ce-
ment ratio

Spreadability, 
cm

Strength 
after 28 
days, MPa

1 100 - 0.43 6 17
2 100 0.2 0.43 14 22
3 100 0.5 0.43 12 26
4 100 0.8 0.43 10 26
5 100 1 0.48 8 27

FIGURE 6.1 Dependence spreadability of water – cement slurry to concentration: 1 – 
Na-CMC – 3; 2-Na-CMC – 2; 3 – Na-CMC – 1.

further increase in the concentration of all samples Na-carboxymethylcellulose 
reduced fluidity of water – cement mortar.

As seen from Table 6.1, with the addition of obtained Na-CMC, when 
small amounts, increases fluidity sharply, but the further increase addi-
tives lead to increased water demand of cement paste. Strength of cement 
increased by adding the resulting Na-CMC in the range of 0.2–0.8% by 
weight of cement and a further increase the addition to 1% is not observed 
a sharp change in the strength of cement stone. With further study, add-
ing the obtained Na-CMC above 1%, led to a deterioration in strength of 
cement stone.
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6.2 CONCLUSION 

Thus, fluidity of cement- water mortar with adding the obtained Na-CMC, 
with small amounts, increases in comparison with other Na-CMC. Degree 
of polymerization of Na-CMC plays an important role not only in the man-
ufacture of cement systems, but also in other areas of the economy where 
Na-CMC applied.
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ABSTRACT

This chapter studies the effect of various acid-catalytic systems on the 
degradation of unbleached softwood cellulose. Evidence on the extent of 
change cellulose fibers as a result of chemical action was obtained by the 
device L&W fiber tester. Shown, that solutions of titanium tetrachloride in 
hexane as compared to others acid-catalytic systems are most effective for 
degradation of macromolecules cellulose.

7.1 INTRODUCTION

Application of acid-catalytic systems for the degradation cellulosic raw 
material was directed on obtaining powdered products, demanded in vari-
ous fields of science and technology. Most often, for this purpose are used 
a heterogeneous hydrolytic treatment in solutions Bronsted mineral acids 
at reflux.

Solutions Lewis acids to nonpolar organic solvents, which also are 
leading to chemical degradation of various semis cellulose (from herba-
ceous and from woody vegetable raw material) [1], is alternative to the 
aforementioned acid-catalytic system. Among the Lewis acids, which are 
halide of elements variable valency, favorably differs titanium tetrachlo-
ride (TiCl4) in hexane (C6H14) by effective action of degradation cellulosic 
glycosidic bonds. This system is not yet applied for the production of cel-
lulose powder on an industrial scale. However, its use for the processing of 
cellulosic raw material to such products is very promising. The possibility 
of multiple simple regeneration solvent and reducing the amount of waste 
water (or the lack thereof), and also decrease in power inputs (no longer 
needed to maintain a high temperature and pressure for the reaction) all 
these are does attractive for use of solutions TiCl4 in C6H14.

The aim of this study is a comparative evaluation of the effectiveness 
of destructive action of such the acid-catalyst systems as titanium tetra-
chloride in hexane and hydrochloric acid in hexane and in water on the cel-
lulose fibers according changes the morphological features of the latters.

To prepare the acid-catalyst systems used commercial TiCl4, and C6H14 
of production “Vekton” qualification “clean,” which were purified before 
using by simple distillation [2]. Before using C6H14 in it got rid from a 
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small amounts of water by dehumidification metal alloy of sodium with 
potassium at reflux under argon (indicator – benzophenone). A concen-
trated hydrochloric acid of qualification “analytically pure” manufactured 
by JSC “Caustic” (Republic of Bashkortostan, Russia) was used for this 
work also.

The unbleached cellulose from softwood manufactured by JSC “Mondi 
Syktyvkar Forest Industry Complex” (Komi Republic, Russia) was used 
as object of researching. Average value of degree polymerization (DPav) of 
the original cellulose was 1260 units. The cellulosic fibers were subjected 
to drying to constant weight in an oven at 103 ± 2°C for removal of physi-
cally bound water. Then treatment of cellulose was carried out in different 
acid-catalyst systems at 22 ± 1°C and at relation of liquid to solid 20 cm3: 
1 g (liquid module), using intensive mixing the cellulosic suspension. The 
treatment conditions are shown in Table 7.1.

According to the results shown in Table 7.1, the above acid- catalyst 
systems under the same conditions of application had different effective-
ness of destructive action on cellulosic fibers. It is known that the system 
HCl – H2O in conditions of treatment 2.5 M. solution at 105 ± 1°C is 

TABLE 7.1 Influence the Conditions of Treatment of Cellulose on the Characteristics 
Products of Its Degradation

№ Conditions of treatment Characteristics products

Acid-catalyst systems: 
reagent – medium

Creagent, 
mol/dm3

DPav Average size

l, mm d, mcm

1 Without treatment - 1260 2.20 28.8

2 HCl – H2O 17.5×10–3 1210 2.18 27.9

3 HCl – H2O 2.5 1060 2.12 27.7
4 HCl – C6H14 17.5×10–3 1190 2.12 28.1
5 HCl – C6H14 2.5 220 0.34 31.2
6 TiCl4 – C6H14 17.5×10–3 470 0.85 29.6
7 *TiCl4 – C6H14 17.5×10–3 190 0.29 33.5

Designations: l and d – the average sizes of length and diameter of cellulosic fiber, respectively; 
* – sample 7 was prepared using air-dry cellulosic fibers without a preliminary drying to constant 
weight, the duration of treatment was 15 min instead of 210 min as in the remaining samples 2 ÷ 6.
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“classical” for the production cellulosic powder [3]. Although application 
this system at lower temperature is not significantly effect to reducing the 
value DPav of cellulose and obtaining free flowing products. Increasing 
the concentration of solution HCl in H2O from 17.5 × 10–3 mol/dm3 to 
2.5 mol/dm3 at treatment cellulose resulted to reduce value DPav of cellu-
lose on 4 and 16% respectively. Replacing in system H2O on C6H14 in the 
presence of the maximum amount of the reagent gave better the result of 
degradation, reducing the value of DPav by more than 80%.

Known, that Lewis acids such as TiCl4 are easily hydrolyzed in the 
presence of insignificant amounts of H2O in the system. Therefore, for 
comparison of results degradation the treatment cellulose in system 
TiCl4 – C6H14 was carried before and after removing the possible amounts 
of physically bound water from fibers. Use of a Lewis acid solution of 
low concentration lets to obtain shorter fibers cellulose (sample 6) and 
cellulose powder (sample 7) with values DPav, which equal 470 and 190, 
respectively. In these samples compared to the others, obtained in the 
above-mentioned acid-catalyst systems, values DPav managed to reduce 
by treatment on 60 and 85%. Cellulose that not was subjected to drying 
before treatment lends itself to faster destruction in system TiCl4 – C6H14. 
The duration of the treatment in the latter case was 15 min, which is 14 
times less than in the other experiments.

From Table 7.1 shows that characteristics of degradation products such 
as value DPav cellulose and size l fibers directly proportional are inter-
related. The average square deviation of correlation according to the 
equation of the line: l = 0.55 × DPav equal 0.99. The obtained data let to 
determine the unknown characteristic on the basis of known characteris-
tic in the equation (among products derived by degradation of mentioned 
unbleached cellulose softwood).

The average diameter of cellulose fibers treated in different acid-
catalyst systems changes also. As the result use of solutions HCl in H2O 
and in C6H14 the size d is reduced (samples 2 ÷ 4, Table 7.1). Water used 
at the treatment and at the follow washing of samples leads to the dis-
solution and to the washing out water-soluble fraction of the particles 
with low molecular weight, which is formed in the result destruction 
cellulose. The sample 5 is characterized of higher value d as compared 
with such value of the original cellulose. This may be associated with 
feature of the system HCl – C6H14, which is a two-phase immiscible 



liquid. Reaction of cellulose destruction, caused by the action of HCl, 
largely took place in the lower layer. And since the amount of this 
reagent in the system was significantly higher (sample 5) than in the 
previous experiment (sample 4), it could promote greater swelling [4], 
and loosening of the cellulose fibers in concentrated HCl. In the result 
size d is increased.

Samples 6 and 7 obtained in the system TiCl4 – C6H14, also have an 
increased size d by adsorption on the surface compounds of transformed 
Lewis acid [5], from which if necessary it is easy to release.

For samples 1 ÷ 7 were obtained a results of the fractional distribution 
of cellulose fibers along their length (shown in Figures 7.1 and 7.2) by an 
optical device L&W Fiber Tester.

According to Figure 7.1 fractional distribution of length cellulose 
fibers in samples 2 ÷ 4 is almost identical to that in softwood unbleached 
cellulose before treatment (sample 1) and has a kind of bimodal curve with 
two maxima in the length range of 0.5–1.0 mm and 2.5 – 3.0 mm.

The sample 6 gained form of short-fiber in the result of cellulose deg-
radation therefore it was analyzed by the above-mentioned device at two 
different conditions, set as for long-fiber samples 1 ÷ 4, so and for samples 
5 and 7 in powdered form. In the first case (Figure 7.1) sample 6 differs 
more narrow distribution of fiber length with a maximum in the region 
of 0.5–1.0 mm as compared with long-fiber samples. In the second case 
(Figure 7.2), this maximum is located in the total amount of length ranges, 
which are corresponding to 0.60–7.50 mm. It does not contradict to the 
results given in the previous Figure 7.1.

FIGURE 7.1 Comparative distribution of cellulosic fiber length in samples 1 ÷ 4 and 6 
(numbering of samples on the Figure 7.1 and in the Table 7.1 is corresponds).
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Fractional distribution of length cellulose fibers in the sample 7 
(Figure 7.2) is most narrow and has a maximum at 0.20–0.25 mm. The 
specified length range is the share equal 0.33 from all factions of this sam-
ple. Sample 5 (at comparison to the sample 7) differs less marked and more 
gradual transition from one fraction to another. It is also at a relatively low 
value DPav has a maximum in range length of 0.20–0.25 mm, equal 0.27.

7.2 CONCLUSIONS

On example the unbleached cellulose from softwood was confirmed that 
the solution of titanium tetrachloride in hexane has a strong destructive 
effect on fibers of cellulose. The resulting powdered product is character-
ized by the narrowest distribution of cellulose fibers on length. This alter-
native method of degradation of cellulose is allows to receive on the world 
market a competitive analogs of cellulose powder in less energy-intensive 
conditions of treatment.
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FIGURE 7.2 Fractional distribution of length cellulose fibers in samples 5 ÷ 7 (numbering 
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ABSTRACT

In this chapter, an experimental research on synthesis, properties study and 
application of polybutylene terephthalate is carried out (PBT). To modify 
the properties in PBT are introduced (in an amount of 2–80%) such fillers 
as glass fiber, carbon fiber, chalk, talc, graphite, and flame retardants and 
other polymers.
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8.1 INTRODUCTION

One of the most important representatives of industrial polyesters is 
polybutylene terephthalate (PBT) found wide application in engineering, 
aircraft industry, electrical engineering, medicine, and recently in the pro-
duction of fiber optic cables. PBT is a successful combination of techno-
logical and operational properties [1].

The process of crystallization of this polymer occurs very quickly, so 
the cycle time is reduced to a minimum. The PBT has excellent weather 
resistance, resistance to wear, dimensional stability and balanced physi-
cal properties. The properties of the polymer are greatly enhanced, if the 
material is filled with fiberglass or mineral supplements [2].

Modification of PBT by introduction into it fiberglass, mineral fillers 
and modifying additives can significantly change the properties of the 
basic material and impart to the compositions on its basis:

• higher heat resistance;
• significant increase its rigidity and durability; 
• to give the basic material flame-proof properties, etc.

Temperature of long use of PBT without changing the mechani-
cal and dielectric properties is 120°C, for glass-filled PBT up to 155°С, 
short-term to 210°С.

Polybutylene terephthalate soluble in mixtures of phenol with chlo-
rinated aliphatic hydrocarbons, in m-Cresol. Insoluble in aliphatic and 
perkhlorirovannykh hydrocarbons, alcohols, ethers, fats, vegetable and 
mineral oils and various types of motor fuel. At 60°C it is not guide stable 
limited racks in diluted acids and alkalis, but destroyed in concentrated 
mineral acids and alkalis. By their resistance to the action of the chemical 
reagents and cracking it exceeds polycarbonates.

To modify the properties (in of quantity 2–80%) fillers (glass fiber, 
carbon fiber, chalk, BaSO4, talc, graphite and other), flame retardants 
(brominated organic substances in combination with Sb2O3), polymers 
(polyethylene terephthalate), polycarbonates, titanium dioxide), dyes are 
introduced into PBT.

This polyester is mainly processed by injection molding, less seldom 
by. An important advantage of this substance before other thermoplastics 
(work with polyethylene terephthalate, polycarbonate, polysulfonate) – good 
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technological properties associated with a high rate of crystallization at low 
temperatures (30–1000°C) and high fluidity of melt.

Casting PBT and composite materials on its basis are substituted by 
metals (zinc, bronze, aluminum) and thermosets in the production of 
electrical parts (high-voltage parts of ignition systems, plugs and sock-
ets, brush holders, housing relay coils etc.), construction (e.g., housing, 
clips, gears, bearings) and the decorative (details of decoration, blinds and 
others) assignments in the automotive, electrical, electronics, household 
appliances.

Extruded polybutylene terephthalate is used for production of films, 
rods, tubes, profiles, fibers.

8.2 EXPERIMENTAL PART

8.2.1 GETTING POLYBUTYLENE TEREPHTHALATE

The given polyester is obtained in two stages on periodic or continuous 
schemes. At the first stage bis-(4-gidroksibutil)terephthalate, is synthe-
sized at the second one spend polycondensation is carried ant.

The stage of process is an equilibrium reactions of nucleophilic substitu-
tion at carbon atom of carbonyl group and it can catalyzed by both weak acids 
and by bases. More often as catalysts various salts (it’s acetates, carbonates, 
borates, phosphates, chlorides and oxides of antimony, tin, manganese, alu-
minums, titanium, zinc, lead, sodium, calcium, mercury, iron, copper, etc., 
are used.

Polycondensation of bis (4-gidroksibytil)tereftalat carried out in a 
vacuum at 240–250°C; cat.-Ti(ОС4Н9)4. Melt polybutylene terephthalate 
is being ousted from the autoclave, cooled and crushed to the cylindrical 
pellets. Granulate is dried in vacuum or air driers [2] (Table 8.1).

nHO-(CHzkO-c-IQ\c-0-(CHzkOH ~ 
11~11 
0 0 

~ H+O(CH2)4-0-C 1(5\c-O_]_ H + nHO(CH2)40H 
11~ 11 Jn 
0 0 
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8.3 RESULTS AND DISCUSSIONS

As distinct from polyethylene terephthalate, polybutylene terephthalate is 
a quickly crystallized polymer; the maximum degree of crystallinity is 
60%. It has high strength, stiffness and hardness, resistant to creep, find a 
good insulator.

The polyester has good sliding properties. Coefficient of fric-
tion of polybutylene terephthalate is significantly less than that of poly 
e-caproamide and polyformaldehyde [3].

Unlike polyamides, polybutylene terephthalate, thanks to minor water 
absorption, are high dielectric and mechanical properties stored in condi-
tions of increased humidity. At prolonged contact with water and water 
solutions of salts (e.g., NaHCO3, Na2CO3, NaHSO3, KCl) polyester is 
undergone hydrolytic destruction: the rate of the process at room tempera-
ture is negligible, but it increases at higher temperatures (from 80°C).

8.4 CONCLUSION

The last two decades witnessed the intensive development of global pro-
duction PBT. By estimations of experts the world market volume PBT in 
2005 can be estimated at around 700 tons, and the annual average growth 

TABLE 8.1 Physical and Chemical Properties of PBT Compared to Other Engineering 
Plastics

Indicator Pet tere-
phthalate

PТТF* PBT PA 6 PA 6,6

Material

Temperature of melting, (°С) 260 228 224 220 265
The glass transition 
temperature, (°С)

70–80 45–55 20–40 40–80 50–90

Density (amorphous polymer), 
(g/cm3)

1.335 1.277 1.286 1.11 1.09

Density (crystalline polymer), 
(g/cm3)

1.455 1.387 1.39 1.23 1.24

Index crystallization rate 1 10 15 5 12
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rate of consumption is about 7%. The sharp increase in the need for PBT 
on the international market forced the main suppliers of this polymer to 
increase the production capacity for is receiving [4].
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ABSTRACT

The effective data processing algorithm is offered, which is the approxi-
mation of the plots of experimental points on the plane by piecewise linear 
functions. The idea of the method in the choice of the parameters of a lin-
ear function on a minimum sum of squared distances. Unlike the classical 
least squares method, this approach reduces the dispersion and leads to 
the dual selection of the parameters of the linear function. This algorithm 
is implemented as a program, the numerical experiments showed its high 
effectiveness.
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9.1 INTRODUCTION

In the study of the properties of polymers is necessary to scientifically 
based analysis of experimental data in order to describe the statistical 
regularity as possible. In other words, should approximate the whole set 
of experimental data by piecewise linear functions so that the disper-
sion (or deviation) of unknown function in the experimental data was 
minimal. To solve this problem, usually the least squares method is used 
in which minimize the sum of squared deviations of the axis Oy of the 
plane. The difference of this approach from the classic is minimizing the 
sum of squares of the distances from these points to a linear function, 
which leads to a decrease of mean square deviation non-uniqueness and 
of select line.

For explaining these ideas, consider the following problem. Required 
to find a piecewise linear function, which is optimal for groups of experi-
mental points (see Figure 9.1).

Here through x yi i,( ) designated coordinates plots boundaries, and the 
experimental results themselves are presented as asterisks coordinates 
x yi i,( ).

Assume that the initial point of the experiment is x y0 0,( ). Then the 
choice of line direction or slope is determined by solving the equation 
(in the case where  x yi i∑ ≠ 0)

 k k2 1 0− − =α  (1)

FIGURE 9.1 Scheme for constructing the graph plots.
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Equation (1) is derived by minimizing the sum of squared distances from 
the points with coordinates x yi i,( ), i n= ÷1 1 to line y kx b= + , that is, from 
a minimum of expression
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Here n1 – the number of points (asterisks in Figure 9.1) to the point with 
the abscissa x1, i.e., 1ix x≤ .

Equation (1) at condition  x yi i
i

n

=
∑ ≠

1

1

0 obviously has two solutions
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Corresponding to these solutions linear sections of graphics function have 
the form:

 

y k x b y k x b
b y k x b y k x

= + = +
= − = −

1 1 2 2

1 0 1 0 2 0 2 0

, ,
,  (5)

From the form of Eq. (3) that the lines (5) perpendicular to each other and 
pass through the point with coordinates x y0 0,( ).
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Question of choosing one of the two optimal lines can be solved by 
minimizing the sum of squared distances (3); if

 S k b S k b1 1 2 2, ,( ) < ( )   (6)

then we can choose the linear portion of the form y k x b= +1 1 and on the 
contrary.

Result of realization of this approach in MatLab presented in Figure 9.2. 
Here graphics consists of two sections. For the first section we obtain the 
equations of two lines (according to Eq. (5)), then the Eq. (3) calculate the 
sums S k b1 1,( ) and S k b2 2,( ). Choice of the optimal line is carried accord-
ing to condition (6). Then proceed to find the optimal line for the second 
portion by a similar algorithm.

It is easy to prove that mean square deviation when choosing a piece-
wise linear function of the minimum of the Eq. (3) is less than the classic 
version in k 2 1+  times. This means that the use of a new algorithm (not 
classical) more substantiated at large values of parameter k. In the case 
when a statistical dependence between the two values is weak, that is, then 

0k ≈ , both approaches lead to almost identical results.
In Ref. [3], the application of this method for obtaining analytical 

dependences between stresses and strains for mixtures of PVC+SVN-40 
with different ratios of the components are considered.

It should be noted that this algorithm is also suitable for solving such 
practical importance problems, as tracing roads, which the minimum 
distance from human settlements, optimal design of water and gas net-
works, etc.

FIGURE 9.2 Choosing to lines and minimizes the sum of squared distances.
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ABSTRACT

The effect of substituted aromatic amines on the process of heterophase 
oxidative polymerization of aniline and the quality of the formed poly-
aniline layers was studied for regulation of characteristics of composites 
based on them. It was shown that p-phenylenediamine (p-PDA), being 
a catalyst of the oxidation process at the start of the reaction produces 
practically no effect on the rate of polyaniline formation at the interface. 
M-phenylenediamine (m-PDA) shows strong inhibitory properties by 
increasing the induction period of the reaction and decreasing the rate of 
the reaction. Diphenylamine (DPA) produces practically no effect on the 
kinetic parameters of the process, but it impairs the quality of the forming 
polyaniline layers. Composite films, formed on the basis of polystyrene 
solution and polyaniline microlayers, obtained directly during the reaction, 
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are characterized by homogeneity and excellent electrophysical and 
strength properties.

10.1 INTRODUCTION

Polyaniline is one of the most studied representatives of the class of electro-
active polymers. It takes a special place among the polymers with a system 
of polyconjugation due to the elegance of synthesis, ease of the conduction 
of reversible doping processes – dedoping and valuable electrophysical 
characteristics. However, the stiffness of the polymer chain and, as a con-
sequence, infusibility and insolubility in most organic solvents, and also 
insufficient stability in the operating conditions are serious barriers for its 
practical application. The range of organic solvents of polyaniline is quite 
limited, and the obtained films and coatings have poor mechanical proper-
ties and to improve them one has to introduce additives, for example poly-
styrene or polyvinylchloride or to obtain complexes with sulfonic acids. In 
this case the procedure for obtaining films and coatings is complicated and 
multistage. That is why the problem of creating a technology for obtaining 
quality films and coatings based on polyaniline, for application in organic 
electronics, in electrochromic systems, as protective shields from electro-
magnetic and radioactive radiation etc., is still actual nowadays. One of the 
ways to solve this problem is the formation of composite materials, formed 
directly during the reaction of the interfacial polymerization, it allows to 
simplify the obtaining of new materials based on polyaniline.

This method of obtaining polymer-polymer compositions is based on 
the reaction of interfacial polymerization of aniline, which was conducted 
for the first time in our laboratory [1–3]. This reaction allows to obtain 
nanolayers of polyaniline on the surface of substrates of different chemical 
nature and in different states of aggregation (both as a solid and as a liquid) 
directly during the synthesis.

10.2 RESULTS AND DISCUSSION

It was found that polymerization of aniline in heterophase conditions on 
the interface of two immiscible liquids occurs with a formation of thin 
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polyaniline films with a thickness of 0.2–2 mcm, depending on the reac-
tion conditions. Thus there is an encapsulation of particles of the dispersed 
phase with the formation of polyaniline microspheres with a diameter up 
to 70–100 mcm (Figure 10.1a). It was shown that the biggest effect on the 
course of the polymerization reaction is made by the ratio of reagents con-
centration and the size of interfacial surface. The best results in uniformity 
of polyaniline films and minimizing processes of oxidative polymeriza-
tion in aqueous medium were obtained at the concentration of reagents 
0.02 mol/L and the ratio of aqueous and organic phases 1/1. In this case the 
organic solvent acts as a dispersed phase. The use of polystyrene solution 
in benzene (3–5 wt.%) as a dispersed phase does not lead to any significant 
changes in both kinetic parameters of the reaction and the chemical struc-
ture of the formed polyaniline films.

The further increase of polymer concentration leads to the increase of 
the size of microcapsules up to 150 – 300 mcm (Figure 10.1b) and to some 
slowing of the heterophase polymerization. It is described by the increase 
of viscosity of the organic phase and, as a consequence, decrease of its 
dispersion, which affects the rate of the interfacial processes. According 
to IR-spectroscopy, the obtained polyaniline practically does not differ 
from the polymer, obtained via polymerization in homogeneous aqueous 
medium, while the part of the defective units decreases.

However, varying the concentration of reagents and content of the 
polymer do not significantly change the quality characteristics (chemical 

FIGURE 10.1 Electron microscopic image of polyaniline capsules, formed in heterophase 
conditions: (a) 2.5% solution of PS, (b) 5% solution of PS.
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structure, morphology, electrophysical properties) of the forming polyani-
line particles and practically does not effect on process control.

The effect of various additives that can largely determine the rate of 
the oxidation reaction and the value and structure of the interfacial surface, 
which finally gives an opportunity to control the quality of the forming poly-
aniline layers and heterophase process as a whole, was studied. Comonomers 
of aniline catalyzing (p-PDA) and inhibiting (m-PDA) the process of oxida-
tive polymerization by changing the oxidative potential were investigated 
as active compounds. It was found that introducing into the reaction system 
up to 5 wt.% p-PDA in relation to the monomer leads to a dramatic reduc-
tion of induction period of oxidative polymerization from 18 to 2 min and 
an insignificant growth of process rate as a whole, as it can be seen from 
Figure 10.2 (curve 2). It tells about catalytic activity of p-PDA on the first 
stage of the reaction and can be described by its lower oxidation potential 
as compared to aniline. At the same time it acts as an active mediator of 
one-electron oxidation of aniline via coordination with monomer, forming 
complexes of the semiquinone type. During the formation of polyaniline 
structures they themselves act as catalysts of one-electron oxidation of the 
monomer, because their oxidation potential is significantly lower then not 
only of the monomer, but also of the p-PDA. Moreover, the coordination of 
the monomer with polyaniline is more effective then with p-PDA. Thus, 
on the first stage of the oxidation the catalysis of p-PDA proceeds, which 
is reflected in significant reduction of time of the induction period. In the 
autocatalytic process, developing further, p-PDA does not participate, which 
explains the slight growth of polymerization rate in its presence.

FIGURE 10.2 Dependence of the polyaniline on time: (1) in the presence of additives; 
(2) in the presence of 5% p-PDA; (3) in the presence of 2% m-PDA.
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According to IR-spectroscopy data, an increased content of end amino 
groups and formations corresponding to 1–2 joining is observed in samples, 
obtained in presence of p-PDA. It shows that there is some loss of molecular 
mass of polyaniline and indicates the presence of defect structures. All these 
facts point out that p-PDA integrates into the growing polyaniline chain.

Addition of p-PDA to the reaction mixture changes not only kinetic 
parameters of heterophase polymerization, but also leads to the morpho-
logical changes of polyaniline films. This results in reducing of the size 
of capsules, forming during the interfacial polymerization from 100 to 
50 mcm (Figure 10.3a). Since the rate of growth of polyaniline films at 
the start of the reaction on the surface of microdroplets of PS solution in 
presence of p-PDA is much higher, so it prevents their destruction and 
coalescence during polymerization.

m-PDA has an inhibitory effect on the heterophase oxidative polymer-
ization of aniline, which reflects in significant growth of induction period. 
Introduction of 2wt.% m-PDA causes an increase of induction period from 
20 min to 2 h (Figure 10.2, curve 3) and a significant reduction of reaction 
rate. During this process there occurs a formation of capsules of much big-
ger size (200–300 mcm), which easily break down into separate particles 
with a size of 1–2 mcm (Figure 10.3b).

Almost without participating in catalysis, m-PDA reacts with aniline 
and the growing polymer chain, forming end groups of m-substituted aro-
matic structures type as a result of recombination reaction, which impede 

FIGURE 10.3 Electron microscopic image of polyaniline capsules, forming in heterophase 
conditions at the adding to the reaction mixture: (a) 5% p-PDA, (b) 2% m-PDA.
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further oxidation and growth of the polymer chain. It leads to a sharp 
reduction of reaction rate and formation of low molecular weight prod-
ucts, decreasing the entire yield of polyaniline. According to IR spectros-
copy, there is a significant part of phenazine fragments in the obtained 
polymers, which are a result of m-PDA introduction into the polymer 
chain and further reaction of oxidative cyclization.

N-phenyl substituted aniline – diphenylamine (DPA) is able to partici-
pate in interfacial oxidative polymerization of aniline. After addition of 
1–5 wt.% with respect to the monomer DPA to the solution of polystyrene 
in benzene, its copolymerization with aniline in heterophase conditions 
take place. Kinetic studies showed that DPA does not affect the course 
of the oxidation reaction. It shows that the primary processes of mono-
mer oxidation proceed in aqueous solution without DPA participation. 
However, according to IR spectroscopy data, the obtained polyaniline 
contains diphenyl fragments. Low molecular oxidated fragments, forming 
at the start of the reaction, probably have a greater affinity for the organic 
solvent and pass to it from the interface, where DPA participates in oxida-
tion and addition to the growing chain. Since the end DPA fragments do 
not prevent the further growth of the polyaniline chain, its presence does 
not affect the overall kinetics of the process. A slight decrease of molecu-
lar mass and an increase of solubility in organic solvents occur.

There is a significant degradation of polyaniline film quality in presence 
of DPA, as it is seen from Figure 10.4. This, apparently, can be explained by 
the effect of DPA on the structure of the double electric layer (DEL), form-
ing at the start of the reaction. As was shown earlier [3], it is the DEL, which 
determines the growth of polyaniline film at the interface. And if there is no 
formation of a dense layer of adsorbed charged molecules of the monomer 
or its intermediates on the interface, than loose structures form as a result 
of heterophase process in aqueous solution and they are adsorbed on the 
interfacial surface. It happens at aniline polymerization in presence of DPA.

Thus, we have shown that introduction of a slight quantity of substi-
tuted aromatic amines lets us to regulate the rate of heterophase polym-
erization of aniline and the quality of the forming polyaniline layers. 
This also determines the characteristics of composite materials obtained 
directly from the solutions of PS with dispersed polyaniline micro-
films. As the used organic phase, was obtained directly during the het-
erophase synthesis, electrophysical and morphological characteristics 
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of polyaniline remain also after the allocation of samples. According to 
scanning electron microscopy it was found that during the process of 
obtaining of composite films via casting on a cellophane substrate they 
retain the layered structure and uniformity of microlayers distribution 
in volume. Comparison of IR spectra of the surface of composite films, 
taken at different points from both sides showed that all the spectra are 
absolutely identical which indicates the homogeneity of the composite 
structure.

Electrophysical and mechanical characteristics of the obtained com-
posite films were studied. The obtained results are shown in the Table 10.1.

FIGURE 10.4 Electron microscopic image of polyaniline capsules, forming in heterophase 
conditions after addition of 5% PDA to the reaction mixture.

TABLE 10.1 Electrophysical and Mechanical Characteristics of Composite Films

Sample Content of 
PA, %

Electroconductivity, 
Sm/cm

Tensile strength, 
MPa

Polystyrene (PS) 0 – 58
Polyaniline/PS 6.5 0.02 56
Polyaniline/PS 13 0.15 50
Polyaniline/PS 25 0.6 45
Polyaniline + 5% p-PDA/
PS

25 0.9 46

Polyaniline + 2% m-PDA/
PS

25 0.03 39
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As is seen from the Table 10.1, with the increase of PA content the 
electrophysical characteristics significantly increase with an insufficient 
decrease of strength characteristics. The highest conductivity (0.9 Sm/cm) 
along with maintaining high strength characteristics (46 MPa) belongs to 
composite films, obtained directly during the oxidation of aniline at the 
interface in presence of 5 wt.% of p-PDA.
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ABSTRACT

During the IR heating of polyphenoxazine (PPhOA) in presence of cobalt 
(II) acetate Co(CH3CO2)2·4H2O in the inert atmosphere at the tempera-
ture T = 500–650°C the growth of the polymer chain via condensation 
of phenoxazine oligomers happens simultaneously with the dehydroge-
nation with the formation of conjugated C=N bonds. Hydrogen emitted 
during these processes contributes to the reduction of CO2

+ to Co°. As a 
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result the nanostructured composite material in which Co-nanoparticles 
are dispersed into the polymer matrix is formed. According to TEM 
Co-nanoparticles have size 4 < d < 14 nm. The investigation of magnetic 
and thermal properties of Co/PPhOA nanocomposite has shown that the 
obtained nanomaterial is superparamagnetic and thermally stable.

11.1 INTRODUCTION

Metal-polymer nanocomposites combine useful properties of polymers and 
metal nanoparticles. Materials, based on polymers with a system of polycon-
jugation and magnetic nanoparticles attract a special attention due to their 
unique physico-chemical properties. Metal-polymer nanomaterials based 
on polymers with a system of conjugation are promising for application in 
organic electronics and electrorheology, creating microelectromechanical 
systems, supercapacitors, sensors, solar cells, displays, etc. Inclusion of mag-
netic nanoparticles into the nanocomposites makes them promising for use 
in systems of magnetic recording of information, for creating of electromag-
netic screens, contrasting materials for magnetic resonance tomography, etc.

In the current work a method of synthesis of the hybrid metal-polymer 
nanocomposite based on polyphenoxazine (PPOA) and Co-nanoparticles was 
developed for the first time. PPOA is a half-ladder heterocyclic polymer, con-
taining both nitrogen and oxygen atoms, which are included into the whole 
system of polyconjugation. The molecular mass of PPhOA is Mw = 3.7 × 104. 
The selection of the polymer is described by its high thermal stability (up to 
400°C in air and in the inert atmosphere at 1000°C the residue is 51%) [1].

The use of IR radiation for chemical and structural modifications 
instead of the generally used thermal impact is caused by the fact that 
due to the transition of the system into the vibrationally excited state it 
becomes possible to increase the rate of chemical reactions and thus to 
reduce the process time significantly [2–6].

During the IR heating of PPhOA in presence of cobalt (II) acetate 
Co(CH3CO2)2·4H2O in the inert atmosphere at the temperature T = 500–
650°C the growth of the polymer chain via condensation of phenoxazine 
oligomers happens simultaneously with the dehydrogenation with the for-
mation of conjugated C=N bonds.

According to IR spectroscopy data the growth of the polymer chain 
is proved by the reduction of intensity of absorption band at 739 cm–1, 
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relating to nonplanar deformation vibrations of δC–H bonds of 1,2-substi-
tuted benzene ring of the end groups, that is, the number of polymers end 
groups significantly reduces. Absorption bands at 869 and 836 cm–1 are 
caused by nonplanar deformation vibrations of δC–H bonds of 1,2,4-substi-
tuted benzene ring (Figure 11.1). Presence of these bands indicates, that 
the growth of the polymer chain proceeds via С–С – connection type into 
para-positions of phenyl rings with respect to nitrogen [1].

FIGURE 11.1 IR spectra of PPOA (a) and Co/PPOA nanocomposite, obtained at 500°C 
while heating for 10 min, (b) in the absorption range of nonplanar deformation vibrations 
of δС–H bonds of aromatic rings.
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The formation of C=N bonds is proved by the shift and broadening of 
the bands at 1587 and 1483 cm–1, corresponding to stretching vibrations of 
νC–C bonds in aromatic rings. Absorption band at 3380 cm–1, correspond-
ing to the stretching vibrations of νN–H bonds in phenyleneamine structures 
practically disappears. The absorption band at 3420 cm–1, associated with 
water appears (Figure 11.2).

Hydrogen emitted during these processes contributes to the reduction 
of CO2

+ to Co°. As a result the nanostructured composite material in which 
Co-nanoparticles are dispersed into the polymer matrix is formed. The reflec-
tion bands of β-Co-nanoparticles with a cubic face-centered lattice are identi-
fied in the diffraction pattern of the nanocomposite in the range of scattering 
angles 2θ = 68.35°, 80.65° (Figure 11.3). According to TEM Co-nanoparticles 

FIGURE 11.2 IR spectra of PPOA (a) and Co/PPOA nanocomposite, obtained at 500°C 
while heating for 10 min, (b) in the absorption range of stretching vibrations of νN–H and 
νC–H bonds.
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FIGURE 11.3 Diffraction patterns of PPOA (a) and Co/PPOA nanocomposite, obtained 
at 450 (b) and 500°C while heating for 10 min (c).

(a) 

1350 

850 

350 

20 38 56 74 92 

28, deg 

(b) 
~-Co 

1060 

680 
~-Co 

CoO 

20 38 56 74 92 

28, deg 

(c) 

1500 ~-Co 

900 
~-Co 

20 38 56 74 92 

28, deg 



70 Analytical Chemistry from Laboratory to Process Line

has size 4 < d < 14 nm (Figure 11.4). According to AAS the content of cobalt 
in Co/PPOA nanocomposite, obtained at 550°C is 22.6 wt.%.

Metal-polymer Co/PPhOA nanocomposite is a black powder, insoluble 
in organic solvents.

It was found that at temperatures below 500°C along with the 
Co-nanoparticles, the nanoparticles of CoO are also present in the nano-
composite in the range of scattering angles 2θ = 55.61°, 65.32°, 99.05° 
(Figure 11.3b). The increase of heating time in the range of 5–30 min does 
not lead to the complete reduction of CoO to Co. At low concentrations 
of Co while loading, only nanoparticles of metallic Co are registered, but 
when [Co] = 30 wt.% the CoO nanoparticles prevail.

Investigation of magnetic properties at room temperature showed that the 
obtained Co/PPOA nanocomposites have hysteresis magnetization reversal 
(Figure 11.5). The values of the main magnetic characteristics of the nano-
composite, obtained at 500 and 650°C, are shown in Table 11.1. It was found 
that after the increase of the temperature the coercive force HC decreases 
together with the squareness coefficient of the hysteresis loop kS, which is the 
ratio of the residual magnetization MR to the saturation magnetization MS. It 
happens due to the increase of the part of magnetic nanoparticles in the nano-
composite through the reduction of CoO to Co at high temperatures. Hybrid 
Co/PPOA nanocomposite is superparamagnetic. The obtained value MR/MS = 
0.116–0 is characteristic of uniaxial, single-domain particles [5, 6].

Co/PPOA nanocomposite is characterized by the high thermal stabil-
ity (Figure 11.6). 7% weight loss happens due to the presence of moisture 
in the nanocomposite, which is proved by DSC data (Figure 11.7). In the 

FIGURE 11.4 Microphotograph of Co/PPOA nanocomposite.
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FIGURE 11.5 Magnetization of Co/PPOA nanocomposite, obtained at temperature 500 
(1) and 650°C while heating for 10 min (2), as a function of the applied magnetic field at 
room temperature.

TABLE 11.1 Magnetic Characteristics of Co/PPOA Nanocomposite

Temperature of the 
sample, °C

HС,	Ое MS, emu/g MR, emu/g MR/MS 

500

650

134

0

26.33

33.33

3.05

0

0.116

0

FIGURE 11.6 Weight decrease of Co/PPOA nanocomposite after heating to 1000°C at 
heating rate 10°C/min in nitrogen flow (1) and in air (2).
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DSC thermogram of Co/PPOA nanocomposite there is an endothermic 
peak in this range of temperatures. After reheating this peak is absent.

After the removal of moisture the mass of the Co/PPOA nanocompos-
ite does not change up to 300°C. In the inert atmosphere there is a gradual 
weight loss and at 1000°C the residue is 75%.

ACKNOWLEDGEMENT

The work has been supported by the Russian Foundation for Basic 
Research, project № 14-03-31556 mol_a.

KEYWORDS

 • Co-nanoparticles

 • IR heating

 • magnetic material

 • metal-polymer nanocomposite

 • polyphenoxazine

FIGURE 11.7 DSC thermograms of Co/PPOA nanocomposite while heating in nitrogen 
flow up to 350°C at heating rate 10°C/min (1 – first heating, 2 – second heating).
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ABSTRACT

We have worked out new methods to modify the surface of the ferrocom-
posites microsized particles (iron, magnetite, iron–carbon) by albumin, 
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gelatin or dextran and have been studied immobilization hemoglobin and 
barbiturates (sodium phenobarbital and barbituric acid) and immobiliza-
tion and dynamics of L-borophenilalanin (L-BPA) desorption. The opti-
mal ferrocomposite types and the methods modifications their surface are 
suggested as sorbents for extracorporal detoxification of patients blood 
and purification of donor conserved blood and as carriers for magnetically 
guided targeted delivery of L-BPA at Boron Neutron Capture of Tumor 
Therapy (BNCT).

12.1 AIMS AND BACKGROUND

Magnetic nano- and microsized particles can be used for various biomedi-
cal applications: cell separation, immobilization of enzymes and viruses, 
detoxification of biological liquids, magnetic drug targeting und others 
[1–5]. The most widespread for neutron capture therapy (NCT) have 
become compounds with 10B (BNCT). The two boron containing com-
pounds, one of them L-borophenilalanin (L-BPA) are used in clinical prac-
tice [6]. The aim of the research is to work out new methods to modify the 
surface of different chemical content microsized ferrocomposites particles 
by biocompatible materials for the following immobilization of biologi-
cally active compounds and to evaluate possibility to use them as sorbents 
for extracorporal detoxification of patients blood and conserved donor 
blood purification from free hemoglobin and barbiturates by the method 
of magnetic separation and as carriers for magnetically guided targeted 
delivery of L-BPA at BNCT.

12.2 EXPERIMENTAL PART

We have studied composites: iron-silica (FeSiO2) of content: 50%Fe, 
50% SiO2, iron-carbon (FeC) of content 44%Fe, 56%C, iron-carbon-silica 
(FeCSiO2 of content 50%Fe, 40%C and 10% SiO2, iron of content: 90% 
restored iron and 10%, Fe3O4, sized 0.02–0.1 mkm, obtained by plasmo-
chemical method [5] magnetite (Fe3O4) sized 0.1–0.5 mkm, synthesized by 
chemical method [2]. Diameter of ferroсomposites microparticles in 0,6% 
of albumin solution: 1–2 mkm2. The powders of ferromagnetics were treated 
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(suspension in distillate water) by ultrasonic waves (frequency 22 kHz) in 
order to eliminate aggregation and to attain a homogenous distribution of 
the particles in suspension. The particles’ surface, besides the same of com-
posites FeSiO2 and FeCSiO2, which is biocompatible, was covered by albu-
min, or gelatin, or dextran. Carboxylate-magnetic particles were obtained by 
bovine albumin or gelatin coating with the following aldehydes modifica-
tion, aldehyde-magnetic particles – dextran coating with NaJO4 activation. 
We coated the particles by mixing a suspension of particles and albumin or 
gelatin or dextran with Mm 67,000 Da (Sigma) using ultrasound, with the 
following 1 h incubation at 20°C, separation of particles on Sm-Co mag-
net with inductance of 0.1–0.15 Tl. Thereafter the particles were incubated 
in the modificator solutions: formaldehyde (Russia), or glutaraldehyde, or 
NaJO4 (Sigma) and washed with distillate water. Surface-modified particles 
were kept at 10% concentration in physiological solution.

We have used bovine hemoglobin (Sigma), which contained to 75% 
methemoglobin and to 25% oxyhemoglobin. Immobilization of hemoglo-
bin and barbiturates (Russia) was carried out by 30 sec incubation with the 
suspension of particles in physiological solution and in a model biological 
liquid (0.6% albumin in physiological solution) at 20°C (pH 7.4) at differ-
ent weight ratios of composite/substance: 10, 20, 50 and thereafter the par-
ticles were separated on Sm-Co magnet. We have chosen incubation time 
30 sec according to the length of contact of biological liquids with suspen-
sion of magnetic microparticles in the device for extracorporal detoxifica-
tion of blood by the method of magnetic separation [1]. Concentrations 
of compounds in the solutions were measured by differential visual and 
UV-spectroscopy. The sorption efficiency of ferrocomposites was evalu-
ated as the ratio of the quantity of the adsorbed substance to its initial 
amount (w/w), expressed in % and in mg/g composite (absorptive capac-
ity) for a certain weight ratio of composite /substance.

Immobilization L-BPA (Lachema) carried out by 10 min incubation 
with the suspension of particles in acidified water solutions at differ-
ent weight ratios of composite/L-BPA. The dynamics of L-BPA desorp-
tion was studied by incubation of magnetic preparations with immobilized 
of L-BPA with fresh aliquots of 0.6% albumin at 37°C and by follow-
ing registration of supernatant absorption UV-spectra. Concentration of 
desorbed BPA was evaluated on the Calibri curve.
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12.3 RESULTS AND DISCUSSION

12.3.1 IMMOBILIZATION OF HEMOGLOBIN AND 
BARBITURATES

The maximal sorption efficiency to hemoglobin on unmodified fer-
rocomposites particles showed for Fe3O4 and Fe-particles: 40.0 mg/g 
and 37.8 mg/g, respectively. The results of sorption efficiency of modified 
ferrocomposites particles to hemoglobin are presented in Table 12.1.

Table 12.1 shows that the sorption efficiency of magnetite to hemoglo-
bin after covering the surface by gelatin is decreasing, glutar-modification 
leads to its further decrease. Sorption efficiency of magnetite does not 
exchange practically after formaldehyde modification by gelatin-covered 
particles. The same character of sorption efficiency of gelatin and albumin- 
modified particles to hemoglobin is discovered for Fe and FeС particles: 
sorption efficiency of is decreasing after covering of particles by proteins, 
the glutar-modification leads to its further decrease and does not change 
after formaldehyde modification. Immobilization of hemoglobin on alde-
hyde-modified particles, evidently is due to forming hydrogen connections 
between carboxylate groups of proteins and amino-groups of hemoglobin. 
Decrease of hemoglobin adsorption efficiency of particles with glutar-
modified surface is predetermined, obviously, by a stereochemical factor.

The results on immobilization of hemoglobin on modified ferrocom-
posites particles are shown in and Table 12.2 and Figure 12.3.

Figure 12.2 and Table 12.2 demonstrate that iron particles covered by 
dextran and activated by NaJO4 have shown maximal sorption efficiency to 
hemoglobin, which is, obviously, accounted for forming hydrogen connec-
tions between aldehydes groups of dextran and amino-groups of hemoglobin.

Sorption efficiency of modified ferrocomposites to hemoglobin in a 
model biological liquid (0.6% albumin in physiological solution) is pre-
sented in Table 12.3.

Results on sorption efficiency of modified particles magnetite and 
iron to hemoglobin in model biological liquid (Table 12.3) showed, that 
maximal absorptive capacity manifested Fe-particles, modified by albu-
min (32.6 mg/g) and dextran (25.0 mg/g). These meanings are lower than 
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TABLE 12.2 Sorption Efficiency of Modified Ferrocomposites to Hemoglobin 
(Composite/Hb, w/w=20) in Physiological Solution at pH 7.4

Sorption, average ± SD (%)

Absorptive capacity, average ± SD (mg/g)

Types of 
composites

Fe + gelatin + 
formald.

Fe3O4 + gelatin + 
formald.

Fe + dextran	+	
NaJO4

Fe + albumin 
+ formald.

38.0 ± 4.6

19.0 ± 2.3

41.0 ± 4.2

20.5 ± 2.1

94.5 ± 11.3

47.2 ± 5.6 

68.4 ± 7.5

34.2 ± 3.8

FIGURE 12.1 Modification of proteins (albumin or gelatin) NH2-groups by glutar (a) 
and formaldehydes (b), activation of dextran OH-groups with NaJO4.

CHzOH O/ 

H 

/0 
OH 
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FIGURE 12.2 Absorption spectra of hemoglobin after immobilization on dextran-
modified Fe-particles (Fe/Hb, w/w=20) in physiological solution at pH 7.4.

those in physiological solution. This can be explained by decreasing of 
the sorption processes velocity due to increasing of solution viscosity. In 
fact, the sorption efficiency increases at increasing the incubation time 
from 30 sec to 60 sec. The interesting results on sorption efficiency of 
hemoglobin, carboxyhemoglobin and methemoglobin on gelatin-modified 
Fe-particles have been claimed in donor blood. These meanings are equal: 
60.7%, 52.9%, and 22.5%, accordingly.

TABLE 12.3 Sorption Efficiency of Modified Ferrocomposites to Hemoglobin 
(Composite/Hb, w/w=10) in 0.6% Albumin in Physiological Solution at pH 7.4

Sorption, average ± SD (%)

Absorptive capacity, average ± SD (mg/g)

Types of 
composites

Fe3O4 + gelatin + 
formald.

Fe + gelatin + 
formald.

Fe + albumin + 
formald.

Fe + dextran	+	
NaJO4

8.2 ± 1.7 16.3 ± 2.4 32.6 ± 3.8 25.0 ± 3.2

8.2 ± 1.7 16.3 ± 2.4 32.6 ± 3.8 25.0 ± 3.2 
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It is important emphasize that adsorption of albumin on an modified 
particles reached to 40% for all composites types, after modification of 
composites surface adsorption of albumin was not more than 10%.

The sorption efficiency results of different chemical content modified 
ferrocomposites to phenobarbital in physiological solution are represented 
in Figures 12.3 and 12.4 and in Tables 12.4 and 12.5.

FIGURE 12.4 Absorption spectra of phenobarbital after immobilization on different 
chemical content Fe-particles (Fe/PhB, w/w=20) in physiological solution at pH 7.4.

FIGURE 12.3 Absorption spectra of phenobarbital after immobilization on different 
chemical content Fe-particles (Fe/PhB, w/w=20) in physiological solution at pH 7.4.
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TABLE 12.5 Sorption Efficiency of Different Chemical Content Ferrocomposites to 
Phenobarbital (PhB), (Composite/PhB, w/w=20) in Physiological Solution at pH 7.4

Sorption, average ± SD (%)

Absorptive capacity, average ± SD (mg/g)

Types of composites Fe unmodi-
fied

Fe	+	Dex Fe-Silica (Fe 
90%, SiO2 10%)

Fe-Silica 
(Fe 50%, 
SiO2 50%)

18.9 ± 1.8 15.9 ± 1.4 42.6 ± 4.2 48.1 ± 6.4
9.4 ± 0.9 7.9 ± 0.7 21.3 ± 2.1 24.1 ± 3.2

TABLE 12.4 Sorption Efficiency of Different Chemical Content Modified 
Ferrocomposites to Phenobarbital (PhB), (Composite/PhB, w/w=20) in Physiological 
Solution at pH 7.4

Sorption, average ± SD (%)

Absorptive capacity, average ± SD (mg/g)

Types of composites Fe unmodi-
fied

Fe + gel + 
formald.

Fe + albumin + 
formald.

Fe-Al2O3

18.9 ± 1.8 36.2 ± 2.3 51.4 ± 5.8 14.2 ± 1.5

9.4 ± 0.9 18.1 ± 1.2 25.7 ± 2.9 7.0 ± 0.7

Table 12.4 and shows that modification of Fe-microparticles surface 
by albumin led to considerable increase of phenobarbital immobilization: 
from 18.9% to 51.4%. The immobilization is realized, probably, by means 
of conjugation of phenobarbital with carboxylate- groups of albumin. In 
Figures 12.3 and 12.4 are shown absorption spectra of phenobarbital after 
immobilization on different chemical content microparticles.

Maximal meanings of sorption efficiency of phenobarbital have dem-
onstrated Fe-silica composites. Formation of hydrogen connections plays, 
apparently, a prevailing role in immobilization phenobarbital on Fe-silica 
composites (Figure 12.4 and Table 12.5).

In Figure 12.5 are shown spectra of barbituric acid after immobiliza-
tion on FeC SiO2 microparticles at different weight ratios composite/BA. 
The maximal sorption efficiency of barbituric acid was found for FeC 
SiO2 composite of content: 50% Fe, 40%C, 10%SiO2. The meanings of 
sorption and absorptive capacity of barbituric acid for this composite: 
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75.0% and 58.0 mg/g at weight ratio FeCSiO2/BA 50 and 10, accordingly. 
Apparently, it occurs physical adsorption of barbituric acid in microporous 
of composite.

12.3.2 IMMOBILIZATION AND DESORPTION OF 
L-BOROPHENILALANIN

In Figure 12.6 are shown spectra of L-BPA after immobilization on FeC 
microparticles at different weight ratios composite/L-BPA. Apparently 
immobilization occurs by physical adsorption into porous of composite. 
The highest absorption capacity of L-BPA for this composite 78.0 mg/g was 
detected at weight ratio composite/L-BPA equal 5. The maximal adsorp-
tion capacity of L-BPA 160.0 mg/g was reached for dextran-modified 
iron-particles.

The desorption of L-BPA at λ225 nm from FeC composite and dextran-
modified Fe-particles are presented in Figures 12.7 and 12.8. Analysis of 
the results on desorption has shown that quantity of the desorbed L-BPA 
from magnetic operated preparations is enough to create therapeutic 

FIGURE 12.5 Absorption spectra of barbituric acid after immobilization on FeC SiO2 
particles at weight ratios composite/ BA= 10, 20, 50.
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FIGURE 12.6 Absorption spectra of L-BPA after immobilization on FeC microparticles 
at different weight ratios composite/L-BPA.

FIGURE 12.7 The dynamics of L-BPA desorption (λ225 nm) from FeC composite in 
0.6% albumin (T 37°C, pH 7.4).

concentration of boron atoms in tumor. Nevertheless it is required to con-
tinue investigations in order to chose the optimum ferrocomposites types 
with more longer of desorption time for working out magnetic operated 
preparations of L-BPA on their basis.

Spectrophotometric study of the reaction interaction L-BPA with dextran 
in the water solutions showed its conjugation with dextran (Figure 12.9).
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FIGURE 12.9 Conjugation of L-BPA with dextran: T 20°C, pH 7.0, incubation time 1 min.

FIGURE 12.8 The dynamics of L-BPA desorption (λ225 nm) from dextran-modified 
Fe-particles in 0.6% albumin (T 37°C, pH 7.4).

12.4 SUMMARY

We have worked out new methods to modify the surface of the ferrocom-
posites microsized particles (iron, magnetite, iron-carbon) by albumin, 
gelatin or dextran and have been studied their sorption efficiency and the 
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same for composite iron-silica and iron-carbon-silica to bovine hemoglo-
bin and barbiturates: sodium phenobarbital and barbituric acid. Optimal 
Fe-composites for hemoglobin immobilization are by albumin and dextran 
modified microsized Fe-particles; for phenobarbital: albumin-modified 
Fe-particles and Fe-silica composite; for barbituric acid:FeC-silica com-
posite. These ferrocomposites can be recommended for use as sorbents 
for extracorporal detoxification of patients’ blood and purification of con-
served donor blood from free hemoglobin and barbiturates by the method 
of magnetic separation. Dextran modified microsized Fe-particles are per-
spective as carriers for magnetically guided targeted delivery of L-BPA at 
Boron Neutron Capture of Tumor Therapy.
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ABSTRACT

It has been shown that organoclay platelets aggregation in “packets” (tac-
toids) results in large-scale disorder intensification that reduces nanofiller 
anisotropy degree. In its turn, this factor decreases essentially nanocom-
posites reinforcement degree. The interfacial adhesion role in anisotropy 
level definition has been shown.

13.1 INTRODUCTION

Organoclay belongs to anisotropic nanofillers, for which their anisotropy 
degree, that is, ratio α of organoclay platelets (aggregates of platelets) 
length to thickness, has large significance [1]. The reinforcement degree 
En/Em of nanocomposites polymer/organoclay can be estimated according 
to the equation [1]:

 

E
E

Cn

m
a n= +1 2α ϕ

 
(1)

where En and Em are elasticity moduli of nanocomposite and matrix poly-
mer, respectively, Ca is an orientation factor, which is equal for organoclay 
to about 0.5 [1], φn is organoclay volume content.

In case of organoclay platelets aggregation, that is, their “packets” 
(tactoids) formation [2] such “packets” thickness increasing takes place in 
comparison with a separate platelet, that results in length/thickness ratio α 
reduction at platelet constant length and, as consequence, nanocomposites 
reinforcement degree decreasing is realized according to the Eq. (1). The 
present work purpose is the analytical study of organoclay aggregation, that 
is, large-scale disorder, influence on reinforcement degree on the example 
of nanocomposites plasticat of poly(vinyl chloride) – organomodified 
montmorillonite.

13.2 EXPERIMENTAL PART

The plasticat of poly(vinyl chloride) (PVC) of mark U30–13A, prescrip-
tion 8/2 GOST 5960–72 was used as a matrix polymer. The modification 
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product of montmorillonite (MMT) of deposit Gerpegezh (KBR, Russian 
Federation), modified by urea with content of 10 mass% with cation-
changing capacity of 95 mg-eq/100 g of clay was applied as a nanofiller. 
Organoclay contents was varied within the limits of 1–10 mass%.

The nanocomposites PVC-MMT preparation was performed as fol-
lows. The components were mixed in a two-speed blender R 600/HC 
2500 of firm Diosna, the design of which ensures intensive intermixing 
in turbulent regime with blends high homogenization and blowing by 
hot air. After components intensive intermixing the composition was 
cooled up to temperature 313 K and processed on a twin screw extruder 
Thermo Haake, model Reomex RTW 25/42, production of German 
Federal Republic, at temperature 418–438 K and screw rotation speed 
of 48 rpm.

Sheet nanocomposite was obtained by a hot rolling method at tem-
perature (433±10) K during 5–15 min. The samples in the shape of a 
two-sided spade with sizes according to GOST 112 62–80 were cut out 
by punch. Uniaxial tension mechanical tests have been performed on the 
universal testing apparatus Gotech Testing Machine CT-TCS 2000, pro-
duction of German Federal Republic, at temperature 293 K and strain rate 
of ~ 2×10–3 s–1.

13.3 RESULTS AND DISCUSSION

The nanofiller initial particles aggregation is the main process, enhanc-
ing large-scale disorder level in polymer nanocomposites. For each 
nanofiller type this process has its specific character, but in case of aniso-
tropic nanofillers (organoclay, carbon nanotubes) application this pro-
cess always decreases their anisotropy degree, that is, aspect ratio α, that 
reduces nanocomposites reinforcement degree according to the Eq. (1). 
Let us consider the physical bases of the value α reduction at organoclay 
content increasing in the considered nanocomposites. As it is known [3], 
organoclay platelets number Npl in “packet” (tactoid) can be determined 
as follows:

 N bpl = −24 5 7. α  (2)
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where bα is the dimensionless parameter, characterizing the level of inter-
facial adhesion polymeric matrix-nanofiller, which is determined with the 
aid of the following percolation relationship [2]:

 

E
E

c bn

m
n= + ( )1 11 1 7ϕ α

.

 
(3)

where c is constant coefficient, which is equal to 1.955 for intercalated 
organoclay and 2.90 – for exfoliated one.

In its turn, the value φn can be determined according to the well-known 
formula [2]:

 
ϕn

n

n

W
=

ρ  
(4)

where Wn is nanofiller mass content; ρn is its density, which for nanopar-
ticles is determined as follows [2]:

 
ρn pD= ( )188

1 3/
, kg/m3

 
(5)

where Dp is the initial nanoparticle diameter, which is given in nm.
In case of organoclay parameter Dp is determined as mean arithmetical 

of its three basic sizes: length, width and thickness, which are equal to 100, 
35 and 0.65 nm, respectively [2].

An alternative method of the value Npl estimation gives the following 
equation [2]:

 
χ =

−( ) +

N d
N d d

pl pl

pl pl1 001  
(6)

where χ is relative volume content of montmorillonite in tactoid (effective 
particle [4]); dpl is thickness of organoclay separate platelet; d001 is inter-
layer spacing, that is, the distance between organoclay platelets in tactoid, 
which can be estimated according to the following formula [3]:

  d b001 1 27= . ,α nm  (7)
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In its turn, parameter χ is determined as follows [3]:

 
χ =

+
ϕ

ϕ ϕ
n

n if  
(8)

where φif is a relative fraction of interfacial regions in nanocomposite, esti-
mated with the aid of the following percolation relationship [2]:
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The comparison of Npl value calculations according to the Eqs. (2) and (6) 
showed their close correspondence.

In Figure 13.1 the dependence Npl(φn) for nanocomposites PVC/MMT 
is adduced. As one can see, at quite enough small values φn ≤ 0.05 fast 
growth of Npl occurs, that is, strong aggregation of organoclay initial 
platelets, and at φn >0.05 the value Npl achieves the asymptotic branch: 
Npl ≈22. As it was noted above, the reduction of nanofiller anisotropy 
degree, characterized by parameter α, was defined by its aggregation, the 
level of which could be characterized by parameter Npl. In Figure 13.2 the 
dependence α(Npl

2 ) for the considered nanocomposites, where quadratic 
shape of dependence was chosen with the purpose of its linearization. 
As was to be expected, the organoclay anisotropy degree, characterized 
by the parameter α, reduction is observed at its platelets aggregation, 

FIGURE 13.1 The dependence of organoclay platelets number per one tactoid Npl on 
nanofiller volume content φn for nanocomposites PVC-ММТ.
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characterized by the value Npl, enhancement, which is expressed analyti-
cally by the following equation:

 α = −10 5 0 018 2. . Npl  (10)

where the value α was estimated according to the Eq. (1).
Theoretical method of parameter α (αT) estimation can be obtained as 

follows. Organoclay aggregates (tactoids) anisotropy degree can be deter-
mined according to the equation:

 
α T pl

org

L
t

=
 

(11)

where Lpl is organoclay platelet length, which is equal to ~ 100 nm [2], torg 
is its tactoid thickness.

In its turn, the value torg is determined as follows:

 t d Norg pl= +001 1 (12)

Besides, it should be borne in mind, that experimental value α in the 
Eq. (1) is determined on the basis of reinforcement degree En/Em, that 
is, on the basis of mechanical tests results. This means, that value α 
depends on conditions of stress transfer on interfacial boundary polymeric 

FIGURE 13.2 The dependence of organoclay anisotropy degree α on its platelets number 
per one tactoid Npl for nanocomposites PVC-ММТ.
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matrix-organoclay, that is, on the parameter bα value. Then parameter αT 
can be determined finally as follows:

 
α α

α

T pl

pl

L b
b N

=
+1 27 1.  

(13)

In Figure 13.3 the comparison of experimental α and calculated according 
to the Eq. (13) αT values of organoclay tactoids aspect ratio, characterizing 
large-scale disorder level for the considered nanocomposites, is adduced. 
As one can see, good enough correspondence of experiment and theory is 
obtained (average discrepancy of α and αT makes up ~ 9%).

The Eqs. (10) and (13) allow to predict reinforcement degree En/Em 
on organoclay known structural characteristics. In Figure 13.4 the com-
parison of theoretical curves En/Em(φn), calculated according to the Eq. (1), 
where parameter αT was determined according to the Eqs. (10) and (13), 
and corresponding the experimental data is adduced. As one can see, a 
good both qualitative (the theoretical curves are reflected experimental 
dependence maximum without existence of maximums for parameters Npl 
and d001) and quantitative correspondence of theory and experiment (their 
average discrepancy makes up less 2.5 %).

Let consider in conclusion the influence of organoclay platelets aggre-
gation or large-scale disorder on the considered nanocomposites reinforce-
ment degree. In Figure 13.5 the experimental and calculated according to 

FIGURE 13.3 The comparison of experimental α and calculated according to the Eq. (13) 
αT organoclay anisotropy degree for nanocomposites PVC-ММТ.
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the Eq. (1) at organoclay aggregation minimum level (Npl=9.70, bα=2.51, 
α=8.6), corresponding to organoclay content Wn=1 mass%, dependences 
En/Em(φn) for nanocomposites PVC/MMT are adduced. As it follows from 
this comparison, both lower values of reinforcement degree and its decay 
at Wn > 7 mass% are due precisely by organoclay platelets aggregation in 
“packets” (tactoids).

13.4 CONCLUSIONS

Thus, the present work results have demonstrated that organoclay plate-
lets aggregation in “packets” (tactoids) results in large-scale disorder 

FIGURE 13.4 The comparison of calculated according to the Eq. (1) with usage of the 
Eq. (10) (1) and Eq. (13) (2) for parameter αT determination and experimental (3) dependences 
of reinforcement degree En/Em on nanofiller volume content φn for nanocomposites 
PVC-ММТ.

FIGURE 13.5 The comparison of calculated according to the Eq. (1) at the condition of 
organoclay minimum aggregation (1) and experimental (2) dependences of reinforcement 
degree En/Em on nanofiller volume content φn for nanocomposites PVC-ММТ.
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enhancement that reduces nanofiller anisotropy degree. In its turn, this 
factor decreases essentially reinforcement degree (or elasticity modulus) 
of nanocomposites polymer-organoclay, moreover at large enough organo-
clay contents (>7 mass%) reinforcement degree reduction at nanofiller 
content growth is observed. The important role of interfacial adhesion in 
anisotropy level determination has been shown.
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ABSTRACT

Membrane filtration is an important technology for ensuring the purity, 
safety and/or efficiency of the treatment of water or effluents. In this chap-
ter, various types of membranes are reviewed, first. After that, the states 
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of the computational methods are applied to membranes processes. Many 
studies have focused on the best ways of using a particular membrane 
process. But, the design of new membrane systems requires a considerable 
amount of process development including robust methods. Monte Carlo 
and molecular dynamics methods can specially provide a lot of interesting 
information for the development of polymer/carbon nanotube membrane 
processes.

14.1 MEMBRANES FILTRATION

Membrane filtration is a mechanical filtration technique, which uses an 
absolute barrier to the passage of particulate material as any technology 
currently available in water treatment. The term “membrane” covers a 
wide range of processes, including those used for gas/gas, gas/liquid, liq-
uid/liquid, gas/solid, and liquid/solid separations. Membrane production 
is a large-scale operation. There are two basic types of filters: depth filters 
and membrane filters.

Depth filters have a significant physical depth and the particles to be 
maintained are captured throughout the depth of the filter. Depth filters 
often have a flexuous three-dimensional structure, with multiple channels 
and heavy branching so that there is a large pathway through which the 
liquid must flow and by which the filter can retain particles. Depth filters 
have the advantages of low cost, high throughput, large particle retention 
capacity, and the ability to retain a variety of particle sizes. However, they 
can endure from entrainment of the filter medium, uncertainty regarding 
effective pore size, some ambiguity regarding the overall integrity of the 
filter, and the risk of particles being mobilized when the pressure differen-
tial across the filter is large.

The second type of filter is the membrane filter, in which depth is not 
considered momentous. The membrane filter uses a relatively thin material 
with a well-defined maximum pore size and the particle retaining effect 
takes place almost entirely at the surface. Membranes offer the advantage 
of having well-defined effective pore sizes, can be integrity tested more 
easily than depth filters, and can achieve more filtration of much smaller 
particles. They tend to be more expensive than depth filters and usually 
cannot achieve the throughput of a depth filter. Filtration technology has 
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developed a well-defined terminology that has been well addressed by 
commercial suppliers.

The term membrane has been defined in a number of ways. The most 
appealing definitions to us are the following:

“A selective separation barrier for one or several components in solu-
tion or suspension [19].” “A thin layer of material that is capable of sepa-
rating materials as a function of their physical and chemical properties 
when a driving force is applied across the membrane.”

Membranes are important materials, which form part of our daily lives. 
Their long history and use in biological systems has been extensively stud-
ied throughout the scientific field. Membranes have proven themselves 
as promising separation candidates due to advantages offered by their 
high stability, efficiency, low energy requirement and ease of operation. 
Membranes with good thermal and mechanical stability combined with 
good solvent resistance are important for industrial processes [1].

The concept of membrane processes is relatively simple but neverthe-
less often unknown. Membranes might be described as conventional filters 
but with much finer mesh or much smaller pores to enable the separation 
of tiny particles, even molecules. In general, one can divide membranes 
into two groups: porous and nonporous. The former group is similar to 
classical filtration with pressure as the driving force; the separation of 
a mixture is achieved by the rejection of at least one component by the 
membrane and passing of the other components through the membrane 
(see Figure 14.1). However, it is important to note that nonporous mem-
branes do not operate on a size exclusion mechanism.

FIGURE 14.1 Basic principle of porous membrane processes.
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Membrane separation processes can be used for a wide range of appli-
cations and can often offer significant advantages over conventional sepa-
ration such as distillation and adsorption since the separation is based on 
a physical mechanism. Compared to conventional processes, therefore, no 
chemical, biological, or thermal change of the component is involved for 
most membrane processes. Hence, membrane separation is particularly 
attractive to the processing of food, beverage, and bioproducts where the 
processed products can be sensitive to temperature (vs. distillation) and 
solvents (vs. extraction).

Synthetic membranes show a large variety in their structural forms. 
The material used in their production determines their function and their 
driving forces. Typically the driving force is pressure across the membrane 
barrier (see Table 14.1) [2–4]]. Formation of a pressure gradient across the 
membrane allows separation in a bolter-like manner. Some other forms of 
separation that exist include charge effects and solution diffusion. In this 
separation, the smaller particles are allowed to pass through as permeates 
whereas the larger molecules (macromolecules) are retained. The reten-
tion or permeation of these species is ordained by the pore architecture as 
well as pore sizes of the membrane employed. Therefore based on the pore 
sizes, these pressure driven membranes can be divided into reverse osmo-
sis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration 
(MF), are already applied on an industrial scale to food and bioproduct 
processing [5–7].

TABLE 14.1 Driving Forces and Their Membrane Processes

Driving force Membrane process

Pressure difference Microfiltration, Ultrafiltration, Nanofiltration, Reverse 
osmosis

Chemical potential difference Pervaporation, Pertraction, Dialysis, Gas separation, 
Vapor permeation, Liquid Membranes

Electrical potential difference Electrodialysis, Membrane electrophoresis,

Membrane electrolysis
Temperature difference Membrane distillation
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14.1.1 MICROFILTRATION (MF) MEMBRANES

MF membranes have the largest pore sizes and thus use less pressure. 
They involve removing chemical and biological species with diameters 
ranging between 100 to 10,000 nm and components smaller than this, pass 
through as permeates. MF is primarily used to separate particles and bac-
teria from other smaller solutes [4].

14.1.2 ULTRAFILTRATION (UF) MEMBRANES

UF membranes operate within the parameters of the micro- and NF mem-
branes. Therefore UF membranes have smaller pores as compared to MF 
membranes. They involve retaining macromolecules and colloids from 
solution, which range between 2−100 nm and operating pressures between 
1 and 10 bar (e.g., large organic molecules and proteins). UF is used to 
separate colloids, such as, proteins from small molecules such as sugars 
and salts [4].

14.1.3 NANOFILTRATION (NF) MEMBRANES

NF membranes are distinguished by their pore sizes of between 0.5−2 nm 
and operating pressures between 5 and 40 bar. They are mainly used for 
the removal of small organic molecules and di- and multivalent ions. 
Additionally, NF membranes have surface charges that make them suit-
able for retaining ionic pollutants from solution. NF is used to achieve sep-
aration between sugars, other organic molecules, and multivalent salts on 
the one hand from monovalent salts and water on the other. Nanofiltration, 
however, does not remove dissolved compounds [4]. 

14.1.4 REVERSE OSMOSIS (RO) MEMBRANES

RO membranes are dense semi-permeable membranes mainly used for 
desalination of seawater [38]. Contrary to MF and UF membranes, RO 
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membranes have no distinct pores. As a result, high pressures are applied 
to increase the permeability of the membranes [4]. The properties of the 
various types of membranes are summarized in Table 14.2.

The NF membrane is a type of pressure-driven membrane with proper-
ties in between RO and UF membranes. NF offers several advantages such 
as low operation pressure, high flux, high retention of multivalent anion 
salts and an organic molecular above 300, relatively low investment and 
low operation and maintenance costs. Because of these advantages, the 
applications of NF worldwide have increased [8]. In recent times, research 
in the application of nanofiltration techniques has been extended from 
separation of aqueous solutions to separation of organic solvents to homo-
geneous catalysis, separation of ionic liquids, food processing, etc. [9].

Figure 14.2 presents a classification on the applicability of different 
membrane separation processes based on particle or molecular sizes. RO 
process is often used for desalination and pure water production, but it is 
the UF and MF that are widely used in food and bioprocessing.

While MF membranes target on the microorganism removal, and hence 
are given the absolute rating, namely, the diameter of the largest pore on 
the membrane surface, UF/NF membranes are characterized by the nomi-
nal rating due to their early applications of purifying biological solutions. 
The nominal rating is defined as the molecular weight cut-off (MWCO) 
that is the smallest molecular weight of species, of which the membrane 
has more than 90% rejection (see later for definitions). The separation 
mechanism in MF/UF/NF is mainly the size exclusion, which is indicated 
in the nominal ratings of the membranes. The other separation mechanism 

TABLE 14.2 Summary of Properties of Pressure Driven Membranes [4] 

MF UF NF RO

Permeability(L/h.
m2.bar)

1000 10–1000 1.5–30 0.05–1.5

Pressure (bar) 0.1–2 0.1–5 3–20 5–1120
Pore size (nm) 100–10,000 2–100 0.5–2 < 0.5
Separation 
Mechanism

Sieving Sieving Sieving, charge 
effects

Solution 
diffusion

Applications Removal of 
bacteria

Removal of bacteria, 
fungi, virses

Removal of 
multivalent ions

Desalination
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FIGURE 14.3 Schematic diagrams of the principal types of membranes.

FIGURE 14.2 The applicability ranges of different separation processes based on sizes.
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includes the electrostatic interactions between solutes and membranes, 
which depends on the surface and physiochemical properties of solutes 
and membranes [5]. Also, The principal types of membrane are shown 
schematically in Figure 14.4 and are described briefly below.

14.2 THE RELATIONSHIP BETWEEN NANOTECHNOLOGY AND 
FILTRATION

Nowadays, nanomaterials have become the most interested topic of mate-
rials research and development due to their unique structural properties 
(unique chemical, biological, and physical properties as compared to 
larger particles of the same material) that cover their efficient uses in vari-
ous fields, such as ion exchange and separation, catalysis, biomolecular 
isolation and purification as well as in chemical sensing [10]. However, 
the understanding of the potential risks (health and environmental effects) 
posed by nanomaterials hasn’t increased as rapidly as research has regard-
ing possible applications.

One of the ways to enhance their functional properties is to increase 
their specific surface area by the creation of a large number of nanostruc-
tured elements or by the synthesis of a highly porous material.

FIGURE 14.4 Membrane process characteristics.
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Classically, porous matter is seen as material containing three-dimen-
sional voids, representing translational repetition, while no regularity is nec-
essary for a material to be termed “porous.” In general, the pores can be 
classified into two types: open pores, which connect to the surface of the 
material, and closed pores, which are isolated from the outside. If the mate-
rial exhibits mainly open pores, which can be easily transpired, then one can 
consider its use in functional applications such as adsorption, catalysis and 
sensing. In turn, the closed pores can be used in sonic and thermal insulation, 
or lightweight structural applications. The use of porous materials offers also 
new opportunities in such areas as coverage chemistry, guest–host synthesis 
and molecular manipulations and reactions for manufacture of nanoparti-
cles, nanowires and other quantum nanostructures. The International Union 
of Pure and Applied Chemistry (IUPAC) defines porosity scales as follows:

• Microporous materials 0–2-nm pores
• Mesoporous materials 2–50-nm pores
• Macroporous materials >50-nm pores

This definition, it should be noted, is somewhat in conflict with the 
definition of nanoscale objects, which typically have large relative porosi-
ties (>0.4), and pore diameters between 1 and 100 nm. In order to classify 
porous materials according to the size of their pores the sorption analysis 
is one of the tools often used. This tool is based on the fact that pores 
of different sizes lead to totally different characteristics in sorption iso-
therms. The correlation between the vapor pressure and the pore size can 
be written as the Kelvin equation:
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Therefore, the isotherms of microporous materials show a steep increase 
at very low pressures (relative pressures near zero) and reach a plateau 
quickly. Mesoporous materials are characterized by a so-called capil-
lary doping step and a hysteresis (a discrepancy between adsorption and 
desorption). Macroporous materials show a single or multiple adsorption 
steps near the pressure of the standard bulk condensed state (relative pres-
sure approaches one) [10].
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Nanoporous materials exuberate in nature, both in biological systems 
and in natural minerals. Some nanoporous materials have been used indus-
trially for a long time. Recent progress in characterization and manipula-
tion on the nanoscale has led to noticeable progression in understanding 
and making a variety of nanoporous materials: from the merely opportu-
nistic to directed design. This is most strikingly the case in the creation 
of a wide variety of membranes where control over pore size is increas-
ing dramatically, often to atomic levels of perfection, as is the ability to 
modify physical and chemical characteristics of the materials that make 
up the pores [11].

The available range of membrane materials includes polymeric, car-
bon, silica, zeolite and other ceramics, as well as composites. Each type 
of membrane can have a different porous structure, as illustrated in 
Figure 14.6. Membranes can be thought of as having a fixed (immovable) 
network of pores in which the molecule travels, with the exception of most 
polymeric membranes [12, 13]. Polymeric membranes are composed of an 
amorphous mix of polymer chains whose interactions involve mostly Van 
der Waals forces. However, some polymers manifest a behavior that is con-
sistent with the idea of existence of opened pores within their matrix. This 
is especially true for high free volume, high permeability polymers, as has 
been proved by computer modeling, low activation energy of diffusion, 
negative activation energy of permeation, solubility controlled permeation 

FIGURE 14.5 New pore size classification as compared with the current IUPAC 
nomenclature.
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[14, 15]. Although polymeric membranes have often been viewed as non-
porous, in the modeling framework discussed here it is convenient to con-
sider them nonetheless as porous. Glassy polymers have pores that can 
be considered as ‘frozen’ over short times scales, while rubbery polymers 
have dynamic fluctuating pores (or more correctly free volume elements) 
that move, shrink, expand and disappear [16].

Three nanotechnologies that are often used in the filtering processes 
and show great potential for applications in remediation are:

1. NF (and its sibling technologies: RO, UF, and MF), is a fully 
developed, commercially available membrane technology with a 
large number of vendors. NF relies on the ability of membranes to 
discriminate between the physical size of particles or species in a 
mixture or solution and is primarily used for water pre-treatment, 
treatment, and purification. There are almost 600 companies in 
worldwide, which offering membrane systems.

2. Electrospinning is a process used by the NF process, in which fibers 
are stretched and elongated down to a diameter of about 10 nm. The 
modified nanofibers that are produced are particularly useful in the 
filtration process as an ultra-concentrated filter with a very large sur-
face area. Studies have found that electrospun nanofibers can capture 
metallic ions and are continually effective through re-filtration.

FIGURE 14.6 Porous structure within various types of membranes.
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3. Surface modified membrane is a term used for membranes with 
altered makeup and configuration, though the basic properties of 
their underlying materials remain intact.

14.3 TYPES OF MEMBRANES

As it mentioned, membranes have achieved a momentous place in chemi-
cal technology and are used in a broad range of applications. The key 
property that is exploited is the ability of a membrane to control the per-
meation rate of a chemical species through the membrane. In essence, a 
membrane is nothing more than a discrete, thin interface that moderates 
the permeation of chemical species in contact with it. This interface may 
be molecularly homogeneous, that is completely uniform in composition 
and structure or it may be chemically or physically heterogeneous for 
example, containing holes or pores of finite dimensions or consisting of 
some form of layered structure. A normal filter meets this definition of a 
membrane, but, generally, the term filter is usually limited to structures 
that separate particulate suspensions larger than 1–10 µm [17].

The preparation of synthetic membranes is, however, a more recent 
invention, which has received a great audience due to its applications [18]. 
Membrane technology like most other methods has undergone a devel-
opmental stage, which has validated the technique as a cost-effective 
treatment option for water. The level of performance of the membrane tech-
nologies is still developing and it is stimulated by the use of additives to 
improve the mechanical and thermal properties, as well as the permeabil-
ity, selectivity, rejection and fouling of the membranes [19]. Membranes 
can be fabricated to possess different morphologies. However, most mem-
branes that have found practical use are mainly of asymmetric structure. 
Separation in membrane processes takes place as a result of differences 
in the transport rates of different species through the membrane structure, 
which is usually polymeric or ceramic [20].

The versatility of membrane filtration has allowed their use in many 
processes where their properties are suitable in the feed stream. Although 
membrane separation does not provide the ultimate solution to water treat-
ment, it can be economically connected to conventional treatment tech-
nologies by modifying and improving certain properties [21].
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The performance of any polymeric membrane in a given process is 
highly dependent on both the chemical structure of the matrix and the 
physical arrangement of the membrane [22]. Moreover, the structural 
impeccability of a membrane is very important since it determines its 
permeation and selectivity efficiency. As such, polymer membranes 
should be seen as much more than just sieving filters, but as intrinsic 
complex structures which can either be homogenous (isotropic) or het-
erogeneous (anisotropic), porous or dense, liquid or solid, organic or 
inorganic [22, 23].

14.3.1 ISOTROPIC MEMBRANES

Isotropic membranes are typically homogeneous/uniform in composition 
and structure. They are divided into three subgroups, namely: micropo-
rous, dense and electrically charged membranes [20]. Isotropic micropo-
rous membranes have evenly distributed pores (Figure 14.7a) [27]. Their 
pore diameters range between 0.01–10 µm and operate by the sieving 
mechanism. The microporous membranes are mainly prepared by the 
phase inversion method albeit other methods can be used.Conversely, iso-
tropic dense membranes do not have pores and as a result they tend to be 
thicker than the microporous membranes (Figure 14.7b). Solutes are car-
ried through the membrane by diffusion under a pressure, concentration or 
electrical potential gradient. Electrically charged membranes can either be 

FIGURE 14.7 Schematic diagrams of isotropic membranes: (a) microporous; (b) dense; 
and (c) electrically charged membranes.
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porous or non-porous. However in most cases they are finely microporous 
with pore walls containing charged ions (Figure 14.7c) [20, 28].

14.3.2 ANISOTROPIC MEMBRANES

Anisotropic membranes are often referred to as Loeb-Sourirajan, based on 
the scientists who first synthesized them [24, 25]. They are the most widely 
used membranes in industries. The transport rate of a species through a 
membrane is inversely proportional to the membrane thickness. The mem-
brane should be as thin as possible due to high transport rates are eligible 
in membrane separation processes for economic reasons. Contractual film 
fabrication technology limits manufacture of mechanically strong, defect-
free films to thicknesses of about 20 µm. The development of novel mem-
brane fabrication techniques to produce anisotropic membrane structures 
is one of the major breakthroughs of membrane technology. Anisotropic 
membranes consist of an extremely thin surface layer supported on a much 
thicker, porous substructure. The surface layer and its substructure may 
be formed in a single operation or separately [17]. They are represented 
by non-uniform structures, which consist of a thin active skin layer and a 
highly porous support layer. The active layer enjoins the efficiency of the 
membrane, whereas the porous support layer influences the mechanical 
stability of the membrane. Anisotropic membranes can be classified into 
two groups, namely: (i) integrally skinned membranes where the active 
layer is formed from the same substance as the supporting layer, (ii) com-
posite membranes where the polymer of the active layer differs from that 
of the supporting sub-layer [25]. In composite membranes, the layers are 
usually made from different polymers. The separation properties and per-
meation rates of the membrane are determined particularly by the surface 

FIGURE 14.8 Schematic diagrams of anisotropic membranes: (a) Loeb-Sourirajan and 
(b) thin film composite membranes
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layer and the substructure functions as a mechanical support. The advan-
tages of the higher fluxes provided by anisotropic membranes are so great 
that almost all commercial processes use such membranes [17].

14.3.3 POROUS MEMBRANE

In Knudsen diffusion (Figure 14.9a), the pore size forces the penetrant 
molecules to collide more frequently with the pore wall than with other 
incisive species [26]. Except for some special applications as membrane 
reactors, Knudsen-selective membranes are not commercially attractive 
because of their low selectivity [27]. In surface diffusion mechanism 
(Figure 14.9b), the pervasive molecules adsorb on the surface of the 
pores so move from one site to another of lower concentration. Capillary 
condensation (Figure 14.9c) impresses the rate of diffusion across the 
membrane. It occurs when the pore size and the interactions of the pen-
etrant with the pore walls induce penetrant condensation in the pore [28]. 
Molecular-sieve membranes in Figure 14.9d have gotten more attention 
because of their higher productivities and selectivity than solution-diffu-
sion membranes. Molecular sieving membranes are means to polymeric 
membranes. They have ultra microporous (<7Å) with sufficiently small 
pores to barricade some molecules, while allowing others to pass through. 
Although they have several advantages such as permeation performance, 
chemical and thermal stability, they are still difficult to process because of 
some properties like fragile. Also they are expensive to fabricate.

FIGURE 14.9 Schematic representation of membrane-based gas separations. (a) Knudsen-
flow separation, (b) surface-diffusion, (c) capillary condensation, (d) molecular-sieving 
separation, and (e) solution-diffusion mechanism.
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14.3.4 NONPOROUS (DENSE) MEMBRANE

Nonporous, dense membranes consist of a dense film through which 
permeants are transported by diffusion under the driving force of a pres-
sure, concentration, or electrical potential gradient. The separation of vari-
ous components of a mixture is related directly to their relative transport 
rate within the membrane, which is determined by their diffusivity and 
solubility in the membrane material. Thus, nonporous, dense membranes 
can separate permeants of similar size if the permeant concentrations in 
the membrane material differ substantially. Reverse osmosis membranes 
use dense membranes to perform the separation. Usually these membranes 
have an anisotropic structure to improve the flux [17].

The mechanism of separation by non-porous membranes is different 
from that by porous membranes. The transport through nonporous poly-
meric membranes is usually described by a solution–diffusion mechanism 
(Figure 14.9e). The most current commercial polymeric membranes oper-
ate according to the solution–diffusion mechanism. The solution–diffusion 
mechanism has three steps: (i) the absorption or adsorption at the upstream 
boundary, (ii) activated diffusion through the membrane, and (iii) desorp-
tion or evaporation on the other side. This solution–diffusion mechanism 
is driven by a difference in the thermodynamic activities existing at the 
upstream and downstream faces of the membrane as well as the intermo-
lecular forces acting between the permeating molecules and those making 
up the membrane material.

The concentration gradient causes the diffusion in the direction of 
decreasing activity. Differences in the permeability in dense membranes 
are caused not only by diffusivity differences of the various species but 
also by differences in the physicochemical interactions of the species 
within the polymer. The solution–diffusion model assumes that the pres-
sure within a membrane is uniform and that the chemical potential gradient 
across the membrane is expressed only as a concentration gradient. This 
mechanism controls permeation in polymeric membranes for separations.

14.4 CARBON NANOTUBES-POLYMER MEMBRANE

Iijima discovered carbon nanotubes (CNTs) in 1991 and it was really a 
revolution in nanoscience because of their distinguished properties. CNTs 
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have the unique electrical properties and extremely high thermal conduc-
tivity [29, 30] and high elastic modulus (>1 TPa), large elastic strain – 
upto 5%, and large breaking strain – upto 20%. Their excellent mechanical 
properties could lead to many applications [31]. For example, with their 
amazing strength and stiffness, plus the advantage of lightness, perspec-
tive future applications of CNTs are in aerospace engineering and virtual 
biodevices [32].

CNTs have been studied worldwide by scientists and engineers since 
their discovery, but a robust, theoretically precise and efficient prediction 
of the mechanical properties of CNTs has not yet been found. The problem 
is, when the size of an object is small to nanoscale, their many physi-
cal properties cannot be modeled and analyzed by using constitutive laws 
from traditional continuum theories, since the complex atomistic processes 
affect the results of their macroscopic behavior. Atomistic simulations can 
give more precise modeled results of the underlying physical properties. 
Due to atomistic simulations of a whole CNT are computationally infea-
sible at present, a new atomistic and continuum mixing modeling method 
is needed to solve the problem, which requires crossing the length and 
time scales. The research here is to develop a proper technique of spanning 
multi-scales from atomic to macroscopic space, in which the constitu-
tive laws are derived from empirical atomistic potentials which deal with 
individual interactions between single atoms at the micro-level, whereas 
Cosserat continuum theories are adopted for a shell model through the 
application of the Cauchy-Born rule to give the properties which repre-
sent the averaged behavior of large volumes of atoms at the macro-level 
[33, 34]. Since experiments of CNTs are relatively expensive at present, 
and often unexpected manual errors could be involved, it will be very 
helpful to have a mature theoretical method for the study of mechanical 
properties of CNTs. Thus, if this research is successful, it could also be a 
reference for the research of all sorts of research at the nanoscale, and the 
results can be of interest to aerospace, biomedical engineering [35].

Subsequent investigations have shown that CNTs integrate amazing 
rigid and tough properties, such as exceptionally high elastic proper-
ties, large elastic strain, and fracture strain sustaining capability, which 
seem inconsistent and impossible in the previous materials. CNTs are the 
strongest fibers known. The Young’s Modulus of SWNT is around 1TPa, 
which is 5 times greater than steel (200 GPa) while the density is only 
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1.2~1.4 g/cm3. This means that materials made of nanotubes are lighter 
and more durable.

Beside their well-known extra-high mechanical properties, sin-
gle-walled carbon nanotubes (SWNTs) offer either metallic or semi-
conductor characteristics based on the chiral structure of fullerene. 
They possess superior thermal and electrical properties so SWNTs are 
regarded as the most promising reinforcement material for the next gen-
eration of high performance structural and multifunctional composites, 
and evoke great interest in polymer based composites research. The 
SWNTs/polymer composites are theoretically predicted to have both 
exceptional mechanical and functional properties, which carbon fibers 
cannot offer [36].

14.4.1 CARBON NANOTUBES

Nanotubular materials are important “building blocks” of nanotechnology, 
in particular, the synthesis and applications of CNTs [37–39]. One applica-
tion area has been the use of carbon nanotubes for molecular separations, 
owing to some of their unique properties. One such important property, 
extremely fast mass transport of molecules within carbon nanotubes asso-
ciated with their low friction inner nanotube surfaces, has been demon-
strated via computational and experimental studies [40, 41]. Furthermore, 
the behavior of adsorbate molecules in nano-confinement is fundamen-
tally different than in the bulk phase, which could lead to the design of 
new sorbents [42].

Finally, their one-dimensional geometry could allow for alignment in 
desirable orientations for given separation devices to optimize the mass 
transport. Despite possessing such attractive properties, several intrinsic 
limitations of carbon nanotubes inhibit their application in large scale 
separation processes: the high cost of CNT synthesis and membrane for-
mation (by microfabrication processes), as well as their lack of surface 
functionality, which significantly limits their molecular selectivity [43]. 
Although outer-surface modification of carbon nanotubes has been devel-
oped for nearly two decades, interior modification via covalent chem-
istry is still challenging due to the low reactivity of the inner-surface. 
Specifically, forming covalent bonds at inner walls of carbon nanotubes 
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requires a transformation from sp2 to sp3 hybridization. The formation of 
sp3 carbon is energetically unfavorable for concave surfaces [44].

Membrane is a potentially effective way to apply nanotubular materials 
in industrial-scale molecular transport and separation processes. Polymeric 
membranes are already prominent for separations applications due to their 
low fabrication and operation costs. However, the main challenge for using 
polymer membranes for future high-performance separations is to over-
come the tradeoff between permeability and selectivity. A combination of 
the potentially high throughput and selectivity of nanotube materials with 
the process ability and mechanical strength of polymers may allow for the 
fabrication of scalable, high-performance membranes [45, 46].

14.4.2 STRUCTURE OF CARBON NANOTUBES

Two types of nanotubes exist in nature: multi-walled carbon nanotube)
MWNTs), which were discovered by Iijima in 1991 [39] and SWNTs, 
which were discovered by Bethune et al. in 1993 [47, 48].

SWNT has only one single layer with diameters in the range of 
0.6–1 nm and densities of 1.33–1.40 g/cm3[49] MWNTs are simply com-
posed of concentric SWNTs with an inner diameter is from 1.5 to 15 nm 
and the outer diameter is from 2.5 nm to 30 nm [50]. SWNTs have better 
defined shapes of cylinder than MWNT, thus MWNTs have more pos-
sibilities of structure defects and their nanostructure is less stable. Their 
specific mechanical and electronic properties make them useful for future 
high strength/modulus materials and nanodevices. They exhibit low den-
sity, large elastic limit without breaking (of up to 20–30% strain before 
failure), exceptional elastic stiffness, greater than 1000GPa and their 
extreme strength which is more than 20 times higher than a high-strength 
steel alloy. Besides, they also posses superior thermal and elastic proper-
ties: thermal stability up to 2800°C in vacuum and up to 750°C in air, 
thermal conductivity about twice as high as diamond, electric current car-
rying capacity 1000 times higher than copper wire [51]. The properties 
of CNTs strongly depend on the size and the chirality and dramatically 
change when SWCNTs or MWCNTs are considered [52].

CNTs are formed from pure carbon bonds. Pure carbons only have two 
covalent bonds: sp2 and sp3. The former constitutes graphite and the latter 
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constitutes diamond. The sp2 hybridization, composed of one s orbital and 
two p orbitals, is a strong bond within a plane but weak between planes. 
When more bonds come together, they form six-fold structures, like honey-
comb pattern, which is a plane structure, the same structure as graphite [53].

Graphite is stacked layer by layer so it is only stable for one single 
sheet. Wrapping these layers into cylinders and joining the edges, a tube 
of graphite is formed, called nanotube [54].

Atomic structure of nanotubes can be described in terms of tube chiral-
ity, or helicity, which is defined by the chiral vector, and the chiral angle, θ. 
Figure 14.10 shows visualized cutting a graphite sheet along the dotted 
lines and rolling the tube so that the tip of the chiral vector touches its tail. 
The chiral vector, often known as the roll-up vector, can be described by 
the following equation [55]:

 C na mah = +1 2  (2)

As shown in Figure 14.10, the integers (n, m) are the number of steps 
along the carbon bonds of the hexagonal lattice. Chiral angle deter-
mines the amount of “twist” in the tube. Two limiting cases exist where 
the chiral angle is at 0° and 30°. These limiting cases are referred to as 
zig-zag (0°) and armchair (30°), based on the geometry of the carbon 
bonds around the circumference of the nanotube. The difference in arm-
chair and zig-zag nanotube structures is shown in Figure 14.11. In terms 

FIGURE 14.10 Schematic diagram showing how graphite sheet is ‘rolled’ to form CNT.
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of the roll-up vector, the zig-zag nanotube is (n, 0) and the armchair 
nanotube is (n, n). The roll-up vector of the nanotube also defines the 
nanotube diameter since the inter-atomic spacing of the carbon atoms 
is known.[36] 

Chiral vector Ch is a vector that maps an atom of one end of the tube to 
the other. Ch can be an integer multiple a1 of a2, which are two basis vectors 
of the graphite cell. Then we have Ch = a1 + a2, with integer n and m, and 
the constructed CNT is called a (n,m) CNT, as shown in Figure 14.12. It 
can be proved that for armchair CNTs n=m, and for zigzag CNTs m=0. In 
Figure 14.12, the structure is designed to be a (4,0) zigzag SWCNT.

FIGURE 14.11 Illustrations of the atomic structure (a) an armchair and (b) a zig-zag 
nanotube.

FIGURE 14.12 Basis vectors and chiral vector.
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MWCNT can be considered as the structure of a bundle of concentric 
SWCNTs with different diameters. The length and diameter of MWCNTs 
are different from those of SWCNTs, which means, their properties differ 
significantly. MWCNTs can be modeled as a collection of SWCNTs, pro-
vided the interlayer interactions are modeled by Van der Waals forces in 
the simulation. A SWCNT can be modeled as a hollow cylinder by rolling 
a graphite sheet as presented in Figure 14.13.

If a planar graphite sheet is considered to be an undeformed configura-
tion, and the SWCNT is defined as the current configuration, then the rela-
tionship between the SWCNT and the graphite sheet can be shown to be:

 
e G1 1 2
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3
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e Rcos G
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(3)

The relationship between the integer’s n, m and the radius of SWCNT is 
given by:

 R a m mn n= + +2 2 2/ π  (4)

where a a= √3 0, and a0 is the length of a non-stretched C-C bond which is 
0.142 nm [56].

As a graphite sheet can be ‘rolled’ into a SWCNT, we can ‘unroll’ the 
SWCNT to a plane graphite sheet. Since a SWCNT can be considered as a 
rectangular strip of hexagonal graphite monolayer rolling up to a cylindri-
cal tube, the general idea is that it can be modeled as a cylindrical shell, 

FIGURE 14.13 Illustration of a graphite sheet rolling to SWCNT.
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a cylinder surface, or it can pull-back to be modeled as a plane sheet deform-
ing into curved surface in three-dimensional space. A MWCNT can be mod-
eled as a combination of a series of concentric SWCNTs with inter-layer 
inter-atomic reactions. Provided the continuum shell theory captures the 
deformation at the macro-level, the inner micro-structure can be described 
by finding the appropriate form of the potential function which is related to 
the position of the atoms at the atomistic level. Therefore, the SWCNT can 
be considered as a generalized continuum with microstructure [35].

14.4.3 CNT COMPOSITES

CNT composite materials cause significant development in nanoscience 
and nanotechnology. Their remarkable properties offer the potential for 
fabricating composites with substantially enhanced physical proper-
ties including conductivity, strength, elasticity, and toughness. Effective 
utilization of CNT in composite applications is dependent on the homo-
geneous distribution of CNTs throughout the matrix. Polymer-based 
nanocomposites are being developed for electronics applications such as 
thin-film capacitors in integrated circuits and solid polymer electrolytes 
for batteries. Research is being conducted throughout the world targeting 
the application of carbon nanotubes as materials for use in transistors, fuel 
cells, big TV screens, ultra-sensitive sensors, high-resolution atomic force 
microscopy (AFM) probes, super-capacitor, transparent conducting film, 
drug carrier, catalysts, and composite material. Nowadays, there are more 
reports on the fluid transport through porous CNTs/polymer membrane.

14.4.4 STRUCTURAL DEVELOPMENT IN POLYMER/CNT FIBERS

The inherent properties of CNT assume that the structure is well pre-
served (large-aspect-ratio and without defects). The first step toward 
effective reinforcement of polymers using nano-fillers is to achieve a 
uniform dispersion of the fillers within the hosting matrix, and this is 
also related to the as-synthesized nano-carbon structure. Secondly, effec-
tive interfacial interaction and stress transfer between CNT and polymer 
is essential for improved mechanical properties of the fiber composite. 
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Finally, similar to polymer molecules, the excellent intrinsic mechani-
cal properties of CNT can be fully exploited only if an ideal uniaxial 
orientation is achieved. Therefore, during the fabrication of polymer/
CNT fibers, four key areas need to be addressed and understood in order 
to successfully control the micro-structural development in these com-
posites. These are: (i) CNT pristine structure, (ii) CNT dispersion, (iii) 
polymer–CNT interfacial interaction and (iv) orientation of the filler and 
matrix molecules (Figure 14.14). Figure 14.14 Four major factors affect-
ing the micro-structural development in polymer/CNT composite fiber 
during processing [57].

Achieving homogenous dispersion of CNTs in the polymer matrix 
through strong interfacial interactions is crucial to the successful devel-
opment of CNT/polymer nanocomposite [58]. As a result, various 
chemical or physical modifications can be applied to CNTs to improve 
its dispersion and compatibility with polymer matrix. Among these 
approaches acid treatment is considered most convenient, in which 
hydroxyl and carboxyl groups generated would concentrate on the ends 
of the CNT and at defect sites, making them more reactive and thus bet-
ter dispersed [59, 60].

The incorporation of functionalized CNTs into composite membranes 
are mostly carried out on flat sheet membranes [61, 62]. For consider-
ing the potential influences of CNTs on the physicochemical properties 
of dope solution [63] and change of membrane formation route originated 
from various additives [64], it is necessary to study the effects of CNTs on 
the morphology and performance.

FIGURE 14.14 Four major factors affecting the micro-structural development in 
polymer/CNT composite fiber during processing.
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14.4.5 GENERAL FABRICATION PROCEDURES FOR POLYMER/
CNT FIBERS

In general, when discussing polymer/CNT composites, two major classes 
come to mind. First, the CNT nano-fillers are dispersed within a polymer 
at a specified concentration, and the entire mixture is fabricated into a 
composite. Secondly, as grown CNT are processed into fibers or films, 
and this macroscopic CNT material is then embedded into a polymer 
matrix [65]. The four major fiber-spinning methods (Figure 14.15) used 
for polymer/CNT composites from both the solution and melt include dry-
spinning [66], wet-spinning [67], dry-jet wet spinning (gel-spinning), and 
electrospinning [68]. An ancient solid-state spinning approach has been 
used for fabricating 100% CNT fibers from both forests and aero gels. 
Irrespective of the processing technique, in order to develop high-quality 
fibers many parameters need to be well controlled.

FIGURE 14.15 Schematics representing the various fiber processing methods (a) dry-
spinning; (b) wet-spinning; (c) dry-jet wet or gel-spinning; and (d) post-processing by 
hot-stage drawing.
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All spinning procedures generally involve: (i) Fiber formation (ii) 
coagulation/gelation/solidification, and (iii) drawing/alignment. For all 
of these processes, the even dispersion of the CNT within the polymer 
solution or melt is very important. However, in terms of achieving excel-
lent axial mechanical properties, alignment and orientation of the poly-
mer chains and the CNT in the composite is necessary. Fiber alignment is 
accomplished in post-processing such as drawing/annealing and is key to 
increasing crystallinity, tensile strength, and stiffness [69].

14.5 COMPUTATIONAL METHODS

Computational approaches to obtain solubility and diffusion coefficients 
of small molecules in polymers have focused primarily upon equilibrium 
molecular dynamics (MD) and Monte Carlo (MC) methods. These have 
been thoroughly reviewed by several investigators [70, 71].

Computational approach can play an important role in the development 
of the CNT-based composites by providing simulation results to help on 
the understanding, analysis and design of such nanocomposites. At the 
nanoscale, analytical models are difficult to establish or too complicated to 
solve, and tests are extremely difficult and expensive to conduct. Modeling 
and simulations of nanocomposites, on the other hand, can be achieved 
readily and cost effectively on even a desktop computer. Characterizing 
the mechanical properties of CNT-based composites is just one of the 
many important and urgent tasks that simulations can follow out [72].

Computer simulations on model systems have in recent years provided 
much valuable information on the thermodynamic, structural and transport 
properties of classical dense fluids. The success of these methods rests pri-
marily on the fact that a model containing a relatively small number of 
particles is in general found to be sufficient to simulate the behavior of a 
macroscopic system. Two distinct techniques of computer simulation have 
been developed which are known as the method of molecular dynamics 
and the Monte Carlo method [73–75].

Instead of adopting a trial – and – error approach to membrane devel-
opment, it is far more efficient to have a real understanding of the separa-
tion phenomena to guide membrane design [76–79]. Similarly, methods 
such as MC, MD and other computational techniques have improved the 
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understanding of the relationships between membrane characteristics and 
separation properties. In addition to these inputs, it is also beneficial to 
have simple models and theories that give an overall insight into separa-
tion performance [80–83].

14.5.1 PRESENCE AND SELECTIVITY OF SEPARATION 
MEMBRANES

A membrane separates one component from another on the basis of size, 
shape or chemical affinity. Two characteristics dictate membrane perfor-
mance, permeability, that is the flux of the membrane, and selectivity or 
the membrane’s preference to pass one species and not another [84].

A membrane can be defined as a selective barrier between two phases, 
the “selective” being inherent to a membrane or a membrane processes. 
The membrane separation technology is proving to be one of the most sig-
nificant unit operations. The technology inherits certain advantages over 
other methods. These advantages include compactness and light weight, 
low labor intensity, modular design that allows for easy expansion or oper-
ation at partial capacity, low maintenance, low energy requirements, low 
cost, and environmentally friendly operations. A schematic representation 
of a simple separation membrane process is shown in Figure 14.16.

A feed stream of mixed components enters a membrane unit where it 
is separated into a retentate and permeate stream. The retentate stream is 
typically the purified product stream and the permeate stream contains the 
waste component.

A quantitative measure of transport is the flux (or permeation rate), 
which is defined as the number of molecules that pass through a unit area 

FIGURE 14.16 Schematic of membrane separation.

Feed 

Membrane .A. 

. .... .... . 
• • •• 

Selective separation .A. 

.... 
• • 

Permeate 



126 Analytical Chemistry from Laboratory to Process Line

per unit time [85]. It is believed that this molecular flux follows Fick’s 
first law. The flux is proportional to the concentration gradient through the 
membrane. There is a movement from regions of high concentration to 
regions of low concentration, which may be expressed in the form:

 
J D dc

dx
= −

 
(5)

By assuming a linear concentration gradient across the membrane, the flux 
can be approximated as:

 
J DC C

L
= −

−2 1

 
(6)

where C1 = c(0) and C2 = c(L) are the downstream and upstream concentra-
tions (corresponding to the pressures p1 and p2 via sorption isotherm c(p), 
respectively, and L is the membrane thickness, as labeled in Figure 14.17.

The membrane performance of various materials is commonly com-
pared using the thickness, independent material property, and the perme-
ability, which is related to the flux as:
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FIGURE 14.17 Separation membrane with a constant concentration gradient across 
membrane thickness L.
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In the case where the upstream pressure is much greater than the downstream 
pressure (p2>>p1 and C 2 >> C 1) the permeability can be simplified so:

 
P C

P
D= 2

2  
(8)

The permeability is more commonly used to describe the performance of 
a membrane than flux. This is because the permeability of a homogenous 
stable membrane material is constant regardless of the pressure differen-
tial or membrane thickness and hence it is easier to compare membranes 
made from different materials.

By introducing a solubility coefficient, the ratio of concentration over 
pressure C2/p2, when sorption isotherm can be represented by the Henry’s 
law, the permeability coefficient may be expressed simply as:

 P = SD (9)

This form is useful as it facilitates the understanding of this physical prop-
erty by representing it in terms of two components:

Solubility which is an equilibrium component describing the concen-
tration of gas molecules within the membrane, that is the driving force, 
and Diffusivity, which is a dynamic component describing the mobility of 
the gas molecules within the membrane.

The separation of a mixture of molecules A and B is characterized 
by the selectivity or ideal separation factor αA/B = P(A)/P(B), the ratio of 
permeability of the molecule A over the permeability of the molecule B. 
According to Eq. (9), it is possible to make separations by diffusivity selec-
tivity D(A)/D(B) or solubility selectivity S(A)/S(B) [85, 86]. This formal-
ism is known in membrane science as the solution – diffusion mechanism. 
Since the limiting stage of the mass transfer is overcoming of the diffusion 
energy barrier, this mechanism implies the activated diffusion. Because of 
this, the temperature dependences of the diffusion coefficients and perme-
ability coefficients are described by the Arrhenius equations.

Gas molecules that encounter geometric constrictions experience an 
energy barrier such that sufficient kinetic energy of the diffusing mole-
cule or the groups that form this barrier, in the membrane is required in 
order to overcome the barrier and make a successful diffusive jump. The 
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common form of the Arrhenius dependence for the diffusion coefficient 
can be expressed as:

 D D exp E RTA A
*

a= −∆( / )  (10)

For the solubility coefficient the Van’t Hoff equation holds:

 S S H RTA A a= −∆* ( / )exp  (11)

where Δ H a < 0 is the enthalpy of sorption. From Eq. (9), it can be written:

 P PA A= −∆* ( / )exp E RTP  (12)

where ΔEp = ΔEa + ΔHa are known to diffuse within nonporous or porous 
membranes according to various transport mechanisms. Table 14.3 illus-
trates the mechanism of transport depending on the size of pores. For very 

TABLE 14.3 Transport mechanisms

Mechanism Schamatic Process

Activated diffusion Constriction energy barrier

Surface diffusion Adsorption – site energy barrier

Knudsen diffusion Direction and velocity
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narrow pores, size sieving mechanism is realized that can be considered 
as a case of activated diffusion. This mechanism of diffusion is most com-
mon in the case of extensively studied nonporous polymeric membranes. 
For wider pores, the surface diffusion (also an activated diffusion process) 
and the Knudsen diffusion are observed [87–89].

Sorption does not necessarily follow Henry’s law. For a glassy polymer 
an assumption is made that there are small cavities in the polymer and 
the sorption at the cavities follows Langmuir’s law. Then, the concentra-
tion in the membrane is given as the sum of Henry’s law adsorption and 
Langmuir’s law adsorption

 
C K P C b

bP
h P

P

= +
+

*

1  
(13)

It should be noted that the applicability of solution (sorption)-diffusion 
model has nothing to do with the presence or absence of the pore.

14.5.2 DIFFUSIVITY

The diffusivity through membranes can be calculated using the time-lag 
method [90]. A plot of the flow through the membrane versus time reveals 
an initial transient permeation followed by steady state permeation. 
Extending the linear section of the plot back to the intersection of the 
x-axis gives the value of the time-lag (θ) as shown in Figure 14.18.

The time lag relates to the time it takes for the first molecules to travel 
through the membrane and is thus related to the diffusivity. The diffusion 
coefficient can be calculated from the time-lag and the membrane thick-
ness as shown in Equation (14) [91–92].

 
D x

=
∆
6θ  

(14)

Surface diffusion is the diffusion mechanism, which dominates in the pore 
size region between activation diffusion and Knudsen diffusion [93].
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14.5.3 SURFACE DIFFUSION

A model that well described the surface diffusion on the pore walls was 
proposed many years ago. It was shown to be consistent with trans-
port parameters in porous polymeric membranes. When the pore size 
decreased below a certain level, which depends on both membrane 
material and the permeability coefficient exceeds the value for free 
molecular flow (Knudsen diffusion), especially in the case of organic 
vapors. Note that surface diffusion usually occurs simultaneously with 
Knudsen diffusion but it is the dominant mechanism within a certain 
pore size. Since surface diffusion is also a form of activated diffusion, 
the energy barrier is the energy required for the molecule to jump from 
one adsorption site to another across the surface of the pore. By allow-
ing the energy barrier to be proportionate to the enthalpy of adsorption, 
Gilliland et al. [94] established an equation for the surface diffusion 
coefficient expressed here as:

 
D D aq

RTS S=
−








*exp
 

(15)

where DS�
* is a pre-exponential factor depending on the frequency of vibra-

tion of the adsorbed molecule normal to the surface and the distance from 

FIGURE 14.18 Calculation of the diffusion coefficient using the time-lag method, once 
the gradient is constant and steady state flow through the membrane has been reached, a 
extrapolation of the steady state flow line back to the x-axis where the flow is 0 reveals the 
value of the time lag (θ).
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one adsorption site to the next. The quantity the heat of adsorption is 
(q > 0) and a proportionality constant is (0 < a < 1). The energy barrier 
separates the adjacent adsorption sites. An important observation is that 
more strongly adsorbed molecules are less mobile than weakly adsorbed 
molecules [95].

In the case of surface diffusion, the concentration is well described by 
Henry’s law c = Kp, where K is K = K0 exp(q/RT) [95, 96]. Since solubility 
is the ratio of the equilibrium concentration over pressure, the solubility is 
equivalent to the Henry’s law coefficient.

 S K exp q RTS = ( )0 |  (16)

Which implies the solubility is a decreasing function of temperature. The 
product of diffusivity and solubility gives:

 
P P exp

a q
RTS S=
−( )









* 1

 
(17)

Since 0 < a < 1 the total permeability will decrease with increased tem-
perature meaning that any increase in the diffusivity is counteracted by a 
decrease in surface concentration [95].

14.5.4 KNUDSEN DIFFUSION

Knudsen diffusion [95, 97–99] depending on pressure and mean free path, 
which applies to pores between 10 Å and 500 Å in size [100]. In this region, 
the mean free path of molecules is much larger than the pore diameter. It 
is common to use Knudsen number Kn = λ/d to characterize the regime 
of permeation through pores. When Kn << 1, viscous (Poiseuille) flow is 
realized. The condition for Knudsen diffusion is Kn >> 1. An intermediate 
regime is realized when K n ≈ 1. The Knudsen diffusion coefficient can be 
expressed in the following form:

 
D d uK =

3τ  
(18)
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This expression shows that the separation outcome should depend on the 
differences in molecular speed (or molecular mass). The average molecu-
lar speed is calculated using the Maxwell speed distribution as:

 
u RT

m
=

8
π  

(19)

And the diffusion coefficient can be presented as:
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For the flux in the Knudsen regime the following equation holds [101, 102]:

 J n d pD RTLK= π 2 4∆ /  (21)

After substituting Eq. (20) into Eq. (21), one has the following expressions 
for the flux and permeability coefficient is:
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Two important conclusions can be made from analysis of Eqs. (22) and 
(23). First, selectivity of separation in Knudsen regime is characterized by 
the ratio αij = (Mj/Mi)

1/2. It means that membranes where Knudsen diffu-
sion predominates are poorly selective.

The most common approach to obtain diffusion coefficients is equi-
librium molecular dynamics. The diffusion coefficient that is obtained is 
a self-diffusion coefficient. Transport-related diffusion coefficients are 
less frequently studied by simulation but several approaches using non-
equilibrium MD (NEMD) simulation can be used.
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14.5.5 MOLECULAR DYNAMICS (MD) SIMULATIONS

Conducting experiments for material characterization of the nanocompos-
ites is a very time consuming, expensive and difficult. Many researchers 
are now concentrating on developing both analytical and computational 
simulations. MD simulations are widely being used in modeling and solv-
ing problems based on quantum mechanics. Using Molecular dynamics it 
is possible to study the reactions, load transfer between atoms and mol-
ecules. If the objective of the simulation is to study the overall behavior 
of CNT-based composites and structures, such as deformations, load and 
heat transfer mechanisms then the continuum mechanics approach can be 
applied safely to study the problem effectively [103].

MD tracks the temporal evolution of a microscopic model system by 
integrating the equations of motion for all microscopic degrees of free-
dom. Numerical integration algorithms for initial value problems are used 
for this purpose, and their strengths and weaknesses have been discussed 
in simulation texts [104–106].

MD is a computational technique in which a time evolution of a set 
of interacting atoms is followed by integrating their equations of motion. 
The forces between atoms are due to the interactions with the other atoms. 
A trajectory is calculated in a 6-N dimensional phase space (three posi-
tion and three momentum components for each of the N atoms). Typical 
MD simulations of CNT composites are performed on molecular systems 
containing up to tens of thousands of atoms and for simulation times up 
to nanoseconds. The physical quantities of the system are represented by 
averages over configurations distributed according to the chosen statistical 
ensemble. A trajectory obtained with MD provides such a set of configura-
tions. Therefore the computation of a physical quantity is obtained as an 
arithmetic average of the instantaneous values. Statistical mechanics is 
the link between the nanometer behavior and thermodynamics. Thus the 
atomic system is expected to behave differently for different pressures and 
temperatures [107].

The interactions of the particular atom types are described by the total 
potential energy of the system, U, as a function of the positions of the indi-
vidual atoms at a particular instant in time

 U U X Xi n= …( ), ..,  (24)
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where Xi represents the coordinates of atom i in a system of N atoms. The 
potential equation is invariant to the coordinate transformations, and is 
expressed in terms of the relative positions of the atoms with respect to 
each other, rather than from absolute coordinates[107].

MD is readily applicable to a wide range of models, with and with-
out constraints. It has been extended from the original microcanonical 
ensemble formulation to a variety of statistical mechanical ensembles. It is 
flexible and valuable for extracting dynamical information. The Achilles’ 
heel of MD is its high demand of computer time, as a result of which the 
longest times that can be simulated with MD fall short of the longest relax-
ation times of most real-life macromolecular systems by several orders 
of magnitude. This has two important consequences. (a) Equilibrating an 
atomistic model polymer system with MD alone is problematic; if one 
starts from an improbable configuration, the simulation will not have the 
time to depart significantly from that configuration and visit the regions 
of phase space that contribute most significantly to the properties. (b) 
Dynamical processes with characteristic times longer than approximately 
10–7 s cannot be probed directly; the relevant correlation functions do not 
decay to zero within the simulation time and thus their long-time tails are 
inaccessible, unless some extrapolation is invoked based on their short-
time behavior.

Recently, rigorous multiple time step algorithms have been invented, 
which can significantly augment the ratio of simulated time to CPU 
time. Such an algorithm is the reversible Reference System Propagator 
Algorithm (rRESPA) [108, 109]. This algorithm invokes a Trotter fac-
torization of the Liouville operator in the numerical integration of the 
equations of motion: fast-varying (e.g., bond stretching and bond angle 
bending) forces are updated with a short time step ∆t, while slowly vary-
ing forces (e.g., nonbonded interactions, which are typically expensive to 
calculate, are updated with a longer time step ∆t. Using δt = 1 f s and, ∆t = 
5ps, one can simulate 300 ns of real time of a polyethylene melt on a mod-
est workstation [110]. This is sufficient for the full relaxation of a system 
of C250 chains, but not of longer-chain systems.

A paper of Furukawa and Nitta is cited first to understand the NEMD 
simulation semi-quantitatively, since, even though the paper deals with 
various pore shapes, complicated simulation procedure is described 
clearly.
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MD simulation is more preferable to study the non-equilibrium 
transport properties. Recently some NEMD methods have also been 
developed, such as the grand canonical molecular dynamics (GCMD) 
method [111, 112] and the dual control volume GCMD technique (DCV- 
GCMD) [113, 114]. These methods provide a valuable clue to insight 
into the transport and separation of fluids through a porous medium. The 
GCMD method has recently been used to investigate pressure-driven 
and chemical potential-driven gas transport through porous inorganic 
membrane [115].

14.5.5.1 Equilibrium MD Simulation

A self-diffusion coefficient can be obtained from the mean-square dis-
placement (MSD) of one molecule by means of the Einstein equation in 
the form [115]:
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where Na is the number of molecules, ri (t) and ri (0) are the initial and 
final (at time t) positions of the center of mass of one molecule i over the 
time interval t, and (ri (t) − ri (0))2 is MSD averaged over the ensemble. 
The Einstein relationship assumes a random walk for the diffusing species. 
For slow diffusing species, anomalous diffusion is sometimes observed 
and is characterized by:

 r t r ti i
n( ) −( ) ∝( )0

2

 (26)

where n < 1 (n = 1 for the Einstein diffusion regime). At very short times 
(t < 1 ps), the MSD may be quadratic iv n time (n = 2) which is character-
istic of ‘free flight’ as may occur in a pore or solvent cage prior to collision 
with the pore or cage wall. The result of anomalous diffusion, which may 
or may not occur in intermediate time scales, is to create a smaller slope at 
short times, resulting in a larger value for the diffusion coefficient. At suf-
ficiently long times (the hydrodynamic limit), a transition from anomalous 
to Einstein diffusion (n = 1) may be observed [71].
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An alternative approach to MSD analysis makes use of the center-of-
mass velocity autocorrelation function (VACF) or Green–Kubo relation, 
given as follows [116]
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Concentration in the simulation cell is extremely low and its diffusion 
coefficient is an order of magnitude larger than that of the polymeric seg-
ments. Under these circumstances, the self diffusion and mutual diffusion 
coefficients of the penetrant are approximately equal, as related by the 
Darken equation in the following form:
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In the limit of low concentration of diffusion xA ≈ 0, Equation (28) reduces to:

 D DA AB
* ≡  (29)

14.5.5.2 Non-Equilibrium MD Simulation

Experimental diffusion coefficients, as obtained from time-lag measure-
ments, report a transport diffusion coefficient, which cannot be obtained 
from equilibrium MD simulation. Comparisons made in the simulation 
literature are typically between time-lag diffusion coefficients (even cal-
culated for glassy polymers without correction for dual-mode contribu-
tions and self-diffusion coefficients. As discussed above, mutual diffusion 
coefficients can be obtained directly from equilibrium MD simulation but 
simulation of transport diffusion coefficients require the use of NEMD 
methods, that are less commonly available and more computationally 
expensive [117].

For these reasons, they have not been frequently used. One success-
ful approach is to simulate a chemical potential gradient and combine MD 
with GCMC methods (GCMC–MD), as developed by Heffelfinger and 
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co-workers [114] and MacElroy [118]. This approach has been used to sim-
ulate permeation of a variety of small molecules through nanoporous carbon 
membranes, carbon nanotubes, porous silica and self-assembled monolay-
ers [119–121]. A diffusion coefficient then can be obtained from the relation:

 
D KT

F
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(30)

14.5.6 GRAND CANONICAL MONTE CARLO (GCMC) 
SIMULATION

A standard GCMC simulation is employed in the equilibrium study, while 
MD simulation is more preferable to study the non-equilibrium transport 
properties [104].

Monte Carlo method is formally defined by the following quote as: 
Numerical methods that are known as Monte Carlo methods can be loosely 
described as statistical simulation methods, where statistical simulation is 
defined in quite general terms to be any method that uses sequences of 
random numbers to perform the simulation [122].

The name “Monte Carlo” was chosen because of the extensive use of 
random numbers in the calculations [104]. One of the better known appli-
cations of Monte Carlo simulations consists of the evaluation of integrals 
by generating suitable random numbers that will fall within the area of 
integration. A simple example of how a MC simulation method is applied 
to evaluate the value of π is illustrated in Figure 14.19. By considering 
a square that inscribes a circle of a diameter R, one can deduce that the 
area of the square is R2, and the circle has an area of πR2/4. Thus, the rela-
tive area of the circle and the square will be π/4. A large number of two 
independent random numbers (with x and y coordinates) of trial shots is 
generated within the square to determine whether each of them falls inside 
of the circle or not. After thousands or millions of trial shots, the computer 
program keeps counting the total number of trial shots inside the square 
and the number of shots landing inside the circle. Finally, the value of π/4 
can be approximated based on the ratio of the number of shots that fall 
inside the circle to the total number of trial shots.
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As stated earlier, the value of an integral can be calculated via MC 
methods by generating a large number of random points in the domain of 
that integral. Equation (31) shows a definite integral:
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where f(x) is a continuous and real-valued function in the interval [a, b]. 
The integral can be rewritten as [104]:
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If the probability function is chosen to be a continuous uniform distribu-
tion, then:
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FIGURE 14.19 Illustration of the application of the Monte Carlo simulation method for 
the calculation of the value of π by generating a number of trial shots, in which the ratio of 
the number of shots inside the circle to the total number of trial shots will approximately 
approach the ratio of the area of the circle to the area of the square.
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Subsequently, the integral, F, can be approximated as:
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In a similar way to the MC integration methods, MC molecular simulation 
methods rely on the fact that a physical system can be defined to possess a 
definite energy distribution function, which can be used to calculate ther-
modynamic properties.

The applications of MC are diverse such as Nuclear reactor simula-
tion, Quantum chromo dynamics, Radiation cancer therapy, Traffic flow, 
Stellar evolution, Econometrics, Dow Jones forecasting, Oil well explora-
tion, VSLI design [122].

The MC procedure requires the generation of a series of configurations 
of the particles of the model in a way, which ensures that the configura-
tions are distributed in phase space according to some prescribed prob-
ability density.

The mean value of any configurational property determined from a 
sufficiently large number of configurations provides an estimate of the 
ensemble-average value of that quantity; the nature of the ensemble aver-
age depends upon the chosen probability density.

These machine calculations provide what is essentially exact informa-
tion on the consequences of a given intermolecular force law. Application 
has been made to hard spheres and hard disks, to particles interacting 
through a Lennard-Jones 12–6 potential function and other continu-
ous potentials of interest in the study of simple fluids, and to systems of 
charged particles [123].

The MC technique is a stochastic simulation method designed to gen-
erate a long sequence, or ‘Markov chain’ of configurations that asymp-
totically sample the probability density of an equilibrium ensemble of 
statistical mechanics [105, 116]. For example, a MC simulation in the 
canonical (NVT) ensemble, carried out under the macroscopic constraints 
of a prescribed number of molecules N, total volume V and temperature T, 
samples configurations rP with probability proportional to exp[ ]− ( )βν rP , 
with β =1/ ( )k TB , kB being the Boltzmann constant and T the absolute tem-
perature. Thermodynamic properties are computed as averages over all 
sampled configurations.
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The efficiency of a MC algorithm depends on the elementary moves 
it employs to go from one configuration to the next in the sequence. An 
attempted move typically involves changing a small number of degrees 
of freedom; it is accepted or rejected according to selection criteria 
designed so that the sequence ultimately conforms to the probability 
distribution of interest. In addition to usual moves of molecule trans-
lation and rotation practiced for small-molecule fluids, special moves 
have been invented for polymers. The reptation (slithering snake) 
move for polymer chains involves deleting a terminal segment on one 
end of the chain and appending a terminal segment on the other end, 
with the newly created torsion angle being assigned a randomly chosen 
value [124].

In most MC algorithms the overall probability of transition from some 
state (configuration) m to some other state n, as dictated by both the attempt 
and the selection stages of the moves, equals the overall probability of 
transition from n to m; this is the principle of detailed balance or ‘micro-
scopic reversibility.’ The probability of attempting a move from state m 
to state n may or may not be equal to that of attempting the inverse move 
from state n to state m. These probabilities of attempt are typically unequal 
in ‘bias’ MC algorithms, which incorporate information about the system 
energetics in attempting moves. In bias MC, detailed balance is ensured by 
appropriate design of the selection criterion, which must remove the bias 
inherent in the attempt [105, 116].

14.5.7 MEMBRANE MODEL AND SIMULATION BOX

The MD simulations [125] can be applied for the permeation of pure and 
mixed gases across carbon membranes with three different pore shapes: 
the diamond pore (DP), zigzag path (ZP) and straight path (SP), each com-
posed of micro-graphite crystalline. Three different pore shapes can be 
considered: DP, ZP and SP.

Figure 14.20(a)–(c) shows the cross-sectional view of each pore shape. 
DP (a) has two different pore mouths; one a large (pore a) and the other a 
small mouth (pore b). ZP (b) has zigzag shaped pores whose sizes (diam-
eters) are all the same at the pore entry. SP (c) has straight pores, which can 
be called slit-shaped pores.
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In a simulation system, we investigate the equilibrium selective adsorp-
tion and non-equilibrium transport and separation of gas mixture in the nano-
porous carbon membrane are modeled as slits from the layer structure of 
graphite. A schematic representation of the system used in our simulations is 
shown in Figure 14.21(a) and (b), in which the origin of the coordinates is at 
the center of simulation box and transport takes place along the x-direction 
in the non-equilibrium simulations. In the equilibrium simulations, the box 
as shown in Figure 14.21(a) is employed, whose size is set as 85.20 nm × 
4.92 nm × (1.675 + W) nm in x-, y-, and z-directions, respectively, where 
W is the pore width, that is, the separation distance between the centers of 
carbon atoms on the two layers forming a slit pore (Figure 14.21). Lcc is the 
separation distance between two centers of adjacent carbon atom; Lm is the 
pore length; W is the pore width, Δ is the separation distance between two 
carbon atom centers of two adjacent layers [126].

The simulation box is divided into three regions where the chemical 
potential for each component is the same. The middle region (M-region) 
represents the membrane with slit pores, in which the distances between 
the two adjacent carbon atoms (Lcc) and two adjacent graphite basal 
planes (Δ).

Period boundary conditions are employed in all three directions. In the 
non-equilibrium molecular dynamics simulations in order to use period 
boundary conditions in three directions, we have to divide the system into 
five regions as shown in Figure 14.21(b).

FIGURE 14.20 Three membrane pore shapes; (a) diamond path (DP), (b) zigzag path 
(ZP), (c) straight path (SP).
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Each symmetric box has three regions. Two are density control; 
H-region (high density) and L-region (low density) and one is free of con-
trol M-region, which is placed between the H- and L-region. For each 
simulation, the density in the H-region,	ρH, is maintained to be that of the 
feed gas and the density in the L-region is maintained at zero, correspond-
ing to the vacuum.

The difference in the gas density between the H- and L-region is the 
driving force for the gas permeation through the M-region, which repre-
sents the membrane.

The transition and rotational velocities are given to each inserted mol-
ecules randomly based on the Gaussian distribution around an average 
velocity corresponding to the specified temperature.

FIGURE 14.21 Schematic representation of the simulation boxes. The H-, L- and 
M-areas correspond to the high and low chemical potential control volumes, and 
membrane, respectively. Transport takes place along the x-direction in the non-equilibrium 
simulations. (a) Equilibrium adsorption simulations and (b) non-equilibrium transport 
simulations. L is the membrane thickness and W is the pore width.

y 

(a) 

2nm 
' ' ' ' 

l}'~;~+w ___ :.::.::~--- _-.:.-.::.-.:---------- -------

-42.6 nm -L/2 L/2 42.6 nm 

y 

)-_, 
(b) 

nm 

; ; 1.67~m+W 
------ .:. - ------ "~ - -- -- ~ ~ ----- - ------- ----- ; /- ------ :·"' --- - -------

~;t··· M·/ ,/ L M./ H,/ 
, ,•' ,' .. ·· .. ·· 

-100-L -50-L -50 50 SO+L IOO+L 



Nanoporous Polymer/Carbon Nanotube Membrane Filtration 143

Molecules spontaneously move from H- to L-region via leap-frog 
algorithm and a non-equilibrium steady state is obtained at the M-region. 
During a simulation run, equilibrium with the bulk mass at the feed side 
at the specified pressure and temperature is maintained at the H-region 
by carrying out GCMC creations and destructions in terms of the usual 
acceptance criteria [28]. Molecules entered the L-region were moved out 
immediately to keep vacuum. The velocities of newly inserted molecules 
were set to certain values in terms of the specified temperature by use of 
random numbers on the Gaussian distribution.

14.6 CONCLUDING REMARK 

The concept of membrane processes is relatively simple but nevertheless 
often unknown. Membrane separation processes can be used for a wide 
range of applications. The separation mechanism in MF/UF/NF is mainly 
the size exclusion, which is indicated in the nominal ratings of the mem-
branes. The other separation mechanism includes the electrostatic interac-
tions between solutes and membranes, which depends on the surface and 
physiochemical properties of solutes and membranes. The available range 
of membrane materials includes polymeric, carbon, silica, zeolite and other 
ceramics, as well as composites. Each type of membrane can have a differ-
ent porous structure. Nowadays, there are more reports on the fluid transport 
through porous CNTs/polymer membrane. Computational approach can play 
an important role in the development of the CNT-based composites by pro-
viding simulation results to help on the understanding, analysis and design 
of such nanocomposites. Computational approaches to obtain solubility and 

FIGURE 14.22 Schematic representation of slit pore.
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diffusion coefficients of small molecules in polymers have focused primar-
ily upon molecular dynamics and Monte Carlo methods. Molecular dynam-
ics simulations are widely being used in modeling and solving problems 
based on quantum mechanics. Using Molecular dynamics it is possible to 
study the reactions, load transfer between atoms and molecules. Monte Carlo 
molecular simulation methods rely on the fact that a physical system can be 
defined to possess a definite energy distribution function, which can be used 
to calculate thermodynamic properties. The Monte Carlo technique is a sto-
chastic simulation method designed to generate a long sequence, or ‘Markov 
chain’ of configurations that asymptotically sample the probability density of 
an equilibrium ensemble of statistical mechanics. So using from molecular 
dynamic or Monte Carlo techniques can be useful to simulate the membrane 
separation process depends on the purpose and the condition of process.

KEYWORDS

 • computational methods

 • filtration

 • membrane

 • membrane types

REFERENCES

 1. Majeed, S., et al., Multi-Walled Carbon Nanotubes (MWCNTs) Mixed Polyacry-
lonitrile (PAN) Ultrafiltration Membranes. Journal of Membrane Science, 2012, 
403, 101–109.

 2. Macedonio, F. E. Drioli, Pressure-Driven Membrane Operations and Membrane 
Distillation Technology Integration for Water Purification. Desalination, 2008, 
223(1), 396–409.

 3. Merdaw, A. A., Sharif, A. O., Derwish, G. A. W. Mass Transfer in Pressure-Driven 
Membrane Separation Processes, Part II. Chemical Engineering Journal, 2011, 
168(1), 229–240.

 4. Van Der Bruggen, B., et al., A Review of Pressure-Driven Membrane Processes in 
Wastewater Treatment and Drinking Water Production. Environmental Progress, 
2003, 22(1), 46–56.

 5. Cui, Z. F., Muralidhara, H. S. Membrane Technology: A Practical Guide to Mem-
brane Technology and Applications in Food and Bioprocessing. 2010, Elsevier. 288.



Nanoporous Polymer/Carbon Nanotube Membrane Filtration 145

 6. Shirazi, S., Lin, C. J., Chen, D. Inorganic Fouling of Pressure-Driven Membrane 
Processes — A Critical Review. Desalination, 2010, 250(1), 236–248.

 7. Pendergast, M. M., Hoek, E. M. V. A Review of Water Treatment Membrane Nano-
technologies. Energy and Environmental Science, 2011, 4(6), 1946–1971.

 8. Hilal, N., et al., A comprehensive review of nanofiltration membranes: Treatment, pre-
treatment, modeling, and atomic force microscopy. Desalination, 2004, 170(3), 281–308.

 9. Srivastava, A., Srivastava, S., Kalaga, K. Carbon Nanotube Membrane Filters, in 
Springer Handbook of Nanomaterials. 2013, Springer. 1099–1116.

 10. Colombo, L. A. L. Fasolino, Computer-Based Modeling of Novel Carbon Systems 
and Their Properties: Beyond Nanotubes. Vol. 3. 2010, Springer. 258.

 11. Polarz, S. B. Smarsly, Nanoporous Materials. Journal of Nanoscience and Nanotech-
nology, 2002, 2(6), 581–612.

 12. Gray-Weale, A. A., et al., Transition-state theory model for the diffusion coefficients 
of small penetrants in glassy polymers. Macromolecules, 1997, 30(23), 7296–7306.

 13. Rigby, D., Roe, R. Molecular Dynamics Simulation of Polymer Liquid and Glass. I. 
Glass Transition. The Journal of Chemical Physics, 1987, 87, 7285.

 14. Freeman, B. D., Y. P. Yampolskii, I. Pinnau, Materials Science of Membranes for Gas 
and Vapor Separation. 2006, Wiley. com. 466.

 15. Hofmann, D., et al., Molecular Modeling Investigation of Free Volume Distributions 
in Stiff Chain Polymers with Conventional and Ultrahigh Free Volume: Compari-
son Between Molecular Modeling and Positron Lifetime Studies. Macromolecules, 
2003, 36(22), 8528–8538.

 16. Greenfield, M. L., Theodorou, D. N. Geometric Analysis of Diffusion Pathways in 
Glassy and Melt Atactic Polypropylene. Macromolecules, 1993, 26(20), 5461–5472.

 17. Baker, R. W., Membrane Technology and Applications. 2012, John Wiley & Sons. 592
 18. Strathmann, H., L. Giorno, E. Drioli, Introduction to Membrane Science and Tech-

nology. 2011, Wiley-VCH Verlag & Company. 544.
 19. Chen, J. P., et al., Membrane Separation: Basics and Applications, in Membrane and 

Desalination Technologies, L. K. Wang, et al., Editors. 2008, Humana Press. 271–332.
 20. Mortazavi, S., Application of Membrane Separation Technology to Mitigation of 

Mine Effluent and Acidic Drainage. 2008, Natural Resources Canada. 194.
 21. Porter, M. C., Handbook of Industrial Membrane Technology. 1990, Noyes Publica-

tions. 604.
 22. Naylor, T. V., Polymer Membranes: Materials, Structures and Separation Perfor-

mance. Rapra Technology Limited, 1996, 136.
 23. Freeman, B. D., Introduction to Membrane Science and Technology. By Heinrich 

Strathmann. Angewandte Chemie International Edition, 2012, 51(38), 9485–9485.
 24. Kim, I., H. Yoon, K. Lee, M. Formation of Integrally Skinned Asymmetric Poly-

etherimide Nanofiltration Membranes by Phase Inversion Process. Journal of 
Applied Polymer Science, 2002, 84(6), 1300–1307.

 25. Khulbe, K. C., Feng, C. Y., Matsuura, T. Synthetic Polymeric Membranes: Charac-
terization by Atomic Force Microscopy. 2007, Springer. 198.

 26. Loeb, L. B., The Kinetic Theory of Gases. 2004, Courier Dover Publications. 678.
 27. Koros, W. J., Fleming, G. K. Membrane-Based Gas Separation. Journal of Mem-

brane Science, 1993, 83(1), 1–80.
 28. Perry, J. D., Nagai, K., Koros, W. J. Polymer membranes for hydrogen separations. 

MRS bulletin, 2006, 31(10), 745–749.

http://www.Wiley.com


146 Analytical Chemistry from Laboratory to Process Line

 29. Yang, W., et al., Carbon Nanotubes for Biological and Biomedical Applications. 
Nanotechnology, 2007, 18(41), 412001.

 30. Bianco, A., et al., Biomedical Applications of Functionalised Carbon Nanotubes. 
Chemical Communications, 2005(5), 571–577.

 31. Salvetat, J., et al., Mechanical Properties of Carbon Nanotubes. Applied Physics A, 
1999, 69(3), 255–260.

 32. Zhang, X., et al., Ultrastrong, Stiff, and Lightweight Carbon-Nanotube Fibers. 
Advanced Materials, 2007, 19(23), 4198–4201.

 33. Arroyo, M., Belytschko, T. Finite Crystal Elasticity of Carbon Nanotubes Based on 
the Exponential Cauchy-Born Rule. Physical Review B, 2004, 69(11), 115415.

 34. Wang, J., et al., Energy and Mechanical Properties of Single-Walled Carbon Nano-
tubes Predicted Using the Higher Order Cauchy-Born rule. Physical Review B, 2006, 
73(11), 115428.

 35. Zhang, Y., Single-walled carbon nanotube modeling based on one-and two-dimen-
sional Cosserat continua. 2011, University of Nottingham.

 36. Wang, S., Functionalization of Carbon Nanotubes: Characterization, Modeling and 
Composite Applications. 2006, Florida State University. 193.

 37. Lau, K.-T., Gu, C., Hui, D. A critical review on nanotube and nanotube/nanoclay related 
polymer composite materials. Composites Part B: Engineering, 2006, 37(6), 425–436.

 38. Choi, W., et al., Carbon Nanotube-Guided Thermopower Waves. Materials Today, 
2010, 13(10), 22–33.

 39. Iijima, S., Helical microtubules of graphitic carbon. nature, 1991, 354(6348), 56–58.
 40. Sholl, D. S., Johnson, J. Making High-Flux Membranes with Carbon Nanotubes. 

Science, 2006, 312(5776), 1003–1004.
 41. Zang, J., et al., Self-Diffusion of Water and Simple Alcohols in Single-Walled 

Aluminosilicate Nanotubes. ACS nano, 2009, 3(6), 1548–1556.
 42. Talapatra, S., Krungleviciute, V., Migone, A. D. Higher Coverage Gas Adsorption on 

the Surface of Carbon Nanotubes: Evidence for a Possible New Phase in the Second 
Layer. Physical Review Letters, 2002, 89(24), 246106.

 43. Pujari, S., et al., Orientation Dynamics in Multiwalled Carbon Nanotube Dispersions 
Under Shear Flow. The Journal of Chemical Physics, 2009, 130, 214903.

 44. Singh, S., Kruse, P. Carbon Nanotube Surface Science. International Journal of 
Nanotechnology, 2008, 5(9), 900–929.

 45. Baker, R. W., Future Directions of Membrane Gas Separation Technology. Industrial 
and Engineering Chemistry Research, 2002, 41(6), 1393–1411.

 46. Erucar, I., Keskin, S. Screening Metal–Organic Framework-Based Mixed-Matrix 
Membranes for CO2/CH4 Separations. Industrial and Engineering Chemistry 
Research, 2011, 50(22), 12606–12616.

 47. Bethune, D. S., et al., Cobalt-Catalyzed Growth of Carbon Nanotubes with Single-
Atomic-Layer Walls. Nature 1993, 363, 605–607.

 48. Iijima, S., Ichihashi, T. Single-Shell Carbon Nanotubes of 1-nm Diameter. Nature, 
1993, 363, 603–605.

 49. Treacy, M., Ebbesen, T., Gibson, J. Exceptionally High Young’s Modulus Observed 
for Individual Carbon Nanotubes. 1996.

 50. Wong, E. W., Sheehan, P. E., Lieber, C. Nanobeam Mechanics: Elasticity, Strength, 
and Toughness of Nanorods and Nanotubes. Science, 1997, 277(5334), 1971–1975.



Nanoporous Polymer/Carbon Nanotube Membrane Filtration 147

 51. Thostenson, E. T., Li, C., Chou, T. W. Nanocomposites in Context. Composites 
Science and Technology, 2005, 65(3), 491–516.

 52. Barski, M., Kędziora, P., Chwał, M. Carbon Nanotube/Polymer Nanocomposites: 
A Brief Modeling Overview. Key Engineering Materials, 2013, 542, 29–42.

 53. Dresselhaus, M. S., Dresselhaus, G., Eklund, P. C. Science of Fullerenes and Carbon 
nanotubes: Their Properties and Applications. Academic Press, 1996, 965.

 54. Yakobson, B., Smalley, R. E. Some Unusual New Molecules—Long, Hollow Fibers 
with Tantalizing Electronic and Mechanical Properties—have Joined Diamonds and 
Graphite in the Carbon Family. Am Scientist, 1997, 85, 324–337.

 55. Guo, Y., Guo, W. Mechanical and Electrostatic Properties of Carbon Nanotubes 
under Tensile Loading and Electric Field. Journal of Physics D: Applied Physics, 
2003, 36(7), 805.

 56. Berger, C., et al., Electronic Confinement and Coherence in Patterned Epitaxial Gra-
phene. Science, 2006, 312(5777), 1191–1196.

 57. Song, K., et al., Structural Polymer-Based Carbon Nanotube Composite Fibers: 
Understanding the Processing–Structure–Performance Relationship. Materials, 
2013, 6(6), 2543–2577.

 58. Park, O. K., et al., Effect of Surface Treatment with Potassium Persulfate on Dispersion 
Stability of Multi-Walled Carbon Nanotubes. Materials Letters, 2010, 64(6), 718–721.

 59. Banerjee, S., Hemraj-Benny, T., Wong, S. S. Covalent Surface Chemistry of Single-
Walled Carbon Nanotubes. Advanced Materials, 2005, 17(1), 17–29.

 60. Balasubramanian, K., Burghard, M. Chemically Functionalized Carbon Nanotubes. 
Small, 2005, 1(2), 180–192.

 61. Xu, Z. L., Alsalhy Qusay, F. Polyethersulfone (PES) Hollow Fiber Ultrafiltration 
Membranes Prepared by PES/non-Solvent/NMP Solution. Journal of Membrane Sci-
ence, 2004, 233(1–2), 101–111.

 62. Chung, T. S., Qin, J. J., Gu, J. Effect of Shear Rate Within the Spinneret on Mor-
phology, Separation Performance and Mechanical Properties of Ultrafiltration Poly-
ethersulfone Hollow Fiber Membranes. Chemical Engineering Science, 2000, 55(6), 
1077–1091.

 63. Choi, J. H., Jegal, J., Kim, W. N. Modification of Performances of Various Membranes 
Using MWNTs as a Modifier. Macromolecular Symposia, 2007, 249–250(1), 610–617.

 64. Wang, Z., Ma, J. The Role of Nonsolvent in-Diffusion Velocity in Determining Poly-
meric Membrane Morphology. Desalination, 2012, 286(0), 69–79.

 65. Vilatela, J. J., Khare, R., Windle, A. H. The Hierarchical Structure and Properties of 
Multifunctional Carbon Nanotube Fibre Composites. Carbon, 2012, 50(3), 1227–1234.

 66. Benavides, R. E., Jana, S. C., Reneker, D. H. Nanofibers from Scalable Gas Jet Pro-
cess. ACS Macro Letters, 2012, 1(8), 1032–1036.

 67. Gupta, V. B., Kothari, V. K. Manufactured Fiber Technology. 1997, Springer. 661.
 68. Wang, T., Kumar, S. Electrospinning of Polyacrylonitrile Nanofibers. Journal of 

Applied Polymer Science, 2006, 102(2), 1023–1029.
 69. Song, K., et al., Lubrication of Poly (vinyl alcohol) Chain Orientation by Carbon 

nano-chips in Composite Tapes. Journal of Applied Polymer Science, 2013, 127(4), 
2977–2982.

 70. Theodorou, D. N., Molecular Simulations of Sorption and Diffusion in Amorphous 
Polymers. Plastics Engineering-New York, 1996, 32, 67–142.



148 Analytical Chemistry from Laboratory to Process Line

 71. Müller-Plathe, F., Permeation of Polymers—A Computational Approach. Acta Poly-
merica, 1994, 45(4), 259–293.

 72. Liu, Y. J., Chen, X. L. Evaluations of the Effective Material Properties of Carbon 
Nanotube-Based Composites Using a Nanoscale Representative Volume Element. 
Mechanics of Materials, 2003, 35(1), 69–81.

 73. Gusev, A. A., Suter, U. W. Dynamics of Small Molecules in Dense Polymers Subject 
to Thermal Motion. The Journal of Chemical Physics, 1993, 99, 2228.

 74. Elliott, J. A., Novel Approaches to Multiscale Modelling in Materials Science. Inter-
national Materials Reviews, 2011, 56(4), 207–225.

 75. Greenfield, M. L., Theodorou, D. N. Molecular Modeling of Methane Diffusion in 
Glassy Atactic Polypropylene via Multidimensional Transition State Theory. Macro-
molecules, 1998, 31(20), 7068–7090.

 76. Peng, F., et al., Hybrid Organic-Inorganic Membrane: Solving the Tradeoff Between 
Permeability and Selectivity. Chemistry of materials, 2005, 17(26), 6790–6796.

 77. Duke, M. C., et al., Exposing the Molecular Sieving Architecture of Amorphous Sil-
ica Using Positron Annihilation Spectroscopy. Advanced Functional Materials, 2008, 
18(23), 3818–3826.

 78. Hedstrom, J. A., et al., Pore Morphologies in Disordered NanoporousTthin Films. 
Langmuir, 2004, 20(5), 1535–1538.

 79. Pujari, P. K., et al., Study of Pore Structure in Grafted Polymer Membranes Using 
Slow Positron Beam and Small-Angle X-ray Scattering Techniques. Nuclear Instru-
ments and Methods in Physics Research Section B: Beam Interactions with Materials 
and Atoms, 2007, 254(2), 278–282.

 80. Wang, X. Y., et al., Cavity Size Distributions in High Free Volume Glassy Polymers 
by Molecular Simulation. Polymer, 2004, 45(11), 3907–3912.

 81. Skoulidas, A. I., Sholl, D. S. Self-Diffusion and Transport Diffusion of Light Gases 
in Metal-Organic Framework Materials Assessed Using Molecular Dynamics Simu-
lations. The Journal of Physical Chemistry B, 2005, 109(33), 15760–15768.

 82. Wang, X. Y., et al., A Molecular Simulation Study of Cavity Size Distributions and 
Diffusion in Para and Meta Isomers. Polymer, 2005, 46(21), 9155–9161.

 83. Zhou, J., et al., Molecular Dynamics Simulation of Diffusion of Gases in Pure and 
Silica-Filled Poly (1-trimethylsilyl-1-propyne)[PTMSP]. Polymer, 2006, 47(14), 
5206–5212.

 84. Scholes, C. A., Kentish, S. E., Stevens, G. W. Carbon Dioxide Separation Through 
Polymeric Membrane Systems for Flue Gas Applications. Recent Patents on Chemi-
cal Engineering, 2008, 1(1), 52–66.

 85. Wijmans, J. G., Baker, R. W. The Solution-Diffusion Model: A Unified Approach to 
Membrane Permeation. Materials Science of Membranes for Gas and Vapor Separa-
tion, 2006, 159–190.

 86. Wijmans, J. G., Baker, R. W. The Solution-Diffusion Model: A Review. Journal of 
Membrane Science, 1995, 107(1), 1–21.

 87. Way, J. D., Roberts, D. L. Hollow Fiber Inorganic Membranes for Gas Separations. 
Separation Science and Technology, 1992, 27(1), 29–41.

 88. Rao, M. B., Sircar, S. Performance and Pore Characterization of Nanoporous Carbon 
Membranes for Gas Separation. Journal of Membrane Science, 1996, 110(1), 109–118.

 89. Merkel, T. C., et al., Effect of Nanoparticles on Gas Sorption and Transport in Poly 
(1-trimethylsilyl-1-propyne). Macromolecules, 2003, 36(18), 6844–6855.



Nanoporous Polymer/Carbon Nanotube Membrane Filtration 149

 90. Mulder, M., Basic Principles of Membrane Technology Second Edition. 1996, 
Kluwer Academic Pub. 564.

 91. Wang, K., Suda, H., Haraya, K. Permeation Time Lag and the Concentration Depen-
dence of the Diffusion Coefficient of CO2 in a Carbon Molecular Sieve Membrane. 
Industrial & Engineering Chemistry Research, 2001, 40(13), 2942–2946.

 92. Webb, P. A., Orr, C. Analytical Methods in Fine Particle Technology. Vol. 55. 1997, 
Micromeritics Norcross, GA. 301.

 93. Pinnau, I., et al., Long-Term Permeation Properties of Poly (1-trimethylsilyl-1-pro-
pyne) Membranes in Hydrocarbon—Vapor Environment. Journal of Polymer Sci-
ence Part B: Polymer Physics, 1997, 35(10), 1483–1490.

 94. Jean, Y. C., Characterizing Free Volumes and Holes in Polymers by Positron Annihi-
lation Spectroscopy. Positron Spectroscopy of Solids, 1993, 1.

 95. Hagiwara, K., et al., Studies on the Free Volume and the Volume Expansion Behavior 
of Amorphous Polymers. Radiation Physics and Chemistry, 2000, 58(5), 525–530.

 96. Sugden, S., Molecular Volumes at Absolute Zero. Part II. Zero Volumes and Chemi-
cal Composition. Journal of the Chemical Society (Resumed), 1927, 1786–1798.

 97. Dlubek, G., et al. Positron Annihilation: A Unique Method for Studying Polymers. in 
Macromolecular Symposia. 2004, Wiley Online Library.

 98. Golemme, G., et al., NMR Study of Free Volume in Amorphous Perfluorinated Poly-
mers: Comparsion with other Methods. Polymer, 2003, 44(17), 5039–5045.

 99. Victor, J. G., Torkelson, J. M. On Measuring the Distribution of Local Free Volume in 
Glassy Polymers by Photochromic and Fluorescence Techniques. Macromolecules, 
1987, 20(9), 2241–2250.

 100. Royal, J. S., Torkelson, J. M. Photochromic and Fluorescent Probe Studies in Glassy 
Polymer Matrices. Macromolecules, 1992, 25(18), 4792–4796.

 101. Yampolskii, Y. P., et al., Study of High Permeability Polymers by Means of the Spin 
Probe Technique. Polymer, 1999, 40(7), 1745–1752.

 102. Kobayashi, Y., et al., Evaluation of Polymer Free Volume by Positron Annihilation 
and Gas Diffusivity Measurements. Polymer, 1994, 35(5), 925–928.

 103. Huxtable, S. T., et al., Interfacial Heat Flow in Carbon Nanotube Suspensions. Nature 
materials, 2003, 2(11), 731–734.

 104. Allen, M. P., Tildesley, D. J. Computer simulation of liquids. 1989, Oxford university 
press.

 105. Frenkel, D., Smit, B., Ratner, M. A. Understanding molecular simulation: from algo-
rithms to applications. Physics Today, 1997, 50, 66.

 106. Rapaport, D. C., The art of Molecular Dynamics Simulation. 2004, Cambridge uni-
versity press. 549.

 107. Leach, A. R., Schomburg, D. Molecular modeling: principles and applications. 1996, 
Longman London.

 108. Martyna, G. J., et al., Explicit Reversible Integrators for Extended Systems Dynam-
ics. Molecular Physics, 1996, 87(5), 1117–1157.

 109. Tuckerman, M., Berne, B. J., Martyna, G. J. Reversible Multiple Time Scale Molecu-
lar Dynamics. The Journal of Chemical Physics, 1992, 97(3), 1990.

 110. Harmandaris, V. A., et al., Crossover from the Rouse to the Entangled Polymer 
Melt Regime: Signals from Long, Detailed Atomistic Molecular Dynamics Sim-
ulations, Supported by Rheological Experiments. Macromolecules, 2003, 36(4), 
1376–1387.



150 Analytical Chemistry from Laboratory to Process Line

 111. Firouzi, M., Tsotsis, T. T., Sahimi, M. Nonequilibrium molecular dynamics simula-
tions of transport and separation of supercritical fluid mixtures in nanoporous mem-
branes. I. Results for a single carbon nanopore. The Journal of Chemical Physics, 
2003, 119, 6810.

 112. Shroll, R. M., Smith, D. E. Molecular Dynamics Simulations in the Grand Canonical 
Ensemble: Application to Clay Mineral Swelling. The Journal of Chemical Physics, 
1999, 111, 9025.

 113. Firouzi, M., et al., Molecular Dynamics Simulations of Transport and Separation of 
Carbon Dioxide–Alkane Mixtures in Carbon Nanopores. The Journal of Chemical 
Physics, 2004, 120, 8172.

 114. Heffelfinger, G. S., van Swol, F. Diffusion in Lennard-Jones fluids using dual control 
volume grand canonical molecular dynamics simulation (DCV-GCMD). The Journal 
of Chemical Physics, 1994, 100, 7548.

 115. Pant, P. K., Boyd, R. H. Simulation of Diffusion of Small-Molecule Penetrants in 
Polymers. Macromolecules, 1992, 25(1), 494–495.

 116. Allen, M. P., Tildesley, D. J. Computer Simulation of Liquids. 1989, Oxford Univer-
sity Press. 385.

 117. Cummings, P. T., Evans, D. J. Nonequilibrium Molecular Dynamics Approaches to 
Transport Properties and Non-Newtonian Fluid Rheology. Industrial and Engineer-
ing Chemistry Research, 1992, 31(5), 1237–1252.

 118. MacElroy, J., Nonequilibrium Molecular Dynamics Simulation of Diffusion and 
Flow in Thin Microporous Membranes. The Journal of Chemical Physics, 1994, 101, 
5274.

 119. Furukawa, S. T. Nitta, Non-Equilibrium Molecular Dynamics Simulation Studies on 
Gas Permeation Across Carbon Membranes with Different Pore Shape Composed of 
Micro-Graphite Crystallites. Journal of Membrane Science, 2000, 178(1), 107–119.

 120. Düren, T., Keil, F. J., Seaton, N. A. Composition Dependent Transport Diffusion 
Coefficients of CH4/CF4 Mixtures in Carbon Nanotubes by Non-Equilibrium Molec-
ular Dynamics Simulations. Chemical Engineering Science, 2002, 57(8), 1343–1354.

 121. Fried, J. R., Molecular Simulation of Gas and Vapour Transport in Highly Permeable 
Polymers. Materials Science of Membranes for Gas and Vapour Separation”,, 2006, 
95–136.

 122. El Sheikh, A., Ajeeli, A., Abu-Taieh, E. Simulation and Modeling: Current Technolo-
gies and Applications. 2007, IGI Publishing.

 123. McDonald, I., NpT-Ensemble Monte Carlo Calculations for Binary Liquid Mixtures. 
Molecular Physics, 2002, 100(1), 95–105.

 124. Vacatello, M., et al., A Computer Model of Molecular Arrangement in a n-Paraffinic 
Liquid. The Journal of Chemical Physics, 1980, 73(1), 548–552.

 125. Furukawa, S.-I., Nitta, T.Non-equilibrium molecular dynamics simulation studies on 
gas permeation across carbon membranes with different pore shape composed of 
micro-graphite crystallites. Journal of Membrane Science, 2000, 178(1), 107–119.



PART III

POLYMER CHEMISTRY



http://taylorandfrancis.com
http://taylorandfrancis.com


CHAPTER 15

STUDY OF DEGRADABLE 
POLYOLEFIN COMPOUNDS

T. I. AKSENOVA,1 V. V. ANANYEV,2 P. P. KULIKOV,3 and 
V. D. TRETYAKOVA4

1Associated Professor, Moscow State University of Technologies and 
Management named after K.G. Razumovskiy, 73, Zemlyanoy Val St., 
Moscow, Russia; E-mail: aksentatyana@rambler.ru

2Head of Laboratory, Research Center of Ivan Fedorov Moscow State 
University of Printing Arts, 2A, Pryanishnikova St., Moscow, Russia; 
E-mail: vovan261147@rambler.ru

3Graduate Student, D. Mendeleyev University of Chemical 
Technology of Russia, 9, Miusskaya sq., Moscow, Russia;  
E-mail: p.kulikov.p@gmail.com

4Project Manager, METACLAY CJSC, 15, Karl Marx St., Karachev, 
Bryansk Region, Russia; E-mail: vera.d.tretyakova@gmail.com

CONTENTS

Abstract ................................................................................................. 154
15.1 Introduction ................................................................................ 154
15.2 Experimental Part ....................................................................... 155
15.3 Result and Discussion ................................................................ 157
15.4 Conclusion ................................................................................. 160
Keywords .............................................................................................. 161
References ............................................................................................. 161

mailto:vovan261147@rambler.ru
mailto:aksentatyana@rambler.ru
mailto:vera.d.tretyakova@gmail.com
mailto:p.kulikov.p@gmail.com


154 Analytical Chemistry from Laboratory to Process Line

ABSTRACT

The chapter discusses the effect manganese (degradation activator) 
organic complexes have on polyolefin compound biodegradabilities. 
Samples containing different quantities of the degradation activator 
were tested by two methods. The first one is testing by composting. 
The biodegradation process progress was judged by the samples’ weight 
change, as well as by comparing the strain and strength characteristics 
data. The measurements were performed immediately after the prepara-
tion and after 30-, 60-, and 90-days conditioning. The second method is 
accelerated aging under the exposure to ultraviolet radiation. The study 
showed significant organic manganese complexes’ effect on polyethyl-
ene and polypropylene biodegradability, which is of a greater level for 
polypropylene.

15.1 INTRODUCTION

The problem of environmental protection currently becomes global. In 
particular, a serious concern is caused by fast and practically uncontrolled 
growth of plastics consumption in many industries, resulting in sharp 
increase in wastes.

The most part of this amount belongs to foodstuff and consumer goods 
packing. Therefore, along with improvement in quality, reliability, and 
durability of packing materials improvement, a problem of their disposal 
upon expiration of the service life arises.

Polyolefins, especially polyethylene and polypropylene are most 
widely used in the packaging industry. At that, their natural degradation 
may last more than one hundred years. The existing recycling and disposal 
methods for such polymers are imperfect, for which reason a number of 
countries even restricted their production and consumption.

In the specialists’ judgment, the “polymer waste” problem is to be 
solved by creating and mastering a range of polymers able to biodegrade 
under appropriate conditions without detrimental effects on the envi-
ronment and human health [1]. It is biodegradation of polymer materi-
als, which is today perhaps the most environmentally friendly way of 
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packaging waste disposal [2]. Several fields of creation of such materials 
are currently under development, including:

• introduction of functional groups into the polymer structures, which 
help to accelerate photo- and oxydegradation [3];

• introduction of additives into large-tonnage polymers, which are 
able to initiate degradation of the base polymer to some extent.

The second way appears to be the most simple and relatively cheap 
method of solving the environmental problems. In this case, the materials 
obtained using the additives, as well as the additives themselves, shall be 
safe for the environment and human, which shall be supported by interna-
tional certificates of conformance to the international regulations adopted 
in the area of composting and biodegradation (EN 13432, ASTM D 6400, 
Green PLA) [4].

As such, to modify polyolefins, an amphiphilic polymer was selected, 
with complexing groups, able to form stable complex compound with 
metal ions. As compared to salts of transition metals (Mn, Co, Cu, Ni, Fe) 
toxicity of polymer-metal complexes is significantly reduced which is indi-
cated in a number of medical and pharmacological papers [5]. Owing to a 
favorable combination of physico-chemical properties of high-molecular-
weight compounds and electrolytes, amphiphilic polymers gained strong 
position in many industrial, medical, scientific, and engineering fields. The 
use of polymer-metal complexes as degradation activators introduced into 
polymer films is reasonable due to their low toxicity, good compatibility 
with hydrophobic polymer matrix, and oxidative activity.

Therefore, the objective of this paper was to obtain and examine the 
properties, as well as degradability of polyolefin-based polymer com-
pounds obtained through introduction of environmentally safe additives 
accelerating the polymer degradation process.

15.2 EXPERIMENTAL PART

The following were used as subjects of the research:

• Low-density polyethylene grade (LDPE) 15803–20;
• Polypropylene grade (PP) 21030–16.
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The degradation activator is an additive with manganese organic 
complex.

To conduct the research, compounds with the contents shown in 
Table 15.1 had been prepared. 

The lab extruder characteristics and temperature conditions of the 
compounds processing are presented in the Table 15.2.

Accelerated tests by exposure of the examined films to ultraviolet radia-
tion were performed under the following conditions. The films were placed 
into a chamber isolated from external light sources. Two PRK-4 quartz 
lamps were used, providing radiation with a wavelength λ = 185–315 nm. 
The film samples as 100×100 mm squares were placed in 30 cm from ultra-
violet lamps. It is known that 100-hour radiation in such a device is equiva-
lent to approximately a year of the films’ exposure to natural conditions.

The composting tests included exposure of the examined polymer 
material samples to microbially active soil (Fasco soil Spec. 0392–013–
53910914–09 and Live Earth (TerraVita®) Spec. 0391–001–11158098–
2002 were used).

The biodegradation process behaviors were judged by the weight 
change through weighing on analytical balance within 0.0001 g and the 
change in strain and strength characteristics of the materials after upon 
expiration of the selected soil exposure time. When performing the work, 
soil was used with a combined mineral fertilizer and moisture content of 
60±5% of its maximum water capacity. The total composting time was 30, 

TABLE 15.1 Compound Contents

Compound LDPE Concentra-
tion (%)

PP Concentration 
(%)

Additive Concen-
tration (%)

LDPE (reference) 100 - -
PP (reference) - 100 -
Sample 1 99.5 - 0.5
Sample 2 99.0 - 1.0
Sample 3 98.5 - 1.5
Sample 4 - 99.5 0.5
Sample 5 - 99.0 1.0
Sample 6 - 98.5 1.5
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60, and 90 days. The polymer material samples and the reference sample 
were placed onto a soil substrate and fully covered with a soil layer, while 
providing constant access of air to the soil to avoid suppression of micro-
organisms’ vital functions.

Tensile stress at break (σ) and elongation at break (ε) were determined 
at standard conditions onAI-7000-M testing machine equipped with a 
computer system for recording stress-strain curve. The work was per-
formed in METACLAY CJSC Research Laboratory, Moscow.

15.3 RESULT AND DISCUSSION

The tests of the obtained compounds and original materials resulted in 
obtaining data allowing judgment on the effect the additive introduced 
has on degradability of polymer materials. The Figure 15.1 provides the 
strength test results for the samples, as a function of degradation activator 
content.

TABLE 15.2 Lab Extruder Conditions

Lab	Extruder	Parameters Values

Screw length (mm) 12
Effective screw length (length-to-diameter ratio), L/D 20
Maximum output (kg/h) 2.5
Temperature conditions for LDPE and compounds 1–3 processing:

zone 1, °C

zone 2, °C

zone 3, °C

zone 4, °C

extrusion die, °C

165

180

185

190

195
Temperature conditions for PP and compounds 4–6 processing:

zone 1, °C

zone 2, °C

zone 3, °C

zone 4, °C

extrusion die, °C

190

235

255

260

265
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As the provided data show, increase in the additive content in a poly-
ethylene compound leads do decrease in strength characteristics of both 
the original films and the films subjected to soil biodegradation. At that, 
the increase in additive concentration leads to a sharper decrease in the 
strength properties. Specifically, with 1.5 % additive after 90-days contact 
with soil, the film strength parameters decrease by two times.

It should be noted that similar results were observed for the strain char-
acteristics. The measurements were performed both longitudinally and 
transversely.

The weight change in the samples was examined after the contact with 
soil for 30, 60, and 90 days. The weight of the samples containing 1.5 % 
additive increased by 6% after 90 days. This indicates formation of a more 
loose structure in the presence of manganese organic complex. At that, no 
significant weight changes were observed in LDPE containing 0%, 0.5%, 
1% additive.

Similar examinations were performed with polypropylene-based 
compounds.

When a modifying additive was introduced, alteration of the films’ 
strength characteristics was observed. The relationship between the PP film 
tensile failure stress and the complex content is shown in the Figure 15.2.

As seen on the diagram, increase in the compound’s additive content 
up to 1,5 % results in increase of the strength parameters for PP films. 

FIGURE 15.1 Relationship between LDPE film tensile failure stress and the additive 
content.
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At that, the polyethylene compounds showed a decrease in those param-
eters. This is possibly associated with the additive introduction providing 
plastification-orientational effects in PP.

However, after the PP samples’ contact with soil, the same changes in 
the samples’ properties were observed as with LDPE. The fastest accel-
eration of the samples’ biodegradation in soil was demonstrated by com-
pounds with 1.5% manganese organic complex.

Examining the effect of ultraviolet radiation on the samples produced 
from LDPE and PP compounds also allowed finding a significant differ-
ence in their behaviors.

Exposure of the LDPE compounds to ultraviolet radiation for 30 h did 
not result in alteration of the samples’ properties – no changes in the film 
appearance were observed, the strength parameters of the original LDPE 
after the irradiation remained almost unaltered and the decrease in strength 
for the compounds containing 1 and 1.5% modifier did not exceed 15–20% 
of the initial values.

On the contrary, the PP compound samples containing degradation 
activator turned out to be very sensitive to UV radiation. The first changes 
in appearance of the original PP samples were observed after 30-hours 
exposure to UV, and for the compounds containing minimum (0.5%) acti-
vator, the changes in appearance were observed as early as after 10-hour 
irradiation, with complete failure of the samples in 30 h.

FIGURE 15.2 Relationship between the PP film tensile failure stress and the complex 
content.
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The changes in film appearance resulted from UV irradiation are shown 
in the Figure 15.3.

The tests conducted allow concluding that the use of manganese organic 
complexes for creating biodegradable polymer compound is promising.

15.4 CONCLUSION

As a result of studying the effect manganese organic complex-based deg-
radation activator has on biodegradation of polyolefins (LDPE and PP), 
the following conclusions were drawn:

1. Introduction of manganese organic complex into polyolefin-based 
compounds leads to both essential changes in their strain/strength 
characteristics, and change in the films’ resistance to exposures: 
UV radiation and soil biodegradability.

2. Significant difference is observed in the changes caused by intro-
duction of the degradation activator into LDPE and PP. For these 

FIGURE 15.3 Photographs of PP film samples:0% (left) and 0.5% (right) degradation 
activator content: (a) after 10-hours UV irradiation; (b) after 30-hours UV irradiation.
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compounds, introduction of the additive leads to bidirectional 
alteration of strength characteristics.

3. Introduction of the degradation activator leads to essential accel-
eration of the compound biodegradation processes in the contact 
with soils, where increase in the additive level is accompanied with 
accelerated degradation.

4. Introduction of the additives into LDPE leads to insignificant 
changes in their properties upon UV irradiation. At that, the PP 
compounds containing even insignificant (0.5%) additives failed 
almost completely as early as after 10-hours exposure to UV.

The work was performed with financial support from the Ministry of 
Education and Science of the Russian Federation (RFMEFI60714X0002).
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ABSTRACT

Actions for decrease in gas exhausts of flares in synthetic rubber produc-
tion are developed. The device is developed for wet purification of the gas 
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exhausts, confirmed high degree of purification both in laboratory, and in 
industrial conditions. The packaging scheme of gas purifying for synthetic 
rubber production is implanted. The complex of the made research has 
formed the basis for designing of system of purification of air of industrial 
premises. Burning of gas exhausts on flares has allowed reducing pollu-
tion of air basin by toxic substances considerably.

16.1 INTRODUCTION

Hydrocarbons and their derivatives fall into the basic harmful exhausts 
of the petrochemical and oil refining enterprises. Actions for decrease 
in their pollutions are directed on elimination of losses of hydrocarbons 
at storage and transportation, and also on perfection of the control over 
hermetic sealing of the equipment and observance of a technological 
regime [1].

At many oil refining and petrochemical enterprises operate flares. They 
are intended for combustion formed at start-up of the equipment and in a 
process of manufacture of the gasses, which further processing, is eco-
nomically inexpedient or impossible. To flares make following demands:

• the completeness of burning excluding formation of aldehydes, acids 
and harmful products;

• safe ignition, noiselessness and absence of a bright luminescence;
• absence of a smoke and carbon black; and
• stability of a torch at change of quantity and composition of gas 

exhausts.

Burning of gas exhausts on flares allows reducing pollution of air basin 
by toxic substances considerably. However, salvaging of waste gasses of 
the oil refining and petrochemical enterprises on flares is not a rational 
method of protection of environment. Therefore, it is necessary to provide 
decrease in exhausts of gasses on a torch. Application of effective systems 
of purification of gas exhausts result in to reduction of number of torches 
at the petrochemical enterprises [2].

Actions for protection of air basin yes the oil refining and petrochemi-
cal enterprises should be directed on increase of culture of production; 
strict observance of a technological mode; improvement of technology for 
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the purpose of gas-making decrease; the maximum use of formed gasses; 
reduction of losses of hydrocarbons on objects of a manufacturing econ-
omy; working out and improvement of a quality monitoring and purifica-
tion of pollutions.

16.2 ENGINEERING DESIGN AND EXPERIMENTAL RESEARCH 
OF NEW APPARATUSES FOR GAS CLEARING

Dynamic gas washer, according to Figures 16.1 and 16.2, contains the 
vertical cylindrical case with the bunker gathering slime, branch pipes of 
input and an output gas streams. Inside of the case it is installed conic 
vortex generator, containing. Dynamic gas washer works as follows [3].

The gas stream containing mechanical or gaseous impurity, acts on a 
tangential branch pipe in the ring space formed by the case and rotor. The 
liquid acts in the device by means of an axial branch pipe. At dispersion 
liquids, the zone of contact of phases increases and, hence, the effective 
utilization of working volume of the device takes place more.

FIGURE 16.1 Experimental installation “dynamic gas washer.”
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The invention is directed on increase of efficiency of clearing of gas 
from mechanical and gaseous impurity due to more effective utilization of 
action of centrifugal forces and increase in a surface of contact of phases. 
The centrifugal forces arising at rotation of a rotor provide crushing a liq-
uid on fine drops that causes intensive contact of gasses and caught par-
ticles to a liquid.

Owing to action of centrifugal forces, intensive hashing of gas and a 
liquid and presence of the big interphase surface of contact, there is an 
effective clearing of gas in a foamy layer. The aim was to determine the 
hydraulic resistance of irrigated unit when changing loads on the phases. 
The calculations take into account the angular velocity of rotation of the 
rotor blades and the direction of rotation of the swirl [4]. 

16.3 CLEARING OF GASES OF A DUST IN THE INDUSTRY

At the oil flares operate refining enterprise “synthetic rubber,” in 
Bashkortostan. They are intended for combustion formed at start-up of the 
equipment and in a process of manufacture of gasses (see, Figure 16.3).

FIGURE 16.2 The circuit design of experimental installation: 1 – scrubber; 2 – the 
drive; 3 – the dust loading pocket; 4 – the electric motor; 5 – the batcher; 6 – the fan; 7 
– a diaphragm; 8,10 – differential; 12 – the pressure tank; 13 – rotameter; 14 – sampling 
instruments.
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The dynamic scrubber is developed for decrease in gas exhausts of 
flares in synthetic rubber production.

Temperature of gasses of baking ovens in main flue gas a copper- 
recovery 500–600°С, after exhaust-heat boiler 250°С. An average chemi-
cal compound of smoke gasses (by volume): 17%С02; 16%N2; 67% CO. 
Besides, in gas contains to 70 mg/m3 SO2; 30 mg/m3 H2S; 200 mg/m3 F 
and 20 mg/m3 CI. The gas dustiness on an exit from the converter reaches 
to 200/m3 the dust, as well as at a fume extraction with carbonic oxide 
after-burning, consists of the same components, but has the different main-
tenance of oxides of iron. In it than 1 micron, than in the dusty gas formed 
at after-burning of carbonic oxide contains less corpuscles a size less. It is 
possible to explain it to that at after-burning CO raises temperatures of gas 
and there is an additional excess in steam of oxides. Carbonic oxide before 
a gas heading on clearing burn in the special chamber. The dustiness of the 
cleared blast-furnace gas should be no more than 4 mg/m3. The following 
circuit design (see, Figure 16.4) is applied to clearing of the blast-furnace 
gas of a dust.

Gas from a furnace mouth of a baking oven 1 on gas pipes 3 and 4 is 
taken away in the gas-cleaning plant. In raiser and down taking duct gas is 
chilled, and the largest corpuscles of a dust, which in the form of sludge are 
trapped in the inertia sludge remover, are inferred from it. In a centrifugal 
scrubber 5 blast-furnace gas is cleared of a coarse dust to final dust content 
5–10/m3 the Dust drained from the deduster loading pocket periodically 
from a feeding system of water or steam for dust moistening. The final 

FIGURE 16.3 The schema of a flare with scrubber dynamic: 1 – scrubber dynamic; 
2 – governor valves; 3 – the ignite burner; 4 – a pilot-light burner; 5 – a torch pipe; / – waste 
gas; // – fuel gas; /// – a condensate.
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cleaning of the blast-furnace gas is carried out in a dynamic spray scrubber 
where there is an integration of a finely divided dust. Most the coarse dust 
and drops of liquid are inferred from gas in the inertia mist eliminator. The 
cleared gas is taken away in a collecting channel of pure gas 9, whence is 
fed in an aerosphere. The clarified sludge from a gravitation filter is fed 
again on irrigation of apparatuses. The closed cycle of supply of an irriga-
tion water to what in the capacity of irrigations the lime milk close on the 
physical and chemical properties to composition of dusty gas is applied is 
implemented. As a result of implementation of trial installation clearings 
of gas emissions the maximum dustiness of the gasses, which are thrown 
out in an aerosphere, has decreased with 3950 mg/m3 to 840 mg/m3, and 
total emissions of a dust from sources of limy manufacture were scaled 
down about 4800 to/a to 1300 to/a.

Such method gives the chance to make gas clearing in much smaller 
quantity, demands smaller capital and operational expenses, reduces an 
atmospheric pollution and allows to use water-recycling system [5].

FIGURE 16.4 Process flow sheet of clearing of gas emissions: 1 – a Flare; 2 – water 
block; 3 – raiser; 4 – down-taking duct; 5 – centrifugal scrubber; 6 – scrubber dynamic; 
7 – forecastle of gathering of sludge; 8 – hydraulic hitch; 9 – chimney.
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16.4 CONCLUSIONS

1. The solution of an actual problem on perfection of complex sys-
tem of clearing of gas emissions and working out of measures on 
decrease in a dustiness of air medium of the industrial factories for 
the purpose of betterment of hygienic and sanitary conditions of 
work and decrease in negative affecting of dust emissions given.

2. Designs on modernization of system of an aspiration of smoke gas-
ses of a flare with use of the new scrubber which novelty is con-
firmed with the patent for the invention are devised. Efficiency of 
clearing of gas emissions is raised. Power inputs of spent processes 
of clearing of gas emissions at the expense of modernization of a 
flowchart of installation of clearing of gas emissions are lowered.

3. Ecological systems and the result of the recommendations imple-
mentation is to a high degree of purification of exhaust gasses and 
improve the ecological situation in the area of production. The eco-
nomic effect of the introduction of up to 3 million rubles/year.

KEYWORDS
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 • purification of gas exhausts

 • synthetic rubber

TABLE 16.1 Results of Post-Test Examination

Compound Concentration at  
the inlet, g/m3

Concentration after 
clearing, g/m3

Dust 0.02 0.00355
NO2 0.10 0.024
SO2 0.03 0.0005
СО 0.01 0.0019



170 Analytical Chemistry from Laboratory to Process Line

REFERENCES

 1. Belov, P. S., Golubeva, I. A., Nizova, S. A. Production Ecology Chemicals from 
Petroleum Hydrocarbons and Gas, Moscow: Chemistry, 1991, 256 p.

 2. Tetelmin, V. V., Jazev, V. A. Environment Protection in the Oil and Gas Complex, 
Dolgoprudnyj: Oil and Gas Engineering, 2009, 352 p.

 3. Usmanova, R. R. Dynamic Gas Washer. Patent for the Invention of the Russian Fed-
eration №2339435. 20 November 2008. The Bulletin №33.

 4. Shvydky, V. S., Ladygichev, M. G. Clearing of Gasses. The Directory, Moscow: Heat 
Power Engineering, 2002, 640 p.

 5. Straus, V. Industrial Clearing of Gasses Moscow: Chemistry, 1981, 616 p.



CHAPTER 17

PROCESSES OF POLY(METHYL 
METHACRYLATE) DESTRUCTION BY 
HIGH-SPEED IMPACT AND PULSE 
LASER ACTION: A COMPARATIVE 
ANALYSIS

A. M. KUGOTOVA and B. I. KUNIZHEV

Kh.M. Berbekov Kabardino-Balkarian State University, Nalchik, 
Russia; E-mail: kam-02@mail.ru

CONTENTS

17.1 Introduction ................................................................................ 171
17.2 Conclusion ................................................................................. 176
Keywords .............................................................................................. 176
References ............................................................................................. 177

17.1 INTRODUCTION

The crater formation in and the destruction of poly(methyl methacrylate) 
(PMMA) under the high-speed impact are thoroughly studied in the Refs. 
[1, 2]. There is shown that craters in PMMA differ from those in metals not 
only in shape, but also in origin: the cavity in metals is formed in expense 
of a plastic flow while that in PMMA is a result of brittle fracture, forma-
tion of crack and ejection of matter in form of splinters. That is why in 
Ref. [1] the process of crater formation in PMMA is called the facial split 
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which must by distinguished, by a number of criteria, from the rear spall 
resulting from the reflection of a shock wave from the back surface.

Such investigations continue in the Refs. [3, 4] where the analytical 
relations between the duration of penetration of the projectile into the tar-
get and the speed and crater depth have been established.

The laser action on PMMA is studied in Ref. [5] and the results are 
compared to those of the impact influence on target at the same energies. 
The evolution of the stressed state within the target and the processes of 
material’s destruction have been studied and the damage zones and the 
degree of damage of the target material determined. The comparison of 
the results in both cases of influence leads the authors of Ref. [5] to the 
conclusion, that the laser action exerts more damage than the shock load-
ing, because the destroyed zone occupies a larger volume.

The dependencies of the crater diameter D and of the depth of penetra-
tion of the polyethylene projectile into the PMMA target versus the speed 
of the projectile are presented in Table 17.1 (Experiments were conducted 
with help of the magneto-plasma accelerator of microparticles of the rail 
type [4]).

One can see from the Table 17.1 that despite the substantial differences 
between the pulsed laser action and the high-speed impact, the general pat-
tern of the development of hydrodynamic processes in each case remains 
the same: the creation of the compression zone of the target material, the 
generation of a shock wave, the destruction of the target by waves reflected 
from the free surfaces. The identity of the occurring processes allowed 

TABLE 17.1 The Dependencies of Crater Depth (h) and Diameter (D) in the Target 
from PMMA versus the Speed of Impact Loading

υ	×	103, km/s h	×	10–3, m D	×	10–3, m E	×	10–3, J

0.80 4.1 12.1 0.52
1.25 5.5 12.5 1.27
1.75 6.2 13.2 2.49
2.20 8.0 14.3 3.97
3.0 12.0 14.4 7.38
3.7 17.8 14.6 11.23
4.8 18.5 14.8 13.12
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the authors of that study to model the mentioned processes. The idea to 
use the energy of a laser impulse to studying of the high-speed impact is 
based on the assumption that the action of a laser pulse with energy E, 
duration τ and irradiated spot Dl is similar to the effect of the projectile 
of diameter D, thickness L and velocity υ. This method of the study of 
a high-speed impact by means of a laser impulse allowed the authors of 
Ref. [5] to obtain a diagram of the stressed state in the target material, 
the position and size of the destroyed zones, the degree of damage in the 
material, as well as to assess the depth of penetration of the projectile into 
the target and to estimate the diameter of the crater in circumstances of 
the performed experiment. On the basis of obtained values of the energy 
of projectile, the characteristic parameters of the laser impulse were found 
from the previous study [1] according to the equation

 
m J Sυ

α τ
2

2
= ⋅ ⋅ ⋅  (1)

where m – mass of the projectile, υ – its speed, α – the absorption coef-
ficient of the laser impulse, J – the density of power per irradiated surface, 
τ – the duration of laser impulse, S – the zone of the irradiated spot.

The dependencies of the dimensionless depth of penetration of the 
projectile made of PE (line 1) and of the laser impulse (lines 2 and 3) 
into the target h/D, calculated by us on the experimental data of studies 
[1, 5], are given in Figure 17.1. The projectile speed varied from 0.8 to 
4.8 km/s in high-speed experiments while the energy of acting pulses 
ranged (0.50÷13.2) × 103 J in both types of dynamic loading.

In both reports [1, 5], the target material (i.e., PMMA) was chosen such 
a way that it remained transparent after the intense dynamic loading, what 
allowed us to investigate the pattern of penetration of the projectile into 
the target in detail.

The authors of Ref. [6] showed that the dimensionless ratio h/D for cra-
ters formed in the targets by the collisions of macroparticles with velocities 
2–10 km/s could be reduced, for different materials of the projectile, to the 
unique relation depending on the parameter x=(ρy/ρµ)υ0

2, in km2/s2. Thus 
we have the dependencies of the ratio h/D versus this variable x plotted in 
Figure 17.1.
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Line 1 in the Figure 17.1 meets well with the equation

 h/D = 0.86 x1. (2)

It was obtained by the least squares method using the generalization of 
all the high-speed experiments conducted [1, 2] for the projectile made of 
PE and the target from PMMA.

Using the Eq. (1), we calculated h/D of the energy of laser impulses 
(Table 17.2). The lines 2 and 3 of the Figure 17.1 for the pulsed laser 
action have been obtained according to the Table 17.2. The lines 2 and 3 
correspond, respectively, to the following equations:

 h/D = 2.2 x2 (3)

 h/D = 0.45 x3 (4)

FIGURE 17.1 The dependence of the dimensionless depth of penetration of the projectile 
made of PE (line 1) and of the front of a laser impulse (lines 2 and 3) into the target made 
of PMMA.

4 8 12 16 X 
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The comparison of data presented in Fig. 17.1 and of the dependen-
cies (2) and (3) demonstrates that the mechanisms of the brittle fracture 
of PMMA at high-speed impact and the pulsed laser action, with the 
energy of loading being the same, differ significantly. If one compares 
the coefficients at x of the straights (2)–(4) up to the energies of projectile 
E=5×10–3 J, then the coefficient at x2 is 2.56 times greater than the coeffi-
cient at x1, and 4.8 times in respect to that at х3.

The mechanism of destruction of PMMA was thoroughly investigated 
in Ref. [4]. Based on the three-dimensional dependencies of the axial 
stress on the duration and depth of penetration, presented in that paper, one 
can describe the dependence of h/D versus E at high-speed impact both 
qualitatively and quantitatively. The analysis of data on high-dynamical 
destruction of the target made of PMMA given in Refs. [1, 4] and com-
parison of them to the data of Figure 17.1 (curve 1) reveals that at high 
speeds of loading of targets, firstly, the process of brittle fracture with the 
formation of the facial split takes place, then follows the increase of target 
temperature, thus the brittle fracture of the target transforms into the brittle-
plastic destruction. Under the uniaxial compression, both longitudinal and 
transverse components of the stress increase. At the beginning of a high-
speed loading, the changes of longitudinal and transverse stresses occur 
in consistent manner, then the damage threshold increases rapidly with 
the increase of the transverse compressive stress, and for some certain, 
critical, value the brittle-plastic transition takes place: the shear stresses 
become sufficient to activate the mechanisms of plastic deformation, and 
the disclosure of cracks is suppressed by the transverse strains.

The analysis of the lines (2) and (3) in Figure 17.2 reveals that the rate 
of deepening of penetration is almost three times greater at the beginning of 
the impact under the pulsed laser action compared to the high-speed impact, 
and then it becomes four times delayed (straight line). Further analysis of 
the pattern of the PMMA destruction by the laser impulse demonstrates that 
the channels formed by the laser action collapse as they move deeper into 

TABLE 17.2 The Calculated Values of h/D per Energy of the Influence

E × 10–3, J 0.50 1.27 2.49 3.97 7.38 11.23 13.12
h/D (high-speed impact) 0.33 0.44 0.47 0.55 0.83 1.22 1.25
h/D (pulsed laser action) 0.62 0.88 1.16 1.25 1.57 1.60 1.72
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the target. The areas of intense plastic flow with a highly dispersed structure 
are formed near the channels. The formation of such structures cannot be 
explained by the concept suggested above, postulating elastic deformation 
and brittle fracture of the target by the advancing crack. The location of 
lines 2 and 3 in Figure 17.1 and the ratio of the coefficients at х2 and х3 cor-
respond to the fact that at the very beginning (up to 6 microseconds) of the 
laser impulse begins and develops the brittle fracture, later transforming 
into the plastic failure of the target material in the zones located along the 
axis of the sample to the full depth of the target within one centimeter.

This mechanism of the destruction of PMMA, in the case of pulsed 
laser action, explains the absence of zones of axial and radial tensile 
stresses, which stretch to a depth of 0.5 cm from the front face of the target 
and also clarify the appearance of the rear spall, which was not found in 
the experiments and calculations of high-speed impacts [1, 2, 4].

17.2 CONCLUSION

From the discussed analysis, we can conclude that the use of laser impulses 
is more effective for creating the conditions for the spall fracture in com-
parison with the high-speed impact, although it has been assumed that the 
general scheme of the development of hydrodynamic processes remained 
the same in both cases [5]. Thus, we have shown in this study that the 
mechanisms of crater formation and of destruction in case of such pulse 
shock destructions differ in a great extent.
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ABSTRACT

In this chapter, new effective inhibitors oxidative degradation of polymeric 
materials, are obtained in particular high-density polyethylene, which are 
not inferior to industrial known stabilizers.

18.1 INTRODUCTION

To save the basic physical and chemical properties of polymers in 
the process of their processing, storage and operation impose various 

mailto:m_m_murzakanova@mail.ru
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stabilizers [1–5]. However, current stabilizers have a number of disad-
vantages: low thermal stability, migration, operate only on a particular 
mechanism, etc. In this connection there is a necessity of the search of new 
perspective stabilizers, deprived of the above-mentioned shortcomings.

18.2 EXPERIMENTAL PART

Taking into account these shortcomings, we have obtained new azomethine 
phenyl melamine antioxidants (АМPhМА) type, i.e., space-obstructed 
phenols, containing both azomethine and amino groups on the basis of 
4-hydroxy-3,5-ditretbutilbenzaldegida and melamine, which have the fol-
lowing structure:

mono(-3,5-ditretbutyl-4-gidroksiphenilazometin)melamine – (monophenol)

bis(-3,5-ditretbutyl-4-gidroksiphenilazometin)melamine – (bisphenol)

three(-3,5-ditretbutyl-4-gidroksiphenilazometin)melamine – (trifenol)

As can be seen from the chemical structure of molecules synthesized 
АМPhМА (monophenol, bisphenol and trifenol) have reactive centers, 
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each of those can participate in radical processes [6–10]. In particu-
lar, the inhibiting ability of the obtained compounds may be due to the 
effect of pairing –CH=N– bond. The mechanism of action is following: 
PI – electrons of such systems are capable, when excited, moving to higher 
energy levels, which can accept free radicals. The acceptance of free radi-
cals by CH=N will increase, especially at high temperatures.

The following capable for reactions center АМPhМА, which can 
inhibit radical processes, is an amino group. The mechanism of their 
action is in isolation of hydrogen from amino groups, which formed the 
radical that is stabilized by pairing it with p – electrons aromatic nucleus.

The third capable for reaction center АМPhМА is a hydroxyl group 
which, easily coming off the hydrogen atom, saturates the radicals pro-
duced during the degradation of polymers. The newly formed radical is, 
stabilized by shielding and p – electrons aromatic ring.

Thanks to these reactive centers, the obtained АМPhМА may be 
promising inhibitors of oxidative degradation of the polymer in particular 
polyolefins.

18.3 RESULTS AND DISCUSSIONS

To confirm the obtained above conclusion we have conducted the research 
of thermal properties of high density polyethylene (HDPE grade HDPE-276 
and compositions HDPE + triphenol; HDPE + bisphenol and HDPE + 
monophenol. The received antioxidants were introduced in HDPE dispers-
ing them in the melt at the stage of compounding. Antioxidant content was 
varied within 0.05–0.2% of mass.

~NH2 ----- ~NH• + RH 

R.+ y ~ 

~ 

~
H3 

C C 3 '----CH3 

R•+ HO 1--FN---w ~ .w-J'FC 0 o• + RH 

CHJY-cH3 CH3 
1

c-cH3 

CH3 CH3 
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One of the speedy and informative methods that allow for a compara-
tive evaluation of thermal properties, stable and non-stable polymers, is 
thermogravimetric analysis (TGA) in the non-isothermal conditions [11]. 
Thermal characteristics HDPE and its compositions HDPE + АМPhМА 
were evaluated according to temperature of 2-, 5-, 10-, and 50% of loss of 
mass in the air. Comparative data TGA are given in Table 18.1.

Comparative analysis of the thermal properties of the source and 
compositions HDPE + АМPhМА showed the effectiveness of the com-
pounds obtained as an inhibitor of oxidative degradation of HDPE. 
As can be seen from the Table 18.1, almost up to the content of 0.2% 
the azomethine phenyl melamine compounds the increase in the ther-
mal properties of HDPE is observed. In its turn, this suggests that the 
obtained antioxidants are quite effective inhibitors of thermal-oxidative 
degradation. This follows from the comparison of the velocities of mass 
loss of samples in Table 18.3, where the decline of the mass for non-
stabilized HDPE is happening faster and at lower temperatures than for 
stabilized samples.

In favor of the obtained conclusion of the betoken data TGA, the 
results of the research of thermostability of melts of HDPE and composi-
tions HDPE + triphenol; HDPE + bisphenol and HDPE + monophenol.

TABLE 18.1 Results TGA Compositions on the Basis of HDPE

№ Sample The Temperature of the Mass Loss on the 
Air, °C

2% 5% 10% 50%

1 HDPE (М-276) 235 310 370 410
2 HDPE (М-276) + 0.10% trifenol 250 315 372 415
3 HDPE (М-276) + 0.15% trifenol 255 330 375 420
4 HDPE (М-276) + 0.20% trifenol 268 380 400 428
5 HDPE (М-276) + 0.15% 

bisphenol
280 300 351 430

6 HDPE (М-276) + 0.2% bisphenol 275 300 356 425
7 HDPE (М-276) + 0.15% trifenol + 

0.1% Fe/FeO
331 395 405 456

8 HDPE (М-276) + 0.10% Irganoks 
1010

300 355 400 420
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Melt Thermostability of the initial and stabilized patterns (samples) 
was measured at the change of the values of melt flow index (BTI) 
depending on duration of thermal aging, at 190°C. It is known that the 
TPP subtly responds to chemical processes (destruction, structuring) in 
polymer melts [12].

The research results presented in Table 18.2 show a fairly high stabiliz-
ing efficiency of triphenol, bisphenol and monophenol in the EFF in the 
amount of upto 0.2% of mass.

TABLE 18.2 Thermo Stability of the Melt and HDPE + Triphenol, HDPE + Bisphenol 
and HDPE+ Monophenol in the Process of Thermoxidation at 190°С

№ Sample PTR, g/10 
min

PTR/Ет°с

5 min 10 min 20 min 30 min

1. HDPE (М-276) 0.71 0.88/24 1.05/48 1.37/93 1.17/65
2. HDPE + 0.10% 

trifenol
0.48 0.40/–16 0.41/–14 0.18/–62 0.37/–23

3. HDPE + 0.15% 
trifenol

0.47 0.43/–8 0.47/0 0.43/–8 0.39/–17

4. HDPE + 0.20% 
trifenol

0.39 0.37/–5 0.38/–3 0.47/27 0.37/–5

5. HDPE + 0.10% 
bisphenol

0.50 0.55/10 0.53/6 0.48/–4 0.55/10

6. HDPE + 0.15% 
bisphenol

0.52 0.53/1.9 0.51/–1.9 0.47/–9.6 0.43/–17.3

7. HDPE + 0.20% 
bisphenol

0.50 0.38/–24 0.38/–24 0.36/–28 0.48/–4

8. HDPE + 0.10% 
monofenol

0.56 0.54/–3.6 0.59/5.4 0.56/0 0.51/–8.9

9. HDPE + 0.15% 
monofenol

0.59 0.54/–8.4 0.57/–3.4 0.57/–3.4 0.50/–15.3

10. HDPE + 0.20% 
monofenol

0.59 0.51/–13.6 0.51/–13.6 0.51/–13.6 0.42/–28.8

11. HDPE + 0.10% 
melamin

0.62 0.69/11.3 1.23/93.3 1.27/105 0.48/25.8

12. HDPE + 0.15% 
melamin

0.51 0.70/37.3 1.17/129 1.33/161 0.96/88.2

13. HDPE + 0.20% 
melamin

0.62 0.81/30 1.47/137 1.46/135 1.10/77.4

Note: PTR is measured at 190°C and load of 2.16 kg.
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Analysis of the data of Table 18.2 shows that samples of polymer 
containing the obtained stabilizers preserve original values of the TPP. 
Unregulated sample and the sample with melamine are weakly subjected 
to destruction after 5 min of exposure in the channel of PRT. Additionally, 
the Table 18.2 shows that the most optimal antioxidant content HDPE 
is 0.15 mass%.

Stabilizing properties of the synthesized compounds are confirmed by 
the results of testing of thermostability of melt multiple processing of melt 
HDPE and its composites. In particular testing of the efficiency of anti-
oxidants as a “stabilizer processing,” estimated the changes in the values 
of the BTI with multiple processing of melt carried out at extruder. The 
results of the research are presented in Table 19.3.

TABLE 18.3 The Dependence of the Values of the TPP Source HDPE and Compositions 
HDPE + Triphenol; HDPE + Bisphenol and HDPE + Monophenol on Multiplicity 
Extrusion

№ Sample PTR, 
g/10 min

PTR/ЕTS

The	multiplicity	of	extrusion,	n

1 2 3

1. HDPE (М–276) 0.71 0.26/–63 0.47/–34 0.38/–46

2. HDPE + 0.10% triphenol 0.48 0.36/–25 0.51/6 0.51/6

3. HDPE + 0.15% triphenol 0.47 0.53/12.8 0.50/6 0.44/–6

4. HDPE + 0.20% triphenol 0.39 0.47/–17 0.58/48 0.47/–17

5. HDPE + 0.10% bisphenol 0.50 0.56/12 0.54/8 0.59/18

6. HDPE + 0.15% bisphenol 0.52 0.49/–5.8 0.54/3.8 0.54\3.8

7. HDPE + 0.20% bisphenol 0.50 0.57/14 0.60/7.1 0.61/22

8. HDPE + 0.10% monophenol 0.56 0.61/8.9 0.62/10.7 0.65/16.1
9. HDPE + 0.15% monophenol 0.59 0.70/18.6 0.63/6.8 0.65/10.2

10. HDPE + 0.20% monophenol 0.59 0.62/5.1 0.57/–3.4 0.57/–3.4

11. HDPE + 0.10% melamin 0.62 0.65/4.8 0.54/–12.9 0.56/–9.6

12. HDPE + 0.15% melamin 0.51 0.47/–7.8 0.51/0 0.66/29.4

13 HDPE + 0.20% melamin 0.62 0.49/–20.9 0.48/–22.5 0.54/–12.9

14. HDPE + 0.10% 
IRGANOKS1010

0.1010 0.081/–20 0.0825/–18 0.084/–17
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From Table 18.3, it follows that in the specified as АМPhМА when it’s 
content in HDPE is more than 0.15 wt.% are quite effective. In particular 
samples HDPE, containing from 0.15 to 0.2% of monophenol, bisphenol 
and triphenol withstand three times processing, while the initial polymer 
and polymer with melamine after a single processing are structured (obvi-
ously filed). Therefore, it can be argued that the received stabilizers are 
quite effective stabilizers of processing and are not inferior and sometimes 
superior to industrial designs.

Thus, the results of thermal studies have shown that quite effective 
inhibitors oxidative degradation of polyolefin ace discovered.

It should be noted that the introduction into polymers different additives 
as a rule, leads to the changes in their basic physical and mechanical 
characteristics. It was interesting to investigate the influence of anti-
oxidants synthesized on physical-mechanical properties of the polymer 
and determine the optimal content of the additives that does not result 
in deterioration of the original properties of the material. In this regard, 
the work for the assessment of the influence of additives-antioxidants on 
the physico-mechanical properties of HDPE the following characteristics 
were studied: Shore hardness scale (D) resiliency modulus (UOM) and 
tensile strength (EP), Izod impact strength (Ar). Test samples were prepared 
at the injection molding machine Politest firm Ray-Ran” at the temperature 
of a material cylinder 200°C temperature of form 60°C and locking pres-
sure 8 ATM. The results of the measurements are shown in Table 18.4.

Measurement of hardness shore a scale D was conducted according to 
GOST 24621–91 on hard measuring instrument Hildebrand. For this pur-
pose, we used samples of cylindrical shape with diameter of 40 mm and a 
height of 5 mm Maximum hardness and hardness after going through the 
process of relaxation were measured (Table 18.4).

Table 18.4 shows the introduction of azomethine phenyl melamine 
antioxidants in HDPE leads to the increase of their hardness on 2–4%. It 
is evidently connected with the fact that antioxidants, performing the role 
of a nucleating, increase the number of crystallization centers, contribut-
ing to the formation of fine-crystalline spherulite patterns. In its turn, this 
increases the hardness of the composite [13, 14]. These supramolecular 
transformations of polymer matrix will lead in its turn to the change of 
mechanical properties of the material: resilient modulus (UOM) and tensile 
strength (EP). So, impact strength (Ar) HDPE with the azomethine phenyl 
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melamine antioxidants, defined under GOST 19109-84 on the pendulum 
impact-testing machine company Gotech (Chinis) Ltd. in comparison 
with the initial polymer on 8–38%. This is due to the structural changes 
that occur in the original polymer at the introduction of the received anti-
oxidants. In particular molecule antioxidants, occupying free volumes of 
amorphous phase polymer – HDPE, increase the dissipation of the energy 
of impact [14]. In its turn, tensile modulus of elasticity and bending of 
the compositions determined in accordance with GOST 9550-81-testing 
machine Gotech, are higher in comparison with the values of the origi-
nal polymer. The increase of these values is probably connected with the 
location of particles of antioxidants in the free volume polymer amorphous 
phase, which leads to the change rigidity of the material.

18.4 CONCLUSION

Thus, new effective inhibitors oxidative degradation of polymeric materi-
als, are obtained in particular high-density polyethylene, which are not 
inferior to industrial known stabilizers.
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ABSTRACT

The methods for determining thermal resistance of polymer materials 
with optimization content of organic plastics based of aromatic polyam-
ide phenylone C-25P are considered in this chapter, using the method 
of Coats-Redfern. This method determines the mechanism and kinetic 
parameters of the process thermal destruction of aromatic polyamide and 
organic plastics.
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19.1 INTRODUCTION

Most often the behavior of materials under heating are characterized by 
thermal stability [1], the primary method of determining this characteristic 
is that of thermal gravimetric analysis (TGA). TGA analysis was applied to 
heat treated samples of aromatic polyamide phenylone C-25P (TU 6-05-
221-101-71), which is a fine pink powder with a bulk density of 0.2–0.3 
g/cm3 and a specific viscosity of 0.5% solution in dimethylformamide with 
the amount of 5% lithium chloride not less than 0.75, and organic plastics 
(OP) based on it with different content of organic fibers: sulfone-T (pos-
sessing the following characteristics: fiber length of 3 mm; strength of 
24–27 rkm; elongation at break – 17–21%; twist – 120–140 r/m) and 
phenylone.

Press-composition of the compound: C-25P phenylone +5–15 mass% 
of organic fibers (Table 19.1) was prepared by mixing the components in 
a rotating electromagnetic field in the presence of ferromagnetic particles. 
The thus prepared mixture of the product was processed into the block 
ware by compression molding at the pressure of 30 MPa and at the tem-
perature of 598 K.

Thermal decomposition of the obtained samples was studied with the 
help of Q-1500D derivatographer of F. Paulik, J. Paulik and L. Erdey 
system, MOM Company (Hungary). The tests were carried out in spe-
cial ceramic crucibles in air conditions within the temperature range 
of 298–873 K. The rate of temperature rise made 283 K/min; Al2O3 
was used as a reference substance (inert), the substance addition made 

TABLE 19.1 Compound Press Composition

Filler Content, mass. % Based Content, mass. %

Fibers sulfon-T – Aromatic polyamide 
phenylone C-25P

100
5 95
10 90
15 85

Fibers phenylon 5 95

10 90

15 85
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100 mg. The sensitivity of DTG and DTA methods was that of 1/5 and 
1/3, respectively.

The results are shown in Figure 19.1 and Table 19.2.
Table 19.2 shows that in case of introducing sulfone-T organic fiber to 

the composition of organic plastics, their thermostability is insignificantly 
improved. As for the organic fiber phenylon, the heat resistance of com-
posites containing 15 mass% of the filler increases approximately by 1.1 
times as compared with the initial polymer matrix.

TABLE 19.2 Thermo-Stability of Organic Plastics Based on Phenylon C-25P 
Containing Sulfone-T Fiber

Content fiber, mass. % Т10 Т20 Т30 Т50 Тv	max

Phenylone C-25P + organic fibers sulfone-T

0 663 720 763 893 678
5 663 723 782 893 670
10 663 723 778 883 663
15 659 722 776 891 664

phenylone C-25P + organic fibers phenylone

5 681 728 767 908 728
10 678 721 753 900 736
15 686 733 781 909 722

 Note: T10, T20, T30, T50 – temperature, K; 10, 20, 30, 50% weight loss.

FIGURE 19.1 DTA curves for phenylon C-25P(1) and organic plastics based on it with 
different content of sulfone-T (a) and phenylon (b): 5(2); 10(3); 15(4) mass%.

273 473 673 873 T, K 

a 

273 473 673 

b 

873 T, K 
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Figure 19.2 shows that the contours of all the curves “weight loss – 
temperature” are similar, that is, the decomposition of the filled phenylon 
flows like that of pure one. In the first stage for all the investigated materi-
als within the temperature range of 300–373 K a gradual decrease in mass 
(2–4%) has been observed due to the removal of moisture. Then, up to T = 
613–623 K, the mass of the samples remained largely unchanged; while there 
is smooth running of DTA curves without explicit changes (Figure 19.1).

Intensive destruction of both initial phenylon and CM based on it 
accompanied by significant weight loss starts after the temperature reaches 
673 K. DTA curves in this area show peaks relating to the decomposition 
of the material. Judging by the displacement of TG curves 2 and 3 relative 
to curve 1 (Figure 19.2b), the heat resistance of phenylon increases in case 
of introducing organic fiber phenylon.

In order to select the optimal kinetic model to describe the thermal deg-
radation of phenylon C-25P and ETA based on it according to the experi-
mental data obtained by TG and DTA analysis, we considered the possibility 
of using mathematical simulations of various heterogeneous processes [2].

The difficulties in assessing the kinetic parameters of the processes of 
the solids’ thermal decomposition at a predetermined temperature range are 
known to be associated with a large number of conflicting data that has been 
obtained on the basis of kinetic equations describing various solid phase 

FIGURE 19.2 TG – curves of phenylon C-25P(1) of organic plastics based on based 
on it with different content of organic fibers: sulfone-T(a) and phenylone(b): 5(2); 10(3); 
15(4) mass. %
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conversions. However, the references consideration allows [3, 4] to state 
that there is a stereotype describing solid-phase processes with a selection 
of chemical- process conversion α as a criterion, which is determined by the 
formula [4]:

 α = (Go – G)/(Go – G1)  (1)

where Go, G, G1 is the initial, current and final mass of the sample.
The time dependence of the degree of conversion can be expressed by 

means of a differential equation [2]:

 dα/dt = k f (α)  (2)

where τ is the time; k is the constant value of the reaction speed; f(α) is the 
algebraic function describing the mechanism of the process.

The dependency k on the temperature is described by means of a widely 
known Arrhenius equation [5]:

 k = Z e–Eakt./RT  (3)

where R is a universal gas constant, kJ/kg.К; е is the base of a natural 
logarithm; Z is a pre-exponential factor; Eакт. is the apparent activation 
energy, kJ/mole.

Given the dependence (3), the Eq. (2) was presented as follows:

 dα/dτ = Ze–Eakt./RT f(α) (4)

Mathematically, for a non-isothermal kinetic analysis of the curve obtained 
with a linear heating, there are two methods: integral and differential ones. 
In this chapter, the method of Coates-Redfern [4] was used with apply-
ing the integral kinetic equations, which allows for consideration of non-
isothermal reaction within the infinitesimal time interval as isothermal 
one. After integration and using the logarithms (4), the dependence looks 
as follows:

  (5)
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where

k dE
df

n

`( )
( )

α = ∫ α0

; k (̀ ) ( - ) -
n -

1 1
1

1-n
α

α=  for n¹≠1; k’(α) = –ln(1–α) for n=1

  (6)

 Assuming that the relationship [lgk’(α)] – [1/T] linear [3], in which 
case it can be used to determine the mechanism of heterogeneous reac-
tions. This dependence is calculated directly from the experimental values 
α and Т is linear only for such a function k’(α), which corresponds to the 
most probable processes controlling the actual speed of the reaction [5].

Determine the possible mechanism and calculation of the kinetic param-
eters of thermal destruction phenylon C-1 and CM based on it was carried 

Function Equations The process of determining the 
rate reaction

Mat. models

N1 kτ = α  Nucleation by a power law

n = 1

(7)

 kτ =2α1/2 ——, ——, n = 2 (8)
R2 kτ = 2[ 1 – (1 – α) 1/2] Reaction at the interface:

- Cylindrical symmetry 

(9)

R3 kτ = 3 [1 – (1 – α)1/3] - Spherical symmetry (10)
F1 kτ = -ln (1 – α) Random nucleation, one nucleus 

on each particle
(11)

A2 kτ = 2[–ln(1 – α)] 1/2 Random nucleation uravnenie 
Avrahami-Erofeev, n = 2

(12)

A3 kτ = 3 [–ln(1 – α)]  ——, ——, n = 3 (13)
A4 kτ = 4[–ln (1 – α)] 1/4  ——, —–, n = 4 (14)
D1 kτ = 1/2 α2 One-dimensional diffusion (15)
D2 kτ = (1 – α)ln(1 – α) 

+ α
Two-dimensional diffusion, 
cylindrical symmetry

(16)

D3 kτ = 3/2[1 – (1 – α/3)]2 Three-dimensional diffusion, 
spherical symmetry

(17)

D4 kτ = 3
2

[(1– 2
3

α)–

(1–α)2/3]

Two-dimensional diffusion 
equation Gistlinga-Brounshteyna

(18)

TABLE 19.3 Kinetic Equations of Different Mechanisms of Heterogeneous Processes [2]
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out using the integral kinetic equations of different mechanisms of hetero-
geneous processes (Table 19.3).

The criteria for selection of the mathematical simulation were direct 
correlation coefficient r within the coordinates of the Arrhenius equation 
and the minimum of S function:

 S = f {н	a(τ), T(τ), ∆T(τ), Eакт., Z}, (19)

  
(20)

where αэ, and αр are the experimental and calculated values of the 
degree of conversion, respectively; n is the number of experimental 
data; T is the temperature; Eakt is activation energy; Z is a pre-expo-
nential factor.

Calculation results of the output parameters of phenylon C −25P ther-
mal degradation, such as a correlation coefficient, the minimum of acti-
vation energy, and a pre-exponential factor, were all calculated by the 
program [4] developed for IBM and cited in Table 19.4.

Mathematical models r S Eаkt.,	kj/mоl lg Z

(7) 0.996 0.174×10–2 33.96 –1.136
(8) 0.992 0.559×10–4 11.99 –2.335
(9) 0.999 0.165×10–1 47.86 –0.013
(10) 0.998 0.679×10–1 53.35 0.43
(11) 0.994 0.139×10–1 65.65 1.41
(12) 0.992 0.23×10–2 27.84 –1.06
(13) 0.989 0.27×10–3 15.23 –1.81
(14) 0.981 0.934×10–4 8.9 –2.15
(15) 0.997 0.173×10–1 77.89 1.56
(16) 0.999 0.245×10–2 94.33 2.89
(17) 0.998 0.827×10–3 116.66 4.21
(18) 0.999 0.307×10–2 101.63 3.007

TABLE 19.4 Kinetic Parameters of the Thermal Decomposition Process (Phenylon C-25P)



196 Analytical Chemistry from Laboratory to Process Line

Thermal destruction of polymers which is very likely at a relatively 
high concentration of free radicals, in most cases has a radical chain mech-
anism [1] consisting of the following stages: I- initiation; II – chain devel-
opment; III- chain transfer; IV – circuit failure.

High correlation coefficient values (Table 19.4) were obtained from the 
kinetic Eqs. (7), (9), (10), (16)–(18). Therefore, the minimum value of S was 
used as the main criterion for choosing the optimal mathematical model of 
the process. Thus, based on the data in Table 19.4, it was found that pheny-
lon’s thermal destruction process is best described by means of the reaction 
of the 1st order (7) equation and mathematical models (10), (18).

As it is known [6], during the thermal degradation of polymers contain-
ing aromatic rings in the chain, the main stage is that of chain initiation. 
This was confirmed by calculation, as the kinetic equation (10) describes 
the process of random nucleation: aromatic polyamide phenylon under-
goes monomolecular conversion, which result in the formation of valence-
saturated molecules’ radicals possessing a relatively low reactivity.

Given that the thermolysis of phenylon primarily leads to the cleav-
age of the weakest Ph-N and C-N links [7], it can be assumed that the 
model (10) describes the below-mentioned homolytic process with the 
formation of free radicals.

  (21)

Another way to adequately reflect the process is the mathematical model 
of the reactions at the interface (10). Obviously, the chain development 
occurs here as a result of heterogeneous reactions at the interface “poly-
mer-gaseous thermolysis products” (СО2, CO, Н2, Н2О, NH3). In addition, 
the high correlation coefficient with a minimum value of S is observed in 
the case of two-dimensional diffusion (18) – cylindrical particles diffuse to 
the layer of ash accumulating as phenylon combusts. Obviously this is the 
slowest process, since it requires significant activation energy (Table 19.4). 
Similarly, the output parameters (r, S, E, lg Z) for the OP based on phenylon 
C-25P and containing fibers and phenylon were calculated. As expected, 

... -HN-Q\ w'tr-Q-\ co, .. ~ ... -HN-Q\ +·co-Q-\ co~ 
I 0 - --NH 

H 

~ ... -HN-Q\ + .co-Q\ + co2 
- NH -
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TABLE 19.5 Kinetic Parameters of the Process of Organic Plastics’ Thermal 
Decomposition

Mat. model r S Eаkt., kJ/mol lg Z

Phenylone C-25P +5 mass% of organic fibers sulfone-T

 (7) 0.916 0.342 ×10–3 16.83 –2.12
 (10) 0.909 0.155×10–1 31.55 –0.76
 (18) 0.936 0.84×10–2 61.26 0.77

Phenylone C-25P +10 mass% of organic fibers sulfone-T 

 (7) 0.935 0.735 ×10–3 20.46 –1.86
 (10) 0.919 0.385×10–1 36.01 –0.45
 (18) 0.943 0.389×10–2 69.63 1.35

Phenylone C-25P +15 mass% of organic fibers sulfone-T 

 (7) 0.871 0.235 ×10–3 13.9 –2.36
 (10) 0.879 0.113×10–1 28.82 –0.98
 (18) 0.914 0.335×10–3 55.46 0.29

Phenylone C-25P +5 mass% of organic fibers phenylone

 (7) 0.921 0.461 ×10–2 29.47 –1.25
 (10) 0.915 0.119×10–2 43.34 –0.03
 (18) 0.933 0.525×10–2 86.04 2.37

Phenylone C-25P +10 mass% of organic fibers phenylone

 (7) 0.967 0.872 ×10–1 46.65 0.04
 (10) 0.952 0.718×10–2 66.32 1.71
 (18) 0.964 0.749×10–2 127.51 5.51

Phenylone C-25P +15 mass% of organic fibers phenylone

 (7) 0.996 0.701 ×10–2 31.28 –1.17
 (10) 0.904 0.217×10–2 45.89 0.17
 (18) 0.925 0.135×10–3 90.54 2.72

the same mathematical model as in the case of the initial phenylo (7), (10), 
(18) can adequately describe ETA thermodestruction (Table 19.5).

Thus, it has been stated that the heat resistance of aromatic polyamide 
phenylon increases by 274–296 K in case of introducing organic fiber at 
the amount of 5–15 mass% (the most significant growth occurs in case 
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of a 15% fill). As for the organic fiber sulfone-T, the thermal resistance 
increases insignificantly by 277–292 K.
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ABSTRACT

We have found an efficient way of guanidine methacrylate synthesis 
(single-stage). It were studied methods of synthesis (meth)acryloyl guani-
dine by reacting guanidine with an acid chlorides, methyl(meth)acrylates, 
and appropriate acids. Polymerization of guanidine methacrylate and 
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methacryloyl guanidine hydrochloride was studied under different condi-
tions; a number of kinetics parameters were identified. It was shown high 
thermal stability, and presence of biocidal properties of the polymers with 
absence of toxicity. These polymers may be used as biocide substances.

20.1 INTRODUCTION

The creation of modern and safe biocidal polymers is an important direc-
tion in modern macromolecular chemistry; however there are a number 
of specific requirements for structure and molecular weight of new poly-
mers for such use [1–4]. For the most efficient implementation of these 
requirements, it is necessary to accurately determine and learn synthesis 
regularities both for initial monomers and polymers based on these mono-
mers. Also an urgent task is to find simpler ways of synthesis the initial 
monomers, allowing not only reducing the duration and complexity of the 
process, but also eliminating the use of hazardous substances.

20.2 EXPERIMENTAL PART

All polymers were purified by dialysis. Were used dialysis membranes 
Spectrapor Membrane MWCO 1000–50,000.

1H NMR spectra were measured with a spectrometer “Bruker MDS-
300” (300 MHz) in DMSO-d6 and D2O at 20°C. Dioxan was used as inter-
nal standard in kinetic measurements.

IR spectra of the synthesized monomers and polymers were recorded 
on a spectrophotometer “Speсord M82” Carl Zeiss Jena.

For recording thermograms was used differential scanning calorimeter 
DTAS-1300 (Russia).

20.3 RESULTS AND DISCUSSION

This chapter presents the results of a synthesis study of new advanced 
derivatives of acrylic acid – (meth)acryloyl guanidines – containing cova-
lently bonded guanidine groups of different structure, giving opportunity 
to vary the structure in a wide range, both for the monomers and polymers.
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It has been studied methods of (meth)acryloyl guanidine synthesis by 
reaction guanidine with an acid chloroanhydride, methyl(meth)acrylates and 
the appropriate acids. It was shown that the most promising for the synthesis 
of (meth)acryloyl guanidine first two methods are (Scheme 1, R = H or CH3).

SCHEME 1

On this basis, it was developed a new method for the synthesis of 
monomer amide – methacryloyl guanidine (MGU).

As the most convenient method of MGU synthesis, through MMA 
synthesis (Scheme 2) was selected, which has been investigated under vari-
ous conditions. It was noted, that the process is complicated by the cyclic 
products (CP) formation (Scheme 3).

SCHEME 2

SCHEME 3

CH2=CRCOCI CH 2=CRCOOCH3 CH 2=CRCOOH 
+ + + 

(NHz)zC=NH 

~H 

CH 2=CRCONHC(=NH)NH 2 

+ HNY NH, 
NH2 

MMA I guanidine 
O t NH

2 

+ NA NH, 
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Analysis of the data presented in Table 20.1, leads to the following 
conclusions. Best results were obtained when the process was being con-
ducting in acetone (entry 8) and MMA, when it was used both as a solvent 
and as a reagent (entry 5 and 6). In dioxane MGU formed with sufficiently 
high yield, but the long stirring and heating of the reaction mixture increase 
the degree of side processes. Good results were obtained in acetonitrile 
(entry 9 and 10), but in this case increase of the reaction temperature, 
which allows to reduce the reaction time, leads to a reduced yield of MGU.

Synthesis of methacryloyl guanidine hydrochloride (MGHC) was car-
ried out by reacting preformed MGU with hydrochloric acid. It was deter-
mined that MGU, which had been separated from solvent, subsequently 
was partially (5–7%) exposed to structural changes, which led to the loss 
of solubility. In this connection, it is advisable to carry out the synthesis 
without isolating salts of MGU. It’s enough to remove the solid cyclic 
by-products, which yield is about 10%, by filtration, and then add a hydro-
chloric acid to obtain a precipitate of MGGH:

TABLE 20.1 Influence of Synthesis Conditions on the Methacryloyl Guanidine Yield

En-try Synthesis conditions Yield, mol%

Solvent Т,°С Time, h С,	mol/l MGU CP

1 Dioxane 20 63 0.40 49 45

2 Dioxane 20 57 1.18 66 26

3 Dioxane 20 47 0.71 61 34

4 Dioxane 60 3.5 0.73 55 36

5 ММА 20 47 2.31 65 33

6 ММА 40 2 4.59 67 21

7 ACETONE 20 17.5 1.33 64 35

8 ACETONE 20 8 1,4 92 7

9 CH3CN 20 9 1.38 73 26

10 CH3CN 60 3.5 1.38 55 45
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MAG previously prepared from guanidine hydrochloride (GGH) in a 
three-step procedure [1, 3, 5]:
а) Sodium ethylate preparation.

b) Guanidine preparation.

c) Guanidine methacrylate preparation

SCHEME 4

This work has been developed and tested with a new method, which 
allows excluding the stage of guanidine synthesis. The new technique 
gave the best results (yield 95% vs. 70–75%).

NMR1H and IR spectroscopy data demonstrate that composition and 
structure of monomer, synthesized in our new method, consistent composi-
tion and structure of the monomer obtained by the method of Scheme 4 [6].

In addition, the new technique eliminates the use of ethyl alcohol and 
excludes work with metallic sodium and gives higher yield of monomer.

Also in this study, we investigated the polymerization of methacrylate 
guanidine (MAG) and methacryloyl guanidine hydrochloride (MGHC) 
under various conditions in order to control the structure and other proper-
ties of the resulting PMAG and PMGHC. Radical polymerization is car-
ried out in water with ammonium persulfate for 3–9 h at temperatures of 

A
N

1
H2 

I 
I 

' 
H2N, NH2 

+ 
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FIGURE 20.1 The dependence of monomer to polymer conversion degree of time.

FIGURE 20.2 MAG cure speed of reaction time Т=60°С, [М]=0.4 mol/L [PSA] = 
5×10–3 mol/L.
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30–80°C, the monomer concentration of 0.3–1.0 mol/L, the concentration 
of initiator (2.5–10.0) × 10–3 mol/L. Under the same conditions of poly-
mer synthesis conversion is approximately the same for both monomers, 
whereas the viscosity of the samples PMGHC is higher. It can be explained 
by the fact that the main chain of PMGHC is positively charged, while 
the PMAG – negatively. The studies revealed that it is kept main classi-
cal patterns: conversion with increasing temperature rises (a range of val-
ues 37–91%) and the intrinsic viscosity is reduced (1.50–0.05 dL/g). It was 
identified a number of kinetic parameters such as rate of polymerization and 
the rate constant for the initial portion (Figure 20.1 and 20.2, Table 20.2).

According to microbiological tests polymethacrylateguanidine and poly-
methacryloyl guanidine hydrochloride have sufficiently high bactericidal (rela-
tive to strains of Staphylococcus aureus and Escherichia coli) and low toxicity. 
DSC showed that the resulting PMAG and PMGHC are thermally stable.
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TABLE 20.2 Kinetic Characteristics of Guanidine Containing Monomers 
Homopolymerization 

№	 Monomer Duration of polymerization 
10 min

Duration of polymerization 1 h

k×104, c–1 v×105, mol/(L sec) k×104, sec–1 v×105, mol/(L sec)

1 MGU 2.30 12.73 1.61 6.59
2 MGHC 2.30 10.53 1.15 4.22
3 MAG 1.84 7.00 1.61 4.86
4 MAG* 1.31 6.56 - -

* determined by dilatometry.
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ABSTRACT

NMR 1H and 13C spectra of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl 
hydroperoxide in chloroform-d have been investigated. Calculation of 
magnetic shielding tensors and chemical shifts for 1H and 13C nuclei of the 
1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide molecule in the 
approximation of an isolated particle and considering the solvent influ-
ence in the framework of the continuum polarization model (PCM) was 
carried out. Comparative analysis of experimental and computer NMR 
spectroscopy results revealed that the GIAO method with B3LYP/6–31G 
(d, p) level of theory and the PCM approach can be used to estimate the 
NMR 1H and 13C spectra parameters of the 1,1,3-trimethyl-3-(4-methyl-
phenyl)butyl hydroperoxide.

21.1 INTRODUCTION

Hydroperoxide compounds are widely used as chemical source of the 
active oxygen species. Variations in their structure allows purposefully 
create new initiating systems with a predetermined reactivity. Arylalkyl 
hydroperoxides are useful starting reagents in the synthesis of surface-
active peroxide initiators for the preparation of polymeric colloidal sys-
tems with improved stability [1]. Thermolysis of arylalkyl hydroperoxides 
was studied in acetonitrile [2]. NMR 1Н spectroscopy has been already 
used successfully for the experimental evidence of the a complex forma-
tion between a 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide 
and tetraalkylammonium bromides in acetonitrile [3–5] and chloroform 
solution [5].

Molecular modeling of the peroxide bond homolytic cleavage as well 
as processes of hydroperoxides association is an additional source of 
information on the structural effects that accompany these reactions. One 
of the criteria for the selection of quantum-chemical method for the study 
of the hydroperoxides reactivity may be reproduction with sufficient accu-
racy of their NMR 1H and 13C spectra parameters. The aim of this work 
is a comprehensive study of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl 
hydroperoxide (ROOH) by experimental 1H and 13C NMR spectroscopy 
and molecular modeling methods.
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21.2 EXPERIMENTAL PART

The 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide (ROOH) was 
purified according to Ref. [1]. Its purity (99%) was controlled by iodom-
etry method. Experimental NMR 1Н and 13C spectra of the hydroperoxide 
solution were obtained by using the Bruker Avance II 400 spectrometer 
(NMR 1Н – 400 MHz, NMR 13C – 100 MHz) at 297 K. Solvent, chloro-
form-d (CDCl3) was Sigma-Aldrich reagent and was used without addi-
tional purification but was stored above molecular sieves before using. 
Tetramethylsilane (TMS) was internal standard. The hydroperoxide con-
centration in solution was 0.03 mol·dm–3.

1,1,3-Trimethyl-3-(4-methylphenyl)butyl hydroperoxide (4-CH3-
C6H4-C(CH3)2-CH2-(CH3)2C-О-ОН) NMR 1H (400 MHz, chloro-
form-d, 297 К, δ ppm, J/Hz): 1.00 (s, 6 Н, -C(СН3)2OOH), 1.39 (s, 6 
Н, -C6H4C(СН3)2-), 2.05 (s, 2 H, -CH2-), 2.32 (s, 3 Н, СН3-C6H4-), 7.11 (d, 
J = 8.0, 2 H, H-aryl), 7.29 (d, J = 8.0, 2 H, H-aryl), 6.77 (s, 1 Н, -COOH).

Molecular geometry and electronic structure parameters, as 
well as harmonic vibrational frequencies of the 1,1,3-trimethyl-
3-(4-methylphenyl)butyl hydroperoxide molecule were calculated after 
full geometry optimization in the framework of B3LYP/6–31G(d, p) 
and MP2/6–31G(d, p) calculations. The resulting equilibrium molecu-
lar geometry was used for total electronic energy calculations by the 
B3LYP/6–31G(d, p) and MP2/6–31G(d, p) methods. All calculations have 
been carried out using the Gaussian03 [6] program.

The magnetic shielding tensors (χ, ppm) for 1H and 13С nuclei of the 
hydroperoxide and the reference molecule were calculated with the МР2/6–
31G(d, p) and B3LYP/6–31G(d, p) equilibrium geometries by standard 
GIAO (Gauge-Independent Atomic Orbital) approach [7]. The calculated 
magnetic isotropic shielding tensors, χi, were transformed to chemical 
shifts relative to TMS molecule, δi, by δi = χref – χi, where both, χref and χi, 
were taken from calculations at the same computational level. Table 21.1 
illustrates obtained χ	values for TMS molecule used for the hydroperoxide 
1H and 13C nuclei chemical shifts calculations. χ	values were also esti-
mated in the framework of 6–311G(d, p) and 6–311++G(d, p) basis sets on 
the base of МР2/6–31G(d, p) and B3LYP/6–31G(d, p) equilibrium geom-
etries. The solvent effect was considered in the РСМ approximation [8, 9]. 
χ	values for magnetically equivalent nuclei were averaged.
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Inspecting the overall agreement between experimental and theoretical 
spectra RMS errors (σ) were used to consider the quality of the 1H and 
13С nuclei chemical shifts calculations. Correlation coefficients (R) were 
calculated to estimate the agreement between spectral patterns and trends.

21.3 RESULTS AND DISCUSSIONS

21.3.1 EXPERIMENTAL NMR 1H AND 13C SPECTRA 
OF THE 1,1,3-TRIMETHYL-3-(4-METHYLPHENYL)BUTYL 
HYDROPEROXIDE

Experimental NMR 1H and 13C spectra of the 1,1,3-trimethyl-3-(4-meth-
ylphenyl)butyl hydroperoxide were obtained from chloroform-d solution. 
The concentration of the hydroperoxide in sample was 0.03 mol·dm–3. 
Parameters of the experimental NMR 1H and 13C spectra of the ROOH are 
listed in Tables 21.2 and 21.3 correspondingly.

Comparing obtained results with those in acetonitrile-d3 [10], it 
should be noted that signals shift toward the strong field is observed in 

TABLE 21.1 GIAO-Magnetic Shielding Tensors for 1H and 13С Nuclei of the TMS

Nuclei MP2 B3LYP

1 2 3 1 2 3

The	isolated	particle	approximation
1Н 31.96 32.08 32.05 31.75 31.96 31.93
13С 207.54 199.71 199.37 191.80 184.13 183.72
Chloroform (PCM	approximation)
1Н 31.95 32.08 32.05 31.75 31.95 31.92
13С 207.86 200.13 199.79 192.08 184.53 184.13

Note: 1 – 6–31G(d, p); 2 – 6–311G(d, p); 3 – 6–311++G(d, p).



TABLE 21.2 Experimental Chemical Shifts of the 1,1,3-Trimethyl-3-(4-Methylphenyl)
Butyl Hydroperoxide NMR 1H Spectra in Chloroform-d

Proton group δ, ppm

H1 -СН2- 2.05
H2 -C(СН3)2OOH 1.00
H3 -C6H4C(СН3)2- 1.39
H4

H-aryl
7.11

H5 7.29
H6 СН3-C6H4- 2.32
H7 -CО-ОН 6.77

TABLE 21.3 Experimental Chemical Shifts of the 1,1,3-Trimethyl-3-(4-Methylphenyl)
Butyl Hydroperoxide NMR 13C Spectra in Chloroform-d

Carbon group δ, ppm 

C1 -СО-ОН 83.93
C2 -СН2- 50.71
C3 -C(СН3)2OOH 25.98
C4 -C6H4C(СН3)2- 37.03
C5 -C6H4C(СН3)2- 30.91
C6

C-aryl

146.55
C7 125.81
C8 128.81
C9 135.01
C10 СН3-C6H4- 20.86

the spectrum of the hydroperoxide with increasing solvent polarity. On 
the other hand, the hydroperoxide moiety proton signal is observed in the 
weak field with the solvent polarity increasing. The -СО-ОН group proton 
appears at 6.77 ppm in chloroform-d, and in the more polar acetonitrile-d3 
it was found at 8.51 ppm.

Ten signals for the hydroperoxide carbon atoms are observed in the 
ROOH 13C NMR spectrum (Table 21.3). Signal of the carbon atom bonded 
with a hydroperoxide group shifts slightly to the stronger fields with the 
solvent polarity increasing, while the remaining signals are shifted to 
weak fields.
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A linear dependence between the 1H and 13C chemical shifts values of 
the hydroperoxide (except for the -CO-OH group proton) is observed in 
the studied solvents (Figure 21.1). This is consistent with authors [11], 
who showed linear correlation between the chemical shifts values in chlo-
roform-d and dimethylsulphoxide-d6 for a large number of organic com-
pounds of different classes.

21.3.2 MOLECULAR MODELING OF THE 1,1,3-TRIMETHYL-
3-(4-METHYLPHENYL)BUTYL HYDROPEROXIDE STRUCTURE 
AND NMR 1H AND 13C SPECTRA BY MP2 AND B3LYP 
METHODS

The hydroperoxide molecule geometry optimization in the framework of 
МР2/6–31G(d, p) and B3LYP/6–31G(d, p) methods was carried out as 
the first step of the hydroperoxide NMR 1H and 13С spectra modeling. 
Initial hydroperoxide configuration chosen for calculations was those one 
obtained by semiempirical AM1 method and used recently for the hydro-
peroxide O-O bond homolysis [2] as well as complexation with Et4NBr 
[4, 12] modeling. The main parameters of the hydroperoxide fragment 
molecular geometry obtained in the isolated particle approximation within 
the framework of MP2/6–31G(d, p) and B3LYP/6–31G(d, p) levels of 
theory are presented in Table 21.4. Peroxide bond O-O is a reaction center 
in this type of chemical initiators thus the main attention was focused on 

FIGURE 21.1 Acetonitrile-d3 versus chloroform-d experimental 1Н (a) and 13С (b) 
chemical shifts (relative to TMS) of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl 
hydroperoxide (except for the -CO-OH group proton).
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the geometry of -CO-OH fragment. The calculation results were compared 
with known experimental values for the tert-butyl hydroperoxide [13], and 
appropriate agreement between calculated and experimental parameters 
can be seen in the case of МР2/6–31G(d, p) method.

Calculation of 1H and 13C chemical shifts of the hydroperoxide was 
carried out by GIAO method in the approximation of an isolated particle 
as well as in chloroform within the PCM model, which takes into account 
the nonspecific solvation. Equilibrium hydroperoxide geometries obtained 
in the framework of MP2/6–31G(d, p) and B3LYP/6–31G(d, p) levels 
of theory for the isolated particle approximation were used in all cases 
(Figure 21.2).

TABLE 21.4 Molecular Geometry Parameters of the 1,1,3-Trimethyl-3-(4-
Methylphenyl)Butyl Hydroperoxide -СО-ОН Moiety

Parameter МР2/6–31G(d,	p) B3LYP/6–31G(d, p) Experiment*

lO-O, Å 1.473 1.456 1.473

lC-O, Å 1.459 1.465 1.443

lO-H, Å 0.970 0.971 0.990

C-O-O, ° 108.6 110.0 109.6

O-O-H, ° 98.2 99.9 100.0

C-O-O-H, ° 112.4 109.1 114.0

*Note: experimental values are those for tert-butyl hydroperoxide [13].

FIGURE 21.2 The 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide structural 
model with corresponding atom numbering (МР2/6–31G(d, p) method).
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The chemical shift values (δ, ppm) for 1H and 13C nuclei in the hydro-
peroxide molecule were evaluated on the base of calculated magnetic 
shielding constants (χ, ppm). TMS was used as standard, for which the 
molecular geometry optimization and χ calculation were performed using 
the same level of theory and basis set. Values of the 1H and 13C chemical 
shifts were found as the difference of the magnetic shielding tensors of 
the corresponding TMS and hydroperoxide nuclei (Tables 21.5 and 21.6).

Concerning the spectral pattern of protons, inspection of Table 21.5 
data reveals that the patterns of 1H spectra of the hydroperoxide are 
correctly reproduced at all computational levels used in the study. For  

TABLE 21.5 1Н NMR GIAO Chemical Shifts (δ, ppm) of the 1,1,3-Trimethyl-3-(4-
Methylphenyl) Butyl Hydroperoxide

Nuclei MP2 B3LYP 4

1 2 3 1 2 3

The	isolated	particle	approximation

H1 1.60 1.63 1.65 1.57 1.56 1.50 2.05
H2 1.44 1.44 1.47 1.40 1.40 1.42 1.00
H3 1.46 1.47 1.50 1.40 1.38 1.41 1.39
H4 7.54 7.58 7.64 7.32 7.33 7.34 7.11
H5 7.42 7.57 7.63 7.16 7.30 7.37 7.29
H6 2.25 2.39 2.45 2.18 2.33 2.36 2.32
H7 6.68 6.56 6.77 5.89 5.76 5.90 6.77
σ 0.09 0.10 0.12 0.18 0.21 0.19 -
R 0.995 0.995 0.995 0.989 0.986 0.988 -
Chloroform (PCM	approximation)

H1 1.56 1.60 1.62 1.53 1.52 1.47 2.05
H2 1.47 1.47 1.51 1.43 1.43 1.46 1.00
H3 1.49 1.50 1.53 1.42 1.40 1.43 1.39
H4 7.62 7.67 7.74 7.39 7.42 7.43 7.11
H5 7.50 7.67 7.73 7.23 7.38 7.47 7.29
H6 2.29 2.43 2.49 2.22 2.37 2.40 2.32
H7 7.14 7.03 7.24 6.35 6.22 6.37 6.77
σ 0.13 0.14 0.19 0.10 0.12 0.12 -
R 0.995 0.995 0.995 0.993 0.995 0.984 -

Note: 1 – 6-31G(d, p); 2 – 6-311G(d, p); 3 – 6-311++G(d, p); 4 – experiment in chloroform-d.



MP2 method the expansion of the basis set leads to slightly worse repro-
ducing of protons chemical shifts values (except for hydroperoxide group 
proton) in the case of an isolated particle approximation. But as for 

TABLE 21.6 13С NMR GIAO Chemical Shifts (δ, ppm) of the 1,1,3-Trimethyl-3-(4-
Methylphenyl)Butyl Hydroperoxide

Nuclei MP2 B3LYP 4

1 2 3 1 2 3

The	isolated	particle	approximation

C1 83.61 86.87 88.24 85.77 90.90 92.04 83.93
C2 53.50 57.48 57.42 53.23 57.70 57.00 50.71

C3 26.46 26.71 26.62 24.62 25.27 24.93 25.98
C4 37.04 40.23 40.37 41.14 44.66 44.49 37.03
C5 30.10 30.93 31.03 28.57 29.78 29.75 30.91
C6 141.39 153.47 153.93 144.46 158.38 158.37 146.55
C7 116.91 125.90 126.29 119.80 130.58 131.03 125.81
C8 127.07 137.37 137.97 130.75 142.40 143.32 128.81
C9 121.55 130.79 131.41 123.68 134.44 135.07 135.01
C10 22.98 23.82 23.75 21.84 23.25 22.84 20.86
σ 23.49 13.13 15.39 11.99 41.22 44.24 -
R 0.997 0.997 0.997 0.996 0.996 0.996 -
Chloroform (PCM	approximation)

C1 84.29 87.74 89.27 86.44 91.86 93.14 83.93
C2 53.69 57.73 57.64 53.37 57.89 57.17 50.71
C3 26.62 26.99 26.89 24.73 25.52 25.17 25.98
C4 37.46 40.74 40.92 41.54 45.20 45.07 37.03
C5 30.18 31.10 31.20 28.59 29.90 29.88 30.91
C6 142.14 154.40 154.90 145.12 159.23 159.25 146.55
C7 117.33 126.51 126.91 120.11 131.14 131.60 125.81
C8 127.92 138.43 139.03 131.56 143.43 144.34 128.81
C9 121.90 131.35 131.91 123.85 134.81 135.37 135.01
C10 23.01 23.96 23.88 21.81 23.36 22.93 20.86
σ 27.86 25.63 28.66 20.82 59.16 63.32 -
R 0.997 0.997 0.997 0.996 0.996 0.996 -

Note: 1 – 6-31G(d, p); 2 – 6-311G(d, p); 3 – 6-311++G(d, p); 4 – experiment in chloroform-d.
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CO-OH group proton the best reproduction of the experimental δ value is 
observed when 6–311++G(d, p) basis set is used (6.77 ppm). For results 
obtained at other computational level, we note that with respect to spectral 
patterns and trends, results obtained with the computationally less expen-
sive B3LYP optimized geometry are very similar to those obtained with 
the MP2 calculations. When passing to the calculations in the PCM mode 
solvation accounting leads to more correct results for the MP2 and B3LYP 
methods. The lowest σ value is obtained for 6–31G(d, p) basis set.

There is a linear correlation between the experimental and calculated 
with solvent influence accounting δ values for the hydroperoxide 1H 
nuclei in chloroform (see Figure 21.3). The correlation coefficients (R) 
corresponding to obtained dependences are shown in Table 21.5. The best 
R-values for МР2 and B3LYP methods are observed for 6-311G(d, p) basis 
set and further basis set extension leads to slightly worse values. Joint con-
sideration of σ and R-values indicates B3LYP/6-311G(d, p) method is the 
best among all used combinations. Nevertheless is should be noted that the 
B3LYP with 6-31G(d, p) basis set yields the similar results.

FIGURE 21.3 Experimental (δexp) versus GIAO calculated (δcalc) 
1Н chemical shifts 

(relative to TMS) of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide in 
chloroform.
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The correct spectral pattern for the hydroperoxide NMR 13C spectrum 
was obtained for all methods and basis sets used within the isolated mol-
ecule approximation as well as solvation accounting (see Table 21.6). 
Exceptions are aromatic hydrocarbons C8 and C9, which signals are inter-
changed for all calculations.

The best-reproduced experimental chemical shift value for the car-
bon atom of the CO-OH group (83.93 ppm) is observed in the case of 
MP2/6–31G(d, p) (83.61 and 84.29 ppm), the B3LYP with the same 
basis set gives slightly worse value (85.77 and 86.44 ppm). Basis set 
extension to 6–311++G(d, p) leads to a deterioration of the calculation 
results.

Linear relationships between the experimental parameters of the NMR 

13C spectrum and the calculated values δcalc for the hydroperoxide 13C 
nuclei (see Figure 21.4) have been obtained for both methods and all basis 
sets. Sufficiently high values of correlation coefficients (see Table 6) cor-
respond to these dependences. Joint account of σ and R values indicates 
possibility of B3LYP method with 6–31G(d, p) basis set using for the cal-
culation of the hydroperoxide 13C nuclei chemical shifts.

FIGURE 21.4 Experimental (δexp) versus GIAO calculated (δcalc) 
13С chemical shifts 

(relative to TMS) of the 1,1,3-trimethyl-3-(4-methylphenyl)butyl hydroperoxide in 
chloroform.
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21.4 CONCLUSIONS

A comprehensive study of the 1,1,3-trimethyl-3-(4-methyl-phenyl)butyl 
hydroperoxide by experimental NMR 1H and 13C spectroscopy and molecular 
modeling methods was performed. A comparative assessment of the 1H and 
13C nuclei chemical shifts calculated by GIAO in various approximations. For 
NMR 1H and 13C spectra of the hydroperoxide in chloroform MP2 and B3LYP 
methods approximations with 6-31G(d, p), 6-311G(d, p), and 6-311++G(d, p) 
basis sets allow to obtain the correct spectral pattern. A linear correlation 
between the calculated and experimental values of the 1H and 13C chemi-
cal shifts for the studied hydroperoxide molecule. In both cases, the B3LYP 
combined with 6-31G(d, p) basis set allows to get a better agreement between 
the calculated and experimental data as compared to the MP2 results.
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ABSTRACT

The study of fluid flow and particle separation in rotoklon allowed to con-
sider in detail all the stages of the process of hydrodynamic interaction 
of phases in devices shock-inertial action. Define the boundary degree of 
recirculation irrigation liquid, which ensures stable operation rotoklon. 
It is established that the reduction of fine particle separation efficiency 
occurs with a decrease in viscosity irrigation liquid.

22.1 INTRODUCTION

One of the problems of gas cleaning devices is to provide apparatus of 
intense action with high capacity for gas. This is associated with a reduc-
tion in the dimensions of the gas cleaning systems.

In these conditions, due to the high relative velocity of the liquid and 
gas phases, a decisive influence on the effect of dust collection have mecha-
nisms: inertial and direct capture of particles. This process is implemented 
in a shock-inertial dust collector, which include investigated apparatus.

In the literature practically there are no data on effect of viscosity of a 
trapping liquid on dust separation process. Therefore, one of the purposes 
of our work was revealing of effect of viscosity of a liquid on efficiency 
of a dust separation.

22.2 THE URGENCY OF THE PROBLEM

The problem formulation leans on following rules. In the conditions of 
full circulation of a liquid, at constant geometrical sizes of a deduster it 
is possible to secure with a constancy of operational parameters is a rela-
tive speed of traffic of a liquid and an aerosol, concentration of a dust 
in gas, a superficial tension of a liquid or an angle of wetting of a dust. 
Concentration of a dust growing in a time in a liquid conducts to unique 
essential change – to increase in its viscosity. After excess of certain con-
centration suspension loses properties of a Newtonian fluid. Deduster 
working conditions at full circulation of a liquid are approached to what 
can be gained in the periodical regime when at maintenance fresh water is 
not inducted into dust-collecting plant. Collected in the apparatus, the dust 
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detained by a liquid, compensates volume losses of the liquid necessary 
on moistening of passing gas and its ablation. In the literature there are no 
works, theoretically both experimentally presenting effect of viscosity and 
effect of rheological properties of slurry on efficiency of a dust separation. 
As it seems to us, a motive is that fact that in the capacity of operating fluid 
water is usually used, and dedusters work, predominantly, at constant tem-
peratures. Simultaneously, at use of partial circulation certain level of con-
centration of a dust in a liquid is secured. In turn, accessible dependences 
in the literature specify in insignificant growth of viscosity of slurry even 
at raise of its concentration for some percent.

The reasoning’s proving possibility of effect of viscosity of slurry on 
efficiency of a dust separation, it is possible to refer to as on the analy-
sis of the basic mechanisms influencing sedimentation of corpuscles on 
an interphase surface, and on conditions of formation of this developed 
surface of a liquid. Transition of corpuscles of a dust from gas in a liquid 
occurs, mainly, as a result of the inertia affecting, effect of “sticking” and 
diffusion. Depending on type of the wet-type collector of a corpus of a 
dust deposit on a surface of a liquid which can be realized in the form of 
drops, moving in a stream of an aerosol, the films of a liquid generated in 
the apparatus, a surface of the gas vials formed in the conditions of a bar-
botage and moistened surfaces of walls of the apparatus.

In the monography [3] effect of various mechanisms on efficiency of 
sedimentation of corpuscles of a dust on a liquid surface is widely pre-
sented. The description of mechanisms and their effect on efficiency of a 
dust separation can be found practically in all monographies, for example, 
[4, 13] concerning a problem wet clearings of gas emissions of gasses. In 
the literature of less attention it is given questions of formation of surfaces 
of liquids and their effect on efficiency of a dust separation.

Observing the mechanism of the inertia act irrespective of a surface of 
the liquid entraining a dust, predominantly it is considered that for hydro-
philic types of a dust collision of a part of a solid with a liquid surface to 
its equivalent immediate sorption by a liquid, and then immediate clearing 
and restoration of the surface of a liquid for following collisions. In case of 
a dust badly moistened, the time necessary for sorbtion of a corpuscle by a 
liquid, can be longer, than a time after which the corpuscle will approach 
to its surface. Obviously, it is at the bottom of decrease in possibility of a 
retardation of a dust by a liquid because of a recoil of the corpuscle going 
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to a surface, from a corpuscle, which is on it. It is possible to consider this 
effect real as in the conditions of a wet dust separation with a surface of 
each fluid element impinges more dust, than it would be enough for mono-
layer formation. Speed of sorbtion of corpuscles of a dust can be a limiting 
stage of a dust separation.

Speed of sorbtion of a corpuscle influences not only its energy neces-
sary for overcoming of a surface tension force, but also and its traverse 
speed in the liquid medium, depending on its viscosity and rheological 
properties. Efficiency of dust separation Kabsch [5] connects with speed 
of ablation of a dust a liquid, having presented it as weight ms, penetrating 
in unit of time through unit of a surface and in depth of a liquid as a result 
of a collision of grains of a dust with this surface:

r m
A t
s=
⋅

Giving to shovels of an impeller sinusoidal a profile allows to elimi-
nate breakaway a stream breakaway on edges. Thus there is a flow of an 
entrance section of a profile of blades with the big constant speed and 
increase in ricochets from a shaped part of blades in terms of which it is 
possible to predict insignificant increase in efficiency of clearing of gas.

Speed of linkage of a dust a liquid depends on physicochemical proper-
ties of a dust and its ability to wetting, physical and chemical properties 
of gas and operating fluid, and also concentration of an aerosol. Wishing 
to confirm a pushed hypothesis, Kabsch [5] conducted the research con-
cerning effect of concentration speed of linkage of a dust by a liquid. The 
increase in concentration of a dust in gas called some increase in speed of 
linkage, however to a lesser degree, than it follows from linear dependence.

The cores for technics of a wet dust separation of model Semrau, 
Barth’a and Calvert’a do not consider effect of viscosity of slurry on effect 
of a dust separation. In-process Pemberton’a [6] it is installed that in case 
of sedimentation of the corpuscles, which are not moistened on drops, 
their sorbtion in a liquid is obligatory, and their motion in a liquid submits 
to principle Stokes’a.

The traverse speed can characterize coefficient of resistance to cor-
puscle motion in a liquid, so, and a dynamic coefficient of viscosity of a 
liquid. Possibility of effect of viscosity of a liquid on efficiency of capture 
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of corpuscles of a dust a drop by simultaneous Act of three mechanisms: 
the inertia, “capture” the semiempirical equation Slinna [6] considering 
the relation of viscosity of a liquid to viscosity of gas also presents.

In general, it is considered that there is a certain size of a drop [14] at 
which optimum conditions of sedimentation of corpuscles of a certain size 
are attained, and efficiency of subsidence of corpuscles of a dust on a drop 
sweepingly decreases with decrease of a size of these corpuscles.

Jarzkbski and Giowiak [9], analyzing work of an impact-sluggish 
deduster have installed that in the course of a dust separation defining role 
is played by the phenomenon of the inertia collision of a dust with water 
drops. Efficiency of allocation of corpuscles of a dust decreases together 
with growth of sizes of the drops oscillated in the settling space, in case of 
a generating of drops compressed air, their magnitude is defined by equa-
tion Nukijama and Tanasawa [10] from which follows that drops to those 
more than above value of viscosity of a liquid phase. Therefore, viscosity 
growth can call reduction of efficiency of a dust separation.

The altitude of a layer of the dynamic foam formed in dust-collecting 
plant at a certain relative difference of speeds of gas and liquid phases, 
decreases in process of growth of viscosity of a liquid [15] that calls 
decrease in efficiency of a dust separation, it is necessary to consider that 
the similar effect refers to also to a layer of an intensive barbotage and the 
drop layer partially strained in dust removal systems.

Summarizing it is possible to assert that in the literature practically 
there are no data on effect of viscosity of a trapping liquid on dust separa-
tion process. Therefore, one of the purposes of our work was extraction of 
effect of viscosity of a liquid on efficiency of a dust separation.

22.2.1 THE PURPOSE AND OBJECTIVES OF RESEARCH

The conducted research had a main objective acknowledging of a hypoth-
esis on existence of such boundary concentration of slurry at which excess 
the overall performance of the dust removal apparatus decreases.

The concept is devised and the installation, which is giving the chance 
to implementation of planned research is mounted. Installation had sys-
tems of measurement of the general and fractional efficiency and typical 
systems for measurement of volume flow rates of passing gas and water 
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resistances. The device of an exact proportioning of a dust, and also the air 
classifier separating coarse fractions of a dust on an entry in installation 
is mounted. Gauging of measuring systems has secured with respective 
repeatability of the gained results.

22.3 LABORATORY FACILITY AND TECHNIQUE OF 
CONDUCTING OF EXPERIMENT

Laboratory facility basic element is the deduster of impact-sluggish act – 
a rotoklon c adjustable guide vanes [11] (see, Figure 22.1). An aerosol 
gained by dust introduction in the pipeline by means of the batcher. 
Application of the batcher with changing productivity has given the 
chance to gain the set concentration of a dust on an entry in the apparatus.

Have been investigated a dust, discriminated with the wettability (a tal-
cum powder the ground, median diameter is equal δ50 = 25 microns, white 
black about δ50 = 15 microns solubility in water of 10–3% on weight (25°C) 
and a chalk powder).

The gas-dispersed stream passed shovels of an impeller 7 in a work-
ing zone of the apparatus, whence through the drip pan 8 cleared, was 
inferred outside. Gas was carried by means of the vacuum pump 10, and its 
charge measured by means of a diaphragm 1. A gas rate, passing through 

FIGURE 22.1 The laboratory facility.
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installation, controlled, changing quantity of air sucked in the pipeline 
before installation. The composition of each system includes group of 
three sondes mounted on vertical sections of pipelines, on distance about 
10 diameters from the proximal element changing the charge. The taken 
test of gas went on the measuring fine gage strainer on which all dust con-
taining in test separated. For this purpose used fine gage strainer. In the 
accepted solution have applied system of three measuring sondes, which 
have been had in pipelines so that in the minimum extent to change a 
regime of passage of gas and to select quantity of a dust necessary for the 
analysis. The angle between directions of deducing of sondes made 120°, 
and their ends placed on such radiuses that surfaces of rings from which 
through a sonde gas was sucked in, were in one plane. It has allowed to 
scale down a time of selection of test and gave average concentration of a 
dust in gas pipeline cross-section.

Fractional composition of a dust on an entry and an exit from the appa-
ratus measured by means of analogous measuring systems, chapter 10.

For definition of structurally mechanical properties of slurry viscos-
ity RV-8 (Figure 22.2 see) has been used. The viscosity gage consists of 
the internal twirled cylinder (rotor) (r = 1.6 centimeter) and the external 
motionless cylinder (stator) (r = 1.9 centimeter), having among them-
selves a positive allowance of the ring form with a size 0.3 see the Rotor 

FIGURE 22.2 Measurement of viscosity of slurry.
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is resulted in twirl by means of the system consisting of the shaft, a pulley 
(To = 2.23 centimeter), filaments, blocks and a cargo. To the twirl termina-
tion apply a brake. The twirled cylinder has on a division surface on which 
control depth of its plunging in slurry.

The gained slurry in number of 30 sm3 (in this case the rotor diving 
depth in sludge makes 7 sm) fill in in is carefully the washed out and dry 
external glass which put in into a slot of a cover and strengthen its turn 
from left to right. After that again remove the loaded cylinder that on a 
scale of the internal cylinder precisely to define depth of its plunging in 
sludge. Again, fix a glass and on both cups put the minimum equal 
cargo (on 1), fix the spigot of a pulley by means of a brake and reel up a 
filament, twirling a pulley clockwise. It is necessary to watch that convo-
lutions laid down whenever possible in parallel each other.

Install an arrow near to any division into the limb and, having hauled 
down a brake, result the internal cylinder in twirl, fixing a time during 
which the cylinder will make 4–6 turns. After the termination of measure-
ments fix a brake and reel up a filament. Measurement at each loading 
spends not less than three times. Experiences repeat at gradual increase 
in a cargo on 2 gr. until it is possible to fix a time of an integer of turns 
precisely enough. After the termination of measurements remove a glass, 
drain from it sludge, wash out water, from a rotor sludge drain a wet rag 
then both cylinders are dry wiped and leave the device in the collected 
aspect.

After averaging of the gained data and calculation of angular speed 
the schedule of dependence of speed of twirl from the enclosed loading is 
under construction.

Viscosity is defined by formula [15]:
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22.4 DISCUSSION OF RESULTS OF RESEARCH

For each dust used in research dependence of general efficiency of a 
dust separation on concentration of slurry and the generalizing schedule 
of dependence of fractional efficiency on a corpuscle size is presented. 
Other schedule grows out of addition fractional efficiency of a dust sepa-
ration for various, presented on the schedule, concentration of slurry. 
In each case the first measurement of fractional efficiency is executed 
in the beginning of the first measuring series, at almost pure water in a 
deduster.

Analyzing the gained results of research of general efficiency of a dust 
separation, it is necessary to underline that in a starting phase of work 
of a rotoklon at insignificant concentration of slurry for all used in dust 
research components from 93.2% for black to 99.8% for a talc powder 
are gained high efficiency of a dust separation. Difference of general effi-
ciency of trapping of various types of a dust originates because of their 
various fractional composition on an entry in the apparatus, and also 
because of the various form of corpuscles, their dynamic wettability and 
density. The gained high values of general efficiency of a dust separation 
testify to correct selection of constructional and operational parameters of 
the studied apparatus and specify in its suitability for use in technics of a 
wet dust separation.

The momentous summary of the spent research was definition of 
boundary concentration of slurry various a dust after which excess general 
efficiency of a dust separation decreases. Value of magnitude of boundary 
concentration, as it is known, is necessary for definition of the maximum 
extent of recirculation of an irrigating liquid. As appears from presented 
in Figure 22.3–22.6 schedules, dependence of general efficiency of a 
dust separation on concentration of slurry, accordingly, for a powder of 
talc, a chalk and white black is available possibility of definition of such 
concentration.

Boundary concentration for a talcum powder – 36%, white black – 7%, 
a chalk – of 18% answer, predominantly, to concentration at which slurries 
lose properties of a Newtonian fluid.

The conducted research give the grounds to draw deductions that in 
installations of impact-sluggish type where the inertia mechanism is the 
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FIGURE 22.3 Dependence of fractional efficiency on diameter of corpuscles of a talcum 
powder and their concentration in a liquid.

FIGURE 22.4 Dependence of general efficiency of concentration in a liquid of corpuscles 
of a talcum powder.

FIGURE 22.5 Dependence of fractional efficiency on diameter of corpuscles of white 
black and their concentration in a liquid.

core at allocation of corpuscles of a dust from gas, general efficiency 
of a dust separation essentially drops when concentration of slurry 
answers such concentration at which it loses properties of a Newtonian 
fluid. As appears from presented in Figures 22.3–22.6 dependences, 
together with growth of concentration of slurry above a boundary value, 
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general efficiency of a dust separation decreases, and the basic contribu-
tion to this phenomenon small corpuscles with a size less bring in than 
5 microns.

To comment on the dependences presented in drawings, than 
5 microns operated with criterion of decrease in efficiency of a dust sep-
aration of corpuscles sizes less at the further increase in concentration 
of slurry at 10% above the boundary. Taking it in attention, it is possible 
to notice that in case of allocation of a dust of talc growth of concentra-
tion of slurry from 36% to 45% calls reduction of general efficiency of a 
dust separation from 98% to 90% at simultaneous decrease in fractional 
efficiency of allocation of corpuscles, smaller 5 microns from η = 93% 
to η = 65%.

Analogously for white black: growth of concentration from 7% to 20% 
calls falling of fractional efficiency from η = 65% to η = 20%, for a chalk: 
growth of concentration from 18% to 30% calls its decrease from η = 80% 
to η = 50%.

Most considerably decrease in fractional efficiency of a dust separation 
can be noted for difficultly moistened dust – white black (about 50%).

Thus, on the basis of the analysis set forth above it is possible to assert 
that decrease in general efficiency of a dust separation at excess of bound-
ary concentration of slurry is connected about all by decreasing ability of 
system to detain small corpuscles. Especially it touches badly moistened 
corpuscles. It coincides with a hypothesis about updating of an interphase 
surface. Updating of an interphase surface can be connected also with dif-
ficulties of motion of the settled corpuscles of a dust deep into liquids, that 
is, with viscosity of medium.

FIGURE 22.6 Dependence of general efficiency on concentration in a liquid of 
corpuscles of white black.
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The analysis of general efficiency of a dust separation, and, especially, 
a talcum powder and white black powder specifies that till the moment 
of achievement of boundary concentration efficiency is kept on a fixed 
level. In these boundary lines, simultaneously with growth of concentra-
tion of slurry dynamic viscosity of a liquid, only this growth grows is 
insignificant – for talc, for example, to 2.7×10–3 Pascal second. At such 
small increase in viscosity of slurry the estimation of its effect on effi-
ciency of a dust separation is impossible. Thus, it is possible to confirm, 
what not growth of viscosity of slurry (from 1 to 2.7×10–3 Pascal second), 
and change of its rheological properties influences decrease in efficiency 
of a dust separation.

The method of definition of boundary extent of circulation of a liquid 
in impact-sluggish apparatuses is based on laboratory definition of con-
centration of slurry above which it loses properties of a Newtonian fluid. 
This concentration will answer concentration of operating fluid, which 
cannot be exceeded if it is required to secure with a constant of efficiency 
of a dust separation.

In the conditions of spent research, that is, constant concentration of 
an aerosol on an entry in the apparatus, and at the assumption that water 
losses in the apparatus because of moistening of passing air and, accord-
ingly, ablation in the form of drops, is compensated by volume of the 
trapped dust, the water discharge parameter is defined directly from the 
recommended time of duration of a cycle and differs for various types of 
a dust. Counted its maximum magnitude is in the interval 0.02–0.05 l/m3, 
that is, is close to the magnitudes quoted in the literature.

For periodical regime dedusters this concentration defines directly a 
cycle of their work. In case of dedusters of continuous act with liquid cir-
culation, the maximum extent of recirculation securing maintenance of a 
fixed level of efficiency of a dust separation, it is possible to count as the 
relation:

 
r Q

Q
cir

ir

=
 

(3)

where Q cir – the charge of a recycling liquid, m3/h; Q ir – the charge of an 
inducted liquid on an irrigation, m3/h.
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Assuming that all dust is almost completely trapped on a liquid sur-
face, it is possible to write down a balance equation of weight of a dust as:

 G c c L con in on⋅ − = ⋅( )  (4)

where ( )c c con in r− =  – limiting concentration of a dust, g/m3.
Then in terms of for calculation of extent of recirculation it is possible 

to present Eq. (4) formula as:
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(5)

22.5 CONCLUSIONS

1. Excess of boundary concentration of slurry at which it loses prop-
erties of a Newtonian fluid, calls decrease in efficiency of a dust 
separation.

2. At known boundary concentration cr it is possible to define bound-
ary extent of recirculation of the irrigating liquid, securing stable effi-
ciency of a dust separation.

3. Magnitude of boundary concentration depends on physical and chemi-
cal properties of system a liquid – a solid and changes over a wide 
range, from null to several tens percent. This magnitude can be defined 
now only laboratory methods.

4. Decrease in an overall performance of the apparatus at excess of 
boundary concentration is connected, first of all, with reduction of 
fractional efficiency of trapping of small corpuscles with sizes less 
than 5 microns.

5. On the basis of observations of work of an investigated deduster it is 
possible to assert that change of viscosity of an irrigated liquid influ-
ences conditions of a generating of an interphase surface and, espe-
cially, on intensity of formation of a drop layer.

6. Selection constructional and the operating conditions, securing high 
efficiency of a dust separation at small factor of a water consumption, 
allows to recommend such dedusters for implementation in the industry.
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ABSTRACT

The authors have considered the problems of rhizosphere interactions in 
the prism of changing trophic relationships, their resilience in ecosystems. 
It is shown that the dynamics of rhizosphere interactions with changes 
in environmental conditions becomes the focus of intensive research and 
development continuum enrichment area at the roots and the formation of 
systems of their interaction in the soil profile.
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23.1 INTRODUCTION

The composition of the rhizosphere includes the root system of plants 
and surrounding soil, which is experiencing its effects. This definition is 
broader than the traditional definition, including the roots and the soil, 
which is adjacent to them, stressing that this space rhizosphere soil and 
roots, using the metabolites of roots [4, 11, 20]. The traditional defini-
tion ignores important biological interactions with soil biota, as it is, it 
forms the structure of the soil, which is often regarded as the physical 
processes, while forgetting about the biologically active complex and the 
environment.

Rhizosphere is a trophic food webs producers and consumers with a 
variety of complex organisms (bacteria, micromycetes protozoa and plant 
root system). There is a definition, which includes features that character-
ize the formation of biological systems of soil organisms:

1. the use of various energy resources with different speeds for their use;
2. the presence of different life cycles; and
3. variety of habitats.

Trophic interactions in the rhizosphere are necessary to study how 
complex these submatery working as a unit and have quasi-independent 
trends. In modern science, there is a clear justification for this kind of 
research [1, 14, 21], especially when it comes to sets of identical and inter-
twine dynamics caused by species characteristics, trophic food chains, the 
level of conservation of the population and rates growth.

Any biological processes can be justified and presented in the form of 
models that reflect of the complex relationship. We are all familiar with 
the chemical formulation that gives the primary idea of the basis of the 
equation of life:

 6CO2 + 6H2O = C6H12O6 + 6O2 (1)

Equation (1) includes several concepts. It illustrates the conservation of 
matter, as each side of the equation is composed of various molecules, 
but an equal number of atoms and mass. This chemical equation is set 
as underlying model reflecting rhizospheric interaction. Besides the 
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presentation of photosynthesis and respiration, Eq. (1) represents the rela-
tionship between the processes of synthesis and degradation of working 
at different scales, for example, autotrophic and heterotrophic processes 
of interaction between plants and herbivores, immobilization of inorganic 
matter into organic matter and vice versa.

Of course, the biology is not only of carbon, water, hydrogen and rhi-
zosphere basic functions of biological processes lie in the transformation 
of nutrients such as nitrogen and phosphorus. If nitrogen is added to the 
equation, while taking into account that the different kinds of microor-
ganisms contained in the biomass of a different ratio of N, P, C, and other 
elements (different stoichiometry), a similar system of equations and 
related processes forms the interrelationship of elements in the forma-
tion basic necessities of life (Reiners, 1986). When carbon and nitrogen 
are localized in the organic matter and mineralized into inorganic mat-
ter, there are various aspects of formation of bonds from more narrowly 
focused overground and underground processes to interorganismal by 
forming biogeochemical pathways immobilization of inorganic metabo-
lites and vice versa. Their same trophic circuitry used to describe trophic 
interactions [12].

Thus, the use of mathematical modeling (models underlying the rhizo-
sphere functions) necessary for the development of ideas about the stoi-
chiometry and trophic relationships (energy flows) in the rhizosphere. On 
the one hand, effective models are internally consistent, structurally sim-
ple and succinct ideological. On the other hand, the lack of parts, making 
them interesting biologically, which thus leads to biologically nonlinear 
inexplicable results. A good example of the latter is unstable mathemati-
cal concepts of the theory of mutualistic relationships [15], in contrast to 
the classical concept of the formation of symbiotic mutualism, which is 
formed in the rhizosphere.

To get information about mathematically functional orientation in the 
rhizosphere, it is important to determine the flow of resources in the rhizo-
sphere, which will form a part thereof, and what will be emphasized. What 
volume of carbon-containing products of photosynthesis exudates pro-
duced by plants produced root system during ontogeny plants, which pro-
vide the basic framework for the formation of rhizosphere soil. Formation 
of the rhizosphere caused a rapid and vigorous growth of the root system, 
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which includes twisting of root hairs, death of individual roots and exuda-
tion of carbon compounds. The size and dynamics of the formation of the 
rhizosphere differentiated according to the aboveground biomass, species 
and ecosystem types. When there is a significant difference in the ratios of 
contrasting sizes in plants causes may be to limit the ratio of nutrients in 
the C: N and C: P and selective factor for food resources. A constant ratio 
and differentiation depending on resource streams greatly simplifies and 
makes reliable formation of such models.

Carbon fluxes in the rhizosphere help maintain the function of provid-
ing the rhizosphere resource necessary for the formation of a mathemati-
cal model. Studies rhizosphere indicate that the growth zone of the root 
system can be divided into zones of a continuum of activity from the root 
tip to the side chain, where the various microbial groups have access to the 
downstream root exudates organic [19].

The tip of the root is the lowest root zone. The zone is characterized 
by the growth of the root rapidly dividing cells and the activity to produce 
exudates, which also reduces the resistance of the soil. Exudates produced 
by cells of the roots, provide catering carbon rhizosphere bacteria and 
fungi, which, in turn, immobilized compounds of nitrogen and phospho-
rus. At a distance from the zone of root growth nutrient exchange sites are 
formed, which are formed in the root hairs and a reduction in the level 
of exudation. Education and death of root hairs defines additional activ-
ity and growth of microorganisms. The upper zone of the root system of 
plants are characterized as areas of remineralization of nutrients that per-
form predators, as there are regions of mutualistic symbiotic interactions. 
In each of the areas of the rhizosphere of plants occur production of root 
system of carbonaceous substances that determine the growth and activity 
of the rhizosphere microflora [2], protozoa and invertebrates that feed on 
them [8, 16].

Mathematical description of the trophic food chains in the rhizosphere 
is based on three kinds of food links [17] – uptake, release of energy and 
interaction. Each description is based on the view signaling required for 
their formation.

Description of the relationship based on the study of the rhizosphere of 
species and changes in their metabolism. Given the extent and size of pop-
ulations and the interaction of soil microorganisms and the simplest, most 
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of the data presented in the literature, based on the study of trophic inter-
actions in soil samples collected volumes of information, research areas, 
etc. Description provided by relations, despite the volumes of the informa-
tion received is incomplete and strongly negates the study of diversity and 
complexity of forming the system.

Chain constant interaction reflects the dynamics influence of one group 
to another. For example, these descriptions were taken as the basis of sev-
eral research groups attempted to link the structure of the soil food webs 
with the transformation of organic matter and mineralization of primary 
cells [3, 6, 7].

Considering the laws of formation of structure of trophic food chains 
rhizosphere should be noted that the communication and distribution of 
energy flows exhibit two patterns, the presence and level of nutrients and 
biomass within the system that is important for its stability. The first has to 
do with the flow of energy from the roots and soil biota to higher predators. 
The constant supply of nutrients in the rhizosphere is a complex process and 
is determined by several species of dominant microorganisms that function 
directly in the root system (the so-called complex of plant-microbial energy 
flows, which occur in the process of differentiation in terms of resource use 
various physiological and functional scenarios) [7, 9].

Basic food items insects and nematodes, pathogens and microorgan-
isms that symbiotic relationship with the roots of plants is the basis of 
rhizosphere energy canals. Bacterial energy canal consists of saprophytic 
bacteria, protozoa, nematodes and some arthropods. Fungi canal energy 
is largely composed of saprophytic fungi, nematodes and arthropods. Soil 
bacteria constitute a significant part of the microbial biomass in the rhi-
zosphere, are more efficient in the use of labile root exudates than sapro-
phytic fungi. Unlike bacteria, fungi are more adapted for the use of plant 
residues. In addition, fungi’s and their consumers in the soil occupied by 
air pores, voids, and live longer. Nutrients within each trophic canal are 
transformed at different rates, given the characteristics of the substances, 
which use bacteria and fungi. Coleman [4] found that the differentiation of 
flows of nutrients due to the formation rate of the food chains because the 
bacterial energy channel generates a “fast cycle”, while the fungi – “slow 
loop.” It is important to note that the mathematical foundation structure of 
the rhizosphere microbial complex, which forms the system and different 
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dynamic properties, more stable diversity (representation of the group) 
and complexity (number of links between groups) than in the formation of 
random (spontaneous) designs.

Modern research has established that the structure of the trophic pyra-
mid is more stable than the alternative structure, such as an inverted pyra-
mid with a higher biomass, supported by higher trophic levels [10, 13].

In addition to the foregoing distribution patterns different biomass and 
energy flows, coupling constants are asymmetric nature of the interaction, 
that is, observed beneficial effect for consumers, and vice versa, which 
depends on the trophic levels. On lower trophic levels, consumers have 
a strong negative impact on producers and on higher trophic levels pro-
ducers positively affect consumers. This structuring in close cooperation 
related to the stability of soil trophic food chains.

Thus, the structure of the interaction forces is closely related to the dis-
tribution of biomass and the rate of application of exudates and evaluation 
are integral components of the interaction forces. Redistribution of the level 
of interaction simultaneously redistributes biomass and substrate utilization.

Emphasizing the important role of soil biota, functioning and is defined 
in the rhizosphere of the growth and dynamics of communities, the study 
of soil as a reservoir of plant nutrients and restrictions are still widespread 
and are particularly relevant in the consideration and study of the trophic 
chains, dynamics and development of plant communities. Rhizosphere 
better studied as a set of individual taxonomic group, and the work not 
only in the complex, but also has a self-regulating properties (especially 
when it comes to pool metagenome with similar and interrelated behavior, 
especially species). Food flows rhizosphere is complex functioning com-
plexes related organisms (bacterial, fungal, root systems and their users). 
A key distinguishing feature of the complexes is their ability to transform 
the different types of energy resources at different speeds, characterized 
by different life cycles and occupy habitats. Organisms within the canal of 
bacterial and fungal energy responsive to a varying degree of interaction 
as a unit.

Studies of meadow lands, forest and arctic tundra agricultural sys-
tems suggest that the relationship between the energy flows are generally 
weak on trophic levels associated with bacterial and fungal microflora and 
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stronger with the simplest. Bonding strength between the energy flow and 
dominance of a particular depends on the type of ecosystem may vary in 
certain disorders and controls the flow of nutrients (Figure 23.1).

Using mathematical models, scientists have shown a link between 
nutrient flow, the level of interaction between communities [5, 12].

Research and models suggest that polymorphism structure is not only 
important for transfer and storage of nutrients in the system, but also for its 
homeostasis in general. Modern research has demonstrated the formation 
of food webs in the rhizosphere as a complex multistage system, which 
functions as a single organism, which allows to control the flow of nutri-
ents between the producer and the consumer. It is thought that changes 
in the structure of the basic foundations of the rhizosphere and the rate 
of passage of nutrient flows are crucial in key processes that shape the 
ecosystem as a whole. Lack script processes allelopathy destroy the link 
between the trophic structure, dynamics and transformation proceeds of 
nutrients, and the lack of homeostasis observed in the rhizosphere under 
uncontrolled anthropogenic load.

FIGURE 23.1 Generalized bacterial and fungal energy flows in the food web of the 
rhizosphere [12].
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ABSTRACT

This article presents the results of the calculation of the stress-strain state by 
the finite element method for single-layer and multilayer electrical cables 
under the action of external loads. The results of numerical experiments 
obtained with the software package Solid Works, allow to choose the best 
parameters of coating of the cable networks to improve their durability.
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24.1 INTRODUCTION

The finite element method (FEM) has become practically the univer-
sal numerical method for solving all problems, allowing mathematical 
modeling [1].

It is known [2], [3] that the problem of determining the stress-strain 
state (SSS) in the three-dimensional case reduces to solving a system of 
differential equations in partial derivatives of the form
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where u u x x xi i= ( )1 2 3, ,  – displacements of points of a continuous medium 
under the action of loads, K, G – constants that characterize the elastic 
properties of medium, θ ε ε ε= + +11 22 33 , Xi  – the mass forces.

For the system (1) is constructed functional [3]
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for which Eq. (1) are the Euler-Lagrange equations. In the Eq. (2) eij– 
deviator of the strain tensor, σ i

0
 – given stress on the surface S2.

Minimum of the functional (2) is defined by FEM with using tetrahe-
dral finite elements.

FEM is the basis of the more parts of modern software systems 
designed for calculations of computer constructions. In one of these com-
plexes, namely in Solid Works, were created virtual models of polymer 
coating of the cable networks for solving a class of practically important 
problems. Consider one of them. Required to determine the stress-strain 
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state of multilayer electrical cables under the action of external loads, such 
as uniform pressure.

Created in Solid Works virtual constructs were: one –model of a homo-
geneous (single-layer) cable sheath, the other – a three-layer. Both wares 
have the identical dimensions: length was 10 cm, the outer diameter was 
1 cm, and internal – 0,5 cm. With respect to these objects was modeled 
situation of compression (in this example the force of 100 N was applied 
to the outer boundary).

Virtual models of spatial structures have been divided into tetrahedral 
finite elements (Figure 24.1). 

Uniform coating was divided into 6706 finite element (11381 nodes), 
a three-layer – by 8032 (12559 nodes). When splitting three-layer coating 
used thick enough finite element mesh, which led to an increase in the 
number of nodes to calculate SSS.

In the solution the posed problem by finite element method following 
results were obtained.

Figure 24.2a shows that the stress in a uniform coating is gradually 
increased closer to the inside boundary. For three-layered cable (Figure 
24.2b) maximum stress is observed in the inner layer but, unlike the single-
layer shell, no increase is not observed on the whole interval, and reaches 
its smallest value to the center of the second layer. Despite the essential 
difference of stress distribution graphics the figures show that their maxi-
mum and minimum values are practically identical for both designs.

The Figure 24.3 shows the graphs the distribution circular deforma-
tions depending on the radius shells electrical cables. 

Of Figure 24.3a shows that the deformation is nearly constant at the border, 
to which force was applied, and, starting from the center of a homogeneous 

FIGURE 24.1 Tetrahedral finite element mesh for (a) a single-layer and (b) a three-layer 
coatings.
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coating increases linearly. On Figure 24.3b, which shows the change in annu-
lar strain in a three-layer shell, seen a sharp increase when approaching the 
inner boundary of the coating. From this we can conclude that the greatest 
deformation takes place in the inner layer, while the first two layers will be 
deformed slightly.

Figure 24.4 shows the graphs moving depending on the radius under 
the considered loads. Seen from the figures that the three-layer coatings 
numerical values of moving are significantly less than in homogeneous 
shells.

Thus the results of numerical analysis show that when the action of 
external loads, such as, hydrodynamic pressure three-layer polymeric 
coating of the electrical cable more workable and durable with compare 
the homogeneous shell.

FIGURE 24.3 Strain distributions along the radius for (a) a single-layer and (b) a three-
layer coatings.

FIGURE 24.2 Circular stress distribution along the radius for (a) a single-layer and 
(b) a three-layer coatings.
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ABSTRACT

An assessment of the total antioxidant activity (AOA) of blood serum of 
patients with the liver disease by two chemiluminescent methods hav-
ing different models of free radical oxidation: “Hb-H2O2-luminol” and 
“ABAP-luminol” is carried out. The comparative analysis showed not 
high correlation of results (r = 0.798), that is explained, mainly, by a dis-
tinction of free radical initiation mechanisms and influence of some blood 
serum components (proteins and bilirubins) on initiation process. More 
strongly it is shown in model with “Hb-H2O2.” In this regard, more prefer-
able in clinical practice for an AOA assessment it is necessary to consider 
model “ABAP-luminol.” A comparison of antioxidant parameters of blood 
serum of patients with the affected liver with some general clinical blood 
characteristics, such as the content of uric acid, total and direct bilirubin, 
albumin, parameters of lipid metabolism is carried out.

25.1 AIM AND SCOPE

The comparative analysis of the total blood serum antioxidant activity 
(AOA) of patients with liver pathology at parallel measurements by two 
chemiluminescence devices with various models of free radical oxidation 
for the aim of more suitable model choice in clinical practice. Comparison 
of antioxidant and some general clinical parameters of blood serum for 
patients with liver pathology are carried out to establish a correlation 
between these characteristics.

25.2 INTRODUCTION

Definition of the total AOA of person blood serum is an important task for 
medico-biological research as AOA determines the protection of person 
organism in fight against an oxidative stress. Blood is represented difficult 
substance for research, antioxidant composition which is caused, first of 
all, by availability in it of amino acids, uric acid, vitamins E, C, hormones, 
enzymes, and also the intermediate and final metabolism products. [1]. 
The total AOA is the integrated value characterizing possibility of combine 
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antioxidant action of all blood plasma components taking into account 
their potential synergism. During 25–30 last years attempts of creation of 
techniques for total AOA definition at the same time all inhibitors of free 
radical reactions, which are present in blood plasma are made. However, 
the role of each inhibitor can significantly differ at various ways of activa-
tion of oxidizing processes. Therefore, the choice of adequate systems of 
AOA assessment has paramount value for the correct interpretation of the 
received results within clinical laboratory diagnostics [1–3]. Definition of 
AOA assumes not only detection of one or several substances, and identifi-
cation of their “functional” activity that can be made in suitable oxidizing 
system. The main components of any test system for blood serum AOA 
definition are: the system of radical generation and molecule target which 
being exposed to oxidation, changes the registered physical and chemi-
cal properties. Informational content of the received results depends on 
a choice of these objects. Now chemiluminescent (СL) methods of blood 
serum AOA definition are widely used [1, 2]. They are rather sensitive, 
operative and allow controlling oxidation kinetics directly. One of main 
distinctions of CL methods is the way of free radicals generation. It can 
be carried out on chemical or physical-chemical principles (e.g., at inter-
action of gem-containing derivatives with hydrogen peroxide, at thermo-
destruction of azo-compounds and radiation of photosensitizes) [2–4].

One of main organs in antioxidative system of an organism is the liver, 
its synthetic and secretor activity: it belongs as to endogenous antioxidants, 
so to synthesis of components of inflammatory and anti-inflammatory syn-
dromes [2, 5]. In the liver occur many vital metabolic processes, resulting 
in the formation and enter in blood substances necessary for the organism, 
including various endogenous antioxidants, which primarily include uric 
acid [6] and bilirubin and biliverdin [7]. The liver is the “repository” and 
some exogenous antioxidants, such as ascorbic acid, which is a synergist 
for many bioantioxidants and exerts its activity in important for the body’s 
“moments” of oxidative stress [8]. Therefore, studying of blood serum 
antioxidant properties for patients with liver pathology is an important 
aspect for understanding of the occurring phenomena in organism protec-
tive system.

In the present work of the comparative analysis of the total blood serum 
antioxidant activity patients with liver pathology at parallel measurements 
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by two chemiluminescence devices with various models of the free radical 
oxidation is carried out. The contribution to the total antioxidant activity 
of blood serum of its individual biochemical analytes was assessed also.

25.3 EXPERIMENTAL PART

Blood serum samples of 16 patients with liver pathology (atrophic cirrho-
sis, liver new growths, etc.) and 18 donors with necessary clinical blood 
indicators were transferred for research by Myasnikov Institute of clinical 
cardiology. Measurements of the total AOA in parallel by two CL devices 
were carried out in Emanuel Institute of biochemical physics RAS.

In the first model of free radical oxidation the system “hemoglobin 
(Hb) – hydrogen peroxide (H2O2) – luminol” in which generation of radi-
cals by Hb and H2O2 interaction was used, and luminol plays a role of a 
chemiluminogenic oxidative substance. Distinctive feature of this model 
from other oxidation models is that the formed in it radicals can initiate 
free radical oxidation reactions in vivo as blood contains Hb and H2O2. 
The detailed measurement technique of this model for studying of blood 
serum AOA and its separate components is given in [4]. The kinetics and 
detailed scheme of reactions proceeding at “Hb and H2O2” interaction are 
rather difficult. The estimated scheme of the reactions leading to genera-
tion of luminol oxidation radical initiators is given in Figure 25.1.

FIGURE 25.1 The estimated scheme of reactions in the system “Hb-H2O2-luminol” 
[4] (LH− – luminol anion, L•– – luminol radical, О2•– - superoxide anion, LO2

2– – luminol-
endoperoxide, АР2– and (АР2–)* – aminophthalate anion in the basic and excited states, 
respectively).

LO/ T {AP2-) ~AP2- t hv {425 HM)) 

N2 
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As appears from this scheme, H2O2 and metHb (Hb-Fe+3) – the oxi-
dized Hb form, making the main part of the commercial Hb prepara-
tions, can induce luminol oxidation on two main mechanisms [9]. So, on 
the one hand, interaction of H2O2 with metHb is accompanied by gem 
destruction and exit from it of iron ions, which participate in education 
of ОН• – radicals. Besides, as a result of this interaction active ferril-
radicals (Hb(•+)−Fe4+=O) are formed. Being formed radicals initiate the 
luminol oxidation which sequence of reactions is well-known now [10]. 
In the oxidation process L•–, О2

•–-radicals are formed, a luminol-endoper-
oxide LO2

2–, and further an aminophthalate anion in excited state (АР2–)* 
upon which transition to the main state light quantum hν is highlighted. 
Introduction of antioxidants in “metHb-H2O2-luminol” system leads to 
change of CH kinetics and increase in the latent period. Advantage of 
model: all reagents are available and aren’t toxic. Restrictions: insta-
bility of H2O2 and need of frequent control of its concentration. For 
realization of this method in the present work the device “Lum-5373” 
(OOO“DISoft”, Russia, www.chemilum.ru) was used according to detail 
technique [4].

In the second model of the thermo-initiated CL (TIC) luminol as an 
oxidation substance is used so [2, 3]. Initiation of free radicals happens 
at thermal decomposition of water-soluble R-N=N-R azo-compound 2.2 
‘-azo-bis (2-amidinopropane) dihydrochloride (ABAP). In the luminol 
oxidation processes in the presence of oxygen ROO•- radicals, О2

•−- radi-
cals and further LO2

2− and (АР2−)* are formed as in the first model. The 
corresponding scheme of reactions is given below (Figure 25.2) [2]. An 
advantage of this model – the constant speed of peroxide radical initiation 
at a stable temperature during a long time. In the water environment at 
pH = 7.4 and temperature 37°C, radical generation speed Ri, (mol/l)/s = 
1.36 × 10–6 [ABAP], where [ABAP] – concentration of an ABAP [11]. 
A restriction – use of toxic chemical azo-compound. The TIC recordings 
were carried out with the device “minilum” (ABCD GmbH, Germany) 
(www.minilum.de) at a temperature of 37 ± 0.01°C.

In both CL systems the key measured parameter for determining of 
the total water-soluble blood serum component AOA (ACW – “integral 
antiradical capacity of water soluble compounds”) is the latent period. 
It decides as time from the oxidation initiation moment to a point of 

http://www.minilum.de
http://www.chemilum.ru
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intersection on an axis of time of the tangent attached to CL-curve in the 
point corresponding to a maximum of its first derivative dI/dt (Figure 25.7). 
Calibration of devices was carried out on ascorbic acid, and the total AOA 
of water-soluble components (ACW) was expressed in the equivalent 
ascorbic acid content in one liter of blood serum (µmol/L). The measure-
ment error of this parameter for the first device made no more than 20%, 
for the second didn’t exceed 5%.

25.4 RESULTS AND DISCUSSION

In Figure 25.3, kinetic CL-curves received when using both oxidation 
models for tests of patients are given: test №1-with the lowest value of 
total AOA (ACW), №2 – with an average, №3 – with the highest. In the 
first model (Figure 25.3a) for different tests it is characteristic not only 
change of the latent period, but also considerable change of luminescence 
intensity while in the second model (Figure 25.3b) only the latent period 
significantly changes. Especially it is characteristic for patients with the 
raised content of bilirubin (test №3). For the first oxidation model influence 
of protein components of blood serum is especially strongly expressed. As 
shown in Ref. [4], they generally and suppress luminescence intensity.

In Figure 25.4 comparison results of the total AOA (ACW) of water-
soluble components of blood serum of studied patients received by both 
methods are presented. Results show a wide spacing of ACW values: from 

FIGURE 25.2 The estimated scheme of reactions in the model “ABAP – luminol” [2].
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FIGURE 25.3 CL kinetics for “Hb – H2O2 – luminol” model (a) (blood serum volume 
v=2μL (№1), v=1,5 μL (№ 2,3)) and for the “ABAP-luminol” model (b) (v = 2 μL (№1,2,3)). 
№1 – test with the lowest ACW value from the donor, test №2 and №3 – from recipients 
with an average and with the highest ACW. On ordinate axis – intensity of CL (I).

FIGURE 25.4 Correlation of ACW measurement results for donors and recipients (ACW – 
“integral antiradical capacity of water soluble compounds”) for model with hemoglobin 
(ACW, µmol/L (Hb)) and with ABAP (ACW, µmol/L (ABAP)); r –correlate coefficient.
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300 to 2400 µmol/L for the first model, and from 15 to 940 µmol/L for 
the second (in this case at norm about 100–500 µmol/L). Abnormally high 
ACW values were observed for patients with the raised content in serum 
of the general bilirubin to 600 µmol/L above (at norm 1.7–20.5 µmol/L). 
Low correlation of ACW values for used models (correlation coefficient r = 
0.7977) is explained, mainly, by distinction of free radical initiation mecha-
nisms and possible influence of some blood serum components (especially 
proteins) on the initiation speed that can change the observed latent period 
considerably. Especially it concerns the first model in which one of radi-
cal initiators is very active ОН•-radical reacting with many components of 
blood serum, in particular with proteins [2], which “distract” it from reaction 
with luminol.

Similar arguments can be adduced and for an explanation of the dif-
ferent dependences of ACW values on the blood serum uric acid content 

FIGURE 25.5 Dependence of blood serum ACW for donors and recipients on the uric 
acid content (the biochemical analysis) for oxidation model “Hb-H2O2-luminol” (a) and 
“ABAP-luminol” (b).
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(the biochemical analysis) received for these models (Figure 25.5). The 
relative “stoichiometric” coefficient for uric acid in “ABAP-luminol” 
system makes about 2.0 [12], while in “Hb-H2O2-luminol” – less 1.0 [4]. 
Interacting with various radical intermediates, uric acid influences in the 
first model not only on the latent period, but substantially and on the CL 
intensity. Correlation of ACW with the uric acid content is much worse 
for the first model (r = 0.583, Figure 25.5a), than for the second (r=0,745, 
Figure 25.5b). The values of similar correlation coefficients defined with 
uric acid on “ABAP-luminol” model in other works [12, 13] are rather 
close to coefficient received in ours experiments. In work [2] using 
“ABAP-luminol” model on the basis of blood serum measurements for 45 
donors it is shown that the contribution of uric acid to ACW makes 64%, 
and proteins of 5%.

It was shown [14] that in systems of the photo-sensitized (PCL) and 
thermo-initiated (TIC) CL native amino acids and albumin don’t possess 
anti-radical activity, but get it in processes of oxidizing modification. In 
“Hb-H2O2-luminol” system their share makes about 50% of ACW [4]. 
Therefore, measurement results are subject to influence of the serum albu-
min content which at patients with liver pathology is sharply underesti-
mated owing to violation of its synthesizing ability (Figure 25.6). Average 
value of albumin made 25.21 ±.5.33 g/L (min = 14.4 g/L, max = 37.1 
g/L) at norm of 34–48 g/L. The difference of albumin values for different 
patients reaches 100% and above. It is an essential hindrance at deter-
mination of the ACW parameter and calls into question its informational 

FIGURE 25.6 The albumin content in 32 studied blood serum tests (the biochemical 
analysis).

40 

35 

30 

25 

20 

15 

10 

5 

0 

Albumin, g / 1 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 



264 Analytical Chemistry from Laboratory to Process Line

content in respect of diagnostics or control of treatment efficiency. In our 
opinion, the only possibility to use “Hb-H2O2-luminol” method in the clin-
ical purposes is the serum deproteinization. However, thus a possibility of 
quantitative assessment of oxidative stress degree is lost. It is shown in 
system of TIC by comparison of anti-oxidizing protection with extent of 
oxidizing damage of blood serum proteins [2].

Thus, a comparative analysis of the total antioxidant activity of blood 
serum water-soluble components for patients with liver disease (ACW), 
performed on two free radical oxidation models, showed a relatively low 
correlation of results (r = 0,798). This is due mainly to the difference in 
the mechanisms of free radical initiation and the possible impact of some 
blood serum components (especially proteins) on the process and the rate 
of initiation. Stronger this effect is manifested in the model “ Hb-H2O2”, 
where an active ОН•-radical-initiator reacts with a number of serum com-
ponents. The discrepancy in measurement results significant for patients 
with abnormally high content of certain blood serum components which 
are differentially inhibit the luminol oxidation due to side reactions. In 
this regard, more preferred for clinical use to estimate the AOA should be 
considered the oxidation model with ABAP initiator. Therefore, for further 
study the correlations of antioxidant and some general clinical parameters 
of blood serum for patients with liver pathology was chosen the device 
“minilum” with this model.

Using the appropriate reagents (kits) (ABCD GmbH, Germany www.
minilum.de) to determine the activity of fat- and water-soluble antioxi-
dants, antioxidant parameters caused antiradical properties of uric (UA) 
and ascorbic (ASC) acids and high protein (ARAP – anti-radical ability of 
proteins) were measured.

Figure 25.7 shows kinetic TIC curves from the series of analyzes. 
The right curve corresponds to ACW for patient with hyperbilirubine-
mia, the left – the result of sample re-measurement after its preincubation 
with the urate oxidase enzyme. The difference of the latent periods cor-
responds to the contribution of antiradical capacity of uric acid (UA) in 
ACW. It should be noted that the normal contribution of UA in ACW are 
40–80%. In this case its only 9.6%. It indicates on the predominant con-
tribution of bilirubin in ACW for this patient, which was confirmed by the 
results of the laboratory analysis: total bilirubin was 608.5 µmol/L (normal 

http://www.minilum.de
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1.7–20.5), direct – 387.2 µmol/L (normal 0–5.1). The middle curve in 
Figure 25.7 corresponds to the ACW, which lies within the normal range. 
Left curve was obtained by analyzing samples from a single donor. The 
extremely low value of the latent period, which coincides with the blank 
sample, indicates the complete absence of antioxidant protection. In this 
case it is necessary to control ACW of donors and take measures to protect 
organ intended for transplantation. This is necessary to preserve its viabil-
ity and preventing damage during storage. Efficient use of ascorbic acid 
for this purpose has been demonstrated previously [15] and repeatedly 
confirmed in recent years [16, 17].

During ACW measurements it was found that ascorbic acid is absent 
in blood serum of almost all recipients, since pre-incubation of samples 
with ascorbate oxidase did not change the character of TIC curves and 
latent period values. This fact can be explained by “homogeneous” group 
of seriously ill patients with similar pathology. Similar results were also 
observed in some cases for less severe diseases [2].

The data in Figure 25.8 show that for most patients the ACW values prac-
tically correspond to UA values. The small difference (2.5%) is explained 
by the contribution of ARAP parameter in ACW due to the action of thiol 
protein SH-groups. This indicates that the total antioxidant capacity of 
endogenous hydrophilic antioxidants (ACW) for these patients is mainly 
determined by the capacity of uric acid. For two patients with abnormally 
high levels of total and conjugated bilirubin ACW significantly exceeded 

FIGURE 25.7 Kinetic TIC curves, obtained in the measurement of serum ACW for three 
patients and contribution UA (uric acid) in ACW (explanation in the text).
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the UA. Which forms of bilirubin: direct (bilirubin-glucuronide), indirect 
(unconjugated pigment in the bloodstream transporting albumin) or free 
is a major contributor to the ACW, not yet determined. There is evidence 
that all three forms can be antioxidant activity, but preference is given to 
indirect bilirubin. It is believed that it prevents oxidation of other ligands 
for albumin, especially fatty acids, in the complete absence of the reduced 
form of ascorbic or uric acids [18].

Earlier (Figure 25.5b) the comparative results for serum ACW of 
patients with their uric acid content were presented. Significant variations 
in the ACW values are observed. This can be explained by the fact that the 
significance, which may not correspond to its content. Uric and ascorbic 
acids may inactivate sequentially two free radicals parameter UA does not 
reflect the uric acid content in the blood serum, but its antioxidant capac-
ity, its functional remaining in the fully oxidized or semi-oxidized form.

One of the specific tests of liver pathology as parenchymatous organ 
is the content of the blood serum bilirubin – a bile pigment. Bilirubin is 
formed by hydrolysis in the spleen splenocytes of a tetrapirroll – heme of 
hemoglobin. The hydrolysis products are hydrophobic, and unconjugated 
bilirubi n delivers the transport protein albumin in the liver. Attempts to 
find in our study the interconnection between the antioxidant parameters 
of water and lipid phases of blood serum and different forms of biliru-
bin, parameters of lipid metabolism, free and bound cholesterol, free fatty 

FIGURE 25.8 Comparison of the total blood serum antioxidant capacity (ACW) with 
antioxidant capacity (UA) of uric acid. Two deviated points – samples of recipients with 
pronounced hyperbilirubinemia.
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acids, triglycerides and phospholipids revealed no significant results. In 
respect of bilirubin, given its known role in extra- and intracellular lipid 
and protein protection from oxidation [19] it should be noted that a sig-
nificant increase in its level in the blood forms the “protection” of blood 
serum proteins from damage, resulting in low values of ARAP. However, 
significant correlation between bilirubin in all its forms and parameters 
ARAP and ACW in the group of studied patients studied in this work not 
revealed.

Pathology of the liver in the acute stage is accompanied by the loss 
of his body many vital functions, such as, for example, the synthesis of 
serum albumin (it was in the normal range only for two patients, for rest 
patients it was significantly underestimated). The liver function in main-
taining the antioxidant homeostasis is disturbed. This function consists, 
on the one hand, in the storing of ascorbic acid and its release into the 
bloodstream as required, and on the other hand – in regulating the synthe-
sis of uric acid as an endogenous antioxidant complementary to ascorbic 
acid. If for any reason (enhanced load by xenobiotics, viral infection, 
etc.), the reaction of the liver is not sufficient to suppress the oxidative 
stress caused by these factors, then “wakes up” evolutionarily ancient 
mechanism of antioxidant protection, manifested in the activation of the 
heme oxygenase enzyme and the production of bilirubin. This phenom-
enon is also observed in the intact liver under strong oxidative stress, and 
with a lack of ascorbic acid in preterm infants, and for patients with severe 
inflammation [20, 21]. Thus for an effective antioxidant defense may be 
sufficient even small (nanomolar) concentrations of bilirubin [22, 23]. 
Evolutionary reason for displacement of this antioxidant defense type is a 
toxicity of bilirubin at high concentrations [24]. It is noted however that 
recipients with high preoperative bilirubin levels in liver transplant are 
more favorable for postoperative period compared with patients with low 
content in the preoperative period [25].

25.5 CONCLUSIONS

1. The comparative analysis of the total antioxidant activity of blood serum 
water-soluble components for patients with liver disease (ACW), per-
formed on two free radical oxidation models: “Hb-H2O2-luminol” and 
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“ABAP-luminol” showed, that more preferred for clinical use should 
be considered the oxidation model with ABAP initiator.

2. Measurement results of the antiradical capacity of blood serum and its 
some individual components for recipients with liver disease showed 
significant disturbance of liver function in maintaining the antioxida-
tet homeostasis.

3. At the liver pathology, the absence of exogenous ascorbic acid and 
expressed human antioxidant defense, uric acid and bilirubin compen-
satory become in vivo the major hydrophilic antioxidants.

4. The increased hyperuricemia at different pathological processes 
can be considered as a activation test of the biological reaction of 
an inflammation and syndrome of anti-inflammatory compensatory 
protection.

5. It should be possible to lower hyperuricemia and compensatory func-
tion of uric acid in pathological processes by long-time use of optimal 
doses of ascorbic acid.
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Graphite, 43, 44, 117–120, 140, 141, 150
Green–Kubo relation, 136
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269
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Hydroperoxide compounds, 208
Hydroperoxides, 208, 218, 219
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VSLI design, 139

Monte Carlo molecular simulation 
methods, 144

Monte Carlo technique, 144
Montmorillonite, 90–92
MP2 method, 215
M-phenylenediamine, 57
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Ultrafiltration, 102
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