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Certain physicochemical principles of eco-systems and their expression
in the form of material inequalities for different levels of initial
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ABSTRACT. The usefulness of estimates of the contents of various
components of ecological systems and subsystems in the form of
material inequalities is demonstrated with the aid of the principle of
the threshold nature of the action of chemical substances on
producers and consumers. The principle of the coupled material-
characteristic imbalance is formulated, according to which the
unknown part of the mass of the ecological system can be estimated
with the aid of inequalities expressing the relations between the
masses of the components and their contributions to the overall
characteristics of the system as a whole. The possibilities of using
material inequalities for different levels of initial information for the
monitoring of eco-systems and for the planning of physicochemical
nature-protecting measures are demonstrated.
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I. Introduction

Monitoring on the global and regional scale and prediction of the
changes in the state of eco-systems and planning of nature-protecting
measures necessitates the large-scale and operative estimation of the
contents of various components, phases, fractions, and constituents

of ecological systems and subsystems and also the determination of
the rules governing their compositions.

An ecological system represents a territorially (spatially) isolated
integral elementary unit of the biosphere all the components of
which are closely related to one another, or a certain assembly of
such units.2

By an ecological subsystem, we shall understand a part of the eco-
system which is imagined to be isolated or which has real physical
boundaries and which can contain or not contain producers,
consumers, and substrates. Ecological subsystems defined in this
way can include waste water before and after purification, liquids
contained in closed water supply systems, solid waste stored on
military proving grounds and contaminating the lithosphere, various
solutions and heterogeneous mixtures undergoing chemical changes
in industrial and natural processes, as well as individual living
organisms and their components. Under these conditions, one of the
features of ecological subsystems is the possibility of their ultimate
interaction with the environment and the living organisms present
in it. Thus, various substances can enter natural water-containing
areas even from a closed water supply system when its hermetic seal
fails, while waste aerosols and industrial waters in general lead to
daily contamination of the atmosphere and hydrosphere. It is seen
from the definition that, in contrast to the eco-system itself, its
ecological subsystem can be both homogeneous and heterogeneous,
can consist of one component or of a very large number of
components, and can be part of nature or an artificially produced
mixture.

The principle of the threshold nature of the effect of chemical
substances on producers and consumers1"1 4 is in the first place the
reason why it is useful to estimate in the form of material
inequalities the liquid and gaseous waste entering the environment.
Secondly, the methods for the large scale monitoring of the states of
the atmosphere, the hydrosphere,15"22 and the lithosphere should
not themselves promote additional anthropogenic contamination by
chemical substances. Thirdly, when they are applied, one must
achieve the most effective utilisation of the initial information
collected at considerable material expense. Fourthly, these methods
should not entail the destruction or negative changes in biological
objects.

The difficulty of collecting detailed information about the state of
ecological systems and subsystems and of its subsequent
utilisation23'24 necessitates the establishment of universal
characteristics of the compositions of such systems. These
characteristics must be suitable for practical use even in the absence
of complete data and in the presence of different levels of the initial
information.
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Thus large scale monitoring and prediction of the state and
chemical evolution of ecological systems and subsystems as well
as the planning of nature-protecting measures24""30 require the
discovery of the principal rule governing the composition which is
applicable to the entire wide variety of information conditions
encountered in practice. The specific features of ecological
requirements (the principle of the threshold nature of the effect of
chemicals contaminating the environment) indicates the suitability of
the inequalities in the search for such a rule.

Π. Universal rules for the compositions of ecological
systems and subsystems in the form of inequalities

The chemical processes in ecological subsystems frequently take
place under the conditions of random oscillations in temperature,
pressure, the concentrations of reactants, the activity of the catalyst
and inhibitors, the magnetic field strength, and other parameters.
Furthermore, as already mentioned, there is frequently no exhaustive
information about the ecological subsystem. These features
necessitate the establishment of new general rules which determine
the relations between the amounts of reactants and products in
chemical reactions in both homogeneous and heterogeneous
ecological subsystems.

Bearing in mind the specific features of ecological subsystems and
the principle of the threshold nature of the influence (of various
factors), we shall attempt to compare, under the conditions of
incomplete initial data, the unknown amount of the system
component with a quantity which can be readily calculated
theoretically or determined experimentally. We shall explain the idea
of this approach by a simple example. Evidently, the overall mass of
substances with a molecular weight not less than the specified value
cannot be greater than the mass of the entire system. Having
divided the left-hand and right-hand parts of the trivial inequality
corresponding to this claim by the specified molecular weight and
having taken into account the fact that one then obtains on the left-
hand side a quantity which exceeds the total number of moles of
such substances, we obtain as a result a new relation according to
which the total number of moles of substances with a molecular
weight not less than the specified value, existing in a certain
ecological subsystem (isolated volume), cannot be greater than the
ratio of the total mass of the system to the specified molecular
weight at any instant during chemical reactions.

Using the definition of the concentration and of the average
density, it is easy to demonstrate with the aid of the above rule that
the molar concentrations of substances in a certain volume of space
where chemical reactions take place cannot be greater at any instant
than the ratio of the average density of the entire system at this
instant to the molecular weights of the corresponding substances.

The possibility of applying this rule can be illustrated in relation
to the industrial synthesis of sulphuric acid by the contact method.31

This substance exerts a powerful negative effect when it enters the
environment. Suppose that an aqueous solution of sulphuric acid
with a density of 1841 kg m~3 is introduced into the absorption
tower. Then, according to the rule established, the concentration
of sulphuric acid in the solution entering the tower is < 18.79
kmol m~3. If after the reaction with SO3 and cooling of the liquid
phase, the density of the resulting solution is 1838 kg m~3, then, on
the basis of the assertion formulated above, we find that the
concentration of sulphuric acid in the resulting solution is less than
or equal to 18.76 kmol m~3. If the initial sulphuric acid solution

contains 98.2% H2SO4, then the concentration of sulphuric acid was
18.45 kmol m~3. The final solution with the density indicated at
15 °C can represent 99.3% sulphuric acid and its concentration will
be 18.62 kmol m~3. As can be seen from the values obtained, the
results are in full agreement with the rule established above.

Thus the general rules postulated above make it possible to
estimate at each instant the amounts of both the starting materials
and the products present in any isolated volume even for a minimal
amount of information available about the chemical reactions and
about the influence of numerous random factors and mass-exchange
processes.

In order to obtain an expression whereby the weight fractions of
the substances in ecological subsystems can be estimated, we write

mk{t)
Mx(t) Σ ηΛί

Μ
(Ομ.

(Ο
(1)

where Μτ(ί) is the mass of the entire ecological subsystems at time
t, nt(t) and mt(t) are the number of moles and the mass of the ith
substance in the ecological subsystem at time t, μ* the molecular
weight of the fcth substance, l(t) the number of substances present in
the subsystem at time t, i the summation index such that at a fixed
time t the inequalities

hold, k a fixed value of i, and » g n * ( 0 = | / , ηΑί)\ /M*(t).

the specific number of moles (the average characteristic of the
ecological subsystem) equal to the ratio of the total number of moles
of all the substances present in the ecological subsystem to their
overall mass.

Eqn. (1) makes it possible to formulate the following theorem:

Theorem 1. For any chemical reactions in ecological systems and
subsystems, the weight fraction of a given substance at any instant
cannot exceed the product of the specific number of moles at the given
instant and the mole fraction of the given substance.

Having multiplied the terms of the inequalities (1) by the average
density t of the entire ecological subsystems p(t), we obtain an
expression which makes it possible to estimate the concentrations of
the components of the ecological subsystem from a minimal amount
of data. It permits the formulation of the following rule.

The weight concentration of any reactant cannot be greater than the
product of the specific number of moles, the average density of the
system at the given instant, and the mole fraction of the substance.

Having used the idea of the material imbalance in relation to the
mole fractions of the components of an ecological subsystem, we set
up a sequence of inequalities:

(3)

μΑ
MO

where nt(t) is the number of moles of the ith substance and μ< is the
molecular weight (the weight of one mole) of the ith substance.

t The average density of the ecological subsystem is equal to the
ratio of the mass of the entire subsystem to its volume.
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Using Eqn. (3), we formulate the second theorem.

Theorem 2. The mole fraction of a given substance in any reactions
in ecological subsystems and subsystems at any instant cannot be
greater than the reciprocal of the product of the specific number of
moles and the mole fraction of the given substance.

Since the weight and mole fractions of a substance cannot be
greater than unity, their estimates are limited by the values of the
products: for the weight fractions μ*η£ρ(Ο < 1 and for the mole
fractions μ*η°ρ(ί) > 1. The expressions for their estimation can
therefore be usefully combined into a single universal inequality:

*)-i MO .
2[μ*π*ρ(ί) -

mk(t)

2[1-μ*η*ρ(ί)]

(4)

Consequently the contents of the components in ecological
subsystems can be estimated from minimum amounts of
physicochemical data when the specific number of moles in the
system is known. The new average characteristic introduced here—
the specific number of moles—can be fairly readily determined in
the case of homogeneous liquid ecological subsystems from the
decrease in the freezing point of the solution, or the increase in its
boiling point, or osmometrically; for gaseous solutions, this quantity
is unambiguously expressed in terms of the pressure, density, and
temperature.

A series of practical problems concerning the protection of the
environment necessitate the estimation of the content of substances
with a molecular weight greater (smaller) than the specified value.
For this purpose, using the principle of material imbalance, we shall
set up similarly a sequence of inequalities replacing the unknown
masses and numbers and moles of the components by larger
quantities. As a result, we obtain the third and fourth theorems
which are formulated as follows.

Theorem 3. The sum of the weight fractions of substances with
molecular weights smaller than or equal to the specified value at any
instant in ecosystems and ecological subsystems cannot be greater
than the product of the specific number of moles at this instant and the
specified molecular weight.

Theorem 4. The sum of the mole fractions of substances with
molecular weights greater than or equal to the specified value in
ecological systems and subsystems at any instant cannot be greater
than the reciprocal of the product of the specified molecular weight and
the specific number of moles.

Thus an objective relationship has been established between the
content of the component in the system, the specific number of
moles, and the molecular weight. These rules make it possible to
differentiate the space of the values of the possible weight and mole
fractions of the components constituting the ecological subsystems
(Figs. 1 and 2).

Situations are frequently encountered where, apart from the
average characteristic of the ecological subsystem (the specific
number of moles), data concerning its quantitative composition at a
given instant are also known. In order to establish the general rules
for the compositions of multicomponent systems applicable for this
level of initial data, we shall again make use of inequalities. The
method of achieving this aim is expressed in the form of the
principle of the coupled material-characteristic imbalance; the
unknown part of the mass of the ecological subsystem can be estimated
by comparing the inequalities expressing the relations between the
masses of the components and their contributions to the overall
characteristic of the entire subsystem.

We shall write the inequality relating the number of moles of the
kth component to the total number of moles in the subsystem:

»»4(ί)/μ»+[Λίχ(0-ΐη*«)]/μ-««<ΛΤχ(0. (5)

where μ max is the maximum molecular weight of the component and
Νχ(ί) the total number of moles of all the substances constituting
the system.

We supplement Eqn. (5) by the expression relating the mass of the
component to the overall mass of the system through the number of
moles of the remaining substances multiplied by the minimum
molecular weight, namely

/ΛΛ(Ο + ί ^ ϊ ( 0 - ^ ( ί ) / μ * ] μ « , η < Λ ί χ ( ί ) . (6)

By dividing inequalities (5) and (6) by the mass of the entire
system, we obtain, after algebraic rearrangements, relations which
make it possible to estimate in the following manner the contents of
the components in ecological systems from the specific number of
moles when the qualitative composition is known:

mk{t)

Ms{t)

when μ*η*ρ(ί) < 1,
(7)

№k μπύη

when μ*η*ρ(ί) > 1.

The regions where the estimating inequalities, constituting formula
(7), are applicable were determined on the basis of the condition

In order to derive relations between the mole fractions of the
components and an average physicochemical characteristic of the
entire system, we shall take into account the fact that nk(t)/Nz(t) =

° We then obtain from formula (7)

(8)
iVx(i)

- μ*)

when μ*η*ρ(ί) < 1,

n?p(0(/** - Mmin)

when Ukn*Jt) < 1.

With the aid of inequalities (4), (7), and (8), it is possible to
estimate the weight and mole fractions of the components for two
levels of incomplete information.

Calculations based on the universal rules established for the
compositions of ecological systems in the presence and absence of
qualitative analytical data, carried out with the aid of a computer by
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Figure 1. The space of the possible weight fractions of substances constituting eco-systems.

means of a specially developed algorithm and a program written in
the BASIC language and based on it, confirmed the possibility of
their practical employment. The high degree of generalisation of the
above inequalities makes it possible to take into account any
chemical, physical (including nuclear) and physicochemical changes
in open, closed, and isolated ecological systems and subsystems,
taking into account the effects associated with mass-exchange
processes. Yet another important feature of these expressions is
their low information requirement, i.e. the possibility of their
practical application for a small amount of initial data.

Since in certain cases it is simpler for homogeneous and
heterogeneous systems to measure experimentally the specific heat
and the specific volume than to determine the specific number of
moles of the ecological subsystem, we shall find inequalities relating
the partial molar quantities and composition for these levels of
information.

For this purpose, applying the principle of the coupled material-
characteristic imbalance, we set up an inequality for heat capacities
using the partial molar heat capacity of the fcth component in the
following form:

(9)
μ* λ μ '

where C* is the partial molar heat capacity of the fcth component,

Cx(0 the overall heat capacity of the entire ecological subsystem at
time t, and (Ο'Ύμ),^ is the minimum ratio of the partial molar heat
capacity to the molecular weight (the minimum partial specific heat).

The inequality coupled with formula (9) is obtained by expressing
the mass of the components with the aid of infinitesimal amounts of
heat absorbed by them on raising the temperature of the entire
ecological subsystem by an infinitesimal amount. Thus,

6TCh"
• +

(6Qz-6Qh) (10)

where δβχ is the infinitesimal amount of heat absorbed by the entire
ecological subsystem, δ β * the infinitesimal amount of heat absorbed
by the fcth component, δ Γ the infinitesimal rise in the temperature of
the system on absorption of heat, and (Cml\\)mUi the maximum ratio
of the partial molar heat capacity to the molecular weight of the
given system (the maximum partial heat capacity).

On dividing inequalities (9) and (10) by the mass of the system
and taking into account the fact that

ϋ 0 and

we obtained a relation between the specific heat of the entire system
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Figure 2. The space of the possible mole fractions of the substances constituting ecological systems. The surface of the maximum possible
mole fractions of the substances in the eco-systems is differentiated.

C g p (0 and the partial molar heat capacity and the content of the
given component:

mk(t)

Mx{t)
when

when

< 1,

> 1.

(11)

The following rule follows from Eqn. (11):
77te weight fraction of any component in a differentiated ecological

system (subsystem) at a given instant cannot be greater than the ratio
of the product of its molecular weight and the specific heat of the
entire system (subsystem) to its partial molar heat capacity.

It can be used when the partial molar heat capacities of the other
components constituting the ecological system are unknown. For
example, the average specific heat of a human being, constituting a
complex ecological subsystem, is 3.59 kJ kg K" 1 . 3 2 Consequently,
on the basis of this value of the specific heat of the ecological
subsystem, one can conclude that the human organism contains not
more than 86% of water. This result corresponds to the real

situation, since according to Lightfoot,32 the weight fraction of water
in the human organism is 0.75.

We shall make use of the concept of the partial molar volumes of
the components in order to obtain new relations. By setting up an
inequality with the partial molar volume, we obtain a relation
implying that the weight fraction of any component at a fixed instant
cannot be greater than the ratio of its molecular weight to the product
of its partial molar volume and the average density of the entire system
at this instant.

For the case where the range of variation of the partial molar
volumes is known, we set up two coupled relations for the imbalance
of the volume and mass and, on combining them, we obtain, after
algebraic rearrangements,

mh(t) when ΐ^/μ* > l/p(t),
(12)

when vf^k < l/p(t),

where p(0 is the average density of the ecological subsystem at
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time t, (ν'ΎμΧηΐη and (ν'η/μ)τηβΛ are the minimum and maximum
ratios of the partial molar volume to the molecular weight, and vJT is
the partial volume of the ktix component.

Inequalities which make it possible to express under conditions of
incomplete data a relation between the numbers of the components,
their specific heats of combustion, and the specific heat of
combustion of the entire ecological system can be set up similarly by
establishing material inequalities for the imbalances in the masses of
the components and in the heat of combustion. It is then possible to
demonstrate, in particular, that the weight fraction of any substance
in the ecological subsystem at a given instant cannot be greater than
the product of the specific heat of combustion of the system and the
ratio of the molecular weight to the molar heat of combustion of the
given substance.

In order to discover the relation between the specific
radioactivities of physicochemical systems and their content of
radioactive isotopes when incomplete data are available, inequalities
were set up expressing the imbalance in the overall radioactivity in
terms of the weight fractions of the substances and the masses.
It was then shown that the weight fraction of the radioactive isotopes
cannot be greater than the ratio of the specific radioactivity of the
physicochemical system at a given instant to the specific radioactivity
of the isotopes.

III. Specific rules for the compositions of
homogeneous ecological subsystems

We shall find the general relations for a series of readily
determined mean statistical characteristics of homogeneous systems
such as refractive index, the radiation attenuation factor, etc., on the
one hand, and their contents of the components, on the other.

With the aid of the generalised Debye equation, a relation was
found between the refractive index of a homogeneous system η and
the content of the fcth component:

mk(t)

MM

L («2+2)p(0 ·»'

when r f c<(n 2-l)/[(n 2 +
(13)

Iwhen rk > (n2 - + 2)p(t)],

where r* is the specific refraction of the fcth component and /·„,«
and r ^ are the maximum and minimum specific refractions of the
substances constituting the homogeneous system.

With the aid of the equations set up for the imbalance of the
molecular refraction and the number of atoms, it proved possible to
estimate the maximum possible number of atoms in the molecules
from the relative refractive index under the conditions of incomplete
information.

The fact that the fraction of radiation absorbed can be readily
measured for homogeneous systems makes it possible to compare it
with the contents of substances in multicomponent systems under the
conditions of incomplete information. A relation which makes it
possible to formulate the following rule can be obtained from the
Lambert—Bouguer—Beer Law.

The molar concentration of each component in solution cannot
exceed the ratio of the logarithm of the attenuation factor for incident
radiation attenuated by a layer of solution of unit thickness to the
molar extinction coefficient.

By applying the principle of the material-characteristic imbalance
to cases of the absorption of radiation, it is possible to establish the
following relation:

MM

(t)L(t)L ι

w h e n es

fc

p

(14)

1 when

where L is the thickness of the layer through which radiation passes,
7o and I are the intensities of the incident and transmitted radiation,
ε max and ε Sin are the maximum and minimum specific extinctions,
and ε*Ρ is the specific extinction of the fcth component.

Setting up similarly the inequality for electrical conductivity, we
note that the number of equivalents in a unit volume of any substance,
dissociating into ions in solution, cannot be greater than the ratio of
the specific conductance of the homogeneous system to the equivalent
conductance of the given substance at infinite dilution.

For systems containing high-molecular-weight compounds, we
find, by setting up material imbalance inequalities, the relation
between the viscosity-average, number-average, and weight-average
molecular weights, on the one hand, and the distribution of the
fractions of the macromolecules, on the other. It has been possible
to show that the weight fraction of macromolecules with a molecular
weight greater than or equal to the specified value cannot be greater
than the ratio of the viscosity-average molecular weight to the specified
value raised to the power equal to the parameter of the
Mark—Houwink equation, while the numerical fraction of
macromolecules with a molecular weight greater than or equal to the
specified value cannot be greater than the ratio of the viscosity-average
molecular weight to the specified molecular weight.

TV. Specific rules for compositions of heterogeneous
ecological subsystems

When heterogeneous systems are examined, new tasks, involving
the determination of their phase and fractional composition and also
of the measure of the fragmentation of phases arise. Therefore, in
order to establish the general characteristics of the phase
composition of heterogeneous systems, we shall set up relations for
the imbalance of the volume and mass, expressing them with the aid
of the average density of the entire system and the minimum and
maximum densities of its constituent phases. As a result, we obtain
a relation between the volume fraction of a particular part of the
system and the average density of the heterogeneous system in the
following form:

[p(t)-pmin]/(p*-pmin)

when pk > p(t),
(15)

when ρ* </?(<),

where Vl(t) is the volume of the fcth phase (fraction), F s ( 0 the
volume of the entire heterogeneous system, and p* the density of the
fcth phase.

Consequently, the volume fraction of the phase (fraction) of the
heterogeneous system cannot be greater than the ratio of the deviations
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of the average density of the entire heterogeneous system and the
density of the given phase (fraction) from the minimum or maximum
density of the heterogeneous system.

From the inequalities expressing the material-volume imbalance,
we obtain

when pk < p(t),
(15a)

1/pmln— 1/p*

when pk>p(t),

which makes it possible to formulate the following rule:
The weight fraction of the phase (fraction) of an ecological

heterogeneous subsystem cannot be greater than the ratio of the
deviations of the average specific volume of the entire ecological
heterogeneous subsystem and the specific volume of the given phase
(fraction) from the minimum or maximum specific volume of the
subsystem.

As an example, we shall consider the application of this rule to
the determination of the weight fraction of one of the components of
DNA from the crab Cancer borealis. The average density of this
DNA in CsCl solution is p(f) = 1694 kg m~3, while its maximum
density is 1700 kg m~ 3 or the density of the satellite band is 1681
kg m~3. We shall estimate from Eqn. (15a) the weight fraction of
the satellite band. Here ml(i)/Mx(t) «ξ 0.313, which corresponds to
the real situation (according to experimental data for centrifugation
in a density gradient,32 the relative amount of the minor component
of the DNA of the crab Cancer borealis in 0.3). The average density
of mouse DNA is 1700 kg m~3, while the maximum density is 1701
kg m~3. Then, according to the rule, the weight fraction of the part
with the density of 1690 kg m~3 is <0.09 and according to
experimental data3 3 it is approximately 0.08. Thus the experimental
results indicate that the relations established can be applied in
practice to heterogeneous ecological subsystems.

In the special case where the maximum and minimum specific
volumes of phases constituting the system are unknown, it follows
from Eqn. (15a) that the weight fraction of the phase (fraction) of the
ecological heterogeneous subsystem cannot be greater than the ratio of
its density to the average density of the entire ecological heterogeneous
subsystem.

We shall use the latter postulate to predict the content of water in
an ecological subsystem—an active silt representing a complex
heterogeneous system containing micro-organisms and solid disperse
particles with the aqueous dispersion medium surrounding them.
Comparison of the high-speed estimates of the moisture contents of
the active silt with the water contents found as a result of drying
(Table 1) shows that in all cases the deviation of the high-speed
estimates of the moisture content of the active silt from the exact
value hardly exceeds 1.21%. The slightly greater moisture content
determined by drying compared with the maximum possible value
specified by the high-speed estimates in two cases out of 19 can be
explained by errors of the measurement.

Consequently one may assume that the relation established
between the weight fraction of the phase (fraction) of the ecological
heterogeneous system and the ratio of its density to the average
density of the entire system does indeed hold in practice and permits
high-speed estimates of the moisture content of the active silt—a

specific ecological subsystem used in purification plant for the
protection of the environment against substances dissolved in waste
water.

Table 1. High-speed estimates of the moisture content of an
ecological subsystem (active silt) obtained under the conditions of
incomplete information and the moisture contents found by a drying
procedure*.

Average density
of active silt,
kgm" 3

1000.8
1009.2
1002,4
1002.4
1001.24
998.72

1001.43
1000.57
1002,27
1003.33
1000.94

998.96
997.9
999.48

1001.72
999.48
996.93
997.38
999.11

Density of
water, kg χ
xnr3

996.3
1002,3
993.8
994.3
998.8
998.62
998.80
998,23
998.80
998.71
994.76
994.70
994.62
995.78
992.88
996.40
995.84
996.86
996.11

Observed moisture
content of the
active silt, %

99.12
99,13
99.29
99.24
99,24
99.06
99.15
99,35
98,65
98.35
99.23
99.25
99.02
98.94
99.01
99.25
99.40
99.34
99.30

High-speed estimate
of the moisture con-
tent of the active
silt, %

<; 99.52
«Ξ 99.32
<99.14
<99.19
<99.76
< 99.99
< 99.74
< 99.77
<99.65
<99,54
< 99.38
< 99.57
< 99.67
<99.63
<99.12
*£ 99,69
< 99.96
<99,94
< 99.70

Relative error oi
the high-speed
estimate, %

0.40
0.19

-0.15
-0.05

0.52
0.93
0.59
0.42
1.01
1.21
0.15
0.32
0,65
0.69
0.11
0.44
0.56
0.60
0.40

*The experiments were performed under the author's supervision in
the Academy of Communal Economy.

We now set up the inequality for the imbalance of specific heats:

0, (16)

where mfyt) is the mass of the fcth phase, Cp

p

k the specific heat of the
fcth phase, and Cp

p

whi the minimum specific heat of the phases.
The mass imbalance can be formulated as follows with the aid of the
specific heats:

ml(t) + [Mx(0Csp(0 -m^t)C^}/CPma^Mx(t). (17)

After rearrangements and combination of formulae (16) and (17),
we arrive at the following postulate:

The weight fraction of a given phase, in a heterogeneous system,
cannot be greater than the ratio of the deviations of the specific heat of
the entire heterogeneous system and of the partial specific heat of the
given phase from the minimum or maximum specific heats of the
phases of the heterogeneous system.

Using the principle of the material-characteristic imbalance, we
shall establish the general characteristics of the fragmentation of
phases and of the size distribution of particles. By solving this
problem with the aid of a sequence of inequalities, we obtain
relations equivalent to such assertions.

The weight fraction of a part (fraction) of a heterogeneous system
cannot be greater than one third of the product of the specific surface
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of the entire system, the density of the disperse phase, and the
maximum radius of the particles of the given part; the weight fraction
of any part (fraction) of particles of a fragmented phase cannot be
greater than the product of the specific number of the particles and the
mass of the particle of maximum size in the given part (fraction).

Analysis of the adsorption of a multicomponent mixture can also
be carried out under conditions of incomplete information with the
aid of the idea of material imbalance. It was found that

(Vz(0)p(Q) - p(t)Vz(t)]/^kS8pMT),

provided that the qualitative composition of the
mixture of adsorbates is known;

№(0) - - \VE(0)P(0) - Vz(t)p(t)}

when the qualitative composition of the mixture adsorbate
is known if

p(0)Vs(0) -

when the qualitative composition of the mixture adsorbate
is known if

- Vz(t)p(t)}/[Nz(0) - (18)

Here Mr and S^ are the mass and specific surfaces of the adsorbent
and Fjt(O is the degree of adsorption of the fcth component from the
mixture of adsorbable substances at time t. Thus it is possible to
analyse the adsorption process under conditions of a small amount
of initial data.

V. Analysis of the deviation from the limiting
possible contents of substances and rates of
chemical reactions

For a number of problems of the protection of the environment,
it is necessary not only to indicate the ranges of the possible contents
of substances but also to achieve point predictions of all the
quantities and to estimate the possible deviations. Theoretical
analysis led to the derivation of formulae demonstrating that, for
any prespecified absolute or relative deviation of the content of a
component from its maximum possible value, there may exist
ecological subsystems such that the real deviation is equal to the
specified deviation. This means that the points corresponding to
the different ecological subsystems can continuously fill the space
of the possible contents of the components determined by the ratio of
the average characteristic of the system to the isotypical measure
of the properties of the components.

We shall make use of the universal characteristics of the
compositions for the point estimates of the contents of the
components in ecological subsystems. For a minimum amount of
initial data, it is useful to postulate that the point estimate Xest of the
weight fraction of components with \at > μ* is given by

Zest = 1 - η*ρ(ί)μ*/2.

The relative error of this estimate is

(19)

(20)

In the case where qualitative analytical data are also available, the
point predictions are refined. It follows from the relations
established that in this situation the point estimate of the weight
fraction of substances with specific heats greater than or equal to the
specified value C*? can be obtained with the aid of formula

z*st = 1 - (l/2)[C8p(f) -

subject to the relative error

- Cg,

(21)

(22)

The non-equilibrium concentrations of reactants and products in
the system can also be estimated with the aid of the equilibrium
constants for closed homogeneous systems. For this purpose, the
equilibrium value of the chemical variable is determined from the
solution of the equation containing the equilibrium constant and the
initial concentrations of the products and reactants of the chemical
reaction.33 With the aid of this variable, the point predictions of the
concentrations of reactants and products and a priori estimates of
their errors are found.

Table 2. A priori estimates of the absolute errors of the point
estimates of the rates of chemical reactions for a known ratio of the
reactant concentrations.

Reaction

Interaction of
triphenylmethy]
chloride with
methanol

N O j - N O + M O j

C«H5-C=C-COOH+

=CI-COOH
Thermal decompo-
sition of dioxane

CH,CHBrC0O-+
+ O H - - B r - +
+CH,CH (OH) COO-

Order
of re-
action

3

2

2

1.5

2

Rate constant
for reaction

4.48 xlO"3

m3 kmol-1 s" 1

100.6
m3 kmol"' s" 1

1.02 xlO"3

m3 kmol"1 s" 1

5.8 xlO"3

m^kmol-^xs"1

5.73 xlO" 4

a? kmd-1 ·"*

Overall
concentra-
tion of
reactants,
kgm"3

31.281

1.84· « H

10.039

1,45

77.786

Absolute
error of

of the rate
of reaction
kmol m"3 s" 1

3.40710 s

7.9-10-»

2.965· 10-'

1.23· 10-'

6.069· 10-'

A priori absolute
estimate of the
error of the
prediction of the
rate of reaction,
kmol ηΓ 3 s" 1

<3,54510-»

< 8 1 0 " 8

<3.465 10-'

< 1,23 10-'

<6.1<9310-*

In order to predict the results of the change in the compositions
of ecological systems and subsystems under the conditions of
incomplete information, it is essential to analyse the possible
deviations of the rates of chemical reactions from their maximum
values. As a result of a theoretical study, it has been shown that, by
virtue of the limitations to the densities of solutions and to the
overall pressure of the mixture of gases, under real conditions the
rates of chemical reactions have a relative maximum. It was found
that, when account is taken of the first limitation, the rate of the
chemical reaction reaches its relative maximum value for molar
concentrations of the reactants directly proportional to the ratio of
the kinetic orders with respect to these substances to their molecular
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weights and, for a limited maximum total pressure of the gas
mixture in the reactor, the rate of a chemical gas-phase reaction
reaches its maximum value in the case where the partial pressures of
the reactants are in the same proportions relative to one another as
the kinetic orders with respect to these substances.

The possible ranges of the rates of chemical reactions thus
established permitted point predictions of their values and the
estimation of the absolute errors of such predictions under
conditions of incomplete information. Table 2 presents the results of
such predictions. The rate constants for the calculations were taken
from Emanuel' and Knorre.34 In all the cases analysed, such
predictions proved justified.

Formulae for the estimation of the concentrations and mass of the
products formed as a result of the reactions in ecological subsystems
and also inequalities for the a priori estimation of their accuracy
were derived with the aid of the maximum possible rates of chemical
reactions.

In all cases of practical importance, parallel chemical reactions
occur when measures are taken for the protection of nature and in
respiration, digestion, and other processes where the organisms
interact with the components of the environment. Under such
conditions, a sequence of the following inequalities can be written
for the estimation of the weight fractions of the reactants forming a
monotonically non-decreasing sequence of reactivities:

ι».(0)<

ι. ι.

1-κ,ω[ l-μ,-.Σ η,(0) / Σ
1 " i l

m<(0), (23)

where y.j(t) is the degree of conversion of theyth substance at time /;
1 < j < h', Is is the number of reactants forming the reactivity
sequence.

The following rule follows from Eqn. (23):
The weight fraction of the substances in the mixture, which form a

series with monotonically non-decreasing reactivities and which have
not entered into parallel chemical reactions, cannot be greater than the
sum of the quantity supplementing the degree of conversion of any one
substance in the given mixture up to unity and the product of this
degree of conversion, the molecular weight of the preceding substance
in the reactivity series, and the specific number of moles of the initial
mixture of substances forming the given series.

In the case where there is a monotonically non-increasing
reactivity, another sequence of inequalities is valid:

I. i I.

Σ Μ

On the basis of Eqns. (24), we formulate a new rule:
The overall mole fraction of substances which have not entered into

parallel chemical reactions by time t and which form a series with
monotonically non-increasing reactivities cannot be greater than the
sum of the quantity supplementing up to unity the degree of conversion
of any of the substances constituting the reactivity series and the ratio
of this degree of conversion to the product of the molecular weight of
the next substance, after the chosen one, and the specific number of
moles of the initial mixture of substances constituting the reactivity
series.

We shall make use of the rules established for the occurrence of
parallel chemical reactions in order to obtain point estimates of the
results of chemical reactions of this type. Here one can write

(25)

where m^it) is the point estimate of the overall mass of the
substances constituting the reactivity series and entering into
chemical reactions and n*sp(0) is the specific number of moles of
these substances at t = 0.

It follows from Eqns. (23) and (25) that the relative error of such
a point estimate must satisfy the inequality

1-*,·(*)[!-μ ;·-ιη;ρ(0)]
(26)

A point estimate of the mole fraction of the substances which have
reacted is obtained similarly using Eqns. (24).

Various mixtures of petroleum products, members of genetic and
homologous series, etc., entering the environment and present in
various ecological subsystems, belong to the set of substances
forming series with monotonically non-increasing or monotonically
non-decreasing reactivities in parallel chemical reactions.

Point estimates of the results of parallel chemical reactions in
ecological system can be refined, provided that data for μ ^ ι and
μ max—the minimum and maximum molecular weights of the
substances constituting sequences with monotonically non-decreasing
or monotonically non-increasing reactivities—are available. Since

I.

)]} Σ
i l

it follows that, on the basis of the imbalance of the number of moles
in the mixture, we obtain

Σ
Consequently,

(24)
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On the basis of the latter expression, we find the relation for the
case of a monotonically non-decreasing reactivity of a mixture with
known values of μ ^ and

This makes it possible to obtain the point estimates

and an a priori estimate of the modulus of the relative error:

ι M O ) -

n°(0)-

l/Pj-i - 1/

For the case of the monotonically non-increasing reactivity of the
mixture, we obtain after similar steps

Consequently the number of moles of the reactive substances
constituting a mixture with monotonically non-increasing reactivity
can be estimated with the aid of the expression

subject to the guaranteed relative error

VI. Specific features of the estimation of the changes
in disperse ecological subsystems when nature-
protecting measures are taken

The disperse particles entering the environment, formed as a result
of man's industrial activity, exert an appreciable negative influence
on consumers and producers. In order to predict the amount of
disperse contaminants entering the hydrosphere and the atmosphere
together with waste water and gaseous waste, it is necessary to
establish the efficiency of the purification of such waste water
and gaseous waste as a result of nature-protecting measures.
A characteristic of the process involving the removal of disperse
particles from an ecological subsystem is the degree of separation
(purification) κ 8 — a quantity indicating the weight fraction of the
disperse phase trapped by means of technical nature-protecting
procedures. Another parameter—the relative loss ε—is equal to
the weight fraction of the residual disperse phase particles in the
liquid or gas after purification. There exists a simple relation

between the degree of separation (purification) and the relative loss:

«8 = 1 - e.

If after the completion of the application of nature-protecting
measures, no compression or rarefaction of the purified liquid and
gaseous media occurred, then the relative loss is equal to the ratio of
the output and input weight concentrations of the disperse phase.

Taking into account the specific features of the disperse systems
and using a probability (statistical?) treatment of the separation
process, we formulate an expression for the degree of separation κ,
in the form

(27)

where F\(r) is the integral size distribution function of the particles
of the disperse phase at the instant when the disperse system is
introduced into the separation apparatus and Pu(r, t\B) is the
conventional probability of the separation (of entry into the collector
designed for the disperse phase) by time t of a molecule present in
particle having a radius r on entry into the apparatus subject to the
condition that all the particles and molecules of the disperse medium
enter the collectors for the phases undergoing separation.

In the separation of heterogeneous systems in continuous
operation apparatus, the particles may become dispersed owing to
the presence of velocity gradients in the streams and their impact
against the inner surfaces of the apparatus and against one another.
The fine particle fragments formed (other characteristics remaining
unchanged: density and charge) are in most cases more difficult to
separate than the whole particles. If the comminution takes place
only at the instant when the particles are introduced into the
apparatus, then the efficiency of the separation will be smaller than
for gradual dispersion to the same extent. Therefore

Pn(r, t|B Π Con)dFf(r), (28)

where Fir(r) is the integral size distribution function of the particles
after grinding and Pu(r, i|BOCon) is the conventional probability
of the separation of particles which have retained their initial
dimensions subject to the condition that they enter one of the
separation zones (one of the collectors).

For further exposition, we introduce the concept of the quasi-size
of the separation of order a. We shall define the quantity rs<i as the
radius of a particle such that the relation

Pti(r, f | B n C o n ) > l - a ,

is valid for r > r,e. It follows from this definition that in the
general case rs depends on the current time t. The application of
the concept of the quasi-size of the separation makes it possible to
take into account the experimentally observed effects involving the
loss of individual large particles owing to random influences, eddies,
and streams of dispersion media, while finer particles are fully
separated.

Using rSa, we can formulate the following inequality:

Γ pn(r, t\B Π Con)dFf (r) > (1 - α) Γ dF^(r).
Jo J'.a

Then

(29)

(30)
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In its turn, we have

P" dFf(r) < r» Γ r~ndFb{r) ^ rn

3a Γ r~ndFf (r), (31)
Jo Jo Jo

whereupon

V = Γ rndFf (r) and P" dFf (r) = i f (r J . (32)
Jo Jo

Ultimately, we have

Consequently,

(33)

(34)

The universal relation for the degree of separation thus
demonstrated is valid for any form of the size distribution function
of particles. This inequality is applicable to both continuous and
periodic heterogeneous system separation processes. For its practical
employment, it is essential to determine the quantity r^" for any
positive value of n. For this purpose, we express /•£3 in terms of the
particle concentration Vfr after fragmentation. In the case of
particles of arbitrary shape, the particle concentration is

Jo
(35)

where Pf is a coefficient equal to the ratio of the volume of the
particle to that of the cube having its characteristic dimension (for
spherical particles, Pf = 4/3π) and Co is the concentration of the
particles of the disperse phase.

If the particles of the disperse phase are insoluble in the
dispersion medium, then the particle concentration after
fragmentation can be found from the formula

Vh = A,CoF7(/?fpi), (36)

where β ρ is the fragmentation coefficient indicating by what factor
the number of particles has increased on dispersion.

It follows from Eqn. (36) that vfr = βρν. On the other hand,

Hence

rf~
3 = /Co. (37)

We shall refer to the ratio v/Co as the specific number of particles
and shall denote it by /i s p. We may note that the product PfPi | r]a is
none other than mp(rSa)—the mass of a particle whose radius is
equal to the quasi-size of the separation. Then on substituting
Eqn. (37) in the inequality (34), we obtain

xs>(l-<x)[l-ppmp(r,a)v/Co]. (38)

We express r l with the aid of the specific surface. For particles
of arbitrary shape,

i1 Γ r-ldFi(r).
Jo

(39)

This inequality is converted into an equality in the case of spherical
particles with an ideally smooth surface. Therefore

(40)

For rfr

 l, one can also write

r? < 5jpi/3 or rj? < ΑΛρΡι/3,

where S% is the specific surface after dispersion and β8 is a
coefficient showing by what factor the specific surface has increased
owing to the fragmentation of the particles. With the aid of the
latter inequality, we obtain from Eqn. (34)

Ke>(l-a)[l-frSvPirj3]. (41)

When the separation process is effected as a result of the work
performed by external forces A, the particles may undergo
deformation and fragmentation and an amount of heat Q may be
evolved. We denote by nt\{t) the mass of the disperse phase
entering the apparatus at time t; AHaef is the change in the internal
energy of the heterogeneous system on deformation of the particles.
For systems which do not contain highly disperse fractions, one can
write for the process under stationary conditions

A = Ai7def + Q + m+(t)[S^ - SBp]a

Hence

Subsequently

AUdei-Q)/[am+(t)]

(42)

(43)

β, = (A - AUdei - Q)/WSspmt(t)] + 1. t (44)

Thus the coefficient β8, taking into account the phenomenon of
dispersion during separation, can be found from simple energy
relations. It is seen from Eqn. (44) that, other conditions being
equal, the coefficient β8 diminishes with increase in the specific
surface of the heterogeneous system entering the apparatus, i. e. the
intensity of the comminution diminishes with increase in dispersity.

In the absence of dispersion, the coefficient β ρ = β8 = 1 and
formulae (38) and (41) assume the following form:

(45)

(46)

The quantities r3a can be determined not only theoretically but
also experimentally. A suspension (emulsion or aerosol) resistant to
aggregation and having a known grain size distribution must be used
for the experiment.

When random influences are negligible, for example, when
coarsely disperse particles are deposited in the gravitational field, one
can assume that all the particles larger than a certain radius rSo,
called the size of the separation, are fully separated. When this
condition holds, we find from the inequalities (45) and (46), having
put α = 0 in the latter,

^s ^ 1 ~ ΊΤνρΊΤ^ρ(ΐ~80)ι (47)

«8 > 1 - ,V 8 opi/3. (48)

In the analysis of separation processes, the concept of the
relative loss (breakthrough) ε is frequently employed. By definition,
ε = 1 — KS . From the inequalities (47) and (48), we obtain

(49)

(50)
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The results of the theoretical study, expressed by the inequalities
(45) and (46), can be usefully formulated in the form of the
following theorems:

Theorem 5. The relative loss (the ratio of the output and input
weight concentrations) of the disperse phase cannot be greater than the
sum of the specified probability and the product of the quantity
supplementing to unity the specified probability, the specific number of
particles, and the mass of the particle which is not separated with the
specified probability.

Theorem 6. The relative loss (the ratio of the output and input
weight concentrations) of the disperse phase cannot be greater than the
sum of the specified probability and one third of the product of the
specific surface, the quantity supplementing to unity the specified
probability, the density of the disperse phase, and the radius of the
particle which is not separated with the specified probability.

In order to estimate the maximum possible degree of separation,
we introduce the concept of the quasi-size of the loss re<i of order a.
The quantity rea will be defined as the radius of the particles such
that the probability Pn (r, f|BnCon) < α for r < re<i.

Taking into account the possibility of the fragmentation of
particles, we obtain with the aid of re

(51)

(52)

Since P n (r, i|BOCon) < 1, it follows that

OS OO

jj Pu (r, 11Β Π Con) dFt (r) < J ̂  (r).
rea

We therefore have

Pll{r,t\B{\Con)dFi{r)<i-Fi(r.a)+aFi(r.u). (53)

Since

(r*a)> 1 - J {r/rta)
ndFx(r) > 1 - r £ $ r*dF,(r). (54)

0

it follows that

Consequently

(55)

a . (56)

On the basis of the results obtained, we formulate the following
theorem:

Theorem 7. The degree of separation of a disperse system cannot
be greater than the sum of the order of the quasi-size of the loss and
the product of the quantity supplementing to unity the order of the
quasi-size and the ratio of the initial nth order moment of the random
particle radius to the quasi-size of the loss raised to the nth power.

With the aid of the relations demonstrated, one can also obtain
point estimates of the degree of separation of disperse systems

with an improved accuracy. Bearing in mind that, when α = 0, the
relative loss ε < r~"r? e, we can write expressions for the point
estimate of the degree of separation:

and for the a priori estimate of the modulus of its relative error:

where η = 1, we obtained from the last two relations

test. = 1 — Ssppirao/6 and

|«s - «art.I -

(57)

(58)

κΒ 6 - 2 S 8 p p 1 r 8 o '

and, when η = 3, they assume the following form:

«eat. = 1 - nspmp(rSt))/2 and

(59)

(60)

As was in fact to be expected, all the experimental points obtained
by different workers3 5"3 8 lie close to the line of the predicted degrees
of separation and none fall into the cross-hatched regions of
impossible values (Figs. 3 and 4). The closer were the points in
Fig. 4 plotted from the experimental values to the abscissa axis, the
more accurate was the a priori point estimate of the degee of
separation of the disperse systems.38

VII. The rule for the compositions of simple and
complex two-component and multi-component
ecological systems and subsystems

Comparison of the rules established above for the compositions of
homogeneous and heterogeneous ecological subsystems makes it
possible to discover their general features and to proceed to the
solution of the problem of the discovery and formulation of the
main rule for the compositions of ecological systems and subsystems,
generalising the results obtained in the theoretical study.

All the inequalities for the contents of substances, demonstrated
for both homogeneous and heterogeneous systems, can be reduced to
the following form provided that qualitative analytical data are
available:

S/OKCSiO-Sb/iSf-Sb), (61)

where T>i(t) is the fraction (weight, mole, or volume fraction) of^he
component, phase, or part (fraction) of the ecological subsystem, S(0
is an average physicochemical characteristic of the system, Sb is the
boundary value (minimum or maximum) of the isotypical measure of
the property of the given substance of the system, and S,· is a
measure of the property of the ι th component.

The inequality (61) is equivalent to the following formulation of a
theorem:

Theorem 8. The fraction of any component [phase, part
(fraction) ] of ecological systems and subsystems cannot be greater
than the ratio of the deviations of the average characteristic of the
entire system (subsystem) as a whole and the isotypical measure of the
property of the component, phase, or part (fraction) from their
maximum or minimum value.
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Varieties of the expression for the fraction are unambiguously
related to the method of averaging the physicochemical characteristic
of the ecological system (subsystem). For example, if this is the
specific number of moles, Jhen t)/(f) will be the weight fraction and
if it is the average density S(t) then t>i(t) will be the volume fraction.

necessary to calculate the coefficients in Eqn. (62). An algorithm
was therefore developed for the calculation of these coefficients for
different levels of the initial data and a block scheme was set up.
For cases of incomplete information, it proved possible to derive
formulae permitting the calculation of the coefficients of the
principal rule. The possibility of determining the coefficients Kt(t)
from thermodynamic and kinetic parameters for higher levels of
initial data was demonstrated.
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System being separated (purified)

Aqueous oil emulsion
Tobacco dust
Tobacco dust

Water drops
Kaolin suspension
Suspension of poly (vinyl chloride)
Kaolin suspension
Quartz glass suspension
Suspension of Amtnophos sludge
Coal powder

Separation apparatus

Ultracentrifuge
Sleeve filter, No. 2 cloth fabric
Sleeve filter, No. 5114 nitron fabric

Cyclone
Centrifugal "Plava-E" separator
Tubular centrifuge
Tubular centrifuge
Cup-type centrifuge
Settling tank
Sifting screen

Figure 3. Point estimates of the degree of separation (purification)
of disperse systems.

On combining the entire set of relations established, we obtain the
following equation:

S>«(t)~.Ki(*)S(O/S«, (62)

which reflects the principal rule for the compositions of
multicomponent ecological subsystems and eco-systems:

The relative amounts (contents) of substances, phases, fractions,
parts, and subsystems in any ecological systems (subsystems) can be
numerically estimated at any instant by comparison with the ratios of
the average (overall) characteristic of the system (subsystem) to the
isotypical measures of the properties of the substances, phases,
fractions, parts, and subsystems multiplied by coefficients which are
always smaller or equal to unity and do not increase by discrete
increments together with the uncertainty of the estimate with increase
in the level of the reliable initial information.

For the practical employment of the principal rule for the
compositions of ecological subsystems and systems, it proved

Figure 4. The region of the possible values of the modulus of the
relative error of the point estimates of the degree of separation of
disperse systems with an improved accuracy. For the designations
of the points, see Fig. 3. The cross-hatched region represents the
impossible values of the modulus of the relative error (of the points
estimates of the degree of separation with an improved degree of
accuracy).

On the basis of the principal rule established for the compositions,
it was found possible to represent graphically the changes in the
compositions of multicomponent ecological systems and subsystems
in terms of their variables S(0. S,·, and Χ>,·(0·

With the aid of the main rule established for the compositions, it
has been shown that the overall (average) characteristic of the entire
system (specific heat, specific number of moles, density, specific
volume, specific heat of combustion, etc.) is equal to the product of
the isotypical characteristics of the components, their weight
fractions, and the reciprocals of the coefficients of the principal rule
governing compositions.

The principal rule for the compositions of ecological systems and
subsystems can be used not only for the determination of the
compositions of the eco-system but also for the solution of certain
problems of the protection of the environment, including the
organisation of the monitoring and measures ensuring that the
limiting permissible concentrations of toxic substances are not
exceeded.

Using the author's own experimental data for the specific heats of
solution of two- and three-component powders and the specific
volume of a specific ecological subsystem (active silt) as well as the
literature data,3 9 '4 0 the coefficients of the principal rule for the
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compositions of ecosystems and ecological subsystems have been
found for zero uncertainty in the estimates of the contents of the
components. The results of the calculations are presented in Table 3,
from which it is seen that, in conformity with the principal rule for
the compositions established, all the coefficients are not more than
unity.

Table 3. The coefficients of the principal rule for the compositions
of ecological systems and subsystems for zero uncertainty in the
estimates of the contents of the components.

Ecological
subsystem

Three-component
powder

Two-component
powder
Aqueous solution of
methanol
Aqueous HN0 3 solution

Gas mixture

Man

Active silt

Components

KN03,
CuSO4-5H2O,
KC1
KN03,
CuSO4-5H,O
HA
CH,0H
HiO,
HNO,
Η,+Ο,+ΗίΟ

H,0

H20
H20

Average
characteristic

Specific heat of
solution

Ditto

Specific volume of
solution

Specific heat of
solution

Specific number of
moles

Specific heat

Specific volume
Ditto

Content,
weight
fraction

50.0
33.3
16.7
33.3
66.7
45.»
54.2
80.0
20.0

3.0
47.0
50.0
75

99.12
98.35

0.04
0.07
0.17
0.94
0.31
0.40
0.60
0.95
0.05
0.29
0.28
0.55
0.87

0.996
0.988

VIII. Measures ensuring that the limiting permissible
amounts of liquid and gaseous waste polluting the
environment are not exceeded for different levels
of initial information

The increasingly acute ecological crisis makes it essential that the
following requirement is rigidly adhered to: that the limiting
permissible norms as regards gaseous and liquid waste products2'12

contaminating the hydrosphere and the atmosphere must not be
exceeded. The existence of different levels of initial information
makes it much more difficult to satisfy this requirement.

According to the definition of the limiting permissible amounts of
liquid and gaseous waste, the condition that the limiting permissible
concentration of the ith toxic substance in the eco-system is not
exceeded is specified by the relation

Cr(r) ^ (LPLW, or LPGW,)/g(r), (63)

where Q (t) is the productivity of the apparatus for the detoxification
(purification) of liquid or gaseous waste, Cf(t) the concentration of
the toxic ith component at the outlet from the detoxification
apparatus to the environment, LPLW, and LPGWf are the limiting
permissible amounts of liquid and gaseous waste, and t is the current
time.

For further exposition, we shall make use of the concept of the
protection factor (PF4) for the environment introduced by the
present author.12 By definition, this quantity shows by what factor
the weight fraction of the ith toxic component has diminished

during the detoxification process as a result of separation and
chemical reactions.

The concentration of the ith toxic component at the inlet to the
detoxification apparatus can be represented in the following form
with the aid of the principal rule for compositions:

Ct(t) = (64)

where p+(0 is the average density at a given instant t of the liquid
or gaseous mixture subjected to detoxification.

Using the concept of the protection factor, we shall represent the
condition that the limiting permissible concentration is not exceeded
in the following way:

(LPLWj or LPGWj)
(65)

where p_(f + tt) is the average density of the mixture (for example,
water or air being purified) entering the environment at time t + tt

after detoxification and tT is the residence time of the mixture in the
detoxification apparatus.

We shall call the ratio LPLW,/[2(r + i r)p_(r + tT)] the
dimensionless limiting permissible amount of liquid waste and
LPGW//[g(f + r r) p"_(f + /r)] the dimensionless limiting permissible
amount of gaseous waste. We shall designate them by DLPLW; and
DLPGW/. The physical significance of the quantities introduced is
fairly simple: they indicate the maximum permissible weight fraction
of the toxic substance in the liquids and gases entering the
environment after detoxification (purification).

Using the concept of DLPLW/ and DLPGW/, one can write on
the basis of Eqn. (65)

* (DLPLWi or DLPGW^S*1" '

The last relation proves the following theorem.

(66)

Theorem 9. The protection factor for the environment not less than
the product of the reciprocal of the dimensionless limiting permissible
amount of liquid (gaseous) waste, the coefficient of the principal rule
for compositions, and the ratio of the average specific characteristic of
the homogeneous or heterogeneous mixture being detoxified to the
isotypical measure of the properties of the toxic component guarantees
that the limiting permissible concentration (LPC) is not exceeded.

Thus, on the basis of the theorem formulated, it is possible to
determine the protection factors for the environment which
guarantee a priori that the limiting permissible concentration is not
exceeded for different levels of initial information.

In particular, in the presence of a minimal amount of data, when
only the values of Sgp(i) and Sf are known, we have the following
expression according to the sequence of inequalities for the
detoxification of waste waters and bearing in mind that Kt{t) is
always less than or equal to unity:

p-(t
gsp p F . gsppp.

(67)

According to the analogous sequence of inequalities for the
detoxification of gaseous waste, we obtain a relation for the
estimation of the protection factor (in the presence of a minimal
amount of information) guaranteeing that the limiting permissible
concentration is not exceeded:

(68)
(LPLWi or LPGWi)Sf
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If SSax and SJSn, the maximum and minimum specific partial
measures of the properties (characteristics) of the components, are
known, then it follows from formulae (61) and (62) that the
coefficient of the principal rule for compositions Kt(t) can be
estimated as follows:

Mt)

when S?>Ssp(t),
(69)

when S8P i<S8 p(i).

For this level of information, we obtain from formula (69) the
relation ensuring unconditionally that the LPC is not exceeded:

for S? > Sap(i)

JfP- for SP > §*(*)·
' (70)

Formulae (69) and (70) are special cases of the more general formula
(66).

The protection factor can be expressed as a function of
temperature, the concentration of added reagents, the residence time,
the length of the apparatus, and other technological and design
parameters of the detoxification process and apparatus. Therefore,
expressing one of such quantities as a function of the reciprocal of
the protection factor, it is possible to determine from the inequality
(66) the values of the technological or design parameter guaranteeing
the satisfaction of the ecological requirement that the limiting
permissible amounts of liquid or gaseous waste are not exceeded.
For example, if the detoxification of the ith toxic component is
described by a first-order chemical reaction equation, then the
following expression holds for the protection factor:

PF,= φ(7) = exp [At, exp (-EJRT)], (71)

where A is the pre-exponential factor, E& the activation energy, R the
gas constant, Τ the temperature and φ (Τ) a function of temperature.

Having expressed the temperature Γ as a function of the
reciprocal of the protection factor 9 r e c (PF i ) and then using the
inequality (66), we obtain a relation for the determination of the
absolute temperatures which must be maintained in the chemical
waste water detoxification reaction in order to guarantee that the
limiting permissible amount of liquid waste is not exceeded:

T>-EjRln\^-
(72)

In another special case, for the detoxification of disperse
contaminations with an unknown distribution of grain sizes (by the
separation of the disperse particles), using the inequality already
established

and theorem 9, we can formulate a sequence of inequalities

guaranteeing that the limiting permissible concentration of the
disperse phase is not exceeded:

1 λ _ _ LPGWid or LPLWi(, ^
— <« + ( ! - a ) ^ < Q { t \ t r ) c t { t ) '<

<[(DLPGWi4 or DLPLW i i)SJ/[/ir i i(t)§v(i)]. (73)

Here the subscript d indicates that the corresponding characteristics
refer to the disperse phase. Consequently

[DLPGWj, (or DLPLWia)]S8Pid [ ( l - a ) r ^ ] . (74)

Eqn. (74) makes it possible to find the quasi-sizes of the
separation which guarantee that the limiting permissible
concentration of the disperse phase is not exceeded. After this, it
only remains to select the apparatus for the purification of waste
water or a dust trapping device with r,a satisfying this expression.

For known values of the input concentrations (weight and particle
concentrations) of the disperse phase and in the absence of effects
associated with the fragmentation of particles, the inequality (74)
(for η = 3) assumes the following form:

LPGWi, (orLPLWid) /{(l-a)piPinsp]. (75)

Thus the successive employment of the principle of the coupled
material-characteristic imbalance has made it possible to obtain a
series of inequalities for the estimation of the contents of substances
in ecological systems and subsystems for different levels of initial
information and to formulate the principal rule for the compositions
of such systems. The results obtained can be applied both for high-
speed large-scale monitoring and for the design and technical
measures to protect the environment, whose aim is to reduce the
amounts of different toxic substances entering the hydrosphere,
atmosphere, and lithosphere.
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