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FOREWORD

Water was given a magic power to become the force of life on Earth
Leonardo da Vinci

The European Union considers environmental security as an important component
of European stability. Environmental protection is defined as a priority area of
cooperation between Ukraine and the European Union. Integration of Ukraine into the
EU in the field of environmental protection, rational management of natural resources,
and ensuring of environmental security should be achieved through the creation of a
harmonized legal, regulatory, methodological, and organizational base that should meet
the requirements of national and European environmental security.

Water security is one of the priorities of national and European policies to ensure
the goals of sustainable development. It is important to note that Ukraine has a number
of topical environmental issues of water security and, at the same time, has an important
role in ensuring environmental sustainability in Europe. Ecologically destructive models
of development in many countries of the world have led to the degradation of water
resources, which is reflected in their volume and quality. The need arises to ensure the
optimal use of water, protection of freshwater resources, monitoring of water resources,
the search for new technologies and methods of wastewater treatment, the investigation
of the quality of drinking water.

Over the past decades in water management in many countries use an ecosystem
approach. Ecosystem water management is carried out by the state and society through
basin management based on paid water use. Basin principle is this method of water
management, which basic unit is the area of the river basin, where the latter is a system
of established environmental and socio-economic connections. Now the river basin
approach enables to foresee the effects of anthropogenic activities for early warning of
environmental catastrophe.

Among the methods of wastewater treatment is more effective and promising
biological methods that have shown good results in water preparation.

The urgency of the problems of management, monitoring, and forecasting of
water resources in conditions of intense water use, drinking water quality are the issues
related to technology, methods of wastewater treatment, biological and biochemical
aspects of municipal and industrial wastewater treatment i.e. a wide range of scientific
research subjects, where an object is water has caused the publishing of collective
monograph under the general name «Water Security. Issue 2».

The main thematic modules of the monograph:

e Water services economics and policy.
o Water use and sewerage.
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Water management.

Quality and pollution of waters.

Water monitoring.

Measures to improve the state of water objects.

Quality of drinking water and its impact on health.

System and technology of sewage treatment.
Enviromental education in the field of the water security.

The book would be impossible without the support of the Erasmus+ Programme
of the European Union. There are chapters of scientists from Ukraine, Slovakia, Poland,
and Georgia on the pages of the book. There is especially the wide geography of
Ukrainian scientists on the pages of the monograph.

The monograph is the result of the scientific achievements of scientists, leading
specialists from universities and organizations:

Petro Mohyla Black Sea National University; University of the West of England,
United Kingdom; Comenius University, Bratislava, Slovakia; PreSov University in
Presov, Slovakia; Batumi Shota Rustaveli State University, Georgia; Maria Curie-
Sktodowska University, Lublin, Poland; Lviv Polytechnic National University; Taras
Shevchenko National University of Kyiv; Vinnytsia National Technical University;
O.M. Beketov National University of Urban Economy in Kharkiv; National University
of Water and Environmental Engineering; Institute of Colloid and Water Chemistry of
National Academy of Sciences of Ukraine, Kyiv; Kamianets-Podilskyi National Ivan
Ohiienko University; Kharkov National University of Construction and Architecture;
National University of Civil Defense of Ukraine; Sumy State University; Ipris-Profile
LLC; A. S. Makarenko Sumy State Pedagogical University; Odessa State
Environmental University; Pavlo Tychyna Uman State Pedagogical University; National
Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»; Institute of
Hydromechanics of National Academy of Sciences of Ukraine; UC Kharkivvodocanal;
Institute of Telecommunications and Global Information Space of the National
Academy of Sciences of Ukraine; Department of Ecology and Natural Resources of the
Mykolaiv Regional Public Administration.

We express our sincere thanks to all the authors, esteemed colleagues, who in a
short time presented the own, original, interesting researches on the problems of water
security, contributing to this book was published.

In the future we hope that the scientific works are on the pages of this edition will
find creative affiliate cooperation through successful joint implementation of actual
ideas, proposals, scientific and practical developments.

We would like to thank the Erasmus+ Programme of the European Union for
supporting the publication of the book within the framework of the Jean Monnet
project.

Prof. Olena Mitryasova & Prof. Chad Staddon
Mykolaiv & Bristol
May 2021
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ENSURING THE ENVIRONMENTAL
SAFETY OF AQUATIC ECOSYSTEMS:
IDENTIFYING THE DISADVANTAGES
OF REGULATORY AND PROSPECTS OF
STENOBIONTIC APPROACHES

Assoc.Prof., PhD Yevhen Bezsonov

Black Sea National University of Petro Mohyla, Department of Ecology, Ukraine, e-mail:
yevhen.bezsonov@chmnu.edu.ua

ABSTRACT

The dynamics of aquatic ecosystems in most regions of the world has long been characterized
by negative trends. In view of this, based on the analysis of the causes of this degradation, the
authors argue the methodological inefficiency of the modern concept (normative) to ensuring
ecological safety and regulation of anthropogenic pressure on the environment, which is based
on the use of «maximum allowable concentration». A number of disadvantages have been
identified due to which component-by-component standardization of abiotic environment
parameters does not reflect the objective state of both water resources and the water ecological
system as a whole. This is based on calculations of the energy response of the water ecosystem
(for example, the Dnieper-Bug estuary) at each level of the food chain: despite the constant state
of water quality in the estuary over the past 40 years, the level of ecological safety of the
ecosystem has deteriorated. In addition, based on a synthesis of the results of toxicological
studies by other scientists, it is proved that the method of biotesting, which is the basis for
determining most of the maximum allowable concentrations, does not provide complexity in
assessing the state of aquatic ecosystems. The reason for this should be considered insufficient
justification of the process of selection of test organisms, without taking into account their
environmental survival strategies. It should also be noted that in Ukraine, for example, 75% of
the existing maximum allowable concentrations justified based on medical research and
production facilities, the purpose of which is to ensure the health for human, but not the safety
for ecosystems. It was also found that among scientists there is no unified approach to the
choice of model toxicant and test organism for the development regulation standards of
anthropogenic impact. Therefore, having identified the key aspects of methodological
imperfection of the normative concept, the stenobiont approach to ensuring the ecological safety
of water ecosystems and standardization of anthropogenic impact on the environment is
proposed. The list of indicator species and the obligation to integrate a number of biosphere
laws (tolerance, complication, emergence and internal dynamic equilibrium) in the theoretical
and methodological basis of a new, stenobiontic, approach are substantiated.

Key words: stenobiontic approach, ecological safety of aquatic ecosystems, disadvantages of
anthropogenic influence regulation on the environment,; energy response of ecological systems
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INTRODUCTION

Currently, the leading place in the system of environmental safety of the environment, in
particular aquatic ecosystems, is occupied mainly by the regulatory approach. Its main tool is
the concept and indicator of the "maximum permissible concentration" of pollutants in the
environment. And work with it is quite simple: if the actual concentration does not exceed the
standard, the conditions for the release of pollutants into the environment are considered safe.
However, the global scale and the use of this approach are are not unambiguous. Moreover, in
many countries around the world, compliance with standards does not mean the formation of a
safe environment for humans, and the state — for ecosystems. On the contrary, the world
community notes the pervasive deterioration of the environment, the depletion of ecosystems
and the growing scarcity of natural resources [21].

A special place in this process is occupied by aquatic ecosystems, the regulatory, supporting,
providing and cultural functions of which are leveled every year. Although more than 20 years
ago, the United Nations recognized their critical importance in the development of human
civilization, social, economic and environmental value. It is aquatic ecosystems that determine
the momentum of matter and energy flows in the trophic chains of the biosphere. Given the
regularity of the substances cycle (including anthropogenic origin) and energy in nature, aquatic
ecological systems are mostly a mandatory and often the final source of their flow.

Take into account the current destructive phenomena and processes in all aquatic ecosystems,
despite the periodic revision and strengthening of the criteria for regulatory control of the
intensity of anthropogenic impact on water bodies, understanding the biological, economic and
strategic value of water resources, there is no doubt the need to develop new approaches to
ensuring their environmental safety.

METHODS AND EXPERIMENTAL PROCEDURES

This study is based on the principles of a systematic approach, the content of which is very well
reflected in one of the environmental laws of B. Commoner: "everything is connected to
everything else" [14]. That is, gases released into the atmosphere or waste buried in the soil will
sooner or later come into contact with water and living organisms in all parts of the food chain.

The purpose of the study was to theoretically and methodologically substantiate the stenobiont
approach to ensuring the environmental safety of aquatic ecosystems. With this in mind, the
following tasks were set:

— substantiate the theoretical basis of the stenobiont approach, taking into account the
provisions of biosphere laws;

— identify the advantages and disadvantages of modern approaches to ensuring the
environmental safety of aquatic ecosystems;

—  assess the possibility of using stenobionts in the process of ensuring the environmental
safety of aquatic ecosystems.

The methodological basis of the study is based on the use of methods of analysis, synthesis,
comparison, generalization and formalization to substantiate the point of view on the
effectiveness of modern and proposed tools for assessing and ensuring environmental safety.
Structurally, the problem is based on the analysis of the content of modern systems of
anthropogenic pressure normalization on the environment, comparing their advantages and
disadvantages, highlighting the problem niche and synthesis of potential activities to fill it.
During the presentation of results the actual data of ecotoxicological experiments of other
scientists were generalized and formalized. The own calculations of the size of the energy niche
of the human in the context of action of water chronic toxicity on ecological safety and
sustainability of ecosystem services flow of the river are stated. On this basis, the expediency of
the relevant theoretical and methodological provisions of the stenobiont approach is
substantiated.
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THE RESEARCH RESULTS AND DISCUSSIONS

In many countries around the world, the basis of environmental protection activities is the
system of anthropogenic pressure regulation on the environment (SAPRE). Within its limits,
four directions find practical application: substantiation of maximum permissible concentrations
(MPC) of pollutants in the environment; identification of environmental risks (risk-oriented
approach); bioindication approach with analysis of the ecosystem’s biotic component state “in
situ” and historical-cultural approach.

Based on the comparison of their advantages and disadvantages, there is an opinion that the
most promising in this list of SAPRE directions is the use of biota indicators [9]. This can be
argued by examples of modern practical transformation of environmental protection principles
in different countries.

In the United Kingdom, for example, in the run-up to the 2017 elections, some political party
programs have stated that toxicological experiments on animals are an unacceptable component
of SAPRE and this approach should be completely abolished based on the principles of
humanity and science [3, 24]. Moreover, since 2000, this country has effectively used its own
system of bioindication of aquatic ecosystems — RIVPACS (River Invertebrate Prediction and
Classification System) [49].

In the United States, the “Rapid Bioassessment Protocols. For Use in Streams and Wadeable
Rivers: Periphyton, Benthic Macroinvertebrates, and Fish” has been officially approved and
mandatory since 1999 [47]. It determines the procedure for biomonitoring the state of surface
watercourses, taking into account the economic efficiency and scientific feasibility of using
biota.

In Canada, the national biomonitoring system is called CABIN (Canadian Aquatic
Biomonitoring Network), in Australia (since 1994) — AUSRIVAS (Australian River Assessment
System), in Spain (since 2009) — MEDPACS (MEDiterranean Prediction And Classification
System). All of them are adapted to regional climatic conditions, based on the Trent Biotic
Index, which was first used by Woodiwiss in 1964 [55, 56], and has since been tested in almost
every country in Western Europe. To this list could be added the Belgian Biotic Index, which is
used as the national water quality standard in Belgium, or the French Indice Biotique in France.

The use of biota to assess the status of aquatic ecosystems within the European Union has been
enshrined in the Water Framework Directive since 2000 [11].

Given the above, quite fair statement Tolochyk LL. that an objective assessment of water
quality of watercourses should take into account the parameters of both the aquatic environment
and the indicators of the biotic component. In this case, an objective assessment is impossible
without a comprehensive approach, as the property of self-cleaning of aquatic ecosystems is
influenced by both external and internal patterns of their functioning, abiotic and biotic factors
[51]. That is why changes in the quality of the environment and the state of the ecosystem are
observed at the organismal, population and coenotic levels [4]. And many scientists emphasize
the importance of using biological methods to assess the state of aquatic ecosystems [1, 2, 7,
43].

Also valid is the opinion of Tsibulskyi O. I. that the current widespread application of the one-
sided concept of anthropogenic pressure regulation on the basis of the MPC does not take into
account the effects of synergism and antagonism of several pollutants. In addition, derivatives
of these relationships are more toxic than the parent compound alone [52].

Therefore, destructive changes in aquatic ecosystems, in particular the deterioration of water
resources, occur even at concentrations that do not exceed the regulated MPC. The use of
maximum permissible values allows water companies to dissolve discharges to the level of the
standard, artificially adjusting the concentrations of pollutants to the required parameters.

10
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Therefore, some researchers claim that the MPC concept does not provide reliable protection for
aquatic ecosystems [16, 33]. Moreover, the analysis of the appendix No2 of Ukraine Sanitary
Norms and Rules Ne4630-88, which is in force, showed that 75% of the standards set out there
are developed by medical institutions, and the purpose of the document, according to, is to
ensure human health and not a word about fauna and flora .

The bias and failure of the normative concept of ensuring the environmental safety of
ecosystems, including aquatic ones, is set out in the materials of federal hearings held by the US
Environmental Protection Agency in 1999 [25].

The document states that the developers of the LDs, test (on which the entire biotesting system
and the process of establishing the MPC are now built) recognized its serious shortcomings in
1927, outlining the possibility of its use only for limited medical purposes.

In particular, it is emphasized that minor changes in testing conditions (toxicological
experiments) can lead to very different consequences. Numerous documentary evidence has
been found that factors such as species, hereditary information, age, weight, sex, health,
nutrition, restriction of access to food before the test, method of application of the substance,
ambient temperature and animals housing conditions were affected on LDs results [25].

At least this list of factors leads to the fact that the results of laboratory biotesting are very
different. It is also likely that humidity, weather, noise, the light-dark cycle, and the behavior of
laboratory personnel may affect the test result.

Thus, the value determined by the LDs, test is not a biological constant and is not of great
importance in determining the toxicity of pollutants [25]. According to the definition of
Gelashvili D.B. and Karandashova A.A. [20], the concept of MPC is the worst environmental
paradigm that humanity is actively using in practice.

Therefore, it is quite natural that the current state of the relationship between man and nature
can no longer be objectively assessed and regulated by the normative concept. At the same time,
it is impossible to talk about a complete abandonment of it, because it is effectively used in the
drinking water supply system and can ensure the quality of the production environment (shops,
hangars, local industrial sites, etc.). The principle of its application is as follows: the
environment will be safe for humans if it is safe for the most sensitive animals and plants, in
response to a set of environmental factors.

Regarding the substantive difference between the normative (based on biotesting) and
bioindication approaches, despite the similar goals, procedurally they differ significantly.
Bioindication is aimed at assessing the state of the ecosystem, and biotesting — specifically
water resources (consumer orientation) [12, 35].

Bioindication is carried out at the level of the organism and the population in "in situ"
conditions, and the obtained results quantitatively or qualitatively characterize the tendencies of
changes in the state of ecosystems, processes, phenomena. During the application of the
method, the indicator organisms do not die and remain in the ecosystem. It is important to note
that this area of SAPRE, due to the principle of complexity, most effectively assesses the quality
of the environment and is a generally accepted indicator of sustainable development [12].

Biotesting is an artificial, highly specialized area of regulatory approach. The object of study is
usually a molecule, cell or organism, and the result is the possible consequences of
environmental pollution [31, 36]. However, the method has some methodological shortcomings,
including the justification for the choice of test organisms, which affect its accuracy and
objectivity in practice.

An important difference between the schemes of SAPRE aproaches is the consideration of the
time factor (Fig. 1).

11
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Fig. 1. Simplified schemes of SAPRE: H — human; T — technology; F; — environmental factors,
En — environment, 4C — abiotic components, BC — biotic components

Thus, the modern regulation system (Fig. 1A) works with each pollutant separately (F;), which
is a consequence of anthropogenic activity (1 and 2; 3 — technology management). During
toxicological experiments 5 it is established how F;, getting into the AC, will pour 6 on H. Here
the main tool of the regulatory approach is the method of biotesting. The result of its application
is the establishment of an MPC for each individual substance. And only later attempts are made
to aggregate these standards into a one-dimensional index complex system. However, even
under such conditions, it is impossible to establish the influence of natural factors (temperature,
light, humidity, etc.) on the level of anthropogenic hazards, which are determined to be safe in
the laboratory.

Despite its simplicity, this approach has not developed into a generally accepted practical tool
for objectively assessing water quality. After all, many chemical compounds dissolved in water
at the level of MPC are determined quite time-consuming, expensive and inaccurate [35, 51].

According to Melnyk V.Y. [37], given the many years of experience in the practical application
of the regulatory approach, at most points of water quality control MPC are exceeded, and the
existing system based on them does not provide reliable protection of aquatic ecosystems
nationwide.

In the context of assessing the quality of water by its chemical analysis, Maltsev V.I. and others
talk about the difficulty of determining the danger to humans and aquatic organisms of
pollutants, if their concentrations are insignificant. In addition, synergistic effects and
discharges in the past are not taken into account [35].

The bioindication approach (Fig. 1B) has not only an ecosystem orientation (both man and
technology are part of the triangle En, not external autonomous entities), but also reflects the
historical trace of anthropogenic impact 4. In addition, the assessment of the En is taking into
account both biotic (BC) and abiotic components (4C) in terms of multifactorial and temporal
heterogeneity. Obviously, the evaluation results obtained in system B (Fig. 1) can be considered
more comprehensive and objective. The only practical unresolved issue is the methodological
organization of this process.

Therefore, there is no doubt about the urgency of developing new comprehensive methods for
assessing and ensuring the safety of aquatic ecosystems and resources based on the response of
their biotic component in nature, taking into account the specifics of each water body for a
number of abiotic and biotic characteristics [52]. It seems possible to implement this on the
basis of the stenobiont approach, taking into account the fundamental laws of the biosphere.

Most MPCs are calculated on experimental animals by converting the dose-effect indicators per
kilogram of human weight. This eliminates such important objective factors as the time of
exposure, physiological characteristics of organisms, the number of active factors, the location
of experiments, spatial distribution, species set of indicators, artificial lighting, photo mode and
many others. Given the significant list of milestones in the formation of the MPC, it should be
emphasized that the new approach should take into account the provisions of biosphere laws, in

12
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particular such as: Shelford's tolerance (optimality) [48], Roulier's complication [13, 32],
emergence [17, 32] and Reimer's internal dynamic equilibrium [40] (Table 1).

Table 1. The content of biosphere laws in the stenobiontic approach to ensuring the
environmental safety of aquatic ecosystems

Biosphere Relationship with the stenobiont
Content
Law approach

Shelford's The number or spatial distribution | Proves the need to reorient the modern

tolerance of organisms can be determined regulation of anthropogenic impact on the

(optimality) | by certain factors in cases where | environment from the reactions of the
their level exceeds the maximum | human body (or similar) to stenobionts —
or minimum tolerance limits of the most sensitive "receptors" of
this organism. ecosystems.

Complication | The historical development of Stenobionts are often the basis of most
living organisms (as well as all energy, material and information
other natural systems) leads to the | connections in ecosystems. Therefore,
complication of their their reaction reflects the general state of
organization, through the the ecological system. The bifurcation and
increasing differentiation saturation point of the ecosystem is
(division) of functions and organs | postponed for an indefinite period of time
(subsystems) that perform these according to the above three parameters.
functions.

Emergence The whole has new, special Analysis of the response of several
properties that are absent in its species of stenobionts in laboratory and
constituent elements (for field conditions allows to reduce the
example, the forest has more numerical error rates in determining the
properties than one tree). critical values of the action of negative

factors on the same experimental animals

Reimer's Changes in the flow of matter, The dynamic stability of the species

internal energy and information and composition of stenobionts and their

dynamic dynamic properties of ecosystems | numbers is a criterion for assessing the

equilibrium | will inevitably cause structural- state of the aquatic ecosystem over a
functional, quantitative and certain period of time. The duration and
qualitative deformations of their | dynamics of the intensity of the influence
parameters. of negative factors are taken into account.

The content of the proposed stenobiont approach is that the regulation of anthropogenic pressure
on the environment, which is based on the assessment of ecological characteristics of
stenobionts, will contribute (not violate) the complexity of functional and material-energy
relationships in ecosystems and evolutionary bifurcations, increasing their stability and self-
balancing properties. This, in turn, will help ensure their environmental safety.

The main problem of the modern SAPRE should be sought in the methodological diversity of
the criteria for selecting a reference pollutant and test-organisms to substantiate the MPC.

Indicative, in terms of differences in the reactions of organisms to pollutants, are the results of
studies by Michiel A. Daam et al. [15] and Rachelle C. Riegerix et al. [41]. Their synthesis
perfectly demonstrates the heterogeneity of reactions of living organisms to the same pollutant
(Fig. 2).
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Fig. 2. Differences in toxicological reactions of different organisms to potassium dichromate

Thus, regardless of the selected indicator organism, in the practice of environmental protection,
an approach is implemented when anthropogenic impact is regulated by the subject of influence,
ie the human (safety of the pollutant is assessed). Although, clearly, it should be the opposite.

It is obvious that the choice of indicator organisms is a fundamentally important task in the
process of ensuring the environmental safety of aquatic ecosystems on the basis of biotesting
and bioindication.

Potassium dichromate, as the reference experimental pollutant (model toxicant), is chosen by
many ecotoxicologists only on the grounds that metals are more chemically stable in the aquatic
environment, so they are best suited for short-term experiments. However, from an ecosystem
point of view, it is hardly possible to liken the multifactorial multi-intensity irregular
anthropogenic impact on the environment of the toxic effects of potassium dichromate on test-
organisms.

In addition, some authors determine the relationship between the toxicity of a certain
concentration of contaminants on test organisms over a long period of time, while others, on the
contrary, seek a concentration that in 3 or 5 days will kill 50% of experimental groups of living
organisms. Summarizing the above, it is seen (Fig. 2) that different test-organisms react
differently and do not give an unambiguous model reaction, which should be regulated
anthropogenic impact.

Due to the significant differences between species, what is relatively safe for test-organisms can
be extremely toxic to humans and vice versa (chocolate, for example, is harmless to humans but
toxic to many animals) [19]. In addition, it takes into account the wide range of synergetic and
cumulative processes that may occur in the aquatic ecosystem during the discharge of
pollutants. In particular, the example of pesticides that have been washed away from fields to
water bodies has been shown to increase their toxic effects over time [46]. In ecotoxicology and
environmental risk assessments, the phenomenon of time-cumulative toxicity is often ignored,
which undoubtedly contributes to the deterioration of the environment [45].

Some authors rightly consider biotesting more as a tool for regulating the concentration of
certain pollutants in the aquatic environment [30]. And the experimental data obtained by them
are very valuable for substantiating the stenobiontic approach.

Thus, the study noted that individuals of Ceriodaphnia affinis can be used to establish
environmental standards of water quality [30]. Based on the obtained results, without
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highlighting their statistical significance, the authors determined the range of sensitivity of test
organisms Ceriodaphnia affinis (determined by the change in their behavior, namely the rate of
immobilized individuals) in the range of 1.45 <ECs.4 <2.91 (mg/dm3 ). Given this, a number of
practical questions arise, such as "for which pollutants should these test organisms be used?",
"how can the reference chemical K,Cr,O- be a toxicant that is closely related to water quality?",
"How extrapolate the results to the process of ensuring the quality of water resources?","which
ecological or biological properties of Ceriodaphnia affinis determined the standard (or
"ecosystem") of this species?","what are the toxicological responses of other organisms?" and
other.

Lacerda A. C. F. et al., for example, note that to assess water pollution by petroleum products, it
is more appropriate to use individuals of the family Chironomidae, because it is the most
common group in the benthic community, they simply keep and manipulate them in the
laboratory [34]. However, the reactivity (tolerance to contamination) of these organisms is not
taken into account.

Therefore, the focus in biotesting on the reactions of living organisms, cells or organs of certain
species, the peculiarities of changes in their behavior in a toxic environment is a limited
reflection of ecosystem changes, and the assessment (conclusion) can not be considered
comprehensive. Especially since test organisms are selected without reference to their
environmental properties. However, the practical value of biotesting is seen in its application in
the operational control of aquatic ecosystems, for example, in cases of accidental wastewater
discharges.

Biotesting within the regulatory approach is aimed at expanding the scope of control of
individual components of the abiotic environment (establishment of new MPCs for new
pollutants) and is practically detached from ecosystems both in content (methodologically) and
in form (methodically).

In particular, Francisco Sanchez-Bayo and Henk A. Tennekes draw attention to this problem
[44]. Although the overall framework is well established, the methodologies used at each stage
of the assessment face a number of shortcomings. Despite the subjectivity of risk assessment,
there is skepticism in scientific circles about the appropriateness of existing methodologies,
because after so many years of assessment, humanity is still unable to predict the negative
effects on the environment from the use of certain chemicals in their own activities.

Confirmation of these views is found, in particular in the study of Gredelj A. et al. [22]. Thus,
an alternative to ecotoxicological testing model for assessing the environmental safety of the
aquatic ecosystem (AQUATOX) was developed, which, according to the authors, takes into
account chemical, physical, biological and ecological processes in the river, but is based on the
same MPC for one species (it was assessed mass of individuals due to water pollution by
synthetic surfactants). This scheme of scientific research allowed the authors to argue that
neglecting the role of environmental processes in extrapolation from laboratory tests to
ecosystems leads to insufficient threshold concentrations of chemicals.

Even if we abstract from aquatic ecosystems and focus on the categories of industrial or
domestic wastewater, there are virtually no productions that are sources of discharge of water
contaminated with one or even two substances. It is always a set of natural and anthropogenic
factors that constantly interact with each other, both weakening and strengthening each other.

Therefore, the concept of environmental safety of the aquatic environment should be focused on
the use of factors and indicators that are formed under the influence of external and internal
factors, are relatively stable in space and time and can assess the quality of the environment on
an ecosystem scale (eg macrozoobenthos energy in the system, redox potential of the aquatic
environment, etc.).

15



Water Security, 2021, Issue 2

Given the complexity and multifactorial process of ensuring the ecological safety of aquatic
ecosystems, the existing difficulties in the methods of bioindication and biotesting, the proposed
stenobiontic approach can be implemented in two directions (Table 2): ecosystem (based on the
assessment of the constancy of flows of matter, energy and information — ecosystem response)
and democological (identification of species and populations that are stenobionts in the study
area and determination their ecological characteristics; the transition from the principle of "biota
for abiota" to "stenobiota for biota").

Table 2. Structural and hierarchical content of the stenobiontic approach

STENOBIONTIC APPROACH
Ecosystem response Democological direction
. Bioindication Biotesting
Matter Energy Information (stenobionts) (stenobionts)

Indicative in this context are the results of studies of the ecosystem response to the increase in
the intensity and power of negative anthropogenic factors in the Dnieper-Bug estuary (Ukraine).
Using well-known patterns of energy flow in ecosystems (10% rule), it was found that
prolonged pollution of the aquatic ecosystem by domestic and industrial wastewater leveled, for
example, the possibility of commercial fishing for predatory fish (pike perch, perch, catfish, asp,
pike, etc.). The energy niche of these consumers of different orders is currently completely
depleted (Table 3) [5].

Table 3. The size of the energy niches of the Dnieper-Bug estuary trophic chain components

Third order Fourth order
Aquatic First order Second order consumers consumers
Producers
ecosystem consumers consumers (predatory (human)
fish)
625,32 - 107 | 12,5 10" 1,25 - 10" 0,125 - 10" | 0,0125- 10" | 0,00125 -
kcal kcal kcal kcal kcal 10" keal
% 2 10 10 10 10

In material terms, the energy provided in the ecosystem for fourth-order consumers corresponds
to 1200 tons of fish. Currently, this indicator of fishing for predatory fish in the Dnieper-Bug
estuary is almost zero [5]. Therefore, the decrease in the dynamics of industrial fish productivity
can be considered evidence of the formation of chronic water toxicity, when most regulations
often meet the approved standards, but the productivity of the aquatic ecosystem is constantly
declining.

Stenobionts are represented in each component of the trophic chain, in which there is a
unidirectional flow of matter, energy and information between living organisms and the abiotic
environment. With this in mind, the development of a new approach to ensuring the
environmental safety of aquatic ecosystems must take into account the ecological responses of
the aquatic organism (as presented in Table 3). Stenobionts will continue to be the first to
respond to negative anthropogenic factors, which will cause either their temporary or permanent
absence and, as a consequence, the corresponding "disruptions" in the productivity of
ecosystems.

Regarding the democological direction (Table 2), the methods of bioindication and biotesting
should be focused on the use of ecological response functions of stenobionts — the most
sensitive organisms to changes in the living conditions. In the case of aquatic ecosystems, we
consider representatives of macrozoobenthos as a valuable indicator group (Table 4).
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Table 4. Stenobionts of freshwater ecosystems

Indicator organisms Satisfy the conditions
Stonefly (Plecoptera)
Mayfly (Ephemeroptera)
Caddisfly (Trichoptera)
Alderfly, dobsonfly and fishfly
(Megaloptera)
Amphipod (Amphipoda)

1) sensitivity to the presence of pollutants in the water [6];
2) occupies an important place in the food chain [11];

3) economic and practical accessibility [12, 29];

4) life cycle involves a sedentary lifestyle [6, 12]

5) wide area of distribution [12]

Thus, if safe conditions for stenobionts are provided, they will, a priori, be safe for other aquatic
organisms, whose tolerance zone to the active factors is much wider.

In the context of the above, it is worth paying attention to the ecological feasibility of selecting
the above five groups of aquatic organisms as stenobionts, based on the ecological
characteristics of which it is proposed to create new approaches to environmental safety of
aquatic ecosystems.

It is a well-known fact that zoobenthos is considered to be a very indicative bioindicator of the
state of aquatic ecosystems. For benthic organisms is characterized by a settled strategy of life.
Therefore, unlike fish, in most cases they can not avoid volley dumps, hiding in the tributaries.
Zoobenthos has a much longer life cycle than, for example, plankton [52]. In particular,
Mikhailova L.V. notes [38] that the plankton population, given the rate of adaptive responses in
the polluted environment, can not be used as an objective criterion for assessing the complex
pollution of the water body.

The state of zoobenthos clearly characterizes not only the ecological state of the reservoir or
watercourse in general, but also specific areas of the aquatic ecosystem [7, 39, 42].

According to the research of Yavorsky V. Yu. [57], representatives of macrozoobenthos are
important and indicative indicators of the aquatic ecosystems state, which have a fairly long life
cycle and reflect changes in the environment over a long period of time. At the same time,
aquatic ecosystems are characterized as spatially integral, ie upstream activity is necessarily
reflected in the state of the river ecosystem downstream. In particular, it was noted that
amphipods, stoneflies and caddisflies were regularly found in the plain part of the Desna River,
the reference class of water quality of which is defined as 2-3 class, which is a natural
phenomenon within the Polissya zone.

It is also noted that of all the variety of proposed methods of biological analysis and assessment
of water quality by structural and functional characteristics of zoobenthos, now there is no
single and generally accepted [57]. Probably, this can be explained by the fact that in each case
it is necessary to take into account local (regional) natural conditions.

The known results of chemical, physical and biological studies of water bodies show that the
representatives of Ephemeroptera are bioindicators of water quality, showing a rapid response
to changes in their environmental conditions [3, 11, 18, 47, 49]. At the same time, about 20% of
the species of this family worldwide can be endangered due to pollution, invasion of alien
species, loss and degradation of habitats and climate change [26].

Due to the global trend of increasing salinity of rivers and lakes, no less important influencing
factor, in addition to anthropogenic pollution, is the concentration of dissolved salts in water.
According to the results [23, 28], for Ephemeroptera individuals, the salinity of water from
about 1.4 g /11is critical for life (recalculation of NaCl moles in grams was performed according
to mathematical models in [24, 27, 54]). With increasing salinity, macrozoobenthos develops
more slowly, increases the mortality of young individuals and impoverishes the food chain in
the ecosystem [23].
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Mayflies are also very sensitive to pollution, and are usually found only in high-quality,
minimally contaminated areas. Along with babies and freckles, they are one of the three most
common indicators of the "health" of aquatic ecosystems. Because mayflies could be found in a
wide variety of habitats and are so sensitive to pollution, they are a valuable indicator of water
pollution [53].

The fact that members of the families Plecoptera, Ephemeroptera, Trichoptera, Megaloptera
are indicative indicators of freshwater quality and pollution, is given in the classification
materials of the Department of Environmental Protection of West Virginia, USA [50, 10]. Since
1998, Department specialists have been using bottom macrozoobenthos data to measure the
biological health of rivers and lakes within the federal territory [10]. Currently, the network has
6450 observation stations.

A similar conclusion is given by Maltsev V.I. and others, emphasizing that stoneflies, mayflies
and some species of caddisflies are demanding indicators of clean water [35].

Representatives of macrozoobenthos provide reliable and comprehensive information on water
quality and habitat and have been used as biological indicators in many parts of the world for
almost 100 years. In some cases, it may be difficult to identify contaminants and stressors in
streams with only chemical data that only provide information regarding sampling time. Even
the presence of fish may not indicate the state of the stream, as the fish may swim far to avoid
contaminated water or adverse living conditions and then return when conditions improve.
Many uterine invertebrates at the bottom are not as mobile as fish, and cannot move to avoid
contamination. Therefore, the quantitative and qualitative diversity of benthic aquatic species
living in the stream may indicate water quality conditions in the past. In addition, benthos are an
excellent tool for assessing water quality, as they are extremely diverse, providing a wide range
of sensitivity and response to stressors such as metals, nutrients and sediments. Finally, they are
widespread and available for field work, making them valuable practical tools for assessing
water quality in aquatic ecosystems [10].

Benthos insects spend most of their lives (about 1 month to 4 years, depending on the species)
in water and only appear as adults in a few hours (or days) to mate and complete their life cycle.
The movement of benthos larvae includes swimming, crawling on the bottom of the stream and
drifting downstream [10]. Regarding the requirements of all five groups of organisms for water
purity, in particular amphipods, it was made a corresponding conclusion based on the analysis
of worldwide studies [8].

Regarding the indicators by which the ecological safety of aquatic ecosystems can be assessed,
the dynamics of stenobiont numbers, their species diversity, population density, spatial
distribution, toxicological resistance and seasonality should be considered.

CONCLUSIONS

1. The use of stenobiontic approach in the process of assessing the environmental safety of
aquatic ecosystems will facilitate the practical integration of the ecosystemness principles in the
process of ensuring the environmental safety of aquatic ecosystems, in particular by taking into
account the provisions of biosphere laws in environmental assessment and management. A
rational and, obviously, the most objective solution to the problem of representativeness of the
anthropogenic pressure regulation on the environment, in the context of harmonious
development of man and nature, is at the intersection of modern approaches, where stenobiontic
approach should take the main methodological place. Its meaning is that the choice of indicator
organisms will take into account the functional requirements of the biota ecological valence and
its ecological survival strategies.

2. The main theoretical and methodological principle of the stenobiont approach to ensure the
environmental safety of aquatic ecosystems is that stenobiont organisms are the first among
other biological species to respond to changes in the state of the ecosystem. Accordingly, if their
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living conditions are safe for them, then, a priori, will be the same for other living components
of ecosystems, including humans.

3. Based on the differences identified in the toxicological reactions of different organisms to the
reference substance potassium dichromate, calculated material-energy response of the aquatic
ecosystem to long-term anthropogenic impact and generalization of the results of the application
of the MPC concept, the practical inability of the latter to ensure the environmental safety of
aquatic ecosystems was confirmed.

REFERENCES

[1]. Afanasyev S. A. (2001). Development of European approaches to biological assessment of
the state of hydroecosystems in monitoring rivers in Ukraine. Hydrobiological Journal, 35(5), p.
3—18. (in Russian)

[2]. Afanasyev S.A. (2006). Methodology of hydrobiological research in the aspect of the
implementation of the provisions of the EU Water Framework Directive in Ukraine. Sb.
materialov Mezhdunar. konf. «Bioindikacija v monitoringe presnovodneyh jekosistem, SPb, p.
13-19. (in Russian)

[3]. Alhejoj I., Salameh E., Bandel K. (2017). Mayflies (Order Ephemeroptera): An Effective
Indicator of Water Bodies Conditions in Jordan. http://DOI:10.12983/ijsres-2014-p0361-0370

[4]. Alymov A. F. (1990). The main provisions of the theory of the functioning of aquatic
ecosystems. Hydrobiological Journal, 26(6), p. 3—12. (in Russian)

[5]. Andreev V. I., Bezsonov Ye. M., Andreeva N. Yu. (2016). Water ecosystem ecological
safety assessment by the determination of energy flow sustainability. — Water security:
Monograph. — Mykolaiv: PMBSNU — Bristol: UWE, 2016. — 308 p. — p. 7-20.

[6]. Aquatic Benthic Macroinvertebrates As Water Quality Indicators. URL:
https://www.wpwa.org/documents/education/Biological%20sampling.pdf

[7]. Bakanov A.L. (2000). The use of zoobenthos for monitoring freshwater bodies (review).
Biol. vnutr. vod., 1. p. 68—82. (in Russian)

[8]. Bezsonov Ye. M. (2018) Determination of the region ecological safety level by the method
of toxic-energy response of the water ecosystem biotic components. The dissertation of a degree
of the candidate of technical sciences. Lviv, Lviv Polytechnic National University. URL:
https://Ipnu.ua/sites/default/files/dissertation/2018/9253/dis_bezsonov.pdf (in Ukrainian)

[9]. Bezsonov Ye. M. (2018). Current trends in the field of normalization of anthropogenic
pressure on the environment. «Mohylyanski chytannya — 2018: Dosvid ta tendentsiyi rozvytku
suspilstva v Ukrayini: hlobalnyy, natsionalnyy ta rehionalnyy aspekty»: XXI Vseukr. nauk.-
metod. konf.: tezy dopovidey «Problemy ekolohiyi: teoriya ta praktyka», Mykolaiv, PMBSNU.
(in Ukrainian)

[10]. Biological Monitoring. URL:
https://dep.wv.gov/WWE/watershed/bio_fish/Pages/Bio_Fish.aspx

[11]. Bouchard R. W., Jr. (2004). Guide to aquatic macroinvertebrates of the Upper Midwest/
Water Resources Center, University of  Minnesota, 208 pp- URL:
https://dep.wv.gov/WWE/getinvolved/sos/Documents/Benthic/UMW/Ephemeroptera.pdf

[12]. Bubnov A. G. et al. (2007). Biotest analysis — an integral method for assessing the quality
of environmental objects: a teaching aid. Ivanovo, Ivanovo State University of Chemistry and
Technology, 112 p. (in Russian)

19



Water Security, 2021, Issue 2

[13]. Buletova N. Ye. Management of the trajectory of development of the regional ecological-
economic system: monograph. — Volgograd: Publishing house of the Volgograd branch of
FGBOU VPO RANKAhiGS, 2013. — 240 p. (in Russian)

[14]. Commoner B. The Closing Circle: Nature, Man, and Technology. Knopf, 1971. — 326 p.

[15]. Daam M. A., Maria S. L., Cerejeira J., Sousa J. P. (2011). Comparing the sensitivity of soil
invertebrates to pesticides with that of Eisenia fetida. Chemosphere, 85, 6, 1040-1047. URL:
https://doi.org/10.1016/j.chemosphere.2011.07.032

[16]. Djachkov A.V. (1984). On the need to create a universal classification of water quality.
Hydrobiological Journal, 20(3), p. 43—45. (in Russian)

[17]. Drake J.A., Fuller M., Zimmerman C.R., Gamarra J.G.P. (2007) Emergence in Ecological
Systems. In: Rooney N., McCann K.S., Noakes D.L.G. (eds) From Energetics to Ecosystems:
The Dynamics and Structure of Ecological Systems. Springer, Dordrecht. URL:
https://doi.org/10.1007/978-1-4020-5337-5_8

[18]. Environmental requirements and pollution tolerance of Ephemeroptera. URL:
https://nepis.epa.gov/Exe/ZyNET.exe/9101 A6BO. TXT?ZyActionD=ZyDocument&Client=EP
A&Index=1976+Thru+1980&Docs=&Query=&Time=&EndTime=&SecarchMethod=1&TocRe
strict=n&Toc=& TocEntry=&QField=&QFieldY ear=&QFieldMonth=&QFieldDay=&IntQField
Op=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C76thru8
0%5CTxt%5C00000026%5C9101A6BO.txt&User=ANONYMOUS &Password=anonymous&S
ortMethod=h%7C-
&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/1r75¢8/x150y150g16/i425&
Display=hpfr&DefSeckPage=x&SearchBack=ZyActionL&Back=7ZyActionS&BackDesc=Resul
1s%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&ZyPURL

[19]. Frumin G. T. (2015). Toxicity of chemicals to humans. Uchenye zapiski RGGMU,
Ecology, 41, p. 188-198. URL: http://www.rshu.ru/university/notes/archive/issue41/uz41-188-
198.pdf (in Russian)

[20]. Gelashvili D. B., Karandashova A.A. (2002). Principles of ecological regulation of
anthropogenic load on lotic ecosystems in terms of macrozoobenthos indicators. Izv. of Samara
scientific center of Russian Academy of Science. 2002. T. 2. Ne4, p. 252-254. (in Russian)

[21]. Global Footprint Network. URL:
http://data.footprintnetwork.org/? ga=2.233294939.418428993.1596614910-
1892527872.1594798332#/exploreData

[22]. Gredelj A., Barausse A., Grechi L., Palmeri L. (2018). Deriving predicted no-effect
concentrations (PNECs) for emerging contaminants in the river Po, Italy, using three
approaches: Assessment factor, species sensitivity distribution and AQUATOX ecosystem
modelling.  Environment  International, =~ Volume 119. - P. 66-78 URL:
https://doi.org/10.1016/j.envint.2018.06.017.

[23]. Hassell K. L., Ben J. Kefford B. J., Nugegoda D. (2006). Sub-lethal and chronic salinity
tolerances of three freshwater insects: Cloeon sp. and Centroptilum sp. (Ephemeroptera:
Baetidae) and Chironomus sp. (Diptera: Chironomidae). Journal of Experimental Biology 2006
209: 4024-4032; doi: 10.1242/jeb.02457

[24]. Hervas F. F. et al. (2006). Study of the extraction kinetic of glycosaminoglycans from raw
sheepskin trimmings. URL:
https://www.researchgate.net/publication/237535302_Study of the_extraction kinetic_of glyc
osaminoglycans_from raw_sheepskin trimmings

[25]. Inadequacy of the LDsy Test. (1999). Hearing before the Subcommittee on Energy and
Environment of the Committee on Science House of Representatives, 106™ Congress, 1*

20



Water Security, 2021, Issue 2

Session. Serial Nel06-18. June 17, 1999. P. 214-215. ISBN 0-16-059407-3. URL:
https://books.google.com.ua/books?id=gZFjhlf7tuUC&pg=PA215&Ipg=PA215&dg=#v=onepa

ge&q&f=false

[26]. Jacobus L. M., Macadam C. R., Sartori M. (2019). Mayflies (Ephemeroptera) and Their
Contributions to Ecosystem Services. DOI:10.3390/insects10060170

[27]. Johnson M. W., Golden K., Gilleskie G., Pancorbo J. and Vilhena R. R. (2015).
Comparison of Concentration Measurement Technologies in Bioprocess Solutions. BioProcess
International, 13(9). URL:
https://www.researchgate.net/publication/287260691 Comparison_of concentration measurem
ent_technologies in_bioprocess_solutions

[28]. Kefford B. J. (2018). Why are mayflies (Ephemeroptera) lost following small increases in
salinity? Three conceptual osmophysiological hypotheses. URL:
https://doi.org/10.1098/rstb.2018.0021

[29]. Khyzhnyak M. 1., Yevtushenko M. Yu. (2014). Methodology for studying groups of
aquatic organisms: a textbook. Kyiv, Ukrainian Phytosociological Center, 269 p. (in Ukrainian)

[30]. Krainyukov O. M., Yakusheva A. V. (2020). Study of the possibility of using
Ceriodaphnia affinis Lilljeborg (Crustacea) in a short-term test in establishing environmental
water quality standards in Ukraine. Visnyk of V. N. Karazin Kharkiv National University,
Section «Geology. Geography. Ecology», 51, p. 199-206. URL: https://doi.org/10.26565/2410-
7360-2019-51-14 (in Ukrainian)

[31]. Krainyukova A. N. (1998). Biotesting in the protection of waters from pollution. Methods
of waters biotesting, Chernoholovka, p. 4-14. (in Russian)

[32]. Krasnoshchekov G.P., Rozenberg G.S. Ecology “in law” (theoretical constructions of
modern ecology in quotes and aphorisms.). — Togliatti: IEVB RAS, 2002. — 248 p. URL:
http://ievbras.ru/ecostat/Kiril/Download/Meza.pdf (in Russian)

[33]. Kresin V. S., Bruk V. V. (2005). Methodical approaches to the calculation of MAD norms
of substances taking into account the categories of surface water quality. Problemy okhorony
navkolyshnoho pryrodnoho seredovyshcha ta tekhnohennoyi bezpeky : zb. nauk. pr., Kharkiv,
UkrNDIEP, p. 210-221. (in Ukrainian)

[34]. Lacerda A. C. F., Gusmao G. A., Hamada N. (2014). Tests of chronic and acute toxicity of
crude oil on larvae of Chironomus kiiensis Tokunaga (Diptera: Chironomidae). Braz. J. Biol.
vol.74 no.3 supl.1 Sdo Carlos Aug. 2014. URL: https://doi.org/10.1590/1519-6984.24012

[35]. Maltsev V. 1., Karpova H. O., Zub L. M. (2011). Determination of water quality by
bioindication methods: scientific-methodical manual. Kyiv: National ecomonitoring and
biodiversity center of National Academy of Sciences of Ukraine, 112 p. (in Ukrainian)

[36]. Melekhova O. P. (2007). Biological control of the environment: bioindication and
biotesting. Moscow, Academy, 288 p. (in Russian)

[37]. Melnyk V. Yo. (2015). Ecological standards of river water quality within Rivne region:
monograph. Rivne: O. Zen, 290 p. (in Ukrainian)

[38]. Mihajlova L. V. (2017). Features of oil rationing in water and bottom sediments of surface
water bodies of different types (lecture). Antropogennoe vlijanie na vodnye organizmy i
ekosistemy : sbornik materialov VI Vserossijskoj konferencii po vodnoj ekotoksikologii,
posvjashhennoj 80-letiju so dnja rozhdenija d.b.n., prof. B. A. Flerova, s priglasheniem
specialistov iz stran blizhnego zarubezhja. Sovremennye metody issledovanija sostojanija
poverhnostnyh vod v uslovijah antropogennoj nagruzki : materialy shkoly-seminara dlja

21



Water Security, 2021, Issue 2

molodyh uchenyh, aspirantov i studentov, (Borok, 14-17 sentjabrja 2017 g.), Jaroslavl :
Filigran, p. 121-125. URL: https://www.ibiw.ru/upload/conf/312474.pdf (in Russian)

[39]. Pligin Yu. V. (2005). Formation and current state of macrozoobenthos of the Kanev
reservoir. Hydrobiological Journal, 41(5), p. 24—44. (in Russian)

[40]. Reymers N. F. Ecology (theories, laws, rules, principles and hypotheses) — M.: Journal
"Young Russia", 1994 — 367 p. (in Russian)

[41]. Riegerix R. C., Tanner M., Gale R., Tillitt D. E. (2020). Acute toxicity and clotting times
of anticoagulant rodenticides to red-toothed (Odonus niger) and black (Melichthys niger)
triggerfish, fathead minnow (Pimephales promelas), and largemouth bass (Micropterus
salmoides). Aquatic Toxicology, 221, 105429. URL:
https://doi.org/10.1016/j.aquatox.2020.105429

[42]. Romanenko V. D., Lyashenko A. V., Afanasyev S. A. et al. (2010). Bioindication of the
ecological condition of reservoirs within the city of Kiev. Hydrobiological Journal, 46(2), p. 3—
24. (in Russian)

[43]. Romanenko V. D., Zhukynskyi V. M., Oksiyuk O. P. (2001). Methods of establishing and
using ecological standards of surface water quality of land and estuaries of Ukraine. Kyiv, 48 p.
(in Ukrainian)

[44]. Sanchez-Bayo F., Tennekes H. A. (2015). Environmental Risk Assessment of

Agrochemicals — A Critical  Appraisal of  Current  Approaches.  URL:
https://doi.org/10.5772/60739

[45]. Sanchez-Bayo F., Tennekes H. A. (2020). Time-Cumulative Toxicity of Neonicotinoids:
Experimental Evidence and Implications for Environmental Risk Assessments. Int. J. Environ.
Res. Public Health 2020, 17(5), 1629; URL: https://doi.org/10.3390/ijerph17051629 49

[46]. Sanchez-Bayo F., Tennekes H. A., Koichi Goka K. (2013). Impact of Systemic
Insecticides on Organisms and Ecosystems. URL: http://dx.doi.org/10.5772/52831

[47]. Scherr M. A., Wooster D. E., Rao S. (2010). Effects of Temperature on Growth Rate and
Behavior of Epeorus albertae (Ephemeroptera: Heptageniidae) Nymphs. Environmental
Entomology, Volume 39, Issue 6, 1 December 2010, Pages 2017-2024. URL:
https://doi.org/10.1603/EN09247

[48]. Shelford's law of tolerance. URL:
https://www.oxfordreference.com/view/10.1093/oi/authority.2011080310050082 1#:~:text=A%
20law%20stating%20that%20the,o0f%20tolerance%200f%20that%20organism.

[49]. Suhaila, A.H., Siti Hamidah, S. and Nur Aida, H. (2017). Distribution patterns of Baetis
(Ephemeroptera: Baetidae) as tolerant taxa in freshwater biological monitoring. Malaysian
Applied Biology 46(3):151-160. URL:
https://www.researchgate.net/publication/320370767 Distribution_patterns_of Baetis_Ephemer
optera Baetidae_as_tolerant taxa_in_freshwater biological monitoring

[50]. Tolerance Ratings. URL:
https://dep.wv.gov/WWE/getinvolved/sos/Documents/Metrics/SOS_Toleranceratings.pdf

[51]. Tolochyk I. L. (2018). Ecological condition of the river Styr in the conditions of
anthropogenic loading within the Rivne region. The dissertation of a degree of the candidate of
biological sciences. Rivne State University for the Humanities, Institute of Carpathian Ecology
of the National Academy of Sciences of Ukraine. URL: http://ecoinst.org.ua/pdf/d12.pdf (in
Ukrainian)

[52]. Tsybulskij A. I. (2017). Groupings of hydrobionts as an indicator of environmental risks of
pollution of rivers in Ukraine. The dissertation of a degree of the candidate of biological

22



Water Security, 2021, Issue 2

sciences. Kyiv, National Academy of Sciences of Ukraine, Institute of hydrobiology. URL:
http://hydrobio.kiev.ua/images/text/doc/Arh/14_Dis_Tsybulskiy.pdf (in Russian)

[53]. Voshell, Jr., Reese J., Wright A. B. (2002). A Guide to Common Freshwater Invertebrates
of North America. Blacksburg (VA): The McDonald & Woodward Publishing Company. 442 p.
URL:
https://www.maine.gov/dep/water/monitoring/biomonitoring/sampling/bugs/mayflies.html

[54]. Widodo C. S., Sela H. and Santosa D. R. The effect of NaCl concentration on the ionic
NaCl solutions electrical impedance value using electrochemical impedance spectroscopy
methods. AIP Conference Proceedings 2021, 050003 (2018); URL:
https://doi.org/10.1063/1.5062753

[55]. Woodiwiss F. (1977). Biotic Index of the Trent River. Macroinvertebrates and biological
examination. Nauchnye osnovy kontrolja kachestva poverhnostnyh vod po gidrobiologicheskim
pokazateljam: Tr. sov-angl. seminara, Leningrad, p. 132—161. (in Russian)

[56]. Woodiwiss F.S. The biological system of stream classification used by the Trent River
Board / F. S. Woodiwiss / Chemistry and Industry. 1964. — V. 14, P. 443447,

[57]. Yavorskyi V. Yu. (2016). Macroinvertebrates of the unregulated plain river system (on the
example of the Desna basin). The dissertation of a degree of the candidate of biological
sciences. Kyiv, National Academy of Sciences of Ukraine, Institute of hydrobiology. URL:

http://hydrobio.kiev.ua/images/text/doc/Arh/34_Dis Yavorskyi.pdf (in Ukrainian)

23



Water Security, 2021, Issue 2

WATER REMEDIATION WITH
FUNCTIONAL CAPABILITIES OF
ZEOLITIC NANOCOMPOSITES:
A REVIEW

Prof., PhD., M.Eng. Eva Chmielewska

Department of Environmental Ecology and Landscape Management, Faculty of Natural
Sciences, Comenius University, [lkovicova 6, Mlynska dolina B2, 842 15 Bratislava, Slovakia,
e.mail: chmielewska@fns.uniba.sk

ABSTRACT

Ammonia/ammonium used to be removed from waters based on its concentration with ion
exchange mostly onto natural zeolite clinoptilolite or some other selective synthetic resins, air
stripping, chemical precipitation with magnesium and phosphate salts to fertiliser magnesium
ammonium phosphate or break point chlorination. The most traditional or environmentally
feasible method is biological nitrification - denitrification or recently explored and already
industrially applied Anammox process. The described investigations on zeolites (clinoptilolite
based rock) for the removal of various kinds of aqueous pollutants lead to the conclusion that
this natural resource can be considered an alternative cost-effective adsorption material, either
with or without surface treatment, depending on the type of water to be purified. A special
attention is focused on the clinoptilolite’s competitive effectivity, environmental availability,
and economic feasibility in specific ammoniacal nitrogen removal from various water and
wastewater streams. Therefore, the pilot deammonification of drinking water with overlimitted
ammonium concentration as well as pilot tannery wastewater deammonification onto
clinoptilolite are discussed finally.

Keywords: natural zeolite of clinoptilolite type, deammonification, nanocomposite, water
treatment

INTRODUCTION

Ammonia - a colorless gas with a very sharp odor - is a chemical that is produced by both
humans and nature. It is an essential mammalian metabolite for DNA, RNA, and protein
synthesis and is necessary for maintaining acid-base balance. Ammonia is excreted primarily as
urea and urinary ammonium compounds through the kidneys. Most of the ammonia in the
environment comes from the natural breakdown of manure and dead plants and animals [1]. In
water, ammonia NH; is in equilibrium with the ammonium ion NH,". The ammonia-
ammonium ion equilibrium is highly dependent on the pH and, to a lesser extent, the
temperature of the medium. In acidic waters and neutral waters, the equilibrium favours the
ammonium ion. Ammonia toxicity can be a major issue that leads to mass mortality under
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unfavourable aquacultural conditions [1; 2]. The sea fauna and especially corals are extremely
sensitive to anthropogenic pollution. Ammonia has often caused the fish hyperplasia of the
branchial apparatus. However, certain fish species can accumulate high levels of ammonia in
the brain or defense against ammonia toxicity by enhancing the effectiveness of ammonia
excretion through active NH," transport, manipulation of ambient pH, or reduction in ammonia
permeability through the branchial and cutaneous epithelia [2]. About 80% of all manufactured
ammonia is used as fertiliser. Agriculture is responsible for 95% ammonia emisions using
fertilizers which contribute to production of respirably harmful aerosols [3]. Elevated
concentrations of ammonia in water are usually due to effluent discharges from sewage
treatment plants or industrial processes, or runoff from fertilised fields or livestock areas [4]. In
water, ammonia can volatilize to the atmosphere, be removed by microbial processes, or adsorb
to sediment and suspended organic matter. In surface water, groundwater, or sediment,
ammonia can undergo sequential transformation by two processes in the nitrogen cycle,
nitrification and denitrification, which would produce ionic nitrogen compounds, and from
these, elemental nitrogen. Elemental nitrogen formed from the anaerobic process of
denitrification is lost by volatilization to the atmosphere. The ionic nitrogen compounds formed
from the aerobic process of nitrification, NO,™ and NOs’, can leach through the sediment or be
taken up by aquatic plants or other organisms [5]. High concentrations of nitrate in groundwater
can cause methemoglobinemia in childreen when contaminated water is ingested.
Eutrophication in rivers and lakes is mainly caused by high concentrations of ammonium and
phosphate. Soils usually obtain additional ammonia from natural or synthetic fertiliser
application, animal excreta, decaying organic matter, or natural fixation from the atmosphere
[6]. At the beginning of the 20th century, most nitrogen was fixed into usable forms (e.g., NH;)
by lightning strikes and microbial nitrogen fixation [4].

CURRENT AND TRADITIONAL WATER TREATMENT TECHNIQUES FOR
AMMONIA REMOVAL

Ammonia/ammonium used to be removed from waters based on its concentration with ion
exchange mostly onto natural zeolite clinoptilolite or some other selective synthetic resins, air
stripping, chemical precipitation with magnesium and phosphate salts to fertiliser magnesium
ammonium phosphate or break point chlorination [7]. The most traditional or environmentally
feasible method is biological nitrification - denitrification or recently explored and already
industrially applied Anammox process [8]. All of the above mentioned methods have
particularly some benefits but also disadvantages, e.g. the efficiency of the process of air
stripping and biological processes used to be significantly influenced by the low temperature in
winter. Air stripping process is critisized by public for the noise and when the stripped ammonia
is not recovered by fertiliser production, also for air pollution [9]. The improper input of
chlorine into treated water by breakpoint chlorination may potentially produce risky and
cancerogenic chloramines, N,O or NO intermediates [10]. Chemical precipitation with
magnesium and phosphate salts means simultaneously salinization of treated waters. In general,
all the aforementhioned physico-chemical processes are effective to remove the higher ammonia
concentration in waters. On the other hand, ion exchange is more competitive method for a little
influence of the low temperature in winter as well as for sufficient high selectivity toward
ammonium/ ammonia. Except that, ion exchange equipment can be automatically controlled,
requiring only occasional monitoring, inspection and maintenance [11].
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The exchanger currently favoured for this use is clinoptilolite, a zeolite, which occurs naturally
in several extensive deposits in the western United States, Mexico, Eastern Europe, Italy,
Turkey and some other regions. Slovakia belongs to the countries that mine large tonnages of
zeolite mineral (of clinoptilolite type). Over 170 000 metric tonnes of high grade clinoptilolite
tuff were exploited from the industrial open-pit mine at Nizny Hrabovec (Eastern Slovakia) in
2018, making it one of the world’s major natural clinoptilolite producer [12,13].

BRIEF CHARACTERIZATION OF ZEOLITIC AND OTHER ADSORPTION
MATERIALS STUDIED FOR AQUEOUS POLLUTANTS REMOVAL

NATURAL ZEOLITE (CLINOPTILOLITE)

As Table 1 illustrates, a broad range of various zeolite-based, natural or even commercial
adsorption materials, including the inland natural zeolite of clinoptilolite type, were examined
for the commonly occuring environmental pollutants removal, in order to compare them to each
other. The reason for such as broad selection of model pollutants and adsorbents was to
demonstrate objectively how the natural zeolite (clinoptilolite) after surface treatment enhances
its native adsorption potential also to anionic and even organic types of aqueous pollutants,
despite originally its cation exchange behaviours. Based on the Table 1, it may be observed that
the GEH (granulated ferric hydroxide) and ODA (octadecylammonium) -surfactant coated
zeolite possess rather universal properties suitable to remove most of the pollutants examined
[14,15]. Actually, mostly surface untreated clinoptilolite tuff can compete with other natural
materials or even waste products, as occurring in the markets of many countries at very low
prices. Furthermore, the clinoptilolite can be considered also as an alternative cost-effective
adsorption material, either with or without surface treatment, depending on the type of water
pollutants [15,16]. The physicochemical and mineralogical specification of the inland
clinoptilolite based rock examined in this study including zeolitic crystal structure and surface
morphology presents Table 2. The crystal structure of the HEU-type zeolites is characterized by
a 3-dimensional aluminosilicate framework. Clinoptilolite framework contains narrow 4- and 5-
membered rings in parallel sheets arrangement, as well as broad 8- and 10-membered rings
constituting intraframework micropores perpendicularly to these parallel sheets, capable to host
extra-framework cations in association with mobile water molecules [17]. Except that, it is
necessary to highlight natural zeolite (Slovak clinoptilolite’s) cation selectivity according to
following sequence:

Cs" > Ag"> Pb* > Ba’ > NH, > Zn*" > Co*" > Fe*’
NH, > K" >Na" > Mg*" >7Zn*" > Ca*'

NATURAL OR INDUSTRIAL WASTE PRODUCTS AND COMMERCIAL
ADSORBENTS

Montmorillonite-rich bentonite originated from the deposit Stara Kremnic¢ka — JelSovy Potok in

the Slovak Republic, which is the most popular and long mined ore of the country. Basically,
bentonite belongs to a group of natural nanomaterials composed predominantly of crystalline
mineral particles from the group of dioctahedral smectites — montmorillonite (less than 0.2 mm).
Granulated ferric hydroxide (GEH) is an approved commercial adsorbent manufactured by GEH
Wasserchemie GmbH & Co. KG Osnabriick (Germany). The main components of GEH are
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akaganeite (3—FeOOH) and goethite [a-FeO(OH)]. Slovakite decodes an commercial adsorbent
manufactured by IPRES Engineering, Ltd. Bratislava from domestic dolomite, bentonite,
diatomic clays, alginite and zeolite, justified only with clinker and final pressurizing. Alginite
fossil was from the southeastern Slovak deposit Pincina and it is an ecological raw material
which originates from the algae stock deposition.

Table 1. Overall View of All the Examined Adsorbents Toward a Broad Range of Model
Pollutants (x—Positive Adsorption, Although With Various Efficiency).
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Absodan DN 2

GEH

This fossil possesses a high humus content, macro- and micronutritive and trace elements with
considerable dehydration ability, which supports its utilization as a soil fertilizer,
pharmaceutical additive or environmental adsorbent. The superior adsorption performance of
active coke may result from its large specific surface area and microporosity. Commercially
available active coke is usually derived from natural materials such as wood, coconut shell,
lignite or coal, but almost any carbonaceous material may be used as a precursor for the
fabrication of active coke. Coal is the most commonly used precursor for active coke
production. This fossil is a mixture of carbonaceous materials and mineral matter, resulting
from the degradation of plants. The adsorption properties of individual coal is determined by the
nature of the original vegetation and the extent of the physicochemical changes occurring after
deposition (low quality coal used to be classified as lignite). Carbonaceous fossil lignite was of
domestic origin. The industrial ashes Chezacarb (amorphous carbon) was supplied from
Chemopetrol Litvinov (Czech Republic). Beringite is basically aluminum silicate rock made up
of albite, barkevikite and orthoclase [18,19].
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Table 2. The mineralogical and chemical composition of the clinoptilolite from the open pit
mine Nizny Hrabovec (left) and principal sketch of clinoptilolite framework (right), columnar
model of 2-dimensional channel arrangement of HEU framework; tabular crystal shapes of
clinoptilolite (surface morphology) and basic tetrahedra unit at the top.

Species %

clinoptilolite ~ 70-85 .-
volcanic glass 15-20 .
feldspar 7-10 L
cristobalite 24 -
alfa-quartz 23

Oxides % Metals %
$i0y 67.16 Zn  0.0024
ALO; 123 Ba 0.0353
Ca0 291 Pb  0.001
K0 228 Sr 001
Na;0 0.66 Cs  0.0004
Fe,0; 23 Cr 00008
MgO 11 Cu  0.0002
P:0s 0.11 Ni  0.0001
MnO 0.14 Co  0.0001
TiO; 0.17 Cd  0.00005
H0 10.9 Fe 09

Ag  0.003
63

Nanofer is commercially produced Fe(0) (Zero Valent Iron - ZVI) stabilized in the aqueous
suspension by Nanoiron, Ltd. Rajhrad (Czech Republik). It has been successfully applied for
large scale remediation process at several industrial regions. Commercial Absodan and
Spilkleen products (Great Britain) are composed from natural resources, like cellulose, calcium
carbonate, clays and natural silicate minerals. Peatsorb means high-quality peat. Peat consists of
lignin, cellulose, fulvic and humic acids as major constituents that bear polar functional groups,
such as alcohols, aldehydes, ketones, phenolic hydroxides and ethers, being used in chemical
bonding. In the last decade, chitin and its deacetylated product chitosan respectively appear as
potential biosorbents, too. Chitosan possesses appropriate mechanical strength, rigidity and
settling characteristics, which are a perfect alternative to other adsorbent-biomass, despite
fragile structure and poor mechanical strength. Chitin is found in fungi, arthropods and marine
invertebrates. Shungite is a natural carbonaceous mineral with amorphous structure, abundant in
West Russia. Recently it has been stated that the mineral has important amount of fullerenes,
mainly C60. Shungite rocks are characterized by highly dispersed silicate mineral grains
distributed in the shungite carbon matrix. It may replace coke, graphite, carbon black and serve
as a complex raw material, quite effective also in water treatment processes [15,20].

ZEOLITE-BASED NANOCOMPOSITES

Colour recorded rows in the Table 1 mean surface modified zeolites, accomplished in order to
enhance their cabilities for as much as broad spectrum of pollutants (Fig.1). While the sol-gel
process was suitable wet route for the synthesis of hydrophobized, i.e. surfactant coated ODA -
clinoptilolite, carbonized zeolite was prepared in a pilot scale plasmachemical reactor (pyrolytic
chamber) installed at the laboratory, using the waste vegetable together with some twigs of
garden or park bushes. In that case clinoptilolite was actually chosen as the interface carrier for
amorphous carbon, beside some individual carbon nanotubes explored. While surface
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carbonization by means of carbonaceous biomass pyrolysis provided the host zeolite rock with
an embedded carbon layers of about 5 um thickness in various surface interstitial spaces and
cavities, the hydrophobization with octadecylammonium (ODA) surfactant provided the host
zeolite with various structure of ODA aggregates, which thickness was of one order of
magnitude lower than those of carbonized zeolite [21]. Some interesting remarks of living cells
are based on the excretion of biogenic surfactants or specific biopolymeric acids like alginic
acid and their salt alginate. Alginate is a copolymer of the isomers mannuronic and guluronic
acids. These biogenic compounds enhance colloidal stability and the dense packing of
submicrometer-sized particles in natural suspensions.

g
1

Fig. 1. Illustration of zeolite based adsorbents synthesized at laboratory. FeO(OH)-MnOx-
zeolite, Fe(Ill)alginate zeolitic beads, ODA-zeolite and carbonized zeolite (from the left to the
right).

Also clinoptilolite was combined with biogenic alginate to obtain an amphoteric product with
specific properties. Thus, the flexible component alginate biopolymer with a rigid component
(powdered) zeolite was crosslinked using Fe(IIT) and Ca(Il) salts. While Fe(III) cationic sites of
new pelletized biosorbent are in process of water purification responsible for electrostatic
uptake of oxyanionic pollutants, exchangeable Ca cations from inside structure work as cation
exchanger. According to aforementioned, such alginate—zeolite composed adsorbent is
enhancing considerably the uptake performance of zeolite as well as stabilizing its overall
technological properties [22]. Scientists developed a model for surface-induced metal oxide
formation and have used this as a guiding principle for the synthesis of metal oxide nano-

particles in other natural or engineered architectures. Many iron oxyhydroxide or bimetallic iron
oxyhydroxide-manganese polyoxides coated zeolites since the last several decades have been
synthesized to upgrade natural zeolite properties toward environmental pollutants, respectively.
Metal oxides based adsorbents are effective, low cost adsorption materials for heavy metals and
other pollutants removal together with pathogen detection. Their sorption process is mainly
controlled by complexation. When their particle size is reduced to below 20 nm, the specific
surface area of normalized adsorption capacity increases 10-100 times, suggesting a ,,nanoscale
effect”. They may be combined with other carriers or pelletized or enriched with a broad range
of functional groups and thus separated magnetically. Current immobilization techniques
usually result in significant loss of treatment efficiency. Therefore, research is needed to
develop simple, low-cost methods to immobilize nanomaterial without significantly impacting
their performance. Nevertheless, to overcome a potential human risk from environmental
spreading, nanomaterials need to be embedded in a solid matrix, respectively, to have minimum
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release until they are disposed of. Due to the very high price of commercial Fe-oxyhydroxide
(GEH) on our market, which was quite frequently used for As and Sb removal from some
underground water reservoirs in Slovakia, we prepared and compared the chemically pretreated
FeO(OH)-zeolite with the above GEH product. Biomimetic sol-gel synthesis in alkaline solution
of iron (III) nitrate nonahydrate was used for ecnomically feasible FeO(OH)-zeolite preparation,
while grain-sized zeolite based on nanoporous structure and its channel dimensions of (0.33 x
0.46 nm; 0.3 x 0.76 nm and 0.26 x 0.47 nm) served during this synthesis as template or
nanoreactor [23]. Active surface induced removal of aqueous Mn(II) and Fe(II) pollutants onto
silicious sand or gravel coated with catalytically affecting high valency manganese sesquioxides
have been in water purification process applied for decades. Therefore, also the MnOx-zeolite,
prepared by simple and inexpensive redox-synthesis at ambient temperature using the
contacting the grain-sized zeolite with the 5% KMnO, solution, was compared with above
mentioned products. An zeolitic nanocomposite may be defined hereto as a combination of
a various, potentially nanosized substance immobilized onto surface of the inorganic e.g. zeolite
carrier to avail advantages of both zeolitic and embedded constituents as well. Accordingly,
such technique can be used to modify organic or inorganic materials and such hybrids should
therefore be considered as the new generation of composites that may encompass a wide variety
of applications [14]. The conversion of inorganic ion exchange materials into hybrid nanoscale
ion exchangers is considered to be now-a-day the latest development of discipline. The
nanomaterials are drawing a great attention as they exhibit a high efficiency and rate of sorption
with short diffusion path toward environmental pollutants. Advances in nanoscale science and
engineering are today providing unprecedent opportunities to develop more cost effective and
environmentally acceptable water purification processes, respectively. Finally, for the water
purification, besides the metal-containing nanoparticles, carbonaceous materials and
dendrimers, also the zeolites are being evaluated recently as the most progressive functional and
nanosized materials of this millenium.

BRIEF FEATURES AND PERFORMANCE DATA OF THE MOST EFFECTIVE
ZEOLITE BASED ADSORBENTS

The above described investigations on zeolites (clinoptilolite) for the removal of various kinds
of aqueous pollutants lead to the conclusion that this natural resource can be considered an
alternative cost-effective adsorption material, either with or without surface treatment,
depending on the type of water to be purified. Previously discussed chemical treatments
necessary for the enhancement of their adsorption performance for various water pollutants
would certainly increase the price of these commodities as a consequence of the use of
chemicals and energy consumption, however, they are not as high as those of the currently
marketed commercial products [15,21]. The graphical plots in Fig.2a)d), are a couple of
examples that illustrate considerable increasing of uptake capacities toward Cs' and T,
especially when natural clinoptilolite was simply and inexpensively ion exchanged into Na" and
Ag" forms. On the other hand, the use of ODA surfactant or alginate biopolymer for zeolite
benefication, caused the increasing of uptake capacity, respectively, however, for their energy
consuming synthesis, more complicated chemicals were required (Fig.2b)c)). In contrast to the
clays, the surface of which has so far been coated with surfactant modifiers, natural zeolitic
minerals modified with hydrophobic long-chain amines present a fairly new potential in water
protection, especially due to their superior hydraulic characteristics, which are absent in clays.
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The presence of surfactants, usually quaternary ammonium salts, such as hexadecyltrimethyl-
ammonium chloride (HDTMA), cetylpyridinium chloride (CPC) and others on solid zeolitic
surfaces can enhance and also univerzalise their adsorption properties for different nonpolar
organic pollutants and inorganic anions as well. Long-term, experimental work has confirmed
the high affinity of Slovak clinoptilolite toward Cs" and Ag’, therefore, this natural zeolite was
recommended as an excellent adsorption and ion exchange material, preferably for remediation
processes of environments impacted by nuclear accidents [15,25].
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Fig. 2. a) Ion exchange isotherms for Na- and natural clinoptilolite vs. CsCl solution
(downwards); b) Adsorption isotherm for ODA-clinoptilolite and arsenate solution;
¢) Adsorption isotherms for nitrate and Fe-alginate zeolitic pellets; d) Adsorption isotherm for
Ag-clinoptilolite and KI solution.

Indeed, natural zeolites (mainly of clinoptilolite type) were used effectively for the cleanup of
the nuclear reactor disaster at Chernobyl (former USSR) in 1986 and for the remediation of the
environment after this nuclear accident. Most of the ca. 500,000 tons of zeolite were used for
the construction of barriers that limited the spread of radionuclides, as well as for remediation
activities, such as filtering of drainage waters from the encapsulated reactor, decontamination of
the Dnieper River water, and reduction of cesium activity levels in agricultural and veterinary
products [24,25]. Studies showed that a mixture of some natural minerals, such as bentonite,
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mordenite, and clinoptilolite in the form of compact layers with a thickness of some tens of
centimeters may satisfactorily act as buffer materials to protect against radioactive
contamination for many years. In this context, natural zeolites are employed as a natural barrier
for the migration of radionuclides in the polluted areas around nuclear power station accidents
or where nuclear weapons have been stored, such as Chelyabinsk (Russia), Semipalatinsk
(Kazakhstan), and Krasnoyarsk (Siberia) [26]. A combination of raw, surfactant-modified, and
Ag-impregnated herschelite, which included a Na-zeolite with a chabazite structure, was also
utilized, along with coagulation, sedimentation, and desalination for the removal of Cs'", sr”°,
Tc?™ and 1" from saline radioactive waters after the accident at the Fukushima Daiichi
Nuclear Power Plant (Fig.2a)d)) [28]. A zeolite based permeable barrier (PRB) was also
designed in Russia to prevent the further migration of Cs-137 and Sr-90 from the site of the
underground nuclear explosion “Kraton-3”, which was conducted for peaceful purposes in
1978. Investigations during the period 2007-2008 showed the presence of Cs-137 and H-3 in the
water of the region. Zeolitic tuff from Khonguruu (Yakutiya) containing 70% - 95% HEUtype
zeolite (clinoptilolite) was selected for the PRB on the basis of laboratory and modeling studies
[26,27]. Fig. 3 below displays the surface morphology of the natural clinoptilolite and ODA
surfactant coated clinoptilolite using the Atomic Force Microscopy (AFM) and the Scanning
Electron Microscopy (SEM). Photomicrographs of the clinoptilolite tuff shows well-defined,
tabular-shaped crystals with excellent crystal edges. When surface coverage with the polymeric
ODA surfactant occurred, smaller, more agglomerated crystals and more poorly defined crystal
edges were observed in about 1-um scale SEM image. The apparent sharpness of the image
decreased with increasing surfactant coverage (Fig.3 right).

Fig. 3. SEM micrograph of raw clinoptilolite tuff from Nizny Hrabovec (East Slovakia) -
magnification of 3700 X, AFM of ODA-clinoptilolite tuff, SEM of clinoptilolite tuff
hydrophobized with octadecylammonium surfactant (ODA) (from the left to the right).

The SEM image of the synthesized beads of alginate pelletized clinoptilolite in Fig.4 displays a
rough, nearly ropes-like surface morphology, and thus a profound change of the original tablets
of the natural clinoptilolite morphology. Some examination of the SEM micrograph indicates
the presence of many pores, cracks and oval shapes objects on the surface, too. Several swollen,
alginate-pelletized, clinoptilolite beads were observed, especially after a curing the beads in
calcium or iron solutions overnights.With regards to both micrographs (SEM) and (STM) in
Fig.4, considerable difference of the morphology could be observed. Scanning Tunneling
Microscopy STM did not display the clinoptilolite surface with such as sharped edged crystals
as the Scanning Electron Microscopy did, however, with regards to the rounded ones, the
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typical layered texture remained also by the STM micrograph for alginate pelletized
clinoptilolite. According to the AFM image and 2D topography, the surface texture of (Felll)
alginate pelletized clinoptilolite presents sharply edged parallel rods growing from the beads
inside to the outer surface, what was observed in the 3D topography and phase image as well.

Fig. 4. SEM, AFM and STM micrographs of Fe-alginate pelletized clinoptilolite tuff (from the
left to the right).

PILOT WATER AND WASTEWATER DEAMMONIFICATION ONTO
CLINOPTILOLITE TUFF

FIXED BED EXPERIMENTS SCENARIO FOR AMMONIA REMOVAL

In this section, a special attention is focused on the clinoptilolite’s competitive effectivity,
environmental availability, and economic feasibility in specific ammoniacal nitrogen removal
from various water and wastewater streams. While at the end of the nineteenth century
biological treatment of wastewater accounted mostly for organic matter (biological oxygen
demand) removal and had not significantly progressed beyond then, after World War II, the
rapid technological development of biological deammonification, i.e. nitrification and
denitrification has become remarkable. In general, the environmentally acceptable biomimetic
solutions have been considered since that time among the latest trends of development for all
the water cleanup processes. Specifically, for the complementary or tertiary removal of
ammoniacal nitrogen from the wastewater, in other words the subsequent polishing step, also
adsorption/ion exchange onto natural clinoptilolite, as highly selective toward ammonium, has
been alternatively applied [6,15,26-28]. Most of the considerable progress and research
regarding sorption processes can be performed through laboratory-scale with either a batch
mode or fixed bed mode. All the equilibrium data derived from the batch mode do not directly
correspond with wastewater treatment plants, where most ion exchange and adsorption
processes operate through fixed bed columns. A fixed bed scale can provide more useful
insights into sorption equilibrium and dynamics, which are necessary for predicting column
behaviour in large scale operations. Fixed bed column efficiency is usually appraised through
two important concepts, which are breakthrough and exhaustion points calculated from exit
concentration versus time or bed volume (BV). Determination of the above mentioned points is
required for providing the fundamental data necessary for successful design of a continuous
adsorption system. Complete (total) exhaustion occurs when the concentration of effluent equals
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the concentration of influent. Breakthrough time, curve shape, exhaustion time and ion
exchange properties strongly depend on a variety of operational parameters, such as bed height,
flowrate, influent concentration and chemical composition of adsorbent. The breakthrough
curve gives insights into the fixed bed column performance by plotting (C/Cy) on the Y-axis
against time (in min, hr) or against BV on the X-axis. Basically, nanomaterials based adsorbents
can achieve the requirements of a green circular economy since it is characterized by admirable
physicochemical characteristics, such as a large surface area, numerous surface active sites, high
sorption efficiency, low cost, environmental compatibility and recyclability. From economic
and environmental perspectives, reusability of saturated (spent) sorbent is of great importance
because it is considered a true criterion for judging the sorbent quality and its applicability for
large industrial scales through consecutive sorption/desorption cycles. A successful operational
desorption process is not limited to reducing the overall cost of such used processes, but also
paves the recovery of extracted substances captured from examined aqueous solutions (i.e.
tannery process), hence using them as feedstocks for various industrial sectors. Fundamentally,
an effective regeneration (recovery) process depends on adsorbent type, adsorption mechanism,
and an appropriate desorption scenario [11,15]. Fig.5 illustrates some experimental data
measured at the laboratory for ammonia removal from drinking and communal wastewater with
Slovak clinoptilolite tuff, as well as after their saturation the zeolite regeneration curves using
the 2% NaCl solutions [6].
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Fig.5 a) outlines a typical S-shaped breakthrough curve obtained by filtration of synthetically
prepared tap water with a high concentration of NH," (8 mg/L) across a clinoptilolite column
with the flowrate of 15 BV/h. A rather long adsorption zone with up to 2L of water treated
without any ammonium leakage was recorded. Full saturation or exhaustion of a zeolite column
with ammonium was observed after filtration of 6 L of water, when the influent and effluent
ammonia concentrations were equalled. In another case, an untypical breakthrough curve was
plotted after a lab-experiment with real communal wastewater treated for ammonia removal
onto a clinoptilolite column, most probably due to a high flowrate of water filtration, i.e. 40
BV/h (Fig.5b). The initial ammonium concentration in the wastewater equalled 17 mg/g. The
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first leakage with very low ammonium concentration through a zeolite bed occured after
filtration of a half liter of this water, the filtration of another half liter caused leakage with the
ammonium concentration in the effluent of 1 mg/L, and filtration of 9 L of communal
wastewater saturated the clinoptilolite column thoroughly. In most industrial operations, zeolite
columns are usually regenerated with 2 — 5% NaCl solutions in order to use the zeolitic bed as
long as possible. Therefore, several attempts on how to regenerate the inland clinoptilolite bed
most effectively were proposed in laboratory before the pilot operation in field or at wastewater
treatment facility was implemented. Fig.5c) clearly demonstrates the tendency to increase
ammonia elution from the zeolite bed with an increase of pH in the most frequently used 2%
NaCl regenerant solutions (Fig.5c). Despite the best result with the ammonia elution, which
used a quite agressive pH = 12, these strong alkalic solutions pose a negative impact on the
aluminosilicate skeleton by gradual dealumination and destruction of the zeolite structure.
Based on this fact, lower pH values of regenerant solutions are recommended. Two types of
regenerants, which differ from each other in regard to concentrations about 100-times, where
the low and very economic 0.004 M Ca(OH), lime was alkalized with strong NaOH to pH = 12
and thus enriched with additional Na ions, and the other commonly used and relatively costly
0.3 M NaCl of pH = 10 were examined for elution efficiency. Fig.5d) clearly illustrates a much
higher efficiency of 0.3 M NaCl solution to exchange ammonium out of zeolitic channels and
cavities, probably due to a higher affinity of clinoptilolite toward Na ion, as well as its higher
concentration gradient. Moreover, the use of economic lime for filter regeneration is usually
excluded due to the identification of unwanted calcium carbonate between zeolite grains,
causing a so-called ,,chanelling effect® or filter plugging. The last experimental results plotted in
Fig.5e) concern the dependence of the numbers of bed volumes loaded across the column to
eluate ammonia and thus prepare the column for a new cycle in ammonium removal. It was
found that regenerating a zeolite filter by 70 - 80% (20 — 30 BV) or eluating the ammonia out of
the loaded zeolite bed by this efficiency was satisfactorily for maintaining a solid time schedule
and the required water quality (Fig.5e). Industrial ion exchange facilities with chemical
regeneration prefer such as schedule as well. The time and solution consuming 100%
regeneration process is thus useless due to the unfavourable economy. As can be seen from the
curve in Fig.5e), there is only about a 15% difference in elution performance between the 30
and 90 BV, as extrapolated along the X-axis [6,7,10,15].

PILOT DEAMMONIFICATION OF DRINKING WATER WITH OVERLIMITTED
AMMONIUM CONCENTRATION

During the autumn 1986, the zeolite ion exchange pilot installation (ZIEPI) with a hydraulic
loading rate of 900 L/h (~13 Bed Volumes BV/h) was situated at the field experimental facility
of Water Research Institute in Vajnory, the closed vicinity of Bratislava. This pilot facility
treated the tap water which was enriched by ammonium chloride to the initial concentration of 1
mg/L ammonium. Two pressure steel columns operating in series, each one filled with 70 L or
56 kg of clinoptilolite of size-granulation 0.4-1 mm, as the part of above desribed pilot facility,
provided the drinking water purification with the high efficiency for several weeks. Bottom of
each column was filled with 14 L of about 3 mm grain-sized sand as the drainage support layer.
The zeolite filters were operated in downflow mode during the common working service and
upflow mode during the chemical regeneration. For the chemical regeneration of the loaded
zeolite filter 2% NaCl solution of pH ~9 was used. Two hours lasted chemical regeneration
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required approximately 25 BV of 2% NaCl solution. To regenerate a zeolite filter by 85% or to
eluate the ammonia out of the loaded zeolite bed by this effectivity was satisfactorily for
maintaining a solid time schedule and the required water quality. To provide a permanent
running of the whole facility (ZIEPI) and the uninterrupted water purification, ammonia
exhausted regenerants thereafter needed to get recovered by means of air stripping, to be again
recycled for filter regeneration. HDPP plastic tower of the total height 6.5 meter, assembled
from 6 modules of the ground-plane measures 980 x 650 mm, was applied for ammonia
stripping. To strip ammonia out of the regenerant brine a large quantity of air through the tower
was necessary, therefore the design of stripping tower was improved by installation of two
lateral air blowers at its bottom module (each one with the blowing capacity of 450 L/s).
Stripping ammonia out of the exhausted regenerant solutions was then processed in
countercurrent tower configuration, by which the entire air flow entered the bottom, while the
treated regenerant was pumped to the top (with the same hydraulic loading rate as into the ZB,
i.e., 900 L/h) and falled across the vertical waves-like shaped laminated slats to the bottom of
the tower. The whole regenerant volume was air stripped without the mass closed loop
operation, because the ZIEPI with the rather low operation capacity did not affect the
surrounded air quality in that time significantly. Therefore, the stripped ammonia was at that
pilot facility discharged only into atmosphere, however the higher-grade facility would need to
be provided already with ammonia recycling. The entire volume of regenerants (1800 L) was
recycled through the tower during 150 minutes to decrease the initial ammonia concentration of
50 mg/L to less than 10 mg/L. In the first stripping cycle 47% of ammonia was stripped out,
therefore also the second stripping cycle was necessary [29,15].

Reactor

NaOH

1 Solutionto

adjust pH to

Fig. 6. Laboratory pilot for ammonium removal out of the simulated drinking water (upper left
photograph) and typical breakthrough curves during the process studied (left down). Principal
sketch of zeolite ion exchange pilot installation (ZIEPI) situated at the field experimental
facility of Water Research Institute (right down).

The major factors which affected design and process performance of air stripping tower were
the tower configuration, the air flow and the pH. For recovery of 1L of regenerant solution the
consumption of 3.8 m’ air was necessary. To maintain pH ~ 11 of regenerant solutions in
stripping process and to compensate some loss of sodium ions in regenerant effluents, regular
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addition of NaOH into effluents was provided during the operation of ZIEPI. Under above
described operation, one zeolite column was able to treat 85 m® of drinking water with enhanced
ammonium concentration up to the limited value of 0.5 mg/L (the laboratory equipment only a
volume of 675 L), which means that the 4 days operated zeolite filter removed 81 gram of
ammonium from the whole treated volume of water. The operation principle of two pilot zeolite
columns (zeolite beds ZB) was as follows: Single or one ZB was under the operation service till
the ammonium concentration in effluent reached the limited value of 0.5 mg/L and then the
second new ZB was connected with the first one in series to load the capacity of the first ZB
totally. When the first ZB was loaded to its maximum capacity, the column was disconnected
from the operation in series and started to get regenerated, while the second ZB operated as
single column. There was sufficient time for ammonium loaded ZB to get regenerated and to
prepare it for the sequenced operation in the next process of drinking water purification. The
longer time operating ZB was used to be joint in series always at the inffluent end, backed up by
another ZB with lower loading level. Using this strategy of operation, the number of bed
volumes throughput (volumes of treated water by ZB) during the operation service increased
effectively by about 50%. A half an hour of ZB backwashing using the tap water to about 30%
bed expansion followed the chemical regeneration with alkalic NaCl solution additively, as a
requirement to decrease pH of the treated water filtered through ZB, which remained due to its
contact with the alkalic brines. In the year 1986, the cost of 1 m® water treated by means of ion
exchange onto the clinoptilolite tuff including chemical regeneration and regenerant recovery by
air stripping, was calculated to 0.37 Czechoslovakian crowns (0.012 Euro), however in respect
to that time low electricity price, this total cost of water purification was low. To the total cost
the consumption of zeolite, chemicals, energy for pumping, air stripping, filtering and
backwashing was calculated. Any pathogenic microorganism occurence during the water
purification by this method was detected. According to the hygienic and sanitary expertise
performed this aluminosilicate was not classified as toxic or carcinogenic and it did not
proveany oral or dermal toxicity [30]. Some standardized fibrogenity procedure using the
intratracheal application of powderized zeolite with less than 5 um grain-size in physiological
solution was tested by means of the rat species Whistar, respectively. Only less than 3% of
respirable, pure SiO, (free quartz) content in the zeolite samples was identified. Based upon this
fact it was concluded that above content may not expose or endanger the human health during
the treatment process. Moreover, epidemiological studies to date have not revealed any evidence
of a relation between exposure to natural clinoptilolite and diseases of the respiratory tract
beyond general effects of dust [31]. Despite the positive results presented, the technology of ion
exchange by clinoptilolite tuff has not been applied industrially since that time in Czech or
Slovak Republics, probably due to a very rare occurrence of such a specifically polluted
drinking water collectors [15].

PILOT TANNERY WASTEWATER DEAMMONIFICATION ONTO
CLINOPTILOLITE TUFF

Similar operation with the same hydraulic loading rates through the zeolite beds as by the
drinking water purification units was used for ammonia removal of mixed tannery and sewage
sludge wastewater at Shoe Manufactury Wastewater Reclamation Plant in Otrokovice (former
Czechoslovakia) in the 1987.

37



Water Security, 2021, Issue 2

Fig. 7. Pilot ammonia removal with clinoptilolite tuff of mixed tannery and sewage wastewater
at Shoe Manufactury Wastewater Treatment Plant in Otrokovice (former Czechoslovakia) in the
1987 (left). An original design layout of Sewage Treatment Works in Otrokovice with closed
Drevnice and Morava rivers (upper right). Graphical recording of ammonium influent and
effluent concentrations during the column filtration in WWTP Otrokovice (right down).

A higher ammonium concentration in wastewater (in average 50 mg/L) increased the ion
exchange capacity of zeolite considerably (approximately 10-times higher in regard to the
drinking water purification) [32-34]. Three columns operation (two ZB under stream while the
third ZB being regenerated) as well as much more complicated management of the entire ZIEPI
valving and piping was required at this wastewater treatment facility. Comparing to the
sufficient long, i.e., 4 days lasting drinking water service of ZB, ammonia removal from the
wastewater by ZB reached the limited value of 3 mg/L in effluent already after 15 h.
Consequently, the time of regeneration including ammonia stripping was necessary to shorten to
get the entire operation system permanently running. The 3-fractional regeneration and adequate
ammonia stripping process used for regenerant recovery and recycling in this zeolite ion
exchange pilot installation was therefore proposed. Only the highest, on ammonia mostly
concentrated elutriant solution was stripped in air stripping tower. Ammonia stripping process
was intensified and considerably shorten by the injection of the mixed hot waste steam and air
(1: 3) at the bottom of the tower against the regenerant solution pumped to the top of this tower
(Fig.7). The stripped ammonia was proposed to get absorbed into water to produce the
technological grade solution to be recycled. For the recovery of 1 L of highly concentrated
elutriants (regenerant solution) the consumption of 20 m’ air was necessary. After several
months of ZIEPI operation, the Centroproject Zlin provided, based on the submitted pilot
experimental data, some economic calculations for model capacity of treated wastewater 6000
m’/day. At that time the investment for the construction of zeolite ion exchange and
regeneration and air stripping recovery units for the proposed capacity was calculated 550 000
Euro, whereas the investment for ammonia removal by means of biological nitrification -
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denitrification method was estimated 700 000 Euro. Nevertheless, the operation cost of ion
exchange technology using the natural zeolite per one cubic meter of treated water was a bit
higher than the operation cost of the comparable biological nitrogen removal using the
nitrification-denitrification method. Concluding, the examined technology of zeolitic ion
exchange appeared technically and financially competetive to the traditional biological methods.
TOMA industrial Facility and the whole municipality in Otrokovice delivers up to 55 000 cubic
meters of wastewaters per day, while conventionally treating with activated sludge process a
volume of 18 000 m*/ day (200 L/s), therefore the process of zeolite ion exchange including
regeneration and air stripping by mass closed loop operation was designed for the entire
capacity. The proposed wastewater treatment plant consisted of three series of zeolite beds
(ZB) or pressure columns, each of sets composed from five ZB (1 pentade), with the zeolite
weight per one bed 8 tons. The set of 5 ZB was proposed to operate simultaneously. A large air
stripping tower (total volume of 140 m’) with the same elutriant loading rate as the ZB filtration
rates, i.e., 40 L/s, was proposed to provide elutriants recovery, while consuming 80 m’/s air, by
regeneration and air stripping of 1 ZB lasting not longer than 3 h.

CONCLUSIONS

The above described investigations on zeolite (clinoptilolite tuff) for the removal of various
kinds of aqueous pollutants lead to conclude that this natural resource can be considered as an
alternative cost-effective adsorption material, either with or without surface treatment,
depending on the type of water pollutants. Natural zeolite may be advantageously proposed
especially for complementary water purification. Mostly surface untreated clinoptilolite based
rock can compete with other natural materials or even waste products, as occurring in the
markets at very low prices. Previously discussed chemical treatments necessary to enhance their
adsorption performance for various water pollutants would certainly increase the price of these
commodities as a consequence of the use of chemicals and energy consumption, however, by far
not as high as those of the currently marketed commercial products.
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ABSTRACT

This section presents the general assessment results of a state of the surface waters in the North-
Western Black Sea region according to a complex of indicators of a surface water quality and
technogenic loading on the water bodies. The assessment and classification of the surface water
quality using the various methodological approaches, as well as the assessment of the
technogenic loading based on the calculation of the technogenic load module on the water
bodies.

Keywords: water bodies, quality, assessment, technogenic loading, module.
INTRODUCTION

The regions of the North-Western Black Sea Coast (NWBSC), which include the Odesa,
Mykolaiv and Kherson regions of Ukraine, are multifunctional territories. They are used for
agricultural, industrial, transport, maritime, recreational and other purposes. Within this area
there is a significant number of technogenic objects that adversely affect the condition and the
quality of the components of the environment, including the surface waters. The area covers the
lower parts of the Danube, Dniester, Southern Bug and Dnieper basins, the coastal zone of the
northwestern part of the Black Sea with estuaries and is used mainly for agricultural, fishery and
recreational purposes [1].

The assessment of a state of the surface waters in the NWBSC regions is a subject of a long-
term research for many scientists, including the authors [2, 3]. These are the works concerning
the complex estimations of the Odessa region water resources as a whole and the separate
objects, their hydroecological condition [4 — 6], the works which are devoted to the estimation
of the qualitative characteristics of the Odessa region rivers and lakes [7 — 11]. Some works
relate to the methodological aspects, namely improving the methods for assessing the surface
waters quality [12, 13]. Also in the work [14] a general estimation of a surface waters quality in
the Mikolayiv region for a long-term period is presented, in the work [15] a new approach to
estimating the ecological risk of the water objects deterioration is offered, and also a state of the
Ingulets river basin within the region is analyzed.
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METHODS AND EXPERIMENTAL PROCEDURES

Several methods for assessing a water quality, which we believe are optimal for using, have
been identified. Such methods included a graphical method, a method of assessing the land
surface water quality by the hydrochemical parameters, a method of assessing the ecological
state of the water bodies by the content of Biochemical Oxygen Consumptions (BOCs).

The graphical method is based on drawing up a graphical model of a surface water quality,
which is a cyclogram with scales-radii corresponding to a certain hydrochemical index. The
division value of each radius is equal to a maximum value of the indicator concentration, which
determines a water suitability for a particular type of water using [16]. The application of this
method makes it possible to determine simultaneously an excess of the maximum permissible
concentration (MPC) by the content of all quality indicators, which are monitored.

The method of assessing a land surface water quality by the hydrochemical parameters [17]
allows to perform a comprehensive assessment of a surface water quality using the
combinatorial pollution index (CPI). It allows you to take into account any list of indicators and
to determine a water quality based on the number of indicators.

The assessment of a state of the water bodies by the content of BOC; [18, 19] is an indirect tool
for determining the ecological state in the absence of systematic data by the hydrobiological
quality indicators.

To assess the technogenic loading on the surface waters, a module of technogenic loading on the
water bodies (My;) by the indicators of the return waters and pollutants discharges in their
composition was used. It is defined as a volume of wastewater or pollutants discharges
(thousand tons) for 1 year, attributed to the area of the administrative district or the region [20].

THE RESEARCH RESULTS AND DISCUSSIONS

In the territory of the Odessa region the surface waters are distributed rather unevenly. The
northern and central parts of the region are characterized by limited water reserves, and the
south and the west, which belong to the lower parts of the Dniester and Danube basins, have
significant reserves [21]. The drainage in the region is carried out into the Black Sea basin, the
Dniester, the Khadzhibey and other estuaries, as well as into the surface water bodies.

The analysis of the pollutants in the composition of wastewater discharging into the water
bodies of the region showed that the maximum volumes are observed for phosphates and dry
residue, the minimum — for heavy metals, calcium and sodium.

The assessment of a surface water quality of the Odessa region using a graphical method was
performed for the Danube and Dniester river basins. It can be noted that in the waters of the
Danube basin during 2005 — 2018 there were exceedances of the MPC by fishery standards for
the content of nitrites, manganese, copper and chromium (VI). The excess in the manganese
content in all years was maximum. Thus, according to other studies [22], a high content of
manganese in the Danube waters is characteristic. High concentrations of nitrites indicate a
significant organic pollution of the Danube. According to economic and drinking standards, the
maximum permissible concentrations were exceeded by the content of copper and, in some
years, by the content of phenols.

In the waters of the Dniester river basin, according to fishery standards, there were constantly
increased concentrations of sulfates, nitrites, iron, in some years phosphates, as well as the
excess of the MPC for total mineralization. According to the economic and drinking
requirements, constant exceedances of the MPC were observed in the total mineralization.
Increased concentrations of nitrogen and phosphorus compounds in the waters of the Dniester
basin are the result of agricultural activities.

Fig. 1 — 2 show the results of calculating the CPI in the waters of the Danube and Dniester river
basins. The maximum value of CPI for the Danube basin surface waters (Fig. 1) according to
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fishery standards was noted in 2017, the minimum — in 2018. From 2005 to 2017 there was a
tendency to increasing the CPI. According to economic and drinking standards, the maximum
CPI was noted in 2009. During the study period the index was ranging from 20 to 30 units
(except in 2018). The marked in 2018 minimum for both types of water using is explained, first
of all, by reducing the number of reviewed water quality indicators from 16 to 11. Also in 2018
there were no data on the content of indicators in the water, which almost constantly have the
significantly exceeded MPC in 2005 — 2017, primarily by the fishery requirements (copper and
manganese).
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Fig. 1. The dynamics of changing the CPI in the waters of the Danube basin within

the Odessa region
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Fig. 2. The dynamics of changing the CPI in the waters of the Dniester river basin within

the Odessa region
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For the waters of the Dniester river basin (Fig. 2) by the fishery requirements, the maximum
value of CPI was noted in 2018, the minimum was in 2015. In general 2009 — 2017 is a period
of minimal pollution. According to the economic and drinking standards, the maximum CP/
was also observed in 2018, the minimum values were observed in 2009 — 2012. These maxima
for both types of water using were explained by increasing the number of reviewed water
quality indicators in 2018, as well as a significant increase of the BOCs content in some
observed sites.

Table 1 shows the results of the water quality classification in the Danube and Dniester river
basins within the Odessa region. In general by the fishery standards, the water quality of the
Dniester river basin is worse compared to the waters of the Danube river basin. The waters of
the Danube basin are mostly characterized by quality classes I1la — IIIb, category "dirty". The
water quality of the Dniester river basin in different years is characterized by classes IIla — I1Ib
(category "dirty") — IVa (category "very dirty"). According to the economic and drinking
standards, the waters of the both rivers basins are characterized by the same indicators — class II,
category "polluted" (except in 2018 for the Dniester).

Table 1 — The classification of a surface water quality of the Odessa region

Year The Danube river basin The Dniester river basin
fishery standards economic and fishery standards economic and
drinking standards drinking standards

2005 11, contaminated 11, contaminated 1116, dirty 11, contaminated
2006 IIIa, dirty II, contaminated 1Va, very dirty I, contaminated
2007 IIla, dirty 11, contaminated 1Va, very dirty II, contaminated
2008 IIla, dirty 11, contaminated 1Va, very dirty II, contaminated
2009 [Ila, dirty 11, contaminated 1Va, very dirty I, contaminated
2010 [1la, dirty 11, contaminated I1Ib, dirty 11, contaminated
2011 [Ia, dirty II, contaminated I1Ib, dirty 11, contaminated
2012 [Ila, dirty 11, contaminated 11Ib, dirty 11, contaminated
2013 11a, dirty 11, contaminated I1Ib, dirty 11, contaminated
2014 [1a, dirty 11, contaminated I1Ib, dirty 11, contaminated
2015 [Ia, dirty 11, contaminated I1Ib, dirty 11, contaminated
2016 [1la, dirty 11, contaminated 1Va, very dirty 11, contaminated
2017 11Ib, dirty 11, contaminated 1a, dirty 11, contaminated
2018 I, contaminated 11, contaminated IVa, very dirty Illa, dirty

The results of the assessment of the Danube waters by the value of BOCs are given in table 2.
As it can be seen, in the vast majority a state of the Danube basin waters by the level of
pollution is characterized by category "moderately polluted" and by the ecological state — a
threshold stage. The data on the values of BOCs in the waters of the Dniester River were
unsystematic. Thus according to the available data, a state of water in general is also
characterized by the level of pollution by category "moderately polluted”, by the ecological
state — a threshold stage.

In the Mikolaiv region the problem of surface water objects pollution is also acute. Due to the
lack of domestic and industrial emissions high-quality treatment, the situation in the region is
significantly complicated.
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In terms of surface water reserves, the Mykolayiv region belongs to the basins of the Southern
Bug River, the Dnieper River and some rivers of the Black Sea region [23]. The region local

water resources are very limited and depend on the inflows from other regions.

Table 2. The classification of the Danube water quality according to the value of BOCs

Year Pollution level Ecological condition
2005 Moderately polluted Threshold stage

2006 Contaminated Stage of irreversible changes
2007 Moderately polluted Threshold stage

2008 Contaminated Stage of irreversible changes
2009 Contaminated Stage of irreversible changes
2010 Moderately polluted Threshold stage

2011 Moderately polluted Threshold stage

2012 Moderately polluted Threshold stage

2013 Moderately polluted Threshold stage

2014 Clean Stage of reversible changes
2015 Clean Stage of reversible changes
2016 Moderately polluted Threshold stage

2017 Moderately polluted Threshold stage

2018 Moderately polluted Threshold stage

According to the available data [24, 25], the maximum volumes of discharges are observed for
such an indicator as dry residue. Also in recent years there has been an increase in discharges of
nitrogen and phosphorus compounds.

The dynamics of changing the indicators of the Mikolayiv area surface waters quality was
analyzed using a graphic method. In almost all the years, the maximum exceedances of the
MPC in the waters of the Southern Bug River Basin by the fishery standards were noted for the
content of copper and manganese. There were also significant exceedances of the MPC for
fishery needs in terms of nitrites, phosphates, sulfates, total iron, zinc and nickel. The obtained
data are consistent with the previous studies of the authors [26]. However the authors
considered the Southern Bug water quality only for economic-drinking and communal purposes.
According to economic and drinking requirements, the excess of MPC was noted in terms of
chlorides, magnesium, total iron and the amount of surface water mineralization.

The calculation of the Mikolayiv region surface waters CPI (fig. 3) showed that according to the
fishery standards the CPI value is 3 — 4 times higher than by the economic and drinking
standards. In general for both types of water using there is a decrease in the overall level of
water pollution from 2010 to the present. The minimum CPJ, noted in 2016 and significantly
different from other years (primarily by the fisheries standards), is the result of several reasons:

- reducing the number of analyzed indicators from 16 to 7;

- in 2016 the analysis did not take into account the substances for which there were
previously constant and significant exceedances of the MPC (nitrites, magnesium, phosphates,
total iron, copper, zinc, nickel and manganese).
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On the basis of the received data the classification of the Mikolayiv region surface waters
quality for the long-term period is executed (tab. 3). In all the years, except for 2016, the surface
waters quality of the region according to the fishery standards is characterized by class Vla,
category "very dirty", according to the economic and drinking standards — the only class II,
category "polluted". Compared with the surface waters of the Odessa region, the waters of the

Mikolayiv region are characterized by the worse quality according to the fishery standards.
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Fig. 3. The dynamics of changing the surface waters CP/ in the Mikolayiv region

Table 3. The classification of a surface water quality in the Mikolayiv region

Year Fishery standards Economic and drinking standards
2005 Vla, very dirty 11, contaminated
2006 Vla, very dirty 11, contaminated
2007 Vla, very dirty II, contaminated
2008 Vla, very dirty II, contaminated
2009 Vla, very dirty II, contaminated
2010 Vla, very dirty 11, contaminated
2011 Vla, very dirty 11, contaminated
2012 Vla, very dirty 11, contaminated
2013 Vla, very dirty 11, contaminated
2014 Vla, very dirty 11, contaminated
2015 Vla, very dirty 11, contaminated
2016 1a, dirty II, contaminated
2017 Vla, very dirty 11, contaminated
2018 Vla, very dirty II, contaminated
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The results of the classification of the Mykolayiv region surface waters by the value of BOCj5
are given in table 4. As it can be seen the surface waters of the region by the level of pollution
are mainly characterized by categories "moderately polluted" — "polluted", by the ecological
state — a threshold stage and a stage of irreversible changes. Compared to the Odessa region, the
surface water bodies of the Mikolayiv region are characterized by the worst ecological state
indicators.

Table 4. The classification of the Mikolayiv region surface water quality by the value of BOCs

Year Pollution level Ecological condition
2005 Moderately polluted Threshold stage

2006 Clean Stage of reversible changes
2007 Contaminated Stage of irreversible changes
2008 Contaminated Stage of irreversible changes
2009 Moderately polluted Threshold stage

2010 Moderately polluted Threshold stage

2011 Moderately polluted Threshold stage

2012 Moderately polluted Threshold stage

2013 Moderately polluted Threshold stage

2014 Contaminated Stage of irreversible changes
2015 Contaminated Stage of irreversible changes
2016 Contaminated Stage of irreversible changes
2017 Contaminated Stage of irreversible changes
2018 Moderately polluted Threshold stage

26 rivers flow through the territory of the Kherson region, including the Dnieper River with the
Kakhovka Reservoir, the Ingulets River. The waters of the Dnieper feed the Kakhovka magistral
canal and the North Crimean canal [27]. The largest water users in the region are agriculture and
utilities, as well as industrial enterprises.

Sewage is discharged into the Kalanchak River, the Kalanchak Estuary and the Black Sea [28].
The maximum volumes of discharges according to [29, 30] data are observed for dry residue,
sulfates and chlorides.

Analyzing the dynamics of changes in the Kherson region surface water quality indicators using
the graphical method shows that in 2005 — 2008 there were significant exceedances of the MPC
by the fishery standards (> 10 MPC) for nitrites, chromium (VI), copper and nickel. Maximum
excesses were observed in the content of chromium (VI). Significant exceedances of the fishery
standards were also noted in the content of sulfates, phosphates, manganese, values of BOCs
and mineralization. According to the economic and drinking requirements, the excess of MPC
was most often observed in such indicators as mineralization, BOCs, nickel.

The increased content of nitrogen and phosphorus compounds in the water is a consequence of
agricultural production in the Kherson region. The Ingulets River flows through the region, the
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chemical composition of its waters is formed under the influence of highly mineralized
wastewater from the Kryvyi Rih iron ore basin.

The CPI of the Kherson region surface waters was calculated (Fig. 4). The analysis of the given
figure shows that the maximum value of CPI for both types of water using was noted in 2008.
This is explained by the fact that that year the number of analyzed indicators was maximum
(17), that influenced the results of the CPI calculation. The index value for the fishery
requirements, as for other regions of the NWBSC, is much higher than for drinking. In 2014 —
2015, there is a minimum CPI, which is caused by several factors:

- reducing the number of analyzed indicators to 10 — 11;

- a lack of available data when analyzing the indicators that significantly degraded a quality
of the surface waters in the region (chromium (VI), copper, nickel, etc.).
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Fig. 4. The dynamics of changing the surface waters CP/ in the Kherson region

In 2016 — 2018 the list of indicators almost did not differ from the list of 2005 —2012. However
there is a significant decrease in the CP/ value.

In most cases a quality of the surface waters of the region (Table 5) according to the fishery
requirements is characterized by classes [Va — IVg, category "very dirty", for drinking water —
class II, category "polluted”, class Illa, category "dirty".

The ecological condition of the Kherson region surface waters was also assessed according to
the content of BOCs (Table 6). Thus almost the whole period the surface waters of the region
are characterized by the worst indicators in terms of pollution ("dirty") and in terms of the
environmental state ("stage of irreversible changes").

If we compare the indicators of a surface water quality in the regions of the NWBSC, the waters
of the Kherson region are characterized by the worst quality in terms of hydrochemical
indicators and in terms of the ecological state (content of BOCs).

We calculated the projected trends in the dynamics of the surface water pollution level in the
regions of the NWBSC (Fig. 5 — 7). The presented drawings show that for the Mikolayiv and
Kherson regions a stable tendency towards a decrease in the surface waters pollution within the
next 10 years is noted. As for the Odessa region, in general, pollution indicators tend to
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increase. Thus the probability of the surface water quality deterioration in the regions of the
NWBSC is observed for the basins of the Danube and Dniester rivers within the Odessa region.

An important factor in analyzing the state of the components of the environment, including the

state of the water bodies, is the assessment of technogenic loading.

Table 5. The classification of the surface water quality of the Kherson region

Year Fishery standards Economic and drinking standards
2005 Vg, very dirty 11, contaminated
2006 IVe, very dirty Illa, dirty
2007 IVe, very dirty 11, contaminated
2008 IVe, very dirty IIla, dirty
2009 IVb, very dirty 11, contaminated
2010 IVe, very dirty Illa, dirty
2011 IVc, very dirty IIIa, dirty
2012 IVa, very dirty 11, contaminated
2014 IIIa, dirty 11, contaminated
2015 IIIa, dirty 11, contaminated
2016 IVa, very dirty 11, contaminated
2017 IVa, very dirty 11, contaminated
2018 IVa, very dirty II, contaminated

Table 6. The classification of the Kherson region surface water quality by the value of BOC5

Year Pollution level Ecological condition
2005 Dirty Stage of irreversible changes
2006 Dirty Stage of irreversible changes
2007 Dirty Stage of irreversible changes
2008 Dirty Stage of irreversible changes
2009 Dirty Stage of irreversible changes
2010 Dirty Stage of irreversible changes
2011 Dirty Stage of irreversible changes
2012 Dirty Stage of irreversible changes
2014 Moderately polluted Threshold stage

2015 Dirty Stage of irreversible changes
2016 Dirty Stage of irreversible changes
2017 Dirty Stage of irreversible changes
2018 Dirty Stage of irreversible changes
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In the Odesa region, there are 132 enterprises that discharge pollutants into the surface water
bodies. The main pollutants are utilities, namely “Infoxvodokanal” (Odessa),
“Chornomorskvodokanal”, “Artsyz Vodokanal”, “Podilskvodokanal”, “Belgorod-
Dniestrovskvodokanal”, “Teplodarvodokanal”, “Baltavodokanal” and also a cellulose-cardboard
factory (Izmail) [31].

The largest volumes of water intake are carried out from the surface sources (95 % of the total
water intake in the region). According to using the water for various needs the use for drinking
needs took the first place until 2012, since 2013 the first place has been occupied by using the

water for irrigation. Minimum water using indicators are observed in the agricultural sector.
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Fig. 5 — The projected assessment of the surface water pollution level in the Odessa region
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Fig. 6. The projected assessment of the surface water pollution level in the Mykolayiv region
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Fig. 7. The projected assessment of the surface water pollution level in the Kherson region

Sewage and other return waters are discharged mainly into the surface water bodies. At present,
40 — 50 % of discharged pollutants are characterized as “normative cleaned". In recent years,
there has been a significant increase in return water discharges, which may be due to an increase
in the water abstraction in the region.

By the types of economic activity, the main water-consuming industries are housing and
communal services and agriculture.

The assessment of technogenic loading on the Odessa region water bodies according to the
indicators of wastewater and pollutants discharges in their composition was performed using the
My indicator (Fig. 8). Thus from 2009 to 2016 there was a decrease in the total loading on the
surface water bodies in the region due to a decrease in wastewater discharges. In 2017 — 2018,
this figure increased significantly, which, as noted above, is due to an increase in discharges.
Until 2013, with the overall decrease in the volume of wastewater discharges, the number of
pollutants in their composition had been increasing.
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The analysis of the discharge volumes from the main polluting enterprises showed that the
Odesa region water objects receive the maximum technogenic loading according to the
indicators of wastewater discharges under the influence of the “Infoxvodokanal” activity.
Among other enterprises the largest discharge rates are observed for the cellulose-cardboard
factory in Izmail.

The analysis of the prognostic load indicators on the Odessa region surface water bodies (Fig. 9)
testifies to the tendency of increasing the indicators, first of all by the volumes of wastewater
discharges.

In the territory of the Mikolayiv region about 160 enterprises having the permission for water
using are operating nowadays. The main water bodies polluters in the region are the vodokanal
enterprises, namely "Mykolayivvodokanal", "Olshanske", "Pervomaisky city vodokanal",
"Pribuzke", Bashtanka "City vodokanal", "Ochakivvodokanal".

In the Mikolayiv region from 2003 to 2010 the water intake indicators decreased almost in 1,5
times and at present they are fluctuating within 226 — 290 million m’. The water using
indicators have also declined. The maximum water consumption is observed for the production
needs, the minimum — for the agricultural needs without taking into account the irrigation needs.

There is also a significant decrease in the values of indicators from 2003 to the present in terms
of wastewater discharges. The largest amount of wastewater is discharged into the surface water
bodies (more than 90 %). Untreated water prevails in the wastewater composition. The share of
"normatively cleaned" wastewaters is very low. This is a consequence of inefficient operation of
the municipal sewage treatment plants.
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Fig. 8. The value of the My, indicator in the Odessa region in 2004 — 2018
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Fig. 9. The projected assessment of the level of technogenic loading on the Odessa region water
bodies

By the types of economic activity the most water-consuming industries are agriculture (taking
into account the irrigation and fish farming needs) and energy. Significant water consumption
indicators are also observed for the housing and communal service needs.

The estimation of technogenic loading on the Mikolayiv region water objects of (fig. 10) is
done. In terms of wastewater discharges, the My, value has decreased by almost 1.5 times since
2006. According to the pollutants discharges indicators, there has been a steady decrease in
loading almost 2 times since 2005. This is a consequence of the reduction of wastewater
discharges and, accordingly, pollutants in their composition.
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Fig. 10. The value of the My, indicator in the Mykolayiv region in 2003 — 2018
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The analysis of loading from the main enterprises-polluters showed that the volumes of
discharges from "Mikolayivvodokanal" exceed the corresponding indicators of other enterprises
by 1 — 2 orders. Among the other enterprises, in recent years the maximum discharge volumes
have been observed for Pervomaisky Vodokanal.

The received projected indicators (fig. 11) testify to the tendency to reducing the level of
technogenic loading on the Mikolaiv region water objects.
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Fig. 11. The projected assessment of the level of technogenic loading on the Mykolaiv region
water bodies

According to [32] data in 2019 in the Kherson region 1161 water users were registered. In
recent years the main water bodies polluters are the "Palada" plant (Kherson), the Kherson river
port and such enterprises as "Source" of the Kalanchak village council, "Rice of Ukraine",
"Zhukova" and "Southern" (village Oleksiyivka), "Sewage treatment plants" of the Skadovsk
city council [28].

The analysis of water intake in the region showed that there is a steady increase in all indicators.
The largest water intake is from the surface water sources, the smallest — from the sea sources.
With the increase in water intake, there is an increase in water using. The maximum volumes
are marked for the irrigation needs, the minimum are for other agricultural needs. With the
general increase in water intake, there is a decrease in wastewater discharges. The maximum
number of wastewater discharges is carried out into the surface water bodies. In terms of the
degree of purification constantly clean wastewater is dominated.

By the types of economic activity the greatest needs in water resources in the region are
observed for the agricultural enterprises compared to other industries.

The estimation of the level of technogenic loading on the surface water bodies of the region
according to the volumes of wastewater discharges and pollutants in their composition (Fig. 12)
indicates a significant decrease in the My indicator (by almost 30 %).
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Fig. 12. The value of the My, indicator in the Kherson region in 2003 — 2018

The analysis of technogenic loading on the water bodies from the main polluting enterprises of
the Kherson region showed that the discharge volumes from the Kherson water supply system
exceed the corresponding ones by 1 — 2 orders of magnitude. Among other enterprises, the
significant discharge volumes are noted for “Rice of Ukraine”.

The projected values of technogenic loading on the water bodies indicate their decrease during
the next 10 years (Fig. 13).

A comparative analysis of technogenic loading on the surface water bodies of the NWBSC
regions was also performed (Fig. 14 — 15). As it can be seen from both figures, the greatest
loading is on the surface water bodies of the Odesa region (55 — 75 % of wastewater discharges
and 60 — 75 % of pollutants discharges from the total volumes). The second place is taken by
the Kherson region. According to the value of the My, indicator, the maximum level of loading
is also noted for the Odesa region. According to the wastewater discharges indicators, after the
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Fig. 13. The projected assessment of the level of technogenic loading on the Kherson region
water bodies
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Odesa region, the value of My is the largest in the Mykolayiv region as a whole, and according
to the volume of pollutants discharges it is the largest in the Kherson region.
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Fig. 14. The comparative analysis of technogenic loading on the regions of the NWBSC in
terms of wastewater discharges into the surface water bodies

The analysis of materials for a long-term period and the obtained calculations show that the
maximum level of technogenic loading is observed for the Odesa region, the minimum — for the
Kherson region in terms of the volumes of wastewater discharges into the surface water bodies.
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Fig. 15. The comparative analysis of technogenic loading on the regions of the NWBSC in
terms of pollutant contaminants in the wastewater discharging into the surface water bodies
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CONCLUSION

The section presents the general assessment results of a state of the surface waters in the North-
Western Black Sea region according to a complex of indicators of a surface water quality and
technigenic loading on the water bodies. The obtained calculations allow us to draw the
following conclusions:

1. In all regions of the NWBSC, a non-compliance with the standards was most often noted
for fishery requirements. According to the value of CPI the Odessa region surface waters were
characterized by quality classes IIla — IVa (category "dirty" — "very dirty") according to fishery
standards, the Mykolaiv region — mainly class Vla (category "very dirty"), the Kherson region —
classes IVa — IVg ( category "very dirty"). According to economic and drinking standards, the
water quality in the regions was characterized by class II — Illa (categories "polluted" — "dirty").
The estimation of an ecological state of the waters showed that waters of the Odessa region are
characterized as "moderately polluted" with a threshold stage of an ecological condition, the
Mikolayiv region — "moderately polluted" and "polluted" (accordingly a threshold stage and a
stage of irreversible changes), the Kherson region — "dirty" with a stage of irreversible changes.

2. The comparative analysis showed that the waters of the Kherson region are characterized
by the worst quality for the fishery and drinking requirements, as well as by the ecological
condition.

3. According to the volumes of wastewater and pollutants discharges into the surface water
bodies, the maximum level of technogenic loading is observed for the Odesa region, the
minimum — for the Kherson region.
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ABSTRACT

The object of the study is the drainage water of solid waste landfills (SWL) and the assessment
of the impact of solid waste landfills on the main components of the environment, including the
hydrosphere and lithosphere. In particular, the analysis revealed that the main source of
environmental pollution is leachate and biogas, which are derived from the operation of
landfills. groundwater for 3 quarters, at one of the landfills of Ukraine (Zaporizhzhia).

Keywords: leachate, solid domestic waste, monitor, method, protective shield, efficiency,
environment.

INTRODUCTION

Municipal solid waste landfills are complex multicomponent systems with active-negative
impact on the environment. The main purpose of monitoring such systems is to identify the
dynamics of quantitative and qualitative changes in the state of the environment, both on the
landfill and in the surrounding areas.

The main factor of negative impact of the solid waste landfill on the environment is the impact
of leachate, which generated as a result of waste decomposition.

The filtrate is a brown-brown liquid component of landfills, with an unpleasant odor (usually
ammonia, putrefactive compounds), which is formed due to waste moisture, precipitation
infiltration, biochemical processes that result in the release of water. Its temperature can reach
38 gr. Landfill wastewater is very dangerous in sanitary and epidemiological terms for the
environment and human health.

The filtrate is formed as a result of anaerobic decomposition of solid waste in the body of the
landfill, penetration into the body of the landfill, the amount of which exceeds the amount of
moisture. evaporating from the surface of the landfill. The average annual volume of the filtrate
is 2-3 thousand m3 / ha.

In practice, it is accepted to divide filtration waters into 2 categories:

—  "young filtrate" formed at the initial stage of landfill operation in the acetogenic phase of
solid waste destruction after 2-7 years of solid waste storage and disposal. Filtration waters are
characterized by an average pH value of 6, high values of COD (up to 60,000 mgO, / dm®) and
BOD (sometimes up to 40,000 mgO, / dm®), high content of ammonium nitrogen and iron (on
average 750 mg / 1). The composition of organic impurities is represented by volatile organic
acids of the fatty series

— "old filtrate" is formed at the stages of methanogenesis, ie mainly during post-operational
periods. The filtrate of old landfills ("old filtrate"), has a pH of 8, significantly reduces the
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valuesof COD - up to 3000-4000 mgO, / dm® and BOD - up to 180 mgO, / dm’, high
ammonium nitrogen (750 mg / 1) and low iron content.

Qualitative characteristics of drainage wastewater has been given in table. 1.

Drainage waters of landfills are characterized by high BOD and COD, the presence of a
component of organic nature, the content of petroleum products, zinc, nickel, copper,
chromium, nitrogen, nitrates and nitrites. increased salt content and the presence of suspended

solids.

Table 1. Qualitative characteristics of the drainage water of the landfill

Name of the indicator Research period

Autumn Winter Spring
Solids, mg/dm’ 22614,3 18352,7 23200,5
BOD;, mgO/dm’ 182,1 167,7 165,3
COD, mg/dm’ 1007,5 1215,6 999,8
chromatic level , gr. 180 167 159
Suspen3s10n particles, 251.4 268,07 209.7
mg/dm
pH 7,6 7,1 7,4
Nitrogen, mg/dm’ 67,7 2623 76,24
Nitrates, mg/dm3 109,4 120,2 107,8
Sulphates, mg/dm’ 1630,1 2154,8 2376,8

According to the classification of the filtrate, depending on age, the filtrate of this qualitative
composition can be attributed to the "old" filtrate, but it should be noted that in most cases a
mixture of filtrates of different periods is formed at landfills due to constant mixing of portions
that was formed at the stage of methanogenesis.

METHODS AND EXPERIMENTAL PROCEDURES

At the present stage, the pollution of the aquatic environment is controlled by sampling water
for chemical analysis from surface watercourses and wells located along the contour of the
object, and in the direction of surface and soil runoff. This approach is not correct enough, as
the presence of contaminants is recorded, and the nature of their formation is ignored. This
point is extremely important due to the fact that the pollution of the hydrosphere occurs not
only due to leachate from waste storage sites, but also due to other factors, such as surface
runoff from agricultural land, sewage, etc. .

At the landfill for solid waste it is necessary to constantly monitor the amount and composition
of the treated filtrate discharged into the sewer system of the settlement. The control is carried
out by analyzing the composition of wastewater before and after the complex of local facilities
for leachate treatment, in control wells (including in the absence of local treatment facilities), as
well as measuring the amount of wastewater discharged in control wells.

Sampling is a very important step in the technological cycle of eco-analytical control, as the
results of even the most accurate (and expensive) analysis lose all meaning in the case of
incorrect sampling. Errors caused by incorrect sampling, as a rule, can not be corrected in the
future. Therefore, the reliability and accuracy of further analysis largely depend on the correct
choice of method and thorough sampling.

Should also consider that every spring, after the snow melts or after heavy rains, the landfill
dramatically increases the volume of leachate.

One of the most common ways to dispose of solid waste is to dispose of it in landfills, where
waste decomposition processes have been going on for decades. The latter leads to local or
global changes in the sanitary - epidemiological situation of the surrounding areas.
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Discharge of leachate into the municipal drainage network is allowed only if the volume and
composition of the leachate meet the requirements of the "Rules of acceptance of wastewater
from enterprises in municipal and departmental sewerage systems of cities and towns of
Ukraine" [1] in consultation with local sanitary-epidemiological service (SES).

The leachate collection and disposal system must be operational from the beginning of the
landfill operation, as well as after its closure.

The development of devices for the collection and disposal of filtrate, as well as biogas, which
is formed in large quantities in the layers of solid waste continues. One of the latest
developments is presented in Figure 1 [2].

To protect groundwater and surface water from pollution during the construction of landfills,
the following measures are envisaged:

—  pumping the filtrate from the body of the landfill with subsequent removal to
treatment plants;

—  creation of a multilayer protective screen on the bottom and slopes of the pit,
which houses the landfill.

The composition of the filtrate directly depends on the stage of the life cycle of the landfill.
Each stage corresponds to a certain stage of biochemical decomposition of waste, which
underlies the formation of quantitative and qualitative characteristics of drainage water.

So today, we don't have any universal effective technology for purification and disposal of
filtrate. One of the reasons - the variability of its composition, it determines the scheme of
purification - physico - chemical, physical, biological or a combination thereof.

biogas = /i leachate

‘.

/X

[T

[
NI

Fig. 1. Filtrate and biogas collection system: 1 — polymer pipe; 2 — bottom; 3 — well vertical
drainage; 4 — additional drainage; 5 — lid; 6 — vertical pipes; 7 — polymer pipeline; 8 — biogas
sensor; 9 — filter level sensor; 10 — first layer of waste; 11 — plugs; 12 — insulating layer of
sludge or sand, 13 — waterproofing; 14 — filtrate

On March 1, 2017, new rules for designing solid waste landfills [3] came into force in Ukraine,
in particular, measures to protect soils and groundwater from the effects of leachate were
strengthened and this is stated in amendment N 1 to state construction norms state buildings
norms .B 2.4-2-2005 "Landfills of solid household waste. Basic design provisions", which was
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published in the official printed publication of the Ministry "Information Bulletin of the
Ministry of Regional Development, Construction and Housing of Ukraine" No. 11 of 2016.

The document provides for:

— proper design and construction of landfills for briquetted household waste,
biogas collection and disposal systems, collection and disinfection of leachate at
landfills (including existing ones), as well as effective implementation land reclamation
after the closure of the landfill

—  optimization of estimated costs required for the construction of the landfill in
solid waste in accordance with the requirements of legislation in the field of waste
management; health of people, animals, plant protection, as well as property and the
environment.

In particular, certain design decisions made in accordance with the requirements of state
buildings norms B 2.4-2-2005 "Landfills for solid waste. The main design provisions " led to
the cessation of construction of landfills or their reclamation and re-approval of the developed
projects.

In turn, the supervisory authorities and experts referred to the impossibility of violating the
relevant provisions of state buildings norms B.2.4-2-2005 "Landfills for solid waste. Basic
design provisions" [3].

This applies in particular:

—  the requirements of paragraph 3.130 for the installation of a protective screen
during the reclamation of land after the closure of the landfill, which provides for the
use of increased volumes of loam, extraction and transportation to the landfill is a costly
measure; § 3.19 on determining the slope of the pit of the landfill,

—  the requirements of § 3.74 on determining the requirement for the utilization of
biogas generated by anaerobic decomposition of the organic component of municipal
waste mandatory;

—  the requirements of 3.85 for the use of rotary drilling rigs with unsuitable
drilling diameters for drilling wells for biogas collection,

— requirements of 3.32 for clarification of the requirements for prohibited solid
household waste briquettes, etc.

In addition state buildings norms B.2.4-2-2005 is supplemented with new appendices, in
particular: Annex K Form of sanitary-technical passport of the solid waste landfill; Annex L
Basic methods of filtrate disposal.

Analysis of the new version of the normative document allows us to draw conclusions about
strengthening control over the environmental component of the landfill operation process and
minimize the negative impact on the environment.

THE RESEARCH RESULTS AND DISCUSSIONS

Uncontrolled accumulation of waste at landfills poses a significant risk to the environment and
directly to humans. The vast majority of existing solid waste landfills (SWL) are filled to 90%
of the project volume or overcrowded, which requires the alienation of new areas for the
arrangement of regular sites (queues) for waste disposal.

The analysis revealed that the main source of environmental pollution is leachate and biogas,
which are derived from the operation of landfills.

In the process of increasing the thickness of the waste layer, aeration conditions deteriorate,
methane and ammonia are formed.
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After showers and snowmelt, the landfill is saturated with water, which gets the decomposition
products of organic matter. At the same time, the filtration capacity of soils increases and the
processes of environmental pollution are more active than the processes of self-cleaning.

Monitoring of waste storage areas should include control over the state of the hydrosphere
(groundwater and surface water), atmosphere, soils, noise pollution within the range of the
landfill.

The system of observations should include:

—  preliminary inspection of the landfill site and adjacent areas to identify the main
objects of control and determine background concentrations;

— implementation of a system of continuous environmental monitoring, and
creation of conditions for normal operation;

—  forecast of the dynamics of the state of the environment in the phase of active
operation of the landfill, and after reclamation,

—  development and implementation of recommendations to prevent deterioration
of the quality of controlled areas.

To protect groundwater and surface water from contamination by leachate in modern conditions
during the construction of new landfills, the following measures are envisaged:

—  pumping of filtrate from the landfill body with subsequent transportation to
treatment facilities;

— creation of a multilayer screen on the bottom and slopes of the pit, which
houses the landfill.

According to of state buildings norms B.2.4-2-2005 [4], groundwater at the site of landfills must
be at a depth of at least 2 m from its foundation.

To minimize the effects of harmful effects of contaminated areas, various measures:
reclamation, rehabilitation, reclamation. The direction of reclamation determines the following
targeted use of these areas.

To confirm the potential threat to the environment, a number of studies were conducted at
landfills in Ukraine (Zaporizhzhia, Kharkiv, Kyiv, Odessa), which showed a negative influence
of leachate on groundwater and soil of adjacent territories. Values, the content of cadmium
exceeds the norm by 1.5 times, lead 4-6 times, petroleum products more than 10 times. Thus,
there is an excess of a large number of controlled indicators throughout the observation period
with increasing concentrations, which is due to the activation of chemical processes in the body
of the landfill.

The geological section in the area of the landfill allows to estimate the filtration coefficient of
each layer and therefore the potential degree of impact on groundwater (table 1).

The study evaluated the impact of drainage water on groundwater in several observation wells.
It should be noted that well Nel is a background reference point located in the northeastern part
of the landfill site, and well Ne5 is drilled directly in the landfill body (equipped in 1999) and
allows to assess the quality of the filtrate, has the greatest depth — 17 m.

All 4 observation wells are equidistant from the 5 wells and therefore the effect of the filtrate is
observed at all five control points (Figure 2).
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Fig. 2. Layout of the landfill and collector-drainage system for drainage water drainage

Table 1. Coefficients of filtration of lithological layers of the landfill of the city of Zaporizhzhia

Tumber Layer thickness, Filtration coefficient,
in order Layer name
m m/day
No
1 0.3-0.4 The soil andivegetatlon layer is )
humified loam.
0,2-0,25
2 0,0-2,2 Loess loam 0.22
. 0,6-1,1
3 0,0-4,1 Loess loam, light, water-saturated. 0.75
4 1,8-4,1 Loess loam, medium 0’3_2’545
5 0.0-4.3 Loess loam, light, water-saturated 0,4-0,6
7 Loess loam, medium, water-saturated 0,45
0,17-0,25
6 3,0-9,0 Loess loam, heavy, water-saturated 0.2
0,05-0,10
7 3,3-8,5 Sandy clay 0.06
8 0,7-3,0 Secondary kaolin, sandy, loamy 0’0(? 3-1(2’03
9 0,7-2,6 Fine-grained sand, water-saturated 0’001 6%04
. . 1,0-2,5
10 1,9 Sand medium-grained, water-saturated 15
11 9,0 Grit granite with sandy aggregate 3’?{; 6
12 > 0.5 The soil and vegetation layer is )
humified loam
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Analysis of the results of qualitative indicators of groundwater taken in wells 1-5 show that there is
a significant excess of concentrations of groundwater contaminants compared to background
(well 1). The average excess over the background is as follows:

- Ammonium nitrogen — 30 times;
- BSCs — 2.5 times;

- Suspended matter — 1.5 times;
- Copper — 8.5 times;

- Mineralization — 30.5 times;
- Nitrites — 8 times;

- SPAR — 7.5 times;

- Sulfates — 15.5 times;

- Phenols — 9.5 times;

- Chlorides — 55-80 times;

- COD — 4.3 times.

Hydrochemical studies are carried out from control wells or observation wells located above and
below the landfill body along the groundwater flow.

It should be noted that there is a non-uniformity impact of drainage waters on hydrosphere objects,
in particular groundwater and surface water bodies, where landfill drainage waters may enter.

The multicomponent composition of the filtrate is due to the heterogeneity of waste and uneven
decomposition, the filtrate accumulates lenticularly and has a local distribution.

Determining the location of the filtrate is necessary to record the trajectory of the filtrate in the
geological environment and the development and implementation of special environmental
measures.

During the research was obtained and analyzed the following dynamics , at one of the landfills of
Ukraine (Zaporizhzhia). Samples from several control wells located on the landfill site and in the
immediate vicinity were analyzed. The analysis data are shown in diagrams 2-4.

Thus, the analysis of studies on the impact of the landfill on the environment, in particular, landfill
derivatives, showed a high degree of pollution, which negatively affects the state of water
resources, atmosphere and lithosphere, and limits their subsequent post-reclamation use. Thus, it is
necessary to prevent the landfill filtrate from entering surface water and groundwater, or to
minimize their negative impact, in particular through local treatment plants.

Physical, chemical, biological methods are used to treat highly concentrated drainage water from
landfills, and also their combination [5, 6]:

[J the use of sorption purification at the stage of methanogenesis is recommended for low-
concentration filtration waters;

[J when using galvanocoagulation and reagent coagulation at the stage of acetogenesis, the BOD is
reduced to 60%, chromaticity up to 85%;

[J when using membrane purification technologies at the stages of aceto-and methanogenesis
without pre-treatment there is a rapid clogging of membranes and the formation of concentrate,
difficult to further dispose of, the method due to the complexity of operation and relative high cost,
can not be recommended as the main, but can be used as additional treatment at any stage of the
landfill.
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Application of aerobic methods for purification of the filtrate in the stage of methanogenesis is
possible during the preliminary physico-chemical and chemical treatment, because the effluents
have a high salt content, the presence of organochlorine compounds.

Also effective is a technology that involves reagent treatment using an activated solution of
aluminum sulfate coagulant [7, 8].
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Fig. 3. Concentration of ammonium nitrogen in groundwater
10
0 /\
8
6 //
5 7
B P
3 / >
2 /
) P
0
1 quater 2 Quater 3 quater
el 1 0 9 3
=l=yell 2 0 45 4
e el 3 1 4 58
el 4 0 1,5 48

Fig. 4. Dynamics of changes in BODs in groundwater
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CONCLUSION

Thus, the operation of the landfill, even in compliance with modern requirements for their
design, (including drainage system, protective screen) has a multifactorial negative impact on
the environment, in particular, the hydrosphere (surface and groundwater) and the lithosphere.

In particular, during the analysis of the level of soil contamination, within the sanitary
protection zone (landfill in Zaporizhzhia), the following data were obtained: the content of zinc,
chromium, copper and nickel does not exceed acceptable values, the cadmium content exceeds
the norm in 1,5 times, lead 4-6 times, petroleum products more than 10 times.

There is an excess of normative values of controlled indicators during the whole time of
observation with increasing concentrations, which is explained by the activation of chemical
processes in the body of the landfill.

Analysis of the results of groundwater quality indicators taken at control points in observation
wells shows a significant excess of groundwater contamination concentrations compared to
background (well 1). Namely: Ammonium nitrogen — 30 times; BODs — 2.5 times; Suspended
matter — 1.5 times; Copper — 8.5 times; Mineralization — 30.5 times; Nitrites — 8 times;
Surfactants — 7.5 times; Sulfates — 15.5 times; Phenols — 9.5 times; Chlorides — 55-80 times;
COD — 4.3 times.

For a comprehensive solution to the problem of leachate accumulation and its negative impact
on the environment, the first step is the sorting of garbage in the places of its formation
(businesses, enterprises), will lead to a significant reduction in the amount of garbage and areas
occupied under landfills, will minimize the amount of leachate, will lead to monomization of its
composition, and simplify the treatment scheme.

It is expected that these measures will improve the areas under landfills, reduce their area and
improve the overall environment. Eliminates the need for the alienation of new areas for the
installation of landfills.
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ABSTRACT

Water quality and the aquatic environment state of water bodies in Pripyat River basin (within
the district of right-bank tributaries in the middle part of the river) were assessed. The
methodology of environmental assessment of surface water quality by the relevant categories
(by I index) was used. The assessment showed that the water bodies belong to the II class by
the average quality values (2-3 categories) and they are characterized as "clean" and "clean
enough". According to the worst quality indicators — to II-III classes, and characterized as "very
clean"-"slightly polluted"—"moderately polluted". More than a third (37% of control sites) of
the region's surface waters are eutrophic, for the rest the trend is even more threatening:
polytrophic — 46%, hypertrophic — 17%. Predictable deterioration in water quality was observed
in rivers below the discharges of industrial and communal enterprises, within cities and other
settlements. The analysis has shown three periods of the change in the quality of surface water,
which caused by economic and climate reasons: 1 — deterioration, from 1964 to 1990; 2 —
improvement, from 1990 to 2000; 3 — stabilization and decrease of water quality of some rivers
by the worst indicators after 2000.

Keywords: ecological index, environmental assessment, surface water quality, rivers
INTRODUCTION

Deteriorating surface water quality as a result of increasing pollution is one of the attributes of
the global water crisis [3]. This is seen as a decrease in the ability of the environment to meet
social and economic goals and needs, as a loss of the ability to provide ecosystem services —
those resources and benefits that people and society are received from ecosystems [4, 11]. The
quality of surface and groundwater is a function of natural factors and human impact [8]. Water
quality deteriorates by increased input of nutrients and toxicants (e.g. from diffuse sources such
as run-off from agriculture, or point sources such as wastewater discharges), change in oxygen
level, acidity, and temperature [11, 12]. In the second part of the XX century quality of surface
water in Ukraine deteriorated significantly due to human impact; the process is continuing now,
in particular, some water bodies in the Pripyat River basin are polluted and much polluted [9].
The aim of the study is ecological assessment of quality of surface waters of the Pripyat River
basin (within the area of right-bank tributaries in the middle part of the river) [5].

METHODS AND EXPERIMENTAL PROCEDURES

Study area. Investigated waterbodies. The objects of the study were water bodies in the
Pripyat River basin (within the area of right-bank tributaries in the middle part of the river)
within the 16th European ecoregion by the Water Framework Directive (2000) [10] and
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Freshwater Ecoregion 425: Dnieper — South Bug by the Freshwater ecoregions of the world [1].
The water bodies are located in north-western part of Ukraine. Hydrochemical studies were
carried out in 2008-2014 at 83 control sites located in the Rivne Oblast (region): on 19 rivers of
dlfferent lengths 3 reservoirs, and 5 lakes (fig.1).
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Fig. 1. The Rivne Oblast (region): Control sites on water bodies
Rivers: Pripyat (1), Stohid (2), Horyn (3-18), Sluch (19-25), Styr (26-35), Ikva (36-41), Lva
(42), Buniv (43, 44), Stvyha (45), Prostyr (46), Zhabichi (47, 48), Slonivka (49, 50), Korchyk
(51, 52), Stubla (53, 54), Vilia (55), Ustia (56-65), Zamchysko (68-73), Berezhanka (74-75).
Reservoirs: Basiv Kut (76), Khrinnykivske (77), Mlynivske (78). Lakes: Nobel (79), Somyne
(80), Bile in Volodymyretsky district (81), Bile in Zarichnenskiy district (82), Chorne (83)

The research was carried out mainly within the Styr-Horyn part of the basin. This area was
chosen as a representative spatial object to study the problems of degradation of aquatic
ecosystem resources in the Pripyat River basin for several reasons. Firstly, the catchments of the
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right-bank tributaries together make up more than a third of the total basin area. Horyn and Styr
are the largest right-bank tributaries of the river, both in length (659 and 494 km, respectively)
and in the basin area (27,700 and 12,900 kmz). Secondly, within the study area there are all
types of water bodies — reservoirs and streams, artificial and natural, etc. The sizes of the rivers
are different: large (Pripyat), medium (Horyn, Ikva, Styr, Sluch, Stvyha, Lva) and small (Ustia,
Zamchisko, etc). Thirdly, in aquatic ecosystems there are negative consequences of economic
activity, typical for whole 16™ ecoregion by WFD (2000) — deterioration of water quality and
living conditions of biota.

According to the physical and geographical zoning, the study area is located in four physical
and geographical regions: Volyn and Zhytomyr Polissya, which are part of the Polissya
province of the mixed forest zone, Volyn Upland and Male (Small) Polissya, which are part of
the Western Ukrainian province, forest-steppe zone [2, 6, 7]. Rivers belong to the group of
lowland rivers [12]. The lakes are located within Volyn Polissya. According to the natural-
agricultural zoning of Ukraine, the area is located within the natural-agricultural Polissya and
Forest-Steppe zones. In administrative zoning, it is mainly the territory of Rivne Oblast (region).

Water quality analysis and assessment. The initial data for the implementation of
environmental assessment of surface water were the results of monitoring (27 physical and
chemical indicators) provided by the analytical control department of the State Department for
Environmental Protection in Rivne Oblast. Monitoring data for 20082014 were analyzed.
Surface water quality indicators (mineralization, pH, content of chlorides, sulfates, ammonium
nitrogen, nitrate and nitrite nitrogen, phosphorus phosphates, dissolved oxygen, COD, BOD:,
Fe, Cu, Zn, Mg, Mn, Ca, Ni, total chromium, phenols, petroleum products, etc) were determined
in accordance with the current governing normative documents.

Water quality and the aquatic environment state were evaluated according to the environmental
assessment of surface water quality by the relevant categories [13] (the aggregation of indicators
into indices), the quantitative generalization of which is the integral ecological index (Ie), which
was set by three blocks indices according to formula (1):
_hiAhl ),
¢ 3
where I, — index of indicators of salt composition; I, — index of trophic and saprobic indicators
(ecological and sanitary); I; — index of indicators of specific toxic substances.
The water quality indices were determined by average and the worst values. The procedure for
the assessment consisted of three successive stages:
- grouping and processing of initial data;
- determination of classes and categories of surface water quality by individual
indicators;
- generalization of water quality assessments by separate blocks with determination
of integrated values of water quality categories and classes.

THE RESEARCH RESULTS AND DISCUSSIONS

1

Insignificant volumes of wastewater from small objects enter the Pripyat River within the
region; they do not have a significant effect on the salt composition of the water. According to
the data of 2008-2014, the river water quality is assessed as category 1% in terms of chloride
content and dry residue, as well as category 2™ in terms of sulfate content. The worst values
were recorded for the block of trophic and saprobiological indicators — water is polluted with
nitrates and nitrites, as well as organic substances (6™ category in terms of COD). The
deterioration of water quality was also established according to the criteria for the content of
specific toxic substances — iron and copper (4-5 categories), zinc and fluorides (3™ category).
Thus, the assessment of the Pripyat River showed that the water has belonged to the II quality
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class (2™ category) for average indicators, and to the III quality class (4™ category) for the worst
indicators, that is, it is characterized as "clean" or "slightly polluted".

The salt composition of water of the Horyn River deteriorated significantly due to wastewater
discharges (mainly the content of sulfates). In particular, the content of sulfates, which
corresponds to the 2™ quality category, was established at fourteen control sites (Table 1).

Table 1. Assessment of surface water quality of the Horyn River

Sit I I I I Water quality Degree of cleanness (pollution)
T\lloe ! 2 } ¢ class |category by class by category
a. |w.la |w. |a |w |a|w|a|w|a|w]| a w. a w.

fairly |moderately

3 |13] 2 (36| 6 38| 7 (295 ||| 3|5 |clean | polluted clean | polluted

fairly |moderately

4 13| 2 (34| 5|43 7 |3 (471 |10| 3|5 |clean | polluted
clean | polluted

fairly |moderately

S |13} 2|4 |6 |36|7 |3 |5 |10|HU| 3|S5 |clean | polluted clean | polluted

fairly | slightly

6 [13] 2 34| 5 |33|5 (274 |11 |1II| 3 | 4 |clean | polluted
clean | polluted

fairly | slightly

7 [13] 2|34 6| 3|5 (264311 |1II| 3 | 4 |clean | polluted
clean | polluted

clean = - o
8 | 1| 1]37]6(29] 5 |25 4|1 |1|2-3| 4 |clean | polluted | fairly | '™
clean polluted

fairly |moderately

9 (1312 |4 |7 (28| 5 (274711 |1IT| 3 | 5 |clean | polluted
clean | polluted

clean — lichtl
10 |13 2 |32 5 (29| 5 (254 |1 |1I[2-3] 4 |clean | polluted | fairly | '™
clean polluted

fairly |moderately
clean | polluted
fairly | slightly
clean | polluted
fairly |moderately
clean | polluted
fairly | slightly
clean | polluted
fairly | slightly
clean | polluted
fairly | slightly
clean | polluted
fairly | slightly
clean | polluted

11 |13 2 (36| 7|3 |5 |26(47|10 |13 |5 |clean | polluted

12 1 1 |38 7 [3.1] 5 (264 |11 |1I| 3 |4 |clean | polluted

13 (132 (4|7 |31 6 |28 5|11 || 3|S5 |clean | polluted

14 |13 2 |39 6 |29]| 5 |2.7|43| 11 |III| 3 | 4 |clean | polluted

15 |13 2 (37| 6 (31| 5 |27|43| 1 |IIl| 3 | 4 |clean | polluted

16 |13 2 |39 6 |3.1| 5 |2.8|43 |1 |III| 3 | 4 |clean | polluted

17 |13 2 |3.6| 6 [28| 5 [2.6|43| 11 |III| 3 | 4 |clean | polluted

clean =1 ioh
18 1 1 |38 5 (28| 5 (25|3.7| 11 |1II |2-3| 4 |clean | polluted | fairly ety
polluted
clean
Mean fairly | slightly

12]1.8(3.7]160]32|54(27(44| 11 |III |2.9|4.4]clean | polluted

value
Note: a. — assessment by average values; w. — assessment by the worst values

clean | polluted

The worst indicators in the trophic and saprobiological block (categories 5-7) were the
following: phosphates (7™ category in four control sites), nitrate nitrogen (6™ category in 10
sites), nitrite nitrogen (5™ category in 13 sites), COD (5™ category in three sites), and BODs (5™
category in one control site). The content of phosphates was a critical indicator according to
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which the water quality of the Horyn River has belonged to 4-7 quality categories. The worst
indicators among specific toxic substances (quality categories 5-7) were the following:
cadmium (7" category in three control sites), copper (7" category in one site), fluorides (5"
category in 14 sites), and zinc (5" category in four sites). The maximum numerical values of I,
index according to the average values (about 3) were established at the sites within the city of
Ostroh, in the area of discharge from sewage treatment facilities of the "Vodokanal" communal
services. The worst indicators have been in three points (Table 1; sites 3, 5 and 13): on the
border with Khmelnytsky region, within the city of Ostroh (0.5 km downstream of the discharge
from the treatment facilities), and below the city of Orzhiv (downstream of the discharge of the
"ODEK" enterprise storm sewer).

Thus, the water quality of the Horyn River has belonged to the II class (2-3 categories) for
average values and II-III classes (3-5 categories) for the worst.

The assessment of the water quality of the Sluch River (the right-bank tributary of the Horyn
River) showed that in four control sites there have been 2™ quality category in terms of sulfate
content, and in one site — chlorides. According to the indicators of the trophic and
saprobiological block, the 5-6 categories were established according to the indicators of COD
(except for one control site), and BODs (5" category in six sites). Nitrite nitrogen concentration
within the 5™ category was established at one site. Among toxic substances the maximum 5™
category was established on the content of copper in six sites, as well as zinc in one site.

In general, the Sluch river water quality has belonged to the II class (2-3 categories) according
to the average values and to the III class 4" category) according to the worst (Table 2).

Table 2. Assessment of surface water quality of the Sluch River

Water quality Degree of cleanness (pollution)

il]t; . L L L. class |category by class by category
a. |w.|a |w|la |w|a |w|a|w]|a|w| a W. a. W.

19 [13] 2 |25] 5 |29 5 |22] 4 | 1m0 |m| 2 |4]clan polluted| clean | 1ENDY
polluted

20 (13| 2 [31] 6 [29] 5 [24]43] 1 || 2 | 4 ]clean|polluted| clean |STENTY
polluted

20 |13 2|3 |5 |21] 5 |21] 4 |m|m|2]|4]cean|polluted| clean |*IEMY
polluted

fairly | slightly

22 | 1.7 2 |32] 5|3 5126 4 |1 |10]| 3 |4 |clean |polluted
clean |polluted

23 [ 1|1 (32] 5 (225 5 21537 1w || 2 | 4 |clean poliuted| clean | 1€
polluted
24 | 1| 1]31] 6265|224 |1 |m| 2|4 )]clkan |polluted| clean | 8N
polluted
clean —| ol
25 (13| 2 |33 6 |275 4 |25 4 | II | LI |2-3| 4 |clean |polluted| fairly ehtly
polluted

clean
Mean 1.311.713.1(54]26|49|23|4.0| II | III |2.25(4.0] clean |polluted| clean slightly
value polluted

Among the salt indicators in most points of the Styr River there were without exceedances of
environmental standards. Only in the sections located below the runoff of the municipal
enterprises of Varash and Zarichne cities (Table 3; sites 31, 33, 34), the salt composition of
water deteriorates due to wastewater discharges (2" category by sulfate content). The worst in
the trophic and saprobiological block at all sites were indicators of the 5™ category of quality; in
the city of Berestechko and below the confluence of the Ikva River — 6" category in terms of
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nitrate nitrogen content. Critical indicators include COD " category at all sites), nitrite
nitrogen (5™ category at five sites), and BODs (4" category at all sites).

Table 3. Assessment of surface water quality of the Styr River

. Water quality Degree of cleanness (pollution)
Site I] Iz 13 Ie
No class | category by class by category
a. | wW. a. W. a. | W. a. W. a. | w. a. W. a. W. a. W.
2 | 1| 1]32] 6 |24 42237 |ulm| 2 | 4 |clean|polluted | clean | SHEHUY
polluted
27 [ 11|31 ] 6 |23 4|21 |37 ulm| 2 | 4 |clean|polluted | clean | SHEHUY
polluted
clean =1 oo b
28 | 1| 1[33]5(31|7[25]|43|1|II|23 |4 |clean|polluted | fairly | '™
polluted
clean
clean — lihtl
20 | 1| 1[34]51(31|6[25| 4 1|23 |4 |clean|polluted | fairly | >'E™Y
polluted
clean
30 |11 ]33] 5 (2752337 |u|m| 2 | 4 |clean|polluted | clean | SHERY
polluted
clean—| - ool
31 |13 2 (3.67| 5 |26 5|25 4 |1|1I|2-3| 4 |clean| polluted | fairly ey
polluted
clean
2 (1|1 ]34]5 25|21 |37 |ulm| 2 |4 |clan|polluted | clean | SHgNUY
polluted
33 1130 2|31 5 |21] 5|22 40 u|m| 2 | 4 |clean|polluted | clean | SHEMY
polluted
34 (1321325 24| 4| 23|37 |u|m| 2 | 4 |clean | polluted | clean | SRty
polluted
35 |11 27] 5 |24 5] 2 [37|u|m| 2 | 4 |clean| polluted | clean | HERY
polluted
Mean slightly
1.1(1.3]32(52(25(5.0] 2.3 | 3.9 |11 |IIT | 2.2 [4,0|clean | polluted | clean
value polluted

Among specific toxic substances the highest order of the category was established by the
content of copper (4-5 categories) and iron (3-4 categories) at all sites. Among the worst
indicators were also fluorides (5™ category at two sites) and zinc (4™ category at three sites).

Thus, the water of the Styr river was of the II quality class (2-3 categories) by average values
and II-III classes (3-4 categories) by the worst indicators, that is, it was characterized as "clean",
"fairly clean" and "slightly polluted". The maximum values of the I. index have established at
the sites in the area of the industrial storm sewer discharge of Rivne NPP and the Varash
municipal enterprise. Among specific toxic substances the highest order of the category was
established by the content of copper (4-5 categories) and iron (3-4 categories) at all observation
sites. Among the worst indicators were also fluorides (5™ category at two sites) and zinc (4"
category at three sites).

Thus, the water of the Styr river was of the II quality class (2-3 categories) by average values
and II-III classes (3-4 categories) by the worst indicators, that is, it was characterized as "clean",
"fairly clean" and "slightly polluted". The maximum values of the I. index have established at
the sites in the area of the industrial storm sewer discharge of Rivne NPP and the Varash
municipal enterprise.

Water quality of the Ikva River (the right-bank tributary of the Styr River) has deteriorated due
to the increase in the concentration of sulfates (2™ category) in the site, where wastewater from
municipal services of Mlyniv settlement is discharged. In other control points of the river,
discharges of wastewater from small objects have had no significant effect on salt composition
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of the water. The results of the river water quality assessment by trophic and saprobiological
indicators showed that its waters belong to the 5 — 6 categories. The worst indicators have been:
nitrate nitrogen (6" category at three sites), COD (5™ category at five sites), nitrites (5™ category
at four), phosphorus phosphates (5" category at two), and BODs (5" category at one site).
Among specific toxic substances, 5-7 categories of the river water quality have been
established. The worst indicators have been: fluorides (7™ category at one site), copper (5"
category at three sites), zinc (5™ category at one site). The highest copper content — up to 7"
category — was recorded within the village of Bereg in Dubno district (Table 4; site 37). The
content of iron and manganese in the water in some control points was within the 4™ category.
Thus, the water quality of the Ikva River has belonged to the II class (2-3 categories) according
to the average values and the III class (4-5 categories) according to the worst indicators.

Table 4. Assessment of surface water quality of the Ikva River

. Water quality Degree of cleanness (pollution)
Site I, I, I3 I,
No class | category by class by category
a. |w.| a. |w. | a |w. | a |w.|a |w./|a |w| a w. a. W

fairly | slightly

36 1| 1]|36]6 (315|264 | I || 30| 4 |clean|polluted
clean | polluted

moderatel

37 1| 1(129]6 31| 7 |23|47| 10 |III|20]| 5 |clean|polluted| clean
y polluted

fairly | slightly

38 |1 |1(42])6 |25|5 (26|41 |[II]3.0]| 4 |clean|polluted
clean | polluted

30 (13233 |5 |25(5 (244 |1 |m|20]| 4 |clean|poluted| clean | SHENY
polluted
clean = oo b
40 (13|12 |37 |5 1(26| 5 |25 |4 |11 LI 25| 4 |clean|polluted| fairly ently
polluted
clean
41 [ 1| 1325|225 5 21537 1w |m| 20| 4 |clean|poliuted| clean | SiEHUY
polluted
clean — .
Mean|, 1y 3135 (55] 27 [53] 24 [41] 1 |11| 24 |42 |clean [polluted| fairly | SHERY
value clean polluted

Small rivers. The water of small rivers — tributaries of the Pripyat within the Zarichne district
(Stokhid and Prostyr) has belonged to the II quality class in terms of average values and to the
IIT class by the worst. The water of the Prostir River within the village of Stari Koni, 1 km
below the confluence of the Stubla River, has had the best quality among the studied
watercourses (see fig. 1, site 46).

The next in water quality was the Zhabichi River. In the control sites upstream and downstream
the discharge from the sewage treatment plants of the Demydivka's communal enterprise, water
quality belonged to the II class (2™ category) in terms of average values. According to the worst
indicators — up to the II class (3™ category) in the first site and the III class (4™ category) in the
second site (see fig. 1, sites 47-48).

The water of small rivers in the Horyn River basin has been of different quality. The worst it
was in the Ustia River, which in half of 10 sites were corresponded to the III class and the 5™
category, that is, it was “slightly polluted” and “moderately polluted” according to the worst
values (Table 5). In general, along the Ustia River profile, the values of the salt composition
indicators were significantly deteriorated due to wastewater discharges. Such water corresponds
to 2-3 quality categories for the content of chlorides and sulfates.

Among the trophic and saprobiological block, 5-7 categories were established by the content of
nitrogen compounds, phosphates, and COD. In particular, in the sites downstream of the
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wastewaters of the city of Rivne, the highest, 7" category of quality, was determined by the
content of phosphates, and at the mouth — by the content of nitrites.

Table 5. Assessment of surface water quality of the Ustia River

Water quality Degree of cleanness (pollution)
Site I I, I; I
No class |category by class by category
a. |w.| a. |[w. | a |w.|a |W |a |[w|a|wW ]| a w. a. w.
slightly

56 |13 2 (33| 6 [26|5 (24|43 |1 |II|2 | 4 |clean|polluted| clean
polluted

fairly | moderately
clean | polluted
fairly slightly
clean | polluted

57 (1312 (37| 6 (2886|2647 |1 |IlI|3 |5 |clean|polluted

58 (173 (36| 5 |25|5(26[43 |10 |1lI| 3 | 4 |clean|polluted

5o [1]1]36|6|19]4(22/43]m|m|2]| 4 |clean|polluted| clean | SHEhtY
polluted

clean = b

60 |13 2 (36| 6 |25]5 |25(43| 1 [m|2-3] 4 |clean|polluted | fairty | S1EMDY
clean polluted

fairly slightly
clean | polluted
fairly | moderately
clean | polluted
fairly | moderately
clean | polluted
fairly | moderately
clean | polluted
fairly | moderately
clean | polluted
slightly
fairly | polluted -
clean | moderately
polluted

61 (1.7 2 (42| 6 |25|5|28[43 | I |IlI| 3 | 4 |clean|polluted

62 (1312 (42| 6 3161|2947 |1 |[III|3 | 5 |clean|polluted

63 (1.7/2 (46| 6 | 3 |6 (3147 |1 |III|3 | 5 |clean|polluted

64 |17 2|46 | 7 [25|5 (2947 |10 |1O0|3 |5 |clean|polluted

65 |17 2|44 | 7 |3.13| 5 |3.147 | 1O |1I|3 |5 |clean|polluted

Mean

1.5{2.0|13.98| 6.1 | 2.7 |52(2.7|45 | I |II| 3 |4-5|clean| polluted
value

The nutrient pollution level or trophic state, evaluated by index I,, the waters of the river was
mesotrophic and eutrophic, except for the area below the runoff of the city of Rivne, where the
waters were polytrophic. This is the worst trophicity characteristic in the region. Among toxic
substances, 4-6 quality categories have been established by the content of copper (4-6 categories
in all control sites), fluorides (5™ category in two), and zinc (5™ category in one).

The water quality of the Zamchysko River by the salt components has been assessed as the 1%
category. The 5-7 categories were established according to the following indicators: nitrite
nitrogen (7" category category in two sites), nitrate nitrogen and phosphate content (7™ category
in one site). Among specific toxic substances, 6-7 quality categories have been established by
indicators of copper content (in all sites, except one) and petroleum products (7" category in
two sites). Thus, the water quality of the Zamchysko River has belonged to the II class (3™
category) according to the average values and to the I1I class (5™ category) by the worst values.

The water quality of the Berezhanka River has belonged to the II class on average values (3"
category), and to the III class (5" category) by the worst values in both sites (see fig. 1; sites 74-
75). The maximum category was set in terms of nitrate and nitrite nitrogen content (7
category), copper and iron (6" category).

The water quality of the Vilia River belonged to the II class (2™ category) according to the
average and to the III class (4" category) — according to the worst values. The maximum
category was established by the concentration of nitrates and COD (5" category); among
specific toxic indicators — by the copper content (6 category).
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The water quality of the Korchyk River corresponded to the II class on average values and to the
III class on the worst values. The worst indicator of the salt block was the content of chlorides
and sulfates (2" category). Among trophic and saprobiological indicators the worst have been
nitrites content and COD (5" category). In terms of eutrophication, the river was mesotrophic
(according to average values) and eutrophic (according to the worst values). Among toxic
substances, the 6™ category of river water quality was established by the copper content.

To summarize, predictable deterioration in water quality was observed in rivers below the
discharges of industrial and communal enterprises, within cities and other settlements (for the
Horyn River — below treatment facilities of PJSC "Rivneazot" and discharge of drainage water
from the phosphogypsum dump, below the settlement of Orzhiv, below the discharge of the city
of Dubrovytsia; for the Styr River — the areas of discharge of industrial storm sewer of Rivne
NPP and from the treatment facilities of Varash municipal enterprise etc.) The main source of
pollution of the rivers is wastewater from cities and towns. In addition, there are a large number
of diffuse sources of pollution: stormwater runoff from urbanized areas, surface runoff from
agricultural land, farms and livestock complexes, summer livestock camps, etc.

However, in the areas of rivers below discharges from sewage treatment plants of public
utilities, a decrease in the content of heavy metals (including copper) was quite often observed,
compared to the points above discharges. Such a phenomenon, for example, was recorded for
the rivers Zhabichi within Demydivka, Horyn within Ostroh, Sluch within Mokvyn, etc. This
can be explained by the well-known fact about the ability of heavy metals to complexation with
organic substances, which are found in excess in the wastewater of municipal enterprises.

Lakes and reservoirs. The water quality of Lakes Chorne and Bile (in Zarichne district) is
characterized by the IT quality class by average values (2™ category) and the III class — by the
worst values (categories 4-5) (Table 6). The worst indicators were pH (categories 6—7),
ammonium nitrogen (6 category), iron and copper.

Table 6. Water quality of lakes and reservoirs in the Rivne region

Water quality Degree of cleanness (pollution)
Water I I, Iz I.
bodics class |category by class by category
a.|w. a.|w. a.|w. a.|w. a.|w. a.|w. a. w. a. w.
lakes
Nobel [23]5 (37 6 |24 4 |2.8] 5 |1 |ur| 3| 5| clean |polluted | 2Ty [moderately
clean | polluted
fairly | moderately
Somyne |1.7) 2 13.5| 7 |5 |5 (34|47 11 || 3| 5 | clean |polluted| oan polluted
Bile* 1|1 ]2]521]4[1.7]33]11|1I|2] 3 | clean clean | clean |fairly clean
Bile** 13| 2 |25 6 [1.7] 3 [1.8]3.7| 11 |11| 2 | 4 | clean |polluted | clean | SHERY
polluted
Chome | 1|1 (37| 7 (23| 6 |23/47| m|m| 2| 5| clean |polluted| clean |mO4CTaElY
polluted
Reservoirs
BasivKut |1.3] 2 [ 3 | 5 (23] 4 [22[3.7| 11 [ur| 2 | 4 | clean |poliuted | clean | SHERY
polluted
Mlynivske | 1 | 1 (42| 6 | - | - | -|-|-]-1]-] - - - - -
Khrinnitske| 1 | 1 (33| 6 [2.3) 4 [22]3.7| 1w [11| 2 | 4 | clean |polluted | clean | SH8NUY
polluted
Mean value|1.31.9(3.2[6.0(2.6[43(23[4.1| 11 [11| 2 | 4 | clean |polluted | clean | MY
polluted

*the lake is in the Volodymyrets district, ** in the Zarichne district
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Lake Bile (in the Volodymyrets district) water quality has belonged to the II quality class (2™
category by average values and 3™ category for the worst values). This is the best water quality
in Rivne region according to the ecological index I.. The worst indicators have been COD (5"
category), copper, and iron (4™ category).

The water quality of Lake Nobel has belonged to the II class (3™ category) by average values,
and to the III class (5" category) by the worst values. The worst criteria have been: the salt
block — sulfates (3™ category); trophic and saprobiological block — COD and nitrate nitrogen (6™
category); block of toxic substances — fluorides, copper, and iron (4™ category).

Lake Somyne has had water quality of the II class (3™ category) by the average values and III
class (5™ category) by the worst. The content of chlorides and sulphates was assessed as 2™
category. The worst indicators of the trophic and saprobiological block — COD (7" category),
among toxic substances — iron (5" category).

The water of Khrinnitske and Basiv Kut reservoirs has belonged to the II quality class in terms
of average (2" category), and to the III class by the worst values (4™ category). In Khrinnitske
reservoir the worst indicators were the content of nitrate nitrogen and COD (6 and 5 categories,
respectively). The content of copper, zinc and iron has been at the level of the 4" quality
category. Nitrite nitrogen has been a critical criterion for the Basiv Kut reservoir (5™ category).
Among the toxic indicators, copper and iron have had the worst values (4" category).

The water quality of Mlyniv Reservoir was established by the tropho-saprobiological block —
quality class 111, category 4™; the worst indicators — nitrite and nitrate nitrogen (6"category).

Thus, according to the average values of the salt block indicators, the surface waters of the
region belonged to the I-II quality classes. The assessment by worst values showed that the
surface waters are described by the spectrum of I-II-III quality classes (46% — 53% — 1% of
sites, respectively). In particular, the worst category was established by sulfates content in 31
control sites, chlorides — in three sites on the Ustia River, sulfates and chlorides — in eight sites.

The study of water quality according to trophic and saprobiological criteria showed that the
surface waters are related to the II-III classes by average values, and to the III-IV-V classes
according to the worst. The worst indicators (7" category) were following: phosphate
phosphorus (Horyn, Ustia, Zamchysko), nitrite nitrogen (Ustia, Zamchysko, Berezhanka),
nitrate nitrogen (Slonivka, Berezhanka), COD (Lake Somyne), and pH (Lake Chorne). Since the
trophicity (the predominant type) can be established by the trophic and saprobiological
indicators (index I,), it is allowed to conclude that about a third of the surface waters are
eutrophic (37% of sites), while the rest water bodies have the more threatening trend (fig.2).

17%
37%
O eutrophic
o polytrophic
m hypertrophic
46%

Fig. 2. Spectrum of trophicity categories (predominant type) of surface waters in the Pripyat
River basin (% of control sites)

This is a regional illustration of global problem of surface waters eutrophication, which is
accelerating as a result of economic activity. Under the greatest risk of eutrophication — the
Horyn River in the area of drainage water discharge from the territory of the phosphogypsum
dump of PJSC "Rivneazot", and also separate parts of rivers Sluch, Ustia, and Zamchysko.

According to the criteria for the content of specific toxic substances, the surface water quality of
Rivne region is described II-III classes by average values, and [I-III-IV-V classes by the worst

81



Water Security, 2021, Issue 2

values (1%—65%21%—13% control sites). The worst indicators (7" category) were
concentration of copper (Horyn, Styr, Slonivka, Zamchysko Rivers), fluorides (Horyn, Styr,
Ikva), petroleum products (Horyn, Zamchysko, Buniv), and zinc (the Buniv River).

Thus, the ecological assessment of water quality according to the ecological index I, has showed
that the water bodies of the region belonged to the II quality class in terms of average values,
that is, they are characterized as "clean" and "fairly clean". According to the worst indicators,
the surface waters have belonged to the II-IV classes, and are characterized by the range of
assessments "fairly clean" — "slightly polluted" — "moderately polluted" (Table 7).

Table 7. Assessment of surface water quality of the Pripyat River basin according to the integral
ecological index (I.) by the worst values

Water | Degree of | Water | Degree of | Number
quality | cleanness | quality | cleanness (by |of sites /| Water bodies (site)
class | (by class) |category] category) %

Zhabichi River (upstream the discharge from the
3 fairly clean | 2/2.4 treatment plant of Demydivka settlement)
Bile Lake in Volodymyrets District
Rivers: Pripyat, Stokhid, Sluch, Styr, Prostyr,
Stubelka, Viliya, Putylivka, Zhabichi

TI-111 dﬁan_ d 4 Shlglhﬂ):i 655 g (downstream the discharge from the treatment
pollute pollute ’ plant of Demydivka settlement); Khrinnitske
reservoir, Bile Lake in Zarichne district
moderately 24/ Rivers: Horyn, Ustia, Slonivka, Buniv, Ikva,
5 Zamchysko, Berezhanka; Lakes: Nobel, Somyne,

polluted 29.3 Chorne

Analysis of the ecological indices of the rivers of the region (fig. 3) makes it possible to
distinguish three stages in the quality changes of the surface waters [5]: 1 — deterioration, from
1964 to 1990 (I, from 2.5-3.3 to 3.1-3.3 by average values, from 3.0-3.7 to 3.6-4.3 by the
worst); 2 — improvement, from 1990 to 2000 (I. to 2.3-2.8 by average values, 2.6-2.9 by the
worst); 3 — stabilization and decrease in the water quality of some rivers by the worst values,
after 2000 (I, fluctuations 2.1-2.6 by average, 2.4-3.5 by the worst). Such dynamics of surface
water quality in the region could be explained by economic reasons, in particular, by a decrease
in industrial production in the 90s of the XX century, as well as by a decrease in the water
content of rivers at the beginning of the XXI century, due to the growing aridity of the climate.

3
—— [e(a)
4 —
0————0-"--.‘—-. h‘-h-"""'~-~-..4_‘_". _‘_!E'(W.)
a " ——— . \ — et T
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0 T T T T T
1960 1970 1930 1990 2000 2010 220

Fig. 3. The change in the quality of surface waters of the Styr River by I index:
le(a.) — average values, le(w.) — the worst values

CONCLUSION

The assessment of surface water quality of the Pripyat River basin (the area of right-bank
tributaries of the middle reaches) according to the I, index has showed that the water bodies
belonged to the 1T quality class in terms of average values and are characterized as "clean" and
"clean enough". According to the worst values, the water bodies belonged to the II-IV quality
classes and are characterized as “fairly clean” — “slightly polluted” — “moderately polluted”.
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Most often, the 7" category of water quality (very dirty) was set by the content of phosphates,
less often — nitrogen compounds. More than a third (37% of control points) of the region's
surface waters have been eutrophic, for the rest the trend has been even more threatening:
polytrophic — 46%, hypertrophic — 17%. The worst criterion among the block of specific toxic
substances (7" category) has been the high concentration of copper. The Ustia River water
below the runoff of the city of Rivne has corresponded to IV-V classes ie was "dirty" and "very
dirty", with a high content of phosphates, nitrogen compounds, copper, manganese, and zinc.

The analysis of ecological indexes of the region’s rivers has shown three periods of changes in
the quality of surface waters, which caused by economic and climate reasons: 1 — deterioration,
from 1964 to 1990; 2 — improvement, from 1990 to 2000; 3 — stabilization and decrease of water
quality of some rivers by the worst indicators after 2000.
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ABSTRACT

Light microscope observation of the electroretention of microorganisms and experiments with
enzymes immobilization on collectors in the electric field, give the reason to foresee the
determinative role of the electroretention in the concerted action of enzyme systems in any
living cells owing to the transmembrane transport of ions, which produce inhomogeneous
electric field, polarize of enzymes molecules and force them to pulsatile move. All these
circumstances promote enzyme mutual contacts and guarantee coordinated function of
biological conveyor with transformation suitable substrates.

Key words: electroretention, immobilization of enzymes, the functioning of enzymes on
membranes.

INTRODUCTION

February 23 1972 a group of researchers Institute of Colloid and Water Chemistry of National
Academy of Sciences of-Ukraine (Gvozdyak P.I., Chekhovskaya T.P., Grebenyuk V.D.,
Koshechkina L.P.) aceidently revealed an incredibly interesting phenomenon, which was named
“electroretention” [1].

The essence of the electroretention is that granular, porous or fibrous dielectrics and second-
class conductors (collectors, charges) obtain from the water, flowing through them, and
accumulate dispersed, colloidal and liquefied in water charged substances or the ones that are
polarized (alive and dead microorganisms cells, their detritus, viruses, proteins, nucleic acids,
other biopolymers, clay minerals, pigments, dyes and some other organics), after de-electrifying
they are separated from the collector, slurried and easily washed with flowing water; the
subsequent electric field superposition on the collector restrains the indicated objects from the
flowing water and it is endless [2-7].

The electroretention phenomenon, its application part called “electrofiltration" in particular [8,
9] has become the object of several theses [10-14] and is described in the doctoral thesis in
details [15].

Interestingly, at the electroretention on granular silica gel as the collector of known among
biologists "wonderful bacillus" — bacterium Serratia marcescens — the present red pigment
prodigiosin came out of bacterial cells and was sorbed on silica gel, painting it in brightly purple
colour [16]. We haven't established the mechanism of this phenomenon.

Incidentally, in almost a decade after our publications concerning enzyme electroretention, a
famous Japanese enzymologist, the professor of Tokyo University Shintaro Furusaki published
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an article about "the new method of enzyme immobilization by the Coulomb force" [20] without
reference to our works. As it was found out from our private correspondence

Professor Furusaki not knowing about our publications in the leading scientific magazines of the
Soviet Union ("Doklady Akademii nauk SSSR", ”Mikrobiologiya", "Prikladnaya Biohimiya i
Mikrobiologiya") rediscovered the electroretention by himself. Soon Tokyo University officially
notified us of embodiment of Institute of Colloid and Water Chemistry of National Academy of
Sciences of Ukraine in the list of "the best 500 world laboratories", pointing out that "Professor
Pilipenko A. heads the institute, and Professor Gvozdyak and others work in it", that surprised
and even amused the ones who were present at the academic council meeting of the Institute
where this information was announced.

The specialists of colloid chemistry and electrochemistry have had many various. sometimes
enough original, but inadequate, speculative explanations of the electroretention phenomenon.

METHODS AND EXPERIMENTAL PROCEDURES

We've decided to visualize the process of microorganisms cells removal from the water flow
suspension and their delay on the collector grains under the influence of the electric field. We've
produced a special chamber for this purpose [21] Figure 1.

Fig. 1. The chamber for observing the electroretention of microorganisms

75 x 28 x 4 mm organic glass plate served the basis of the chamber. In the plate side walls the
canals 2 and 3 were drilled opposite each other. They reached 3/4 of its width with an output in
the form of thin orifices 4 om the upper plane. These canals with orifices are assigned to
suspension's inlet and drain. The rods 7 and 8, which served as electrodes, were put through the
orifices 5 and 6, which also come to the surface plate. The frame 9 made of thin (0.6 mm) elastic
rubber sheet was put on the top of the plate. The 15 x 15 x 0.6 mm chamber formed was filled
with the layer of spherical silica gel grains 10, 0.5 mm in diameter, and it was covered with the
coating small glass 11, pressed to the rubber 9 by the thin plexiglass frame 13 by means of the
screws 12. The chamber was placed om the microscope stage, the suspension flowing was
provided optional from the right to the left or from the left to the right; and the behavior of
microorganisms cells during different electric field strengths on the electrodes was being
observed.
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THE RESEARCH RESULTS AND DISCUSSIONS

The experiments were conducted with the suspensions of different microorganisms cells in
distilled water. Silica gel and yeast were painted with fuchsine and methylene blue for better
Visual clarity. The observations were held in the plane passing through the filler balls diameter.

Only individual cells are adsorbed on the surface of silica gel during the suspension flow
through the chamber without the superposition of the electric field, and the principal amount of
microorganisms is removed by the flow of the liquid (Figure 2a). Switching on the current puts
the microbial cells in motion, different from the direction of the suspension flow.

This movement is not very intense, more or less well-regulated and directed towards the anode
at low total electric field strength (about 5 V/cm). The cells are attracted to the surface of silica
gel grains, but their especially large number is accumulated in the places of contact between the
grains. On the side of the silica gel surface, facing the cathode, numerous chains of microbial
cells appear. And if, for example, in the case of Saccharomyces cerevisiae the cell number in
the chain is 3-7 (Figure 2b), there are twenty and more individuals in each of them in the case of
Bacillus subtilis. Hardly observable circle-vise movement of cells is observed in the space
between the silica gel grains, which intensifies with the increase of electric field strength (Figure
2¢).

Fig. 2. The behavior of the yeast cells during the suspension movement between the silica gel
grains at the electric field strength (V/cm): a—0; b —5; ¢ — 20; d — 150; e — after switching off
the current
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In larger volumes, created by 4-5 grains of silica gel, two or three centers can be observed
around which microorganism cells revolve. (Figure 2c). It is characteristic that, when the cells
move clockwise around one center, around its nearby one they move counterclockwise.
Termination or suspension flow or its slow change to the opposite does not affect the direction
of microorganisms rotation, but the change of the polarity on the electrodes results in an
immediate change of direction of cell rotation to the opposite one. With further increase of the
electric field intensity (about 70-200 V/cm), microorganisms cells accumulate mainly in the
joints of grains of silica gel (Figure 2 d), their circular motion is suppressed, and in the
intergranular space intense translational movement towards the anode dominates.

After switching off the current, microorganisms cells involved in rotational motion and the 1naj
ority of cells that have accumulated on the surface of silica gel are captured by the fluid flow
(Figure 2¢). Herein, chain units and cells conglomerates immediately fall apart.

Electrostatic interaction of cells with the materials polarized by field obviously plays an
important role in the implementation of the effect of microorganisms’ retention. To confirm the
existence of this interaction direct observation of the behavior of microbial cells in the presence
of particles of different materials in an electric field was conducted [22, 23]. We used a very
simple installation, the scheme of which is presented in Figure 3. Perfilev’s plane- parallel glass
capillary [24] was connected to glass tubes 2 With two pieces of thin rubber hose 3. The box
was filled with the suspension of microorganisms cells mixed with particles of the test material,
and using a special holder fastened to the microscope stage. Electrodes 4 and 5 were placed in
glass tubes and the specimen was Viewed under a microscope under different modes of electric
power. Bacillus subtilis cells’ behaviour 21 (caprolactam and hexamethylenediamine destructor)
in the presence of particles of clay minerals (montmorillonite, kaolin, vermiculite, polygorskite),
subsoil, sand, silica gel (sorts KSM-2,5 and KSM-S), aerosil A-175, glass (including quartz),
asbestos, ion exchange resins (AB-17 and KU-2), polyurethane, teflon, graphite, activated
carbon, iron, copper and such fibers as cellulose 7 cotton, wool, silk, capron, nylon and some
others under the influence of constant electric current was studied.

Fig. 3. The chamber for the study of the microorganisms cells behaviour in the electric field in
the presence of separate parts of various materials (1 — Perfilev‘s capillary; 2 — glass tubes; 3 —
connecting hoses; 4 and 5 — electrodes).

The interaction of microbial cells with different materials in the direct current electric field is
determined by the nature of this material. Thus, for the same values of the electric field intensity
and the same suspension of microorganisms, a large number of cells is accumulated on the
particles of anionite, clay minerals, aerosil, cation exchange resin, ion-exchange fibers, silk.
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The first-class conductors (coal, metals) do not interact absolutely with the microbial cells,
which move towards the anode in the constant electric field, avoiding and flowing past these
particles. The rest of the investigated materials mediates.

Figure 4 presents the photographs, which illustrate the behavior of the one-day culture cells
Bacillus subtilis in the presence of the montmorillonite clay mineral particles. In normal
conditions (without the electric field superposition) only some cells contact with the clay surface
(Figure 4a): the mineral particle has the minus charge similar to the cells, and the suspension is
prepared with distilled water which does not contain a fair number of cations that would
contribute to adsorbation. A separate mineral particle in a capillary can not be a barrier to
microbial cells and they pass it easily in motion of the suspension towards the particle (which
can be easily achieved by means of the liquid level change in one of the glass tubes). However,
it is enough to apply the direct current electric field to the system, and the cells collect in large
numbers on the side of the clay mineral surface, facing the cathode, and are strongly attracted to
it (Figure 4b). After switching off the field the bacterial cells leave the clay, forming the uniform
suspension. The subsequent electric field superposition leads to the cells accumulation on the
particle; if the polarity of electrodes changes, all microbial cells are strongly repelled from this
part of the mineral surface, and the others are attracted to the opposite side (Figure 4c).

The differences in the interaction of the microorganisms cells with the surface of various
materials in the electric field are determined not only by the nature of these materials, but also
by their condition, hydrophilic behaviour in particular. This can be demonstrated through the
example of clay minerals, hydrophilic behaviour of which decreases with the increase of baking
temperature.

We conducted the experiments with natural montmorillonite of Cherkasy deposit. It is known
that at a temperature of 130-140 °C montmorillonite loses sorption associated water (inverse
process); at a temperature of 550-575 °C irreversible dehydration of the mineral arises — it gets
rid of crystal (structural) water; at a temperature of 850 °C mineral crystallization structure
changes, albite and then spine] and other high-temperature crystal phases appear. In this series
of experiments the minerals heated to 100-1000 °C and cooled with muffle were used. The
baked montmorillonite was split up, the fractions with 30-40 microns particles were selected
and mixed with the suspension of microorganisms in distilled water. Intact daily cultures
Saccharomyces cerevisiae, grown on wort agar-agar (4.0 x 11.0 microns oval cells), and
Bacillus subtilis, grown on meat- and-peptone agar (MPA) (1,5-3,0 x 0,5-0,8 microns sticks)
were used. The concentration of the microorganisms in the suspension was 106-108 cells/ml
The same suspension of the microorganisms was used in each series of experiments to compare
the intensity of the interaction of the microbial cells with the separate particles of clay tractable
to varying temperature processing; more or less the same size particles of montmorillonite were
chosen for monitoring. The rectified diode current was conveyed on the electrodes over the
same period of time. The picture was recorded on film, the polarity changing was realized and
the field of vision was photographed within the given period of time. The electric field strength
15-25 V/em was created in the chamber.

The relatively large and massive particles of montmorillonite with such intensity of the field
didn't move out of location, and the cells rapidly displaced towards the anode. However, as soon
as they approached the polarized particle of clay, they were immediately attracted to the side
surface, facing the cathode, they were amassed on it and formed many chain aggregates and
accumulations. Figure 4 presents the photographs recording the result of the cells Bacillus
subtilis two-wave interaction with the particles of montmorillonite without burning and varying
degrees (temperature) of burning, in the electric field, the intensity of which was 25 V/cm.
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Fig. 4. Bacillus subtilis cells behaviour in the presence of particles of clay mineral
montmorillonite: I — without superposition of the electric field (a), in the electric field of direct
current (b) and after the change of polarity on the electrodes (c); II in the electric field of
unbaked montmorillonite (d); after baking clay at 500 °C (e); and after baking clay at 800 °C

®.

Studies have shown that untreated clay mineral particles and samples burned at temperatures
below 500-600 °C, with the electric field of direct current rapidly accumulate microbial cells on
its surface drawn to the cathode. Changing the polarity of the electrodes leads to a sharp mutual
repulsion of the clay particles and microorganisms cells. At this point, with a significant
clumping of microbial cells on the surface of the mineral, which can be achieved by increasing
time of application of voltage or applying more thick suspension, a sharp shift of clay particles
in the opposite direction to the cells” movement is observed. The same kind of repulsive forces
act between individual microorganisms cells during polarity inversion. After current cut-off,
cells in course of time evenly distribute throughout the volume of the camera again, without
forming conglomerates or clusters.

This behaviour of clay particles and microorganisms cells suggests an important role of double
electric layer (DEL) in their polarization. It is known that clay mineral particles and microbial
cells have some double electric layers in water, the outer cover of which is presented by
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positively charged ions (Figure 5a). This fact prevents microbial cells from being adsorbed
rapidly on the surface of natural clay particle. Superposition of the DC electric field leads to a
DEL shift, polarization of particles, causing the cells to be pulled to particles at close distance
(Figure 5b). When the electric field is turned off, double electric layers of mineral particles and
microorganisms revert to their original “normal" position and overlap (Figure 5c¢) and being
like~charged, cause a sharp mutual repulsion of particles and cells from each other (Figure 5d).
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Fig. 5. Scheme of interaction of microbial cell with a clay mineral particle in aqueous
suspension — a; with superposition of the electric field — b; after the electric field is turned off —
candd

Thus, the effect of electroretention is apparently connected with polarization of substances in
electrical field, charge redistribution, electrostatic, dipole-dipole interaction of materials
(collectors) and microbial cells that are known to have significant dipole moment in aquatic
environment. This interaction in the first place provides retention of disperse particles by
different grainy, porous and fibrous materials in an electric field.

Processes of electroretention of microbial cells, observed directly through a light microscope,
can serve as a model of the processes which are still impossible to be seen experimentally: it is,
in particular, the immobilization of enzymes on collectors, placed in an electric field.

Cotton wool or sheep wool degreased with chloroform were used as an enzyme collector.
Through this filling polarized by the DC electric field, the following solutions were passed:
crystalline bacterial amylase (Daiwa Kasei K.K.), purified amylolytic enzyme preparation from
the fungus Aspergillus awamori (Ukrainian Research Institute for Food Industry, Kharkiv)
Amilosubtilin HZh-1 (Vilnius plant of enzyme preparations) or Bacillus subtilis cell-free extract
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21 containing hexamethylenediamine deaminase (HMD) — toxic synthetic substance contained
in anide polyamide fiber production wastewater.

Through the filling, with the enzyme fixed on it on the principle of electroretention, the solution
of corresponding substrate in distilled water was passed — 1% solution of pasted water — soluble
potato starch or 0.1% solution of the HMD.

It was shown that crystalline and technical amylase held by the polarized collector, hydrolyse
starch to dextrin, which is not iodophilic, as well as to maltose and glucose. The experiments
lasted up to 12 weeks without significant loss of activity of enzymes.

Enzyme systems with Bacillus subtilis immobilized in the electric field decomposed HMD
almost completely. The experiment lasted for 2 weeks [25, 26].

Thus, enzymes held in an electric field perform appropriate conversions of substrates. It should
be noted that enzymes are washed off by the flow of liquid from the volume of filling when the
electric field is turned off. However, they do not lose their catalytic properties and can be re-
immobilized.

Finding of the fact of enzymes’ activity retain in their electroretention opens the prospect for the
use of this phenomenon in the immobilization of enzymes in biotechnology as well as in the
development of methods for purification and isolation of enzymes from biological mixtures.

Fixing enzymes by the type of electroretention has advantages over other types of
immobilization. Thus, for its implementation there is no need in specially prepared collectors
and any reagents; both pure crystalline and technical preparations, even cell-free extracts can be
sources suitable for fixing enzymes; enzymes can be easily removed from the collector (it is
enough to turn off the electric field and flush the system with water) and then use it to secure the
same or other enzymes; there is a possibility to immobilize the complex of enzymes or the
mixture of various microbial cultures and enzymes; the electroretention minimizes the danger of
microbial damage of the immobilized enzymes.

The fact that the system should be kept energized all the time is the essential restriction and
disadvantage of the enzyme electroimmobilization, and this complicates the work when the
substrate or the resultant is very fluent in the electric field, or when the high ionic strength
medium is indispensable for an enzymatic reaction.

The described enzyme immobilization is obviously similar to the electroretention of
microorganisms; and it is realized through the electrostatic and dipole-dipole interactions
between the polarized particles of collector and protein molecules, which bear an appropriate
charge and, as it is known, have a large dipole moment in the electric field. For the reason that
collector material has the dielectric permittivity different from liquid and is polarized, the
electric field in the volume of the processing chamber is strongly heterogeneous with numerous
potential gradients. This creates conditions for dielectrophoretic mobility of protein dipoles in
the layers of greater field intensity, and the enzymes are carried to the collector surface by
means of electrophoresis and dielectrophoresis. After switching off the electric field the dipole-
dipole interaction disappears and the protein is washed out from the collector.

It is commonly known that in any living cell enzymes are united on membranes in the
assemblies of clear spatial structure and fixation, moreover all the enzymes of the assembly
interface in space and time, realizing the transformation of compounds gradually, by stage as on
the conveyer: the product of one enzymatic stage serves as the substrate for the next one. Some
enzymes of such a conveyor are mounted in the membrane, permeate it; being fixed in it they
can not move rapidly in the membrane, while others, which are placed on the membrane, can
move laterally (of course, within certain limits) on its surface.

In our opinion it is the processes, described in the electroretention phenomenon, that provide the
mechanics of movement and coordinated interaction of enzymes in their assemblies on (in) the
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membrane: it is the inhomogeneous electric field of cations’ point charges, that pass through the
membrane under the influence of transmembrane potential, that forces the enzymes, localized in
the membranes, to be polarized, forming temporary dipoles, and the enzymes, placed on the
membrane, not only to be polarized but also to move towards more intensive electrical field and
thus to come into direct physical contact with the relevant neighbours of the enzymatic
assembly (Figure 6), during which the transmission of chemical compounds, the product of the
previous enzyme bioconveyor as the substrate for the next enzyme, arises, etc. After the
disappearance of the electric field as a result of ionic hydration (for example K') or its
neutralization by counter ion (for example CI') the enzyme molecules get rid of the dipole state,
restore their normal double electric layer (or hydration shell). This leads to their rapping,
disjunction, resetting on the membrane; the enzymes realize their inherent transformations of
chemical compounds and wait for the appearance of the next inhomogeneous electric field
determined by the appearance of another dehydrated ("bare") ion the inside of the membrane,
that leads afresh to the dipole formations on the enzymes and provides movement and physical
contact between them for a harmonious transmission of the intermediate products of another
enzymatic act.

On exit to the surface of the membrane (it is no matter from which side - intracellular or
external) this ion creates a three-dimensional inhomogeneous electric field which causes
polarization, interaction, movement and contact between the enzymes, set on/in the membrane
around the ion channel, that is one and the same ion can "serve" not only one but several
enzyme assemblies, exposed from every side by the ion channel.

Section Plan

1=t

Fig. 6. The fragmentary scheme of functioning of the enzyme assembly on a
living cell membrane on the principle of the electroretention. 1 — membrane; 2 — ion
channel; 3 — hydrated (neutralized) cation; 4 — "bare" cation; E,, E,, E; — enzyme assembly; S, P
— substrates and products of relevant enzymatic reactions; P, = S,, P, = S;. I, III — situation
without the inhomogeneous electric field; I — situation with the inhomogeneous electric field
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CONCLUSION

Incidentally, the proposed hypothesis also explains why the molecules of enzymatic proteins are
much larger than it is necessary for the realization of purely enzymatic reactions: the large size
of the molecules of enzymatic proteins creates the possibility for its greater polarization, the
formation of more powerful dipole moment, which is so indispensible for transition in the
inhomogeneous electric field.

Thus, enzymatic reactions in a cell are clearly organized, controlled and determined by the ion
transit through the membrane. Substrates are the products of multi-layered enzymatic reactions,
which are transferred from one enzyme to another upon their direct contact, realized on the
principle of the electroretention phenomena.
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ABSTRACT

The environmental impact of special waste was determined using bioindication method. The
results show that even small concentrations (1-2%) of shampoos in the water cause total loss of
zooplankton and phytoplankton and most of bacterioplankton, indicating the risk of shampoos
use. To assess contaminants leaching from waste to water, landfill simulation reactors were used
to simulate conditions over several decades. The metals’ weight in the input and output waste
was compared. The lowest leaching rate was found for lead, while the highest was found for
cadmium and chromium. Besides, it was confirmed that the degree of leaching depends on the
humidity and organic matter in the landfill: the higher the organic matter, the more heavy metals
are leached from the waste. Besides, the system was developed allowing to control light
scattering characteristics for environmental monitoring of natural water-disperse media,
measuring of brightness at different observation angles under deep-regime conditions, building
spatial scattering indicatrix, which makes it possible to determine the ecological state of the
water object and the nature of pollution processes.

Keywords: special waste, shampoo, hazardous household waste, bioindication, heavy metals,
leaching, water, pollution, water monitoring

INTRODUCTION

Environmental pollution by waste is one of the key environmental challenges. The increase of
the world's population and technological progress cause an increase in not only waste amount
but also its diversity. To a large extent, this also applies to so-called special waste — the waste
requiring special treatment other than household waste. Special waste usually include hazardous
household waste (batteries, fluorescent lamps, medical waste, residues of liquids used at
households — paints, varnishes, cosmetics, etc.), as well as waste electrical and electronic
equipment.

This study evaluates the impact of special waste on water environment by bioindication method
using shampoos as a case study. The growing use of shampoos containing dangerous
components poses a danger to human health and the environment. Numerous studies confirm
this. According to [1], more than 13000 substances may not be used in cosmetic products, and
around 250 compounds may be used only under certain conditions. In the studies [2—4], the
presence of dangerous ingredients in shampoos in quantities posing a risk was investigated.
Besides, under certain circumstances, shampoo components not having significant toxicity can
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be transformed to more dangerous compounds. For example, Regueiro et al. [5] investigated the
possibility of converting triclosan to toxic chlorophenols, dioxins or methyltriclosan. The largest
study was conducted by the authors [6], which analyzed about 500 cosmetic products. The
results indicate a significant risk to the environment: the predicted concentrations of many
chemical compounds contained in cosmetic products (benzophenone, diethylphthalate,
butylparaben, triclosan and others) exceed the limits for surface water. Similar results were
obtained in [1] as well. There are studies of the environmental impact of cosmetics by various
methods, including the method of bioindication [7-9], which show the negative impact of
cosmetics on living organisms. The advantage of the bioindication method is that it shows the
effect of various substances directly on the life and development of organisms. The quality of
the environment should be assessed not only by concentrations of pollutants, but also by the
final effect: the presence or absence of toxic effects on living organisms. Different organisms
are used for ecological research by the bioindication method: Cladocera — to study the effects of
detergents [10], Chlorella algae — to study the influence of hazardous components entering the
water [11], microorganisms Daphnia and algae Ulva lactuca — to study the effects of certain
species of surfactants [12—14], diatoms and other algae were used [15] to assess the overall
pollution of water bodies. The study [13,16] also prove the toxic effect of surfactants on
phytoplankton.

Besides, heavy metals are known to be one of the main pollutants in special waste. According to
rough estimates, decomposition of electronic waste annually produces more than 40 kg of
mercury, 160 kg of cadmium, 260 tons of manganese compounds, and 400 tons of other metal
compounds entering the aquatic environment. Moreover, these metals can undergo various
uncontrolled reactions in aggressive landfill environment followed by unpredictable formation
of hazardous chemicals. Therefore, to assess the environmental risk of aquatic environments
pollution by special waste, the degree of heavy metals leaching from waste was estimated using
batteries as case study.

Water pollution control is also important. There are many papers [17-19] dedicated to the
identification of the most significant polluting substances and to the development of high-
quality devices for measuring their concentration in the aquatic environment. The relevance of
such research is evident because these devices could help to control a huge amount of
substances that are dangerous for the environment. The need for such approach is also due to the
fact that each year the number and location of pollution sources varies. This leads to decreasing
of surface and underground water quality. Therefore, there is a need for in-time detection and
evaluation of new sources of pollution. To ensure proper environmental control of water quality,
it is necessary to measure the pollution parameters and to have criteria for making decisions
about environmental pollution by this parameter.

METHODS AND EXPERIMENTAL PROCEDURES

To study the effect of dangerous components of cosmetics on living organisms in water
environment, the bioindication method proposed in [20] was used. It is based on determining the
change in the intensity of algae reproduction under the influence of toxic substances contained
in the aquatic environment. Short-term biotesting (96 hours) allows to determine the presence of
acute toxic effects on algae, and long-term biotesting (14 days) indicates the presence of chronic
toxic effects. In the environmental analysis, the detection of chronic effects is more relevant, as
the constant presence of pollution leads to constant exposure. Therefore, a 14-day study was
conducted. Chlorella unicellular algae was used a testing object. For the cultivation of Chlorella,
1.5 liters of pond water was sampled and provided with a nutrient medium (KNO; — 0,025 g/1,
MgSO47H,0 - 0,025 g/1, KH,PO, — 0,025 g/1, K,CO; — 0,0345 g/l, Ca(NO3), — 0,1 g/l). 10
samples were prepared from the test water with adding 5 shampoos in different concenrations (1
ml and 2 ml per 150 ml of water) and 1 control sample did not contain any shampoo. The
samples were stored in a lighted place for 14 days. Afterwards, a visual examination of the
samples was performed using Biolam P-16 microscope (magnification 400 times).
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To assess heavy metals leaching, mixed household waste was used. Approximately 3 m’ of
waste was manually separated into 11 fractions: metal, glass, hazardous waste, rubber, wood,
food waste, paper, plastic, textile, construction waste, and residual waste. The condition of the
three waste fractions listed first were not conducive to proper measurement. The metal fraction
contained only steel and aluminum cans and any heavy metals inside the inert glass were mostly
immobilized. Heavy metals in these fractions are therefore considered to be negligible, relative
to the other fractions. The fraction of hazardous waste was represented by batteries and the
metals content was calculated using literature data and masses of batteries found in municipal
waste. The concentrations of 4 selected heavy metals (lead, cadmium, nickel, chromium) and of
total organic carbon (TOC) were measured in each fraction by graphite furnace atomic
absorption spectrometer (ZEEnit 600, ANALYTIK Jena AG) and TOC-L Analyzer (Shimadzu),
respectively. The ability of heavy metals to leach from waste was estimated in the following
manner. Two different mixtures of the separated waste fractions (see above), were prepared
with the following compositions:

1 Metals — 3%, rubber — 3%, wood — 3%, glass — 8%, food — 20%, paper — 30%, plastic —
10%, textile — 7%, hazardous waste — 1%, construction materials — 6%, residual waste — 9%
(total weight 33 kg).

2) Metals — 2%, rubber — 2%, wood — 6%, glass — 8%, food — 48%, paper — 10%, plastic —
6%, textile — 6%, hazardous waste — 1%, construction materials — 6%, residual waste — 5% (total
weight 40 kg).

These waste mixtures were loaded into 2 landfill simulation reactors (LSR) for 3 months to
simulate landfill conditions in an accelerated regime. The bottom of the reactors was covered by
a 10 cm layer of boulders followed by a layer of tissue to filter the leachate. The waste mixture
was then placed followed by more tissue and another layer of boulders to press the waste. To
reproduce landfill conditions, the waste in the reactors was compressed, and a constant 37°C
temperature was maintained in the reactors by a special isolation cover with heating pipes.
Besides, to provide a natural humidity (average in European countries: 650 mm/year), fresh
water was added daily to the reactors. With internal reactor diameter of 40 cm and cross-section
area of 0.126 m’, it was necessary to add (650 L x 0.126 m*) / 1 m* = 82 L of water per year or
1.6 L per week. After 3 months, the concentrations of heavy metals and total organic carbon
were measured in the output waste.

For the purpose of investigating the possibilities of pollution (incl. by special waste) control, a
series of experiments using the automated control system under investigation were carried out in
order to obtain the brightness bodies of water-dispersed media with different particle size of the
disperse phase. The experiment involved both natural and artificial model environments.

THE RESEARCH RESULTS AND DISCUSSIONS
Impact of special waste on living organisms in water: case study of shampoos

The following 5 types of shampoos were analyzed to assess the effect on living organisms in
water environment:

Shampoo No.l: Aqua, Cetearyl Alcohol, Quaternium-87, Propylene Glycol, Panthenol,
Niacinamide, Prunus Armeniaca Kernel Oil, Isopropyl Myristate, Distearoylethyl
Hydroxyethylmonium Methosulfate, Sodium Benzoate, Citric Acid, Stearamidopropyl
Dimethylamine, Ceteareth-20, Glyceryl Stearate, Parfum, Hexyl Salicylate, Benzyl Salicylate,
Hexyl Cinnamal, Linalool, Limonene.

Shampoo No.2: Aqua, Sodium Laureth Sulfate, Disodium, Cocoamphodiacetate, Sodium
Chloride, Laureth-2, Peg-12, Dimethicone, Citric Acid, Peg-7 Glyceryl Cocoate, Sodium
Benzoate, Propylene Glycol, Peg-40 Hydrogenated, Castor Oil, Polyquaternium-10, Peg-55
Propylene Glycol Oleate, Parfum, Salicylic Acid, Niacinamide, Panthenol, Macadamia
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Ternifolia Seed Oil, Peg-14M, Hexyl Cinnamal, Butylphenyl Methylpropional, Benzyl
Salicylate, Linalool, Limonene, CL 15985, CL 47005.

Shampoo No.3: Aqua, Cichorium Intybus, Sodium Laureth Sulfate, Sodium C12-13 Pareth
Sulfate, Cocamidopropyl Betaine, Sodium Chloride, Glycerin, Dimethiconol, Parfum, Glycol
Distearete, Carbomer, Sodium Hidroxide, Guar Hidroxypropyltrimonium Chloride, Sodium
Laureth Sulfate, Gluconolactone, Trehalose, Adipic Acid, Sodiumcyibenzennesulfonate, PPG-
12 Sulfate, Amodimethicone, DMDM Hydantoin, TEA, Citric Acid, Disodium EDTA, Peg-
45M, Mica, Sodium Benzoate, TEA- Sulfate, Cetrimonium Chloride, Benzil Alcohol, Benzil
Salicylate, Linalool, CL 15985, CL 19140, CL 77891.

Shampoo No.4: Aqua, Sodium Laureth Sulfate, Sodium Chloride, Sodium Benzoate, Glycerin,
Cocamidopropyl Betaine, Sodium Xylenesulfonate, Cocamide MEA, Sodium Citrate / Citric
Acid, Parfum, Dimethiconol, Cassia Hydroxypropyltrimonium Chloride, TEA-
Dodecylbenzenesulfonate, Disodium EDTA, Sodium Oxide, Laureth-23, Dodecylbenzene
Sulfonic Acid, Benzil Salicylate, Panthenol, Panthenyl Ethyl Ether, Hexyl Cinnamal.
Hydroxyisohexyl, Linalool, Magnesium Nitrate, Argania Oil, Methylchloroisothiazolinone,
Magnesium Chloride.

Shampoo No.5: Aqua, Glycerin, Cetyl Alcohol, Amodimethicone, CL 77891/Titanium Dioxide,
Mica, Hidroxyethylcellulose, Stearyl Alcohol, Arginine, Behentrimoniun Chloride, Trideceth-6,
Chlorhexidine Digluconate, Benzil Benzoate, Benzil Alcohol, Linalool, Isopropyl Alcohol,
Hidroxyethylmonium Methosulfate, Myristyl Alcohol, Cetyl esters, Cetearyl Alcohol,
Cetrimonium Chloride, Citric Acid, Parfum, Coumarin, Hexyl Cinnamal, Glyceryl Oleate,
Glyceryl Linolenate.

The characteristics of water samples with algae are given in the Table 1.

Table 1. Characteristics of samples for biotesting

No. of sample Volume, ml Shampoo added Volume of shampoo, ml
la 150 No.1 1
1b 150 No.1 2
2a 150 No.2 1
2b 150 No.2 2
3a 150 No.3 1
3b 150 No.3 2
4a 150 No.4 1
4b 150 No.4 2
5a 150 No.5 1
5b 150 No.6 2
6 150 control sample 0

The results of visual analysis of the samples with a microscope after 14 days (Table 2) show
that zooplankton has died in all the samples (except the control).

Another study with use Daphnia magna Straus [9] showed 100% mortality of living organisms
in 5-47 minutes after adding the shampoo. However, the concentration of shampoo in the
samples in that study was higher (5%). Bacterioplankton was still alive only in samples 2a, 4b,
Sa, 5b and 6 (respectively shampoos No. 2, 4, 5 and control sample), and phytoplankton — in
samples 2a, 5a, 5b and 6 (respectively shampoos No. 2, 5 and control sample). Therefore, most
of the bacterio- and phytoplankton have died. Though zooplankton is less resistant to shampoos.

98



Water Security, 2021, Issue 2

Table 2. Results of visual analysis of the samples

Presence Presence of

No. of o Presence of Presence of small
Description of phyto- . .
sample zooplankton bacterio- colloidal
plankton .
plankton particles

la small colloidal particles, ) ) ) n
absence of bacterioplankton
b small colloidal particles, ) ) ) .
absence of bacterioplankton
partially damaged
phytoplankton cells,
phytoplankton became 5-10
2a mm mucus clots with rare - 15% + +
(10-15%) partially damaged
phytoplankton cells,
presence of bacterioplankton
completely destroyed
2b phytoplankton cells, - - - +
absence of bacterioplankton
3a small colloidal particles, ) ) ) +
absence of bacterioplankton
3b small colloidal particles, ) ) ) +
absence of bacterioplankton
small colloidal particles,
absence of bacterioplankton
small colloidal particles,
completely destroyed
phytoplankton cells,
presence of bacterioplankton
completely destroyed
phytoplankton cells,
s sm)e]tll colloidal particles and ) 3% - *
bacterioplankton
partially damaged
phytoplankton cells, small
>b colloidal particles and ) 30% * *
bacterioplankton
undamaged cells of
phytoplankton and
zooplankton,
presence of bacterioplankton

It is worth noting a clear correlation between the death of phyto- and bacterioplankton. That is,
all the samples (except sample 4b) with phytoplankton survived had bacterioplankton alive as
well. Comparing the effects of different amounts of shampoos added, it can be concluded that in
some cases the content of shampoos significantly affected the survival rate of plankton.
Microorganisms in the samples 2a and 2b (shampoo No.2) reacted differently to different
concentrations of the same shampoo. In the sample 2a, where the shampoo content was twice
lower than in sample 2b, bacterioplankton and partly phytoplankton have survived. In turn, all
living organisms have died in the sample 2b. A similar result was obtained for pairs of samples
la — 1b, 3a — 3b, and 5a — 5b. Difference in the pair of samples 4a — 4b may indicate that the
content of the shampoo about 1% (2 ml of shampoo per 150 ml of water) was the threshold for
the survival of bacterioplankton (bacterioplankton has died in the sample 4b). In the remaining
samples, the microorganisms have died regardless of shampoo content. This indicates a
significant negative impact of small shampoo concentrations on living organisms. This is also
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confirmed by another study [14] of surfactants, which are the main potential danger in
shampoos. The authors found some surfactants to be toxic at 2.5-3 mg/l concentration, which
roughly corresponds to the concentration in our study.

The results show that most phytoplankton have survived in the sample 5b. One can assume this
is due to the absence of many potentially dangerous ingredients (e.g., SLS/SLES,
Cocamidopropyl Betaine, Propylene Glycol) in the shampoo No.5 (unlike other samples).
Previous studies using unicellular green algae [16] confirm this assumption to some extent: the
effect of SLES on test organisms was one of the largest. 2-3 mg/l of SLES caused 100% death
of test organisms (Scenedesmus subspicatus algae). However, it certainly needs more research.

Water contamination by heavy metals leaching from municipal waste

To assess metals leaching from waste to water, one should measure metal concentration in the
input waste. Since all waste fractions were mixed and partially decomposed at the end of the
experiment, it was impossible to measure the residual concentrations of heavy metals and TOC
in each fraction separately. Therefore, the input and residual weight of each heavy metal and
TOC in the waste mixtures were compared (see Tables 3 and 4).

Table 3. Heavy metals in municipal waste fractions, pg/kg

Waste fraction Pb Cd Ni Cr
Plastic 40.1 0.8 —* 38.6
Textile 10.2 0.3 —* 14.0
Rubber 170 6.4 —* 1228
Wood 10.6 0.2 —* 167
Paper 7.7 0.1 —* 9.4
Construction material 6.9 0.1 —* 10.5
Food waste 4.0 —* —* 7.0
Hazardous waste 13950%** 228220%* 661220%* 50550**
Residual waste 19.9 0.2 —* 49.3
Mean in MSW1 226 3330 9646 819
Mean in MSW2 248 3762 10899 908

*below the detection limit

**calculated

If comparing the landfill simulation reactors used, there was a trend for all heavy metals and
TOC to be leached more in LSR2. This is probably caused by higher waste humidity in LSR2
due to significantly higher content of organic (food) waste. It is known that metals are leached
from the waste in a soluble form that can be ensured by moisture [21]. Besides, high content of
organic waste in LSR2 has evidently contributed to lowering the pH. Average pH of the
leachate was 5.5 and 5.8, respectively for LSR1 and LSR2. A low pH increases metals
solubility and hence leaching [22]. The difference between the reactors in metals leaching was
approximately the same, while the difference between TOC leaching was much more. This
finding also relates to the content of organic waste since its decomposition is the main reason of
TOC leaching. Therefore, food waste is likely to be the main source of mobile organic
compounds. That explains increased metals leaching in LSR2 taking into account more food
waste in that reactor. There were 76 and 265 mg/kg of TOC leached in LSR1 and LSR2,
respectively. These data are consistent with previous study (120 mg/kg) [23].
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Table 4. Weights of heavy metals and total organic carbon

LSR1 LSR2
Input . Input .
Input . Residual Input . Residual
Parameter we?gh ¢ weight excl. weight wegg,h ¢ weight excl. weight
batteries o batteries o) <
(mg) (mg) mg (%) (mg) (mg) mg (%)
Pb 5.1 0.5 3.5 (69%) 6 0.4 3.4 (57%)
Cd 75.3 0.01 2.7 (3.6%) 91.3 0.01 1.8 (2%)
Ni 218.2 0 0.7 (0.3%) 264.5 0 0.5 (0.2%)
2.5
Cr 18.5 1.8 3.3 (18%) 22 1.8 (11.5%)
. 0
TOC 11.3 - 9.5 (85%) 13.9 - 7.5 (54%)

In 12 weeks, several decades of real landfill were simulated under an accelerated water regime
[24]. The lowest leaching rate was noticed for lead. That can be explained by low solubility of
many lead compounds even in an aggressive environment. Widespread lead compounds in
household waste including oxides, sulfates, sulfides, and organometallic compounds are
insoluble in water and, according to authors [25] can hydrolyze and become soluble only when
pH > 6. Prechthai [26] has defined that 80% of lead in household waste is insoluble, which was
proved by Yanful et al. [27] indicating insoluble carbonate as the most widespread lead
compound in the waste. Besides, as described in previous section, most of the lead was found in
the batteries (in the form of insoluble oxides and sulfates), as well as in the rubber and plastic
slowly degrading in landfills. Therefore, even lower lead leaching could be expected.
Theoretically, lead can be leached by dissolving its compounds in an acidic environment to
form soluble lead acetate or nitrate. The higher amount of organic matter in LSR2 creates a
more acidic environment and thus more favorable conditions for leaching of lead and other
metals. For example, Janz [21] reported lead mobilization by organic chelate complexes.
Lincoln et al. [28] have measured the highest concentration of lead in the leachate in
comparison to other heavy metals when simulating their leaching from WEEE. On the other
hand, Aucott et al. [29] have investigated that organic compounds have a high sorption capacity
for lead, and can bind it retaining in the waste body. Also, lead leaching from municipal waste
was the lowest among heavy metals studied by Qu et al. [30].

Much more chromium and cadmium were leached. First, more chromium compounds are water-
soluble (for example, chromium sulfates and dichromates contained in some waste fractions)
and hence can easily be leached. Secondly, other authors [26,31] consider chromium as a metal
with one of the largest exchange form that can be easily leached. Since much of chromium was
found in rubber, it probably remained unleached due to inertia of rubber (almost half of the
total residual mass of chromium was initially in the rubber). This allows for the assumption that
most chromium contained in hazardous waste (batteries) was leached. Less chromium was
leached in another study [21]. The author explains this fact by the reduction of chromium (VI)
to chromium (III) in acidic environment and subsequent immobilization to a low-soluble
chromium oxide Cr(OH); and chromium-organic complexes.

The high leaching of cadmium can be explained by the interaction of cadmium hydroxide (the
main cadmium form in batteries known to be the main source of this metal in household waste)
with acids and the formation of soluble cadmium salts. It is also known that cadmium
intensively forms metal-organic compounds through binding with organic matter [25].
Afterwards, cadmium metal-organic compounds can be easily leached. Also, chloride
complexes may have some influence. Among the heavy metals, according to the study [25],

101



Water Security, 2021, Issue 2

mobile chloride complexes of cadmium are most likely to be formed. As the potential source of
chlorides in municipal waste, one may consider food waste and some types of plastic (PVC). It
can be concluded that most cadmium (more than 95%) was leached from batteries as it was
supposed for chromium. In another study [21], cadmium leaching from the waste was lower due
to the formation of low-soluble cadmium sulfides and their subsequent sorption by solids.
Cadmium may also be bound with manganese (iron) oxide or carbonates as shown in [26].

The change in the nickel content cannot be clearly interpreted. On the one hand, the residual
nickel content was very low. This could mean that all the nickel was leached. For example, den
Boer [32] has found nickel having the largest share of mobile forms among heavy metals in
waste. Considering batteries as the only source of nickel found in municipal waste, we can
conclude that all nickel was leached. On the other hand, an error might have occurred as Ni was
only present in batteries and those might not have been included in the sample which was taken
after leaching (nugget effect). The latter is confirmed by the insolubility of nickel compounds in
batteries (nickelates, nickel oxides and hydroxides). However, these compounds can be
converted in soluble nickel sulfate or chloride and leached under favorable conditions — acid
environment and sufficient moisture content. Taking into account the measurements made, it is
difficult to define whether such conditions have occurred. The hypothesis of nickel non-
leaching is also evidenced by the fact that only 5% of nickel compounds in natural
environments exist in soluble forms [25]. Besides, some studies [21,33] have shown that 99% of
metals, including nickel and mercury, are not leached from waste containing e-waste, including
batteries. However, leaching ability was determined by metals contained in the leachate. In fact,
some amount of metals was released from the waste, but sorption processes did not allow metals
to be leached by liquid.

A high importance for heavy metals leaching may have sulfur compounds contained in
municipal waste, first of all in organic waste, plastic, and paper. Due to the short experimental
period in the current lab-scale study, only the first acid phase in real landfill was simulated,
when most sulfur is known [21] to be in the form of sulfates. The solubility of cadmium,
chromium, and nickel sulfates and the insolubility of lead sulfate confirm accordingly high (for
Cd, Cr, Ni) and low (for Pb) metals leaching.

If not considering the batteries, the concentrations of metals (except nickel) in the output waste
were higher compared to those in the input waste. This may be explained by low metals
leaching from the waste and by waste mass reduction due to the decomposition and leaching of
organic matter, which is confirmed by other studies [34]. Another reason might be the binding
of heavy metals leached from batteries in, for example, aluminosilicate complexes as reported
by Qu et al. [30].

The heavy metals concentrations measured in the output waste after 12-week simulation (Pb:
0.13-0.16 mg/kg, Cd: 0.09-0.10 mg/kg, Ni: 0.03 mg/kg, Cr: 0.12-0.13 mg/kg) were
significantly lower in comparison to those in the waste from real landfills. For example, in
Greece metals content ranged from 5 (for Cd) to 50 (for Cr) mg/kg [35], and in Austria — from
50 (for Cr) to 350 (for Pb) mg/kg [36]. It should be noted that waste was sampled in the old
landfills. Thus, there was more time for heavy metals to be enriched in waste body.

Heavy metals are known to be leached from landfills for hundreds of years, especially if they
are bound within a mineral phase [37]. Therefore, if landfill is still in operation or after-closure
procedures would not take place, and leachate is continuously generated, then heavy metals
cause a long-term environmental risk.

Experimental studies of impurities in aqueous disperse media

A series of experiments using the automated control system were carried out in order to obtain
the brightness bodies of water-dispersed media with different particle size of the disperse phase.
The experiment involved both natural and artificial model environments.
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According to the task the turbid media (milk, rosin and soap solutions) were used. They have
absorption coefficient negligible in comparison with the scattering coefficient. Also the model
disperse artificial (polychlorinated vinyl latex) and natural (phytolatex of Rewultex type) media
were used. The following particle sizes were used: 0.0087 pm, 0.0875 pum, 0.55 pm, 0.875 pm
and 5.255 pm.

The milk medium was prepared by mixing the appropriate amount of natural milk with water. In
this case, the concentration of the solution from 0.05 to 5% was applied so that the conditions of
the deep regime were most effectively implemented. To obtain a rosin medium, a saturated
solution of rosin in alcohol was prepared. The two parts of this solution were mixed with one
part of the alcohol, and then diluted with distilled water. The resulting rosin "milk" was mixed
in the right amount with tap water. This method of preparation prevents coagulation of the rosin.
When considering the rosin medium under a microscope, a large number of Brownian particles,
as well as particles of irregular shape with different diameters were observed.

The soap medium belonging to colloidal media was prepared by dissolving soap in hot distilled
water. The resulting solution was diluted with warm bidistilled water to the desired
concentration, and then the medium was cooled to air temperature. PVC latex and phytolatex of
Rewultex type were prepared according to the methods developed by the State Research
Institute "Elastik" of the National Academy of Sciences of Ukraine.

The irradiation was carried out on the most characteristic wavelengths for the visible range: 450,
550 and 650 nm. The received experimental bodies of brightness for a wavelength of 550 nm
are presented in Fig. 1.

z) b) ]

Q; e}
Fig. 1. Body of brightness (scattering indicatrix) of dispersed media based on PCV-latex with

different sizes of dispersed particles:
a) 0.0087 um, b) 0.0875 pm, ¢) 0.55 pm, d) 0.875 um, €) 5.255 pm

According to Fig. 1, as the particle size increases the brightness body gradually shifts and
extends toward the dissemination of the radiation flux. In addition, for the case of the equality of
the particles size and wavelengths of the incident light, sharply expressed diffraction and
interference extremes are observed. This is particularly for the angles of 30°, 60°, 100° and 135°,
which coincides with the theoretically predictable mathematical models [38].
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Fig. 2. Scattering indicatrix of dispersed media: 1 — seawater; 2 — river water; 3 — soap water; 4
—rosin milk; 5 — phytolatex of Rewultex type; 6 — aqueous solution of natural milk.

On the basis of investigations of selected model environments indicatrix using the developed
automated system, it has been proved that the patterns of radiation dissemination in the model
environments are to a large extent adequate to real natural objects such as lake, sea, etc. (Fig. 2).
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Fig. 3. Changes of contaminant particles size (rc) in polluted water with different dispersion of
pollution: 1 — rc <r of water particles; 2 — rc > r of water particles

According to the results of experimental studies, as shown in Fig. 3, it was established that
depending on the size of the contaminant particles, the average particle size of the water-
dispersed medium also changes. That is, in order to establish the fact of pollution at the certain
time and to predict the dispersal composition of the pollutant, it is sufficient to know the
disperse composition of the water environment before the pollution and to determine the
average particle size of the contaminated water-dispersed medium.
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On the basis of the observations results (Fig. 4), one can also concludes that the scattering
indicatrix and brightness body for contaminated water-dispersed media extend with the increase
of contaminant particles size. After some time after the beginning of the pollution, the pollutants
start to interact with the water-dispersed medium. There are a number of physico-chemical
processes of transformation, in particular, coagulation, sedimentation, etc., resulting in the
changes of initial water-disperse medium dispersal composition.

[l

a & 4
Fig. 4. Changing the scattering indicatrix: a — prior to contamination; b — after contamination
with the r; > 1p; ¢ — after contamination with r; <r,, where r; is the average particle size of the

contaminated water-dispersed medium, r, is the average particle size of the water-dispersed
medium prior to contamination.

CONCLUSION

A study shows a significant environmental impact of special waste on living organisms in water
environment using shampoos as case study. Even small (1-2%) impurities of shampoos in water
cause total death of zooplankton and most of the phyto- and bacterioplankton within 14 days.
Comparison of the shampoos of different composition suggests that the algae Chlorella can be
most affected by surfactants SLS/SLES, Cocamidopropyl Betaine, Propylene Glycol. Some
research results indicate that 1% shampoo content in water leads to total death of living
organisms in most cases.

Assessment of water contamination using simulation of real landfill conditions shows higher
leaching of all metals from waste fractions with a higher content of organic matter. Lead has the
lowest leaching rate, which can be explained by the low solubility of its compounds. High
cadmium and chromium leaching rates indicate a significant potential risk of their mobile
compounds being released into the environment. Therefore, knowledge of short and long-term
leaching behaviors of heavy metals may prevent contamination of the water environment or at
least better assess its environmental impact when landfills are closed.

Regarding the water pollution control, the main indicators are scattering indicatrix and
brightness body, which are extended with the increase of contaminant particles size for
contaminated water-dispersed media. Therefore, in order to prove the fact of pollution at the
certain time and to predict the dispersal composition of the pollutant, it is sufficient to know the
disperse composition of the water environment before the pollution and to determine the
average particle size of the contaminated water-dispersed medium.
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ABSTRACT

Nitrification activity determines the activity of «self-purification» of natural water basins from
the nitrogen compounds The data of regular monitoring of the concentration of nitrogen-
containing compounds and indicators of nitrification in the river Udy (in areas of 500 m before
to the discharge of treated wastewater of Kharkov and 500 m after the discharge downstream)
and in wastewater have been analyzed. Special laboratory experiments determined the chemical
and biological kinetic constants of nitrification in the water column and biochemical
characteristics of nitrification in the bottom sediments in these areas, as well as on sections of
the river Siv.Donets (500 m before the wastewater discharge of the Zmiiv Paper Mill and 500 m
after the discharge downstream). It is shown that the rate of nitrification in the water column in
the River Udy doubles in the area after the discharge of treated wastewater in Kharkiv compared
to the area before the discharge. It is likely that the discharge of deeply treated wastewater from
treatment plants that carry out biological treatment with nitrification, is accompanied by a
certain removal of nitrifying bacteria and increases the activity of nitrification processes in the
water column of the natural reservoir downstream. On the contrary, the discharge of low-treated
wastewater from the Zmiiv Paper Mill in the river Siv.Donets inhibits nitrification (hence the
activity of "self-purification of the river" from nitrogen compounds) in the river by 59% due to
the high residual content of organic pollutants.

Keywords: nitrificationl, natural water reservoirs2, wastewater3, environmental safety4,
nitrites5.

INTRODUCTION

The ammonia nitrogen treatment of sewage is an important environmental and technological
problem, a solution of which is necessary both for the discharge of wastewater into natural
reservoirs [1] and for the introduction of closed water systems [2]. For such purification
adsorption [3], reagent [4] technologies and biotechnology nitrification are used.
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Nitrification is two unique reactions of nitrogen cycle in the biosphere which conducted by
hemolytoavotrophic nitrification bacteria [5, 6]. Ammonia oxidation bacteria (nitrificators of the
1* stage) make the first stage of nitrification by oxidizing ammonia to nitrite and nitrite
oxidizing bacteria (nitrificators of the 2"'stage) make the second stage of nitrification by
oxidizing nitrite to nitrate [7].

Nitrification activity determines the activity of «self-purification» of natural water basins from
the nitrogen compounds [8-10], what is more ecologically safe via the speed equality of the both
stages of nitrification. In some areas of the water basins the rate of the anstage of nitrification is
lower than the one of first stage what causes nitrite accumulation [11]. Low nitrite concentration
maintenance in water systems is a serious problem because nitrite is very toxic substance [12,
13].

Ability of nitrifying microorganisms to oxidize N-NH4 and N-NO, was widely used in the
biological treatment of wastewaters [1, 14, 15]. Biological nitrification as a wide scale
biotechnology used as a final stage of wastewater treatment when treated water which contains
nitrates can be discharged into the water basin and in the modern technologies for the deep
treating from nitrogen compounds as intermediate stage when it is composed with
denitrification [16, 17]. Modern schemes of municipal wastewaters treatment use recycles of
sludge liquid in the two-, three-, four- and five-stage processes which allow not only remove
nitrogen compounds, but also another biogenic elements [18]. In practice of municipal
wastewater treatment one-sludge systems usually used which must conduct chemoorganotrophic
and chemoautotrophic (mainly chemosynthesis of nitrification bacteria) microbiological
processes [1, 19].

Biological wastewater treatment plants are potential sources of biogenic elements and also
microorganisms (included nitrification bacteria) for the rivers in which carried out wastewaters
discharge. Species and activity of microorganisms from the wastewaters from the wastewater
treatment plants can differ from the ones which was found in a river upstream and can change
river ecological functioning [20]. Hence, wastewaters from the wastewater treatment plants can
change nitrification and nitrification bacteria concentration in natural water basin. Particularly
dangerous in this sense is the discharge into the natural reservoirs of insufficiently purified
landfill filtration. The concentration of ammonium ions in them is ten times higher than that
concentration in urban wastewater [21]. And though throughout the last decade wastewater
treatment processes were essentially improved discharge of the treated wastewaters can lead to
increasing of ammonia and nitrifying bacteria concentrations in river systems and, as a result, to
change nitrification kinetic and nitrite dynamics in a water system area [11, 22].

The aim of the work is determination of nitrification process activity in the river Udy and the
river Siv.Donets before and after treated wastewaters discharge.

METHODS AND EXPERIMENTAL PROCEDURES
Objects of experimental investigations:

—  The water and bottom sediments from the river Udy in the area 500 m before and 500 m
after the treated municipal wastewaters discharge;

— Wastewater and active sludge of aeration tanks from the Municipal wastewater
treatment plant Ne2, which conduct discharging into the river Udy;

— The water and bottom sediments from the river Siv.Donets in the area 500 m before and
500 m after the Zmiiv Paper Mill wastewaters discharge;

— Wastewater of the Zmiiv Paper Mill

Previous investigations of nitrification process evidence in the river Udy within the
area of the treated municipal wastewaters discharge were executed by the multiyear data
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analysis of every day nitrogen compounds concentration control in the areas of
investigation. Chemical and biological constants determination in natural water basin
was implementing on the basis of laboratory experiment results which have been done
according to the method [13]. For the experiment the water from the river Udy and the
river Siv.Donets in the area 500 m before and 500 m after the wastewaters discharge have been
taken. In the day of taking samples in water concentrations of mineral nitrogen
compounds (N-NHj, N-NO,, N-NO;) and organic nitrogen were determined. Every
sample (2.5 dm3each) was incubated without adding any reagents during 20-31 days in a
dark place and a temperature 19°C in not tightly closed bottle to provide oxygen
income. At certain intervals samples of water from the each bottle were taken to
determinate the nitrogen compounds concentration.

Chemical constants of ammonification and both stages of nitrification were determined based on
the experimental data via the formulas listed in [13] and designed mathematic program (C++
programming language and Qt framework). Biokinetic constants value (Michaelis constant —
Ks, and the maximum rate of the biochemical reaction) were determined via the data by
linearization method of Wolker Shmidt [23].

Nitrification capability and rate of nitrification in bottom sediments from the river Udy (in the
area 500 m before and 500 m after the treated municipal wastewaters discharge) were
determined via the biochemical method [24] according to enzyme activity which catalyzes
hemolitotrophic ammonia oxidation (hydroxylamine oxidoreductase). The concentrations of
nitrification bacteria were determined by microbiological methods of limit dilutions [25].

Hydrochemical analysis of water environments (N-NH4 — colorimetrically adding Nessler
reagent; N-NO; — colorimetrically adding a-naphthilamine, N-NOj3 — colorimetrically adding
sodium salicylate, Ny titrometrically after wet mineralization, pH — electrometrically, COD —
arbitration method adding potassium dichromate) was conducted via standard methods
according to Ukraine standards demands [26]. Statistical processing of data was conducted via
computer program Microsoft Excel.

THE RESEARCH RESULTS AND DISCUSSIONS

NITRIFICATION ACTIVITY EVALUATION IN THE WATER OF THE RIVER UDY IN
THE AREA 500 M BEFORE ANG 500 M AFTER THE TREATED MUNICIPAL
WASTEWATERS DISCHARGE ACCORDING TO REGULAR CONTROL DATA

Nitrogen compounds concentration in the river Udy (daily water consumption is 950 000 m®) in
the area 500 m before and 500 m after the treated municipal wastewaters discharge presented in
Fig. 1.

It’s shown that in 5 years dynamics N-NH4 concentration after the treated wastewaters
discharge in the river Udy mainly decreases. At that time N-NO, and N-NOj; concentrations
constantly increase, which testifies that nitrification activity in the river Udy after the
wastewaters discharge is increasing.

This conclusion was confirmed by the calculation of the nitrification index (/) within the
period of investigation (2014-2017) in the area before and after the treated wastewaters
discharge (Fig. 2). Water nitrification index (/,s;) was determined via the formula 1
recommended by the scientific literature [8]:

Liirp = Cno,y/(Cnoy + Cyay, + Cno,)s (D

where Cnos, Cais, Cno:—IN-NO3, N-NH,4 and N-NO, concentrations.
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As it is shown nitrification index from 2015 till 2017 at the area after the treated wastewaters
discharge is 5-13% higher then this index in the area before the discharge.
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Fig. 1. Average annual concentration dynamics of N-NHjy (a), N-NOj; (b) and N-NO,
(c) in the river Udy before and after the treated wastewaters discharge
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Fig. 2. Average annual dynamics of the nitrification index (2014-2017) in the river Udy
before and after the treated wastewaters discharge

DETERMINATION OF NITRIFICATION KINETIC CHARACTERISTICS IN THE RIVER
UDY BEFORE AND AFTER WASTEWATERS DISCHARGE

Determination of nitrification kinetic characteristics in the river Udy before and after the
treated wastewaters discharge was implemented in October in the period of death and
destruction of hydrobionts and aquatic plants biomass after summer vegetation and therefore
high concentration of organic and nitrogen compounds in water.

According to experiment results (Fig. 3), N-NH, concentration during the exposition in
initially increases (due to free ammonia and ammonification reactions [9, 13]. But then it fell
steadily, more over in the area after the treated wastewaters discharge more intensive than in the
area before the discharge.

The sequence of biochemical transformations of nitrogen compounds studied in laboratory
experiments can be represented as follows (2):

k k k
Norg = NH = NO3 = NOS, )

where k, — ammonification rate constant, k, —nitrification 1% stage rate constant, k; — nitrification
2n stage rate constant.
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Fig. 3. Dynamics of the concentration of N-NH, in water from the river Udy, sampled 500 m
before (a) and 500 m after (b) of thetreated wastewaters discharge, in the exposure process

For the determination of ammonification and nitrification (1* stage) rate constants was used
method [13], which implies that these reactions are sequential and have the first order. This

system includes two equations (3, 4) and looks like this:

k —_—
[NN—NH4]max — [Nn-nH,]o = [Nurg]o(k_j)kl_kz ,

where [Nyy4]o— initial organic nitrogen concentration, mg/dm’; [Ny_nu Jmax — maximum N-

3)

“4)

NH, concentration, mg/dm3; [Ny_nn,]o — initial N-NH, concentration, mg/dm3; tmax — time of

N-NH, maximum concentration reaching, days.

2"stage of nitrification rate constant determination was conducting (equation 5):
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[NOQLax - [NOE]O =kk, [N

o e ) ®

where [NO; Lax — maximum N-NO, concentration, mg/dm?; [NO; L — initial N-NO,
concentration, mg/dm?’; t — time of N-NO, maximum concentration reaching, days.

As it is shown in Table 1, the value of k; (ammonification rate constant) is the same in the both
areas of investigation. In that time k, and k; in the area after the discharge of the treated
wastewaters are slightly higher compared with the area before the discharge. This means that
nitrification activity enhances after the treated wastewaters discharge. In water samples before
and after the treated wastewaters discharge k, is several times higher than k;, and k; far exceeds
k,, which allows to assume that nitrites accumulation probability in the river is minimal. In
general, values of ki, k, and k; (determined in experiments) correspond with data from the
investigations of north natural water basins (presented in scientific literature) [13].

Table 1. Nitrification and ammonification kinetic characteristics in the water of the river Udy in
the area 500 m before and 500 m after the treated municipal wastewaters discharge

Ammonification and nitrification 1* and 2™ stages rate

Water basin constants (ki, ko, k3), day™
k] k2 k3
The river Udy (500 m before the 0.22 0.9 1.3
discharge)
The river Udy (500 m after the 0.22 1.0 1.4
discharge)

Calculated value of biokinetic constants is presented in Table 2. According to determined rate of
nitrification is possible to calculate nitrifying bacteria (ammonia oxidizing bacteria)
concentration (kinetic determination) (Table 2) based on the data [27]: NH; oxidizing rate by
one cell of ammonia oxidizing bacteria reaches 484 fmol NH;/h. The obtained results (taking
into account the concentration of N-NH, in the used aqueous media) are consistent with those
ones of other researchers [27].

Biokinetic indicators calculation (Table 2) showed that received data is corresponding with data
of other natural water basins and wastewater treatment plants [13]. Before the treated
wastewaters discharge K is ten times higher than after the discharge. It indicates the essentially
lower affinity of nitrification enzymes to ammonium nitrogenin the area before the discharge.

Table 2. Biokinetic nitrification indexes in the river Udy and 1* stage of nitrification bacteria
concentration in water basin environment in areas before and after the treated wastewaters
discharge

Ks, Vomax of 1% stage Concentration of 1™
Nitrifying microboicenoses mg/dm’ nitrification, stage nitrifying ,
mg N-NH/( dm’ day) bacteria, cells/cm
The river Udy (500 m before 1.7 0.48 2.9-10°
the discharge)
The river Udy (500 m after 0.17 1.29 7.9-10°
the discharge)
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Nitrification rate in the area after the treated wastewaters discharge is more than double exceeds
this value before the discharge. So the deep treated wastewaters discharge promotes increasing
of nitrification ability of water environment in the river Udy. Such phenomenon in the area after
the treated wastewaters discharge in the river was noted by foreign scientific experts [22].

DETERMINATION OF NITRIFYING ABILITY OF BOTTOM SEDIMENTS IN THE RIVER
UDY IN THE AREA BEFORE AND AFTER THE WASTEWATERS DISCHARGE

According to data from the scientific literature [13] main input in the natural water basins
nitrification make the activity of nitrifying bacteria immobilized in the top layer of bottom
sediments. Nitrifying ability in bottom sediments determination results according to
biochemical analysis data is shown in Table 3.

Table 3. Biochemical characteristics of bottom sediments from the river Udy

Activity of hydroxylamine 1" stage nitrification rate,
Bottom sediments oxidoreductase, mEN-NHy/ (Zary supstance”h)
ng forrnazan/(gdry substance'min)
Before the wastewater 3.1 0.03
discharge
after the wastewater 32 0.03
discharge
Active sludge (Brion et 22-50 0.35-0.77
al. 2000)

As received data shows, hydroxylamine oxidoreductase enzyme activity in bottom sediments
before and after the discharge have the same order of values and, consequently, the rate of
nitrification in this bottom sediments is almost the same.

Thereby, nitrification activity increasing in the river Udy which was determined (according to
multiyear regular control data of nitrogen compounds, nitrification index) in the area before and
after the wastewaters discharge is because of wastewaters discharge intensify influence on the
indexes in water (not on the nitrification indictors in bottom sediments). The such conclusion
confirms data of French scientists, which was got during the investigation of nitrification in the
river Seine [22].

INDICATORS OF NITRIFYING ABILITY DETERMINATION IN ACTIVE SLUDGE
FROM THE MUNICIPAL WASTEWATER TREATMENT PLANT Ne2 WHICH
DISCHARGE WASTEWATERS IN THE RIVER UDY

Data on the composition of the treating urban wastewater are presented in Table 4.

N-NH4 concentration after the treatment essentially decreases (up to 92,5 %). In that
time nitrite and nitrate concentrations increasing which are an obvious characteristic,
firstly, of the deep wastewaters treatment and, secondly, of passing the full nitrification
process (1* and 2™ stages) (Table 4).

Data of straight microbiological nitrification bacteria concentration determination in active
sludge of biological waste water treatment plant and its nitrifying activity are presented in Table
5.

116



Water Security, 2021, Issue 2

Table 4. The composition of wastewater at municipal sewage treatment plants Ne 2 Kharkiv

Concentration, mg/dm’

Ne Indexes incoming treated
1 BOD; 240 15

2 N-NH,4 30 23
3 Mineralization 600 610
4 Suspended solids 220 15

5 S0~ 218 235
6 Cr 117 120
7 COD 395 80
8 Fe 1.3 0.42
9 Cu™ 0.028 0.013
10 Cr' 0.024 0.013
11 Petroleum products 2.7 0.35
12 PO,” 15.1 2.1
13 Synthetic surfactants 0.12 0.038
14 NO;~ 1.2 14.5
15 NOy 0.33 0.43

Table 5.Microbiological characteristics of the nitrifying ability of active sludge from the
municipal wastewater treatment plant Ne2

COD, mg/dm’® Concentration N- Concentration of 1 stage

Sludge samples NH,, mg/dm’ nitrifying bacteria,

CellS/g ashless sludge

Beginning of aeration tank- 110-160 16,7-19,1 10°-10’
displacer
Ending of aeration tank-displacer 30-52 1,8-2,3 10°-10°

As the presented data show, nitrification bacteria concentration in active sludge from
wastewater treatment plant in the ending of aeration tank-displacer increases as a result of
passing nitrification in this zone and reaches 10%-10® cells/g ashiess studge- Everyday emission of
nitrification bacteria from the wastewater treatment plant into the river Udy can reach 2,7-(10" -
10"7) cell/day, taking in account suspended meter concentration in wastewaters when
discharging (< 15 mg/dm®) and the discharge volume (180 ths. m*/day).

DETERMINATION OF THE IMPACT OF WASTEWATER DISCHARGE OF ZMIIV
PAPER MILL IN THE RIVER SIV.DONETS ON THE ACTIVITY OF NITRIFICATION IN
THIS RESERVOIR
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The volume of wastewater discharge from sewage treatment plants at the Zmiiv paper Mill is
2,400 m® / day. The results of the laboratory study of the dynamics of N-NHj4 concentration in
the water from the river Siv.Donets on the area of 500 m before and 500 m after the discharge of
wastewater from the Zmiiv paper Mill are presented in Fig. 5.
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Fig. 5. Dynamics of the concentration of N-NH, in water from the river Siv.Donets,
sampled 500 m before (a) and 500 m after (b) of thetreated wastewaters discharge, in the
exposure process

As you can see from the dynamic of N-NH, concentration the process of nitrification of
ammonium compounds took place more actively in the water of the river Siv. Donets on the site
before the sewage discharge of Zmiiv paper mill.

The results of calculations of biokinetic constant of nitrification activity at the site are presented
in table. 6. Calculation of the rate of nitrification in the water of the river Siv.Donets in the area
of Zmiiv showed that the discharge of insufficiently treated wastewater of the Zmiiv paper mill
in the river Siv.Donets significantly (approximately 59%) suppresses the rate of nitrification in
the reservoir.

To determine the factors of negative impact of wastewater on nitrification in the river Siv.
Donets performed water analysis before and after discharge and analysis of wastewater itself.
The results of hydrochemical studies are presented in table. 7. As can be seen, after the
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discharge of the Zmiiv paper mill wastewater into the river water, the salt content increases
significantly (by about 40%).

Table 6. Biokinetic nitrification index in the river Siv.Donets, and 1* stage of nitrification
bacteria concentration in water basin environment in areas before and after the treated
wastewaters discharge

Vomax of 1% stage nitrification, Concentration of 1% stage

Nitrifying microboicenoses N : 3
mgN-NH,/(dm*day) nitrifying bacteria, cells/cm

The river Siv.Donez (500 m
before the wastewater
discharge by the Zmiiv paper
mill

0.22 1.3-10°

The river Siv.Donez (500 m
after the wastewater
discharge by the Zmiiv paper
mill

0.09 5.2-10°

Table 7 — Indicators of water quality in a natural reservoir (the river Siv.Donets) and wastewater
of Zmiiv paper mill

Water basin Indexes
N-NH;, N-NO,, mg/dm3 Mineralization COD, mg/ dm’
mg/dm’ mg/dm’
The river Siv.Donez (500
m before the wastewater
discharge by the Zmiiv 1.37 0.19 323 10
paper Mill
Wastewater of Zmiiv 1.31 0 619 424
paper mill
The river Siv.Donez (500
m after the wastewater
discharge by the Zmiiy 1.09 0.21 451 20
paper mill

The concentration of organic matter (COD) in the wastewater of the Zmiiv paper mill had high
concentrations, which were unacceptable for the discharge of such wastewater into natural
reservoirs. Thus, when discharging untreated wastewater with a high content of inorganic (salt)
and organic compounds, nitrification in a natural reservoir is significantly inhibited, and,
consequently, the "self-purification” of the reservoir as a whole.

CONCLUSION

1. According to multiyear monitoring (nitrogen compounds concentration, pH of the water
and the nitrification index) the treatment wastewaters discharge from the wastewater treatment
plant (which conduct deep biological treatment with nitrification) increases the nitrification
activity in natural water basins and, as a result, «self-cleaning» activity of the basins from
ammonium nitrogen of autochthonous and allochthonous origin.
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2. The determination of the rate constants of the I and II phases of nitrification in
laboratory experiments showed that the constants of the rates of nitrification of the I and II
phases in the area after discharge of treated wastewater are somewhat higher than at the site
before discharge. Moreover, the rate constant of nitrification of phase II significantly exceeds
the rate constant of nitrification of phase I in water samples before and after discharge of treated
wastewater. This allows us to predict the minimum probability of nitrite accumulation in the
river.

3. Calculations of biokinetic nitrification constants have shown that the rate of nitrification
in the area after sewage discharge exceeds this figure before discharge more than twice.
Michaelis constant in the river water before discharge is about an order of magnitude higher
than after discharge. This indicates a greater affinity of nitrification enzymes to ammonium
nitrogen in the area after discharge, and probably changes in the species composition of the
nitrifying microbiocenosis in the river Udy water.

4. Sewage discharge of Zmiiv paper mill inhibits nitrification in the river Siv.Donets by
59%. The most probable reason for the inhibitory effect of wastewater from the Zmiiv Paper
Mill on nitrification in the river Siv.Donets River is the extremely high concentration of organic
pollutants (COD).

5. Discharge of wastewater from Kharkiv treatment plants, which carry out deep
biological treatment with nitrification, increases the activity of nitrification processes in the
river Uda, and, consequently, the activity of "self-treatment" of this reservoir from ammonium
nitrogen of autochthonous and allochthonous origin. Everyday emission of nitrification bacteria
from the wastewater treatment plant into the Udy river can reach 2.7 (10" - 10'7) cell / day.
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ABSTRACT

On an industrial electrodialysis apparatus equipped with industrial membranes MK-40 and MA-
40, at different hydraulic and electrical operating modes of the apparatus, the possibility of
maximum concentration of the residual acid HCI present in the H-cation washings was
investigated. It has been shown that when the ratio of the flow rate of the initial solution in the
dialysate and concentration sections is 13: 1 and the voltage on the apparatus is 180-200 V, it is
possible to concentrate hydrochloric acid up to 5% and return it to the production cycle for
regeneration of the cation exchanger. At the same time, the residual concentration of
hydrochloric acid in the dialysate is 0.05%, which significantly reduces the consumption of
alkali, which is currently used to neutralize acidic industrial wastewater.

Key words: clectrodialysis, ion-exchange membranes, waste water, ion exchangers.

INTRODUCTION

Wastewater, including acidic industrial waters, have a negative impact on the environment,
especially on its water basin, drainage and sewerage systems. Liquid solutions, the pH of which
goes beyond pH 6.5-8.5, are excessively (physiologically and technically) active and usually,
before discharge, are subject to additional treatment. Pretreatment and purification of acidic
effluents should be carried out at enterprises of the chemical, textile and light, pharmaceutical,
ferrous and non-ferrous metallurgy, oil and gas and hydrocarbon industries [1-3].

There are two main methods for treating acidic effluents - neutralization and dilution of the
solution to acceptable pH values. When diluted with water, undesirable acidic compounds do
not actually disappear, but only diluted with water and carried away by the liquid flow through
the drain pipes [4-6,8]. Gradually, this weak acid solution will react with the surrounding
aquatic environment to form compounds, some of which can pose a significant environmental
hazard; it is also possible to purify acidic effluents by coating the inner walls of the discharge
lines with a salt or corrosive coating, however, when using this method, the service life of the
discharge system is significantly reduced [7-9].
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In the chemical neutralization of acidic effluents, the pH of liquids is adjusted by adding alkali,
using various methods of dosing the reagent; it was found that the use of dispensers for this
purpose is unprofitable and creates great inconveniences in the work [1, 5, 10-15]. Neutral
waters, in the case of increased salinity and their large volumes, pose an ecological threat to the
environment. So, thermal and nuclear power plants annually throw 780-800 thousand tons of
salt [6, 14, 16].
At some enterprises, attention is paid to the maximum possible extraction of pollutants from
wastewater resulting from the loss of raw materials or products for their subsequent use [17,
18].
One of the possible methods for the regeneration of acidic wastewater is membrane methods, in
particular electrodialysis. Electrodialysis is a membrane separation process in which ions of a
solute are transported across a membrane by an electric field [7, 8, 19-21]. The driving force of
the process is the electric potential gradient. Under the action of an electric field, cations move
towards the negative electrode (cathode). Anions move towards a positively charged electrode
(anode) [22, 26, 28]. By using cation-exchange or anion-exchange membranes, electrodialysis
can be used to increase or decrease the concentration of the electrolyte solution. The matrix of
the anion exchange membrane has cationic groups [23-25, 27, 29]. The charge of cations is
neutralized by the charge of mobile anions in the pores of the membrane. Anions of the
electrolyte solution can be incorporated into the membrane matrix and replace the anions
initially present in it. The penetration of cations into the membrane is prevented by the repulsive
forces of cations fixed in the membrane matrix. Cation-exchange membranes containing fixed
anionic groups act in a similar way. In a multi-chamber electrodialyzer, a certain number of
cation-exchange and anion-exchange membranes alternate (their number is determined by the
capacity of the apparatus), located between two platinum electrodes (Figure 1).
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Fig. 1. Electrodialysis (membrane electrolysis) process: A — anion exchange
membranes, K — cation exchange membranes.

The electric current carries cations from the initial solution into the concentrate stream through
the cation-exchange membrane located on the cathode side. Cations are retained in this flow by
an anion-exchange membrane from the cathode side. The direction of movement of the anions is
opposite. They are transferred to the concentrate stream through an anion exchange membrane.
On the anode side, anions are retained in the concentrate flow by a cation-exchange membrane.
Thus, the overall result of the process is to increase the concentration of ions in one of the
alternating chambers while decreasing their concentration in other chambers [30-32]. The
electrolysis process takes place on the electrodes. In a multi-chamber apparatus, unproductive
energy costs are inevitable due to this process, they are distributed over a large number of
chambers, therefore, per unit of production, these costs are minimized [33-36].
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Electrodialysis is an environmentally friendly and low-energy-consuming technological process.
With its use, the processes of desalination and concentration of solutions are successfully
carried out, as well as the production of drinking water from salt waters. Electrodialysis is also
used for pretreatment of water for thermal power plants [37,38,40-42].

An important direction of using electrodialysis plants is wastewater treatment. Electrodialysis is
used for desalting wastewater from galvanic industries (galvanic effluents) [39,43-45]. Also,
membrane electrolysis is used to concentrate wastewater containing valuable components (for
example, precious metals), before the subsequent extraction of these components. One of the
possible methods for the regeneration of spent pickling solutions is electrolysis using ion-
exchange membranes, while the process schemes can be different. Some electrodialysis
schemes were tested for the regeneration of spent solutions after etching steels in hydrochloric
acid, characterized by a low HCI content (1-4%) and a high FeCl2 content (18-27%). The
problem of regeneration by concentrating pure HCI practically free of iron from spent pickling
solutions has been solved [9, 46-52].

Enterprises that consume large volumes of water have certain requirements for water. Many of
them have special water treatment systems [53-58]. One of the stages in these systems is water
softening, which is carried out using ion exchangers. The process of water softening by the
method of H-cationization (cation exchanger H-form) is intended to remove cations and replace
them with hydrogen ions. After depletion of the cation exchanger, it is regenerated with a 0.6 -
1.5% solution of H,SO, or 2.0 - 6.0% HCI solution followed by washing. When choosing an
acid to restore the working capacity of the cation exchanger, preference is given to hydrochloric
acid, which avoids the "gypsum" of the ion exchanger - the precipitation of calcium salts in the
resin layer in the case of using an H,SO, solution for regeneration [59-63].

The residual concentration of hydrochloric acid in the wash water after regeneration of the
cation exchanger (H-cationization) is approximately 1% [10, 64-69].

The purpose of this work is to study the possibility of maximum concentration and return to the
technological cycle of residual acid from the H-cationization wash water using the
electrodialysis method.

METHODS AND MATERIALS

The work on studying the possibility of maximum concentration of the residual acid of the H-
cationation wash water, in order to return HCI to the technological cycle, was carried out on a
press-type filter electrodialysis apparatus. A membrane stack, located between two platinized
titanium electrodes, was assembled by series MK-40 and MA-40 monopolar membranes. The
membranes are mass-manufactured at JSC Shchekinoazot (Russia). The MK-40 cation-
exchange membrane was made of the KU-2 (2/3) strongly acidic cation exchanger composition
containing sulfo groups and polyethylene, the MA-40 anion-exchange membrane was made of
the EDE-10 P anion exchanger composition containing quaternary ammonium bases (20%),
secondary amines and polyethylene. Sheme of the process for adjusting the pH of technological
solutions is shown in Figure 2.

Fig. 2. Sheme of the process for adjusting the pH of technological solutions
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Consequently, in the apparatus, the desalination (dialysate) and acid concentration sections were
sequentially created. The number of membranes of the same name and the working area,
respectively, were 200 pieces and 32.8 m’.

The CI ion content was determined by the argentometric method in the presence of the K,CrO4
indicator. The concentration of alkali and acid was determined by acid-base titration in the
presence of the phenolphthalein indicator.

As a working solution, wash water was used, after H-cationization, containing a residual
concentration of HCI up to 1%. The electrodialysis process of acid concentration, based on the
productivity of the apparatus (660 1/ h), was studied in the following hydraulic modes:

v" mode 1 - the flow rate of the initial solution in the dialysate and concentration sections
was the same - 330 1/h;

v" mode 2 - the flow rate of the initial solution in dialysate sections was 660 1/h, in brine
sections — 400 1/h;

v" mode 3 - the flow rate of the original solution in dialysate sections was 660 1/h, in brine
sections - 50 I/h

v" mode 4 - the flow rate of the original solution in the dialysate sections is 660 1/h, and in
the brine sections - the solution was not supplied.

For each hydraulic mode, by changing the value of the applied voltage to the apparatus, the
optimal electrical parameters of the process were set and the following process indicators were
calculated on their basis: desalination depth - (B(d)), degree of concentration - (B(c)), current
efficiency (1}), operating capacity (Q) and energy consumption (W) per process.

RESULTS AND DISCUSSION

On an industrial electrodialysis apparatus, the membrane package of which was assembled only
with monopolar membranes MK-40 and MA-40, an experiment was carried out to study the
possibility of maximizing the concentration of residual acid HCI in wash water after H-
cationization (regeneration) of the KU-2-8 cation exchanger. This cation exchanger is used in
many water treatment systems for water softening. Regeneration of cation exchangers is carried
out with solutions of hydrochloric (2-6%) or sulfuric (0.6-1.5%) acids. When using hydrochloric
acid, its residual concentration in the wash water is approximately 1%.

The electrodialysis process of acid concentration was studied depending on the applied voltage,
at different hydraulic operating modes of the apparatus. The data obtained are shown in Figures
3-7.

As can be seen from Fig. 3 and Fig. 4 (mode 1), when the source water is supplied to the
dialysate and concentration sections with a ratio of 1:1, even at a voltage of 50 V, the acid
concentration in the concentration section increases from 9 to 16 g/L.

However, as can be seen from Fig. 3, under the conditions of this mode, a further increase in
voltage practically does not cause a change in the concentration of acid in the concentration
sections.

The process proceeds similarly in the case of hydraulic flows of solutions in sections of the
apparatus with a ratio of 3:2 (mode 2). When a voltage of 160 V was applied to the installation,
the concentration of hydrochloric acid in the concentration sections increased to 20 g/L and the
subsequent increase in voltage only increased the desalination depth, which is clearly shown by
the curves in Figure 5.
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Fig. 3. Curves of changes in the concentration of HCI in the brine C (s) and dialysate
C (e) sections depending on the applied voltage to the device (mode 1)
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Fig. 5. Dependence of process parameters on voltage (mode 2).
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In the case of hydraulic flows with a ratio of 13:1 (mode 3), after applying a voltage of 200 V to
the installation, the concentration of hydrochloric acid in the concentration section was 50 g/l.
At the same time, in this mode, there was a decrease in the depth of desalination compared to
the above modes, but it still remained quite high. The concentration of hydrochloric acid, at the
above voltage value, in the dialysate section was 0.6 g/l. Fig. 6 shows the dependence of process
parameters on voltage value (mode 3).
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Fig. 6. The dependence of the process parameters on voltage value (mode3)

During the hydraulic mode, when the initial solution was not supplied to the concentration
section (mode 4, Fig. 7), applying a voltage of 150-160 V to the device made it possible to
achieve high levels of the degree of concentration of hydrochloric acid. But under these
conditions, an acceptable desalination depth could not be achieved in the dialysate section, and
the increased voltage rendered the process virtually ineffective. This is easily explained by the
presence of a high concentration gradient between the concentration and dialysate sections.

70
+—B(d)
60
——1),% (d
%5 1.% (d)
40 —— f(c)
30 —a—1,%(c)
20 . B W(d),kW- h/m?
10 " et —1
= : E —0—W(c).kW -h/m?*
0% i T + 'f o & :
100 119 125 150 160 200 212|UV

Fig. 7. The dependence of the process parameters on voltage value (mode 4)

Thus, the most effective method for concentrating hydrochloric acid of all the studied hydraulic
modes is mode 3 - with a ratio of solution flow in dialysate and concentration sections of 13:1.
Under the aforementioned operating conditions, when a voltage of 180-200 V is applied to the
installation, hydrochloric acid can be concentrated up to 5 %, which is quite enough for the
regeneration of the cation exchanger.
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Under the abovementioned operating conditions, when applying a voltage of 180-200 V to the
installation, hydrochloric acid can be concentrated up to 5%, which is quite enough for the
regeneration of cation exchanger. At the same time, the residual concentration of hydrochloric
acid in the dialysate is 0.05%, which significantly reduces the consumption of alkali that is
currently used to neutralize industrial wastewater.

It is shown that when applying the sorption method for water softening in the water treatment
system, it is recommended to concentrate the residual acid present in the wastewater by the
electrodialysis method and return it to the process cycle, which makes the sorption method for
water softening more environmentally friendly and economical.

It was found that at high concentration gradients between the concentration and desalination
sections, the required level of desalination is not achieved in the dialysate chamber, and the
voltage increase is practically ineffective.

CONCLUSIONS

When using the sorption method to soften water, it is recommended to concentrate the residual
acid present in the washing water after H-cationization by the electrodialysis method.

It is shown that the most effective method for concentrating hydrochloric acid of all the studied
hydraulic modes is mode 3 — with a ratio of solution flow in dialysate and concentration
sections of 13: 1. It has been established that under the abovementioned operating conditions,
when a voltage of 180-200 V is applied to the installation, it is possible to concentrate
hydrochloric acid up to 5% and return it to the process cycle for the regeneration of cation
exchanger. It is shown that in this mode, the residual concentration of hydrochloric acid in the
dialysate is 0.05%, which significantly reduces the consumption of alkali that is currently used
to neutralize industrial wastewater.

The data obtained in this work can be used to concentrate rinsing water of H-cationization by
electrodialysis.
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ABSTRACT

Vehicle emissions have a significant impact on the state of all components of the environment and
are harmful to human health. The danger of exhaust gases emissions is exacerbated by the fact that
they, spreading over long distances, are concentrated in the surface layer of residential areas, on
sidewalks, public transport stops and recreational areas. So, monitoring changes in the ecological
state of environmental components influenced by the transport infrastructure is an important task. In
the study, attention was focused on the methods of express monitoring of the quality of the
environment components. Since it is difficult to control the impact of all pollutants in the ecological
monitoring system, such indicators as electrical conductivity, hydrogen index pH and optical
properties of natural solutions have been chosen. These characteristics are sensitive to the complex
effects of many factors and can be easily measured. Densimetry, viscometry and stalagmometry
methods were also used during the implementation of the full environmental express monitoring
program. The computational experiment on the determination of the pollution level of studied areas
was carried out using mathematical modeling and the MathCad software environment.

Keywords: recreational area, water pollution, air pollution, modeling of air pollution,
urbanization problems

INTRODUCTION

It is well known that mobile pollution sources (mainly vehicles) have a very significant and
sometimes even decisive impact on the state of the environment contaminating it by harmful
substances, which also include greenhouse gases, containing in the emissions from internal
combustion engines. Among the main air pollutants there are nitrogen oxides N,O, NO, N,Oy,
NO,, N,Os (less often), sulfur compounds SO,, SFg, etc., carbon oxides CO and CO,,
hydrocarbons of various composition C,Hy, including polycyclic, polyaromatic, etc., aldehydes,
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fine dust and soot particles (particulate matter) PM,, and PM, s (so-called "black carbon"). It is
also important that the emissions of toxicants with the exhaust gases of engines occur in the
respiratory zone of humans, especially children. Experts have discovered that almost 20 % of
vehicle emissions remain near the roads [1], and the negative impact can be determined at a
distance of up to 2 km from the road, extending to a height of 300 m [2].

Among the total volume of harmful substances emitted into the atmosphere during the vehicle
operation there are not only exhaust gases ingredients, but also crankcase gases, products of
evaporation from the car's power system, in particular, volatile hydrocarbons, etc [2]. However,
the most dangerous pollution of urban and suburban areas caused by vehicles is due to the
emissions of harmful ingredients containing in their exhaust gases. The danger of these
emissions is exacerbated by the fact that they, spreading over long distances, are concentrated in
the surface layer of residential areas, where there is a significant population density with private
vehicles; on sidewalks, public transport stops, even in areas intended for human recreation (park
areas and squares, areas near water bodies, playgrounds, etc.).

The level of air pollution and contamination of the adjacent to the roads territories (including
recreational areas) largely depends on the traffic density, the number of lanes, the terrain of the
road and surrounding areas, the fuel used, the condition of the road surface, the technical
condition of cars and their speed, the share of trucks, climatic conditions, etc. [1]. The
maximum volumes of harmful emissions from exhaust gases are observed during engine
operation in idle mode, during traffic jams, at the moment of starting or stopping of the car. The
supply of the engine with poor quality fuel or the operation of an unregulated engine also causes
a significant increase in the exhaust gases volume and toxicity.

Thus, monitoring changes in the ecological state of water, air, soil, etc. mediums influenced by
the transport infrastructure is an important component of the state environmental monitoring
system. And given the complexity of the organization of the environmental monitoring in the
technogenically disturbed ecosystems [3], in our study, we focus attention on methods of
express monitoring of the quality of the studied components of the environment combining
them with the methods of mathematical modeling.

METHODS AND EXPERIMENTAL PROCEDURES

Changes in the ecological state of urban water bodies and soils were studied by analyzing
samples taken in spring, summer and autumn. During the research, the results obtained on the
pollution of the components of the environment were compared with the background values
determined in the least contaminated areas. The background values are the average values of
concentrations of harmful substances determined from the samples taken in the eco-friendly
area near the Irpin River (Kyiv region, Ukraine) at a distance of 200-250 m from the highway,
as well as in the water body (lake) located there.PhD

According to the preliminary analysis of cartographic information, scientific literature and by
processing the data of field observations of traffic flows, zoning of recreational areas adjacent to
the highways was carried out according to the level of pollution by certain toxicants.
Observation points that most representatively characterize their ecological state were selected.

Sampling sites were recorded using a GPS navigator and marked on a map. The capacity of
traffic flows was studied on weekdays, weekends and holidays, as well as at different time
periods and different seasons. The calculation method described in [4—6] was used to evaluate
the volumes of emissions of specific pollutants from vehicle exhaust gases.

To obtain actual data on the potential pollution of urban water bodies and recreational areas near
them, as well as to establish the level of their environmental safety, a set of physicochemical
methods of analysis was used, namely:

— potentiometric (for measuring the acidity of solutions — hydrogen index pH);
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— conductometric (for measuring the electrical conductivity of solutions) and

— optical (in particular, refractometry) research methods, which require special equipment but
are quite sensitive and do not require much time for analysis; this is especially important
because the detected fact of changes in the ecological state of the studied object (water body,
soil cover, precipitation, etc.) allows making quick management decisions and prevent further
pollution problems.

Densimetry (determination of solution density by pycnometric method), viscosimetry
(determination of viscosity by Ostwald viscometer) and stalagmometry (determination of
surface tension by stalagmometer) methods were also used when the full program of ecological
express monitoring was implemented. For the surface waters, organoleptic parameters were also
studied.

For the modeling of the dispersion of toxicants in the environment, the orography of the
territories was studied and field observations of traffic flows moving along the roads near the
studied recreational areas and water bodies were carried out.

THE RESEARCH RESULTS AND DISCUSSIONS

1. Conductometric study of surface water quality. In natural waters, including lakes located
within recreational areas, the migration of chemical elements is quite intense. At the same time,
as a rule, a change of qualitative and quantitative content of natural waters (their
metamorphization) is observed. In addition, in water, bottom sediments, organs and tissues of
aquatic plants and animals the compounds of chlorine, sulfur, sodium, calcium, magnesium,
heavy metals, etc. can accumulate in large quantities. That, in turn, has a harmful effect on the
vital functions of organisms and human health. Particularly dangerous is the pollution of
recreational areas, where adults and children spend a long time without even realizing the
potential danger. Such territories, as a rule, are subject to complex contamination — water
quality deterioration, pollution of atmospheric air, soil cover, vegetation, fauna, etc.

Natural water systems usually contain solutions of weak and strong electrolytes. Their mineral
basis consists of ions of sodium Na’, potassium K, calcium Ca**, magnesium Mg**, quite often
also iron Fe**, as well as sulfate- SO,*, chloride- CI" and bicarbonate-ions HCO; etc. The
presence of these ions determines the electrical conductivity of natural solutions, including
groundwater.

The presence of other ions, in particular, iron Fe'', aluminum AL’ and their complex
compounds, as well as ions NH.,", NO,, NO5, HPO,*, H,PO, and ions of some organic
compounds has almost no effect on the conductivity of natural systems because they rarely can
be found in them in significant quantities. As for H and OH ions, for example, in natural water
with pH = 5-9 their content is insignificant, and, consequently, the share of their influence on
the electrical conductivity of solutions does not exceed 0.1-0.2 % [7].

It is known that electrical conductivity (specific conductivity y, pS/cm) characterizes the ability
of solutions to conduct electric current and can serve as a characteristic of the total salt content
(mineralization) in aqueous solution (water body, soil extract, etc.) at a certain fixed temperature
[8,9].

According to [8], the value of the specific electrical conductivity of the solution is proportional
to its total mineralization with a coefficient of proportionality of 0.55-0.75. In our study to
assess the salinity of the natural system a proportionality factor of 0.65 was used:

Salt content in the solution = y(solution)-0.65, (9]

where yx(solution) is the specific electrical conductivity of the sample of water, soil solution,
precipitation, etc., nS/cm; "salt content" — the content of dissolved salts in the sample, mg/dm’.
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Thus, the specific conductivity serves as an indicator of the total mineralization (salt content) in
aqueous solution, and its changes allow to make conclusions about the ingress, accumulation,
or, conversely, a decrease in the concentration of dissolved electrolytes in water. However, due
to coagulation and sedimentation processes, as well as due to secondary chemical and
physicochemical transformations of pollutants, the specific conductivity of water samples may
decrease significantly, which will provide false information about the reduction of soluble
electrolytes in the aquatic environment and, consequently, about the reduction of water
contamination levels. However, the sediments formed as a result of such transformations and
coagulated substances will be accumulated in the bottom sediments, vegetation, tissues of
various organisms, etc., which also poses a certain threat to aquatic life and human beings.

The specific electrical conductivity of solutions (water samples, soil extracts, precipitation, etc.)
was measured using an alternating current conductometer (bridge), which was calibrated
according to standard solutions of potassium chloride KC1 with a known specific electrical
conductivity. A glass conductometric cell with soldered platinum electrodes was used in the
study; the number of measurements for each sample was n = 5.

To establish the impact of emissions of traffic flows, water (soil) samples were taken at
5 observation points, if possible, at approximately the same distance from the highway in
accordance with [10]. The reference was a sample of water from a natural reservoir (lake),
located in forestry at a distance of 200-250 m from the highway. Statistical processing of
experimental data was performed according to the methodology of [11] and [12]; the relative
error of the experiment did not exceed 2 %.

The results on the indicator of specific electrical conductivity of water samples of the studied
water body — Raiduzhne Lake (Kyiv, Ukraine) at different seasons are presented in Fig. 1.
During the observations (2018-2019), sharp changes in the specific electrical conductivity of
samples of the studied object was observed only twice (deviation was up to 30 % of the average
value), which is due, in our opinion, to the possible ingress of household waste and electrolytes
from the nearby cafes into the lake. The change in the electrical conductivity of water samples
was not critical.

As can be seen from the data of Fig. 1, at the beginning of summer the influence of electrolyte
contaminants is minimal, while after the snow melts (March-April) and in autumn the studied
water body is heavily polluted. In addition, the results of measurements (calculations) of
electrical conductivity in April are much lower than in March, which can be explained by salt-
contaminated runoff of meltwater due to the use of anti-icing agents by utilities in winter.
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Fig. 1. The dynamics of specific electrical conductivity (average values) of water samples
(Raiduzhne Lake, Kyiv, Ukraine) at different seasons.

137



Water Security, 2021, Issue 2

The specific electrical conductivity in October is almost 2 times higher than in June. This can be
explained by weather conditions (fog, temperature inversions, etc.), changes in meteorological
conditions (wind direction and wind speed), as well as active recreation of people during the
spring and summer months. In November, the electrical conductivity of water samples decreases
significantly, probably due to frequent rains (water dilution of the reservoir) and cooling, which,
in turn, reduces the number of vacationers in nature.

Thus, the study of changes in the specific conductivity of solutions (media) over time
(especially the determination of sudden changes) makes it possible to establish the fact of entry
into the water body (soil, precipitation, etc.) of electrolytes, to conclude about their
accumulation or, conversely, neutralization, deposition, etc., as any significant changes in the
electrical conductivity of the environment promptly signal about the potential contamination of
the water body, soil cover, precipitation, etc.

After establishing the fact of contamination of a certain component of the environment with
electrolyte compounds, we recommend applying analytical methods to identify contaminants, as
well as determine the content of individual chemical elements, which will allow, firstly, to
establish the source or sources of pollution; secondly, to locate the contaminated area and
thirdly, to prevent the appearance of an emergency situation and increasing the risk to human
health, to develop appropriate management measures.

2. Potentiometric method of aquatic ecosystems investigation. One of the important indicators that
affect the chemical, physicochemical and biochemical processes in natural ecosystems is the
hydrogen index pH. Depending on its values, not only the speed but even the direction of
processes can change, while the toxicity of substances and activity or stability of the environment
can decrease or increase. The pH of the solutions is determined either approximately by
colorimetric (indicator) method, or more precisely — using the method of potentiometry. The pH
of the natural environment indirectly characterizes its chemical composition.

The potentiometric method is based on the use of so-called indicator electrodes, the electrode
potential of which directly depends on the concentration of H" hydrogen ions in the studied
solution, and reference electrodes, the electrode potential of which is known and does not
depend on the concentration of H' or OH” ions.

Therefore, the potential of the indicator electrode is determined by measuring the electromotive
force of the galvanic cell, which consists of the test electrode, the potential of which is unknown
and depends on the concentration of H' ions, and the reference electrode, whose potential is
known. A silver chloride electrode was used as a reference electrode in the study; a glass
electrode was used as an indicator electrode. Before use, the instrument was calibrated using
buffer solutions with known pH values; the effect of temperature on the electromotive force of
the galvanic cell was compensated by a thermal compensator built into the device.

It is known that the pH of natural surface waters, as a rule, varies within 6.5-8.5 units; whereas
groundwater and soil solutions may have higher pH values. Therefore, by the pH value the
aqueous solutions are usually divided into:

— strongly acidic (pH < 3);
—acidic (pH = 3-5);

— weakly acidic (pH = 5-6.5);
—neutral (pH = 6.5-7.5);

— slightly alkaline (pH = 7.5-8.5);
— alkaline (pH = 8.5-9.5) and

— strongly alkaline (pH > 9).
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However, most natural waters usually have a neutral or slightly acidic reaction. Moreover, the
pH of natural water in each specific water body is almost constant, due to the action of the main
natural buffer system — "aqueous solution of carbon dioxide — bicarbonates".

Therefore, the active concentration of H™ ions, more precisely, H;O" ions in the aqueous
medium is determined by its chemical composition, the concentration of substances that got into
it, as well as the quantitative ratio of concentrations of carboxylic acid H,COs and anions of its
acid residues HCO5', CO5?> due to the following processes:

COz + Hzo Ad H2C03
H,CO; «— H + HCO5
HCO; « H' + CO,~.

So, for surface waters that contain small amounts of dissolved carbon dioxide CO,, the reaction
of the medium is likely to be alkaline or slightly alkaline.

Thus, in the case of detection during the express analysis of significant changes in the pH of
water and soil samples, precipitation, etc., it can be concluded that it got contaminants from
industrial or domestic effluents or, for example, wet or dry deposition (sedimentation) of engine
exhaust gases components.

However, it is known that many metals, including heavy ones, are able to form amphoteric
oxides and hydroxides (for example, lead, stanum, aluminum, zinc, etc.). Therefore, even when
the acidity of the medium is shifted to the alkaline side, it will not become safer in the
ecological sense, because the feature of amphoteric compounds is the ability to react both with
acids (acidic substances) and bases (basic substances).

When assessing the impact of chemical compounds on ecosystems and water bodies, it is
necessary to take into account possible hydrolytic processes, which, in turn, can change the
reaction of the environment, in particular, due to the hydrolysis of salts. For example, FeSOy, is
gradually hydrolyzed in an aqueous medium, changing its pH to acidic, even if the hydrolysis
occurs only in the first stage:

FeSO, — Fe*' +S0,™,
Fe** + HOH « FeOH' + H',
(pH <7, the environment is acidic).

Insoluble forms of chemical elements are also not completely safe, because in the form of fine
dust and due to adsorption on dust particles and soot can not only get into living organisms (for
example, human respiratory system, higher animals, etc.), but also can be transferred over long
distances, to form local areas of secondary emergency pollution and then under the new
environmental conditions they can turn into water-soluble, mobile forms.

With repeated or prolonged action, especially at elevated temperatures, natural water also ceases
to be only a solvent and/or mechanical carrier of harmful substances and becomes an active
chemical agent. At the same time, there are secondary physicochemical, chemical and
biochemical transformations of pollutants with its participation, which, in turn, can lead to a
significant increase in chemical mobility of certain chemical elements and increase the
concentration of their migration-capable forms in surface and groundwater, soil solutions, etc.
In particular, when heavy metal compounds interact with water, the concentration of their
mobile acid- and water-soluble forms can increase 2—6 times compared to their initial
concentration [13].

Contaminated precipitation and groundwater, as well as the ingress of toxicants into water
bodies in concentrations that are above the maximum permissible concentrations, significantly
increases the potential biotoxicity of vehicle exhaust gases components; contributes to the
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conversion of immobilized metal compounds in a mobile and migratory state. Thus, technogenic
pollution of territories adjacent to highways and recreational areas, including lakes, rivers,
reservoirs, etc., significantly increases the environmental hazards and risks to human health.

The highest solubility, and, consequently, bioavailability, is inherent for the compounds of
strontium, cadmium, cobalt, copper and nickel. As for the compounds of manganese, chromium,
lead and iron, they are usually strongly bound to the insoluble part of the "mineral matrix" of
rocks and therefore are leached from the soil in small quantities.

Changes in the pH of water in nature can also be associated with the processes of
photosynthesis, in particular, due to the consumption of carbon dioxide by aquatic vegetation.
Soil humic acids are also a natural source of hydrogen ions.

Thus, a potentiometric study of surface water samples, soil extracts and precipitation in the
studied territories (in particular, recreational areas) was conducted in the warm and cold
seasons. The results of measuring the acidity of soil extracts on the example of the recreational
area of people near Raiduzhne Lake (Kyiv, Ukraine) are presented in Fig. 2 [14]. In addition,
changes in the acidity, as well as the content of chloride ions CI” (acid-salt contamination) in
snow and rain samples were studied according to the method presented in [15].

_
o © 2

38}

The average value of pH, units
o E

07
09
Months 10 11

Fig. 2. PH dynamics of samples of water soil extracts (average values) in the recreational area
near Raiduzhne Lake (Kyiv, Ukraine).

According to Fig. 2, in the summer, the pH values of the samples are slightly lower than in the
cold season (early spring). That is, in the warm season, the acidity of soil solutions increases. As
was shown in [15], this may be due to the fact that in winter utilities perform so-called rotary
transshipment of contaminated snow and also actively use salt anti-ice mixtures, which,
penetrating the soil in the spring with meltwater, change the pH of the environment.

Analysis of the pH of samples of water soil extracts in the studied recreational areas also
showed that the lowest values of the hydrogen index pH are observed at a distance of up to 15 m
from the center of the road. The difference between the pH values of the water body and the
extracts from the soil (at a distance of 5 m from the road) is 0.5-1.7 pH units. However, such
changes in acidity cannot be considered regular, because the formation of soil and water pH is
significantly (but differently) affected by greenery. In particular, the presence of a "green
screen" (for example, grass, shrubs, trees, etc.) can greatly change the pH, even with the same
traffic load on the territory.

So, the potentiometric method is very sensitive to certain contaminants penetrating the
components of the environment, but it cannot provide complete information on changes in the
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ecological state of water bodies, soils, etc. In our opinion, potentiometric measurements must be
combined with conductometric studies, as well as with measurements of optical density and
refractive index of the investigated solutions (optical research methods).

3. Refractometry, optical methods of analysis. Refractometry is one of the optical methods of
analysis of natural and artificial systems that is based on the phenomenon of polarization of
molecules of matter under the action of light radiation. The refractometric method of analysis is
based on the phenomenon of refraction of light during the transition from one medium to
another (refraction, which is a measure of electronic polarizability of atoms, molecules, ions)
and involves measuring the refractive index of the medium [16].

In the study, the method of refractometry was proposed as a method by which researchers can,
firstly, identify a substance, and secondly, quickly obtain information about the sudden
contamination of the aquatic environment with electrolytes, organic matter, etc., develop and
implement management decisions. Quantitative determination of impurity concentrations by
refractometry method was not performed.

Among other optical methods for the analysis of suspensions, emulsions and other opaque media
methods of nephelometry and turbidimetry are usually used. Both methods involve the interaction
of light radiation with colloidal particles of suspensions (emulsions). In particular, the
nephelometric method for determining the concentration of a substance is based on measuring the
intensity of light reflected or dispersed by colloidal particles of an uncolored suspension
(emulsion) in a direction perpendicular to the direction of the primary bundle. Turbidimetric
method is based on the measurement of the intensity of light absorbed by the studied medium —
uncolored suspension (the source and receiver of radiation are on the same line).

Measurement of the refractive index of the studied water samples was performed at a
temperature of 20+0,1 °C and the wavelength of the sodium gas D-spectrum line of 589.3 nm.
The measurements were repeated 5 times until the measurement results coincided. Each time a
fresh drop of the test sample was added to the prism of the refractometer. The arithmetic mean
value of parallel measurements of the refractive index was determined. The measurement
accuracy was not less than £2-10™.

The presence of diluted direct "oil-water" type emulsions in the studied water bodies, as well as
the fact of formation of suspensions due to the ingress of dust contaminants into water bodies,
were found out in the study.

It is known that some salts, such as aluminum sulfide, entering the aqueous medium, can almost
completely hydrolyze forming sediment of metal hydroxide:

ALS; + H,0 <> AI(OH);| + 3H, S1.

Thus, the complex application of such physicochemical methods of analysis as conductometry,
potentiometry and refractometry (in some cases the methods of densimetry — measuring the
density of the solution by pycnometric method, viscosimetry — measuring the viscosity of the
medium with an Ostwald viscometer, stalagmometry — measuring surface tension with a
stalagmometer were used), helps to obtain quick information on changes (in particular,
deterioration) of the ecological state of the studied water body, the territory of the recreational
area, etc., as well as to conclude on the potential pollution sources (domestic or industrial
effluents, emissions from vehicles, etc.), pollution intensity and possible health consequences
for people who rest in a polluted area or swim in polluted water.

Therefore, although the listed instrumental methods require special equipment, they do not
require much time for analysis, are quite simple and need small amounts of solution. For
example, the portable optical refractometer Kelilong RHS-28 ATC can be easily used to
determine the salt content in water, as its scale is graduated both to measure the density in
kg/dm® and to measure the salinity of aqueous solutions in %o.
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4. Transformation of chemicals in the components of the environment, their sedimentation in
surface waters and recreational areas. Harmful substances can enter the pedosphere and water
bodies in different ways and different physical states, in particular, from atmospheric air
(various aerosols — both coarse and fine), with precipitation and groundwater, using anti-icing
agents in winter, etc. Nitric and sulfuric acids, sulfates, nitrates and other toxicants get to water
bodies with precipitation (rain and snow). As a result, there is not only pollution of water bodies
and soils but also changes in their acidity and salt composition.

Further, some of the possible chemical and physicochemical transformations of toxic emissions
of vehicles in the natural environment are considered in more detail.

In particular, in humid air nitrogen dioxide NO, reacts with the aerosol of NaCl, which is
always present in it (especially after it was used as an anti-ice agent in the form of a sand-salt
mixture), with the formation of sodium nitrate NaNO; and strong hydrochloric acid HCI, which
is extremely harmful to the environment. This process occurs in two stages, and the first stage of
the process takes place with the formation of an even stronger pollutant — nitric acid:

3N02 + HzO = ZI‘INO3 + NO.

The second stage of the process is the sorption of nitric acid vapors by particles of sodium
chloride with the release of HCI:

HNO3 + NaCl = NaNO3 + HCI.

Carbon dioxide CO, dissolves during interaction with rain or humid air with the formation of a
weak carboxylic acid H,CO; (CO, H,0), while carbon monoxide CO retains its molecular form.

Sulfur dioxide SO,, which is usually present in the vehicle exhausts, is capable of
photochemical (or by another mechanism) oxidation to sulfur trioxide SO;, the interaction of
which with water leads to the formation of strong sulfuric acid H,SO,. In this case, if, for
example, in the air, there is ammonia NHj (that is a very harmful substance to the environment
and human health), it can somewhat neutralize the harmful effects of sulfuric acid due to the
formation of solid ammonium sulfate (NH4),SO,.

The end products of the transformation of sulfur dioxide SO, in the environment can also be
sodium sulfate Na,SO,4, which is formed by the interaction of droplets of sulfuric acid with
aerosol sodium chloride NaCl, and hydrochloric acid HCI:

HzSO4 + 2NaC1 = Nast4 + 2HC1
A similar interaction is known also for carbonates.

5. Dispersion of pollutants in atmospheric air, their sedimentation in surface waters and
recreational areas. According to the Borys Sreznevsky Central Geophysical Observatory, water
bodies and soils of Ukraine and its capital Kyiv are polluted mainly with compounds of
nitrogen, phosphorus, heavy metals, as well as petroleum products, phenols, sulfates,
surfactants, etc. The authors of [17] found a correlation between the content of nitrates in
rainwater and the content of nitrogen dioxide NO; in the air of cities. NO, is one of the main
ingredients of vehicle exhausts. The emissions of this harmful pollutant (together with the
emissions of fine soot particles) are the main environmental threat from functioning diesel
engines.

In Fig. 3 an example of typical water bodies of Kyiv, which are exposed to harmful effects of
emissions from traffic flows of the international highway E 40 [18] — Pond Ne 15 (Fig. 3a) and
Pond Ne 14 (Fig. 3b) are shown. As can be seen from Fig. 3, near these ponds there are
recreational areas, "open" cafes, boat and catamaran rentals, and even some facilities of the
transport infrastructure (for the Google Maps design Snazzy Maps tool was used).
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Fig. 3. Examples of water bodies, the ecological state of which was assessed in the research: a —

Pond Ne 15; b — Pond Ne 14 (Kyiv, Ukraine).

It should be noted that the determination of the characteristics of the dispersion of toxicants in
the environment is especially important in the case when water bodies (natural or artificial
reservoirs, rivers, etc.) are located near the emission sources. This is due to the fact that
penetrating the aquatic environment, pollutants not only interact more actively with each other
and with substances dissolved in water but also are able to be absorbed by living organisms,
accumulate in their organs in dangerous doses. In particular, this problem is extremely relevant

for the capital of Ukraine, as the city of Kyiv is a place of significant concentration of water
bodies, which are actively used by the population for recreation (Fig. 4).

The authors of [19] proved that the dynamics of concentrations of harmful impurities in the
surface air and the pedosphere and water bodies is significantly influenced not only by the
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characteristics of traffic flows moving along the highways, but also by the wind regime, the
conditions of leaching of harmful substances by precipitation, dry deposition, etc.
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Fig. 4. Water bodies of Kyiv city (Ukraine), which are exposed to the influence
of intensive vehicle emissions.

It was established that the wind speed of 0—1 m/s is dangerous in terms of the dispersion of
impurities originated from the low emission sources (in particular, road transport), while the
wind speed of 3—6 m/s is dangerous in terms of the dispersion of pollutants from the emissions
of industrial enterprises with high pipes. In [20] the ways of distribution of air masses and
gaseous impurities from vehicle emissions moving in a stream on a regulated section of the
highway are shown.

Numerous studies have shown that the real process of toxicants dispersion is conditioned by
peculiarities of their emission, vertical and horizontal transfer taking into account the turbulent
nature of their movement. Dispersion of harmful impurities in the air occurs due to convective
transfer of air masses (in particular, in the direction of the average wind); due to diffusion
processes associated with the concentration gradient of a particular toxicant; as well as turbulent
diffusion processes due to mixing air flows in all directions.

Thus, the processes of dispersion and local concentration of harmful substances in the air are
significantly influenced by:

— physical and chemical properties of the harmful impurity, its natural toxicity and reaction
activity;

— the ability of the impurity to form water- and acid-soluble mobile forms;

— wind direction and speed,;

— terrain, geochemical features of the territory, proximity to water bodies, etc.;

— climatic and meteorological conditions of pollutant transfer;

— diversity of flora and fauna;
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— intensity and qualitative characteristics of traffic (in particular, the structure of the traffic
flow);

— the presence, proximity and type of other sources of pollution, class and chemical properties,
hazard indicators of associated pollutants, their concentration and dispersion conditions;

— sedimentation conditions (dry or wet), secondary transfer conditions, etc.

The level of threat of air pollution to human health, and, consequently, the level of
environmental hazard, is determined by the maximum concentration of the toxicant, which is
calculated in the most threatening weather conditions — in the warmest month and at calm wind
speeds.

In mathematical modeling of the dispersion of impurities and the study of the processes of their
turbulent diffusion, as a rule, two main approaches are used. The first approach is to solve the
turbulent diffusion equation with constant diffusion coefficients determined on the basis of
Fick's law; and the second approach is to establish the concentrations of the toxicant according
to the formulas obtained using statistical methods. The latter method uses the normal Gaussian
distribution law to obtain the concentration fields of impurities near the source of
contamination.

In order to build spatial models of the dispersion fields (concentration fields) of toxicants, which
are ingredients of vehicle emissions, spatial-temporal investigations of the intensity and
composition of traffic flows were conducted on the Kyiv roads adjacent to recreational areas. To
collect the observation data (number of vehicles on the road section for a certain time, mode of
their movement, etc.) video recording, online services of road webcams, etc. were used. Field
observations of traffic flows were carried out at different seasons (warm, cold) on days when
there was no precipitation and in the absence of traffic jams.

The intensity of the traffic flow Ntr was determined by the number of vehicles passing through
the intersection of the studied section of the road for 20 minutes. Traffic flow density prg was
calculated by the number of vehicles that were present in the studied area at a certain point in
time. This indicator was also used to determine road congestion. The composition of the flow
was characterized by the ratio of vehicles of a certain type — cars, buses, minibuses, trucks, etc.;
the share of diesel vehicles in the flow was also determined.

To model concentrations fields of impurities in surface airspace in the recreational areas
adjacent to the roads, in addition to the main characteristics of the traffic flow, the following
ones were determined:

— geographical location of the road section (Google Maps and GPS software products were
used);

— the length of the section L (with fixation of streets crossing it if they were present);

— width of the sidewalks by, (if available), the width of protective "green" strip (if available),
vegetation on it (if available), etc.;

— width of the roadway b, the presence of a longitudinal slope;

— the number of lanes in each direction of the road;

— the average flow velocity vr;

— distance to the nearest buildings, density and peculiarities of the urban planning;
— weather and meteorological conditions;

— roughness of the underlying surface, the presence of water bodies nearby.

Methods described in [21] and [22] were used to build models of dispersion of toxicants. The
result of the calculation of surface concentrations of impurities is given in the multiplicity of
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exceeding their maximum permissible single concentration (MPC,), and the fields of
pollutants dispersion are a function of three parameters in the case of a stationary process. In
this case, the mathematical model of the variance of a certain impurity has the form of a system
of differential equations in partial derivatives, and to solve it certain boundary conditions need
to be set.

Thus, the flare approximation model, which is the solution of the semi-empirical turbulent
diffusion equation, was implemented in the MathCad software environment and based on it, the
concentration fields of harmful substances that are the main ingredients of vehicle exhausts
were visualized.

A computer program was created in collaboration with an IT specialist in the C++ programming
language to calculate the turbulent diffusion coefficients of light (for example, CO and NOy)
and heavy (in particular PM,,) impurities at different temperatures.

For each of the studied recreational areas, the most dangerous wind directions and speeds,
which have the strongest impact on the ecological state of the air, water bodies, etc., and have a
negative impact on human health were determined by a computational experiment.

In Fig. 6 the examples of PM;y, NO, and CO dispersion fields with the established most
dangerous direction of the average wind and wind speed of 5 m/s on the territory near the
recreational area with ponds Ne 14 and Ne 15 (Fig. 5, Kyiv, Ukraine) are shown. In the
calculations, it was assumed that the PM,, dispersion (with a particle size < 10 pum) obeys the
laws that are typical for the dispersion of gaseous substances, while for larger particles, these
laws change significantly [23].

In Fig. 7 the results of modeling the pollution of the surface air layer with nitrogen oxides NOx
(in terms of NO,) at the most unfavorable for the studied water bodies and adjacent territories
directions and average wind speed are shown (except shown in Fig. 6). As can be seen from the
figures, the studied water bodies are exposed to significant technogenic load from vehicle
emissions caused by transport flows located closely to them.

For the obtained models of dispersion of pollutants on the basis of the analysis of literature data,
the following gradation of surface air pollution levels was proposed (without taking into account
the synergistic effects of environmental pollution by several harmful substances; the geometric
features of the road also have not been considered) [24]:

— environmentally hazardous medium (very high pollution level) — in the case when the
multiplicity of exceeding the pollutant MPC,, 5 is more than 8.0 MPC,;;;

— high level of pollution — in the case when the multiplicity of exceeding the pollutant maximum
permissible concentration is 4.4—8.0 MPC,,;

— the average level of pollution — can be observed when a multiplicity of exceeding the impurity
maximum permissible concentration is 2.0-4.4 MPC,,,;;

— bellow average pollution level can be observed when a multiplicity of exceeding the
maximum permissible concentration of the harmful substance is 1.1-1.9 MPC,,,; ;

— ecologically safe low pollution level — can be observed under conditions when there is no
excess of MPC,, for the contaminant.

As can be seen from the figures, in the studied areas located near the water bodies, among the
harmful impurities, the largest exceedance of the maximum permissible concentration MPC .
is observed for nitrogen oxides — about 3.8 times. Such excess of the MPC,,; is extremely
dangerous, because, according to scientists [25, 26], increasing the content of nitrogen dioxide
NO; in the air of the city by 10 % leads to an increase in the morbidity of the population by
0.25-0.35 %.
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Fig. 5. The results of modeling the dispersion fields of pollutants in the studied recreational
areas near the Pond Ne 15 (Kyiv, Ukraine) with the most dangerous western wind at a speed of
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In Fig. 7 and Fig. 8 the maps representing ecological danger levels are given on the example of
recreational areas located near Raiduzhne Lake, Nyvky Park (with lakes) and ponds Ne 14 and
Ne 15 (Kyiv, Ukraine).

W L

- ey gt (1)

average (3)
below average (4)

| I very high (1)
| I high (2)
i average (3)
below average (4)

| 0 low (5)

b)

Fig. 7. Maps representing ecological danger levels of recreational areas located near
a) Raiduzhne Lake and b) Nyvky Park (Kyiv, Ukraine).
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Thus, field studies of road conditions (traffic intensity and density, distribution of vehicles by
type and fuel used) on the Kyiv roads located closely to the recreational areas, water bodies, etc.
allowed (using the MathCad software) to create spatial mathematical models and predict
pollutant spreading analyzing dispersion fields of harmful substances originated from vehicle
exhaust gases, determine the conditions of their distribution and local hazardous concentration.
Based on a computational experiment, a set of unfavorable meteorological conditions for the
studied recreational areas and water bodies, in particular, wind direction and speed, were
determined. An environmentally acceptable (safe) distance from the road where there is no
exceeding of the maximum permissible concentration MPC,, . for any pollutant was established.

I very high (1)
R high (2)
average (3)
below average (4)

[ low (5)

Lake Nel4

I very high (1)

B Ligh () Lake Nel5
average (3) .
below average (4)

[ low (5)

Fig. 8. Maps representing ecological danger levels of recreational areas located near ponds
a) Ne 14 and b) Ne 15 (Kyiv, Ukraine).

150



Water Security, 2021, Issue 2

CONCLUSION

So, the problem of assessing the levels of environmental safety and the development of
measures to minimize the risk to human health is of particular importance for urban recreational
areas (parks, areas near natural and artificial water bodies, etc.). These territories are not always
specially organized by authorities, many of them arise spontaneously, unorganized, but this does
not diminish the importance of the problem of ensuring their environmental safety.

Thus, improving the system of ecological monitoring of urban territories, especially those of
recreational purpose, is an urgent scientific and practical task. The results of the research on the
changes in their ecological state will allow to reasonably determine the risk levels to human
health, find out causes of degradation of the natural and urban environment, etc., as well as to
make accurate forecasts of the safety of recreational areas.

However, since it is quite difficult to control the impact of all pollutants in the ecological
monitoring system, such indicators as electrical conductivity, hydrogen index pH and optical
properties of natural solutions (only for analysis of water samples) have been chosen to assess
the environmental safety of the studied water bodies and urban recreational areas located nearby
roadways, as well as to study changes in surface water and soil quality indicators. These
characteristics are sensitive to the complex effects of many factors, easily measured even with
the help of portable devices.

Densimetry, viscometry and stalagmometry methods were also used during the implementation
of the full environmental express monitoring program. For the surface waters, organoleptic
parameters were also studied. For the purposes of modeling the dispersion of toxicants in the
environment, the orography of the territories was studied; field observations of traffic flows
moving along the roads near the studied recreational areas were carried out.

The computational experiment on the determination of the level of pollution of the air surface
layer and territories adjacent to the roadways, including water bodies, with such components of
vehicle exhausts as nitrogen and carbon oxides, fine dust (particulate matter) was carried out
using mathematical modeling and the differential equation of turbulent diffusion in different
weather conditions.

The laboratory-analytical method (qualitative and quantitative analysis) was used to determine
the content of chemical elements and the concentration of ions in water samples and soil
extracts. Particular attention was paid to the presence and content in the studied samples of
heavy metal compounds, as well as sulfate- SO,*" and chloride-ions CI".
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ABSTRACT

The authors have studied one of the most actual problems of today - the problem of reducing the
amount of fresh water and deteriorating of its quality. The world scientific community considers
the water crisis to be one of the 5 most important global risks for the next ten years, so studying
the issue of streamlining the structure of drinking water is appropriate and timely. The authors
have found that the share of water consumption from the water supply network to meet drinking
needs is on average only 15%, everything else is used for domestic and technical purposes. It
was found that in some cities the daily use of drinking water exceeds the physiological needs of
the human body more than 200 times. The authors work on solving an urgent practical problem
- finding new approaches to improving the environmental safety of drinking water supply
systems in order to rationalize the use of fresh water. The authors have analyzed the
international experience of dual (double) drinking water supply systems as an alternative
approach. It is established that the use of dual water supply systems has proven and economic
efficiency.

Keywords: environmental safety, fresh water, drinking water supply, drinking water, dual
(double) systems.

INTRODUCTION

The degradation of the aquatic environment and depletion of water resources are among the
most acute problems today. Due to its unique properties, water, much more than other natural
resources, affects the development and formation of human civilization. It is of key importance
in the formation and maintenance of life on Earth, it is the basic biological substance of which
living organisms are composed and without which they cannot exist.

The problem of rational use of fresh water and increasing the level of ecological safety of
drinking water supply is the most pressing among today's problems. According to UNESCO
(World Water Resources and their use), the world's water resources are distributed as follows:
97.5% - of the sea and oceans; 2.5% - fresh water; arctic ice and glaciers of mountainous areas -
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68.7%; ground fresh water - 29.9%; 1.14% - swamps, permafrost [18]. In figure 1 it is showed
the distribution of available world freshwater reserves on the continents.

1%

= America
W Asia
Africa

Europe

= Australia

Fig. 1. World freshwater reserves on the continents [17]

The world's water supply is three-quarters of the globe, which is permanently covered by water,
although it should be noted that only a small part of water resources is a source of water supply.
Sources of fresh water are rivers, lakes, reservoirs. They are 0.09 million km® of the total
volume of water on Earth 1386 million km’. Given these facts, we can say that in the near
future, fresh water may belong to non-renewable natural resources [17].

According to The United Nations World Water Development Report, in 2019, three out of ten
people in the world are denied access to quality drinking water [13].

The World Wildlife Fund's 2020 Review of the State of the Environment and Risks for Humans
identifies the water crisis as one of the 5 most important global risks for the next ten years [13].

In the World Bank reports and documents [9] it is indicared that clean water is one of the key
factors in economic development, and deteriorating water quality slows economic growth, well-
being, negatively affects human health and leads to increased poverty.

The issues of water conservation are among the priority areas of the ecological vector of human
development. This is confirmed by the fact that among the 17 Sustainable Development Goals
(SDGs) of mankind, a special place is occupied by those related to the issues of rational water
use and safety for consumers, namely:

- goal Ne 6 Clean water and sanitation - ensuring the availability and rational use of resources
and sanitation for all consumers;

- goal Ne 14 Life bellow water - Conservation and sustainable use of oceans, seas and marine
resources for sustainable development.

Among the tasks listed in goal Ne 6, we want to highlight the following: 6.1. "By 2030, ensure
universal and equal access to safe and affordable drinking water for all", 6.3. "By 2030, improve
water quality by significantly increasing recycling and safe reuse of wastewater worldwide,"
6.a. "By 2030, expand international cooperation and support to strengthen the capacity of
developing countries to implement water and sanitation activities and programs, including... the
use of recycling and reuse technologies."

As we can see in the tasks of the SDG raises the issue of rationalization of fresh water use, its
reuse of water, which on a large scale in the implementation of this area will save a significant
amount of fresh water through recirculation.
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The search for new ways of reducing the use of fresh water, technical solutions for
rationalization in the field of water supply are formed in the context of increasing the use of
fresh water for various industrial needs. For example, it is emphasised that one inhabitant of the
planet uses an average of 13-14 thousand m® of fresh water per year, the most of the valuable
resource is used for agriculture and industry (Fig. 2).

B Europe

E Middle East

m Africa

Using of water, %

B Asia and the Pacific

B North America
Agriculture Industry Household

® Latin America and
Economic sectors the Caribbean

Fig. 2. Use of fresh water in the economic sectors of the world [18]

The greatest threat of water crisis is observed in low-water and arid regions of the world, which
is caused by the natural climatic conditions of the territories. The results of the study of fresh
water supply are shown in table 1.

Tablel
The countries with the largest reserves of fresh water [17]

Country km’® %

Brazil 6950 14,8

Russia 4500 9,6

Canada 2900 6,2

China 2800 6,0

Indonesia 2530 5,4

USA 2480 53

Bangladesh 2360 5,0

India 2085 4,4

Venezuela 1320 2,8

Myanmar 1100 2,3

Total in the world 47000 100,0

The leaders in the number of the largest reserves of fresh water are countries such as Brazil and
Russia. At the same time, the level of fresh water use from the total resources in different
countries of the world shows that Russia is not among the leaders (Fig. 3).
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Fig. 3. The level of fresh water use from the total resources [179]

In the process of studying the structure of drinking water use in households around the world, it
was found that most of it is used for domestic and technical purposes. Data on the structure of
water consumption, water use in America, Australia and various countries in Europe, Asia and
the amount of water consumed per person in households in different countries are presented in
Figures 4 and 5 [1,2,5,6,7,10,15].

It is established that the share of water consumption from the water supply network to meet
drinking needs is on average only 15%.
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Fig. 4. Comparative analysis of the structure of water use in households in different countries
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Fig. 5. The amount of water consumed per person in households in different countries

The leader in the use of fresh water is North America, namely the United States. In New York
City, more than 600 liters per capita is used daily, which is the highest in the world, with a
metropolitan population of more than 8 million [8].

Given the growing use of fresh water for domestic use and drinking tap water for domestic,
technical purposes in households, it is advisable to study in detail the issue of water reuse, so-
called recycling and suggest possible alternatives to existing water supply systems.

The ecological efficiency of the use of dual double water supply systems has been proven by
their practical use in households in Germany, the USA, China, Malaysia, India, etc. However, in
most cases, the dual system refers to the water supply system of the house, which includes in
addition to the main water supply network, the second one, through which there is a reuse of the
so-called "gray" water, or rainwater for technical needs.

Figures 6 and 7 show simplified diagrams of traditional and dual approach to the organization of
water supply.

Traditional Using for drinkin .
Water 2 g Cleanin; Sewage
Source water —»| — water supply [ and technical — & —» . 2
treatment system (domestic) needs wastewater discharges

Fig. 6. Simplified diagram of the traditional approach to the organization of water supply

Using for drinking

I needs —

Dual Cleaning

water supply wastewater

system —*  Using for technical
(domestic) needs ‘—/

Fig. 7. Simplified diagram of the dual approach to the organization of water supply

Source N Water
water treatment N
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METHODS AND EXPERIMENTAL PROCEDURES

In order to study the prospects of using dual (double) systems and their role in rationalizing the
use of fresh water, the authors used theoretical methods, such as methods of analysis and
synthesis to summarize information sources. Methods of systematic and comparative analysis
were used in the process of studying the structure of water use and conducting a comparative
analysis of consumption in households in different countries.

THE RESEARCH RESULTS AND DISCUSSIONS

Examples of the introduction of a double dual water supply system, where two separate water
supply networks were created at the construction stage — for drinking and service water, are
found in the study [18]. The authors analyze the prospect of creating a dual system with a
double network of water pipelines in Shanghai. It is noted that the cost of double water
distribution systems varies significantly due to the fact that the process of water purification,
treatment power, materials may differ, depending on the initial quality of water, as well as the
condition of the water supply network. About 3 million RMB is needed to build a double water
distribution system for a residential area with a population of 3,000 families, which is about
2,000 RMB per family.

In China, it is widespread to use two methods of supplying drinking water to consumers. The
first method is in barrels, the so-called bottled water, the second one is pipeline, using a double
water distribution system.

In China, the first double water distribution system was established in Jinhua, in a residential
area of Shanghai's Pudong district back in 1997. Since then, the technologies related to the
development of double water supply systems have begun to develop rapidly. In the process of
the Chinese experience in the implementation of the idea of double dual water supply systems,
many technological problems arose, including the need to expand treatment processes,
operational regulation of chemical indicators, sterilization and selection of pipes, etc., however,
despite all the nuances, the profitability of this approach was confirmed.

In recent decades, many projects for double water distribution systems for residential areas have
been implemented in China. Nowadays many engineering companies provide services for the
design and construction of double water distribution systems. It has been proven that the double
distribution systems are cost-effective and have high environmental importance for freshwater
conservation in China.

Significant experience in the implementation of dual double water supply systems has been
introduced in the USA. This can be confirmed by the study [3]. The location of such systems is
shown in Figure 8.

There is a well-known experience of the American Virgin Islands and the Caribbean Islands
[11], where the water supply in the utility network is carried out by two networks — for drinking
and service needs. These are double distribution systems that involve the use of water for water
supply from two different sources in two separate distribution networks. The two systems
operate independently of each other within the same service area. These double distribution
systems are used to supply drinking water through one distribution network and non-drinking
service water through another. Service water is used for such purposes as firefighting, sanitary
needs (toilets, laundry, washing), street cleaning, irrigation of decorative gardens or lawns. As
the experience of these small areas and communities shows, double water distribution systems
are economically and environmentally justified. The double systems are designed as two
separate pipeline networks: a drinking water distribution system and a service water distribution
system (purified or natural seawater).
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Fig. 8. Location of double dual water supply systems in the USA [3]

An important aspect of rational water use is the reuse of treated wastewater as service one for
sanitary needs.

The problem of reusing wastewater after its treatment is being dealt with at the state level in the
United States of America. In the arid states of Florida and California, a water reuse system has
been introduced for industrial, agricultural, and landscape irrigation needs [4].

One of the oldest double water distribution systems in the USA is located in the Grand Canyon
Village, Arizona, where since 1926 treated domestic wastewater has not been discharged into
open water, but stored in special tanks for firefighting [14].

In the 70s of the twentieth century in the state of Florida in the city of St. Petersburg, the
construction of a large-scale system of continuous water reuse began, where now about 40% of
total water consumption of the city is secondary, which is used for domestic and sanitary needs
in schools, hospitals, as well as for watering lawns, golf courses and filling fire hydrants [14].

There are examples of reusing domestic wastewater to meet drinking needs. In the Los Angeles
area, restored water with a high level of purification has been used to combat South Carolina's
drinking water shortage since 1962 [14].

Figure 9 shows the location of double water supply systems on the world map [3].
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Fig. 9. Geographical location of double dual water supply systems in the world [3]
Table 2. List of dual double water supply systems in the world (excluding the USA) [3]

The name of the dual system City or location Country
Adelaide Adelaide Australia
Bolivar Suburb of Adelaide Australia
Brisbane Brisbane Australia
Caboolture Caboolture Australia
Goulburn Valley Goulburn Valley Australia
Gibson Island and Luggage Point Suburb of Brisbane Australia
WWTP
Mawson Lakes Suburb of Adelaide Australia
Melbourne Water Melbourne Australia
New Haven New Haven Australia
Shoalhaven Heads Shoalhaven Heads Australia
Sydney Water/ Rouse Hill Sydney Australia
Virginia Virginia Australia
Wagga Wagga Wagga Wagga Australia
Bahrain Bahrain Bahrain
Flanders Flanders Belgium
Toronto Toronto Canada
Beijing Beijing China
Hong Kong Hong Kong China
Jinghua Residential Quarter of Shanghai China
Pudong District Shanghai
Tianjin Tianjin China
Larnaca Larnaca Cyprus
Limassol Limassol Cyprus
Alexandria Alexandria Egypt
Cairo Cairo Egypt
Paris Paris France
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Corfu Corfu Greece
Amsterdam Amsterdam Holland
Bangalore Water Supply and Bangalore India
Sewerage Board

Afula Afula Israel
Beer-Sheva Beer-Sheva Israel
Eliat Eliat Israel Eliat Eliat Israel Israel
Kibbutz Kibbutz Israel
Netania Netania Israel
Tel-Aviv Tel-Aviv Israel
Haifa Haifa Israel
Sicily Sicily Italy
Sardinia Sardinia Italy
Turin Turin Italy
Tokyo Metropolitan Government Tokyo Japan
Jeddah Jeddah Saudi Arabia
Riyadh Riyadh Saudi Arabia
Singapore Singapore Singapore
Durban Durban South Africa
Consorci de la Costa Brava Girona Spain
Adra Adra Syria
Aleppo Aleppo Syria
Damascus Damascus Syria
Dera’a Dera’a Syria
Hama Hama Syria
Hassakeh Hassakeh Syria
Homs Homs Syria
Huran al-Awamid Huran al-Awamid Syria
Idleb Idleb Syria
Lattakia Lattakia Syria
Quneitra Quneitra Syria
Ragqga Raqgqa Syria

Ras al-Ain Ras al-Ain Syria
Salamiya Syria Salamiya Syria Syria
Sweida Sweida Syria

La Soukra La Soukra Tunisia
Nigde-Bor Nigde-Bor Turkey
Konya-Kadinhani Konya-Kadinhani Turkey
Merkez Merkez Turkey
Sharjah Sharjah U.A. Emirates
Aden Aden Yemen
Hodiedah Hodiedah Yemen

Among the countries shown in Figure 9 and listed in Table 2, we see a clear trend towards the
fact that most double dual water supply systems are located in countries where there is already a
shortage of fresh water (Australia, Egypt, Syria, Israel, Saudi Arabia, etc.), therefore, since the
end of the twentieth century, states have begun to take active measures to solve the problem of

supplying drinking water and maintaining its quantity.
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CONCLUSIONS

Taking into account the above examples of the implementation of double water supply systems,
we claim that the issue of changing the structure of fresh water use is one of the main issues of
the 21% century. It is urgent to plan and implement changes at the state and regional levels to re-
equip existing water supply systems into two distribution networks: for drinking water and
separately for service water. It is such changes today that will allow to preserve fresh water in
the future and increase the ecological safety of drinking water supply systems.

The ingof dual water supply systems will be one way to solve the problem of rational use of
fresh water in the future.
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ABSTRACT

The article describes ten years of experience in integrating the environmental component into
the educational process of the engineering specialty and the parallel strengthening of the
engineering component in the curriculum of the natural science (non-technical) specialty 101
Ecology. This is ensured through scientific cooperation of the departments of automation,
industrial safety and ecology, in the process of which undergraduate, graduate and postgraduate
students (PHD) are involved. It is shown that work on the development and maintenance of
devices for monitoring the hydrosphere and atmosphere, installations of alternative energy,
work with environmental databases mix organically in the curriculum of engineering specialties
and at the same time allow students to form environmental consciousness. Studying climate
change at the local level helps engineering students to better understand the connections in the
hydrosphere and the atmosphere, and in parallel to understand the consequences of climate
change on the state of local freshwater sources. As for the students of the Department of
Ecology, such training helps to increase their motivation and assimilation of the educational
material in the study of physical and technical modules of professional disciplines.

Keywords: environmental education, integrated engineering, monitoring.
INTRODUCTION

In the classical education system, there was initially a division of disciplines into humanities,
natural and exact sciences, which diminished the importance and integrity of education. It
enhances differentiation of courses, which initially require a synthetic approach, especially in
the conditions of modern so-called information society.

For the professions of the future, the most important competencies are those common to all
industries. As the researchers note, mastering these competencies will help the employee to
increase the efficiency of his own professional activity, and will give the opportunity to move
between jobs, even industries, while maintaining his relevance [1].

To increase the effectiveness of education, it is advisable to introduce integrated courses. To
achieve this goal, it is advisable to introduce the following basic cross-cutting ideas:

- the meanings of the interaction of nature, man and society;
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- the variety of forms of human knowledge [2].

Education, based on the integration of various methods and various sciences, contributes to a
holistic awareness of the world and an increase in the creative potential of an individual: the co-
evolution of nature and society determines the moral principles of harmonizing their existence.
A synergistic approach to education involves the development of variable models of the
educational process and course content, the fundamental principles of which will be integration
and creative development of the individual.

It is well known that traditional engineering majors are more attractive to male students, but in
interdisciplinary fields the situation is better. Today, when the total number of young people
under the age of 18 is declining, no university majors can afford to recruit students from just one
half of the population. In addition to the large number of girls, also a small proportion of young
men believe that interdisciplinary specialties are easier and so they prefer them. This means that
in terms of recruitment, the benefits are clear, but the recruitment of interdisciplinary graduates
by companies raises questions. Studies of this problem have been carried out in Hungary. It is
shown that it is more difficult for graduates of experimental interdisciplinary specialties to find
a job, since employers don’t trust anything new. In our opinion, one thing should not raise
doubts: the introduction of interdisciplinary technologies in teaching classical professions can
make understand complex disciplines easier for students [3].

METHODS AND EXPERIMENTAL PROCEDURES
In modern research on intersubject interaction, the following areas can be distinguished:
* creation of integrated courses based on two related disciplines;

* coordination of the content of the curriculum of various disciplines on the basis of a common
conceptual apparatus;

* solving interdisciplinary problems by methods of various disciplines;

* project-based training with an emphasis on the interdisciplinary nature of the projects being
created;

« organization of conferences, research schools on interdisciplinary topics;

* innovative methods: joint lectures by teachers of various disciplines, propaedeutic teaching,
problem learning, etc.

The listed forms and methods receive methodological substantiation and are effectively
implemented mainly on the basis of related disciplines or disciplines of the same cycle
(humanitarian, professional, natural science, special). At the same time, the issues of organizing
interaction between the subjects of the humanitarian and natural science, humanitarian and
professional cycles remain insufficiently developed. Meanwhile, the humanitarian component
should be organically integrated into the professional activity of an engineer, since it provides
the professional with general scientific methods of cognition, forms his worldview.

In this study, interdisciplinarity is understood as a synthesis of fundamental highly specialized
knowledge, as well as the experience of cognitive, humanistic, sociocultural and professional
activities, reflecting systemic connections and relations of social and professional reality.

Among the goals, we chose those developed by [4]:

» awareness of the place and role of the profession as part of larger systems and society as a
whole;

* the formation of a flexible value orientation, the development of over-professional ethical
principles, reflection on professional activity from the standpoint of its harmonization with
universal values.
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An interdisciplinary approach implies the graduate's readiness for complex engineering
activities, taking into account its social and environmental consequences, for working in
interdisciplinary teams. Unfortunately, in practice, the implementation of this approach is not
provided. In this regard, the tasks are, first of all creating a methodological system for
improving the qualifications of teachers, developing mechanisms for designing and
implementing engineering educational programs and curricula, taking into account an
interdisciplinary approach. Further development of the system of retraining and advanced
training of teachers presupposes a new methodology for determining the goals of educational,
research and production activities; creation of optimal conditions for obtaining a new level of
education in accordance with the public interest, as well as with the inclinations and abilities of
the individual [5].

From the integration project and from the first years of running the integrated programme it is
clear that environmental knowledge can be included in mechanical engineering education
without compromising the engineering quality of the education. This is feasible:

- by using knowledge already included in the programme, such as laws of natural science, to
obtain a systems perspective and overall framework by which the reasons for environmental and
resource problems become clear at a principal level.

- by using this as a means by which specialised knowledge can be structured and given an
overall meaning, and through which the connection between different subjects/courses becomes
clearer.

- by giving examples in partly new ways, for example, by showing alternative applications and
how engineering knowledge can be used to solve many of the existing environmental problems
and prevent the generation of new ones.

Students experience the integration of environmental aspects in their education as positive and
important. They also express a belief that it increases their attractiveness on the labour market
[6].

THE RESEARCH RESULTS AND DISCUSSIONS

Below is given a brief description of the main research conducted with the participation of
students and proved to be successful for the integration of ecological component into
engineering education to show practical features of their implementation that could be useful for
other universities.

Experiment of meteorological parameters measurement in the digital system. In different
regions considerable variability of meteorological parameters can be observed. That’s why it is
important to study these parameters in a particular geographic location. Such studies have been
organized in the Black Sea National University. They include an experimental set of tools for
automatic digital control of environmental parameters for this purpose in the university. It
consists of temperature sensors and photovoltaic solar cells, connected with Ethernet.

Since mid- summer of 2013 the complex was retrofitted with homemade anemometer. This
anemometer has two functions: it measures wind speed and prevents further contamination of
the surface of solar panels by birds. The anemometer of cup type allows only to measure wind
speed, excluding its direction. The anemometer is made of stainless steel.

An analysis of the average daily wind speed showed that wind energy is proportional to the cube
of its speed. The anemometer was calibrated with several independent methods. They include
comparison with the standart anemometer and comparisons with data on wind speed of
Mykolaiv meteorological stations: the variations of average daily and maximum values (given
by different sources) in August 2013 - April 2014 were compared.
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In the process of monitoring the influence of natural factors on the operation of solar panels, it
was found that the influence of cloudiness is one of the main ones (Fig.1).

Thus, research on solar cells helped engineering students discover the relationship between
atmospheric and hydrospheric phenomena, the impact of water on the strategic development of
energy in the region. The formation of ecological thinking was continued with the study of
climate change.

The study of local atmospheric parameters in terms of implementation alternative sources
of energy. The design of the set of two polycrystalline silicon solar panels (each has capacity of
25W), installed on the roof of the university to monitor solar radiation, allows to explore the
impact of batteries’ orientation and to perform research on atmospheric transparency. To
monitor wind speed there is an anemometer located beside batteries. This anemometer was
calibrated using standard tools [7]. Solar panels are connected to the battery, and through an
electronic switch to a microprocessor, which at the time of photocurrent measurement switches
the battery on the reference load. The duration of a measurement is less than 0.1 seconds, and
the interval of surveys is 1 minute, thus measurements do not affect the process of charging the
battery. The results of photocurrent and wind speed measurements are processed by a
microprocessor and passed on for archiving on a PC.
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Fig.1. Empirical dependence of the cloudiness caused attenuation coefficient for daily
values of solar cells current

Figure 2 shows examples of hours-long daily average wind speed variations and photocurrent
of solar photovoltaic panels. Rate of 1000rpm according to anemometer corresponds wind speed
of about 4.7m/s, maximum current of 1.7A at conditions 1.5AM - maximum light in summer
days. Simultaneous measurements of wind and insolation were performed within 461 days of
August 2013 to October 2014.

As expected, the largest wind was in winter, and the biggest insolation in summer. Daily
average values of wind speed on the roof of the university changed from 0.5 to Sm/s, with the
average value of approximately 1.85m/s. Mean values of the photocurrent in cloudless days
changed from 0.43A in summer to 0.26A in winter. Given cloudy conditions (especially in
winter) photocurrent decreases several tens of times, so the average of the photocurrent in
multiday-interval reaches only 0.25A, which is about 7 times less than maximum photocurrent
of the battery pursuant to the passport.

167



Water Security, 2021, Issue 2

Photocurrent variations in multi-interval describes the empirical model [8], taking into account
seasonal and diurnal variations of illumination for the cloudless sky, and the impact of the
cloudness ball by meteorological observations.

e

$
:iwind spesd

i 8
-
-
| i
aa
aha
-
-
L —
1

T ATES
T AT
T TR
LT

§ 5§ &« § 3 £ § £ § F i ¥ i 1
2 B # R =~ = 4 2 ® = & ¥ @ =
T
o
31 Q3. 41
HE A L £ 2
i | A + WA i, PR
| | - Lo d
e R MEY 10T o 1 (BRI U Do i Rt Y (el
R3], J 1l e lI2F T Bl
oo f SR | 108 | 11 . Eain s | TP e
_.'.' . qdid g ". Y | . | .,!.:., ‘! :
o o &l | 1 | | <14 [Lis" &8 181 |
i I R WA i | 1
H ¥ 4 N ¥ 4 i
. J e il HiL | ] [}
o e [ | | i 4 | -
. 1t 1A E1t I I ‘ 3
’ 1 il 1 nt I |
U & i |+ 14 L
LX) - (5 LI | - |
. 118 1A | i |
s I 1Tl4l &% by
“Uspe 'o"!ii‘ E d
SRR EEEE
g 1 ¥ § # § 8§ ¢ § 5 8% % % 8 &

Fig.2. Variations of daily average wind speed and insolation

For convenience of further calculations photocurrent and wind speed values were normalized to
the corresponding averages. Figure 3 shows a two-dimensional histogram of normalized daily
average wind speed and insolation. Next to the axis are given simple, one-dimensional
histogram probability of certain values of wind or insolation. The average value of wind and
insolation corresponds to a point with coordinates (1, 1) on the two-dimensional histogram.

Histogram of insolation has two modes, with peaks near 1.6 at cloudless conditions in summer
and 0.2 — at increased cloud cover in winter. Histogram of wind has a maximum value near 0.8.
On the two-dimensional histogram summer mode has coordinates 1.0 for wind and 1.6 for
insolation, winter mode - 1.2 and 0.2 for wind and insolation. That is really, wind turbines can
complement solar panels a little in winter. But overall conditions prevail when there is sun and
wind, or vice versa - there is nor wind neither sun. That is, low insolation - big rain, rain and fog
in Mykolaiv stay until they are blown away by the wind. Cases where the wind "helps" the sun,
or vice versa happen not often.

To ensure reliable power supply under conditions of low incoming solar energy or wind power,
one should be able to accumulate, storage energy. Naturally, the battery capacity must be the
greater, the longer are the "failures" in energy intake. In fact, battery performs averaging ripple
of energy at a certain time interval. To determine the impact of energy storage calculations of
moving average were done for the normalized average daily energy values on averaging
intervals of 1 - 7 days. Relevant results are shown in Figure 3 as a probability histogram for 4
averaging intervals: 1, 3, 5, 7 days. The results for wind and insolation are given separately
(upper charts), and simultaneous use of wind energy and insolation - in a ratio of 1:1 (chart
below). These graphs should be interpreted as follows. We consider three options for energy
complex at the same average annual capacity (roughly 1): wind turbine, solar installation,
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composition of wind turbines and solar installations with average annual capacity of 0.5 each.
Each version of the complex has the ability to accumulate energy for 1 - 7 days.
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Fig.3. Mutual statistics of wind speed (horizontal axis) and insolation (vertical axis)

Using graphs, you can determine how often the flow of energy to the consumer will fit the range
of capacities regarding the average annual values.
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Fig. 4. Probable average values of wind, insolation and their combination for different
averaging/accumulation intervals (1-7 days)

Figure 4 shows that with the increase of averaging interval all histograms become compressed
closer to the average annual values - pulsation reduces. In addition, the histogram shows that
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cases of low values for wind energy supply occur much less frequently than for the sun energy.
That is the cases of prolonged absence of the sun for a few days (weeks) occur much more
frequently than such cases for wind. Windy weather is typical for Mykolaiv region.

Pretty optimistic view have the results for combination of wind and solar energy. Having a
battery with 2 days capacity is enough to ensure that power does not fall below the threshold 0.3
of annual average. Given the cost of wind and solar power plants and accumulation systems,
one could find the economic optimum of profitability ratio to make decisions on needed
capacity.

The study of climate change. Climate change modeling is based on available temperature data.
In order to achieve the greatest accuracy of models, all available data sources must be used,
including insolation. In our time, if it is obvious that the density of terrestrial meteorological
stations is not high enough, actinometric data must be supplemented by satellite data [9], for
which various measuring systems are being developed, such as Photovoltaic Geographical
Information System (PVGIS) [10].

PVGIS has been developed for more at the European Commission Joint Research Centre, at the
JRC site in Ispra, Italy. The focus of PVGIS is research in solar resource assessment, and the
dissemination of knowledge and data about solar radiation and PV performance. The best
known part of their work is the online PVGIS web application. The largest uncertainty in
estimating solar energy system output comes from the solar radiation data. Improving solar
radiation data helps to make decisions based on the climate factor by reducing their uncertainty.
The PV-GIS technique is an extrapolation of the results of actinometric measurements based on
the results of satellite photographs of real cloud cover.

As a result of comparisons with our local data, we were convinced of the high reliability of the
PV-GIS technique for estimating illumination at a specific geographical point (Mykolaiv),
which has no special means for actinometric measurements (the nearest point in Odessa is about
110 km). Assuming that the reliability of the estimates for other geographical points on this
model will not be worse than for Mykolaiv, we calculated the correlation dependences for the
power of solar cells for points with different distances from Mykolaiv and direction
approximately to the west via Odessa. From the database of the hourly values of PV-GIS, the
values of solar cell power and temperature were selected for a 10-year interval. Average daily
values were calculated from these data. The calculated average daily values were compared for
different points, depending on their mutual remoteness. Similarly, the coefficients of
determination for temperature were calculated.
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Fig. 6. Seasonal variations of temperature in the time interval 1.01.2007-31.12.2016 according
to PV GIS (in the center is the data for Mykolaiv, around - according to the wind rose (east is to
the right) in the points with a radius of about 800km)

In Figs. 5 and 6 we see that seasonal variations in the area of the South of Ukraine and within a
radius of 800 km from Mykolaiv have a very high correlation, and the correlation corrected to
exclude the seasonal component is close to the correlation of the illumination values. It is
somewhat higher than the correlation of illumination, since the heating of the surface layer of
the atmosphere depends less on short-term changes in cloud cover.

For better visual perception we have calculated squared moving average of temperature seasonal
variations in Mykolaiv in the time interval 1.01.2007-31.12.2016 (Fig.7.). In Figs 8-10 are
shown squared moving average, fluctuations of temperature and root-mean-square deviation
from the moving average of the square of the temperature fluctuations according to PV GIS.
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Fig. 7. Seasonal variations (with squared moving average) of temperature in Mykolaiv in the
time interval 1.01.2007-31.12.2016 according to PV GIS
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Fig. 8. Squared moving average and fluctuations of temperature in Mykolaiv in the time interval
1.01.2007-31.12.2016 according to PV GIS
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Fig. 9. Root-mean-square deviation from the moving average of the square of the temperature
fluctuations in Mykolaiv in the time interval 1.01.2007-31.12.2016 according to PV GIS
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Fig. 10. Root-mean-square deviation from the moving average of the square of the temperature
fluctuations in Mykolaiv in the time interval 1.01.2007-31.12.2016 (seasonal move) according
to PV GIS
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In Figs 9-10 we see, that root-mean-square deviation from the moving average of the square of
the temperature in the winter periods of recent years has slightly increased. This coincides in the
data of other sources on the increase in the uncertainty of winter temperatures.

Thus we see that PV GIS and other global measurement systems help to create a more accurate
temperature field, which is necessary to determine the climate characteristics at points where
actinometric observations are not carried out. In the future, this will allow the creation of more
accurate models for predicting climate change and facilitate monitoring outside airports and
large population concentrations (where meteorological stations are usually located). Based on
these calculations, the Department of Ecology continues to study climate change and ways to
adapt to it within the framework of the principles of sustainable development [11].

CONCLUSION

1. Since roughly 2012 Petro Mohyla Black Sea National University, Mykolaiv has been
conducting an experiment to integrate the environmental component into engineering education,
namely, into education in the specialty 151 «Automation and computer-integrated
technologies». This specialty «Automation and computer-integrated technologies» was
previously specialized in medical devices, but after reforming the classifier of professions, it
expanded to a wider range of engineering knowledge. The experiment is ensured through
scientific cooperation of the departments of automation, industrial safety and ecology, in the
process of which undergraduate, graduate and postgraduate students (PHD) are involved. The
most active students participate in performing problematic tasks, the writing of theses, patents
and articles. For the rest of the students, the results of scientific research are being introduced
into the educational process, which covers most professional disciplines to one degree or
another. In parallel, according to the same scheme, the results of joint scientific research are
being introduced into the educational process of specialty 101 Ecology.

2. As a result of this experiment, it was found that the involvement of students in the
environmental monitoring automation in combination with the study of medical devices that
show the influence of meteorological and environmental factors on human health, allows
students to form a holistic view of the world around them, and deepens their understanding of
natural sciences. This is expected to make them more effective and objective in dealing with
practical professional problems.

3. Experience shows that research into the effectiveness of alternative energy installations helps
computer science and engineering students to better feel the relevance of their profession in a
post-industrial society and further helps them in finding employment. A detailed study and
experience of working with sensor systems for monitoring environmental parameters is actively
used by graduates who serve microclimate systems at enterprises. Practical environmental
solutions help engineering students learn the fundamentals of sustainable development and
environmental ethics.

4. For students in the 101 Ecology specialty, such training helps to interest them, increase
motivation and facilitate the study of technical modules of professional disciplines. Further
integration of environmental and engineering education is expected to help attract more girls to
engineering and increase the interest of female students in the 101 Ecology major in tech parts
of their education and career.
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ABSTRACT

The state of water resources and water supply of the population of Ukraine remains one of the
major pressing threats to Ukraine's national security in the environmental field and the issue of
adaptation of water resources management in the face of climate change and the uneven
distribution of moisture in the greater territory of our country.

The presence of iron in water makes it unusable for drinking and domestic and industrial use.
This problem is particularly acute for rural residents, suburban home owners, sanatoriums, and
holiday homes, since it is the groundwater they use that contains a large amount of dissolved
iron.

In the context of increasing anthropogenic pressures on the natural environment, the
development of social production and the growth of material needs, there is a need to develop
and comply with special rules for the use of water resources, their rational usage and
environmentally friendly protection [1].

The indicators of artesian water quality from wells that provide drinking water supply to the
residents of Goshcha urban village of Rivne region have been analyzed; recommendations on
the design of the deironing station of the underground iron-containing waters have been
substantiated. The basics of calculations for the conditions of filtering and flushing of station
filters are given.

The main purpose of the article is to reveal the principal aspects of designing of a water
treatment station on the example of a deironing station in Goshcha urban village.

The main tasks, which are covered in the article, include: assessment of the method of
preparation of water to the requirements of "Drinking water"; indicators of artesian water
quality from wells located on the territory of Goshcha urban village have been analyzed; the
estimated parameters for design are given.

Keywords: water quality, iron content, iron removal stations, filter backfill.
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INTRODUCTION

The problem of water purification and its supply to consumers is becoming increasingly
important today. Water supply of settlements and industrial enterprises is carried out, mostly,
from surface and underground sources. In the south and east of Ukraine, water consumers and
water users use mainly surface water, and in the west and north — mostly groundwater.

Regarding water quality, surface water sources can have color values from 150 to 300 degrees
of platinum-cobalt scale, turbidity up to 1500 mg/m’, odor and taste [2].

Groundwater from protected underground horizons has a slight turbidity, color and odor at
minimal values. But groundwater often contains significant amounts of iron, manganese, carbon
dioxide and dissolved gases. The use of drinking water with a high concentration of iron
contributes to allergic reactions, blood and liver diseases. Iron in groundwater can be in the
form of ferrous ions, colloidal organic and inorganic compounds of ferrous and ferric iron. The
concentration of iron varies between 1-10 mg/dm?’, but can sometimes be more than 25 mg/dm”.
Although most often the iron content is up to 5 mg/dm’ [3].

Deironing of water on centralized water pipelines has been used since the end of the last
century. The first deironing stations were built in Germany in Gaul (1863) and Charlottenburg
(1874), [5] and by 1910 there were more than a hundred water deironing installations in
Holland, Germany, and the United States. Water deironing installations, in which water was
previously aerated on a special aerator, defended and fed to a filter with granular backfill,
became the most widespread.

METHODS AND EXPERIMENTAL PROCEDURES

For more than a hundred years of water deironing technologies, a large number of methods have
been proposed and implemented, but they can be grouped as follows:

* reagent-free;

* reagent;

* cation exchange;
* biochemical.

The first two methods relate to physicochemical methods and essentially involve the
introduction of iron oxidants, but in the first method, this oxidant is oxygen. The task of the
methods is to convert soluble forms of iron into slightly soluble forms of Fe(OH)s, which is
achieved by oxidation followed by its sedimentation or retention in the thickness of the filter
backfill. You can remove divalent iron ions as follows:

a) oxygen:
4F62++02+1 0H20:4Fe(OH)3+ 8H+’ or (1 )
4Fe* +8HCO5+0,+2H,0=4Fe(OH)s+8CO,, @

Oxidation of 1 mg of iron bicarbonate produces 1.6 mg of free carbonic acid, the total alkalinity
of water is reduced by 0.043 mg-eq/dm3, the pH may decrease, the oxidation and hydrolysis of
iron is slowed down;

b) chlorine:
2Fe(HCO;3), + Cl1, + Ca(HCO;),= 2Fe(HCO); + CaCl, + 6CO,, 3)
or 2FeSO4+C1,+3Ca(HCO;), = 2Fe(OH); +2CaS0O4 +CaCl, +6CO,, 4

Oxidation of 1 mg of ferrous iron consumes 0.64 mg of Clz, and the alkalinity is reduced by
0.018 mg-eq/dm3 for every 1 mg/dm3 of removed iron. Oxidation occurs intensively at pH> 5.
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¢) potassium permanganate:

3Fe (HCO;);, + KMnO, + 2H,0 = KHCO3 + 3Fe (OH); +MnO4+5CO; %)
d) lime or soda in the presence of oxygen
4Fe(HCO;), + 8Ca(OH), + O, =8CaCO; + 4Fe (OH); +6H,0, (6)
4Fe(HCO;),+ 8Na,COs5 + 10H,0 + O, = 16NaHCOs; + 4Fe(OH);, @)

In these methods, iron is converted into iron hydroxide, and a large amount of carbon dioxide
can be released. The formed ferric flakes are retained in the clarifying filter, and in case of a
significant iron content or a slow process of flake formation, a contact filter or settling tank is
installed in front of this filter. The filters retain the formed iron hydroxide flakes according to
the same laws as the fast filters during water clarification, but the sorption of unreacted ions of
ferrous iron and oxygen is added. A film appears on the backfill grains, which has much greater
sorption properties than the grains of pure backfill. Iron hydroxide enters the filter backfill in
the form of sufficiently formed and large flakes, if after oxidation there is an intermediate tank,
a reservoir, a settling tank. When water enters the backfill after oxidation, the process of iron
retention takes place directly in the backfill simultaneously with the oxidation. At the initial
moment, the backfill is first charged and becomes a catalyst. Therefore, at the initial moment,
the cleaning effect may be insufficient.

In the practice of water supply, many types of heavy backfill are used. However, in recent years,
much attention has been paid to filters with floating foam polystyrene backfill.

The method of cation exchange is used simultaneously with the softening of water. It consists in
the exchange of cations of iron, calcium and magnesium for cations of sodium and hydrogen
due to special filter backfills. This method is practically not used for preparation of drinking
water.

The biochemical method provides for the colonization of special iron bacteria on an suitable
carrier, followed by filtration on filters. Recently, much attention has been paid to this method
as a fairly highly effective one. In the Netherlands and Germany, biological purification of
water from iron is widely used, especially with the simultaneous removal of iron, manganese
and ammonia. Dry filters are most often used for biological purification, but two-stage filtration
facilities are also used, where the processes are as follows: adding a small amount of air to raw
water, removing of iron in the first stage, intensive aeration, removing of manganese in the
second stage, since microorganisms that oxidize manganese develop at a very low iron content
in the water. Studies conducted on existing water deironing filters in Khabarovsk have shown
that the existing facilities have a large microflora, represented mainly by iron bacteria
Lertothrich and Gallionella. Undoubtedly, their impact on the purification process is positive,
but it is impossible to calculate the growth of iron bacteria and buildings designed on this
principle are sometimes difficult to control.

Most often, a reagent-free method is used for iron removal, since it is simpler and cheaper. The
method consists in the fact that in the aeration device the water is saturated with oxygen, while
carbonic acid is partially removed and iron is partially oxidized. Then the water is settled in
tanks and filtered on filters, where the formed flakes of iron hydroxide are removed.

Aeration can be performed in special devices or use a simplified one. Simplified aeration is used
if the iron content is up to 10 mg/dm3, including not less than 70% of divalent iron, pH not less
than 6.8, alkalinity above (1+ Fe’"/28) mg/dm’. If the capacity of the station is up to 3200
ms/day and the iron content is up to 5 mg/dm3, then the installations with a pressure deironing
scheme are used.

If the source water contains more than 40 mg/dm’ of free carbon dioxide and more than 0.5
mg/dm’ of hydrogen sulfide, an intermediate tank with a free flow of water into it is provided in
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front of the pressure filter, and the supply of air into the pipeline is not expected. Pressure filters
with a diameter of 1; 2; 3, 4 m loaded with quartz sand are used.

At stations of greater capacity conventional fast filters are used. The peculiarity of these filters
is that the source water is poured in a continuous stream into the side pocket from a height of at
least 0.5 ... 0.6 m. To improve aeration, pouring out of a gutter or perforated pipe is proposed.

For deironing of waters with iron content of 5 ... 15 mg/dm3 sequential two-stage filtration is
used - first through contact and then through clarifying filters. The filtration rate on the contact
filter is 50 ... 60% higher than on the clarifying one.

If the process of deironing by the reagent-free method is going poorly, then they resort to the
reagent method. In this case, oxidants are introduced into the source water: chlorine, potassium
permanganate, lime, soda. Estimated doses of oxidizing agents are prescribed as follows.

Chlorine, mg/dm’ — Dey=0,7(Fe?").
Potassium permanganate, mg/dm3- D,= (Fe*").
Dose of lime, mg/dm’- Di=0,65[(CO) + (Fe*")].

At high concentrations of iron to accelerate its sedimentation, lime and coagulant were added to
the water.

At the National University of Water and Environmental Engineering schemes for water
deironing with foam polystyrene filters were proposed. Such schemes are the simplest, most
compact and economically feasible.

The method of deironing is chosen depending on the chemical composition of water, the degree
of deironing, the productivity of the station, technological tests based on:

1) recommendations of normative literature;

2) positive experience of the operation of facilities in the deironing of water of the same or a
similar aquifer;

3) trial deironing;

4) technological tests on experimental installations.

THE RESEARCH RESULTS AND DISCUSSIONS

At the moment, the water is deironed on a polystyrene filter with a diameter of 2500 mm with
supporting layers of gravel. The flushing is water-air.

This scheme of deironing involves the supply of water from wells by pumps to a foam
polystyrene filter with a diameter of 2500 mm. Filtering is performed by a downward flow from
top to bottom.

A cap system is used to evenly distribute water over the filter area. The filter is washed with a
mixture of water and air supplied by the compressor.

The flushing water is collected and discharged through the sewage collector to the settling tank,
and then into the sewerage. The filtrate is collected and discharged to a clean water tank with a
volume of 40 m®, which is located directly in the station building. Water is disinfected with sodium
hypochlorite.

Water quality after purification: there is a smell of hydrogen sulfide, more than 2 points, the iron
content in the filtrate is more than 0.2 mg/l, according to other organoleptic and bacteriological
indicators, the water quality after the filter meets the requirements of GOST 2874-82 "Drinking
water". The protocol and conclusion of the study of drinking water quality at the deironing
station of Goshcha urban village are given in table 1.

The population growth and the rise of degree of building improvement, increase in production
volumes, as well as satisfactory quality of filtrate (color, taste) and unsatisfactory operation of
the station (non-compliance with design parameters of work, removal of foam polystyrene from
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the filter into the sewerage, as well as a number of other reasons) force to undertake the

reconstruction of the operating deironing station.

Table 1. Comparative table of water quality at different modes of filter operation

The results of the analysis
. Regime Nel Regime Ne2 Regime Ne3
Indexes nllir;ﬁr Water | Water Water Water | Water | Filtrat Sg‘g%%;d
ement from after from a after from e 2874-82
a well the well the a well
filter filter
1. Microbiological not more
indicators
+ The number of <100 <100 <100 100
microorganisms in 1
cm3 of water
+ The number of <3 <3 <3 3
[Escherichia coli
bacteria in 1 dm3
2. Organoleptic not more
indicators
L odor at 20° C mark |4 (H,S)| 4 (H,S) | 3 (H,S) | 2 (H,S) |5 (H,S) |3 (HyS) 2
L aftertaste at 20° C mark 2
L turbidity at 20° C mg/dm’| 225 0,75 1,8 0,36 1,65 34 1,5
L chromaticity at 20° C| degr. 42 4 59 5 25 27 20
3. Chemical not more
parameters
- pH 7,1 7,1 7,1 7,5 6,96 7,33 6,0-9,0
- total iron: mg/ dm’| 3,55 0,16 2,32 0,08 1,66 1,41 0,3
divalent mg/dm’| 0,12 0,1 0,12 0,05 0,06 0,58
trivalent mg / dm’| 3,43 0,06 22 0,03 1,6 0,83
b general rigidity mol/m’| 6,9 6,9 6,9 6,9 6,9 6,9 7,0
L calcium mol/m’| 5.2 5,1 5,2 5,2 5,2 5,2
L magnesium mol / m’ 1,7 1,8 1,7 1,7 1,7 1,7
L sulfates mg / dm’| 10,2 11,9 9,4 7,6 16,4 16,4 500
I chlorides mg / dm’ 10 10 10,0 10,0 7,0 7,0 350
- ammonia mg/dm’| 0,37 0,09 0,73 0,23 0,96 0,6
L nitrites mg/dm’ | <0,003 | <0,003 | <0,003 | <0,003 |<0,003|<0,003
L nitrates mg / dm’| <o0,1 <0,1 <0,1 <0,1 <0,1 <0,1 45
I oxidation mg O,/ 2
dm?
- fluorine mg / dm® 0,7-1,5
I manganese mg / dm’| 0,16 0,03 0,16 0,01 0,15 0,12 0,1
F copper mg / dm’ 1
b dry residue mg / dm’ 1000
L total residual mg / dm’ 1,4 1,12 028 | 03-0,5
chlorine
- free carbon dioxide |mg/ dm’| 59,8 26,2 52,4 26,2 76,7 47,5
b hydrogen sulfide mg/ dm’
- alkalinity mol/m’| 69 6,9 6,9 6,9 6,9 6,9
F potassium + sodium | mg/ dm®| 12,25 13,25 12,0 11,0 13,5 13,5
 mineralization mg/dm’| 367,8 | 3698 366,8 364,8 | 372,3 | 3723

Station parameters after reconstruction:

« The capacity of the treatment station is 1740 m*/day;
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* 4 foam polystyrene filters: with a diameter of 1400 mm - 3 pieces, 1200 mm - 1 piece;
+2 CWT: 1 with a capacity of 40 m’, 1 with a capacity of 170 m’;
« [t is planned to replace pump units with more powerful ones.

The operation of the converted station is based on the method of simplified aeration, since
organoleptic indicators of water quality fully allow the use of this method. It is envisaged to
install an additional 3 filters with a diameter of 1400 mm and 1 with a diameter of 1200 mm.
For the oxidation of iron it is necessary to install two air separators with a diameter of 630 mm
each. Due to the uneven water intake (on weekends, pre-holidays and from 5 p.m. to 10 p.m.
there is a shortage of water and there is not enough pressure on the upper floors of buildings) it
is necessary to install an additional tank of clean water with a volume of 170 m”.

Pressure losses for each specific section were determined by the expression:

10001 1 (8)

h=1,1-
1000

where 1,1 is a factor that takes into account local pressure losses along the pipeline;
1000i - hydraulic slope of the site, increased 1000 times;

1 section length, m.
Consider the features of the design of the station on the example of the operating deironing
station in Goshcha urban village.

The capacity of the operating treatment station was 1200 m*/day. Filtration was provided by a
single foam polystyrene filter with a diameter of 2500 mm. Artesian water was fed to the upper
part of the filter and aerated by freely pouring water from a height of 0.5 m onto the baffle plate.
Then it got into the above filter space, passed the backfill layer and was discharged to the filtrate
collection manifold. Filtration can be carried out in three modes: 1) downward filtration with
water collection through the lower distribution system; 2) downward filtration with water
collection through the cap drainage system; 3) two-stream filtration with water collection
through the cap drainage system.

Additional 3 filters with a diameter of 1400 mm and 1 with a diameter of 1200 mm are
designed. For oxidation of iron it is necessary to install two air separators with a diameter of
630 mm. Due to the uneven water intake (there is a shortage of water on weekends and pre-
holidays), it is necessary to install an additional tank of clean water with a volume of 170 m’.

According to [4], water quality does not meet current regulatory requirements [5, 6]. It is
necessary to design the deironing station for productivity: daily 1700 m’/day, hourly 72.5
m’/hour, per second 20.14 1/s. The source water has an iron concentration of up to 5 mg/I.

Deironing of water according to the proposed technological scheme is as follows. Underground
water through pipeline 1 enters the aerator 2, where the water is saturated with atmospheric
oxygen to oxidize ferrous iron into ferric iron, free carbon dioxide and hydrogen sulfide are
removed (fig.1).

The filtration speed regulator 3 is designed to remove air bubbles from the water and ensure a
constant filtration rate throughout the filter cycle. From the bottom part of the filtration speed
regulator, water enters the lower part of the filter and passes from the bottom up through the
floating backfill. Retention of iron hydroxide occurs in the thickness of the floating foam
polystyrene backfill, deironed water is collected in the above-filter space and is discharged
through the pipeline 9 to the consumer.
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Fig. 1. Scheme of groundwater deironing by aeration and filtration on expanded polystyrene
filters: 1 — source water supply pipeline; 2 - aerator; 3 - filter speed regulator; 4 - filter housing;
5 - distribution drainage system; 6 - floating expanded polystyrene backfill; 7 - holding lattice;

8 - superfilter space; 9 - pipeline for deironing water to the consumer; 10 - flushing pipeline.

As contaminants accumulate in the filter bed, the water level in the filter speed regulator
increases, and when the maximum pressure loss is reached, the filter is flushed by opening the
flush valve on pipeline 10. Clean water from the above-filter space passes through the backfill,
expands and washes it and flush water is discharged into the sewerage through the pipeline 10.
In this case, only one filter is washed, and the rest continue to work in the filtration mode,
supplying additional flows of pure water through the passage windows 11 into the above-filter
space of the washable filter. As the flushing goes, the water level in the above-filter space
decreases, and when it reaches a certain level (set during adjustment works), the flushing is
stopped by closing the valve on pipeline 10. The filter starts working again in filtration mode.

Disinfection of water is provided by sodium hypochlorite, which is taken by the dosing pump
and fed into the collecting funnel (collects water from all pipelines 9 of filtered water).

The scheme of arrangement of filters is given in Fig.2.

The designed scheme of water deironing works as follows: water from wells is pumped to the
deironing station by pipeline 5, where it is divided into two streams and enters the air separators
4, is freely poured out, being oxidized by atmospheric oxygen, from a height of 0.3 m onto the
disk-shaped element and is fed to the bottom part of each filter through pipeline 6.

Filtration is carried out by upward flow from bottom to top through foam polystyrene backfill
with a filtration rate of up to 7 m/h and a backfill height of 100 cm. As the filtration goes, the
filtrate is collected in the above-filter space and is discharged through the pipeline 7 to the
filtrate collection manifold 8, which supplies water to two clean water tanks with a volume of
40 and 170 m®, where the water contacts with chlorine, is taken by pumps and supplied to the
network to consumers.
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s

Fig. 2. Scheme of arrangement of filters:

1— foam polystyrene filter with a diameter of 2500 mm; 2 — foam polystyrene filter with a
diameter of 1400 mm; 3 — foam polystyrene filter with a diameter of 1200 mm; 4 — air
separator with a diameter of 630 mm; 5 — pipeline supplying water from the well; 6 — pipeline
supplying aerated water from the air separator to the foam polystyrene filters; 7 — pipeline
collecting filtrate from filters and supplying to the CWT; 8 — pipeline removing washing waters
from filters; 9 — pipeline from the filter to the siphon; 10 — siphon to break the vacuum.

The water treatment station is designed to work evenly throughout the day [5].

0, =1740 m* / day

The total area of filters is determined from the following expression:

g m’ ©

A "o
TV} =3,6n 0t —n  t,V;

Q - useful productivity of the station, m/day;

T - duration of the station’s operation during the day, 24 hours;

V"¢ - estimated filtration speed in normal mode, 7 m/h;

ng = 1 - the number of flushes of one filter per day during normal operation;
® - flushing intensity, 18 1/(s-m?);

t; - the duration of flushing, 3 min or 0.05 h;

t, - the duration of filter downtime due to flushing (0.17 h).

Fo 1740
? " 24.7-36-1-18-0,05-1-0,17-7

=10,65m’
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Currently, the water treatment plant has one filter with a diameter of 2500 mm, it is necessary to
install more filters so that the total filtration area of the filters was 10.65 m>, so we take the

number of filters equal to n,= 5 pcs, of which 1 —2500 mm, 3 — 1400 mm, 1- 1200 mm.
The required area of one filter is according to the formula:

2
F, =" (10)
4

d — filter diameter.

Substituting the values for the diameters of the filters we obtain:

2

for 1400: 7, :% —154m? (F), = 4,62 m?)
2

for 1200: 7, :%:mmz

2
for 2500: f, = % —49m?

The total area of all filters is F), =10,65 m’

Flushing water consumption:

q, =F,-o,1/c (11)
for 1400:
q,=154-18=27721/s
for 1200:
q,=113-18=20341/s
for 2500:

q,=49-18=8821/s
The diameters of pipelines are determined from the conditions of water velocities in them,
which are taken in accordance with the norms [5].
CONCLUSION

The mode of operation of the filter is chosen taking into account local conditions on the basis of
technical and economic indicators, costs, quality of source and purified water, duration of the
filter cycle, water consumption for flushing, its frequency, the need to use reagents before filter
facilities. The operating parameters of water treatment facilities are set observing the following
recommendations:

1. The operating filtration rate is set in such a way that during the year the number of flushes
does not exceed three per day.

2. Abrupt changes in filtration rate are not allowed.

3. The number of flushes must be coordinated with the work schedule of the treatment facilities
and the number of filters currently in operation.

The end of the operating cycle and the need to flush the load is determined by the expiration of
the protective action of the load (water quality deteriorates), or the achievement of the
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maximum possible pressure loss in the load (the filtration rate decreases below the set minimum
level).

The duration of the filter cycle must be maintained at one.... two days. The filtration speed is
set to 7 m/h it can be different for each filter.

It is recommended to flush the filters alternately, with an interval of at least three hours. Before
flushing, the tank and the filter to be flushed, should be switched off. The duration of flushing
should be 3... 4 minutes, the intensity of washing 12... 18 I/s m’. After flushing, gradually,
within 30 minutes, open the filter supply, and open the water supply valve to the tank
immediately after flushing.

Loading of filter facilities to which non-chlorinated water is supplied must be disinfected once
every 3 months with chlorinated water with an active chlorine content of 100 ... 200 mg/l with a
contact duration of 8 ... 10 hours.

The upload should be reviewed monthly. At the same time, the general condition of the filter
material surface, the distribution of contaminants (before and after flushing), the presence of
pits, cracks, separation of the filter material from the walls, emissions of supporting layers to the
surface, etc. are determined. Defects found during inspection should be eliminated immediately.
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ABSTRACT
In Ukraine, the most common scheme of centralized water supply to the population is using
both surface and groundwater from aquifers that lie deep from the ground surface.

The quality of piped drinking water depends on various factors, the main of which are the
condition and quality of potable water source, the efficiency of water treatment facilities and
water preparation technology, sanitary condition of water networks [1-2]. In modern conditions,
almost all of these factors do not meet regulatory requirements, resulting in unfavorable
conditions for obtaining drinking water of the required quality [3].

Groundwater often contains elevated levels of iron (for drinking water, the standard content is
0.2 mg/dm3 [3]). Excessive amounts of iron in drinking water from groundwater sources
negatively affect human health, cause odors, turbidity, water coloring, lead to overgrowth of
water pipes, cause deterioration of operating water supply systems, poor functioning of textile,
food, paper, chemical and other industries. Therefore, the problem of removing high iron
content from water using modern physical and chemical methods and equipment is quite
relevant.

Different forms and concentrations of iron in natural waters have necessitated the development
of a number of methods, technological schemes and installations for water deironing [4-8].

The paper considers the main types of pollution of water supply sources. The existing types of
filters, their technical characteristics and conditions of application have been analyzed. The
method of flushing filters after the iron removal process and the mathematical apparatus for
processing the research results have been considered. The peculiarities of the process of
regeneration of granular backfill have been investigated and the regularities of change of its
parameters have been established.

Currently, there is no universal economically justified option among the methods of water
deironing. Each of the existing methods is used only within certain limits and has both a number
of advantages and significant disadvantages [7, 8].

Keywords: deironing, plant of water, treatment water, polystyrene.
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INTRODUCTION

In rural areas of Ukraine, about 98% of water supply systems have underground water intakes
and only 2% take water from open reservoirs. The number of water pipelines that do not meet
regulatory requirements, the lack of water protection zones was most typical for rural (over
75%), departmental (up to 60%) and municipal (about 50%) water pipelines. Municipal (35.6-
38.1%) and departmental (25.7-28.2%) water pipelines did not have the necessary complex of
treatment facilities in different years. 90% of rural water pipelines do not have treatment
facilities at all, and 10% do not have the necessary water treatment complex. There were no
disinfection systems in 22.3-36.2% of artesian water pipelines, depending on their departmental
subordination. These shortcomings are reflected in the water quality of centralized potable water
supply systems, which comes directly to the consumer. The state of the centralized water supply
to the rural population is of particular concern from the sanitary and hygienic plan [4].

Groundwater is transparent, does not contain suspended particles. It is usually colorless, but
often has a significant iron content, may have increased hardness and dissolved gases, is
sometimes highly mineralized. Most groundwater is reliably protected from contaminated
surface runoff. Its quantity and quality, to a lesser extent than surface water, depends on
precipitation. Groundwater can occupy large areas, have mainly constant temperature
(7...13°C), can be used for domestic and drinking needs without treatment or fairly simple
treatment, often from iron and dissolved gases [11, 12, 13].

Groundwater is characterized by close contact with a variety of rocks, difficult annual exchange
between aquifers, lack of connection with the atmosphere and limited interaction with surface
waters. Groundwater includes a difficult complex of gases, ions, particles of mineral and
organic origin. The presence and interaction of these components determine the properties and
features of water, the difference between groundwater in terms of both total mineralization and
ionic and gas composition [12, 14].

Bringing the quality of drinking water in all settlements of the country to regulatory
requirements demands a significant amount of investment for the reconstruction of existing (this
applies to filtration facilities, reagent dosing units, introduction of technologies and facilities for
pre-treatment of water before it enters treatment facilities) or construction of new water
treatment plants. The solution to this problem is provided by implementing the measures of the
National Target Program "Drinking Water of Ukraine" for 2011-2020 [5].

Flushing or regenerating of the filter backfill is the most important operation in their work.
Improving the backfill washing is achieved in the following ways:

— additional surface flushing from the backfill;

— submerged jets;

— water-air and water-air flushing without expansion of backfill;
— pulsating flushing.

METHODS AND EXPERIMENTAL PROCEDURES

Flushing of filters with floating backfill is carried out by a descending stream of washing water
from the above-filter space of the filter. The change in hydrodynamic pressure is caused by the
phenomenon of self-oscillations that occur in the boundary layer due to the separation of liquid
masses from the surface of the granules and their regrouping along the living cross section.
These phenomena help to intensify the mixing of the backfill granules, the friction of its grains
with each other and the separation of adhering contaminants and their removal by the flushing
flow outside the filter.

At the end of the washing process, the filter layer becomes dense. At the same time, hydraulic
sorting of granules is observed: larger, lighter polystyrene granules are located in the upper
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layers, and heavier, smaller ones are located in the lower layers. After washing and compaction
of the backfill, the filter is switched to filtration mode.

To study and characterize the expansion of granular materials in the process of filter washing
the following dependence is used:

Ar- m4,75

_18+0.61~\/Ar-m4'75 (1)

Where, m — porosity of the granular layer;

Re

Re — Reynolds criterion — Re=v-d/v;
v — speed of washing water, m/h;
Ar - Archimedes' criterion
PR -(pf —P.)8

P &)
v — kinematic coefficient of washing water viscosity, m?/s;
pp, Pn — density of water and specific density of foam polystyrene, kg/m®;
g =9.81 m/s” — acceleration of gravity;

d — diameter of the foamed polystyrene granules, m.

For groundwater, the year-round water temperature is stable and is in the range of 8 ... 13°C and
the water density py= 1000 ... 998.98 kg/m’, and the diameter of the granules d = 0.6 ... 5 mm.

Given the above, formula (2) is transformed into

= . 9 . 3 . —
Ar=528-10°-d* - (1000 — p,). 3)

We write an expression to determine the Reynolds number, replacing the speed with the

washing intensity and substituting the accepted value of the kinematic viscosity coefficient of
the washing water v = 0.0000013 m?/s for a temperature of 10°C.

So,
1-d

Re= .
0,0013 )

After transformations and solving equation (1), the researchers give the following dependence
to determine the parameter of variable porosity m, which describes the process of washing
granular filter backfill, where the direction of filtration flow is descending:

.21
m= [(0.186 “Re’+0.61-Re+/0.093-Re’+18-Re +18- Re)/Ar]0 (5)

The above dependence allows us to determine the porosity of the granular medium in a wide
range of changes in its state - from the beginning of expansion to the moment of its transition to
a suspended state.

For each grain size there is an optimal washing intensity and relative expansion of the backfill,
which will be the best degree of washing of the grains of the filter layer.

The peculiarity of filters with foamed polystyrene backfill is that the speed of the wash water is
sufficient to determine only by the value of the relative expansion. Washed from the partially
expanded layer of contaminants will settle under the action of gravitational force even at the
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minimum value of the speed of the wash water. Under this condition, the problem of
transporting the contaminants washed from the backfill, is greatly simplified.

Studies to determine the relative expansion and other hydraulic characteristics of the floating
filter backfill were carried out on an installation consisting of a filter pump with the floating
backfill in the submerged state inside.

Foam polystyrene frothed by steam in industrial conditions with an equivalent diameter of de =
1.246 mm and bulk density p, = 70 kg/m’ was used as a filter backfill. The experiments were
performed in two modes: constant (when the water for rinsing was fed from the mixing tank at
constant pressure) and variable (water was fed directly into the pump and at the time of rinsing
its supply stopped) water pressure over the retaining grate of foam polystyrene filter.

In addition, in tower-type installations, the backfill regeneration process runs with a change in
the water level above the retaining grate, as water is supplied from the tower tank and not by
flushing pumps.

To achieve this goal, we will correct the formula (5), using the selection method we will
determine such an exponent of the general expression, at which the results obtained in the
calculations will be as close as possible to the real ones obtained in experiments on a laboratory
installation.

Substituting the obtained formulas in the expression for determining the relative expansion, then
for the case of washing the filter with constant pressure the value of the relative expansion of
the floating foam polystyrene backfill is obtained

1—m,

1-13-1-d+138) |
1- R
58-10°-d*-(1000-p, )

)

(6)

If the washing of the floating backfill filter is performed with a variable pressure above the
retaining grate, as in the case of a tower installation for deironing, the correct expression will be:

1-m,

0195

1-21.3-1-d +1,4)

1-
58-10°-d*-(1000-p,)

e=

O

In the obtained dependencese:f (4.d,p "’mO), that is, the relative expansion of the foam
polystyrene backfill depends only on the washing intensity, diameter, specific density of the
filter backfill granules and the initial porosity. This makes it possible to use expressions (6) and
(7) in engineering calculations of the process of regeneration of floating backfill with any
granulometric composition.

THE RESEARCH RESULTS AND DISCUSSIONS

In small rural settlements it is not economically feasible to build separate blocks of treatment
facilities, therefore, installations that allow combining several different functions are becoming
relevant.

One of the technical and economic solutions for the modernization of existing water treatment
complexes (installations) in rural areas are tower-type installations for deironing, that is, those
where a filter for water purification is built directly inside the metal water tower, they act as a
regulating and water treatment plant at the same time. Moreover, such a treatment plant is
compact, quite cheap and easy to operate.

The State Committee of Ukraine for Water Management has decided to build a pilot plant for
the deironing of drinking water tower type in the village of Vygoda, Zhytomyr region. The
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technical essence of the invention is illustrated by the drawing (Figure 1) which shows a
General view of the pressure and non-pressure device of the tower type.

a) Tower type installation b) Column tower

Fig.1. Scheme of installations for water deironing:

1 — tank tower; 2 — roof; 3 — bottom; 4 — trunk; 5 — crane; 6 — openings for air passage; 7 —
contact loading; 8 — reception custom; 9 — funnel; 10 — source water supply pipeline; 11 — solid
partition; 12 — aerated water supply collector; 13 — branch pipes; 14 — floating filter load; 15 —
collector; 16 — flushing water pipe; 17 — crane; 18 — a branch pipe of pure water; 19 — aerator;
20 — bolt; 21 — the second glass; 22 — custom

The use of the aerator of the proposed design provides vacuum, with elements of cavitation and
dispersion of water, the extraction of dissolved gases, which leads to an intensification of
saturation of degassed water with oxygen, and thus to improve its cleaning quality. Keeping the
floating filter load in a solid state continuously increases the reliability of the loading of the
device partition. The simplicity of the proposed design allows the completion of existing water
towers for drinking water treatment plant without the need to manufacture metal-containing
filter housings and the need for construction work.

Scientists of the National University of Water and Environmental Engineering (Rivne) have
developed a tower installation that allows not only high-quality water treatment, but also creates
a regulatory volume and the required pressure in the water supply network.

Figure 2 shows the technological scheme of the tower column with a device for water deironing.
This installation can be used when the content of total iron in the inlet water is up to 5 mg/dm”.
While the ferrous iron must be at least 70%; pH greater than 6.5; alkalinity not less than (1 +
Fe" / 28) mmol/dm’; free carbon dioxide in terms of CO, less than 80 mg/dm’ [8].

The implementation of this object was carried out on the reconstructed towers with foam
polystyrene filter located in the settlements of Rivne and Vinnytsia regions.

The tower installation includes (figure 2): a tower tank with ventilation holes, a tower trunk
inside which there is the source water supply pipeline, on which there is a latch, an aerator is
placed at the end of the pipeline, from where water enters the air separator - filtration speed
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regulator connected to the bottom part of the tower, where there is a foam polystyrene filling.
To keep the foam polystyrene in the submerged state, a retaining grate made in the form of a
cell structure is installed on top of the filter. The cells are closed by frames, which are tightened
with stainless steel mesh.

In the trunk of the tower there is a pipeline of intake of filtered water with a latch, in the lower
part of the trunk of the tower there is a pipeline of drainage water with a latch. The tank of the
water tower on the outside and inside will be equipped with stairs, hatch, level sensors and drain
pipe, which eliminates overfilling of the tank with water.

~ 4

=7L°

7
P = il =
-~ -
T

s —
T HTHH s

SN Rl miips
s
2

7

10

Fig.2. Structural scheme of the tower-column with a polystyrene filter:

1 - the trunk of the tower; 2 - tank towers; 3 - inlet water supply pipeline; 4 - aerator; 5 - metal
casing; 6 - ventilation openings; 7 - air separator; 8 - acrated water bypass pipeline; 9 - flushing
water drainage pipeline; 10 - drain pipeline; 11 - filtered water intake pipeline; 12 - expanded
polystyrene backfill; 13 - holding lattice.

The main control parameter in such an installation is the water level in the tower tank,
controlled by electrode level sensors or the water pressure in the pressure pipeline, which is
controlled by an electrical contact manometer. Therefore, the operation of the filter is directly
related to the operation of the pump and is equal to the water supply by the pump unit, that is,
the filter operates in intermittent mode.

At the first filtering at first latches the valves on the flushing water drain pipe and the latch on
the source water supply pipe are open, and the latch on the filtered water intake pipe is closed.
That is, the first portions of water are discharged. This continues until a catalytic film
(approximately 1.5 hours) appears on the grains of the filtration backfill, which helps to provide
the desired deironing effect. After that, the latch latch on the pipeline of the filtered water intake
is opened, and and the latch on the pipeline of the washing water is closed and then the normal
filter cycle continues. After washing, the catalytic film on the grains does not disappear, ie such
an operation is performed only when the first use of the filter backfill.

According to research by Kulskyi L.A. found that the bulk of contaminants are retained in the
first in the course of water movement layers of backfill thickness of 15-20 cm and on its surface.

190



Water Security, 2021, Issue 2

Therefore, in this dissertation, as a filter material for water deironing plants, it is proposed to use
a combined expanded polystyrene backfill, which consists of approximately 20% of granules
foamed with boiling water. When foaming with boiling water, it is possible to obtain granules of
small equivalent diameter and significant specific density with a more developed specific
surface of the granules, which easily changes during their foaming. However, as mentioned
above, the cost of backfilling obtained by hand with boiling water is quite high, and the work
performed is very time consuming. Therefore, to reduce the cost and simplify the preparation of
the backfill, it was proposed to use steam-expanded polystyrene in production conditions, the
volume of which can be about 80% of the total.

During the operation of the installation, field studies of the parameters of the expanded foam
polystyrene filter in the mode of filtration and washing were carried out. The research results are
shown in table 1.

Table 1

The results of chemical analysis of water samples before and after deironing, taken
directly from the sampler after the tower for the entire period of the filter cycle

. Groundwater | Purified water (filtrate)

Unit of .
Indexes (artesian

measurement 2 hour | 48 hour | 96 hour

water)

pH pH units 7,35 - - 7,3
Alkalinity mmol / dm’ 8.1 - - 7,8
Rigidity mmol / dm’ 6,8 - - 6,7
Total iron mg / dm’ 2,17 0,12 0,09 0,05
Iron hydroxide is trivalent mg / dm’ 0,85 0,1 0,08 0,05
Divalent iron oxide mg / dm’ 1,32 0,02 0,01 -
Nitrates mg / dm’ 1,93 - - 1,72
Oxidation is permanganate mg0, / dm’ 0,74 - - 0,88
Dry residue mg / dm’ 510 - - 505

Figure 3 shows the results of the process of deironing in the tower column (duration of the filter
cycle was 96 hours). Since the installation operates in intermittent mode, it can be observed that
after long stops (at night time) there is a slight deterioration in the quality of the filtrate.

The regulating volume of the installation is quite large, which provides intensive mixing of
water in the tank of the tower and helps to reduce the concentration of iron hydroxide that enters
the water supply network of the settlement with purified water.
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Fig.3. Graphs of total and trivalent iron content in purified water during the filtercycle
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According to research, during the entire period of operation of the implemented tower
installation, the concentration of iron in the filtrate did not exceed the permissible norm of 0.2
mg/l, where the concentration of iron in the source water ranged from 1.25 to 3.04 mg/l, and the
effect of iron removal was 96 ... 98% [9, 10].

The daily distribution of water consumption is presented on Figure 4.
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Fig. 4. The graph of the dependence of iron concentration on the duration of washing after a
filter cycle lasting 3 days.
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During the observation period, the water quality after filtration at this installation fully met the
standards of State sanitary rules and regulations "Hygienic requirements for drinking water
intended for human consumption" (the concentration of iron in the filtrate did not exceed the
permissible level of 0.2 mg/l, with iron concentration in source water ranged from 1.25 to 3.04
mg/l, and the effect of deironing was 96... 98%), which illustrates the effectiveness of the
proposed technology for the preparation of iron-containing groundwater in rural areas of
Ukraine.
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CONCLUSION

During the initial start-up of the installation, the cleaning efficiency is insufficient. This
continues until a catalytic film consisting mainly of iron compounds appears on the grains of the
filtration backfill. After washing, the catalytic film is not washed from the surface, that is
charging of backfill is carried out once.

With a 4-day filter cycle, the purified water meets the standards in quality and the iron content is
0.05 mg/l. However, the use of such long filter cycles can lead to cementation of the backfill, if
the washing is performed poorly. As the filtration proceeds, the content of flakes of ferrous
compounds between the granules of the backfill increases, which indicates an increase in
pressure loss and a decrease in the capacity of the water treatment plant. Therefore, such devices
should be switched to flushing mode [10].

After long stops (at night time) there is a slight deterioration in the quality of the filtrate.
However, the regulating volume of the installation is quite large, which provides intensive
mixing of water in the tank of the tower and helps to reduce the concentration of iron hydroxide
that enters the water supply network of the settlement with purified water.
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ABSTRACT

One of the most important global tasks, if not the most important, is to provide the inhabitants
of our planet with high-quality drinking water. Here we reviewed the recent advances in the
application of nanoporous materials for wastewater treatment, considering a very special case of
heavy metal ions adsorption. We considered nanoporous activated carbon sorbents to be used as
an inexpensive analog of zeolites and polymeric materials for the preparation of filtration
membranes and to be approaches to nanofiltration, adsorptive separation of heavy metal ions
and discussed considering the possible fundamentals and mechanisms of adsorption. In addition,
the preparation and properties of noble metal nanoparticles were considered as promising
components of nanomembranes with antibacterial potential.

Keywords: heavy metals, noble metal nanoparticles, nanofiltration, nanoporous activated
carbon sorbents, water treatment

INTRODUCTION

Clean drinking water is a basic human need [1]. However, according to the World Health
Organization, 663 million people in the world — that is, one in ten — do not have access to
clean water. In many developing countries, the high cost of treatment systems prevents all the
segments of the population from obtaining clean drinking water [2]. By 2025, half of the
world’s population will be living in water-stressed areas. Re-use of wastewater is becoming an
important strategy for many needs [3]; the problem of drinking water is of the highest priority
today for most countries, especially in densely populated and developing countries. The main
reasons for this situation are population growth, intensive drought, mining, oil pumping, the
widespread use of chemicals on farms, etc. Wastewater can be divided into two categories,
namely, urban wastewater, including fluids discharged through households and industrial
wastewater. When treating wastewater, first of all, components identified with waterborne
diseases should be considered, and it must be ensured that the treated water does not contain any
pollutants that could antagonistically affect the strength of people and nature. With conventional
treatment methods, wastewater is treated in stages. In the first stage, suspended solids are
removed by physical forces; the secondary stage mainly eliminates biodegradable compounds,
and the third stage mainly involves filtration and disinfection to remove biological pathogenic
compounds.

Human activity is currently the critical “pressure” on nature and prevents it from fully purifying
water resources [4]. However, by minimizing the negative impact on nature and improving
water treatment technology, people can address this global issue [5]. Known physical, chemical,
and combined physicochemical methods cannot provide the new levels of purity required by the
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regulations. We cannot reach this aim without using additional expensive chemicals for
coagulation, sedimentation, etc. Typically, this increases operating costs although the
concentrating can produce more hazardous solid wastes.

Typical water treatment is the purification of water coming from natural sources into the water
supply network [6, 7]. The surface waters of natural springs are clarified before feeding into the
water supply system, removing suspended and colloidal particles by coagulation, settling, and
filtration, decolorizing and disinfecting with liquid chlorine, chlorinated lime, ozone, and
ultraviolet rays [8]. Water is softened, and an excess of calcium and magnesium salts are
removed by treating waters with lime, soda, or passing them through ion-exchange filters. The
amount of iron salts in the water is reduced by aeration, followed by filtration. To remove
dissolved gases such as carbon dioxide, hydrogen sulfide, and methane, as well as an excess of
fluorides and radioactive substances from the water [9, 10], the water is resorted to aeration,
filtration through activated alumina, decontamination. Water deodorization is carried out with
activated carbon, ozone, chlorine dioxide, or potassium permanganate. Reagent and disinfection
systems, mixers, settling tanks, clarifiers, contact cooling towers, and other industrial equipment
are used for water treatment. Besides, membrane methods are increasingly used for water
purification. A new generation of membranes for filtration, disinfection, and desalination of
water are membranes based on graphene and carbon nanotubes, characterized by a high water
transmission rate, exceptional selectivity, resistance to bio-fouling, and strong antimicrobial
properties. So far, only a small part of such membranes and filters are at the pilot testing stage in
the world, but their commercialization is quite real due to the rapid growth of graphene
production. In Ukraine, the production of graphene, carbon nanotubes, and new carbon
materials based on them is very small, and it is too early to talk about the introduction of the
latest generation of membranes. One of the most important global tasks, if not the most
important, is to provide the inhabitants of our planet with high-quality drinking water.
Membrane methods are widely used to solve this problem. The membrane technology and
membranes of various types are described in detail in [11]. The main directions of development
of membrane technology and related technological processes, according to [12-21], are i)
Membrane wastewater treatment processes with the release of valuable components in
mechanical engineering, pulp and paper, textile and food industries, utilities, and other
industries; ii) Processing of secondary raw materials with the release of valuable components
(including baby food and dietary food) from milk, cheese, and curd whey, corn and potato
starch, rapeseed, soybeans, and other food products; iii) Cation-conducting polymer membranes
for electrochemical generators; iv) Membrane sensors and biosensors for compact high-
sensitivity control systems and devices; v) Membrane dispensers and prolongers of drugs with
controlled dosage rate into tissues and organs, coverings on wounds and burns, artificial
pancreas; vi) Membrane processes for bacteriological control of water, blood serum analysis,
devices for plasmapheresis and blood oxygenation; vii) Selective mass transfer processes for the
extraction and concentration of chemical products from various media (membrane extraction);
viii) Scientific foundations for the formation of membrane catalysts and membrane catalytic
reactors, membrane systems for the separation and concentration of components and membrane
reactors for waste-free processes of product formation with minimal energy consumption
without wastewater discharge; ix) Scientific bases for obtaining new classes of thermally and
chemically resistant membrane-forming polymers with functional groups of different nature,
including aromatic polyamides, polyimides, polyamidoimides, polyheteroarylenes, etc.; x)
Principles of directional design of poly-siloxanes/silica composites [22-33], which are
temperature resistant, chemically resistant, and highly selective membranes for microfiltration,
ultrasonic filtration, and nanofiltration.

The main tasks are to develop membranes of new generations with a purposefully formed
structure. This approach will allow, when choosing certain separation modes, to increase the
permeability and selectivity of membranes for target components. The latter could lead to the
achievement of stability of the functional characteristics of the membrane filtration. At the same
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time, it is actually to develop new membrane processes to solve applied problems. The same is
true for the optimization of technological schemes of available processes. To date, the existing
membrane equipment allows wastewater treatment, including the regeneration of waste
detergent solutions, separation of oil-water emulsions, oil-and-oil plant effluents, ship bilge
water, tanker ballast water, oily water from cleaning the waters of ports and platforms for
offshore oil production, etc. The capacity of these plants is in the range of 150-6,000 liters per
hour. The created stations for complex wastewater treatment from dyes and surfactants provide
a 95% degree of recycling water use with a productivity range from 5 to 50 cubic meters per
hour. Plants for wastewater treatment of electroplating industries provide 98% purification from
salts of heavy metals with a performance range from one to twenty-five cubic meters per hour.

The conceptual basis is the emergence of highly non-equilibrium modes of mass and electric
mass transfer through selective membrane layers with an increase in the role of external control
factors (pressure and temperature gradients, electric potential; controlled change in the
composition of the medium; non-stationary actions) in the separation processes. Under these
conditions, the separation efficiency is highly dependent on the structural features of
membranes at various spatial scales, as is the case in the most efficient biomembranes. This
approach to the problems of membrane separation, in contrast to today's traditional quasi-
equilibrium approaches, opens up fundamentally new possibilities for increasing the
permeability and selectivity of target components during their transfer through the membrane.
This requires, first of all, the development of new approaches to the synthesis of membrane
materials, to the formation of membrane layers, to their modifications. In fact, the main
direction will be the design of membranes at the molecular level, when the purposeful formation
of "transfer paths" of target components, e.g., ions, molecules, colloidal particles of nanometre
size, is directed taking into account the entire set of factors determining their movement,
including the effect of ligand environment, solvation shells, and acting forces. At present, these
ideas have already been partially implemented in the development of a number of ion-exchange
membranes based on rigid-chain polymers. Research is underway on the design of reverse
osmosis [34], some types of ultrafiltration membranes, for example, membranes with a charged
surface.

A century of new technologies and materials have completely transformed the entire sphere of
human activity (the state of the industry, agriculture, everyday life, medicine, health care, etc.).
At the same time, the XXI century can be called the century of waste accumulation and
prevention of environmental pollution. This requires huge funds, which disrupts the normal
development of world civilization. The processes of sustainable development of society and the
state are directly related to solving the main global problems of mankind—living safety,
providing the population with ecologically clean food and drinking water, creating an
appropriate balance between solving socio-economic problems, and preserving the environment.
They are recorded in the decisions of the Special Session of the UN General Assembly on
Ecology and Sustainable Development in June 1997. Recently implemented modern
technological processes for the production of various substances and materials, as well as the
treatment of waste and wastewater, strange as it may seem, increase the total volume of waste.
The existing world statistics indicate that at present up to 12% of the feedstock is converted into
the final product, and approximately 90% at different stages of production and consumption
pass into waste, which at the same time can be a valuable raw material representing is a semi-
finished product, the processing of which can be several times more profitable than standard
raw materials, of course, provided that environmentally friendly technologies are implemented
and high-quality competitive products are obtained. In this regard, it is already possible to make
an assumption today that the 21st century will be largely devoted to the creation of
environmentally friendly and, most importantly, low-cost economically and technologically
sound processes for processing materials, waste, and obtaining useful and necessary products
for society on their basis. One of the first, if not the very first, among such technological
processes is a membrane process, other non-traditional and combined processes for processing
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substances and materials. Membrane methods for the separation of liquid and gaseous media
have already taken a strong place in the arsenal of industrial-technological processes, although
the full formation and return of membrane science and technology is expected in the 21st
century. There are areas where membrane technology has no competitors at all. Here we should
mention the apparatus "artificial kidney", the creation of ultrapure substances and zones in
microelectronics, the release of thermo-labile biologically active substances, etc. The
importance of membrane technology in recent years has increased dramatically, primarily as a
technology that can bridge the gap between industry and the environment. Membrane
technology has received the status of critical technology, as well as catalysis, molecular design,
new materials, genetic engineering, and other world priorities. To this it is necessary to add the
interconnection of these technologies and, unlike a number of others, membrane technology
serves the directions of development of science and technology and, first of all, such as ecology
and rational nature management, fuels and energy, information technology and electronics.
Indeed, the development of membrane technology is one of the largest cross-sectorial tasks,
accounting for the fact that its use has no negative impact.

Therefore, the first successes for the use of nanomaterials show a high potential of
nanotechnologies in water purification, clearly, the most intensive research is carried out in the
wide areas of adsorption/separation with nanoporous sorbents and photocatalysis with
nanoporous catalysts and sorbents.

Membrane systems are increasingly used for water purification and a new generation of
membranes for filtration, disinfection, and desalination of water are produced. These new
membranes based on graphene and carbon nanotubes are characterized by a high water
transmission rate, exceptional selectivity, high resistance to bio-fouling, and strong
antimicrobial properties. So far, only a small part of such membranes and filters are at the pilot
testing stage in the world, but their commercialization is quite real due to the rapid growth of
graphene production. In Ukraine, the production of graphene, single-wall and multi-walled
carbon nanotubes, and new materials based on them is very small, and so there is no base for
their future introduction in the construction of the latest generation of membranes.

Classifying the existed membranes, one can found different nanoporous materials used in water
purification processes. In modern ultrafiltration and nanofiltration, the current development
level allows operating with polymeric nanofibres of different chemical nature to be used as
membranes [35]. Nanoporous polyacrylonitrile and polyvinylpyrrolidone polymers, e.g., in the
form of cloth, can be used for the removal of bacteria and other microorganisms in order to
prevent the contamination of waters [36]. Double-stage integrated microfiltration and
nanofiltration plus forward osmosis for treating dairy wastewater could be carried out with the
integration of polymeric membranes with hollow fibers [37]. Recently, for nanofiltration of
dairy wastewater, it was applied many commercial nanofiltration membranes [38-40] those are
based on cellulose, polyamide, poly(piperazine-amide), poly(m-phenylene isophthalamide), and
the poly(piperazine-amide) as well as its layer on the thin-film composites. Commercial ultra-
filtration and nanofiltration polymeric membranes allow us to improve water quality with textile
ultrafiltration membrane modules [41]. A pilot-scale membrane bioreactor was constructed in
order to run two membrane modules in parallel for the treatment of model textile wastewater;
however, the de-coloration of anionic and cationic dyes is low. This observation can be
attributed to the low biodegradability of dyes that required membrane bioreactors with novel
effective membranes, including nanostructured ones. New nanofiltration membranes contribute
to sustainable development in the textile industry by improving the water quality of treated
textile wastewater what helps to reduce freshwater consumption and pollutant discharge [41]. In
this direction, the production engineers have frequently used the modified nanopore membranes
for the ultrafiltration of wastewater [42]. A shown earlier [43], dendrimer polymers can be
successfully used in the desalination and recovery of metal ions from aqueous solutions. Well-
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organized multilayer structures of membranes can be applied for water purification, with
applications in wastewater treatment, biomedicine, chemical, and food industries [44].

Besides, one should consider ceramic ultrafiltration and nanofiltration membranes; they are
frequently in use for the separation of oils, emulsions, and silts, which should considerable
potential in a course of pressure-driven membrane processes [45].

A separated class of them is microporous and nanoporous termed ceramic water filters most
frequently take a part in water filtration: to remove bacteria and chemical contaminants [46]. In
industry ceramic membranes are utilized for separates dyes and salts from used waters [47].
Oxide nanomaterials are of special interest for the purification process, nanomembranes with
alumina and titania nanocrystalline materials are considered to be valuable filters to remove
partially the ions and could successfully separate all the microorganisms from drinking waters
[48]. The alternative direction in these studies is polyurethane nanofibrous filters modified by
nanoparticles of copper oxide, as they can be used for water filtration combining with
antibacterial treatment [49]. Modern technologies allow inkjet printing of graphene oxide
membranes on polymeric supports. These inkjet-printed materials showed highly effective water
purification by nanofiltration [50]. Industrial microfilter and nanofilter pumps are elaborated for
water treatment in pressure-driven membrane processes to be used within membrane modules
[51]. Adsorption and separation with nanoporous zeolite membranes are frequently applied for
dehydration of water/ethanol mixtures [52]. Ceramic/polymeric fibers are in use for oil/water
emulsions separation [53]. Bifunctional mesoporous silica nanoparticles could be used for
various dyes (cationic and anionic) removal from water with easy regeneration [54]. Zeolites
and silica hybrids porous materials are prominent sorbents for effective adsorption of heavy
metal ions [55, 56]. Phosphoryl functionalized mesoporous silica should high selectivity to
uranium (VI) adsorption in a wide range of pH values [57]. Novel tridimensional porous
graphene hydrogels can be a valuable component of advanced filters for adsorbing and
removing different pollutants, e.g. antibiotics, dyes, and heavy ions [58]. Besides, magnetic
nanoparticles as high capacity/selectivity sorbents can remove toxic metal ions, radionuclides,
organic and inorganic solutes/anions [59].

Photocatalytic degradation of organic components of wastewaters can be carried out with nano-
titania deposited by electrophoresis. These nanomaterials are used in the modern purification
systems for wastewater purification in the light industries before discharge into the ecosystem
[60] Flexible ceramics with nanoscale zinc oxide tetrapods and hybrid metal oxides are also in
use for photocatalytic degradation of organic substances, manly methylene blue [61], the same
is true for iron-doped zinc oxide nanowires which are frequently composed the water
purification system that decolorized and oxidized organic dyes by photocatalysis [62].

Fundamentally new possibilities of membrane separation can be achieved by forming defect-
free membrane layers of submicron thickness. In this case, as follows from the theoretical
results, unusually high values of the transfer selectivity for the target components can be
achieved with an overall high level of porousness. In fact, we are talking about a nanoscale
technique for membrane separation, similar to nanoelectronics.

Such, for example, can be working on the use of the above external control actions on the
transfer of target components, up to the implementation of their active transfer. Usually, such a
situation is realized in ion transport (in the concentration of ions under the conditions of
electrodialysis). In this program, the problem is broader. As shown by our researchers, active
transfer of neutral, in particular, vapor components can be realized in membrane systems (the
process of "electro-evaporation"). Fundamental and prospecting work in this direction can also
lead to new fundamental results, to the discovery of new membrane processes.

Microfiltration membranes with pore sizes from 0.5 to 10 microns trap suspensions, colloidal
impurities, algae, and large bacteria. Ultrafiltration membranes with pores sizes from 10 nm to
500 nm can purify water from viruses, bacteria, and large macromolecules. Typically, reverse
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osmosis membranes have the smallest pores of microporous and mesoporous range of 1-10 nm.
According to another classification, the reverse osmosis membranes have pores that are less
than 1 nm in size. These nanopores, ultra-small micropores, allow us to remove various
molecules and ions from solutions, including monovalent ones. The terms nanofiltration and
nanomembranes appeared in the late 1980s. Today, they are in wide use because of the rapid
development of nanotechnology. It is usually believed that the pore size of effective
nanofiltration membranes is several nanometers. However, in some cases, this range is extended
to 100 nm. This is a generally accepted concept that nanoscale objects have dimensions less
than 100 nm in at least one dimension. In terms of the degree of purification, these membranes
occupy an intermediate position between those used for ultrafiltration and reverse osmosis.
Nanomembranes do not allow most organic molecules, almost all viruses, di- (or more) valent
ions to pass through. All three types of membranes operate in the nanoscale range. Thus, we can
say that nanotechnology began to be used in water treatment and water purification long before
the appearance of this term. Now their application is expanding both in the EU and in other
countries. For example, in Switzerland, ultrafiltration, nanofiltration and reverse osmosis
installations provide residents with high-quality drinking water from lakes and karst
underground sources [63].

Where necessary, new sewage treatment plants can be put into operation, and membrane
technology could be applied for the treatment of municipal wastewater. Membrane units can be
used for the post-treatment of wastewaters, for example, this can be done with HUBER VRM
flat ultrafiltration polyethersulfone membranes with a pore size of 38 nm [64]. In Europe, the
production of membrane cloth and membrane filter modules based on it for ultrafiltration,
nanofiltration, and reverse osmosis is showed a significant rise. The volume of production will
be millions of m* of cloth and a hundred thousand filter modules per year. Assessing the
potential of nanotechnology to improve the efficiency of water purification and water treatment,
the experts named membrane technologies one of the most promising areas of development and
identified priority projects related to improving energy efficiency. Among the first five are
solutions based on membrane technologies, namely, the design of nanostructured polymer
membranes for successful water purification and water treatment.

Generally, nanotechnology is defined as a set of methods and techniques that provide the ability
to controllably create objects that include components with dimensions less than 100 nm, at
least in one dimension, and, as a result, acquire fundamentally new qualities. Modern studies
that carried out in many laboratories around the world show that such properties of synthesized
nanomaterials as large specific surface area and volumetric porosity, high permeability and
sorptive capacity, high resistance to biofouling, and the possibility of chemical functionalization
allow them to be effectively used to obtain pure water [65, 66]. Nanomaterials and
nanocomposites based on carbon nanomaterials are proposed for the adsorptive removal of
cations and anions from waters [67, 68]. They can be also in use for water cleaning from
petroleum products [69, 70]. Last decade, for teams of researchers, the main goal is to create the
perfect water filter. Many teams are working to develop a prototype membrane that can filter
water more efficiently with less energy. This device is made up of layers of graphene, a material
a hundred thousand times thinner than human hair [71-74]. They get it from graphite through an
oxidation process, and the process is very scalable. This, in turn, means that the membranes can
be adapted for use both for filtering tap water and in large tank systems. Typical membranes
create a labyrinth for water and dissolved molecules. The water flows through a series of layers,
separated by spaces specially designed to trap various particles, toxic organic molecules, and
bacteria [75-78]. There are many different types of molecules that need to be removed; the most
obvious way to solve this problem is that we need to control the interlayer space in the
membrane or porosity in nanoporous sorbents [79-83]. Researchers have a lot of work to do, but
they hope that their developments will bring closer solutions to the problem of water treatment
around the World. In fact, this will make drinking water available to everyone.

200



Water Security, 2021, Issue 2

In addition, International Standards require more efficient separation systems than those used
nowadays. Nanotechnology can significantly affect the field of wastewater treatment in the near
future. Nanotechnology is aimed at improving existing methods by increasing the efficiency of
processes and increasing the reusability of nanomaterials. Nanomaterials are endowed with
unique properties, such as a high ratio of surface to volume, high reactivity, and sensitivity, the
property of self-assembly on substrates for film formation, high adsorption, etc. Due to these
properties of nanomaterials are effective against various organic and inorganic pollutants, heavy
metals, as well as against various harmful microorganisms that are present in contaminated
water. Fresh drinking water is one of the most important nowadays for most terrain areas,
especially for developing countries having densely populated regions.

For example, in India, 80% of diseases are caused by bacterial contamination of drinking water
[84]. Improving the technology of water purification to minimizing the negative impact on
nature is the main direction of current research. Instead of chlorine, which easily reacts with
organics in many wastewaters, today’s scientists and engineers propose irradiation with
ultraviolet light in the presence of photocatalysts. This approach prevents the formation of toxic
halogenated compounds. However, the ultraviolet light disinfection has an arbitrary effect only
with ozonization that cannot be realized in some cases [85]. The high potential of
nanotechnology in water purification has nanomaterials that showed the first successes in the
last decade in the range of approaches as nanofiltration, adsorptive separation, and nanocatalysis
[86-891].

Activated carbons refer to a wide range of carbonized materials of a high degree of porosity and
high surface area. Typically, activated carbons have many applications in the environment and
industry for the removal, retrieval, and separation in liquid and gas phases and also for the
removal of toxic metal ions [90-93]. Here in Ref. [94], chemical activators used to produce
activated carbon were reviewed. The preparation stage, especially the selection of the chemical
activator agent is a major point that controls the performance and applicability of porous
materials [95-98], the same is true for the selective surface modification with chemical methods.

The chapter considers our latest achievements in the preparation and studies of various carbon
nanomaterials for wastewater treatment. We directed much attention to the adsorptive properties
and nanoporosity of activated carbon-related materials concerning the removal of inorganic
pollutants, and including theoretical adsorption foundations, those will be discussed.

We consider copper ions as typical heavy metal ions since copper has many applications as an
essential trace element supporting the growth of plants and animals. But, the accumulated
copper ions can cause serious health harm. At the modern level of consumption, engineers can
purify the copper contaminated wastewater by means of carbon adsorbents. Copper
concentrations in drinking water vary widely depending on water characteristics, such as pH,
hardness, and copper availability in the distribution system. The copper levels in drinking water
can range from <0.005 to >30 mg per liter, with the primary source most often being the
corrosion of interior copper plumbing. Levels of copper in running or fully flushed water tend to
be low, whereas those of standing or partially flushed water samples are more variable and can
be substantially higher. This adsorptive remediation satisfies the diverse demands on
sustainability and environmental friendliness. To achieve high efficiency of ions uptake, it
seems to be the most reasonable technique. The results of these studies could be used in the
design of membranes for the elaboration of new nanoporous materials and effective
nanofiltration, adsorption, and separation of inorganic ions.

Without doubts, water is an essential resource; however, population growth and
overexploitation of groundwater and surface water have resulted in water scarcity. As a result,
the demand for freshwater is sharply increasing, in addition, water is intensively consumed for
agricultural irrigation, which is associated with global climate change. According to the United
Nations Children's Fund in 2015, 844 million people still lacked basic water services, and
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among them, almost 159 million people continued to use drinking water directly from rivers,
lakes, and other surface water sources. Commercial and agricultural activities play a major role
in the organic and inorganic pollution of waters. The real problem with water consumption and
with sanitation in the developing world is that too many people lack access to safe and cheap
water supply technologies and sanitation components. The spread of a wide range of impurities
in flood and groundwater has become a serious problem worldwide due to population growth,
rapid industrialization, and prolonged droughts. The presence of pollutants in the form of heavy
metals, inorganic compounds, as well as pathogenic biological compounds is a series of threats
to the improvement of human living conditions and proper sanitary living conditions, as well as
to the environment. Thus, limiting the removal of such contaminants has become a priority for
researchers. By default, wastewater is any water that has been adversely contaminated by
natural contamination and microorganisms that have degraded the original water quality. To
develop a cost-effective wastewater treatment technology at a low cost, nanotechnology offers
unique options because it allows the use of nanoscale materials efficiently. Nanomaterials
usually have excessive reactivity, a large unique surface area, and special properties arising
from the influence of the size factor. Metallic nanomaterials possess interesting magnetic,
electrical, photothermal, and other excellent physicochemical properties, which make them
promising for many different applications in various fields: in biomedicine (in cancer therapy
and cell imaging as drug carriers), in healthcare (ultraviolet disinfection and local medicines),
and in ecological post-treatment devices (in adsorbents and filters, as well as for deep cleaning
and disinfection of water). When treating water, metallic nanomaterials can be used as highly
efficient nanocatalysts for the decomposition of toxic compounds, for water purification, and as
highly sensitive sensors for detecting trace amounts of toxic contaminants, as well as
antimicrobial agents. Metallic nanomaterials, with their exceptional antibacterial properties and
high specific surface area, are widely regarded as the most promising antimicrobial agents. In
addition, the complex antibacterial mechanism of nanomaterials' action limits the development
of bacterial resistance. The antibacterial properties of metallic nanomaterials strongly depend on
the composition, size, and shape of their nanostructures. In this chapter, we will also present
some of our advances in the synthesis and application of metal nanoparticles prepared using
plant extracts for further implementation in water purification technologies.

METHODS AND EXPERIMENTAL PROCEDURES
Preparation and characterization of nanoporous sorbents

We showed the modification preparation methods used in the preparation of porous materials.
Considering in the terms of surface area and efficiency, activation with alkaline metal
hydroxides shows better results for the preparation of nanoporous activated carbons for various
applications. Also, the comparison of the physical mixing method and the impregnation method
in the activation with alkali metals indicates that the activated carbon obtained through physical
mixing had a higher porosity than the activated carbon produced by the impregnation method.
In our work, the nanoporous activated carbons were derived from a natural source, e.g., fruit
stones of Prunus Armeniaca. Such granular nanoporous activated carbons are relatively cheap;
they are thermal and mechanical stable carbon solids. Typically, the particle size of nanoporous
activated carbons ranges from 0.5 to 1 mm. The nanoporous activated carbons prepared by
alkaline impregnation, carbonization, and physical activation with steam have large specific
surface areas of 785-1300 m%/g range, they also have significant pore volumes of 0.41—
0.60 cm’/g that are found by adsorption-desorption studies with water vapor as a probe
molecule. Nanoporosity is a relatively new term and combines the effects from the presence of
micropores ranged from 0.5 to 2 nm and mesopores ranged from 2 to 30 nm in the porous
solids. Under this consideration and taking into account the microstructure level, we will draw
attention to transport macroscopic channels. They are not in the nanoscale level and typically
have micrometer sizes. However, they are presented in the natural sourced nanoporous activated
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carbons, prepared from porous lignin and cellulosic raw materials, where maintain a system of
microscopic feeding channels from respective plants. Typically, these channels are the rests of
the system of mass transfer capillaries. This system has developed porous and capillary
structures. Usually, when the pore walls are carbonized, the residual architecture contributes to
good kinetic parameters of adsorption from wastewaters.

Oxidation modification is the most prominent approach to be used for ion-selective adsorption.
Before use, granular nanoporous activated carbons were washed with 3 mass% HCI to remove
inorganic salts from the nanoporous carbon bulk volume. Washing procedures are repeated with
deionized water (DW) to reach the wash water's pH of 6.0. Typically, the deashed and washed
samples were subjected to oxidation, which was carried out under standard oxidation protocol.
Some typical example of this protocol is earlier reported (see, for example, the protocol
recommended by Jaramillo and coauthors in earlier 2010 [98]).

The intensity of the oxidative treatment is regulated by the amount of HNO; or H,O, oxidants
concerning the mass of the initial sample. The temperature of the oxidation process and the
processing time are also crucial parameters that have much effect on the intensity of the oxidant.
The processing time has a considerable impact in the case of non-intensive oxidation with H,O,
solutions. These solutions are weaker oxidants than concentrated HNOs solutions. That is why
in the case of oxidation with hydrogen peroxide, the processing time is much longer. In general,
the aforementioned conditions regulate the formation of surface oxygen-containing functional
groups and have a negative impact on the nanoporous structure.

For oxidation, a solid nanoporous activated carbon mass of 2 g was refluxed with from 5 to
30 mass% HNO; solutions (60 ml) at 80°C for 2 hours. The prepared NAC-HNO;-% samples
were dipped in with DW, washed, and decanted with a Schott filter. The acid rests were washed
with a rinsed DW to neutral pH range. After the oxidation, the oxidation products were air-dried
in a dryer at 120 °C for 27 hours. The same oxidation was carried out with 10 and 30 mass%
H,0; solutions. The carbon mass of about 2 g was immersed in 50—100 ml of 10 and 30 mass%
H,0, solutions and held in the oxidant for the processing time of 4 hours. The filtered NAC-
H,0,-% samples were treated as reported above, namely, washed under pH-metric control and
air-dried.

The bulk density (y) was measured by the weight measuring in a given volume while the water
vapor sorption volume (V) was found using the static desiccator method at room temperature.
Nitrogen adsorption-desorption isotherms for studied sorbents were recorded at liquid nitrogen
temperature (-196 °C) with TriStar C10900A, Micromeritics ASAP 2020 (Micromeritics,
U.S.A)), and Kelvin 1042 automated gas adsorption analyzers. Before physisorption
measurements, all samples were outgassed at the temperature range of 120—180 °C for 4 h under
flowing pure nitrogen gas (99.995%) or at lower temperatures of 100—-120 °C in a vacuum oven.
From the adsorption data, the specific surface areas of Brunauer—Emmett—Teller (Sger) and
micropore areas (Smico) Were determined. To elucidate the pore structure and for further
analysis, we processed the isotherms with different adsorption models, which are derived within
the two-dimensional nonlocal density functional theory in the framework of approaches
proposed by Jagiello and Olivier [99]. The model of Jagiello and Olivier which is most suitable
for such and related carbon nanoporous materials consider carbon pores, such as slit-shaped
ones. These pores according to the authors have the surface with energetic heterogeneity of
adsorption sites and geometrical corrugation. According to the model, the pore size distribution
can be found was from the isotherms with the Micromeritics SAIEUS program. The choices of
models were performed given the best-fit carbon—-N, model for porous carbons with
heterogeneous surfaces to be used in the calculation. The proposed model in the framework of
two-dimensional nonlocal density functional theory can be used in pair with the models
available within quenched solid density functional theory ones. According to Puziy and
coauthors [100], for microporous (nanoporous) activated carbons, the application of both
models could lead to similar results.
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Morphologic features were also examined with a Jeol JSM 6060LA scanning electron
microscope that was employed to imagine the surface defects. High-resolution transmission
electron microscopy images were recorded on a JEM-2100F transmission electron microscope
operated at the accelerated voltage of 200 kV. The total concentration of surface oxygen-
containing functional groups was found from the data of thermal analysis. The Boehm titration
was used to quantify certain types of existed oxygen-containing groups (Cy,). The temperature-
programmed desorption as control and additional analysis method. The temperature-
programmed desorption experiments for dry samples were performed as reported in Diyuk and
coauthors [101-103] using a thermogravimetric analyzer, which outlet was attached to a gas cell
of a two-beam infrared spectrometer. The thermogravimetric analyzer is operated in argon gas
medium and using spring balances. From the area of the resolved temperature-programmed
desorption peaks, Oxygen-containing surface groups’ quantification was done. Also, the oxygen
content was determined with Cameca Camebax and Cameca SX100 electron microprobes. The
CHNO analysis was performed on a Perkin Elmer Series II 2400 elemental micro analyzer; the
estimated error at the CHNO analysis was 0.5 wt%. Before analysis, the intensive vacuum
drying at 127 °C was done to remove physisorbed water; the drying duration was prolonged up
to 5 hours.

The surface chemistry changes after the surface oxidation were investigated employing Fourier
Transform Infrared (FTIR) spectroscopy that performed in attenuated total reflection (ATR)
mode. For FTIR ATR studies, an IRPrestige 21 Shimadzu spectrophotometer was equipped
with a MIRacle module designed by the Pike Technology with ZnSe crystal, the ZnSe crystal
spectra were recorded as a background at the spectra recording. The ATR spectral range, where
the spectra were collected, was from 4000 to 520 cm™'. All spectra were recorded at a spectral
resolution of 2 cm ™. Each spectrum is the average of 1000 continuous scans.

Adsorption properties and capacity of nanoporous activated carbons were investigated using
batch equilibrium experiments, the adsorption capacities towards Cu®" ions were determined
through a series of experiments and the concentration changes were controlled with ultraviolet-
visible (UV-VIS) spectrophotometry. A batch adsorption experiment from the water solutions,
also known as immersion experiment, is the most common test used to measure adsorption
equilibrium and adsorption kinetics. It consists of the addition of a known mass of sample to a
fixed volume of water solution of Cu®" at an initial concentration [104]. To increase the
sensitivity of the spectrophotometric method, we used bis(cyclohexanone)oxaldihydrazone as a
colorimetric agent [105]. For adsorption measurements towards Cu’" ions, the wide range
concentrations were examined in the range up to 1 x 10*M of Cu®" in solutions, the
measurements were done with a step of 0.5 x 10*M. To prepare the solution series, stock
solutions of Cu®" ions were diluted with DW. For example, standard Sigma-Aldrich Cu(II)
nitrate hemi(pentahydrate) was dissolved in DW to prepare the stock water solution of
6x 10*M of Cu®". In the same way, the most diluted solution of 7 x 10° M of Cu®" can be
prepared.

In a typical adsorption experiment, about 50 mg of preliminary dried sample was immersed into
a 20 ml water solution of copper ions. The resulted sorbent suspensions containing a known
concentration of Cu®* were thermostated at 25 °C and shaken at 150 revolutions per minute for a
day. For this type of sorbent, the adsorption equilibrium is established rather quickly, within
15 hours, typically, for the convenience of measurements, within 24 hours was chosen.
Adsorption measurements were carried out at a fixed pH value of 5.5 under a pH-metric control
with the Mettler Toledo instrument. After adsorption, the resulting solutions were filtered
through a Whatman 41 filter paper in fresh flasks. They were sampled for the
spectrophotometric analysis that was carried out on a UV-1900 Shimadzu UV-VIS
spectrophotometer with 1cm quartz cells. The analyses of the water Cu®" solutions were
conducted as reported in [106]. The pipetted aliquots of 5 ml and 2 ml of ammonium acetate
buffer were placed in 25 ml conical flasks to be diluted with DW. The prepared solutions by
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default contain no more than 70 mg of Cu. A 3 ml of bis(cyclohexanone)oxaldihydrazone was
added to the water solutions at a pH of 8-9. A highly chromogenic complex with copper ions
was adsorbed at ~600nm, at the extinction coefficient of 16,000. All the intensity
measurements were performed considering the optimal measurement delay time of 10 min. As
the result of analysis, the equilibrium capacity of Cu®* (a, mol/g) was found by the equation:

a=(C,-C)xV/ ()

where Cy and C, are the initial and equilibrium concentrations of Cu*" (mol/l), respectively, ¥ is
the fixed volume of water solution of Cu®*" solution (L), and m is the known mass of sorbent
sample (g). The removal percentage (R) was found from the following equation:

R=(CO—CE)X10% . )
0

To control the results of spectrophotometric measurements, which are usually limited due to
errors when the measurements carried out at very low concentrations of the copper ions in water
solutions, all samples were also analyzed by flame atomic absorption spectrometry (FAAS) at
the mainline of Cu at 324.754 nm. Because of the instrumental limitations of the technique,
spiked samples were diluted to adjust the analyte absorbance within the linear working range
[106]. All measurements were carried out in triplicate on a Carl Zeiss Jena FAAS N1
spectrometer with an air—acetylene flame.

Synthesis of nanoparticles

Syntheses of silver and gold nanoparticles were carried out using direct interaction of aqueous
plant extracts of elderberry (Sambucus nigra) [107] and blackcurrant (Ribes nigrum L.) [108],
and the solutions of metal salt, as precursors, e.g., silver nitrate (AgNO;), and tetrachlorauric
acid (HAuCly), respectively. Noble metal nanocolloids were prepared at various reaction
parameters, namely, varying volume ratios and concentrations of the reagents, pH of the
reaction mixture, temperature, from room temperature to 65 °C, and time (up to 24 hours). Since
the formation of metallic nanoparticles is followed by the release of nitric and hydrochloric
acids, sodium hydroxide solution was used for pH control. The importance of pH adjustment
was observed as a key factor for the production of stable metal nanoparticles.

In a typical synthesis, certain volumes, which milliliter quantities are based on the previous
optimization experiments, of plant extract, 10 mM aqueous solutions of sodium hydroxide
solution and AgNO3;/HAuCl, (1 mM or 10 mM) were added to the Erlenmeyer flask and kept
under continuous stirring and heating at a defined temperature in dark. Aqueous and aqueous-
ethanol extracts of juniper (Juniperus communis) [109], goldenrod (Solidago canadensis) [110],
clove (Syzygium aromaticum L.) [111], and peppermint (Mentha piperita) [112] were used for
the synthesis of gold nanoparticles. Syntheses were performed at an ambient laboratory
temperature of 23 °C, by the direct interaction of the plant extracts with 1 mM HAuCl, aqueous
solution under continuous stirring. Amounts of extracts were normalized to dry matter content,
estimating 0.25-1.5 mg/ml of the dry matter in the final solution. In a typical synthesis, the
estimated volume of plant extract was diluted by double distilled water followed by the addition
of 1 mM HAuCl, solution. All syntheses were monitored by UV-Vis spectroscopy.

Characterization of nanoparticles

An initial characterization of the synthesized nanoparticles was monitored using a UV-Vis
spectrophotometer (UV-1800 Shimadzu, Japan). The spectra were recorded at laboratory
temperature, against double distilled water in the wavelength range of 300-1100 nm at a
resolution of 1 nm. The samples with high intensity were diluted with double distilled water to
obtain spectra with absorbance lower than 1 abs. unit. The images of nanoparticles were
obtained by use of the TEM JEM 2000FX (JEOL, Japan) at an accelerating voltage of 160 kV.
A drop of nanoparticles’ solution was positioned on Cu-grid with holey carbon film. After
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drying on air, the sample was examined with TEM. A large angle JEOL JED-2300 T CEN-
TURIO SDD (silicon drift) detector was used for an energy-dispersive X-ray spectroscopy
analysis. The particle size intensity distribution was determined by the dynamic light scattering
method on a Zetasizer Nano ZS (Malvern Instrument).

Antibacterial activity of nanoparticles

The antibacterial activity of the silver and gold nanoparticles prepared using extract of
elderberry (Sambucus nigra) was examined by a generally accepted antibacterial test using
different groups of experimental bacterial strains. Two gram-negative bacterial strains (E. coli
ATCC 25922 and wild clinical strain) and two gram-positive (S. aureus ATCC 25923 and wild
clinical strain) were studied. The wild clinical strain of S. aureus was isolated from the cat’s
throat and the wild clinical strain of E. coli was isolated from fecal matter. All strains were
received from the Collection of Microorganisms of the Department of Microbiology, the
University of Agriculture in Krakow, Poland. The stock cultures were grown separately in a
nutrient Tryptic Soya Agar (TSA, EMAPOL, Poland) with 5% of blood agar medium. Bacteria
strains were cultivated on Petri dishes at 35 °C for 48 hours. Afterward, the strains were added
into the flask with liquid Tryptic Soy Agar medium and cultivated for 24 hours. Flasks were
kept on incubator cum shaker at the speed of 150 rpm. After 24 hours of incubation, the samples
of 1 mL of a fluid with bacteria were taken from cultivation; the optical density was adjusted to
0.1 McFarland, corresponding to 108 CFU/mL at 600 nm. 1 milliliter of bacterial liquid culture
was introduced to a test tube with 9 mL of nanoparticles solution with four varying solution
strengths of silver nanoparticles (3.125, 6.25, 12.5, and 25 mg/L). Then 1 milliliter of the
suspension was taken from the test tube and introduced to the Petri dish and poured with TSA
medium, and incubated for 15, 180, and 300 minutes at 35 °C. The CFU of bacteria was
calculated after 24 hours of incubation by the plate-count method of viable cells. The
experiment was performed in a triplicate.

THE RESEARCH RESULTS AND DISCUSSIONS

Nanoporous sorbents for the removal and recovery and general consideration of porosity:
anyone who studies adsorption properties is faced with porosity-related issues. The porosity is
important in water purification via adsorption processes to assess the effect of internal diffusion
on their rate, as well as for the preparation of optimal structures in the production of fillers.
There are many types of porous systems, and even in one sorbent, the pores can vary
significantly both in shape and size.

The pore classification adopted by the International Union of Pure and Applied Chemistry is
based on the following principle: each pore size range corresponds to characteristic adsorption
properties, which are expressed in adsorption isotherms. The boundary between the different
classes is not rigidly defined, since it depends both on the shape of the pores and on the nature
of the adsorbate molecules. When studying advanced and developed porosity, the following
parameters are used: pore volume, pore size distribution, and average pore radius. The average
pore size is determined from the ratio of pore volume and surface area. The size distribution of
mesopores is determined by the method of capillary condensation while the size distribution of
wide mesopores and macropores can be found with mercury porosimetry. The distribution of
micropores is found from adsorption isotherms in the area of volumetric filling of micropores,
prior to the onset of capillary condensation in the mesopores.

If compare the International Union of Pure and Applied Chemistry classification with that of
Mays [113], it will be clear that three categories of pore dimensions have existed. As stated by
Thommes et al. [114], they are differentiated by diameter D: micropores (D < 2 nm), mesopores
(D ranges between 2 and 50 nm), and macropores (D > 50 nm). According to Mays’ scheme
[113], there are differentiated nanopores (0.1 < D < 100 nm), micropores (0.1 <D < 100 um),
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and millipores (0.1 < D < 100 mm) in the sorbents. Both classifications have cons and pros.
Mays referred to the term “nanopores” as any pore with size below 10 nm cross-sect size ranges
recommended by the International Union of Pure and Applied Chemistry to distinguished
micropores and mesopores. Functionalization of nanoporous carbon sorbents will take place in
the pores ranged from ultra-small to small nanopores, 0.5 < D < 2.0, the specific surface area
has a better positive correlation with the maximum adsorption capacity, and according to
Kaludjerovi¢, Noroozi and Mehdipour, and Roque-Malherbe [115-117], showing a leading role
of nanopores. These nanopores are about 97-96% of available pores in nanoporous carbons.

Adsorption is required for the concentration of inorganic and organic substances on the surface
or in the porous volume of solids. At least two components are involved in the adsorption
process. A solid substance, on the surface or in the pore volume of which the absorbed
substance is concentrated, is called adsorbate. The absorbed substance, which is in the gas or
liquid phase, is called an adsorptive, and after it has passed into an adsorbed state, it is called an
adsorbate. Any solid substance has a surface and, therefore, is potentially an adsorbent.
However, the technique uses solid adsorbents with a highly developed inner surface. The
development of the inner surface in a solid is achieved by creating special conditions in the
process of its synthesis or as a result of additional processing.

Despite the diversity of the nature of adsorption forces, all adsorption phenomena can be
divided into two main types: physical adsorption and sorption based on the forces of chemical
interaction. Physical adsorption is caused by molecular forces. In most cases, dispersion forces
make the main contribution to the interaction energy. Molecules of any adsorptive possess
fluctuating dipoles and quadrupoles, which cause instantaneous deviations of the electron
density distribution from the average distribution. When the adsorptive interact with atoms or
molecules of the adsorbent, the motion of fluctuating dipoles (quadrupoles) acquires a
systematic and strictly ordered character, which causes the appearance of attraction between
adsorbent and adsorptive.

These so-called dispersion forces got their name due to the fact that the phenomenon of
dispersion of light is caused by a similar cause. Dispersion forces do not depend on the nature of
the distribution of the electron density of adsorptive molecules, their value is approximately
constant for adsorbents of any chemical nature, and therefore the interaction caused by them is
nonspecific. In some cases, dispersive forces are enhanced by electrostatic forces caused by
orientation and induction effects. Orientation forces arise when polar molecules interact with a
surface containing electrostatically charged particles, e.g. ions or dipoles, induction forces are
caused by a change in the electronic structure of adsorptive and adsorptive molecules under the
action of each other. The appearance of dipole moments in the adsorptive molecules induced by
charges and adsorbent and the appearance of dipole moments in the adsorbent surface groups
under the action of the charges of the adsorptive molecules.

Having a specific character, the interaction caused by electrostatic forces depends on the
chemical nature of the adsorptive. The contribution of specific interactions to the total
interaction energy upon the adsorption of any molecules on electrically neutral carbon
adsorbents is practically about zero, and upon the adsorption of polar molecules on zeolites with
a heteronomous character, it is commensurate with the contribution of the nonspecific
component. In some cases, a specific interaction can be enhanced by the formation of a
hydrogen bond between the adsorbed molecule and the adsorbent molecules.

A typical example of adsorption with the formation of a hydrogen bond is the absorption of
water and alcohols on silica gel, the surface of which is covered with hydroxyl groups.

Nanoporous activated carbons

The pristine samples of nanoporous activated carbons have a certain amount of mineral
admixtures. The content of inorganic admixtures is below 0.5 wt%, according to the
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thermogravimetric data. Chemical analysis showed mostly Na, Ca, Fe, and Si in the ash
composition. The role of inorganic salts in the composition of nanoporous carbon will have no
effect on the adsorption of Cu”" ions.

In fact, chemical analysis data are summarized in Table 1; the oxidative treatment with acids
and oxidant solutions additionally reduces the ash content, which is found to be below 0.3 wt%.

Table 1. Elemental CHNO analysis of nanoporous activated carbons (NACs).

Sorbent Element content (wt%)

C H N 0
NAC 95.2 1.0 Trace 3.8
NAC-H,0,-10 | 95.4 1.2 Trace 34
NAC-H,0,-30 | 91.0 1.2 Trace 7.8
NAC-HNO;-5 | 90.5 1.5 0.5 7.5
NAC-HNO;-30 | 78.8 1.5 0.7 19.0

Table 1 shows the composition changes and the oxygen content increases remarkably. The ATR
spectra (Figure 1a) showed the most intensive bands, as can be seen from this figure (see Figure
1b) oxidation is a reason for the morphologic changes in the nanoporous structure. The oxidized
samples of nanoporous activated carbons have strong bands in their ATR spectra in the range of
1739-1712cm™". These strong bands can be attributed to carboxyl, anhydride, and lactone
surface functional groups, which are characterized by prominent v(C=0) stretching bands. For
the nanoporous activated carbons, these bands are of low intensity, as can be seen from the ATR
spectrum (Fig. 1a), this means in particular that the concentration of carboxyl groups on the
surface of the pristine nanoporous activated carbons is negligible.

NAC-H202-30
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W

NAC-HNO3-30

Transmittance (%)
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Fig. 1. (a) Typical ATR spectra and (b) TEM micro photos of NAC: nanoporous activated
carbons before and after oxidation. The left panel represents typical layer nanostructures and
nanopores.

Really, the carboxyl, anhydride, and lactone groups are formed because of oxidation treatment.
Before oxidation, the ATR spectra of the nanoporous activated carbons and NAC-H,0,-30,
show the band component assigned to the vibration v(C=0) mode of quinolic groups, which are
observed in the ATR spectra at 1700 cm™'. Surprisingly, the band that can be ascribed to this
vibration mode is registered at 1680 cm ' in the ATR spectrum of the NAC-HNO;-30 sorbent.
As suggested, the aforementioned groups modify the surface walls of nanopores (Figure 1b).
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Figure 1a presents spectral bands associated with skeletal vibrations of the C=C bonds, namely,
the conjugated C=C bonds in the graphenic fragments. They are characterized by the strong
absorption in the spectral range of 1650—1700 cm ', the wavenumber range that is frequently
attributed to such kinds of vibrations. At smaller wavenumbers, the vibration bands that
corresponding to frequencies of aromatic C=C bonds are appeared, in the wavenumber range of
1510-1550 cm ™. Surprisingly, the respective spectral feature of C=C bonds can be found for all
oxidized registered for all nanoporous activated carbons that are studied. For the oxidized
nanoporous activated carbons, the intensive absorption bands are peaked at about 1200 cm .
Presumably, they are attributed to the strong vibration of phenolic groups, mainly to v(C—OH)
group vibrations. These phenolic groups can be formed because of oxidation. Ether groups can
be also formed at the oxidation of nanoporous structures and the respective absorption bands
could be seen in the wavenumber range 981-1000cm ' assigned to vy(=C—O-C) vibrations
addressed as recommended by [118]. As can be seen from the analysis of ATR spectra, it
imagines the formation of additional carboxyl and phenol groups as a result and because of the
oxidative treatment.

Table 2. Surface oxygen-containing groups in nanoporous activated carbons (NACs)

Boehm titration against thermal analysis data (mmol/g)
Sorbent
Carboxyl groups | Anhydride and lactone groups Phenolic groups
NAC 0.08/0.1 0.0/0.0 0.2/0.5
NAC-H;0,-10 0.15/0.2 0.15/0.20 0.3/0.8
NAC-H;0,-30 0.25/0.20 0.5/0.45 0.9/2.0
NAC-HNO;-5 0.8/0.6 0.8/1.2 0.4/0.9
NAC-HNO;-30 1.9/1.5 2.0/4.1 1.5/3.0

Table 2 sums up the concentration of the surface groups determined by the temperature-
programmed desorption experiments and from the results of the Boehm titration. The surface
acidity can be dramatically increased by oxidation treatment as revealed by the thermal analysis
and titration data. De facto, carboxyl, anhydride, lactone, and phenolic groups can attribute to
high acidity. The sum of the concentration of carboxyl, anhydride, and lactone groups was
recalculated per unit surface area of micropores or per gram of sorbent and future can be
assigned as Ca. This magnitude can help to correlate the adsorptive capacity of the nanoporous
solids with the aforementioned acidic groups. Thermal analysis showed that the application of
hydrogen peroxide as an oxidant is caused the significant increase of the content of phenolic,
anhydride, and lactone groups while the increment of carboxyl groups is low. The amount of
carboxyl groups in the prepared nanoporous activated carbons is below 2 mmol g™'.

Considering the adsorption of copper ions, in the case of, it should be mentioned that phenolic
groups do not dissociate under pH = 5.5, and they have no possibilities to react with Cu?"
through ionic exchange mechanism and by the complexing mechanism of the copper cations
with surface functional groups. Suggesting formation of the adsorption complexes of copper
occurs only with a certain type of the oxygen-containing groups.

By the fact, the field of solid-state nanopores and nanochannels has grown exponentially and
recent advances have greatly expanded applications in sensing and separation science and
improved our understanding of the mechanisms that govern ion transport in nanometer-sized
channels and pores. A stochastic nanopore sensing method for the detection of Cu®" ions is
reported earlier by employing a chelating agent, and trace amounts of copper ions could be
detected with a detection limit of 40 nM [119]. Importantly, although bi-charged ions can form
chelates since the event residence times and/or blockage amplitudes for these metal chelates are
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significantly different from those of copper chelates, these metal ions do not interfere with Cu**
detection. This chelating reaction approach should find a useful application in the development
of nanopore sensors. Surprisingly, in Ref. [120], the authors reported that Cu** ion adsorption is
an entropy-driven endothermic process, possibly involving both outer-sphere and inner-sphere
complexes. This makes possible filtering ions by size and charge and invests great effort in the
development of new selective separation technologies to remove and concentrate target ions
from solution. Nanoporous activated carbon materials are among promising candidates to
achieve these goals and the ion-selective channels are prototypes to be used for the efficient
separation of ions [121]. Such technologies hold the promise of economically efficient and
environmentally friendly water desalination methods and to revolutionize the removal of toxic
and heavy metal ions to obtain fresh water. All types of surface oxygen-containing groups are
intensively formed when the nanoporous activated carbons are oxidizing with nitric acid, and
their total concentration is very significant as compared with that form due to the oxidation
reaction with H,O,. From the results of titration, the carboxyl groups in the nanoporous
activated carbons prepared by oxidation with HNO; have a content percentage of 50-60%; the
total content of acidic carboxyl groups and anhydride and lactone groups reaches 70% and the
rest 30% are phenolic groups. The related concentration of oxygen-containing groups obtained
by two methods is listed in Table 2. The data distinction is probably because the thermal
analysis method has systematic errors since reacting carboxyl groups and phenyl groups can
form anhydride and lactone groups, and other similar groups. That is why the titration results
are directly characterized the oxygen-containing groups as adsorption centers available for
charged heavy metal ions in an aqueous solution. The oxygenolysis impacts the porosity since
an increase in the oxygen content is accompanied by the destruction of the wall microstructure.

In fact, the nanoporosity reduction, up to three times, depends on the strength of the oxidant and
its concentration in water solutions. After the most aggressive treatment with the concentrated
solution of nitric acid, the nanoporosity shows significant reduction, and the specific surface
area and the specific volume related to the nanopores reach a minimum value as in [105].
Considering the total pore volume its decrease due to oxidation varied in the range from 5% to
20%. Typically for oxidized porous carbons that the packing density y shows an increase with
the oxidant concentration. Two types of nanopores are presented in the nanoporous activated
carbons, where the smallest slit nanopores have sizes ranging from 1.0 to 1.4 nm and the larger
nanopores with a size of 3.2-3.5 nm are also present. Oxidative treatment slightly increases the
average size of the small nanopores to 1.2-1.5 nm. However, treatment with nitric acid
diminishes the total number of small nanopores. The large nanopores (mesopores) with a width
of about 3—4 nm are typically formed upon chemical destruction of nanopore walls. The
application of strongly oxidants most often is caused by the transformation of nanopores, and
widening of small nanopores is a reason for the formation of additional large nanopores that
belonging according to the International Union of Pure and Applied Chemistry classification to
micropore range. Oxidation with 30% HNO; can result in forming new 1.8-nm nanopores. From
structural considerations, staked graphene-like layers as basic units of the architecture of
nanoporous solids undergo oxygenolysis and degrade, so, without a doubt, the reason for this is
the fracturing of the nanopore walls. In light of these observations and suggestions, we will state
that oxygenolysis caused the pore wall destruction is the fast process taking place in the
presence of strong oxidants. The graphene-like carbon matrix is transformed during oxidation,
and, from a structural point of view, the oxygenolysis is one of the reasons for the nanopores
expansion and the appearance of new large nanopores. On this background, the adsorption
capacities of sorbents towards Cu®* should differ significantly.

Typically, the adsorption data, which are taken from the equilibrium studies, showed that the
highest efficiency can be found for the sorbents which surface and architecture were subjected
to the action of strong oxidant. Typically, one of the most valuable sorption efficiency
parameters, the percentage removal R reaches the value from 50% and above 80% at a low
concentration of copper ions. This could be due to the high concentration of the oxygen-
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containing functional groups that decorated nanopore walls. Different isotherm models can fit
the experimental equilibrium data. To find the best-fitting curve and to choose an appropriate
model, the linear and nonlinear least-squares methods can be used to reach a minimal sum of the
squared deviations of the theoretical values from the experimental points. The principle is to
select the model parameters in such a way as to take a minimal residual factor (Ry) factor, which
is a measure of the agreement between the data determined by theoretical models and the
equilibrium adsorption ones. At the first, the Langmuir isotherm can describe the experimental
data in a simple way. The Langmuir isotherm model can represent the experimental equilibrium
data in the case of a homogeneous surface. When using the Langmuir isotherm model and
considering energetic issues, the adsorption energy will be constant over all adsorption sites.
Two-parameter Langmuir equation that can be used to fit the adsorption data, in the form of the

following equation
Cc/_ 1 C
A B %Klam)-i_ Am ’ (3)

where a,,, is the maximum adsorption capacity of the adsorbent corresponding to complete
monolayer coverage on the surface (mg/g), and K|, is the Langmuir adsorption constant (L/mg),
Cis the equilibrium concentration of Cu®" ions in solution (mg/L), ais the equilibrium
adsorption capacity of Cu*" on the adsorbent (mg/g) to be used to fit the experimental data.

Alternatively, the Freundlich isotherm can be used to describe the adsorption that passed on the
heterogeneous surface with varied affinity. This Freundlich model is empirical and, in the first
approximation, the Freundlich adsorption equation can be rearranged as

Ina=Ink, +y InC, (4)
g

where Kg is the Freundlich adsorption constant and nF is the empirical parameter related to the
surface heterogeneity. To the best of our knowledge, the Langmuir model cannot fit exactly the
experimental adsorption data. This is because of the high heterogeneity of carbon surface. That
is why the Freundlich model accounted for high heterogeneity showed a good fit. Table 3 sums
the model parameters describing the fits within the models and the best model-to-data fit with
the Freundlich isotherm with a high R-factor of >0.99 that confirms an energetically
heterogeneous surface. The Freundlich isotherm constant Kr depends on the oxygen heteroatom
amount.

Table 3. Selected Freundlich and Dubinin—Radushkevich model constants describing Cu®"
adsorption onto nanoporous activated carbons (NACs)

Freundlich model Dubinin—Radushkevich model
Sorbent constants constants R

Kex10* N Kprx10? ay, (mkmol/g) | 0.999/0.999
NAC 2.0 3.6 9.0 220 0.999/0.997
NAC-H;0,-10 2.5 3.6 9.0 265 0.999/0.999
NAC-H,0,-30 5.7 3.1 10.5 610 0.997/0.998
NAC-HNOs3-5 8.3 33 9.1 840 0.999/0.997
NAC-HNOs-30 10.1 3.5 10.2 1180 0.998/0.999

From the tabulated data, it is clear that surface oxidation increases the total number of
adsorption centers, some of them have a higher affinity towards the copper ions. When the “nF”
term, which is in the range of 1.5-1.8, there is a complex dependence against the oxygen
heteroatom amount and the content of oxygen-containing acidic groups.
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Adsorption that takes place onto heterogeneous surface one can describe with a hybrid isotherm,
for example with the Redlich—Peterson isotherm model that combines features of the Langmuir
and the Freundlich isotherm models. But, according to [105], the Redlich—Peterson constants
show unreasonable changes and differ up to 20 times for a series of oxidized activated carbons,
so, the assumptions of the model are beyond the objects under investigation. The adsorption
data were also fitted with the two-parameter Dubinin—Radushkevich isotherm model:

e

2
Ing, =InQ,, —KD{RTm(HClﬂ , (5)

where ¢, (mmol g') is the amount of metal ions adsorbed, Opr (mmol g') is the maximum
adsorption capacity of metal ions, Opr (mol* kJ?) is the Dubinin-Radushkevich isotherm
constant, C, (mol dm™) is the equilibrium concentration of metal ions, R is the gas constant
(8.314 J/mol K), and T (K) is the absolute temperature in Kelvin. This well-known model can fit
the data and describe the adsorption in microporous/nanoporous solids. A reasonable
mathematical description could be obtained in the paradigm of the two-parameter Dubinin—
Radushkevich isotherm model if one considers the isotherm models beyond the Freundlich
isotherm. From modeling the Freundlich equation, the substantial heterogeneity of the surface,
as found, could be related to the nanopores (micropores) that accounted in the framework of the
Dubinin—Radushkevich model of adsorption isotherm. Heterogeneity of nanoporous walls
means that the Freundlich model of adsorption isotherm should describe the experimental
adsorption data in the best way that works, but, this description is empirical by definition and
has no physical meaning. The correct modeling can be carried out only within the Dubinin—
Radushkevich model of adsorption. The surface heterogeneity should be considered and
understood due to different types of adsorption sites presented on the nanoporous carbon
surface. Oxidation has a positive effect on the adsorption capacity and adsorption kinetics,
consequently, the maximum adsorption capacity am can increase up to five times and increase
with the surface concentration of accessible oxygen-containing acidic groups reaching a plateau.
Consequently, it is not surprising that the best adsorption takes place in the presence of the most
acidic carboxyl groups and anhydride and lactone groups. Structurally these groups are
functionalized on the outer surface of the available nanopores involved in the adsorption of Cu**
ions. Considering the nonlinearity effect, the main reason for the existed correlations is the fact
that the intensive oxidation with concentrated solutions of oxidant can decompose the oxygen-
containing groups, and so, can limit the amount of newly formed oxygen-containing groups.
This limitation cannot be overcome in the solutions. As one can see from Table 3, one can
suggest the same type of correlations for the Freundlich and the Dubinin—Radushkevich models.
Absorption energy Epr estimated in the framework of the nanopore model of the Dubinin—
Radushkevich is about 25 kJ per mole. This value is partially constant that only slightly depends
on the oxidation degree of the carbon surface. This situation has the right to be when similar
oxygen-containing groups are adsorption sites.

Today, intensive adsorption studies were performed and the most common idea that the oxygen-
containing groups favor the metal ions adsorption according to Alvarez-Merino and coauthors
[122] and Dastgheib and Rockstraw [123]. The most possible mechanism of adsorption could be
the complexing with the formation of metal surface complexes, according to Chen and Lin and
Chen and coauthors [124, 125], or ion exchange that takes place with the participation of strong
acidic surface groups, according to De Mesquita and coauthors [126]. On the other hand, Puziy
and coauthors [127] reported that the presence of the strong acidic groups does not be a
guarantee for good adsorption of Cu?" ions. That is why the role of the surface groups in
nanoporous solids should be considered balanced. According to the findings of Terzyk and
coauthors [128-131], the reason for easy adsorption should be an optimum balance between the
strength of intermolecular forces and the molecular properties of the adsorbate. According to
Terzyk [129, 130], from studies of microporous and nanoporous adsorbates, it is clear that the
interactions between solute and surface groups can lead to the blockage of small micropores and
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observed experimentally when the primary micropores are filled [131]. From simulation will be
clear that large nanopores and micropores can almost vanish at acidic pH. On other hand, the
protonation of surface oxygen-containing groups supports the adsorption by increasing
heterogeneity of carbon surface [128]. From this consideration, the nanoporous architecture and
the nanopores size distribution are not the factors that determine the adsorption capacity.
Nevertheless, for efficient adsorption, the nanopore should be of optimal size and the coverage
with certain oxygen-containing groups should also be at some optimal level [130, 131]. For
developed nanoporous architecture very narrow slit-like nanopores inside the bulk volume could
often be blocked when water molecules filling pores or Cu®* ions adsorbed at the entrance to the
pore. But, the volumetric parameters of nanopores and the total pore structure will change in the
course of oxidation and widening that reducing for some extent steric hindrances those
restricting the diffusion of ions. We postulated that nanoporous activated carbons oxidized with
nitric acid showed the highest adsorption capacity towards Cu®" ions. For the oxidized sorbents,
the decrease of the specific surface area and specific surface volume is explained only by the
reduction of nanoporosity. So, the carbon atoms from the nanopore walls actively participate in
the oxidation reactions and the functional groups that necessary for selective uptake can form
inside the nanopores. From the pore size distribution functions, the size of nanopores slightly
increases after oxygenolysis and new nanopores (micropores/mesopores) are found in the
nanoporous architecture. The decreasing number of nanopores well corresponds with the
marked decrease in the total pore volume; the formation of many new open nanopores can
compensate for that decrease. The results of adsorption cannot be explained considering the
porous structure of sorbents only, however, the porosity reduction should affect the adsorption
of Cu®". The surface groups of different acidity can be a factor regulating the adsorption
equilibria. Notably, the concentration of the most acidic carboxyl groups and anhydride and
lactone groups in the NAC-HNOs-5 and NAC-HNO3-30 as compared to that in other sorbents is
significant, so, one can suggest that adsorption of Cu®" ions is because of the reaction of Cu*"
with the most acidic carboxyl, anhydride, and lactone groups, and these findings is crucial. The
fact is that the experimental isotherms for nanoporous activated carbons are in very good
agreement with those predicted in the framework of the Dubinin—Radushkevich isotherm model
meaning that the adsorption of copper ions is localized in the nanopores. Suggesting reason for
the high recovery and effective adsorption is better coordination of the copper cation in the pore
confinement. This better coordination could be resized with some neighboring functional groups
in the open porous structure. In practice, the aforementioned coordination can be implemented
only in the small nanopores. A decrease in the surface of nanopores is accompanied by an
increase in the total concentration groups, up to 3 mmol per gram, and under this condition
becomes possible interaction of one Cu”* ion with two adjacent carboxyl groups. In dynamic
adsorption, the potential mechanism of Cu?" ions recovery is the formation of surface
complexes in the nanopores. In this uptake, a pair of carboxyl groups and other groups can be
involved through partial hydrolysis of anhydride and lactone groups and the proposed
correlations showed a complex character of dependence. Besides, accompany with oxidized
nanoporous activated carbons one can use noble metal nanoparticles to reach antibacterial effect
to which will be dedicated in the following paragraphs.

Noble metal nanoparticles

Various methods used to synthesize nanoparticles: hydrothermal synthesis, co-precipitation,
microemulsion, inert gas condensation, ion sputtering scattering, microwave, pulse laser
ablation, sol-gel, spark discharge, sonochemical, and biological synthesis are available in the
armory of a modern scientist [132-139]. The synthesis of metal nanocomposites can include
spray pyrolysis, liquid infiltration, ball milling, chemical vapor deposition, physical vapor
deposition, chemical sol-gel, and colloidal processes. Physical methods usually require the
utilization of highly expensive equipment and lead to a quite expensive product. Therefore,
traditional wet chemistry methods are recognized as more preferable. However, the synthesis
chemistry of nanoparticles is the chemistry of highly diluted solutions. The necessary use of
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often toxic reducing and capping agents leads to the production of a large amount of toxic
wastes. Consequently, the development of biological or so-called green synthesis methods is an
object of extensive studies in the scientific world. Biological methods consist of the application
of biological materials — plants, fungi, and bacteria. Such methods are cost- and time-effective
and environmentally friendly.

The resulted metal nanoparticles in the typical synthesis using plant extract [140] gives metal
nanomaterials in a variety of shapes such as rod, cluster, cube, sphere, cage, etc. Traditional
wet-chemistry methods and some plant extracts produce almost spherical nanoparticles (Figures
2a and 2b). In other cases, some compositions of extracts that produce the irregularly shaped
nanoparticles can be obtained (Figure 2c¢).

e

Fig. 2. Transmission electron images of phytosynthesized a) silver, b) spherical gold and c) non-
spherical gold nanoparticles.

The shape of materials influences the optical properties what can benefit photocatalytic
properties and make them prospective for sensor materials. For example, irregularly shaped
nanoparticles with response in the near-infrared range (Figure 3) can be used in surface-
enhanced Raman spectroscopy for the detection of ultra-low concentrations of organic
pollutants in water [141].
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Fig. 3. UV-Vis spectra of a) silver, b) spherical gold and c) non-spherical gold nanoparticles
prepared using plant extracts.
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Silver nanoparticles in water disinfection

The use of silver nanomaterials in water treatment technologies with the aim of preventing the
growth of harmful microorganisms is approved by the World Health Organization. Silver
nanoparticles can be used for purification in water filtering apparatus due to their enhanced
antimicrobial nature in contaminated water. General schema is presented in Figure 4.

Contaminated Silver
water nanoparticles
\ / t
Reactor < Silver ions Ag*
+ Biomolecules
Purified water Isolated silver
nanoparticles
h 4

Organic pollutants,
pathogens

Fig. 4. Scheme of application of phytosynthesized silver nanoparticles in removing water
contaminants.

Antimicrobial properties of silver

Silver nanoparticles have immense antimicrobial properties. Therefore, it has been used in
applications like disinfection of medical devices and home appliances as well as for water
treatment [142, 143]. It is suggested that silver ions interface with the thiol groups of proteins,
which causes the inactivation of respiratory enzymes and generates the reactive oxygen species
[144]. In other work reported that silver ions can prevent DNA replication [145]. The
photoactivity of silver nanoparticles within sight of UV light with further an enhanced UV
inactivation of viruses and bacteria is also reported [146]. Silver nanoparticles also produced a
76% reduction of Bacillus subtilis after its application in an aerosol form [147].

The potential in removing phenols, textile dyes, and microbial contaminants from the water was
investigated for silver nanoparticles prepared using ethanol leaf extracts of Ocimum sanctum
and Artemesia annua. Phytosynthesized silver nanoparticles were effective as a catalyst in the
reduction of 4-nitrophenyl phosphate within 20 min in the presence of NaBH, [148] and as an
adsorbent of toxic textile dyes (namely: Reactive Blue 4, Reactive Orange 4, and Reactive Red
120) from aqueous solutions. Furthermore, these biosynthesized nanoparticles demonstrated
excellent antimicrobial properties in application to river water.

Silver nanocomposites with soil were prepared using silver nanoparticles synthesized using
Ocimum tenuiflorum [149]. The adsorption efficiency in respect to removing reactive turquoise
blue dye was about 96.8%.

The ability to absorb pyrene, anthracene and phenanthrene by silver nanoparticles prepared wet
chemical and green method using extract of garlic (4/lium sativum) was studied [150]. The
efficiency of green synthesized silver nanoparticles was in 3 orders of magnitude higher than
nanoparticles prepared by the wet-chemistry method. The excellent antibacterial activity on both
gram-negative and gram-positive bacteria showed the spherical silver nanoparticles with a size
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of 12.4 nm + 1 nm synthesized using fresh aqueous tuber extract of Jatropha heynei [151]. It is
recognized as promising inhibitory activity against total Coli forms in the drinking water.

Silver nanoparticles prepared using Abutilon indicum leaf extract have shown powerful
antibacterial activity on Bacillus subtilis, Staphylococcus aureus, Salmonella typhi, and
Escherichia coli [152]. At the same time, while the impregnation of silver nanoparticles
prepared with Ipomea carnea extract with a cellulose acetate membrane to form a designed
antimycobacterial membrane exhibited a strong inhibition on Mycobacterium smegmatis [153].
In many cases, the exact mechanisms behind these activities cannot be assumed.

Hybrid bead-bound silver nanoparticles were formed successfully by a green procedure using
Ulva flexuosa via a facile single-step green procedure onto the copolymer beads without causing
any physical damage to the surface of beads [154]. The stable immobilized silver nanoparticles
at a concentration of 300 mg demonstrated prominent antibacterial traits which resulted in 100%
bacterial reduction within six hours of contact time for all the bacterial strains. Complete
inhibition was achieved with an increase in the contact time as well as with the increase in the
amount of the silver nanoparticles bound copolymer beads.

Francis et al. synthesized gold and silver nanoparticles from the leaf extract of Mussaenda
glabrata and evaluated their capacity to inhibit pathogenic microorganisms. The nanoparticles
showed outstanding antimicrobial activity against P. aeruginosa, E. coli, A. niger, and
Penicillium chrysogenum [155].

Besides, their catalytic capacities make them suitable for dye degradation, such as reported by
Veisi et al. in their research, where green synthesized silver nanoparticles from the leaf extract
of Thymbra spicata decreased different dyes, such as nitrophenol, thodamin, and methylene
blue [156].

Inhibition of bacteria by application of highly monodisperse spherical silver nanoparticles with
controlled size prepared with elderberry extract also was studied. The significant growth
inhibition of E. coli ATCC 25922 was observed already after 15 min in 6.25 mg/L concentration
of silver nanoparticles in experiments described in the Experimental part. No colonies of the
bacteria were detected after 3 hours of incubation at 35 °C in 3.125 mg/L concentration. The
same effect was noticed after 5 hours of incubation. A similar effect was observed for E. coli,
wild clinical strain. Significant inhibition growth for S. aureus ATCC 25923 strain was
recognized after 15 min in both 12.5 and 25 mg/L concentrations of the silver nanoparticles
colloids, however, no colonies were detected after longer incubation (3 hours and longer). A
lower concentration of silver nanoparticles had a similar effect and we can conclude that any of
the applied concentrations was effective if the incubation took 3 hours and more. Better results
were observed for the wild clinical strain of S. aureus. The bacteria growth was inhibited
already after 15 min in 3.125 mg/L concentration and after 3 and 5 hours of incubation in
3.125 mg/L concentrations showed total growth stop. The antibacterial effect of silver
nanoparticles showed the best effect on E. coli strains. These results are in contradiction with
some other studies, in which better effect was observed for S. aureus strains than for E. coli
strains [157]. However, the differences in the effect of silver nanoparticles are not so significant.

In addition, the wide variation of pH, ionic composition, ionic strength, and natural organic
matter can induce the aggregation of silver nanoparticles in natural waters. This results in
widely varying antimicrobial activities and toxicities [158]. For water treatment, noble metal
nanoparticles can be used in different forms. Usually, they are synthesized separately and then
deposited on other material — support. This support can be chemically inert. This means that
support does not react with pollutants, but prevents the aggregation of nanoparticles, for
example, the nanoparticles of silver, gold, or platinum, and other noble metals supported on
alumina [159]. Metals nanoparticles may be deposited on active support, which participates in
the overall mechanism [160]. For example, silver nanoparticles enhance the photocatalytic
activity of zinc oxide.
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Antimicrobial properties of gold

Gold is one of the most stable elements and more stable than silver [161]. However, gold ions
are toxic for almost all organisms, due to their high oxidizing ability. Having a low activity
against bacteria, gold nanoparticles showed fungicidal activity. Ahmad et al. reported that
antifungal activity depended on the particle size of the gold nanoparticles [162]. As expected,
activity increased with a decrease in the particle size, due to an increase in the specific surface
area of gold nanoparticles, which enhanced the interaction between gold and the binding sites of
the plasma membrane proteins, resulting in the inhibition of H'-ATPase-mediated proton
pumping [163]. Gold nanoparticles with a size of 50-100 nm prepared using Acalypha indica
extract were active against £ .coli alone with MIC at 160 pg, and it was observed to inhibit its
swarming motility and to make the cell leak out proteins [164]. Gold nanoparticles prepared
using Punicagranatum L. extract were utilized for the preparation of a new series of chitosan—
gold hybrid nanoparticles (CS—AuNPs) [165]. The antibacterial activity of CS—PE—AuNPs
displayed a synergetic effect against methicillin-resistant S. aureus with MIC and MBC values
of 15.6 and 62.5 pg/mL, respectively. Another possible application of gold nanoparticles to
wastewater problems is sensors for the determination of toxic organic compounds. Thus, silver
core — gold shell (Ag—Au) nanostructures can be used in microelectrodes and assess their
performance as surface-enhanced Raman scattering substrates to detect and quantify toxicants.
The surface-enhanced Raman scattering enhancement factor for the Ag—Au nanostructures was
estimated to have a maximal value of 6.51x10°. Combining a data reduction technique with a
linear classifier, both identification and quantification were demonstrated with 100% success.
The toxicants thiram, thiabendazole, malachite green, and biphenyl-4-thiol were all detected and
identified at 1 ppm [166].

Antimicrobial properties of other noble metals

The microbiological properties of platinum nanoparticles in an aqueous environment have been
investigated [167]. It is thought that platinum nanoparticles can damage cell walls and cause the
release of substances (cytosolic proteins) for both bacteria and fungi [168]. In addition, the
platinum-based toxic effects based on the interaction with cellular components inside the
cytoplasm and inside the nucleus have been reported [169]. Similar to gold nanoparticles, the
bactericidal properties of platinum nanoparticles depend on the size (<3 nm), whereas large
nanoparticles led to enhanced growth of bacteria.

However, platinum nanoparticles capped with bioactive compounds could be used as promising
antibacterial and antifungal agents [170]. The bactericidal activity of the greenly synthesized
platinum nanoparticles (extract of Taraxacum laevigatum) was evaluated against gram-positive
bacteria (Bacillus subtilis) and gram-negative bacteria (Pseudomonas aeruginosa). The findings
revealed that the platinum nanoparticles exhibited significant antibacterial activity against both
strains, making them promising antibiotics that could overcome bacterial resistance [171].

Antimicrobial effects of other noble metals nanoparticles have been also reported, for example,
for palladium and ruthenium. Palladium, which is widely used as a catalyst for many chemical
reactions, has been also tested as an antimicrobial agent. Interestingly, palladium nanoparticles
are more effective for gram-positive bacteria than gram-negative bacteria and exhibit size-
dependent antimicrobial activity [172]. The proposed mechanisms of antimicrobial activity
consist in the interaction of metal ions with thiol groups of bacterial enzymes with further
denaturation, inhibition of bacterial respiratory mechanism, attack and destruction of bacterial
DNA, direct disruption of the bacterial cell membrane, and the production of reactive oxygen
species [173]. However, extensive accumulation of palladium nanoparticles in vacuoles of
Tetrahymena thermophila [174] could cause biological concentration of palladium in the
environment, and thus, unpredicted influence on other aquatic organisms. It has been reported
that ruthenium nanoparticles are used as an oxide for antimicrobial agents [175]. Ruthenium
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oxide nanoparticles under near-infrared light exhibit good bactericidal activity with mechanisms
similar to that of palladium nanoparticles.

CONCLUSION

Many factors influence the adsorption, including the presence of various oxygen-containing
groups and the specific features of the porous structure. Among the major factors considered,
one should account for the stock solutions’ pH, ionic strength, and the content of heavy metal
ions. The influence of certain factors on adsorption is not completely clear. Depending on
concentrating conditions and the efficiency of complexing or ion-exchange reactions, adsorption
capacity depends on many of the aforementioned factors directly or indirectly. The Freundlich
and the Dubinin—Radushkevich isotherms are modeled reasonably well the adsorption data at
the considered concentration range, but, the results of this Cu®" adsorption modeling have a
physical meaning if one considers the paradigm of Dubinin—Radushkevich equation, which is
adequately considered the surface heterogeneity of the oxidized carbon surface and suggested
cations adsorption inside the nanopores. Within the hypothesis of the mechanism of adsorption
of the copper ions by complexing, the reason for efficient adsorption is the simultaneous action
of adsorption centers. From this consideration, accounting for all pros and cons, a special
nanoporous activated carbon type can be developed for use in ultrafiltration membranes for
wastewater and drinking water treatments. The adsorption capacity of these membranes could
be compared with a granular activated carbon and an activated carbon fiber. In this filtration, the
oxidized carbon surface should significantly extend the membrane performance and can be a
promising tool for the hybrid processes for wastewater and water treatment.

Nanoparticles, due to their high surface/volume ratio, exhibit totally different characteristics
compared to the bulk forms of the same materials; this makes them much more active. The
unique characteristics of these nanosized noble metals have great advantages for antibacterial
and antifungal applications in different fields. Metallic nanoparticles of gold, silver, platinum,
and palladium, in a pure form or alloyed with other nanoparticles, are prospective to be used in
water additional purification. Nanoparticles of gold metal have been widely used in biomedical
applications, disease diagnostics, separation, and pharmaceutical sciences. Silver metal
nanoparticles are being used in antibacterial applications, and due to such advantageous
properties, they have recently been integrated into commercial wound dressings and medical
implant coatings, which are all available on the market. Additionally, platinum metal
nanoparticles are in use today in biomedical applications. Moreover, palladium metal
nanoparticles have been extensively used in antibacterial applications. One of the most
promising applications of nanotechnology is water, wastewater treatment, and remediation. This
includes different mechanisms such as adsorption of pollutants, heavy metals, removal and
inactivation of pathogens, as well as diversion of toxic materials into less toxic compounds.
Presently, various nanotechnologies with nanoparticles, nanopowders, and nanomembranes are
being employed for the removal of chemical and biological substances such as heavy metals,
phosphate, nitrate, nitrite, and ammonia nutrients, algae, including cyanobacterial toxins,
viruses, bacteria, and parasites. That is why our contribution in green preparation of noble
metallic nanoparticles and nanoporous sorbents will be valuable addenda to existed
achievements in the field of creating composite filters for water purification and adsorptive
separation from toxic and harmful ions and biota.
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