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ON THE ISSUE OF SORPTION OF MICROORGANISMS
IN A SOLITARY PORE SYSTEM OF A CARBON SORBENT

Research article

Abstract

The article discusses the sorption of microorganisms on a carbon sorbent. The study of samples of recycled and purified
waters was carried out using a luminometer and a turbidometer-nephelometer. Microorganisms immobilized in the pores were
studied using light and electronic optics. With the help of bioinformatic interpretation, the sorption interaction of some types of
microorganisms divided by size factor into blue-green algae and protozoa, bacteria and viruses with a solitary pore system
consisting of three types of subsystems: macro-, meso- and micropores is modeled. Initially, for a theoretical description of the
reduced system, an oriented graph was constructed using network theory. In the future, with the help of generating and
exponential functions, a method for classifying microorganisms in accordance with the size factor is given, and the question of
describing the number of ways of placing microorganisms in the presented pore system is considered, on which, ultimately, the
total sorption depends. And since the latter is a reversible equilibrium phenomenon, in conclusion, the reverse process is also
predicted — desorption, calculated using the Bayes theorem, often used in bioinformatics.
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K BOITPOCY O COPBLIMU MUKPOOPI'AHU3MOB
B YEAUHEHHOH MOPOBOM CUCTEME YIJIEPOJHOI'O COPBEHTA

Hayunas cratbs

AHHOTALMSA

B cratbe paccMaTpuBaeTcs copOLMs MUKPOOPTraHU3MOB Ha yriilepogHoM copOenre. MccnenoBanne o0pasoB 000pOTHBIX U
OYMIIEHHBIX BOJI BBINOJIHEHO C IIOMOIIBIO JIIOMHHOMETpa U MyTHOMepa-HederoMeTpa. MUKpOOpraHU3Mbl, IMMOOMIN30BaHHbIE
B II0pax HW3y4YeHBbl C IIOMOIIBIO CBETOBOW M 3JIEKTPOHHOW onTukH. C momombio OMOMH(OPMALMOHHOW WHTEpPIIpETaluy
CMOJIETUPOBAHO COPOIIMOHHOE B3aWMOJIEHICTBHE HEKOTOPHIX BHIOB MHKPOOPTaHHW3MOB, MOJPA3JCIAEMBIX MO Pa3MEPHOMY
(bakTOpYy Ha CHHE-3€JICHbIE BOJOPOCIH U MIPOCTEUIINE, OAKTEPUH M BUPYCHI C YEAHMHEHHON MOPOBOI CHCTEMOH, COCTOSIIEH 13
TpeX TUIIOB IOJCUCTEM: MAKpO-, ME30- U MUKpONOp. IlepBoHayanbHO, Ui TEOPETUUECKOTO ONMCAHMSI IPUBEJCHHON CUCTEMBI,
C TOMOIIBI0 TEOPHUM CETeH TIOCTPOSH OpPUEHTHUPOBaHHBIM Trpad. B nanpHelmeMm, ¢ TOMOIIBIO TPOU3BOMIIINX |
SKCIOHEHIMATBHOH (DYyHKIHH MPHUBEIEH CIIOCO0 KIaCCU(PUKAIIMA MUKPOOPTAHIM3MOB B COOTBETCTBHH C pa3MEPHBIM (PaKTOPOM,
a TaKkXKe PacCMOTPEH BOIIPOC ONHMCAHMs KOJIMYECTBA CIIOCOOOB pa3MEIlEeHHs] MHUKPOOPTAHU3MOB B IPE/ICTABICHHOMN ITOPOBOM
cucTeMe, OT KOTOPBIX, B KOHEYHOM HTOI'€, 3aBHCHT 00IIas copOuus. A Tak Kak MOCIEIHss €cTh 00paTHMOe paBHOBECHOE
SIBJICHHE TO, B 3aKIJIIOUCHNH, TAK)KE CIIPOTHO3UPOBAH OOPATHBIN MPOIIECC — ecopOLHs, BEIYUCICHHBIH C HCIIOJIB30BaHHEM YacTo
ynorpebisieMoii B Ononndopmaruke teopemsl baiieca.

KaioueBble cji0Ba: MUKpOOpPraHU3MBI, 0OOPOTHBIE BOJBI, COPOIMOHHAs OYMCTKA, YTJIEPOIHBIN COPOEHT, yeIMHEHHAs
HOpOBast CUCTEMA, MaKpo-, M€30-, MUKPOIIOpHI, oprpad, Mpou3BoAsIIas 1 IKCIIOHEHIMaIbHas GyHKIMH, TeopeMa baiieca.
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1. Introduction

Recycled (waste) water as a habitat for numerous microorganisms (blue-green algae, protozoa, bacteria, viruses) it causes
many harmful phenomena, such as turbidity and unpleasant odor, corrosion of metals and alloys, even such as stainless steels,
and also, due to the transfer of a number of serious diseases, it poses a real threat to human health. Municipal wastewater as a
whole is an excessive nutrient medium for the development of algae and protozoa, as well as bacteria and viruses. Thus, due to
the widespread use of synthetic detergents containing phosphates in high concentrations in everyday life, the growth and
reproduction of blue-green algae occurs in wastewater, causing its active flowering, accompanied by a fall in water dissolved
oxygen [1]. When the dissolved oxygen content decreases to critical values, many aquatic inhabitants (for example, fish) begin
to die, so flowering can lead to the formation of overseas zones. One of the most effective methods of wastewater treatment from
such pollutants is the use of carbon sorbents. Special attention is paid to the study of the nature of the adsorption interaction,
porosity, as well as the specific surface area of sorbents, since the strengths of the use of these substances are their high absorbing
and brightening ability, repeated use, as well as availability and cheapness [2].

2. Experiment and methods

Initially, the synthesis of carbon sorbents was developed and adjusted, with the development of technology for their use for
wastewater treatment according to the method [3]. Then the porosity of the obtained sorbents was studied according to the
method [4]. Thus, the average size of macropores was about 6-10 microns, mesopores had size indicators comparable to 1,0-0,6
microns, and the size of micropores (determined by electron microscopy) was assumed to be 0,05-0,2 microns. Sorption
purification of recycled water from bio-contamination consisted in their passage through a column with a carbon sorbent and
analysis of the degree of their purification upon completion of the filtration process (Fig. 1).

An important indicator of the quality of water used for almost any purpose is its transparency. Therefore, for an objective
assessment of qualitative indicators during tests of carbon sorbent, the turbidity of circulating waters was studied with a
Milwaukee MI-415 nephelometric turbidimeter [5]. The wastewater delivered for the experiment visually had a dirty yellow-
green color and, therefore, showed a very high turbidity taking the value of 60 FNU. When studying this water that has been
filtered through a sorbent, the turbidity became equal to 0,22 FNU. Thus, turbidity after filtration through the sorbent decreased
by more than 270 times and, according to this criterion, assumed a value very close in transparency to the indicator of tap water
(0,0-0,25 FNU).
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Fig. 1 — Filtration column with carbon sorbent:
1 — glass burette; 2 — sorbent layer; 3 — glass wool or fiberglass layer; 4 — a tap to adjust the filtration rate;
5 — a glass for collecting filtrate; 6 — metal tripod with foot

To determine the microbiological contamination of wastewater samples treated with carbon sorbent, a BIOLUM III
luminometer was used, which is a device that works with test systems specially created for it that determine the biological purity
of water samples by quantifying ATP based on the phenomenon of bioluminescence. Under the influence of the enzyme
luciferase, ATP present in the sample accelerates oxygen oxidation of a special luciferin peptide with the release of a quantum
of light (Fig. 2). The reaction occurs so fast that it allows you to get results in real time according to the following scheme:
luciferin + O2 + ATP — oxidized luciferin + CO2 + H20 + ATP + P2074— + hv [6]. In biology and medicine, methods using
luciferase are also in demand, for example, immunoprecipitation for the detection of antibodies in autoimmune and infectious
diseases, the study of the immune response in Ebola fever and the pathogenesis of herpesvirus infection, cytotoxicity research,
etc.



Journal of Agriculture and Environment 2 (30) 2023

Enzyme - Luciferase

\ Oxvluciferin

o | o
5 5 ‘ ) m_
o | AN >
______j///——\\\\_____J///——‘\\\\_____ o o / /COOH
OHOH / & =L
COOH Oi >C—CH=CH—C |
S

_F

?

0

|

?

o-p=0

o
I\;

N\s —cHs

N N—cH /
Ne—an=ci—c? | / " r—
s T Ns—chy ATP / Light emission

Substrate - Luciferin
Fig. 2 — The principle of operation of the luminometer

Measurements showed that the wastewater samples had a bio-contamination equal to 905 RLU (relative light units). This
indicator repeatedly exceeded the maximum permissible purity threshold for public water. Thus, the biointerpretation indicates
that water having the maximum permissible concentration of microorganisms (viruses, bacteria, protozoa and algae) should be
equal to the value of 30 RLU [7], [8], [9]. Purification of wastewater samples using an organomineral sorbent allowed to reduce
bio-contamination to a value of 50 RLU, i.e. more than 18 times.

Upon completion of the filtration process, the carbon sorbent was drained under vacuum and frozen in a Dewar vessel to the
temperature of liquid nitrogen. Then thin sections were obtained from its surface to expose pore systems. After that, optical and
electron microscopy of their surfaces was carried out, first at a relatively low resolution, and then at the limit of electronic optics

(Fig. 3).
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Fig. 3 — Optical (luminescence) and electronic micrographs microorganisms localized in the pore system:

a — localization of the biofilm on the surface of the sorbent (magnification X1000); b — a section of macropores, algae +
protozoa + large bacteria (an increase of X20,000); ¢ — a section of mesopores, large and small bacteria + viral particles
(an increase of X40,000); d — a section of micropores, a colony of viral particles in the form of a dense package is visible
(an increase of X70,000)

Thus, the experimental data obtained during the study of recycled water samples, after their passage through the sorbent
layer, had high bio-purification rates.
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3. Calculation algorithm and discussion of the results

When carrying out all calculations, the main condition of the described processes is that sorption (immobilization) in this
case assumes an exclusively physical (dimensional) character, i.e. retention of such microbiological particles as blue-green algae,
protozoa, bacteria, viruses, etc. in a solitary pore system, without destroying the shaped (membrane) integrity of these
microorganisms.

Large, medium and small adsorbed microorganisms

Macropores that adsorb large, medium and small
microorganisms

Mesopores that adsorb only medium and small
microorganisms

Micropores that adsorb only small microorganisms

Fig. 4 — Model of a solitary pore system

Consider a solitary pore system consisting of subsystems such as macro-, meso- and micropores (Fig. 4). Now imagine it as
a transporting system through whose capillaries water contaminated with microorganisms (blue-green algae and protozoa,
bacteria and viruses) flows, passing from one point of the subsystem to another. Using this representation, using network theory,
we will represent this transporting system in the form of an oriented graph, the edges of which are microcapillaries between
points (subsystems of pores), in turn, represented by the vertices of the graph (Fig. 5) [10], [11]. We introduce the concept of
flow as the number of microorganisms passing through the capillaries of a solitary pore system for their retention (sorption), and
the flow in question will be directed only in one direction (from the liquid to the pores) and has constancy. Thus, there is some
fixed flow, the source of which is the entrance (A) to the pore system through the macropore, the mesopore (B, D, E) will be an
intermediate (connecting) link, and the micropore (C, F, Z), in turn, will become a drain. Then it becomes obvious that the
amount of flow cannot exceed the throughput capacity of micropore capillaries. Thus, sorption in the most general case is limited
by the filtration rate in micropores.

Thus, sorption in the most general case is limited by the filtration rate in micropores.
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Fig. 5 — Digraph describing a solitary pore system

Further, in the sorption process, we will consider a very important question about the number of ways to place
microorganisms in a solitary pore system, on which their total presence in the sorbent ultimately depends. So, we predict such
placements. Let all microorganisms be classified according to the size factor of the solitary pore system in which they are retained
(sorbed). In general, we will need to find a generating function describing the total number of different placement methods that
can classify n-microorganisms in k-pores in such a way that none of the pores will be empty [12].
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And since the solitary pore system itself as a whole consists of only 3 subsystems (macro-, meso-, micro-), then the n-th
number of microorganisms in it takes a very simple form:

x3

1-21-x2)(1—x3)

O]

The next step is to find a generating function describing the number of ways to place n-microorganisms in the three
subsystems indicated, while accepting the condition that each of the subsystems can contain at least one (for example, algae or
protozoa) but no more than n (bacteria + viruses) microorganisms. This will require the use of the basic property of ordinary
exponential functions [13], [14]. Then, the desired exponential generating function will take the following form:

2 3 n 2 3 n 2 3 n
fx =(£+x_+x_+_”+x_)x(£+x_+x_+m+x_)X(£+x_+x_+m+x_)
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The final step in predicting the ways of placing microorganisms was the exponential function of placing microorganisms in
3 subsystems, provided that one protozoan is retained in the macropore, and the number of microorganisms in meso- and
micropores is taken for odd and even numbers for simplicity. Then the placement function will be set by the following expression:

x+x2+x3+ x+x3+x5+ x2+x4+x6+ (e 1)ex—e"‘ eX+e*
= -+ —4— 4+ | x| -4+ — 4+ — I X —+ — 4+ — e | = — X
fo =7t 21 3 IETIAN PTIS € 2 2 )

ezx 3 2 2
=(e*—1)— = (e — e™* —e** + ™),

therefore, the coefficient at ’;—Twill be equal to: %((3)" - (D"=2)"+ (-2)M).

Since many millions of such pores (solitary pore systems) are present in one gram of carbon sorbent, it seems that the
described number of ways to place these microorganisms (algae, protozoa, bacteria, viruses) in them takes place.

Unfortunately, sorption is an equilibrium phenomenon, always accompanied by the reverse phenomenon of desorption.
Therefore, some of the microorganisms retained in the pore system (due to independent reasons) will inevitably be lost in the
filtrate. To judge the probable degree of desorption of microorganisms in a solitary pore system, we will use Bayes' theorem to
study the effect and determine this cause [15]. So, this theorem is generally recognized today and is often used in bioinformatics,
as it is very useful for determining the causes of many serious diseases (for example, cancer), as well as prognoses of their
treatment and recovery [16].

As the basis of calculations, we take equally possible events B1, B2, B3 .... Bn, for P(B1) = P(B2) = P(B3) = P(Bn). Then
the relation for P(B;|A) will be reduced to the form:

P(B;|4)

PBIA) = 5By ¥ PGAIB) + P(A|B;) + -+ + P(A|B,)

®)

The problem of calculating the probability of desorption takes a very simple form, under the intuitive condition that the
vast majority of the largest microorganisms are concentrated in macro- and mesopore subsystems, and the smallest viral particles
are localized mainly in micropores. For clarity of the sorption-desorption process, we will take well-defined, obtained using
electromagnetic optics, during the experiment, digital values of the number of microorganisms retained in a solitary pore system.
So, in the available qualitative composition of microorganisms during sorption in a solitary time, there is such a alignment of
disjoint events B1, B2 and B3 that break up the sample space, and it is clear that event A has been realized. In the experiment,
as a result of counting, it was obtained that the macropore contained 3 protozoa, 30 different bacteria and 100 viral particles; the
mesopore contained 10 bacteria and 50 viral particles; and, finally, the micropore contained only 30 viruses. Then suppose that
microorganisms were desorbed from an arbitrarily selected pore in the pore system. If these were the smallest viral particles,
then we will predict and calculate the probability that a micropore was selected. Let B1 be the event that a macropore was
selected; B2 is the event that a mesopore was selected; and B3 is the event that a micropore was selected. Let R be the event that
viral particles have been desorbed. Since the choice of pores is random, let's assume that P(B1) = P(B2) = P(B3). Therefore, a
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simplified formula can be used. We have: P(R|B;) = 100; P(R|B,) = 50; P(R|Bs) = 30. Therefore P(B3|R) = 0 1

100450430 6
0,16.

Thus, we obtained a probability of desorption of viral particles from the micropore of 0.16 out of 1.0.
4. Conclusion

From the above, it follows that the use of a carbon sorbent allows you to obtain sufficient results in the bio-treatment of
wastewater, in order to discolor them, remove various pollutants (which are nutrient media) and microorganisms for the
possibility of reuse of recycled water. Carbon sorbents are highly efficient, environmentally friendly systems to prevent water
blooming. The consequence of their use is a successful fight against microorganisms, increasing the level of environmental safety
to the maximum possible. The sorbent itself is not an expensive reagent and, if necessary, can be installed in a replaceable
cartridge directly into the pipeline with contaminated water.

Funding dunaHCHPOBaHHE

The work was prepared as part of the implementation of Pabota moaroToBieHa B paMKaX  BBIIOJHCHHUS
the initiative scientific research of the Buryat State University uHHIHAaTHBHOrO HAy4YHOrO HCCIEAOBaHUSA  BypsTCKOTO
under project No. 22-05-0502 "Development and creation of rocymapcteentoro yuusepcuteta mo npoekty Ne 22-05-0502
ion exchangers (ionites) obtained by modification of carbon «Pa3pabGoTka u co3gaHue HOHOOOMEHHHMKOB (HOHHTOB),
enrichment waste for wastewater treatment". MTONYYCHHBIX MOIM(HUKAINEH OTXOIOB YTICOOOTaIICHUS IS

OYHCTKH CTOYHBIX BOJI.

Conflict of Interest KoHpaukT HHTEpecoB
None declared. He yxkaszas.

References

1. Bogdanov N.I. Biological rehabilitation of reservoirs / N.I. Bogdanov. — 3™ ed. — Penza: RIO PGSHA, 2008 — 126 p.

2. Giles C. Adsorption from solutions on surfaces of solids / C. Giles, B. Itrom, J. Klupi — M.: Publishing house "Mir",
1987 — 435 p.

3. Kondratenko A. S. On the issue of wastewater treatment with an organomineral sorbent obtained by electroplasmic
processing of coal flotation tailings / A. S. Kondratenko, S. L. Buyantuev // IOP Conference Series: Earth and Environmental
Science. — 2022. — Vol. 1070. — P. 012036.

4. Kondratenko A. S. To Study Some Characteristics of Porosity of Organomineral Sorbents Obtained by Electroplasmic
Processing from Coal Flotation Waste / A. S. Kondratenko, S. L. Buyantuev, I. A. Galeguzova // IOP Conference Series: Earth
and Environmental Science — 2021. —Vol. 666. — P. 022071

5. American Public Health Association Standard methods for the examination of water and wastewater. — 14™ ed. — 1976.
— USA: Washington, DC, American Water Works Association. — 131 p.

6. Typpo H. Molecular photochemistry / H. Typpo. — M.: Publishing house "Mir", 1967. — 328 p.

7. Sibirtsev V.S. Molecular luminometry in biotechnological research. Study guide / V.S. Sibirtsev. — St. Petersburg: ITMO
University, 2018. — 62 p.

8. Monitoring Hand Hygiene Using the Hygiena ATP Cleaning Verification System // Hygiena.com [website]. — URL.:
https://www hygiena com (accessed: 12.12.2022).

9. SanPin 1.2.3685-21 "Hygienic standards and requirements for ensuring the safety and (or) harmlessness of environmental
factors for humans”

10. Goodman S. Introduction to the development and analysis of algorithms / S. Goodman, S. Hidetniemi. — M.: Mir, 1981.
— 366 p.

11. Berge K. Graph theory and its applications / K. Berge; translated from French by A. A. Zykova. — M.: Publishing House
of Foreign Literature, 1962. — 319 p.

12. Bronstein E. M. Generating functions / E. M. Bronstein // Soros Educational Journal. — 2001. — Vol. 7, No. 2. —
P. 103-108.

13. Lando S. K. Lectures on generating functions / S. K. Lando. — 3 ed. — M.: ICNMO, 2007 — 144 p. — ISBN: 978-5-
94057-042-4

14. Lavrentiev M. A. Methods of the theory of functions of a complex variable / M. A. Lavrentiev, B. V. Shabat. — 5" ed.
— M.: Nauka, 1987. — 688 p.

15. Kahneman D. Judgment under Uncertainty: Heuristics and Biases / D. Kahneman [et al]. — 21%. — Cambridge
University Press, 2005. — 555 p. — ISBN: 978-0-521-28414-1

16. Gmurman V. E. Probability theory and mathematical statistics. Textbook for universities / V. E. Gmurman. — M.:
Higher School, 1999. — 479 p.



