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Abstract

When producing fertilizers from liquid waste from pig farms, reagent fractionation processes are carried out, during which
particles become larger and fall out as sediment as a result of settling. Effective coagulation time varies depending on
environmental conditions, reagent concentrations and other factors. The task is to determine the state of the system depending
on time at different densities of liquid waste, as well as to determine the coagulation rate. The article discusses methods for
describing the processes of coagulation of monodisperse media during the processing of liquid waste from pig farms in order to
obtain organomineral fertilizer. Chemical coagulation is a widely used and easily applicable method for treating such wastes.
However, this method requires optimization to improve coagulation efficiency while minimizing the use of chemicals. To
describe the processes occurring, Smoluchovski equations were used in a spatially homogeneous case. The individual and
combined influence of independent variables on the desired response parameters were used to construct a mathematical model
of the rapid coagulation of liquid waste from pig farms after reagent treatment. The data obtained can be used to determine the
rate of coagulation at various time intervals from its beginning, however, it is necessary to take into account the composition of
liquid waste and the physical mechanisms causing coagulation, and the description of the system should be considered in the
form of a system of kinetic differential equations for a more accurate determination of the core.

Keywords: liquid waste, pig complex, coagulation, reagent fractionation, mathematical description, organomineral
fertilizer.
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AHHOTaNMA

IIpu mnpou3BOACTBe yAOOpEeHWH U3 JKUJKUX OTXOAOB CBHHOKOMITIEKCOB TIPOBOAAT TIPOIIECCHI  PeareHTHOro
(hpaKIMOHUPOBAHUS, TP KOTOPBIX TPOUCXOAWUT YKPYITHEHWe YaCTHI] W BhIMaJieHWe WX B BUJE 0CaZika B pe3y/bTare
orcrauBaHus. Bpems >¢dekTuBHON Koary/isluu BapbUpPyeTCsl B 3aBUCUMOCTH OT YCJIOBUM OKpy)Karolel cpesbl,
KOHIIEeHTpal[UM peareHTOB W MpouuX ¢aKTOpoB. 3ajauedl CTaBUTCS Orpefie/ieHMe COCTOSHUSI CUCTeMbI B 3aBUCHMOCTH OT
BpeMeHH TIPU Pa3IMUHOM MJIOTHOCTH YKUJKUX OTXOZO0B, a TaKKe OrpejesieHre CKOPOCTU Koary/siliii. B cratbe pacCMOTpeHbI
METO/Ibl OIMUCAHUSI MPOIIECCOB KOAry/silii MOHOJUCIIEPCHBIX Cpe[| MpU TepepaboTKe >KUJKUX OTXOfIOB CBUHOKOMILJIEKCOB C
L[eJIbIO TI0/TyUYeHUsI OPraHOMHUHEPAIbHOrO yA00peHus. XuMuuecKasi KOary/siusi SB/ISeTCS IIUPOKO MCIOb3yeMbIM U JIETKO
MPUMEHUMBIM MeTOIOM 00paboTKu Takux OTX0f0B. OfHAKO 3TOT MeToJ TpeOyeT ONTUMH3ALMK [Jisl TOBBIIIEHUS
3¢ GEKTUBHOCTA KOAry/siliii TPU MUHUMM3ALUM UCTIOb30BaHUS XUMHUUECKUX BellecTB. [T OMUCaHWs TPOUCXOSIINX
TMPOLIECCOB MCMO/b30Ba/IMCh ypaBHeHHsi CMOMYXOBCKOTO B TIPOCTPaHCTBEHHO-OAHOPOAHOM cjydae. VHAMWBUAya/lbHOE U
COBOKYTIHOE BJIMSIHME He3aBUCHMBIX IIepeMeHHbIX Ha >KelaeMble TlapamMeTpbl OTBeTa IPUMEHSUIMCh JJjisi TIOCTPOeHHs
MareMaTU4yecKold Mojie/ii OBbICTPOW KOary/isild JKMJKUX OTXO/0B CBWHOKOMIUIEKCOB TIOC/Ie peareHTHOW 00paboTKu.
IMonyueHHbIe JaHHBIE MOYKHO UCITO/IH30BaTh AJISl OTIpe/ie/ieHUs] CKOPOCTH KOAryJisiliu B pa3/IMuHble TTPOMeKYTKHA BPeMeHU OT
ee Hauasa, OZJHAKO HeOOXOAWMO YUUTHIBATh COCTAB >KUJAKUX OTXOJOB U (M3MUECKHE MeXaHW3Mbl, BbI3bIBAIOIIVE KOATYJISIHIO,
OMMCAHKE >Ke CHCTeMbl PACCMOTPETh B BU/IE CUCTEMbI KHHETHUECKUX AutdepeHI[HaTbHbIX YPaBHEHUH, [/ 6ojiee TOUHOro
onpejesieHus siapa.

KimoueBble CJ/I0OBa: >XUKWE OTXObl, CBUHOKOMILIEKC, KOAry/ISAI[Us, peareHTHOe (PpakIi[MOHUPOBAHHE, MaTeMaThUuecKoe
omucaHue, OpraHOMUHepabHOe yaoOpeHue.

Introduction

Liquid waste resulting from intensive livestock farming has a negative impact on the environment. Nitrogen and
phosphorus compounds in waste from pig farms pollute the soil and water bodies. Stored liquid waste produces odor, primarily
due to anaerobic decomposition of proteins. Pig farm waste is a mixture of feces, urine and water. Before they can be
processed and disposed of, waste must be separated into solid and liquid fractions. With proper processing, these wastes
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become suitable for application to the soil as fertilizers [1], [2]. Extensive research has been conducted to evaluate the
performance of various separation technologies in laboratory or pilot scale conditions, only a few of which are capable of
achieving complete separation. Many methods for separating liquid waste from pig farms affect the nitrogen characteristics of
the resulting liquid and solid fractions, which can alter its potential availability to plants. The simplest technology, physical
separation, can remove up to 80% of the total solids. Modern separation processes have some limitations, such as high
investment and processing costs. For a rational choice of manure treatment method, scientifically based results on the
separation efficiency and fertilizing value of the resulting products are necessary [3]. When mechanically separating liquid
waste from pig farms, fine particles are degraded more quickly than large particles, and most of the recovered carbon, protein
and nutrients are contained in the fine particles. Because these compounds are odor sources and carriers of organic nitrogen
and phosphorus, it is recommended that solid-liquid separation processes be implemented to remove both large waste particles
and particles smaller than 0.25 mm to significantly reduce both odor generation and nutrient content. Chemicals may be
required to remove fine particles and dissolved phosphorus. Separation using physicochemical treatment followed by
coagulation and sedimentation has become widespread [4], [5], [6]. Chemical coagulation is a widely used and easily
applicable method for treating such wastes. However, this method requires optimization to improve coagulation efficiency
while minimizing the use of chemicals.

Research methods and principles

Mathematical analysis is empirical modeling that can be used to develop relationships between process factors and
experimental results. Mathematical models with fast analytical methods allow rapid prediction of decomposition rate constants
and are very useful for studying the coagulation process of liquid waste from pig farms.

Various articles by domestic and foreign authors examine in detail the theoretical foundations of coagulation.
Mathematical models have been developed that describe the state of monodisperse media during coagulation in the air and
liquid phases, which are based on the works of Smoluchowski [7], [8], [9]. For example, A.M. Shterenberg and D.A. Filippov
model coagulation processes based on the use of systems of kinetic differential nonlinear equations, and V.A. Galkin examined
in detail the cases of solutions to the Smoluchowski equation under various initial conditions. Reihard Lang and Nguen Xuan
Xanh in their work “Smoluchovski's Theory of Coagulation in Colloids Holds Rigorously in the Boltzmann-Grad-Limit”
formulated and proved several key theorems that provide an in-depth understanding of the behavior of a dispersed system
during coagulation. All of the above works are based on the basic theory of DLFO (aggregative stability of lyophobic disperse
systems).

However, none of the modern works has studied in detail the behavior of polydisperse systems of liquid fractionated
organic waste, consisting of substances in different concentrations during settling and mixing. The study of coagulation
processes in such systems will help to describe in more detail the behavior of particles and theoretically determine the state of
the system at different times under different initial conditions.

Main results

To describe the processes occurring, we started from the Smoluchovski equation in a spatially homogeneous case. The
individual and combined effects of the independent variables on the desired response parameters were used to construct a
mathematical model. We will assume that all colliding particles will become larger. In this case, the Smoluchovski equation
will take the following form:

| (1)

However, if a constant source of particles is present in the system, with the intensity of coagulation being maintained, then
the following Cauchy problem will have the form:

o0
2l = —p(m,t) @ (my,t) dmy +q (my) )

The absence of a solution in this case was proven in [7]. In what follows, we will assume that the system has a finite
number of particles N and tends to enlarge all particles inside the system with further precipitation. There are other cases in
which there will be solutions, for example, in the case of a limited kernel (a function that is determined by a specific type of
physical mechanism causing coagulation @(t)), the existence of a classical solution was proven in [10], and provided that the
kernel increases no faster than linear in its arguments in [9], [10], [11].

Let us consider the classical case and compare it with experimental data. Let us denote by N, the concentration of
aggregates containing m particles: @(m,0) =@y =0.

u(x,t) = ﬁ exp [— H’_‘%
2

For rapid coagulation we can assume the following form of the equation:

dN, 1 vm—1 oo
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It is important to note that the core is stationary and does not depend on the mass and size of the particles. The exact
solution of the system of equations will have the following form:

8kp T
®»o = 31,?] 4
where 1, is the time of half coagulation according to Smoluchovski.
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The values of experimental and calculated coagulation rates at various densities of liquid waste are presented in Table 1.
Based on experimental data [1], [2], we will plot the dependence of particle concentration on time and density of liquid
waste. The calculation results are shown in Figure 1.

Table 1 - Values of experimental and calculated coagulation rates at different densities of liquid waste
DOI: https://doi.org/10.23670/IRJ.2024.139.70.1

Density Coagulation rate after time t from the beginning of coagulation
liquid 1min (10**) | 2min (10%?) 4min (10') 6min(10'") 8min(10') 10min(101)
waste, | = z z z = z
o' £ 12 18 3 (B |3 |E (3 |E |3 O|F |%
5 (3|2 (2 |8 |3 [E |3 |8 |2 |& |8
3 8 b} 8 3 8 3 8 3 8 3 3
10343 | 0.89 [1.05]|294 | 263 | 657 |658 |325 [283 [146 | 159 |10.12) 9.86
10384 | 1.26 | 147 | 409 | 368 |1036|921 | 459 |39 |212 |223 | 1516|142
10424 | 1.99 | 237 | 646 | 593 | 1406|1482 | 7.71 | 659 | 342 | 359 |23.15]|22.98
1046.4 | 4.38 | 5.18 | 14.08 | 12.94 | 32.25 | 32.37 | 16.69 | 14.39 | 8.01 | 8.09 | 51.08 | 50.27
1050.4 | 7.06 | 8.47 | 18.74 | 21.17 | 51.47 | 52,91 | 25.89 | 23.52 | 13.01 | 13.23 | 85.28 | 84.67

The data obtained can be used to determine the rate of coagulation at various time intervals from its onset.
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Figure 1 - Results of theoretical calculation of the coagulation rate of liquid waste depending on their density
DOI: https://doi.org/10.23670/IRJ.2024.139.70.2

The results obtained differ significantly from the experimental data, primarily due to the lack of consideration of the
mechanisms of slowing down coagulation, as well as the interaction between various compounds of the useful components of
nitrogen, potassium and phosphorus. Thus, at a density of 1050.4 mg/m3 2 minutes after the start of coagulation, the calculated
coagulation rate is 1.2 times higher than the experimental one obtained in laboratory conditions. And after 6 minutes, the same
speed is 1.1 times lower than the experimental one. First of all, it is necessary to clarify the composition of liquid waste and the
physical mechanisms that cause coagulation, and consider the description of the system in the form of a system of kinetic
differential equations for a more accurate determination of the core. Conclusions on the theory of coagulation are presented
within the framework of the DLFO theory, where it is possible to clarify the interaction of molecules and calculate the
interaction energy in potential minima and maxima.

Conclusion
A mathematical model built on the basis of the classical Smoluchowski equation allows one to calculate the coagulation

rate in a system with a finite number of particles and a coagulation efficiency equal to 1, i.e. where all collisions lead to particle
enlargement. The convergence of the obtained calculated results with the experimental ones is 80-85%. However, in reality,
physical mechanisms arise that reduce the efficiency of coagulation due to the emergence of potential barriers during the
interaction of particles. These factors lead to the need to complicate the mathematical model and construct a system of
differential equations that take into account the efficiency of coagulation, particle size, physical mechanisms and experimental
conditions. In subsequent studies, it is planned to construct a mathematical model of the entire process of reagent fractionation
of liquid waste from a pig farm, including the described model of the coagulation stage, taking into account the above factors.



International Research Journal = Ne 1 (139) = January

Kondukr naTepecoB Conflict of Interest
He yka3zaH. None declared.
Pernjensus Review
Bce cratbu npoxogAar perjeHsupoBanre. Ho perjeHseHT wimn All articles are peer-reviewed. But the reviewer or the author
aBTOP CTaTbU MPE/NOUIN He My0/IMKOBATh PELIEH3UI0 K 3TOM of the article chose not to publish a review of this article in
CTaThe B OTKPBITOM [IOCTYTIe. PerjeH3ust MOXKeT ObITh the public domain. The review can be provided to the
TIpe/iocTaB/ieHa KOMITETeHTHBIM OpraHaM TI0 3aripocy. competent authorities upon request.

Cnucok yiareparypsbl / References

1. Kolesnikova T.A. Ammophos Efficiency Application for Treatment Highly Concentrated by Biogenic Elements Wastes
of Agro-industrial Complexes / T.A. Kolesnikova, M.A. Kulikova // EurAsian Journal of BioSciences. — 2020. — V.14. Nel.
— p. 829-834. DOI: 10.1088/1755-1315/677/3/032108 .

2. Gribut E.A. Research of the Oxalic Acid Effectiveness in the Treatment of Biodegradable Organic Waste from
Livestock Complexes / E.A. Gribut, M.A. Kulikova, T.A. Kolesnikova // EurAsian Journal of BioSciences. — 2020. — V.14.
Ne 1. — p. 575-579. DOI: 10.1088/1755-1315/677/3/032108 .

3. Pantelopoulos A. Two-stage Separation and Acidification of Pig Slurry — Nutrient Separation Efficiency and
Agronomical Implications / A. Pantelopoulos, H. Aronsson // Journal of Environmental Management. — 2021. — Vol.280.
DOI: 10.1016/j.jenvman.2020.111653.

4. Makara A. Selection of Pig Manure Management Strategies: Case study of Polish farms / A. Makara, Z. Kowalski //
Journal of Cleaner Production. — 2018. — 10. — p. 187-195. DOI: 10.1016/j.jclepro.2017.10.095.

5. Fangueiro D. Effects of Cattle-slurry Treatment by Acidification and Separation on Nitrogen Dynamics and Global
Warming Potential after Surface Application to an Acidic Soil / D. Fangueiro, A. Bichana // Journal of Environmental
Management. — 2015. — Nel62. — p. 1-8. DOI: 10.1016/j.jenvman.2015.07.032.

6. Arachchige T. Response Surface Optimization of Chemical Coagulation for Solid-liquid Separation of Dairy Manure
Slurry through Box—Behnken Design with Desirability Function / T. Arachchige, O. Kasun // Heliyon. — 2023. — 9(6). DOI:
10.1016/j.heliyon.2023.e17632.

7. Lang R. Smoluchowski's Theory of Coagulation in Colloids Holds Rigorously in the Boltzmann-Grad-limit / R. Lang,
N. Xanh // Zeitschrift fiir Wahrscheinlichkeitstheorie und Verwandte Gebiete. — 1980. — Vol.54. — p. 227-280 . DOI: 0044-
3719/80/0054/0227.

8. [lTepenbepr A. MojenupoBaHie TMPOLIECCOB KOAry/isilMd Ha OCHOBe [PUMEHEHUsT CUCTEM KHHETUYECKUX
muddepeHIManbHbIX HelMHelHbIX ypaBHeHudi / A. IItepenbepr, [. ®unmvnmos // BectH. Cam. roc. TexH. yH-Ta. Cep. ®us.-
Mart. Hayky, Camapa. — 2007. — 42. — c. 207-209. DOI: 10.14498/vsgtud40.

9. lankux B. O cymiecTBoBaHMY 1 eJMHCTBEHHOCTH pellleHHs1 ypaBHeHus1 koaryssinyd / B. Tankun / IuddepenipanbHble
ypaBHenust. — 1977. — V. 13, Ne 8. — c. 1460-1470.

10. Melzak A. A Scalar Transport Education / A. Melzak // Trans. Amer. Math. Soc. — 1957. — Vol. 85. — p. 547-566.

11. TankuH B. O6 ycTOMUMBOCTY M CTabWIM3alvKy pelleHust ypaBHeHus Koarynsiuu / B. Tankun // duddepeHipanbHbe
ypaBHenust. — 1978. — T. 14, Ne 10. — c. 1863-1874.

CHucoK iTepaTtypbl Ha aHInickoM si3bike / References in English

1. Kolesnikova T.A. Ammophos Efficiency Application for Treatment Highly Concentrated by Biogenic Elements Wastes
of Agro-industrial Complexes / T.A. Kolesnikova, M.A. Kulikova // EurAsian Journal of BioSciences. — 2020. — V.14. Nel.
— p. 829-834. DOI: 10.1088/1755-1315/677/3/032108 .

2. Gribut E.A. Research of the Oxalic Acid Effectiveness in the Treatment of Biodegradable Organic Waste from
Livestock Complexes / E.A. Gribut, M.A. Kulikova, T.A. Kolesnikova // EurAsian Journal of BioSciences. — 2020. — V.14.
Ne 1. — p. 575-579. DOI: 10.1088/1755-1315/677/3/032108 .

3. Pantelopoulos A. Two-stage Separation and Acidification of Pig Slurry — Nutrient Separation Efficiency and
Agronomical Implications / A. Pantelopoulos, H. Aronsson // Journal of Environmental Management. — 2021. — Vol.280.
DOI: 10.1016/j.jenvman.2020.111653.

4. Makara A. Selection of Pig Manure Management Strategies: Case study of Polish farms / A. Makara, Z. Kowalski //
Journal of Cleaner Production. — 2018. — 10. — p. 187-195. DOI: 10.1016/j.jclepro.2017.10.095.

5. Fangueiro D. Effects of Cattle-slurry Treatment by Acidification and Separation on Nitrogen Dynamics and Global
Warming Potential after Surface Application to an Acidic Soil / D. Fangueiro, A. Bichana // Journal of Environmental
Management. — 2015. — Ne162. — p. 1-8. DOI: 10.1016/j.jenvman.2015.07.032.

6. Arachchige T. Response Surface Optimization of Chemical Coagulation for Solid-liquid Separation of Dairy Manure
Slurry through Box—Behnken Design with Desirability Function / T. Arachchige, O. Kasun // Heliyon. — 2023. — 9(6). DOI:
10.1016/j.heliyon.2023.e17632.

7. Lang R. Smoluchowski's Theory of Coagulation in Colloids Holds Rigorously in the Boltzmann-Grad-limit / R. Lang,
N. Xanh // Zeitschrift fiir Wahrscheinlichkeitstheorie und Verwandte Gebiete. — 1980. — Vol.54. — p. 227-280 . DOI: 0044-
3719/80/0054/0227.

8. Shterenberg A. Modelirovanie protsessov koaguljatsii na osnove primenenija sistem kineticheskih differentsial'nyh
nelinejnyh uravnenij [Modelling of Coagulation Processes on the Basis of Application of Systems of Kinetic Differential
Nonlinear Equations] / A. Shterenberg, D. Filippov // Bulletin. Sam. State Technical University. Ser. Phys.-Mat. Sciences,
Samara. — 2007. — 42. — p. 207-209. DOI: 10.14498/vsgtu440. [in Russian]



International Research Journal = Ne 1 (139) = January

9. Galkin V. O suschestvovanii i edinstvennosti reshenija uravnenija koaguljatsii [On Existence and Uniqueness of the
Solution of the Coagulation Equation] / V. Galkin // Differential Equations. — 1977. — V. 13, Ne 8. — p. 1460-1470. [in
Russian]

10. Melzak A. A Scalar Transport Education / A. Melzak // Trans. Amer. Math. Soc. — 1957. — Vol. 85. — p. 547-566.

11. Galkin V. Ob ustojchivosti i stabilizatsii reshenija uravnenija koaguljatsii [On Stability and Stabilization of the
Solution of the Coagulation Equation] / V. Galkin // Differential Equations. — 1978. — V. 14, Ne 10. — p. 1863-1874. [in
Russian]



	ГЕОЭКОЛОГИЯ / GEOECOLOGY
	Modeling of Coagulation Processes in the Reagent Separation of Agricultural Waste
	Kolesnikova T.A.1, *, Kulikova M.A.2
	Моделирование процессов коагуляции при реагентном разделении сельскохозяйственных отходов
	Колесникова Т.А.1, *, Куликова М.А.2

