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Дослідження в галузі очищення підземних вод вказують на пер-
спективність розвитку їх комплексної очистки за участю різних 
морфологічних типів мікроорганізмів, закріплених на інертних кон-
тактних матеріалах. Вказано, що при певних параметрах якос ті 
води (рН 6–7; Еh 50…200 мВ, в присутності розчиненого диоксиду 
вуглецю та величинах перманганатної окисності до 5 мг О2/дм3) 
в підземних водах превалює розвиток бактерій роду Gallionella,  
а при значеннях рН 6,5–7,5; Еh=–200…300 мВ та ПО>5 мг О2/дм3 –  
розвиток бактерій родів Lepthothrix, Crenothrix. Це надає ряд пере-
ваг при застосуванні біохімічного методу перед традиційними 
фізико-хімічними, зокрема прискорення процесу очищення води від 
сполук феруму. 

Показано, що моделюванню кінетики процесів очищення підзем-
них вод в біореакторах приділялося значно менше уваги ніж тради-
ційним фізико-хімічним методам, для яких були розроблені сучасні 
математичні моделі. Тому розвиток напрямку моделювання біо-
хімічного процесу очищення води від сполук заліза є актуальним 
завданням. Математична модель представлена задачею Коші для 
нелінійної системи диференціальних рівнянь в частинних похідних 
першого порядку. Система задачі Коші складається з п’яти рівнянь 
з п’ятьма невідомими функціями, які описують розподіл концен-
трацій катіонів феруму, бактерій а також матриксних струк-
тур в двох фазах (рухомій та іммобілізованій) як у просторі, так  
і у часі. При побудові моделі були використані як технологічні 
(максимальна брудомісткість (2,6– кг/м3), гранична величина біо-
маси бактерій в матриксних структурах (9,5 г/м3), максимальна 
питома швидкість їх росту (0,17–0,18 год-1), коефіцієнт насичен-
ня (0,65–0,7 г/м3), швидкість потоку в діапазоні 5–20 м/год), так 
і конструктивні параметри (висота контактного завантажен-
ня біореактра 1,3 м). В розглянутій моделі час ефективної роботи 
біореактора залежить від концентрацій катіонів Fe2+, які в при-
родних водах можуть знаходитися в межах 0,5–20 мг/дм3, кіль-
кості феробактерій (102–104 кл/дм3), а також швидкості потоку 
води. Враховано зворотний вплив характеристик процесу, зокре-
ма концентрації матриксних структур в міжпоровому просторі, 
а також характеристик середовища за допомогою коефіцієнтів 
масообміну та пористості. Модель дозволяє визначати оптималь-
ний час роботи біореактора між промивками

Ключові слова: біохімічні процеси, кінетична модель біологіч-
ного знезалізнення, матриксні структури, метод характеристик 
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1. Introduction

In the practice of water treatment, the methods of re-
moving iron compounds from water are represented by three 
groups: non-reagent, reagent, and biological [1]. When treat-
ing weakly acidic (5.5–6.5) and near-neutral (6.5–7.5) waters 
with low (<2.0 mmol/dm3) and medium (2–4 mmol/dm3)  
alkaline reserve, the use of the biological method has advan-
tages over conventional physical and chemical methods [2, 3],  
in particular, acceleration by several times of the rate of the 
process of iron compounds oxidation in both mineral form 
and in the form of organic complexes [2, 4, 5]. That is why the 
relevant task of today is to switch over the existing stations, 
which operate by the method of simplified aeration – filtra-
tion, to the operation with the use of the method of biochemi-
cal oxidation [2]. Over the past few decades, the biochemical 
method has become quite widespread in many countries of 

the world [3]. Papers [5, 6] emphasized the dominance of the 
biological method over the physical and chemical method in 
the treatment of iron-containing weakly acidic and near-neu-
tral groundwater with low and medium alkaline reserve. 
The empirical data were mainly obtained as a result of the 
implementation of the technology of biological treatment of 
underground water [2, 5]. That is why the research into the 
operation of bioreactors under different operating conditions 
with the subsequent development of a mathematical model of 
the process is currently a relevant task.

2. Literature review and problem statement

Existing mathematical models of the removal of ferrous 
compounds are divided into the models describing the 
processes of physical-chemical and biological treatment of 
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groundwater. According to the degree of consideration of 
various factors and processes, the models, which describe 
the processes of physical-chemical treatment, can be divided 
into several groups. The first group includes the models that 
describe only kinetics of the process of oxidation of Fe2+. In 
paper [7], the authors presented a kinetic model, which de-
scribes the processes of removal of Fe2+ and Fe(OH)3 ions by 
the depth of a multilayer filtering load. The model considers 
the parameters of water quality, in particular, Ph magni-
tude, concentration of Fe2+, Mn2+, homogenous oxidation 
in the over-filter space and heterogeneous oxidation in the 
thickness of the filtering load. The model does not take into 
account the processes of convective transfer of the studied 
elements in the depth of contact load during a filter cycle, as 
well as the change of porosity of the interpore space.

The most complex type includes the multicomponent 
models that describe different processes of physical-chemical 
deferrization of groundwater. The most modern of them are 
the models developed, in particular, in papers [8, 9]. The 
model, presented in [8], describes the dynamics of the pro-
cess of water deferrization on fast filters at constant values 
of filtering rates. The model considers the influence of the 
processes of mass transfer, kinetics of exchange and various 
transformations that occur both in liquid and in the solid 
phases of the system in relation to Fe2+, oxygen, various 
forms of Fe(OH)3. Paper [9] contains theoretical research 
into dynamics of accumulation of iron compounds during 
water purification through two-layer filters. The mathemat-
ical model consists of a hydrodynamic (filtration) unit and 
a unit of dynamics of glandular compounds in the filtration 
medium. The hydrodynamic unit, in turn, consists of the 
equations of filtration and continuity of the filtration flow 
under conditions of changing hydraulic characteristics in the 
filter layers. The unit of dynamics of iron compounds consists 
of the equations of material balance, written down relative to 
concentrations of Fe2+ and iron hydroxide Fe(OH)3 in the 
solution and in solid (fixed) phases.

Article [10] presents the modern kinetic model of physi-
cal-chemical deferrization of groundwater through filters, 
which takes into account the mass transfer for two forms 
of iron. The model also reflects the intensification of iron 
removal under the influence of resulting sediment, provides 
continuous filtration, and takes into consideration the limita-
tion of sorption resource.

Our analytical review [7–10] shows that during the 
theo retical solution of the problem of removal of Fe2+ cat-
ions from neutral waters, the classical method based on 
studying the regularities of their removal by the physical 
and chemical mechanism in the process of filtration was 
mainly used. In theo retical studies, the role of the biological 
factor, which exists in the treatment of weakly acidic and 
near-neutral groundwater was not taken into consideration.  
Papers [11–14] address the mentioned factor. Thus, [11] 
shows the results of research into the removal of Fe2+ and 
Мn2+ cations from underground water in the continuously 
operating reactor. The authors use the modernite mineral as 
contact load. Physical activation of the mineral was carried 
out by means of its heating up to 400–600 °С. However, the 
work shows only the results of experimental data without 
constructing a mathematical model and corresponding re-
sults of numerical calculations, which makes it impossible for 
the authors to model the studied process.

It is this approach that was used in research [12] whose 
authors, based on the experimental research, developed 

a model that takes into account a number of parameters 
of water quality, namely: concentrations of Fe2+, Мn2+, 
magnitude of pH. The model is sensible to experimentally 
determined adsorption parameters and allows predicting 
the kinetics of oxidation of Fe2+ compounds in the filtering 
load. However, it should be noted that when developing the 
model, the authors did not take into account the develop-
ment of bacterial populations, formation of matrix structures 
with their further influence on the deferrization process. The 
reason for this can be objective difficulties associated with 
determining the biomass concentration by the depth of con-
tact load of a bioreactor. The mutual influence of the main 
characteristics of the process was not taken into conside-
ration either, which does not make it possible to predict more 
accurately the time of effective operation of a bioreactor, as 
well as to obtain the distribution of concentrations of the 
core components of the process by layers of contact load.

In paper [13], the process of deferrization of underground 
shaft waters with the help of the fixed thionic bacteria of the 
genus Thiobacillus ferrooxidans, with nutrition of bacteria 
in a bioreactor was modeled. As a result of the research car-
ried out by the authors, it was found that the effectiveness 
of operation of bioreactors with fixed microflora is from 7 
to 20 times better at deferrization of mine waters than at 
their passive treatment in horizontal sumps. It should be 
noted that when developing the model, the authors did not 
take into account the influence of fixed biomass and matrix 
structures on cleaning processes. In addition, the factors of 
fixing-separation of bacteria and sediment under the influ-
ence of the hydrodynamics forces with their transfer to the 
lower layers of contact load were not taken into consider-
ation, which does not give a complete idea of operation of  
a bioreactor between washings.

This problem was partially solved in paper [14]. The 
authors presented the results of comparative studies of physi-
cal-chemical and biological removal of ferrum compounds 
from drinking water. The concentration of ferrum ions 
accounted for 1, 2, 3 and 4 mg/dm3, the dissolved oxygen 
up to 7 and 8 mg/dm3, the water temperature was 14 °C, 
the magnitude of Ph was 7.5. The paper provides the model 
with a series of assumptions for combined removal of ferrum 
ions. In particular, the authors accepted that microorganisms 
were uniformly immobilized on the surface of the material of 
contact load as a monolayer of constant thickness. Biological 
oxi dation occurred only in the biofilm, and only phy sical-
chemical oxidation occurred in the liquid volume.

The model is represented by the equation of mass balance, 
which includes the transport and iron oxidation in the result 
of aeration and bacterial activity. However, in this model, the 
authors did not take into account the influence on the pro-
cesses of oxidation of ferrobacteria, which come to a bioreactor 
with outlet water, as well as the bacteria located on the matrix 
structures in the interpore space. In addition, they did not take 
into account the processes of adhesion and separation of bac-
teria from the matrix structures, the processes of formation of 
matrix itself with the passage of the processes of fixation-sep-
aration with their subsequent transportation into the lower 
layers of contact load. The model does not allow determining 
the optimal operating time of a bioreactor between washings.

All this allows us to argue that at the present time, the 
problems of modeling the processes of biological purification 
of groundwater from iron compounds in contact load of bio-
reactors have not been solved completely. In particular, not 
only determining the optimal operating time of a bioreactor 
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between washings, but also determining the efficiency of 
purification by the depth of contact load under the influence 
of a number of accompanying factors (bacterial component, 
matrix structures, additional source of carbon dioxide, etc.) 
remain unresolved.

3. The aim and objectives of the study

The aim of this study is to develop a mathematical model 
of kinetics of the process of treatment of underground wa-
ter-containing waters in bioreactors. This will enable obtain-
ing the distribution of concentrations of bacteria, bivalent 
and trivalent iron in the middle of a bioreactor to set its 
optimum physical dimensions, predict the time of its effective 
operation between washings.

To accomplish the aim, the following tasks have been set: 
– to identify the necessary components of the process to 

solve the model, to construct a physical model of the process;
– to substantiate the structure of the model, to set its pa-

rameters, to determine the initial and boundary conditions;
– to construct the algorithm for solving the set problem, 

using the method of characteristics of solving the Cauchy 
problem for differential equations in partial derivatives of the 
first order and numerical methods;

– to conduct numerical experiments of the process of 
water purification from ferrite compounds in contact load  
of a bioreactor.

4. Materials and methods to model water purification 
process in a bioreactor

The model is based on modern theoretical and microbio-
logical research into the biochemical deferrization process 
presented in papers [2, 15–17]. The proposed model mainly 
focuses on developing the concept of kinetics of biochemical 
treatment of groundwater. Based on these concepts, the 
kinetic model, which should take into account the main 
phenomena and mechanisms in biochemical purification of 
groundwater from ferrite compounds, is being developed.

4. 1. Substantiating the selection of stage in the bio
reactor operation for studying

According to the results of years of research conducted in 
the town of Berezne (2010–2018), the settlement of Rokytne 
(2011–2013), Ukraine, it was possible to state that setting 
a bioreactor in a working state is divided into two stages. 
Stage 1 is the initial stage of «charging» the contact load. 
During this period, the water from the well, which contains 
iron compounds, carbon dioxide, and ferrobacteria, passes 
through the load of a bioreactor. Gradually, the active cata-
lytic surface from cells and matrix structures is formed at 
the surface of the granules of contact load. The process takes 
place as a result of adhesion of bacteria with the negative 
charge on the primary catalytic film, according to the known 
mechanism [18]. The duration of «a charge» depends on the 
parameters of water quality: pH magnitude, hydrocarbonic 
alkalinity, concentration of Fe(II) ions and the presence of 
ferrobacteria. During this period, the initial matrix structure 
is formed. New concentrations of bacteria come to a bioreac-
tor with each portion of coming water, increasing their total 
quantity. New bacterial structures begin to form their matri-
ces on previous sediments.

The second stage (described by the kinetic model) is the 
working stage during the operation of a bioreactor between 
washings. As a result of the research at the pilot and produc-
tion plants carried out by the authors (the town of Berezne), 
it was found that after washing, the number of bacteria in 
the load of the bioreactor amounted to 103–105 kl/сm3. 
This is explained by the fact that not only bacteria from the 
previous filter cycle, but also bacteria that came along with 
washing water from the well and were fixed on the surface 
of its contact load remain in the bioreactor. Thus, a certain 
amount of biomass which remained in the load (0.1 g/m3), 
as well as the amount of biomass that came with the original 
water (0.001 g/m3), were accepted during the statement of 
the boundary conditions. In addition, based on the results  
of own experimental research, we established: maximal spe-
cific rate of growth of microorganisms (µmax 0.17–0.18 h–1) 
and constant of saturation (KF 0.65–0.7 g/m3). 

The bacteria of the genus Gallionella create helical struc-
tures as a result of their vital activity [19]. Gradually, from 
separate covers of these bacteria, the porous structure from 
bio-minerals γ-FeOOH begins to be formed in the interpore 
space of contact load, which eventually fills the whole inter-
pore spaces, through which the flow passes convectively. An 
increase in the volume of the matrix structures of biominerals 
in the interpore space led to their gradual migration with the 
descending flow of water to the lower layers with their gra-
dual clogging, which was proved by the piezometric filming 
of pressure losses by the height of contact load, as well as sam-
pling to determine the concentrations of matrix structures 
and bacteria by the height of contact load. It should be noted 
that when a certain magnitude of contamination is reached 
at the corresponding height (maximum contamination con-
tent), the rate of gain in pressure losses in this area decreased, 
while the rate of their gain on the lower layers increased.  
A gradual increase in pressure losses in height resulted in an 
increase of the water level over contact load and maintained 
the rates averaged in time in the calculated limits. The local 
rates in the interpore space may change in time between 
washings, but for simplification, we accept that the integral 
rate is equal to the averaged rate.

4. 2. Mathematical modeling of the process of water 
purification from ferrum compounds

We will model the considered process of water deferriza-
tion in a bioreactor with the height of contact load   by the 
following problem:

V M P= −θ( ) ,grad  (1)
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Write down the initial and boundary conditions for equa-
tions (2) to (6):

B x t x
t

, ;( ) = ( )
=0 0

0Β  F x t F x
t

, ;( ) = ( )
=0 0

0  

S x t S x
t

, ;( ) = ( )
=0 0

0  (7)

B x t t
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t

( , ) ,
=

= ( )0 0
0

where х is (0,  ),   is the height of the working part of 
a bioreactor, m; t is (0, T), where T is the time of effective 
operation of the filter, determined in the process of solving 
the problem and equal to time within which the maximum 
contamination saturation of a bioreactor is reached.

M∗
∗ is the maximum concentration of matrix in a bioreac-

tor, g/m3 (maximum contamination capacity).
M is the total concentration of matrix in a bioreactor at 

the explored moment, g/m3.
B is the mean magnitude of the biomass of ferrobacteria 

in the unit of volume of original water that goes through  
a bioreactor, g/m3.

U is the mean magnitude of biomass of ferrobacteria immo-
bilized on the surface of the primary stationary shell of contact 
load and matrix structures in the interpore space, g/m3.

F(x, t) is the concentration of divalent iron in original 
water, g/m3.

B** is the boundary magnitude of the biomass of bacteria 
in the matrix structures of a bioreactor, g/m3. 

γ is the function of the rate of bacteria fixing on the surfa-
ces of matrix structures and grains of load per unit of time, h–1,  
depends on the ionic strength of solution and рН of original 
water (for рН 5.0–7.2, it is in the range of 0.72–0.66 [4]).

b is the coefficient of mass fraction of Fe2+ ions, necessary 
for formation of 1 g of cell biomass of ferrobacteria and ensur-
ing their respiration process is 279 g of Fe2+ ions.

η is the coefficient of mass fraction of matrix structures 
of biominerals g-FeOOH, it is 530 g per 1 g of the biomass.

v is the water flow rate, m/h.
c is the coefficient of bacteria dying rate, h–1.
v(x)Sx is the component that characterizes the dynamics 

of convective transfer of matrix structures formed in the flow 
by the depth of contact load.

(–k1S) is the component that describes the adhesion of 
matrices formed in dynamics of flow by non-fixed bacteria 
on the pre-formed stationary matrix in the interpore space.

η1W(x, t)B та η2W(x, t)U are the components that char-
acterize the formation of new matrix structures in the inter-
pore space with the help of bacteria.

When the water flow passes through the interpore con-
tact load of a bioreactor, which is gradually filled with 
matrix structures, there is their partial separation, which is 
described by function k2∙M(x, t) when condition M x t M,( ) < ∗

∗ 
is satisfied. When matrix structures are accumulated in the 
interpore space in the concentration, which exceeds the 
maximum contamination capacity, i. e. when the condition 
M x t M,( ) ≥ ∗

∗ is reached, matrix structures are separated and 
transfer into the water flow k M x t M3 , .( ) −( )∗

∗

k3 is the coefficient which characterizes the fraction of 
detached excess matrix structures per unit of time, h–1. 

The first component of equation (2), W is the rate of 
growth of microorganisms according to the Mono equation:

W x t
F x t

F x t KF

,
,

,
,max( ) =

( )
( ) +( )

µ
 (8)

where µmax is the maximum specific rate of growth of micro-
organisms, h–1; KF is the constant of saturation, g/m3.

Function H(x, t) establishes the relation between the 
biomass of bacteria in the unit of volume of original water 
В(х, t), average biomass of bacteria U(x, t) on the surface of 
grains of contact load and matrix structures in the interpore 
space [21, 22]:
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Function H*(x, t) ensures the transition of matrix from 
the stationary state to the dynamic state with taking into 
account the boundary saturation of matrix: 
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The choice of the initial conditions was determined by 
the fact that at the initial moment of time we know the distri-
bution of concentration of cations of Fe2+ g/m3, matrix struc-
tures and biomass, respectively, in the moving (S, В, g/m3),  
and unmoving (М, U g/m3) phases in a bioreactor. The 
choice of boundary conditions is determined by the fact 
that at the inlet of a bioreactor we know: distribution of 
concentrations of bacteria (В), Fe2+ cations, moving phase  
of matrix (S). 

Equation (1) is the equation of filtration, equations (2) 
to (4) describe the process of biologically abiotic oxidation 
of ferrum compounds with the help of consortia of ferro-
bacteria. Note that bacteria are fixed both on the surface 
of the stationary catalytic shell of grains and on the matrix 
structures of bio-minerals in the interpore space of contact 
load. In addition, bacteria that move freely in the interpore 
space together with the water flow that must be cleaned are 
considered. Equations (5), (6) describe the processes of accu-
mulation-transfer of the matrix structures formed in the pro-
cess of bioreactor operation by the height of contact load of  
a bioreactor. In considering this process, we take into ac-
count the reverse influence of the characteristics of the pro-
cess [21, 22], in particular, the concentration of the matrix 
that settled down in the load of a bioreactor and characteris-
tics of the medium through the coefficients of mass exchange, 
porosity, etc. We believe that the average rate is maintained 
at the expense of self-regulation of flow hydrodynamics and 
biochemical processes.

4. 3. Construction of the algorithm to solve a model 
problem 

Reduce the above set problem (2) to (6) to solving n 
problems respectively on time intervals nΔt ≤ t ≤ (n+1)Δt [22]:
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Function Hn
*  describes the process of adhesion of matrix 

structures in the interpore space of contact load taking into 
consideration its boundary saturation:

H x t
k M x t M x t M

k M x t M M x tn

n n

n n

∗ ∗
∗

( ) =
⋅ ( ) ( ) <

( ) −( ) (,
, , , ,

, , ,*
*

2

3

if

if )) ≥





 M*
*.

Function Hn describes the similar process for ferrobac-
teria taking into consideration their boundary saturation on 
each of time intervals n t t n tΔ Δ≤ ≤ +( ) :1
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Taking into account the inverse effect of the concentra-
tion of adsorbed matrix on the porosity of the medium, as 
well as the inverse effect of the concentration of Fe2+, bacte-
ria and matrices on mass exchange coefficients, we obtain the 
following somewhat simplified dependences:
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The boundary and initial conditions remain the same (7). 
Note that in this case, the mass exchange components are the 
known functions for each of the problems on time intervals 
nΔt ≤ t ≤ (n+1)Δt. Porosity coefficient is a constant magnitude 
on each next stage and each section of a bioreactor.

Equations (15), (17), (18) are the linear heterogeneous 
differential equations in fractal derivatives of first order, 
which are solved by the method of characteristics similarly 
to [21, 22].
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Equations (16) and (19) are conventional differential 
equations with separated variables, their solutions taking 
into account respective initial conditions are as follows:
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where Δt is the time within which the 
basic characteristics of the medium 
change little. Its choice depends on 
pre-assigned accuracy. 

Initial value of Δt is assigned in-
tuitively and is finally determined in 
the process of solving the problem 
by numerical methods and ensures 
convergence according to the algo- 
rithm [21, 22]. 

5. Results of numerical  
calculation

Based on the obtained algorithms 
for solving the model problem, soft-
ware in the Mathcad environment was 
developed for computer implemen-
tation and appropriate calculations. 
This takes into account the changes 
in the concentration of bacteria, ma-
trix structures of biominerals, divalent 
iron, on the basis of which it is pos-
sible to predict the time of bioreactor 
operation between washings of con-
tact load.

Numerical calculations were performed at V = 10 m/h, 
B** = 9.5 g/m3, µmax = 0.17 h–1, KF = 0.7 g/m3, λ = 10–6 h–1, 
F x0

0 31 6( ) = . ,g/m  F*(t) = 1.6 g/m3, B x0
0 30 001( ) = . ,g/m  B*(t) =  

= 0.001 g/m3, b1 = b2 = 279, η1 = η2 = 530, K1 = 0.78 h–1, K2 =  
= 0.1 h–1, K3 = 0.9 h–1, U x0

0 30 1( ) = . ,g/m  S*(t) = 0 g/m3, S x0
0 30( ) = ,g/m  

S x0
0 30( ) = ,g/m  M x0

0 310( ) = g/m , γ = 0.66 h–1, M x∗
∗ ( ) = 2 65 3. .g/m

Fig. 1 shows the results of theoretical and experimen-
tal studies of distribution: а – Fe2+ ions, b – ferrobacteria;  
c, d – matrix structures in the interpore space. It also pre-
sents the distribution of the concentration of movable matrix 
(Fig. 2) by the depth of contact load at the averaged rate of 
10 m/h for different intervals of time after washing.

The results of numerical calculations are represented by 
continuous lines. The given ranges of the studied parameters 
were obtained as a result of the conducted experimental 
research under production conditions on the setup, moun-
ted in the premises of the filtration hall of the station of  
underground water treatment of the town of Berezne 
of Rivne oblast (Ukraine). The height of the setup was 
3,500 mm, the diameter of the bioreactor section was 
219 mm. The first layer (200 mm in thickness, dimensions  
of fractions of 6–12 mm) was intended for water distribu-
tion around the area of the bioreactor. Polystyrene foam 
with granules of 2–6 mm and the height of 1,100 mm was 
used as working load. A change in the kinetics of contamina-
tion by the height of the layers of contact load was studied 
using the system of samplers, uniformly located throughout 
the height of the load.

The physical-chemical parameters were determined ac-
cording to the standard procedures at the certified hydro-
chemical laboratory of the Department of water supply, 
drainage and drilling business at the National University 
of Water and Environmental Management (Ukraine). The 
microbiological research was conducted at the bacterio-
logical laboratory of SI «Rivne regional laboratory center 
of the Ministry of Health of Ukraine», accredited in the  
ISO 17025:2006 system. 
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Statistical treatment of data was carried out with the use 
of the rank determination coefficient. Deviation between 
the theoretical and experimental research accounted for not 
more than 6–9 %.

6. Discussion of results of 
studying water treatment within 

a contact load of bioreactor

Consideration of the results 
of theoretical and experimental 
studies (Fig. 1, a, b) reveals that 
as bacteria are gradually accu-
mulated in the upper layers of 
contact load, the intensity of ox-
idation of iron compounds with 
the formation of matrix structures 
increases. Thus, a change in the 
concentration of Fe2+ depends on 
the concentration of bacteria. In 
particular, at the initial depth of 
contact load (0.2 m) it is possible 
to observe over time a gradual 
increase in the concentration of 
bacteria, which at the same time 
led to the gradual decrease in 
Fe2+ ions and accumulation of the 
respective amount of immovable 
matrix in the interpore space. The 
largest concentration of bacteria 
fixed on the matrix structures was 
noted in the depth range from 0.2 
to 0.4 m, which corresponded to 
the occurrence of intensive pro-
cesses for oxidation of Fe2+ com-
pounds and the formation of «sta-
tionary» matrix structures. Over 
time, the concentration of active 
bacteria gradually decreased by 
the depth of contact load, which 
is explained by several factors. 
First, it is a decrease in the con-
centration of Fe2+ ions, which 
are known [16, 17] to be electron 
suppliers to the respiratory chain 
of Gallionella bacteria. Second, it 
is a decrease in concentration of 
dissolved oxygen and inorganic 
carbon required for the construc-
tion of cell biomass [16, 17].

This resulted into a gradual inhibition of the processes of 
biological oxidation of Fe2+ ions with the practical coming 
out onto the plateau at the depths of 0.8–1.3 m (Fig. 1, a). 
The concentration of active bacteria on these sections is 
several times lower in comparison with the upper layers 
(Fig. 1, b).

At the same time, during the whole period of bioreactor 
operation, there was gradual filling of its interpore space with 
matrix structures.

Moreover, the concentrations of matrix structures in 
each of the studied areas increased over time (Fig. 1, c). In 
addition, one should note the influence of the movable part 
of the matrix on the operation of bioreactors mostly during 
the hours which precede its washing (Fig. 2). In particular, it 
was traced in its gradual movement by the depth of contact 
load. The maximum magnitude of the movable matrix in the 
studied example was at the depth of 0.4 m, that is, at the 
depth, where we observe the accumulation by the «statio-
nary» matrix of the concentration, which is approximately 

Fig.	1.	Distribution	of	desired	components	by	the	depth	of	contact	load,	obtained		
as	a	result	of	theoretical	and	experimental	studies	within	the	time	of	bioreactor	operation	

between	washings:	а	–	Fe2+	concentrations:	1	–	4	hours;	2	–	16	hours;	3	–	24	hours;		
4	–	48	hours;	5	–	143	hours;	6	–	150	hours;	b –	ferrobacteria:	1	–	4	hours;	2	–	16	hours;	

3	–	24	hours;	4	–	48	hours;	5	–	143	hours;	6	–	150	hours;	c, d –	matrix	structures		
in	interpore	space:	1	–	4	hours;	2	–	16	hours;	3	–	24	hours;	3	–	24	hours;	4	–	48	hours;	

5	–	143	hours;	6	–	150	hours

а

c

b

d

Fig.	2.	Distribution	of	movable	matrix	by	the	depth	of	contact	
load	within	the	time	of	bioreactor	operation:		

1	–	143	hours;	2	–	150	hours
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equal to the maximum possible contamination capacity 
(Fig. 1, c). When this contamination capacity is reached, 
the matrix is separated and subsequently transported to the  
lower layers.

It should be noted that the use of above-mentioned 
fractions of polystyrene foam makes it possible to increase 
the depth of accumulation of the matrix structures up to 
60–80 cm with gradual filling the interpore space. 

It is important to note that the research into the process 
of purification of groundwater from Fe2+ compounds takes 
into account the mutual influence of both fixed and non-
fixed ferrobacteria, the matrix structures created by them, 
as well as a number of characteristics of the medium, in 
particular contamination capacity, flow rate, porosity, maxi-
mum specific rate of ferrobacteria growth, and the height of  
bioreactor load.

It was found that operation efficiency (from 8 to 10 days) 
is influenced by water quality parameters, in particular, the 
concentration of Fe2+ cations, magnitudes of hydrocarbon-
ate alkalinity, pH, as well as the number of bacteria both in 
groundwater and in the interpore space of contact load. The 
influence of pulse (sudden) filtering rate, associated with 
a sharp change of hydraulic load, should be studied subse-
quently.

The considered bioreactor in technological circuits usu-
ally acts as the first degree in purification of groundwater. 
The filters with different types of inert loads (polystyrene 
foam, gravel sand) are used as the second degree for ad-
ditional water treatment. The electrolysis plant «Polu-
mia-2» is used for water disinfection. According to this 
technology, the first ground water treatment system with 
the capacity of 2,000 m3/day was put in operation in 2010 
at the Berezne water supply system of Rivne oblast. Af-
ter putting the water treatment station in operation, the 
concentration of Fecon in the water supply network of 
the town of Berezne was within the limits from <0.05 to  
0.2 mg/dm3.

7. Conclusions

1. The coefficients of maximum specific growth rate of 
microorganisms (µmax 0.17–0.18 h–1) and constant of satu-
ration (KS(Fe) 0.65–0.7 g/m3) were determined. The number 
of bacteria in aquifers under consideration (103–104 kl/сm3), 
as well as concentrations of bacteria in contact load of a bio-
reactor, which changed during the whole period of its opera-
tions between washings from 105 kl/сm3 to 109 kl/сm3, was 
determined. The maximal contamination capacity was found, 
which in the accepted calculations amounted to 3–4 kg/m3.

2. The multicomponent mathematical model of the pro-
cess of biological purification of underground waters from 
iron compounds was developed. It was established that 
the largest increase in biomass was observed in the depth 
range from 0.2 to 0.4 m, which corresponded to the flow of 
intensive processes of Fe2+ oxidation and formation of «sta-
tionary» matrix structures. It was noted that over time, the 
concentration of active microorganisms gradually decreases 
by the length of the contact load, which was explained by  
a decrease in the concentration of Fe2+ ions, which are elec-
tron suppliers to the respiratory chain of Gallionella bacteria, 
dissolved oxygen and inorganic carbon needed for the forma-
tion of cell biomass. As a result, there was a gradual inhibition 
of the processes of oxidation of Fe2+ ions with the practical 
coming out to the plateau at depths of 0.8–1.3 m.

3. The algorithm for solving the model problem was con-
structed based on a combination of the method of characte-
ristics and numerical methods.

4. As a result of computer realization of the model and 
conducted numerical experiments, we established the time 
of effective operation of a bioreactor between washings (up 
to 9 days), as well as the optimum height of contact load 
(1.2 m), distribution of concentrations of the components 
of the process in the middle of contact load of a bioreactor. 
Based on this, the main load was found to fall on its upper 
layers (0.2–0.6 m).
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