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Hocaidxncenns 6 2any3i ouumeHHs nid3eMHUX 600 6KA3YHOMb HA nep-
CNeKMUBHICMb PO3CUMKY iX KOMNIEKCHOI OMUCMKU 3 Y4ACMIO PIZHUX
MOPPOoN0IUHUX MUNIE MIKPOOP2AHI3ZMIE, 3AKPINIEHUX HA IHEPMHUX KOH-
maxmuux mamepianax. Bxazano, wo npu nesnux napamempax sxocmi
600u (pH 6-7; Eh 50...200 mB, 6 npucymnocmi po3uunenozo ouoxcudy
6y2Jleulo ma éequMuNax nepmanzanammnoi oxucrnocmi 00 5 mz Qs/0m3)
6 nidzemnux 600ax mpesanroe pozeumox 6Gaxmepiii pody Gallionella,
a npu snavennsx pH 6,5-7,5; Eh=-200...300 uB ma [10>5 mz O5/0m> —
po3eumox 6axmepiil podie Lepthothrix, Crenothrix. Ie naoae pso nepe-
6az mpu 3acmocyeanui 0i0XiMiunozo memoody neped MpaouuiiHumu
pizuro-ximivnumu, 30Kpema nPUCKOPeHHs npouecy ouuweHHs 600u 6io
cnoayk epymy.

Hoxazano, wo Modenro8antio KiHemuKu npouecie OuUueHHs nio3em-
HUX 800 6 Giopeaxmopax nPUOiNANOC 3HAUHO MeHule YEazu HIjNC mpaou-
UilHUM Pi3uKo-XiMivHUM Memooam, 0N AKux 0yau po3pooeni cyracui
mamemamuuni modeni. Tomy pozeumox nanpamxy mooeniosanus 6io-
XiMiunoz0 npoyecy ouuuienns 600u 6i0 CNOMYK 3aNi3A € AKMYATbHUM
3asdannam. Mamemamuuna moodenv npedcmasnena zadauero Kowi ons
HeniNilnoi cucmemu oudepenuianvHux pieHAHb 8 YACMUHHUX NOXIOHUX
nepwozo nopsoxy. Cucmema 3ada4i Kowi cknadaemocs 3 n’samu pisHsamno
3 n’amoma HesiIOMUMU PYHKUIAMU, AKI ONUCYIOMb PO3NOOLTL KOHYEH-
mpayii xamionie Qepymy, daxmepii a maxoic MAMpUKCHUX CMPYK-
myp 6 060x pazax (pyxomiii ma immoo0inizoeaniit) ax y npocmopi, max
i y uaci. IIpu no6ydosi modeni 6yau euxopucmani ax mexmonoziumi
(maxcumanvna 6pydomicmricmo (2,6— xz/m>), epanuuna eesuruna 6io-
Macu 6axmepiii ¢ mampuxcnux cmpyxmypax (9,5 2/m3), maxcumanvna
numoma weuoxicmo ix pocmy (0,17-0,18 200™"), xoeivienm nacuyen-
na (0,65-0,7 2/m3), mweudxicmo nomoxy 6 dianasoni 5—20 m/200), max
i KoHCmpyKmueni napamempu (8ucoma KOHMAKMHOZ0 3A6AHMANCEH-
na 6iopeaxmpa 1,3 m). B pozenanymiii modeni wac epexmuenoi po6omu
Giopeaxmopa 3anexcumo 6i0 Konyenmpauiii xamionie Fe’*, axi ¢ npu-
Ppoonux 600ax moxcymo 3naxooumucs ¢ mevxcax 0,5-20 mz/0M>, Kino-
xocmi pepobaxmepiii (10°—10* kn/0M3), a maxosnc weudxocmi nomoxy
600u. Bpaxosano 36opomnuii énnue xapaxmepucmux npouecy, 30Kpe-
Ma KOHUeHMpauii MAMPUKCHUX CMPYKMYpP 6 Mi*CNOpPoEoMY npocmopi,
a maxodc xapakmepucmux cepedosuwsa 3a 00n0M02010 Koeiyicumie
Macooominy ma nopucmocmi. Mooesv 0036015€ 6U3HAMAMU ONMUMATL-
Huill wac po6omu Giopeaxmopa Mixnc nPOMuUSKaMu

Kniouosi caoea: Gioximiuni npoyecu, xinemuuna mooenv 0ionoziu-
HO020 3He3ANI3HEHHS, MAMPUKCHI CMPYKMYPU, Memoo Xapaxmepucmur
u] 0
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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/dm?) and medium (2-4 mmol/dm?)
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



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 Fe?*. In
paper [7], the authors presented a kinetic model, which de-
scribes the processes of removal of Fe?* 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 Fe?*, Mn?*, 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 Fe?*, oxygen, various
forms of Fe(OH)s. 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 Fe?* and iron hydroxide Fe(OH); 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
theoretical solution of the problem of removal of Fe" 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 theoretical 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 Fe** and
Mn?" 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 °C. 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 Fe?', Mn?*
magnitude of pH. The model is sensible to experimentally
determined adsorption parameters and allows predicting
the kinetics of oxidation of Fe?" 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/dm?, the dissolved oxygen
up to 7 and 8 mg/dm?, 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
oxidation occurred only in the biofilm, and only physical-
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



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 10°-10° kl/cm?,
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/m?),
as well as the amount of biomass that came with the original
water (0.001 g/m?), 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 (Upax 0.17-0.18 h™1)
and constant of saturation (Kr 0.65-0.7 g/m?).

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 y-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=-0(M)gradP, (1)
G(M)?T]::W(x,t)B—U(x)g—f—y(x,t)H(x,t)—xB, @)
aa—ltj=W(x,t)U+y(x,t)~H(x,t)—xU, 3)
G(M)aa—fz—u(x)g—i—ﬁlW(x,t)B—

- B,W (x,t)U=R,,,, 4)
G(M)?)—fz—u(x)g—i—k15+H*(x,t)+n1W(x,t)B, )
%—Ajzk1S—H*(x,t)+n2W(x,t)U. 6)



Write down the initial and boundary conditions for equa-
tions (2) to (6):

B(xt)|_, =By (x); F(xt)_ = (x);
S(xt), =50 (x); @)
B(x,¢) Y:()zB*(t); F(x,t)xzozﬂ(t); S(x,t)xzozS*(t);

U(x,t)\ =Uy(x), M(x,0)|_, =M;(x),

t=0

where x is (0, £), ¢ is the height of the working part of
a bioreactor, m; ¢ 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/m? (maximum contamination capacity).

M is the total concentration of matrix in a bioreactor at
the explored moment, g/m?.

B is the mean magnitude of the biomass of ferrobacteria
in the unit of volume of original water that goes through
a bioreactor, g/m?®.

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/m?.

F(x,t) is the concentration of divalent iron in original
water, g/m?>,

B™ is the boundary magnitude of the biomass of bacteria
in the matrix structures of a bioreactor, g/m?®.

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

B is the coefficient of mass fraction of Fe?" ions, necessary
for formation of 1 g of cell biomass of ferrobacteria and ensur-
ing their respiration process is 279 g of Fe?" ions.

n 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.

x is the coefficient of bacteria dying rate, h~!.

0(x)S, is the component that characterizes the dynamics
of convective transfer of matrix structures formed in the flow
by the depth of contact load.

(—k18) 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.

N1 W(x, t)B ta Ny W(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 ky-M(x, ¢) when condition M (x,¢) < 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)z M is reached, matrix structures are separated and
transfer into the water flow £, (M (x,t)-M )

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

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

MmaxF (x’ t)

(F(x,t)+KF)7 ®)

W(x,t)=

where [,y is the maximum specific rate of growth of micro-
organisms, h™!; Ky 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
B(x, 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]:

H(x0) B(x,t), if B(x,t)<B"-U(x,t),
X, )= )
B"—U(x,t), if B(x,t)=B(x,t)=B"-U(x,t).

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:

Hlxt) ky- M (x,t), if  (xt)<M;,
(o0 = e (M ()= M, i M (1) M-

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 Fe** g/m?, matrix struc-
tures and biomass, respectively, in the moving (S, B, g/m?),
and unmoving (M, Ug/m®) 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 (B), Fe?" cations, moving phase
of matrix ().

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 nAt<t<(n+1)At [22]:

c(M,,)aafin W, (x.0)B, -u(x)%-

= y(xt)H, (x,t)-%B,, ©)
U,

o =W,y (x0) 1, (x.6) =2, (10)



oF, oF

(M) = (x) > L (x,2)

- B.W, (x.0) an
3s, 95,

()5 2k, 1 )

+ n1Wn (x’t)Bn’ (12)

Eﬁa\fn kS, — H, (x,0)+n,W, (x,0)U,, (13)

Wn(x,t):w (14)

(F,(x,0)+K,)

Boundary conditions for the process:

Initial conditions on time interval nAt <¢<(n+1)At will
take the form:

B
B,
t=nAt B ant ,n>0,
1At Ug if n=0,
n U, n 1Al if n>0,

F | * E)o(x)’n:()’
o= B = F, (x,nAt),n>0,

) ~ M(())(x), if n=0,
% (x’(”_oAt)_[Mn1(967("—1)A[)’ i >0,

Function H, describes the process of adhesion of matrix
structures in the interpore space of contact load taking into
consideration its boundary saturation:

kM, (x,t),

H; (X,t): {ks (Mn(x,t)—

it M, (x,t)<M;,
M), if M, (x,t)= M.

Function H, describes the similar process for ferrobac-
teria taking into consideration their boundary saturation on
each of time intervals nAt <t <(n+1)At:

B(xt)
B” -U,,

" if B”(x,t <
x,t .
(wr)=2 1f B,(x,0)>

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 Fe?", bacte-

ria and matrices on mass exchange coefficients, we obtain the
following somewhat simplified dependences:

dB,
ot

o(M, (x,t=A)) =2 =W, (x,t)B,_(x,t - AL)-

0B,
o) ey (), (v ) B (v, (15)
X
a; W (U, (- AL+
+vy(x,0)H, (x,t)=xU,., (x, 6 - At), (16)
oF,
G(Mn NEAE At)) Y
:—U(x)%i W (x.0)B, , (.t ~ Af)~
_BZqu(xvt)UnA(x’t_At)’ a7
A A
o(M,_ (x,t-At)) - () S h (et —A)+
+H,  (x,0)+nW,_ (x,0)B,_ (x,t-At), (18)
ag\? kS, (A= (x,0)+
+ MW, (0,6)U,, (x,t - At), (19)
}‘Lmax n— 1(‘x t)
w J 20
= A+ K, (20)
Hn—1(x’[):
| B(xt=Ar), if B (x,t=At)<B"-U, (% t-At),
| B™-U,  (vt-A¢), if B, (x,t~At)2B"~U, ,(x,t-At),

H,  (xt)=

kM, (2 t-A2), if M, (x,t—At)<M.,
k(M (vt -A8) =MD, if M, (x,t—-At)>M!

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
nAt<t<(n+1)At. 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].



F,(x,t)=

Tan (%,0,/()-0,/(x)+1)

v(¥)

di+F (t-0,f(x))t20,f

0

n nAt n n

S, ()=

'TSgn(JE,Gn f(%)-0,f(x)+1)

o

n

where

an (x’t) =
=—B,W,,(x= /7 (At),t)B, (v =/ (AL),t —AL)-

—BW, (x= /7 (A)t)U, (x= /7 (Ar), L - At),

Sg,(x,t)=
=nW,, (x_f_1(T),I)Bﬁ(x—f_l(T),I—At)+
+ H, (x=f7(2).t) - kS, (x— 7 (v).t - AL).

Equations (16) and (19) are conventional differential
equations with separated variables, their solutions taking
into account respective initial conditions are as follows:

U, ()=

j qu(X—f*i(At),s—At)U,H(x—f*(At),s—At)—

(n-1)At

= XU, (x= /7 (At),s— At )+y(xt) H,  (x,5)ds +

+U:(x,(n—1)At), (24)

(
| ;an[f(WJ,E)dfm[f{W]}mm (22)

di+5,(t-0,/f(x))t=0,/(x),

(
61jsg"[f1[WJ,E]dE+SI[f1[G”f(x)_t]],t<cnf(x), (23)

where At is the time within which the
basic characteristics of the medium
change little. Its choice depends on
pre-assigned accuracy.

Initial value of At 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"=9.5g/m3, Wmw=0.17 h'!, Kp=0.7 g/m? A=106h"",
F(x)=1.6 g/m®, F.()=1.6 g/m?, B’ (x)=0.001 g/m* B.(t)=
=0.001 g/mg, B1=Bz=279, T]1=T]2=530, Ki=0.78 1171y Ky=
=0.1h 1, K3=09h!, U (x)=0.1 g/m?, S.(t)=0 g/m?, S (x)=
=0 g/m’, Mg (x)=10 g/m”,y=0.66 h "1, M. (x)=2.65 g/m".

Fig. 1 shows the results of theoretical and experimen-
tal studies of distribution: @ — Fe?" ions, b — ferrobacteria;
¢, 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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6. Discussion of results of
studying water treatment within
a contact load of bioreactor
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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 Fe** 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
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08 1.0 1.2L ,m bacteria, which at the same time
b led to the gradual decrease in
Fe?* 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 Fe?* com-
4 pounds and the formation of «sta-

tionary» matrix structures. Over

time, the concentration of active
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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: @ — Fe* 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; ¢, 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
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7 2
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Fig. 2. Distribution of movable matrix by the depth of contact
load within the time of bioreactor operation:
1 — 143 hours; 2 — 150 hours

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 %.

02 04 06 08 1.0 12 L,m

bacteria gradually decreased by
the depth of contact load, which
d is explained by several factors.
First, it is a decrease in the con-
centration of Fe?" 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 Fe?" 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, ¢). 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



equal to the maximum possible contamination capacity
(Fig. 1,¢). 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 Fe?* 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 Fe?" 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 m®/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 Feg, in the water supply network of
the town of Berezne was within the limits from <0.05 to
0.2 mg/dm?,

7. Conclusions

1. The coefficients of maximum specific growth rate of
microorganisms (Umayx 0.17-0.18 h™!) and constant of satu-
ration (Kscrey 0.65-0.7 g/m?) were determined. The number
of bacteria in aquifers under consideration (10°-10% k1 /cm?),
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 10° kl/cm? to 10°kl/cm?, was
determined. The maximal contamination capacity was found,
which in the accepted calculations amounted to 3—4 kg/m?,

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 Fe?" 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 Fe?" 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 Fe?" 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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