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Summary. On the basis of the analysis of exbiofilms has some significant advantages and
isting models and methods of calculation, pras widely used in practice and the research of
posed a general mathematical model of the progiofilm wastewater treatment processes was
ess of removal of organic contaminants in afeyeloped quite extensively. Unlike flooded
aerobic biological wastewater treatment in trickg o< “in trickling biofilters effluent liquid
ling biofilters with sufficient support bio- EOWS ’down as a layer over the surface of the

oxidation by oxygen. Results of comparison o . :
theoretical calculations with experimental dat eed material that can be run in the form of

obtained by different authors in trickling biofil- Plates made of polymeric materials or of par-
ters with different loading are presented. As thiicles of different rocks [1, 2, 6, 7]. In addi-
results, the theoretical calculations are in gdnertion, the air enters the natural way at the top

well correlated with the experimental data. or bottom of the filter with flat flow.
_ Key words: biofilter, waste water, biological  EXxisting researches on the basis of which
film, model, treatment was developed and proposed the methods of

calculation have been mostly empirical in
nature and were developed using simplified
INTRODUCTION approaches (models) and simple theoretical
, , approaches (models). So as a result of the
An important aspect of environmentabnaysis of existing models and methods of
problems is to develop a reliable, efficientqcyjation of treatment parameters of trick-
and economic facilities for treatment_ of do“ng filters [3], and taking into account also
mestic wastewater. In accordance with regypq shortcomings of existing research in [8]
latory requirements it is necessary to condugta most comprehensive and advanced three-
a more advanced biological wastewatelhase mathematical model consists of hydro-
treatment. Recently becoming more COMMOR\ namic block and dynamics block of or-
in p'ractice the biological reactors pf differenbamiC contaminants and air (oxygen) in trick-
designs, due to the formation of high concerq fiiters was formulated and proposed. The
tration of microorganisms in the form of atyyeneral scheme of this model is presented in
tached biofilm on the material loading of thq& 9]. The mathematical model is described
blorea}ctor, which is effe.ctlve in removingpy 5 system of interrelated equations the so-
organic and other contaminants [1, 2, 3, 4, Sjtion of which determines the changes in the
Biological wastewater treatment in StruCeoncentration of contaminants and oxygen in
tures with attached biomass in the form Qfyers and in a trickling filter as a whole. The
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analysis of the mathematical model showesis thickness of the biofilm filter will de-
that for use in practical calculations, the gererease due to the decrease in the concentra-
eral model can be simplified, namely considion of contaminants that are extracted, and
ering the flow of contaminants in the biofilmwith the increase in the specific surface of
and their removal at a constant conditionshe material load. The proposed models and
This takes into account that the aerobimethods in general allow us to consider this
treatment process in sufficient quantity profact.
vided with oxygen, that is not limited by A comparative analysis of theoretical cal-
oxygen, as well as a number of other condeulations with experimental data, which indi-
tions, which are generally valid and do notates that the proposed model and developed
introduce significant errors in the calculaon the this basis the methods of computation
tions [1, 4, 5]. for adopted the averaged constant values of
On the basis of implementing the modetickness of the biofilmd sufficiently reli-
the engineering methods of calculation ohble and adequately describe and show the
technological and design parameters gfrocesses in these cases [1, 4, 13, 14, 15].
treatment trickling filters were proposed [10,
11]. Dependences for determining the varia-
tion of contaminant concentration on the JUSTIFICATION OF THE MODEL
thickness of the biofilm and the height of the AND METHOD OF CALCULATION
biofilter under different possible speeds (ki-
netic) reactions remove organic contaminants In this article we discussed the basic posi-
are proposed too. The criteria and recontions and the results of theoretical studies of
mendations to determine the feasibility anderobic biological wastewater treatment of
optimal thickness of the active biofilms,organic contaminants in trickling biofilters.
within which there is an almost complete puSo, to determine changes in the concentration
rification from entering contaminents takeof organic contaminants (OQ) within the
place are presented. In [11] to perform thkiofilm thicknesss (Fig. 1) it is necessary to
calculations the necessary recommendationbtain the solution of the following equation:
on the choice of parameters and coefficients
that appear in equations and dependencies 92L
are given. The overall biofilm is a heteroge- D — -R =0, 1)
neous structure and the study of the processes OX
occurring in the biofilm devoted a lot of . . :
work [4, 5, 12, 13, 14]. So an important p which is perf(_)_rmed under the following
rameter in the calculation is determining th oundary conditions:
calculated thickness of the biofilm, which in
this case is an active thickness, consisting of
heterotrophic microorganisms, and the for- I
mation of its basic parameters largely de- | =°
pends on the load and hydraulic conditions ir \

the biofilter with attached biocenosis. In Ls

works [1, 11] on the basis of the implementa- | { | I ar 1
tion of the general equations for determining

the formation of the thickness of the biofilm I

are given specific dependencies to determin

it active part taking into account the pro- . - Z
sesses increasing the biofilm thickness, thi s g o "
disintegration of the biofilm and the speed ofig. 1. Concentration profiled in the biofilm
detachment from its surface. Moreover, weand the liquid film:I — fluid flow, Il — liquid
note that in biofilters with attached biocenofilm, Il — biofilm, IV — element load
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L . , -
N=-D_ g_x = K,_(Le - L|X:0) when x=0 Y :Z—i — the stoichiometric coefficient of

oL _ _ the biomass, g/qg,

X =0 when x=5. (2) X _ the concentration of biomass in the bio-

It is known [1, 8] that if the process offilm, BOD(g/m®), COD(g/nf).
waste recovery is not limited by the oxygen AS @ result of solving equation (1) with
that is provided by the oxygen in sufficienfoundary conditions (2) for first order reac-
quantity and the reaction rate in the absentiens R, (4) we get the following relation-
inhibitory effect is expressed by the knowrship for the changes concentratibron the

equation of Monod: thickness of the biofilmx :
__PmlL _Hm X Va(2-%) 4 Vo
TR Ty B ®)=e c . (6
m °( 2V 2Ja
(@20 1)+ &2/ 1)
Considering that at comparing low con- 5 Iy
centrations of contaminants often can be takwhere o = ki A= KD . X= X
en K, >>L, and at significant concentrations D Ki o

K,<<L and in these cases the reaction ki-

netics can be respectively the first and ze
order terms, namely:

, Dependence to determine the concentra-
{fon of contaminants on the outer surface of
the biofilm will get from equation (6) when
the valuex =0:

Ry=kl, k=Ltm, 4)
m L(0)=L; = AL, (7)
Ro=wL, W :Hme 1+e?

, (5) whereA = (

1+ e_¢)+ k(l—e“")’q) = 2/e.(®)

In the above equations and dependencies .
the following notation of some of the pa- On the basis of the dependence (8) for de-

rameters and coefficients are given: termining the parametek built design chart
L, Ls, Ly — the concentration of organic A= f(®.2) (Fig. 2). Using the dependence

contaminants in the biofilm in the filter and(?) €auation (6) can be simplified to this:

in the input liquid respectively, BOD(gfn

CoD(g/n?), Ls 10 -

6, 8, — the calculated thickness active’e 0 — -

(aerobic) biofilm and liquid film (boundary \\\___ 0 A

layer) respectivelym, 0.6 — A

D — the coefficient of molecular diffusion in ’

the biofilm, nf/h, &

K. — the coefficient of mass transfer of or- ,

ganic contaminants in the liquid film, m/h;

K, — the saturation constant (halfsaturation %° .
0,0 2,0 4,0 6,0 8.0 10

for organic  pollutants, BOD(g/Mh

COD(g/r’r?)_, i H ¢ Fig. 2. A graph of the dependench= f((l),?»).
Hm = m§X|muT specific growth rate o ml'Graph for determining the parameteifor pris-
croorganismsi~, matic download1 —3§ = 0,0001 m,

2-6=0,0002 m3-6=0,0003 m

167



OLGA KOLPAKOVA

2x  X°
o L(x)=Ls| 1-— - : (14)
L(X):mLs, whereva = 2. (9) ) { pd ([38)2]
chva 2
LW d
Solving equation (9), we can estimate the L. = ° KL (15)
.. . . 5 — .
efficiency of treatment in this case by estab- D,
lishing a full or partial penetration of OC in 1- SK
the biofilm. -

The solution of equation (1) for a zero or- b
der reactionR_(5) considers the following If in many cases the ratie—=—<<1 then

two cases with different boundary conditions. oKL

In the first case, which corresponds to th& both cases of the valye we can use the
complete penetration of organic contamidependence (11) that to determine the con-
nants in the biofilm §=>1), the solution of centrationL;.

equation (1) is performed with the boundary To determine fluxes using equation (2) in
conditions (2), as a result, will receive thg11] lists the order of calculation first order
following relationship to determine the conkinetics and zero order at the condition of

centrationL in the biofilm: partial and full penetration of organic con-
taminants in the biofilm. Also, the graph of
w (8D x2 the concentration profiles for the kinetics or-
L(x)=Le ‘D—L{K—L”’SX‘—} (10)  der zero in the middle of the biofim at dif-
L L

ferent values offi<l andp>1 was provided.

_ _ Profiles constructed with a constant thickness
The value of concentration at the biofilmyt the biofilm § and correspond each to a

surface =0) will be: specific value of the concentratidn which
changes along the height of the filter.
L =L, w3 _ 11) The above sqlutions are o.btained for the
K. kinetics of reaction$_ of the first and zero

orders of magnitude, which corresponds to

With (11) equation (10) may be write for faJow and high concentrations of organic con-
ther analysis in the form: taminants. According to [15], in practical

calculations this corresponds to the relations
_ 2X X2
L(x) = L{l—(&S—Z— 2 BZJ
2LsD 2L
B= 8 2" or p5= |
WL 6 WL . . . .
culations of the reaction kineti¢g take the
) known Monod equation (3). In [15] to deter-
In the second case, which corresponds fgine the concentration df in the biofilm,
the partial penetration of organic c:ontam|mme|y on the surfade;, a method for solv-
nants in the biofilm {<1) the solution of jng equation (1) at given kinetic response of
equation (1) is provided &0 on the border R, according to equation Monod was pro-
posed. The nature and sequence of the pro-
posed iterative method of calculation are giv-
case: en in [11, 13, 15]
In [11] provides guidance for determining

flows OC in the case of the reaction kinetics
according to the equation Monod.

— Km .- .
} , (12) B _L_o>2 and B, <0,25. In addition in
D,

wastewater treatment by biofilters in some
cases we get the ratf within the bounda-
ries of 0,25 B < 2. In these cases, the cal-

(13)

x=96 Instead ofg—L:O in the previous
X
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According to [8] for determining the _ L, /(= _ = _ Lo _ o=
change in concentrations on height of bio- e L f(Q.z) and L, LT f(2),
filter is used the equation of conservation of _ 1 0 °
mass of contaminants in the fluid flow of thevhere: Q=="=—_.
biofilter in the form of: B AS

ole Ole i
n—=-Q—-FKK_ (Lg—Ls). (16
eat Qaz S L(e 8) ( ) LY
0.8 —
In stationary conditions, which occurs \ ¢
. . . . 0,6
very quickly, in a result of solving equations \\ )
oLe oo 0.4 0,75~
(16) at neF =0 and when taking into ac- ~—_
0’2 nj{
count the dependence (7) fag and bound- — | o025
0,0 — _ =z
ary conditionsL, =L, at z=0 for practical 0 02 04 06 08 )
calculations for the reaction of the first order
- - Lo
L=eB=e? A=K Fs(1-A),
(A7) 7 w0
Here: L, =—¢%, z=%, =is, Lo
LO S Q 45 \
F=pz="0;. Es
: \
0,4
To determine the concentration at the outle | \
of the filter (in filtrate)z= S we obtain: ’
0,0 \"‘"‘ . Az
. 0,0 1,0 2,0 3,0 4,0 500 0

L =Le®, 8252%8, (18)

Fig. 4. Graph of dependency, _Le
and to determine the working height of the Lo
filter S at a known predetermined parameters

L,, Q, ¢, Lg, and A, we obtain:

1
—_
—~
Nl
~

As a result of solving equation (16) for the
zero order reaction (5) with relation (11) for
S:gmi _ (19) determining the change in concentratibp

Les along the height of the filtee we may re-

ceive a dependency:
In following dependencies:

F; — the surface area of biofilm per unit Lo=L Fs 5 20
height of the filter, m, e=logWoz. (20)
S-— the working height of the filter, m,

Q — flow rate (volumetric flow rate), ?fh ~ The concentration at the outlet of the filter
On the basis of dependence (17) in Fig. 3z=s) will be:

4 built estimated graphs
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a Fs height of the biofilter based on valid reaction
Le(s)‘ Lo _EWL 58S, (21) rates in the biofilm for this case. In Fig. 5
shows a comparative graph when the input
concentration

#, = 0,160 kg COD/M Additionally note
that when performing calculations to con-

taine following equation: struct the theoretical curvk, = f(z) in par-

ticular according to [18], the flow rate value
s=_Q (Lo -Le(S). (22) was takenQ = 0,024 ni/h and the specific
Fsw & surface of the feed material
Fsn = 1160 ni/m®, and due to the relatively
large surface arels,, according to [14], the
DISCUSSION OBTAINED thickness of the biofilm adopteil= 25...30
RESULTS microns. Other necessary input data are ac-
cepted on the basis of the guidelines de-
Below some of the results of verificationscribed in the known literature. Thus accord-
and comparative analysis of the proposedflg to [17] the concentratioh,, was meas-
models and methods of calculation using exired in units of COD and BOD, and the
isting experimental studies are presented. BOD/COD relation was taken of 0,45 for the
Quite reasonable laboratory study on ej¥ncoming stream and 0,20 for the effluent
traction of organic contaminants in sewagfiltrate). On the chart Fig. 5 calculated con-
treatment biofilter under conditions sufficienicentrations are slightly below the experimen-
supporting of aerobic process by oxygen wasl one, but there has generally been a good
carried out in [17]. The reactor (biofilter) wasenough match between them.
built with PVC 2m high and with a diameter
of 0,2 m. Domestic waste water was supplied
from below to the central part of the column, 2
air is fed through the holes in the base of thes*
column. As download the elements of waste *°|
of polypropylene were used with a diameter | |
of 2,3...2,7 mm, a length of 4...6 mm, the
porosity was 0,42. 0,5
Concentrations of dissolved oxygen varied
from 5.2 to 8.6 mg/l. The researches have 07/ o's i s 27 M
shown that these oscillations are not a limit- '
ing factor. The researches were carried oglt
for different input concentrations of COD
which varied betweerL, = 80...200 mg/|
(0,08...0,2) kg/m. In more detail the meth-

ods of researches and their processing are _
described in [17]. To assess the dependencies (18) the ex-

For comparative analysis of the results erimental data was used that given in [18]

theoretical calculations with experimentaI at allow us to cor_1duct a comparative as-
data has been used the above method of cSgssment of theoretical calculations with ex-
culation. According to this technique Withperimenta! data. The ca_lculations were per-
using given and accepted in the literatur@'Med using dependencies:
source of data the determination of the in-

termediate parameters,(A+) was conducted L = Le — B2 -2
and then on the proposed dependencies w © Lo

defined changes in the concentration on the

and to determine the height of the filter at
predetermined concentratioh,(S) we ob-

g. 5. Chart of changes in concentration along
'the height of the filtel, = f(2).
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Les/ Lo
B:%S’ Aq= KLFSS(]-_A)’ 0,4
Fys = Fs [S Z:é, (23) s
0,25

which in the determination of the concentra- 0,2
tion at the outlet of the biofilter (filtrate) take
the form: 01-

Ls=Loe B =LyeS, B=S= % 24) 00

herel, is the input concentration of organicF'g' 6. The dependendg, on the paramete

contamination, mg/; for the gravel biofilter loading, which oxidize
S— working height of the filter, m; urban wa§tewater: _

F; is the surface area of the feed material per— experimental data- — estimated curve

unit height of the filter, m;

KL — coefficient of transfer in the liquid film,

m/h; Some additions to the calculations.
A — the parameter which is determined ac- 1. When considering equation (16) the
cording to [10]. performance of suspended biocenosis in sew-

For the calculation of the paramefrwere age is not taken into account due to its insig-
taken out the data used in [18] and data takéificance effect.

from the literature. Though the some diver- 2. In accordance with the adopted general
gence presents of the experimental data witAodel [18], OC receipts from the waste lig-
the calculated, especially for large valuedid in the biofilm through the liquid film

L., in general, it can be considered a gOoquoundary layer) which is formed on the sur-

coincidence of the experimental data with thface of the biofilm. The analysis showed that
calculated P ¥ is necessary to consider the OC mass trans-

The results of the comparative evaluatiofner through the boundary layer that imple-

. P mented in the model in the equation (2) for
is shown in Fig. 6. It shows that although fo{he flux N as the boundary conditions on the

large valuesls there is some divergence Ofgytace of the biofilm. In [11] there are pre-
the experimental data with the calculated, bgented and considered recommendations for
in general we may count on their good coirnthe implementation of this equation when
cidence. solving specific problems.

In the literature, in particular [2, 5, 19], on 3. When removing contaminants by at-
the basis of analysis of existing research reached biocenosis (biofilm) on the biofilters
sults suggested a number of empirical def different designs their concentration along
pendences for calculation of parameters @fe height of the filter will decrease and ac-
wastewater treatment by biofilters. The basisording to accepted models will lead to the
of this research is a known functional degverall reduction in the thickness of the bio-
pendence of the concentration of the wastm on the height of the filter. The proposed
water outletL.s (BODs) in depending of a model and calculation methods allow to con-
number of factors, which with some modifi-sider this fact in principle. In addition, a nu-
cations depend of the type of load and othefierical comparative analysis of theoretical
factors used by different specialists fotalculations with experimental data that was
treatment [21, 22, 23]. carried out shows that the proposed model

and methods for calculating, based on the
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average weighted constant values of thicld. Oleynik A. Y. Kolpakova O. A., 2011.Calcu-
nesss is sufficiently reliable and adequately lation of wastewater treatment by biofilters
describe and show the process of treatment (trickling filters). Problems of watersupply,
in these cases [1, 4, 13, 15, 23]. sewerage and hydr_aullc. Kyiv, KNUCA, Nr
4. Extraction of organic contaminants in %/\?ar?r?e%og (Irll\luﬁragt?g'rt Rittman B. E
the biofilm under aerobic conditions is con-" S, ' e

. o 2006 Mathematical Modeling of biofilms.
trolled by the flow of oxygen in the biofilm. Scientificand Technical report, Nr 18, 208.

Organic matter may be present throughou! gjeynik A. Y., Vasilenko T. V., Rybachenko
the thickness of the biofilms, but cannot be s A Ihab Hamid Ahmad., 2006 Modeling

extracted on the section where oxygen is ab- of processes of purification of domestic

sent. In biofilters with attached biocenosis wastewater on the filters. Problems of water-

(biofilm) at the aerobic process of recycling supply, sewerage and hydraulic. Kyiv, KNU-

of organic contaminants it is necessary to CA, Nr7,85-97. (in Ukraine).

provide a dissolved oxygen concentration df- Logan B.E., Hermanowicz S.W., Parker

at leastC > 5 mg/l throught the all active D_.S.,' 1987Engmeenng implications of a new

thickness of the biofilm [1, 4, 11, 16]. The trickling filter model. WPCF, Vol. 39, Nr 12,
. : 1017-1028.

speed (limiting) of process will be deter-

: - /. Logan B.E., Hermanowicz S.W., Parker
mined by that substrate that penetrates mZo D.S., 1987 A fundamental model for trickling

biofilm at a shallower depth. filter process design. WPCF, Vol. 39, Nr 12,
1029—1042.
8. Oleynik A. Y., Kravchuk A. M., Kolpakova
CONCLUSIONS O.A., 2012. The theoretical justification of

wastewater treatment in trickling biofilters.
1. Implementation of the proposed model Annuals of NASUY Nr 3, 179-183. (in
with appropriate boundary conditions allows Ukraine).
to determine the changes in the concentrati®@ Kravchuk A. M., Kolpakova O. A., 2011.

of contaminants in the biofilra(x) and in the Modeling biological processes of removing of
filter L(2). organic contaminations on trickling filters.

2. It helps more securely and reliably to Bulletin ODABA, Odessa, No 13, 120-126.

R ; : (in Ukraine).

Justify the technological and constructive pag, % o ehuic’ A M., Kolpakova O.A., 2014,

rameters of b'Of'lterS that conflr_ms the_ evalu- Practical recommendations to calculations of

ation testes in laboratory and industrial con- \yastewater treatment on trickling biofilters.

ditions. Scientific-technikal journal, Kyiv, KNUCA,
3. The comparative results and their anal- 2014, Nr 24, 147-155. (in Ukraine).

ysis suggests that the proposed model aad. Oleynik O. Y., Kolpakova O. A., 2014.

developed on the basis of their calculation Modeling and calculations of the biological

methods to describe and show the process oftreatment on the trickling filters. Ecological

wastewater treatment in trickling biofilters ~Saféty and make use of nature, Nr 16, 68-86.

with sufficient adequacy in general. (in Ukraine).
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