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AGNIESZKA G , G BARTELMUS, M J , 

ANDRZEJ BURGHARDT   

MODELOWANIE PROCESU OCZYSZCZANIA POWIETRZA 

Z ANICZNYCH; MODELE JEDNO-

SUBSTRATOWE 

 
 44-100 Gliwice 

s-

perymentalnych, otrzymanych dla szerokiego zak

-

  
 modelowanie 

 

The effectiveness of the air bio-purification process from vinyl acetate carried out in a pilot-scale 

trickle-bed bioreactor (TBB) was investigated in a continuous system for about 115 days. The experimen-

tal database, obtained for a wide range of changes in process parameters, was exploited to validate the 

two one-substrate models. Both proposed models approximated experimental data with a satisfactory  

accuracy. 

Keywords: removal of vinyl acetate, trickle-bed bioreactor, modelling 

1. WPROWADZENIE  

z-

ronmental Agency, EEA) [1], w krajach UE emisja 

-Methane VOCs, 

 461 

Gg do 6 707 Gg. Niestety, w Polsce w tym okresie emisja NMVOCs 
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W osta

strumieni powietrza  (>1000m
3
h

-1
),  <5 

gm
-3

). W Europie e-

 

e-

trza z octanu winylu, prowadzony w pilotowej insta

(ang.Trickle- e-

miliony ton/rok), a co za tym idzie jego emisji do atmosfery (szacowana na ~236 

o-

o-

-Clean Air Act Amendments 

(1990) n  

w e-

 tym samym poprawnego prowadzenia, konieczne jest 

z-

 W niniejszym opracowaniu 

-

i-

- ko-

y-

[5]. 
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Fig.1. Schematic diagram of the experimental set-up: 

1- compressor, 2 - air filter, 3 - gas flowmeters, 4 - vaporizer, 4a - VOC’s dosing system 5 - 

gas mixing chamber, 6 - mineral salt solution container, 7- drops separator, 8 - liquid recirculation 

tank, 9 - liquid pump, 10 – liquid flowmeter, 11- KOH and KH2PO4 pumps, 12 - sprinkler,  13 - 

packed bed reactor, the measurements of : P - pressure, T - temperature, pH, pO2, GC - gas 

chromatography analysis 

- - - - gas phase, ____  liquid phas. 

 
o-

50,8mm (a=110 m
-1

,

szklanymi kulkami) i r

o-

u-

e  w oznaczonych na 
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ktor. 

-150 m
3
h

-1
 (EBRT= 

38-  -7 m
3
h

-1

w gazie -1,5 gm
-3

). Wszystkie eksperymen-

nadmiaru biomasy przedstawi 2 
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Fig.2. Changes in state variables during continuous TBB operation; black circles - inlet concentration, 

diamonds - outlet concentration, stars - removal efficiency (RE).The numbers of series correspond 

to those in Table 1 
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-10 dni stabilnej pracy instalacji. 

 
Tabela 1. Dane eksparymentalne dla procesu usuwania VA 

Table 1. Experimental data for VA removal 

N* 
wg 10

2
 g wL 10

3
 (Cvg

0
)exp (Cvg

H
)exp (Yv

1
)exp 10

2
 (RE)v,exp 

ms
-1

 s ms
-1

 gm
-3

 gm
-3

 
 

% 

1 2,896 62,15 1,5 0,4769 0,0161 3,37 96,63 

2 2,937 61,28 2,1 0,4730 0,0130 2,75 97,25 

3 2,932 61,40 2,1 0,9400 0,1062 11,30 88,70 

4 2,919 61,66 2,1 1,4514 0,2083 14,35 85,65 

5 2,900 62,09 2,1 1,2214 0,1072 8,78 91,22 

6 4,658 38,64 2,1 0,9375 0,1291 13,77 86,23 

7 4,638 38,81 2,1 1,4586 0,2471 16,94 83,06 

8 4,641 38,88 2,1 0,41072 0,0289 7,04 92,96 

9 4,641 38,78 1,5 0,3875 0,0164 4,22 95,78 

*N-number of series   

3.MODELE MATEMATYCZNE PROCESU 

3.1.MODEL JEDNO-SUBSTRATOWY 1 (ANG. ONE-SUBSTRATE MODEL 1, OSM 1) 

i-

teraturowe [7, 8]  : 

- reaktor pracuje w stanie ustalonym, 

-  

-  

  

-  

- na granicy faz gaz-ciecz ustal  

- 

–biofilm jest pomijalnie ma-

 

- proces biodegradacji zachodzi tylko w biofilmie [9],  

- a-
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zie z immobilizowanymi mikroorgani-

zmami, 

- e-
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 j o-

 : 

faza gazowa: 

s
a
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m
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K

dh
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g
w

,
 (2) 
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w

 

(3) 

biofilm:   

j
S

bj
Y

b
X

dx

j
Sd

efj
D

2

2

,
 (4) 

z przypisanymi im warunkami granicznymi: 

dla h = 0             0

jgjg
CC  ; (5) 

   

Hh
jL

Ch
jL

C 0  recyrkulacja (6) 

dla x = 0             
jLji

CS  ; (7) 

dla x =               0
dx

dS j
 (8) 
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2

2

2
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 dla VA: 
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iS
2

1 vv

v

SS

S
 (13) 

 

dla  z = 0   1Y  (14) 

10 zXzX  (15) 

dla 0            X
jj

S   (16) 

dla 1             0
d

j
Sd

 (17)  

i dodatkowo: 

jS ( 1 ) = 0.001
j

S  ( 0 ) (18) 

konieczne -11), wraz 

z przypisanymi im warunkami granicznymi (14-

 

Xz=0

warunek brzegowy (w tym przypadku : Xz=0 =Xz=1). 

-1 -Prince 

j
Sd dla  

-

z warunkami granicznymi (16-17) i dodatkowym warunkiem (18). Obliczenia wyko-

 

3.2.PARAMETRY MODELU 

k-

rzeczywi-
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S

1Y (14) 

1z (15) 

0 X
j (16) 

1
j

S 1 S 0 (18) 

Sd

 

 

 

 

i-

ap
*
), 

as); 

y-

]. 

ten jedyny parametr modelu na ang. fitting 

parameter).  

 : Xb = 75 kgm
-3

, 

-11] i Mpanisa i Baltzisa 

[8] oraz Xb = 100 kgm
-3 

Shareefdeena i Bltzisa [7] czy Liao i wsp. [13,14].  

 

 

Tabela 2. Parametry kinetyczne reakcji biodegradacji VA [15] 

Table 2. Kinetic parameters of VA biodegradation [15] 

 

 

 

 

 

Tabela 3. Parametry  

Table 3 Model parameters used in the calculations 

Parametr Jednostka  Literatura 

vm  (-) 0,0252  

vgD  m
2
s

-1
 8,712 10

-6
  

vLD  m
2
s

-1
 

-10 
 

vLvef DD 25.0  m
2
s

-1
 

-10 
[16] 

ovvK ,
 m s

-1
 

8,52 10,8 
-4 

[17,18] 

 

Xb g dm
-3 

75 ; 100 
 

 

 

Parametr Jednostka  

max
 1

s  3,34 10
-5

 

vMK  gm
-3

 17,195 

bvY  gbgv
-1

 0,37 

vIK  gm
-3

 166,88 
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3.3. JEDNO-

BIOFILMU (OSM 2) 

e-

factor)

bioreaktor fazach prz j=VA): 

faza gazowa: 

0
, s

a
jL

C
j

m
jg

C
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K
dh

jg
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g
w  (19) 

 

0
, s

a
j
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s

a
jL

C
j

m
jg

C
avj

K
dh

jL
dC

L
w  (20) 

a przypisane im warunki graniczne: 

dla  0h                                     
0

jgjg
CC  (21) 

Hh
jL

Ch
jL

C 0  recyrkulacja (22) 

a-

dla reakcji biochemicznej 

o nieliniowej kinetyce. dla 

kinetyce [19,20]. Po wprowadzeniu bezwymiarowych zmiennych: 

-  

I

j

j

S

S
u  (23) 

gdzie 
jL

I

ji
CS  -

katalizator. 

-  

L

x
 (24) 
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o  opisuje równanie [20]: 
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duh
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Dla nieodwracalnej reakcji: 
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-20), z warunkami granicznymi (21- a-

-

-substratowych w modelu 
*

av
 

 = 2x10
-4

 

>1x10
-4

nie 

a-

 

3.  

*

1

obl
Y

uzyskanej w eksperymentach (
1

exp
Y a-

)(
*

opt

 

)(
*

opt
)(

*

av

 dalszych symulacjach. 

 cal) 

i otrzymanych eksperymentalnie (index exp) RE lub Y
1
) 

 

Z
e %100

exp

exp

Z

ZZ cal
,   gdzie     Z= RE lub

1

j
Y   (39) 

d-
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-substratowego i modeli OSM1 i OSM2. 

Xb = 75 kg m-3; Dv,ef = 0,25 Dv,aq; Do,ef = 0,4 Do,aq 

Table 4. Comparison of calculation results obtained from the solution of two-substrate, OSM1 and OSM2 models equations. 

Xb = 75 kg m-3; Dv,ef = 0,25 Dv,aq; Do,ef = 0,4 Do,aq 

 

N 

Model dwu-substratowy Model OSM1 Model OSM2 

*
opt

*
av = 2,8174

*
av = 2,8174

*
av = 2,8174; ·104

=2,0 m

Y
1
cal·102

 cal·104 REcal eRE Y
1

cal·102
 cal·104 REcal eRE Y

1
cal·102

 REcal eRE 

    m % %   m % %   % % 

1 3,108 4,357 2,0154 95,64 1,02 4,19 1,978 95,81 0,85 4,18 95,82 0,83 

2 3,768 5,524 2,0151 94,48 2,85 5,34 1,978 94,66 2,66 5,325 94,675 2,65 

3 2,015 5,991 2,034 94,01 5,98 5,775 1,991 94,225 6,23 5,735 94,265 6,27 

4 1,825 6,506 2,0597 93,49 9,15 6,25 2,005 93,75 9,45 6,16 93,84 9,56 

5 2,372 6,192 2,0468 93,80 2,83 5,96 1,999 94,04 3,09 5,90 94,10 3,16 

6 2,561 11,617 2,0563 88,38 2,49 11,24 2,004 88,76 2,93 11,11 88,89 3,08 

7 2,397 12,899 2,1192 87,10 4,86 12,39 2,028 87,61 5,47 12,08 87,92 5,81 

8 3,418 10,313 2,0205 89,68 3,52 10,02 1,9821 89,98 3,21 9,99 90,01 3,17 

9 3,892 9,109 2,0196 90,89 5,10 8,83 1,9814 91,17 4,81 8,80 91,20 4,78 

av 2,8173   2,04295   4,20   1,993   4,3     4,37 



3
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Tabela 5. Porównanie wyników -substratowego oraz modeli OSM1 i OSM2. 

Xb = 100 kg m-3; Dv,ef = 0,25 Dv,aq; Do,ef = 0,4 Do,aq 

Table 5. Comparison of calculation results obtained from the solution of two-substrate, OSM1 and OSM2 models equations. 

Xb = 100 kg m-3; Dv,ef = 0,25 Dv,aq; Do,ef = 0,4 Do,aq 

 

N 

Model dwu-substratowy Model OSM1 Model OSM2 

*
opt

 
*
av = 2,4812 

*
av = 2,4812

*
av = 2,4812; ·104

=2,0 m

Y
1
cal·102

 cal·104 REcal eRE Y
1
cal·102

 cal·104 REcal eRE Y
1
cal·102

 REcal eRE 

    m % %   m % %   % % 

1 2,741 4,379 1,745 95,62 1,045 4,22 1,713 95,78 0,88 4,20 95,8 0,853 

2 3,307 5,499 1,745 94,50 2,82 5,32 1,713 94,68 2,64 5,31 94,69 2,63 

3 1,773 5,955 1,761 94,045 6,025 5,745 1,724 94,225 6,23 5,71 94,29 6,75 

4 1,605 6,457 1,784 93,54 9,21 6,20 1,736 93,80 9,51 6,12 93,88 9,61 

5 2,084 6,149 1,772 93,85 2,88 5,92 1,730 94,08 3,14 5,80 94,14 3,16 

6 2,256 11,612 1,781 88,39 2,50 11,24 1,735 88,76 2,93 11,12 88,88 3,07 

7 2,109 12,865 1,836 87,135 4,90 12,36 1,755 87,64 5,51 12,07 87,93 5,81 

8 3,013 10,343 1,75 89,66 3,55 10,06 1,716 89,94 3,25 10,03 89,97 3,22 

9 3,443 9,221 1,749 90,78 5,22 8,95 1,7157 91,05 4,94 8,92 91,08 4,91 

av 2,4812   1,7692   4,23   1,7   4,33     4,446 

 

=2,0 m

Y ·10  ·10 RE  e  Y ·10  ·10 RE  e  Y ·10  RE  e  

    m % %   m % %  % % 

2 3,768 5,524 2,0151 94,48 2,85 5,34 1,978 94,66 2,66 5,325 94,675 2,65 

3 2,015 5,991 2,034 94,01 5,98 5,775 1,991 94,225 6,23 5,735 94,265 6,27 

4 1,825 6,506 2,0597 93,49 9,15 6,25 2,005 93,75 9,45 6,16 93,84 9,56 

5 2,372 6,192 2,0468 93,80 2,83 5,96 1,999 94,04 3,09 5,90 94,10 3,16 

6 2,561 11,617 2,0563 88,38 2,49 11,24 2,004 88,76 2,93 11,11 88,89 3,08 

8 3,418 10,313 2,0205 89,68 3,52 10,02 1,9821 89,98 3,21 9,99 90,01 3,17 

9 3,892 9,109 2,0196 90,89 5,10 8,83 1,9814 91,17 4,81 8,80 91,20 4,78 



38 i inni
 

 

 

kolumnach obu tabel - dla porównania - 
-substratowego modelu procesu bio-

o-

pomiarowych uzyskan

- -4,33% w przypadku 

modelu OSM1 i 4,37-4,446 % w przypadku OSM2. O -

z 

 mniejszy 

-substratowego modelu 

w-

e-

  

WNIOSKI  

 

o-

e-

su, jeg -96%.  

 Zaproponowano dwa jedno-substratowe modele procesu; przeprowadzone obli-

Y1) otrzymanych eksperymentalnie i obliczonych z testowanych modeli.  

 

 

 

OZNACZENIA – SYMBOLS  

ap – -1 

 specific surface area of packing,  

as p –powierzchnia biomasy, m-1 

     biomass surface area, 

Cjk – -fazie, gm-3 

 concentration of j-component in k-phase, 

Dj,ef – (m2s-1) 

 effective diffusion coefficient of j-componen,t 
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Djk –  2s-1 

 diffusivity of j-component in k- phase,  

ez –  

 relative percentage error, 

H – , m 

 height of the bed,  

h – , m 

 coordinate along the bed,  

Kj,ov – - , ms-1 

 overall mass transfer coefficient of j-component, 

KjM – , gm-3 

 Monod constant, 

KjI – , gm-3 

 inhibition constant, 

mj – ,(-) 

 partition coefficient, 

OSM  –model jedno-substratowy 

 one-substrate model,  

RE – ,% 

 removal efficiency,  

rj – , g m-3s-1 

 rate of production of j-component removal efficiency,  

Sj – , g m-3 

 concentration in biofilm,  

TSM –model dwu-substratowy 

 two-substrate model,  

Z – zmienna stanu, RE or 
1

j
Y  

 state variable,  

wk – aparat, m s-1 

 superficial velocity,  

Xb – , kg m-3 

 

 biomass density,  

x – , m  

coordinate into biolayer, 

Ybi – , gbgi
-1 

 yield coefficient,  

 

GRECKIE LITERY–GREEK LETTERS: 

 

 
* – ,  
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 correction factor,  

 – ,  

 effective thickness of biofilm, m 
* – ,  

 fitting parameter, 

 – ,  

 effectiveness factor, 
*

– ,  

 generalized Thieie modulus, 

j) – , s-1 

 specific growth rate of microorganisms, 

m – , s-1 

 parameter in kinetic equation, 

g – czas przebywania, s 

 empty bed residence time. 

 

INDEKSY DOLNE I GÓRNE – SUBSCRIPTS AND SUPERSCRIPTS 

 av    denotes average values 

b   biomasa, denotes biomass 

ef    

g   gaz, denotes gas 

j    j, denotes component j 

k   -fazy, denotes k-th phase (k=g,L) 

L   ciecz, denotes liquid 

v    

Y   

0    

H,1    

 

  ZMIENNE BEZWYMIAROWE–DIMENSIONLESS VARIABLES: 

jM

j

j
K

S
S  –  

dimensionless concentration of j-component in the biofilm 

0

jg

jLj

C

Cm
X – j w cieczy, 

dimensionless concentration of j in the liquid phase 

0

jg

jg

C

C
Y  – j w gazie, 

dimensionless concentration of j in the gas phase 



41
 

 

*

S

Cm

C

 

 

 

 

H

h
z   –  

dimensionless height of the packing 

x
  –  

dimensionless coordinate into biofilm/particle of catalyst 
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AGNIESZKA G , G BARTELMUS, M J , ANDRZEJ BURGHARDT  

MODELLING OF THE PROCESS OF AIR PURIFICATION FROM VOLATILE ORGANIC 

COMPOUNDS; THE ONE-SUBSTRATE MODELS 

The effectiveness of the air bio-purification process from vinyl acetate carried out in a pilot-scale 

trickle-bed bioreactor (TBB) was investigated. The bioreactor operated with co-current downward flow of 

contaminated air and mineral salt medium through the packing covered with a thin layer of microorgan-

isms ( Pseudomonas fluorescens i-

mental installation operated in a continuous system for about 115 days (operational parameters: Vg
*=100-

150 m3h-1; VL
*=5-7 m3h-1; Cv

0=0.39-1.46 gm-3; EBRT=38.64- 62.15 s). The results of experiments con-

firmed high efficiency of the process (RE = 83-97 %). 

The experimental database, created for a wide range of changes in process parameters, was then ex-

ploited to validate the two mathematical one-substrate models of the investigated process, marked as 

OSM1 and OSM2. Both proposed models approximate experimental data with satisfactory accuracy, 

however, taking into account the computation time and simple computation procedure, the model marked 

as OSM 2 was recommended as a practical tool for design and operation of industrial TBB.  
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