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Abstract: The microbial degradation of vinyl acetate (VA) by Pseudomonas fluorescens PCM 2123 strain was 
studied in both batch and continuous modes. The purpose of the experiments was to determine the kinetic model 
of the cell growth and biodegradation rate of vinyl acetate (VA), which was the sole carbon and energy source for 
tested microorganisms. The experiments, carried out in a batch reactor for several initial concentrations of growth 
substrate in the liquid phase ranging from 18.6 to 373 gsubstrate·m–3  (gs·m–3)  made it possible to choose the kinetic 
model and to estimate its constants. The Haldane inhibitory model with the values of constants: µm = 0.1202 h–1,  
KS = 17.195 gs·m–3, Ki = 166.88 gs·m–3 predicted the experimental data with the best accuracy. To set the 
parameters of maintenance metabolism it was necessary to carry out a series of continuous cultures at different 
dilution rates (0.05 to 0.072 h–1) and concentrations of VA in the liquid supplied to the chemostat  ranging from 
30.9 to 123.6 gs·m–3. The obtained data-base enabled to determine the coefficient for maintenance metabolism  
(me = 0.0251 gsubstrate·gcell dry weight

–1·h–1 (gs·gcdw
–1·h–1)) as well as the maximal and observed values of yield 

coefficients, Yxs
M = 0.463 gcdw·gs

–1 and (Yxs)obs = 0.411 gcdw·gs 
–1, respectively. The developed kinetics was verified 

by comparison of the computed and obtained in batch experiments profiles of changes in biomass and growth 
substrate concentrations. 
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Introduction 

The fast development of civilization over the last centuries has caused the significant 
increase in waste production which exceeds the possibilities of self-purification of the 
natural environment. The development of methods of sewage and exhaust gases treatment 
is the way of protection against the harmful phenomena of waste accumulation. Among 
them the biological processes of decomposition of pollutants play a key role because they 
are very effective even for very small and changeable concentrations of removed 
compounds as well as for  large streams of treated gas [1-4].  
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One of the key stages in the process of biopurification of air or sewage, which decides 
about its efficiency, is the rate of biodegradation of compounds which are the growth 
substrates for microorganisms that decompose them [5].  

Hence equations describing the rate of their biodegradation are undoubtedly the 
essential elements in the mass balance, drawn up for any reactant, regardless of bioreactor 
type. 

The subject of the analysis of the present study is the kinetics of vinyl acetate (VA) 
biodegradation by bacteria from the genus Pseudomonas.  

Vinyl acetate is the unsaturated aliphatic ester which easily polymerizes to polyvinyl 
acetate - the basic element of bonding in glues, emulsion paints, coating materials and 
finishes, as well as many polymers and copolymers. In 2012 6.5 Tg (1012 g =  million 
tonnes) of vinyl acetate were produced around the world, 4 % more than in the previous 
year. Analysts predict that such a pace in production increase of VA will be maintained 
until 2020. Such common and quantitatively big consumption of VA, which has been 
included by EPA on the list of 189 the most environmentally harmful pollutants, 
significantly affects the emission of this compound into the atmosphere. The distribution of 
VA between various environmental compartments, due to its volatility and hydrolysis 
occurring in soil and water, is unequal. According to [6] even 91.5 % of VA released into 
the environment pollute the air. In the air, vinyl acetate takes part in photochemical 
reactions, and its half-life duration in this environment is about 14 hours. In aquatic 
environment VA undergoes the hydrolysis to acetic acid and acetaldehyde. In the 
temperature of 25 °C its half-life duration in this environment compartment is about 7 days.  
VA in concentration below 0.6 g·m–3 has no effect on freshwater fishes population but in 
concentration above 18 g·m–3 it contributes to the death of half of the freshwater algae and 
freshwater fishes populations [7]. 

Vinyl acetate is the substance whose vapours irritate the mucous membrane of eyes 
and upper respiratory tract and it disturbs the correct functioning of the central nervous 
system. International Agency for Research on Cancer (IARC) has listed VA in group 2B.  
It means that there is a limited evidence of its carcinogenic effect on people [8]. However, 
it is important to mention that soon after the contact with VA, a highly toxic acetaldehyde 
appears in human blood and animal tissues. Acetaldehyde directly reacts with DNA, 
causing formation of crosswise bonds between DNA and proteins, and chromosomal 
aberrations in eukaryotic cells. Toxicity of acetaldehyde, as well as the other aldehydes, can 
be so large that the reduction or even inhibition of bacterial cells growth from the 
Pseudomonas genus was observed [9, 10]. Clinical tests also proved that VA is the factor 
inducing nose tumours in rats [11-13]. 

The structure of vinyl acetate indicates that it should be easily biodegraded to carbon 
dioxide and water and probably that is why in literature there is little information about 
decomposition of this compound by microorganisms. Hatanaka et al. [14] described the 
process of isolation of Pseudomonas strain being able to use vinyl acetate as the growth 
substrate. The authors described three types of esterases present in cells of the strain, but 
only one of them was engaged in assimilation of vinyl acetate. Unfortunately, there is no 
data on conditions of its activity. Nieder et al. [15] researched the ability of decomposition 
of vinyl acetate by microorganisms present in samples of soil, mud, sewage under aerobic 
and anaerobic conditions. Two strains of yeasts and thirteen strains of bacteria which 
showed the ability to use vinyl acetate as the only source of carbon and energy were 
isolated. Among them the gram-negative strain, marked as V2, was chosen for further 
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research which targeted at showing the decomposition pathway of VA. It was stated that 
two groups of enzymes were involved in the decomposition pathway of vinyl acetate: 
hydrolases and oxidoreductases. These were intracellular enzymes, and that indicates that 
the whole process of VA degradation occurred in cytoplasm. 

Lara-Mayorga et al. [16] studied VA decomposing ability of methanogenic sludge used 
in the treatment of polymeric resin waste-waters. It was stated that minimal oxygenation of 
a reactor (about 1 mg·dm–1·d–1) resulted in the total degradation of many components, 
including VA, which were not utilized in anaerobic conditions. From the slightly aerated 
methanogenic sludge the authors isolated aerobic, gram- negative strain, identified as 
Brevibacillus agri strain C1. The comparison of vinyl acetate biodegradation rate by 
slightly oxygenated methanogenic sediment and strain C1 resulted in similar evidence, and 
the maximum specific rate of VA utilization was 3.98·10–3 and 4.09·10–3 gVA·gvolatile suspended 

solids
–1·h–1, respectively. These results seem to prove that C1 strain is responsible for vinyl 

acetate elimination in methanogenic sediment. Gren at al. [17] selected a few 
environmental bacterial strains being able to grow in the presence of vinyl acetate as the 
only source of carbon and energy. However, comparative tests showed that VA was most 
efficiently utilized by the laboratory strain Pseudomonas fluorescens PCM 2123. The 
ability of strain PCM 2123 to metabolize vinyl acetate is connected mainly with synthesis 
of carboxylesterase [EC 3.1.1.1] catalysing the cleavage of ester bond. In the previous 
paper [18] the authors described the optimal conditions for the activity of esterase and 
alcohol/aldehyde dehydrogenases in the cells of PCM 2123 strain during its growth in the 
presence of vinyl acetate and confirmed the VA degradation pathway suggested  
by Nieder at al. [15].  

Overriding objective of our study was to develop the bed for trickle-bed bioreactor 
(TBB) which could be used for purification of air containing vinyl acetate. The 
employment of bacteria in industrial applications could be greatly facilitated by knowledge 
of the growth characteristics of selected microorganisms. Therefore, the aim of further 
works, which are the subject of considerations in this elaboration, was to determine 
complete kinetic model of VA biodegradation by Pseudomonas fluorescens PCM 2123 
strain. All experiments were performed in conditions ensuring the optimal activity of 
enzymes involved in vinyl acetate biodegradation.  

It must be emphasized that, in the known literature, there was no information about 
kinetics of aerobic vinyl acetate degradation by microorganisms. 

Kinetics of bacterial growth 

Batch experiments 

The exponential growth phase is essential for tests of dynamics of microorganisms 
growth. It is a period of balanced growth, in which all components of a cell grow at the 
same rate and cell mass or number increase exponentially with time t [h]. The rate of 
changes in biomass concentration in that phase is proportional to its concentration, so cell 
growth can be treated as the autocatalytic reaction of the first order and defined as: d��d� = ���	�� (1) 

where μnet [h–1] is net specific growth rate and Xb  [gcdw·m–3] is biomass concentration. 
Integrating dependence (1) with known initial conditions Xb = Xb0 at t = 0 yields: 
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���	 = ln�� −  ln���� − ��  (2) 

Carrying out a series of cultures with different initial growth substrate concentrations 
S0 [gs·m–3] and evaluating, for each batch culture a value of the specific growth rate in the 
phase of sustainable growth, data base μnet = f(S0) can be obtained which allows to select the 
form and to estimate the kinetic equation constants [19]. 

In the processes of biological purification of air or sewage the key parameter, which is 
the measure of the process efficiency, is the rate of utilization of pollutant. Hence, it is 
necessary to know the parameter enabling the transformation of the equation describing the 
rate of biomass growth to the equation describing the rate of utilization of growth substrate.  

The observed biomass yield coefficient (Yxs)obs is such a parameter, and it is defined as 
the ratio of the rate of biomass growth to the rate of utilization of substrate, measured in the 
same time interval of growth phase. 

The substrate mass loss as a result of biodegradation, assuming thermodynamic 
equilibrium between the phases present in biostat, can be connected with the biomass 
growth via the following relationship: d��d� = − ���������� ∙ d��d� = ��� + �∗ ∙ ��� d��d�  (3) 

where ms [gs] is the total mass of growth substrate in both liquid and gaseous phases,  
VL [m3] and Vg [m3] are volumes of liquid and gaseous phases in biostat, respectively,  
SL [gs·m–3] is VA concentration in liquid phase and H* is dimensionless Henry’s constant 
(for vinyl acetate H*

30°C = 0.0261 [20]). 
Integrating dependence (3) over the time interval of the test we obtain: �� = ��� + ��������  1 + �∗ ���� " ���� − ���   (4) 

where ��� = ����� + �∗�� (5) 

and mso is the mass of VA initially introduced into the biostat. Equation (4) can be 
rearranged to the form, which allows calculating the observed yield coefficient as follows:  �������� =  �� − ������ − �� " ∙ # ���� + �∗ ∙ ��$ (6) 

Growth in continuous culture 

The observed biomass yield coefficient varies usually with the growth conditions 
because the growth substrate is utilized not only for biomass growth but also to produce 
energy essential for life processes of microorganisms (maintenance metabolism) [21]. So 
the rate of growth substrate assimilation in the culture can be describes as:  − d��d� = 1���%  &��&� "��	 + ���� (7) 

where me [gs·gcdw
–1·h–1] is the maintenance coefficient and MxsY  [gcdw·gs

–1] denotes the 

maximum yield coefficient (no endogenous metabolism or maintenance energy). MxsY  has  

a constant value independent of growth rate [22]. 
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To set the values of me and MxsY  it is necessary to carry out the series of tests in the 

continuous-flow stirred-tank reactor (CFSTR) working in a steady state.  
A material balance of ”i” compound around the chemostat can be described as: d�+,�-�d� = ��∗+,� − �∗+, ± /,�- (8) 

where r i [gi·m–3·h–1] is the rate of growth/utilization of ”i” compound and Ci its 
concentration [gi·m–3], subscript ”0” relates to the parameters at the reactor inlet. 

The ideal chemostat is continually supplied with sterile fresh nutrient medium in the 
quantity of ��∗ [m

3·h–1] and the cultivation liquid is removed at the same rate (�∗). It means 
that �∗ = ��∗ and the culture volume VR [m

3] in the reactor remains constant. 

In the steady-state ( 
0120	 = 0,  5675	 = 0�  mass balance of biomass: 

�- &��&� = ��∗��� − ��∗�� + /� (9) 

simplifies to 8���� − ��� + ���	�� = 0 (10) 

where 
*0

R
V DV =  [h–1] is dilution rate. 

In our experiments the feed media were sterile (Xb0 = 0) so Eq. (10) takes the form: 8 = ���	 (11) 
what means that the bacterial cells are removed from a chemostat at a rate equal to their 
specific growth rate. 

The mass balance of growth substrate at the steady-state of the system can be 
expressed as:  ��∗���� − ��� − �- � 1���% ���	�� + ����� = 0 (12) 

where   1���% ���	�� + ���� = /� (13) 

is the rate of growth substrate utilization (Eq.(7)). 
Equation (12) can be rearranged to the form: ��� − ����  = 1���% + ��8  (14) 

or  1�������� = 1���% + ��8  (15) 

Performing a series of experiments in a chemostat operating in the steady-state for  
Sl0 = const, but with different dilution rates, and setting the corresponding value (Yxs)obs for 
each experiment, the obtained data base made it possible to plot a graph 1/(Yxs)obs against 
(1/D). According to Eq. (15), the slope of the linear regression line in the plot is me and the 

intercept represents 
=>?@A value.  

In turn, performing a series of experiments at the same dilution rate (D = const), but for 
different concentrations of growth substrate in the medium feeding the chemostat, and 
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plotting for steady-state a graph Xb = f(Sl0 – Sl), the (Yxs)obs value is obtained as the slope of 
the linear regression line. The value of (Yxs)obs for any rate of dilution can be also calculated 
from Eq. (15) if the parameters of maintenance are known. 

Materials and methods 

Pseudomonas fluorescens PCM 2123 strain coming from the Polish Collection of 
Microorganisms, (Institute of Immunology and Experimental Therapy, Wroclaw), was 
applied in this study. The strain was stored in the form of lyophilizate in –20 °C or on agar 
slopes in 4 °C. Proliferation of the cells and preincubation with vinyl acetate in the 
concentration of 0.4 gs·dm–3 was performed as described previously by Gren et al. [17]. 
Before proceeding with the research associated with vinyl acetate biodegradation the effect 
of pH and temperature on the growth of the selected strain was examined. Pure cultures of 
Pseudomonas fluorescens PCM 2123 were inoculated into a triplicate sets of  0.5 dm3 
Erlenmeyer flasks containing LB medium. Part of them was adjusted to pH of 5, 6, 7 or 8 
and incubated in a shaker at 30 °C, another part was adjusted to pH 7 and incubated at 21, 
25, 30 or 35 °C. It was observed significantly weaker growth of biomass at pH = 5 and  
at 35 °C. Optimal environmental conditions for the growth of tested strain were pH = 7  
and 30 °C. 

Batch experiments  

Kinetic tests were conducted in Biostat B fermentor (Sartorius, USA) of the working 
volume of 2.7 dm3 (culture volume of 2 dm3), whose equipment enables the control of 
process parameters. The experiments were conducted at the optimal environmental 
conditions and stirrer rotations of 300 rpm. The pH of the medium was adjusted to 7 by 
adding a 10 % solution of KOH or KH2PO4. The VA degradation process was conducted 
under aerobic conditions but due to the volatility of VA, aeration couldn’t be used. To 
assure that the culture wasn’t limited by O2 a constant DO (dissolved oxygen) concentration 
(about 5 mg·dm−3) was achieved by dosage with a 0.75 % solution of hydrogen peroxide 
according to the indications of sensor. Preliminary tests confirmed the activity of catalase in 
cells of strain P. fluorescens PCM 2123 [23].  

The tests were conducted for initial concentrations of VA changing within the range of 
18.6-373 gs·m–3. Each cultivation was started with the similar cells concentration in  
a solution which was about 9·10–2 gcdw·dm–3 and that corresponds to absorbance about  
0.2 at λ = 550 nm. 

During experiments, at particular time intervals, the concentrations of biomass, VA 
and indirect products of metabolism (acetaldehyde, acetic acid and ethanol) were 
determined.  

Continuous culture 

Each continuous culture was initially run as the batch one and no fresh medium was 
added. As soon as the culture was achieving the exponential growth phase and enough 
biomass has been formed, the sterile medium supplemented with the appropriate amount of 
growth substrate was supplied. The chemostat suspension was periodically sampled. When 
no appreciable change in cell mass and substrate concentration was observed - changes do 
not exceed 3 % in the subsequent analyses - it was considered that the steady state was 
reached. The culture was kept at least for the time necessary for seven changes of liquid in 
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bioreactor. Two series of experiments were conducted: for D = 0.072 h–1 changing VA 
concentration in a liquid feeding chemostat within the range of 15-123.6 gs·m–3, and for VA 
concentration in a liquid feeding chemostat equalling to 123.6 gs·m–3, changing the dilution 
rate within the range of 0.05-0.48 h–1. 

Analytical methods 

Biomass concentration was indicated by spectrophotometric method as described 
earlier [15]. Concentration of VA and indirect products of its biodegradation were defined 
with the help of Varian 3800 gas chromatograph as described previously [17]. Every test 
was repeated twice in identical conditions, and the values were averaged to get the true 
experimental value. 

Results and discussion 

Batch experiments 

Batch experiments were conducted to investigate the effect of initial vinyl acetate 
concentrations on Pseudomonas fluorescens PCM 2123 growth. For each periodic culture 
the graph lnXb = f(t) was prepared. In the exponential growth phase the dependence is  
a straight line whose slope determines the value of the specific growth rate μnet [24].  
The obtained data base was presented in Figure 1 in the form Sl0/μnet against Sl0. The curve 
approximating the experimental points is parabola (not straight line) so clearly indicates the 
inhibition of biomass growth by the limiting substrate [19]. 

 

 
Fig. 1. The graph of dependence Sl0/μnet = f(Sl0) for VA biodegradation by Pseudomonas fluorescens 

PCM 2123 
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A lot of suggestions of equations describing kinetics of microorganisms growth 
inhibited by substrate can be found in literature. They were drawn up by Singh et al. [25], 
Agarry et al. [26] and in monographs of Moser [19] and Shuler and Kargi [22]. All tested 
equations (Aiba, Haldane, Teissier, Yano-Koga) approximated experimental values with 
the mean relative error eY not exceeding 11 %, so the most frequently applied the Haldane 
equation was chosen to describe Pseudomonas fluorescens PCM 2123 strain growth on 
VA:  � = �B��C� + �� + ��DC,

 
(16) 

where µm [h–1] is the model parameter, KS and Ki are the half saturation constant [gs·m–3] 
and substrate inhibition constant [gs m

–3], respectively.  
The kinetic equation parameters were estimated based on the own database using the 

least-square error method with the help of NLREG programme [27], and they are:  
μm = 0.1202 h–1; Ks = 17.195 gs·m–3, Ki = 166.88 gs·m–3. Developed equation with a mean 
relative error: 

E> = 1F G H���I,, − �JK�J,,���I,, HL
,M= ∙ 100% (17) 

not exceeding 8.5 % approximates the experimental data. In Eq. (17) subscripts exp and 
calc denote experimental and calculated values, respectively. 

 

 
Fig. 2. Profiles of changes in VA concentration during individual cultures P. fluorescens PCM 2123 on 

VA at different initial doses of substrate 
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No data referring to kinetics of vinyl acetate utilization which could be compared with 
results of this elaboration was found in literature. 

For estimation of the observed yield biomass coefficient it was necessary to trace the 
changes in growth substrate concentration in each periodic culture at regular intervals.  
It was noted that every time after addition of the particular amount of VA to biostat the 
reduction of VA concentration was observed but biomass growth did not accompanied  
it (Fig. 2). 

 

 
Fig. 3. Changes in VA concentration in sterile solutions of mineral medium (filled symbols) and solution 

with inactive bacteria (open symbols) 

 
Fig. 4. Profiles of changes in time of the concentrations of biomass (diamonds), vinyl acetate (circles) 

and acetic acid (triangles) 
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To check this is the feature of the tested system  series of experiments, maintaining the 
same parameters as in the kinetics studies, were carried out either without bacteria cells or 
with microorganisms which were earlier sterilized in autoclave for 1.5 h at 121 °C. In both 
tests, after a few hours of experiment duration, there was no substrate reduction as a result 
of nonenzymatic hydrolysis (Fig. 3). According to literature data, the half-life degradation 
of VA as a result of this process varies from 60 h [15] to 168 h [7]. 

The results shown in Figure 3 seem to confirm the hypothesis that the observed 
reduction of substrate concentration in the initial cultivation stage is connected with vinyl 
acetate assimilation by Pseudomonas fluorescens PCM 2123 cells and its biodegradation by 
the intracellular enzymes [18]. However, the exact reason is unclear. It must be added that 
during cultivations, in the whole range of the tested VA concentrations, no presence of 
acetaldehyde and ethanol was indicated. For concentrations of VA higher than 185 gs·m–3 
acetic acid appeared in a solution, but it was utilized in the phase of sustainable growth 
(Fig. 4). 

 

 
Fig. 5. Illustration of the method of estimation (Yxs)obs value for: a) Sl0 = 123.6 g·m–3  

and b) Sl0 = 154.5 g·m–3 
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Taking into account all data mentioned above, (Yxs)obs was estimated by preparation for 
each culture in the exponential growth phase, the graphs ΔXb = f(ΔSl), like Bakhshi et al. 
[24] and Nweke et al. [28] carried out before. 

From the slope of straight line which approximated experimental points, the value 
(Yxs)obs was read off (Fig. 5). The estimated in this way value of the observed yield biomass 
coefficient (Yxs)obs changed slightly with the change of the specific growth rate, and its mean 
integral value determined in the range of the tested changes of the initial VA concentration 
was 0.37. The value of (Yxs)obs was verified in the tests carried out for continuous culture of 
Pseudomonas fluorescens PCM 2123 cells with VA as the only source of carbon and 
energy.  

Continuous cultures  

For the values of operational parameters (D, Sl0) used in the experiments the presence 
of acetaldehyde, acetic acid and ethanol was not noticed in the liquid leaving chemostat.  

Based on the results of research conducted in the chemostat, values yield coefficients, 
maintenance coefficient and maximum specific growth rate can be designated.  

The first series of experiments was performed for the constant concentration of VA in 
a medium fed into the  chemostat (Sl0 =123.6 gs·m–3), but changing dilution rate. In Figure 6 
the results of continuous culture of Pseudomonas fluorescens PCM 2123 in the presence of 
vinyl acetate as the dependence 1/(Yxs)obs = f(1/D) for the cultures carrying out at the 
dilution rate changed in the range 0.05-0.072 1 h–1 were noted. The experimental points 
were approximated with a straight line, whose slope defines the value of maintenance 

coefficient (me = 0.0251 gs·gcdw
–1·h–1), but intercept is converse of MxsY  which equals to 

0.4633 gcdw·gs
–1. In this way the parameters of Eq. (15) has been determined. 

 

 
Fig. 6. Plot of function (Yxs)obs

–1 versus D–1 for Sl0 = 123.6 g·m–3 
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The maximum specific growth rate µm is often estimated from continuous cultures 
experiments using the method of wash-out. Unfortunately, it was not possible to determine 
the µm value due to strong ability of tested strain to biofilm formation at higher  
(D > 0.09 h–1) dilution rate. These observations corroborate the findings of Molin [29] who 
stated that the common methods of calculating µm from a chemostat experiments are not 
reliable when a biofilm is present. 

Figure 7 shows the results of another series of continuous cultures conducted with the 
steady dilution rate  (D = 0.072 h–1) for various VA concentrations in a medium feeding 
chemostat. The slope of line approximating experimental data indicates the value (Yxs)obs 
equalling 0.369 gcdw·gs

–1. This value of (Yxs)obs is almost identical to the value of (Yxs)obs 
obtained as integral average from the batch tests. The difference between the determined 
experimentally and calculated from equation (15) values of (Yxs)obs didn’t exceed 8 %.  

 

 
Fig. 7. Plot of function Xb = f(Sl0 – Sl) for different concentrations of VA in nutrient solution supplied to 

chemostat; D = 0.072 h–1 

Verification of kinetic model 

The determined complete model of growth of Pseudomonas fluorescens PCM 2123 
cells in the presence of vinyl acetate allows to calculate the profiles of the changes of 
biomass and growth substrate concentrations in the periodic cultures. For this purpose the 
system of differential equations must be solved:  

d��d� = O 0.1202����17.195 + �� + ��D166.88W X1 − EYZ  − ���"[ (18) 



Kinetics of vinyl acetate biodegradation by Pseudomonas fluorescens PCM 2123 

 

499

− d��d� = 10.4633  d��d� " + 0.0251�� 
(19) 

The last term on the right hand side of Eq. (18) considers existence of adaptation phase 
of duration tl. The above system of equations with the initial condition: 
 when t = 0, than Xb = Xb0 and Sl = Sl0 (20)  
was solved by Runge-Kutta 4th order method. 

 

 
Fig. 8. Profiles of changes in concentration of biomass (open symbols) and VA (filled symbols) for 

different initial concentrations of growth substrate (Sl0 = 30.9 g·m–3 (a), Sl0 = 123.6 g·m–3 (b),  
Sl0 = 154.5 g·m–3 (c) and Sl0 = 185.4 g·m–3 (d). circles - experimental values, diamonds - values 
computed using set of Eq. (18) and (19), squares - values computed using set of Eq. (21) and (22) 

Unfortunately, such a formulated kinetic model does not take into account the sorption 
of growth substrate in lag phase, observed during experiments. In that situation, the method 
of calculation of the profiles of growth substrate was modified. First, on the basis of 
experimental data, the concentration of substrate at the end of lag phase was defined, whose 

value was marked as LlS . Next the system of equations was solved:  

d��d� = O 0.1202����17.195 + �� + ��D166.88W (21) 
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− d��d� = 10.4633  d��d� " + 0.0251�� 
(22) 

with the initial condition: 

 when t = tL, than  Xb = Xb0 and  Sl = LlS  (23) 

such method of fitting the calculated and obtained experimentally results was also applied 
by Hao et al. [30] for chlorophenol utilization by Acinetobacter species.  

In Figure 8 the profiles of changes in biomass and VA concentration calculated and 
obtained experimentally for a few periodic cultures of Pseudomonas fluorescens PCM 2123 
cells were compared.  

It is worth emphasizing that the results of numerical simulations performed using set of 
Eqs. (21) and (22) fit the experimental values with good accuracy. Only in a final phase of 
balanced growth the calculated values are slightly lower than the experimental ones. It may 
be supposed that when the growth substrate depletes the microorganisms utilize stocks of 
energy stored in the first phase (lag phase) of cultivation. It seems to confirm the 
conclusion of Nieder et al. [15] who noted that the whole substrate, even that one sorbed in 
the first phase of cultivation (in lag phase), was accessible for microorganisms in the latter 
phases of growth.  

Conclusions 

The presented work presents the issues associated with making use of microorganisms 
to remove the selected volatile organic compound which was the only source of carbon and 
energy. A large experimental data base made it possible to estimate the constants of kinetic 
equation, to determine the yield coefficient and maintenance parameters. The worked out 
kinetic model was verified basing on our own experimental data base. It should be 
emphasized that the rate of biodegradation of the growth substrate is one of the most 
important stages of the processes taking place in bioreactor. The formulated relationships 
are necessary to verify the mathematical model of the bioreactor since drawing up mass 
balance of the compound removed from the air or sewage, regardless of the type of 
a bioreactor, requires a knowledge of an expression determining the biodegradation rate of 
the removed pollutant. 

The experiments showed high activity of tested microorganisms in the process of 
biodegradation VA and relatively low sensitivity to the inhibitory influence of VA at higher 
concentrations in solution (the high value of Ki). Due to such feature, the examined 
microorganisms may be recommended as biological material in the processes of removing 
VA from waste air and sewages. 

To our knowledge this is the first elaboration in which the complete kinetic data for the 
VA degradation by strain from genus Pseudomonas was investigated. 
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