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The cometabolic biodegradation of 4-Chlorophenol (4-CP) by the Stenotrophomonas maltophilia KB2
strain in the presence of phenol (P) was studied. In order to determine the kinetics of biodegra-
dation of both substrates, present alone and in cometabolic systems, a series of tests was carried
out in a batch reactor changing, in a wide range, the initial concentration of both substrates. The
growth of the tested strain on phenol alone was described by Haldane kinetic model (µm = 0.9 1/h,
Ksg = 48.97 gg/m3, KIg = 256.12 gg/m3, Yxg = 0.5715). The rate of 4-CP transformation by rest-
ing cells of KB2 strain was also described by Haldane equation and the estimated parameters of the
model were: kc = 0.229 gc/gxh, Ksc = 0.696 gc/m3, KIc = 43.82 gc/m3. Cometabolic degradation of
4-CP in the presence of phenol was investigated for a wide range of initial 4-CP and phenol concen-
trations (22–66 gc/m3 and 67–280 gg/m3 respectively). The experimental database was exploited to
verify the two kinetic models: CIModel taking only the competitive inhibition into consideration and
a more universal CNIModel considering both competitive and non-competitive inhibition. CNIModel
approximated experimental data better than CIModel.
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1. INTRODUCTION

Halogenated aromatic compounds, e.g. chlorophenols, constitute a major class of contaminants, which
enter environment with industrial wastewaters and as a consequence of human agricultural activity. The
negative impact of these compounds on the environment, human health, and quality of life is exhaustively
discussed in literature and various physical, chemical and biological methods of wastewater and polluted
soils treatment have been developed and applied (Busca et al., 2008; Danis et al.,1998; Jain at al., 2004;
Krastanov et al. 2013).

Practice shows that the physicochemical methods are generally efficient but costly and might generate
secondary pollutants such as substituted phenols or dioxins. Therefore, biological methods are preferred
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for being considered as more economical and environmentally friendly (Essam et al., 2010; Krastanov et
al., 2013). Phenol and chlorophenols are not easily biodegradable because they are toxic to most microor-
ganisms and in higher concentrations they can even inhibit the growth of microbial strains. After many
years of research a number of fungi and bacterial species which show the ability to assimilate phenol and
its derivatives have been identified, although in low concentrations in most cases. The microorganisms
used are usually aerobes because they grow faster than anaerobes and usually achieve complete mineral-
ization of toxic compounds rather than transformation, as in the case of anaerobic treatment (Goswami
et al., 2002; Kim et al., 2002; Leontievsky et al., 2000; Sahinkaya and Dilek, 2005; Wang et al., 2000).
Despite a significant amount of information gathered during the years, the problem is still topical and
significant and stimulates research into the characterization of new and more effective microbial species
(Aruthelvan et al., 2005; Farrell and Quilty 2002; Krastanov et al., 2013; Margesin et al., 2005; Shourian
et al., 2009).

Chlorophenols are usually poorly degraded in conventional biological treatment systems because only
very few microorganisms are able to use such compounds as the only source of carbon and energy (Field
and Sierra-Alvarez, 2008); most often they are transformed in cometabolic processes (Alvarez-Cohen and
Speitel, 2001).

Cometabolism is the biological transformation of a non-growth substrate by non-specific enzymes of
bacteria. The synthesis of these enzymes in microbial cells can only be induced by a growth-substrate
which provides energy for cell growth and maintenance of bacteria. Therefore, a growth substrate must be
available at least periodically to grow new cells, provide an energy source and induce the production of
the cometabolic enzymes (Criddle, 1993; Aktas, 2012).

The aerobic cometabolic transformation of chlorinated phenols involves oxygenases, molecular oxygen
and a source of reducing equivalents, typically NAD(P)H. Since enzymes that catalyze cometabolic reac-
tions have active sites that can react with a number of different substrates, the competition for an active
site may occur when multiple substrates are simultaneously available resulting in an apparent decrease
in enzyme affinity for each substrate (competitive inhibition). Competitive inhibition between a growth
substrate and a cometabolic substrate has been observed for many oxygenase-utilizing microorganisms
(Chang and Alvarez-Cohen, 1995; Saez and Rittmann, 1991).

4-Chlorophenol (4-CP) provides an excellent example of environmentally significant compound that is
toxic, first of all, to the nervous system causing demyelination of nerve fibers and lowering the con-
centration of every neurotransmitter. It is used in industry as a semi-finished product in the synthesis of
insecticides, herbicides, preservatives, antiseptics and disinfectants (Aktas, 2012). 4-Chlorophenol is a
cometabolite that can be degraded by phenol-induced cells. The choice of phenol as a growth substrate
seems to be an optimal solution since degradation pathways of both substrates are characterized by a great
similarity of enzymes (Arora and Bae, 2014). The used microorganisms are usually aerobes, including
Pseudomonas sp. (Aruthelvan et al., 2005; Farrell and Quilty 2002; Krastanov et al., 2013; Margesin et
al., 2005; Shourian et al., 2009), Acinetobacter (Kim and Hao, 1999), Rhodococcus sp. (Monsalvo et al.,
2009), Candida tropicalis (Jiang et al., 2007; Jiang et al., 2008; Liu et al., 2012), Alcaligenes eutrophus
(Hill et al., 1996), Comomonas testosterone (Bae et al., 1996; Tobajas et al., 2012) and Burkholderia
tropicalis (De Los Cobos-Vasconcelos et al., 2006).

The major objective of this study was to investigate the kinetics of 4-chlorophenol (4-CP) cometabolic
transformation by the Stenotrophomonas maltophilia KB2 strain in the presence of phenol (P) as the
growth substrate and to elaborate a kinetic model of the process. For validation of the kinetic model,
our own experimental database was used; the minimum of loss function, defined as the sum of squared
differences of the experimental and computed values of the concentrations of both substrates was used as
the validation criterion.
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Stenotrophomonas maltophilia KB2 used in this study is known to metabolize a broad range of aromatic
compounds including phenol, benzoic acids, catechols, nitrophenols and others (Greń et al., 2010; Guzik
et al., 2009; Wojcieszyńska et al., 2007); the efficiency of Stenotrophomonas maltophilia KB2 strain in
cometabolic transformation of 4-CP in the presence of phenol as the growth substrate was tested in this
study for a broad range of changes in concentrations of both substrates.

2. MODELING ASPECTS

Several kinetic models have been developed to simulate the behavior of cometabolic degradation (Alvarez
and Speitel, 2001; Chen et al., 2008; Criddle, 1993; Hao et al., 2002; Sinha et al., 2011; Wang et al., 2015).

The enzyme inhibition caused by simultaneous degradation of growth and cometabolic substrates has
generally been modeled by including competitive inhibition terms in the half-saturation constant of the
equations describing the rate of degradation of the growth and cometabolic substrates respectively. If the
Haldane substrate inhibition equation is used to model the inhibitory effect of phenol and 4-CP on their
own biotransformation, the equations describing the specific rate of degradation of both substrates take
the form:

qg =− 1
X

dSg

dt
=

kgSg

Ksg

(
1+

Sc

Kisc

)
+Sg +

S2
g

KIg

(1)
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)
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where Kisg and Kisc are the competitive inhibition coefficients for Ksc and Ksg, respectively.

The specific rate of cell growth is typically expressed as a function of growth substrate consumption and
cell decay as follows (Alvarez-Cohen and Speitel, 2001; Criddle, 1993; Jesus at al., 2016):

µ =
1
X

dX
dt

= Yxgqg −
qc

T b∗
c

−b (3)

where T b∗
c is true biomass transformation capacity defined as the mass of non-growth substrate that would

be transformed by the unit mass of cells in the absence of endogenous decay. Thus qc/T b∗
c is the specific

decay rate attributed to cometabolism alone (Criddle, 1993).

Finally, Eqs. (1)–(3) provide a complete mathematical description of the utilization rates of the growth and
non-growth substrates and growth rate of biomass throughout the growth and decay periods. The model
was named Competitive Inhibition Model (CIM).

A number of researchers have used modifications of the above expressions for competitive inhibition to
successfully model the degradation of chlorinated solvents in the presence of growth substrate by a range
of oxygenase expressing organisms (Alvarez-Cohen and Speitel, 2001; Chang and Criddle, 1997; Chen et
al., 2008; Hao et al., 2002). In the absence of precisely estimated values of Kisg and Kisc some researchers
used the approximation Kisg = Ksg and Kisc = Ksc, but studies of Frascari et al. (2006; 2008) showed that
this assumption is not correct (Jesus et al., 2016).

Ely et al. (1995) derived a conceptual model that incorporated both competitive and noncompetitive inhibi-
tion into cometabolic enzyme kinetics but, for the analysis experimental results, the model was simplified
to the situations with competitive inhibition alone (Ely et al., 1995a; Ely et al., 1997).
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Saez and Rittmann (1993), considering the Haldane kinetics for the biodegradation of the growth substrate,
postulated that the presence of cometabolite affects the Haldane kg and Ksg coefficients via interaction
terms of the form: [

1+
zni

i
Ki

]
, i = 1,2 (4)

where zi = Sc or Sc/Sg, Ki are inhibition constants and ni are positive empirical exponents. Introducing
these terms into the Haldane equation yields the governing equation for the phenol biodegradation rates
in a dual system, which takes the form:

qg =− 1
X

dSg

dt
=

kg

1+
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c

K1

Ksg

(
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K2

)
+Sg +
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g
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(5)

where K1 andK2 are noncompetitive and competitive inhibition coefficients, respectively.

Because the non-growth substrate is transformed via the electrons generated by the growth substrate
and/or through electrons generated by biomass oxidation, the rate of cometabolite transformation should
be proportional to the rate of growth-substrate oxidation and biomass decay. Therefore, the specific rate
of cometabolite transformation can be described as:

qc =− 1
X

dSc

dt
= T g

c

(
− 1
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dt

)
−T b

c b (6)

whereas the rate of biomass growth is given by:

µ =
1
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)
−b (7)

For short experiments (of the order of a few hours) endogenous decay can be neglected (Jesus et al., 2016;
Saez and Rittmann, 1993) and Eqs. (6)–(7) take the form:

qc = T g
c
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dSg

dt

)
(8)

µ = Y s
xg

(
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X
dSg
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)
(9)

where Y s
xg is biomass growth yield for dual-substrate tests.

Finally, the system of differential Eqs. (5), (8) and (9) constitutes the mathematical description of the pro-
cess of cometabolic transformation of the substrates; the model was named Competitive/Noncompetitive
Inhibition Model (CNIM).

3. EXPERIMENTAL SECTION

3.1. Microorganism and culture conditions

The Stenotrophomonas maltophilia KB2 strain from the collection of Department of Biochemistry Fac-
ulty of Biology and Environmental Protection of the University of Silesia in Katowice, Poland (stored
under number E-113197 in VTT Collection in Finland), was isolated from activated sludge of the sewage

http://journals.pan.pl/dlibra/journal/98834398



Kinetics of cometabolic biodegradation of 4-chlorophenol and phenol by Stenotrophomonas maltophilia KB2

treatment plant in Bytom-Miechowice in Poland as described previously (Guzik et al., 2009). The strain
was stored on the agar slopes at 4 ◦C and transferred to the new ones every month.

The composition of mineral salts medium for bacteria culturing as well as for biodegradation experiments
was as described in the study by Wojcieszyńska et al. (2011). In order to prepare microorganisms for the
kinetics studies, S. maltophilia KB2 cells were transferred from the agar slopes to tubes containing 20 ml
of sterile mineral salts medium supplemented with 150 µl of 0.4 M phenol. After a 24 hour incubation
(130 rpm, 30 ◦C) the cell suspension was placed in a sterile Erlenmeyer flask, filled up to volume of
100 ml with mineral medium and 750 µl of 0.4 M phenol. The next day freshly proliferated cells were
transferred to a 500 ml sterile Erlenmeyer flask, mineral salts medium was added to obtain the culture
volume of 300 ml and 2.25 ml of 0.4 M phenol was introduced. Culture flasks were kept on an orbital
shaker at 130 rpm at 30 ◦C for 72 hours, and every 24 hours a new dose of phenol was applied. After that
the cells were harvested by centrifugation (4500× g, 15 min, 4 ◦C), washed with sterile mineral medium
and after being suspended in 20 ml mineral medium were kept at 4 ◦C up to 7 days.

Kinetic tests were carried out in a periodic Biostat B fermenter (Sartorius, USA) with the working volume
of 1.5 dm3 (total volume 2.7 dm3) equipped with temperature, pH and O2 sensors. The tests were con-
ducted at 30 ◦C, oxygenation was maintained at the level of 5 mg/dm3 (by bubbling the suspension with
air), pH 7, and the stirrer speed was 300 rpm. A constant value of pH was maintained by feeding a 10%
solution of KOH or KH2PO4.

Bacterial cell density was determined spectrophotometrically (spectrophotometer HACH DR3900) at λ =

550 nm. Before the kinetic studies the calibration curve was prepared which made it possible to convert
optical density into grams of dry weight mass.

The changes of growth substrate (phenol) and cometabolite (4-chlorophenol) concentration in the liquid
culture were determined by a Waters HPLC equipped with Waters 1525 gradient pump and two-wave
detector UV-VIS Waters M2487. The separation was carried out on a reverse phase column (Spherisorb
ODS 2, 5 µm, 150×4.6 mm). The mobile phase was the system methanol and 1% acetic acid (40:60 v/v)
with the flow rate of 1 ml min−1; detection was carried out at a wave length of 272 nm. Samples were
taken from the bioreactor and subjected to centrifugation (15 000 rpm, 15 min, 4 ◦C), next filtration (2 µm
pore diameter) and diluted with Millipore water before chromatographic analyses.

To determine the values of the parameters found in the proposed models, it is necessary to perform three
series of experiments, including:

1) the study of the phenol biodegradation process by the tested strain; the obtained database will enable
the determination of the following parameters: kg, Ksg, KIg, Yxg.

2) the study of a 4-CP transformation by phenol induced cells of the tested strain in the resting phase; the
experimental database will make it possible to determine the values of: kc, Ksc, KIc, T b

c .

3) the study of a 4-CP cometabolic transformation in the presence of phenol; the experimental database
will make it possible to estimate the parameters of the CIModel (Kisg and Kisc) and the CNIModel
(K1, K2, n1, n2).

3.2. Phenol – alone tests

The studies on the phenol biodegradation kinetics by Stenotrophomonas maltophilia KB2 cells were con-
ducted for the initial phenol concentration changing within the range of 25–500 g/m3. During experiments,
in particular time intervals, the changes in concentration of biomass and growth substrate were detected,
and next the lnX = f (t) graph was prepared. In the phase of sustainable growth the graph of this function
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is a straight line whose slop determines the value of the specific growth rate µ . The obtained experimen-
tal database µ = f (S0

g), made the selection of the kinetic model and the estimation of its parameters
possible.

The experiments have shown that for growth substrate concentrations exceeding 100 g/m3 the negative
effect of phenol on bacterial growth was observed. For the description of the process kinetics the Haldane
model was applied:

µ =
µm ·Sg

Ksg +Sg +
S2

g

KIg

(10)

and the values of the kinetic equation parameters were estimated to give: µm = 0.9 h−1, Ksg = 48.97 g/m3,
KIg = 256.12 g/m3 (Nonlinear Regresion Analysis program – NLREG (Sherrod, 2010)).

The resulting kinetic equation with a mean percentage error not exceeding 5% (R2 = 0.95) approximates
the experimental data. The test results and the comparison shown in Fig. 1 confirmed a high activity of the
tested strain, making it a promising candidate for industrial applications (short lag phase, high biodegra-
dation activity, i.e. phenol in the concentration of 400 g/m3 was degraded completely within 5.5 hours, the
optimal growth rate achieved at relatively high concentrations of phenol). KB2 strain showed also great
resistance to inhibition of their growth by phenol (a high value of the substrate inhibition constant, similar
to the values obtained for Pseudomonas putida ATCC 49451 (Wang and Loh, 1999) and Bacillus cereus
(Zhang et al., 2013).

Fig. 1. The specific growth rate of various microorganisms in the presence of phenol as the sole
carbon and energy source

The transformation of Eq. (10) describing the kinetics of microbial growth into the equation describing
the rate of phenol biodegradation requires a knowledge of the biomass yield coefficient Yxg, (kg constant
in Eq. (1) equals µm/Yxg). For each culture the value of this parameter was determined by following the
changes in the concentration of biomass and substrate over time (Fig. 2), and the slope of the straight
line approximating experimental points determines the essential Yxg value. The integral average of the
experimentally determined Yxg values was 0.5715.
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a) b)

Fig. 2. Estimation of the biomass yield coefficient (a), S0
g = 250 gg/m3 and biomass

yield coefficient as a function of initial phenol concentration (b) (the straight line
corresponds to mean value of Yxg)

3.3. Resting cell experiments

Resting cell cultures were prepared after the growth in a batch reactor in mineral medium containing
282 g/m3 of phenol. When cell growth approached the end of the exponential phase, the reactor was
stopped and the known volumes of suspended culture were transferred to the tubes, centrifuged, washed
with a mineral medium and centrifuged again. The concentrated cell pellet was mixed with a fresh medium
to receive the solution with the required cell concentration (Elango et al., 2011).

The resting cell transformation experiments were performed at a constant initial cell concentration
(X0 ∼ 92 gx/m3), for the initial 4-CP concentration changing in the range of 10–70 gc/m3. It was ob-
served that the concentration of 4-CP was immediately reduced in the initial period (∼ 2.5−5 gc/m3)

by substrate-assimilating resting cells. The same phenomenon was observed by Hao et al. (2002) for
Acinetobacter sp. After the initial reduction, 4-CP concentration decreased linearly but with reduced
rates at the higher initial concentration of 4-chlorophenol. It implies that 4-CP acts as a self-inhibitor.
Therefore, the Haldane’s model was applied to describe the 4-CP transformation rate by resting cells of
Stenotrophomonas maltophilia KB2 strain and kinetic equation parameters were estimated using the least
– square error method with NLREG program (Sherrod 2010) giving: kc = 0.229 1/h, Ksc = 0.696 gc/m3,
KIc = 43.82 gc/m3 (R2 = 0.997).

Finally, the equation describing the specific transformation rate of 4-CP by resting cells of KB2 strain
takes the form:

qc =− 1
X

dSc

dt
=

0.229Sc

0.696+Sc+
S2

c

43.82

(11)

The observed biomass transformation capacity T b
c can be obtained by dividing (−qc) by (µ) (Criddle,

1993):

T b
c =

1(
b−Y M

xg qg
)

qc
+

1
T b∗

c

(12)

where T b∗
c is the true biomass transformation capacity. For resting cells (qg = 0) Eq. (12) simplifies to:

T b
c =

1
b
qc

+
1

T b∗
c

(13)
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As can be seen from the above dependence, to calculate the observed value of this parameter it is necessary
to know T b∗

c , which is determined by fitting the experimental profiles of changes in 4-CP and biomass
concentration with those obtained as a result of solving the system of equations:

qc =− 1
X

dSc

dt
=

kcSc

Ksc +Sc +
S2

c

KIg

(14)

µ =
1
X

dX
dt

=− qc

T b∗
c

−b (15)

Because the transformation time used in studies of biodegradation of the initial doses of 4-CP did not
exceed several hours, therefore, according to the suggestion of Jesus et al. (2016), the value of b = 0 was
assumed in the calculations; hence, T b∗

c = T b
c . With this assumption, the value of the sought parameter

can also be determined by preparing for each experimental point a graph of changes of 4-CP and biomass
concentrations during the experiment. The slope of the straight line approximating the experimental data
in Sc = f (X) graph indicates the demanded T b

c value.

a) b)

c) d)

Fig. 3. Experimental and calculated profiles of changes in the biomass and 4-CP concentration.
Resting cell experiments, X0 = 94 gx/m3 a) S0

c = 10.23 gc/m3, T b
c = 3.78 gc/gx; b) S0

c = 14.42 gc/m3,
T b

c = 3.78 gc/gx; c) S0
c = 47.8 gc/m3, T b

c = 3.21 gc/gx; d) S0
c = 55.05 gc/m3, T b

c = 2.32 gc/gx

In Fig. 3 the experimental data and the calculated profiles of changes in 4-chlorophenol and biomass
concentration were compared for several selected sets of the initial data.
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3.4. Cometabolic 4-CP transformation in the presence of phenol

To test whether the Stenotrophomonas maltophilia KB2 strain can use 4-chlorophenol as the only source
of carbon and energy for cell growth, a series of tests was carried out, changing the initial concentration
of 4-CP within the range of 10–50 g/m3. There was neither a significant loss of substrate nor an increase
in the amount of biomass. The experiments confirmed that the KB2 strain cannot use 4-chlorophenol as
the growth substrate.

Two series of experiments were then carried out at the same initial biomass concentration equal to
∼ 60 gx/m3:

• for the constant initial concentration of 4-CP equal to ∼ 50 gc/m3, the initial phenol concentration was
changed in the range of 88.6–280 gg/m3,

• for the constant initial concentration of phenol (two set of cultures: S0
g =∼ 88 gg/m3 and 68 gg/m3) the

initial 4-CP concentrations were changed in the range of 22–66 gc/m3.

While analyzing the results of the first series of measurements it was found that for the whole studied
range of changes in 4-CP/phenol mass ratio (1÷6), both substrates were degraded simultaneously, and the
time of their degradation did not exceed 6 hours. These results confirmed a high activity of the tested KB2
strain in comparison with e.g. Acinetobacter sp. described by Hao et al. (2002).

A large initial dose of phenol is the first to be degraded, and the significant degradation of 4-chlorophenol
begins when the phenol concentration decreases to ∼ 150 g/m3. At the time of complete depletion of
phenol, the cell growth phase practically ceased. The profiles of concentration changes of a cometabolite in
the cultures with increasing initial concentration of phenol presented in Fig. 4 indicate that both substrates
compete for an active site of the enzyme, which results in a decrease in the 4-CP degradation rate.

a) b)

Fig. 4. Profiles of changes in 4-CP concentration with an increase in the initial concentration of
phenol (a); S0

c = 45 gc/m3 and phenol concentration with an increase in the initial concentration
of 4-CP (b), S0

g = 68 gg/m3

The results of the second series of measurements indicate that increase of the 4-CP initial concentration,
when S0

g = const, significantly extended the decay of the entire phenol dose and limited the growth of
biomass (not presented). A detailed analysis of the experiments carried out for various growth and non-
growth substrates ratios was presented in the previous study (Szczyrba et al., 2016).
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3.5. Observed growth substrate transformation yield, Tg
c

A graph of changes in the concentration of 4-CP and phenol in one single culture (Sc = f (Sg)) should be
drawn for each experimental point to determine the value of T g

c . The slope of the straight line approximat-
ing the experimental point determines the value of growth substrate transformation yield. The T g

c value,
determined in such a way, changes with the (S0

g/S0
c) ratio (Fig. 5).

Fig. 5. The dependence of T g
c on the initial ratio of growth

substrate and cometabolite concentrations

4. RESULTS AND DISCUSSION

In the first series of calculations, the CIModel was tested. Therefore, for each set of experimental data
the fitting Kisg and Kisc parameters were searched, for the application of which in the calculations ensures
that the computed and experimentally obtained profiles of phenol, 4-CP and biomass concentrations were
consistent. In the second series of calculations for the same set of experimental data, the CNIModel was
tested to search for the optimal parameter values of: K1, K2, n1, n2.

In all calculations, the parameter values of: kg, Ksg and KIg and kc, Ksc and KIc were accepted as known
and equalling the values determined in the biodegradation tests of phenol alone and the transformation of
4-CP by resting cells.

In order to estimate the changes in time of the phenol, 4-CP and biomass concentrations, the systems
of ordinary differential equations (Eqs. (1)–(3)) for CIModel and (5, 8, 9) for CNIModel) with initial
conditions were solved. The calculations were done using the MATLAB software. The standard MATLAB
function ode45, which uses the 4th order of Runge-Kutta algorithm, was used to integrate the proper
system of differential equations. The calculations were performed with a maximum relative error not
exceeding 10−6. To estimate the values of fitting parameters, the MATLAB fminsearch function from the
MATLAB Optimization Toolbox was used. This function uses the simplex method to search for the loss
function minimum. The loss function was defined as the sum of squared differences of the calculated and
experimental values of phenol and 4-CP concentrations (the statistical weight factors were assumed equal
to 1, 1 and 0 for phenol, 4-CP and biomass, respectively):

L =
n

∑
i=1

(
Sg,exp,i −Sg,calc,i

)2
+

n

∑
i=1

(
Sc,exp,i −Sc,calc,i

)2 (16)
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When testing the CNIModel it was found that by estimating the values of four fitting parameters very good
adjustment of concentration profiles can be achieved but often with unrealistic values of these parameters.
Therefore, following Wang et al. (2013), the estimation of n1 and n2 exponents was omitted, accepting the
suggested by Saez and Rittmann (1993) values: n1 = 1 and n2 = 2.5. Finally, by testing the CNIModel,
only the values of K1 and K2 coefficients were estimated. Figures 6a–6d show, as an example, the results
of calculations for 4 sets of the initial phenol and 4-CP concentrations, while in Table 1 the values of the
estimated parameters of both models together with the statistical parameters (correlation coefficients) of
the selected model are presented.

a) b)

c) d)

Fig. 6. Experimental and calculated profiles of 4-CP, phenol and biomass concentration:
a) S0

g = 276.8 gg/m3, S0
c = 48.4 gc/m3, tlag = 1 h; b) S0

g = 181.8 gg/m3, S0
c = 44.2 gc/m3,

tlag = 1 h; c) S0
g = 88.6 gg/m3, S0

c = 43.95 gc/m3, tlag = 0.667 h; d) S0
g = 67.6 gg/m3,

S0
c = 21.9 gc/m3, tlag = 0.667 h

Analyzing the test results of both models it can be concluded that, in general, the CNIModel approxi-
mates experimental data better. Further, the values of the estimated K1 and K2 constants indicate that both
changes in 4-CP and phenol concentrations modify mainly kg value which proves that both phenol, 4-CP
and their oxidation products compete for regulatory sites of monooxygenase in a non-competitive manner.
Similar conclusions can be found in studies of Saez and Rittmann (1993) and Wang et al. (2013). The
disadvantage of this model is that when phenol is depleted, it is not possible to continue calculating the
changes in 4-CP and biomass concentration. Meanwhile, as experiments indicated, even when there is no
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Table 1. Experimental data and predictions of the CI and CNI models for the process of cometabolic transformation
of 4-CP on the presence of phenol

CI model CNI model

N S0
g/S0

c Y s
xg Kisg Kisc K1 K2

R2

P 4-CP biomass

1 276.8/48.1 0.588 31.36 5.19 43.86 243.1 0.999 0.986 0.995

2 229.6/45.5 0.579 30.12 5.015 31.49 354.89 0.9994 0.977 0.995

3 181.3/44.2 0.5548 28.5 5.706 23.37 2234.87 0.9993 0.9755 0.995

4 129.7/44 0.4918 20.1 6.47 14.97 25518.96 0.9992 0.967 0.988

5 88.6/43.95 0.4675 23.5 8.22 12.41 143364.4 0.9984 0.958 0.988

6 88.8/65.8 0.366 21×1012 8.34 10.34 30888.4 0.9974 0.966 0.99

7 91.86/22.1 0.6498 2.82 9.33 9.39 15.465 0.9997 0.957 0.99

8 68.8/65.3 0.249 ∞ 8.25 7.41 141404.45 0.996 0.972 0.967

9 67.6/43.95 0.4149 2.38 5.8 5.81 614567 0.995 0.976 0.981

10 67.56/21.9 0.5521 2.56 6.92 5.53 145861.4 0.9993 0.979 0.989

phenol in the culture medium, both the transformation of 4-CP by active cells and the growth of biomass
on phenol oxidation products were observed. Therefore, as shown for example in Fig. 6, the concentration
of 4-CP equal to 0 was not achieved because phenol was the first to be depleted.

Only in one case (point 7) a slight effect of competitive inhibition on the half-saturation constant was
recorded. It seems advisable to carry out a detailed analysis of both the form of z2 correction factor and
n2 exponent because, in the form proposed by Saez and Rittmann (1993), the correction term for the
half-saturation constant was always much smaller than one.

5. CONCLUSIONS

The subject of the analysis presented in the study was the cometabolic biodegradation of 4-CP by Stenotro-
phomonas maltophilia KB2 strain in the presence of phenol as the only source of carbon and energy. The
examined strain was isolated from the activated sludge of a sewage treatment plant. As demonstrated by
the experiments, the KB2 strain effectively degraded the phenol alone (the time of total biodegradation of
the ∼ 500 gg/m3 dose did not exceed 6 hours) but was not able to use 4-CP as a growth substrate. In dual-
substrate cultures, carried out for a wide range of changes in the initial ratio of substrate concentrations,
both compounds were simultaneously degraded and the time of their total biodegradation did not exceed
several hours. Thus, the experiments confirmed the high potential of Stenotrophomonas maltophilia KB2
strain as an efficient and versatile microorganism for the bioaugmentation of highly contaminated efflu-
ents and soil. A wide range of growth and non-growth substrate concentrations tested made it possible to
create the experimental data base which was used to verify the two selected kinetic models: Competitive
Inhibition Model (CIM) and more universal Competitive/Noncompetitive Inhibition Model (CNIM). Satis-
factory consistency of experimental and calculated data qualified CNIM as a practical tool for analyzing
also other cometabolic systems. Nevertheless, additional verification of correction terms of the CNIModel
was recommended.
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SYMBOLS

b decay coefficient, 1/h
CIM competitive inhibition model
CNIM competitive/noncompetitive inhibition model
g acceleration due to gravity, m/s2

kk Haldane model parameter, gk/gx h
Ksk half-saturation coefficient, gk/m3

KIk substrate self-inhibition constant, gk/m3

Kisk competitive inhibition coefficient, gk/m3

K1 inhibition constant associated with kg (Eq. (5)), gc/m3

K2 inhibition constant associated with Ksg (Eq. (5)), (gc/gg)
n2

L loss function
n1, n2 positive empirical exponents (Eq. (5))
P phenol
4-CP 4-Chlorophenol
Sk substrate concentration, gk/m3

t time, h
T b

c biomass transformation capacity, gc/gx

T b∗
c true biomass transformation capacity, gc/gx

T g
c growth substrate transformation capacity, gc/gg

X biomass concentration, gx/m3

Yxg observed biomass yield coefficient, gx/gg

Y S
xg biomass growth yield for dual-substrate tests, gx/gg

Greek symbols

qk specific substrate degradation rate, gk/gxh
µ specific biomass growth rate, 1/h
µm Haldane model coefficient, 1/h

Subscripts

av average values
c cometabolite (4-CP)
g growth substrate (P)
k denotes kth substrate (k = g (phenol) or c (4-CP))
lag refers to lag phase

Superscripts

0 initial value
M maximum value

REFERENCES

Agarry S.E., Solomon B.O., 2008. Kinetics of batch microbial degradation of phenols by indigenous Pseudomonas
fluorescence. Int. J. Environ. Sci. Tech., 5, 223–232 DOI: 10.1007/BF03326016.

Aktas Ö., 2012. Effect of S0/X0 ratio and acclimation on respirometry of activated sludge in the cometabolic
biodegradation of phenolic compounds. Bioresour. Technol., 111, 98–104. DOI: 10.1016/j.biortech.2012.02.027.

Alvarez-Cohen L., Speitel Jr. G.E., 2001. Kinetics of aerobic cometabolism of chlorinated solvents. Biodegrada-
tion, 12, 105–126. DOI: 10.1023/A:1012075322466.

http://journals.pan.pl/dlibra/journal/98834 407
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