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a b s t r a c t
A phenol-oxidizing Ralstonia eutropha was examined for its potentiality to degrade p-nitrophenol 
(PNP) and phenol in a cometabolic fashion in a trickle bed reactor (TBR) using Kissiris as a  packing 
material. In explaining the kinetic behavior of the cells, responses of the freely suspended cells were 
also recorded. The kinetic parameters pertinent to growth, cell decay, product toxicity, competitive 
 inhibition between substrates, and enhancement in cometabolic transformation as a result of 
the  presence of the growth substrate, which are all inherent to the cell behavior, were determined 
 experimentally, analyzed quantitatively, and modeled mathematically. By considering the total 
degradation time, including the length of lag phase period, phenol degradation was under adverse 
effect of PNP presence in the system, while phenol had an enhancing effect on the formation of 
biomass and degradation of PNP when it was used along with variable levels of PNP. The inhibition 
coefficient of PNP on phenol degradation (Kic) and that of phenol on PNP transformation (Kis) were 
determined to be 2.36 mgc L–1 and 86.02 mgs L–1, respectively. This indicates that PNP imposed much 
larger competitive inhibition to phenol utilization by the cells than the converse. Predicted values 
of the proposed model for simultaneous utilization of PNP and phenol by the test bacterium were 
in good agreement with the experimental data. Cell immobilization could increase cell tolerance to 
higher concentrations of both substrates. However, the values of specific degradation rates of the 
substrates were lower in TBR as a result of excessively higher biomass formed as compared with the 
content of the cells in shake flasks studies. 

Keywords:  Phenol; p-nitrophenol; Cometabolism; Mathematical modeling; Ralstonia eutropha; 
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1. Introduction

The use of phenol as a raw material for the synthesis
of various types of chemicals including petrochemicals, 
 agrochemicals, pharmaceuticals, etc. has generated consider-
able attentions on the toxic effects of this organic compound 
as the consequence of its presence in the environments. There 

are several ways for the production of phenol such as coal 
tar distillation process, oxidation of methyl-ethylbenzene, 
oxidation of toluene, and heating of mono-chlorobenzene 
using sodium hydroxide under high pressure [1]. The capac-
ity for global production of phenol is presently 8 million 
metric tons with 5.5 million metric tons production in 2012 
by China, USA, Japan, Taiwan, and South Korea as the top 
five  manufacturing countries [2,3]. Although derivatives of 
 phenolic compounds from natural sources (also present in 
industries such as paper and pulp, olive oil production, etc.) 
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are structurally diverse, but their concentrations are much 
lower than the amount of phenol produced through human 
activities [4]. Preference of bio-based techniques compared 
with different types of waste treatment (chemical/physical 
methods) has been extensively discussed. Advantages of 
bio-treatment processes are eco-friendliness and economic 
feasibility. The presence of p-nitrophenol (PNP) in indus-
tries is also considerable (e.g., manufacturing of drugs, dyes, 
plastics, explosives, fungicide, etc. with 10 mg L–1 as the 
acceptable concentration in natural waters) [5]. Structural res-
onance of both phenol and PNP has made their degradation 
harder. Furthermore, similarity in structures of phenol and 
PNP may increase the chance of some oxidoreductases 
enzymes being functional and inducible in catabolic degrada-
tion of these two compounds. This point has been addressed 
by Reardon et al. [6], where researchers actually conducted 
extensive experiments to study biodegradation kinetics of 
phenol alone and as mixture with benzene and toluene by 
Pseudomonas putida. In these studies, the main concept was 
the saturation kinetics with single or double substrates. The 
data for kinetics may be treated considering no interaction 
between substrates or having unspecified type of interaction 
[7]. Considering the inhibitory nature of phenol (benzene or 
toluene), more attention was on the growth inhibitory func-
tion of one substrate on the utilization of the other substrate, 
and inhibition in enzymatic reactions was used in these cases 
as the basis for defining the mathematical models (competi-
tive, noncompetitive, and uncompetitive inhibition) [6,7].

Direction toward modeling for the kinetics of cometab-
olism began early from the biodegradation of organic com-
pounds not supporting growth through the extensive studies 
of Schmidt et al. and the others [8–13]. Cometabolism is the 
transformation of nongrowth substrate by microbial cells 
that have maintain their growth by consumption of growth 
substrate. The definition also covers the transformation by 
the resting cells in the absence of growth substrate [14,15]. 
Saturation kinetics (Michaelis–Menten equation ‘enzymatic 
reactions’ and Monod equation ‘growth substrate consump-
tion’), pseudo-first-order model (as the extension of the 
saturation kinetics), coenzymes participation in enzymatic 
reactions (coenzymes regeneration should be considered in 
the oxidoreductases enzymes), and growth/enzyme inhi-
bition (toxicity expressed by the formed intermediates and 
products) are among the most widely used approaches in 
the literature regarding cometabolism kinetics [16,17]. The 
concept of the current work was based on previous studies 
conducted in our laboratory focusing on Ralstonia eutropha 
performance in response to phenol with or without PNP 
[18–21]. Simultaneous biodegradation of these two com-
pounds by the test bacterium was mathematically described 
in the present work by considering the modeling approach 
undertaken for cometabolism kinetics by Criddle [14] and 
Chang and Criddle [15], where the fate of the following 
events were monitored with the use of relevant parameters: 
the cell growth (Ym), endogenous cell decay (b), cell response 
to toxic intermediates (Tc), and response of the cell to the 
competition, which exists between the growth- and comet-
abolic-substrates (Kic, Kis). The utilization of the nongrowth 
substrate by the microbe was under positive influence of 
the growth substrate consumption, and the relevant term 
(Ty) was also included in the model of interest (the details of 

model description are given in the “Materials and methods” 
section) [14,15]. Nevertheless, the parameters Ym, b, Tc, and Ty 
were not included in the model in our previous work. 

There are some advantages in using immobilized cells 
against free cells. The first one is greater tolerance of the 
cells in the form of biomass film to higher concentrations 
of organic pollutant as the growth substrate, which implies 
that the cells have greater possibility to be distributed evenly 
in a particular matrix (i.e., integrity of the biomass is physi-
cally kept almost constant). The other point is the lower fre-
quency of biomass washout occurrence in the test system. 
Thus, operational flexibility would be increased. Selecting a 
suitable reactor is essential for assessing the advantages of 
immobilized cells over the free cells. 

Based on previous studies conducted in our laboratory 
focusing on the cometabolism of the PNP and phenol, it was 
of interest to assess the behavior of Kissiris-immobilized 
R. eutropha in response to periodic flow of liquid contain-
ing cometabolic substrate. The kinetics experiments were 
directed toward the use of trickle bed reactor (TBR), in which 
the cell behavior was monitored under aerobic conditions 
(TBR was operated countercurrently using Kissiris pieces as 
the packing material). 

2. Materials and methods

2.1. Chemicals

Phenol, which is used as the growth substrate; PNP, as 
the cometabolic substrate; and all other reagents used for 
the growth and cultivation of microorganism in the present 
study were of analytical grade and purchased from the local 
suppliers.

2.2. Microorganism and culture conditions

The bacterium R. eutropha was purchased from the 
Iranian Research Organization for Science and Technology 
(IROST) and was maintained according to the instruction 
given by Persian Type Culture Collection (PTCC 1615). The 
nutrient medium (NM) used for the bacterium cultivation 
contained the following ingredients (g L–1): glucose, 3; yeast 
extract, 2; peptone, 3; KH2PO4, 1; K2HPO4, 1; (NH4)2SO4, 1; 
MgSO4·7H2O, 0.05; and agar at the amount of 15 g L–1 was 
used for medium solidification. Previously prepared bac-
terial culture as inoculum for the cultivation of NM broth, 
in which the culture at the level of 10% v/v was added to 
100 mL of the broth using a 250-mL conical flask, was incu-
bated at 30°C in a shaker incubator (150 rpm) for 24 h. The 
pH of the medium was adjusted to 7 using 2 N NaOH. The 
prepared culture medium was sterilized in an autoclave at 
121°C for 20 min. A separate procedure had been conducted 
previously with glucose and phenol as the growth medium 
in the absence of yeast extract and peptone in order to have 
phenol-oxidizing R. eutropha, which was able to use phenol 
as the sole carbon source. Acclimation to phenol was com-
pleted when the bacterium was able to use phenol as the only 
carbon source [21]. This culture (10% v/v) was then inocu-
lated into 90 mL of the mineral salts solution (MSS) in the 
presence of 200 mgs L–1 phenol in a 250-mL conical flask and 
incubated at 30°C in a shaker incubator (150 rpm) for 24 h. 
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This phenol-grown R. eutropha was used in all experiments of 
the present study. MSS contains (g L–1) 1 KH2PO4, 1 K2HPO4, 
1 (NH4)2SO4, and 0.05 MgSO4·7H2O.

2.3. Construction and inoculation of immobilized bacteria column 
(TBR arrangement)

The entire height of glass column was 65 cm where the 
top and bottom of the column had height of 15 cm, while 
the cylindrical shaped part of the reactor had height of 50 cm 
with inside diameter of 5 cm. This main body of the reactor 
was filled with Kissiris pieces (having spherical shape and 
diameter of 1 cm) up to 45 cm (90% volume). Continuous 
 aeration to the system at the flow rate of 0.5 vvm using an 
aquarium pump was through a heat-resistant perforated 
plate placed at the bottom of the Kissiris packing. Placing 
a perforated plate at the top of the column caused the test 
 liquid (100 mL culture medium plus 900 mL MSS contain-
ing phenol at 200 mgs L–1 concentration) to trickle to the 
 microorganism bed at the flow rate of 6.5 mL min–1 using a 
peristaltic pump (Fig. 1). The whole test system including the 
glass column,  perforated plates, Kissiris pieces, valves, and 
all the tubing connections were sterilized in an autoclave (at 
121°C for 20 min). Additional note was on the immobilization 
of R. eutropha on Kissiris pieces, and this was done via recy-
cling the test liquid for 60 d considering replacement of the 

liquid every 4 d while addition of phenol to the system was 
carried out every day at 200 mgs L–1. All the experiments were 
performed at 30°C and pH ≈ 7. The pH was almost constant 
during the operation of the reactor.

2.4. Model description

Specific rates of growth substrate utilization (qs) and 
cometabolic substrate consumption (qc) are presented in the 
following equations:

q
X
dS
dt

k S

K C
K

S
s s

s
ic

= − =

+








 +





















1

1

 (1)

q
X
dC
dt

T q k C

K S
K

C
c y s c

c
is

= − = +( )
+









 +





















1

1

 (2)

where X and S are the concentrations of the biomass and 
growth substrate, respectively. The cometabolic substrate 
concentration is shown as C, and further note on Eq. (1) is on 
the significance of ks as the maximum specific rate of growth 
substrate utilization. The half-saturation coefficient, Ks, is the 
cell affinity toward the growth substrate. While Kic expresses 
the extent of inhibitory action of the cometabolic substrate 
on growth substrate utilization by microorganism. Since 
there exists a competition between the growth and cometa-
bolic substrates for occupying the catalytic site of a particular 
enzyme, Kis in Eq. (2) can be defined equivalently as Kic. The 
use of (1 + C/Kic) in Eq. (1) and (1 + S/Kis) in Eq. (2) is actu-
ally based on competitive inhibition in enzymatic reactions 
regarding the substrate being inhibited by an inhibitor. The 
terms kc and Kc in Eq. (2) are the maximum specific rate of the 
cometabolic substrate utilization and half-saturation coeffi-
cient of cometabolic substrate, respectively. The term Ty also 
gives an estimation of theoretical transformation yield. This 
term indicates cell capability in consuming growth substrate 
along with the cometabolic substrate (biodegradation rate 
enhancement in terms of cometabolic substrate utilization by 
the cell). 

The specific growth rate, shown as µ, is defined as the 
following equation: 

µ = 1
X
dX
dt

Y q b
q
Tm s
c

c

= − −  (3)

Coefficient of Ym as the maximum or true growth yield 
(mass of bacteria generated per mass of growth substrate 
consumed) demonstrates the effect of utilization of phenol 
on the specific growth rate. Representation of cell growth 
decline or cell decay endogenously is indicated by b coeffi-
cient (Eq. (3)). The key point in Tc term is to recognize the dif-
ference between cell maintenance in the presence of growth 
substrate in the absence or presence of cometabolic substrate. 
In other words, cell sensitivities to cometabolic substrate 

5 cm

10 cm

13 cm

65 cm

45 cm

Fig. 1. Arrangement and dimensions of TBR containing 
Kissiris-immobilized Ralstonia eutropha used in the present study.
Note: 1 – glass column reactor filled with Kissiris pieces; 2 – plastic 
perforated plate; 3 – aquarium air pump; 4 – flowmeter; 5 – air filter; 6 
and 7 – the glass vessels with an appropriate port for feeding the test 
liquid to the column reactor; 8 – stirrer and magnetic bar; 9 – valve 
for taking sample; and 10 – peristaltic pump.
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exert attention on the cell for maintaining itself in response to 
toxic products formed during transformation of cometabolic 
substrate [14,15].

Considering Eqs. (1)–(3), Runge–Kutta numerical method 
via application of Matlab R2014a software was employed in 
performing the analysis of experimentally obtained data. In 
explaining the described model, then, conceptually derived 
equations and their parameters should be evaluated experi-
mentally (see below for the experiments’ details).

2.5. Experimental scheme

Two sets of experiments in total number of 48 test runs 
were conducted for shake flask and TBR studies as shown 
in Table 1. 

2.5.1. Shake flask studies

In each shake flask experiment, a 10 mL of culture solu-
tion of R. eutropha and 90 mL of MSS (see ‘Microorganism 
and culture conditions’ section) were poured into each of 21 
conical flasks with 250 mL volumetric size. Then, different 
concentrations of either phenol or PNP with or without each 
of these two substrates were added to the flasks (Table 1). 
The cultivation of these solutions was then carried out in a 
shaking incubator (WIS-20, Wisecube®, witeg Labortechnik 
GmbH, Germany), at 30°C and 150 rpm. The effects of phenol 
or PNP biodegradation on the other substrate were studied 
using these experiments. Sampling analysis of the contents of 
phenol, PNP, and biomass were made over a certain period 
during the treatment time (see ‘Analytical methods’ section). 

Five independent experiments were conducted to measure 
the maximum specific rate of utilization of phenol substrate 
(ks), the half-saturation coefficient of phenol substrate (Ks), 
endogenous decay constant (b), and true growth yield (Ym) 
(A1–A5 in Table 1). The values of qs for the five different cases 
were obtained by drawing a plot of phenol concentration vs. 
time. While by considering Eq. (1) (neglecting ‘1 + C/Kic’ term), 
ks and Ks values were determined using nonlinear regression 
analysis of data (see section ‘Data fitting procedure’):
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The observed growth yield (Y) also was determined as 
the result of drawing the curve of biomass concentration vs. 
time and considering phenol utilization over treatment time 
(mass of bacteria generated per mass of growth substrate 
consumed). Considering Eq. (3) in the absence of cometabolic 
substrate (qc = 0) and when utilization of phenol as the growth 
substrate was complete (Ym qs = 0), the first-order endoge-
nous decay constant would readily be determined using a 
semi-logarithmic plot of active cell content vs. time:
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Further note is toward determination of Ym in the absence 
of PNP with consideration of high concentration of phenol as 
the growth substrate:
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The next independent experiments were six runs from B1 
to B6, according to the descriptions of the concentrations given 
in Table 1, by which the maximum specific rate of utilization 
of cometabolic substrate (kc), the half-saturation coefficient 
of cometabolic substrate (Kc), and theoretical transformation 
capacity (Tc) were calculated. By plotting PNP concentration 
vs. time and obtaining values of qc for six different cases, the 
values of kc and Kc parameters were measured by considering 
Eq. (2) (neglecting the terms ‘1 + S/Kis’ and ‘Tyqs’) and employ-
ing nonlinear regression method:
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Theoretical transformation capacity can be determined 
considering Eq. (8) (in the absence of phenol as the growth 
substrate and by adding a high initial concentration of com-
etabolic substrate ‘PNP’):

Table 1 
Experimental plan for phenol and PNP degradation by Ralstonia eutropha

Study inInitial concentration of substrates (mgs L–1/mgc L–1)Serial number

TBRShake flasksPNPPhenol

√–25, 50, 75, 100, 115A1, A2, A3, A4, A5

√2, 4, 6, 8, 10, 12–B1, B2, B3, B4, B5, B6

√1425, 50, 75, 100, 115C1, C2, C3, C4, C5

√2, 4, 6, 8, 10, 12115D1, D2, D3, D4, D5

√–100, 200, 300, 400, 500, 600E1, E2, E3, E4, E5

√2.5, 5, 7.5, 10, 12.5, 15–F1, F2, F3, F4, F5, F6

√2075, 150, 225, 300, 375, 450, 525, 600G1, G2, G3, G4, G5, G6, G7, G8

√2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20600H1, H2, H3, H4, H5, H6, H7, H8
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where b and kc are known values. Definition below is used for 
determination of the observed transformation capacity ((Tc)obs): 
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where 0 and ∞ subscripts are representatives of initial and 
ultimate concentrations, respectively. 

Further flask experiments were directed toward five 
treatments of C1–C5 in order to determine the value of the 
cometabolic substrate’s inhibition coefficient (Kic). Obtaining 
the value of the half-saturation coefficient for phenol sub-
strate in the presence of PNP ((Ks)obs) became possible using 
nonlinear regression method through the consideration of 
five different initial phenol concentrations, into which a con-
stant high concentration of cometabolic substrate (≈14 mgc L–1 
of PNP) has been added to each flask. Then, the following 
equation was used for the determination of Kic:
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The other five flask experiments, which were separately 
performed, were D1–D5, in which PNP at five different initial 
concentrations was poured into each flask containing a con-
stant high concentration of phenol (≈115 mgs L–1). Then, the 
determination of half-saturation coefficient of cometabolic 
substrate in the presence of growth substrate ((Kc)obs) became 
possible with the application of nonlinear regression. After 
that, growth substrate’s inhibition coefficient (Kis) was calcu-
lated using the following equation:
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By considering Eq. (2), it can be concluded that the term 
‘Tyqs + kc’ is equaled to the maximum specific rate of utilization 
of cometabolic substrate in the presence of growth  substrate 
((kc)obs). Therefore, theoretical transformation yield (Ty) was 
determined through the use of the following equation:
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Of course, one should bear in mind that the value of qs in 
Eq. (12) is the average of specific rates of utilization of phe-
nol obtained for each initial concentration of the growth sub-
strate in experiments C1–C5 (Table 1).

2.5.2. TBR studies

The reactor studies were conducted according to the 
experiments with serial numbers of E, F, G, and H, and the 

progress of biodegradation was evaluated based on regularly 
recorded decrease of phenol and PNP concentrations (with 
the same procedure used for shake flasks experiments). The 
biomass measurements (determination of dry cell weight 
[DCW]) were done only at the final state. Therefore, the 
kinetic parameters of cell growth and decay were not deter-
mined for immobilized cells and modeling of phenol and 
PNP degradation in TBR was simultaneously performed by 
solving Eqs. (1) and (2). Control experiments without the 
bacterial culture were also conducted to evaluate substrates 
potential removal by adsorption or ventilation processes. 

2.6. Data fitting procedure

Fitting the experimental data on the Monod-like model 
(saturation kinetics), that is nonlinear in its parameters, was 
performed by Graphpad Prism 5 software using Levenberg–
Marquardt nonlinear regression technique. This work 
requires an initial estimate of the parameters of the interest. 
The program, then, automatically calculates the lowest values 
of the sum squares of the differences between the values pre-
dicted by the model and the experimental data (residual) after 
several iterations. Sum squares of the residuals (SSR) were 
minimized by considering linear descent and Gauss–Newton 
methods. The coefficient of determination (R2) gives the pro-
portion of the total variability of data explained by the model 
(R2 = 1 - SSR/SStotal) and shows extent of closeness of the 
experimental data to the described kinetic model. Standard 
error of the estimate (Sy.x) is a measure of the accuracy of pre-
dictions made with a regression curve (Sy.x = √(SS/df) where df 
shows degrees of freedom). The values of R2 and Sy.x, which 
are calculated and reported by Graphpad Prism 5 software, 
represent the goodness of fit for the result of each parameter 
determined according to the kinetic model used in the cur-
rent study [22]. In evaluating the developed model and the 
obtained parameters, a dynamic feature of the cometabolism 
process was modeled at different initial concentrations of the 
substrates using Runge–Kutta numerical method through 
the application of Matlab R2014a software.

2.7. Analytical methods

During the experiments, a suitable volume of sample was 
withdrawn at regular time intervals, and this continued until 
completion of the growth substrate degradation (phenol) 
while the cometabolic substrate (PNP) was not completely 
degraded in the treatment time (see the relevant figures in 
the ‘Results and discussion’ section). The cell density was 
measured by obtaining the absorbance (optical density [OD]) 
at 600 nm using spectrophotometer (JASCO V-550 UV-Vis). 
Conversion of the OD to DCW was done with the use of a 
calibration curve and plotting OD600 vs. DCW (mg L–1). After 
analysis of the cell density, the samples were centrifuged at 
8,000 rpm for 15 min. The resulting supernatant was ana-
lyzed for residual phenol and PNP concentrations. By con-
sidering the Folin-Ciocalteu reagent, phenol concentration 
was determined spectrophotometrically by reading absor-
bance at 750 nm following the application of the treatment 
on the supernatant sample according to the details given 
elsewhere [23]. PNP concentration was measured with the 
use of spectrophotometer and obtaining absorbance values 
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at 400 nm. Exactly 1 mL of the supernatant (as mentioned 
above) was mixed and homogenized with 5 mL 0.1 N NaOH 
solution. The mixture was then stored at room temperature 
for 5 min, and the absorbance of the obtained solution was 
read at 400 nm wavelength [24]. 

The Kissiris pieces with the biomass were taken out from 
the reactor at the final state of degradation for the measure-
ment of Kissiris-attached biomass dry weight in the TBR. 
The pieces were washed with distilled water, dried at 40°C, 
and 500 mbar in a vacuum oven (H. Jürgens and Co., GmbH 
and Co., D2800 Bremen, Germany) for 20 h, and weighed. 
The attached biomass was removed by heating the Kissiris 
pieces in NaOH solution (0.5 N), and the biomass-free pieces 
of Kissiris were washed using distilled water. The weight of 
biomass in the TBR was determined by obtaining the differ-
ence between dried Kissiris and dried bare pieces [25].

Control experiments without the bacterial culture were 
also conducted, and no considerable changes of the initial 
concentrations of the substrates were observed thus indicat-
ing that abiotic loss of the substrate in the present study was 
negligible. 

The Kissiris-immobilized R. eutropha in TBR was ana-
lyzed morphologically at the end of the experimental work 
using scanning electron microscope (Philips XL30). The sam-
ples were washed with distilled water and dried in the vac-
uum oven (at 40°C and 500 mbar for 20 h). These samples 
were then coated with gold film in BAL-TEC Sputter Coater 
SCD 050 device. Micrographs were taken on the SEM instru-
ment at magnification of 5,000× at 25.0 kV.

3. Results and discussion

3.1. Evaluation of kinetic parameters in terms of cell behavior 

The systematic approach that commenced with the 
consideration of only growth or cometabolic substrate was 
employed in this study. Eight different kinetic parameters 
were experimentally measured. Subsequently, with the pres-
ence of both substrates in the test medium, three other kinetic 
parameters were determined (see below for the details). The 
values of all these kinetic parameters in shake flask and TBR 
studies are summarized in Table 2 and compared with the 
values determined in some other studies in the realm of 
cometabolism.

3.2. Cell response to either phenol or PNP as the single substrate 
under noninhibitory conditions

Degradation of phenol at different initial concentrations 
(shown in Table 1 as experiments A and B) was indicative 
of varied lag phases, where at ≈25 mgs L–1 no lag phase was 
observed (as shown in Fig. 2(a)). The corresponding bio-
mass at initial phenol concentration of ≈25 mgs L–1 was low, 
although at the end of the exponential phase of the growth, 
the yields of biomass growth were greater for higher initial 
phenol concentrations (e.g., ≈148 mgcell L–1 biomass content 
for phenol concentration at ≈115 mgs L–1) (Fig. 2(c)). It seems 
that more time was needed for the production of necessary 
enzymes responsible for the degradation of higher levels 
of phenol (i.e., enough amounts of enzymes should be pro-
duced). Similar findings about the consumption of phenol, 

as the growth-limiting substrate, by Pseudomonas sp. DSM 
548 and 36 bacterial strains isolated from the activated sludge 
(sludge from steel mill sewage treatment) have been reported 
[26,27].

The results of nonlinear regression from fitting the model 
(Eq. (4)) on the experimental data presented in Figs. 2(a) and 
(c) were as follows: ks and Ks were 0.304 mgs mgcell

–1 h–1 and 
36.11 mgs L–1, respectively (goodness of fit: R2 = 0.99, Sy.x = 
8.9 × 10–3). The value of true growth yield (Ym) and the first-or-
der endogenous decay constant (b) were calculated (Eqs. (5) 
and (6)) with the use of data from phenol degradation at dif-
ferent initial concentrations along with the formed biomass 
concentrations.

In the case of PNP, as the cometabolic substrate in the 
present study, relatively low amount of PNP was consumed 
(Fig. 2(b)), while considerable fluctuations in the biomass vs. 
time curve have been observed (Fig. 2(d)). Capability of R. 
eutropha to survive in the presence of PNP without phenol 
was fascinating. Operating metabolism of this bacterium for 
PNP is not constitutive, and loss of controlling enzymes in 
degrading PNP may occur very rapidly, as has been stated 
elsewhere on using phenol and glucose by P. putida ATCC 
17484 [28]. The R. eutropha behavior may also be interpreted 
in the same way as vinyl chloride (VC) cometabolism by 
an ethane-grown Pseudomonas sp. [29]. Cell resources have 
been gained by the test bacterium upon its prior growth on 
phenol, and when the cells were exposed to PNP, accessibil-
ity of the resources by the cells is very possible. This could 
provide survival atmosphere for the cells in the expense of 
using PNP (Fig. 2(b)). An example of the absence of typical 
cell growth behavior, such as the findings shown in Fig. 2(d), 
is the induction of certain enzymatic pathways in the pres-
ence of some substrate without the involved substrate being 
used [30]. 

Determination of kc and Kc values were carried out using 
Eq. (7) in similar way to ks and Ks determination as described 
above. Kinetic parameters of PNP utilization were obtained 
as kc = 0.00404 mgc mgcell

–1 h–1 and Kc = 9.54 mgc L–1 (goodness 
of fit: R2 = 0.99, Sy.x = 9.8 × 10–5). The observed transformation 
capacity ((Tc)obs), as the mass of cometabolic substrate per cell 
biomass, was measured using Eq. (9) and the details given 
in Figs. 2(b) and (d) (PNP at ≈ 12 mgc L–1). Additional note 
was on measuring theoretical transformation capacity (Tc), 
which was determined using Eq. (8) and by substituting the 
values of b, kc, and (Tc)obs. The value of Tc in the present study 
was determined as 0.334 mgc mgcell

–1. This quantity was in 
the range of 0.0003–0.5 mgc mgcell

–1, which was summarized 
by Alvarez-Cohen and Speitel Jr. [17] for cometabolism by 
phenol degradation. Also, the results of abiotic tests revealed 
that there was no considerable changes of the initial concen-
trations of the substrates indicating that abiotic loss of the 
substrate in the present study was negligible.

3.3. Simultaneous utilization of phenol and PNP substrates 
by freely suspended cells

Simultaneous oxidations of phenol and PNP under 
 aerobic conditions are coenzyme-dependent bioprocesses, 
where performance of the controlling enzyme(s) may be 
explained in terms of whole cell functionality (the cell as 
the biocatalyst) [31]. In developing a suitable model for 
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 cometabolization, then, different kinetic parameters should 
be determined experimentally, and weight of their presence 
on the model has to be evaluated quantitatively. According 
to the specifications given in Table 1, experiments with serial 
numbers of C and D were conducted, where changes of phe-
nol, PNP, and biomass contents of the test samples taken 
during the treatment time were determined. Eleven test 
flasks were prepared by adding a constant and high level of 
one substrate along with 5–6 different initial concentrations 
of the other substrate to a medium containing microbial cul-
ture and MSS. Curves of the time dependences for the mea-
sured changes are presented in Fig. 3. 

The time dependences of changes of phenol and bio-
mass at the constant PNP concentration (Figs. 3(a) and (c)) 
were compared with those in which phenol was used as the 
single substrate (Figs. 2(a) and (c)). A comparison between 
lag phase period of 6 and 2 h, as revealed in Figs. 2(a) and 
3(a), indicated threefold increase of the lag time when phe-
nol, at the highest initial concentration (≈115 mgs L–1), was 
degraded by the test bacterium in the presence of a fixed 
amount of PNP. Thus, treatment time of 48 h was corre-
sponded to almost complete degradation of phenol although 
it took only 8 h for complete biooxidation of phenol, when 
phenol was the only involved substrate and PNP was absent. 
Considerable increase of the lag time for the former could be 

interpreted as the lower possibilities of the microbial cell in 
producing more enzymes required for degradation of PNP 
as the cells biomass decrease from ≈148 mgcell L–1 (Fig. 2(c)) to 
≈93 mgcell L–1 (Fig. 3(c)). This 37% decrease in biomass content 
appeared to be crucial in cometabolization process. Thus, the 
cells should recover themselves (producing more biomass) 
and recommence their activities toward degradation of PNP. 
Phenol feeding may be considered as an effective strategy in 
performing coenzyme-dependent oxidative reactions [13]. 
There is a positive influence of the biomass concentration and 
enzymatic abilities of the cells to degrade the cometabolic 
substrate as it is shown in Fig. 3(b), where the higher phenol 
and biomass concentrations resulted in higher degradation 
rate of PNP. 

The time dependences of changes of PNP and biomass 
at the constant phenol concentration (Figs. 3(d) and (f)) 
were compared with those in which PNP was used as the 
sole source of carbon and energy (Figs. 2(b) and (d)). Almost 
no fluctuation in biomass formation was observed in the 
presence of phenol (see Figs. 2(d) and 3(f)). The obtained 
results for trend of PNP degradation in the absence of phe-
nol was shown in Fig. 2(b), where decrease of PNP was 
almost constant, and the level was very low and negligi-
ble. Figs. 3(d) and (f) are indicative of enhancing effect of 
phenol on the formation of biomass and PNP degradation. 
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Fig. 2. Degradation of phenol (a) and PNP (b) each at different initial concentrations in flask studies using free cells of R. eutropha. 
The time changes for the formed biomass concentration are also shown ((c) and (d)).
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Cell abilities to transform the cometabolic substrate is 
directly related to the use of growth substrate: involvement 
of growth substrate in synthesis of coenzymes, induction 
of catabolic enzymes, and production of new enzymes 
(i.e., inactivation of the enzyme in response to cometabolic 
substrate usage) [17,32]. While, PNP negatively affected 
cell consumption of phenol: 36 h as the total time of phe-
nol degradation in the presence of the highest level of PNP 
(≈12 mgc L–1) as compared with 8 h as the time of phenol 
utilization in the absence of PNP (36 h vs. 8 h). A noticeable 
decline in growth rate with increasing concentration of the 

cometabolic substrate and decreasing concentration of the 
growth substrate, as shown in Figs. 3(c) and (f), was previ-
ously reported in the literature [33,34].

The results of specific degradation rate for either phenol 
(with or without of PNP) or PNP (with or without phenol) 
against different initial concentrations of the relevant sub-
strate shown in Fig. 4 are in favor of the findings described 
above (inhibitory and enhancing effect in substrate interac-
tions). All the qs values in the presence of PNP were lower 
when compared with the values obtained in the absence 
of cometabolic substrate (Fig. 4(a)). The results shown in 
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Fig. 3. Degradation of phenol (a) and PNP (b) in the presence of PNP at 14.6 mg L–1 initial concentration. The data of the formed 
biomass concentrations (c) are also shown. Cell responses to utilization of different initial concentrations of PNP in the presence of 
phenol at 118 mg L–1 initial concentration were also presented in terms of PNP, phenol, and the formed biomass concentrations ((d),(e), 
and (f) plots, respectively).
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Fig. 4(b) are indicative of the enhancing role of phenol on 
PNP utilization by the cells. Based on nonlinear regression 
technique used here, the experimental data were matched 
to the values predicted by model. To determine kinetic 
parameters of simultaneous degradation of phenol and 
PNP, first, the least squares method was used to estimate 
values of (Ks)obs, (Kc)obs, and (kc)obs. Then, according to the 
data obtained in single substrate experiments (see Table 1 
for A and B treatments and Eqs. (10)–(12)), the values of 
Kis, Kic, and Ty were calculated. Additional note on find-
ings of these experiments was to determine transformation 
yield as the amount of cometabolic substrate consumed per 
amount of growth substrate used by the cells. Comparison 
between Kic and Kis (determined through experiments with 
serial numbers of C and D in Table 1) revealed that value 
of Kic was considerably lower than the Kis value (Table 2). 
According to the competitive enzyme inhibition concept, 

the lower the value of Ki, the greater is the degree of inhibi-
tion. Thus, PNP inhibitory action on phenol utilization rate 
by R. eutropha was greater than that of the phenol action on 
PNP utilization rate by the test bacterium. The Kic and Kis 
findings reported here are not in agreement with the come-
tabolization results reported by Chang and Criddle [15] on 
trichloroethylene (TCE) degradation by a methanotrophic 
mixed culture and also on utilization of 4-chlorophenol 
(4-CP) by P. putida using phenol as the growth substrate 
in the presence of sodium glutamate (SG) [32] (Table 2). 
In the latter study on ternary substrate system (phenol, 
4-CP, and SG), SG was inhibitory to phenol, but SG did not 
express inhibitory function to 4-CP. Besides, SG was able 
to decrease the toxicity of 4-CP to phenol [32]. When one 
considers the ratio of amount of 4-CP degraded to amount 
of phenol degraded, the comparisons of Ty values would be 
interesting. The ratio is higher in the presence of SG than 
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Fig. 4. Shake flask experiment specific degradation rates of the substrate either phenol (qs) or PNP (qc) (with or without the other sub-
strate) as a function of the initial concentration ((a) and (b) plots for phenol and PNP, respectively). Results of the TBR experiments 
showing specific degradation rates of the substrate either phenol (qs) or PNP (qc) (with or without the other substrate) as a function of 
the initial concentration are also shown ((c) and (d) plots for phenol and PNP, respectively). Data for volumetric degradation rates in 
each case are presented as inset(s). 
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that in the absence of this substrate. The condition is differ-
ent in the present study: no third substrate was included. 
In fact, addition of SG as an amino acid derivative seems 
to change the nitrogen control signals in microbial cells, 
and treatment of the growth culture should be considered 
either under nitrogen excess or nitrogen limitation condi-
tions [35]. High value of Ty reported for simultaneous deg-
radation of TCE and methane appears to be related to the 
mixed culture used as methanotrophic bacteria, which were 
derived from an aquifer material [15]. It is noteworthy to 
compare the use of complex MSS in those two experiments 
with the simple formulation used in the present study. 

3.4. TBR studies

Microbial cells attachment to bed of packed material and 
biooxidation reactions are the major sequence of events in 
trickling biological filter extensively used for the treatment of 
real wastewaters, where long duration of the liquid feeding 
along with system’s aeration create considerable differences 
in concentrations of mixed substrates and in densities of 
mixed microorganisms [36]. These complexities, although, 
are the cause of some real difficulties that periodically appear 
in efficient handling of the real system, but the depth of these 
problems in the present study with the use of single pure cul-
ture adapted to phenol oxidation would not be considerable. 
Thus, it is reasonable to assign the cause of obtaining low 
qc and qs values in the TBR to the excessive biomass immo-
bilized throughout the Kissiris pieces, restricting availability 
and diffusion of the nutrients including air, within the biofilm 
and the bed from top to bottom. The role of the involvement 
of the formed biomass in the aforementioned limitations is 
confirmed by comparing the results in terms of relationship 
expressed between volumetric- and specific-degradation 
rate (r and q, respectively). It is noteworthy to compare the 

value of DCW in TBR as 3,731 mgcell against ≈100 mgcell L–1 
in the flask studies (Fig. 4). Additional note is on the results 
of simultaneous degradation of phenol and PNP by Kissiris-
immobilized cells (TBR studies), which were similar to those 
obtained in shake flasks experiments in terms of substrate 
interactions (enhancing effect of phenol on PNP utilization 
and inhibitory influence of PNP on phenol degradation) (see 
Fig. 4).

The values of the kinetic parameters in shake flask and 
TBR studies are summarized in Table 2 and are compared 
with the values determined in some other studies in the 
scope of cometabolism.

Dense growth of R. eutropha cells on Kissiris pieces in 
TBR is clearly observed through SEM micrographs presented 
in Fig. 5 (the images were obtained at the end of the TBR 
experiments).

Fig. 6 shows the plots of experimental vs. model pre-
dicted values for the biokinetic coefficients. Measurements of 
the formed biomass during the flask study considering high 
initial concentrations of phenol showed marked fluctuations, 
and the points in the resulting plot deviated greatly from 
diagonal. Morphological changes occurring in response to 
the utilization of growth substrate (with or without comet-
abolic substrate) have not been considered in the suggested 
model (Figs. 6(a) and (c)). However, in TBR study, the bio-
mass measurement was made at the end of the experiments, 
and expectedly, no fluctuation was experienced in the data 
collection. Accordingly, the deviations in the relevant parity 
plots are insignificant (Figs. 6(d) and (e)). It is worth mention-
ing that low deviations observed in Fig. 6(b) would be inter-
preted in terms of Kis, which was calculated as higher value 
than Kic, and the contribution of both Kis and Kic values to half 
saturation constants (Ks and Kc) in Eqs. (1) and (2) should be 
considered in this regard. 

Fig. 5. SEM micrographs of the Kissiris-immobilized R. eutropha (a) and the bare Kissiris pieces (b) at magnification of 5,000×.



405N.E. Alamdari et al. / Desalination and Water Treatment 65 (2017) 394–407

4. Conclusions

The behavior of R. eutropha was examined kinetically in 
simultaneous utilization of phenol and PNP. The TBR and 
flask studies were both conducted. A mathematical model 
was used in describing the events with consideration of sat-
uration kinetics (ks, Ks, kc, and Kc) and with biokinetic param-
eters about product toxicity (Tc), competitive inhibition (Kic 
and Kis), cell growth and decay (Ym and b), and transforma-
tion yield (Ty). Model-predicted values for biokinetic param-
eters were satisfactorily reflected in the experimental data.

With respect to the initial concentration of phenol, when 
this compound was used alone, the test bacterium would 
efficiently degrade this substrate after passing a certain lag 
phase. But, when PNP was the only substrate present in the 
culture medium, low amount of this cometabolic substrate 
was degraded within the treatment time, and no cell growth 
was observed despite significant fluctuations seen for the 
biomass formation process. The necessity for the induc-
tion of certain enzymatic pathways in the presence of PNP 
without noticeable utilization of this substrate could lead to 
biomass fluctuations. The presence of phenol in the culture 
medium positively affected PNP degradation, and more 
biomass was produced (flask studies). This behavior was 
not observed in the TBR studies, and degradation of PNP 

was noticeable, although not complete, within the treatment 
time. Actually, the inhibitory effect of PNP on degradation 
rate of phenol by R. eutropha cells was greater than inhibi-
tory function of phenol on PNP degradation rate, and these 
behaviors were observed for free cells as well as immobi-
lized cells in the TBR (Kic < Kis). Excessive biomass growth 
on Kissiris pieces in the TBR reduced available free spaces 
for passing air and liquid through the bed and restricted 
accessibility of the cells to nutrients such as oxygen. The 
probability of inactive biomass presence could increase, and 
therefore, the values for specific degradation rates for both 
of the substrates in the TBR were lower than those attained 
for free cells.

Despite extensive studies on the cometabolic degradation 
of halogenated aliphatic hydrocarbons reported in literature 
and although there exists substantial information about the 
mechanism of PNP utilization by gram positive and gram 
negative bacteria, only few studies on cometabolic degrada-
tion of PNP using phenol as the growth substrate have been 
reported. This is of great importance when it comes to the 
kinetics modeling, and difficulties observed in experimen-
tal validation of the assumptions used in modeling process 
[16,37]. In the present study, the validity of using biokinetic 
coefficients obtained through modeling process was evalu-
ated by employing TBR [38].
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Fig. 6. Comparison of the experimentally obtained values vs. the model predictions for the two sets of experiments: shake flask ((a), 
(b), and (c)) and the TBR ((d) and (e)).
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Symbols

b —   First-order endogenous decay constant, h–1

C —   Concentration of cometabolic substrate, 
mgc L–1

C0 —  Initial concentration of cometabolic substrate, 
mgc L–1

C∞ —  Ultimate concentration of cometabolic sub-
strate at t = ∞, mgc L–1

kc —  Maximum specific rate of utilization of comet-
abolic substrate, mgc mgcell

–1 h–1

(kc)obs —  Maximum specific rate of utilization of com-
etabolic substrate in the presence of growth 
substrate, mgc mgcell

–1 h–1

ks —  Maximum specific rate of utilization of growth 
substrate, mgs mgcell

–1 h–1

Kic —  Cometabolic substrate’s inhibition coefficient 
indicating the effect of cometabolic substrate 
concentration on growth substrate utilization 
rate, mgc L–1

Kis —  Growth substrate’s inhibition coefficient indi-
cating the effect of growth substrate concentra-
tion on cometabolic substrate utilization rate, 
mgs L–1

Kc —  Half-saturation coefficient of cometabolic 
substrate, mgc L–1

(Kc)obs —  Half-saturation coefficient of cometabolic 
substrate in the presence of growth substrate, 
mgc L–1

Ks —  Half-saturation coefficient of growth substrate, 
mgs L–1

(Ks)obs —  Half-saturation coefficient of growth substrate 
in the presence of cometabolic substrate, 
mgs L–1

qc —  Specific rate of utilization of cometabolic sub-
strate, mgc mgcell

–1 h–1

qs —  Specific rate of utilization of growth substrate, 
mgs mgcell

–1 h–1

rc —  Volumetric rate of utilization of cometabolic 
substrate, mgc h–1

rs —  Volumetric rate of utilization of growth 
substrate, mgs h–1

S —  Concentration of growth substrate, mgs L–1 
t —  time, h
(Tc)obs —   –qc/µ, observed transformation capacity, 

mgc mgcell
–1

Tc —  Theoretical transformation capacity in the 
absence of endogenous decay, mgc mgcell

–1

Ty —  Theoretical transformation yield, mgc mgs
–1

X —  Active organism concentration, mgcell L–1

X0 —  Initial concentration of active organism, 
mgcell L–1

Ym —  Maximum yield or true growth yield, 
mgcell mgs

–1

Y —  Observed growth yield, mgcell mgs
–1

References
[1] S.T.L. Tay, Removal of phenol from wastewater by microbial 

granules, In: J.H. Tay, S.T.L. Tay, Y. Liu, K.Y. Show, V. Ivanov, 
Biogranulationtechnologies for wastewater treatment: microbial 
granules, 1st ed., Elsevier, Amsterdam, 2006, pp. 191–212.

[2] V.K. Dhatwalia, M. Nanda, Biodegradation of phenol: mechanisms 
and applications, In: A.K. Rathoure, and V.K. Dhatwalia, Toxicity 
and waste management using bioremediation, IGI Global, 
Hershey, PA, USA, 2015, pp. 198–214.

[3] R. Molinari, P. Argurio, T. Poerio, Vanadyl acetylacetonate 
filled PVDF membranes as the core of a liquid phase continuous 
process for pure phenol production from benzene, J. Membr. 
Sci., 476 (2015) 490–499.

[4] V.L. Singleton, R. Orthofer, R.M. Lamuela-Raventos, Analysis 
of total phenols and other oxidation substrates and antioxidants 
by means of folin-ciocalteu reagent, Methods Enzymol., 
299 (1999) 152–178.

[5] J. Zhang, Z. Sun, Y. Li, X. Peng, W. Li, Y. Yan, Biodegradation of 
p-nitrophenol by Rhodococcus sp. CN6 with high cell surface 
hydrophobicity, J. Hazard. Mater., 163 (2009) 723–728.

[6] K.F. Reardon, D.C. Mosteller, J.D. Bull Rogers, Biodegradation 
kinetics of benzene, toluene, and phenol as single and mixed 
substrates for Pseudomonas putida F1, Biotechnol. Bioeng., 
69 (2000) 385–400.

[7] T. Al-Khalid, M.H. El-Naas, Aerobic biodegradation of phenols: 
a comprehensive review, Crit. Rev. Environ. Sci. Technol., 
42 (2012) 1631–1690.

[8] S.K. Schmidt, S. Simkins, M. Alexander, Models for the kinetics 
of biodegradation of organic compounds not supporting 
growth, Appl. Environ. Microbiol., 50 (1985) 323–331.

[9] J.C. Spain, D.T. Gibson, Pathway for biodegradation of 
p-nitrophenol in a Moraxella sp., Appl. Environ. Microbiol., 
57 (1991) 812–819.

[10] S.F. Nishino, J.C. Spain, Degradation of nitrobenzene by a 
Pseudomonas pseudoalcaligenes, Appl. Environ. Microbiol., 
59 (1993) 2520–2525.

[11] J.C. Spain, P.A. Van Veld, C.A. Monti, P.H. Pritchard, C.R. Cripe, 
Comparison of p-nitrophenol biodegradation in field and laboratory 
test systems, Appl. Environ. Microbiol., 48 (1984) 944–950.

[12] J. Zeyer, P.C. Kearney, Degradation of o-nitrophenol and 
m-nitrophenol by a Pseudomonas putida, J. Agric. Food Chem., 
32 (1984) 238–242.

[13] S.F. Nishino, J.C. Spain, Cell density-dependent adaptation 
of Pseudomonas putida to biodegradation of p-nitrophenol, 
Environ. Sci. Technol., 27 (1993) 489–494.

[14] C.S. Criddle, The kinetics of cometabolism, Biotechnol. Bioeng., 
41 (1993) 1048–1056.

[15] W. Chang, C.S. Criddle, Experimental evaluation of a model 
for cometabolism: prediction of simultaneous degradation of 
trichloroethylene and methane by a methanotrophic mixed 
culture, Biotechnol. Bioeng., 56 (1997) 492–501.

[16] J. Jesus, D. Frascari, T. Pozdniakova, A.S. Danko, Kinetics 
of aerobic cometabolic biodegradation of chlorinated and 
brominated aliphatic hydrocarbons: a review, J. Hazard. Mater., 
309 (2016) 37–52.

[17] L. Alvarez-Cohen, G.E. Speitel Jr., Kinetics of aerobic 
cometabolism of chlorinated solvents, Biodegradation, 
12 (2001) 105–126.

[18] H. Jamshidian, S. Khatami, A. Mogharei, F. Vahabzadeh, A. 
Nickzad, Cometabolic degradation of para-nitrophenol and 
phenol by Ralstonia eutropha in a Kissiris-immobilized cell 
bioreactor, Korean J. Chem. Eng., 30 (2013) 2052–2058.

[19] M. Maleki, M. Motamedi, M. Sedighi, S.M. Zamir, F. 
Vahabzadeh, Experimental study and kinetic modeling of 
cometabolic degradation of phenol and p-nitrophenol by loofa-
immobilized Ralstonia eutropha, Biotechnol. Bioprocess Eng., 
20 (2015) 124–130.

[20] M. Motamedi, A. Habibi, M. Maleki, F. Vahabzadeh, Experimental 
investigation and kinetic modeling of p-nitrophenol and phenol 
by Kissiris-immobilized Ralstonia eutropha in a batch reactor, 
CLEAN–Soil Air Water, 43 (2015) 237–243.



407N.E. Alamdari et al. / Desalination and Water Treatment 65 (2017) 394–407

[21] A. Nickzad, A. Mogharei, A. Monazzami, H. Jamshidian, F. 
Vahabzadeh, Biodegradation of phenol by Ralstonia eutropha 
in a Kissiris-immobilized cell bioreactor, Water Environ. Res., 
84 (2012) 626–634.

[22] G.G. Vining, S. Kowalski, Statistical Methods for Engineers, 
3rd ed., Cengage Learning, Boston, MA, USA, 2010.

[23] I. Stoilova, A. Krastanov, V. Stanchev, D. Daniel, M. Gerginova, Z. 
Alexieva, Biodegradation of high amounts of phenol, catechol, 
2,4-dichlorophenol and 2,6-dimethoxyphenol by Aspergillus 
awamori cells, Enzyme Microb. Technol., 39 (2006) 1036–1041.

[24] C. Chandekar, A. Ingle, Degradation of p-nitrophenol by a 
Pseudomonas sp. strain PC isolated from sewage, J. Ind. Pollut. 
Control, 6 (1990) 11–17.

[25] A. Habibi, F. Vahabzadeh, Degradation of formaldehyde 
in packed-bed bioreactor by kissiris-immobilized Ralstonia 
eutropha, Biotechnol. Bioprocess Eng., 18 (2013) 455–464.

[26] N.M. Heilbuth, V.R. Linardi, A.S. Monteiro, R.A. da Rocha, 
L.A.  Mimim, V.L. Santos, Estimation of kinetic parameters of 
phenol degradation by bacteria isolated from activated sludge 
using a genetic algorithm, J. Chem. Technol. Biotechnol., 
90 (2015), 2066–2075.

[27] Á.A. Monteiro, R.A. Boaventura, A.E. Rodrigues, Phenol 
biodegradation by Pseudomonas putida DSM 548 in a batch 
reactor, Biochem. Eng. J., 6 (2000) 45–49.

[28] A. Tarighian, G. Hill, J. Headley, S. Pedras, Enhancement of 
4-chlorophenol biodegradation using glucose, Clean Technol. 
Environ. Policy, 5 (2003) 61–65.

[29] M.F. Verce, D.L. Freedman, Modeling the kinetics of vinyl 
chloride cometabolism by an ethane-grown Pseudomonas sp., 
Biotechnol. Bioeng., 71 (2000) 274–285.

[30] C.S. Harwood, J. Gibson, Shedding light on anaerobic benzene 
ring degradation: a process unique to prokaryotes? J. Bacteriol., 
179 (1997) 301–309.

[31] M.K. Julsing, D. Kuhn, A. Schmid, B. Bühler, Resting cells of 
recombinant E. coli show high epoxidation yields on energy 
source and high sensitivity to product inhibition, Biotechnol. 
Bioeng., 109 (2012) 1109–1119.

[32] S.J. Wang, K.C. Loh, Biotransformation kinetics of Pseudomonas 
putida for cometabolism of phenol and 4-chlorophenol in 
the presence of sodium glutamate, Biodegradation, 12 (2001) 
189–199.

[33] Y.M. Chen, T.F. Lin, C. Huang, J.C. Lin, Cometabolic 
degradation kinetics of TCE and phenol by Pseudomonas putida, 
Chemosphere, 72 (2008) 1671–1680.

[34] M. Sedighi, F. Vahabzadeh, Kinetic modeling of cometabolic 
degradation of ethanethiol and phenol by Ralstonia eutropha, 
Biotechnol. Bioprocess Eng., 19 (2014) 239–249.

[35] G.F. Zubay, Biochemistry, 4th ed., Wm. C. Brown Publishers, 
Dubuque, IA, USA, 1998.

[36] J.E. Bailey, D.F. Ollis, Biochemical engineering fundamentals, 
2nd ed., Mc-Graw Hill, New York, NY, USA, 1986.

[37] W. Kitagawa, N. Kimura, Y. Kamagata, A novel p-nitrophenol 
degradation gene cluster from a gram-positive bacterium, 
Rhodococcus opacus SAO101, J. Bacteriol., 186 (2004) 
4894–4902.

[38] B.R. Folsom, P.J. Chapmanm, P.H. Pritchard, Phenol and 
trichloroethylene degradation by Pseudomonas cepacia G4: 
kinetics and interactions between substrates, Appl. Environ. 
Microbiol., 56 (1990) 1279–1285.


