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Abstract 
Biodegradation kinetics of 4-nitrophenol (PNP) in aqueous solution by a gram negative soil 

bacterium, Ralstoniaeutropha was firstly studied in a small scale batch reactor. The degradation of PNP 
was evaluated at initial PNP concentrations ranging from 3 mg/L to 14 mg/L. The rate of PNP 
consumption by the bacterium culture was modeled using Monod and Contois kinetics in batch 
condition. PNP degradation by adapted R. eutropha was well fitted to the Monod equation for the 
pollutant with initial concentration of 3-8 mg/L, whereas for PNP with initial concentration of 14 mg/L 
the experimental data were better fitted to the Contois kinetic model. The process of degradation of PNP 
was scaled up in a slurry bubble reactor with 250 ml working volume in presence of 0.75 L/min air flow 
rate. The derived kinetic model was validated by comparison the outlet time dependent experimental 
data of PNP concentration with the model in the slurry bioreactor and the results showed good 
agreement between experiments and the model. 
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Introduction 
     Chemical and petroleum industries 
produce a wide variety of highly toxic 
organic wastes. These wastes often contain 
aromatic compounds that are resistant to 
natural degradation and therefore persist in 
the environment. One of the organic 
pollutants found in these wastewaters is 
nitrophenols. Biodegradation of phenolic 
wastewater has advantages over other 
methods of treatment. Phenolic wastewater 
treatment is done by using methods like 
freely suspended cell systems, trickling 
filters, rotating disc, activated sludge, 
biological fixed film methods and fluidized 
bed bioreactors. Slurry bubble column 
bioreactors have a number of advantages in 
terms of in design and operation as 
compared to other reactors. They have 
excellent heat and mass transfer 
characteristics. Little maintenance and low 
operating costs are required due to lack of 
moving parts. Due to the spread use of the 
three-phase reactors and the economic 
advantages resulted from an optimum 
operation, the modeling of these reactors 

plays an important role in the continuous 
improvement of the multiphase technology 
[1-5]. 
     Nitrophenols are widely used in the 
production of pesticides, herbicides, 
explosives, dyes and so on. P-nitrophenol 
(PNP) is a toxic nitroaromatic compound 
and a potential environmental contaminant 
of water due to its high solubility into water 
[6-8]. Ralstoniaeutropha(formerly named 
Alcaligeneseutrophus) is a Gram-negative 
bacterium recognized for its efficiency in 
degrading a wide variety of aromatic 
pollutants, especially nitroaromatics (NAs) 
[9].   
     Several numbers of microbes are found 
to be capable of degrading PNP via aerobic 
as well as anaerobic pathways. Although 
numerous publications have focused on the 
metabolic pathways of PNP degradation, 
some studies have focused on the kinetics of 
PNP biodegradation and very little 
information is available on the kinetics of 
PNP degradation in a slurry bubble reactor 
[10-13]. Removal kinetics of 4-nitrophenol 
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biodegradation in a sequencing batch 
reactor has been studied and was well 
described by the by the Haldane equation. 
High removal rates, short acclimation times 
and good settling characteristics of 
produced sludge confirmed the suitability of 
periodic systems in enhancing the bacterial 
potentialities for biodegradation of 
xenobiotic compounds [2, 3]. 
     The objective of this study is kinetic 
modeling of biodegradation of PNP in the 
slurry reactor by the free cells of 
Ralstoniaeutropha. Results obtained herein 
provide useful information concerning the 
design criteria and conditions of slurry 
bioreactor for the industrial operations. 
 

2. Material and methods 
2.1. Microorganism and cultivation 
medium 
     R. eutrophawas supplied by Japan 
Collection of Microorganisms (JCM) 
(accession number of strain: JCM 20644 in 
2007). The growth medium (liquid culture 
‘LC’ medium) was prepared as described 
elsewhere [14]. 
 

2.2. Chemicals 
     P-Nitrophenol (PNP) was purchased 
from Kanto Chemical Co., Inc. (Japan). All 
chemicals used in this study were of 
analytical grade with the highest purities. 
 

2.3. Analytical methods 
     HPLC analysis was used to determine 
PNP concentration (Shimadzu HPLC 
system equipped with an Inertsil ODS-3V 
reverse phase column and a UV detector at 
280 nm; acetonitrile and NaClO4 (pH 
adjusted to 2.5) were the system solvents 
for this measurement). Analysis was done 
on the cell-free supernatants obtained after 
centrifugation at 12000 rpm for 20 min. 
Cell growth measurement was performed 
spectrophotometrically at wave length of 
546 nm. 
 

2.4. Kinetic experiments  
     For the kinetic study of biodegradation, 
5 ml of the adapted R. eutropha culture was 
transferred to freshly prepared the liquid 

culture medium (LC)(50 ml) containing 
PNP at 3, 5, 8 and 14 mg/L concentrations 
for different experiments. Yeast extracted at 
0.25 g/L was added to the LC medium (pH 
7, incubation conditions: shaking at the 
reciprocal mode, temperature of 30°C for 
20 h). The inoculated culture grew and it 
was centrifuged (2700 rpm, 20 min), and 
the sediment was used to prepare a R. 
eutropha cell suspension. The cell 
suspension was adjusted to an initial optical 
density of 0.1 at 546 nm. Fifty milliliters of 
sterile medium consisting of LC medium 
and PNP was inoculated in a 250 ml 
Erlenmeyer flask and incubated in a 
reciprocal shaker at 30°C. Sampling carried 
out in time intervals. 
 

2.5. Slurry reactor 
     A schematic illustration of the bioreactor 
used for the biodegradation of PNP and 
validation of the kinetic models is shown in 
Figure 1. The bioreactor was constructed by 
B.E.MarubishiCo.Ltd/ Model MDS-U50 
(Japan) and had a working volume of      
250 ml (temperature of 30°C, pH7). In the 
bioreactor agitation of phases carried out by 
air bubbles produced by air sparger. Sterile 
bioreactor consisting the LC medium (250 
ml) plus PNP (3 mg/L) was inoculated. The 
cell suspension was adjusted to an initial 
optical density of 0.1 at 546 nm. The 
airflow rate was measured by a calibrated 
rotary meter and the volumetric airflow 
rates in this study were 0.75 L/min. 
Aeration was required to disperse the cells 
uniformly throughout the bioreactor besides 
to supply oxygen to the microorganisms.  
    The mass balances of PNP and cell were 
written at unsteady state conditions to 
model PNP biodegradation in the slurry 
bioreactor, with the following assumptions: 
 

1-All the experiments were carried out at 
constant temperature of 30°C and 
pressure of 1 atm. 

2-Free cells of the microorganisms were 
homogeneously dispersed in bioreactor.  

3-The species' concentration was assumed 
uniform inside the liquid. 
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Figure 1: Schematic layout of a slurry bioreactor: 1.Bioreactor, 2.Air sparger, 3.Air filter, 
 4.Air flowmeter, 5.Pump, 6.Heater, 7. Condenser 

 
4-Air was bubbled throughout the reactor 

and a homogeneous mixture was 
prepared in the reactor. 

5- System was working at batch condition 
with no liquid inlet and no outlet of PNP 
and free cells.  

6- The oxygen content was in extra ratio 
and liquid was assumed to be saturated 
from oxygen.  

7- The death kinetic for microorganisms 
was considered besides kinetic growth. 

Initial and operation conditions are listed 
in Table 1. 

 
Table 1: Initial,  and operation conditions 

Parameter (Unit) Value 

S0 (mg/l) 2.797 

X0 (mg/l) 71.394 

VR(cm3) 250 

Q (l/min) 0.75 

 

     The model included two ordinary 
differential equations to predict the dynamic 
of batch biomass of R.eutropha (X) with the 
simultaneous consumption of PNP (S). 
These two dynamic ordinary differential 
equations are: 

 
݀ܵ
ݐ݀

ൌ
1

௑ܻ/ௌ
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     Where µ is the microbial growth rate 
constant, ௑ܻ/ௌ is the biomass yield and ߙis 
the average decay ratio. The kinetic model 
was studied in three different PNP initial 
concentrations of 5.645, 8.321 and 13.841 
mg /L, respectively.Whereas the initial cell 
suspension was adjusted to an initial optical 
density of 0.1 at 546 nm.The Matlab 
programming software was used for the 
kinetic modeling. Two different rate 
equations were tried. The growth rate 
constants () and unknown parameters were 
determined by regression of the models on 
the experimental concentration-time results. 
 

3. Results and discussion 
     The experimental results of 
concentration-time at different initial PNP 
concentrations are presented in Figure 2. It 
is observed that the lower PNP 
concentration is readily degraded. PNP at 
initial concentration of 3.14 mg/L after 6 h 
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was completely degraded as shown in 
Figure 2a. When level of PNP increased to 
5.645, 8.322 and 13.841 mg/L, the PNP 
biodegradation was completed after about 
17, 38 and 134 h, respectively. As shown in 
figure 2 b,c and d, it was observed that the 
cell concentration of R.eutropha was 
reduced in all experiments. PNP in the 
absence ofa growth substrate provided a 
poor medium for bacteria and transformed 
by co-metabolism. It can be inferred that 
adapted bacterium of R.eutropha consumed 
consumes PNP as a carbon, nitrogen and 
energy source. Hill et al studied on co-
metabolic degradation of 4-chlorophenol by 
Alcaligeneseutrophus using either phenol as 
sole substrate or mixtures of phenol and 4- 
chlorophenol [15]. Phenol was found to be 
the sole source of carbon and energywhile 
4- chlorophenol was utilized only as a co-

metabolism. They observed no growth or 4-
chlorophenol consumption without presence 
of Phenol (primary growth substrate). They 
found as 4-chlorophenol is a co-metabolite, 
it does not contribute to production of 
biomass but it is also clear that cells are 
unable to utilize the growth substrate 
(phenol) to produce nearly as much 
biomass. The loss of microbial biomass or 
enzyme activity caused by autooxidation 
(endogenous decay), proteolysis, depletion 
of cofactors (such as NADH), product 
toxicity and suicide inactivation [15,16]. 
     A summary of the model and the 
parameters of this study as well as sum of 
square of deviation (SSD) is provided in 
Table 2. Table 3 shows the bio-kinetic 
parameters of R.eutropha growing on PNP 
at initial concentrations of 5.645 and 8.321.  

 

 
Figure 2: Progress curve of PNP biodegradation and time course of biomass at PNP initial concentration 

of (a): 3 mg/L, (b). 6 mg/L, (c) 8 mg/L,(d) 14 mg/L 
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Table 2: Summary of the kinetic models and SSD 
Model Equation SSD PNP 

Concentration 
(mg/l) 

Monod  
ߤ ൌ

௠ܵߤ
௦ܭ ൅ ܵ

 

 

0.55 0-8 

Contois  
ߤ ൌ

௠ܵߤ
௦ܺܭ ൅ ܵ

 
0.68 8-14 

 
 

Table 3: Kinetic parameters of R.eutropha variation at PNP  
initial concentrations of 5.645 and 8.321 mg/l. 

PNP initial 

con.(mg/l)  

Kinetic parameters*  

µm  Ks      
s

xY  

h-1 mg/L    h-1  
(mg/L)cell 

/(mg/L)substrate  

5.645 0.028  0.227   0.033  4.085 

8.321 0.037  1.78   0.046  5.91 

                                          * Monod model 

 

Table 4: Kinetic parameters of PNP degradation  
(PNP initial concentration: 13.841) 

Kinetic parameters  Kinetic 

model Sm n Ki α  YX/S  Ks  µm  

- - - 0.035  15.376  10.03  Monod  

-  -  -  0.05  0.107  61  0.105  Contois  

 
 
     The bio-kinetic parameters of two 
models for the PNP initial concentration of 
13.841 mg/L are given in Table 4. Figure 3 
shows degradation data by R.eutropha at 
three PNP initial concentrations. Figure 4 
indicates biomass data.The models 
describing the biodegradation of organic 
compounds that are not supporting growth 
when the responsible populations are 
growing logistically, logarithmically, or 
linearly or are not increasing in numbers 
was presented in the literature[17].Phenol at 
a concentration of 1 ng/ml did not affect the 
growth of P. acidovorans. These data were 
best fit by the model that incorporated the 
equation for logarithmic growth and 
assumed a concentration of test substrate 
well below itsKm value [17]. 

Validation of the kinetic models was 
conducted using PNP degradation data in 
the scaledup slurry bioreactor by free cells 
of R.eutropha. As Monod equation was 
confirmed for the lower level of initial PNP 
concentration, the slurry bubble reactor was 
modeled by Monod equation and the results 
can be observed in Figure 5 with good 
consistency between experiment and model 
for PNP initial concentration of 2.797 mg/L. 
The sum of square of deviation between the 
experiment and model was calculated as 
0.072. 
 
4. Conclusions 
     In this study the performance of slurry 
bioreactor filled with free cells of 
Ralstoniaeutropha was examined and 
modelled for PNP degradation in relatively 
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low level of concentrations. Experimental 
results obtained herein can provide useful 
information concerning the design criteria 
and operation of slurry bioreactor for the 
pilot and industrial scales. The 
biodegradation of PNP and variation of the 
cell was modelled by Monod and Contios 
kinetic equations for initial PNP 
concentrations ranging from 3 mg/L to 14 

mg/L. PNP degradation by adapted R. 
eutropha was shown to fit the Monod 
equation when the pollutant added at initial 
concentration of 3-8 mg/L. Implementation 
of the bubble slurry bioreactor at larger 
scale showed appropriate PNP 
biodegradation in presence of free cells with 
consistent results of the model and 
experiments. 

 

 

Figure 3: Comparison between experimental data and model calculations for the degradation of PNP by 
R. eutropha. Monod model for PNP initial concentrations of :(a): 6 mg/L, (b). 8 mg/L, , and Contois Model 

for (c) 14 mg/L. 
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Figure 4: Comparison between the experimental data and model calculations for biomass Monod model 
for PNP initial concentration of (a): 3 mg/L, (b). 6 mg/L, (c) 8 mg/L,(d) and Contois model for 14 mg/L. 
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Nomenclature 
 S0       Initial PNP concentration (mg/L) 

X0        Initial cells concentration(mg/L) 
VR      Liquid volume (cm3) 
Q      Input air flow rate (L/h) 
A      Area of bioreactor (cm2) 
ug     Air superficial velocity (cm/s) 
ρl    Liquid density (g/cm3) 
µl    Liquid viscosity (poise) 
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