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a b s t r a c t

Biological degradation of 2,4,6-trinitrophenol (TNP) by Rhodococcus sp.NJUST16 in mineral salt medium
was investigated in shake-flask experiments at pH of 7.0 and 30◦C, over a wide range of initial TNP
concentration (20–800 mg l−1). The TNP was observed to be the inhibitory compound. For the studied
concentration range, Haldane’s model could be fitted to the growth kinetics data well with the kinetic
constants �max = 0.2362 h−1, Ks = 9.9131 mg l−1 and Ki = 362.7411 mg l−1. Further, the variation of observed
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yield coefficient Y with initial TNP concentration and the decay coefficient were investigated. It is our view
that the above information would be useful for modeling and designing the units treating TNP-containing
wastewaters.

© 2008 Elsevier B.V. All rights reserved.
inetic parameters
ubstrate inhibition

. Introduction

Aqueous nitrophenolic effluents are relatively common indus-
rial wastes, being produced in the manufacture and processing of a
ariety of industrial products, such as pesticides, herbicides, explo-
ives, dyes and plasticizers, etc. [1,2]. Nitrophenols are difficult to be
ecomposed biologically, and are toxic to plants, microorganisms,
nimals and humans, causing serious environmental problems
3,4]. US Environmental Protection Agency (EPA) rated nitrophenol
s priority pollutant and recommended restricting its concentra-
ion in the natural water bodies to below 10 ng ml−1 [1,5].

As a result of growing awareness over pollution caused by nitro-
henols release, efforts are being made to minimize their adverse
ffect. Many treatment technologies such as advanced oxidation
rocesses (AOPs) [6,7], extraction [8], adsorption [9], and biologi-
al treatment [10–12] have been developed to remove nitrophenols
rom contaminated environment. Of these options, physicochem-
cal methods have proven to be costly and have the inherent
rawbacks of causing a secondary pollution. However, biological

ethod treatment, which is environmental friendly and cost effec-

ive, has turned out to be a favorable alternative [13,14].
However, the presence of substituted groups, i.e., nitro-, on phe-

ols increases the toxic effects on ecosystem and human health due

∗ Corresponding author. Tel.: +86 25 84315518; fax: +86 25 84315518.
E-mail address: wanglj@mail.njust.edu.cn (L. Wang).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.12.100
to their persistence in the environment [4]. Due to the pronounced
electron-withdrawing character of the nitro groups, nitroaromat-
ics, particularly polynitroaromatics like 2,4,6-trinitrophenol (TNP),
harbor a highly electron deficient �-electron system [15]. The
electrophilic attack which is usually the first step in aromatic
biodegradation becomes more difficult. As a result, polynitroaro-
matic compounds are subject to initial reductive transformation.
They are more resistant to mineralize [10,15–17]. Hence, the num-
ber of TNP-degrading bacteria is small. Knowledge about TNP
degradation is yet limited.

What is more, knowledge of the kinetics of biodegradation is
important for the evaluation of the persistence of organic pollutants
and the design of biodegradation facilities [18,19]. Mathematical
modeling can be helpful for understanding the behaviour of bio-
logical processes and predicting the component concentrations in
the system. However, to best of our knowledge, the growth kinet-
ics of these TNP-degrading isolates has been seldom investigated
in the previous studies.

We have isolated a strain of Rhodococcus sp. from a site
contaminated by TNP at the Nanjing Taowu Chemical Factory
in China and utilized it for biological degradation of TNP [20].
In this article, a clarification and quantitative discussion of the

relationship between specific growth rate and substrate concen-
tration, a consideration of variable cell mass yield as well as the
decay coefficient will be presented. The Haldane’s model will
be validated experimentally over a wide range of initial TNP
concentrations.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wanglj@mail.njust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.12.100
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Nomenclature

kd decay coefficient (h−1)
Ki Haldane’s growth kinetics inhibition coefficient

(mg l−1)
Ks half saturation coefficient (mg l−1)
R2 correlation coefficient (−)
S concentration of substrate (mg l−1)
t time (h)
X concentration of biomass (mg l−1)
Y observed yield coefficient (mg biomass/mg sub-

strate)

Greek letters
�g specific growth rate (h−1)
�max maximum specific growth rate (h−1)
�net �g − kd, net specific growth rate (h−1)
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. Kinetics models development

In our work, as the flasks were covered with six layer gauzes,
t was presumed that the aeration provided by shaking the flasks
as able to keep the oxygen concentration sufficient and not

imited, the influence of oxygen was not considered. Thus, the
hodococcus sp. growth rate and TNP degradation rate were only

imited by substrate concentration at fixed initial pH, temperature
nd shaking rate.

Cell growth kinetics in a batch reactor may be modeled by the
ollowing equation:

dX

dt
= �gX − kdX = �netX (1)

or substrate,

dS

dt
= − 1

Y

(
dX

dt

)
(2)

�g is a function of S. In the literature, two approaches are
ostly encountered for representing the kinetics of bacterial

rowth on substrates. According to one, substrates are considered
oninhibitory compounds and so are represented by Monod’s non-

nhibitory kinetics equation as given below:

g = �maxS

Ks + S
(3)

The other view considers the substrates to be growth inhibitory
ompounds. Of the kinetics models describing the growth kinet-
cs of inhibitory compound, Haldane’s model is widely studied
ue to its mathematical simplicity and wide acceptance for repre-
enting the growth kinetics of inhibitory substrates. The Haldane’s
nhibitory growth kinetics equation is as follows:

g = �maxS
(4)
Ks + S + (S2/Ki)

t higher substrate concentrations, S»Ks, the above equation
educes to the following:

g = �maxS

S + (S2/Ki)
(5)

r
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1
�g

= 1
�max

+ S

(Ki�max)
(6)

This is the linearized Haldane’s equation.
The time profiles of substrate degradation prediction can be

done by combining Eqs. (1), (2) and (4):

1
X

dS

dt
= − 1

Y

(
�maxS

Ks + S + (S2/Ki)

)
(7)

Also, it can be assumed that endogenous coefficient kd in Eq.
(1) may be neglected during exponential phase. Eq. (1) therefore
reduces to the following equation:

dX

dt
= �gX (8)

During initial phase, S may be taken equal to S0. Therefore,

ln
(

X

X0

)
= �gt (9)

3. Materials and methods

3.1. Microorganism and culture media

Pure culture of Rhodococcus sp.NJUST16 was used throughout
our work. Rhodococcus sp.NJUST16 was isolated in this lab previ-
ously and identified based on Gram staining, biochemical tests, and
16S rRNA sequence determination [20]. The 16S rRNA sequence was
deposited in the GenBank database under accession no. EF635425.
Store culture of this strain was maintained by periodic sub transfer
on mineral salt agar plates supplemented with 500 mg l−1 TNP and
stored at 4 ◦C.

The liquid mineral salt (MS) medium used in this study
contained Na2HPO4·12H2O (3.057 g l−1), KH2PO4 (0.743 g l−1),
MgSO4·7H2O (0.2 g l−1), CaCl2 (0.05 g l−1), SL-4 (10 ml l−1) and a
certain amount of TNP stock solution. The composition of SL-4
was described previously [20]. The TNP stock solution contained
4000 mg l−1 TNP, and was adjusted to pH 7.0 with 1 mol l−1 of NaOH.
The initial pH of the medium was 7.0. 50 ml of the media was trans-
ferred to 150 ml of an Erlenmeyer flask and autoclaved at 121 ◦C for
20–30 min.

3.2. Experimental procedures

The inocula for the experiments of TNP degradation study were
prepared as follows [20]: the mineral salts medium supplemented
with 500 mg l−1 TNP, was inoculated with pure culture of NJUST16
and incubated at 30 ◦C on a shaker at 180 rpm. 2 ml of this cell cul-
ture was added to fresh medium as inoculum. 32 h later, a third
fresh medium was also inoculated with 2 ml of the last culture,
ensuring that bacteria were already adapted to TNP. The induced
cells at late exponential growth phase (cell concentration of about
2 × 107 cells/ml, OD600 around 0.3 absorbance units) were then
transferred to each experimental flask containing the prepared
medium as the inocula.

To investigate the influence of inoculum volume on phenol
degradation, 50 ml mineral media with 500 mg l−1 TNP were inoc-
ulated with the inocula of 1 ml, 2 ml, 3 ml, 4 ml, respectively. For
determination of the kinetic parameters, the degradation experi-
ments were conducted with a series of 150 ml Erlenmeyer flask with
50 ml MS media supplemented with various TNP concentrations.

All the reactors were inoculated with 2 ml inocula described above.
Initial TNP concentrations varied from 20 to 100 mg l−1 at an inter-
val of 20 mg l−1, and 100–800 mg l−1 at an interval of 100 mg l−1.
All of above experiments were carried out at initial pH of 7.0 and
30 ◦C (as previous study [20] indicated, NJUST16 grew optimally at
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Fig. 1. Effect of the inoculum size on TNP degradation.

his conditions) on a shaker at 180 rpm. The variation of TNP con-
entration and the OD of growth were monitored at suitable time
ntervals throughout the study.

.3. Analytical methods

To determine the amount of remaining TNP, samples were
assed through a 0.22 �m filter and submitted to analysis. TNP in
he supernatant were identified and quantified by HPLC (Waters
996, Waters Incorporation, USA) conducted at room tempera-
ure using Waters RP18 column (5 �m, 3.9 mm × 150 mm) and a
iode array detector at a flow rate of 1.00 ml min−1. The mobile
hase consisted of 30% acetonitrile, 70% water and 0.26% H3PO4
v/v/v). The analysis was performed at 254 nm, column temperature
t 35 ◦C. The optical density (OD) of cell growth was determined
t 600 nm using a UV-VIS Spectrophotometer (TU-1901, Purkinje
eneral Instrument Co. Ltd., China) throughout the studies. As the
ulture supernatant turned red during fermentation, a cell free sam-
le of the corresponding supernatant was used as the blank. The OD
alue was then converted to dry cell mass using a dry weight cali-
ration curve obtained by plotting dry weight of biomass per liter
gainst optical density of the suspension. The pH was measured in
pH meter (PHS-3B, Shanghai Precision & Scientific Instrument Co.
td., China).

. Results and discussion

.1. Effect of inoculum size on TNP degradation

Fig. 1 indicated the effect of inoculum volume on TNP degra-
ation. The MS media inoculated with 8% starting inoculum
nderwent a shortest lag phase, and manifested the highest TNP-
egrading velocity. The results showed that the increased inoculum
oncentration reduced the lag phase and helped the system to reach
he exponential growth phase quickly.

.2. Effect of initial concentration on strain growth

In order to evaluate the effect of initial concentration on strain
rowth, the specific growth rate (�) for each value of the initial

NP concentration (S0), was determined in the exponential growth
hase. In these experiments initial TNP concentrations varied in the
ange 20–800 mg l−1. After a lag phase, linear plots were obtained
t all initial concentrations, which indicated that the TNP was the
imiting substrate in this region and the culture was growing expo-
Fig. 2. Experimental and predicted specific growth rates of the culture due to Hal-
dane’s model.

nentially. The OD of cell growth was monitored continuously. The
natural logarithm of these measurements was plotted against the
incubation time, and the growth rates were calculated by using
Eq. (9). In the present research work, such plots had been used for
the determination of specific growth rates at different initial TNP
concentrations.

The experimental specific growth rate data were plotted against
initial concentration of TNP. Fig. 2 showed a typical trend that the
value of specific growth rate increased with the increase in ini-
tial TNP concentration up to a certain concentration level, then it
started decreasing with the increase in the concentration. From this
figure, the value of maximum specific growth rate was found to be
equal to 0.1850 h−1, it was achieved at initial TNP concentration
of about 60 mg l−1. The decline trend of the plot beyond 60 mg l−1

indicated that TNP was inhibitory type substrate and the inhibition
effect of TNP become predominant above 60 mg l−1.

4.3. Determination on kinetic parameters

In order to estimate the kinetic parameters of TNP, Haldane’s
growth kinetics model was used. In general, Haldane’s growth
kinetics model was used to represent growth kinetics data of an
inhibitory compound such as phenol. The model had been used on
the premise that this had less number of parameters and lent itself
to be used easily in model equations [21]. However, the estimation
of these three parameters values required the use of a nonlinear
least squares technique.

In this study, the parameters were obtained by a nonlinear least
squares technique using MATLAB 7.0, based on Windows XP. Exper-
imental and predicted specific growth rates of the culture due to
Haldane’s model were shown in Fig. 2. Values of kinetic constants
for TNP degradation obtained in this work were listed in Table 1. The
�max and Ks values reported in other literatures for TNP degrada-
tion were also included. In general, �max value reported in this work
was much larger than those estimated in the literature. The large
value of �max indicated that substrate was degraded by microorgan-
ism more rapidly. The magnitude of Ks value indicated the affinity
of biomass to substrate. The low value of Ks indicated the high
affinity of biomass to substrate and so growth rate was high. In

the study in Table 1, Ks values fell in the range of 25–50 mg l
with an exception of 0.68 mg l−1. While Ks value, obtained for this
study was 9.9131 mg l−1. The low value of Ks implied that the affin-
ity of NJUST16 to degrade TNP at prevailing operating conditions
was relatively high. The evident variability seen in the literature for
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Table 1
Reported value of �max, Ks and Ki for TNP.

�max (h−1) Ks (mg l−1) Ki (mg l−1) T (◦C) System Cultures Reference

0.005 0.68 25 Aerobic sequencing batch reactor Rhodococcus opacus strain JW01 [22]
0.05 50 25 Membrane enhanced biofilm reactor Nocardioides simplex strain Nb [23]
0.05 25 25 Membrane enhanced biofilm reactor Nocardioides simplex strain Nb [23]
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.2362 9.9131 362.7411 30 Batch

hese biokinetic constant values may be due to various factors such
s inoculum history, changes in predominating microbial species
nd different environmental factors [24]. However, the magnitudes
f kinetic parameter Ki, which indicated both the inhibition ten-
ency of the substrate and the degree of toxicity of the substrate in
he medium towards the microorganisms, were still lacking in the
resent literature. The Ki value of 362.7411 mg l−1 was comparable
o the phenol degradation systems in the literature [25].

It was known that TNP was truly xenobiotic. Nitrophenols
ere difficult to be decomposed biologically, and were more

oxic to microorganisms than phenol. However, The �max, Ks

nd Ki value (0.2362 h−1, 9.9131 mg l−1 and 362.7411 mg l−1)
btained in this work all lay in the range of literature results
0.119–0.542 h−1, 1.06–44.92 mg l−1, 54.1–934.5 mg l−1) [25]. It
mplied that at given operating conditions, the TNP biodegrada-
ion potential of Rhodococcus sp.NJUST16 was comparable with that
f other popular microorganisms to treat phenolic waste in the
iterature.

.4. Yield coefficient

The cell mass yield coefficient (dry weight of biomass/weight of
ubstrate) was estimated by linearizing cell mass density increase
ith phenol consumption, as is given below:

= Xm − X0

Ss − S0
(10)

Fig. 3 plotted the cell mass yield coefficient as a function of ini-
ial TNP concentration. As initial TNP concentration varied from 20
o 900 mg l−1, the yield coefficient varied between 0.1424 g g−1 and

−1
.3215 g g , and seemed to be too low (Fig. 3). It is probably due to
he following reasons [16]: (1) a considerable portion of the molec-
lar weight of TNP was provided by the three nitro groups; and (2)
t least two NADPH molecules had to be used to remove the nitro
roups from the aromatic system. However, these values are com-

Fig. 3. Effect of initial TNP concentrations on cell mass yield.
hanced biofilm reactor Nocardioides simplex strain Nb [23]
Rhodococcus sp.NJUST16 This work

parable with these data obtained by Behrend and Heesche-Wanger
[16].

Besides, the profile of cell mass yield as a function of ini-
tial TNP concentration was similar to that of specific growth rate
(Figs. 2 and 3). The yield maximized at TNP concentration of
60 mg l−1 where � was also maximum. Beyond 60 mg l−1, con-
siderable decrease in the values of mass yield coefficient was
observed with increase in TNP concentration up to 800 mg l−1. Sim-
ilar results of decreasing Y with increasing substrate concentration
in inhibitory region were also reported in the literature [14,26,27].
This phenomenon could be reasoned based on the fact that the
percentage of the total substrate carbon converted to energy for
cell growth and maintenance increased as the specific growth rate
decreased, when the inhibition effect of TNP become predomi-
nant above initial TNP concentration of 60 mg l−1. More energy was
required to overcome the effect of substrate inhibition during the
degradation of TNP. While the percentage of the total substrate car-
bon assimilated into biomass decreased as the specific growth rate
decreased. In addition, the production and accumulation of inter-
mediates may also be responsible for the decreased cell mass yield.
Thus substrate inhibition was known not only to reduce the specific
growth rate, but also to reduce cell growth yield.

4.5. Endogenous or decay coefficient

The endogenous decay described the conversion of cell mass
into maintenance energy. The decay coefficient affected the growth
kinetics because it appeared in the mass balance equation of the cell
growth (Eq. (1)). A typical growth curve showed a decline in cell
population after the complete consumption of substrate. During
this declining phase some parts of the cell population become food
for the rest of the cell population. This part of the growth curve in
a batch reactor had been modeled by following equation.

dX

dt
= −kdX (11)

In order to determine the value of kd, the growth of culture
was continued and the cell mass concentration was observed
for another 24 h even after the complete consumption of TNP.
The experiment was conducted for initial TNP concentration of
500 mg l−1. The selection of the particular growth run was arbi-
trary, assuming that the kd value is not dependent on initial TNP
concentration. Fig. 4 showed the batch growth curves extended up
to endogenous region at initial TNP concentration of 500 mg l−1.
Fig. 5 showed the data of the endogenous region plotted as loge

(optical density) versus time. The negative slope gave decay rate
coefficient. The value of the decay rate coefficient obtained in this
study was 0.01713 h−1 for TNP degradation. While the decay rate
coefficient values for Pseudomonas putida MTCC 1194 in phenol and
catechol biodegradation system described by Kumar et al. [21] were

0.0056 and 0.0067 h−1, respectively. The decay rate coefficient for
NJUST16 in this study was larger than that for P. putida MTCC 1194.
The growth rate would be reduced by as much the value of decay
coefficient so that the wash out condition would occur at lower
dilution rates.
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ig. 4. Batch growth curve extended up to decay phase for TNP degradation by
hodococcus sp.NJUST16 at initial TNP concentration of 500 mg l−1.

.6. Simulations with the Haldane model

TNP degradation was modeled by Eqs. (4), (7) and (9). Simula-
ions were performed for studied initial TNP concentration in the
ange of 100–900 mg l−1. Kinetic values of the Haldane equation
sed in simulations were �m = 0.2362 h−1, Ks = 9.9131 mg l−1 and
i = 362.7411 mg l−1. Y and � values at various initial concentration
f TNP had been described previously. X0 was calculated using a
ry weight calibration curve, and equaled to 2.9 mg l−1.The degra-
ation profiles of TNP could be simulated at different initial TNP
oncentrations. The results of the comparison between the simula-
ions and the experimental data were presented in Fig. 6. It could be
een that the model predictions fitted the experimental data well.

It was noteworthy that there was a region of relatively less
ate of substrate removal at the end of the TNP degradation curve,
t an initial TNP concentration of 800 mg l−1 (Fig. 6). While at
NP concentration of 900 mg l−1, degradation was incomplete with
bout 89% of TNP degraded after 48 h, but no further degradation
as observed for a longer time [20]. Although phosphate buffer

as present in the media, pH decreased from 7.0 to 6.23 at the

nd of study with the initial TNP concentration of 900 mg l−1. pH
ecreased from 7.0 to 6.36 at the end of study with the initial TNP
oncentration of 800 mg l−1. We inferred that the fall in pH of the
olution may be the main reason [20]. In addition, for the TNP

ig. 5. Evaluation of decay coefficient kd for Rhodococcus sp.NJUST16 growth on TNP
sing decay phase batch growth experimental data.
Fig. 6. Comparison of computer simulations by Haldane’s model and experimental
data for different initial TNP concentrations.

degradation pathway by NJUST16, the mechanism involved addi-
tion of hydride ion to the aromatic system followed by ring fission
and elimination of nitrite, forming carboxylic acids which are read-
ily susceptible to biodegradation [20]. The degradation of TNP by
NJUST16 was accompanied by release of stoichiometric amount of
nitrite and acidification, forming nitrous acid (HNO2), which was
toxic [20,28,29]. The degradation of TNP by NJUST16 was inhibited
by HNO2 generated at the end of the degradation, at high initial TNP
concentration.

5. Conclusions

Picric acid, as the sole carbon, nitrogen and energy source, could
be degraded by Rhodococcus sp.NJUST16 over a wide concentration
range of 20–800 mg l−1.

For batch experiments carried out, at 30 ◦C and initial pH
of 7.0, Haldane’s model was discussed in order to simulate the
TNP removal profile with time. The kinetic constants of the
Haldane’s equation were �max = 0.2362 h−1, Ks = 9.9131 mg l−1 and
Ki = 362.7411 mg l−1. The cell mass yield coefficient decreased with
increasing substrate concentration in inhibitory region. The decay
coefficient was found to be 0.01713 h−1 for NJUST16. The Haldane’s
model fitted TNP degradation profiles well with only one set of
model parameters.

The maximum specific growth rate of Rhodococcus sp.NJUST16,
�max, was higher than that observed by other researchers. This led
to higher efficiencies when using Rhodococcus sp.NJUST16 for TNP
degradation. The low value of Ks implied that the affinity of NJUST16
to degrade TNP at prevailing operating conditions was relatively
high.
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