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bstract

In this study, two bacterial strains capable of utilizing pyridine as a sole carbon source were isolated from biofilters. Based on the biochemical test,
he organisms were identified as Shewanella putrefaciens and Bacillus sphaericus. In liquid cultures, S. putrefaciens and B. sphaericus degraded
yridine quite effectively up to 500 mg L−1. S. putrefaciens degrades 500 mg L−1 of pyridine completely within 140 h, whereas the B. sphaericus
egrades 500 mg L−1 of pyridine only nearly 75% and takes a longer duration of 150 h. S. putrefaciens used pyridine as sole carbon and energy
ource better than B. sphaericus. Monod’s and Haldane’s inhibitory growth models were used to obtain maximum specific growth rate (μmax), half
aturation (Ks) and substrate inhibition (Ki) constant for pyridine by using S. putrefaciens and B. sphaericus. The high value of Ki for S. putrefaciens

han B. sphaericus indicates that the inhibition effect can be observed only in a high concentration range. The S. putrefaciens degrades pyridine
ith a faster rate than B. sphaericus. S. putrefaciens can be used effectively for the treatment of pyridine bearing wastewater and as an inoculum

n a biofilter treating pyridine-laden gas.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Enormous quantities of aromatic compounds as pollutants
re being released into the environment by various industries,
ecause of the broad range of applications of aromatic com-
ounds among the top chemicals used in many industries. Out
f this aromatic heterocyclic compounds such as pyridine and its
erivatives are of major concern as environmental pollutants due
o their recalcitrant, toxic and teratogenic nature. Pyridine is a
eterocyclic volatile aromatic compound and is a weak organic
ase, colorless liquid with penetrating, empyreumatic odor, a
hreshold odor concentration of 0.1 ppm (58.6 mg L−1) and an

dor index of 2390 [1–3]. Pyridine is the parent of a series of
hemicals and it is used as a solvent in paint and rubber prepara-
ion, as an intermediate in making insecticides and herbicides for
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half saturation coefficient

gricultural applications and in research laboratories for func-
ions such as extracting plant hormones. It is also used directly in
he denaturation of alcohol and to make many different products
uch as medicines, vitamins, food flavorings, dyes, adhesives
nd in waterproofing of fabrics [4,5].

Pyridine is classified as a hazardous substance in the USEPA
ist of priority pollutants [5,6]. It is also mildly toxic for inhala-
ion; its vapor is skin and severe eye irritant and exposure
o it can cause depression, gastrointestinal upset, liver and
idney damage, headache, nervousness, dizziness, insomnia,
ausea, anorexia, frequent urination, and dermatitis. Exposure
o pyridine-laden water or air emissions may have severe health
mplications [5]. Because of its confirmed carcinogenic prop-
rties, the standard set by Occupational Safety and Health
dministration (OSHA), American Conference of Govern-
ental Industrial Hygienists (ACGIH) recommended that the
xposure limit is 5 ppm average over a 10-h workshift [7]. Thus,
esearchers have long sought to develop effective, economically
easible techniques for cleaning the atmosphere of waste such
s pyridine.

mailto:cbmajumder@yahoo.com
mailto:chandfch@iitr.ernet.in
dx.doi.org/10.1016/j.jhazmat.2007.12.112


3 zardo

p
t
[
t
i
m
a
a
[
s
B
[
R
s
P
i
r
w
s
b
s
b
o
b

2

2

p
r
w
d
C
a
p
A
c
L
w

T
C

C

K
N
K
(
M
C
F
M
Z
N
C

2

b
B
m
b
i
w
v
t
a
s
p
o
a
3
t
b
p
b
o
a

2

t
t
I
a
M
w

2
g

36 A.K. Mathur et al. / Journal of Ha

Various physico-chemical methods for the treatment of
yridine have been investigated. These include adsorp-
ion [3–5,8–10], sorption in zeolites [11], biodegradation
1,2,6,12–18] and ozonation with biodegradation [19]. Among
hem, biological treatment is an attractive approach for remov-
ng pyridine. Pyridine is readily biodegradable and a number of
icroorganisms degrading pyridine and its derivatives have been
subject of several investigations. Aerobic microorganisms such
s Pseudomonas pseudoalcaligenes-KPN [1], Pseudomonas sp.
2], Bacillus coagulans and Bacillus sp. [12,13], Bacillus con-
ortia [14], Nocardioides sp. [15], Corynebacterium sp. and
revibacterium sp. [20,21], Micrococcus sp. [22], Nocardia

23] and Pimelobacter [17,24] are known to degrade pyridine.
eports of pyridine treatment in suspended aerobic bioreactor

ystems for liquid effluent are available [2,6,13,14,25] and only
andey et al. [1] has reported biotreatment of waste gas contain-

ng pyridine using biofilter systems. However, no work has been
eported on the biodegradation of pyridine in aqueous medium
ith Shewanella putrefaciens and Bacillus sphaericus. Till date

everal works are in progress to isolate new and efficient micro-
ial species to degrade pyridine. The objective of the present
tudy was to isolate and characterize a bacterial strain capa-
le of degrading high strength of pyridine and to identify the
ptimum conditions under which this strain can most efficiently
reakdown pyridine.

. Materials and methods

.1. Chemicals and growth medium

The strain was grown on basal salts medium (BSM) pre-
ared with deionized water (Milli-Q Millipore 18.2 M� cm−1

esistivity) with pyridine as the sole carbon source. The BSM
as sterilized in three parts to avoid precipitation of solution
uring autoclaving. These were denoted as solutions A, B and

(Table 1). Three stock solutions were prepared and filtered
septically (0.45 �m filter, Sartorius, Goettingen, Germany) to
revent precipitation during storage. All the chemicals used were

R grade with more than 99% purity and purchased from local

hemical manufacturer (S.D. Fine Pvt. Ltd., India, Ranbaxy
aboratories Ltd., India). Other bacteriological grade chemicals
ere from Himedia (Mumbai, India).

able 1
omposition of the basal salts medium

omponent Concentration (g L−1) Solution

H2PO4 0.91 A
a2HPO4·2H2O 2.39 A
NO3 2.96 A

NH4)2SO4 1.97 A
gSO4·7H2O 0.5 B
aCl2·2H2O 0.5 B
eSO4·7H2O 0.02 C
nSO4·7H2O 0.0008 C

nSO4·7H2O 0.0004 C
a2MoO4·2H2O 0.001 C
oCl2·6H2O 0.0004 C
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.2. Isolation of strains

Samples were obtained from biofilters I and II, which had
een operated for more than one year to remove the mixture of
TEX and MTBX, respectively. Initially compost was used as
icrobial source in biofilter I and activated sludge was used in

iofilter II, respectively. One gram of sample was taken with ster-
le steel forceps from both the biofilters. The withdrawn samples
ere mixed with 10 mL of Millipore water and then shaken in a
ortex shaker for 10 min and then converted to desire concentra-
ion through serial dilution technique. Diluted sample was then
llowed to stand for 10 min. One milliliter of this sample was
erially diluted up to 10−10 in sterile buffer (phosphate buffer,
H 7.0). Serially diluted sample was then spread aseptically
n basal salts medium agar 2% (w/v) plates with pyridine as
sole carbon and energy source. The plates were incubated at
0 ± 1 ◦C and colonies developed were carefully observed for
heir uniformity and differences. Single colonies were obtained
y repeated sub culturing and plating on nutrient agar plate with
yridine, respectively. By this process, one isolate chosen from
oth biofilters were found to have grown profusely. Maintenance
f isolated strain was done by periodical transfer onto nutrient
gar slant and was stored at 4 ◦C for further study.

.3. Strain identification

The morphological, physiological and biochemical tests of
wo isolates from biofilters I and II are listed in Table 2. These
wo bacterial strains were taxonomically identified from MTCC,
MTECH, Chandigarh, India, as B. sphaericus (Gram-positive)
nd S. putrefaciens (Gram-negative) and were assigned a number
TCC-8103 and 8104, respectively. These two bacterial strains
ere further confirmed by 16S rDNA sequence analysis.

.4. Genomic DNA isolation and sequencing of 16S rDNA
ene (rDNA)

Genomic DNA was isolated using standard procedures as
entioned in our earlier study [26]. The following primers
ere used for PCR amplification of the 16S ribosomal
NA: 63f (5′-AGGCCTAACACATGCAAGTC-3′), 1387r (5′-
GGCGGAGTGTACAAGGC-3′) [27]. The PCR mixtures

50 �L) contained 25 pM of each primer, 200 �M of each of
eoxynucleoside triphosphate, PCR buffer (Promega, Madison,
I, USA), 0.5 U of Taq DNA polymerase (Promega, Madi-

on, WI, USA) and 10 ng template of DNA. The thermocycling
onditions were according to method described earlier [28] con-
isted of a denaturation step at 94 ◦C for 1 min, 28 amplification
ycles of 94 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 1 min
nd a final polymerization for 4 min with a Thermalcycler (MJ
esearch, PTC-100, USA). PCR products were visualized on
.0% agarose gels and the products were excised with Montage
NA gel extraction kit (Millipore Corporation Bedford, MA,

SA) following the manufacturer’s instructions. The PCR prod-
cts were cloned in a pGEM-T vector (Promega, Madison, WI,
SA) following the manufacturer’s instruction. Both strands of

he 16S sequences were sequenced by the dideoxynucleotide
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Table 2
Biological characteristics of isolated strains

I II

Biochemical and culture conditions
Gram straining + −
Klingler iron agar slant Butt-yellow Butt-red

Slant-red Slant-red

Catalase + −
Oxidase + +
Indole − −
Methyl red + −
Voges-Proskauer + −
Citrate − −
H2S production − +
Glucose + −
Maltose + −
Sucrose − −
Lactose − −
Xylose − +
Urease + +
Ornithine decarboxylase a +
DNase a +
l-Arabinose a +

Morphology under microscope
Cell type (shape) Rods Rods
Color Yellowish white Yellowish white
Size 0.5–0.6 × 1.6–2.8 �m 0.5–0.6 × 1.6–2.8 �m
Surface Smooth Smooth
Arrangement Coherent cluster Isolated
Density Opaque Translucent
Elevation Convex Convex
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Motility Positive Positive

a Not determined.

ethod [29]. Nucleotide sequence similarities were determined
sing BLAST (National Center for Biotechnology Information
atabases).

.5. Acclimatization of cultures

B. sphaericus and S. putrefaciens were cultivated in 500 mL
ask containing 100 mL of the BSM with pyridine as the sole
arbon. The cultures were acclimatized to pyridine by exposing
he culture in a series of shake flasks. The startup of acclima-
ization was obtained by inoculating 100 mL of BSM (pyridine
oncentration, 10 mg L−1) with either B. sphaericus or S. putre-

aciens from nutrient agar slants, under sterile conditions. After
orty-eight hours of incubation at 30 ◦C, 5 mL of this culture
as added to fresh BSM (10 mg L−1 pyridine) as inoculum. 48 h

ater, a third fresh BSM was also inoculated with 5 mL of the

(
b

r

able 3
he set of batch experiments of pyridine used to test optimum degradation conditions

atch test Parameters varied Temperature (◦C)

pH 30
Temperature 10, 15, 20, 25, 30, 34, 40, 45
Reaction time 30
Contaminate concentration 30
Fig. 1. Schematic diagram of batch experiment.

ast culture to ensure that the both bacteria were already adapted
o pyridine.

.6. Biodegradation kinetics studies

In order to understand the growth pattern of the isolates, the
ffects of various operating parameters like pH, temperature
nd growth study was performed in BSM with various con-
entrations of pyridine. For each batch experiment, one of the
ollowing parameters was varied while the others were kept con-
tant: pH, temperature, pyridine concentration, and reaction time
Table 3). Therefore, an experimental program was designed to
void the possibility of volatilization of pyridine to conduct the
atch experiments (Fig. 1). The sampling ports (made of brass)
ealed with Teflon-coated silicone septum were provided at the
op of bottles to collect liquid samples at regular intervals. Dur-
ng the biodegradation studies experiments were conducted with
nly 100 mL working volume in a 500 mL of bottles to avoid the
eficit of oxygen. Control experiments were also done without
icroorganisms. Pyridine concentrations in the control bottles
without microorganisms) decreased by 4–5% at the end of each
atch study.

In the literature, two approaches are encountered for rep-
esenting the kinetics of bacterial growth on single substrate.

pH Contaminant (mg L−1) Reaction time (h)

3–11 100 150
7 50, 100 24
7 100 12, 24,36, 48, 60, 72
7 50, 100, 200, 500, 1000 150
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Fig. 2. (a) Lanes 1 and 2 are showing the PCR products (∼1.5 kb) of B. sphaer-
icus (AKM 01) and S. putrefaciens (AKM 02) with Lambda DNA BstE II digest
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ccording to one, substrate is considered non-inhibitory com-
ound and so was represented by Monod’s non-inhibitory
inetics equation as given below.

= μmaxS

KS + S
(1)

hereas second approach considers the single substrate to
e growth inhibitory compound. Haldane inhibitory growth
odel was selected due to its mathematical simplicity and wide

cceptance for representing the growth kinetics of inhibitory
ubstrates. The Haldane’s inhibitory growth kinetics equation is
s follows:

= μmaxS

KS + S + (S2/Ki)
(2)

n this expression, S is the substrate concentration; μ the specific
rowth rate;μmax the maximum specific growth rate; KS the half-
aturation constant; and Ki is the substrate inhibition constant.

.7. Analytical methods

Growth of the microorganisms was measured by monitoring
he optical density (OD) at 600 nm by using a spectrophotome-
er (Model Lamda 35, ParkinElmer, USA). The concentrations
f pyridine in the aqueous solutions were determined by using
high performance liquid chromatograph (HPLC) (Waters

487, USA) equipped with a column type Nova pack, C18
3.9 mm × 150 mm) and a dual λ absorbance detector. The Mil-
ipore water was used as the mobile phase with a flow rate of
mL min−1. The wavelength corresponding to the maximum
bsorbance (λmax) of pyridine was determined by scanning a
tandard solution of known concentration at different wave-
engths. The λmax value, as determined from this plot, was
56 nm. This wavelength was used to prepare a calibration curve
etween absorbance and pyridine concentration (given in units
f mg L−1) in aqueous solution. The linear region of this curve
as further used for the determination of pyridine concentra-

ion of the unknown sample. Using a sterilized syringe, 3 mL
f aqueous samples were drawn from the shake bottles at regu-
ar intervals. A 1 mL sample was then transferred to a gas-tight
entrifuge tube (Eppendorf, Germany) and centrifuged (Biofuse
tratos, Germany) at 8000 rpm for 10 min at 4 ◦C and the super-
atant was transferred to a separate eppendorf tubes which were
tored at 4 ◦C before residual pyridine analysis. The remaining
mL sample was used for monitoring the optical density in the
easurement of the growth of the organisms.

. Results and discussion

.1. Extraction of genomic DNA and sequencing of isolated
trains
Total genomic DNA was isolated from pure cultures by stan-
ard protocol described in Section 2.4. The isolated genomic
NA was stored at −20 ◦C for further experimental procedure.
fterward, this genomic DNA was used for 16S rDNA analysis.

p

i

s marker (M). (b) Lanes 1 and 2 are showing the cloned products (∼4.5 kb) in
GEM-T vector system for B. sphaericus (AKM 01) and S. putrefaciens (AKM
2), respectively, with 1 kb DNA Ladder as marker (M).

Fig. 2a shows that the corresponding gene fragment was
mplified from the genomic DNA, the bands correspond to
he anticipated size of ∼1.5 kb. The PCR products generated
n this way with Taq polymerase enzyme generally have ‘A’
verhangs. With the addition of this, these products were lig-
ted in pGEM-T vector using TA cloning method. After ligation
eaction the successful clones were selected by Blue-White
creening, while colonies having pGEM-T vector with desired
nsert were selected, and positive clones were isolated. The iso-
ated vector with insert having the desired size of 4.5 kb shown in
ig. 2b. The isolated clones were sequenced from The Centre for
enomic Application (TCGA), New Delhi, India in forward and

everse direction. The sequencing has been done in 3730 Applied
iosystems Genetic Analyzer and analyzed with existing 16S

DNA sequences in the GenBank, EMBL and DDBJ databases.
n this way, the taxonomical data were supported and above
trains were re-identified as B. sphaericus and S. putrefaciens.

.2. Effects of temperature on the biodegradation of

yridine by B. sphaericus and S. putrefaciens

Fig. 3 shows the percentage removal of pyridine by B. sphaer-
cus and S. putrefaciens for low and high concentration as a
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ig. 3. Effects of temperature on pyridine removal in batch culture by (a) S.
utrefaciens and (b) B. sphaericus at low concentration (50 mg L−1) and high
oncentration (100 mg L−1) at pH 7.0 for 24 h.

unction of temperature at the fixed pH of 7.0 for 24 h. The
ffects of temperature on the biodegradation of pyridine were
bserved at low concentration (50 mg L−1) and high concen-
ration (100 mg L−1). The results revealed that the both strains
re mesophilic bacteria. It was observed that the percentage
emoval of pyridine by both organisms increases gradually with
he increase in the temperature. Fig. 3 shows an increasing trend
n the removal efficiency of pyridine with temperature from 10
o 25 ◦C, which follows an exponential trend in both the cases
low and high concentrations) for S. putrefaciens and B. sphaer-
cus. However, between 25 and 35 ◦C the increase is clearly
ot exponential. This suggests that the optimum temperature
ight fall between 25 and 35 ◦C. Further increase in the tem-

erature (higher than 35 ◦C) resulted in a remarkable decrease
n the removal efficiency of pyridine in both the cases. At the
emperatures of 25, 30 and 35 ◦C, the removal efficiency of pyri-
ine with S. putrefaciens was attained as 93.5, 99.8 and 99.3%,
espectively, for low concentration and 86.5, 90.5 and 89.4%,
espectively, for high concentration. The same trend was also
bserved in the removal of pyridine with B. sphaericus at 25,
0 and 35 ◦C, but showing lower efficiencies of 86.6, 90.5 and
9.4% for low concentration and 62.6, 67.5 and 64.7 for high
oncentration were observed, respectively. It is clear from Fig. 3
hat the rate of biodegradation of pyridine with S. putrefaciens
as relatively higher than the B. sphaericus, but was reduced

ignificantly in both the cases at above 35 ◦C. The results reveal
hat B. sphaericus and S. putrefaciens can grow from 10 to 35 ◦C
ut the maximum removal is at the temperature of 30 ◦C.

.3. Effects of pH on the biodegradation of pyridine

pH has a significant effect on the degradation efficiency of the
trains. The removal of pyridine of 100 mg L−1 by B. sphaeri-
us and S. putrefaciens at various initial pH values are shown in

ig. 4a and b. S. putrefaciens removed the pyridine completely
ithin 110, 56, 36, 60 and 77 h, respectively, when the initial
H values were 5, 6, 7, 8 and 9. For B. sphaericus, pyridine was
emoved completely within 120, 72, 51, 80 and 120 h, respec-

F
1
c
6

ig. 4. Effects of pH on pyridine removal in batch culture by (a) S. putrefaciens
nd (b) B. sphaericus.

ively, when the initial pH values were 5, 6, 7, 8 and 9. Fig. 4a
nd b show that the degradation time of pyridine of 100 mg L−1

oncentration with S. putrefaciens and B. sphaericus at 30 ◦C
nd pH 7 were significantly different, i.e. 36 and 51 h, respec-
ively. In comparison to S. putrefaciens, B. sphaericus took more
ime for the degradation of pyridine at the same conditions. The
ercentage removal of pyridine reached maximum at pH 7.0
pecifically between the optimum pH of 6.0 and 8.0. Degrada-
ion is comparatively less at the outside of the optimum range.
his was attributed mainly to the inhibitory effect of superacid-

ty or superalkalinity on the activity of intracellular enzyme of
acteria. The results are consistent with the three reported S.
utrefaciens strains (MR-4, CN32 and BrY), presenting vari-
us and well-characterized over a wide range of pH and ionic
trength conditions [30].

.4. Pyridine biodegradation by S. putrefaciens and B.
phaericus in batch culture

The results of batch studies for pyridine degradation in basal
alts medium by S. putrefaciens and B. sphaericus are given in

ig. 5a and b, respectively. The S. putrefaciens degrades about
00, 99.9, 99.9, 98.98 and 22.68% of pyridine with an initial
oncentration of 50, 100, 200, 500 and 1000 mg L−1 in 36, 44,
0, 140 and 150 h, respectively. The B. sphaericus degrades
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ig. 5. Degradation of pyridine by (a) S. putrefaciens and (b) B. sphaericus in
atch culture (temperature = 30 ± 0.2 ◦C, pH 7.0).

bout 100, 99.8, 99.9, 72.3 and 8.9% of pyridine with an ini-
ial concentration of 50, 100, 200, 500 and 1000 mg L−1 in 40,
2, 72, 150 and 150 h, respectively. At high concentrations, it
as observed that towards the end of the substrate consumption

urve, there is a region of relatively reduced rate of substrate
emoval. Results show that the degradation time of pyridine was
ow at low substrate concentration since degradation rate is high
t low substrate concentration. It also shows that at the higher
oncentration of pyridine degradation rate is low and degrada-
ion time is high. Three possible explanations may be offered at
his stage, firstly, the deficit of oxygen, since these experiments
ere done in bottles of 500 mL with 100 mL working volume.
hese experiments performed in bottle, clearly showed that the
ulture was not able to degrade efficiently the high concentra-
ion of pyridine under the hypoxic conditions in bottles. Morgan
t al. [31] has also reported that oxygen supply was the factor
imiting BTEX biodegradation in ground water environments.
econdly, an exponential phase, a drop in oxygen concentration
ay be a possible reason for low growth rate [32]. Thirdly, the

light (<10%) fall in pH of the solution over time may be another
eason, since pyridine is a heterocyclic aromatic compound and

s a weak organic base. Low values of both oxygen and pH may
ffect the kinetics of substrate consumption adversely [33]. Out
f the two isolates, rate of pyridine biodegradation was more by
. putrefaciens than that of B. sphaericus.

8
t
p
k

ig. 6. Growth of (a) S. putrefaciens and (b) B. sphaericus in pyridine (temper-
ture = 30 ± 0.2 ◦C, pH 7.0).

.5. Growth of S. putrefaciens and B. sphaericus in pyridine

The growth of both organisms increased with the increase in
yridine concentration (Fig. 6a and b). But the lag phase was
xtended at higher concentrations of pyridine, which demon-
trated positive correlation between cell biomass and pyridine
egradation. In the batch studies, the biomass concentrations
f S. putrefaciens and B. sphaericus were initially low, but
ater on growth increases exponentially. The results showed
hat in the lag period, the biodegradation time and the maxi-
um microorganism concentration increased on increasing the

ubstrate concentrations. Biodegradation rates were calculated
s total degradation of substrate concentration per total degra-
ation time and cell concentration obtained. It is clear from
hese figures (Fig. 6a and b) that the pyridine was utilized by
. putrefaciens and B. sphaericus effectively up to 500 mg L−1.
ut the S. putrefaciens used pyridine as sole carbon and energy

ource better than B. sphaericus. The previous reports mainly on
iodegradation of pyridine in batch process were in the range of
0–300 mg L−1 by using P. pseudoalcaligenes-KPN [6] and at
yridine concentration of 750 mg L−1 by using Pseusdomonas
P12) where the maximum 90% degradation was achieved after

days of shaking period [2]. In continuous process, the degrada-

ion of pyridine by using P. pseudoalcaligenes-KPN in aqueous
hase was more than 97.6% at a loading rate of 0.251 kg pyridine
g MLSS−1 day−1 (influent concentration 300 mg L−1 pyri-
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Table 4
Growth kinetics parameter values of Monod’s model and Haldane’s model for biodegradtion of pyridine using S. putrefaciens and B. sphaericus

Microorganism Monod’s model Haldane’s model Errorsa

μmax (h−1) Ks (mg L−1) μmax (h−1) Ks (mg L−1) Ki (mg L−1) STDEV R2

S 122.74 616.3736 0.00449 0.667
B 134.28 418.685 0.00018 0.896
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. putrefaciens 0.033 90.74 0.0424
. sphaericus 0.041 146.28 0.0481

a Only applicable for Haldane’s model.

ine) [6] and in gaseous phase more than 99% of pyridine was
emoved from contaminated gas at a below loading less than
f 434 g pyridine m−3 h−1 by using mixture of compost, wood
hips and P. pseudoalcaligenes-KPN as a packing materials in
iofilter [1].

.6. Growth kinetics

The specific growth rates (μ) of S. putrefaciens and B. sphaer-
cus and initial concentration of pyridine have been plotted in
ig. 7. Here, specific growth rate increases initially with the

ncrease in initial pyridine concentration up to a certain con-
entration level for both bacteria, then it starts decreasing with
he increase in the pyridine concentration. Kinetic constants
ere estimated by specific growth rate data from low concen-

ration region and were fitted to Monod’s model (Fig. 7). It has
een found that Monod’s model cannot represent the data over
ntire concentration range. Haldane inhibitory growth model
an represent the data of entire region in Fig. 8a and b for S.
utrefaciens and B. sphaericus, respectively. The values of the
rowth kinetics of pyridine estimated by Monod’s and Haldane
odel for S. putrefaciens and B. sphaericus are presented in
able 4. The maximum specific growth rate (μmax), half satu-
ation (Ks) and substrate inhibition (Ki) constant and values of
yridine in Table 4 for both the microorganisms are of quite sig-
ificance than the values reported in the literature for pyridine

6]. Kotturi et al. [34] noted that the Ks value is influential on the
rowth kinetics in low concentration region. At the same time,
he small changes in the biomass and substrate concentrations
n batch reactors cannot be measured accurately. Therefore, this

ig. 7. Effect of pyridine on specific growth rate of S. putrefaciens and B.
phaericus.
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ig. 8. Haldane’s growth model fitted to results of batch growth experimental
ata to determine biokinetics parameters (a) S. putrefaciens and (b) B. sphaeri-
us.

ay be one possible reason for the discrepancy in the values of
s for S. putrefaciens and B. sphaericus. In the literature, there
re no data for Ki value of pyridine. The high value of Ki for
. putrefaciens than B. sphaericus indicates that the inhibition
ffect can be observed only in a high concentration range. Fig. 8a
hows that the model data are more deviating than the experi-
ental data of S. putrefaciens with more standard deviation of

rror (STDEV) and correlation coefficient (R2) as compared to
. sphaericus (Fig. 8b and Table 4). This more deviation may be
ue to the characteristics of bacteria and the experimental error
nduced in the estimation of the kinetic model parameters.
. Conclusion

The purposes of this study were to isolate the pyridine
egrading bacteria from the biofilters and to investigate its
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hysiological characteristics. The two pure stains were iso-
ated and identified as S. putrefaciens and B. sphaericus. This
xperimental results show that among the isolated stains, S.
utrefaciens degrades 500 mg L−1 of pyridine completely within
40 h, whereas the B. sphaericus degrades 500 mg L−1 of pyri-
ine only nearly 75% after 150 h, implying S. putrefaciens used
yridine as sole carbon and energy source better than B. sphaeri-
us. The maximum growth rate and the half saturation coefficient
f S. putrefaciens were 0.033 h−1 and 90.74 mg L−1, respec-
ively. For B. sphaericus, the maximum growth rate and the
alf saturation coefficient was 0.041 h−1 and 146.28 mg L−1,
espectively. The strain B. sphaericus takes more time and is
ess efficient for the degradation of pyridine above or equal to
00 mg L−1 in comparison to S. putrefaciens. Isolate S. putre-
aciens can degrade high strength pyridine and compared to
he other organisms reported in the literature, the strain S.
utrefaciens was capable of degrading 500 mg L−1 of pyridine
ffectively. Monod’s and Haldane’s inhibitory growth model
ere used to obtained maximum growth rate, half saturation

nd substrate inhibition constant for pyridine by using S. putrefa-
iens and B. sphaericus. Monod’s model could not represent the
rowth kinetics over the studied concentration range. However,
aldane’s inhibitory growth kinetics model could be fitted to the
rowth kinetics data well for entire range of concentration. The
igh value of Ki for S. putrefaciens than B. sphaericus indicates
hat the inhibition effect can be observed only in a high concen-
ration range. At this point the information presented herein lay
he foundation for further treatment of pyridine bearing wastew-
ter and the use of an inoculum of S. putrefaciens in a biofilter
reating pyridine-laden gas.
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