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Kinetics of high strength phenol degradation usingBacillus brevis
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Abstract

A strain ofBacillus brevis has been isolated and identified based on biochemical results. Phenol biodegradation in a batch reactor was studied
using the pure culture ofB. brevis. The isolated strain was optimized for various environmental conditions and the biodegradation of phenol was
maximum at pH 8.0, 5% (v/v) of inoculum size and without any co-substrate. The kinetics of biodegradation according to Haldane’s equation
µ =µmaxS/(Ks + S + (S2/Ki )) adequately describes cell growth with kinetic constants in the rangesµmax= 0.026–0.078 h−1, Ks = 2.2–29.31 mg/l,
Ki = 868.0–2434.7 mg/l. These values are specific for this organism and we have compared with literature for pure or mixed cultures degrading
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. Introduction

Phenolic compounds are hazardous pollutants and they enter
he environment through the decomposition of attached algae,
hytoplankton[1] and through wastewater discharges from a
ariety of industries like leather, phenol–formaldehyde resin,
il refinery, coking plant, pharmaceutical, coal conversion, etc.

2–7]. Phenolic compounds are toxic to aquatic life, plants and
any other organisms. When phenol-containing water is chlo-

inated, toxic polychlorinated phenols can result thereby con-
ributing to off flavors in drinking and food processing waters
8]. As a consequence, it is necessary to treat phenolic wastew-
ter before disposing into stream, so as to reduce the phenol
ontent to a standard value or less than 1 ppb, as described by
he EPA.

Different treatment methods are available for reduction of
henol content in wastewater. The technologies for the treatment
f wastewater containing phenol include chlorination, ozona-

ion, adsorption, solvent extraction, membrane process, coag-
lation, flocculation and biological treatment[9]. But physico-
hemical methods have proven to be costly and have the inherent

drawbacks due to the tendency of the formation of secon
toxic materials such as chlorinated phenols, hydrocarbons
Thus the biological method of treatment has turned out to
favorable alternative for phenol degradation. Different micr
ganisms were used by the different researchers for the deg
tion of phenol[10–15].

We have isolated a novel strain ofBacillus brevis from the
phenol–formaldehyde resin manufacturing industrial wast
ter and utilized for biological degradation of phenol. The m
goal of this paper is to investigate the biodegradation k
ics with respect to (i) higher phenol concentration and (ii)
environmental conditions like pH, inoculum concentration,
co-substrate.

2. Kinetics

The biodegradation of phenol and its derivatives by mi
bial cultures has been the focus of research for more than
decades[8,16–20]. These studies have been conducted with
ferent micro-flora, under varied environmental conditions of
temperature, addition of co-substrate, in the presence or ab
∗ Corresponding author. Tel.: +91 4144 238884; fax: +91 4144 239318.
E-mail address: vaagas@rediffmail.com (V. Arutchelvan).

of oxygen, in batch and continuous flow reactors. Determination
of growth and degradation kinetics of organism has been one of
the main issues considered in these studies. As the knowledge
of the growth kinetics is essential for the understanding of the
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Table 1
Comparison of growth kinetic parameters observed by various researchers with the present study

S. no. Authors Bacterial strain System Concentration
range (mg/l)

Haldane’s model Other conditions:
temperature (◦C)/pH

µmax (h−1) Ks (mg/l) Ki (mg/l)

1 Pawlowsky and Howell[19] Mixed culture 1 Batch 0–900 0.260 25.4 173.0 28± 0.5/6.6
Mixed culture II (filamentous organism) Batch 0–1000 0.223 5.86 934.5 28± 0.5/6.6

2 Hill and Robinson[26] Pseudomonas putida (ATCC 1784,
Stainer 110)

Batch/Continuous 0–700 0.534 0.015 470.0 30/6.2–6.7

3 Yang and Humphrey[8] P. putida (ATCC 17514) Continuous 0–500 0.567 2.39 106.0 30/60
T. cutaneum Continuous 0–900 0.464 1.66 380.0 28± 0.5/6.8± 0.1

4 Chi and Howell[18] P. putida Continuous Up to 700 0.369 5.94 227.0 30/6.2–6.8
5 Livingston and Chase[27] NCIB8250 (Acinetobacter

sp.) + NCIBI0535 (Pseudomonas
sp.) + NCIB1015 (Pseudomonas sp.)

Batch 0–500 0.418 2.9 370.0 30/6.2–6.7

6 Kumaran and Paruchuri[28] Acinetobacter calcoaceticus (phenol
only)–Pseudomonas fluoroscens 2218
(phenol only)–pooled culture (phenols)
(P. fluoroscens, P. putida, P. cepacia, A.
calcoaceticus, Candida tropicalis)

Batch 60–500 0.542 36.2 145.0 Not mentioned

85–890 0.618 71.4 241.0
300–710 0.456 53.9 516

7 Abuhamed et al.[29] P. putida F1 ATCC 700007 Batch 50 0.051 18.0 430 30/7.0
8 This study B. brevis Batch 750–1750 0.026–0.078 2.2–29.3 868–2434.7 34± 1
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capacities of the microorganisms for the degradation and the
operation of the treatment units, therefore, several degradation
studies related to phenol degradation are reviewed (Table 1).

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

dX/dt = µgX − KdX = µnetX (1)

For substrate,

dS/dt = −1/Y (dX/dt) (2)

µg is a function ofS. Two viewpoints exist regarding the use of
equations relating to specific growth rate,µ, to phenol concentra-
tion. One view is that phenol can be considered as non-inhibitory
compound for an adapted population and was represented by
Monod’s non-inhibitory kinetics equation as given below:

µg = µmaxS/(Ks + S) (3)

The other view considers the phenol as growth inhibitory com-
pound. To represent the growth kinetics of inhibitory com-
pounds, several kinetic models were fitted to the experimental
data for selecting the best models. Out of the models, Haldane’s
model was used due to its mathematical simplicity and wide
acceptance for representing the growth kinetics of inhibitory
substrates. The Haldane’s inhibitory growth kinetics equation is
a
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3.3. Acclimatization of culture and inoculum development

The acclimatization of the isolate was performed in a mini-
mal medium. Initially, the isolate was grown in minimal medium
with 500 mg/l phenol. Later, cell mass was centrifuged and inoc-
ulated to minimal medium with 750 mg/l phenol and incubated.
The 3rd and 4th incremental addition of phenol to 1500 and
1750 mg/l, respectively, were made in minimal medium and the
isolate was grown. The samples were analyzed regularly for
phenol and growth. All the inoculum transfers were done in
exponential phase. The temperature in all the batch experiments
was maintained at 34± 0.1◦C.

3.4. Analytical methods

Biomass concentrations were determined using UV–vis spec-
trophotometer [Model U-2001 Hitachi, Japan] at 550 nm by
measuring the absorbance and correlated to standard biomass
concentration. Phenol was estimated by direct photometric
method based on rapid condensation with 4-aminoantipyrine,
followed by oxidation with potassium ferricyanide under alka-
line conditions to give a red colour product. The estimation was
carried out according to standard methods[23].

3.5. Experimental design to study the free cell system
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g = µmaxS/Ks + S + (S2/Ki ) (4)

At higher substrate concentrations,S � Ks, the above equa
ion reduces to the following equation:

g = µmaxS/S + (S2/Ki ) (5)

r

/µg = 1/µmax + S/(Kiµmax) (6)

his is the linearized Haldane’s equation.

. Materials and methods

.1. Microorganism

The bacterial strain was isolated from phenol–formalde
esin manufacturing industrial wastewater and identified b
n the morphological, physiological, biochemical and ca
ource utilization characteristics[21].

.2. Growth medium

The growth medium[22] contained phenol as the sole c
on source, and mineral salts at the concentrations (per
NH4)2SO4, 325 mg; MnSO4, 8.45 mg; MgSO4, 65 mg; FeCl3,
.0 mg; CaCl2, 9.0 mg; K2HPO4, 2627 mg; KH2PO4, 1436 mg
henol was sterilized and mixed in appropriate proportions

he sterilized medium at the start of experiment. The pH o
edium was adjusted to 8.0.
d

):

Experimental studies were carried out with shake fl
s batch reactors. A sample volume of 100 ml was take
ach 250 ml conical flask. Each sample contained the min
edium with phenol of varying concentrations as the sole
on source. The flasks were maintained at 34± 0.1◦C and the
haker speed was maintained at 150 rpm.

. Results and discussion

.1. Effect of initial concentration

Shake flask experiments were conducted to examine the
f various initial concentrations of phenol on the degrada
ehavior ofB. brevis at 34± 0.1◦C. The various initial phe
ol concentrations were ranging from 750 to 1750 mg/l (Fig. 1).
esults of these studies show that higher the initial concentr
f phenol the more time it takes to be degraded completely
esults of the plot of cell biomass concentration versus tim

Fig. 1. Phenol degradation byB. brevis in batch reactor.



V. Arutchelvan et al. / Journal of Hazardous Materials B129 (2006) 216–222 219

Fig. 2. Growth ofB. brevis in phenol.

B. brevis (Fig. 2) indicate that at lower initial phenol concentra-
tions (750, 1000, 1250 and 1500 mg/l),B. brevis degrades phenol
immediately have no lag phase, indeed the sameB. brevis has a
lag phase of 24 h (Fig. 2) at 1750 mg/l of initial phenol concen-
tration. Lag phase has been observed up to 36 h and thereafter
up to 72 h it follows log phase.

At each of the initial phenol concentrations there was a
period of exponential growth period was observed which is fur-
ther confirmed by substrate being consumed at faster rate. The
same observation was made in our experimental studies during
the exponential growth phase of the species. Further, the sub-
strate removal rate was relatively reduced towards the end of the
substrate consumption curve. This may be due to deficit in avail-
ability of oxygen as well as the substrate for the whole biomass,
which in turn the fall in pH of the solution during the degradation
period being noticed. The fall in the oxygen and pH of the solu-
tion during degradation has been reported when the phenol was
metabolized by mixed culture composed of Pseudomonadaceae,
Vibrionaceae, etc.[8,24,25].

4.2. Effect of physico-chemical parameters

4.2.1. Temperature and pH
The experimental temperature was maintained at 34± 0.1◦C.

Previous studies reported in the literature were conducted at
t ◦ n
t ion t
a d ou
t in
t .0.

4
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Fig. 3. The behavior of the strain for various pH in phenol degradation.

show that after a optimum concentration of inoculum the effect
only was marginal.

4.2.3. Addition of co-substrate
The behavior of the strain in the presence of co-substrate

(dextrose) was also studied. The co-substrate was added at the
ratios 0.2–0.8% (w/v). It was observed that the efficiency of
phenol degradation was reduced comparatively in the presence
of co-substrate. Thus the organism ignores phenol in presence
of dextrose and phenol degradation period was delayed (Fig. 5).

4.3. Growth kinetics

The biokinetic parameters such as maximum specific growth
rate (µmax), Monod’s constant (Km) and inhibition constant (Ki ),
were determined by the plot of specific growth rate against a
wide range of phenol concentrations forB. brevis strain. These
have been depicted inFigs. 6 and 7. From these plots biokinetic
constants were estimated using Monod’s and Haldane equation
for B. brevis are presented inTable 2.

Figs. 6 and 7show the comparison of experimentally obtained
specific growth rate (µ) with that predicted by the Monod’s
and Haldane’s models. From both the graphs, it is evident that
the growth kinetics of phenol represented by Haldane’s growth
kinetics model is very suitable than the Monod’s model. The
c 2 e’s
m owth
he temperature ranges from 28 to 30± 0.1 C. The increase i
emperature may also influence the rate of phenol degradat
maximum of 1750 mg/l. The experiments were also carrie

o optimize the pH (Fig. 3). The most favorable pH for the stra
o achieve the maximum rate of phenol degradation was 8

.2.2. Inoculum size
The inoculum concentration in the shake flasks were va

rom 2 to 6% (v/v). Five percent (v/v) of biomass concentra
rovided the best degradation in short duration, whereas
v/v) concentrations have an efficiency of degradation as e
lent as 5% concentration. The results show that the incr

noculum concentration reduced the lag phase and helpin
ystem to reach the exponential growth phase quickly (Fig. 4).
ill and Robinson[26] concluded that not only the inhibito
ffect of the substrate but also the size of the inoculum m
ffect the duration of the lag phase. But in this study the re
o
t

-
d
e

t

oefficient of correlationR was found to be 0.953 in Haldan
odel and 0.850 in Monod’s equation. The values of the gr

Fig. 4. Effect of the inoculum size on phenol degradation.
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Fig. 5. Effect of addition of dextrose on phenol degradation.

Fig. 6. Effect of initial phenol concentration on specific growth rate as deter-
mined by fitting the data to Monod kinetic model.

kinetic parameters for various species obtained from different
researchers for phenol were compared with our results and given
in Table 1. The maximum specific growth rate (µmax, h−1), the
values of substrate half saturation coefficient (Ks, mg/l) and the
substrate inhibitory coefficient (Ki , mg/l) were in the range of

Fig. 7. Effect of initial phenol concentration on specific growth rate as deter-
mined by fitting the data to Haldane kinetic model.

Table 2
Growth kinetic parameters of Monod’s and Haldane’s model for biodegradation
of phenol usingB. brevis in batch system (temperature =34± 1◦C, pH 8)

Phenol concentration
(mg/l)

Monod’s model Haldane’s model

µmax

(h−1)
Ks

(mg/l)
µmax

(h−1)
Ks

(mg/l)
Ki

(mg/l)

750 0.061 25.53 0.078 14.6 868.0
1000 0.048 8.56 0.066 2.2 1582.8
1250 0.040 14.97 0.057 8.9 1358.7
1500 0.039 82.45 0.051 9.28 1773.2
1750 0.021 2.88 0.026 29.31 2434.7

0.026–0.618, 0.015–71.4 and 106.0–934.5. The maximum spe-
cific growth rate obtained in this study also fall into these ranges
except theµmax (0.026 h−1) value for the highest concentra-
tion of phenol (1750 mg/l), but the values ofKs obtained for
all initial phenol concentrations fall with in the reported ranges.
This range of the values ofKs for phenol indicates the abil-
ity of a microorganism even to grow at low substrate levels.
In the present investigation theKi values were in the range
of 868–2434.7 and this indicates that the inhibition effect is
observed only in a high concentration range.

4.4. Endogenous or decay coefficient

A typical growth curve shows a decline in cell population after
the complete consumption of substrate. During this declining
phase some part of the cell population becomes food for the rest
of the cell population. This part of the growth curve in a batch
reactor has been modeled by following equation:

dx/dt = −kdX (7)

In order to determine the value ofkd, the growth of culture was
continued and the cell mass concentration was observed for few
days even after the complete consumption of phenol. The selec-
tion of the particular growth run was arbitrary, assuming that
thekd is not dependent on initial concentration.Figs. 8–12show
t owth
r he
v ge of
0

F
g

he negative intercept in the graph plotted for the entire gr
egion as 1/θ versusS0 − S/θX, gives decay rate coefficient. T
alues of the decay rate coefficients obtained were in the ran
.003–0.012 h−1 for phenol. Kumaran and Paruchuri[28] have

ig. 8. Evaluation of decay coefficientKd and yield coefficientY for B. brevis
rowth on phenol initial concentration = 750 mg/l.
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Fig. 9. Evaluation of decay coefficientKd and yield coefficientY for B. brevis
growth on phenol initial concentration = 1000 mg/l.

Fig. 10. Evaluation of decay coefficientKd and yield coefficientY for B. brevis
growth on phenol initial concentration = 1250 mg/l.

Fig. 11. Evaluation of decay coefficientKd and yield coefficientY for B. brevis
growth on phenol initial concentration = 1500 mg/l.

Fig. 12. Evaluation of decay coefficientKd and yield coefficientY for B. brevis
growth on phenol initial concentration = 1750 mg/l.

reported the value of decay coefficient as 0.005 h−1 for phe-
nol degradation by a mixed culture. The values obtained in this
study are comparable with these values of decay coefficients.
The decay coefficient affects the growth kinetics. The growth
rate will be reduced by as much the value of decay coefficient so
that the wash out condition would occur at lower dilution rates.

4.5. Yield coefficient

In Figs. 8–12, the slope of the graph plotted was used to deter-
mine yield coefficient for phenol of various concentrations. In all
the cases, the values of the yield coefficient for phenol ranges
from 0.293 to 0.571 (the coefficient of correlationR2 ranges
from 0.836 to 0.984). These values are comparably smaller than
the values obtained by other researchers, this may due to high
substrate concentrations.

5. Conclusion

The isolated strainB. brevis degraded phenol to a maximum
concentration of 1750 mg/l. The duration taken up by the species
was about 144 h. Results obtained for favorable degradation
were pH 8.0, temperature 34± 0.1◦C and biomass concentra-
tion 5% (v/v). The addition of co-substrate has not shown any
significant results either increase in phenol concentration or
d short
l e low
c

th
k tory
g oeffi-
c ined.
T esign
a high
s

R

alth

sico-
uring

al-
Boca

uatic
es. 2

erer
sion,
).
) 84

mic

phe-
. 17
ecrease in degrading duration. The organism shows a
ag phase at high substrate concentration, whereas in th
oncentrations the lag phase was absent.

The phenol exhibited inhibitory behavior and its grow
inetics was correlated well by the simple Haldane’s inhibi
rowth kinetics model. The endogenous decay and yield c
ients for various phenol concentrations were also determ
he above-determined parameters are required for the d
nd simulation of batch and continuous bioreactors treating
trength phenolic wastewaters.
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