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Abstract Biodegradation of phenol by Pseudomonas
putida (NICM 2174), a potential biodegradent of phenol
has been investigated for its degrading potential under
different conditions. Pseudomonas putida (NICM 2174)
cells immobilized in chitosan were used to degrade phenol.
Adsorption of phenol by the chitosan immobilized matrix
played an important role in reducing the toxicity of phe-
nol. In the present work, results of the batch equilibrium
adsorption of phenol on chitosan from its aqueous solu-
tion at different particle sizes (0.177 mm, 0.384 mm,
1.651 mm) and initial concentration of phenol (20, 40, 60,
80, 100, 120, 140, 160, 180, 200 mg/l) have been reported.
The adsorption isotherms are described by Langmuir,
Freundlich and Redlich-Peterson types of equations. These
indicate favourable adsorption with chitosan. From the
adsorption isotherms, the adsorption capacity, energy of
adsorption, number of layers and the rate constants were
evaluated. In batch kinetic studies the factors affecting the
rate of biodegradation of phenol, were initial phenol
concentration (0.100 g/l, 0.200 g/l, 0.300 g/l), temperature
(30 °C, 34 °C, 38 °C) and pH (7.0, 8.0, 9.0). Biodegradation
kinetic data indicated the applicability of Lagergren
equation. The process followed ®rst order rate kinetics.
The biodegradation data generally ®t the Lagergren
equation and the intraparticle diffusion rate equation from
which adsorption rate constants, diffusion rate constants
and diffusion coef®cients were determined. Intraparticle
diffusion was found to be the rate-limiting step. Cell
growth contributed signi®cantly to phenol removal rates
especially when the degradation medium was supple-
mented with a utilizable carbon source.

List of symbols
a Langmuir constant related to the energy of adsorp-

tion, (mg/g)
aR Redlich±Peterson isotherm constant
b Redlich±Peterson isotherm exponent
Ce Equilibrium liquid phase solute concentration,

(mg/l)

D Pore diffusion (cm2 S)1)
K Langmuir constant related to the adsorption

capacity, (mg/g)
Kad Rate constant of adsorption, min)1

Kf Adsorption capacity, (mg/g)
Kp Intraparticle diffusion rate constant

and diffusion rate, g (min0.5)
1/n Adsorption intensity
qe Maximum amount of phenol degradation (mg/g)
q Amount of phenol degradation at time (g)
t Contact time, (h)
t1=2 Time (h) for half adsorption
r0 Radius of adsorbent

1
Introduction
The ever increasing demand for water has caused con-
siderable attention to be focussed towards recovery and
reuse of waste waters. The chemical environment con-
sists of four million known chemicals and a very large
number of unknown chemicals [1, 2]. More than two
thousand chemical contaminants have been found in
waste water, about 750 of which have been identi®ed in
drinking water. Of these, more than 600 are of organic
origin. Phenols are among the most common water
pollutants [2]. Phenolic derivatives are low-cost and
broad spectrum pesticides which are used as algicides,
bactericides, fungicides, herbicides, insecticides and
molluscides in a variety of industrial, agricultural and
domestic ®elds. They are present in the ef¯uent of a
number of industrial units such as oil re®neries, coke
oven plants, steel plants etc. The concentration of phe-
nols in waste waters varies from 10 mg l)1 to 3000 mg
l)1. Phenol and their compounds impart taste and odour
to water and are toxic to ®xture, and other aquatic life
[3]. Recent literature on the methods of removal of
phenol and their compounds from waste water focuses
on adsorption and microbial biodegradation process.
Certain species of genera Pseudomonas sp. under very
controlled condition of pH, temperature in presence of
some speci®c nutrients can degrade phenol. Pseudo-
monas strain, capable of degrading pentachlorophenol
was isolated around tannery soil and characterized as
Pseudomonas aeruginosa [4, 5]. Cyanobacterium phor-
midium val derianum [6±8] are in more advantageous
position than heterotophic bacteria because of their
tropic independence from nitrogen as well as carbon.
Phenol, the toxic constituent of several industrial eff-
luents, was found to be effectively degraded.
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Phenol uptake suggested that traditional kinetic model
based on the Haldone, Monode equations may be inac-
curate for describing the dynamics of phenol degrading
systems [9±16]. Flavobacterium cells immobilized in
polyurethane foam were used to degrade pentachloro-
phenol [17].

Many xenobiotic compounds thought to be toxic for
microorganisms are being degraded under anaerobic,
aerobic (or) anoxic conditions. Biodegradation of these
compounds are being studied in soils, ground water, tra-
ditional activated sludge units, ®xed ®lm reactors and
combinations of various processes. Biodegradation of
phenol by chitosan immobilized Pseudomonos putida
(NICM 2174) is versatile, inexpensive and has the potential
to turn a toxic material into harmless products. Different
techniques are commonly used for the immobilization
process [18].

Immobilization of cells is one of the approaches in in-
corporating bacterial biomass into an engineering process.
The advantages of the process based on immobilized
biomass include, enhancing microbial cell stability, al-
lowing continuous process operation and avoiding the
biomass-liquid separation requirement. Physical entrap-
ment of organisms inside a polymeric matrix is one of the
most widely used techniques for whole-cell immobilization
[18]. Utilizing the immobilization concept, phenol, p-ni-
trophenol etc., have been removed [19±26]. Immobilized
living cell ®lm system such as the Citrobacter sp. have been
used in enzymatic mediated metal removal process [27±
29]. Most of the previous research in this area has focused
on entrapment of biomass in an insoluble material. Poly-
acrylamide silica gels have been the most extensively used
immobilization materials for laboratory research studies
[30, 31]. Wastewater having inconsistent pollution load
has to be treated by protecting microbes from exposure to
shock load [31]. Immobilization of microbial culture in
porous supports increases the possibility of the microbes
to confront the stock load [32]. The dissolved organics in
wastewater ®rst get adsorbed on the surface and then
gradually penetrate through the immobilizing matrix [33].
Certain matrices like sodium alginate [34], polyacrylamide
hydrazide gel [35, 36], activated carbon [37, 38] stintered
glass [38] have been reported in the literature for immo-
bilization of microbes.

The screening and selection of bacterial biomass en-
trapment matrices for Pseudomonas putida (NICM 2174)
proposes a challenge. The immobilization matrix should
be dense enough to restrain the biomass inside while being
porous enough to allow phenol ions to be freely trans-
ported through the matrix. Further covalently linked
polymeric materials, are believed to be less chemically
stable in wastewater than the ionically cross-linked poly-
mers such as chitosan. Biomass-containing chitosan ma-
trices proved to be stable in authentic wastewater
containing high concentration of anionic groups. High
biomass utilization ef®ciency is a good indication of the
phenol binding sites in biomass during immobilization,
which excludes the contribution of immobilized matrix to
phenol removal. The chitosan matrix show some capability
in phenol binding, which may be due to the presence of
active sites such as amino (-NH2) groups in the chitosan.

Biomass-immobilization, based on the criteria is that a
suitable matrix should be stable both chemically and
physically, and high in mechanical strength (or)
resistance.

The objectives of this study are to investigate the above
hypothesis and chitosan was used for the immobilization
of the strain Pseudomonos putida (NICM 2174) for its high
bulk density and quick settling which are considered as
effective characteristics of chitosan in aqueous solution.
To determine the chitosan to the uptake of phenol, to
evaluate the mechanism and energetics of the uptake of
phenol by chitosan, intraparticle diffusion and pore
diffusion have been investigated.

2
Materials and methods

2.1
Chemicals
Phenol (99% pure, chemical grade), 4-amino antipyrine
were got from Central Drug House Private Ltd., New Delhi,
India. Chitosan to be used as the adsorbent was supplied
by local manufacturing industry, M/s. Chemical Complex
Pvt. Ltd., Ramapuram, Nellore, India. It was sieved into
desired particle size ranges. The surface area of chitosan
was determined by using BET (Bruner Emmett Teller)
method. All other chemicals used were got from Central
Drug House Private Ltd., New Delhi, India.

2.2
Source of organism
Pseudomonos putida (NICM 2174) species which degrades
phenol was obtained from culture collection (NCl) Pune,
India. The organism was maintained in a standard nutrient
agar medium. The basal salt solution (minimal medium)
used in this work composed of K2HPO4: 1.5 g/l; KH2PO4:
0.5 g/l; (NH4)2SO4: 0.5 g/l; NaCl: 0.5 g/l; sodium sulphate:
3.0 g/l, yeast extract: 2.0 g/l, glucose: 0.5 g/l; ferrous sul-
phate: 0.002 g/l and calcium chloride: 0.002 g/l.

2.3
Batch equilibrium studies
Equilibrium adsorption isotherm was determined from the
batch studies done in the above minimal medium with a
portion of adsorbent material, namely, chitosan of known
weight and varying amount of initial phenol concentra-
tions: 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mg/l
at different particle size (0.177 mm, 0.384 mm, 1.651 mm)
with constant pH (7.0), and temperature (30 °C) in conical
¯asks containing inoculated Pseudomonos putida (NICM
2174). The conical ¯asks were shaken at 180 rpm for 48 h
to reach equilibrium.

2.4
Batch kinetic studies
Phenol solution of known concentration was treated with
known weight of the adsorbent chitosan, at different
parameters like (i) phenol concentration (0.100, 0.200,
0.300 g/l) with constant pH (7.0) and temperature (30 °C),
(ii) pH (7.0, 8.0, 9.0) at constant phenol concentration
0.200 g/l and temperature 30 °C, (iii) Temperature (30 °C,
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34 °C, 38 °C) at constant phenol concentration (0.200 g/l).
Each experiment was carried out in conical ¯asks con-
taining minimal medium and inoculated with Pseudo-
monas putida (NICM 2174) and kept at 180 rpm in a
Lab-line orbit environ shaker for 48 h. For every 4 h the
amount of phenol degraded was calculated by taking
aliquot samples.

2.5
Estimation of phenol
Phenol was determined quantitatively by the spectropho-
tometric method (Beckman Du40 model) using 4-amino
antipyrine as the colour reagent (kmax: 500 nm) according
to standard methods of analysis [39].

3
Results and Discussion
The equilibrium adsorption isotherm is of fundamental
importance in the design of adsorption system. Know-
ledge of the adsorption capacity of an adsorbent mate-
rial, such as immobilized chitosan matrix enables the
design engineer to develop treatment systems for par-
ticular adsorbate/absorbent system [40±44]. There is a
continuous diffusion of the solute from the liquid into
the solid surface and back diffusion of solute into the
liquid. At equilibrium the solute remaining in solution
are in dynamic equilibrium with that in the surface. At
this position of equilibrium, there is a de®ned distri-
bution of solute between the liquid and solid phases
which are generally expressed by a series of isotherm
[40, 45].

Biological treatment using Pseudomonas sp. was the
most effective method to degrade phenol from a variety
of industrial ef¯uents. It is also a time saving method
than the other conventional methods for industrial ef-
¯uents. General assumptions were made in order to de-
velop a useful mathematical model which can predict the
biodegradation system. The model describes the effect of
adsorption, mass transfer, and cell properties of the
phenol degradation system. Immobilized cell particles are
spherical: Each particle has an inner homogeneous dis-
tribution initially. Most bacteria are present as micro
colonies in the pore surface area. Cells are able to grow
by consuming phenol; interfacial mass transfer resistance
can be ignored when the external solution is mixed. In-
traparticle mass transfer is assumed to occur only
through liquid in the pores, and the effective diffusion
coef®cient of phenol is independent of concentration.
Adsorption reaches equilibrium quickly depending on the
diffusion rate. The growth and phenol degradation ki-
netic properties of immobilized cells are similar to that of
free cells. The cell leakage can be ignored once cells are
immobilized and prepared for phenol degradation. Dur-
ing the biodegradation process, phenol molecules are
assumed to be transported from bulk liquid, through a
static solid-liquid ®lm on particle external surfaces and
then into the porous solid matrix spheres. The biodeg-
radation process is isothermal and may be characterized
by either a Langmuir, Freundlich, Redlich±Peterson iso-
therm, rate constant study (Lagergren equation) and
diffusion rate constant study.

3.1
Langmuir isotherm
Langmuir [46] suggested a theory to describe the ad-
sorption of molecule onto adsorptive surfaces. The Lang-
muir adsorption isotherm has found successful application
to many real sorption processes and it can be used to
explain the sorption of phenol into chitosan. A basic as-
sumption of the Langmuir theory is that sorption takes
place at speci®c sites within the adsorbent. Theoretically,
therefore, a saturation value is reached beyond which no
further sorption can take place. To determine the ad-
sorption capacity at different initial phenol concentration,
and particle sizes, a study of sorptions isotherm is essen-
tial. The data obtained from the adsorption experiment
conducted in the present investigation was ®tted in dif-
ferent particle sizes in isotherm equation (Ce vs q) as
shown in Fig. 1. The saturation value can be represented
by the expression:

q � KaCe

1� aCe
: �1�

A plot of (1/Ce vs 1/q) resulted in a linear graphical rela-
tion indicating the application of the above model as
shown in Fig. 2. The values are calculated from the slopes
and intercepts of different straight lines representing the
different particle sizes. K and a are isotherm constants.
The values of Langmuir isotherm constants are given in
Table 1. It can be observed that as the particle diameter
decreases, the removal of phenol increases which is due to
larger surface area associated with small particles. For
larger particles the diffusion resistance to mass transport
is higher and most of the internal surface of the particle
may not be utilized for adsorption and consequently the
amount of phenol adsorbed is small [47]. Small particles
are better for phenol removal from the ef¯uents. However,
one cannot use small particles in a continuous packed bed
adsorber because of higher pressure drops encountered
[41, 48].

Fig. 1. Effect of particle size on biodegradation of phenol
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The Langmuir adsorption isotherm assumes that the
adsorbed layer is one molecule in thickness. The Langmuir
constant (k) in Eq. (1) is a measure of the amount of
phenol adsorbed, when saturation is attained. The solute is
adsorbed onto the surface due to the available monolayer
sites which are then taken up by them. It is proposed by
[45] that some fresh internal surface can be created. The
creation of the additional surfaces arises from the pressure
of adsorbed molecule forcing into the macropore and
micropore structures. It is also clear from the shape of the
adsorption isotherm, that it belongs to the L2 category of
isotherm, which indicates the normal (or) Langmuir type
of adsorption [41, 45]. Such isotherms are often encoun-
tered when the adsorbate has a strong intermolecular at-
traction for the surface of the adsorbent. The L2 shape of
isotherm observed in the present case clearly implies that
phenol molecules must be strongly attached to chitosan.
The adsorbate molecules can be linked to ranges of mol-
ecules, creating access to new surfaces and effectively
clearing blocked pores.

The essential characteristics of Langmuir isotherms can
be described by a separation factor [41±44, 48] which is
de®ned by

RL � 1

�1� aCe� ; �2�

where Ce is the initial phenol concentration. The separa-
tion factor RL indicates the isotherm shape as follows:
RL < 1 unfavourable, RL > 1 unfavourable, RL = 1 linear,
0 < RL < 1 favourable and RL = 0 irreversible. One and
greater than one were reported for favourable and unfa-
vourable adsorption, respectively. For this experiment

values of RL less than one, indicating favourable adsorp-
tion are given in Table 2.

3.2
Freundlich isotherm
The Freundlich isotherm is used for heterogeneous surface
energies system. The linearised sorption isotherm is the
most convenient form of representing the experimental
data at different particle sizes. Figure 3 shows the batch
isothermal data ®tted to the linear form of the Freundlich
isotherm [41, 44, 49]:

q � Kf C
1=n
e : �3�

The ®t of the data to Freundlich isotherm indicates the
heterogeneity [49] of the sorbent surface and the Freun-

Table 1. Langmuir, Freun-
dlich and Redlich±Peterson
isotherm constants at different
particles sizes

Particle
sizes (mm)

Langmuir Freundlich Redlich±Peterson

K (mg/g) a (mg/l) 1/n Kf aR b

0.177 5867.33 0.00165 1.0362 0.084 5.7852 0.1814
0.384 3306.96 0.00024 0.9365 0.011 7.7085 0.1734
1.651 2213.52 0.00018 0.9276 0.007 8.1244 0.1498

Fig. 2. Langmuir plot at different particle size on chitosan

Table 2. Langmuir isotherm with separation factor (RL) at dif-
ferent particle sizes

Initial phenol
concentration (mg/l)

Particle sizes (mm)

0.177 0.384 1.651

20 0.9968 0.9952 0.9934
40 0.9936 0.9904 0.9869
60 0.9905 0.9858 0.9806
80 0.9874 0.9811 0.9743

100 0.9842 0.9765 0.9680
120 0.9811 0.9720 0.9619
140 0.9762 0.9674 0.9558
160 0.9750 0.9630 0.9498
180 0.9720 0.9585 0.9439
200 0.9690 0.9541 0.9381

Fig. 3. Freundlich plot at different particle size on chitosan
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dlich equation for isothermal sorption is a special case for
heterogeneous surface energy in which the energy term in
the Langmuir equation varies as function of surface
coverage strictly due to variation of the sorption. The
intercept Kf is roughly an indicator of the sorption ca-
pacity and the slope (1/n) of the sorption intensity and
their values are given in Table 1. It has been stated by
[41±44, 50] that magnitude of the exponent 1/n gives an
indication of the favourability and capacity of the ad-
sorbent/adsorbate system. Values n > 1 represent fa-
vourable adsorption conditions according to Treybal [51].
In most cases, the exponent between 1 < n < 10 shows
bene®cial adsorption.

3.3
Redlich±Peterson isotherm
Redlich and Peterson isotherms present a general iso-
thermic equation in agreement with that of Langmuir and
Freundlich [44, 45, 60].

q � KCe

1� aRCb
e

: �4�

From the plot ln
ÿ
K Ce

qe
ÿ 1
�

vs ln Ce is represented by

Redlich-Peterson isotherm as shown in Fig. 4. The solu-
bility of phenol is an essential property to enable the
phenol to penetrate into the porous structure of the
chitosan. The process will be assisted if the phenol ion
with the adsorbent carries an opposite charge. The iso-
therm constants are given in Table 1. The isothermal data
were plotted linearly because the Langmuir, Freundlich,
Redlich±Peterson isotherm model consistently gave a
better ®t to experimental data.

3.4
Kinetics of adsorption
Kinetic study of the adsorption process using chitosan
at different initial phenol concentration (0.100, 0.200,
0.300 g/l), temperature (30 °C, 34 °C, 38 °C) and pH (7, 8,
9) have been undertaken.

3.4.1
Effect of initial phenol concentrations
The kinetics of phenol on chitosan system for a ®xed
known weight of adsorbent and variable initial phenol
concentration is depicted in Fig. 5. An increase in initial
phenol concentration results in decrease in phenol ad-
sorption. The latter indicates reduction in immediate sol-
ute adsorption due to the lack of available active sites on
the chitosan surface compared to the relatively large re-
quired number of sites for large phenol concentration.

3.4.2
Effect of temperature
Effect of temperature on the adsorption of phenol onto
chitosan can be explained in accordance with batch ad-
sorption ®ndings. In Fig. 6 the biodegradation of phenol
by Pseudomonas putida (NICM 2174) onto chitosan at

Fig. 4. Redlich±Peterson plot at different particle size on
chitosan

Fig. 5. Variation of speci®c phenol degradation with time (h) at
different phenol concentration

Fig. 6. Variation of speci®c phenol degradation with time (h) at
different temperature concentration
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different temperature have been compared with each
other. When temperature was increased from 30±38 °C the
intensity of adsorption was observed to decrease signi®-
cantly. Adsorption process is unusually physical in nature.
Chitosan may orient, expand (or) contract laterally with an
[52] alteration in temperature. The temperature affects the
solubility and pH chemical potential of the adsorbate, the
latter being a controlling factor for the adsorption. It has
been reported earlier that if the solubility of the adsorbate
increases with increase in temperature [45] the chemical
potential decreases and both the effects, work in the same
direction, causing a decrease in the adsorption of phenol.
Adsorption decreases with rise in temperature indicating
that it is an exothermic adsorption process.

3.4.3
Effect of pH
Figure 7 shows the effect of pH on the biodegradation of
phenol. The maximum degradation capacity occurred at
pH 7.0. The hydrogen ion concentration (pH) of primary
sorbate and the surface properties of the sorbent, lead to
alterations in the kinetic behaviour of the sorption pro-
cess. From Fig. 7, it is clear that the removal rate of phe-
nols varies with pH. At lower pH level, the lone-pair of
electrons of the oxygen atom of the undissociated )OH
group present in the benzene ring co-ordinates with the
highly positively charged surface. Increase in the rate
observed at decreasing pH values may be caused by an
alteration in the adsorbent surface, particularly variation
in its electrokinetic character with changing pH. The ad-
sorption of cells on the surface of the chitosan is through
extracellular polymers which are monopolysaccharides in
nature. The extracellular polymers exhibit zwitter ionic
characters, that are highly in¯uenced by the pH of the
medium [53]. The monolayer coverage of biopolymer on
the chitosan surface is controlled by available free vacant
sites. This has been veri®ed in the experiment relating
magnitude of adsorption and amount of chitosan [41±44].

3.5
Rate constant studies
The rate constant for the adsorption for solution of dif-
ferent amount of initial concentration, temperature and
pH was studied using Lagergren's equation [41±43, 54]:

log�qe ÿ q� � log qe ÿ �Kad=2:303�t : �4�
A plot of log �qe ÿ q� vs `t' is represented at different pa-
rameters like initial phenol concentration (0.100, 0.200,
0.300 g/l), temperature (30 °C, 34 °C, 38 °C) and pH (7.0,
8.0, 9.0) as shown in Figs. 8, 9 and 10. A linear relation was
observed indicating the applicability of the above equation
and the ®rst order of the process [1, 41±43]. The average
value of the rate constant (Kad) was calculated from the
slope of the curves representing different conditions as
recorded in Table 3.

3.5.1
Diffusion rate constant study
In adsorption of phenol using chitosan there is the pos-
sibility of intraparticle diffusion. It can be described by

Fig. 7. Variation of speci®c phenol degradation with time (h)
at different pH

Fig. 8. Biodegradation kinetic parameters at different phenol
concentration

Fig. 9. Biodegradation kinetic parameters at different
temperature
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three consecutive steps. (i) The transport of sorbate from
bulk solution to outer surface of the sorbent by molecular
diffusion, known as external (or) ®lm diffusion; (ii) in-
ternal diffusion, the transport of sorbate from the particles
surface into interior sites; (iii) the sorption of the solute
particles from the active sites into the interior surface of
the pores [1, 41±43, 55]. Pore diffusion being the rate
limiting mechanism has been drawn from McKay's plot
[56]. The overall rate of the sorption process will be con-
trolled by the slowest, the rate limiting step. The nature of
the rate limiting step in a batch system can be determined
from the properties of the solute and sorbent. The rate
constants, for intraparticle diffusion (Kp) at different pa-
rameters are determined using equation given by Waber
and Morris [57].

q � Kpt1=2 :

Kp, under different conditions of phenol concentration, pH
and temperature were calculated from the slope of the
linear portions to the respective plots (Figures 11, 12
and 13) as shown in Table 3. The double nature of these
plots, initial curve portions and ®nal linear portions may
be explained by the fact that the initial curved portions are
boundary layer diffusion effects [1, 41±44, 53]. The ®nal

linear portions are a result of intraparticle diffusion
effects. An extrapolation of the linear portions of the plots
back to the axis yield intercepts which are proportional to

Fig. 10. Biodegradation kinetic parameters at different pH
Fig. 11. Intraparticle diffusion plot for biodegradation of phenol
at different phenol concentration

Table 3. Rate constant, in-
traparticle diffusion, and pore
diffusion constant at different
parameter like initial phenol
concentration, temperature
and pH

Parameters Rate constant
Kad min)1

Intraparticle diffusion
Kp g min)0.5

t1=2 Pore diffusion
D cm2 s)1

Initial concentration (g/l)
0.100 0.0792 0.0139 8.75 3.0 ´ 10)8

0.200 0.1021 0.0114 6.87 3.9 ´ 10)8

0.300 0.1222 0.0076 5.67 4.7 ´ 10)8

Temperature (°C)
30 0.1021 0.0114 6.87 3.9 ´ 10)8

34 0.0955 0.0069 7.25 3.7 ´ 10)8

38 0.0807 0.0060 8.59 3.1 ´ 10)8

pH
7.0 0.1021 0.0114 6.87 3.9 ´ 10)8

8.0 0.0810 0.0099 8.55 3.1 ´ 10)8

9.0 0.1041 0.0091 6.66 4.0 ´ 10)8

Fig. 12. Intraparticle diffusion plot for biodegradation of phenol
at different temperature
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the extent of boundary layer thickness. Figs. 11, 12, and
13 at high concentration of phenol, temperature, and pH
justify the assumption that particle diffusion becomes the
rate limiting step, as McKay's plots at lower concentrations
are reported to be linear and it has also been observed in
this case as a purely ®lm diffusion at lower concentrations
(0.100, 0.200, 0.300 g/l), (30 °C, 34 °C, 38 °C) and pH (7, 8, 9).
It is apparent from the above approaches that intraparticle
diffusion is expected to be mainly the rate limiting step.
The pore diffusion coef®cients within the pores of adsor-
bents at various concentrations were determined using
[1, 55±58, 59]:

D � 0:03r2
0

t1=2
: �6�

The values of the pore diffusion coef®cients were calcu-
lated using Eq. (6). The values of D were found in the
order of above equation as shown in Table 3 indicating
that the process is governed by diffusion.

4
Conclusion
Chitosan used in this study has a large surface area and
desirable micropores. Pseudomonas putida (NICM 2174)
appears to have been immobilized strongly inside the
pores, thereby avoiding it from attrition. The optimization
of initial phenol concentration, temperature and pH were
found to be 0.200 g/l, 7.0, and 30 °C respectively. The
values of rate constant (Kad), Intraparticle diffusion (Kp),
and pore diffusion (D) varied with initial phenol concen-
tration, temperature and pH. Chitosan showed competitive
properties for bacterial biomass immobilization and may
have potential in process applications because of its rela-
tively high biomass loading and good chemical and
physical stabilities. Langmuir, Freundlich, Redlich±Peter-
son, intraparticle diffusion and pore diffusion models
could be used to describe phenol sorption equilibrium and
the kinetic data of chitosan ± immobilized Pseudomonas
putida (NICM 2174) also gave a better ®t. The treatment is
simple and economic. The reaction kinetics data thus

generated may be used for designing a treatment plant for
phenolic ef¯uents wherein continuous removal (or) col-
lection can be achieved on large scale.
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