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Abstract A locally isolated Acinetobacter sp. Strain

AQ5NOL 1 was encapsulated in gellan gum and its ability

to degrade phenol was compared with the free cells.

Optimal phenol degradation was achieved at gellan gum

concentration of 0.75% (w/v), bead size of 3 mm diameter

(estimated surface area of 28.26 mm2) and bead number of

300 per 100 ml medium. At phenol concentration of

100 mg l-1, both free and immobilized bacteria exhibited

similar rates of phenol degradation but at higher phenol

concentrations, the immobilized bacteria exhibited a higher

rate of degradation of phenol. The immobilized cells

completely degrade phenol within 108, 216 and 240 h at

1,100, 1,500 and 1,900 mg l-1 phenol, respectively,

whereas free cells took 240 h to completely degrade phenol

at 1,100 mg l-1. However, the free cells were unable to

completely degrade phenol at higher concentrations.

Overall, the rates of phenol degradation by both immobi-

lized and free bacteria decreased gradually as the phenol

concentration was increased. The immobilized cells

showed no loss in phenol degrading activity after being

used repeatedly for 45 cycles of 18 h cycle. However,

phenol degrading activity of the immobilized bacteria

experienced 10 and 38% losses after the 46 and 47th

cycles, respectively. The study has shown an increased

efficiency of phenol degradation when the cells are

encapsulated in gellan gum.
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Introduction

Phenol or phenolic compounds are widely distributed in the

environment partly as a result of natural processes and

more importantly, due to human and industrial activities.

These compounds originate mainly from industrial pro-

cesses such as resin manufacturing, oil refineries, petro-

chemicals, pharmaceuticals, dyes, textiles and plastic

industries (Hori et al. 2006; Whitely and Bailey 2000;

Kumaran and Paruchuri 1997). Phenols, being persistent

compounds and due to their toxic, mutagenic and carcin-

ogenic characteristics, are classified as highly hazardous

chemicals (Hooiveld et al. 1998; Buckley et al. 2000).

Degradation of pollutants and toxic compounds in the

environment are mainly due microbial activities as shown

in numerous reports such as the bioremediation of pesti-

cides (Song et al. 2005; Chatterjee et al. 2010), diesel

(Sadouk et al. 2009; Moslemy et al. 2002), azo dyes (Syed

et al. 2009; Revankar and Lele 2006; González-Gutiérrez

et al. 2009), heavy metals (Shukor et al. 2010; Zhou et al.

2007; Ozdemir et al. 2005) and phenol derivatives (Se-

jákova et al. 2009; Aguayo et al. 2009; Machado et al.

2005; Čejková et al. 2005). However, the growth of these

microorganisms is inhibited at high concentrations of the

xenobiotics, thus limiting the efficiency of the biodegra-

dation of phenols (Prieto et al. 2002).

The efficiency of phenol biodegradation can be

enhanced by cell immobilization (Chung et al. 2003; Adav
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et al. 2007; Liu et al. 2009). For example, immobilized

Pseudomonas putida CCRC14365 was reported to degrade

phenol up to a concentration of 1,000 mg l-1 as compared

to 600 mg l-1 by the free cells (Chung et al. 2003).

The most commonly used immobilization matrix for

phenol degradation is calcium-alginate mainly because the

procedure is simple, relatively mild and is not toxic to the

cells (Aksu and Bulbul 1999; Dursun and Tepe 2005).

However, the material is susceptible to degradation and has

relatively low mechanical stability (Ha et al. 2009). Gellan

gum is another commonly used matrix as the gel is stable

over a wide pH range of 2–10, non-toxic and recommended

in fermentation technology due to its mechanical and

thermal stability (Norton and Lacroix 1990; Camelin et al.

1993; Ashtaputre and Shah 1995; Moslemy et al. 2002,

2003).

To date, reports that describe phenol degrading ability of

up to 1,500 mg l-1 in immobilized cells by Acinetobacter

sp. are few (Adav et al. 2007). To achieve better degra-

dation of elevated concentration of phenol, Acinetobacter

sp. strain AQ5NOL 1 was encapsulated in gellan gum and

optimization of the beads was carried out to investigate its

potential in the bioremediation of phenol in waste waters.

Materials and methods

Chemicals and growth conditions

All chemicals used were of analytical grade and purchased

either from Sigma (USA) or Merck (Germany). Phenol

degradation was monitored by using 4-aminoantipyrine in

the colorimetric assay according to that reported by the

American Public Health Association (1998).

Acinetobacter sp. strain AQ5NOL 1, previously isolated

from a pesticide-polluted site, was cultured at 30�C in

sterilized mineral salt medium (MSM) at pH 7.5 containing

(g l-1): K2HPO4, 0.4; KH2PO4, 0.2; NaCl, 0.1; MgSO4,

0.1; MnSO4.H20, 0.01; Fe2(SO4).H2O, 0.01; Na-

MoO4.2H2O, 0.01; (NH4)2SO4, 0.4; in a 250 ml conical

flask. The medium was supplemented with filter-sterilized

phenol as a carbon source to a final concentration of

0.5 g l-1.

Optimization of cell immobilization protocol

Cell immobilization in gellan gum was carried out essen-

tially following the method described by Moslemy et al.

(2003). Gellan gum (0.75%; w/v) was initially added to

100 ml deionized water and heated to 75�C to completely

dissolve the gum. Then, 0.06% (w/v) CaCl2 was added to

the gum mixture and slowly cooled to 45�C. The pH of the

solution was adjusted to pH 7.0 using 0.1 M NaOH.

Acinetobacter sp. strain AQ5NOL 1 cultures were centri-

fuged for 10 min at 7,000 rpm at room temperature to

obtain the pellet. 3.5 g wet weight of the resulting bacterial

pellet was dispersed in the gum mixture and continuously

stirred. Beads were formed by using a peristaltic pump and

dropping the gum mixture through a modified pipette tip

into canola oil containing 0.1% Span 80. The uniformly-

sized beads were then separated from the oil by transferring

them into 500 ml of 0.1% (w/v) CaCl2. After 2 h, the beads

were repeatedly rinsed with 0.1% (v/v) Tween 80 solution.

Three parameters were optimized for the degradation of

phenol by the immobilized bacteria. Firstly, to determine

the optimum gellan gum concentration, six different con-

centrations ranging from 0.6 to 0.85% (w/v) of gellan gum

were used. Secondly, for optimization of bead size, 0.75%

(w/v) gellan gum was used to prepare beads ranging in size

of 1, 2, 3, 4, 5 and 6 mm diameter (equivalent to surface

areas of 3.14, 12.56, 28.26, 50.24, 78.50 and 113.04 mm2,

respectively). Thirdly, in the determination of the optimum

initial cell loading, different quantities of beads ranging

from 100 to 400 beads were used. The optimization

experiments were conducted in 100 ml of MSM containing

500 mg l-1 phenol. The working solution was incubated

for 24 h on an orbital shaker (150 rpm) and phenol con-

centration in each bottle was measured.

Phenol degradation by free and immobilized cells

Different phenol concentrations ranging from 100 to

1,900 mg l-1 were tested for both the immobilized and

free cell systems. To 100 ml of liquid MSM containing the

different concentrations of phenol, free cells and immobi-

lized cells were added in separate containers and incubated

in a rotary shaker at room temperature at 150 rpm. Phenol

concentration was measured hourly and daily until com-

plete degradation of phenol was achieved. Phenol media

without the presence of bacteria were used as controls. The

experiments were carried out in triplicate.

Reusability of immobilized cells

300 gellan gum beads were added to 100 ml of liquid

MSM containing 500 mg l-1 phenol. The immobilized

cells were incubated for 18 h on an orbital shaker at

150 rpm. Residual phenol was measured during this period.

After 18 h of incubation, the medium was discarded and

the beads were thoroughly rinsed with distilled water

before they were put into new fresh phenol medium. The

steps were repeated at 18 h cycles until phenol degrading

ability of the immobilized cells showed a significant

decrease in activity.
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Statistical analysis

All the experiments were carried out in triplicates. The data

shown in the corresponding figures are the mean values of

the experiment and expressed as mean ± standard error of

mean (SEM). The optimization data were statistically

analyzed using One-way ANOVA.

Results and discussion

Optimized conditions of immobilized cells

Figure 1 shows the effect of gellan gum concentration on

phenol degradation by immobilized Acinetobacter sp.

strain AQ5NOL 1. Phenol degradation was observed to be

low at gellan gum concentration below 0.7% (w/v), high

between gellan gum concentration of 0.7 and 0.75% and

very low above 0.8% (w/v). The optimum gellan gum

concentration for phenol degradation by the immobilized

bacteria is 0.75% (w/v). Thus, subsequent experiments

were carried out using gellan gum concentration of 0.75%

(w/v).

Cell immobilization is a promising approach in the

biodegradation of toxic compounds because it offers sev-

eral advantages over free cells namely; enhancement of

biodegradation activity as compared to free cells, protec-

tion of the cells by the matrix (Weir et al. 1995; Smit et al.

1996; Cassidy et al. 1997), increased density of the cells in

the matrix (Lee et al. 1994) and enhancement of physio-

logical activities such as enzyme induction (Chung et al.

2003).

In comparison with other natural polymers, gellan gum

is more robust and stable than calcium alginate (Moslemy

et al. 2002; Wang et al. 2007). Moreover, gellan gum is

recommended for use in fermentation as it is non-toxic and

mechanically and thermally stable (Norton and Lacroix

1990; Camelin et al. 1993). The optimum gellan gum

concentration is essential as it affects the mechanical

strength and pore size of the beads. As inherent with most

types of gels such as polyacrylamide, agarose and alginate

gels, the gel concentration is reflective of the pore size.

Also, pore size affects the diffusion of substrates and

leakage of cells from the beads.

The effect of surface area of the beads on phenol deg-

radation by the immobilized cells was evaluated by mea-

suring phenol degradation over a range of gellan gum bead

sizes of 1 to 6 mm diameter at 0.75% (w/v) gellan gum

concentration (Fig. 2). The highest phenol degradation rate

was achieved at 28.26 mm2 surface area (3 mm beads)

compared with the other surface areas. Phenol degrading

activity was markedly reduced over the larger surface areas

tested. Since the quantity of bacteria was kept constant

during the preparation of the gellan gum beads, the surface

area is indicative of cell density of the immobilized bac-

teria. The result showed that phenol degradation was

reduced at higher cell densities.

Using gellan gum concentration of 0.75% (w/v) and

bead size of surface area 28.26 mm2, the effect of bead

number on phenol degradation by the immobilized bacteria

was evaluated (Fig. 3). At lower bead numbers, phenol

degradation was observed to be low but it peaks at bead

number of 250–300 after which phenol degradation was

again observed to be decreased. Optimum phenol degra-

dation was achieved by 300 beads each of 28.26 mm2

surface area. Cell density is essential for optimum degra-

dation of phenol by the immobilized bacteria. High cell

density leads to a greater demand for oxygen and nutrient

and results in a reduced degradation of phenol (Beshay

et al. 2002).
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Fig. 1 Effect of gellan gum concentration on phenol degradation by

Immobilized Acinetobacter sp. Strain AQ5NOL 1. Data represents

mean ± SEM, n = 3

D
eg

ra
d

at
io

n
 o

f 
P

h
en

o
l (

%
)

3

4

5

6

7

8

9

10

0

0

0

0

0

0

0

0

0 20 4

Sp
0

eccificc Surf
60

facce Area (
8

(mm
0

m2))
100 1220

Fig. 2 Effect of bead sizes on phenol degradation by immobilized

Acinetobacter sp. Strain AQ5NOL 1. Data represents mean ± SEM,

n = 3
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Comparison of phenol degrading activities

of freely-suspended cells and immobilized cells

Immobilized and free bacteria at optimized conditions were

tested for their phenol-degrading activity over time at

different initial phenol concentrations ranging from 100 to

1,900 mg l-1 (Fig. 4). At 100 mg l-1 (Fig. 4a), both free

and immobilized bacteria exhibited similar phenol

degrading characteristics and phenol was completely

degraded in 3 h. As the phenol concentration is increased,

immobilized bacteria showed a faster phenol degrading

activity than the free cells (Fig. 4b, c, d). Immobilized

bacteria completely degrade phenol within 108, 216 and

240 h at 1,100, 1,500 and 1,900 mg l-1 phenol concen-

tration whereas the free bacteria took 240 h to completely

degrade phenol at 1,100 mg l-1. At higher concentrations,

phenol degrading activity of the free bacteria is inhibited.

Encapsulating the bacteria in gellan gum afforded pro-

tection to the bacteria since it can survive in high phenol

concentration over a longer period compared with the free

bacteria. With the optimum gellan gum concentration of

0.75% (w/v), the pore size of the beads probably affects

diffusion of phenol into the beads and simultaneously

prevents leakage of the bacteria into the solution. Immo-

bilization has been reported to increase degradation activity

by altering the metabolic features of the living cells such as
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Fig. 4 Effects of different

phenol concentrations on the

phenol degradation over time of

incubation of (empty circle) free

and (filled circle) immobilized

Acinetobacter sp. Strain

AQ5NOL 1. Phenol

concentrations selected were;

a 100 mg l-1, b 1,100 mg l-1,

c 1,500 mg l-1, and

d 1,900 mg l-1. Data represents

mean ± SEM, n = 3
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enzyme induction, cell growth and yield (Chung et al.

2003).

Figure 5 shows the rates of phenol degradation by free

and immobilized bacteria incubated in phenol concentra-

tion ranging from 100 to 2,100 mg l-1. Degradation rates

for both were initially similar at phenol concentration of

100 mg l-1 but at higher phenol concentrations, the

immobilized bacteria exhibited a higher rate of phenol

degradation than the free bacteria. The free cells stopped

degrading phenol at 1,300 mg l-1 while the immobilized

cells continued to degrade phenol up to 1,900 mg l-1 but at

a much lower rate. Overall, the rates of phenol degradation

by both immobilized and free bacteria decrease gradually

as the phenol concentration was increased. Immobilized

cells showed better phenol degrading activity than free

cells. It was estimated that for immobilized cells, the

optimal rate of phenol degradation is at 500 mg l-1 phenol

concentration.

Figure 6 shows that the phenol-degrading ability of the

immobilized cells decreased by 10 and 38% after 46th and

47th cycles, respectively. This indicated that immobilized

cells could be reused for at least 45 cycles or approximately

33 days with each cycle comprising 18 h. This finding is

better than that shown by immobilized Acinetobacter

baumannii SERDANG 1 with 5 times reusability (Adin-

arayana et al. 2005; Yadzir 2007) and the immobilized

consortium of Acinetobacter sp. XA05 and Sphingomonas

sp. FG03 with 20 times reusability (Liu et al. 2009).

In conclusion, the phenol degrading ability of a locally

isolated strain, Acinetobacter sp. strain AQ5NOL 1,

immobilized in gellan gum has been optimized. It is able to

degrade up to 1,900 mg l-1 phenol and could be reused for

45 cycles. These positive attributes will make it a suitable

candidate for bioremediation of phenol and its derivatives

from waste waters. Work is in progress to purify the phenol

degrading enzyme and study the potential of immobilized

Acinetobacter sp. strain AQ5NOL 1 in the treatment of

industrial effluents containing phenols.
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