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ABSTRACT
The presence of phenols in treated palm oil mill effluent (POME) is an environmental concern due to their phytotoxicity and antimicrobial 
activity. In this study, phenol-degrading bacteria, Methylobacterium sp. NP3 and Acinetobacter sp. PK1 were immobilized on oil palm empty fruit 
bunches (EFBs) for removal of phenols in the treated POME. The bacterial exopolysaccharides (EPS) were responsible for cell adhesion to the 
EFBs during the immobilization process. These immobilized bacteria could effectively remove up to 5,000 mg/L phenol in a carbon free mineral 
medium (CFMM) with a greater degradation efficiency and rate than that with suspended bacteria. To increase the efficiency of the immobilized 
bacteria, three approaches, namely activation, acclimation, and combined activation and acclimation were applied. The most convenient and 
efficient strategy was found when the immobilized bacteria were activated in a CFMM containing phenol for 24 h before biotreatment of the 
treated POME. These activated immobilized bacteria were able to remove about 63.4% of 33 mg/L phenols in the treated POME, while non-activated 
and/or acclimated immobilized bacteria could degrade only 35.0%. The activated immobilized bacteria could be effectively reused for at least 
ten application cycles and stored for 4 weeks at 4˚C with the similar activities. In addition, the utilization of the abundant EFBs gives value-added 
to the palm oil mill wastes and is environmentally friendly thus making it is attractive for practical application.
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1. Introduction

Palm oil is one of the major vegetable oils and a raw material 
for biofuel production. The largest palm oil producers are mainly 
in South East Asia, namely Malaysia, Indonesia and Thailand 
[1]. During process of wet palm oil extraction, large quantities 
of solid residues and wastewater are produced. Oil palm empty 
fruit bunches (EFBs) are among the most abundant residues ob-
tained after the palm fruits are separated from the bunches for 
oil extraction. In Thailand, approximately EFBs of 9.0 × 105 ton/year 
are produced. However, only small amounts of EFBs are utilized 
as fuel and fertilizer in the palm oil mills and plantations, while 
most of them are left as waste [2]. Moreover, about 5-7.5 tones 
of water are used for 1 ton of crude palm oil production and 
more than 50% of the water used results in palm oil mill effluent 
(POME) [3].

POME generally contains high organic content and phenols 
which are responsible for the recalcitrant dark brown color of 
wastewater. Phenols are a group of substances commonly found 
in palm fruits. Alam et al. [4] and Cordova-Rosa et al. [5] reported 
that more than 1,000 mg/L phenols were present in POME. The 
most common conventional methods used for the treatment of 
POME are anaerobic digestion and/or anaerobic ponding systems 
[6, 7]. However, these methods are not effective in eliminating 
phenols to meet the regulatory standard required. This is because 
these compounds exhibit inhibitory effects on microorganisms 
and are not easily degraded [8-11]. Phenols cause serious health 
effects and are potentially toxic to living organisms in the environ-
ment [10, 12-13]. In addition, the contamination of phenols in 
water can lead to the formation of substituted compounds during 
disinfection process which increases taste and odor in the water 
supply [14]. Thus, the treated POME requires further treatment 
method prior to its discharge into waterways.  
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Various physico-chemical and biological processes including 
activated carbon adsorption, membrane technology, evaporation, 
oxidation and biological degradation have been employed for the 
removal of phenols [15]. Among them, biological method is consid-
ered to be more attractive treatment option since it has high 
potential to eliminate phenols content at a low cost and is environ-
mentally friendly. A number of different bacteria and white-rot 
fungi, such as Ralstonia sp., Pseudomonas putida [16, 17], 
Azotobacter vinelandii [18], Lentinula edodes [19], Phanerochaete 
chrysosporium [20], Geotrichum candidum [20, 21], and Trametes 
versicolor [22] have been shown to aerobically degrade many 
phenols found in olive mill wastewater (OMW). OMW usually 
contains high concentrations of phenols similar to POME. To 
minimize the effect of high concentrations of phenols, the OMW 
was usually diluted before biotreatment [23, 24]. However, it 
is considered as an unsustainable method since larger wastewater 
volume is generated. On the other hand, Ergül et al. [22] proposed 
that the high phenolic content of OMW can be effectively reduced 
by using an acclimated white-rot fungus Trametes versicolor FPRL 
28A INI. They found that about 78% of total phenols in the un-
diluted OMW were removed after this strain was consecutively 
acclimated in the different dilutions of OMW. The cell immobiliza-
tion of white-rot fungus Phanerochaete chrysosporium was also 
applied to solve this problem. However, this approach was not 
successful for the undiluted OMW due to the very high concen-
tration of phenols [25]. 

There are limited researches on the removal of phenols from 
POME. Recently, Limkhuansuwan and Chaiprasert [26] reported 
that free cells of Lactobacillus plantarum SFS.6 could degrade 
34% of 33.64 mg/L phenols in treated POME. The low phenol 
removal efficiency could be due to the toxicity of POME to the 
bacterial cells, thus this study focused on the application of immobi-
lized bacteria for phenol removal from the treated POME. To devel-
op an effective bacterial inoculum, this study determined the 
ability of two phenol-degrading bacteria, Methylobacterium sp. 
NP3 and Acinetobacter sp. PK1 after immobilizing on EFBs. The 
mixed bacteria were found to be tolerant and specifically degrade 
phenol in concentrations of up to 5,000 mg/L while they were 
immobilized on silica [27]. However, the bacterial encapsulation 
in such matrix may be expensive for wastewater treatment while 
attachment immobilization on natural material such as EFBs is 
cheaper. In addition, the utilization of the abundant EFBs gives 
value-added to the palm oil mill wastes and is environmentally 
friendly thus making it is attractive for practical application. To 
increase the efficiency of the immobilized bacteria, three ap-
proaches, namely activation, acclimation, and combined activa-
tion and acclimation were applied. Prior to biodegradation, they 
were activated in a carbon free mineral medium (CFMM) contain-
ing phenol to induce/maintain phenol-degrading enzymes due 
to the absence of phenol during cell immobilization. Alternatively, 
they were acclimated by cultivating in diluted POME to minimize 
the toxicity of phenols in the undiluted POME. The combination 
of these two techniques by sequential activation in phenol-CFMM 
and acclimation in diluted POME was also performed.  Moreover, 
the reusability of immobilized bacteria for POME treatment was 
evaluated. 

2. Materials and Methods

2.1. Treated POME Sample

The treated POME sample was obtained from the wastewater treat-
ment plant of a palm oil mill located in southern Thailand. The 
sample was collected from the final pond of a three series stabiliza-
tion pond system and stored at -20˚C until used. The POME sample 
was prepared by filtration using cheesecloth to eliminate unwanted 
debris and was sterilized by autoclaving at 121˚C for 15 min prior 
to use. The main characteristics of the treated POME are shown 
in Table 2.

2.2. Preparation of Phenol Degrading Inoculum

Mixed cultures of two bacterial strains, namely Methylobacterium 
sp. NP3 and Acinetobacter sp. PK1 were used for the biodegradation 
of phenols in a liquid CFMM or treated POME sample. The CFMM 
consisted of 3.0 g/L NH4NO3; 2.2 g/L Na2HPO4; 0.8 g/L KH2PO4; 
0.1 g/L MgSO4·7H2O; 0.05 g/L FeCl3·6H2O and 0.05 g/L CaCl2·2H2O 
[28]. The inocula were prepared as previously mentioned in 
Khongkhaem et al. [27]. Briefly, each strain was cultivated in-
dependently in the liquid CFMM containing 0.4% glucose and 
was incubated on an orbital shaker at 200 rpm, room temperature 
for 72 h. The cells were harvested by centrifugation at 8,000 rpm 
for 10 min, washed twice and re-suspended in fresh CFMM contain-
ing 10 mg/L of phenol. The cell suspensions were incubated for 
24 h at room temperature with 200 rpm shaking to induce the 
formation of phenol-degrading enzymes. The induced-cells were 
harvested, washed and resuspended in fresh CFMM to a final 
OD578 of 1.0 (corresponding to approximately 108 CFU/mL) before 
they were mixed equally and used as an inoculum in the bio-
degradation experiment.

2.3. Immobilization of Bacteria on EFBs

The EFBs used as the immobilizing material are solid residues 
from palm oil extraction process obtained from a palm oil mill 
in Southern Thailand. The EFBs were cut into segments of about 
2 × 2.5 × 2 cm3, oven-dried at 50˚C for 24-48 h and autoclaved 
at 121˚C for 20 min to eliminate the existing microorganisms prior 
to use. The surface area and total pore volume of the EFBs were 
analyzed by surface area analyzer (BelsorpII mini; BEL, Japan) 
and calculated according to Brunauer-Emmett-Teller (BET), 
Langmuir plot and Barrer-Joyner-Halenda (BJH). The immobiliza-
tion of the cells was carried out by the attachment technique, 
in which 30 mL of bacterial inoculum in CFMM were added into 
a 250-mL Erlenmeyer flask containing 9 g of EFBs. The mixture 
of bacteria and EFBs residue were incubated at room temperature 
by shaking at 120 rpm. The bacteria were incubated along with 
the sterilized EFBs without an additional carbon source for various 
periods. With carbon starvation, the excess nitrogen (0.91% N 
found in EFBs) is converted to protein and amino acid in the 
exopolysaccharide (EPS) which enhanced the cell surface hydro-
phobicity as well as increasing the attachment ability [29, 30].

To obtain bacteria well-attached to the surface of the EFBs, 
the production of bacterial exopolysaccharide was monitored daily 
by a modified Alcian blue adsorption assay of Vandevivere and 
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Kirchman [31]. The immobilized cells materials were filtered and 
added to new vials containing 30 mL CFMM and 1% Alcian blue 
solution in 3% acetic acid (pH = 2.5). The immobilized cells 
materials were mixed thoroughly by shaking at 80 rpm for 20 
min, and then they were removed. Subsequently, the measurement 
of the Alcian blue remaining in the solution was performed spec-
trophotometrically at 606 nm (UV-1601; Shimadzu, Japan). The 
amount of bacterial EPS produced was estimated by the decline 
of the Alcian blue dye due to its adsorption on EPS. The unin-
oculated EFBs were used as a negative control. 

The bacterial attachment was visualized by a scanning electron 
microscope (FEI Quanta 400; FEI, USA). Initially, the immobilized 
cells materials were fixed with glutaraldehyde, dehydrated by se-
quential ethanol extraction, and dried by a critical point dryer. 
The samples were put on the stub then coated with gold before 
SEM analysis. 

In addition, the number of phenol-degrading bacteria attached 
on the EFBs was analyzed by a plate count technique after the 
bacteria were extracted from the EFBs. The immobilized cells 
materials were rehydrated in a CFMM for 3 min, sonicated (T780 
ultrasonic bath; Elma, Germany) for 2 min, and shaken vigorously 
on a vortex mixer for another 2 min (a method modified from 
Pattanasupong et al. [32]).These procedures were repeated twice. 
Subsequently, the suspensions of the cells were determined for 
the number of bacteria on glucose-CFMM. The samples were meas-
ured in duplicate.

2.4. Effect of Phenol Concentrations on Suspended and 
Immobilized Bacteria

Immobilized bacteria were tested for their ability to degrade differ-
ent initial phenol concentrations. The biodegradation experiment 
was conducted in a 22-mL vial containing 5 mL CFMM with the 
phenol concentrations in the range of 10-5,000 mg/L and 0.5 g 
immobilized cells materials. For suspended bacteria, 4 mL CFMM 
containing phenol and 1 mL cell suspension were added into 
the vial. The number of bacteria in both systems was similar. 
The samples were incubated at room temperature and shaken 
at 120 rpm. The sampling was done every 24 h for 24-120 h to 
determine the remaining phenol. The efficiency of the phenol 
degradation was presented as the % degradation and the degrada-
tion rate constant (h-1). The controls, consisting of heat-killed cells 
and uninoculated EFBs, were used to represent the adsorption 
of phenol on bacterial cells and on the material. The experiment 
was done in triplicate.

2.5. Phenol Degradation in Treated POME by Activated 
and/or Acclimated Bacteria

To induce/maintain phenol-degrading enzymes after cell immobili-
zation, the immobilized bacteria were activated in a liquid CFMM 
containing 10 mg/L phenol for 24 h before the POME treatment. 
Alternatively, they were consecutively transferred to 25% diluted 
POME for 120 h and 50% diluted POME for another 120 h for 
cell acclimatization to the phenols present in POME. The combina-
tion of these two techniques which were 24 h activation in phe-
nol-CFMM and then 240 h acclimation in each 25% and 50% 
diluted POME was also studied. The treatment of the POME was 

conducted in a 250 mL Erlenmeyer flask containing 30 mL POME 
and 9 g immobilized cells materials. Samples were incubated at 
room temperature and shaken at 120 rpm for 168 h. Sampling 
was done every 24 h for determining the remaining phenols and 
other characteristics of the treated POME. The controls consisted 
of non-activated and non-acclimated immobilized bacteria. The 
experiment was done in triplicate.

2.6. Reusability of Immobilized Bacteria 
The reusability of immobilized bacteria was examined to assess 
whether they could be applied repeatedly. After the first applica-
tion in phenol-CFMM or in treated POME, the used immobilized 
bacteria were separated from the liquid content and reused for 
further treatment under similar conditions. Their efficiency to 
remove phenol(s) in each application cycle was compared.

2.7. Analysis of Treated POME and Phenols
The following characteristics of the treated POME were analyzed 
according to the Standard Methods for the Examination of Water 
and Wastewater [33]: pH; COD; total nitrogen; total phosphorus; oil 
and grease; phenols and color. The phenols were determined by 
a standard colorimetric assay. This was done with 4-aminoantipyrine 
in the presence of ammonium hydroxide and potassium ferricyanide 
which produced a coloured antipyrine dye that was measured spec-
trophotometrically at 500 nm (UV 1601; Shimadzu, Japan).

3. Results and Discussion

3.1. Formation of EPS by Strain NP3 and PK1 during 
Attachment on EFBs

An attachment technique was applied for the immobilization of 
Methylobacterium sp. NP3 and Acinetobacter sp. PK1 on the EFBs. 
The complex structure and high porosity of EFBs with a total 
pore volume of 0.44 cm3/g and BET surface area of 4.17 m2/g makes 
it a suitable support for cell immobilization. EFBs had a similar 
total pore volume but much lower specific surface area compared 
to the commercial absorbent such as activated carbon (0.43 cm3/g 
and 907.8-1,100 m2/g, respectively) [34, 35]. 

It was necessary to ensure stable cell adhesion to the solid 
surface of the EFBs. To assess this, the production of EPS during 
the attachment process was determined by the decrease in absorb-
ance of Alcian blue dye in the supernatant measured spectrophoto-
metrically at A606. There was no change in the A606 detected in 
the uninoculated control materials throughout the course of the 
study, ensuring no sorption of this dye on the EFBs. In addition, 
the EPS formation was not present in the monoculture and mixed 
culture (strain NP3 and PK1) immobilization during the first three 
days of incubation (Fig. 1). After 3 days, both the monoculture 
and mixed cultures were able to produce much EPS as seen from 
the rapid decrease in A606 of the Alcian blue. A longer incubation 
led to greater EPS synthesis in all samples. However, the highest 
rate of EPS production was obtained when two strains were mixed 
together obtaining a maximum 85% yield of EPS after 6 days 
incubation. In accord with earlier findings, the mixed culture of 
S. thermophilus 13a and L. bulgaricus exhibited higher EPS synthe-
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a b c

Fig. 2. SEM of mixed bacterial cells (strain NP3+PK1) attached to surface (a) and to interconnected pores (b) of EFB and network-like EPS
structures adhered to EFB surfaces and to other microorganisms (c) after 6 days incubation.

Time (days)

Fig. 1. Production of exopolysaccharides (EPS) measured by the decline 
in absorbance of Alcian Blue at 606 nm after incubating mono 
and mixed culture of strain NP3 and PK1 with EFB. The sterilized 
EFB without cells (Uninoculated material) was used as control.

sizing activity compared to the single strain due to a mutual stim-
ulation of cell metabolism [36].

The bacterial EPS is essential for biofilm formation, aggregating 
and sheathing the cells as well as protecting them against adverse 
conditions [37]. SEM photomicrographs revealed that bacteria pro-
duced EPS fibers in cells adhering to the surfaces and to other 
microorganisms (Fig. 2). From the results in this section, mixed 
cultures of the strains NP3 and PK1 were incubated along with 
EFBs for 6 days to obtain a strong attachment. These were used 
for further biodegradation tests.

3.2. Effect of Phenol Concentration on Activity of Strain 
NP3 and PK1

Phenol, the simplest member of the family of phenols, was used 
in this study as a representative of this compound group to assess 
its impact on Methylobacterium sp. NP3 and Acinetobacter sp. 
PK1. The capacities of immobilized and suspended bacteria to 

degrade phenol were compared in liquid CFMM containing differ-
ent initial phenol concentrations ranging from 10 to 5,000 mg/L. 
In the control samples with killed-cells and EFBs only, the reduction 
of the phenol was very low (≤ 5%). Thus,the loss of phenol by 
abiotic processes was negligible. 

The immobilized bacteria showed greater degradation efficiency 
and degradation rate constant (k) than that of suspended bacteria, 
at all phenol concentrations, except when the concentration was 
below 30 mg/L (Fig. 3(a), (b)). On the other hand, an inhibitory 
effect was observed in the suspended bacteria when the phenol 
concentration increased as seen from the decreased degrading 
efficiency and rate. These results indicated that suspended bacteria 
were inhibited by elevated concentrations of phenol, while the 
immobilized bacteria were more tolerant of phenol of up to 5,000 
mg/L. This difference was attributed to the fact that the cells of 
the immobilized bacteria were protected of against the toxicity 
of phenol through their biofilm and immobilizing support. The 
bacterial biofilm and organic material can act as a buffer in shielding 
bacteria from high exposure to high concentrations of phenols, 
adsorbing and slowly releasing them for bacterial degradation [38]. 
Our results corresponded to previous studies of Khongkhaem et 
al. [27], Ying et al. [39] and Ahmad et al. [40]. They reported 
that better phenol degradation activity was achieved when a mix-
ture of Methylobacterium sp. NP3 and Acinetobacter sp. PK1, 
Acinetobacter sp. strain PD12 or Acinetobacter sp. strain AQ5NOL1 
were immobilized in silica, polyvinyl alcohol (PVA) or gellan gum, 
respectively. However, the EFBs used in this study were palm 
oil mill waste and considered as inexpensive compared to other 
immobilizing materials. 

Nonetheless, one major disadvantage of using immobilized 
cells is the mass transfer limitation involved in substrate dif-
fusion to the cells [41]. This could explain why the immobilized 
bacteria had lower degradation activity at low phenol concen-
trations compared to suspended bacteria. In addition, the k 
values for immobilized bacteria in this study (0.01-0.47 h-1) 
(Fig. 3(b)) were lower than those reported by Ying et al. [39] 
(0.65-1.38 h-1).  This may be because the ranges of initial phenol 
concentrations used were different and/or our experiment had 
lower cells density attached to EFBs (1.13 mg cells L-1 phe-
nol-CFMM), while much higher cells were entrapped by PVA 
(24.6 mg cells L-1). 



Environmental Engineering Research 20(2) 141-148

145

a

b

Phenol concentration(mg/L)

Fig. 3. Phenol degradation (a) and degradation rate constant (b) after 
24 h (10 and 30 mg/L), 72 h (50 mg/L), 96 h (100 mg/L) and 
120 h (500 and 5,000 mg/L) of incubation using immobilized 
and suspended bacteria. 

3.3. Removal of Phenols from Treated POME by Activated 
and/or Acclimated Immobilized Bacteria 

Three approaches were evaluated in order to enhance the phenols 
degrading efficiency of the immobilized bacteria. These were: (1) 
cell activation; (2) cell acclimation; and a combination of (1) and 
(2). Table 1 shows a comparison of the aforementioned techniques 
and the control (non-activation and non-acclimation) for phenols 
removal from the treated POME. The results showed that cell 
activation, acclimation and a combination of the two methods 
together were able to improve almost double the phenol reduction 
of the control sample (Table 1). Comparing between these three 
methods, the application of either activation method only or a 
combination of activation and acclimation method had similar 
result with 63.4% and 65.0% phenols removal from the total phenols 
of 33 mg/L in the treated POME. However, the acclimation method 
only provided less efficiency with a phenol removal of 53.5%. 

The removal efficiencies of our immobilized bacteria were higher 
than those studied by Limkhuansuwan and Chaiprasert [26]. They 
found that free cells of Lactobacillus plantarum SF5.6 was able 
to remove 34.0% of the 33.64 mg/L phenols in the treated POME.

During immobilization process, the bacteria might lose their 
phenol degradability due to the absence of phenol. An activation 
of the attached bacteria by providing them with phenol-CFMM 
could therefore stimulate the induction/maintenance of the phe-
nols-degrading enzymes needed for biodegradation. In the previous 
studies, the bacterial and fungal acclimation in diluted wastewater 
containing phenols was found to efficiently remove phenols in 
undiluted wastewater. These include Pseudomonas putida ATCC 
17484 [42] and white-rot fungus Trametes versicolor [22]. Kumar 
and Mohanty [43] reported that mixed microbial culture isolated 
from the sludge of effluent treatment plant of a refinery could 
biodegrade up to 750 mg/L of phenol after acclimatization. Our 
results also corresponded to those of Lu et al. [44]. They found 
that white-rot fungus Phanerochaete chrysosporium was able to 
remove over 84% of phenols from coking wastewater and 80% 
of COD after activation with phenol and acclimation with 50% 
diluted coking wastewater. 

Accordingly, activation and/or acclimation process could be 
efficient methods for the improvement of the degradation efficiency 
of phenols-degrading bacteria. However, activation process seemed 
to be more attractive since it was convenient and less time-consuming 

Table 1. Removal of Phenols from Treated POME by Activated and/or 
Acclimated Immobilized Bacteria Compared to Control 

Technique phenols degradation (%)*

Non-activation & non-acclimation 35.0 ± 1.4a

Acclimation 53.5 ± 1.5b

Activation 63.4 ± 0.4c

Activation and acclimation 65.0 ± 4.7c

*An initial phenols concentration of 33 mg/L was detected in the treated 
POME. Phenols degradation was determined after 7-d incubation by comparing 
with the initial phenols concentration. Values given are average of three 
samples ± standard deviation. Comparisons between four techniques are 
significantly different (LSD, P < 0.05) if designed with different-letters.

Table 2. Characteristics of the Sterilized POME Before and After Treatment 
with Activated Immobilized Bacteria After 7 days of Incubation  

Parameter Before
treatment

After
treatment

pH 8.2 7.9

COD (mg/L) 10,296.0 1,355.0
Total nitrogen (mg/L) 210.0 64.0

Total phosphorus (mg/L) 17.2 16.2

Oil and grease (mg/L) 30.0 5.0
Phenols (mg/L) 33.0 12.1

Color (%) 100.0 75.0

No. of phenol-degrading bacteria on EFB 
(× 109 CFU/g)

23.0 48.0

No. of phenol-degrading bacteria in POME 
(× 109 CFU/mL)

- 20.0

-: Not detected.
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for application. It was found that pH of the treated POME slightly 
decreased after treated with activated immobilized bacteria. They 
also were able to reduce 86.8% COD, 70% total nitrogen, 5.8% 
total phosphorus, 83.3% oil and grease, and 25% color (Table 2). The 
number of phenol-degrading bacteria on EFBs was 2.3 × 1010 CFU/g 
EFBs at the beginning and increased to 4.8 × 1010 CFU/g EFBs 
after 7 days incubation. In the treated POME, 2.0 × 1010 CFU/mL 
phenol-degrading bacteria was found at the end of study. This 
was indicated that the organic content and other nutrients available 
in EFBs as well as in treated POME could support bacterial growth. 
The attached bacteria present on EFBs were effective to further 
remove phenols as seen from their ability to be reused (Fig. 4). 
Based on this result, the activated immobilized cells were utilized 
for reusability test in the next section.  

3.4. Reusability of Activated Immobilized Bacteria for Phenol 
(s) Degradation

The stability of Methylobacterium sp. NP3 and Acinetobacter sp. 
PK1 immobilized by EFBs was assessed in several consecutive 
biodegradation of phenol(s). The ability of cells to degrade phenol(s) 
after repeated use was determined. The experiments were per-
formed by incubating the activated immobilized bacteria with liq-
uid CFMM containing phenol or with treated POME separately. 
In liquid CFMM, the immobilized bacteria were able to completely 
remove all phenol (33 mg/L) after 24 h incubation (Fig. 4). Although, 
the SEM micrographs showed that there were some changes in 
the surface of the EFBs and the density of the cells after 5 repeated 
cycles (Fig. 5(a), (b)). The bacterial activity remained the same 
throughout application over ten cycles.

Unlike in phenol-CFMM, various kinds of phenols and other 
organic compounds were present in the treated POME. A lower 
degradation of phenols in POME might be due to the effect of 
these components on bacterial activity and/or the competition 
of carbon source from various organic compounds. About 64.5% 
to 68.5% of the total phenols (33 mg/L) in the treated POME were 

Fig. 4. Reusability of activated immobilized bacteria for biodegradation 
of 33 mg/L phenol(s) in liquid CFMM and in treated POME.

a

b

Fig. 5. Changes in EFB surface and number of immobilized bacteria 
explored by SEM before (a) and after (b) 5-cycle of repeated 
use.

removed after 7 days incubation with applications over five cycles. 
Then the degrading efficiency was reduced by 15.2% to 16.2% 
by applications over six to ten cycles (Fig. 4). This indicated that 
the activated immobilized bacteria could maintain their phenol-de-
grading activity throughout each application and could be reused 
for at least 10 cycles. The reduction of bacterial activity in the 
treated POME after applications over five cycles might result from 
the enzyme inactivation by some phenols components [45] in 
the treated POME.

In addition, the immobilized bacteria could be stored at 4˚C 
for 4 weeks and maintain their stable phenol degrading activity. 
These results suggested that the immobilized bacteria on the EFBs 
had a potential for practical application in the  treatment of waste-
water contaminated with phenols.
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4. Conclusions

The attachment immobilization of Methylobacterium sp. NP3 and 
Acinetobacter sp. PK1 on EFBs residue were facilitated by their 
EPS structures. This immobilization improved bacterial tolerance 
to phenol in CFMM up to 5,000 mg/L and the immobilized bacteria 
degraded phenol more efficiently than suspended bacteria. 
However, the best way to enhance the efficiency of these immobi-
lized bacteria could be done by activating them in a CFMM contain-
ing phenol for 24 h before their utilization. This process was con-
venient and efficient strategy for enhancing the degradability and 
stability of phenol-degrading bacteria as seen from their efficiency 
to remove phenols from treated POME (63.4%) and their ability 
to be reused.

Findings of this study clearly showed the potential use of the 
EFBs-immobilized bacteria as an inoculum for the subsequent 
aerobic post-treatment of previously treated POME from the anaero-
bic treatment systems. Further study can be done to develop a 
large-scale bioreactor employing the immobilized bacteria with 
continuous operation. This is considered to be practical and eco-
nomical for its application in the real wastewater treatment plant 
of palm oil mills. Besides, the immobilized bacteria might be uti-
lized for the treatment of various kinds of phenols present in 
other industrial effluents. 
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