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Abstract
Two vertical rotating immobilized cell reactors (VRICRs), one with the Bacillus subtilis, BDCC-TUSA-3 

for bisurfactant (surfactin) production and the other with Acinetobacter lwoffii, accession number KM985371 
for phenol biodegradation were constructed, with polyurethane foams as the attachment support. They were 
separately optimized for surfactin production and degradation of phenol respectively. Then, the two reactors 
were combined to form a two-stage VRICR where an appropriate fraction of Bacillus sp. reactor effluent, 
containing surfactin (0.20 g.l-1, 0.25 g.l-1 or 0.30 g.l-1), was mixed with the influent fed into A. lwoffii reactor, 
containing various concentrations of phenol (1500 mg.l-1, 1870 mg.l-1 and 2250 mg.l-1). The VRICR was operated 
continuously over more than two weeks. Cell growth, cell viability, degradation efficiency of phenol and specific 
degradation rate (SDR) were followed over periods of operation. The best results were obtained when a steady 
state was reached with 45.6 g.l-1, 98%, 100% and 810 mg phenol. g immobilized cells-1.h-1 for cell growth, cell 
viability, degradation efficiency and SDR respectively. Additionally, surfactin was produced from reactor 1 at 
high concentration (5.05 g.l-1) with a volumetric reactor productivity of 757.5 mg surfactin l-1.h-1 which represents 
an extra added-value product that could markedly decrease operating costs. The efficient process for phenol 
degradation, with no secondary by-products, coupled with potential applicability of simultaneously produced 
surfactin that could be utilized in many industrial applications, makes the two-stage VRICR a potential candidate 
for a clean, cost-effective and environmentally sustainable process. 
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Introduction
Phenol is toxic by ingestion, contact or inhalation and harmful 

to aquatic organisms [1] and has been included in the list of priority 
pollutants by the U.S. Environmental Protection Agency [2]. Phenol 
is used extensively in many industrial activities. This makes it a major 
environmental pollutant in many wastewater facilities, such as oil 
refineries, coking plants, pharmaceuticals, and plastic industries [3]. 
Therefore, these wastewater streams require proper treatment before 
being discharged. Compared to the currently used physio-chemical 
processes to remove phenol from wastewaters, the bioremediation using 
living microorganisms exhibits many advantages [4]. Bioremediation 
processes are simple, cost-effective, and environmentally friendly 
process with no hazardous intermediates being synthesized [5]. 
However, bioremediation processes have been limited by phenol 
inhibition to microbial cells. Many attempts have been used to overcome 
such limitations. These include the two-phase partitioning bioreactor 
(TPPB) [6], fluidized bed reactor (FBR) [7] and most importantly 
immobilized cell reactors (ICR) [5]. However, in all these studies, 
low phenol concentrations were tested with low biodegradation rates 
and productivities that do not satisfy industrial and environmental 
requirements. In previous investigation, a vertical rotating immobilized 
cell reactor (VRICR) was designed and built [8] and used for successful 
execution of a number of biotechnological processes with remarkably 
high reaction rates and volumetric productivities [9]. On the other 
hand, efficiency of phenol degradation could be further enhanced 
in presence of biosurfactants. Biosurfactants have excellent ability to 
emulsify hydrophobic compounds such as phenol [10] and work as 
mediators which increase their mass transfer rate into the aqueous 
phase and make them more bioavailable to microorganisms [11].

 The objective of the present study was to investigate the capabilities 
of locally isolated A. lwoffii accession number KM985371 for phenol 
degradation using free-suspended cells. A two-stage VRICR was 

also built and tested to carryout continuous degradation of elevated 
concentrations of phenol in presence of the biosurfactant surfactin.

Materials and Methods
Microorganisms

The phenol-degrading A. lwoffii accession number KM985371 and 
the surfactin producing B. subtilis strain BDCC-TUSA-3 [12] were 
used. 

Chemicals and culture media 

All chemicals used were analytical reagents. The minimal salt 
media (MSM) was used in present study. It contained KH2PO4 0.5 g, 
K2HPO4 0.5 g, CaCl2 0.1 g, NaCl 0.2 g, MgSO4.7H2O 0.5 g, MnSO4.7H2O 
0.01 g, FeSO2.7H2O 0.01 g, NH4NO3 1.0 g per liter. Deionized, distilled 
water was used for the experiments. The activated sludge samples were 
collected in a biological treatment system, Jeddah refinery, KSA. 

Bioreactor

The VRICR comprises a double walled vessel, with a rotating shaft, 
driven by a motor extends into the vessel and is journalized in bearings 
fitted with suitable seals [8]. Two stacks of Immobilized Biomass Units 
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centrifuged in a micro centrifuge (HERMLE Z 233 M-2, Germany) 
at 10000 rpm for 10 min. Residual phenol was estimated in the 
supernatant by the method of Yang and Humphrey [14] based on rapid 
condensation with 4-amino-antipyrene followed by oxidation with 
alkaline potassium ferricsyanide giving a red color measured by UV 
spectrophotometery. The obtained OD values were then converted to 
phenol concentration using a phenol calibration curve. The oxygen 
transfer rate (OTR) was determined by direct measurement method 
described by Hirose [15]. The oxygen content in inlet and outlet gas 
streams was measured using oxygen analyzers. Then, the exact OTR 
was directly obtained by multiplying the difference in oxygen content by 
aeration rate, taking into consideration the gas low. Surfactin in reactor 
effluent after cell separation was estimated as described by Cooper [16].

Results and Discussion
Phenol degradation by free cells of A. lwoffii in batch culture

Growth pattern and phenol biodegradation by free cells of A. 
lwoffii: Figure 1 shows the growth pattern and phenol degradation by 
the A. lwoffii cells grown in batch culture. As evidenced, MSM with 
1000 ppm of phenol supported bacterial growth and multiplication with 
almost no lag phase. Maximum concentrations 1.15 g l-1 was achieved 
for cell growth with almost complete phenol biodegradation. Moreover, 
both pattern of cell growth and phenol degradation confirmed a typical 
behavior for a growth-associated process. The specific growth rate 
of the bacterium was calculated based on the plot of log (cell DW at 
mid-exponential phase) versus time as described in the ‘Materials and 

(IBUs) are mounted on the shaft. Each IBU has a core of 97% porosity 
of polyurethane foam disc of 140 and 8 mm in diameter and thickness 
respectively, sandwiched between two perforated metal sheets except 
the top, the middle and bottom units in which polyurethane foam cores 
are mounted on only one perforated metal sheet to facilitate taking 
samples of the immobilized biomass entrapped into polyurethane 
foam discs. The IBU in each stack are spaced apart vertically and the 
respective stacks are also spaced apart vertically. Each IBU has a central 
hub fixed to the shaft by screws. Three blades extend substantially 
radially from the hub. These configurations provide a reasonable 
distribution of immobilized biomass within the bioreactor, facilitate 
smooth release of CO2 and allow simple and direct contact between 
fermentative substrate and immobilized biomass.

Biomass (dry weight) 

Cell concentration in polyurethane foams (immobilized cells), 
or in bioreactor effluent (free cells) was determined by measuring 
absorbance at 600 nm using a spectrophotometer (UNICO, 2100, USA) 
which was subsequently correlated to standard curve. The growth rate 
(µ) was determined according to Pirt [13]. The following equation was 
used: μ = (logX2 - logX1) /loge                                       (1).

Where, X1 and X2 are dry cell weight at beginning and end of period 
(t) at mid-exponential phase respectively and loge is the natural logarithm.

Analysis

Phenol determination: Samples taken from culture broth were 

Surfactin (g.l-1)
Cell growth

Phenol biodegradation (%) Growth rate (h-1) SBR (mg phenol. g-1 cell dry weight. h-1)
(g.l-1) Viability (%)

0 1.05 92 74.6 0.19 64.5
0.05 1.61 94 76 0.22 82.3
0.1 1.96 94 93.1 0.26 90.1
0.2 2.25 98 99.1 0.35 105.9
0.4 1.27 90 91.8 0.29 68.65
0.8 0.84 88 89 0.24 49.66

*Batch cultivation was conducted with initial phenol and cell concentrations of 800 and 40 mg /cell Dw.l-1 respectively.

Table 1: Effect of surfactin concentration on biodegradation of phenol in batch culture by free-suspended cells of A. lwoffii.*

Figure 1: Pattern of cell growth and phenol degradation in batch culture using free-suspended cells of A. lwoffii  initial concentrations of 0.15 g. l-2 and 1000 mg. l-2 were 
used for bacterial cells and phenol respectively.
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methods’ section [13]. The bacterium exhibited a specific growth rate of 
0.31 h-1 which compared favorably with 0.29 h-1 obtained by Khaleifat 
[17]. Similarly, a growth associated processes were reported for phenol 
degradation by Erwengell americana [17] and by Ralstonia eutropha [18].

Effect of surfactin on cell growth and degradation rate of phenol 
by A. lwoffii: Table 1 shows cell growth and phenol degradation by A. 
lwoffii in presence of various concentrations of surfactin. Generally, both 
cell growth and phenol degradation was greatly improved in presence of 
surfactin. The best performance was achieved with 0.20 g.l-1 of surfactin 
with 2.25 g.l-1 and 98% for cell growth and cell viability, respectively. 
The highest degradation rate of 105.9 mg phenol. g immobilized cells-1

 
.h-1 was also related to the highest growth rate of 0.35 h-1 at the same 
concentration of surfactin. Biosurfactants at proper concentration are 
known for their ability to enhance solubilization and emulcification of 
petroleum pollutants and subsequent increase in their bioavailability 
[19]. In view of the high water solubility of phenol, biosurfactants may 
enhance phenol degradation by other mechanisms. Biosurfactants 
could have stimulative effects on cell growth [20], reduction of phenol 
toxicity [21] and increased enzyme production by microorganisms 
through improvement of permeability of cell membrane and subsequent 
enzyme release and enhancement of enzyme stability [22,23].

Higher surfactin concentrations decreased markedly both cell 
growth and phenol degradation. Similar results were obtained by 
Whang et al. [24].

Degradation of phenol by immobilized cell systems

Immobilization of A. lwoffii cells into polyurethane foams: In 
order to enhance attachment of A. lwoffii cells into polyurethane foams, 
the VRICR was constructed as described in the Materials and Methods 
section and inoculated with A. lwoffii. It was firstly fed with MSM 
containing 50 g.l-1 of Maldex-15 as the carbon source at a high feed 
rate of 1800 ml.l-1 to maximize cell growth into polyurethane foams and 
remove the non-attached cells as well. The bioreactor was rotated at 0, 10, 
15, 20 and 25 rpm. Aeration rate was manipulated to insure OTR of 90.0 
mM O2.l

-1.h-1 [9]. Samples were taken at regular intervals and analyzed 
for free and immobilized cells and residual carbon source. The results 
are shown in Table 2. It is clear that rotation speed had a pronounced 
effect on biomass concentration in polyurethane foams. Cultivation 
without rotation resulted in a steady increase in immobilized cells; 68.1 
g. l-1 were found after 5 days. However, incomplete utilization of carbon 
source was observed, most probably due to cell over-growth into 
polyurethane foams and limitation in mass transfer for both oxygen 
and nutrients. The mass ratio of free to immobilized cells (Mf/i) was only 
0.66%, which reflects an extremely slow growth rate of immobilized 
biomass similar to those obtained previously with the bacterium B. 
subtilis [9]. With the highest rotation speed (25 rpm), cell leakage 
from polyurethane foams into surrounding medium was probably 
higher than cell growth in polyurethane foams. The concentration of 

immobilized cells decreased dramatically after reaching a maximum 
value to attain only 16.8 g. l-1 at the end of attachment period (Table 2). 
The highest Mf/I value of 31.1% was reached and a steady state was never 
reached. Glucose utilization was only 86.4%. 

Steady state with complete utilization of Maldex-15 was achieved 
only at rotation speed of 15 rpm. Immobilized cell concentration of 42.5 
g.l-1 was maintained. Under such conditions, growth of immobilized A. 
lwoffii cells was apparently balanced by cell leakage into surrounding 
medium with Mf/I of 4.10%. In an earlier publication, a similar growth 
pattern was observed with the bacterium B. subtilis [9] but with much 
lower immobilized cell concentrations of 27.0 g.l-1. Thus, A. lwoffii 
appears to attach more successfully to polyurethane foams.

Adaptation of immobilized cells of A. lwoffii to phenol: The 
VRICR of A. lwoffii, described above, after reaching a steady state 
with 42.5 g.l-1 and 96.4% for cell growth and cell viability respectively, 
was fed with MSM supplemented with various concentrations of both 
Maldex-15 and phenol as carbon sources. This was performed by step-
wise and simultaneous increases from to 0.00 to 1000 for phenol and 
decreases from 50.0 to 0.00 g.l-1for Maldex-15 concentrations in reactor 
influent. Samples from reactor effluent were collected and analyzed 
for residual carbon sources and cell growth. Changes in carbon source 
concentrations were executed after reaching a steady state of the previous 
combination. Figure 2 shows the results. After 14 days (approximate 
460 generations), VRICR was operating under steady state conditions 
with phenol concentration of 1000 mg.l-1, as the only carbon source in 
reactor influent with almost complete phenol degradation. During this 
period, immobilized cell concentration remained almost constant (44 
g.l-1 ) with cell viability of more than 96%. On the contrary, a gradual 
increase in SDR was noticed as concentration of phenol increased and 
reached its maximum value of 550 mg phenol. g immobilized cells-1

 
.h-1 (Figure 2). This is in concordance with other researchers [25] who 
reported an enhancement in phenol degradation rate of Pseudomonas 
fluorescence KNU417 at higher concentrations. Elias et al., [26] further 
demonstrated that the preliminary acclimation of bacterial cells to the 
pollutant is a suitable strategy to shorten the start-up period of bio-
filters and ensure longer successful operation.

Continuous degradation of elevated concentrations of phenol 
by a two-stage VRICR of A. lwoffii and B. subtilis: Firstly, a VRICT 
of B. subtilis (bioreactor 1) was constructed and operated continuously 
over 10 days as described in an earlier publication [9] (Table 3). After 
reaching a steady state with immobilized cell concentration of 30.45 
g.l-1 and surfactin content of 5.05 g.l-1, it was connected to bioreactor 2 
containing 43.6 g,l-1 of phenol-adapted immobilized cells of A. lwoffii, 
to form a two-stage VRICR. In order to supply bioreactor 2 with 
surfactin at the required concentration, an appropriate fraction from 
bioreactor 1 effluent containing surfactin was combined with MSM 
containing different concentrations of phenol before it was fed into 
bioreactor 2 at constant feed rate of 1800 ml.h-1. Three feeding scenarios 

Rotation speed (rpm)
Steady state parameters

Immobilized cells viability Free cells (g.l-1)   M f/i* (%)
Glucose utilization (%)       (g.l-1)          

0 89.2 68.1 70.6 0.45 0.66
10 100 53.9 86.2 1.06 2
15 100 42.5 96.4 1.75 4.1
20 99.1 29.7 95.4 3.78 12.7
25 86.3 16.8 96.1 5.23 31.1

*M f/I is the mass ratio of free cells to immobilized cells. ** is mg of consumed phenol per g cell dry weight per hour.

Table 2: Effect of rotation speed on cell growth and accumulation in polyurethane foam with the VRICR of the bacterium A. lwoffii. MSM with 50 g.l-1of Maldex-15 was used. 
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to bioreactor 2 were tested. Firstly, and in order to supply bioreactor 2 
with surfactin at the optimum concentration (0.20 g.l-1), as determined 
above, 71.29 ml from bioreactor 1 effluent containing 0.36 g.l-1 surfactin 
was combined with 1728.71 ml of MSM supplemented with phenol 
and pumped to bioreactor 2. Secondly, 89.11 ml from bioreactor 1 
effluent containing 0.45 g.l-1 surfactin was combined with 1710.89 
ml of MSM supplemented with phenol and pumped to bioreactor 2. 
Thirdly, 106.93 ml from bioreactor 1 effluent containing 0.54 g.l-1 
surfactin was combined with 1693.07 ml of MSM supplemented with 
phenol and pumped to bioreactor 2. Biodegradation of three different 
phenol concentrations; 1500, 1870 and 2250 mg.l-1 were tested. Phenol 
concentration increased in feed line to bioreactor 2 when steady 
state, with complete degradation, was reached with the previous one. 
Performance of the two-stage bioreactor was monitored by checking 
bioreactor 2 effluent for SDR and degradation efficiency of phenol. 
Also, immobilized cell concentrations were followed. Figure 3 shows 
the results. The best results were obtained when MSM supplemented 
with 0.25 g.l-1 surfactin and 2250 ppm phenol was pumped into 
bioreactor 2. A steady state was reached with complete removal of 
phenol, and 45.6 g.l-1, 97.4% cell growth and cell viability respectively. 
The highest SDR of 960 mg phenol.g immobilized cells -1.h -1 was also 
achieved under such conditions. This most probably due to presence 

of the prober concentration of surfactin (0.25 g.l-1). Similar results of 
biosurfactant production during the process of phenol degradation 
have been reported to enhance efficiency of degradation by Candida 
tropicalis [27]. The obtained values for SDR are similar to those reported 
in literature [1]. However, the two-stage VRICR operating in presence 
of surfactin has longevity of operation and overall degradation rate of 
9.0 and 1.8 times higher than those obtained for phenol degradation 
by pure culture of A. lwoffii in batch culture and those reported by 
selected microbial consortium in a two phase partitioning bioreactor 
(TPPB) [1] in continuous operation, respectively (Table 2). Certainly, 
this will be of great importance when such process is to be considered 
for industrial implementation. 

With the highest surfactin concentration (0.3 g.l-1), a steady state 
conditions was reached but with lower degradation efficiencies (88.5%), 
lower cell concentration and cell viability of 39.8 g.l-1 and 93.2% 
respectively (Figure 3). Whang et al. [24] reported that application 
of biosurfactants at high concentrations inhibited microbial growth 
of Acinetobacter sp. strain PD12 and thus decrease the degradation 
efficiency of phenol by both free and immobilized cells. Since the 
concentration of immobilized cells and cell viability decrease a possible 
toxicity issues seemed more plausible.

Conclusion 
The two stage VRICR constituted by A. lwoffii and B. subtilis 

operating in presence of various concentrations of biosurfactant, 
surfactin, was able to efficiently degrade elevated concentrations 
of phenol, as the only source of carbon and energy. As phenol 
concentration was increased in reactor influent, higher concentrations 
of surfactin had to be introduced in order to maintain complete phenol 
degradation. Surfactin concentration of 0.25 g.l-1 of was found to be 
the most convenient for immobilized biomass to support complete 
phenol degradation. Up to 2250 g.l-1 of phenol in reactor influent 
were completely degraded with the highest SDR of 0.96 g phenol.g 
immobilized cells.h

-1 which is almost 15 fold increases compared to 

Figure 2: Performance of immobilized cell reactors of A. lwoffii during adaptation on phenol days 1 to 3: steady state reached at the end of cell attachment period. 
Runs 1 to 5: Feeding at 40 g l-1 + 100 mg l-1; 30 g l-1 + 200 mg l-1; 20 g l-1; 400 mg l-1 + 10 g l-1 + 800 mg l-1; 0.0 g l-1 + 1000 mg l-1 of maldex 15 and pheno; respectively.

Parameters Steady state
Surfactin (g.l-1) 5.05

Productivity (mg surfactin.l-1.h-1) 757.5
Immobilized cells (g.l-1) 30.45

Cell viability (%) 90.5
Free Cells (g.l-1) 6.76

Mf/I (%)   22.16
*Continuous operation was conducted after the first week (period of cell 
attachment into polyurethane foams within the bioreactor). Complete rich medium 
with 50 g.l-1 Maldex-15 was pumped at dilution rate of 0.15 h-1.

Table 3: Steady state optimum parameters for continuous surfactin production by 
immobilized cells of Bacillus subtilis.*
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batch culture using free-suspended cells of A. lwoffii. This indicates 
that phenol degradation must have benefited by both presence of 
surfactin and the increase in immobilized biomass. An extra bioreactor 
effluent stream with 5.05 g.l-1 of surfactin produced from Maldex-15, 
a cheap by-product from corn industry, represents additional benefits 
that could justify a cost-effect process for bioremediation of industrial 
wastewater with elevated phenol concentrations. 
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