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Abstract Covalent immobilization of Aspergillus
awamori NRRL 3112 was conducted onto modified
polyacrylonitrile membrane with glutaraldehyde as a
coupling agent. The polymer carrier was preliminarily
modified in an aqueous solution of NaOH and 1,2-
diaminoethane. The content of amino groups was
determined to be 0.58 mgeq g~'. Two ways of
immobilization were used—in the presence of
0.2 g 17! phenol and without phenol. The capability
of two immobilized system to degrade phenol (con-
centration—0.5 g 17') as a sole carbon and energy
source was investigated in batch experiments. Seven
cycles of phenol biodegradation were conducted.
Better results were obtained with the immobilized
system prepared in the presence of phenol, regarding
degradation time and phenol biodegradation rate.
Scanning electron micrographs of the polyacryloni-
trile membrane/immobilized Aspergillus awamori
NRRL at the beginning of repeated batch cultivation
and after the 7th cycle were compared. After the 7th
cycle of cultivation the observations showed large
groups of cells. The results from the batch experi-
ments with immobilized system were compared to the
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results produced by the free strain. Phenol biodegra-
dation experiments were carried out also in a
bioreactor with spirally wound membrane with bound
Aspergillus awamori NRRL 3112 in a regime of
recirculation. 10 cycles of 0.5 g 17! phenol biodegra-
dation were run consecutively to determine the
degradation time and rate for each cycle. The design
of the bioreactor appeared to be quite effective,
providing large membrane surface to bind the strain.
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Introduction

One of the problems attracting highest attention in
modern ecology is related to the biodegradation of
xenobiotics. Typical representatives of this group of
contaminants are phenol and its derivatives. The
environmental clean-up of phenol by adsorption,
solvent extraction, chemical oxidation, incineration
and abiotic treatment procedure suffers from serious
drawbacks such as economic issues and the produc-
tion of hazardous byproducts. Biodegradation is
generally preferred, due to the lower costs and the
complete mineralization.

Extensive studies revealing the potential of micro-
organisms in phenol biodegradation have been
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carried out. Major part of the research in the field of
phenol decomposition have been performed using
bacterial strains, such as Alcaligenes europhus (Hud-
ges et al. 1984), and Pseudomonas sp. (Allsop et al.
1993). Other publications report biodegradation of
phenol by yeast strains Candida (Yan et al. 2005) and
Trichosporon (Chtourou et al. 2004). Chitra et al.
(1995) have studied the removal of phenol using a
mutant strain of Pseudomonas. The use of fungal
strains for the degradation is relatively untouched
area. Mycelial fungi such as Fusarium floccieferum
(Anselmo and Novais 1992), Aspergillus fumigatus
(Jones et al. 1995) and Graphium sp. (Santos et al.
2003) have been cited for their potential of phenol
degradation. Little is known about phenol metabo-
lism in mycelial fungi. They have some advantages,
because of their resistance to a great number of
xenobiotics, toxic to the most of the microorganisms.
The fungal strain Aspergillus awamori NRRL 3112 is
capable of assimilating a wide range of carbon
substrates, including phenol and its derivatives (Sun-
dar et al. 2005; Yordanova et al. 2006). This feature
makes them a valuable research object for a future
development of industrial-water cleaning technology.

There has been an increasing interest in the
immobilization of microorganisms in recent years
(Abd-El-Haleem et al. 2003; Bolafios et al. 2001;
Gonzalez et al. 2001; Fiest and Hegeman 19609;
Mordocco et al. 1999; Pazarlioglu and Telefoncu
2005; Shetty et al. 2007a, b). The immobilized cells
have advantages over the native cells due to the
possibility for multiple applications for a extended
period of time. Different carriers have been used for
microbial cell immobilization, but there aren’t many
reports for cell immobilization on polymer mem-
branes (Uzunova et al. 2002; Marrot et al. 2006; Hua
et al. 2005; Godjevargova et al. 2006). Synthetic
polymers constitute the largest group of supports in
use. Polyacrylonitrile-based ultrafiltration (UF) mem-
branes obviously turn up to be more advantageous
over other conventional membranes in various
aspects, such as thermal stability, resistance to most
organic solvents, commercial availability, etc. (Wang
et al. 2007). PAN-based membranes can offer some
special promises as cradle for cell immobilization,
which is mainly because different reactive groups can
be easily generated on the PAN membrane surface for
the covalent immobilization (Godjevargova et al.
2006; Kowalska et al. 1998).
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The membranes are very suitable for immobiliza-
tion of microbial cells, when a spiral membrane
module is used. There is no common strategy for
preparing such integrated systems and opportunities
for using are still at hand. Due to their high surface area
per unit module volume, spiral membrane modules
serve as better immobilization supports than alginate
beads, activated carbon, sintered glass, and polymer
beads (Jose et al. 2002; Karel et al. 1985). On the other
hand, polymer membranes can act as barriers limiting
the movement of cell mass, thus providing restricted
and/or regulated passage of one or more species
through the pores. From this point of view, membrane
bioreactors are promising for practical applications for
wastewater treatment (Loh et al. 2000; Stephenson
et al. 2000).

The present paper investigates the possibility of
immobilizing Asp. awamori NRRL 3112 spores on
modified polyacrylonitrile membrane and their ability
to biodegrade phenol. Spiral membrane module with
immobilized spores was created and phenol biodeg-
radation was also investigated.

Materials and methods
Microorganism and growth medium

A strain of Aspergillus awamori NRRL 3112,
obtained from US Department of Agriculture, Illi-
nois, USA was used throughout this study. The
organism was grown on slants immersed in a medium
having the following composition (g17'): malt
extract 3.0, yeast extract 3.0, peptone 5.0, glucose
10.0 and agar 20.0. The organism on the slants was
allowed to grow for 72 h at 30°C and then stored at
4 + 1°C for further use.

Medium for degradation studies

The studies on the biodegradation of phenol were
carried out in the Czapekdox medium, which had the
following composition (g 17"): sodium nitrate 2.0,
potassium phosphate (dibasic) 1.0, potassium chloride
0.5, magnesium sulfate heptahydrate 0.5 and ferrous
sulfate heptahydrate 0.01. The initial pH of the medium
was adjusted to 5.5 (the optimal pH for this strain)
using 1 N NaOH or 1 N HCI (Sundar et al. 2005). The
minimal medium contains phenol as a sole carbon
source with 0.5 g 1~! concentration.
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Chemical modification of polyacrylonitrile
membrane

The ultrafiltration polyacrylonitrile (PAN) membrane
(average pore size of selective layer 0.02 pm) was
produced by Ecofilter Co (Bourgas, Bulgaria). PAN
membrane was treated with 10% aqueous solution of
NaOH at 50°C for 60 min. After thorough washing
with distilled water, the membrane was treated with a
10% aqueous solution of 1,2-diaminohexane for
60 min at 40°C. The membrane was once again
thoroughly washed with distilled water. At the end of
the procedure the modified carrier was immersed in
0.5% aqueous solution of glutaraldehyde for 60 min
at room temperature. Excess glutaraldehyde was
removed by washing the membranes with distilled
water until there was a complete absence of glutar-
aldehyde in the rinse waters.

Phenol biodegradation in batch experiments
Spore immobilization for batch experiments

The 14-day culture in spore form in concentration of
3.33 x 10’ ml™" were introduced by flushing 5 cm®
sterile water in 500 cm® sterile flask containing
50 cm® Czapekdox medium and sterile modified
carrier (40 cm® PAN flat membrane). Sterilization
of the modified membrane was carried out by ethanol.
Two ways of immobilization were used—in the
presence of 0.2 g 1! phenol and without phenol. The
two flasks were placed on a shaker for 24 h at 30°C.
Then the liquid medium was decanted and the
immobilized systems were washed several times with
sterile water to remove the unbound spores. After that
the immobilized spores were used for phenol
biodegradation.

Batch experiments

The immobilized spores onto the polymer membrane
(single flat piece—40 cm?) with concentration
0.158 g cm™? were introduced in 500 cm® sterile
flask containing 50 cm’® Czapekdox medium, as well
as phenol as the only carbon source adjusted to the
appropriate concentration. Then they were cultivated
on a shaker (220 rpm) at 30°C until the complete
phenol degradation. At every 24 h, samples were
withdrawn and analyzed for phenol concentration.

Thus, seven cycles were carried out with the same
immobilized system.

Simultaneously, parallel experiments with free
cells were also performed for comparison. The flasks
containing 50 cm® liquid medium, as well as
0.5 g 17" phenol as the only carbon source were
inoculated with equal volume of inoculum
(3.33 x 107 conidia cm > medium) and agitated on
a shaker (220 rpm) at 30°C. Samples were taken at
every 24 h interval for determination of phenol
concentration. After the biodegradation of the entire
phenol, the cultural medium was decanted and the
biomass was recultivated in fresh liquid medium
containing 0.5 g 17" phenol. Thus, four cycles were
carried out in the same manner.

Each experiment for phenol degradation was
repeated twice, the reproducibility being always
within 2.5%.

Phenol biodegradation in recycle reactor
with spirally wound membrane

Spore immobilization for experiments
with membrane bioreactor

The bioreactor was 40 mm in diameter and 100 mm
high, it was made of glass and equipped with
thermostatic bath (Fig. 1). The modified and activated
with glutaraldehyde polyacrylonitrile membrane with

] [ B
] Ol
HHEER

S 3N
334
i

Fig. 1 Scheme of recycle system: thermostatic bath (1); feed
reservoir (2); peristaltic pump (3); thermostatic reactor (4);
membrane with immobilized cells (5); sampling (6); air outlet
(7); and air inlet (8)

@ Springer



720

Biodegradation (2009) 20:717-726

surface area of 100 cm” was spirally wound in the
glass bioreactor using supporting polyethylene mesh.
In this case, the immobilization was carried out by
flowing spore suspension (5.47 x 107 conidia cm ™
medium) through the membrane module using peri-
staltic pump at rate of 1 ml min~' for 24 h. Then the
membrane spiral was thoroughly washed out with
sterile water, fed by peristaltic pump to remove the
non-bound spores.

Experiments with membrane bioreactor

Further, the liquid medium (300 ml) containing
phenol at certain concentration was fed to the
membrane bioreactor using peristaltic pump at rate
of 1.5 ml min~'. The temperature required for the
strain growth (30°C) was maintained using the
thermostat and the heat-exchanging coating. After
the full degradation of phenol in the nutrient medium,
the reservoir was charged with fresh nutrient medium
containing phenol. Samples were taken at every 24 h
interval for determination of phenol concentration.
Ten cycles were carried out in the same manner.

Each experiment was repeated twice, the repro-
ducibility being always within 2.5%.

Analytical methods

Phenol concentration was measured spectrophoto-
metrically in the presence of p-nitroaniline at 495 nm
(Gonzalez et al. 2001).

The amount of spores immobilized on the support
was estimated by the difference between the wet
weight of spores with membrane at the beginning
(immediately after the immobilization) and the wet
membrane weight. The amount of free cells was
determined by the measuring of the wet weight of the
cells and by the counting of the number of conidia in
the samples using a standard microscope method.

Scanning electron microscopy (SEM)

The immobilized system Aspergillus awamori NRRL
3112/polyacrylonitrile membrane was washed with
distilled water and then they were dehydrated in 30—
100% water ethanol series. The membrane were
coated with 120-130 A of gold in argon medium in
an Edwards apparatus (model 150 A). The SEM
observations were done on a scanning device attached
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to a Zeiss electron microscope (model 10C) at 20 kV
accelerating voltage with a 5-6 nm electron beam.

Results and discussions
Modification of membranes

The aim of the present studies is to obtain an efficient
immobilized system of Aspergillus awamori NRRL
3112/polyacrylonitrile membrane for biodegradation
of phenol. The immobilization of spores was carried
out with glutaraldehyde. The polymer membrane was
preliminarily treated by using two different modifi-
cation procedures. The first procedure introduced
—COOH and -NH, groups on the membrane surface
by using NaOH solution. In order to increase the
amount of amine groups on the surface of the carrier,
the latter was treated with 1,2-diaminoethane. The
optimal conditions of modification were defined in a
previous research work (Godjevargova et al. 2000).
The superficial carboxyl groups on the carrier surface
reacted with one of the amine groups of 1,2-
diaminoethane, leaving the other one free. The results
showed that the PAN membranes had been modified
in a greater extent and the content of amino groups
was 0.58 mgeq g~'. The latter was determined
titrimetrically (Dimov et al. 1983). Further, the
modified membrane was treated with an aqueous
solution of glutaraldehyde. The bifunctional agent
bound the strain to the membrane surface.

Batch experiments

Spores concentration used for the immobilization was
333 x 10’ ml~'. The first task was to determine
which immobilization method would serve better for
these experiments—in the presence or in the absence
of phenol (0.2 g 17" in a nutrient medium containing
spore suspension. The amount of spores bound to the
membranes in both cases was 0.158 g cm™> (wet
weight). Then the spores immobilized on the polymer
membrane by both methods were cultivated in a
nutrient medium containing 0.5 g 1=' phenol. The
results obtained for phenol biodegradation by both
systems are presented in Fig. 2a, b. The rate of
phenol biodegradation was determined after the end
of each cycle for both immobilization systems
(Table 1). As can be seen from Table 1 the lowest
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biodegradation rate is observed at the first cycle, then
it increases 3 times at the second and the third cycles,
and from the fourth to the seventh cycle the rate
decreases continuously. This trend of the biodegra-
dation rate is observed for both of the immobilized
systems. The deceleration of the phenol biodegrada-
tion could be explained with the increasing of
biomass and mycelia formation on the membrane
surface after the fourth cycle, which intensified at the
final cycles. An obvious inhibition of the biodegra-
dation process at the final cycles was observed, which
was due to the hindrance of the substrate diffusion to
the cells. When comparing the results presented on
Fig. 2a and b and Table 1 it becomes obvious that the
rate of phenol degradation was higher throughout all
cycles in the presence of the system where the spore
immobilization was conducted with addition of
02 g1™' phenol. For better comparison, the

Table 1 Phenol biodegradation rate (mg h™!) of free and
immobilized Aspergillus awamori NRRL 3112 on polymer
PAN membrane at batch cultivation with 0.5 g 17! phenol

Number Free Immobilized cells Immobilized cells
of cycles cells without 0.2 g 17! in the presence of
phenol 02¢g 1! phenol
1 297 3.00 3.00
2 201 7.14 6.94
3 1.49 8.06 543
4 1.16 6.25 3.67
5 4.03 3.29
6 3.08 3.00
7 2.75 2.70

biodegradation times of each cycle with the two
immobilized systems are presented in Fig. 3. As
results suggest better degradation times were
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obtained with the immobilized system prepared in the
presence of phenol. This can be explained with the
fact that the strain could have adapted to the substrate
during the immobilization process. All further exper-
iments were carried out with the immobilized system
prepared in presence of phenol.

The biodegradation ability of the immobilized
system onto polyacrylonitrile membrane towards
phenol in a concentration range from 0.2 to
0.8 g 17" was studied. As can be seen from Fig. 4,
the increase of phenol concentration resulted in
increased biodegradation time. For instance, the

biodegradation cycle at concentration of 0.4 g 17!
was 66 h while at 0.7 g 17! the cycle lasted for 135 h.

The results obtained with the selected immobilized
system were compared to those with the free strain.
For this purpose, the spores (0.8 x 10’ ml™") were
cultivated in Czapekdox medium containing 0.5 g 1
phenol (Fig. 5). Four cycles were carried out in the
same manner. The amount of non-bound spores in the
first cycle of cultivation is equivalent to the amount of
immobilized spores on PAN membrane with surface
40 cm? in the first cycle (wet weight—6.32 g). As can
be seen from Fig. 5 the phenol degradation time was

Fig. 3 Cycles duration of 250
phenol biodegradation
0.5 g 17" by two
immobilized systems:
Aspergillus awamori NRRL 200
3112/modified PAN
membrane obtained by
immobilization in presence 150 -
of 0.2 g 17! phenol (0J) and <
without phenol (H) GE’
. 100 A
50 A
O .
1 3 4 5 6 7
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Fig. 4 Phenol 1
biodegradation (from 0.2 to
0.8 g 1™") by immobilized -
system: Aspergillus _m 0,8 4
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g 0,6
c
3
& 04-
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considerably greater for the four cycles in these
experiments. This time extension was confirmed by
the calculated rate of biodegradation (Table 1). When
comparing the rates of phenol biodegradation by the
free and the immobilized cells, the greater stability of
the immobilized systems over the free cells becomes
more prominent after multiple cultivation in media
containing phenol with concentration 0.5 g 1". Obvi-
ously the free cells were inhibited to a greater extent
by phenol (biodegradation rate at Cycle 4—
1.16 mg h™") in comparison with the immobilized
cells (biodegradation rates at Cycle 4 are 6.25 and
3.67 mg h™', respectively for immobilized system
obtained in the presence of 0.2 g 17! phenol and the
system without phenol).

In order to distinguish between phenol adsorption
on the membrane surface and phenol degradation by
microorganisms, the pure carrier was also studied for
phenol adsorption. For this purpose, 40 cm” pure
membrane was immersed in 0.5 g 1~ phenol solution
for 6 h. The results are presented in Fig. 6. Since the
phenol concentration didn’t change significantly, the
only possible reason for the decrease of the phenol
content was the degradation activity of the immobi-
lized cells. This simplifies the kinetic studies when
membrane is to be used as a support material for the
immobilization of Asp. awamori for the purpose of
phenol degradation.

The amount of cells (wet weight) on the membrane
of 40 cm® was measured after the sixth cycle of

Fig. 5 Phenol 0,8
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Fig. 7 Scanning electron micrographs of immobilized system
Aspergillus awamori NRRL 3112/modified PAN membrane
after 7th cycle (a) and before 1st cycle (b)

phenol biodegradation—1.104 g cm™ 2. The signifi-
cant increase of the biomass with the increased
number of cycles is obvious (after immobilization—
0.158 g cmfz). Thus, the biomass accumulated on
the membrane was approximately ten times higher
after six cycles of phenol biodegradation. The high
operational stability of investigated biocatalysts was
confirmed by the scanning electron micrographs of
the polyacrylonitrile membrane/immobilized Asper-
gillus awamori NRRL at the beginning of repeated
batch cultivation and after the 7th cycle. After the 7th
cycle of cultivation the observations showed large
groups of cells (Fig. 7a). The significant increase of
biomass and mycelia formation on the membrane
surface after the 7th cycle of cultivation was inev-
itably followed by deceleration of the phenol
degradation rate.

Experiments with membrane bioreactor

The next step of the research work involved exper-
iments, which were carried out in a bioreactor with
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spirally wound membrane in a regime of recirculation.
The spores were immobilized onto the membrane
directly in the system as described in “Materials and
methods” section. Phenol biodegradation was carried
out under aerobic conditions. The operation parame-
ters of the bioreactor are presented in Table 2. Fresh
nutrient medium, containing 0.5 g 17" phenol were
added after each cycle. Phenol concentration was
monitored for degradation. At the end of a cycle, the
system was washed with sterile distilled water and
charged with nutrient medium and phenol for the next
cycle. Thus, 10 cycles of 0.5 g 17! phenol biodegra-
dation were run consecutively to determine the
degradation time for each cycle (Fig. 8). No signif-
icant difference was observed between the
degradation times of the cycles from the second to
the seventh (about 50 h) and between the biodegra-
dation rates (10.0 mg h™'). After the 7th cycle the
biodegradation rate began to decrease gradually and at
10 cycles it was 4.0 mg h™'. These results confirmed
the advantages of the recycled reactor with spirally
wound membrane. The design of the bioreactor
appeared to be quite effective providing large mem-
brane surface to bind the strain cells. Besides, phenol
would flow tangentially which prevents membrane
from a decrease of the flow velocity.

Conclusion

A novel immobilized system—Aspergillus awamori
NRRL  3112/polyacrylonitrile =~ membrane  was
obtained for the purpose of phenol biodegradation.
It was established that the immobilized system
prepared in the presence of 0.2 g 17! phenol was
more effective than the system prepared in the phenol
absence. It was revealed that the immobilized
systems were more stable and more effective when
biodegrading 0.5 g 1~ phenol in comparison with the

Table 2 Operation conditions of bioreactor

Parameter Value

Rate flow 1.5 ml min~!
Volume 300 ml
Initial phenol concentration 05g17!
Membrane surface area 100 cm?

Immobilized spores 0.174 g cm™? (wet weight)
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free cells. A bioreactor was constructed containing
spirally wound membrane with immobilized spores
of Aspergillus awamori NRRL 3112 in a regime of
recirculation, which was successfully applied for
phenol biodegradation. The obtained results con-
firmed the advantages of the recycled reactor with
spirally wound membrane. Thus the immobilized
microbial technology is an extremely versatile
approach that can be used for degradation of toxic
pollutants from the industrial effluents.
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