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Abstract

This work was especially concerned with the effectiveness of immobilization of C.freundii strain on surface of PU
foams (PUFs) modified by peanut shells. The aim of the work was to check the efficiency of immobilization process
in 1,3-PD production in comparison to 1,3-PD bioconversion by using free bacterial cells. The results of the study
showed that the immobilized C.freundii cells were more efficient than the free culture was. It is the thesis of the
present work that reiterated a fed-batch bioconversion by using immobilized strain could be not so time-consuming
and not as an expensive as a conversion in bioreactor containing free cells was. The immobilization was also
important because the cells attached to the materials became more adapted to the environment, and could be used
many times for the conversion of 1,3-PD. Based on the results presented in the study, it could be concluded that the
immobilization could help to decrease the cost of 1,3-PD synthesis and shorten the time of the process.
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Introduction

The 1,3-propanediol (1,3-PD) is a platform chemical presenting
several industrial applications. Due to its special properties, PD
has an important role in many synthetic reactions, especially
polycondensations [1]. The microbial production of 1,3-propanediol
has been widely researched and considered as a competitor to the
traditional petrochemical routes [2-4]. The crude glycerol as a major
byproduct of the biodiesel industries can be a prospective feedstock for
PD production. The utilization of the byproduct glycerol promises an
opportunity to capitalize on the surplus of waste [5,6].

In literature, fermentation optimizations of the glycerol-converting
route include a batch and fed-batch cultures, a continuous culture, a
micro aerobic culture, co-substrate fermentation and a two-stage
continuous fermentation. The continuous culture has an advantage
of relatively high concentrations of the 1,3- propanediol (35.2-48.5
g/L) at a low dilution rates [7-9], but the maximum concentrations
of the 1,3-propanediol (50-70 g/L) were obtained in batch and fed-
batch cultures [1]. Taking the advantage of the higher end-product
concentration of the batch culture and the benefits of a permanent
slight glycerol excess, the most efficient cultivation method appears
to be a fed-batch variant which uses automatic pH correction by
alkali addition for growth-adapted glycerol supply. The bacterial cells
would be immobilized to improve the productivity of 1,3-PD [10].
The polyurethane (PU) foams have been widely used as a carrier for
microorganism’s immobilization before batch and fed-batch variants
of bioconversions. This immobilization material was found to provide
a successful immobilization matrix through a long-term fermentation
[11]. The other reason to use immobilization is that the microorganisms
are very sensitive to their microenvironment and a small variation can
alter cell growth and production rate [12,13]. This process may imply
some modifications in the microenvironment of the cells, what can be
an expected effect. For the industrial fed-batch and batch applications,
immobilized cells offer an added important advantage as these can be
used again and again for the production of desired molecule and can be
easily removed from the production medium [10,14-16].

The work described here involved the immobilization of Citrobacter
freundii strain by adsorption on polyurethane foams that were
modified by using peanut shells. This material was chosen by taking

into consideration the possibilities for the microorganisms to be
adsorbed on the porous surface of the modified material. The aim of
the work was to check the effectiveness of immobilization process in
1,3-PD production in comparison to 1,3-PD bioconversion by using
free bacterial cells. The waste glycerol was used as carbon source. It
was the thesis of the present work that bioconversion process using
immobilized microorganisms can be carried out repeatedly as well as
the modified PU foams with bacterial cells can be used many times.
It would be appear that immobilization can eliminate the step of
redundant preparing of new culture of bacteria for new bioconversion
process.

Materials and Methods

* The one C. freundii strain used in this study was obtained
from the collection of Department of Biotechnology and Food
Microbiology of Poznan University of Life Sciences Poznan
(Poland).

e The culture media (M) that has been used for the studies
consisted of 50 g/L (gram per liter) of waste glycerol (Trzebinia
Rafinery), 2,4 g/L of K,HPO,, 0,6 g/L of KH,PO,, 2 g/L of
(NH,),SO,, 0,4 g/L of MgSO,*7H,0, 0,1 g/L of CaCl,*2H,0,
0,004 g/L of CoCL*H,O, 2 g/L of yeast extract, 2,5 g/L
of bactopeptone, 1,5 g/L of meat extract. All other reagents
that have been used to compose medium were from Merck and
CHEMPUR companies. The medium was prepared according
to Barbirato etal. composition [17,18]. The amount of substrates
was modified to obtain the high yield of process.
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* The peanut shells (Lidl) were used as an organic additives
during PU foams preparation

* The Mixture of polyols (PCC Prodex) (density=1.02 g/cm’,
viscosity=2800 mPas) was used as component A, and the
mixture of polyisocyanates (density=1.21 g/cm’, viscosity=150
mPas) was used as a component B. The foams without additives
were prepared according to PCC Prodex protocol.

+ Set for static process: Bioreactor biostat A plus (Sartorius,
Germany) with a proper software.

The modified foam synthesis: The foam composites were obtained
from a conventional formulation for flexible polyurethane foams
containing the component A (polyethylene glycol, polypropylene
glycol, triethylenediamine as the catalyst for the reaction and less than
1% of ethylene glycol as the extending-agent). The composition of the
component B, with respect to the polyols content, was 4,4-diisocyanate
methylenediphenyl. The peanut shells as a modification were added into
component B (0,56 g of peanut into 2 g of polyols). The conventional
procedure for the foams preparation was adopted. It consisted of
vigorously mixing of 1,2 g of the component A and 2,56 g of component
B about 15 s. The modified foams were prepared in a falcon test-tube
1,2 cm in a diameter and 12 cm in length before an expansion started to
take place. Later during polymerization (5 min) the polyurethane foams
were left to rest for 24 h at room temperature to complete solidification
of PUE The prepared foams were cut into disks and tested.

SEM: Before and after immobilisation, microscopic analysis was
performed using a microscope Vega 3 LMU (Tescan) scanning electron
microscope (SEM). The tests were necessary to examine the porous
structure of carriers and to confirm the adhesion of C. freundii cells to
the surface of the carriers. Analysis was performed at room temperature
with tungsten filament, and an accelerating voltage of 20 kV was used
to capture SEM images for both of the pure carrier’s samples and
immobilised carriers. All specimens were viewed from the top.

Immobilization: In the first step of the experiments, C. freundii
cells were pre-grown on a Medium "M” with agar for 24 h at 30°C. After
incubation the biomass was suspended in sterile 0.85% NaCl solution
(1.3x107 CFU/mL). Then the suspended biomass was added to a sterile
flask with broth "M” (in a ratio of 1:10) and stirred using a magnetic
stirrer (DragonLab, China) for 15 minutes. After stirring, the medium
with bacteria culture was added to sterile flasks with sterile modified
PU foams and incubated at 30°C for 24 h. After immobilization 100 mL
of PUFs (with bacteria) were used in the bioconversion process. The
immobilization effectiveness was evaluated by checking of bacterial
cells adhesion using three samples of the PU foams.

Adhesion: After 24 h of incubation, medium “M” was taken off the
flasks. The PUFs were placed in new flasks and rinsed with a sterile NaCl
solution. In the next step the samples were suspended in a sterile broth
“M”, and squeezed/homogenised with a sterile glass rod about 1 minute
and vortex about 4 minutes. From each suspension serial dilutions were
made. The cell concentration was expressed as colony-forming units
(CFU) per mL and determined by making a serial decimal dilutions
and plating on a Medium “M” with agar. Results were presented as an
average of three samples. The adhesion of bacterial cells onto surface of
the foams was checked before their transfer into the bioreactor and after
the bioconversion process.

Bioconversion of glycerol to 1,3-PD by using immobilized
bacterial cells: After the immobilization, 100 PUF’s were rinsed with
sterile 0.85% NaCl solution and transferred to a sterile bioreactor and

Figure 1: The bioreactor filled with modified PUFs.

filled broth “M” (900 mL). The temperature was kept at 30°C using a
thermo blanket. The static culture in the bioreactor was started with
stirring 150 rpm for 292 hours (Figure 1). The glycerol was added to the
medium after 24 and 48 hours of the bioconversion. The samples of an
effluent were taken of the bioreactor every day. The amount of glycerol
and 1,3-PD in these samples was analyzed. The viability of bacterial
cells in effluents was examined as well. After 144 hours of process the
medium was completely replaced and the three polyurethane foams
have been taken of the bioreactor. The adhesion of bacterial cells onto
the surface of this foam was determined.

Bioconversion of glycerol to 1,3-PD by using free bacterial cells:
The 1 L of broth “M” containing free bacterial cells was transferred to
a sterile bioreactor. The temperature was kept at 30°C using a thermo
blanket. The static culture in a bioreactor was started with stirring
150 rpm for 292 hours. The glycerol was added to the medium after
24 hours of the bioconversion. The samples of the effluent were taken
of the bioreactor every day. The amount of glycerol and 1,3-PD in these
samples was analyzed. The viability of the bacterial cells in the effluents
was examined as well. After 144 hours of process % of the medium was
replaced by a new sterile broth “M”.

Chromatography analysis: The total 1,3-PD and glycerol content
was determined by HPLC (Knauer, Germany) using Aminex HPX-87H
organic acid analysis column and RI detector. The injection volume of the
sample was 10 pL. The column, maintained at 25°C, was eluted with 5 mM
H,SO, ata flow rate of 0.6 mL/min, samples ran for 30 minutes. Samples for
chromatography analysis were taken every day after 24 h. The production
of 1,3-PD and consumption of glycerol were obtained by dividing the final
concentration (g/L) by the fermentation process time (h).

Microorganism viability: Samples from the effluent were taken
and analyzed for viability of C. freundii cells. 100 pL of each sample
was put into 900 pL of media “M” and mixed using vortex. From
each suspension serial dilutions were made. Cell concentration was
expressed as CFU per mL and determined by making serial decimal
dilutions and plating on Medium “M” with agar. Results were presented
as the average of three samples.
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Results and Discussion

In order to reduce the high costs of glycerol fermentation to 1,3-PD
and to keep the process stable it was necessary to immobilize an active
biomass of C. freundii. The fed-batch bioconversion of the glycerol in
which free cells are adopted is an expensive and limited even if the
partial exchange of the medium is used. It is important that at the time
in which free bacterial cells include another metabolic pathway and stop
to produce 1,3-PD, the fermentation process should be stopped. The
new inoculum of bacterial cells and new medium should be prepared
to repeat the 1,3-PD production. The sterilization of a bioreactor is
also important. These steps are time-consuming and expensive. The
immobilization can be used to reduce the costs and to shorten the time
of the process. In the case of bioconversion of glycerol to 1,3-PD using
immobilized bacterial cells the medium can be partially exchanged as
well, and the glycerol can be added during the process. The conversion
should be also stopped at the moment in which bacterial cells stop to
produce 1,3-PD. In contrast to the process in which free cells are used
in the case of immobilized bacterial strain there is no need to prepare
new inoculum of bacterial cells and there is no need to open the
bioreactor (Figure 1). When the first bioconversion process is stopped
there are still the carriers with bacterial cells inside the bioreactor, even
if it is devoid of the medium. In that case the bioreactor can be filled
with new medium and the second process can start. The elimination

Figure 2a and 2b: PUF containing peanut shells.

of sterilization and new inoculum preparation steps can decrease the
total costs and time of the process. This study was especially concerned
with the influence of the immobilization on repeated bioconversion of
the glycerol to the 1,3-PD. The polyurethane foams have been chosen
as carriers during bacteria immobilization. Additionally the adhesion
of bacterial cells to PUF’s surface was increased by the addition of the
peanuts shells during the foams preparation what was proved during
the tests within the project (Figure 2).

The results of the study using scanning electron micrographs
revealed the porous structure of the modified PUFs (Figure 3a and 3b).
A network of bacteria rapidly colonized the polyurethane matrix (Figure
3a and 3b). After 24 h of immobilization the biofilm on the PUFs was
macroscopically visible. Similarly, the porous structure of the carrier
was determined using SEM by Pflugmacher et al. [12]. The authors used
PUR 90/16 to immobilize C. freundii strain to converse glycerol to 1,3-
PD. In this case also a network of bacteria was macroscopically visible
(Figure 3a and 3b).

In the effluent from the bioreactor containing free and immobilized

e
SEM HV: 20.0 kV
View field: 88.5 pm
SEM MAG: 1.44 kx | Date(m/dly): 0411713

VEGA3 TESCAN

SEM HV: 20.0 kV
View field: 19.1 pm Det: SE
SEM MAG: 6.66 kx| Date(m/dly): 04117113

WD: 11.49 mm

Figure 3a and 3b: Adhesion of C. freundii cells to surface of modified PUFs.
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C. freundii, viable cells were detected throughout all the experiments
(Table 1-4). The amount of the bacteria on the surface of the foams was
also examined to indicate that the C. freundii cells were still immobilized
on PUFs. The results of the experiments showed that there were 1.36x10’
CFU/mL of C. freundii cells on the surface of the polyurethane foams
before the process run. After the first 144 hours of the bioconversion,
before medium exchange there were 1.65x10” CFU/mL of bacterial cells
on the surface of modified carriers and 6.5x10° CFU/mL in effluents
(Table 1). After 292 hours, the process of conversion of the glycerol to
the 1,3-PD was finished, and decrease of the amount of C. freundii in
effluents was observed. There were 9.67x10° CFU/mL of bacteria in the
effluent from the bioreactor containing foams and 4.5x10° CFU/mL on
the surface of carriers. The higher number of cells on carriers than in the
effluent as well as SEM images proved that microorganisms have been
still immobilized on PUFs (Table 2) (Figure 3a and 3b). The decrease
of the amount of bacteria in effluents during the process was observed.
Gurgonmusler et al. [16] obtained similar results. As the authors say
the decrease of the number of bacterial cells in bioreactor can be
explained by the fact that C. freundii was in a lag phase. The results
of fed-batch bioconversion using free bacterial cells demonstrated
that there were 1.12x10° CFU/mL of C. freundii in the effluent before
process run. During the first 145 hours the number of microorganism’s
cells decreased to 2.5x10° CFU/mL (Table 3). After 292 hours of
conversion of glycerol to 1,3-PD the amount of bacteria decreased to

0.22x10% CFU/mL (Table 4). It should be said that the decrease of the
number of bacterial cells in the effluent from bioreactor containing free
C. freundii was lower than decrease of the number of bacteria in the
effluent from bioreactor containing immobilized cells what could be
caused by immobilization (Table 1-4). It would appear that the use of
the modified peanuts shells to modify PU foams caused the adhesion of
the high number of C. freundii cells on the surface of PUFs (Table 1-4)
what was proved by the higher number of bacterial cells on the surface
on carriers than in the effluent. The effective adhesion could be the
reason of very low number of bacterial cells in effluent from bioreactor
containing immobilized bacteria.

Tables 5 and 6 show the average 1,3-PD concentrations obtained
from each bioreactor (containing free cells of C. freundii and the cells
immobilized on the surface of modified PUFs). As seen in tables the
highest 1,3-PD concentrations for each bioreactor were found to be
31.9g/Land 28.8 g PD/L for PUFsbioreactor, and for free cells bioreactor,
respectively. During the first 24 hours of process, the immobilized
C. freundii strain consumed 96.6% of waste glycerol (Table 5). In the same
time free cells of bacteria used 79.8% of waste carbon source (Table 6).
These results demonstrated that bioconversion in which immobilized
microorganisms were used caused the more efficient utilization of
waste products than the bioconversion with free cells. The experiments
carried out by Metsoviti et al. [1] demonstrated that only 50% of crude

Time [h]
0 6 24 48 72 96 120 145 0 145
Concentration of C. freundii in effluent Concentration of C. freundii
[*10¢ CFU/mL] on PUFs
[*10° CFU/mL]
0 63.7 330 154 243 38.0 6.5 136 16.5

Standard deviation [*10°CFU/mL]

0 +2.08 +17.3 +3.79

+11.5

+30.6 +0.14 +0.42 +0.15 +0.32

Table 1: The concentration of C. freundii cells in the effluent and on the surface of carriers before complete exchange of medium (avarage values of triplicates).

Time [h]
0 168 192 216 268 292 0} 292
Concentration of C. freundii in effluent Concentration of C. freundii on
[108 CFU/mL] PUFs
[10° CFU/mL]
0 85.3 124 113 35.3 0.00967 16.5 4.5

Standard deviation [*10® CFU/mL]

0 +10.20 +3.61 +9.90

+1.00

+4.04 +0.00115 +0.32 +0.17

Table 2: The concentration of C. freundii cells in the effluent and on the surface of carriers after complete exchange of medium (avarage values of triplicates).

Concentration of C. freundii in effluent [10® CFU/mL]

Time [h]

0 6 24 48 72 96 120 145
1.2 2.1 21.5 25.0 9.1 10.0 5.3 25
Standard deviation [*10® CFU/mL]
+0.12 +0.05 +0.14 +0.13 +0.02 +0.01 +0.02 +0.02
Table 3: The concentration of free C. freundii cells in the effluent before repleacment of the medium (avarage values of triplicates).
Concentration of C. freundii in effluent [10° CFU/mL]

Time [h]

168 192 216 244 268 292
1.7 2.2 2.0 21 2.2 0.22
Standard deviation [*10°CFU/mL]
+0.02 +0.03 +0.02 +0.01 +0.02 +0.05

Table 4: The concentration of free C. freundii cells in the effluent after the repleacment of the medium (avarage values of triplicates).
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Time [hours] GIEQ;E;OI 1,3-propanodiol
[o/L]
Oh 48.07 (£ 0.4) 0
24 h 1.63 (£ 0.1) 16 (0.75)
Yield [g/g] 0.34 (£ 0.17)
Q [g/Lh] 0.67 (£ 0.2)
25h (addition ?)?37‘10& ggz glycerol) 1529 (& 1.45)
48 h 11.74 (£ 1.12) 20.72 (£ 1.22)
Yield [g/g] 0.26 (+ 0.04)
Q [g/Lh] 0.23 (+ 0.09)
49h (addition4osfgg,(5i60§807f)g|ycero|) 20.58 (+ 1.98)
72h 38.09 (+ 1.14) 22.27 (£ 1.15)
96 h 36.00 (+ 2.11) 23.42 (£2.21)
120 h 39.49 (+ 1.43) 28.38 (+ 0.99)
144 h 34.11 (£ 0.75) 25.00 (+ 0.81)
Yield [g/g] 0.39
Q [g/Lh] 0.05
145h (complete replszgézngi-er?t.so)f the medium) 62(x0.1)
168 h 38.11 (+ 1.23) 12.49 (£ 0.76)
192 h 18.89 (+ 2.28) 21.68 (+ 0.75)
216 h 1.87 (£ 0.15) 27.86 (+ 0.55)
240 h 3.48 (+ 0.11) 31.09 (+ 0.56)
264 h 6.98 (+ 0.14) 31.90 (+ 0.34)
292 h 0 31.90 (+ 0.34)
Yield [g/g] 0.50 (+ 0.01)
Q [g/Lh] 0.17 (+ 0.01)

Table 5: The concentration of the glycerol and 1,3-PD during 292 h of the
bioconversion using immobilized C. freundii cells.

. Glycerol 1,3-propanodiol
Time [hours] [)g L] P [g’:;L]
Oh 44.00 (+ 0.97) 0
24 h 8.9 (£ 0.01) 13.8 (+ 0.18)
Yield [g/g] 0.39 (+ 0.05)
Q[g/Lh] 0.58 (+ 0.05)
24n (additionzc?f?g.g21§102f)g|ycero|) 7.05 (£ 0.02)
48 h 22.45 (£ 0.11) 22.13 (£ 0.08)
72h 27.90 (+ 0.19) 16.12 (£ 0.12)
96 h 12.36 (£ 0.19) 22.34 (£ 0.75)
120 h 8.72 (£ 0.12) 27.24 (£ 0.5)
144 h 0 28.8 (+ 0.75)
Yield [g/g] 0.76 (£ 0.01)
Q [g/Lh] 0.18 (£ 0.01)
145h (replacement o¢2}3250f the medium) 149 (£1.12)
168 h 41.51 (+ 0.99) 20.9 (+ 1.23)
192 h 35.28 (+ 1.25) 19.0 (+ 0.75)
216 h 35.00 (+ 0.98) 19.2 (£ 0.5)
240 h 34.01 (+ 0.35) 18.5 (+ 0.61)
264 h 33.90 (+ 0.77) 18.2 (+ 0.6)
292 h 33.03 (¢ 0.75) 18.2 (+ 0.6)
Yield [g/g] 0.45 (+ 0.01)
Q [g/Lh] 0.022 (+ 0.01)

Table 6: The concentration of the glycerol and 1,3-PD during 292 h of the
bioconversion using free C. freundii cells.

glycerol was consumed by C. freundii after 24 hours of the process.
The results of this work showed that during the first day of process,
immobilized cells produced 16 g/L of 1,3-PD and free microorganisms
synthesized 13.8 g/L of this product. It is a proof that immobilization of
bacteria is advantageous. Comparing the yield and the productivity of
the bioconversion for bioreactors containing immobilized and free cells
separately, it should be said that after first 24 hours of the process their
yield values were similar. However the productivity values were better
for the bioreactor containing immobilized cells (Table 5 and 6). After
24 hours of process the concentration of glycerol in the bioreactor with
immobilized cells and in bioreactor containing free cells were 1.63 g/L
and 8.9 g/L as well. The utilization of the glycerol caused the addition of
this substrate to the medium for both of bioreactors during 25 hour of
bioconversion. Similarly Metsoviti et al. [1] have added crude glycerol
to the medium when its concentration was lower than 5 g/L. After next
24 hours immobilized microorganisms utilized 64% of glycerol. In the
same time free cells consumed only 21.3% of waste product. It is why
glycerol was added only to the medium from bioreactor containing
immobilized cells. Comparing these two processes during next 100
hours it should be said that better results were obtained for the free cells
than for immobilized. It was proved by the yield and the productivity
values. It should be added that immobilized cells utilized the glycerol
slower and partially. From the other hand free cells used all glycerol.
In the case of 1,3-PD, after 144 hours of process, the concentration of
this product was higher for free than for immobilized cells. It was also
important that after 120 hours immobilized cells started to consume
1,3-PD. After 145 hours of bioconversion a half of the medium from
bioreactor included free cells was replaced with new one. In the case
of bioreactor containing immobilized cells it was possible to exchange
all medium. The total replacement of medium had many advantages
as total removal of process by-products that could inhibit bacterial
growth and 1,3-PD synthesis. After partial replacement of medium
free bacterial cells utilized crude glycerol very slow. As has been
demonstrated, after 240 hours of the new process they have stopped to
converse this substrate to 1,3-PD. They have utilized only 0.98 g/mL of
glycerol between 240 and 292 hour and they have started to consume
1,3-PD (Table 6). Analyzing the yields of both of processes (Table 5
and 6), the 1,3-PD yields ranged between 0.23 and 0.79 (g 1,3-PD/g
glycerol) there is compatible with the theoretical expected ranges [19].
Similarly results of study of Gungormusler et al. [16] showed that values
of yields ranged between 0.23 and 0.79 that was compatible with the
theoretical expected ranges.

Comparing the productivities of the fed-batch conversion using
free bacterial cells it was noticed that their values decreased during
process and after 292 hours it was 0.022 g/Lh. These results were
tempting to suggest that fed-batch conversion using free cells should
be stopped. It would appear that a next partial exchange of medium
would not be sufficient. Gungormusler et al. [16] explained it by the
fact that C. freundii produces 1,3-PD in the primer metabolism during
logarithmic phase. Later on, in the stationary phase 1,3-PD is produced
slower than it is consumed. Only when the microorganisms are kept
in log phase, the product concentration reaches its maximum value
[9]. The better results were obtained for immobilized bacteria. The
C. freundii utilized all 51.3 g/L of the waste glycerol after 292 hours
of bioconversion (Table 5). It could be caused by the total exchange of
the medium. It would seem that new medium devoid of by-products
could influence on better glycerol utilization and synthesis of 1,3-PD.
The reason why immobilized cells did not stop to converse glycerol to
1,3-propanediol could also be that microorganisms formed the biofilm
on surface of carrier. The biofilm could protect bacterial cells even if
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toxic by-products were in the medium. Similarly it was necessary to
minimize the concentrations of by-products for Gungormusler et
al. [9]. Because, as reported, a crude glycerol broth may contain not
only acetate but also some inorganic salts from glycerol fermentation
medium, and these substances may cause cell growth inhibition
and subsequently a decrease in 1,3-PD production. The 2,3-BD
(2,3-bythyldiol) was found to be the by-product produced in high
amount, but the accumulation of this substance did not affect negatively
the 1,3-PD. As has been confirmed by researchers [20] the C. freundii
is not resistant to the various impurities in the crude glycerol derived
from biodiesel preparation. The authors said that pretreatment of
crude glycerol has proved to be an economical and an easy method
to remove the most potent growth inhibitors. In addition, it was also
observed that removing of impurities can cause not only the growth
inhibition decreased but also 1,3-PD production increased to the level
which can be comparable to the pure glycerol. The glycerol that was
used in this study was crude glycerol from biodiesel production. The
impurities were not removed before using. The solution of impurities
problem could be immobilization that was used as well. The results
of the work of Wong et al. [13] also demonstrated that the ability of
microorganisms (for example Klebsieblla sp. HE-2) to produce 1,3-PD
is highly dependent on the composition of the cultivation medium.
The authors proved that the immobilized-cell system appeared to be an
effective for promoting the operational stability and reusability of cells.
They showed that immobilized cells were able to produce 1,3-PD using
crude glycerol, achieving the yield similar to that obtained when using
the pure glycerol. Their results demonstrated that removing impurities
in the case of immobilized cells was not necessary. The results of the
study showed that modified by peanut shells foams as carriers had
positive influence on the final product synthesis. These considerations
have been confirmed by Gungormusler et al. [16]. The authors
concluded that the differences in 1,3-PD production were not only
dependent on the microorganism but also on immobilization material.
The experiments of Casali et al. [21] also showed that concentration of
1,3-PD obtained using immobilized bacterial cells was higher than in
the case of the freely suspended culture. The results used in this study
showed that maximum concentration of the 1,3-PD that was obtained
after bioconversion by using immobilized bacteria was 31.09 g/L
(Table 5). The concentration of 12.92 g/L of 1,3-PD measured in packed
bed bioreactors, was obtained by Casali et al. [21] when the C. freundii
was also immobilized on PUF. Similarly, the maximum concentration
obtained with C. freundii, observed in the packed-bed reactor filled
with VUK (Vukopor®S10). The results obtained in this study were better
(Table 5). The authors mentioned above used pure PUFs and VUK as
carriers for immobilization of microorganisms. The polyurethane
foams that were used in this work were modified by addition of peanut
shells. It was necessary to increase cells adhesion and to increase the
yield of the conversion of the crude glycerol to 1,3-PD. As has been
argued by Pflugmacher et al. [12] the modified polyurethane foams
have been found to be better carriers than not modified PUR 90/16
what was proved the productivity values. The higher concentration of
1,3-PD depended not only on immobilization. As has been emphasized
by Misturini Rossi et al. [22] K. pneumoniae DSM 2026 exhibited the
highest final concentration of 1,3-PD achieving 61 g/L. On the other
hand C. freundii produced only 35 g/L respectively, under the same
conditions. The maximal concentration of 35 g/L obtained by the
authors was similar to the results presented above.

Summarizing, in this study, it was shown that immobilized C.
freundii cells were more efficient than the free culture during the
conversion the crude glycerol to 1,3-PD. The carriers with bacterial

cells were used to repeat the process after total exchange of the medium
devoid of bioreactor opening. It is the thesis of the present work that
reiterated fed-batch bioconversion by using immobilized strains
could be not so time-consuming and not as expensive as conversion
in bioreactor containing free cells was. In addition, the modified
polyurethane foams proved to be good carriers. The immobilization
was also important because cells attached to the materials became more
adapted to the environment, and could be used many times for the
conversion of 1,3-PD. Based on the results presented above, it could be
concluded that immobilization could help to decrease the cost of the
1,3-PD synthesis and shorten the time of process.
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