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ABSTRACT

Ethanol producing bacteria Zymomonas mobilis (strain 3881 and 3883) were used in batch and continuous
fermentation as free cells as well as immobilized in alginate beads. Continuous fermentation helped to increase the
productivity of fermentors significantly and continuous fermentation with immobilized in alginate cells gave as high
productivities as 49,5 g/dm’*h.
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INTRODUCTION

From other microorganisms than Saccharomyces cerevisiae tested as a potential ethanol
producers, Zymomonas mobilis is probably the most suitable organism. It converts glucose
almost stoichiometrically to ethanol and CO,, grows more rapidly than the yeast and
demonstrates highest productivity during continuous fermentation (Rogers et al. 1986, Buchholz
and Eveleigh 1990, Qureshi and Manderson 1995). The bacteria present significantly higher
specific rates of sugar uptake and ethanol production compared to those found for yeasts (Rogers
et al. 1986, Lawford 1988, Nowak 1999). Zymomonas cultures grow anaerobically and unlike
yeasts do not require the controlled addition of oxygen to maintain viability at high cell
concentrations (Rogers et al. 1986, Karsch et al. 1983). Ethanol tolerance of some strains of
Zymomonas is comparable if not higher than strains of Saccharomyces cerevisiae (Rios et al.
1991, Busche ef al. 1992). Zymomonas mobilis produce less by-products, especially fusels (Gataj
et al. 1994, Nowak et al.1997). The genetic manipulation of Zymomonas is simpler than for
yeasts which give the opportunity to widen the spectrum of raw materials for ethanol production
to lignocellulosic materials and direct digestion of starch (Zhang et al. 1995, Dumsday et al.
1997, Nowak 1998). Continuous techniques of fermentation are especially suitable for this
microorganisms and the productivities of bacteria are much more higher then yeasts (Busche et
al. 1992, Nowak 1999).

In this work the fermentation capabilities of two Zymomonas mobilis strains from Czech Culture
Collection were tested using both batch and continuous methods as well as immobilization of
cells in alginate. Advantages of continuous technique with immobilized bacteria cells were
demonstrated.

MATERIALS AND METHODS

o Bacterial culture Zymomonas mobilis 3881 and 3883 from Czech Culture Collection were
used.

e Z mobilis was cultured on glucose medium (glucose 80 g/dm’, yeast extract 10 g/dm’,
KH,PO, 1 g/dm®, (NH,),S04 1 g/dm’, and MgSO4x7H,0 0.5 g/dm”).

e Glucose medium (glucose 80 to 250 g/dm’, yeast extract 10 g/dm’, KH,PO, 1 g/dm’,
(NH4),SOq4 1 g/dm3, and MgS04x7H,0 0.5 g/dm3) was used in the experiments.

« Batch fermentation were done in 0.5 dm’ Erlenmeyer flask containing 0.2 dm® medium
and 0.02 dm’ of inoculum (80 g/dm’ glucose medium after 24 hours fermentation at
30°C).

e  When immobilized in calcium alginate cells were tested, 40 g of alginate beads (number
of bacterium cells in 40 g of alginic beads just after immobilization Zymomonas mobilis
3881 = 1.02x10", Z.m. 3883=9.18x10"" , the amount of glucose in the medium on the
start 147¢g/1 for Z.m. 3881 and 141 g/l for Z.m. 3883) were used and flasks were incubated
in water bath shaker (150 rpm) at 30°C.

e For continuous fermentation BioFlo C 30 fermentor (New Brunswick) was used with 1
dm’® reactor (0.38 dm’® working volume) and 0.038 dm’ of inoculum (80 g/dm’ glucose
medium, 30°C) was added and after 24 hours culturing the continuous process was
started.

 For immobilization sodium alginate solution (30 g/dm®) was mixed with bacterial cells
resuspended in sterile water, added dropwise to 0.1 mol/dm® CaCl, and allow to solidify
for 1 h. 180 g gel beads were used in the bioreactor. Bacterial cells were centrifuged
(3000 rpm, K70, 10 min.) after 24 hours fermentation on 80 g/dm’ glucose medium at
30°C. In 180 g of alginate 3.3-3.5 g d.m. of bacterial cells were immobilized.
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o All the fermentations were carried out at 30°C for 24 hours (100 g/dm’ glucose medium,
batch fermentation to 96 hours (250 g/dm’ glucose medium, batch fermentation) or 15 to
30 days (continuous fermentation).

o Sugars were estimated spectrophotometrically using 3.5-dinitrosalicylic acid and glucose
as a standard (Miller 1959).

o Ethanol was measured by distillation.

o Cell biomass was estimated by drying in 60°C with ethanol and then in 105°C to a
constant weight or counted directly in a homocytometer.

o Ethanol yield was counted for used sugars and the amount of sugars in the medium after
sterilization and after fermentation was estimated for each sample. The theoretical ethanol
production was calculated for the sugars used and taken as 100%. The productivity was
expressed as the amount of ethanol (g) formed in bioreactor within one hour calculated
for one dm® of working volume of fermentor.

RESULTS AND DISCUSSION

The most popular medium used for testing Z. mobilis ethanol production was glucose medium
with yeast extract, ammonium sulfate and magnesium sulfate (Karsch et al. 1983, Struch et al.
1991, Agrawal and Veeramallu 1990, Oaxaca and Jones 1991, Falcao de Morais et al. 1993,
Nowak and Roszyk 1997, Rios et al. 1991).

Ethanol yield of 2 bacterial strains on glucose medium containing from 100 to 250 g glucose in 1
dm’ using batch fermentation were compared in table 1. The ethanol yield was ranging from 91.8
to 96% of theoretical and glucose utilization was high for both strains even in medium with high
sugar concentration. Glucose from 250 g/dm’® medium was utilzed only in the level of 91.2%
when Z. mobilis 3881 strain was used. This strain was less tolerant to the high glucose content in
the medium than the other one. The physiological basis of the exceptionally high sugar tolerance
of Zymomonas was investigated by Struch et al. (1991).
Z. mobilis has a facilitated diffusion system which enables a rapid equilibration between internal
and external glucose concentration. Close to the theoretical ethanol yield for bacteria for media
with high glucose concentration is likely to be connected with both less metabolic energy used
for growth of population and less maintenance energy used by bacteria biomass in that situation
than yeasts (Nowak 1999).

Table 1. Ethanol yield and glucose utilization by two Z. mobilis strains in batch
fermentations (30°C, fermentation time 48h and 72h for medium 250 g glucose/l).

'Strain | Glucose (100g/dm®) | Glucose (150g/ dm®) | Glucose (200g/ dm®) | Glucose (250g/ dm”)
Ethanol |Glucose|| Ethanol |Glucose | Ethanol |Glucose | Ethanol |Glucose
yield used yield used | yield (% of | used yield used
(% of (%) (% of (%) |theoretical) | (%) (% of (%)
theoretical) theoretical) theoretical)
3881 938° | 982 | 918 | 985 | 936" | 979° | 959 | 912°
13883 | 94.3° | 985 | 934" | 986 | 942° | 99.0° | 960 | 98.2°

Means within columns with different letters differ significantly (a =0.05)

Immobilization seems to be a very promising technique in a number of fermentation processes.
Also employed to ethanol production in batch fermentation let to use the same cells for a
fermentation few times in repeated fermentations. Yields were however lower for both
Zymomonas strains (tab.2). As the pH falls down up to 3.3-4.2 in immobilized batch fermrntation
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of glucose medium (normally pH is 4.6-5.0 in batch bacteria fermentation) regulation of pH for
5.2 was used. Still while the sugar utilization from 150 g glucose/dm’ medium was high, the
yield was much less than 90% of theoretical. These facts might be partly connected with the high
level of produced during fermentation acids (decrease of pH) to produce which bacteria use some
of metabolic energy from glucose. It is also the evidence that in the presence of acetic acid Z.
mobilis produce ethanol with 8% less yield (Lawford and Rousseau 1992,1993).

Continuous fermentation of glucose medium (100

Table 2. Ethanol yield and sugar utilization during batch fermentation using immobilized

Z. mobilis 3881 and 3883 (pH controlled 5.2, temp. 30°C, 150 rpm)

Run Ethanol Ethanol yield Glucose used (%)
(change of (% wiv) (% of theoretical)
medium
every 48 h)
Z.m. 3881 | Zm. 3883 | Zm. 3881 | Zm. 3883 | Z.m. 3881 Zm.
3883
1 526+ |6.06+0.04 | 7246+ 85.87 £ 96.67 £ 97.86 £
0.04 0.57 0.58 0.02 0.02
2 6.31+ |6.24+0.07 | 86.07* 88.46 + 97.65 + 97.87 £
0.07 0.99 1.00 0.02 0.03
3 6.53+ |6.20+0.22 | 89.04 88.32 + 97.69 £ 97.61+
0.04 0.52 1.13 0.06 0.02

g/dm’) was tested on 0.38 dm’ working

capacity bioreactor with gentle stirring (50 rpm). Dilution rates from 0.1 to 0.25 (h™) was used

(Fig.1)

Figure 1. The influence of dilution rate on sugar utilization and ethanol production by Z. mobilis

3883 on glucose medium (100 g/1) during continuous fermentation.
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The yields of ethanol was lower than in batch fermentation again. Productivity reached only 6.7
g/dm**h for Z. mobilis 3883 which was still better then the productivity of another strain. Those
relatively low values was connected with fact that the significant wash out of bacterial cells from
bioreactor took place. It caused decrease of sugar utilization and ethanol production with

growing dilution rate. The results were comparable to those cited in literature (Ishizaki et al.
1994).

Fig. 1. The influence od dilution rate on sugar utilization and ethanol production by Z. mobilis
3883 on glucose medium (100 g/1) during continuous fermentation.

The same bioreactor BioFlo C30 (New Brunswick) was used, filled with 180 g of alginic beads
containing immobilized bacteria or yeasts. Gentle stirring (50 rpm) was employed which did not
destroyed the structure of gel.

Using the immobilized system higher dilution rates could be applied which markedly increased
the productivities of the used bioreactor. The glucose concentration in the medium was also
increased to 130 g/dm’. Dilution rates from 0.2 h™' to more than 1.0 h” were tested. Different
profile of reaction to the increase of dillution rate were obtained for the two tested strains. For
strain Z. mobilis 3881 the productivity was increasing with the increase of amount of medium
pumped to the bioreactor (dilution rate) with relatively stabile ethanol yield (Fig 2 and 3).

Figure 2. The influence of dilution rate on ethanol yield (% of theoretical) and
bioreactor productivity during continuous fermentation of glucose medium by
immobilized in alginate Z. mobilis 3881 cells
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Figure 3. Sugars utilization, ethanol production and productivity during continuous
fermentation 128 g/l glucose medium by immobilized Z. mobilis 3881.
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Figure 4. Sugars utilization, ethanol production and productivity during continuous
fermentation 130 g/l glucose medium by immobilized Z. mobilis 3883
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Figure 5. The influence of dilution rate on ethanol yield (% of theoretical) and
bioreactor productivity during continuous fermentation of glucose medium by
immobilized in alginate Z. mobilis 3883 cells
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Strain Z. mobilis 3883 was less stabile and got its optimum in D=0.5 h" (productivity 32.3
g/dm’*h, ethanol yield 96.6% of theoretical). The farther increase of dilution rate gave the higher
productivity (40 g/dm**h) but the ethanol yield was dramatically lower (less than 70% of
theoretical) (Fig. 4 and 5).

The productivities of ethanol during continuous fermentation with immobilized in alginate beads
bacterial cells were high reaching 40-50 g/dm’ of fermentor working volume in one hour. High
productivity of this system decreases both the investment costs (low capacity of bioreactors) and
operation costs in ethanol fermentation processes (Busche et al. 1992, Queresi and Manderson
1995).

The above advantages of bacterial continuous fermentation with immobilized cells, from the
other hand, were demonstrated on rich glucose medium. There is evidence that the situation
might be different when industrial media when rye mashes are used (almost 90% of ethanol is
produced in Poland from rye). The yield of tested bacteria are the same as industrial yeasts in
batch fermentation but difficulties with pumping the highly viscous medium makes continuous
technique less useful (Nowak 1999). However there is to emphasise that bacteria are more
suitable for ethanol production than yeasts, when more dynamic, continuous fermentation
techniques are used, especially with immobilized cells.

As it seems that a serious challenge will concern bioethanol-producing industry in Central
Europe when fuel bioethanol government programs will be opened, applying of more productive
techniques and microorganisms must be taken into account. Zymomonas mobilis appears to have
considerable potential for industrial alcohol production especially for high productivity
fermentation systems.
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