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In several aerobic bioprocesses, it is extremely important to provide a sufficient amount of oxygen, which is a difficult
task since the solubility of oxygen in aqueous systems, namely in water, is low. Thus oxygen transfer techniques should
be designed, built, studied and operated very carefully in biosystems. Moreover, in certain cases, special techniques,
e.g. involving membranes, must be applied. In this paper, three different bioprocesses are presented where oxygen was
supplied by membrane aeration: wastewater treatment by microbial consortia (i), itaconic acid fermentation by a single
microorganism (ii) and an oxidative enzyme catalytic process for the elimination of glucose (iii).
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1. Introduction

At the dawn of applied and industrial biotechnology, the
use of engineering tools to establish reliable bioprocesses
for manufacturing certain bioproducts was inevitable [1—
4]. For the effective production of acetic acid, ethanol and
later citric acid, etc. by biological processes, the technical
skills and experience of chemical engineering were used
together with microbiological knowledge and practices to
establish bioengineering and bioprocess engineering.

Several bioprocesses require oxygen for various
purposes, e.g., respiration, certain energy-producing
metabolic pathways, direct oxidation, the oxidative
degradation of some substrates, etc. [1-3]. Oxygen is usu-
ally supplied by surface aeration, bubble aeration (sparg-
ing), by entering oxygen or air directly, aeration com-
bined with agitation or in airlift bioreactors. Regardless,
oxygen is always transported from a gas stream to an un-
saturated liquid [5]. The steps of this pathway are as fol-
lows and are outlined in Fig. 1:

* from the inside of the bubble to the surface (gas side)
(1

* through the boundary layer of the bubble (liquid
side) (2);

* from the surface to the bulk liquid (broth) (3);

e from the bulk liquid to the liquid film layer of the
cell (4);
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* into the microbial cells (through the liquid film
layer) (5).

Moreover, it is important to take into consideration
that the oxygen demand changes as a function of time
and according to the characteristics of the particular form
of cell.

In the liquid film layers, the transfer occurs by diffu-
sion, while in the bulk phase, it always takes place via
convective transport (which can be enhanced by mixing).
The rate-limiting step is diffusion through the boundary
film layer of the bubble on the liquid side, which is highly
influenced by its surface area.

On the other hand, membranes have been used in bio-
processes for an extensive period of time [6-9]. How-
ever, firstly they were exclusively applied for separations
[6-8]. Membranes that are distinctly selective towards
certain gases were used to develop gas separation tech-
niques. Some of these membranes are permeable to oxy-
gen molecules in the gaseous phase, therefore, it was a
breakthrough to apply them for oxygen transfer into the
aqueous (liquid) phase [9]. One of the most important
benefits of this kind of aeration is the amplified surface
area between the gaseous (air or pure oxygen) and liquid
phases.

In this work, three different bioprocesses are pre-
sented where oxygen was supplied by membrane aera-
tion:

* wastewater treatment by microbial consortia;

» fermentation by a single microorganism (under ster-
ile conditions) for the manufacture of an organic
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Figure 1: The pathway of oxygen transfer.

acid;
* an enzymatic oxidation for the elimination of glu-
cose.

2. Membrane-aerated bioreactors for the
treatment of wastewater

The combination of membrane technology with the bio-
logical treatment of municipal and industrial wastewater
has been investigated and applied for an extensive period
of time. Coupling the two systems resulted in a special,
new type of reactor called a membrane bioreactor (MBR).
The roles of membranes in these biological systems in-
clude:

* separation of solids;
e aeration;

* extraction of special pollutants.

The supply of oxygen to microbes through a mem-
brane is carried out by a membrane-aerated bioreactor
(MABR). This type of bioreactor was developed in 1978
and has been studied ever since. The membrane itself has
to exhibit a high degree of oxygen permeability. Among
gas-separation membranes, silicone (polydimethylsilox-
ane) was used for oxygen enrichment (from air), thus
seemed suitable for this purpose. Oxygen mass transfer
through a silicone membrane was closely examined [9]
and it was determined that the membrane aeration sys-
tem was approximately 7 times more effective in terms
of oxygen supply than the standard activated sludge pro-
cess, hence it was experimentally proven to have strong
potential.

In different wastewater treatment processes, various
gas-permeable membranes were tested with regard to
oxygen supply systems [11-14]:

* polyethylene;

* ethyl cellulose;

* polystyrene;

* polytetrafluorethylene;
* polypropylene;

O
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Figure 2: Chemical structure of itaconic acid.

* polyetherimide;

e silicone.

In terms of configuration, mainly hollow fibre mod-
ules were successfully applied (though plate-and-frame
modules can also be used). The membrane was placed
into the liquid waste (submerged system) and oxygen
from the air was pumped inside the lumen. Oxygen was
transferred by diffusion through the membrane directly
into the biomass that formed on the shell side of the mem-
brane. The main benefits of the system are that no bubbles
are formed and bubble-to-liquid transfer (diffusion limi-
tation) could be avoided.

The membrane aerated bioreactor system is contin-
uously being developed and finally a truly reliable, ro-
bust and viable system was established [15], namely the
ZeeLung system. It consists of a silicone, non-porous
polymer membrane with an extremely small outer diam-
eter (50-70 pm) and wall thickness (5-20 pym). Thus the
module has a very high surface area, low packing den-
sity and an efficient rate of oxygen transfer can be main-
tained under low pressure. The new system (technology)
resulted in an energy efficiency four times greater than
that of conventional bubble aeration.

By comparing membrane aeration with traditional
bubble aeration, another benefit can be recognized. A
homogeneous oxygen concentration can be achieved
throughout the reactor by pumping through air or oxygen
bubbles. When membrane aeration is applied, it is possi-
ble to establish different oxygen levels within the reactor:
several zones with various oxygen levels (as required for
certain biological processes) can be created.

3. Fermentation of itaconic acid

Itaconic acid is an unsaturated five-carbon dicarboxylic
acid that is considered to be an important platform
molecule of high potential (bio-based building block)
(Fig. 2). It was specified by the United States Department
of Energy as one of the 12 most promising chemicals ob-
tained from biomass.

Itaconic acid is mainly produced biologically by fila-
mentous fungi, e.g. Aspergillus terreus [16-20].

The fermentation of itaconic acid is a quite sensitive
process that requires a high initial substrate concentration
of glucose, precise control of operational parameters (e.g.
pH, temperature, presence/deficiency of certain ions, etc.)
and a high oxygen level since a high level of oxygen ten-
sion in the fermenter enhances the formation of itaconic
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acid. A sufficient oxygen supply can be ensured by in-
creasing the mixing rate, however, filamentous fungi are
generally very sensitive to high shear rates. Moreover, in-
tensive foaming may result which must be avoided. As
the fermentation progresses, ever more biomass and pro-
tein is produced in the broth, hence these phenomena may
occur more acutely. In addition, the oxygen demand con-
tinuously increases.

Oxygen can be supplied by conventional techniques,
e.g. airlift bioreactors, air bubbling equipped with pro-
peller agitators, etc. For example, an airlift bioreactor was
combined with a modified draft tube to achieve a high
(2,430 1/h) volumetric oxygen transfer coefficient [21].

In our laboratory, membrane aeration was applied by
pumping 600 1/h of air at a pressure of 1.1 bar into the
broth by using a special PermSelect hydrofluoric acid
(HF) silicone membrane which was immersed into the
fermenter. This membrane was originally an oxygen-
selective gas separation membrane, consisting of 10 thou-
sand fibres (OD = 150 pum) with a surface area of 1 m?.
Since oxygen permeated faster than other compounds, it
resulted in a high oxygen supply. Our successful experi-
ments have proven that by applying membrane aeration,
enhanced oxygen transport and a higher yield of itaconic
acid are achieved.

4. Enzymatic removal of glucose

In the food industry, some processes require the removal
of glucose [22]. For example, in the manufacture of pow-
dered egg white, the reaction between glucose and pro-
tein results in the Maillard browning reaction during the
spray-drying step, leading to an undesirable brown dis-
colouration and poor quality [23]. Another example is the
manufacture of low-calorie, low-alcohol beverages from
fruit juices [24]. The content of fermentable sugar can
be reduced significantly by converting it into other com-
pounds which cannot be metabolised into ethanol (less
alcohol forms).

Glucose (or dextrose, its chemical name is D-
glucopyranose) is the most abundant monosaccharide, a
six-carbon sugar (hexose) with five hydroxyl groups. Its
name is derived from the Greek word “glukos” which
means “sweet”.

The extraction of glucose from a mixture containing
compounds of similar molecular size is generally dif-
ficult as well-known separation techniques are unsuit-
able [6-8]. Therefore, a special enzymatic method has
been developed where glucose is oxidised. The enzyme
catalysing the reaction is called glucose oxidase (GOD),
E.C. 1.1.3.4 [25,26]. During the reaction, glucose is con-
verted into D-glucono-1,5-lactone, which spontaneously
hydrolyses non-enzymatically into gluconic acid:

[3-D—glucose + O, —— D—gluconic acid + H,0,

The reaction uses oxygen and releases hydrogen per-
oxide as a by-product, which has a strong inactivation
effect on GOD itself, therefore, it must be eliminated

from the mixture. HoO5 can be converted into water
and molecular oxygen by another enzyme called catalase,
E.C.1.11.1.6.

H202 e H2O + % 02

The two enzymes can be applied together, such an en-
zyme mixture can be manufactured by various moulds,
e.g., species of Aspergillus.

For the successful operation of the enzyme, a suffi-
cient amount of oxygen should be supplied. In the case
of the production of powdered egg white, traditional aera-
tion methods (e.g. bubble aeration) cause a high degree of
foaming, thus another technique should be implemented.
In our laboratory, membrane aeration was studied and ap-
plied [27]. The enzyme complex was immobilized on a
resin and a packed column reactor set up for the reaction.
Then a perforated silicone tube membrane was placed in-
side the bioreactor in a spiral configuration to provide
oxygen directly to the site of the enzymatic oxidation re-
action.

5. Conclusion

In summary, three different bioprocesses were presented
in this paper where oxygen was supplied using a special
method, namely membrane aeration. Firstly, the treat-
ment of wastewater by microbial consortia (i), secondly,
the fermentation of itaconic acid by a single microorgan-
ism (ii) and finally, an oxidative enzymatic process (iii)
for the elimination of glucose were examined in detail.
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