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Abstract

The process described in the present work uses air supplementation in a flui-
dized bed reactor containing Bacillus firmus strain 37 immobilized on active
bovine bone charcoal, to produce by batch fermentation the enzyme CGTase
(cyclomaltodextrin-glucanotransferase). Three different aeration rates were
evaluated. The maximum CGTase activity was achieved after 120 hours of
fermentation with aeration rate of 2 vvm and was equal to 2.48 U/mL. When
0.5 and 1 vvm were used the enzymatic activities achieved 1.1 and 0.57 U/mL,
respectively. Bovine bone charcoal was characterized in terms of surface area,
pore size and volume. To the best of our knowledge, the immobilization of
microorganism cells in bovine bone charcoal for CGTase production has not
been reported in the literature. Our results showed that fluidized bed reactor
allows retaining high concentration of biomass, improving biomass-substrate
contact and operation at low residence times, which resulted in improved en-
zyme production. Therefore, the process as proposed has great potential for
industrial development.
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1. Introduction

The cyclomaltodextrin glucanotransferase (a-1,4-glucan-4-glucosyltransferase)
is a bacterial enzyme which shows structural similarity with the enzyme
a-amylase [1] [2] [3]. The CGTase is considered a multifunctional enzyme, cat-
alyzing four reactions: cyclization (intramolecular transglycosylation reaction),
coupling (intermolecular transglycosylation reaction, wherein the cyclodextrin
ring is ruptured and transferred to straight acceptors), disproportionation
(where two linear oligosaccharides are converted into linear oligosaccharides of
different sizes) and starch hydrolysis [4]. These reactions can be performed in a
wide range of pH and temperatures, thus expanding the possibilities for indus-
trial applications of CGTase [3].

In the industrial field the CGTase enzyme plays an important role due to its
ability to catalyze the formation of cyclodextrins (CDs) from starch (cyclization
reaction). CDs are cyclic maltooligosaccharides composed of 6 - 60 glucose units
linked by a-1, 4-glycosidic bonds. They have the ability to form a variety of in-
clusion complexes with many organic and inorganic compounds, which is of in-
terest for pharmaceutical, food, cosmetic, textile and agrochemical industries [2]
[5].

Most common and commercially available CDs are those containing six
(a-CD), seven (B-CD), and eight ()-CD) anhydroglucose units. As CGTase
produces preferentially a-, f- and/or p-CD they are called as a-, f- and/or
y-CGTase. A CGTase that produces only one type of CD is not known, but a
CGTase which produces a high proportion of one type of cyclodextrin is indu-
strially favorable because it reduces the cost of the purifying process [2] [6] [7].
The kind of CD produced depends on culture parameters (pH, temperature and
aeration), enzyme producing microorganism and reaction time [8]-[13].

CGTase enzymes with different properties are produced mainly by members
of the genus Bacillus, especially aerobic alkalophilics strains. Recently, alkalo-
philic bacilli aroused great interest because they are capable of producing -CD
and p-CD without a-CD accumulation. This makes the purification process
much easier; f-CD and p-CD have significant differences in terms of solubility
[12] [14].

In addition to strain selection and culture parameters optimization, the im-
provement of GCTase production can be carried through cell immobilization in
a fluidized bed reactor. Furthermore, immobilized cells allow reusing the bioca-
talysts and facilitate the separation of the liquid phase. Fluidization, on the other
hand, reduces or eliminates obstruction problems and allows longer contact be-
tween the substrate and the biomass, reducing the need for large residence time
in the reactors [15] [16]. To the best of our knowledge, the immobilization of
microorganism cells in bovine bone charcoal for CGTase production has not
been reported in the literature. This immobilization support is used, in most
cases, in environmental research, such as the treatment of water contaminated

by heavy metals or coloring agents, decomposition of organic pollutants, among
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others [9] [17] [18]. Bovine bone charcoal has hydroxyapatite (calcium phos-
phate) and minor amounts of calcium carbonate. The presence of carbonate
gives the bovine bone charcoal a buffering capacity, wherein the pH is alkaline
[17]. These properties are of great importance, since the culture medium of B.
firmus strain 37 and CGTase production have pH between 9 and 11. Bovine
bone charcoal has aroused great interest in the immobilization of cells, due to its
high porosity, which allows the microorganisms not just to colonize and grow
on the surface of the support, but also inside its cracks, adding to the process
biomass load and increasing production of products with higher added value
[19] [20].

Enzyme production in immobilized processes face diffusional problems re-
lated to the porosity of the matrix [8]. The use of matrices that do not impose
such problems are of great benefit and will probably result in better productivi-
ties. Pazzetto [21] showed that diffusional problems are severe when alginate
beads were used for the immobilization of Bacillus firmus, differently from the
experiments carried with sponge plant, which is a highly porous material. Based
on these observations, different aeration rates were evaluated for the production
of CGTase with Bacillus firmusimmobilized in bovine bone charcoal.

In this paper, it was evaluated the batch production of high activity CGTase
with Bacillus firmus strain 37 immobilized in bone charcoal and used in an ae-
rated fluidized bed reactor with recycle. The effects of different aeration rates
during the production of CGTase activity were also assessed and discussed. Ad-
ditionally, it was investigated the characteristics of bovine bone charcoal as an
innovative support for immobilization of microorganisms in the area of enzyme
production. Similarly, it was addressed the performance of cell immobilization

in bone charcoal using the same aeration rates for enzymatic production.

2. Materials and Methods

2.1. Schematic Diagram of the Aerobic Fluidized Bed Reactor

Figure 1 shows the schematic diagram of the jacketed fluidized bed reactor used
for producing CGTase. A reactor with an internal column volume of approx-
imately 140 cm’® was used in a recycle batch mode. The fluidized bed column in
the reactor had an internal diameter of 2.1 cm and the column height was 40 cm.
The thermostatic bath was set to 37°C and warm water recirculated through the
column jacket. A cultivation medium reservoir of 2 L was used. Different forced
aeration rates were tested for CGTase production by the selected microorgan-

ism, which was immobilized in bone charcoal particles.

2.2. Microorganism and Culture Conditions

The microorganism used was Bacillus firmus strain 37, isolated from the soil of
manioc plantation and identified by Matioli [22]. The microorganism is strictly
aerobic and presents optimum growth at 37°C and pH between 9 and 11 [22].
Bacillus firmus strain 37 was stored in packed sterilized soil at room temperature.
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Figure 1. Schematic diagram of the fluidized reactor containing bone charcoal particles
with immobilized cells of Bacillus firmus strain 37.

For the microorganism reactivation it was first grown at 37°C for 48 h on solid
medium with the following composition (w/v): soluble starch 1.0%, polypeptone
0.5%, yeast extract 0.5%, potassium phosphate 0.1%, magnesium sulfate hepta-
hydrate 0.02%, sodium carbonate 1.0%, agar 1.5% and congo red 0.01% [22]
[23]. The bacillus cells were transferred to a liquid medium with the same com-
position of the solid medium, except for agar, dye and starch (in the liquid me-
dium starch was used in 2% (w/v) concentration). The liquid culture was main-

tained in an incubator at 140 rpm and 37°C for 24 h.

2.3. Preparation and Characterization of the Cell Immobilization
Matrix

Bovine bone charcoal samples were provided by the company Bonechar - Carvdo
Ativado do Brasil. The charcoal particles were first sieved in the range of 20 to 28
Mesh (0.83 and 0.58 mm, respectively), washed repeatedly with deionized water
to remove soot and then dried in an oven for 24 hours at 100°C. The characteri-
zation of bovine bone activated charcoal was carried by isotherms adsorption of
N, to estimate specific area through B.E.T. (Brunauer-Emmett-Teller) model.

Other physicochemical properties determined are given in the results.

2.4. Cell Immobilization Process

The liquid culture of Bacillus firmus was diluted with fresh liquid medium to
achieve an ODq ., (optical density) between 0.4 and 0.6. This was mixed with 7
grams of sterile bone charcoal in the fluidized bed reactor of Figure 1. The mi-

croorganism immobilization occurred naturally as the fluidized bed was run for
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24 hours in a batch recirculation mode. Experiments were carried using three
different aeration rates (0.5, 1, and 2 vvm) (volume of air per volume of medium

per minute).

2.5. Production of CGTase

Production of CGTase was carried out in the same fluidized bed reactor used for
the cell immobilization process, after the immobilization process (Section 2 - 4)
finished.

The aeration rate in each case was 0.5, 1 and 2 vvm and the production time

was 120 hours. Soluble starch was used as substrate in these experiments.

2.6. Analytical Methods
2.6.1. Scanning Electron Microscopy (SEM)

The bone charcoal with the immobilized cells was placed in a solution of 2.5%
glutaraldehyde for 24 hours. The supernatant was then discarded and this char-
coal was sequentially washed four times, for 10 to 15 minutes, with ethanol solu-
tions 30%, 50%, 70%, 90% and 100%, respectively. The material was kept in ab-
solute ethanol for dehydration and subsequently extracted with CO, supercriti-
cal. For the micrographs, a scanning electron microscope with an accelerating
voltage of 10 kV was used. The samples were placed on the surface of a conduc-

tive double sided tape and coated with gold [2].

2.6.2. Protein Determination
The protein concentration for the analysis was measured by the method of Lo-

wry [24] using bovine serum albumin as standard.

2.6.3. Determination of $-CD

Concentration of f-cyclodextrin (f-CD) was determined using a colorimetric
method in which a phenolphthalein solution is mixed with the cyclodextrin
sample, leading to the formation of a complex between the dye molecule and the
cyclodextrin. This complexation reduces the color intensity of the mixed solu-
tion and absorbance is measured at 550 nm [25] [26].

The assay was performed by mixing 0.5 mL of the sample to 2.5 mL of a
working solution composed of phenolphthalein 0.06 mM, sodium carbonate-
bicarbonate buffer 0.6 M, pH 10.5. Phenolphthalein 0.06 mM solution was pre-
pared fresh using 2 mL of 95% ethanol phenolphthalein 3 mM stock solution, 20
mL of sodium carbonate-bicarbonate buffer and volume completed to 100 mL.

F-CD concentration correlates with the absorbance according to Equation (1)

[25].
ABS ABS

Chep=a|l- 1 : 1

pep { ABSOM +akABJ @

where ais the total concentration of the assay phenolphthalein (5 x 10~° M). ABS
is the absorbance of the sample mixed with the phenolphthalein solution; ABS,
is the absorbance of the sample without cyclodextrin and mixed with the phe-
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nolphthalein solution; G, is the concentration of -CD expressed in mM; and
k is the equilibrium constant of complex formation S-CD/phenolphthalein. The
value of k was determined by nonlinear regression (Quasi-Newton method), us-
ing a standard concentration of 4-CD ((0 - 1) x 107> M) made up in distilled wa-
ter, resulting in 14495.2 M™', with a correlation coefficient of 0.9976.

Equation (2) was obtained by replacing the value of a, &, and the value ABS, =
1.4815 in Equation (1) and multiplying the resulting equation by a factor equal
6000, which is related to the dilution procedure (converts M in mM, the unit of
concentration of S-CD).

2.0442] @)

Cﬂ-CD = 03000(1— 06750ABS)(1+ m

Concentration of f-CD in mM is then determined by Equation (2), with ab-
sorbance (ABS) in the range of 0.50 - 1.481 and resulting S-CD concentration
range of 0 - 1 mM. Note, however, that as cyclodextrin concentration increases
in the sample, the absorbance of the assay mixture reduces, because the CD-

phenolphthalein complex is colorless.

2.6.4. Volumetric Enzymatic Activity

The enzyme activity is determined by the Initial Velocity Method, according to
Hamon and Moraes [27], under the following conditions: 50°C (for activation of
the enzyme), pH 8.0 (greater enzyme stability) and low concentrations of en-
zyme (up to 0.4 mM), then in these conditions the concentration of -CD pro-
duced as function of time follows a linear relationship.

The substrate stock solution was made using 1% dextrin, dissolved in 50 mL
of stock solution of CaCl, (5 mM) and 100 mL of Tris-HCI buffer (0.05 M, pH
8.0). Volume was completed to 500 mL. The enzyme samples were diluted with
Tris-HCI buffer and CacCl, stock solution, if necessary, in order to guarantee the
linearity of responses. The dosing tubes containing 1.0 mL of substrate were
placed on a bath at 50°C for 15 minutes. To these tubes 1.0 mL of enzymatic
medium were added, according to the reaction time of each tube (from 0 to 30
minutes). Then the tubes were placed in a bath at 100°C for 5 min to inactivate
the enzyme and then cooled in water at ambient temperature. Subsequently, the
colorimetric measurements were performed by adding a sample of 0.5 mL from
these tubes to 2.5 mL of phenolphthalein 0.06 mM.

The production data of S-cyclodextrin (umoles CD produced per mL of cell
free culture per min) were plotted as a function of reaction time. The slope of the

straight line (K) was used to calculate the volumetric activity, using Equation (3):
A=(K -V, DN )

where: A = volumetric activity in umoles CD/(min-mL of enzyme solution), K =
slope of the concentration of CDs produced as a function of reaction time
((umoles CD/(mL-min)), D = dilution of enzymatic media, V= reaction volume
in mL, or the diluted enzyme volume present in a test tube, V= total reaction

volume in mL.
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One unit (U) of activity is considered the enzyme amount that catalyzes the
conversion of one umol of substrate (or producing one umol of product) per
minute, in the reaction conditions (pH 8 and 50°C).

All experiments of enzyme activity were performed in triplicate.

It is worth mentioning that the values chosen for the large number of para-
meters in this study are based on previous theses, dissertations and papers pub-
lished by the research group that has been working in the area of cyclodextrins
since 1990 and with fluidization since 1980. The choice of parameters was made
with the goal of increasing the production of the enzyme cyclomaltodextrin glu-

canotransferase (CGTase).

3. Results and Discussion

SEM (Scanning electron microscopy) results for microorganism immobilization
estimated bacteria size of 0.5 um x 5 um [2]. The specific surface area of char-
coal was found to be 123.5 m*/g, while the total pore volume was equal to 0.277
cm®/g and the average pore diameter was 89.85 A (0.008985 x 10™* pum). These
values are in accordance with previous studies [17] [28]. Considering that the
diameter of the charcoal pores is many times smaller than the cell of B. firmus
strain 37, there is little chance that the bacteria was adsorbed inside the pores,
except when there are cracks in the charcoal and the microorganism can settle
inside these, reproduce and produce enzyme. This means that the immobiliza-
tion of most cells occurred by adsorption on the surface of bone charcoal, which
was confirmed by SEM microscopy (Figure 2).

Figure 2(a) showed roughness and the presence of micropores on the surface

of the charcoal. The particle microporosity is in agreement with the pore diameter

(b)

Figure 2. Scanning electron microscopy. Cell-free bone charcoal (a); Immobilized cells in
bone charcoal in different aeration rates: 0.5 vvm (b) 1 vvm (c) and 2 vvm (d).
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average found in our study (89.85 A or 0.008985 x 10~ um). In addition, it was
possible to note on the microscopy of bioparticles (bone charcoal + immobilized
microbial cells) (Figures 2(b)-(d)) the adhered rod-shaped microorganisms,
probably Bacillus firmus, in the activated bone charcoal, proving the success of
cell immobilization. Biofilm formation involves a number of physical, chemical
and biological processes, including, among others: the adsorption of organic
molecules on a surface, the movement of cells to the surface, the adhesion of
microorganisms to the surface, the subsequent adhesion to the first layer of cells,
the accumulation of the resulting biofilm and the release of the biofilm. It is
known that this process is extremely complex, and that still remains many as-
pects that need to be clarified [29] [30].

CGTase production with Bacillus firmus immobilized in 7 g of bone charcoal
using the fluidized bed system with recycle in batch was performed first with ae-
ration rate of 0.5 vvm (Figure 3).

The specific CGTase activity reaches a maximum value of approximately 1
U/mL and 0.3 U/mg protein (Figure 3) at 120 hours. It was noted that CGTase
activity remained relatively constant between 48 and 108 hours. The slight in-
crease in the specific activity at 120 hours of fermentation is in accordance to
Vassileva [31], indicating that the culture conditions set forth provides protein
synthesis and consequently enzyme. According to Atanasova [32], CGTase is an
extracellular enzyme and the specific enzyme activity (U/mg protein) shows that
part of the total protein is enzyme. Often what is established is that high volu-
metric CGTase activity quantities (U/mL) in the presence of high amounts of
total protein means less low specific activity, ie, fewer enzyme molecules per
volume will be present in the culture medium/output. Atanavosa [32] performed
immobilization of Bacillus pseudalcaliphilus 20RF and Bacillus pseudalcaliphilus
8SB in agar gel containing magnetite for CGTase production and achieved a
production of 0.14 and 0.2 U/mL, respectively, lower than the activity achieved
in this study. The same authors [33] carried experiments with the isolated strain

Bacillus pseudalcaliphilus 20RF, reaching low enzymatic activity in the crude
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Figure 3. CGTase activity (circle) and specific CGTase activity (diamond) as a function of
time of fermentation with Bacillus firmus immobilized in bone charcoal and aeration rate
of 0.5 vvm.
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extract (0.007 U/mL). In the purified extract they achieved a very high enzymatic
activity of 0.66 U/mL, close to the results found in the crude extract of the cur-
rent study.

The next aeration rate tested for enzyme production was 1 vvm. It was noted
that the process was severely affected, resulting in lower enzyme activity (Figure
4). When aeration was provided at 1 vvm, the enzyme activity reached a maxi-
mum of 0.57 U/mL, after remain constant (0.36 U/mL) in the interval time of 72
and 96 hours.

Vassileva [34] worked with CGTase production with Bacillus circulans immo-
bilized in agar. They carried experiments in batch without aeration, reaching a
CGTase activity of approximately 0.15 U/mL at 72 hours of fermentation. Kuo
[35] studied CGTase production in batch with non-immobilized Bacillus sp.
without air supplementation and found a very high enzymatic activity of 13
U/mL at 15 hours. This reinforce the fact that microbial immobilization may
impose barriers against oxygen and mass transfer, which might be considered in
process design. On the other hand, industrial production of enzyme with free-
cell continuous process fermentation is not usually adequate [36]. Moriwaki [4]
studied batch CGTase production using Bacillus sphaericus strain 41 and
achieved a maximum enzyme activity of 0.048 U/mL at 120 hours. All these
comparisons indicate that there are several factors interfering in enzyme pro-
duction. According to Ibrahim [37], the quality and origin of starch used may
interfere in enzyme production, because it can increase the viscosity of the me-
dium, resulting in improper mixing and reducing the rate of mass transfer.

To further evaluate the effect of aeration in CGTase production, an experi-
ment was carried with aeration rate of 2 vvm (Figure 5).

Figure 5 presents the results of higher aeration in CGTase production using
B. firmus strain 37 immobilized in bovine bone charcoal. It can be observed a
great increase in enzyme activity, reaching 2.48 U/mL (0.48 U/mg protein).
CGTase production was more efficient when the higher aeration rate was used (2

vvm), increasing the activity by 1.38 U/mL in 120 hours. Moreover, the enzyme
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Figure 4. CGTase activity (circle) and specific (diamond) as a function of time of fer-

mentation carried with Bacillus firmus immobilized in bone charcoal and aeration rate of
1 vvm.
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Figure 5. CGTase activity (circle) and specific (diamond) as a function of time of CGTase
produce with Bacillus firmusimmobilized in bone charcoal and aeration rate of 2 vvm.

Table 1. CGTase production Bacillus firmus strain 37 immobilized in bone charcoal in
three aeration rates.

Aeration rates CGTase activity Specific Enzyme Activity
(volume of air/volume de medium * minute) (U/mL) (U/mg protein)
0.5 1.1 0.27
1 0.57 0.17
2 2.48 0.48

activity reached 1 U/mL in just 36 hours of fermentation (Figure 4), different
from the experiment carried with 0.5 vvm of aeration (1 U/mL was reached only
at 120 hours). These results prove the importance of aeration rate for the pro-
duction of CGTase in lower times or to reach higher. The relationship between
aeration rate and CGTase production achieved in this study is presented in Ta-
ble 1.

It can be observed that, increasing the aeration rate to 2 vvm specific and not-
specific CGTase activity approximately doubled. This indicates that the aeration
rates of 0.5 and 1 vvm were not supplying enough O, to the cells. Kunamneni
[14] using Bacillus sp. immobilized in calcium alginate and airlift reactor for
CGTase production also reported that the higher enzyme activity was achieved
at aeration rate of 2 vvm.

The smaller effect of 1 vvm aeration rate at the production of CGTase can be
explained according to Moriwaki [4], who stated that this can favor microbial
growth at detriment of the production of CGTase and that the high biomass
concentration in charcoal resulted in a decrease of the dissolved oxygen in the
medium (consequently lowering enzyme production). Blanco [38] reported that
lower values of dissolved oxygen and rate of agitation may limit the uptake of
nutrients by the microorganisms (such as the nitrogen source and starch), de-
creasing the synthesis of CGTase.

The authors Pinto et al [3] have studied the production of CGTase using free

Bacillus circulans under agitation and aeration and reported that best enzyme
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activity, approximately 0.5 U/mL, was obtained at 400 rpm and 1 vvm. During
their study they concluded that agitation and aeration are decisive parameters
for microbial growth and enzyme production, playing an important role in scal-
ing up. The importance of the effect of aeration on production of CGTase was
more evident when the same authors [39] increased the aeration rate to 2 vvm,
but kept the agitation at 400 rpm. The result was a very significant increase in
the enzymatic activity, which reached 1 U/mL.

It is important to highlight that, in our study, aeration was not the only para-
meter essential for higher enzymatic activity production, but also cellular immo-
bilization in the bovine bone charcoal and the use of a fluidized bed reactor. The
process of biofilm formation on the surface of the support is initiated by sus-
pended cells present in the liquid medium, which are adsorbed on the surface
and then grow as a biofilm. As suspended cells initiate biofilm formation, the
concentration of cells in the media has a significant effect for starting biofilm
formation, since allows colonization of a larger number of particles on the sup-
port [20] [29].

Biofilm formation, among other factors, is linked to the velocity of flow on the
surface. Among the advantages of usage of the fluidized bed is the biomass
growth in films of reduced thickness, which improves the mass transfer. In addi-
tion, fluidization reduces or eliminates clogging problems, increases biomass re-
tention and contact with the substrate and therefore reduces the residence time
in the reactors. These characteristics make the aerobic fluidized bed reactor a
good choice for the production of enzyme with immobilized cells. Other factors
that contribute to the efficiency of the fluidized bed process are: greater contact
between the liquid medium and the solid of the biofilm carrier when compared
to fixed bed (due to particle movement and liquid velocity, the diffusional resis-
tance of the liquid is minimum); problems of preferential channels and agglo-
meration of particles, often found in fixed bed, are avoided; ability to control
and optimize biofilm thickness; need for a smaller cross-sectional flow area [15]
[20] [30].

Thus, it can be concluded that the use of bovine charcoal as support material
for the immobilization of Bacillus firmus strain 37 and production of CGTase in
a fluidized bed bioreactor with high aeration rate is indicated for achieving high
activity of the enzyme. Our results indicate that the process described in this
work has great potential for industrial batch production of CGTase with greater
concentration than traditional submerged culture fermentation. We found that
this reactor allows retaining high concentration of biomass, improving biomass-

substrate contact and allowing operation at low residence times.

4. Conclusions

In this work, the conditions to obtain a high production of the enzyme cyclo-
maltodextrin glucanotransferase (CGTase) by a recirculating fluidized bed of

Bacillus firmus strain 37 immobilized on small particles of bovine bone charcoal
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were determined. It was demonstrated that higher CGTase activity (2.48 U/mL,
0.48 U/mg protein) can be achieved by working with greater aeration rates (2
vvm). However, further studies are necessary to observe up to which point it will
be advantageous to increase aeration rates, because it is expected that a limiting
condition may be reached, in which, instead of favoring the production of great-
er amounts of CGTase, a large amount of microbial growth will result.

The study of the reuse of bovine bone charcoal with immobilized Bacillus
firmus is recommended. Appropriate conditions of storage of this biocatalyst
and the determination of a maximum possible stocking time, in which, only
minor losses in the production of the enzyme would occur are important for
producing CGTase as desired and without going to the immobilization process
every time.

In this work it was shown that Bacillus firmus fixed in bone charcoal has a
prominent role in CGTase production, since the charcoal does not impose diffu-
sional barriers like other supports described in the literature. For industrial de-
velopment of this technology the low cost of bone charcoal would also be an ad-
vantage.

The results of the present work warrant the possibility of increasing the scale
of production, because greater amounts of enzyme could be produced at lower
cost with this technology and as a consequence, cyclodextrins would be pro-
duced more economically. If cyclodextrins would reach the market at lower
prices than today (U$5/ton), many potential, large volume applications could
became a reality.

Some guideline goals for industrial development would be to try to achieve
sufficient large bed size, fluidization just above minimum fluidization velocity
and high rate of enzyme production with optimum aeration rate, to verify it
would be possible to operate in a single pass mode, that is, without fluid recycle.
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