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Abstract

The use of raw sugarcane bagasse for cell immobilization by adsorption was evaluated in order to increase ethanol produc-
tion. The aim of this work was to study the immobilization process of Saccharomyces cerevisiae ITV-01 RD on natural and
pre-treated sugarcane bagasse. Pre-treatment with sulfuric acid was selected because of the efficiency and retention obtained
(58% and 80 mg/g). The Guggenheim—Andersen—de Boer (GAB) model adjusted experimental data and demonstrated that
the process involved monolayer and multilayer stages. No statistically different results were obtained between the use of
solid:liquid ratios of 1:75 and 1:100, and immobilization was stable up to 20 days. In a packed bed reactor using glucose
medium, at a dilution rate (D) of 0.11 h!, 48 g/L ethanol was produced; meanwhile at 0.48 h~!, ethanol productivity was
12.1 g/Lh. Using sugarcane juice diluted to 100 g/L total sugars, an ethanol productivity of 5.03 g/Lh was attained.
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1 Introduction

Bioethanol produced from renewable biomass, such as sugar,
starch, macroalgae (Rhizoclonium sp.), or lignocellulosic
materials, is one of the alternative energy resources, which is
both renewable and environmentally friendly [1-3]. During
batch fermentation, many parameters can cause a decrease
in the specific rate of yeast growth, and inhibition can be
caused either by product or substrate concentration [1].
Ethanol production by immobilized yeast cells on con-
ventional supports has been extensively investigated dur-
ing the past few decades. Microbial cell immobilization
showed certain technical and economic advantages over
free cell systems. Cell immobilization for fermentation has
been developed to eliminate inhibition caused by high sub-
strate and product concentrations and to enhance ethanol
production productivity and yield [4, 5]. Cell immobiliza-
tion is a method of increasing cell mass concentration in
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the fermenter leading to greater process productivity and
production cost minimization while offering advantages over
free cell fermentation operations [6].

The use of natural structural materials like sorghum
bagasse, sugarcane bagasse, and rice straw for cell immo-
bilization was evaluated previously [6—10]. The advantages
accruable from such biomaterials are reusability, freedom
from toxicity problems, mechanical strength for necessary
support, and opening of spaces within the matrix for growing
cells [9]. Some pre-treatments, like diluted acid and deligni-
fication using alkali on raw material, have been employed as
a strategy for the improvement of the immobilization process
[6], so that the damage to lignocellulose residue integrity
could increase the adsorption process. However, there are
few studies that contribute to understanding the immobiliza-
tion process. The most common isotherms applied in solid to
liquid systems are the Langmuir theoretical isotherm equi-
librium (the best known and most often used isotherm for the
sorption of a solute from a liquid solution), the Freundlich,
the Redlich—Peterson, and the Guggenheim—Andersen—de
Boer (GAB) model [10]. The mechanism involved in the
latter could be useful in order to understand yeast adsorp-
tion phenomena on lignocellulose residues such as sugar-
cane bagasse.
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The use of the respiratory-deficient (RD) phenotype of S.
cerevisiae has been recommended previously for bioethanol
production [11-13]. In immobilized cell systems, oxygen
availability is diminished because oxygen transfer rates are
lower than in free cell systems. Thus, the RD phenotype
could be useful, as damage to the respiratory chain causes
less dependence on oxygen in RD strains than in respiratory-
competent strains. Also, RD strains have a higher ethanol
yield and productivity than respiratory-competent strains.
The aim of this work was to study the immobilization pro-
cess of S. cerevisiae ITV-01 RD on natural and pre-treated
sugarcane bagasse.

2 Material and Methods
2.1 Microorganism

The osmotolerant low pH-resistant S. cerevisiae ITV-01 RD
was obtained previously by ethidium bromide exposure with
a deficiency on cytochrome c [13].

2.2 Sugarcane bagasse

Sugarcane bagasse was obtained from “El Modelo” factory
in January 2012. Its composition was as follows: 39.3% cel-
lulose, 30.5% hemicellulose, and 11.5% lignin. The sugar-
cane bagasse was washed in order to eliminate the remaining
sucrose, and a solar dry was performed. Finally, it was sieved
to obtain particle size from 3.36 to 6.36 mm (Retsch Mod.
30) and dried to constant weight at 70 °C.

2.3 Dilute acid and alkali pre-treatment

Dilute acid pre-treatment was carried out using 2% w/v sul-
furic acid (H,SO,) with a 1:14 solid:liquid ratio, at 121 °C
for 40 min. The alkali pre-treatment was performed using
2% w/v NaOH with a 1:6 solid:liquid ratio at 100 °C for
60 min [14]. Both pre-treatments were autoclaved at 121 °C
during 20 min. After, these were washed using water in order
to eliminate sulfuric acid and NaOH, respectively. Finally,
they were dried at sun until to have at less of 10% humidity.

2.4 Culture media
2.4.1 Conservation medium
S. cerevisiae ITV-01 RD was stored at 4 °C using a culture

medium whose composition was as follows: glucose, yeast
extract, and agar (20, 10. and 20 g/L, respectively).
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2.4.2 Preculture and kinetic media

Preculture medium was glucose, yeast extract, KH,PO,,
(NH,),S0,, and MgSO,-7H,0 (50, 1.0, 5.0, 2.0, 0.4 g/L,
respectively). The kinetic medium was proposed previously
by Ortiz-Muiliz et al. [15]: glucose, yeast extract, KH,PO,,
(NH,),SO,, and MgSO,-7H,0 (150, 2.0, 8.0, 5.0, 1.0 g/L,
respectively). The initial pH was adjusted to 3.0 using 85%
v/v orthophosphoric acid. Preculture was performed in a
250-mL Erlenmeyer flask with 100-mL liquid medium
stirred at 150 rpm. After inoculation, each Erlenmeyer flask
was incubated at 30 °C for 24 h. Two precultures were pre-
pared to obtain the inoculum [15].

2.5 Cell immobilization

The immobilization process was evaluated using 3
types of sugarcane bagasse: untreated, dilute acid, and
alkali pre-treatments. The inoculum was prepared as
follows: yeasts cells were incubated (New Brunswick
Scientific classic series C24KC Refrigerated Incuba-
tor Shaker Edison NJ, USA) for 12 h at 30 °C, 150 rpm
using preculture medium. Then, the yeast cells were
centrifuged at 4500G for 20 min at 15 °C and sus-
pended in 20-mL 9 g/L NaCl in order to adjust the
inoculum size to the desired value. In 250-mL Erlen-
meyer flasks, 1-g sugarcane bagasse was sterilized
at 121 °C for 15 min, and inoculum was added under
aseptic conditions; the samples were subsequently
incubated at 30 °C, 80 rpm. Destructive sampling was
carried out every 4 h for 24 h.

2.6 Solid to liquid ratio and immobilization stability

The solid to liquid ratio was evaluated using batch cul-
tures in 250-mL flasks vessels using 1-g sugarcane
bagasse with yeast cells immobilized under established
conditions. The flasks were incubated at 150 rpm at
30 °C using an incubator (New Brunswick Scientific
classic series C24KC Refrigerated Incubator Shaker
Edison NJ, USA). Immobilization stability was evalu-
ated by twenty sequential cultures using the best solid to
liquid ratio found. The culture media was removed, and
fresh culture media was added. All the experiments were
performed in duplicate.

2.7 Effect of dilution rate and culture media

Fermentation in a packed bed reactor was carried out using a
glass column with a double wall for temperature control. The
column, packed with 83-g dry sugarcane bagasse, measured
4.6 cm inner diameter, 6.2 cm outer diameter, and 38 cm long;
the total volume was 1.17 L. Immobilization was performed
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according to the results obtained, after which an isotonic ster-
ile solution (9 g/L NaCl) was washed through for 10 h using
a dilution rate of 0.2 h™! in order to remove free cells from
the system. The effect of dilution rate was evaluated at 0.11,
0.21,0.32, and 0.48 h™! using glucose media. At the better
dilution rate, the culture medium effect was evaluated using
sugarcane juice and molasses “B,” a co-product obtained from
cane sugar production 15% richer in sugar content than the
final molasses [16].

2.8 Analytical techniques
2.8.1 Biomass determination

Yeast growth was measured by direct count using a Thoma
Chamber (Marienfeld Laboratory Glassware, Germany).
Viability was ascertained by the methylene blue stain-
ing method proposed previously by Lange et al. [17]. In
addition, a correlation cell count against cell dry weight
was performed in order to adjust inoculum size to desired
values.

2.8.2 Subtracts and products measure

The culture medium was centrifuged for 10 min at
10,000 rpm (Eppendorf Centrifuge 5424, Germany) and
the supernatant stored at—20 °C until its analysis. Sug-
ars (sucrose, glucose, and fructose) and products (etha-
nol, acetic acid, and glycerol) were quantified by using a
Waters Alliance HPLC (Model 2695, Water Corporation,
Milford, MA) supplied with a refractive index detector
(Waters 2414) and with a Shodex SH1011 column oper-
ating at 50 °C and 55 °C, respectively. The mobile phase
of 0.05 mol/L H,SO, was run at an elution flow rate of
0.60 mL/min. The concentration was obtained based on
calibration with standards.

2.9 Immobilization parameters

The biomass adsorbed on sugarcane bagasse was calculated by
dry weight using a Whatman paper No. 2 and a vacuum sys-
tem (Oaklon Mod WP-15); it was dried at 70 °C. The control
sample was a 9 g/L. NaCl solution. Free cells were determined
by direct cell count using a Thoma Chamber correlated to dry
cell weight.

Cell retention on the bagasse (R) was calculated as the ratio
of immobilized cell mass on the carrier to mass (g/g). The con-
centration of immobilized cells (Xi) was calculated as the ratio
of immobilized cell mass on the carrier to medium volume
(g/L). Immobilization efficiency (Y1) was calculated as Xi over
X (the concentration of total suspended plus immobilized
cells, g/L) multiplied by 100 (%).

2.10 GAB modelling

The experimental data found at equilibrium were modelled
using the Guggenheim—Anderson—de Boer (GAB) model,
according to the following equation:

¥ - X, akc
(1 - ko)1 + ake — ke)

ey

where X is the amount of free cells at equilibrium; X, speci-
fies the monolayer sorption capability (g/L); a is the ener-
getic constant, a parameter related to the difference in energy
between molecules of the first and the other layer (cal/cal);
k measures the chemical potential difference between the
molecules of the second layer and the liquid phase (cal/cal);
and C is the cells immobilized at equilibrium (g/L). The
parameters involved in this model were calculated by non-
linear regression.

2.11 Scanning electronic microscopy (SEM)

The bagasse carrier samples, dried at room temperature,
were studied with an electron microscope. Subsequently,
they were coated using gold—palladium and processed using
a Jeol SEM, model JSM-56001v (Jeol Ltd., Tokyo, Japan).

2.12 Lignocellulosic composition

The lignocellulosic composition was carried out in duplicate
using the standard analytical procedure for biomass analy-
sis provided by the National Renewable Energy Laboratory
(NREL) [18], which consisted of a double acid hydrolysis.
The first hydrolysis was carried out in a stainless steel elec-
tric thermostatic water bath with 72% H,SO, for 60 min,
30 °C, stirring for 10 min. The second hydrolysis was car-
ried out with 4% H,SO, in an autoclave (AESA, CV-250,
Mexico) at 121 °C, 1.1 atm for 60 min. The glucose, xylose,
and arabinose contained in the supernatant were analyzed
by HPLC (Waters 600 TSP Spectra System, Waters, Mil-
ford, MA) using a Shodex SH1011 8 A-300 mm column
(H203153, Japan), at 50 °C, with sulfuric acid 5 mM as
mobile phase with a flow of 0.6 mL / min and a refrac-
tive index detector (Waters 2414, TSP Refracto Monitor
V, Waters, Milford, MA, USA). Acid-soluble lignin was
analyzed using a UV—Vis spectrophotometer (Agilent Cary
8454, Agilent Technologies). Insoluble lignin moisture was
determined according to AOCS methodology (Ab 2-49)
using a vacuum oven (Thermo Scientific Lab-Line, 3608-
1CE), and finally ash determination was performed in a flask
(Thermo Scientific Thermoline, model FB1310M-33) using
AOCS methodology (Ba 5a-49).

@ Springer



5976

Biomass Conversion and Biorefinery (2023) 13:5973-5980

Table 1 Lignocellulosic characterization of sugarcane bagasse raw
and pre-treated

Sugarcane bagasse Cellulose(%) Hemicel- Lignin (%) Other (%)

lulose

(%)
Raw 44.1 28.2 18.3 9.4
Acid pre-treated 58.8 7.2 28.7 53
Alkaline pre- 74.2 9.5 10.6 9.7

treated

3 Results and discussion

3.1 Characterization of raw and pre-treated
materials

Regarding the composition of lignocellulosic material, sug-
arcane raw has 44.1% cellulose, 28.2% hemicellulose, and
18.3% lignin, while the sugarcane bagasse pre-treated by
acid and alkaline hydrolysis presented 58.8-74.2% cellulose,
7.2-9.5% hemicellulose, and 28.7-10.6% lignin, respec-
tively, as shown in Table 1.

3.2 Effect of pre-treatment

In order to evaluate cell retention of S. cerevisiae ITV-01
RD immobilization on untreated, acid, and alkali pre-treated
sugarcane bagasse, sorption kinetics was performed using
an inoculum size of 2.5 g/L dry cells. Although natural
sugarcane bagasse showed the highest cell retention, it also
showed the lowest efficiency. On the other hand, bagasse
pre-treated with NaOH showed the highest efficiency and
the lowest cell retention (Fig. 1). Pre-treatment with NaOH
caused greater damage to sugarcane bagasse structure, and
yeast cells cannot be strongly attached, only lying on the

surface of the support, thus being easily removed during
wash out. Desorption phenomenon can be observed in
Fig. 1A; cell retention initially increased and subsequently
decreased with time. These results also agree with those
previously reported [6].

In Fig. 2, natural bagasse can be observed with a smooth
surface where the sorption phenomenon becomes difficult,
whereas pre-treated bagasse presents an irregular surface
where the sorption phenomenon can occur. However, NaOH
pre-treatment results in great damage when the sorption pro-
cess occurs but with fewer cells than with the sulfuric acid
pre-treatment. Cell retention and efficiency are important
parameters in the cell immobilization process, and the best
pre-treatment using sulfuric acid as a balance can be reached
between both parameters. Thus, the sugarcane bagasse
employed for the following experiments was that pre-treated
with sulfuric acid.

Inoculum size (0.25, 0.5, 0.75, 1.0, 2.5, 5, 10, and 16 g/L.
dry cells) was evaluated using the sugarcane bagasse pre-
treated with sulfuric acid. The results shown in Fig. 3 dem-
onstrate that increasing inoculum size causes an increase in
cell retention with maximum immobilization efficiency at
5 g/L. So, the brokerage inflection point, after which immo-
bilization efficiency starts diminishing, could limit inoculum
size for cell immobilization.

3.3 Cell immobilization isotherm

S. cerevisiae ITV-01 RD was immobilized on sugarcane
bagasse previously pre-treated with sulfuric acid. The inocu-
lum employed was from 0.25 to 16 g/L dry cells. Figure 4
shows the experimental data and the adjusted calculation of
R?=0.85. We found that X,,=1.99 g/L and smaller values
caused monolayer sorption. Energetic constants « and k were
22.17 and 6.27, respectively. The assumptions of this iso-
therm include a uniform surface; furthermore, the absence of

Fig.1 Cell retention (A) and A B
immobilization efficiency (B) 45 100
of S. cerevisiae ITV-01 RD in
sugarcane bagasse, untreated 40 1 90 1w‘
and pre-treated with sulfuric a8 80 -
acid and NaOH. Natural bagasse = -
(square), pre-treated with sulfu- T30 é
ric acid (diamond), pre-treated ‘;’ g
with NaOH (triangle) £ 2
£ 204 )
2
z 151
U 30 -4
10 20
51 10
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Fig. 2 Electron microscopy of S. cerevisiae ITV-01 RD immobilized on sugarcane bagasse. Natural bagasse (A), sulfuric acid pre-treated sugar-

cane bagasse (B), and NaOH pre-treated sugarcane bagasse (C)

interactions between sorpted molecules makes it impossible
to establish the physical meaning of these values because
the system is more complex. However, it was previously
established that the phenomenon occurs in two steps: first,
the interaction between the support and cells, and second,
where cell adhesion overlies the first cell layer [19].

3.4 Solid to liquid ratio

In order to evaluate the metabolic activity of yeast cells
immobilized on sugarcane bagasse, the effect of the follow-
ing solid:liquid ratios were evaluated: 1:25, 1:50, 1:75, and
1:100 g/L. Ethanol production results were statistically the
same using either the 1:75 or 1:100 ratios. Table 2 showed
that ethanol yield increased with an increasing solid to lig-
uid ratio (from 0.39 to 0.47 g/g). A similar behavior was
observed with ethanol productivity (2.0 to 2.4 g/Lh). In the
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Fig.3 Effect of inoculum size on immobilization efficiency and
cell retention of S. cerevisiae ITV-01 RD on sugarcane bagasse pre-
treated with sulfuric acid. Efficiency (circle), cell retention (square)

immobilized system, ethanol productivity was greater than
in the free cell system (1.7 g/Lh). However, ethanol pro-
duction and ethanol yield (48-56.4 g/L and 0.39-0.47 g/g,
respectively) were lower in the immobilized system com-
pared with the free cell system (60.6 g/L and 0.49 g/g).

3.5 Immobilization stability

In order to evaluate cell immobilization stability, 20 repeated
batches were carried out using a 1:75 solid:liquid ratio for
24 h. After that, the culture medium was removed, and fresh
medium was added. The results are shown in Fig. 5. All the
parameters monitored remained unchanged after 20 batches,
indicating immobilization stability. In the first and twenti-
eth batch, ethanol production was 63.6 and 62.5 g/L with a
glucose consumption of 97.6 and 94.5% and productivity of

18
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Fig.4 Experimental data modelling using the GAB model
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Table 2 Effect of solid to liquid

- . Solid to liquid Log (free cell/mL) Ethanol produc- Ethanol yield Yp/s (g/g) Ethanol
ratio on eth?r.lol production ratio (g/mL) tion (g/L) productivity
by S. cerevisiae ITV-01 RD
. - (¢/Lh)
immobilized on sugarcane
bagasse 1:25 8.2+0.1* 48.0+0.6* 0.39+0.01* 2.0+0.1*

1:50 7.9+0.2% 49.8+0.5° 0.44+0.02° 2.1+0.1*
1:75 8.3+0.2° 55.3+0.4° 0.47+0.02° 2.3+0.1°
1:100 8.2+0.1° 56.4+0.3¢ 0.45+0.02° 2.4+0.1°
Free cells 8.0+0.2% 60.6+0.4° 0.49+0.01° 1.7+0.1°

ab.ede gatistically different. ANOVA P=0.95

2.65 and 2.60 g/Lh, respectively. The ethanol yield remained
unchanged at 0.42 g/g. These results are not in accordance
with the data reported by Chandel et al. [20] who found that
in the first batch, ethanol production was 22 g/L, whereas
for the twelfth batch, only 10 g/L ethanol was produced. The
immobilization of S. cerevisiae ITV-01 RD on sugarcane
bagasse with acid pre-treatment is stable up to 20 days; this
yeast continued to cover the support, so that the support
could be used for more than 20 batches.

3.6 Effect of dilution rate

The stationary phase was reached when the glucose and
ethanol concentrations in the outlet flow did not change
for 3 residence times according to that previously estab-
lished [21]. The greatest ethanol production (48 g/L)
was obtained at D=0.11 h™}, using a culture medium
with 150 g/L glucose. Increased dilution rate diminished
ethanol production. However, using greater dilution rates
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Fig. 5 Immobilization stability of S. cerevisiae ITV-01 RD on sugar-
cane bagasse pre-treated with sulfuric acid. Ethanol production (trian-
gle) initial glucose (black circle), residual glucose (white circle), pH
(diamond), log cells mL™! (square)
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caused an increase in ethanol productivity from 5.1 to
12.1 g/Lh. In Fig. 6, the effect of dilution rate is shown.
The specific growth rate of S. cerevisiae ITV-01 RD was
0.32 h™!, so dilution rates greater than the specific growth
rate should be possible. At D=0.48 h™!, 25 g/L ethanol
production was obtained. In spite of continuous culture
using free cells remaining unchanged, in these results,
ethanol yield diminished from 0.5 g/g at D=0.11 h~! to
0.38 g/g at 0.48 h™! (Table 3). However this decrease could
be due to cell desorption caused by the increase in linear
flow velocity. Process efficiency was 98% at D=0.11 h~!,
whereas at 0.48 h™!, this decreased to 65% This results
agree with those previously reported using sorghum
bagasse for immobilization [8].

Dilution rate 0.11 h™! was selected because ethanol pro-
ductivity was higher than that previously reported by Ortiz-
Muiiiz et al. [13] using S. cerevisiae ITV-01 RD free cells
and because the ethanol concentration obtained was the
greatest (48 g/L). Glucose was not completely consumed so
the subsequent experiments were carried out using a culture
medium with a total sugar content of g/L. No difference was
found between using glucose at 100 or 150 g/L. Sugarcane
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Fig.6 Effect of dilution rate in S. cerevisiae ITV-01 RD on glucose
production (circle), ethanol production (square), and ethanol produc-
tivity (triangle)
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Table 3 Effect of dilution rate on ethanol yield and fermentation effi-
ciency of S. cerevisiae ITV-01 RD immobilized on sugarcane bagasse

Dilution rate D (h™") Ethanol yield Yp/s (g/g) Efficiency (%)
0.11 0.50 98
0.21 0.49 97
0.32 0.46 90
0.48 0.38 65

juice and molasses “B” use was also evaluated under non-
sterile conditions (Table 4). Ethanol production and produc-
tivity using sugarcane juice (47 g/L, 5.02 g/Lh) were better
than with molasses “B” (41 g/L, 4.31 g/Lh). This could be
due to the fact that sugarcane juice contains vitamins and
other compounds that contribute to improved ethanol pro-
duction, whereas in molasses “B,” these compounds could
be eliminated because of the thermal process involved.

4 Conclusions

The use of pre-treatment with sulfuric acid increases cell
retention due to the damage caused to sugarcane bagasse
structure. The best inoculum size was 5 g/L; the best immo-
bilization conditions (contact time 8 h, 30 °C) led to reten-
tion of 80+4 mg/g with 58% efficiency. The data found
adjust to the Guggenheim—Andersen—de Boer model (GAB
Model) with a good correlation (R*=0.85), allowing us to
state that for concentrations lower than 2 g/L. inoculum, the
cells are added in a monolayer, and the physical phenome-
non which possibly prevails is adsorption; on the other hand,
multilayer formation is a much more complex phenomenon.
However, the micrographs show that high cell concentration
promotes agglomerate formation in the cavernous parts of
the support. The immobilization system was stable up to
20 days. In a packed bed column, a dilution rate of 0.11 h™!
was selected to obtain the highest efficiency (98%), 48 g/L
of ethanol, and 5.1 g/Lh productivity. The use of non-sterile
sugarcane juice for ethanol production in this system could
be an option to improve process productivity. However, fur-
ther studies should be carried out in order to increase ethanol

Table 4 Effect of culture media on ethanol production of S. cerevi-
siae ITV-01 RD immobilized on sugarcane bagasse in a packed bed
reactor at D=0.11h~!

Culture media Ethanol production (g/L)  Produc-
tivity (g/
Lh)
Glucose 48 5.10
Sugarcane juice 47 5.02
Molasses “B” 41 4.31

production, maintaining the high productivity (12.1 g/Lh)
obtained at the highest dilution rate evaluated (0.48 h™"),
for instance, by increasing column length. Biotechnologi-
cal ethanol production is improved by the use of culture
systems in a packed bed column with S. cerevisiae ITV-
01 RD immobilized on sugarcane bagasse hydrolyzed with
sulfuric acid.
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