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Abstract
During alcoholic fermentation, most of the substrates supplied to the yeasts are converted into ethanol and carbon dioxide
generating energy for cell maintenance. However, some of these substrates end up being diverted to other metabolic pathways
generating by-products reducing the yield in ethanol production. Glycerol is the most important by-product quantitatively, and its
production during fermentation is associated to the production of ethanol. The present study was carried out at a full scale in an
industrial fermentation plant applied to sugar cane industry with bioreactors operated in fed-batch mode. Varying levels of the
operating factors feeding time, temperature, and concentration of yeast were used in order to verify the interaction between
ethanol and glycerol in the fermentative kinetics and how these factors can be optimized to increase ethanol production with
reduced carbon losses during the formation of other products. The results obtained indicated that glycerol production is linearly
associated with ethanol production and that this correlation is influenced by the process conditions. Feeding time had a significant
effect and was inversely proportional to the glycerol/ethanol production ratio. Therefore, it can be said that a moderate feeding
rate can reduce the production of glycerol in relation to the ethanol produced reducing losses and increasing the fermentation
yield.
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Introduction

Petroleum products, which account for the largest portion of
global energy, are non-renewable energy sources with limited
resources that are located predominantly in regions of political
territorial disputes. These factors result in price, supply, and
distribution instability. Furthermore, these energy sources are

responsible for a significant amount of greenhouse gas emis-
sions into the atmosphere, a phenomenon that results in the
increase of global warming and major climate changes [1].
Therefore, there has been a growing demand for biomass fuels
to be used in internal combustion engines and that are capable
of replacing fossil fuels partially or totally [2–4].

Ethanol is a renewable fuel, and it is widely used in Brazil.
According to data of the National Supply Company [5], the
sugar and alcohol sector in Brazil occupied 8.77 million hect-
ares of sugarcane-planted area in the 2017/2018 harvest. The
total amount of sugarcane bagasse in the 2017/18 harvest was
646.4 million tonnes, producing 26.12 billion liters of ethanol.

A large number of biotechnological processes, such as in-
dustrial fermentation, are conducted in fed-batch mode since it
is the most effective operation mode for dealing with problems
such as substrate inhibition and catabolite repression [6–8].
Most distilleries in Brazil use the Melle-Boinot fermentation
process, which is based on the continuous feeding of the sub-
strate to the bioreactor and on yeast recovery. The must that
feeds the yeast can originate from sugarcane juice, from the
molasses resulting from sugar production, or from a mixture
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of these components. The bioreactors are fed, fermented, and
then centrifuged. After being separated from the wine, the cell
mass is subjected to appropriate treatment and placed in the
bioreactor as the inoculum for a new cycle [9].

The global reaction of glycolysis shows that 1 mol of glu-
cose (180 g) produces 2 mol of ethanol (92 g), 2 mol of carbon
dioxide (88 g), and 57 kcal of energy. Thus, the theoretical
yield (YP/S) for the production of ethanol is 0.511 g/g. In prac-
tice, this value is not observed because part of glucose is used
in the production of glycerol and fatty alcohols, and acids,
substances necessary for the synthesis of cellular material
and yeast maintenance [10–13], and glycerol is quantitatively
the most important fermentation by-product when compared
with other alcoholic fermentation by-products. Brumm and
Hebeda [14] observed that the glycerol formed corresponded
to 0.08 to 0.15 g per gram of ethanol, while Oura [15] found
from 0.03 to 0.05 g glycerol per gram of ethanol. As for the
production of ethanol in distilleries, the formation of glycerol
is undesirable since it reduces the efficiency of fermentation
[14, 16].

Considering carefully the reactions involved in the
metabolic pathway of alcoholic fermentation, it can be
seen that the yeast cell does not gain energy from the
glycerol; however, it allows regeneration of NAD [17].
Thus, combined to the fact that this regeneration occurs
before the oxidation of glyceraldehyde 3-phosphate when
there is a consumption of NAD, it is clear that the yeast
cell produces glycerol as an alternative to regenerate NAD
[18]. This shows that the amount of NAD regenerated
during the production of ethanol is not sufficient to meet
the needs of the yeast, and therefore, glycerol production
becomes important to maintain the metabolic balance of
the yeast cells. Glycerol formation is increased if there is
a negative effect on the reaction that converts acetalde-
hyde into ethanol. The production of glycerol from glu-
cose is therefore a natural redox neutralizer of the process
[19] and is increased in response to osmotic stress [20].

Many physical, chemical, and microbiological factors af-
fect the efficiency of fermentation and the conversion of sugar
into ethanol [11]. Glycerol formation is also affected by fac-
tors such as temperature, substrate feeding time, inoculum
concentration, pH, bacterial contamination, nutrients, and in-
hibitors [16, 21–23].

The present study was developed to investigate the interac-
tion between the production of ethanol and glycerol in fermen-
tative kinetics and to analyze the effect of the variables (tem-
perature, yeast concentration, and feeding time) on the pro-
duction of glycerol and ethanol at a full scale in an industrial
fermentation plant. Bioreactors in fed batch were used, aiming
to have operational conditions that minimize carbon devia-
tions from the substrate for other products than ethanol, in-
creasing fermentation yields, optimizing the industrial plant,
and reducing production costs.

Material and methods

Experimental conditions

The experiments were conducted in the fermentation unit of
the BCatanduva sugar and ethanol plant^ in the municipality
of Ariranha, SP, Brazil, in the second semester of the 2012/
2013 harvest.

The experiments were conducted in the plant bioreactor
(fermentation vessel), which contains seven fermenters, each
one with an average capacity of 1,200,000 L. The fermenta-
tion substrate used was the must from the mixture of sugar-
cane juice and molasses resulting from sugar production, and
the yeasts Saccharomyces cerevisiae were those that
were present in the industrial process during the assays.

The industrial process was adapted to the following exper-
imental conditions: yeast concentration, temperature, and
feeding time of the assays (as shown in Table 1).

The technological analysis of the wines obtained from fer-
mentation in terms of ethanol [24] and glycerol concentration
[25] was conducted in the Laboratory of Ethanol at the plant.

Experimental design

A two-level factorial design (variable maximum and mini-
mum value) with three variables (yeast concentration, temper-
ature, and bioreactor feeding time) was used, and 11 assays
were carried out. The first eight assays corresponded to the
linear model (23), followed by three replicates at the central
point (the value of each variable was chosen based on the
average values used in the industrial plant where the assays
were conducted) to estimate the experimental error, as shown
in Table 1.

Assays 9, 10, and 11 correspond to the central point (where
three repetitions that determined the experimental error were

Table 1 Experimental
conditions used in the
fermentations analyzed
in terms of feeding time
(FT), temperature (T),
and yeast concentration
(YC)

Assays FT (h) T (°C) YC (%)

1 7 37 30

2 5 37 30

3 7 37 20

4 5 37 20

5 7 34 30

6 5 34 30

7 7 34 20

8 5 34 20

9 6 35.5 25

10 6 35.5 25

11 6 35.5 25
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Fig. 1 a–k Concentration of the products as a function of time for each assay conducted
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performed); the variable values at the center point were the most
frequently used in the industrial process of the plant analyzed
when the assays started (feeding time of 6 h, temperature of
35.5 °C, and yeast concentration of 25%). In the other assays (1
to 8), the feeding time varied in ± 1 h, the temperature in ± 1.5 °C,
and yeast concentration in ± 5% in relation to the central point.

Sample collection and analysis

In each assay, samples of the must and wine were collected
throughout the entire fermentation process, from the first feed-
ing up to the end of fermentation (before the wine was sent to
the centrifugation step), with an interval of 1 h between col-
lections. All fermentations were carried out for 9 h (sufficient
time for the fermentations to be processed).The flow rates
during collection, the initial volumes of treated yeast, and
the final volume of the fermenters were determined.

The wine samples collected were transferred into 50-mL
Falcon tubes and were cryopreserved in liquid nitrogen in
order to stop the biological activity of yeasts and bacteria.
Subsequently, analyses to determine ethanol concentration
were conducted by densitometry [24], and glycerol concentra-
tion was determined using the enzymatic method and ana-
lyzed using a spectrophotometer [25].

Correlation coefficient of ethanol and glycerol mass
(YG/P) and effects of the variables on this coefficient

Based on the values of ethanol and glycerol concentration and
the volumes obtained at each point studied, the masses of the
products formed over time were determined, the YG/P coeffi-
cients of each assay were calculated using linear correlation of
these variables, and the effect of the operating variables on
YG/P was determined by statistical analysis.

Results

Fermentation profile

Figure 1 shows the concentration of the products as a function
of time for each assay conducted.

Relationship between glycerol and ethanol
production

Based on the masses of ethanol and glycerol, which are calcu-
lated with the concentration of the product and volume of the
bioreactor at each central point, it was possible to determine the
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Fig. 1 (continued)
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correlation coefficient of ethanol and glycerol mass (YG/P). This
coefficient is obtained from the linear regression between the
mass values of ethanol and glycerol for each assay.

Table 2 shows the linear regression equation obtained for
each assay, the coefficient of determination (R2) from the lin-
ear regressions, and the YG/P coefficient.

Effect of the variables studied on the correlation
between glycerol and ethanol production (YG/P)

Table 3 shows the statistical analysis of the effect of the var-
iables studied on the YG/P coefficient for a first-order model.

Discussion

Fermentation profile

The concentrations of the products in all assays increase over
time, and the values tend to stabilize at the end of each fer-
mentation assay (Fig. 1).

Relationship between glycerol and ethanol
production

According to the coefficient of determination values (R2) shown
in Table 2, it can be seen that the linear regression estimated the
correlation between the masses of ethanol and glycerol as highly
significant for all assays. This indicates that the production of
glycerol is necessary for NAD regeneration during alcoholic
fermentation since the regeneration provided by ethanol produc-
tion alone is insufficient to meet the yeast needs [15, 17].

It was also observed that although the YG/P values obtained
are constant in each assay, they are different between the assays,
showing that different operating conditions can affect the for-
mation of glycerol during alcoholic fermentation [16, 21–23].

The YG/P values obtained in the assays varied between
0.033 and 0.057 g glycerol/g ethanol, which is in accordance
with data reported in the literature [15].

Effect of the variables studied on the correlation
between glycerol and ethanol production (YG/P)

It is possible to state with a confidence level of 95% (α = 0.05)
that feeding time was the only variable that significantly af-
fected YG/P. This effect was inversely proportional, i.e., YG/P
decreased with increasing feeding time. Yeast concentration,
although not significant at 95%, also had an inversely propor-
tional effect on YG/P, which is evidenced by the high t value in
Table 3. The variable temperature did not significantly affect-
ed YG/P. Both reduced feeding time (which increases the must
feeding rate) and the lower concentration of cells may
indicate higher substrate concentration, especially at the
beginning of fermentation. Higher substrate concentra-
tion increases the osmotic pressure of the medium increasing
the production of glycerol by the yeast during the fermentation
process [16, 20].

Sucrose values ranged from assays 1 to 11 in the range of
183.18 (g L−1) to 197.57 (g L−1). The results indicated that the
production of glycerol is linearly related to the production of
ethanol and these two routes are linked to the regeneration of
NAD by the yeast and that this correlation undergoes interfer-
ence of process conditions. Feeding time had a significant
effect and was inversely proportional to the production ratio
between glycerol and ethanol. It is impossible to produce eth-
anol by alcoholic fermentation without producing concomi-
tantly glycerol, and the relationship between the formations of
these two products follows a linear regression. It is concluded
that the control of operational parameters to reduce the forma-
tion of by-products and increase the production of ethanol is

Table 2 Linear regression equation, variation coefficient, and YG/P
coefficient for each test

Regression equation R2 YG/P (g/g)

Assay 1 y = 0.0332x 0.987 0.033

Assay 2 y = 0.0490x 0.979 0.049

Assay 3 y = 0.0457x 0.974 0.046

Assay 4 y = 0.0567x 0.995 0.057

Assay 5 y = 0.0425x 0.981 0.043

Assay 6 y = 0.0516x 0.991 0.052

Assay 7 y = 0.0513x 0.993 0.051

Assay 8 y = 0.0545x 0.964 0.055

Assay 9 y = 0.0543x 0.995 0.054

Assay 10 y = 0.0508x 0.998 0.051

Assay 11 y = 0.0476x 0.993 0.048

Table 3 Analysis of all interactions in a full 2c factorial design with the
central point

Effect Error t(2) p

SGa AVG 0.049 ± 0.000905 54.17 0.0003

SGa 1b − 0.01 ± 0.002121 4.714 0.0422

2c − 0.004 ± 0.002121 1.886 0.2

3d − 0.008 ± 0.002121 3.771 0.0637

12 − 0.0035 ± 0.002121 1.65 0.2407

13 − 0.0025 ± 0.002121 1.179 0.3598

23 − 0.0025 ± 0.002121 1.179 0.3598

123 0 ± 0.002121 0 1

Level of significance: α = 0.05
a Significant difference
bVariable: feeding time
cVariable: temperature
d Variable: yeast concentration
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very important, especially carried out in real scale in an indus-
trial fermentation plant.
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