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Abstract: Recently, in Brazil, corn ethanol industries are being installed and the integration with
sugar/energy-cane has been proposed, using bagasse for cogeneration and the juice to dilute the
corn. However, this integration may have some limitations, such as the quality of the cane juice
and potential contamination by microorganisms brought with the cane from the field. In this
article, we first tested the effects of mixing energy cane juice with corn on fermentative parameters.
We also assessed the effects of Lactobacilli. contamination on organic acids produced during the
fermentation and fermentation parameters and proposed the use of ionizing radiation to replace
antibiotics as a disinfection control method. Our results showed that mixing energy cane juice with
corn does not have any negative effect on fermentation parameters, including ethanol production.
The contamination with Lactobacilli. considerably increased the production of acetic, lactic, and
succinic acid, reducing the pH and ethanol content from 89.2 g L−1 in the sterilized treatment to
72.9 g L−1 in the contaminated treatment. Therefore, for the integration between corn and cane to
be applied on an industrial scale, it is essential to have effective disinfection before fermentation.
Ionizing radiation (20 kGy) virtually disinfected the wort, showing itself to be a promising technology;
however, an economic viability study for adopting it in the industry should be carried out.

Keywords: biofuels; sustainability; biorefinery; biomass; antibiotics replacement

1. Introduction

In Brazil, renewable energy represents more than two-thirds of the national energy
matrix and sugarcane and its derived products account for almost 20% of that [1]. In this
context, biofuel production in Brazil is expected to increase in the coming years due to
RenovaBio, a federal government program creating a carbon credit market [2,3].

The United States is the world’s largest ethanol producer and mainly uses corn as
raw material [4], whereas Brazil is the second largest ethanol producer, mainly from
sugarcane [5]. The sugarcane ethanol production process is energetically self-sufficient,
with an energetic balance from 8.3 to 10.6, due to the use of bagasse as biomass in the
cogeneration process [6,7]. In the case of corn ethanol, however, no vegetable biomass is
available for that purpose and fossil fuels are commonly used to supply the plant energy
demand, leading to a low energetic balance of 1.3 to 1.6 [8].
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Brazil is the world’s third-largest corn producer, with about more than half of the
production concentrated in the Center-West, making use of the same area utilized to
produce soybean in a cultivation system that allows having crops every year on the same
land [9], facing logistical challenges in being transported to ports and being exported. As a
consequence of that, corn prices are low in these regions, recently attracting corn ethanol
plants [10]. In the Center-South/West of Brazil, December to March is the rainy season,
which does not allow a sugarcane harvest and the ethanol industry stops. Thus, sugarcane
ethanol industries in these regions are also expanding their ethanol production through
the installation of industrial components that allow the production of corn throughout the
year, or only during the off-season (December to March) [11]. In this context, this study is
part of a broader project that aims to assess the possibilities and limitations of integrating
the recently adopted production of corn ethanol into the already traditional production of
sugarcane ethanol in Brazil. In a previous article, we assessed the possibility of using energy
cane to replace the water in the corn dilution. We found that the energy cane juice provided
nutrients to the wort (i.e., phosphate and nitrate), which were significantly correlated with
the increased yeast fermentation efficiency [12].

Despite the promising results, some limitations and concerns regarding the use of
energy cane were highlighted [12]: (i) it is still a new technology and has been struggling to
be established on a commercial scale [13]; (ii) broth composition could vary significantly
depending on the variety and harvest period [14], which would affect the dilution process
and the fermentation efficiency; (iii) cane would possibly bring impurities and contaminants
from the field, reducing the fermentation efficiency [15].

In the ethanol industry, Lactobacillus spp. are considered the main contaminant af-
fecting the fermentation process. These microorganisms metabolize carbohydrates for
growth and energy production, leading to the formation of organic acids, mainly, lactic
acid and acetic acid. Thus, they cause direct and indirect losses in yeast’s fermentative
yield [16]. For decades, the most used method of control of these microorganisms has
been the application of antibiotics, such as penicillin G, streptomycin, tetracycline [17,18],
virginiamycin [19,20], or mixtures with a broad spectrum of action. However, due to the
risk of emerging antibiotic-resistant bacteria, the use of antibiotics should be reduced [21].
In this context, ionizing radiation is a microbial control method of great potential as it
reduces or eliminates the contamination in biotechnological processes [22,23] and does
not affect the quality of the substrate [24]. This technology is already used in industrial-
scale processes for cereal grains, wastewater, and sugary solutions [25–27]. Recently [28],
different irradiation doses were tested on sugarcane wort and it was found that even at
the lowest doses, 99.9% of the contaminants were removed. However, no studies were
performed to assess the efficiency of ionizing radiation on disinfecting wort mixed with
cane juice and corn.

Based on this background, in the context of the integration of corn and energy/sugarcane
for ethanol production, we hypothesized that:

1. The composition of the energy cane juice would be a major factor affecting fermenta-
tive parameters (Study 1);

2. The contamination with Lactobacillus spp. would increase the synthesis of secondary
compounds, affecting the quality of the wort and reducing the fermentation efficiency
(Study 2, part I);

3. Ionizing radiation would be an effective technology to reduce/control the contam-
inants brought with the cane in the industrial process of corn ethanol production
(Study 2, part II).

2. Materials and Methods

All the experiments were conducted in the Sugar and Alcohol laboratory of the
Department of Agri-Food Industry, Food, and Nutrition of the College of Agriculture “Luiz
de Queiroz”, at the University of São Paulo (ESALQ/USP) campus, in Piracicaba and in the
Department of Chemical Engineering at Escola Politécnica of the University of São Paulo.
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The corn used in both studies was purchased from a local store, was composed of 71% of
starch, and was ground by hammer milling (Marconi Laboratory Equipment, Piracicaba,
Sao Paulo, Brazil) to obtain a fine powder (<2 mm). The energy cane used in study 1 was
harvested from an experimental station located in Rio Claro (Sao Paulo), approximately
40 km from Piracicaba. More information about the corn and energy cane treatments,
preparation, and processing can be found in [12]. For Study 2, the sugars from the cane
source were derived from a concentrated juice that was diluted to 90 g of fermentable
sugars per liter.

2.1. Study 1
2.1.1. Experimental Design

In Study 1, we assessed the effects of mixing energy cane juice with corn on fermenta-
tive parameters. Figure 1a (adapted from [12]) represents the processes performed for each
treatment. For the treatment in which corn was the only carbohydrate source, the process
was exactly the same as [12]. For the treatment with the mixture of corn and energy cane
juice, the difference was that in this study, lower amounts of energy cane juice were applied
and water was used to complete the due volume in the reactors. The composition of the
energy cane juice used in study 1 can be seen in Table 1. Seven replicates were used for
each treatment.
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Table 1. Composition of the energy cane juice used in Study 1.

Sucrose Fructose Glucose Mannitol Glycerol

g L−1

Energy cane 98.2 26.6 28.4 7.89 2.32
Determined by ion chromatography (930 Compact IC Flex, Metrohm) (Eith, 2006).

2.1.2. Analyses

After fermentation, the wine/beer was centrifuged, the supernatants were collected
and the following parameters were determined: yeast cell viability, ethanol, acetic acid,
lactic acid, glycerol, and residual sugars (sucrose, glucose, fructose) contents.

The determination of east cell viability was by the differential staining of living cells
method. For that, the samples were diluted 20 times and 0.1% methylene blue solution was
applied. Dead and live cells were counted by light microscopy [29,30]. More information
about the method can be found in [12].

The ethanol content was determined by distilling the supernatant (micro-distiller MA
012/1, Marconi) and analyzing it in a digital densimeter (EDM 4000, Schmidt Haensch).
Acetic acid, lactic acid, glycerol, and residual sugar contents were measured by ion chro-
matography (930 Compact IC Flex, Methrom). More detailed information about these
measurements can be found in [12].

2.2. Study 2
2.2.1. Wort Preparation

After milling, the corn fine powder (<2 mm) was suspended with diluted cane syrup
(90 g fermentable sugars per liter) at a rate of 444 g of corn per liter of diluted syrup. This
suspension had the pH adjusted to 5.8 and then was subjected to heating in a hydrolysis
reactor until it reached a temperature of 85 ◦C. In this condition, α-amylase enzyme (batch
NWP00339, Novozymes) was added at a rate of 0.1% or 0.05% (v/v) (Figure 1), keeping
the suspension under constant agitation at 80 rpm, at a temperature of 85 ◦C, for 150 min,
until the complete dextrinization of the starch in the suspension. This suspension had
the pH adjusted to 5.0 and cooled to 65 ◦C by a “cold water” heat exchanger. After that,
amyloglucosidase (batch NAN10028, Novozymes) was added at a rate of 0.1% (v/v) or
0.05% (v/v) (Figure 1). The solution was kept under constant stirring at 80 rpm at 65 ◦C
for 150 min. All hydrolyzed material was centrifuged to remove the solid fraction. The
remaining liquid fraction was used to prepare the wort.

2.2.2. Contamination

The wort was contaminated with different strains of bacteria before the ionizing
radiation treatment (Figure 1c). The contaminants used were bacteria from the genus
Lactobacillus, belonging to the library of microorganisms at BELa-Bioprocess Engineering
Lab/USP: Lactiplantibacillus plantarum (code: ESALQ 4), Limosilactobacillus fermentum (code:
ESALQ 3), Lacticaseibacillus paracasei (code: LAB. 4), and Limosilactobacillus reuteri (code:
ATC23272). These microorganisms were chosen due to the fact that they are representatives
of the groups’ contaminants in the industrial fermentation process [31].

2.2.3. Treatment with Ionizing Radiation

The treatment with ionizing radiation of part of the wort was performed at the Tech-
nological Radiation Center (CTR), of the Institute of Energy and Nuclear Research (IPEN—
CNEN SP). The equipment used was an industrial electron accelerator (Dynamitron—Job
188, model DC 1500/25/4) manufactured by RDIRadiation Dynamics Incorporation®

(Figure 1b). The wort was irradiated in four batches in Pyrex® containers and conditioned
so that the thickness of the treated wort layer was 4 mm, which was controlled by the
volume of samples that were exposed to radiation. The following parameters were used:
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energy of 1.037 MeV with a beam current of 4.12 mA, and 5 kGy per batch, with a total of
20 kGY (Figure 1c). The total radiation was selected based on [28].

Samples from the untreated and ionizing radiation-treated wort were collected and
inoculated in Petri dishes containing MRS media (Man Rogosa & Sharpe). The MRS is
a media developed to favor the growth, isolation, and counting of lactobacilli. More
information about its formulation and use can be found in [32,33].

2.2.4. Fermentation: Experimental Design

In Study 2, for the fermentation experiment, two treatments were used: ion radiation-
treated (IRT) and contaminated untreated (CU). The yeast used in this study is a strain
commonly used by the ethanol industry (Thermosacc, Lallemand Biofuels & Distilled
Spirits). Both worts (IRT and CU) were diluted to 150 g of fermentable sugars per liter and
rehydrated yeast was applied at a rate of 1.5% (w/v). The fermentation was conducted in
24-liters bioreactors (model Labfors 5, Infors AG, Switzerland). In the beginning, bioreactors
were filled in a batch of 850 mL of wort. After four hours, the bioreactors were constantly
fed with wort at a rate of 12.5 g of fermentable sugars per hour for 24 h. The fermentation
was conducted for another 17 h, in a total of 45 h of fermentation.

2.2.5. Fermentation: Analyses

Samples were collected from the reactors at 20 min (0.3 h), 8 h, 17 h, 25 h, 39 h, and
45 h after the beginning of the fermentation. The samples were centrifuged to remove the
yeast and the following parameters of the supernatant were analyzed by HPLC: succinate,
lactate, acetate, ethanol, and fermentable sugars (glucose, fructose, and sucrose) contents.
For that, 100 µL of sample was diluted with 900 µL of ultra-pure water and injected in
an ion exchange column HPX-87H (Bio-Rad) at 60 ◦C, with 5 mM H2SO4 as the mobile
phase and a flow rate of 0.6 mL min−1. The pH was measured by a benchtop pHmeter.
Fermentation yield was calculated based on the theoretical stoichiometric yield (64.75 mL
of ethanol per 100 g of fermentable sugars); for more detailed information, see [12].

2.3. Statistical Analyses

The collected data were digitalized and initially processed in Excel®. A summary
spreadsheet was input into IBM SPSS Statistics 28.0 to perform statistical analyses. For
Study 1, one-way ANOVA was performed for all the parameters and Student’s t-test (<0.05)
was used to compare the means of both treatments. Graphs were made on Sigma Plot 14.0.

3. Results and Discussion
3.1. Study 1

In Study 1, we assessed the effects of mixing energy cane juice and corn on fermentative
parameters. There was no significant difference between treatments on final ethanol content,
yeast cell viability, glycerol, acetic acid, sucrose, and glucose contents. The fructose content
was significantly higher in the corn treatment when compared to the mixture of corn and
energy cane (Table 2).

As can be seen in Figure S1 (Supplementary materials), the CO2 release from the
reactors with the mixture (corn + EC) was higher than in the reactors with only corn in the
first 7 h and it was equalized at 20 h.

Sica et al. (2021) fully replaced the water with energy cane juice and found that
it significantly increased the alcohol content and the fermentation yield and efficiency.
They performed a principal component analysis (PCA) and their results indicated that
the fermentation efficiency was highly correlated with nitrate (0.80) and phosphate (0.99)
contents in the wort. In the industry, whereas the sugarcane wort does not need to be
supplemented with nutrients [34], corn is usually supplemented with nutrients (i.e., urea)
to promote yeast growth and stimulate fermentation [16]. Dias et al. (2022) used a mixture
of corn and cane. They assessed the effects of supplementation of different nutrients to
the mixed wort and found an increase in ethanol content when nitrogen was supplied and
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a reduction in residual sugars. They confirmed that the supplementation with nitrogen
increased yeast biomass production [35]. We found that the mixed wort had lower residual
sugars when compared to the treatment with only corn.

Table 2. Ethanol (vv−1), glycerol (wv−1), and acetic acid (wv−1) contents, yeast cells viability, and
residual sugars after 24 h of fermentation obtained in Study 1 using corn and mixture of corn and
energy cane as a source of carbohydrates for fermentation.

Study 1

Corn Mixture

Ethanolcontent
%

10.6 ± 0.7 10.3 ± 0.2
Cell viability 90.2 ± 1.9 93.5 ± 1.1

Glycerol
g L−1 1.49 ± 0.2 1.54 ± 0.07

Acetic acid 0.47 ± 0.02 0.48 ± 0.01

Residual sugars

Sucrose
mg L−1

n.d. n.d.
Glucose n.d. n.d.

Fructose * 634 ± 62 a 382 ± 58 b
* Different letters in the same line indicate a significant difference between treatments (<0.05) using Student’s
t-test. Values after ± indicate standard deviation.

The composition of energy cane biomass and juice quality is highly influenced by the
harvest date [14], environment, weather conditions, cultivar, year, and other factors [36].
In this study, the energy cane juice had higher fermentable sugars (~150 g L−1) when
compared to [12] (105 g L−1) and, for this reason, we only added around half of the
volume of energy cane juice and complemented it with water. This could have diluted
the nutrient contents and eliminated the positive effects of adding energy cane juice to
the corn, indicating that the composition of the energy cane and the mixing rate will
play an important role in the fermentation efficiency. Therefore, for this technology to
be applied, from an industry perspective, it would be needed to monitor the quality of
the juice from energy cane harvested and make a real-time decision on the dilution rates.
Another possibility would be to integrate corn into a sugarcane industry during the rainy
season to supplement it with syrup or molasses.

3.2. Study 2
3.2.1. Effects of Bacterial Contamination on Fermentative Parameters

In this study, the ethanol production was the same in both treatments until 7 h. After
10 h, the IRT treatment showed a considerable increase in ethanol content when compared
to the control treatment contaminated with Lactobacilli (Figure 2). These differences could
be related to the production of organic acids by the contaminating bacteria and/or by the
yeast due to physiological responses to the sugar and nutrient consumption by bacteria
and the production of organic acids. The industry considers an exceptional fermentative
yield, when it is equivalent to 90 to 92% of the stoichiometric yield, with a small deviation
of sugars for cell multiplication and formation of by-products. According to [37], bacterial
contamination at 108 and 109 can reduce fermentation yield from 14% to 90%.

In the scientific literature, not many studies on the effects of organic acids on ethanol
production from corn hydrolysate are found. The few studies that used corn hydrolyzate
showed a protective effect of the more complex medium due to the increased buffering
capacity, mitigating the antagonistic effects of Lactobacillus spp. contamination but yet
significantly reducing the yeast’s ethanol production [38–40]. In this study, we found that
the contamination with lactobacilli reduced by 18% the ethanol production (Figure 2).
Similarly, [16] found that inoculating Lactobacillus spp. 24 h before the fermentation with
S. cerevisiae reduced by 22% the ethanol production, and it was concluded that bacterial
growth, production of acetic acid or lactic acid, or increasing glycerol synthesis could not
fully explain this reduction.
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CU—contaminated untreated) at different fermentation times in Study 2.

3.2.2. Effects of Bacterial Contamination on Organic Acid Synthesis and pH

In this study, contamination with lactobacilli considerably increased the production
of acetate and lactate already after 8 h of fermentation. The IRT treatment did not show a
considerable change on lactate content over the fermentation period, whereas the acetate
content increased, reaching around 1 g L−1 at around 40 h of fermentation (Figure 3).

These results indicates that the lactate and acetate were mainly synthesized by the
contaminants, but the acetate could have also been partially synthesized by the yeast in the
contaminated wort. The acetic acid is well known to be a physiological product of yeast
fermentation [41] and is related to S. cerevisiae cell aging [42] and death [43].

It has been known that yeasts can be active in acidic environments, coexisting with
contaminating bacteria, which are the main producers of lactic and acetic acid in this
context [44]. On the other hand, the production of secondary compounds creates an
antagonistic relationship between bacteria and yeast [45]. The production of organic
acids—such as lactate and acetate—by contaminating bacteria and the competition for
nutrients are the main factors reducing ethanol production by yeast; however, several
researchers have reported that these factors cannot fully explain the ethanol production
inhibition [38,39,46].
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According to [47], at a range from 10 to 40 g L−1 of acetic acid, the ethanol production
by yeast can be inhibited, reducing up to 80% the ethanol production [47]. In this study,
the acetic acid content of the contaminated treatment reached a maximum of 3.5 g L−1

(Figure 3), which was already enough to reduce the ethanol production (Figure 2). Ref. [38]
demonstrated the effects of acetic acid at pH 4, reaching a maximum ethanol content of
4% at a concentration of 2.36% of acid. Another study showed that contamination with
Lactobacillus spp. reduced yeast growth by 50% [48]. Based on these arguments, it can be
assumed that acetic acid, lactic acid, can interact and affect the metabolism and growth of
yeasts, directly reflecting on the decrease in ethanol yield [49].

In the first 17 h, both treatments synthesized increased contents of succinate, with
the contaminated always having higher contents. At 24 h, the succinate content was the
same for both treatments and after that, the contaminated content remained and did not
show considerable changes, whereas the IRT succinate content was reduced (Figure 3).
This is corroborated by Heerde & Radler (1978), who found that succinic acid is the main
organic acid produced by yeast and can reach up to 1.7 g L−1 [50]. These results indicates
that the synthesis of succinate was mainly from the yeast and it is influenced by the
contaminants. According to [51], there is no evidence of any physiological function for the
large amount of succinic acid excreted by the yeast. Nevertheless, an ecological function
can be attributed, as its production makes the yeast more competitive in an industrial
fermentation environment [51].

The CU treatment pH was considerably lower than IRT through the fermentation pro-
cess (Figure 3). This sharper reduction in pH values during fermentation can be attributed
to bacteria contaminating the process, due to the formation of organic acids [40,52,53]. In
the first 7 h of fermentation, the pH of IRT and CU were reduced to 4.2 and 3.8, respectively.
This was also the same period of time at which the succinic acid showed the highest increase
in both treatments (Figure 3). The succinic acid is one of the most important factors related
to the increase of the titratable acidity during fermentation [54], as 1.23 g of succinic acid
L−1 may increase it by 50% [55].

It is known that acetic acid in its undissociated form diffuses through the plasma
membrane into the yeast cell. In the cytosol, the pH values higher than in the external
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environment lead to the dissociation of acid species from their molecular form to the ionic
form, releasing protons that cause a decrease in the cytosolic pH, consequently, and may
cause damage to the cell, caused by acidification of the cytoplasm. These alterations in cell
physiology also directly reflect on the fermentation yield for ethanol production [56–59].
To mitigate the acidification of the cytosolic pH, caused by the dissociation of acid inside
the cell, two proteins are essential: plasma membrane ATPases (PM-ATPase) and vacuolar
ATPases (V-ATPase), both responsible for removing H+ from the cytoplasm. However, it
may cause ATP consumption by the cell [56,60]. Consequently, fewer ATP molecules will
be available for the formation of biomass, resulting in cells with less vitality to carry out
fermentation, thus increasing fermentation time, decreasing yeast viability, and reducing
ethanol productivity.

Relatively high concentrations of H+ inside the cell promote high demands for ATP,
which may not let the cell avoid acidification of the cytosolic pH, generating subsequent cell
damage. This includes disturbance of the electrochemical gradient, decrease in DNA and
RNA synthesis, and, as previously discussed, programmed cell death [41,43]. In addition to
the harmful effects of changing intracellular pH, excess acetate can also negatively interfere
with cell metabolism, inhibiting the activity of the enolase enzyme in the glycolytic pathway,
increasing turgor pressure, and generating oxidative stress [61,62]. As the pH increases,
the dissociation of weak acids occurs, which leads to a decrease in the concentration of
the undissociated form of the acid and increases the concentration of the conjugate base.
Theoretically, the toxicity caused by acetic acid is greater at a lower pH, when the number
of undissociated molecules is greater than at a high pH [63].

3.2.3. Disinfection with Ionizing Radiation

In Figure 4, we compared the wort contamination before (a) and after (b) the treatment
with ionizing radiation. We used an electron accelerator at a total ionizing dose of radiation
of 20 kGy, which was shown to be efficient in reducing (or virtually eliminating) the wort
microbial contamination.
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Figure 4. MRS media in petri dishes inoculated with wort before (a) and after (b) ionizing radiation
treatment (20 kGy) in Study 2 (10 times dilution).

Contamination brought by the cane from the field and its negative effects on the
fermentative parameters is one of the biggest challenges to adopting the integration of corn
and energy or sugarcane during the fermentation on an industrial scale. Currently, in the
sugarcane industry, antibiotics are used to control bacterial contamination [64]; however, it
might represent a high risk in the short and long term. In the short term, antibiotics are
found in yeast, which is used as animal feed and can cause health issues in animals [65].
The use of antibiotics in corn ethanol production could also be problematic and cause a risk
to animals, as the DDGS for the animal feed is one of the main revenues for corn ethanol
industry and the presence of antibiotics would affect the quality of the product. In the
long term, the excessive use of antibiotics will lead to antimicrobial resistance in bacterial
pathogens and be a threat to human health [21].
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In a recent study, ref. [28] assessed ionizing radiation as an alternative to antibiotics in
sugarcane ethanol production. They tested different ionizing doses and found that even at
lower doses (10 kGy) it caused a reduction of 99.9% of the total bacteria in the substrate.
In addition to that, all the wort treated with ionizing radiation had significantly higher
yields and productivities when compared to the contaminated control and a relatively low
variable cost, USD 0.128 per cubic meter of wort for a radiation dose of 20 kGy [28]. This is
a relatively low cost considering the considerable impacts of contaminant microorganisms
on the fermentation yield. One should also consider the investment and maintenance cost
of adopting ionizing radiation in the ethanol industry and also the long-term cost and
negative impacts of potential antibiotic resistance (up to one trillion US dollars worldwide
per year in 2050, according to the World Bank [66]).

4. Conclusions

In study 1, our results showed that the integration of corn and energy cane did not
have negative effects on the fermentative parameters, including final ethanol content.
However, energy cane juice quality changes depending on the variety and harvest date.
Therefore, it is essential to analyze and properly calculate the mixing rates.

In study 2, contamination with Lactabacillus spp. can cause considerable losses during
the fermentation, and ionizing radiation was shown to be a promising technology to reduce
contamination, replacing antibiotics. However, a study to test lower irradiation doses
should be performed and the economic viability should be assessed in order to be applied
on the industrial scale.
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