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Résumé 

L'utilisation de combustibles fossiles est le principal responsable des émissions de gaz à effet 

de serre (GES), l'un des principaux acteurs associés aux changements climatiques. L'éthanol est 

une excellente alternative aux combustibles fossiles et il est déjà bien implanté dans plusieurs 

pays à travers le monde. Plus que jamais, les biocarburants représentent une alternative 

importante pour permettre au Canada de diversifier sa matrice énergétique. Toutefois, de 

nombreux défis sont à relever pour rendre la production de biocarburants compétitive face aux 

carburants à base de pétrole. L'éthanol peut être produit à partir de plusieurs cultures, mais la 

concurrence entre les aliments et les carburants contribue à affaiblir l'attrait de son utilisation 

dans le domaine énergétique. Dans le domaine des commodités (comme celui de l’éthanol), il 

est constamment nécessaire de diminuer le coût global de la production en diminuant également 

l’intensité carbone du carburant produit. Un des aspects pouvant limiter l’utilisation de sources 

alternatives de sucre est lié aux mauvaises conditions de stockage, qui peuvent entraîner une 

perte de sucres fermentescibles par croissance microbienne, un gaspillage de matière première 

et, par conséquent, une augmentation du coût de production. De plus, le stockage inefficace ne 

permet pas la production annuelle d’éthanol à partir de ces biomasses, ayant également un 

impact sur les coûts. À la lumière de cela, ce projet a permis de développer une méthodologie 

de conservation des matières premières à concentrations moyennes en sucre pour la production 

de bioéthanol. La première partie du projet visait à faire l’évaluation de 5 techniques de 

conservation de solutions à 150 et 300 g/L de sucres fermentescibles. Après 30 jours de 

stockage, l’acidification, l’ozonation et l’ajout d’une couche d’huile ont été identifiés comme 

des techniques prometteuses à utiliser avec des solutions à 300 g/L de sucre. La deuxième partie 

de ce projet consistait à analyser la combinaison de ces dernières techniques dans le stockage 

de solutions sucrées à 250 g/L de sucres fermentescibles. Les résultats de la seconde partie ont 

été remarquables et il a été possible de conserver 100 % des sucres pendant 300 jours à 

température ambiante en utilisant un protocole d’acidification. Cependant, l’acidification a 

entravé la fermentation car les groupes ont atteint un rendement final de 70 % en éthanol. Par 

conséquent, la combinaison de l’ozonation et de la couche d’huile a été considérée comme la 

meilleure méthodologie, avec un taux de conservation des sucres de l’ordre de 80 %, mais ayant 

présenté les taux de production d’éthanol les plus élevés (respectivement 107 g/L et 99 %). La 

dernière partie du projet visait à comparer différentes techniques de stérilisation et le 



 

comportement de la mélasse et du jus de betterave à sucre. Chaque matière première a présenté 

un comportement différent selon la technique appliquée, et il est donc possible d’en conclure 

que plus la matière première est riche en nutriments, plus la méthodologie de conservation doit 

être sévère. 

Mots-clés: Conservation de sucres, contamination microbienne, fermentation alcoolique, 

stockage à long terme.



 

 

Abstract 

The use of fossil fuels is now known to be a significant contributor to the Greenhouse gases 

(GHG) emission, one of the main actors attributed to climate changes. Amongst the possible 

alternative to fossil fuel, ethanol is a great one and it is already well stablished in several 

countries all around the world. More than ever, biofuels will be important to Canada to diversify 

its energy matrix. However, a larger deployment of the nation’s biofuel pool still faces many 

challenges to be competitive in the fuel market. Ethanol can be produced by many different 

crops, but the land competition between food and fuels contributes to weakening the appeal of 

its use for energy. In addition, it is still necessary to decrease the overall cost of the ethanol 

production. Bad storage conditions induce sugar loss from microbial activity, wasting feedstock 

while consequently, increasing the production cost. In addition, inefficient storage does not 

allow the year-long production of ethanol from these crops, which also contributes to the costs. 

Considering that, this project developed a preservation methodology for feedstock with medium 

sugar concentration intended for bioethanol production. The first part of the project aimed to do 

a screening on 5 preservation techniques in solutions with 150 and 300 g/L of fermentable 

sugars. After 30 days of storage, acidification, ozonation and oil layer were pointed out as 

promising techniques to be used in solutions with 300 g/L of sugars. The second part of this 

project consisted in the analysis of the combination of the latter techniques in the storage of 

sugar solutions with 250 g/L of fermentable sugars. The results from the second part were 

outstanding and it was possible to preserved 100% of sugars during 300 days at room 

temperature by using acidification. However, acidification hindered fermentation (groups 

reached 70% of ethanol yield). Therefore, the combination of ozonation and oil layer was 

considered the best methodology, as it preserved 80% of sugars, yet it presented the highest 

ethanol titer (107 g/L) and yield (99%). The last part of the project aimed to compare different 

sterilization techniques and the behavior of sugar beet molasses and juice. Each feedstock 

presented a different behavior according to the applied technique. Therefore, it could be 

concluded that the richer the feedstock is in nutrients, the harsher the preservation methodology 

must be. 

Keywords: Sugar preservation, Microbial contamination, Alcoholic fermentation, Long-

term storage. 
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1 

1. INTRODUCTION 

1.1. Context 

The world is facing dramatic climate changes, which can be attributed to global warming (Root 

et al., 2003). The most relatable theory about this phenomenon is that the temperature rise 

directly affects Greenhouse Gas (GHGs) accumulation due to increased emissions (Liu et al., 

2022). Among the various GHGs, carbon compounds, such as carbon dioxide (CO2), carbon 

monoxide (CO) and methane (CH4), represent the most significant contributors (Boldrin et al., 

2009). In the global energetic matrix, fossil fuels such as natural gas, oil, and coal remain the 

most used energy sources (Looney, 2020). As they are extracted from organic matter that is no 

longer part of the carbon cycle, their use generates a positive net carbon balance, which means 

that the atmosphere ends up with more carbon after their use. Moreover, they are non-renewable 

and geographic-specific, thus territories that are not rich on fossil fuels may face energy security 

issues (Ren et al., 2016). As an example, there was the energy crisis faced by Europe due to 

biogas shortage from Russia in consequence of the Ukrainian war in 2022 (Amaro and Meredith, 

2022).  

Nonetheless, fossil fuels are at the core of a well-established industry that is highly profitable 

and beneficiates from powerful lobbies (Quentin Grafton et al., 2012). Also, decreasing 

emissions by stopping development might be elitist since it blocks undeveloped countries from 

developing their economies since majorly, carbon emissions are related to transportation, 

construction, and industrialization (Bruckner et al., 2022). Therefore, the sustainable way to 

decrease carbon emissions while sustaining the global economy is by changing the energetic 

matrix rather than decreasing productivity. 

The transportation sector is one of the most difficult to decarbonize due to its strong reliance on 

fossil fuels because the whole infrastructure already exists for the traditional fuels (liquid, solid, 

and gas) (Zhao et al., 2022). Considering that, biofuels have great potential to be substituted for 

fossil fuels in the short to medium term. Almost all oil-based fuels have an analogous biofuel 

that might be used as a substitute like biodiesel, bioethanol and biogas (Bhatia et al., 2017). 

When it comes to bioethanol, this fuel is already well-established in many countries, such as 

Brazil and the United States, with decades of research and government policies to support its 
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industrial development (Crago et al., 2010). Bioethanol can be classified according to its 

feedstock source, such as sugar/starch crops, forestry products, energy crops, and algae (Fei et 

al., 2017) all of which have their strengths and weaknesses. Sugar-rich crops provide higher 

yields (Manochio et al., 2017), while ethanol obtained from cellulosic materials does not 

compete with food and has more favorable net carbon values (Tomei and Helliwell, 2015). 

However, although it is a well-established production, bioethanol needs to guarantee economic 

feasibility and lower carbon emissions than gasoline to be considered the best alternative to 

substitute to it. Nakamya calculated that the CO2eq breakeven of bioethanol produced from corn, 

cassava and sugarcane is 15, 14 and 6 years, respectively (Nakamya, 2022). 

In addition, the involved processes can be optimized to maximize profitability (Lozano-Moreno 

and Maréchal, 2019). When taking into consideration the whole process (from biomass to 

bioenergy), the downstream segment can be considered as the storage and distribution of 

bioenergy (An et al., 2011), which will not be investigated in this project. On the other hand, 

the upstream part involves biomass production, harvesting, collection, pretreatment, storage and 

conversion into bioenergy (De Meyer et al., 2014). The efficiency of this collection of unit 

operation is of uttermost importance to avoid wasting time, feedstock, human resources and 

capital (Allen et al., 1998). From this perspective, an efficient storage strategy is essential in the 

overall process to avoid feedstock loss and to ensure its supply during inter-harvest periods (De 

Meyer et al., 2014; Zhu et al., 2011). 

Biomass storage can be done in its primary solid form, as it is done with corn, or by ensiling  

(Feng et al., 2019; Hillion et al., 2018). However, this strategy is ineffective for crops with high 

water content, such as sugar beet (Vargas-Ramirez et al., 2016a) and sugarcane (Coble et al., 

1984). Traditional storage techniques can induce hot spots in a pile, leading to microbial growth 

and increasing the chances of degradation (Vargas-Ramirez et al., 2013). From this perspective, 

this project investigated storage strategies for the solution of fermentable sugars, which will also 

be referred to as “fermentable juice”. The storage of juice has many advantages over traditional 

storage as saving space, energy and reducing costs of transportation (Vargas-Ramirez et al., 

2013). 

For this, many techniques can be divided into specific groups such as sterilization, physical and 

chemical methods such as ozonation (Cullen et al., 2010), pasteurization (Kaavya et al., 2018), 
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or the use of chemicals preservatives (Ramachandran et al., 2017) respectively. Despite a 

comparable output, each technique has a different mechanism of action. Therefore, choosing 

which one is going to better suit the situation depends on the type of feedstock that is going to 

be stocked and the final aim of this conservation effort (Darr and Shah, 2012; Jiang et al., 2014; 

Liu et al., 2013). De Meyer et al. (2014) highlighted the importance of taking the right decisions 

through the overall bioenergy conversion pathway because of the potentially significant impact 

on the biofuel's final viability. Hence, it is vital to develop storage strategies that are going to 

suit better the objectives of the final products, such as the pleasant sensorial characteristics of a 

juice (Cséfalvay and Bakacsi, 2019) or a high concentration of sucrose in table sugar (Borji et 

al., 2019) without forgetting that the strategy should downstream be economically feasible. 

Considering this, this project focused on studying and developing storage techniques for 

different fermentable sugars to produce ethanol. This project's originality consisted of 

developing a preservation system that inhibited microbial growth in a sugar solution with a total 

sugar concentration that was fermentable (< 300 g/L) with no loss in the fermentation capacity 

after storage. For this, it was proposed to combine preservation techniques such as to avoid the 

extensive juice evaporation used in preserving juices with high sugar concentration (> 600 g/L).  

This document is divided into six chapters. Chapter 1 contains a general introduction to the 

theme and will also discuss about the originality of the work as well as its objectives. Chapter 2 

showcases a review of the literature concerning contemporary scenarios adopted by the biofuel 

industry worldwide, detailing on bioethanol sources, and finally, a review of the techniques 

currently used for sugar conservation. The following chapters are peer reviewed publications 

that present the experimental work and the results obtained during this project. Chapter 3 

presents a screening of different storage techniques and how their effectiveness is affected by 

the osmotic pressure of the solution. Chapter 4 consists of a study carried out over 300 days to 

evaluate the combination of three preservation techniques (acidification, ozonation and oil 

layer) in a medium concentrated sugar solution (250 g/L). Chapter 5 discusses the behaviour of 

different feedstocks under the same preservation system. On it, sugar beet juice and molasses 

were compared after being sterilized with ozonation, filtration and pasteurization. The insights 

acquired during the project, as well as future perspectives for the research and the conclusions, 

are presented in chapter 6. 
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1.2. Research objective 

1.2.1. General objective 

This research project has the main objective of developing a preservation system for sugar 

solutions that do not require an extensive evaporation of the solution to achieve very high sugar 

concentrations (>600 g/L). 

1.2.2. Specific objectives 

 Evaluate different storage methods for the biofuel feedstock.  

 Develop a preservation system that avoids contamination but at the same time allows for 

subsequent fermentation.  

 Develop an efficient preservation method without using complex technologies, considerable 

amounts of energy, and high associated costs.  

 Evaluate the drawbacks and advantages of each method on different substrates to compare 

them. 
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2. STATE OF THE ART 

The efforts to develop technologies to decrease the GHG emissions has been one of the main 

interest of the scientific world in the last decades (Sydney et al., 2019). It is known that fossil 

fuels combustion is one of the main action leading to GHG production, but, at the same time, 

fossil fuels are the core of the global energy matrix (Sharma et al., 2013). Therefore, this energy 

transition (from fossil to renewable) raises the question of how to change the energetic matrix 

without hindering economic development. First, the production process of biofuels must be 

optimized at all stages, from harvest to refinery, in order to make them as economically 

attractive as fossil fuels (Susmozas et al., 2020). However, one of the main drawbacks with 

plant-based fuels is their microbial content or “contamination” (Vargas-Ramirez et al., 2016b). 

Since the high carbohydrate and water content of biofuels feedstock makes them attractive 

culture broths for microbial proliferation, this represents a problem that directly affects yields 

due to the loss of sugars (Hillion et al., 2018). The feedstock storage is the main stage at which 

sugar loss can occur (Klasson and Boone, 2021), and since feedstocks often have different 

compositions, the preservation strategies are likely to depend on the crop type. Therefore, this 

chapter presents a literature review concerning the main theoretical points that were relevant for 

this project.  

2.1.  Environmental and economic perspectives 

The use of plant-based fuels is not a recent practice since industrialists and entrepreneurs such 

as Henry Ford and Rudolph Diesel used ethanol and peanut oil, respectively, in their first 

engines tests (Schubert, 2006). However, the fossil-based fuels rapidly overtook biofuels and 

became the main energy source used in internal combustion engines. Nowadays, with the rise 

of global climate change, biofuels have returned as a logical alternative to fossil fuels. However, 

several issues continue to hold back the drastic shift towards renewable energy. These issues 

will be addressed in the following section, to define some important aspects prior getting deeper 

into theoretical aspects. 

Along the years, the GHG emissions (mainly CO2), have always been increasing as the world 

develops and industrializes (Figure 2.1.). Within these 50 years of data, the only time that a 

significant decrease in CO2 emissions occurred was in 2020, due to the COVID-19 pandemic. 
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In 2020, due to the drastic drop in transportation rates and a general slowdown in the global 

economy, a 5.7% decrease in daily emissions was observed (Liu et al., 2022). However, as soon 

as the crisis was brought under control, emissions increased back to the previous stage (+ 4.8% 

in daily emissions). The projections (dashed lines in Fig. 2.1.) show the decrease in CO2 

emission required to meet temperature targets set in the Paris Agreement in 2015. For a global 

temperature increase scenario of 1.5 oC through 2050, carbon emissions would have to decrease 

to the 1970 level by 2030. Thus, drastic changes are therefore needed in very short term. 

 

 

Figure 2.1. Global CO2 (navy blue) and CH4 (light blue) emissions since 1970, including fossil fuels 

combustion and cement production. Daily CO2 emissions are described in the small square. After 2020, 

it is projected the emission mitigation for the world reach the goal of 1.5oC warming within 10 years 

(Liu et al., 2022). 

 

The answer to effectively decrease carbon emissions is doubtless multifactorial. Oil and all its 

by-products must be substituted by different renewable low-carbon intense energy (i.e., solar, 

wind, and nuclear). In that sense, short-term solutions such as biofuels, have already been 

established in many countries (Sydney et al., 2019). Biofuels can be produced from a wide range 

of feedstocks (Brandão et al., 2022; Williams et al., 2016), and this diversity could ensure 
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energy security for countries, as the production process can be adapted to different geographical 

locations (Gold and Seuring, 2011).  

However, besides all the latter advantages, the oil industry is still very well organized and 

efficient, attending huge energy demands and offering low-cost products. Therefore, in order to 

be economically competitive, plant-based fuel technologies need to improve their processes, 

allowing them to compete against such giant (De Meyer et al., 2014; Susmozas et al., 2020). 

From an environmental point of view, the ideal situation would be to decrease, if not completely 

stop, the consumption of natural resources (Liu et al., 2022). However this could never happen 

as it would cause a huge impact on the global economy, affecting many people, particularly the 

less fortunate (Bruckner et al., 2022). In light of this, the concept of bioeconomy emerged, which 

Priefer et al. (2017) define as “a comprehensive societal transition involving various industrial 

sectors and especially energy”. It is important to highlight that the response to the energy 

situation is not unilateral for all nations. Potential bioenergy system design will vary according 

to geographical issues, which would have an impact on the best feedstock type, supply chain 

actors as well as available conversion technologies (Gold and Seuring, 2011). 

Although, various authors discuss whether the bioeconomy will promote sustainable 

development (Priefer et al., 2017), when the time comes to choose, it will be necessary to keep 

in mind that biomass is both non-toxic and biodegradable (de Klerk et al., 2018). Likewise, 

biomass is available in a variety of forms across the globe and this reality will influence its 

performance and potential for different conversion processes. Machado et al. (2017) compared 

five types of crops that are traditionally used for ethanol fermentation (cassava, rice, sugar beet, 

corn, and sugarcane). According to their study, the last two presented much lower CO2 emission 

than the others, considering the balance between carbon removal during their growth and carbon 

emissions during the production process. Carbon emissions will also vary according to the type 

of biofuel produced (i.e., ethanol, biodiesel, or biogas) (Brandão et al., 2022) 

The use of crops for energy purposes entails direct and indirect land use that is increasingly 

taken into account in the carbon intensity of biofuels (Brandão et al., 2021). In addition, the 

water footprint related to these crops is also being increasingly monitored, as the access to fresh 

water is becoming a challenge in many geographical locations around the globe. In Europe, for 

example, the location where biomass is grown has an impact on the carbon intensity of biofuels 
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and therefore this is another constraint impacting on the further deployment of bioethanol (Dunn 

et al., 2015; Gold and Seuring, 2011). The reality of land use is essentially geographical, so 

decisions and constraints in this regard must be made according to the situation in each region. 

Ultimately, high-tech strategies must be combined with agroecological solutions to reach a 

balance toward sustainable development (Priefer et al., 2017). Moreover, the cost of bioethanol 

production from crops is high, as the price of feedstock can correspond in some cases to 40-

70% of the final cost (Naik et al., 2010). 

According to De Meyer et al. (2014), in order to optimize the biofuel production chain, the 

following topics must be considered: the  choice of crops, ideally focusing on non-food species 

and high yields, optimization of transportation, pretreatments, and storage techniques, and 

advanced biomass-for-bioenergy conversion technologies. The decision to invest in 

biorefineries is a dynamic process due to the ethanol price volatility, feedstock price, and 

government policies (Hossiso and Ripplinger, 2016). Hence, for the commercial decisions the 

cost analysis should be based on established supply chain and operations arrangements (Zhu et 

al., 2011). 

To this purpose, the use of tools such Life Cycle Assessment (LCA) could contribute to the 

decision making process, especially when it turns into environmental issues. Vargas-Ramirez et 

al. (2017) performed a LCA on sugar beet thick-juice. They concluded that the beet production 

is the major contributor (36.7%) to the carbon footprint in the production chain, followed by the 

part of the process leading to juice concentration (26.4%). In another study on sugar beet, De 

Laporte and Ripplinger (2019) studied the influence of site selection and transportation costs on 

bioethanol production in North Dakota (USA). The work showed the major impact that 

transportation and land quality play on the feedstock supply and highlights the importance of 

public polices to promote economic feasibility of the ethanol production as with incentives for 

farmers and industries. As a very specific case example, Appiah-Nkansah et al. (2019) reported 

that on-farm processing was profitable for ethanol production from sweet sorghum. This crop is 

quite peculiar, and sugar loss increases steadily once this biomass is harvested, explaining why 

it makes sense to process it directly at the production site. For all these reasons, the economic 

and environmental viability of biofuel production is a complex analysis that must be studied and 

planned on a case-by-case basis. 
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2.2. Bioethanol sources 

The contemporary bioethanol industry can be said to have started in the 1970s with a Brazilian 

program aimed at replacing gasoline during the global oil crises (Sydney et al., 2019). Since 

this period, bioethanol has been considered one of the most promising biofuels to replace fossil 

fuels, presenting a sharp production increase from 49 billion liters in 2006 to 115 billion liters 

in 2015 (de Klerk et al., 2018). Currently, more than 60 countries have policies to encourage 

ethanol production. The USA, which is the world’s larger producer, has 210 bioethanol plants 

throughout its territory, producing approximately 61.3 billion liters per year. Together with 

Brazil, their combined production corresponds to 84% of global ethanol production, followed 

by the EU (5%) and China (4%) (Sydney et al., 2019). Hence, given the importance of this 

biofuel on the global market, this section will focus on the crops, types of ethanol, and local 

ethanol scenario in the Canadian reality. 

2.2.1. Main feedstocks for bioethanol 

Ethanol is one of the products generated from the fermentation of hexoses by microorganisms, 

such as yeast, bacteria, and fungi. Plants represent an important source of carbohydrates, which 

means that they would be a suitable feedstock for ethanol production. Plants containing hexoses 

can be divided into three major categories according to the form in which carbohydrates occur 

naturally in the plant, which can be sucrose, starch or cellulose. In addition to the type of crop, 

good growing conditions could contribute to boosting the amount of potentially fermentable 

sugars. It should be well adapted to the region since it could lead to lower GHG emissions and 

production-related costs than crops that are not be entirely suitable for a specific geographical 

location. For example, Brazilian ethanol (27.5 kgCO2e/GJethanol) was found to produce less GHG 

emissions than the one produced in Mexico (36.8 kgCO2e/GJethanol) when sugarcane was used as 

feedstock, mainly due to more favorable plantation conditions, such as climate and soil 

composition (García et al., 2011). Thus, the following paragraphs will focus on the variety of 

crops used to produce ethanol around the world, as showcased in Figure 2.2. 
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Figure 2.2. Main crops used for ethanol production (Sydney et al., 2019). 

 

Corn (Zea mays) is the most widely used feedstock for ethanol fermentation worldwide (Figure 

2.2), especially in the USA, which is the world’s largest corn producer (Manochio et al., 2017; 

Patzek, 2004). Corn stores carbon for energy purposes as starch (a hexose polymer), hence, 

hydrolysis is always necessary to break the α-glucose polymers for downstream fermentation. 

Therefore, corn ethanol production becomes more complex than when using sucrose-based 

feedstock, nonetheless, the ethanol yield for the former is about five times higher (by volume) 

per ton of feedstock (Manochio et al., 2017). 

Sugarcane (Saccharum officinarum) is another widely used industrial crop for ethanol 

production, as can be seen in Figure 2.2. In this case, the carbohydrate content is available as 

sucrose, which is an easily fermentable sugar. The utilization of this feedstock is very 

advantageous since it implies less unit operation for the ethanol fermentation (Naik et al., 2010). 

Sugarcane is a crop that usually grows in tropical climates and is known for its high productivity 

in terms of m3 of ethanol/ hectare of plantation (5.4-10.8 m3ha-1). It is the main feedstock used 

for ethanol production in countries such as Brazil (the world’s second-largest ethanol producer) 

and India (Maga et al., 2019; Tsiropoulos et al., 2015). High ethanol yields, along with other 

factors such as low fertilizer use and simple processing operations, make sugarcane ethanol very 
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favorable from energy, economic and environmental point of view (Manochio et al., 2017). 

Manochio (2017) studied and compared the production cost of ethanol obtained from corn 

(USA) and sugarcane (Brazil) and showed that the economics are drastically different since the 

total ethanol production cost of sugarcane is approximately half of when using corn as feedstock. 

The main drawback of sugarcane is its geographical cultivation limitations, which do not allow 

such culture to perform well in North America. 

Sugar beet (Beta vulgaris) is a crop that adapts easily to different climates, being the main crop 

used for sugar and ethanol production in Europe (Manochio et al., 2017). It is an industrial crop 

with a high hexoses productivity (12.6 Mg.ha-1), which has been directly associated with sucrose 

content (Vargas-Ramirez et al., 2016). On the other hand, sugar beet has a high moisture content 

(78%) (Vargas-Ramirez et al., 2016a) that represents a challenge in terms of storage and 

transportation (Monono et al., 2019). As beets are usually used for sugar production, storage 

and processing requires a better control of sucrose purity, which implies additional costs. 

However, when the final product is ethanol, the unit operation can be simplified since sucrose 

purity does not have a major impact on fermentation yields (Monono et al., 2019). In addition, 

sugar beet (1.6 MJ.L-1) has a better net energy gain than corn (1.2 MJ.L-1), although it is lower 

when compared to sugarcane (9.4 MJ.L-1) (Manochio et al., 2017). Duraisam et al. (2017) 

reported that the use of sugar beet could represent a great alternative for ethanol fermentation 

alongside with the production of other added-value products used for human nutrition, 

adsorbents, and plastics. In addition, De Laporte et al. (2018) evaluated that this feedstock has 

great potential to economically produce ethanol in the USA. 

Sweet sorghum (Sorghum bicolor) is another sucrose-based crop that has a good amount of 

readily fermentable sugars, in addition to some insoluble carbohydrates (Mamma et al., 1995) 

which varies according to the sorghum variety (Imam and Capareda, 2010). Moreover, sweet 

sorghum is considered an energy crop because it was specifically developed to have higher 

energy density than regular sorghum (Fei et al., 2017). Some advantages are its high level of 

fermentable sugars, high yield of biomass, low necessity for water and fertilizers requirements, 

short growing season and its adaptability to different climates and soils (Imam and Capareda, 

2010; Khongsay et al., 2012; Nuanpeng et al., 2018). In addition, the costs of energy sorghums 

hybrids is very competitive, around $50-60 per dry ton in the USA, making it a good candidate 
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as a feedstock for ethanol production (Mullet et al., 2014). In contrast, sweet sorghum presents 

a low sugar/ dry matter content. 

Finally, another source of carbohydrates that has been of interest to the scientific community 

for bioethanol production is lignocellulosic-based material. Lignocellulose predominantly 

composes cell walls of plant, it is hence considered  the most abundant biopolymer on earth 

(Mathews et al., 2015). Amongst the different sources of lignocellulose, some of the most 

abundant are softwood, hardwood, wheat straws, spruce, plantain peelings and trunks, cobs, 

stalks and pretty much every non-edible parts of a plant (Boboescu et al., 2018; Marvin et al., 

2012). It is essentially composed of lignin, cellulose, and hemicellulose, where classical yeasts 

(following a preliminary hydrolysis) can only potentially ferment the last two. Moreover, their 

proportion is going to change according to plant type, growth conditions, geographical location, 

etc. Overall, amongst some of the distinctive features of the different available feedstock, 

softwood is characterized by a higher amount of lignin, while hardwood and grasses have more 

polysaccharides (Mathews et al., 2015). 

The feedstock choice is extremely important to the carbon intensity (CI) associated with the fuel 

and to increase the process profit. Their productivity in the field is going to be crop specific, as 

well as its potential to produce ethanol (Table 2.1.). The combination of those two factors are 

going to provide land use efficiency, namely an averaged estimation of the ethanol production 

per hectare of land. Thus, corn has the highest ethanol potential when compared with sugar beet 

and switchgrass. However, it has a lower productivity per hectare, which implies in a lower 

ethanol production per hectare of the harvested crop compared to sugar beet, for example. In 

terms of CI, this implies that less energy and fuels are going to be used in the sugar beet harvest 

than in corn harvest to produce one liter of ethanol, which provided a lower CI for sugar beet 

than for corn. The study of Alexiades et al. (2018) took in consideration data acquired to produce 

those crops in California (USA). 
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Table 2.1. Different parameters of ethanol productivity and land-use of different crops 

representing sucrose (sugar beet), starch (corn) and cellulose (switchgrass) as carbon source. 

 Feedstock 

productivity 

Crop yield (dry 

tonne/ha) 

Feedstock quality 

Ethanol potential (L/dry 

tonne) 

Land use 

Efficiency 

Ethanol yield 

(L/ha) 

Sugar beets 22-16 420-490 7000-10900 

Corn 7 495-505 4000 

Switchgrass 9-16 250-380 3200-6900 

Source: Modified from Alexiades, Kendall, Winans, & Kaffka (2018). 

2.2.2. “Classical” 1st and 2nd generation ethanol definition 

Biofuels were previously classified in terms of “generations” in relation to their chronological 

entry in the market. Nowadays, they are defined in terms of their CI which consider most of the 

LCA of fuels. However, it is practical to explain the previous definitions to link to the new CI 

definition.  

First-generation ethanol is usually produced from crops containing sugar and starch, as 

described in subsection 2.1. Bioethanol is industrially well-established, playing an important 

role in economies such as Brazil and the USA (Sydney et al., 2019). According to Naik et al. 

(2010), ethanol, biodiesel, and biogas are the main first-generation fuels whose production 

processes are considered economically established. In addition, they offer some advantages in 

terms of CO2 emission, while improving the domestic energy security. The wide variety of crops 

that could be used as feedstock for first-generation bioethanol allows it to be efficiently 

produced worldwide.  

However, it is important to highlight that not all crops lead to the same performance as they will 

generate different production yields (expressed in LEtOH/toncrop) (Zabed et al., 2017). Another 

advantage of first-generation ethanol would be the fewer unit operations required for its 

production (Manochio et al., 2017) especially when compared to lignocellulosic biomass, whose  

transformation processes significantly affect the production costs (Figure 2.3). However, since 

many of these crops are also involved in human nutrition, the competition between the final uses 
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of crops such as corn, sugarcane and beets is a major drawback for the production of what was 

considered first-generation fuels (Tomei and Helliwell, 2015). 

 

Figure 2.3. Different stages regarding ethanol production according to the feedstock type. 

 

The use of lignocellulosic materials for ethanol production could reduce the issues related to 

land use and food security without altering biofuels production (Tomei and Helliwell, 2015). 
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Ethanol that would be produced from second-generation feedstock is used to be referred to as 

“second-generation ethanol” and cellulose was considered the main source of sugars for the 

fermentation process (Zabed et al., 2017). The use of cellulose made ethanol produced from it 

a very promising option, as it would allow the use of biomass previously considered as waste, 

such as corn cobs, bagasse, wood chips, grasses, and any other plant material rich in 

carbohydrates  (Bhatia et al., 2017). However, one of the major drawbacks related to this type 

of feedstock would be its complexity and the number of steps that would be necessary to extract 

fermentable sugars (Figure 2.3.). Pretreatments are usually necessary due to two main factors:1. 

Delignification of the biomass, since lignin acts as a shield, limiting the access of enzymes to 

the plant cell wall (Wuddineh et al., 2016) and 2. Reduction of cellulose crystallinity that is 

another important recalcitrant factor (Hall et al., 2010).  

The term “Generation 1.5 Ethanol” has recently been used in the US to refers to bioethanol with 

advanced biofuels standards, but still using feedstocks and techniques associated with first-

generation ethanol (Fei et al., 2017). Damay et al. (2019) successfully used this technique with 

sweet sorghum, by combining the free sugars as well as the hemicellulosic portions of that crop. 

In this way, high ethanol yields were obtained in a single-staged treatment. Likewise, the 

integration of the former “first-” and “second-generation” production under the same facility 

could be possible and would contribute to reduce the costs related to the process (Dias et al., 

2013a, 2013b). 

2.2.3. Canada’s production 

During the last two decades, the Canadian government has worked on policies and programs to 

support and encourage the development and establishment of biofuels (Littlejohns et al., 2018). 

In 2015, Canada proposed to reduce its GHG emissions by 30% below 2005 levels by 2030. To 

this purpose, it adopted two programs: the Clean Fuels Standard (CFS) to reduce the life cycle 

of fuels and energy used in Canada, and the Greenhouse Gas Pollution Act (GGPA), which taxes 

the carbon content of fuels and creates a credit trading system for large emitters (Danielson and 

Hayes, 2020). Other federal and provincial programs subsidize production in the early years of 

plants and help  boost the sector (Campbell et al., 2016). From a provincial perspective, Quebec 

released in 2021 the Plan for a Green Economy (Plan pour une Économie Verte), a set of policies 

that aims to reduce Quebec’s GHG emissions up to 37.5% by 2030 (Gouvernement du Québec, 
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2021). Québec established that, as 2023, 15% of gasoline should come from low carbon-

intensity fuels and, in April/2022, published the law no21 project entitled ‘Law for End Research 

and Production of Hydrocarbons and Public Financing of Theses Activities’, after adhering to 

the Beyond Oil and Gas Collation (Gouvernement du Québec, 2022). 

Thus, Canada’s expectations for improving its biofuels production are high, and Quebec is being 

one of leaders of this change within the country. It is a country with great potential for biofuel 

production due to its large agricultural areas and forestry biomass production (Littlejohns et al., 

2018). According to data from June/2022, Canada has 14 ethanol plants and a production 

capacity of 2.15 MM m3/year (Ethanol Producer Magazine, 2022). Quebec is currently 

responsible for only 0.19 MM m3/year of ethanol production, but will be supported and 

sponsored by the government to increase this production. Another measure in the Plan for a 

Green Economy is a 50% increase in bioenergy and a 40% decrease in oil products consumption 

by 2030 (Gouvernement du Québec, 2022). Canada’s production is not feedstock-limited, as it 

has ample potential and/or well-established options for wood and forest residues, crops and 

municipal waste (Littlejohns et al., 2018). In terms of crops, tame hay, wheat and corn are the 

most produced in all the provinces while wheat is dominant in the central part of the country 

and corn dominates the eastern fields (Li et al., 2022, 2012). In 2016, corn ethanol used 3.25 

million Mton of feedstock while ethanol produced from wheat 0.95 million Mton of wheat in 

Canada (Dessureault, 2016). In  2018, 79.1% of ethanol in Canada was produced from corn 

while 20.9% was produced from wheat (Li et al., 2022). 

A good alternative to decrease the use of food crops for fuels would be the use of lignocellulosic 

material, residues and energy crops as reported previously in this manuscript as well as in 

literature (Tomei and Helliwell, 2015). Although there are still no plants effectively working 

with lignocellulosic feedstock in Canada, the country presents great potential at this level 

(“Canadian Ethanol Plants,” 2020). Just when it comes to agricultural residues, Canada produces 

more than 82.4 million dry tons each year (Li et al., 2012). However, the issues  concerning 

lignocellulosic biomass, like the high costs associated with its pretreatments and the low 

resulting yields, remains to be some drawback that are still holding the development of 

cellulosic-based ethanol in the country (Mupondwa et al., 2017a). However, a lot of scientific 

effort have been made by Canadian research groups to develop feasible pretreatments as well as 
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hydrolysis and fermentation strategies to use cellulosic feedstock (Mupondwa et al., 2017a, 

2017b). Therefore, Canada has the potential to improve its ethanol production in the future and 

become partly sufficient to its own consumption of clean fuels (Mupondwa et al., 2017b). 

2.3. Long-term storage 

The use of low IC biomass as feedstock for biofuels implies the development of suitable storage 

techniques as well. Generally, crops are seasonal with a short harvest time, so storage must be 

efficient to maintain the entire supply chain and make this bioenergy industry viable (Liu et al., 

2016). There are numerous storage methodologies and crop types, however the target biofuel 

and industry structure will be key factors to determine which technique fits best. Traditionally, 

crops with low moisture content have been successfully stored dry, as it is the case with corn 

and soybeans (Coradi et al., 2020). Nonetheless, this type of storage is not efficient enough 

whether the crop has high moisture content or readily fermentable sugars, as in the case of 

sugarcane and sugar beet  (Emery et al., 2015). According to Misra et al. (2022), there are 12 

possible causes for post-harvest sugar losses: crop history, physical condition of crop, storage 

method, efficiency of processing unit, moisture content, cutting technique, variety, pre harvest 

practices, harvest method, time lag between harvest and milling, atmospheric conditions, 

sanitary conditions outside. 

Crops can be stored in their raw or processed state, as in the case of juices, and both have their 

advantages and drawbacks. Cultures that are being stored in their raw state often need more 

storage space and controlled conditions of temperature and moisture, in addition to their 

metabolism that is still active which leads to sugar loss (Vargas-Ramirez et al., 2016a). If crops 

are stored in their whole form, the most effective treatment that can be used is the sprinkling of  

chemical preservatives (Misra et al., 2022). And even thought, the effectiveness of such 

treatments were studied for a short time (10 days) (Misra et al., 2020). When the crop has its 

sugars extracted by water, which is from now on going to be called ‘fermentable juice”, the 

process leads to a reduction of the storage space, but also leads to additional constraints. The 

juice extracted from the feedstock is usually very suitable for fermentation since its sugar 

content is close to ideal for microbial growth, making it hardly impossible to store such substrate 

without any treatment (Grahovac et al., 2011). 
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The following sections will investigate the main methods used to preserve fermentable sugars, 

focusing mainly on liquid feedstocks. These techniques have different mechanisms of action 

that can often be related to three general approaches (see Figure 2.4).  

 

Figure 2.4. Three main type of storage strategies used for the conservation of fermentable 

carbohydrates 

 

2.3.1. Sterilization 

Sterilization aims at destroying all the microbial cells in the liquid media, turning it sterile. Since 

such methods do not provide a preservation system able to inhibit microbial growth during the 

storage, it is important that the product does not get exposed to unsterile environments until the 

fermentation itself after the treatment. 

Ozonation 

Ozone is a molecule composed by three oxygen atoms and possesses a high oxidizing potential 

(2.07 V), which is greater than chlorine (1.36 V) and oxygen (1.23 V), making it a good potential 

antimicrobial agent (Garud et al., 2018). It is a rather unstable molecule, making it easy to 

decomposed into radicals such as hydroxyl (OH●), hydroperoxide (HO2º) and superoxide (O2º
-
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) (Zaviska et al., 2009). However, at this point, there is no consensus as to whether the 

mechanism of cell inactivation is driven by those radicals or by ozone itself (Cullen et al., 2010). 

On the other hand, inactivation is known to occur due to damage to cell membrane components 

such as proteins, unsaturated lipids, respiratory enzymes and nucleic acids, as well as 

cytoplasmic enzymes due to oxidation reactions which could make it possible to narrow down 

the mechanism involved (Khadre et al., 2001). 

Despite its instability, ozone is safer than many chemical disinfectants because it has a much 

shorter half-life than other agents combined with fewer decomposition products. It reacts faster 

than chlorine with many organic compounds as an example (Cullen et al., 2010). The USFDA 

authorized its use as a disinfectant for food products since 2001 (Dziugan et al., 2016). As the 

disinfection mechanism is a chemical reaction, many factors influence its success. First, the 

concentration of ozone is very important and usually, the gas mixture will have 10-14% w/w 

oxygen. The oxygen in the gas mixture has no impact on the microorganisms but will aid in the 

degradation of organic compounds present in the medium  (Cullen et al., 2010). Since the main 

objective is the subsequent fermentation of the carbohydrate after storage, the degradation of 

organic compounds could represent a drawback for ethanol production. Temperature and pH are 

also key parameters that could influence the oxidative reaction that occurs when using ozone 

and by association hydroxyl radicals (Jamil et al., 2017). 

Garud et al. (2018) published a study comparing the use of ozone with lactic acid, both used in 

a storage strategy intended for sugarcane juice. First, they evaluated how much the treatment 

time would influence the disinfection performance and reported that the optimal time was 10 

minutes, after which no significant improvement was noticed. It is important to highlight that 

the juice did not contain yeast or fungi cells before treatment, so it was not possible to affirm 

whether the treatment time was enough to damage these cells, since bacteria are generally more 

sensitive to ozonation (Cullen et al., 2010). Samples treated with ozone and lactic acid did not 

allow growth, implying that the acid functioned as a preservation system throughout the weeks. 

On the other hand, the pH decreased in samples treated only with ozone, which can be a sign of 

microbial metabolism. 

In literature, there is a limited number of publications that presents ozonation to preserve sugars 

solution for other applications than for in the food industry (Dziugan et al., 2016). In the latter 
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manuscript, raw sugar beet juice with low sugar concentration (16.93o Brix) were inoculated 

with various microorganisms such as gram positive and negative bacteria, yeast and fungi. As 

expected, the cells were destroyed after different ozone reaction times, and the fungi cells were 

shown to be the more resistant. However, after 30 min of treatment, the juice was completely 

sterile. Then, they performed fermentation using Saccharomyces cerevisae and the samples 

treated with ozone presented a higher ethanol production yield when compared to the samples 

treated by sterilization using an autoclave. The authors attributed this observation to a higher 

formation of inhibitors following the thermal sterilization as compared to ozonation. This makes 

of ozonation a good alternative for sterilization since it is less energy-demanding than thermal 

treatments and its operation is easy to scale-up considering that it is usually performed by 

pumping the ozone into the liquid media or through bubble columns (Cullen et al., 2010).  

Pasteurization 

Pasteurization is a preservation technique traditionally used in the food industry, such as for 

dairy products and fruit juices. It is used for liquids and consist on heating it at a temperature 

lower than 100oC, for a period which usually does not surpass 30 min (Petruzzi et al., 2017). 

The time and temperature are modified according to the liquid composition, but it is important 

to mention that the pasteurization time is inversely proportional to temperature. Cell death 

occurs because high temperatures induce a continuous increase in membrane permeability due 

to lipid phase transitions and protein conformation changes (Petruzzi et al., 2017). 

If heat affects carbohydrates, proteins, and lipids in cells, it is also acting on the nutrients that 

are part of these media. For the food industry, this is a drawback as it can directly affect the 

organoleptic characteristics of the product (Porto et al., 2017). For the project that will be done 

during this thesis, high temperatures can lead to caramelization reactions that may induce 

chemical transformation in the sugars that would be fermented. In addition, it does not provide 

a preservation system to the media along the storage time. Usually, the industry uses a 

thermochemical process combining pasteurization with chemical additives that will act as 

preservation agents during storage (Kaavya et al., 2018). 

To our knowledge, there are not many studies using pasteurization as a preservation technique 

for storing juices intended for ethanol fermentation. Kumar et al. (2013) worked with fresh 

sweet sorghum juice and studied different pasteurization methods (70oC for 10 min, 80oC for 5 
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min and 90oC for 2 min) combined with different storage temperatures (35oC, 40oC and 45oC). 

The ethanol efficiency for the three cases studied was similar, with a maximum production of 

0.477 gethanol·g
-1 for the 70oC sample stored at 45 oC, 0.470 gethanol·g

-1 for the 80oC sample stored 

at 40oC and 0.473 gethanol·g
-1 for the 90oC sample stored at 35oC. Therefore, given that all storage 

temperatures are above room temperature, they considered that the best pasteurization 

parameters would be at 90oC for 2 minutes. 

Although it seems that this was the only study aiming at downstream fermentation, there are 

numerous studies focusing on juice storage that suggest that this technique could be feasible for 

the conservation of feedstock dedicated to ethanol fermentation (Chauhan et al., 2002; Porto et 

al., 2017; Sankhla et al., 2012). Considering this, pasteurization emerges was a promising 

technique to investigate during this project. 

Filtration 

Filtration is a unit operation for solid-liquid separation that is widely used in industries, 

including during biodiesel production (Tabatabaei et al., 2019) and microalgae cultivation (Yin 

et al., 2020). Filtration has different classifications and they will be determined according to the 

pore size of the membrane, such as particle filtration, microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis (Table 2.2.). Thus, the filter/membrane pore size must be 

chosen according to the particles to be retained. 
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Table 2.2. Filtration types according to the pore size 

Filtration type Pore size (μm) Retention materials 

Particle filtration 1000 > x > 1.0 

Beach sand, Granular 

activated carbon, Human 

hair, Milled flour, Pollen, 

Yeast cell, Bacteria, Coal 

dust, Red blood cell, Blue 

indigo dye, Giardia cyst, 

Ion exchange resin, Dust. 

Microfiltration 3.0 > x > 0.05 

Bacteria, Yeast cells, Dust, 

Milled flour, 

Latex/Emulsion, Paint 

pigment, Coal dust, 

Asbestos, Tobacco smoke, 

Gelatin, Blue indigo dye, 

Carbon black, Virus, 

Albumin protein 

Ultrafiltration 0.1 > x > 0.004 

Carbon black, Virus, 

Albumin protein, 

Endotoxin/Pyrogen, 

Tobacco smoke, 

Latex/Emulsion, Colloidal 

silica, Gelatin 

Nanofiltration 0.05 > x > 0.001 

Virus, Endotoxin/Pyrogen, 

Gelatin, Sugar, Herbicide, 

Aqueous salt, Pesticide 

Reverse osmosis 0.001 > x 
Sugar, Herbicide, Aqueous 

salt, Pesticide, Metal ion 

Source: Modified from Girard and Fukumoto (2000). 
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As it could be seen in Table 2.2, microorganisms can be retained by membranes. In 

consequence, this unit operation is largely used in the food industry since it can separate particles 

without the use of heat, therefore preserving organoleptic characteristics of the product (Girard 

and Fukumoto, 2000; Panigrahi et al., 2018). Recently, ultrafiltration was used to improve the 

storage of two juices that have very short shelf-life. Sugarcane juice could be stable for 63 days 

after ultrafiltration using a membrane of 30 kDa (Panigrahi et al., 2020b). And chestnut rose 

juice was stable for 60 days after three-stage ultrafiltration of 100 kDa, 5 kDa and 5 kDa (Hou 

et al., 2021). Microfiltration was enough to stabilize coconut water, preserving its flavor and 

color (Prades et al., 2012). 

However, filtration can have some drawbacks for the process. The first one is the increase in 

operation costs due to pressure loss caused by the filtration, since the driving force of filtration 

is pressure difference (Šereš et al., 2010). Other characteristic linked to filtration, sugar 

retention, can be dual. It can represent a little sucrose loss when the intention was not to retain 

sucrose (Abraham et al., 2019) or it can also be used as a method to concentrate juices into 

syrups (Cséfalvay and Bakacsi, 2019). Thus, filtration has potential to be applied as sterilization 

method for bioethanol feedstocks. 

2.3.2. Physical methods of preservation 

Sterilization is known to be very effective in reducing the initial microbial content in liquids (as 

discussed in section 2.3.1). However, these methods do not guarantee sterile conditions during 

the long period of storage since new contamination could be transferred to the media (Figure 

2.5). On the other hand, chemical or physical methods provide a preservation system for a longer 

period, reducing the overall microbial contamination along storage time (Figure 2.5). 
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Figure 2.5. Action of sterilization and preservation systems throughout storage time of sugar 

solution (blue). Red-squares represent an efficient preservation system, reducing the risk of 

external contamination. 

 

Physical methods of preservation involve techniques that do not modify the chemical 

compounds that are found in the sugar media. While some of the methods can destroy cells that 

were already in the media, others will not, but all of them will provide a mechanism inhibiting 

future contaminations. These methods can be easily reverted for downstream fermentation and 

can be easily used combined with other techniques. 

Sugar concentration 

Water plays a significant role in cell metabolism. It flows in and out of microorganisms ruled 

by the osmotic equilibrium with the environment where the cell is inserted. So both hypoosmotic 

and hyperosmotic medias would lead to the death of the microorganism (Da Silva Pedrini et al., 

2014). Most microorganisms cannot grow when the water activity (Aw) is low (below 0.91 for 

bacteria, 0.88 for yeast and 0.80 for fungi) (Eggleston et al., 2015). So that the concentration of 

sugar-rich juices arises as a good preservation techniques for long-term storage (Duraisam et 

al., 2017). In the sugar industry, concentration consists in evaporating the water from the sugar 

rich juice until it becomes a saturated solution, which is going to lead to crystallization (Kohout 

et al., 2020). It also represents a good option for ethanol production, since it could induce lower 
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transport costs because of the lower volume (Eggleston et al., 2015) and it is really effective to 

inhibit microbial growth (Vargas-Ramirez et al., 2016b). 

Table 2.3 reports on some studies that used sugar concentration as preservation method. 

However, concentration has some disadvantages too as an example, increasing the sugar 

concentration in the juice also induces a viscosity increase. Such situation can lead to 

mechanical issues in the plant, such as higher head loss and pipe clogging (Eggleston et al., 

2015). Also, most of the evaporation/concentration processes can promote reactions on the 

sugars related to the high temperature which leads to the production of fermentation inhibitors 

in some cases (Chawankul et al., 2001). Such process usually consumes significant amount of 

energy which in turns has an impact on the economics of the process and end products (Jorge et 

al., 2010) 

Table 2.3. Storage studies of sweet sorghum and sugar beet juices for ethanol production using 

high concentration of sugar as preservation method. 

Substrate 
Sugar 

concentration 

Preservation 

time 
Reference 

Sweet sorghum juice 800 g/L 160 days Eggleston et al., 2015 

Sweet sorghum juice 379 g/L 90 days Zhang et al., 2018 

Sweet sorghum juice 500 g/L 70 days 
Klasson and Boone, 

2021 

Sugar beet juice 650 g/L 168 days 
Vargas-Ramirez et al., 

2013 

Sugar beet juice 598 g/L 38 days Monono et al., 2019 

 

To solve these issues, some techniques have been used. The utilization of agitated thin films 

evaporators provide a short residence time and an efficient heat transfers coefficient, which 

promotes a lower operation time (at higher temperature) (Chawankul et al., 2001). Another 

technique used to concentrate sugars is vacuum evaporation since it also works at lower 

temperatures. It successfully enables the preservation of sweet sorghum juice, either with the 

addition of chemical preservatives (Zhang et al., 2018) or with other physical methods such as 
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centrifugation and filtration (Cséfalvay and Bakacsi, 2019). It is important to highlight that even 

with the high energetic demand that traditional evaporation requires, its effects on sugar 

preservation can lower the net carbon footprint due to the long storage time that the juice reaches 

after being treated with this technique. Vargas-Ramirez et al. (2017) performed the life cycle 

analysis on raw sugar beet thick juice and their results showed that its net carbon footprint is 

29% lower than sugar beet without storage and 52% lower than fermentable sugars from corn 

grain. In addition, it presented a 50% reduction as compared to gasoline, which allowed 

qualifying sugar beet ethanol as an advanced biofuel by USA standards. 

Oil layer 

Eggleston et al. (2015) used a different strategy than ensilage to improve sugar preservation of 

stored biomass, but involving low cost and a potentially simple implementation approach. They 

studied the addition of an oil or wax layer on raw and clarified sweet sorghum syrup (70 and 80 

brix) since the surface would be the most susceptible to deterioration due to water evaporation 

and condensation. Results showed that after six months stored at room temperature, there were 

no microbial spoilage at the surface (where the fungal colonies were most abundant before) and 

the sugar loss was negligible. The low density of oil enables it to stay on top of the syrup, 

creating an anaerobic environment which mitigates microbial growth. The treatment with wax 

presented similar results, however the energy cost associated with the wax melting and the layer 

breakage during the syrup removal represents drawbacks of this technique.  

Therefore, the addition of an oil layer becomes an inexpensive technique that could be applied 

with other methods when looking for storage of liquid media that are intended to be used for 

ethanol fermentation. For this project, the use of an oil layer can be very favorable for storage 

of thin juices due to its simplicity and low cost. Since this project is going to be realized with 

an industrial partner, it is important to take in consideration techniques that are going to be 

feasible in the current industrial environment. As an example, corn oil is one of the products 

from our partner, thus its use can represent a costless alternative to store feedstock for 

bioethanol.  
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2.3.3. Chemical methods of preservation 

As the name implies, chemical preservation methods are based on a change in the chemical 

composition of the medium, making it unfavorable for microbial growth. Since chemicals 

usually alter the mixture, it usually destroys cells and provides a preservation system during the 

storage period. However, chemicals can induce poor fermentation performance, as they can be 

difficult to remove once they are in solution. 

pH Regulation 

One of the main requirements for microbial growth is a pH that is close to neutral, allowing their 

metabolism reactions. Bacterial growth is generally not favorable at pH lower than 4 (Talasila 

et al., 2012). Hence, either lowering or rising the pH could represent potentially good techniques 

that could prevent fermentable sugar losses through microbial contamination (Vargas-Ramirez 

et al., 2013). The use of acids to lower the pH is an effective preservation method that has been 

traditionally used by the food industry which is specifically the case for the preservation of apple 

juice with sorbic acid (Ferguson and Powrie, 1957). Alkalization (pH ≥ 9.0) of the liquid media 

is another alternative and the latter is used in the sugar industry including the one that uses sugar 

beet as feedstock. As the sugar beet is mainly composed of sucrose, an alkaline pH represents a 

better choice of preservation against low pH since the latter would also break the sucrose 

hydrolysis into glucose and fructose, which in turn can decrease sugar yields (Vargas-Ramirez 

et al., 2016b). 

In addition, the fermentation of the sugars after storage also represents a very important aspect 

of the conservation mechanism. Considering that the actual work focuses on ethanol, it is of 

utmost important that the yeast involved in this process will operate optimally. However, 

Vargas-Ramirez et al. (2013) confirmed that the juice treated with acidic conditions ended up 

with a fermentation efficiency up to 82%, while the one treated under alkaline conditions 

reached 53%, both in comparison to the fermentation of fresh juice. In this specific case, sulfuric 

acid was used to adjust the pH, but many other acids have been used to treat various juices. 

Sorbic acid was used to preserve sweet sorghum juice and promoted 92.74% of fermentation 

efficiency after 48 h of storage at 37 oC (Kumar et al., 2015). Although they did not show any 

pH values and used a mix of preservation techniques, Sankhla et al. (2012) attributed the limited 

microbial growth of the sugarcane juice after sterilization to the acidification of the media.  
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When comparing a combination of citric acid and benzoic acid against sodium benzoate and 

potassium metabisulphite, the combination of acids had a better performance in preserving 

cashew apple juice for 90 days since reducing the pH lower than 4.0 would prevented the 

browning of the juice (Talasila et al., 2012). Other organic acids presented a good performance 

on the preservation of sugar beet juice with low sugar content (RDS = 25%). Butyric, propionic 

and citric acids at a pH ≤ 4.25 and lactic acid at a pH ≤ 3.5 were able to preserve 92% of sugars 

at room temperature (22.5 oC) for up to 38 days (Monono et al., 2019).  

Some authors also studied the effect of adding different ions during the acidification and partial 

neutralization on the downstream yeast performance. The formation of salts during the partial 

neutralization steps, such as NaCl when using NaOH to neutralize a juice acidified with HCl, 

may hinder the fermentation efficiency due to an increase in the osmotic pressure on the cells 

(Vargas-Ramirez et al., 2016b). On the other hand, ammonium salts ((NH4)3PO4, NH4Cl, 

(NH4)2SO4) produced from the neutralization of different acids using NH4OH improved the 

ethanol yields because they worked as a supplement in juices that had low nitrogen content 

(Vargas-Ramirez et al., 2016b). 

Chemical preservatives 

The addition of chemical reagents is a traditional method for the conservation of juices (Jiang 

et al., 2014). They are usually affordable, easy to manage and do not lead to many engineering 

issues, such as the addition of new unit operations in the process. Among the diversity of 

chemicals, sodium benzoate is a traditional preservative used in the food industry and aqueous 

ammonia is usually used to reduce alcoholic fermentation (Bobadilla and Preston, 1981). Alli 

et al. (1983) used aqueous ammonia (28% NH3) to the ensilage of chopped sugarcane. The 

process allowed a 47.9% reduction of the weight loss and 46.4% of the water-soluble 

carbohydrates losses after 42 days. Bobadilla and Preston (1981) added sodium benzoate to 

sugarcane juice and stated that different concentrations (w/w) could provide different storage 

times. As an example, a concentration of 0.05% allowed a conservation of 48 h, 0.075% allowed 

72 h and finally 0.1% allowed maintaining the mixture for 144 h. A comparison was also made 

with aqueous ammonia, and since both had similar performance, sodium benzoate was chosen 

as the most suitable option due to its lower cost. 
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However, the drawback of the utilization of sodium benzoate is that, at the same time, it inhibits 

the microorganism’s metabolism that will progressively spoil the juice. It could also inhibits the 

growth of Saccharomyces cerevisiae, harming the desired alcoholic fermentation yields. Zhang 

et al. (2018) compared different chemicals (all added at a concentration of 0.4 g/L) for sweet 

sorghum juice. The samples treated with sodium benzoate had an overall lower ethanol 

production after fermentation (<60 g/L) as compared to other samples treated with hydrogen 

peroxide, methyl paraben and sodium hypochlorite that generated about 130 g/L of ethanol after 

fermentation. In addition, their best result was achieved with methyl paraben at a concentration 

of 0.4 g/L and after 90 days there was a reduction of 4.9% of the total fermentable sugars and 

this led to the production of 121.1 g/L of ethanol after fermentation. 

Some authors used more than one chemical at a time. As an example, Mishra et al. (2011) treated 

sugarcane juice with citric acid (0.33%), sodium benzoate (0.015%) and potassium sorbate 

(0.025%). They observed low microbial growth (standard for a plate method) after 30 days at 

room temperature. Ayub et al. (2010) observed that the addition of potassium sorbate (0.1%) 

and sodium benzoate (0.1%) increased the shelf-life of pasteurized strawberry juice from 30 

days to 90 days at 4 oC. Ramachandran et al. (2017) used natural extracts to preserve sugarcane 

juice and the system treated with lemon and moringa seeds extract had a shelf-life similar to the 

sample treated with sodium benzoate. 
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3.2. Evaluation of physicochemical preservation techniques for the storage 

of sugar beet molasses followed by bioethanol production 

3.2.1. Abstract 

In this chapter, five physicochemical techniques (acidification, ozonation, addition of sodium 

hydrosulfite, sodium sulfate and oil layer) were investigated for the preservation of sugar beet 

molasses diluted at low (150 g/L) and high (300 g/L) concentration of initial sugars. Although 

none of the strategies was efficient to prevent the microbial contamination at 150 g/L, some 

approaches allowed preserving more than 90% of fermentable sugars at 300 g/L of initial sugars. 

Furthermore, the use of 2 g/L of sodium hydrosulfite or acidifying the media to pH 3 allowed 

the conservation of nearly 100% of the fermentable sugars. Fermentation assays performed after 

storage indicated that acidification, sodium hydrosulfite and ozonation did not alter the 

fermentation performances, as the production of ethanol reached 102 g/L after 6 days of 

incubation. Therefore, the use of sodium hydrosulfite or acidification were considered as 

relevant strategies for maintaining fermentable sugars in liquid feedstock for bioethanol 

production. 

Keywords: Sugar beet molasses; Ethanol fermentation; Storage; Biological contamination 

 

3.3. Introduction 

Biofuels have long been considered as an alternative to fossil fuels, especially ethanol, that has 

been successfully used as substitute to gasoline in the last decades (Sydney et al., 2019). 

Differently from fossil fuels, ethanol production cycle can capture part of the carbon released 

during its combustion through growing the biomass that is used as feedstock (Machado et al., 

2017). It can be produced from the fermentation of sugars present in different biomasses, but 

notably in crops such as corn and sugarcane (Manochio et al., 2017). However, to make the 

ethanol carbon efficient when compared to fossil fuels, it is necessary that its feedstock is 

produced with a low carbon intensity (Alexiades et al., 2018; De Meyer et al., 2014). Sugar 

beet, for example, is a crop that has been used as principal feedstock for sugar and ethanol 

production in temperate climates, such as in Europe (Berlowska et al., 2017; Modelska et al., 

2017) and in the United States (De Laporte and Ripplinger, 2018; Maung and Gustafson, 2011). 
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Thus, it is a good candidate to be used as ethanol feedstock in Canada as well (Nuttall et al., 

2013). 

Sugar beet is a seasonal crop and can be stored in the fields for a maximum period of 60 days 

due to its high water content (Kusstatscher et al., 2019). Beets present a high risk of biological 

contamination due to the natural presence of microorganisms, which can proliferate along the 

crop processing, as in the sugar and juice extracted from the plant (Kohout et al., 2020; 

Nasiłowska et al., 2018). The crop can also lose a large quantity of sugar by natural respiration, 

with around 0.22 kg of sugar/ton of beets per day (El-Rahman et al., 2019). Ethanol producers 

usually do not have the capacity to process all available feedstock in a short time (Liu et al., 

2013). Also, the use of different industrial wastes for bioethanol production is important, as 

well, to make it less carbon intensive (Ferreira et al., 2018). 

In this context, different preservation techniques can be used to lower the microbial load and 

preserve the fermentation feedstock for several weeks. For instance, sterilization processes such 

as ozonation could allow to reduce, if not completely remove, any microbial contamination from 

sugar-rich solution (Li and Farid, 2016). Even if this technique gives access to a sterile 

environment at the beginning of the storage, microbial contamination can still occur after a 

certain time. Other methods use physical agents to provide a preservation system during the 

storage time such as evaporating the water to increase the osmotic pressure (Yousef and 

Balasubramaniam, 2013). Finally, chemical preservation agents or extreme pHs can hinder the 

microbial growth in sugar-rich solution (Amit et al., 2017). As an example, pHs lower than 4 

and higher than 9 were reported to be efficient to maintain the sugar content in thick sugar beet 

juice characterized to have a sugar content corresponding to about 60 oBrix (Vargas-Ramirez et 

al., 2013). It is important to point it out that the glycosidic bond in sucrose is easily hydrolyzed 

in aqueous medium and low pHs, hence, it is a phenomenon that might be observed when using 

acidification treatment (Steinbach et al., 2018). 

Among these techniques, the concentration of sugar beet juice to lower its water activity (high 

osmotic pressure) remains the most studied and efficient technique to avoid microbial 

contamination in the literature (Eggleston et al., 2015; Klasson and Boone, 2021; Vargas-

Ramirez et al., 2016b). However, this technique is often associated with high operating costs 

due to energy-intensive processes which could, depending on the heating system, induce the 
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production of greenhouse gases  and increase  the carbon intensity of a downstream biofuel 

(Vargas-Ramirez et al., 2017). An evaporation process of raw beet juice to reach a sugar 

concentration high enough to provide protection against microbial growth can represent 26% of 

the carbon footprint (high energy demand) of ethanol production (Vargas-Ramirez et al., 2017). 

Likewise, this technique can be time-consuming and the sugar-rich solution will need to be re-

diluted in order to perform the ethanol fermentation.  

When the preservation of the feedstock is the targeted objective, well-stablished food 

preservation techniques can be considered to be applied for feedstock such as beets. For food 

products, nutritional and organoleptic characteristics must be maintained during storage 

(Kaavya et al., 2018) since, usually, they are very affected by downstream processes (Sankhla 

et al., 2012). However, since some bioethanol is not intended for human consumption, the 

required quality parameters could be lower. A high purity of sucrose required by the sugar 

industry is not a problem for fermentation feedstock (Panella, 2010). Nonetheless, a very 

important point of whatever selected preservation method is that it must be potentially reversed 

in order to allow yeast fermentation when required, again being the opposite of what the food 

industry looks for. 

Considering this, the aim of this work was to compare different techniques to preserve 

fermentable sugars in solutions with low initial sugar concentrations (150 and 300 g/L) during 

several days prior to ethanol fermentation. The use of such low sugar content is ambitious and 

challenging, since all the studies so far had relied on at least twice the sugar concentration to 

store liquid feedstock for bioethanol production (Eggleston et al., 2015; Klasson and Boone, 

2021; Vargas-Ramirez et al., 2013). Thus, the techniques were evaluated in their potential to 

preserve the fermentable sugars with an unknown initial microbial load and subjected to a 

random environment contamination, mimicking an usual industrial situation.  

In this context, five physicochemical methods (acidification, ozonation, oil layer, sodium 

hydrosulfite and sodium sulfate) were investigated at room temperature using the two sugar 

concentrations (150 and 300 g/L). Finally, fermentations were carried out after the storage 

period to evaluate how the preservation techniques could affect the ethanol productivity. This 

work could provide valuable insights to the bioethanol industry, offering the possibility to 
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conserve fermentable sugars (hence increasing the potential use of multiple feedstock) for long 

periods and at potentially limiting the carbon intensity of the overall process. 

3.4. Materials and Method 

3.4.1. Sugar beet molasses composition 

The sugar beet molasses used in this study was provided by a local sugar refinery located at 

Coaticook (Québec, Canada). The main characteristics of this feedstock are presented in Table 

3.1. 

Table 3.1. Characterization of the sugar beet molasses produced by a demo scale sugar refinery 

Parameter Value 

Density (kg/L) 1.29 

Brix (oBx) 64 

Sucrose (g/L) 560.95 

Glucose (g/L) 55.23 

Fructose (g/L) 39.00 

Lactic acid (g/L) 11.28 

Acetic Acid (g/L) 0.79 

Viscosity (cp) 102.5 

Total Organic Carbon (g/L) 371.00 

Total solids (%) 64.70 

Ash (%) 1.23 

pH 6.36 

 

3.4.2. Preservation methodology 

In the first part of the study, five physicochemical methods (acidification, ozonation, addition 

of sodium hydrosulfite, sodium sulfate or an oil layer) were investigated for two different initial 

sugar concentration (150 and 300 g/L) of sugar beet molasses (Figure 3.1). In addition, untreated 

control groups were run to evaluate if any natural contamination could affect the feedstock 

composition. For the acidic treatment, the pH of the molasses was adjusted to 3.0 using a 10 M 

H2SO4 solution. Sodium hydrosulfite and sodium sulfate were added to the molasses at the same 
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concentration of 2 g/L. The concentration of sodium hydrosulfite was determined after 

performing toxicity fermentation assays with various concentration of chemical (data not 

shown). The sodium sulfate concentration was the same to compare chemicals at the same level. 

Corn oil with a density of 0.95 kg/L was added in a volumetric oil:substrate proportion of 1:6, 

in order to achieve a layer height similar to what was previously reported in the literature 

(Eggleston et al., 2015). The latter was provided by an industrial ethanol producer (Greenfield 

Global Inc., Canada). Finally, ozone treatment was performed on 250 mL of substrate for 20 

min using  an oxygen concentrator (AirSep corporation, USA) and an ozone generator (A2Z 

Ozone, USA) operating with a flowrate of 0.01 g/min of O3. 

 

Figure 3.1. Methodology used in this study to evaluate the effect of different preservation 

strategies on the preservation of diluted sugar-beet molasses at two initial sugar concentration. 

After conducting different treatments, the solutions were placed in 100 mL glass vials using a 

60 mL working volume. The vials were then capped with rubber stoppers and aluminum rings 

before being stored in the dark at room temperature. Control groups were incubated in the same 

conditions with or without rubber stoppers, respectively referred as “closed” and “opened” 

controls in the text. Preservation tests were carried out during 30 days in three independent 

replicates.  

3.4.3. Fermentation trials 

After the storage, samples were used to perform fermentation assays to evaluate how physical 

or chemical treatments could affect the downstream ethanol production performances. The 

triplicates for each storage conditions were mixed and supplemented with 4 g/L of Fermaid O 

nutrient (Lallemand Biofuels & Distilled Spirits, Canada). In addition, the pH of the 
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fermentation media was adjusted to 5.5 using 5 M solutions of NaOH or H2SO4 prior to yeast 

inoculation.  

The Saccharomyces cerevisiae yeast inoculum (Thermosacc® DRY, Lallemand Biofuels & 

Distilled Spirits, Canada) was prepared by re-suspending dry yeast cells in warm tap water. The 

inoculum solution was then placed at 30 oC for 15 min using a shaking incubator (Ecotron, 

Infors-HT Inc., Switzerland) operating at 140 rpm. Then, 2.5 % (v/v) of the inoculum solution 

was transferred to 25 mL of fermentation media using 50 mL serum vials. The initial yeast 

concentration present in the fermentation media was 1.5 g/L. The fermentation bottles were then 

capped with rubber stoppers and aluminum rings before being flushed with N2 for 5 min to 

ensure anaerobic conditions. Finally, fermentation media were incubated at 30 oC and 140 rpm, 

during 120 h. An untreated sugar beet molasses sample called “fermentation control” was stored 

at 4 oC for 30 days to compare the physicochemical methods with a conventional storage 

procedure. All the fermentation assays were carried out in three independent triplicates. 

3.4.4. Statistical analysis 

The software STATISTICA 7.0 (TIBCO Software Inc., Palo alto, CA, USA) was used to 

perform statistical analysis on the data. One-way analysis of variance (ANOVA) and Tukey’s 

test were performed using 95% confidence level (p-value ≤ 0.05). 

3.5. Analytical methods 

3.5.1. Sugar profiles 

The main carbohydrates components of sugar beet molasses are sucrose, glucose and fructose 

and to understand the mechanism of each storage strategy, as well as to follow the microbial 

growth, a detailed analysis of the sugar profile was required. To this purpose, a Dionex ICS-

5000+ chromatography system was used to quantify the sugar profiles. The details of method 

were described by Beigbeder et al. (2021). The calibration curve ranged from 10 ppm to 1000 

ppm and used the following standards: Fructose (99%), glucose (99%) and sucrose (99%) which 

were all purchased from Sigma-Aldrich. 

3.5.2. Metabolites profiles 

An Agilent 1100 series HPLC (Agilent Technologies Inc., USA) was used for the analysis of 

the metabolites produced by the microorganisms such as organic acids and ethanol, as described 
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previously (Beigbeder et al., 2021). The calibration curve ranged from 10 ppm to 1000 ppm and 

used the following standards:  formic acid 100% (Fisher Scientific), acetic acid 99.9% (Aldrich), 

glycerol 99% (Sigma Aldrich), glycolic acid 99% (Aldrich) and ethanol 99% (Sigma-Aldrich). 

3.5.3. Gas production  

Development of microorganisms can lead to the production of various gases (CO2, CH4, H2S, 

etc.) along with volatile metabolites (Monono et al., 2019). During the preservation 

experiments, pressure build-up inside the bottles was regularly relieved by inserting a needle 

thought the septum of the rubber caps. Bottles were weighted before and after this operation 

every 5 days to measure the biogas production, expressed as gram of gas/ L of solution. The 

weight of the opened control was not measured, since this condition was not comparable with 

the other groups due to the lack of caps that could lead to an overestimation due to a higher 

evaporation of the system. 

3.5.4. Carbon mass balance 

In addition to the sugar and metabolites analysis, the total organic and inorganic carbon 

concentrations were assessed to complete the mass balance of the different physicochemical 

methods. The initial and final liquid samples were filtrated on a 0.45 µm filter (Chromspec, 

Canada) before being analyzed by a total organic carbon analyzer (Shimadzu TOC-Ve, Japan). 

The combustion of the sample was performed at 680 oC using a platinum catalyst with a constant 

flow of purified air (150 mL/min). 

The overall procedure allowed a detailed carbon balance to be established by comparing the 

initial and final carbon content present in the solution. In the actual case, it was assumed that all 

the gas produced during the preservation assays was CO2 and that the quantity of carbon 

accumulated as solid biomass during microbial proliferation was negligible. In some cases, 

some undetected carbon metabolites were observed by difference between the final total carbon 

content and the sum of the different carbon compounds quantified during the study (sugar, 

organic acids, glycerol, CO2, etc.). These undetected organic compounds were referred as 

‘unknown organic carbon’ and are discussed in the text. 
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3.5.5. Fermentation performances 

During the fermentation experiments, several parameters were assessed to evaluate the effect of 

the physicochemical methods on the fermentation performances. First, the fermentation kinetics 

were assessed by monitoring the mass loss generated by CO2 production. Considering the 

theoretical fermentation reaction: 𝐶6𝐻12𝑂6 → 2𝐶2𝐻5𝑂𝐻 + 2𝐶𝑂2, 1.0 g of glucose should be 

converted into 0.51 g of ethanol and 0.49 g of CO2. Therefore, the ethanol production can be 

indirectly predicted by calculation, using the cumulative CO2 generated during the fermentation 

(Beigbeder et al., 2021). This methodology allowed a quasi-immediate evaluation of the 

fermentation kinetics to estimate the end of the fermentation experiment. In addition, the final 

ethanol concentration was quantified by HPLC (as described in section 3.5.2). 

The fermentation performances were evaluated by calculating fermentation and process yields. 

The fermentation yield relates to the final ethanol produced keeping into account the maximum 

ethanol that could be produced with the sugar still available after storage. This part of the work 

is intended to evaluate if the storage method has an impact on the fermentation efficiency. The 

process yield evaluates the produced ethanol concentration, taking in consideration the sugar 

available before storage, thus it is a value that encompass the overall process. 

3.6. Results and discussion 

3.6.1. Preservation experiments 

The five techniques were investigated for the preservation of two sugar solutions (with initial 

total sugar concentration of 150 and 300 g/L) over a 30 days storage period. During the 

experiment, gas loss was measured by weight difference each 5 days and the liquid samples 

were analyzed at the first and last day of storage in order to identify various process responses 

such as gas production as well as sugar and organic compounds concentrations. 

When comparing groups with different sugar concentration, results showed that the initial sugar 

load had a significative effect on the gas production (Figure 3.2). This can be attributed to the 

higher osmotic pressure in the groups with 300 g/L of sugars, since an adequate osmotic pressure 

is essential for cell viability (Hohmann, 2002). Higher mass loss was detected for the groups 

with an initial sugar concentration of 150 g/L as compared to the concentration of 300 g/L. The 

use of sodium hydrosulfite and acidification of the sugar-rich solution led to a lower production 

of gas (< 0.81 g/L) when employing 300 g/L of initial sugars (Figure 3.2B). However, the same 
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groups presented a different behavior when using 150 g/L of initial sugars, where up to 16.16 

g/L of gas were produced after 30 days (in the case of the acidification group).  

 

Figure 3.2. Mass loss represented by gas production during the 30 days-preservation experiment 

employing different storage treatments and two initial sugar concentration of 150 g/L (A) and 

300 g/L (B) of sugar beet molasses. The opened control is not shown in the graphs because as 

it had no cap, the mass loss would represent also liquid evaporation, not only gas loss. 
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For both initial sugar concentrations, the ozonated samples showed almost no mass loss during 

the first days of the experiment. This was due to the ozone action on microbial cells, since, as a 

strong oxidant, it is able to destroy microbial cells (Jamil et al., 2017). However, the gas 

production increased significantly after 10 (150 g/L) and 15 days (300 g/L), before reaching up 

to 33.46 and 7.65 g/L at an initial load of sugar of 150 and 300 g/L, respectively. Therefore, the 

ozone decreased the initial microbial load of the sugar-rich solution although not preventing the 

solution to be contaminated afterwards. 

To understand how the storage strategies affected the preservation performances, sucrose, 

glucose and fructose concentrations were quantified at the beginning and the end of the storage, 

for all the investigated conditions (Figure 3.3). At 150 g/L of initial sugar concentration, the 

different experimental tests presented an average sugar loss of 90%, with only traces of glucose 

and fructose (< 25 g/L) detected at the end of the 30th day (Figure 3.3A). The statistical analysis 

indicated that all the techniques were part of the same group, with no statistical difference 

between them. Therefore, all the storage strategies used in this study were not efficient enough 

to avoid sugar degradation in the solution with 150 g/L of sugar, since this sugar concentration 

is very favorable for microbial growth (Gomes et al., 2021).  
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Figure 3.3. Effect of different preservation techniques on the sugar profiles of sugar beet 

molasses initially composed of 150 g/L (A) and 300 g/L (B) of total sugars. Results are presented 

after 30 days of storage at room temperature. Different letters represent significantly different 

values for p ≤ 0.05. 

When using 300 g/L of initial sugar load, the variations of sugar concentration and profile were 

different among the samples, varying from 0% to 52.6% of total sugar loss (Figure 3.3B). The 
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addition of 2.0 g/L of sodium sulfate led to the highest sugar degradation of 52.6 % by the end 

of the experiment. Furthermore, the latter condition was found to be less efficient than both the 

opened and closed controls, which presented 29.3% and 36.1% of sugar degradation, 

respectively. Addition of sodium hydrosulfite or acidification of the solution provided the 

highest preservation rate, showing no statistical difference with the initial concentration of 

sugars present in the diluted sugar beet molasses. The preservation performance of sulfur 

compounds might be related to their oxidation state. Literature had reported that the oxidation 

reaction transforming sulfites into sulfates is intrinsic associated with their antimicrobial activity 

mechanism (D’Amore et al., 2020), therefore as expected, the sodium hydrosulfite presented an 

outstanding preservation capacity when compared with sodium sulfate.  

Finally, the use of an oil layer or the ozonation of the sugar-rich solution presented only 10.8 

and 12.6% of total sugar loss detected after 30 days of storage, respectively (Figure 3.3B). 

Klasson and Boone (2021) obtained similar results when using an oil layer of 1.7 cm for the 

conservation of sweet sorghum juice at an initial concentration of 30 oBx (Klasson and Boone, 

2021). After 10 weeks of storage, experimental results indicated that the oil acted as a physical 

protection, reaching 64-68% of sugar conservation compared with 44-61% for the respective 

controls. Other studies in literature attested the efficiency of employing sugar-rich solutions 

with high osmotic pressure to limit the microbial contamination. In these studies, most of the 

initial sugars were conserved when using an initial sugar concentration of 650 g/L (sugar beet) 

(Vargas-Ramirez et al., 2013) and 800 g/L (sweet sorghum) (Eggleston et al., 2015). Therefore, 

the high sugar preservation efficiencies obtained in this work, with only 300 g/L of initial sugars, 

represents a significant advancement on the storage of feedstock dedicated to ethanol 

production. 

It is interesting to point out that although most of the sugars at a 150 g/L initial sugar 

concentration were degraded, significant differences were observed in the profile and the 

concentration of metabolites analyzed at the end of the storage, for all the different storage 

conditions (Figure 3.4). This study did not involved any microbiological analysis, but it is 

known that sugar beets can have a diverse natural microbiota found in sugar beets.  It can be 

found the literature the presence of fungi, yeast and bacteria of genera such as Enterobacter, 

Micrococcus, Lactobacillus, Aspergillus. Monilla, Saccharomyces, Candida (Sankhla et al., 
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2012), Listeria and coliforms (Nasiłowska et al., 2018) in other sugar beet samples. Therefore, 

the solution presented the microbiota that were present in the beets and during the solution 

production, with the objective to reproduce non-sterile production conditions. 
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Figure 3.4. Effect of different preservation techniques on the metabolites concentration of sugar 

beet molasses initially composed of 150 g/L (A) and 300 g/L (B) of total sugars. Results are 

presented after 30 days of storage at room temperature. Different letters represent significantly 

different values for p ≤ 0.05. 
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Metabolic reactions on microorganisms can be driven by stresses due to change in the 

environment, as the application of preservation treatments, and it is also related to their genome 

(Saini et al., 2018). Thus, this can be the explanation for why the sugars were transformed in 

different metabolites. For instance, the solutions treated with ozonation, acidification, sodium 

hydrosulfite and oil layer triggered the natural production of ethanol (> 27 g/L) and glycerol (> 

3 g/L), which might indicate presence of yeasts. On the other hand, the use of sodium sulfate 

and the controls groups only presented a slight increase of organic acids concentrations, which 

might be an indicative of acetic and lactic acid bacteria activity (Cirlini et al., 2020). Also, along 

the biogas produced during the storage, other kind of metabolites (not detected by the HPLC 

methodology used in this study) could have been produced by some microorganisms when 

utilizing the sugars.  

At 300 g/L of initial sugar concentration, the production of metabolites was much lower, with 

no significant difference between the initial point and the control groups as well as the samples 

treated using sodium hydrosulfite or acidification. However, Figure 3.3B indicated that the 

majority of the sugars from the control groups were lost after storage, reinforcing the idea that 

other kind of metabolites might have been produced during this period but were not identified 

by the instrument used in this work. On the other hand, the most notable techniques were the 

sodium sulfate and ozonation treatment, which showed higher ethanol (>13 g/L) and glycerol 

(>4 g/L) contents at the end of the experiment. They were product from the growth of original 

microbial load, since the solution was non-sterile or by eventual contamination from the 

environment.  

In addition, a pH change is another indication of contamination, since many metabolic routes 

end up by producing organic acids such acetic or lactic acids (Vargas-Ramirez et al., 2013). 

Thus, the increased concentration of lactic acid in the oil and closed control group, might 

indicate that some lactic acid bacteria were favored during the storage. As expected, the groups 

with higher sugar concentration demonstrated a lesser pH variation as compared to the samples 

with lower concentration of sugars (Table 3.2). For example, the closed control presented a 

notable change in pH, although there is no significant difference between the organic acids 

content before the storage.  
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Table 3.2. Change in pH of solutions with low (150 g/L) and high (300 g/L) sugar concentration 

before and after 30 days of storage at room temperature. 

Condition 150 g/L 300 g/L 

 Initial Final Initial Final 

Sodium 

Hydrosulfite 
5.95 4.35 5.96 5.50 

Sodium 

Sulfate 
6.57 4.44 5.99 4.83 

Acid 2.83 3.00 3.00 3.06 

Oil 6.36 3.74 6.00 4.46 

Ozone 5.22 4.05 5.44 4.69 

Closed Control 6.36 3.76 6.00 4.46 

Opened 

Control 
6.36 4.03 6.00 5.84 

 

The metabolites quantified in the samples are commonly associated to microbial metabolism. 

At lower sugar concentration, it can be noticed that the microbiota mainly produced ethanol 

instead of organic acids, indicating that the contaminating organisms start performing ethanol 

fermentation.  As Dziugan and collaborators observed, the presence of yeasts such as Candida 

spp., is very common in sugar beet juices (Dziugan et al., 2016), and it is one of the possible 

contaminations of the feedstock from this study. This also correlates with the high mass loss 

observed previously, since CO2 is another product formed in the ethanol production reaction 

(Figure 3.2). The investigated storage conditions, besides the use of sodium sulfate, presented 

significant effect on the preservation of sugar beet molasses for both initial concentrations of 

150 and 300 g/L. The best preservation technique identified were the use of sodium hydrosulfite 

and acidification at 300 g/L, leading to a 100% of sugar preservation efficiency.  

3.6.2. Carbon mass balance 

The storage system used in this work was a closed system, therefore besides the gas loss, the 

initial carbon presented there should be conserved. Figure 3.5 presents the carbon mass balance 
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of different experimental groups that presented high (acidification) and low (sodium sulfate) 

preservation performances together with the opened control group. At 150 g/L of initial sugar, 

most of the conditions had a predominant carbon deficit, with 18-55% of the carbon content not 

identified during the mass balance. The percentage of carbon found as sugar in the analyzed 

samples was shown to be lower than 13%, confirming the low sugar preservation performance 

and the high visual contamination observed during the experiment (see supplemental materials). 

The groups containing 300 g/L of sugars, which had much less contamination, presented a 

relative lower carbon deficiency, such as the 5% measured in the case of the sodium sulfate 

treatment. Figure 3.5 demonstrates the importance of the osmotic pressure, since all samples at 

higher sugar concentration preserved more carbon as sugars in comparison with the tests that 

started with a lower initial sugar concentration. 
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Figure 3.5. Carbon distribution of the samples treated with acidification, sodium sulfate and 

opened control after 30 days of storage for the low (150 g/L) and high (300 g/L) concentration 

of initial sugar. 

Many different scenarios could explain the carbon deficit. The sugar monomers could be 

transformed in oligosaccharides such as dextran, that are very common in sucrose degradation 

process (Borji et al., 2019), and those are not quantified by the performed Dionex analysis. 

Other metabolites could also be a possibility, such as succinic acid, methanol, methane, 

pyruvates and citrates (Y. Zhang et al., 2021). Those molecules have a high carbon content, and 

the analytical methods were not able to quantify them, which may be one of the possibilities 

explaining carbon deficit. The profiles described in Figure 3.5 are in accordance with the results 
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presented before, such as the sugar and metabolites profile and highlights the impact of the 

osmotic pressure on the preservation efficiency. 

3.6.3. Fermentation 

The preservation experiments presented various effects on the sugar beet molasses composition, 

especially on the sugar profile and the presence of other organic compounds such as organic 

acids. However, additional assays were performed to insure a synergy between the preservation 

and the actual fermentation process. In some cases, the preservation agent and/or the metabolites 

generated through the preservation might negatively affect the yeast metabolism and the ethanol 

production performances. The sodium hydrosulfite, for example, is a reducing agent and it is 

known to slow the microbial metabolism (Bulat and Topcu, 2020). In this context, the stored 

groups with an initial sugar concentration of 300 g/L were recovered after the preservation 

period and tested as potential feedstock for the production of ethanol.  

The fermentation kinetics were followed by the mass loss through the CO2 release from the 

fermentation vials and expressed as ethanol concentration (Figure 3.6). The acidification, 

addition of sodium hydrosulfite and ozone treatment had similar kinetics as the fermentation 

control, indicating that these approaches did not hinder the yeast metabolism. As observed by 

Dziugan et al. (2016), ozonation treatment can even promote a slightly faster kinetics due to the 

higher oxygen content in the media, promoting an increase of the cell number as compared with 

the fermentation control (Dziugan et al., 2016). The high sugar concentration of the molasses 

(300 g/L) did not represented an issue to the yeast in the respective fermentation conditions, as 

it was previously reported (Reddy and Reddy, 2006; Vučurović et al., 2018).  
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Figure 3.6. Fermentation kinetics of groups treated with different physicochemical methods 

after 30 days of storage with initial total sugar of 300 g/L. 

On the other hand, the groups treated with the oil layer and sodium sulfate exhibited lower 

fermentation performances with final ethanol concentrations of 41.5 and 25.6 g/L, respectively, 

which was found to be even lower than the opened control with a concentration of 48.1 g/L 

(Figure 3.7). Literature shows that the use of oil did not hindered the ethanol fermentation 

(Klasson and Boone, 2021), therefore the higher concentration of lactic acid can be the main 

reason explaining the low fermentation yield in such group.  The group with sodium sulfate 

presented low production of ethanol during the fermentation because most of the sugar had 

already being used by contaminant microorganisms to produce other metabolites during the 

storage time. The fermentation yield of the ozone treated sample was as good as the fermentation 

control, stored at -20 °C. This indicates that, although having presented a slight sugar 

degradation, the group did not present a sufficient level of inhibitors to jeopardize the 

fermentation. 
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Figure 3.7. Fermentation results of samples stored with different strategies after 30 days. Red 

columns represent process yield, blue columns represent fermentation yield and white columns 

represent the ethanol produced during fermentation. Different letters represent significantly 

different values for p ≤ 0.05. The groups were compared for each response separately. 

Fermentation and process yields were used as comparison to evaluate the impact of the storage 

methods on the final fermentation products (Figure 3.7). Taking in consideration the statistical 

analysis, addition of sodium hydrosulfite and ozonation had no statistical difference as 

compared to the fermentation control in term of process yield, which was found to be in 

agreement with what was previously described in Figure 3.6. Ozonation had an absolute value 

much lower than sodium hydrosulfite and the fermentation control, therefore, if considering the 

absolute value, sodium hydrosulfite had the best performance, being comparable with the 

fermentation control, with process yield above 65%.  
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Acidification had a satisfactory performance when compared with the fermentation control, 

presenting process yield higher than 50%. Furthermore, addition of sodium sulfate and the 

opened control had a similar impact. The treatment did not inhibited yeast fermentation, 

however, it also did not provide an efficient sugar preservation conditions, resulting in low 

ethanol production and process yields.  

Even if the oil layer preserved 89% of the total sugar, the fermentation performances were pretty 

low, with only 27% of process yield. These findings were different from what was observed by 

Klasson and Boone (2021), where sweet sorghum syrup was conserved in the presence of oil 

for 70 days (Klasson and Boone, 2021). They evaluated 3 different syrups from different types 

of sweet sorghum, that were stored at 30 oBx with an oil layer. Their syrups were diluted to 22 

oBx before fermentation, consequently diluting the inhibitors too. This might be a reason 

explaining the difference from the results in this work. Also, different results might be explained 

by the two different natures of the feedstock, with different initial sugar profile, micro and macro 

nutrients composition and initial microbial load. 

 Overall, besides the oil, all approaches allowed the fermentation after storage. There was an 

accordance between low fermentation yields and  the highest concentration of metabolites, that 

are known as fermentation inhibitors (de Klerk et al., 2018). Sodium hydrosulfite and ozonation 

were identified as the most efficient physicochemical methods without negatively affecting the 

yeast action after storage. 

3.7. Conclusion 

The use of physicochemical methods such as ozonation, acidification, addition of oil or sodium 

hydrosulfite preserved more than 87% of the fermentable sugars after 30 days using diluted 

sugar beet molasses with an initial sugar concentration of 300 g/L. Therefore, regarding sugar 

preservation, it is possible to use different methods if the osmotic pressure is moderate, much 

lower than what was previously reported in literature. In addition, acidification and the addition 

of 2 g/L sodium hydrosulfite did not present any negative effects on the ethanol production 

performance, turning out to have the best performance for bioethanol feedstock storage between 

the evaluated methods. This represents an important advancement on the preservation 

methodology of liquid feedstock for bioethanol fermentation. The techniques compared in this 

study could be applied to a wide variety of fermentation feedstock, reducing the power 
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consumption associated with preservation processes relying on evaporation of large volumes of 

water and contributing to a more sustainable and feasible bioethanol production. A techno-

economic analysis will remain essential to decide which method is more suitable to be 

implemented in a bioethanol plant. 
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Document contribution: 

This paper studied the combination of the techniques that were more successful in the previous 

chapter. It contributed to elucidate the research question if it could be possible to lower the sugar 

concentration of liquid feedstocks for bioethanol production for long-term. Therefore, it studied 

the combination of three preservation techniques (acidification, ozonation and oil layer) to 

evaluate if application of a strong and cheap preservation system would be enough to inhibit 

microbial growth in a sugar solution of 250 g/L. This paper represented an outstanding advance 

in the current technology for bioethanol feedstock storage. The results have shown that it was 

possible to lower the sugar concentration from 600 g/L to 250 g/L and increase the storage time 

from 180 days to 300 days. Thus, the use of ozonation and an oil layer was defined as a suitable 

storage technique for bioethanol feedstock in industrial scale. 
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4.2. Combination of different preservation techniques as low-cost strategies 

inhibiting sugar degradation in liquid feedstock used for bioethanol 

fermentation 

4.2.1. Abstract 

In this study, three different techniques (ozonation, acidification, and addition of oil layer) were 

investigated individually as well as combined for the long-term storage of sugars dedicated to 

fermentation. After 300 days of storage, up to 100% of the initial fermentable sugars were 

preserved when acidification to pH 2 was used, independently if other conservation techniques 

were used or not. However, in terms of fermentation potential, the groups treated with acid 

presented a lower ethanol yield than the groups maintained at pH 6. When the solution was 

treated with ozone combined with an acidification, it had a 55.71% yield towards bioethanol 

while when treated just with ozonation, the fermentation reached a 67.20 % yield. Ozonation 

was found to be efficient to preserve fermentable sugars, either with the use of an oil layer (80% 

conservation) or at lower pH (100% conservation). Finally, the combination of ozonation and 

oil layer presented the highest total ethanol production, reaching 101 g/L after 96 h of incubation 

using Saccharomyces cerevisiae.  Thus, the combined use of ozonation and of an oil layer has 

the potential to be used in the bioethanol sector as a preservation system to preserve liquid 

feedstock without the use of evaporation to increase the sugar concentration. 

Keywords: Sugar Beet Molasses, Fermentation, Bioethanol, Ozone, Oil Layer 

4.3. Introduction 

Although biofuels are considered an alternative to fossil fuels, the traditional way to produce 

bioethanol still involves considerable amount of carbon (Sydney et al., 2019). A carbon-efficient 

production process relies on low energy-intensive processes (Maga et al., 2019) combined with 

the use of energy-efficient feedstocks such as agro-industrial by-products and energy crops 

(Tomei and Helliwell, 2015). Bioethanol can contribute on reducing GHG emissions because 

the use of a gasoline-ethanol involving 30% EtOH can reduces GHG emissions by 7.2% when 

corn is used as feedstock and up to 13.4% when cellulose is used as feedstock (Mendiburu et 

al., 2022). However, feedstocks that are generally used for bioethanol production can be 

subjected to microbial contamination from the moment of their harvest up to their industrial 

processing, thus potentially causing economic loss (Kohout et al., 2020). Sweet sorghum, for 
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example, can lose 49% of its fermentable sugars  in one (1) week (Jiang et al., 2014) while for 

sugar beets, the maximum storage time is 6 weeks in northeastern Colorado, a temperate-climate 

region (Vargas-Ramirez and Wiesenborn, 2015). As an examples of microbial contamination, 

several microorganisms such as Salmonella spp. (Kaavya et al., 2018), Enterobacter spp. 

(Sankhla et al., 2012) or Aspergillus spp. (Dziugan et al., 2016) were detected in natural 

sugarcane and in sugar beet juices.  

A traditional method to avoid microbial contamination of the feedstock is by drying it, since 

water is an essential element for microbial growth (Ng and Sulaiman, 2018). Such approach is 

often recommended for low water-content crops such as corn. However, drying is not feasible 

for crops with high water content (e.g., sugar beet, sugarcane, and sweet sorghum). For those 

feedstocks, preservation of the extracted juices has several advantages over conservation 

technique that would involve the whole crop, including a decrease of the storage volume 

requirements, a decrease in transportation costs (Caffrey et al., 2014), and preservation for long 

periods (Eggleston et al., 2015). Techniques used in the food sector are good examples of the 

effectiveness in preserving sugar-rich liquids (Panigrahi et al., 2021). In addition, the chosen 

preservation technique should not have high associated costs while enabling yeast fermentation 

after storage to improve profitability in bioethanol production (Vargas-Ramirez et al., 2016b). 

Moreover, in the specific case of fuel ethanol production and in opposition to the methodologies 

used for food products, there is no concern about changing the organoleptic aspects of the sugar 

mixtures. 

Some of the methods reported in literature are classified as sterilization procedures since they 

aim at decreasing or destroying the initial microbial load (Li and Farid, 2016). The use of high 

temperature, such as for pasteurization, is a common approach used in the food sector (Amit et 

al., 2017). The sterilization thermal processes mechanism includes membrane damage as well 

as protein, and DNA denaturation (Yousef and Balasubramaniam, 2013). Nonetheless, the 

disadvantage of thermal treatments in the case of carbohydrate solutions is that high 

temperatures also leads to sugar degradation, such as in the Maillard reaction as an example, 

and inhibitor formation (Cséfalvay and Bakacsi, 2019).  

Ozonation has been reported as an efficient sterilization method to remove microorganisms such 

as Escherichia coli and Salmonella sp. (Jamil et al., 2017) as well as for the treatment and 
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disinfection of wastewater (Battimelli et al., 2010). Garud et al. (2018) observed a significant 

effect of ozone on aerobic mesophilic bacteria, with a decrease from 6.1 log cells to 2.2 log cells 

after 10 min of ozone treatment (Garud et al., 2018). Thus, ozonation can be considered a 

suitable sterilization technique for sterilizing liquid feedstock for bioethanol production because 

it does not involve heat and can be easily scaled up using a bubble column (Nahim-Granados et 

al., 2020). 

Although sterilization methods are effective in decreasing the microbial load, they do not 

promote any mechanism to act against new contaminants during storage. The addition of 

chemical preservatives could modify the media composition making it unsuitable for microbial 

growth during storage (Amit et al., 2017). For wines as an example, sulfites are used for 

preservation due to their antimicrobial activities (Roullier-Gall et al., 2017). Similarly, sodium 

metabisulphite and acetic acid are used as preservatives in coconut water, while aiding in 

preventing rancidity while allowing a control over discoloration (Naik et al., 2020). Likewise, 

the use of organic acids, e.g., citric and benzoic acid, is effective for the preservation of cashew 

apple juice (Talasila et al., 2012), while sodium benzoate along with sorbic acid has been 

reported efficient for the preservation of sweet sorghum juice (Kumar et al., 2015).  

The majority of microorganisms are not able to grow at extreme pH, such as below 4.0 (Azeredo 

et al., 2016) and above 10.0 (Vargas-Ramirez et al., 2013). Thus, the use of acids is an efficient 

chemical preservation method for biofuels feedstock because pH is crucial to control cellular 

processes and ultimately, low pH can be adjusted by neutralization before fermentation (Valli 

et al., 2005). For application in the food sector, the type of acid used can be important since it 

can affect characteristics such as flavor and color. Nonetheless, for fermentation feedstock, 

Monono et al., (Monono et al., 2019) reported that there is no significant difference in terms of 

sugar preservation by using different types of acid as long as the pH is lower than 4.0. 

In addition to pH changes, the reduction of the water activity is another alternative to avoid 

microbial growth in sugar-rich solutions. The availability of water for cellular processes as well 

as an isotonic environment with the cellular interior is important to  allow microbial growth 

(Chirife and Buera, 1994). Indeed, the concentration of solutions with sugar concentrations 

between 60oBx (Vargas-Ramirez et al., 2013) and 80oBx (Eggleston et al., 2015) was shown 

effective for the long-term storage of feedstock intended for the production of ethanol. However, 
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water evaporation requires intense energy use, which is not favorable for the carbon intensity of 

the whole process (Vargas-Ramirez et al., 2017).  

The addition of a vegetable oil layer on top of the liquid feedstock has been highlighted as a low 

energy and easy method to be implemented for the preservation of fermentable sugars. Klasson 

et al (2021), showed that the oil layer contributed positively in hindering the microbial growth 

at lower sugar concentration tested (30oBx) without affecting the fermentation after the storage 

(Klasson and Boone, 2021). The use of two or more preservation techniques in the same media 

has been shown more effective than a single method when it came to sweet sorghum juice 

(chemical and evaporation) (Zhang et al., 2018), sugarcane juice with ozone and lactic acid 

(Garud et al., 2018), and sugarcane juice with a mix of natural preservatives (Ramachandran et 

al., 2017). Thus, the storage of sugar feedstock (intended to produce bioethanol) with such a 

low sugar (≤ 250 g·L-1 of sugars) content for more than 180 days has never been reported in the 

literature. The longer would be the sugar preservation, the better it would be for industrial 

purposes because it means that the industrial plants will be able to operate all year long, and not 

just during the crop season (as they do right now for corn ethanol as an example). Consequently, 

this would involve smaller plants to process the same amount of feedstock, since the operation 

time will be longer, decreasing the operational and capital costs as well. 

Considering all the aforementioned points, it seems crucial to develop a preservation 

methodology that requires less energy for the long-term conservation of the liquid feedstock 

used in fermentation processes while avoiding the loss of carbon during bioethanol production. 

The conditions of storage (room temperature and low sugar concentration) are otherwise 

extremely favorable for microbial growth. Therefore, by combining three different preservation 

techniques, such as ozonation, acidification, and an oil layer, this study aims to propose a 

methodology capable of preserving mildly concentrated sugar solutions (220 g·L-1) in the long 

term. Furthermore, it was evaluated whether the combination of techniques allowed the 

preservation of fermentable sugars while still producing high ethanol yields after storage. 

4.4. Materials and Method 

4.4.1. Sugar beet molasses 

This study is aimed at mimicking a complex sugar solution that could be used as a feedstock for 

bioethanol production. To this purpose, sugar beet molasses (initial concentration of 655 g·L-1 
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of fermentable sugars) were diluted with distilled water to a concentration of 250 g·L-1 of 

fermentable sugars. The dilution objective was to decrease the sugar concentration of the 

solution to evaluate how the preservation techniques would behave in lower sugar 

concentrations. The molasses was kindly provided by a local sugar refinery located at Coaticook 

(Québec, Canada). Table 4.1. presents the physical-chemical characteristics of the molasses 

before dilution. 

Table 4.1. Physical-chemical characteristics of sugar beet molasses produced by a semi-

industrial sugar refinery. 

Parameter Value 

Density (kg·L-1) 1.29 

Brix (oBx) 64 

Sucrose (g·L-1) 560.95 

Glucose (g·L-1) 55.23 

Fructose (g·L-1) 39.00 

Lactic acid (g·L-1) 11.28 

Acetic Acid (g·L-1) 0.79 

Viscosity (cp) 102.5 

TOC (g·L-1) 371.00 

Total solids (%) 64.70 

Ashes (%) 1.23 

pH 6.36 

 

4.4.2. Preservation methodology 

This study aims to evaluate the combination of three different preservation techniques 

(sterilization, chemical, and physical) for the long-term storage of fermentable sugars. The 

techniques were previously screened individually by our team (de Medeiros Dantas et al., 2022). 

First, the 100 mL glass bottles that were used to contain the system were washed with soap and 

thoroughly rinsed with distilled water. After air dried, they were autoclaved for 30 min at 121oC. 

For the media ozonation, the set-up composed of an oxygen concentrator (AirSep Corporation, 

USA) and ozone generator (A2Z Ozone, USA) was used to inject ozone into the sugar solution 
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for 60 min. The ozone generator was operated at a 50% concentration of O3 in oxygen stream 

and a flowrate of 0.01 gO3·min-1. The chemical treatment was performed by acidifying the sugar 

solution to pH 2.0 with 10 M H2SO4 (7.1 mL H2SO4·L
-1 sugar solution). Finally, corn oil was 

used as a physical layer to protect the media from external contamination. A 1.5 cm layer of oil 

was disposed over the 60 mL of media. The volume of corn oil should vary depending on the 

geometry of the recipient, since the target was on the layer thickness. Therefore, the groups 

presented a combination of the different levels (Table 4.2) of each treatment, in 8 different 

systems. 

Table 4.2. Lower and upper levels of preservation techniques (ozonation, acidification and oil 

layer) applied to the sugar solution (250 g·L-1) before storage. Each system had a unique 

combination of this method, totalizing 8 systems. 

Treatments Lower Level Upper Level 

Ozonation time 0 min 60 min 

Acidfication pH not adjusted (pH 6.0) Adjusted to pH 2.0 

Oil layer No Yes 

 

After finishing the treatment, the bottles were sealed with  rubber stoppers and aluminum rings. 

The storage was then performed for 300 days at room temperature (20 ± 2oC) in the dark. The 

vials had their internal pressure released every 10 days and a liquid sample was collected every 

60 days. A syringe was used to collect the sample through the rubber stoppers. Syringes and 

needles were rinsed with water and cleaned with a 70% v·v-1 ethanol  solution between each 

sampling. Each system was replicated three times and the results expressed here represent an 

average value to which was associated the standard deviation. 

4.4.3. Fermentation experiments 

One of the most important features of the preservation systems was to avoid hindering the 

ethanol production after the storage time. Hence fermentations were performed after the storage 

assay. If present, the oil layer was removed after which the three replicates of each group were 

mixed together. Then, the fermentation media were supplemented with 4 g.L-1 of Fermaid-O 
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nutrient (Lallemand Biofuels & Distilled Spirits, Canada) and the pH was adjusted to 5.5 using 

NH4OH, 28% (Anachemia, Canada) prior to yeast inoculation.  

The inoculum was prepared using Saccharomyces cerevisiae (Thermosacc® DRY, Lallemand 

Biofuels & Distilled Spirits, Canada) which first involved re-hydrating the dry yeast cells in 

warm tap water during 15 min at 30oC in a shaking incubator (Ecotron, Infors-HT Inc., 

Switzerland) at 140 rpm. The inoculum solution was transferred to 30 mL of fermentation media 

in a 2.5 % (v·v-1) proportion using 50 mL serum vials in order to reach an initial yeast 

concentration of 1.0 g·L-1 in the fermentation media. The fermentation bottles were capped with 

rubber stoppers and aluminum rings after they were flushed with N2 for 5.0 min to ensure 

anaerobic conditions. All the fermentation systems were incubated at 30oC, and 140 rpm, during 

90 h. All the fermentation assays were carried out in triplicate. 

4.4.4. Cost estimation 

The prices considered in this study were gathered in 2021 and the operation costs were estimated 

from lab (considering 1 L of solution) and pilot (considering 1 m3 of solution) scales. The 

estimation was realized considering just the operational costs, such as energy use and chemical 

supplies. No capital cost or installation cost were considered in this preliminary evaluation. All 

the chemicals prices were estimated based on what was obtained by the chemical supplier Lab 

Alley (www.laballey.com, accessed in October 2022). The power cost was the one applied in 

Quebec, CA, in October 2022, for industries of 0.035 CAD/kWh (www.hydroquebec.com, 

accessed in October 2022). Therefore, the storage cost (Cs) was calculated using equation 1. 

𝐶𝑠 = 𝐶𝐴 + 𝐶𝑂𝑖𝑙 + 𝐶𝑂 (1) 

Where CA is the cost of acidification and neutralization to the respective pH, COil is the price for 

the correspondent oil volume used and CO is the ozonation cost according to the respective 

ozonation time. 

4.4.5. Statistical analysis 

The statistical analysis was carried out using the STATISTICA 7.0 software (TIBCO Software 

Inc., Palo alto, CA, USA). One-way analysis of variance (ANOVA) followed by Tukey’s test 

was performed on the experimental data to evaluate to compare the groups individually, using 

http://www.laballey.com/
http://www.hydroquebec.com/
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95% confidence level (p-value ≤ 0.05). The effects of each factor are expressed in Pareto charts, 

using a confidence level of 95% (see Supplemental material). 

4.5. Analytical procedures 

4.5.1. Sugar profile 

The sugar matrix used during the study (molasses) was a complex media that presented different 

sugars, mainly sucrose, glucose, and fructose. A Dionex ICS-5000+ chromatography system 

was used to determine the sugar profile of the samples qualitatively and quantitatively. The 

system was composed of a Dionex CarboPac Sa10-4μM column at 45 ºC, a downstream 

electrochemical detector operated at 30 ºC, an analytical gradient pump and a thermostated AS-

AP auto-sampler. In addition, a KOH eluent generator was used to provide a proper eluent 

concentration and to ensure signal stability, a 200 mM KOH post-injection system with a Dionex 

GP 50 gradient pump was implemented. The injection volume was 0.4 μL and aqueous solutions 

of KOH were used for elution at the following concentrations: 1 mM for 12 min, 10 mM for 5 

min, and 1 mM for 1 min at a 1.25 mL/min flow rate. The calibration curve ranged from 10 ppm 

to 1000 ppm and the following standards were used: fructose (99%), glucose (99%), and sucrose 

(99%) which were all purchased from Sigma-Aldrich. 

4.5.2. Metabolites analysis 

The presence of organic acids and alcohols are important indicators of microbial metabolism, 

thus their concentrations were evaluated throughout this study. An Agilent 1100 series HPLC 

(Agilent Technologies Inc., USA) was used coupled with a G1362A Refractive Index Detector 

to quantify some of these metabolites. The system involved a G1322A Degasser, a G1311A 

Quartenary Pump and a G1313A Autosampler while the detector was operated at 40 oC. The 

ROA-Organic Acid H+ (8%) column used for this work was operated at 65oC, and the elution 

was performed at a constant flow of 0.08 mL/min using  a final 2.5 mM H2SO4 concentration. 

The calibration curve ranged from 10 ppm to 1000 ppm, and involved the following standards:  

formic acid 100% (Fisher Scientific), acetic acid 99.9% (Sigma-Aldrich), glycerol 99% (Sigma-

Aldrich), glycolic acid 99% (Sigma-Aldrich), ethanol 99% (Sigma-Aldrich), furfural 99% 

(Aldrich) and 5-hydroxymethyl furfural 99% (Aldrich). 

4.5.3. Microbial gas production 
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The production of various gases (i.e., CO2, CH4, H2S) is another factor that indicates microbial 

growth and metabolite reactions (Monono et al., 2019). Considering that, the preservation 

assessments were carried out in bottles locked with rubber stoppers and aluminum rings, which 

would allow the gas produced due to an eventual microbial growth to increase the bottles’ 

internal pressure. In light of this, all the bottles had their internal gases periodically released, 

every 10 days. The procedure consisted in weighting the bottles, releasing the build-up pressure 

by inserting a needle through the rubber septum, and then by weighting them again. All the 

production of gases were expressed as ggas·Lsolution
-1. 

4.5.4. Carbon mass balance 

A carbon mass balance is imperative for the comparison of the preservation performances of the 

evaluated strategies. Along with the quantification of sugar and metabolites, the balance of total 

organic and inorganic carbon concentrations provides a better overall view of changes in the 

carbon profile. The liquid samples at day 0 and 300 were filtrated on a 0.45 µm filter 

(Chromspec, Canada) before being analyzed by a total organic carbon analyzer (Shimadzu 

TOC-Ve, Japan). The combustion of the samples was performed at 680 oC using a platinum 

catalyst with a flow rate of purified air (150 mL.min-1). 

The procedure allowed the creation of a detailed carbon balance that can be used as a tool to 

compare the initial and final carbon content present in the solution. In the quantification of 

carbon loss by gas release, it was assumed that all the gas produced during the conservation 

assays was CO2 or CH4 and that the quantity of carbon accumulated as solid biomass during 

microbial proliferation was negligible. In some cases, undetected carbon metabolites were 

observed by the difference between organic carbon contents and the sum of the different carbon 

compounds quantified during the study (sugar, organic acids, glycerol, biogas, etc.). These 

undetected organic compounds were referred to as ‘non-identified carbon’ and discussed in the 

text. 

4.5.5. Fermentation performances 

After storage, the media that were processed using the different treatments were submitted to 

fermentation to evaluate the effect of the storage strategies on the fermentation performances. 

The fermentation kinetics were followed using the mass loss generated due to CO2 production. 

Considering the theoretical fermentation reaction: 𝐶6𝐻12𝑂6 → 2𝐶2𝐻5𝑂𝐻 + 2𝐶𝑂2, 1.0 g of 
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glucose should be converted into 0.51 g of ethanol and 0.49 g of CO2. Therefore, an estimated 

ethanol production can be indirectly predicted by the cumulative mass of CO2 generated by the 

yeast. The vials were weighted before and after the internal gas release along the fermentation 

time and the mass loss was considered being a loss of CO2 solely. This methodology has been 

adapted from  Beigbeder et al. (2021). 

This method allowed an instant evaluation of the fermentation kinetics to estimate the end of 

the fermentation experiment. The final ethanol and glycerol concentrations were quantified 

using a HPLC (as described in section 3.2). The fermentation responses evaluated were yield 

coefficient (YP.S
-1) (g·g-1), productivity rate (g·L-1·h-1), sugar consumption rate (g·L-1·h-1), and 

ethanol production efficiency (%), as can be seen in the following equations. 

YP⋅𝑆−1  =
𝑃𝑟𝑒𝑎𝑙

S0-𝑆𝑓
  (2) 

Productivity =
P real

t 
  (3) 

Sugar consumption rate= 
S0-𝑆𝑓 

t 
  (4) 

Ethanol production efficiency =100× 
Preal

Pmax
 (5) 

Where Preal (g·L-1) is final ethanol content, S0 (g·L-1) is initial sugar concentration, Sf (g·L-1) is 

final sugar content, t (h) is total fermentation time and Pmax (g·L-1) is ethanol content if all the 

fermentable sugars were converted considering that 1 g of glucose or fructose would ideally 

produce 0.51 g of ethanol. 

4.6. Results and discussion 

4.6.1. Sugar preservation 

The storage of feedstocks for ethanol production is a problem inherent to the logistics of biofuels 

production (Rentizelas et al., 2009). Sugar losses during storage time directly affect ethanol 

yields, which in turn could have been used for energy (Emery et al., 2015). Therefore, acid pH, 

ozonation, and oil layer were combined in 8 different combinations and used as preservation 

methodology to avoid degradation of fermentable sugars in this study (Table 4.2). The 

experimental results are divided between groups with and without oil, in order to allow a simpler 

overview of the data. 
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Since gas production is indicative of microbial contamination, the mass loss due to the pressure 

release was followed during the storage time (Figure 4.1). It was observed that, regardless of 

the presence of oil, the lack of chemical agent (ozonation and acidification) resulted in high gas 

production for the first 30 days, after that the gas production stabilized during the remainder of 

the storage time. In this situation, the oil had a positive effect since it presented less gas 

production, which is probably due to the lack of oxygen in the media, turning the environment 

unfavorable to aerobic species. In addition, the initial microbial contamination might have 

produced metabolites, which started to reduce the progressive growth, as the gas production 

ceased for the majority of the time. The use of ozone and a pH of 2 inhibited the gas production 

in the systems, indicating that it might have an effect against microbial proliferation. 

 

Figure 4.1. Mass loss of sugar solution originally at 250 g·L-1of initial sugar during 300 days of 

storage at room temperature. A combination of oil layer, acid and ozone treatment were applied 

to the groups, thus involving 8 different treatments. Red lines stand for groups treated with 

ozonation, blue lines stand for groups not treated with ozonation while triangles stand for tests 

at pH 6.0 and circles for pH 2.0. 

Although gas production is a common indication of microbial contamination, the sugars can be 

consumed throughout other metabolic routes, thus it was necessary to quantify the sugar content 

in the systems (Figure 4.2). The sugar loss followed the same tendency as the mass loss, with 

the untreated group losing 40% of fermentable sugars after 60 days and almost 80% after 300 

days of storage. It confirms that when any other technique is applied, the oil layer does help on 

sugar preservation. However, when considering the sugar preservation aspect, the presence of 

oil was not statistically significant (see Figure 4.6. in supplemental material). When only the 
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ozone treatment was applied, the presence of oil seemed to boost the microbial growth and sugar 

degradation. However, when no oil was added to the mixture, 100% of the initial sugar was 

preserved when performing an ozonation pretreatment of 60 min, with no significant differences 

observed whether the original pH was 6 or 2 (p-value ≤ 0.05). The group oil/60 min/pH 2 had a 

100% sugar preservation, whereas the group oil/60 min/pH 6 presented degradation of the sugar 

content (80% of sugar preservation). Therefore, when using oil, the sole application of ozone 

was not sufficient to control microbial growth. In fact, the interaction of ozone and pH is more 

significant than the single effect of ozonation (see Figure 4.6. in supplemental material). During 

the storage, it could be observed that the first indication of microbial contamination was the 

sucrose hydrolysis. However, the acidification to pH 2.0 also promoted hydrolysis of sucrose 

after 60 days (data not shown), even though their total sugar concentration was stable until the 

end of 300 days (Figure 4.2B). For example, it can be predicted that the group no oil/60 min/pH 

6 is in the imminence of a microbial contamination, because all its sucrose was hydrolyzed, and 

its pH dropped from 6.0 (Table 4.3). 
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Figure 4.2. Fermentable sugar loss (A) and fermentable sugar profiles (B) before and after 300 

days of storage at room temperature using diluted sugar beet molasses. A combination of oil 

layer, acid and ozone treatments were applied to the groups at different intensities. Red lines 

represent groups treated with ozonation, blue lines represent groups not treated with ozonation, 

triangles represent pH 6 and circles for pH 2.0. Different letters represent significantly different 

values for p-value ≤0.05. The Tukey’s test was carried out comparing all the groups, although 

they are divided between ‘No Oil’ and ‘Oil’, the comparison takes in consideration all eight (8) 

groups. 

By taking these results in consideration, some points about the microbial profile present in the 

liquid feedstock could be discussed although no microbiologic analysis was performed to 

identify them as previously mentioned. According to Dziugan et al., ozone presents a high 

sterilization capacity, capable of decreasing the microbial load of microorganism such as 

Candida vini and Aspergillus brasiliensis from 105 to 0 CFU·mL-1, after 30 min of 

treatment(Dziugan et al., 2016). Ozone act by disintegrating the cell walls of microorganisms, 

by lipid peroxidation of the lipopolysaccharide content in the membrane (Girgin Ersoy et al., 

2019). 
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Under aerobic conditions (without oil layer), the results presented in our study agrees with those 

reported by Dziugan et al. (2016), where the ozone treatment was effective to decrease the initial 

contamination of strains and spores whereas the fermentable sugars remained unaltered. In 

addition, it might have produced radicals and other compounds that promoted a preservation 

system, allowing the sugar preservation during the total 300 days storage. However, the 

combination of ozone and oil at pH 6.0 led to a degradation of sugar after only 60 days of storage 

(Figure 2). This might indicate that for certain spores of anaerobic strains, 60 minutes of 

ozonation might not be sufficient to induce a complete destruction, considering that spore are 

more resistant to ozone action than vegetative cells (Costa and Féris, 2022; Pagès et al., 2020).  

In general, the results reported in this work show a significant improvement when compared to 

the current literature in the field. The use of a “diluted” sugar-based feedstock (250 g·L-1of 

fermentable sugars) is lower than the concentration used in other published studies which 

mentioned concentrations such as 600 g·L-1(Vargas-Ramirez et al., 2013), 800 g·L-1(Eggleston 

et al., 2015) while being even lower than the 300, 400, and 500 g·L-1studied by (Klasson and 

Boone, 2021). Furthermore, the preservation method proposed in our study was shown to be 

efficient for longer periods, reaching 300 days, while the other studies were carried out for 70 

days (Klasson and Boone, 2021), 160 days (Eggleston et al., 2015), and 168 days (Vargas-

Ramirez et al., 2013). 

4.6.2. Metabolites and carbon balance 

Along the storage time, a change in the profile of other components in the sugar solutions was 

also noticed, but more specifically, an increase in the concentration of organic acids (i.e., lactic, 

glycolic, and acetic acid), glycerol and ethanol were observed in some groups. Glycolic acid 

was only present in the groups that were treated with ozone, which can be explained by the 

oxidative impact of O3 on sucrose, thus producing glycolic acid (see Figure 4.5. in supplemental 

material) (Marcq et al., 2009). However, glycolic acid level remained stable during the whole 

storage time (data not shown).   

The presence of metabolites varied according to the preservation method (Table 4.3). As an 

example, the group treated with oil only produced higher contents of lactic acid and acetic acid 

when compared to groups without any treatment. However, the presence of oil promoted a 

higher sugar preservation. This suggests that in the anaerobic environment, the microbiota was 
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more conditioned to lactic and acetic fermentation pathways than other metabolic reactions. For 

all the other groups, these acid contents were higher than the initial concentration, but still very 

low (< 5.0 g·L-1). The untreated control group produced a high amount of ethanol, which might 

indicate the development of microorganisms such as yeast, as the genera Candida spp. is 

commonly found in sugar-rich solutions, such as sugarcane and beet molasses (Hamouda et al., 

2016). 

The pH and metabolites (organic acids, ethanol, furans) at the starting and ending point of 

storage are in Table 3. Regarding the pH, groups with pH 2.0 presented a pH variation of ≤ 0.2, 

which although it was statistically different when analyzing the system, did not represent 

substantial difference. A slight increase in pH values was also reported by Vargas-Ramirez et 

al., (2013) as they were measuring and readjusting the pH along the storage period (Vargas-

Ramirez et al., 2013). When analyzing the groups with pH 6.0, combined with ozonation, the 

presence of oil had no impact on the pH change, since both presented a final pH of 4.8. On the 

other side, for the groups at pH 6.0 and no ozonation, the oil presence resulted in a lower pH 

(3.90) than the group with no oil (3.98).
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Table 4.3. Final pH and metabolites from sugar degradation of sugar solution at 250 g·L-1of fermentable sugars stored during 300 days. 

The one-way ANOVA compare all the groups individually for the metabolites. In the case of the pH, the Tukey’s test compares groups 

with same initial pH. Different letters represent significantly different values for p-value ≤ 0.05. 

 Final pH 
Glycolic Acid 

(g/L) 

Lactic Acid 

(g/L) 

Glycerol 

(g/L) 

Acetic Acid 

(g/L) 

Ethanol 

(g/L) 

Initial solution 6.36 0.0 ± 0.00d 2.19 ± 0.02d 0.11 ± 0.06e 0.0 ± 0.00g 0.0 ± 0.00b 

No oil/0 min/pH 6 3.98 ± 0.01b 0.0 ± 0.00d 9.86 ± 0.07b 2.89 ± 0.10a 3.19 ± 0.35b 33.68 ± 8.91a 

No oil/0 min/pH 2 2.21 ± 0.02a 0.0 ± 0.00d 4.16 ± 0.34c 1.03 ± 0.02cd 0.50 ± 0.17efg 0.0 ± 0.00b 

No oil/60 min/pH 6 4.80 ± 0.02a 1.13 ± 0.04a 3.98 ± 0.12c 1.20 ± 0.09bc 1.41 ± 0.26c 0.0 ± 0.00b 

No oil/60 min/pH 2 2.12 ± 0.01b 1.10 ± 0.04ab 4.01 ± 0.11c 1.23 ± 0.00b 0.94 ± 0.14cde 0.0 ± 0.00b 

Oil/0 min/pH 6 3.90 ± 0.02c 0.0 ± 0.00d 11.22 ± 0.31a 1.04 ± 0.03cd 3.95 ± 0.04a 0.14 ± 0.19b 

Oil/0 min/pH 2 2.22 ± 0.02a 0.0 ± 0.00d 4.31 ± 0.18c 0.94 ± 0.1d 0.37 ± 0.05fg 0.59 ± 0.13b 

Oil/60 min/pH 6 4.80 ± 0.01a 1.05 ± 0.01bc 3.97 ± 0.12c 1.25 ± 0.02b 1.22 ± 0.04cd 0.14 ± 0.2b 

Oil/60 min/pH 2 2.15 ± 0.01b 1.0 ± 0.04c 3.84 ± 0.09c 1.11 ± 0.06bcd 0.75 ± 0.20def 0.0 ± 0.00b 
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In order to summarize the sugar and metabolites profiles of the groups, an organic carbon 

balance was calculated to evaluate how the carbon from the fermentable sugars has been 

transformed during storage. Figure 4.3 shows the distribution of carbon between sugars, 

metabolites, and gas. The non-identified carbon refers to the excess organic carbon that did not 

fit into any of the above three categories.  

Figure 4.3 shows that the use of acid pH is the most effective among the three techniques 

considered in this work for sugar preservation, which is confirmed by the Pareto chart (Figure 

S2 in supplemental material). Even alone, acid treatment at pH 2.0 presented a high sugar 

preservation capacity. It is also interesting to notice that in the groups with low sugar 

preservation, such as Oil/0 min/ pH 6, Oil/60 min/ pH 6, No Oil/60 min/ pH 6, the increase in 

metabolites was not proportional to the carbon loss from the sugars, however the organic carbon 

was still in solution. This is another indication that reinforces the microbial contamination 

hypothesis because this means that the carbon shifted from sugars to other substances that our 

analytical methods could not identify. Some examples of what those substances can be are 

amino acids, polysaccharides as dextrans and other primary and secondary metabolites, like 

other organic acids (Ahmad et al., 2015). 

 

Figure 4.3. Carbon distribution of the initial sugar solution and of the samples after 300 days 

under different storage conditions. The non-identified carbon is defined as the surplus organic 

carbon after the sugars, metabolites and gas quantification. 
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4.6.3. Fermentation performance 

The preservation techniques tested were able to promote high sugar preservation percentage 

along the 300 days of storage. However, the referred techniques could have a negative effect on 

the fermentation performance after storage. In light of that, the different groups were submitted 

to ethanol fermentation after the storage period, as can be seen in Figure 4.4.  

Even if the oil layer was removed before fermentation, the groups stored with oil had an overall 

higher production of ethanol than the group without oil. Although the addition of oil was not 

significant for sugar preservation, it had a positive effect on the fermentation yield (see Figure 

4.7. in supplemental material). Oil has been used before as an accessory technique for sugar 

preservation, however its beneficial effect on fermentation was not reported before (Eggleston 

et al., 2015; Klasson and Boone, 2021).  

Klasson et al., (2021) observed that concentrations of 20 g·L-1 of lactic acid completely inhibited 

ethanol fermentation after storage of sugar solution at 30 oBx (Klasson and Boone, 2021). In 

our study, despite the increase in lactic and acetic acid during the storage, it did not seem to 

inhibit yeast fermentation. On the other hand, the use of pH 2.0 negatively affect the 

fermentation (Figure 4.7., supplemental material). Although the groups with those lower pH 

values demonstrated the highest percentages of sugar preservation, they produced as much gas 

during the fermentation as the other groups, which can be an indication that they produced the 

same ethanol content. This may be associated with the osmotic pressure caused by the high 

amount of salt formed during the  pH neutralization to be suitable for fermentation (Pratt et al., 

2003; Wang et al., 2013). 
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Figure 4.4. Fermentation kinetics of sugar solutions after 300 days of storage at room 

temperatures. The fermentation was carried out at 30 oC and 140 rpm. Each group was submitted 

to different storage conditions and the fermentation was carried out in triplicates. Black lines 

stands for the groups treated with ozonation, blue lines stands for the groups not treated with 

ozonation, triangles stands for pH was 6 and circles stands for pH 2.0. 

The fermentation results (Table 4.4) were in accordance with the kinetics behavior shown in 

Figure 4.4. The measurement by gas loss presented slightly higher results than the analytical 

results, but this situation has already been reported in literature and may be associated with 

water being entrained by the gases (Beigbeder et al., 2021). Despite this, the fermentation results 

were positive. All the conditions with a high percentage of sugar preservation also generated 

high ethanol production. According to Darvishi and Moghaddami (2019), 11% (v·v-1) of 

bioethanol after fermentation is acceptable content for industrial scale, which they achieved with 

an optimization of the parameters of using sugar beet molasses as substrate (Darvishi and 

Moghaddami, 2019). Two conditions of our study were able to improve this ethanol content 

without any fermentation optimization, with 11.38 % (No oil/ 0 min/ pH 2) and 12.86% (Oil/60 

min/ pH 6).



74 CHAPTER 4. OPTIMIZATION OF PRESERVATION METHODOLOGY 

 

Table 4.4. Ethanol production responses after fermentation of sugar beet molasses solution under different preservation methodologies 

after 300 days of storage at room temperature. The one-way ANOVA compare all the groups individually for the fermentation 

parameters. Different letters represent significantly different values for p-value ≤ 0.05. 

Conditions Ethanol (g.L-1) 
Productivity  

(g·L-1·h-1) 

Ethanol % 

(v·v-1) 

YP/S, Yield coeff. 

(g·g-1) 

Sugar 

consumption 

rate (g·L-1 ·h-1) 

Ethanol 

production 

efficiency (%) 

No oil/0 min/pH 6 11.05 ± 8.29d 0.12 ± 0.09d 1.40 ± 1.05d 0.15  ± 0.11c 0.67 ± 0.18d 29.77 ± 21.96c 

No oil/0 min/pH 2 89.59±12.48ab 0.98 ± 0.14ab 11.36 ± 1.58ab 0.36 ± 0.03ab 2.75 ± 0.15a 68.79 ± 6.34ab 

No oil/60 min/pH 6 80.13 ± 5.42ab 0.88 ± 0.06ab 10.16 ± 0.69ab 0.37 ± 0.05ab 2.38 ± 0.16ab 67.20 ± 9.60ab 

No oil/60 min/pH 2 66.93 ± 1.78b 0.74 ± 0.02b 8.48 ± 0.23b 0.35 ± 0.01ab 2.07 ± 0.04b 55.71 ± 1.16b 

Oil/0 min/pH 6 42.54 ± 3.10c 0.47 ± 0.03c 5.39 ± 0.39c 0.33 ± 0.06bc 1.45 ± 0.20c 64.55 ± 12.63b 

Oil/0 min/pH 2 74.30 ± 2.93ab 0.82 ± 0.03ab 9.42 ± 0.37ab 0.30 ± 0.01bc 2.70  ± 0.05a 57.47  ± 2.35b 

Oil/60 min/pH 6 101.47 ± 18.67a 1.12 ± 0.20a 12.86 ± 2.37a 0.55 ±0.07a 2.01 ± 0.16b 100 ± 0.03a 

Oil/60 min/pH 2 77.11 ± 4.67ab 0.85 ± 0.05ab 9.77 ± 0.59ab 0.30 ± 0.03bc 2.81 ± 0.19a 57.97 ± 6.14b 
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The solution treated with Oil/60 min/pH 6 presented the highest fermentation efficiency. These 

results are very interesting although this conservation condition did not offer 100% of the 

original sugars found in the mixture, it produced more overall ethanol (101 g·L-1) than the 

conditions that had the best sugar preservation (the groups that were at pH 2). When comparing 

Oil/60 min/pH 6 and Oil/0 min/pH 2, their produced ethanol content is not statistically different. 

However, Oil/60 min/pH 6 has a superior efficiency because all the sugar from this group was 

used, while in the Oil/0 min/pH 2 there was still some sugar left at the end of fermentation. 

A hypothesis that might explain the latter is the lower content of salt due to pH neutralization in 

the media in the groups with pH 6.0 than the groups with pH 2.0. The fact that acidification will 

present lower fermentation yields was stated by our previous work, where 300 g·L-1 of sugars 

were 100% preserved during 30 days by a pH of 3.0 (de Medeiros Dantas et al., 2022). However, 

when fermenting this solution, it presented a 50% yield, while the fresh fermentation control led 

to a 70% of yield.  

Also, the slightly lower concentration of sugar in the Oil/60 min/pH 6  group decreased the 

osmotic pressure, which probably had an impact on the yeast growth and secondary metabolites 

(Arshad et al., 2017). And this a strong hypothesis on why such group could reach the highest 

yield. When working with highly concentrated sugar media, the discussion of what was more 

harmful to the yeast between osmotic pressure and high ethanol concentration always arise, but 

in this case, one can observe that the ethanol concentration was not the limiting factor because 

the yeast was able to increase the ethanol production (Beigbeder et al., 2021). A production of 

more than 100 g·L-1 of ethanol was also achieved in our previously work with a fresh 

fermentation control with 300 g·L-1 (de Medeiros Dantas et al., 2022). Therefore, the use of 

ozone with the oil layer stands out as the best storage technique for sugar preservation used in 

the bioethanol production. 

4.6.4. Cost estimation of preservation systems 

The implementation of sugar preservation techniques from lab to industrial scales must take in 

consideration the different operational costs such as electricity, heat, and consumables in order 

to be economically feasible. In light of that, a preliminary cost analysis was performed to 

evaluate the treatment cost of each individual preservation method as well as their combinations. 
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Table 4.5 presents the costs in USD per liter and per cubic meter of sugar solution. For 

acidification, as mentioned before, H2SO4 and NH4OH were used. In addition, it is important to 

highlight that acidification is the most expensive treatment when compared to ozonation and oil 

layer. The ozonation cost at lab scale was calculated according to the power used by our 

equipment in lab scale and the power required by a pilot scale equipment was considered the 

one calculated by Acién et al. (2012). 

Table 4.5. Application costs of acidification, ozonation and oil layer in lab scale and pilot scale. 

Technique Level 
Lab Scale 

(USD·L-1) 

Pilot Scale 

(USD·m-3) 

Acidification + 

Neutralization 

6 0.00 1.00 

2 0.23 226.00 

Ozonation 
0 min 0.00 0.00 

60 min 0.05 0.22 

Oil Layer 
0 mL 0.00 0.00 

25 mL 0.08 78.62 

 

After calculating the operation cost of each preservation techniques, the costs were combined 

according to the techniques presented in each system.  

Table 4.6 presents the implementation price for each system. The conjoint analysis of cost, sugar 

preservation and ethanol yields are essential to decide on which preservation method is the best 

to improve economic feasibility of bioethanol production. As previously discussed, the use of 

pH 2.0 was very efficient to preserve sugars (more than 85% of sugar preservation 

independently of any accessory method), but it hindered fermentation, with a correspondent 

fermentation yield lower than 75%. On the other hand, ozonation is the cheapest technique, 

since it is mostly electric energy-dependent, and it is low energy intensive. Therefore, 

considering the low implementation cost and the highest ethanol production (101 g·L-1), the 

Oil/60 min/pH 6 system can be considered as the best option for fermentable sugar preservation 

between the herein tested conditions. 
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Table 4.6. Lab scale and pilot scale cost for implementation of preservation technique for each 

tested groups. 

Conditions Lab Scale (USD·L-1) Pilot Scale (USD·m-3) 

No oil/0 min/pH 6 0.00  1.17 

No oil/0 min/pH 2 0.23 225.83 

No oil/60 min/pH 6 0.05 1.39 

No oil/60 min/pH 2 0.27 226.05 

Oil/0 min/pH 6 0.08 79.79 

Oil/0 min/pH 2 0.30 304.45 

Oil/60 min/pH 6 0.13 80.01 

Oil/60 min/pH 2 0.35 304.68 

 

4.7. Conclusions 

In this work, the storage of low-concentration sugar solutions for bioethanol production was 

shown to be possible and feasible. A solution containing 250 g·L-1 of fermentable sugar (diluted 

sugar beet molasses) was successfully persevered for 300 days under different storage 

conditions. Such storage conditions (sugar concentration and storage period) have never been 

reported in literature before, to the best of our knowledge. Acidification to pH 2.0 or an ozone 

pre-treatment allowed conserving 100% of the initial sugar after 300 days of experiment. 

However, the combination of both techniques was shown to be too harsh to allow a satisfactory 

fermentation performance.  

However, as far as the ethanol production is concerned, the most severe treatment is not always 

the best choice. In this case, a slight sugar loss for samples at pH 6.0 with ozonation and oil was 

shown to be more beneficial for the overall ethanol production as compared to a conservation 

that would allow recovering most of the sugars although it generated a lower fermentation 

efficiency. The economic analysis support this conclusion, since acidification is the most 

expensive step of the three techniques. From this work can be deduced that the best storage 

methodology would be ozonation combined with an oil layer. This study shows some advances 

in terms of feedstock storage to support the growth and development of a more sustainable and 



78 CHAPTER 4. OPTIMIZATION OF PRESERVATION METHODOLOGY 

 

feasible bioethanol production. A future optimization of the ozonation process and oil layer 

could possibly lead to an improvement of this preservation system. 
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4.9. Supplemental material 

Figure 4.5. shows the appearance of glycolic acid when ozonation is performed for 60 min. 

Glycolic acid is an oxidation product from glucose. 

 

Figure 4.5. Ozone effect on sucrose during reaction time 
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The results of the combined effects on sugar preservation and fermentation yield by a 3-way 

ANOVA were calculated and they are expressed in the following figures. 

 

Figure 4.6. Pareto chart of effects (pH, ozonation and oil) evaluated by 3-way ANOVA. The 

value over the t-value line are significant to sugar preservation with a 95% confidence level. 

 

Figure 4.7. Pareto chart of effects (pH, ozonation and oil) evaluated by 3-way ANOVA. The 

value over the t-value line are significant to sugar fermentation yield with a 95% confidence 

level. 
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The last paper of this project aimed to compare different sterilization techniques on the 

preservation of fermentable sugars for bioethanol production. Considering the results from the 

previous paper, it could be concluded that the decrease of the initial microbial load was inherent 

to achieve a long-term preservation of fermentable sugars in solutions with an initial 

concentration of 250 g/L. Thus, it became important to know if the important aspect was just 

lowering the initial microbial load or if ozone presented side effects that aided the sugar 

preservation. Therefore, this paper compared three sterilization techniques (ozonation, 

pasteurization and filtration) and in addition also compared the storage of sugar beet molasses 

and juice. The comparison of different feedstocks was also not addressed by the literature, 

consequently the discussion about if preservation methodologies could be applied to any liquid 

feedstock for bioethanol needed to be addressed as well. 
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5.2. Comparison of sterilization techniques on different feedstock for sugar 

preservation and bioethanol fermentaiton 

5.2.1. Abstract 

This study aimed to compare the preservation efficiency of three sterilization techniques such 

as filtration, pasteurization, and ozonation, on sugar beet molasses and juice. For sugar beet 

molasses, filtration and pasteurization provided 80% of total fermentable sugars preservation, 

while ozone treatment provided 65%. In the case of beet juice, pasteurization and ozonation 

allowed a higher conservation of total fermentable sugars (61 and 41%, respectively) than the 

filtration treatment in which only 29% was achieved. The sterilization techniques did  not had 

negative impact on fermentation performance, with positive controls presenting similar 

efficiency to fermentation control, ~70%. Thus, the feedstock composition is a key point to the 

choice of preservation technique. 

Keywords: Beet. Filtration. Ozonation. Pasteurization. Fermentation.  

5.3. Introduction 

Bioethanol is produced by fermenting sugar solutions which are highly prone to microbial 

contamination prior processing (Silva and Sauvageau, 2014). In an industrial context, such 

contamination  should be avoided since it can cause a significant decrease in the fermentable 

sugars content while producing other compounds, such as organic acids and polysaccharides 

(Klasson and Boone, 2021; Kohout et al., 2020). A liquid feedstock containing 120 g/L of 

glucose could lose around 80% of its initial sugar content due to microbial contamination in the 

first 15 days, at 30oC (Syed Abdullah et al., 2021). Consequently, biological contamination of 

the fermentation feedstock could represent an important economic loss, especially in the 

bioethanol sector where every loss counts (Littlejohns et al., 2018). 

So far, the most studied and applied preservation technique involves substrate inhibition of 

microbial growth due to osmotic pressure in solutions with a high specific gravity. Sugar 

concentrations as high as 600 g/L (Vargas-Ramirez et al., 2016b) and 800 g/L (Eggleston et al., 

2015) were able to inhibit microbial growth during several months. However, feedstock 

concentration is a time and energy demanding process (Vargas-Ramirez et al., 2017).  

Hydrolysates produced from biomass should most probably initially have a lower sugar content 

than crops such as sugar beet (Vargas-Ramirez et al., 2016b) and sweet sorghum (Eggleston et 
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al., 2015). Likewise, the energy required to apply the aforementioned technique on cellulosic 

hydrolysates is even higher (Saini et al., 2015). 

In addition of the sugar concentration, a very effective preservation technique that has 

previously been reported is acidification, which was tested in various sugar sources for 

fermentation application. For instance, Vargas-Ramirez et al. (2013) reported that a pH lower 

than 3.5 allowed preserving 99% of fermentable sugars during 24 weeks in sugar beet juice with 

an initial sugar concentration of 600 g/L. Using a lower sugar concentration (300 g/L) a pH of 

3.0 was able to preserve 100% of the fermentable sugars of sugar beet molasses for at least 30 

days (de Medeiros Dantas et al., 2022). Besides, the use of acid proved to also be efficient for 

the preservation of solid biomass (Yuan et al., 2022). In the latter, the acid allowed the 

densification and the hydrolysis of the corn stover while inhibiting microbial growth during 60 

days.  

However, in  bioethanol feedstock preservation, important details that are relevant for food 

products, like color and flavor, are not as relevant for biofuel production (Šopík et al., 2022). 

Thus, the intuitive way of approaching such situation could imply that the harshest treatments 

could be the easiest and safest way to avoid microbial contamination. However, this is still not 

the case for ethanol once harsh treatments can hinder fermentation and increase production 

costs. The use of acid has two main drawbacks when it comes to its neutralization. The first one 

is the obvious yet unavoidable additional cost to the process related to the acidification and 

neutralization (Vargas-Ramirez et al., 2017), in addition to the fermentation hindering which is 

due to the increase in the osmotic pressure generated from salt formation. An alternative 

approach to avoid the use of extremely low pH for long-term storage could be by decreasing the 

initial microbial load.  

In light of this, there are different sterilization techniques that proved to be efficient for sugar-

rich solutions. Pasteurization is a traditional technique for milk and juice preservation, and when 

used on sweet sorghum juice, it allowed promoting the sugar conservation for 21 days with a 

downstream fermentation efficiency of  93% (Kumar et al., 2013). In addition, pasteurization 

treatment before fermentation has be used to ensure the yeast predominance during fermentation 

of beet molasses (Mikulski and Kłosowski, 2022). Another well-known approach is filtration, 

which is a easily scalable physical technique that can be used to remove high molecular weight 
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particles like microorganisms (Panigrahi et al., 2018). Ultrafiltration with a 30 kDa membrane 

successfully improved the preservation of juices by reducing the viable bacterial count in 

sugarcane juice from 6.63 log CFU/mL to 1.43 log CFU/mL (Panigrahi et al., 2020b). Ozone 

treatment is another outstanding technique that could be used in sugar solution and enable the 

fermentation post-storage (Cullen et al., 2010; Dziugan et al., 2016). It has a high cytocide 

activity and it is already used in wastewater decontamination (Al-Hashimi et al., 2015; Jamil et 

al., 2017). 

Therefore, it is necessary to determine some criteria to choose which technique is the most 

appropriate for the preservation of the feedstock in the bioethanol production. Sterilization 

techniques might also have side effects on the sugar media, besides decreasing its microbial load 

(Amit et al., 2017). Sugar degradation and production of inhibitors are examples of issues that 

can occur during pretreatment, especially when the final objective is ethanol production through 

fermentation (Kumar et al., 2013). The richer in nutrients is the media, the larger could be the 

side effects from sterilization (Petruzzi et al., 2017). Likewise, it is important that the technique 

must be easily scalable for industrial purposes. 

From what can be observed in literature, one of the pillars of bioethanol production feasibility 

is the diversity of feedstocks, considering that the most abundant biomass in the region should 

be considered for its utilization (De Laporte and Ripplinger, 2019). In most cases, the feedstock 

is a complex media involving numerous additional components as well as the fermentable 

sugars, which might be affected by the preservation technique. Nowadays, this reality applies 

to starch- and sugar-based feedstock (sugarcane, sugar beet, sorghum), but it should also very 

well apply to waste-based biorefineries in the future (such as cellulosic sugars) (Yaashikaa et 

al., 2022). Considering an industry that can use different sources for bioethanol production 

(Garcia-Ochoa et al., 2021), it is important to know which preservation technique could be used 

or should be adapted to the changing feedstock. To the best of our knowledge, such investigation 

has not been done in literature, since most of the studies so far focused on one specific feedstock 

while trying to optimize the best scenario for this particular sugar source. It is hence necessary 

to evaluate if the same storage technique will have similar effects on different media. 

Different studies have been focusing on the optimization of  the storage techniques on specific 

feedstock intended for ethanol production (Klasson and Boone, 2021; Passoth et al., 2009; 
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Vargas-Ramirez et al., 2016b; Yuan et al., 2022; Zhang et al., 2018). However, there is so far 

no comparison on how such methodology is going to behave in different feedstocks. Hence, this 

study aims at evaluating the impact of different sterilization techniques (filtration, pasteurization 

and ozonation) on the fermentable sugar preservation and fermentation performance of sugar 

beet juice (SBJ) and molasses (SBM) at two initial pH (6 and 2). Although they were obtained 

from the same crop, the two feedstocks had different composition because one was a primary 

source, while the other was a waste. This study will therefore be investigating if it can be 

possible to define a general solution for sugar preservation and how this should be useful in the 

bioethanol industry. 

5.4. Methodology 

5.4.1. Feedstock characterization 

The sugar beet molasses (SBM) and juice (SBJ) were kindly provided by a local sugar refinery 

at Coaticook (Québec, Canada). Both feedstocks were extensively characterized physico-

chemically. The soluble solids content was measured by a 3852 PAL-RX/RI refractometer 

(Atago, Tokyo, Japan). The pH was measured at 20oC by a pHmeter SYMpHONY (VWR, 

Canada). Density was measured by gravimetry, using a 25 mL volumetric flask at 20oC. A 

viscometer #400, U145 (Cannon-Fenske, USA) was used to measure the viscosity. In a water 

bath at 30oC, the time interval for which the liquid meniscus took to successively reach both 

etched marks was recorded. This, the dynamic viscosity, η (m2/s) was calculated using equation 

(1). 

𝜂 = 𝑣𝑖𝑐𝑜𝑚𝑒𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × 𝑡 × 𝜌                                          (1) 

Where ρ is the fluid density (kg/m3), t (s) is the time that the fluid takes to go from one meniscus 

to the second meniscus, and the viscometer constant (m/kg) is given by the manufacturer. 

The moisture and total solid content were quantified by mass loss after drying 5.0 g of each 

substrate in aluminum weighting dishes at 105oC during 24 h. The dishes were previous dried 

at the same temperature before being weighted. The ashes were quantified by calcination at 

575oC for 12 h of the pre-dried samples. 

5.4.2. Analytical procedures 
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The sugar profile of all samples were determined using a DIONEX ICS-5000+ chromatography 

system, according to the method previously published (De Medeiros Dantas et al., 2022). The 

organic acids and other possible metabolites were quantified by an Agilent 1100 series HPLC 

(Agilent Technologies Inc., USA) and the methodology used was previously reported in 

literature (Beigbeder et al., 2021). The total proteins were quantified by the Bradford method, 

using bovine serum albumin (BSA) (Sigma, USA) as standard (Bradford, 1976).  

Total nitrogen was quantified by the Spectroquant nitrogen (total) cell test kit (Merk, USA). The 

nitrate (NO3
-) and phosphate (PO4

3-) where quantified by the DIONEX ICS-5000+ 

chromatography system as well. The system was composed by a AS-11HC 4mm x 4μm column 

and a 149 mA suppressor. The flow rate was 1 mL/min and 5 μL of the sample at 10oC was 

injected. The eluent used was a KOH gradient and the column temperature was 45oC. The 

standards used were sodium chloride 99% (Sigma-Aldrich), sodium fluoride 99% (Sigma-

Aldrich), sodium bromide >99% (Alfa Aesar), sodium nitrate 99 % (EMD Millipore), sodium 

sulfate anhydrous (Fisher Scientific) and sodium phosphate monobasic monohydrate (Fisher 

Scientific). 

5.4.3. Sterilization techniques and storage 

The raw SBM and the SBJ were diluted to 270 g/L and 200 g/L of fermentable sugars, 

respectively to be able to perform the fermentation assays after applying the preservation 

technique. Then, the two feedstocks were subjected to three different methods of sterilization. 

Ozonation was done by the injection of ozone into the respective feedstock during 60 min. The 

set-up was composed of an oxygen concentrator (AirSep Corporation, USA) and an ozone 

generator (A2Z Ozone, USA). Pasteurization was done by heating the feedstocks up to 121 oC 

for 15 min in an autoclave after which they were cooled in an ice bath during 10 min. The 

filtration was carried out with a membrane Minikros sampler 0.2 μm PES and 20 cm of length 

(Repligen, USA) coupled in a Quixstand benchtop system (GE Healthcare, USA) and a 

peristaltic pump. 

After the sterilization processes, the feedstocks had their pH adjusted to 6.0 and 2.0 (Control +) 

with a H2SO4 10 M solution. Samples without treatment were also stored and they are referred 

as ‘Control -’ Thus, each different system was transferred to 100 mL glass bottles sealed with 

rubber stoppers and aluminum rings. After that, they were all stored in accelerated conditions 
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in an incubator at 37oC (Heratherm incubator, Thermo Scientific, Canada), without agitation, 

for 42 days. The vials had their internal pressure released every other day and a liquid sample 

was collected at the beginning and at the end of the storage. Each system consisted in triplicates 

and the results were expressed as their mean value and standard deviation. 

5.4.4. Flow cytometry analysis 

The samples before and after the sterilization processes were analyzed by flow cytometry to 

observe the effects on the solids, and possible cells, presented in the feedstocks. As a qualitative 

analysis, the samples of SBM and SBJ (before and after treatments) were analyzed cytometry. 

The analyses were performed on a BD Accuri C6 flow cytometer (BD Bioscience, Canada). 

Side (SSC-A) and forward scattering (FSC-A) signals of individual events passing through the 

laser zone were collected as logarithmic signals. Each sample was diluted 50 times with filtered 

deionized water before the analysis. Each run lasted 1 min in a flow rate of 150 μL/min. Analysis 

were performed in triplicates. 

5.4.5. Feedstock fermentation 

Fermentation experiments were performed after storage to evaluate which effects the 

sterilization techniques would have on the final fermentation potential of the feedstocks. For 

both feedstocks, the replicates of each group were mixed. A fermentation control was added for 

each feedstock (sugarbeet molasses and juice that was kept at -20 oC). Molasses and juice that 

were stored with a higher sugar concentration (640 g/L in molasses and 690 g/L in juice) and at 

4 oC were diluted and used as positive controls. The molasses were supplemented with Fermaid-

O (Lallemand Biofuels & Distilled Spirits, Canada) at a final concentration of 4.0 g/L. After 

that, the pH of all media was adjusted to 5.5 using a NH4OH 10 M solution prior to yeast 

inoculation. 

The inoculation was done with Saccharomyces cerevisiae (Thermosacc® DRY, Lallemand 

Biofuels & Distilled Spirits, Canada). Previously, a solution with yeast and warm tap water was 

incubated for 15 min at 30oC, and 140 rpm, in a shaking incubator (Ecotron, Infors-HT Inc., 

Switzerland). The yeast solution concentration was calculated so that the final dry yeast 

concentration in the fermentation media would be 1.0 g/L when added as an inoculum of 2.5% 

(v/v) to the media. The fermentations were carried out in 50 mL serum vials with 30 mL of 

working volume. After inoculation, the vials were capped with rubber stoppers and aluminum 
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rings. N2 was flushed inside each bottle for 5 min to ensure anaerobic conditions. Finally, the 

vials were incubated at 30 oC, 140 rpm, during 96 h (Ecotron, Infors-HT Inc., Switzerland). All 

the conditions were carried out in triplicate. 

5.4.6. Statistical analysis 

One-way analysis of variance (ANOVA) was applied to the experimental data, followed by a 

Tukey’s test. A confidence level of 95% was used (p-value ≤ 0.05). Calculations were performed 

using the software STATISTICA 7.0 (TIBCO Software Inc., Palo alto, CA, USA). 

5.5. Results and Discussion 

5.5.1. Initial Characterization 

Although they both originated from the same crop (sugar beet), the juice and molasses are 

different categories of feedstock. The juice passed through fewer processes (slicing, diffusion 

and concentration) (Vargas-Ramirez et al., 2017), while molasses are a byproduct from sugar 

production (Grahovac et al., 2016). This difference is also highlighted through their different 

compositions (Table 5.1). The SBJ has a higher ashes content, which indicates a higher content 

of minerals as well as having much more proteins, total nitrogen, nitrates and phosphates 

(Hamouda et al., 2016). Therefore, the SBJ is, for the targeted purpose, a richer media than the 

SBM. The more nutrients a solution has, the more it is prone to microbial growth meaning that 

by composition, SBJ would be more sensitive to microbial contaminations. 

Table 5.1. Initial physical-chemical characterization of sugar beet juice and molasses before 

sterilization treatments. 

Parameter Sugar Beet Molasses Sugar Beet Juice 

°Brix (%) 64 ± 0.1 69.8 ± 0.1 

pH 6.36 5.84 

Density (kg/L) 1.30 ± 0.02 1.30 ± 0.01 

Viscosity (cp) 102.5 ± 1.5 199.0 ± 0.0 

Moisture (%) 38.77 ± 0.03 34.29 ± 0.62 

Total solids (%) 61.23 ± 0.03 65.71 ± 0.62 

Ash (%) 1.28 ± 0.01 1.81 ± 0.01 

Sugars and organics compounds 
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Sucrose (g/L) 563.95 ± 6.34 617.8 ± 40.7 

Glucose (g/L) 68.07 ± 1.26 64.80 ± 4.00 

Fructose (g/L) 46.78 ± 1.35 56.6 ± 3.2 

Lactic acid (g/L) 6.08 ± 0.03 8.51 ± 1.79 

Formic acid (g/L) 0.31 ± 0.17 - 

Total Proteins (g/L) 2.97 ± 0.20 8.57 ± 0.65 

Total Nitrogen (g/L) 1.59 2.51 

Anions  

Nitrate (NO
3

- 
) (g/L) - 0.79 ± 0.01 

Phosphate (PO
4

3- 
) (g/L) 1.64 ± 0.15 2.48 ± 0.02 

 

5.5.2. Effects of sterilization techniques on feedstock particles 

SBJ and SBM were subjected to different sterilization processes to evaluate if they would 

behave in similar ways to each technique. The feedstocks would naturally have many different 

particles in suspensions such as inorganic particles, vegetable debris, and microbial cells. Figure 

5.1. shows the profile of particles before and after each sterilization treatment, while the axis 

FSC-A indicates the particle size, and the SSC-A indicates the particle rugosity. 
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Figure 5.1. Particles profiles in sugar beet molasses (left column) and juice (right column) before 

and after sterilization techniques. The dot plots represent forward scatter light (FSC) versus side 

scatter light (SSC), where each dot represents one particle. 
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Before any treatment, the molasses already presents a very different particle profile as compared 

to the juice. Molasses had much less particles which were mostly similar in size and form, while 

the juice seems to have a broader variety in particle types and sizes, as well as having overall 

more of them in the mixture. After the treatments, it could be observed that all preservation 

techniques had visible effects on both feedstocks and the effects were significantly more intense 

on the juice than on the molasses for all techniques. For instance, filtration was very efficient 

for particle removal, as it shows a reduction of those points on the chart when compared to the 

control. On the other hand, pasteurization modified the particles profile, changing their size and 

rugosity, which might indicate some potential damage on microbial cells (Schenk et al., 2011). 

The same effect, but with higher intensity, was observed in the samples subjected to ozonation, 

especially on the juice, where the rugosity increased drastically. This represents strong evidence 

that ozonation was effective to damage microbial cells that could potentially occur in the juice. 

5.5.3. Pasteurization effect on sugar preservation 

Pasteurization is a well-stablished sterilization technique largely used for sugary solutions by 

the food industry. Although thermal sterilization techniques can degrade sugars (Bhattacharjee 

et al., 2019), pasteurization can be used as pretreatment for fermentation feedstocks with 

negligible alteration on sugar composition (Zhang et al., 2022).  

Microbial growth can results in gas production, and the presence of such gas if often an 

indicative of microbial contamination (Monono et al., 2019). Only from analyzing the mass loss 

during storage at 37 oC, the behavior of treated SBM and SBJ are very similar, presenting a 

delayed and lower mass loss in comparison with the respective negative controls (Figure 5.2A). 

The sugar degradation of SBJ, however, was faster, reaching the maximum gas production after 

just 7 days, while SBM did not reach the maximum mass loss after 42 days (Figure 5.2A). That 

can be explained by the higher nutrient content and lower initial sugar concentration of SBJ 

(200 g/L), which constituted a more favorable media for microbial growth than SBM with its 

270 g/L of initial sugar. 
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Figure 5.2. (A) Mass loss during storage time, (B) sugar profile and (C) metabolites profile at 

the beginning and end of storage of SBM and SBJ at 37oC, being ‘Treated’ the group treated 

with pasteurization, ‘Control +’ the group treated with pasteurization and initial pH of 2.00 and 

‘Control -’ is the not treated group. Different letters means that the groups were statistically 

different for a p ≤ 0.05. 
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The sugar profile (Figure 5.2B) confirmed the effectiveness of the pasteurization in sugar 

preservation for both feedstocks, even when not paired with pH 2.0. When analyzing gas 

production (Figure 5.2A) and sugar profile (Figure 5.2B), SBJ suffered a higher sugar 

degradation than SBM. Pasteurization alone was able to preserve 80% of the sugars from SBM 

while only 61% of SBJ carbohydrates. Kaavya et al. (2018) analyzed many papers from the 

literature regarding storage of sugarcane juice after pasteurization and a majority of them runs 

for less than 45 days at temperatures lower than 10oC. Thus, the results from this work are in 

accordance with what is possible to achieve in terms of sugar preservation using only 

pasteurization (Kaavya et al., 2018). 

The metabolites’ increase after storage is a strong evidence of microbial activity (Figure 5.2C). 

SBJ presented a high increase in the amount of ethanol and lactic acid concentration both for 

the treated and negative control groups. Lactic acid increased from 2 g/L to 18 g/L and 14 g/L 

in the treated and negative control of SBJ. On the ethanol side, the treated SBJ ended with 20 

g/L while the negative control reached 60 g/L. Thus, these metabolites can indicate that most of 

the contamination in the SBJ is done by lactic acid bacteria and yeasts, while in SBM, yeasts 

seem to be the most prevalent contamination since only an increase in ethanol content was 

observed. The increase in the organic acids could be noted by the decrease of the pH for both 

feedstocks by the end of the storage period (Table 5.2). Hence, the pH measurement is also a 

good indicative of microbial contamination.
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Table 5.2. Change in pH before and after storage and bioethanol fermentation performance after storage of groups treated with 

pasteurization, positive and negative control. Different letters means that the groups were statistically different for a p ≤ 0.05. 

Conditions Initial pH Final pH Ethanol (g/L) 

Substrate 

utilization rate 

(g/L/h) 

Productivity 

(g/L/h) 

Yield 

Coefficient (g/g) 

Fermentation 

Efficiency (%) 

SBM 

Treated 6.00 4.86 78.90 ± 2.37b 1.52 ± 0.34a 0.84 ± 0.03b 0.60 ± 0.15a 58.14 ± 2.36a 

Control + 2.00 1.94 98.91 ±1.58a 2.54 ± 0.12a 1.05 ± 0.02a 0.42 ± 0.03a 68.32 ± 2.88a 

Control - 6.00 4.16 56.92 ± 4.68c 0.78 ± 0.33b 0.65 ± 0.08c 1.02 ± 0.44a 45.57 ± 7.32b 

Fermentation 

control 
- - 92.5 ± 9.14a 2.00 ± 0.09a 0.93 ± 0.07a 0.47 ± 0.01a 72.90 ± 3.48a 

SBJ 

Treated 6.00 3.71 22.58 ± 15.78b 1.60 ± 0.35b 0.22 ± 0.20b 0.12 ± 0.10b 22.98 ± 2.06b 

Control + 2.00 2.03 97.21 ± 7.16a 2.85 ± 0.02a 1.06 ± 0.08a 0.37 ± 0.02a 73.06 ± 5.88a 

Control - 6.00 4.09 0.56 ± 0.79b 0.38 ± 0.36c 0.01 ± 0.01b 0.07 ± 0.10b 1.80 ± 2.55c 

Fermentation 

control 
- - 68.86 ± 2.03a 1.96 ± 0.02b 0.73 ± 0.02a 0.40 ± 0.02a 73.57 ± 2.89a 
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The last important parameter of the sterilization techniques comparison is their impact on the 

fermentation performance. It is important to highlight that SBM and SBJ were stored with a 

sugar concentration that enabled direct fermentation (Vučurović et al., 2018). Thus, when the 

storage ceased, they were test directly for such purpose without previous dilution.  

The main concern regarding the sterilization techniques is that it could have a negative effect 

on the fermentation after storage. For pasteurization, the differences between the positive 

control and the fermentation control were not statistically significant (for p ≤ 0.05) for SBM and 

SBJ. Thus, it can be concluded that the lower ethanol production in the treated groups was due 

to the inhibitors generated from microbial contamination, and not as an aftermath of the 

pasteurization process. Kumar et al. (2013) also evaluated the fermentation yield after storage 

of pasteurized sweet sorghum juice and did not observed any decrease in yield due to the 

pasteurization (Kumar et al., 2013). 

5.5.4. Filtration effect on sugar preservation 

Filtration was the second sterilization process applied to the feedstocks. For both SBM and SBJ, 

the treated samples had their sugar degradation delayed (Figure 5.3A), but at the end, the sugar 

preservation had no statistical difference from the negative controls (Figure 5.3B). As happened 

with the pasteurization, SBM presented less sugar loss in general than SBJ, once SBM’s 

negative control had a final 68% of sugar preservation while the SBJ’s negative control 

presented just 29% of sugar preserved. Filtration treatment did not promote a high sugar stability 

in nutrient-rich juices, such as in case of sugarcane juice, where it induced preservation for just 

9 weeks at 4oC (Panigrahi et al., 2020b). 
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Figure 5.3. (A) Mass loss during storage time, (B) sugar profile and (C) metabolites profile at 

the beginning and end of storage of SBM and SBJ at 37 oC, being ‘Treated’ the group treated 

with filtration, ‘Control +’ the group treated with filtration and initial pH of 2.00 and ‘Control 

-’ is the not treated group. Different letters means that the groups were statistically different 

for a p ≤ 0.05. 
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The metabolites profile (Figure 5.3A) reinforced the other results regarding the microbial 

contamination. Especially when it came to SBJ, there were no significant difference between 

the treated sample and the negative control. This shows that the filtration system was not 

efficient to remove cells/spores present in the juice, although Figure 5.1. had shown a visual 

decrease of the solids by cytometry. Hou et al. (2021) did microbiological characterization in 

chestnut rose juice filtered with a 100 kDa membrane, and verified that the total aerobic bacteria 

decreased from 5.13 log CFU/mL to 4.13 log CFU/mL and the chance in yeasts and molds were 

from 3.15 log CFU/mL  to 2.07 log CFU/mL (Hou et al., 2021). This can explain why the 

filtration retarded the sugar degradation, because it decreased the number of microbial cells, but 

it did not remove all of them. Besides the high ethanol content generated by the microbial 

contamination, in both samples, there were the formation of acetic and lactic acid. Thus, some 

of the sugar was lost to an unwanted product. 

The acid production during storage is also reflected by the pH in the treated and negative control 

samples for SBJ and SBM (Table 5.3). However, although SBM had the presence of metabolites 

after storage, their concentration did not compromise the ethanol production, since the ethanol 

content between the SBM’s treated and positive control were statistically the same. On the other 

hand, SBJ samples barely had any sugar left to ferment to ethanol since the treated sample 

showed 6.8 g/L of ethanol, while the positive control had 84.3 g/L of final ethanol content.
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Table 5.3. Change in pH before and after storage and bioethanol fermentation performance after storage of groups treated with filtration, 

positive and negative control. Different letters means that the groups were statistically different for a p ≤ 0.05. 

Conditions Initial pH Final pH Ethanol (g/L) 

Substrate 

utilization rate 

(g/L/h) 

Productivity 

(g/L/h) 

Yield 

Coefficient 

(g/g) 

Fermentation 

Efficiency (%) 

SBM 

Treated 6.00 4.86 82.31 ± 6.06b 1.01 ± 0.71b 0.88 ± 0.06b 1.42 ± 0.79a 49.80 ± 6.06b 

Control + 2.00 1.94 90.68 ± 13.62b 2.54 ± 0.15a 0.96 ± 0.14b 0.38 ± 0.05a 66.82 ± 9.51a 

Control - 6.00 4.16 56.92 ± 4.68c 0.78 ± 0.33b 0.65 ± 0.08c 1.02 ± 0.44a 45.57 ± 7.32b 

Fermentation 

control 
- - 92.5 ± 9.14a 2.00 ± 0.09a 0.93 ± 0.07a 0.47 ± 0.01a 72.90 ± 3.48a 

SBJ 

Treated 6.00 3.71 6.80 ± 6.92b 1.08 ± 0.71c 0.07 ± 0.07b 0.10 ± 0.15b 20.02 ± 28.35c 

Control + 2.00 2.03 84.29 ± 9.69a 2.47 ± 0.15a 0.90 ± 0.10a 0.37 ± 0.03a 71.54 ± 6.27b 

Control - 6.00 4.09 0.56 ± 0.79b 0.38 ± 0.36c 0.01 ± 0.01b 0.07 ± 0.10b 1.80 ± 2.55c 

Fermentation 

control 
- - 68.86 ± 2.03a 1.96 ± 0.02b 0.73 ± 0.02a 0.40 ± 0.02a 73.57 ± 2.89a 
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The highlight is that filtration was not harmful at all for fermentation, so when paired with low 

pH (positive control), it had similar efficiencies as compared to the fermentation control, namely 

67% and 73% for the SBM samples in contrast to 72% and 74% to SBJ. Filtration efficiency 

can be improved by reducing the pore size of the membrane. The membrane used in this study 

had a pore size of 0.2 μm, and Zhang et al. (2021) used a 0.1 μm membrane for removing 

particles other than pigment and sugars. However, a decrease of the pore size implies in 

increased processing costs due to decrease in the permeate flux or the necessity to use more 

powerful pumps (Zhang et al., 2021). 

5.5.5. Ozonation effect on sugar preservation 

Ozone is a strong oxidation agent and it is known to target microorganisms by inactivating them 

(Jamil et al., 2017; Panigrahi et al., 2020a). It is usually used for wastewater treatment (Nahim-

Granados et al., 2020) although here it was used to sterilize the sugar-rich feedstocks. As for 

the two other techniques, its efficiency in sugar preservation was compared with untreated 

samples (negative control) and with samples treated with a combination of ozone and acid 

(positive controls). 

Different from the other two techniques afore discussed, the ozonated samples did not produced 

many gas during storage (Figure 5.4A). However, in this specific case, this fact did not reflect 

on a low sugar loss. As Garud et al. (2018) pointed out in their research, the increase rate of 

aerobic mesophilic bacteria in sugarcane juice was the same for the control and juice treated just 

with ozone. As can be seen in Figure 5.4B, the SBM treated sample and the negative control 

sugar content had no significant difference, with a final preservation of 65% (treated sample) 

and 68% (negative control). Also, considering the positive control, it presented a certain sugar 

loss, presenting 90% of sugar preservation at the end of the storage. This is important to be 

highlighted since it is the lowest preservation percentage for SBM positive control between the 

three techniques studied in this work.  
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Figure 5.4. (A) Mass loss during storage time, (B) sugar profile and (C) metabolites profile at 

the beginning and end of storage of SBM and SBJ at 37oC, being ‘Treated’ the group treated 

with ozonation, ‘Control +’ the group treated with ozonation and initial pH of 2.00 and ‘Control 

-’ is the not treated group. Different letters means that the groups were statistically different for 

a p ≤ 0.05. 
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When considering the SBJ, which has proven to be a more microbial contamination-sensitive 

feedstock, the ozonation seems to be even less effective. The technique does have a positive 

effect on decreasing the microbial contamination, comparing the treated sample with 41% of 

sugar preservation and the negative control with 34% although the positive control just 

presented a 63% sugar preservation. However, when analyzing the metabolites profile (Figure 

5.4C), there is no formation of metabolites in the positive control when compared to the initial 

profile. Thus, the sugar could have been degraded through the continuous oxidation of the 

ozone, since the oxygen radicals would not be selective on with molecules they would target. 

Marcq et al. (2009) studied the kinetics of sugar oxidation by ozone and could quantify the 

production of different species, such as gluconic acid and glycolic acid. 

The lack of metabolites formation in the SBJ positive control is confirmed by the pH (Table 5.4) 

since it remained at 2.0. This reinforces the hypothesis that the ozone oxidized the sugar and 

transformed it into other compounds. Now, when analyzing the fermentation results, one can 

conclude that for the SBM, the ozonation did not produced hindering effect to the fermentation, 

besides the negative control, all efficiencies were statistically the same. In the case of SBJ, the 

differences were drastic because of the higher sugar loss. However, the ethanol production of 

the positive control was not affected by the sugar loss when compared with fermentation control.
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Table 5.4. Change in pH before and after storage and bioethanol fermentation performance after storage of groups treated with ozonation, 

positive and negative control. Different letters means that the groups were statistically different for a p ≤ 0.05. 

Conditions Initial pH Final pH Ethanol (g/L) 

Substrate 

utilization rate 

(g/L/h) 

Productivity 

(g/L/h) 

Yield 

Coefficient 

(g/g) 

Fermentation 

Efficiency (%) 

SBM 

Treated 6.00 4.86 45.22 ± 6.98c 0.62 ± 0.41b 0.39 ± 0.09c 0.75 ± 0.35a 66.81 ± 9.45a 

Control + 2.00 1.94 72.86 ± 12.65b 2.17 ± 0.09a 0.81 ± 0.16b 0.38 ± 0.09a 69.77 ± 16.38a 

Control - 6.00 4.16 56.92 ± 7.32c 0.78 ± 0.33b 0.65 ± 0.08c 1.02 ± 0.44a 45.57 ± 7.32b 

Fermentation 

control 
- - 92.5 ± 9.14a 2.00 ± 0.09a 0.93 ± 0.07a 0.47 ± 0.01a 72.90 ± 3.48a 

SBJ 

Treated 6.00 3.71 20.47 ± 7.87b 1.09 ± 0.38c 0.22 ± 0.08b 0.24 ± 0.16b 46.01 ± 29.88b 

Control + 2.00 2.03 74.85 ± 8.55a 2.26 ± 0.08a 0.80 ± 0.09a 0.36 ± 0.06b 68.60 ± 10.83b 

Control - 6.00 4.09 0.56 ± 0.79b 0.38 ± 0.36c 0.01 ± 0.01b 0.07 ± 0.10b 1.80 ± 2.55c 

Fermentation 

control 
- - 68.86 ± 2.03a 1.96 ± 0.02b 0.73 ± 0.02a 0.40 ± 0.02a 73.57 ± 2.89a 
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Therefore, although the ozone degraded some of the sugar, the process did not produce 

fermentation inhibitors. The results were in agreement with what Dziugan et al. (2016) observed 

with the fermentation of sugar beet juice treated with 15 min of ozonation, thus no difference 

with the performance of fresh raw juice and the ozonated juice. The main reason for any side 

effects of ozone on the fermentation is because it has a short life-time in water (around 20 min), 

thus it did not hindered the yeast metabolism during fermentation (Rosen et al., 2022). 

5.6. Conclusions 

Our study provides valuable insights on how the selection of a storage technique has an impact 

on fermentable sugar preservation and on the downstream ethanol production. Although 

originating from the same crop (sugar beet), the juice and molasses were generated from 

different processes, resulting in two distinct compositions. Since the three sterilization 

techniques investigated in the work resulted in unique effects for each feedstock, the idea of 

defining a one-size-fits-all storage system for maximize ethanol production for a wide range of 

feedstock seems unrealistic. Therefore, the search for sugar preservation treatments that can be 

standardized for different types of feedstocks should be pursued. 

When it comes to analyzing sterilization, it is not just the destruction/removal of contaminant 

cells that could be important for sugar preservation, but the side effects of those techniques as 

well. In the case of a less nutrient-rich matrix such as molasses, these differences are attenuated, 

but for primary sources such as juice, the technique choice can represent difference of more than 

20 g/L in the final ethanol production. For molasses, both filtration and pasteurization were 

efficient for storage, even at pH 6.0. However, for the juice, pasteurization presented an 

outstanding performance when comparing to filtration and ozonation, at pH 2.0 was essential 

for sugar preservation.  

 The combination of pH 2.0 with a sterilization technique allowed preserving sugar beet 

molasses and juice for 42 days in accelerated conditions. So, when there is not an exorbitant 

difference between the techniques, a techno-economic analyses becomes necessary to assess in 

the decision-making process of which technique is the most suitable for specific substrate. 

Therefore, this work is intended to stimulate discussion on how the reality of sugar preservation 

will be carried out in biorefineries that will be fed with heterogeneous feedstocks. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. Conclusions (Français) 

Ce projet a permis d’améliorer la technologie actuelle de conservation des sucres 

fermentescibles pour la production de bioéthanol avec des techniques à faible coût et à faible 

consommation d’énergie. Avant l’exécution de ces recherches, les méthodologies de 

conservation de la matière première utilisée dans la production du bioéthanol étaient basées sur 

des solutions de sucre hautement concentrées, avec des concentrations supérieures à 600 g/L. À 

la lumière de ceci, la première partie de ce projet visait à étudier les effets de différentes 

techniques de conservation dans des solutions du sucre avec des concentrations plus faibles (150 

et 300 g/L) que ce qui était précédemment rapporté dans la littérature. 

Dans cet article, 5 techniques ont été testées soit l’ozonation, l’utilisation de hydrosulfite de 

sodium (2 g/L), du sulfate de sodium (2 g/L), l’emploi d’une couche d’huile et l’acidification 

(pH 3). Tous les échantillons ont été conservés à température ambiante (23oC ± 2oC). Les 

groupes possédant 150 g/L de sucre ont été plus rapidement contaminés et il est donc possible 

d’en conclure que des techniques de conservation plus sévères seraient nécessaires pour 

travailler sur une concentration en sucre aussi faible. Cependant, certains des groupes avec 

300 g/L de sucre ont maintenu la teneur en sucre en utilisant l’ozonation (90 % de conservation), 

l’acidification et l’hydrosulfite de sodium (les deux avec 100 % de conservation). Par 

conséquent, en ce qui concerne la conservation du sucre, il a été possible d’utiliser différentes 

méthodes sous une pression osmotique modérée, prouvant qu’il est possible d’éviter la 

contamination microbienne avec la moitié de la concentration en sucre rapportée précédemment. 

Les résultats obtenus dans cette étude ont pavé la voie à une méthodologie de préservation qui 

ne reposerait pas sur l’évaporation de grands volumes d’eau et contribuerait à une production 

de bioéthanol plus durable et économique. 

Après la portion des travaux visant le criblage, il a été décidé d’évaluer comment la combinaison 

de plus d’une technique fonctionnerait sur la conservation des solutions avec une teneur en sucre 

inférieure à 300 g/L, considérant que cette dernière était encore une concentration suffisamment 

élevée en sucre pour permettre une fermentation classique impliquant S. cerevisiae. Ainsi, la 

deuxième partie de ce projet a consisté à étudier les effets combinés des trois techniques les plus 

prometteuses provenant de la première partie du projet soit l’ozonation, l’acidification et la 
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couche d’huile. L’idée principale de l’article était d’évaluer l’effet sur la concentration en sucre, 

lorsque la pression osmotique n’était pas un acteur majeur (concentration en sucre de 250 g/L), 

d’une étape de stérilisation (ozonation), d’un conservateur chimique (pH acide) et d’un agent 

de conservation physique (couche d’huile). 

La stratégie pour évaluer l’effet sur la concentration en sucre a donné des très bons résultats. 

Les techniques ont été combinées dans 8 systèmes différents, suivi d’une conservation à 

température ambiante (23oC ± 2oC) et les résultats ont démontré la possibilité d’atteindre 100 % 

de conservation des sucres fermentescibles après 300 jours. L’acidification de la matière 

première (pH 2) a permis d’atteindre jusqu’à 100 % de conservation des sucres. Cependant, les 

rendements de fermentation des groupes acidifiés étaient inférieurs à ceux des groupes non 

acidifiés. Par exemple, le groupe traité avec de l’ozone et de l’acide a présenté un rendement de 

bioéthanol de 55,71 %, tandis que les groupes traités uniquement avec de l’ozone ont présenté 

un rendement de bioéthanol de 67,20 %. Par conséquent, en ce qui concerne le stockage de la 

matière première du bioéthanol, le traitement le plus sévère ne s’avère donc pas toujours le 

meilleur choix, car il peut entraîner une baisse des rendements de fermentation. De cet article, 

il a été conclu que la meilleure méthodologie de stockage serait l’ozonation combinée à une 

couche d’huile, puisqu’elle présentait la plus forte concentration d’éthanol après fermentation 

(101 g/L) entre tous les groupes étudiés, bien que la conservation du sucre ait été limitée à 80 % 

de la concentration initiale. 

Après le long stockage de 300 jours et le développement d’une méthodologie de conservation 

efficace, simple et bon marché, il a été conclu que l’ozonation jouait un rôle important sur la 

conservation des solutions sucrées modérément concentrées. En d’autres termes, l’étape de 

stérilisation était fondamentale si l’on voulait éviter l’utilisation de conditions acides extrêmes. 

Cela a soulevé la question de savoir si la raison était purement due à la diminution de la charge 

microbienne initiale ou si l’ozone avait d’autres effets secondaires qui contribuaient à entraver 

la croissance microbienne. À la lumière de cela, la troisième portion de ce projet visait à 

comparer la conservation du sucre et l’efficacité de la fermentation du bioéthanol, après 

stockage, lors de l’utilisation de différentes techniques de stérilisation. De plus, il a été évalué à 

quel point les résultats seraient différents lors du changement de substrats. Dans ce cas, la 

mélasse et le jus de betterave à sucre ont été comparés. 
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Cette dernière consistait à comparer l’ozonation, la pasteurisation et la filtration comme 

techniques de stérilisation. La dégradation des sucres a été suivie en mode accéléré, une fois 

l’étude réalisée à 37oC. En tant que témoins positifs, une partie du milieu stérilisé a été conservée 

à pH 2, selon nos découvertes précédentes lors de la deuxième portion de ce projet. Par 

conséquent, les trois techniques ont favorisé des comportements différents lors du stockage. 

Dans le cas de la mélasse de betterave à sucre, la filtration et la pasteurisation ont assuré une 

conservation de 80 % des sucres fermentescibles totaux, tandis que le traitement à l’ozone a 

permis une conservation de 65 %. Le scénario change lorsque le jus de betterave à sucre est 

testé. La pasteurisation (61 %) et l’ozonation (41 %) ont permis une meilleure conservation des 

sucres fermentescibles totaux, alors que la filtration n’a permis la conservation que de 29 % de 

sucres. Ainsi, bien que l’objectif des techniques soit le même (élimination de la charge 

microbienne), chacune d’elles présente une performance différente. 

Cette portion des travaux visait également à analyser si les techniques de conservation seraient 

universelles, en d’autres termes, si une méthode qui était efficace pour une matière première 

spécifique fonctionnait aussi bien dans une autre matière première avec une composition 

différente. Et d’après les résultats susmentionnés, les performances de conservation variaient 

également en fonction de la composition des supports. Alors que la filtration présentait une 

grande efficacité pour la mélasse, il s’agissait de la moins bonne technique pour le jus. Même 

la pasteurisation, qui était la meilleure technique pour chacun d’eux, présentait une différence 

de 20 % de conservation entre la mélasse et le jus. 

Ce que l’on peut conclure de cette dernière partie est que les matrices moins riches en 

nutriments, comme la mélasse, nécessitent des techniques de conservation moins sévères et les 

différences sont atténuées. Cependant, lorsqu’il s’agit de matières premières riches en 

nutriments, comme les jus, un mauvais choix dans la technique de stérilisation peut représenter 

une différence de plus de 20 g/L sur la production finale d’éthanol. 

Par conséquent, ce projet a fourni des informations importantes sur la préservation des matières 

premières pour le bioéthanol et a établi de nouvelles références pour le stockage des matières 

premières en termes de concentration en sucre et de temps de stockage. Il a été prouvé qu’il est 

possible de stocker des matières premières liquides pour la production de bioéthanol pendant au 

moins 300 jours. Aussi, il a été possible de diminuer la concentration en sucre de la charge pour 
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une concentration facilement fermentable par des souches de levures industrielles, à 250 g/L. 

Pour cela, un pH bas a été défini comme une mesure clé pour inhiber la croissance microbienne, 

cependant, l’utilisation de pH extrêmement bas (< 3) peut inhiber la fermentation après 

stockage. À la lumière de cela, il est important d’utiliser une étape de stérilisation pour diminuer 

la charge microbienne initiale de la matière première, permettant ainsi la gestion de l’utilisation 

d’un pH entre 2 et 4. Enfin, pour poursuivre une méthodologie de conservation efficace, la 

méthode de stérilisation doit être adaptée en fonction de la matière première utilisée, en tenant 

compte du fait que les matières premières riches en nutriments nécessiteront une technique de 

stérilisation plus sévère, car elles sont plus sensibles à la croissance microbienne que les 

matières premières pauvres en nutriments. 

6.2. Conclusions (English) 

This project allowed improving the current fermentable sugar preservation technology for 

bioethanol production with low cost and low energy-intensive techniques. Before the execution 

of this project, the preservation methodologies for bioethanol feedstock were based in highly 

concentrated sugar solutions, with concentrations higher than 600 g/L. Considering that the first 

part of this project aimed to study the effects of different preservation techniques in sugar 

solutions with lower concentrations (150 and 300 g/L) than what was previous reported in the 

literature.  

In this part of the work, 5 techniques were tested namely ozonation, the use of sodium 

hydrosulfite (2 g/L), sodium sulfate (2 g/L), the addition of an oil layer and the acidification of 

the mixture (pH 3). All samples were stored at room temperature (23oC ± 2oC). The groups with 

150 g/L of sugar were rapidly contaminated, therefore it could be concluded that they would 

require harsher preservation techniques in order to preserve such low sugar concentration. 

However, some of the groups with 300 g/L of sugar could maintain high sugar content when 

using ozonation (90% of preservation), acididification and sodium hydrosulfite (both with 100% 

of preservation). Therefore, when it comes to sugar preservation, it was possible to use different 

methods if the osmotic pressure was moderate, proving that it was possible to avoid microbial 

contamination with half of sugar concentration that has being previously reported. The results 

obtained in this paper study opened the possibilities to develop a preservation methodology that 
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would not rely on evaporation of large volumes of water and contributing to a more sustainable 

and feasible bioethanol production. 

After this previous screening paper, it was decided to evaluate how the combination of more 

than one technique would work on the preservation of solutions with sugar content lower than 

300 g/L, considering that the latter was still a high sugar concentration for fermentation of 

regular S. cerevisiae. Hence, the second part of this project consisted of the study of the 

combination effects of three promising techniques from the first part of this work namely  

ozonation, acidification and the oil layer. The main idea of the paper was to evaluate the effect 

on sugar concentration when osmotic pressure was not a major player (sugar concentration of 

250 g/L), of a sterilization step (ozonation), chemical preservation agent (acid pH) and a 

physical preservation agent (oil layer).  

The strategy used to evaluate the effect on sugar concentration, when osmotic pressure was not 

an important factor (namely for sugar concentration of 250 g/L) involved a sterilization step 

(ozonation), a chemical preservation agent (acid pH) and a physical preservation agent (oil 

coating). These techniques were combined in 8 different systems and the samples were stored 

at room temperature (23oC ± 2oC). In this case, it was possible to achieve 100% of fermentable 

sugar preservation after 300 days. The acidification of the feedstock (pH 2) allowed up to 100% 

sugar preservation, however the fermentation yields of acidified groups were lower than non-

acidified groups. For example, the group treated with ozone and acid presented a 55.71% 

bioethanol yield, while the groups treated just with ozone presented 67.20% of bioethanol yield. 

Therefore, when concerning bioethanol feedstock storage, the most severe treatment is not 

always the best choice because it can result in lower fermentation yields. From this paper, it 

could be deduced that the best storage methodology would be the ozonation combined with an 

oil layer, since it presented the highest ethanol concentration after fermentation (101 g/L) 

between all the studied groups, although preserved 80% of initial sugar concentration. 

After the long storage (300 days) and the development an efficient, simple and cheap 

preservation methodology, it was concluded that ozonation played an important role on the 

preservation of moderate concentrated sugar solutions. In order words, the sterilization step was 

fundamental if the use of extreme acidic conditions was aimed to be avoided. This raised a 

question if the reason was purely due to the decrease of initial microbial load of if ozone had 
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other side effects that contributed to hinder microbial growth. In light of this, the third paper of 

this project aimed to compare the sugar preservation and post-storage bioethanol fermentation 

efficiency when using different sterilization techniques. In addition, it was tested how different 

the results would be when changing the substrates. In this case, sugar beet molasses and juice 

were compared. 

The latter consisted in comparing ozonation, pasteurization and filtration as sterilization 

techniques. The sugar degradation was followed in an “accelerated mode” at 37oC. As positive 

controls, part of the sterilized media was kept at pH 2, according to our previous findings during 

the second part of this project. Therefore, the three techniques promoted different behaviors 

during the storage. In the case of sugar beet molasses, filtration and pasteurization provided 80% 

of total fermentable sugars preservation, while ozone treatment provided 65%. The scenario 

changed when sugar beet juice were tested. Pasteurization (61%) and ozonation (41%) allowed 

a higher conservation of total fermentable sugars, while filtration allowed for a 29% 

preservation of the sugars. Thus, although the aim of the techniques is the same (microbial load 

removal), each of them are going to present a different performance. 

This part of the work also aimed to analyze whether if a preservation techniques would be 

universal, in other words, if a method that was efficient for a specific feedstock would work as 

well in other feedstock with a different composition. And by the results, the preservation 

performances varied according to the composition of the media as well. While filtration 

presented a high efficiency for the molasses, it was the worse technique for the juice. Even 

pasteurization that was the best technique for each of them, presented a difference of 20% in 

preservation between molasses and juice. 

What could be concluded from this last part is that less nutrient rich matrixes, such as molasses, 

require less severe preservation techniques and the differences are attenuated. However, when 

dealing with nutrient-rich feedstocks such as juices, a wrong choice in the sterilization technique 

could represent a difference of more than 20 g/L on the final ethanol production. 

Therefore, this project provided important insights about feedstock preservation for bioethanol 

and stablished new benchmarks for feedstock storage in terms of sugar concentration and 

storage time. It was proved that it is possible to store liquid feedstock for bioethanol production 

for at least 300 days. It was also possible to decrease the sugar concentration of the feedstock 
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for a concentration that can be readily fermented by industrial strains, namely at 250 g/L. For 

that, the low pH was set as a key metric for inhibit microbial growth, however, the use of 

extremely low pHs (< 3) can inhibit post-storage fermentation. Considering that, it is important 

to use a sterilization step to decrease the initial microbial load of the feedstock, therefore 

allowing the management of the use of 2 > pH > 4. Finally, to pursuit an effective preservation 

methodology, the sterilization method will need to be adapted according to main feedstock used, 

taking in consideration that nutrient-rich feedstocks will require a harsher sterilization 

technique, since they are more sensitive to microbial growth than nutrient-poor feedstocks. 

6.3. Recommandations 

Des avancées importantes dans le stockage de différentes matières premières destinées à la 

production de bioéthanol ont été réalisées dans le cadre ce projet. Cependant, quelques points 

pourraient mériter d’être approfondis plus en détails. Dans un premier temps, il serait 

envisageable d’identifier une extrapolation de cette étude à d’autres matières premières. Dans 

la troisième partie de cette étude, la mélasse et le jus de betterave à sucre ont été comparés. Par 

conséquent, des études devraient être menées avec d’autres cultures telles que la canne à sucre 

et le sorgho doux, les hydrolysats de biomasse, les résidus agro-industriels et les déchets 

municipaux. 

Tel que discuté tout au long du projet, la diversité des matières premières sera un point clé de la 

durabilité de la production de bioéthanol à faible intensité de carbone. Et, compte tenu de 

l’intensité carbone, il est également nécessaire d’inclure une analyse du cycle de vie (ACV) 

pour compléter les résultats expérimentaux. Parallèlement à l’analyse économique, l’analyse 

ACV est fondamentale pour s’assurer que les techniques employées pour le système de 

conservation ne contribueront pas à augmenter l’intensité carbone du bioéthanol. Ainsi, l’ACV 

est un outil essentiel pour le processus décisionnel menant à la méthodologie de conservation la 

plus appropriée en fonction de la matière première. 

6.4. Recommendations 

Important advancements in the storage of bioethanol feedstock were achieve in this work. 

However, there are still some points that could be expanded for the benefit of this topic. First, it 

is still necessary to study the behavior of different feedstocks during storage, such as 

lignocellulosic hydrolysate.  During the third part of this project, sugar beet molasses and juice 
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were compared and in light of the results from this part of the work, studies should be conducted 

with other crops such as sugarcane and sweet sorghum, biomass hydrolysates, agro-industrial 

residues and municipal waste to better understand their behavior when it comes to preservation 

techniques. 

As it was discussed throughout the project, feedstock diversity is going to be a key point in the 

sustainability of low carbon-intensity bioethanol production. And, taking in consideration the 

carbon intensity, it is also necessary to include a LCA study to complement the experimental 

results. Along with the economic analysis, LCA analysis is fundamental to ensure that the 

techniques used to preservation system will not contribute to increase the carbon intensity of the 

bioethanol. Thus, LCA is an essential tool for the decision maker process of which would be the 

most suitable preservation methodology according to the feedstock.
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