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RESUMO 

 

Apesar de consolidada industrialmente, a fermentação alcoólica possui como limitação o 

efeito tóxico do etanol na levedura, levando a obtenção de vinhos com baixo teor 

alcoólico (10–15% v v–1). Técnicas de remoção de etanol podem ser empregadas para 

mitigar o efeito inibitório desse produto e aumentar a produtividade do processo. Nesse 

sentido, o presente trabalho avaliou a fermentação alcoólica extrativa utilizando o arraste 

gasoso associado ao vácuo. Inicialmente, investigou-se a remoção de etanol de soluções 

hidroalcoólicas em diferentes configurações operacionais de vazão específica de CO2, 

temperatura e pressão, com o objetivo de identificar aquela que proporcionaria a maior 

remoção de etanol da fase líquida, bem como a maior concentração na fase gasosa. Em 

seguida, fermentações extrativas utilizando matéria-prima sacarina foram avaliadas 

através das técnicas de arraste gasoso convencional e associado ao vácuo, bem como a 

análise energética de ambos os processos. Por fim, foram conduzidas fermentações 

extrativas utilizando matéria-prima amilácea, avaliando os processos de hidrólise e 

fermentação separada (HFS) e sacarificação e fermentação simultânea (SFS). Foram 

desenvolvidos modelos para descrever os processos, baseando-se nas equações de 

balanço de massa e cinéticas das etapas de hidrólise, fermentação e remoção de etanol e 

água. Os resultados da remoção de etanol em soluções hidroalcoólicas mostraram que 

todas as três variáveis operacionais apresentaram efeito significativo dentro da faixa 

experimental avaliada. A aplicação da técnica promoveu a concentração do etanol na fase 

gasosa em até 6 vezes. Nas fermentações extrativas a partir de fonte sacarina, observou-

se que tanto o arraste gasoso associado ao vácuo quanto o arraste gasoso convencional 

aumentaram em até 14,3% a produtividade em etanol. A análise energética indicou que a 

técnica integrada reduziu em 31,3% a energia requerida em comparação ao arraste gasoso 

convencional. Por fim, a fermentação extrativa de matéria-prima amilácea aumentou a 

produtividade em etanol em até 60% em relação à fermentação convencional. A 

modelagem matemática descreveu adequadamente o processo fermentativo. O arraste 

gasoso associado ao vácuo demonstrou ser uma técnica promissora, com potencial para 

melhorar a produtividade em etanol e reduzir os custos nas etapas de recuperação e 

concentração do etanol removido. 

Palavras-chaves: etanol, hidrólise e fermentação simultâneas, fermentação extrativa, 

arraste gasoso, vácuo, integração de processos. 
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ABSTRACT 

 

Despite being well-established industrially, ethanol fermentation is limited by the toxic 

effect of ethanol on yeast, resulting in wines with low alcohol content (10–15% v v-1). 

Ethanol removal techniques can be applied to mitigate the inhibitory effect of the product 

and increase process productivity. In this context, the present work evaluated extractive 

ethanol fermentation using vacuum-assisted gas stripping. Initially, ethanol removal from 

hydroalcoholic solutions was investigated under different operational configurations of 

CO₂ specific flow rate, temperature, and pressure, with the aim of identifying the 

conditions that provided the highest ethanol removal from the liquid phase and the highest 

concentration in the gas phase. Subsequently, extractive fermentations with saccharine 

feedstock were assessed using both conventional and vacuum-assisted gas stripping, and 

the energy requirements of both processes were analyzed. Finally, extractive 

fermentations with starchy feedstock were conducted in separate hydrolysis and 

fermentation (SHF) and simultaneous saccharification and fermentation (SSF) processes. 

Mathematical models were developed to describe the processes, based on mass balance 

equations and incorporating the kinetics of hydrolysis, fermentation, and ethanol and 

water removal. The results of ethanol removal from hydroalcoholic solutions showed that 

all three operational variables significantly affected the process within the evaluated 

experimental range. The application of the technique increased the ethanol concentration 

in the gas phase by up to six times. In extractive fermentations with saccharine feedstock, 

both vacuum-assisted and conventional gas stripping increased ethanol productivity by 

up to 14.3%. The energy analysis indicated that the integrated technique reduced energy 

demand by 31.3% compared to conventional gas stripping. Finally, extractive 

fermentation of starchy feedstock increased ethanol productivity by 60% compared to 

conventional fermentation. The mathematical model adequately described the 

fermentation process. Vacuum-assisted gas stripping demonstrated potential as a 

promising technique, with the capacity to enhance ethanol productivity and lower the 

costs associated with the recovery and concentration of the removed ethanol. 

 

Keywords: ethanol, simultaneous hydrolysis and fermentation, extractive fermentation, 

gas stripping, vacuum, process integration. 
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CHAPTER 1 

1. INTRODUCTION 

In recent decades, rising fossil fuel consumption and the resulting greenhouse gas 

(GHG) emissions have caused severe environmental degradation, public health issues, and 

accelerated global warming. By 2024, energy-related CO₂ emissions reached a record 37.6 Gt, 

pushing atmospheric CO₂ concentrations to unprecedented levels. The transportation sector 

alone accounts for over 28% of global energy consumption, emitting roughly 8 Gt of CO₂ 

annually, equivalent to 15% of total GHG emissions (International Energy Agency, 2024). 

Petroleum-based liquid fuels currently supply 95% of the transportation sector’s energy 

demand, with global consumption exceeding 4.8 billion gallons of diesel and gasoline per day 

(Khan et al., 2023). Transitioning to bio-based alternatives, such as biodiesel and, more 

prominently, bioethanol, could significantly curb GHG emissions. Ethanol, the world’s most 

widely adopted liquid biofuel, is used both in low-emission gasoline blends (compatible with 

conventional engines) and as pure ethanol (E100). The latter is especially prevalent in markets 

like Brazil, where ethanol infrastructure is well-established (Ghazali and Mustafa, 2025; 

Shekhar et al., 2025). 

Bioethanol is produced via sugar fermentation and categorized into three generations 

based on feedstock: first-generation (1G, conventional crops), second-generation (2G, 

lignocellulosic biomass), and third-generation (3G, algae). Among these, 1G ethanol dominates 

global production due to its mature technology, lower processing costs, and widespread 

availability of food-based feedstocks like sugarcane, corn, sorghum, and wheat (Agarwal and 

Kumar, 2018; Naik et al., 2010). Despite being a well-established process, ethanol fermentation 

faces a critical limitation: the inhibitory effect of ethanol on yeast cells restricts final 

concentrations to 10–15% v v-1. This not only reduces productivity but also escalates energy 

demands during recovery, as distillation requires up to 2.5 kg of steam per liter of ethanol 

(Ensinas et al., 2007; Fan et al., 2019; Maiorella et al., 1983). 

Addressing these challenges, substantial research efforts focused on developing 

strategies to overcome ethanol inhibition. Biological approaches have shown particular 

promise, including evolutionary adaptation techniques that employ selective pressure to 

develop ethanol-tolerant yeast strains (Mavrommati et al., 2023; Yang and Tavazoie, 2020), and 

advanced genetic engineering methods that modify key metabolic pathways to enhance ethanol 
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tolerance(Alper et al., 2006; Varize et al., 2022; Wan et al., 2024). Process-based approaches 

have also been explored, including lowering the fermentation temperature (Deed et al., 2015; 

Veloso et al., 2019) and removing ethanol from the broth while it is being produced using 

extractive techniques such as liquid–liquid extraction, pervaporation, vacuum, and gas stripping 

(Fan et al., 2016; Lemos et al., 2020; Pereira et al., 2024; Rodrigues et al., 2018; Sonego et al., 

2018). Among these approaches, vacuum and gas stripping have gained significant attention as 

promising technologies due to their operational simplicity and high selectivity for volatile 

compounds. 

Vacuum extractive fermentation has been extensively studied as an innovative approach 

to alleviate ethanol inhibition in S. cerevisiae fermentations, and achieve complete sugar 

conversion in high-solids (>30% w w-1) fermentation systems (Huang et al., 2015; Kumar et 

al., 2018; Shihadeh et al., 2014). In these studies, the intermittent or continuous application of 

vacuum, typically at absolute pressures around 6–7 kPa, maintained the ethanol concentration 

in the broth below critical inhibition levels, resulting in lower residual glucose concentrations 

and improved ethanol productivity compared to conventional fermentation (Kumar et al., 2018; 

Nguyen et al., 2009). Despite these advantages, the substantial energy requirements for 

maintaining vacuum conditions, particularly in industrial-scale fermenters, pose a major 

challenge to the economic viability of this technique (Tavares et al., 2019). Energy demands 

scale non-linearly with reactor volume, with vacuum systems accounting for 40-60% of total 

process energy consumption in pilot-scale studies. 

Regarding gas stripping, both experimental and modeling studies have explored this 

extractive fermentation strategy to increase substrate concentration in the feed (180–300 g L–1) 

and achieve higher ethanol levels (up to 17.2 v v–1) (Rodrigues et al., 2018; Sonego et al., 2018). 

The technique has been evaluated under different conditions of temperature, CO₂ flow rate, and 

initial ethanol concentration (Martins et al., 2020; Silva et al., 2015; Sonego et al., 2014). In 

addition to improving ethanol productivity, gas stripping has also been shown to lower broth 

temperature and reduce cooling water consumption, contributing to process sustainability 

(Almeida et al., 2021; Campos et al., 2025; Silva et al., 2015). Despite its potential, gas stripping 

faces technical and economic challenges, particularly in terms of scaling up the process. As 

highlighted by Sonego et al. (2014), a specific flow rate of 2.5 vvm is necessary to achieve 

optimal ethanol removal rate, which presents a significant obstacle to industrial application. 

In this context, exploring different configurations and techniques for ethanol removal is 

considered a promising approach to enhance the efficiency of established processes (Andlar et 
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al., 2018; Si et al., 2018). While the advantages of vacuum and gas stripping have been reported 

separately, their integration for removing ethanol from fermentation broths remains 

underexplored, particularly concerning process optimization. Therefore, this thesis explores the 

potential application of vacuum-assisted gas stripping as a strategy for in situ ethanol removal 

during extractive fermentations using saccharine and starchy feedstocks. 

1.1. Goals 

This thesis aimed to investigate the use of vacuum-assisted gas stripping for in situ 

ethanol removal during extractive fermentations. To achieve the proposed goal, the following 

specific goals were established: 

✓ To evaluate the effects of operational variables, including temperature, specific CO₂ 

flow rate, and pressure, on ethanol removal efficiency via vacuum-assisted gas 

stripping; 

✓ To compare ethanol removal performance based on power input and energy 

requirements; 

✓ To characterize the gas phase composition during ethanol removal from both ethanol 

solutions and fermentation broth using mid-infrared spectroscopy; 

✓ To assess the application of vacuum-assisted gas stripping in extractive fermentations 

of both saccharine and starchy feedstocks; 

✓ To develop and validate models of ethanol production from sorghum in both extractive 

separate hydrolysis and fermentation (ESHF) and extractive simultaneous 

saccharification and fermentation (ESSF) processes. 

 

1.2. Chapter overview 

To outline the steps taken to accomplish the objectives of this thesis, the work is 

structured into six chapters. A brief description of each chapter is provided below: 

Chapter 2. Theoretical basis and state of the art. This chapter outlines the key theoretical 

concepts that support the relevance and development of the research. It also provides an 

overview of existing studies on the ethanol extractive fermentations. 

Chapter 3. Ethanol removal by vacuum-assisted gas stripping: Influence of operating 

conditions. This chapter investigates the effects of key operating parameters - temperature, CO₂ 
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flow rate, and system pressure - on ethanol removal efficiency using vacuum-assisted gas 

stripping. The research presented in this chapter was published in 2024 in "Chemical 

Engineering and Processing - Process Intensification” journal. 

Chapter 4. Extractive ethanol fermentation using vacuum-assisted gas stripping: gas-phase 

monitoring. This chapter examines extractive fermentations using a saccharine feedstock, 

employing both conventional and vacuum-assisted gas stripping, with gas-phase ethanol 

monitoring via mid-infrared spectroscopy. 

Chapter 5. Bioethanol production from sorghum via extractive fermentation with vacuum-

assisted gas stripping: Experimental and modeling. This chapter presents the development and 

validation of mathematical models describing ethanol production in both separate hydrolysis 

and fermentation (SHF) and simultaneous saccharification and fermentation (SSF) processes 

integrated with vacuum-assisted gas stripping for ethanol removal. The research presented in 

this chapter is currently under review in “Renewable Energy” journal. 

Chapter 6. Final considerations and future perspectives. This chapter presents the main 

conclusions of this thesis and suggestions for future work.  
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CHAPTER 2 

2. THEORETICAL BASIS AND STATE OF THE ART 

2.1. Ethanol and biofuels 

Biofuels have emerged as a promising alternative to fossil fuels, primarily due to their 

potential to reduce greenhouse gas (GHG) emissions (Khanna et al., 2011). Among them, 

ethanol is the most widely used liquid biofuel for transportation, either as a standalone fuel or 

as a gasoline additive to enhance octane ratings (Prasad et al., 2007). Global ethanol production 

has grown substantially in recent decades. Brazil is the world’s second-largest bioethanol 

producer, accounting for 28% of global output (118 billion liters) in the 2024 harvest 

(Renewable Fuels Association, 2024). Figure 2.1 illustrates the evolution of global ethanol 

production since 2010 and the historical production in Brazil. 

 

Figure 2.1 – Evolution of ethanol production presented as (a) global trends since 2010 and (b) 

historical data for Brazil.

 

 

Source: Author’s personal archive based on data from the Brazilian National Agency of Petroleum, Natural Gas 

and Biofuels (ANP, 2021) and U.S. Department of Energy (2024). 
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Ethanol is produced via sugar fermentation utilizing feedstocks such as corn, sugarcane, 

wheat, sorghum, and sugar beets, as well as cellulosic materials and algal biomass. The 

complexity of ethanol production (Figure 2.2) varies significantly depending on the feedstock, 

ranging from straightforward sugar fermentation to multi-stage biomass conversion processes 

(Sánchez and Cardona, 2008). Based on the type of feedstock used, ethanol is classified into 

three generations. The most prevalent form is first-generation (1G) ethanol, which is produced 

by fermenting sugar- or starch-based crops using conventional yeast strains (Joyia et al., 2024). 

 

Figure 2.2 –  Schematic representation of the production routes for first-, second-, and third-

generation ethanol. 

 

Source: Author’s personal archive  

 

2.2. Ethanol production processes  

2.2.1. Ethanol production process from sugarcane 

In Brazil, sugarcane serves as the primary feedstock for ethanol production, accounting 

for 87% of the total output during the 2024/2025 harvest (CONAB, 2025). The production 

process begins with harvested sugarcane undergoing washing, cutting, and milling, yielding 

sugarcane juice (for fermentation) and bagasse (a lignocellulosic byproduct). Most Brazilian 

distilleries operate as annexed units to sugar mills, creating integrated facilities capable of co-
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producing sugar and ethanol. This model represents approximately 70% of industrial plants, 

while the remaining 30% are autonomous distilleries dedicated solely to ethanol production 

(Basso et al., 2011). 

In integrated facilities, the molasses produced during sugar crystallization is diluted with 

either sugarcane juice or water to adjust the total reducing sugars (TRS) concentration in the 

fermentation mash to optimal levels. In contrast, autonomous distilleries heat the sugarcane 

juice to reduce bacterial contamination, followed by decantation and, in most cases, evaporative 

concentration before fermentation. Beyond sugar and ethanol, the sugarcane industry has 

expanded its product portfolio to include electricity cogenerated from sugarcane bagasse 

(Wheals et al., 1999). 

In Brazil, sugarcane-based ethanol plants predominantly utilize the Melle-Boinot 

process, a fed-batch fermentation system with cell recycling (Figure 2.3). The process employs 

three to four tanks in parallel fermentation, operated with staggered feeding times. Initiation 

involves inoculating the tank with yeast suspension, comprising approximately 30% yeast cells 

(wet basis) and 25 to 30% of the total fermentation volume. The fermentation must (18 to 22% 

w w–1 TRS) is fed gradually over 4 to 6 hours into three or four parallel tanks operating with 

staggered initiation times. During this feeding phase, sucrose undergoes rapid enzymatic 

hydrolysis via yeast-derived invertase (β-fructofuranosidase, EC 3.2.1.26), cleaving each 

sucrose molecule into equimolar amounts of glucose and fructose. These TRS (Total Reducing 

Sugars) are then fermented, yielding ethanol and carbon dioxide (CO₂). The fermentation 

proceeds until complete sugar depletion, typically within 6-10 hours, achieving ethanol 

concentrations of 8-12% (v v–1). Throughout the process, the temperature is monitored and 

maintained below 35 °C (Basso et al., 2011; Pereira et al., 2018). 

At the end of fermentation, centrifugation separates the yeast cream from the wine. The 

yeast cream is acid-treated with sulfuric acid and recycled into subsequent fermentation cycles 

(Pereira et al., 2018). The clarified wine is then distilled, yielding hydrous ethanol with a 

concentration of approximately 95.6% ( v v–1). This concentration corresponds to the ethanol–

water azeotrope, which cannot be separated further by conventional distillation. To produce 

anhydrous ethanol, additional dehydration steps are required, as heterogeneous azeotropic 

distillation (using solvents like cyclohexane), extractive distillation (with monoethylene 

glycol), or adsorption on molecular sieves (Dias et al., 2015; Gil et al., 2012). 

 



18 

 

 

Figure 2.3 – Block-flow diagram of sugarcane-based bioethanol production. 

 

Source: Author’s personal archive  

 

2.2.2. Ethanol production process from starchy biomass 

The following section focuses on corn ethanol production via dry milling - a method 

analogous to that used for grain sorghum. Corn processing typically employs two distinct 

approaches: dry milling and wet milling. The key distinction between these methods lies in their 

resource allocation: dry milling prioritizes simplicity and cost-effectiveness, whereas wet 

milling maximizes byproduct valorization.  

Although wet milling generates multiple profitable co-products (e.g., corn oil, protein 

feed), its adoption is limited by higher capital/operating costs, driven largely by elevated energy 

demands compared to dry milling. In dry milling plants, the primary objective is to maximize 

capital return per liter of ethanol produced. In contrast, wet milling facilities enable separation 

of high-value grain components (e.g., germ, fiber, gluten) prior to fermentation (Bothast and 

Schlicher, 2005).  

Ethanol production via dry milling consists of five stages: grinding, cooking, 

liquefaction, saccharification, and fermentation. This process generates a co-product known as 

distillers' dried grains with solubles (DDGS), which is used as animal feed (Sánchez and 

Cardona, 2008). In the dry milling process for ethanol production, whole grain kernels are 

mechanically reduced to coarse flour through hammer milling. 
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This flour is mixed with water to form a mash containing 25-32% solids (Bothast and 

Schlicher, 2005). Prior to thermal treatment, the corn mash pH is adjusted to optimize α-amylase 

activity. Next, the mash is heated to a high temperature of 80–85 °C, followed by high-pressure 

cooking in a jet cooker at temperatures ranging from 104 to 107 °C (Kwiatkowski et al., 2006). 

The resulting mixture, called mash, contains gelatinized starch. To break down this starch into 

short-chain saccharides (dextrins), the mash undergoes liquefaction using α-amylase enzymes. 

This step not only produces dextrins but also reduces viscosity - critical for efficient mixing 

and pumping in subsequent processing stages. Some facilities avoid steam injection, opting 

instead for extended liquefaction at 85 °C (Kumar and Singh, 2019). 

The next step, saccharification, involves converting dextrins into glucose through the 

enzymatic action of glucoamylase. During this stage, the long-chain dextrins, produced in 

liquefaction, are hydrolyzed into fermentable sugars. The resulting glucose is then fermented 

into ethanol by yeast, either in separate steps (Separate Hydrolysis and Fermentation, or SHF) 

or simultaneously with saccharification (Simultaneous Saccharification and Fermentation, or 

SSF). Fermentation typically runs for 48 to 72 hours, yielding a final ethanol concentration of 

14–20% v v–1. The SSF process is the most widely applied at the industrial scale due to its 

advantages, as it reduces the risk of microbial contamination, lowers the initial osmotic stress 

on the yeast by avoiding a highly concentrated glucose solution, and is generally more energy-

efficient. After fermentation, ethanol is concentrated through a combination of distillation and 

dehydration processes. The residual solids from distillation are dried to produce distillers' dried 

grains with solubles (DDGS), valuable animal feed supplement (Bothast and Schlicher, 2005; 

Kumar and Singh, 2019). The complete process flow is presented schematically in Figure 2.4. 
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Figure 2.4 –  Block-flow diagram of the starchy biomass-to-bioethanol production process. 

 

Source: Author’s personal archive  

 

2.3. Metabolic pathway of ethanol fermentation 

Under anaerobic conditions, the yeast Saccharomyces cerevisiae converts fermentable 

sugars into ethanol and CO₂ through a sequence of reactions inside the cell, as illustrated in the 

simplified pathway of ethanol fermentation in Figure 2.5. First, sugars are broken down into 

pyruvate during glycolysis. Then, pyruvate is converted into ethanol and CO₂. The theoretical 

yields are 0.511 g of ethanol and 0.489 g of CO₂ per gram of glucose consumed. 

In addition to ethanol and CO₂, the fermentation also produces by-products. Glycerol, 

the main by-product, accumulates up to 1.0% (w v-1) in most fermentations. Smaller amounts 

of organic acids and higher alcohols are also formed. The synthesis of these by-products, as 

well as the growth of yeast cells, directs some glycolytic intermediates to the corresponding 

metabolic pathways, decreasing the ethanol yield. Therefore, the ethanol fermentation 

efficiency, defined as the ratio between the real (experimental) and theoretical yields, typically 

ranges from 90 to 93% (Bai et al., 2008). 
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Figure 2.5 – Metabolic pathway of ethanol fermentation in S. cerevisiae. 

 
Source: Liu et al. (2013). 

 

During ethanol fermentation, yeast cells face both environmental stresses, such as 

nutrient limitation, pH fluctuations, high temperatures, and contamination, as well as metabolic 

stresses. The later includes osmotic stress from high substrate concentrations and ethanol 

accumulation, which inhibits growth and reduces ethanol production (as discussed later). 

Figure 2.6 summarizes these factors, which often act synergistically to impair cell viability and 

ethanol productivity. 
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Figure 2.6 – Potential stress factors on S. cerevisiae during ethanol fermentation. 

 

Source: Author’s personal archive  

 

2.4. Fermentation kinetics 

Fermentation kinetics are evaluated by monitoring substrate consumption, microbial 

cell growth, and product formation, which define characteristic profiles and can be described 

by mathematical models integrating bioprocess stoichiometry with reaction rate expressions 

(Badino and Cruz, 2012). Such kinetic models serve as powerful tools for predicting bioethanol 

production performance, reducing experimental work, lowering costs, and accelerating process 

optimization (Nosrati‐Ghods et al., 2020). 

Cell growth represents an autocatalytic reaction where the growth rate is directly 

proportional to the cell concentration (Shuler and Kargi, 2002). In batch fermentation systems, 

the cell growth rate is determined by the specific growth rate (μ), as shown in Eq. (2.1). The 

specific rates of substrate consumption (μ𝑆) and product formation (μ𝑃) are similarly defined by 

Eqs. (2.2) and (2.3). 

 

dCX

dt
=μ ∙ CX 

(2.1) 

dCS

dt
=−μ

S
∙ CS 

(2.2) 
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dCP

dt
=μ

P
∙ CP 

(2.3) 

 

where CX, CS, and CP represent the concentrations of cells, substrate, and product, respectively. 

The fundamental kinetic behavior of alcoholic fermentation can be described by the 

Monod saturation model, where the specific cell growth rate (μ) is expressed by Eq. (2.4). 

 

μ=μ
max

∙
CS

CS+KS

 
(2.4) 

 

where μmax is the maximum specific cell growth rate (h⁻¹), and KS is the saturation constant.  

The Monod model describes microbial growth kinetics as a function of substrate 

concentration, where the specific growth rate (μ) increases hyperbolically with substrate 

availability until reaching a maximum value (μₘₐₓ) at saturating concentrations. However, this 

model is only valid under ideal conditions, where no significant inhibition occurs. In ethanol 

fermentation, high concentrations of substrate, product (ethanol), or biomass can inhibit 

microbial growth (Han and Levenspiel, 1988). 

Several studies have investigated the growth kinetics of ethanologenic microorganisms, 

with particular attention to inhibition phenomena. Among these, the hybrid Andrews-

Levenspiel model (Andrews, 1968; Levenspiel, 1980) has proven particularly effective for 

alcoholic fermentation systems, as it takes into account both substrate and product inhibition, 

Eq. (2.5). 

 

μ=μ
max

∙
CS

KS+CS+
CS

2

KIS

∙ (1 −
CE

CEmax

)
n

 
(2.5) 

 

where KIS is the substrate inhibition constant (g·L−1), CEmax is the ethanol concentration for 

complete growth inhibition (g·L−1). 
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2.5. Product inhibition in ethanol fermentation 

Ethanol is well known to inhibit both yeast cell growth and ethanol production. 

Moreover, ethanol is a primary metabolite whose production is closely linked to yeast cell 

growth (Bai et al., 2008). In one of the earliest kinetic studies, Aiba et al. (1968) operated a 

chemostat fermentation system with media containing initial glucose concentrations of 10 and 

20 g L⁻¹, fed at different dilution rates. Because the ethanol produced at these glucose levels 

was too low to exert an inhibitory effect, ethanol was externally added to the fermenter to 

achieve the desired concentrations and investigate its effects on yeast growth and ethanol 

production. According to the authors, ethanol concentrations above 40 g·L⁻¹ can reduce both 

the yeast growth rate and ethanol production rate, thereby resulting in lower productivities. 

While some researchers have reported that externally added ethanol is less toxic than 

ethanol produced by yeast cells during fermentation (Loureiro and Ferreira, 1983; 

Nagodawithana and Steinkraus, 1976), other studies suggest that the inhibitory effect of 

ethanol, regardless of its source, is the same due to the high permeability of yeast cell 

membranes to ethanol (Guijarro and Lagunas, 1984). The increase in ethanol concentration in 

the medium alters the fluidity and composition of the plasma membrane, disrupting ionic 

balance and compromising its rigidity. These changes negatively impact cell viability, 

membrane integrity, and metabolic capacity by interfering with endocytosis and impairing the 

synthesis of stress proteins (Moon et al., 2012). Moreover, the stress caused by ethanol on yeast 

can be intensified by excessive acidity and high temperatures in the fermentation tanks 

(Amorim, 2005). 

The inhibitory effect of ethanol limits the alcohol content in the fermentation process, 

as fermentor productivity drops significantly at ethanol concentrations above 15% v v-1 (Taylor 

et al., 2010). As a result, large volumes of water are required, which increases the size of the 

equipment and energy consumption for distillation (up to 2.5 kg of steam per liter of ethanol) 

(Ensinas et al, 2007). 

 

2.6. Ethanol separation techniques 

To mitigate ethanol toxicity during fermentation, various process engineering 

approaches, including in situ recovery strategies, have been employed. The main in situ ethanol 

recovery techniques employed during ethanol fermentation are liquid-liquid extraction, 

pervaporation, vacuum, and gas stripping. 
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2.6.1. Liquid-liquid extraction 

Liquid-liquid extraction (LLE) is a separation technique used to remove ethanol during 

the fermentation process. In this process, two insoluble phases are brought into contact, and the 

ethanol is extracted from the broth into the organic phase (Kollerup and Daugulis, 1985). The 

contact between the fermentation broth and solvent can occur directly, in which the cells are 

exposed to the organic phase, or indirectly, using a cell-free portion of the broth (Grundtvig et 

al., 2018; Offeman et al., 2010). Ethanol removed by the extractant can be recovered in a 

regeneration unit, while the solvent is regenerated and can be reused in a subsequent extraction 

(Cai et al., 2022). 

Several factors must be considered when selecting an extraction solvent, including its 

ability to achieve good performance in partitioning the product between the aqueous and 

organic phases (high distribution coefficient), high selectivity, low solubility in the aqueous 

phase, and it must be biocompatible and non-toxic. Other characteristics, such as non-

flammability and chemical stability under fermentation conditions, should be considered. In 

addition, an inexpensive and recyclable solvent is desirable (Bokhary et al., 2021; Huang et al., 

2008; Weilnhammer and Blass, 1994). 

Among the solvents, oleic acid has been used as an extractant in various processes and 

configurations, particularly due to its relative ethanol distribution coefficient and low toxicity 

to microorganisms. Lemos et al. (2018) conducted liquid–liquid extractive fed-batch 

fermentations using a drop column bioreactor with oleic acid recirculation. The results showed 

that it was possible to achieve ethanol productivities of 11.27–12.98 g L–1 h–1, corresponding to 

an increase of 12.7–29.8% when compared with the control assays without ethanol removal. In 

another work, Lemos et al. (2020) also performed fed-batch extractive fermentations with in 

situ ethanol removal by oleic acid. At the feed of must containing 306.6 g L–1 sucrose, the total 

ethanol concentration reached 100.3–139.8 g L–1, a value 19.9–67.2% higher than the value 

obtained in conventional fed-batch fermentation. 

Although LLE offers advantages such as operational simplicity and the potential to 

enhance yields and productivity, some challenges still need to be addressed. High volumes of 

solvent are often required due to the low ethanol concentration in the broth and the moderate 

distribution coefficient of many extractants. As a result, relatively large amounts of solvent are 

necessary to achieve effective recovery. 
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2.6.2. Pervaporation 

Among various in situ product separation methods, pervaporation, a membrane-based 

technique, has emerged as an appealing choice for in situ ethanol separation (Van der Bruggen 

and Luis, 2014; Fan et al., 2016; Samanta and Ray, 2015). In the pervaporation process, the 

selective permeation of target molecules through a membrane is elucidated by the sorption-

diffusion theory, a fundamental framework in membrane separation science. This theory 

delineates the intricate transport mechanism of target molecules through the membrane, 

characterized by a three-stage process: molecule sorption from the upstream flow into the 

membrane surface, molecule diffusion through the membrane thickness and molecule 

desorption to the vapor phase of the downstream flow (Kamelian et al., 2019). 

The performance of a pervaporation system is primarily governed by two parameters of 

the membrane: the separation factor and the permeation flux. These, in turn, are affected by 

several operational and material factors, such as the type of membrane material, its thickness, 

the level of vacuum or sweep gas applied, as well as the temperature and composition of the 

feed solution (Bharathiraja et al., 2017). The membrane material is chosen based on the nature 

of the desired component. Hydrophobic membranes tend to favor the passage of organic 

compounds over water, which are then recovered in the permeate (Zentou et al., 2019). Among 

hydrophobic polymeric membranes, polydimethylsiloxane (PDMS) is the most used for ethanol 

recovery due to its combination of high selectivity and excellent stability (Fan et al., 2019; Wei 

et al., 2011; Xiangli et al., 2007). 

Ding et al. (2012) developed a continuous ethanol fermentation system combining a 

cell-immobilized bed fermentor with pervaporation using a composite PDMS membrane in a 

closed-circulation configuration. For batch fermentation without membrane pervaporation, 

glucose and ethanol concentrations in the broth were, respectively, 20.4 g L−1 and 28.6 g L−1 

after 24 h, yielding a volumetric productivity of 3.21 g L–1 h–1. In contrast, the extractive 

continuous fermentation system maintained stable operation for 250 hours, achieving an 

ethanol productivity of 9.6 g L–1 h–1, representing a 200% increase over batch operation. The 

PDMS membrane demonstrated consistent selectivity for ethanol, with separation factors 

ranging from 5.0 to 7.2 relative to water. 

Many studies on membrane-based pervaporation have highlighted its high selectivity 

and effective separation performance (Ding et al., 2012; Fan et al., 2019; O’Brien et al., 2000; 

Xue et al., 2016). Nevertheless, fouling remains a critical drawback, as it reduces membrane 

efficiency, decreases productivity, and increases maintenance costs. The accumulation of 
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bacterial cells on the membrane surface also raises concerns about contamination, challenging 

the process's long-term stability (Zentou et al., 2019). 

 

2.6.3. Vacuum 

The vacuum technique enhances ethanol removal from the fermentation broth through 

pressure reduction, which depresses the boiling point of the ethanol–water mixture and enables 

vaporization at the fermentation temperatures. This process selectively fractionates and extracts 

ethanol and water vapors, thereby reducing ethanol concentration in the broth and mitigating 

its inhibitory effects on yeast metabolism (Nguyen et al., 2009; Tavares et al., 2019). The 

thermodynamic equilibrium can be calculated using Raoult's Law modified for liquid-vapor 

systems, as indicated in Eq. (2.6). 

 

y
i

∙ P = xi ∙ γ
i

∙ Psat,i (2.6) 

 

where 𝑦𝑖 is the molar fraction of specie “i” in the gas phase in equilibrium to the liquid phase 

(-), 𝑃 is the operating pressure (Pa), 𝛾𝑖 is the activity coefficient of specie “i” estimated by the 

UNIQUAC model, 𝑥𝑖 is molar fraction of specie “i” in the liquid phase, and 𝑃𝑠𝑎𝑡,i is vapor 

pressure of specie “i” calculated by Antoine’s Equation (Pa). 

The extractive fermentation using vacuum was first described by Cysewski and Wilke 

(1977) and has been successfully employed in various studies (Huang et al., 2015; Mariano et 

al., 2012; Nguyen et al., 2009; Shihadeh et al., 2014; Tavares et al., 2019). Nguyen et al. (2009) 

evaluated a continuous fermentation system integrated with a separation process, operating 

under both atmospheric and vacuum pressures for 140 hours. At atmospheric pressure, the 

system stabilized with only 30% glucose conversion, resulting in ethanol production of               

55 g L⁻¹. Under vacuum conditions (47 mmHg), 52% of the glucose was converted, resulting 

in an ethanol concentration of 44.2 g L⁻¹ in the fermentation broth. Moreover, the ethanol 

productivity reached 5.8 g L⁻¹ h⁻¹, around 60% higher than the control. 

Shihadeh et al. (2014) investigated vacuum application to corn fermentations with solids 

contents of 30, 40, and 45 % (w v-1). Extractive fermentation exhibited ethanol efficiencies of 

75.6, 62.8, and 39.0% at these solids concentrations, comparable to conventional fermentation 

performance. However, by optimizing enzyme dosage and yeast inoculum size, the vacuum 
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fermentation efficiency at 40% (w v-1) solids increased to 77%, representing 23.6% 

improvement over conventional processing at equivalent solids loading. Kumar et al. (2018) 

assessed the vacuum fermentation of corn mash at 30, 40, and 42% solids concentrations. At 

40% solids, 1 hour vacuum cycles applied at 12, 24, 36, and 48 hours achieved complete 

substrate utilization and enhanced ethanol yield by 65% compared to conventional 

fermentation. At 42% solids, extended of 1.5 hour vacuum cycles reduced residual glucose to 

0.17% while boosting ethanol yield by 88%. At 32% solids, vacuum operation halved the 

fermentation time (32 hours vs 72 hours in controls) while maintaining complete substrate 

consumption. 

Volodko et al. (2020) conducted the fermentation of sweet sorghum syrup under vacuum 

conditions, resulting in a 55% increase in ethanol productivity compared to conventional 

fermentation. Farias and Maugeri-Filho (2021) performed a sequential fed-batch extractive 

fermentation with cell recycling for bioethanol production from hemicellulosic hydrolysate and 

sugarcane molasses. To promote ethanol removal, the bioreactor vessel was coupled to a flash 

tank operated under vacuum conditions (100–150 mmHg). Ethanol productivity reached 9.5 g 

L⁻¹ h⁻¹, ten times higher than conventional processes, with a yield of 0.482 gethanol gsubstrate
–1 and 

an ethanol efficiency of 94.3% during the second recycle.  

Despite these promising findings, the integrated vacuum fermentation approach faces 

several practical challenges that limit its industrial scalability. Two key constraints include 

substantial energy requirements for auatained vacuum operation, and the need for large 

fermentation volumes to achieve economic viability. Therefore, further efforts are necessary on 

process optimization to improve energy efficiency and reduce capital costs, thereby enhancing 

the commercial feasibility of this technology. 

 

2.6.4. Gas stripping 

Gas stripping is an in situ product recovery technique that involves sparging an inert gas 

through the fermentation broth (Cai et al., 2024; Qureshi, 2014). This operation promotes the 

transfer of volatile compounds, such as ethanol, from the liquid phase to the gas phase, driven 

by the vapor–liquid equilibrium (Atasoy et al., 2018). Compared to alternative separation 

techniques, gas stripping presents distinct advantages, including operational simplicity and 

cost-effectiveness. These benefits are further amplified by the ability to recycle carbon dioxide 

(CO₂) generated during ethanol fermentation, which significantly reduces dependence on 
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external gas inputs (Sonego et al., 2014). 

The removal of solvents from aqueous solutions via gas stripping follows first-order 

kinetics, as described by Truong and Blackburn (1984) model (Eq (2.7)). This kinetic 

framework has been successfully applied to analyze gas stripping performance in different 

fermentation systems (Ezeji et al., 2003; Sonego et al., 2014; de Vrije et al., 2013). 

 

ṙ = −
dC

dt
 = ksa ∙ C 

(2.7) 

 

where ṙ is the velocity of solvent removal from the liquid phase to gas phase (g L–1 h–1) C is the 

solvent concentration in the liquid phase (g L–1), and ksa is the constant of solvent removal      

(h–1). 

The constant of solvent removal (ksa) is a kinetic coefficient and regards both effects 

of thermodynamic and mechanical entrainments. Mechanical entrainment is a phenomenon 

characteristic of systems in which liquids and gases are in relative motion, commonly observed 

in chemical processes involving aeration, boiling, evaporation, and distillation. When bubbles 

of a gas are injected at the bottom of a liquid column, they rise to the free surface. The liquid 

film surrounding these bubbles eventually breaks, resulting in the formation of droplets that the 

ascending gas phase can carry away (Zhang et al., 2012). The second mechanism, known as 

thermodynamic entrainment, involves the removal of ethanol as a vapor, constrained by the 

saturation of the gas phase (thermodynamic equilibrium). As the gas stream passes through the 

liquid phase, the volatile components of the medium, including ethanol and water, extract 

energy from the liquid to vaporize. 

Gas stripping has been shown to be an effective strategy for ethanol removal during 

fermentation, with several studies reporting its successful application, especially in corn-based 

processes. Taylor et al. (1995) achieved high glucose conversions (90–100%) using high 

substrate concentrations (200–600 g L⁻¹) in continuous extractive fermentations with CO₂. The 

system consisted of a 2 L continuous fermentor coupled to a 10 cm diameter packed stripping 

column. Fouling of the column packing due to yeast cell attachment was observed, partially 

blocking the gas flow and reducing column performance. Nevertheless, stable operation was 

maintained for 150 days, and the process demonstrated the potential for reducing ethanol 

inhibition. In a subsequent study, Taylor et al. (1996) employed larger reactors and proposed 
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periodic washing of the packed column to address the fouling problem, thereby significantly 

improving system performance. The authors reported complete conversion of 600 g L⁻¹ of 

substrate and high productivity of 15 g L–1 h–1. 

Later, Taylor et al. (1998) investigated ethanol stripping in a packed column using air as 

the stripping gas, coupled with a 30 L continuous fermentor operated for 185 days. The broth 

was circulated through the stripping column and returned to the fermentor. The authors reported 

a high ethanol yield (~0.50 gethanol gsubstrate
–1) and noted that ethanol significantly reduced cell 

yield, while glucose consumption remained largely unaffected at ethanol levels up to 65  g L–1. 

More recently, Taylor et al. (2010) evaluated the performance of a 70 L continuous fermentor 

fed with high-solids corn starch syrup, integrated with a CO₂ stripping column for ethanol 

removal. The system operated stably for 60 days, achieving 95% starch conversion and an 

ethanol yield equal to 88% of the theoretical maximum. 

Recent studies have explored the application of gas stripping to fermentation processes 

for ethanol production from sugarcane sucrose. Sonego et al. (2014) investigated ethanol 

production from sucrose by extractive batch fermentation using CO₂ as the stripping gas in a 

5 L bubble column bioreactor. Initially, the authors examined the influence of specific CO₂ flow 

rate and solution temperature on ethanol and water removal, using hydroalcoholic solutions 

containing 80.0 g L⁻¹. The condition of 2.0 vvm at 34 °C yielded the best ethanol removal. In 

extractive fermentation, productivity was 25% higher compared to conventional fermentation. 

In a subsequent study, Sonego et al. (2016) investigated ethanol production via extractive fed-

batch fermentation with CO₂ stripping, evaluating different substrate concentrations in the feed, 

filling times, and ethanol stripping start times. Their results demonstrated that a filling time of 

5 h, combined with ethanol removal starting after 3 h of fermentation, minimized substrate and 

ethanol inhibition on the yeast. This approach enable the use of a high substrate concentration 

(240 g L⁻¹) in the feed. Complete sugar consumption was achieved within 12 h of fermentation, 

yielding a 33% higher total ethanol concentration compared to conventional process. 

In another study, Sonego et al. (2018) optimized extractive fed-batch ethanol 

fermentation with CO₂ stripping at 34 °C, employing a high substrate concentration 

(428.6 g L⁻¹) in the must. Despite a lower volumetric productivity (8.6 g L⁻¹ h⁻¹) compared to 

conventional fermentation (10.4 g L⁻¹ h⁻¹), complete substrate conversion was achieved, 

yielding an ethanol concentration of 136.9 g L⁻¹ (17.2 °GL), 65% higher than the control. 

More recently, Rodrigues et al. (2025) investigated an extractive fermentation with 

ethanol recovery via absorption, comparing open and closed systems with and without CO₂ 
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recirculation from fermentation. The recovery system utilized two serially connected absorbers 

with monoethylene glycol (MEG) as the absorbent. In the extractive fermentation without CO2 

recirculation, complete conversion of 300.0 g L⁻¹ substrate yielded 135.2 g L⁻¹ ethanol, a 68% 

increase over conventional fermentation. 

Additional studies have demonstrated that gas stripping in extractive fermentation can 

serve a dual purpose, cooling the fermentation vessel while simultaneously reducing cooling 

water requirements (Almeida et al., 2021; Campos et al., 2025, 2022; Veloso et al., 2023). 

Almeida et al. (2021) demonstrated the cooling benefits of gas stripping in both batch (10 L) 

and fed-batch (100 L) extractive fermentations at 34 °C using a CO₂ flow rate of 1.0 vvm, 

achieving up to 63% reduction in cooling water consumption. Building on this concept, Campos 

et al. (2025) developed an innovative temperature control strategy for fed-batch extractive 

ethanol fermentation that completely eliminated cooling water requirements. Their system 

relied exclusively on the evaporative cooling effect generated by CO2-induced vaporization of 

ethanol and water, successfully maintaining the fermentation temperature at 34°C. This 

approach not only proved the feasibility of CO₂ as a sole cooling medium but also represented 

a significant advancement in process intensification and sustainable bioprocessing. 

Although gas stripping has demonstrated significant potential for enhancing 

fermentation performance and sustainability, its industrial-scale implementation faces 

considerable challenges. The ethanol removal rates reported in laboratory studies (Sonego et 

al., 2018; Veloso et al., 2023), require high specific flow rates (2.5 vvm), which become 

economically and technically impractical in large-scale bioreactors. This limitation has 

prompted investigation of vacuum-assisted gas stripping as a promising alternative. By 

operating at reduced pressure, this approach enables effective ethanol removal at significantly 

lower gas flow rates, addressing a critical barrier to industrial adoption. 
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CHAPTER 3 

3. ETHANOL REMOVAL BY VACUUM-ASSISTED GAS STRIPPING: 

INFLUENCE OF OPERATING CONDITIONS 

 

Abstract 

One way to overcome the inhibitory effects caused by ethanol on yeast cell growth is the use of 

extractive fermentation, whereby ethanol is removed from the fermentation broth as it is 

produced. The present work investigates ethanol removal from solution by vacuum-assisted gas 

stripping, which is a promising method for enhancing performance, compared to conventional 

gas stripping. Evaluation was made of the effects of carbon dioxide flow rate (ϕ
CO2

), 

temperature (T), and pressure (P) on ethanol removal performance. Bench-scale assays were 

performed using a 2-L bubble column containing 10% v v-1 ethanol solution, with monitoring 

of the gas and liquid phases by FT-MIR spectroscopy. The ethanol entrainment factor (FE) 

increased with ϕ
CO2

 and temperature, but decreased at higher pressure. Only ϕ
CO2

 had significant 

and positive effects on the concentration factor (FC) and selectivity (αE/W), within the operating 

ranges of the variables studied. An ethanol removal model was obtained that provided an 

accurate description of the process behavior, with good agreement between the experimental 

and simulated data. In addition, the energy requirement for ethanol removal by vacuum-assisted 

gas stripping in the bioreactor was lower than for the conventional stripping process. 

 

Keywords: Ethanol separation; gas stripping; vacuum; integrated process. 

 

3.1. Introduction 

Brazil is the world’s second largest ethanol producer, accounting for 27% of global 

production (103 billion liters) in the 2021 harvest (Renewable Fuels Association, 2022). 

Alcoholic fermentation is a well-established process in Brazilian distilleries, where the sugar 

cane sugars are converted into ethanol by the yeast Saccharomyces cerevisiae. At the end of the 

process, the fermentation yield is around 90–92% of the theoretical value (0.511 gethanol gsubstrate
–

1) (Amorim et al., 2011). However, this fermentation process has some limitations. In particular, 

the ethanol accumulated in the broth inhibits yeast cell growth, with the cell growth rate 
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decreasing at ethanol concentrations above 40.0 g L–1 and completely ceasing when the 

concentration is close to 95.0 g L-1, resulting in a low ethanol concentration in the final wine 

(~10 % v v–1) (Maiorella et al., 1983). As a consequence, there are high energy costs for the 

recovery of ethanol in the distillation process, which has a steam requirement of approximately 

2.2 kgsteam kgethanol
–1(Dias et al., 2015). 

To overcome the inhibitory effects of ethanol on the yeast, several techniques have been 

investigated for recovery of the product from the broth while it is being produced, including 

liquid-liquid extraction, pervaporation, gas stripping, and application of vacuum (Abdehagh et 

al., 2014; Campos et al., 2022; Desai and Zimmerman, 2023; Van Hecke et al., 2014; Kujawska 

et al., 2015; Lemos et al., 2020, 2017). The performance parameters that have been evaluated 

for these separation techniques include the removal rate and product selectivity. In liquid-liquid 

extraction, the effectiveness of ethanol removal is related to the partition coefficient, but a 

difficulty is that most extractants with good partition coefficients can be toxic to the yeast (Xue 

et al., 2014b). In the case of pervaporation, this technique is efficient in separating organic 

compounds from aqueous solutions, as well as liquid mixtures with similar boiling points 

(Nagasawa and Tsuru, 2017). However, it has been reported that fouling decreases the 

separation factor and the flux through the membrane, consequently reducing performance 

(Kujawska et al., 2015). On the other hand, gas stripping and vacuum fermentation have 

attracted great interest, since their advantages include simple operation and selective removal 

of volatile compounds (Huang et al., 2015; Outram et al., 2017). 

In vacuum fermentation, ethanol is extracted from the fermentation broth under reduced 

pressure, which lowers the boiling point of the ethanol-water mixture and increases 

vaporization at the optimum fermentation temperature (30–35 ºC). Kumar et al. (2018) 

evaluated simultaneous saccharification and vacuum-assisted fermentation for high solids 

media, using corn slurry as carbon source in a bioreactor operated with vacuum cycles (6.7 

kPa). It was reported that the extractive fermentation enabled complete conversion of high 

solids slurries, with ethanol productivity 88% higher than for the conventional process. 

In the gas stripping method, volatile compounds are removed by a gas stream from a 

liquid broth (Abdulrazzaq et al., 2016a; Desai et al., 2022; Gilmour and Zimmerman, 2020; 

Silva et al., 2015). This technique has been evaluated under different operating conditions, 

considering the effects of variables including temperature, CO2 flow rate, and initial ethanol 

concentration (Abdulrazzaq et al., 2016b; Martins et al., 2020; Rodrigues et al., 2018; Silva et 

al., 2015; Sonego et al., 2014). In a recent study, Almeida et al. (2021) used CO2 as the stripping 
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gas during extractive ethanol fermentation, leading to ethanol productivity of 21.7 g L–1 h–1, 

which was 27% higher than in conventional fermentation. The authors also reported that the 

application of the stripping process resulted in an approximately 63% lower demand for cooling 

water in the fermentation vat heat exchangers. In fact, gas stripping has also been widely 

evaluated as an effective technique for ethanol removal in fermentation processes by 

thermophilic bacteria at high temperatures (Calverley et al., 2021, 2020). Calverley et al. (2021) 

performed stripping assays using heated microbubbles to ethanol removal from model solutions 

in the continuous mode, the ethanol concentration was maintained below the inhibitory level 

(2% v v–1) for thermophilic bacteria.  

Although the benefits of vacuum and gas stripping during ethanol fermentation have 

been reported separately in the literature, there have been no previous studies concerning the 

integration of these separation techniques for the removal of ethanol from hydroalcoholic 

solutions or fermentation broths. Specifically, there is a lack of studies focusing on monitoring 

both the liquid and gaseous phases to improve understanding of the ethanol removal process. 

Therefore, the aim of the present work was to study the use of vacuum-assisted gas stripping 

for ethanol removal from a model solution. Fourier transform mid-infrared spectroscopy (FT-

MIR) was employed to monitor the compositions of the liquid and gas phases. Firstly, analysis 

was made of the effects of CO2 flow rate, temperature, and pressure (under vacuum conditions).  

The experimental results were compared to those obtained from a mathematical model 

based on thermodynamic equilibrium, allowing for the identification of the experimental 

conditions under which the system achieved the best performance in terms of ethanol removal, 

ethanol concentration factor, and ethanol/water selectivity. Finally, a comparative evaluation of 

ethanol removal was performed, considering power input and energy requirements. 

 

3.2. Materials and Methods 

3.2.1. Experimental procedure 

Figure 3.1 illustrates the experimental setup employed in this work. The experiments 

were performed using a 2–L working volume bubble column pneumatic bioreactor (9.7 cm 

internal diameter, 33.8 cm liquid height, and 56.2 cm total height) containing a solution of 

ethanol at an initial concentration of 80 g L–1 (10% v v–1). The stripping gas was commercial 

carbon dioxide (CO2) from a cylinder (99.8% purity). The CO2 was injected through a crosshead 

sparger at the base of the bioreactor, with the gas flow rate measured and regulated using a mass 
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flow controller (GFC 371, Aalborg). The temperature of the solution was kept constant by 

recirculating water from a thermostatic bath through the bioreactor jacket. The vacuum pressure 

of the system was maintained by a vacuum pump. Each experiment lasted 6 h. Every hour, the 

volume of the liquid phase (V) was measured and samples were collected for quantification of 

the ethanol concentration. 

 

Figure 3.1 – Schematic illustration of the equipment used in the vacuum-assisted stripping 

experiments: (1) mass flow controller, (2) CO2 cylinder, (3) bioreactor, (4) vacuum pump, (5) 

thermostatic bath, (6) gas sampling chamber, (7) spectrometer, and (8) data acquisition. 

 

 

3.2.2. Experimental design and statistical analysis 

A 23 factorial design was employed to assess the effects of the CO2 flow rate (ϕCO2), 

solution temperature (T), and pressure in the reactor head (P) on the ethanol removal 

performance of the vacuum-stripping process. Table 3.1 shows the coded and original values 

for the independent variables. The CO2 flow rate and solution temperature were selected based 

on previous studies (Rodrigues et al., 2018; Silva et al., 2015), and the pressure range was 

chosen from a preliminary investigation. Statistica v. 7.0 software was used for analysis of the 

experimental data. 

 

 

 

https://www-sciencedirect.ez31.periodicos.capes.gov.br/topics/engineering/ethanol-concentration
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Table 3.1 – Coded and original values of the independent variables: solution temperature (T), pressure 

in the reactor head (P), and specific CO2 flow rate (ϕCO2). 

Variable Code 

Levels 

-1 0 1 

T (ºC) x1 28 31 34 

P (kPa)* x2 41.31 54.64 67.97 

ϕCO2 (vvm) x3 0.2 0.6 1.0 

*The pressure in the reactor head (P) corresponds to P2. 

 

3.2.3. Performance parameters 

The response variables selected to evaluate the performance of the vacuum-assisted gas 

stripping operation were the entrainment factor (FE), concentration factor (FC), and 

ethanol/water selectivity (αE/W), obtained using Eqs. (3.1), (3.2), and (3.3), respectively. 

 

FE (%) = 
CE0∙V0-CEF∙VF

CE0∙V0

×100 
(3.1) 

FC (-) = 
y

E
*

xE
*
 

(3.2) 

αE/W (-) = 
y

E
* y

W
*⁄

xE
* xW

*⁄
 

(3.3) 

 

where, CE0 is the initial ethanol concentration in the solution (g L-1), CEF is the final ethanol 

concentration in the solution (g L-1), V0 is the initial solution volume (L), VF is the final solution 

volume (L), xE
*  and xW

*  are the ethanol and water mass fractions in the liquid phase, and y
E
*  and 

y
W
*  are the ethanol and water mass fractions in the gas phase. 
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3.2.4. FT-MIR spectroscopy 

Fourier transform mid-infrared spectroscopy (FT-MIR) was used to determine the molar 

fractions of ethanol (yE) and water (yW) in the gas phase and the ethanol concentration in the 

liquid phase, according to the methods described by Rodrigues et al. (2018) and Santos et al. 

(2022), respectively. Liquid phase measurements were performed after each assay, using a fiber-

optic attenuated total reflectance (ATR) probe coupled to a spectrometer (ReactIR 45m, 

Mettler-Toledo AutoChem, Inc.) equipped with a liquid nitrogen-cooled mercury cadmium 

telluride (MCT) detector. Gas phase data were acquired online, using a gas cell (DST Fiber to 

Gas Cell, Mettler-Toledo) connected to a spectrometer. A purge system employing nitrogen gas 

was used to remove CO2 and water from the compartment. Spectra were collected in the range 

from 3335 to 15411 nm, at resolution of 4.2 nm, with 256 scans per sample. 

 

3.2.5. Vacuum-assisted gas stripping modeling 

The mathematical model developed to describe the process employed equations for the 

molar balances of ethanol and water, according to the principles of vapor-liquid equilibrium. 

The modeling assumed that the carbon dioxide bubbles leaving the liquid phase were saturated 

with ethanol and water. According to Ezeji et al. (2005), saturation of a stripping gas with 

volatile organic solvents occurs in milliseconds. 

 

3.2.6. Molar balance 

Modeling of the vacuum-assisted gas stripping operation employed the ethanol and 

water molar balances (Eqs. (3.4) and (3.5)), assuming the liquid phase as the control volume 

(Silva et al., 2015). 

 

dnE

dt
= − (ṅCO2

+ ṅE + ṅW)∙y
E
 

(3.4) 

dnW

dt
= − (ṅCO2

+ ṅE + ṅW. )∙y
W

 
(3.5) 

 

where, ṅCO2
 is the carbon dioxide molar flow rate (mol h-1), ṅE is the ethanol molar flow rate 

(mol.h-1), ṅW is the water molar flow rate (mol h-1), and t is the time (h). 
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The carbon dioxide molar flow rate was calculated according to the ideal gas law (Eq. 

(3.6)). 

 

ṅCO2
=

P∙Q
CO2

R∙T
 

(3.6) 

 

where, P is the system pressure (Pa), QCO2
 (L h-1) is the carbon dioxide volumetric flow rate, 

and R is the ideal gas constant (8.3145 kPa L mol–1.K-1). 

 

3.2.6.1. Gas-liquid equilibrium 

The molar fractions of ethanol (yE) and water (yW) in the gas phase were determined 

using thermodynamic assumptions for gas-liquid equilibrium, employing the modified Raoult 

law (SMITH et al., 2005), described by Eqs.(3. 7) and (3.8). 

 

y
E
=

xE∙γ
E
∙Psat,E

P
 

(3.7) 

y
W

=
xW∙γ

W
∙Psat,W

P
 

(3.8) 

 

where, Psat,E and Psat,W are the ethanol and water saturation vapor pressures (atm), xE and xW are 

the ethanol and water molar fractions in the liquid phase, and γE and γW are the ethanol and 

water activity coefficients. 

The molar fractions of ethanol and water in the liquid phase were determined using Eqs. 

(3.9) and (3.10). 

 

xE=
nE

nE+nW+nCO2

   (3.9) 

xW=
nW

nE+nW+nCO2

 (3.10) 
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where, nE, nW, and nCO2
 are the number of mols of ethanol, water, and carbon dioxide in the 

liquid phase, respectively. 

The gas-liquid equilibrium for carbon dioxide and the ethanol solution was predicted 

using Henry’s Law (SMITH et al., 2005), given by Eq. 11. The Henry constant (He, in atm) was 

determined using a correlation (Eq. (3.12)) obtained from data available in the literature 

(Dalmolin et al., 2006). Since the assays were performed with ethanol molar fractions of around 

0.03, the He values for the water-CO2 binary system were assumed. 

 

y
CO2

=
xCO2

∙He

P
 

(3.11) 

He = 4.665∙T + 482.360 (3.12) 

 

where, y
CO2

 is the CO2 molar fraction in the gas phase, xCO2
 is the CO2 molar fraction in the 

liquid phase, and T is the temperature (ºC). 

The sums of the molar fractions for the species in the gas and liquid phases were 

determined using Eqs. (3.13) and (3.14), respectively. 

 

xE+xW+xCO2
= 1 (3.13) 

y
E
+y

W
+y

CO2
= 1 (3.14) 

 

The saturation vapor pressure (Psat) of component “i” was determined using the Antoine 

equation (Eq. (3.15)). 

 

Psat, i = 
1

760
∙e

Ai−
Bi

T−Ci 
(3.15) 

 

where, Ai, Bi, and Ci are the Antoine equation constants, and T is the temperature (ºC). For the 

temperature range evaluated in this study, the Antoine equation constant values for ethanol are 

AE = 18.91, BE = 3803.98, and CE = -41.68. For water, the values are AW = 18.30, BW = 3816.44, 
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and CW = -46.1 (REID et al., 1987). 

 

The UNIQUAC model (Abrams and Prausnitz, 1975) was applied to calculate the 

activity coefficients for ethanol (E) and water (W). The binary parameters of UNIQUAC are rE 

= 2.1055,  qE = 1.9720, rW = 0.9200, qW = 1.4000, aEW = 2.0046, aWE = -2.4936, bEW = -728.9705 

K, and bWE = 756.9477 K (Perry et al., 1997). 

The mathematical model in this work was implemented using Scilab v. 6.0.1software. 

The Runge-Kutta algorithm was employed for numerical solution of the differential equations 

system. The prediction quality of the model was assessed using the residual standard deviation 

(RSD) statistical criterion proposed by Cleran et al. (1991), defined by Eq. (3.16). 

 

RSD (%) =

√
1

Np
∑ (nexp(tj)-nsim(tj))

2Np

j=1

n̅exp

∙100 

(3.16) 

 

where, nexp (tj) is the experimental number of mols of ethanol or water in the alcoholic solution 

at time tj, nsim (tj) is the number of mols predicted by the model at time tj, n̅exp is the average of 

the experimental number of mols, and Np is the number of experimental points. 

 

3.2.7. Energy analysis 

The energy balance in the system can be used to calculate the energy requirement for 

stripping under atmospheric or vacuum conditions. Using the flow work definition 

(Himmelblau and Riggs, 2012), Chisti (1989) calculated the gassed power input due to the 

isothermal gas expansion of the bubbles rising through the liquid column in pneumatic 

bioreactors (PIE), according to Eqs. (3.17)-(3.19). 

 

PIE= Q
m

∙R∙T∙ln (
Pb

Ph

) 
(3.17) 

 Pb= Pt+ρ
L
∙g∙hL (3.18) 
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PIE= Q
m

∙R∙T∙ln (1+
ρ

L
∙g∙hL

Pt

) 
(3.19) 

 

where, PIE is the power input due to isothermal gas expansion (W), Qm is the molar gas flow 

rate (kmol.s-1), R is the gas constant (8314 J kmol-1 K-1), Pb is the pressure at the bottom of the 

bioreactor (Pa), Pt is the pressure at the head of the bioreactor (Pa), ρL is the liquid density 

(kg.m-3), g is the gravitational acceleration (m.s-2), and hL is the liquid height (m). 

The total power input, or flow work, in the system under stripping and vacuum-stripping 

conditions was calculated using Eq.(3.20), considering the bioreactor inlet (1) and outlet (2) gas 

streams (Figure 3.1). 

 

PT = Q
m

∙R∙T∙ln (
P1

P2

) 
(3.20) 

 

where, PT (W  J s-1) is the total power input, P1 (Pa) is the pressure in the inlet gas stream, and 

P2 (Pa) is the pressure in the outlet gas stream, which was considered equal to the pressure at 

the head of the bioreactor (Ph=P2). 

Performance comparison of conventional stripping and vacuum-assisted gas stripping 

considered the energy requirement for ethanol removal, calculated as the ratio between the total 

power input and the ethanol removal rate (Eq. (3.21)).  

 

EEtOH= 
PT

REtOH

 
(3.21) 

 

where EEtOH is the energy requirement (kJ kgE
-1) and REtOH is the ethanol removal rate (kgE.s-1). 
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3.3. Results and discussion 

3.3.1. Experimental design for effective factors 

3.3.1.1. Factorial design 

Eleven experiments for ethanol removal by vacuum-assisted gas stripping were 

performed randomly, using a factorial design with the independent variables temperature (T), 

pressure (P), and CO2 flow rate (ϕCO2). The results for the entrainment factor (FE), concentration 

factor (FC), and ethanol/water selectivity (αE/W) are shown in Table 3.2. The highest FE value 

(35.64%) was obtained in run 6, suggesting that ethanol was preferentially entrained under 

conditions of reduced pressure, high temperature, and high specific CO2 flow rate. The lowest 

FE value was found for run 3, as expected because it had the lowest levels for ϕCO2 and T, as 

well as the highest level for P. Sonego et al. (2014) performed ethanol removal by CO2 stripping 

in a 2-L working volume bubble column bioreactor, obtaining FE of 21.0% using ϕCO2 and T of 

2.0 vvm and 34 °C, respectively. Therefore, the integrated process strategy employed in the 

present work provided effective removal of ethanol from the hydroalcoholic solution, since the 

FE values were higher than those reported in the literature. 

The values of concentration factor (FC) and ethanol/water selectivity (αE/W) were 

obtained from an average of the data acquired throughout the entire assays. The highest FC 

values were obtained in runs 6, 10, and 11 (Table 2), with a gas stream approximately 6 times 

more concentrated in ethanol compared to the liquid phase. Therefore, if only the water and 

ethanol fractions of the exit gas stream were considered, it would contain 60% v v-1 ethanol. 

These values exceed those typically found in the phlegm stream (40-50 %v v-1) obtained from 

distillation columns. As a result, the ethanol present in the stream leaving the bioreactor could 

be directed to the rectification column after a simple condensation process, for example. This 

possibility would enable a reduction in the energy requirements in the downstream process. 

The ethanol/water selectivity (αE/W), defined as the ratio between the ethanol and water 

contents in the gas and liquid phases, represents the ability to preferentially remove ethanol, 

compared to water. High selectivity values (up to 11) were achieved in the assays performed, 

due to the higher volatility of ethanol than water (Perry et al., 1997) . 
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Table 3.2 – Entrainment factor (FE), concentration factor (FC), and ethanol/water selectivity (αE/W) 

values obtained in the vacuum-assisted gas stripping and conventional gas stripping assays. 

 Vacuum-assisted gas stripping (factorial design) 

Run 

Independent variables – coded: real Responses 

x1: T (°C) x2: P (kPa) x3: CO2 (vvm) FE (%) FC (-) αE/W (-) 

1 -1 (28) -1 (41.31) -1 (0.2) 7.67 4.68 6.83 

2 1 (34) -1 (41.31) -1 (0.2) 13.87 5.67 9.50 

3 -1 (28) 1 (67.97) -1 (0.2) 4.20 3.09 3.81 

4 1 (34) 1 (67.97) -1 (0.2) 8.23 3.41 4.29 

5 -1 (28) -1 (41.31) 1 (1.0) 28.23 5.83 9.95 

6 1 (34) -1 (41.31) 1 (1.0) 35.64 6.03 11.00 

7 -1 (28) 1 (67.97) 1 (1.0) 16.85 5.14 7.95 

8 1 (34) 1 (67.97) 1 (1.0) 24.94 5.91 10.49 

9 0 (31) 0 (54.64) 0 (0.6) 18.19 5.47 9.15 

10 0 (31) 0 (54.64) 0 (0.6) 15.96 6.08 11.19 

11 0 (31) 0 (54.64) 0 (0.6) 16.11 6.33 10.86 

Conventional gas stripping 

12 34 101.32 1.0 17.08 5.97 10.52 

13 34 101.32 2.5 36.66 6.04 11.07 

 

3.3.1.2. Effect of operating conditions on performance parameters 

The data in Table 3.2 were used to generate a Pareto chart (Figure 3.2) for identification 

of the most influential variables (at a 90% confidence level). As shown in Figure 3.2(a), the 

variables temperature (T), pressure (P), and CO2 flow rate (ϕCO2) were important for the FE 

response. The most significant variable was ϕCO2, with a 22.24% contribution and a positive 

effect on FE. A higher ϕCO2 increases the contribution of liquid entrainment to ethanol removal. 

When the gas bubbles leaving the liquid burst at the liquid-gas interface, droplets are formed 

that can become entrained in the gas stream leaving the bioreactor, especially at higher gas flow 
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rates (Bagul et al., 2013; Zhang et al., 2012). 

The solution temperature (T) had a positive effect on FE, with ethanol removal 

increasing at higher temperatures. The ethanol removal by gas stripping is a complex and 

dynamic phenomenon: initially, CO2 bubbles exhibit no ethanol content, and as the gas phase 

is sparged, ethanol (and water) is transferred from the liquid to the gas phase until carbon 

dioxide bubbles become ethanol-saturated. Then, an equilibrium condition is achieved and 

ethanol (and water) content in bubbles is subjected to thermodynamic effects. The temperature 

of solution (T) had a positive effect on FE, with ethanol removal increasing at higher 

temperatures. As the temperature increases, ethanol vapor pressure increases, and according to 

the gamma-phi formulation (VLE), ethanol fraction in the gas phase also increases. This effect 

was also demonstrated by Xue et al., (2014a), who studied the separation of butanol from 

solutions at temperatures from 25 to 60 ºC, where the butanol removal rate increased at higher 

temperatures. 

Finally, as shown in Figure 3.2(a), increase of the pressure led to lower FE, 

demonstrating that ethanol removal increased under reduced pressure (vacuum). The mass 

transfer of ethanol between the liquid and gas phases is limited by thermodynamic equilibrium, 

since the driving force for mass transfer across the interface is proportional to the concentration 

difference and depends on the gas phase composition, which is determined by liquid-gas 

equilibrium (Cussler, 2009). Hence, higher vacuum led to greater mass transfer of ethanol and 

water from the liquid phase to the gas phase, due to the greater driving forces provided by the 

increases of the molar fractions of ethanol and water in the gas phase at saturation, resulting in 

greater vaporization of ethanol and water. 

As shown in the Pareto chart (Figure 3.2(b)), the concentration factor (FC) was only 

influenced by the specific CO2 flow rate (ϕCO2), which had a positive effect, indicating that 

higher ϕCO2 favored FC. In previous studies, Martins et al. (2020) and Silva et al. (2015) 

investigated ethanol removal by gas stripping at atmospheric pressure, where it was found that 

higher ϕCO2 led to lower FC, due to greater liquid entrainment, resulting in a diluted output gas 

stream. The difference between the results obtained here and in the previous studies, concerning 

the effect of ϕCO2 on FC, could be attributed to the operating conditions. In the present work, it 

was observed that an increase in the CO2 flow rate increased the removal of ethanol by 

vaporization and droplet entrainment. Furthermore, a higher molar composition of ethanol and 

water at gas-liquid equilibrium was obtained under vacuum conditions. Therefore, the amount 

of ethanol removed by vaporization was higher, relative to the ethanol removed in liquid 
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droplets, resulting in an ethanol-enriched gas stream. This outcome demonstrated an advantage 

of the vacuum-assisted gas stripping process, compared to the conventional stripping operation. 

 

Figure 3.2 – Pareto charts for a 90% confidence level: (a) entrainment factor (FE), (b) concentration 

factor (FC), and c) ethanol/water selectivity (E/W). 
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The ethanol/water selectivity (E/W) (Figure 3.2(c)) was also positively influenced by 

ϕCO2, with increase of the CO2 flow rate resulting in preferential removal of ethanol, relative to 
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water. This could be explained by the fact that higher ϕCO2 acted to increase the height of the 

gas-liquid dispersion (gas hold-up), resulting in a decrease of the headspace height. It is 

important to note that the bioreactor was not completely enclosed by the jacket. Consequently, 

the temperature at the top of the bioreactor (headspace) could not be controlled, resulting in the 

condensation of ethanol and water vapors when the gas contacted the wall at a lower 

temperature. It is therefore likely that the decrease of the headspace height, due to the ϕCO2 

increase, could have reduced the vapor condensation. Hence, a greater amount of ethanol was 

removed by vaporization in the gas stream, which increased the ethanol/water selectivity. 

The optimal operating condition for maximization of the responses FE and FC was 

determined by application of the desirability function (DF), in the final step of the experimental 

design (Figure 3.3). The DF is a useful criterion for obtaining the best value corresponding to 

each factor, providing the global optimum point, considering the different experimental 

responses. 

 

Figure 3.3 – Desirability function results for the entrainment factor (FE) and concentration factor (FC) 

responses. 
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The DF values were obtained using the methodology described by Liu and Tang (2010). 

The same weight was assigned to the response variables FE and FC, according to the desired 
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goal. As shown in Figure 3.3, the optimum condition for maximization of FE and FC 

corresponded to run 6 (34 ºC, 41.31 kPa, and 1.0 vvm), obtaining FE and FC values of 35.64% 

and 6.03 (-), respectively. A high desirability value of 0.9526 was achieved at the optimum point 

for the process. However, the experiments revealed additional operating conditions that could 

be of interest for ethanol removal during fermentation on an industrial scale, such as the central 

point condition (runs 9 to 11), where the operational parameters (especially the vacuum pressure 

and the CO2 flow rate) were milder. 

 

3.3.2. Performance comparison of vacuum-assisted gas stripping and conventional 

stripping 

Figure 3.4 shows the profiles of FE as a function of ϕCO2, at 34 ºC, for different pressures. 

In the case of ethanol removal at 34 ºC and atmospheric pressure, the highest FE value (36.66%) 

was obtained with a specific CO2 flow rate of 2.5 vvm. Similar performances were found for 

the assays under vacuum pressure, with FE of 35.66% at 67.97 kPa and 1.5 vvm, and FE of 

35.64% at 41.31 kPa and 1.0 vvm (Table 3.2). The results showed that the best FE value obtained 

under atmospheric conditions could be achieved using vacuum-assisted gas stripping with the 

CO2 flow rate reduced by 1.7 and 2.5 times, at pressures of 67.97 and 41.34 kPa, respectively. 

Furthermore, an FE value close to the value of around 23.6% obtained under atmospheric 

conditions and 1.5 vvm could be achieved at 41.31 kPa, with a 3-fold reduction of ϕCO2. The 

highest FE value, within the range of experimental conditions studied, was achieved at 41.31 

kPa and 1.5 vvm, which resulted in removal of approximately 50% of the ethanol initially 

present in the bioreactor.  
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Figure 3.4 – Entrainment factor (FE) values obtained in the experiments at 34 ºC, under different 

vacuum pressures (41.31 kPa (squares) and 67.97 kPa (circles)) and at atmospheric pressure (101.32 

kPa (triangles)). Error bars correspond to the standard deviation. 
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3.3.3. Gas stream ethanol content 

 

The molar fraction of ethanol (yE) in the gas stream was analyzed using FT-MIR 

spectroscopy, comparing the results with the thermodynamic equilibrium calculated from the 

data for the liquid phase (Eq. (3.7)). For evaluation of saturation of ethanol and water in the 

CO2 bubbles, analysis of the gas stream was performed with the reactor headspace maintained 

at the temperature of the liquid phase, using a silicone rubber heater and thermal insulation 

between the headspace and the MIR spectrometer. As shown in Figure 3.5, the CO2 bubbles left 

the bioreactor saturated in all the assays carried out with controlled headspace temperature, 

since the yE values reached the gas phase ethanol molar fraction predicted by thermodynamic 

equilibrium (yE,eq). 
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Figure 3.5 – Molar fractions of ethanol predicted by thermodynamic equilibrium (yE,eq, triangles) and 

measured by FT-MIR spectroscopy in the outlet gas stream, with the reactor headspace maintained at 

the liquid phase temperature (yE, circles) and without temperature control (yE, squares). Error bars 

correspond to the standard deviation. 
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Ezeji et al. (2005) developed a mass balance model showing that larger gas bubbles 

(diameter of 5.0 mm) should become 95% saturated with butanol in only 0.14 s, when the 

bubbles rise through a butanol solution. This was consistent with the data obtained here, since 

saturation was reached in the CO2 bubbles sparged into the ethanol solution. During the assays, 

the velocity of the rising bubbles was determined by video analysis, employing Tracker open-

access software (https://physlets.org/tracker/), enabling estimation of the time taken by the 

bubbles to rise through the liquid column. The bubble rising velocities ranged from 0.133±0.017 

to 0.198±0.038 m s-1, with a shortest CO2 bubble rising time of 2.401±0.682 s. Therefore, the 

CO2 bubbles had sufficient time to reach ethanol and water saturation during the vacuum-

stripping experiments. 

For the assays without headspace temperature control (the condition used for the 

stripping experiments), it was observed (Figure 3.5) that for CO2 of 0.2 vvm (runs 1-4), the 

composition of the gas leaving the bioreactor was below ethanol saturation. This suggested that 

the increase of the headspace height caused by the lower CO2 flow rate led to lower yE in the 

outlet gas stream. Calverley et al. (2020) performed ethanol stripping using heated 

microbubbles, where it was observed that increase of the headspace height was associated with 

https://physlets.org/tracker/
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increased condensation of ethanol and water on the reactor wall. Similar behavior was reported 

by Martins et al. (2023), who studied the effect of the headspace in ethanol stripping. These 

findings provided further support for the results obtained for the concentration factor and the 

ethanol/water selectivity. 

 

3.3.4. Process modeling 

Figure 3.6(a) shows the RSD values for all the experiments, which were in the ranges 

0.43-2.78% and 0.40-1.04% for the mols of ethanol and water, respectively. Since the RSD 

represents the standard deviation of the model in comparison to a data set, the low values 

indicated that the model given by Eqs. (3.4) and (3.5) had good predictive robustness for 

vacuum-assisted gas stripping performed under different input conditions. 

Figure 3.6(b) compares the experimental and simulated data for the mols of ethanol (nE) 

and water (nW) in the liquid phase, according to time, in the assay performed at 28.0 ºC, 0.2 

vvm, and 67.97 kPa (run 3, Table 3.2). The model described the decrease in mols of ethanol and 

water during the vacuum-assisted gas stripping operation, with the behavior being the same as 

observed for the other conditions studied (data not shown). The results showed that for all the 

assays, the prediction model provided excellent agreement between the simulated and 

experimental results, satisfactorily describing the behavior of the process. Hence, it was 

possible to extend the model previously reported by Silva et al. (2015) to vacuum conditions. 

The application of a mathematical model can enable description of the entire process, providing 

analysis and enabling possible economic improvements by the optimization of operating 

conditions (Mayank et al., 2013; Ivan I.K. Veloso et al., 2023). 
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Figure 3.6 – Modeling accuracy for the vacuum-assisted gas stripping: (a) RSD values obtained for 

the model predictions. (b) Simulated (line) and experimental data for mols of ethanol (nE, squares) and 

water (nW, circles), for the stripping assay with specific CO2 flow rate of 0.2 vvm, temperature of 28.0 

ºC, and pressure of 67.97 kPa (run 3). 
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3.3.5. Energy analyses for the vacuum-assisted gas stripping process 

Figure 3.7 shows the total power input (PT), the power input due to isothermal gas 

expansion (PIE), and the energy requirement (EEtOH), as a function of ϕCO2 and P. The PT values 

ranged from 0.14 to 0.39 W, increasing with the increase of ϕCO2 (Figure 7(a)). These results 

were consistent with data previously reported by Fadavi and Chisti (2007). The measured 

bioreactor PT values were linked to the amount of ethanol removed from the liquid phase, since 

the increase of ϕCO2 led to higher PT and a higher ethanol removal rate. Furthermore, the 

superficial velocity of the CO2 bubbles increased, promoting greater ethanol removal. 

The values obtained for the power input due to isothermal expansion (PIE) were in the 

range from 0.11 to 0.17 W. PIE made the greatest contribution to PT, accounting for between 

71.0 and 81.2% of the total bioreactor power input. The energy requirement (EEtOH) values 

ranged from 106.7 to 142.6 kJ kgE
-1. Although higher ϕCO2 led to a higher ethanol removal rate, 

the increase of PT due to ϕCO2 resulted in a higher energy requirement for ethanol removal in 

the experiments performed using conventional gas stripping. 

The total power input values were 0.27, 0.19, and 0.14 W for the experiments performed 

at ϕCO2 =1.0 vvm and pressures (P2) of 41.31, 67.97, and 101.32 kPa, respectively (Figure 7(b)). 

Increase of the vacuum, resulting in a decrease of the absolute pressure, led to higher PT. This 

behavior could be attributed to the change in the ratio between the pressures of the inlet and 

outlet gas streams (P1/P2, in Eq. 3.20), with values of 1.07, 1.05, and 1.03 obtained, respectively. 

The difference between P1 and P2 was due to the pressure drop in the sparger holes, isothermal 

gas expansion, and the pressure drop at the reactor outlet. For PIE, values of 0.26, 0.16, and 0.11 

W were obtained, contributing between 81.1 and 95.3% to PT. 
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Figure 3.7 – Values of total power input (PT), power input due to isothermal expansion (PIE), and 

energy requirement (EEtOH) for (a) different values of ϕCO2 at atmospheric pressure and (b) different 

pressure conditions at ϕCO2 = 1.0 vvm.
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To facilitate a clearer observation of energy savings in the bioreactor, it is interesting to 

compare experimental conditions with comparable ethanol removal rates. For instance, 

comparing the operating conditions of 2.5 vvm at 101.32 kPa (Figure 3.7(a)) with 1.0 vvm at 
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41.31 kPa (Figure 3.7(b)), it is observed that the energy requirement in the vacuum-assisted 

condition was 30.9% lower than at atmospheric pressure. This difference can be attributed to 

the fact that the total bioreactor power input (PT) required for ethanol removal was lower under 

vacuum conditions. However, it is important to highlight that the energy analysis approach 

adopted here considered only the bioreactor as the control volume in which ethanol removal 

occurred. The evaluation was not made of the total energy requirement for the overall process, 

including the work for gas compression, the vacuum pump, and subsequent ethanol recovery. 

Further studies could focus on technical and economic analyses to establish the feasibility of 

applying the vacuum-stripping technique on an industrial scale. 

 

3.4. Conclusions 

For vacuum-assisted gas stripping, the specific CO2 flow rate was the most significant 

variable and presented a positive effect on the entrainment factor (FE). An increase in the 

specific CO2 flow rate increased the contribution of liquid entrainment to ethanol removal, 

promoting greater ethanol removal. The concentration factor (FC) and ethanol/water selectivity 

(E/W) were positively influenced by the CO2 flow rate, because higher ϕCO2 increased ethanol 

vaporization, due to the higher volatility of ethanol than water. Furthermore, the highest ethanol 

content (60 % v v-1) in the gas stream leaving the bioreactor was higher than in the phlegm 

stream (40~50 % v v-1) obtained in the distillation columns. The developed model was able to 

accurately describe the ethanol removal during the vacuum-assisted gas stripping operation, 

with low residual standard deviation values obtained for the mols of ethanol and water. The 

energy analyses using the bioreactor as control volume revealed that, despite higher power input 

associated with vacuum conditions in certain scenarios, they generally resulted in greater 

ethanol removal. Consequently, this led to a reduced energy demand for ethanol removal, which 

was 30.9% lower compared to the conventional gas stripping method. 
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CHAPTER 4 

4. EXTRACTIVE ETHANOL FERMENTATION FROM SACCHARINE 

FEEDSTOCK USING VACUUM-ASSISTED GAS STRIPPING 

 

Abstract 

The conventional fermentation process is limited by the inhibitory effects of ethanol on yeast 

cells. Addressing this challenge, extractive fermentation can overcome the ethanol inhibition 

by removing the product as it is produced. This study investigates extractive fermentation from 

saccharine feedstock using vacuum-assisted gas stripping, a promising method for improving 

fermentation performance compared to conventional gas stripping. Extractive fermentation 

assays were performed using a 2-L bubble column, with monitoring of the gas phase by FT-

MIR spectroscopy. The hybrid Andrews–Levenspiel model provided excellent fits to the 

experimental data from conventional fermentation. In vacuum-stripping fermentation, earlier 

substrate depletion resulted in an ethanol productivity of 12.03 g L⁻1 h⁻1, which was 14.35% 

higher than that of the control. In addition, the vacuum-stripping process led to a 31.3% 

reduction in the energy requirement for ethanol production compared to conventional gas 

stripping. 

 

Keywords: Extractive fermentation; ethanol; gas stripping; vacuum; integrated process. 

 

4.1. Introduction 

In Brazil, ethanol is produced by a consolidated industrial alcoholic fermentation 

process. Despite this, ethanol content at the end of fermentation usually reaches 8-11 % v v-1. 

As a result of this low concentration value, vinasse is obtained in a proportion of 12 L of vinasse 

per liter of ethanol during the distillation process. Besides, the presence of ethanol also implies 

inhibitory effects on yeast cells, which affects ethanol production. 

Two major strategies have been used to achieve higher ethanol production in 

fermentation processes: changes in fermentation temperature (Veloso et al., 2019), which result 

in higher ethanol content at the end of the fermentation; and extractive ethanol fermentation, 

which diminishes the inhibitory effect of ethanol on yeast cell. 

Among the several techniques used to conduct extractive ethanol fermentation, gas 

stripping emerges as the most suitable technique for this purpose. Its operation includes the use 
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of a fermentation product (carbon dioxide) and can be conducted in the same vessel used for 

the fermentation. The application of gas stripping for extractive ethanol fermentation resulted 

in higher ethanol productivity, allowing the use of higher substrate content (Sonego et al., 2016) 

and enabling cooling water savings (Almeida et al., 2021; Campos et al., 2025; Veloso et al., 

2023) 

Several parameters have been studied to increase ethanol productivity using gas 

stripping extractive fermentation. Using fluid models (such as hydroalcoholic solutions) to 

evaluate ethanol entrainment during gas stripping, different operating conditions (gas flow rate, 

gas temperature, fermentation temperature, pressure) , vessel geometries and scales (Silva et 

al., 2015; Martins et al., 2023) and operation modes (batch, fed-batch and continuous) (Sonego 

et al. 2014; Sonego et al. 2016; Rodrigues et al., 2018; Almeida et al., 2021) were studied. In 

addition, the impact of reduced-size bubbles in ethanol entrainment was also evaluated (Pereira 

et al., 2024). 

Based on these findings, several authors performed gas stripping extractive ethanol 

fermentations and compared them to conventional ethanol fermentations (Sonego et al. 2014; 

Sonego et al. 2016; Rodrigues et al., 2018; Almeida et al., 2021; Veloso et al., 2023). The results 

showed increases in ethanol production and productivity using extractive ethanol fermentation. 

In general, the higher values were found using higher gas flow rates. 

Almeida et al. (2024) conducted vacuum-assisted gas stripping assays and evaluated the 

effects of carbon dioxide flow rate (ϕCO2), temperature (T), and pressure (P) on ethanol removal 

performance. Bench scale assays at 34 ◦C and atmospheric pressure exhibited the highest 

entrainment factor (FE) value with a specific CO2 flow rate of 2.5 vvm. Similar ethanol removal 

rates were observed for the assays under vacuum pressure in two different conditions: at 67.97 

kPa and 1.5 vvm, and at 41.31 kPa and 1.0 vvm. The results indicated that vacuum-assisted gas 

stripping could allow the use of reduced gas flow rates, keeping similar ethanol removal rates. 

Therefore, the present work aimed to evaluate the use of vacuum-assisted gas stripping 

for extractive ethanol fermentation from saccharine feedstock. Fourier transform mid-infrared 

spectroscopy (FT-MIR) was employed to monitor the gas phase compositions. 
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4.2. Materials and Methods 

4.2.1. Microorganism and culture medium 

Fermentations were performed using the yeast Saccharomyces cerevisiae Y-904 (AB 

Brasil Indústria e Comércio de Alimentos Ltda, Brazil). The culture medium, simulated 

sugarcane molasses diluted for use in the industrial process, had the following composition (g 

L–1): sucrose (171.0), urea (5.32), yeast extract (6.8), MgSO4 7H2O (1.4), and KH2PO4 (5.6). 

The pH was adjusted to 4.6 using a 5.0 M HCl solution. 

 

4.2.2. Experimental procedure for conventional and extractive fermentations 

Conventional and extractive fermentations were conducted in a pneumatic bubble 

column bioreactor with a working volume of 2 L (liquid height: 33.8 cm; total height: 56.2 cm; 

internal diameter: 9.7 cm). The yeast (30 g) was pre-hydrated in 600 mL of distilled water 

(inoculum, representing 30% of the working volume) for 20 minutes. After acclimatization, 1.4 

L of must was added to initiate fermentation. A commercial antifoaming agent (SQ 2005, 

Serquímica) was added (diluted 1:10 m m−1) to prevent excessive foam formation. The 

temperature was maintained at 34 °C by recirculating water from a thermostatic bath through 

the bioreactor jacket. Samples of 5 mL were withdrawn every hour to quantify cell, sugar, and 

ethanol concentration. 

Extractive ethanol fermentations (EF) followed the same initial procedure as 

conventional ethanol fermentation for the first 3 hours. Subsequently, CO2 was injected into the 

bottom of the bioreactor through a crosshead sparger, and the bioreactor pressure was regulated 

using a vacuum pump (Figure 4.1). Three EF experiments were performed under different 

operational conditions. The first experiment (EFVS) was conducted under reduced pressure 

(40.1 kPa) with a specific gas flow rate of 1.0 vvm. The remaining two experiments, EFS1 and 

EFS2, were carried out under atmospheric pressure, with 2.5 and 1.0 vvm specific gas flow 

rates, respectively. 

 

 

 

 

 

 

 

https://www-sciencedirect.ez31.periodicos.capes.gov.br/topics/engineering/ethanol-concentration
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Figure 4.1 – Schematic illustration of the equipment used in the extractive fermentation experiments: 

(1) mass flow controller, (2) CO2 cylinder, (3) bioreactor, (4) vacuum pump, (5) thermostatic bath, (6) 

gas sampling chamber, (7) spectrometer, and (8) data acquisition. 

 

 

4.2.3. Gas phase concentration analysis 

For extractive fermentations, the ethanol concentration in the gas phase was determined 

by Fourier-transform mid-infrared spectroscopy (FT-MIR). Online measurements were 

acquired by a gas cell (DST Fiber to Gas Cell, Mettler-Toledo) connected to a spectrometer. 

Before the analysis, a purge system with nitrogen gas was employed to remove CO2 and water 

from the compartment. Spectra were collected from 3335 to 15411 nm (256 scans per sample), 

at a resolution of 4.2 nm. To cover a wide calibration range, 44 samples with various 

combinations of ethanol and water molar fractions were used in the calibration procedure, as 

described by Santos et al. (2022). 

 

4.2.4. Performance parameters 

The extractive fermentations were evaluated in terms of concentration factor (FC) and 

ethanol/water selectivity (αE/W), Eqs. (4.1) and (4.2), respectively. 

 

FC (-)= 
y

E

xE

 
(4.1) 



59 

 

 

αE/W(-)=
yE yW

⁄

xE xW⁄
  (4.2) 

where xE and xW are the mass fractions of ethanol and water in the liquid phase, and yE and yW 

are the mass fractions of ethanol and water in the gas phase. 

The molar fraction of ethanol in the liquid phase (xE) was determined using an 

experimental correlation (Eq. (4.3)), which was developed for alcoholic solutions with ethanol 

concentrations (CE) ranging from 0 to 88.6 g L−1 at a temperature of 34 °C. The sum of molar 

fractions of ethanol and water in the liquid phase was determined using Eq. (4.4).  

 

xE=
CE

2418.5
 

(4.3) 

xE+xW=1 (4.4) 

 

4.2.5. Modeling of conventional and extractive fermentations  

The mathematical model describes the fermentation process based on mass balance 

equations for cell, substrate, and ethanol (Eqs. (4.5)–(4.8)), considering the volume variation 

due to mass removal rates of ethanol and water by stripping (Rodrigues et al., 2018). 

 

dCX

dt
= μ∙C

x
−

CX

V
∙
dV

dt
 

(4.5) 

dCS

dt
= −

1

YX/S
μ∙C

x
−

CS

V
∙
dV

dt
 

(4.6) 

dCE

dt
=

YE/S

YX/S
μ∙C

x
− kE ∙ CE −

CE

V
∙
dV

dt
 

(4.7) 

dV

dt
= −

(kE ∙ CE+kW∙(ρ
L

− CE))∙V

ρ
W

 
(4.8) 

 

where μ is the specific cell growth rate (h−1), CX is the total cell concentration (g L−1), CS is the 

substrate concentration (g L−1), CE is the ethanol concentration (g L−1), YX/S is the cell yield 

coefficient (gX gS
−1), YE/S is the ethanol yield coefficient (gE gS

−1), ρL is the specific mass of 

solution (g L−1), and kE and kW are the removal rate constants for ethanol and water, respectively 

(h−1). 
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The specific cell growth rate (μ) was described using the hybrid Andrews-Levenspiel 

kinetic model (Andrews, 1968; Levenspiel, 1980), which considers inhibition by substrate and 

ethanol: 

 

μ=μ
max

⋅
CS

KS+CS+
CS

2

KIS

⋅ (1 −
CE

CEmax

)
n

 
(4.9) 

 

where μmax is the maximum specific cell growth rate (h−1), KS is the saturation constant (g L−1), 

KIS is the substrate inhibition constant (g L−1), CEmax is the ethanol concentration causing cell 

growth to cease (g L−1), and n is a dimensionless parameter related to the ethanol toxic potential. 

According to Eq. (4.10), the specific mass of the solution (𝜌𝐿) was calculated as a 

function of the ethanol concentration at each time 

 

ρ
L
=994.42+19.98∙10

-2
∙CE+1.55∙10

-4
∙CE

2
 (4.10) 

 

The cell (YX/S) and ethanol yield coefficients (YE/S) were determined using Eqs. (4.11) 

and (4.12). 

 

YX/S=
CXf − CX0

CS0 − CSf

 
(4.11) 

YE/S=
CEf − CE0

CS0 − CSf

 
(4.12) 

 

where the subscripts “0” and “f” represent the initial and final times of the culture, respectively. 

In conventional fermentations, the constants kE and kW were equal to zero (kE=kW=0) 

because there was no removal of ethanol or water. For the extractive fermentations, kE and kW 

were calculated using equations obtained from mass balance for ethanol and water, according 

to the methodology proposed by Rodrigues et al. (2018). The experiments were carried out 

using an ethanol solution with an initial ethanol concentration of 80 g L-1.  
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The mathematical model described in this work was implemented using Scilab v. 6.0.1 

software, and the Runge-Kutta algorithm was employed for the numerical solution of the 

differential equations system. The prediction quality of the model was assessed using the 

statistical criterion of residual standard deviation (RSD) proposed by Cleran et al. (Cleran et 

al., 1991) and defined by Eq. (4.13). 

 

RSD(%)=

√
1

Np
∑ (Cexp(tj)-Csim(tj))

2Np

j=1

C̅exp

×10 

(4.13) 

 

where Cexp (tj) is the experimental concentration at time tj, Csim (tj) is the simulated concentration 

predicted by the model at time tj, C̅exp is the average of the experimental concentrations, and 

Np is the number of experimental points. 

 

4.2.6. Energy analysis for ethanol production 

The extractive fermentations were also analyzed based on the energy required for 

ethanol production (EEtOH). This performance parameter was calculated as the ratio of the power 

input (PT) to the ethanol production rate (REtOH), representing the energy cost of ethanol 

production, as shown in Eq. (4.14). 

 

EEtOH= 
PT

REtOH

 
(4.14) 

 

where EEtOH is the energy required for ethanol production (J gE
–1), and REtOH is the ethanol 

production rate (g s–1). 

The total power input in the extractive fermentations was calculated using Eq. (4.15), 

considering the gas streams at bioreactor inlet (1) and outlet (2) (Figure 4.1). 

 

PT=Q
m

∙R∙T∙ln (
P1

P2

) 
(4.15) 

 

where PT (WJ s-1) is the total power input, Qm is the molar gas flow rate (kmol s−1), R is the 
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gas constant (8314 J kmol−1 K−1), P1 is the pressure in the inlet gas stream (Pa), and P2 is the 

pressure in the outlet gas stream (Pa). 

 

4.2.7. Analytical methods 

The cell concentration, on a dry basis, was determined using the gravimetric method. 

Samples were centrifuged at 9000 rpm and 4°C for 10 min. The precipitate was washed twice 

with distilled water and then dried at 80°C for 24 h. The viable cell percentage was determined 

using the methylene blue staining method (Lee et al., 1981), and cell counting was performed 

with an optical microscope (BX 50F-3, Olympus, Tokyo, Japan) and a Neubauer chamber. The 

viable cell concentration (CXV) was calculated by multiplying the cell concentration by the 

percentage of viable cells. The concentrations of sucrose, glucose, fructose, and ethanol in the 

supernatant were determined using an HPLC system (Waters, U.S.A.) equipped with a 

refractive index detector and a Sugar-Pak I column (300 × 6.5 mm, 10 μm, Waters) maintained 

at 80 °C. The eluent was ultrapure water containing 50 mg L−1 of calcium EDTA (calcium 

disodium ethylenediaminetetraacetate hydrate) at a flow rate of 0.5 mL min−1. The standards 

were sucrose, glucose, fructose, and ethanol solutions at concentrations ranging from 0.1 to 

10.0 g L−1. 

 

4.3. Results and discussion 

4.3.1. Conventional fermentation 

Figure 4.2 shows the experimental and simulated time-course profile for viable cells 

(CVX), substrate (CS), and ethanol (CE) in conventional fermentation. The total substrate 

consumption occurred within 8 hours, achieving a total ethanol concentration of 84.22 g L−1 

(10.7% v v–1) and ethanol productivity (PE) of 10.53 g L−1 h−1. The yield coefficients for cell 

(YX/S) and ethanol (YE/S) were calculated from experimental data of CVX, CS, and CE, as 

described in Eqs. (4.8) and (4.9). The ethanol yield coefficient (YE/S) was 0.468 gE gS
−1, 

corresponding to 90% of the theoretical maximum yield (0.511 gE gS
−1). The cell yield 

coefficient (YX/S) was 0.04 gX gS
−1. These values agree with those typically observed in 

industrial fermentations, which generally achieve final ethanol concentrations of 8–11% v v–1 

and ethanol yields of 90–92% of the theoretical maximum (Basso et al., 2011). 
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Figure 4.2 – Simulated (lines) and experimental data (points) in conventional fermentation 

experiments for viable cells (triangles), substrate (circles), and ethanol (squares) concentration. Error 

bars correspond to the standard deviation. 
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Moreover, the model accurately fits the experimental data (Figure 4.2). These results 

indicate that the hybrid Andrews–Levenspiel kinetic model effectively describes the behavior 

of ethanol fermentation. Table 4.1 shows the estimated kinetic parameters, which are consistent 

with values reported in the literature for similar experimental conditions (Rodrigues et al., 2025; 

Silva et al., 2024). Mathematical modeling is a fundamental tool for optimizing fermentation 

processes. It enables the prediction of cell growth dynamics, substrate consumption, and ethanol 

production, thereby supporting the design of efficient ethanol fermentation process 

configurations. 
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Table 4.1 – Values of kinetic and yield parameters from conventional fermentation. 

Estimated parameter Value Unit 

μmáx 0.152 h–1 

KS  45.17 g L–1 

KIS 91.09 g L–1 

CEmax 99.98 g L–1 

n 0.201 – 

Fixed parameter Value Unit 

YX/S 0.032 gX gS
–1 

YE/S 0.467 gE gS
–1 

 

4.3.2. Extractive fermentation 

Ethanol extractive fermentation was investigated under different operating conditions 

for specific gas flow rates and pressure. Figure 4.3 presents experimental and simulated data 

for viable cells (CVX), substrate (CS), and ethanol (CE) in the EFVS (Figure 4.3a), EFS1      

(Figure 4.3b), and EFS2 (Figure 4.3c) fermentations. Complete substrate depletion occurred 

within 7 hours in the extractive fermentations EFVS and EFS1, earlier than in the conventional 

process (Figure 4.2). This behavior was attributed to the reduced ethanol inhibition in yeast due 

to the lower ethanol concentrations in the fermentation broth. 

Ethanol productivities (Table 4.2) for EFVS and EFS1 were calculated as 12.02                     

g L⁻¹ h⁻¹, based on the total ethanol concentration (CET) ratio to the time required for complete 

substrate depletion. CET values were determined considering the ethanol yield coefficient 

relative to the total substrate concentration (CS). Thus, similar CET values were expected for 

both extractive and conventional fermentations, as all were performed with an initial substrate 

concentration of 180.0 g L⁻¹. Moreover, the extractive fermentations EFVS and EFS1 achieved 

a 14.35% increase in ethanol volumetric productivity compared to conventional fermentation, 

highlighting the effectiveness of in situ ethanol removal in enhancing overall fermentation 

performance. These findings align with the results reported by Sonego et al. (2016), who 

observed a 13.20% increase in ethanol productivity for fed-batch extractive fermentation 

performed at a specific flow rate of 2.5 vvm and substrate concentration of 180.0 gL–1.  
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Figure 4.3 – Simulated (lines) and experimental data (points) for viable cells (triangles), substrate 

(circles), and ethanol (squares) concentration in the extractive fermentations (a) EFVS, (b) EFS1, and 

(c) EFS2. Error bars correspond to the standard deviation. 
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It is important to highlight that the similar performance between the extractive 

fermentations EFVS and EFS1 resulted from both operating at an equivalent ethanol removal 

rate. However, extractive fermentation using vacuum-stripping (EFVS) achieved this 

performance with less than half the specific gas flow rate required by conventional gas stripping 

at 2.5 vvm (EFS1). As reported by Almeida et al. (2024), applying vacuum conditions leads to 

a higher composition of ethanol and water in the gas phase, as the reduced pressure decreases 

the saturation temperature. Consequently, the removal of ethanol and water is enhanced, 

allowing effective extraction with a lower gas flow rate. 

 

Table 4.2 – Performance comparison of conventional and extractive fermentations. 

Variable Unit Fermentation 

  CF EFVS EFS1 EFS2 

Total CG consumed g L−1 179.96 180.01 179.65 180.00 

Maximum CE in the broth g L−1 84.22 63.02 66.32 74.90 

Total CE at the end of fermentation g L−1 84.22 84.24a 84.07a 84.24a 

Ethanol productivity (PE) g L−1 h−1 10.52 12.03 12.02 10.53 

kE  h−1 - 0.071 0.074 0.034 

kW  h−1 - 0.008 0.009 0.003 

a Calculated considering YE/G (gE·gS
−1) = 0.467. 

 

Regarding the results for EFS2 (Figure 4.3c), the fermentation profile closely resembled 

the conventional process. Complete substrate consumption was achieved within 8 hours, with 

an ethanol productivity of 10.52 g L⁻¹ h⁻¹ and a final ethanol concentration (CE) of 74.90 g L⁻¹ 

in the fermentation broth. The amount of ethanol removed at 1 vvm was insufficient to reduce 

the product inhibitory effects, which explains the EFS2 fermentation behavior similar to that 

observed under conventional conditions. These findings highlight the significance of applying 

vacuum-stripping in fermentation. This strategy enables efficient ethanol removal at reduced 

CO₂ flow rates, enhancing process intensification and facilitating industrial-scale 

implementation. 
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4.3.3. Model predictive performance 

The predictive performance of the mathematical model was evaluated using the 

coefficient of determination (R²) and the residual standard deviation (RSD) for viable cells 

(CVX), substrate (CS), and ethanol (CE). As shown in Figure 4.4, low RSD values were obtained 

for ethanol (<4%), and viable cells (<6%), while the substrate presented slightly higher values 

(<14%). In bioprocess modeling, RSD values below 10% are considered acceptable (Atala, 

2001). The RSD values for the substrate were slightly above 10%. Nevertheless, such deviations 

are commonly observed in simulation studies of fermentation processes (Veloso et al., 2019; 

Silva et al., 2024). 

Across all fermentation experiments, the model demonstrated consistently high R² 

values (>0.96), confirming its ability to represent the dynamic behavior of the process with high 

accuracy. These statistical indicators reinforce the robustness of the proposed kinetic approach 

in simulating ethanol fermentation under different operational scenarios, including extractive 

configurations with in situ ethanol removal. 

 

Figure 4.4 – RSD values for the kinetic model predictions of cells (CX, red), substrate (CS, gray), and 

ethanol (CE, blue) concentrations in conventional and extractive fermentation processes. 
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4.3.4. Evaluation of performance parameters in the extractive fermentations 

The extractive fermentations EFVS, EFS1, and EFS2 were evaluated based on the 
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performance parameters ethanol concentration factor (FC) and ethanol/water selectivity (αE/W), 

using data from monitoring the liquid and gas phases. As shown in Figure 4.5, similar values 

of FC and αE/W were obtained for EFVS and EFS1. These results suggest that the vacuum 

application did not influence ethanol enrichment in the gas stream nor its preferential separation 

over water. This behavior is consistent with the findings reported previously by Almeida et al. 

(2024), in which the vacuum condition had no significant effect on FC or αE/W. Although vacuum 

promotes higher volatilization of ethanol by reducing its boiling point, it also increases the 

evaporation of water. As a result, both components are transferred from liquid to gas phase in 

similar proportions, which limits an improvement in FC or αE/W.  

 

Figure 4.5 – Concentration factor (FC, blue) and ethanol/water selectivity (αE/W, red) for EFVS, EFS1, 

and EFS2. 
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Notably, the values of FC and αE/W obtained during extractive fermentation were higher 

than those reported by Almeida et al. (2024) under similar operating conditions using ethanol 

solutions. This enhancement may be attributed to the thermodynamic effects of the sugars, 

glucose and fructose in the fermentation broth. According to Dias et al. (2017), the addition of 

fructose modified the vapor-liquid equilibrium of ethanol-water mixtures, increasing the 

activity coefficient of ethanol and decreasing that of water. This effect enhanced the volatility 

of ethanol relative to water, shifting the phase equilibrium toward a more ethanol-enriched 
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vapor composition. 

 

4.3.5. Energy requirements for ethanol production by extractive fermentation 

The energy requirement for ethanol production (EEtOH) was calculated using the 

experimental values of power input (PT) and ethanol production rate (REtOH). Based on the 

previous productivity results, only the EFSV and EFS1 experiments were considered in the 

energy analysis, as ethanol productivity could not be improved under the EFS2 operating 

conditions.  

Table 4.3 presents the EEtOH values calculated for the extractive fermentation 

experiments. For the vacuum-assisted gas stripping (EFVS), the EEtOH was 40.6 J gE⁻¹, whereas 

the conventional extractive fermentation (EFS1) required 59.1 J gE⁻¹. The values obtained in 

this study are in agreement with those reported in the literature. Martins et al. (2023) simulated 

extractive fermentations in a 10.0 L bubble column bioreactor and reported EEtOH values ranging 

from 12.9 to 77.2 J gE⁻¹, depending on the operating conditions and geometric configurations. 

 

Table 4.3 – Values of total power input (PT), and energy requirement for ethanol production (EEtOH) in 

the extractive fermentations. 

Fermentation PT (WJ s-1)  EEtOH (J gE
–1),  

EFVS 0.27 40.60 

EFS1 0.39 59.10 

 

These results indicate that the energy required to produce 1 g of ethanol was 31.30% 

lower in the EFVS process, since the total power input (PT) into the bioreactor was lower in 

vacuum conditions. Under the conventional gas stripping condition at 2.5 vvm (EFS1), the high 

specific gas flow rate results in a substantial molar gas flow Qm, which strongly influences the 

total power input (PT), as defined in Eq. (15). Therefore, the conventional stripping process 

exhibits a higher energy demand (EEtOH) than the vacuum-stripping fermentation. 

 

4.4. Conclusions 

The Andrews–Levenspiel hybrid kinetic model provided an excellent fit to the 

experimental data obtained from conventional ethanol fermentation, allowing accurate 

estimation of the kinetic parameters. Extractive ethanol fermentations (EFVS and EFS1) 
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demonstrated a 14.35% higher volumetric ethanol productivity compared to conventional 

fermentation. It is important to highlight that EFVS achieved this performance with less than 

half the specific gas flow rate required by EFS1. Furthermore, vacuum-assisted gas stripping 

significantly reduced the energy requirement for ethanol production in extractive fermentation, 

resulting in a 31.3% decrease compared to conventional gas stripping. 
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CHAPTER 5 

5. BIOETHANOL PRODUCTION FROM SORGHUM VIA EXTRACTIVE 

FERMENTATION WITH VACUUM-ASSISTED GAS STRIPPING: 

EXPERIMENTAL AND MODELING  

 

Abstract 

Extractive fermentation can mitigate the inhibitory effects of ethanol on yeast cells by 

continuously removing ethanol as it is produced, which can significantly enhance ethanol 

productivity during the fermentation of sorghum hydrolysates. The present study describes the 

modeling and experimental validation of ethanol production in separate hydrolysis and 

fermentation (SHF) and simultaneous saccharification and fermentation (SSF) processes, 

utilizing vacuum-assisted gas stripping for ethanol removal. Initially, kinetic parameters for 

saccharification and fermentation were determined separately. Subsequently, SSF experiments 

were conducted to evaluate the predictive capability of the proposed model. Finally, both SHF 

and SSF processes with ethanol removal were carried out in a 2–liter bubble column bioreactor 

utilizing vacuum-assisted gas stripping. The proposed model for SHF and SSF processes, based 

on mass balances for liquefied starch (St), glucose (G), and ethanol (E), and considering both 

kinetics of saccharification and fermentation with product inhibition, demonstrated excellent fit 

to the experimental data for both conventional and extractive fermentations. Furthermore, the 

extractive fermentations demonstrated superior performance compared to conventional 

methods, achieving ethanol productivity (PE) values up to 60% higher. 

 

Keywords: Bioethanol from sorghum; extractive fermentation; gas stripping; vacuum; 

integrated process. 

 

5.1.  Introduction 

Concerns about climate change, driven by greenhouse gas emissions and the depletion 

of fossil fuel-based energy sources such as oil, coal, and natural gas, have led to an increased 

demand for renewable energy solutions (Joyia et al., 2024; Yeboah and Shaik, 2021). Among 

them, bioenergy is a sustainable alternative to conventional energy sources. It is derived from 

biomass and enables the production of various products, including biohydrogen, biogas, bio-
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oil, biochar, bioethanol, biodiesel, and syngas (Agarwal and Kumar, 2018; Ahmad et al., 2016; 

Stamenković et al., 2020). Bioethanol is the most widely used transportation biofuel due to its 

high-octane number. It can be blended with gasoline or used as stand-alone vehicle fuel (Prasad 

et al., 2007). The United States is the largest ethanol producer, contributing 52% of global 

output, followed by Brazil with 28%. In the 2024 harvest, global ethanol production reached a 

total of 118.17 billion liters (Renewable fuel association, 2024.). 

Conventional crops such as sugarcane, corn, cassava, sorghum, and other grains can be 

used as feedstock to produce bioethanol through microbial fermentation (Arif et al., 2024). 

Grain sorghum is a starch-rich cereal similar to corn and well-suited for bioethanol production. 

It offers agronomic advantages, including adaptability to various soils and climates, efficient 

water use, and drought tolerance (Ramírez et al., 2016). Currently, 8.07 million tons of sorghum 

are produced in the U.S., with around one-third of the total sorghum being used for ethanol 

production (U.S. Department of Agriculture, 2024). Due to its potential for biofuel applications, 

several studies have been investigated ethanol production from sorghum (Ai et al., 2011; 

Appiah-Nkansah et al., 2018; Weiss et al., 2025). Weiss et al. (2022) evaluated different 

sorghum varieties and yeast strains to assess their effects on ethanol concentration and yield 

during the fermentation process. According to the authors, waxy sorghum and Ethanol Red 

yeast achieved the highest average ethanol concentration and yield. 

The dry-grind process is the most common method for producing sorghum ethanol, and 

plants typically operate with a solid slurry concentration of 25–32% w w–1. The process 

includes size reduction, liquefaction, saccharification, fermentation, distillation, and coproduct 

recovery, yielding dried distiller’s grain with solubles (DDGS) and wet distiller’s grain with 

solubles (WDGS) (Kumar et al., 2018). The fermentation process can be performed either 

sequentially to saccharification, known as separated hydrolysis and fermentation (SHF), or 

through simultaneous saccharification and fermentation (SSF), in which the hydrolysis is 

carried out progressively throughout the process. The released glucose is directly metabolized, 

avoiding osmotic stress and the cellular growth inhibition (Ishizaki and Hasumi, 2014; 

Marulanda et al., 2019; Taylor et al., 2010). At the end of the fermentation process, the ethanol 

content reaches around 12–15% v v–1. Ethanol accumulation in the fermentative broth is a 

critical factor that can affect fermentation due to its inhibitory effect on yeast metabolism. One 

approach to overcome the inhibitory effects is extractive fermentation, which includes several 

techniques (such as gas stripping, liquid-liquid extraction) that have been investigated for 

ethanol recovery from the broth during its production (Kumar et al., 2018; Lemos et al., 2020; 
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Martins et al., 2020; Pereira et al., 2024). 

Vacuum-assisted gas stripping is a promising technique for removing ethanol from 

fermentation broth and offers advantages such as simple operation and high ethanol selectivity.  

Almeida et al. (2024) successfully applied vacuum-stripping for ethanol removal in preliminary 

tests using hydroalcoholic solutions. The authors achieved a gas stream six times more 

concentrated in ethanol than the liquid phase. However, to the best of our knowledge, vacuum-

assisted gas stripping has not yet been applied in extractive fermentation processes such as SHF 

and SSF. Moreover, developing a suitable model to express the behavior of the extractive 

fermentation process would be very useful for supporting scale-up studies. 

This study investigates ethanol removal from the SHF and SSF processes using vacuum-

assisted gas stripping. A fermentation model was developed, and kinetic parameters were 

determined through a model-based optimization algorithm. First, the kinetic parameters of 

saccharification and fermentation were determined individually. Then, SSF experiments were 

conducted to evaluate the predictive capacity of the proposed model. Finally, applying vacuum 

and gas stripping, SHF and SSF experiments with ethanol removal were carried out. The 

findings of this study contribute to the development of a reliable mathematical model for both 

conventional and extractive SHF and SSF processes. 

 

5.2. Materials and methods 

5.2.1.  Sorghum, enzymes and microorganism 

Grain sorghum was obtained from a commercial seed company (MBS Seed, Denton, 

TX, USA). The enzymes α-amylase (Liquozyme®) and glucoamylase (Spirizyme®) were 

sourced from Novonesis (Bagsvaerd, Denmark). Commercial dried Saccharomyces cerevisiae 

strain (Ethanol Red, Fermentis-Lessaffre Yeast Corporation, Marquette-lez-Lille, France) was 

used as the ethanol-producing microorganism. 

 

5.2.2. Liquefaction 

Grain sorghum was ground using a cyclone sample mill (Model 3010, Udy Corporation, 

Fort Collins, CO, USA) equipped with a 1.0-mm screen. A sorghum slurry with 25% w w–1 

solid content (dry basis) was prepared in 250 mL Erlenmeyer flasks, each containing 100 mL 

working volume. Then, 20 μL of α-amylase enzyme was added in each flask. 
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Liquefaction was carried out in a water-bath shaker (Model 939XL, Amerex 

Instruments, Concord, CA, USA) at 170 rpm. The temperature was gradually increased from 

70 to 90°C over 30 min, then reduced to 85°C and maintained for 60 min (Weiss et al., 2023). 

 

5.2.3. Saccharification 

5.2.3.1. Experimental procedure 

Following liquefaction with α-amylase, saccharification was carried out in the same 

Erlenmeyer flasks at 32 °C and pH 4.2 for 12 hours in a shaker incubator set at 150 rpm. Each 

flask (run in duplicate) received 100 μL of glucoamylase enzyme. Samples were collected every 

2 h to measure glucose concentration, and glucoamylase was deactivated by immersing samples 

in boiling water for 10 min. The activity of glucoamylase was defined as the amount of enzyme 

required to release 1 μmol of glucose per min, calculated based on the initial reaction rate. 

 

5.2.3.2. Mathematical modeling of saccharification 

The saccharification model was developed based on the mass balances for liquefied 

starch (St) (Eq. (5.1)) and glucose (G) (Eq. (5.2)). The hydrolysis kinetics catalyzed by 

glucoamylase was described using Michaelis–Menten kinetics with competitive glucose 

inhibition. 

 

dCSt

dt
= −

k1 ∙ CEnz ∙ CSt

Km (1+
CG

Ki
G) +CSt

 
(5.1) 

dCG

dt
=1.11∙

k1 ∙ CEnz ∙ CSt

Km (1+
CG

Ki
G) +CSt

 
(5.2) 

 

where k1 is the hydrolysis rate constant (g U–1h–1), Km is the Michaelis-Menten constant (g L–

1), Ki
G is the inhibition constant of glucoamylase by glucose (g L–1), Cenz is the enzyme 

concentration (U L–1), CSt is the liquified starch concentration (g L–1), and CG is the glucose 

concentration (g L–1). The constant “1.11” included in Eq. (2) represents the theoretical yield 

coefficient (YGl/St=1.11 gGl gSt
–1). It was derived from the stoichiometric equation for the 
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hydrolysis of starch into glucose in water (Kroumov et al., 2006). 

5.2.4. SHF and SSF 

In the SHF assays, the pH of the liquefied sorghum slurry was first adjusted to 5.5 with 

1M HCl. Then, 100 μL of glucoamylase enzyme was added, and saccharification was performed 

at 65°C for 12 h using a water-bath shaker at 170 rpm. After saccharification, the pH was 

adjusted to 4.2 with 1 M HCl. Next, 1 mL of activated yeast culture, 0.1 g of KH₂PO₄, and 0.3 

g of yeast extract were added to each flask. Ethanol fermentations were carried out (in duplicate) 

at 32°C for 72 h in a shaker incubator set at 150 rpm. The yeast culture was prepared by 

dispersing 1.0 g of dry yeast in 19 mL of culture medium, followed by incubation in a shaking 

incubator at 38°C for 30 min with agitation set at 150 rpm. The culture medium consisted of 20 

g L–1 glucose, 5.0 g L–1 peptone, 3.0 g L–1 yeast extract, 1.0 g L–1 KH₂PO₄, and 0.5 g L–1 

MgSO₄·7H₂O.  

For SSF assays, yeast and glucoamylase enzyme were added at the same time to the 

liquefied sorghum slurry in the same amounts used for SHF assays. SSF assays were carried 

out (in duplicate) at 32°C and pH 4.2 for 72 h in a shaker incubator set at 150 rpm. Samples (2 

mL) were collected at various time intervals to monitor the fermentation process. 

 

5.2.5. Extractive ethanol fermentations 

Extractive ethanol fermentations for both SHF and SSF methods were performed in a 

bubble column pneumatic bioreactor (2–L working volume, 9.7 cm internal diameter, 33.8 cm 

liquid height, and 56.2 cm total height). The bioreactor pressure (at vacuum conditions) was 

maintained at 41.3 kPa by a vacuum pump, and CO2 was injected at 1.0 vvm through a 

perforated cross-sparger at the base of the bioreactor. The fermentation temperature was kept at 

32°C using a thermostatic bath connected to a water jacket on the bioreactor. Figure 5.1 shows 

the experimental apparatus used in the extractive fermentations. 
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Figure 5.1 – Schematic illustration of the experimental apparatus used in the extractive fermentations: 

(a) CO2 cylinder, (b) mass flow controller, (c) bioreactor, (d) vacuum pump, and (e) thermostatic bath. 

 

 

 

5.2.6. Analytical methods 

The moisture content of sorghum was determined using the AOAC 930.15 standard 

method. Starch content was analyzed with the Megazyme Total Starch Assay Kit, following 

AACC method 79-13. Glucose and ethanol concentrations were measured by high-performance 

liquid chromatography (HPLC) using an Agilent system (1200 series, Santa Clara, CA, USA) 

equipped with a refractive index detector operated at 45 °C, and an HPX-87H organic acid 

column (7.8 × 300 mm) maintained at 60 °C. The mobile phase consisted of 5 mM H2SO4 at a 

flow rate of 0.60 mL min–1. 

 

5.2.7. Mathematical modeling of conventional and extractive ethanol fermentation 

Mathematical models were developed to describe conventional and extractive 

fermentation for SHF and SSF processes. 

 

 

5.2.7.1. SHF 

The extractive SHF model was developed based on the mass balances for total cells (X) 
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(Eq. (5.3)), glucose (G) (Eq. (5.4)), and ethanol (E) (Eq. (5.5)), while also accounting for 

changes in broth volume (Eq. (5.6)). 

 

dCX

dt
=μ ∙ CX −

CX

V
∙
dV

dt
 

(5.3) 

dCG

dt
= −

1

YX/G

μ ∙ CX −
CG

V
∙
dV

dt
 

(5.4) 

dCE

dt
=

YE/G

YX/G

∙μ ∙ CX − kE ∙ CE −
CE

V
∙
dV

dt
 

(5.5) 

dV

dt
= −

(kE ∙ CE+kW ∙ (ρ
W

− CE)) ∙ V

ρ
W

 
(5.6) 

 

where μ is the specific cell growth rate (h−1), CX is the total cell concentration (g L–1), CG is the 

glucose concentration (g L–1), CE is the ethanol concentration (g L–1), YX/G represents the cell 

yield coefficient (gX gG
–1), YE/G denotes the ethanol yield coefficient (gE gG

–1), ρW is the specific 

mass of water (g L–1), and kE and kW are the removal rate constants for ethanol and water, 

respectively (h−1). 

The specific cell growth rate (μ) was modeled using the hybrid Andrews-Levenspiel 

kinetic equation (Andrews, 1968; Levenspiel, 1980), which accounts for inhibition by substrate 

(glucose) and product (ethanol): 

 

μ=μ
max

∙
CG

KS+CG+
CG

2

KIG

∙ (1 −
CE

CEmax

)
n

 
(5.7) 

 

where μmax is the maximum specific cell growth rate (h−1), KS is the saturation constant (g L–1), 

KIG is the glucose inhibition constant (g L–1), CEmax is the ethanol concentration at which cell 

growth ceases (g L–1), and n is a dimensionless parameter related to the ethanol’s toxic potential. 

The cell and ethanol yield coefficients, YX/G and YE/G, were determined using the 

following equations: 
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YX/G=
CXf − CX0

CG0 − CGf

 
(5.8) 

YE/G=
CEf − CE0

CG0 − CGf

 
(5.9) 

 

where the subscripts “0” and “f” denote the initial and final times of the culture, respectively. 

In the conventional SHF modeling, the constants kE and kW were set to zero (kE=kW=0) 

because there was no removal of ethanol and water. For the extractive fermentations, kE and kW 

were calculated using equations proposed by Rodrigues et al. (2018). 

 

5.2.7.2. SSF 

The model for extractive SSF was developed based on mass balances for total cells (Eq. 

(5.10)), liquefied starch (St) (Eq. (5.11)), glucose (Eq. (5.12)), and ethanol (Eq. (5.13)), while 

accounting for changes in the broth volume (Eq. (5.14)). 

 

dCX

dt
=μ ∙ CX −

CX

V
∙
dV

dt
 

(5.10) 

dCSt

dt
= −

k1 ∙ CEnz ∙ CSt

Km (1+
CG

Ki
G) +CSt

−
CSt

V
∙
dV

dt
 

(5.11) 

dCG

dt
=1.11 ∙

k1 ∙ CEnz ∙ CSt

Km (1+
CG

Ki
G) +CSt

−
1

YX/G

∙ μ ∙ CX −
CG

V
∙
dV

dt
 

(5.12) 

dCE

dt
=

YE/G

YX/G

∙ μ ∙ CX − kE ∙ CE −
CE

V
∙
dV

dt
 

(5.13) 

dV

dt
= −

(kE ∙ CE+kW ∙ (ρ
W

− CE)) ∙ V

ρ
W

 
(5.14) 

 

In conventional SSF modeling, the constants kE and kW were set to zero (kE=kW=0) 

because there was no removal of ethanol and water. 

 



79 

 

 

5.2.8. Parameters estimation and model validation 

Modeling and simulation were implemented using Scilab software (version 6.0.2). The 

Runge-Kutta algorithm was employed to numerically solve the system of differential equations 

system, while the kinetic parameters of the model were estimated using a genetic algorithm 

(GA). Initial values were assigned to all variables for parameter estimation, including the 

parameters to be estimated (k1, Ki
G, KM, μmax, KG, KIG, CEmax, n, and p) as well as the fixed 

initial and operating conditions (CEnz, CSt0, CG0, CE0, CX0, YX/G, YE/G, kE, and kW). Thus, the 

optimization process aims to determine θ by minimizing the objective function (E(θ), Eq. 

(5.15)) to achieve the best fit between experimental and simulated data. 

 

E(θ)= ∑ [∑ (
Ci,k-Ĉi,k

Ci,h

)

2n

i=1

]

𝑁𝑃

k=1

 

(5.15) 

 

where θ is the vector of parameters to be estimated, NP is the number of experimental data 

collected in each assay, n is the number of variables considered, Ci,k, is the experimental 

concentration for the kth sample, Ĉi,k is simulated concentration for the kth sample , and Ci,h is 

the highest experimental concentration values. 

 

5.3. Results and discussion 

5.3.1. Estimation of kinetic parameters for the saccharification 

The Michaelis–Menten equation is the fundamental model used to understanding 

enzyme kinetics in the absence of inhibition mechanisms. When inhibitors are present, 

additional terms must be incorporated into the Michaelis–Menten model to accurately represent 

the process. Numerous studies have examined enzyme inhibition caused by high product 

concentrations during saccharification (Matsumura et al., 1988; Presečki et al., 2013; Wang et 

al., 2006). Among these, glucose competitive inhibition has been identified as the predominant 

mechanism (Cepeda et al., 2001; Nagy et al., 1992; Polakovič and Bryjak, 2004), although other 

mechanisms, such as non-competitive and uncompetitive inhibition, have also been explored. 

In this study, the kinetics of saccharification catalyzed by the glucoamylase enzyme 

were modeled using an unstructured mathematical model (Eqs. (1)–(2)) based on Michaelis–
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Menten kinetics and incorporating competitive glucose inhibition. Figure 5.2 presents the time-

course profile of glucose generated from the hydrolysis of liquefied starch. The correlation 

coefficient (R2) obtained was 0.990, indicating that the model predictions of glucose profile are 

in good agreement with experimental data. 

 

Figure 5.2 – Simulated (lines) and experimental (points) glucose concentration profiles in the 

saccharification assay. Error bars correspond to the standard deviation. 
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Table 5.1 shows the kinetic parameters obtained for the saccharification model. The 

values of Km, k1, and Ki
G were in good agreement with data previously reported in the literature 

(Nagy et al., 1992; Polakovič and Bryjak, 2004). The low value of glucose inhibition constant 

(Ki
G = 0.31 g L–1) indicates that the glucoamylase enzymatic reaction was strongly inhibited by 

glucose. Similar findings were reported by Polakovič and Bryjak (2004), who studied the 

hydrolysis kinetics of soluble potato starch catalyzed by glucoamylase. 
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Table 5.1 – Values of kinetic parameters for saccharification, fermentation, yield coefficients and 

vacuum-stripping parameters. 

Estimated parameter Value Unit 

k1 0.85 g·U–1·h–1 

Km 19.01 g·L–1 

Ki
G 0.31 g·L–1 

μmáx 0.16 h–1 

KS  73.58 g·L–1 

KIG 167.11 g·L–1 

CEmax 94.34 g·L–1 

n 0.81 – 

Fixed parameter Value Unit 

CEnz 2552.24 U·L–1 

YX/G 0.027 gX·gG
–1 

YE/G 0.404 gE·gG
–1 

kE 0.0672 h–1 

kW 0.0088 h–1 

 

5.3.2. Conventional fermentations 

5.3.2.1. Modeling of separate hydrolysis and fermentation (SHF)  

The cell yield coefficient (YX/G) and ethanol yield coefficient (YE/G) were calculated 

from experimental data for cell (CX), glucose (CG), and ethanol (CE) concentrations using Eqs. 

(8) and (9). The kinetic parameters of the Andrews-Levenspiel model (μmax, KS, KIS, CEmax, and 

n) were estimated using a genetic algorithm in conjunction with the Runge-Kutta method for 

numerically solving the set of differential equations (Eqs. (3)–(6)), assuming kE = kW =0. The 

criteria for obtaining kinetic parameters involved minimizing the sum of squared residuals (Eq. 

(5.15)). The estimated kinetic parameter values that provided the best fit between the calculated 

and experimental data are shown in Table 1. The kinetic parameters are in close agreement with 

the range of values reported in the literature for processes conducted under experimental 
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conditions similar to those used in this study (Sonego et al., 2018; Veloso et al., 2019). 

Figure 5.3 presents the time-course profile of glucose (CG) and ethanol (CE) 

concentrations during the SHF process. The comparison between simulated and experimental 

data demonstrated that the model provided an excellent fit to the experimental data, with an R2 

values of 0.991 for CG and 0.990 for CE. These results indicate that the hybrid Andrews–

Levenspiel model is well-suited to describe the kinetics of the process. 

 

Figure 5.3 – Simulated (lines) and experimental (points) concentration profiles in SHF experiments 

for glucose (circles) and ethanol (squares). Error bars correspond to the standard deviation.  
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As can be seen from Figure 5.3, the initial glucose concentration was 195.60 ± 0.46 g/L 

and was completely depleted within 48 h. Ethanol production reached a final concentration of 

78.90±1.85 g/L and a productivity of 1.64 ± 0.03 g L–1 h–1 by the end of the fermentation 

process. The ethanol yield coefficient (YE/G) was 0.404 ± 0.020 gE/gG based on total available 

sugars, corresponding to 79.10% of the theoretical yield. These results are consistent with 

findings from Weiss et al. (2022), who reported ethanol concentration values ranging from 

79.81 to 89.47 g/L for similar ethanol fermentations from sorghum. 
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5.3.2.2. Modeling of simultaneous saccharification and fermentation (SSF) 

The development of mathematical models is a useful tool to simulate different strategies 

for design of efficient SSF process configurations (Philippidis et al., 1992; Unrean et al., 2016). 

The kinetic parameters of the SSF model were determined through saccharification and SHF 

experiments, each of which individually investigates the kinetics of a specific step in the SSF 

process. Therefore, the kinetic parameters and yield parameters from saccharification (Km, k1, 

KIG) and fermentation (μmáx, KS, KIS, CEmax, n, YX/G, and YE/G) processes were incorporated into 

the SSF model, along with the mass balance equations (Eqs. (5.10)–(5.14)). 

Figure 5.4 shows the experimental and simulated concentration profiles of glucose (CG) 

and ethanol (CE) for simultaneous saccharification and fermentation (SSF). The model 

demonstrates a good fit with the experimental data, with R2 value of 0.995 for CG and 0.990 for 

CE. The results could potentially be improved by directly fitting the parameters to the SSF 

experimental data. However, this study aimed to model the SSF process using kinetic 

parameters that were previously determined from batch experiments.  

 

Figure 5.4 – Simulated (lines) and experimental (points) concentration profiles in SSF experiments for 

glucose (circles) and ethanol (squares). Error bars correspond to the standard deviation. 
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As shown in Figure 5.4, glucose concentration (CG) was completely depleted within 48 

h, the ethanol concentration (CE) reached 79.54 ± 0.64 g L–1, and volumetric ethanol 
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productivity (PrE) was 1.66 ± 0.01 g L-1h-1. 

 

5.3.3. Modeling of extractive SHF and SSF processes 

The SHF and SSF models with ethanol removal by CO2 stripping were applied to 

evaluate the effect of ethanol removal on the dynamics of the extractive separate hydrolysis and 

fermentation (ESHF) and extractive simultaneous saccharification and fermentation (ESSF), 

using the values of removal rate constants for ethanol (kE) and water (kW) and the kinetic 

parameters for saccharification and fermentation. It is important to note that the kE and kW 

parameters used in the simulations were determined through vacuum-assisted stripping 

experiments conducted using an ethanol solution and provide a good approximation of ethanol 

removal in fermentation broth. 

In the subsequent step, ESHF and ESSF experiments were performed to assess whether 

the model accurately represented the dynamics of extractive fermentation. Figure 5.5 (a)–(b) 

compares the experimental (symbols) and simulated (lines) concentration profiles of CG and CE 

obtained from the extractive experiments conducted in a 2–L bubble bioreactor. As shown, the 

proposed model could accurately predict the behavior of both fermentations using the kinetic 

parameters obtained in experiments performed at a smaller scale (100 mL) without ethanol 

removal. The correlation coefficient (R2) obtained in the ESHF was 0.999 for CG and 0.997 for 

CE, while in the ESSF, the R2 values were 0.992 for CG and 0.990 for CE. 

Ethanol removal using vacuum stripping was initiated once the ethanol concentrations 

(CE) reached approximately 40.0 g L–1  ( ~ 12 h), preventing the ethanol inhibitory effect from 

impacting yeast cell growth. According to Aiba et al. (1968), yeast inhibition by ethanol 

becomes more pronounced once the ethanol concentration rises above 40.0 g L–1. Lemos et al. 

(2020) reported similar ethanol concentration in the fermentation broth (∼40.0 g L–1) for 

initiating ethanol removal in liquid–liquid extractive fed-batch ethanol fermentation. 

Additionally, Sonego et al. (2014) also reported a similar value (CE=35.0 g L–1) for beginning 

ethanol removal in fed-batch fermentations using CO2 stripping, with the ethanol concentration 

determined through an optimization algorithm. 
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Figure 5.5 – Simulated (lines) and experimental (points) concentration profiles for glucose (circles) 

and ethanol (squares) with ethanol removal using vacuum-stripping: (a) ESHF and (b) ESSF. Error 

bars correspond to the standard deviation. 
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In the extractive fermentations (ESHF and ESSF), glucose consumption occurred earlier 

than in the conventional fermentations (SHF and SSF). Glucose exhaustion was observed 

within 30 h for ESHF and ESSF, whereas in the conventional fermentations (SHF and SSF), 

depletion occurred at 48 h. This behavior can be attributed to the reduced inhibition of yeast 

activity caused by ethanol accumulation, as ethanol was removed throughout the fermentation 

process via vacuum stripping. In this technique, the gas phase is sparged in fermentation broth, 

and ethanol is transferred from the liquid to the gas phase until carbon dioxide bubbles become 

ethanol-saturated (Pereira et al., 2024). Under vacuum conditions, the gas phase is richer in 

ethanol and water, as the vacuum lowers the saturation temperature, allowing for greater 

removal of ethanol and water (Nguyen et al., 2009). 

As shown in Table 5.2, the maximum ethanol concentrations in the liquid phase for 

ESHF and ESSF remained below 50.0 g L–1, highlighting the effective removal of ethanol. The 

ethanol productivities for ESHF and ESSF were up to 2.4 g L–1 h–1 as obtained by the ratio of 

the total final CE and the time for substrate depletion. Therefore, the extractive fermentations 

had ethanol productivity (PE) values of around 60% higher than the conventional methods (SHF 

and SSF). Previous studies on ethanol extractive fermentation from corn starch have 

demonstrated high ethanol productivity and effective conversion of concentrated glucose 

feedstocks, using gas stripping (Taylor et al., 1996) or vacuum (Kumar et al., 2018) for ethanol 

removal. Although variability in process conditions limits direct comparisons, these findings 

support the results obtained in the present study. 

 

Table 5.2 – Performance comparison of conventional and extractive fermentations. 

Variable Unit Fermentation 

  SHF SSF ESHF ESSF 

Total CG consumed g·L−1 195.29 195.00a 180.01 195.00a 

Maximum CE in the broth g·L−1 78.90 79.08 47.30 45.29 

Total CE at the end of fermentation g·L−1 78.90 79.08 73.12b 78.78b 

Ethanol productivity (PE) g·L−1·h−1 1.64 1.65 2.43 2.62 

a Calculated considering starch content of 70.27%. 

b Calculated considering YE/G (gE·gG
−1) = 0.404. 
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According to the results, conventional (SHF and SSF) and extractive (ESHF and ESSF) 

experiments achieved similar ethanol productivities (Table 5.2) at the end of fermentations. 

However, the SSF method offers an advantage by reducing the number of required vessels, 

which can lower the initial investment costs. Moreover, heating costs are minimized since the 

maintenance of slurry temperatures during an independent saccharification stage is not 

required. Additionally, SSF prevents substrate inhibition caused by high glucose concentration, 

as the yeast immediately converts the glucose generated during saccharification into ethanol 

(Marulanda et al., 2019). 

It is important to highlight that ethanol concentration in the broth is lower in extractive 

fermentations due to the ethanol removal by vacuum stripping. Nonetheless, the vaporized 

ethanol fraction can be recovered through techniques such as condensation (Farias and 

Maugeri-Filho, 2021; Huang et al., 2015), absorption (Rodrigues et al., 2025, 2019), and 

adsorption (Hashi et al., 2010). Although this study does not address ethanol recovery 

techniques, they are critical for improving ethanol production efficiency. 

 

5.4. Conclusions 

This study modeled the saccharification of liquefied starch and fermentation processes 

in different configurations, including conventional and extractive separate hydrolysis and 

fermentation (SHF) as well as conventional and extractive simultaneous saccharification and 

fermentation (SSF). The proposed model, based on mass balance equations, effectively 

described the behavior of the bench-scale conventional and extractive fermentations. Therefore, 

the model provides a reliable alternative for optimizing strategies and could contribute to 

overcoming the challenges that hinder the industrial-scale application of extractive 

fermentation. 

Moreover, applying the vacuum stripping technique in both SHF and SSF processes 

resulted in up to 60% higher ethanol productivity compared to conventional fermentation. 

These findings highlight the feasibility of extractive fermentation with ethanol removal by 

vacuum-stripping, indicating its potential for industrial-scale applications. However, further 

studies on economic viability are necessary to evaluate its suitability for large-scale 

implementation. 
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CHAPTER 6 

6. FINAL CONSIDERATIONS AND SUGGESTIONS FOR FUTURE 

INVESTIGATIONS 

 

From the present results, it can be concluded that: 

✓ The operating variables — specific CO₂ flow rate, temperature, and pressure — had a 

significant effect on ethanol and water removal within the experimental range studied. 

Among them, the specific CO₂ flow rate had the most significant effect, with a positive 

impact on the entrainment factor (FE). 

 

✓ The concentration factor (FC), which indicates how much more concentrated ethanol is 

in the gas phase leaving the reactor compared to the liquid solution, increased with 

higher specific CO₂ flow rates. The ethanol content in the gas phase was six times 

greater than in the liquid phase. 

 

✓ Monitoring of the gas stream during extractive fermentation experiments showed that 

the ethanol concentration in the outlet stream was six times greater than in the liquid 

phase, demonstrating the potential of the technique to reduce costs in the ethanol 

recovery stage. 

 

✓ In the extractive fermentations using saccharine feedstock, vacuum-assisted gas 

stripping reduced the energy requirement for ethanol production by 31.3% compared to 

conventional gas stripping. 

 

✓  The proposed model, which encompasses saccharification, fermentation, and the 

kinetics of ethanol and water removal, provided an excellent fit to the experimental data 

from SHF and SSF processes, accurately describing the observed behavior of the 

system. 

 

✓ The application of the vacuum-assisted gas stripping technique in both SHF and SSF 

processes resulted in up to 60% higher ethanol productivity compared to conventional 

fermentation.  
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✓ These findings demonstrated that extractive fermentation with ethanol removal via 

vacuum-assisted gas stripping is a viable approach, with potential for industrial-scale 

application. 

 

Suggestions for further investigations:  

 

✓ To optimize the application time of vacuum-assisted gas stripping, comparing 

continuous and intermittent modes. 

 

✓ To evaluate the technical and economic feasibility of extractive fermentation via 

vacuum-assisted gas stripping. 

 

✓ To investigate the performance of vacuum-assisted gas stripping at elevated 

temperatures using thermotolerant yeast strains. 
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