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Preamble  

Parts of this thesis are based on peer reviewed research articles. All articles have been drafted 

during this work and describes the major findings of studying the potential of Enset biomass 

for biorefinery processes with a focus on the production of high-value biofuels and 

biochemicals. The texts of the chapters are therefore partly identical to these publications, but 

the layout, citation style, figures and formatting have been adapted to the style of this 

dissertation. 

Chapter 1 presents an overview of the theoretical background regarding the biorefinery 

concept, the Enset plant, and the biorefinery conversion process. 

Chapter 2 outlines the outcomes of analysing the composition of different parts of Enset 

biomass, evaluating different pretreatment methods for Enset biomass, and conducting a 

bottle experiment to investigate the potential of Enset biomass as a feedstock for butanol 

production using the separate hydrolysis fermentation (SHF) method. This chapter is based 

on the publication: 

Investigating the Processing Potential of Ethiopian Agricultural Residue Enset/Ensete 

ventricosum for Biobutanol Production 

Nebyat Seid, Pia Griesheimer and Anke Neumann (2022) 

Bioengineering, 9(4), 133. 

DOI: 10.3390/bioengineering9040133     

Chapter 3 presents the process optimization results for the simultaneous saccharification 

and fermentation (SSF) process in bottles experiments aimed at maximizing hydrogen and 

butanol production. Additionally, it describes the finding of scaling up the process in a 

bioreactor, including the evaluation of the effects of pH control and pressure on hydrogen 

and butanol production. This chapter is based on the submitted manuscript: 

Stirring the Hydrogen and Butanol production from Enset Fiber via Simultaneous 

Saccharification and Fermentation (SSF) process. 

Nebyat Seid, Lea Wießner, Habibu Aliyu and Anke Neumann (2024) 

Manuscript submitted for publication 

DOI: 10.21203/rs.3.rs-3836946/v1  

https://doi.org/10.3390/bioengineering9040133
https://doi.org/10.21203/rs.3.rs-3836946/v1
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Chapter 4 describes the results of assessing the growth of Neocallimastix cameroonii on 

Enset fiber without pretreatment methods, as well as the development of a one-pot two-step 

fermentation process from untreated Enset fiber by merging anaerobic fungi fermentation 

and chain elongation process for caproate production. This chapter is based on the 

publication: 

Caproate production from Enset fiber in one-pot two-step fermentation using 

anaerobic fungi (Neocallimastix cameroonii strain G341) and Clostridium kluyveri DSM 

555 (2023). 

Nebyat Seid, Katrin Ochsenreither and Anke Neumann 

Microbial Cell Factories, 22(1), 216.  

DOI: 10.1186/s12934-023-02224-w 
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Abstract 

Global warming and environmental pollution are major global challenges resulting from the 

high consumption of petroleum fuels. Furthermore, factors such as population growth, 

ongoing depletion of fossil fuels, and escalating petroleum prices led to a global energy 

crisis. A key strategy to address these challenges is to replace fossil fuels with renewable 

energy sources. Lignocellulosic biomass is one of the renewable resources that plays a 

crucial role in creating a circular bioeconomy and minimizing environmental impact. 

However, the main obstacle to use lignocellulosic biomass as a feedstock for biorefinery 

process is the higher proportion of lignin, which tightly binds cellulose and hemicellulose, 

and it is recalcitrant in nature. This limits the effectiveness of microorganisms in breaking 

down for bioconversion processes. Enset plant is a potential food source for about 20 million 

Ethiopians. Despite its significance, a massive amount of residual byproduct is discarded 

from traditional Ethiopian Enset food processing. However, the potential of Enset biomass 

for biorefinery applications has not been extensively explored. To effectively utilize Enset 

biomass as a feedstock for biorefinery process, understanding its composition and selecting 

an appropriate bioconversion production method are crucial. Thus, the main objective of this 

thesis is to investigate the processing potential of Ethiopian agricultural residue Enset/Ensete 

ventricosum for biorefinery process, focusing on the production of high-value biofuels and 

biochemicals.  

The first step in utilizing Enset biomass as a feedstock for biorefinery process was to 

characterize its compositions. The compositional analysis results showed that the majority 

of Enset biomass parts contained 36−67% cellulose, 16–20% hemicelluloses, and less than 

6.8% lignin. The Enset fiber had a high cellulose content at 67.1%, followed by the midrib 

and leaf sheath peels, at 40% and 34.1%, respectively. All parts of the Enset biomass 

contained small amounts of furfural, ranging from 0.43% to 1.03% (w/w), and 

hydroxymethylfurfural (HMF) was not detected. After selecting the most fibrous parts, the 

effect of different pretreatment methods on enzymatic hydrolysis was evaluated to determine 

the most suitable pretreatment method for each Enset biomass part. The results indicated that 

in all alkali-pretreated Enset biomass samples, the enzyme converted 80−90% of the biomass 

to glucose within 24 hours, while it took 60 hours to convert 48−80% of the acid-pretreated 

Enset biomass. In addition, the alkali pretreatment method released more glucose than the 

acid pretreatment in all Enset biomass samples. 
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To convert Enset biomass into high-value products, acetone-butanol-ethanol (ABE) 

fermentation was carried out using Clostridium saccharoperbutylacetonicum DSM 14923 

strain. These experiments were conducted in serum bottles using the separate hydrolysis 

fermentation (SHF) method. After 72 hours of fermentation, 2.8 g/L acetone, 9.9 g/L 

butanol, and 1.6 g/L ethanol were produced from mixed Enset waste biomass pretreated with 

alkali, achieving an ABE yield of 0.32 g/g and productivity of 0.2 g L-1h-1. However, the 

SHF method faced some challenges such as substrate inhibition, low butanol yield and 

productivity, and complicated operational steps. Hence, the simultaneous saccharification 

and fermentation (SSF) process was examined to develop a more efficient process from 

Enset biomass. 

The SSF process was initially performed in serum bottles to optimize the process parameters 

for butanol production from Enset fiber. The SSF process in bottles achieved a higher 

butanol concentration of 11.36 g/L with a yield of 0.23 g/g and a productivity of 0.16 g L-

1h-1 compared to the SHF process. These results were observed under optimal process 

parameters, including 5% (w/v) substrate loading, 16 FPU/g cellulase loading, and 100 rpm 

agitation speed. After determining the optimal process parameters for the SSF process, a 

scale up process was established using a 2.5 L bioreactor with a total volume of 1 liter. In 

addition, the effects of pH control and pressure on butanol production in the SSF process 

were examined. A comparable butanol yield to that of the bottle experiment was achieved in 

the bioreactor under the pH-uncontrolled and overpressure conditions; however, the butanol 

productivity decreased to 0.095 g L-1h-1. To maximize the butanol productivity and resolve 

mixing problem in the bioreactor, prehydrolysis simultaneous saccharification and 

fermentation (PSSF) process was implemented with the same process parameters except for 

a substrate loading of 7% (w/v). The PSSF process resulted in the highest butanol 

concentration and productivity of 12.84 g/L and 0.104 g L-1h-1 respectively, however, the 

butanol yield was the lowest at 0.18 (g/g) compared to the SSF process. 

In addition, we observed significant potential in the C. saccharoperbutylacetonicum strain 

for producing hydrogen from Enset fiber in the SSF process. However, to achieve maximum 

yields for both hydrogen and butanol, it is crucial to optimize the fermentation conditions 

separately. By further optimizing the SSF process in serum bottles, we achieved 18.86 mmol 

of hydrogen with a yield of 168.99 mL/g-Enset fiber under the optimal parameters of 

temperature (37 °C), initial pH (8.0) and low hydrogen partial pressure. This study also 

examined the influence of hydrogen partial pressure on hydrogen production and concluded 
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that lower hydrogen partial pressure was beneficial for maximizing hydrogen production. 

The bottle experiments demonstrated a 21.5% increase in hydrogen production at lower 

hydrogen partial pressure compared to higher values. To validate these results, a scale up 

SSF process was implemented under atmospheric pressure and without a pH control system 

at the optimal process parameters. The results confirmed a 79.7% increase in hydrogen 

production compared to the SSF process (pH-uncontrolled) at 30 °C, initial pH of 6.8, and 

under overpressure, which favored butanol production. However, butanol production 

decreased by 21.4% under the optimal process conditions for hydrogen production. 

Finally, to expand the biorefinery product range derived from Enset biomass and produce 

other valuable products, we developed a one-pot two-step fermentation using anaerobic 

fungi (Neocallimastix cameroonii strain G341) and Clostridium kluyveri DSM 555. In two 

step fermentation, the process started by growing N. cameroonii on Enset fiber as a carbon 

source in serum bottles for 7 days. Subsequently, the fungal culture was inoculated with 

active C. kluyveri preculture and further incubated. The results showed that N. cameroonii 

grew on 0.25 g untreated Enset fiber as the sole carbon source and produced 1.16 mmol 

acetate, 0.51 mmol hydrogen, and 1.34 mmol formate. In addition, lactate, succinate, and 

ethanol were detected in small amounts, 0.17 mmol, 0.08 mmol, and 0.7 mmol, respectively. 

After inoculating with C. kluyveri, 0.3 mmol of caproate and 0.48 mmol of butyrate were 

produced, and hydrogen production also increased to 0.95 mmol compared to sole N. 

cameroonii fermentation. Moreover, after the culture was supplemented with 2.18 mmol of 

ethanol during C. kluyveri inoculation, caproate, and hydrogen production was further 

increased to 1.2 and 1.36 mmol, respectively, and the consumption of acetate also increased. 

In summary, this thesis demonstrates the potential of Enset biomass for biorefinery 

applications due to its high cellulose and low lignin content. Enset biomass holds great 

promise for efficient glucose production and can be used as a feedstock for hydrogen and 

butanol production without requiring additional detoxification steps or sugar 

supplementation, as it has very low levels of inhibitory compounds that hinder the process. 

Furthermore, the study introduces a novel microbial cell factory method to convert untreated 

Enset fiber into caproate and hydrogen, providing valuable insights for future research and 

industrial applications. Utilizing inexpensive raw materials for the biorefinery process, such 

as Enset biomass, can be an effective way to create a sustainable system and minimize 

environmental impacts. In addition, it opens a new value chain for Enset farmers as the 

process only requires locally available raw materials and low-price fermenters.  
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Zusammenfassung 

Die globale Erwärmung und die Umweltverschmutzung sind große globale 

Herausforderungen, die sich aus dem hohen Verbrauch von Erdölkraftstoffen ergeben. 

Darüber hinaus haben Faktoren wie das Bevölkerungswachstum, die fortschreitende 

Erschöpfung der fossilen Brennstoffe und die eskalierenden Erdölpreise zu einer weltweiten 

Energiekrise geführt. Eine wichtige Strategie zur Bewältigung dieser Herausforderungen 

besteht darin, fossile Brennstoffe durch erneuerbare Energiequellen zu ersetzen. 

Lignozellulose-Biomasse ist eine der erneuerbaren Ressourcen, die eine entscheidende Rolle 

bei der Schaffung einer Kreislauf-Bioökonomie und der Minimierung der 

Umweltauswirkungen spielt. Das Haupthindernis für die Verwendung von Lignozellulose-

Biomasse als Ausgangsmaterial für Bioraffinerieprozesse ist jedoch der hohe Anteil an 

Lignin, das Zellulose und Hemizellulose fest bindet und von Natur aus widerspenstig ist. 

Dies schränkt die Wirksamkeit der Mikroorganismen beim Abbau für 

Biokonversionsverfahren ein. Die Enset-Pflanze ist eine potenzielle Nahrungsquelle für rund 

20 Millionen Äthiopier. Trotz ihrer Bedeutung fällt bei der traditionellen äthiopischen Enset-

Verarbeitung eine große Menge an Nebenprodukten an. Das Potenzial von Enset-Biomasse 

für Bioraffinerie-Anwendungen wurde jedoch noch nicht umfassend erforscht. Um Enset-

Biomasse effektiv als Rohstoff für Bioraffinerieprozesse nutzen zu können, ist es wichtig, 

ihre Zusammensetzung zu verstehen und eine geeignete Methode für die Biokonversion 

auszuwählen. Das Hauptziel dieser Arbeit ist es daher, das Verarbeitungspotenzial des 

äthiopischen landwirtschaftlichen Reststoffs Enset/Ensete ventricosum für 

Bioraffinerieprozesse zu untersuchen, wobei der Schwerpunkt auf der Herstellung 

hochwertiger Biokraftstoffe und Biochemikalien liegt. 

Der erste Schritt bei der Nutzung von Enset-Biomasse als Ausgangsmaterial für 

Bioraffinerieprozesse war die Charakterisierung ihrer Zusammensetzung. Die Ergebnisse 

der Analyse der Zusammensetzung zeigten, dass die meisten Teile der Enset-Biomasse 

36−67% Zellulose, 16−20% Hemizellulose und weniger als 6,8% Lignin enthielten. Die 

Enset-Faser wies mit 67,1% einen hohen Zellulosegehalt auf, gefolgt von den Schalen der 

Mittelrippe und der Blattscheide mit 40% bzw. 34,1%. Alle Teile der Enset-Biomasse 

enthielten geringe Mengen an Furfural, die zwischen 0,43% und 1,03% (w/w) lagen, und 

Hydroxymethylfurfural (HMF) wurde nicht nachgewiesen. Nach der Auswahl der 

faserigsten Teile wurden die Auswirkungen verschiedener Vorbehandlungsmethoden auf die 

enzymatische Hydrolyse bewertet, um die am besten geeignete Vorbehandlungsmethode für 
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jeden Teil der Enset-Biomasse zu ermitteln. Die Ergebnisse zeigten, dass das Enzym bei 

allen alkalivorbehandelten Enset-Biomasseproben 80−90% der Biomasse innerhalb von 24 

Stunden in Glukose umwandelte, während es 60 Stunden dauerte, um 48−80% der 

säurebehandelten Enset-Biomasse umzuwandeln. Darüber hinaus setzte die 

Alkalivorbehandlungsmethode bei allen Enset-Biomasseproben mehr Glukose frei als die 

saure Vorbehandlungsmethode. 

Um Enset-Biomasse in hochwertige Produkte umzuwandeln, wurde eine Aceton-Butanol-

Ethanol-Fermentation (ABE) mit dem Stamm Clostridium saccharoperbutylacetonicum 

DSM 14923 durchgeführt. Diese Versuche wurden in Serumflaschen nach der Methode der 

separaten Hydrolysefermentation (SHF) durchgeführt. Nach 72 Stunden Fermentation 

wurden 2,8 g/L Aceton, 9,9 g/L Butanol und 1,6 g/L Ethanol aus gemischter, mit Alkali 

vorbehandelter Enset-Abfallbiomasse hergestellt, wobei eine ABE-Ausbeute von 0,32 g/g 

und eine Produktivität von 0,2 g L-1h-1 erreicht wurde. Die SHF-Methode hatte jedoch mit 

einigen Problemen zu kämpfen, wie z. B. Substrathemmung, geringe Butanolausbeute und -

produktivität sowie komplizierte Arbeitsschritte. Daher wurde das Verfahren der 

gleichzeitigen Verzuckerung und Fermentation (SSF) untersucht, um ein effizienteres 

Verfahren aus Enset-Biomasse zu entwickeln. 

Der SSF-Prozess wurde zunächst in Serumflaschen durchgeführt, um die Prozessparameter 

für die Butanolproduktion aus Enset-Fasern zu optimieren. Das SSF-Verfahren in Flaschen 

erzielte eine höhere Butanolkonzentration von 11,36 g/L mit einer Ausbeute von 0,23 g/g 

und einer Produktivität von 0,16 g L-1h-1 im Vergleich zum SHF-Verfahren. Diese 

Ergebnisse wurden unter optimalen Prozessparametern beobachtet, einschließlich 5% (w/v) 

Substratbeladung, 16 FPU/g Cellulasebeladung und 100 U/min Rührgeschwindigkeit. Nach 

der Bestimmung der optimalen Prozessparameter für den SSF-Prozess wurde ein Scale-up-

Prozess unter Verwendung eines 2,5-Liter-Bioreaktors mit einem Gesamtvolumen von 1 

Liter durchgeführt. Darüber hinaus wurden die Auswirkungen der pH-Kontrolle und des 

Drucks auf die Butanolproduktion im SSF-Prozess untersucht. Eine vergleichbare 

Butanolausbeute wie im Flaschenexperiment wurde im Bioreaktor unter den Bedingungen 

mit ungeregeltem pH-Wert und Überdruck erzielt; allerdings sank die Butanolproduktivität 

auf 0,095 g L-1h-1. Um die Butanolproduktivität zu maximieren und das Mischungsproblem 

im Bioreaktor zu lösen, wurde ein Vorhydrolyseprozess mit gleichzeitiger Verzuckerung 

und Fermentation (PSSF) mit denselben Prozessparametern implementiert, mit Ausnahme 

einer Substratbeladung von 7% (w/v). Das PSSF-Verfahren führte zu der höchsten 
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Butanolkonzentration und Produktivität von 12,84 g/L bzw. 0,104 g L-1h-1, jedoch war die 

Butanolausbeute mit 0,18 (g/g) im Vergleich zum SSF-Verfahren am geringsten. 

Darüber hinaus haben wir festgestellt, dass der C. saccharoperbutylacetonicum-Stamm ein 

erhebliches Potenzial für die Produktion von Wasserstoff aus Enset-Fasern im SSF-

Verfahren hat. Um jedoch maximale Ausbeuten sowohl für Wasserstoff als auch für Butanol 

zu erzielen, ist es entscheidend, die Fermentationsbedingungen separat zu optimieren. Durch 

weitere Optimierung des SSF-Prozesses in Serumflaschen erzielten wir 18,86 mmol 

Wasserstoff mit einer Ausbeute von 168,99 mL/g-Enset-Faser unter den optimalen 

Parametern Temperatur (37 °C), anfänglicher pH-Wert (8,0) und niedriger 

Wasserstoffpartialdruck. Diese Studie untersuchte auch den Einfluss des 

Wasserstoffpartialdrucks auf die Wasserstoffproduktion und kam zu dem Schluss, dass ein 

niedrigerer Wasserstoffpartialdruck für die Maximierung der Wasserstoffproduktion von 

Vorteil ist. Die Flaschenversuche zeigten, dass die Wasserstoffproduktion bei niedrigerem 

Wasserstoffpartialdruck um 21,5% höher ist als bei höheren Werten. Um diese Ergebnisse 

zu bestätigen, wurde ein SSF-Verfahren unter Atmosphärendruck und ohne pH-

Kontrollsystem mit den optimalen Prozessparametern in größerem Maßstab durchgeführt. 

Die Ergebnisse bestätigten eine 79,7% ige Steigerung der Wasserstoffproduktion im 

Vergleich zum SSF-Prozess (ohne pH-Kontrolle) bei 30 °C, einem anfänglichen pH-Wert 

von 6,8 und unter Überdruck, was die Butanolproduktion begünstigte. Unter den optimalen 

Prozessbedingungen für die Wasserstoffproduktion ging die Butanolproduktion jedoch um 

21,4% zurück. 

Um die Produktpalette der Bioraffinerie aus Enset-Biomasse zu erweitern und weitere 

wertvolle Produkte herzustellen, entwickelten wir eine zweistufige Ein-Topf-Fermentation 

mit anaeroben Pilzen (Neocallimastix cameroonii Stamm G341) und Clostridium kluyveri 

DSM 555. Bei der zweistufigen Fermentation begann der Prozess mit dem Wachstum von 

N. cameroonii auf Enset-Fasern als Kohlenstoffquelle in Serumflaschen für 7 Tage. 

Anschließend wurde die Pilzkultur mit einer aktiven C. kluyveri Vorkultur beimpft und 

weiter bebrütet. Die Ergebnisse zeigten, dass N. cameroonii auf 0,25 g unbehandelter Enset-

Faser als einzige Kohlenstoffquelle wuchs und 1,16 mmol Acetat, 0,51 mmol Wasserstoff 

und 1,34 mmol Formiat produzierte. Darüber hinaus wurden Laktat, Succinat und Ethanol 

in geringen Mengen (0,17 mmol, 0,08 mmol bzw. 0,7 mmol) nachgewiesen. Nach der 

Beimpfung mit C. kluyveri wurden 0,3 mmol Caproat und 0,48 mmol Butyrat produziert, 

und auch die Wasserstoffproduktion stieg auf 0,95 mmol im Vergleich zur alleinigen N. 
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cameroonii-Fermentation. Nachdem die Kultur während der Inokulation von C. kluyveri mit 

2,18 mmol Ethanol ergänzt wurde, stieg die Caproat- und Wasserstoffproduktion weiter auf 

1,2 bzw. 1,36 mmol, und auch der Acetatverbrauch nahm zu. 

Zusammenfassend zeigt diese Arbeit das Potenzial von Enset-Biomasse für 

Bioraffinerieanwendungen aufgrund ihres hohen Zellulose- und geringen Ligningehalts. 

Enset-Biomasse ist vielversprechend für eine effiziente Glukoseproduktion und kann als 

Ausgangsmaterial für die Wasserstoff- und Butanolproduktion verwendet werden, ohne dass 

zusätzliche Entgiftungsschritte oder Zuckerzusätze erforderlich sind, da sie nur sehr geringe 

Mengen an hemmenden Verbindungen enthält, die den Prozess behindern. Darüber hinaus 

wird in der Studie eine neuartige mikrobielle Zellfabrik-Methode zur Umwandlung 

unbehandelter Enset-Fasern in Caproat und Wasserstoff vorgestellt, die wertvolle 

Erkenntnisse für künftige Forschung und industrielle Anwendungen liefert. Die 

Verwendung von kostengünstigen Rohstoffen für den Bioraffinerieprozess, wie z.B. Enset-

Biomasse, kann ein effektiver Weg sein, ein nachhaltiges System zu schaffen und die 

Umweltauswirkungen zu minimieren. Darüber hinaus eröffnet es eine neue 

Wertschöpfungskette für Enset-Bauern, da für den Prozess nur lokal verfügbare Rohstoffe 

und preisgünstige Fermenter benötigt werden. 
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1.1 Biorefinery concept  

The biorefinery concept, as defined by the International Energy Agency (IEA) bioenergy 

task 42, involves the sustainable transformation of biomass into various commercially viable 

products including food, feed, materials, and chemicals, as well as the production of energy 

in the form of fuels, power, and heat [1]. The concept of biorefinery emerged in the late 

1990s as a response to the energy crisis and the environmental concerns associated with the 

use of fossil fuels [2]. Over time, this concept has evolved, incorporating different types of 

feedstocks and technologies. Biorefineries are classified into first, second, third, and fourth 

generations based on the utilization of feedstock types [3,4]. First-generation biorefineries 

use edible crops such as corn, sugar cane, wheat, potatoes, and vegetable oil as feedstocks 

to produce biofuel and other bioproducts, however, this raises the issue of food versus fuel 

competition, especially during unpredictable weather, events like droughts and floods [5]. 

Lignocellulosic biomass, such as agricultural and forest residues, is the main source of 

feedstock for the second-generation biorefineries. This resource is very appealing because it 

is abundant, cheap, and does not compete with food production [6]. The primary feedstocks 

for producing third-generation biorefineries are algae and seaweeds, which are efficient and 

economical because they have high amounts of oil/lipid, carbohydrate, or protein and do not 

need fertile land or other farming resources. However, the biorefineries based on algae are 

not very advanced technologically, and only a few genetically modified algal types can 

produce a lot of oil [7]. Recently, researchers have become interested in a fourth generation 

biorefineries, which use genetically modified plants and microorganisms to capture more 

carbon and produce biofuels and bio-chemicals [4].  

To convert the feedstocks into usable products in the biorefinery approach, various 

technologies can be applied individually or in combination, these may include mechanical, 

chemical, biochemical, or thermochemical processes. The choice of processing technologies 

are primarily influenced by factors such as the nature of the feedstocks, the platform utilized, 

and the desired end products [2]. The biorefineries have also became more integrated and 

diversified, aiming to produce a variety of products and co-products. The biorefineries 

products can be broadly categorized into two main groups: biofuels and biochemical 

products. Biofuels consist of gaseous (biogas, syngas, hydrogen, and biomethane), solid 

(pellets, lignin, and charcoal), and liquid fuels for transportation (biobutanol, bioethanol, 

biodiesel, and bio-oil). In addition, important biochemical products include fine chemicals, 

building blocks, and bulk chemicals. The biorefineries also produces polymers and resins, 
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as well as biomaterials such as wood panels, pulp, paper, cellulose, and products for food, 

feed, and fertilizers [8]. 

1.1.1 Butanol  

n-Butanol, also known as 1-butanol or n-butyl alcohol, is the simplest form with a straight 

chain of four carbon atoms and a hydroxyl group (-OH) at the end. It is an organic compound 

with the chemical formula C4H9OH [9]. Butanol is a colourless, flammable liquid with a 

characteristic of alcoholic odour. It is commonly used as a solvent in various industries, 

including the production of cosmetics, drugs, antibiotics, hormones, vitamins, paints, 

coatings, and resins. In addition, butanol is used as a precursor in the manufacturing of 

chemicals, plastics, and textiles [10]. It can also be used as a fuel, either alone or blended 

with gasoline. Butanol has gained interest in recent years as an alternative to ethanol, which 

is widely used as a gasoline additive or as E85. Table 1 compares the properties of butanol 

with other fuels. Butanol has a much higher energy density and a higher air-fuel ratio than 

ethanol, which means it can generate more power with richer mixtures. The octane number 

of butanol is close to that of gasoline, but ethanol has a higher one, and its lower vapor 

pressure enhances its safety during handling. Moreover, butanol is non-hygroscopic, 

meaning that unlike ethanol, it does not absorb and retain water, this gives it a longer shelf 

life. Additionally, due to its lower corrosiveness compared to ethanol, butanol can be 

blended with gasoline in higher proportions without modifying the gasoline engine, 

transported through existing pipelines, and stored in conventional tanks without the need for 

any modifications.  

Table 1. Properties of fuels [11–13].  

Fuel Energy 

density 

(MJ/L) 

Motor 

octane 

number 

Air-fuel 

ratio 

Vapour 

pressure at 

20 C (kPa) 

Flammability 

limits (%vol) 

Boiling 

point (C) 

Gasoline 32−35 81−89 14.6 0.7−207 0.6−0.8 27−225 

Butanol 27−29.2 78 11.2 0.53 1.4−11.2 117−118 

Ethanol 19.6−21.2 102 9.0 7.58 4.3−19 78−78.4 

Methanol 16 97−104 6.5 12.8 6−36.5 64.5−65 
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Butanol can be produced by chemical or biological methods. Chemical methods use 

materials derived from fossil fuels such as ethylene, propylene, carbon monoxide, and 

hydrogen, to synthesize butanol through reactions such as Oxo-synthesis, Reppe synthesis 

or crotonaldehyde hydrogenation and aldol condensation. These methods are energy 

intensive and not environmentally friendly [14]. The biological methods use microorganisms 

to ferment sugar obtained from renewable feedstock into butanol in a process called acetone-

butanol-ethanol (ABE) fermentation. It can be produced from various biomass sources, such 

as agricultural residues, forest biomass, municipal solid waste, or algae. This method is 

renewable and sustainable, but has some challenges, such as low product yield and 

productivity, high cost and energy consumption associated with pretreatment and hydrolysis, 

the inhibitory effects of degradation products, solvent toxicity, and the complexities of 

butanol recovery [15,16]. 

1.1.2 Hydrogen  

Hydrogen is the lightest and simplest of all the elements, usually found as a colourless, 

odourless, and highly flammable gas. It is also the most abundant element on Earth, but it 

does not occur naturally as a gas on Earth, it is always combined with other elements, such 

as oxygen, carbon, and nitrogen [17]. Hydrogen has many important applications in various 

industries. In the petrochemical industry, it serves as a key component in the production of 

ammonia, refining petroleum, and the synthesis of methanol. In addition, hydrogen acts as a 

catalyst in various reactions including hydrocracking, hydrodesulfurization, and 

hydroformylation [18]. Moreover, it plays a crucial role in generating electricity, heat, and 

mechanical power through devices like fuel cells, internal combustion engines, or turbines 

[19,20]. Hydrogen has a lot of potential as a fuel for various purposes because it has a high 

amount of energy per unit mass (140 MJ/kg) compared to other fuels, and it only emits water 

as a by-product when it is combusted [21]. Hydrogen can be produced through various 

methods from renewable or non-renewable resources. These methods differ in terms of costs, 

efficiencies, environmental impacts, and resource availability. One of the main sources of 

hydrogen is fossil fuel, and it can be transformed into hydrogen by different technologies, 

such as hydrocarbon reforming, plasma reforming, aqueous reforming, and pyrolysis. This 

method is the cheapest and most widely used source of industrial hydrogen, however it emits 

a lot of greenhouse gases [22]. Hydrogen can also produce from water by splitting it into 

hydrogen and oxygen using electrolysis method or solar thermochemical method. These 
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methods have the potential to produce high purity of hydrogen without any emissions, 

however it requires a significant amount of energy and water [23,24]. Another method for 

hydrogen production is biological methods, which use bacteria and algae to produce 

hydrogen from organic matter. These methods can be divided into light-dependent and light-

independent (dark fermentation) processes. Light-dependent methods such as 

photofermentation and biophotolysis use algae or cyanobacteria to produce hydrogen, while 

dark fermentation uses heterotrophic bacteria that can produce hydrogen from organic 

material such as biomass or wastewater without the need for light. Although biological 

methods have the potential to produce sustainable and low-carbon hydrogen, they face some 

challenges such as low efficiency, scalability, and stability [25]. 

1.1.3 Caproate  

Caproate, also called hexanoic acid, is a carboxylic acid with the chemical formula 

CH3(CH2)4COOH. It has a goat-like smell, is a colourless oil, and occurs naturally in some 

animal oils and fats [26]. Caproate has various applications, such as precursors for fuels, 

fragrances, lubricants, paint additives and pharmaceuticals. It is also used directly as plant 

growth promoters, antimicrobial agents, flavour additives, and feed additives. Caproate can 

be extracted from oils such as palm and coconut oils, however, this is expensive method 

because the oils have very low levels of caproate (less than 1%) [27]. Another way to 

produce caproate is to utilize fossil fuels using various methods such as thermochemical, 

electrochemical, or photochemical conversion. However, these methods also have some 

disadvantages and challenges, such as low efficiency, high cost, and environmental impact 

[28,29]. Moreover, researchers have developed a biological process to produce caproate 

from organic waste such as food waste and wastewater using fermentations. The biological 

production process of caproate involves two main steps: hydrolysis and chain elongation. In 

the hydrolysis step, organic waste is broken down by acidogenic bacteria or other methods 

into short-chain carboxylic acids, such as acetate, propionate, and butyrate, along with other 

intermediates such as lactate, ethanol, and hydrogen. Subsequently, chain-elongating 

bacteria, including C. kluyveri, Eubacterium pyruvativorans, Clostridium sp. Bs-1, 

Ruminococcaceae bacterium CPB6, and Megasphaera elsdenii, convert the short-chain 

acids and other compounds into caproate. Producing caproate from organic waste is a 

promising way to recover valuable chemicals from low-grade biomass and reduce 

greenhouse gas emissions. However, there are still some challenges and limitations that need 
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to be overcome, such as low production rates, product inhibition, reactor configuration, and 

downstream separation [29–31]. 

1.2 Lignocellulosic biomass 

Lignocellulosic biomass is the fibrous part of plant material, and the most abundant and 

renewable resource on Earth. It is composed of cellulose, hemicellulose, and lignin, which 

are complex organic compounds that are the main components of plant cell walls and provide 

structural support to the plant. It also contains small amounts of extractives such as 

chlorophyll, gums, fatty acids, resins, terpenoids and ash, which are minerals rich in Ca, K, 

Mg, and Si. The polymers within lignocellulosic biomass are connected through specific 

bonds and form a complex structure [4,32]. Figure 1 illustrates the structure of 

lignocellulosic biomass. Cellulose is the main component of lignocellulosic biomass, which 

is a linear polymer of glucose units linked by β-1,4-glycosidic bonds. Its chemical formula 

is (C6H10O5)n, where 'n' shows how many glucose units are in one molecule and it has 7000–

15,000 glucose monomers. The polymer chains are arranged parallel to each other and held 

together by hydrogen bonds, glycosidic linkages and van der Waals forces, forming 

crystalline and amorphous regions. Most of the cellulose is crystalline cellulose, a well-

organized structure that is resistant to enzyme breakdown, while amorphous cellulose is not 

[33,34]. The second main component of lignocellulosic biomass is hemicellulose, it is more 

complex structure than cellulose, composed of different kinds of sugars, such as xylose, 

arabinose, mannose, glucose, galactose, and glucuronic acid [32]. Hemicellulose has a 

shorter and more branched structure than cellulose, and it forms a network with cellulose, 

acting as a link between lignin and cellulose fiber. This integration enhances the overall 

strength and toughness of the cellulose–hemicellulose–lignin network. Hemicellulose can 

be classified into four groups based on its backbone structure and side groups: xylans, 

mannans, mixed linkage β-glucans, and xyloglucans. The polymers in hemicellulose are 

more susceptible to thermal-chemical pretreatment and readily undergo hydrolysis into 

monomer sugars, unlike crystalline cellulose [33,35]. Lignin is another component of 

lignocellulosic biomass; it is a complex organic polymer consisting of phenylpropanoid units 

that are randomly and nonlinearly linked together by ester bonds. Lignin consists of three 

main types of building blocks called monolignols, which are derived from phenylpropane: 

coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol. These monolignols vary in their 

degree of methoxylation (0, 1, and 2, respectively). Lignin is synthesized by enzymatic 

dehydrogenation of these monolignols, which form both C–O and C–C bonds, leading to a 
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heterogeneous and three-dimensional structure. The relative amounts and types of 

monolignols vary according to the plant source, resulting in different lignin classes, such as 

G (guaiacyl), S (syringyl), and H (p-hydroxyphenyl) [34,36]. Lignin does not have a regular 

or uniform structure like cellulose, but is a physically and chemically diverse material, with 

additional components such as hydroxycinnamic acids and flavonoids that further 

complicate the structure and functionality of lignin. Lignin connects hemicelluloses and 

cellulose in the cell wall, making plant tissues strong and stiff, and defending them from 

microbial attacks. It is recalcitrant to degradation and acts as a physical barrier that prevents 

enzymes from reaching cellulose [32,33,37]. 

Figure 1. Lignocellulosic biomass structure. Modified from [4,38].  

Lignocellulosic biomass is obtained from various sources such as forest residues (hardwood 

and softwood), agriculture residues (crop straw, rape seed, and sugarcane), herbaceous crops 

(grasses and weeds), and various wastes (industrial, municipal and food) [39]. Table 2 shows 

the composition of different lignocellulosic biomass from a variety of sources. The type of 

plant species, growth of stage and area, harvest time and other conditions affect the chemical 

composition and structure of lignocellulosic [32,40]. The cellulose, hemicellulose, and lignin 

content in lignocellulosic biomass plays a crucial role in the processing and conversion of 

biomass into valuable products. 
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Table 2. Chemical compositions of lignocellulosic biomass from a variety of sources. 

Lignocellulosic biomass Cellulose (%) Hemicellulose (%) Lignin (%) Reference 

Enset fiber 67.1 15.6 5.1 [41] 

Enset midrib 40 19.7 3.1 [41] 

Banana fiber 60−65 6−19 5−10 [42] 

Cotton stalk 67 16 13 [43] 

Sponge gourd fiber 66.6 17.4 15.5 [4] 

Hemp stalk 52 25 17 [43] 

Wheat straw 30.2 21.0 17 [44] 

Barley straw 36−43 24−33 6.3−13.1 [32] 

Rice straw 31.1 22.3 13.3 [44] 

Corn cobs 45 35 15 [33] 

Corn stalks 50 20 30 [40] 

Sugarcane bagasse 43.1 31.1 11.4 [45] 

Sorghum straw 32−35 24−27 15−21 [32] 

Aspen 52.7 21.7 19.5 [4] 

1.3 Enset biomass  

1.3.1 Enset plant 

The Enset plant (Ensete ventricosum [Welw.] Cheesman), commonly referred to as the false 

banana, is a plant species classified under the order Scitamineae, the family Musaceae, and 

the genus Ensete [46]. Enset and banana plants belong to the same family, however, the 

banana plant is classified under the genus Musa, and they share similar morphology. Despite 

these similarities, there are differences between the Enset plant and the banana plant; the 

banana plant produces edible fruits that are widely consumed around the world, while Enset 
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plant produces inedible fruits. Enset plant is taller than banana plant and can reach a height 

of up to 13 meters. Enset plant is very resilient and can tolerate droughts better than other 

staple crops, and is sometimes called the ‘tree against hunger’ [47,48]. The morphology of 

Enset plant is shown in Figure 2. The Enset plant has a corm, which is an adventitious 

underground stem structure. Above the ground, the plant has a pseudostem that is wide at 

the base and provides support to its large leaves, forming the overall structure of the plant. 

The Enset pseudostem consists of many leaf sheaths that wrap around each other. As the 

Enset plant matures, a stalk emerges from the inner part of the pseudostem and develop an 

inflorescence at the top, which hangs down with a flower [49]. Depending on the variety, an 

Enset plant can grow between 4 and 13 m tall and has a thick pseudostem that measures 1.5 

to 3.0 m around and 2 to 5 m long. The leaves are long and wide, reaching 4 to 6 m in length 

and 0.6 to 0.9 m in width. The corms are 0.7 ± 1.8 m in length and 1.5 ± 2.5 m across when 

fully grown [49,50]. In addition, the ratio of Enset plant components is estimated as follows: 

the laminas 6-16%, the midribs 4-21%, the pseudostem 46-60%, the corm 10-30% and stalk 

9-11% [51,52]. 

 

Figure 2. Morphology of Enset plant [49]. 
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Enset plant has both wild and domesticated varieties, which differ in their genetic diversity, 

propagation, and morphology. The Enset plant, taxonomically classified as Ensete 

ventricosum has been domesticated only in the Ethiopian highlands at elevations ranging 

from 1,100 to 3,000 meters above sea level and cultivated as a staple food crop by southern 

Ethiopian farmers. Enset plant grows best in moist, high-altitude areas with fertile soils 

[47,53]. There are 106 varieties of Enset plant documented in Ethiopia from different farmers 

and Angacha Enset field gene bank (Angacha district, South Ethiopia) [54]. The central 

statistics agency of Ethiopia (CSA, 2020) reported that 206,659,076 Enset trees were 

harvested across the country in 2020/21 year, and the majority of Enset crop production is 

in the regional state of South Nations and Nationalities of People [55]. In addition, there are 

other species of wild Enset, such as Ensete livingstonianum and Ensete glaucum, found in 

central, eastern, and southern Africa and Asia [56]. 

1.3.2 Ethiopian traditional Enset food processing  

The Enset plant is a potential source of food for around 20 million Ethiopians. In addition, a 

recent study suggests that cultivation of this plant can be expanded to provide food for an 

additional 87.2 to 111.5 million people in Ethiopia and potentially expand its domestication 

to other parts of sub-Saharan Africa [57]. Enset plays a crucial role in the diet and culture of 

many communities in Ethiopia, particularly in the southern and southwestern parts of the 

country. Enset farming offers sustainable food supply that can cope with both regular and 

occasional food shortages [58]. The traditional processing of Enset involves several steps to 

convert the pseudostem and corm of the Enset plant into a staple food known as Kocho, 

Bulla, and Amicho. All these three food items are rich in carbohydrate and minerals content, 

such as calcium, potassium, and zinc [59]. 

Enset processing is a labour intensive and time-consuming traditional practice that requires 

knowledge and skill, the process also varies from one community to the others. Enset is 

typically propagated through suckers from the appropriately prepared corm of a young plant. 

The plant is grown in a field until it reaches maturity, which can take 4 to 12 years depending 

on the variety, climatic conditions, and agricultural practices [60]. To harvest Enset, the leaf 

and midrib of the mature plant are cut off and discarded from the pseudostem. Then, the leaf 

sheath layers of the pseudostem are peeled off. The first layer is usually dry and starchless, 

so it is thrown away, the remaining leaf sheath layers are scraped with traditional wooden 

tools, and the resulting pulp is collected. The discarded leaf sheath peel and Enset fiber are 

not utilized. In some traditions, the pulp from the scraped leaf sheath layers is mixed with 
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the chopped corm. The pulp is then squeezed by hand to remove the excess water and the 

solid part undergoes fermentation. The extracted water is subsequently gathered and filtered 

to produce Bulla, a white and starchy powder that can be prepared into a porridge. Moreover, 

the corm can be boiled and consumed as a food called Amicho, which resembles potato. 

Amicho is made from young Enset plants, while Kocho and Bulla are made from older plants 

that are close to flowering. Kocho is a pancake-like bread and a fermented product obtained 

from the scraped pulp. The fermentation process varies depending on the climate conditions. 

At high altitudes, the scraped pulp is fermented in a pit with a traditional starter for about 2-

5 months. At low altitudes, the fermentation is carried out in a two-step process; the scraped 

pulp is fermented on the surface for 2-4 weeks, and then in a pit for another 2-4 months [61]. 

The fermentation pit is prepared by lining it with leaves to facilitate the process, and the 

scraped pulp is carefully placed within. The pit is covered with leaves, other plant materials 

and stones to create an anaerobic fermentation environment. After fermentation, the Enset is 

removed from the pit and ground into a fine flour using a traditional grinder to eliminate any 

remaining fiber. The resulting Enset flour is kneaded into a dough-like consistency. This 

final product can be prepared in various ways, including baking, and can be stored for an 

extended period. 

1.3.3 Enset plant biorefinery 

A massive amount of residual byproduct is discarded from traditional Ethiopian Enset food 

processing. Traditionally, Enset biomass has multiple applications such as animal feeds and 

medicine. In addition, the Enset fiber obtained from Enset plant can be crafted into different 

things, such as sacks, ropes, mats, and sieves [47]. Enset processing is mainly produced by 

small-scale farmers using indigenous knowledge and practices. However, there are some 

challenges and limitations of the traditional Enset processing, such as long fermentation 

time, low nutritional quality, high moisture content, and microbial spoilage [62]. 

Furthermore, the valorisation of Enset plant has not been widely adopted or commercialized. 

Thus, more research and development are required to optimize the production and utilization 

of Enset plant. Up to date there is no established industrial process for the utilization of the 

Enset plant. 

Enset plant parts can be converted into various value-added products, and the possibility of 

converting this plant into high-value industrial products would strengthen the bioeconomy. 

Figure 3 shows the possible routes for the Enset plant biorefinery process and products. The 

proposed integrated biorefinery concepts are designed based on both traditional Ethiopian 
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Enset food processing methods and information gathered from existing literature. Seid et al. 

[41] reports the composition of Enset plant parts, such as ash content, moisture content, 

elemental analysis, calorific value, cellulose, hemicellulose, and lignin content. The study 

concluded that Enset biomass can be used as a viable feedstock for biological processes but 

may not be optimal for thermochemical processes due to its relatively low calorific value. 

For more details, additional information can be found in chapter 2. Butanol, hydrogen, 

caproate, and other biochemicals can be derived from Enset biomass using biological 

processes, such as ABE fermentation, anaerobic fungi fermentation, and chain elongation 

process [41,63,64]. Furthermore, Enset fiber has the potential to be converted into ethanol 

[65], pulp [66], textiles [67], nanocomposite [68], and construction materials [69]. The Enset 

plant is rich in starch content, and apart from its traditional use as food, the extracted starch 

can be used in the pharmaceutical industry as a tablet binder and disintegrant [70]. Research 

indicates that the starch obtained from the Enset plant is of better quality compared to corn 

and other crops [71]. In addition, the waste products from integrated Enset plant biorefineries 

are rich in organic nutrients, which can be utilized as a substrate for biogas production or 

recycled into the fermenter. Integrated Enset plant biorefineries can contribute to sustainable 

agriculture, economic development, and the creation of valuable products for both local and 

global markets. However, to industrialize it, the performance of the integrated Enset 

biorefinery needs to be evaluated through further research on feasibility, process modelling 

and simulation, and optimization.  
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Figure 3. Potential of Enset plant for integrated biorefineries. 
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1.4 Pretreatment and enzymatic hydrolysis of 

lignocellulosic biomass 

As previously mentioned, lignocellulosic biomass has a complicated structure in which 

cellulose, hemicelluloses and lignin are tightly bound together through the formation of 

lignin-carbohydrate complexes. This makes the biomass recalcitrant, which impedes the 

accessibility of cellulose to enzymes. Moreover, the recalcitrance of the biomass depends on 

the crystallinity of cellulose and the degree of lignification. To overcome this challenge, 

pretreatment of lignocellulosic biomass is essential to disrupt the ordered structure and 

improve the accessibility of cellulose and hemicellulose. During this process, the lignin 

barrier is broken, the hemicellulose is either completely or partially degraded, and crystalline 

cellulose is converted into an amorphous form, which enzymes can degrade more easily [72–

74]. In addition, different degradation products can be formed from the lignocellulosic 

biomass, depending on the type of biomass, pretreatment method and pretreatment 

conditions. Some of the common degradation products of lignocellulosic biomass are shown 

in figure 4. Cellulose and hemicellulose can be degraded into glucose, xylose, arabinose, 

mannose, galactose, and other sugars by the pretreatment and enzymatic hydrolysis process. 

However, these components can also undergo degradation, resulting in the production of 

furans (furfural and 5-hydroxymethylfurfural (HMF)) and organic acids (acetic acid, formic 

acid, and levulinic acid).  In addition, lignin may degrade into phenolic compounds and 

aromatic aldehydes. The degradation products of lignocellulosic biomass can affect the 

subsequent conversion processes positively or negatively. Some of the products, such as 

glucose, xylose, and other sugars, can be utilized as substrates or co-products, while others, 

such as furans, organic acids, phenolic compounds, and aromatic aldehydes, can inhibit the 

enzymes or microorganisms involved in the hydrolysis and fermentation steps [44,75,76]. 

Therefore, it is important to optimize the pretreatment conditions and select the appropriate 

pretreatment method to minimize the formation of undesirable degradation products and 

maximize the yield of the desired products. 
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Figure 4. Degradation products from lignocellulosic biomass. Modified from [44].  

1.4.1 Pretreatment methods 

Pretreatment methods can be categorized into physical, chemical, physicochemical, and 

biological, depending on the type of agent or process used to disrupt the structure of 

lignocellulosic biomass. Each method has its own advantages and disadvantages. The 

efficiency of a pretreatment method relies on its ability to remove lignin from lignocellulosic 

biomass without changing its original structure, reduce the cellulose crystallinity index, 

decrease the particle size of lignocellulosic biomass to increase the surface area, prevent the 

formation of enzyme inhibitors, operate at a low cost, and use environmentally friendly 

chemicals [40,77]. 

Before applying any other pretreatment method, physical pretreatment is required. This 

includes milling, microwave irradiation, ultrasonication or extrusion techniques that increase 

the surface area and porosity of the biomass. This method can improve the accessibility of 

the biomass to further treatments and is an environmentally friendly method. However, it 

requires high energy costs and may not effectively remove lignin or hemicellulose [73]. 

Chemical pretreatment involves the use of acids, alkali, ionic liquids, organic solvents, or 

deep eutectic solvents to alter the structure of lignocellulosic biomass [73]. This method can 
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effectively remove or modify the lignin and hemicellulose components and make the 

cellulose more porous, larger in surface area, and more crystalline. Chemical pretreatment 

can be applied to various types and compositions of biomass, and optimized by adjusting the 

parameters such as temperature, pressure, time, and chemical concentration. However, it has 

some disadvantages such as high costs and the potential formation of inhibitory compounds 

[78,79]. In addition, chemical pretreatment can be combined with physical methods to 

improve overall performance and overcome the limitations of each method. Physicochemical 

methods make the lignocellulosic material more accessible to hydrolysis and reduce the 

formation of inhibitors. Some examples of physicochemical pretreatment methods are steam 

explosion, ammonia fiber explosion (AFEX), liquid hot water, and CO2 explosion 

pretreatment [73,80]. 

Biological pretreatment is an attractive option due to its low energy consumption, mild 

operating conditions, and environmental friendliness. In addition, it produces fewer 

inhibitory compounds than chemical pretreatment. The microorganisms that are often used 

for biological pretreatment include white rot fungi, brown rot fungi, soft rot fungi, 

actinomycetes, and lignin-degrading bacteria. These microorganisms can produce various 

extracellular enzymes, such as lignin peroxidase, cellulase, hemicellulase, xylanase, 

pectinase, and laccase. Biological   pretreatment has the potential to replace chemical 

pretreatment, but has some drawbacks, such as slow reaction rate, low sugar yield, and 

possible contamination, which make it less attractive for commercial use [73,81,82]. 

Therefore, it needs careful design and optimization to achieve the best performance and 

efficiency in biomass conversion. 

1.4.2 Enzymatic hydrolysis 

Enzymatic hydrolysis is a process that uses enzymes to break down the polysaccharides 

(cellulose and hemicellulose) in lignocellulosic biomass into simple sugars. This method is 

considered a promising technology for converting biomass to sugars due to its advantages, 

such as mild operating conditions, high specificity and affinity, and low environmental 

impact [83]. Generally, enzymes can be classified into three main types to hydrolyse 

lignocellulosic biomass: cellulase, hemicellulase, and accessory enzymes, including those 

responsible for removing hemicellulose branches, phenolic acid esterase, and lignin 

degrading enzymes [84]. 
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Cellulase is an enzyme that degrades the cellulose component of lignocellulosic biomass and 

can be derived from diverse sources such as microbes and fungi. Filamentous fungi such as 

Trichoderma reesei, Acremonium sp., Aspergillus niger, Penicillium oxalicum and 

Thermoascus aurantiacus are some examples of fungal sources of cellulase [83]. One of the 

most common and effective enzyme blends to break down cellulose and hemicellulose is the 

commercial cellulase (Cellic® CTec2). It contains cellulase, β-glucosidase and 

hemicellulase, and is produced by Novozyme using various cellulolytic microbes. Cellulase 

can be classified as endoglucanase, exoglucanase, and β-glucosidase based on their structure 

and mode of action [84]. The mechanism of cellulase hydrolysis involves several steps, such 

as adsorption, complex formation, bond cleavage, and product release. First, the 

endoglucanase absorbs on the solid cellulose surface, penetrates the inner polymer chain, 

cleaves it, and creating two new chain ends. Then, the exoglucanase release cellobiose units 

from the nonreducing end of the cellulose chain. Lastly, in a liquid-phase reaction, β-

glucosidase breaks down cellobiose units into glucose [85,86]. In addition, hemicellulase 

plays a crucial role in the degradation of hemicellulose, which is categorized into various 

groups according to the sugar type they target and the bonds they cleave. These groups 

include arabinofuranosidase, mannanase, galactomannase, esterase, xylanase, and 

xylosidase [83]. 

Enzyme hydrolysis is a complex process that depends on various factors related to the 

substrate, enzyme, inhibitors, and hydrolysis conditions. The substrate related factors are the 

characteristics of the biomass that affect the rate and yield of sugar production by enzymes. 

The presence of lignin in the biomass is the primary substrate related factor that hinders 

cellulolytic and hemicellulolytic processes. In addition, the structural properties of cellulose, 

including particle size, crystallinity, degree of polymerization, and accessible surface area, 

play a crucial role in determining the efficiency of enzymatic hydrolysis. Furthermore, the 

enzymatic hydrolysis of lignocellulosic biomass faces significant challenges, especially at 

high substrate loadings; these challenges includes obstacles such as poor mass transfer rates, 

high concentrations of inhibitory compounds, and inhibition caused by end-products [87,88]. 

Another crucial factor affecting the enzymatic hydrolysis of lignocellulosic biomass is 

enzyme related factors such as enzyme type, concentration, activity, stability, and synergy. 

The enzyme type plays a crucial role in determining substrate specificity and the overall 

reaction mechanism, and different enzymes have different active sites and only bind to 

specific substrates. In addition, the enzyme concentration influences the availability of 
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enzyme molecules for substrate binding; higher enzyme concentrations increase the 

probability of enzyme-substrate collisions, resulting in faster hydrolysis, however, it also 

increases the cost and risk of inhibition by products or co-products. Enzyme activity is also 

used as a measure of the enzyme's catalytic efficiency, which means that higher activity 

indicates a faster turnover rate of substrate to product, and it depends on factors such as 

enzyme structure, substrate affinity, and reaction conditions. Furthermore, higher enzyme 

stability contributes to a longer shelf life and operational life for the enzyme and is 

influenced by parameters such as temperature, pH, ionic strength, and the presence of 

additives or inhibitors. In addition, the synergy of enzymes involves the cooperative effect 

of multiple enzymes working together to improve hydrolysis efficiency; this synergy results 

in a higher sugar yield and lower enzyme dosage [89,90]. 

Besides, the hydrolysis of lignocellulosic biomass is influenced by inhibitory compounds 

formed during biomass pretreatment, as well as the enzymatic hydrolysis conditions, such 

as temperature, pH, and hydrolysis time and agitation speed. Therefore, various approaches 

should be developed to achieve high sugar yield and concentration with low enzyme loading 

and a short reaction time, which can make enzymatic hydrolysis more economical and 

feasible for industrial applications [83,87]. 

1.5 Bioconversion of lignocellulosic biomass  

1.5.1 ABE fermentation 

ABE fermentation is a process that uses bacterial fermentation to produce acetone, butanol, 

and ethanol in a final ratio of approximately 3:6:1 from carbohydrates such as starch and 

sugar [91]. The history of ABE fermentation can be traced back to 1862, when Louis Pasteur 

first reported butanol production through microbial fermentation. However, the first 

industrial-scale ABE fermentation started operating in 1916 due to the increased need for 

acetone in World War I. However, after the war ended in 1918, most of the plants were 

closed. Then, the oil crisis in the 1970s revived interest in ABE fermentation, and it has been 

growing ever since [92,93]. 

The ABE fermentation process is an anaerobic process that typically uses a strain of bacteria 

from the Clostridia genus. These bacteria are characterized by their rod-shaped cell 

morphology and are gram-positive and capable of forming endospores. Several Clostridium 

species have demonstrated the ability to produce butanol, including Clostridium 

acetobutylicum, Clostridium beijerinckii, Clostridium saccharoperbutylacetonicum, 



  

19 

 

Clostridium saccharobutylicum, Clostridium sporogenes, Clostridium pasteurianum, 

Clostridium carboxidivorus, Clostridium tetanomorphum, and Clostridium 

aurantibutyricum [94]. Strain selection is an important factor for industrial ABE 

fermentation that affects the product yield and the production cost. The choice of strains 

depends on their compatibility with the type of raw material, their production of desired 

products, and their resistance to solvent, low pH, and high temperature [95]. 

C. saccharoperbutylacetonicum is a mesophilic and strictly anaerobic bacteria, and 

originally isolated from soil [96]. It is known for its high capacity for n-butanol and hydrogen 

production and low tendency to form spores, which is desirable for industrial applications. 

It can also utilize a broad range of substrates, such as glucose, cellobiose, xylose, arabinose, 

mannose, galactose, pentose, and starch, and tolerates high solvent stress [97,98]. The 

metabolic pathway of C. saccharoperbutylacetonicum resembles that of C. acetobutylicum, 

as shown in Figure 5. These pathways involve several steps, enzymes, and intermediates to 

convert sugars into acetone, butanol, and ethanol. The process begins with the uptake of 

sugars through Emden-Meyerhof-Parnas (EMP) pathways, a series of enzymatic reactions 

that transform glucose into pyruvate. Pyruvate is then reduced to acetyl-CoA by pyruvate-

ferredoxin oxidoreductase, this pathway also generates reduced ferredoxin, which can be 

used to produce hydrogen gas by hydrogenase. Acetyl-CoA can enter two different 

pathways: the acidogenesis pathway or solventogenesis pathway. In the acidogenesis 

pathway, acetyl-CoA is converted to acetate by phosphotransacetylase and acetate kinase. It 

can also be reduced to ethanol by alcohol dehydrogenase. In the solventogenesis pathway, 

acetyl-CoA is first converted to acetoacetyl-CoA by acetoacetyl-CoA transferase and then 

further to acetone by decarboxylation. Alternatively, acetoacetyl-CoA can be reduced to 

butyryl-CoA, and then to butyraldehyde using butyraldehyde dehydrogenase, or butyryl-P 

using phosphotransbutyrylase. Butyryl-P can be converted to butyrate using butyrate kinase. 

Butyraldehyde is also converted to butanol by NADH-dependent butanol dehydrogenase 

[95,97]. The balance between the production of these solvents is influenced by various 

factors such as nutrient availability, the pH of the medium, The NADH/NAD+ ratio, and 

fermentation conditions. 
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Figure 5. Metabolic pathway of C. saccharoperbutylacetonicum [99]. Note: PFO, pyruvate-

ferredoxin oxidoreductase; FdOR, ferredoxin oxidoreductase; AK, acetate kinase; PTA, 

phosphotransacetylase; CoAT, CoA transferase; BK, butyrate kinase; PTB, phosphotransbutyrylase; BADH, 

butyraldehyde dehydrogenase; BDH, butanol dehydrogenase. Not all reactions are stoichiometrically correct. 

1.5.2 From anaerobic fungi fermentation to chain elongation 

Anaerobic fungi are a group of fungi that inhabit the gastrointestinal tract of herbivorous 

animals and play a crucial role in the digestion of fibrous plant material in the host animal. 

They belong to the phylum Neocallimastigomycota, which lacks mitochondria, the 

organelles that produce energy in most cells, but they have hydrogenosome, which produce 

hydrogen gas and ATP [100]. Neocallimastigomycota have been categorized in the literature 

based on morphological characteristics, including the number of flagella attached to their 

zoospores, the growth form of the rhizoid, and the number of reproductive centers. This 

classification has identified 20 distinct genera, namely: Neocallimastix, Piromyces, 

Caecomyces, Cyllamyces, Anaeromyces, Orpinomyces, Oontomyces, Buwchfawromyces, 

Pecoramyces, Liebetanzomyces, Feramyces, Agrisomyces, Aklioshmyces, Capellomyces, 
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Ghazallomyces, Joblinomyces, Khoyollomyces, Tahromyces, Aestipascuomyces and 

Paucimyces [101]. 

Anaerobic fungi can be isolated from the alimentary tract, saliva, and feces of a variety of 

herbivorous animals [102]. They have a complex life cycle that involves formation of motile 

zoospores, establishment of rhizoidal networks, and development of sporangia. These stages 

allow anaerobic fungi to adapt and thrive in the complex environments of the digestive 

systems of herbivorous animals [103,104]. Anaerobic fungi produce carbohydrate-active 

enzymes (CAZymes), which are large enzyme complexes playing a key role in breaking 

down lignocellulosic biomass such as Enset fiber, wheat straw, cellobiose, xylan, cellulose, 

starch, pectin, chitin, inulin, alginate, maltose, sucrose, and lactose without requiring any 

pretreatments. Furthermore, these fungi produce hydrogen, ethanol, and various organic 

acids such as acetate, succinate, formate and lactate as part of their growth cycle [63,101]. 

Anaerobic fungi offer promising applications for biorefinery conversion of lignocellulosic 

biomass, as they can utilize the biomass without the need for a treatment step. The 

metabolites of anaerobic fungi fermentation can be used as industrial chemicals, or further 

converted into valuable compounds called medium-chain carboxylates, such as caproate and 

butyrate through a chain elongation process [105].  

In chain elongation process, medium-chain carboxylates can be produced from mixed 

organic waste, food waste, or wastewater using open culture. However, the process may be 

affected by an unknown group of microorganisms that could break down the substrates and 

generate undesired products in an unpredictable manner [106]. In other way, Clostridium 

kluyveri can produce caproate and other medium chain fatty acids using acetate, ethanol, 

succinate, and hydrogen in pure culture fermentation [26]. C. kluyveri is a type of bacterium 

that belongs to the genus Clostridium, which is anaerobic, gram-positive, and spore-forming. 

The first enrichment of C. kluyveri from the canal mud in Delft, Netherlands was done by 

H. A. Barker in 1937. C. kluyveri is found in various environments, such as the bovine 

rumen, silage, and oil reservoirs. It is unique among the Clostridia and can elongate volatile 

fatty acids using ethanol as an electron donor through a reaction known as the reverse -

oxidation pathway. 

By merging anaerobic fungi fermentation and chain elongation, Seid et al. [63] developed a 

novel method to produce caproate from untreated Enset fiber. The method uses 

Neocallimastix cameroonii (G341) and C. kluyveri in a single bottle for a two-step 

fermentation process. This innovative approach allows for the direct conversion of Enset 
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fiber into caproate without the need for pretreatment or the introduction of external enzymes. 

Figure 6 illustrates the two-step fermentation process metabolites involving anaerobic fungi 

fermentation and chain elongation process. In the two-step process, N. cameroonii strain 

isolated from the feces of zoo animals by Stabel et al. [101]. First, N. cameroonii degrades 

the untreated Enset fiber through the secretion of CAZymes such as cellulosome, which 

consists of cellulase and hemicellulase. This enzymatic activity leads to the breakdown of 

complex polysaccharides and produce valuable monosaccharides. These monosaccharides, 

such as glucose and xylose, are then metabolized through the Embden-Meyerhof pathway to 

generate energy carrier compounds. Following that, pyruvate metabolism occurs in the 

cytosol and hydrogenosome, resulting in various metabolic end products, such as acetate, 

succinate, ethanol, hydrogen, formate, and lactate [107]. After inoculation with C. kluyveri, 

the metabolic pathway enters to the reverse -oxidation pathway. The cyclic process of the 

reverse β-oxidation pathway involves the conversion of all substrates into acetyl-CoA, which 

generates reducing equivalents (NADH) to maintain electron flow. A portion of the acetyl-

CoA molecules (one-sixth) undergoes oxidation to form acetate, simultaneously generating 

ATP. The rest of acetyl-CoA combines with acetyl-CoA cycled within the reverse β-

oxidation cycle, leading to the synthesis of butyryl-CoA [31]. Butyryl-CoA can be further 

transformed into butyrate or immediately cycled again, producing caproyl-CoA, which can 

be converted into caproate. At the same time, 6 protons are moved through the cell 

membrane per cycle, which helps to keep the balance of NADH/NAD+ pool for the whole 

metabolism. This process creates a proton motive force, which helps to use more of the 

energy made in the cycle (2.5 ATP in total per cycle) [108]. 
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Figure 6. Main metabolites in one-pot two-step fermentation process using N. cameroonii 

and C. Kluyveri. Modified from [107,109]. Note: CoA, coenzyme A; Fdox, oxidized ferredoxin; Fd-

red, reduced ferredoxin; Rnf, ferredoxin-NAD reductase complex. 
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1.6 Scale-up in anaerobic fermentation 

Anaerobic fermentation is a metabolic process that occurs in the absence of oxygen and in 

which microorganisms convert organic compounds into energy and metabolic products. The 

gas composition of anaerobic fermentation can vary depending on the specific 

microorganisms involved and the environmental conditions. However, in typical anaerobic 

fermentation, the primary gases produced include hydrogen, methane, carbon dioxide, and 

small amounts of other gases such as water vapor, ammonia, and hydrogen sulfide. Scaling 

up anaerobic fermentation involves expanding the fermentation process from the laboratory 

scale to the pilot scale and then to a massive industrial scale. The goals of scaling up are to 

achieve the same level of fermentation performance, maintain similar product yields, and 

ensure consistent product quality as at the laboratory scale while reducing costs [110]. 

The fundamental requirement for a successful scale-up lies in establishing similarity between 

the model and the prototype. Various conditions, such as geometric similarity, dynamic 

similarity, kinematic similarity, thermal similarity, and chemical similarity, must be met to 

ensure similarity between the model and prototype [111]. In most cases, achieving geometric 

and dynamic similarity are the main requirements for scaling up. Geometric similarity means 

that the shape and the ratio of dimensions between the model and prototype are related by a 

constant factor, such as the height to diameter ratio, the impeller diameter to reactor diameter 

ratio, and the number of impellers. Dynamic similarity is another concept which means the 

flow velocities and forces of each fluid particle in the model and prototype are proportional. 

It ensures that the flow regimes and turbulence characteristics are similar in both scales. To 

achieve dynamic similarity, the dimensionless numbers of the model and the prototype 

should be equal. Several dimensionless numbers are commonly used to assess dynamic 

similarity and provide insights into the fluid dynamics, heat transfer, and mass transfer. Some 

relevant dimensionless numbers in stirred tank reactors includes, Reynolds number (Re), Power 

number (Np) and Froude number (Fr) [112]. 

The Reynolds number helps predict the type of flow pattern as laminar or turbulent. At low 

Reynolds numbers, the flow tends to be laminar and smooth, while at high Reynolds 

numbers, the flow is more likely to be turbulent. It is defined as: 

 𝑅𝑒 =
𝑛𝑑2


… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (1.1) 

where n is stirrer speed, d is stirrer diameter and  is kinematic viscosity. 
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The Power number also known as Newton number is used to quantify the efficiency of an 

impeller in terms of power transfer to the fluid. Different impeller designs and configurations 

can result in different power numbers, impacting the overall performance of the mixing 

equipment. It is expressed as: 

 𝑁𝑒 =
𝑃

𝑛3𝑑5
… … … … … … … … … … … … … … … … … … … … … … . … … … … … … … … . . (1.2) 

where P is impeller power and  is liquid density. 

The Froude number (Fr) is used to characterize the ratio of inertial forces to gravitational forces 

in a flowing fluid, which can be relevant for predicting fluid flow patterns and the effectiveness 

of mixing in the bioreactor during the scale-up process. The Froude number is defined as: 

𝐹𝑟 =
𝑛𝑑2

g
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (1.3) 

where g is gravitational acceleration [110,113]. 

Furthermore, achieving a successful scale-up in anaerobic fermentation requires careful 

consideration of various theoretical factors, such as mass transfer, heat transfer, 

thermodynamics, and solubility of gas. 

1.6.1 Mass transfer in simultaneous saccharification and 

fermentation (SSF) process 

Mass transfer in fermentation is the process of transferring substances, including substrates, 

products, or gases, between different phases, such as gas, liquid, or solid, in a fermenter. It 

is important for the growth and metabolism of microorganisms, as well as the quality and 

yield of the desired products. The mass transfer phenomenon takes place in the direction of 

a decreasing concentration gradient through various transfer modes such as diffusion and 

convection. Mass transfer by diffusion takes place when molecules move randomly in 

laminar flowing fluids and transport mass through their movement. This phenomenon is 

driven by, concentration gradient, temperature gradient, or hydrostatic pressure difference. 

Mass transfer by diffusion can be described by the Fick’s law of diffusion, it is a fundamental 

equation of molecular diffusion to understand how particles is transferred through a medium. 

It can be written as: 

𝐽𝐴 = −𝐷𝐴𝐵

𝑑𝐶𝐴

𝑑𝑧
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . (1.4) 
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where JA is molar flux of a component A relative to the average molar velocity of all 

constituents, DAB is diffusion coefficient of component A through B, and dCA/dz is 

concentration gradient [112]. 

Convective mass transfer is a process in which the bulk movement of fluids, where mass 

transfer occurs between the surface boundary and a moving fluid. Unlike mass transfer by 

diffusion, convective mass transfer involves the movement of the fluid itself. It can be 

classified into two types: forced convection and natural convection. Forced convection 

occurs when the fluid motion is caused by an external force, such as a pump or a fan. Natural 

convection occurs when the fluid motion is caused by density differences due to temperature 

or concentration gradients [114,115]. 

As the scale of the fermentation system increases, mass transfer becomes more challenging 

and complex, especially in SSF process. SSF is a viable option for production of butanol and 

hydrogen from lignocellulosic biomass. In this process, enzymatic hydrolysis of cellulose 

and hemicellulose occurs simultaneously with the fermentation of the resulting sugars into 

butanol and hydrogen by Clostridium. In SSF processes, mass is transferred through the 

movement of various substances including lignocellulosic biomass, enzyme, nutrient, 

microorganism, products, and gases between different phases within the bioreactor. The 

mass transfer paths in the SSF process are shown in Figure 7. The SSF mass transfer 

typically occurs in three primary phases: solid (lignocellulosic biomass), liquid (aqueous 

phase containing enzymes, nutrient, and microorganisms), and gas (hydrogen and CO2). The 

enzymatic hydrolysis of lignocellulosic biomass occurs at the liquid-solid interface. Initially, 

enzyme molecules migrate from the liquid medium into the lignocellulosic biomass particles 

through convective mass transfer. Subsequently, the enzymes are adsorbed at active sites on 

the solid surface and release fermentable sugars from the polysaccharides in the 

lignocellulosic biomass. This release occurs both on the external surface of the particles and 

within their pores. After this process, the enzyme molecules desorb from the particles and 

are ready to initiate the hydrolysis of additional polysaccharides [116]. Once the fermentable 

sugars are in the liquid phase, microorganisms consume these sugars and produce 

fermentation products (liquids and gases). In addition, in the SSF process, there is an 

additional path for gas-liquid mass transfer, which is explained in more detail below. Various 

factors can significantly affect the mass transfer in the SSF process. Key factors affecting 

mass transfer in SSF process includes, particle size and solid loading of lignocellulosic 
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biomass, enzyme loading, temperature, type and size of the bioreactor, agitation, nutrient 

availability, microorganism, produced gasses, inhibitors, and product formation.  

 

 Figure 7. Mass transfer paths in the SSF process [117]. 

1.6.2 Gas-liquid mass transfer in anaerobic fermentation 

In anaerobic fermentation, microorganism produce or consume different gases, such as 

hydrogen and carbon dioxide. Hydrogen gas plays a pivotal role in facilitating microbial 

growth and metabolite production, but its solubility in the liquid medium is low and can limit 

process efficiency. On the other hand, overaccumulation of hydrogen gas in the fermentation 

broth can have adverse effects on the overall process, and high levels of hydrogen gas affect 

the ratios of reducing equivalents within the microbial cells and metabolic pathways [118]. 

Therefore, understanding the gas-liquid mass transfer in anaerobic fermentation is important. 

Various theories and models have been developed to explain mass transfer phenomena, 

including the two-film theory, penetration theory, and surface renewal theory. These theories 

are based on different assumptions and simplifications, and can provide insights into the 

mass transfer coefficients, the concentration gradients, the diffusion mechanisms, and the 

effects of hydrodynamic conditions on the mass transfer rate. Among these theories, the two-

film theory is widely used to describe gas-liquid mass transfer in cellular systems due to its 

simple calculations [119]. The two-film theory assumes that there are thin stagnant films on 

both sides of the gas and liquid interface in which mass transfer occurs through molecular 

diffusion (Figure 8). The theory also assumes that mass transfer within these films occurs 
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under steady state conditions [120], and can be used to calculate the overall mass transfer 

coefficients and the interfacial concentrations.  

 

Figure 8. Two-film theory for gas-liquid mass transfer. Modified from [121]. 

According to the two-film theory, the solute flux from the gas phase to the interface and 

from the interface to the liquid phase must be equal, and this can be formulated as: 

𝐽 = 𝑘𝐺(𝑝 − 𝑝𝑖) = 𝑘𝐿(𝐶𝑖 − 𝐶) … … … … … … … … … … . . … … … … … … … … … … … … … . (1.5) 

where kG and kL are the individual mass-transfer coefficient for the gas and liquid phase 

respectively, p and pi are the partial pressure of the gas at the bulk and the interface, 

respectively, Ci and C are the liquid concentration at the interface and the bulk, respectively, 

as shown in Figure 8. 

The concentration of gas and liquid phase at the interface are related by Henry´s law. The 

law states that the amount of a dissolved gas in a liquid is directly proportional to the partial 

pressure of the gas above the liquid at a constant temperature.  

𝑝𝑖 = 𝐻𝑐𝑝𝐶𝑖 … … … … … … … … … … … … … … … … … … … … … … … … … … … . … … … … . (1.6) 

where Hcp is the Henry’s solubility constant defined by concentration. 

In practice, the interfacial values are not directly measurable. Therefore, they are excluded 

from the equations, and the mass flow is formulated as a function of the concentrations in 

both bulk phases. 

𝐽 = 𝑘𝐺(𝑝 − 𝑝∗) = 𝑘𝐿(𝐶∗ − 𝐶) … … … … … … … … … … … . … … … … … … … … … … … … . (1.7) 
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where C* is the saturation value in the liquid phase according to Henry`s law (p*=HcpC*). 

By combining the above equation, the following equation obtained: 

1

𝐾
=

1

𝐻𝑐𝑝𝑘𝐺
+

1

𝑘𝐿
… … … … … … … … … … … … … … … … … … … … . … … … … … … … . … (1.8) 

Since the gas phase film resistance is insignificant compared to the liquid film resistance, 

the general equation can be simplified as 1/(HcpkG)1/kL, and the volumetric mass transfer 

rate can be written as: 

𝐽𝑎 = 𝑘𝐿𝑎(𝐶∗ − 𝐶) … … … … … … … … … … … … … … … … … … … … . … … … … … … … … . (1.7) 

where a is the gas-liquid interfacial area per unit of liquid volume [121]. 

Mass transfer is commonly expressed per unit volume of the bioreactor, rather than per unit 

interfacial area. Since measuring `kL´ and `a´ separately is challenging, the product kLa is 

commonly measured as a combined term, representing the mass transfer from gas to liquid. 

This combined term is referred to as the volumetric mass transfer coefficient. The volumetric 

mass transfer coefficient (kLa) depends on the physical and chemical properties of the gas 

and liquid phases, the geometry and operation of the bioreactor, and the intensity and type 

of mixing. The kLa values for different gases can vary significantly depending on their 

solubility and diffusivity in the liquid phase. Highly soluble gases, such as carbon dioxide, 

has high kLa values and thus reach equilibrium between the gas and liquid phases quickly. 

Poorly soluble gases, such as hydrogen, has low kLa values and thus tend to accumulate in 

the liquid phase, resulting in overconcentration. The overconcentration of dissolved 

hydrogen can have significant implications for the anaerobic process, as it affects the 

thermodynamics and kinetics of the microbial reactions, the gas production and composition, 

and the stability and performance of the bioreactor. The gas-liquid mass transfer can be 

enhanced by increasing the gas flow rate, the agitation speed, the gas sparger design, and the 

use of additives or surfactants to reduce the surface tension of the liquid phase [110,113,122]. 
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1.7 Research proposal 

Transitioning from conventional refinery processes to sustainable biorefinery practices holds 

great promise in addressing energy and environmental problems. However, the search for 

suitable and sustainable feedstocks for biorefinery processes remains a major challenge. 

Lignocellulosic biomass is a widely studied renewable source for biorefinery process. 

Despite this, there are still some barriers that need to be overcome, such as the recalcitrant 

nature of lignocellulosic biomass, low yield and productivity, and inhibition by degradation 

products, which make biofuels less competitive than fossil fuels. Moreover, the feedstock is 

the main cost driver in biorefinery process, which affects the economic viability of the 

process. Hence, there is a need to find suitable, cheap and non-food competitive feedstock 

for biorefinery process. 

Enset biomass could be a promising feedstock for biorefinery process, however, its potential 

for biorefinery applications remains largely unexplored. Instead, most researchers have 

focused primarily on studying the mineral and nutritional content of the Enset plant parts, 

particularly its suitability as food for humans or animals. Thus, this thesis aims to investigate 

the processing potential of Enset biomass for biorefinery process, focusing on the production 

of high-value biofuels and biochemicals. This was addressed through the following chapters: 

Chapter 2  

 Compositional analysis of Enset biomass parts to identify the most suitable biomass 

for biorefinery processes, 

 Evaluation of dilute alkali and acid pretreatment methods to enhance enzymatic 

hydrolysis efficiency of Enset biomass, 

 Examination of the inhibitory compounds in the Enset biomass parts, 

 Investigation of the processing potential of Enset biomass for ABE fermentation 

using SHF methods. 

Chapter 3 

 Process optimization of SSF process to maximize butanol and hydrogen production 

from Enset fiber, 

 Investigate the scalability of the SSF process from Enset fiber for industrial scale 

production, 

 Evaluation of the effects of pH control and hydrogen partial pressure on the SSF 

process from Enset fiber in the bioreactor, 



  

31 

 

 Development of PSSF process from Enset fiber to improve butanol productivity and 

mixing efficiency. 

Chapter 4 

 Evaluation of the growth of N. cameroonii on Enset fiber without pretreatment 

methods, 

 Development of a one-pot two-step fermentation process from Enset fiber using N. 

cameroonii and C. kluyveri for caproate production  
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2.1 Introduction 

Currently, most industrial and transport sectors rely on petroleum fuels as their main source 

of energy [123]. However, researchers predict that the global supply of petroleum fuels will 

be depleted by 2070−2080. In addition, the consumption of petroleum products contributes 

to global warming and environmental pollution [124]. In developing countries like Ethiopia, 

the scarcity of energy increases poverty and unemployment [125], and over 80% of energy 

needs are met by hydropower and biomass production [126]. Moreover, 75% of foreign 

earnings are spent on importing petroleum fuels [127]. In this context, the rising demand for 

energy on the planet and our pressing environmental problems can be addressed by better 

utilizing biofuels [128]. 

Biobutanol (C4H9OH) holds great promise as a biofuel for the next generation. Compared to 

bioethanol, it produces higher energy per gallon, with a greater heat of combustion and 

higher-octane numbers. Above all, it mixes better with gasoline without adapting the 

gasoline engine and is safe to use due to its lower vapor pressure [129–131]. Biobutanol can 

be produced from sugar, starch, or certain food crops [5], but the production process creates 

food and energy competition problems primarily due to sudden climate changes, including 

dry seasons and flooding [132]. Researcher have suggested that lignocellulosic biomass 

could represent a promising raw material for biobutanol production because of its 

abundance, high availability, renewability, and versatility [6]. Biobutanol has been produced 

from lignocellulosic biomass such as barley straw [133], corn stover [134], wheat straw 

[135], rice hull [136], and sugar cane bagasse [137]. However, the main obstacle to using 

lignocellulosic biomass as a raw material for biobutanol production is the higher proportion 

of lignin, which firmly binds cellulose and hemicelluloses, and cannot be used by 

microorganisms [138]. For the majority of agricultural biomass, the lignin mass fraction is 

around 10–25% [139], though the lignin mass fraction for Enset biomass is estimated to be 

lower. Berhanu et al. [49] estimated that the low lignin contents of the Enset fiber and the 

inflorescence stalk main are 10.53% and 5.72%, respectively. Further going in its favor, the 

Enset plant is well adapted to growing in many soil conditions, has favorable growth 

measurements (generally 4–8 m high, sometimes reaching up to 11 m), and high draught 

resistance [50,140]. The Enset plant could thus represent a promising source of 

lignocellulosic biomass for biobutanol production. 
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The Enset plant (Ensete ventricosum [Welw.] Cheesman) (false banana) is a herbaceous 

monocarpic plant in the Musaceae family [47]. It is similar to the banana plant in that it has 

an underground corm, a bundle of sheaths, and large leaves, but the seedy fruit from the 

Enset plant is not edible like a banana [48]. The Enset plant is composed of multiple 

components; the ratio of each component varies with the varieties of the plant. Nurfeta et al. 

[52]. estimated the ratios of its components to be in the range of 6–16% lamina, 4–21% 

midribs, 46–60% pseudostem, and 10–30% corm. The Enset plant is a potential food source 

for about 20 million Ethiopians [141]. In addition, in Uganda, Enset plant parts are used for 

therapeutic purposes and local beer brewing [142]. A recent study predicted that the crop 

can be grown more and provide food for an additional 87.2 to 111.5 million Ethiopians, with 

the potential to expand its farming into sub-Saharan Africa [57]. Kocho, bulla, and amicho 

are foods made from Enset plants by scraping and fermenting leaf sheaths and corm [143]. 

In traditional Ethiopian Enset food processing, a massive amount of residual byproducts is 

discarded; only the Enset fibers from this waste are used, to make bags, ropes, mats and 

sieves [49]. In a recent study, Erebo, [144] attempted to assess the processing potential of 

Enset wastes for ethanol production, and showed that ethanol can be produced. The main 

steps to produce biobutanol from lignocellulosic biomass are pretreatment, enzyme 

hydrolysis, and ABE fermentation [145]. To date, no comprehensive study has been carried 

out to evaluate the production process of biobutanol from Enset plant biomass. This study 

aimed to analyze the composition of the Enset biomass and examine the processing potential 

for biobutanol production. 

2.2 Materials and methods 

2.2.1 Raw materials and sample preparation 

The samples of Enset biomass were collected from a privately owned Enset plantation in 

Wolkite, Ethiopia. The Enset plant was selected at random and separated into different parts 

based on traditional Enset food processing: leaf sheath layers (leaf sheath-1 (LS1), leaf 

sheath-2 (LS2), leaf sheath-3 (LS3), and leaf sheath-4 (LS4)), upper inflorescence stalk 

(UIS) and lower inflorescence stalk (LIS), upper corm (UC) and lower corm (LC), leaf 

sheath peel (LSP), Enset fiber (EF), midrib (M), and leaf (L) (Figure 9). Samples were 

manually chopped into smaller 3–6 cm pieces using a stainless-steel knife. The materials 

were dried separately in the sun for 4–5 days, pulverized with the knife mill, and sieved with 

various sieve sizes. The dry powder material was stored in a plastic bag at room temperature. 



  

35 

 

The sample powder was subjected to composition analysis and pretreatment. The chemicals 

used in this study were purchased from Sigma-Aldrich Chemie GmbH (Hamburg, Germany) 

or Carl Roth GmbH + Co. KG (Karlsruhe, Germany).  

 

Figure 9. Morphology of Enset biomass based on traditional Enset food processing. (This 

photo was taken by one of the authors at a private Enset plantation in Wolkite, Ethiopia). 
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2.2.2 Compositional analysis 

The compositions of the Enset biomass parts were analyzed. The acid detergent fiber (ADF), 

acid detergent lignin (ADL), and neutral detergent fiber (NDF) of the sample were 

determined by Gesellschaft für Analysentechnik HLS using the ANKOM technology 

method (ANKOMA2000 fiber analyzer) [146–148] at the University of Hohenheim, Stuttgart, 

Germany. Based on the van Soest method [149], the cellulose content of the sample was 

determined by subtracting ADL from ADF; the difference between NDF and ADF gives the 

hemicellulose content, and the lignin content was acid detergent lignin (ADL) [150]. The 

elemental analysis which is carbon, hydrogen and nitrogen content, moisture content, ash 

content and calorific value of the Enset biomass samples were determined at the Karlsruhe 

Institute of Technology (KIT), Institut für Katalyseforschung und -technologie (IKFT) 

according to the the ISO 16948: 2015, ISO 18134, ISO 18122 and ISO 181251 protocol, 

respectively. Conversion of the results to a dry reference condition was carried out with the 

respective analytical moisture contents of the samples. Thus, the parameters of the ash 

content, calorific value, carbon, and nitrogen were corrected upward. An exception was 

hydrogen, for which a downward correction was made since the H component from the water 

(moisture) must first be subtracted from the measured value of the total hydrogen. Waste 

samples with a high cellulose content were selected for analysis of the monomeric sugar and 

degradation products of the biomass; analyses were performed according to the National 

Renewable Energy Laboratory (NREL/TP-510-42623) standard using the two-step 

hydrolysis method [151]. The monomeric sugar results were corrected with the respective 

sugar recovery standards. 

2.2.3 Pretreatment and enzymatic hydrolysis 

The following samples were selected for pretreatment and enzymatic hydrolysis 

experiments: leaf sheath peel, Enset fiber, Midrib, and mixed Enset waste, which was a 

mixture of leaf sheath-1, upper inflorescence stalk, leaf sheath peel, Enset fiber, midrib, and 

leaf. Then, 20 g dried and milled (1 mm particle size) samples were placed in a 500 mL 

Erlenmeyer flask, mixed with 200 mL 2% (w/v) NaOH or 2% (v/v) H2SO4. The mixture was 

autoclaved at 121 °C for 20 min. At the end of the autoclave cycle, the samples were cooled, 

centrifuged at 4700 × g for 30 min, and filtered. The filtrate was analyzed for sugars and 

degradation products. The residue was washed repeatedly with 2 L deionized water, and the 

pH was adjusted to 5 before it was filtered again using a muslin cloth [152]. According to 
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the NREL (NREL/TP-510-42621) standard, residue samples were dried at 105 °C for 24 h 

using a convection oven to determine their moisture content [153], and subjected to 

enzymatic hydrolysis. 

The enzymatic hydrolysis experiment was performed in a 500 mL Erlenmeyer flask, where 

5 g (dry weight) alkali- or acid- pretreated biomass was mixed with 100 mL liquid containing 

28 FPU/g cellulase enzyme (Cellic CTec2) (Sigma-Aldrich Chemie GmbH, Hamburg, 

Germany) and 9.6 g/L citrate buffer (pH 5.0) to keep the pH at 5. The experiment was 

conducted at 50 °C and 130 rpm (Infors Thermotron, Infors AG, Bottmingen, Switzerland) 

for 72 h [154]. A 1.5 mL aliquot was withdrawn every 12 h, chilled on ice, centrifuged at 

10,000 rpm for 10 s, and the glucose concentration was measured. For the control 

experiment, a wheat straw sample and blank (enzyme without substrate) were used. All 

experiments were performed in triplicate. The glucose concentration was corrected by 

subtracting the respective blank controls. 

2.2.4 Microorganism and culture maintenance 

Clostridium saccharoperbutylacetonicum DSM 14923 was acquired from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). The 

preculture medium was tryptone-glucose-yeast extract (TGY), which contained 30 g/L 

tryptone, 20 g/L glucose, 10 g/L yeast extract, and 1 g/L cysteine-HCl.H2O. The strain was 

regularly maintained in 50% glycerol stocks at −80 °C [155]. The glycerol stocks were 

prepared according to the method described by Infantes et al. [156], whereby 5 mL culture 

grown for 13−14 h at 30 °C was placed in a Hungate-type (sterilized and anaerobized) tube, 

and centrifuged at 3000 × g and 4 °C for 5 min. The supernatant was removed from the tube, 

and 1 mL equal volumes of culture medium and a 50% (v/v) glycerol solution were added to 

the pellet and frozen at −80 °C. For cultivation, 1 mL glycerol stocks were anaerobically 

revived in a 118 mL serum bottle (Glasgerätebau Ochs, Bovenden, Germany) with 50 mL 

TGY medium, until the optical density (OD) at 600 nm reached 1.0–2.0.  

2.2.5 ABE fermentation 

ABE fermentation was performed with mixed Enset waste hydrolysate as a carbon substrate, 

prepared by enzymatic hydrolysis after alkali pretreatment, and supplemented with 1% (v/v) 

P2 stock medium. The latter contained buffer stock solution (50 g/L KH2PO4, 50 g/L 

K2HPO4, and 220 g/L CH3COONH4), mineral stock solution (20 g/L MgSO4.7H2O, 1 g/L 

MnSO4.H2O, 1 g/L FeSO4.7H2O, and 1 g/L NaCl), and vitamin stock solution (0.1 g/L para-
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aminobenzoic acid, 0.1 g/L thiamin, and 0.001 g/L biotin) [157]. Next, 48.3 mL hydrolysate 

was mixed with 1 g/L yeast extract and 1 g/L resazurin, and the pH was adjusted to 6.8 with 

NaOH/H3PO4 [158]. The medium was then poured into 250 mL serum bottles, which were 

sealed with a rubber stopper and an aluminum cap, and anaerobized. The anaerobization 

process was carried out by flashing the bottles with a mixture of 20% CO2 and 80% N2 gas 

using needles connected to the gas lines. After anaerobization process, 0.2 mL Cys-HCl (100 

g/L) was added to the bottles using syringes and needles, and then autoclaved. After 

autoclaving, 0.5 mL each of sterile-filtered and anaerobic P2 stock solutions was added. The 

bottles were inoculated with 5% (v/v) actively growing culture and incubated for 72 h at 30 

°C (Infors Thermotron, Infors AG, Bottmingen, Switzerland) [158]. During the 

fermentation, 1 mL of a sample was taken for analysis within 8 h, and the pH value of the 

sample was measured without controlling it. For the control experiment, 40 g/L glucose 

solution was used as a substrate. All experiments were carried out in triplicate. The overall 

biobutanol production process from mixed Enset waste is illustrated in Figure 10.  

 

Figure 10. Biobutanol production process from mixed Enset waste. 

2.2.6 Analytical methods 

Cell growth was measured by taking absorbance measurements (OD600) using an Ultrospec 

1100 pro spectrophotometer (Amersham Biosciences, Uppsala, Sweden), and Profilab pH 

597 (Xylem Analytics, Weilheim, Germany) was used for pH measurement. The monomeric 

sugars, degradation products, and fermentation metabolites in the samples were analysed by 

high-performance liquid chromatography (HPLC) in an 1100 Series System (Agilent 

Technologies, Waldbronn, Germany), with the column model a Rezex ROA-Organic acid 

H+ (8%) and 5 mM sulfuric acid eluent, as described by Stabel et al. [101]. The method was 

modified with a column temperature of 55 °C and an eluent flow rate of 0.6 mL/min to detect 

furfural and hydroxymethylfurfural (HMF) [159]. Butyric acid was analyzed separately 
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using the reversed-phase column Synergi™ 4 μm Fusion-RP 80 Å (150 mm × 4.6 mm) (art. 

No. 00F-4424-E0, Phenomenex Inc., Aschaffenburg, Germany) at 30 °C column 

temperature, with eluent compound 20 mM KH2PO4 at pH 2.5, and a flow rate of 1 mL/min 

[160]. The acetone pick in HPLC was overlapped with butyric acid pick; hence, acetone was 

analyzed with headspace-gas chromatography (GC) using a 6890 N Network GC-System 

(Agilent Technologies Deutschland GmbH, Waldbronn, Germany) equipped with a flame 

ionization detector (FID). The chromatographic column was an Agilent FFAP, with capillary 

as the stationary phase (30.0 m × 320 μm × 0.50 μm nominal). The carrier gas was helium 

at 1 bar and 3.2 mL/min. The acetone pick was separated by a temperature gradient that was 

initially held at 40 °C for 2 min, raised at 20 °C/min to 180 °C, and held for 3 min. The 

headspace GC sample was prepared by adding 100 μL sample into 10 mL serum bottles 

sealed with butyl septa and screw caps; these contained 0.5 g NaCl, 100 μL 20% (v/v) H3PO4 

and 100 μL 1-propanol as the internal standard. The bottles were heated to 95 °C for 1 h. A 

gas-tight syringe was used to withdraw 0.5 mL samples from the gas phase and place these 

into the GC [161]. 

2.3 Results and discussion 

2.3.1 Compositional analysis 

The ash content, moisture content, elemental analysis, and calorific value of the Enset 

biomass parts are shown in Table 3. The carbon content of the Enset biomass ranged from 

37.1–42.8 %. The majority of the Enset biomass parts had a lower carbon content than the 

Enset fiber and the leaf, i.e., 41.2% and 42.8%, respectively. The Enset fiber had a relatively 

similar carbon content to barley straw, at 40.69% [162], but this was lower than that of wheat 

straw, at 45.58% [163]. The hydrogen content ranged from 5.2 to 6.2%, similar to what is 

found in most lignocellulose biomasses [162]. The nitrogen was relatively low (<2.5%) in 

most parts of the Enset biomass except for the leaf (3.3%), though this leaf content would 

have little impact on the environment during the thermochemical process [164]. Then, the 

calorific value of most of the Enset biomass parts varied from 14.3 MJ/kg to 17.4 MJ/kg, 

which was lower than that of banana leaves, at 19.8 MJ/kg [165]. Studies have shown that 

the biomass used in thermochemical processes must have a calorific value between 17.0 and 

22.0 MJ/kg [166]. As it falls below this range, Enset biomass could not be recommended for 

thermochemical processes. We also noted that the ash content of the Enset biomass parts 
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varied from 4.7% to 19.1%, which was relatively high compared to other lignocellulosic 

biomasses [167].  

Table 3. Proximate and elemental analysis results for Enset biomass parts.  

 

 

 

 

 

 

 

 

Note: All experiments were done in triplicate, and the mean is reported here. a The percentage of O calculated 

from the difference between CHN and ash by assuming the sulfur content is small compared to oxygen [168]. 

Table 4 lists the lignocellulosic composition of Enset biomass parts. The results show that 

the Enset fiber had a high cellulose content of 67.1%, followed by the midrib and leaf sheath 

peels, at 40% and 34.1%, respectively. In contrast, the upper and lower corm had lower 

cellulose contents of 2.2% and 3.8%, respectively. The cellulose content of Enset fiber was 

higher than that of pandanus amaryllifolius fiber (48.8%) [169], wheat straw (34.6%) [164], 

barley straw (33.25%) [170], corn stover (31.32%) [171], and sugarcane bagasse (54.87%) 

[172], but quite similar to banana fibers (60–65%) [42] and pineapple leaf fiber (62.5%) 

[173]. The majority of the Enset biomass had less than 20.4% hemicellulose, except for the 

leaf, which contained 27%. Furthermore, the Enset biomass parts contained less than 6.8% 

lignin, which was significantly less than that of most lignocellulosic biomass, which 

typically have a lignin content of 14–25% [174]. Our findings lead us to propose that Enset 

biomass can be used to produce biofuels, especially from its fibrous parts, which are an 

excellent source of fermentable sugars due to their high cellulose content, i.e., the main 

source of glucose. In addition, the low lignin content of the Enset biomass makes it easier 

for the pretreatment process to release more fermentable sugars [175]. 
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Table 4. Lignocellulosic composition of Enset biomass parts. 

 

 

 

 

 

Note: All experiments were done in duplicate and the mean is reported here. a The sample was very difficult 

to grind, which increased the variance in the NDF measurements.  

Complete hydrolysis of the cellulose and hemicellulose contents of the biomass is necessary 

to determine the amount of monomeric sugar in the biomass. Monomeric is key as 

oligomeric sugars may further break down into other compounds on hydrolysis with 

concentrated sulfuric acid [151]. Table 5 shows the composition of sugars and degradation 

products we found in Enset biomass parts hydrolysate. The cellobiose content of all samples 

was low 0.8–2.5% (w/w), indicating that the oligomeric sugars were completely converted 

to monomeric forms [176]. High percentages of glucose were found in the Enset fiber 

(65.4% w/w) and leaf sheath peel (56.4% w/w) compared to the Midrib (39.1% w/w) and 

mixed Enset waste (45.0% w/w). However, the amount of arabinose in the Enset fiber was 

significantly lower, at 0.93% (w/w), than other samples in the range of 2.35−3.28% (w/w). 

Other sugars, including xylose, mannose, and galactose, all had similar amounts of between 

10.5% and 12.7% (w/w), which were found across all samples. The acetic acid content of 

Enset biomass samples ranged from 5.0 to 9.0% (w/w), while the formic acid was less than 

2.24% (w/w). All samples contained low levels of furfural, between 0.43 and 1.03% (w/w), 

and HMF was not detected. In this study, further degradation of the hemicellulose to organic 

acids and a small amount of furfural was observed. The formation of high levels of acetic 

acid could be due to xylose degradation [177].       
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Table 5. Sugars and degradation products in liquid hydrolysate of Enset biomass parts after 

two-step acid hydrolysis. Values are given in % weight per weight dry Enset biomass part. 

  

 

 

 

 

 

 

 

Note: All experiments were done in triplicate, and the mean is reported here 

2.3.2 Effect of dilute alkali and acid pretreatment method on 

enzymatic hydrolysis 

In this study, an enzymatic hydrolysis experiment was performed to evaluate the effect of 

the dilute alkali or acid pretreatment method on the glucose release from each Enset biomass 

part. Figure 11 shows the glucose concentration results produced from alkali- or acid-

pretreated biomass after enzyme hydrolysis with 5% (dry weight) solid loading. In samples 

pretreated with alkali (Figure 11A), after 36 h, the Enset fiber contained 45.8 g/L glucose, 

while in midrib, the same amount of glucose was found after 48 h. A similar amount of 

glucose (44 g/L) was found in leaf sheath peel and mixed Enset waste after 72 h. However, 

in samples pretreated with acid (Figure 11B), after 72 h, the Enset fiber glucose level was 

reduced to 41.5 g/L and the converted glucose from midrib and leaf sheath peel was slightly 

higher than that of the mixed Enset waste, which was showing as 35 g/L. Overall, 24 h was 

sufficient to convert 80 to 90% of all alkali-pretreated Enset biomass samples to glucose, 

while it took 60 h to convert 48 to 80% of the acid-pretreated Enset biomass. One possible 

explanation could be the influence of the pretreatment process on the structural properties of 

the Enset biomass. One study showed that despite the enzyme mechanism, various factors 

influence the enzymatic hydrolysis of lignocellulosic biomass, such as the physical, 

chemical, and morphological properties of the materials [178]. Zhang et al. [179] 

investigated the effect of structural features of biomass on enzymatic hydrolysis and found 

that, in addition to the lignin content, the crystallinity of the biomass was an important factor 

in reducing the enzyme hydrolysis rate. According to this study, for samples with a low 
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lignin biomass, those with high biomass crystallinity took longer to complete enzymatic 

hydrolysis than samples with low biomass crystallinity [179]. Even though the lignin content 

of Enset biomass was low, acid-pretreated samples did not necessarily lose their 

crystallinity. It is important to conduct several tests on the structural properties of Enset 

biomass before and after pretreatment to better understand this material. In our research, 

with both methods, the glucose concentration in all Enset biomass samples was higher than 

in wheat straw samples (control), except for the acid-pretreated mixed Enset waste 

hydrolysate, which had a similar concentration to the acid-pretreated wheat straw 

hydrolysate. 

 

Figure 11. Glucose produced from enzymatic hydrolysis of Enset biomass samples with 5% 

(dry weight) solid loading, pretreated using different pretreatment methods: (A) alkali 

pretreatment method; (B) acid pretreatment method. 

A comparison of the glucose yield for Enset biomass samples pretreated with dilute acid and 

alkali after 72 h of enzymatic hydrolysis is shown in Figure 12. The percentage of glucose 

yield was calculated from each pretreated Enset biomass samples. The difference between 

the acid- and alkali-pretreated Enset fiber and Leaf sheath peel yields was less than 20% 

(w/w). However, in the mixed Enset waste and midrib samples, the alkali-pretreated samples 

had higher glucose yields by 33% (w/w) and 35% (w/w), respectively, than the acid-

pretreated samples. In this study, the alkali pretreatment method released more glucose than 

the acid method did for all Enset biomass samples; this was due to the compositional 
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differences between each Enset biomass sample. Research has shown that the most effective 

pretreatment methods vary significantly depending on the type of biomass [178]. The alkali 

pretreatment method enhances cellulose digestibility, which makes it easier to remove lignin 

from the biomass than with the acid pretreatment method [180]; several lignocellulosic 

materials, such as corn stover, switchgrass, and Bermuda grass, have been successfully 

pretreated in this way [152]. However, acid pretreatment method is primarily responsible for 

eliminating hemicellulosic materials from biomass and releasing sugars, such as xylose and 

arabinose, into the liquid stream [181]. In this study, we observed that between all of the 

samples, greater monomeric sugars were found in acid-pretreated than in alkali-pretreated 

liquids (Appendix A, Table A1), showing that the hemicellulose portion was more strongly 

solubilized than alkali-pretreated samples. Yet, following the washing process, the 

monomeric sugars were lost from the acid-pretreated samples. When comparing our findings 

with those for different biomasses from a previous study under similar alkaline conditions 

and enzymatic hydrolysis, 44.81 g/L glucose was found in switchgrass [152] and 48.68 g/L 

glucose in corn cobs [182] after 72 h, values that are comparable to the findings for most 

Enset biomass samples. This shows that Enset biomass could represent a potential raw 

material for biobutanol production. However, further investigations should be carried out to 

optimize the enzymatic hydrolysis process. 
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Figure 12. Comparison of the glucose yield after 72 h of enzymatic hydrolysis for acid- and 

alkali-pretreated Enset biomass samples. 

2.3.3 ABE fermentation 

ABE fermentation was carried out using alkali-pretreated mixed Enset waste hydrolysate 

with Clostridium saccharoperbutylacetonicum DSM 14923. The fermentation results for 

mixed Enset waste hydrolysate were compared to a control medium containing pure glucose 

(40 g/L) as the substrate. The growth profiles of the cells differed when the hydrolysate and 

pure glucose were used as different carbon sources, but they achieved the same maximum 

OD (Figure 13). Cell growth started 8 h faster in the control than in the hydrolysate medium, 

and the maximum OD600 of 9 was reached after 16 and 48 h, respectively. This could be due 

to the effect of the preculture medium since the preculture was grown on a glucose medium 

and it took a while for the cell to adapt to the mixed Enset waste hydrolysate medium. In 

addition, there might have been growth inhibition by citrate and other sugars in the mixed 

Enset waste hydrolysate medium (Figure 14A). However, after 32 h, the strain converted all 

of the citrate into acetic acid. Research has shown that during ABE fermentation, acetic acid 

helps increase the buffering capacity, prevent degeneration, and increase CoA transferase 

activity [183].  
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Figure 13. Growth profiles of C. saccharoperbutylacetonicum DSM 14923 during 

fermentation of mixed Enset waste hydrolysate and pure glucose (40 g/L) as a control. 

Figure 14 shows the concentrations of ABE fermentation metabolites produced from alkali-

pretreated mixed Enset waste hydrolysate and a control medium with 40 g/L glucose using 

C. saccharoperbutylacetonicum DSM 14923. The sugar consumption varied in fermentation 

depending on the initial sugar concentration; initially, the hydrolysate medium contained 

37.8 g/L glucose, 7.5 g/L other sugars (xylose, mannose, and galactose), and 9.6 g/L citrate 

for the enzymatic hydrolysis process to maintain the pH. After 72 h of fermentation, only 

1.9 g/L glucose and 1.5 g/L other sugar remained unused for the hydrolysate. Furthermore, 

it was observed in this study that all the citrate was consumed by the strain after 32 h. 

Similarly, after 72 h, 9.9 g/L butanol, 2.8 g/L acetone, and 1.6 g/L ethanol were obtained, 

achieving an ABE yield 0.32 g/g and productivity of 0.2 g/(L h). After 16 h, 0.6 g/L butyric 

acid was produced, and this reached 1.5 g/L after 32 h. Overall, 3.4 g/L acetic acid was 

initially present in the hydrolysate medium and this gradually increased to 9.6 g/L after 32 

h (Figure 14A). Acetic acid is produced in relatively high amounts, presumably due to the 

presence of citrate in the medium. It should be noted that after 32 h, the amount of acetic 

acid produced was quite small. Studies have shown that clostridial fermentation of citrate 

produces acetate and ethanol as the main products, along with negligible amounts of butanol 

and acetone [184].  
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During 72 h of fermentation on a glucose control medium, 28.7 g/L glucose was depleted by 

the culture and 7.8 g/L butanol, 1.6 g/L acetone, and 0.6 g/L ethanol were produced, resulting 

in an ABE yield of 0.25 g/g and a productivity of 0.14 g/(L h). In addition, during the first 8 

h, 0.8 g/L butyric acid was detected, and a maximum of 5.5 g/L acetic acid was found at 24 

h (Figure 14B). The ABE yield was calculated as the ratio between the total solvents 

produced and the sugar consumed, showing that the hydrolysate´s yield and thus its 

productivity were higher than those of the control fermentation, which could be due to the 

presence of sugars other than pure glucose. Yao et al. [158] reported that C. 

saccharoperbutylacetonicum is capable of utilizing glucose, cellobiose, xylose, arabinose, 

mannose, and galactose, but the rate depends on the type of sugar used. Additionally, in our 

research, once cell growth started, the rates of glucose consumption were similar in both 

cultures, but in the control medium, the cell growth and glucose consumption stopped at 

around 40 h due to the low pH. In the mixed Enset waste medium, meanwhile, the pH was 

higher due to the consumption of citrate during the first growth phase, which enabled the 

complete consumption of glucose. The ABE yield in this study supported the findings of 

previous studies carried out on the same strain with different biomass, but the ABE 

productivity was lower than those found in previous studies [152,185]. Mixed Enset waste 

hydrolysate was utilized by C. saccharoperbutylacetonicum without extra detoxification or 

sugar supplementation. However, further research should be carried out to determine how 

we can maximize the yield and productivity. 

 

Figure 14. ABE fermentation using C. saccharoperbutylacetonicum DSM 14923 from 

different carbon source: (A) enzymatic hydrolysates of mixed Enset waste, pretreated with 

2% (w/w) NaOH; (B) control medium with 40 g/L glucose. 
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2.4 Conclusions 

This study found that Enset biomass parts contained high cellulose and low lignin, which 

contributed to producing a high level of glucose. In addition, low levels of inhibitory 

compounds were detected in all samples. The alkali-pretreatment method released more 

glucose from Enset biomass than the acid-pretreatment method. C. 

saccharoperbutylacetonicum utilized mixed Enset waste hydrolysate and produce 9.9 g/L 

butanol, 2.8 g/L acetone and 1.6 g/L ethanol, achieving an ABE yield 0.32 g/g and 

productivity of 0.2 g × L−1 × h−1. Enset biomass could represent an ideal candidate for 

biobutanol production. As part of our ongoing research, we are investigating the possibility 

of using biological pretreatment methods to reduce biomass loss during acid or alkaline 

pretreatments while protecting the environment at the same time. 
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3.1 Introduction 

The impacts of human-driven global warming, such as the melting of sea ice, rising sea 

levels, unpredictable heat waves, wildfires, and intense rainfall, are getting worse day by 

day. Although some countries have made progress in adapting their climate action plans to 

achieve net-zero emissions, the situation remains challenging [186,187]. According to the 

International Energy Agency (IEA) report (2022), CO2 emissions increased by 6% from 

2020 to 2021, the highest emission level recorded for a single year. This increase in 

emissions clearly indicates that the world is far from achieving the goal of limiting warming 

to 1.5 °C, as set by the United Nations [187,188]. The goal can be achieved by shifting global 

energy consumption from fossil fuels to biofuels such as hydrogen and butanol, which can 

potentially reduce carbon emissions and establish a more sustainable energy system [189]. 

In recent years, hydrogen has become increasingly popular as an energy carrier for fuelling 

vehicles, generating electricity, and various industrial applications [190,191]. The high 

energy content of hydrogen (140 MJ/kg) and the fact that its combustion produces only water 

as a byproduct make it an ideal clean fuel for various applications [21]. Similarly, butanol is 

a highly versatile fuel that can be blended with gasoline in high proportions, used in existing 

engines, and easily transported through current pipeline infrastructure. This versatility arises 

from its excellent properties, such as higher energy density (29 MJ/L), lower vapor pressure 

(0.53 kPa), lower hygroscopicity, and lower volatility than ethanol [192,193]. Several 

studies have shown that biological processes can successfully produce butanol and 

hydrogen. However, there are still numerous challenges that need to be addressed to make 

this process competitive with other processes. These includes substrate availability [194], 

low production yield [190,195], scalability, high processing cost [196,197], and maintaining 

optimal fermentation conditions [198,199].  

Lignocellulosic biomass is readily available and economically viable worldwide and can be 

obtained from agricultural residues, industrial wastes, forest residues, and municipal wastes 

[194]. It is composed of cellulose, hemicellulose, and lignin, which are the three components 

of plant cell walls. These components can be broken down using enzymes and other 

chemicals, allowing subsequent utilisation by microorganism  as a substrate for biofuel 

production, such as hydrogen and butanol [200]. Enset fiber is Ethiopian agricultural residue 

obtained from the Enset plant. A large amount of Enset fiber goes to waste after the 

traditional Enset food processing in Ethiopia, which feeds more than 20 million people [141]. 

Enset  contains 67.1% cellulose, 15.6% hemicellulose, and 5.1% lignin, which makes Enset 
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fiber a promising substrate for biofuel production due to its high cellulose and very low 

lignin content [41]. A recent study conducted by Seid N. et al. [41] examined the potential 

of Enset fiber for butanol production using the separate hydrolysis and fermentation (SHF) 

method compared with various other Enset plant residues. The results revealed that Enset 

fiber holds significant promise as a viable resource for butanol production and has a higher 

hydrolysis conversion efficiency than other Enset plant residues. However, the main 

challenges for the SHF process were substrate inhibition, low butanol yield and productivity, 

the complexity of operational procedures requiring multiple distinct steps, and the economic 

viability of the process [16,201]. 

Several studies showed that butanol can be produced by combining pretreated biomass, 

enzymes, and Clostridia species in a single bioreactor. This process is called simultaneous 

saccharification and fermentation (SSF), enables the simultaneous occurrence of sugar 

release and fermentation [194,202,203]. Compared with the SHF process, SSF has many 

advantages, including minimising substrate inhibition, reducing operating costs, the overall 

risk of contamination, and maximising butanol productivity and yield [204]. However, the 

SSF process faces several challenges that limit its industrial application. These include the 

different optimal operating conditions for the saccharification process and acetone-butanol-

ethanol (ABE) fermentation, which depend on the type of substrate and microorganism used. 

Therefore, finding a balance between the two processes is challenging and may affect the 

efficiency and productivity of butanol production [205,206]. ABE fermentation consists of 

two distinct phases: acidogenic and solventogenic phases. During the acetogenic phase, the 

strain undergoing exponential growth produces hydrogen, as well as acids such as acetic acid 

and butyric acid. Due to the accumulation of these acids, cell growth begins to slow down, 

and the metabolism of the strain shifts into the solventogenic phase. In this phase, the strain 

produces solvents such as acetone, butanol, and ethanol as a survival mechanism [190,207]. 

Clostridium saccharoperbutylacetonicum DSM 14923 is well known for producing butanol 

and hydrogen as a sugar fermentation product, making it ideal for biofuel production [208]. 

The strain is versatile, capable of using a variety of substrates, resistant to solvents, and can 

thrive in harsh environments [158]. Studies showed that several factors, including 

temperature, pH, electron flow and reducing equivalents, play a significant role in  C. 

saccharoperbutylacetonicum fermentation, influencing the amount of hydrogen and butanol 

[208–211]. These factors contribute to a competitive relationship between the two products. 

Therefore, optimal fermentation conditions are crucial for maximising both hydrogen and 
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butanol production.  This study aimed to optimize the process parameters for producing 

hydrogen and butanol from Enset fiber using the SSF process. We examined the impact of 

controlling pH on the SSF process from Enset fiber. Finally, we attempted to maximize 

butanol productivity through the prehydrolysis simultaneous saccharification and 

fermentation (PSSF) process at a high substrate loading with Enset fiber. It is worth noting 

that this report is the first study on the simultaneous production of hydrogen and butanol 

from Enset fiber using the SSF process.  

3.2 Materials and methods  

3.2.1 Enset fiber preparation 

Enset fiber was obtained from a privately owned Enset plantation in Wolkite, Ethiopia. It 

was ground to a particle size of 2 mm and then pretreated with 2% (w/v) NaOH according 

to the methods previously described by Seid N. et al. [41]. 

3.2.2 Bacterial strain and culture medium 

Clostridium saccharoperbutylacetonicum DSM 14923 was obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). To 

prepare the inoculum, glycerol stock of the strain (1 mL) was added to 50 mL of anaerobic 

TGY medium, and the culture was incubated at 30 C until the optical density (OD600) 

reached 1.0−1.2. TGY medium contained 30 g/L tryptone, 20 g/L glucose, 10 g/L yeast 

extract, and 0.4 g/L cysteine-HCl·H2O. The main fermentation medium comprises 1% (v/v) 

P2 stock solutions , which was prepared separately, buffer stock solution (50 g/L KH2PO4, 

50 g/L K2HPO4, and 220 g/L CH3COONH4), mineral stock solution (20 g/L MgSO4·7H2O, 

1 g/L MnSO4·H2O, 1 g/L FeSO4·7H2O, and 1 g/L NaCl), and vitamin stock solution (0.1 

g/L para-aminobenzoic acid, 0.1 g/L thiamin, and 0.001 g/L biotin) [158]. All stock solutions 

were filter-sterilized and anaerobized using N2 gas.  

3.2.3 Preparation of SSF medium from pretreated Enset fiber for 

the bottle experiment  

To prepare the SSF medium, different amounts of pretreated Enset fiber were added as the 

sole carbon source into 250 mL Duran pressure plus bottles, each containing a total volume 

of 50 mL of medium. Subsequently, 1 g/L of yeast extract, 1 mL of 1 g/L resazurin and 0.4 

g/L of cysteine-HCl·H2O were added, and the initial pH was adjusted to different pH values. 
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The bottles were sealed using a rubber stopper and an aluminum cap, anaerobized with N2 

gas, and autoclaved. Following autoclaving, 1% (v/v) of each P2 stock solutions and 5 mL 

cellulase-water mixed solution (Cellic CTec2) (Sigma-Aldrich Chemie GmbH, Hamburg, 

Germany) at varying cellulase loading were added. The bottles were inoculated with 5% 

(v/v) active C. saccharoperbutylacetonicum culture and incubated in Infors Thermotron 

incubators (Infors AG, Bottmingen, Switzerland) for 72 hours at different temperatures and 

agitation speeds. In each experiment, the pressure inside the bottles was measured with a 

GMH 3100 Series manometer (Greisinger, Mainz, Germany), and samples of 3 mL of gas 

and 1.5 mL of liquid were collected using needles and syringes. In addition, the 

saccharification experiment was conducted as a control, and the medium was prepared 

following the procedure outlined by Seid N. et al. [41]. 

3.2.4 Influence of SSF process parameters on butanol and 

hydrogen production in the bottle experiment 

Preliminary experiments were carried out to find out which temperature ranges were suitable 

for the cultivation of C. saccharoperbutylacetonicum in the SSF process using Enset fiber at 

various temperatures, including 28, 30, 33, 35, 37, 40, 45, and 50 °C. It was performed with 

a substrate loading of 5% (w/v), which was 2.5 g pretreated Enset fiber (50 g/L), a cellulase 

loading of 24 FPU/g, an initial pH of 6.8 and an agitation speed of 130 rpm.  

The influences of agitation speed, cellulase loading and substrate loading on butanol 

production in the SSF process were investigated at a constant temperature of 30 C and an 

initial pH of 6.8. Initially, the effects of agitation were tested at different speeds (0, 100, 130 

rpm) while maintaining a constant substrate loading of 5% (w/v) and a cellulase loading of 

24 FPU/g. After determining an optimal agitation speed (100 rpm), experiments were 

conducted to examine the effect of different cellulase loadings (9, 16, 24, 30 FPU/g) while 

maintaining a constant substrate loading of 5% (w/v). Subsequently, the effects of substrate 

loading on butanol production were tested at different substrate loadings of Enset fiber (2, 

3, 5, 7% (w/v)) while maintaining constant agitation (100 rpm) and cellulase loading (16 

FPU/g). Finally, a validation experiment was performed under optimal conditions with an 

agitation speed of 100 rpm, a cellulase loading of 16 FPU/g and a substrate loading of 5% 

(w/v). As a control experiment, optimization of the saccharification process was performed 

in a similar manner to determine how changes in process parameters affect the efficiency of 

enzymatic hydrolysis.  
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In addition, the influence of temperature, initial pH, and hydrogen partial pressure on 

hydrogen production in the SSF process were examined under optimal process parameters, 

which included an agitation speed of 100 rpm, a cellulase loading of 16 FPU/g, and a 

substrate loading of 5% (w/v) Enset fiber. First, to study the effects of temperature on 

hydrogen production, bottles were placed in incubators set at various temperatures (30, 35, 

37 C) while maintaining a constant initial pH of 6.8 in closed bottles. Following the 

selection of the best temperature (37 °C) for hydrogen production, the effects of initial pH 

were examined by adjusting the SSF medium to the initial pH (5.0, 6.0, 7.0, 8.0, and 9.0) 

while maintaining a constant temperature. Afterwards, the effects of hydrogen partial 

pressure were determined at a constant temperature of 37 C and an initial pH of 8.0. The 

following experimental setup was established to investigate the effect of hydrogen partial 

pressure on hydrogen production, the 250 mL bottles containing the fermentation medium 

were connected to empty bottles (anaerobized 1-L and 2-L bottles) by tube. This setup 

allowed the hydrogen-rich gas produced by fermentation to flow from the smaller bottles to 

the larger ones. All experiments were performed in triplicate and lasted 72 hours. 

3.2.5 Bioreactor setup for the SSF process from pretreated Enset 

fiber 

A 2.5 L bioreactor (Minifors, Infors HT, Bottmingen, Switzerland) with two six-bladed 

Rushton turbine impellers was used for the SSF process. The impellers had a diameter of 4.6 

cm and a width of 1.1 cm and positioned 6.0 cm apart on the stirrer. For the SSF medium 

preparation in the bioreactor, 50 g of pretreated Enset fiber with a substrate loading of 5% 

(w/v) was added to the bioreactor as the sole carbon source, and the medium had a total 

volume of 1 liter. The bioreactor was filled with liquids containing 1 g/L yeast extract and 1 

mL of 1 g/L resazurin and autoclaved. After autoclaving, all tubes and the bioreactor were 

sealed airtight and anaerobized overnight using filter-sterilized N2 gas while being mixed at 

a stirring speed of 500 rpm. After anaerobization, the bioreactor was supplemented with 1% 

(v/v) of each P2 stock solution and 0.4 g/L of cysteine-HCl·H2O using needles and syringes. 

For the main fermentation, the temperature was adjusted to the desired level, and the stirring 

speed was reduced to 150 rpm. Subsequently, the N2 gas flow was stopped, 10 mL of a 

cellulase-water mixed solution (Cellic CTec2) with a cellulase loading of 16 FPU/g was 

added to the bioreactor and inoculated with 5% (v/v) active C. saccharoperbutylacetonicum 

culture. 5 mL gas and 2 mL liquid samples were collected and analyzed.  
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The bioreactor setup varied depending on the type of fermentation. For butanol production, 

fermentations were performed at a temperature of 30 C, with an initial pH of 6.8 and under 

overpressure, with the gases partially kept in the bioreactor. The bioreactor outlet tube was 

connected to the pressure relief valve (V07, IMI Norgren, Lichfield, United Kingdom) and 

set to an absolute pressure of 1.55 bar. After the pressure reached 1.55 bar, the valve was 

opened, and the gases produced were passed through BlueVCount (BlueSens gas sensor 

GmbH, Herten, Germany) to measure the volume of gases accumulated in the gas bags. In 

addition, for the pH-controlled experiment, the pH of the medium was controlled at pH ≥ 

5.0 by using the bioreactor's base pump containing 4 M NaOH. For hydrogen production, 

fermentation was performed at 37 C, with an initial pH of 8.0 and under atmospheric 

pressure, releasing the gas from the bioreactor. In this fermentation, the bioreactor outlet 

tube was directly connected to the BlueVCount and accumulated in the gas bags. All 

experiments were incubated for 120 hours and performed in duplicate.     

3.2.6 PSSF process from pretreated Enset fiber in the bioreactor  

The PSSF medium was prepared similarly to the SSF medium except for the substrate 

loading, which was 7% (w/v) of pretreated Enset fiber (70 g/L), and operating conditions. 

Before inoculation with an active preculture of C. saccharoperbutylacetonicum, the media 

was hydrolyzed for 2 hours. The prehydrolysis experiment was started by adjusting the pH 

to 5.0 and the temperature to 40 C. Then, the cellulase enzyme was added at 16 FPU/g 

cellulase loading and stirred at 500 rpm. Afterwards, the temperature and stirrer speed were 

minimized to 30 C and 150 rpm, respectively, and the initial pH was adjusted to 6.8, then 

inoculated with 5% (v/v) active preculture of C. saccharoperbutylacetonicum. During the 

fermentation, the pH was controlled with 4M NaOH to pH ≥ 5.0 and the pressure to 1.5 bar. 

The experiment was incubated for 120 hours and performed in duplicate.     

3.2.7 Analytical methods 

The liquid samples were analysed following the method described by Seid N. et al. [41]. The 

gas pressure developed during fermentation was measured using a manometer, and the gas 

composition was determined using the Micro GC Fusion® gas analyzer (Inficon, Bad Ragaz, 

Switzerland) equipped with PLOT and WCOT columns and utilizing Argon and Helium as 

carrier gases [63]. The volume of gas generated from the bioreactor was measured using 

BlueVCount. The total moles of the gas were calculated by summing the moles of gas within 

the bioreactor and the moles of gas passing through the BlueVCount. 
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3.3 Results  

3.3.1 Effect of SSF process parameters on butanol production  

This work investigates process parameters to improve butanol production from Enset fiber 

using the SSF process. Important parameters, such as agitation speed, cellulase loading and 

substrate loading were selected and optimized. The preliminary results showed that C. 

saccharoperbutylacetonicum fermentation produced metabolites only between temperatures 

of 28 °C and 37 °C; however, no metabolites were detected above 37 °C. Unless otherwise 

stated, all subsequent experiments were carried out at a constant temperature of 30 C and 

an initial pH of 6.8. Table 6 shows the effect of agitation speed on butanol production in the 

SSF process and glucose production in the saccharification process (control experiment) 

from Enset fiber. After 72 hours of the SSF process, a maximum butanol concentration of 

11.48 g/L was produced at an agitation speed of 100 rpm compared to other fermentations. 

At this speed, the strain consumed almost all glucose, resulting in a butanol yield of 0.24 g/g 

and productivity of 0.16 g/(L h). However, at 130 rpm, butanol production was lower (10.33 

g/L), and 9.48 g/L glucose remained unconsumed. The saccharification process showed that 

the enzyme released more glucose (44.57 g/L) at 130 rpm than at other speeds after 72 hours. 

Table 6. Effect of agitation speed on butanol production in the SSF process and glucose 

production in the saccharification process in bottles a, b 

 SSF process Saccharification process 

Agitation 

speed 

(rpm) 

Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Butanol 

yield 

(g/g) 

Butanol 

productivity 

(g/(L h)) 

Glucose 

released 

(g/L) 

Maximum 

glucose 

production 

rate (g/(L h)) 

0 7.93 ± 1.12 9.64 ± 0.97 0.19 0.13 37.13 ± 0.14 2.93 

100 0.24 ± 0.17 11.48 ± 0.22 0.23 0.16 38.94 ± 1.99 3.29 

130 9.48 ± 1.36 10.33 ± 0.08 0.21 0.14 44.57 ± 1.01 2.96 

a 
All calculations accounted for 2.5 g Enset fiber in 50 mL medium at 72 hours fermentation period; 

b 
Values 

are means from triplicate bottles. 
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In addition, the effects of cellulase loading on butanol production from Enset fiber were 

investigated. Table 7 presents the effects of different cellulase loadings on butanol 

production in the SSF process and glucose production in the saccharification process from 

Enset fiber. The result showed no significant difference in butanol production in the SSF 

process between 16 and 24 FPU/g, while 9 FPU/g cellulase loading resulted in a slightly 

lower butanol production of 10.73 g/L. The saccharification process released a higher 

glucose concentration of 47.47 g/L at 30 FPU/g cellulase loading, but the SSF process 

showed the lowest butanol concentration of 9.6 g/L and a yield of 0.19 g/g. 

Table 7. Effect of cellulase loading on butanol production in the SSF process and glucose 

production in the saccharification process in bottles a, b 

  SSF process   Saccharification process 

Cellulase 

loading 

(FPU/g) 

Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Butanol 

yield 

(g/g) 

Butanol 

productivity 

(g/(L h)) 

Glucose 

released 

(g/L) 

Maximum 

glucose 

production 

rate (g/(L h)) 

9 3.73 ± 0.34 10.73 ± 0.29 0.21 0.15 29.67 ± 0.33 1.11 

16 4.99 ± 0.18 11.23 ± 1.28 0.22 0.16 39.47 ± 0.62  1.85 

24 0.24 ± 0.19 11.48 ± 0.22 0.23 0.16 38.94 ± 1.99 3.29 

30 6.82 ± 1.42 9.60 ± 0.59 0.19 0.13 47.47 ± 0.75  3.21 

a All calculations accounted for 2.5 g Enset fiber in 50 mL medium at 72 hours fermentation period; 
b Values 

are means from triplicate bottles. 

The effects of substrate loading with Enset fiber on butanol production in the SSF process 

were also examined. Table 8 shows how substrate loading affects butanol production in the 

SSF process and glucose production in the saccharification process from Enset fiber. The 

results showed that the same butanol concentration of 11 g/L was observed at both 5 and 7% 

(w/v) substrate loading of Enset fiber. However, at 7% (w/v) substrate loading, the butanol 

yield was much lower (0.16 g/g), and 12.41 g/L of glucose remained unfermented compared 

to other substrate loadings. On the other hand, higher butanol yields were achieved at 2 and 

3% (w/v) substrate loadings despite lower butanol concentration and productivity. In the 

saccharification process, the highest glucose concentration (44.74 g/L) was released at a 
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substrate loading of 7% (w/v), but the glucose production rate was slower than other 

substrate loadings.  

Table 8. Effect of substrate loading on biobutanol production in the SSF process and glucose 

production in the saccharification process in bottles a, b 

 SSF process  Saccharification process 

Substrate 

loading 

(% (w/v) 

Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Butanol 

yield 

(g/g) 

Butanol 

productivity 

(g/(L h)) 

Glucose 

released 

(g/L) 

Maximum 

glucose 

production 

rate (g/(L h)) 

2 0.01 ± 0.00 5.23 ± 0.14 0.26 0.07 16.02 ± 1.05 1.87 

3 0.01 ± 0.00 7.96 ± 0.17 0.27 0.11 25.44 ± 1.54 1.83 

5 4.99 ± 0.18 11.23 ± 1.28 0.22 0.16 39.47 ± 0.62 1.85 

7 12.42 ± 0.43 11.06 ± 0.09 0.16 0.15 44.74 ± 1.78 1.64 

a 
All calculations accounted for different substrate loading of Enset fiber in 50 mL medium at 72 hours 

fermentation period; 
b 

Values are means from triplicate bottles. 

Overall, at the end of fermentation, the validation experiment confirmed that under the 

optimum process parameters, including 5% (w/v) substrate loading, 16 FPU/g cellulase 

loading, and 100 rpm agitation speed, the SSF process from Enset fiber resulted in a 

maximum butanol concentration of 11.36 g/L, with a corresponding yield of 0.23 g/g and a 

productivity of 0.16 g/(L h). In addition, 4.33 g/L acetone and 0.71 g/L ethanol were 

produced, while 1.77 g/L glucose, 0.41 g/L acetic acid, and 1.08 g/L butyric acid remained 

unconsumed (Figure 15A). The validation experiment in the saccharification process also 

showed an almost similar glucose concentration (37.4 g/L) after 72 hours. However, the 

maximum glucose production rate of this experiment was slightly faster than the previous 

one at 2.34 g/(L h) (Figure 15B). 
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Figure 15. Validation experiment at 5% substrate loading, 16 FPU/g cellulase loading, and 

100 rpm (A) SSF process, (B) saccharification process. All values are means from triplicate 

bottles.  

3.3.2 The impact of controlled and uncontrolled pH values in the 

SSF process on butanol production 

This study aimed to establish a small-scale SSF process for butanol production from Enset 

fiber in a 2.5 L bioreactor and to investigate the influence of pH control on the process. All 

fermentations were carried out under the optimal conditions of 5% (w/v) substrate loading, 

16 FPU/g cellulase loading, a temperature of 30 °C, and an initial pH of 6.8, as determined 

from the previous bottle experiments, except for the stirrer speed, which was 150 rpm. The 

SSF process was scaled up in a 2.5 L stirred tank reactor with a pressure relief valve that 

maintained the hydrogen-rich gas in the medium. The bioreactor pressure reached an 

absolute pressure of 1.55 bar in about 5 hours; after that, the valve opened and regulated the 

pressure, while the excess gas was released through BlueVCount and collected in a gas bag. 

The pressure dropped to 1.52 bar after 24 hours of fermentation and remained constant until 

54 hours. Then, the pressure fluctuated between 1.23 and 1.48 bar until the end of 

fermentation. The influence of pH control on butanol production in the SSF process was 

examined using the same bioreactor setup, and the results were compared with those of pH-

uncontrolled fermentation. Figure 16A &B shows the metabolites and pH profiles in the 

SSF process from Enset fiber with the pH-controlled and pH-uncontrolled fermentations. 

The pH value in both fermentations decreased from 6.8 to 5.0 within 8 hours of inoculation. 

In the pH-controlled fermentation, the base pump was turned on after 8 hours to keep the pH 

above 5.0; however, after 19 hours, no addition of NaOH was observed. Within 19 hours, 
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the pH of this fermentation reached a peak pH of 5.96 and then decreased to 5.53 after 68 

hours. Afterwards, it fluctuated between 5.51 and 5.60. In contrast, the pH-uncontrolled 

fermentation showed a slight increase in pH to 5.29 after 19 hours and a gradual decrease to 

4.83 after 68 hours, where it remained constant until the end of the fermentation. 

In addition, a comparison was made between the pH-controlled and pH-uncontrolled SSF 

processes regarding their effects on liquid metabolites. In both fermentations, as shown in 

Figure 16A&B, the enzyme released a maximum glucose concentration of about 8 g/L after 

8 hours, which was similar to the time when the pH was lowered to 5.0. Following that, a 

higher glucose concentration was observed in the pH-uncontrolled fermentation until the end 

of the fermentation than in the pH-controlled fermentation. Similarly, other sugars such as 

xylose, mannose and galactose were detected in higher concentrations in the pH-

uncontrolled fermentation than in pH-controlled. In both fermentations, the strain began 

producing butanol around 19 hours. However, the pH-uncontrolled fermentation had a faster 

production rate of 0.23 g/(L h) than the pH-controlled one. It also had a higher butanol 

concentration of 10.54 g/L after 72 hours compared to 8.67 g/L in the pH-controlled 

fermentation. At the end of fermentation, butanol concentration was increased to 11.35 g/L, 

yielding 0.23 g/g in the pH-uncontrolled fermentation. However the productivity decreased 

to 0.095 g/(L h) compared to a fermentation time of 72 hours. Likewise, in the pH-controlled 

fermentation, the butanol concentration increased to 9.86 g/L, yielding 0.20 g/g and 

productivity of 0.082 g/(L h). In addition, both fermentations produced other solvents, such 

as acetone and ethanol. However, the difference in acetone production between the pH-

controlled and pH-uncontrolled fermentations was insignificant at 3.61 g/L and 3.00 g/L, 

respectively, and ethanol was detected in small amounts in both fermentation, which was 

lower than 0.5 g/L. The acid compositions, such as acetic acid and butyric acid, also differed 

in both fermentations. Acetic acid and butyric acid levels were higher in the pH-controlled 

fermentation than in the pH-uncontrolled fermentation. As with butanol production, 

hydrogen production showed the opposite trend when comparing pH-controlled and pH-

uncontrolled fermentations. A higher amount of hydrogen was observed in the pH-controlled 

fermentation at 308.02 mmol than in the pH-uncontrolled fermentation at 246.47 mmol. 
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Figure 16. Metabolites in the SSF process from Enset fiber with (A) pH-controlled and (B) 

pH-uncontrolled. All values are means from duplicate fermentations in the bioreactor. 

3.3.3 PSSF process at high substrate loading with Enset fiber 

The purpose of this study was to maximize butanol productivity using the PSSF process at 

high substrate loading with Enset fiber. This experiment was done in a bioreactor with pH-

controlled fermentation similar to the experiment described above. Figure 17 shows the 

metabolites produced in the PSSF process at a substrate loading of 7% (w/v) using Enset 

fiber as a carbon source. The prehydrolysis step lasted for 2 hours, followed by a 1 hour 

transition period to adjust the temperature and initial pH value, and the enzyme hydrolysed 

the Enset fiber into 12.53 g/L of glucose and 2.66 g/L of other sugars, such as xylose, 
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mannose, and galactose. In addition, we observed that the Enset fiber was partially degraded, 

and the medium was homogenized at the end of this process. After inoculation with C. 

saccharoperbutylacetonicum, the PSSF process achieved a faster butanol production rate of 

0.21 g/(L h) than the pH-controlled SSF process but a slightly similar rate to the pH-

uncontrolled SSF process. However, the butanol concentration after 72 hours was higher at 

11.04 g/L in the PSSF process than in the SSF process in both pH-controlled and 

uncontrolled fermentation. At the end of fermentation, the butanol concentration and 

productivity in the PSSF process were increased to 12.84 g/L and 0.104 g/(L h), respectively. 

Although the butanol concentration and productivity were higher in the PSSF process than 

in the SSF process, the butanol yield of 0.18 (g/g) was significantly lower than in the SSF 

process. Furthermore, the PSSF process produced a higher concentration of acetone (5.64 

g/L) and a higher amount of hydrogen (378.69 mmol) than the SSF process. However, at the 

end of the fermentation, we found that 4.51 g/L glucose, 2.58 g/L acetic acid and 1.37 g/L 

butyric acid remained unused. 

 

Figure 17. Metabolites in the PSSF process at high substrate loading with Enset fiber. All 

values are means from duplicate fermentations in the bioreactor.  

3.3.4 Effect of SSF process parameter on hydrogen production  

The objective of this study was to examine the influence of SSF process parameters on 

hydrogen production from Enset fiber. The key process parameters affecting hydrogen 
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production were selected and optimized, including temperature, initial pH, and hydrogen 

partial pressure. At the same time, other factors were kept constants for all experiments based 

on results from previous bottle experiments. Figure 18 shows the effect of temperature on 

hydrogen production from Enset fiber in the SSF process. After 44 hours of incubation, at 

both 35 °C and 37 °C, hydrogen production reached a maximum of 15.75 mmol and then 

slightly declined at both temperatures. At the end of fermentation, hydrogen production was 

lower at 30 °C (12.03 mmol) than at other temperatures. However, the butanol yield and 

productivity were much higher at 30 °C, with 0.23 g/g and 0.17 g/(L h), respectively. In 

contrast, at 37 °C, the butanol yield was lower at 0.17 g/g, while the hydrogen yield was 

higher at 133.50 mL/g-Enset fiber compared to others (Appendix B, Table B1). 

 

Figure 18. Effect of temperature on hydrogen production in the SSF process. All values are 

means from triplicate bottles. 

In addition, the effects of initial pH value on hydrogen production from Enset fiber were 

investigated. Figure 19A shows the pH changes during the SSF process with Enset fiber at 

different initial pH values. The initial pH of 6.0, 7.0, and 8.0 showed similar pH trends, 

decreasing at 8 hours, and increasing to about 6.23 after 24 hours. At the end of fermentation, 

they had nearly the same pH of 6.01, except for the initial pH of 6.0, which was slightly 

lower at 5.76. In contrast, the initial pH of 5.0 and 9.0 showed similar pH trends, dropping 

below 5.0 after 8 hours and remaining low until the end of fermentation. Similarly, the initial 
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pH values affected the amount of hydrogen produced by the SSF process, as shown in Figure 

19B. After 44 hours of fermentation, the highest hydrogen production was observed at 16.32 

mmol at initial pH values of 7.0 and 8.0. However, the initial pH of 8.0 had a slightly faster 

rate of 0.53 mmol/h than the others. At the end of fermentation, a similar hydrogen yield 

(139 mL/g-Enset fiber) was observed at all initial pH values of 6.0, 7.0 and 8.0. The lowest 

amounts of hydrogen were found at both initial pH of 5.0 and 9.0, with 1.74 mmol and 5.33 

mmol, respectively. Similar to the amount of hydrogen, there was no significant difference 

in butanol yield (0.18 g/g-Enset fiber) between the initial pH of 6.0, 7.0, and 8.0 at the end 

of fermentation. In contrast, at the end of fermentation, the lowest butanol yield was 

observed at initial pH of 5.0 and 9.0; however, a significantly higher glucose concentration 

of 38 g/L and 30 g/L were observed at an initial pH of 5.0 and 9.0, respectively (Appendix 

B, Table B2). 

 

Figure 19. Effect of initial pH values on hydrogen production in the SSF process from Enset 

fiber (A) pH profile and (B) hydrogen production. All values are means from triplicate 

bottles.  

The effects of hydrogen partial pressure on hydrogen production in the SSF process from 

Enset fiber were also investigated. Figure 20A&B shows the hydrogen partial pressure and 

hydrogen production in the SSF process from Enset fiber under different gas release 

strategies. In both experiments, where gas was released into 1-L and 2-L bottles, the 

hydrogen partial pressure was lower compared to the control experiment without gas 

released. However, the gas released into the 1-L bottle resulted in a slightly lower hydrogen 

partial pressure than that released into the 2-L bottle (Figure 20A). Similarly, at the end of 
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fermentation, there was a slight difference in hydrogen production of 17.24 mmol and 18.86 

mmol between the fermentation, where the gas was released into 1-L and 2-L bottles, 

respectively. However, a smaller amount of hydrogen (15.52 mmol) was observed in the 

control experiment (Figure 20B). Furthermore, it was found that there was little difference 

in butanol production between all experiments (Appendix B, Table B3). Overall, at the 

optimum process parameters, including a temperature of 37 °C, an initial pH of 8.0, and the 

lowest hydrogen partial pressure, a maximum hydrogen yield of 168.99 mL/g-Enset fiber 

was achieved in the SSF process from Enset fiber. 

 

Figure 20. Effect of gas release strategy in the SSF process from Enset fiber (A) hydrogen 

partial pressure (B) hydrogen production. All values are means from triplicate bottles.  

3.3.5 Hydrogen production in the SSF process at atmospheric 

pressure  

This study aimed to develop a small-scale SSF process for hydrogen production from Enset 

fiber in a 2.5 L bioreactor. This was achieved by using optimal process parameters, including 

temperature (37 °C), initial pH (8.0), and atmospheric pressure as determined in bottle 

experiments. The SSF process was scaled up using a 2.5 L stirred tank reactor operated at 

atmospheric pressure and without a pH control method. Initially, the outlet tube was closed 

for 4 hours to maintain an anaerobic environment in the bioreactor. During this period, the 

strain produced its gas, and the pressure was increased to an absolute pressure of 1.3 bar. 

Following this, the bioreactor outlet was connected to the BlueVCount, which released gases 

into the gas bag, thereby reducing the pressure to the atmospheric level of 1 bar. Figure 21 

shows the metabolites and pH profiles in the SSF process from Enset fiber at atmospheric 
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pressure. The result of this study was compared to a similar SSF process, except that the SSF 

was performed at 30 °C, with an initial pH of 6.8, without pH control and under overpressure 

(see Figure 16B). Unless otherwise stated, this was the reference process for the comparison. 

After inoculation, hydrogen gas production was started in 4 hours in both fermentations, and 

the amount was similar at 3.64 mmol. However, after that, the hydrogen production rate in 

the SSF process at 37 °C was faster, with a maximum production rate of 8.38 mmol/h, than 

in the SSF process at 30 °C with 6.56 mmol/h. Further, after 72 hours, a higher amount of 

hydrogen was found at 428.53 mmol in the SSF process at 37 °C than in the SSF process at 

30 °C with 239.14 mmol. However, hydrogen production did not change significantly when 

the fermentation time was extended to 120 hours. Both fermentations showed a slight 

increase in hydrogen production with 442.57 mmol and 246.47 mmol for the SSF processes 

at 37 °C and 30 °C, respectively, resulting in relatively low hydrogen productivity 1.65 mLg-

1h-1 and 0.92 mLg-1h-1, respectively. In addition, a higher hydrogen yield of 198.27 mL/g-

Enset fiber was achieved at the end of fermentation in the SSF process at 37 °C compared 

to the yield of 110.42 mL/g-Enset fiber at 30 °C. 

Furthermore, the pH profiles and liquid metabolites of the SSF processes showed different 

results at different temperatures and initial pH values (Figure 21 and Figure 16B). The pH 

of both fermentations decreased to 5.0 in the first 8 hours of fermentation and then increased 

slightly above 5.0 in the next 19 hours. After that, the pH value in the SSF process at 37 °C 

remained above 5.0 and fluctuated between 5.5 and 5.76, while the pH value in the SSF 

process at 30 °C dropped again for about 44 hours and varied between 4.82 and 4.96. At the 

end of fermentation, the SSF process at 37 °C had a higher pH of 5.6 than the SSF process 

at 30 °C, which had a lower pH of 4.89. Similarly, the glucose concentration released by the 

enzyme after 8 hours of fermentation was the same in both SSF processes (8.2 g/L). 

However, after 19 hours, the SSF process at 37 °C reached a maximum glucose 

concentration of 15.54 g/L, while the SSF process at 30 °C did not increase further. At the 

end of fermentation, the strain consumed almost all of the glucose in the SSF process at 37 

°C, while 1.77 g/L glucose remained unused at 30 °C. Moreover, both SSF processes had a 

maximum of 4.25 g/L of other sugars, such as xylose, mannose and galactose, which were 

also consumed by the end of fermentation. At the end of fermentation, the liquid metabolites 

such as butanol and acetone also differed depending on the temperature and initial pH value. 

The SSF process at 30 °C produced more butanol (11.35 g/L) than the SSF process at 37 °C 

(8.92 g/L). However, the opposite was observed for acetone, which was higher in the SSF 
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process at 37 °C (6.04 g/L) than the SSF process at 30 °C (3.00 g/L). In addition, the SSF 

process at 37 °C contained more acetic acid and less butyric acid than the SSF process at 30 

°C. 

 

Figure 21. Metabolites in the SSF process from the Enset fiber SSF process at atmospheric 

pressure. All values are means from duplicate fermentations in the bioreactor.  

3.4 Discussion 

3.4.1 Maximizing butanol production from Enset fiber using the 

SSF process  

The SSF process is a widely recognized method for enhancing product yield, minimizing 

equipment and energy costs, and offering the advantage of faster processing time compared 

to conventional methods [16]. However, one of the primary challenges in maximizing 

butanol production in the SSF process using C. saccharoperbutylacetonicum is the large 

temperature difference required for ABE fermentation and saccharification, typically 

between 30 °C and 50 °C [212]. The cellulase enzymes require higher temperatures of 40−50 

C to efficiently degrade lignocellulosic biomass [213], while the strain prefers lower 

temperatures of 30 C for optimal butanol production [158]. This makes it challenging to 

choose an optimal temperature for the SSF process to maximize butanol production. In this 

study, we observed that C. saccharoperbutylacetonicum was able to grow and produce 

butanol from pretreated Enset fiber using the SSF process within a temperature range of 28 

to 37 °C, and the maximum butanol production was observed at 30 °C. This could be due to 
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the structural properties of Enset fiber, which has a high cellulose content (67.1%) and a low 

lignin content (5.1%), making it a promising feedstock for the SSF process [41]. Lignin is a 

natural polymer that acts as a barrier to prevent the enzymatic hydrolysis of cellulose and 

hemicellulose. It can be removed by various pretreatment methods such as dilute acid 

pretreatment, dilute alkali pretreatment, steam explosion, and liquid hot water; however, 

depending on the biomass and the specific type of pretreatment, the pretreatment methods 

can lead to lignin degradation. The resulting lignin degradation products, such as aromatic 

alcohols, phenolic compounds, furan derivatives, and organic acids, act as soluble inhibitors 

that can affect enzyme activity and strain growth [214,215]. Previous studies have shown 

that the SSF process is affected by inhibitory compounds resulting from the degradation of 

lignin in alkali-pretreated switchgrass [202] and acid-pretreated corn stover [216], which 

inhibits the clostridial strain. However, alkali-pretreated Enset fiber did not generate any 

inhibitory compounds, according to a study [41]. 

In this study, the effects of other process parameters, such as agitation speed, cellulase 

loading and substrate loading on the SSF process were further optimized while maintaining 

a constant temperature (30 C) and initial pH (6.8), which were found to be the optimal 

parameters for ABE fermentation using C. saccharoperbutylacetonicum [158]. Mixing the 

SSF medium improves the mass transfer between biomass, enzyme, microorganism, and 

nutrients in the SSF process. However, agitation speed affects the ABE fermentation and 

saccharification process differently. The bottle experiments in the current study revealed that 

the SSF process produced the highest butanol at an agitation speed of 100 rpm. However, 

higher rotation reduced the butanol concentration by 10% in the SSF process. On the other 

hand, the saccharification process benefited from high rotation; more glucose was produced 

at higher agitation speeds, possibly due to the enhanced interaction between the enzyme and 

the Enset fiber. The results of this study were similar to those of Al-Shorgani N. et al. [217], 

who investigated the effects of agitation on butanol production in ABE fermentation using 

the same strain as in this study. They found that 100 rpm was the optimal agitation speed for 

maximum butanol production and at higher speeds, butanol production decreased. 

Maintaining an optimal cellulase loading during the SSF process is essential for maximizing 

the butanol production and ensuring the overall cost-effectiveness of the process. In this 

study, it was observed that there was only a 4% difference in butanol yield between the 

cellulase loadings of 16 and 24 FPU/g, despite a 33% increase in the cellulase loading. For 

this reason, a cellulase loading of 16 FPU/g was selected as an optimal point for the SSF 
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process from Enset fiber. Study shows that enzymes contribute to 40% of the total cost of 

biofuel production from lignocellulosic biomass [218] and reducing cellulase loading is 

economically beneficial when the yield loss is less than 6−7% [212]. Further increasing 

cellulase loading to 30 FPU/g in the SSF process resulted in a 16% decrease in butanol 

production. This could be due to the inhibitory effect of excessive cellulase on the strain 

[219]. On the other hand, in the saccharification process, higher cellulase loading was 

beneficial for releasing more glucose from Enset fiber. Compared to the previous study, this 

result was similar to the research conducted by Md R. et al. [206], which investigated the 

effect of cellulase loading in the SSF process using the C. acetobutylicum strain and reported 

a reduction in butanol production from pretreated oil palm empty fruit bunch as the cellulase 

loading increased from 20 to 30 FPU/g.  

One of the challenges in butanol production from lignocellulosic biomass using the SSF 

process is balancing the required fermentable sugars and substrate loading, which can lead 

to mass transfer limitations. This study revealed that even at low substrate loading of 2% 

and 3% (w/v) Enset fiber, the SSF process achieved a maximum butanol yield of 0.26 (g/g) 

and 0.27 (g/g), respectively. In addition, 80−84% of Enset fiber was converted into glucose 

during the saccharification process. These proved that the SSF and saccharification 

processes using Enset fiber were efficient, despite the reduced enzyme activity due to the 

low process temperature. However, the butanol productivity was significantly lower at low 

substrate loading than in fermentations with high substrate loading. Butanol productivity 

was maximized by 45% when the substrate loading increased from 3% to 5% (w/v) of Enset 

fiber. However, further increases in substrate loading to 7% (w/v) showed no significant 

difference; instead, the butanol yield decreased by 27%, and 12.42 g/L glucose remained 

unconsumed. This might be due to poor mixing caused by high solid and low water content, 

leading to a mass transfer problem in the SSF process [200]. A similar challenge was 

identified in a study by Guan W. et al. [202], which focused on butanol production from 

kraft paper mill sludge using the SSF process; they found that the slurry became too viscous, 

limiting mass transfer at substrate loadings of 6.3% and higher. Several studies suggest that 

the PSSF process can solve the mixing problem during the initial stages of fermentation in 

the SSF process [198,200,220]. 

Table 9 compares the butanol production from different biomass and Clostridial strains 

using the SSF process in bottle experiments. Compared with other studies, Enset fiber had 

the highest butanol concentration (11.36 g/L), yield (0.23 g/g), and productivity (0.16 g/(L 
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h)) among rice straw, oil palm empty fruit bunch, and avicel at optimal process parameters. 

However, wheat straw had a higher butanol concentration (12.64 g/L) than Enset fiber, as 

reported by Qi G. et al. [203], while Enset fiber had a higher butanol yield and productivity. 

To our knowledge, no studies have yet reported butanol production in the SSF process using 

C. saccharoperbutylacetonicum. Compared to the SHF method described in our previous 

study  [41], which used the same strain and biomass with separate fermentation and 

saccharification steps, the butanol concentration was 9.9 g/L, which was lower than the 

current study. Furthermore, the SSF process enhanced butanol yield by 20% and productivity 

by 21% compared to the SHF process. This could be because the SSF process can avoid 

substrate inhibition by releasing the sugar gradually rather than all at once, as in the SHF 

process.  
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Table 9. Comparison of butanol production from different biomass using the SSF process 

in bottle experiments 
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3.4.2 Scaling up butanol production from Enset fiber 

To develop butanol production from Enset fiber at an industrial scale, a scale-up process that 

matches the bottle-scale experiment performance is essential. This study successfully 

established a small-scale SSF process from pretreated Enset fiber using a 2.5 L stirred tank 

bioreactor by maintaining a slight overpressure inside the bioreactor. In this study, the 

bioreactor fermentation using the pH-uncontrolled method showed a comparable butanol 

production result as the bottle experiment under similar optimal process parameters, except 

for the stirrer speed in the bioreactor. In both experiments, there was only a small difference 

in butanol concentration of 7.8% after 72 hours. However, after 120 hours, a similar butanol 

concentration of 11.35 g/L was observed with a yield of 0.23 g/g. These comparable results 

were achieved due to the utilization of a partially similar configuration when setting up the 

bioreactor system, which included maintaining the hydrogen-rich gas in the bioreactor. 

Several studies showed that maintaining hydrogen gas during fermentation is beneficial for 

maximizing biobutanol production in clostridial strains. Brosseau J. et al. [221] observed 

that C. saccharoperbutylacetonicum requires hydrogen gas to produce butanol, and when 

the hydrogen gas reaches a certain level, the bacteria reduce their growth rate and start 

producing butanol. Similarly, in this study, the highest hydrogen production rate was 

observed during the initial cell growth phase of C. saccharoperbutylacetonicum, which 

remained faster until 24 hours. Afterwards, the rate of hydrogen gas production slowed 

down, and the strain started producing butanol and entered the solventogenic phase. 

Furthermore, a separate study conducted by Stein U. et al. [222], focusing on the effect of 

pressure on ABE fermentation using C. acetobutylicum, concluded that butanol production 

could be enhanced through overpressure fermentation compared to lower pressure.  

In addition, this study investigated the influence of controlled and uncontrolled pH values 

on butanol production from Enset fiber in the SSF process. The results showed that 

controlling the pH above 5.0 was not essential to achieve optimal butanol production in the 

SSF process from Enset fiber. In this study, butanol concentration decreased by 18% in pH-

controlled fermentation compared to pH-uncontrolled fermentation, this could be due to the 

influence of pH value on the efficiency of the cellulase enzyme. Previous research has shown 

that the optimal pH range for commercial cellulase is typically between 4.8 and 5.5 

[155,213]. However, in this study, during the SSF process in the pH-controlled fermentation, 

there were fluctuations in the pH values after 8 hours, which ranged between 5.5 to 5.96. 

The primary cause of these fluctuations was the substantial addition of NaOH. When the 
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base pump started adding NaOH to the medium, challenges arose due to the high solid 

content of the medium and inadequate mixing, impacting the accurate operation of the 

bioreactor's pH sensor. As a result, the base pump introduced an excessive amount of NaOH, 

resulting in an elevated pH level. The observed deviation from the optimal pH range reduced 

enzyme activity, ultimately limiting the release of glucose during pH-controlled 

fermentation compared to pH-uncontrolled fermentation. In contrast, the pH values in the 

pH-uncontrolled fermentation after 8 hours were between 4.8 and 5.29, which was in the 

optimal pH range for cellulase enzyme activity. This pH range resulted from the two-phase 

fermentation of the Clostridia strain. Initially, the strain produced acids such as acetic acid 

and butyric acid, leading to a pH drop to 4.8 during the first phase. Subsequently, the strain 

transitioned to the solventogenic phase, producing butanol, acetone, and a small amount of 

ethanol, causing the pH to rose to 5.29 [223]. Numerous studies have used pH control 

methods for ABE fermentation to prevent the occurrence of an acid crash, which is often 

triggered by the presence of inhibitory compounds in the fermentation medium resulting 

from pretreatment of the lignocellulosic biomass [224]; however, in this study, there were 

no inhibitory compounds that could have led to an acid crash. The pH is crucial for SSF 

process, keeping the pH low after the start of the solventogenic phase might increase butanol 

production rate and yield but also comes with the costs for pH control. 

In this study, the major challenges observed in the bioreactor SSF process were inadequate 

mixing and reduced butanol productivity. To address these issues, an experiment was 

conducted using the PSSF method with a 7% (w/v) substrate loading of Enset fiber. The 

PSSF method alleviated the mass transfer problem by prehydrolysing for 2-3 hours before 

inoculation. This was because the SSF process had poor mixing from the start of 

fermentation until the Enset fiber was saccharified by the enzyme [225]. Furthermore, the 

butanol concentration and productivity were increased by 30% and 27%, respectively, 

compared to the SSF process with pH control method. This might be due to the initial glucose 

concentration at the end of the prehydrolysis step, which could facilitate the initial growth 

of the C. saccharoperbutylacetonicum strain [200], and the high substrate loading might 

have contributed to maximizing the butanol concentration. Studies showed that high 

substrate loading is crucial for large-scale operations to minimize overall production costs 

and maximize productivity [226]; by increasing the substrate loading from 5% (w/v) to 8% 

(w/v) of biomass, the production cost can be reduced by 19%, as this can lower the volume 

of downstream processing equipment and the energy consumption that is related to the 
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dilution level [227]. Compared to previous PSSF studies with different biomass and 

Clostridial strains, the highest butanol concentration and yield were observed in Enset fiber 

than in sugarcane straw [228], corn stover [198] and napier grass [220]. However, the 

butanol productivity of this study was lower than that of Dong J. et al. [200], who performed 

the PSSF process using C. saccharobutylicum from corn stover at an SSF temperature of 37 

C. This could be due to the lower working temperature of the SSF process in this study, 

which slowed down enzyme activity. To enhance the butanol productivity of this study, 

utilizing a strain with high-temperature tolerance [229] or cold-active cellulase [230] may 

enable an effective PSSF process from Enset fiber. 

3.4.3 Hydrogen production from Enset fiber using SSF process 

Producing hydrogen and butanol from affordable materials such as Enset fiber is essential to 

ensure the sustainability of the biofuel industry. The choice between butanol or hydrogen as 

a biofuel depends on application, cost considerations, and environmental sustainability 

[231,232]. In this study, butanol and hydrogen were simultaneously produced by the SSF 

process from Enset fiber using C. saccharoperbutylacetonicum. However, the fermentation 

conditions must be adjusted separately to achieve maximum yields for both products. This 

is because fermentation conditions affect cell metabolism and can potentially shift the 

metabolic pathway in favor of hydrogen or butanol production [210]. In addition, it has been 

shown that the amount of hydrogen and butanol produced in the Clostridia strain is 

influenced by factors such as electron flow and the balance of reducing equivalents in the 

metabolic pathway, leading to a competitive relationship between the two products [209].  

Temperature is a key factor in the SSF process, as it influences both the growth of the cells 

and the enzyme activity in their metabolism. The results indicated that higher temperatures 

(35 and 37 °C) improved hydrogen production compared to lower temperature (30 °C); 

however, butanol production decreased with increasing temperature in the SSF process using 

C. saccharoperbutylacetonicum. A possible explanation could be that the cells grew faster 

at the higher temperature in the initial growth phase [190], which coincided with the highest 

hydrogen production rate in the acidogenic phase observed in this study. The result of this 

study was similar to those of Alalayah W. et al. [208] and Yadav S. et al. [190], who 

investigated the influence of temperature on hydrogen production in ABE fermentation using 

C. saccharoperbutylacetonicum and found the highest hydrogen values at 37 °C in both 

studies.  
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Another factor that affected hydrogen production in the SSF process was the initial pH value 

of the medium, which was influenced by the buffers in the medium and the metabolites in 

the cell growth phase. As C. saccharoperbutylacetonicum initiated growth, it began by 

producing acetic acid, butyric acid, and hydrogen. The buildup of organic acids resulted in 

a decrease in the pH of the medium and created stressful conditions for cell growth. 

Subsequently, the culture converted these acids into solvents such as butanol, acetone, and 

ethanol as it entered the stationary phase, increasing in pH value. Under optimal conditions 

favorable for cell growth, these phase changes represent the natural pathway for ABE 

fermentation [223]. However, in the presence of inhibitors or unfavorable conditions, the 

cells struggle to survive, leading to increased acid production and eventual cell death [233]. 

In this study, the pH profile of the SSF process at initial pH of 6.0, 7.0, and 8.0 followed a 

similar phase change and showed no significant difference in hydrogen and butanol 

production. However, at initial pH of 5.0 and 9.0, the strain could not enter the solventogenic 

phase, indicating that lower and higher initial pH values inhibited the cell. A study using the 

same medium and strain for ABE fermentation as in this study found that hydrogen 

production was maximized in the initial pH range of 7.0-8.5 [234]. In contrast, other studies 

suggested an optimal initial pH of 6.5, and beyond this point, hydrogen production 

decreased, although they used a different medium [207,208].  

In addition, this study examined the effect of hydrogen partial pressure on hydrogen 

production and found that lower hydrogen partial pressure was beneficial for maximizing 

hydrogen production. The results of bottle experiments showed that hydrogen production 

was increased by 21.5% at lower hydrogen partial pressure compared to higher values. To 

validate the bottle experiment results and maximize hydrogen production, a scale up SSF 

process without a pH control system was implemented at the optimal process parameters 

with a temperature of 37 °C, an initial pH of 8.0 and under atmospheric pressure. The results 

confirmed that hydrogen production increased by 79.7% compared to the SSF process (pH-

uncontrolled) at 30 °C, with an initial pH of 6.8 and under overpressure. However, butanol 

production was reduced by 21.4% at optimum process conditions for hydrogen production. 

Several studies have shown that hydrogen partial pressure is an essential factor in 

maximizing hydrogen production; it could also potentially inhibit cell growth and limit the 

thermodynamics of the process, depending on the microorganisms involved [211,222]. 

Electrons play a crucial role in the Clostridial metabolic pathways, and the strain can release 

excess electrons as hydrogen gas to balance the nicotinamide adenine dinucleotide 
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(NADH/NAD+) ratio. However, when the hydrogen gas levels are high, it becomes more 

difficult for the bacteria to continue producing more hydrogen gas; this means the bacteria 

have too many electrons and insufficient energy, which can stop their growth and activity. 

As a consequence of this electron backlog, the strain utilises alternative pathways in which 

electrons are transferred from NADH to ferredoxin, which can serve as an electron carrier 

to reduce NADP+ to NADPH, which facilitates butanol production [209,235,236]. For this 

reason, removing hydrogen gas from the medium might help the strain to produce more 

hydrogen.  

This study obtained a similar hydrogen yield of 170 mL/gCOD in the bottle experiment as 

the previous study by  Singh V. et al. [21], which used starchy wastewater and acid-treated 

water hyacinth as substrates with a similar strain. However, a higher hydrogen yield of 

198.27 mL/g-Enset fiber from alkali-pretreated Enset fiber was achieved in the bioreactor 

experiment at optimal process parameters. This was also higher than the hydrogen yield of 

68 ml/g-biomass from steam-exploded straw using the SSF process with C. butyricum 

AS1.209 strain, reported by Li D. et al. [237].  

3.5 Conclusions 

This study showed the potential of Enset fiber for hydrogen and butanol production in the 

SSF process. By optimizing the SSF process with C. saccharoperbutylacetonicum, we 

achieved high yields and concentrations of both biofuels under different conditions. 

Furthermore, a scalable process for both products was developed to achieve similar results 

to bottle-scale experiments, indicating potential applicability on an industrial scale. This is 

the first study to use this strain and substrate combination for the SSF process, and it 

contributes to the development of sustainable energy sources. However, more research on 

the 5L, 10L bioreactors and pilot scale processes, along with a feasibility study, is required 

to make industrial-scale butanol production feasible using the SSF process from Enset fiber. 
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4.1 Introduction 

International Energy Agency (IEA) bioenergy task 42 defines a biorefinery concept as a 

process that converts biomass into a variety of valuable products such as chemicals, 

materials, energy, food, and feed. The goal is to expand the range of products made from 

biomass to create other valuable products [1,238]. The use of renewable resources is crucial 

for sustainable development and minimizing environmental impact [239]. Lignocellulosic 

biomass is the most attractive resource due to its plentiful availability, low cost, and lack of 

competition with food [6]. An enormous amount of byproduct known as Enset biomass is 

thrown away during traditional Ethiopian Enset food processing. It is estimated that more 

than twenty million Ethiopians are dependent on the Enset plant for their food supply 

[57,141]. A major source of cellulose from the Enset plant is the Enset fiber, midrib, and leaf 

sheath peel, which contain 67.1%, 40%, and 34.1% cellulose, respectively [41]. Enset fiber 

can be used in a number of traditional products such as ropes, sacks, mats and bags [49]; 

however, the possibility of turning this waste into high value industrial products would 

strengthen the bioeconomy. Recent studies have shown that Enset biomass is a very 

promising lignocellulosic biomass for biobutanol [41] and pulp [66] production. However, 

to produce biofuel from Enset biomass, the material must undergo a degradation process that 

includes chemical and physical pretreatments before being hydrolyzed by enzymes. As a 

result, there is a substantial loss of biomass, environmentally unfriendly chemicals are used, 

and the process is energy intensive and expensive [240]. 

Research showed that anaerobic fungi can utilize lignocellulosic biomass without any 

pretreatment process and produce valuable products. As they grow, anaerobic fungi 

penetrate lignocellulosic biomass with their hyphal tips and degrade it with the enzyme 

complexes they produce [241,242]. Anaerobic fungi can be extracted from the alimentary 

tract, saliva, and feces of a variety of herbivorous animals [102]. From the feces of zoo 

animals, Stabel M. et al. [101] isolated six different anaerobic fungal strains, including 

Neocallimastix cameroonii, Pecoramyces ruminantium, Caecomyces spec., Khoyollomyces 

ramosus, Orpinomyces joyonii, and Aestipascuomyces dubliciliberans. According to the 

study, of all isolates Neocallimastix cameroonii strain G341 proved to be the most efficient 

organism for utilizing wheat straw and was capable of producing acetate, succinate, ethanol, 

hydrogen, formate and lactate [107]. These products by itself can be already used to produce 

other bulk industrial chemicals [243], however, industrializing the use of mixed fermentation 

products may be challenging due to expensive and energy-intensive separation methods 
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[105,244]. Moreover, the market value of these products is not high compared to other 

products available on the market. To make this process economically more attractive, the 

products can be transformed into higher value products through the chain elongation process. 

In chain elongation process, volatile fatty acids are changed to more valuable medium chain 

fatty acids through anaerobic fermentation [105]. A medium chain fatty acid like caproate, 

with its low solubility and high energy content, is used for various applications, such as 

antibiotics, feed additives, and as a component of products such as fragrances, lubricants, 

paint additives, and pharmaceuticals [26,27]. Researchers have conducted several studies on 

the production of caproate from mixed organic waste [27], food waste [105] and wastewater 

[245] using an open culture. However, due to an undefined consortium of microorganisms 

potentially involved in the process, it is possible that substrates might be degraded and 

unwanted products might be produced in a hardly controllable way [106]. In pure culture 

fermentation, Clostridium kluyveri is capable of utilizing acetate, ethanol, succinate, and 

hydrogen to produce caproate and other medium chain fatty acids [246,247]. Therefore, 

fermentation metabolites of N. cameroonii strain G341 from lignocellulosic biomass could 

be a suitable substrate for C. kluyveri fermentation. The objectives of this study were to 

evaluate the growth of N. cameroonii on Enset fiber, and to develop and characterize a one-

pot two-step fermentation process for caproate production using N. cameroonii strain G341 

and C. kluyveri DSM 555 from Enset fiber. To date, no research has been conducted on the 

growth of N. cameroonii on Enset fiber as well as the production of caproate from Enset 

fiber using N. cameroonii and C. kluyveri in a single pot two-step fermentation. 

4.2 Materials and methods  

4.2.1 Enset fiber preparation 

Enset fiber was collected from Wolkite, Ethiopia, and was prepared according to previous 

instructions [41]. It was dried for four days in the sun, cut into 6 cm pieces with scissors, and 

ground using a knife mill. The pulverized sample was sieved to 1 mm particle size and stored 

in a plastic bag. 

4.2.2 Anaerobic fungi cultivation and growth culture conditions 

In a previous study, Stabel M. et al. [101] isolated Neocallimastix cameroonii strain G341 

from giraffe feces. The strain was grown anaerobically in 250 mL serum bottles containing 

50 mL of sterilized basal minimal medium and 0.25 g Enset fiber (5 g/L) as a carbon source 
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corresponding to a substrate loading of 0.5% (w/v). 1 L minimal medium consisted of 150 

mL of salt solution I (K2HPO4 (3.0 g/L)), 150 mL of salt solution II (KH2PO4 (3.0 g/L), 

(NH4)2SO4 (6.0 g/L), NaCl (6.0 g/L), MgSO4.7H2O (0.6 g/L), CaCl2.2H2O (0.6 g/L)), 2 mL 

of 0.05% (w/v) hemin solution (a mixture of 0.05 g hemin, 50 mL ethanol, and 50 mL of 

0.05 M NaOH), 2 mL of 0.1% (w/v) resazurin solution, NaHCO3 (6 g/L), cysteine-HCl·H2O 

(1 g/L) and 10 mL of trace elements solution (a mixture of 0.25 g MnCl2.4H2O, 0.25 g 

NiCl2.6H2O, 0.25 g NaMoO4.2H2O, 0.25 g H3BO3, 0.20 g FeSO4.7H2O, 0.05 g CoCl2.6H2O, 

0.05 g Na2SeO3.5H2O, 0.05 g NaVO3.4H2O, 0.025 g ZnSO4, 0.025 g CuSO4.2H2O, and 1 L 

0.2 M HCl).  The media was anaerobized by flashing with 100% CO2 until the color turned 

yellow, and the pH was corrected to 6.9 with 5 M NaOH. During anaerobization, a serum 

bottle containing 0.25 g of Enset fiber was filled with 49.5 mL of medium, enclosed with a 

rubber stopper and aluminum cap, and autoclaved. After autoclaving, 0.5 mL filter-sterilized 

vitamin solution (0.01 g/L thiamine, 0.2 g/L riboflavin, 0.6 g/L calcium pantothenate, 0.6 

g/L nicotinic acid, 1.0 g/L nicotinamide, 0.05 g/L folic acid, 0.02 g/L vitamin B12, 0.2 g/L 

biotin, 0.1 g/L pyridoxamine, and 0.05 g/L p-aminobenzoic acid) was added [101,248]. The 

main fermentation culture was inoculated with 10% (v/v) actively growing N. cameroonii 

preculture propagated every seven days for two consecutive cultivations before being used 

as a preculture. The bottle was incubated at 39 C for 7 days in the dark in an incubator 

(Infors Thermotron, Infors AG, Bottmingen, Switzerland) without shaking. The pressure of 

the bottle was measured with manometer GMH 3100 Series (Greisinger, Mainz, Germany) 

at 39 C, and 5 mL gas and 1.5 mL liquid samples were taken with needles every day and 

centrifuged at 10,000 rpm for 10 minutes [101].  0.25g wheat straw (5 g/L) was used as a 

substrate for the control experiment, and all experiments were performed in three replicates. 

4.2.3 Effect of substrate loading on N. cameroonii growth 

The same conditions as mentioned above were used to cultivate N. cameroonii to investigate 

the effects of substrate loading. A total of 50 mL of media was prepared with Enset fiber at 

different substrate loadings (0.5, 1, 3, 5, 7% (w/v)) as carbon source, inoculated with 5 mL 

of anaerobic fungal culture, and incubated at 39 C for 7 days [101]. At the beginning and 

the end of fermentation, 5 mL gas and 1.5 mL liquid samples were taken. All experiments 

were conducted in triplicate.  
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4.2.4 Bacterial strain cultivation 

Freeze-dried Clostridium kluyveri DSM 555 culture was acquired from the German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany (DSMZ), and 

revived according to DSMZ protocol. The DSM-52 medium contained buffer stock solution 

(K2HPO4 (31 g/L), KH2PO4 (23 g/L), NH4Cl (25 g/L)), vitamin stock solution (B12 (0.1 

g/L), p-aminobenzoic acid (0.08 g/L), biotin (0.02 g/L), nicotinic acid (0.2 g/L), D-Ca-

pantothenate (0.1 g/L), pyridoxine-HCl (0.3 g/L), thiamine-HCl.2H2O (0.2 g/L)), yeast 

extract stock solution (100 g/L), Na2CO3 stock solution (100 g/L), Na2S.9H2O stock solution 

(100 g/L), L-Cysteine-HCl.H2O stock solution (100 g/L), and mineral stock solution 

(MgSO4.7 H2O (20 g/L), 100 mL of trace element solution, 100 mL of selenite-tungstate 

solution. The trace element solution SL-10 consisted of 10 mL of (25%) HCl in 1 L, 

FeCl2.4H2O (1.5 g/L), ZnCl2 (0.07 g/L), MnCl2.4H2O (0.1 g/L), H3BO3 (0.006 g/L), 

CoCl2.6H2O (0.19 g/L), CuCl2.2H2O (0.002 g/L), NiCl2.6H2O (0.024 g/L), Na2MoO4.2H2O 

(0.036 g/L). The selenite-tungstate solution was prepared by mixing NaOH (0.5 g/L), 

Na2SeO3.5H2O (0.003 g/L), and Na2WO4.2H2O (0.004 g/L). All the stock solutions were 

filter sterilized and anaerobized with 100% N2 gas. For the cultivation experiment, 10 g/L 

CH3CO2K and 1 g/L resazurin were added into 47.75 mL distilled water. The pH was 

corrected to 6.9 with 1M NaOH/1M HCl and filled into 250 mL serum bottles, enclosed with 

an aluminum cap and rubber stopper. Each bottle was flashed with a mixture of 80% N2 and 

20% CO2 gases using needles and autoclaved. Then, after autoclaving, 1 mL of (99.5%) 

ethanol was injected with a needle and 1% (v/v) of each stock solution was added. 10% (v/v) 

of active culture with an OD of 0.8-1.0 was inoculated into bottles and incubated at 37 °C 

and 150 rpm. The culture was transferred three times before being used as a preculture [26]. 

4.2.5 Two-step fermentation process  

N. cameroonii was first grown on 0.25 g Enset fiber at 39 °C for 7 days in 250 mL serum 

bottles containing 50 mL of the basal medium described above. Subsequently, the fungal 

culture was supplemented with 1% (v/v) sterilized DSM-52 stock medium without acetate, 

ethanol, and reducing agents. The bottle containing the grown fungal culture was then 

inoculated with 10% (v/v) of the actively growing C. kluyveri culture with an OD of 0.8-1.0 

and incubated at 37 C and 130 rpm for 7 days. During the second fermentation, the pressure 

was measured, and the 5 mL gas and 1.5 mL liquid samples were taken using needles (Figure 

22). In addition, to investigate the effect of ethanol in two-step fermentation, another 
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experiment was conducted separately by supplementing the bottle with 2.18 mmol ethanol 

during C. kluyveri inoculation. As a control, N. cameroonii and C. kluyveri were grown 

separately using the standard media. All experiments were conducted in triplicate. 

 

Figure 22. Caproate production from Enset fiber in two-step fermentation using N. 

cameroonii and C. Kluyveri 

4.2.6 Carbon balance calculations 

The carbon balance calculation was estimated for N. cameroonii growth on Enset fiber, and 

one-pot two-step fermentation using N. cameroonii and C. kluyveri from Enset fiber without 

additional carbon source. Carbon recovery was calculated by balancing the carbon moles 

contained in all substrates and products (Appendix C, Table C1). The calculation was done 

without considering the amount of biomass from fungal and bacterial cells. In addition, the 

Enset fiber carbon content was estimated from its elemental composition, which was 

estimated by Seid N. et al. [41] with 41.2% (w/w) dry weight and calculated as follows: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐸𝑛𝑠𝑒𝑡 𝑓𝑖𝑏𝑒𝑟 (𝑚𝑜𝑙) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐸𝑛𝑠𝑒𝑡 𝑓𝑖𝑏𝑒𝑟 (𝑔) × 41.2 % (

𝑔
𝑔

)  𝐶𝑎𝑟𝑏𝑜𝑛

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 (
𝑔

𝑚𝑜𝑙
)

… … (4.1) 

4.2.7 Analytical methods 

After inoculation, the gas pressure inside the bottle was monitored using a manometer with 

a needle. As anaerobic fungi grew and produced gases, the manometer recorded changes in 

pressure over time. By correlating gas pressure measurements with fungal growth, this 

method provided insights into anaerobic fungal growth [101]. Ultraspec 1100 pro 

spectrophotometer (Amersham Biosciences, Uppsala, Sweden) was used to measure the 

optical density (OD600) of bacterial cells. For liquid samples, the pH was measured by 

Profilab pH 597 (Xylem Analytics, Weilheim, Germany) and metabolites were determined 

by high-performance liquid chromatography (HPLC) in a 1100 Series System (Agilent 
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Technologies, Waldbronn, Germany). HPLC was performed with a Rezex ROA Organic 

Acid H+ (8%) column at 55 C, and 5 mM H2SO4 eluent with a flow rate of 0.6 mL/min.[41] 

The gas samples were analyzed by Micro GC Fusion® gas analyzer (Inficon, Bad Ragaz, 

Switzerland) with Porous Layer Open Tubular (PLOT) and Wall Coated Open Tubular 

(WCOT) capillary columns using Argon and Helium as carrier gases. 

4.3 Results 

4.3.1 Determination of N. cameroonii growth on Enset fiber 

To evaluate the growth of N. cameroonii on Enset fiber, and to analyze the fermentation 

products, the fungi were grown initially on 0.25 g Enset fiber as sole carbon source. Before 

fermentation, the bottles were filled with 8.06 mmol CO2 gas at atmospheric pressure (1.00 

bar). As shown earlier by Theodorou M. et al. [249], pressure increase can be used as an 

indicator of growth and metabolite production, therefore, the bottle pressure was measured 

regularly. Figure 23A shows the amount of gas produced by the anaerobic fermentation of 

N. cameroonii along with the absolute pressure built up. Within 24 h, an absolute pressure 

of 1.2 bar was developed and 0.97 mmol of CO2 were produced. As fermentation progressed, 

the gas composition in the bottle headspace changed to hydrogen and CO2, and a maximum 

pressure of 1.39 bar was generated on the fourth day. After 5 days, 0.51 mmol of hydrogen 

was produced with no significant changes in hydrogen quantity in the following days. 

However, there was a slight decrease in the amount of CO2 gas as well as the pressure. In 

the control experiments with 0.25 g wheat straw as substrate, the gas profiles were similar 

and the fungi developed a maximum pressure of 1.25 bar and 0.39 mmol hydrogen, which 

was lower than with Enset fiber (Figure 23B).  
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Figure 23. Gas production and pressure generated during N. cameroonii growth on 0.25 g 

(A) Enset fiber or (B) wheat straw. All values are means from triplicate bottles. Note the 

offset of the right (CO2) axis. 

The amount of soluble products released during growth of N. cameroonii on 0.25 g of Enset 

fiber is shown in Figure 24A. The cultures produced 0.37 mmol acetate and 0.41 mmol 

formate from Enset fiber within two days, however, lactate and succinate were not detected. 

After 5 days, the production was increased to 1.16 mmol acetate and 1.26 mmol formate. In 

addition, lactate and succinate were detected in small amounts, 0.16 mmol and 0.08 mmol, 

respectively. During the media preparation, the hemin solution containing ethanol was added 

to the media; but after 5 days of fermentation, the amount of ethanol increased to 0.8 mmol, 

indicating that ethanol was produced during the process. At 7 days, all amounts of 

metabolites remained constant except for formate, which increased to 1.34 mmol. For both 

substrates, the maximum total metabolite production rate was observed on the third day, but 

with Enset fiber a higher production rate than with wheat straw was calculated, 0.73 

mmol/day compared to 0.49 mmol/day for wheat straw. At the end of the fermentation 

process, it was observed that the anaerobic fungi produced a total of 3.94 mmol of 

metabolites from Enset fiber, which was considerably higher than the 2.86 mmol of 

metabolites produced from wheat straw (Figure 24A&B). When comparing the percentage 

of each metabolite, acetate, hydrogen, and succinate were all produced from Enset fiber in 

the same proportions as from wheat straw, 29, 13, and 1.9% (mmol/mmol), respectively. 

However, there was a significant difference in the percentage of formate (34% 

(mmol/mmol)) as well as lactate (4% (mmol/mmol)), and it was higher with Enset fiber than 

with wheat straw (Figure 24C).  
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Figure 24. Soluble products of N. cameroonii growth on 0.25 g (A) Enset fiber, (B) wheat 

straw (C) mol percentage of all metabolites. All values are means from triplicate bottles.  

In addition, to investigate the influence of substrate loading on the growth of N. cameroonii, 

0.5, 1, 3, 5 and 7% (w/v) of Enset fiber were tested. Figure 25 shows the pressure generated 

at the end of fermentation during N. cameroonii growth at different substrate loading of 

Enset fiber. The highest pressure of 1.72 bar was recorded with 1% (w/v) of Enset fiber, but 

the pressure decreased with increasing substrate loading. Statistical analysis with p < 0.05 

showed a significant difference between different substrate loadings of Enset fiber on 

pressure development by N. cameroonii (Appendix C, Table C2). Moreover, the metabolite 

results shown in Figure 26 indicate that all fermentation products increased when substrate 

loading was increased from 0.5 to 3% (w/v) except hydrogen. At 3% (w/v) substrate loading, 

acetate and formate increased to 2.44 mmol and 1.88 mmol. There was also an increase in 

lactate and succinate to 0.49 mmol and 0.24 mmol, respectively, but no significant difference 

in ethanol production was observed. On the other hand, a maximum hydrogen production of 

0.88 mmol was observed at the substrate loading of 1% (w/v). All metabolites decreased at 
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both 5 and 7% (w/v) substrate loadings, except acetate which increased to 3.18 mmol. The 

percentage of each metabolite produced during N. cameroonii growth showed that there was 

a similarity between the acetate and formate percentages of 30% (mmol/mmol) when the 

substrate loading was low, however, the acetate percentages increased to 53% (mmol/mmol) 

when substrate loading was high. Additionally, as substrate loading increased, the hydrogen 

percentage tended to decrease from 14 to 8% (mmol/mmol) as well (Appendix C, Figure 

C1).   

 

Figure 25. Pressure value measured at different substrate loading with Enset fiber during N. 

cameroonii growth at the end of fermentation. All values are means from triplicate bottles.  
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Figure 26. Fermentation products of N. cameroonii growth on different substrate loading of 

Enset fiber at the end of fermentation. All values are means from triplicate bottles.  

4.3.2 Caproate production from Enset fiber in one-pot two-step 

fermentation using N. cameroonii and C. kluyveri 

The purpose of this study was to produce caproate directly from Enset fiber without any 

pretreatment or addition of external enzymes. N. cameroonii was cultivated on Enset fiber 

and then fermented with C. kluyveri to produce caproate in an one-pot two-step fermentation. 

Figure 27A shows the metabolites produced in one-pot two-step fermentation using N. 

cameroonii and C. kluyveri from Enset fiber as sole carbon source. In the first step 

fermentation, N. cameroonii grew on 0.25 g Enset fiber for 7 days and produced 1.36 mmol 

acetate, 0.69 mmol hydrogen, and 1.11 mmol of ethanol. Within 18 h of starting the second 

fermentation, C. kluyveri produced 0.21 mmol caproate and 0.33 mmol butyrate. After 42 h, 

a maximum of 0.3 mmol caproate and 0.46 mmol butyrate were produced and thereafter 

there was no significant difference in production. In addition, the hydrogen production 

increased to 0.95 mmol and ethanol was completely consumed within 27 h. However, the 

remaining 0.76 mmol of acetate and other metabolites from anaerobic fungi were not 

consumed at the end of fermentation. As a control experiment, 2.63 mmol acetate and 1.1 

mmol ethanol were used as a substrate for the C. kluyveri fermentation, and after 42 h 0.27 

mmol caproate, 0.68 mmol butyrate and 0.34 mmol hydrogen were produced (Figure 27B). 
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Similarly to the two-step fermentation, all ethanol was consumed at the end of the 

fermentation, but 1.57 mmol of acetate remained unconsumed. 

 

Figure 27. Fermentation products (A) one-pot two-step fermentation using Enset fiber 

without additional carbon source (B) C. kluyveri fermentation using acetate and ethanol as a 

carbon source. All values are means from triplicate bottles. 

In addition, separate experiments were conducted in which ethanol was added during C. 

kluyveri inoculation in the two-step fermentation to maximize acetate consumption and study 

the effect of ethanol. Figure 28 shows the results of two-step fermentation using Enset fiber 

and with the addition of 2.18 mmol ethanol. After second fermentation, there was no 

difference in the production of metabolites during the first 27 h of the experiment compared 

to previous experiments. However, the fermentation products after 42 h were significantly 

different from the previous experiment, more caproate was found than butyrate, 1.13 mmol 

and 0.5 mmol, respectively, and hydrogen production increased to 1.35 mmol. It was also 

found that all ethanol was consumed within 42 h and only 0.32 mmol acetate was not 

consumed.  
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Figure 28. Metabolites from one-pot two-step fermentation using Enset fiber and with the 

addition of 2.18 mmol ethanol. 

4.3.3 Carbon balance 

Carbon balance estimation was performed for N. cameroonii growth on Enset fiber, and for 

one-pot two-step fermentation using N. cameroonii and C. kluyveri without additional 

carbon source (Table 10). In a study using Enset fiber as carbon source for growing N. 

cameroonii, 86.3% of the carbon was recovered as metabolites. The remaining carbon in the 

Enset fiber might not be degraded by anaerobic fungi. In the two-step fermentation, C. 

kluyveri achieved 94.1% carbon recovered as metabolites after the fungi were grown on 

Enset fiber, therefore it is likely that the missing carbon is bacterial cell biomass. 
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Table 10. Carbon balance for N. cameroonii growth on Enset fiber, and two-step 

fermentation using N. cameroonii and C. kluyveri on Enset fiber  

 

Compound 

Carbon per compound (mmol) for  

N. cameroonii growth on  

Enset fiber 

Carbon per compound (mmol) 

for two-step fermentation a 

 Substrates Products Substrates Products 

Enset fiber 8.58 - - - 

Acetate - 2.22 2.72 1.69 

Ethanol 1.28b 1.43 2.22 0 

Succinate - 0.32 0.44 0.24 

Lactate - 0.49 0.27 0.25 

Formate - 1.34 1.14 1.11 

CO2
 8.06 9.66 9.19 8.32 

Caproate - - - 1.65 

Butyrate - - - 1.78 

Sum of carbon 17.92 15.47 15.97 15.03 

Carbon recovery 

(%)c 

86.3 94.1 

a The two step fermentation was without addition of ethanol; 
b 

The amount of ethanol came from the hemin 

solution in the medium;
c Carbon recovery (%) =(Sum of carbon in products/Sum of carbon in substrate)×100% 

4.4 Discussion 

4.4.1 Anaerobic fungal growth on Enset fiber 

Anaerobic fungi release carbohydrate-active enzymes (CAZymes) such as cellulases and 

hemicellulases that can degrade lignocellulosic biomass, and produce several organic acids, 

and hydrogen as byproducts of its growth process [104]. In this study, we observed that N. 

cameroonii grew on Enset fiber and produced acetate, succinate, ethanol, hydrogen, formate 

and lactate. During the fermentation process, the pressure in the headspace of the culture 

bottles increased due to the build-up of fermentation gases within the headspace of the 

bottles and indicated that anaerobic fungal growth was taking place [249]. Growth and 

production of metabolites by N. cameroonii started within 24 h on Enset fiber and remained 

constant after 5 days, suggesting that the growth process was completed by this time. 

Previous studies showed that after inoculation, the fungi were able to colonize and grow on 

the biomass by developing rhizoids, which then became a highly branched rhizoid system 
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within 24 h [104,250].  Stabel M. et al. [101] characterized the growth of N. cameroonii on 

different substrates such as wheat straw, cellobiose,  xylan, cellulose, starch, pectin, chitin, 

inulin, alginate, maltose, sucrose, lactose, glucuronic acid, and monosaccharides. They 

found that N. cameroonii was capable of growing on all substrates except arabinose, chitin, 

alginate, galactose, ribose, and glucuronic acid, and produced hydrogen, acetate, succinate, 

ethanol, formate and lactate, when grown on these substrates. The study concluded that on 

wheat straw more hydrogen (0.35 mmol) was produced compared to monosaccharide 

substrates, which was less than when Enset fibers were used as the substrate. Furthermore, 

in our study, the amount of CO2 increased until the fourth day, similar to what Borneman 

W. et al.  [251] observed in their study of Neocallimastix sp. Strain RI grown on Italian 

ryegrass hay. However, it was not sure whether it came from bicarbonate buffer or anaerobic 

fungal growth [249]. It is necessary to conduct further research to confirm the cause of the 

CO2 sources. 

One of the factors that affect the metabolite production and the growth of N. cameroonii is 

the type of substrate. N. cameroonii grew better on Enset fiber and produced more 

metabolites than with wheat straw, compared to the control experiment shown in Figure 

24A&B. This could be due to the structural difference in the lignocellulosic biomass. It has 

been found that Enset fiber contains 67.1% cellulose, 15.6% hemicellulose, and 5.1% lignin 

while wheat straw contains 35−45% cellulose, 20−30% hemicellulose, and around 15.5% 

lignin [41,252]. A significant difference between Enset fiber and wheat straw can be seen in 

the lower percentage of lignin and the higher percentage of cellulose, which could make 

Enset fiber a more suitable substrate for the fungi growth. Geoffrey L. et al. [253] conducted 

experiments in order to determine whether lignin is degraded by ruminal fungi, 

Neocallimastix sp. (strain LM-1), Sphaeromonas sp. (strain NM-1) and Piromonas sp. 

(strain SM-1), and the results showed that the lignin component of straw was not degraded. 

However, other researchers observed a high percentage of dry weight and lignin loss in 

perennial ryegrass stem cell walls [254], Bermudagrass leaf, cordgrass fiber [255], wood 

[256], and Italian ryegrass hay [257], when treated with different species of anaerobic fungi. 

However, most of the losses occurred due to the solubilization of lignin-polysaccharide 

complexes such as phenolic compounds [258]. In addition, there is some evidence that 

phenolic compounds might inhibit the growth of anaerobic rumen fungi [256]. However, 

further investigations should be carried out on the cell wall degradation of lignocellulosic 

biomass and on the effects of phenolic compounds on N. cameroonii growth. 
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There is no doubt that anaerobic fungal growth is highly dependent on the proper substrate 

loading, and an excessive solid substrate in the system can reduce the anaerobic fungi 

growth. In the current study, N. cameroonii growth on Enset fiber was observed at higher 

substrate loading. Even though there was a mixing problem due to the high amount of solid 

content in the bottles, at 7% (w/v) substrate loading of the Enset fiber a pressure of 1.53 bar 

was developed. However, the carbon balance calculation showed that at maximum substrate 

loading, the fungi's carbon conversion efficiency was minimized from 98.8% to 16.5% 

(Table 11). 3% (w/v) was a suitable substrate loading to obtain a higher amount of soluble 

products, whereas 1% (w/v) substrate loading was more suitable for producing maximum 

hydrogen. In addition, it was observed that the maximum pressure exerted by N cameroonii 

on Enset fiber varied between 1.53 and 1.72 bar (Figure 25). Thereafter, metabolism shifted 

from gaseous to soluble products, possibly due to the thermodynamic limitations of the 

microorganism [107]. The results of this study were similar to those of Zhu et al, [259], who 

conducted batch fermentation ranging from 5 to 80 g dry matter/L of wheat straw to 

determine the growth of Neocallimastix hurleyensis, indicating that about 45% wheat straw 

were degraded by the fungi at 5 g dry matter/L of substrate loading, whereas degradation 

efficiency was lowered with 10−80 g dry matter/L. There could be a number of reasons for 

this, including mass transfer between nutrients and fungi being limited [260], which might 

affect the rate at which nutrients are transferred to fungi. In the case of higher substrate 

loading levels, we observed that homogeneity of the substrate was causing a problem and 

the fungus only grew on one side of the bottle. In addition, according to the study [107], the 

mass transfer problem in N. cameroonii fermentation could also occur between the liquid 

and the gas phases, where the produced hydrogen gas might accumulate on the fungus mat 

and thereby inhibit its growth. To consolidate the reason behind the conclusions, further 

research should be conducted on product inhibition of N. cameroonii growth.  
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Table 11. Carbon conversion efficiency for N. cameroonii growth on different substrate 

loading of Enset fiber 

 Carbon per compound (mmol) 

 0.5% (w/v) 1% (w/v) 3% (w/v) 5% (w/v) 7% (w/v) 

Compound Substrates 

Enset fiber 8.58 17.2 51.5 85.8 120.1 

Ethanol* 1.28 1.28 1.28 1.28 1.28 

CO2 8.06 8.06 8.06 8.06 8.06 

 
Products 

Acetate 2.81 3.79 4.88 4.91 6.36 

Ethanol 1.98 2.20 2.26 2.13 2.17 

Succinate 0.30 0.45 0.97 1.09 0.92 

Lactate 0.39 1.37 1.47 0.73 0.45 

Formate 1.43 1.82 1.88 1.60 0.90 

CO2 10.8 11.1 10.9 11.2 10.6 

Carbon recovery (%) 98.8 78.3 36.7 22.7 16.5 

       
 *

The amount of ethanol came from the hemin solution in the medium 

4.4.2 One-pot two-step fermentation 

In this study, a novel approach was developed to produce caproate from Enset fiber in a two-

step fermentation process using N. cameroonii and C. kluyveri in a single bottle. Using this 

method, Enset fiber was directly converted into caproate without pretreatment or the addition 

of an external enzyme. Using Enset fiber as a raw material for caproate production 

contributes to a circular bioeconomy that creates sustainable systems. Furthermore, the two-

step fermentation process could have several advantages for industrial applications, 

including reducing equipment costs because it used a single reactor, as well as chemical 

costs, as fewer reducing agents, antibiotics, and pH-adjusting chemicals are needed. Several 

studies have shown that caproate can be produced in one bioreactor by merging the chain 

elongation process with syngas fermentation [261,262]. However, one of the biggest 

challenges was the pH unsuitability of acetogens and chain-elongating microorganisms 

[263]. Researchers found that C. kluyveri growth was inhibited at an acidic pH, which is the 

ideal pH for acetogens strains to maximize solvent production [264,265]. During this study, 

a neutral pH was used in a one-pot two-step fermentation process that was suitable for the 

growth of both N. cameroonii and C. kluyveri, making it ideal for caproate production. 
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In this study, anaerobic fungi were able to directly convert Enset fiber into acetate, succinate, 

ethanol, hydrogen, formate, and lactate. The organic compounds collected from anaerobic 

fungal fermentation were successfully converted into high-value medium-chain carboxylates 

(MCC) such as caproate and butyrate. In addition, it was observed that hydrogen production 

was maximized in a two-step fermentation process compared to a single fermentation of 

anaerobic fungi (Figure 27A). In this study, C. kluyveri metabolites production stopped 

around 42 h and entered a stationary phase, showing a similar growth process as in the study 

by Yin Y. et al. [26]. Furthermore, there was faster consumption of acetate and ethanol, as 

well as a small amount of succinate consumption. C. kluyveri is known to be able to consume 

a wide range of substrates and studies on this strain have demonstrated that succinate can 

also be consumed [246]. In addition, organic compounds such as formate and lactate, 

produced by anaerobic fungi, accumulated in the bottles. It appears that none of the 

metabolites accumulated from anaerobic fungal fermentation inhibited C. kluyveri growth.  

Numerous studies have been conducted to evaluate the potential of anaerobic fungi for co-

cultivation with other strains. Li Y. et al. [266] studied a co-culture experiment between an 

anaerobic fungus (Pecoramyces species) and a methanogen (Methanobrevibacter species), 

and the results showed that methane can be produced from various parts of corn stover 

through coculturing. However, in another study, Dollhofer V. et al. [267] showed that the 

co-cultivation of anaerobic fungi with mixed cultures from biogas plants faced many 

challenges, including unfavorable conditions in the digester due to extreme temperatures and 

long retention time. Moreover, it is also possible that there might be competition between 

the strains for nutrients and substrates [268]. In this study, besides suitable fermentation 

conditions such as an anaerobic environment, optimal pH, and temperature for the two 

strains, apparently, there was no competition between the anaerobic fungi and C. kluyveri 

for the availability of nutrients and substrates, since the strains were added sequentially and 

the nature of metabolic pathways between them were different. In the two-step fermentation 

process, N. cameroonii degraded lignocellulosic biomass by carbohydrate-active enzymes 

(CAZymes) to monosaccharides such as glucose and xylose, which are then metabolized 

through the Embden-Meyerhof pathway to generate energy carrier compounds. After that, 

pyruvate metabolism takes place in the cytosol and hydrogenosomes, producing various 

metabolic end products like acetate, succinate, ethanol, hydrogen, formate, and lactate 

[107,269]. The end products of anaerobic fungi are important substrates in C. kluyveri 

metabolism and are involved in energy production and biosynthesis of cellular components 
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[270]. C. kluyveri can break down fatty acids into medium-chain carboxylates (MCC) 

through the reverse β-oxidation pathway [31]. Despite this, it has been found that anaerobic 

fungi are unable to produce high concentrations of ethanol, which can be used as a source of 

energy, carbon, and reducing equivalents for the production of caproate through a reverse β-

oxidation pathway [247].  

Some studies have shown that hydrogen can potentially act as an electron donor in the 

production of caproate from acetate [26,271]. However, the strain in this study did not use 

hydrogen or lactate as electron donors, likewise, previous results have shown that ethanol 

cannot be substituted by neither hydrogen nor lactate as electron donors in pure cultures of 

C. kluyveri [246,247]. Ding, H. et al. [272] studied the metabolic pathways of caproate 

formation in C. kluyveri and concluded that caproate is not formed through hydrogenotrophic 

processes but by hydrogenogenic processes. Moreover, we observed that metabolite 

production ceased after ethanol was consumed completely, and 0.76 mmol of acetate 

produced by anaerobic fungi remained unconsumed (Figure 27A). Similar results were also 

observed in the control experiment, where 2.63 mmol acetate and 1.1 mmol ethanol were 

used as a substrate for C. kluyveri fermentation, however, even though 1.57 mmol of acetate 

was present in the media, the strain could only produce 0.27 mmol of caproate (Figure 27B). 

This shows that as soon as the ethanol content was reduced to zero, the strain stopped 

producing caproate since a biochemical reaction is thermodynamically only possible when 

an electron donor is available [273]. In addition, a comparative study of two-step 

fermentation with and without the addition of ethanol showed that the caproate yield 

increased significantly, reaching 0.27 mmol/mmol when ethanol was added to the 

fermentation, with a maximum productivity of 1.31 mmol/day including butyrate and 

hydrogen. In contrast, without ethanol, the caproate yield and maximum productivity were 

0.18 mmol/mmol and 0.59 mmol/day, respectively. However, in the case of butyrate yield, 

the yield reduced from 0.26 mmol/mmol to 0.12 mmol/mmol when ethanol was added. This 

proved that ethanol is necessary to maximize the caproate yield as well as for the metabolic 

pathway to shift toward an increased amount of caproate. According to Grootscholten et al. 

[274], the addition of ethanol accelerates the chain elongation process in multiculture 

acidification reactors from municipal solid wastes of organic fraction. Furthermore, a higher 

ethanol/acetate ratio turned out to be more favorable for caproate production, while butyrate 

production was more favorable at lower ethanol/acetate ratios [247]. In addition, the 

hydrogen gas produced during two-step fermentation holds promise as a valuable substrate 
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for syngas fermentation, which consists of hydrogen, carbon dioxide, and carbon monoxide, 

with the aim of producing ethanol and feeding it back into the two-step fermentation process 

as needed for caproate production. This strategic use has the potential to improve the 

sustainability of the two-step fermentation process, enabling it to fulfill ethanol demand. 

Research has confirmed the ability of Clostridium ljungdahlii to perform syngas 

fermentation, leading to the production of ethanol [156]. Moreover, a deeper investigation 

should be conducted into optimizing the fermentation process of anaerobic fungi to 

maximize the amount of acetate and ethanol they produce from Enset fiber. 

4.5 Conclusions  

In this study caproate production from Enset fiber was realized in one-pot two-step 

fermentation using N. cameroonii and C. kluyveri. The results showed that N. cameroonii 

grew better on Enset fiber and produced more metabolites than with wheat straw. A 

successful method was developed to convert anaerobic fungi metabolites into caproate and 

butyrate. In addition, with this method, hydrogen production increased, and C. kluyveri 

growth was not inhibited by either N. cameroonii growth or accumulated organic 

compounds. Utilizing inexpensive raw materials for caproate production, such as Enset fiber, 

is an effective way to create a sustainable system and minimize environmental impacts. This 

novel approach provides valuable data for future research and industrial applications. 

However, further studies need to be done to maximize the yield and productivity of caproate 

production, such as optimizing fermentation parameters for one-pot two-step fermentation 

and conducting feasibility studies on the process to ensure that it can be applied to industrial 

processes. 
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5. Final Conclusions and Future Perspectives 

An efficient way to establish a sustainable system and mitigate environmental impacts is to 

use low-cost feedstocks such as Enset biomass for biorefinery processes. The Enset plant is 

a potential food source for about 20 million Ethiopians.  Enset biomass is a waste product of 

the traditional Ethiopian Enset food processing that is discarded in large amounts. In this 

thesis, the processing potential of Enset biomass for various biorefinery processes was 

investigated. 

The carbon and hydrogen content of Enset biomass were comparable to that of typical 

agricultural lignocellulose biomasses, indicating its suitability for energy production. 

However, the calorific values of Enset biomass fell below the standard; therefore, Enset 

biomass could not be recommended for thermochemical processes. Enset biomass parts 

mainly consisted of 36–67% cellulose, 16–20% hemicelluloses, and less than 6.8% lignin. 

Enset fiber had the highest cellulose content among all parts, similar to banana and pineapple 

fiber. In addition, the Enset biomass had low levels of inhibitory compounds, making it a 

promising feedstock for bioconversion processes. 

Enset biomass is a potential bioenergy source, however, it needs to be processed before ABE 

fermentation. This process includes pretreatment and enzymatic hydrolysis, which modify 

the structure of Enset biomass and releases simple sugars from the polysaccharides. The 

dilute alkali pretreatment method shows higher glucose production and faster hydrolysis rate 

compared to the dilute acid pretreatment method. Pretreatment of the Enset biomass with 

2% (w/v) NaOH improved cellulose digestibility and degraded the hemicellulose content of 

the biomass. However, further research is needed to find the optimal alkaline concentration 

and to explore other pretreatment methods that are both cost-effective and environmentally 

friendly. 

C. saccharoperbutylacetonicum utilized Enset biomass hydrolysate as a substrate for ABE 

fermentation without requiring additional detoxification or sugar supplementation. 

Comparable butanol production was achieved in Enset biomass hydrolysate compared to 

pure glucose as a substrate using SHF method. However, the strain on Enset biomass 

hydrolysate had a slower growth rate than pure glucose, which might be due to the preculture 

adaptation and substrate inhibition. In addition, we found that C. 

saccharoperbutylacetonicum consumed various sugars from Enset biomass hydrolysate, 

such as glucose, xylose, mannose, and galactose. 
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Furthermore, C. saccharoperbutylacetonicum grew and produced butanol and hydrogen 

from pretreated Enset fiber using SSF process within a temperature range of 28 to 37 °C. 

The production of hydrogen and butanol from affordable materials like Enset fiber is crucial 

for ensuring the sustainability of the biofuel industry. However, to achieve the highest yield 

for both products, the process parameters need to be separately optimized for each product. 

This is because the process parameters influence cell metabolism and can potentially shift 

the metabolic pathway in favour of hydrogen or butanol production. In a bottle experiment, 

a maximum butanol concentration of 11.36 g/L with a yield of 0.23 g/g and a productivity 

of 0.16 g L-1h-1, and a maximum hydrogen amount of 18.86 mmol with a yield of 168.99 

mL/g-Enset fiber were achieved under different optimal parameters for each product. In 

addition, a scaled-up SSF process from pretreated Enset fiber was successfully established 

using a 2.5 L stirred tank bioreactor. By maintaining a slight overpressure inside the 

bioreactor and optimizing the process parameters, a comparable butanol yield was achieved 

as in the bottle experiment. However, the butanol productivity in the bioreactor experiment 

decreased. This was due to poor mass transfer between substrate and enzymes in the SSF 

process. To address this issue, the PSSF method was introduced, incorporating a 2–3 hours 

prehydrolysis before inoculation. This approach alleviated the mass transfer problem and 

enhanced the butanol concentration and productivity by 30% and 27%, respectively, 

compared to the SSF process. This study found that the PSSF process achieved the highest 

butanol concentration and yield compared to previous studies with different biomass and 

Clostridial strains. However, butanol productivity was lower than in a previous study using 

C. saccharobutylicum from corn stover at 37 °C [200]. More research is needed to boost 

butanol productivity from Enset fiber by using a strain that can tolerate high temperatures or 

cold-active cellulase. Furthermore, hydrogen production in the bioreactor experiment was 

maximized by operating at atmospheric pressure and optimum process conditions. Hydrogen 

production increased by 79.7% under atmospheric pressure and optimal process conditions 

in the bioreactor compared to the overpressure experiment at optimum conditions for butanol 

production. This is the first study to use this strain and substrate combination for the SSF 

process, and it contributes to the advancement of bioengineering. However, more research 

on 5L, 10L bioreactors as well as pilot-scale processes is essential to make the SSF process 

from Enset fiber viable for industrial-scale production. 

Finally, this study successfully produced additional valuable products, thereby contributing 

to the expansion of the biorefinery product range derived from Enset biomass without the 
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need for pretreatment. A novel method was developed to produce caproate directly from 

Enset fiber without pretreatment or external enzymes in a one-pot two-step fermentation 

using anaerobic fungi (N. cameroonii) and C. kluyveri. In two step fermentation, N. 

cameroonii grew on untreated Enset fiber and produced acetate, succinate, ethanol, 

hydrogen, formate and lactate. After inoculation with C. kluyveri, caproate and butyrate were 

produced, and hydrogen production also increased compared to sole N. cameroonii 

fermentation. This innovative approach offers a sustainable and viable solution for 

producing biofuels and bioproducts from Enset biomass. One challenge in the two-step 

fermentation process was the requirement for ethanol as an electron donor. To overcome this 

challenge, ethanol was added to the culture during C. kluyveri inoculation, leading to 

enhanced caproate and hydrogen production, along with increased acetate consumption. To 

further optimize the biorefinery process, the two-step fermentation can be integrated into 

syngas fermentation, with the aim of producing ethanol and feeding it back into the two-step 

fermentation process as necessary for caproate production. This strategic integration holds 

the potential to enhance the sustainability of the two-step fermentation process. Moreover, 

further studies are required to maximize caproate production including the optimization of 

fermentation parameters for the two-step fermentation. 

In summary, Enset biomass can be efficiently utilized for biorefinery processes through 

various bioconversion methods, including ABE fermentation, anaerobic fungi fermentation, 

and chain elongation processes, with or without treatment. However, it is important to assess 

the economic and environmental impacts of Enset biomass valorisation for the biorefinery 

process using methods such as techno-economic analysis, life-cycle assessment, and social-

impact assessment. This thesis plays a crucial role in advancing a circular bioeconomy and 

a sustainable energy system by providing valuable insights for future research and industrial 

applications.  
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IEA: International energy agency  

L: Leaf  

LC: Lower corm  

LIS: Lower inflorescence stalk  

LS1: Leaf sheath-1  

LS2: Leaf sheath-2  

LS3: Leaf sheath-3  

LS4: Leaf sheath-4  

LSP: Leaf sheath peel  

M: Midrib  

MCC: Medium-chain carboxylates  

NDF: Neutral detergent fiber  

Np: Power number  

OD: Optical density  

PFO: Pyruvate-ferredoxin oxidoreductase 

PLOT: Porous layer open tubular 

PSSF: Prehydrolysis simultaneous 

saccharification and fermentation  

PTA: Phosphotransacetylase 

PTB: Phosphotransbutyrylase 

Re: Reynolds number  

Rnf: Ferredoxin-NAD reductase complex 

SHF: Separate hydrolysis and 

fermentation  

SSF: Simultaneous saccharification and 

fermentation  

UC: Upper corm  

UIS: Upper inflorescence stalk  

WCOT: Wall coated open tubular  
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Appendix A 

Table A1. Monomeric sugars and degradation products in liquid hydrolysate. Enset biomass 

parts after pretreated with different methods (A) alkali pretreatment (2% (w/v) NaOH); (B) 

acid pretreatment (2% (v/v) H2SO4). 

(a) alkali pretreatment (2% (w/v) NaOH) 

Analysis % (w/w) Leaf sheath peel Enset fiber Midrib Mixed Enset waste 

Cellobiose 0.04 ± 0.01 0 0.03 ± 0.00 0.07 ± 0.00 

Glucose 0.83 ± 0.04 0.36 ± 0.03 1.44 ± 0.12 0.37 ± 0.01 

Arabinose 0 0 0.05 ± 0.00 0 

Other sugar (xylose, 

mannose, and galactose) 
0.28 ± 0.02 0.17 ± 0.01 0.45 ± 0.06 0.28 ± 0.01 

Formic acid 0.84 ± 0.16 0.59 ± 0.00 1.38 ± 0.04 1.03 ± 0.14 

Acetic acid 5.41 ± 0.38 7.82 ± 0.01 11.01± 0.56 11.47 ± 0.50 

(b) acid pretreatment (2% (v/v) H2SO4) 

Analysis % (w/w) Leaf sheath peel Enset fiber Midrib Mixed Enset waste 

Cellobiose 0.88 ± 0.77 2.09 ± 0.02 1.28 ± 0.02 1.32 ± 0.03 

Glucose 10.46 ± 1.27 2.33 ± 0.13 4.71 ± 0.12 7.82 ± 0.20 

Arabinose 1.07 ± 0.20 0.38 ± 0.03 3.66 ± 0.09 2.58 ± 0.05 

Other sugar (xylose, 

mannose, and galactose) 
7.37 ± 0.39 9.38 ± 0.04 9.33 ± 0.17 7.15 ± 0.12 

Formic acid 0 0 0.38 ± 0.05 0.27 ± 0.02 

Acetic acid 4.46 ± 0.54 5.95 ± 0.09 7.72 ± 0.87 8.25 ± 0.27 
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Appendix B 

Table B1. Effect of temperature on hydrogen and butanol production in the SSF process 

from Enset fiber in bottles a, b,c 

Temp. 

(C) 

Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Butanol 

yield 

(g/g) 

Butanol 

productivity 

(g/(L h)) 

Hydrogen 

(mmol) 

Hydrogen 

yield 

(mL/g) 

Maximum 

hydrogen 

production 

rate 

(mmol/h) 

30 2.69 ± 0.98 11.25 ± 0.05 0.23 0.17 12.03 ± 0.23 107.79 0.35 

35 0.50 ± 0.04 10.59 ± 0.10 0.21 0.15 14.67 ± 0.13 131.44 0.61 

37 5.86 ± 0.81 8.30 ± 0.39 0.17 0.12 14.90 ± 0.13 133.50 0.45 

a 
All calculations accounted for 2.5 g Enset fiber in 50 mL medium at 72 hours fermentation period; 

b 

Conversion of mmol to mL of hydrogen was carried out in accordance with the ideal gas law under standard 

temperature and pressure conditions.; 
c Values are means from triplicate bottles. 

Table B2. Effect of initial pH on hydrogen and butanol production in the SSF process from 

Enset fiber in bottles a, b,c 

Initial 

pH 

Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Butanol 

yield 

(g/g) 

Butanol 

productivity 

(g/(L h)) 

Hydrogen 

(mmol) 

Hydrogen 

yield 

(mL/g) 

Maximum 

hydrogen 

production 

rate 

(mmol/h) 

5.0 38.00 ± 0.45 0.24 ± 0.20 0.005 0.003 1.74 ± 0.16 15.59 0.10 

6.0 5.36 ± 0.62 8.70 ± 0.13 0.174 0.121 15.48 ± 0.34 138.70 0.39 

7.0 5.76 ± 0.03 8.74 ± 0.26 0.175 0.121 15.54 ± 0.30 139.24 0.50 

8.0 3.5 ± 0.66 9.36 ± 0.20 0.187 0.130 15.52 ± 0.07 139.06 0.53 

9.0 30.39 ± 1.46 1.81 ± 0.70 0.036 0.025 5.33 ± 0.87 47.76 0.32 

a 
All calculations accounted for 2.5 g Enset fiber in 50 mL medium at 72 hours fermentation period; b 

Conversion of mmol to mL of hydrogen was carried out in accordance with the ideal gas law under standard 

temperature and pressure conditions.; 
c 

Values are means from triplicate bottles. 
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Table B3. Effect of hydrogen partial pressure on hydrogen and biobutanol production in the 

SSF process from Enset fiber in bottles a, b,c 

Gas release strategy Final glucose 

concentration 

(g/L) 

Butanol 

concentration 

(g/L) 

Hydrogen 

(mmol) 

Hydrogen 

yield 

(mL/g) 

Maximum 

hydrogen 

production 

rate 

(mmol/h) 

Without gas release 3.50 ± 0.66 9.36 ± 0.20 15.52 ± 0.07 139.06 0.53 

Gas release to 1-L bottle 2.40 ± 0.45 9.23 ± 0.93 17.24 ± 1.59 154.47 0.41 

Gas release to 2-L bottle 0.19 ± 0.08 9.65 ± 0.17 18.86 ± 0.81 168.99 0.59 

a 
All calculations accounted for 2.5 g Enset fiber in 50 mL medium at 72 hours fermentation period; 

b 

Conversion of mmol to mL of hydrogen was carried out in accordance with the ideal gas law under standard 

temperature and pressure conditions.; 
c 

Values are means from triplicate bottles. 
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Appendix C 

Table C1. Carbon balance calculation and conversion factor for N. cameroonii growth on 

Enset fiber 

Compound 

Chemical 

formula 

Molecular 

weight 

(g/mol) 

mol 

Carbon/mol 

Mole of 

Compound 

(mmol) 

Carbon per 

compound 

(mmol) 

Intial Substrates 

Enset fiber  
   

8.58a 

Ethanol C2H6O 46.07 2 0.64 1.28b 

CO2 CO2 44.01 1 8.06 8.06 

Sum of carbon in substrate 17.92 

Final Products 

Acetate C2H4O2 60.05 2 1.11 2.22 

Ethanol C2H6O 46.07 2 0.71 1.43 

Succinate C4H6O4 118.09 4 0.08 0.32 

Lactate C3H6O3 90.08 3 0.17 0.49 

Formate CH2O2 46.03 1 1.34 1.34 

CO2 CO2 44.01 1 9.66 9.66 

Sum of carbon in product 15.47 

Carbon recovery (%)c 86.33 

a The mole of carbon in Enset fiber was calculated from 0.25g Enset fiber and carbon content of 41.2 

%(w/w): b 
The amount of ethanol came from the hemin solution in the medium; 

c Carbon recovery (%) = 

(Sum of carbon in products/ Sum of carbon in substrate) × 100 %  
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Table C2. Output from ANOVA analysis in OriginPro 2021; the pressure developed by N. 

cameroonii on different substrate loading of Enset fiber  

 

 

Figure C1. Percentage of all metabolites for N. cameroonii growth on different substrate 

loading of Enset fiber at the end of fermentation. All values are means from triplicate bottles. 


