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Abstract 

Achieving high yields in enzymatic saccharification of cellulose is a 

critical step in biochemical conversion of pretreated lignocellulosic 

biomass. Sugar formed during saccharification serves as substrate for 

fermenting microorganisms producing bio-based fuels and chemicals. 

An oxidoreductase, lytic polysaccharide monooxygenase (LPMO), has 

recently gained attention for its potential to act synergistically with 

conventional hydrolytic enzymes catalyzing the deconstruction of 

cellulose. This investigation has focused on LPMO-supported enzymatic 

saccharification of cellulose, exploring the process conditions, 

particularly the redox environment, affecting LPMO-supported 

saccharification of biomass. The involvement of LPMO necessitates 

reevaluation of industrial process configurations, especially in terms of 

aeration strategies. The impact of aeration on saccharification and 

fermentation, for example through potential side effects on fermentation 

inhibitors generated during the pretreatment, is not well understood, 

and the aim of the investigations has been to shed light on that gap of 

knowledge.     

The role of lignin as a reductant in LPMO-supported enzymatic 

saccharification was investigated, focusing on both lignin in the solid 

fraction and water-soluble lignin degradation products in the liquid 

fraction. A novel experimental set-up with controlled gas addition (six 

parallel reactions, three with air and three with N₂) was used to regulate 

the redox environment. Glucose production was consistently higher in 

reactions with air. Both lignin in the solid fraction and degradation 

products in the liquid fraction efficiently supported LPMO catalysis.  

The benefits of continuous aeration in LPMO-supported enzymatic 

saccharification were weighed against the negative effects associated 

with high solids loadings in reaction mixtures. Studies in the range 12.5% 
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to 17.5% water-insoluble solids (WIS) showed that the positive effects of 

aeration to support LPMO were larger than the negative effects of high 

solids loadings. Notably, glucan conversion with aeration at 17.5% WIS 

exceeded that obtained with N₂ at 12.5% WIS. Additionally, doubling the 

enzyme dosage was less effective in enhancing glucan conversion than 

using aeration rather than N₂. These findings demonstrate the significant 

potential of continuous aeration to boost LPMO activity when using high 

solids loadings in biomass conversion. 

A hybrid hydrolysis and fermentation (HHF) process, incorporating an 

initial pre-hydrolysis phase with aeration at a relatively high 

temperature, was compared to simultaneous saccharification and 

fermentation (SSF). Using steam-exploded softwood as substrate, pre-

hydrolysis with aeration improved glucan conversion in HHF, but the 

overall conversion remained modest. Extending the aeration period from 

24 h to 48 h slightly enhanced saccharification but had a negative impact 

on the subsequent fermentation with Saccharomyces cerevisiae yeast. 

Thus, under the experimental conditions used, HHF with aeration led to 

increased glucan conversion, but the benefits were not sufficient to 

achieve an ethanol yield and productivity that was comparable to those 

achieved using SSF. 

The potential negative impact of aeration on subsequent fermentation 

was investigated further in studies of the liquid phase of steam-exploded 

softwood. Compared to parallel N₂ control reactions, aeration caused a 

more inhibitory environment for S. cerevisiae yeast. Although the 

concentrations of some inhibitors, such as furfural, decreased during 

aeration, there was a slight but consistent increase in the concentrations 

of formaldehyde, a phenomenon that could, at least partially, explain 

increased inhibition. Sulfite detoxification was effective regardless of 

aeration. Laccase treatment showed mixed effects on fermentability, 

which could be attributed to the treatment causing an overall decrease in 
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the content of phenolic inhibitors, but also formation of more toxic 

substances from relatively harmless precursors. 
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Enkel sammanfattning på svenska 

Lignocellulosa, en rikligt förekommande förnybar naturresurs som 

huvudsakligen består av cellulosa, hemicellulosa och lignin, har fått stor 

uppmärksamhet som råvara för produktion av biobaserade drivmedel, 

kemikalier och material. Bioraffinering av lignocellulosa och annan 

biomassa utgör ett förnybart alternativ till raffinering av fossila resurser 

som olja, kol och naturgas, vilket är av intresse av miljöskäl och för bättre 

energisäkerhet. Ett sätt att förädla lignocellulosa är genom biokemisk 

konvertering, som vanligtvis bygger på processteg som hydrotermisk 

förbehandling, enzymatisk försockring av råvarans polysackarider, 

mikrobiell fermentering av frigjorda sockerarter och vidareförädling av 

den fasta återstoden som huvudsakligen består av lignin.  

En framgångsrik biokemisk konvertering bygger i stor utsträckning på 

att uppnå höga sockerutbyten från råvarans huvudsakliga polysackarid, 

som är cellulosa. Ett numera vanligt tillvägagångssätt är att försockra 

cellulosan med hjälp av enzymer. Fördelar med enzymatisk försockring 

inkluderar milda reaktionsbetingelser och låg biproduktbildning.  

Vid enzymatisk försockring av cellulosa används traditionellt enzymer 

som bryter ned cellulosan i reaktioner med vatten, s.k. hydrolytisk 

nedbrytning. De vanligaste hydrolytiska enzymerna som katalyserar 

nedbrytning av cellulosa är cellobiohydrolas, endoglukanas och β-

glukosidas. På senare tid har emellertid ett enzym som katalyserar 

redoxreaktioner med cellulosa rönt ökad uppmärksamhet. Detta enzym, 

oxidoreduktaset LPMO (lytiskt polysackaridmonooxygenas), finns i 

moderna enzympreparat för försockring av cellulosa och har potential 

att bidra till högre sockerutbyten.  

Även om LPMO finns närvarande i de enzympreparationer som man 

använder för försockring av förbehandlad lignocellulosa är det inte 

säkert att dess fulla potential kommer till nytta. För att den ska göra det 
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krävs lämpliga reaktionsbetingelser, vilket bl.a. innebär närvaro av en 

oxidant som driver reaktionen, t.ex. syre från luften. Fokus för denna 

avhandling ligger just på vilka reaktionsbetingelser och 

processkonfigurationer som är lämpliga för att den inneboende 

katalytiska potentialen hos LPMO ska komma till sin nytta. Reaktioner 

med LPMO har studerats i liten laboratorieskala såväl som under 

industrilika förhållanden i en demonstrationsanläggning. Resultaten 

visar att redoxbetingelserna har mycket stor betydelse för utfallet av 

försockringsreaktioner med LPMO och att åtgärder som luftning för att 

tillgodose den LPMO-katalyserade reaktionens behov av syre även 

påverkar vissa processtörande ämnen och därmed även påföljande 

förjäsningsprocesser med jästsvampen Saccharomyces cerevisiae. 

Studier inom området är viktiga för att få bättre förståelse för 

underliggande reaktioner i samband med försockring och förjäsning och 

för att utforma industriella processer som bygger på biokemisk 

konvertering på ett bättre sätt och därmed göra dem mer 

konkurrenskraftiga.    
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Introduction 
 

Heavy reliance on fossil resources, such as oil, coal, and natural gas, 

has raised significant discussions regarding environmental issues and 

energy security. Scientific studies point towards human activities, 

including combustion of fossil fuels and land-use changes, that have led 

to the release of greenhouse gases (GHGs) which affect the climate 

(IPCC, 2023). Furthermore, a growing global population and an 

increasing energy demand have led to a rapid increase of GHG 

emissions. Global energy consumption growth accelerated in 2023 with 

around +2.2%, which can be compared to an average growth rate of 

around +1.5% per year from 2010 to 2019. The global primary energy 

demand in 2023 was 620 exajoules (EJ), which was a new record (Energy 

Institute, 2024). The share of fossil fuels in the energy mix was 81%. 

Specifically, oil accounted for 32% of the energy demand, coal for 26%, 

and natural gas for 23% (Energy Institute, 2024). Rapid population 

growth, rising energy demand, and international conflicts make energy 

security an urgent concern. Energy security encompasses more than just 

the uninterrupted supply of energy, as it also involves ensuring that 

energy is available at affordable prices (IRENA, 2023). Energy transition 

from fossil sources to sustainable energy alternatives offers a chance to 

build a safer and more sustainable energy system that reduces fuel price 

volatility. However, energy from sustainable sources has not been 

sufficient to meet the growing energy demand (IEA, 2022). Promoting 

renewable energy options, implementing energy efficiency measures, 

and adopting cleaner transportation technologies are important for 

alleviating anthropogenic climate change and reducing the reliance on 

fossil fuels.  
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Biorefinery  

Biorefineries can be seen as analogous to oil refineries where crude oil 

is fractionated into a variety of products. Biorefinery aims at utilizing 

renewable feedstocks by integrating various technologies to convert 

them into valuable products, which offer alternatives in the transition to 

a more sustainable low-carbon economy. The term "biorefinery" was 

introduced in the early 1990s (Wyman and Goodman, 1993). Various 

definitions of the term "biorefinery" exist. For instance, IEA Bioenergy 

Task 42 has defined a biorefinery as the "sustainable processing of 

biomass into a spectrum of marketable biobased products (chemicals, 

materials) and bioenergy (fuels, power, and/or heat)" (De Jong et al., 

2011). Similarly, the American National Renewable Energy Laboratory 

(NREL) describes a biorefinery as "a facility that integrates biomass 

conversion processes and equipment to produce fuels, power, and 

chemicals from biomass" (NREL, 2007). The pulp and paper industry 

can be considered as the first industrialized biorefinery system since 

other bio-based products are produced beyond pulp and paper (Alén et 

al., 2015; Jönsson and Nilvebrant, 2024). Examples of wood-based 

biorefineries include, for example, Borregaard in Sarpsborg in Norway, 

one of the most advanced biorefineries in operation for more than 40 

years (Rødsrud et al., 2012), and, since 1990, Domsjö Fabriker in 

Örnsköldsvik in northern Sweden, which transitioned from traditional 

pulp production to become a biorefinery with products such as cellulose 

for textile manufacture, lignin as an additive in concrete manufacture, 

and cellulosic ethanol produced from spent sulfite liquor. Both these 

biorefineries utilize softwood as feedstock.  

There are different types of processes that can be used for conversion 

of biomass to produce valuable products. These include mechanical, 

thermochemical, chemical, and biochemical processes. Thermochemical 
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processes involved in biomass conversion include gasification,  pyrolysis 

and combustion. Gasification involves heating biomass at high 

temperatures (above 700 °C) in a low-oxygen environment to produce 

syngas, a mixture of hydrogen (H₂), carbon dioxide (CO₂), carbon 

monoxide (CO), and methane (CH₄) (Chang et al., 2023). Syngas can be 

used directly as biofuel or as a chemical intermediate in the production 

of other fuels and chemicals, such as methanol, dimethyl ether, ethanol, 

and isobutene (Chang et al., 2023). Pyrolysis occurs at intermediate 

temperatures (300-600°C) in the absence of oxygen, converting the 

feedstock into liquid pyrolytic oil (bio-oil), solid charcoal, and light gases 

similar to syngas (Meier, 2019). Hydrothermal carbonization (HTC) and 

Hydrothermal liquefaction (HTL) are both thermochemical processes 

used to convert biomass or residues from biomass processing into 

valuable forms of carbon or fuel. HTC involves the heating on biomass in 

water at relatively low temperatures (typically between 180°C and 250°C) 

under autogenous pressure. HTC converts organic material into a 

carbon-rich solid product, hydrochar. HTL (250-374°C at 10-25 MPa) 

usually converts wet biomass into a liquid bio-crude oil that is later 

refined into biofuels. Compared to HTC, relatively high temperature and 

pressure is required for HTL (Lachos-Perez et al., 2022). Additionally, 

combustion, which is the oldest and most widely used method for 

biomass conversion, is performed by heating biomass in an oxygen-rich 

environment to produce heat, steam, and electricity (Senneca et al., 

2007). Combustion can also be important for the chemical recovery 

systems in biorefineries, such as recovery boilers used in the kraft 

process (Mboowa, 2021). This is a crucial aspect of the process, as 

chemical-intensive processing of biomass requires recycling of the 

chemicals. The carbon dioxide that is formed from combustion of 

biomass can tentatively be used to produce methanol, which is an 

example of Bio-CCS or BECCS (bioenergy carbon capture and storage) 
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(Zhang et al., 2017; Lefvert and Grönkvist, 2024). Transesterification, a 

widely used chemical method for biodiesel production, involves 

converting vegetable oils into fatty acid methyl or ethyl esters — 

commonly known as biodiesel — through a chemical reaction with an 

alcohol (Gufrana et al., 2023). 

Anaerobic digestion, a form of biochemical conversion, involves the 

use of microorganisms to break down biodegradable organic material in 

the absence of oxygen. The process typically occurs in the temperature 

range 30 to 65 °C. The primary end-product of anaerobic digestion is 

biogas, which mostly consists of methane and carbon dioxide with trace 

amounts of other gases, such as hydrogen sulfide and ammonia. Biogas 

can be upgraded to contain more than 97% methane, making it a valuable 

substitute for natural gas (IEA Bioenergy Task 37, 2022).  

With respect to mechanical refining of wood, the groundwood process 

is the oldest (Mboowa, 2021). It has largely been replaced by thermo-

mechanical processing and chemi-thermomechanical processing. 

Whereas mechanical processing preserves all three major organic 

constituents of wood (cellulose, hemicellulose, and lignin), chemical 

refining of wood typically targets and dissolves the lignin. Among the 

methods used for chemical refining of wood, the kraft process is the most 

common. Other options include the sulfite process, the soda process, and 

the organosolv process. There are also different ways to carry out each of 

these processes.  

Residual lignin from biorefinery processes can be valorized using 

thermochemical techniques (Brienza et al., 2023), such as pyrolysis and 

hydrothermal liquefaction, or by using chemical-catalytic cracking 

processes in which the lignin is degraded to low-molecular-mass 

substances that can be used as liquid biofuel. Such biofuels are of interest, 

for instance, for marine engines that are compatible with fuels that 

consist of complex mixtures.  
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Lignocellulosic feedstocks   

Different forms of biomass have large potential as feedstocks for 

biorefining due to the vast amounts of reserves, amounting to 

approximately 1.8 trillion tons on land and to approximately 4 billion 

tons as aquatic reserves (Tursi, 2019). Biomass is typically relatively 

inexpensive and has a high production rate and has therefore gained a 

lot of attention for sustainable production of bio-based fuels, chemicals, 

and materials (De Bhowmick et al., 2018). Lignocellulosic biomass is 

commonly associated with residues from forestry (e.g., softwood from 

conifers and hardwood from broadleaf trees) and agriculture (e.g., wheat 

straw, corn stover), and agro-industrial by products (e.g., sugarcane 

bagasse). An overview of the main composition of different types of 

lignocellulosic feedstocks is provided in Table 1.  

 

Table 1. Main components of different types of lignocellulosic feedstocks 

(mass fractions in percent of dry weight).a,b  

Biomass Cellul

-osea 

Hemi- 

cellulosea 

Lignin Extrac- 

tives 

Minerals Reference 

Norway spruce 42.7 18.6 29.5 1.2 0.1 Normark 

et al., 2016 

Scots pine 42.7 23.5 29.5 4.5 0.2 Normark 

et al., 2014 

Hybrid aspen 44.0 22.8 24.8 0.8 N.D. Wang et 

al., 2018b 

Silver birch 38.8 27.7 28.5 1.7 N.D. Wang et 

al., 2018b 

Wheat straw 39.8 24.4 22.8 5.1 4.7 Ilanidis et 

al., 2021 

Sugarcane 

bagasse 

36.9 24.5 22.0 4.7 4.5 Neves et 

al., 2016 
 

a Cellulose approximated as content of glucan. Hemicellulose approximated as 

content of arabinan, galactan, mannan, and xylan. bN.D., not determined. 
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The structure and composition of lignocellulosic biomass is complex 

and diverse. Apart from water, the three main constituents of 

lignocellulosic biomass are cellulose (38-50%), hemicellulose (20-35%), 

and lignin (10-25%) (Fig. 1) (Hu and Ragauskas, 2012).   

 

 

 

Fig. 1.   The three main organic constituents of lignocellulosic biomass. 
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Cellulose 

Cellulose is considered to be the most abundant organic substance in 

nature. It is a homopolysaccharide composed of β-D-glucopyranose 

units linked by 1,4-glycosidic bonds (Fig. 1) (Sjöström et al., 1993). It is 

predominantly located in the secondary cell walls.   

Cellulose microfibrils in plants are formed by polymerization of 

glucose units into β-(1,4)-linked unbranched glucan chains. It is formed 

at the plasma membrane of plant cells by the cellulose synthase complex. 

Approximately 18-36 of these glucan chains aggregate through hydrogen 

bonds to form a single cellulose microfibril, but the number of chains per 

microfibril can vary depending on the plant (Cosgrove, 2005; Nixon et 

al., 2016). The orientation of cellulose microfibrils within the cell wall is 

crucial for its mechanical properties. There are two types of 

intramolecular hydrogen bonds, i.e., hydrogen bonds within individual 

cellulose chains (Fig. 2). One type is formed between the hydroxyl group 

(-OH) on the C3 carbon atom and the oxygen atom of the neighboring 

glycosidic ring. The other type is formed between the oxygen atom at the 

C6 position and the hydrogen atom of the C2 carbon atom of the 

neighboring glucose unit. Intermolecular bonds are formed between 

different cellulose chains (Chen, 2014).  

Cellulose macromolecules form both crystalline and amorphous 

regions. The crystalline regions of cellulose have a packed and ordered 

structure with a density of 1.588 g/cm3, whereas the density is lower in 

amorphous regions, i.e., 1.5 g/cm3. This is due to the wide and irregular 

disposition of the macromolecules in amorphous regions (Bonechi et al., 

2017). The amorphous region in the cellulose structure is more accessible 

and is therefore more easily attacked by chemicals and cellulase enzymes. 

In contrast, the crystalline regions are more compact and resistant to 

enzymatic reactions, often requiring pretreatment to enhance their 

reactivity.  
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The degree of polymerization (DP) is a crucial structural property of 

cellulose, which relates to the chain length and the molecular weight, i.e., 

the number of glucose units. DP is defined as the number of 

glucopyranosyl units in the cellulose chain, and it varies in different plant 

species (Hallac and Ragauskas, 2011). For instance, cellulose in cotton 

can reach a DP of up to 10,000, while wood typically has DP values 

ranging from 300 to 1700 (Klemm et al., 2005; Jørgensen et al., 2007). 

Higher DP values mean longer chains, higher molecular weight, and 

fewer chain ends, features that generally contribute to the strength and 

rigidity of cellulose, thus also contributing to low reactivity with 

chemicals and enzymes (Ciolacu et al., 2011).  

Over the past two centuries, cellulose has become an essential raw 

material for the pulp and paper industry, and for the textile fiber industry. 

Additionally, it plays a vital role in various fields related to renewable 

and sustainable energy sources (Tursi et al., 2018a; Tursi et al., 2018b; 

Tursi et al., 2019). 

 

Fig. 2.   Intra- and inter-molecular hydrogen bonds in the cellulose structure. 
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Hemicellulose 

Hemicellulose is one of the major constituents of the plant cell wall. In 

contrast to plant cellulose, hemicellulose is a heterogeneous branched 

polysaccharide with a degree of polymerization of only about 200. It 

usually contains a variety of pentose and hexose sugar units, such as 

glucose, mannose, galactose, xylose, and arabinose (Sjöström et al., 

1993). Hemicellulose typically accounts for 20-35% of the dry weight in 

wood. In softwood (i.e., wood from conifer species), hemicellulose 

accounts for approximately 26-33% of the dry weight, while in hardwood 

(i.e., wood from dicotyledonous species) it accounts for around 19-34% 

of the dry weight. Unlike cellulose, hemicellulose has a branched 

structure, is frequently acetylated, and contains uronic acid units and 4-

O-methyl esters (Hu and Ragauskas, 2012). The composition of 

hemicellulose and the ratio of sugars units very much depends on the 

type of feedstock. Mannan, including water-soluble galactoglucomannan 

and water-insoluble glucomannan, is common in softwood. However, 

hardwood contains a lower fraction of glucomannan. In hardwood, xylan, 

including glucuronoxylan, is the predominant hemicellulose, whereas 

softwood contains arabinoglucuronoxylan (Donev et al., 2018). 

Hemicellulose is amorphous and hydrophilic and is typically easier to 

hydrolyze to monosaccharides than cellulose. 

Lignin   

Lignin is the third major biopolymer in lignocellulose. It consists of 

phenylpropanoid units which are linked by ether (C-O-C) and carbon-

carbon (C-C) bonds to form a three-dimensional network (Fengel and 

Wegener, 1989, Ralph et al., 2004). The  -O-4 (−aryl ether) linkage is 

the most prevalent type of interunit linkage in lignin, and it is also 

relatively easy to cleave (Ragauskas, 2013). Other linkages, such as -

5, -  − −− are more resistant to degradation.  Lignin primarily 
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consists of three types of phenylpropanoid units derived from three 

monolignols (Fig. 3): coniferyl alcohol gives rise to guaiacyl (G) units 

(one methoxy substituent), sinapyl alcohol gives rise to syringyl (S) units 

(two methoxy groups), and p-coumaryl alcohol gives rise to p-

hydroxyphenyl (H) units (no methoxy substituent). Softwood lignin 

predominantly consists of G units, while hardwood lignin contains both 

G and S units with a smaller quantity of H units (Hu and Ragauskas, 

2012).  

 

 

 

Fig. 3.   Three phenylpropanoid units in lignin.  

 

Lignin polymerization begins with enzymatic dehydrogenation of 

monolignols to radicals. The radicals are subsequently joined to the ends 

of the growing polymer through non-enzymatic combinatorial radical 

coupling reactions (Ralph et al., 2004). 

Chemical bonds between lignin and polysaccharides (cellulose, 

hemicellulose) form lignin-carbohydrate complexes (LCCs) that 

contribute to the recalcitrance of lignocellulosic feedstocks. LCCs can be 

seen as hybrid structures within the plant, in which lignin is covalently 

linked to polysaccharides. The structures are believed to include phenyl 

glycoside bonds, esters, and benzyl ethers (Hu and Ragauskas, 2012).   
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Extractives and ash 

In addition to three main organic components, lignocellulosic biomass 

also consists of low-molecular-weight substances, such as extractives 

and inorganic substances, i.e., ash (Sjöström, 1993). The composition of 

extractives varies depending on the feedstock. The extractives can be 

divided into three main groups: terpenoids and steroids, fats and waxes, 

and phenolic components (Marques et al., 2010). The main component 

of ash consists of inorganic metals, which is also feedstock-dependent 

and varies from less than 1% of the dry-weight of wood biomass and up 

to 15% dry-weight among herbaceous plants (Eom et al., 2011). 

 

Biochemical conversion of lignocellulosic 

biomass 

Bioconversion of lignocellulose refers to a process for production of 

advanced biofuels and other bio-based products (chemicals, materials) 

that involves one or several biocatalysts, i.e., enzymes and 

microorganisms (Jönsson and Nilvebrant, 2024). Other types of 

processes are typically also involved in bioconversion, including 

mechanical, thermochemical, and/or chemo-catalytic processing steps 

(Martín et al., 2022).  

Feedstocks based on starch or sucrose have for a long time been used 

to produce biofuels and other bioproducts. For example, corn, with high 

content of starch, is the primary feedstock for bioethanol production in 

the US, whereas sucrose from sugarcane is the prevalent feedstock for 

bioethanol production in Brazil. Together, USA and Brazil produce 

around 80% of the world’s ethanol. Beyond bioethanol, sugarcane 

represents one of the most successful cases of biorefinery, with three 

major marketable products (sugar, ethanol, and bioelectricity, as well as 

a great diversity of by-products (Vandenberghe et al., 2022). Compared 
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to feedstocks like starch and sucrose, feedstocks consisting of 

lignocellulosic biomass bring more challenges into the conversion due to 

their more complex and rigid structure. This makes it harder to use 

enzymes and microorganisms in the conversion process. It is therefore 

essential to consider pretreatment steps to make cellulose more 

accessible to cellulolytic enzymes before the enzymatic saccharification 

(Galbe and Wallberg, 2019: Martín et al., 2022). Also, the conversion of 

sugars through microbial fermentation needs to be followed by 

valorization of the lignin-rich residue (also called "hydrolysis lignin"). 

Fig. 4 schematically illustrates such a process.  

 

 

 

Fig. 4.   Biochemical conversion of lignocellulosic biomass into value-added 

products.  

 

Pretreatment  

Pretreatment, or fractionation, is a crucial step in the conversion of 

lignocellulosic biomass, making the biomass more accessible to the 

enzyme, thus contributing to more efficient saccharification of the 

biomass. An effective pretreatment targeting hemicelluloses would 

result in a great performance with respect to enzymatic digestibility and 

recovery of hemicelluloses (Martín, et al., 2022). Pretreatment typically 

consists of both mechanical and hydrothermal steps.  
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Mechanical processing is typically applied in the beginning in order to 

prepare the biomass for subsequent conversion without altering its 

chemical composition. It includes size reduction (e.g., wood chipping, 

grinding, milling, shredding), separation of feedstock components (e.g., 

debarking, sieving, centrifugation) and physical pretreatment (e.g., 

pelletization, extrusion).   

Depending on the chemicals that are involved, the target component, 

and the conditions, pretreatment methods can be divided into different 

groups, for instance, mild alkaline pretreatment, chemical pulping 

processing, hydrothermal pretreatment, oxidative pretreatment, acid-

based pretreatment, or pretreatment using alternative solvents, such as 

ionic liquids (Jönsson and Martin, 2016).  

Alkaline pretreatments typically target the lignin, and break the bonds 

between lignins and carbohydrates, resulting in partial solubilization of 

lignin. Alkaline pretreatment typically leads to less solubilization of 

hemicellulose and less formation of inhibitory pretreatment by-products. 

Different types of alkali that can be used in alkaline pretreatment include 

sodium hydroxide, potassium hydroxide, and ammonium hydroxide 

(Galbe and Zacchi, 2012). Sodium hydroxide and potassium hydroxide 

are most commonly used. Other alternatives for alkaline pretreatment 

include calcium hydroxide and ammonia. Ammonia is used for 

pretreatment at elevated temperatures in ammonia recycle percolation 

and ammonia fiber explosion (AFEX) (Chundawat et al., 2020). In AFEX, 

biomass is typically treated with liquid ammonia at moderate 

temperatures (60-100 ºC) and high pressure. After the biomass has been 

saturated with ammonia, the pressure is released. The release of the 

pressure causes ammonia to vaporize and an explosion occurs. The 

explosion can disrupt cellulose and hemicellulose, contributing to 

breaking down the lignin-carbohydrate complex, and thus improving the 

accessibility of enzymes to cellulose and hemicellulose (Balan et al., 
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2009). However, due to the rather limited effect on the biomass, mild 

alkaline methods, such as AFEX, are used mainly for herbaceous 

biomass rather than for wood.  

Chemical pulping processes mainly target lignin, but to some extent 

also hemicelluloses (Jönsson and Martin, 2016). They are primarily used 

in the pulp and paper industry, to improve the efficiency and quality of 

paper production (Mboowa. 2021). The main process types are kraft 

pulping, sulfite pulping, soda pulping, and organosolv pulping, although 

the soda pulping was mainly used in the past and organosolv pulping has 

so far not been implemented extensively in the industry.  

Kraft pulping involves the use of sodium hydroxide (NaOH) and 

sodium sulfide (Na2S). Lignin and parts of hemicellulose are degraded 

into black liquor, which is used in recovery boilers for energy purposes 

in a process that is also a part of the system for recycling of chemicals 

(Mboowa, 2021). In the sulfite pulping process, bisulfite (HSO3
-) and 

sulfite (SO3
2-) are used to convert lignin to lignosulfonates and to 

hydrolyze hemicellulose into a water-soluble mixture called spent sulfite 

liquor (SSL). The structure of cellulose is, however, maintained. SSL 

from softwood mainly contains hexoses, which can relatively easily be 

fermented by Saccharomyces cerevisiae yeast into ethanol. SSL 

produced from hardwood is not that useful for further processing 

through fermentation, because most sugars are pentoses that are more 

difficult to ferment (Pereira et al., 2012). A modification of sulfite pulping 

called "sulfite pretreatment to overcome recalcitrance of lignocellulose" 

or "SPORL" consists of a short chemical treatment of the feedstock 

followed by mechanical size reduction (Shuai et al., 2010). For example, 

biomass is first treated with sulfite salt at 160-180 °C at pH 2-4 for 30 

min, and is then fiberized (a size reduction) to generate a fibrous 

substrate for subsequent saccharification and fermentation (Shuai et al., 

2010). SPORL produces digestible substrates with high recovery of 
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hemicellulose and low amounts of fermentation inhibitors. Another 

sulfite-based method, developed by Borregaard, is called the BALITM 

process. As it is similar to the sulfite process, lignosulfonates are 

generated as a by-product and the cellulose in the resulting pulp has good 

enzymatic digestibility (Rødsrud et al., 2012). In the soda process, 

sodium hydroxide is used as pulping chemical. It breaks down and 

solubilizes lignin. It is mainly used for non-woody plants with higher 

content of inorganic material than wood. Whereas the kraft process, the 

sulfite process, and the soda process efficiently remove lignin and result 

in a cellulosic material, a pulp, that is relatively easy to degrade 

enzymatically, these are chemical-intensive processes. It is therefore 

essential to have effective systems for the recovery of chemicals, and the 

methods are typically associated with high capital expenditure costs. 

Organosolv pulping is based on the use of organic solvents (such as 

ethanol) which are used to dissolve lignin (Pan et al., 2006). With acid 

catalyst, the process can be performed at lower temperatures. However, 

the solvent needs to be removed after the pretreatment to avoid 

inhibition and for recycling of process chemicals. The cost for removing 

the solvent is important to consider, and cost issues have prevented the 

use of the organosolv process in industry (Mielenz, 2020). Also, due to 

the volatility and flammability of the solvents, there is an interest in 

exploring non-volatile alternative solvents (Martín et al., 2013).  

Hydrothermal pretreatment (HTP) is a mature pretreatment method 

for lignocellulosic biomass (Galbe and Wallberg, 2019; Ruiz et al., 2013; 

Martín et al., 2022). Performed in the simplest way, the HTP process 

involves biomass and water that is heated to temperatures in the range 

150-230 ºC. The process can be performed continuously and with high 

solids loadings, making it well suited for industrial applications (Martín, 

et al., 2022). The temperature and residence time used for the HTP 

process is adjusted to the desired severity, which is different depending 
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on the feedstock (typically low severity for herbaceous feedstocks and 

high severity for softwood) (Galbe and Wallberg, 2019). The severity 

factor can be calculated as a function of time and temperature (Chornet 

and Overend, 2017; Ruiz et al., 2021). HTP pretreatment can potentially 

be performed also by using a steam explosion step or by addition of acid. 

When hydrothermal pretreatment is combined with steam explosion 

(HTP-SE), the pretreated biomass is subjected to a sudden 

decompression resulting in a disruption of the fiber structure and further 

breakdown of the biomass. Addition of low concentrations of an acid 

catalyst, such as sulfuric acid, is sometimes referred to as dilute-acid 

pretreatment (DA-HTP). Regardless of whether small amounts of acid 

are added from an external source [such as addition of sulfuric acid, 

sulfur dioxide (which forms sulfurous acid), and phosphoric acid], the 

pretreatment chemistry will be acidic. That is because of auto-catalysis. 

When the breakdown of hemicellulose begins, there will be formation of 

carboxylic acids. These include, among others, acetic acid formed from 

acetyl groups in hemicelluloses, and levulinic acid and formic acid 

formed as breakdown products from monosaccharides and furan 

aldehydes. Thus, addition of small amounts of an external acid enhances 

the acidic pretreatment chemistry, and the resulting slurries after HTP, 

HTP-SE, and DA-HTP are all acidic, often with a pH in the range 1-3. 

Due to the acidic pH, it is the hemicellulose that is mainly affected by 

HTP, whereas lignin and cellulose mainly remains in the solid phase 

(Galbe and Wallberg, 2019; Martín et al., 2022). The severity factor can 

be extended to a combined severity factor, which also covers acidity (Ruiz 

et al., 2021). Due to high acidity, especially for DA-HTP, corrosion-

resistant equipment is needed and there is typically a rather extensive 

formation of by-products that in sufficiently high concentrations can 

inhibit the fermenting microorganism. However, due to the effectiveness, 

rather limited capital expenditures and ease of implementation, HTP, 
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HTP-SE, and DA-HTP are generally good options for upscaling of 

biomass conversion processes, which is reflected by a relatively large 

number of commercialization attempts and demonstration-scale 

projects (Alvira et al., 2010, Jönsson and Martin, 2016; Martín et al., 

2022).  

Oxidative pretreatment includes alkaline peroxide pretreatment, 

ozonolysis, and wet oxidation. These methods typically result in a 

reduction of the crystallinity of cellulose and a breakdown of linkages 

between carbohydrates and lignin (Jönsson and Martin, 2016).  

 

By-product formation  

During the pretreatment, the operational conditions are optimized to 

enhance the enzymatic digestibility of the cellulose, primarily by removal 

of hemicellulose and/or lignin from the structure. However, degradation 

and solubilization of fragments of hemicelluloses, cellulose, and lignin 

results not only in formation of water-soluble saccharides but also in 

formation of undesired by-products. By-products may inhibit 

subsequent process steps, i.e., enzymatic saccharification and microbial 

fermentation (Jönsson and Martín, 2016). 

Inhibition of cellulolytic enzymes can be caused by both soluble 

carbohydrates, such as monosaccharides, and some aromatic substances, 

such as phenolics, that were generated during the pretreatment. 

Monosaccharides and disaccharides inhibit enzymatic saccharification, 

which may be referred to as end-product inhibition. Hemicellulose-

derived oligosaccharides may contribute to inhibition as well. Kumar and 

Wyman (2014) reported that manno-oligosaccharides have inhibitory 

effects on cellulases, and Kim et al. (2011) reported that xylo-

oligosaccharides are inhibitors. Oligosaccharides can be generated in the 

pretreatment or as intermediates in enzymatic saccharification reactions, 

as cellulolytic enzyme preparations typically also contain enzymes that 
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deconstruct hemicelluloses. Besides soluble sugars, aromatics, mainly 

phenolic compounds, have been shown to have an inhibitory effect on 

enzymatic saccharification (Ximenes et al., 2011; Malgas et al., 2016). 

Ximenes et al. (2011) reported that 4 mg of vanillin can reduce the 

hydrolysis rate of 1 mg of endo- and exo-cellulases by 50%. In the studies 

of Malgas et al. (2016), lignin derivatives caused stronger inhibition of 

mannolytic enzymes than organic acids, furans, and monosaccharides. 

However, inhibitory effects on enzymes caused by aromatic compounds 

can be alleviated by addition of certain reducing agents, notably sulfur 

oxyanions such as sulfite (Alriksson et al., 2011; Cavka et al., 2011; Cavka 

and Jönsson, 2013).  

Microorganisms are inhibited by various compounds formed during 

biomass pretreatment, including aromatic compounds, furan aldehydes, 

and aliphatic acids (Jönsson et al., 2013). Aromatic compounds are 

generated primarily through partial degradation of lignin, which 

involves the cleavage of β-O-4 linkages and other linkages, and from 

extractives containing phenolic groups (Jönsson and Martín, 2016). The 

inhibitory effects of aromatic compounds are complex and difficult to 

attribute to a single source, as they contain a wide range of molecules 

with varying functional groups that contribute to microbial inhibition 

(Larsson et al., 2000). However, certain compounds have been identified 

as having particularly strong inhibitory effects on yeast growth. For 

instance, benzoquinone is highly toxic to yeast even at low 

concentrations (Stagge et al., 2015). As little as 0.19 mM of benzoquinone 

can completely inhibit yeast growth (Larsson et al., 2000). Furthermore, 

studies have shown that the inhibitory effect of formaldehyde on yeast 

begins already at 1 mM (Cavka et al., 2015a). 

Furan aldehydes, such as furfural and 5-hydroxymethylfurfural 

(HMF), are primarily generated from the degradation of hemicellulose 

during pretreatment of biomass. These compounds are formed through 
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the dehydration of pentoses (producing furfural) and hexoses (producing 

HMF) under acidic conditions (Jönsson and Martin, 2016). The 

concentration of furan aldehydes in the hydrolysate varies depending on 

the type of biomass and the severity of the pretreatment process. The 

primary mechanism of inhibition is believed to be the effect on NADH 

regeneration, as the reduction of furfural to furfuryl alcohol consumes 

NADH, thereby affecting the yeast’s ability to perform essential 

metabolic reactions (Miller et al., 2009; Jilani and Olson, 2023). 

The aliphatic carboxylic acids formic acid and levulinic acid are mainly 

derived from the degradation of furfural and HMF. Acetic acid is released 

from the deacetylation of hemicellulose during the pretreatment of the 

biomass, or by esterases in enzyme preparations acting on residual 

hemicelluloses after pretreatment. When the uncharged form of the acid 

diffuses across the yeast cell membrane, it dissociates into its charged 

form and a proton, contributing to lowering the internal pH in the cell 

and affecting cell membrane integrity and thus inhibiting yeast growth. 

A total aliphatic acid concentration of around 100 mM was required to 

exert an inhibitory effect on yeast (Larsson et al., 1999b). However, due 

to low acetyl content in softwood, relatively low concentrations of acetic 

acid are found in softwood hydrolysates.  

Besides aliphatic carboxylic acids, aromatic carboxylic acids are also 

found. These include, for instance, ferulic acid, 4-hydroxybenzoic acid, 

and cinnamic acid (Du et al., 2010). According to the study by Larsson et 

al. (2000), ferulic acid was inhibitory to S. cerevisiae even at relatively 

low concentrations (around 1 mM). This makes it possible that aromatic 

carboxylic acid contributes to inhibitory effects although they are present 

in much lower concentrations than aliphatic carboxylic acids. Low 

concentrations of carboxylic acids may have a stimulatory rather than 

inhibitory effect on ethanol production. This is due to the ability of the 

acids to disturb proton gradients across membranes and thereby 
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uncouple the respiratory chain and oxidative phosphorylation of ADP, 

leading to an increased demand for ATP, which is then satisfied by 

increased ethanol production (Jönsson and Martín, 2016).  

 

Detoxification  

Detoxification, sometimes referred to as conditioning, is one of the 

most effective strategies to overcome inhibition problems in 

lignocellulosic hydrolysates (Jönsson et al., 2013). Several detoxification 

methods have been studied. For instance, alkali treatment (Alriksson et 

al., 2006; Wang et al., 2024), reducing agents (Alriksson et al., 2011; 

Cavka and Jönsson, 2013), enzyme treatment with laccase and 

peroxidases (Jönsson et al., 1998; Larsson et al., 1999a; Jurado et al., 

2009; Schroyen et al., 2017), polymer addition (Cannella et al., 2014), 

and so on.   

In alkali treatment, calcium hydroxide Ca(OH)2, sodium hydroxide 

(NaOH), or ammonium hydroxide (NH4OH) are used for treatment of 

hydrolysates. The pH of the hydrolysate is increased to over 9, typically 

around pH 12, and is maintained there for several hours, sometimes with 

moderate heating. However, the pH needs to be adjusted back to slightly 

acidic pH before performing fermentation (Alriksson et al., 2005 and 

2006).  

Conditioning by using reducing agents, such as sodium sulfite, sodium 

dithionite, and sodium borohydride, has been shown to improve the 

fermentability of hydrolysates (Alriksson et al., 2011; Cavka and Jönsson, 

2013). These chemicals are industrial chemicals that are used in the pulp 

and paper industry, and they can be added directly to the bioreactor 

without the need for an additional process step, as in detoxification with 

alkali. Techno-economic analysis suggests that sulfite treatment would 

be a viable option. According to results by Cavka et al. (2015b), sodium 

sulfite conditioning could be economically justified if the yeast inoculum 
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concentration could be reduced by approximately 0.7 g/L (dry weight) 

and the enzyme dosage by 1 FPU/g of water-insoluble solids. The 

feasibility of this approach was confirmed through validation in 

demonstration scale (Cavka et al., 2015b).  

Laccases are multicopper oxidase enzymes that can catalyze the 

oxidation of phenolic compounds, such as vanillin, coniferyl aldehyde, 

and syringaldehyde. Laccases utilize molecular oxygen as a substrate for 

oxidative reactions, and with an oxygen-rich environment, as provided 

by aeration, it would be more effective. Laccase reduces molecular 

oxygen to water and oxidizes phenolic compounds, as well as some other 

substrates (Upadhyay et al., 2016). This makes the laccase valuable for 

detoxifying by-products formed during biomass pretreatment. In a study 

with yeast and a phenol-rich hydrolysate from willow, laccase treatment 

was found to significantly improve glucose consumption and ethanol 

productivity (Jönsson et al., 1998).  

 

Enzymatic saccharification 

Enzymatic saccharification is used in the conversion of lignocellulosic 

biomass into biofuels and biochemicals since fermentable sugars are 

essential for subsequent microbial fermentations to produce ethanol and 

other bioproducts (Gandla et al., 2022; Østby et al., 2020). Cellulose and 

residual hemicelluloses remaining after pretreatment are broken down 

into oligosaccharides, disaccharides, and monosaccharides by the 

enzymatic treatment. Hydrolysis of cellulose using acid, such as sulfuric 

acid, is an option, but advantages with enzymatic saccharification 

include that the enzymes are highly specific for their substrates, which 

results in less by-product formation. Additionally, enzymatic processes 

generally operate under mild conditions (moderate temperature and 

close to neutral pH), which reduces energy consumption and the need to 

use equipment that is highly corrosion resistant.  
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The initial stages of the process can be described as morphogenesis, 

which refers to the dynamic changes in the structure or accessibility of 

cellulose substrates and enzymes during the breakdown process (Arantes 

and Saddler, 2010). The binding of enzymes to cellulose involves 

structural adaptations, for example, when the carbohydrate-binding 

modules (CBMs) of some enzymes assist the binding of the enzyme to the 

substrate (Gandla et al., 2022). This interaction can change the spatial 

arrangement and accessibility of cellulose fibers (Arantes and Saddler, 

2010 and 2011). Many fungal cellulases and certain hemicellulases are 

equipped with CBMs.   

Enzymatic saccharification at high solids loadings (>15% w/w) has 

potential to improve the economic feasibility of the process by reducing 

capital expenditures and operational expenditures, such as the energy 

demand for distillation. However, the drawback described as the "high 

solids effect" has shown that the sugar yield decreases when solids 

loadings increase, thus impacting the process efficiency and effectiveness 

(Humbird et al., 2010). This might be due to the higher viscosity of the 

pretreated material and the low water content leading to poor mixing 

and mass transfer, restricted enzyme diffusion, and reduced enzymatic 

accessibility, resulting in lower overall conversion rates (Szijártó et al., 

2011). Additionally, a high sugar concentration in the reaction mixture 

can inhibit cellulolytic enzymes through end-product inhibition, which 

is also known as feedback inhibition. The concentration of fermentation 

inhibitors is also higher when using a more concentrated system. 

Overcoming these challenges might require, for instance, improving 

mixing techniques, using a more effective biomass pretreatment, 

employing adaptive bioprocessing strategies, and using enzymes with 

high tolerance of end-product inhibition (Da Silva et al., 2016). 
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Conventional cellulolytic enzymes 

Conventional enzymatic saccharification of cellulose relies on 

hydrolytic enzymes, particularly cellobiohydrolases, endoglucanases, 

and β-glucosidases (Kant et al., 2024) (Fig. 5). Cellobiohydrolases 

primarily cleave cellobiose units from the reducing or the non-reducing 

ends of cellulose chains. Endoglucanases hydrolyze glycosidic bonds 

within the interior of cellulose chains and create new chain ends that 

cellobiohydrolases can act upon. The cellobiose formed by the action of 

cellobiohydrolases is converted into glucose by β-glucosidase (Kant et al., 

2024).  

A significant challenge faced by conventional cellulase enzymes during 

hydrolysis of lignocellulosic biomass is their limited access to cellulose 

due to its highly ordered fibrils. The structural features of cellulose result 

in that it is mainly the surface layer of the cellulose microfibrils that is 

accessible for enzymes, resulting in ineffective degradation of cellulose 

(Arantes and Saddler, 2011).   

 

 

Fig. 5.   Conventional model of cellulose degradation.  

 

Lytic polysaccharide monooxygenase (LPMO)  

More recently, researchers discovered an oxidoreductase enzyme that 

is now known as lytic polysaccharide monooxygenase (LPMO), which 

plays a role in the enzymatic breakdown of cellulose. Initially, LPMOs 
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were categorized under two families in the CAZy database: Glycoside 

Hydrolase Family 61 (GH61) and Carbohydrate-Binding Module Family 

33 (CBM33). However, they were later named as Auxiliary Activity 

families AA9 and AA10 (Levasseur et al., 2013; Lombard et al., 2014). 

AA9 LPMOs, which originate from fungi, are active on cellulose and 

cello-oligosaccharides (Isaksen et al., 2014), xyloglucan (Agger et al., 

2014), chitin, and xylan (Frommhagen et al., 2015). In contrast, AA10 

LPMOs, which come from bacteria, primarily act on chitin and cellulose 

(Forsberg et al., 2014; Vaaje-Kolstad et al., 2010). Currently, LPMOs are 

categorized into seven families (9-11, 13-15, and 16).   

The structure of LPMO exhibits an immunoglobulin-like distorted β-

sandwich fold, which consists of antiparallel β-strands connected by 

loops and α-helixes (Fig. 6) (Eijsink et al., 2019). In contrast to classic 

glycoside hydrolases, which have obvious substrate-binding grooves, 

LPMOs exhibit a relatively flat binding surface that catalyzes the 

degradation of cellulose. At the active site, a divalent copper atom is 

coordinated by three nitrogen atoms (two from side-chains of histidine 

residues and one from the amino group of the N-terminal histidine 

residue) forming the histidine brace, one tyrosine residue, and two water 

molecules (Walton et al. 2023). 

Glycoside hydrolases (GHs) are a class of enzymes that catalyze the 

cleavage of glycosidic bonds through a hydrolysis reaction, a process that 

involves the participation of water molecules. The reaction results in the 

formation of sugar hemiacetals or hemiketals and the corresponding free 

aglycon (Fig. 7). In contrast to conventional hydrolytic enzymes, LPMOs 

cleave glycosidic bonds through an oxidative mechanism to break down 

cellulose chains into smaller fragments. This fragmentation enhances 

the activity of GHs in cellulolytic enzyme mixtures by generating 

additional hydrolysis targets (Hemsworth et al., 2015). LPMOs typically 

cleave the cellulose chain at either the C1 or C4 position of a sugar ring 
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(Fig. 8). Oxidation at the C1 position leads to the formation of a lactone, 

which then dissociates in water to produce an aldonic acid at the 

reducing end. Conversely, oxidation at the C4 position yields a 

ketoaldose at the non-reducing end, which upon hydration, forms a 

geminal diol (Fig. 8). 

 

 

Fig. 6.   Structure of family AA9 LPMO from Thermoascus aurantiacus (PDB 

2YET) and its catalytic site, with key residues in ball-and-stick representation: 

carbon atoms in grey, nitrogen atoms in blue, and oxygen atoms in red. The 

copper atom is shown as a golden sphere and the coordinated water molecules 

are shown in red.   

 

LPMOs typically oxidize and break glycosidic bonds in the presence of 

molecular oxygen and an external electron donor. It has been reported 

that both small and large molecules can function as electron donors for 

LPMOs. Small molecules include ascorbic acid and gallic acid, while 

large molecules include fungal cellobiose dehydrogenase (Phillips et al., 

2011). Additionally, other enzymes, such as polyphenol oxidase and 

glucose-methanol-choline oxidoreductase, can act as electron donors for 

LPMOs (Frommhagen et al., 2017, Kracher et al., 2016). Lignin and 

lignin-derived substances may also serve as electron donors 



 

26 

(Dimarogona et al., 2012; Cannella et al., 2012; Westereng et al., 2015; 

Tang et al., 2022). The catalytic activity of LPMOs also depends on the 

availability of molecular oxygen, or hydrogen peroxide (Bissaro et al., 

2017). The exact identity of the oxidants and reductants involved in 

LPMO catalysis in nature remains uncertain. Nevertheless, enzyme 

producers have enhanced their cellulolytic enzyme cocktails by 

incorporating LPMOs (Müller et al., 2015). 

 

Fig. 7.   The hydrolysis mechanism of glycoside hydrolases.  

 

 

Fig. 8.   Schematic mechanism of an LPMO-catalyzed reaction. “Ox” refers to 

copper(II)-superoxide (LPMO-Cu(II)-O-O.) or copper(II)-oxyl (LPMO-Cu(II)-

O.) intermediates.  
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Microbial fermentation  

In a narrow sense, fermentation refers to a metabolic process, taking 

place in the absence of oxygen, in which microorganisms convert organic 

compounds (e.g. carbohydrates) into simpler substances and release 

energy. Fermentation is used extensively in food and beverage 

production (e.g., bread, beer, wine, yogurt) (Leeuwendaal et al., 2022) 

and in industrial applications (e.g., biofuel production) (Voidarou et al. 

2020). The initial stage of fermentation is glycolysis, in which glucose is 

broken down into pyruvate, producing small amounts of ATP and NADH 

in the process. In alcoholic fermentation, the pyruvate is then converted 

to acetaldehyde and CO2, and acetaldehyde is reduced to ethanol in a 

reaction in which NAD⁺ is regenerated through oxidation of NADH 

(Voidaru et al., 2020). Hexose (six-carbon) and pentose (five-carbon) 

sugars, derived from enzymatic saccharification of biomass, can undergo 

fermentation by yeast, bacteria, and filamentous fungi to yield desired 

products, typically alcohols and/or carboxylic acids. Bioethanol and 

biobutanol are typically produced through the fermentation of 

carbohydrates using yeast and bacteria (Mohd Azhar et al., 2017).  

Saccharomyces cerevisiae, commonly known as baker's yeast or 

brewer's yeast, is a species of yeast that has been widely used in baking 

and brewing for thousands of years, and it is widely utilized in industrial 

bioethanol production from glucose (Chandel et al., 2011). One notable 

characteristic of S. cerevisiae is its ability to convert sugars to ethanol 

under both anaerobic and aerobic conditions. Even when oxygen is 

present and respiration could occur, S. cerevisiae prefers alcoholic 

fermentation when glucose concentrations are high, a phenomenon 

known as the Crabtree effect (De Deken, 1966). Yeasts that exhibit this 

trait are known as Crabtree-positive yeasts. This metabolic feature is 

important in various industrial applications, particularly in processes 

where ethanol production is desired.   



 

28 

Glucose is the most favored sugar for microorganisms during 

fermentation because most industrial microorganisms, such as 

S. cerevisiae, have evolved to preferentially consume hexose sugars, like 

glucose, over pentose sugars (Oreb et al., 2012). Consequently, 

fermenting a mixture of different sugars, known as mixed sugar 

fermentation, presents more challenges for yeast. However, genetic 

engineering can enable yeast strains to ferment other sugars as well. For 

example, CelluX™4 is a genetically modified strain of S. cerevisiae that 

has been engineered to ferment xylose, making it suitable for the 

production of cellulosic ethanol. This capability was also demonstrated 

in the studies presented in Papers III and IV. 

In addition to S. cerevisiae, other microorganisms are of significant 

interest for industrial fermentation processes. For example, the 

bacterium Clostridium acetobutylicum is a Gram-positive, endospore-

forming anaerobe that serves as a model organism for solventogenic 

clostridia. It is particularly well-known for its ability to perform acetone-

butanol-ethanol (ABE) fermentation (Dürre, 1998; Lee et al., 2012) This 

fermentation pathway was developed and optimized by Chaim 

Weizmann during World War I, making C. acetobutylicum a key 

organism in the production of solvents. Zymomonas mobilis is a Gram-

negative bacterium that is sometimes used for alcoholic fermentation as 

an alternative to S. cerevisiae. As S. cerevisiae, Z. mobilis has been 

engineered for fermentation of pentose sugars from biomass (Zhang et 

al., 1995; Xia et al., 2019).   

 

Process configurations  

The production of biofuel or other bio-based products can be 

accomplished through several process strategies which are illustrated in 

Fig. 9. There used to be two major alternative strategies that were used 
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to perform enzymatic saccharification and fermentation of 

lignocellulosic biomass: (1) separate hydrolysis and fermentation (SHF), 

in which enzymatic hydrolysis of pretreated biomass and microbial 

fermentation are carried out sequentially as separate steps, and (2) 

simultaneous saccharification and fermentation (SSF), in which the 

enzymatic and microbial processes are carried out in the same step 

(Tomás-Pejó et al., 2008; Wingren et al., 2003). The advantages of SHF 

are that hydrolysis and fermentation are operated in a way that is optimal 

for each process, especially with respect to the temperature. Enzymatic 

saccharification is typically carried out at 45 to 50 ºC while microbial 

fermentation with yeast is typically carried out at 30 to 35 ºC. In contrast, 

in SSF the temperature is usually kept at the highest temperature the 

microorganism can tolerate, typically no more than 35 ºC for yeast, 

implying that the enzymatic saccharification is carried out at suboptimal 

conditions. However, in SHF the enzymatic saccharification will be 

affected negatively by end-product inhibition of cellulolytic enzymes by 

sugar. This is not likely to occur in SSF because of the simultaneous 

consumption of sugar by the fermenting microorganism. Using 

conventional cellulolytic enzyme preparations, higher yields of ethanol 

were typically found when pursuing the SSF strategy (Olofsson et al., 

2008; Tomás-Pejó et al., 2008; Erdei et al., 2010).  

A tentative advantage with SHF is that it makes it possible to separate 

the liquid and the solid phases after the enzymatic saccharification and 

prior to fermentation. That would facilitate recirculation of the yeast, as 

it would be easier to collect the yeast without also collecting the solid 

hydrolysis residue. 

Another process approach is called Consolidated Bioprocessing (CBP) 

and was introduced by Lynd et al. (2002). The concept of CBP is to 

develop or utilize microorganisms capable of both degrading cellulose 

into fermentable sugars and then fermenting the sugars into desired 
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products within a single bioreactor system. The aim is to simplify the 

process and reduce costs associated with biomass conversion (Lynd et al., 

2005; Olson et al., 2012). The largest difficulty in implementing CBP lies 

in developing a single microorganism that is capable of efficiently 

performing all necessary steps. Thus, there is still a need for further 

development (Singhania et al., 2022). 

LPMO has the potential to improve the efficiency of bioconversion of 

lignocellulosic biomass. Through its ability to work synergistically with 

conventional cellulases and enzymes with auxiliary activity, such as 

hemicellulases, LPMO could boost the breakdown of cellulose, resulting 

in more efficient conversion of biomass into monosaccharide sugars. 

Therefore, LPMO is nowadays a common component in commercial 

enzyme preparations designed for bioconversion of cellulosic substrates. 

However, LPMO requires a chemical environment with both a suitable 

oxidant and a suitable reductant. Thus, the process strategy used for 

biochemical conversion needs to be reexamined because of the inclusion 

of LPMO (Cannella and Jorgensen, 2014). One reason is because an 

adequate supply of reductant has to be present, and another reason is the 

oxidant. Even if S. cerevisiae is a Crabtree-positive yeast, there are 

typically no measures taken to provide any supply of oxygen to the 

fermentation reaction. There are also other microorganisms than yeast 

that are used, which are not Crabtree positive, and microorganisms also 

differ with respect to their resistance to phenolic lignin-degradation 

products (that could potentially serve as reductants for LPMO) and with 

respect to their tolerance to the presence of oxygen in reaction mixtures. 

A process called Hybrid Hydrolysis and Fermentation (HHF) could be a 

promising alternative, as explored in Paper III. In this process 

configuration, an initial saccharification step is performed at high 

temperature (50-55 ºC) and potentially with continuous aeration to 

enhance the activity of LPMOs. This is followed by a fermentation step 
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at a lower temperature, typically 30-35 ºC, which is suitable for yeast 

fermentation. In the study presented in Paper III, different aeration 

periods (24 h and 48 h) were compared to evaluate their impact on the 

process. Fig. 9 illustrates the various process configurations discussed in 

this study. 

 

 

Fig. 9.   Different process configurations in the biochemical conversion of 

lignocellulosic biomass. 
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Aims of study  

The doctoral project has been focused on the redox conditions that are 

used in the processing of lignocellulosic biomass through biochemical 

conversion, and particularly the conditions used for LPMO-supported 

saccharification reactions. The study material has been softwood 

pretreated using steam explosion with an acid catalyst, as softwood is the 

most prevalent type of lignocellulosic biomass in Sweden (>80% of the 

standing volume of Swedish forests) (Forest Statistics, 2023). The 

pretreatment and some other experiments have been performed using 

the Biorefinery Demo Plant in Örnsköldsvik in northern Sweden. The 

pretreatment methodology has not been specifically designed for the 

project, and often small portions of larger pretreatment campaigns have 

been set aside to carry out the experiments described in the papers.   

The specific objectives were: 

I: Study lignin and water-soluble lignin-degradation products as 

reductants in LPMO-supported enzymatic saccharification to investigate 

their ability to promote LPMO-supported catalysis.  

II: Explore how the fraction of solids, specified as water-insoluble solids 

(WIS), influences LPMO-supported enzymatic saccharification. The 

fraction of WIS was varied in the range 12.5% (w/w) to 17.5% (w/w). 

III: Evaluate different process configurations, including SSF and HHF (a 

pre-hydrolysis stage before fermentation) in conjunction with LPMO-

driven saccharification at a demonstration plant. S. cerevisiae yeast was 

employed for fermentation.  

IV: Understanding potential effects of aeration on inhibitors using S. 

cerevisiae yeast to assay the fermentability.   
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Materials and methods 

Raw materials and pretreatment 

As raw materials were pretreated in the Biorefinery Demo plant, the 

focus was mainly on separation of fractions and conditioning of slurries 

and hydrolysates for subsequent studies. For instance, centrifugation, 

grinding, sieving, and pH adjustments were needed in order to prepare 

the relevant starting material for each experiment. As described in 

Papers I and IV, centrifugation was commonly employed to achieve 

solid-liquid separation. The separated solid fractions were washed 

thoroughly to remove residual water-soluble substances from the 

pretreatment. Grinding and sieving were conducted after air-drying of 

materials to get samples with particle sizes in the same interval. With 

respect to the liquid phase, filtration was performed to remove residual 

particles, thereby clarifying the liquid. This multi-step approach ensured 

that both solid and liquid fractions were suitable to meet the specific 

needs of the experiments.  

Total solids (TS), soluble solids (SS), and water-insoluble solids (WIS) 

are terms that are commonly used to describe the fraction of solids in 

pretreated biomass. TS consists of both dissolved solids and suspended 

water-insoluble solids. The TS content is measured by drying the sample 

at high temperature until all water is removed. SS refers to the fraction 

of total solids that is dissolved in water. The SS content is usually 

measured by filtering the sample to remove all suspended water-

insoluble solids and then evaporating the water from the filtrate to 

determine the weight of the dissolved solids. WIS, as discussed in Paper 

II, refers to the portion of total solids that does not dissolve in water, 

measured by first separating the water-insoluble portion of the sample 

through filtration or centrifugation, followed by drying the residues and 

weighing it to determine the amount of WIS present.   
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In-house laboratory reactor system     

To perform the LPMO-supported enzymatic saccharification, an in-

house laboratory reactor system described in Papers I and II was 

developed. The saccharification reactions were carried out in 125 mL gas 

wash bottles, into which air or nitrogen was introduced to establish 

aerobic or anaerobic conditions. Each gas line was divided into three 

strands using a three-way air distributor, followed by flow meters to 

ensure consistent flow rates across all strands. This set-up made it 

possible to run two sets of triplicates in parallel (one with air and the 

other with N2). To avoid foaming, the flow rate of the gas addition was 

adjusted according to what was practically feasible. In this set-up, the gas 

flow rate for the enzymatic saccharification was performed at one vvm 

(volume per reaction mixture volume per min). The six reaction bottles 

were placed on a multipoint stirrer that was immersed in a water bath to 

regulate the temperature and to provide proper mixing during the 

saccharification. An illustration of the reaction system is shown in Fig. 

10. 

 

Fig. 10.   In-house laboratory reactor system used for studies of enzymatic 

saccharification. The system consisted of six bottles, of which three were fed 

with air and three were fed with N2.   
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To perform the fermentation series experiment with gas addition 

described in Paper IV, the in-house laboratory system was modified for 

performing the continuous gas addition before conducting the 

fermentation in the same incubator later on. As Fig. 11 shows, in that 

study, there were six parallel 55 mL serum bottles, each containing 30 mL 

reaction mixture, sealed with rubber caps. The bottles were partially 

immersed in the water bath. The gas was supplied through sterile needles, 

while a shorter needle was inserted into the rubber cap to release carbon 

dioxide during fermentation. A flow rate of 0.2 vvm was selected based 

on previous studies (Paper II) and based on practical issues related to the 

smaller reaction bottles used for this study. The temperature control and 

mixing using magnetic stirrer bars was the same as described previously.   

 

 

 

Fig. 11.   A modified laboratory reactor for fermentation experiments. 
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Different process configurations in demonstration 

scale  

Simultaneous saccharification and fermentation (SSF) with older 

generations of cellulase preparations has been shown to result in high 

yields of ethanol (Erdi et al., 2010, Tomás-Pejó et al., 2008). However, 

inclusion of LPMO in enzyme preparations could affect the choice of 

process configuration (Cannella and Jorgensen, 2014). Thus, 

experiments were performed using an alternative process configuration, 

hybrid hydrolysis and fermentation (HHF), in a comparison with SSF 

(Paper III).  

In HHF, the reaction is initiated with enzymatic saccharification 

performed at high temperature, which is then decreased (typically to 

30°C–35°C) before the inoculation with the fermenting microorganism, 

typically yeast. After inoculation of the microorganism, the enzymes can 

continue working, although the reaction conditions are no longer 

optimal for the enzymatic part of the process.  

In our experiments, the HHF also included aeration in the initial phase 

before addition of the yeast. Two different time periods (24 h and 48 h) 

for the initial phase were compared. The experiments were conducted in 

demonstration scale using 10 m3 bioreactors at the Biorefinery Demo 

Plant in Örnsköldsvik in northern Sweden. Besides addressing the trade-

off between, on the one hand, boosting the LPMO activity by using higher 

temperature and gas addition in the initial stage of the HHF, and, on the 

other hand, minimizing end-product inhibition of cellulolytic enzymes 

by using the SSF approach, the investigation also addressed potential 

effects on fermentation inhibitors and inhibition of S. cerevisiae yeast. 

The yeast used in the experiments was a commercially available 

engineered xylose-fermenting strain of S. cerevisiae, the CelluX™4.  
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Analysis of the solid phase of pretreated biomass 

Compositional analysis based on sulfuric acid   

The composition of lignocellulosic biomass, specifically the 

carbohydrate content (typically arabinan, galactan, glucan, mannan, and 

xylan) and the lignin content, can be determined using a two-step 

treatment with sulfuric acid. The approach has been used in wood 

chemistry for a long time, but commonly used protocols today include 

the TAPPI standard T249 and the National Renewable Energy 

Laboratory (NREL) report NREL/TP-510-42618. Before performing 

two-step acid treatment, the extractives of the biomass are removed by 

using extraction with organic solvent. The traditional approach is using 

Soxhlet extraction. Compared to Soxhlet extraction, accelerated solvent 

extraction (ASE) can be a better option, as using a pressurized system at 

high temperature and several cycles with fresh solvent efficiently 

removes the extractives. The choice of extraction solvent can be varied 

depending on the biomass and the temperature used. In some cases, a 

single solvent, such as acetone or ethanol, is used for extraction. 

However, using a mixture of solvents with varying polarity can be a better 

way to target both lipophilic and hydrophilic substances. For softwood, 

a non-polar solvent is often included, as using only a polar solvent, such 

as ethanol, may give inadequate extraction results. After extraction, the 

biomass is treated with 72% sulfuric acid at 30 °C for 1 h. The acid 

concentration is then reduced to 4% through dilution with water, and the 

suspension is subjected to autoclaving at 121 °C for 1 h (Sluiter et al., 

2012). This process hydrolyzes cellulose and hemicellulose into their 

monosaccharides, including arabinose, galactose, glucose, mannose, and 

xylose. According to the NREL protocol (Sluiter et al., 2012), the 

quantification of the monosaccharides is conducted using high-

performance liquid chromatography (HPLC) with refractive index 

detector (RID). However, high-performance anion-exchange 
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chromatography (HPAEC) with pulsed amperometric detection (PAD) 

offers several advantages for quantification of the monosaccharides, 

providing superior separation and resolution, particularly with respect 

to distinguishing between xylose and mannose. Also, the sensitivity in 

HPAEC-PAD is superior compared to the conventional HPLC-RID 

method. 

After hydrolysis using sulfuric acid and hydrolysis and solubilization 

of carbohydrates, the solid phase predominantly consists of lignin, which 

is not affected by acid as easily as carbohydrates. However, the liquid 

phase will contain some lignin-degradation products that were 

solubilized during the treatment with sulfuric acid. The fraction of the 

lignin that was solubilized is referred to as acid-soluble lignin or, for 

short, ASL. The ASL is quantified using UV spectrophotometry. The 

benzene ring in lignin-degradation products, including phenolic 

compounds, absorbs UV light strongly due to its conjugated π-electron 

system, and quantification is typically made at around 240 nm.  

The acid-insoluble lignin left in the solid phase is also known as Klason 

lignin, after Peter Klason, who was one of the pioneers in wood chemistry 

in the early 20th century (Marton and Adler, 1966). The Klason lignin is 

determined gravimetrically by measuring the solid residue remaining 

after the acid treatment. To ensure accurate measurements, the moisture 

in the solid residue must be removed by drying in an oven at 150 ºC 

overnight. Following the drying, the sample should be handled with care 

and stored in a desiccator to prevent moisture uptake, which could 

otherwise alter the weight of the residues.  

Inorganic substance is determined by ashing at 575 ºC for 24 h. Some 

forms of biomass contain large fractions of inorganic material, but as 

pure wood typically contains very little inorganic material, 

determination of inorganic substance is sometimes ignored in the 
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analysis of pure wood. However, bark contains higher levels of inorganic 

substance than wood. 

 

Pyrolysis-gas chromatography/mass spectrometry 

Lignin and carbohydrates in lignocellulosic biomass can be analyzed 

using pyrolysis gas chromatography combined with mass spectrometry 

(Py-GC/MS) (Meier et al., 1992). During pyrolysis, the biomass is 

decomposed into smaller fragments, which provide structural 

information about the original material. The fragments are then 

separated using gas chromatography, while mass spectrometry is used 

for identification and quantification of specific components (Kusch, 

2012). 

Apart from providing information about the carbohydrate:lignin ratio, 

Py-GC/MS also provides information about the composition of the 

lignin, i.e., the ratio of syringyl, guaiacyl, and p-hydroxyphenyl units. 

This technique is also useful for estimation of pseudo-lignin, which is a 

Klason-lignin positive by-product formed from carbohydrates (Yao et al., 

2022). In compositional analysis using sulfuric acid, pseudo-lignin will 

be misinterpreted as Klason lignin. The presence of pseudo-lignin can be 

estimated by comparing the results from Py-GC/MS with those obtained 

from compositional analysis using sulfuric acid. However, the 

comparison is not straightforward, as the results from Py-GC/MS 

analysis are typically peak area fractions rather than mass fractions. 

 

Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is used to identify 

chemical substances or their functional groups by measuring their 

interaction with infrared radiation, through absorption, emission, or 

reflection. The generated infrared absorption spectrum is unique for 

each molecule, identifying the characteristic chemical bonds. The 
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spectrum serves as a distinctive fingerprint and provides information 

about different components in the sample. FTIR is a simple and fast 

analytical method that offers a qualitative and semi-quantitative analysis 

of lignocellulosic biomass (Tucker et al., 2001; Liebmann et al., 2010). 

The wavenumber interval 800 to 1800 cm⁻¹ is typically used to 

identify functional groups in cellulose, hemicelluloses, and lignin. Lignin 

exhibits characteristic absorption bands at approximately 1510 cm⁻¹ and 

1600 cm⁻¹, corresponding to aromatic carbon-carbon bonds (Sarkanen 

and Ludwig, 1971). The band at 1510 cm⁻¹ is primarily associated with 

guaiacyl units, while the band at 1595 cm⁻¹ is linked to syringyl units 

(Faix, 1991; Faix and Böttcher, 1992). Although FTIR provides limited 

carbohydrate information, it can offer insight into cellulose crystallinity. 

The intensity ratio of the bands at 1429 cm⁻¹ and 897 cm⁻¹, known as 

the Total Crystallinity Index (TCI), distinguishes between crystalline and 

amorphous regions of cellulose. The band at 1429 cm⁻¹ is associated with 

crystalline regions, whereas the band at 897 cm⁻¹ is linked to amorphous 

regions (Nelson and O’Connor, 1964). 

 

X-ray diffraction  

X-ray diffraction (XRD) is primarily used to analyze the atomic and 

molecular structure. It provides detailed information about the 

arrangement of atoms or molecules within crystalline regions, allowing 

for the determination of crystal structure. XRD provides more 

comprehensive insights into the crystallinity of cellulose structures (Park 

et al., 2010) compared to other techniques, for example, solid-state 13C-

NMR spectroscopy and FTIR spectroscopy. The crystallinity index (CrI) 

is calculated from the ratio of the height of the 002 peak (I002) and the 

height of the minimum (IAM) between the peaks 002 and 101 (Park et al., 

2010).  
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In the investigations presented here, the data collection was continued 

until the diffractograms were smooth. The collected diffractograms 

underwent background removal treatment. Key points, IAM and I002, were 

identified with the aid of a 4th degree polynomial fit, which is necessary 

for calculating the crystallinity index (CrI). The CrI was determined by 

the intensity ratio between IAM and I002, expressed in counts per second 

using Eq. 1.  

CrI (%) = (I002-IAM) 
 I002 

 ×100                                               (Eq. 1) 

In Eq. 1, "IAM" represents the intensity of diffraction of non-crystalline 

material, which is defined as the minimum of the valley between the 

main cellulose peaks in the range 17.8°-19.8°. "I002" refers to the 

maximum intensity of the peak that corresponds to the plane with the 

Miller indices 002 at a 2θ angle of 22°-24°.  

  

NMR spectroscopy 

2D-HSQC NMR (two-dimensional heteronuclear-single-quantum-

coherence nuclear magnetic resonance) spectroscopy can provide 

detailed insights into the structural composition of lignocellulosic 

biomass. This method allows for the identification and differentiation of 

various cellulose structures by correlating proton (1H) and carbon (13C) 

signals. It is especially useful for analyzing lignin, enabling the 

differentiation of various lignin subunits and interunit linkages, such as 

β-O-4, within the lignin polymer (Lu and Ralph, 2011). Since the samples 

used for analysis with 2D-HSQC NMR are typically in liquid form, the 

biomass needs to be dissolved, for instance, using deuterated solvents 

(DMSO-d6, i.e., deuterated dimethyl sulfoxide, or acetone-d6). Lignin 

from pretreated biomass may exhibit very poor solubility, which is a 

challenge when doing this type of analysis.  
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Solid-state studies of cellulosic materials are often performed using 13C 

cross-polarization/magic-angle-spinning (CP/MAS) NMR spectroscopy 

(Foston et al., 2011). As solid-state NMR does not require solubilization 

of the sample, it is ideal for studying materials with poor solubility. 

Compared to direct-polarization NMR, cross-polarization NMR reduces 

the time required for the analysis with more than a factor of 50 (Johnson 

and Schmidt-Rohr, 2014). The "magic angle" refers to the spinning of the 

sample around an axis with a tilt of 54.7 in relation to the magnetic field 

in order to obtain spectra with high resolution (Reif et al., 2021).  

Additionally, this technique can differentiate between crystalline and 

amorphous regions within a sample. In crystalline regions, the cellulose 

chains are well-ordered, exhibiting a high degree of symmetry, leading 

to a narrower peak at 89 nm. Amorphous regions exhibit a broader peak 

at 84 nm because of the less ordered structure.  The crystallinity index 

was calculated according to Eq. 2. 

 

CrI (%) = Int. (89)
Int. (89) + Int. (84) 

 × 100                                    (Eq. 2) 

Scanning electron microscopy 

Scanning electron microscopy (SEM) is a useful technique for 

capturing high-resolution, three-dimensional images of solid biomass 

(Joy et al., 1992). Compared to optical microscopes that rely on light, 

SEM utilizes a focused beam with high-energy electrons to interact with 

the surface of the sample, to provide detailed images that reveal the 

microstructure of the solid biomass, offering a deeper understanding of 

the surface characteristics of material. The resolution of SEM is in the 

range of 1 to 10 nm, but it varies depending on the type of SEM that is 

used. For example, field emission SEM (FE-SEM) has higher resolution 

than conventional SEM.   
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Brunauer-Emmett-Teller (BET) analysis 

BET analysis can provide insights into the surface properties of the 

biomass, focusing on surface porosity and the specific surface area. The 

technique is named after its developers, Stephen Brunauer, Paul 

Emmett, and Edward Teller, who introduced it in 1938 (Brunauer et al., 

1938). The BET method is based on the adsorption of an inert gas 

(typically nitrogen), onto the surface of the material at a constant 

temperature (typically around the temperature of liquid nitrogen -196 

°C). The amount of the gas adsorbed can be measured as a function of 

the relative pressure of the gas. To ensure the accuracy of the 

measurements, the samples need to undergo a degassing procedure to 

remove any contaminants that might have adsorbed onto the surface.   

 

Simons’ staining analysis  

Simons’ staining analysis is used to evaluate the accessible surface area 

for enzymes in the degradation of cellulosic biomass. There are two dyes 

involved: Direct Orange (DO, Pontamine Fast Sky Orange 6RN) and 

Direct Blue (DB, Pontamine Fast Sky Blue 6BX). The measurement 

depends on the differential adsorption of these dyes based on their 

molecular size. The larger DO dye (> 100 kDa) is of a similar size as many 

cellulases and has also been found to have higher affinity to cellulose 

than to hemicellulose and lignin (Chandra and Saddler, 2012). The size 

of the DB dye (~ 993 Da) is much smaller than that of an enzyme.  

The dye concentrations in the supernatant were determined using 

Lambert-Beer's law, as described by the equations provided Eqs. 3 and 4 

(Esteghlalian et al., 2001): 

A455nm = εDO/455 × L × CO + εDB/455× L × CB                 (Eq. 3) 

A624nm = εDO/624 × L ×CO + εDB/624 × L × CB                  (Eq. 4) 
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In Eqs. 3 and 4, "A" refers to the absorption at 455 and 624 nm, 

respectively. Here, the extinction coefficients (Direct Orange, εDO; Direct 

Blue, εDB) of the dyes at the respective wavelengths are (L g-1 cm-1): 

εDO/455, 35.62; εDB/455, 2.59; εDO/624, 0.19; εDB/624, 15.62. L is the path length 

(cm) of the microplates used. CO and CB are the concentration of the 

orange dye and the blue dye, respectively.   

 

Analysis of the liquid phase of pretreated biomass 
 
Liquid chromatography 

Monosaccharides can be analyzed using both high-performance liquid 

chromatography (HPLC) and high-performance anion-exchange 

chromatography (HPAEC). Furthermore, substances such as ethanol, 

glycerol, and acetate are often analyzed using HPLC.  

HPLC with Bio-Rad Aminex HPX-87H and HPX-87P columns and 

refractive index detector (RID) is typically used for quantification of 

monosaccharides (primarily Aminex HPX-87P), organic acids, and 

alcohols (primarily Aminex HPX-87H). The separation mechanism 

using resin columns is complex and involves ion exclusion, size exclusion, 

and ligand exchange. The separation of the different compounds is based 

on their chemical properties which govern the interactions with the resin.  

Monosaccharides are neutral molecules and, therefore, are not ionized 

in an acidic mobile phase. They will not be retained on resin columns 

through ionic interactions but are rather separated based on their 

exclusion from the resin pores. Thus, the separation is mainly based on 

their molecular size, as smaller molecules can be retained by the resin for 

a longer time, while larger molecules elute faster (Alt et al., 2024). 

However, ethanol is separated based on different mechanisms. Here, the 

separation is mainly based on its hydrophilic properties and its exclusion 

from the ion-exchange sites of the resin. There will be a minor 
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contribution from hydrophobic interactions between the ethanol 

molecules and the resin, which can slightly affect the retention time. 

Ethanol is less polar than monosaccharides, leading to a different 

interaction with the column. Aliphatic acids, for instance, formic acid, 

acetic acid, and levulinic acid, ionize to different extent depending on the 

pH of the mobile phase. The separation of aliphatic acids by resin 

columns is mainly based on ion exclusion. The stationary phase of the 

column interacts with the acids based on their ionic state. A more ionized 

acid interacts more strongly with the stationary phase, leading to 

different elution time for different acids.   

Furan aldehydes, such as furfural and HMF, can be quantified using 

an HPLC with a C18 column and a UV detector. A C18 column is a 

reverse-phase column packed with silica particles bonded with 

octadecylsilane (C18) groups. The stationary phase is nonpolar 

(hydrophobic C18 chains), while the mobile phase is polar. Furfural and 

HMF have relatively low polarity due to their furan rings, which account 

for much of the interactions with the C18 stationary phase. By adjusting 

the polarity of the mobile phase, the analytes are eluted with different 

retention times. HPLC is generally robust and cost-effective and suitable 

for standard laboratory settings. However, RID is not a sensitive 

detection method and low concentrations of monosaccharides are 

difficult to analyze. Separation of very similar analytes, such as 

monosaccharides, is also challenging. For instance, xylose and mannose 

may not be well separated, since they have similar hydrophilic properties, 

potentially leading to an overlapping peak.  

HPAEC-PAD is typically a better option than HPLC-RID, as it provides 

higher sensitivity and resolution in analysis of complex mixtures of 

monosaccharides, for example superior separation of xylose and 

mannose. It separates monosaccharides according to their charge 

properties using a strong anion-exchange column. At high pH levels, 
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monosaccharides with pKa values in the range of 12-14 exist in their 

anionic forms, allowing to perform the separation on anion-exchange 

columns. Pulsed amperometric detection (PAD) provides high sensitivity. 

It is also preferable for analyzing acidic sugars, for instance, gluconic acid, 

which is a C1 oxidation product in LPMO-supported enzymatic 

saccharification. Thus, the method offers an indication of LPMO activity 

in reaction mixtures. Additionally, HPAEC may be coupled with a 

conductivity detector for analyzing aliphatic acids. The conductivity 

detector measures the electrical conductivity of the eluent as it passes 

through the detector and the conductivity is influenced by the ionic 

concentration in the solution. As aliphatic acids contribute the ionic 

strength of the solution, the detector measures the changes in the 

conductivity due to the presence of these anions. 

 

Mass spectrometry 

Mass spectrometry is a powerful analytical tool used for identifying 

and quantifying chemical substances, which offers detailed information 

on molecular mass and structure (El-Aneed et al., 2009). Briefly, the 

analyte is ionized using, for instance, electron ionization, electron spray 

ionization (ESI), or matrix-assistant laser desorption/ionization. Then, 

the ionized species are separated based on their mass-to-charge ratio 

(m/z) in the mass analyzer, for instance, quadrupole, time-of-flight, and 

ion trap. The separated ions give rise to mass spectra. Tandem mass 

spectrometry (MS/MS) involves multiple stages of mass analysis. In 

MS/MS, the selected ions in the first stage (MS1) are further fragmented 

at a collision cell to get smaller fragments in the second stage (MS2). 

MS/MS offers a more in-depth analysis by providing fragment patterns, 

quantifying analyte with higher accuracy.    

The quantification of inhibitory compounds, for instance 

formaldehyde, acetaldehyde, coniferyl aldehyde, vanillin, and 
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benzoquinone, was performed using ultra-high-performance liquid 

chromatography coupled with electrospray ionization triple quadrupole 

mass spectrometry (UHPLC-ESI-QqQ-MS). In order to improve the 

sensitivity and selectivity of the analysis, derivatization using 2,4-

dinitrophenylhydrazine (DNPH) was done. That is because many 

carbonyl-containing compounds (aldehydes or ketones) have poor 

ionization efficiency in mass spectrometry, or, with low volatility, they 

decompose at higher temperatures. The derivatization reaction with 

DNPH is specific for carbonyl groups, involving a nucleophilic addition 

of the hydrazine group of DNPH to the carbonyl group of aldehydes or 

ketones, followed by a condensation reaction to form a yellow- or orange-

colored hydrazone. The resulting hydrazone derivatives are generally 

more stable than the substances from which they are derived. Due to the 

reaction only works with aldehydes and ketones, its applicability is 

limited to substances that contain these functional groups.  

While DNPH is quite popular for LC analysis, trimethylsilyl reagent is 

used to increase the volatility of polar and non-volatile compounds, 

making them more amenable for GC analysis. This is especially useful for 

carbohydrates, fatty acids, and amino acids (Zarate et al., 2016). 
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Total phenolic content (TPC) 

Measurement of total phenolic content (TPC) is typically based on the 

ability of phenolic compounds to reduce certain reagents, leading to a 

color change that can be quantified using spectrophotometry. Folin-

Ciocalteu’s reagent (FC) (Singleton et al., 1999) is a common reagent for 

performing the analysis. This assay relies on the reduction of Folin-

Ciocalteu reagent by phenolic compounds under alkaline conditions, 

resulting in a blue-colored molybdenum-tungsten complex that absorbs 

at a specific wavelength, usually around 760-765 nm. The method is a 

widely used and effective technique for estimating the total phenolic 

content of the samples despite its limitations in specificity. With regard 

to lignocellulosic hydrolysates, the Folin-Ciocalteu assay was found to 

have certain advantages in a comparison with other methods (Persson et 

al., 2002). Vanillin is typically used as standard, as vanillin is typically 

one of the most common phenolics in lignocellulosic hydrolysates. 

 

Total aromatic content (TAC) 

A general overview of groups of by-products can also be obtained by 

determination of the total aromatic content (TAC). TAC is a 

spectrophotometric method used to estimate the total aromatic (such as 

phenolics) and heteroaromatic (such as furans) compounds in 

hydrolysates based on UV absorption at 280 nm.  

 

Total carboxylic acid content (TCAC)  

TCAC is a titration method that mainly measures substances that have 

carboxylic acid functional groups (-COOH). Many of these substances 

have a pKa at around 4.5 and by starting the titration at acidic pH and 

then increase the pH to neutral, using a solution of sodium hydroxide, 

the carboxylic acid content can be estimated (Wang et al., 2018a).   
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Results and discussion 
 
The role of lignin as reductant (Paper I)          

LPMOs catalyze the oxidative cleavage of glycosidic bonds in cellulose, 

requiring molecular oxygen as a co-substrate and an electron donor 

(Hemsworth et al., 2015). Lignin has been suggested as a potential 

electron donor for LPMO and would be preferred in an industrial context, 

both because of practical reasons (it is already in the reaction mixture) 

and economic considerations (no need to use costly additives, such as 

ascorbic acid) (Cannella et al., 2012; Westereng et al., 2015). During 

enzymatic saccharification, it is a possibility to either include or exclude 

the liquid phase of the pretreated biomass. It is common to use the 

slurry, which is the mixture of the solid and liquid phases obtained after 

the pretreatment, as substrate in the enzymatic saccharification. In this 

scenario, both water-insoluble lignin in the solid phase and water-

soluble lignin in the liquid phase are present and can potentially act as 

reductants in LPMO-supported saccharification. However, 

hemicellulose hydrolysate (also referred to as pretreatment liquid) can 

be separated from the solids and used for other purposes than the solids. 

Potential advantages with separation of the liquid and solid phases prior 

to enzymatic saccharification of the cellulose include that (i) the pentose-

rich hemicellulose hydrolysate can be used for pentose conversion 

whereas hexose sugar from the cellulose in the solid fraction (i.e., glucose) 

can be used in a dedicated hexose conversion process based on a clean 

sugar stream, (ii) water-soluble pretreatment by-products that inhibit 

enzymes and microorganisms will be removed prior to enzymatic 

saccharification and hexose fermentation, and (iii) enzymatic 

saccharification of cellulose can be initiated without the presence of 

saccharides causing end-product inhibition of cellulases.    
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The study presented in Paper I was focused on how the electron donor 

capacity was divided between water-insoluble lignin and water-soluble 

lignin-degradation products using industrially relevant lignocellulosic 

biomass (steam-exploded softwood). In addition, we investigated the 

effects of continuous gas addition using a novel laboratory system based 

on six parallel reactions with controlled gas addition rate. In other 

studies (Müller et al., 2015; Chylenski et al., 2017), the gas phase was not 

controlled and the molecular oxygen required for the LPMO reaction was 

derived from the headspace of the reactor. Reactions without the 

pretreated solids (PS) present were carried out using pretreatment liquid 

(PL) and with Avicel as substrate. Avicel is a preparation of 

microcrystalline cellulose that is often used as model substrate in studies 

of cellulases.   

The results clearly showed that higher glucose yields were always 

obtained using aerobic conditions (gas flow of air), both for 

saccharification of Avicel suspended in PL and for saccharification of PS 

suspended in a buffered aqueous solution (Table 3 in Paper I). The 

results also clearly showed that both the PS and the PL served as 

reductants in LPMO-supported saccharification of cellulose. LPMO 

oxidation products related to C1 and C4 were further indicators of LPMO 

activity. For both sets of reactions performed under aerobic conditions, 

both oxidation products showed an increasing trend compared to the 

corresponding anaerobic conditions (Fig. 3 in Paper I). That the pH 

slightly decreased (Table 2 in Paper I) might possibility be due to 

formation of LPMO oxidation products (sugar acids). This is also a 

possible explanation for the higher TCAC (total carboxylic acid content) 

values.  

The chemical analysis of the solid and liquid phases was conducted to 

provide a better understanding of the PL and the PS, and the reactions 

that were taking place. The total lignin content of the PS was higher than 
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the glucan content (Table 1 in Paper I), which indicates partial 

degradation of hemicellulose to form pseudo-lignin, which is typically 

formed during pretreatment of biomass under acidic conditions (Yao et 

al., 2022). Also, there was little or no hemicellulose left in the solid phase. 

This indicates that the pretreatment conditions were relatively harsh, 

and that the solid phase primarily consisted of Klason lignin, cellulose, 

and pseudo-lignin. Reactions with Avicel and PS contained the same 

amount of solids. The glucan content was therefore different, as Avicel 

consists almost entirely of glucan, while the PS had a glucan content of 

45%. Avicel would therefore be a much better substrate for enzymatic 

saccharification than PS, also because the cellulose in Avicel was not 

shielded from the action of cellulases by lignin and pseudo-lignin, as the 

cellulose in the PS. However, the reaction with PL also contained 

inhibitory by-products from the pretreatment (such as phenolics) and 

sugar causing end-product inhibition of cellulases. There was around 5 

g/L phenolics in the PL, which would likely be inhibitory to enzymatic 

saccharification reactions based on results from previous studies (Wang 

et al., 2018a). Also, a study by Martin et al. (2018) showed much lower 

concentrations of phenolics (0.7 g/L – 1.6 g/L). Although the phenolic 

by-products probably had a negative effect on the saccharification 

reactions by inhibiting cellulases, they also had a positive effect in the 

presence of air by supporting LPMO-catalyzed reactions.  

 

Saccharification at high solids loadings (Paper II) 

High capital and operational expenditures (Capex and Opex) 

contribute to making bio-based products more expensive. Enzymatic 

saccharification at high solids loadings (i.e., with a dry-matter content > 

15% w/w) has potential to improve the economic feasibility of 

biochemical conversion process. Higher sugar concentrations would 

result in higher product titers and lower energy demand for down-
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stream processing, for instance distillation of ethanol. However, it has 

been observed that glucose yields show a decreasing trend with 

increasing solid loadings. As 15 % w/w is the criterium for high solids 

loadings, we performed one set of reactions with lower solids loadings 

(12.5% WIS), and another set of reactions with higher solids loadings 

(17.5% WIS). As mentioned in the Materials-and-Methods section, WIS 

refers to water-insoluble solids, which are not dissolved in water. As in 

the study presented in Paper I, the catalytic action of LPMO was 

sustained with an oxidant (molecular oxygen from air) and lignin-based 

reductants (lignin in the solid phase and lignin-degradation products in 

the liquid phase). A comparison with continuous gas addition, with air 

and N2, was included to give a better understanding of the potential 

contribution of LPMO to the saccharification. The aim of the 

investigation was to obtain a better understanding of whether the 

positive effect of LPMO would be large enough to compensate for the 

negative effect caused by high solids loadings.  

Enzymatic saccharification reactions with varied WIS and with air 

always resulted in higher glucose production than corresponding 

reactions with N2 (Table 2 in Paper II). Even though the glucose 

production after 72 h in aerated reactions increased with increasing WIS 

(Table 2 in Paper II), the glucan conversion showed a decreasing trend 

with increasing WIS (Fig. 1A in Paper II). It is, however, noteworthy that 

the positive effects of continuous gas addition with LPMO-supported 

saccharification were much larger than the negative effects of increased 

WIS. For example, the glucan conversion at high solids loading (17.5% 

WIS) under aerobic conditions (42%) was 50% higher than with low 

solids loading (12.5%) and anaerobic conditions (28%).  

The effects of varied enzyme loadings (from 6% to 9%) on LPMO-

supported saccharification were also evaluated. At lower levels (6-9%), 

the glucan conversion increased significantly for both air and N2 when 
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the enzyme loading was increased (Table 2 and Fig. 1B in Paper II). 

However, when using even higher enzyme loadings the positive effects 

were still apparent for aerated reactions, but not for reactions with N2. 

Similarly, the glucan conversion increased greatly for both air and N2 

when the enzyme preparation loading was increased from 6% to 9% (Fig. 

1B in Paper II). However, when the enzyme preparation loading was 

increased from 9% to 12%, there was not much difference between the 

sets of reactions with N2, both showing a glucan conversion of around 

39%. In contrast, glucan conversion in the sets of reactions with air 

increased from 65% to 72%. This indicates that the reactions with N2 

were saturated with hydrolytic enzymes, while the reaction catalyzed by 

LPMO created new substrates for hydrolytic enzymes in a synergistic 

manner, so that saturation did not occur.  

Different structural analyses were performed to characterize the 

substrates further. Structural analyses and surface properties of the solid 

fraction were performed by using different analytical techniques. 

Characterization of surface properties based on BET analysis showed 

that the surface area increased with 79% to 112% in the reactions with air, 

and with 20% to 31% in reactions with N2. Simons’ staining resulted in 

higher DO dye values for the reactions with air than for reactions with N2 

(Fig. 3B in Paper II), suggesting improved cellulose accessibility for 

cellulase enzymes, as the DO dye has been found to have affinity for 

cellulose rather than for hemicellulose and lignin (Chandra and Saddler, 

2012). In addition, Arantes and Saddler (2011) suggested that the 

accessible surface area was one of the factors that limit the extent of 

enzymatic saccharification of cellulose. This can explain the results we 

observed that the reactions with air continuously showed increasing 

saccharification even when the dosage was raised from 9% to 12%, while 

reactions with N2 seemed to be saturated. LPMO has potential to 

improve enzymatic saccharification through its ability to oxidatively 
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cleave glycosidic bonds to create more targets for hydrolytic enzymes to 

work on, especial with respect to targeting more crystalline parts of the 

cellulose, thus improving the efficiency of the saccharification. The 

results from the XRD and SEM analyses also point in the same direction. 

For instance, XRD measurements showed a clearer decrease in 

crystallinity for reactions with air than for reactions with N2 (Table 3 in 

Paper II), and obvious structural changes were observed using SEM (Fig. 

6 in Paper II). In summary, the investigation highlights the great 

potential in using continuous aeration to enhance the LPMO activity in 

reactions with high solids loadings.  

 

Comparison of process configurations (Paper III) 

Saccharification and fermentation can be performed using different 

process configurations (Galbe and Wallberg, 2019; Gandla et al., 2022; 

Martín et al., 2022). Separate hydrolysis and fermentation (SHF) and 

simultaneous saccharification and fermentation (SSF) have been studied 

for a long time. Both process configurations have their advantages and 

disadvantages. SSF has been considered a good option with the older 

generation of cellulases preparations, as it typically results in higher 

yields of ethanol (Erdi et al., 2010; Tomás-Pejó et al., 2008).  

Inclusion of LPMO in modern enzyme preparations may, however, 

affect the choice of process configuration (Cannella and Jørgensen, 

2014). Hybrid hydrolysis and fermentation (HHF) is a potential 

alternative, which was studied more in detail in the investigation 

presented in Paper III. HHF involves an enzymatic pre-hydrolysis phase 

performed at higher temperature, which is preferable for the enzymatic 

reaction, while the fermenting microorganism, typically yeast, is added 

afterward. Additionally, oxygen can be supplied by using aeration during 

the pre-hydrolysis phase in order to improve the enzymatic 

saccharification by driving the activity of LPMO. In Paper III, HHF was 
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compared with SSF by using an LPMO-containing enzyme preparation 

and a modern, commercial xylose-utilizing yeast strain. The studies were 

conducted in a demonstration plant under industrial-like conditions. 

Two different aeration time periods were compared: HHF1 (24 h) and 

HHF2 (48 h). There was no aeration in the SSF, but on the other hand 

no measures were taken to get rid of oxygen in the headspace of the 

bioreactor.     

According to the data shown in Table 2 in Paper III, the glucose 

concentrations increased as expected during the initial saccharification 

phase. Although the glucose increased quickly in HHF2 within the first 

24 h, similar to the HHF1 reaction, there was little change between 24 h 

and 48 h. This might suggest a possible negative effect from end-product 

inhibition becoming increasingly worse. The increased glucose 

concentrations in the early stages of the HHF runs could be partially 

attributed to aeration and LPMO activity. This is supported by data for 

oxidation products (Fig. 2 in Paper III), which clearly show formation of 

oxidation products during saccharification. The glucan conversion data 

(Fig. 1 in Paper III) show that after 24 h and 48 h the conversion in the 

HHF1 and HHF2 reactions was more than twice as high as for SSF, and 

after 96 h the glucan conversion had reached roughly 70% of the 

conversion in HHF. This might be explained by the higher temperature 

and the continuous aeration in the pre-hydrolysis phase was beneficial 

for enzymatic saccharification including LPMO activity, thus 

contributing to the higher glucan conversion. However, after pre-

hydrolysis the temperature was lowered and the aeration was 

discontinued. This is why the conversion in the SSF reaction was able to 

catch up after 96 h.   

Based on the ethanol results (Table 4 in Paper III), SSF consistently 

showed the highest volumetric ethanol productivity, reaching 0.43 g/L/h, 

whereas HHF1 exhibited moderate productivity (~0.3 g/L/h) and HHF2 
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very low productivity (around 0.1 g/L/h). In addition, the ethanol yield 

on consumed sugar in the SSF reaction was consistently higher than in 

the HHF reactions, both after 24 h and 48 h fermentation time. The low 

ethanol yields on consumed sugar might be due to that the sugar was 

used for other purposes than for ethanolic fermentation. S. cerevisiae is 

a Crabtree-positive yeast that still can produce ethanol even under 

aerobic conditions, when sugar concentrations are sufficiently high. 

However, considering the large headspace in the bioreactor and the 

continuous aeration, there is a risk that the sugar is used for other 

purposes than for ethanol production. Furthermore, the fermentation 

results after addition of yeast to the HHF reactions were so dismal that 

it triggered the investigation presented in Paper IV, which addresses the 

possibility that the fermentability might, at least in some cases, become 

poorer as a result of aeration.   

 

Effects of aeration on inhibitors and fermentability 

(Paper IV) 

Incorporating LPMOs into enzyme cocktails significantly improves 

saccharification efficiency, particularly under continuous aeration, 

which enhances LPMO activity (Tang et al., 2022). However, the 

introduction of LPMOs has led to reconsiderations of the process 

configurations used for saccharification and fermentation processes 

(Cannella and Jørgensen, 2014). A hybrid hydrolysis and fermentation 

(HHF) approach using LPMO-enriched enzymes has been explored, 

involving a pre-hydrolysis step prior to yeast addition (Tang et al., 2024). 

Although aerated pre-hydrolysis with LPMO as expected improved the 

saccharification efficiency, it unexpectedly resulted in poor 

fermentability (Tang et al., 2024). Aeration may not only promote LPMO 

activity but may also affect pretreatment by-products. One possibility is 
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oxidation reactions caused by aeration, and another possibility is 

evaporation caused by introducing a gas flow.  

Detoxification methods based on redox reactions were also included in 

this study. These were treatments with reducing agents (Jönsson and 

Martín, 2016) and with the phenol oxidase laccase (Jönsson et al., 1998; 

Ibarra et al., 2023). Additionally, laccase and hydroquinone were 

included in some experiments. Although hydroquinone in low 

concentrations is relatively non-toxic to yeast (Larsson et al., 2000; 

Mitchell et al., 2014), it can be oxidized to benzoquinone, a highly toxic 

compound even at low concentrations (Stagge et al., 2015; Martín et al., 

2018). However, hydroquinone may also act as a reductant, potentially 

mitigating inhibition. To further investigate the effects of aeration, 

parallel experiments were conducted using both air and N2. 

By comparing the effects of gas addition to PL and a sugar control, 

significant differences were observed between aeration and N₂ for PL, 

while there were no differences for the sugar control (Fig. 1 in Paper IV), 

and a better fermentation was obtained for the N2-treated set of reaction 

mixtures (Table 2 in Paper IV). Potential changes in the concentrations 

of pretreatment by-products are reported in detail in Table 3 in Paper IV. 

Furan aldehydes decreased significantly, both with aeration and with N2, 

with furfural showing a larger decrease than HMF due to its higher 

volatility. The acetaldehyde concentrations also decreased significantly 

for both air and N2. Among the aromatic compounds, the vanillin 

concentrations showed a slight but significant decrease both for air 

(p ≤ 0.05) and for N₂ (p ≤ 0.01). This is likely due to its volatility 

resulting in evaporation during gas addition.   

Detoxification with sulfite significantly enhanced the fermentability 

compared to controls without sulfite (Table 2 in Paper IV). Higher sugar 

consumption and ethanol production rates were consistently observed 

for aerated reactions compared to reactions with N₂ without sulfite, 
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demonstrating that sulfite detoxification was effective regardless of how 

the aeration was done. For specific inhibitors, detoxification was 

particularly effective in reducing formaldehyde and coniferyl aldehyde 

concentrations to 1.3 mM and 15 µM, respectively, compared to 5.6 mM 

formaldehyde and 26 µM coniferyl aldehyde before detoxification. 

Spiking with hydroquinone before aeration resulted in a significant 

improvement of the fermentation rates compared to the N₂ controls 

(Table 2 in Paper IV). This suggests that hydroquinone acts as an 

effective detoxification agent in the presence of inhibitors, because there 

were no differences between air and N2 conditions in the control 

experiment. Additionally, aeration resulted in a slight increase in the 

formaldehyde concentrations, indicating a minor but statistically 

significant (p ≤ 0.05) rise under aeration conditions, something that was 

not observed with N₂ treatment. 

The presence of catalysts, such as the phenol oxidase laccase, can 

significantly enhance the effects of oxygen. Laccase treatment has been 

demonstrated to improve the fermentability of lignocellulosic 

hydrolysates by targeting phenolic substances (Jönsson et al., 1998; 

Ibarra et al., 2023). However, there is also a risk, at least theoretically, 

that laccase could oxidize hydroquinone into the more toxic 

benzoquinone. The experiments where hydroquinone was added before 

incubation, compared with the controls without any additions, 

confirmed that adding hydroquinone at a concentration of 1 mM was 

effective as a detoxification method (Table 5 in Paper IV). This aligns 

with findings from previous experiments with spiking with 

hydroquinone. Adding hydroquinone after incubation showed some 

improvement compared to a control without any additions, but the effect 

was significantly less than when hydroquinone was added before 

incubation. Additionally, laccase treatment performed worse than the 

control without additions. The total phenolic content decreased from 
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around 2.3 g/L in the untreated PL to around 1.0 g/L with laccase, 

indicating a clear reduction in phenolic content - a typical detoxification 

reaction. However, as the PL is a complex mixture, it may contain 

inhibiting compounds that are more toxic than phenolics. Using a system 

with synthetic medium without PL, it was evident that laccase catalyzed 

the oxidation of hydroquinone to a more toxic compound, presumably 

benzoquinone (Fig. 3 in Paper IV), and that hydroquinone was not 

inhibitory in the beginning due to the relatively low initial concentration 

(1 mM). The effect of laccase treatment is mixed as it may alleviate or 

intensify inhibition depending on the composition and concentration of 

inhibitors in the pretreated biomass.   
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Future perspectives 

The effectiveness of LPMO in a commercial enzyme mixture, 

combined with oxidants and reductants, has been demonstrated in the 

enzymatic saccharification of softwood pretreated by continuous steam 

explosion with sulfur dioxide as a catalyst. Experiments with continuous 

air and N₂ supply revealed that both insoluble lignin in the solid phase 

and water-soluble lignin fragments in the liquid phase act as effective 

reductants in LPMO-supported saccharification. The harsh 

pretreatment conditions resulted in a solid phase predominantly 

containing Klason lignin, cellulose, and pseudo-lignin, and the liquid 

phase was rich in lignin-derived phenolics. Nevertheless, continuous 

aeration promotes LPMO activity even if there are relatively high 

concentrations of by-products in the liquid phase and pseudo-lignin in 

the solid phase. It remains to identify specific degradation products and 

structures that serve as the reductants to improve the LPMO activity. 

Given the high complexity of pretreatment mixtures, further 

investigations using a pure system could offer a good option to provide 

more detailed insights.  

According to the negative effect associated with high solids loadings, 

continuous aeration in the LPMO-supported saccharification showed 

clear benefits. In addition, the effects of increasing enzyme dosage were 

not as efficient as applying aeration into the reaction. The applicability 

of these findings can be further investigated using other feedstocks. Due 

to the relatively harsh pretreatment, milder pretreatment will be an 

option.  

According to the study on process configuration, hybrid hydrolysis and 

fermentation (HHF) with pre-hydrolysis under continuous aeration 

exhibited a positive effect on glucan conversion. Extending the reaction 

time from 24 to 48 hours further improved saccharification but had even 
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worse effect on subsequent microbial fermentation. Positive outcomes 

include that aeration can reduce volatile inhibitors, like furfural, through 

evaporation. To mitigate inhibitory effects, incorporating of a 

detoxification step prove to be beneficial and sodium sulfite emerged as 

an effective reducing agent targeting formaldehyde, while hydroquinone 

appears as a previously unknown alternative for alleviating inhibition. As 

a relatively harsh pretreatment was performed using a recalcitrant form 

of lignocellulose, i.e., softwood, using milder pretreatment conditions 

and studying other feedstocks are interesting options for future research 

in the field. Furthermore, techno-economic assessment will be needed 

for analyzing the technical and economic feasibility of the process before 

industrial-scale deployment.  

 

 

 

 

 

 

 

 

 

 

 



 

62 

Acknowledgement 

First and foremost, I would like to express my deepest appreciation to 

my supervisor, Professor Leif J. Jönsson, for offering me this invaluable 

opportunity to explore this remarkable research field. Under your 

exceptional guidance, I had the opportunity to enhance my scientific 

knowledge and gain a deeper understanding of what it means to be a 

scientist. Your high scientific standards and rigorous research attitude 

have allowed me to develop good scientific habits and laid a foundation 

for my future academia. I am truly grateful for your support during the 

writing; I learned a lot of valuable writing techniques and improved my 

understanding of how to structure the work to make it logical. These 

experiences have undoubtedly been invaluable in my whole life.   

I am incredibly fortunate to be a part of such a fantastic team. I am 

grateful to my co-supervisors, Sandra Winestrand and Carlos Martin, for 

their invaluable guidance and inspiration. I want to thank Madhavi 

Latha Gandla for the great support throughout my doctoral studies. 

Every discussion and practical assistance were crucial to the progress of 

my PhD project. Our conversations helped me find the right direction 

whenever I faced challenges. We are not only friends but also comrades 

on this journey. Jenny Lundqvist, thanks for your great support and 

encouragement along my PhD journey and for your active help in 

improving my Swedish language skills. Stefan Stagge, thank you so much 

for your support. You are a great conversationalist, and I always 

remember how, during each journal club, you would bring up so many 

questions for discussion, making it much more engaging and enjoyable. 

Bianca Anina Brandt, even though we are located in different places and 

don't have many opportunities to meet, it's always such a joy whenever 

we meet. I will remember the help you've given me, especially during 

those urgent tasks that needed to be finished. 



 

63 
 

Come to our young student team, Mateo Bello Villarino, a tall, cheerful 

guy, we've shared an office for three years. Despite the significant age 

difference, it never stood in the way of our friendship. Every conversation 

with you was filled with laughter. Claudia Quineche, you're such a joyful 

person, and your cheerful personality always brightens up those around 

you. Every time we meet, it's always a pleasure. Diego Alejandro Miranda, 

you’re an interesting guy with a great love for music, and Zhaozhao loves 

playing with you. It's so much fun to watch you both, a big kid and a little 

one, swaying to the music together. Marco Bassani, you are a calm and 

diligent person, approaching work with great seriousness. I will always 

remember our time working together in the lab. As PhD students, we 

understand the challenges that each of us faces during the whole journey. 

I cherish the time we spent working together; it will be a special memory. 

The age difference between us has not hindered our friendship in any 

way. Being with you all makes me feel younger.   

I would like to express my deepest appreciation to my family for your 

unweaving support throughout my whole PhD journey. My husband 

Yaozong Li, thanks for your understanding and encouragement. You 

always be with me and share your experience and help me through the 

toughest times and of course, celebrate the successes together. My 

daughter, Ruobing Li, I am so proud of you, you are my source of joy and 

motivation. Thanks for being with me whenever I need to do the work. 

Your smiles and hugs provided me the power during the challenge time.  

To my parents, thanks for giving me your endless patience, love, and 

belief in me have been my greatest source of strength.  

I would like to express my appreciation to Mats Tysklind and Erik 

Chorell for their valuable contributions to my annual evaluation. Thank 

you for your support and feedback during the PhD annual evaluation, 

which has been instrumental in tracking and advancing my research 

progress. 



 

64  

 I am grateful to Adnan Cavka and Mai Bui from Sekab-E Technology 

AB (Örnsköldsvik, Sweden) who supported the research by providing 

pretreated material from the Biorefinery Demo Plant that I mainly 

worked with throughout my whole PhD study. I am also grateful for the 

services offered by analytical facilities at the KBC Chemical-Biological 

Center in Umeå, including András Gorzsás at the Vibrational 

Spectroscopy (ViSp) Core Facility for FTIR analyses, Mattias 

Hedenström at the NMR Core Facility for 13C-CP/MAS NMR and 2D-

HSQC NMR analyses, Junko Takahashi-Schmidt at the Biopolymer 

Analytical Platform (BAP) for Py-GC/MS analyses, Lee Cheng Choo at 

the Umeå Centre for Electron Microscopy (UCEM) for SEM analyses, 

and Nils Skoglund for help with XRD analyses. 

I would like to acknowledge the Swedish Energy Agency, the Swedish 

Research Council, and Bio4Energy for financial support of the research.   

 

 

 

 

 

 

 

 

 

 



 

65 
 

References 

1. Agger J.W., Isaksen T., Varnai A., Vidal-Melgosa S., Willats W.G.T., 
Ludwig R., et al. (2014). Discovery of LPMO activity on 
hemicelluloses shows the importance of oxidative processes in plant 
cell wall degradation. Proc. Natl. Acad. Sci. USA 111:6287-6292. 

2. Alén R. (2015). Pulp Mills and Wood-Based Biorefineries. In: Pandey 
A., Höfer R., Taherzadeh M., Nampoothiri K.M. and Larroche C. 
(Eds.) Industrial Biorefineries & White Biotechnology. Elsevier, 
Amsterdam. pp. 91–126. 

3. Alriksson B., Cavka A. and Jönsson L.J. (2011). Improving the 
fermentability of enzymatic hydrolysates of lignocellulose through 
chemical in-situ detoxification with reducing agents. Bioresour. 
Technol. 102:1254–1263. 

4. Alriksson A., Horváth I.S., Sjöde A., Nilvebrant N.-O. and Jönsson 
L.J. (2005). Ammonium hydroxide detoxification of spruce acid 
hydrolysates. Appl. Biochem. Biotechnol. 121-124:911-922. 

5. Alriksson B., Sjöde A., Nilvebrant N.-O. and Jönsson L.J. (2006). 
Optimal conditions for alkaline detoxification of dilute-acid 
lignocellulose hydrolysates. Appl. Biochem. Biotechnol. 129-132: 
599-611. 

6. Alt H.M., Benson A.F., Haugen S.J., Ingraham M.A., Michener W.E., 
Woodworth S.P, et al. (2024). Analysis of sugars, small organic acids, 
and alcohols by HPLC-RID. protocols.io 
https://dx.doi.org/10.17504/ protocols.io.5qpvob7y9l4o/v2Ver  

7. Alvira P., Tomás-Pejó E., Ballesteros M. and Negro M.J. (2010). 
Pretreatment technologies for an efficient bioethanol production 
process based on enzymatic hydrolysis: A review. Bioresour. Technol. 
101:4851–4861. 

8. Arantes V. and Saddler J.N. (2010). Access to cellulose limits the 
efficiency of enzymatic hydrolysis: The role of amorphogenesis. 
Biotechnol. Biofuels 3:4. 

9. Arantes V. and Saddler J.N. (2011). Cellulose accessibility limits the 
effectiveness of minimum cellulase loading on the efficient 
hydrolysis of pretreated lignocellulosic substrates. Biotechnol. 
Biofuels 4:3. 

10. Balan V., Bals B., Chundawat S.P., Marshall D., Dale B.E. (2009). 
Lignocellulosic biomass pretreatment using AFEX. Methods Mol. 
Biol. 581:61-77.  

11. Bissaro B., Røhr Å.K., Müller G., Chylenski P., Skaugen M., Forsberg 
Z., Horn S.J., Vaaje-Kolstad G. and Eijsink V.G.H. (2017). Oxidative 
cleavage of polysaccharides by monocopper enzymes depends on 
H2O2. Nat. Chem. Biol. 13:1123-1128.  



 

66 

12. Bonechi C., Consumi M., Donati A., Leone G., Magnani A., Tamasi G. 
and Rossi C. (2017). Biomass: An overview. In: Dalena F., Basile A. 
and Rossi C. (Eds.). Bioenergy Systems for the Future: Prospects for 
Biofuels and Biohydrogen. Elsevier, London. pp. 3-42. 

13. Brienza F., Cannella D., Montesdeoca D., Cybulska I. and Debecker 
D.P. (2023). A guide to lignin valorization in biorefineries: 
Traditional, recent, and forthcoming approaches to convert raw 
lignocellulose into valuable materials and chemicals. RSC 
Sustainability 2:37-90. 

14. Brunauer S., Emmett P.H. and Edward T. (1938). Adsorption of gases 
in multimolecular layers. J. Am. Chem. Soc. 60:309–319. 

15. Cannella D. and Jørgensen H. (2014). Do new cellulolytic enzyme 
preparations affect the industrial strategies for high solids 

lignocellulosic ethanol production? Biotechnol. Bioeng. 111:59-68.  
16. Cannella D., Hsieh C.W., Felby C. and Jørgensen H. (2012). 

Production and effect of aldonic acids during enzymatic hydrolysis of 
lignocellulose at high dry matter content. Biotechnol. Biofuels 5:26. 

17. Cannella D., Sveding P.V. and Jørgensen H. (2014). PEI 
detoxification of pretreated spruce for high solids ethanol 
fermentation. Appl. Energ. 132:394–403. 

18. Cavka A., Alriksson B., Ahnlund M. and Jönsson L.J. (2011). Effect of 
sulfur oxyanions on lignocellulose-derived fermentation inhibitors. 
Biotechnol. Bioeng. 108:2592–2599. 

19. Cavka A. and Jönsson L.J. (2013). Detoxification of lignocellulosic 
hydrolysates using sodium borohydride. Bioresour. Technol. 
136:368376. 

20. Cavka A., Martín C., Alriksson B., Mörtsell, M. and Jönsson, L.J. 
(2015b). Techno-economic evaluation of conditioning with sodium 
sulfite for bioethanol production from softwood. Bioresour. Technol. 
196:129135. 

21. Cavka A., Stagge S. and Jönsson L.J. (2015a). Identification of small 
aliphatic aldehydes in pretreated lignocellulosic feedstocks and 
evaluation of their inhibitory effects on yeast. J. Agric. Food Chem. 
63:9747–9754. 

22. Chandel A.K., Chandrasekhar G., Radhika K., Ravinder R. and 
Ravindra P. (2011). Bioconversion of pentose sugars into ethanol: A 
review and future directions. Microb. Biotechnol. 6:8–20. 

23. Chandra R.P. and Saddler J.N. (2012). Use of the Simons’ staining 
technique to assess cellulose accessibility in pretreated substrates. 
Ind. Biotechnol. 4:230–237. 

24. Chang Y.J., Chang J.S. and Lee D.J. (2023). Gasification of biomass 
for syngas production: Research update and stoichiometry diagram 
presentation. Bioresour. Technol. 387:129535. 



 

67 
 

25. Chen H. (2014). Chemical Composition and Structure of Natural 
Lignocellulose. In: Chen H. (Ed.) Biotechnology of Lignocellulose. 
Springer, Dordrecht. pp. 25-71. 

26. Chornet E. and Overend R.P. (2017). How the Severity Factor in 
Biomass Hydrolysis Came about. In: Ruiz, H.A, Thomsen M.H. and 
Trajano H.L. (Eds.) Hydrothermal Processing in Biorefineries: 
Production of Bioethanol and High Added-Value Compounds of 
Second and Third Generation Biomass. Springer International 
Publishing AG, Cham. pp 1–3. 

27. Chundawat S.P.S., Pal R.K., Zhao C., Campbell T., Teymouri F., 
Videto J., et al. (2020). Ammonia fiber expansion (AFEX) 
pretreatment of lignocellulosic biomass. J. Vis. Exp. 158, e57488.  

28. Chylenski P., Petrović D.M., Müller G., Dahlström M., Bengtsson O., 
Lersch M., et al. (2017). Enzymatic degradation of sulfite-pulped 
softwoods and the role of LPMOs. Biotechnol. Biofuels. 10:177. 

29. Ciolacu D., Ciolacu F. and Popa V.I. (2011). Amorphous cellulose —
Structure and characterization. Cell. Chem. Technol. 45:13-21. 

30. Cosgrove D. (2005). Growth of the plant cell wall. Nat. Rev. Mol. Cell. 
Biol. 6:850–861.  

31. Da Silva A.S., De Souza M.F., Ballesteros I., Manzanares P., 
Ballesteros M. and Bon E.P.S. (2016). High-solids content enzymatic 
hydrolysis of hydrothermally pretreated sugarcane bagasse using a 
laboratory-made enzyme blend and commercial preparations. 
Process Biochem. 51:1561-1567. 

32. De Bhowmick G., Sarmah A.K. and Sen R. (2018). Lignocellulosic 
biorefinery as a model for sustainable development of biofuels and 
value-added products. Bioresour. Technol. 247:1144-1154.  

33. De Deken R.H. (1966). The Crabtree effect: A regulatory system in 
yeast. J. Gen. Microbiol. 44:149–156. 

34. De Jong E., Higson A., Walsh P. and Wellisch M. (2011). Bio-based 
Chemicals - Value Added Products from Biorefineries. IEA 
Bioenergy, Paris.  

35. Dimarogona M., Topakas E., Olsson L. and Christakopoulos P. 
(2012). Lignin boosts the cellulase performance of a GH-61 enzyme 
from Sporotrichum thermophile. Bioresour. Technol. 110:480–487.  

36. Donev E., Gandla M.L., Jönsson L.J. and Mellerowicz E.J. (2018). 
Engineering non-cellulosic polysaccharides of wood for the 
biorefinery. Front. Plant Sci. 9:1537.  

37. Du B., Sharma L.N., Becker C., Chen S.-F., Mowery R.A., van Walsum 
G.P. and Chambliss C.K. (2010). Effect of varying feedstock-
pretreatment chemistry combinations on the formation and 
accumulation of potentially inhibitory degradation products in 
biomass hydrolysates. Biotechnol. Bioeng. 107:430–440. 



 

68 

38. Dürre P. (1998). New insights and novel developments in clostridial 
acetone/butanol/isopropanol fermentation. Appl. Microbiol. 
Biotechnol. 49:639–648. 

39. Eijsink V.G.H., Petrovic D., Forsberg Z., Mekasha S., Røhr Å.K., et al. 
(2019). On the functional characterization of lytic polysaccharide 
monooxygenases (LPMOs). Biotechnol. Biofuels 12:58. 

40. El-Aneed A., Cohen A. and Banoub J. (2009). Mass spectrometry, 
review of the basics: Electrospray, MALDI, and commonly used mass 
analyzers. Appl. Spectrosc. Rev. 44:210–230. 

41. Energy Institute. Statistical review of world energy, 73rd edition, 
2024. Energy Institute, London. 

42. Eom I.Y., Kim K.H., Kim J.Y., Lee S.M., Yeo H.M., Choi I.G. and Choi 
J.W. (2011). Characterization of primary thermal degradation 
features of lignocellulosic biomass after removal of inorganic metals 
by diverse solvents. Bioresour Technol. 102:3437-3444.  

43. Erdei B., Barta Z., Sipos B., Reczey K., Galbe M. and Zacchi G. (2010). 
Ethanol production from mixtures of wheat straw and wheat meal. 
Biotechnol. Biofuels 3:16. 

44. Esteghlalian A.R., Bilodeau M., Mansfield S.D. and Saddler J.N. 
(2001). Do enzymatic hydrolyzability and Simons' stain reflect the 
changes in the accessibility of lignocellulosic substrates to cellulase 
enzymes? Biotechnol. Progr. 17:1049-1054.   

45. Faix O. (1991). Classification of lignins from different botanical 
origins by FT-IR spectroscopy. Holzforschung 45:21–22.  

46. Faix O. and Böttcher J.H. (1992). The influence of particle size and 
concentration in transmission and diffuse reflectance spectroscopy 
of wood. Holz Roh Werkst. 50:221–226. 

47. Fengel D. and Wegener G. (1989). Wood: Chemistry, Ultrastructure, 
Reactions. De Gruyter, Berlin. 

48. Forest Statistics. (2023). https://www.slu.se/globalassets/ 
ew/org/centrb/rt/dokument/skogsdata/skogsdata 2023 webb.pdf  

49. Forsberg Z., Rohr A.K., Mekasha S., Andersson K.K., Eijsink V.G.H., 
et al. (2014). Biochemistry 53 1647–1656. 

50. Foston M.B., Hubbell C.A. and Ragauskas A.J. (2011). Cellulose 
isolation methodology for NMR analysis of cellulose ultrastructure. 
Materials 4, 1985-2002. 

51. Frommhagen M., Mutte S.K., Westphal A.H., Koetsier M.J., Hinz 
S.W.A., Visser J., et al. (2017). Boosting LPMO-driven lignocellulose 
degradation by polyphenol oxidase-activated lignin building blocks. 
Biotechnol. Biofuels 10:121. 

52. Frommhagen M., Sforza S., Westphal A.H., Visser J., Hinz S.W., 
Koetsier M.J., et al. (2015). Discovery of the combined oxidative 
cleavage of plant xylan and cellulose by a new fungal polysaccharide 
monooxygenase. Biotechnol. Biofuels. 8:101.  



 

69 
 

53. Galbe M. and Wallberg O. (2019). Pretreatment for biorefineries: A 
review of common methods for efficient utilisation of lignocellulosic 
materials. Biotechnol. Biofuels 12:294. 

54. Galbe M. and Zacchi G. (2012). Pretreatment: The key role to efficient 
utilization of lignocellulosic materials. Biomass Bioenerg. 46:70–78.    

55. Gandla M.L., Tang C., Martín C. and Jönsson L.J. (2022). Enzymatic 
Saccharification of Lignocellulosic Biomass. In: Jeschke P. and 
Starikov E. (Eds.) Agricultural Biocatalysis, Vol. 9, Enzymes in 
Agriculture and Industry. Jenny Stanford Publishing Pte. Ltd., 
Singapore . pp. 413–469. 

56. Gufrana T., Islam H., Khare S., Pandey A.P.R. (2023) In-
situ transesterification of single-cell oil for biodiesel production: A 
review. Prep. Biochem. Biotechnol. 53:120-135.  

57. Hallac B.B. and Ragauskas A.J. (2011). Analyzing cellulose degree of 
polymerization and its relevancy to cellulosic ethanol. Biofuel. 
Bioprod. Bior. 5:215-225.  

58. Hemsworth G.R., Johnston E.M., Davies G.J., Walton P.H. (2015). 
Lytic polysaccharide monooxygenases in biomass conversion. 
Trends Biotechnol. 33:747-761. 

59. Hu F. and Ragauskas A.J. (2012). Pretreatment and lignocellulosic 
chemistry. Bioenerg. Res. 5:1043-1066. 

60. Humbird D., Mohagheghi A., Dowe N. and Schell D.J. (2010) 
Economic impact of total solids loading on enzymatic hydrolysis of 
dilute acid pretreated corn stover. Biotechnol. Progr. 26:1245-1251.  

61. Ibarra D., Eugenio M.E., Alvira P., Ballesteros I., Ballesteros M. and 
Negro M.J. (2023). Effect of laccase detoxification on bioethanol 
production from liquid fraction of steam-pretreated olive tree 
pruning. Fermentation 9:214. 

62. IEA (2022). World Energy Outlook. IEA, Paris.   
63. IEA Bioenergy Task 37 (2022). The role of biogas and biomethane in 

pathway to net zero. IEA, Paris. 
64. Ilanidis D., Stagge S., Jönsson L.J. and Martín C. (2021). 

Hydrothermal pretreatment of wheat straw: Effects of temperature 
and acidity on byproduct formation and inhibition of enzymatic 
hydrolysis and ethanolic fermentation. Agronomy 11:487.  

65. IPCC (2023). Summary for Policymakers. In: Climate Change 2023: 
Synthesis Report. Contribution of Working Groups I, II and III to the 
Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change. IPCC, Geneva. pp. 1-34.  

66. IRENA (2023). Renewable Energy Statistics. ISBN: 978-92-9260-
537-7. 

67. Isaksen T., Westereng B., Aachmann F.L., Agger J.W., Kracher D. 
Kittl R., et al. (2014). A C4-oxidizing lytic polysaccharide 



 

70 

monooxygenase cleaving both cellulose and cello-oligosaccharides. 
J. Biol. Chem. 289:2632-2642. 

68. Jilani S.B. and Olson D.G. (2023). Mechanism of furfural toxicity and 
metabolic strategies to engineer tolerance in microbial 
strains. Microb Cell Fact 22:221.  

69. Johnson R.L. and Schmidt-Rohr K. (2014) Quantitative solid-state 
13C NMR with signal enhancement by multiple cross polarization. 
J. Magn. Reson. 239:44–49. 

70. Jönsson L.J., Alriksson B. and Nilvebrant N.-O. (2013). 
Bioconversion of lignocellulose: inhibitors and detoxification. 
Biotechnol. Biofuels 6:16. 

71. Jönsson L.J. and Martin C. (2016). Pretreatment of lignocellulose: 
Formation of inhibitory byproducts and strategies for minimizing 
their effects. Bioresour. Technol. 199:103-112. 

72. Jönsson L.J. and Nilvebrant N.O. (2024). Comment on 'Making the 
biochemical conversion of lignocellulose more robust'. Trends 
Biotechnol. 42:393-394.  

73. Jönsson L.J., Palmqvist E., Nilvebrant N.O. and Hahn-Hägerdal B. 
(1998). Detoxification of wood hydrolysates with laccase and 
peroxidase from the white-rot fungus Trametes versicolor. Appl 
Microbiol Biotechnol 49: 691–697.  

74. Jørgensen H., Kristensen J.B. and Felby C. (2007). Enzymatic 
conversion of lignocellulose into fermentable sugars: challenges and 
opportunities. Biofuels Bioprod. Bioref. 1:119–134. 

75. Jurado M., Prieto A., Martínez-Alcalá A., Martínez A.T., Martínez 
M.J. (2009). Laccase detoxification of steam-exploded wheat straw 
for second generation bioethanol. Bioresour. Technol. 100:6378–
6384. 

76. Kant S., Das S., Roy S. and Tripathy S. (2024). Fungal cellulases: A 
comprehensive review. Nucleus https://doi.org/10.1007/s13237-
024-00501-6 

77. Kim Y., Ximenes E., Mosier N.S. and Ladisch M.R. (2011). Soluble 
inhibitors/deactivators of cellulase enzymes from lignocellulosic 
biomass. Enzyme Microb. Technol. 48:408–415. 

78. Klemm D., Heublein B., Fink H.-P. and Bohn A. (2005). Cellulose: 
Fascinating biopolymer and sustainable raw material. Angew. Chem. 
Int. Ed. 44:3358-3393.  

79. Kumar R. and Wyman C.E. (2014). Strong cellulase inhibition by 
mannan polysaccharides in cellulose conversion to sugars. 
Biotechnol. Bioeng. 111:1341–1353. 

80. Kracher D., Scheiblbrandner S., Felice A.K.G., Breslmayr E., Preims 
M., et al. (2016) Science 352:1098–1101. 

81. Kusch P. (2012). Pyrolysis-Gas Chromatography/Mass Spectrometry 
of Polymeric Materials. In: Mohd M.A. (Ed.) Advanced Gas 

https://doi.org/10.1007/s13237-024-00501-6
https://doi.org/10.1007/s13237-024-00501-6


 

71 
 

Chromatography - Progress in Agricultural, Biomedical and 
Industrial Applications. InTech, Rijeka, Croatia. pp. 343-346.  

82. Lachos-Perez D., César Torres-Mayanga P., Abaide E.R., Zabot G.L. 
and De Castilhos F. (2022). Hydrothermal carbonization and 
Liquefaction: differences, progress, challenges, and opportunities. 
Bioresour Technol. 343:126084.  

83. Larsson S., Palmqvist E., Hahn-Hägerdal B., Tengborg C., Stenberg 
K., Zacchi G. et al. (1999b). The generation of fermentation inhibitors 
during dilute acid hydrolysis of softwood. Enzyme Microb. Technol. 
24:151–159.  

84. Larsson S., Quintana-Sáinz A., Reimann A., Nilvebrant N.-O., and 
Jönsson L.J. (2000). Influence of lignocellulose-derived aromatic 
compounds on oxygen-limited growth and ethanolic fermentation by 
Saccharomyces cerevisiae. Appl. Biochem. Biotechnol. 84:617–632.   

85. Larsson S., Reimann A., Nilvebrant N.-O. and Jönsson L.J. (1999a). 
Comparison of different methods for the detoxification of 
lignocellulose hydrolyzates of spruce. Appl. Biochem. Biotech. 77:91–
103.  

86. Lee J., Jang Y.S., Choi S.J., Im J.A., Song H., Cho J.H., et al. (2012). 
Metabolic engineering of Clostridium acetobutylicum ATCC 824 for 
isopropanol–butanol–ethanol fermentation. Appl. Environ. 
Microbiol. 78:1416–1423. 

87. Leeuwendaal N.K, Stanton C., O'Toole P.W., Beresford T.P. (2022). 
Fermented foods, health and the gut microbiome. Nutrients 14:1527.  

88. Lefvert A. and Grönkvist S. (2024). Lost in the scenarios of negative 
emissions: The role of bioenergy with carbon capture and storage 
(BECCS). Energy Policy 184, 113882.  

89. Levasseur A., Drula E., Lombard V., Coutinho P.M. and Henrissat B. 
(2013). Expansion of the enzymatic repertoire of the CAZy database 
to integrate auxiliary redox enzymes. Biotechnol. Biofuels 6:41. 

90. Liebmann B., Friedl A. and Varmuza K. (2010). Applicability of near-
infrared spectroscopy for process monitoring in bioethanol 
production. Biochem. Eng. J. 52:187–193.  

91. Lombard V., Ramulu H.G., Drula E., Coutinho P.M. and Henrissat B. 
(2014) The carbohydrate-active enzymes database (CAZy) in 2013 
Nucleic Acids Res. 42:D490–D495. 

92. Lu F. and Ralph J. (2011) Solution-state NMR of lignocellulosic 
biomass. J. Biobased Mater. Bioenergy 5:169-180.  

93.  Lynd L.R., Van Zyl W.H., McBride J.E. and Laser M. (2005). 
Consolidated bioprocessing of cellulosic biomass: An update. Curr. 
Opin. Biotechnol. 16:577-583. 

94.Lynd L.R., Weimer P.J., Van Zyl W.H. and Pretorius I.S. (2002). 
Microbial cellulose utilization: Fundamentals and biotechnology. 
Microbiol. Mol. Biol. Rev. 66:506-577. 



 

72 

95. Malgas S., Van Dyk J.S., Abboo S. and Pletschke B.I. (2016). The 
inhibitory effects of various substrate pre-treatment by-products and 
wash liquors on mannanolytic enzymes. J. Mol. Catal. B Enzym. 
123:132–140. 

96. Marques G., Del Río J.C. and Gutiérrez A. (2010). Lipophilic 
extractives from several nonwoody lignocellulosic crops (flax, hemp, 
sisal, abaca) and their fate during alkaline pulping and TCF/ECF 
bleaching. Bioresour. Technol. 101:260-267. 

97. Martín C., Dixit P., Momayez F. and Jönsson L.J. (2022). 
Hydrothermal pretreatment of lignocellulosic feedstocks to facilitate 
biochemical conversion. Front. Bioeng. Biotechnol. 10:846592.  

98. Martín C., Puls J., Schreiber A. and Saake B. (2013). Optimisation of 
sulfuric acid assisted glycerol pretreatment of sugarcane bagasse. 
Holzforschung 67:523– 530. 

99. Martín C., Wu G., Wang Z., Stagge S. and Jönsson L.J. (2018). 
Formation of microbial inhibitors in steam-explosion pretreatment 
of softwood impregnated with sulfuric acid and sulfur dioxide. 
Bioresour. Technol. 262:242–250.  

100. Marton J. and Adler E. (1966). Preface, Dedication. In: Marton J. 
(Ed.) Lignin Structure and Reactions. Advances in Chemistry Series, 
No. 59. American Chemical Society, Washington, DC. pp. vii-xiii. 

101. Mboowa D. (2021). A review of the traditional pulping methods and 
the recent improvements in the pulping processes. Biomass Convers. 
Biorefin. 14:1-12. 

102. Meier D., Ante R. and Faix O. (1992). Catalytic hydropyrolysis of 
lignin: Influence of reaction conditions on the formation and 
composition of liquid products. Bioresour. Technol. 40:171-177. 

103. Meier D. (2019) Pyrolysis oil biorefinery. Adv. Biochem. Eng. 
Biotechnol. 166:301-337.   

104. Mielenz J.R. (2020) Small-Scale Approaches for Evaluating 
Biomass Bioconversion for Fuels and Chemicals. In: Dahiya A. (Ed.) 
Bioenergy, 2nd ed. Academic Press, Cambridge, MA. pp. 545-571. 

105. Miller E.N., Jarboe L.R., Turner P.C., Pharkya P., Yomano L.P., York 
S.W., et al. (2009) Furfural inhibits growth by limiting sulfur 
assimilation in ethanologenic Escherichia coli strain LY180. Appl. 
Environ. Microbiol. 75:6132-6141.  

106. Mitchell V.D., Taylor C.M. and Bauer S. (2014). Comprehensive 
analysis of monomeric phenolics in dilute acid plant hydrolysates. 
Bioenerg. Res. 7:654–669. 

107. Mohd Azhar S.H., Abdulla R., Jambo S.A., Marbawi H., Gansau J.A., 
Mohd Faik A.A., et al. (2017). Yeasts in sustainable bioethanol 
production: A review. Biochem. Biophys. Rep. 10:52-61.  

108. Müller G., Varnái A., Johansen K.S. and Eijsink V.G.H. and Horn 
S.J. (2015). Biotechnol. Biofuels 8:187. 



 

73 
 

109. National Renewable Energy Laboratory (NREL) (2007) 
www.nrel.gov  

110. Nelson M.L. and O’Connor R.T. (1964). Relations of certain infrared 
bands to cellulose crystallinity and crystal lattice type. Part I. Spectra 
of lattice types I, II, III and amorphous cellulose. J. Appl. Polym. Sci. 
8:1311–1324. 

111. Neves P.V., Pitarelo A.P. and Ramos L.P. (2016). Production of 
cellulosic ethanol from sugarcane bagasse by steam explosion: Effect 
of extractives content, acid catalysis and different fermentation 
technologies. Bioresour. Technol. 208:184–194. 

112. Nixon B., Mansouri K., Singh A., et al. (2016). Comparative 
structural and computational analysis supports eighteen cellulose 
synthases in the plant cellulose synthesis complex. Sci. Rep. 6:28696. 

113. Normark M., Pommer L., Gräsvik J., Hedenström M., Gorzsás A., et 
al. (2016). Biochemical conversion of torrefied Norway spruce after 
pretreatment with acid or ionic liquid. Bioenerg. Res. 9:355–368. 

114. Normark M., Winestrand S., Lestander T.and Jönsson L.J. (2014). 
Analysis, pretreatment and enzymatic saccharification of different 
fractions of Scots pine. BMC Biotechnol. 14:20. 

115. Olofsson K., Bertilsson M. and Lidén G. (2008). A short review on 
SSF — An interesting process option for ethanol production from 
lignocellulosic feedstocks. Biotechnol. Biofuels 1:7. 

116. Olson D.G., McBride J.E., Shaw J.A. and Lynd L.R. (2012). Recent 
progress in consolidated bioprocessing. Curr. Opin. Biotechnol. 
23:396-405. 

117. Oreb M., Dietz H., Farwick A. and Boles E. (2012). Novel strategies 
to improve co-fermentation of pentoses with D-glucose by 
recombinant yeast strains in lignocellulosic hydrolysates. 
Bioengineered 3:347-351.  

118. Østby H., Hansen L.D., Horn S.J., Eijsink V.G.H. and Várnai A. 
(2020). Enzymatic processing of lignocellulosic biomass: Principles, 
recent advances and perspectives. J. Ind. Microbiol. Biotechnol. 
47:623–657.  

119. Pan X., Gilkes N., Kadla J., Pye K., Saka S., Gregg D., et al., (2006). 
Bioconversion of hybrid poplar to ethanol and coproducts using an 
organosolv fractionation process: Optimization of process yields. 
Biotechnol. Bioeng. 94:851-861. 

120. Park S., Baker J.O., Himmel M.E., Parilla P.A. and Johnson D.K. 
(2010). Cellulose crystallinity index: Measurement techniques and 
their impact on interpreting cellulase performance. Biotechnol. 
Biofuels 3:10. 

121. Pereira S.R., Ivanuša S., Evtuguin D.V., Serafim L.S. and Xavier 
A.M. (2012). Biological treatment of eucalypt spent sulphite liquors: 



 

74 

A way to boost the production of second-generation bioethanol. 
Bioresour. Technol. 103:131-135.   

122. Persson P., Larsson S., Jönsson L.J., Nilvebrant N.-O., Sivik B., 
Munteanu F., et al. (2002). Supercritical fluid extraction of a 
lignocellulosic hydrolysate of spruce for detoxification and to 
facilitate analysis of inhibitors. Biotech. Bioeng. 79:694-700. 

123. Phillips C.M., Beeson W.T., Cate J.H. and Marletta M.A. (2011). 
Cellobiose dehydrogenase and a copper-dependent polysaccharide 
monooxygenase potentiate cellulose degradation by Neurospora 
crassa. ACS Chem. Biol. 6:1399-1406. 

124. Ragauskas A.J. (2013). Materials for Biofuels. World Scientific, 
Singapore. 

125. Ralph J., Lundquist K., Brunow G. et al. (2004). Lignins: Natural 
polymers from oxidative coupling of 4-hydroxyphenyl- propanoids. 
Phytochem. Rev. 3:29–60. 

126. Reif B., Ashbrook S.E., Emsley L. and Hong M. (2021) Solid-state 
NMR spectroscopy. Nat. Rev. Methods Primer 1:2. 

127. Rødsrud G., Lersch M. and Sjöde A. (2012). History and future of 
world’s most advanced biorefinery in operation. Biomass Bioenerg. 
46:46–59.  

128. Ruiz A.H., Rodríguez-Jasso M.R., Fernandes D.B., Vicente A.A. and 
Teixeira A.J. (2013). Hydrothermal processing, as an alternative for 
upgrading agriculture residues and marine biomass according to the 
biorefinery concept: A review. Renewable Sustainable Energy Rev. 
21:35-51.  

129. Ruiz H.A., Galbe M., Garrote G., Ramirez-Gutierrez D.M, Ximenes 
E., Sun S.-N., et al., (2021). Severity factor kinetic model as a strategic 
parameter of hydrothermal processing (steam explosion and liquid 
hot water) for biomass fractionation under biorefinery concept. 
Bioresour. Technol. 342:125961.  

130. Sarkanen K.V. and Ludwig C.H. (1971). Lignins: Occurrence, 
Formation, Structure and Reactions. John Wiley & Sons, New York. 

131. Schroyen M., Van Hulle S.W.H., Holemans S., Vervaeren H. and 
Raes K. (2017). Laccase enzyme detoxifies hydrolysates and 
improves biogas production from hemp straw and miscanthus. 
Bioresour. Technol. 244:597-604.  

132. Senneca O. (2007). Kinetics of pyrolysis, combustion and 
gasification of three biomass fuels. Fuel Process Technol. 88:87–97. 

133. Shuai L., Yang Q., Zhu J.Y., Lu F.C., Weimer P.J., Ralph J., et al., 
(2010). Comparative study of SPORL and dilute-acid pretreatments 
of spruce for cellulosic ethanol production. Bioresour. Technol. 
101:3106-3114.   

134. Singhania R.R., Patel A.K., Singh A., Haldar D., Soam S., Chen C.W., 
et al., (2022). Consolidated bioprocessing of lignocellulosic biomass: 

https://www.sciencedirect.com/author/13402823200/jose-antonio-couto-teixeira


 

75 
 

Technological advances and challenges. Bioresour. Technol. 
354:127153.  

135. Singleton V.L., Orthofer R. and Lamuela-Raventós R.M. (1999). 
Analysis of total phenols and other oxidation substrates and 
antioxidants by means of folinciocalteu reagent. Method. Enzymol. 
299:152–178. 

136. Sjöström E. (1993). Wood Chemistry – Fundamentals and 
Applications. 2nd ed. Academic Press, New York. 

137. Sluiter A., Hames B., Ruiz R., Scarlata C., Sluiter J., Templeton D., 
et al. (2012). Determination of structural carbohydrates and lignin in 
biomass. NREL/TP-510-42618. National Renewable Energy 
Laboratory, Golden, CO. 

138. Stagge S., Cavka A. and Jönsson L.J. (2015). Identification of 
benzoquinones in pretreated lignocellulosic feedstocks and 
inhibitory effects on yeast. AMB Express 5:62.   

139. Szijártó N., Siika-aho M., Sontag-Strohm T. and Viikari L. (2011). 
Liquefaction of hydrothermally pretreated wheat straw at high-solids 
content by purified Trichoderma enzymes. Bioresour. Technol. 
102:1968-1974. 

140.Tang C., Cavka A., Bui M. and Jönsson L.J. (2024). Comparison of 
simultaneous saccharification and fermentation with LPMO-
supported hybrid hydrolysis and fermentation. Front. Bioeng. 
Biotechnol. 12:1419723. 

141.Tang C., Gandla M.L. and Jönsson L.J. (2022). Comparison of solid 
and liquid fractions of pretreated Norway spruce as reductants in 
LPMO-supported saccharification of cellulose. Front. Bioeng. 
Biotechnol. 10:1071159. 

142. Tomás-Pejó E., Oliva J.M., Ballesteros M. and Olsson L. (2008). 
Comparison of SHF and SSF processes from steam-exploded wheat 
straw for ethanol production by xylose-fermenting and robust 
glucose-fermenting Saccharomyces cerevisiae strains. Biotechnol. 
Bioeng. 100:1122–1131. 

143. Tucker M.P., Nguyen Q.A., Eddy F.P., Kadam K.L., Gedvilas L.M. 
and Webb J.D. (2001). Fourier transform infrared quantitative 
analysis of sugars and lignin in pretreated softwood solid residues. 
Appl. Biochem. Biotechnol. 91:51–61. 

144. Tursi A., Beneduci A., Chidichimo F., De Vietro N. and Chidichimo 
G., (2018a). Remediation of hydrocarbons polluted water by 
hydrophobic functionalized cellulose. Chemosphere 201:530-539. 

145. Tursi A., Chatzisymeon E., Chidichimo F., Beneduci A. and 
Chidichimo G. (2018b). Removal of endocrine disrupting chemicals 
from water: adsorption of bisphenol-a by biobased hydrophobic 
functionalized cellulose. Int. J. Environ. Res. Public Health. 15:2419.  



 

76 

146. Tursi A., De Vietro N., Beneduci A., Milella A., Chidichimo F., 
Fracassi F., et al., (2019). Low pressure plasma functionalized 
cellulose fiber for the remediation of petroleum hydrocarbons 
polluted water. J. Hazard. Mater. 373:773-782. 

147. Tursi A. (2019). A review on biomass: Importance, chemistry, 
classification, and conversion. Biofuel Res. J. 6:962-979. 

148. Upadhyay P., Shrivastava R. and Agrawal P.K. (2016). 
Bioprospecting and biotechnological applications of fungal laccase. 3 
Biotech 6:15.  

149. Vaaje-Kolstad G., Westereng B., Horn S.J., Liu Z.L., Zhai H., Sorlie 
M., et al. (2010). An oxidative enzyme boosting the enzymatic 
conversion of recalcitrant polysaccharides. Science 330:219-222. 

150. Vandenberghe L.P.S., Valladares-Diestra K.K., Bittencourt G.A., 
Zevallos Torres L.A., Vieira S., Karp S.G., Sydney E.B., et al., (2022). 
Beyond sugar and ethanol: The future of sugarcane biorefineries in 
Brazil. Renewable Sustainable Energy Rev. 167:112721.  

151. Voidarou C., Antoniadou Μ., Rozos G., Tzora A., Skoufos I., 
Varzakas T., et al., (2020). Fermentative foods: Microbiology, 
biochemistry, potential human health benefits and public health 
issues. Foods 10:69.  

152. Walton P.H., Davies G.J., Diaz D.E. andFranco-Cairo J.P. (2023). 
The histidine brace: Nature's copper alternative to haem? FEBS Lett. 
597:485-494.   

153. Wang M., Long J., Zhao J. and Li Z. (2024). Effect of alkali 
treatment on enzymatic hydrolysis of p-toluenesulfonic acid 
pretreated bamboo substrates. Bioresour. Technol. 396:130454 . 

154.Wang Z., Winestrand S., Gillgren T. and Jönsson L.J. (2018b) 
Chemical and structural factors influencing enzymatic 
saccharification of wood from aspen, birch and spruce. Biomass 
Bioenerg. 109:125–134. 

155. Wang Z., Wu G. and Jönsson L.J. (2018a). Effects of impregnation 
of softwood with sulfuric acid and sulfur dioxide on chemical and 
physical characteristics, enzymatic digestibility, and fermentability. 
Bioresour. Technol. 247:200–208.  

156. Westereng B., Cannella D., Agger J.W., Jørgensen H., Andersen 
M.L, Eijsink V.G.H, et al. (2015). Enzymatic cellulose oxidation is 
linked to lignin by long-range electron transfer. Sci. Rep. 5:18561. 

157. Wingren A., Galbe M. and Zacchi G. (2003). Techno-economic 
evaluation of producing ethanol from softwood: Comparison of SSF 
and SHF and identification of bottlenecks. Biotechnol. Prog. 
19:1109–1117. 

158. Wyman C.E. and Goodman B.J. (1993). Biotechnology for 
production of fuels, chemicals, and materials from biomass. Appl. 
Biochem. Biotechnol. 39-40, 41–59. 



 

77 
 

159. Xia J., Yang Y., Liu C.-G., Yang S. and Bai F.-W. (2019). Engineering 

Zymomonas mobilis for robust cellulosic ethanol production. Trends 

Biotechnol. 37:960-972.  

160. Ximenes E., Kim Y., Mosier N., Dien B. and Ladisch M. (2011). 
Deactivation of cellulases by phenols. Enzyme Microb. Technol. 
48:54-60.   

161. Yao L., Yang H.T., Meng X.Z. and Ragauskas A.J. (2022). Toward a 
fundamental understanding of the role of lignin in the biorefinery 
process. Front. Energy Res. 9:804086. 

162. Zarate E., Boyle V., Rupprecht U., Green S., Villas-Boas S.G., Baker 
P. and Pinu F.R. (2016). Fully automated trimethylsilyl (TMS) 
derivatisation protocol for metabolite profiling by GC-MS. 
Metabolites 7:1.  

163.Zhang M., Eddy C., Deanda K., Finkelstein M. and Picataggio S. 
(1995) Metabolic engineering of a pentose metabolism pathway in 
ethanologenic Zymomonas mobilis. Science 267:240-243. 

164. Zhang Q., Nurhayati, Cheng C.-L., Nagarajan D., Chang J.S., Hu J. 
and Lee D.-J. (2017). Carbon capture and utilization of fermentation 
CO2: Integrated ethanol fermentation and succinic acid production 
as an efficient platform. Appl. Energy 206:364–371.  

 


