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ABSTRACT 
 

The aim of this study was to use acid catalyzed pretreatment for efficient solubilization of 

hemicellulosic sugars from lignocellulosic materials and test the fermentability of the liquid 

prehydrolysate via acetone-butanol-ethanol (ABE) fermentation. Three different 

lignocellulosic materials were chosen: barley straw (Hordeum vulgare), a willow species 

(Salix schwerinii), and a spruce species (Picea abies). The aim of the pretreatment was to 

clarify the most optimal conditions to liberate hemicellulosic sugars into a fermentable 

monomeric form without serious degradation and leave the cellulose as intact as possible.  

With the barley straw, xylan was completely extracted into the liquid prehydrolysate with 

the combined severity (CS) 1.27 (120°C, 1% H2SO4 and 60 min) and with willow, 

approximately 65% of xylan was extracted as monosaccharidic xylose with the CS 2.29 

(0.1% H2SO4, 200°C, 30 min). Microwave pretreatment was shown to be effective with 

Norway spruce, with almost complete extraction of mannan, galactan, and xylan to the liquid 

prehydrolysate. Additionally, low concentrations of degradation products including furfural, 

HMF, formic acid, and levulinic acid were produced during acid-catalyzed pretreatments.  

On the other hand, results showed that the dilute acid catalyzed pretreatments tested gave 

incomplete enzymatic saccharification of the willow and Norway spruce pretreated solid 

materials. Results showed, however, that with the optimization of pretreatment conditions 

based on the lignocellulosic biomass used, hemicelluloses could be extracted more 

selectively to fermentable sugars and cellulose preserved for further biorefining. 

The liquid prehydrolysate of willow without detoxification but supplemented with starch 

was successfully fermented to butanol using Clostridium acetobutylicum, with butanol and 

ABE yields of 0.22 g/g and 0.35 g/g monosaccharide, respectively. It was also found that 

starch from barley grain ensured the essential nutrients for ABE fermentation. For efficient 

utilization of hemicellulose for butanol production, combining starch-containing side-

streams to the hemicellulosic side-streams would offer an option for industrial ABE 

production.  

 

Keywords: Lignocelluloses, Hemicellulose, Pretreatment, Microwaves, Enzymatic 

hydrolysis, Acetone-butanol-ethanol 
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1. INTRODUCTION  
 

 

Sustainably utilizing biomass for the replacement of fossil-based carbon products with 

renewable substitutes has demanded and will also demand in the future the continuous 

development of biorefineries, where biofuels, biochemicals and biomaterials, bioenergy, and 

even food and feed are coproduced (Kamm and Kamm 2004; Cherubini et al. 2009; de Jong 

and Jungmeier 2015). Producing biomaterials, biochemicals, and biofuels is possible from 

all the major components in the lignocellulosic biomass, hemicellulose, cellulose, lignin, 

and extractables via different platforms such as syngas, hydrogen, pulp, lignin, C5, and C6 

sugars (Anugwom et al. 2012; Taylor et al. 2015). According to Cherubini et al. (2009), 

biorefineries can be divided into energy-driven biorefinery systems and material-driven 

biorefinery systems. Energy-driven biorefinery systems utilize biomass to produce 

transportation biofuels, heat, and power, whereas material-driven systems primarily produce 

bio-based products such as chemicals, food, feed, and biomaterials, as well as process 

residues which can be used for energy production. 

Forest biomass biorefineries can produce several products from lignocellulosic 

feedstock, especially pulp, paper, and energy. Cellulose is efficiently utilized and refined for 

fiber products, and lignin combined with the hemicellulose and its remains is most often 

combusted to produce energy. However, properties of hemicelluloses as a carbohydrate-rich 

material makes it interesting from the viewpoint of valorizing industrial residues to more 

valuable products and increasing biorefineries’ profitability (Rissanen et al. 2014). In 

addition to forest lignocellulosic biomass, there are agricultural lignocellulosic feedstocks 

such as barley and wheat straw, which are residues from agricultural processes and have 

valuable properties worth utilizing in biorefining. Recently, biochemical refining of both 

hemicellulose and cellulose of cereal straws, like barley straw, to bioethanol has also been 

developed for use on an industrial scale in Europe (Larsen et al. 2008; Larsen et al. 2012; 

Zech et al. 2016). However, despite intensive research and development, utilizing 

hemicelluloses in cellulosic ethanol plants is still inefficient and unprofitable due to the low 

fermentability of hemicellulosic sugars, although it has been expected that genetically 

modified microbes utilizing a wide variety of sugars with equal effectiveness to overcome 

this challenge (Girio et al. 2010; Ko et al. 2016; Zhao et al. 2016). There is also a demand 

to produce more valuable products than only ethanol from lignocellulosic biomass, since 

refining lignocellulosic sugars is energy demanding and costly with many process stages (de 

Jong and Jungmeier 2015).  

As a biofuel, butanol has advantages over ethanol such as higher energy content per 

molecule, lower vapor pressure, and lower corrosiveness (Patakova et al. 2011; Procentece 

et al. 2015; Algayyim et al. 2018). Butanol is also a platform chemical which can be utilized 

as a solvent and a precursor for polymers and plastics. Currently, butanol is produced mainly 

from oil, but can be obtained alternatively by fermentation using some natural Clostridium 

species, genetically modified Clostridium strains, or various other genetically modified 

microorganisms with a cloned butanol metabolic pathway. From a lignocellulose refining 

standpoint, Clostridia produce a wide spectrum of hydrolytic enzymes, and in this sense, it 

can ferment a range of carbohydrates such as xylose and arabinose (Peng et al. 2012).  

In producing bioalcohols and biochemicals from lignocellulosic materials, biochemical 

refining refers to processes where fermentable carbohydrates are fractionated via a sugar 

platform and then refined via microbial fermentation. Three main stages are involved in 

converting lignocellulosic sugars to value-added products via biochemical refining: 
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pretreatment, enzymatic hydrolysis, and fermentation (Peng et al. 2012). Generally, the most 

important purpose for pretreatment is to affect the biomass structure efficiently enough to 

fulfill fractionation purposes but be gentle in the means of producing fermentable sugar 

yields as high as possible (Bhutto et al. 2017). However, instead of whole raw material used 

for one purpose like the saccharification of lignocellulosic carbohydrates to fermentable 

sugars, the goal of the modern biorefinery concept is utilizing lignocellulosic fractions 

(hemicellulose, cellulose, lignin) to manufacture an array of value-added products (Bozell 

2010; Rissanen et al. 2014). This, of course, requires process design and valorizing all 

fractions to the bioproducts to maintain a biorefinery’s economic and ecological 

sustainability (Rissanen et al. 2014). To achieve valorization, there is a need to optimize the 

conditions of each stage of the process, like hemicelluloses extraction, according to the 

various raw materials used. Also, there is an option to join platform intermediates (like C5 

and C6 sugars) from different biorefinery systems for processing (de Jong and Jungmeier 

2015). In the petrochemical industry, this idea of fractionation and valorization is 

successfully used to convert crude oil into various products, and it could also provide the 

basis for a robust biorefining industry (Bozell 2010). 

 

 

2. BACKGROUND OF THE WORK 
 

 

2.1 General composition of lignocellulosic biomass 

 

Lignocellulosic biomass is a term used for herbaceous plants, softwood and hardwood 

(Ragauskas 2014). The structure of lignocellulose is unique to each plant species, but it 

consists mainly of cellulose (30-50%), hemicellulose (15-35%) and lignin (15-35%) 

(Pedersen and Meyer 2010; Mori et al. 2015; Chen et al. 2017). In addition to these three 

main fractions, minor components of lignocellulosic biomass are extractives, pectin, proteins 

and inorganic ingredients. Cellulose and hemicellulose are polysaccharides composed from 

sugar units, cellulose from glucose or more specifically, cellobiose (consisting of two 

glucose units) and hemicellulose having a more heterogenous structure composed of 

different monosaccharidic units. Pectins are also heteropolysaccharides by their structure 

(Alén 2000).  

Cellulose is a linear polymer of glucose units connected to each other by β-(14)-

glycosidic bonds and with the high degree of polymerization (Goring and Timell 1962; Alén 

2000). In the native type of cellulose, the molecules are oriented to microfibrils by intra- and 

intermolecular hydrogen bonds and hydrophobic interactions forming crystalline (highly 

ordered) and non-crystalline (more amorphous) celluloses (Alén 2000; Rowell et al. 2013) 

(Figure 1). Crystalline cellulose is accessible only via its surfaces, but non-crystalline 

cellulose is more largely accessible by microbial enzymes. The special structure of 

lignocellulose, however, also makes part of non-crystalline cellulose inaccessible since it is 

covered with hemicelluloses and lignin. Cellulose’s ordered fiber structure forms the basis 

for the lignocellulosic recalcitrant cell wall structure. These features of cellulose are 

important from the viewpoint of pulping, chemical modification, extractions, and microbial 

refining.  

Unlike cellulose, which is composed of uniform glucose (or cellobiose) units, 

hemicellulose composition depends on the plant species and cell tissue (Chundawat et al. 

2011). The structure of hemicellulose is branched polysaccharides built with different 



11 

 

monosaccharide units, especially pentoses, hexoses, and uronic acids (Figure 1). More 

specifically, the pentoses found in hemicellulose are D-xylose, D-arabinose, and L-

arabinose; the hexoses are D-glucose, D-mannose, and D-galactose, with minor amounts of 

L-rhamnose and L-fucose (deoxyhexoses); the uronic acids are D-glucuronic acid, 4-O-

methyl-D-glucuronic acid, and D-galacturonic acid (Fengel and Wegener 1983; Alén 2000). 

Compared to cellulose, polymerization degrees of hemicelluloses are low, and lack of 

crystalline regions make the structure more easily degraded into the monosaccahridic form 

(Sun et al. 2004; Ragauskas 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. General structures and arrangement of lignocellulosic biomass components 

cellulose, hemicelluloses and lignin (According to Isikgor and Remzi Becer 2015).  
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The classification of hemicellulosic polysaccharides is most often based on the main 

component of the polymer; for example, xylans and mannans are based on xylose and 

mannose, respectively (Fengel and Wegener 1983). Lignocellulosic materials differ from 

each other by their percentages of hemicellulosic content in wood but also by variations in 

the individual hemicellulosic polysaccharides. For the herbaceous lignocellulosic biomasses 

(such as cereal straws) and hardwood materials, the main hemicellulosic polysaccharides are 

xylans, with a β-1,4-linked D-xylose as a backbone substituted with L-arabinose, D-

galactose, and glucuronic acid residues, for example (Girio et al. 2010). In hardwoods, xylan 

occurs mainly as glucuronoxylan, constituting 15-30% of biomass, while in herbaceous 

biomass, arabinoglucuronoxylan and glucuronoarabinoxylan dominate. In softwood 

material, however, mannans such as galactoglucomannan are the major hemicellulosic 

polysaccharides.  

Lignin is an amorphous, cross-linked aromatic polymer synthesized by the monomeric 

structural units (precursors) trans-coniferyl, trans-sinapyl, and trans-p-coumaryl alcohol via 

ether linkages and carbon-carbon bonds (Rowell 2013, Alén 2000) (Figure 1). Hardwood 

lignin mainly consists of coniferyl and sinapyl units, and the lignin formed is called guaiacyl-

syringyl lignin. Softwood lignin, however, consists mainly of coniferyl units, and the lignin 

formed is called guaiacyl lignin. Lignin in herbaceous (monocots) plants are also called 

guaiacyl-syringyl lignin, consisting of coniferyl units, sinapyl units, and other precursors. 

Lignin and polysaccharides of hemicellulose are linked together via benzyl ether, benzyl 

ester, and glycosidic bonds forming lignin-carbohydrate complexes (LCC) (Alén 2000; Lai 

2001). LCCs, together with high crystallinity and the degree of cellulose polymerization, 

make lignocellulosic cell walls stable and challenging in degradation processes. The 

reactivity of these complexes is highly dependent on the chemical bonds and reaction media; 

in alkaline conditions, ester linkages are easily hydrolyzed but ether linkages remain 

relatively stable, for example (Lai 2001).  

 

 

2.2 Effect of acid catalyzed pretreatment on lignocellulose  

 

2.2.1 Acid catalyzed pretreatment, among other pretreatment methods 

 

Plant cell wall hemicelluloses, cellulose, and lignin are naturally strictly bound to each other, 

so isolation processes are required to separate these components from feedstock material for 

biochemical refining. This separation is commonly started with the pretreatment of the 

lignocellulosic biomass and followed by saccharification (hydrolysis with enzymes) or other 

bioprocessing, such as pulping or thermochemical processing. A crucial role of an efficient 

pretreatment is to extract hemicelluloses, affect the cellulosic fraction’s structure, and alter 

the chemical bonds between hemicellulose, cellulose, and lignin for the effective enzymatic 

hydrolysis of cellulose (Mosier et al. 2005). In biorefining, pretreatment cost has a 

significant impact on whole process economics. Some features are needed for optimal, 

advanced, and cost efficient pretreatment processes: minimizing chemicals needed for 

pretreatment and following neutralization; high yields of hemicellulosic sugars after 

pretreatment; liquid prehydrolysate should be fermentable with a low-cost conditioning step 

without harmful byproducts; lignin and solid materials after pretreatment should be 

convertible to valuable co-products; and energy production for the pretreatment should be 

integrated within the whole process (Yang and Wyman 2008; Alvira et al. 2010; Chen et al. 

2017).  
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Pretreatment processes could be divided into physical, chemical, physico-chemical, and 

biological treatments or a combination of these (Chen et al. 2017; Bhutto et al. 2017). 

Physical pretreatment methods include mechanical treatments such as chipping, crushing, or 

milling, as well as microwave and ultrasonic treatments. An advantage of physical 

pretreatment methods is relatively simple construction but in turn, the energy demand for 

physical processes is relatively high and affects production costs. Biological pretreatments 

consist of using micro-organisms or their enzymes for lignocellulose degradation. Without 

adding chemicals and with mild environmental conditions, biological methods are 

considered low energy and low pollution pretreatments. However, long treatment times are 

typical for biological pretreatments, and enzyme activities in the degradation of 

lignocellulose may be low. White-rot fungi, which produce lignin degrading enzymes such 

as laccases and peroxidases, are considered the most effective on lignocellulosic material 

(Kumar et al. 2009; Sánchez 2009).  

Chemical pretreatment methods include ionic liquids, organosolv and oxidative 

delignification methods, and acid and alkaline hydrolysis. Ionic liquids (ILs) consist of salts 

composed of organic cations and inorganic or organic anions, with melting points below the 

boiling point of water (Chen et al. 2017). During ILs pretreatment, lignin and carbohydrates 

can dissolve when the structure of non-covalent interactions of lignocellulose is destroyed. 

At the same time, an advantage of ILs is minimizing the formation of degradation products, 

and the major disadvantage is the cost of the ILs’ pretreatment process. It is also said that 

using ILs in pretreatment is not very cost efficient for utilizing the production of bulk 

chemicals but could be more suitable for refining fine and high-value chemicals from 

lignocellulose (Galbe and Zacchi 2012). 

In organosolv pretreatment (OS), organic solvents such as methanol, ethanol, acetone, 

glycols, or phenols are used for lignin solubilization (Blanch and Simmons 2011). Three 

fractions occur after OS: lignin, pure cellulose, and an aqueous hemicellulose stream (Pan 

et al. 2006; Hu et al. 2008). Most of hemicellulose and lignin are solubilized to aqueous 

liquid, but the cellulose remains as solid. For environmental and process economy reasons, 

recovery of organic solvents is needed by distillation, for example (Galbe and Zacchi 2012). 

Separation of the solvent from the pretreated material is also necessary to avoid potential 

inhibitory effects in the following fermentation or enzyme hydrolysis. Oxidative 

delignification methods, such as wet-oxidation pretreatment, can be performed with only 

water and air or by adding alkali functioning as the oxidizing reaction catalyst to improve 

lignin solubilization. 

Pretreatments are usually performed at low or high pH. Chemicals used in low-pH 

pretreatments are either organic or inorganic acids to enhance lignocellulose hydrolysis 

reactions. NaOH, Ca(OH)2, and ammonia are most often used to achieve a higher pH. When 

alkaline liquids are used, they cause lignin and hemicellulose dissolution and de-

esterification and change the crystallinity of lignocellulose mainly by removing amorphous 

material (hemicelluloses and lignin) (Kim et al. 2016). An advantage of alkaline conditions 

is improved hydrolysis of hemicellulosic polymers without serious degradation but one 

disadvantage is the volatility of alkaline chemicals which requires recycling to reduce costs 

and environmental damage (Wyman 1996; Taherzadeh and Karimi 2008; Chiaramonti et al. 

2012; Prasad Maurya et al. 2015). Alkaline pretreatment methods are most effective with 

materials containing low lignin content (e.g., agricultural wastes, herbaceous crops), 

whereas they are less effective on softwood (Belkacemi et al. 1998; Galbe and Zacchi 2012). 

Hydrolysis with concentrated acids, usually sulfuric acid, is very effective in hydrolyzing 

lignocellulosic materials (Chiaramonti et al. 2012). With concentrated acids, pretreatment or 
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hydrolysis of lignocellulose can be performed at low temperatures but the drawback is the 

concentrated acid liquids’ corrosiveness and need for recycling the acid. For these reasons, 

dilute acids are more often used, and they are suitable for many kinds of lignocellulosic 

materials. With dilute acids, however, higher reaction temperatures and reducing the size of 

lignocellulosic material are needed for optimal results. Like alkaline pretreatments, dilute 

acid pretreatments may be performed alone (e.g., concentrated acid and dilute acid 

hydrolysis), but they are usually assisted by physical pretreatment features like milling or 

microwave irridation, for example, and are termed physico-chemical pretreatments (Galbe 

and Zacchi 2012). A combination of physical and chemical pretreatments, like dilute acid 

pretreatment, steam pretreatment or steam explosion, ammonia fiber explosion (AFEX), and 

microwave-assisted dilute acid hydrolysis is usually favored for effective pretreatment 

(Teymouri et al. 2005; Lu et al. 2011).  

When lignocellulosic biomasses are pretreated with only steam or hot water, a wide array 

of terms is used. In the literature, many terms such as autohydrolysis, hydrothermolysis, 

aqueous liquefaction, hot water treatment, pressurized liquid water extraction, water 

prehydrolysis or hydrothermal pretreatment, hydrothermal treatment, and steam treatment 

or steam extraction refer to pretreatments based on the same reactions of water 

autohydrolysis (henceforward water prehydrolysis) (Nitsos et al. 2013; Borrega and Sixta 

2015). Basically, the difference between steam pretreatment and water prehydrolysis is the 

latter utilizes liquid hot water instead of steam and formally, they could also be considered 

rather physical or thermophysical pretreatments and not chemical pretreatments (Mosier et 

al. 2005). Steam pretreatment or water prehydrolysis are both pretreatment methods 

beginning at an almost neutral pH and ending at a pH of approximately 3.5-4 due to the 

water autohydrolysis reaction (Ragauskas 2014; Yan et al. 2016). A decrease of pH during 

autohydrolysis is caused by the auto-ionization of water, which generates hydronium ions, 

and thus significantly reduces pH (Garrote et al. 1999). This pH drop induces hemicellulose 

solubilization by hydrolyzing glycosidic linkages and liberates the acetyl groups (Wyman et 

al. 2005; Borrega et al. 2011; Ragauskas 2014). Acetic acid and uronic acids are byproducts 

of these reactions, which increase biomass hydrolysis by further lowering pH (Fengel and 

Wegener 1983).  

Using water prehydrolysis for lignocellulose pretreatment in mild conditions produces 

mainly oligomeric sugars from hemicellulose, and in this sense, it only partially hydrolysizes 

hemicelluloses. Increasing water prehydrolysis intensity by increasing temperature and time 

not only enhances monosaccharide liberation but also increases the formation of 

monosaccharide degradation products (Nabarlatz et al. 2004). Several acids have been 

proposed to increase the release of monomeric sugars from mainly hemicelluloses during 

pretreatment. Dilute-acid pretreatment is performed using either organic acids or mineral 

acids such as sulfuric acid, which randomly cleaves the constituents of lignocellulose to 

smaller molecules. Adding a mineral acid such as H2SO4, HCl, or H3PO4 reduces the initial 

pH considerably to below 2, which results in more efficient hemicellulose hydrolysis and 

contributes to improving subsequent enzymatic hydrolysis. Dilute-acid catalyzed 

pretreatments can be performed either at high (over 160°C) or lower (120°C) temperatures, 

modifying the residence time according to temperature (i.e. high temperature-shorter time) 

(Taherzadeh and Karimi 2008; Alvira et al. 2010; Prasad Maurya et al. 2015).  
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2.2.2 Effects of acid catalyzed pretreatments on hemicellulose, cellulose, and lignin 

 

Lignocellulose polysaccharides are hydrolyzed in acidic conditions via three main steps: 1) 

acidic protons interacting with the glycosidic linkages between sugar molecules, 2) 

conjugated acid formation, and 3) cleaving C-O bonds and forming cyclic carbonium cations 

(Fengel and Wegener 1983). The other reactions of polysaccharides in wood include 

dehydration, which is typical at acidic pH levels and usually unavoidable, causing sugars 

formed in polysaccharide hydrolysis to degrade (Figure 2) (Fengel and Wegener 1983). 

Acidic dehydration forms anhydro sugars, such as levoglucosan, by intramolecular 

glycosidic linkages. These glycosidic linkages can be easily hydrolyzed, and as further 

degradation products are formed (Figure 2). Most important of these degradation products 

are furfural (2-furaldehyde) and hydroxymethylfurfural (5-[hydroxymethyl]-2-furaldehyde, 

HMF). Furfural is formed from pentose sugars, and HMF is formed from hexose sugars. 

More severe conditions lead to the formation of levulinic acid and formic acid from the 

abovementioned compounds (Girisuta et al. 2006, Pedersen and Meyer 2010).  

The polysaccharides’ kinetic parameters with dilute mineral acids, organic acids, and 

water seem to depend on differences in the material together with reaction conditions and 

optimized pretreatment conditions; acids should enable nearly complete hydrolysis of 

hemicellulose to monomeric sugars (Wyman et al. 2005; Chundawat et al. 2011; Liu et al. 

2012). Cellulose, however, is more stable than hemicellulose due to its crystalline and linear 

structure, as well as high degree of polymerization, enabling high resistance to degradation. 

Temperatures over 200°C are usually used for cellulose hydrolysis treatments to produce 

glucooligomers and glucose monomers. In the pretreatment reaction medium, many factors 

affect polysaccharide hydrolysis efficiency: type of acid used and its concentration, the 

medium’s pH, and the temperature and pressure used in the treatment (Fengel and Wegener 

1983). From the sample materials side, there are also several factors affecting the hydrolysis 

reaction, such as the acid catalyst’s physical structure and accessibility, ring structures, and 

substituents of the treated material.  

In acidic pretreatment media, the presence of protons induces intermediate carbonium 

ions formation, which causes lignin depolymerization (Fengel and Wegener 1983; Yan et al. 

2016). Carbonium ions can also cause lignin recondensation reactions due to their 

nucleophilic nature. Higher pretreatment temperatures in acidic conditions enhance lignin 

depolymerization and thereby remove lignin from the lignocellulose (Yan et al. 2016). 

Lignin degradation products in the liquid prehydrolysates after acid-catalyzed pretreatments 

are partly low molar mass compounds and their soluble forms resemble in liquid 

prehydrolysate such as vanillin, coniferyl alcohol, syringaldehyde, and syringic acid 

(Larsson et al. 1999; Larsson et al. 2000; Borrega et al. 2013; Yan et al. 2016). The low 

molecular weight phenolics originating from lignin have been shown to be inhibitory to 

fermentative microorganisms, and in this sense, affects the utilization and downstream 

processing of liquid prehydrolysate by microbial fermentation processing (Gütch et al. 

2012).  
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Figure 2. Monosaccharides from lignocellulosic polysaccharides and their further 

degradation (According to Mussatto 2016).  

 

 

2.3 Acetone-butanol-ethanol fermentation of hemicelluloses  

 

Solvent-producing Clostridium species can produce n-butanol by acetone–butanol–ethanol 

(ABE) fermentation (Jones and Woods 1986; Jurgens et al. 2012). The most known and 

well-characterized butanol producing Clostridia are C. acetobutylicum, C. beijerinckii, C. 

saccharoperbutylacetonicum, C. saccharobutylicum, and C. aurantibutyricum; of these 

species, C. acetobutylicum is probably most researched (Keis et al. 2001; Dürre 2007; 

Patakova et al. 2011; Procentese et al. 2015). In ABE fermentation, two distinct phases can 

be discerned: acidogenesis and solventogenesis. During acidogenesis, microbial cells grow 

exponentially, and the main products are butyric and acetic acids, as well as hydrogen and 

carbon dioxide (Procentese et al. 2014). In solventogenesis, the growth phase ends, bacteria 

sporulation is initiated, and the bacteria’s metabolism switches to the stage where acids in 

the medium and the carbon source are metabolized to mainly butanol, acetone, ethanol (with 

a molar ratio of 6:3:1), and carbon hydroxide (Jones and Woods 1986). Finally, fermentation 

ends when the solvent concentration exceeds the limit where cell membranes are solubilized 

and cell death occurs. Although the butanol metabolic pathway has now been transferred 

into better understood, faster growing, more butanol tolerant and aerobic microorganisms 

like Escherichia coli, Lactobacillus, or Saccharomyces cerevisiae, and butanol production 

by these gene-modified organisms has been demonstrated, Clostridia still have potential use 

for efficient butanol production (Peng et al. 2012). However, although considerable 

knowledge and necessary information about ABE-producing Clostridium metabolism has 

been accumulated, results may not be automatically adapted to all Clostridium species or 

strains (Patakova et al. 2013). 

Biobutanol production via microbial fermentation has serious production economy-

limiting factors, such as the high price of feedstock, substrate inhibition, butanol’s toxicity 
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to fermentative microbes, the low productivity of fermentation, and the high cost of butanol 

recovery (Jones and Woods 1986; Jurgens et al. 2012). In fact, the feedstock price is 

estimated to cover 60% of process costs when conventional starch or sugar-based substrates 

are used (Jones and Woods 1986; Green 2011; Procentese et al. 2015). Therefore, 

lignocellulosic feedstocks, especially process residues, offer attractive raw material for 

biobutanol production. Generally, Clostridium acetobutylicum strains are well-known in 

biochemical butanol production as strictly anaerobic bacteria capable of fermenting various 

hexoses and pentoses. However, glucose is their preferred fermentable sugar, most likely via 

a catabolite repression mechanism (Grimmler et al. 2010). Carbon catabolite repression 

denotes situations where the utilization of xylose, for example, is inhibited when the 

preferred carbon source exists in the growth medium (Ounine et al. 1985). Although 

Clostridia capable of ABE fermentation can utilize various mono-, di-, oligo-, and 

polysaccharides like glucose, fructose, xylose, arabinose, lactose, saccharose, starch, pectin 

and inulin, each specific strain is usually unable to utilize them all efficiently. There are 

major differences in the use of hexoses and pentoses in the solventogenic Clostridium 

metabolic pathway leading to solvent production in Embden-Mayerhof-Parnas (EMP) 

glycolysis. Unlike hexoses, pentoses are first converted to fructose-6-phosphate and 

glyceraldehyde-3-phosphate before they enter the EMP metabolic pathway (Cynkin and 

Delwiche 1958; Cynkin and Gibbs 1958).  

As previously mentioned, dilute acid pretreatments are known for effectively removing 

and solubilizing hemicellulose but one of the main drawbacks is the further degradation of 

monosaccharidic sugars (Mosier et al. 2005; Alvira et al. 2010; Brodeur et al. 2011). Besides 

lowering the fermentable sugar yields, the formation of sugar degradation products (furfural, 

HMF, formic acid and levulinic acid) and aromatic compounds from lignin act as microbial 

inhibitors when liquid hemicellulosic fractions are used in biotechnology processes (Ezeji et 

al. 2007). The inhibitory compounds affect microbial cell growth and glycolytic and 

fermentative enzymes in the central metabolic pathways (Ezeji et al. 2007; Jönsson et al. 

2013). They also affect the microorganism’s energy metabolism. Contrary to ethanol-

producing microorganisms, furfural, HMF and levulinic acid with concentrations below 1.0 

g/L did not inhibit Clostridium beijerinckii strains (Ezeji et al. 2007, Lu et al. 2013). With 

furfural and HMF concentrations of 1-2 g/L in the medium, ABE fermentation with C. 

acetobutylicum ATCC 824 was enhanced and even better yields of solvents were achieved 

after an extended lag phase of bacteria growth (Zhang et al. 2012). It was shown that furfural 

and HMF were transformed to less inhibitory compounds by bacteria. Formic acid, dissolved 

lignin, and degradation products from lignin and hemicellulose (e.g., ferulic acid, 

syringaldehyde) in turn have inhibition effect on ABE fermentation (Ezeji et al. 2007; Wang 

and Chen 2011). A high concentration of inhibitory products affects whole process’ cost 

efficiency by both lowering the yields of fermentable monosaccharides and fermentation 

efficiency. To remove these microbe inhibiting compounds, a costly detoxification step is 

needed to improve the fermentation process. Therefore, it is desirable to find optimal 

pretreatment conditions for each individual feedstock type to minimize the formation of 

these inhibitors. 

 

 

2.4 Hemicelluloses from industrial residues  

 

A main goal in the modern biorefinery concept is the flexible utilization of all lignocellulosic 

fractions to obtain a variety of value-added products. In a biobased economy, biomass should 
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be used cost-efficiently and innovatively to attain both biobased products and bioenergy (de 

Jong and Jungmeier 2015). This should be done in well-organized integrated systems. In 

both product-driven and energy-driven systems, process residues are traditionally used for 

minor value products, like animal feed or energy production (Cherubini et al. 2009). As an 

example of product-driven lignocellulosic biorefinery, conventional Kraft pulping dissolves 

hemicelluloses (oligomers and monomers) to a black liquor together with lignin and pulping 

chemicals for energy purposes (steam and electricity). Hemicelluloses, however, have a 

lower heating value (13.6 MJ/kg) compared to lignin (27 MJ/kg), and in this sense, 

combustion does not seem to be an economical way to utilize this resource (Peng et al. 2012; 

Farhat et al. 2017). Instead of combustion, extracted hemicelluloses can be used in 

manufacturing value-added products like films, fuels, or food additives (Borrega and Sixta 

2015; Xu et al. 2016; Farhat et al. 2017). For example, spruce-derived oligomeric 

hemicelluloses have a function in many products, varying from the food industry to 

cosmetics, fine chemicals, and composites (Willför et al. 2008; Mikkonen et al. 2009). This 

would be the target in future well-organized biorefinery systems: economics and 

sustainability should be optimized, and materials such as hemicelluloses upgraded to added-

value biobased products.  

When lignocellulosic biomass is used for biorefining, there are many processes in which 

the selective fractionation of hemicelluloses would give more value for end-products from 

cellulosic and lignin fractions (Table 1). In the pelletizing process of wood material, for 

example, the process aims to densify and increase the pellets’ calorific value with 

preprocessing (e.g., steam pretreatment) (Shahrukh et al. 2015). Pretreatment reactions can 

depolymerize and redistribute part of the lignin and cause more resistant binding between 

particles in the pelletizing process (Zandersons et al. 2004). Also, bio-oil production with a 

fast pyrolysis process has limitations with corrosion problems caused by the high acid 

content of bio-oil, unstableness due to the oxygen-rich compounds, and challenges with 

phase separation and bio-oil viscosity. There have been research studies on possible ways to 

modify the structure of lignocellulosic biomass prior pyrolysis, and thermochemical 

pretreatment with the ability to remove hemicellulose and some part of lignin is presented 

as one option (Hao et al. 2017). In the research of Stephanidis et al. (2011), water 

prehydrolysis at 190°C reduced carboxylic acids, phenols, and ketones in the bio-oil 

produced (Table 1). The liquid fraction after water prehydrolsis contained pentoses and 

hexoses, acetic acid, furfural, HMF, and some phenolic compounds which could be used for 

further upgrading with catalytic or biochemical processes. 
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Table 1. Some examples of research studies on biorefining processes aiming to add more 

value to biomass by hemicellulose removal with acidic conditions.  

 

Feedstock 

and 

biorefining 

process 

Aim for process 

development 

Pretreatment Result of 

hemicelluloses 

removal on process 

Reference 

Short 

rotation 

willow 

pelletizing 

to investigate 

steam 

explosion’s effect 

on wood pellet 

quality 

steam 

explosion 

 

 improved physical 

properties: higher 

density and higher 

impact resistance  

Biswas et 

al. 2011 

Forest 

residues 

pelletizing 

to evaluate 

energy and mass 

balance in pellet 

production from 

steam pretreated 

forest residues 

steam 

pretreatment  

improved heating value 

of the processed fuel 

increased process 

energy demand  

Shahrukh 

et al. 2015 

Poplar 

pelletizing 

to investigate the 

effect of steam 

pretreatment on 

pellet production  

steam 

pretreatment 

at different 

conditions 

improvement of pellet 

durability at the expense 

of more energy 

consumption 

Tang et al. 

2018 

Pine wood 

fast 

pyrolysis 

to investigate 

pretreatments’ 

effect on bio-oil 

properties  

different 

alkaline/acid  

molecular weights of 

bio-oils after acid 

pretreatment higher than 

from untreated or 

alkaline pretreated  

Hassan et 

al. 2009 

Beech 

wood flash 

pyrolysis 

to study the flash 

pyrolysis of 

untreated and 

hydrothermally 

treated wood 

hydrothermal 

pretreatment,  

reduction of ketones, 

carboxylic acids, and 

phenols in bio-oil  

Stephanidis 

et al. 2011 

Pine wood 

sawdust 

fast 

pyrolysis 

to remove 

hemicelluloses 

for better quality 

biooil 

water 

prehydrolysis 

  

increased heavy fraction 

of bio-oil  

reduction of acids from 

bio-oil 

Hao et al. 

2017 

Hardwood 

dissolving 

pulp 

production 

to remove 

hemicelluloses 

before Kraft 

based dissolving 

pulping  

water 

prehydrolysis  

both monomeric and 

oligomeric sugar were 

found in the 

prehydrolysate, some 

furfural 

Saeed et 

al. 2012 

Pine wood 

dissolving 

pulp 

production 

to integrate water 

prehydrolysis to 

the dissolving 

pulp pilot scale 

process for 

hemicelluloses 

recovery 

water 

prehydrolysis 

high level of 

hemicellulose removal in 

laboratory scale 

experiments  

Xu et al. 

2016 
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3. AIM OF THE STUDY AND EXPERIMENTAL DESIGN 
 

 

The overall aim of this study was to efficiently solubilize hemicellulosic sugars from 

different lignocellulosic materials through acid catalyzed pretreatment and test the usability 

of liquid prehydrolysate via acetone-butanol-ethanol (ABE) fermentation to butanol (Figure 

3). The aim of the pretreatment studies with different materials was to clarify the conditions 

which liberate hemicellulosic sugars into a fermentable monomeric form without being 

seriously degraded and leave cellulosic fractions as intact as possible. 

The lignocellulosic material utilized in this work was barley straw (Hordeum vulgare) 

(Article I), which is a harvesting residue from a common Finnish agricultural crop and 

hardwood willow species (Salix schwerinii) (Article II), which is utilized as a bioenergy 

crop, and softwood Norway spruce (Picea abies) (Article III), which is commonly utilized 

as a pulp and dissolving pulp raw material. The study was divided into two separate but 

closely related parts. The first part focused on the pretreatment and hemicellulose extraction 

of different Finnish lignocellulosic materials, and the second part focused on biochemical 

refining of hemicellulose-containing liquid prehydrolysate. 

In the first part materials, were subjected to an acid-catalyzed pretreatment, followed by 

enzymatic hydrolysis to illustrate how pretreatment affects enzymatic hydrolysability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Overall framework for the present study on lignocellulose pretreatment, 

hemicelluloses extraction, and their biochemical refining. Articles I, II, and III focus on 

pretreating lignocellulosic materials to liberate monomeric sugars from hemicellulose, and 

Articles II and IV are related to pretreatment liquid fermentation. 
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Dilute sulfuric acid catalyzed pretreatment was assisted with different heating methods 

(cooking, pressurized heating, and microwave heating) with the conditions tested suitable 

for each material and according to properties of the lignocellulose feedstock used. Several 

pretreatment conditions (e.g., concentration of acid catalyst, temperature, time) were tested 

and presented in the means of combined severity factor (CS) to evaluate the pretreatment 

effect on lignocellulosic biomass, especially on hemicellulosic monosaccharide extraction 

for fermentation.  

The second part focused on biochemical refining of extracted hemicellulosic sugars: the 

fermentability of hemicellulosic liquid prehydrolysate to butanol via anaerobic ABE 

fermentation utilizing Clostridium acetobutylicum (Articles II and IV). A fermentation 

medium made of liquid prehydrolyate was supplemented with starchy slurry (simulating 

starch waste) to observe its effect on butanol yield.  

 

 

4. MATERIALS AND METHODS 
 

 

4.1 Lignocellulosic materials used in this study 

 

The barley (Hordeum vulgare) straw utilized in this study was grown in a field in North 

Karelia, Finland. Before conducting experiments in the laboratory, the whole biomass of 

barley (without straw and grain separation) was harvested, and the ratios of separate grains 

and straw fractions were measured. For pretreatment experiments, barley straw was dried at 

60°C for 7 days, milled to a 0.25 mm particle size, and stored in paper bags at room 

temperature. Willow (Salix schwerinii) plants were harvested from a short rotation willow 

experimental plot in North Karelia at the age of 6 years. After harvesting, the material was 

debarked and chipped. Before the subsequent analysis, the chipped willow was air-dried 

(30°C), milled to a particle size of 1 mm, and stored in paper bags for further use. The 

softwood material used in this study was harvested at the age of 19 years from a clonal 

Norway spruce (Picea abies) trial established in Karkkila, Southern Finland. After 

harvesting, the material was debarked, cut into disc-shaped pieces, and air-dried at room 

temperature for storing and size reduction. After air-drying, the material was cut into smaller 

particles, milled to 1-mm size, and stored in paper bags at room temperature for microwave 

pretreatment. 

 

 

4.2 Acid catalyzed pretreatment of lignocellulosic materials 

 

The milled barley straw was dispersed in 20 mL dilute H2SO4 in 50 mL plastic tubes and 

heat-treated at 121°C (1.1 bar). Four concentrations of H2SO4 were applied in the 

pretreatment liquid: 0.5, 1.0, 1.5, and 2.0% (w/v) with a dry matter loading of 4% (w/v) for 

barley straw. To elucidate the effect of time in the dilute acid pretreatment process, four 

different pretreatment time lengths (5, 30, 60 and 120 min) with 1.0% H2SO4 were used. 

After pretreatment, the slurry was cooled to room temperature and filtered to separate liquid 

prehydrolysates from the pretreated solid materials. The pH of the liquid prehydrolysate was 

measured, and the monosaccharide concentration was directly analyzed with gas 

chromatography–mass spectrometry (GC–MS).  
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For the pretreatment of willow, air-dried material (10g dry weight) was mixed with the 

liquids using a ratio of 1:10 (w/v) in a steel cylinder and heated to a temperature of 170 or 

200°C under corresponding pressure. Four different liquids for pretreatment were used: 

water (milli-Q, Millipore Corporation) and 0.05%, 0.1%, and 0.15% (w/v) H2SO4. After 

heating the sample to the desired temperature, the cylinder containing the sample was left to 

cool to room temperature. The cooled sample was filtered through a paper filter (Whatman® 

589/1, Schleicher and Schuell) to separate the liquid prehydrolysate from the pretreated solid 

material. Then the separated liquid prehydrolysate was stored at -18°C for further analysis 

of carbohydrates and degradation products.  

For microwave pretreatments with air-dried Norway spruce, the material (0.25 g dry 

weight, particle size 1 mm) was mixed with the pretreatment liquid with a dry/liquid material 

ratio of 1:28 (w/v) and treated with a microwave accelerated reaction system (MARS) 

(MARS, CEM Corporation, NC, USA) equipped with Teflon sample tubes (HP-500 Plus, 

Teflon PFA). Four different kinds of pretreatment liquids were used: water (milli-Q, 

Millipore Corporation) and three different H2SO4 concentrations (0.05, 0.1, and 0.15% w/v). 

Additionally, two microwave intensities (1200 and 600W), two pretreatment times (5 and 

10 min), and two temperatures (170 and 200°C) were used. Each microwave experiment 

consisted of three replicate sample tubes and one control tube. The pretreatment temperature 

and pressure during the microwave pretreatment of Norway spruce were detected via a 

control tube thermometer and a control tube pressure probe. The temperature in the 

microwave test tubes was first increased to the desired temperature, and the following 

pretreatment time was either 5 or 10 minutes. Maximum pressures of approximately 8 and 

16 bars were achieved at the temperatures of 170 and 200°C, respectively. The cooled 

samples after microwave pretreatment were then filtered through a paper filter (Whatman® 

589/1, Schleicher and Schuell) to separate liquid prehydrolysate from the pretreated solid 

material, and the separated liquid prehydrolysate was stored at -18°C for further analysis of 

the carbohydrates and degradation products.  

After the pretreatment experiments were completed, the pretreated solid materials were 

washed with water (100 mL) and stored in the freezer (-18°C) for enzymatic hydrolysis and 

analyses of residual carbohydrates, acid-insoluble lignin, and acid-soluble lignin. 

 

 

4.3 Enzymatic hydrolysis 

 

Enzymatic hydrolyses for washed pretreated barley straw solid materials were carried out in 

10 mL centrifuge tubes. Dried solid materials (0.60 g) were mixed with 3 mL of a 0.05 M 

sodium citrate buffer (pH 5.0), 10 FPU/g biomass of Celluclast 1.5 L, and 200 nkat/g 

biomass of Novozyme 188. Enzyme hydrolysis was performed at 50°C for 48 h with shaking 

at 200 rpm/min. For the enzymatic hydrolysis of pretreated solid willow, 1% of the dry 

matter was mixed with a 50 mM sodium citrate buffer (pH 5.0), Celluclast 1.5L (Sigma-

Aldrich) (10 FPU/g of dry matter), and β-glucosidase Novozyme 188 (Sigma-Aldrich) (200 

nkat/g of dry matter). Enzyme hydrolysis was performed in a shaker (200 rpm/min) at 45°C 

for 48 h.  

In the enzymatic hydrolysability tests for spruce, the washed microwave pretreated solid 

material (1% of dry matter) was mixed with a 50 mM sodium citrate buffer (pH 5.0), a 

commercial cellulase mixture Celluclast 1.5L (Sigma-Aldrich) (10 FPU/g of dry matter or 

20 FPU/g of dry matter), and β-glucosidase Novozyme 188 (Sigma-Aldrich) (200 nkat/g or 

400 nkat/g of dry matter). Like with willow, enzyme hydrolysis was performed in a shaker 
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(200 rpm/min) at 45°C for 48 h. Enzymatic hydrolysis assisted with BSA or PEG 4000 was 

performed by adding BSA (0.3 g/g of pretreated solid material) or PEG 4000 (0.3 g/g of 

pretreated solid material) 24 h prior to the hydrolytic enzymes (10 FPU/g dry matter 

Celluclast 1.5 L and 200 nkat/g of dry matter of Novozyme 188).  

All the samples were prepared in triplicate and together with substrate blanks consisting 

of only the substrate and sodium citrate buffer without the enzymes. After the enzymatic 

hydrolysis, the samples were centrifuged for 10 min at 12 000 rpm and the supernatant was 

collected for reducing sugar analysis performed using the 3,5-dinitrosalicylic acid (DNS) 

method (Miller 1959). All the solid residual fractions were frozen (-18°C) for further 

analysis. 

 

 

4.4 Butanol fermentation from hemicelluloses by Clostridium acetobutylicum 

 

Freeze-stored Clostridium acetobutylicum DSM 1731 (DSMZ, Braunschweig, Germany) 

was activated in RCM media (Hirsch and Grinsted 1954) for 14–16 h. After activation, 1 

mL of actively growing cells was inoculated into 50 mL of sterilized pre-fermentation 

medium (P2 medium; 30 g/L glucose and 1 g/L yeast extract) in a 125 mL screw-capped 

bottle. Before inoculating the bacteria, filter-sterilized P2 stock buffer solutions were added: 

KH2PO4 (50 g/L), K2HPO4 (50 g/L), ammonium acetate (220 g/L). Also, minerals and 

vitamins were added: MgSO4∙7H2O (20 g/L), MnSO4∙H2O (1 g/L), FeSO4∙7H2O (1 g/L), 

NaCl (1 g/L), para-aminobenzoic acid (0.1 g/L), thiamin (0.1 g/L), biotin (0.001 g/L). The 

culture grew for 16 h at 37°C before inoculation into the ABE production medium.  

In Article II, the ABE production medium was prepared by mixing 30 mL liquid 

prehydrolysates with 20 mL heat-treated (121°C, 20 min) barley grain slurry containing 

starch in 125 mL screw-capped bottles. For this ABE medium, the pH was adjusted to 6.5 

with 10 M NaOH prior to fermentation. As control fermentations, pure heat-treated starch 

(from barley) slurry and glucose media were used. Before the inoculation of bacteria, the 

medium was purged with N2 for 10 min to maintain anaerobic conditions and sterilized at 

121°C for 20 min. Fermentation began at 37 °C when the C. acetobutylicum DSM 1731 

culture (10%, v/v) was inoculated. The fermentation samples were taken at 0, 24, 48, 72, 96, 

120 and 144 h fermentation times. ABE fermentations were conducted in duplicate. 

In Article IV, 50 g/L xylose and the hemicellulosic hydrolysates of willow were used as 

carbon sources of the fermentation media in which 1 g/L yeast extract was added. For the 

fermentations using P2 solutions as nutrients, each P2 stock solution (buffer, mineral and 

vitamin) was added into the media prior to the inoculation of C. acetobutylicum. For the 

fermentations without P2 solutions, different volumes of starch slurry were mixed into the 

media prior to sterilization to provide essential nutrients for bacteria. The pure xylose 

solution was mixed with starchy slurry with volume ratios of 1:4, 2:3, and 3:2, respectively. 

The hemicellulosic hydrolysate was mixed with the starchy slurry at a ratio of 3:2. The ABE 

fermentation was otherwise conducted similar to the ABE fermentation in Article II. 

 

 

4.5 Analyses of compositional sugars and fermentation products 

 

The carbohydrate composition of the liquid prehydrolysates in Articles I and III were 

analyzed using GC-MS after filtration through a 0.2-μm sterile syringe filter. The samples 

for gas chromatography-mass spectrometry (GC–MS) sugar analysis were centrifuged at 
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5000 g for 10 min, and the supernatant was filtered through a 0.2 µm sterilized syringe filter. 

The samples were spiked with internal standard glucose-13C (0.2 mg/mL in methanol/water, 

1/1) and evaporated to dryness. The samples were then treated with 80 µL of methoxyamine 

hydrochloride solution (20 mg/mL) in pyridine for 90 min at 37°C. Additionally, 80 µL 

MSTFA was added and samples were incubated during silylation for another 60 min at the 

same temperature. The carbohydrates were analyzed by GC–MS (Agilent 6890 N with 5973 

MS, Agilent Technologies, Palo Alto, CA, USA) with split injection (20:1) onto a Rxi-5Sil 

MS column (30 m x 0.25 mm x 0.25 µm, Restek, USA). Injection port and transfer line 

temperatures were 260°C and 280°C, respectively. The helium flow rate was 1 mL/min. The 

oven’s temperature was held at 70°C for 1 min and then increased at a rate of 5°C/min until 

320°C was achieved; after which, the temperature was maintained for 3 min. The MS data 

were recorded in the mass range of 83–500 m/z. The analyses were identified by comparison 

with authentic standards. The carbohydrate composition of the raw material and the solid 

pretreated materials in Article I were determined using a two-step acid hydrolysis protocol 

(Sluiter et al. 2010). Oven-dried solid pretreated materials (0.03 g) were treated with 72% 

H2SO4 for 1 h at 30°C in 10 mL centrifuge tubes and then diluted to 4% H2SO4 with deionized 

water and autoclaved for 1 h at 121°C. The slurry was neutralized with solid CaCO3 to pH 

4-5 and centrifuged for 10 min at 12 000 rpm. The supernatant was collected for the GC–

MS sugar analysis described above. 

In Articles II and IV, a 1H nuclear magnetic resonance (NMR) spectroscopy (Bruker 

AVANCE 500 or 600 DRX NMR spectrometer equipped with a 5 mm QNP SB or 

cryoprobe, respectively) was used for quantifying carbohydrates and their derivatives from 

liquid prehydrolysate, the fermentation products of ethanol, acetone, butanol, acetic acid, 

and butyric acid, and the residual sugars glucose and xylose in the fermentation media. The 
1H NMR spectra were collected with water presaturation (zgcppr) using a 90° pulse angle, 

48 dB presaturation power, 20 s relaxation delay, and 16 scans at 300 K. Prior to the NMR 

measurements, 200 μl of the sample liquid was transferred to a 5 mm NMR tube, followed 

by the addition of D2O (275 μL) and 3-(trimethylsilyl)-propionic-d4 acid (25 μL, 20 mM) in 

D2O as an internal standard of known concentration. 

For Article I, original materials and dried pretreated solid materials (30 mg) were treated 

with 72% H2SO4 for 1 h at 30°C in 10 mL centrifuge tubes and then diluted to 4% H2SO4 

with deionized water and autoclaved for 1 h at 121°C. Autoclaved samples were neutralized 

with solid CaCO3 to pH 4–5 and centrifuged for 10 min at 12 000 rpm. The supernatant was 

collected for GC–MS sugar analysis. 

In Articles II, III, and IV, the ash, extractives, and carbohydrates from solid materials 

(original materials and pretreated solid materials) were determined according to Hayes 

(2012). Klason acid-insoluble lignin (AIL) and acid-soluble lignin (ASL) were determined 

according to TAPPI (1991) and Sluiter et al. (2010). In the total acid hydrolysis of the 

original materials and solid prehydrolysate, 3 mL of 72% H2SO4 was added to a 300 mg 

sample, followed by incubation for 1 h at 30°C. The mixture was stirred every 5 min for 1 

hour. After incubating for 1 h, the mixture was diluted to 4% H2SO4 by adding water and 

autoclaved at 121 °C for 60 min. Standard samples with 10 mL of a known sugar solution 

and 348 µL 72% H2SO4 were prepared and autoclaved to determine sugar loss during 

autoclaving. The autoclaved samples and standard mixtures were vacuum filtered through 

filter crucibles of known weight. From the filtrate, sugar composition and acid soluble lignin 

were analyzed on a DIONEX ICS-3000 ion chromatography system consisting of an 

electrochemical detector (using pulsed amperometric detection), a gradient pump, a 

temperature-controlled column and detector enclosure, and an AS50 autosampler with an 
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injection volume of 10 µL (Hayes 2012).  

The efficiency of the pretreated solid materials’ enzymatic hydrolysis in Articles I and II 

was estimated by the reducing sugar yield (RSY) measured by the DNS method using a 

spectrophotometer with a wavelength of 540 nm (Miller 1959). For glucose analysis after 

enzymatic hydrolysis in Article III, the supernatants of samples boiled and centrifuged were 

passed through a 0.2-μm filter and glucose content was measured using high performance 

liquid chromatography (HPLC) comprising a Micro-Guard De-Ash pre-column (Bio-Rad, 

USA), a SPO810 chromatography column (Shodex, Germany), and a type RID-10A 

refractive index detector (Shimadzu, Japan). The samples were passed through 0.45-μm 

PTFE filters, and 10 μL were injected into a SIL-20A autosampler (Shimadzu, Japan). 

Elution at the rate of 0.6 mL/min was performed in a column containing degassed deionized 

water at a temperature of 60 °C. Calibration was performed using the external standards of 

glucose. In Articles II and IV, glucose concentrations after enzymatic hydrolysability tests 

were analyzed using NMR with the method described together with other carbohydrate 

analyses. 

 

 

4.6 Calculations 

 

Hemicellulosic monosaccharide yields from the liquid prehydrolysates after the H2SO4 

pretreatments were calculated as their contents (mg/g dry original material) and as 

percentages (%) of their individual contents in the original material. The factor for combined 

severity (CS) was used for comparing the various pretreatment conditions with each other 

(Chum et al. 1990). The combined severity factor relates the temperature, residence time, 

and pH of the pretreatment solution together in the equation:  

 

𝐶𝑆 = 𝑙𝑜𝑔{𝑡 × 𝑒𝑥𝑝[(𝑇𝐻 − 𝑇𝑅)/14.75]} − 𝑝𝐻  

where  

t is the reaction time (min), TH is the reaction temperature in °C, and TR is the reference 

temperature (100 °C). 

 

 

5. RESULTS AND DISCUSSION 
 

 

5.1 Chemical compositions of studied materials  

 

Lignocellulosic materials originating from different types of plants (herbaceous crops or 

woody plants) have typical properties. From the plant cell wall side, there are differences in 

the branching of hemicellulose structures, amount and composition of lignin, and with 

cellulose crystallinity and the degree of polymerization (de Costa Sousa et al. 2009). In the 

original barley straw and willow materials, the main carbohydrates were xylan and glucan, 

originating from xylan in hemicellulose and glucan originating mainly from cellulose (Table 

2). The amount of xylan was 26.9% and 18.0% for barley straw and willow, respectively. 

These values are in accordance with other published information (Linde et al. 2006; Sassner 

et al. 2008; García-Aparicio et al. 2011; Han et al. 2013). In herbaceous plants and  
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Table 2. Chemical compositions of different lignocellulosic feedstocks used in this research 

(% of dry biomass). 

 

 Barley straw Willow Spruce 

 Article 

I 

Linde et al. 

2006 

García-

Aparicio et al. 

2011 

Article 

II 

Han et al. 

2013 

Sassner et 

al. 2008 

Article 

III 

Söderström et 

al. 2002 

Shuai et al. 

2010 

Shafiei et al. 

2013 

Frankó et al. 

2015 

Xylan 26.9 16-24 18 15.0-18.6 6.5 5.3-8.4 

Glucan 38.1 37-40 44 41.4-49.6 44.1 42.4-49.9 

Arabinan 2.6 2.6-3.4 0.29 1.2 1.2 0.7-1.7 

Galactan - 0.4-1.1 0.68 0.3-2.3 2.0 1.3-2.6 

Mannan - - 1.56 1.1-3.2 12.3 9.9-12.3 

Rhamnan - nd 0.39 nd nd nd 

AILa nd 19.5-23.9 21.26 24.2 26.7 26.2-29 

ASLb nd nd 2.48 2.2 0.6 1.1-7.6 

Ash nd 2.6-7.2 0.52 0.9 0.4 0.2 

Extractives nd nd 3.42 nd 3.8 3.3 

nd=not determined 

- = not detected 

 

hardwoods, the amount of xylan in the cell wall constitutes 20-30% of the biomass (Girio et 

al. 2010). Due to the high content of hemicellulosic xylan, they both possess a remarkable 

potential as feedstocks for biochemical butanol production. Differences between herbaceous 

and hardwood xylans are that in herbaceous biomass, xylans mainly present as 

glucurunoarabinoxylans (Scheller and Ulvskov 2010). In hardwoods, however, 

glucurunoxylans predominate. Barley straw contained 2.6% of arabinan in its hemicellulose, 

but in willow material, only 0.29% was detected (Table 2). This could present the difference 

between the hemicellulosic polysaccharides’ composition.  

Contrary to the barley straw and willow, xylan content in spruce material was remarkably 

lower, at 6.5% of the dry matter (Table 2). That was expected, as the main hemicellulosic 

polysaccharide in softwoods is either glucomannan or galactoglucomannan (Girio et al. 

2010, Scheller and Ulvskov 2010). This could be seen from the results as both galactose and 

mannose exist in the spruce material together with glucose. Glucan content in spruce 

material was 44.1%, originating from cellulose and hemicellulosic galactoglucomannan. 

Also, a minor percentage of arabinan exists in the spruce material. Glucan contents were 

close to each other, especially for willow and spruce (Table 2). It is typical for wood 

materials that cellulose for both hardwood and softwood remains the same (40-45%), but 

there are differences in the percentages of hemicellulose and lignin (Alén 2011). The total 

lignin content (Klason lignin and acid soluble lignin) of spruce was higher than for willow 

(Table 2). This is expected for softwood and hardwood materials, as lignin content in 

softwood material usually varies between 25-30% and 20-25% in hardwoods, and the higher 

percentage of lignin contributes to the softwood structure’s higher recalcitrance compared 

to hardwoods. The general opinion about lignin in plant biomass is that as the lignin content 
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decreases, the bioavailability of material for enzymes increases (Pu et al. 2013). However, 

lignin composition, chemical structure, and lignin-carbohydrate complex (LCC) linkages in 

biomass also impact the material’s digestibility.  

According to the structure compositions of different lignocellulosic materials and 

preliminary tests, the acid catalyzed pretreatments were designed with different heating 

methods for every material studied. For barley straw, heating at 121°C, for willow, 

pressurized heating at temperatures 170 and 200°C, and for Norway spruce, microwave 

heating at temperatures of 170 and 200°C with equivalent pressures were chosen. With all 

heating modes, several H2SO4 concentrations and pretreatment times were used. 

 

 

5.2 Yield of hemicellulosic fermentable sugars from the acid catalyzed pretreatment 

 

5.2.1 Yield of monosaccharidic xylose from barley straw during acid catalyzed 

pretreatment  

 

During pretreatment of lignocellulosic materials, both physical and chemical properties of 

cell structure are modified. Due to differences in plant cell wall structure, effects of the same 

pretreatment method on two different types of feedstock materials could vary considerably. 

When acid catalyzed pretreatment methods are used, the pretreatment effect is easily seen 

as amounts of solubilized hemicellulosic carbohydrates, their degradation products, and as 

the enhanced enzymatic hydrolysability of pretreated solid materials. For barley straw, a 

pretreatment time of 15 min at a temperature of 120°C with 1% (w/v) H2SO4 concentration 

was enough to release most of the hemicellulosic xylan, as the pretreated solid material’s 

xylan content was as low as 0.12 g/g dry matter. At the same time, however, the xylose 

concentration in liquid prehydrolysate was low (4.61 g/L) (Article I, Table 2.). Elongating 

the pretreatment time from 15 min to 60 min and 120 min increased xylose liberation to 

liquid prehydrolysate and decreased the xylan content in pretreated solid materials to 0.09 

and 0.04 g/g after 30 and 120 min, respectively. Generally, increased yield of xylose in the 

liquid prehydrolysate of barley straw was achieved with increasing combined severity (CS) 

values between 0.7-1.66 (considering H2SO4 concentration, pretreatment time, and pH) 

(Figure 4). At the highest severity, nearly all xylan from the original material was liberated 

to the liquid prehydrolysate as xylose. However, acid pretreatment efficiently removed 

hemicellulose from the solid material within 15 min but not the monosaccharidic form.  

In the case of CS 1.51, an exception was found in the relationship between xylose yield 

and CS, as a drastic drop in xylose recovery was detected with CS 1.51, contrary to the 

higher CS 1.66 (Figure 4, with circle and square). CS 1.51 was calculated from pretreatment 

conditions with 2.0% H2SO4 and 60 min pretreatment time and CS 1.66 from 1.0 H2SO4 and 

120 min pretreatment time.  
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Figure 4. Correlation between xylose recovery in pretreated hydrolysates with CS. (  ) CS 

of 1.51, corresponding to a 2.0% sulfuric acid treatment for 60 min, (   ) CS of 1.66, 

corresponding to a 1.0% sulfuric acid treatment for 120 min (Adapted from Article I). 

 

 

The observation revealed a stronger effect of the H2SO4 concentration compared to 

pretreatment time on the pretreatment’s efficiency on barley straw hemicellulose. Especially 

when acid catalysts are used for pretreatment, increasing the severity not only accelerates 

monosaccharide liberation but also increases the degradation of these monosaccharides 

(Larsson et al. 1999). Here, the CS caused by higher concentration of H2SO4 most likely 

resulted in a larger proportion of xylose degradation products and was observed as a decrease 

in the concentration of xylose. Kabel et al. (2007) also came to this conclusion with 

pretreatment of wheat straw. 

 

5.2.2 Willow hemicellulosic sugars yield from acid catalyzed pretreatment 

 

With dilute acid pretreatment, acid catalyzes hemicellulosic polymers’ degradation to 

shorter polymers and eventually to monosaccharides. In hydrothermal pretreatments, the 

same chemical reactions are present, only to a lesser extent due to the milder conditions 

induced by the organic acids released (Pu et al. 2013). This phenomenon could be seen with 

willow material when the highest yield of monosaccahridic xylose (65% of original xylan 

content) was achieved with a H2SO4 concentration of 0.1% and pretreatment temperature of 

200°C (Article II, Table 2). Also, pretreatment conditions with 0.15% H2SO4 concentration 

and 170°C temperature liberated 62% of the original xylan as xylose. However, there was 

no xylose in the liquid prehydrolysate after pretreatment at 170°C with H2O. However, a 

xylan content of 74.2% was found from the pretreated solid material, showing the same 

phenomenon as barley straw (120°C, 1 % sulfuric acid, 15 min). Pretreatment of the willow 

with H2O at 170°C degraded the hemicellulosic xylan, not to the monosaccharidic but to the 
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oligosaccharidic form. During hot water extraction, a remarkable portion of xylan extracted 

from hardwood material has been reported to remain in a higher molecular form, either as a 

short polysaccharides or as an oligosaccharides (Borrega et al. 2011). However, by 

increasing time and temperature in water prehydrolysis, hemicellulose and cellulose could 

be directed more from oligomers towards monomers and a larger proportion of lignin 

removal occurs (Gallina et al. 2017).  

In general, H2SO4 (0-0.15 %) pretreatment of willow (Salix schwerinii) at two 

temperatures (170 and 200°C), liberated increased concentrations of monosaccharidic 

xylose to liquid prehydrolysate in the CS 0.37-2.29 condition (Article II, Table 2) (Figure 5 

A). Pretreatment temperature showed a strong effect, stronger than H2SO4 concentration, on 

hemicellulosic sugar degradation as concentrations of furfural and HMF were higher with 

the pretreatment at the 200°C temperature (Article II, Table 2). Even CS values of the 

pretreatment at the two different temperatures were at the same level, 1.77 and 1.87. There 

were great difference in furfural concentrations: 0.26 and 1.15 g/l, respectively (Figure 5 C, 

D). In the CS 2.29 condition, the furfural concentration was 1.75 g/l, at least 6 times higher 

than after pretreatment at CS 1.77. Xylose concentrations in the liquid prehydrolysates in 

these two different pretreatment conditions were close to each other; however, in the solid 

prehydrolysates, xylan contents were 7.42 and 33.48 mg/g for CS 2.29 and CS 1.77, 

respectively (Article II, Table 2). Additionally, after pretreatment with 200°C and without 

H2SO4 (CS 1.23), the furfural concentration was higher than with a 170°C pretreatment 

temperature but with H2SO4 concentrations of 0.1 and 0.15 % (CS 1.59 and 1.77, 

respectively). The ionization constant (KW) is strongly correlated with temperature and refers 

to the concentration of hydronium ions in the water (Yan et al. 2016). The maximal 

ionization of water is achieved at temperatures of 250-300°C. The increased concentration 

of hydronium ions at the 200°C pretreatment temperature would in this sense be responsible 

for more severe pretreatment effects on willow material. Also, in water prehydrolysis, 

temperature has been shown to be the most critical parameter for hemicellulose extraction 

and the prehydrolysis temperature should be chosen for the purpose of extracting 

hemicelluloses (Li et al. 2010; Leppänen et al. 2011; Li et al. 2017).  

Acetic acid, a common result of cleaving hemicellulose polymers during pretreatment, 

increased constantly along with increased CS, thereby illustrating the cleavage of 

hemicellulosic polysaccharides’ chemical bonds during pretreatment (Figure 5 E). Amounts 

of another organic acid, formic acid, remained rather low in all experiments (Figure 5 F). At 

elevated temperatures under acidic conditions, formic acid is formed from furfurals (Larsson 

et al. 1999). Formic acid concentrations in willow liquid prehydrolysate was 0.09 g/L at the 

lowest and 0.29 g/L at the highest. The concentration of formic acid is considerable, as it has 

shown a detrimental effect on fermentation processes with C. acetobutylicum at a 

concentration of 0.4 g/l in previous studies (Cho et al. 2012). The highest concentrations of 

overall sugar degradation products were detected at CS 2.51, with concentrations of furfural 

and HMF 2.87 mg/mL and 0.42 mg/mL, respectively. At that point, the decrease in liquid 

prehydrolysate xylose concentration was also observed, together with xylan in solid residual 

fractions being the lowest, 2.43 mg/g (Article II, Table 2.).  

 

5.2.3 Effect of microwave assisted acid catalyzed pretreatment on Norway spruce 

hemicelluloses extraction 

 

Softwood material has been classified the most recalcitrant lignocellulosic biomass material 

with a need for more severe pretreatment conditions (Shuai et al. 2010). For fermentable  
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Figure 5. Concentrations of A) xylan (% of original xylan content), B) glucan (% of original 

xylan content), C) furfural (mg/l), D) HMF (mg/l), E) acetic acid (mg/l) and F) formic acid 

(mg/l) in liquid prehydrolysate with different pretreatment combined severities (CS). 

(According to Article II). 
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carbohydrates production with acid catalysts, this usually means utilizing higher 

temperatures and longer pretreatment times to degrade polymeric hemicelluloses and alter 

cellulosic and lignin fractions (Yang et al. 2011; Yan et al. 2016). With increased severity, 

the result is also the decreased yield of fermentable sugars due to the increased degradation 

of hemicellulosic monosaccharides. The utilization of microwaves has been introduced with 

the advantage of internal heating which increases the local temperature of organic molecules 

and results in rapid and energy-efficient heating of biomasses (Azuma et al. 1984; Ooshima 

et al. 1984; Chen et al. 2011; Mihiretu et al. 2017). Palm and Zacchi (2003), for example, 

used a pressurized microwave treatment of Norway spruce with water (200°C, 5 min) to 

extract hemicellulosic polysaccharides. They reported that 70% of mannan was released 

during microwave pretreatment with water. 

With Norway spruce pretreated with microwave pretreatment (1200 or 600W), nearly all 

mannose, galactose, and xylose from hemicellulose were released to the liquid 

prehydrolysate with 0.05% H2SO4 at 200°C and a 5 min pretreatment time, a corresponding 

CS 1.46 and 1.51 for 1200W and 600W, respectively (Article III, Table 1) (Figure 6 A). 

Conversely, microwave assisted pretreatment with water at 600W, 200°C and 5 min 

conditions resulted in 30%, 46% and 44% release of mannose, galactose, and xylose, 

respectively. Interestingly, with CS 1.54 and 1.60 but a microwave pretreatment with 0.15% 

H2SO4 and microwave intensities 1200W and 600W at 170°C, the mannose yield in liquid 

prehydrolysate was only 63% and 69% of the original mannose material for 1200W and 

600W, respectively (Article III, Table 1). This demonstrated the effect of higher H2SO4 

concentration in microwave pretreatment; even the CS values were close to each other. In 

all this study’s microwave pretreatment conditions, there were only minor mannan contents 

or none left in solid pretreated materials, representing hemicellulosic polysaccharide 

liberation to shorter polysaccharides or oligosaccharides during pretreatment (Article III, 

Table 2). So, the decrease in mannose yield from liquid prehydrolysates with 0.15% H2SO4 

was due to the further degradation of hemicellulosic sugars. With 0.15% H2SO4 and CS 1.54, 

the amount of HMF produced to the liquid prehydrolysate was 0.29 mg/g. For comparison, 

with 0.05% H2SO4 and CS 1.46 and 1.51, the amounts of HMF produced to the liquid 

prehydrolysate were 0.09 and 0.15 mg/g, respectively. In general, amounts of HMF and 

levulinic acid in the liquid prehydrolysates increased along with pretreatment severity, and 

the HMF concentration was 0.45 mg/g at the highest (Figure 6 B, C). For example, compared 

to steam pretreated (200°C, 5 min impregnation with SO2) softwood (particle size 1-2 mm) 

liquid prehydrolysate containing HMF 6.7 mg/g original dry wood (Monavari et al. 2009), 

the amounts of HMF and levulinic acid produced during microwave pretreatment of Norway 

spruce were quite low (Figure 6 B and C).  

 

 

5.3 Acid catalyzed pretreatment effects on the cellulosic fraction of studied materials 

 

5.3.1 Monosaccharidic glucose extraction from cellulose during acid catalyzed 

pretreatment 

 

In contrast to hemicellulosic xylan or mannan, glucan extraction to the liquid prehydrolysate 

was minor with all the lignocellulosic materials studied (Articles I, II and III). As previously 

mentioned, cellulose has crystalline regions and a higher polymerization stage, causing 

greater thermal stability compared to hemicellulose (Borrega et al. 2011). 
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Figure 6. Release of A) monosaccharidic mannose, galactose, and xylose (% of original 

monosaccharide content), B) HMF (mg/g original dry material), and C) levulinic acid (mg/g 

original dry material) as a function of combined severity (CS) during microwave 

pretreatment (Adapted from Article III). 
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Therefore, higher temperatures and more severe pretreatment conditions would be necessary 

for cellulose degradation; however, in our case this was not the intention. With barley straw, 

the concentration of monosaccharidic glucose in the liquid prehydrolysate was increased 

slightly with increasing severity (Article I, Figure 4). At the highest, H2SO4 catalyzed 

pretreatment released approximately 10% glucose of the original glucan content when the 

highest concentration of xylose was extracted to the liquid prehydrolysate. 

With the H2SO4 pretreated willow, when the highest yields of xylose in liquid 

prehydrolysate were measured, the liberation of glucan to liquid prehydrolysate was 5.13% 

and 9.45% of the original glucan content, for 170°C and 200°C, respectively (Article II, 

Table 2). The highest glucose concentration, achieved after pretreatment at 200°C with 

H2SO4 (CS 2.51), was 75.83 mg/g original material (17.12% of original glucan content) 

(Figure 5 B). In the hot water extraction research of Borrega et al. (2011) on silver birch, 

glucan remained mostly stable up to a temperature of 180°C. With temperatures above 

180°C, glucan started to degrade to liquid prehydrolysate due to the increased pretreatment 

severity. With hardwood and softwood materials pretreated with water prehydrolysis, the 

degradation of cellulosic glucan is reported to begin at a temperature of 230°C (Ando et al. 

2000). With the willow, pretreatment with water at 170°C did not result in monosaccharidic 

glucose extraction to the liquid prehydrolysate at all, contrary to the 200°C temperature 

which resulted in 10.98 mg/g (2.50% of original glucan content).  

When the most effective extraction of hemicellulosic sugars from Norway spruce with 

microwave pretreatment was achieved, it resulted in the release of 10–15% of the original 

material’s glucose to the pretreatment liquid (Article III, Table 2). The hemicellulose 

fraction of softwood material contains acelylated galactoglucomannan and 

arabinoglucurunoxylan (Sjöström 1981; Alén 2011) The major part of galactoglucomannan 

is galactose-poor, accounting for about 10–15% of dry wood in a galactose:glucose:mannose 

molar ratio of 0.1:1:3. This would mean that the hemicellulose fraction of glucose would 

represent at least 10% of the wood’s total glucose content. Therefore, it can be estimated 

that almost all monosaccharide glucose from hemicellulosic galactoglucomannans of 

Norway spruce were released into the liquid prehydrolysate at the same pretreatment 

conditions with the highest mannose extraction (0.05% H2SO4 with 200°C temperature and 

0.1% H2SO4 with 170°C temperature) (Article III, Table 2). A pretreatment study of Norway 

spruce using steam explosion with SO2 impregnation showed that about 13% of glucose was 

released into the liquid prehydrolysate (Monavari et al. 2009). Also, in various steam 

pretreated softwood materials, 12–25% of theoretical glucan content was released into the 

pretreatment liquid (Kumar et al. 2010). With pressurized hot water extraction with Norway 

spruce, the degradation of cellulose was recognized at 240°C temperature but not lower 

(Leppänen et al. 2011). At the highest the glucose yield was 30% of the original glucose 

content after microwave assisted 0.1% H2SO4 acid pretreatment at 200°C temperature. This 

indicates the release of a significant amount of cellulosic glucose into the pretreatment liquid 

from Norway spruce material.  

 

5.3.2 Enzymatic hydrolysability of pretreated solid materials  

 

In lignocellulosic biomass, the accessibility of cellulose for enzymes is highly prohibited by 

a shield or network composed of hemicellulose and lignin. Cellulose itself as a structure is 

compact, and without pretreatment, it is challenging target for effective enzyme hydrolysis. 

So, if the biorefining process is aiming for the total saccharification of hemicellulosic and 

cellulosic fractions to the fermentable sugars, it is important that the chosen pretreatment 
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sufficiently alters cellulosic fraction for enzymatic hydrolysis. With an efficient pretreatment 

method for cellulose, however, there is a risk that solubilized hemicellulosic 

monosaccharides will degrade further and are not in a fermentable form. It is said that to 

biochemically refine lignocellulose, process parameters for pretreatment should be carefully 

chosen to obtain cellulose susceptible to enzyme hydrolysis as well as liquid prehydrolysate 

which could be upgraded to biochemicals (Nitsos et al. 2013). Here, the meaning of 

enzymatic hydrolyses was only to test the hydrolysability of pretreated solid materials rather 

than to get maximum enzymatic hydrolysis yields of cellulosic glucose. 

In pretreated barley straw, enzymatic hydrolysis yield (70% of the original glucose) was 

highest with CS 1.49 (Article I, Figure 5). When the results were compared to other results 

reported in the literature, the yield was low. In the research of Saha and Cotta (2010), for 

example, 82% of the theoretical glucose yield was gained from dilute acid pretreated barley 

straw. One reason for low enzymatic hydrolysis yield could be the residual xylan in the 

pretreated solid barley straw which inhibits enzyme hydrolysis and hinders the fermentable 

sugars’ release from the pretreated material. Contrary to Saha and Cotta (2010), we did not 

use xylose degrading hemicellulases in our enzyme hydrolysis experiments. Residual xylan 

has also been shown to have a serious negative effect on the enzymatic hydrolysis efficiency 

of pretreated hybrid poplar (Bura et al. 2009).  

Differences in enzymatic hydrolysis efficiency on the solid materials pretreated at 

different temperatures was clearly seen with the pretreated willow (Figure 7). After 

pretreatment at 200°C, the willow material became more accessible to the enzymes used, 

and this effect of pretreatment temperature was observed in the enzymatic hydrolysis’ 

efficiency regardless of the overall CS value. Most likely, the effect was caused by the 

residual xylan in the pretreated solid materials and by the reduced degree of cellulose 

polymerization after pretreatment at the 200°C temperature. However, residual xylan was 

not the only factor hindering the enzyme hydrolysis yield, because the amounts of residual 

xylan in pretreated solid materials after experiments with 4 and 5 were close to each other 

(33.48 mg/g and 29.65 mg/g, respectively). Despite this, enzymatic hydrolysis was more 

efficient after experiment 5 (CS 1.23, temperature 200°C) (yield 55.9% of the pretreated 

material glucan) than after experiment 4 (33.3% of pretreated material glucan). Residual 

lignin in the pretreated wood biomass material has also been shown to retard enzymatic 

hydrolysis with steam-pretreated poplar wood chips (Panagiotopoulos et al. 2013). Lignin 

most likely also influenced the enzymatic hydrolysis of dilute acid pretreated willow. At the 

highest, yield from enzymatic hydrolysis of H2SO4 pretreated willow was 70% of pretreated 

solid material glucan.  

The lignin in solid prehydrolysate most likely also hindered the enzymatic hydrolysis of 

Norway spruce. At the highest, 54% and 39% of pretreated solid material glucose was 

hydrolyzed after pretreatment with 0.1% H2SO4 at 200°C for 5 min and with microwave 

intensities of 1200W and 600W, respectively (Article III, Table 2). In contrast, enzymatic 

hydrolysis of the microwave-pretreated Norway spruce with water resulted in 12%, 14%, 

and 23% of pretreated material glucose at 170°C/600W/5 min, 170°C/600W/10 min and 

200°C/600W/5 min, respectively. These enzymatic hydrolysis yields were low, as research 

conducted by Shuai et al. (2010) on dilute acid and SPORL pretreated spruce yielded 49% 

and 71% cellulose-to-glucose conversion, respectively. Also, with lodgepole pine and 

Douglas fir, 60-72% of cellulose was converted to glucose during enzymatic hydrolysis 

(Kumar et al. 2010). 
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Figure 7. Enzymatic hydrolysis yield of H2SO4 pretreated willow materials (mg reducing 

sugars/g of the original S. schwerinii biomass) at different combined severities. (▲) 

Enzymatic hydrolysis with pretreated material at 170°C; (■) Enzymatic hydrolysis with 

pretreated material at 200°C. (Adapted from Article II). 

 

 

Regarding the reasons why lignin restricts enzymatic hydrolysis, it has been suggested that 

lignin binds and inactivates enzymes, thereby decreasing the accessibility of cellulose (Pan 

et al. 2005; Rahikainen et al. 2011; Kumar et al. 2012). This could be seen with microwave-

pretreated Norway spruce, where increased enzyme loading (20 FPU/g Celluclast 1.5L and 

400 nkat/g substrate of Novozyme 188) had an enhancing effect on enzymatic hydrolysis 

pretreated with 0.05% H2SO4 (Figure 8). As result, the release of 30% for original material 

glucose was achieved at 600W/200°C/5 min and 29% at 1200W/200°C/5 min. Bovine serum 

albumin (BSA) and polyethylene glycol (PEG), which are used as additives in enzymatic 

hydrolysis, prevent the unproductive binding of enzymes on the surface of lignin (Yang and 

Wyman 2008). The addition of BSA (0.3 g/g) to the microwave pretreated Norway spruce 

increased glucose yields in enzymatic hydrolysis in all pretreatment conditions, and the 

effect of PEG (0.3 g/g) was even more clearly seen (Figure 8). In the work of Kumar et al. 

(2012), the rate of enzymatic hydrolysis was also remarkably increased with the addition of 

BSA, as 16% to 66% of cellulose was hydrolyzed with low cellulase loading (5 FPU/g 

cellulose).  
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Figure 8. Glucose recovery (% of original material glucose) during enzymatic hydrolysis of 

microwave pretreated Norway spruce with 10 FPU Celluclast 1.5L and 200 nkat of Novozyme 

188 at a temperature of 45°C (control), with the enzyme loading increased to 20 FPU 

Celluclast 1.5L and 400 nkat of Novozyme 188 (double enz), with bovine serum albumin (0.3 

g/g of pretreated material) added to the hydrolysis solution prior to enzymes (BSA) and with 

polyethyleneglycol 4000 (0.3 g/g of pretreated material) added to the hydrolysis solution prior 

to enzymes (PEG) (adapted from Article III). 

 

 

5.4 Fermentability of hemicellulose-rich liquid prehydrolysates of willow  

 

Species of genus Clostridium are common and important soil bacteria utilizing 

lignocellulosic biomass and plant detritus for their metabolism (Aristilde et al. 2015). 

Clostridium acetobutylicum can metabolize hemicellulosic sugars, both hexoses (mannose, 

galactose, glucose) and pentoses (xylose, arabinose), but when presented, glucose is 

preferred over others (Ezeji and Blaschek 2008; Grimmler et al. 2010; Xiao et al. 2012). 

Moreover, Aristilde et al. (2015) found that xylose is not one of the preferred pentose sugars 

for C. acetobutylicum metabolism. In their work, when a combination of pure arabinose and 
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xylose was used for the fermentation medium, arabinose was metabolized with minimal 

consumption of xylose. In this work, the same phenomenon was seen with the fermentation 

of pure xylose with and without the addition of nutrients (P2 solutions), as the productivity 

of butanol was 0.04 g/g sugars from both fermentation media (Article IV, Table 2). However, 

with the addition of nutrients-containing P2 solutions, C. acetobutylicum produced 1.73 g/L 

and 2.63 g/L acetic and butyric acid into the solutions, respectively. These were higher 

concentrations than in fermentation medium without P2 solutions, and most likely indicate 

the fermentation process had already begun but not shifted to the solventogenic phase. The 

consumption of xylose was 25% and 29% in fermentation media without and with P2 

solutions, respectively.  

After pretreatment with 0.1% H2SO4 at 200°C, liquid prehydrolysate from willow 

consisted of 16.3 g/L xylose and 3.6 g/L glucose (Article IV). When this liquid 

prehydrolysate was used as the fermentation media combined with the P2 solutions, C. 

acetobutylicum could not grow at all (Article IV, Table 4). However, when this liquid 

prehydrolysate was mixed with 20 mL of starch slurry and fermented for 120 h, 6.7 g/L 

butanol, 3.4 g/L acetone, and 0.6 g/L ethanol were produced (total 10.6 g/L ABE) (Article 

IV, Figure 3). This represents butanol and ABE yields of 0.22 and 0.35 g/g sugars, 

respectively. During fermentation, most of the sugars (77% glucose, 91% xylose, and 99% 

starch) were consumed (Article IV, Table 4). A 30 mL starch supplement (xylose:starch 2:3) 

increased the yields relatively. Also, when liquid prehydrolysate after acid catalyzed 

pretreatment (H2SO4 0.15%) at 170°C was combined with starch, 7.9 g/L xylose, 6.6 g/L 

glucose of wood origin, and 17.6 g/L glucose from starch (barley grain) origin were in the 

fermentation medium (Article II, Table 3). During the fermentation, 10.1 g/L ABE was 

produced; of which, 6.3 g/L was butanol (Article II, Figure 3). After fermentation, 98% of 

the starch, 67% from xylose, and 95% of the glucose were utilized by C. acetobutylicum 

(Article II, Table 3). This also corresponds to the ABE and butanol yields of 0.35 g/g and 

0.22 g/g monosaccharidic sugar, respectively.  

During fermentation, starch was added to increase the level of fermentable sugars in the 

media. It was also noticed earlier that grain starch accelerated the xylose utilization of C. 

acetobutylicum in the ABE fermentation of barley straw liquid prehydrolysate after acid-

catalyzed pretreatment (Yang et al. 2015). Starch from edible biomass (e.g., corn) as such 

has traditionally been used for butanol production (Madihah et al. 2001; Ezeji et al. 2007; Li 

et al. 2014), but the food versus fuel discussion and increased price of substrates inhibit the 

utilization of edible biomasses in the future. However, utilizing starch-containing waste 

materials, for example, food waste, organic household waste, brewery wastes, and potato 

peeling waste have received vast attention for producing butanol via ABE fermentation 

(Jesse et al. 2002; Kheyrandish et al. 2015; Heinz Stein et al. 2017; Maiti et al. 2017).  

Here, it was seen that starch supplement provided nutrients essential for fermentation of 

liquid prehydrolysates from acid catalyzed pretreatment of willow and P2 solutions were not 

needed for nutrient increment (Article IV, Table 4). However, Kheyrandish et al. (2015) 

found that with the ABE fermentation of potato peel waste by C. acetobutylicum NRRL B-

591 without P2 solutions, there was no shift of bacteria from the acetogenic to the 

solventogenic phase, although the bacteria’s growth rate was higher than with P2 solutions. 

Growth factors of C. acetobutylicum, such as pH, minerals, vitamins, buffers and their 

impact on carbon metabolism and solvent production are widely researched and reported 

(Oxford et al. 1940; Monot et al. 1982; Bahl et al. 1986). With this information, there is no 

clear reason why starchy slurry from barley grain induced solvent production by C. 

acetobutylicum in our work. One possible reason is that grain starch contains enough 
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vitamins, nutrients, and minerals to shift the bacteria into the solvent producing phase. 

One primary reason for starch accelerating the hemicellulosic liquid prehydrolysate is 

most likely the dilution effect of added starch on inhibitory chemicals. Qureshi et al. (2010), 

for example, diluted hemicellulosic hydrolysate of wheat straw with water, and ABE 

production was probably improved by diluting the concentration of inhibitory chemicals in 

the medium. Han et al. (2013) assumed that potential butanol fermentation inhibitors in the 

liquid prehydrolysates from willow could be the reason C. beijerinckii did not switch from 

the acetogenic to the solventogenic phase. In their work, furfural, HMF, and formic acid 

were presented in the willow liquid prehydrolysates with concentrations of 0.09, 0.02, and 

0.4 g/L, respectively, and a butanol yield of 0.12 g/g sugar with 72% xylose consumption 

was achieved. The liquid prehydrolysate of willow in this research study (Article IV) 

contained 1.45 g/l furfural, 0.36 g/L HMF, 0.3 g/L formic acid, and 0.4 g/L levulinic acid. 

Formic acid has shown to be an especially critical inhibitor for C. acetobutylicum at levels 

of 0.4 g/L, but there are also opinions that for C. beijerinckii, formic acid concentrations of 

0.2-0.3 g/L do not inhibit the fermentation process (Cho et al. 2012).  

The concentration of sugar degradation products is an important factor in butanol 

fermentation from the hemicellulosic prehydrolysates, and as here, it could be avoided with 

optimized acid catalyzed pretreatment. When only water is used for pretreatment at different 

temperatures, it quite often results in more oligosaccharidic sugars to the liquid 

prehydrolysate, and prior to the fermentation stage, secondary hydrolysis with H2SO4 is 

necessary (Sun and Liu 2012; Mechmech et al. 2016) (Table 3). Secondary hydrolysis, in 

addition to increasing process costs, also often leads to increased concentrations of 

degradation products and therefore costly detoxification processes (Sun and Liu 2012; 

Kudahettige-Nilsson et al. 2015; Mechmech et al. 2016; Khedkar et al. 2017) or the 

development and utilization of gene-modified microorganisms tolerant to inhibitory 

products from sugar degradation (Guo et al. 2013).  

Currently, there is also much research work combining hemicellulosic hydrolysates and 

different sugar or starch- containing waste-derived fractions or industrial side-streams for 

butanol production (Table 3). It would be an interesting point from the practical biorefining 

side if the hemicellulosic liquid prehydrolysates and starch-containing wastes as such could 

be used for butanol production. Substrate price is an essential factor affecting the 

profitability of ABE fermentation, but the price for nutrients also denotes a remarkable share 

of the fermentation process’ costs. Additionally, both the substrate and nutrients have a large 

effect on the process’ sustainability, which cannot be forgotten even when designing the use 

of waste-derived resources, and it certainly offers interesting and important opportunities for 

research. 
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Table 3. Recent examples of research studies on ABE fermentation of hemicellulosic liquid 

prehydrolysates with and without sugar or starchy amendments. 

 
Feedstock Pretreatment  

and detoxification 
Micro-
organism 

Yield 
g/ga 

Reference 

With  

supplement: 

    

Barley straw 
prehydrolysate 
and starch  

Dilute acid pretreatment, 
no detoxification 

Clostridium 
acetobutylicum 
DSM 1731 

0.29 Yang et al. 
2015 

 
The roots of 
Coleus forskohlii 
after the 
extraction of 
forskolin 
 

 
Overliming and passing 
through hydrophobic 
polymeric resin 

 
Clostridium 
acetobutylicum 
NCIM 2877 

 
0.24 

 
Harde et al. 
2016 

Spruce liquid 
prehydrolysate 
and market 
refused 
vegetables (5% 
w/v) 
 

SO2-ethanol-water for 
spruce, cooking (121°C) 
for vegetables, 
anion exchange resin and 
filtration 

Clostridium 
acetobutylicum 
DSM 792 

0.27 Survase et 
al. 2013 

Aspen (60%) and 
maple (40%) 
hemicellulosic 
hydrolysate and 
alfalfa juice 
 

Dissolving pulp 
prehydrolysis and 
secondary hydrolysis with 
acid, flocculation with 
ferric sulfate 

Clostridium 
acetobutylicum 

ATTC 824 

0.17 Mechmech 
et al. 2016 

Willow 
prehydrolysate 
and starch 

Dilute acid hydrolysis, no 
detoxification 

Clostridium 
acetobutylicum 
DSM 1731 

0.22 This work, 
Article IV 

Without 

supplement: 

    

Corn fiber 
hydrolysate (+P2) 
 

Dilute acid pretreatment, 
overliming 

Clostridium 
beijerinckii IB4 

0.26 Du et al. 
2013 

Pine apple peel 
waste + nutrients 
 

Acid and alkaline 
hydrolysis, activated 
carbon 

Clostridium 
acetobutylicum 
B527 

0.12b Khedkar et 
al. 2017 

Xylan from Kraft 
pulp black liqueur 
 

Dilute acid hydrolysis, 
activated carbon 

Clostridium 
acetobutylicum 
ATCC 824 

0.1 Kudahettige-
Nilsson et al. 
2015 

Corn fiber 
hemicellulosic 
hydrolysate (+P2) 
 

Dilute acid pretreatment, 
no detoxification 

Clostridium 
beijerinckii IB4, 
inhibitor 
tolerant strain 

0.32 Guo et al. 
2013 

Maple 
hemicellulosic 
hydrolysate + 
nutrients 

Hot water extraction + 
secondary hydrolysis with 
sulfuric acid, 
nanofiltration 

Clostridium 
acetobutylicum 
ACT 824 

0.20 Sun and Liu 
2012 

a g BuOH/g monosaccharides 
b total solvents yield (g ABE/g sugars) 
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6. CONCLUSIONS  
 

 

This study aims to clarify utilizable conditions to liberate hemicellulosic sugars for further 

downstream processing. Three commonly available lignocellulosic materials were used: 

barley straw (Hordeum vulgare), willow (Salix schwerinii), and Norway spruce (Picea 

abies). These were pretreated with three different acid catalyzed methods, and the 

hemicellulosic liquid prehydrolysate of S. schwerinii was utilized for butanol production via 

acetone-butanol-ethanol (ABE) fermentation. The lignocellulosic materials were pretreated 

with dilute sulfuric acid to achieve fermentable hemicellulosic monosaccharides without 

sugar degradation compounds inhibitory to the fermentative bacteria. Residual 

carbohydrates and lignin in solid pretreated materials were analyzed to evaluate the 

pretreatment outcomes. Enzymatic hydrolysis of the solid pretreated materials was also 

tested to observe the effect of pretreatment on cellulosic fractions. 

We showed that by adjusting pretreatment severity by changing the dilute sulfuric acid 

concentration, reaction time and temperature, it was possible to efficiently release 

hemicellulosic sugars from different lignocellulosic materials as monosaccharides into the 

liquid prehydrolysates with low concentrations of degradation products including furfural, 

HMF, formic acid, and levulinic acid. The barley straw hemicellulosic xylan was completely 

extracted into the liquid prehydrolysate with the combined severity (CS) 1.27 (120°C, 1% 

H2SO4 and 60 min) and from willow, about 65% of hemicellulosic xylan was extracted as 

monosaccharidic xylose to liquid prehydrolysate with CS 2.29 (0.1% H2SO4, 200°C, 30 

min). Microwave pretreatment was shown to be effective with a recalcitrant softwood 

material, Norway spruce (Picea abies), as hemicellulosic mannan, galactan, and xylan were 

almost totally extracted to the liquid prehydrolysate in their monosaccharide forms. Results 

also showed that the dilute acid catalyzed pretreatment with the tested moderate pretreatment 

temperatures gave incomplete enzymatic saccharification of the pretreated solid materials of 

willow (S. schwerinii) and Norway spruce (P. abies) with only a cellulase and cellobiase 

enzyme mixture. However, as nearly intact cellulosic and lignin fractions were detected, this 

kind of treatment could offer a basis for further refining pretreated solid materials for 

biomaterials, for example. 

It was also noticeable that with the different acid catalyzed pretreatments, we were able 

to liberate fermentable sugars from hemicellulose fractions in utilizable amounts. 

Hemicellulosic liquid prehydrolysate without detoxification and amended with starch was 

successfully fermented to butanol using Clostridium acetobutylicum, with butanol and ABE 

yields of 0.22 g/g and 0.35 g/g of monosaccharides, respectively. By supplementing with 

starch, ABE production from the hemicellulosic liquid prehydrolysate of willow was 

maintained and the utilization of xylose by C. acetobutylicum was promoted by the dilution 

of concentrations of inhibitory compounds in the fermentation medium. Additionally, the 

starch from barley grain ensured the essential nutrients for ABE fermentations without the 

need to add other nutrient solutions to the fermentation medium.  

For the efficient utilization of hemicellulosic fractions from lignocellulosic materials for 

butanol production, combining industrial starch-containing side-streams to the 

hemicellulosic side-streams would offer an attractive option. With the optimization of 

pretreatment of lignocellulosic biomass, hemicelluloses could be extracted more selectively 

for conserving fermentable sugars and cellulose could be preserved for material use and 

therefore obtain the desired products from biorefining. This, of course, must be subjected to 

further research on technoeconomical observations and analyses of value chains. 
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