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Abstract 
 

Second-generation bioethanol can be produced from cellulose fraction present in 

lignocellulosic biomass and has become a significant research focus due to its potential for 

replacing fossil fuels and decreasing greenhouse gases emissions. In order to produce 2nd-

generation bioethanol, biomass must be processed in order to access cellulose within the 

lignocellulose matrix and convert it into glucose. However, an efficient cost-effective and 

environmental-friendly process has not been achieved. The aim of this work was to produce 

glucose from purified cellulose from Miscanthus x giganteus, a high yielding-biomass crop. 

The lignocellulosic biomass was selectively fractionated into its main components, 

hemicellulose, lignin and cellulose, after extractions using ‘green’ processes in a biorefinery 

approach. Hydrolysis of the cellulose-enriched fibres into glucose was evaluated using 

subcritical water (SBW) in a batch reactor at temperatures from 190-320oC, residence times 

from 0-54min and biomass loading from 0.5-6.4% (w/v). The process used for cellulose 

purification had significant effect on glucose production by SBW, and higher glucose yields 

(~10%) were achieved at higher temperatures and shorter residence times. Glucose was used 

for bioethanol production by fermentation. Although the formation of fermentation inhibitors 

during SBW hydrolysis could not be prevented, fermentation could be performed in the 

presence of these compounds at some conditions, with ethanol yields up to 80% of the 

theoretical. 
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 LITERATURE REVIEW  

 

1.1. Introduction 

Biomass resources are both renewable and abundant (Demirbas, 2009a). Moreover, 

plants have the unique capability of converting CO2 and water into biochemicals such as sugars, 

lignin, gums, resins, rubber, etc. (Naik et al., 2010). 

The use of natural resources in industrial technologies is not a new concept, however, it 

is becoming more and more important particularly due to the oil crisis in the 70’s and the 

increase in the concern regarding climate change. Consequently, the idea of using biomass for 

more than just food/feed has been intensified (Kamm et al., 2000). 

Full utilization of biomass has the potential of drastically reduce fossil fuels use, reduce 

greenhouse gases (GHG) emissions, and support development of agricultural sector (Langeveld 

et al., 2010). Nevertheless, development of efficient as well as cost-effective technologies for 

biomass processing and use remains a significant challenge. 

 

1.2. Bio-based economy and biorefinery 

The First Industrial Revolution, in the 18th century, stimulated the economy based on 

fossil fuels for the first time. The use of fossil fuels has greatly increased since then as well as 

the CO2 released in atmosphere (Zhang, 2008). Climate change has become a global concern 

and the large scale use of fossils fuels is thought to be a major factor driving global warming 

(NASA, 2013).  
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A number of nations have already recognised the need to mitigate climate changes and 

have developed ambitious targets for reducing GHG emissions. For instance, the United States 

Department of Energy Office aims to substitute 30% of gasoline with biofuels by 2030; the 

European Union has the goal to use biofuel in at least 10% of its transportation fleet by 2020 

(Viikari et al., 2012). The United Kingdom’s Government intend to decrease at least 80% the 

net UK carbon account compared to 1990 by 2050, which could decrease the use of fuel from 

fossil origins as well as reduce the UK dependence on energy source importation (Parliament 

of the United Kingdom, 2008). 

The shift from a petroleum based economy towards one supported by renewable 

resources is not only environmentally beneficial, but also it is believed to be a way of achieving 

a sustainable economy and energy independence (Ragauskas et al., 2006). Moreover, other 

potential benefits in a bio-based economy include minimization of waste through maximization 

of feedstock utilization, the reduction of industrial environmental impact, and technical 

development of agricultural sector (European Commission, 2011). On the other hand, potential 

risks of a bio-based economy expansion include the dilemma regarding food security and the 

over exploitation of natural resources and threats to biodiversity (European Commission, 2011). 

The increased interest in the path towards a bio-based economy along with the technical 

advance of agriculture, biotechnology and chemistry as well as changing in society itself is 

leading the exploration of an integrated approach capable of utilising the entire biomass in a 

way to compete with existent technologies (Kamm et al., 2000). In this way, the concept of 

biorefinery has gain attention as an approach that integrates a number of biomass conversion 

processes in order to generate power, fuels and chemicals (Demirbas, 2009b) and contribute 

significantly to a bio-based economy (Wang and Sun, 2010). 
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The term biorefinary is an analogy to the petroleum refinery, in which the raw material 

is fractionated into multiple components that are utilised in further processing to generate a 

wide range of products (Ragauskas et al., 2006, Wang and Sun, 2010). 

Biorefinery aims to utilise biomass in order to produce not only one product but several 

bio-based products from different biomass using distinct and/or combined processes (Menon 

and Rao, 2012). Furthermore, biorefinery can be seen as an integrated process that involves 

multiple steps to maximize the efficiency of all parts and minimize waste (Fitzpatrick et al., 

2010) as shown in the scheme of Figure 1-1. Some of the sustainable principles that a 

biorefinery should follow are: 1) use of environment-friendly processes, also known as ‘green’ 

technologies; 2) minimization of waste throughout the efficient use of the complete biomass; 

and 3) minimization of overall environmental impact, i.e, energy consumption and GHG 

emission (Gullón et al., 2012). Moreover, the success of a biorefinery relies on the development 

of new/improved separation processes in order to fractionate biomass into its primary 

components (Ragauskas et al., 2006). 

 

Figure 1-1 - Scheme of a lignocellulosic biorefinery. Source: modified from (Kamm et al., 2000). 

 

Bioethanol is one of the products that is driving the pursuit of a biorefinery approach 

mostly because of availability and instability of oil prices and also due to environmental issues 

(Huang et al., 2008). However, 2nd-generation bioethanol production still holds major technical 
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and economic issues which prevents its effective commercialization (Spatari et al., 2010). The 

effective production of biofuels from renewable sources is deemed as a starting point for a wide 

platform that could lead towards a bio-based economy (Ragauskas et al., 2006). 

 

1.3. Bioethanol 

Bioethanol is one of the most common liquid biofuels and it is mainly produced 

nowadays from crops such as corn and sugarcane (Food and Agriculture Organization of the 

United Nations, 2008).  Bioethanol is being recognized as a potential replacement of fossil fuels 

and presents several advantages compared to conventional fuels such as high octane number as 

well as low cetane number plus high heat of vaporization (Balat et al., 2008). Moreover, 

bioethanol can also be a precursor of a varied platform of chemicals including ethene, 

polyethylene and polyvinylacetate (Kamm and Kamm, 2004). 

“1st-generation” and “2nd-generation” bioethanol are popular definitions and differ from 

each other based on the feedstock used (Larson, 2008). 1st-generation bioethanol production 

usually uses high cost feedstock such as grains plants (corn) and sugar cane which are high 

starch and sucrose contents plants, respectively (Limayem and Ricke, 2012). Both starch and 

sucrose are easily hydrolysed into fermentable sugars by specific enzymes. Although the 

process is well-developed and globally commercialized, the process cost-effectiveness is still a 

drawback as ethanol prices are not competitive with conventional fuels without subsidies 

(Larson, 2008).  

2nd-generation bioethanol, also called cellulosic ethanol, is made from lignocellulosic 

biomass such as non-edible plants and agricultural residues. The concept of using 

lignocellulosic feedstocks to produce ethanol is very promising in many ways: the supply 

security, as a large variety of feedstock can be used; the minimization of food vs fuel debate 
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(Soccol et al., 2011); the use of perennial crops instead of annual crops; and a lower net GHG 

production and emission when compared to 1st-generation ethanol (Berndes et al., 2001). 

The simplified scheme of the 2nd-generation bioethanol process is shown in Figure 1-2. 

The process can be divided into 4 steps: pretreatment of the lignocellulosic biomass in order to 

enable access to the polysaccharides (hemicellulose and cellulose); hydrolysis of the 

polysaccharides into fermentable monosaccharides; use the monosaccharides as carbon source 

for alcoholic fermentation; and separate the bioethanol by distillation (Limayem and Ricke, 

2012). 

 

Figure 1-2 - Simplified scheme of 2nd-generation bioethanol production. 

 

Nevertheless, in contrast to the 1st-generation bioethanol, the 2nd-generation is not yet 

being produced commercially in any country (Escobar et al., 2009, Larson, 2008, Spatari et al., 

2010). There are, though, pilot plants already applying different processes using lignocellulosic 

material for bioethanol production and many more plants are being built around the world 

(Soccol et al., 2011). Iogen Corporation and Chemtex are two companies currently focused on 

development and testing of cellulosic ethanol processes. Companies such as the Danish Inbicon, 

the Brazilians Raizen and GranBio and the North American Poet already demonstrated 2nd-

generation ethanol in pilot and/or industrial scale. These companies use a variety of agricultural 

waste feedstock (sawdust, wheat straw) (Soccol et al., 2011), and they utilize similar process 

pathway: a pretreatment (with or without addition of an acid/base catalyst), an enzymatic 

hydrolysis of cellulose, followed by fermentation of glucose into ethanol (Spatari et al., 2010). 

However, the ethanol produced is still not cost-effective for commercialization (Spatari et al., 

2010). 
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The challenge to be overcome in 2nd-generation bioethanol is the development of an 

efficient economically competitive technology and, in this way, the concept of biorefinery can 

be applied (Kamm et al., 2000) as the potential of separating lignocellulosic biomass into its 

constituents could lead to a wide range of value-added products possibilities. Therefore, 

biorefinery is an interesting strategy for 2nd-generation bioethanol production as well as for 

waste management, power production and economic competitiveness (Hamelinck et al., 2005, 

Kamm and Kamm, 2004, Van Dyne et al., 1999). 

 

1.4. Lignocellulosic biomass 

Lignocellulosic biomass is an abundant natural material that contains 3 main 

components in its cell walls: cellulose (30-50% w/w), a homopolymer formed by glucoses; 

hemicellulose (20-40%), a heteropolymer formed by several sugars such as xylose, galactose, 

arabinose; and lignin (15-25%), a phenolic polymer (Cherubini, 2010, Menon and Rao, 2012). 

Lignocellulosic biomass composition also includes a small percentage of ash such as oxides 

and sulphur components (Lewandowski et al., 2000), and starch, proteins, pectin, aromatics, 

waxes, lipids and minerals (Pauly and Keegstra, 2008, Vassilev et al., 2012). Figure 1-3 shows 

a scheme of lignocellulosic biomass structure and main compounds.  

Figure 1-3 shows that cellulose present in plant cell walls is linked in parallel fibres by 

hydrogen bonds (Klemm et al., 2005). Moreover, cellulose, hemicellulose and lignin are 

intimately associated and bonded by several linkages such as ether, ester, hydrogen and carbon-

to-carbon bonds, which results in a complex cross-bonded matrix (Faulon et al., 1994).  

The cell wall configuration provides cell shape, ensures resistance to microorganism 

attack, presents some flexibility and allows the entrance of selectively permeable components 

essential for cell survival (Levy et al., 2002). Moreover, lignocellulosic biomass is 
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predominantly recalcitrant to chemical and biological attack due to several features such as: 1) 

the complexity of cell wall structure (Himmel et al., 2007), 2) the degree of cellulose 

crystallinity (Kumar et al., 2009), 3) the crossed-bonds among the components (Harmsen et al., 

2010), and 4) the amount of lignin (Himmel et al., 2007). 

 

Figure 1-3 - Scheme of cell wall disposition and some of the constituents in a typical lignocellulose biomass. Source: (Rubin, 

2008). 

 

1.4.1. Cellulose 

Cellulose was first discovered in 1838 and since then has achieved industrial importance 

and has been used in manufacturing processes for about 150 years (Klemm et al., 2005). 

Products such as thermoplastic polymer (made by cellulose nitrate) and Cellophane® have been 

produced since the beginning of 20th century (Simon et al., 1998). Cellulose is also an important 

material for textiles (cotton), furniture (wood), paper industry, and cellulose derivatives such 

hemicellulose 
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as cellulose ethers and esters are largely used in the pharmaceutical and food industry (Klemm 

et al., 2005, Olsson and Westman, 2013). 

Cellulose is a homogenous linear polymer composed by glucose monomers linked by 

-1,4-glycosidic bonds and have cellobiose (two glucose units) as its repeating unit (Moon et 

al., 2011). Cellulose degree of polymerization (DP) varies from 6000-16000 (Liu and Sun, 

2010), depending on the source of fibres (Arato et al., 2005).  

O´Sullivan (1997) described the seven polymorphs of cellulose that differ from each 

other by the location of hydrogen bonds outside and inside the strands: I, I, II, III1, III11, IV1 

and IV11. Cellulose I is the native and predominant form of cellulose while all the other types 

are synthetically produced from the native form (O'Sullivan, 1997). From the two native 

polymorphs, I is the most abundant form. The alpha and beta form of cellulose I differ from 

each other in spatial conformation and it confers them with different reactivity, with I being 

more reactive than I(Poletto et al., 2013). 

The cellulose polymer chain can be divided into three parts: 1) central glucose units, 

which are called anhydroglucose due to the loss of a molecule of water in the polymerization; 

2) non-reducing end unit, which is the right side terminal glucose in a chain and has an anomeric 

carbon linked in a glycosidic bond, reducing its reactivity; and 3) reducing-end unit, which is 

the left side terminal unit which is an anomeric carbon free to react (Olsson and Westman, 

2013). The scheme of the three glucose unit types is shown in Figure 1-4.  

The glycosidic linkages enables the formation of long chains and, added to the fact that 

there are hydrogen bonds linked by hydroxides (presented on both side of the monomers), 

cellulose presents parallel chains arranged together as it can be observed in Figure 1-5 (Harmsen 

et al., 2010).  
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Figure 1-4 - Scheme of cellulose linear polymeric chain. Source: (Olsson and Westman, 2013). 

 

Cellulose microfibril formation (shown in Figure 1-3) is the result of cross-linkage of 

hydroxyl groups between the planes (Liu and Sun, 2010). This complex and well organized 

structure confers cellulose compactness and strength (Carpita and Gibeaut, 1993). Moreover, 

although glucose units have three OH groups attached to its C-2, C-3 and C-6, which could 

provide a reasonable water affinity, due to strong intra- and intermolecular hydrogen bonds, 

cellulose assume a crystalline structure that makes it hard to solubilize in water or other 

common solvents (Sasaki et al., 2003a). 
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Figure 1-5 - Scheme of cellulose parallel structure of polymer chains. Source: modified from (Harmsen et al., 2010). 

 

Cellulose structure presents both highly ordered (crystalline) and less ordered 

(amorphous) fractions (Klemm et al., 2005). Some authors also define a cellulosic structure that 

has a degree of organization in between of crystalline and amorphous portions, named para-

crystalline (Foston and Ragauskas, 2012). The different structures present in cellulose have 
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different reactivity during hydrolysis and it is believed that amorphous structure is the most 

hydrolysable cellulose portion, followed by para-crystalline, cellulose I and, finally, cellulose 

I(Foston and Ragauskas, 2012). 

Cellulose crystallinity is considered to be one of the major reasons for lignocellulosic 

recalcitrance to hydrolysis (Kumar et al., 2009). However, although it is common sense that the 

amorphous fraction of cellulose is more easily hydrolysed (Menon and Rao, 2012, Moon et al., 

2011, Zhao et al., 2007), the real role of cellulose crystallinity is not well understood (Park et 

al., 2010, Zhao et al., 2012). Therefore, cellulose crystallinity and its relation with cellulose 

reactivity is currently an object of research (Klemm et al., 2005). These studies use analytical 

tools such as NMR, X-ray diffraction and FTIR to determine the degree of crystallinity of 

biomasses, often referred as crystallinity index (CI) (Park et al., 2010). 

 

1.4.2. Hemicellulose 

Contrary to cellulose, hemicellulose is a heterogeneous polymer composed by hexoses 

(mannose, galactose, glucose) and pentoses (xylose, arabinose) with varying amounts of side 

group substitutions. Both the composition and structure of hemicellulose varies depending on 

the source (Ebringerová, 2005). 

Hemicellulose structure is formed by a backbone in an equatorial conformation, linked 

by -1,4-glycosidic bonds as shown in Figure 1-6 (Scheller and Ulvskov, 2010). Hemicellulose 

DP varies between 80 and 200 (Ren and Sun, 2010). Hemicellulose is a branched structure in 

which the backbone have substituents that can include uronic, acetic and hydroxycinnamic 

(ferulic and p-coumaric) acids as well as 4-O-methyl ethers (Ren and Sun, 2010).  

Hemicellulose is usually divided in 4 types that differ in structure: xylans, mannans, 

xyloglucans and mixed-linkage -glucan and again is characteristic of a species (Ebringerová, 
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2005). The xylan type is the most abundant component of plants cell walls and it is present in 

20-30% of dicotyledonous and 50% of grasses (Scheller and Ulvskov, 2010).  

Within the lignocellulosic matrix, hemicellulose can be linked to both lignin, by -

benzyl ether linkages, and to cellulose, by hydrogen bonds (Ren and Sun, 2010). However, as 

a result of its highly branched structure as well as its non-crystalline structure and low DP, 

hemicellulose is more easily hydrolysed than cellulose (El Hage et al., 2010b, Palmqvist and 

Hahn-Hägerdal, 2000b). 
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Figure 1-6 - Example of hemicellulose structures containing substituents groups: L-arabino-D-xylan, D-glucurono-D-xylan, 

and (D-glucurono)-L-arabino-D-xylan. Source: modified from (Ebringerová, 2005) 

 

Hemicellulose can be used in the production of a variety of chemicals such as ethanol, 

acetone, butanol, xylitol, and furfural (Huang et al., 2008, Ren and Sun, 2010). More recently, 

xylo-oligosaccharides (XOS) have been attracting interest for their prebiotic properties that can 

be used in the production of high valuable products such as functional food beneficial to human 

and animal feed (Moure et al., 2006). 

 

1.4.3. Lignin 

Lignin is a 3-dimensional amorphous and highly branched aromatic polymer (Huber et 

al., 2006). Lignin is formed by the polymerization of three alcohol monomers: coniferyl, sinapyl 
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and coumaryl alcohol (Pandey and Kim, 2011) shown in Figure 1-7. Dehydrogenation of 

phenolic OH by plant enzymes generate free radicals that polymerises successively forming 

lignin polymer. The most abundant linkage in lignin structure is the -O-4-aryl ether bond 

(Pandey and Kim, 2011). Lignin monomers combine to form three types of lignin units:1) p-

hydroxyphenyl, formed by p-coumaryl alcohol, 2) guaicyl, formed by coniferyl alcohols, and 

3) syringyl, formed by sinapyl alcohols (Lu and Ralph, 2010). Lignin monomers and units are 

shown in Figure 1-7. 
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Figure 1-7 - Lignin monomers and units.Source: (Lu and Ralph, 2010). 

 

Other common groups present in lignin are free phenolic hydroxyl, methoxyl, benzyl 

alcohols, carbonyls, and aldehyde groups (Santos et al., 2013). Although complete lignin 

structure is still unclear and it is believed to vary according to the biomass source (Saake and 

Lehnen, 2000), a well-accepted lignin scheme is presented in Figure 1-8. 

Lignin is mainly produced as a residue of paper industry in the form of sulphur-content 

compounds, which limits its application (Saake and Lehnen, 2000). In biomass processing 

during 1st and 2nd-generation bioethanol, lignin is often underutilized and burned for power 

generation (Huber et al., 2006). However, sulphur-free lignin has the potential to be used in a 
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larger range of application such as asphalt, antioxidants, adhesives, coatings and chemicals such 

as vanillin, phenol and ethylene (Arato et al., 2005, Sannigrahi and Ragauskas, 2013). 
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Figure 1-8 - Scheme of lignin structure. Source: modified from (Thielemans et al., 2002). 

 

1.5. Miscanthus x giganteus 

Current worlds largest ethanol producers, USA and Brazil, use corn and sugar cane as 

feedstock, respectively. These feedstocks can account for up to 40% of production costs (Balat 

et al., 2008) and are also food crops. The need for low cost feedstocks has increased the attention 

for the possibility of moving away from high sucrose/starch plants used in 1st-generation 

bioethanol towards energy crops and agriculture wastes for 2nd-generation bioethanol 

(Fitzpatrick et al., 2010, Ragauskas et al., 2006). 

Miscanthus x giganteus (MxG) is a perennial energy crop currently being largely 

evaluated in the USA and Europe as a promising source of lignocellulosic feedstock (Le Ngoc 

Huyen et al., 2010). 

Miscanthus is originally from Asia and Pacific islands, and have at least 20 known 

species worldwide and it belongs to the same taxonomic group as well-known feedstocks for 

bioethanol process as maize (Z. mays) and sugar cane (Saccharum officinarum) (Chou, 2009). 

Miscanthus x giganteus is a genetic hybrid obtained from the combination of two Miscanthus 
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species, sacchariflorus and sinensis (Brosse et al., 2012, Chou, 2009). As a result of being a 

sterile hybrid, MxG needs to be propagated vegetatively (Lewandowski et al., 2000). 

In most plants such as wheat, barley and rice, the photosynthesis mechanism leads to 

C3-compounds, whereas some plants such as Miscanthus and sugar cane have what is referred 

to as C4 photosynthesis mechanism, which is more productive leading to an efficiency of the 

used of nitrogen, water and light (Rubin, 2008). Moreover, MxG rhizome system is a nutrients 

reserve for the annual formation of new shoots (Le Ngoc Huyen et al., 2010). In addition, while 

annual crops such as corn and sugar cane demand high cost for their maintenance, perennial 

crops are significantly less expensive (Fitzpatrick et al., 2010).  

MxG productivity is higher than most of the similar plants, achieving 30tons per hectare 

of dry matter when it is irrigated and 20-25tons without irrigation (El Hage et al., 2009), while 

crops such as willow and poplar achieve 10-12tons per hectare per year (Lewandowski and 

Heinz, 2003). Moreover, MxG has demonstrated high capacity of carbon dioxide fixation (Yuan 

et al., 2008). 

Although C4 plants have low tolerance to cold climate (Rubin, 2008), MxG was found 

to be significant tolerant to temperatures as low as 14oC with no negative effect in 

photosynthesis (Naidu et al., 2003). Furthermore, artificial freezing tests with MxG showed 

evidence of cold resistance in temperatures as low as -3.4oC, which is an unique resistance for 

a lignocelluloses biomass (Clifton-Brown and Lewandowski, 2000). 

Studies suggested that MxG crop could be viable for long periods of 15-20years 

(Clifton-Brown et al., 2007) particularly due to its rhizome system (Lewandowski and Heinz, 

2003). Moreover, MxG also presents advantages in terms of reduced nitrogen inputs (Beale et 

al., 1996) and pesticide use is required only in the first year of cultivation for control of weeds 

(Lewandowski and Heinz, 2003). 
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In summary, MxG was chosen as an interesting lignocellulosic biomass with potential 

to be feedstock for ethanol production in this research work due its potential for high yields, 

low cost, and adaptability to low-quality land (Hamelinck et al., 2005). 

 

1.6. Biomass processing - Pretreatment 

The use of unprocessed lignoellulosic biomass for bioethanol production is not feasible 

due to its recalcitrant structure to chemical/biological attack. Therefore, the use of biomass 

processing, commonly called pretreatment, is usually a requirement in order to access cellulose 

and/or extract other biomass components (Sun and Cheng, 2002). 

Although there have been significant improvements in biomass processing recently, 2nd-

generation bioethanol production is still not cost-effective mainly due to high cost and/or low 

efficiency of pretreatment and hydrolysis steps (Mosier et al., 2005a). 

Important features to consider in a pretreatment include: 1) cost and feasibility at large 

scale; 2) efficiency of cellulose, lignin and hemicellulose recovery and/or accessibility as well 

as decrease of these compounds degradation; 3) prevention of fermentation inhibitors 

formation; 4) applicability to a wide range of feedstock; and 5) environmental impact (Agbor 

et al., 2011, Kumar et al., 2009, Sun and Cheng, 2002). Pretreatments are often divided into 

categories: physical, chemical/physicochemical and biological and are often used in 

combination (Chandra et al., 2007). 

 

1.6.1. Physical 

Physical particle size reduction such as milling, grinding or chipping is often necessary 

prior to chemical pretreatment (Agbor et al., 2011). These treatments are aimed to increase 

biomass surface area as well as decrease DP of cellulose (Agbor et al., 2011). Moreover, 
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extensive particle size reduction is also thought to reduce cellulose crystallinity at some extent 

(Sun and Cheng, 2002). 

The extent of particle size decrease require careful evaluation as the generation of small 

particle sizes demands high-energy use (Sun and Cheng, 2002). Moreover, below a certain 

particle size, that depends on feedstock source, particle size is thought not to be of extreme 

significance in hydrolysis (Agbor et al., 2011). 

 

1.6.2. Biological 

Biological treatments are less common, however, some fungi species such as brown, 

white and soft-rot fungi can degrade lignin and hemicellulose, making cellulose accessible to 

hydrolysis (Kumar et al., 2009). Although the environmental impact of biological treatments 

are minimal and the mild conditions needed require low energy inputs, the reactions are usually 

extremely slow (Menon and Rao, 2012). Moreover, biological treatments are rarely used for 

biomass processing mostly because the difficulties of scaling it up for industrial applications 

(Agbor et al., 2011).  

 

1.6.3. Chemical/physicochemical 

Chemical/physicochemical treatments include the use of acids, alkali, organic solvents, 

water and ionic liquids (Agbor et al., 2011). Some of the most common 

chemical/physicochemical are described below. 

1.6.3.1. Steam explosion 

Steam explosion is one of the most common pretreatments used at large-scale. Two of 

most important technologies for 2nd-generation ethanol currently being demonstrated, Proesa 
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and Iogen technologies, use steam explosion pretreatment to increase cellulose digestibility 

(Damaso et al., 2014). 

Steam explosion treats biomass with high-pressure steam, which then is suddenly 

depressurized (Kumar et al., 2009). Temperatures and pressures are usually in the range 160-

260oC and 0.7-4.8 MPa, with residence times varying from seconds to few minutes (Sun and 

Cheng, 2002). 

Although this treatment efficiently increases cellulose accessibility, recovery of lignin 

is ineffective and it is difficult to control formation of inhibitors (Agbor et al., 2011). 

 

1.6.3.2. Ammonia fibres explosion (AFEX) 

AFEX is a similar treatment to steam explosion, in which fibres are exposed to liquid 

ammonia at high pressures and then the system is rapidly depressurised (Kumar et al., 2009). 

Typical parameters used in this treatment are 1-2kg/kg biomass, temperatures from ambient to 

190oC and residence times ranging from hours to few days (Agbor et al., 2011). Contrarily to 

steam explosion, AFEX is not efficient solubilizing hemicellulose fraction (Kumar et al., 2009). 

Although AFEX potentially decreases the formation of fermentation inhibitors, the cost and 

environmental impact of the ammonia use is a significant drawback of this treatment (Sun and 

Cheng, 2002). Moreover, this treatment is not suitable for high lignin contents biomass (>25%) 

(Kumar et al., 2009). 

 

1.6.3.3. Acid and alkali treatments 

Concentrated mineral acids such as H2SO4 and HCl were largely evaluated for 

improving cellulosic enzymatic hydrolysis by hydrolysing hemicellulose and cellulose even at 

room temperatures through the cleavage of -glycosidic linkages (Wyman et al., 2004). 



Chapter 1 – Literature Review 

 

18 

 

However, due to mineral acids high toxicity, corrosion issues and waste management, they are 

becoming less common for lignocellulosic biomass pretreatment (Kumar et al., 2009). 

Diluted acids (usually >1%), on the other hand, are still largely used as pretreatments 

(Hendriks and Zeeman, 2009). In this case, higher temperatures (130-230oC) are usually applied 

in order to facilitate the hydrolysis (Menon and Rao, 2012). Although diluted acids pretreatment 

is highly efficient in hydrolysing polysaccharides, it is challenging to control the reactions in 

order to decrease the further decomposition of released monosaccharides (Chiaramonti et al., 

2012).  Moreover, although in less extent, this treatment also have the disadvantages 

encountered by concentrate acid treatments, inherent to the use of toxic/corrosive compounds. 

Alkali compounds such as sodium hydroxide and calcium hydroxide (lime) are also the 

object of study of lignocellulosic treatments. Alkali substances disrupt ester and glycosidic 

linkages (Menon and Rao, 2012), partially removing lignin and solubilizing hemicellulose, 

which improve cellulose accessibility (Yang and Wyman, 2008).  

Compared to acid treatment, alkali treatments have advantages such as less sugar 

degradation and easier reagent regeneration/reuse (Kumar et al., 2009). On the other hand, 

alkali treatments are much slower than acid treatment and require longer residence times, 

usually on the order of few hours to a day (Chiaramonti et al., 2012). 

A significant disadvantage of both acid and alkali treatments is the need for a 

neutralization step prior to cellulose enzymatic hydrolysis and/or fermentation (Menon and 

Rao, 2012).  

 

1.6.3.4. Ionic liquids 

Ionic liquids are salts that are liquid at ambient temperatures (Yinghuai et al., 2013) 

such as 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) and 1-butyl-3-methylimidazolium 
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bis(trifluoromethylsulfonyl)imide ([BMIM]NTf2) (Liu et al., 2012). In general, ionic liquids 

are formed by organic cations and organic/inorganic anions (Liu et al., 2012) that can bind to 

the lignocellulosic components and dissolve both carbohydrates and lignin with very little 

inhibitors formation (Yang and Wyman, 2008). 

Ionic liquids are considered ‘green’ solvents and are non-flammable, non-volatile and 

can be recycled (Yang and Wyman, 2008). Moreover, treatments using ionic liquids require 

low energy, mild operation conditions and have low environmental impact (Menon and Rao, 

2012). 

The major drawback of this treatment is the difficult to recover solubilized biomass 

fractions (Xu et al., 2012). Moreover, the high cost of ionic liquids and the current lack of 

information about toxicity and suitability in large scale are disadvantages of this technology 

(Menon and Rao, 2012, Yinghuai et al., 2013). 

 

1.6.4. Biomass fractionation 

The cost of 2nd-generation bioethanol production is a limiting-factor affecting its 

commercialization. Therefore, a promising way of increasing the cost-effectiveness of the 

overall process is believed to be the co-production of valuable products from the lignocellulosic 

fractions (Demirbas, 2009a).  

Selective biomass fractionation is a key point in order to generate purified streams that 

could be used for further processing in a biorefinery approach, resulting in significant increase 

in the 2nd-generation bioethanol overall value (Gullón et al., 2012). 

Although some of the pretreatments previously presented are efficient techniques to 

obtain sugars from the lignocellulosic matrix, they do not allow the effective fractionation of 

biomass components and/or have a negative environmental impact. Therefore, two processes 
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that present the possibility of biomass fractionation considered promising technologies, 

particular in pursuit of a bioerefinery approach are subcritical water and the organosolv method.  

 

1.6.4.1. Subcritical water 

Subcritical water (SBW) treatment, also called hot compressed water, autohydrolysis or 

hydrothermal process, is water held under pressure so it can remain in the liquid phase under 

high temperatures (Kumar et al., 2009, Ruiz et al., 2013). The use of SBW for biomass treatment 

is gaining attention as a ‘green’ solvent that does not require additional catalyst, neutralization 

step or corrosion-resistant reactors (Rogalinski et al., 2008, Taherzadeh and Karimi, 2008).  

SBW hydrolysis is used as a pretreatment mainly to remove hemicellulose and biomass 

extractives (starch, pectin) in order to make cellulose more accessible (Gullón et al., 2012). 

Reported hemicellulose recovery can be as high as 84% depending on biomass source and 

treatment conditions applied (Yu et al., 2012). Moreover, depending on the conditions used, 

some of low molecular fraction of lignin might also be solubilized during SBW treatment 

(Hendriks and Zeeman, 2009). 

Hemicellulose solubilisation under SBW conditions is performed at temperatures in the 

range from 160-220oC (Gullón et al., 2012). Under SBW conditions, the high availability of H+ 

due to water auto-ionization (Bröll et al., 1999) plus the in-situ generation of ions (acetic, uronic 

and/or phenolic acids) formed from groups present in hemicellulose structure, catalyses the 

hydrolysis reaction in a mechanism called autohydrolysis (Garrote et al., 1999). The 

solubilisation of hemicellulose makes cellulose more accessible to acid/enzymatic attack 

(Hendriks and Zeeman, 2009). 

Yu et al. (2012) used SBW treatment prior to enzymatic hydrolysis for two biomasses: 

sweet sorghum bagasse and eucalyptus wood chips. The two biomasses were treated at 184oC 
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with residence times from 8-18min. Hemicellulose recovery was dependent on biomass and 

reactor configuration and ranged from 56-84%. Moreover, they suggested that the best reactor 

configuration was dependent on biomass source as flow-type reactors are likely to work better 

for low lignin content biomasses; whereas batch reactors are more efficient for biomasses 

containing high lignin amounts as well as highly crystalline cellulose as they require harsher 

conditions to be hydrolysed (Yu et al., 2012). 

The removal of biomass extracts prior to hemicellulose hydrolysis could also be 

interesting. It can easily be achieved using SBW temperatures lower than required for 

hemicellulose hydrolysis (>140oC). As there is no clear market for biomass extractives, it is 

still in question if extractive removal is worth the additional step required for it (Gullón et al., 

2012). However, the removal of extractives prior to hemicellulose extraction generates a more 

purified hemicellulose fraction, which could be interesting if the application of this fraction 

requires high purity. Therefore, extractives removal should be considered in a biorefinery 

approach. 

The major challenge of SBW treatment is to prevent the decomposition of released 

sugars into fermentation inhibitors, such as 5-hydroxymethylfurfural (HMF), furfural and 

organic acids (acetic, formic) (Mosier et al., 2005a), which decreases sugar recovery and 

difficult fermentation. 

 

1.6.4.2. Organosolv method 

The method described as Organosolv combines water, organic solvents and acid 

catalysts under high temperatures for hemicellulose and lignin solubilisation. Several kinds of 

organic solvents can be applied in organosolv method such as the short chains aliphatic alcohols 

(methanol and ethanol) and other alcohols (ethylene glycol and glycerol), and also other classes 
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or organics have been reported such as ethers and ketones (Zhao et al., 2009a). Ethanol is widely 

used as the organic solvent due to advantages such as low cost, low toxicity, miscibility in water 

and it is considered an environment-friendly solvent (Zhao et al., 2009a). Moreover, the 

possibility of recovering ethanol is essential to decrease the processing cost and it has been 

reported that ethanol can be recovered from organosolv liquor in percentages as high as 98% 

(Botello et al., 1999). 

The addition of an acid catalyst often improves the efficiency of organosolv methods. 

H2SO4 and HCl are commonly employed to increase delignification (lignin extraction) 

percentage (Brosse et al., 2009). However, the use of acids leads to disadvantages such as the 

need for a neutralisation step afterwards, corrosion and the need for waste treatments (van 

Walsum, 2001). Moreover, although the use of mineral acid increases delignification, it also 

degrades lignin structure, which decreases its potential for high valuable applications 

(Sannigrahi and Ragauskas, 2013).  

In a biorefinery perspective, the use of mineral acid should be avoided due to the 

environment impact. The replacement of acid by carbon dioxide has been investigated to 

increase system acidity without the drawbacks resulting from the use of mineral acids (Kim and 

Hong, 2001). Under pressure, CO2 generates carbonic acid that acts as a catalyst for hydrolysis. 

The partial pressure of CO2 in water determines the system pH, nevertheless, the system is 

neutralised once pressure is released (van Walsum and Shi, 2004). Advantages of the use of 

carbon dioxide when compared to mineral or organic acid include non-toxicity, low cost and 

low environmental impact (Kim and Hong, 2001). 

The effect of each component of water/ethanol/CO2 mixture in the organosolv treatment 

of corn stover was studied by Lü et al. (2013). They reported that the effect of carbonic acid 

generated by water and CO2 increased both hemicellulose hydrolysis and cleavage of hydrogen 
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bonds between lignin, cellulose and hemicellulose. However, the formation of a black solid 

fraction suggested that water-CO2 did not solubilise lignin fragments. Therefore, ethanol 

addition to the mixture was essential for lignin solubilisation as well as to increase treatment 

efficiency (Lü et al., 2013). 

Ingram et al. (2011) compared SBW and organosol treatments in order to produce 

accessible cellulosic fibres from rye straw.  In the SBW treatment, they used a fixed-bed reactor 

at 200oC, 50bar and 10min of residence time. For the organosolv treatment, they used the same 

reactor at 167oC and 35bar for 35min using a water and ethanol (1:1) solution and 0.5N H2SO4 

as catalyst. Cellulose fibres obtained from these two treatments were hydrolysed by enzymes 

and reported that both pretreatments could achieve high glucose yields (Ingram et al., 2011). 

However, each process only allows the recovery of one major lignocellulosic component: SBW 

was efficient for hemicellulose recovery, whereas organosolv recovered lignin fraction. 

The combination of SBW hydrolysis for hemicellulose recovery followed by organosolv 

method for lignin recovery have also been investigated. Huijgen et al. (2012) used SBW 

followed by organosolv method to treat wheat straw. They performed SBW treatment using 

H2SO4 as catalyst in a batch reactor and temperatures from 160-190oC with residence times 

from 30-120min. The organosol method was performed in the same reactor at 190-220oC for 

60min using water:ethanol (6:4 v/v) solution. The enriched-cellulose fibres obtained after this 

sequential treatment were then enzymatically converted into glucose (Huijgen et al., 2012). 

 

1.7. Cellulose hydrolysis into glucose 

The most common microorganisms used in fermentation for bioethanol production are 

not capable of metabolising oligosaccharides (Carvalheiro et al., 2008). Therefore, after 

cellulose is purified, there is the need to hydrolyse cellulose fibres into its monomers, glucose.     
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Hydrolysis is a common reaction in biochemistry in which water reacts to break linkages 

as those found in polymers, nucleic acids, etc. (Nelson and Cox, 2004). Lignocellulosic biomass 

hydrolysis is usually performed after an adequate pretreatment, which increases significantly 

hydrolysis efficiency (Hamelinck et al., 2005).  

The conversion of cellulose into glucose can be catalysed by acid or enzymes and the 

most common and studied processes are enzymatic hydrolysis and acid (concentrated or 

diluted) hydrolysis (Kumar et al., 2009). More recently, subcritical water hydrolysis has been 

gaining attention as an alternative process (Yu et al., 2007). 

 

1.7.1.1. Enzymatic hydrolysis 

Enzymatic hydrolysis is the most common process to convert cellulose into glucose 

(Van Dyk and Pletschke, 2012). During enzymatic hydrolysis, the enzymes act as catalyst in 

the hydrolysis process and they are very specific, which leads to high efficiency and no 

generation of degradation products from glucose. Moreover, due to moderate operating 

conditions, the utility costs in this process are usually low (Duff and Murray, 1996). 

The enzyme used in this process, cellulase, is a mixture formed by three enzyme types:  

endoglucanase, which breaks -1,4-glycosidic linkages randomly; exoglucanase, which acts in 

the termini -1,4-glycosidic linkages liberating cellobiose or glucose; and -D-glucosidase 

which breaks -1,4-glycosidic of small oligosaccharides (cellobiose, cellotriose) (Wyman et 

al., 2004). These enzymes can be obtained from fungi (Orpinomyces sp., Piromyces sp.) or 

bacteria sources (Thermobifida fusca) (Wyman et al., 2004). Under optimal conditions, 

enzymatic hydrolysis was reported to yield up to 95% of glucose (Hamelinck et al., 2005). 

The cost of the enzymes used to be a significant drawback for large-scale process. 

However, with the recent increase in the interest of a cost-effective cellulosic bioethanol 
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process, significant progress has been achieved in terms of both efficiency and cost of enzymes 

(Maris et al., 2006). Moreover, the two already mentioned large-scaled existent technologies, 

Proesa and Iogen, use enzymatic hydrolysis for cellulose conversion into glucose (Damaso et 

al., 2014).  

Challenges faced during enzymatic hydrolysis process are the high sensitivity of 

enzymes to pH and temperatures, thus, control of these parameters is mandatory in order to 

obtain high efficiency and prevent enzyme damage (Van Dyk and Pletschke, 2012). Moreover, 

enzyme efficiency can be severely compromised by inhibitory substances generated during 

previous pretreatments such as organic acids and furans (Van Dyk and Pletschke, 2012) and 

products of enzymatic hydrolysis such as glucose and cellobiose have also an inhibitory effect 

in the enzymes (García-Aparicio et al., 2006). Finally, although the process is usually 

performed in mild conditions such as pH 5 and 45-50oC, it takes a long period, usually in the 

range of hours to few days (Yu et al., 2007). 

 

1.7.1.2. Acid hydrolysis 

Acid hydrolysis is largely used in lignocellulosic biomass pretreatment in order to make 

cellulose more accessible. Nevertheless, it can also be used to hydrolyse cellulose into glucose.  

During acid hydrolysis, the addition of H+ acts as catalyst in the cleavage of glycosidic 

bonds. In general, 50-60% sugars yield can be obtained using dilute acid hydrolysis at  

temperatures about 220oC (Wyman et al., 2004) and yields as high as 90% have been reported 

using concentrated acid (30-70%) at mild temperatures (40oC) (Hamelinck et al., 2005). 

Furthermore, this method is effective in a wide range of different feedstocks, particularly 

residues such as municipal waste that presents large variability in the composition (Harmsen et 

al., 2010). 
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The advantages of acid hydrolysis, compared to enzymatic process, is the faster rate and 

non-requirement for a previous treatment (Lenihan et al., 2010). However, due to the drawbacks 

(mentioned in acid pretreatments), large scale acid hydrolysis has not been evaluated.  

 

1.7.1.3. Subcritical water (SBW) hydrolysis 

Subcritical water is referred to water at high temperatures and under sufficiently 

pressure to maintain a liquid state, however, below the critical point (Tc=374oC, Pc=22.1MPa) 

(Kruse and Dinjus, 2007). 

SBW water is commonly investigated as an environment-friendly pretreatment in which 

hemicellulose is removed. Moreover, the common approach after the SBW treatment is to 

submit the solid fraction, composed of cellulose and lignin, to enzymatic hydrolysis for glucose 

production (Ingram et al., 2011). Nevertheless, at increased temperatures, SBW can also 

hydrolyse the cellulose fraction into glucose.  

Water properties such as dielectric constant (), density and ionic product (Kw) change 

according to temperature and pressure. Figure 1-9 shows these water properties changing 

according to the temperature.  

 

 Figure 1-9 - Water properties. Source:(Peterson et al., 2008). 
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An increase in temperature causes an increase in Kw due to auto-ionization, which 

creates hydronium ions (H3O
+), depending on water temperature and pressure conditions (Ruiz 

et al., 2013). This leads to increase in autohydrolysis as the produced H3O
+ ions catalyse 

hydrolysis of bonds in a similar way as diluted acid hydrolysis, by attacking glycosidic linkages 

in both cellulose and hemicellulose and also acetyl groups in hemicellulose (Carvalheiro et al., 

2008).  

The dielectric constant is a property of solvents relateing the electrical fields around 

particles and it affects reactions and equilibrium rates (Mohsen-Nia et al., 2010). The decrease 

in due to the increase in temperature is related to the degree of hydrogen bonds (Kruse and 

Dinjus, 2007). The decrease of bothand densitychange water properties as a solvent, 

improving solubility of non-polar substances (Bröll et al., 1999).  

There have been many studies of SBW hydrolysis of pure cellulose (Abdullah et al., 

2014, Kumar and Gupta, 2008). On the other hand, there are only few studies using SBW for 

hydrolysis of the complex lignocellulosic biomass. Cheng et al. (2008) used SBW to hydrolyse 

switchgrass in a batch reactor at temperatures from 250-350oC and residence times from 0-

5min. (Cheng et al., 2009). Prado et al. (2013) hydrolysed sugarcane bagasse using SBW at 

temperatures from 213-290oC in a flow reactor with flow rates ranging between 11-55mL/min 

(Prado et al., 2014). Nevertheless, these studies focus on cellulose hydrolysis, not in the 

recovery of hemicellulose and lignin, which results in degradation of theses fractions. 

There are also studies using supercritical water for biomass hydrolysis (Lü and Saka, 

2010, Zhao et al., 2009c), however, at these harsh conditions, corrosion problems are more 

significant and equipment costs are considerably higher (Bröll et al., 1999).  
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Comparing SBW hydrolysis with acid and enzymatic hydrolysis, SBW is non-toxic 

reagent, has a much faster reaction rate and also it is not inhibited by intermediate and end-

products formed during the hydrolysis (Zhao et al., 2009c). On the other hand, monosaccharides 

yield achieved by SBW from lignocellulosic biomass is low when compared to acid and 

enzymatic hydrolysis (Yu et al., 2007). Moreover, one of the key factors of SBW hydrolysis is 

the balance between the severity needed for cellulose hydrolysis and the formation of 

fermentation inhibitors generated to great extents at harsh conditions (Rogalinski et al., 2008). 

 

1.8. Glucose Fermentation for bioethanol production 

Glucose can be anaerobically metabolised by microorganism such as yeast and fungi to 

produce ethanol (and energy) (Nelson and Cox, 2004). A simplified scheme of ethanol 

production by fermentation is shown in Figure 1-10. 

 

Figure 1-10 - Simplified scheme of ethanol production in anaerobic conditions. Source: modified from (Nelson and Cox, 

2004). 

 

Fermentation of glucose obtained by cellulose fibres, i.e., 2nd-generation process, is in 

theory similar to the well-established fermentation of sucrose (sugarcane) and starch (corn) (Lin 

and Tanaka, 2006). However, in practice fermentation of glucose produced from lignocellulose 

is more challenging due to the presence of non-fermentable compounds such as C-5 sugars 

(xylose), lignin and inhibitors, and also due to low glucose concentrations (Wang and Sun, 

2010).  
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It is well established that inhibitors of fermentation are formed during 

pretreatments/hydrolysis and comprised of three main groups: weak acids (acetic, formic), 

furan derivatives (furfural, HMF) and phenolic compounds (Palmqvist and Hahn-Hägerdal, 

2000a). The anion of weak acids can diffuse in organism membrane, which results in a decrease 

of intracellular pH (Palmqvist and Hahn-Hägerdal, 2000b). Furan compounds are believed to 

inhibit essential metabolic enzymes (Taherzadeh and Karimi, 2011), while phenolic inhibitors 

has been related to loss of cells membrane integrity (Palmqvist and Hahn-Hägerdal, 2000a). 

Moreover, the synergetic effect of the presence of several inhibitors is reported to be higher 

than the effect of each of these compounds separately (Palmqvist and Hahn-Hägerdal, 2000a). 

In addition, high glucose and ethanol concentrations can also inhibit microorganism growth and 

ethanol production (Taherzadeh and Karimi, 2011). 

Although there are many microorganism capable of producing ethanol, Saccharomyces 

cerevisiae is well-established organism and is widely used in laboratory research (Ostergaard 

et al., 2000). Moreover, some S. cerevisiae strains have demonstrated significant tolerance to 

some inhibitors such as HMF (Rosatella et al., 2011). 

In the case that cellulose hydrolysis is performed enzymatically, fermentation can be 

performed simultaneously in a process known as Simultaneous Saccharification and 

Fermentation (SSF). SSF has some advantages such as preventing glucose inhibition due its 

rapid consume by the microorganism and the use of a single step for two processes (Wang and 

Sun, 2010). However, the conditions required to run both processes at the same time are not 

optimal for either of them (Wyman, 1996). 

The use of SBW for cellulose hydrolysis makes it unfeasible to perform SSF, thus a 

separate hydrolysis and fermentation (SHF) process can be conducted. Moreover, to date the 

fermentation of glucose obtained by SBW hydrolysis of MxG has not been reported. 
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1.9. Aims and objectives 

The aim of this project was to evaluate the utility of subcritical water as a ‘green solvent’ 

with and without modifiers, to support an environment-friendly process of: (a) cellulose 

purification from lignocellulosic biomass; (b) conversion of cellulose into glucose; and (c) 

bioethanol production via glucose fermentation. 

A biorefinery approach was applied to fractionate Miscanthus x giganteus into its main 

components by extraction of hemicellulose in SBW followed by lignin extraction using 

organosolv method. Subsequently, cellulose-enriched fibres were hydrolysed using SBW to 

obtain glucose, which was then used for bioethanol production by fermentation using S. 

cerevisiae. 

In order to achieve the project aim, this work was divided into the following specific 

objectives: 

 Promote hemicellulose and lignin extractions from MxG using SBW and organosolv 

methods evaluating direct extraction and sequential extractions in a biorefinery 

approach (Chapter 3); 

 Investigate physicochemical modification on enriched-cellulose fibres after biomass 

processing to understand the relation between cellulose structure and cellulose 

hydrolysis (Chapter 3); 

 Develop an understanding of SBW mediated hydrolysis of cellulose-enriched fibres for 

glucose production (Chapter 4) and; 

 Evaluate the efficacy of glucose obtained from cellulose by SBW hydrolysis on 

bioethanol production by fermentation. (Chapter 5) 

 



Chapter 2 – Materials and methods 

31 

 

         

MATERIALS AND METHODS  

 

2.1. Introduction 

This section describes the material, procedures and equipment used throughout this 

research project for characterization and quantification analysis. 

 

2.2. Feedstock 

Feedstock used in this work was Miscanthus x giganteus (MxG), kindly provided by 

Phytatec Ldt (UK). Miscanthus was cultivated in Aberystwyth (Wales), harvested in 2013 and 

air-dried. The biomass was kept in a dry black bag inside a closed box during all the work. 

Table 2-1 shows MxG composition (lignin, hemicellulose, cellulose and extractives) in 

percentage of dry weight.  

Table 2-1 - MxG composition. 

 

Lignin was quantified by Klason Lignin procedure; hemicellulose was determined by 

High Performance Anion Exchange Chromatograph (HPAEC); extractives were quantified 

Component
%            

(dry weight)

Lignin (Klason) 22.6

Xylan 17.1

Arabinan 1.0

Galactan 0.2

Hemicellulose (xylan+arabinan+galactan) 18.3

Extractives 11.0

Cellulose (estimative by difference) 48.1
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according to the National Renewable Energy Laboratory (NREL) procedure for determination 

of extractives in biomass (Sluiter et al., 2005); and cellulose was estimated by difference. The 

methods used for the quantitative analysis of components are described in detail throughout this 

chapter. 

 

2.3. Klason lignin method 

2.3.1. Background 

There are a number of methods used to quantify lignin such as non-invasive methods 

for instance infrared spectroscopy (IR) and nuclear magnetic resonance (NMR) and chemical 

modification such as lignin solubilisation by thioglycolic acid or acetyl bromide. Nevertheless, 

the most common used are gravimetric methods such as Klason lignin and detergent insoluble 

lignin (Hatfield and Fukushima, 2005, Tuomela et al., 2000).  

The non-invasive methods do not require an extensive sample preparation, however, the 

overlapping of peaks due to other compounds and the lack of a proper standard make these 

methods more appropriate for qualitative than quantitative analyses (Hatfield and Fukushima, 

2005). Thioglycolic acid and acetyl bromide are used to solubilise the lignin from cell walls. 

Thioglycolic acid reacts with benzyl alcohol while acetyl reacts with unsubstituted OH, both 

making lignin soluble. Solution containing soluble lignin is then quantified by absorbance 

changes (Hatfield and Fukushima, 2005). Although these methods can have less interference 

from other compounds present in lignocellulose matrix, complete lignin solubilisation and lack 

of standard make these method less reliable (Dence, 1992). 

Klason lignin method consists in acid hydrolyse biomass carbohydrates (hemicellulose 

and cellulose) in two steps (72% acid at mild temperature (30oC); then 4% acid at boiling 
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temperature) and weigh the acid insoluble lignin (AIL) which remains in solid phase (Sluiter et 

al., 2008). 

Acid detergent lignin (ADL) can be quantified by a detergent method that uses a similar 

principle as Klason, the difference being the order in which higher temperature and acid 

concentration are applied (Hatfield et al., 1994). In the procedure to quantify ADL, first reported 

by Van Soest and Wine (1967), low concentrated acid (4%) is mixed with a detergent solution 

at high temperatures to hydrolyse mostly hemicellulose. Then, the solid left (cellulose+lignin) 

is hydrolysed in concentrated acid (72%) detergent solution at mild temperatures (25-30oC) 

(Van Soest and Wine, 1967). After both hemicellulose and cellulose are removed in the 1st- and 

2nd-step, respectively, remaining solid lignin can be weighed. However, it has been suggested 

that ADL procedure underestimates lignin quantity significantly, particularly for grasses, due 

to lignin solubilisation (Kondo et al., 1987, Lowry et al., 1994). Therefore, Klason lignin was 

chosen as analytical method for quantification of lignin in Miscanthus. 

Prior to Klason procedure, biomass needs to be ground and biomass extractives needs 

to be removed. These procedures are detailed below. 

 

2.3.2. Grinding biomass using liquid nitrogen 

MxG was ground using liquid nitrogen in order to obtain a small particle size 

(<1.4mm) needed for Klason analysis. 5g of MxG was weighed and placed in a blender 

(Philips, 400W, 1.5L). Liquid nitrogen was added until biomass was completely covered and 

frozen. Frozen biomass was then ground for 15s. 

Ground MxG was passed through a 1.4mm sieve and portion retained in 1.4mm 

sieves (d>1.4mm) was ground again and placed once more in the sieves. This step was 

repeated three times in total. 
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2.3.3. Removal of extractives 

Biomass extractives, composed mostly by non-structural carbohydrates (starch), 

proteins and waxes (Hatfield and Fukushima, 2005), are important interfering in Klason lignin 

method, therefore they need to be removed prior the procedure. Solvents used for extraction 

were water followed by ethanol, according to the National Renewable Energy Laboratory 

(NREL) procedure for determination of extractives in biomass (Sluiter et al., 2005). 

 

2.3.3.1. Material 

Cellulose thimbles (Whatman®, 26×60mm, thickness 1.5mm) were used for the 

extraction. Extraction solvents were HPLC grade water (Sigma) followed by ethanol absolute 

(Fisher Scientific). The Soxhlet apparatus was composed by a heating mantle, a glass extractor, 

a glass condenser and a 250mL glass flask.  

2.3.3.2. Method 

The thimble was weighed (E1) and used for extraction of about 6g of nitrogen ground 

MxG. Thimble+MxG were weighed (E2) and thimble was closed by folding its top to avoid 

MxG to spread once submersed in the solvent. 

Thimble was then placed into a Soxhlet apparatus and HPLC grade water was added 

until the thimble was completely submersed. Soxhlet extraction works by boiling the solvent, 

which accumulates in the extractor and extracts the soluble components from the biomass; when 

the extractor is full of solvent, a siphon empties the extractor, returning the solvent to the flask 

to boil again. The cycle is then repeated. Water extraction was carried for two consecutive days 

during 8h per day. 
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Water containing the extractives was removed from the apparatus and replaced by 

ethanol. Ethanol extraction was also carried for two consecutive days during 8h per day. The 

objective of this step was to remove extractives, therefore, volume of water and ethanol were 

not measured. Instead, solvents were added until the thimble was completely submersed. 

At the end of ethanol extraction, the thimble containing the extractives-free Miscanthus 

was removed from the Soxhlet apparatus and then dried at 65oC for 48h and weighed (E3). 

Extractives percentage was calculated as shown in Equation 2-1: 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠 (%) =
𝐸3 − 𝐸1
𝐸2 − 𝐸1

 Equation 2-1 

  

2.3.4. Lignin determination by Klason method 

2.3.4.1. Method 

Klason lignin was quantified in this work using a standard procedure adapted from the 

NREL for lignin quantification in biomass (Sluiter et al., 2008).  

Glass filtering crucibles (Pyrex, Gooch borosilicate, porosity grade 4, 30mL) were 

placed in a muffle furnace at 575oC for four hours for drying and cleaning organic residues that 

might be left in the crucibles. Then, they were transferred to a desiccator until room temperature 

and weighed (K1). 

 0.3 ± 0.01g of biomass (B) to be analysed was weighed into a glass test tube and 3mL 

of 72% sulphuric acid (Fluka) was added to the tube. Mixture was homogenised using a glass 

stir rod and placed into a pre-heated water bath at 30oC for 60min. Mixture was stirred every 

10-15min without taking the tube out of the water bath to maximise carbohydrate hydrolysis. 

The tube was removed from the bath after 60min and mixture was transferred to a 

100mL glass Duran® bottle and diluted to 4% acid (that was done by adding 84mL of distilled 
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water). The bottle was closed with plastic lid and placed in an oven for the 2nd-step acid 

hydrolysis at 121oC for 60min. 

After the 2nd-step acid hydrolysis, samples were cooled for 30min and vacuum filtered 

in the pre-weighed crucibles. Liquid fraction was stored (-20oC) for carbohydrate analysis. 

50mL of warm distilled water (~50oC) was used to rinse the solid left in the crucibles. Crucibles 

were dried at 105oC for 6h and placed into a desiccator until room temperature before being 

weighed again (K2). 

Crucibles were placed into a muffle furnace at 575oC for 4h and then placed to cool 

down in a desiccator and re-weighed (K3). This stage was used for quantification of ashes 

present in the samples. 

 In order to calculate Klason lignin, the oven dry weight (ODW, in grams) was calculated 

using Equation 2-2: 

𝑂𝐷𝑊 =
𝐵 ∗%𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠

100
       Equation 2-2 

 Total solids percentage was obtained by weighing a small amount (~1g) of biomass (T1) 

that will be analysed by Klason procedure into a pre-weighted Eppendorf tube (T2). The tube 

was then dried for 48h at 65oC and re-weighed (T3). Total solids and moisture contents were 

determined by Equation 2-3 and Equation 2-4. 

𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑖𝑑𝑠 (%) =
𝑇3 − 𝑇2
𝑇1 − 𝑇2

∗ 100 Equation 2-3 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (%) = 100 − 𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑𝑠 Equation 2-4 

Klason lignin was calculated by Equation 2-5: 

𝐾𝑙𝑎𝑠𝑜𝑛 𝑙𝑖𝑔𝑛𝑖𝑛 (%) =
(𝐾2 − 𝐾1) − (𝐾3 − 𝐾1)

𝑂𝐷𝑊
 Equation 2-5 
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2.3.4.2. Limitations 

Klason procedure might overestimate lignin in high protein content biomasses as part 

of protein might remain solid after acid hydrolysis (Hatfield and Fukushima, 2005). There is 

also the possibility of incomplete acid hydrolysis of carbohydrates (Kondo et al., 1987, Sluiter 

et al., 2008). 

Lower molecular weight lignin (known as acid soluble lignin (ASL)) might be 

solubilised in acid during the process, (Sluiter et al., 2010). According to the NREL protocol 

for Klason lignin, ASL should be estimated by UV-absorbance of the liquid fraction after 2nd-

step acid hydrolysis (Sluiter et al., 2008). However, the difficulty of this procedure is to choose 

the correct wavenumber to read absorbance, because of the potential inferences such as furans 

and carbohydrates (Hatfield and Fukushima, 2005). Moreover, as ASL only represents up to 

0.5-1.5% (w/w) of Miscanthus (Brosse et al., 2009, Visser et al., 2001), it was not quantified in 

this work. 

 

2.4. Fourier-transform infrared spectroscopy (FTIR) 

2.4.1. Background 

FTIR is a method commonly used for structural analysis of lignocellulosic biomass 

particularly because of its simplicity in sample preparation, fast analysis, non-destruction of 

samples and the possibility of investigating more than one compound at time using the same 

spectra (Xu et al., 2013a). 

The principle of FTIR is the detection of absorbed radiation due to the interaction of IR 

radiation with vibrating bonds. Different bonds interact to different components of the IR 

spectrum (Xu et al., 2013a).  
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FTIR spectra can be used to identify/evaluate biomass structure, composition, and 

modifications during different processing (Park et al., 2010). There are several attempts to 

generate calibration curves in order to predict lignocellulose composition using FTIR spectra, 

however the lack of standards make quantification challenging (Xu et al., 2013a). 

 

2.4.2. Limitations 

Although FTIR can provide fast analysis and comparison among samples, this method 

usually only generates qualitative results unless calibrated with known standards (Park et al., 

2010). Also, the interpretation of spectra is challenging, particularly in biomass due to 

overlapping of peaks due to different compounds (Barnette et al., 2012). 

 

2.4.3. Principal Component Analysis (PCA) on FTIR data 

Principal Component Analysis is a statistical multivariate technique, which decomposes 

the original data into orthogonal components to investigate possible data correlations. PCA is 

a powerful tool to analyse large amounts of data by decreasing the number of variables into few 

principal components (uncorrelated variables) (Xu et al., 2013a). 

The principle of PCA is to ‘plot’ a matrix of X variables and Y samples in a 

multidimensional space, called variable space, and find ‘hidden correlation’. This variable 

space is composed by z variable axis, i.e., x1 = variable1, x2 = variable2 and so on. Although it 

is only possible to visualise z<=3, the number of variables are usually much higher in 

multivariate data analysis (Esbensen, 2002).  

After ‘hidden correlations’ are found in the variable space, a central axis can be created 

in the direction of the maximum variance. This central axis is obtained by minimizing the 

distance between each variable to the axis using the principle of least squares. This axis will be 
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a new variable, called PC1, which partially describes the data (Esbensen, 2002). An illustration 

of data plot and PC1 determination is shown in Figure 2-1. 

 

 

Figure 2-1 - The creation of PC1 in data plotted in space.Source: (Esbensen, 2002). 

 

 PC2 can be determined using the same technique of finding a new axis, orthogonal to 

PC1, that minimizes the distance of each data point to the axis. Then, PC3 is determined in the 

same way and so on (Esbensen, 2002). The number of possible PCs is the smallest between 

variable or sample number, however, usually only the first few PCs (PC1-PC3) are needed for 

data interpretation as they describe most of the data variance (Hori and Sugiyama, 2003, Sim 

et al., 2012). 

 The projection of each data point into a coordinate formed by a pair of any 2 PCs is 

called scores plot (Figure 2-2).  

 

Figure 2-2 - Scores plot for PC1 and PC2. Source: (Esbensen, 2002). 

 

 The scores plot is widely used to find relations among the samples, identify sample 

grouping (clusters), recognise possible outliers, etc. (Esbensen, 2002) and that is the tool that 

was mostly used in this work. 
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The loading plot in PCA is related to the scores plots and provide some further sample 

analysis (Plácido and Capareda, 2014). Figure 2-3 shows an example of the loading plot for 

PC1 and PC2 from FTIR data.  

 

Figure 2-3 - Loading plot for PC1 and PC2 from FTIR data. Source: modified from (Hori and Sugiyama, 2003) 

 

In the loading plot, the highest peaks (positive and negative) are the ones that contribute 

the most for the variability that affects the position of the samples and, therefore, the clusters 

observed in the scores plot (Kline et al., 2010). In this work, the analysis of loadings plots was 

focused on PC1, as this is the PC that explains the highest data variability. 

2.4.3.1. PCA for FTIR analysis and FTIR data manipulation 

FTIR spectra can easily generate thousands of variables and visual comparison among 

samples is unlikely to result in definitive conclusions (Sim et al., 2012). Therefore, the use of 

multivariate analysis is increasing especially for biomass analysis in order to obtain more 

conclusive results (Xu et al., 2013a).  

Prior to PCA analysis, one or more data treatment such as smoothing, normalisation, 

2nd-derivative and baseline correction, is commonly applied with the purpose of decreasing 

noise and increasing spectra resolution (Hori and Sugiyama, 2003, Michell, 1990, Xu et al., 

2013a). 
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Normalisation of FTIR data is commonly applied before PCA. Moreover, this tool can 

be applied using a variability of peaks (height and area) such as 1162, 1800 and 2900cm-1 (Chen 

et al., 2015, Monrroy et al., 2015, Ryden et al., 2014). In this work, normalisation was applied 

using the highest peak of each spectrum (which varies for each spectrum). Hence, the 

wavenumber values used for PCA are a relation between absorbance in each spectrum, not an 

absolute absorbance value. Hence, comparison among spectra is easier. 

Finally, although PCA can be used for a variety of purposes, including prediction and 

calibration curves (Monrroy et al., 2015), the focus of this work was mostly try to understand 

the FTIR data and to answer simple questions such as if the spectra represent significant 

differences. Therefore, the scores and loading plots were the main tools used in the PCA study 

and analysis was focused on PC1 and PC2. 

 

2.4.4. Material and method 

FTIR was performed in a Jasco FTIR 6300 spectrometer. Samples (few milligrams) 

were analysed with no previous preparation. Parameters used were resolution of 4cm-1 and 32 

scans in a range between 4000-600cm-1. Background scans, without samples, were performed 

before each sample using the same parameters. 

 

2.5.  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was performed in order to obtain images of biomass 

fibres. Prior the analysis, samples were coated with platinum for 120s using an Emscope Sc500 

sputter coater. Samples were then kept in a desiccator until the analysis. Images were obtained 

using a Philips XL30 FEG Environmental scanning electron microscopy operating at 10kV at 

several amplification magnitudes. 
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2.6. High-Performance Anion-Exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC-PAD) 

2.6.1. Background 

Carbohydrates can be analysed by several methods and the most common include high 

performance liquid chromatography (HPLC), gas chromatography (GC) and more recently, 

high performance anion exchange chromatography coupled with pulse amperometric detection 

(HPAEC-PAD) (Zhang et al., 2012b). 

Among these techniques, HPLC coupled with refractive index (RI) detector is the most 

used, however, although HPLC can be used with no or little sample preparation, the method 

lacks sensitivity and the separation efficiency for similar sugars is poor (Corradini et al., 2012). 

Moreover, changes in eluent composition affect significantly the RI detector signal which 

excludes gradient methods for elution, which makes detection of di-, tri- and oligosaccharides 

very challenging (Raessler, 2011). 

GC with flame ionization (GC-FID) or GC with mass spectrometry (GC-MS) detectors 

offer good accuracy for monomers, particularly for low concentrated samples, nevertheless 

sample preparation needed is very time consuming as sugars need to be derivatized to be 

volatile (Agblevor et al., 2007).  

In the specific case of complex mixtures containing mono- and oligosaccharides, 

HPAEC-PAD separation and detection efficiency is superior to both HPLC and GC (Cataldi et 

al., 2000). 

 

2.6.2.  HPAEC-PAD 

Carbohydrates have pKa values in the in the range from 12-14, hence, in a highly 

alkaline system they can be converted into their oxyanions which offers the possibility of 
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separation by anion-exchange chromatography (Xu et al., 2013b). In this method, they are 

eluted according to their pKa value: the higher the pKa, the lower is their interaction with an ion 

exchange surface resulting in lower retention times (Corradini et al., 2012). 

Sodium hydroxide is commonly used as mobile phase to provide the high pH needed in 

the system (Zhang and Lee, 2002). Lower concentrations are used for monosaccharides elution 

and higher concentrations (>80mM) for oligomers elution (Cataldi et al., 2000).  

Sodium acetate (NaOAc) is frequently used when analysis of larger molecules, i.e., 

oligosaccharides, is needed. NaOAc works as a pushing agent that increases the ionic strength 

of the mobile phase, therefore larger molecules can be eluted faster, otherwise retention time of 

large molecules would be excessively long (Xu et al., 2013b). Sodium nitrate can also be used 

as a more powerful eluting agent than NaOAc, with reported separation of polysaccharides with 

degree of polymerisation (DP) up to 80. However, column regeneration becomes more 

challenging when nitrate is used (Zhang and Lee, 2002). This work was focused in molecules 

with low DP (<10), therefore, NaOAc was selected to facilitate elution. 

There is a range of columns specifically designed for carbohydrate separation using 

HPAEC-PAD, known as CarboPacTM. Instead of common silica resin columns, which would 

not be suitable at highly alkaline systems, CarboPacTM are made of modified pellicular resin 

composed by microporous divinylbenzene containing quaternary amine groups for high ion 

exchange capacity and latex resin that are chemically and mechanically stable and offers a fast 

exchange process (Raessler, 2011, Rohrer et al., 2013). The column used in this work, 

CarboPac® PA1, was selected for the suitability of monosaccharides, disaccharides and low 

degree of polymerisation oligosaccharides analysis. The stationary phase of this column is a 

mixture of polystyrene (2%) and divinylbenzene substrate agglomerated with “Microbed” 

quaternary ammonium and 5% crosslinked latex (Dionex). 
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Temperature has an impact on the elution in HPAEC-PAD as higher temperatures result 

in lower retention times. Moreover, this effect is more pronounced in higher DP molecules 

compared to monosaccharides (Cataldi et al., 2000). However, temperatures above 45oC can 

intensify carbohydrate undesirable reactions, that are insignificant at room temperature, and can 

also degrade column resin (Dionex, Zhang and Lee, 2002). Thus, mild temperatures are 

preferred in HPAEC analysis 

A pulse amperometric detector (PAD) coupled to HPAEC provides excellent resolution 

of carbohydrates. A gold working electrode is used in the detector to oxidize carbohydrates 

under high pH and generate a current that can be measured and is proportional to carbohydrate 

concentration (Rohrer et al., 2013). However, the constant oxidation generates residues that 

accumulate in the electrode, resulting in a fast decrease of sensitivity. This is corrected by 

applying a pulse of potentials (waveforms) which oxidize the carbohydrate first and, 

subsequently, cleans and restore the gold working electrode (Rohrer et al., 2013). 

 

2.6.2.1. Equipment and materials 

The Ion Chromatography System (ICS-3000) from Dionex/Thermo was composed of: 

an autosampler; a single pump; an oven compartment with a guard CarboPacTM PA1 column 

(4x50mm) and analytical CarboPacTM PA1 column (4x250mm); and a detector compartment 

with a PAD using a disposable working gold electrode and an Ag/AgCl reference electrode. 

Solvents used were Milli-Q® water (18.2M/cm), 50% sodium hydroxide solution and 

sodium azide (analytical grade, Fisher Scientific), and anhydrous NaOAc (electrochemical 

grade, Thermo Scientific). Milli-Q® water was degassed for 10min prior to eluent preparation. 

Special attention needs to be taken during manual preparation of hydroxide eluent to 

prevent formation of carbonates as they can bind to the column and decrease significantly 
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column sensitivity and interfere in resolution and retention times (Corradini et al., 2012). Stock 

NaOH solution cannot be shaken by any means and eluent can only be gently stirred during 

preparation. New NaOH solution was prepared every day for analysis while NaOAc was used 

for a maximum of 7 days. 

Glucose (99.5%), arabinose (98%), xylose (99%), fructose (99%), cellobiose (98%), 5-

hydroxymethyl-2-furaldehyde (HMF) (99%), and erythrose (75%) were purchased from Sigma 

Aldrich. Cellotetraose (95%) and cellohexaose (90%) were purchased from Megazyme and 

galactose (99%) was purchased from Acros Organics. 

 

2.6.2.2. Method 

The method used was modified from two works, Zhang et al. (2012) and Xu at al. 

(2013), in which hydroxide is injected isocratically in low concentration to elute 

monosaccharides followed by an increase in hydroxide concentration and introduction of a 

gradient step of NaOAc solution to elute oligosaccharides (Xu et al., 2013b, Zhang et al., 

2012b). Preliminary tests (not presented) evaluated hydroxide concentration from 15 to 25mM 

for isocratic step and 21mM was chosen as it resulted in the most efficient monomers 

separation. Similarly, several gradient profiles for NaOAc were tested before choosing the best 

condition. 

Milli-Q® water was used as solvent A and also in the preparation of the other solvents. 

200mM NaOH and 1M NaOAc were used as solvent B and C. Sodium Azide solution (20ppm) 

was used to wash the syringe once a day.   

Oven and detector compartments were kept at 30oC and 25oC, respectively. Flow rate 

was 1mL/min and sample volume injected was 10L. Waveform used for the PAD was the pre-
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programmed by the ICS unit for Ag/AgCl reference electrode and gold working electrode: 

Quadruple Potential Waveform for Carbohydrate Analysis. 

The method started with an isocratic step using 21mM of B during 20min. At 20min, B 

was increased to 80mM. Then, from 20 to 60min, solvent C was introduced from 0-20mM and 

B was kept at 80mM. A washing step was performed from 60min in which B and C were 

increased to 120mM and 40mM, respectively, and kept constant for 10min. At 70min, C was 

set to 0 and B was set to 21mM for 20min for column reconditioning. Total run time was 90min 

per sample. 

All the increasing/decreasing in solvent concentrations were linear (curve 5). Except for 

solvent C increasing from 0-20mM (20-60min) that was made in curve 6, what, by trial and 

error, was proven to help pushing out higher molecular weight molecules (oligosaccharides). 

 

2.6.2.1. Limitations 

Although HPAEC is widely accepted as one of the most efficient techniques for 

carbohydrate quantification (Zhang and Lee, 2002), some very similar monomers might be 

challenging to separate, for instance mannose-xylose and glucose-mannose (Panagiotopoulos 

and Sempéré, 2005).  

Carbonate formation from hydroxide solutions is very difficult to avoid and it might 

eventually bind in the column resin and affect retention time of carbohydrates. A regularly 

column regeneration with high concentrated hydroxide (200mM) is advised to restore columns 

performance (Raessler, 2011).  
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2.6.2.2. Calibration curves 

Calibration curves were made in order to calculate concentration of detected 

compounds. Fructose, glucose, cellobiose, cellotetraose and cellohexaose calibration curves 

were performed together using the following standard concentrations: 0.006, 0.013, 0.02, 0.05 

and 0.1g/L. Xylose, arabinose and galactose calibration curves were performed together using 

the same concentrations. HMF calibration curve was made using: 0.005, 0.01, 0.05, 0.1 and 

0.2g/L.  

Figure 2-4 shows separation of a mixture containing 0.02g/L of each of the following: 

fructose, glucose, cellobiose, cellotetraose and cellohexaose. All standard peaks were identified 

by their retention times after running each compound separately (not shown). 

 

Figure 2-4 - Chromatogram of carbohydrate separation by HPAEC-PAD.Elution order: 1) glucose, 2) fructose, 3) cellobiose, 

4) cellotetraose and 5) cellohexaose. 

 

The parameters were obtained using the software Chromeleon 7®. Apart from the five 

identified peaks, two more peaks are shown in Figure 2-4. They are most likely impurities 
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presented mainly in cellotetraose and cellohexaose as these two standards have lower purity 

than the other standard used. 

  Table 2-2 shows the slope and R2 for all the compounds analysed by HPAEC-PAD. 

Table 2-2 - Standard calibration curves parameters obtained by HPAEC-PAD for carbohydrates and HMF. 

 

Samples obtained during this work were in general very concentrated. Therefore, due to 

the sensitivity of the equipment, dilutions were often necessary. These dilutions (from 2-200 

times, depending on the sample) were made using Milli-Q® water. 

 

2.7. High Performance Liquid Chromatography (HPLC) for furfural analysis 

Furfural is a dehydration product from sugars, therefore, it is expected to be present in 

biomass extracts. HPAEC was not able to resolve furfural, hence, HPLC combined with UV 

detector was used instead. 

 

2.7.1. Background 

High performance liquid chromatography is a widely known separation technique 

comprised of a mobile phase (eluent) and stationary phase (column) wherein solute interaction 

with these two phases provides separation (El Rassi, 2002). 

Many separation methods can be applied in HPLC such as size exclusion, ion exchange, 

and the most common used, adsorption (Corradini, 2010). Reversed-phase liquid 

Compound R
2 Slope

HMF 0.9982 668.50

Arabinose 0.9780 676.18

Galactose 0.9708 839.79

Glucose 0.9915 1036.71

Xylose 0.9716 1069.26

Fructose 0.9960 539.20

Cellobiose 0.9940 935.97

Cellotetraose 0.9948 613.28

Cellohexaose 0.9929 442.20
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chromatography (RPC) is an adsorption/desorption method in which the mobile phase is more 

polar than the stationary phase (the opposite of normal-phase chromatography). RPC is used in 

separation of a wide range of compounds including carbohydrate, phenolic, etc. (Doyle and 

Dorsey, 1998). 

Columns used in RPC are commonly made using silica as support because of its 

properties such as stability at high pressures, mechanical strength and variability of 

pore/particle size (Doyle and Dorsey, 1998). Nevertheless, silica does not support high pH 

systems (El Rassi, 2002). The silica is modified by attaching hydrophobic alkyl groups such as 

octyl (C8) or octadecyl (C18) to the silica throughout silyl ester bonds (-Si-O-Si-) to provide 

different surface properties (Doyle and Dorsey, 1998). 

The most common HPLC detectors, used in 80% of HPLC applications, are RI, 

ultraviolet absorbance (UV), fluorescence and conductivity detectors (Corradini, 2010). 

Although fluorescence is highly sensitive, the majority of compounds do not present natural 

florescence, which makes this detector less used (Kok, 1998). Conductivity detectors can be 

used for ionised solute and difference in conductivity between the sample and the mobile phase 

is detected. This type of detector is almost exclusively used in ion chromatography (Corradini, 

2010). RI detection have disadvantages such as low sensitivity and stability issues, however it 

simple to work and it is still widely used for sugars determination (Kok, 1998). UV has a general 

applicability particularly when the maximum absorbance of the compound of interested is 

known, therefore, it is commonly used, even though it lacks sensitivity (Kok, 1998).  

Mobile phase in RPC is a mixture of water and an organic modifier such as methanol, 

acetonitrile, and isopropanol (El Rassi, 2002). Acetonitrile was chosen because the mixture 

acetonitrile-water results in a less viscous solvent then other water-organic solvent mixtures, 

which leads to lower back pressure in the system (Doyle and Dorsey, 1998). 
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Temperature needs to be controlled as changes in temperature affect retention time 

negatively, i.e., an increase in temperature will decrease retention times (El Rassi, 2002). 

 

2.7.2. Materials and method 

The method used for furfural detection was adapted from Carapetudo Antas (2015) in 

which a shorter procedure was adopted as furfural was the only compound of interest 

(Carapetudo Antas, 2015). 

The analysis was performed in a Shimadzu equipment consisting of an autosampler 

(SIL-10AD), a dual pump (LC 10AD), a vacuum degasser (DGU – 14A), an oven (CTO-10AS), 

and a UV detector (SPD – 10A, VP) set to 280nm.   

 Solvents were prepared using HPLC grade water (Chromasolv®Plus), acetic acid (99.8-

100.5%, Fisher Scientific) and HPLC grade Acetonitrile (Chromasolv®Plus). Solvents used as 

mobile phase were (v/v): (A) water with 2% acetic acid; (B) 1:1 water / acetonitrile with 0.5% 

acetic acid, and; (C) acetonitrile. Solvent A concentration (%) is always 100 - B(%) - C(%). 

Acetic acid is added to solvents A and B to work as a buffer and improve separation when ionic 

compounds are presented in solution (Carapetudo Antas, 2015). 

The column used was a Prodigy 5 ODS3 100A (250x4.6mm) from Phenomenex 

coupled to a guard column with a cartridge. Column temperature and flow rate were kept 

constant at 40oC and 1mL/min, respectively. Injection volume was 10L per sample. Furfural 

(99%) was purchased from Sigma. 

 The method was a gradient step in which B starts from 10-55% from 0-20min. Then, 

from 20 to 30 min, B increases to 100%. A washing step is then performed to wash out any 

residues and recondicionate the column. At 30min, B is set to 0 and C is set to 100%. This 
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washing step lasts for 10min. At 40 min, B is set back to 10% and C is set to 0% until 50min to 

equilibrate the column for next run. Total run time is 50min.  

 

2.7.3. Calibration curve 

Figure 2-5 shows furfural calibration curve performed using concentrations at 0.01, 

0.10, 0.25 and 0.625g/L. 

 

Figure 2-5 - Furfural calibration curve by HPLC. 

 

Furfural presented a retention time of 9.9min as it can be seen in Figure 2-6. Slope and 

R2 were calculated using Excel and values obtained were 6.9x107 and 0.984, respectively. 

 

Figure 2-6 - Furfural at 0.625 g/L by HPLC. 
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2.8. UV absorbance method for glucose quantification 

2.8.1. Background 

The HPAEC-PAD system was not available in the first year of this work. Hence, glucose 

concentrations in the first experiments, i.e., the scoping experiments, were analysed using an 

UV-method based on an enzyme reaction provided by Megazyme (D-Glucose HK Assay Kit). 

Afterwards, all samples were run in HPAEC and results of these two techniques were compared. 

According to Megazyme (2013), glucose presented in solution reacts with adenosine-

5’-triphosphate (ATP) in the presence of enzyme hexokinase (HK) to generate glucose-6-

phosphate (G6P) as described in Equation 2-6 (Megazyme International, 2013). 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐴𝑇𝑃
𝐻𝐾
→ 𝐺6𝑃 + 𝐴𝐷𝑃 Equation 2-6 

G6P is then oxidised by nicotinamide-adenine dinucleotide phosphate (NADP+) in the 

presence of gluconate-6-phosphate (G6P-DH). The products of this reaction are gluconate-6-

phosphate and reduced nicotine-adenine dinucleotide phosphate (NADPH) as shown in 

Equation 2-7. 

𝐺6𝑃 + 𝑁𝐴𝐷𝑃+
𝐺6𝑃−𝐷𝐻
→     𝑔𝑙𝑢𝑐𝑜𝑛𝑎𝑡𝑒 − 6 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 𝑁𝐴𝐷𝑃𝐻 + 𝐻 Equation 2-7 

The amount of NADPH produced is proportional to glucose in solution and can be 

measured by changes in absorbance at 340nm (Zhao et al., 2010). 

 

2.8.2. Limitations 

Detection limitation is from 0.04-0.8g/L and the assay is linear in this range. Also, 

strongly coloured samples might affect absorption readings (Megazyme International, 2013). 

Bondar and Mead (1974) also describe an inhibition effect during the enzymatic 

reactions caused by mannose and fructose due to competition for HK (Bondar and Mead, 1974). 
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Therefore, this method was used for a preliminary glucose estimation and all the quantification 

was relied on HPAEC analysis.  

 

2.8.3. Materials and Method 

D-glucose HK Assay Kit contained four solutions: 1) buffer (pH 7.6); 2) ATP+NADP+ 

mixture; 3) enzyme solution (HK+ G6P-DH); 4) glucose standard (0.4g/L). All bottles were 

stored as instructed in the assay manual.  

The spectrophotometer used was a Cecil Aquarius CE 7500 set at 340nm. Prior to each 

analysis, the equipment was switched on and wavenumber was set and left for equilibration for 

at least 30min. 

Plastic UV micro-cuvettes of 10mm pathlength (Brand®) were used to prepare three 

classes of solutions: blank, samples and standard solutions.  

Blank was prepared by filling the cuvette with 0.42mL of distilled water and then adding 

0.02mL of buffer and 0.02mL of ATP+NADP+ using micropipettes (2-20L, Discovery 

Comfort and 100-1000L, Biohit). Samples were prepared using 0.40mL of distilled water plus 

sample, buffer and ATP+NADP+ (0.02mL of each). Standards were prepared using the same 

volumes as in samples solution, replacing the sample volume by standard solutions. 

After preparing all three classes of solutions, cuvettes were closed using a plastic cap 

and stirred gently. After 5min, all the solutions were read in spectrophotometer and absorbance 

were recorded (A1). 

After reading the first absorbance value, 4L of enzyme solutions (HK+ G6P-DH) were 

added to each cuvette. Thus, all cuvettes (blank, sample and standard) had a total volume of 

4.64mL. Cuvettes were once again closed with plastic caps and stirred. The enzymatic reaction 
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was complete in about 5 min and then the second absorbance of each cuvette was recorded (A2). 

Samples that presented high A2 absorbance (> 1.8) were prepared again after 2 times dilution. 

Glucose absorbance (ΔAglucose) was calculate as described in Equation 2-8. 

𝛥𝐴𝑔𝑙𝑢𝑐𝑜𝑠𝑒 = (𝐴2 − 𝐴1)𝑠𝑎𝑚𝑝𝑙𝑒/𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − (𝐴2 − 𝐴1)𝑏𝑙𝑎𝑛𝑘 Equation 2-8 

Figure 2-7 shows glucose calibration curve that was made using glucose standard 

provided in the enzyme kit and diluting it to the following concentrations: 0.025, 0.05, 0.1, 0.2 

and 0.4g/L. Slope and R2, 1.579 and 0.999 respectively, were calculated using Excel. 

 

Figure 2-7 - Glucose calibration curve by glucose enzymatic assay. 
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CELLULOSE PURIFICATION BY BIOMASS 

FRACTIONATION IN A BIOREFINERY 

APPROACH  

 

3.1. Introduction 

Lignocellulose biomass is a complex matrix found in plants cell wall (Kumar et al., 

2009) and composed mainly by cellulose, hemicellulose and lignin (Mosier et al., 2005a) as 

well as minor quantities of other compounds such as extractives and ash (Jørgensen et al., 2007). 

Cellulose, hemicellulose and lignin are linked in lignocellulosic biomass by both 

covalent (ether, ester, glycoside) and hydrogen bonds, in a complex matrix, which results in a 

structure recalcitrant to hydrolysis (Fitzpatrick et al., 2010, Gírio et al., 2010). Cellulose 

accessibility from the lignocellulosic matrix and its further conversion into glucose monomers 

is considered to be a major technical bottleneck of the production and commercialization of 2nd-

generation bioethanol (Pan et al., 2005). Therefore, the cost of 2nd-generation bioethanol is still 

a substantial drawback for its global commercialization (Demirbas, 2009a, Kaylen et al., 2000). 

Therefore, it is increasing the interest in an integrated concept, known as biorefinery, 

predicted to be capable of generating fuels, power and multiple value added chemicals and 

materials (Demirbas, 2009a). Moreover, it is believed that the successful implementation of an 
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integrated biorefinery platform with the co-production of valuable products can make 2nd-

generation bioethanol cost-effective (Huang et al., 2008, Kaylen et al., 2000). 

Thus, fractionating lignocellulosic biomass into its main components in a biorefinery 

approach is gaining attention as a promising concept that supports cost effective biomass 

processing (Pan et al., 2005). In a biorefinary approach, biomass polymers such as lignin and 

carbohydrates are selectively purified with the aim of opening a wide range of possibilities for 

generation of high value compounds as well as bioethanol (Fitzpatrick et al., 2010, Huang et 

al., 2008).  

Cellulose fibres contribute to lignocellulose recalcitrance due to cellulosic crystalline 

structure which is a result of inter- and intramolecular hydrogen bonds (Viikari et al., 2012). 

Cellulose recovery/purification from the matrix is essential prior to its conversion into glucose 

for bioethanol production as with no biomass processing cellulose is inaccessible (Hamelinck 

et al., 2005, Kamm et al., 2000). 

Among the three main compounds in lignocellulose biomass, hemicellulose is the most 

easily extractable polymer (El Hage et al., 2010b). Common temperatures used in hydrothermal 

treatments for hemicellulose recovery vary from 140oC-200oC (Chen et al., 2014). At this range 

of temperature, lignin and cellulose are left in the insoluble phase, resulting in a hemicellulose 

liquor composed mostly of xylo-oligosaccharides (XOS) of degree of polymerisation (DP) from 

2-20, xylose, decomposed products such as furfural and also biomass extractives (Moure et al., 

2006). To increase purity of XOS in the liquor, a hydrothermal step with mild conditions 

(T<140oC) can be introduced to separate the extractives prior to hemicellulose solubilisation 

(Moure et al., 2006).  

After hemicellulose is extracted from lignocellulosic biomass, lignin can be recovered 

from the solid fraction, resulting in purified cellulose fibres. Lignin extraction by organosolv 
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methods is an alternative to the common paper Kraft and sulphite technologies that lead to a 

sulphur-lignin product (Arato et al., 2005). Processes using organic solvents to solubilise lignin 

result in sulphur-free lignin which increases the range of applicability of the purified polymer 

(Carvalheiro et al., 2008) as currently lignin is often burned for energy production (Mansouri 

and Salvadó, 2006). Moreover, solvents such as ethanol can be recovered and re-used in the 

process (Botello et al., 1999). Mineral acids are often used to improve lignin extraction, 

however the use of acid leads to the need of a neutralisation step and creates waste. Pressurised 

carbon dioxide was used as a replacement for mineral acid, generating carbonic acid to act as a 

catalyst and enhance delignification (Pasquini et al., 2005). 

The use of a sequential biomass extraction process has the potential to increase the 

purity of fractions generated during the process, thereby enhancing their utility in down stream 

applications. Moreover, the selective removal of the hemicellulose and lignin prior to 

conversion of cellulose into glucose could help avoid the formation of fermentation inhibitors 

such as furfural and phenolic compounds, that are thought to be originated mostly from 

hemicellulose and lignin fraction, respectively. In addition, extractions of hemicellulose and 

lignin might also have an effect in cellulose crystalline structure, therefore having an impact on 

subsequent conversion of cellulose into glucose. 

The first aim of this chapter was to evaluate the impact of processing Miscanthus x 

giganteus (MxG) in two different ways on cellulose purification for further conversion into 

glucose. In the first proposed route, MxG was directly delignified using a modified organosolv 

method for lignin and hemicellulose extraction. In the second route, MxG was subjected to a 3-

step extraction (removal of biomass extractives by subcritical water (SBW), removal of 

hemicellulose by SBW hydrolysis, and then delignification using the modified organosolv 

method).   
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In addition, the second aim of this chapter was to evaluate and understand the impact of 

hemicellulose and lignin extraction on the remaining cellulose fibres to assess the role of fibres 

processing in cellulose crystallinity and in subsequently cellulose hydrolysis. 

 

3.2. Material and Methods 

3.2.1. Direct delignification 

Delignification of MxG with no prior treatment, in this work called direct 

delignification, was performed applying a modified organosolv method. In his work, Roque 

(2013) optimised lignin extraction from MxG using water/ethanol under subcritical conditions 

and applying CO2 as modifier to acidify the media (Roque, 2013). The process extracts lignin 

as well as hemicellulose and extractives from the lignocellulose matrix, leaving a solid 

cellulose-enriched fibre. 

250mL of 50% (v/v) ethanol and distilled water was prepared and pre-heated to 50oC. 

5g of MxG was then soaked in the solution for 20min. As biomass is not soluble in water, the 

soaking stage prior to the reaction is performed in order to increase the wettability, i.e., facilitate 

the interaction between water and biomass (Matsunaga et al., 2008). The biomass and solution 

mixture was ground in a blender (Philips, 400W, 1.5L) for 3min. 

The rig used for reaction (Figure 3-1) was composed of a 500mL high-pressure reactor 

(Parr, alloy C276), a heating jacket, an automatic stirrer, inlet and outlet valves, a cooling loop, 

and a controller (Parr, model 4836). The same rig was used for sequential extraction described 

in section 3.2.2.  

Ground biomass suspension was placed inside the reactor and the reactor was sealed. 

Vapour withdrawal CO2 (BOC UK, 99.8%) was used to purge the air inside the reactor and 

pressurise the reactor to ~50bar. The reactor heating jacket was then turned on and temperature 
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was set to 200oC. The reaction lasted for 1h after the temperature achieved the set point. 

Temperature was kept constant during the reaction time. After that, the reactor temperature was 

decreased by inserting the reactor in an ice bath and turning on the cooling line. 

 

Figure 3-1 - Scheme of the rig used for direct delignification and for the three steps of sequential extraction. 

 

When the temperature cooled to ~60oC, the reactor was depressurised and opened. 

Cooling time was usually between 5-10min. The solid fraction (fibres) were vacuum filtered 

with a porcelain sintered disc (porosity 1) and rinsed three times with 50mL (each time) of 

water/ethanol solution (1:1) heated to about 50oC. The liquid fraction was stored in a freezer 

for analysis in High Performance Anion Exchange Chromatography (HPAEC). Fibres were 

completely dried at 65oC and then placed into a desiccator until room temperature. Dried fibres 

were weighed and recovery of solid fraction was calculated by Equation 3-1: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑚𝑓

𝑚𝑖
∗ 100 Equation 3-1 

In which: 

𝑚𝑖 = initial mass of Miscanthus used for delignification (~ 5g) 

𝑚𝑓 = final solid fibres after delignification.  
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After the delignification, percentage of lignin remaining in the recovered fibres was 

quantified by Klason lignin procedure. Delignification percentage was calculated by Equation 

3-2. 

𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%) =
𝑙𝑖𝑔𝑛𝑖𝑛𝑖 − 𝑙𝑖𝑔𝑛𝑖𝑛𝑓

𝑙𝑖𝑔𝑛𝑖𝑛𝑖
∗ 100 Equation 3-2 

In which lignini/f are the amount of initial/final lignin in grams calculated by multiplying 

mi and mf by the percentage of Klason lignin. 

The fibres remaining from direct delignification were named ‘DEL’ fibres in this work. 

It is possible to recover lignin from the liquid fraction after modified organosolv 

delignification method by decreasing the ethanol concentration of the liquid fraction followed 

by centrifugation. However, this step was not performed in this work. 

 

3.2.2. Sequential extraction 

Sequential MxG extraction was performed in three steps described below. 

1. Extraction of non-bounded compounds 

200mL of distilled water was pre-heated at 50oC and used to soak 10g of MxG for 

20min. The suspension was then ground in a blender for 3min. The same reactor rig used for 

direct delignification was used for all 3 steps of sequential extraction. Ground biomass was 

transferred to the reactor. After sealing the reactor, the air was purged and the reactor was 

pressurised to ~50bar using nitrogen. Temperature was set to 120oC. Once this temperature was 

achieved, the reaction lasted for 30min at constant temperature.  

At the end of 30min, the reactor was inserted into an ice bath and the cooling line was 

opened. When temperature was ~60oC, the reactor was depressurised and opened. The solid 

fraction (fibres) was sieved in a 45-mesh sieve and dried at room temperature for 48h. These 
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fibres were named ‘120oC’ fibres throughout this work and the liquid fraction was stored at -

20oC until analysis by HPAEC. 

2. Extraction of hemicellulose 

Hemicellulose extraction was performed after removal of biomass extractives in the first 

step. 10g of 120oC fibres were soaked in 200mL of distilled water (50oC) for 20min and then 

transferred to the reactor. 

After sealing and purging the reactor, pressure was increased to ~50bar using nitrogen. 

Temperature was set to 180oC and the reaction lasted for 30min at constant temperature. After 

the reaction time, the reactor was cooled to ~60oC using an ice bath and the cooling line, and 

then opened. Fibres were once again sieved using the 45-mesh sieve and dried at room 

temperature for 48h. These fibres were named ‘180oC’ fibres and liquid fraction was kept in -

20oC until analysis by HPAEC. 

Xylan, arabinan and galactan extraction were calculated by Equation 3-3: 

𝑐𝑎𝑟𝑏 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
(𝑐𝑎𝑟𝑏𝑖 − 𝑐𝑎𝑟𝑏𝑓)

𝑐𝑎𝑟𝑏𝑖
∗ 100% Equation 3-3 

In which carbi/f is the initial/final mass (in grams) of the carbohydrate (xylan, arabinan 

and galactan). Carbohydrates initial/final mass was calculated by using their percentage in 

initial/final fibres obtained using HPAEC and multiplying it by initial/final mass. 

3. Extraction of lignin 

The exactly same procedure for direct extraction of lignin was used in this step. 

However, instead of using raw MxG, 180oC fibres were used in this third step and no additional 

grinding was performed (because these fibres were ground in the 1st-step extraction). After 

delignification, the fibres were named ‘SEQ’ fibres. The liquid fraction was kept at -20oC until 

analysis by HPAEC. 
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3.2.3. Qualitative analysis of liquid fractions 

Liquid fractions resulting from each step of sequential extraction and also after direct 

delignification were analysed using HPAEC for carbohydrates quantification. HPAEC method 

is described in section 2.6. Prior to analysis, samples were hydrolysed using the 2-step acid 

hydrolysis of Klason lignin procedure (section 2.3) in order to obtain monosaccharides, which 

are more easily quantified by HPAEC. 

 

3.2.4. Qualitative analysis of solid fractions (fibres) 

After the extractions performed (sequential and direct), resulting fibres (120oC, 180oC, 

SEQ and DEL) were analysed using SEM and FTIR as well as evaluated by PCA. The methods 

used are described in sections 2.4 and 2.5. For the FTIR and PCA analysis, commercial 

cellulose (Avicel PH 101, Sigma, UK) was also evaluated for comparison with fibres obtained 

from MxG. 

Klason lignin contents of MxG and each fibre obtained after biomass processing (120oC, 

180oC, SEQ and DEL) was quantified according to Klason lignin procedure. Hemicellulose 

fraction (xylan, arabinan and galactan), was quantified by HPAEC after 2-step acid hydrolysis. 

 

3.3. Results and Discussion 

3.3.1. Reactor heating time 

Table 3-1 shows the average time needed to achieve the target temperature for each of 

the extractions performed in the 500mL reactor. Variability of up to 2min could be observed. 

The reaction times (residence times) described in section 3.2 started as soon as the 

reactor achieve the target temperature for each extraction. Therefore, the heating time was not 

considered in the results. 
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Table 3-1 - Average of heating time for 500mL reactor. 

 

 

3.3.2. Processing routes: direct vs sequential extractions 

During the organosolv process of delignification, lignin and hemicellulose are 

hydrolysed and can be recovered from the liquid fraction, while cellulose remains almost 

entirely in the solid fraction with non-extracted fractions of hemicellulose and lignin 

(Sannigrahi and Ragauskas, 2013). 

Figure 3-2 shows the scheme of the two processing routes performed: direct 

delignification and sequential extraction followed by delignification. 

 

Figure 3-2 - Scheme of direct delignification (a) and sequential extraction followed by delignification (b). 

 

 Direct delignification generates a liquid fraction rich in solubilized lignin, hemicellulose 

(XOS and xylose) and its decomposition products such as acetic acid and furfural as well as 

biomass extractives. Although lignin can be recovered from this liquor by decreasing ethanol 

concentration followed by centrifugation (Arato et al., 2005), separation of hemicellulose from 

the other components becomes challenging. Moreover, temperatures used for organosolv 

T(
o
C) 120 180 200

t (min) 12 18 27
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method potentially increase the amount hemicellulose decomposition because hemicellulose 

can be extracted in lower severity conditions than lignin extraction requires. Therefore, 

sequential extraction with an increase in severity was also performed in a biorefinery approach 

in an attempt to improve both hemicellulose and lignin extractions and to obtain cellulose fibres 

that are more susceptible to hydrolysis. 

Hence, purified cellulose fibres from MxG were obtained after organosolv extraction in 

two different routes of processing: direct delignification (DEL fibres) and sequential extraction 

followed by delignification (SEQ fibres). In this work, the focus of the proposed routes was 

recovering the cellulose fibres from the lignocellulosic matrix. Therefore, no optimisation was 

performed in each extraction step. 

 

3.3.3. Extraction of non-bonded compounds (extractives) 

 Non-structural polysaccharides such as starch and pectin, as well as proteins and waxes 

compose what is called the extractives fraction of lignocellulosic biomass (Le Ngoc Huyen et 

al., 2010). These are non-bounded compounds and, therefore, they are easily soluble in water 

and/or ethanol. In the first step of the sequential extraction performed in this work (Figure 3-3), 

biomass extractives were removed using subcritical water under mild temperature (120oC) for 

30min. 

 

Figure 3-3 - Scheme of biomass processing in sequential extractions: removal of biomass extractives step. 
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Ideally, this step should aim only for solubilisation of biomass extractives and avoid 

hemicellulose hydrolysis. Vázquez at al. (2005) proposed that extractives removal from wood 

(Eucalyptus) could be performed using water at temperatures up to 130oC with little 

hemicellulose extraction (Vázquez et al., 2005). González-Muñoz et al. (2012) also reported 

the use of water at 130oC for extractives removal from wood (Pinus) and no hemicellulose 

solubilisation was observed (González-Muñoz et al., 2012). 

 Using the procedure described in the section 3.2.2 for extractives removal, two fractions 

were obtained: a liquid fraction containing primarily biomass extractives and a solid fraction 

named 120oC fibres (i.e., extractives-free fibres). From the initial dry weight of MxG, 11.0 ± 

0.5% was solubilised in the liquid fraction. 

The most common way to quantify biomass extractives cited in the literature is using a 

Soxhlet extraction by water and ethanol described by the National Renewable Energy 

Laboratory (NREL) (Sluiter et al., 2005). Using this technique, 11.5% of the dry mass of MxG 

was extracted. Therefore, it was considered that the extraction of MxG at 120oC for 30min and 

50bar was able to extract 100% of biomass extractives. 

 The amount of extractives of MxG can vary significantly. Extractives reported in 

literature are usually quantified only for composition analysis purposes using the NREL 

procedure for biomass extractives quantification (Sluiter et al., 2005). Frias and Feng (2013) 

specified a value of 7.7% for water/ethanol extractives from MxG (Frias and Feng, 2013), while 

Zhang et al. (2012) described a value of 9% (Zhang et al., 2012a) and Chen et al. (2014) reported 

11.3% of extractives (Chen et al., 2014). Chen et al. (2016) attested that extractives percentages 

decreased from 14.7 to 8% for the same MxG crop but harvested in two consecutive years, 2011 

and 2012, respectively (Chen et al., 2016). Furthermore, Le Ngoc Huyen et al. (2010) suggested 

that the variable percentage of extractives in MxG is closely related to its leaves, which contains 
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the highest level of these soluble compounds. Therefore, the harvesting time would affect 

extractives percentage due to leaves being lost (Le Ngoc Huyen et al., 2010). 

 

3.3.3.1. Qualitative analysis of MxG extractives by HPAEC 

The extractives obtained after the 120oC step were analysed in the HPAEC for 

qualitative analysis of carbohydrates. Figure 3-4 shows the chromatogram obtained from the 

analysis of the extractives. Very little monosaccharide contents were extracted, as expected. 

Glucose was the main compound found, generated mostly likely from the starch present 

in MxG as energy storage (Purdy et al., 2014) because at this temperature cellulose disruption 

is very unlikely to happen (Vázquez et al., 2005). Negligible quantities of arabinose and xylose 

were detected, suggesting that hemicellulose was almost intact. 

 

Figure 3-4 - Chromatogram by HPAEC of liquid fraction after extractives extraction of MxG at 120oC.Compounds: 1-

arabinose; 2-glucose; 3-xylose. 

 

The advantage of using the procedure described for extractives removal at 120oC 

compared to Soxhlet extraction is the short time required, as it takes only 30min reaction, and 

1 

2 

3 
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the need for only water as solvent. In contrast, Soxhlet extraction performed during Klason 

lignin takes four days and two solvents, water and ethanol (Sluiter et al., 2005).  

In previous work from this group, the same procedure was evaluated using 140oC 

instead of 120oC for the same 30min of reaction time (data not shown). Compared to results 

obtained at 120oC, extraction was slightly higher (about 13%) when using 140oC, and both 

arabinose and xylose were produced in higher concentration, suggesting that hemicellulose was 

partially hydrolysed. Therefore, the temperature chosen for this step was 120oC to minimise 

hemicellulose hydrolysis. 

 Subsequently to MxG extractives removal, 120oC fibres obtained from this step were 

used for the next hemicellulose recovery step. 

 

3.3.4. Extraction of hemicellulose 

Hemicellulose is a heterogeneous branched polymer composed mainly by 5-carbon (C-

5) sugars such as xylose, and arabinose and also 6-carbon (C-6) sugars as glucose, mannose 

and galactose. Composition of these sugars in hemicellulose vary according to each plant 

species (Vázquez et al., 2000) 

In MxG, hemicellulose is formed mainly by a xylan backbone with arabinose 

ramifications and small amounts of galactose (El Hage et al., 2010b, Ligero et al., 2011). Other 

groups commonly connected to xylan and arabinan branches are uronic acid and acetyl groups 

(Le Ngoc Huyen et al., 2010, Ligero et al., 2011). 

The hemicellulose fraction of the raw MxG used in this work was extracted using acid 

hydrolysis and quantified by HPAEC analysis. Total hemicellulose contents was 18.3% of dry 

biomass. Figure 3-5 shows the contents of hemicellulose fraction, in which xylan is the main 

component and accounts for 17.1% of the dry biomass weight, while arabinan and galactan 
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represent 1.0 and 0.2%, respectively. Mannose was not detected. Uronic acid and acetyl groups 

were not quantified.  

 

Figure 3-5 - Hemicellulose contents in MxG obtained by HPAEC analysis. 

 

At this stage, extractives-free biomass (120oC fibres) were processed for hemicellulose 

extraction as shown in Figure 3-6. 

 

Figure 3-6 - Scheme of biomass processing in sequential extractions: removal of hemicellulose step. 

 

Hemicellulose is easier to extract from lignocellulosic matrix than lignin and cellulose 

due to its amorphous and highly branched structure (Otieno and Ahring, 2012). The main 

challenge when extracting hemicellulose from lignocellulosic matrix is the yield of products of 

interest (XOS and xyloses) as undesirable products generated from the decomposition of xylose 

are very difficult to prevent. Temperature, reaction residence time and addition or not of an acid 
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catalyst and its concentration are the parameters considered keys to optimise hemicellulose 

extraction and increase efficiency of obtaining XOS and xylose (Otieno and Ahring, 2012).  

 

3.3.4.1. Efficiency of extraction 

All the efficiencies were calculated in percentage (wt%) based on the initial mass of 

xylan, arabinan and galactan available in MxG, as determined by 2-step acid hydrolysis 

followed by HPAEC analysis. 

The procedure described for hemicellulose extraction was capable of solubilising 

70.8±1.3% of the total xylan available. Percentages of arabinan and galactan solubilised were 

80.2±1.9% and 79.5%±1.7%, respectively. Glucose was not detected at this condition, 

suggesting that cellulose remained intact, as expected. Figure 3-7 shows the percentage in mass 

of xylan in the fibres before and after hemicellulose extraction. 

 

Figure 3-7 - Percentage of xylan, arabinan and galactan present in biomass before (120oC fibres) and after (180oC fibres) 

hemicellulose extraction. 

 

There are some recent studies about XOS and xylose extraction from MxG reported in 

literature (Chen et al., 2014, El Hage et al., 2010b, Ligero et al., 2011) and in all of them, 
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evaluation of temperature and residence time is the key for optimisation of hemicellulose 

extraction and XOS/xylose production.  

Chen et al. (2014) tried to optimise XOS extraction from MxG using a small batch 

reactor (20mL) using SBW from 160-200oC for up to 70min. They reported that best xylan 

extractions reached about 79.5% at 200oC for 5min. After 5min, produced XOS was quickly 

decomposed and it was completely degraded by 20min (Chen et al., 2014). 

El Hage et al. (2010) evaluated MxG SBW hydrolysis using a 0.6L batch reactor in a 

range from 130-150oC and very high residence times (up to 43h). They reported that from the 

initially available xylan they could achieve 54% extraction at 150oC and 8h with only traces of 

furan generated. Also, 100% of arabinan was extracted in these conditions (El Hage et al., 

2010b). 

Ligero et al. (2011) achieved 65% of xylan extraction from MxG after SBW hydrolysis 

in a 0.1L batch reactor. They evaluated temperature from 160-200oC and times up to 60min. 

The optimal condition in this range was at 160oC for 60min (Ligero et al., 2011). 

Therefore, results obtained at this step were comparable to the literature reports. 

Differences can be attributed to the feedstock itself (period of harvesting, age of harvesting, 

growth conditions) and extraction conditions (reactor size, heating time differences, etc.). 

Fibres obtained after the 2-step sequential extraction (180oC fibres), were delignified by 

the organosolv method. 

 

3.3.4.2. Overview of hemicellulose extraction mechanism 

There are two main reactions in hydrothermal conditions during hemicellulose 

depolymerisation: xylan degradation into XOS and xylose (Figure 3-8) and deacetylation 

(Garrote et al., 2001). These two reactions are catalysed by hydronium ions (H+) generated from 
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water auto-ionization in subcritical water condition and acetic acid produced by deacetylation 

(Garrote et al., 2001). The generation of acetic acid in hydrothermal extraction increases 

availability of catalyst and therefore this process is called autohydrolysis. Because the acetic 

acid plays such an important role in this process, the natural feedstock ability of neutralisation, 

which depends on each feedstock, also affects hemicellulose disruption by autohydrolysis 

(Garrote et al., 2001). For instance, mineral salts present naturally in biomass can react with the 

hydronium ions, decreasing its availability as a catalyst (Parajo et al., 1995). 
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Figure 3-8 - Scheme of hemicellulose (xylan type) hydrolysis into xylose. 

 

Vázquez (2005) proposed that biomass exposed to a first step of hydrothermal treatment 

for extractives removal would require more severe conditions at a second step for hemicellulose 

solubilisation. That would be due to partial deacetylation in the first step resulting in a decrease 

in acetic acid during hemicellulose extraction, which could lead to a decrease in autohydrolysis 

(Vázquez et al., 2005). 

The kinetics of xylan depolymerisation are described as being in two different rates: a 

fast stage at the beginning followed by a slower stage, which decreases gradually (Chen et al., 

2014, Garrote et al., 2001). Most authors also agree that arabinose and acetic acid attached to 

xylan backbone will be hydrolysed first as their lateral chains are more accessible and easily 

breakable compared to xylan linear bonds (Chen et al., 2014, Garrote et al., 2001, Nabarlatz et 

al., 2004). 
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Garrote et al. (2001) first suggested the existence of a fast reaction rate in a first stage, 

followed by a slow rate reaction. They theorised that the first and faster stage is due to rapid 

increase in concentration of hydronium ions due to increase in acetic acid production. The 

availability of hydronium ions to catalyse the cleavage was believed to be the limiting in the 

reaction rate at this stage. Furthermore, in a second stage, the factor limiting the reaction rate 

was suggested to be the substrate concentration as significant part of xylan has already been 

degraded and acetyl groups are less available (Garrote et al., 2001).  

However, several authors believe that these two rate steps are a result of differences in 

xylan structure. In a first stage, a less resistant portion of xylan would react, followed by a 

decrease in reaction rate due to a more resistant portion (Nabarlatz et al., 2004, Otieno and 

Ahring, 2012). The resistance of xylan to cleavage could be due to the concentration of 

ramification as well as the molecular weight of hemicellulose fractions. Therefore, fractions of 

xylan containing lower molecular weight and higher levels of arabinan and acetic acid 

substitutions would break more easily (Chen et al., 2014). The degree of association between 

fractions of xylan to lignin and cellulose could also affect the resistance of different 

hemicellulose fractions (Nabarlatz et al., 2004). 

The concept of xylan fractions with different reactivity is more widely accepted among 

the literature (Chen et al., 2014, Otieno and Ahring, 2012). Nabarlatz et al. (2004) studied 

autohydrolysis kinetics in corn and they hypothesized that about 81% of the xylan was very 

reactive and easy to break, while the 19% left was a more difficult to access and depolymerise. 

Moreover, they estimated that reactive part was formed of 78% of xylan in mass and 22% of 

arabinan and acetyl groups whereas in the less reactive fraction xylan accounted for 90% of the 

total mass and the ramifications were only 10% (Nabarlatz et al., 2004).   
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During hemicellulose extraction, fractions of xylan are broken into oligosaccharides of 

different DPs. Subsequently, these oligosaccharides are further degraded into lower DP and 

xylose units (El Hage et al., 2010b). Therefore, theoretically, xylose is not formed directly from 

xylan backbone, but instead it is exclusively a product of XOS depolymerisation (Nabarlatz et 

al., 2004). If not recovered from the liquid, xylose, galactose and arabinose can further 

decompose into degradation products such as furfural, HMF and organic acids.  

One of the main decomposition product of xylose during hydrothermal extractions is 

furfural. As furfural is not a stable product under hot water, it will generate degradation products 

such as carboxylic acids and/or condensation products (Nabarlatz et al., 2004). 

Xylose is degraded into furfural by dehydration as shown in the scheme in Figure 3-9 

(Jing and Lü, 2007). Furfural can be generated from any C-5 sugar, therefore, arabinose units 

can also be a source of furfural during hemicellulose extraction from MxG. 
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Figure 3-9 - Scheme of xylose dehydration to furfural. 

 

The mechanism of xylose dehydration into furfural is still not completely understood. 

There are evidences in literature of mechanisms in which xylose undergoes to a ring opening 

before the dehydration, and others propose direct cyclic mechanisms in which the ring remains 

during the reaction (Ahmad et al., 1995, Rasmussen et al., 2014). This suggests that more than 

one mechanism might exist and it is not very clear whether or not there is a preferred route 

(Rasmussen et al., 2014). 
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Some authors have proposed that there is an intermediate species in the decomposition 

of xylose in water at high temperatures, although its detection has been a challenge (Aida et al., 

2010). Aida et al. (2010) were able to detect xylulose and confirm that this is an intermediate 

of xylose decomposition (Aida et al., 2010). Moreover, formation of xylulose can be compared 

to the isomerisation between glucose and fructose (Paksung and Matsumura, 2015). However, 

the detection of xylulose was only possible at high temperatures (>300oC), and, although 

xylulose presence in lower temperatures has been hypothesized, it has not been proved 

(Rasmussen et al., 2014). 

Under hydrothermal treatment, furfural can further decompose into formic acid (Jing 

and Lü, 2007). The mechanism of furfural breakdown into formic acid, although not confirmed, 

is thought to be a hydrolytic break of furfural aldehyde group (Williams and Dunlop, 1948). 

Additionally, after decomposition of furfural into organic acids, gasification of these products 

into hydrogen and carbon monoxide is possible (Paksung and Matsumura, 2015). 

Retro-aldol reaction (cleavage of C-C bonds) is also a possible route for xylose 

decomposition under sub- and supercritical water conditions (with or without the presence of 

catalyst (Sasaki et al., 2003b). Figure 3-10 shows the scheme of xylose decomposition by retro-

aldol condensation in which glyceraldehyde and glycoaldehyde are the products. 
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Figure 3-10 - Scheme of retro-aldol reaction of xylose to glyceraldehyde and glycolaldehyde. 

 

Sasaki et al. (2003) studied xylose decomposition under sub- and supercritical water 

(360-420oC) using a flow micro-reactor and very short residence times (0.02-1s). Their results 
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showed that the main reaction products under these conditions were glyceraldehyde and 

glycoaldehyde, while only traces of furfural were obtained. This suggested that at these high 

temperatures, xylose degradation by retro-aldol reaction is preferred compared to dehydration 

to furfural. In their study, they also proposed that glyceraldehyde can further decompose to 

dihydroxyacetone via keto-enol tautomerism (chemical equilibrium between a ketone and an 

enol) or dehydrate into pyruvaldehyde (Sasaki et al., 2003b). Pyruvaldehyde can then generate 

latic acid as shown in Figure 3-11 (Aida et al., 2010). 
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Figure 3-11 - Scheme of glyceraldehyde decomposition in sub- and supercritical water. 

 

Jing and Lü (2007) evaluated xylose decomposition in water using a batch reactor at 

temperatures from 180-220oC and reported that in this range no glyceraldehyde or 

glycoaldehyde was detected and furfural and formic acid were the main products. Therefore, 

they confirmed that dehydration is favoured compared to retro-aldol reaction at mild 

temperatures (Jing and Lü, 2007). 

Glyceraldehyde and glycoaldehyde were not evaluated in this study, however, it can be 

concluded that their generation during hemicellulose extraction will be only minimal or absent 

at the temperature used for this step (180oC). Therefore, it is expected that furfural and its 

decomposition products were the main compounds generated in this step. 
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3.3.5. Delignification by modified organosolv method 

The use of organosolv treatments for lignin extraction (delignification) have been 

considered a good alternative for industrial processes and  present advantages such as the use 

of more environment-friendly solvents and generation of sulphur-free lignin (Botello et al., 

1999). 

In summary, the organosolv method promotes the cleavage of hemicellulose (if still 

present) and lignin intra- and intermolecular linkages and generates products (XOS, xylose, low 

molecular lignin) that are soluble in water-organic solvents mixtures (Zhao et al., 2009a). In 

this work, a modified organosolv method was applied using CO2 as modifier. Figure 3-12 shows 

the delignification step from the two processing routes proposed in this work. 

 

Figure 3-12 - Scheme of biomass processing in two routes: direct delignification (a) and sequential extraction followed by 

delignification (b): removal of lignin step. 

 

3.3.5.1. Lignin contents in MxG 

Klason lignin in the MxG used throughout this study represents 22.6± 0.7% of its dry 

weight. Lignin contents for Miscanthus x giganteus in the range from 18-28% have been 

reported in literature (Brosse et al., 2009, El Hage et al., 2010b, Le Ngoc Huyen et al., 2010, 

Lygin et al., 2011) and the value differences are attributed to several factors such as weather 

conditions, availability of nutrients during growth, harvesting period and age of the crop 

(Domon et al., 2013, Le Ngoc Huyen et al., 2010). 
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Acid soluble lignin (ASL) was not quantified in this study primarily because of the lack 

of an accurate method (Hatfield and Fukushima, 2005). Moreover, the choice for not 

quantifying ASL is also due to the fact that ASL is hardly recovered because of its high 

solubility and it accounts for very small percentage of Miscanthus dry weight (0.5-1.5%) 

(Brosse et al., 2009, El Hage et al., 2010b).  

 

3.3.5.2. Overview of kinetics of lignin extraction during organosolv method 

The kinetics of delignification are strongly dependent on the nature of the biomass, 

process conditions and lignin composition, for example, lignin is easier to extract in hardwoods 

than in softwoods, which might be due to different quantities of - and -aryl ether linkages, 

lignin contents and susceptibility to condensation reactions (McDonough, 1992).  

The way lignin depolymerises is not entirely understood and two hypotheses have been 

presented, nevertheless in both of them it is consensual that the delignification reaction occurs 

in more than one phase (Shatalov and Pereira, 2005). 

The first theory assumes one general type of lignin and two different phases: a faster 

initial stage in which lignin is mostly depolymerised following a pseudo-first order reaction; 

followed by a second slow stage in which lignin undergoes condensation reactions in a first-

order model (Parajo et al., 1995). Vázquez et al. (1997) postulated that under organosolv 

process, lignin is extracted to a maximum percentage and then, if the reaction is not stopped, 

the condensation reaction will become predominant (Vázquez et al., 1997).  

The second idea is more recent and widely accepted and theorizes about the existence 

of three kinds of lignin, named initial, bulk and residual lignin (Oliet et al., 2000, Zhao et al., 

2009a). These three lignin types were proposed due to a possible decrease in reactivity during 

delignification observed by a deceleration of reaction rates in three steps (Shatalov and Pereira, 
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2005). Although physical differences leading to different lignin reactivity is not proved, some 

authors believe that initial lignin might correspond to the easiest extractable portion due to its 

structure, which would be of lower complexity compared to other portions, and due to its 

localisation at the middle lamella and cell corner, which is likely to be more accessible (Oliet 

et al., 2000). Residual lignin, on the other hand, is thought to be hardly extractable because of 

its highly cross-linked structure and its location in the cell wall (Oliet et al., 2000). 

Assuming that lignin consists of the three described fractions (initial, bulk and residual), 

two kinetic models have been proposed: simultaneous reactions, in which all three fractions 

start to decompose since the beginning of reaction; and the most commonly used model of 

consecutive reactions, in which initial lignin reacts first, followed by bulk and residual lignin, 

respectively (Shatalov and Pereira, 2005). Moreover, the amount of each lignin portion and, 

thus, the rate of delignification, is closely dependent on the feedstock (Shatalov and Pereira, 

2005). 

 

3.3.5.3. Overview of mechanims of lignin extraction during organosolv method 

The mechanisms and cleavage of lignin linkages are not well understood. Furthermore, 

mechanism differ significantly according to the extraction conditions (Santos et al., 2013). The 

aim of this section is to provide an overview of mechanism focusing on the conditions used in 

this work: presence of an organic solvent in mild acidic conditions. 

The primary reaction of lignin depolymerisation in organosolv method under mild acidic 

condition is thought to be a solvolytic cleavage (reaction in which the solvent, in this work 

ethanol, is a reagent in excess) of the -aryl ether linkages (Figure 3-13) (McDonough, 1992, 

Santos et al., 2013). Nevertheless, the cleavage of -aryl ether bonds (Figure 3-13) becomes 

more and more important as the severity of processing conditions increase (McDonough, 1992). 
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Mild acid hydrolysis of both - and -aryl ether can generate vanillin and vanillic acid (Santos 

et al., 2013). 

 

Figure 3-13 - (a)and(b) aryl ether linkages present in lignin structure Source: (Pandey and Kim, 2011) 

 

Hemicellulose (and, in less extent, glucose) glycosidic linkages and lignin-

carbohydrates ether, ester and glycoside bonds (Figure 3-14) are also broken during organosolv, 

particularly in acidic medium (Li et al., 2007, Sannigrahi and Ragauskas, 2013). El Hage et al. 

(2009) reported that ester linkages were hydrolysed in significant quantities when MxG was 

subjected to organosolv method (El Hage et al., 2009). 

 

Figure 3-14 - Linkages presented in lignin-carbohydrate matrix commonly cleavage during ethanol organosolv method: (a) 

phenyl glycoside; (b) ester; and (c) benzyl ether. Source: modified from (Balakshin et al., 2011). 

 

Condensation reactions (formation of C-C bonds) can also take place and reflect the 

treatment conditions. These condensations reactions form higher molecular weight compounds 

that are not soluble in water-ethanol and decrease the recovery of lignin (Sannigrahi and 

Ragauskas, 2013). Lignin re-polymerisation due to condensation reactions is believed to be a 
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result of the generation of carbonium ions (CH5
+) during cleavage of -aryl bonds (Li et al., 

2007). Both inter- and intramolecular lignin condensation might occur during the organosolv 

method (McDonough, 1992). 

 

3.3.5.4. Parameters affecting lignin extraction 

Although several parameters can affect the extent of lignin extraction, two are believed 

to have the greatest influence on the process: 1) lignin composition; and 2) operation conditions 

(temperature, residence time, H+ availability, etc.). How these two classes are thought to affect 

lignin extraction are detailed below. 

1) Lignin composition 

The efficiency of delignification by any method applied is closely related to biomass 

composition. For instance, the quantity of biomass extractives might have some influence on 

lignin extraction as higher quantities of extractives might increase the accessibility of lignin 

(Shatalov and Pereira, 2005). 

However, it is the lignin composition, i.e., proportion of each of the three main structural 

elements presented in lignin: syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H), that plays 

the key role in delignification processes (Timilsena et al., 2013). In general, guayacyl units are 

highly branched, which decrease accessibility to the linkages and, additionally, guayacyl is also 

believed to be related to increases in condensation reactions (Timilsena et al., 2013). Therefore, 

a high G/S ratio in biomass could represent a drawback in delignification. 

Miscantthus x giganteus, as a grass, has high guayacyl contents (Timilsena et al., 2013). 

El Hage et al. (2009) presented one of the first guaycyl/syringyl/hydroxyphenyl quantifications 

for MxG reported in literature. Using NMR analysis, they proposed a ratio of 52/44/4 for G/S/H, 

respectively (El Hage et al., 2009). 
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2) Operational conditions 

Although the increase of H+ availability promotes greater delignification,  highly acidic 

systems can lead to opposite effect, increasing condensation reactions (McDonough, 1992). The 

increase in other key parameters of lignin extraction such as residence time and temperature 

was also reported to have the same pattern: an increase in delignification until a maximum, 

followed by a decrease in efficiency due to lignin re-polymerisation (Li et al., 2007). 

Figure 3-15 shows a schematic pattern for two possible reactions when lignin is treated 

under acidic conditions: 1) depolymerisation due to acid catalysed cleavage of -aryl-ether 

bonds; and 2) acid catalysed condensation between the carbonium ion located in a side chain 

and the carbon (5 or 6) of aromatic rings (Li et al., 2007). 

 

Figure 3-15 - Scheme of two possible paths when -aryl lignin bonds are broken under acidic conditions: depolymerisation 

and condensation (re-polymerisation). Source: (El Hage et al., 2010a). 

 

As it can be seen, the formation of carbonium ions is believed to be an intermediate 

specie of both depolymerisation and condensation reactions (Li et al., 2007, McDonough, 

1992). Therefore, the conditions (pH, temperature, residence time) applied during lignin 

extraction conditions are decisive for the extraction products generated and, thus, need to be 

optimised in order to maximise lignin fragmentation as well as minimise its re-polymerisation. 
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In addition, the efficiency of organosolv treatment is not only related to the ability of 

accessing and cleaving lignin ether bonds and preventing lignin re-polymerisation, but also to 

the capability of solubilising lignin fragments in the aqueous phase (Xu et al., 2007). 

Therefore, ethanol concentration in organosolv method is decisive for lignin extraction 

efficiency. Low ethanol concentration lead to higher availability of nucleophilic species, which 

are catalyst of lignin depolymerisation, however, high ethanol concentration will facilitate 

lignin fragments solubilisation (Pan et al., 2006). Roque (2013) evaluated ethanol 

concentrations from 0-70% in organosolv method for delignification of MxG using CO2 as 

modifier. He proposed that 50% was the best condition to provide the highest delignification 

and solubilisation of lignin fragments (Roque, 2013). 

Finally, the use of carbon dioxide generates an acidic medium as CO2 reacts with water 

to form carbonic acid (Kim and Hong, 2001). However, even though water-CO2 improves 

lignocellulosic bond cleavage, Lü et al. (2013) reported the need for the addition of an organic 

solvent to solubilise lignin fragment and improve overall treatment (Lü et al., 2013). Moreover, 

Pasquini et al. (2005) studied the effect of carbon dioxide pressure in the ethanol organosolv 

delignification of wood and sugar cane bagasse and concluded that the pressure has little 

influence on delignification (Pasquini et al., 2005).  

Therefore, the synergy generated by water-ethanol-CO2 makes this mixture is a complex 

solvent capable of generate an interesting medium of non-toxic, acidic and partially soluble 

system for lignocellulose bonds cleavage and lignin extraction (Lü et al., 2013). 

 

3.3.5.5. Delignification of MxG 

In this work, recovered fibres are the solid portion (not hydrolysed) after delignification 

step. Figure 3-16 shows the delignification and recovered fibres percentage (%) for the two 
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processing routes evaluated: direct delignification (DEL) and sequential extraction prior to 

delignification (SEQ).  

In the beginning of this chapter, it was hypothesised that the sequential extraction of 

biomass extractives and hemicellulose could improve the lignin extraction in delignification 

step, compared to direct delignification, by leaving lignin more accessible due to the prior steps 

performed. Nevertheless, the results showed a different outcome: direct delignification resulted 

in the removal of 71.7% lignin present in MxG; whereas delignification after sequential 

extraction only removed 60.9% of the lignin presented in 180oC fibres.  

 

Figure 3-16 - Direct and Sequential delignification percentages and fibres recovering in MxG after processing method (n=3). 

 

Table 3-2 shows the mass balance of lignin (in grams) for each route of extractions. It 

can be seen that delignification was more efficient in direct route in terms of percentage, but 

the mass of lignin extracted during the organosol method was similar for both direct and 

sequential routes. 

Table 3-2 - Average of lignin mass balance for the two delignification routes (direct and sequential). 

 

Fibres initial lignin (g) final lignin (g) extracted lignin (g)

MxG 1.14 ± 0.02 0.28 ± 0.01 0.86 ± 0.02

180
o
C 1.44 ± 0.01 0.56 ± 0.01 0.88 ± 0.01
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The percentage of recovered fibres, i.e., fraction that remained solid after 

delignification, was higher for the organosolv step in sequential extraction, as expected. In 

direct delignification, from 5g of initial MxG, 2.2g was remained as solid fibres (recovery 

=44.0%). In sequential extraction followed by delignification, from the 5g of 180oC fibres, 3.4g 

is recovered as solid fibres (recovery=68.4%). This difference is due to the composition 

difference between the start materials. When using MxG in direct delignification, not only 

lignin is extracted in this step, but also hemicellulose and extractives. On the other hand, 180oC 

fibres used for delignification after sequential extractions are already a lignin/cellulose-

enriched fibre. Therefore, delignification step extracts mainly lignin and a residual fraction of 

hemicellulose that remained from previous steps. 

The reasons why sequential extraction resulted in less percentage of lignin removal after 

delignification step when compared to direct delignification could be several, including 

carbohydrate degradation, increasing in condensation reactions, formation of pseudo-lignin, 

and/or re-precipitation of lignin into the remaining fibres. All these processes were described 

to happen in acidic ethanol organosolv method (El Hage et al., 2010a, Sannigrahi et al., 2011, 

Sannigrahi and Ragauskas, 2013, Xu et al., 2007) and they could contribute to decreasing in 

lignin removal efficiency in different degrees, depending on organosolv conditions applied. 

Each process is explained in more detail below. 

1) Carbohydrate degradation 

It has been suggested that autohydrolysis treatment prior to delignification would not 

only remove hemicellulose from biomass but also deconstruct lignin structure by breaking aryl-

ether bonds, facilitating lignin fragmentation (El Hage et al., 2010b). However, several studies 

presented an increase in Klason lignin contents when biomass was subjected to autohydrolysis 

prior to organosolv method (El Hage et al., 2010a, Timilsena et al., 2013). 
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El Hage et al. (2010a) suggested that the increase in severity for ethanol organosolv in 

lignin extraction of MxG increased delignification until a maximum. From this point on, further 

increase in severity resulted in higher Klason lignin values. They attribute this increase to the 

degradation of carbohydrates due to the severity of the process, i.e., if glucose is being 

decomposed along with lignin (or even in a higher rate), lignin percentage calculated by Klason 

lignin will be higher (El Hage et al., 2010a). 

Therefore, due to the extraction steps prior to delignification, it is possible that cellulose 

in 180oC fibres might have become more susceptible to degradation compared to the intact 

cellulose presented in MxG used in direct delignification. Hence, the increase in Klason lignin 

could be due to glucose release during delignification. Moreover, glucose release in direct 

delignification is most likely insignificant as its accessibility should be hard because of the 

presence of hemicellulose and lignin. 

2) Lignin condensation reactions. 

The possibility of lignin condensation reactions could also be a reason for the increase 

in Klason lignin after sequential biomass processing. It is well documented that severe 

parameter condition could lead to re-polymerisation of lignin fragments (Sannigrahi and 

Ragauskas, 2013). 

Vázquez et al. (1997) promoted lignin extraction of wood using acetone organosolv at 

temperatures up to 180oC. They investigated the effect of HCl addition (0-0.2%) and observed 

a significant increase in condensation reactions when wood was treated with the highest HCl 

concentration tested (0.2% w/w) (Vázquez et al., 1997). El Hage et al. (2010a) also reported an 

increase in Klason lignin for more severe conditions after treating MxG with SBW followed by 

ethanol organosolv (El Hage et al., 2010a). 
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Sannigrahi and Ragauskas (2013) suggested that the presence of an electrophilic species 

could inhibit lignin condensation reactions after an autohydrolysis treatment. This species 

would react with the carbonium ions generated during lignin de-polymerisation and avoid 

condensation reactions (Sannigrahi and Ragauskas, 2013). Li et al. (2007) suggested the use of 

2-naphtol as a ‘carbonium ion scavenger’. Prior to wood chips steam treatment, they inserted 

the wood into an aqueous acetone solution containing about 4% (w/w) of 2-naphtol. Then, the 

modified wood was treated with steam in temperature ranging from 152-170oC and times from 

20min to 7h. They reported that 2-naphtol was capable of supressing lignin re-polymerisation 

by reacting with carbonium ions (Li et al., 2007). Similar results of inhibition of lignin 

condensation by using 2-naphtol during lignin extraction from MxG under ethanol organosolv 

methods were presented by Timilsena et al. (2013) and El Hage et al. (2010b) (El Hage et al., 

2010b, Timilsena et al., 2013). However, 2-naphtol is extremely toxic and its use is a major 

drawback particularly in terms of post residues treatment and environmental issues. 

3) Generation of pseudo-lignin 

In addition to carbohydrate degradation and lignin re-polymerasation, another factor that 

might contribute to increase in Klason lignin is the generation of the compound called ‘pseudo-

lignin’ (Sannigrahi et al., 2011). This compound is recognised to be formed mainly in steam 

explosion and diluted acid treatments, however, although no direct confirmation was reported, 

it is believed that pseudo-lignin could be generated in any low pH treatment (Sannigrahi et al., 

2011). 

Pseudo-lignin is described as being an aromatic compound having hydroxyl and 

carbonyl groups and generated exclusively by the condensation reactions of sugars dehydration 

products such as furfural and HMF (Rasmussen et al., 2014). Therefore, even though pseudo-

lignin is not a lignin derivative compound, they are not solubilised in the 2-step acid hydrolysis 
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procedure to determine Klason lignin and, therefore, they will result in overestimation of lignin 

during lignin quantification analysis by Klason lignin procedure. 

Sannigrahi et al. (2011) proposed a test to confirm that pseudo-lignin origins was solely 

from polysaccharides: they extract the holocellulose (hemicellulose+cellulose fraction) from 

hybrid poplar and processed this fraction using sulphuric acid at different temperatures and 

residence times. They attested that even after lignin had been extracted almost entirely (residual 

Klason lignin in holocellulose was 1.6%), Klason lignin contents increased after holocellulose 

acid treatment for most of the conditions used. Moreover, they observed that the Klason lignin 

increased as the severity of treatment applied increased (Sannigrahi et al., 2011). 

Hu and Ragauskas (2014) were able to decrease the formation of pseudo-lignin using 

dimethyl sulphoxide (DMSO) during 2-step hydrothermal treatment of hydrid poplar under 

acidic conditions (H2SO4). The first step was performed at room temperature for 4h and 1% 

(w/w) acid; followed by a second step at 180oC for 40min and 1% acid. They suggested that 

DMSO reacts with HMF in a preferred path, which avoids HMF condensation with other 

compounds to generate pseudo-lignin (Hu and Ragauskas, 2014).  

Although it has been suggested that pseudo-lignin could affect cellulose digestibility by 

enzymes (Hu and Ragauskas, 2014, Kumar et al., 2013), whether or not cellulose accessibility 

and glycosidic bonds cleavage are reduced by the formation of pseudo-lignin in non-biological 

systems such as sub- and supercritical water, remains unclear. 

4) Lignin re-precipitation 

Lastly, even after de-polymerisation and solubilisation by ethanol organosolv method, 

lignin can re-precipitate onto the remaining fibres. The main cause of lignin re-deposition is the 

change in temperature and, therefore, in lignin solubility. When the organosolv reaction is 
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stopped by decreasing reactor temperature, lignin solubility in the system decreases, causing 

lignin to re-precipitate into the surface of the fibres (Xu et al., 2007). 

Although some lignin re-precipitation is possible, it can be considered that the same 

extent of re-precipitation might have happened for both DEL and SEQ fibres. Therefore, lignin 

re-precipitation in the fibres do not account significantly when comparing direct and sequential 

delignification processes. 

In conclusion, the sequential SBW treatment applied before delignification did not 

increase lignin removal when compared to direct delignification as first expected. Results 

observed open a range of opportunities for improvement. For instance, the modified ethanol 

organosolv method used in this work was optimised for raw MxG. However, it seems that the 

conditions applied were too severe for pre-processed fibres (180oC fibres), leading to 

undesirable side reactions. Further investigation is needed to optimise this step in order to 

increase lignin de-polymerisation after a sequence of SBW treatments.    

  Nevertheless, the resultant fibres from sequential extraction (SEQ) still have the 

potential to present a more accessible cellulose due to the sequential treatment and, therefore, 

the potential to increase efficiency of glucose production.  

Moreover, the streams of extractives, hemicellulose and lignin generated in the 

sequential extraction are more promising regarding to future application compared to the one 

stream (extractives+hemicellulose+lignin) generated in direct delignification. Although each 

extraction step performed in this work could be further optimised depending on the products of 

interest, it was demonstrated that SBW with no acid addition was efficient to extract MxG 

extractives entirely and presented a high hemicellulose extraction efficiency.  

Finally, the use of a modified ethanol organosolv using CO2 as catalyst instead of a 

mineral or organic acid also showed a great potential of delignification with values of lignin 
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extraction compared to results using H2SO4 or formic/acetic acid (Brosse et al., 2009, 

Vanderghem et al., 2012). Therefore, CO2/water/ethanol organosolv method suggests a 

promising technique for lignin extraction from biomass. 

 

3.3.6. Analysis of fibres composition 

3.3.6.1. Klason lignin and carbohydrates 2-step acid hydrolysis 

Klason lignin determination was performed on MxG and fibres after processing (120oC, 

180oC, SEQ and DEL) for lignin quantification. In summary, this procedure consists of acid 

hydrolysing the carbohydrates (in 2-step acid hydrolysis) and weighing the remaining acid 

insoluble lignin (Klason lignin). Moreover, acid hydrolysed carbohydrates that were present in 

the fibres can be quantified by HPAEC. 

One of the principles of Klason lignin is to hydrolyse all carbohydrates into their 

monomeric soluble forms, e.g., cellulose into glucose, xylan into xylose, etc. (Sluiter et al., 

2008). Moreover, by quantifying the monomeric sugars in a sample, it is possible to calculate 

the polysaccharide concentration (cellulose, xylan, arabinan) in the solid sample. Figure 3-17 

shows the chromatogram obtained by HPAEC after 2-step acid hydrolysis of MxG. 

The presence of a significant amount of cello-oligosaccharide (COS) compounds can be 

seen in Figure 3-17. Moreover, no XOS were identified in samples after 2-step acid hydrolysis, 

which suggested that all xylan was converted into xylose. In addition, as arabinan and galactan 

presented in xylan backbone are branches and easily hydrolysed (Otieno and Ahring, 2012), it 

was assumed that they were 100% hydrolysed into arabinose and galactose. Therefore, these 

three sugars were easily quantified in all fibres. 

Peaks named I1 and I2 in Figure 3-17 were not identified by standards. However, their 

position right in between the other identified oligosaccharides (cellobiose (C2), cellotetraose 
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(C4) and cellohexaose (C6)) suggests I1 and I2 to be cellotriose and cellopentose, respectively. 

Moreover, the fact that no XOS were identified in the samples after 2-step acid hydrolysis also 

indicates that I1 and I2 are probably cellulose derived, confirming the hypothesis of these peaks 

to be cellotriose and cellopentose. 

 

Figure 3-17 - Chromatogram of MxG (raw Misc) after 2-step acid hydrolysis by HPAEC. (1-arabinose; 2-galactose; 3-

glucose; 4-xylose; 5-cellobiose; 6-cellotetraose; and 7-cellohexaose. I1 and I2 are suggested to be cellotriose and cellopentose, 

respectively). 

 

The change in baseline that can be observed between 20-30min is due to the introduction 

of sodium acetate in the elution method.  

As a result of the high contents of cello-oligosaccharides present after 2-step acid 

hydrolysis, cellulose could not be quantified properly in MxG. Nevertheless, after processing 

MxG, it can be assumed that only cellulose, lignin and hemicellulose are presented in the 

remaining fibres. Therefore, for 120oC, 180oC, SEQ and DEL fibres, cellulose can be quantified 

by difference: cellulose (%) = 100 – lignin (%) – hemicellulose (%), in which hemicellulose is 

the sum of xylan, arabinan and galactan. 
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Throughout this work, it was also assumed that even though cellulose was not entirely 

hydrolysed, it did not affect results of Klason lignin quantification. Figure 3-17 shows that COS 

with high DP were present in very small amounts. Therefore, even in the unlikely possibility of 

a portion of insoluble COS of high DP is still intact, which could account for Klason lignin, this 

portion can be considered insignificant. 

 

3.3.6.2. Lignin and xylan contents in fibres after processing of MxG  

Figure 3-18 shows the percentage of Klason lignin and xylan in MxG, in remaining 

fibres after direct delignification (DEL), as well as in the fibres after each of the three steps for 

sequential extraction: extraction of biomass extractives (120oC), hemicellulose extraction 

(180oC), and delignification after sequential extractions (SEQ). Klason lignin values were 

quantified by Klason lignin procedure, while xylan was quantified by HPAEC after 2-step acid 

hydrolysis.  

 

Figure 3-18 - Percentage of Klason lignin and xylan (%) in MxG and after processing steps (n=3). 

 

After the delignification step, lignin percentage decreased significantly. Moreover, there 

was also a decrease in hemicellulose contents in this step. Therefore, not only lignin is extracted 
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in the modified organosolv method as some hemicellulose is also hydrolysed during this 

procedure.   

Lignin and xylan contents increased in percentage of dry matter in 120oC fibres 

compared to MxG because of the extraction of extractives. 

After hemicellulose removal at 180oC, fibres presented higher Klason lignin contents. 

As lignin and cellulose contents are the same, in grams, before and after hemicellulose removal, 

if assumed that no lignin and cellulose extraction took place in this step, the increase in Klason 

lignin percentage is due the decrease in hemicellulose contents. Lignin and cellulose contents 

in 180oC fibres were calculated as 28.9 and 62.5%, respectively. Therefore, the result of this 

step is an enriched cellulose and lignin fibre resulting from decreasing hemicellulose percentage 

from 20.7 to 8.6%. 

 

3.3.6.3. Mass Balance 

DEL fibres obtained after ethanol organosolv contained 7.2% hemicellulose, 12.9% 

lignin and 79.9% cellulose, whereas fibres obtained from sequential delignification (SEQ) 

contained 4.8% hemicellulose, 16.3% lignin and 78.9% cellulose. Cellulose quantification by 

HPAEC was not possible due to incomplete acid-hydrolysis. Therefore, cellulose values for 

DEL and SEQ were calculated by difference as these fibres are composed only by lignin, 

hemicellulose and cellulose. No arabinan or galactan were identified after organosolv treatment 

either in DEL or in SEQ fibres. Therefore, the resultant fibres from the two processing routes 

proposed, SEQ and DEL, presented a reasonably similar composition and the MxG processing 

was successful in producing cellulose-enriched fibres when compared to the raw material. Table 

3-3 shows lignin/hemicellulose and total mass balance for the direct and sequential extractions 

from an initial mass of 10g of MxG.  
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Table 3-3 - Mass balance for direct and sequential extraction of MxG to produce cellulose-enriched fibres (DEL and SEQ).  

 

The fibres and compositions obtained in this work are in agreement with other published 

studies using SBW/ethanol organosolv extractions in MxG. Timilsena et al. (2013) reported 

comparable results for MxG after a similar sequential extraction using SBW (150oC for 8h) 

followed by ethanol organosolv method (ethanol:water 8:2 + 0.5% w/w H2SO4 at 170oC for 

60min). In their study, the solid fibres after the sequential treatment presented mainly glucose 

(76.6%), lignin (17.3%) and residual xylan (5.8%) and only traces of other sugars such as 

arabinose and galactose (Timilsena et al., 2013).  

El Hage et al. (2010) presented fibres containing 14.1% of Klason lignin after treating 

MxG with ethanol/water (8:2) organosolv acid catalysed by 0.5% sulphuric acid at 170oC for 

60min (El Hage et al., 2010b). 

Physical analysis of DEL and SEQ cellulose-enriched fibres are presented and discussed 

in the following sections. 

 

3.3.7. Impact of direct and sequential extraction on cellulose fibres 

The direct and sequential extraction performed in this work aimed not only to recover 

lignocellulosic components (extractives, hemicellulose, lignin), but also to obtain cellulose 

enriched fibres and modify the structure of the cellulose in order to make it more accessible to 

MxG 120
o
C 180

o
C Delignification

mi  (g) mf (g) mf (g) mf (g)

MxG 10.00 - - 4.40

Lignin 2.00 - - 0.57

Hemicellulose 1.67 - - 0.32

Loss (%) - - - 7.8

MxG 10.00 7.71 6.00 4.02

Lignin 2.00 1.91 1.73 0.66

Hemicellulose 1.67 1.57 0.53 0.19

Loss (%) - 2.5 4.5 8.0

Direct

Sequential

Route Fraction
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hydrolysis. Lignin extraction methods, for instance, are thought to create pores in the 

lignocellulosic matrix, facilitating cellulose disruption (Santos et al., 2013). 

Composition analysis of SEQ and DEL fibres through Klason lignin determination and 

HPAEC did not show significant differences between these fibres. However, whether or not the 

fibres are physically different and as a result impact on the efficiency of SBW mediated 

hydrolysis of cellulose into conversion of cellulose into glucose remains unclear. Therefore, in 

order to try to characterize the fibres obtained from MxG processing via the two proposed routes 

(direct and sequential extraction), two physical analysis were performed: scanning electron 

microscope (SEM) and Fourier transform infrared spectroscopy (FTIR). 

 

3.3.7.1. Scanning electron microscopy of cellulose fibres 

Scanning electron microscopy (SEM) is a tool that can be used to generate images of 

lignocellulosic biomass surface and help understanding biomass physical characteristics. For 

comparison reasons, commercial cellulose (Avicel) was analysed as a standard cellulose fibre 

and compared to DEL and SEQ fibres. Figure 3-19 shows SEM images for Avicel, DEL and 

SEQ fibres. 

Figure 3-19-a,c,e shows that Avicel fibres have a diameter of about 20m. DEL and 

SEQ fibres, on the other hand, have significantly larger fibre diameters of about 150m and 

100m, respectively. Several other images were taken to assure that images in Figure 3-19 

representative, however, they are not shown.  

Comparing Avicel to DEL and SEQ fibres, it can be noticed that Avicel presents a 

smoother surface. Moreover, the horizontal pattern of fibres observed in both SEQ and DEL is 

not detected in Avicel fibres, suggesting that the pure cellulose has differences in structure 

compared to cellulose in lignocellulosic biomass. 
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(a) 

 
(b) 

 
(c) 

 
(d)

 
(e) 

 
(f) 

Figure 3-19 - SEM images for cellulose fibres of: Avicel (a-b); DEL (c-d); and SEQ (e-f). Images magnification: (a) 350x, 

(b) 3500x, (c) 350x, (d) 1200x, (e) 650x, and (f) 2000x. 
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Figure 3-19-b,d,f shows a magnified image of the fibres in which it is possible to observe 

lignin particles in DEL (d) and SEQ (e) as they stand out as little droplets in the fibres surface 

(Donohoe et al., 2008).  

Figure 3-20 shows a closer image of the lignin droplets in DEL (a) and SEQ (b) fibres. 

It is very clear that the lignin particles are substantially different between these two fibres. In 

terms of surface, lignin droplets in SEQ fibres are smoother than in DEL fibres. It seems that 

lignin in DEL fibres is a result of several small particles agglomerated together in an elongated 

shape. 

 

(a) 

 

(b) 

Figure 3-20 - SEM imagines of lignin droplets present in DEL (a) and SEQ (b) fibres using magnifications of 8000x and 

12000x, respectively. 

 

On the other hand, lignin droplets in SEQ fibres look like a single spherical shaped 

particle. These lignin droplets are significantly different in size as well: lignin droplet in DEL 

fibres are at least 3 times larger in length compared to those in SEQ fibres. In addition to the 

shape and size difference, the quantity of droplets seems to be much higher for SEQ compared 

to DEL fibres. 
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 Xiao at al. (2011) evaluated the lignin droplets produced after SBW treatment of wood 

from 140-200oC and observed that the density of lignin droplets onto cellulose fibres surface 

increased with the increase in temperature (Xiao et al., 2011). This result is similar to what 

observed for Miscanthus fibres as SEQ fibres was treated in harsher conditions as a result of 

sequential treatment and this led to a higher density of lignin droplets compared to DEL fibres.   

Donohoe et al. (2008) studied the lignin drops generated after treating corn stover with 

dilute acid (0.8% H2SO4) at 150oC for 20min. The structure presented in their SEM images 

resembles the lignin of SEQ fibres (Figure 3-20-b) as most of the droplets were spherical shaped 

and presented a flat surface and large size variability. They also notice a ‘fusion’ of small droplets 

as highlighted by the arrows in Figure 3-20-b, which might as well be a result of droplets 

fragmentation. Although they did not observe elongated particles as shown in Figure 3-20-a, they 

detected particles with rough surface and attributed this structure as being due to carbohydrate 

shells and, therefore, these structures could be non-disrupted lignin-carbohydrate complexes 

(Donohoe et al., 2008). 

Therefore, although SEQ fibres present a larger amount of lignin droplets, their shape and 

size could indicate that the lignin has been more extensively fragmented when comparing with 

lignin presented in DEL fibres. Hence, in theory, cellulose from SEQ fibres are potentially more 

exposed than in DEL fibres. 

 

3.3.7.2. FTIR analysis 

Infrared spectroscopy is commonly used for structural analysis of lignocellulosic biomass 

particularly because of its simplicity in sample preparation, fast analysis, and the possibility of 

investigating more than one compound at time using the same spectra (Xu et al., 2013a). 
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Figure 3-21 shows the spectra obtained by FTIR of Avicel, DEL and SEQ fibres. Avicel 

stands out from the other two mostly due to higher intensity peaks as apart from few exceptions 

(peak at 1510cm-1, for instance), most of the peaks are presented in the spectra of all three fibres. 

Cellulose and hemicellulose may present a peak around 1160cm-1 due to C-O-C stretching 

and at about 1310cm-1 due to CH2 wagging, i.e., out of plane vibration (Adel et al., 2010, Liu and 

Chen, 2006). These peaks can be seen in all three spectra. Both cellulose and hemicellulose also 

present peaks at 1200cm-1 due to O-H bending (Hulleman et al., 1994) and peaks at 1030cm-1 

also addressed to C-O-C bonds (Sun et al., 2007). The peak at about 1055cm-1 is related to 

vibration of C-O-C in pyranose ring (Lan et al., 2011). Symmetric glycosidic stretch and/or ring 

stretching (C-O-C) is seen at 1100cm-1 (Bessadok et al., 2007).  

 

Figure 3-21 - FTIR spectra of Avicel, DEL and SEQ fibres 

 

Cellulose fibres present peaks at 1360cm-1 due to OH deformation of alcohol groups 

(Bessadok et al., 2007). C-H stretching is presented at about 2900cm-1 (Adel et al., 2010) and C-
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H2 is presented at 2850cm-1 (Bessadok et al., 2007) and it is interesting to notice that pure 

cellulose (Avicel) only presents the first. Characteristic peaks presented in cellulose due to 

crystalline and amorphous structures are 1427 and 895cm-1, respectively (Nelson and O'Connor, 

1964) and they can be seen in all three fibres. 

Peak at about 1730cm-1 are assigned to carboxyl presented in uronic acid and ester in 

hemicellulose or to hemicellulose-lignin complexes (Adel et al., 2010, Peng et al., 2009). DEL 

fibres present a more pronounced peak while SEQ fibres shows only a shoulder at this band. That 

could be related to the higher xylan quantity presented in DEL fibres (7.2%) compared to SEQ 

fibres (4.8%). Avicel has no peaks in this region. 

Lignin presents several unique peaks such as at 1330 and 1263cm-1 that are due to syringyl 

and guaiacyl respectively (Villaverde et al., 2009). Figure 3-21 shows that none of these peaks 

is presented in any of the spectra.  

One of the most characteristic peaks presented in lignin is at 1510cm-1, due to aromatic 

skeletal vibration, and it is suggested that this peak can be used for lignin quantification as this 

peak appears exclusively for lignin (Barnette et al., 2012). This peak is presented in both DEL 

and SEQ at almost the same low intensity. Moreover, this peak is completely absent in Avicel, 

as expected. 

Absorbance between 4000 and 3000cm-1 is thought to be due to stretching vibration of 

intramolecular hydrogen bonds (Bessadok et al., 2007, Lan et al., 2011). Hydrogen bonds due to 

absorbed water appears at 1635cm-1 (Lan et al., 2011). 

The difficulty of using FTIR in analysis of lignocellulosic biomass is the overlapping of 

peaks due to different linkages. For instance, the absorbance at 1427cm-1 is due to not only 

cellulose C-H bonds, but also appears in lignin and hemicellulose (xylan) structures (Barnette et 

al., 2012). The peak around 1035cm-1 is due to C-O, C=C and C-O-C and it is presented in 
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cellulose, lignin and hemicellulose (Sills and Gossett, 2012). Moreover, it can also be rather 

difficult to differentiate which peaks are due to cellulose or hemicellulose as these polymers 

present similar linkages such as -glycosidic which appears at 895cm-1 (Kac̆uráková et al., 2000). 

In conclusion, the FTIR is a fast analysis and can indicate some differences among the 

spectra of the different fibres. However, for a deeper comprehension of the significance of the 

physical differences presented by the FTIR results, a more complete analysis must be 

implemented. Therefore, in order to analyse the cellulose crystallinity/amorphous structure and 

PCA was performed and results are presented in the next sections. 

 

3.3.7.3. Cellulose crystallinity and Crystallinity Index (CI) 

Cellulose is a well-organized polymer composed of crystalline and amorphous (less-

organized) portions. Although it is well accepted that amorphous regions of cellulose are more 

susceptible to hydrolysis (Zhao et al., 2012), the relation between degree of crystallinity and 

cellulose hydrolysis is still not well-understood (Hu and Ragauskas, 2012). 

The IR crystallinity index (CI) of cellulose is a measurement that indicates crystalline 

portion related to the amorphous portion in a cellulosic sample and can be empirically calculated 

by the ratio of IR absorptions at 1427cm-1 (A1427) and 895cm-1 (A895) (Kataoka and Kondo, 1998). 

A1427 is addressed to C-H2 scissoring motion (Nelson and O'Connor, 1964) and A895 is related 

to-glycosidic linkage (Kac̆uráková et al., 2000) and they correspond to the crystalline and 

amorphous portions in cellulose structure (Nelson and O'Connor, 1964). 

Figure 3-22 shows the CI values calculated by A1427/A895 for Avicel, MxG, 120oC, 180oC, 

DEL and SEQ fibres. CI values calculated for Avicel and MxG were very similar, even though 

they are very different materials in terms of composition (Avicel is pure microcrystalline 

cellulose) and particle size. The results led to questions related the validity of the technique and 
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suggest that it might not be accurate for lignocellulose biomass because of the interferences 

caused by other components present in the matrix along with cellulose (Barnette et al., 2012). 

 

Figure 3-22 - Crystallinity index (CI) values calculated by FTIR absorbance (A1427/A895) for Avicel, MxG, DEL and SEQ fibres 

(n=3). 

 

Barnette et al. (2012) suggested that for pure cellulose (commercial), calculation of CI 

through the ratio of A1427 and A895 has a good correlation with other methods used to evaluate 

crystallinity in cellulose, X-ray diffraction for instance. However, complex lignocellulosic 

structure might present inaccurate results due to overlapping of the peak 1427cm-1 that is also 

presented in lignin and hemicellulose/xylan spectra (Barnette et al., 2012). Moreover, the peak 

at 895cm-1 can be due to -glycosidic linkages between glucose or also between xylan units 

(Kac̆uráková et al., 2000). Additionally, the particle size may also affect the intensity of 

absorbance, making comparisons among different samples challenging (Zhao et al., 2012). 

However Figure 3-22 shows that the CI of MxG increased after treatment. Moreover, for 

SEQ fibres, each treatment stage led to a further increase in CI values, resulting in higher CI than 

DEL fibres presented. As CI is, by definition, the ratio between the crystalline and the amorphous 

portions of a sample, the treatments increased CI values not because of an increase in crystalline 
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portion, but as a result of a decrease in amorphous polymers quantities. Therefore, it is theorized 

that the increase in CI values after treatments is most likely due to the extraction of non-

crystalline compounds as hemicellulose and lignin (Kim and Holtzapple, 2006). 

Kim and Holtzapple (2006) demonstrated that the degree of crystallinity in pulp from 

corn stover measured by X-ray diffraction increased from 43 to 60% after delignification using 

calcium hydroxide using temperatures from 35-55oC for up to 16 weeks of treatment (Kim and 

Holtzapple, 2006). 

Haverty et al. (2012) treated MxG with H2O2 (2.5-7.5%) + formic acid + NaOH. They 

calculated CI for raw MxG and pulp after H2O2 treatment by X-ray diffraction and CI values 

were in the range from 0.81-0.86. However, although CI did not change significantly after the 

treatment, they reported glucose release during enzymatic hydrolysis to be 20 times higher for 

treated MxG compared to raw MxG (Haverty et al., 2012). Moreover, several treatments such as 

alkaline and acids can lead to an increase in crystallinity in biomass due to extraction of 

amorphous fractions (Vandenbrink et al., 2011).  

Furthermore, the studies that evaluate the relation between crystallinity and hydrolysis 

often decrease cellulose crystallinity by applying a physical (ball milling) or chemical (acid, 

alkaline) treatment and compare the results of digestibility with crystalline cellulose. However, 

in addition to the decrease of cellulose CI, these treatments result in a significant decrease in 

particle size and, consequently, in an increase in surface area. Therefore, the increase in 

digestibility observed by some authors (Zhao et al., 2006) is presumably not only due to decrease 

in CI but also due to other modifications achieved by the treatment such as decreasing in DP and 

increasing in surface area, which are often not elucidated (Zhao et al., 2012). Consequently, an 

increase in crystallinity does not necessarily means a decrease in digestibility and vice-versa 

(Taherzadeh and Karimi, 2008). 
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Moreover, although CI calculated by IR data can give some information about the 

samples, the use of this technique in complex lignocellulosic biomass is challenging (Barnette et 

al., 2012). Oh et al. (2005) demonstrated a good correlation between CI values obtained by X-

ray diffraction and by IR absorbance bands (A1427/A895). However, in their study only commercial 

cellulose was evaluated (Oh et al., 2005). On the other hand, Stevulova et al. (2014) reported 

significant values difference between CI for hemp hurds calculated by X-ray and IR (Stevulova 

et al., 2014).  

Therefore, other analytical techniques that allow the level of crystalline/amorphous 

cellulose structure to be determined such as NMR and X-ray diffraction might be preferred for 

lignocellulosic biomass due to less interference (Kim et al., 2013). Moreover, calculation of CI 

from IR data was usable to understand differences caused by the treatments in MxG and compare 

the fibres obtained, however, CI as a value is most likely not enough to explain cellulose 

digestibility in complex lignocellulosic structures and should not be seen as an independent factor 

(Viikari et al., 2012, Zhao et al., 2012). 

 

3.3.7.4. FTIR data analysed by Principal Component Analysis (PCA) 

Although the FTIR analysis and CI calculation can give an insight about cellulose fibres 

produced by the performed treatment, it is hard to obtain results from these analysis that clearly 

differentiate DEL and SEQ fibres in physical terms.  

Therefore, in order to try to establish a better better understanding of the physical 

characteristics of MxG and the potential for change during treatment, the FTIR data was analysed 

by applying principal component analysis (PCA) using the Unscrambler X version 10.3 software 

(CAMO).  
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The FTIR data used for PCA analysis consisted of five biological replicates of each fibre: 

120oC, 180oC, DEL, SEQ and Avicel (AV). The range of wavenumbers analysed was from 600 

to 4000cm-1, resulting in 1764 wavenumber (variables) for each spectrum. 

 

3.3.7.5. FTIR data Manipulation 

Several data manipulations such as smoothing, normalisation and 2nd-derivative are used 

prior to PCA in order to decrease noise/increase resolution (Hori and Sugiyama, 2003, Michell, 

1990, Xu et al., 2013a). However, there is no consensus about which tool/tools would work best 

for all cases of FTIR data. Therefore, with the purpose of evaluate which manipulations of FTIR 

data would increase the resolution of spectra and lead to an easier interpretation of the data, 

smoothing, normalisation and 2nd-derivative were performed in different sequences and analysed 

one by one in order to select the one which suits the most the FTIR data in this work.  

Table 3-4 shows the sequences of data manipulation applied to FTIR data prior to PCA. 

Table 3-4 - FTIR data manipulation performed in samples spectra prior to PCA. 

 

3.3.7.6. Data manipulations M1 and M2 - Smoothing and normalisation  

3.3.7.6.1. Scores plot 

The scores plots of PCA present the samples grouped by their variability. The differences 

among the samples presented in the scores plot are thought to be chemical (composition) and/or 

structural (Kline et al., 2010), therefore, samples in the same cluster present similar features 

among them. 

Manipulation 1
st

2
nd

3
rd

M1 smoothing - -

M2 smoothing normalisation -

M3 smoothing 2
nd

-derivative -

M4 smoothing 2
nd

-derivative normalisation
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Figure 3-23 shows the scores plots for PC1 and PC2 after applying only smoothing (M1) 

(a) and smoothing followed by normalisation (M2) (b) in the FTIR data. The ellipse in every 

scores plot represents the confidence interval (95%). 

 

(a) 

 

(b)

Figure 3-23 - PCA scores plots for FTIR data after smoothing (a) and smoothing followed by normalisation (b) manipulation. 
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Figure 3-23-a shows that Avicel is clearly distinctive from the other samples. This is an 

insight that PCA was able to distinguish FTIR spectra of Avicel from those of the other samples. 

Moreover, as the scores plot is a representation of data variability, it can be concluded that 

samples less spread through this plot are less variable, i.e., more homogeneous. Hence, it is 

indeed expected that Avicel, as commercial pure cellulose, is the most homogeneous samples 

among the fibres evaluated, as indicated in Figure 3-23. However, as this is the only evident 

cluster when using only smoothing prior data analysis, other data manipulation might be needed 

to increase spectra resolution and improve samples differentiation. 

When normalisation is applied after the smoothing tool (M2), a different scores plot is 

generated (Figure 3-23-b). Even though samples still present a large variability, two more 

clusters might be suggested, apart from the already observed cluster of Avicel samples: a cluster 

positive in PC2 containing MxG and DEL fibres; and a negative PC2 cluster for the remaining 

fibres (120oC, 180oC and SEQ).  

In some cases, the evaluation of samples position along the PCs in the scores plots can 

infer which characteristics each principal component most describes. For instance, from the 

way different extracted lignin were presented in the scores plots of PCA, Leskinen et al. (2015) 

were able to suggest that their PC1 was directed related to crystallinity and PC2 was strongly 

related to hydroxyl functionalities (Leskinen et al., 2015). 

However, in most of the cases, the interpretation of the PCs is not straightforward (Hori 

and Sugiyama, 2003). Moreover, although the new arrangement provided by M2 through data 

normalisation improved the representation of the data by possible decreasing noise, it is still 

hard to suggest a single feature/characteristic that would explain PC1 or PC2.   



Chapter 3 – Cellulose purification by biomass fractionation in a biorefinery approach 

107 

 

3.3.7.6.2. Loading plot 

The loading plot is a visual representation of the degree to which variables affect the 

sample variability. In the loading plot, the wavenumbers with highest peaks (both negative and 

positive) are the wavenumbers that contribute the most to differences in PC1, as observed in 

the scores plot (Kline et al., 2010). 

Figure 3-24 shows the loading plot for FTIR data after manipulations M1 (a) and M2 

(b). Only the loading plot for PC1 was evaluated because PC1 explains the highest percentage 

of data variability (90 and 59% for M1 and M2, respectively). 

 

(a) 

 

 (b)

Figure 3-24 - Loading plot for FTIR data after applying smoothing (a) and smoothing followed by normalisation (b) for PC1. 

 

For the analysis performed on data after smoothing (Figure 3-24-a), all the loading were 

positive and wavenumbers at 1030, 1100 and 3300cm-1 had the highest influence on PC1. After 

normalisation was also applied on the data (M2), the loading changed significantly and the 

bands at 1080, 1230 and 3300cm-1 presented the most influence on the variability. 

The band from 4000 to 3000cm-1 is due to OH stretching and it commonly present in 

lignocellulose materials, therefore, it is not usually used to characterize the biomass (Bessadok 

et al., 2007, Lan et al., 2011). The band at 1080cm-1 is due to cellulose C-C/C-OH  (Kac̆uráková 

et al., 2000) and at 1024cm-1 is assigned to C-OH (Garside and Wyeth, 2003), respectively; 

1080 1230

0 

3300 1030 

1100 
3300 
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1100cm-1 is attributed to ring or glycosidic stretching (Bessadok et al., 2007); and 1230cm-1 are 

due to aryl alkyl ether (C-O-C) in cellulose and lignin (Morán et al., 2008). Therefore, it can be 

suggested that cellulose plays an important role in data variability.  

As the samples were not well separated in the scores plot using these approaches 

(smoothing and normalisation), next section will present the attempt to improve resolution of 

the FTIR data. 

 

3.3.7.7. Data manipulations M3 and M4 - Smoothing and 2nd-derivative followed by 

normalisation 

The use of the 2nd-derivative in FTIR data prior to PCA can improve peak resolution 

and help to overcome peak overlapping (Chen et al., 2015). Therefore, in this section, 

smoothing and 2nd-derivative (M3) were applied to the data and compared to the same method 

followed by data normalisation (M4).  

3.3.7.7.1. Scores plot 

Figure 3-25 shows the scores plot for manipulation M3 (a; smoothing + 2nd-derivative) 

and M4 (b; smoothing + 2nd-derivative + normalisation). 

The difference between these two plots in Figure 3-25 strongly suggests that 

normalisation of the data was in fact able to decrease whatever noises/peak overlapping were 

affecting the analysis and preventing the spectra from being clearly separated among the 

samples. The use of 2nd-derivative of FTIR spectra in PCA have been reported to increase 

resolution of the data analysed (Michell, 1990). However, Figure 3-25-a shows that the 2nd-

derivative by itself did not improve the visualisation and normalisation was essential to improve 

the analysis. 
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(a) 

 

(b)

Figure 3-25 - PCA scores plots for FTIR data after smoothing+2nd-derivative (a) and smoothing+2nd-

derivative+normalisation (b). 

 

Apart from the clear cluster of each of the samples obtained in Figure 3-25-b, it is also 

possible to suggest a pattern: from the raw material (MxG) in the left side, every treatment 
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performed led to a fibre that moved from the left to the right side (from PC1 negative to 

positive). It is known that each of the treatments performed resulted into an increase in cellulose 

percentage in the fibres, therefore, PC1 could have a direct relation to the cellulose contents 

and/or cellulose purity. Moreover, the position of Avicel in the positive region of PC1 supports 

this suggestion.  

However, SEQ and DEL have very similar contents (79.9 and 78.9%, respectively) and 

do not have the same PC1 value. Moreover, each treatment performed on MxG led to an 

increase of CI, which could also be correlated to PC1 from negative (lowest CI) to positive 

(highest CI). In this case, Avicel does not fit in the theory, as MXG and Avicel presented similar 

CI values. Therefore, it is clear that cellulose contents is not the only feature that PC1 describes. 

In addition, the presence of hemicellulose and lignin is believed to increase amorphous 

contents in lignocellulosic biomass. Therefore, PC1 could also be related to 

amorphous/crystalline contents. MxG is the sample that present the highest content of 

amorphous compounds (hemicellulose/lignin/extractives) and it is placed at the negative 

portion of PC1. Then, at each treatment performed, amorphous compounds are being extracted 

and it resulted in samples moving along PC1 from the negative to the positive portion.  

Therefore, crystallinity might be increasing along PC1 from negative to positive portions as a 

result of extraction of amorphous compounds. 

In addition, the sequential and direct treatment generated samples that present opposite 

values along PC2. However, the feature described by PC2 is not easily determined. It could be 

related to hemicellulose contents, as the fibre that has the highest PC2 value (120oC) is also the 

one that presents the highest percentage of hemicellulose among all samples. Moreover, after 

losing a significant amount of hemicellulose, 180oC fibres presented a significant decrease of 

PC2 values compared to 120oC. Nevertheless, it is clear that hemicellulose is not the only 
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feature described by PC2 as DEL fibres have higher hemicellulose contents than SEQ, but 

present lower PC2 values. These results indicate that PC2 describe not one single characteristic, 

but a group of not straightforward features. 

Although the analysis of features described by PC1 and PC2 is coherent with what can 

be observed by the scores plots and what is known about each fibre composition, evaluation of 

PCs are generally speculative and qualitative if further evidence is not presented (Hori and 

Sugiyama, 2003). 

Finally, the variability of each group of samples shows that the sequential treatment 

(SEQ fibres) result in more homogeneous samples when compared to direct treatment (DEL 

fibres). 

3.3.7.7.2. Loading plot 

From the data manipulations evaluated, M4 (smoothing+2nd-derivative+normalisation) 

generated the best results in terms of spectra separation and resolution. Therefore, only the 

loading plot of this manipulation is shown in Figure 3-26. 

 

Figure 3-26 - Loading plot for PC1 after manipulation of FTIR data (M4). 

 

The variables loading are closely related to the position of each sample in the scores 

plot. When using M4 as data manipulation route, the wavenumbers that most affected PC1 

positively were 1080cm-1 that is attributed to pyranose ring (Morán et al., 2008) and 2920cm-1, 
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which is assigned to CH2 in cellulose (Sun et al., 2007). On the other hand, bands at 1056cm-1, 

due to asymmetric C-C (Garside and Wyeth, 2003) and 1108cm-1 due to C-OH (Morán et al., 

2008) had a negative effect on the loading plot.  

Therefore, although these wavenumbers are different from the ones obtained by the 

loading plot of M1 and M2, they are also mainly due to cellulose linkages. Moreover, once 

again wavenumbers related to infrared CI values (895 and 1427 cm-1) did not affect the analysis 

significantly. 

From both scores and loading plots it can be concluded that the 2nd-derivative and data 

normalisation revealed the wavenumbers that define the features of the spectra and therefore 

separate them efficiently as can be seen in the scores plot in Figure 3-25. 

3.3.7.7.3. Explained data variability by the principal components 

Each principal component (PC) explains a portion of data variability in a decreasing 

order, i.e., variability explained by PC1>PC2>PC3 and so on (Esbensen, 2002). Both scores 

and loading plot shows the percentage of explained variability by each PC in between brackets. 

For instance, the first scores plot (Figure 3-23) shows that PC1 explains 90% of the data 

variability, while PC2 explains 6%. Therefore, the scores plot represents 96% of total data 

variability. 

Comparing the plots shown in Figure 3-25, it can be observed that the sum of percentage 

of data variance explained by PC1 and PC2 was decreased when normalisation was introduced. 

Data explained by PC1+PC2 decreased from 86 to 60% when M3 and M4 are applied, 

respectively. The same decrease was observed for M1 (96%) compared to M2 (77%) (Figure 

3-23). That might indicate that although normalisation was effective in resolving both pair of 

data (M1/M2 and M3/M4), its use resulted in the need of more variables (PCs) to explain the 

data, suggesting the high complexity of the samples. 
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However, in this work, the decreasing in explained variability did not compromise the 

overall analysis. Moreover, analysis focused on only PC1 and PC2 was still enough to provide 

useful samples information. 

 

3.3.7.8. CI investigation by PCA analysis 

In a last attempt of further investigating cellulose crystallinity and CI values, PCA was 

performed using only the wavenumbers that are thought to describe crystalline and amorphous 

cellulose portions: 1427 and 895cm-1. Therefore, for this analysis, two ranges of wavenumbers 

were used only: 1425-1430cm-1 and 890-900cm-1.  

In addition, PCA was also performed using the spectra with the exception of CI related 

bands to evaluate if the absence of these bands would cause any difference in the results. Then, 

the results of PCA using CI wavenumbers were compared to PCA performed on the whole 

FTIR spectra. All the analysis of this section were performed after transformation M4 was 

applied to the FTIR data.  

Figure 3-27 shows the scores plot for PC1 and PC2 for the FTIR spectra without CI 

wavenumbers (a), and for CI wavenumbers only (b). Figure 3-27-a confirms that the analysis 

of FTIR spectra after removing the CI wavenumber is the same as the whole spectra analysis 

(Figure 3-25-b) as they are superimposable. That suggests that CI wavenumbers are not crucial 

in the PCA of the biomass analysed (MxG, 120oC, 180 oC, DEL, SEQ and Avicel).  

However, when analysing the PCA results only for CI wavenumbers only (Figure 3-27-

b), there is a clear difference compared to the whole spectra. PC1 apparently differentiates pure 

cellulose (negative PC1) from MxG (positive PC1). Furthermore, it can be suggested that along 

PC2: 180oC, SEQ and Avicel are preferentially negative, while 120oC and DEL are positive. 
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However, as PC2 only accounts for 2% of samples variability, no conclusion on fibre 

composition/structure could be made based on only CI wavenumber data.  

 

(a)

 
(b) 

Figure 3-27 - PCA scores plot after applying M4 using: the spectra with the exception of CI wavenumbers (a); and only CI 

wavenumbers (b). 
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The analysis of the same set of data shown in Figure 3-27-b was also performed using 

other data manipulation (M1, M2 and M3). Although some clustering differences were 

observed compared to manipulation M4, they did not change the overall analysis and, therefore, 

this data is not shown.  

The results suggest that CI values obtained from FTIR data did not demonstrate 

significance among the samples analysed. The reason for that is most likely due to the complex 

nature of lignocellulosic structure and its compounds that can affect FTIR analysis (Barnette et 

al., 2012). 

 

3.4. Conclusion 

Using the biorefinery approach, cellulose-enriched fibres were successfully obtained 

from MxG in two routes: 1) direct delignification; and 2) sequential extraction followed by 

delignification. 

Differently from what was expected, after the modified organosolv method step, DEL 

fibres presented lower percentage of lignin compared to SEQ fibres, suggesting that the 

delignification process was more efficient in direct route compared to sequential extraction 

route. That could be due to several non-target reactions (condensation, pseudo-lignin formation) 

resultant from the increased process severity applied during sequential extraction. In addition, 

direct route resulted in fibres with higher hemicellulose contents when compared to the 

sequential route. Cellulose contents in both fibres were very similar.  

However, different from the purified liquid streams generated during sequential 

extraction, direct delignification originated a liquid stream containing a mixture of several 

components (biomass extractives, hemicellulose, and lignin). This complex mixture decreases 
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its potential use for further processing, particularly for hemicellulose fraction that is highly 

soluble in this stream and difficult to be recovered. 

Although sequential extraction is still preferred because of the potential of using liquid 

streams for high-valuable products generation, the fibres composition achieved by these two 

routes was very similar. Moreover, the first aim of this chapter was achieved by successfully 

removing biomass fractions using SBW and a modified organosolv method to produce 

cellulose-enriched fibres. 

In order to understand structural characteristics of fibres produced, physical evaluation 

was performed using SEM, FTIR and PCA. SEM showed significant differences in the surface 

of biomass. PCA demonstrated to be a powerful tool for FTIR data analysis. While FTIR spectra 

and infra-red crystallinity index (CI) values only provided limited information about fibres 

structures and differences among the samples, PCA was able to provide more definitive results 

about the structural differences present in the fibres. PCA efficiency proved to be closely 

dependent on data manipulation, therefore the evaluation of several data manipulations was 

performed to determine which one would be most suitable for the particular set of samples of 

this work. Data normalisation demonstrated to have a significant effect on data analysis. The 

use of data 2nd-derivative by itself did not display a significant improvement. However, the 

combined effect of 2nd-derivative and normalisation achieved the best data resolution providing 

useful information about the samples. 

Therefore, the use of physical analysis combined with statistical tools achieved the 

second aim of this chapter that was to evaluate/differentiate fibres produced by SBW and 

modified organosolv extractions. Hence, PCA successfully proved qualitatively that different 

treatments led to a production of two distinct cellulose-enriched fibres: DEL and SEQ. 
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These fibres were used as starting materials to assess the efficiency of using SBW as 

media/catalyst in the conversion of cellulose fibres into glucose monomers following the 

biorefinery approach and this process is discussed in Chapter 4. 
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 AN ASSESSMENT OF SUBCRITICAL WATER 

FOR CELLULOSE HYDROLYSIS AND GLUCOSE 

PRODUCTION  

 

4.1. Introduction 

Cellulose is a water insoluble linear polymer composed of glucose units bonded by -

1,4-glycosidic linkages (O'Sullivan, 1997) and present both highly organized (crystalline) and 

less ordered (amorphous) fractions (Klemm et al., 2005) and degrees of polymerisation (DP) 

that varies from 6000 to 16000 (Liu and Sun, 2010). Cellulose is a substantial natural polymer 

and it is the most abundant compound presented in lignocellulosic biomass (Vanholme et al., 

2013). Cellulose is currently largely used in industry of paper and chemicals (Liu and Sun, 

2010) and its interest as an important carbon source for a bio-based economy is increasing 

significantly as glucose can be converted into a variety of fuels and chemicals (Vanholme et 

al., 2013). 

The current global energy economy based on fossil fuel reserves lacks sustainability and 

it is leading to a series of environmental, economic and geopolitical implications regarding to 

its future (Demirbas, 2009a). Therefore, issues such as the increase of fuel demands, climate 

changes, and the instability of fossil fuel prices are driving an economic transition towards a 

bio-based economy (Langeveld et al., 2010). A bio-based economy is believed to be the most 
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promising way to achieve energy independence as well as a sustainable development and 

management of environmental issues (Demirbas, 2009a, Fitzpatrick et al., 2010).  

In order to utilize cellulose for production of fuels, chemicals and/or materials, cellulose 

needs to be recovered/accessible from lignocellulosic matrix. However, whereas high 

sugar/starch contents feedstocks such as sugar cane and corn are easily hydrolysed, cellulose 

requires a more extensive treatment in order to disrupt its linkages and release glucose units 

(Demirbas, 2009a). 

The use of water in subcritical conditions for lignocellulose biomass fractionation is 

gaining attention as an environment-friendly process due to the non-requirement for additional 

catalysts, fast processing and operational simplicity, and limited corrosion a problem commonly 

encountered by supercritical and acid treatments (Ruiz et al., 2013, Toor et al., 2011). 

Water in subcritical conditions has interesting properties that differ from ambient 

conditions such as higher ionic constant, lower viscosity and higher solubility of organic species 

(Toor et al., 2011). In addition, subcritical water (SBW) acts simultaneously as solvent and 

catalyst for hydrolysis reaction as its auto-ionization creates hydronium ions (H3O
+) that 

catalyse hydrolysis (Ruiz et al., 2013). Moreover, a neutralisation step is not necessary as the 

H+ ions are a function of temperature and, therefore, will naturally decrease when temperature 

decreases (Tolonen et al., 2011). 

SBW has and continues to be widely studied as potential solvent to support pretreatment 

of biomass fractionation but and also to modify cellulose in order to make it more accessible to 

hydrolysis (Taherzadeh and Karimi, 2008). Subsequent cellulose hydrolysis, however, is 

usually performed by mineral acids or enzymes (Demirbas, 2009a) in processes that have 

significant drawbacks such as long time required for the reaction, problems with corrosion and 
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acid disposal/recycling, cost of enzymes, and enzymatic inhibition by co-products generated 

during pretreatments (Carvalheiro et al., 2008, Vanholme et al., 2013). 

The aim of this chapter is to assess the use of SBW as a ‘green’ solvent for cellulose 

hydrolysis into glucose using pre-processed MxG fibres (DEL and SEQ) in a biorefinery 

concept. Moreover, the objective is to develop an understanding of chemical reactions taking 

place during cellulose hydrolysis under SBW conditions as well as to evaluate the role of 

cellulose structure during hydrolysis in addition to develop an understanding of the impact of 

MxG direct and sequential extraction on glucose release and formation of fermentation 

inhibitors (HMF, furfural, etc.). 

 

4.2. Material and methods 

4.2.1. Subcritical water (SBW) hydrolysis 

The reactors used throughout this chapter were built using stainless steel tubes 

(thickness 0.3cm) and stainless steel caps (Swagelok, UK). Reactors dimensions were 1.5cm of 

internal diameter and 11.4cm length, totally 20mL volume. 

Distilled water (15mL) was pre-heated to 50oC prior to the reaction. Pre-heated distilled 

water was mixed with the biomass from 0.5-6.4% (w/v), depending on the loading condition, 

and placed into the reactor. 

A GC oven (Hewlett Packard HP, 5890 series II) was used to perform the reactions 

because of the rapid rate of temperature increase and easier temperature control compared to 

common ovens. In order to decrease the heating time, once the reactors were placed inside the 

oven, the oven was set to its maximum temperature (325oC). Then, once the target temperature 

(190-320oC) was about to be achieved, the oven was set back to target temperature. In this way, 
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the ramp of temperature increase was considered to be the same for all experiments regardless 

of the target temperature. 

During every experiment performed, a reactor containing only distilled water was 

placed together in the oven and connected to a thermocouple (type K, 310 stainless steel sheath, 

1.5mm) for temperature profile and control. As the biomass loading in this study was low (up 

to 6.4%), it was considered that the reactor containing only water and the reactors containing 

biomass suspension followed the same temperature profile. 

Reaction retention time zero was taken as soon as the target temperature was achieved 

in the reactor (t=0). Therefore, heating time was not taken into consideration when analysing 

residence time. After the residence time was completed, reactors were placed in an ice bath to 

stop the reaction. Reactor cooling time was fast and took less than a minute to achieve 50-60oC. 

After cooling the reactor, it was opened and samples were centrifuged at 2900g for 20min. 

 

4.2.1.1. Solid fraction 

The solid fraction was dried completely in a drying cabinet at 65oC and weighed. 

Hydrolysis percentage was calculated by the mass balance of solids according to Equation 4-1: 

ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 (%) = (
𝑚𝑖 −𝑚𝑓

𝑚𝑖
) ∗ 100 Equation 4-1 

In which 𝑚𝑖 is the initial mass (in grams) placed in the reactor and it is dependent on 

the condition, and 𝑚𝑓is the mass (in grams) remaining in the reactor after the reaction, separated 

from the liquid fraction by centrifugation and dried. 

After weighing the solid fraction for hydrolysis percentage calculation, samples were 

analysed by FTIR (see section 2.4). 
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4.2.1.2. Liquid fraction 

4.2.1.2.1. Compounds concentrations 

After centrifugation, the liquid fraction was stored at -20oC until further analysis. 

Glucose, fructose, xylose, arabinose, galactose and HMF were quantified by HPAEC (section 

2.6). Glucose was also quantified by glucose enzyme kits (section 2.8) for the samples of the 

scoping experiments when HPAEC was not available. Furfural was analysed by HPLC (section 

2.7). 

4.2.1.2.2. Glucose yield 

After glucose quantification by HPAEC, glucose yield (𝑌𝑔𝑙𝑢) was calculated according 

to Equation 4-2: 

𝑌𝑔𝑙𝑢(%) =
[𝐺𝑙𝑢]

1.11 ∗ 𝑓 ∗ [𝑏𝑖𝑜𝑚𝑎𝑠𝑠]
∗ 100 Equation 4-2 

In which [𝐺𝑙𝑢] is the glucose concentration (g/L) obtained by HPAEC after each 

reaction; [𝑏𝑖𝑜𝑚𝑎𝑠𝑠] is the concentration of biomass (g/L) in the beginning of the reaction; 1.11 

is the conversion factor of cellulose into glucose conversion; and 𝑓 is the fraction of cellulose 

in each biomass, i.e., Avicel=1, DEL=0.80 and SEQ=0.79. Cellulose fraction of DEL and SEQ 

fibres were obtained in the previous chapter. 

4.2.1.2.3. Dry weight (DW) in liquid fraction 

In order to analyse the dry weight in the liquid fraction, samples were evaporated and 

the residual solid (mostly non-volatile carbohydrate) was weighed. 

1mL of each sample was placed into a pre-weighed 1.5mL Eppendorf (D1) using a 

micropipette (Biohit, 100-1000L). Eppendorf with sample was placed into a drying cabinet at 

65oC with the lid opened until constant weight was achieved. Dried Eppendorf was placed into 
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a desiccator until room temperature and re-weighed (D2). Dry weight was then calculated 

according to Equation 4-3. 

𝐷𝑊(𝑔) = (𝐷2 − 𝐷1) ∗ 𝑉 Equation 4-3 

As the DW was calculated for 1mL, it was then multiplied by the reaction volume 

(15mL) to obtain the total grams in the liquid fraction. This procedure was repeated 3 times for 

each sample and the results showed are an average of the values. 

 

4.2.1.3. Mass balance 

The mass balance of the reaction was calculated considering the hydrolysis and DW 

measurements and it is showed in Equation 4-4. 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%) =
(𝑚𝑓 +𝐷𝑊)

𝑚𝑖
∗ 100% Equation 4-4 

In which 𝑚𝑖 is the initial weight (g) placed in the reactor; 𝑚𝑓is the solid weight (g) 

remained in the reactor after SBW hydrolysis, and DW is the dry weight in the liquid fraction 

after SBW hydrolysis. Therefore, using Equation 4-4 it is possible to estimate the losses of the 

process, as this equation should be as close as possible of 100% for an ideal process (no losses). 

 

4.2.2. Scoping of experiments 

Although several parameters are believed to affect subcritical water hydrolysis of 

cellulose, three parameters are considered to play key roles in this process: temperature (T), 

residence time (res. time) and biomass load (w/v%) (Goh et al., 2010). Therefore, these three 

parameters were chosen to be evaluated in this chapter.  

In order to choose a range of each of these parameters, scoping experiments were used. 

Three biomasses were evaluated in this scoping: pure cellulose (Avicel, used as a standard), 

SEQ and DEL fibres. The summary of experimental conditions performed is shown in Table 
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4-1. Each condition was repeated at least 3 times for each biomass. For each condition, 

hydrolysis percentage (%) was calculated and resulting glucose, fructose and HMF were 

analysed by HPAEC. 

Table 4-1 - Parameters evaluated in the scoping experiments: temperature (oC), residence time (min) and biomass load (%). 

 

 

4.2.3. Design of Experiments (DoE) 

A Response Surface Methodology (RSM) was performed using the Central Composite 

Design (CCD) of experiments in order to evaluate the effect of independent variables and 

optimize SBW hydrolysis of cellulose into glucose. DoE is a common mathematical and 

statistical way to analyse a processes that are dependent on several factors (and possibly the 

combination of them) and optimize the process (Tan et al., 2011). 

CCD is one of the most used design of experiments because of its high efficiency for 

fitting second-order models (Montgomery, 2000). Figure 4-1 shows a 3-dimension 

representation of a 3-factors CCD, including the factorial, centre and axial points.  

 

Figure 4-1 - Scheme of a Central Composite Design including its factorial (F), centre (C) and axial (A) points. Source: 

(Oehlert, 2000). 

Run T (
o
C)

Residence 

time (min)
Loading (%)

1 0

2 10

3 20

4 30

5 40

6 220

7 280

8 310

9 2.5

10 5
10250

1250

10 1
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The DoE model used consisted of 3 factors (variables), 2 levels, 6 repetitions in the 

central point and axial points ( = ±1.68). The software Design Expert 7.0.0 (Stat-Ease) was 

used for statistical analysis and modelling. Factors evaluated (F1, F2 and F3) were the same as 

in the scoping and levels used are shown in Table 4-2. 

Table 4-2 - Factors (variables) and levels used for the DoE. 

 

Due to the physical impossibility of performing conditions, i.e. -0.36 % of biomass 

loading and -13min of residence time, and also due to oven maximum temperature (325oC), 

some of the  points were changed. Res. time of -13min was changed to 0min; temperature of 

340oC was changed to 320oC; and loading of -0.36% was changed to 0.5%. 

The experimental results obtained by the DoE were analysed using a polynomial 

quadratic equation as described in Equation 4-5 (Dejaegher and Vander Heyden, 2011). The 

effect of each variable and their interaction was evaluated and the significance of the model 

was tested by ANOVA. 

𝑦 = 𝛽𝑜 +∑𝛽𝑖𝑥𝑖

3

𝑖=1

+∑𝛽𝑖𝑖𝑥𝑖
2

3

𝑖=1

+∑ ∑ 𝛽𝑖𝑖𝑥𝑖𝑥𝑗

3

𝑗=𝑖+1

3

𝑖=1

 Equation 4-5 

In which 𝑦 is the response, 𝛽𝑜 is the intercept, 𝛽𝑖, 𝛽𝑖𝑖and 𝛽𝑖𝑗 are the main, two-factors 

interactions and quadratic coefficients, respectively, and 𝑥𝑖 and 𝑥𝑗 are independent variables. 

The model was evaluated by the determined R-squared and adjusted R-squared 

coefficient, as well as its significance and lack of fit according to variance analysis (ANOVA). 

The responses analysed by the DoE were produced glucose and HMF (g/L) as well as 

and the amount of solid that was hydrolysed into soluble products, here named hydrolysis 

Factor Code Unit (-)  -1 0 + 1 (+) 

Temperature F1 o
C 190 220 265 310 340

Res. time F2 min -13 0 20 40 54

Load F3 % -0.36 1 3 5 6.4
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percentage (%). Moreover, concentration of fructose, furfural (g/L) and glucose yield (%) were 

also analysed for each run of the DoE. 

Once this first DoE was finished and analysed, the range of parameters chosen was 

established to be incorrect, particularly for temperature. Therefore, a second design of 

experiments (DoE-2) was performed using the same variables as before and different levels for 

temperature as presented in Table 4-3. Once again, some of the conditions were changed: res. 

time of -13min was changed to 0min and loading of -0.36% was changed to 0.5%. 

Table 4-3 - Factors and levels used for the second DoE (DoE-2) performed. 

 

Table 4-4 shows the 20 conditions that were performed in the two DoE including eight 

factorial and six axial conditions and six repetition in the centre point.  

Table 4-4 - Experimental conditions For DoE (a) and DoE-2 (b) for CCD using 3-factors (T, res. time and load). Conditions 

marked by * were modified to feasible values.

(a) 

 

(b) 

Factor Code Unit (-)  -1 0 + 1 (+) 

Temperature F1 o
C 200 220 250 280 300

Res. time F2 min -13 0 20 40 54

Load F3 % -0.36 1 3 5 6.4

Run F1-T (
o
C)

F2-res. time 

(min)

F3- Load 

(%)

1 265 20 6.4

2 310 0 1.0

3 265 20 3.0

4 310 0 5.0

5 265 20 3.0

6 220 0 5.0

7 220 40 5.0

8 310 40 5.0

9 220 40 1.0

10 265 20 0.5*

11 265 0* 3.0

12 265 20 3.0

13 265 54 3.0

14 265 20 3.0

15 190 20 3.0

16 320* 20 3.0

17 265 20 3.0

18 310 40 1.0

19 265 20 3.0

20 220 0 1.0

Run F1-T (
o
C)

F2-res. time 

(min)

F3- Load 

(%)

1 220 40 5.0

2 280 0 5.0

3 220 0 1.0

4 250 20 3.0

5 250 20 3.0

6 250 54 3.0

7 220 40 1.0

8 250 0* 3.0

9 280 0 1.0

10 250 20 3.0

11 250 20 3.0

12 200 20 3.0

13 250 20 3.0

14 250 20 3.0

15 250 20 6.4

16 220 0 5.0

17 250 20 0.5*

18 280 40 5.0

19 280 40 1.0

20 300 20 3.0
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Marked parameter values (*) were the ones changed. Both DoE and DOE-2 were 

performed for the three fibres: Avicel, SEQ and DEL. The experiments were performed in a 

random order in both DoE. 

 

4.3. Results and Discussion 

4.3.1. Heating time in small batch reactors 

The average of heating times for 20mL batch reactors in the range of temperatures 

studied in this work (190-320oC) is shown in Table 4-5. Values were measured with a 

thermocouple connected to the reactor and variations of up to 1 minute could be observed in 

each set temperature.  

One of the drawbacks of using a batch reactor is the heating time (Taherzadeh and 

Karimi, 2008). Therefore, small reactors (20mL) were used in this chapter to decrease the 

influence of heating time on the results.  

Table 4-5 - Average of heating time for 20mL reactors for each of the target temperature used.  

 

Comparing the results from Table 4-5 with results presented in Table 3-1 (heating times 

needed for the 500mL reactor used for previous biomass extraction), it can be seen that the 

heating time is substantially smaller for the 20mL reactors. For instance, the time needed to 

achieve 200oC dropped from 27 minutes in the 500mL to 7min when using 20mL reactors. 

Therefore, the total time that the biomass remains inside the reactor (heating + residence time) 

is decreased, which could potentially decrease further decomposition of glucose (Sasaki et al., 

2000). 

T(
o
C) 190 220 250 265 280 300 310 320

t (min) 5 7 10 11 14 17 20 24
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4.3.2. Glucose determination: HPAEC vs glucose enzyme assay 

The HPAEC was not available until the second half of this research project. Therefore, 

in order to evaluate SBW hydrolysis during the scoping experiments, an enzyme assay was used 

for glucose determination. Afterwards, all samples were analysed by HPAEC for comparison. 

The evaluation of the conditions and results presented in Figure 4-2 is presented in section 4.3.3. 

In this section, the aim is to evaluate and discuss the validity of the enzyme assay used for 

glucose quantification. 

Figure 4-2 shows glucose contents analysed by HPAEC and enzyme assay after SBW 

hydrolysis at 250oC using 1% biomass load and residence times from 0-40min for Avicel (a), 

DEL (b) and SEQ fibres (c). It can be seen that glucose contents results from enzyme kits and 

HPAEC are in a good correlation in some cases, mostly, when glucose concentration is less 

than 0.3g/L. For higher concentration values, the enzymatic procedure seems to underestimate 

glucose contents in the samples. 

Analysis of variance (ANOVA) was applied in order to define if the values difference 

obtained by HPAEC and enzyme assay were significantly different. Calculated p-values for 

Avicel, DEL and SEQ samples were 1.2.10-5, 3.8.10-2 and 7.10-3, respectively. Therefore, using 

95% of confidence interval, differences presented by the two quantification methods are 

significant for all three biomasses. 

Glucose quantification from enzyme assay is a result of glucose reaction using two 

enzymes, hexokinase and glucose-6-phosphate dehydrogenase (HK/G-6-PDH) to generate 

NADPH, which will be proportional to glucose contents and can be quantified by absorbance 

(more detailed reaction can be found in section 2.8).  

Samples having up to 0.8 g/L of glucose could be analysed with no dilution. Hence, 

samples that presented higher glucose contents were re-analysed using necessary dilution 
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factors. In this way, it was assured that underestimated values were not a result of over-

concentrated samples. 

 

(a) 

 

(b)

 

(c) 

Figure 4-2 - Glucose determined by HPAEC and enzyme assay after SBW hydrolysis of Avicel (a), DEL (b) and SEQ fibres 

(c) at 250oC, 1% load and residence times from 0-40min. 

 

Coloured samples and acidic samples could interfere with the enzymes (Megazyme 

International, 2013). Samples from high residence times (=>30min) were dark brownish and 

highly acidic (pH<2.5), which could account for some interference. However, looking at results 

for residence time = 40min, which presented the darkest colour among the residence times from 

0-40min, there is no significant difference between the methods. Therefore, it can be concluded 

that the colour did not greatly interfere with the results. 
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Acidic samples could also interfere in the analysis. Although samples generated from 

SBW hydrolysis were in the pH range from 2.1-4.7 (see APPENDIX A), after adding the buffer 

used during the assay, samples were neutralised (pH=7). Therefore, it was concluded that the 

pH was not an issue in the results.  

Megazyme also suggests that interference by substances that might affect the enzymes 

is a possibility, however, a list of these substances is not available (Megazyme International, 

2013). 

Although enzyme assay is not among the common methods used for glucose 

determination after lignocellulose hydrolysis, there are few reports describing the use of this 

technique for this purpose. Gao et al. (2010) used the same enzyme assay to quantify glucose 

after ammonia fibre expansion pretreatment and enzymatic hydrolysis of corn stover (Gao et 

al., 2010). Bhattacharya and Pletschke (2015) also used the same enzyme assay to quantify 

glucose in lime-pretreated sugar cane bagasse and corn stover after enzymatic hydrolysis 

(Bhattacharya and Pletschke, 2015). However, as no other method was used for results 

comparison, there is no way to know if the results presented in these studies were or not affected 

by potential inhibitory substances. 

Bondar and Mead (1974) studied the possibility of inhibition by some compounds 

including sugars that are present in the samples of this work, such as fructose. They reported 

that fructose could account for over-estimation of glucose as fructose can compete as a substrate 

for the enzymes. However, when fructose was presented in higher concentration, fructose acted 

as an inhibitor of HK/G-6-PDH enzymes (Bondar and Mead, 1974). 

Moreover, Hristozova et al. (2006) studied the effect of furfural in the metabolism of 

oxidative and fermentative yeasts. They reported that the presence of furfural at low 
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concentration (0.04%) negatively affected fermentative yeast by inhibiting G-6-PDH 

(Hristozova et al., 2006). 

Therefore, there is a possibility that one or more substances present in the samples had 

an inhibitory effect in one or both of the enzymes used for glucose quantification. Therefore, 

the enzyme assay was not suitable for this complex mixture of samples generated in SBW 

hydrolysis and it was decided to evaluate all the samples using only the results obtained from 

HPAEC. 

 

4.3.3. Scoping experiments 

Although there were other products generated during the SBW hydrolysis such as cello-

oligosaccharides (COS), furfural, xylose, etc., the scoping study was focused only on glucose, 

fructose and HMF, as these were the compounds generated in higher concentration during the 

conditions evaluated. Moreover, these are the compounds of most interest in this work. 

The focus of this section is to evaluate how these three compounds are generated (and 

decomposed) according to the SBW conditions applied. Therefore, the reactions patterns and 

other compounds generated during this process are further discussed in section 4.3.6. 

Figure 4-3 present a very simplified possible reaction route (Kabyemela et al., 1999), 

(Jing and Lü, 2008), intended for a brief understanding about the relation among glucose, 

fructose and HMF during SBW hydrolysis of cellulose. 

OH
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OH

OH
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Figure 4-3 - Simplified possible path of cellulose hydrolysis and generation of glucose, fructose and HMF. 
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Figure 4-3 shows that after glucose is released from cellulose, it can be converted to 

fructose through isomerization. Then, both glucose and fructose might undergo dehydration to 

HMF (Jing and Lü, 2008, Kabyemela et al., 1999). 

 

4.3.3.1. Scoping: residence time 

Figure 4-4 shows the concentration of glucose, fructose and HMF after SBW hydrolysis 

of Avicel (a), DEL (b) and SEQ (c) fibres. During the temperature study, the temperature and 

biomass load were fixed at 250oC and 1%. 

From Figure 4-4, it is clear that residence time is, as expected, a major parameter in 

SBW hydrolysis affecting the products generation. For all biomasses, glucose concentration 

follows the same path: an increase until a maximum, then a decrease as residence time 

increases. This concentration increase followed by a decrease along residence time is a common 

pattern as glucose undergoes further decomposition after being generated (Zhao et al., 2009c). 

In addition, the highest glucose concentration is achieved for shorter residence times for 

Avicel when compared to DEL and SEQ fibres. Moreover, higher amounts of glucose were 

produced from Avicel. That is an indication that pure cellulose is still easier to hydrolyse 

compared to cellulose from lignocellulosic matrix, even after the fibres processing. 

The same pattern noticed for glucose can also be observed for HMF, i.e., an increase 

until a maximum concentration, and a decrease for higher residence times due to further 

decomposition of HMF (Asghari and Yoshida, 2007). 

Fructose, on the other hand, seems to be more stable during SBW hydrolysis at these 

conditions as its concentration only increases during the range of residence time being studied 

which is the opposite of cases described in the literature. Asghari and Yoshida (2010) evaluated 

SBW hydrolysis of cellulose from Japanese red pine wood. They described a significant amount 
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of fructose being generated at 270oC from 0-15min using a batch reactor and 0.1M phosphate 

buffer to maintain the pH=2. In their study, fructose was generated in the beginning of the 

reaction (2min) and it was almost completely decomposed by 7min (Asghari and Yoshida, 

2010).  

 

(a) 

 

(b) 

 

(c) 

Figure 4-4 - Glucose, fructose and HMF concentrations by HPAEC and hydrolysis percentage (%) after SBW hydrolysis at 

residence times from 0 to 40min, at 250oC and 1% biomass load for: (a) Avicel, (b) DEL, and (c) SEQ fibres (n=3). 

 

Usuki et al. (2007) also described glucose isomerisation into fructose in SBW using a 

flow reactor at 220oC, loadings from 0.5-5% and residence times from 0-5min. They reported 

fructose decomposition for residence times from 1min and higher (Usuki et al., 2007). 
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Nevertheless, residence times used in this scoping were most likely not enough to observe 

fructose start decomposing. 

Comparing the three starting cellulose fibres, all the three compounds analysed, glucose, 

fructose and HMF, achieved a higher concentration for Avicel compared to SEQ and DEL 

fibres. Moreover, comparing the cellulose fibres from Miscanthus, SEQ fibres resulted in 

slightly higher glucose and fructose when compared to DEL fibres for most of conditions 

evaluated at this point. This is a further confirmation of the results suggested after PCA analysis: 

although very similar in terms of composition, DEL and SEQ fibres present different structure 

resultant from the two different treatment routes and, therefore, behave differently during 

hydrolysis process. Moreover, higher glucose production obtained for SEQ fibres compared to 

DEL is an indication that cellulose is more accessible in SEQ than in DEL fibres. 

Figure 4-4 also shows the hydrolysis percentage, i.e., the percentage of solid biomass 

that was solubilised, along the increase of residence time. In the case of Avicel, high hydrolysis 

rate is seen in the first 20min of reaction. However, an increase in residence time after 20min 

did not promote further hydrolysis. This means that harsher conditions, for instance, an increase 

in temperature, are needed to hydrolyse the remaining solids. Moreover, the higher hydrolysis 

rate in the lower residence times also confirms that Avicel is easier to hydrolyse than fibres 

from Miscanthus. For DEL and SEQ fibres, the hydrolysis percentage increases almost linearly 

with increase in residence time in the range evaluated. 

Therefore, although an increase in time might lead to higher hydrolysis percentage 

particularly for DEL and SEQ, it was chosen to maintain 40min as the maximum residence time 

to be evaluated in the DoE as long residence times resulted in an increase in glucose 

decomposition. 
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4.3.3.2. Scoping: temperature 

Temperature was evaluated ranging from 220-280oC using biomass load fixed at 1% for 

all cases. As the preliminary results showed that glucose concentration was still increasing at 

280oC for SEQ and DEL fibres, 310oC was included in the study of temperature only for 

Miscanthus fibres. 

Exclusively during the scoping experiments to study the effect of temperature of the 

scoping experiments, residence time accounted for the total time the reactor was inside the oven 

i.e. heating time + reaction time. Therefore, for all cases the total time was 20min. Table 4-6 

shows the heating time and the reaction time for each target temperature from 220 to 310oC. 

Table 4-6 - Average heating and reaction times for each temperature evaluated in the scoping set of experiments. 

 

Figure 4-5 shows glucose, fructose and HMF concentrations for Avicel (a), DEL (b) and 

SEQ fibres (c) after SBW hydrolysis at different temperatures, 1% biomass and 20min total 

time.  

Glucose and HMF show the same pattern presented during residence time evaluation 

when SBW temperature ranged from mild to high: an increase in production followed by a 

decrease in these compounds due to their decomposition (Cheng et al., 2009). 

In this range of temperature, the highest glucose concentration is seen at 250oC for 

Avicel and 280oC for DEL and SEQ fibres, and, whereas glucose is almost entirely decomposed 

by 280oC for Avicel, total glucose decomposition is observed only at 310oC for DEL and SEQ 

fibres. These results confirm that cellulose hydrolysis occurs faster for pure cellulose than for 

both of Miscanthus fibres. 

 

T (
o
C) 220 250 280 310

heating (min) 7 10 14 20

reaction (min) 13 10 6 0
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(a) 

 

(b)

 

(c) 

Figure 4-5 - Glucose, fructose and HMF concentrations (g/L) by HPAEC and hydrolysis percentage (%) after SBW 

hydrolysis at temperatures from 220 to 310oC during 20min (heating + reaction time) and 1% biomass load for: (a) Avicel, 

(b) DEL, and (c) SEQ fibres (n=3). 

 

HMF decomposition appear to be more significant at high temperatures (Cheng et al., 

2009). Even for Avicel, which resulted in decomposition of glucose at lower temperatures, there 

is no sign of significant HMF decomposition from 250 to 280oC. Cheng et al. (2009) used a 

batch reactor to hydrolyse switchgrass using SBW. At 250oC and times from 0-300s, they did 

not observe any HMF decomposition (Cheng et al., 2009). Chuntanapum et al. (2008) also 

suggested that HMF resisted decomposition in SBW at temperatures up to 250oC using a 

continuous reactor. For higher temperatures, HMF was rapidly converted into liquid products 



Chapter 4 – An assessment of subcritical water for cellulose hydrolysis and glucose production  

137 

 

(acids) and then, to gases (CO, CO2) in supercritical conditions (450oC) (Chuntanapum et al., 

2008). 

In terms of fructose generation/decomposition, Figure 4-5 shows different results from 

the ones showed in Figure 4-4. At residence times ranging from 0-40min, fructose concentration 

did not show any decrease. During temperature study, on the other hand, fructose showed 

evidence of decomposition under high temperatures (310oC) as reported in literature (Asghari 

and Yoshida, 2010). 

 Hydrolysis percentage was greatly affected by temperature. Mild temperature (220oC) 

promoted very little hydrolysis even for Avicel, whereas the highest temperature (310oC) did 

not result in a significant increase in hydrolysis compared to 280oC. 

According to Figure 4-5, optimal glucose concentration is in between 250oC and 310oC 

for both SEQ and DEL. Moreover, in the case of Avicel, this optimal is in in between 220oC 

and 280oC. In order to perform the same DoE conditions for all three cellulose fibres, 

temperature range was decided to be from 220oC-310oC for all three biomasses. 

 

4.3.3.3. Scoping: biomass load 

Biomass load was the last parameter evaluated after SBW hydrolysis. In this case, 

hydrolysis was performed using loads from 1-5% at 250oC and 10min of residence time. Figure 

4-6 shows glucose, fructose and HMF concentration and hydrolysis percentage after SBW 

hydrolysis for different load percentage. 

Working with high biomass loads is potentially economically advantageous as higher 

glucose concentration solution can be produced, which reduce costs with product separation 

(Kumar et al., 2009). However, high solid-liquid ratios might decrease efficiency of the process 

due to problems with mixing and mass transfer in heterogeneous reactions (Goh et al., 2010). 
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Higher load percentages than shown in Figure 4-6 (up to 10%) were tested for the three 

biomasses. The 10% loading mixture resulted from high biomass loads was a sludge more than 

a suspension. Moreover, with the exception of Avicel, the other fibres burned inside the reactor 

due to reactor constrains such as lack of mixing. Therefore, 5% was the limit stablished for load 

evaluation. 

 

(a) 

 

(b)

 

(c) 

Figure 4-6 - Glucose, fructose and HMF concentrations (g/L) by HPAEC and hydrolysis percentage (%) after SBW 

hydrolysis at biomass load from 1 to 5% during 10min at 250 oC for: (a) Avicel, (b) DEL, and (c) SEQ fibres (n=3). 

 

Although the hydrolysis percentage was not significantly affected by the biomass load 

in the range evaluated, the generation of glucose, fructose and HMF was not linear with the 

increase of load. Zhao et al. (2009) studied the load effect in supercritical water hydrolysis of 
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corn stalks and wheat straw and suggested that although higher biomass load increased 

generation of hexoses, it also caused a decreased in COS yield. Their hypothesis was that 

hydrolysis of lignocellulose occurs only at the surface of the biomass, therefore, an increase in 

load will not substantially increase the release of COS (Zhao et al., 2009c).  

Moreover, even though load demonstrated to be less influential than temperature and 

residence time, it remained as one of the three factors to be evaluated in the DoE in the range 

from 1-5%. 

 

4.3.4. DoE 

4.3.4.1. Design of experiments analysis using Response Surface Methodology 

Response surface methods (RSM) are particularly useful to describe how the responses 

varies according to the interaction of process parameters and thereby assist in identifying 

optimal combination of parameters (Montgomery, 2000). In CCD, experimental repetitions of 

each run are not needed because the pure error is estimated by the repetitions of the centre 

points (Oehlert, 2000). 

Asymmetric data can be hard to model; therefore, response transformation such as 

logarithm and square root can be used to assist the analysis (Oehlert, 2000). The Design Expert 

software suggests by default that when the ratio between maximum and minimum response 

values (Rmax/min) is higher than 10, a transformation is needed. Avicel, DEL and SEQ fibres 

presented Rmax/min of 53, 13 and 16, respectively for glucose (g/L) and 16, 12 and 15 for 

hydrolysis percentage (%). Therefore, the logarithm transformation (suggested by the software) 

was applied for all responses. 

Common ways of evaluating the accuracy/predictability of the model include the 

analysis of variance (ANOVA) and R-squared. Table 4-7 shows the ANOVA and the R-squared 



Chapter 4 – An assessment of subcritical water for cellulose hydrolysis and glucose production  

140 

 

and adjusted/predicted R-squared for glucose concentration for the three biomass. Data for 

hydrolysis is shown in the 0.  

Table 4-7 - ANOVA for glucose concentration (g/L) after SBW for 3-factor CCD for (a) Avicel, (b) DEL and (c) SEQ fibres 

after excluding non-significant terms from the model. 

(a) 

 

(b) 

(c) 

 

The analysis of variables significance was made through the variables (and their squared 

and interaction terms) p-values and 95% confidence interval was used. Hence, if p>0.05 the 

hypothesis that the term is insignificant is true. After analysing which terms were significant in 

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 1068.60 5 213.72 55.59 < 0.0001

A-Temperature 167.38 1 167.38 43.53 < 0.0001

B-Residence time 192.70 1 192.70 50.12 < 0.0001

AB 389.16 1 389.16 101.21 < 0.0001

A
2 43.32 1 43.32 11.27 0.0047

B
2 136.71 1 136.71 35.56 < 0.0001

Residual 53.83 14 3.84

Lack of Fit 52.73 9 5.86 26.77 0.0010

Pure Error 1.09 5 0.22

Cor Total 1122.43 19

R-Squared 0.95

Adj R-Squared 0.93

Pred R-Squared 0.78

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 1333.84 5 266.77 32.28 < 0.0001

A-Temperature 476.21 1 476.21 57.63 < 0.0001

B-Residence time 121.69 1 121.69 14.73 0.0018

AB 234.33 1 234.33 28.36 0.0001

A
2 245.87 1 245.87 29.75 < 0.0001

B
2 196.19 1 196.19 23.74 0.0002

Residual 115.69 14 8.26

Lack of Fit 115.56 9 12.84 515.32 < 0.0001

Pure Error 0.12 5 0.03

Cor Total 1449.53 19

R-Squared 0.92

Adj R-Squared 0.89

Pred R-Squared 0.77

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 208.28 4 52.07 38.82 < 0.0001

A-Temperature 90.96 1 90.96 67.81 < 0.0001

B-Residence time 24.59 1 24.59 18.33 0.0007

AB 59.26 1 59.26 44.18 < 0.0001

A
2 67.81 1 67.81 50.56 < 0.0001

Residual 20.12 15 1.34

Lack of Fit 20.11 10 2.01 1393.23 < 0.0001

Pure Error 0.01 5 0.00

Cor Total 228.40 19

R-Squared 0.91

Adj R-Squared 0.89

Pred R-Squared 0.79
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the model proposed, the terms considered non-significant were excluded and the model was 

calculated once again (Dejaegher and Vander Heyden, 2011).  

The first-order model was unsuitable to represent the data probably due to a curvature 

in responses at the analysed range (Oehlert, 2000), thus it was not analysed. Therefore, only the 

second-order model, which contains all the terms of the first-order model plus the quadratic 

terms (Oehlert, 2000), will be discussed. 

Table 4-7 shows the ANOVA and the regression parameters calculated by the Design 

Expert® Software in which it is possible to see some similarities when comparing the models 

significant terms for the three biomasses. For instance, significant terms of the second-order 

equation were: temperature (A); residence time (B); the interaction between temperature and 

residence time (AB); the square of temperature (A2); and the square of residence time (B2). The 

latest is an exception only for SEQ fibres, which presented B2 as insignificant. Furthermore, the 

significance of squared terms (A2 and B2) as well as the interaction term (AB) is a confirmation 

that a first-order model would not be suitable for the analysed data (Bradley, 2007). 

R-squared (R2) is a measure of how much of the data variance is explained by the 

independent variables (Baş and Boyacı, 2007). The adjusted-R2 (Adj R-squared) is an 

adjustment of the R2 calculated according to the number of model parameters and the number 

of runs (Kraber, 2013). The predicted R2 (Pred R-squared) is a measure of the capability of 

prediction of the model and its value should not have a difference higher than 0.2 compared to 

the adjusted-R2 (Richard and Norbert, 2007). 

R2 values of the models are above 0.90 for all cases. Moreover, the comparison between 

adjusted and predicted R2 is lower than 0.2 for the three biomasses. However, high R2 values 

do not always represent a good regression model, hence, models with high R2 can still fail to 

predict data (Baş and Boyacı, 2007). Moreover, although the close values of adjusted and 
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predicted R2 is an indication of good model predictability, it is still not enough to consider a 

model predictable without analysing the model significance and the lack of fit (Richard and 

Norbert, 2007). 

Nevertheless, although the logarithmic transformation provided improvement to the 

model significance compared to the raw data (data not shown) in all cases (three biomasses and 

the two responses), significant lack of fit (p>0.05) was still obtained for both responses (glucose 

concentration and hydrolysis percentage) in all biomasses. 

The lack of fit is a test calculated by the centre point repetitions and compared to the 

factorial points mean (Bradley, 2007). Significant lack of fit means that the model is not capable 

of representing the mean structure (Oehlert, 2000). Moreover, although the model was 

considered significant (p-values <0.0001) and, therefore, a RSM was generated, its evaluation 

is not useful if the model presents lack of fit, thus, does not predict new responses. 

Although a representative model was not satisfactory obtained, the data generated by 

the runs in the DoE is liable for interpretation of SBW hydrolysis of cellulose fibres. 

Table 4-10 shows the concentration of glucose, fructose, and HMF (g/L) as well as 

hydrolysis percentage (%) for each of the 20 runs of DoE for Avicel, DEL and SEQ fibres. 

Highest glucose yield (Yglu) were achieved for different conditions for each biomass: 

Avicel have its maximum Yglu (8.7-9.7%) for low temperatures and long residence times (220oC 

and 40min); DEL showed highest Yglu (2.2-2.5%) in the centre point (265oC, 20min, 3% 

biomass); and SEQ presented maximum Yglu (2-2.5%) for both the centre point and the low 

temperature/long residence time (220oC, 40min). 

Looking at the centre point, it can be seen that glucose concentration for Avicel is lower 

than for DEL and SEQ fibres. As the results of the scoping experiments suggested, Avicel have 

the glucose concentration maximum peak before the Miscanthus fibres, this result is an 
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indication that at the centre point, glucose concentration is already depleting due to further 

decomposition for Avicel and possible even for DEL and SEQ fibres as well.  

Fructose was produced in higher quantities (proportionally to initial mass, Fru/mi) for 

high temperatures (310oC) for Avicel, high temperatures (310oC) and centre point for DEL and 

high temperatures/long residence time (310oC, 40min and 317oC, 20min) and also in the centre 

point for SEQ. The fact that significant amounts of fructose is being generated already in the 

centre point for Miscanthus fibres is another indication that glucose maximum peak has already 

been passed at this condition and, thus, glucose previously released was decomposed into 

fructose. 

 HMF is being produced in high amounts (proportionally to fibres initial mass, HMF/mi) 

at high temperature/short residence time (310oC, 0min) for Avicel, at the centre point for DEL 

and at high temperature/short residence time and at the centre point for SEQ.  

As expected, harsher conditions (high temperatures or long residence times) led to 

higher hydrolysis percentages. However, comparing hydrolysis percentage for temperatures at 

310oC and residence times of 0-40min, it can be seen that longer residence times seems to 

decrease hydrolysis at high temperatures. The same effect is not observed for 280oC. 

This effect of an apparent decreasing in biomass hydrolysis at high temperatures has 

being reported previously as the result of the formation of precipitates (Carapetudo Antas, 

2015). Hashaiken et al. (2007) evaluated hydrolysis of willow in SBW (200-320oC) using both 

batch and continuous reactor. They observed that temperatures higher than 300oC did not 

increase hydrolysis percentage. On the contrary, at high temperatures, hydrolysis was lower 

than at temperatures below 300oC for both reactors configuration. They attributed this 

decreasing in hydrolysis to an increase in the rate of re-condensation reactions that generate 

precipitates (Hashaikeh et al., 2007).  
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Table 4-8 - Results of SBW hydrolysis of cellulose fibres (Avicel, DEL and SEQ) for glucose, fructose and HMF concentration analysed by HPAEC, and calculated hydrolysis percentage and glucose yield 

(%) for 20 runs of the DoE. 

 

*Fru/mi = fructose generated (g/L) divided by available cellulose ( 
𝐹𝑟𝑢

𝑚𝑖
=

𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒

1.1∗𝑓∗𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗ 100%), in which f is the fraction of cellulose in each biomass, i.e, f=1, 0.80 and 0.79 for Avicel, DEL and SEQ, respectively. 

**HMF/mi = HMF generated (g/L) divided by available cellulose ( 
𝐻𝑀𝐹

𝑚𝑖
=

𝐻𝑀𝐹

1.1∗𝑓∗𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
100%).

Run
T 

(
o
C)

Res. 

time 

(min)

Load 

(%)

Hydrolysis 

(%)

Glu 

(g/L)

Yield 

Glu (%)

Fru 

(g/L)

*Fru/mi 

(%)

HMF 

(g/L)

**HMF/

mi (%)

Hydrolysis 

(%)

Glu 

(g/L)

Yield 

Glu (%)

Fru 

(g/L)

Fru 

(g/L)

HMF 

(g/L)

HMF/mi 

(%)

Hydrolysis 

(%)

Glu 

(g/L)

Yield 

Glu 

(%)

Fru 

(g/L)

Fru 

(g/L)

HMF 

(g/L)

HMF/mi 

(%)

1 265 20 6.4 64.4 0.28 0.39 1.11 1.59 2.32 3.32 60.2 1.37 1.97 0.87 1.25 4.43 6.34 59.9 1.61 2.30 1.54 2.21 4.48 6.42

2 310 0 1.0 78.8 0.09 0.85 0.38 3.46 0.74 6.75 87.3 0.00 0.00 0.00 0.01 0.37 3.38 83.8 0.01 0.10 0.30 2.68 0.69 6.25

3 265 20 3.0 68.3 0.12 0.38 0.58 1.77 0.94 2.86 66.9 0.54 1.64 0.61 1.85 2.65 8.03 65.2 0.83 2.53 0.68 2.06 2.75 8.32

4 310 0 5.0 67.2 0.23 0.41 1.24 2.25 2.31 4.19 72.8 0.01 0.01 1.21 2.20 1.99 3.62 64.2 0.05 0.09 1.12 2.04 3.37 6.13

5 265 20 3.0 67.6 0.07 0.22 0.55 1.66 0.93 2.82 66.8 0.82 2.49 0.76 2.29 2.61 7.92 65.1 0.75 2.28 0.99 2.99 2.28 6.90

6 220 0 5.0 7.8 0.01 0.01 0.01 0.02 0.02 0.04 7.3 0.00 0.00 0.01 0.01 0.01 0.02 5.6 0.00 0.01 0.00 0.01 0.00 0.00

7 220 40 5.0 23.5 5.31 9.65 0.46 0.83 1.42 2.58 19.0 0.57 1.04 0.21 0.37 0.79 1.44 19.9 1.23 2.24 0.23 0.42 1.16 2.10

8 310 40 5.0 61.6 0.00 0.00 2.01 3.65 0.00 0.00 69.6 0.00 0.00 1.12 2.04 0.01 0.02 60.3 0.00 0.00 1.65 3.00 0.00 0.00

9 220 40 1.0 27.5 0.96 8.73 0.11 0.97 0.32 2.92 22.9 0.06 0.54 0.04 0.37 0.10 0.90 21.9 0.27 2.45 0.04 0.34 0.54 4.95

10 265 20 0.5 92.5 0.04 0.79 0.18 3.24 0.30 5.54 84.7 0.02 0.29 0.08 1.44 0.34 6.24 80.1 0.01 0.26 0.18 3.32 0.41 7.37

11 265 0 3.0 14.1 0.67 2.02 0.11 0.32 0.09 0.28 19.2 0.08 0.25 0.25 0.75 0.05 0.16 17.2 0.17 0.50 0.24 0.73 0.06 0.18

12 265 20 3.0 62.7 0.05 0.16 0.55 1.65 0.98 2.97 73.2 0.73 2.22 0.92 2.79 2.68 8.11 72.4 0.84 2.55 1.37 4.15 2.44 7.39

13 265 54 3.0 55.3 0.00 0.00 0.50 1.52 0.02 0.06 61.6 0.00 0.00 0.68 2.07 0.14 0.42 63.8 0.00 0.00 1.05 3.20 0.04 0.11

14 265 20 3.0 61.1 0.04 0.11 0.52 1.58 0.76 2.29 68.0 0.77 2.32 0.80 2.42 2.59 7.85 64.8 0.75 2.28 0.86 2.62 2.15 6.50

15 190 20 3.0 5.8 0.01 0.02 0.00 0.01 0.00 0.00 11.0 0.02 0.07 0.01 0.03 0.01 0.02 9.7 0.01 0.04 0.01 0.02 0.01 0.02

16 317 20 3.0 60.4 0.00 0.00 0.26 0.80 0.17 0.53 71.9 0.00 0.00 0.95 2.89 0.03 0.10 65.3 0.00 0.00 1.40 4.25 0.01 0.04

17 265 20 3.0 62.2 0.05 0.16 0.68 2.07 0.89 2.69 71.6 0.69 2.09 0.74 2.25 2.24 6.78 69.5 0.71 2.16 0.74 2.23 2.21 6.71

18 310 40 1.0 70.4 0.00 0.00 0.44 4.01 0.00 0.00 78.5 0.00 0.00 0.48 4.36 0.02 0.14 76.5 0.00 0.00 0.79 7.21 0.00 0.00

19 265 20 3.0 61.4 0.04 0.11 0.83 2.52 0.76 2.30 65.4 0.83 2.52 0.62 1.88 2.95 8.94 65.7 0.67 2.04 0.91 2.75 2.37 7.17

20 220 0 1.0 11.1 0.00 0.01 0.00 0.02 0.00 0.01 8.7 0.00 0.00 0.00 0.01 0.00 0.04 8.4 0.00 0.01 0.00 0.01 0.00 0.01

DoE-1 AVICEL DEL SEQ
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These precipitates compounds culminate in accounting as residual solid biomass after SBW 

hydrolysis resulting in an underestimation of hydrolysed biomass and, thus, decreasing 

hydrolysis percentage. 

At this point, the objective of DoE was to optimize glucose production/yield and 

possible reactions paths during SBW hydrolysis are discussed in section 4.3.6. The results of 

glucose, fructose and HMF concentrations obtained by this DoE are an insight that the highest 

glucose concentration peak is in the range studied, however, the model was not able to represent 

the reaction and software optimization was not possible. Moreover, glucose yields obtained in 

this DoE were rather low. As higher glucose yields were achieved during the scoping 

experiments, it is clear that further glucose yield optimization by SBW hydrolysis is possible. 

In order to try to optimize the process, it was necessary to understand the reason why 

the current DoE was not able to create a predicted model for the SBW hydrolysis process. As 

the same result was obtained for all three biomasses, it suggests that the problem was related to 

the reaction modelling more than with the acquired data. In addition, it is improbable that a 

second order equation is capable of modelling the entire range of independent variables 

(Montgomery, 2000). Moreover, the persistent lack of fit might indicate that the level of the 

parameters chosen could have been too broad and, therefore, the modelling of the entire region 

evaluated by the RSM was not possible (Baş and Boyacı, 2007, Oehlert, 2000). Therefore, in 

order to try to optimize the reaction, a second DoE was performed aiming to evaluate a smaller 

region, which could possible allow the obtainment of an accurate new model.  

 

4.3.4.2. DoE-2 

As temperature showed to have the greatest effect among the parameters, which was 

indicated by the lower p-value compared to residence time, DoE-2 was made by limiting the 
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temperature range from 220-280oC. The other two parameters, residence time and loading, were 

kept at the same levels. It was chosen not to decrease residence time levels as DoE results 

showed high glucose yields for long residence times at low temperatures. Moreover, although 

biomass loading had no significant effect in the first DoE, it could be the result of the wide 

range used. Thus, loading was kept as one of the parameters for DoE-2. 

Table 4-9 shows the ANOVA and the regression parameters calculated by the Design 

Expert® software for glucose concentration after SBW hydrolysis for DoE-2 using Avicel (a), 

DEL (b) and SEQ fibres (c). In DoE-2, HMF concentration (g/L) was also analysed as one 

response with the aim of finding a parameters range in which not only glucose is maximized, 

but HMF formation is minimized as well. Results for hydrolysis percentage and HMF 

concentration can be found in 0.  

Table 4-9 shows that, although the models are significant (p-value<0.05) for all three 

biomasses, all of them presented lack of fit once again. Comparing the models resulted from 

DoE (Table 4-7) and DoE-2, it is possible to see that SEQ and DEL fibres have very similar 

results in terms of significant variables. Temperature (A), residence time (B), the interaction 

between temperature and residence time (AB) and squared of temperature (A2) are significant 

terms for both DEL and SEQ in DoE-2 as it occurred for DoE. In the case of DEL fibres, DoE 

showed B2 as a significant term, which did not happened in the DoE-2.  

Particularly for Avicel, one of the runs was excluded when calculating the parameters 

shown in Table 4-9-a: run 20 (300oC, 20min, 3% biomass load) performed as a significant 

outlier, and no model was achieved when using this run for calculation. Therefore, run 20 was 

excluded solely for Avicel. That might be the reason why Avicel results in the DoE-2 behaved 

differently both from previous DoE and from SEQ/DEL fibres in terms of significant terms of 

the model. Model for Avicel in DoE-2 suggests loading (C) and its squared term (C2) as 
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significant, which did not occur in any other results both from glucose concentration of 

hydrolysis percentage. Moreover, the fact that loading was not considered significant in most 

of the cases is most likely because of the small range used in the evaluation.  

Table 4-9 - ANOVA for glucose concentration (g/L) after SBW for DoE-2using a 3-factor CCD for (a) Avicel, (b) DEL and 

(c) SEQ fibres after excluding non-significant terms from the model. 

(a) 

 

(b) 

 

(c) 

 

When more than one response is analysed at the same time, firstly a model for each 

responses should be created. Then, the models should be overlapped and conditions that 

optimize all the responses should be found. In practice, this is not easy to achieve and, therefore, 

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 117.29 7 16.76 188.50 < 0.0001

A-Temperature 3.14 1 3.14 35.36 < 0.0001

B-Residence time 0.11 1 0.11 1.25 0.2874

AB 9.77 1 9.77 109.93 < 0.0001

C - Loading 67.74 1 67.74 762.04 < 0.0001

A
2 2.84 1 2.84 31.92 0.0001

B
2 24.42 1 24.42 274.78 < 0.0001

C
2 1.21 1 1.21 13.57 0.0036

Residual 0.98 11 0.09

Lack of Fit 0.90 6 0.15 10.03 0.0115

Pure Error 0.08 5 0.02

Cor Total 118.27 18

R-Squared 0.99

Adj R-Squared 0.99

Pred R-Squared 0.96

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 1133.63 4 283.41 42.56 < 0.0001

A-Temperature 654.07 1 654.07 98.22 < 0.0001

B-Residence time 363.12 1 363.12 54.53 < 0.0001

AB 384.39 1 384.39 57.72 < 0.0001

A
2 345.21 1 345.21 51.84 < 0.0001

Residual 99.89 15 6.66

Lack of Fit 99.85 10 9.99 1522.56 < 0.0001

Pure Error 0.03 5 0.01

Cor Total 1233.52 19

R-Squared 0.92

Adj R-Squared 0.90

Pred R-Squared 0.80

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 1238.89 4 309.72 44.13 < 0.0001

A-Temperature 690.22 1 690.22 98.33 < 0.0001

B-Residence time 418.07 1 418.07 59.56 < 0.0001

AB 422.34 1 422.34 60.17 < 0.0001

A
2 435.54 1 435.54 62.05 < 0.0001

Residual 105.29 15 7.02

Lack of Fit 105.26 10 10.53 1810.47 < 0.0001

Pure Error 0.03 5 0.01

Cor Total 1344.18 19

R-Squared 0.92

Adj R-Squared 0.90

Pred R-Squared 0.83
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one of the response should be prioritized for optimization while the other conditions should be 

aimed to a desired range (Montgomery, 2000). For instance, considering as responses 

hydrolysis percentage and glucose/HMF concentration, glucose should be prioritized for 

maximization. Moreover, hydrolysis should not be less than a 60-70% for example; and HMF 

concentration should not be higher than a toxic amount for a particular yeast during further 

fermentation. However, as the model is not capable of predicting new data, the combined 

evaluation of several variables at the same time in order to optimize them was not possible. 

Although RSM is an useful tool to understand chemical/biological systems, not all 

systems/reactions can be predicted by a second-order model (Baş and Boyacı, 2007). Moreover, 

the tests performed for the DoE analysis in this work were based on the ANOVA and the 

regression parameter, which have some assumptions such as that the data is normally distributed 

and have constant variance (Montgomery, 2000). These assumptions are not always true in the 

real-world problems, however, low degrees of these irregularities might be fixed by some tools 

(Oehlert, 2000). 

For instance, a common approach to handle non-normally distributed data is to apply a 

response transformation and try to re-analyse the data through RSM (Johnson and Montgomery, 

2009, Oehlert, 2000). However, even after applying response-transformation using logarithm, 

the lack of fit persisted for all responses models both for DoE and for DoE-2. The impossibility 

of generating a predict model might suggest that response could have a non-normal distribution 

and, therefore, the analysis of tools such as ANOVA might not be possible or have been affected 

by the non-normality of the data (Oehlert, 2000). 

The Normal Plot of Residuals created by the Design Expert® can be used to diagnose 

normal distribution and confirm/deny data non-normality. Figure 4-7 shows the Normal Plot of 
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Residuals (after logarithm-transformation of the data) for glucose concentration (g/L) after 

SBW hydrolysis for DoE-2 for Avicel (a), DEL (b) and SEQ (c) fibres. 

In the case that the response follows a normal distribution, the Normal Plot of Residuals 

shows the residuals of runs following a straight line (Kraber, 2013). Figure 4-7 shows clearly 

that none of the plot for the three fibres present a straight line. The same result was found for 

the first DoE in all the responses: glucose/HMF concentration (g/L) and hydrolysis percentage 

(%), for all biomasses (data not shown).  Therefore, it can be concluded that all the data for 

both DoEs are non-normally distributed. 

 

(a) 

 

(b)

 

(c) 

Figure 4-7 - Normal Plot of Residuals obtained by Design Expert® for glucose concentration (g/L) after SBW hydrolysis in 

DoE-2 for Avicel (a), Del (b) and SEQ fibres (c). 
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There are cases in which non-normal distributions can still be analysed by ANOVA and 

it depends on how much the data is far from normality, which is very difficult to determine 

(Oehlert, 2000). However, even though the ANOVA results could have been compromised by 

the non-normality of the data, some conclusions can still be suggested. For instance, the results 

of p-values are thought to be less affected by non-normality (Oehlert, 2000). Moreover, as the 

significance of variables analysed by the p-values was reasonably similar in the two DoEs and 

for both of the responses (glucose and hydrolysis percentage), the parameters that most affect 

the responses analysed for SBW could still be suggested even when the data fails the normality 

assumption. These parameters would be the temperature, residence time, the interaction 

between these two and the squared of temperature. 

The difficulty of getting a model that predicts the process could also be related to the 

changes made in the axial levels (see section 4.2.3). The axial points performed in a CCD are 

the conditions used for estimation of the quadratic terms (Bradley, 2007). Therefore, the 

modification of these parameters values might have resulted in the impossibility of getting a 

predictable model and contributed significantly for the lack of fit obtained for all conditions 

and biomass analysed. 

Optimization of SBW hydrolysis of lignocellulosic biomass conversion using RSM and 

design of experiments have been reported in literature. Mazaheri et al. (2010) investigated the 

performance of SBW hydrolysis of oil palm in a batch reactor through RSM using a central 

composite rotatable design and 5 parameters: temperature (220-320oC), residence time (7.5-

82.5min), particle size (<250m and between 710-1000m), biomass loading (3.75-16.25g in 

100mL of water) and percentage of NaOH used as an additive (0-10wt.%). They used only one 

response, liquid products percentage and they reported have obtained a significant model that 

present high R2 (0.94) and adj-R2 (0.93) and insignificant lack of fit (Mazaheri et al., 2010). 



Chapter 4 – An assessment of subcritical water for cellulose hydrolysis and glucose production  

151 

 

The fact that they used a 5-factors CCD and, therefore, performed a much larger number of 

experiments (42 against 20 runs performed in DoE and DoE-2) might have been an advantage 

in terms of statistical analysis. ANOVA, in some cases, might provide a fair analysis even for 

non-normally distributed samples particularly for high number of runs (Oehlert, 2000). 

Xin and Saka (2008) used RSM to optimize hydrolysis of Japanese beech in a 5mL 

batch reactor. They evaluated only two parameters, temperature and residence time, in a small 

range, 170-220oC and 3-15min using a full factorial experimental design. They obtained a good 

model prediction and high regression parameters (R2 and adj-R2) and were able to statistically 

optimize the process for sugars release (Saka, 2008). Although they did not present values for 

the lack of fit of the models or comparison between predicted and actual results of the optimal 

point, their design of experiments was simpler than the one performed in this work and in a 

narrower range, which could have contributed to the successful result in their modelling.   

In conclusion, it is still not clear whether the non-normality of data and/or the 

manipulation of the levels of axial points in the CCD affected the overall results of the analysis, 

or if the range evaluated was still too broad even after shortening it for DoE-2. However, even 

though the model is not significant and cannot be used for future predictions, it still can be used 

to find best conditions that leads to target responses (Dejaegher and Vander Heyden, 2011). 

Moreover, results of DoE-2 are liable to be analysed and conclusions could be made from them. 

Table 4-10 shows DoE-2 results for several compounds concentration in g/L (glucose, 

xylose, fructose, HMF and furfural) as well as for hydrolysis percentage (%). 

Initially, comparing the results obtained from DoE (Table 4-8) and DoE-2 (Table 4-10), 

it is possible to see that higher glucose yields were achieved using the conditions of DoE-2. For 

instance, maximum Yglu obtained in DoE-2 were 20.0, 3.3 and 11.2% for Avicel, DEL and SEQ, 

respectively, whereas in DoE the maximum Yglu were 9.7, 2.5 and 2.6%, respectively. 
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For Avicel, high temperature and low residence time (280oC, 0min) resulted in the 

highest hydrolysis percentage and Yglu. However, at these conditions, high amounts of fructose, 

HMF and furfural were also identified. Significant amounts of these 

decomposition/isomerization products indicates that released glucose is already undergoing 

further reaction even during the heating time. This is a constraint of the reactor type, as batch 

reactor usually requires significantly higher heating times than it is needed in flow reactors, for 

example (Yu et al., 2007). Therefore, glucose being generated during the heating time will be 

further decomposed if not separated as soon as it is released (Jørgensen et al., 2007), which is 

not feasible in the current reactor configuration.  

DEL fibres showed very small improvement in terms of glucose production compared 

to results from the first DoE. Maximum Yglu were obtained both in the centre point (250oC, 

20min) and high temperature/low residence times (280oC, 0min). Loading did not demonstrated 

a significant influence in Yglu, as predicted by the model. An exception was for the lowest 

biomass load (0.5%) in run 17, which resulted in much lower Yglu compared to same 

temperature/residence time conditions with other loads (3 and 6.4%). As cellulose hydrolysis 

is believed to be a superficial reaction (Zhao et al., 2009c), it is possible that hydrolysis occur 

very fast when the loading is very low, therefore, glucose is decomposed faster when compared 

to higher loadings. 

Maximum Yglu for SEQ fibres were achieved at the same conditions as for DEL fibres 

(250oC/20min and 280oC/0min), however, in considerably higher values. Moreover, as it 

happened for Avicel, the conditions used in the DoE-2 significantly improved Yglu from SEQ 

fibres.  

Comparing DEL and SEQ fibres it is possible to see significant differences in terms of 

concentration of soluble products. As these fibres showed a very similar composition 
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Table 4-10 - Results of SBW hydrolysis of cellulose fibres(Avicel, DEL and SEQ) for glucose, fructose, HMF concentration (g/L) analysed by HPAEC; furfural concentration analysed by HPLC; and calculated 

hydrolysis percentage and glucose yield (%) for 20 runs of the DoE-2. 

 

*Fru/mi = fructose generated divided by available cellulose (g/L): 
𝐹𝑟𝑢

𝑚𝑖
=

𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒

1.1∗𝑓∗𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗ 100%, in which f is the fraction of cellulose in each biomass, i.e, f=1, 0.80 and 0.79 for Avicel,  DEL and SEQ, respectively. 

**HMF/mi = HMF generated divided by available cellulose (g/L): 
𝐹𝑟𝑢

𝑚𝑖
=

𝐻𝑀𝐹

1.1∗𝑓∗𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗ 100%; ***Furfural/mi = Furfural generated divided by available cellulose + hemicellulose (g/L):  

𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙

𝑚𝑖
=

𝐻𝑀𝐹

1.1∗𝑓∗ℎ𝑒𝑚𝑖+𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗ 100%. 

****Xyl/mi = xylose generated divided by available hemicellulose (g/L): 
𝑋𝑦𝑙

𝑚𝑖
=

𝑥𝑦𝑙𝑜𝑠𝑒

1.1∗𝑓∗ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗ 100%, in which f is the fraction of hemicellulose in each biomass, i.e, 0.072 and 0.048 for  DEL and SEQ, respectively.

Run
T 

(
o
C)

Res. 

time 

(min)

Load 

(%)

Hydrol. 

(%)

Glu 

(g/L)

YGlu 

(%)

Fru 

(g/L)

* 

Fru/

mi 

(%)

HMF 

(g/L)

** 

HMF/

mi 

(%)

Furfural 

(g/L)

*** 

Furfural

/m i (%)

Hydrol. 

(%)

Glu 

(g/L)

YGlu 

(%)

Xyl 

(g/L)

****

Xyl/

mi 

(%)

Fru 

(g/L)

* 

Fru/

mi 

(%)

HMF 

(g/L)

** 

HMF

/mi 

(%)

Furfural 

(g/L)

*** 

Furfural/

m i (%)

Hydrol. 

(%)

YGlu 

(%)

YGlu 

(%)

Xyl 

(g/L)

****

Xyl/

mi 

(%)

Fru 

(g/L)

* 

Fru/

mi 

(%)

HMF 

(g/L)

** 

HMF

/mi 

(%)

Furfural 

(g/L)

*** 

Furfural/

m i (%)

1 220 40 5.0 22.7 5.43 9.8 0.78 1.4 1.42 2.6 0.77 1.4 19.0 0.64 1.4 0.05 1.1 0.28 0.6 0.92 2.1 0.53 1.1 21.9 1.01 2.3 0.17 6.3 0.48 1.1 1.14 2.6 0.52 1.1

2 280 0 5.0 83.2 10.01 18.0 3.54 6.4 4.03 7.3 1.53 2.8 31.3 1.24 2.8 0.00 0.0 1.87 4.2 0.90 2.0 0.59 1.2 54.8 4.91 11.2 0.00 0.0 3.88 8.9 3.37 7.7 1.05 2.3

3 220 0 1.0 9.6 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 9.3 0.00 0.0 <0.01 0.2 0.00 0.0 0.00 0.0 0.01 0.1 9.3 0.00 0.0 <0.01 0.4 0.00 0.0 0.00 0.0 0.00 0.0

4 250 20 3.0 74.8 2.46 7.4 1.64 5.0 3.54 10.7 1.10 3.3 46.9 0.84 3.2 0.00 0.0 1.29 4.9 2.11 7.9 0.56 1.9 51.5 2.14 8.2 0.00 0.0 1.52 5.8 2.34 8.9 0.71 2.5

5 250 20 3.0 70.9 2.88 8.6 1.74 5.3 3.04 9.2 0.91 2.8 36.6 0.87 3.3 0.00 0.0 1.44 5.4 2.25 8.5 0.61 2.1 53.0 2.38 9.1 0.00 0.0 1.53 5.8 3.14 11.9 0.75 2.7

6 250 54 3.0 63.8 0.02 0.0 2.36 7.1 0.14 0.4 0.47 1.4 68.2 0.03 0.1 0.00 0.0 0.43 1.6 0.85 3.2 0.73 2.5 64.4 0.03 0.1 0.00 0.0 3.10 11.8 1.19 4.5 0.57 2.0

7 220 40 1.0 31.0 0.82 7.4 0.13 1.2 0.49 4.4 0.17 1.5 23.9 0.12 1.4 0.01 1.6 0.05 0.6 0.11 1.2 0.14 1.5 21.9 0.15 1.7 0.04 8.3 0.10 1.2 0.13 1.5 0.10 1.1

8 250 0 3.0 9.3 0.32 0.9 0.00 0.0 0.06 0.2 0.03 0.1 15.5 0.07 0.2 0.12 4.9 0.37 1.4 0.04 0.1 0.12 0.4 13.1 0.06 0.2 0.20 12.2 0.26 1.0 0.03 0.1 0.11 0.4

9 280 0 1.0 94.1 2.22 20.0 0.78 7.1 0.85 7.7 0.36 3.3 24.0 0.20 2.2 0.00 0.0 0.25 2.9 0.04 0.5 0.09 0.9 22.9 0.84 9.6 0.00 0.0 0.61 6.9 0.40 4.6 0.17 1.9

10 250 20 3.0 73.5 2.59 7.8 1.84 5.6 3.45 10.4 0.99 3.0 43.6 0.87 3.3 0.00 0.0 1.44 5.4 2.25 8.5 0.60 2.1 60.2 2.44 9.3 0.00 0.0 1.74 6.6 3.30 12.5 0.87 3.1

11 250 20 3.0 67.3 2.11 6.3 1.71 5.2 3.21 9.7 1.14 3.5 44.6 0.72 2.7 0.00 0.0 1.09 4.1 2.00 7.5 0.70 2.4 59.3 2.46 9.3 0.00 0.0 1.75 6.7 3.41 13.0 0.88 3.2

12 200 20 3.0 7.3 0.11 0.3 0.08 0.2 0.06 0.2 0.03 0.1 3.5 0.05 0.2 2.15 87.0 0.13 0.5 0.02 0.1 0.17 0.6 12.7 0.01 0.0 1.54 96.4 0.00 0.0 0.00 0.0 0.08 0.3

13 250 20 3.0 73.7 2.20 6.6 1.92 5.8 3.66 11.1 1.09 3.3 50.0 0.77 2.9 0.00 0.0 1.16 4.4 2.03 7.6 0.63 2.2 61.0 2.44 9.3 0.00 0.0 1.72 6.5 3.43 13.1 0.93 3.3

14 250 20 3.0 68.2 2.16 6.5 1.90 5.8 3.29 10.0 0.96 2.9 42.4 0.74 2.8 0.00 0.0 1.25 4.7 1.91 7.2 0.66 2.3 53.6 2.72 10.4 0.00 0.0 1.81 6.9 3.39 12.9 0.81 2.9

15 250 20 6.4 61.0 3.97 5.6 3.92 5.6 3.09 4.4 1.58 2.3 48.9 1.60 2.8 0.00 0.0 2.25 4.0 4.67 8.3 1.48 2.4 57.1 5.46 9.8 0.00 0.0 2.75 5.0 7.73 13.9 1.75 3.0

16 220 0 5.0 6.2 0.01 0.0 0.00 0.0 0.02 0.0 0.01 0.0 7.3 0.00 0.0 0.02 0.4 0.01 0.0 0.01 0.0 0.03 0.1 6.5 0.00 0.0 0.01 0.6 0.01 0.0 0.00 0.0 0.00 0.0

17 250 20 0.5 83.2 0.22 3.9 0.36 6.6 0.70 12.8 0.17 3.1 47.5 0.08 1.7 0.00 0.0 0.10 2.4 0.13 2.9 0.04 0.8 71.2 0.17 3.8 0.00 0.0 0.43 9.7 0.47 10.6 0.16 3.5

18 280 40 5.0 58.2 0.04 0.1 5.22 9.5 0.00 0.0 0.33 0.6 63.3 0.00 0.0 0.00 0.0 2.03 4.6 0.07 0.2 0.20 0.4 67.3 0.00 0.0 0.00 0.0 3.10 7.1 0.04 0.1 0.30 0.7

19 280 40 1.0 69.3 0.01 0.1 0.93 8.5 0.00 0.0 0.08 0.7 68.4 0.00 0.0 0.00 0.0 0.66 7.4 0.08 0.9 0.04 0.5 75.1 0.00 0.0 0.00 0.0 1.07 12.2 0.02 0.2 0.06 0.6

20 300 20 3.0 73.9 0.00 0.0 2.04 6.2 0.32 1.0 0.40 1.2 65.1 0.00 0.0 0.00 0.0 1.71 6.4 0.03 0.1 0.39 1.3 68.5 0.00 0.0 0.00 0.0 3.83 14.6 0.09 0.3 0.41 1.5

DoE-2 AVICEL DEL SEQ
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(section 3.3.6.2), it is clear that the difference presented by these two fibres during SBW 

hydrolysis is due to structural differences. The result is a strong suggestion that the hypothesis 

placed in the previous chapter was accurate about the sequential extraction not only selectively 

extracting target compounds but also modify the remaining fibres structure. 

The comparison of the results in both DoEs for Avicel, DEL and SEQ fibres confirmed 

that pure cellulose led to significant higher glucose yields and hydrolysis percentage. The higher 

efficiency of hydrolysing Avicel compared to lignocellulose fibres is most likely due to 

structural differences. Even after the direct/sequential processing, cellulose fibres obtained 

from lignocellulosic biomass are still bonded at some extent to lignin, which probably makes it 

more difficult to access cellulose bonds than in a pure cellulose material. Moreover, the 

significant difference between the particle size of Avicel and the fibres generated from 

processing of MxG might have affected cellulose hydrolysis. Avicel is a fine dust, whereas 

DEL and SEQ fibres are a much larger fibre of about 8-10 times Avicel particle size (see Figure 

3-19). Large particle size could lead to both heat transfer problems and difficult the accessibility 

of bonds and also to problems related to surface overcooking and incomplete hydrolysis of 

internal portions (Ruiz et al., 2013). 

Fructose and HMF showed the concentration same pattern presented in the first DoE for 

all three biomasses: very little of these compounds is being generated for mild conditions 

(temperatures up to 250oC and residence times up to 20min). Then, an increase in process 

severity increase their formation until a maximum, followed by a decreasing due to their 

decomposition.  

Xylose was only detected at mild temperatures (200-220oC) and at 250oC/0min for both 

DEL and SEQ. It is even possible that xylose might have been generated in higher amounts 

than detected in DoE-2 samples, because at these temperatures xylose is not stable and it will 
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rapidly undergo decomposition (Chen et al., 2008). In fact, Jing and Lü (2007 and 2008) 

evaluated both xylose and glucose decomposition in SBW using a batch reactor and described 

that glucose achieved 96% decomposition at 220oC after 90min (Jing and Lü, 2008), while the 

same percentage of xylose decomposition was achieved after only 50min at the same 

temperature (Chen et al., 2008). Their findings suggest that not only xylose will be released 

from hemicellulose faster than glucose from cellulose, due to already discussed structural 

reasons, but also xylose will be faster decomposed compared to glucose and, therefore, more 

difficult to detect in the hydrolysis extract. Moreover, as expected, no xylose was detected for 

Avicel samples.  

Hydrolysis percentage achieved values up to 94% for Avicel, however, both DEL and 

SEQ fibres showed maximum hydrolysis of about 68-75%. As values as high as 87% were 

obtained in the first DoE, it can be concluded that DEL and SEQ can be further hydrolysed, 

however, they need harsher conditions than those performed in the DoE-2. 

Furfural was not among the compounds to be investigated during SBW hydrolysis at 

first because it is widely accepted that this compound is a result of C-5 dehydration (Chen et 

al., 2008). Moreover, as the xylose is the only C-5 sugar in SEQ and DEL fibres and it is 

presented in small percentage (4.8 and 7.2% in SEQ and DEL fibres, respectively), it was 

considered that furfural would be produced in insignificant conditions. However, while 

analysing the HPAEC chromatograms from DoE-2, it was observed that a reasonable amount 

of xylose was being produced in mild temperatures (200 and 220oC). Moreover, as xylose 

decomposes into furfural, which is thought to be very toxic for yeasts during fermentation 

(Palmqvist and Hahn-Hägerdal, 2000b), it was decided to run all samples of DoE-2 in HPLC 

for furfural quantification. 
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Table 4-10 shows that, on the contrary of what was expected, furfural is produced in 

most of the runs performed in the DoE-2. Unexpectedly, furfural is produced in significant 

quantities even for Avicel, which does not contain C-5 sugars. The presence of furfural in most 

of the DoE-2 conditions, and particularly in Avicel samples, is a confirmation that furfural is 

not produced exclusively from C-5 sugars. Furthermore, it is likely that a mechanism of furfural 

generation from glucose is possible even though it is not well addressed in the literature. 

Furfural generation is further discussed in next sections. 

 

4.3.5. Mass balance after SBW hydrolysis 

In order to estimate the losses during the SBW hydrolysis, a mass balance was calculated 

only for DoE-2. Table 4-11 shows the mass balance after SBW hydrolysis in which the initial 

mass (mi), the mass left in the reactor after SBW hydrolysis (mf) and the mass obtained by 

drying the liquid fraction after the hydrolysis (DW) can be seen for Avicel, SEQ and DEL 

fibres. 

As it can be seen in Table 4-11, mass balance values are quite far from the ideally 

expected 100%. Moreover, some of the DoE-2 conditions have lower values for all three 

biomasses, for instance, run 20 presents the lowest mass balance values for all fibres, which 

suggest that the run conditions is affecting the mass recovery.  

Two phenomenon could be associated with the apparent ‘loss’ of mass: 1) evaporation 

of other compounds than only water, for instance HMF, furfural and organic acids (acetic, 

formic), during the drying step performed to calculate DW; and 2) formation of a gas fraction 

(gasification) during the SBW hydrolysis.  

In order to quantify how much HMF would evaporate in the conditions used for drying 

the samples (65oC until samples were completely dried), HMF samples were dried using the 
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same protocols used for the samples (section 4.2.1.2.3). In these conditions, 27 ± 2% of HMF 

was evaporated during the drying step. Therefore, it can be concluded that part of the HMF 

contents of the samples was also evaporated during samples drying stage, which can account 

for some of the mass loss presented by the mass balance. 

Table 4-11 - Mass balance after SBW hydrolysis for Avicel, DEL and SEQ fibres. 

 

Moreover, other volatile components such as small organic acids such as formic and 

levulinic acids generated from furfural (Jing and Lü, 2007) and HMF (Toor et al., 2011) 

decomposition are also likely to have evaporated in this step. 

Even less volatile compounds than HMF as furfural might be evaporated during the 

drying stage to some extent. Converti et al. (2000) hydrolysed sulphuric acid pretreated milled 

wood samples using steam explosion. Afterwards, they heated the hydrolysed extracts to 100oC 

for 160min in order to evaporate acetic acid and furfural prior to fermentation. They suggested 

Run
T 

(
o
C)

Res. 

time 

(min)

mi (g) mf (g) DW (g)

Mass 

balance 

(%)

mf (g) DW (g)

Mass 

balance 

(%)

mf (g) DW (g)

Mass 

balance 

(%)

1 220 40 0.75 0.58 0.10 90.73 0.61 0.06 88.37 0.59 0.08 89.33

2 280 0 0.75 0.13 0.52 86.64 0.52 0.10 81.65 0.34 0.31 86.62

3 220 0 0.15 0.14 0.01 94.44 0.14 0.00 92.07 0.14 0.00 92.67

4 250 20 0.45 0.11 0.20 68.62 0.24 0.06 67.45 0.25 0.07 72.37

5 250 20 0.45 0.13 0.14 60.64 0.29 0.05 74.35 0.21 0.10 69.75

6 250 54 0.45 0.16 0.14 67.17 0.14 0.12 59.21 0.16 0.11 60.22

7 220 40 0.15 0.10 0.03 88.69 0.11 0.01 80.81 0.12 0.01 87.08

8 250 0 0.45 0.41 0.01 93.60 0.38 0.03 90.41 0.39 0.02 91.72

9 280 0 0.15 0.01 0.11 81.57 0.11 0.00 78.33 0.12 0.03 94.75

10 250 20 0.45 0.12 0.20 71.57 0.25 0.07 72.81 0.18 0.15 72.51

11 250 20 0.45 0.15 0.13 62.27 0.25 0.08 73.45 0.18 0.13 68.57

12 200 20 0.45 0.42 0.00 93.74 0.43 0.01 98.53 0.37 0.03 89.62

13 250 20 0.45 0.12 0.17 63.34 0.22 0.08 67.63 0.18 0.14 69.31

14 250 20 0.45 0.14 0.18 70.99 0.26 0.08 74.81 0.21 0.13 75.20

15 250 20 0.95 0.37 0.26 66.51 0.49 0.19 71.37 0.41 0.30 74.43

16 220 0 0.75 0.70 0.01 94.53 0.69 0.01 93.66 0.71 0.01 95.97

17 250 20 0.08 0.01 0.04 68.16 0.04 0.01 69.79 0.02 0.03 70.80

18 280 40 0.75 0.31 0.18 66.00 0.28 0.15 57.03 0.29 0.18 62.60

19 280 40 0.15 0.05 0.05 62.40 0.05 0.04 54.98 0.04 0.05 58.23

20 300 20 0.45 0.12 0.14 56.24 0.16 0.06 47.46 0.14 0.11 56.17

DoE-2 AVICEL DEL SEQ
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that 96.8% of acetic acid and 58.3% of furfural were successfully removed from the extracts 

(Converti et al., 2000). Therefore, the furfural present in the samples could also have been 

partially evaporated at the conditions used to dry the samples. 

Although gasification of lignocellulose is preferred at temperatures close to supercritical 

conditions (T>374oC) (Toor et al., 2011), there are reports about gasification in low extents 

(<10%) occurring at temperatures as low as 235oC (Kumar and Gupta, 2009). Cheng et al. 

(2009) evaluated the formation of gas during SBW hydrolysis of switchgrass. They reported 

that gas yield increased from 17 to 49% (wt%) when temperature increased from 250 to 350oC. 

Moreover, they analysed the gas produced and revealed that it was mainly composed of CO and 

CO2, with trace amounts of H2 and CH4 (Cheng et al., 2009). Mazaheri et al (2010) utilized a 

batch reactor to hydrolyse oil palm fruit fibre using SBW at temperatures ranging from 210-

330oC for 90min using 10% biomass load. They observed that gas contents was increased from 

10 to almost 40% (wt%) with the increase in temperature (Mazaheri et al., 2010).  

In addition, the generation of gaseous products during SBW hydrolysis seems to be 

closely related to temperature. The data presented in Table 4-11 also suggested the same as 

higher temperatures (280 and 300oC) showed significant mass losses for all three biomasses. 

Moreover, mass balance results also suggest that residence time could be similarly related to 

gas production as higher residence times (40min and higher) also presented low values of mass 

balance. 

Furthermore, harsher conditions (high temperatures and long residence times) also 

resulted in higher amounts of decomposed products, which possibly increase the amount of 

mass losses due to evaporation in the sample-drying step. 

Moreover, in order to confirm the hypotheses of evaporation during drying step and 

gasification during SBW hydrolysis, it would be necessary to perform some extra analysis. For 
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instance, gaseous products would need to be collected for quantification and, therefore, gases 

could be accounted for in the mass balance; and samples should be analysed for organic acids 

in an attempt to quantify all possible volatile products before sample-drying step. As these 

analyses were not performed in this work, the reasons for the material losses presented in Table 

4-11 and suggested in this discussion remain as hypotheses. 

Additionally, as a result of mass losses due to the probable evaporation of some 

compounds as well as gasification, it is difficult to calculate processing losses. Nevertheless, 

material loss could be estimated using one of DoE-2 conditions that most likely minimize the 

undesirable evaporation of volatiles and gasification processes. Therefore, run 3 (220oC, 0min, 

1% biomass) was chosen as at these conditions, due to low temperature and short residence 

time, it is expected that only trace amounts of decomposition products (HMF, organic acids) 

were generated and gasification is unlikely to have occurred in significant amounts. 

Consequently, considering run 3, material loss during SBW hydrolysis vary from 6-8%. 

 

4.3.6. Reactions and products in the SBW hydrolysis of cellulose fibres 

Biomass undergoes to a variety of complex chemical reactions under hydrothermal 

conditions that are dependent on parameters conditions (temperature, residence time) and also 

on biomass composition (Toor et al., 2011).  

Most of the attempts reported in literature to understand mechanism/kinetics reactions 

in SBW use pure cellulose and pure glucose to comprehend these compounds decomposition 

in SBW (Matsumura et al., 2006). This simplification is usually not accurate for lignocellulose 

biomass due to the structural and chemical differences compared to pure cellulose. Moreover, 

results showed in previous sections confirmed that pure cellulose was easier hydrolysed 

compared to cellulose fibres from Miscanthus. However, in this work this simplification will 
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be considered close to the truth, as both DEL and SEQ are ~80% cellulose by composition. In 

addition, the role of residual lignin and xylan during SBW was also be discussed. 

 

4.3.6.1. Main products generated from cellulose during SBW hydrolysis  

The reactions involving cellulose under hydrothermal conditions can be classified in 

five major groups: depolymerisation, isomerisation, dehydration, fragmentation and 

condensation (Antal Jr et al., 1990). 

The first step of hydrolysis is thought to be depolymerisation, i.e., the cleavage of 

cellulose into COS of different DPs. It is not clear whether the position where these cleavages 

occur are random or if there are more susceptible regions, caused perhaps by different degrees 

of crystallinity. 

Subsequent to their release, COS are broken into smaller molecules such as glucose and 

released. Sugar release from oligomers are believed to be from the termini, i.e., not from the 

internal glycosidic bonds (Kimura et al., 2012). Therefore, according to this theory, once the 

oligosaccharide is cleaved from the polymeric structure, it will mainly release monomeric 

sugars, and not COS with lower DP. 

Finally, reactions both from glucose and products generated from glucose start taking 

place, such as isomerisation, fragmentation, dehydration and condensation (Antal Jr et al., 

1990). 

 In the conditions performed in this work, COS can only be seen in mild conditions (low 

temperature/short residence time). Figure 4-8 shows the chromatogram obtained by HPAEC 

for SEQ fibres after SBW hydrolysis at 220oC, for 0min using 5% biomass.  

Figure 4-8 is an insight of what happens in the beginning of the hydrolysis, as this 

sample was collected as soon as temperature achieved 220oC, which took about 7min. In this 
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figure, it is possible to see a wide range of cello-oligosaccharides with DPs as high as 20. The 

identified COS in this figure (cellobiose, cellotetraose and cellohexaose) were compared to 

standards. From theses identified COS, the others can be deduced by their position in the 

chromatogram.  

 

Figure 4-8 - Chromatogram obtained by HPAEC for SEQ fibres after SBW hydrolysis at 220oC for 0min and using 5% 

biomass load (DoE-2,run 16). Compounds: 0- ‘washed compounds’; 1- unknown; 2- HMF; 3- glucose; 4- xylose; 5- fructose, 

and 6- COS (C2-cellobiose, C4-cellotrataose, C6- cellohexaose). 

 

The main compound in this sample is xylose (peak 4, 0.01g/L), which is expected, as 

remaining hemicellulose fraction will be rapidly hydrolysed at this temperature. Glucose (3), 

fructose (5) and HMF (2) are also present but in very small amounts: 0.004, 0.01 and 0.002g/L, 

respectively. 

The HPAEC-PAD system is an important tool capable of detecting a large quantity of 

compounds generated during SBW hydrolysis even in very small concentrations (Yu and Wu, 

2011). However, several of these compounds are still unknown both because of the lack of 

available standards and because of the complexity of the SBW reactions that is still not fully 
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understood. Moreover, the effort in terms of compound characterization were aimed at the 

major compounds generated.   

  Compounds indicated by peak 0 are most likely compounds that do not have strong 

interaction with the solvent/column and are washed out from the column in less than 2min. 

These compounds were not analysed. Small peaks in between 2 and 3 appeared only in mild 

conditions and at very low intensity, suggesting they are sample impurities and/or other residual 

fractions of the biomass. Moreover, as their concentration are insignificant, these compounds 

were not evaluated. The compound 2 is unknown, however, as it appears in several other 

samples, there is an attempt to suggest its nature further in the discussion. 

Figure 4-9 shows the chromatogram obtained by HPAEC after SBW hydrolysis of SEQ 

fibres at 280oC, 0min and 5% biomass. This sample has been diluted 50 times, therefore, that 

needs to be taken into consideration when comparing Figure 4-9 with Figure 4-8 in terms of 

peak intensity. Glucose (3) and HMF (2) were the main compounds of SBW hydrolysis at these 

conditions (4.9 and 3.4g/L, respectively). Fructose (4) is also present in considerable amounts 

(1g/L). In smaller amounts, the previously called unknown compound and COS are also visible. 

Figure 4-9 can be seen as a continuation of the reaction presented by Figure 4-8, i.e., 

after passing by the point of 220oC, the reaction in this sample was left to continue until 280oC 

was achieved. Therefore, this chromatogram suggests that after COS are formed in the 

beginning of the reaction (as shown in Figure 4-8), they are decomposed into smaller molecules, 

and the concentration of COS becomes insignificant. This result means that depolymerisation 

into COS was almost exclusively in the beginning of the reaction, which was confirmed as 

significant amounts of COS were not observed in any sample with residence times higher than 

0min. However, hydrolysis percentage continued to increase with residence time. That could 

be a result of glucose being released from the termini of COS with high DP. Therefore, the 
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results in this work suggests that depolymerisation, i.e., the attack of internal glycoside bonds 

that generates COS, happens in the beginning of the hydrolysis; then this mechanism is replaced 

by release of only terminal glucoses in the surface of the biomass during the course of the 

reaction. 

 

Figure 4-9 - Chromatogram obtained by HPAEC for SEQ fibres after SBW hydrolysis at 280oC for 0min and 5% biomass 

load (DoE-2,run 2). Compounds: 1-unknown; 2- HMF; 3- glucose; 4- fructose; 5- region of COS. 

 

Figure 4-10 shows the ‘continuation’ of Figure 4-9, in which samples were taken when 

the reaction was at 300oC for 20min. Fructose (2) is the dominant compound at this conditions, 

which is one of the harshest condition performed in the DoE-2. It can be seen that glucose and 

COS are absent and HMF is present in small quantity. As a result of the complete absence of 

glucose, it can be suggested that this harsh condition favoured the glucose to fructose 

isomerisation at such a level that glucose was converted as soon as it was released, and therefore 

was not detected in the media.  

In order to try to suggest the nature of the unknown compound that appeared just before 

HMF in the chromatograms shown in Figure 4-8 and Figure 4-9 (and in several other 
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chromatogram not shown), it was necessary to compare the chromatograms obtained in this 

work with similar chromatogram reported in literature. 

 

Figure 4-10 - Chromatogram obtained by HPAEC for SEQ fibres after SBW hydrolysis at 300oC for 20min and 3% biomass 

load (DoE-2,run 20). Compounds: 0- ‘washed out’; 1- HMF; 2- fructose; 3- region of COS. 

 

Yu and Wu (2011) studied the decomposition of glucose in hydrothermal conditions. 

They used a continuous reactor and temperatures varying from 175-275oC. Apart from HMF, 

they observed the formation of fructose, erythrose, glycolaldehyde, glyceraldehyde and 1,6-

anyhydroglucose as decomposition products (Yu and Wu, 2011). For their analysis, they used 

a HPAEC system and a CarboPac PA20 column, which is a column optimized for mono- and 

disaccharides, very similar to the CarboPac PA1 used in this work (optimized for 

monosaccharides). In addition, a very similar elution method was also performed using an 

isocratic concentration of NaOH. In their study, a peak appears before HMF and the authors 

suggest it to be either glycolaldehyde or glyceraldehyde, as these two compounds could not be 

separated using their method. In a similar study, Yu et al. (2013) used a continuous reactor to 

study decomposition of cellobiose in water at temperatures from 225-275oC. The same 



Chapter 4 – An assessment of subcritical water for cellulose hydrolysis and glucose production  

165 

 

analytical equipment used in the previous work was used once again, however, the elution 

method was slightly different as a very small NaOH concentration (5mM) was applied in the 

first 10min (where the peak of interest is), which might have facilitated peak separation. No 

glyceraldehyde was mentioned this time and the peak before HMF was attributed to 

glycolaldehyde (Yu et al., 2013).  

Therefore, comparisons about elution order can be made between the chromatograms 

presented in these two publications and this work. Moreover, considering these studies 

performed in similar method conditions compared to this work, it is plausible that the unknown 

peak presented in Figure 4-8 and Figure 4-9 is either glycolaldehyde or glyceraldehyde. 

In addition, as it was mentioned in the methodology section (see 2.6), for the separation 

method used in the HPAEC, the sequence of compound elution is dependent on their pKa. The 

higher the pKa of the compound, the faster its elution, as it will interact less with the column. 

HMF, glyceraldehyde and glycolaldehyde have pKas of 12.6, 12.8 and 14.2, respectively. 

Hence, both glyceraldehyde and glycolaldehyde would elute before HMF, which is another 

evidence that the unknown compound could be either of these two suggestions. At this time, 

this educated suggestion is offered as an attempt of identification; however, for a positive 

verification of the nature of the unknown compound, a standard needs to be used. 

 

4.3.6.2. Mechanism of cellulose hydrolysis in SBW 

Although there have been some attempts to characterize reaction pathways/mechanism 

of reaction in hydrothermal conditions (Kabyemela et al., 1997, Kimura et al., 2012, Sasaki et 

al., 1998), it is still not fully understood (Peterson et al., 2008).  

Glucose decomposition path is strongly dependent on the temperature, for instance, 

gases are mainly produced under supercritical/near water critical conditions as the existent free 
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radical favours gases production. On the other hand, under SBW temperatures, the ionic 

conditions, i.e., high H+ and OH- concentration, dehydration products are the main pathway for 

glucose decomposition (Chuntanapum et al., 2008). 

Glucose and fructose can be found in three forms when dissolved in water: open chain, 

and pyranose and furanose rings, which are rings with 6 and 5 carbons, respectively, as shown 

in Figure 4-11 (Peterson et al., 2008). In non-catalysed hydrothermal conditions, the molar 

fraction of pyranose ring, furanose ring and open chain forms are 98, 1.5 and 0.04% for glucose 

and 52, 44 and 5% for fructose, respectively (Kimura et al., 2012). 
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Figure 4-11 - Glucose and fructose existents forms when dissolved in water: open chain, pyranose ring and furanose ring. 

 

Data resulted from DoE and DoE-2 showed a significant amount of fructose generated 

during SBW hydrolysis. Glucose isomerization into fructose under super- and subcritical water 

hydrolysis is well documented in literature (Kabyemela et al., 1999, Usuki et al., 2007). 

Moreover, glucose isomerization into mannose in SBW has also being reported (Srokol et al., 

2004, Yu et al., 2013). Nevertheless, mannose was not detected in any sample during this work. 

It is well accepted that glucose undergoes isomerization into fructose through a 

mechanism called Lobry de Bruyn Alberda van Ekenstein (LBAE) transformation (Antal Jr et 

al., 1990). LBAE mechanism consists of glucose transforming into three intermediates: an 
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aldehyde, an enediol (alkenes containing OH in both sides of a C=C bond), and a ketone, before 

its conversion into fructose, as shown in Figure 4-12 (Kabyemela et al., 1999). 

C

H

OHH

HOH

OH

OH

H

CH2OH

OH C

H

OH

HOH

OH

OH

H

CH2OH

OHH

H

HOH

OH

OH

H

CH2OH

O

C OH

H

H

C

H

OH

OH

OH

OH

H

CH2OH

OHH

H

O

OH

H

OH

OH

H

H

OH OH

D-frutose

(furanose)

O

OH

H

OH

H

H

OH

H

OH

H

OH

D-frutose

(pyranose)

O
OH

OH

H
H

H

H H

OH
OH

OH

Glucose

 

Figure 4-12 - Glucose isomerization into fructose by Lobry de Bruyn Alberda van Ekenstein (LBAE) transformation through 

aldehyde, enediol, and ketone intermediates. Source: adapted from (Kabyemela et al., 1999). 

 

 Moreover, Kimura et al. (2012) proposed a mechanism in which glucose is converted 

into fructose even before the hydrolysis of the glucose unit from the oligosaccharide. In this 

mechanism, the last glucose unit of a linear chain (oligosaccharide) has an anomeric carbon 

free to react in the terminal unit on the right side. They proposed that this terminal glucose unit 

undergoes reversible isomerisation via the enediol intermediate and it is converted into fructose 

even before being released from the chain. Once this termini fructose is hydrolysed, the 

succeeding termini glucoses can be released before turning into fructose. Furthermore, this 

same mechanism does not occur in the glucose unit at the left side as its anomeric carbon is 

obstructed by the glycosidic bond (Kimura et al., 2012). It is still unclear at what conditions 

this path would prevail, however, their findings are important to be considered, as the 

occurrence of this mechanism could prevent glucose of ever becoming available in the media. 
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Although glucose and fructose are isomers and can follow the same path in 

hydrothermal reactions, they present different reactivity (Peterson et al., 2008). Fructose is 

thought to be more reactive than glucose, which results in a significantly higher rate of glucose 

isomerisation into fructose than the opposite path (Kabyemela et al., 1997). Moreover, the 

acidic conditions provided by SBW favours fructose formation during the LBAE isomerisation 

equilibrium (Speck Jr, 1958). This fact might explain the absence of glucose whereas high 

levels of fructose were observed under harsh conditions in SBW hydrolysis (Figure 4-10): the 

acidity of the media could have favoured the LBAE equilibrium towards fructose in a level that 

glucose was isomerised as soon as released. 

In addition, while pyranose rings are the most predominant form of glucose in 

hydrothermal conditions, fructose has greater amounts of furanose and open-chain forms 

presented under SBW conditions (Srokol et al., 2004), which also accounts for differences in 

reactivity as each anomeric form reacts differently (Rosatella et al., 2011). 

HMF was generated in significant amounts in the conditions analysed in this work. HMF 

can be generated from both glucose and fructose (Kabyemela et al., 1999, van Putten et al., 

2013). A general path of HMF formation and decomposition in hydrothermal (acid) conditions 

is shown in Figure 4-13 (Lewkowski, 2001). 

Hexose [Intermediates]
Levulinic acid

Formic acid
O

OH O

Soluble polymers

Insoluble humic acids
 

Figure 4-13 - Generation of HMF from hexoses and further decomposition into organic acids and soluble/insoluble products. 

Source: modified from (Lewkowski, 2001). 
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There is no consensus for the path of HMF formation during SBW hydrolysis of 

cellulose and two main mechanisms have been proposed: acyclic and cyclic routes (van Putten 

et al., 2013). 

Fructose conversion into HMF is thought to be a cyclic route through the formation of 

a highly reactive intermediate named fructofuranosyl (Kabyemela et al., 1999) as shown in 

Figure 4-14. 
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Figure 4-14 - Mechanism of fructose conversion into HMF via fructofuranosyl intermediate. Source: modified from (Perez 

Locas and Yaylayan, 2008). 

 

Glucose conversion into HMF, on the other hand, requires an open ring reaction, 

followed by the formation of an intermediate named 3-deoxy-glucosone, which then cycleses 

to HMF, as shown in Figure 4-15 (Perez Locas and Yaylayan, 2008). Moreover, fructose could 

also generate 3-deoxy-glucosone, and subsequently, HMF via an open ring route (van Putten et 

al., 2013). 

Nevertheless, because of the higher complexity of breaking and cyclising the 

glucose/fructose rings, conversion of HMF through cyclic route via fructose is more likely to 

be the main path for this reaction (Perez Locas and Yaylayan, 2008, van Putten et al., 2013). 

HMF itself undergoes further reactions when not separated from the SBW media. HMF 

rehydration in acidic media leads to the generation of levulinic and formic acids by the cleavage 

of the furan ring (Lewkowski, 2001). The mechanism of levulinic acid formation from HMF 

was proposed by Hovart et al. (1985) and it is shown in Figure 4-16 (Horvat et al., 1985). 
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Figure 4-15 - Scheme of glucose conversion into HMF via open ring and 3-deoxy-glucosone intermediate. Source: modified 

from (Perez Locas and Yaylayan, 2008) and (van Putten et al., 2013). 

 

On the other hand, at higher temperatures (>280oC) a compound named 1,2,4-

benzenetriol was observed as the main product of HMF decomposition. Luijkx et al. (1993) 

investigated the HMF reactions in SBW using a flow reactor and temperatures from 290-380oC. 

They observed that the major product formed was 1,2,4-benzenetriol (Luijkx et al., 1993). 

Skorol et al. (2004) also investigated HMF decomposition in SBW in a flow-type reactor at 

340oC and residence times ranging from 25-200s. They reported the primary product as being 

1,2,4-benzenetriol (Srokol et al., 2004).  
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Figure 4-16 - HMF rehydration into levulinic acid during hydrolysis. Source: modified from (Rosatella et al., 2011). 

 

Moreover, the formation of other furan compounds from HMF is also possible, 

particularly in super- and near critical water conditions (Chuntanapum et al., 2008). The 

polymerisation of HMF is also described as a possible route when the media is not acidic 

enough to favour HMF rehydration (Asghari and Yoshida, 2010). 
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Humin, a dark-coloured solid, can be formed from HMF in hydrothermal treatment and 

acid-catalysed conditions (Patil and Lund, 2011). The mechanism of humin generation could 

be a reaction between HMF and glucose/fructose (Rosatella et al., 2011) or between HMF and 

its intermediates produced during HMF decomposition (Rasmussen et al., 2014). 

Although all the routes mentioned are possible, at the temperatures used in this work, it 

is more likely that HMF have been decomposed into levulinic and formic acid. Moreover, the 

low pH of samples under harsh conditions (high temperature/longer residence times) indicate 

the generation of acids compounds, which is in agreement with HMF decomposition into 

organic acids.  

It is widely spread in literature that HMF comes exclusively from C-6 sugars, while 

furfural is a dehydration product solely from C-5 sugars (Agbor et al., 2011, Rasmussen et al., 

2014, Rogalinski et al., 2008). However, after the results obtained in the DoE-2 that shows 

significant amounts of furfural in samples from SBW hydrolysis of Avicel, it was clear that 

furfural could be formed also from C-6 sugars.  

Ashaghari and Yoshida (2007) described the formation of furfural during acid-catalysed 

fructose decomposition in SBW in a continuous reactor. They evaluated temperatures in the 

range from 210-270oC, pressures from 4-15MPa, residence times from 0-300s, and using HCl 

as catalyst. Moreover, they performed the same reaction using HMF as start material and did 

not detect furfural among the products. Therefore, they suggested that furfural was most likely 

generated direct from fructose in subcritical water conditions (Asghari and Yoshida, 2007). 

Luijkx et al. (1992) also observed the possibility of furfural formation from HMF in 

supercritical conditions. They detected furfural at high temperatures (380oC) and suggested that 

HMF to furfural path is favoured by high temperatures (Luijkx et al., 1993). These results 

suggest that the formation of furfural from HMF is possible, but it is more likely to happen in 
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near critical/supercritical water conditions (Jin and Enomoto, 2011). Therefore, in the range of 

temperature used in this work, it is more likely that furfural was formed from fructose. 

The use of high temperatures (>280oC) usually favours glucose decomposition through 

retro-aldol condensation reactions because of the decrease in water density (Kumar and Gupta, 

2008). Sasaki et al. (2000) showed that after cellulose hydrolysis under near critical and 

supercritical water conditions, HMF was not the main product. They used a flow-type reactor 

and pure cellulose to evaluate the products in temperatures ranging from 320-400oC and 

residence times from 0.05-10s. Glyceraldehyde, glycolaldehyde, dihydroxyacetone, erythrose, 

1,6-anyhydroglucose, pyruvaldehyde, HMF, furfural and acids were produced in these 

conditions. Figure 4-17 shows a scheme of generation of some of these products from glucose. 

Moreover, all the products can also be generated from fructose, apart from 1,6-

anyhydroglucose, which was only observed from glucose (Kabyemela et al., 1999).  
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Figure 4-17 - Possible path for the formation of 1,6-anyhydroglucose, erythrose, glycolaldehyde, glyceraldehyde and 

pyruvaldehyde in hydrothermal conditions. Source: modified from (Kabyemela et al., 1999). 

 

Although retro-aldol products are usually minor products in SBW (Ehara and Saka, 

2005), considering that the unknown peak shown in Figure 4-8 and Figure 4-9 is in fact either 

glycolaldehyde or glyceraldehyde as previously suggested, that might be an indication that the 
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retro-aldol path was also presented during SBW hydrolysis of cellulose at some extent. 

Nevertheless, dehydration path is most likely the main route of glucose/fructose decomposition 

in the conditions performed in this work (indicated by the higher amounts of HMF compared 

to the unknown peak). 

Lignin present in biomass will also react during SBW hydrolysis. Apart from the re-

polymerisation already discussed (see section 3.3.5.5), lignin will also undergo hydrolysis and 

generate compounds that could cause inhibition during fermentation (Palmqvist and Hahn-

Hägerdal, 2000b). Moreover, one of the reasons for delignification prior to SBW hydrolysis is 

to avoid the formation of phenols and methoxy-phenols caused mainly by the cleavage of ether 

bonds in lignin (Toor et al., 2011). Figure 4-18 shows a simplified scheme of lignin hydrolysis 

under hydrothermal conditions. 
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Figure 4-18 - Simplified scheme of lignin hydrolysis. Source: modified from (Toor et al., 2011). 

 

In addition to hydrolysis decomposition, lignin present in biomass might also react with 

soluble products generated during SBW hydrolysis and originate insoluble compounds, 

decreasing sugar recovery (Rogalinski et al., 2008). Moreover, it is also possible that lignin 
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precipitates during SBW hydrolysis. Kumar and Gupta (2009) reported that a precipitate was 

formed in the liquid fraction after SBW of switchgrass at temperatures ranging from 235-260oC. 

After analysing this precipitate, they concluded that sugars were only a minimal percentage of 

this precipitate and lignin was the major component of it (Kumar and Gupta, 2009). 

 

4.3.7. SBW for hydrolysis of Miscanthus fibres for glucose production 

Miscanthus is widely studied as a promising lignocellulosic source for bioethanol 

production (Brosse et al., 2012, Chou, 2009). The common processing approach applied to this 

energy crop is to perform a pretreatment to expose cellulose fibres, followed by an enzymatic 

hydrolysis (Boakye-Boaten et al., 2015, Xiao et al., 2011).  

Subcritical water used as a pretreatment in Miscanthus has often been reported as a 

promising technology to disarrange lignocellulosic matrix by hydrolysing hemicellulose into 

soluble products and break cellulose-lignin linkages. Therefore, biomass surface area is 

increased, facilitating enzymatic hydrolysis (Mosier et al., 2005b), as well as the SBW 

hydrolysis performed in this work. 

Lignocellulosic biomass composition is thought to play an important role in hydrolysis, 

for instance, higher lignin contents is believed to be a drawback due to the possibility of 

formation of phenolic compounds (Palmqvist and Hahn-Hägerdal, 2000b). However, the results 

from SBW, particular from DOE-2, shows SEQ fibres as easier hydrolysable fibres compared 

to DEL even though SEQ fibres have higher lignin content (16.3 against 12.8% from DEL 

fibres). Therefore, it could be inferred that fibres structure and accessibility were more 

important than the composition in this work. Therefore, in this work, the SBW extractions and 

the modified organosolv method successfully modified the lignocellulosic biomass structure, 
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as indicated in the principal component analysis done in the FTIR spectra, and it seems that it 

has driven to major differences in hydrolysis under SBW condition.  

The sequential extraction route using SBW hydrolysis followed by the modified 

organosolv method proposed in chapter 3 had the objective of not only selectively extracting 

lignocellulosic components through processing, but also changing cellulose fibres structure in 

order to make it more accessible to hydrolysis. Therefore, it seems to have been achieved as 

SEQ fibres demonstrated a better potential of cellulose conversion into glucose than DEL fibres 

during SBW hydrolysis. 

SBW hydrolysis of pure cellulose into glucose has been broadly investigated and 

considered a promising clean technology (Kumar and Gupta, 2008, Moller et al., 2013, Sasaki 

et al., 2000, Yu and Wu, 2010). However, the use of SBW in lignocellulose biomass is more 

challenging due to structural reasons (Zhao et al., 2009b) and has not being widely explored. 

Moreover, to date, the use of SBW for cellulose hydrolysis using Miscanthus x giganteus has 

not being reported. Nevertheless, other lignocellulosic biomass were evaluated for monomeric 

sugars production using SBW hydrolysis. Cheng et al. (2009) utilized SBW to hydrolyse 

switchgrass using a batch reactor and evaluated temperatures from 250-350oC and very low 

residence times (1-300s). They achieved hydrolysis percentages as high as 90% and glucose 

yields (from total available glucan) of 19.4% at 300oC and 15s (Cheng et al., 2009). Lü and 

Saka (2010) analysed the hydrolysis of milled Japanese beech in SBW using both batch and 

flow-type reactors. They observed that the optimal temperature for glucose production was 

lower for batch reactor (230oC) compared to the flow reactor (270oC) for the same 15min 

reaction. They reported glucose yields of 4.6 and 35.5% (wt.) for batch and flow reactor, 

respectively (Lü and Saka, 2010).  
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In summary, although glucose yields presented in this work (up to 11% wt.) might be 

increased by changes in operational parameters (such as reactor type, heating time, continuous 

separations of produced glucose, temperature, residence time, etc.), the use of non-catalysed 

SBW for glucose production from pre-processed MxG fibres was demonstrated to be possible. 

Moreover, the biorefinery concept applied on sequential extraction of MxG assessed the 

feasibility of an integrated process in which purified streams of biomass extractives, 

hemicellulose, and lignin can be produced, and at the same time as making cellulose more 

accessible in an environment-friendly process. 

In a next step, some of the glucose extracts obtained by SBW were used as carbon source 

in fermentation for bioethanol production and it will be discussed in the next chapter. 

 

4.3.8.  Structural changes after SBW hydrolysis 

Although it is believed that SBW affects even the cellulose structure that remains solid 

during the reactions, it is not clear what the effect of SBW in the fibres is. For instance, it is 

established that DP gradually decreases with SBW hydrolysis. On the other hand, the 

crystallinity of cellulose is not significantly changed after hydrothermal reactions (Tolonen et 

al., 2011). In order to analyse if there was any significant changes in structure of cellulose fibres 

that remained solid after SBW hydrolysis, FTIR and PCA were performed. 

 

4.3.8.1. FTIR 

After SBW hydrolysis of cellulose fibres, the remaining solids were dried and analysed 

by FTIR. Figure 4-19 shows FTIR spectra for Avicel (a) DEL (b) and SEQ fibres (c) before and 

after SBW hydrolysis at mild condition: low temperature and short residence times (220oC, 

0min). 
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Figure 4-19 shows that there is almost no visible change in the FTIR spectra of samples 

after SBW hydrolysis at mild conditions when compared to the samples before SBW process 

(see Figure 3-21). Therefore, it indicates that mild conditions are not enough to promote 

structural changes that can be detected by the FTIR spectra. 

 

(a) 

 

(b) 

 

(c) 

Figure 4-19 - FTIR spectra of (a) Avicel, (b) DEL and (c) SEQ fibres before and after SBW hydrolysis at 220oC, 0min, and 

1% biomass load (DoE-2, run 7) 

 

Figure 4-20 shows FTIR spectra for Avicel DEL and SEQ fibres for SBW at harsh 

condition: high temperature and long residence times (280oC, 40min). Harsh conditions resulted 

in substantially modified spectra as it can be seen in Figure 4-20. Changes in peak shape and 

intensity can be seen in the region from 2800-2900cm-1 and from 3000-4000cm-1, which are 

attributed to C-H/C-H2 and to hydrogen bonds, respectively (Adel et al., 2010, Bessadok et al., 
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2007, Lan et al., 2011). Moreover, drastic changes are observed in the wavenumbers from 850-

1700cm-1 in which cellulose, lignin and hemicellulose have several characteristic peaks (the 

description of these peaks can be seen in section 3.3.7.2). 

 

Figure 4-20 - FTIR spectra of Avicel, DEL and SEQ fibres after SBW hydrolysis at 280oC, 40min and 1% biomass load 

(DoE-2, run 19). 

 

The changes observed in the spectra is a confirmation of structural changes caused by 

SBW hydrolysis on the remained cellulose fibres. Moreover, in order to try to identify 

modification patterns, PCA was performed on the FTIR spectra for all 20 DoE runs for the three 

fibres. 

 

4.3.8.2. PCA for DoE-2 data 

Principal Component Analysis was successful in demonstrating structural changes 

during MxG processing in the previous chapter. Therefore, this analysis was applied once again 
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in order to try to identify the patterns of changes during SBW hydrolysis according to the 

conditions applied.  

The FTIR data used for this PCA were the same five biological replicates of each fibre 

used in the previous analysis: DEL, SEQ and Avicel (Av). Moreover, all 20 DoE-2 runs for the 

three fibres were used. 

Data manipulation on FTIR data was applied prior the PCA. Although all 4 data 

manipulations tested previously (see Table 3-4) were applied in the DoE-2 data, the M4 

(smoothing, 2nd-derivative, normalisation) was again the one which showed the clearest results 

and it is the only manipulation that will be discussed. 

4.3.8.2.1. Scores Plot 

Figure 4-21, Figure 4-22 and Figure 4-23 show the scores plot for fibres and DoE-2 runs 

for Avicel, DEL and SEQ, respectively. In these Figures, the DoE-2 runs were identified by the 

following label: ‘X_Y_Z’, in which X is the temperature (oC), Y is the residence time (min) 

and Z is the biomass load (%). Moreover, Cn refers to the replicate n (1-6) of the central point 

(250oC, 20min and 3%).  

Four clusters could be identified for Avicel, shown in Figure 4-21: 1) Avicel  

unprocessed samples along with samples submitted to SBW in mild conditions (low 

temperature and/or short residence time); 2) samples that produced the highest glucose yields; 

3) all the samples at 250oC and 20min (different loadings); and 4) samples under harsh 

conditions (high temperature and/or long residence time).  

As it was visually suggested by the FTIR spectra shown in Figure 4-19, samples under 

mild SBW hydrolysis conditions did not present significant differences compared to Avicel 

fibres, therefore, they appear in the same cluster as Avicel. 
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Figure 4-21 - PCA scores plots for FTIR data from Avicel (unprocessed and after SBW hydrolysis (DoE-2)) after 

smoothing+2nd-derivative+normalisation. 

 

The difference among the samples is essentially how much the process of SBW 

hydrolysis managed to alter the solid structure of the remaining solid. It is clear that, once there 

has been a significant transformation, the samples moved along PC1 from positive to negative. 

Therefore, PC1 for Avicel could be related to the loss of amorphous portion of cellulose, as it 

is expected that amorphous fraction will react first (Foston and Ragauskas, 2012). 

Samples also moved along PC2 from positive to negative, the same direction of the 

increase of conditions severity. That could suggest that samples under harsh conditions have 

not only cellulose in the remaining solids, but also other compounds created by the 

condensation reactions already described to be more presented under severe SBW conditions. 

Therefore, PC2 could be related to the increase in composition of something different from 

cellulose. Moreover, experimentally, all these 4 samples were black, in an almost carbonized 

state after the SBW for all tree fibres, which resulted in them clustering together for all three 

biomasses. 
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Contrary to Avicel, which presented a rather logical clustering, DEL fibres presented 

some ‘outside of the logical’ samples. For instance, 250_20_0.5 that can be seen in the top of 

Figure 4-22 would be more logical if presented with other samples at the same temperature and 

residence time, on cluster 2. Moreover, according to the FTIR spectra shown in Figure 4-19, 

samples 220_0_1 and 220_0_5 were not modified compared to DEL fibres. Therefore, it would 

be expected to see them along with DEL in cluster 1. 

 

Figure 4-22 - PCA scores plots for FTIR data from DEL fibres (DEL fibres before and after SBW hydrolysis (DoE-2)) after 

smoothing+2nd-derivative+normalisation. 

  

Although there are samples whose position is not well understood, it could be suggested 

that PC2 explains small changes in the FTIR spectra. For instance, DEL fibres are first moving 

down from PC2 positive to negative, without significant changes in PC1. On the other hand, 

there is a large transition along PC1 from negative to positive for samples under harsh SBW 

conditions (high temperature and/or long residence time), shown by cluster 3. This is the same 

pattern presented by Avicel samples: first, samples move along one of the PCs for small changes 

in severity; then, samples move along the other PC for harsh conditions. Therefore, the PCs in 
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DEL analysis could very well be related to the same features described for Avicel but for the 

opposite PC, i.e., the loss of amorphous fraction along PC2 and the structural change due to 

partial carbonization and the increase of non-soluble polymers due to condensation reactions in 

PC1. 

Figure 4-23 shows that SEQ fibres presented a similar cluster as Avicel with one 

difference: samples 280_0_1 and 280_0_5 are not in a separated cluster, as it happened for 

Avicel. Looking at the results of DoE in terms of compounds (glucose, HMF, etc.) in Table 

4-10, it can be seen that differently from Avicel, SEQ fibres did not show a significant 

difference between the samples 280_0_1/5 and the centre point. Therefore, it is logical that as 

the composition in the extracts is similar, the remained fibres will also be similar and will appear 

in the same cluster, as it can be seen in this figure. 

 

Figure 4-23 - PCA scores plots for FTIR data from SEQ fibres (SEQ fibres before and after SBW hydrolysis (DoE-2)) after 

smoothing+2nd-derivative+normalisation. 
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Once again, the pattern among the PCs is repeated: small changes from mild conditions 

to the centre point are described by PC2 from negative to positive; whereas more significant 

structural/compositional change was described by PC1 from positive to negative. 

The differentiation of fibres structure caused by different treatment conditions has been 

reported before. Ryden et al. (2014) investigated the effect of severity of steam explosion 

treatment by analysing FTIR spectra by PCA. They were able to obtain a visible distinction 

among the samples according to their treatment severity and the PCs obtained were clearly 

severity related (Ryden et al., 2014). An increase in CI after cellulose hydrolysis was 

hypothesised to be the result of decreasing in cellulosic amorphous portion due to the 

preferential conversion of amorphous and I fractions (Sannigrahi et al., 2010). 

4.3.8.2.2. Loadings Plot 

Figure 4-24-a-c shows the loadings plots for (a) Avicel, (b) DEL and (c) SEQ fibres. It 

can be seen that the three biomasses show very similar loadings plots and wavenumber at 1050-

1055cm-1 and at 1080 cm-1 were the bands that influenced the most the data variability. These 

bands were also very influential in the previous PCA performed using MxG, 120oC, 180oC, 

DEL, SEQ and Avicel fibres and they are attributed to C-C bonds and pyranose rings, 

respectively (Garside and Wyeth, 2003, Morán et al., 2008). 

In summary, although it is not clear what PC1 or PC2 physically describe, it is certain 

that they can differentiate the samples according to SBW conditions through the FTIR data. It 

is very difficult to make a more complete analysis about PC1 and PC2 without more information 

about the DoE samples such as composition, crystallinity, etc. However, the objective of this 

PCA analysis was to confirm that SBW promotes not only the depolymerisation and further 

reaction on the fibres, but also alters the structure of the remained fibres. This objective seems 
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to have been achieved as the scores plots in this section clearly show the differences among the 

samples and some inferences according to the SBW conditions could be made. 

 

(a) 

 

(b) 

 

(c) 

Figure 4-24 - Loading plot for FTIR data after applying smoothing, 2nd-derivative and normalisation for (a) Avicel, (b) DEL 

and (c) SEQ fibres for PC1 

 

4.4. Conclusion 

The use of subcritical water for cellulose hydrolysis for glucose production was 

evaluated for fibres obtained from MxG direct and sequential processing (DEL and SEQ), and 

compared to pure cellulose fibres (Avicel).  

SBW hydrolysis was investigated through a scoping of experiments followed by a 

design of experiments. The scoping showed that parameters such as temperature and residence 

1051 

1080 

1080 

1050 

1055 

1081 



Chapter 4 – An assessment of subcritical water for cellulose hydrolysis and glucose production  

185 

 

time play the main role in glucose production as well as its further decomposition and in and 

the overall hydrolysis percentage. Moreover, biomass load did not significantly affect the 

process in the range evaluated.  

The design of experiments performed, CCD, did not describe the responses (compounds 

concentration and hydrolysis percentage) in a significant way. Therefore, the application and 

evaluation of RSM was not possible. This result could have been due to a wide range of 

parameters evaluated as well as due to modifications applied in the design. Nevertheless, the 

analysis of the DoE data allowed an understanding of the SBW hydrolysis process and its 

reactions. 

Non-catalysed SBW hydrolysis was able to depolymerise cellulose fibres and release 

glucose monomers. Best conditions for glucose production were achieved for high temperatures 

and short residence times (280oC, 0min). Although significant amounts of glucose were 

produced, indicated by high hydrolysis percentage, the majority of this sugar was further 

decomposed into fructose, HMF, furfural and other organic acids. Moreover, this 

decomposition is mainly due to reactor configuration, which required a significant amount of 

time to achieve optimal temperatures and did not allowed glucose separation as soon as it was 

being produced.  

DEL and SEQ fibres obtained from MxG by different processing routes were evaluated 

for glucose production. Even though both Miscanthus fibres presented a very similar 

composition in terms of cellulose, lignin and hemicellulose, SEQ fibres demonstrated to be the 

best option for glucose production, probably due to more accessible cellulose fibres as a result 

of the sequential treatment applied in these fibres. Nevertheless, higher amounts of fermentation 

inhibitors such as HMF and furfural were also found in SEQ fibres compared to DEL. 

Comparing both Miscanthus fibres with pure cellulose it could be confirmed that cellulose from 
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lignocellulosic structure still presented higher difficulty to hydrolysis even after the 

pretreatments performed. Glucose yields, as well as inhibitors formation, were higher for 

Avicel, suggesting that pure cellulose has more accessible fibres than SEQ and DEL fibres. 

FTIR and PCA were used to evaluate the effect of SBW hydrolysis in the remained 

cellulose fibres and demonstrated that severity of the hydrolysis conditions affects not only the 

soluble products (glucose, HMF, etc.) but also the non-hydrolysed fibres by changing its 

structure and/or composition. 

The results presented in this chapter are an indication that it is possible to apply an 

integrated process in order to generate purified streams of the main lignocellulosic components 

at the same time as making cellulose fibres accessible for SBW hydrolysis and glucose 

production. Furthermore, SBW was revealed to be a potential interesting alternative to the 

common acid/enzymatic hydrolysis processes. Although improvements are needed to increase 

efficiency in each step, the integrated process demonstrated in this work suggests that 

biorefinery is a promising concept to approach 2nd-generation bioethanol production. 

Glucose extracts generated by the SBW hydrolysis of Avicel, DEL and SEQ fibres were 

used as carbon source for fermentation in order to produce bioethanol and this process is 

discussed in Chapter 5.
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 FERMENTATION OF GLUCOSE OBTAINED 

BY SBW HYDROLYSIS OF Miscanthus x giganteus 

CELLULOSE FIBRES  

 

5.1. Introduction 

The biorefinery approach allows a wide variety of possible products derived from 

biomass such as fuels, power, and an extensive platform of chemicals including organic acids 

and alcohols (Kamm et al., 2000). Among the products, bioethanol is of particular significance 

as a suitable replacer for fossil fuels (Cherubini, 2010, Sánchez and Cardona, 2008). Moreover, 

ethanol is also an important solvent and largely used in the production of chemical compounds 

such as ethane, polyethylene and polyvinyl acetate (Kamm and Kamm, 2004). Therefore, 2nd-

generation bioethanol holds an important role in a bio-based economy (Demirbas, 2009a). 

After obtaining glucose from cellulose fraction in lignocellulosic matrix (discussed in 

previous chapters), glucose can be biologically converted into bioethanol through fermentation. 

Although fermentation of lignocellulosic extracts is theoretically similar to the fermentation 

process performed for 1st-generation bioethanol, it faces challenges such as large fraction of 

non-fermentable compounds (C-5 sugars, lignin), low glucose concentration extracts, and the 

presence of fermentation inhibitors, which are reported to decrease fermentation efficiency 

(Wang and Sun, 2010). These drawbacks need to be overcome in order to make the process 
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cost-effective. Lignocellulosic bioethanol yields are highly affected by the microorganism and 

the glucose extracts composition (Hamelinck et al., 2005). Therefore, an industrial S. cerevisiae 

(strain 3233) largely used in commercial bioethanol production was chosen for its high 

adaptability to new environments (Basso et al., 2008) and its high potential of biomass and 

ethanol yields even in the presence of inhibitors (Pereira et al., 2014). 

The aim of this chapter was using extracts obtained from SBW hydrolysis as carbon 

source in preliminary studies of fermentative ethanol production. Yeast growth and bioethanol 

yields were used for fermentation evaluation in a variety of conditions. In addition, fermentation 

using extracts obtained by SBW had not previously been reported and the comparison between 

SBW extracts from the two routes of MxG processing (DEL and SEQ fibres) provided an 

insight about the potential of the integrated processing discussed throughout this work. 

 

5.2. Material and Methods 

5.2.1. Yeast growth in agar plate 

The yeast used for the alcoholic fermentation was Saccharomyces cerevisiae strain 3233 

purchased from the National Collection of Yeast Cultures (NCYC). According to the NCYC, 

this strain was obtained from fermentation process during ethanol production in Brazil and it is 

also called PE-02 (or PE-2). 

The yeast was delivered in a agar slope and was stored at 4oC during the work. In order 

to grow the yeast, an agar plate was prepared using Yeast Mold (YM) broth (DifcoTM), mixed 

with distilled water to produce a final composition (w/v) of 0.3% of yeast extract, 0.3% of malt 

extract, 0.5% of peptone, and 1% of glucose. Agar (Sigma) was also added to this medium at 

1.5% (w/v). The medium was autoclaved for 15min at 121oC and left to cool to ~40oCbefore 

filling plastic petri dishes. 
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After the medium was solidified, S. cerevisiae was transferred from the agar slope and 

spread on the plate to generate single colonies. The plates were then incubated at 30oC for about 

20h. 

After the incubation, a colony was collected for microscopy observation to ensure there 

was no contamination with other species such as bacteria (Figure 5-1). The equipment used was 

an Olympus BX50. 

 

(a) 

 

(b) 

Figure 5-1 - Microscopic image of Saccharomyces cerevisiae strain 3233(NCYC) amplified (a) 20x and (b) 100x. 

 

The absence of smaller bacterial cells suggests that there was no contamination. 

Moreover, yeast cell division process by budding can be observed in the larger magnification. 

 

5.2.2. Overnight culture 

The yeast was incubated overnight before fermentation runs. This overnight culture 

(OV) was made using the YM broth. The natural pH of YM broth is around 6, therefore, in 

order to prepare the yeast for the acidic condition of the extracts, the pH of YM broth was 

decreased to about 4.4 using HCl solution (5M). 10mL of pH corrected medium was placed in 

25mL flasks and autoclaved for 15min at 121oC, and then it was left to cool. 
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A single colony of yeast was transferred from the agar plate to 25mL flask and the flask 

was covered with foam. The flask was incubated at 30oC and 150rpm for 18h. At the end of 

18h, samples from the OV (1mL) were analysed in a spectrophotometer (Cecil Aquarius CE 

7500) at 600nm for optical density (OD) analysis. On average, an OD of 7-8 was achieved. The 

overnight culture was used to inoculate the fermentation media as soon as it reached 18h. New 

yeast growth in agar plates and overnight cultures were performed for each fermentation run. 

 

5.2.3. Fermentation 

Each fermentation condition was performed 2 times using 3 flasks each time. Therefore, 

the results were an average of 6 flasks performed in two independent replicates. 

YM broth was used as a standard medium and compared to the fermentation made using 

glucose extracts obtained by SBW hydrolysis of Avicel, DEL and SEQ fibres. 

10mL of fermentation medium (YM/ glucose extracts) was placed in 25mL flasks. 

When Avicel/DEL/SEQ glucose extracts were used, yeast and malt extract and peptone were 

added at the same concentration as the YM broth. Flasks were autoclaved for 15min at 121oC 

prior to fermentation runs. 

100L of the overnight culture was added to each flasks (1% v/v). The flasks were 

incubated at 30oC with no agitation to induce the anaerobic process. Fermentation runs lasted 

for 48h and samples were taken (50L) and diluted using phosphate-buffered saline (PBS, 

Oxoid) at the following times: 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 24, 30, 36 and 48h. 

 

5.2.3.1. pH study 

From the previous chapter it was revealed that glucose extracts were generated with low 

pH (values depending on SBW conditions). In order to evaluate S. cerevisiae growth according 
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to pH, 3 pH values were tested: 2.6, 4.4 and 6 using citrate/phosphate buffer (Table 5-1) and 

YM broth. 

Table 5-1 - Fraction of citric acid and Na2HPO4 for buffers preparation at different pH. Source: (Sigma Aldrich). 

 

 

5.2.3.2. HMF toxicity study 

In order to evaluate the yeast growth when in the presence of HMF, a run was performed 

using the YM media containing 1g/L of HMF. 

 

5.2.4. Analysis by flow cytometry 

The volume of the fermentation runs (10mL) is impractical for analysis of cell number 

by OD as a significant volume (500-1000L) is needed for this analysis. Therefore, flow 

cytometry was used to measure yeast population during growth, as well as determine cell 

viability. 

 

5.2.4.1. Background 

Flow cytometry (FC) is a powerful technique that rapidly analyse cells using light 

scattering and fluorescence (Díaz et al., 2010). 

The way light scatters in the cells due to its membrane, topography and internal 

components, allows cells differentiation. The side-scattered light (SSC) is proportional to the 

cell internal granules. Therefore, cells with high granularity will have high SSC; on the other 

hand, the forward-scattered light (FSC) is proportional to cell size, thus, large cells have high 

pH
0.1M citric 

acid (%)

0.2M Na2HPO4 

(%)

2.6 89.1 10.9

4.4 55.9 44.1

6.0 36.1 63.2
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FSC  (BD Biosciences, 2000). The plot of SSC versus FSC can differentiate cell population as 

shown in the scheme in Figure 5-2. 

 

Figure 5-2 - Scheme of light scatter in a flow cytometer and cells differentiation by the plot of SSC and FSC. Source: 

modified from (UQ) 

 

Even though optical density analysis is widely used, it gives no information about the 

viability of the cells (Díaz et al., 2010). Flow cytometry is also able to measure cell viability. 

Live yeast cells have a plasma membrane that is impermeable to dyes such as Propidium iodide 

(PI). Therefore, such dyes can be used to evaluate membrane integrity (Hewitt and Nebe-Von-

Caron, 2001). 

The use of a combination of stains improves the precision of the analysis (Díaz et al., 

2010). In this work, a combination of permeable/impermeable stains was used. PI is a dye that 

does not cross the cytoplasmic membrane when the cell is healthy. Moreover, this dye binds to 

cellular DNA and emits red fluorescence when cell integrity is compromised, therefore, it can 

be used to distinguish live/dead cells (Hewitt and Nebe-Von-Caron, 2001). On the other hand, 

Syto 9 is membrane-permeable and stains all cells green. Using these two stains together, cells 

with intact membrane fluoresce green and damaged cells fluoresce red, therefore, live/dead 

cells can be quantified (Díaz et al., 2010). 
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5.2.4.2. Method 

Although FC has been used for fermentation evaluation (Herrero et al., 2006, Mannazzu 

et al., 2008), it has not been applied to lignocellulosic fermentation. The equipment used was a 

BD AccuriTM C6 flow cytometer using the BD Accuri C6 Analysis Software. 

Samples diluted in PBS were analysed in the FC for cells counting as soon as they were 

collected. Then, samples were stained with 10L of PI (200L/mL) and 5L of Syto 9 

(200L/mL) and left to stain for 5min. Stained samples were analysed in the FC once again for 

analysis of cells viability. 

In order to both ensure that the quantity of stain used was enough to the samples being 

analysed and to find the position of the dead cells in the fluorescence graphs, a sample of cells 

in the standard fermentation run was killed and evaluated. The cells were killed by heating up 

the sample to 100oC for 15min. After cooling the sample, it was stained and analysed by FC. 

 

5.2.4.3. Limitation 

There is the potential of yeast cells flocculating into a ‘ball’ of cell. This case could 

result in underestimation of cells numbers as each ‘ball’ would account as one event (Boyd et 

al., 2003). This problem is minimized by diluting the sample and analysing it in the FC as soon 

as it is collected.  

 

5.2.5. Ethanol analysis 

5.2.5.1. Enzyme essay for ethanol determination 

5.2.5.1.1. Background 

Ethanol is commonly quantified by HPLC using a refractive index detector. However, 

the size of fermentation samples used in this work (L) make it unfeasible for HPLC analysis. 
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Therefore, an enzymatic assay from Megazyme (Ethanol Assay) was used to determine ethanol 

concentration in fermented samples. 

According to Megazyme (2014), the ethanol reacts with NAD+ (catalysed by alcohol 

dehydrogenase) to produce acetaldehyde, which is further reacted to acetic acid and NADH in 

the presence of aldehyde dehydrogenase, as shown in Equation 5-1 and Equation 5-2 

(Megazyme, 2014). 

𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑁𝐴𝐷+
𝐴𝐷𝐻
→  𝑎𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 𝑁𝐴𝐷𝐻 + 𝐻+ Equation 5-1 

𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 + 𝑁𝐴𝐷+ + 𝐻2𝑂
𝐴𝑙−𝐷𝐻
→    𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝑁𝐴𝐷𝐻 +𝐻+ Equation 5-2 

The production of NADH can be measured by an increase in absorbance and it is 

proportional to twice the amount of ethanol in the sample (Megazyme, 2014). 

5.2.5.1.2. Limitation 

The assay is linear for ethanol contents from 0.25-12g per assay. Moreover, 

interferences may occur when alcohol is present in the distilled water used and/or in the air 

(Megazyme, 2014). 

5.2.5.1.3. Materials and Method 

Ethanol assay was purchased from Megazyme containing five bottles: 1) buffer (pH 9); 

2) NAD+; 3)Al-DH; 4) ADH; and 5) ethanol standard (5g/L). 

Spectrophotometer used was a Tecan Spectrophotometer Infinite® 200Pro set at 

340nm. Three classes of solutions (blank, samples and standard solutions) were prepared in 

plastic micro-plates. 

Blank was prepared using 0.21mL of distilled water and adding the buffer and NAD+ 

(0.02mL of each) and 0.005mL of Al-DH. Samples were prepared using 0.20mL of distilled 

water and 0.01mL of sample, buffer and NAD+ (0.02mL of each) plus 0.005mL of Al-DH. 
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Standards were prepared using the same volumes as in samples solution, replacing the sample 

volume by standard solutions. 

After preparing all three classes of solutions, plates were closed using a plastic cover 

and agitated gently. Although the assay protocol states the reaction takes up to 5min, it was 

observed that samples from these work required a considerable longer time to stabilize the 

absorbance. Therefore, instead of 5 min, 20min of reaction was applied. All the solutions were 

read in spectrophotometer and absorbance were recorded (A1). 

After reading A1, 2L of ADH was added to each well in the plate. Plates were once 

again closed and stirred. After 20min, the second absorbance of each well was recorded (A2). 

Ethanol absorbance (ΔAEtOH) was calculate as described in Equation 5-3 

∆𝐴𝐸𝑡𝑂𝐻 = (𝐴2 − 𝐴1)𝑠𝑎𝑚𝑝𝑙𝑒/𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − (𝐴2 − 𝐴1)𝑏𝑙𝑎𝑛𝑘 Equation 5-3 

Figure 5-3 shows ethanol calibration curve made using ethanol standard provided in the 

enzyme kit and diluting it to the following concentrations: 2.5, 1.25, 0.625, and 0.1mg/L. Slope 

and R2, 358.1 and 0.97 respectively, were calculated using Excel. 

 

Figure 5-3 - Ethanol calibration curve by glucose enzymatic assay. 

 

5.2.5.2. Calculation of ethanol yield (YetOH) 

 In alcoholic fermentation, each glucose mol consumed generates two ethanol and two 

carbon dioxide molecules, as shown in Equation 5-4: 
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𝐶6𝐻12𝑂6 → 2 𝐶2𝐻5𝑂𝐻 + 2𝐶𝑂2 Equation 5-4 

 Considering the molar masses of glucose and ethanol, 180 and 46 g/mol, respectively; 

1mol of glucose (180g) produces 2mols of ethanol (92g). Therefore, the theoretical mass yield 

of ethanol in fermentation is shown in Equation 5-5. 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐸𝑡𝑂𝐻 (𝑔/𝐿) =  𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑔𝑙𝑢𝑐𝑜𝑠𝑒  (
𝑔

𝐿
) ∗ 0.511 Equation 5-5 

Therefore, YetOH was calculated as the ratio between the ethanol concentration of a 

sample and the theoretical ethanol concentration, which varies with initial glucose 

concentration. 

 

5.2.6. Analysis by HPAEC 

Some fermented samples were analysed for contents of glucose as well as HMF. This 

analysis was performed by HPAEC and the method is described in section 2.6. 

Prior to the HPAEC analysis, fermented samples were filtrated using 13mm syringe 

filters (Acrodic® LC, 0.45m, PVDF membrane) to ensure no cells were injected in the 

HPAEC equipment. 

 

5.3. Results and discussion 

5.3.1. Standard fermentation 

The yeast chosen for fermentation evaluation (NCYC-3233) is an industrial strain that 

is largely used in bioethanol production in Brazil (Basso et al., 2008). This strain presented 

higher ethanol and biomass yields and less glycerol production when compared to Baker yeast, 

a commonly used strain in research field (Basso et al., 2008). Moreover, it has already been 

evaluated for ethanol production from lignocellulosic extracts with promising results (Pereira 

et al., 2014). 
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The YM broth was used as a standard condition. Therefore, fermentation runs using 

glucose extracts obtained from SBW hydrolysis as well as the evaluation of pH and HMF 

toxicity were compared to the standard condition.  

 

5.3.1.1. Flow cytometer 

FC analysis generates counts of particles (cells) per unit of volume as well as light 

scattering and fluorescence. Figure 5-4 shows the side/forward scatter graph (SSC vs FSC: a) 

as well as the red versus green fluorescence plot before (b) and after (c) staining the cells for 

the standard S. cerevisiae fermentation using YM broth at the beginning of the process (0h). 

 

Figure 5-4 - Graphs obtained by FC analysis: (a) light scattering of yeast cells in the standard fermentation (0h); (b) 

fluorescence graph before staining (0h); (c) fluorescence graph after cell staining using PI and Syto 9 (0h); (d) fluorescence 

graph of dead yeast cells after staining using PI and Syto 9 (t=48h). *FL1-A: green fluorescence (Syto 9); FL3-A: red 

fluorescence (PI) 

  

 Figure 5-4-a shows that, although there are other particles present in the sample, yeast 

cells can be easily identified by their high forward and side scatter. Figure 5-4-b shows the 

fluorescence before staining, which is the yeast cell autoflorescence. Figure 5-4-c was obtained 

after staining the cells with Syto9 and PI, in which two populations can be distinguished. To 

ensure which was the dead population, dead yeast cells were killed by heat; their fluorescence 

(after staining) is shown in Figure 5-4-d. Therefore, FC is a powerful tool to evaluate 
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fermentation that allows not only evaluate yeast growth but also to evaluate cells integrity and 

quantify live/dead cells during the fermentation runs.  

Most of the discussion of yeast growth curves was made using live cells counting (unless 

otherwise stated). The approach of evaluating fermentation using direct counts of live cells is 

not well explored and it opens the possibility of a new method to evaluate fermentation of 

lignocellulosic extracts fermentation for ethanol production.    

  

5.3.1.2. Yeast growth 

Figure 5-5 shows the numbers of live and dead yeast cells analysed by FC during 

fermentation. It can be seen that the yeast growth has its lag phase between 0-4h and the 

exponential phase between 4-12h.  

 

Figure 5-5 - S. cerevisiae growth and cells viability (alive/dead) analysed by FC during anaerobic fermentation in YM media 

at pH 4.4, 30oC for 48h (n=6). 

 

When available glucose has been depleted, S. cerevisiae can consume ethanol in an 

oxidative pathway. Moreover, this change in carbon source causes a behaviour in the yeast 

growth curve called diauxic growth, in which the cell number increases, however, in a smaller 
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rate than during the exponential phase (Jones and Kompala, 1999). According to Figure 5-1, it 

is possible to suggest a diauxic behaviour between 12-30h.  

After 30h, the growth entered its stationary phase. No significant number of dead cells 

is seen even at 48h, which is not unexpected as yeast cells can adapt to remain alive in the 

stationary phase for an unknown period (Werner-Washburne et al., 1996). 

 

5.3.2. Evaluation of pH and HMF toxicity 

5.3.2.1. Evaluation of pH 

In an attempt to evaluate yeast viability in different pH values, buffer solutions of pH 

2.6, 4.4 and 6 were prepared using citric acid and Na2HPO4 and used in combination with YM 

broth.  

Figure 5-6 shows the total number of yeast cells plus number of live/dead under these 

pH values in which it is possible to see that the yeast growth was supressed for all pH values. 

Moreover, while there is only a small difference between the growth at pH 4.4 and 6, the yeast 

does not survive at the lowest pH (2.6). 

The difference between the run at pH 4.4 presented in Figure 5-6 and the standard 

fermentation shown in Figure 5-1 is that in the latter the pH was adjusted using HCl, instead of 

the citric acid/ Na2HPO4 buffer used here. Therefore, the suppression of growth is most likely 

related to the use of the chosen buffer, even though citrate/phosphate buffer is commonly used 

in microbiological cultures (Siegumfeldt et al., 2000, Valli et al., 2006). 

Citric acid is an important specie in yeast metabolism. Moreover, the significant 

decrease of cells multiplication shown in Figure 5-6 as a consequence of the use of buffering 

could be related to the excess of citrate in the media. High availability of citrate ions causes an 

inhibitory effect of ATP and in activity of phosphofructokinase-1 (enzyme that regulates 
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glycolysis), which leads to a reducing in the flow of glucose in the glycolysis path (Nelson and 

Cox, 2004). 

 

(a) 

 

(b)

 

(c) 

Figure 5-6 - S. cerevisiae cell number (total/alive/dead) analysed by FC during anaerobic fermentation in YM media at 30oC 

for 48h using citric acid/Na2HPO4 buffer at pH: 2.6 (a), 4.4 (b) and 6 (c) (n=6). 

 

In addition, the high concentration of salts resulted from the addition of the buffer might 

have created an osmotic stress in the yeast cells. High osmolarity caused by high salt 

concentration might lead to severe cell dehydration and affect ionic equilibrium in the plasma 

membrane and nutrients uptake, which can result in cells death (Mager and Varela, 1993). 

As the buffer used did not lead to results in terms of yeast tolerance regarding to pH, it 

was decided to maintain the use of pH 4.4 adjusted by HCl and in the standard condition. 
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5.3.2.2. HMF toxicity test  

The level of toxicity of HMF is highly dependent on the microorganism and strain 

(Martı́n and Jönsson, 2003). Therefore, in order to evaluate if the strain 3233 would tolerate 

HMF at a medium concentration, a fermentation run using 1g/L of HMF was performed. Figure 

5-7 shows the comparison between the standard fermentation run and the YM medium 

containing HMF. 

 

Figure 5-7 - Comparison of yeast growth curve of standard fermentation and fermentation using YM media containing 1g/L 

of HMF. 

 

As it can be seen in Figure 5-7, the presence of HMF did not totally supress yeast 

growth, however, compared to the standard media, it is clear that HMF had some inhibitory 

effect that could potentially increase with the increase in HMF concentration. 

Rosatella et al. (2011) presented a comparison among strains of S. cerevisiae and its 

tolerance and effects caused by HMF. They reported strains of yeasts that were able to produce 

ethanol and no growth decrease with HMF concentrations as high as 4g/L. On the other hand, 

less tolerant strains were observed for which 2.5g/L of HMF resulted in significant decrease of 

growth (Rosatella et al., 2011). 
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The inhibitory effect of HMF in yeast cell metabolism is not well understood, but it is 

believed that HMF is consumed by S. cerevisiae at the same time as glucose is being consumed. 

Moreover, 5-hydroxymethylfurfurylalcohol has been detected from yeast consumption of HMF 

(Taherzadeh et al., 2000). 

To confirm if HMF was in fact consumed by the yeast cells during fermentation, 

samples at time 0 and 48h were analysed by HPAEC. According the HPAEC chromatograms 

(not shown), both HMF and glucose were completely consumed by 48h.  

Figure 5-8 shows the ethanol concentration determined by ethanol enzyme assay during 

fermentation for YM broth and YM+HMF media. As it can be seen, ethanol concentration was 

mostly affected in the beginning of fermentation. However, the values obtained at the end (48h) 

are similar with and without HMF addition. Therefore, although the presence of HMF affected 

the yeast growth, the ethanol production seems to have been less affected by this compound. 

 

Figure 5-8 - Ethanol concentration (g/L) determined by ethanol enzyme assay for fermentation using YM broth and 

YM+HMF (1g/L). 

 

The consumption of HMF is believed to reduce availability of ATP and NAD(P)H 

required for HMF reduction into HMF-alcohol (Almeida et al., 2007). Moreover, furans 
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(furfural and HMF) have a strong inhibitory effect to respiratory pathway through enzymes 

such as alcohol dehydrogenase (ADH), pyruvate dehydrogenase (PDH), and aldehyde 

dehydrogenase (ALDH). On the other hand, pyruvate to ethanol path is less affected by furans 

(Modig et al., 2002), which explains why yeast growth is more affected by these compounds 

than ethanol production (Martı́n and Jönsson, 2003, Palmqvist and Hahn-Hägerdal, 2000b). 

The ethanol yields obtained by both standard fermentation and YM+HMF were 

unexpectedly low, which could be a result of the non-optimized parameters used in this work. 

High glucose concentration might have an inhibitory effect in the fermentation due to an 

increase in osmotic stress (Pereira et al., 2010). However, the strain used in this work was 

previously reported to perform fermentation at glucose concentrations as high as 300g/L, which 

is much higher than the 10g/L used when using YM broth. 

Parameters such as temperature and pH also have an important effect in the generated 

products during fermentation, e.g., the conditions used could be leading to the formation of 

glycerol instead of ethanol. Nevertheless, more experiments such as glycerol quantification 

would be required in order to understand what is in fact inhibiting ethanol production and/or 

optimize the fermentation. 

 

5.3.3. Fermentation using SBW hydrolysed extracts 

5.3.3.1. Glucose extract media without addition of yeast nutrients 

From an industrial point of view, the ideal fermentation process would utilized 

lignocellulosic extracts with no added nutrients such as peptone, which would contribute to 

lower the overall process cost. Therefore, in order to evaluate if it was possible to use glucose 

extracts only, no additional nutrients were used in this fermentation run. Table 5-2 shows 

glucose and HMF initial composition analysed by HPAEC for extracts obtained from Avicel, 
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DEL and SEQ fibres after SBW hydrolysis at 250oC, 10min and 1% biomass load. The pH of 

the extracts measured at the beginning of fermentation is also shown and it was not corrected 

for the run. 

Table 5-2 - Initial glucose and HMF concentration analysed by HPAEC for the extracts obtained from SBW hydrolysis of 

three biomass at 250oC, 10min and 1% load. 

 

 Figure 5-9 shows the growth curve (alive, dead and total cells) for fermentation 

performed without addition of nutrients using extracts from Avicel, DEL and SEQ fibres 

hydrolysis. It can be seen that no growth was possible. 

 

(a) 

 

(b) 

 

(c) 

Figure 5-9 - S. cerevisiae cell numbers (total/live/dead) for fermentation using glucose extracts media obtained from Avicel 

(a), DEL (b) and SEQ (c) fibres after SBW hydrolysis at 250oC, 10min and 1% load. 

 

Fibre Glucose (g/L) HMF (g/L) pH

Avicel 2.69 0.44 2.66

DEL 0.04 0.11 3.32

SEQ 0.50 0.39 2.89
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Comparing the extracts from the three biomasses, Avicel and SEQ led to significant 

number of dead cells in about 24h. On the other hand, the yeast kept alive until the end of 

fermentation when media was the extract from DEL. Moreover, at the end of 48h glucose was 

only consumed in DEL extracts and at very small quantity (0.007g/L). This result indicate that 

Avicel and SEQ extracts were more toxic than, most likely because of higher concentrations of 

inhibitors and low pH compared to DEL extracts. Moreover, although DEL extracts were not 

toxic, it did not support yeast growth. 

 

5.3.3.2. Glucose extract media with addition of yeast nutrients 

5.3.3.2.1. Low initial glucose contents 

This time, fermentation was performed using fibres extracts after SBW hydrolysis plus 

yeast and malt extract as well as peptone as nutrients at the same concentration as in YM broth. 

The Avicel sample used was similar to the previous section to provide comparison 

between addition or not of nutrients. This time, however, it was decided to use SEQ and DEL 

extracts with similar contents of glucose, to allow a direct comparison between these fibres. 

Table 5-3 shows the initial glucose and HMF concentration of the extracts used in the 

fermentation. Values of pH are not shown because after the addition of nutrients, the pH of the 

extracts were increased to 5.4-5.8 for all biomasses.   

Table 5-3 - Glucose and HMF initial composition analysed by HPAEC for the extracts obtained from SBW hydrolysis of 

Avicel, DEL and SEQ fibres. 

 

Fibre
Glucose 

(g/L)

HMF 

(g/L)

Avicel 2.880 0.518

DEL 0.081 0.080

SEQ 0.084 0.067
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Figure 5-10 shows the yeast growth curve (live cells) for the three biomasses extracts as 

well as for YM broth for comparison. The diauxic pattern discussed for the YM curve (see 

section 5.3.1.2) can be seen in all of the curves. Moreover, no significant number of dead cells 

was observed in any of the media at 48h.  

YM broth resulted in significant higher yeast growth compared to the SBW hydrolysed 

extracts. This result was expected as the presence of compounds such as furans, phenols and 

organic acids have an inhibitory effect on the yeast. Nevertheless, the growth of each media 

was not proportional to the glucose contents. For instance, although YM have 100 times more 

glucose than DEL and SEQ extracts, the growth of YM media was only about 10 times higher. 

That is a further suggestion that something inhibited the growth in YM broth, which resulted in 

the low ethanol yields discussed previously. 

The presence of inhibitors did not prevent yeast growth, even though the growth was 

most likely affected by the presence of them, as indicated in the evaluation of HMF in YM 

broth. Moreover, the effect of several inhibitory compounds was found to have a synergism that 

affects yeast metabolism in a stronger way than the presence of the same compounds separately 

(Palmqvist and Hahn-Hägerdal, 2000b). 

 

Figure 5-10 - S. cerevisiae growth curve (alive cells) for fermentation using YM broth and glucose extracts media obtained 

from Avicel, DEL and SEQ fibres after SBW hydrolysis with addition of nutrients. 
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Yeast growth in these media might be improved by the prior extracts detoxification. 

Detoxification includes biological, physical and chemical processes such as treatments with 

enzymes, roto-evaporation, liquid-liquid extraction and treatment using compounds such as 

alkaline and sulphite (Palmqvist and Hahn-Hägerdal, 2000a). However, the addition of a step 

prior to fermentation would increase costs. Therefore, the decision of extracts detoxification 

would require a more detail investigation of the gain in yeast growth/ethanol yields and the cost 

of the inclusion of an extra process step. 

Figure 5-11 shows the YetOH for fermentation of DEL and SEQ extracts, which can be 

compared as their initial glucose concentration was similar.  

The yeast strain used in this work (3233-NCYC) was reported to be very efficient in 

ethanol production of sugar cane juice achieving yields as high as 92% (Basso et al., 2008). 

Compared to sugar cane extracts, it is expected that ethanol yields will be lower when using 

lignocellulosic extracts due to the presence of inhibitory substances. 

 

Figure 5-11 - Ethanol yields (YetOH) determined by ethanol enzyme assay for fermentation using extracts from DEL and SEQ 

fibres. 
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YetOH achieved 80% for SEQ extracts at 24h, while DEL extracts maximum YetOH was 

70% at 30h. After the maximum value, ethanol concentration started decreasing due to its 

consumption by the yeast (Jones and Kompala, 1999). Therefore, even for a similar initial 

composition, SEQ fibres presented slightly better maximum YetOH, probably due to the lower 

contents of inhibitors that were not quantified such as furfural, acetic acid, etc. 

At low glucose concentrations (<50mg/L), S. cerevisiae can metabolize glucose in an 

oxidative pathway, which does not produce ethanol (Jones and Kompala, 1999). However, 

considering the alcohol yields observed in this fermentation, it is unlikely that this path has 

occurred in significant extent. 

Considering both the yeast growth curve for YM and SBW hydrolytes and the YetOH for 

these media, it is important to notice that although YM have significant higher initial glucose 

(10g/L) which is 100 times higher than the extracts. Moreover it was not reflected at the same 

proportion either in terms of yeast growth or ethanol production. This is an evidence that 

something is inhibiting not only ethanol production (as discussed in section 5.3.2.2) but also 

yeast growth in the YM broth fermentation. 

5.3.3.2.2. High initial glucose contents 

High sugar concentration is preferable for fermentation process because it will generate 

higher product concentration, and therefore, facilitate its recovery (Jørgensen et al., 2007). 

However, high concentrated hydrolysis extracts potentially also contains a high concentration 

of fermentation inhibitors, as it happened in this work, which will probably result in significant 

decrease of productivity (Jørgensen et al., 2007). Table 5-4 shows the initial glucose and HMF 

concentration in each extract after SBW hydrolysis at 280oC, 0min and 5% load. 

Figure 5-12 shows the growth curve for S. cerevisiae using extracts containing 

maximum glucose concentration obtained in the DoE-2 plus nutrients. In this Figure, only a 
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slight cell numbers increase can be seen in the first hours of fermentation. After 6h of 

fermentation, yeast cells started dying in a very fast rate.  

Table 5-4 - Glucose and HMF initial composition analysed by HPAEC for the extracts obtained from SBW hydrolysis of 

Avicel, DEL and SEQ fibres at 280oC, 0min and 5% biomass load. 

 

Very small quantities of glucose were consumed by the end of fermentation (up to 20%) 

and no HMF was consumed. The results show that although the concentration of glucose was 

high, the concentration of inhibitors was highly toxic and resulted in affecting glucose 

metabolism and led to yeast dead. 

 

(a) 

 

(b)

 

(c) 

Figure 5-12 - S. cerevisiae growth curve (live, dead and total cells) for fermentation using glucose extracts media obtained 

from Avicel, DEL and SEQ fibres after SBW hydrolysis at optimal glucose condition (DoE-2) with addition of nutrients. 

 

Fibre
Glucose 

(g/L)

HMF 

(g/L)

Avicel 10.05 3.44

DEL 0.79 0.83

SEQ 4.56 2.48
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In summary, the overall preliminary results indicate the potential of using extracts 

obtained from SBW hydrolysis of lignocellulosic biomass for production of 2nd-generation 

ethanol. However, it is clear that the fermentation process of these extracts is extremely 

challenging and several aspects require a deeper evaluation including other potential yeast 

strains, limit level of inhibitors, optimization of fermentation parameters, etc., in order to make 

this process conceivable. 

 

5.4. Conclusion  

Fermentation of hydrolysed extracts obtained from lignocellulosic biomass is a 

challenge for 2nd-generation bioethanol production mostly because of the low glucose 

concentration extracts as well as the presence of inhibitory substances. This chapter evaluated 

the feasibility of alcoholic fermentation of SBW hydrolysed extracts using a well-known 

industrial yeast. Moreover, an innovative method of cells analysis was also applied using flow 

cytometry. 

Analysis of cells using a flow cytometer provided an understanding of cells viability 

and allowed an efficient discussion based on live/dead cell numbers. Therefore, FC could easily 

replace common optical density analysis as a powerful technique for fermentation evaluation. 

The preliminary results showed that the standard fermentation using YM broth is being 

inhibit and requires optimization as ethanol yield as well as biomass production were low. 

The presence of HMF during fermentation was tested and it seemed to affect yeast 

growth more than ethanol production. However, the use of SBW extracts containing high 

concentration of glucose and inhibitors prevented ethanol production, yeast growth and led to 

yeast death. 
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On the other hand, fermentation using lower concentrate extracts obtained from SBW 

hydrolysis of DEL and SEQ fibres achieved high ethanol yields up to 80% of theoretical. 

Moreover, although the use of extracts from both fibres led to similar results, the use of SEQ 

fibres is still preferred in a biorefinery point of view as it leads to a more sustainable processing 

route without any drawbacks when compared to DEL fibres. 
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 CONCLUSIONS AND FUTURE WORK  

 

6.1. Conclusions 

The economic viability of 2nd-generation bioethanol could be achieved by increasing the 

overall value of the feedstock throughout more efficient processes and the co-production of 

high valued components from the different fractions of the lignocellulosic biomass. In this 

work, biomass fractionation was investigated using ‘green’ technologies in a biorefinery 

approach, in which the cellulose fraction was processed to generate bioethanol and the extracted 

hemicellulose and lignin fractions have the potential to be used in high valuable compounds. 

In the approach utilised in this work, cellulose fibres from MxG were purified using 

direct and sequential extractions, and these processes were compared in terms of the fibres and 

the other streams (lignin and hemicellulose) obtained. The direct removal of extractives, 

hemicellulose and lignin performed in one-step using a modified organosolv method resulted 

in the complete removal of extracts, partial removal of hemicellulose (which was rapidly 

dehydrated into decomposed products) and in 71.7% removal of the lignin presented in the raw 

MxG. On the other hand, extraction in 3-steps achieved the complete removal of extractives 

(1st-step); 71.4% of hemicellulose extraction (2nd-step); and 60.9% removal of lignin (3rd-step). 

Higher percentage of lignin extraction were obtained in the direct extraction most likely due to 

the higher incidence of undesirable side reactions (e.g. condensation) in the pre-processed fibres 

during the organosolv step. Therefore, evaluation of new operations parameters for the 3rd-step 

of the sequential process could improve lignin extraction. Moreover, although less efficient in 
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terms of lignin removal, the sequential extraction process showed the potential to produce 

purified streams of biomass fractions that could lead to high value products, which is highly 

desirable in 2nd-generation bioethanol processes. 

 Composition of cellulose-enriched fibres did not vary significantly comparing the two 

extraction routes: direct route led to fibres (DEL) containing 7.2%, 12.9% and 79.9% of 

hemicellulose, lignin and cellulose, respectively; while fibres obtained from the sequential 

treatment (SEQ) presented 4.8%, 16.3% and 78.9% of hemicellulose, lignin and cellulose, 

respectively. On the other hand, physical analysis (SEM, FTIR, PCA) demonstrated that 

although similar in composition, cellulose fibres obtained by different processing routes were 

structurally different. 

Cellulose-enriched fibres obtained from MxG were hydrolysed using subcritical water 

(SBW) as a ‘green’ solvent/media for glucose production. Temperature (190-320oC), residence 

time (0-54min) and biomass loading (0.5-6.4%) were evaluated using a 3 factors Central 

Composite Design of experiments (DoE). The use of DoE for glucose production optimization 

demonstrated to be unsuitable due to the complexity of the system resulted from SBW 

hydrolysis of lignocellulosic biomass. However, from the results obtained in two sets of DoE 

data, it was possible to infer that temperature and residence time showed great effect in the 

production of glucose as well as in glucose decomposition, while biomass loading did not show 

significant effect in the range evaluated. The process used for cellulose purification (direct vs 

sequential extractions) had a great effect on subsequent glucose production by SBW hydrolysis. 

Moreover, sequential extraction process demonstrated to produce more accessible cellulose 

fibres, which resulted in higher glucose production compared to the direct extraction of biomass 

components. Glucose yields obtained from SEQ fibres achieved 11.2%, whereas glucose yields 

from DEL fibres achieved only 3.3%. Moreover, commercial cellulose (Avicel) was used as a 
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standard pure cellulose and it proved to be easier hydrolysable compared to MxG cellulose 

fibres: Avicel glucose yields achieved 20%. The use of a batch reactor led to low efficiencies 

(glucose yields) due to constrains intrinsic to the reactor configuration such as long heating time 

and high inhibitors formations due to the impossibility of removing glucose as soon as it is 

formed. Reactions during SBW hydrolysis were evaluated according to products observed and 

it was recognised that, although other paths are also possible, at the conditions evaluated 

dehydration is the predominant reaction path for the monosaccharides decomposition. The 

structure of remaining fibres after SBW hydrolysis were evaluated using FTIR and PCA and 

they showed structural modification in different degrees, depending on process parameters. 

Preliminary fermentation studies were performed to assess the production of ethanol 

from glucose produced using SBW of cellulose fibres obtained from MxG. An industrial 

Saccharomyces Cerevisiae strain was used to evaluate the fermentation of glucose into 

bioethanol. Although process parameters were not optimized, a range of fermentation using 

different glucose extracts produced by commercial cellulose (Avicel) and MxG fibres (DEL 

and SEQ) as well as standard conditions using pure glucose were performed and compared. The 

effect of the presence of inhibitory substances during fermentation on both ethanol production 

and yeast growth was more or less pronounced according to their concentrations. Moreover, 

fermentation results showed that, although parameters optimization is mandatory for the 

process success, ethanol yields achieved 70% and 80% for DEL and SEQ fibres, respectively. 

Therefore, fermentation results showed the possibility of producing bioethanol after 

lignocellulosic biomass pretreatment and hydrolysis using a combination of environment-

friendly processes. 
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6.2. Future work 

The sequential extractions proposed in this work showed potential for glucose 

generation using environment-friendly processes. Future work should be focused on 

optimization of the processing steps. 

The use of sequential extractions to purify cellulose fibres showed promising results, 

however this step could be optimized in order to achieve high extraction of lignocellulosic 

biomass fractions as well as allow the recovery of each fraction for further processing. During 

the preparation of cellulose-enriched fibres, removal of extractives and extraction of 

hemicellulose were effective. Moreover, optimization in order to pursue a specific desirable 

product, e.g. XOS, could be achieved through change of operational conditions. Extraction of 

lignin using a modified organosolv method requires optimization as the conditions used 

(optimized for MxG raw fibres) demonstrated to be too aggressive for the pre-processed fibres. 

Therefore, there is opportunity to optimize lignin extraction from the cellulosic fibres after 

removal of extractives and hemicellulose by changing operational parameters such as 

temperature and residence time. Moreover, efficient ways to recover and/or concentrate each 

fraction requires evaluation as well as studies in their application possibilities. 

Cellulose hydrolysis using SBW demonstrated that it is possible to use this method for 

glucose production. However, low glucose yields were obtained, hence, process optimization 

is needed. Moreover, an important next step is to evaluate the use of other reactor configurations 

such as flow-types or membrane reactors in which operational parameters (flow rate, 

temperature, and residence time) will need to be investigated and the possibility of glucose 

removal during the process could be pursued. In this way, glucose decomposition, which was 

the main reason for the low glucose yield obtained in this work, could be avoided, thus making 

the process significantly more efficient.  
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Fermentation presented only preliminary studies in order to evaluate the feasibility of 

using glucose produced by SBW hydrolysis. Therefore, a significant amount of optimization 

could be performed in order to make the process economically feasible. These optimizations 

include fermentation parameters (temperature, time, used of other yeast/strain) as well as 

fermentation configuration (continuous and fed-batch). Moreover, the evaluation of suitability 

of detoxification methods could also be significant. 
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ABBREVIATIONS 

 

GHG – greenhouse gases 

MxG - raw Miscanthus x giganteus 

SBW - subcritical water 

CI – crystallinity index 

NREL - National Renewable Energy 

Laboratory 

IR - infrared spectroscopy 

NMR - nuclear magnetic resonance 

AIL - acid insoluble lignin 

ADL - acid detergent lignin 

HPLC - high performance liquid 

chromatograph 

ODW - oven dry weight 

ASL - acid soluble lignin 

FTIR - Fourier-transform infrared 

spectroscopy 

PCA - Principal Component Analysis 

SEM - Scanning electron microscopy 

HPAEC - High-performance anion-

exchange chromatography 

PAD - pulsed amperometric detection 

DP - degree of polymerisation 

GC - gas chromatography 

RI - refractive index 

FID - flame ionization detector 

MS - mass spectrometry 

ICS - Ion Chromatography System 

RPC - Reversed-phase liquid 

chromatography 

DEL fibres - cellulose-enriched fibres 

resultant from direct delignification 

SEQ fibres - cellulose-enriched fibres 

resultant from sequential extraction 

120oC fibres - solid fraction after 1st-step 

extraction using SBW at 120oC 

180oC fibres - solid fraction after 2nd-step 

extraction using SBW at 120oC and 180oC 

XOS - xylo-oligosaccharides  

COS - cello-oligosaccharides 

HMF - 5- hydroxymethylfurfural 

RSM - response surface methodology 

CCD - central composite design 

DoE - Design of experiments 
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LBAE - Lobry de Bruyn Alberda van 

Ekenstein (transformation) 

NCYC - National Collection of Yeast 

Cultures 

YM - yeast mold 

S. cerevisiae - Saccharomyces cerevisiae 

OD - optical density 

FC - flow cytometry 

SSC - side-scattered light 

FSC - forward -scattered light 

PI - propidium iodide 

YetOH - ethanol yield 

Yglu - glucose yield
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APPENDICES  

   

Table A1 – pH values after (a) DoE-1 and (b) DoE-2 runs for Avicel, DEL andSEQ fibres. 

(a) 

 

(b) 

 

 

 

Run T (
o
C)

Res. time 

(min)

Load 

(%)
Avicel DEL SEQ

1 265 20 6.4 2.4 2.3 2.4

2 310 0 1.0 2.6 2.6 2.5

3 265 20 3.0 2.4 2.5 2.4

4 310 0 5.0 2.1 2.3 2.3

5 265 20 3.0 2.4 2.5 2.4

6 220 0 5.0 4.3 4.5 4.0

7 220 40 5.0 2.9 3.2 3.0

8 310 40 5.0 2.8 2.8 2.8

9 220 40 1.0 3.3 3.4 3.1

10 265 20 0.5 2.8 2.9 2.8

11 265 0 3.0 3.3 3.1 3.1

12 265 20 3.0 2.6 2.6 2.4

13 265 54 3.0 2.7 2.7 2.7

14 265 20 3.0 2.7 2.7 2.4

15 190 20 3.0 4.1 3.8 3.6

16 317 20 3.0 2.8 2.8 2.5

17 265 20 3.0 2.7 2.7 2.6

18 310 40 1.0 2.9 3.0 2.5

19 265 20 3.0 2.7 2.9 2.7

20 220 0 1.0 4.0 4.6 4.4

DoE-1 pH

Run T (
o
C)

Res. time 

(min)

Load 

(%)
Avicel DEL SEQ

1 220 40 5.0 2.9 3.2 3.0

2 280 0 5.0 2.4 2.8 2.5

3 220 0 1.0 4.5 4.3 4.2

4 250 20 3.0 2.4 2.7 2.7

5 250 20 3.0 2.4 2.8 2.6

6 250 54 3.0 2.5 2.6 2.5

7 220 40 1.0 3.1 3.5 3.4

8 250 0 3.0 3.3 3.7 3.4

9 280 0 1.0 2.5 3.1 2.9

10 250 20 3.0 2.4 2.7 2.7

11 250 20 3.0 2.5 2.7 2.6

12 200 20 3.0 3.5 3.5 3.3

13 250 20 3.0 2.4 2.7 2.5

14 250 20 3.0 2.4 2.8 2.6

15 250 20 6.4 2.3 2.6 2.4

16 220 0 5.0 4.4 4.5 4.7

17 250 20 0.5 2.8 3.2 2.9

18 280 40 5.0 2.5 2.6 2.5

19 280 40 1.0 2.8 2.8 2.7

20 300 20 3.0 2.7 2.7 2.4

DoE-2 pH
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Table B1 – ANOVA for hydrolysis percentage after SBW in the DoE using 3-factor CCD for (a) Avicel, (b) DEL and (c) 

SEQ fibres after excluding non-significant terms from the model.

(a) 

 

(b) 

(c) 

 

 

 

 

 

 

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 12.06 5 2.41 26.95 < 0.0001

A-Temperature 5.77 1 5.77 64.52 < 0.0001

B-Residence time 1.35 1 1.35 15.10 0.0016

AB 0.61 1 0.61 6.82 0.0205

A
2 1.63 1 1.63 18.16 0.0008

B
2 0.79 1 0.79 8.79 0.0102

Residual 1.25 14 0.09

Lack of Fit 1.24 9 0.14 56.12 0.0002

Pure Error 0.01 5 0.00

Cor Total 13.31 19

R-Squared 0.91

Adj R-Squared 0.87

Pred R-Squared 0.80

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 11.77 5 2.35 29.65 < 0.0001

A-Temperature 6.61 1 6.61 83.21 < 0.0001

B-Residence time 1.35 1 1.35 17.01 0.0010

AB 0.53 1 0.53 6.73 0.0212

A
2 0.85 1 0.85 10.76 0.0055

B
2 1.07 1 1.07 13.42 0.0026

Residual 1.11 14 0.08

Lack of Fit 1.10 9 0.12 62.64 0.0001

Pure Error 0.01 5 0.00

Cor Total 12.89 19

R-Squared 0.91

Adj R-Squared 0.88

Pred R-Squared 0.67

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 12.69 5 2.54 28.05 < 0.0001

A-Temperature 6.52 1 6.52 72.02 < 0.0001

B-Residence time 1.72 1 1.72 19.02 0.0007

AB 0.71 1 0.71 7.89 0.0139

A
2 1.10 1 1.10 12.20 0.0036

B
2 1.13 1 1.13 12.52 0.0033

Residual 1.27 14 0.09

Lack of Fit 1.26 9 0.14 67.29 0.0001

Pure Error 0.01 5 0.00

Cor Total 13.96 19

R-Squared 0.91

Adj R-Squared 0.88

Pred R-Squared 0.66
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Table B-2 – ANOVA for hydrolysis percentage after SBW in the DoE-2 using 3-factor CCD for (a) Avicel, (b) DEL and (c) 

SEQ fibres after excluding non-significant terms from the model. 

 

(a) 

 

(b) 

 

(c) 

 

 

 

 

 

 

 

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 13.84 5 2.77 18.36 < 0.0001

A-Temperature 8.12 1 8.12 53.90 < 0.0001

B-Residence time 2.02 1 2.02 13.37 0.0026

AB 1.23 1 1.23 8.17 0.0127

A
2 1.82 1 1.82 12.06 0.0037

B
2 1.27 1 1.27 8.43 0.0115

Residual 2.11 14 0.15

Lack of Fit 2.10 9 0.23 120.66 < 0.0001

Pure Error 0.01 5 0.00

Cor Total 15.95 19

R-Squared 0.87

Adj R-Squared 0.82

Pred R-Squared 0.70

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 12.03 5 2.41 54.99 < 0.0001

A-Temperature 0.68 1 0.68 15.57 0.0015

B-Residence time 2.13 1 2.13 48.66 < 0.0001

AB 0.00 1 0.00 0.06 0.8081

A
2 2.17 1 2.17 49.63 < 0.0001

B
2 0.38 1 0.38 8.79 0.0102

Residual 0.61 14 0.04

Lack of Fit 0.56 9 0.06 5.58 0.0364

Pure Error 0.06 5 0.01

Cor Total 12.65 19

R-Squared 0.95

Adj R-Squared 0.93

Pred R-Squared 0.83

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 9.22 4 2.31 22.80 < 0.0001

A-Temperature 0.84 1 0.84 8.30 0.0114

B-Residence time 3.56 1 3.56 35.17 < 0.0001

A
2 0.67 1 0.67 6.59 0.0215

B
2 1.73 1 1.73 17.09 0.0009

Residual 1.52 15 0.10

Lack of Fit 1.49 10 0.15 27.03 0.0010

Pure Error 0.03 5 0.01

Cor Total 10.74 19

R-Squared 0.86

Adj R-Squared 0.82

Pred R-Squared 0.55
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Table B-3 – ANOVA for HMF concentration after SBW in the DoE-2 using 3-factor CCD for (a) Avicel, (b) DEL and (c) 

SEQ fibres after excluding non-significant terms from the model. 

 

(a) 

 

(b) 

 

(c) 

 

 

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 10.24 7 1.46 32.53 < 0.0001

A-Temperature 0.14 1 0.14 3.18 0.1021

B-Residence time 0.19 1 0.19 4.19 0.0654

C-Loading 0.95 1 0.95 21.18 0.0008

AB 2.70 1 2.70 60.02 < 0.0001

A
2 3.55 1 3.55 78.84 < 0.0001

B
2 1.51 1 1.51 33.54 0.0001

C
2 0.57 1 0.57 12.72 0.0044

Residual 0.49 11 0.04

Lack of Fit 0.48 6 0.08 20.77 0.0022

Pure Error 0.02 5 0.00

Cor Total 10.74 18

R-Squared 0.95

Adj R-Squared 0.92

Pred R-Squared 0.81

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 76.22 6 12.70 14.79 < 0.0001

A-Temperature 9.92 1 9.92 11.55 0.0048

B-Residence time 2.10 1 2.10 2.44 0.1423

C-Loading 10.22 1 10.22 11.90 0.0043

AB 11.06 1 11.06 12.88 0.0033

A
2 32.51 1 32.51 37.86 < 0.0001

B
2 11.20 1 11.20 13.04 0.0032

Residual 11.16 13 0.86

Lack of Fit 11.14 8 1.39 318.64 < 0.0001

Pure Error 0.02 5 0.00

Cor Total 87.38 19

R-Squared 0.87

Adj R-Squared 0.81

Pred R-Squared 0.59

Source
Sum of 

Squares
df

Mean 

Square
F value p-value

Model 120.09 6 20.01 16.82 < 0.0001

A-Temperature 5.22 1 5.22 4.39 0.0564

B-Residence time 0.05 1 0.05 0.04 0.8379

C-Loading 9.07 1 9.07 7.62 0.0162

AB 42.21 1 42.21 35.46 < 0.0001

A
2 35.02 1 35.02 29.42 0.0001

B
2 19.44 1 19.44 16.34 0.0014

Residual 15.47 13 1.19

Lack of Fit 15.36 8 1.92 87.97 < 0.0001

Pure Error 0.11 5 0.02

Cor Total 135.56 19

R-Squared 0.89

Adj R-Squared 0.83

Pred R-Squared 0.52


