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Resumo 

O carolo de milho é um resíduo agrícola abundante a nível mundial, mas cuja valorização é 

ainda pouco estudada. O fracionamento seletivo dos seus componentes estruturais (hemicelulose, 

celulose e lenhina) poderá, todavia, permitir a obtenção de produtos de valor acrescentado bem como 

responder ao problema dos resíduos. 

Neste trabalho, desenvolveu-se uma estratégia de fracionamento integrada, tendo por base o 

estudo da deslenhificação deste material. Assim, foi otimizado um processo organosolv (etanol:água, 

50:50, m/m). Como método comparativo foi também estudada a deslenhificação alcalina (NaOH,  

1-2%). O processo organosolv permitiu uma deslenhificação significativa do material (rendimento de 

79%), contendo a corrente líquida uma concentração apreciável (14,6 g/L) de xilo-oligossacáridos 

(XOS). A fração sólida resultante, rica em celulose, apresentou uma digestibilidade enzimática de 90%. 

O processo alcalino permitiu um rendimento de deslenhificação de 94% obtendo-se uma fração sólida 

com uma digestibilidade enzimática da celulose de 83%. Os processos anteriores foram ainda utilizados 

numa estratégia combinada de processamento hidrotérmico (auto-hidrólise) seguido de 

deslenhificação. O primeiro permitiu a hidrólise seletiva da hemicelulose, produzindo hidrolisados ricos 

em XOS (26,8 g/L, rendimento de 67,3 g/100 g xilano inicial). Os processos de deslenhificação 

seguintes, organosolv ou alcalino, conduziram a rendimentos de deslenhificação globais de 76 e 93%, 

respetivamente. Os resíduos sólidos enriquecidos em glucano (acima de 75% para ambos os processos 

combinados) apresentaram também rendimentos de sacarificação enzimática elevados, 89% e 90%, 

respetivamente. 

As estratégias de fracionamento propostas e os resultados obtidos são muito promissores e 

possibilitam a integração deste material num enquadramento de biorrefinaria. 

 

Palavras-chave: organosolv; pré-tratamento hidrotérmico; lenhina; hemiceluloses; pré-

tratamento alcalino; resíduos agrícolas. 
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Abstract 

Corn cob is an abundant agricultural residue worldwide, which valorisation still needs to be 

studied. The selective fractionation of its structural components (hemicellulose, cellulose and lignin) 

may, however, allow obtaining value-added products and also solve the waste problem.  

In this work, an integrated fractionation strategy mainly based on the study of corn cob 

delignification was developed. Thus, an organosolv process (using ethanol:water, 50:50, w/w) was 

optimized. As a comparative method, alkaline delignification (using NaOH, 1-2%) was also studied. The 

organosolv process allowed a significant delignification of the material (79% delignification yield) and, 

at the same time, to obtain a liquid phase containing an appreciable concentration (14.6 g/L) of xylo-

oligosaccharides (XOS). The resulting solid fraction, rich in cellulose, showed an enzymatic digestibility 

of 90%. The alkaline process allowed a delignification yield of 94%, producing a solid fraction with a 

cellulose enzymatic digestibility of 83%. The above processes were also used in a combined strategy 

consisting in a hydrothermal processing (autohydrolysis) followed by delignification. The first, allowed 

the selective hydrolysis of hemicellulose to produce XOS-rich hydrolysates (26.8 g/L, 67.3 g/100 g initial 

xylan). The further delignification processes, alkaline or organosolv, led to global delignification yields 

of 76% and 93%, respectively. The solid residue, enriched in glucan (above 75% for both combined 

processes), also presented high enzymatic saccharification yields, 89% and 90%, respectively. The 

fractionation strategies proposed as well as the results obtained are very promising enabling the 

integrated upgrading of this material into a biorefinery framework. 

 

Keywords: organosolv; hydrothermal treatment; lignin; hemicellulose; alkaline treatment; 

agricultural residues. 
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1 Introduction 

1.1 Context and motivation 

Agriculture is still one of the basis of today’s society, not only as a source of food and feed but 

also, and increasingly, a source of energy, chemicals and materials. This growth was originated due to 

the shortage of the fossil fuels, the most used resource in the chemical industry for years, but also due 

to some environmental concerns related with the greenhouse effects of the gases originated in those 

processes. The biomass, as a sustainable resource, has been studied during the last decades in an 

attempt to find solutions for these problems, and its use is strongly recommended by the European 

Union (Biofuels Research Advisory Council, 2006; European Commission, 2012). 

In the EU, the countries are mandated to meet by 2020 a target of 20% renewable resources in 

the energy supply and 10% renewable resources in energy in the transport sector. Biomass is expected 

to account for 56% of the renewable energy supply in the EU27 by the same year (Bentsen & Felby, 

2012). 

In this context arise the concept of biorefinery, whose aim is the conversion of biomass into a 

diversity of products including energy and the so-called added-value products, and also the concept of 

bioeconomy. 

The term biorefinery can be applied to a spectrum of integrated and diversified processing plants 

where biomass feedstocks are converted into a wide range of valuable products, following the analogy 

of a petroleum refinery (Carvalheiro et al., 2008). 

An economy founded on biomass instead of fossil fuels represents a significant shift in socio-

economic, agricultural, energetic and technical systems. Bioeconomy can also be referred as bio-based 

economy or knowledge-based bio-economy (KBBE) and defined as an economy where the basic 

building blocks for materials, chemicals and energy are derived from renewable biological resources. 

These resources can be from plants (whole or parts) or animal sources (McCormick & Kautto, 2013). In 

the same line, it is urgent the development of new technologies that leads to the use of the whole 

economic and energetic potential of biomass, considering also the sustainability of supply chains (Vaz, 

2011). 

Nowadays, just a small fraction of the vegetable biomass produced is commercially incorporated 

in final products, so the major part of it becomes residues or by-products from the processes of 

production and transformation. The quantities of biomass processed are significant, as well as, the 

derived residues, thus these residues can constitute an environmental problem with the associate 

economic burden related with its treatment and disposal. Based on this an economical and 

environmental return can be achieved by using efficiently the vegetable biomass, eliminating a source 

of contamination and adding value to the residue (Moniz, 2014). 

Lignocellulosic biomass takes an important role in this scheme being the most abundant 

renewable biological resource on earth with a production of 2 × 1011 tons per year and only 3% of which 

is used in non-food areas. A drawback question is related with the fact whether the availability of 
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lignocellulose is sufficient to meet both the basic demand for materials, animal feed, and secondary 

demand for fuels and biobased chemicals (Zhang, 2008). 

Maize, rice, wheat and barley are the most relevant crops worldwide with productions, in 2013, 

of 1.01 × 109, 7.46 × 108, 7.13 × 108 and 1.45 × 108 tons, respectively. In Portugal, for the same crops, 

productions were 8.49 × 105, 1.68 × 105, 8.8 × 104 and 2.3 × 104 tons, respectively (FAO, 2015).  

After harvesting the crops a significant amount of residues is produced, such as straw, husk or 

cobs. The estimate for the amount of agricultural residues produced is not an easy task, because these 

values cannot be found in international or national databases as Food and Agriculture Organization 

(FAO) or Instituto Nacional de Estatística (INE). Thus, the criteria used is based on a ratio calculation 

between quantity of residue and quantity of product. Nevertheless this ratio can be affected by 

differences between species/crop varieties, way of harvest and also differences in agricultural practices 

which give some guidelines about how much of residue should be left on the field (Moniz, 2014). 

In general, the major challenge in lignocellulosic biomass conversion is to effectively break down 

cell wall polysaccharides, recover high-quality lignin and achieve high sugar yields with low costs, low 

energy input and environmentally friendly techniques. Some strategies can be address to attain these 

objectives: promotion of biomass productivity, increase of carbohydrate content and reduction of cell 

wall recalcitrance by breeding and genetic modifications; application of leading pretreatment 

technologies to further reduction of biomass recalcitrance for economically viable deconstruction; use 

of enzymes and microorganisms engineered for efficient polysaccharide hydrolysis and biofuels 

fermentation and synthesis (Li, 2012). 

The pretreatments used in biomass deconstruction are even more vital when a differentiated 

use of components is intended. Amongst the options of pretreatment that allow biomass fractionation 

are included the ones that use acids, water (liquid or steam), organic solvents and alkaline agents (Gírio 

et al., 2010). 

When the aim of the pretreatment is the delignification of the material, some methods are 

traditionally used such as Kraft process, the ones which use sulphite, the ones using organic solvents 

designated as organosolv or acetosolv, pyrolytic process, steam explosion and the alkaline oxidative 

process (Bozell et al., 2007).  

In this thesis, corn cobs was used as the agricultural residue of study. Corn cob is an abundant 

residue in portuguese agriculture, with few studies on its valorisation but with some economical and 

chemical potential on the biorefinery framework (Kamm & Kamm, 2007). Different pretreatments will be 

used in order of an efficient delignification of corn cobs, together with major recovery of oligomeric 

sugars and increased cellulose enzymatic digestibility, in order to promote new perspectives for its 

applications.  

1.2 Objectives 

The research described in this thesis was carried out in the Biomass Deconstruction Program 

from the Bioenergy Unit (UB) of the Laboratório Nacional de Energia e Geologia (LNEG). The work plan 

was developed in the framework of the PRODER project “SecMilho - Use of corn cobs and straw as an 

energy source”, which is integrated in the objectives of Bioenergy Unit / Biomass Deconstruction 
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Program “Optimization of biomass fractionation processes in a biorefinery framework”, in association 

with ANPROMIS (Associação Nacional de produtores de milho e sorgo). 

The main goal of this work was the development of selective fractionation methods for the 

separation of polymeric components from corn cobs, in order to support new applications for the 

utilization of this abundant residue, which is materialized in the following topics: 

- Chemical and physical characterization of corn cobs, as raw material; 

- Optimization of the autohydrolysis pretreatment in order to achieve the maximum recovery 

of xylo-oligosaccharides; 

- Optimization of the organosolv pretreatment, using ethanol/water mixtures, in order to 

achieve the maximum yield of delignification; 

- Optimization of the alkaline treatment pretreatment, using sodium hydroxide, in order to 

achieve the maximum yield of delignification; 

- Study of the integration of two pretreatments in order to obtain a selective and sequential 

removal of hemicelluloses and lignin; 

- Characterization of the solid and liquid fractions obtained after all the pretreatments studied; 

- Cellulose enzymatic hydrolysis of selected pretreated solid samples. 

1.3 Structure 

This dissertation is divided in five chapters. The first chapter, the present one, includes a small 

introduction and motivation on bioenergy and biomass’ topics and perspectives, followed by a section 

where the objectives of the present work are showed. 

Chapter two presents a concise bibliographic review, focus on agricultural residues, their 

composition and potential transformation route within the biorefinery concept including pretreatments, 

processes and products. 

Chapter three presents a detailed description of the experimental methods used for samples 

preparation, as well as the developed pretreatment and the analytical methods used. 

Chapter four presents the main results obtained. The results for autohydrolysis and the 

delignification processes developed are discussed separately and then their sequential and use is also 

evaluated and discussed regarding their potential application at large scale. 

Finally, chapter five summarises the main findings and discusses future research and 

application perspectives. 
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2 State of the art 

2.1 The biorefinery 

2.1.1 The biorefinery concept  

Non-renewable fossil fuels are being consumed in a so rapid way that the major of its sources 

may be depleted, some say, in few years. In addition, it is not only the demand vs offer law that regulates 

the market, political, economic and financial decisions influence exaggeratedly the fluctuations of 

petroleum-based products. With this in mind, sustainable alternatives must be found. A possible 

alternative can be the implementation of biorefineries. 

The biorefinery concept can be considered as an evolution of concepts like “Green Chemistry” 

or “Chemurgy” (Finlay, 2003). According to IEA (International Energy Agency) Bioenergy Task 42 

Biorefineries: “Biorefinery is the sustainable processing of biomass into a spectrum of marketable 

products (food, feed, materials, chemicals) and energy (fuels, power, heat)”. Thus biorefinery can be a 

concept, a facility, a process, a plant or a cluster of facilities (IEA, 2008). Figure 2-1 summarizes the 

biorefinery concept as proposed by SIADEB (Ibero-American Society for the Development of 

Biorefineries) (SIADEB, 2010). 

Figure 2-1 The biorefinery concept (adapted from (SIADEB, 2010)). 

The biorefinery concept is analogous to petroleum refineries, which produce a multitude of fuels 

and other products from biomass. Doing this, biorefineries can take advantage of the differences in 

biomass components and intermediates and maximize the value derived from the biomass feedstock. 

Furthermore, biobased products, comparing to petroleum-based products, can be considered non-

polluting, environmental friendly and free of toxic and injurious substances to human and animal health. 

At a local level, such products might be a way for strengthen rural economies by creating new markets 

for farm residues (Doelle & DaSilva, 2006). These facilities are known as small scale decentralised 

biorefineries. 

A biorefinery with several raw materials and products might, for example, produce one product 

in a high quality but with low-value and, simultaneously, produce one or more high-value products in 

small quantities (Doelle & DaSilva, 2006), this way of running tries to optimize value-added production 

(Fernando et al., 2006).  
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Pulp and paper mills, corn wet and dry mills can also be categorized as biorefineries since they 

produce multiple products. In Portugal, olive-pomace oil extraction facilities and wine distilleries are 

examples of proto-biorefineries, as well they produce a widespread combination of food, feed and power 

(Duarte, 2006). 

2.1.2 Classification of biorefineries 

Biorefineries can be categorized according to platforms (i), products (ii), feedstock (iii) and 

processes (iv) (Cherubini et al., 2009). 

Biorefinery classification based only on platforms includes: biogas, syngas, hydrogen, C6 

sugars, C5 sugars, lignin, pyrolytic liquid, oil, organic juice and electricity and heat. The concept of 

platform is understood has an intermediate which link raw materials and final products (Cherubini et al., 

2009). 

In alternative, when the products obtained are the vital point in classification, the division is 

made between energy-driven biorefineries and material-driven biorefineries. In the first ones the main 

aim is to produce transportation fuels, power and/or heat, in the second ones, biomaterials, lubricants, 

chemicals, food and feed are mainly produced (Cherubini et al., 2009). 

Biorefineries can also be classified according to the feedstock and can be divided in three 

groups: whole-crop biorefinery, which uses cereals; green biorefinery, which uses naturally wet 

biomass, such as green grass, lucerne or immature cereals; lignocellulose feedstock (LCF) biorefinery, 

which uses naturally dry raw materials such as cellulose-containing biomass and wastes (wood, straw, 

cobs) (Kamm & Kamm, 2004). 

Finally, biorefineries can be divided according to the processes used. The National Renewable 

Energy Laboratory, USA (NREL) indicates two major processes: biochemical conversion and 

thermochemical conversion (NREL, 2015). The first type, also known as sugar platform biorefinery, 

focuses on the fermentation of sugars extracted from biomass feedstocks to produce fuel or other 

building block chemicals. The second type, also known as thermochemical platform, focuses on the 

gasification of the biomass feedstocks, converting the solid biomass into gaseous and liquid fuels by 

mixing it with limited oxygen before combustion (Fernando et al., 2006). Anaerobic digestion as a 

process for methane and carbon dioxide production from liquid effluents and transesterification process 

as a way of producing fatty acid methyl ester (biodiesel) as well as platform chemicals from glycerin and 

fatty acids, are also considered as main processes (Duarte, 2006). 

Regarding their technological development, biorefineries can also be classified into phase I, II 

and III. Phase I biorefineries use a limited number of feedstocks, have a fixed processing capabilities 

and produce a limited number of final products, instead phase II have some process and product 

flexibility, depending upon market demand. The last and more developed phase of biorefineries, phase 

III, presupposes a wide variety of raw materials, combination of multiple processing technologies and a 

mix of products and energy (Silvestre, 2010). Phase III biorefineries are also known as integrated 

biorefineries and in addition to the previous characteristics have the purpose of reduce the overall cost 

and be more competitive (Naik et al., 2010). 
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2.2 The lignocellulosic materials 

The growing need of new sources of raw materials for chemistry industry and the depletion of 

the most common ones, like the fossil fuels, turn the attentions for the use of renewable, stable and 

alternative fonts of resources. As raw material, the lignocellulosic materials (LM) have the advantage of 

being very abundant, renewable, low cost and available worldwide. 

Lignocellulosic materials include several types of biomass that have the common feature of 

being formed by polysaccharides (cellulose and hemicellulose) and lignin (Fengel & Wegener, 1984). 

2.2.1 Diversity 

LM are usually classified according to their chemical composition, physical, chemical and 

mechanical properties, into three main groups: woody materials, which can be resinous origin 

(gymnosperms) or hardwood (angiosperms) and non-woody materials which include herbal materials 

such as agricultural materials. 

Regarding their origin, LM can be classified as i) forest, in which include broadleaf woods like 

eucalyptus, oak and beech, softwood, such as pine and fir and also residues from paper and wood 

industry; ii) agricultural residues such as straw, corn cobs, barks, stems or tree pruning; iii) agro-

industrial by-products including, sugarcane bagasse, brewery’s spent grain or fruit seeds and pulp; iv) 

urban which includes paper, cardboard and domestic waste mainly containing cellulose (Carvalheiro, 

2005). 

Lignocellulosic biomass is the most abundant organic material in nature. Annually 10 to 50 billion 

tons of lignocellulosics (dry mass) are produced worldwide, according to estimates, accounting for about 

half of the global biomass yield (Zhao et al., 2009). Although they are biodegradable, these materials 

are often considered as "waste" and can be an environmental problem due to the quantities involved. 

However, there has been a growing interest in agro-industrial waste due to its high quantity produced 

annually, the possibility of recovery, availability, low cost and high potential for bioconversion 

(Carvalheiro et al., 2008). 

The valorization of LM can be performed using polysaccharides and its transformation into 

fermentable sugars which may, for example, be used for production of liquid fuel, solvents, protein mass 

for food and value added metabolites, such as vitamins (aspartic acid or glutamic acid), polyols (glycerol, 

xylitol, arabitol and sorbitol) or organic acids. 

There are several ways to obtain these products, however the fundamental idea for recovery of 

the material requires, firstly, its fractionation, which can be done by different physical, chemical, physic-

chemical and/or biological processes. 

2.2.2 Composition of lignocellulosic materials 

Lignocellulosic materials can be classified according to their chemical composition in 

macromolecular compounds and compounds of low molecular weight. The macromolecular 

components, constituents of cell wall, are: cellulose (35-50%), hemicellulose (20-35%) and lignin (10-

25%). The compounds of low molecular weight comprise extractives (organic compounds) and ash 

(inorganic compounds) (Fengel & Wegener, 1984). 
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The range of each compound varies depending on origin, specie, crop conditions and biological 

and genetic variations (Pereira et al., 2003). 

In Table 2-1 chemical composition of some lignocellulosic materials is shown, highlighting 

agriculture and agro-industrial residues. 

 

Table 2-1 Chemical composition (structural components) of several lignocellulosic materials (g/100 g in dry basis). 
Adapted from (Carvalheiro, 2005). 

Materials Cellulose Hemicelluloses Lignin Referencesa 

Agro-based materials     

Almond shell 26.8 28.1 27.4 1 

Bamboo cane 40.1 22.3 30.9 2 

Barley bran 23 32.7 21.4 3 

Barley straw 30.8 22.8 16.7 1 

Cherimola seeds 21.2 14.2 25.6 19 

Corn cobs 31.7-40.0 32.8-42.1 5.8-20.3 7,8,11,12,13,25 

Corn fibre 30 33 8 5 

Corn leaves 37.6 34.5 12.6 3 

Corn stover 40.2 27.5 18.5 24 

Nutshell 25-30 25-30 30-40 14 

Olive pomace 13.1 16.4 49.9 10 

Olive tree pruning 24.5 18.8 22.2 23 

Peach seed shell 22.8 29.6 41.6 4 

Pine nut shell 25.9 20.9 42.6 18 

Rice husk 29.7 18.5 24.6 1 

Rice straw 40.9 24.3 14.4 21 

Sorghum 36 18 16 6 

Sorghum straw 35.1 24 25.4 15 

Sugar cane 36 17 17 6 

Sugar cane bagasse 39.5 22.3 22.6 9 

Sugar cane straw 39.6 28.4 18.6 22 

Watermelon rind  23.0 17.0 3.0 20 

Wheat straw 31.5 22.6 15.9 1 

Softwoods     

Spruce 43 26 29 
16 

Pine 44 26 29 
16 

Hardwoods    
 

Alder 40.5 18.4 20.8 
17 

Aspen 51 29 16 
16 

Eucalyptus 45 15 25 
6 

                                                      
 

a 1- (Nabarlatz et al., 2007); 2- (González et al., 2011); 3- (Cruz et al., 2001); 4- (Dionísio, 2013b) ;5- (Allen et al., 2001); 
6- (Mok & Antal, 1992); 7- (Barl et al., 1991); 8- (Garrote et al., 2001); 9- (Saska & Ozer, 1995); 10- (Aliakbarian et al., 2011); 11- 
(Moura et al., 2007); 12- (Nabarlatz et al., 2004); 13- (Tada et al., 2004); 14- (Sun & Cheng, 2002); 15- (Tellez-Luis et al., 2002); 
16- (Olsson & HahnHagerdal, 1996); 17- (Taherzadeh et al., 1997); 18- (Dionísio, 2013a); 19- (Dionísio et al., 2014a); 20- (Dionísio 
et al., 2014b); 21- (Moniz et al., 2014); 22- (Martins et al., 2013); 23- (Silva-Fernandes et al., 2015b); 24- (Kim et al., 2003); 25- 
(Kaliyan & Morey, 2010). 
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In terms of the structural organization of the polymers, Figure 2-2, the cell wall consists of a 

cellulose microfibril skeleton surrounded by hemicellulose. Lignin occupies the empty spaces left 

between the molecules of hemicellulose. Extractives are found in cell lumina, cellular voids or channels 

(Pereira et al., 2003). 

This structure forms a barrier resistant to microbiological and enzymatic attacks, and as 

consequence limits the fractionation. 

Figure 2-2 Structural organization of components in plant cell wall (Faix et al., 2014). 

2.2.2.1 Cellulose 

Cellulose is the most abundant organic component on earth, being also the main component of 

the most of LM, located predominantly in the secondary wall (Fengel & Wegener, 1984). It is a linear 

biopolymer of anhydroglucopyranose, linked by β(1→4) glycosidic bonds with the chemical formula 

(C6H10O5)n, where “n” is the degree of polymerization. As the degree of polymerization increases, 

various properties of the cellulose also change. 

Each molecule of glucose presents a 180 degree rotation in relation to the next molecule and 

to the previous one, this means that the repetition unit is, in fact, a molecule of cellobiose. The chains 

are held together by intra- and intermolecular hydrogen bonds between oxygen of alternating glycosidic 

bond in one glucan chain and the primary hydroxyl groups at position 6 of glycosyl residues in another 

chain to form thin, flattened, rod-like structures that are referred to as microfibrils (Fengel & Wegener, 

1984). 

The cellulose microfibrils are bound to each other and to hemicellulose polymers by hydrogen 

bonding. Aggregation of microfibrils form fibrils and aggregation of fibrils leads to cellulose fibres. 

Cellulose microfibrils contain regions with highly oriented molecules called crystalline regions and 

regions with less oriented microfibrils called amorphous (Pereira et al., 2003). 

Due to its structure, cellulose presents high chemical resistance, being insoluble in most 

solvents. In the other hand, cellulose can be chemically hydrolysed by acids, or enzymatically (Agbor et 

al., 2011). 
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2.2.2.2 Hemicelluloses 

Hemicelluloses, the second most abundant polymer, are a heterogeneous class of polymers 

representing, in general, 20-35% of plant biomass (Ebringerová et al., 2005), and which may contain 

pentoses (β-D-xylose, α-L-arabinose) and hexoses (β-D-mannose, β-D-glucose, α-D-galactose). Other 

sugars such as α-L-rhamnose and α-L-fucose as well as uronic acids (α-D-glucuronic, α-D-4-O-

methylgalacturonic and α-D-galacturonic acids) may also be present in small amounts. The hydroxyl 

groups of sugars can be partially substituted with acetyl groups. The most relevant hemicelluloses are 

xylans and glucomannans, with xylans being the most abundant. (Gírio et al., 2012). 

Hemicelluloses have essentially a role of support and cohesion of the cell wall of plant biomass, 

linking the lignin to the cellulose by covalent bonds. They present some structural and compositional 

differences depending on their biological origin. In hardwoods, hemicellulose are mainly xylans and 

some glucomannans. On the other side, in softwoods, hemicellulose is mainly galactoglucomannans 

with some xylans (Dutta et al., 2012). For agriculture residues, like grasses and cereals, the main 

polysaccharide type present in hemicelluloses is glucuronoarabinoxylans (Gírio et al., 2012). 

The most common xylans are made up of a main backbone of xylose linked by β(1→4) bonds, 

where the structural units are often substituted at positions C2 or C3 with arabinofuranosyl, 4-O-

methylglucuronic acid, acetyl or phenolic substituents (Moure et al., 2006). 

Hemicelluloses are soluble in alkaline solutions and easily hydrolysed by acids in monomers, 

presenting an inferior chemical and thermal stability compared to cellulose. This fact may be imputed to 

its lack of crystallinity and low polymerisation degree (Pereira et al., 2003). From the hydrolysis of 

hemicelluloses pentoses and hexoses as glucose, mannose, galactose and xylose and arabinose can 

be obtained, as well as some uronic and acetic acids. 

2.2.2.3 Lignin 

Lignin, a complex heteropolymer with high molecular mass, is a major constituent in structural 

cell walls of all higher vascular land plants. Its polyphenolic structure is well known for its role in woody 

biomass to give resistance to chemical and biological degradation. This is due to its hydrophobic nature 

and insolubility in water or aqueous solutions preventing access of organisms as well as degrading 

chemical agents (Gosselink, 2011). Its function on lignocellulosic materials comprises also mechanical 

strength, liquid transport and waterproofing. 

The monomeric units of phenylpropane in lignin polymers are linked in a complex three 

dimensional network through different types of ether and ester bonds as well as carbon-carbon bonds. 

The lignin occurring in plant cell walls is commonly closely associated with cellulose and hemicellulose 

(Fengel & Wegener, 1984) but its chemistry is more complicated compared to the last ones. 

In the degradation processes of lignocellulosics the recalcitrance of the lignin polymeric 

structure is well known. Acid and alkaline depolymerisation of lignin will result in breaking of the ester 

bonds and some of the ether bonds, but the reactivity of the liberated fragments may result in a 

rearranged and even more condensed polymeric structure. So, different conditions and different 

pretreatments can result in different (technical) lignin. Natural mechanisms of lignin decomposition 
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include the bio-degradation by microbial enzymes and irradiation by sun light, but also the fragmentation 

at elevated temperatures or under pressure of mechanical shear (Gosselink, 2011).  

Lignin contents generally vary from 24 to 33% in softwoods, from 19 to 28% in temperate-zone 

hardwoods, and from 26 to 35% in tropical hardwoods; in nonwoody fiber sources, the lignin contents 

are typically lower in the 11 to 27% range. In conifers, the average lignin content is as high as 35-40%, 

but angiosperms, contains only 15-20% lignin. The content in lignin is affected by the age of the plant 

and varies also within the different structures of the plant (Lin & Dence, 1992). 

Lignin is made up of three main phenylpropane units, coniferyl alcohol (G), sinapyl alcohol (S) 

and p-coumaryl alcohol (H) bonded by C-O-C and C-C linkages (Figure 2-3). These monomeric 

structures are based in the same phenylpropane skeleton differing in the substituents present, guaiacyl 

(G), syringyl (S) and hydroxyphenyl (H) (Pereira et al., 2003). The percentage of the three precursor is 

different between species and also between different tissues of an individual plant. In softwood, lignin 

coniferyl alcohol is the predominant building unit (over 95% guaiacyl structural elements), while in 

hardwoods (and dicotyl fibre crops) the ratio coniferyl / synapyl shows considerable variation (Gosselink, 

2011). 

The variation in lignin molecular weight together with some fragmentation associated with the 

pretreatment used make difficult the quantification of the polymerisation degree as happens in nature 

and also the definition of a structure for lignin. In Figure 2-4 a lignin model proposed by Adler (1977) is 

showed. 

Figure 2-4 Structural model of spruce lignin (Adler, 1977). 

Figure 2-3 Lignin precursors. H: p-coumaryl alcohol. G: coniferyl alcohol. S: sinapyl alcohol. 
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2.2.2.4 Other components 

In addition to macro components, vegetable biomass contains some other substances though 

in small amounts (usually less than 10%). However this substances can influence the properties and 

processing of biomass (Fengel & Wegener, 1984). 

Compounds of low molecular weight can be categorised in organic (extractives) or inorganic 

(ash). As occurs in macromolecular components, the specie, location and age of the plant has influence 

in composition and relative abundance of this compounds (Miranda & Pereira, 2002). 

Biomass compounds that are soluble in organic solvents or water and are primarily composed 

of cyclic hydrocarbons are usually referred as extractives (Rowell, 1992). They contain a large number 

of both lipophilic and hydrophilic constituents as terpenoids, steroids, fats, waxes, phenolic constituents, 

amino acids and alkaloids. Most part of these compounds are secondary metabolites important in 

cellular development and growth and as defence agents against microbiological attacks (Thomas, 

1977). 

Inorganic components include elements as potassium, magnesium and silicon, usually in 

quantities less than 1% for woods (Fengel & Wegener, 1984) but in quantities up to 10% for cereals 

(Moniz et al., 2014; Silva-Fernandes et al., 2015b). Their designation as ash results from the fact that 

the determination is made by incinerating the material at 550⁰C. 

As seen for others lignocellulosic biomass components, the content in ash varies depending on 

the material. In non-woody materials the content in inorganic compounds is usually higher than in woods 

(Fengel & Wegener, 1984). 

Lignocellulosic materials can contain, in minor quantities, some other components such pectins 

and proteins. Pectins are complex heteropolysaccharides which, together with cellulose and lignin, 

interact with cellulose fibrils creating a rigid structure reinforcing the cell wall (de Vries & Visser, 2001). 

In cell wall, proteins are covalently bonded to lignin and polysaccharides. Non-woody materials also 

contain more protein than woods (Fengel & Wegener, 1984). 

2.3 Agricultural and forestry residues 

In the last years some questions have been raised concerning the use of some crops for 

production of energy instead of its use for food or feed or even the use of land for bioenergy instead of 

using that land for food, feed, or sustained carbon storage (Searchinger & Heimlich, 2015). 

Second generation bioenergy/biofuels (also known as cellulosic biofuels) allows the use of all 

forms of lignocellulosic materials including grasses, agricultural and industrial residues and trees. The 

use of crop residues is especially interesting because it helps also with the problem of management 

these residues. 

Another way of getting biomass is by afforestation of degraded areas. The selection of trees 

has to be done regarding which are most appropriate for the respective region, and the harvest should 

occur after the maximum growth rate of the respective trees for maximisation of biomass production 

(Metzger & Huttermann, 2009). Agroforestry, a group of systems and technologies where woody 

perennials (trees, shrubs, palms, etc.), bamboos, among others, are deliberately used on the same land 

management unit as agricultural crops or animals, in some form of spatial arrangement or temporal 
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sequence, is also becoming scientifically developed and can help with the increasing demand of 

biomass (Erakhrumen, 2011). 

2.3.1 Most relevant crops and residues 

The ten most produced crops worldwide in 2013 (Figure 2-5) were: sugar cane, pumpkins (for 

forage and silage), maize, rice, wheat, maize (for forage and silage), grasses (for forage and silage), 

potatoes, alfalfa (for forage and silage) and other forage crops (FAO, 2015). 

 

Figure 2-5 Ten most produced crops worldwide (FAO, 2015). 

In Portugal the ten most produced crops (Figure 2-6) are: forage products, maize (for forage 

and silage), pumpkins (for forage), tomatoes, maize, grapes, vegetables, potatoes, sorghum (for forage 

and silage) and vegetables and roots for forage (FAO, 2015). 

 

Figure 2-6 Ten most produced crops in Portugal (FAO, 2015). 

Crop residues are desirable raw material for bioenergy applications because of their low cost, 

immediate availability, and relatively concentrated location in the major grain growing regions. The most 

abundant residues include stalks and leaves from corn (known as corn stover) and straw and stubble 

from other cereal crops as wheat, barley, oats and sorghum (U.S. Department of Energy, 2011). 

In the United States of America (USA), the estimations point over 350 million dry tons of crop 

residues considering corn, sorghum, wheat, barley, oats and rye. Corn stover consists of about 70% of 

this total. However, some residue must be left on the field. The functions of the crop residues left on the 

field include: protection of the soil and control of erosion from water and wind, retention of soil moisture, 

increase of soil organic matter, increase of biological activity and improvement of soil structure and 
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improvement of crop yields. Some parameters were establish to define how must residue must be left 

on the soil: removals cannot exceed the tolerable soil loss limit nor even result in long-term loss of soil 

organic matter (U.S. Department of Energy, 2011). These values are around 30% for corn straw (Moniz, 

2014), up to 50% for sugarcane (Martins, 2015) and in general 30% of the crop residue is enough to 

assume the required functions. 

Table 2-2 shows the residue to grain ratio of selected crops. As referred above this ratio cannot 

be directly related with the amount of residue that is available for other purposes. 

 

Table 2-2 Residue to grain ratio (kg/kg in dry basis) (adapted from (U.S. Department of Energy, 2011). 

Crop Residue to grain ratio 

Corn 1.0 

Sorghum 1.0 

Oat 2.0 

Barley 1.5 

Wheat 1.5 

 

In Portugal a study on biomass-based by-products and residues from agro-food industries was 

conducted by Duarte and co-workers (2007b). Some conclusion about the quantities produced per year 

of these by-products by sectors of activity are showed on Table 2-3. 

 

Table 2-3 Main agro-food industries sectors and quantities of its by-products (Duarte et al., 2007b; Fasbender et 
al., 2014). 

Sector Quantity (ton) 

Mills 134106.9 

Wine 186519.8 

Distillery 104232.0 

Beer 103338.3 

Rice 45450.7 

Fruits and vegetables 117772.7 

Oils 32008.1 

Green waste 100000 

 

The data regarding mills refers only to olive pomace. This residue is already valorised since it 

is used to extract olive oil bagasse, a food grade oil with a relevant economic value. In the wine sector 

the residues considered are grape pomace, wine lees, rachis and some other minor components. In this 

sector the main valorisation of the pomace is for distillation. 

Between the residues of distillation, the most important are the grape pomace and wine lees 

(both alcohol free). The valorisation in this sector in mainly agricultural. In the beer sector the brewery 

spent grain is the most common residue and its used mainly for feed, although its potential of valorisation 

should be considered (Carvalheiro, 2005). 
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The residues from the rice processing are mainly rice husk which is used mostly for bed avian, 

although some high value products are already being studied such as xylo-oligosaccharides production, 

activated carbon and glucose production (Gullon et al., 2008; Park & Jang, 2012; Yáñez et al., 2006). 

The fruit and vegetables sector is the most heterogeneous considered. Between the by-products 

analysed the most relevant are: carob pulp, tomato residue, citrus pulp and pinion shell. The main 

destination of these by-products is above all for feed. Yet, some valorisation has been described on 

recent literature for annona seeds (Branco et al., 2009), carob pulp (Roseiro et al., 2013), peach seeds 

(Dionísio, 2013b) amongst others (Duarte et al., 2007a). 

In the oil sector the main contributor is extracted olive pomace being its valorisation mainly for 

energetic purposes but some biotechnological valorisation has been arising (Brás et al., 2014; 

Rodríguez-Gutiérrez et al., 2012). 

2.3.2 Corn cultivation 

As mentioned in section 2.3.1 corn is one of the most important crops worldwide, taking the first 

place amongst the cereals. Zea mays specie, belongs to poaceae family, has a high nutritional value, 

being used especially for food and feed and it is produced in all five continents (Figure 2-7). 

There are several varieties of corn available for production, including hybrid seeds with the 

purpose of increasing production yield. Also, corn is one of the first crops for which genetically modified 

varieties make up a significant proportion of the total harvest (Arvanitoyannis & Tserkezou, 2008). 

The corn plant (Figure 2-8) is constituted by a long stalk supported by roots and ending in a 

tassel. Along the stalk there are nodes from which leafs grow. Ears develop above a few of the leaves 

in the midsection of the plant, between the stalk and leaf sheath and are involved by several layers of 

ear leaves called husks. The apex of the stem ends in the tassel that when mature has some anthers 

that dehisce and release pollen. Elongated stigmas, called silks, emerge from the whorl of husk leaves 

at the end of the ear.  

Figure 2-7 Map of corn production (average percentage of land used for its production times average yield in each 
grid cell) across the world compiled by the University of Minnesota Institute on the Environment with data from 

(Monfreda et al., 2008). 
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In Portugal, the corn plantation process starts by the end of the winter (i.e. March) and can be 

carried out until the end of the spring (i.e. May), the harvest process takes place during the summer (i.e. 

between June and September) (Pinto et al., 2012a). 

 

Figure 2-8 Corn plant scheme (Wikipedia, 2015). 

2.3.2.1 Availability and geographic dispersion 

World production of corn in 2012/2013, according to data released by the US Department of 

Agriculture (USDA), was 868.61 million tons, the preliminary results point to 988.57 million of tons in the 

2013/2014 harvest and projections suggest a value of 990.69 million tonnes for 2014/2015. This 

increase that has been observed in the production is mainly due to the increased productivity (tons of 

corn produced per hectare) as the cultivated area (million hectares) remains approximately constant in 

the same years (Figure 2-9). 

 

Figure 2-9 Annual production (■), area (■) and yield (▬) for corn crop worldwide (USDA, 2015). 
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In Portugal, approximately 40% of the cultivated area for cereals is for corn. Although in the last 

decade a negative evolution has been seen (between 2004 and 2010), in the last four years the farmed 

area increased (Anpromis, 2014a) as well as the production (Figure 2-10). In Figure 2-11, corn area per 

district is shown being noted that Santarém, Porto and Braga are the districts with larger area dedicated 

to corn. 

Regarding the production profile, corn is mainly produced with irrigation and is for grain instead 

of silage. Tagus Valley, North and Alentejo are the main regions for grain production in irrigation. 

National average yield is almost 9 tonnes per hectare, but in Alqueva region this value is even 

higher. In this region a set of efforts are being made to promote better yields (EDIA, 2014) reaching 

productions up to 14 tonnes per hectares (Pereirinha, 2015). Corn is the second most produced crop in 

this area just surpassed by olive. 

 

Figure 2-10 Annual production (■), area (■) and yield (▬) for corn crop in Portugal (adapted from (Anpromis, 

2014b). 

 

 

Figure 2-11 Corn area in Portugal per district (Anpromis, 2014a). 
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2.3.2.2 Corn residues 

After harvesting of corn, the main residues left on the field are stalks, leafs and cobs and is also 

noted that the harvest management as some influence on the resulting corn residue (Cantrell et al., 

2014). 

It is not easy to get data for residues, contrary to what happens in crops. So, the most used 

criteria is to estimate the ratio between residues and products for each culture, noting that the ratio can 

be affected by numerous factors. 

For corn, the whole crop residue is usually denominated corn stover and its ratio ranges 

between 0.9 and 1.1. Getting ratios for each residue in separate is even more difficult since many times 

the residues are taken all together. Some data regarding these ratios is given in Table 2-4. 

 

Table 2-4 Ratio between residue and grain for corn crop (kg/kg in dry basis). 

Residue Ratio Reference 

Stover 1.0 (Ramachandra et al., 2004) 

Stover 1.1 (Matsumura et al., 2005) 

Stover 0.9-1.1 (Kadam & McMillan, 2003) 

Cobs 0.15 (Zhang et al., 2012) 

Leaves 0.22 (Zhang et al., 2012) 

Stalks 0.50 (Zhang et al., 2012) 

 

A characterisation for the two main corn varieties produced in Portugal was performed under 

the framework of the Project Proder SecMilho (2014). The data presented in Table 2-5 and Table 2-6 

were obtained for manually cropped plants, corresponding to the height of cropping machine (10-15 

cm). So the data presents the highest value of residues that can be obtained.  

 

Table 2-5 Height and partition for the corn plant for two main varieties grown in Portugal, together with moisture 

content. All values, for height and partition, are the average  standard deviation for a minimum of 17 plants for 
each variety. The weight values are presented on wet basis (SecMilho Project, 2014). 

 Varieties 
 

 PY1574 (Moisture, %) PO725 (Moisture, %) 

Average height (cm) 287  26  286  17  

Silks (g) 0.9  0.2  1.1  0.2  

Husks (g) 22  5 31.8 19  5 14.2 

Cob (g) 50  6 43.2 44  4 34.1 

Stalk (g) 194  48 65.4 114  39 62.0 

Leaves (g) 58  11 12.2 54  14 9.3 

Grain 279  32 28.4 262  26 23.4 

Whole plant (g) 597  81  495  67  
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As can be seen on Table 2-5, there are significant differences in moisture content between 

fractions and between the main varieties. These differences are attributable only to the biological 

variability, because the sampling was done on the same day and next fields (less than 200 m apart). 

In Table 2-6 data regarding residue-grain ratio is shown for the two main varieties farmed in 

Portugal. 

 

Table 2-6 Ratio between residue and grain for corn crop (kg/kg in dry basis) (SecMilho Project, 2014). 

 Varieties 

 PY1574 PO725 

Cob 0.14 0.15 

Husks 0.08 0.08 

Stalk 0.34 0.22 

Leaves 0.25 0.24 

Total 0.81 0.69 

 

The former values (Table 2-6) are in agreement with the previous data reported in the literature. 

Fields with high yield feature lower residue-grain ratio (Kadam & McMillan, 2003), so 0.9 ratio (adding 

all fractions in Table 2-6) is a proper value for corn residues. 

Generally, in the Portuguese context, the corn plant and the grain are used for cattle food and 

baking industry. In contrast, the corn cob does not have any specific application, being occasionally 

used for heating, and, therefore, it is mainly considered as an agriculture waste in our country (Pinto et 

al., 2012a). 

2.3.2.3 Use of corn residues 

As seen on section 2.3.2.2 corn cobs and corn residues in general do not have yet a specific 

destination as an agricultural residue. However, due to its chemical composition (Table 2-7) corn cobs 

can be fractionated and/or pretreated in order to achieve an integrated valorisation of all its components. 

 

Table 2-7 Data reported in the literature for the composition of corn cobs (%, dry basis). 

Component 
(Barl et al., 

1991) 

(Garrote et 

al., 2001) 

(Nabarlatz 

et al., 2004) 

(Tada et 

al., 2004) 

(Moura et 

al., 2007) 

(Kaliyan & 

Morey, 2010) 

Cellulose 39.1 31.7 38.5 32.0 38.4 40.0 

Hemicellulose 42.1 34.7 32.8 35.0 38.7 41.4 

Lignin 9.1 20.3 18.7 20 12.3 5.8 

Acetyl groups - 3.78 4.00 - 5.55 - 

Ash 1.2 - 1.14 4 0.43 1.8 

Extractives - - 2.1 - - - 

Protein 1.7 - - - 3.40 2.5 

Others 6.8 9.58 6.2 - 1.30 - 
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The fractionation is a very important process so several added-value and functional chemicals 

can be produced from LM (Ashour et al., 2013). In Table 2-8 a set of bioproducts produced from corn 

cobs is listed. 

 

Table 2-8 Bioproducts obtained from corn cobs. 

Valorisation Reference 

Ethanol 
(Beall et al., 1992; Chen et al., 2007; Itelima et al., 2013; 

Latif & Rajoka, 2001) 

Xylitol 
(Dominguez et al., 1997; El-Batal & Khalaf, 2004; Tada et 

al., 2004; Wang et al., 2011) 

Lactic acid (Rivas et al., 2004) 

Ferulic acid (Torre et al., 2008) 

Activated carbon (El-Sayed et al., 2014; Sun & Webley, 2010) 

Xylo-oligosaccharide (Carvalheiro et al., 2009a; Garrote et al., 2002) 

Citric acid (Hang & Woodams, 2001) 

Cellulose-based nanoparticles (as drug carrier) (Kumar et al., 2010) 

 

In the last decade some other valorisations of corn cobs were studied (Bozovic et al., 2004) and 

some products derived of corn cobs are already on the market (mainly in USA). Table 2-9 summarize 

some of these applications, which are different from the reported before because they do not require 

previous fractionation, using all chemical compounds of corn cobs. 

 

Table 2-9 Summary of corn cob applications. 

Type of 

valorisation 
Specific application Reference 

Abrasive and 

absorbent / 

/Cleaning 

Soft grit blasting for cleaning carbon, oil and others products of 

corrosion from cylinders, pistons and generic motor parts; soft 

grit blasting of log homes resulting in the cleaning and refinishing 

of natural wood homes. 

(AGRISENT, 2014a; 

BestCobLLC, 2014) 

Burnish/ 

Polishing/ 

Deburr/ Deflash 

Metal finishing of ball bearing, pipe fittings, nuts and bolts, 

computer chips, springs, metal die castings, wire brads, optical 

glass, cutlery, buttons, jewellery, rivets, moulded plastics, 

taxidermy, gum and ammo. 

(AGRISENT, 2014a) 

Agriculture/ 

Carrier 

Bulk ground bedding/feed; mushroom cultivation; lawn care/ 

pesticide carrier; livestock feed/ pharmaceutical carrier. 
(BestCobLLC, 2014) 

Absorbent 

Absorbing of chemical wastes, oil spills, grease leaks, anti-

freeze; absorbing rinse waters remaining on electroplated pieces 

in tumbling dryers; sludge solidification; lab packing; soil 

composting; absorbing raining waters on athletic fields; animal 

bedding for horses, birds, hamsters, guinea pigs and others. 

(AGRISENT, 2014b, 

2014c; BestCobLLC, 

2014; Morris, 2012) 

Extender/Filler Plastic extender or filler; filler for composite products (BestCobLLC, 2014) 

Building material Lightweight concrete for non-structural applications. (Pinto et al., 2012b) 
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All the applications mentioned, and others, make increasingly interesting the study of corn cob 

as a renewable source of chemicals and other products. 

2.4 Pretreatments for fractionation of lignocellulosic materials 

In a biorefinery framework, a prerequisite for the biological conversion of biomass is that it is 

subject to pretreatments/fractionation processes. In order to achieve this objective a set of physical, 

chemical and/or biological processes can be used. 

The main limitation of this strategy is the difficulty of separating a component without 

encountering degradation in the chemical structure of the others or formation of undesirable by-products, 

so it is necessary a careful selection of the method and respective operating conditions. There are 

several pretreatments that allow the deconstruction of biomass for the purpose of removing and partially 

depolymerise hemicellulose, reduce the crystallinity of cellulose and lignin removing (Pu et al., 2013; 

Sun & Cheng, 2002). 

2.4.1 Acid hydrolysis 

Acid hydrolysis can be divided in two main processes: concentrated acid/low temperature and 

dilute acid/high temperature. The acids predominantly used are sulphuric acid (H2SO4) and hydrochloric 

acid (HCl) although nitric acid (HNO3) and trifluoracetic acid (TFA) can also be used (Carvalheiro et al., 

2008). From hydrolysis a set of products may result (Figure 2-12). 

 

The mechanism for hemicellulose hydrolysis in acid medium involves three main steps (Figure 

2-13): in the first the oxygen of the glycosidic bond is protonated and after that the glycosidic bond is 

ruptured with the formation of a carbocation, at the end the regeneration of ion H3O+ occurs, by reaction 

of the carbocation with water, forming a final stable molecule. 

Figure 2-12 Composition of lignocellulosic materials and their potential hydrolysis products (Taherzadeh & Karimi, 
2007). 
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In the case of cellulose, the formation of the carbocation is hampered by intramolecular links of 

cellulose chains (those that confer crystallinity to the polymeric structure). This leads to the hydrolysis 

of the amorphous regions and thus the cellulose hydrolysis occurs much faster than in the crystalline 

areas (Alvira et al., 2010). Once the hemicelluloses do not have a crystalline structure, is expected to 

be much more easily solubilized than cellulose. So, because of these differences in characteristics 

between cellulose, hemicellulose and lignin, a selection of the operating conditions can be done so that 

the hydrolysis is more selective. Thus, lignocellulosic material can be hydrolysed with dilute acid at 

elevated temperatures that solubilise almost all the hemicelluloses or concentrated acid is used at 

moderate temperatures and cause the hydrolysis of cellulose and hemicellulose, leaving lignin as a 

remaining insoluble residue (Carvalheiro et al., 2008). 

2.4.1.1 Concentrated acid 

The concentrated acids can attack existing hydrogen bonds between cellulose chains, 

destroying its crystallinity. This hydrolysis generally occurs at moderate temperatures, 20-50ºC. Under 

these conditions it is intended to reduce degradation reactions that occur in parallel, allowing to obtain 

high yields of sugars in relatively shorter times (20-60 min), depending on the acid concentration and 

temperature. Acids may allow complete depolymerisation of polysaccharides, resulting a solid phase 

consisting essentially of lignin. The most commonly used acids are H2SO4 and HCl, although TFA can 

also be used. The solubilisation of polysaccharides is possible using varying concentrations, for 

example, 72% H2SO4, 41% HCl or 100% TFA. The last two acids have the advantage of being relatively 

easy to recover (Gírio et al., 2010). 

Although the reduced formation of degradation products and the possibility of operating at low 

temperatures and pressures, the costs involved in the neutralization of the hydrolysates, recovery of 

acids (essential for the economic viability of the process) and the problems associated with corrosion of 

equipment, make this process disadvantageous in relation to the hydrolysis with diluted acids (Gírio et 

al., 2010; Taherzadeh & Karimi, 2007). 

2.4.1.2 Dilute acid 

Hydrolysis with dilute acid is probably the chemical pretreatment method most often used. This 

can be used, for example, as a pretreatment before the enzymatic hydrolysis of cellulose. The treatment 

is not efficient in the dissolution of lignin but is effective in the selective hydrolysis of the hemicellulose 

fraction to obtain monosaccharides. A main drawback of dilute acid hydrolysis processes, particularly in 

one stage, is the degradation of sugars during hydrolysis reactions and formation of undesirable by-

Figure 2-13 Chemical mechanism for glycosidic bond cleavage for hemicellulose depolymerisation in acid media. 
Adapted from (Belkacemi et al., 1991). 
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products. This, does not only lowers the yield of sugars, but also increases the formation of several by-

products that may severely inhibit the fermentation processes. In order to avoid degradation of 

monosaccharides at high temperatures and formation of inhibitors, dilute-acid hydrolysis may be carried 

out in two (or more) stages (Taherzadeh & Karimi, 2007). Another downside to consider is the high 

energy cost of operating at high temperatures (Sun & Cheng, 2002). 

The most common used acid is H2SO4, because of its low price and efficiency, but HCl, HNO3 

and H3PO4 can also be used (Mosier et al., 2005). 

2.4.2 Hydrothermal Treatments 

Hydrothermal treatments are methods based on the use of water, steam, or both, and heat for 

the treatment of biomass. Under these conditions occurs hydrolysis of the hemicellulose acetyl groups, 

with its partial or complete dissolution. The purpose of these methods is usually solubilisation of 

hemicelluloses, leaving the cellulose more accessible for subsequent hydrolysis (Agbor et al., 2011). 

The main difference between these processes and hydrolysis with dilute acid is that the hemicelluloses 

are mostly recovered in oligomeric form, whereas in the processes using acids, the sugars are obtained 

mainly as monosaccharides. 

Among hydrothermal methods are distinguished two major: autohydrolysis ("liquid hot water", 

LHW) and steam explosion (Gírio et al., 2010). 

2.4.2.1 Autohydrolysis 

The autohydrolysis process is based on the use of water and heat (150-230ºC). These 

treatments allow the selective hydrolysis of hemicelluloses yielding hydrolysates mainly composed by 

hemicellulose derivatives and a solid pulp composed of cellulose and lignin (Boussarsar et al., 2009). 

In this case, the catalysts hydrolysis of initially H3O+ ions obtained from the auto-ionization of water and 

in a subsequent stage, H3O+ ions from the acetyl groups of hemicelluloses can also act as catalysts 

(Garrote et al., 2001). Once the sugars are usually obtained in oligomeric form this may be a preferred 

process for obtaining oligosaccharides which are potentially prebiotic compounds (Garrote et al., 2002; 

Gírio et al., 2010; Moura et al., 2007). 

As autohydrolysis only uses water as reagent, some advantages such as reduced corrosion 

problems and no need of solvent recycling or precipitate removal are obtained as well as a simplification 

of the process. The possibility of reducing operating and capital costs, by not using others solvents, 

show the economic advantages of aqueous treatments for other technologies, in addition to reduced 

environmental impact (Carvalheiro et al., 2008; Gírio et al., 2010). 

Table 2-10 shows some examples of autohydrolysis treatments with different raw materials and 

conditions (temperature and time).  
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Table 2-10 Operational conditions used in autohydrolysis of several lignocellulosic materials. 

Materials Temperature (ºC) Residence time (min) References 

Agro-industrial residues    

Sugar cane bagasse / corn 

stover / rice straw 
200 5-20 (Imman et al., 2013) 

Corn cob 150-240 a (Carvalheiro et al., 2009a) 

Corn fibre 210-220 2 (Allen et al., 2001) 

Wheat straw 150-240 a (Carvalheiro et al., 2009b) 

Hardwood    

Olive tree pruning 170-230 10 (Cara et al., 2012) 

Eucalyptus wood 145-190 0-450 (Garrote et al., 1999) 

Softwood    

Pine wood 175 26 (Rivas et al., 2012) 

a Non-isothermal operation. The operated time is the time required to reach the final temperature. 

2.4.2.2 Steam Explosion 

The steam explosion process uses saturated water vapour for heating, allowing an increase of 

heat transfer rate. This pretreatment is characterized as a hydrothermal process, which subjects the 

lignocellulosic material at high pressures (0.69-4-83 MPa) and temperatures (160-240ºC) for a short 

period of time. After completion of the requested operation, the material is subjected to a sudden 

decompression which causes vaporization of the water contained in the fibres, resulting in an explosion 

(Sun & Cheng, 2002). The forces resulting from decompression cause a breakdown of lignocellulosic 

matrix, breaking inter- and intramolecular bonds. Due to decompression, also occur ultrastructural 

changes, including depolymerisation and considerable degradation of the material fibres (Carvalheiro 

et al., 2008). 

This method is primarily used as a pretreatment before the enzymatic hydrolysis of cellulose. 

Its use as a method of obtaining hemicellulose hydrolysates has the disadvantage of leading to a 

relatively high sugar degradation, by the other side it is an environmentally friendly process (Carvalheiro 

et al., 2008; Sun & Cheng, 2002). 

2.4.2.3 CO2 assisted hydrolysis 

As an alternative to the conventional auto hydrolytic process the catalysed hydrolysis using CO2 

has been proposed. CO2 in aqueous solution gives rise to the formation of carbonic acid which is 

unstable under these conditions, maintaining the balance as can be seen on Figure 2-14. 

Figure 2-14 Carbonic acid formation mechanism. 
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Some authors describe this method as a process that can provide the catalytic benefits of 

sulphuric acid without its disadvantages, although the carbonic acid solutions produces a relatively 

moderate pH and do not offer the same hydrolytic capability as sulphuric acid. At temperatures around 

200ºC, this acid exhibits a catalytic effect on xylan hydrolysis, with an enhanced release of xylose and 

low polymerization degree xylan oligomers as compared to the pretreatment using hot water alone (van 

Walsum & Shi, 2004). 

2.4.3 Enzymatic hydrolysis 

The pretreatments mentioned above, yields, in general, hemicellulose rich solutions, both in the 

oligomeric and/or monomeric form. In the case of the oligomeric form is required to convert them into 

monosaccharides to enable its use by most of microorganisms (Palmqvist & Hahn-Hägerdal, 2000). 

One possibility is the use of enzymes, including xylanases (Gírio et al., 2010), which help to 

complete hydrolysis of the molecule, by depolymerisation of the main chain and removal of the side 

oligomer or polymer end groups. There are several enzymes involved in this type of hydrolysis (Table 

2-11). 

Table 2-11 Relevant enzymes involved in the hydrolysis of xylans (adapted from (Carvalheiro, 2005)). 

Enzymes Chemical action 

Endo-xylanases Mainly hydrolyse xylose β-1,4 internal bonds of xylan backbone 

Exo-xylanases Hydrolyze xylose β-1,4 bonds, producing xylobiose 

β-Xylosidases Produce xylose from xylobiose and short-chain oligosaccharides 

α-L-arabinofuranosidases Hydrolyse non-reducing ends of arabinofuranose 

α-glucuronidases Hydrolyse glucuronic acid residues and their 4-O-methyl esters 

 

In the context of the bioconversion of LM enzymatic hydrolysis with cellulases is also widely 

used for cellulose hydrolysis after hydrothermal pretreatment or dilute acid process. Hydrolysis of 

cellulose to glucose requires the synergistic action of at least three enzymes: endoglucanase, 

exoglucanase (cellobiohidrolase) and β-glucosidase (Table 2-12) (Lynd et al., 1999). 

 

Table 2-12 Relevant enzymes involved in the hydrolysis of cellulose. 

Enzymes Chemical action 

Endoglucanase Hydrolyse glucosidic regions in cellulose chain 

Exoglucanase Hydrolyse β-1,4-D-glucosidic linkages in cellulose and cellotetraose 

β-glucosidase Catalyse the hydrolysis of terminal non-reducing β-D-glucose residues, releasing glucose 

 

An advantage of this process is the use of moderate temperatures, in non-corrosive media, 

which leads to economic advantages, in terms of equipment and energy costs. On the other hand, the 
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price of the enzyme and its recovery in the process have to be taken into account. Moreover this is a 

slow process as compared for example with acid hydrolysis (Duarte et al., 2004). 

2.4.4 Delignification pretreatments 

Lignin acts as a barrier surrounding the carbohydrate fraction of biomass and so making difficult 

the access to hydrolytic enzymes. Consequently, delignification can improve enzymatic digestibility of 

biomass products (Xu et al., 2011). 

The delignification process has influence in technical lignin structure (lignin quality) (Gosselink, 

2011), so it is very important to adjust the method and its parameters to achieve the goals proposed 

and mainly accomplish a selective fractionation as well as a minor degradation. 

2.4.4.1 Alkaline treatments 

Alkaline pretreatments can be divided in two major groups depending on catalyst used: 

pretreatments using sodium, potassium, or calcium hydroxide solutions; pretreatments that use 

ammonia namely AFEX (Ammonia Fibre Explosion), ARP (Ammonia Recycle Percolation) and SAA 

(Soaking in Aqueous Ammonia) (Carvalheiro et al., 2008). 

Contrariwise to acid or hydrothermal processes, alkaline pretreatments are very effective for 

lignin solubilisation exhibiting only minor cellulose and slightly higher hemicellulose solubilisation (Gírio 

et al., 2010). 

Alkaline treatment involves the saponification of intermolecular ester bonds cross linking xylan 

hemicelluloses and other components, thus the porosity of the lignocellulosic biomass increases with 

the removal of the cross links. The efficiency of these treatments depends on the raw material and 

treatment conditions, being more effective for low lignin content biomass such as agricultural residues. 

Sodium hydroxide pretreatments increase the internal surface of cellulose, decrease its degree of 

polymerization and its crystallinity and disrupts the lignin structure (Singh et al., 2014). 

This treatment has the advantages of removing lignin and acetyl groups which inhibit the 

cellulose accessibility for enzymatic saccharification, can be operated at relatively low temperatures and 

does not require complex reactors. On the other hand, residence time can be longer than in other 

processes and there is the need for neutralization of the pretreated slurry (Mood et al., 2013). 

2.4.4.1.1 Kraft Process 

One of the most traditionally process used for delignification (mainly of hardwoods) is the Kraft 

process (also known as sulphate pulping). This pulping process, very common in pulping industry, uses 

sodium hydroxide as main reagent and sodium sulphide. During the pulping process, the lignin is 

dissolved from the biomass (by C-O-C link cleavage), resulting a liquor rich in phenolic compounds that 

represents the process effluent, called black liquor. Lignin is usually recovered from black liquor by acid 

precipitation (Mussatto et al., 2013). Cooking times usually range between 4-6 h and temperatures 

between 160 and 180ºC (Fengel & Wegener, 1984). 

The main advantages of this process are: low demands on wood species and wood quality, 

short cooking times, well established processing of the spent liquor (recover of the pulping chemicals, 
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generation of process heat, production of valuable by-products) and excellent pulp strength properties 

(Fengel & Wegener, 1984). 

A disadvantage usually pointed to this process is the discharge of huge amounts of liquid and 

gaseous wastes such as sulphur-containing gas emissions, making it a non-environmentally friendly 

process (Carvalheiro et al., 2008). 

2.4.4.2 Sulphite Process 

Traditional sulphite pulping is a well-known pulping paper industry practice used for more than 

a century and can be operated in a wide range of pH and temperature, being the reagents in the process 

dependent of these parameters. Sulfonation of lignin increases its hydrophilicity which can promote the 

later enzymatic hydrolysis process (Bu et al., 2012). 

The removal of lignin in the course of acid sulphite pulping is described as a two-step process. 

In the first step sulfonation of the lignin in the solid phase occurs to produce a solid lignosulfonic acid. 

Secondly, hydrolysis of the solid lignosulfonic acid occurs and gives a water soluble product. Lignin-

wood linkage can be cleaved not only by hydrolysis but also by sulfitoIysis (Sixta, 1998). 

Sulphite process has some advantages over Kraft process: lower consumption of chemicals, 

fewer pollution problems, lower installation capital costs, higher flexibility in pulp yields and grades 

(Fengel & Wegener, 1984), and it is mainly used for softwoods. 

2.4.4.3 Organosolv pretreatment 

Organosolv processes use one or more organic solvents or mixtures of organic solvents with 

water to extract lignin from lignocellulosic feedstocks. Besides these, a catalyst agent can also be used. 

The organic solvents used are methanol, ethanol, acetone, ethylene glycol or tetrahydrofurfuryl alcohol. 

The catalysts used can be organic or inorganic acids (hydrochloric and sulphuric acids) or bases 

(sodium hydroxide, ammonia and lime) (Mood et al., 2013). 

The range of temperatures of organosolv pretreatments is usually 100-250ºC (Table 2-13). In 

the ones above 185ºC there is no need for addition of acid, as it is believed that organic acids released 

from the biomass act as catalysts for the rupture of the lignin–carbohydrate complex. In this process 

hemicellulose and lignin are solubilized and cellulose remains in the solid phase (Zhao et al., 2009). 

Under these conditions cellulose digestibility is high, but although hemicellulosic sugars can be 

recovered from the water-soluble stream, about half are in oligomeric form. As a weakness, there is a 

significant amount of furfural produced, which implies a lower recovery of pentoses (Gírio et al., 2010). 

In Figure 2-15 a process flowchart shows the main steps in organosolv pretreatment as well as the main 

products obtained. 
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Figure 2-15 Process flowchart of organosolv pretreatment (Zhao et al., 2009). 

The easy recovery of solvents by distillation and recycling for pretreatment, and the efficient 

pollution control are pointed as advantages of this type of processes (Vila et al., 2003). On the other 

hand, there are also some drawbacks: the pretreated solids always need to be washed with organic 

solvent previous water washing in order to avoid the reprecipitation of dissolved lignin, which leads to 

cumbersome washing arrangements; organic solvents are always expensive, as it is expensive its 

recovery in energetic terms. Another question is the volatility of organic solvents, leading to the necessity 

of an efficient and tight control of the reactions. Removing solvents from the system may also be needed 

because they can inhibit the growth of organisms, enzymatic hydrolysis, and fermentation (Zhao et al., 

2009). 
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Table 2-13 Operational conditions and solvents used in organosolv pretreatment of several lignocellulosic 
materials. 

Material Solvent 
Temperature 

(ºC) 

Residence 

time (min) 
Reference 

Agro-industrial residues    

Wheat Straw 0-50:50-100 acetone:water 160:220 0-120 (Huijgen et al., 2010) 

 65/35:85Acetic/formic acid:water 105 180 (Snelders et al., 2014) 

Corn stover 70:30 Methanol:water 160 60 (Lee et al., 1987) 

 70:30 Ethanol:water 160 60  

 70:30 Propanol:water 160 60  

 70:30 Butanol:water 160 60  

 70:30 Cyclohexanol:water 160 60  

 70:30 Phenol:water 160 60  

 70:30 n:Butylamine:water 95 60  

 70:30 Ethanolamine:water 95 60  

Switch grass 
36.71:25.00:38.29 

Ethyl acetate:ethanol:water 
139.71 20 (Cybulska et al., 2012) 

Prairie 

cordgrass 

36.87:25.49:37.64 
Ethyl acetate:ethanol:water 

140 20 (Cybulska et al., 2012) 

Hardwoods     

Poplar 25:75:75:25 Ethanol:water 155-205 26-94 (Pan et al., 2006) 

Eucalyptus 60:40 Ethanol:water 175-200 60-120 (Romani et al., 2011) 

 90:10 Acetic acid:water 130 180 (Vila et al., 2003) 

Beech 50:50 Methanol:water 160 45 (Zhao et al., 2009) 

Softwoods     

Pine 95:5 Acetic acid:water 115-130 0-180 (Parajó et al., 1995) 

 60-80:20-40 Methanol:water 170 45 (Zhao et al., 2009) 

 

2.4.4.4 Biological treatment 

Biological pretreatment is an environmental friendly process converting lignocellulosic biomass 

by microorganisms, especially fungi, into more accessible compounds for hydrolysis and subsequent 

bioethanol production. In contrast to most of the pretreatment referred in the previous sections that 

require high capital and operational cost, this method only takes advantage of white-, brown-, soft-rot 

fungi to delignify and enhance enzymatic hydrolysis of lignocellulosic materials (Mood et al., 2013). 

White rot fungi, for example Phanerochaete chrysosporium, can produce enzymes such as 

lignin peroxidase and manganese peroxidase but it cannot produce laccase as other fungi as Lentinus 

edodes. All these enzymes have the ability to degrade lignin (Mahyati et al., 2013). 

Biological pretreatment is an eco-friendly process but the rate of biological pretreatment is very 

slow for industrial applications. Between the drawbacks, the following ones must be referred: residence 
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time of 10–14 days, careful growth conditions, large amount of space and high cost of enzymes which 

make this process economically less attractive on industrial scale. Also, some of the carbohydrate 

fraction is consumed by the microorganisms (Singh et al., 2014). 

2.4.5 Other processes 

2.4.5.1 Supercritical fluids 

Supercritical fluid (SCF) is a compound above its critical temperature, Tc, and critical pressure, 

pc, but below the pressure required to condense it into a solid. The critical point has been reached when 

there is no more phase distinguish between liquid and gas. The most popular supercritical fluids are 

carbon dioxide (Tc = 31.0ºC, pc = 73.8 bar), water (Tc = 374.0ºC, pc = 221.0 bar) and propane (Tc = 

96.7⁰C, pc = 42.5 bar) (Gírio et al., 2012). 

Super-critical water or liquid hot water treatments can be expected to be superior in economic 

efficiency, compared with acid hydrolysis and enzymatic saccharification because it becomes easier to 

cleavage chemical bonds by the fact that water develops acidic characteristics at high temperatures. So 

hemicellulose could be completely separated from the lignocellulose and enzymatic digestibility of 

cellulose can be significantly increased by treating the lignocellulosic material under such conditions. 

But there is still a wide range of improvements to be achieved before these fluids will be implemented 

in larger scale for hemicellulose pretreatment (Gírio et al., 2010). 

2.4.5.2 Hydrolysis with inorganic salts 

The recent studies on biomass hydrolysis show that the use of inorganic salts is gaining more 

and more interest for the pretreatment of biomass. These studies indicate that the inorganic salts may 

increase the rate of hydrolysis of cellulose and hemicellulose during the process of pretreatment in the 

hydrolysis with dilute acids. The salts can be, for example KCI, NaCl, CaCl2, MgCl2 or FeCl3. In 

comparison to the hydrolysis process with dilute acid, the use of inorganic salts alone has shown some 

advantages such as a higher reaction rate, decreased corrosion and the possibility of recovering salts 

(Liu et al., 2009). Nguyen and Tucker (2002) describe the use of a mixture of diluted acid with an 

inorganic salt allowing the achievement of a greater percentage of hemicellulose and cellulose 

hydrolysis than just using dilute acid. It has also been shown that pretreatment with salts help in the 

removal of hemicellulose of lignocellulosic materials (Sun et al., 2011). 

The most commonly used salts for the fractionation of ML are FeCl3, FeSO4, Fe(NO3)3, 

Al2(SO4)3, AlCl3 and MgSO4, some of which have been tested on various types of lignocellulosic 

materials such as wheat straw, corn stover and olive tree pruning (López-Linares et al., 2013). However, 

according to the studies already carried out, FeCl3 and Fe(NO3)3 promote a better fractionation and 

subsequent removal of hemicelluloses (Liu et al., 2009; Sun et al., 2011), yielding high yields of 

monomeric and oligomeric xylose of the liquid fraction. However it is also important assure that cellulose 

is only slightly affected and that its enzymatic digestibility increase enough. This method has advantages 

that overlap the hydrolysis with dilute acids, has also the advantage that may not require the step of 

neutralization of the hydrolysates, as they present a pH near to neutrality. 
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2.4.5.3 Ionic liquids 

Ionic liquids (ILs) have a melting point lower than 100ºC and are organic salts composed of 

cations and anions, typically, large organic cations and small inorganic anions. The major factors 

affecting this process and defining the interactions between ionic liquids and lignocellulosic materials 

are: cations, anions, temperature, and time. Cellulose could be dissolved by ILs containing chloride, 

formate, acetate or alkylphosphonate inions by formation of strong hydrogen bonds. 

Among ILs investigated, 1-allyl-3-methylimidazolium-chloride ([AMIM]Cl), 1-ethyl-3-

methylimidazolium-acetate ([EMIM]Ac), 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) and 1-ethyl-3-

methyl imidazolium diethyl phosphate ([EMIM]DEP) have recently received much attention due to their 

remarkable cellulose dissolution capability (Mood et al., 2013). 

ILs have the advantage of rapid dissolution of lignocellulosic materials at mild temperatures, but 

not at a complete level. On the other hand these solvents require recycling due to its elevated price, and 

in some cases toxicity, and also some more research (Gírio et al., 2010). 

2.5 Lignin derived products 

In a modern lignocellulosic biorefinery plant about 40% of the dried lignin-rich stream is 

necessary to meet the thermal requirements of 2G bioethanol. So, remains 60% of lignin that could be 

utilized as a feedstock for green chemicals and materials giving additional revenues to the biorefinery 

plant and total valorisation of biomass. 

In Europe some estimations refer that about 14-16 Mt/year of lignin will become available in the 

coming years with a perspective of growth (Gosselink, 2011). 

2.5.1 Technical lignin types 

Depending on the method of extraction and process conditions and the raw material there is 

some variation on the lignin obtained, and all the lignins obtained after treatment are somehow different 

from native lignin. 

The lignin obtained from Kraft pulping process is partly cleaved and thiol groups are introduced 

at the β–position of the propane side chain, so a solubilised lignin can be attained (Figure 2-16). But, 

due to energetic integration of the whole process just a small sulphur-containing Kraft lignin is recovered 

from the black liquor (Gosselink, 2011). Even so, around of 90-95% of all lignin present in the start 

material is dissolved. This lignin can be recovered by acidification of the pulping liquor as a complex 

mixture of phenolic structures with molecular mass in the range 150-200000 Da (Belgacem & Gandini, 

2011). About 60 kt/year is produced at a commercial scale of Kraft lignin.  

In sulphite pulping process, sulphonate groups are introduced in the lignin structure in C-α 

position via the intermediate formation of carbon-cations (Figure 2-16). The lignin-carbohydrate linkages 

are cleaved and the lignin is solubilised. Due to sulphonate groups most lignosulphonates are water-

soluble and can be purified from other substances present in the pulping liquor by ultrafiltration and by 

using membranes having different Mw cut-off values. About 1 MT/year of lignosulphonates are produced 

by several companies (Belgacem & Gandini, 2011; Gosselink, 2011). 
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Soda lignin is obtained from a process that uses sodium hydroxide as reagent. This lignin can 

be recovered by acid precipitation, maturation and filtration giving novel types of sulphur-free lignin that 

can be considered as being closer to lignins as they exist in nature (Gosselink, 2011). Soda lignins are 

low molecular weight (6900-8500 Da), insoluble in water and obtained with low levels of sugar and ash 

contaminants. About 10 kt/year of soda lignins are produced worldwide (Belgacem & Gandini, 2011). 

Organosolv pulping enables the production of high quality lignin. These lignins are insoluble but 

purer. Between the organosolv processes the major are: lignol process, based on the Alcell 

ethanol/water pulping process; ASAM (Alkaline Sulphite Anthraquinone Methanol) pulping; Acetosolv, 

acetic acid/HCl pulping; Milox, formic acid/hydrogen peroxide delignification; Avidel, formic/acetic acid 

pulping. All these processes are not commercial yet, being still at demonstration or pilot scale 

(Gosselink, 2011). 

2.5.2 Lignin applications 

Lignin is considered a versatile raw material for multiple applications. Potential uses are 

classified by Gosselink (2011) as: power-fuel-syngas (current applications); macromolecules (medium 

term applications); aromatics (longer term applications). 

In the first group, lignin is used as a carbon source for energy production or is converted in 

energy carriers such as syngas, this is a low value product. The second group makes use of lignin’s 

macromolecular nature and use it in high molecular mass applications like wood adhesives (binders), 

carbon fibres, and for polymers like polyurethane foams. The third group uses technologies to cleave 

the lignin structure into monomers without sacrificing the aromatic rings for production of polymer 

building blocks, aromatic monomers such as benzene, toluene, and xylene, phenol, and vanillin. In 

Figure 2-17 a pyramid relating lignin applications with its volume produced and market value is shown. 

Figure 2-17 Potential lignin applications (Gosselink, 2011). 

Figure 2-16 Simplified structures of Kraft lignin (left) with thiol group (-SH) and lignosulphonate (right) with 
indroduced sulphonate group (-SO3M) (Gosselink, 2011). 
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Lignins from each one of the processes referred in 2.5.1 are more suitable for one specific 

applications than others. The main applications for lignosulphonates are: concrete water reducer, 

dispersant for gypsum wallboard; agrochemicals; dyestuffs; bitumen; pigments; animal feed binders; 

additive for stiffen packaging grade papers; leather tanning agents; and some more (Figure 2-18). Kraft 

lignin derivatives main applications are: dye dispersants; agrochemical dispersants; conductive 

polymers; asphalt emulsifiers; anti-oxidant for fat; production of low molecular weight chemicals. Soda 

lignin potential applications are: component in phenol-formaldehyde formulations; animal health and 

nutrition; dispersants. The lignin from organosolv is mainly for aromatic compounds (Belgacem & 

Gandini, 2011). 

Figure 2-18 Applications of lignosulphonates (Bozell et al., 2007). 

 

2.6 Hemicellulose derived products 

For the hemicellulosic fraction valorisation, dilute acid hydrolysis and hydrothermal treatments 

are among the most suitable fractionation methods since they are very selective for this fraction. 

Hydrothermal processes are, in general, preferred as they convey additional economic and 

environmental advantages as compared to acidic processes. Depending on the severity of the 

treatment, the resulting products are oligosaccharides (OS), monosaccharides, acetic acid and/or 

products resulting from the degradation of monosaccharides. 

At moderate conditions, OS are generally the major product and the relative proportions of 

OS/monosaccharides/degradation products vary according to the operation conditions and the type of 

pretreatment. Autohydrolysis enables, in general, to obtain higher OS yields, unlike steam explosion, in 

which the yields of monosaccharides are usually higher (Bouchard et al., 1991; Carvalheiro et al., 2008; 

Taherzadeh & Karimi, 2008). 

Oligosaccharides (OS) are low molecular weight compounds containing monosaccharide units 

linked by glyosidic bonds. Some authors consider that OS contain generally from 3 to 10 

monosaccharide units (Crittenden & Playne, 1996), although others include in this classification OS 

containing a higher polymerization degree (Van Loo et al., 1999).  

The hydrolytic processes for the production of OS have been mainly applied to harwoods and 

agriculture by-products, which hemicelluloses are mainly composed by xylan, and thus producing xylo-
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oligosaccharides (XOS). 

XOS are composed of linear chains of xylose, which may have arabinose or other “oses”, uronic 

acids and acetyl groups as side substituents. Some of these XOS have been referred as prebiotics 

products having similar or even improved properties in relation to other already recognized prebiotics 

such as fructooligosaccharides (FOS) (Aachary & Prapulla, 2011; Gullon et al., 2008; Rivas et al., 2012). 

Commercial XOS are obtained by enzymatic treatments of xylan rich materials. The Japanese 

company Suntory already produces XOS from corn cobs (Suntory, 2015). These XOS are obtained by 

a two-step alkaline and enzymatic hydrolysis process. This strategy leads to the production of low 

degree polymerization OS together with a high amount of monosaccharides, which lead to low purity 

products imposing purification processes. 

An economical alternative to obtain XOS with different characteristics consists in the selective 

fractionation of LM by hydrothermal processes, such as autohydrolysis. In order to obtain compounds 

of low degree of polymerization, several approaches can be used for xylan hydrolysis. The first is the 

direct enzymatic hydrolysis of a raw material; alternatively it may be performed a chemical treatment to 

fractionate xylan, followed by an enzymatic hydrolysis of XOS. Another approach is to promote the 

hydrolytic degradation of xylan using hydrothermal processes (steam or water) or dilute acid solutions 

(Carvalheiro et al., 2005).  

The production of XOS by the combination of chemical and enzymatic processes consists, in a 

first step, in to obtain soluble xylan fragments, for example, by an alkaline extraction or dilute acid 

hydrolysis. Of these, the most widely used process is the alkaline extraction, although the high cost of 

reagents and hydrolysis times associated with the need for a subsequent neutralization, limits its 

application at industrial level (Gírio et al., 2012). Dilute acid hydrolysis has the disadvantage of leading 

to the formation of a high amount of monosaccharide and also degradation products.  

Other products (Figure 2-19) that can be obtained from the hemicellulosic fractions, namely 

furfural, obtained from the degradation of hemicellulosic pentoses (Mamman et al., 2008); xylitol (Wang 

et al., 2011) and butanol (Qureshi et al., 2008) both produced by fermentation of hemicellulosic 

hydrolysates. Also ethanol can be produced from hemicellulosic hydrolysates (Gírio et al., 2010) 

although, in general there are few microorganism (mainly engineered) that can produce it at industrial 

scale with high fermentation yield and productivity (Chandel et al., 2011).  

Figure 2-19 Hemicellulose derived products (adapted from (Carvalheiro & Duarte, 2012)). 
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3 Material and methods 

3.1 Feedstock 

The corn cobs used in this work were kindly provided by AgroMais (Eng. João Coimbra), hand 

collected at Quinta da Cholda, Golegã (Portugal) from 2013 corn crop (P1574 variety). Before 

preparation the material was dried at room temperature and stored in 200 L plastic drums inside a 

warehouse. 

3.1.1 Feedstock preparation and storage 

Corn cobs were ground through a garden shredder (Viking GE 355, Austria) for size reduction 

and after that the sample was ground again in a knife mill (Fritsh Industriestr, Germany) to particles 

smaller than 6 mm. Milled corn cobs were homogenised and stored at room temperature in plastic 

containers before use. 

3.1.2 Particle size characterization 

Particle size characterization was performed using a test sieve shaker (EVS1, Endecotts, 

England) and seven sieves (ASTM E11, Retsch, Germany) with different pore sizes arranged in crescent 

series according to the pore diameter, as shown on Table 3-1. 

Table 3-1 Pore dimensions for the sieves used in particle size characterisation. 

Sieves Pore diameter (mm) 

1 - 

2 0.25 

3 0.50 

4 1.00 

5 1.60 

6 2.36 

7 3.55 

 

To carry out the analysis, 3 samples (circa 100 g each), were screened for 20 min, after which 

the pre-weighed sieves containing the biomass were weighed in a precision balance (N2B110 Navigator, 

OHAUS, Switzerland). 

3.2 Selective fractionation of corn sob 

3.2.1 Autohydrolysis 

Autohydrolysis was carried out in a laboratory scale stirred Parr reactor (Parr Instruments 

Company, Illinois, USA). The reactor had a total volume of 2 L and an external electric heating mantle. 

The temperature, agitation and pressure were controlled through a Parr PID controller, model 4842 (Parr 

Instruments Company, Illinois, USA). Cooling water was circulated through an internal serpentine coil 

to rapidly cool the reactor content at the end of each run. 
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For each treatment 140 g of corn cob (dry weight) were used and the required amount of distilled 

water was added to reach a liquid-to-solid ratio (LSR) of 7 (g water/g dry biomass). The autohydrolysis 

treatments were carried out at an agitation speed set at 150 rpm, using an impeller with two turbines 

with four blades each, under isothermal or non-isothermal conditions (depending on the treatment). In 

non-isothermal conditions the reactor was heated to final temperatures ranging between 180 and 220ºC, 

and upon reaching the desired temperature rapidly cooled down to 100ºC. The reactor was then 

removed from the heating jacket and the vessel was introduced in a cold water bath. In isothermal 

operation conditions, the procedure variation is only when reaching the desirable temperature, this 

temperature was kept during 2 h. Heating profiles (time, temperature and pressure) for all treatments 

were plotted. 

After the treatment the reactor was opened and liquid and solid phases were separated by 

pressing (up to 200 bar) with a Sotel (Portugal) manual press. After pressing the liquor obtained was 

filtered under vacuum (Quantitative filter paper, 20-25 µm, Filter-Lab) and stored at 4ºC for further 

compositional analysis. The solid phase was washed with 4 L of distilled water and filtered using the 

same preparation referred before. After, the samples were put in paper boxes and dried for 48 h at 50ºC. 

After weighing, the moisture content was determined, as described in section 3.3.2, and a fraction was 

milled using a knife mill (IKA MF10 Werck, Germany) to particles smaller than 0.5 mm screen for further 

composition analysis and enzymatic digestibility. 

3.2.2 Organosolv 

Organosolv treatments were similar to the autohydrolysis treatments procedures described 

above with the following variations: to reach a LSR of 7 ethanol 50% (w/w) was added to biomass. The 

range of temperatures tested was 130 – 210ºC in isothermal conditions (2 h). At the temperature of 

190ºC treatments were performed both at non-isothermal conditions and at isothermal conditions (1 h, 

2 h, 3 h and 4 h). Instead of using water, the solid phase was washed with 2 L of ethanol 50% (w/w) or 

4 L for the 190, 200 and 210ºC assays. A part of the liquid phase obtained after filtration was 

concentrated twice for ethanol evaporation and stored at 4ºC for further analysis of its components. The 

solid phase was dried and milled as referred for autohydrolysis and stored for further composition 

analysis and enzymatic digestibility determination. 

A 30ºC treatment was also performed, in a 500 mL Schott flask for 2 h, using the same LSR as 

for reactor experiments. The assay was carried out in an incubator Comecta, with orbital agitation at 

150 rpm. Upon reaction completion, the flask content was filtered and the solid phase was washed with 

twice the amount of ethanol/water solution and dried at 50ºC to be used for chemical characterisation. 

Vacuum evaporation of ethanol was carried out in an evaporation system (Büchi, Flawil, 

Switzerland) that comprises a vacuum pump VAC® v-500 and a vacuum controller B-721 set at 175 

mbar and a water bath set at 40ºC. Sample volume was approximately 20 mL. 

3.2.3 Alkaline treatment 

Alkaline treatment was performed in 500 mL Schott flasks at 120ºC in an autoclave (Uniclave, 

Portugal) under isothermal conditions (30, 60 or 120 min). For each treatment 20 g of corn cob (dry 

weight) were used, and sodium hydroxide solution at 1%, 1.5% or 2% (w/v) was added in order to reach 
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a LSR of 7 (g sodium hydroxide solution/g dry biomass). Heating profiles (time, temperature and 

pressure) were traced for all treatments. 

After treatment, the flasks containing the samples were cooled down to reach room temperature. 

The samples were filtered under vacuum (Quantitative filter paper, 20-25 µm, Filter-Lab). The liquid 

phase was collected and its pH was adjusted to approximately 4 and stored at 4ºC for further analysis. 

The solids were washed with 1 L of distilled water when in the filtration system. After that, the procedure 

for solid and liquid phases followed the same described in section 3.2.1 for storage and further analyses 

of the components and enzymatic digestibility determination. 

3.2.4 Enzymatic hydrolysis 

The enzymatic digestibility was performed both in the untreated and selected treated samples 

and was carried out based on the NREL/TP-510-42629 protocol (Selig et al., 2008). This procedure 

consists in using a sample of biomass of 0.15 g that is digested in the presence of 5 mL of sodium citrate 

0.1 M pH 4.8 buffer solution, 100 µL solution of sodium azide (2% w/v), as anti-microbial agent and 

enzymes Celluclast 1.5L and Novozyme 188 (Novozymes, Denmark) in a doses of 60 FPU/g cellulose 

and 64 pNPGU/g cellulose, respectively. Finally, the volume was adjusted with distilled water to 10 mL 

considering that the biomass has a density of 1. 

Blank assays were also prepared to account both the sugars that may arise from the enzyme 

solution (carried out without added biomass) and the sugars derived from non-enzymatically hydrolysis 

of the biomass (carried out without added enzymes) in order to correct the results for the free 

saccharides present in the biomass and products that could possibly be formed in the absence of 

enzymes. 

Thereafter, the samples were placed in an orbital incubator (Comecta), at 50ºC, for 72 h under 

orbital shaking (250 rpm). After 72 h, the samples were placed in a boiling water bath, for 5 min, to 

inactivate the enzymes. Finally, the samples were filtrated using Millipore® membranes (0.45 µm), under 

vacuum, and analysed by HPLC (section 2.6.3.1) for the released sugars. All assays were performed in 

small capped-plastic jars (40 mL), at least, in duplicate. 

The enzymatic digestibility was determined by the ratio of digested cellulose to the initial 

cellulose loaded. 

3.3 Analytical methods 

3.3.1 Determination of bulk density 

The bulk density was measured for milled (ø<0.6 mm), grinded and whole corn cobs. 

The measurements were performed using a cylindrical 2 L glass container for milled samples 

and a cylindrical 12 L plastic container for grinded and whole samples. For whole corn cobs 

measurements using 64.2 L card box and 200 L plastic containers were also performed. 

Biomass was filled in layers avoiding any unfilled spaces due to entangling of biomass particles. 

The mass of biomass in the container was determined using an electronic balance (± 0.01 g).  

At least three measurements for each container were made to determine bulk density and final 

value was obtained by average determination. 
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3.3.2 Determination of moisture content 

To determine the moisture content of the samples, nickel dishes were used, tared in an oven at 

100ºC for 16 h, followed by cooling it in a desiccator till room temperature and weighed on an analytical 

balance (Mettler 160 HK, Switzerland). After the tare of the boxes made, was weighed 1 g of sample 

and placed in an oven at 100ºC for 16 h, followed by cooling in a desiccator and reweighed. The 

determination of the moisture samples was performed in duplicate and whenever necessary for the 

techniques used (for calculations see Erro! A origem da referência não foi encontrada. A). 

3.3.3 Determination of ash content 

Ash content was determined according to NREL/TP-510-42622 protocol (Sluiter et al., 2008b). 

Porcelain crucibles were dried in a muffle furnace at 550ºC for at least 5 h and weighted after cooling in 

a desiccator. The solid samples (2 g for raw material and 1 g for pre-treated samples) were placed in 

the tared crucibles and dried for 18 h in an oven at 100ºC for moisture quantification. The dried samples 

were then burned inside the crucibles with a heating plate, transferred to the muffle furnace and kept at 

550ºC for 5 h. Ash content was made calculating the difference between the final weight of the crucibles 

and its tare. Determinations were performed in duplicate (for calculations see Erro! A origem da 

referência não foi encontrada. A). 

3.3.4 Determination of dry weight of hydrolysates 

After performing each treatment was determined the percentage of solids (dry weight) of the 

resulting hydrolysates. For this purpose, was used a procedure similar to that for determining the 

moisture content of the solid samples (section 3.3.2). In this case 5 g of hydrolysate were used in each 

test. This determination was performed in duplicate for all samples. 

3.3.5 Determination of extractives content 

The determination of extractives present in the samples was performed according to a modified 

method adapted from the T 12 os-75 method (Gominho et al., 2009) (dichloromethane extractives) and 

the protocol of NREL (Sluiter et al., 2008c), with an adapted Shoxlet extraction system (125 mL). The 

sample (circa 2 g) was added to a pre-weighed extraction thimble (oven dried at 100⁰C, for at least  

18 h) and weighed in an analytical balance. The samples were successively extracted with 190 mL of 

each solvent: dichloromethane (for 6 h), ethanol (for 18 h) and water (for 18 h), with a reflux of 4 to 5 

cycles per hour. After the extractions, the flasks were placed on a rotary evaporator to evaporate the 

solvent and then placed in the oven at 100ºC until constant weight (for calculations see Erro! A origem 

da referência não foi encontrada. A). 

3.3.6 Determination of protein content 

Samples (0.5 g) were placed inside digestion tubes and 20 mL of H2SO4 and 10 g of the 

catalysing mixture (93% potassium sulphate, 3% copper sulphate, 3% titanium oxide and 1% stearic 

acid – w/w) were added. The tubes were placed in a Tecator (Höganäs, Sweden) Digestion System 6 

Model 1007 unit, capped with a fumes extraction system. After 30 min the temperature was raised to 
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420ºC and kept for 1.5 h. After cooling, 100 mL of water was added and the tubes were placed in a 

Tecator (Höganäs, Sweden) Kjeltec System Model 1026 distillation unit, which automatically added 50% 

(w/V) NaOH (75 mL). The released ammonia was distilled by steam distillation and collected using 4% 

(w/V) boric acid (50 mL). Ammonia quantitation was determined by acid-base titration using 0.1 N 

hydrochloric acid as titrant and Tashiro’s indicator (end point at pH 4.8). The indicator was prepared by 

mixing 2 g of methyl red and 1 g of methylene blue in ethanol to a final volume of 100 mL. A blank 

analysis was also performed (for calculations see Erro! A origem da referência não foi encontrada. 

A). 

3.3.7 Quantification of monosaccharides, aliphatic acids and furans by HPLC 

The liquors obtained from the treatments, the hydrolysates from the quantification of structural 

polysaccharides procedure and the enzymatic digests were filtered through 0.45 μm membranes 

(Millipore®) and directly analysed by HPLC (Agilent 1100 Series, Waldbronn, Germany). 

Elution took place using an Aminex HPX-87H column (Bio-Rad, Hercules, USA) operating at 

50ºC with H2SO4 5 mM as mobile phase, at a flow rate of 0.6 mL/min and an injection volume of 5 µL, 

respectively. Monosaccharides (D-glucose, D-xylose, L-arabinose) and aliphatic acids (acetic acid, 

formic acid, levulinic acid) were detected using the Refractive Index detector; the furan derivatives, 

furfural and 5-hydroxymetylfurfural (HMF), were detected with the UV/Vis photodiode detector (DAD) 

set at 280 nm (Table 3-2). 

The concentrations of the studied compounds were calculated from the calibration curve plotted 

from the standard solutions, in a maximum range of 0.1-30 g/L (for calculations see Erro! A origem da 

referência não foi encontrada. A). 

 

Table 3-2 Characteristics and operational conditions of the chromatographic column HPX-87H. 

Characteristics Operational conditions 

Column dimensions 300 × 7.8 mm 

Mobile phase H2SO4 5 mM 

Flow 0.6 mL/min 

Injection volume 5 µL 

Column temperature 50ºC 

IV detector temperature 50ºC 

UV wavelength 280 nm 

 

3.3.8 Quantification of polysaccharides, acetyl groups and Klason lignin 

The solid residues obtained after the treatments were subjected to a process of quantitative acid 

hydrolysis following NREL/TP-510-42618 protocol (Sluiter et al., 2008c).  

Sulphuric acid (72% w/w, 5 mL) was added to test tubes containing 0.5 g of solid sample. The 

reaction mixture was kept for 1 h at 30ºC in a Memmert (Schwabach, Germany) W350 water bath, with 

occasional manual stirring. The content of the tubes was then transferred to 250 mL Schott flasks, 

diluted with water to a H2SO4 concentration of 4% (w/w) and put to react at 121ºC for 1 h inside an 
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autoclave (Uniclave, Portugal). After cooling down, the mixture was filtered through previously dried (in 

a muffle furnace) and weighted sintered glass crucibles (#3 porosity). The solid remaining in the 

crucibles (corresponding to Klason lignin) was washed with 100 mL of distilled water and dried in an 

oven at 100ºC to constant weight and then burned in a muffle furnace for ash correction. The liquid 

phase obtained was analysed according to section 3.3.7, with an injection volume of 20 µL and flow of 

0.4 mL/min. For each sample the procedure was performed in duplicate (for calculations see Erro! A 

origem da referência não foi encontrada. A). 

3.3.9 Quantification of oligosaccharides 

The oligosaccharides (OS) were measured by an indirect method based on quantitative acid 

hydrolysis according to NREL/TP-510-42623 (Sluiter et al., 2008a). 

Concentrated sulphuric acid (72% (w/w)) was added to an aliquot of liquor resulting from the 

treatments, to reach a final H2SO4 concentration of 4% (w/w). The mixture was placed in an autoclave 

and hydrolysed at 121ºC for 1 h. After completion of the autoclave cycle, the hydrolysates were slowly 

cooled down to room temperature. After cooling, a sample was collected, filtered using 0.45 µm 

membranes (Millipore®) and analysed by HPLC (section 3.3.7) The OS concentrations were calculated 

from the increase in sugar monomers in relation to the values found before the procedure. This 

procedure was always performed in duplicate (for calculations see Erro! A origem da referência não 

foi encontrada. A). 

3.3.10 Determination of phenolic content 

The phenolic content determination was based on the Folin-Ciocalteu method (Singleton et al., 

1999) for analysis of total phenols. 

In a test tube 100 µL of liquor sample is added (dilution may be required) followed by 400 µL of 

ultra-pure water and 250 µL of Folin reagent. After 5 min, 1250 µL of 20% sodium carbonate solution 

(w/v) was added. The solution is vigorously agitated in vortex and left to rest for 40 minutes in a dark 

place. After, the absorbency was read at 725 nm (Thermo Scientific Multiskan GO UV/Vis microplate 

spectrophotometer). This procedure was always performed in triplicate. 

A calibration curve was made for each batch of assays, with several dilutions of a solution of 

gallic acid with known concentration. The results are expressed with Gallic Acid Equivalents (GAE). 

3.3.11 Quantification of the enzymes activity 

The determination of commercial enzymes activity (Celluclast 1.5L and Novozyme 188) used in 

evaluating of the enzymatic digestibility of treated materials (section 3.2.4), is essential to determine the 

required volume to use in each enzyme, in order to respect the standardization required in the protocol. 

Therefore, the present enzymatic activities, total cellulase activity (FPase), endoglucanase and β-

glucosidase activity were quantified according to the protocol NREL (Adney et al., 2008), the protocol 

described in (Ghose, 1987) and the procedure described in (Berghem & Pettersson, 1973), respectively. 

One international unit of FPase activity (FPU), endoglucanase and β-glucosidase (IU) liberates 1 µmol 

of glucose or PNP (p-nitrophenol) per minute, under the assay conditions (Adney & Baker, 2008; Ghose, 

1987). 
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The activities determination was performed in test tubes, and the enzymes were added under 

different dilutions in citrate buffer 0.05 M at pH 4.8 (to be performed at least two dilutions of each 

enzyme) adding the respective substrate (see Table 3-3). Thereafter, the test tubes are closed and 

placed in Comecta incubator at 50ºC (for incubation time, see Table 3-3). After the reaction, the samples 

are placed in a boiling water bath (Memmert) for 5 min to inactivate the enzymes. The glucose 

concentration released is measured by the DNS method (for calculations see Erro! A origem da 

referência não foi encontrada. B) using the spectrophotometer JASCO. The release of PNP is also 

measured in the same spectrophotometer at 400 nm. 

Simultaneously, were made the blanks of the substrate (without enzymes) and enzymes blanks 

(without substrate). This last being required only when glucose is present in the enzymes studied and / 

or when lower dilutions are used (Ghose, 1987). 

The following table indicate the volume of enzyme added, the substrate solution used, as well 

as its volumes and incubation time. 

 

Table 3-3 Preparation of enzyme assays to determine the enzymatic activities of FPase, cellobiase and 
endoglucanase. 

Enzymes 
Venzymes 

(mL) 

Substrate Vsubstrate 

(mL) 

Incubation time 

(min) 

FPase 0.5a 
50 mg Whatman nº1 Filter Paper in 1 mL 

of buffer 
- 60 

Endoglucanase 0.2b 
Carboxymethylcellulose 

(2%) 
1,8 10 

-glucosidase 

(cellobiase) 
1a 

PNPG 

(5mM) 
1 10 

a Dilutions must be made to obtain about 2 mg of glucose 

b Dilutions must be made to obtain about 0.5 mg of glucose 

 

The activities determined were 53.7 U/mL and 690.8 U/mL for Celluclast 1.5L and Novozyme 

188, respectively. 

In Erro! A origem da referência não foi encontrada. B, are also described the calculations 

for determining the enzymatic activities for this three enzymes. 

3.4 Empirical modelling 

The experimental data were fitted iteratively to empirical polynomial models implemented in 

MSExcel© 2013. The determination of the best operational conditions maximizing cellulose enzymatic 

hydrolyisis was obtained using the Solver function, also built-in in MSExcel© 2013, based on 2nd and 3rd 

order polynomial models, generically showed on equation 1 

y=α0+α1x+α2x2+α3x3,         (1) 

where y is the studied variable, α0, α1, α2, α3 are coefficients of the polynomial and x is the severity factor. 

 The studied variables were the yields of delignification, xylan removal, cellulose enzymatic 

hydrolysis and XOS production. 
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3.5 Investigation strategy 

The investigation strategy developed in this work, for the valorization of corn cob is showed in 

Figure 3-1. From each pretreatment a solid phase (represented in brown) and a liquid phase 

(represented in blue) can be obtained. The solid obtained after autohydrolysis was further subjected to 

delignification processes (dotted black line). 

 

 

  

Figure 3-1 Investigation strategy developed in the present work 
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4 Results and discussion 

4.1 Corn cob characterisation 

In order to get a deeper knowledge about the raw material used in this work, as well as to 

understand its behaviour during the pretreatments, its physical and chemical characterisation was 

performed. These characterisations allow the understanding of the material in future steps as well as its 

comparison with other materials. 

4.1.1 Physical characterisation 

4.1.1.1 Particle size distribution 

A particle size characterisation was carried out after corn cobs grinding (< 6 mm) in order to 

determine the percentage of the fractions, between 0 mm and 3.55 mm (Figure 4-1). 

Fractions with particle size ranging between 1.60 and 2.36 mm correspond to 37.2% of the total 

mass, being the most representative fraction followed by 2.36 to 3.55 mm fraction corresponding to 

27.3%. The fraction corresponding to fine particles (< 0.25 mm) represents only 5.5% of total mass, a 

value in the same order of corn straw (Moniz et al., 2013). The largest particles, between 3.55 and 6 

mm correspond only to 1.3% of total corn cob analysed. 

As no fraction exceeds 50% of the total and the percentage of fine particles is residual, it was 

decided to use all the fractions in the subsequent treatments. 

4.1.1.2 Density 

A measurement of corn cob density was made for corn cob “as it is”, ground corn cob and milled 

corn cob, the results are shown in Table 4-1. 

 

Table 4-1 Corn cob density. 

Material Density (kg/m3) 

Whole corn cobs 103.8 

Ground corn cobs 147.2 

Milled corn cobs (6 mm screen) 341.4 

Figure 4-1 Particle size distribution for corn cob. 
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The density value found for whole corn cobs is significantly lower than the ones reported in the 

literature, 163.9 kg/m3 (Kaliyan & Morey, 2010) and 210 kg/m3 (Dunning et al., 1948). Kaliyan and Morey 

(2010) determined a bulk density of 229.0 kg/m3 for hammer milled corn cobs (6.4 mm screen). The 

differences between the values obtained and the ones reported in the literature can be related with 

differences in moisture content, in the varieties used or even in the method used for determination and 

the pressure applied, although an increase in density was observed when the size of the particles 

decreased. 

The estimation of density is a useful parameter for transportation, handling, storage and 

equipment dimensioning as well as for a better understanding of the behaviour of corn cobs during the 

treatments. It is noteworthy that corncob is mainly transported in bale together with other corn residues 

(corn stover), so for technical-economic assessment these last should be the values considered. 

Another important application that requires the knowledge about corn cob density is briquetting/pelleting, 

an application still used mainly for home heating (Monteiro et al., 2012). 

4.1.2 Chemical characterisation 

The chemical composition of lignocellulosic materials varies with origin, specie and cultivation 

conditions. These variations occur mainly on macromolecular components (cellulose, hemicellulose and 

lignin), in particular in hemicellulose content. Table 4-2 shows the chemical composition of corn cobs 

used in this work (average of 4 measurements). 

 

Table 4-2 Average chemical composition (dry basis) of corn cob. 

Components % 

Cellulose (as glucan) 35.74 

Hemicelluloses 33.34 

   Xylan 25.82 

   Arabinan 3.68 

   Acetyl groups 3.83 

Acid insoluble lignin 14.57 

Protein 3.30 

Ash 1.33 

Extractives 11.19 

   Dichloromethane 1.14 

   Ethanol 3.54 

   Water 6.51 

 

Corn cobs present a polysaccharide content near to 70%. Cellulose and hemicellulose present 

a similar content, although cellulose is slightly higher. The content in cellulose is higher than the ones 

reported by Garrote et al. (2001) and Tada et al. (2004), but lower than the content determined by 

Nabarlatz et al. (2004), Barl et al. (1991) and Moura et al. (2007) for corn cobs. Hemicellulose content, 

is mainly under the values reported in bibliography (Barl et al., 1991; Garrote et al., 2001; Moura et al., 

2007) but similar to those determined by Nabarlatz et al. (2004). The content of lignin is in the range of 
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the values usually reported for this material. Some authors found values above (Garrote et al., 2001; 

Nabarlatz et al., 2004; Tada et al., 2004) and some others values below (Barl et al., 1991; Kaliyan & 

Morey, 2010; Moura et al., 2007). 

The protein content (3.3%) is very similar to the one reported by Moura et al. (2007) and Kaliyan 

and Morey (2010) and the ash content (1.33%) is very similar to the one determined by Barl et al. (1991), 

Nabarlatz et al. (2004) and Kaliyan and Morey (2010). An ash content below 2% indicates that this 

material is also suitable for heating applications. 

Regarding extractives (11.2%) the value is significantly higher than the reported by Nabarlatz et 

al. (2004) and Garrote et al. (2002) for ethanol extractives, but close to Kaliyan and Morey (2010) for 

dichloromethane extractives. 

Comparing with corn straw, corn cobs presented similar global polysaccharide content, with 

lower cellulose but higher hemicellulose. This is a typical feature of corn cobs, as most of the LM usually 

do not present similar cellulose and hemicellulose contents. Regarding lignin, ash and extractives, corn 

cobs have a lower content in lignin and ash but slightly high content in extractives, as compared to corn 

straw (Moniz et al., 2013). 

Previously values reported for corn stover (Kim et al., 2003) indicate that this material has higher 

cellulose content and lower hemicellulose content, mainly to due to lower xylan content than corn cobs. 

The content in lignin is higher as well as ash content. Protein has a similar content in both materials. 

For each fraction of corn cobs obtained after particle size characterisation, a chemical 

characterisation, for polysaccharides and lignin, was also performed (Figure 4-2). 

Figure 4-2 Chemical composition of the different corn cobs fractions (■ 0<Φ<0.25; ■ 0.25<Φ<0.50; ■ 
0.50<Φ<1.00; ■ 1.00<Φ<1.60; ■ 1.60<Φ<2.36; ■ 2.36<Φ<3.55; ■ Φ>3.55). 

The chemical composition obtained is quite similar for all fractions, with differences at most at 

5%. Glucan and xylan contents increased slightly for larger particles, while arabinan, acetyl groups and 

Klason lignin had a different behaviour, with minor decreases. For these reasons none of the fractions 

was discarded, being all used in the following pretreatments. 

The set of results obtained for the chemical characterisation of corn cobs, suggested that this 

material is suitable for an integrated valorisation in the biorefinery framework.  
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4.2 Single step processes towards the delignification of corn cobs 

4.2.1 Organosolv process (operation for 2h at different temperatures) 

Corn cobs were subjected to organosolv treatment with 50% (w/w) ethanol at isothermal 

conditions during 2 hours, for temperatures ranging from 130 to 210ºC. In order to compare the results 

with previous data (Moniz et al., 2015) an extra assay at 30ºC was also carried out. For each treatment, 

both temperature and pressure profiles were collected. These profiles can be useful to check the 

reproducibility of the treatments, and to ensure that the different effects detected after treatment are due 

to the operational conditions used and not to abnormal variation of temperature and pressure during 

treatment, so the results obtained can be compared. 

Figure 4-3 shows temperature and pressure profiles for organosolv treatment of corn cobs in 

the temperature range mentioned before. Temperature profiles are quite similar to each other. After an 

initial lag phase, there is a linear increase in the temperatures, very similar to all assays. The main 

differences are related to the initial temperatures, i.e., room temperature that can differ day by day. 

Pressure profiles display an exponential increase, reaching almost 500 psi at the most severe treatment, 

with an equal tendency between all. Some minor deviations can be due to experimental errors in the 

pressure measurement. 

Figure 4-3 Temperature (●) and pressure (▲) profiles for the heating phase of organosolv processes at 140°C 

(●,▲), 150°C (●,▲), 160°C (●,▲), 170°C (●,▲), 180°C (●,▲), 190°C (●,▲), 200°C (●,▲) and 210°C (●,▲). Data 

not shown for isothermal phase. 

Figure 4-4 toFigure 4-6 show the yields of arabinoxylan (xylan+arabinan, from now on just called 

xylan), glucan and lignin in the solid phase, and of oligosaccharides (xylo-oligosaccharides (including 

arabinoxylo-oligosaccharides), XOS and gluco-oligosaccharides, GlcOS), monosaccharides (xylose, 

arabinose and glucose) and furan derivatives (5-hydroxymethylfurfural (HMF) and furfural) obtained in 

the liquid fraction, as a function of the temperature of organosolv process. The values for GlcOS and 

XOS were calculated by difference between the monosaccharides concentration in post hydrolysis and 

in the liquors obtained directly from the treatment. For the GlcOS, glucose concentrations were used, 

while xylose and arabinose concentrations were used for XOS calculations. 

As expected, organosolv mainly affected the lignin fraction (Figure 4-4). After a first stage, 

characterised by a fast decrease in lignin recovery (up to 190ºC), there was a second one where a 
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slightly increase in lignin recover seems to occur. At 130ºC, for example, only 10% of initial lignin is 

removed from the material, while at 190ºC almost 80% of lignin is removed from the solid fraction. This 

corresponds to the maximum lignin removal obtained under these conditions. Above 190ºC, the increase 

in lignin content may be due to lignin recondensation (or repolymerisation) reactions leading to the 

formation of “pseudo-lignin”, an acid-insoluble polymer formed by condensation reactions between lignin 

and sugar-derived products that occurs at higher treatment severities (Parajó et al., 1995; Ramos, 2003; 

Sannigrahi & Ragauskas, 2013; Sun et al., 2014).  

For corn stover, Lee et al. (1987) reported a delignification of 86.1% when using ethanol 70% 

for 1h at 160ºC after previous prehydrolysis with sulphuric acid. However the yield could be even 

increased to 93.9% when n-butanol was used as solvent under the same operational conditions, which 

are harsher (use of sulphuric acid) than the ones used in the present study. 

In general, ethanol-based organosolv treatments present delignification yields under 75% for 

different lignocellulosic materials (Brosse et al., 2010; Hallac et al., 2010; Wildschut et al., 2013), and 

so the results shown for corn cobs delignification are very promising. 

Figure 4-4 Recovery of lignin (solid phase) after organosolv of corn cobs, as mass yield in relation to initial lignin. 

Besides lignin, the hemicellulosic fraction is also affected by the organosolv pretreatment 

(Figure 4-5). After a first phase, in the temperature range between 130 and 160ºC, where a minor 

decrease is observed, there was a sharp recovery to reach only 5% for the highest temperature. The 

hydrolysis of xylan was followed by an increased recovery of XOS to reach a maximum recovery,  

41 g/100 g initial xylan, at 190ºC. For more severe conditions (200 and 210ºC) a decrease as noted, 

which was also followed by a rapid increase of furfural yield to reach at the maximum 11%. 

Figure 4-5 Recovery of xylan in solid phase and of xylo-oligosaccharides, monomeric pentoses 
(xylose+arabinose) and furfural in liquid phase after organosolv treatment of corn cobs, as mass yield in relation 

to initial xylan. (●, xylan; ●, XOS; ●, pentoses; ●, furfural). 
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The recovery of monomeric pentoses (arabinose and xylose) in the liquid phase was low, 

increasing slowly to reach 3.4% a maximum at 200ºC. For the most severe condition (210ºC) a marked 

decrease was noticed. This decrease is due to degradation reactions at higher temperatures. Similar 

values for XOS and xylose recovery from the liquid phase were reported for sugar cane bagasse (Zhang 

& Wu, 2014). 

The fact that the closure of the mass balance in the hemicellulosic fraction decreased with 

pretreatment severity suggested that a substantial part of the hemicellulose sugars reacted further to 

nondetected products and condensation products of lignin with reactive aldehydes like furfural. Thus, 

part of the hemicellulose derivatives may had ended in the “lignin” precipitate obtained from the 

organosolv liquor, in an acid-insoluble form, which could also explain the decrease in the delignification 

rate for higher final temperatures. The same is applicable for proteins present in the raw material, 

because proteins are known to bind to lignin, although it should be also noted that the protein content 

determined for corn cobs was low. These observations for hemicellulose mass balance and decrease 

in delignification yield were also verified by Huijgen et al. (2010). 

In contrast with lignin and hemicelluloses, glucan essentially remained in the solid phase (Figure 

4-6), being the maximum solubilisation around 10%. Under these conditions, some production of GlcOS 

to the liquid phase occurred, a maximum yield of 3.72 g/100 g initial glucan, for the temperature of 

180ºC. For the severest condition this value decreased to 1.65%. In agreement with the low glucan 

solubilisation, the yield of glucose, was also low for all temperatures (as expected), never overtaking  

1 g/100 g initial glucan. Minor degradation reactions occurred with the formation of HMF reaching  

1.62 g/100 g initial glucan at 210ºC. This profile of glucan recovery is typical of organosolv processes 

as demonstrated for willow wood and wheat straw with three different organic solvents (Huijgen et al., 

2011).  

Figure 4-6 Recovery of glucan in solid phase and gluco-oligosaccharides, glucose and HMF in liquid phase after 
organosolv treatment of corn cobs. Results are expressed as mass yield in relation to initial glucan. (●, glucan; ●, 

GlcOS; ●, glucose; ●, HMF). 

In general, the water/ethanol organosolv treatments used were very effective for the lignin 

removal as well as for the hemicelluloses hydrolysis, producing both lignin and XOS-rich extracts at the 

same optimal temperature (190ºC), without any relevant glucan degradation. These results point 

organosolv as a possible viable method for the fractionation of corn cobs. 
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4.2.1.1 Composition of the liquid phase 

The composition of the liquors and the corresponding pH obtained after organosolv treatments 

is shown in Table 4-3. 

 

Table 4-3 Composition (g/L) and pH of the liquors obtained from organosolv treatments of corn cobs at several 
final temperatures (2 h reaction time). 

 Temperature (ºC) 

 130 140 150 160 170 180 190 200 210 

pH 5.46 5.12 5.14 5.13 4.68 4.7 4.52 4.24 4.22 

XOS 0.56 1.54 3.25 3.56 15.52 16.16 16.23 5.67 1.79 

AcOS n.d. 0.12 n.d. 0.10 0.80 0.75 n.d. n.d. n.d. 

GlcOS 0.60 0.84 0.99 0.76 1.19 1.80 1.45 1.14 0.78 

Glucose 0.28 0.60 0.49 0.27 0.21 0.07 0.13 0.22 0.11 

Xylose 0.22 0.57 0.55 0.41 0.51 0.42 1.08 1.04 0.32 

Arabinose 0.08 0.26 0.47 0.45 0.64 0.48 0.19 0.46 0.06 

Acetic acid 0.38 0.62 0.92 1.26 1.89 2.32 3.38 4.38 5.02 

Formic acid n.d. n.d. n.d. n.d. 0.12 0.20 0.60 1.00 1.32 

HMF 0.02 0.02 0.02 0.03 0.08 0.06 0.16 0.34 0.60 

Furfural n.d. 0.05 0.03 0.03 0.34 0.23 1.45 3.01 3.10 

Total phenolic 0.97 4.85 2.05 2.04 3.35 3.48 5.72 8.00 14.53 

XOS – xylose oligosaccharides substituted with arabinose; GlcOS – gluco-oligosaccharides; AcOS – acetyl groups 

linked to xylo-oligosaccharides; n.d. – not detected 

 

The concentration of XOS reached the highest value of 16.23 g/L at 190ºC. The concentration 

of the acetyl groups linked to oligosaccharides (AcOS) is low, reaching a maximum of 0.80 g/L at 170ºC. 

In fact, the acetic acid is mainly produced in the monomeric form and its concentration increased with 

the increase of temperature. 

In agreement with the hydrolysis of xylan (Figure 4-5) XOS production showed a first phase 

where there is only a slight increase (130-160ºC) followed by a second phase where approximately a 

plateau is reached, and a third phase from 200ºC on where a sharp decrease was obtained, attaining a 

residual value of 1.13 g/L for the severest condition. 

Gluco-oligosaccharide formation was reduced, always under 2 g/L, with the highest 

concentration obtained at 180ºC, this result is in agreement with the residual degradation of glucan 

discussed earlier. 

In contrast to XOS, sugar monomers always attained low concentrations, and the total sugar 

monomers never surpassed 1.51 g/L, leading to the conclusion that sugars in the monomeric form are 

poorly produced during these organosolv treatments. 

The degradation of oligosaccharides for higher temperatures was followed by the increase of 

the concentration of furan derivatives (HMF and furfural). The concentration of HMF is relatively low due 

to the low amount of glucose and GlcOS in the media, although furfural concentration can reach much 

higher values (up to 5 folder higher than HMF).These trends are in agreement with the ones reported 
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for organosolv pretreatment of sugar cane bagasse, although the present ones are in major 

concentrations (Zhang & Wu, 2014). 

Regarding to other degradation products such as formic acid, it was detected for temperatures 

higher than 160ºC and its concentration was increasing with the temperature. Its formation occurs due 

to the degradation of furfural and HMF, which is typical of more severe treatments (Li et al., 2012). 

The amount of total phenolic also increased with the severity of the treatment which may be 

related to the increase of lignin solubilisation. Although the highest delignification yield was obtained for 

190ºC (Figure 4-4), the highest concentration of phenolics was attained for the highest temperature 

tested (210ºC). These was probability found because the methods used to quantify phenolic compounds 

mainly detected low molecular weight phenolic, which concentration should increase for more severe 

conditions. 

The pH of the liquors for the mildest condition was about 5.5 and decreased with the severity of 

the treatment until 4.22 at 210ºC. This decrease of pH mainly occurred due to the hydrolysis of the 

hemicellulosic acetyl groups which was higher in more severe conditions. As a consequence, the acetic 

acid concentration increased as mentioned before. The increase of acetic acid for higher pretreatments 

temperature was also verified for acetone-based organosolv when wheat straw was fractionated 

(Huijgen et al., 2010). 

The optimum temperature for delignification is the same as for XOS production, which is very 

remarkable. Under these condition, the sugars are recovered mainly in the oligomeric form. The 

degradation products are only present in low concentrations, 0.16 g/L for HMF, 1.45 g/L for furfural and 

0.60 g/L for formic acid. 

4.2.1.2 Composition of the solid phase 

The solids obtained after organosolv treatment were chemically characterised in order to assess 

their composition, compare the chemical changes due to the treatments and to evaluate the potential 

for upgrading. The results obtained are shown in Figure 4-7, together with the solid yield (SY). 

For the less severe conditions of organosolv, the solid solubilisation was very low and the solid 

yield just goes under 90% for temperatures higher than 140ºC. However, for temperatures above 160°C 

the solid yield decreased sharply to reach about 42.2% for the severest operation condition assayed 

and the composition of the remaining material changed significantly. This mass decrease can be mainly 

correlated to the solubilisation of hemicelluloses and lignin. 

As mentioned before glucan was almost not affected by the treatment and therefore its content 

in the solid residue increased with severity. For the highest temperature, a minor decrease in glucan 

content occurred which can be due to slight solubilisation of this component to the liquid phase. 

The amount of xylan solubilised increased with the temperature, reaching a content of 3.70% 

for the severest treatment. Together with xylan, acetyl groups follow a similar path. 

Lignin, being the target component of organosolv treatments, showed a decrease in its content 

from 14.57% to 6.12%. It is worth to note that the reaction temperature had a marked effect on lignin 

solubilisation, since after delignification under mild conditions (30ºC) almost no lignin removal occurred 

until 130ºC (lignin content was only reduced from 14.57% to 13.40%). However, for higher temperatures 
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(> 200ºC) some lignin condensation together with sugar and/or sugar degradation products may occur 

giving insoluble reaction products and so its content increases in the solid phase (Ramos, 2003). 

Ash content was also quantified, though as this material had a low ash content, its value in the 

processed solids was only residual, 0.54% at the maximum. Other authors state that ash content on the 

pretreated solid increased with pretreatment severity and is directly correlated to the pulp yield (Huijgen 

et al., 2010), which is not verified in the present study. 

Under the operational conditions tested the optimal temperature for organosolv treatment during 

2 h, can be pointed as 190ºC, resulting a cellulose enriched solid (approximately 70 g/100 g processed 

solid), with less than 20% of hemicellulose and low lignin content (6 g/100 g processed solid). 

4.2.2 Organosolv process (operation at 190ºC for different reaction times) 

In order to find, at 190ºC, the duration of the reaction that yield the highest delignification, corn 

cobs were subjected to organosolv treatment with 50% (w/w) ethanol as described before although in 

this case for the operation temperature of 190ºC the duration of the treatments ranged from 0 h to 4 h. 

The assay with the duration of 2 h was the same performed earlier (section 4.2.1). For each treatment, 

temperature and pressure profiles were collected. As referred before, these profiles can be useful to 

evaluate the reproducibility of the treatments. 

Figure 4-8 shows temperature and pressure profiles for organosolv treatments of corn cobs in 

the time range (duration of the treatment at final temperature) mentioned before. Temperature profiles 

are quite similar between each other, showing an initial lag phase, followed by a linear increase 

tendency, in general, equal for all. A short plateau can be identified near 100ºC, indicating that the 

temperature of the system only raised when all the liquid phase passed for gas phase. Some variation 

was verified in initial temperature, i.e., room temperature that can differ assay to assay. Pressure profiles 

display an exponential increase, reaching around 350 psi for all treatments, with an equal tendency 

between all, the minor deviations can be due to experimental errors in the pressure measurement. As 
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Figure 4-7 Effect of final temperatures on the solid yield (SY) and polymeric composition of processed solids 
obtained after organosolv treatment of corn cob. (■, glucan; ■, xylan; ■, arabinan; ■, acetyl groups; ■, lignin; ■, 

ash; ■, others (by difference); ▬, SY). 
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expected, the heating phase represented for all five assays is very similar between each other, as the 

operating conditions are the same. 

 

The behaviour of the three main macromolecular compounds, cellulose, hemicellulose and acid 

insoluble lignin and its derived compounds, in the solid and in the liquid phase are shown in Figure 4-9 

toFigure 4-11. 

Being the organosolv process a delignification method, the study of the lignin profile is one of 

the most interesting points in discussion (Figure 4-9). For the treatment without isothermal phase (0 h) 

the lignin remaining in the solid is 65% of the one existing in corn cob, thus the heating phase until 190ºC 

contribute to a 35% delignification of the material. The treatment with an isothermal phase of 2 h seemed 

to be the most effective one, reaching a delignification of 79%. When the assays were performed with 

an isothermal phase of 3 or 4 h, the delignification yield seemed to stabilise and even slightly decrease, 

resulting, for example, a solid with 30 g lignin/100 g initial lignin for longest assay performed. This 

evidence was also observed and discussed on section 4.2.1 for organosolv processes at different final 

temperatures, for the severest assays, and can be due to lignin condensations. A process carried out in 

the same conditions obtained 48.8% delignification yield for wheat straw (Wildschut et al., 2013), 

although with addiction of H2SO4 followed by 60:40 ethanol:water mixture, a delignification of 86% can 

be achieved for the same material (Linden et al., 2012). 

Figure 4-9 Recovery of lignin (solid phase) after organosolv of corn cobs, as mass yield in relation to initial lignin 
as a function of the duration of isothermal phase. Line only show trend. 
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The effects of organosolv treatment on the hemicellulosic fraction are shown on Figure 4-10. 

The profile shows the effect of this treatment on xylan solubilisation, on the production of XOS, 

monomeric pentoses and furfural. The hydrolysis of xylan was very low, less than 10 g/100 g of initial 

xylan, for the first assay (0 h) but increased along with the time the material stayed at 190ºC until the 

solid reaches a final composition of 11.3 g/100 g of initial component, corresponding to almost 90% of 

solubilisation. 

Figure 4-10 Recovery of xylan in solid phase and of xylo-oligosaccharides, monomeric pentoses (arabinose + 
xylose) and furfural in liquid phase after organosolv treatment of corn cobs, as mass yield in relation to initial xylan 

as a function of the duration of isothermal phase. (●, xylan; ●, XOS; ●, pentoses; ●, furfural). 

The formation of XOS increased from 7.4 (0 h) until reaching 41.2 g/100 g initial xylan at 2 h. 

For treatments with longer isothermal phase, the concentration of this compound decreased to 9.9%. 

The amount of monomeric pentoses was almost similar for all conditions assayed and reached 

the highest value at 3 h, corresponding to 4.87 g pentoses/100 g initial component. This corresponded 

to a condition where a large part (83%) of xylan was already hydrolysed and XOS already started to 

decrease. The subsequent decrease of xylose and arabinose is due to their degradation. For the last 

reason, together with the degradation of XOS, the concentration of furfural increased, achieving 11.2 

g/100 g. 

As seen on section 4.2.1, glucan was almost not affected by organosolv treatments (Figure 

4-11), remaining mainly on the solid phase. Even so, some solubilisation may occur, giving rise to the 

formation of GlcOS (with a maximum of 3 g/100 g initial glucan). The amount of glucose released for 

the liquid phase was quite similar amongst all the assays, staying always under 1%. HMF, resulting from 

degradation reactions, never overtook 1.5 g/100 g (although presenting an increasing profile). 

Figure 4-11 Recovery of glucan in solid phase and gluco-oligosaccharides, glucose and HMF in liquid phase after 
organosolv treatment of corn cobs. Results are expressed as mass yield in relation to initial glucan as a function 

of the duration of isothermal phase. (●, glucan; ●, GlcOS; ●, glucose; ●, HMF). 
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In conclusion, the assay with the 2 h isothermal phase showed the best delignification yield 

(79%), together with the highest value of XOS formation (41.2 g/100 g initial hemicellulosic fraction). An 

almost complete solubilisation of hemicelluloses is achieved (89%) together with virtually no 

solubilisation of glucan, which are very interesting features. These conclusions point strongly this assay 

as the optimum condition, between the ones tested, for the fractionation of corn cobs. 

These results are quite interesting, since it is not common that the same operational conditions 

can achieve so high delignification yields together with elevated production of XOS, both maxima for 

these conditions, and no glucan solubilisation (Huijgen et al., 2010; Zhang & Wu, 2014). 

4.2.2.1 Composition of the liquid phase 

The composition of the liquors and corresponding pH obtained after organosolv treatments is 

shown in Table 4-4. 

The concentration of oligosaccharides in the liquid phase reached a maximum at the 2 h 

treatment, presenting a value of 16.23 g/L for XOS and 1.45 g/L for GlcOS. AcOS were not detected in 

none of the assays. The profile of oligosaccharides concentration was quite similar for the two 

components, presenting a growing phase from the 0 h treatment that culminates in the 2 h peak, followed 

by a decreasing phase for the longest treatments. For example, at the 4 h treatment XOS and GlcOS 

presented concentration of 3.85 and 1.14 g/L respectively.  

Regarding sugar monomers, glucose concentration is low, never overtaking 0.25 g/L, and quite 

stable during the different assays. For xylose was observed a profile with an increasing concentration 

until 1.76 g/L (3 h) and a decline after that. Arabinose presented a profile with some variations, but 

concordantly low (maximum 0.50 g/L).  

 

Table 4-4 Composition (g/L) and pH of the liquors obtained from organosolv treatments of corn cobs at 190ºC for 
different durations of isothermal phase. 

 Time (h) 

 0 1 2 3 4 

pH 5.07 4.76 4.52 4.31 4.07 

XOS 3.05 13.67 16.23 8.84 3.85 

AcOS n.d. n.d. n.d. n.d. n.d. 

GlcOS 0.86 0.88 1.45 1.23 1.14 

Glucose 0.36 0.08 0.13 0.24 0.24 

Xylose 0.56 0.79 1.08 1.76 1.30 

Arabinose 0.30 0.45 0.19 0.41 0.21 

Acetic acid 1.02 2.50 3.38 4.41 4.77 

Formic acid n.d. 0.24 0.60 0.77 0.81 

HMF n.d. 0.11 0.16 0.36 0.56 

Furfural n.d. 0.76 1.45 2.76 3.19 

Total phenolic n.d. 7.33 5.72 11.76 10.58 

XOS – xylose oligosaccharides substituted with arabinose; AcOS – acetyl groups linked to xylo-oligosaccharides; GlcOS 

– gluco-oligosaccharides; n.d. – not detected. 
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In general, both oligosaccharides and sugar monomers showed a decrease in concentration for 

the longest treatments, which can be explained by the degradation reactions that occurred in the media 

and led to the formation of degradation products as HMF, furfural and formic acid (Li et al., 2012). The 

increase in these components concentration was verified from the mildest condition to the severest one, 

reaching 0.56 g/L of HMF, 3.19 g/L of furfural and 0.81 g/L of formic acid. The concentration of HMF 

was relatively low due to the low amount of glucose and GlcOS in the media, comparing to xylose and 

XOS. 

The profile of total phenolic was not completely clear, although an upward trend could be 

verified. 

The decrease of pH of liquors was correlated with the hydrolysis of the hemicelluloses acetyl 

groups which was higher for longer treatments leading to a decrease in the pH value. For example, at 

the 0 h assay, the liquor presented a pH of 5.07 that decreased to 4.07 (4 h), corresponding to 4.77 g/L 

of acetic acid. The decrease in pH for longer treatments was also observed for ethanol-based 

organosolv of wheat straw (Wildschut et al., 2013). 

The optimum duration of the isothermal phase for organosolv treatments seems to be 2 h. In 

this assay the production of XOS reached a maximum for a pH of 4.52. The cellulosic fraction remained 

mainly quantitatively unchanged. The degradation products were present but in low concentration, 0.16 

g/L for HMF, 1.45 g/L for furfural and 0.60 g/L for formic acid. 

4.2.2.2 Composition of the solid phase 

In order to assess their composition, the solids obtained after organosolv were chemically 

characterised. The results are shown in Figure 4-12, together with the solid yield. 

For the treatment with no isothermal phase the SY is 88% but it decreased sharply to 45%  

(3 h). After that it seemed to stabilise, thus no more significantly solid solubilisation occurred. At the end 

of the 4 h assay the solid is almost constituted by glucan (over 77 g/100 g processed solid) which was 

higher than the majority previously reported for fractionation of lignocellulosic materials (Hallac et al., 

2010; Moniz et al., 2014). 

The hemicellulosic fraction, accounted for 35% of the total composition for the first assay 

represented. After, decreased with the duration, showing total solubilisation of arabinan, almost total 

solubilisation of acetyl groups and major solubilisation of xylan (7.42 g/100 g processed solid). In the 

other hand, and as referred before, glucan fraction in the solid tended to increase. 

Lignin showed a two-phase profile: at first, its content decreased reaching the minimum of 6.1 

g (2 h) comparing with 10.9 g (0 h); in the second phase the content of this compound increased until 

9.8. This increase was already referred as caused by condensation reactions of lignin and lignin together 

with sugar derivatives. The minor percentage of solubilised xylan (3 h to 4 h) observed was quite similar 

to the percentage increased in lignin content. 

Ash content quantified was very low for all the solids analysed, never overtaking 0.5 g/100 g 

processed solid, concordant with solid analysis in section 4.2.1.2. 

The optimal duration of the isothermal phase of organosolv treatment at 190ºC was determined 

as 2 h. The resulting solid content presented over 70% glucan, 19% xylan and just 6% lignin (almost 

80% delignification yield) together with very low ash.  
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In conclusion, organosolv process optimised for an assay at 190ºC for 2 h, seemed to be a 

promising one-step process for the fractionation of corn cobs, resulting a liquid phase rich in lignin, XOS 

and a solid phase rich in cellulose, suitable for enzymatic hydrolysis and fermentation. The fractionation 

in a single step has several advantages over two or more step processes, mainly due to the economy 

of the process (in energy, reagents, residence time and equipment). 

Figure 4-12 Effect of the duration of isothermal phase on the solid yield (SY) and polymeric composition of 
processed solids obtained after organosolv treatment of corn cob. (■, glucan; ■, xylan; ■, arabinan; ■, acetyl 

groups; ■, lignin; ■, ash; ■, others (by difference); ▬, SY). 

4.2.2.3 Modelling 

The results from organosolv processes were used to derive a mathematical model to predict 

delignification, xylan removal and XOS production based on operational conditions (time and 

temperature), here lumped as the severity factor (Log Ro). The severity factor is an empirical parameter 

that combines the effect of relevant operational variables, i.e. temperature and time and, although 

subject to some limitations, this parameter enables an easier comparison among different tested 

conditions, including those from laboratory and pilot/demonstration scale (Overend et al., 1987) (for 

calculations see Erro! A origem da referência não foi encontrada. C). 

The empirical model used for delignification and XOS production a quadratic model, whereas 

for xylan removal a cubic model was used. Table 4-5 summarizes the results obtained. 

 

Table 4-5 Polynomial models for delignification yield, xylan removal and XOS production as function of Log Ro (x), 

and the respective coefficient of determination (R2), for organosolv treatments of corn cobs. 

 Parameters 

 x3 x2 x Intercept R2 

Delignification - -32.92 231.32 -386.29 0.9606 

Xylan Removal 1.62 -46.35 324.42 -570.62 0.9662 

XOS Production 0 -23.02 170.61 -292.31 0.9262 

 

The fitting and correlation between experimental data and severity is statistically significant, 

presenting always R2 values above 0.92. As such, these models seem to adequately represent the 

organosolv profile and can hence be used for interpolation and the further optimization of operational 

conditions, if required, namely to find the optimal trade-off between XOS production and lignin and xylan 

removal. 
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4.2.3 Alkaline process 

In order to compare the organosolv process with alkaline delignification, a more conventional 

process, several treatments using NaOH were also performed. Two parameters were studied, i.e., the 

concentration of NaOH (1%, 1.5% and 2% (w/v)) and duration of the treatment (30 min, 60 min and 120 

minutes) after reaching the established temperature (120ºC). A total of 9 assays were carried out. For 

each assay temperature and pressure profiles were registered (Figure 4-13). In contrast of organosolv 

treatments, which were carried out using reactors with digital information of temperature and pressure, 

the low resolution of manometers (used in this case) made very difficult an accurate measure of these 

parameters. Temperature profiles exhibited a linear tendency, whereas pressure profile has an initial 

lag phase followed by an exponential increase. For temperature, the manometers scale starts at 50ºC. 

Figure 4-13 Temperature (●) and pressure (▲) profiles for the alkaline treatment of corn cobs using NaOH 1% 
0.5h (●,▲), NaOH 1% 1h (●,▲), NaOH 1% 2h (●,▲), NaOH 1.5% 0.5h (●,▲), NaOH 1.5% 1h (●,▲) and NaOH 

1.5% 2h (●,▲). The profiles for assays with NaOH 2% are the same as for NaOH 1.5%. 

Regarding the duration of the treatments a similar trend was observed for the three 

concentrations of NaOH tested. The delignification tended to increase from 0.5 to 1 h and decrease for 

2 h treatments, achieving approximately the same value as for 0.5 h (for NaOH 1% the value decreased 

further). In fact, time seemed not to have a major influence on delignification. Similar conclusion was 

found by Moniz et al. (2015) for organosolv delignification of hydrothermal pretreated rice straw. 

Figure 4-14 shows the delignification yield obtained for pair of operational condition. 

The concentration of NaOH played an important role in the delignification removal and at 2% 

the delignification yield was above 90% for all the reaction times tested. In contrast, for 1% NaOH the 

delignification yield was above 50% for the three assays performed. These results do not concord with 

those observed for corn stover, where increasing of NaOH concentration from 1% to 2% did not 

significantly improve delignification (He et al., 2010). However, most of data reported in the literature 

only achieved these delignification yields for higher NaOH concentration (up to 20%), which represented 

much harsh conditions (Ekwe, 2012; Pihlajaniemi et al., 2015). 

Regarding the duration of the treatments a similar trend was observed for the three 

concentrations of NaOH tested. The delignification tended to increase from 0.5 to 1 h and decrease for 

2 h treatments, achieving approximately the same value as for 0.5 h (for NaOH 1% the value decreased 
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further). In fact, time seemed not to have a major influence on delignification. Similar conclusion was 

found by Moniz et al. (2015) for organosolv delignification of hydrothermal pretreated rice straw. 

Figure 4-14 Delignification yield (g/100 g initial lignin) obtained after NaOH treatments at different operational 
conditions  

The maximum delignification yield (94.4%) was obtained for the treatment with 2% NaOH for  

1 h. However, with milder conditions (1.5% NaOH and 0.5 h) an important delignification yield (88.2%) 

was also obtained. Comparing with the previous organosolv assays performed in this work (sections 

4.2.1 and 4.2.2), alkaline treatment, using significantly lower temperature (120ºC vs 190ºC), displayed 

better delignification results. These results favourably compare with the literature. For example, for rice 

husks, delignification assays performed with 12% (w/v) of sodium hydroxide at a solid:liquid ratio of 1:15 

yield a delignification of 80.47% (Ekwe, 2012). 

For switchgrass, a delignification yield of 73.6% was obtained using 3% NaOH with a residence 

time of 1.5 h at 121ºC. In that case, no significant improve in delignification yield was obtained for higher 

NaOH concentrations, i.e., from 2% to 3% (Xu et al., 2011). 

4.2.3.1 Composition of the liquid phase 

The composition of the liquid phase and pH resulting from alkaline treatments under the different 

conditions are presented in Table 4-6. 
 

Table 4-6 Composition (g/L) and pH of the liquors obtained from alkaline treatment of corn cobs at different 
operational conditionsa. 

Time (h) 0.5  1  2 

NaOH (%, w/v) 1 1.5 2  1 1.5 2  1 1.5 2 

pH 10.00 12.02 13.37  9.74 11.11 13.15  9.58 11.17 12.97 

Glucose 0.19 0.31 n.d.  n.d. 0.27 0.19  n.d. 0.17 0.23 

Xylose 0.17 0.17 0.04  n.d. n.d. n.d.  0.08 0.18 0.18 

Arabinose 0.73 0.08 0.04  n.d. 0.07 0.24  0.03 1.58 0.39 

Acetic acid 5.83 6.31 6.35  6.15 6.17 6.21  5.42 5.99 6.54 

Formic acid 0.31 1.07 1.27  0.05 1.05 1.59  0.10 1.16 1.91 

HMF n.d. n.d. n.d.  n.d. n.d. n.d.  n.d. n.d. n.d. 

Furfural n.d. n.d. n.d.  n.d. n.d. n.d.  n.d. n.d. n.d. 

Glycerol 1.50 2.22 2.03  1.62 2.03 2.11  1.72 2.04 2.40 

Lactic acid n.d. 0.85 1.22  n.d. 0.76 1.37  0.38 0.90 0.71 

a the concentration of oligomeric sugars, if present in the liquors, was not determined. n.d. not detected 
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An increase in the sodium hydroxide concentration resulted in an increase of pH, as expected. 

However some decrease was noted, for the same conditions, with the increase of reaction time. This 

may occur due to an increase in the global concentration of the acids produced. In general, the 

concentrations of acetic acid, formic acid and lactic acid are higher for longer reaction times.  

The release of monomeric sugars (glucose, xylose and arabinose) was residual, always under  

1 g/L which may indicate that this process can remove lignin from the lignocellulosic matrix without 

removing significantly cellulose and hemicelluloses. For assays with an increased load of NaOH the 

sugars content in liquid phase tended to decrease probably due to increase of degradation reactions, 

namely those that led to the formation of formic acid. This compound is referred as one of the most 

common by-products of alkaline treatments (Kishida et al., 2006; Sjostrom, 1991; Walton et al., 2010). 

Acetic acid concentrations were quite similar for all assays (ranging between 5.83-6.54 g/L), 

although some increase was noticed when NaOH concentration increased from 1% to 2%. These 

concentrations indicate that it is quite probable that all the acetyl groups were completely released in 

free form to the medium. Torre et al. (2008) reported that acetic acid concentration during alkaline 

treatment of corn cobs not significantly changed with NaOH concentration. Acetyl groups are liberated 

from the hemicellulose in the form of acetate when the pH is above the pKa of acetic acid (4.8). At lower 

pH, the acetyl groups lead to the formation of acetic acid (Walton et al., 2010). 

Contrary to organosolv, alkaline liquors also contained some glycerol and lactic acid. These 

compounds are described as degradation products from alkaline treatment of biomass (Alén, 2000; 

Kishida et al., 2006; Sjostrom, 1991; Torre et al., 2008). No HMF or furfural was detected in the liquors, 

which is in agreement with previous studies using alkali. 

4.2.3.2 Composition of the solid phase 

In order to understand some chemical modifications that occurred during the alkaline 

treatments, the processed solids obtained were chemically characterised and the solid yield was also 

evaluated. The results for all assays can be observed in Figure 4-15. 

Solid solubilisation seemed to be more dependent on the concentration of NaOH than on the 

time. For 1% NaOH assays, solid yield had a value of approximately 75% that decreased to around 65% 

when 2% NaOH was used. Sharma et al. (2013) also found that at 121ºC, the solid recovery decreased 

(76.1-48.8%) with the increase of treatment severity. The same was described when KOH was used as 

delignification agent (Sharma et al., 2013). This mass decrease can be mainly due to lignin 

solubilisation. 

Glucan was virtually not affected by alkaline treatments (its recovery in the solid phase is in the 

range of 90-100%) and its content showed only small variations between the assays. Hemicellulosic 

content also showed small variations. In fact, hemicellulose was mainly retained in the solid phase and 

the recovery yield of xylan was always above 80%. Similar recoveries were obtained for the alkaline 

pretreatments, using NaOH, of corn stover (Chen et al., 2013). 
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Acetyl groups were not detected in none of the solids resulting from the treatments and so it can 

be concluded that they were completely released to the liquid phase (section 4.2.3.1). In fact, the acetyl 

groups mass balance was, in some cases, higher than 100%, which can be explained by the formation 

of acetic acid from lactic acid (Kishida et al., 2006). 

Lignin showed an increasing solubilisation trend for higher NaOH concentrations. At the same 

reaction time its content decreased when NaOH concentration was increased. However, when 

comparing 1 h assays with 2 h assays, some lignin condensation seemed to occur. 

The solid with lowest lignin content was obtained after corn cobs alkaline treatment with 2% 

NaOH, at 120ºC for 1 h and its composition was as follows: 51.7% glucan, 34.5% xylan, 2.8% xylan and 

1.3% Klason lignin. Comparing this solid fraction with the one obtained at the optimal organosolv 

condition, the present one is poorer in glucan and lignin but richer in xylan. 

Alkaline treatment proved to be an effective process to remove lignin from corn cobs, while 

cellulose and hemicellulose were mainly retained in the solid phase. Similar properties were also 

reported for the alkaline treatment of corn stover (He et al., 2010).  

Figure 4-15 Effect of NaOH concentration on the solid yield (SY) and polymeric composition of processed solids 
obtained after alkaline treatments of corn cob. (■, glucan; ■, xylan; ■, arabinan; ■, acetyl groups; ■, lignin; ■, 

others (by difference); ▬, SY) at different reaction times (A - 30 min; B – 60 min; C – 120 min). 



60 
 

4.3 Single step process towards the recovery of hemicelluloses 

4.3.1 Autohydrolysis 

Corn cobs were subjected to autohydrolysis treatments under non-isothermal conditions 

(reaction was stopped when the reaction medium reached the desired temperature), for the final 

temperatures ranging between 180 to 220ºC. As occurred for delignification treatments, for each 

treatment both the temperature and pressure profiles were registered. These profiles can be useful to 

determine the reproducibility of the treatments as mentioned before. 

The temperature and pressure profiles represented in Figure 4-16 were quite similar between 

them. For the temperature, the profiles showed an initial lag phase in the first 6-8 minutes, followed by 

a linear increase until reaching the final temperature. The pressure profiles are quite consistent among 

themselves with an exponential increase until the end of the assay. 

Comparing to the pressure and temperature profiles obtained for organosolv, autohydrolysis 

profiles are more consistent and with minor deviations between different assays, which can probably be 

related with the behavior of a system where only water was added to the biomass vs a system where 

ethanol:water mixtures were used. 

Figure 4-16 Temperature (●) and pressure (▲) profiles for the autohydrolysis of corn cobs at 180°C (●,▲), 190°C 
(●,▲), 195°C (●,▲), 200°C (●,▲), 210°C (●,▲) and 220°C (●,▲). 

The yield of xylan, arabinan, glucan and lignin in the solid fraction, as well as the yield of 

oligosaccharides (XOS and GlcOS), monosaccharides (xylose, arabinose and glucose) and furan 

derivatives (HMF and furfural) obtained in the liquid fraction for autohydrolysis treatments is shown in 

Figure 4-17 toFigure 4-19. 

The profile for lignin recovery in the solid phase (Figure 4-17) showed a relatively low 

solubilisation of lignin, although there are two opposite phases exposed in the graph. The assays carried 

out at temperatures up to 195°C showed an increasing delignification, from 4% to 23%. In contrast for 

temperatures higher than 195ºC the lignin remaining in the solid phase increased reaching 100% at the 

severest condition (220ºC). Garrote et al. (2002) reported 26.1% lignin removal at 216ºC for the 

autohydrolysis of corn cobs, and Garrote and Parajó (2002) reported up to 13.8% lignin removal for 
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Eucalyptus globulus autohydrolysis. In agreement with previous results, the data obtained showed that 

autohydrolysis of corn cobs can be used as a method to preserve lignin in the solid phase. 

Figure 4-17 Recovery of lignin (solid phase) after autohydrolysis of corn cobs, as mass yield in relation to initial 
lignin as a function of temperature. 

In contrast with lignin, the hemicellulosic components were, as expected, the mainly affected by 

autohydrolysis (Figure 4-18). Xylan and arabinan hydrolysis sharply increased for final temperatures 

higher than 180ºC and almost complete xylan hydrolysis was achieved for the highest temperature 

assayed. 

Figure 4-18 Recovery of xylan in the solid phase and of xylo-oligosaccharides, monomeric pentoses 
(arabinose+xylose) and furfural in liquid phase after autohydrolysis of corn cobs, as mass yield in relation to initial 

xylan. (●, xylan; ●, XOS; ●, pentoses; ●, furfural). 

The concentration of monomeric pentoses in the liquid phase increased from 4.8% (at 180ºC) 

to 42.7% (at 220ºC). Two phases can be observed in this profile, a first one until 200ºC and a second 

one from 200 to 220ºC where a fast increase of these monomers in the media can be seen. Oligomeric 

pentoses were also produced and the highest recovery (67.3%) was obtained for milder conditions 

(195ºC) than the highest concentration for monomeric pentoses (220ºC). The decrease in 

oligosaccharides recovery was coincident with the increase in monomeric pentoses. Moura et al. (2007) 

using a smaller reactor and a higher LSR reported a similar profile for corn cobs autohydrolysis. This 

trend is due to an increase in the hydrolysis reactions of XOS into monosaccharides, which happens 

usually in autohydrolysis processes conducted under severe operational conditions (Carvalheiro et al., 

2004). 
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The recovery of XOS was in the range of the obtained by other authors (Garrote et al., 2001; 

Moura et al., 2007) for corn cobs and just above the value of 53.2 g/100 g feedstock xylan reported for 

corn straw (Moniz et al., 2013). 

As result of the degradation reactions occurred, the amount of furfural increased, particularly for 

temperatures higher than 200ºC (maximum 23% at 220ºC). This trend is similar to others reported for 

different materials as rice straw and mixtures of wheat straw, olive tree pruning and eucalyptus residues 

(Moniz et al., 2014; Silva-Fernandes et al., 2015a). 

The cellulosic fraction was mainly retained in the solid phase (Figure 4-19), a desirable feature 

of the process understudy. Minor hydrolysis of glucan occurred, together with the formation of GlcOS at 

a maximum of 3.6 g/100 g of initial glucan. The glucose yield was also low for all the assays reaching 

approximately 3.9% at 220ºC. As consequence of the low degradation of glucan, minor formation of 

degradation products such as HMF occurred (1.2% at the maximum). Residual hydrolysis of glucan was 

also previously reported for the hydrolysis of corn cobs (Garrote et al., 2002; Moura et al., 2007). 

 

Figure 4-19 Recovery of glucan in solid phase and gluco-oligosaccharides, glucose and HMF in liquid phase after 
autohydrolysis of corn cobs, as mass yield in relation to initial glucan in function of the final temperature. (●, 

glucan; ●, GlcOS; ●, glucose; ●, HMF). 

 

The results obtained for the autohydrolysis of corn cobs showed that this process mainly affects 

hemicellulose, producing considerably amount of oligosaccharides as the main products. Under these 

conditions glucan was almost not affected and no significant delignification occurred which will probably 

make this process appropriated to be used in combination with organosolv and alkali, in order to obtain 

multiple products, i.e. both hemicellulose and lignin derivatives. 

4.3.1.1 Composition of the liquid phase 

The composition of the liquid phase and pH resulting from autohydrolysis are presented in  

Table 4-7. 

XOS was the compound present in higher concentration in the liquid phase. Its profile increased 

since 9.11 g/L (180ºC) until 26.82 g/L (195ºC) and decreased after that. The concentration of AcOS 

followed the same trend, reaching a maximum plateau of 2.92 g/L at 195 and 200ºC. 
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A minor production of GlcOS was also obtained, with the maximum at 195ºC, and some 

decrease in concentration was seen after that. Low concentration of GlcOS can be explained by the 

limited hydrolysis of the glucan of raw material. 

 

Table 4-7 Composition (g/L) and pH of the liquors obtained from autohydrolysis of corn cobs at different final 
temperatures. 

 Temperature (ºC) 

 180 190 195 200 210 220 

pH 4.28 4.17 3.89 3.96 3.49 3.18 

XOS 9.11 17.98 26.82 25.88 20.09 5.95 

AcOS 1.18 2.21 2.92 2.92 2.01 n.d. 

GlcOS 1.14 1.27 1.73 1.13 1.45 1.07 

Glucose 1.15 1.18 1.03 1.94 1.74 2.07 

Xylose 1.35 1.57 2.41 2.31 8.56 14.76 

Arabinose 0.91 1.18 1.51 2.27 3.35 4.45 

Acetic acid 0.45 0.74 1.24 1.23 3.08 4.98 

Formic acid 0.08 0.13 0.22 n.d. 1.41 2.23 

HMF 0.05 0.09 0.12 0.09 0.21 0.43 

Furfural 0.32 0.50 1.10 0.60 3.30 6.71 

Total phenolic 1.92 4.67 6.18 6.00 5.90 7.20 

XOS – xylose oligosaccharides substituted with arabinose; AcOS – acetyl groups linked to xylo-oligosaccharides; GlcOS 

– gluco-oligosaccharides; n.d. – not detected. 

 

The concentration in monomeric sugars (glucose, xylose and arabinose) increased along the 

assays together with temperature. The solubilisation of sugars in liquid phase, reached the maximum 

for the severest treatment, due to XOS degradation. 

The degradation reactions of XOS and xylose led to the formation of furfural, than increased 

until reaching a concentration of 6.71 g/L at 220ºC. In the same way, HMF was produced (from GlcOS 

and glucose) but in minor concentration (maximum of 0.43 g/L). 

Formic acid resulted also from degradation reactions of sugar and sugar derivatives and its 

concentration is relevant above 210ºC, reaching 2.23 g/L. 

In the pH of the liquors a decrease was noticed from the mildest assay to the severest one (from 

4.28 to 3.18), the hydrolysis of acetyl groups from hemicelluloses can be accompanied by the increase 

in acetic acid concentration (from 0.45 to 4.98 g/L) in the medium, and so these two variables are 

concordant. 

Although the profile for total phenolic did not show a linear tendency, an increase was noticed. 

Their concentration in the liquors was related to lignin solubilisation but some interference from sugar 

solubilisation has also to be taken into account (Roura et al., 2006). 

The xylan degradation reactions seemed to have a major impact in the liquid phase composition 

after autohydrolysis. The results observed were coherent with the model proposed by Garrote et al. 

(2002) following the sequence: xylan reacts to XOS of high molecular weight, that origin XOS of low 
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molecular weight, these ones can be directly degraded to furfural or give rise to xylose and after that 

furfural. Furfural can suffer further degradation and lead to other decomposition products. 

The production of oligosaccharides from this material, at the optimised condition of 195ºC, was 

quite remarkable, being superior than the reported for corn straw (Moniz et al., 2013), rice straw (Moniz 

et al., 2014) or wheat straw (Carvalheiro et al., 2009b). Also, the presence of degradation products at 

this condition (0.12 g/L of HMF, 1.10 g/L of furfural and 0.22 g/L of formic acid) had no major significance. 

Comparing the present study with the one performed by Moura et al. (2007), the same maximum 

concentration of XOS obtained was quite similar (26.8 vs 25.1 g /L), although the temperature can be 

reduced to 195ºC instead of 208ºC reported. Despite this achievement, 195ºC is still a temperature too 

high for the most common industrial facilities where an isothermal process at lower temperatures is 

preferable. Therefore two extra assays were performed with an isothermal phase of 2 h, at final 

temperatures of 170 and 190ºC (Table 4-8), although there are some studies referring that longer 

residence times led to decreased oligosaccharide production (Carvalheiro et al., 2004). 

 

Table 4-8 Composition (g/L) and pH of the liquors obtained from autohydrolysis of corn cobs during 2 h of 
isothermal operation at 170 and 190ºC. 

 Temperature (ºC) 

 170 190 

pH 3.55 3.10 

XOS 16.69 0.15 

AcOS 1.52 0.24 

GlcOS 1.20 0.68 

Glucose 1.20 1.23 

Xylose 10.70 2.68 

Arabinose 2.33 0.50 

Acetic acid 4.01 6.69 

Formic acid 1.10 1.74 

HMF 0.34 1.49 

Furfural 4.70 8.69 

XOS – xylose oligosaccharides substituted with arabinose; AcOS – acetyl groups linked to xylo-oligosaccharides; GlcOS 

– gluco-oligosaccharides. 

 

XOS production for the assay at 170ºC for 2 h was quite similar to the assay 190ºC-0 h, however 

the concentration of xylan and furfural was higher, just comparing to the one obtained for 210ºC-0 h. 

These facts can indicate that for the same amount of XOS there are more degradation products in an 

isothermal treatment at lower temperatures than in a non-isothermal assay at higher temperature, 

although more assays were necessary to optimise the production of XOS for isothermal autohydrolysis 

and to firmly claim this conclusion. 

The assay performed at the most severe operation conditions, showed a minor concentration of 

XOS and xylose and a relevant concentration of degradation products (1.74 g/L of formic acid, 1.49 g/L 

of HMF and 8.69 g/L of furfural). This assay also showed a lignin recovery above 100%, probably due 
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to condensation reactions, which concords with previous studies (Petersen et al., 2009; Silva-Fernandes 

et al., 2015b). 

4.3.1.2 Composition of the solid phase 

The solids resulting from autohydrolysis were chemically characterised in order to assess their 

composition and compare chemical changes occurred. The results obtained, together with the solid 

yield, are shown in Figure 4-20. 

 

Figure 4-20 Effect of final temperature on the solid yield (SY) and polymeric composition of processed solids 
obtained after autohydrolysis of corn cob. (■, glucan; ■, xylan; ■, arabinan; ■, acetyl groups; ■, lignin; ■, others 

(by difference); ▬, SY). 

 

Solid solubilisation can be followed by solid yield and so can be noted that this yield decreased 

harshly since 84.5% to 59.8% (195ºC), after this point decrease slower to 53.8%. This different 

behaviour can be explained by the fact that just minor degradation of the remaining hemicelluloses 

occurred for the severest treatments and the major part of extractives were already at the liquid phase. 

This profile is similar to the one reported by Garrote et al. (2008) for barley husks. 

The solid content in acetyl groups, arabinan and xylan decreased steadily with the increase of 

temperature. For the severest assay only 0.58 g acetyl groups and 1.44 g xylan/100 g processed solid 

remained on the solid. This observation justify the use of autohydrolysis for almost total hemicellulose 

removal from corn cobs in an efficient way. 

As occurred for organosolv processes (sections 4.2.1 and 4.2.2) cellulosic fraction remained 

quantitatively stable after the assays and so glucan content in solid increased from 39.9% (180ºC) to 

65.7% (220ºC). This fact can be referred as one other main advantage of autohydrolysis process for an 

integrated valorisation of corn cobs in a biorefinery framework. 

Along the assays profile, the content in lignin also increased in the solid phase (maximum of 

27.1%), being related with the low solubilisation of this compound already discussed and some lignin 

condensations products. 

For the optimal condition referred earlier (195ºC) the composition of the solid phase was: 53.0% 

glucan, 13.8% xylan, 0.3% arabinan, 1.9% acetyl groups and 18.8% Klason lignin. 
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4.3.1.3 Modelling 

The results from autohydrolysis, equally to organosolv, were used to derive an empirical 

mathematical model to predict delignification, xylan removal and XOS productions with Log Ro, similar 

strategy was followed by Silva-Fernandes et al. (2015a). 

For delignification a quadratic model was tested, whereas for xylan removal and XOS production 

a cubic model was used. Table 4-9 summarizes the results obtained for the modelling. 

 

Table 4-9 Polynomial models for delignification yield, xylan removal and XOS production, as function of Log Ro 
(x), and the respective coefficient of determination (R2) for autohydrolysis of corn cobs. 

 Parameters 

 x3 x2 x Intercept R2 

Delignification - -13.57 139.30 -283.18 0.9622 

Xylan Removal -17.41 231.58 -959.35 1267.90 0.9762 

XOS Production -7.44 84.06 -303.43 355.23 0.7753 

 

The fitting and correlation between experimental data and the severity were statistically 

significant for delignification and xylan removal, as well as for XOS production, although for the later a 

slightly lower R2 was obtained. The proposed models seemed to adequately represent the 

autohydrolysis profile, but although they do not return any mechanistic insights, or extrapolation 

potential, they are sufficient for interpolation and to fine tune operational conditions in order to maximize 

product yield and minimize operational conditions. 

4.3.1.4 Autohydrolysis batches at 195ºC 

In order to get enough solid to perform combined processes (autohydrolysis followed by 

organosolv and autohydrolysis followed by alkaline treatment, section 4.4) ten autohydrolysis assays at 

195ºC (named from A to J) were carried out. The conditions and procedures were the same as described 

before for autohydrolysis as single pretreatment. Temperature and pressure profiles of these assays 

can be observed on Figure 4-21. 

Figure 4-21 Temperature (●) and pressure (▲) profiles for the autohydrolysis of corn cobs at 195ºC for ten 

assays: A (●,▲), B (●,▲), C (●,▲), D (●,▲), E (●,▲), F (●,▲), G (●,▲), H (●,▲), I (●,▲) and J (●,▲). 

By the analysis of the profiles no significant differences were observed between batches and so 

no major differences were expected in the chemical composition of the resulting solids. Other 
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parameters taking into account were solid yield and pH of the liquor (Table 4-10). These ones, also 

showed that no significant differences were occurred. So, the pretreated solids obtained were mixed 

and used for organosolv or alkaline treatments. 

Table 4-10 Solid yield (SY) and pH of the autohydrolysis assays carried out at 195ºC. 

 Assays 

 A B C D E F G H I J 

SY 67.1 67.2 63.9 67.5 66.1 69.2 66.6 65.9 65.1 68.7 

pH 4.06 3.95 3.96 3.96 4.00 3.98 4.00 3.96 3.89 3.89 

 

Just to ensure that this new mixture was similar to the original assay, its chemical composition 

was compared with the previous results (Figure 4-22). As can be observed just minor variations, 

probably due to experimental error, were detected (with less than 10% deviation). The solid yield plotted 

for 195 (Mix) is the average between the solid yields of all ten assays. 

Figure 4-22 Comparison on the solid yield (SY) and polymeric composition of processed solids obtained after 
autohydrolysis of corn cob. (■, glucan; ■, xylan; ■, arabinan; ■, acetyl groups; ■, lignin; ■, others (by difference); 

▬, SY). 
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4.4 Combined processes towards the fractionation of 

hemicelluloses and lignin from corn cob 

4.4.1 Autohydrolysis followed by organosolv 

4.4.1.1 Organosolv profiles 

The solid resulting from autohydrolysis at 195ºC under non-isothermal conditions was subjected 

to organosolv treatment in the same conditions as referred before (see section 4.2.1) during 2 h at 

isothermal conditions ranging final temperature from 160 to 200ºC, with an extra assay at 30ºC. 

The optimal condition for organosolv direct delignification together with XOS production was 

determined as 190ºC -2 h, and so in this set of assays just similar conditions (using same reaction time 

and close temperatures) were performed. 

As for the treatments before, temperature and pressure profiles were collected and plotted all 

together (Figure 4-23). Temperature profiles were almost indistinguishable from each other and just 

some minor deviations were observed for pressure profiles. Comparing to direct organosolv, where raw 

corn cobs were used as starting material, the profiles showed no major differences and trends are 

similar. Just one difference is noteworthy: pretreated material seemed to need some more minutes (4-

5 minutes) to reach the same final temperature, which can be explained by the collapse of some vegetal 

structures during autohydrolysis treatment. 

 

Figure 4-24 toFigure 4-26 showed the yield of xylan, glucan and lignin in the solid fraction, as 

well as the yield of oligosaccharides (XOS and GlcOS), monosaccharides (xylose, arabinose and 

glucose) and furan derivatives (HMF and furfural) obtained in the liquid fraction, as a function of the final 

temperature of the organosolv processes. The yields are expressed as a percentage calculated to the 

corresponding polymer in autohydrolysis pretreated solid. 

0

50

100

150

200

250

300

350

400

450

500

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50 60 70

P
re

s
s
u

re
 (

p
s
i)

T
e

m
p

e
ra

tu
re

 (
°C

)

Time (min)

Figure 4-23 Temperature (●) and pressure (▲) profiles for the heating phase of organosolv processes at 160°C 

(●,▲), 170°C (●,▲), 180°C (●,▲), 190°C (●,▲) and 200°C (●,▲). 



69 
 

The lignin fraction was clearly solubilised by organosolv treatment (Figure 4-24) with a similar 

profile to the observed for direct organosolv (Figure 4-9), although a marked decrease in lignin recovery 

in the solid occurred for direct delignification. In this two-stage process, the maximum delignification, 

65.4%, was reached at 190ºC. The assays carried out at lower temperatures exhibited lower 

delignification yields, although it was possible to attain 47.2% delignification at the lowest temperature 

(160ºC). For the highest temperature tested (200ºC) delignification slightly decreased and this can be 

related to lignin condensation reactions as discussed before.  

Comparing to direct organosolv, these delignification yields are lower. Some explanations can 

be pointed: although autohydrolysis did not lead to a high delignification, the 23% lignin removal by this 

process may correspond to the easily solubilised lignin and thus the lignin remaining was more difficult 

to remove since it also may suffered some condensation reactions.  

The same behaviour, lower delignification yields in combined treatment versus direct 

organosolv, was reported for grape stalks and relation with re-polymerisation processes was proposed 

(Amendola et al., 2012). 

Table 4-11 summarizes the results for delignification yield obtained for direct organosolv, and 

for organosolv after autohydrolysis pretreatment (in relation to pretreated solid) and a global yield of 

autohydrolysis followed by organosolv (in relation to original solid). 

 

Table 4-11 Delignification yields for different combinations of processes at several final temperatures  
(2 h reaction time). 

(g/100g lignin) 

Temperature (ºC) 

30 160 170 180 190 200 

Direct organosolv 10.1 46.7 59.4 68.7 78.8 77.1 

Organosolv after autohydrolysisa 18.2 47.2 52.1 57.7 65.4 59.2 

Global (autohydrolysis+organosolv)b 42.3 62.7 66.2 70.2 75.6 71.2 

a delignification yield calculated in relation to the lignin content in pretreated solid, b delignification yield calculated in 

relation to the lignin content in raw material 

 

As shown in Table 4-11, the maximum delignification yield 78.8% was obtained at 190ºC for 

direct organosolv treatment. However, for lower operation temperatures the yield of the combined 

process exceeded the ones obtained for direct organosolv. The higher yields obtained for lower 
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Figure 4-24 Recovery of lignin (solid phase) after organosolv of corn cobs, as mass yield in relation to lignin, in the 
pretreated solid. 
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temperatures can be explained by the higher hydrolysis of hemicelluloses during the autohydrolysis and 

so the disruption of the lignin-carbohydrate linkages and the macromolecular cell wall arrangements 

should facilitate access and reactivity to the subsequent process (Obama et al., 2012). 

However, lignin removal was always enhanced when comparing autohydrolysis with 

autohydrolysis-organosolv process. A similar behaviour was also reported for the organosolv 

delignification of Miscanthus after an autohydrolysis treatment. In that case a 51% increase in lignin 

removal occurred (Timilsena et al., 2013). 

Moniz et al. (2015) studied the autohydrolysis followed by organosolv delignification of rice straw 

and achieved a maximum delignification yield of 42% at 30ºC, for 24 h reaction time and 60.5% (w/v) 

ethanol, which was clearly higher than the values obtained in this study for corn cobs at the same 

temperature, although reaction time was not comparable. A lignin removal of 81% was achieved for 

Eucalyptus globulus after a sequential autohydrolysis-organosolv treatment (Romani et al., 2011). 

Direct organosolv was the best delignification method although for milder operation conditions 

the two-step process may be preferable. 

The behaviour of hemicelluloses is shown in Figure 4-25. At 160ºC around 30% of the initial 

xylan was solubilised and this solubilisation increased until only 24% of the initial compound remained 

in the solid phase (200ºC). On the contrary, the amount of monomeric pentoses in the liquid phase 

increased from 1.2 to reach 9.9 g/100 g initial xylan (200ºC). Comparing to direct organosolv the release 

of monomeric pentoses into the liquid phase was clearly higher (maximums of 3.4% vs 9.9%) which can 

indicate that more decomposition reactions may also take place. The decrease of xylan and arabinan 

for pretreated solids submitted to organosolv process was also observed for sugarcane bagasse 

(Vallejos et al., 2014). For higher temperatures (not studied) it is expected that xylose starts to decrease 

due to degradation reactions. 

Regarding the recovery of XOS, it was quite similar for most of the conditions, around 30%, and 

decreased rapidly after 190ºC to 13%, following the same trend as for direct organosolv or for 

autohydrolysis. Once again, it is remarkable that the hydrolysis reactions of xylan play a very important 

role in organosolv treatment, as so was relevant the hydrolysis of oligosaccharides to monosaccharides. 

At 160ºC for example, the recovery of XOS was 30% while for the same conditions in direct organosolv 

was 8.6%. This can be explained by the fact that hemicelluloses were already partly hydrolysed by the 

autohydrolysis treatment and also more accessible. In this case, as the monomeric sugars recovery was 

higher, the degradation product, furfural, showed an increasing trend to a maximum of 11.6% (200ºC). 

The assay at 190ºC seemed to be the most interesting one, producing the highest delignification 

yield, and a liquid phase with 35 g XOS/100 g initial xylan with minor degradation products (3.8% of 

furfural). 
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Figure 4-25 Recovery of xylan in solid phase and of xylo-oligosaccharides, monomeric pentoses 
(arabinose+xylose) and furfural in liquid phase after organosolv of corn cobs, as mass yield in relation to initial 

xylan as a function of temperature. (●, xylan; ●, XOS; ●, pentoses; ●, furfural). 

Cellulosic fraction of the pretreated solid was clearly not degraded by the organosolv treatment 

(Figure 4-26). Glucan recovery was around 95–100% for all experiments resulting in a low recovery of 

GlcOS (maximum of 1.2 g/100 g initial glucan) and residual quantities of glucose and HMF, both under 

1%. The low solubilisation values are in agreement with the ones reported for integrated fractionation 

method based on autohydrolysis and organosolv delignification of Eucalyptus globulus (López et al., 

2010). 

 

Figure 4-26 Recovery of glucan in solid phase and gluco-oligosaccharides, glucose and HMF in liquid phase after 
organosolv of corn cobs, as mass yield in relation to initial glucan as function of temperature. (●, glucan; ●, 

GlcOS; ●, glucose; ●, HMF). 

In conclusion, the results showed that during autohydrolysis pretreatment of corn cobs an 

important part of xylan fraction was removed, making the resulting lignocellulose matrix more accessible 

for delignification, even under mild conditions (30-160ºC). The possible “lignin deconstruction” during 

the autohydrolysis treatment increased its extractability during organosolv. However, this lignin 

deconstruction is associated with condensation reactions for higher temperatures (180-210ºC). The 

extraction of the condensed lignin fraction usually requires severest delignification conditions (Obama 

et al., 2012; Vallejos et al., 2014). The glucan fraction remains virtually unaffected for all the assays 

performed, instead of the hemicellulosic fraction that is greatly solubilised. 

4.4.1.2 Composition of the liquid phase 

The composition and pH of the liquors obtained after organosolv proceeded by autohydrolysis 

is shown in Table 4-12. 

The final pH of the liquid phase obtained after treatments showed a decrease trend from 4.57 
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(160°C) to 3.97 (200°C). This decrease can be related with an increase of the acetic acid amount. 

Comparing these pH data with the ones obtained after direct organosolv, here the pH is lower. 

XOS concentration showed an increasing profile to reach a maximum of 10.24 g/L (180ºC), 

however for higher temperatures a decreased is noted. The decrease in AcOS concentration occurred 

before the decrease for XOS, mainly because the easiest hydrolysis of acetyl groups compared to xylan. 

GlcOS showed an increasing production trend, but only minor quantities were obtained, even 

for the severest treatment (maximum 0.84 g/L). This fact is compatible with the low solubilisation of 

glucan. In the same line, glucose concentration was just residual for all assays, as well as HMF which 

only reached 0.34 g/L. 

Monomeric pentoses (xylose and arabinose) displayed an increasing concentration with 

residual values for arabinose and slightly higher for xylose (2.78 g/L). This agrees with some decrease 

in XOS concentration that were probably hydrolysed to xylose and arabinose.  

Furfural, exhibited an increasing concentration with the temperature. This profile can be 

explained by the degradation reactions that occurred at higher temperatures. Comparing to direct 

organosolv, the concentration of furfural was reduced in the combined process, which can be explained 

by the fact that almost 25% of the initial hemicellulosic fraction still remains in the solid instead of just 

15% for the same condition in direct organosolv. 

Traces of formic acid (0.12 g/L) were also detected for the severest assay and can be explained 

by degradation reactions that occurred at high temperature. 

Total phenolic concentration did not show a linear profile, but some increase can be observed 

from 160ºC to 200ºC. The interferences and limitations of the analytical method used were already 

discussed (see section 4.3.1.1). 

Optimum conditions for XOS recovery occurred at 180ºC-190ºC, with no major degradation 

products (no formic acid; furfural and HMF under 0.8 g/L). 

 

Table 4-12 Composition (g/L) and pH of the liquors obtained after organosolv preceded by an autohydrolysis 
treatments of corn cobs.  

 Temperature (ºC) 

 160 170 180 190 200 

pH 4.57 4.54 4.50 4.39 3.97 

XOS 8.50 8.78 10.24 9.62 3.61 

AcOS 0.76 0.80 0.61 0.64 0.07 

GlcOS 0.34 0.26 0.32 0.49 0.84 

Glucose 0.08 0.07 0.08 0.09 0.14 

Xylose 0.24 0.42 1.12 2.65 2.78 

Arabinose 0.14 0.11 0.14 0.15 0.33 

Acetic acid 0.33 0.52 0.90 1.48 2.39 

Formic acid n.d. n.d. n.d. n.d. 0.12 

HMF 0.02 0.02 0.05 0.14 0.34 

Furfural 0.09 0.25 0.56 0.77 2.32 

Total phenolic 4.57 8.46 7.07 6.03 7.95 

XOS – xylose oligosaccharides substituted with arabinose; AcOS – acetyl groups linked to xylo-oligosaccharides; GlcOS 
– gluco-oligosaccharides; n.d. not detected 
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4.4.1.3 Composition of the solid phase 

The solid phase resulting from the combined autohydrolysis-organosolv treatment was 

chemically characterised in order to know its composition. The results are shown in Figure 4-27 together 

with the solid yield. 

Solid solubilisation increased with the temperature, i.e., from 6% (30ºC) to 37% (200ºC). A 

similar profile for the solid yield was obtained for residual solids after delignification of the hot water 

pretreated sugarcane bagasse (Vallejos et al., 2014). 

At 190ºC and 200ºC SY exhibited the same value, and in fact no significant differences were 

observed in solid residue composition, leading to the conclusion that no more solubilisation can be 

possible in this range of conditions.  

Glucan content increased with operation temperature, from 51.7% (30 ºC) to 77% (200ºC), being 

this fact related with the almost no solubilisation of glucan to the liquid phase. At 200ºC, for example, 

direct organosolv treatment showed a maximum glucan content slightly high, i.e., of 81%. Organosolv 

delignification after autohydrolysis at 185ºC of Arundo donax, produced a solid with a glucan content 

ranging from 46.2% to 76.8% (López et al., 2010). Although the later work also report high values for 

glucan content, the ones obtained in this work are probably in the highest reported in the literature. 

The decrease of xylan and arabinan content (the second disappeared totally) was related with 

the solubilisation of the hemicellulosic fraction as discussed before. At 30ºC, 18.3% of the solid was 

xylan contrasting with 7.8% at 200ºC. Acetyl groups followed a similar trend. Organosolv delignification 

after autohydrolysis at 190ºC of Paulownia fortunei, showed a similar profile for xylan and acetyl groups 

although the solids produced had lower xylan and acetyl groups (López et al., 2010). 

 

Figure 4-27 Effect of final temperatures on the solid yield (SY) and polymeric composition of processed solids 
obtained after organosolv of corn cob previously treated by autohydrolysis. (■, glucan; ■, xylan; ■, arabinan; ■, 

acetyl groups; ■, lignin; ■, others (by difference); ▬, SY). 

 

Lignin also showed a decrease from 14.7 to 9.4 (190ºC), although some increase was observed 

for 200ºC (10.9%), this can be due to some condensation reactions as discussed earlier. Comparing 

with direct organosolv, the one-step process yield a lignin content of 6.1%. Some other lignocellulosic 

materials showed different behaviour. In bamboo, for example, in the two-step delignification lignin 

0

20

40

60

80

100

0

20

40

60

80

100

30 160 170 180 190 200

S
o

lid
 Y

ie
ld

 (
%

)

g
/1

0
0

 g
 p

ro
c
e

s
s
e

d
 s

o
lid

Temperature (°C)



74 
 

content in solid decreased from 26.7% (raw material) to 12.1% after autohydrolysis and organosolv, 

although for one-step process, the reduction was only until 21.7% (Wen et al., 2013). 

When the delignification of the material is the purpose, 190ºC can be pointed as the more 

interesting temperature, resulting a solid with almost 77% of glucan, under 9% of hemicellulosic content 

and just 9% of lignin. This composition is very outstanding because almost 80% of the material is 

cellulose, favourably comparing with the majority of the reported in the literature (Lu et al., 2010; Varga 

et al., 2004). 

4.4.2 Autohydrolysis followed by alkaline process 

4.4.2.1 Alkaline treatment profiles 

An alkaline treatment with NaOH was also applied to the solids obtained after autohydrolysis at 

195°C. Four assays at 120°C were performed using 1% NaOH for 0.5 h, 1 h and 2 h and 2% NaOH for 

1 h. Temperature and pressure profiles were also plotted and were similar to the ones reported for direct 

alkaline hydrolysis (see section Erro! A origem da referência não foi encontrada.). 

As seen before for direct alkaline process, this pretreatment was very effective for delignification 

without major solubilisation of cellulose and hemicellulose. Figure 4-28 shows the delignification yield 

for the second step of the process. 

For 1% NaOH, reaction time had no significant influence on the delignification yield and for this 

reason another assay, was conducted in the same conditions as the one which showed better 

delignification yield in direct alkaline hydrolysis (2% NaOH, 1 h). In this case, an 89.6% delignification 

was obtained. Although this value was very high, it was lower than the one obtained in the direct process, 

which can be explained by the same reasons mentioned in section 4.4.1.1. A comparison between the 

delignification yields of direct process, alkaline treatment after autohydrolysis and global process was 

also made (Table 4-13). 

For the processes with 1% NaOH for 0.5 h and 1h of isothermal phase the delignification yield 

of alkaline treatment after autohydrolysis was very similar to the obtained for direct process. So, no 

major achievement was accomplished on the delignification. Regarding 1% NaOH and 2 h assay, for 

direct process some re-polymerisation may have occurred and the same is verified for the two-step 

process however in minor scale. 
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Figure 4-28 Delignification yield (g/100 g lignin in the pretreated solid) for the different operational conditions 
(NaOH (%, w/v), time) of alkaline treatment after autohydrolysis 
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Table 4-13 Delignification yields for three processes at different operational conditions. 

 Operational conditions (% NaOH, time) 

g/100g lignin 1%, 0.5 h 1%, 1h 1%, 2h 2%, 1h 

Direct alkaline treatment 65.0 68.0 55.7 94.4 

Alkaline treatment after autohydrolysisa 64.7 68.0 66.0 89.6 

Global (autohydrolysis+alkaline)b 75.1 77.4 76.0 92.7 

a delignification yield calculated in relation to the lignin content in pretreated solid, b delignification yield calculated in 

relation to the lignin content in raw material 

 

Regarding global delignification yield (g lignin in the solid residue/100 g lignin in raw corn cobs) 

it should be noted that for NaOH 1% the values are higher than the ones for direct process, and so in 

that case, the two-step process contributed to a more efficient delignification. When NaOH concentration 

was increased, the direct process showed an improved delignification, even when compared with the 

yield of combined process, although with minor difference. 

These delignification values are in general higher than the values usually reported for 

lignocellulosic materials using low NaOH concentrations, as in this work (Pihlajaniemi et al., 2015). Still, 

similar values to these have been obtained when a combination of more than one delignification agents 

was used. For example, a global delignification yield of 82.9% was obtained when Miscanthus was 

pretreated with aqueous ammonia followed by 1% NaOH. This yield can be increased up to 89.4% when 

hydrogen peroxide 1% is added to the second step of the treatment (Liu et al., 2014). 

4.4.2.2 Composition of the liquid phase 

The composition of the liquid phase, and pH, from alkaline treatments of the solids previously 

subject to autohydrolysis are presented in Table 4-14. 

 

Table 4-14 Composition (g/L) and pH of the liquors obtained from alkaline treatment after autohydrolysis of corn 
cobs at different operational conditionsa. Product yield (g/g initial solid) is also showed, in (). 

Time (h) 0.5  1  2 

NaOH (%, w/v) 1  1  2  1 

pH 8.74  8.70  10.73  8.03 

Glucose n.d.  n.d  n.d  n.d 

Xylose n.d.  n.d  n.d  n.d 

Arabinose n.d.  n.d  0.18 (0.6)  n.d 

Acetic acid 4.30 (3.1)  3.31 (2.4)  4.17 (3.0)  4.10 (3.0) 

Formic acid 3.26 (2.3)  0.56 (0.4)  4.92 (3.1)  4.68 (3.4) 

HMF n.d  n.d  n.d  n.d 

Furfural n.d  n.d  n.d  n.d 

Glycerol 2.65 (0.4)  2.37 (1.7)  3.76 (2.3)  2.50 (1.8) 

Lactic acid n.d  1.58 (1.1)  3.27 (2.0)  1.90 (1.5) 

a the concentration of oligomeric sugars, if present in the liquors, was not determined; n.d. – not detected 
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As observed for direct process, pH showed a decreasing trend with the reaction time which can 

be related with the consumption of NaOH along the treatment. Also, increasing NaOH charge result in 

a more basic system with pH of 10.73. Comparing to direct process, pH of combined treatments was 

lower, although acetic acid concentrations were not higher. This decrease can be probably due to the 

higher concentration of formic acid achieved in this case. 

The solubilisation into monomeric sugars was only residual. No glucose or xylose were detected 

and just minor concentration of arabinose was identified for severest conditions. This is in agreement 

with what was stated for the direct alkaline process, and thus the previous hydrothermal pretreatment 

did not allow the alkaline treatment to affect significantly cellulosic and hemicellulosic fractions. 

Acetic acid release to the media was higher (up to 4.30 g/L) than the values already discussed 

for direct process and thus solid residue was almost depleted of acetyl groups. 

Formic acid was also found at relatively high concentrations (up to 4.92 g/L). In acidic media 

this compound is commonly related to the degradation of sugar derivatives. In this case as monomeric 

sugars were almost not detected, formic acid was possibly obtained from lactic acid, which was 

suggested to appear under alkaline conditions (Gunsalus & Niven, 1942; Kishida et al., 2006). 

Glycerol was present in considerable amounts, maximum 3.76 g/L, and its formation seemed to 

be promoted when NaOH concentration was increased, as occurred for direct alkaline process. For 

lactic acid the same considerations can be made. 

4.4.2.3 Composition of the solid phase 

In order to understand some chemical modifications occurring during the alkaline treatment, 

processed solids were chemically characterised and the solid yield was also evaluated (Figure 4-29). 

 

Figure 4-29 Effect of different operational parameters (NaOH concentration and reaction time) on the solid yield 
(SY) and polymeric composition of processed solids obtained after alkaline treatment of corn cob. (■, glucan; ■, 

xylan; ■, arabinan; ■, acetyl groups; ■, lignin; ■, others (by difference); ▬, SY). 

Solid yield exhibited no major differences for the operational conditions at 1% NaOH. A slight 

decrease occur when NaOH concentration increased to 2%. The solid yield obtained in this case is 

slightly higher than the obtained for direct process, suggesting that higher NaOH charges lead to an 

increase solubilisation, mainly of lignin. 

As no solubilisation was observed for glucan, this compound was almost quantitatively retained 

in the solid phase and thus the resulting solids had a glucan content around 70-75%. These results 
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favourably compare with the ones obtained by Romero et al. (2015) for rape straw under two-step 

process fractionation (acid hydrolysis+alkaline hydrogen peroxide treatment). 

Analysing the hemicellulosic fraction it can be observed that xylan content exhibited just minor 

variations whereas acetyl groups were not detected in the solid phase. These observations are in 

agreement with hemicellulosic composition of sugarcane bagasse solids treated with 0.5%-4% NaOH 

after acid hydrolysis where a maximum of 3.3% hemicellulose was obtained (Rezende et al., 2011). 

For the treatment with 1% NaOH, lignin showed no major fluctuations with reaction time 7.64-

8.05% which is in agreement with the results for direct process. On the other hand, when NaOH 

concentration was increased a significant decrease in lignin content was observed, producing a solid 

with 2.8% of lignin. The decreased in lignin content was also reported for sugarcane bagasse when 

treated with NaOH after acid hydrolysis. In that case, a decrease in lignin content from 25.2% (for and 

assay with 0.25% NaOH) to 9.5% (for 2% NaOH) was obtained. At the same time solid yield decreased 

from 90.5 to 68.3 (Rezende et al., 2011). 

Comparing the 2% NaOH assays (for 2 h) of one-step process and two-step process it is clear 

that in the second the solid is enriched in glucan (75.8% vs 47.7%) and depleted in xylan (13.5% vs 

31.8%), with just minor variation in lignin (2.8% vs 1.9%). So, it can be concluded that for lignin removal 

autohydrolysis prior to alkaline treatment seems to not have a marked effect. However, if an enriched 

cellulosic solid was desired the two-step process must be employed. 
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4.5 Enzymatic hydrolysis 

The effects of the different pretreatments (direct organosolv, direct alkaline treatment, 

autohydrolysis, combined autohydrolysis-organosolv and combined autohydrolysis-alkaline treatment) 

in cellulose digestibility were evaluated by enzymatic hydrolysis of the remaining solid fractions. This 

procedure led to the production of hydrolysates enriched in glucose, which can be used in various 

processes, the most common being the production of ethanol (Alvira et al., 2010). 

Due to the large amount of solids residues obtained, a selection of the most interesting ones 

was made based on the solids from the treatments that produced higher delignification yield. When 

possible, and for comparative purposes, a solid from the same pretreatment but for the mildest and the 

severest conditions was also tested. The choice was made based on some studies reporting that higher 

delignification rates can lead to higher cellulose to glucose conversion, since lignin may inhibit cellulase 

activity (Bu et al., 2012; Hallac et al., 2010). 

Raw corn cobs showed an enzymatic digestibility of 38.6% which is in agreement with previous 

studies for corn stover (Kim & Holtzapple, 2006) and corn straw (Moniz et al., 2013), and in the range 

of other lignocellulosic materials as rice straw (Moniz et al., 2015) or annona cherimola Mill. (Dionísio et 

al., 2014a). 

For organosolv pretreated solid residue, enzymatic digestibility varied from 67.1% (190ºC, 0 h) 

to 97.3 (190ºC, 4 h), so it is clear that the longest organosolv pretreatment had an increased enzymatic 

digestibility, although this was not associated to an increase in delignification. The same can be stated 

for pretreatments at higher temperatures: an increasing enzymatic digestibility from 90.0% (190ºC 2 h) 

to 96.7% (210ºC 2 h) was observed. Lower delignification and higher enzymatic hydrolysis can be 

explained by the fact that even no more lignin is being removed, the lignocellulosic structure remaining 

was continuously degraded when time and/or temperature were raised and thus cellulose was more 

easily hydrolysed. 

Hydrothermal treated solids showed an increasing enzymatic digestibility when temperature 

was increased as already seen for organosolv. Autohydrolysis performed at 195ºC led to an 81.1% 
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Figure 4-30 Enzymatic digestibility of raw material and of selected solids resulting from different pretreatments 
(RM – Raw material, AH- autohydrolysis; OS- Organosolv; AT- Alkaline Treatment). 
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digestibility and at 220ºC 94.6% was achieved. Although this pretreatment almost did have effect on 

lignin removal, the high temperatures assayed induced physical disruption of lignocellulose and 

consequent higher digestibility of cellulose fibres, while reducing hemicellulose content in the solids and 

their inhibition towards cellulolytic enzymes (Alvira et al., 2010). These results are in agreement with 

those found for pretreated corn cobs with 1% H2SO4 at 108ºC which reached 83.9% enzymatic 

hydrolysis yield (Chen et al., 2007). Comparing with other agro-based materials, the results were higher 

than the reported for rice straw (Moniz et al., 2015) but in the same range of those reported for olive tree 

pruning (Silva-Fernandes et al., 2015b). For wheat straw the same behaviour as for corn cobs was 

observed, enzymatic hydrolysis yield increased from 78.8% for 210ºC hydrothermal treated solids to 

over 90% for 230ºC (Silva-Fernandes et al., 2015b). 

For alkaline treatment, enzymatic hydrolysis yields around 82% were obtained for all three 

assays. The same behaviour was already found to happen for delignification yield. These values are in 

agreement with the ones obtained for enzymatic hydrolysis of corn straw after pretreatment with 2% 

NaOH at 80ºC for 1 h, ranging from 65.9% to 87.3% (Chen et al., 2008). Also with the ones reporting 

over 80% of enzymatic hydrolysis yield for NaOH pretreated corn stover (Chen et al., 2009) and with 

the ones for rice husk (Ekwe, 2012). 

The results on enzymatic digestibility for alkali treated solids were lower than the ones obtained 

for organosolv, which can be related with the amount of xylan present in the samples since organosolv 

besides delignification also removed some hemicelluloses contrary to alkaline treatment. The same 

behaviour was observed for solid residues from combined alkaline treatments: enzymatic hydrolysis 

yield increased from 83.4% for direct pretreatment to 89.2% for the combined one. Regarding 

organosolv, no major differences were found between direct and combined treatments, being the two 

values around 90% hydrolysis. 

Comparing the different pretreatments, can be stated that there was not found a straight 

relationship between the lignin content in pretreated substrates and their enzymatic digestibility. Hallac 

et al. (2010) also mentioned that other factors, besides the residual lignin content  affected the enzymatic 

hydrolysability of corncobs. In this work, the hemicellulose content seemed to play an important role in 

the enzymatic digestibility. 

In general the results obtained correspond to very interesting enzymatic hydrolysis yields, and 

favourably compared with previous described for corn cobs for a variety of pretreatments, with glucose 

hydrolysis yields above 80% (Bu et al., 2012; Idrees et al., 2014). 

4.5.1 Modelling 

The results obtained from enzymatic hydrolysis can also be modelled using an empirical 

mathematical model. The developed model correlated the extent of biomass pretreated (measured by 

lignin and xylan removal) and cellulose enzymatic digestibility. The model proposed, is in the form: 

𝐶𝐸𝐻 = 𝛼 × 𝐿𝑅 + 𝛽 × 𝑋𝑅 + 𝛾 × 𝐿𝑅 × 𝑋𝑅 + 𝑐,       (2) 

Where CEH is the extent of cellulose enzymatic hydrolysis (%). LR is the extent of lignin removal 

(%) and XR, the extent of xylan removal (%), regardless of the fractionation method used. 

The fitting of this equation to data derived from the organosolv or autohydrolysis experiments is 

represented in Figure 4-31. 
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Figure 4-31 Response surface for cellulose enzymatic hydrolysis in relation to lignin removal (X1) and 
arabinoxylan removal (X2). 

A significant fit and correlation was found (R2=0.9790) between cellulose enzymatic hydrolysis 

and both xylan and lignin. For lower percentages of removal, a residual enzymatic hydrolysis was 

verified as expected. On the other hand, when xylan removal is maximal there is no need for lignin 

removal because enzymatic hydrolysis is also at its maximum already. For lignin removal the same 

cannot be stated, since for complete lignin removal the enzymatic hydrolysis is not maximal, just when 

xylan removal increased a maximum of hydrolysis can be achieved. 

Actually, this data suggests that hemicellulose removal seems to have a stronger impact than 

delignification on cellulose enzymatic hydrolysis. Other studies referred that the two effects cannot be 

separate (Mussatto et al., 2008; Yoshida et al., 2008). 

The model above can be coupled to the models described for the autohydrolysis and organosolv 

treatments, and used to predict the best trade-off between increased cellulose enzymatic hydrolysis and 

oligosaccharides production, for both processes. The use of the MS Excel Solver function enabled the 

identification of autohydrolysis as the more efficient process for this purpose as it presented higher 

oligosaccharides and glucose yields at lower operational severities (Table 4-15).  

 

Table 4-15 Values obtained for Log Ro, delignification, xylan removal and XOS production for autohydrolysis and 
organosolv treatment, after optimization using Solver function. 

 

 Nevertheless, it is important to notice that the organosolv treatment enabled a faster and 

potentially higher value lignin recover, conversely to the single use of autohydrolysis, that will potentially 

enable the recovery of lignin after the enzymatic hydrolysis (on the solid phase). This may lead to 

significant hindrances, being the most significant one that autohydrolysis derived lignin is not as purified 

 Process 

 Autohydrolysis Organosolv 

Log Ro 3.75 4.58 

Delignification (%) 18.2 70.1 

Xylan removal (%) 79.3 59.2 

XOS Production (g/L) 23.8 13.7 
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as the organosolv derived lignin, because residual sugars fractions (both from the cellulosic and 

hemicellulosic) are still present. Conversely, organosolv treatment may impose higher production costs 

due to the need for ethanol recovery. 
 

4.6 Application perspective 

To better understand the application of this study, the mass balance for the main compounds 

was calculated per tonne of corn cobs. These calculations were performed for the optimal condition of 

organosolv (190ºC, 2 h), alkaline treatment (2% NaOH, 120ºC, 1 h), autohydrolysis (195ºC, 0 h) and the 

same for two-step processes. In order to have a complete overview of the utilization of corn cobs in a 

biorefinery framework was carried out a theoretical calculation on ethanol production, assuming a 

theoretical fermentation yield of 51% and ethanol density of 0.79 (Figure 4-32). For each process, the 

emphasised products were: XOS, lignin and ethanol. 

The most prominent process, looking for mass balance, was organosolv, where 122 kg of XOS, 

115 kg of lignin and 205 L of ethanol can be obtained. The process with major lignin recovery is alkaline 

treatment, with a recovery of 138 kg of lignin and 180 L of ethanol. When XOS production is the desirable 

achievement, autohydrolysis can produce 195 kg, together with 33 kg of lignin and 166 L of ethanol. 

The two-step processes showed similar ethanol productions, although for alkaline treatment 

more lignin can be recovered comparing to organosolv. 

Considering the market value for these products (although product market values are not 

unequivocally available, and were obtained from diverse sources), a primary economic analysis, just for 

products revenue, can be performed (Table 4-16). Stating a price for lignin of about 0.36 €/kg (Gosselink, 

2011), ethanol price was, in May 20th, 0.41 €/L (CEPEA, 2015) and XOS price as 10 €/kg (Alibaba, 

2015). It is noteworthy that lignin and XOS prices depend heavily of the quality of the product, the 

process used for production, the purity and several other parameters, and so the prices can range to 

higher values. 

 

Table 4-16 Preliminary economic evaluation for products obtained from 1000 kg of corn cobs, from different 
processes. 

Process Revenues 

 Lignin XOS Ethanol Total 

Organosolv 44 € 1220 € 84 € 1348 € 

Alkaline Treatment 50 € - 74 € 124 € 

Autohydrolysis 12 € 1950 € 68 € 2030 € 

Autohydrolysis+ 

organosolv 
38 € 2245 € 71 € 2354 € 

Autohydrolysis+ 

alkaline treatment 
48 € 1950 € 69 € 2067 € 

 

This economical approach points autohydrolysis + organosolv as the process with potential 

higher revenues, although no equipment, installations, utilities or others costs were taking in count. Do 

note that feedstock costs are equal among all processes.  
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Figure 4-32 Mass balances for the different treatments used for selective fractionation of corn cobs.  
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5 Conclusions and further perspectives 

Corn cob is a lignocellulosic material with few valorisation and applications at industrial level, 

although it is an abundant residue, difficult to degrade in the field and whose disposal raises relevant 

concerns. As alternative to the direct conversion (burning) the selective fractionation of its components 

can be an opportunity for the production of added-value biobased products.  

In this study, a set of physico-chemical and chemical processes, and their combination, was 

tested in order to selectivly fractionate lignin, hemicellulose and cellulose of corn cobs. The processes 

and operational conditions used were not commonly described in the recent literature and its results 

constitute a clear innovation. 

In a first stage, a delignification approach using an organosolv process, with 50% ethanol:water 

solution, for different final temperatures and isothermal operation times was applied. With this process 

a high delignification yield was obtained together with considerable recovery of XOS in the liquid phase 

and a glucan enriched solid residue presenting a high enzymatic digestibility. Moreover, the ethanol 

used for delignification is relatively inexpensive, easy to recover and is itself a product of biorefineries. 

Furthermore, the fact that no other chemicals are used, besides water and ethanol, makes this process 

suitable for obtaining high quality lignin.  

In fact, a direct relation between temperature and delignification was observed for increased 

severity, although for the severest conditions this was not verified, what is explained by side reactions 

that led to an apparent lignin increase. The same behaviour was observed for isothermal treatments. 

Degradation products, mainly furfural as well as acetic acid became relevant for higher temperatures, 

but at moderate severities it is possible to fractionate corn cobs and to produce biobased products within 

a range of industrial-applicable operational conditions and low reagents consumption. Besides lignin 

derivatives, these also include xylo-oligosaccharides, and glucan enriched solid residues that can be 

used in bioconversion processes, i.e., bioethanol production. 

As alternative, a mild alkaline process, using different NaOH concentrations and isothermal 

operation times was also used with the purpose of corn cob delignification. With this process an almost 

complete delignification at relatively low NaOH concentrations (≤ 2% w/v) was achieve, together with an 

interesting enzymatic hydrolysis yield (> 80%). The characteristics and operational conditions of the 

process (120ºC for 0.5-2 h) make it suitable for industrial integration. In the case of this process, there 

is a correlation between delignification and NaOH concentration whereas the same cannot be stated for 

delignification and reaction time. The solid residue resulting from this process presented no major losses 

of polysaccharides which is an advantage as it is more selective than organosolv and hence simplifies 

lignin recovery from the liquid fraction. 

Other approaches using combined processes were also performed. The objective was, in a first 

stage to remove hemicellulose using a hydrothermal process (autohydrolysis) that enabled the 

production of oligosaccharides, which are potential added-value products. For this to be achieved the 

operational conditions leading to the highest recovery of XOS were identified and it was concluded that 

the extent of xylan depolymerisation depended on the temperature used in the process. A high recovery 

of XOS at relatively mild conditions, together with minor formation of inhibitors such as HMF, furfural, 

acetic acid and phenolic compounds were obtained. Thus, autohydrolysis shown to be a suitable method 
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to a first treatment stage as the resulting solid residue was enriched in lignin and glucan, showing an 

increased enzymatic digestibility (up to 95%). 

For the second stage of the two-step processes, both the organosolv and alkaline delignification 

methods previously used were applied. Using the autohydrolysis-organosolv process, an increased 

global delignification yield was achieved for milder conditions, although for severe conditions the lignin 

retained in the solid was higher. Globally, this combined process just achieve better results for XOS 

production as compared to the autohydrolysis and organosolv single-step processes, the 

saccharification yield showed no improvements. 

The two-step autohydrolysis-alkaline pretreatment process showed, in general, an increased 

degree of delignification. The exception was that the optimum condition found in two-step process led 

to slightly low delignification comparing to direct process. The residual solid obtained also exhibited an 

increased cellulose enzymatic digestibility comparing to autohydrolysis and alkaline pretreatment as 

single processes. 

These combined processes allow the recovery of a liquid phase rich in XOS, in the first step and 

a significant delignification of the solid in the second step, together with an almost complete enzymatic 

digestion. 

The proposed strategy was thus studied at experimental level, which enabled obtaining data to 

start a preliminary economic analysis, knowing in advance that the production of compounds with high 

added value or high volume from low cost products as an agriculture residue like corn cob increased 

the economic viability of the proposal. 

The results of research conducted in this thesis allow the presentation of the following 

suggestions for further work, as complement of this study, as well as a contribution to development of 

new lines of work: 

 Study of other organosolv operational conditions (e.g. different LSR or ethanol:water mixtures) in 

order to try to reach an almost complete delignification of the material; 

 Study of organosolv operational conditions at lower temperatures; 

 Application and development of strategies to recover/purify the lignins present in the liquid phase 

of the processes; 

 Characterization and comparison of the lignins obtained from the different processes; 

 Application and development of strategies to recover/purify XOS from the liquid phase of the 

processes; 

 Upgrading of cellulose rich fraction; 

 Study of an alternative two-step process, i.e., organosolv followed by autohydrolysis, in order to 

try to recover lignin in a first stage, hemicelluloses derived products (XOS) in a second stage and 

a cellulose-rich solid in the end; 

 Comparison of other alternative methods for selective fractionation of corn cobs, in order to 

stablish an economic analysis that allows a solid biorefinery project; 

 Scale-up studies in order to reach an industrial application; 

 Application of the studied fractionation strategies to corn residues mixtures. 
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Annexes 

 

A- Mathematical formulae 

Analytical methods 

The moisture content (H, %) of the samples was calculated using the following expression: 

H (%)=
wet sample weight (g)-dry sample weight (g)

wet sample weight (g)
×100 

 

The ash content (Ash, %) of the samples was calculated using the following expression: 

Ash (%)=
Ash weight (g)

dry sample weight (g)
×100 

 

The extractives content (Extractives, %) of the samples was calculated using the following 

expression: 

Extractives (%)=
w-w0 

 A(1 − H)
×100 

Where: 

w = weight of balloon + extractives, after each extraction (g) 

w0 = weight of balloon (g) 

A = weight of sample (g) 

H = moisture content 

 

 

The total nitrogen (Total nitrogen, %) of the samples was calculated using the following 

expression: 

Total nitrogen (%)=0.14∙(
V- V0

A(1 − H)
) 

Where: 

V = Volume of 0.1N HCl solution spent during sample titration (mL) 

V0= Volume of 0.1N HCl, spent during titration of blank (mL) 

A = weight of sample (g) 

H = moisture content 

The conversion factor used in protein calculation was N × 6.25 

 

Quantification of structural polysaccharides and lignin in solid samples 

Concentrations of glucose, xylose , arabinose and acetic acid in the liquors resulting from the 

quantitative acid hydrolysis of raw materials and solid residues were used for the calculation of glucan , 

xylan, arabinan and acetyl groups content (%), respectively. The acid-insoluble residue, after correction 

for the ash content, was quantified as Klason lignin. 
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During the quantitative acid hydrolysis, a significant percentage of the monosaccharides is 

degraded, so correction factors are introduced to account for the losses (Browning, 1967). Based on 

these percentages it is possible to calculate the correction factors (F). 

 

Gn=F× 
100

1005
×

162

180
×

Glc×Psol

A
 

Xn=F× 
100

1005
×

132

150
×

Xyl×Psol

A
 

Arn=F× 
100

1005
×

132

150
×

Ara×Psol

A
 

Ac= 
100

1005
×

60

61
×

HAc×Psol

A
 

KL= 
AIS-Ash

A
×100 

Where, 

Gn, Xn, Arn, Ac and KL are the concentrations of glucan, xylan, arabinan, acetyl groups and 

Klason lignin (g/100 g of dry solid) respectively; 

Glc, Xyl, Ara and HAc are the concentrations of glucose, xylose, arabinose, and acetic acid in 

liquors (g/L), respectively; 

The terms 
162

180
, 

132

150
, 

60

61
 are stoichiometric conversion factors of monomers into 

polysaccharides; 

F is the correction factor accounting for sugar degradation (1.04 for glucose and 1.09 for xylose 

and arabinose); 

Wsol and A are the weights of the solution and dried sample used in the test, respectively (g); 

AIS and Ash are the weight of the acid-insoluble residue of the sample and its ash content, 

respectively (g). 

 

Polymer Recoveries 

The recovery of each of the polysaccharides, Ac and KL, expressed as the percentage that 

remains in the solid residue after hydrolysis, was calculated according to the following equations: 

 

GnR=
Gn×SY

GnRM

 

XnR=
Xn×SY

XnRM

 

ArnR=
Arn×SY

ArnRM

 



100 
 

Ac=
HAc×SY

AcRM

 

KL=
LKn×SY

KLRM

 

Where,  

GnR, XnR, ArnR, AcR, KLR are the percentages of glucan, xylan, arabinan, acetyl groups and 

Klason lignin that remain in the residue after the hydrothermal processing (g/100g of the respective 

initial component); 

GnRM, XnRM, ArnRM, AcRM, KLRM are the percentages of glucan, xylan, arabinan, acetyl groups 

and Klason lignin on the raw materials, respectively (g/100 g of raw material); 

SY is the solid yield (g of recovered solid /100 g of raw material). 

 

The percentage of each of the polymer solubilized into monomers, as well as the percentage of 

monomers converted into the respective degradation products was calculated according to the following 

equations: 

 

Glcs=
162

180
×

Glc×WH

GnRM×A×0.01.ρ
H

×100 

Xyl
s
=

132

150
×

Xyl×WH

XnRM×A×0.01.ρ
H

×100 

Aras=
132

150
×

Ara×WH

ArnRM×A×0.01.ρ
H

×100
 

HAcs=
60

61
×

HAc×WH

AcRM×A×0.01.ρ
H

×100
 

Furfs=
132

96
×

Furf×WH

XnRM×A×0.01.ρ
H

×100
 

HMFs=
162

126.1
×

HMF×WH

GnRM×A×0.01.ρ
H

×100
 

Where, 

Glcs, Xyls, Aras, HAcs Furfs, HMFs, are the percentages of glucose, xylose, arabinose, acetic 

acid, furfural and 5-hydroxymethylfurfural recovered in the hydrolysate (g/100g of polymer present in 

raw material); 

Furf and HMF are concentrations of furfural and 5-hydroxymethylfurfural in the liquors (g/L); 

WH is the mass of hydrolysate obtained in the assay (g); 

ρH is the density of hydrolysate (g/L). 
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Oligosaccharides  

The percentage of gluco-oligosaccharides (GlcOSS), xylo-oligosaccharides (XOSS) from 

recovery liquors (g/100g (w/w) of glucans and xylans, respectively) were calculated according to the 

following equations: 

 

GlcOSS=
Gn∙W𝐿

GnRM∙A
∙100-GlcS 

XOSS=
(Xn+Arn)∙𝑊𝐿

(Xn+Arn)RM∙A
∙100-(Xyl+Ara)S 

Where, 

Gn, Xn, Arn are the percentages of glucans, xylans and arabinans, expressed in g/100g (w/w) 

of solid; 

GnRM, XnRM and ArnRM are the percentages of glucans, xylans and arabinans in raw-material, 

expressed in g/100g of polysaccharides in raw-material; 

GlcS, XylS and AraS are the percentages of monomeric glucose, xylose and arabinose recovery 

in liquors, expressed in g/100g of polysaccharides in raw-material; 

WL is weight of hydrolysate obtained in each test (g); 

A is the sample dry weight done in each test. 

 

B- Enzymatic activity  

DNS method 

The quantification of enzymatic activity of FPase and Endoglucanase is made based on the 

measurement of glucose concentrations (mg/mL) determined by the DNS (3,5-dinytrosalicilic acid) 

method (Miller 1959). 

This method is based on the reduction, in alkaline medium, of the DNS to 3-amino-5-

nitrossalicílico (a coloured substance that absorbs strongly at 540 nm) by reducing carbohydrates, being 

the carbonyl groups oxidized to carboxyl groups. The presence of the Rochelle salt in the solution, is 

justified as a reagent protecting the dissolved oxygen. 

 

DNS preparation 

Add 50 ml of sodium hydroxide (NaOH) 2N at 2.5 g of DNS and approximately 125 mL of distilled 

water and stir this mixture until dissolution. Subsequently, add 75 g of Rochelle salt (double tartrate of 

sodium and potassium) and volume is filled up to 250 mL with distilled water. This is different from the 

solution proposed in the NREL protocol (Adney and Baker, 2008), however has been used successfully 

in LNEG. 

 

Standard curve 

According to Table A1 are prepared 5 dilutions from a standard solution of glucose 10 mM, and 

is added 0.5 ml of DNS-solution. 
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Table A1 - Preparation of standard curve to DNS method 

Test tubes Glucose (10mM) (mL) Vwater (mL) DNS (mL) 

1 0.0 0.75 

0.5 

2 0.1 0.65 

3 0.2 0.55 

4 0.3 0.45 

5 0.4 0.35 

 

Subsequently, the test tubes are shaken and placed in a boiling water bath for 5 min. After the 

reaction, the test tubes are cooled to reach room temperature and the volume was filled up to 5 ml with 

distilled water. Thereafter the absorbance is read at 540 nm in spectrophotometer JASCO. 

 

Enzymatic activity calculation 

After construction of the calibration curve, dilutions used for each enzyme, are translated in 

terms of enzyme concentration, according to the following expression: 

[Enzyme]=
1

D
=

Venzdil

Vtotaldil
 

Where: 

D = dilution; 

Venzdil = enzyme volume used in dilution; 

Vtotaldil = total volume of dilution. 

 
After dilution translation of the concentration of enzymes, to calculate enzyme activity of FPase 

(FPU/mL), are estimated the enzyme concentrations needed to liberate exactly 0.5 mg of glucose. 

Simultaneously is draw a curve of glucose released as a function of enzymes concentration. Finally the 

FPase activity is calculated according to the following expression: 

FPase (FPU/mL)=
0.37

[Enzyme]0.5Glc
 

Where: 

 [Enzyme] 2Glc is the enzyme concentration required to liberate 0.5 mg of glucose (Ghose 

1987). 

 

To determine the cellobiase activity (IU/mL) are estimated the enzyme concentrations needed 

to liberate exactly 1.0 mg of glucose, tracing a curve of glucose released as a function of enzyme 

concentration. Finally the cellobiase activity is calculated according to the expression: 

Cellobiase (IU/mL)= 
0.0926

[Enzyme]1Glc
 

where [Enzyme] 1Glc is the enzyme concentration required to liberate 1.0 mg of glucose (Ghose 

1987). 
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To determine the endoglucanase activity (IU/mL) are estimated enzyme concentrations needed 

to liberate exactly 0.5 mg of glucose, tracing a curve of glucose released as a function of enzyme 

concentration. Finally the cellobiase activity of is calculated according to the expression: 

Endoglucanase (IU/mL)= 
0.185

[Enzyme]0.5Glc
 

where [Enzyme] 0,5Glc is the enzyme concentration required to liberate 0.5 mg of glucose 

(Ghose 1987). 

 

C- Combined Severity Factor (Log Ro) 

The severity factor proposed by Overend and Chornet (1987), can be calculated by the following 

expression: 

Log Ro= ∫ exp (
T(t)-100

w
) dt

t

0

 

Where:  

T – Temperature (ºC); 

t – time (min); 

w=14.75 – empirical parameter characteristic of the process. 

 


