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La crisis medioambiental es 

un problema global y solo la 

acción global lo resolverá. 
-Barry Commoner 
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1.1 From fossil to renewable resources 

 
The actual society presents a huge dependence on fossil resources, being their main application 

the production of energy, and to a lesser extent the production of chemicals and materials. 

However, the natural reserves of coal, crude oil/petroleum, natural gas etc. are limited due to their 

high exploitation and their lack of renewability. The depletion of these resources could be 

associated with their use under a linear economy, according to which goods are produced from 

virgin resources and once they are employed, they are thrown away as no more usable wastes. It 

has been estimated that the crude oil and the natural gas would last for 22 and 24 years more, 

respectively, being the coal the only remaining fossil resource after 2042, which will last until 

2112 [1.1]. However, although the fossil resources would tend to disappear due to their usage 

under a linear economy, the energy consumption is not expected to go decreasing with the time, 

as its trend is opposite to the one observed for the fossil resources. According to the International 

Energy Agency (IEA) the world energy demand seem to be growing with a rate of 1.6 % per year 

[1.2], being 1400 million tonnes of oil equivalent (mtoe) of primary energy consumed worldwide 

in 2017 according to the British Petroleum Company (BP) [1.3]. 79.7 % of the energy consumed 

nowadays is provided by non-renewable fossil energy sources or by nuclear energy, while only a 

20.3 % is obtained from renewable energy sources, being the 15.3 % provided by hydropower 

and the remaining 5.0 % by other energy sources [1.4].  

Several actions could be taken to delay the depletion time of the fossil resources; as it could be 

the improvement of the energy efficiency, the exploration of new fossil reserves or the promotion 

of the development of renewable energies and their market introduction [1.5].  

The European Commission, for instance, has developed the Horizon 2020 funding programme 

with the objective of accelerating the conversion of fossil-based European industries, to low 

carbon, resource efficient and sustainable industries for the production of energy and chemicals 

[1.6]. They estimate that the shift from fossil-based industries to bio-based ones, in which 

biological raw materials and processing methods are used, could save up to 2.5 billion tons of 

CO2 equivalent per year by 2030. This substitution could reduce the environmental problems 
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associated with the fossil-based industries, such as the acid rain, the climate change, the global 

warming or the harmful effects on the human health and on the aquatic life [1.4]. 

The use of biological raw materials such as lignocellulosic biomass instead of fossil resources for 

the production of chemicals, fuels and materials has gained attention in the last decades [1.7]. The 

employment of this biomass in bio-based industries is favoured not only by their quick production, 

high availability and limited price [1.8] but also because they constitute the non-edible portion of 

the plants and they do not interfere with the food supplies. This usage of the lignocellulosic 

biomass could reduce the serious environmental problems associated with the disposal of high 

volumes of these wastes on the soils and landfills.   

A new approach of the actual energy and chemical production systems is necessary due to the 

depletion of the fossil resources. The biorefineries are potential candidates to be considered as 

feasible alternatives to the fossil-based industries due to the employment of renewable feedstock 

and environmentally friendly technologies.  

 

 

1.2 Biorefineries 

 
The biorefinery concept was defined by the International Energy Agency (IEA) Bioenergy Task 

42 as “the sustainable processing of biomass into a spectrum of marketable bio-based products 

and bio-energy” [1.9]. In other words, a biorefinery is an industrial facility, or network of 

facilities, that covers an extensive range of combined technologies aimed at full sustainable 

transformation of biomass into building blocks with the concomitant production of biofuels, 

energy, chemicals and materials, preferably of added-value [1.10].   

The biorefinery approach presents many similarities with the fossil oils refinery as instead of 

using fossil oils to produce multiple fuels, basic chemicals, intermediate products and 

sophisticated products, the components of the biomass and their intermediates are used. However, 

the heterogeneity of the biomass and its more complex structure compared with the fossil oils 

makes the biorefinery more challenging, as a higher number of transformations and separations 

are needed. Nevertheless, the transformation and the separation processes applied in the 
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biorefineries have a relatively lower impact on the greenhouse gas emissions than the ones used 

in the fossil-based industries [1.11].  

Independently of the feedstock used, the biorefinery approach commonly involves a multiple-step 

process (Figure 1.1) for the fractionation and further up-grading of the components of the 

biomass. Commonly, the biomass is firstly treated to make it more susceptible for a further 

process, being this first procedure referred as the pre-treatment. In some cases, depending on the 

process, the isolation of a single fraction takes place, being possible to subject the obtained residue 

to an additional treatment to fractionate the biomass to a greater extend. Then, each component 

of the biomass are subjected to a subsequent process in which the isolated fractions could be 

converted into added-value products for further applications [1.12].  

 

  

Figure 1.1. Common stages of a multiple-step biorefinery.  

 

Nevertheless, not all the biorefineries follow the scheme shown in Figure 1.1, as there are 

treatments that could separate the main fractions of the lignocellulosic biomass in a single step. 

The thermochemical treatments, such as the steam explosion or the ammonium recycle 

Biomass resources

-Forestry, agricultural or agro-industrial wastes

-Marine resources

-Food crops

… 

1st stage of the biorefinery (Pre-treatment)

-Chemical: liquid hot water, acid/ basic hydrolysis, 

organosolv, ionic liquids …

-Biological

Residue

Main components of the biomass

-Cellulose, lignin, hemicelluloses, protein, 

starch…

Up-grading treatments

-Chemical: functionalizations, acid/ basic hydrolysis

conversions…

-Physical: extrusion, blending … 

-Biological: hydrolysis, fermentations…

Final products

-Composites

-Biofuels

-Building blocks

-Specialty polymers

2nd stage of the biorefinery

-Chemical: liquid hot water, acid/ basic hydrolysis …

-Biological
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percolation (ARP) process, for instance, could disrupt the lignocellulosic biomass in its different 

fractions [1.13], being possible to upgrade each one separately for the obtaining different added-

value products. The separation of the main fractions of the lignocellulosic biomass in a single step  

could also be carried out using concentrated acids , as its cellulosic and hemicellulosic fractions 

are hydrolysed leaving the lignin unaltered [1.13].    

The different stages of the biorefinery are designed to maximise the production of added-value 

compounds while the waste streams are minimised by converting the residues into energy. This 

makes the biorefineries work as a zero waste systems in which the generation of the high-value 

products increases the profitability of the biorefinery while the use of the residues could help 

decreasing its global energy demand. This philosophy works in parallel with the circular economy 

concept, which was described as “an industrial system that is restorative or regenerative by 

intention and design. It replaces the end-of-life concept with restoration shifts towards the use of 

renewable energy, eliminates the use of toxic chemicals, which impair reuse and return to the 

biosphere and aims for the elimination of waste through the superior design of materials, products, 

systems and business models” [1.14]. Thus, the application of the circular economy and the zero 

waste philosophies in the biorefineries permit the prevention, minimisation and valorisation of 

the wastes generated once the natural goods reach their end-of-life, solving the problems of the 

landfills and the fossil-source depletion [1.15].   

 

 

1.2.1  Types of biorefineries 

 
The great variety of feedstock and the number of processes employed to generate multiple added-

value products make it necessary to somehow classify the different biorefineries that could be 

settled down. Up to now, the bio-based industries have been characterised using different criteria 

such as the technological implementation status, the type of raw material or the main type of 

conversion process used. Depending of the criterion applied the biorefineries are classified in 

different groups as it can be seen in Figure 1.2.  
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Figure 1.2. Classification of the biorefineries according to different criteria. 

 

However, as the same bio-based industry could be classified in more than one group depending 

on the criterion used, in 2008 the IEA Bioenergy Task 42 developed a biorefinery classification 

system based on a schematic representation of full biomass to end-products chains [1.16]. The 

classification of the biorefineries according to this system consists on describing them using the 

following four main features, which are further categorised in the groups shown in Table 1.1 

[1.17]: 

 Platforms. It considers the intermediates generated by the fractionation of the 

biomass. The further processing of the platform converts it into energy and/or 

chemical products. This feature is the main pillar of this classification as 

platforms could be obtained by different conversion processes from different raw 

materials. 

Technological 

implementation 

status

1st generation
Harvested biomass or food 

crops

2nd generation
Agricultural and forestry 

wastes and industrial effluents

3rd generation
Sea resources 

4th generation
Genetically modified 

feedstock

Raw material

Whole-crop biorefinery
Entire crops, such as wheat, rye or 

maize

Green biorefinery
Wet feedstock derived from untreated 

products as grass or green plants

Lignocellulosic biorefinery
Nature-dry feedstock, such as cellulose 

containing biomass and wastes

Two-platform concept 

biorefinery
Sugar and syngas platforms

Conversion process

Physical
The chemical structure of the 

biomass components is not changed

Biochemical
Microorganisms or enzymes are 

used

Chemical
Chemical changes occur on the 

biomass

Thermochemical
Feedstock undergoes extreme conditions 

of temperature and/or pressure

Types of Biorefineries

Biomass
Biorefinery

Heat & 

Energy

Biofuels

Fine 

chemicals
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 Products. It considers the final products generated in the biorefineries and they 

are subcategorised as energetic (energy-products) and non-energetic products 

(material products). 

 Feedstock. It considers the renewable raw material used to obtain the final 

products and it is subcategorised as dedicated crops and residues.  

 Processes. It considers the type of the main process used to convert the feedstock 

into the main marketable product. The processes are subcategorised as 

thermochemical, biochemical, chemical and mechanical/physical.  

By classifying the biorefineries using these four features a complete description of their activity 

is given, leaving no point to ambiguity.   

 

Table 1.1. The features and the subcategories used to classify the biorefineries. 

Platforms Products Feedstock Processes 

C5 sugars Energy products Dedicated crops Thermochemical 

C6 sugars Biodiesel Oil crops Combustion 

Oils Bioethanol Sugar crops Gasification 

Biogas Biomethane Starch crops Hydrothermal up-grading 

Syngas Synthetic biofuels Lignocellulosic crops Pyrolysis 

Hydrogen Electricity and Heat Grasses Supercritical 

Organic juice  Marine biomass  

Pyrolytic liquid Material products  Biochemical 

Lignin Food Residues Fermentation 

Electricity and Heat Animal feed Lignocelullosic residues Anaerobic digestion 

 Fertilizer Oil-based residues Aerobic conversion 

 Glycerin Organic residues and others Enzymatic processes 

 Biomaterials   

 Chemicals and 

Building Blocks 

 Chemical processes 

Catalytic processes 

 Polymers and 

Resins 

 Pulping 

Esterification 

 Biohydrogen  Hydrogenation 

   Hydrolysis 

   Methanisation 

   Steam reforming 

   Water electrolysis 

   Water gas shift 

    

   Mechanical/Physical 

   Extraction 

   Fiber separation 

   Mechanical fractionation 

   Pressing/Disruption 

   Separation 
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1.2.2 Future perspectives of the biorefineries 

 
The fact that drives the implementation of the biorefinery concept in the industrial sector is its 

capacity to revalorise biomass by obtaining products of added-value by less energy requiring and 

waste generation technologies than the ones employed in the fossil oil refineries [1.10]. 

Nevertheless, although the implementation of the biorefineries is promoted in some cases by 

funding programs such as the Horizon 2020, their development is still slow. Nowadays, there are 

examples of bio-based industries in countries such as USA, Brazil or Europe [1.10], being the 

different European biorefineries shown in Figure 1.3.  

 

 

Figure 1.3. Different types of biorefineries based on the employed feedstock, that were settled 

in Europe in 2017 [1.18]. 

 

Examples of the implementation of biorefineries in Europe are the pulp industries Lenzing AG 

and Borregaard´s, which have gradually evolved into biorefineries. The first one is located in 

Biowaste-based

Lignocellulosic biomass

except wood

Sugar/starch-based

Wood-based
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Austria and it employs wood components to produce pulp (40.0 % of the wood), bioenergy (50.0 

% of the wood) and acetic acid, xylitol, furfural or soda from the remaining 10.0 % of the wood. 

Borregaard`s is a Norwegian biorefinery which manufactures cellulose, lignin, vanillin and 

bioethanol from wood.  

It is foreseen that in the near future the appearance of new bio-based industries can take place 

[1.10]. Nevertheless, some challenges need to be achieved in order to accelerate their 

implementation and their spread worldwide. It is necessary to increase the production of added-

value compounds from basic raw materials, to promote the introduction and the establishment of 

biorefinery demonstration plants and to boost the development of the ecological transport of 

biomass [1.19].  

In order to facilitate the implementation of the biorefinery products in the market, the research, 

the development and the production methods should be oriented to carry out an efficient 

revalorisation of undervalued non-food biomass into carbohydrates, lignin or proteins and to 

perform efficient pulping and fractionation processes, between other aspects [1.19]. This could 

lead to the development of more sustainable technologies that could make the use of the resources 

in each step of the biorefinery process more efficient, by reducing its operation time [1.10].  

Another aspect that could make the bio-based industries economically more competitive against 

the fossil oil refineries is the obtaining at lower cost new products with similar or enhanced 

properties to the ones existing in the market. They could also be competitive by producing 

compounds with unique properties, instead of trying to develop new processes to generate existing 

products [1.12].   

 

 

1.3 From wineries towards the future biorefineries 

 
The biorefineries can be used for the exploitation of agricultural, forestry and agro-industrial 

residues increasing the sustainability and the economic viability of the corresponding activities, 

since added-value products could be obtained from the generated residues. In particular, in this 

thesis the attention was focused on agricultural residues, whose availability is estimated to be 1010 
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Mt worldwide, being the wheat and rice straw the most employed raw materials in biorefineries 

[1.2]. The corn stover, cotton stalk, barley stalk, sugarcane bagasse and empty oil palm fruit 

bunch, between others, are also starting to be considered as potential biorefinery feedstocks [1.2].  

Apart from the mentioned agricultural residues, the ones generated from fruit crops also have 

their importance, being the grapes the largest fruit crops after the watermelon, bananas and apples 

[1.20]. According to the Food and Agriculture Organisation of the United Nations Statistics 

(FAOSTAT) 74.08 Mton of grapes were produced worldwide in 2014, being China (12.63 Mton), 

USA (7.15 Mton), Italy (6.93 Mton), Spain (6.22 Mton) and France (6.20 Mton) the main 

producers [1.21]. From the grapes produced annually, a 15.0 % is destined to the production of 

wine, being 29.10 Mton of wine produced in 2014 [1.21]. Italy (4.79 Mton), Spain (4.61 Mton), 

France (4.29 Mton), USA (3.30 Mton) and China (1.70 Mton) were the most important wine 

producers worldwide that year [1.21]. In Figure 1.4, the amount of wine produced worldwide is 

shown, using the data provided by FAOSTAT [1.21].  

 

 

Figure 1.4. Quantity of wine produced worldwide in 2014 by the FAOSTAT [1.21]. 

 

Nevertheless, not the whole grape is employed during the wine making process, as up to a 30.0 

wt.% of it remains as a solid waste [1.22]. Only in Europe 14.5 million tons of grape´s residues 
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are produced annually [1.23], thus the high quantity of generated by-products makes the 

viticulture an agricultural activity in which the biorefinery concept could be implemented.  

The by-products are generated throughout the entire wine production process, starting from the 

removal of the grapes from the vines to the bottling of the wine, as it can be seen in Figure 1.5.  

 

 

Figure 1.5. Stages of the white and red wine production and the residues generated in each stage, 

adapted from Dávila et al. [1.24]. The amount of wine residues is represented as its percentage in 

the grape, being the data adapted from Nerantzis et al. [1.25].    

 

The main residues generated during the wine production, are represented by: organic wastes (vine 

shoots (also denoted as vine pruning or vine cane), grape pomace (containing seeds, skins, and 

pulp), grape stalks, grape leaves…) wastewater, emission of greenhouse gases (CO2, volatile 
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organic compounds, etc.) and inorganic wastes (diatomaceous earth, bentonite clay and perlite) 

[1.26]. 

The disposal of the winery residues could be a problem with ecologic and economic impacts, as 

not all the wineries always follow the legislation and the winery residues increase constantly. The 

environmental problems associated with the wineries include the water pollution, the soil 

degradation, the damage of vegetation, the odours and air emissions or the noise from vehicles 

and equipments [1.24]. The environmental problems of the wineries could be minimised by using 

technology adapted to the environmental restrictions, reducing the water consumption, recovering 

the residues or reducing the produced wastes according to the ISO 14000 [1.26]. The economic 

viability of the wineries could be increased by using the winery residues under a biorefinery 

approach in order to recover valuable compounds.    

 

 

1.3.1 Revalorisation of the winery residues using a biorefinery 

approach  

 
Up to now, the winery residues are mainly sold to biogas companies to produce energy, they are 

also used to elaborate soil fertilizers [1.24] and they are employed as fermentation substrates for 

biomass production and livestock feeds [1.27]. However, there are several constraints for the 

current revalorisation routes of these residues. For example, the polyphenolic compounds present 

in some winery residues could present antimicrobial activities making these residues not suitable 

for their employment as livestock feeds [1.22].   

Thus, in the recent years the revalorisation of the different winery by-products under a biorefinery 

approach for the obtaining of added-value compounds has gained attention. The type of residues 

and their physicochemical characteristics determine their use and their specific valorisation route. 

The research on the revalorisation of the winery residues has been focused on the obtaining of a 

single or multiple added-value compounds, using in some cases a pre-treatment of the biomass to 

facilitate the subsequent fractionation processes. The variety of added-value compounds obtained 

from winery residues is very diverse with application in many fields, such as medicine or the 
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cosmetic, material or food industries, between others. In addition, they have also been used as 

fuels and energy sources. In Table 1.2 examples of single added-value products obtained from 

different winery residues are shown. 

 

Table 1.2. Added-value products obtained from different winery by-products. 

Winery     

by-product 
Composition 

Added-value 

products 

Extraction 

procedure 
References 

Grape pomace 

or grape marc 

Polysaccharides, lignin, 

acid pectic substances, 

phenols, proteins and 

insoluble 

proanthocyanidins 

Ethanol Solid state 

fermentation 
[1.29] 

Methane 
Anaerobic 

digestion 
[1.30] 

Grape stalks 

Cellulose, lignin, 

hemicelluloses and 

tannins 

Ethanol 

Autohydrolysis or 

acid hydrolysis + 

fermentation 
[1.31] 

Polysaccharides 

Delignification 

with 14.0 % 

peracetic acids + 

extraction with 

DMSO + 

precipitation with 

EtOH 

 

 

[1.32] 

Grape seeds 

Fiber, proteins, lipids 

(fat and oils), minerals, 

carbohydrates and 

tannins 

Polyphenols 

 

Extraction with 

Acetic acid/MeOH  

(5/100 mL) 
[1.33] 

Ultrasound assisted 

extraction with 44.0 

% EtOH 
[1.34] 

 Oil 
Extraction with 

supercritical CO2 
[1.35] 

Vine shoots 

Cellulose, lignin, 

hemicelluloses and 

proteins 

Polyphenols 
Extraction with 

1000mM NaOH [1.36] 

Wine lees 

Yeast, bacterias, 

insoluble carbohydrates, 

phenolics, lignin, 

proteins, metals and 

organic salts 

Methane 
Thermophilic 

anaerobic digestion 
[1.37] 

Squalene 
Extraction with 

supercritical CO2 

 

[1.38] 

 

The employment of these wastes for the obtaining of multiple added-value compounds, instead 

of a single product, could increase the economic value of the residue, apart from adjusting the 

process more to the circular economy and to the zero waste philosophy, since their integral 

revalorisation is carried out. In the literature, there are some examples in which the integral 
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revalorisation of different winery wastes such as grape seeds, grape pomace, grape skins or wine 

lees, between others, has been carried out for the production of multiple added-value compounds.  

Yedro et al. [1.39], for instance, developed a biorefinery approach for the integral revalorisation 

of the grape seeds for the obtaining of different added-value products such as, essential oils, 

polyphenols, sugars and lignin. Firstly, the grape seeds were subjected to a solvothermal 

extraction using a mixture of ethanol and water for the extraction of essential oils and 

polyphenols. Then, the solid residue was subjected to different steps of a hydrothermal 

fractionation-hydrolysis treatment carried out between 150 and 340 ºC for the solubilisation of its 

hemicellulosic and cellulosic fractions. After this treatment, a liquid phase containing hexoses 

and pentoses and a solid phase, which corresponded to the Klason lignin, were obtained.  

Another winery residue that has been studied for its integral revalorisation under a biorefinery 

approach is the grape pomace. Martínez et al. [1.40] proposed its employment for the production 

of polyphenols, volatile fatty acids (VFA), polyhydroxyalkanoates (PHAs) and methane. As it is 

shown in Figure 1.6, they firstly subjected the grape pomace to a supercritical CO2 extraction for 

the isolation of polyphenols. The obtained solid residue was subjected to an anaerobic acidogenic 

digestion producing volatile fatty acids. Then, an aerobic fermentation of the VFA was carried 

out using a pure culture of Cupriavidus necator obtaining PHAs.  The solid phase achieved after 

the anaerobic acidogenic digestion was subjected to an anaerobic methanogenic digestion for the 

production of methane.  

 

 

Figure 1.6. Scheme of the biorefinery approach for the integral revalorisation of grape pomace, 

adapted from Dávila et al. [1.24].    

 

The grape skins are another winery residue whose integral revalorisation has been studied. 

Mendes et al. [1.41] proposed a biorefinery approach of these wastes for the obtaining of 
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biocomposites, oleanoic acid and ethanol, as it can be seen in Figure 1.7. Firstly, they subjected 

the grape skins to consecutive or simultaneous extractions with hexane and water obtaining three 

different streams: a solid residue, an organic phase and an aqueous phase. The solid residue was 

used for the production of biocomposites, particularly low-density boards, while the organic phase 

could be used for the isolation of oleanoic acid. The aqueous phase, on the other hand, was 

subjected to an acid hydrolysis in order to obtain a liquid phase enriched in hexoses which were 

fermented by the Saccharomyces Cerevisiae 4072 to produce ethanol.   

 

 

Figure 1.7. Scheme of the biorefinery approach for the integral revalorisation of the grape skin, 

adapted from Dávila et al. [1.24].   

 

Dimou et al. [1.42] proposed an integral revalorisation of the wine lees for the production of 

compounds of added-value such as, ethanol, polyphenols, tartrate and poly(3-hydroxybutyrate) 

(PHB), using the biorefinery approach shown in Figure 1.8. Firstly, the solid and liquid phases of 

the wine lees were separated by centrifugation, being the latter phase distilled for the obtaining 

of ethanol and an alcohol-free liquid. The obtained solid phase was subjected to a sequential 

extraction with a mixture of acetone/water and methanol/water for the isolation of polyphenols. 

Then, the solid residue was treated with hydrochloric acid for the tartaric acid solubilisation. 

Finally, the solid recovered after the tartaric acid solubilisation together with the alcohol-free 

liquid were used in an enzymatic hydrolysis for the production of a nutrient rich fermentation 

media, which was used for converting glycerol into PHB by Cupriavidus necator.    
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Figure 1.8. Scheme of the biorefinery approach for the integral revalorisation of the wine lees, 

adapted from Dávila et al. [1.24]. 

 

Amendola et al. [1.43] proposed a biorefinery approach for the revalorisation of the grape stalks 

in order to isolate their hemicellulosic, lignin and cellulosic fractions, as it can be seen in Figure 

1.9. Firstly, the grape stalks were subjected to an autohydrolysis treatment, obtaining two streams, 

a liquid and a solid phase. The monosaccharides and oligomers derived from the solubilisation of 

the hemicelluloses were precipitated from the liquid phase by the addition of ethanol. The liquid 

phase recovered after the precipitation with ethanol was acidified for the precipitation of lignin.  

 

 

Figure 1.9. Scheme of the biorefinery approach for the integral revalorisation of the grape stalks, 

adapted from Dávila et al. [1.24].  

 

The autohydrolysed solid was further subjected to an organosolv treatment generating a solid 

residue enriched in cellulose and a liquid phase denominate as black liquor. The obtained black 

Wine lees Centrifugation

Solid phase

Liquid phase Distillation

Ethanol

Alcohol-free 

liquid phase

Sequential 

extractions

Polyphenols

Solid phase

HCl

Tartaric acid

Enzymatic 

hydrolysis
Nutritient

rich media
Fermentation PHB

Glycerol

Grape stalks Autohydrolysis
Solid 

fraction

Liquid 

fraction

Precipitation 

with ethanol
Hemicelluloses

Liquid 

fraction
Acid 

precipitation 

Lignin

Organosolv

treatment
Cellulose

Black 

liquor

Acid 

precipitation 

Lignin



 
18 

liquor was subjected to an acid precipitation in order to isolate the lignin fraction. Compared with 

the winery residues mentioned above, the integral revalorisation of the grape stalks is not very 

exploited as their isolated components could be further up-graded in order to obtain products of 

added-value.       

The vine shoots are winery by-products which have been employed by different researchers to 

obtain different added-value compounds following the biorefinery philosophy. For example, 

Bustos et al. [1.44] subjected the solid residue obtained from the acid hydrolysis of the vine shoots 

to a delignification treatment with NaOH for the obtaining of a solid rich in cellulose. This solid 

was further subjected to a simultaneous saccharification and fermentation (SSF) process with 

Lactobacillus rhamnosus for the production of lactic acid. Max et al. [1.45] studied the 

employment of the liquid phase recovered after the NaOH treatment of the acid hydrolysed vine 

shoots for the obtaining of hydroxycinnamic and hydroxybezoic acids.  

Bustos et al. [1.46], Portilla et al. [1.47] and Rodríguez-Pazo et al. [1.48] also carried out an acid 

hydrolysis of the vine shoots obtaining a liquid phase rich in monosaccharides which was further 

fermented to produce lactic acid. The first ones carried out the fermentation using Lactobacillus 

pentosus obtaining intracellular biosurfactants apart from lactic acid while the second ones 

employed Lactobacillus acidophilus and Debaryomyces hansenii for the acquisition of xylitol, 

microbial biomass and biosurfactants apart from lactic acid. Rodríguez-Pazo et al. [1.47] were 

able to produce biosurfactants and phenyllactic acid apart from lactic acid by the fermentation of 

the hemicellulosic sugars contained in the liquid phase using Lactobacillus pentosus and 

Lactobacillus plantarum.  

Although there are many examples of the revalorisation of vine shoots for the obtaining of 

different added-value compounds from some of its fractions, there are not examples in which a 

multi-product biorefinery in cascade for their integral revalorisation is proposed, as it happens 

with the rest of the winery residues mentioned above. As not all the isolated or obtained fractions 

are valorised, not all the economic value of the vine shoots is exploited and the proposed 

biorefinery processes do not fit the circular economy model.  
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Nevertheless, the research around the employment of the different winery residues under a 

biorefinery scheme for the obtaining of multiple products of added-value should continue, as the 

evolution of the technology and the knowledge could permit the obtaining of new added-value 

products or the employment of more environmentally friendly technologies.   

 

 

1.4 Main objective of the thesis 

 
The aim of this thesis was to perform an integral revalorisation of winery residues such as the 

vine shoots, following the biorefinery concept. The biorefinery approach proposed in this study, 

which is shown in Figure 1.10, follows the circular economy philosophy and it is in line with the 

sustainable development. It employs green technologies to minimise the waste generation and to 

obtain multiple added-value products, accomplishing the integral revalorisation of the vine 

shoots. 

In the proposed biorefinery approach, the vine shoots were subjected to different treatments in 

order to separate their main components, which after being characterised were subjected to up-

grading treatments to obtain added-value products. The first stage of the biorefinery scheme 

proposed was an autohydrolysis pre-treatment to solubilise the hemicellulosic fraction of the vine 

shoots. The remaining solid was treated using two different routes (second stage of the biorefinery 

approach) being the separation between the lignin and cellulosic fractions carried out in both of 

them. The proposed biorefinery approach could permit the obtaining of bioactive extracts, 

prebiotics, bioethanol, cellulose, which could be used for the generation of biomaterials or 

platform chemicals, or lignin, which could be used for the production of biomaterials or as a 

source of phenolic compounds. Some of these products have never been produced from the vine 

shoots. The procedures used to isolate and up-grade the different fractions of this winery by-

product are described in detail during the following chapters. 

The environmental impacts derived from the valorisation of vine shoots under a biorefinery 

approach (Figure 1.10) were evaluated from an environmental perspective using the Life Cycle 
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Assessment methodology. The evaluation of the routes would permit the identification of 

environmental hotspots responsible of their largest environmental impacts. 

 

 

 

 

 

 

Figure 1.10. Scheme of the biorefinery approach in cascade proposed for the integral 

revalorisation of the vine shoots.   
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Autohydrolysis of  

the vine shoots 

 

  
  

La ciencia no es solo una 

disciplina de razón, sino 

también de romance y pasión.  
-Stephen Hawking 
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2.1 Background 

 
2.1.1  Vine shoots 

 
Vine shoots, which are the raw material used in this thesis, are annual agricultural residues 

generated during the pruning of the vine. This activity has important implications for the vines 

themelf, since it affects their form, shape and size, influencing the balance between vegetative 

and the fruit growth, and consequently the quantity and quality of the grape production [2.1]. 

Although the amount of vine shoots could fluctuate from year to year, it is estimated that around 

21 millions of tons are produced per year worldwide [2.2]. Due to the low-economic value of 

these residues, they are commonly burned in the fields to prevent the proliferation of 

phytopathogens [2.3] or they are left in the fields as organic fertilizers [2.4] as it can be seen in 

Figure 2.1, causing environmental and ecological pollution.  

 

 

Figure 2.1. Vineyards before and after the vine pruning. 

 

Although the composition of the vine shoots is influenced by the vine variety, the time of pruning 

or the climate among other factors [2.1], they are mainly composed by cellulose (~35.0 %), 

hemicelluloses (~20.0 %) and lignin (~27.0 %) [2.5]. Apart from their main components they also 

contain other minor compounds such as lipids, proteins, minerals [2.6] and water soluble organic 

low molecular weight compounds, such as stilbenes, flavonoids, phenolic acids, alcohols, 

terpenes or aldehydes, between others [2.7]. 

In the recent years, as it has been mentioned in the section 1.3 of the Chapter 1, the employment 

of the vine shoots under a biorefinery perspective has been gaining attention, due to their low-

cost, high abundance and renewability. Their composition could also permit the obtaining of 

Vine pruning
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multiple added-value compounds by fractionating these residues in their main components and 

by up-grading them, following the philosophy of the circular economy model.  

The first fraction isolated from the vine shoots according to the biorefinery scheme proposed in 

this thesis (Figure 1.10, section 1.4 of the Chapter 1) was the hemicellulosic fraction, as compared 

with the cellulose and lignin it is the most labile fraction of the lignocellulosic biomass [2.8]. 

  

 

2.1.2  Hemicelluloses 

 
The hemicelluloses are heterogeneous polymers made up of monosaccharides with 

polymerisation degrees between 80 and 200 [2.9] and they represent between the 15.0 and 35.0 

% of the lignocellulosic biomass [2.10]. Their main function is to stabilise the cell wall as they 

interact with the cellulose by hydrogen bonds and with the lignin by covalent bonds [2.8], as it 

can be observed in Figure 2.2.  

 

 

Figure 2.2. Scheme of the internal structure of the biomass, adapted from Brandt et al. [2.11]. 

 

The structure of the hemicelluloses consists on a β-(1→4) backbone of glucose, mannose or 

xylose units with short branches constituted by pentoses, hexoses, acetyl groups and uronic acids, 

arrange in different proportions. Taking into account their structure, which are represented in 

Figure 2.3, the hemicelluloses can be classified in the following main groups:  

 Mannans. The mannans are mainly constituted by a mannose backbone, which can 

present galactose and acetyl groups as substituents. Depending on their substituents and 

the composition of their backbone, the mannans can be classified in different sub-groups. 

Cellulose
LigninHemicelluloses

Covalent 

bond
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The linear mannans present the simplest structure as they are constituted by a mannose 

backbone without branches. The galactomannans contain α-1-6 D-galactose units attach 

to the mannose backbone. The glucomannans are another type of mannans in which the 

main chain is composed by mannose and glucose units link by a β-1-4 bond, being the 

mannose to glucose ratio variable with the feedstock [2.12]. The glucomannans are 

usually straight chains with little branching located in the mannose units and they can 

also be acetylated [2.13]. The galactoglucomannans present a higher branching than the 

glucomannans as either on glucose or mannose units a α-1-6 D-galactose can be bound, 

being the acetyl groups also forming part of the side chains. It has been reported that the 

solubility of the mannans increases with the degree of galactose branching [2.14].  

 Xylans. The xylans are the most abundant hemicelluloses present in the biomass. They 

consist on a backbone of β-D-xylose units bind via β-1-4-glycosidic bonds and they can 

present xylose, arabinose, glucuronic acid, 4-O-methyl ether or acetyl groups as 

substituents [2.15], being their branching type and degree variable with the feedstock.  

The homoxylans are linear or branched homopolymers in which β-1-4, β-1-3 or a mixture 

of these two glycosidic bonds maintain xylose units together [2.16]. When the xylose 

backbone presents arabinoses as substituents bind to the C3 of the xyloses, these xylans 

are denoted as arabinoxylans. Another xylan type are the glucuronoxylans, which 

consist on a xylose backbone substituted on every 10 units with 4-O-methyl-D-glucuronic 

acid. These hemicelluloses together with the arabinoxylans could be partially acetylated 

at the C2 or C3 of the xylose units forming the backbone [2.16, 2.17]. It has been reported 

that the presence of the acetyl groups as substituents increase the solubility of the xylans 

[2.18]. The arabinoglucuronoxylans consist on a xylose backbone with arabinose and 

glucuronic acids bind to the O2 and O3 positions of the xyloses [2.19]. They could also 

present coumaric or ferulic acids bind to the C5 position of the arabinose substituents by 

ether linkages [2.20].  

 Xyloglucan. The xyloglucans consist on a backbone of β-D-glucoses bind via a β-1-4 

glycosidic bond, with xylose substituents bind to the C6 position of some glucose units 
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[2.21]. These hemicelluloses present a high degree of branching, presenting arabinose 

and galactose units attach to the xyloses [2.22].   

 

 

 

Figure 2.3. Basic structure of the different types of hemicelluloses: (a) linear mannans, (b) 

galactomannans, (c) glucomannans, (d) galactoglucomannans, (e) homoxylans, (f) arabinoxylans, 

(g) glucuronoxylans, (h) arabinoglucuronoxylans and (i) xyloglucans. 

 

The hemicellulosic content of the biomass, together with the type of hemicelluloses and their 

branching degree depend on the feedstock, as it can be observed in Table 2.1. Thus, the 

characteristics and the potential application of the hemicellulose-derived products would also 

depend on the feedstock as well as on the isolation procedure and the conditions employed.  
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Table 2.1. Percentage of the different types of hemicelluloses present in several raw materials, 

adapted from Girio et al. [2.22] and Poespowati et al. [2.23].  

Type of feedstock Species Hemicellulosic type Amounta (%) 

Softwood 

Pine,                  

Spruce,                       

Fir 

Galactoglucomannan 10.0-25.0 

Arabinoglucuronoxylan 5.0-10.0 

Glucomannan 2.0-5.0 

Hardwood 

Birch,                      

Aspen,                       

Oak 

Glucuronoxylan 15.0-30.0 

Xyloglucan 2.0-25.0 

Glucomannan 2.0-5.0 

Grasses 
Switchgrass, 

Pennisetum, 

Miscanthus sinensis 

Glucuronoarabinoxylan 15.0-30.0 

Arabinoglucuronoxylan 5.0-10.0 

Cereals 
Rice,                    

Wheat,                             

Rye 

Glucuronoarabinoxylan 15.0-30.0 

Arabinoxylan 0.15-30.0 

Arabinoglucuronoxylan 5.0-10.0 

Green Algae 
Caulerpa,          

Bryopsis sp. 
Homoxylan 20.0-50.0 

a oven-dried basis 

 

 

2.1.2.1 Isolation of hemicelulloses  

             
In the lignocellulosic biomass, hemicelluloses are linked to each other and to cellulose by 

hydrogen bonds, while they are covalently bind to lignin by ester and ether linkages.  

Therefore, in order to isolate the hemicelluloses, mechanical or chemical processes are necessary 

to break down these interactions [2.24]. Although there are many procedures to isolate 

hemicelluloses, when choosing one of them there are some aspects to take into consideration. 

These aspects could be the preservation of the hemicellulosic fraction without altering the 

structure of the remaining fractions or the prevention of the formation of degradation products, 

among others. The cost effectiveness and the low energy requirements also have to be considered 

when selecting an isolation process [2.25].  

Some of the most common procedures employed for the isolation of this fraction are detailed 

below. 
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 Alkaline extraction. During this process the α-ether linkages between the 

hemicelluloses and lignin, as well as, the ester bonds between lignin and/or 

hemicelluloses and hydroxycynnamic acids, such as p-coumaric and ferulic acids [2.9], 

are cleaved in the basic medium created by chemicals such as, CaOH, NaOH, KOH and 

NH4OH [2.15]. The alkaline extraction requires mild operating conditions (temperature 

and pressure), but it is not selective for hemicelluloses as lignin is also solubilised during 

the treatment. So, to obtain relatively pure hemicelluloses bleached biomass should be 

used [2.26]. The structure of the native hemicelluloses is also altered during the alkaline 

extraction, as saponification reactions take place removing their acetyl groups and uronic 

acids [2.27]. Another disadvantage of this procedure is the formation of irrecoverable 

salts or the incorporation of salts into the biomass structure [2.28].        

 Organic solvent extraction. In this treatment, the hemicelluloses together with lignin 

and the degradation products of the cell wall components are extracted in different 

proportions [2.9]. Some of the organic solvents most commonly used are ethanol, 

methanol, glycerol, ethylene glycerol [2.15] or dimethyl sulfoxide (DMSO) [2.9]. 

However, there are many variants of the organic solvent extraction as apart from using 

aqueous solutions, the addition of organic acids, such as, acetic acid, formic acid or oxalic 

acid [2.15], or bases, such as, NaOH, has been studied [2.29]. It has been observed that 

each kind of solvent have a different effect on the structure of the hemicelluloses. The 

neutral solvents permit the extraction of the hemicelluloses without altering their 

structure, while when acid and basic solvents are used a partial depolymerisation of the 

solubilised hemicelluloses occurs by the cleavage of the glycosidic bonds, as well as by 

the removal of the ester groups present in the hemicelluloses [2.9]. The employment of 

organic solvents presents some advantages. They are easily recovered by distillation, they 

present low environmental impact and the extractions do not require much energy. 

However, the use of these solvents also has some drawbacks, such as their high price or 

the extra security measures that has to be applied due to their flammability [2.30].   
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 Steam explosion. During this process the biomass is heated (normally between 210 and 

290 ºC) for a short period of time using high-pressure saturated steam (normally between 

20 and 50 bars) [2.27]. Under the high pressure, the steam condenses “wetting” the 

biomass and with the sudden decrease of the pressure, the condensed moisture is 

evaporated producing the desegregation of the lignocellulosic biomass due to the 

breakage of inter- and intra-molecular linkages [2.27]. Consequently, the lignin is easily 

depolymerised while the hemicelluloses are readily hydrolysed [2.9]. Most of the steam 

explosion treatments produce mainly oligosaccharides along with low quantities of lignin 

compounds [2.27]. However, in some cases extractions with water and alcohols are 

necessary to remove the solubilised lignin [2.9].      

 Hot water extraction or autohydrolysis. In this treatment, the hydrolysis of the 

hemicelluloses takes place using hot water and working at temperatures between 160 and 

240 ºC, with a pressure higher than the saturation point of the water. The high temperature 

and pressure produce the auto-ionisation of the water leading hydronium ions (H3O+) 

which catalyse the hydrolysis of the glycosidic linkages of the hemicelluloses, removing 

also part of their uronic acids and acetyl groups. The hydronium ions coming from the 

acetyl groups also act as catalysts improving the kinetic of the hydrolysis. The uronic 

acids might also contribute to the formation of hydronium ions although their role is not 

completely understood [2.27]. Apart from the hydrolysis of the glycosidic bonds of the 

hemicelluloses the linkages between the hemicelluloses and lignin are also hydrolysed. 

However, the lignin fraction is not significantly solubilised during this process [2.27], 

being monosaccharides, oligosaccharides and degradation products, the main products 

obtained in the autohydrolysis. One of the advantages of this treatment is the employment 

of mild pH conditions which avoids corrosion problems, as well as, acid recycling and 

precipitate removal steps [2.27].  

From the mentioned methods, the most applied ones are the steam explosion and the 

autohydrolysis. These treatments permit the selective solubilisation of the hemicelulloses, 
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producing liquid phases rich in oligomeric and monomeric sugars derived from the total or partial 

hydrolysis of the hemicelluloses [2.8]. The low quantity of lignin-derived products present in the 

liquid phases makes it not necessary to carry out a further step for the removal of lignin. Between 

these two methods, the autohydrolysis is supposed to permit the effective solubilisation of 

hemicelluloses without removing totally their acetyl and uronic groups [2.31] and without causing 

significant effects on the structure of the remaining lignin and cellulose fractions [2.32]. 

Moreover, the autohydrolysis and the steam explosion could be considered as green processes as 

only water is used, however they present a high energy requirement [2.15]. 

In order to make the procedures to isolate the hemicelluloses more effective, energy efficient, 

environmentally friendly and less time consuming, the intensification of these methods by the 

employment of microwaves  and ultrasounds has been studied [2.9, 2.15].   

During the procedures assisted by microwaves the biomass and the solvent are 

electromagnetically irradiated, transforming this electromagnetic energy into heat. Thus, 

compared with the conventional heating, in which the heat is transferred by convection, the 

microwave-assisted treatment requires shorter times. Other advantages of the microwaves are the 

less solvent requirements, the higher extraction rates and the lower cost [2.33]. However, as the 

microwave-assisted treatments are faster than the conventional ones, it is more difficult to achieve 

a good extraction yield without extensive degradation of the hemicelluloses and without the 

dissolution of the lignin and cellulose [2.9].  

In ultrasound-assisted isolation procedures, the efficiency of the extraction is improved by the 

cavitation phenomenon that takes place [2.34]. The cavitation consists on the formation, growth 

and the collapse of gas bubbles in the liquid medium due to the ultrasound waves [2.34]. This 

produces a high turbulence and liquid circulation in the media which facilitates the penetration of 

the solvent into the biomass [2.35]. However, it has to be taken into account that long irradiation 

times and the high power of ultrasounds could influence or change the structure of the isolated 

hemicelluloses [2.35].  

Examples of the employment of the previously detailed procedures to separate hemicelluloses 

from different raw materials are collected in Table 2.2. 
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Table 2.2. Examples of different procedures to solubilise the hemicelluloses from several raw 

materials.  

Raw material Type of isolation procedure Conditions Reference 

Wheat straw 

Alkaline extraction 

0.5 M NaOH at 55 ºC for 2h [2.36] 

Pennisetum sinese 

Roxb 

0.5 % H2O2 and 4.0 % NaOH at 75 ºC for 4h, 

assisted by microwaves 

[2.37] 

Olive tree pruning 
7.5 wt.% NaOH at 50 ºC for 60 min, assisted 

by ultrasounds 

[2.38] 

Wheat straw 
Solvent extraction 

Acetic acid/H2O (90/10, v/v) at 85 ºC for 4h [2.39] 

Barley straw Dioxane/H2O (90/10, v/v) at 80 ºC for 4 h [2.40] 

Banana rachis 
Steam explosion 

H2O at 217 ºC and 21.23 bars for 300 s [2.41] 

Eucalyptus globulus H2O at 183 ºC and 9.8 bars for 10 min [2.42] 

Eucalyptus globulus 

Autohydrolysis 

H2O at 175 ºC for 30 min [2.43] 

Olive tree pruning 
H2O at 50 ºC for 120 min, assisted by 

ultrasounds 
[2.38] 

Corn stover and cob 
H2O at 200 ºC for 50 min, assisted by 

microwaves 
[2.44] 

  

Among the different methods described for the solubilisation of the hemicellulosic fraction of the 

lignocellulosic biomass, in this thesis the autohydrolysis was chosen as the first treatment of the 

biorefinery scheme proposed for the vine shoots (Figure 1.10, section 1.4 of the Chapter 1).  

 

 

2.1.2.2 Potential applications of the hemicellulose-derived products 

isolated from vine shoots 

 
The hemicellulosic fraction of biomass has received much attention in the last decades for its 

application in different fields, due to its biodegradability, its excellent biocompatibility and its 

physico-chemical properties [2.9]. 

In this thesis, since the procedure used to solubilise the hemicellulosic fraction was the 

autohydrolysis, the main hemicellulose-derived compounds that could be obtained are 

oligosaccharides with different polymerisation degrees and substituents, followed by 

monosaccharides and degradation products such as furfural or hydroxymethylfurfural (HMF) 

[2.31]. 

The compounds obtained during the autohydrolysis of the vine shoots were assayed as prebiotics, 

antioxidants and antimicrobials [2.45, 2.46]. However, in addition to the applications evaluated 
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in this thesis, the hemicellulose-derived compounds could be used to produce many added-value 

commodities with application in fields, such as medicine, food, cosmetic or pharmaceutical 

industries, between others, as it can be seen in Table 2.3.  

 

Table 2.3. Added-value products obtained from hemicellulose-derived compounds and their 

applications. 

Feedstock 
Hemicelluloses 

isolation procedure 

Added-value 

product 
Fields of application Reference 

Rice Autohydrolysis 
Prebiotics 

Food and cosmetic 

industries 

[2.47] 

Bamboo Autohydrolysis [2.31] 

Spruce Autohydrolysis 

Hydrogels 
Medicine and 

environmental protection 

[2.48] 

Bamboo Alkaline extraction [2.49] 

Spruce Autohydrolysis 

Films Food industry 

[2.50] 

Sugar cane 

bagasse 
Alkaline extraction [2.51] 

Bamboo Acid hydrolysis 

Xilytol 
Food, deontological and 

pharmaceutical industries 

[2.52] 

Oil palm empty 

fruit banches 
Autohydrolysis [2.53] 

Vine shoots Acid hydrolysis Lactic acid Medicine and food 

industry or as a platform 
[2.54] 

Pubescens 
Extraction with a 

GVL/H2O mixture 
Furfural 

As additive in fungicides, 

inks, adhesives or as a 

platform 

[2.55] 

 

As it has been mentioned, one of the applications assessed in this thesis for the hemicellulose-

derived compounds is as functional food ingredients due to the potential prebiotic activity of the 

oligosaccharides. In the literature, there are many examples in which the prebiotic activity of 

oligosaccharides obtained from different lignocellulosic biomass has been proved [2.45, 2.56]. 

However, the prebiotic activity of the oligosaccharides isolated from vine shoots has never been 

assessed at the best of our knowledge.  

The prebiotics are defined as “selectively fermented ingredients that allow specific changes, both 

in the composition and/or activity of the gut microbiota, conferring benefits to the host´s 

wellbeing and health” [2.57]. The prebiotics are fermented by intestinal microbiota such as 

bifidobacteria and lactobacilli, generating short chain fatty acids (SCFA) such as propionic, 
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butyric or acetic acid [2.47], which could influence the bowel functions, calcium absorption, lipid 

metabolism or could reduce the risk of colon cancer [2.58]. It has been reported that inulin, 

lactulose or oligosaccharides such as arabinoxylans, galactooligosaccharides (GalactOS), 

fructooligosaccharides (FOS) or xylooligosaccharides (XOS) present prebiotic activity [2.59-

2.61].   

As it has been mentioned, during the autohydrolysis treatment, apart from oligosaccharides and 

monosaccharides, degradation products are also formed. Commonly, the liquid phases obtained 

during this treatment, also denoted as autohydrolysis liquors or hydrolysates, need to be refined 

in order to use the oligosaccharides as functional food ingredients, as they have to present a purity 

between 75.0 and 95.0 % [2.62]. In this thesis, the refining of the autohydrolysis liquors obtained 

from the vine shoots was carried out using membrane technology followed by ion exchange. The 

membrane technology is a green process as no reagents are used and it permits the removal of 

monosaccharides and phenolic derived compounds [2.63].  

The second application given to the compounds obtained during the autohydrolysis treatments of 

the vine shoots is related to the non-saccharides compounds formed during this process. Apart 

from the solubilisation of the hemicellulosic fraction different secondary processes such as, the 

removal of extractives, the solubilisation of the acid-soluble lignin, the neutralisation of the ashes, 

the Maillard reaction or the generation of acetyl groups and carbohydrate degradation products 

could take place during the autohydrolysis treatment [2.64]. These reactions consequently 

produce liquid phases containing saccharides and non-saccharides compounds, such as, phenolics 

and carbohydrate degradation products which could present antioxidant and antimicrobial 

activities [2.46, 2.65]. In this thesis, the separation of the saccharide and non-saccharide 

compounds formed during the autohydrolysis treatments of the vine shoots was carried out by a 

liquid-liquid extraction. The non-saccharide compounds forming part of the extracts could present 

antioxidant and antimicrobial properties.  
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2.2 Objectives 

 
The main objective of this chapter was to study the revalorisation of the hemicellulosic fraction 

of the vine shoots targeting the use of the hemicellulose-derived oligosaccharides as functional 

food ingredients with prebiotic effect and the use of non-saccharide compounds as food 

preservatives.    

To attain this objective, autohydrolysis treatments at different temperatures were carried out to 

solubilise the hemicellulosic fraction of the vine shoots. The autohydrolysis liquors were 

chemically characterised in order to determine the conditions that permitted the obtaining of the 

highest quantity of oligosaccharides. The liquid phase obtained at the conditions that allowed the 

maximum yield of oligosaccharides, was refined by membrane technology followed by ion 

exchange. The refined oligosaccharides were chemical and structurally characterised and their 

digestibility throughout a simulated gastrointestinal system and their prebiotic activity were tested 

in vitro.   

For the production of extracts with bioactive activities, the autohydrolysis liquors obtained at 

different temperatures were subjected to liquid-liquid extractions. The extracts were chemically 

characterised and their antioxidant and antimicrobial activities were assessed.  

Moreover, in order to carry out an integral revalorisation of the vine shoots the solid phases 

obtained after the autohydrolysis treatments at different temperatures were chemically 

characterised, being their treatment and application described throughout the Chapter 3.    

The streams obtained in the different treatments or processes carried out in this chapter and the 

analytics to which the different streams were subjected are depicted in Figure 2.4.  
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Figure 2.4. Scheme of the processing of the autohydrolysis liquors. 

 

 

2.3 Materials and methods 

 
2.3.1  Characterisation of the raw material 

 
The vine shoots employed throughout this thesis were pruned from vines of the grape variety 

Hondarribi Zuri after the vintages of 2014 and 2015 and they were supplied by the local winery 

Aldako Bodega S. L. in Oiartzun (Basque Country). Once collected, the vine shoots were air-

dried, milled and sieved, in order to have a homogenised single lot with a particle size smaller 

than 0.4 cm. Throughout the whole thesis the vine shoots obtained after the two vintages were 

used, which explains the slight differences that could be observed in the composition of the 

starting material used in the different processes.   

The vine shoots were characterised according to protocols proposed by the Technical Association 

of Pulp and Paper Industries (TAPPI) [2.66] and by the National Renewable Energy Laboratory 

(NREL) [2.67], which are described in detail in the Appendix I. The vine shoots were subjected 

to TAPPI protocols to determine their content in ashes (TAPPI T211-om-93), in ethanol-toluene 

extractives (TAPPI T204cm-97), in acid-insoluble or Klason lignin (TAPPI T222-om-98) and in 

Vine shoots

Autohydrolysis

Liquid phase

(Hemicellulose-derived products)

Solid phase

(Lignin + Cellulose)

Purification by Membrane 

Technology + Ion exchange

Purified 

oligosaccharides

Characterisation

Purification by 

Liquid-Liquid extraction

Ethyl acetate 

soluble extract

Characterisation

Characterisation

Approach A

Obtaining of prebiotics
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Obtaining of bioactive extracts
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moisture (TAPPI T264-om-97). The holocellulose and the α-cellulose contents were determined 

by protocols proposed by Wise et al. [2.68] and Rowel [2.69], respectively. The hemicelluloses, 

glucan and acid-insoluble lignin content of the vine shoots were also analysed by a quantitative 

acid hydrolysis (QAH), which is a protocol developed by the NREL.  

 

 

2.3.2 Solubilisation of the hemicellulosic fraction of the vine 

shoots by autohydrolysis  

 
The solubilisation of the hemicellulosic fraction present in the vine shoots was carried out by non-

isothermal autohydrolysis treatments using a temperature range between 180 and 215 ºC. To carry 

out these treatments the vine shoots and water were mixed using a liquid/solid ratio (LSR) of 8 

g/g (in oven-dried basis) in a 1.5 L stainless steel 5100 Parr reactor, in which the temperature was 

controlled by a Parr PID control. Once reached the desired temperature the reactor was cooled 

down and the liquid and solid phases were separated by filtration. The autohydrolysis treatments 

were carried out in duplicates.  

The solid phase was washed with water to remove the solubilised hemicelluloses that could 

remain attached to the solid. Then, it was air-dried, quantified and subjected to a moisture 

determination (Appendix I) to estimate the solubilisation of the substrate during the 

autohydrolysis treatment. The obtained solid phase was also subjected to a QAH, which is 

described in the Appendix I, to determine its acid-insoluble lignin, hemicelluloses and glucan 

content. The holocellulose and α-cellulose content of the solid was not analysed by the TAPPI 

protocols. Nevertheless, the glucan content determined by the NREL protocol in the solid could 

be mainly attributed to the cellulose, as around 80.0 % of the hemicelluloses of the vine shoots 

were solubilised during the treatments carried out between 195 and 215 ºC.   

The hydrolysates obtained in the autohydrolysis treatments carried out at different temperatures 

were subjected to the determination of the monosaccharide, oligosaccharide, acetic and 

galacturonic acids and degradation products (such as furfural and HMF) content. Futhermore, 

their non-volatile compounds (NVC) and other non-volatile compounds (ONVC) contents were 
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analysed, using for all the analyses the protocols described by Garrote et al. [2.70], which are 

collected in the Appendix II. The total phenolic and total flavonoids content (TPC and TFC, 

respectively) of the hydrolysates were also determined, using the protocols described by Singleton 

and Rossi [2.71] (1965) and Blasa et al. [2.72], respectively (Appendix II).  

In order to analyse the structure of the compounds present in the hydrolysates, they were 

characterised by Fourier Transform Infrared (FTIR) spectroscopy and High Performance Size 

Exclusion Chromatography (HPSEC), being these structural determinations described in the 

Appendix II.  The hydrolysates were also subjected to Thermogravimetric Analysis (TGA) to 

determine their thermal stability (Appendix II). 

To measure the intensity of the autohydrolysis treatments and to facilitate the comparison of the 

results obtained with the ones obtained using other reactors, the severity of the treatments was 

determined. The severity (S0) takes into account the combined effects of the temperature and the 

time of the heating and the cooling periods of the non-isothermal treatments [2.73], being it 

estimated as follows: 

𝑺𝟎 = 𝑙𝑜𝑔 𝑅0 = 𝑙𝑜𝑔 [𝑅0 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑅0 𝐶𝑜𝑜𝑙𝑖𝑛𝑔] = 𝑙𝑜𝑔 [∫ 𝑒
(

𝑇(𝑡)− 𝑇𝑅𝑒𝑓

𝜔
)

𝑑𝑡 +  ∫ 𝑒
(

𝑇′(𝑡)−𝑇𝑅𝑒𝑓

𝜔
)

𝑑𝑡
𝑡𝐹

𝑡𝑀𝑎𝑥

𝑡𝑀𝑎𝑥

0

] 

 

where R0 is the severity factor, tMax (min) is the time necessary to reach the maximum temperature 

of each autohydrolysis treatment and tF (min) is the time required for the entire heating-cooling 

cycle. T(t) and T’(t) (ºC) are the temperature profiles of the heating and cooling stages, 

respectively, and ɷ  and TRef  are parameters whose values have been reported in the literature (ω 

= 14.75 ºC and TRef = 100 ºC).  

 

 

2.3.3 Refining of the hydrolysates by membrane technology for 

the manufacturing of oligosaccharides with prebiotic 

potential 
 
The obtaining of oligosaccharides with high purity was carried out by refining the autohydrolysis 

liquors obtained from the vine shoots by membrane technology, specifically nanofiltration, 

followed by an additional ion exchange step to achieve a further purification. However, only the 
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hydrolysate obtained during the non-isothermal autohydrolysis of the vine shoots carried out at 

200 ºC was refined by membranes, as it presented the highest oligosaccharide content. The 

refining sequence consisted on a dead-end filtration in concentration mode, followed by a 

discontinuous diafiltration-concentration and an ion exchange step, as it is depicted in Figure 2.5.  

 

 

Figure 2.5. Sequence used for the refining of the hydrolysates, modified from Dávila et al. [2.74]. 

 

Firstly, the hydrolysate obtained at 200 ºC (stream A) was subjected to a dead-end filtration in 

concentration mode using an EMD MilliporeTM AmiconTM Bioseparations Stirred Cell (EMD 

Millipore, St Charles, MO, USA) until a Volume Concentration Ratio (VCR) of 3.3 was achieved. 

The stirred cell was equipped with a 1 kDa cut off regenerated cellulose membrane with an 

effective membrane area of 45.4 10-4 m2. The pressure in the device was generated by a 

compressed nitrogen gas cylinder controlled by a regulator and measured by a gauge attached to 

the inlet line. The liquid phase was continuously stirred with a magnetic stir bar, being thestirring 

rate maintained constant to avoid the formation of a deep vortex. The obtained retentate (stream 

B) was subjected to a discontinuous diafiltration-concentration process, using the same membrane 

and 3 diavolumes, which is defined as the volume ratio between the added water and the initial 

solution. The diluted sample was concentrated up to a VCR = 5.1, yielding the retentate D. These 

processes were performed at room temperature and with a transmembrane pressure of 4 bar. The 

stream D was subjected to an ion exchange process using an IRA-96 resin (from Sigma-Aldrich, 

St. Louis, MO, USA). The stream D and the resin were maintained in contact overnight at room 

temperature using gentle agitation and a mass ratio of 15/1 g/g. This process yielded a refined 

hydrolysate which is mainly composed by oligosaccharides (stream F). 

The chemical composition of all the retentates (streams B and D) and of the refined hydrolysate 

(stream F) was analysed using the procedures described in the Appendix II, in particular the 

determination of their NVC, ONVC and their monosaccharides and oligosaccharides contents 
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was carried out. The refined hydrolysate (stream F) was subjected to different structural analyses 

such as, FTIR, Matrix Assisted Laser Desorption/Ionisation Time of Flight Mass Spectrometry 

(MALDI-TOF), Ultraperformance Liquid Chromatography-Diode Array Detector-Electrospray 

Ionisation-Mass Spectrometry (UPLC-DAD-ESI-MS) and High Performance Anion Exchange 

Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) (described in the 

Appendix II) to elucidate the structure of the oligosaccharides that it contained.   

For the application of the oligosaccharides as functional food ingredients, the stream F was 

subjected to a simulated in vitro gastrointestinal digestion, using the protocol described by Gullón 

et al. [2.75], which is collected in the Appendix III. Furthermore, the prebiotic activity of the 

digested oligosaccharides was studied by subjecting them to the protocol outlined by Gullón et 

al. [2.45], which is also described in the Appendix III.  

 

 

2.3.4 Liquid-liquid extractions of the hydrolysates for the 

obtaining of bioactive extracts 

 
The hydrolysates obtained in the non-isothermal autohydrolysis treatments of the vine shoots 

carried out between 180 and 215 ºC were subjected to liquid-liquid extractions in order to obtain 

bioactive extracts. The extraction of the hydrolysates was carried out by mixing the liquor with 

ethyl acetate in a hydrolysate/solvent ratio of 1/3 (v/v). A single extraction stage was performed 

by stirring the mixture at room temperature for 15 minutes. The immiscible phases were separated 

by decantation and the organic phase was vacuum evaporated at 40 ºC for the removal of the 

solvent. 

The liquid-liquid extractions were carried out in duplicates, on the one hand to determine the 

extraction yield and on the other hand to characterise the extracts. To determine the extraction 

yield, the non-volatile solids present in the extracts were measured by oven-drying at 105 ± 3 ºC 

the extracts obtained after the vacuum evaporation until a constant weight was achieved. The 

extracts dried at 105 ºC were not characterised as the high temperatures could have degraded their 

phenolic compounds, reducing their biological activities. For the characterisation and 
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determination of the activities of the extracts, the extracts obtained after the vacuum evaporation 

were dried at 40 ± 5 ºC. 

The chemical composition of the ethyl acetate extracts was determined by subjecting them to 

TPC, and TFC analysis and to qualitative Gas Chromatography/Mass Spectrometry (GC/MS), 

following the procedures described in the Appendix IV. The antioxidant power of the extracts 

was measured by subjecting them to the α,α-Diphenyl-β-picrylhydrazyl (DPPH) assay [2.76], to 

the 2,2´-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay [2.77] and to the ferric 

reducing antioxidant power (FRAP) test [2.78], which detailed procedures are reported in the 

Appendix IV. Another tested biological activity of the extracts was their in vitro antimicrobial 

activity, which was analysed using the procedure proposed by Moreira et al. [2.65]. The procedure 

used for the determination of the ability of the extracts to inhibit the growth of the following six 

bacterial strains: Listeria innocua, Staphylococcus aureus, Escherichia coli, Bacillus cereus, 

Pseudomonas aeruginosa and Salmonella sp. is detailed in the Appendix IV.      

 

 

2.4 Results and discussion 

 
2.4.1  Characterisation of the vine shoots 

 
Prior to the fractionation of the main components of the vine shoots, their chemical composition 

was stablished by subjecting them to different analytical procedures. It was determined that they 

contained 2.6 ± 0.1 % of ashes and 3.79 ± 0.03 % of extractives (expressed as g/100 g oven-dried 

vine shoots). According to the NREL protocol, the vine shoots presented 26.3 ± 0.3 % of acid-

insoluble lignin, 26.9 % of hemicelluloses and 33.2 ± 3.2 % of glucan (corresponding to a 60.2 

% of holocelluloses) (expressed as g/100 g oven-dried vine shoots). The hemicelluloses content 

was measured as the joint contribution of 12.3 ± 0.7 % of xylan, 1.4 ± 0.2 % of arabinosyl 

substituents (ArOS), 3.2 ± 0.7 % of galactosyl substituents (GalactOS), 1.6 ± 0.3 % of mannosyl 

substituents (MaOS), 4.3 ± 0.5 % of acetyl groups (AcOS) and 4.1 ± 0.2 % of galacturonic acids 

(GaOS) (expressed as g/100 g oven-dried vine shoots). Thus, the composition of the 

hemicelulloses, in molar ratio, in xylose: arabinose: galactose: mannose: acetyl groups was = 10: 
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1.7: 2.1: 1.1: 10.7. The composition of the vine shoots determined using the NREL protocol is in 

agreement with what it has been previously reported by Bustos et al. [2.79] and Moldes et al. 

[2.5]. However, these authors were not able to observe the presence of other monosaccharides 

apart from glucose, xylose and arabinose due to the analytical method employed.        

The Klason lignin, hemicelluloses and α-cellulose present in the vine shoots were also determined 

by the TAPPI (T222-om-98) protocol and by the procedures proposed by Wise et al. [2.68] and 

Rowell [2.69], respectively. According to these procedures, the vine shoots contained 28.4 ± 1.1 

% of acid-insoluble lignin, 59.0 ± 0.3 % of holocellulose (31.8 ± 1.2 % of α-cellulose and 27.2 % 

of hemicelluloses) expressed as g/100 g oven-dried vine shoots. Although the two methods used 

for the determination of the cellulosic and hemicellulosic fractions consider these fractions 

differently, the results obtained were comparable. Thus, due to the lower time needed to carry out 

the quantitative acid hydrolysis (NREL protocol), this procedure was selected as the routine 

protocol for the determination of the chemical composition of the solid fractions obtained 

throughout the different treatments.  

 

 

2.4.2 Solubilisation of the hemicellulosic fraction of the vine 

shoots by the autohydrolysis treatment  

 
The procedure selected during this thesis for the isolation of the hemicellulosic fraction from the 

vine shoots was the autohydrolysis, as it has been reported that this process presents a high 

selectivity towards the solubilisation of this fraction, apart from being one of the greenest 

procedures [2.15, 2.31]. To study the influence of the temperature on the solubilisation of the 

hemicelluloses and consequently on the characteristics of the resulting products, the treatments 

were carried out in a range of temperatures between 180 and 215 ºC under a non-isothermal 

regimen. In Figure 2.6 the temperature profile of the treatment carried out, for instance at 205 ºC 

is shown.   
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Figure 2.6. Temperature profile of the autohydrolysis treatment of the vine shoots at 205ºC. 

 

The temperature profile of the autohydrolysis treatment permits the determination of the severity 

of the processes (S0), making possible the comparison of the obtained results with the ones 

achieved at similar severities by other authors. 

The effectiveness of the autohydrolysis treatment performed at different severities in the removal 

of the hemicelluloses present in the vine shoots was estimated by considering the solubilisation 

of the raw material and the chemical composition of the untreated and autohydrolysed vine shoots. 

All these parameters, together with the severity of the treatments are collected in Table 2.4.  

The solubilisation of the vine shoots increased sharply between 180 and 200 ºC, as it can be seen 

in this Table. Afterwards, the solubilisation continued increasing but with a lower rate, presenting 

its maximum (40.5 %) at 215 ºC (S0 = 4.65). Surek and Buyukkileci [2.80] and Moniz et al. [2.81] 

also observed similar solubilisation percentages (38.2% and 38.5%, respectively) during the 

autohydrolysis treatments of rye straw and corn straw at S0 = 4.29 and S0 = 4.51, respectively. 

The increase of the solubilisation of the vine shoots with the temperature is mainly attributed to 

the removal of the hemicelluloses, as at the harshest conditions (S0 = 4.65) this fraction was almost 

completely removed from the vine shoots, being only 6.8 % of the hemicelluloses present in the 

vine shoots remained in the solid after the treatment. The removal of the hemicelluloses allowed 

the obtaining of solid fractions mainly composed by acid-insoluble lignin and glucan, as these 

two fractions are the least susceptible in this process. 
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Table 2.4. Severity of the autohydrolysis treatments, substrate solubilisation (expressed as g/100 

g oven-dried vine shoots), chemical composition of the spent solid (expressed as g/100g oven-

dried spent solid) and hemicellulose removal yield (%) obtained at the different temperatures.  

 

Temperature (ºC) 

180 185 190 195  200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

Substrate 

solubilisation 
24.2 ± 0.5 27.9 ± 0.5 30.7 ± 0.3 33.8 ± 0.7 38.7 ± 1.1 38.8 ± 0.9 41.1 ± 1.3 40.5 ± 0.4 

Fraction        

Glucan 34.0 ± 2.6 32.0 ± 0.4 30.0 ± 0.8 28.0 ± 1.1 27.7 ± 1.7 34.4 ± 1.5 34.6 ± 0.3 34.8 ± 1.9 

Xylan 12.6 ± 1.4 8.5 ± 0.3 6.0 ± 0.4 4.2 ± 0.2 3.3 ± 0.4 2.5 ± 0.5 1.8 ± 0.2 1.7 ± 0.3 

Arabinosyl 

substituents 
0.91 ± 0.04 0.80 ± 0.01 0.71 ± 0.04 0.37 ± 0.03 ND ND ND ND 

Galactosyl 

substituents 
ND ND ND ND ND ND ND ND 

Manosyl 

substituents 
1.5 ± 0.1 1.7 ± 0.2 1.4 ± 0.01 1.2 ± 0.2 1.0 ± 0.3 1.0 ± 0.2 0.60 ± 0.04 0.60 ± 0.08 

Acetyl groups 3.4 ± 0.2 3.1 ± 0.2 2.8 ± 0.4 ND ND ND ND ND 

Galacturonic 

acid 
2.7 ± 0.4 2.1 ± 0.2 1.80 ± 0.03 1.5 ± 0.2 1.2 ± 0.1 1.1 ± 0.2 1.0 ± 0.1 0.80 ± 0.03 

Klason lignin 34.1 ± 1.6 39.4 ± 2.3 44.0 ± 1.7 49.0 ± 3.5 52.0 ± 1.7 54.0 ± 3.2 55.1 ± 2.2 55.3 ± 1.1 

Hemicelluloses 

removal yield 

(%) 

40.7 56.7 68.1 82.1 87.5 89.6 92.6 93.2 

  ND: not detected 

 

Surek and Buyukkileci [2.80] also obtained solid residues mainly composed by Klason lignin and 

glucan (67.9 and 28.3 %, respectively) when they subjected barley husks to autohydrolysis under 

severe conditions (S0 = 4.29).  

The percentage of the acid-insoluble lignin contained in the solid residues increased continuously 

with the temperature. However, as during the autohydrolysis the reaction media is slightly acid it 

is possible to have a partial solubilisation of the acid-soluble lignin during the treatments. 

Conversely to the Klason lignin, the glucan content of the solid residues did not follow an 

extremely clear trend as it fluctuated slightly with the temperature. These fluctuations could be 

associated to the procedure used to determine the composition of the solids, as it does not 

differentiate the glucose present in the hemicelluloses from the one forming part of the cellulose. 

For a better understanding of what occurs during the autohydrolysis processes the chemical and 

the structural characteristics of the products solubilised during the treatments were analysed.  
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2.4.2.1 Characterisation of the hydrolysates obtained at different 

temperatures 

 
As it is expected, during the autohydrolysis treatments mainly the solubilisation of the 

hemicellulosic fraction of the vine shoots took place. As it occurred with the composition of the 

residual solids, the composition of the hydrolysates was also strongly affected by the temperature 

of the process as it can be seen from the degree of conversion of the polysaccharides present in 

the vine shoots into their solubilised oligomers and monosaccharides, which are collected in Table 

2.5.  

 

Table 2.5. Conversion of the polysaccharides present in the vine shoots into their corresponding 

derived products.   

 

Temperature (ºC) 

180 185 190 195 200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

Substrate into NVC 
 (% of oven-dried weight) 

17.4 18.6 22.1 24.8 27.7 26.3 23.0 20.9 

Substrate into VC  

(% of oven-dried weight) 
6.8 9.3 8.6 9.0 11.0 12.5 18.2 19.7 

Glucan into Glc (%) 0.9 0.9 1.1 0.7 0.8 1.0 1.5 2.6 

Xylan into Xyl (%) 0.4 0.5 0.6 1.7 1.9 4.2 6.8 7.0 

Arabinosyl substituents into Ara (%) 25.0 26.3 31.4 19.0 21.2 18.3 11.2 10.4 

Galactosyl substituents into Ga (%) 6.6 6.7 7.9 6.2 7.0 7.4 9.5 9.2 

Manosyl substituents conversion into Man 

(%) 
5.2 4.6 5.5 5.1 5.7 7.6 11.7 17.7 

Acetyl groups into acetic acid (%) 12.7 14.2 16.9 34.8 38.8 57.5 75.2 105.8 

Galacturonyl substituents into 

galacturonic acid (%)  
12.2 12.2 14.5 13.1 14.6 13.9 7.8 5.8 

Glucan  into GOS (%)  15.7 15.8 18.9 19.6 21.8 20.5 14.1 9.0 

Xylan into XOS (%) 29.0 39.4 46.9 74.5 83.1 79.0 39.2 18.7 

Arabinosyl groups into ArOS (%) 37.8 40.1 47.7 38.5 42.9 19.7 16.8 19.7 

Galactosyl groups into GalactOS (%) 19.6 18.9 22.6 29.8 33.2 20.0 6.4 ND 

Manosyl groups into MaOS (%)  25.6 26.0 30.9 56.0 62.5 50.3 55.8 77.7 

Acetyl groups conversion into AcOS (%)  24.3 25.9 30.9 18.5 20.6 17.8 15.5 15.0 

Galacturonic acid present in soluble 

components (% of the initial amount) 
24.5 30.6 36.5 60.0 66.9 63.8 38.9 31.8 

ND: not detected. Non-volatile content (NVC), Volatile content (VC), Oven-dried (o. d.), Glucose (Glc), Xylose (Xyl), 

Arabinose (Ara), Galactose (Ga), Mannose (Man), Glucooligosaccharides (GOS), Xylooligosaccharides (XOS), 

Arabinosyl substituents (ArOS), Galactosyl substituents (GalactOS), Mannosyl substituents (MaOS), Acetyl groups 

(AcOS). 

 

In this table, not only the hemicellulose-derived products have been taken into account but also 

the glucan-derived compounds as the autohydrolysis liquors also contained glucooligosaccharides 
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and glucose. Due to the analytical procedure employed for the characterisation of the solid 

residues, it was not possible to determine the cellulosic or hemicellulosic origin of the glucan-

derived compounds. These compounds could be forming part of the main chain or as substituents 

of the hemicelluloses or they can be released due to the partial solubilisation in hot water of the 

cellulose [2.82]. Furthermore, the conversion of the substrate into non-volatile compounds (NVC) 

increased with the temperature until it reaches its maximum at 200 ºC, then it started to decrease 

with the increase of the temperature. Martínez et al. [2.83] also observed this trend during the 

autohydrolysis of sugar beet pulp, and they attributed the increase of the NVC to the solubilisation 

of hemicelluloses, extractives and other fractions while the decrease of the NVC was attributed 

to decomposition reactions. Thus, the conversion of the substrate into volatiles suffers a more 

drastic increase after 200 ºC, as it can be appreciated in Table 2.6 for the concentrations of HMF 

and furfural in the liquors.    

With respect to the polysaccharide-derived products, which are the main constituent of the non-

volatile content, it can be appreciated that the conversion of the hemicelluloses of the vine shoots 

into their corresponding oligomers and substituents increased with the temperature of the 

treatment until their reached their maximum at 200 ºC. Then, above this temperature, these 

conversion degrees started to decrease due to a further hydrolysis of the oligomers into their 

corresponding monosaccharides. Thus, the conversion of the polysaccharides into their 

corresponding monosaccharides and acids increased slowly with the increase of the temperature 

until it reached 200 ºC, then their conversion degrees increased more drastically. These 

behaviours were also observed for the conversion of glucan into the corresponding GOS and 

glucose. 

Jesus et al. [2.84] were able to obtain the maximum XOS content in the autohydrolysis liquors 

obtained from vine shoots in a treatment carried out in an isothermal regimen and at a similar 

severity (S0 = 4.13). However, compared with the results obtained in this thesis they achieved a 

lower conversion degree of xylan into xylooligosaccharides (65.1 %) that could be associated to 

the differences between working on an isothermal and non-isothermal regimen, to the differences 

in the vine specie or to the variations in the climate conditions.  



 
52 

The NVC of the autohydrolysis liquors were not only attributed to polysaccharide-derived 

compounds, since during the autohydrolysis treatment some secondary processes such as the 

solubilisation of extractives or acid-soluble lignin could take place. Some of the products 

generated in these secondary processes were the phenolic and flavonoid compounds as it can be 

seen in Table 2.6. The presence of the phenolic compounds could also be attributed to the partial 

depolymerisation of lignin which could occur at harsh autohydrolysis conditions [2.85].  

 

Table 2.6. Degradation compounds concentration and total phenolic and total flavonoid content 

(TPC and TFC, respectively) present in the autohydrolysis liquors obtained at different 

temperatures. 

 Temperature (ºC) 

 180 185 190 195 200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

Furfural (g/L) 0.02 ± 0.01 
0.030 ± 

0.003 

0.054 ± 

0.002 

0.142 ± 

0.003 
0.27 ± 0.02 0.52 ± 0.04 1.19 ± 0.10 1.81 ± 0.07 

HMF (g/L) 
0.013 ± 

0.002 

0.014  ± 

0.001 

0.021 ± 

0.003 

0.051 ± 

0.002 
0.08 ± 0.01 

0.154 ± 

0.003 
0.30 ± 0.03 0.50 ± 0.01 

TPCa 0.88 ± 0.05 1.10 ± 0.03 1.22 ± 0.01 1.30 ± 0.03 1.53 ± 0.03 1.89 ± 0.02 2.01 ± 0.04 2.25 ± 0.04 

TFCb 0.78 ± 0.03 0.84 ± 0.01 0.87 ± 0.02 0.85 ± 0.01 
0.820 ± 

0.004 
0.99 ± 0.01 

1.070 ± 

0.002 
1.10 ± 0.01 

a expressed as g gallic acid (GAE)/100 g oven-dried vine shoots), bexpressed as g RE/100 g oven-dried vine shoots). 

 

The severity of the autohydrolysis treatment produced an increase of the solubilisation of the 

phenolics and flavonoids compounds of the vine shoots, presenting their maximum concentrations 

(2.25 g GAE/100 g vine shoot and 1.10 g RE/100 g vine shoots, respectively) in the liquors 

obtained at the severest conditions (215 ºC, S0 = 4.65). Jesus et al. [2.84] reported a similar TPC 

to the one obtained in the autohydrolysis treatment carried out at 205 ºC (S0 = 4.28) in this thesis 

(1.88 vs 1.89 g GAE/100g vine shoots, respectively), when they carried out an autohydrolysis 

treatment of vine shoots in an isothermal regimen working at S0 = 4.13.  

  

 

2.4.2.1.1 FTIR analyses of the hydrolysates  

 
In addition to the determination of the chemical composition of the hydrolysates, they were 

subjected to FTIR analyses in order to corroborate their composition and to have a deeper insight 
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of their structure. The FTIR spectra of the autohydrolysis liquors obtained at different 

temperatures are represented in Figure 2.7.  

 

 

Figure 2.7. FTIR spectra of the hydrolysates obtained during the autohydrolysis treatments of 

vine shoots carried out at different temperatures.   

 

The band assignation was carried out taking into account what it has been previously reported in 

the literature for the characterisation of the hemicelluloses [2.86-2.89] and it was observed that 

all the spectra presented the bands expected for the hemicellulosic polymers. The presence of 

xylans was corroborated by the band observed at 1042 cm-1 which corresponded to the C-O, C-C 

stretching or to the C-OH bending vibration of the hemicelluloses. The small band observed at 

896 cm-1 is assigned to the β-glycosydic bonds between the sugar units that form part of the 

backbone of the hemicelluloses. The small shoulders observed at 1075 and 1149 cm-1 confirmed 

the presence of arabinosyl side chains, corresponding the last band to the glycosidic bond 

vibration in arabinoxylans. The presence of acetyl substituents was corroborated by the bands that 

could be appreciated at 1726, 1374 and 1241 cm-1 which corresponded to the C=O stretching, to 

the symmetric CH3 bending and to the C-O stretching vibrations. The bands observed at 1600 and 
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1420 cm-1 confirmed the presence of galacturonyl substituents as they represent the asymmetric 

and symmetric (C=O) stretching vibration of the carboxylate groups.  

Apart from the typical hemicelluloses´ bands which were observed in the FTIR spectra of all the 

hydrolysates, a small band could be appreciated at 1656 cm-1 in the liquors obtained in the 

treatments carried out above 205 ºC. This band confirms the presence of a higher content of lignin-

derived phenolic compounds in these liquors as it is attributed to the C=C stretching of coniferyl 

and sinapyl alcohols, which are two of the monomers of lignin.  

 

 

2.4.2.1.2 HPSEC analyses of the hydrolysates  

 
The influence of the severity of the autohydrolysis treatments in the molecular weight distribution 

of the polysaccharide-derived products solubilised during the autohydrolysis treatments was 

assessed by HPSEC.   

As it can be seen in Figure 2.8 the temperature at which the autohydrolysis treatment is carried 

out, and therefore the severity of the process, exerted a high influence on the molecular weight 

distribution of the obtained polysaccharide-derived products. It was also appreciable that each 

hydrolysate contained several fractions with polysaccharide-derived products of different 

molecular weights. Depending on the molecular weight (Mw) of the products contained in each 

fraction they could be classified as low Mw oligosaccharides (~200 Da), medium Mw 

oligosaccharides (~10,000 Da) and high Mw oligosaccharides (~100,000 Da) [2.90]. Apart from 

these fractions, the hydrolysates also contained a small fraction with a Mw lower than 180 Da. 

Detailed information about the different fractions found in each hydrolysate, including its 

percentage, the Mw, the number average (Mn) and the polydispersity index (Mw/Mn) is collected 

in Table 2.7.     
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Figure 2.8. HPSEC chromatograms of the hydrolysates obtained at different temperatures: (a) 

between 180 and 195 ºC, (b) between 200 and 215 ºC. 

 

As it can be seen in this Table, the higher the severity of the autohydrolysis treatment the lower 

is the molecular weight of the polysaccharide-derived products, being only the hydrolysates 

obtained at the mildest conditions the ones that contained high Mw polysaccharide-derived 

products. Then, as the severity of the treatment increased, a decrease was noticed on the 

percentage of the medium molecular weight fraction present in the autohydrolysis liquors as well 

as on its molecular weight. For instance, the hydrolysate obtained at 180 ºC contained 44.5 % of 

a fraction with a molecular weight of 8,318 Da, while the one produced at 215 ºC presented a 

fraction of 4,026 Da that corresponded to the 20.1 % of the sample. Regarding the low MW 

polysaccharide-derived products, they were the predominant fraction of the hydrolysates obtained 

under the severest conditions, since the increase of the severity of the autohydrolysis treatment 

promote the hydrolysis reactions of the oligosaccharides with high and medium polymerisation 
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degrees. These trends were also observed by Garrote et al. [2.91] and Wang et al., [2.92] when 

they analysed by HPSEC the autohydrolysis liquors obtained from Eucalyptus globulus and 

rapeseed straw, respectively, at different severities. 

 

Table 2.7. Percentage, average molecular weight (Mw), number average (Mn) and polydispersity 

index (Mw/Mn) of the different fractions of polysaccharide-derived products present in the 

autohydrolysis liquors obtained at different temperatures.  

T  

(ºC) 

High molecular weight fraction Medium molecular weight fraction Low molecular weight fraction 

% Mw (Da) Mn Mw/Mn % Mw (Da) Mn Mw/Mn % Mw (Da) Mn Mw/Mn 

180 6.8 145,770 110,191 1.32 44.5 8,318 3,612 2.49 42.8 455 124 1.59 

185 5.9 85,483 124,143 1.35 42.8 6,142 3,262 1.88 42.5 437 107 1.88 

190     50.6 10,390 3,153 3.29 44.6 416 124 3.34 

195     41.3 6,440 3,150 2.04 54.3 487 130 3.74 

200     41.3 4,449 2,698 1.64 54.4 485 169 2.86 

205     27.6 3,944 2,958 1.34 68.5 564 178 3.16 

210     17.3 4,330 3,556 1.21 78.1 627 199 3.15 

215     20.1 4,026 3,239 1.24 75.0 550 170 3.22 

 

The fractions with polysaccharide-derived products with high MW observed in the hydrolysates 

obtained at 180 and 185 ºC presented a molecular weight higher than what other authors observed 

for oligosaccharides obtained by autohydrolysis. Wang et al. [2.92], for instance, obtained 

xylooligosaccharides with Mw of 8430 Da during the autohydrolysis of rapeseed straw at S0 3.26. 

Nevertheless, Tunc and Van Heiningen  [2.90] also observed the presence of polysaccharide-

derived productswith molecular weights between 80,000 and 132,000 Da in the autohydrolysis 

liquors obtained from a mix of southern hardwoods (sweet and black gum (35.0%), oak (35.0%), 

maple (15.0%), poplar and sycamore (12.0%) and southern magnolia (3.0%)) under the mildest 

conditions (150 and 130 ºC, respectively). They attributed these high molecular weights to oligo-

glucose or glucooligosaccharodes, which were also subsequently hydrolysed with the increase of 

the severity of the treatment.  

The presence of glucooligosaccharides in the hydrolysates obtained from the vine shoots at 

different temperatures was observed during their chemical composition analysis. These 

compounds could be attributed to the presence of glucoxylans in the vine shoots rather than to the 

amorphous cellulose. Since, the cellulose is only partly soluble in water up to DP 7-8 [2.82, 2.93] 
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and the polysaccharide-derived products of the hydrolysates obtained at 180 and 185 ºC presented 

a higher Mw (145,770 and 85,483 Da, respectively).  

 

 

2.4.2.1.3 TGA analyses of the hydrolysates  

 
The thermostability is an important parameter to take into account for bioactive compounds if 

they are going to be subjected to sterilisation processes [2.94] or if they are going to be employed 

during biomaterials synthesis. Taking into account this, the thermal degradation profile of the 

compounds present in the autohydrolysis liquors was determined by subjecting them to 

thermogravimetric analyses. The resulting thermogravimetric curves and the first derivative 

curves are shown in Figures 2.9 and 2.10 (a and b), respectively.  

 

 

Figure 2.9. Thermogravimetric curves of the hydrolysates obtained at different temperatures.  

 

As it can be seen from Figure 2.9, the thermal stability of the compounds solubilised during the 

autohydrolysis treatments is strongly affected by the severity of the process, as it has been 

previously seen for their chemical composition and molecular weight distribution. All the 

hydrolysates showed the same degradation pattern which presented three stages, but the 

temperature at which each stage started was influence by the severity of the autohydrolysis 

process. The second degradation step, for instance, took place at lower temperatures in the case 

of the hydrolysates obtained at more severe conditions. 
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The first degradation step took place below 100 ºC and a weight loss between 3.0 and 4.0 % was 

noticed for all the autohydrolysis liquors. This decrease on the mass was associated to the gradual 

evaporation of the water contained in the samples. The second degradation step which took place 

between 100 and 350 ºC (considering all the hydrolysates), is associated to the degradation of the 

hemicelluloses which is supposed to take place between 200 and 320 ºC [2.95]. The last 

degradation step started around 375 ºC and it could be attributed to the degradation of the 

remaining residues into gaseous products such as CO, CO2, CH4, CH3COOH or HCOOH between 

others [2.92]. However, not all the residues were converted into gases, as at 600 ºC between 31.0 

and 35.0 % of char was obtained, which could be attributed to impurities.  

The influence of the severity of the autohydrolysis treatment was more noticeable in the second 

degradation step, which is associated with the hemicelluloses, as it can be observed in the first 

derivative curves (Figures 2.10a and 2.10b). From these figures it can be noted that the 

degradation step that occurs between 100 and 350 ºC, is further constitute by different degradation 

processes, in which the degradation of monosaccharides, branches and backbone of the 

polysaccharide-derived products took place [2.96]. It could also be noticed that the highest the 

severity of the autohydrolysis treatment the lower is the temperature at which the degradation 

process with the highest weight loss rate occurred. Sun et al. [2.97] observed that the thermal 

stability of the hemicelluloses was related with their molecular weight, appreciating the increase 

of the thermal stability of the hemicelluloses when their Mw increased. This is much in relation 

with what it could be observed in Figure 2.10, as the hydrolysate obtained at 180 ºC, which 

contained the polysaccharide-derived products with the highest MW, presented the degradation 

process with the highest weight loss rate occurring at the highest temperature (Tmax = 272 ºC). 

Conversely, the hydrolysate obtained at 215 ºC, which is mainly constituted by polysaccharide-

derived products with low molecular weight, presented at Tmax = 186 ºC the process with the 

highest weight loss rate.       
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Figure 2.10. Derivative curves of the hydrolysates obtained at different temperatures. (a) between 

180 and 195 ºC, (b) between 200 and 215 ºC.   

 

 

2.4.3 Refining of the hydrolysates by membrane technology for 

the manufacturing of oligosaccharides 

 
One of the applications given in this thesis to the autohydrolysis liquors , as it has been mentioned 

above, was the obtaining of functional food ingredients. In the literature, there are many examples 

of oligosaccharides with prebiotic activity obtained by autohydrolysis treatments of 

lignocellulosic biomass [2.59, 2.98], but their obtaining from vine shoots has not been exploited 

yet. However, the autohydrolysis liquors apart from oligosaccharides also contained 

monosaccharides, carbohydrate degradation products and phenolic and flavonoid compounds, as 

it has been seen in the section 2.4.2.1. Thus, in order to separate the oligosaccharides from the 

other compounds without interest for this purpose, the autohydrolysis liquors were refined using 

membrane technology, as it is a green technology that permits the removal of monosaccharides 

and other non-volatile compounds (ONVC) or impurities contained in the hydrolysates. It is 

necessary to highlight that only the hydrolysate obtained during the treatment carried out at 200 
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ºC was subjected to the refining process, as they contained the highest oligosaccharide content 

and no very high monosaccharide and degradation product content.  

This hydrolysate was subjected to sequential steps of nanofiltration working in concentration and 

discontinuous diafiltration-concentration mode followed by an ionic exchange process, as it is 

represented in Figure 2.5. The composition of the retentates obtained in each purification step 

together with the composition of the refined liquor is reported in Table 2. 8. The composition of 

the hydrolysate obtained during the autohydrolysis treatment of the vine shoots at 200 ºC that was 

subjected to the refining process  is also shown in Table 2.8.  

 

Table 2.8. Composition of the hydrolysate obtained in the autohydrolysis treatment at 200ºC 

(stream A), the retentates obtained in the different refining stages (stream B-D) and the refined 

liquor (stream F), expressed as g/g NVC. 

ND: not detected. aThe NVC was expressed as g. bVC: volatile compounds   

 

The vine shoots employed to obtain this hydrolysate and the ones used to analyse the influence 

of the temperature of the autohydrolysis treatment were acquired after different vintages, thus, 

differences in the composition of the hydrolysates were observed. This could be attributed to the 

differences in the composition of the vine shoots due to variations of the weather conditions or in 

the soil composition. 

Fraction  

Stream 

A B D F/G 

NVCa  0.026  0.077  0.044  0.041  

Glucose 0.004  0.001  ND  0.003  

Xylose 0.041  0.013  0.006  0.008  

Arabinose 0.045  0.001  ND  0.001  

Glucooliogosaccharides 0.106  0.157  0.170  0.194  

Xylooligosaccharides 0.367  0.479  0.514  0.571  

Arabinosyl substituents ND  0.001  0.001  0.004  

Galactosyl substituent 0.011  0.012  0.013  0.020 

Mannosyl substituents 0.020 0.022 0.023  0.036  

Acetyl groups 0.048  0.078  0.097  0.100  

Galacturonyl substituents 0.036  0.041  0.044  0.052  

ONVC (by difference) 0.321  0.194  0.130  0.009  

VCb (acetic acid) 0.117 0.038 0.016 0.014 
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Regarding the purification process, firstly a nanofiltration operating on concentration mode was 

carried out until a volume concentration ratio (VCR) of 3 was achieved, obtaining the 

corresponding retentate B. Comparing the composition of the streams A and B, which is shown 

in the Table 2.8, it could be appreciated that between 79.3 and 98.0 % of the different 

monosaccharides (xylose and arabinose, respectively) present in the hydrolysate obtained in the 

autohydrolysis treatment at 200 ºC (stream A) were removed. 

The recovery yields of the oligosaccharides during the first nanofiltration stage were high, varying 

between 100.0 % for MaOS and AcOS and 71.5 % for GalactOS and galacturonyl substituents. 

The removal of a high percentage of the monosaccharides and 61.1 % of ONVC of the stream A, 

leaded to an increase of the total oligosaccharide content from 0.588 g/g NVC (stream A) to 0.790 

g/g NVC (stream B).  

The second stage of the refining treatment consisted on a nanofiltration working on discontinuous 

diafiltration-concetration mode. The diafiltration was carried out using 3 diavolumes and then the 

retentate was concentrated until a VCR of 5.1 was achieved, leading the retentate D. Comparing 

the composition of the streams B and D it could be seen that 61.8 % of the ONVC and between 

73.0 and 81.1 % of the monosaccharides present in the stream B were removed (arabinose and 

glucose, respectively). The total oligosaccharide content increased during this stage from 0.790 

g/g NVC (stream B) to 0.862 g/g NVC (stream D). However, the observed recovery yields were 

lower than those achieved during the first nanofiltration stage, as in this case it varied between 

70.0 % for MaOS and 60.8 % for XOS, GalactOS and galacturonyl substituents.     

The stream D was subsequently subjected to an ion exchange process yielding the stream F. In 

this stage, the monosaccharides present in the stream D were not removed, while a 70.9 % of the 

ONVC present in the stream D were eliminated. This provoked an increase of the total 

oligosaccharide content from 0.862 g/g NVC (stream D) to 0.977 g/g NVC (stream F), resulting 

in high recovery yields which varied between 100.0 % for ArOS, GalactOS and MaOS and 82.6 

% for AcOS.    

If the whole refining process is considered (the nanofiltration working in concentration and 

discontinuous diafiltration-concentration mode followed by the ionic exchange process), it could 
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be appreciated that the total oligosaccharides content increased from 0.588 g/g NVC (stream A) 

to 0.977 g/g NVC (stream F). This was a consequence of the high ONVC and monosaccharide 

removal (95.7% and close to 100.0%, respectively) achieved during the refining process. Rivas 

et al., [2.99] also were able to remove totally the ONVC present in the autohydrolysis liquors 

obtained from birch wood using a similar refining scheme than the one carried out in this thesis. 

However, it has to be taken in mind that during the whole refining process oligosaccharides, which 

were the target compounds of this process, were also removed. The recovery yields of the 

oligosaccharides considering the streams A and F were: 53.0% for glucooligosaccharides (GOS), 

45.3% for XOS, 53.1% GalactOS, 53.7% for ManOS, 60.7% for AcOS and 41.1% for 

galacturonyl susbtituents.  

Apart from the unavoidable oligosaccharides´ losses, the proposed refining scheme permitted the 

obtaining of a hydrolysate with a 99.0 % of purity, constitutes in a 97.0 % of oligosaccharides, 

which could present prebiotic activity. The refined oligosaccharides were analysed by different 

instrumental techniques to elucidate their structure in order to establish a structure-function 

interrelationship. 

 

 

2.4.3.1 Elucidation of the structure of the refined oligosaccharides 

 
The composition, branches and polymerisation degree of the oligosaccharides are important 

characteristics that affect their biological activities. From the data obtained about the chemical 

composition of the refined oligosaccharides (Table 2.8, Stream F) and from the HPSEC analysis 

carried out to the autohydrolysis liquor obtained at 200 ºC (Section 2.4.2.1.2.), it is expected that 

the refined oligosaccharides consist on a mixture of oligomers with different molecular weights, 

being mainly constituted by xylooligosaccharides with different type of branches.  

With the aim of having a more detailed information about their structure, the refined hydrolysates 

(stream F) were analysed by HPAEC-PAD, MALDI-TOF-MS and UPLC-DAD-ESI-MS.   

2.4.3.1.1 HPAEC-PAD analysis of the refined oligosaccharides  

 



 
63 

The refined oligosaccharides were subjected to HPAEC-PAD analysis using 

xylooligosaccharides of polymerisation degrees between 2 and 6 as standards. Figure 2.11 

displays the elution profile of the oligosaccharides.  

 

 
Figure 2.11. HPAEC-PAD elution profile of the refined oligosaccharides (stream F). 

 

Taking into account the HPAEC-PAD elution profile of the refined oligosaccharides, three 

remarkable zones, corresponding to monosaccharides, linear xylooligosachharides and more 

complex oligomers could be appreciated, being linear xylooligosaccharides with polymerisation 

degrees (DP) up to 6 identified. Chen et al. [2.100] obtained xylooligosaccharides with DP 

between 1 and 9 during the autohydrolysis of Miscanthus x giganteus, while Carvalheiro et al. 

[2.101] obtained xylooligosaccharides with DP larger than 9 during the autohydrolysis of 

brewery´s spent grains.  

For the application of the oligosaccharides as prebiotics, their chain length is a key factor as it 

could determine in which site of the digestive system occurs their fermentation. It is important 

for the oligosaccharides to reach distal colonic regions as many colonic diseases, such as the 

ulceratic colitis and tumors takes place in this region [2.102, 2.103]. Sanchez et al. [2.104] 

observed that short-chain arabinoxylooligosaccharides were fermented in the proximal colon by 
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bifidobacteria and lactobacilli, while larger molecules with DP around 29 tend to be fermented in 

the distal colon.    

Thus, as the refined oligosaccharides obtained from the vine shoots contained complex 

oligosaccharides and linear xylooligosaccharides with DP up to 6, it is presumable that they could 

present their prebiotic activity in both parts of the gut.  

 

 

2.4.3.1.2 MALDI-TOF-MS analysis of the refined oligosaccharides  

 
The refined oligosaccharides were analysed by MALDI-TOF-MS in order to have more 

information about their branching degree and substituents. In Table 2.9 the structures of the 

oligosaccharide associated to the different mass signals observed during this analysis are 

collected.  

 

Table 2.9. Results obtained of the MALDI-TOF-MS analysis of the refined oligosaccharides and 

the possible oligosaccharide assignation. 

Pent = pentose; Hex = hexose; Ac = Acetyl group; Ur = uronic acid; MeUr = methyluronic acid. 

 

m/z Structure m/z Structure 

702.3 Pent5Na 1255.0 Pent3Hex3MeUrAc3K 

723.8 PentHex2Ac5K 1297.6 Pent7Ac3MeUrK 

771.5 Pent2Hex2Ac3K 1340.5 Pent6Hex2Ac4K 

861.6 Pent3Hex2Ac2K 1369.8 Pent9Ac3MeNa 

885.4 Pent5Ac4K 1385.6 Pent8HexAc3Na 

903.8 Pent3Hex2Ac3K 1428.7 Pent8Ac3MeUrK 

949.0 Pent4MeUr2Na 1471.2 Pent8Ac4MeUrK 

992.8 Pent4Hex2Ac2K 1530.4 Pent9Ac3UrNa 

1008.3 Pent7AcNa 1690.9 Pent10HexAc4Na 

1035.0 Pent4Hex2Ac3K 1705.1 Pent10Ac4UrNa 

1048.3 Pent7Ac2Na 1775.4 Pent7Hex5Na 

1124.4 Pent5Hex2Ac2K 1865.7 Pent4Hex8Na 

1166.8 Pent5Hex2Ac3K 2173.8 Pent8Hex3Ac5MeUr2Na 

1182.3 Pent8Ac2Na 2337.3 Pent16Ac4K 

1209.3 Pent5Hex2Ac4K 2349.9 PentHex12AcMeUrNa 

1224.6 Pent7Ac2UrNa 2653.9 Pent17HexMeUrK 
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The structure association was carried out taking into account that the oligosaccharides were 

detected as sodium or potassium adducts. The results obtained during the HPAEC-PAD analysis 

of the refined oligosaccharides, suggested that they could be constituted by a mixture of oligomers 

with different polymerisation degrees. This was corroborated by the results obtained during the 

MALDI-TOF-MS analysis.  

As it can be seen in this Table the refined oligosaccharides were constituted by oligomers highly 

substituted by acetyl and methylglucuronosyl groups with polymerisation degrees between 3 and 

18. Apart from these substituents the identified oligosaccharides were mainly constituted by a 

higher number of pentoses than hexoses, which could be attributed to xylooligosaccharides 

presenting galactose, mannose and glucose as substituents (taking into consideration the chemical 

composition of the oligosaccharides). However, oligosaccharides with a higher number of 

hexoses than pentoses were also observed. These oligosaccharides could be attributed to 

acetylated and substituted glucooligosaccharides ([PentHex12AcMeUrNa]), as the GOS were the 

second most abundant oligosaccharides determined in the stream F. The presence of hexoses and 

pentoses forming part of the main chains could suggest the presence of xyloglucan between the 

hemicelluloses of the vine shoots. 

The results of the MALDI-TOF-MS analysis also suggested the complex and branched structure 

of the oligosaccharides obtained during the autohydrolysis treatment of the vine shoots, similar 

to what it has been published for oligosaccharides obtained by the autohydrolysis of oil palm 

empty fruit bunches [2.105] or corn stover [2.56].  

 

 

2.4.3.1.3 UPLC-DAD-ESI-MS analysis of the refined oligosaccharides  

 
Apart from analysing the refined oligosaccharides by MALDI-TOF-MS they were also subjected 

to an UPLC-DAD-ESI-MS analysis to have a deeper insight into their structure. The UV 

chromatograms of these oligosaccharides, which are shown in Figure 2.12, permitted the 

identification of five peaks corresponding to different oligosaccharide series. The oligosaccharide 

series that form part of each of the peaks were tentatively identified being this information 

collected in Table 2.10. 
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Figure 2.12. UV and MS (in positive ionisation mode) chromatograms of the refined 

oligosaccharides analysed by UPLC-DAD-ESI-MS.  

 

As it can be seen from the results collected in Table 2.10 the identified oligosaccharides presented 

polymerisation degrees up to 9, which are lower than the ones observed during the MALDI-TOF-

MS analysis. Furthermore, the identified oligosaccharides presented a high substitution pattern, a 

high acetylation degree and they containeduronic substituents as it was noted during the MALDI-

TOF-MS analysis. However, during the UPLC-DAD-ESI-MS analysis glucooligosaccharides 

were not observed as the identified oligosaccharides were mainly composed by pentoses and not 

by hexoses.  

It could be noticed that the oligosaccharides identified by these two instrumental techniques did 

not coincide strictly. This could be due to the lack of suitable fragmentation standards which 

means that there is not enough information to elucidate correctly the structure with these two 

techniques [2.106]. Nevertheless, the results obtained by MALDI-TOF-MS and UPLC-DAD-

ESI-MS corroborate that the refined oligosaccharides obtained during the autohydrolysis 

treatment of the vine shoots were mainly constituted by highly substituted xylooligosaccharides 

with different polymerisation degrees. 

 

 

1 2 3 4 5
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Table 2.10. Tentative oligosaccharides series in the UPLC-DAD-ESI-MS spectra of the peaks 

eluted during the UPLC analysis of the refined oligosaccharides.   

Peak m/z Oligosaccharide series Peak m/z Oligosaccharide series 

1 

520.94 [Pent3Ac2Na]+ 

2 

647.98 [Pent2UrMeUr] 

737.97 [Pent4Ac4Na]+ 779.97 [Pent3UrMeUr] 

869.97 [Pent5Ac4Na]+ 1133.96 [Pent3Ur3MeUr+2H] + 

1001.97 [Pent6Ac4Na]+ 1398.98 [Pent5Ur3MeUr+3H] + 

1265.96 [Pent8Ac4Na]+ 1818.84 [Pent8Ur3MeUr+3H+Na+] 

1440.95 [Pent9Ac5Na]+   

3 

647.98 [Pent2Hex2Ac] 

4 

515.99 [PentHex2Ac] 

779.98 [Pent3Hex2Ac] 821.97 [Pent3Hex2Ac2] 

911.97 [Pent4Hex2Ac] 953.97 [Pent4Hex2Ac2] 

1043.96 [Pent5Hex2Ac] 1085.96 [Pent5Hex2Ac2] 

1349.94 [Pent7Hex2Ac2] 1217.95 [Pent6Hex2Ac2] 

  1349.95 [Pent7Hex2Ac2] 

  1613.93 [Pent9Hex2Ac2] 

5 

773.97 [Pent2Hex2Ac4] 
   

905.97 [Pent3Hex2Ac4]    

1211.96 [Pent5Hex2Ac5]    

1343.95 [Pent6Hex2Ac5]    

1475.95 [Pent7Hex2Ac5]    

1517.96 [Pent7Hex2Ac6]    

Pent = pentose, Hex = hexose, MeUr = methyluronic acid, Ur = uronic acid, Ac = acetyl groups 

 

  

2.4.3.2 Determination of the prebiotic activity of the refined 

oligosaccharides 

 
The rich substitution pattern and the wide range of polymerisation degrees of the refined 

oligosaccharides obtained during the autohydrolysis of the vine shoots could be beneficial for 

their biological properties. Since it has been reported that this kind of oligosaccharides present 

higher bifidogenic properties than the linear ones [2.107].  

However, prior to studying the prebiotic activity of the refined oligosaccharides it was necessary 

to assess their digestibility by subjecting them to in vitro simulated gastrointestinal digestion. The 
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oligosaccharides must remain unaltered by the gastric enzymes nor the gastric pH, as they should 

reach the gut maintaining their bioactive properties in order to be considered as prebiotics [2.108]. 

Thus, to observed the stability of the oligosaccharides towards the gastrointestinal digestion the 

chemical composition of the digested oligosaccharides was determined apart from subjecting 

them to HPAEC-PAD analysis. During these analyses, it was observed that the release of 

monosaccharides during the gastric digestion, which was a consequence of the hydrolysis of the 

oligosaccharides, was less than 3.0 % and that the HPAEC-PAD profile of the digested 

oligosaccharides was the same as the one obtained from the refined ones (Figure 2.11).    

 

 

2.4.3.2.1 Analysis of the oligosaccharides consumption during the in vitro fermentation   

 
During the in vitro fermentation, oligosaccharides are used as carbon sources by human faecal 

microbiota to produce short chain fatty acids (SCFAs) which have beneficial activity on the 

human functions. To determine the consumption of the digested oligosaccharides by the faecal 

microbiota at determined fermentation times, the carbohydrate composition of the fermentation 

media was analysed. The carbohydrate content of the fermentation media was analysed at specific 

fermentation times, being the data collected in the Table 2.11. 

 

Table 2.11. Carbohydrate consumption during the in vitro fermentation of the digested 

xylooligosaccharides obtained from vine shoots (expressed as g/L). 

Fraction  
Time (h) 

t = 0 t = 4 t = 10 t = 24 t = 48 

Glucooligosaccharides (GOS) 1.92 ± 0.05 2.17 ± 0.08 0.95 ± 0.11 0.11 ± 0.04 0.11 ± 0.08 

Xylooligosaccharides (XOS) 5.92 ± 0.23 6.10 ± 0.23 3.71 ± 0.21 0.63 ± 0.14 0.62 ± 0.05 

Arabinosyl substituents (ArOS) 0.03 ± 0.01 0.040 ± 0.003 0.007 ± 0.003 ND ND 

Galactosyl substituents (GalactOS) 0.77 ± 0.07 0.73 ± 0.03 0.35 ± 0.03 ND ND 

Manosyl substituents (MaOS) 0.47 ± 0.03 0.39 ± 0.01 0.24 ± 0.03 ND ND 

Acetyl groups (AcOS) 1.00 ± 0.04 1.32 ± 0.32 0.23 ± 0.07 0.23 ± 0.02 0.20 ± 0.20 

Total oligosaccharides 10.08 ± 0.18 11.34 ± 0.32 5.08 ± 0.75 0.97 ± 0.16 0.648 ± 0.001 

ND: not detected. 

 

It could be observed in this Table that during the first 10 h of incubation the oligosaccharides 

present in the fermentation media were slowly assimilated by the microbiota as only 35.0 % of 
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the total oligosaccharides present at beginning of the fermentation process were consumed. 

However, after 24 h of incubation the concentration of the total oligosaccharides decreased 

drastically, being more than 80.0 % of them consumed, while at the end of the fermentation they 

were almost completely metabolised. 

Moniz et al. [2.109] also observed that the xylooligosaccharides isolated from corn stover by 

autohydrolysis were not completely consumed before 24 h of fermentation. Conversely, they 

observed that commercial xylooligosaccharides were almost metabolised after 10 h of 

fermentation. The slow fermentation rate observed for the xylooligosaccharides obtained from 

lignocellulosic biomass by autohydrolysis could be attributed to their higher branching degree 

and to their more complex structure [2.109]. 

The stability of the refined oligosaccharides obtained during the autohydrolysis of the vine shoots 

during the gastrointestinal digestion and their slow fermentation rate suggested that they could 

reach the more distal colon, being able to exert there their prebiotic activity. 

 

 

2.4.3.2.2 Analysis of the organic acids profile generated during the fermentation of the 

refined oligosaccharides  

 
The short chain fatty acids (SCFA) generated during the fermentation of the digested 

oligosaccharides (OS) could exert benefits on different intestinal functions, making evidential 

their prebiotic potential. In order to compare the organic acid profile generated during the 

fermentation of the digested oligosaccharides obtained from vine shoots with the profile generated 

with commercial prebiotic, the in vitro fermentation was also carried out using 

fructooligosaccharides (FOS). In Table 2.12 the profile of the organic acids generated during the 

fermentation of the digested oligosaccharides and the FOS, together with the pH variation are 

shown.  

During the fermentation of the digested oligosaccharides and FOS, the pH of the fermentation 

medium decreased with the time due to the formation of organic acids. Differences were observed 

in the total concentration of SCFA generated during the fermentations of OS and FOS and in their 

profile. The fermentation of the digested oligosaccharides produced a higher amount of SCFAs 
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than during the fermentation of the FOS, being a maximum observed after 48 h of incubation (139 

vs 102.6 mM). When a medium without carbon source was used (the Control), low amount of 

SCFAs was obtained as the fermentation of proteins or amino acids by putrefactive bacteria took 

place.  

Regarding the profile of short chain fatty acids generated during the fermentation, differences 

could be observed when the digested oligosaccharides or FOS were used, as it can be appreciatted 

in Table 2.12.  

 

Table 2.12. Concentration of the SCFAs (mM) and pH of fermentation media achieved using the 

digested oligosaccharides from vine shoots (OS) and frutooligosaccharides (FOS) as carbon 

sources.  

ND: not detected. 

 

The main metabolic product generated during the fermentation independently of the carbon 

source or the fermentation time was the acetic acid, which accounted for more than 50.0% of the 

total SCFAs. The highest acetic acid concentration was achieved after 48 h of incubation, being 

its concentration 30.0 % higher when the digested oligosaccharides were used (87.5 and 61.3 mM 

acetate when OS and FOS were used, respectively). The production of acetic acid has been related 

with several intestinal functions such as the increase of the colonic blood flow or the regulation 

of the normal epithelial cell division [2.110]. 

Carbon 

source 

Time 

(h) 
pH 

Lactic 

acid 
Formic acid Acetic acid Propionic acid Butyric acid 

Total 

SCFA 

OS 

0 7.20 ± 0.01 ND ND 2.0 ± 0.3 ND ND 2.0 

4 6.90 ± 0.01 0.1 ± 0.1 1.1 ± 0.1 2.2 ± 1.4 0.8 ± 1.3 ND 4.1 

10 6.50 ± 0.01 4.5 ± 0.6 9.2 ± 2.5 38.2 ± 2.3 6.7 ± 1.0 1.1 ± 0.4 55.2 

24 5.00 ± 0.01 1.5 ± 0.9 13.1 ± 4.3 81.7 ± 3.0 23.6 ± 4.3 10.3 ± 1.1 128.7 

48 4.8 0 ± 0.01 ND 11.8 ± 5.6 87.5 ± 3.7 26.2 ± 2.7 13.9 ± 3.3 139.4 

FOS 

0 7.20 ± 0.01 ND ND 1.3 ± 0.5 ND ND 1.3 

4 6.9 ± 0.1 2.6 ± 0.7 2.2 ± 1.1 11.8 ± 3.7 0.9 ± 0.4 ND 14.9 

10 6.4 ± 0.1 9.3 ± 2.5 10.2 ± 1.9 35.0 ± 2.4 5.6 ± 0.9 6.4 ± 1.1 57.2 

24 4.7 ± 0.1 8.1 ± 1.4 15.6 ± 3.5 61.0 ± 3.7 12.1 ± 2.5 14.7 ± 2.6 103.4 

48 4.63 ± 0.04 ND 13.9 ± 3.2 61.3 ± 2.7 13.1 ± 1.1 14.2 ± 0.8 102.5 

Control 

0 7.20 ± 0.01 ND ND 1.1 ± 0.6 ND ND 1.1 

4 7.3 ± 0.1 0.1 ± 0.1 0.06 ± 0.06 0.7 ± 0.2 ND ND 0.8 

10 7.2 ± 0.1 0.1 ± 0.1 3.0 ± 3.0 6.6 ± 1.0 2.3 ± 0.2 0.6 ± 0.2 12.5 

24 6.9 ± 0.1 ND 0.8 ± 0.8 23.1 ± 2.5 4.3 ± 1.1 5.7 ± 1.8 33.9 

48 6.9 ± 0.1 ND ND 37.0 ± 5.7 7.4 ± 2.4 8.1 ± 2.7 52.5 
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The second most abundant organic acid formed during the in vitro fermentation was the propionic 

acid, which presented its maximum concentration after 48 h of incubation when OS were used as 

the carbon source (26.23 mM). This acid is supposed to reduce the lipogenesis and the serum 

cholesterol levels, playing an important role in the prevention of cardiovascular diseases [2.111]. 

The ratio between the acetic and propionic acids (A/P) could indicate the potential hypolipidemic 

properties of the prebiotics as it is associated with the reduction of the liver lipids or the synthesis 

of cholesterol [2.112]. From the data collected in Table 2.12, it could be appreciated that when 

the FOS were used as carbon sources instead of the digested oligosaccharides a higher A/P ratio  

was achieved, 4.68 and 3.34, respectively. 

Another SCFA generated during the fermentation of the OS and FOS was the butyric acid, which 

is an anti-inflamatory agent [2.113] and together with the propionic acid it has been reported to 

help in the prevention and inhibition of colorectal cancer [2.110]. This SCFA was not produced 

until 10 h of incubation and it presented its highest concentration after 48 h when OS were used 

and after 24 h when FOS were used, 13.95 mM and 14.67 mM, respectively.  

The formic and lactic acids were also produced during the in vitro fermentation of the digested 

oligosaccharides and FOS. The production of these acids was not observed before 4 h of 

fermentation and their production was higher when fructooligosaccharides were employed being 

the maximum production achieved after 24 and 10 h, for the formic and lactic acids, respectively. 

It could be observed that the concentration of lactic acid decreased after 10 h of fermentation 

being it completely disappeared after 48 h, independently of the employed carbon source. The 

lactic acid is a transient metabolite produced by bifidobacteria and lactic bacteria which is then 

converted into other organic acids by other bacteria present in the gut [2.114], explaining this its 

disappearance.  

The SCFAs profile observed during the in vitro fermentation of the digested oligosaccharides 

obtained during the autohydrolysis of the vine shoots is similar to what it has been reported in 

studies in which in vitro fermentation of OS with different structural characteristics were analysed 

[2.98, 2.105].   
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2.4.3.2.3 Dynamics of the bifidobacterium population during the in vitro fermentation 

of the refined oligosaccharides  

 
As it has been seen from the results shown by now, the oligosaccharides obtained during the 

autohydrolysis of the vine shoots presented prebiotic activity as they were assimilated by the gut 

microbiota releasing different SCFAs. To observe how these oligosaccharides promote the growth 

of the Bifidobacterium population due to their prebiotic activity, the pellets obtained after the 

prebiotic activity assessment were analysed by FISH. The growth of the bifidobateria is a key 

factor in the protection and establishment of the gastrointestinal health [2.98], as it could decrease 

the susceptibility to diseases such as infections of Clostridium difficile and gastroenteritis [2.115]. 

The bifidogenic potential of the digested oligosaccharides and FOS is illustrated in Figure 2.13. 

 

 
Figure 2.13. Increase of the Bifidobacterium population at 10 h and 24 h of fermentation (with 

respect to time 0 h). The initial bacterial counts was 7.93 ± 0.15. Error bars indicate standard 

deviations (n = 3). 

 

As it can be appreciated in this Figure, the increase observed in the Bifidobacterium population 

was similar when either OS or FOS were used as carbon sources. An average increase of 14.0 % 

was observed after 24h of fermentation. Similar observations were reported in the literature when 

arabinoxilooligosaccharides from wheat bran [2.45] or xylooligosaccharides from corn stover 

[2.56] were used as carbons sources for in vitro fermentation with faecal microbiota.  
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2.4.4 Liquid-liquid extractions of the hydrolysates for the 

obtaining of bioactive extracts 

 
Apart from the polysaccharide-derived compounds, the hydrolysates obtained in the 

autohydrolysis treatments carried out at different temperatures also contained phenolic and 

flavonoid compounds (Table 2.6), as during these treatments also secondary reactions took place. 

To recover these bioactive compounds, the hydrolysates were subjected to liquid-liquid 

extractions with ethyl acetate. These extractions permitted the recovery of compounds solubilised 

during the autohydrolysis treatments, obtaining extraction yields between 0.95 and 3.80 g 

extract/100 g oven-dried vine shoots (using the liquors obtained at 180 and 215 ºC, respectively), 

as it can be seen in Table 2.13.  

 

Table 2.13. Effect of the severity of the autohydrolysis treatments of the vine shoots on the 

extraction yield (g extract/100 g oven-dried vine shoots) and on the TPC and TFC of the extracts. 

 Temperature (ºC) 

 180 185 190 195 200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

Extraction yield 0.95 ± 0.17 1.17 ± 0.16 1.25 ± 0.18 1.30 ± 0.12 1.75 ± 0.21 2.80 ± 0.24 3.50 ± 0.21 3.80 ± 0.19 

TPC (g GAE/100 g 

VSa) 
0.39 ± 0.02 0.52 ± 0.03 0.55 ± 0.08 0.59 ± 0.04 0.84 ± 0.04 1.46 ± 0.02 1.60 ± 0.03 1.62 ± 0.02 

TPC (g GAE/ g    

extractb) 
0.41 0.44 0.44 0.42 0.48 0.52 0.46 0.43 

TFC (g RE/100 g 

VSa)  
0.53 ± 0.06 0.60 ± 0.05 0.66 ± 0.05 0.61 ± 0.01 0.69 ± 0.05 0.83 ± 0.07 0.91 ± 0.07 0.92 ± 0.06 

TFC (g RE/ g 

extractb) 
0.56 0.51 0.53 0.47 0.40 0.30 0.26 0.24 

aoven-dried vine shoots. boven-dried extracts. 

 

Therefore, the extraction yield was strongly affected by the severity of the autohydrolysis 

treatment, as the increase of the temperature allowed the obtaining of higher quantities of extracts. 

Conde et al. [2.46] and Castro et al. [2.116] also observed this trend when they isolated extracts 

from autohydrolysis liquors of grape pomace and from steam explosion liquors of Olea Europa 

wood, respectively. The first ones were able to isolate between 0.89 and 2.42 g extract/100 g 

grape pomace, while Castro et al. achieved extraction yields between 1.40 and 2.35 g extract/100 

g Olea Europa wood.   
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The obtained extracts were subjected to different analyses in order to assess the influence of the 

severity of the autohydrolysis treatments on their composition and consequently on their 

antioxidant and antimicrobial activities.  

 

    

2.4.4.1 Analysis of the extracts recovered from the hydrolysates 

 
The composition of the extracts recovered from the different hydrolysates in phenolic and 

flavonoids compounds was analysed, being the results collected in Table 2.13. As it can be 

appreciated, the phenolic and flavonoid content of the extracts increased with the severity of the 

autohydrolysis treatment, since they are solubilised from the vine shoots. The increase of these 

contents was more pronounced for the phenolic compounds than for the flavonoid compounds, as 

the TPC increased 4.2 times comparing the extracts isolated from the liquors obtained at 180 ºC 

and 215 ºC, while the TFC only increased 1.7 times. Rostro et al. [2.117], also noticed the 

influence of the severity of the autohydrolysis treatments on the TPC of the extracts obtained from 

nixtamalized maize pericarp (NMP), observing variations between 0.04 g GAE/100 g NMP (at 

S0 = 3.12) and 0.337 g GAE/100 g NMP (at S0 = 3.96).  

Actually, this trend is associated more with the extraction yield than with the phenolic and 

flavonoid content of the extracts, as it has been observed that when the phenolic and flavonoid 

content per gram of extract is considered the extracts isolated from the autohydrolysis liquors 

obtained at 215 ºC did not present the maximum phenolic and flavonoid content. It has been 

observed that the phenolic content of the extracts increased with the temperature until 205 ºC 

(0.52 g GAE/g extract), afterwards the phenolic content of the extract started to decrease. The 

extract that presented the maximum flavonoid content was the one isolated from the hydrolysate 

obtained at 180 ºC (0.56 g RE/g extract). Then, the increase of the temperature of this processing 

provoked a decrease of the flavonoid content of the isolated extracts, observing a TPC of 0.24 g 

RE/g extract in the extract isolated from the liquor obtained at 215 ºC. Conde et al. [2.46] also 

observed a decrease of the TPC of the extracts isolated from the autohydrolysis liquors obtained 

from almond shells, chestnut burs and grape pomace with the increase of the temperature of the 
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treatment. Gullón et al. [2.118] also observed this behaviour in the extracts obtained from the 

hydrolysates produced from chestnut shells and they attributed it to the degradation of the 

solubilised phenolic and flavonoid compounds with the increase of the temperature or to the 

higher presence of other degradation products.  

Another aspect that was appreciated during the liquid-liquid extractions is that they did not 

remove all the phenolic and flavonoid compounds solubilised during the autohydrolysis process. 

Comparing the results reported in Tables 2.6 and 2.13 it could be observed that the autohydrolysis 

liquors presented higher phenolic and flavonoid contents than the extract obtained from the 

corresponding hydrolysate. Thus, the percentages of the phenolic and flavonoid compounds that 

were initially present in the liquors and which passed to be part of the extracts were also strongly 

influenced by the severity of the autohydrolysis treatment, as the phenolic extraction yield 

increased from 44.3 % at 180 ºC to 72.0 % at 215 ºC. The flavonoid extraction percentage 

increased from 67.9 % at 180 ºC to 83.6 % at 215 ºC with the increase of the temperature. The 

differences in the percentages of the phenolic and flavonoid compounds could be attributed to the 

highest affinity for the organic phase of the phenolic and flavonoid compounds solubilised under 

more severe conditions. 

To have a more detailed vision of the composition of the extracts, they were qualitatively analysed 

by GC/MS. In addition to phenolic and flavonoid compounds, which have been determined by 

the TPC and TFC assessments, they could contain degradation products, extractives, waxes, 

aliphatic fatty acids or esters, between others [2.119]. In Table 2.14 the compounds identified by 

GC/MS together with their abundance in the extracts are collected. The identification of the 

compounds was carried out using the NIST library and using literature about the identification of 

the products generated during autohydrolysis treatments [2.70, 2.116]. 

The amount of compounds identified in the extracts by GC/MS was quite low, between 10.1 and 

38.8 mg compounds/100 g extracts (corresponding to the extracts isolated from the hydrolysates 

obtained at 180 and 210 ºC, respectively). This could be attributed to the limitations of the 

technique, which could be the low volatility of the compounds with high molecular weights, the 

no detection of compounds with molecular weights higher than 800 Da by the mass spectrometer 
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or the employment of a library which could limit the identification of some compounds. It can be 

noted that no flavonoid compounds were identified by GC-MS although their presence was 

observed during the chemical analysis of the extracts. 

 

Table 2.14. Composition of the extracts isolated from the hydrolysates obtained during the 

autohydrolysis of the vine shoots carried out at different temperatures (mg compound/100 g 

extract).  

Name t 

(min) 
Main fragments 

(m/z) 

Temperature (ºC)a 

180 
(3.29) 

185 
(3.45) 

190 
(3.60) 

195 
(3.82) 

200 
(4.01) 

205 
(4.28) 

210 
(4.47) 

215 
(4.65) 

Carbohydrate- derived compounds         

Furfural 3.7 96,39,29 ND ND ND ND ND 1.9 4.6 0.9 

5-methyl 

furfural 
5.4 110,53,27 ND ND ND ND ND 1.2 1.0 ND 

5-hydroxymethyl 

furfural 
9.9 97,126,41 ND ND ND 4.3 10.3 14.9 15.3 21.2 

Lignin-derived compounds         

Phenol 5.6 94,66,39 ND ND ND ND ND 0.6 ND ND 

Guaiacol 7.3 109,124,81 ND ND ND 1.9 2.5 3.3 2.7 2.3 

Catechol 9.18 110,64,63 ND ND ND 0.9 1.5 1.6 1.8 1.5 

Syringol 13.7 154,139,96 ND ND ND 1.0 ND 1.1 ND ND 

4-hydroxy 

benzaldehyde 
13.9 121,122,93 ND ND ND ND ND 0.6 ND ND 

Vanillin 14.9 151,152,109 ND 2.7 3.5 3.2 3.2 3.2 2.9 2.3 

Acetovanillone 16.6 151,166,123 ND 2.3 2.2 1.0 1.0 0.8 1.2 0.8 

Guaiacylacetone 17.4 137,180,122 ND 3.1 1.9 1.2 1.4 1.1 0.9 1.7 

Syringaldehyde 19.4 182,181,167 4.9 5.5 8.0 5.2 5.1 4.4 5.3 3.7 

Acetosyringone 20.3 181,196,153 5.2 8.3 12.9 5.1 4.1 3.0 3.1 2.7 

a inside the brackets the severity associated to each temperature is presented. ND: not detected 

 

The identified compounds could be classified as carbohydrate degradation products and as 

phenolic compounds derived from lignin. The presence of the lignin-derived compounds could 

be associated to the acid-soluble lignin that could have been solubilised due to the acid media 

generated during the autohydrolysis treatment.  Moreover, the presence of the lignin-derived 

compounds could also be associated to the release of the lignin fragments that could remain 

covalently bound to the hemicellulosic oligomers solubilised during the autohydrolysis due to the 

acid reaction media [2.120]. It has been reported that the depolymerisation of the lignin fragments 

into smaller ones could also take place [2.85], being these smaller fragments the ones identified 
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by GC/MS. Although lignin-derived compounds were present in the extracts, it has been 

previously seen that the autohydrolysis treatments did not affected highly the lignin fraction 

present in the vine shoots, similar to what Garrote et al. [2.121] reported.  

As it can be seen in Table 2.14, the abundance and the compounds present in the extracts varied 

strongly with the severity of the autohydrolysis treatments. Between the identified lignin-derived 

compounds the most abundant ones were acetosyringone, syringaldehyde and vanillin. Castro et 

al. [2.116] and Garrote et al. [2.70] also observed the presence of vanillin and syringaldehyde 

between the most abundant lignin-derived compounds of ethyl acetate and dichloromethane 

extracts obtained from the steam explosion and autohydrolysis liquors of Olea Europa wood and 

corncobs, respectively. 

As it occurred with the total phenolic content of the extracts, the maximum of lignin-derived 

compounds was not observed in the extract isolated from the hydrolysate obtained at the severest 

conditions (215 ºC). The maximum of lignin-derived compounds were observed in the extract 

isolated from the autohydrolysis liquor obtained at 190 ºC (28.5 mg compounds/100 g extract) 

afterwards the presence of the lignin-derived compounds in the extracts decreased with the 

increase of the temperature. This could be associated with the degradation of the compounds with 

the temperature or with recondensation reactions that the solubilised lignin breakdown fragments 

could suffer due to the increase of the severity of the aqueous processing [2.119]. 

With respect to the carbohydrate-derived compounds, their quantity in the extracts increased with 

the temperature. They were not observed in the extracts isolated from the liquors obtained below 

195 ºC (4.3 mg compounds/100 g extracts), but afterwards their concentration in the extracts 

increased until they reached their maximum in the extract isolated from the hydrolysate obtained 

at 215 ºC (22.1 mg compounds/100 g extracts). As it has been mentioned throughout the thesis, 

these products were formed during secondary reactions at which the dehydration of pentoses and 

hexoses took place forming furfural and HMF, respectively.  

The phenolics, flavonoids and carbohydrate-derived compounds present in the extracts, among 

others, are expected to influence the antioxidant and antimicrobial activities of the extracts [2.122, 

2.123].    
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2.4.4.2 Antioxidant activity of the extracts isolated from the 

autohydrolysis liquors  

 
The antioxidant activity of the extracts isolated from the different autohydrolysis liquors was 

tested by subjecting them to three different assays; the DPPH, the ABTS and the FRAP tests. The 

results obtained from these tests are collected in Table 2.15 and as it can be observed the severity 

of the autohydrolysis treatment affected strongly the antioxidant activity of the extracts.   

From the data collected in this Table it can be appreciated that the highest the temperature of the 

autohydrolysis treatment the highest is the amount of antioxidant compounds solubilised from the 

vine shoots present in the extract. However, this is related with the increase of the extraction yield 

with the severity of the autohydrolysis process and not with the increase of the amount of 

antioxidant compounds. As it occurred with the TPC and TFC of the extracts if the specific 

antioxidant activity was taken into account, being it expressed as the value of Trolox equivalent/g 

extract, the extract with the maximum antioxidant activity was not the one isolated from the liquor 

obtained at 215 ºC. 

 

Table 2.15. Antioxidant activity of the extracts obtained from the different autohydrolsis liquors, 

measured by DPPH, ABTS and FRAP assays. 

 
Temperature (ºC) 

180 185 190 195 200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

DPPH (g TE/100 g 

VSa) 
0.58 ± 0.02 0.66 ± 0.02 0.67 ± 0.01 0.73 ± 0.02 0.82 ± 0.03 0.99 ± 0.03 1.01 ± 0.02 1.05 ± 0.05 

DPPH (g TE/ g 

extractb) 
0.61 0.56 0.54 0.56 0.47 0.35 0.31 0.28 

ABTS (g TE/100 g 

VSa) 
1.58 ± 0.07 2.01 ± 0.22 2.08 ± 0.09 2.35 ± 0.11 3.56 ± 0.19 4.25 ± 0.22 4.45 ± 0.09 4.39 ± 0.10 

ABTS (g TE/ g 

extractb) 
1.66 1.72 1.66 1.81 2.03 1.52 1.27 1.16 

FRAP (g TE/100 g 

VSa) 
0.72 ± 0.07 0.91 ± 0.07 0.89 ± 0.08 0.97 ± 0.06 1.99 ± 0.12 2.29 ± 0.20 2.57 ± 0.14 2.68 ± 0.15 

FRAP (g TE/g 

extractb) 
0.76 0.78 0.71 0.75 1.14 0.82 0.73 0.71 

aoven-dried vine shoots. boven-dried extracts. 

 

Considering the specific antioxidant activity, differences were observed between the tests. During 

the DPPH test, it was noticed that the extract recovered from the liquor obtained at 180 ºC 
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presented the highest specific antioxidant activity (0.61 g TE/g oven-dried extract), then this 

activity decreased with the increase of the temperature. Conversely, the extract presenting the 

highest specific radical scavenger capacity in the ABTS and FRAP assays was the one isolated  

from the liquor obtained at 200 ºC (2.03 g TE/g oven-dried extract and 1.14 g TE/g oven-dried 

extract, respectively). Afterwards, the increase of the severity of the aqueous process provoked a 

decrease of the antioxidant activity of the extract. The contradictory results obtained during the 

different tests could be explained by the fact that each test differs from the others in terms of 

oxidant, target species, reaction mechanisms and reaction conditions [2.46]. Therefore, it is 

necessary to carry out more than one antioxidant assay, as the results obtained with a single test 

would be scarcely representative due to mixed and cooperative mechanisms presented by the 

antioxidants [2.46].   

It has to be remarked that the extract obtained at 200 ºC presented higher antioxidant capacity in 

the ABTS assay than the one reported by Conde et al. [2.46] for the synthetic antioxidant BHA 

(3-tert-butyl-4-hydroxyanisole) (1.80 g TE/g).  

 

 

2.4.4.3 Antimicrobial activity of the extract isolated from the liquors 

obtained at 200 ºC 

 
The extracts recovered from autohydrolysis liquors could also present antimicrobial activities. 

However, instead of analysing the antimicrobial activity of the extracts isolated from the liquors 

at different temperatures against six different microorganisms, only the antimicrobial activity of 

the extract isolated from the hydrolysate obtained at 200 ºC was analysed. Uniquely the 

antimicrobial activity of this extract was analysed on the one hand to reduce the number of 

samples and on the other hand because it was the extract containing the compounds with the 

highest antioxidant activity during the ABTS and FRAP assays. Aleksic and Knezevic [2.124] 

suggested that antioxidant compounds could present antimicrobial activity through various 

mechanisms of action provoking a detrimental impact on the pathogens physiology, which could 

be the damage on the cell membrane, the coagulation of the cell content, the inhibition of cellular 

functions or of the enzyme synthesis, between others. As this extract could be used as food 
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preservative its antimicrobial activity against six microorganisms associated with the spoilage of 

food products was analysed by the microdilution assay. The determined minimum inhibitory 

concentration (MIC) and minimum bacterial concentration (MBC) are collected in Table 2.16.  

 

Table 2.16. Minimum inhibitory concentration (MIC, mg/mL) and minimum bacterial 

concentration (MBC, mg/mL) of the extract isolated form the hydrolysate obtained from the vine 

shoots at 200 ºC. 

Microorganisms MIC MBC 

Gram (-)   

E. coli 15 20 

P. aeruginosa 10 15 

Salmonella sp. 10 15 

Gram (+)   

B. cereus 10 15 

S. aureus 5 10 

L. innocua 5 10 

 

As it can be seen in Table 2.16, the extract presented a higher antimicrobial effect against S. 

aureus and L. innocua as the lowest concentration of the extract was needed to detect microbicide 

effects and inhibitory effects on the bacterial growth (MBC = 10 mg/mL and MIC = 5 mg/mL, 

respectively). Dong et al. [1.125] also observed low MIC and MBC values for S. aureus (in the 

range of 1.25-5.625 mg/mL and 1.5-10 mg/mL, respectively), but in this case for the lignin residue 

of corn stover obtained in the ethanol production. On the other hand, the E. coli was the most 

resistant microorganism as the highest MIC and MBC values were obtained for it (15 and 20 

mg/mL, respectively). It has been reported that the Gram negative compared with the Gram 

positive present a higher resistance which could be associated to the presence of hydrophobic 

lipopolysaccharide in the outer membrane that blocks the penetration of the antimicrobial agents 

[2.65], reducing the sensitivity of these bacteria to the extract.  

The antimicrobial activity of the extract could be associated to the different compounds that it 

contained independently of their carbohydrate or lignin origin, since several authors have reported 

that the antibacterial activity present of different extracts was associated to the synergic effect of 

their components [2.65]. Chai et al. [2.126] for instance, reported the antimicrobial activity of 
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different furan compounds against the Bacillus subtilis and Salmonella bacteria, while Cava-Roda 

et al. [2.127] reported the antibacterial activity of vanillin against Escherichia coli O157:H7 and 

Listeria monocytogenes. 

 

  

2.5 Conclusions 

 
The non-isothermal autohydrolysis treatments of vine shoots working in a temperature range 

between 180 and 215 ºC was performed to solubilise their hemicellulosic fraction. The treatments 

carried out under the most severe conditions (195-215 ºC) permitted the solubilisation of more 

than 80.0 % of the hemicelluloses present in the vine shoots, obtaining solid residues with around 

30.0 % of glucan and 50.0 % of Klason lignin (expressed g/100 g oven-dried spent solid). The 

composition of the solubilised products depended strongly on the severity of the treatment. The 

generation of monosaccharides, degradation products, phenolics and flavonoids increased with 

the severity of the treatment, while the highest conversion of the polysaccharides into 

oligosaccharides was achieved in the treatment carried out at 200 ºC (0.588 g/g NVC), afterwards 

it started to decrease. The molecular weight distribution and the thermal stability of the 

polysaccharide-derived products present in the liquors also were influenced by the severity of the 

treatments. It was observed that the molecular weight of these products decreased with the 

increase of the temperature of the aqueous processing. For instance, the main fraction of the 

polysaccharide-derived products of the liquor obtained at 180 ºC presented a molecular weight of 

8,318 Da, while the main fraction of the ones contained in the liquor obtained at 215 ºC presented 

a MW of 550 Da. Regarding the thermostability of the polysaccharide-derived products it also 

decreased with the increase of the temperature.        

The autohydrolysis liquor obtained at 200 ºC, as it contained the highest amount of 

oligosaccharides with potential prebiotic activity, was subjected to a membrane purification 

treatment followed by an ion exchange process in order to refine the oligosaccharides. This 

purification sequence permitted the removal of 95.7 % of the ONVC of the liquors and closely to 

100.0 % of the monosaccharides, obtaining a liquor composed by 97.0 % of oligosaccharides. 
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These oligosaccharides were constituted by a complex mixture of oligosaccharides, mainly 

composed by xylooligosaccharides  with different polymerisation degrees and highly branched, 

being acetyl, methylglucuronosyl, mannosyl, galactosyl, glucosyl and arabinosyl the substituents 

that they presented.  

Prior to the assessment of the prebiotic activity of the refined oligosaccharides, they were 

subjected to an in vitro simulated gastrointestinal digestion, and it was concluded that the 

oligosaccharides could reach the gut without being altered. The digested oligosaccharides were 

then subjected to in vitro fermentation with human faecal microbiota in order to evaluate their 

prebiotic activity. It was determined that the digested oligosaccharides were slowly consumed by 

the gut microbiota producing an increase of the bifidobacterium population and releasing an 

organic acid profile similar to what it was achieved with fructooligosaccharides, which are 

extensively commercialised prebiotics. Due to the complex structure of the oligosaccharides and 

their low fermentation rate they could reach distal colon regions presenting their prebiotic activity 

there.         

Moreover, not only hemicellulose-derived products were solubilised during the autohydrolysis 

treatments of vine shoots as several secondary reactions also took place. These compounds, 

among which phenolic and flavonoid compounds were present, were extracted by liquid-liquid 

extractions with ethyl acetate, as they could present bioactive properties. The quantity and 

composition of the isolated extracts was strongly influenced by the severity of the autohydrolysis 

treatment, since the composition of the autohydrolysis liquors also varied with the severity. The 

severest conditions (215 ºC) permitted the obtaining of the highest amount of extracts (3.8 g 

extract/100g oven-dried vine shoot) containing the highest carbohydrate-derived compounds. The 

extracts isolated from the liquors obtained using intermediate conditions (205 ºC), contained the 

highest phenolic compounds (0.52 g GAE/g extract), some of which were identified as lignin-

derived compounds, while the highest flavonoid content was observed in the extract isolated from 

the liquor obtained at 180 ºC (0.56 g RE/g extract). It was noticed that while the concentration of 

the phenolic and flavonoid compounds present in the extract decreased with the increase of the 

temperature, the content of the carbohydrate-derived compounds increased with the temperature.    
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Between the extracts isolated from the liquors obtained at different temperatures, the one isolated 

from the liquor obtained at 200 ºC presented the highest antioxidant activity during the ABTS and 

FRAP assays. This extract presented higher antioxidant capacity than the BHA, which is a 

synthetic antioxidant, during the ABTS assay. Among the different extracts, the antimicrobial 

activity of the extract obtained from the liquors produced at 200 ºC was assessed, observing that 

it presented a higher antimicrobial activity against Gram positive microorganisms than against 

Gram negative microorganisms.   

Thus, it could be concluded that the autohydrolyisis could be a suitable procedure to revalorise 

the hemicellulosic fraction of the vine shoots as a first stage of an integral biorefinery. The 

treatment carried out at 200 ºC, permitted the obtaining of the maximum amount of 

oligosaccharides with similar prebiotic activity as commercialised prebiotics and of extracts with 

similar antioxidant activity as a synthetic antioxidant and with antimicrobial activity against Gram 

positive and negative microorganisms.   
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Chapter 3 

 

 

 

 
Revalorisation of 

autohydrolysed solids 

 

  
  

La ciencia se compone de 

errores, que a su vez, son los 

pasos hacia la verdad.  
-Julio Verne 
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3.1 Background 

 
During the autohydrolysis treatment of the vine shoots the hemicellulosic fraction was almost 

completely solubilised, whereas little alterations were caused in their lignin and cellulosic 

fractions, being them recovered in the solid fractions [3.1]. This aqueous pre-treatment modifies 

the native structure of the vine shoots facilitating the subsequent separation of the remaining two 

fractions. It has been reported that the autohydrolys isincreases the solubility of the lignin in a 

subsequent delignification process [3.2]. Furthermore, the autohydrolysis is also supposed to 

increase the cellulose digestibility [3.3], as the hemicelluloses, which tend to act as physical 

barriers preventing the approach of the enzymes to the cellulose, have been removed [3.4].      

Throughout this chapter the processes used for the fractionation and revalorisation of the 

autohydrolysed solids have been described, as well as, the characteristics of the isolated cellulose 

and lignin fractions. Likewise, the results obtained from the different approaches used to 

fractionate these solids are discussed.   

 

 

3.1.1 Cellulose 

 
Cellulose is the most abundant and important component of the lignocellulosic biomass, although 

its abundance depends on the feedstock. It constitutes around 30.0 % of herbaceous plants, and 

between 40.0 and 50.0 % of wood [3.5]. This biopolymer is produced by photosynthesis and it 

provides the strength and stability to the cell walls of the biomass [3.6]. It is a non-branched 

polymer composed by long chains of D-glucose bound via β-1,4-glycosidic bonds. The cellulose 

chains present polymerisation degrees around 10,000, which could vary with the feedstock [3.6]. 

This biopolymer presents intra-chain hydrogen bonds between the oxygen atoms and the hydroxyl 

groups of adjacent glucose molecules. It also presents intermolecular hydrogen bonds and Van 

der Waals forces that permit the parallel stacking of multiple cellulose chains forming elementary 

fibrils [3.7]. The intra-chain and intermolecular hydrogen bonds between the cellulose chains are 

represented in Figure 3.1.   
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Figure 3.1. Cellulose structure and its intra-chain and intermolecular hydrogen bonds.  

 

The cellulose elementary fibrils are constituted by crystalline and amorphous regions. In the first 

region, the cellulose chains present a highly ordered structure, while in the amorphous region the 

structure of the fibrils is disordered [3.7]. These fibrils are further aggregated into larger 

microfibrils which could be organised in lattices in the cell walls, presenting a highly crystalline 

structure. This high organisation makes the cellulose resistant to some reagents and insoluble in 

water [3.8].  

Taking into account the dimension, the extraction method employed and its origin, the structure 

of the cellulose can be classified in the following categories [3.6], which are represented in Table 

3.1:  

 Celullose microfibrils (MFC). They consist on a bunch of stretched cellulose chains 

and they are the smallest structural unit of plant fibres [3.9]. They are long, flexible and 

they present a length normally on the micrometer scale and a diameter size between 3 

and 100 nm [3.6]. They contain alternate crystalline and amorphous domains and they 

could be formed by delamination of wood pulp through mechanical pressure before 

and/or after a chemical or enzymatic treatment [3.9].  

 Celullose nanofibers (NFC). They are made of aggregates of cellulose microfibrils with 

a length of several micrometers and a diameter size between 20 and 50 nm [3.6]. They 

present a network structure and as the MFC, they contain crystalline and amorphous 

regions [3.10]. The nanofibers could be obtained by extracting them with an enzymatic 

Hydrogen bond



 
101 

pre-treatment followed by a high-shear mechanical treatment from secondary cell wall 

fibres [3.6]. 

 Cellulose nanocrystals (CNC). They are formed by rigid rod-like particles that present 

between 5 and 70 nm of width and between 100 nm and several micrometres of length 

[3.11]. These particles are made of 100.0 % cellulose and they present a high crystallinity 

degree, between 54.0 and 88.0 % [3.7]. The nanocrystals are generally obtained by a pre-

treatment in which the cellulose is isolated followed generally by a hydrolysis to remove 

the amorphous regions of the cellulose [3.11].  

 

Table 3.1. Structures of the micro- and nano-cellulose particles, adapted from Khalil et al. [3.9]. 

Celullose structure  Diameter (nm) Length 

Microfibrils 

 

3-100 
Several 

micrometers 

Nanofibers 

 

20-50 
Several 

micrometers 

Nanocrystals 

 

5-70 

Between 100 nm 

and  several 

micrometers 

           

 

3.1.2 Lignin  

 
Lignin is a heterogeneous aromatic polymer that constitutes between 20.0 and 30.0 % of woody 

plants providing them with rigidity, impermeability and resistance to microbial attack and 

oxidative stress [3.6, 3.12]. This biopolymer is an amorphous network of three phenyl propane 

units: p-coumaryl alcohol (H), synapyl alcohol (S) and coniferyl alcohol (G), which are 

represented in Figure 3.2. These phenyl propane units are randomly bound together by different 

ether linkages, such as β-O-4´ and α-O-4´, and by carbon-carbon bonds such as, β-β´, β-5´ and 5-

5´, which are formed by laccases and peroxidases [3.13]. Apart from the intramolecular bonds, 
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lignin is also bound to hemicelluloses acting as a glue that gathers all the structural fractions of 

the lignocellulosic biomass together [3.14].  

 

 

Figure 3.2. Structure of the monomers that form part of the lignin. 

 

The determination of the lignin structure still remains a challenge as it has been observed that its 

features vary with the isolation procedure [3.15]. Nevertheless, different models have been 

developed to illustrate its macromolecular structure, since in 1977 Adler presented a structure for 

a softwood lignin [3.16, 3.17], being one of these proposed structures represented in Figure 3.3. 

The lignin content, as well as, its composition and structure are not only affected by the type of 

lignocellulosic feedstock but also by the extraction procedure, which makes it difficult to 

elucidate the original structure of the lignin in biomass. Softwoods, for instance, present lignins 

mainly composed by guaiacyl units, which come from the coniferyl alcohol, while hardwoods 

present lignins with different ratios of guaiacyl and syringyl units, being the latest one coming 

from the sinapyl alcohols. Herbaceous species or grasses, on the other hand, contain lignins 

composed by different ratios of guaiacyl, syringyl and p-hydroxyphenyl units, which come from 

the p-coumaryl alcohol [3.18].  

The differences of the lignin constituents also affect its extraction easiness. The lignins mainly 

composed by coniferyl alcohols, as the one present in the softwoods, are more difficult to extract 

than the ones present in hardwood and herbaceous species. The coniferyl alcohols present an 

unsubstituted C5 that tends to be forming part of C-C interunits linkages making the 

depolymerisation of this type of lignins more difficult. Conversely, the lower condensation degree 

and the lower branching degree of the lignins containing synapyl alcohols facilitate the extraction 

p-Coumaryl alcohol Sinapyl alcohol Coniferyl alcohol
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of the hardwood and herbaceous lignins [3.18]. Grabber et al. [3.19] also reported the influence 

of the constitution of the lignin on its solubility in acid, neutral or alkaline media.  

   

 

Figure 3.3. Structure of the lignin macromolecule, adapted from the American Chemistry Society 

[3.20] and the different ether and C-C bonds between the lignin units.  

 

 

3.1.3 Separation of the cellulose and lignin from the 

autohydrolysed solid  

 
To carry out an integral revalorisation of biomass, the cellulose and lignin that remained in the 

autohydrolysed solid should be separated, preferably by removing one of them without affecting 

the other one, so as to up-grade the two of them. When selecting the separation or extraction 

procedure the cost effectiveness and the energy requirements also have to be taken into account 

[3.21]. The different procedures that could be used to separate the cellulose and lignin from 

β-O-4

α-O-4

4-O-5

β-5

β-1

β-β

5-5
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lignocellulosic feedstocks can be classified as biological, chemical and physicochemical. Table 

3.2 collects the effects, advantages and drawbacks of the different methods that could be 

employed for the separation of these two fractions from a hemicelluloses-free solid.  

The chemical processes described in this Table could be intensified by the employment of 

microwaves, pulsed-electric-fields, ultrasounds or by the combination of microwaves and 

ultrasounds, being the effect caused by the microwaves and ultrasounds described in the Section 

2.1.2.1. When the pulsed-electric-fields are applied the biomass is treated with two electrodes to 

which voltage pulses are applied with an electrical field strength of 0.1-80 kV/cm for very short 

times [3.22]. This could facilitate delignification procedures and enzymatic hydrolysis as it 

provokes the disruption of the biological membrane and local structural changes [3.23, 3.24]. 

In this thesis, chemical delignifications and enzymatic hydrolysis were used to disjoin the 

cellulose and lignin present in the autohydrolysed solids. Among the different chemical 

delignification treatments that could be used, alkaline, organosolv and acetosolv conditions were 

assessed to remove the lignin fraction from the autohydrolysed vine shoots due to the wide 

experience of the research group in these procedures. The lignin removal during the alkaline 

process is attributed to the cleavage of the ester bonds and the glycosidic side chains of the lignin 

[3.25]. In the organic solvent extraction, also denoted as organosolv treatment, carried out in this 

case with ethanol, the hydroxyl groups of the alcohols are supposed to attack the acid-ester bonds 

along with the ether linkages of the lignin components [3.26]. The lignin removal during the acid-

catalysed treatment, also denoted as acetosolv due to the employment of acetic acid, occurs due 

to the breakage of the α-aryl ether and β-aryl ether bonds present in the lignin structure [3.27]. 
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Table 3.2. Details of the procedures used for the separation of the cellulosic and lignin fractions considering a hemicellulosic-free solid.  

Treatment Reagents Effect Advantage Disadvantage Reference 

Chemical treatment     

Acid 
H2SO4, HCl, H3PO4, HNO3, maleic acid, 

oxalic acid and heteropolyacids 

Hydrolysis of the amorphous regions of the 

cellulose 

Enzymatic hydrolysis is sometimes 

not required to yield fermentable 

sugars 

Hazardous, toxic, and highly corrosive 

reagents 
[3.22, 3.31]  

Alkaline NaOH, KOH, Ca(OH)2, Na2CO3, NH3 
Lignin removal and cellulose swelling and 

decrystallisation 

Mild temperature and pressure, low 

sugar degradation and easy recovery 

and removal of alkalis 

Long reaction time and the requirement 

of highly concentrated solutions 
[3.31] 

Oxidation H2O2, O2, O3, air 
Disruption of the lignin structure, releasing low 

Mw degradation products 

Mild and environmentally friendly 

conditions and high selectivity 
High cost [3.32] 

Organosolv 
MeOH, EtOH  or γ-valerolactone, between 

others and their aqueous solutions 

Hydrolysis of lignin into low Mw components 

which are soluble in organic solvents 

Easy recovery of the organic solvents 

by distillation 

High cost, handling of harsh organic 

solvents 
[3.33] 

Ionic liquids 
[Amim]Cl, [Cnmmim]Cl, [C2mim][OAc] 

or  [Ammim]Br between others 

Dissolution of the lignin and cellulose 

crystallinity reduction 

Low vapour pressure, mild reaction 

conditions and low toxicity 

High cost, complexity of synthesis and 

high loading of ionic liquid 
[3.22, 3.34] 

Eutectic liquids Choline chloride Lignin removal 
Green solvent, biodegradable and 

biocompatible pre-treatment 

Poor stability under high pre-treatment 

temperatures 
[3.35] 

Physico-chemical treatment    

Steam explosion H2O 
Partial conversion of the lignin to soluble low 

Mw fractions 

Low capital investment and 

environmental impact and moderate 

energy requirements 

Less effective for softwood [3.31, 3.36]  

Supercritical CO2 CO2(g), H2O 
Almost complete removal of the lignin and 

cellulose crystallinity reduction 

High efficiency and the employment 

of green solvents 
High operating pressures [3.31] 

Ammonium recycle 

percolation process 
5.0-15.0 wt.% liquid ammonia 

Almost complete solubilisation of the lignin 

fraction, maintaining the cellulose almost intact 

High efficiency and selectivity 

towards the lignin fraction 

High energy demand and high ammonia 

loadings 
[3.37] 

Biological treatment     

Microorganisms White-rot fungi and actynomycetes Lignin depolymerisation and disintegration 
Mild and environmentally friendly 

conditions and high selectivity 
Low efficiency and low degradation rate [3.12, 3.38] 

Enzymes Cellulase and β-glucosidase  Hydrolysis of the cellulose 
Mild and environmentally friendly 

conditions and high selectivity 
High price of the enzymes [3.39] 
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The intensification of the most effective chemical delignification treatment was also carried out 

by assisting it with microwaves and ultrasounds, as these techniques could permit the 

enhancement of the lignin removal making at the same time the treatment more environmentally 

friendly [3.28, 3.29, 3.30].  

Regarding the procedures that could be used to remove the cellulosic fraction, in this thesis the 

enzymatic hydrolysis was chosen. Compared with the acid treatment, which could also be used 

to hydrolyse this fraction, the enzymatic hydrolysis employs milder conditions, avoiding 

corrosion problems and the formation of degradation products [3.39]. The enzymes used in this 

thesis were endo- and exo-glucanases and β-glucosidase. The endo-glucanase acts on the 

amorphous regions of the cellulose hydrolysing the β-1-4 linkages randomly, while the exo-

glucanase acts on the chain ends in a processive way, producing mainly cellobiose [3.39]. Since 

the cellobiose inhibits cellulase activity, the β-glucosidase was used to hydrolyse the cellobiose 

to glucose [3.40]. Commonly the enzymatic hydrolysis is carried out with solids which have been 

previously delignified [3.41, 3.42], as during this treatment the cellulose surface area and the 

porosity of the solid increases, making the cellulose more accessible [3.31, 3.43]. Nevertheless, 

there are also examples in which the enzymatic hydrolysis has been carried out with solids 

obtained after autohydrolysis treatments without being delignified [3.44, 3.45]. Therefore, in this 

thesis to assess the effect of the delignification on the enzymatic digestibility of the solid phases, 

the delignified and not delignified autohydrolised solids were subjected to enzymatic hydrolyses.      

The isolation of the lignin and the cellulose is an important stage of a biorefinery approach as 

these fractions could be used for the obtaining of multiple added-value compounds with 

applications in many different fields.  

 

 

3.1.4 Revalorisation of lignin and cellulose  

 
The obtaining of added-value products from cellulose and lignin could improve the economic 

viability of the biorefinery approach.   
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Lignin could present many different applications as it can be seen in Figure 3.4, however its 

potential application depends on the feedstock, the isolation procedure and the post-treatment 

employed, as its physico-chemical features are influenced by all of these aspects [3.46]. One of 

the applications that could be given to lignin is as a carbon source for the obtaining of energy 

[3.47]. The macromolecular structure of lignin also permits its employment as a filler in different 

polymer composites such as, phenol/formaldehyde resins, polyurethanes, polyvinylchlorides, 

polypropylenes, polyethylenes, polylactides or epoxy resins between others [3.46, 3.48]. Due to 

the aromatic character of this biopolymer, it has been used as a source of aromatic compounds 

[3.49] which could be further modified to produce important industrial organic chemicals such as 

hydrocarbons, alcohols, polyols, ketones, acids, or phenol derivatives, between others [3.50]. 

  

 

Figure 3.4 Applications of the lignin fraction, adapted from Sahoo et al. [3.46]. 

 

Regarding the cellulosic fraction, its applications varied significantly depending on its structure, 

since its glucose monomers, microfibrils, nanofibers or nanocrystals do not present the same 

applications. The cellulose nanofibers, for instance, have been used to produce composites to be 

used in flexible circuits or solar panels [3.51], while the cellulose nanocrystals have been widely 

used in medicine for wound dressing, cartilage/bone regeneration, dental repairs or as cancer 

curing drugs [3.52]. The high application of the cellulose nanocrystals in medicine is associated 

to their biocompatibility, tissue-friendliness, non-toxic nature or their antimicrobial effects [3.53]. 

The glucose monomers obtained via enzymatic or chemical hydrolysis from cellulose could be 
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used for the production of bioethanol or building blocks, such as lactic acid, 

hydroxymethylfurufural or itaconic acid between others [3.44, 3.54-3.56].  

In this thesis, the cellulosic fraction of the vine shoots was revalorised by the production of 

bioethanol, while although different procedures were assessed for the isolation of their lignin 

fraction, its applications were not explored.  

 

 

3.2 Objectives 

 
The main objective of this chapter was to study different methods to revalorise the cellulosic and 

lignin fractions of the vine shoots, which remained almost unaltered after the autohydrolysis of 

these residues. The revalorisation was carried out following two different routes, as it is depicted 

in Figure 3.5. In the first route (A), on the one hand the cellulosic fraction was solubilised by 

subjecting the autohydrolysed vine shoots to an enzymatic hydrolysis, and on the other hand a 

Simultaneous Saccharification and Fermentation (SSF) process was carried out followed by a 

delignification treatment in order to yield bioethanol and lignin. In the second route (B) the order 

of the stages was changed, firstly the delignification was carried out followed by an enzymatic 

hydrolysis.  

Moreover, in each route several aspects were assessed. For the route A, the influence of the 

severity of the autohydrolysis treatment on the enzymatic digestibility of the autohydrolysed 

solids was studied. Furthermore, the solid with the highest enzymatic digestibility was subjected 

to a simultaneous saccharification and fermentation (SSF) process for the conversion of its 

cellulosic fraction into bioethanol. 
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Figure 3.5 Scheme of the processing of the autohydrolysed vine shoots following two different 

routes. 

 

For the route B, the efficiency of different delignification procedures on the removal of lignin 

from the autohydrolysed solid obtained in the treatment that provided the highest concentration 

of oligosaccharides was studied. The influence of the different delignification procedure on the 

features of the isolated lignins was also assessed. The delignification procedures that were studied 

were the organosolv, acetosolv and alkaline delignifications, being the intensification of the last 

procedure by microwaves and ultrasounds also analysed. Since the intensification of the alkaline 

delignification treatment by microwaves could make this process greener, it was optimised to 

maximise the lignin removal with the minimum cellulose loss using the most environmentally 

friendly conditions as possible. Furthermore, the influence of the delignification process in a 

subsequent enzymatic hydrolysis of the delignified solid was also studied, in order to observe the 

effect not only of the removal of the hemicellulosic fraction but also of the removal of the lignin 

on the enzymatic digestibility. 

Another aspect that was studied was the influence of the stages that integrate the cascading 

processing to which the vine shoots were subjected until the obtaining of bioethanol (Figure 3.5) 

on the characteristics of the lignin. Thus, lignin was isolated from the untreated vine shoots, the 

autohydrolysed solid and the solid obtained after the SSF process by the most efficient 
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delignification procedure. This analysis can be useful to determine the step of the biorefinery 

scheme in which is more suitable to extract the lignin in function of the application to which it 

will be intended.   

 

 

3.3 Materials and methods 

 
3.3.1 Approach A: Revalorisation of the cellulosic fraction of 

the autohydrolysed vine shoots 

 
One of the approaches used to revalorise the autohydrolysed solids is the employment of their 

cellulosic fraction for the production of bioethanol. Therefore, the influence of the severity of 

these hydrothermal treatments on the enzymatic digestibility of the solids was assessed with the 

aim of establishing the autohydrolysis conditions that permit the highest conversion of cellulose 

into glucose and therefore the highest bioethanol production.  

The solid phases obtained in the non-isothermal autohydrolysis treatments of the vine shoots 

carried out at different temperatures were subjected to enzymatic hydrolysis (EnzH). These solids 

were used wet in order to preserve their structure open, which facilitates the access of the enzymes 

to the cellulosic structure.  

The enzymatic hydrolysis was carried out by mixing the solid with water in an Erlenmeyer flask 

using a LSR of 20 g/g (in oven-dried basis) and using a 0.05 N citric acid-sodium citrate buffer 

to adjust the pH to 4.85. The enzymes added to the mixture were the commercial preparation of 

Trichoderma reesei cellulases “Celluclast 1.5”, which was used in a cellulase/solid ratio (ESR) 

of 20 FPU/g (in oven-dried basis) and a β-glucosidase “Novozyme 188” supplied by Novozyme 

(Madrid, Spain), which was employed in a β-glucosidase/cellulase ratio (Cb/Cl) of 10 IU/FPU. 

Once the enzymes were added, the mixture was incubated at 48.5 ºC in a Unimax 1010 shaker 

equipped with an incubator 1000 (Heidolph) with an orbital agitation of 150 rpm. 

After 0, 5, 11, 24, 32, 48, 72 and 96 h of incubation an aliquot of the enzymatic media was taken, 

centrifuged and its phases were separated by filtration. The liquid phase obtained at each 
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incubation time was subjected to monosaccharide quantifications using the Aminex HPX-87H 

column and the method described in the Appendix II.  

The enzymatic hydrolyses were carried out once while the different analyses were carried out in 

duplicates. 

 

 

3.3.1.1 Bioethanol production from the autohydrolysed solid obtained 

at 210 ºC  

 
Among the different obtained autohydrolysed solids, the one obtained at 210 ºC presented the 

highest enzymatic digestibility. This solid was subjected to a SSF process for the production of 

bioethanol.   

The yeast used in the SSF process was Saccharomyces cerevisiae (DSM 70449) which was grown 

in an Erlenmeyer flask containing the nutrients, which consisted on a solution with 10 g/L glucose, 

5 g/L peptone, 3 g/L malt extract and 3 g/L yeast extract. The yeast was incubated at 32 ºC for 24 

h in a Unimax 1010 shaker equipped with an incubator 1000 (Heidolph) with an orbital agitation 

of 200 rpm.   

To carry out the SSF process the solid was mixed with water in a LSR of 10 g/g (in oven-dried 

basis) in a 100 mL Erlenmeyer flask and it was autoclaved at 121 ºC for 15 min. The working 

volume was 50 mL at pH 5. Compared with the EnzH during the SSF higher solid loadings were 

used (LSR of 20 g/g vs 10 g/g (in oven-dried basis)) to achieve higher glucose concentrations in 

the fermentation media.   

The SSF process was started by adding 5 mL of the nutrient media previously sterilised, 5 mL of 

the yeast inoculum, the cellulose “Celluclast 1.5” in an ESR of 20 FPU/g and the β-glucosidase 

“Novozyme 188” in a Cb/Cl of 10 IU/FPU to the Erlenmeyer flask containing the solid. The 

samples were incubated at 35 ºC for 48 h with an orbital agitation of 120 rpm. At the end of the 

incubation, the liquid and solid phases were separated by filtration and they were processed as it 

was done with the liquid and solid phases obtained during the enzymatic hydrolysis (Section 

3.3.1). The determination of ethanol in the liquid phase was carried out by HPLC using the 
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Aminex HPX-87H column and the method described in the Appendix II for the determination of 

monosaccharides, acids and degradation products in the autohydrolysis liquors.  

The SSF process and the different analyses were carried out in duplicates.   

 

 

3.3.2 Approach B: Recovery of the lignin fraction from the 

autohydrolysed solid obtained at 200 ºC 

 
The second approach used to revalorise the autohydrolysed solid, was the recovery of their lignin 

fraction. During the delignification treatments two separate streams were obtained, on the one 

hand lignin which could be used for the synthesis of materials or for obtaining aromatic 

compounds and on the other hand a solid enriched in cellulose. This solid could be used to obtain 

dissolutions enriched in glucose whicht could be further employed for the production of 

bioethanol.  

 

 

3.3.2.1 Delignification alternatives of the autohydrolysed solid   

 
Different delignification procedures were tested in order to remove the lignin fraction from the 

autohydrolysed solids, being their efficiency and their influence on the lignin structure also 

analysed. The evaluated delignification procedures were the organosolv, acetosolv and alkaline 

treatments following the procedures described by Toledano et al. [3.57], Erdocia et al. [3.58] and 

Bustos et al. [3.59], respectively, after carrying out some modifications. The intensification of the 

alkaline treatment employing ultrasounds and microwaves was also studied.  

Among the different autohydrolysed solids, only the one obtained in the treatment carried out at 

200 ºC was subjected to the different delignification procedures, since this autohydrolysis 

conditions permitted the achievement of the highest oligosaccharide concentration and the 

extracts with the highest bioactive properties. The delignification treatments were carried out 

using the autohydrolysed solid wet, in order to preserve its structure open.   

The organosolv and acetosolv delignifications were carried out by mixing the autohydrolysed 

solid with a 50.0 wt.% ethanol solution in a LSR of 8 g/g (in oven-dried basis) and with a solution 
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containing 65.0 wt.% acetic acid and 0.073 wt.% HCl in a LSR of 12 g/g (in oven-dried basis), 

respectively. The treatments were carried out in a 1.5 L stainless steel Parr reactor at 200 ºC and 

130 ºC, respectively, being the temperature controlled by a Parr PID control. Once the target 

temperature was reached, it was maintained for 90 min and after being the reactor cooled down, 

the solid and liquid phases were separated by filtration. Then, 4 volumes of acidified water for 

the organoslv delignification and 4 volumes of water in the case of the acetosolv delignification 

were added to the liquid phase (also denoted as black liquors) in order to precipitate the lignin 

solubilised during these treatments. The precipitated lignins were isolated by filtration, 

neutralised with water and air-dried.   

To carry out the alkaline delignification the autohydrolysed solid was mixed with a 12.0 wt.% 

NaOH solution in a LSR of 10 g/g (in oven-dried basis). The mixture was autoclaved at 124 ºC 

for 105 minutes without stirring. One of the alkaline delignification treatments was carried out 

assisted by ultrasounds, so prior to the autoclaving stage the mixture was sonicated 30 minutes 

using an Elmasonic S 70H sonicator working with an ultrasonic power of 150 W. After the 

autoclaving stage, the liquid and solid phases were separated by filtration. The obtained black 

liquor was acidified with 96.0 wt.% H2SO4 until pH 2 was reached and the precipitated lignin was 

separated by filtration, neutralised with water and air-dried.  

The organosolv, acetosolv lignins and the ones obtained in the alkaline delignification treatments 

with and without the assistance of ultrasounds were subjected to different analytical and 

instrumental techniques. The carbohydrate, acid-insoluble lignin and ash content of the isolated 

lignins was determined using protocols described by Erdocia et al. [3.58] and Liu et al. [3.60], 

after carrying out some modifications. These procedures are described in detail in the Appendix 

V. The acid-soluble lignin forming part of the isolated lignin was analysed by the TAPPI protocol 

(TAPPI UM250 um-83) [3.61], which is also detailed in the Appendix V. The lignins were also 

subjected to FTIR, HPSEC and Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) 

analyses, being their detailed procedures collected in the Appendix V.  

Regarding the solid phases obtained after these four delignification treatments, they were washed 

with the solution employed during the delignification treatment and afterwards, they were washed 



 
114 

with water until their neutralisation. The solid phases were then air-dried, quantified and subjected 

to moisture determinations and to quantitative acid hydrolysis (Appendix I) in order to estimate 

the solubilisation of the substrate during the treatment and the composition of the delignified 

solids.  

All the delignification treatments were carried out in duplicates, while the chemical analyses were 

carried out in triplicates. 

 

 

3.3.2.2 Intensification of the alkaline delignification of the 

autohydrolysed solid assisted by microwaves 

 
To reduce the environmental impacts that the alkaline delignification of autohydrolysed vine 

shoots could cause, the intensification of this treatment with microwaves was studied. The 

treatment was optimised using an experimental design procedure in order to achieve the maximum 

lignin removal with the minimum cellulose loss.   

The autohydrolysed solid was mixed with a NaOH solution with concentrations between 0.2 and 

6.0 wt.% using a LSR of 10 g/g (in oven-dried basis) in a 70 mL PrepPlus® reactor. The 

experiments were carried out in a CEM-Mars microwave system using temperatures between 50 

and 150 ºC and reaction times ranging from 0 to 1 h. The temperature was controlled by a fibre 

optic temperature sensor and 5 min were used in all the experiments to reach the target 

temperature. Once cooled down, the solid and liquid phases were separated by filtration. The solid 

phase was washed with a solution with the same NaOH concentration as the one used during the 

delignification treatment, and then it was neutralised with water. Afterwards, the delignified solid 

was air-dried, quantified and subjected to moisture analysis and to quantitative acid hydrolysis 

(Appendix I) in order to determine the solubilisation of the substrate during the delignification 

treatment and its composition.      

The experiments were planned according to a 2 level 3 factor Box-Wilson Central Composite 

Face Centred (CCF, α: ±1) design. This is a 2k factorial design, where 2k indicates the number of 

runs for the single factorial design and k the number of studied variables or factors; in this case, 

as 3 operating variables were studied, 8 runs were carried out. In addition, 6 axial experiments 
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were performed to analyse non-linear effects and interactions according to the CCF design and 4 

replicates at the centre point were carried out to determine the experimental error. The operating 

conditions of the performed experiments are collected in Table 3.3.  

 

Table 3.3. Operating conditions of the experiments carried out in the experimental design of the 

microwave-assisted alkaline delignification of the autohydrolysed solid obtained at 200 ºC.  

Exp. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

T (ºC) 50 150 50 150 50 150 50 150 100 100 100 100 50 150 100 100 100 100 

t (min) 0 0 60 60 0 0 60 60 30 30 30 30 30 30 0 60 30 30 

wt% NaOH 0.2 0.2 0.2 0.2 6.0 6.0 6.0 6.0 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 0.2 6.0 

 

The results obtained in the experimental design were analysed by an analysis of variance 

(ANOVA) working with a 95.0 % confidence interval, as this permits the determination of the 

operating variables and interactions that significantly influence the response variables. 

Once the experimental conditions that permitted the maximum lignin removal with the minimum 

cellulose loss were determined, the experiment was performed. The delignified solid obtained at 

the optimum conditions was air-dried, quantified and subjected to moisture analysis and to 

quantitative acid hydrolysis (Appendix I). The lignin isolated at the optimum conditions was 

subjected to the same analysis as the lignins isolated with the different delignification procedures 

and to 13C-NMR and 1H-NMR analyses, being all the procedures described in the Appendix V. 

All the delignification treatments were carried out in duplicates, while the chemical analyses were 

carried out in triplicates. 

 

 

3.3.2.3 Enzymatic hydrolysis of the autohydrolysed solid with and 

without alkaline delignification treatment 

 
The influence of the delignification treatment on the enzymatic digestibility was assessed, as 

lignin could reduce the activity of the cellulases.  To do so, the autohydrolysed solid obtained at 

200 ºC was subjected to an alkaline delignification treatment and the resulting solid as well as the 

autohydrolysed solid were subjected to enzymatic hydrolysis using the procedure described 

previously in the Section 3.3.1. In this case, an ESR of 25 FPU/g (in oven-dried basis) and a Cb/Cl 



 
116 

of 5 IU/FPU were used. Only the delignified solid obtained in the alkaline delignification 

treatment carried out without any assistance was subjected to an enzymatic hydrolysis, since 

between the delignified solids obtained by not intensified delignification treatments this was the 

one with the lowest lignin content.  

The enzymatic hydrolysis was carried out in duplicates, while the chemical analyses were carried 

out in triplicates. 

 

 

3.3.2.4 Study of the influence of each biorefinery stage on the structural 

features of the isolated lignin 

 
To study how the different stages of the biorefinery scheme proposed for the vine shoots (Figure 

1.10) could influence the structure of the lignin fraction, the untreated vine shoots, the 

autohydrolysed solid obtained at 210 ºC and the solid obtained after the SSF process were 

subjected to an alkaline delignification without any assistance. Among the different 

delignification treatments, only this one was used, as it was the most effective delignification 

treatment that employs the lower energy requirement and because the assistance of this procedure 

by microwaves was carried out afterwards. The obtained delignified solids and the alkaline lignins 

were subjected to the same analyses mentioned in the Section 3.3.2 for the different delignified 

solids and isolated lignins.  

All the delignification treatments were carried out in duplicates, while the chemical analyses were 

carried out in triplicates. 

 

 

3.4 Results and discussion 

 
3.4.1 Route A: Revalorisation of the cellulosic fraction of the 

autohydrolysed solid 

 
One of the approaches used to revalorise the solids obtained during the autohydrolysis treatments 

of the vine shoots was the employment of their cellulosic fraction for the production of bioethanol. 

However, prior to the bioethanol production, the influence of the severity of this processing on 
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the enzymatic digestibility of the autohydrolysed solids was studied in order to determine the 

autohydrolysed solid with the highest digestibility. This solid would be the most suitable for the 

production of bioethanol.  

As it has been seen throughout the Section 2.4.2, the increase of the severity of the autohydrolysis 

treatments promoted the removal of the hemicellulosic fraction of the vine shoots, making the 

obtained solid richer in glucan and lignin, as it can be seen in Table 3.4. The NREL procedure 

employed for the determination of the composition of the solid determines the glucan content 

[3.62], which could be mainly attributed to the cellulosic content as great part of the 

hemicelluloses were removed during the autohydrolysis treatments.  Thus, the estimations in this 

Section were carried out considering the glucan content. 

 

Table 3.4 Composition of the solids obtained during the autohydrolysis treatments carried out at 

different temperatures (expressed as percentage of dry spent solid).    

   ND: not detected. 

 

As it can be seen in this Table, the lignin content of the autohydrolysed solids increased 

continuously with the severity of the autohydrolysis treatment. Conversely, the glucan content of 

the solids increased until the treatment carried out at 210 ºC, afterwards its content in the solid 

start to decrease due to the possible degradation of the glucan. Nevertheless, it has to be taken 

into account that the composition of the autohydrolysed solids collected in this Table differs 

slightly from the composition of the solids obtained during the autohydrolysis of the vine shoots 

shown in Table 2.4 of the Section 2.4.2. This could be a consequence of the employment of vine 

shoots obtained in a different vintage for the assessment of the enzymatic hydrolysis.  

 

Fraction 

Temperature (ºC) 

180 185 190 195 200 205 210 215 

Severity (S0) 3.29 3.45 3.60 3.82 4.01 4.28 4.47 4.65 

Glucan 27.2 ± 0.2 28.9 ± 0.6 28.7 ± 0.5 31.0 ± 0.6 31.2 ± 0.8 32.49 ± 0.02 34.8 ± 0.4 33.7 ± 1.2 

Klason lignin 44.7 ± 0.4 46.4 ± 0.1 50.5 ± 0.4 50.9 ± 2.1 53.5 ± 0.9 52.5 ± 2.9 54.5 ± 0.8 55.1 ± 0.9 

Xylan 13.1 ± 0.4 11.1 ± 0.1 9.2 ± 0.4 6.9 ± 0.6 5.4 ± 0.1 4.6 ± 0.2 3.0 ± 0.3 2.5 ± 0.3 

Acetyl substituents 2.8 ± 0.1 1.8 ± 0.3 1.8 ± 0.1 1.4 ± 0.1 1.0 ± 0.2 ND ND ND 
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3.4.1.1 Enzymatic hydrolysis of the autohydrolysed solids 

 
The enzymatic hydrolysis is a process that presents a high selectivity for the cellulosic fraction, 

leaving the lignin fraction almost unaltered. During this hydrolysis no degradation products are 

generated so it is not necessary to carry out a purification treatment prior to the fermentation stage 

for the production of bioethanol [3.39]. Nevertheless, the effectiveness of the removal of the 

cellulosic fraction from the autohydrolysed solids depended strongly on the severity of the 

autohydrolysis treatment as it can be appreciated in Figure 3.6, which reflects the glucose 

concentration in the enzymatic media generated during the enzymatic hydrolysis of the different 

autohydrolysed solids.  

 

 

Figure 3.6. Glucose concentration profile during the enzymatic hydrolysis of the different 

autohydrolysed solids.  

 

As it is better appreciated in the glucose concentration profiles obtained during the enzymatic 

hydrolysis of the autohydrolysed solids generated at the severest conditions (215 ºC (S0 = 4.65) 

and 210 ºC (S0 = 4.47)), the glucose release occurred in two steps. During the first 24 h a fast 

initial glucose release was observed while afterwards the glucose was released slowlier, similar 

to what it was described by Requejo et al. [3.63].  
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From the concentration of the glucose released during the enzymatic hydrolysis of the different 

autohydrolysed solids the glucan to glucose conversion (GC, glucose/potential glucose in 

percentage) can be calculated. The GC is defined as the ratio between the glucose generated in 

the enzymatic hydrolysis and the potential glucose contained in the solids. The potential glucose 

in the solids is estimated by considering the total conversion of the glucan into glucose without 

degradation.  

By fitting the variation of the GC with the time to the hyperbolic model proposed by Holtzapple 

et al. [3.64], the maximum possible enzymatic conversion (GCMax) could be estimated by the 

following equation:  

𝐶𝐺𝑡 = 𝐶𝐺𝑀𝐴𝑋 ∙
𝑡

𝑡 + 𝑡1/2
 

 

where GCt is the glucan to glucose conversion at time t, GCMAX (%) is the maximum glucan to 

glucose conversion at an infinite reaction time, and t1/2 (h) is the time needed to achieve 50.0 % 

of the GCMAX. In Table 3.5 the GCMAX values obtained for each autohydrolysed solids, together 

with the t1/2, which measures the kinetic of the enzymatic hydrolysis, and the R2 values, which 

showed the adjustment of the experimental data to the proposed model [3.44], are collected.   

 

Table 3.5. Maximum glucan to glucose conversion (GCMAX), time needed to achieve half of 

GCMAX (t1/2) and coefficient of determination R2 estimated during the enzymatic hydrolysis of 

different autohydrolysed solids.  

Temperature (ºC) 180 185 190 195 200 205 210 215 

GCMAX (%) 22.4 21.6 26.8 32.2 48.8 55.5 81.2 81.1 

t1/2 (h) 17.26 7.02 8.75 15.20 15.29 11.64 11.65 10.19 

R2 0.992 0.979 0.988 0.988 0.987 0.988 0.999 0.992 

 

As it is reflected in Figure 3.7, which represents the estimated GCMAX and the experimental 

results, and as it is shown by the R2 values collected in Table 3.5, the experimental data adjusted 

correctly to the hyperbolic model. Furthermore, the estimated GCMAX values for the enzymatic 

hydrolysis of each autohydrolysed solid were quite close to the glucan to glucose conversion 
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achieved after 96 h of enzymatic hydrolysis, suggesting that the prolongation of the 

saccharification time would not produce an improvement of the glucan conversion.  

 

 

Figure 3.7. Glucan to glucose conversion profile experimentally and theoretically determined 

during the enzymatic hydrolysis of the different autohydrolysed solids. 

 

The enzymatic digestibility of the autohydrolysed solids increased with the severity of the 

treatment as it can be appreciated from the GC and from GCMAX values shown in Figure 3.7 and 

in Table 3.5, respectively. The solids obtained in the treatments carried out under the severest 

conditions (215 ºC (S0 = 4.65) and 210 ºC (S0 = 4.47)) presented the highest susceptibility towards 

the enzymatic hydrolysis as they permitted the achievement of the highest glucan to glucose 

conversion. The higher susceptibility of these solids towards the enzymatic hydrolysis is related 

to their lower hemicellulosic content, as they tend to block the approach of the enzymes to the 

cellulose [3.4]. The highest lignin content of these solids did not seem to influence strongly the 

glucan to glucose conversion, although it is supposed to decrease the efficiency of the enzymatic 

hydrolysis by blocking the approach of the enzymes to the cellulose and by binding irreversibly 

to the cellulases through hydrophobic interactions [3.65]. The low influence of the lignin content 

in the enzymatic hydrolysis could be attributed to the structural changes that the autohydrolysis 

treatment provokes on the vine shoots. The increase of the severity of the autohydrolysis treatment 
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is associated to the raise of the porosity of the substrate which could facilitate the enzymatic action 

[3.66]. Michelin and Teixeira [3.45] and Dominguez et al. [3.67] carried out autohydrolysis 

treatments of brewer´s spent grain at S0 = 4.13 and of Paulownia tomentosa at S0 = 4.43, 

respectively, prior to the enzymatic saccharification. They achieved glucan to glucose 

conversions of   76.1 % and 86.0 % operating with a solid loading of 5 %(w/v), 15 FPU/g and 1 

IU/FPU and with a solid loading of 9.0 % (w/v), 10 FPU/g and 10 IU/FPU, respectively. The GC 

that they obtained was similar to the one achieved using the autohydrolysed solid obtained at the 

harsher conditions (74.0 % at S0 = 4.47 and 75.0 % at S0 = 4.65). 

 

 

3.4.1.2 Bioethanol production from the autohydrolysed solid obtained 

at 210 ºC  

 
The production of bioethanol from the autohydrolysed solid was carried out by a simultaneous 

saccharification fermentation (SSF) process. In this case, the enzymatic hydrolysis of the 

cellulosic fraction of the biomass is carried out in the presence of fermentative microorganisms, 

which uses the released glucose for the production of bioethanol and for their growth [3.68].   

 Among the different autohydrolysed solids only the one obtained in the treatment carried out at 

210 ºC was subjected to the SSF process. Although this solid did not present the highest enzymatic 

digestibility, since the one obtained at 215 ºC presented a higher glucan to glucose conversion 

(74.0 % vs 75.0 %), the difference in the GC did not justify the higher energy requirements of 

carrying out the autohydrolysis treatment at higher temperature. In addition, the autohydrolysed 

solid obtained at 210 ºC presented the highest glucan content as it can be seen in Table 3.4.  

To make the production of bioethanol more economically viable a higher solid loading than the 

one used during the enzymatic hydrolysis of the different autohydrolysed solids was employed, a 

LSR of 10 g/g (in oven-dried basis) instead of 20 g/g (in oven-dried basis). The employment of 

higher solid loadings favours the production of bioethanol, however, it has to be taken in mind 

that it could also decrease the bioethanol yield due to poor mass transfer [3.69].   

The amount of bioethanol produced from the autohydrolysed solid obtained at 210 ºC after 48 h 

of SSF process was 13.3 g ethanol/L, which corresponded to a conversion of glucan to ethanol 
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(EC) of 67.4 %. This parameter represents the percentage of ethanol obtained with respect to the 

ethanol that could be produced by the stoichiometric conversion of the glucan present in the 

substrate. Requejo et al. [3.63], achieved a similar EC (70.0 %) carrying out the SSF of 

autohydrolysed olive tree trimmings using a LSR of 8 g/g (in oven-dried basis) and an ESR of 10 

FPU/g.  

 

 

3.4.2 Route B: Revalorisation of the lignin fraction of the 

autohydrolysed solids 

 
The second route that could be used to revalorise the autohydrolysed solids is by exploiting their 

lignin fraction. The isolation of this fraction was carried out using different chemical treatments 

that do not affect in high degree to the cellulosic fraction of the autohydrolysed solid, which could 

be further used for the production of bioethanol as it has been seen in the Section 3.4.1.2. Among 

the autohydrolysed solids obtained at different temperatures, only the one obtained during the 

treatment carried out at 200 ºC was subjected to different delignification treatments in order to 

perform an integral revalorisation of the vine shoots.   

The autohydrolysed solid obtained at 200 ºC was subjected to organosolv, acetosolv and alkaline 

delignification treatments being the latest one also intensified by the application of ultrasounds 

(US). Table 3.6 gathers together the experimental conditions used in each treatment, the 

composition of the solid phase obtained and the substrate solubilised after each delignification 

process. This data permits the determination of the delignification yield and the percentage of the 

cellulose lost during the treatment.  

As during the autohydrolysis treatment carried out at 200 ºC more than 80.0 % of the 

hemicelluloses present in the vine shoots were removed, the glucan content determined in this 

autohydrolysed solid and in the delignified solids has been considered as cellulose content.  
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Table 3.6. Substrate solubilisation (expressed as g/100 g oven-dried autohydrolised solid), 

composition of the autohydrolysed solid after being delignified by the different treatments 

(expressed as percentage of dry spent solid) and the percentages of the delignification yield and 

the cellulose loss.     

 Autohydrolysis Organosolv Acetosolv Alkaline Alkaline + US 

Temperature (ºC) 200 200 130 124 124 

Reagent H2O 
50.0 wt.% 

EtOH 

65.0 wt.% acetic 
acid + 0.073wt.% 

HCl 

12.0 wt.% 

NaOH 
12.0 wt.% NaOH 

Time (min) - 90 90 105 

105 + 30 min US 
at room 

tempreature 

Substrate 

solubilisation (%) 
- 17.8 ± 0.2 29.7 ± 0.1 53.0 ± 1.3 58.9 ± 0.3 

Klason lignin 46.8 ± 2.25 49.7 ± 0.3 49.9 ± 0.2 32.2 ± 0.1 28.7 ± 0.2 

Glucan 39.9 ± 0.39 44.6 ± 1.2 39.5 ± 0.6 69.4 ± 1.5 65.5 ± 0.7 

Xylan 4.90 ± 0.02 ND 2.5 ±0.1 ND ND 

Acetyl substituents 0.85 ± 0.04 ND ND ND ND 

Delignification 

yield 
- 12.6 25.0 67.7 74.8 

Cellulose loss - 8 30.3 18.3 32.6 

 ND: not detected. 

 

Jiménez et al. [3.70] carried out the delignification of untreated vine shoots using EtOH, ethylene-

glycol, NaOH and Kraft conditions. They achieved a delignification yield of 26.1 % when the 

organosolv delignification was carried out, while when alkaline and Kraft delignifications were 

carried out the delignification yields increased to 61.9 and 75.3 %, respectively. 

Nevertheless, although Kraft delignification could be more efficient than the alkaline hydrolysis, 

the latest one permitted the obtaining of purer cellulose [3.71]. Furthermore, the alkaline 

delignification presents advantages for the employment of the obtained solid in enzymatic 

hydrolysis, as it provokes the decrease of the crystallinity and polymerization degrees of the 

cellulose and the increase of its surface area, facilitating the enzymatic digestibility of the 

cellulosic fraction [3.59, 3.72].  

Regarding the alkaline delignification of the autohydrolysed solid obtained at 200 ºC, it could be 

appreciated that the assistance of the treatment by ultrasounds enhanced the delignification yield 

but it also favoured the cellulose loss, provoking the increase of these parameters in a 7.0 and 

14.3 %, respectively, compared with the not assisted alkaline treatment. The raise of the 
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delignification yield caused by the employment of ultrasounds was also observed by Sun and 

Tomkinson [3.28], when they carried out the alkaline delignification of wheat straw. They noticed 

an increase of 5.2 % of the delignification yield when the sonication time was increased from 5 

to 35 min and they associated it to the mechanical actions of the ultrasounds on the cell walls. 

This could facilitate the access of the reagents and the extraction of the lignin fraction in a 

subsequent treatment. Nevertheless, the exact mechanism of the ultrasound-assisted alkaline 

delignification still remains unclear [3.73].  

In Table 3.6, it can also be appreciated that the cellulosic fraction is also affected during the 

delignification treatments. The lower cellulose loss was observed during the organosolv treatment 

(8.0 %), although it has been reported that it only solubilise lignin and hemicelluloses [3.33]. 

Conversely, the acetosolv process was among the not assisted delignification treatments the one 

in which the highest cellulose loss was observed (30.3 %). This could be related to the 

employment of dilute acids under severe conditions. Although the acetosolv treatment has been 

proposed as a method to solubilise lignin [3.60] it could also be considered as an acid pre-

treatment used to hydrolyse amorphous cellulose [3.31]. Regarding the alkaline delignifications, 

32.6 and 18.3 % of the cellulose present in the autohydrolysed solid was solubilised during the 

treatments carried out with and without the ultrasound assistance, respectively. This could be due 

to the peeling reactions that the cellulose could suffer in basic medium at 120-130 ºC [3.74]. 

These reactions provoke the removal of between 50 and 60 glucose units depending on the 

conditions [3.2]. The higher cellulose loss observed in the ultrasound-assisted alkaline 

delignification could be attributed to the mechanical action of the ultrasounds but also to the 

solubilisation of the amorphous cellulose, which is more susceptible to be solubilised by 

sonication-assisted treatments [3.75].     

 

 

3.4.2.1 Intensification of the alkaline delignification of the 

autohydrolysed solid by the employment of microwaves 

  
Among the different not intensified delignification treatments to which the autohydrolysed solid 

obtained at 200 ºC was subjected the alkaline delignification was the one that permitted the 
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highest lignin removal. To make this process more effective and greener by reducing its operating 

time and the amount of reagent employed, the alkaline delignificationit was assisted by 

microwaves instead of carrying it out with conventional heating. An experimental design of this 

treatment was performed to maximise the lignin removal and to minimise the cellulose loss by 

optimising the temperature, reaction time and NaOH concentration used. The employment of 

microwaves has some advantages compared with the conventional heating, as it could be its faster 

heat transfer or its more energy efficient heating mechanism [3.76].  

The composition of the delignified solids together with the delignification yields and cellulose 

loss percentages obtained during each microwave-assisted alkaline delignification treatment are 

collected in Table 3.7. From this Table it could be appreciated that the experimental conditions 

employed during the delignification treatment influence strongly the amount of lignin and 

cellulose removed. The determined delignification yields varied from 9.3 to 89.2 % while the 

percentage of cellulose loss varied between 0.0 and 34.5 %. 

The Pareto percentages of the operating variables and their linear and quadratic interactions, 

which are shown in Table 3.8, indicate their influence on the delignification yields and on the 

cellulose loss. From this Table it could be appreciated that the NaOH concentration exerted the 

strongest influence on the two response variables (19.0 and 28.0 % on the delignification yield 

and on the cellulose loss percentage, respectively), while the temperature has a stronger influence 

on the delignification yield than on the cellulose loss percentage, 16.0 vs 12.0 %. The reaction 

time has a significant influence on the delignification yield (8.0 %) while is its quadratic 

interaction which influenced strongly the cellulose loss percentage (22.0 %).   

Figure 3.8 reflects the effect of the operating conditions and the most important interactions 

detected during the ANOVA analysis of the determined delignification yields and cellulose loss 

percentages. Figures 3.8.a and 3.8.b show the effects of the temperature on the delignification 

yield for the lowest (0.2 wt.%) and the highest (6.0 wt.%) NaOH concentrations and the shortest 

(0 min) and longest (60 min) reaction times, while Figures 3.8.c and 3.8.d show the same effects 

for the cellulose loss percentage.   
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Table 3.7. Experimental conditions and the results obtained in the different experiments carried out during the experimental design of the microwave-assisted 

alkaline delignification. 

 

Table 3.8. Relative influence of the operating variables on the analysed response variables.  

 R2 I. Term A (T) B (t) C (wt.% NaOH) AB AC BC A2 B2 C2 ABC A2B A2C AB2 AC2 B2C BC2 A2B2 

Delignification yield (%) 0.997 42.34 
24.34 

(16.0) 

6.49 

(8.0) 
8.42 (19.0) 

5.51 

(6.0) 

8.01 

(9.0) 

4.77 

(5.0) 

9.20 

(2.0) 

-7.94 

(8.0) 

-12.69 

(8.0) 

5.70 

(6.0) 
n.s 

9.01 

(4.0) 

-14.38 

(7.0) 
n.s n.s n.s n.s 

Cellulose loss (%) 0.907 28.13 
3.59 

(12.0) 
n.s 8.31 (28.0) n.s n.s n.s n.s 

-10.01 

(22.0) 

-13.62 

(16.0) 

3.67 

(11.0) 
n.s n.s n.s n.s n.s n.s 

9.62 

(9.0) 

       n.s: Non significant with 95.0 % confidence.  

       Response: I. Term + A (T) + B (t) + C (wt.% NaOH) + AB + AC + BC + A2 + B2 + C2  + ABC + A2B + A2C + AB2 + AC2  + B2C + BC2 + A2B2  

       Numbers in bracket correspond to the Pareto percentage which measures the influence of each interaction on the response variable. Pareto values represent the percentage of the orthogonal 

       estimated total value.  

Exp. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

T (ºC) 50 150 50 150 50 150 50 150 100 100 100 100 50 150 100 100 100 100 

t (min) 0 0 60 60 0 0 60 60 30 30 30 30 30 30 0 60 30 30 

wt.% NaOH 0.2 0.2 0.2 0.2 6.0 6.0 6.0 6.0 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 0.2 6.0 

Substrate solubilisation (%) 6.2 11.4 8.6 12.43 23.3 33.6 17.1 60.2 28.2 29.5 33.9 32.6 17.6 53.2 18.4 32.6 13.7 28.0 

Lignin (wt. %) 
49.74 

± 0.24 

50.76 

± 0.64 

48.54 

± 0.42 

47.99 

± 2.31 

46.96 

± 2.45 

43.74 

± 0.04 

42.95 

± 1.25 

13.98 

± 0.75 

43.56 

± 2.64 

42.61 

± 0.65 

44.10 

± 2.08 

42.68 

± 0.41 

45.09 

± 0.72 

25.84 

± 0.02 

44.23 

± 1.43 

45.73 

±3.25 

46.60 

± 0.19 

43.83 

±2.04 

Cellulose (wt. %) 
40.57 

± 4.23 

38.35 

± 0.23 

37.68 

± 0.58 

39.51 

± 0.41 

36.78 

± 1.50 

42.71 

± 0.02 

39.92 

± 0.77 

66.87 

± 0.66 

37.70 

± 2.54 

40.32 

± 0.80 

38.02 

± 3.61 

36.34 

± 0.28 

36.33 

± 0.99 

55.52 

± 2.10 

39.17 

± 1.58 

43.38 

±3.53 

41.02 

± 0.58 

39.54 

±0.53 

Delignification yield (%) 9.3 13.6 13.8 17.4 30.0 43.6 30.8 89.2 39.2 41.6 43.4 44.1 27.8 76.5 29.9 40.1 21.9 38.7 

Cellulose loss (%) 0.0 10.1 7.8 6.3 24.5 24.1 11.4 28.7 27.5 23.9 32.7 34.5 19.9 30.4 14.5 21.8 5.2 23.8 
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Figure 3.8. Effect of the temperature and NaOH concentration on the deliginification yield (a/b) 

and cellulose loss percentage (c/d) when different reaction times (t=0 min and t=60 min) are used.    

 

Comparing Figures 3.8.a and 3.8.b it can be appreciated that the effect of the temperature on the 

delignification yield depends on the concentration of NaOH used, being this effect better 

appreciated when long reaction times were employed. It could be observed that when the lowest 

NaOH concentration was used (0.2 wt.%) the reaction time nor the temperature had a significant 

effect on the delignification yield. This suggests that it is necessary to have a minimum amount 

of NaOH to promote the solubilisation of the lignin fraction by increasing the temperature or the 

reaction time [3.77].  

Conversely, when the highest NaOH concentration was employed the delignification yield 

increased with the temperature being it more pronounced when long reaction times were used. In 

particular, the delignification yield varied from 30.0 % at 50 ºC to 44.0 % at 200 ºC when short 
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reaction times were used, while it varied from 30.0 % at 50 ºC to 89.0 % at 200 ºC when long 

reaction times were employed. This could suggest the synergic interaction of the three operation 

variables similar to what it was observed by McIntosh and Vancov [3.78] when they studied the 

delignification of wheat straw. However, during the microwave-assisted alkaline delignification 

treatments not only the lignin was removed from the autohydrolysed solid obtained at 200 ºC as 

its cellulose fraction is also partially removed, as it can be seen from Figures 3.8.c and 3.8.d and 

from the results shown in Table 3.7. 

Comparing these Figures it could be appreciated that the effects of the temperature and reaction 

time on the cellulose loss percentage depended on the NaOH concentration. It can be appreciated 

that when the lowest NaOH concentration (0.2 wt.%) and the shortest reaction time (0 min) were 

used the cellulose loss percentage started to increase with the temperature once 100 ºC were 

reached, passing from around 0.0 % at 100 ºC to 13.0 % at 200ºC. This increase could be 

associated with the peeling reactions of the cellulose that tend to start taking place around 120 ºC 

[3.74]. Conversely, when the longest reaction time was used, the cellulose loss was not 

significantly affected by the temperature.   

When the highest NaOH concentration (6.0 wt.%) was used independently of the reaction time or 

the temperature, the cellulose loss percentage was higher than when the lowest NaOH 

concentration was used. At high NaOH concentration and short reaction time, the cellulose loss 

percentage was not affected by the increase of the temperature. While the increase of the 

temperature from 100 to 150 ºC when the highest NaOH concentration and the longest reaction 

times (60 min) were used, provoked an increase of the cellulose loss percentage from 12.0 % to 

28.0 %, respectively. This increase in the cellulose loss percentage could be related with the 

peeling reaction which might be promoted by high NaOH concentration (6.0 wt.%), high 

temperatures and long reaction times [3.74].  

The constructed experimental design apart from studying the influence of the operating variables 

on the delignification yield and on the cellulose loss percentage permitted the prediction of the 

optimum operating variables, since it presents a R2 value higher than 0.9 for the two studied 

response variables as it can be seen in Table 3.8. The optimum operating conditions were 
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estimated as a result of the compromise between the lignin and cellulose removal and the severity 

of the operating conditions. In order to optimise the treatment, a relative importance was given to 

the operating and response variables grading them with values between 1 and 5, as it can be seen 

in Table 3.9. In particular, a higher importance was given to minimise the cellulose loss 

percentage (5) and to maximise the delignification yield (4) than to making the operating 

conditions milder (3). 

 

Table 3.9. Theoretical optimization of the microwave-assisted alkaline delignification treatment: 

operating variables and response variables.   

Variable Objective Interval of variation 
Relative importance 

(1-5) 

Optimum 

predicted value 

Operating variables    

Temperature (°C) Minimise 50-150 3 150 

Time (min) Minimise 0-60 3 30 

NaOH (wt.%) Minimise 0.2-6.0 3 6.0 

Response variables    

Delignification yield (%) Maximise 0.0-100.0 4 88.8 ± 7.7 

Cellulose loss (%) Minimise 0.0-100.0 5 26.4 ± 11.1 

 

The determined optimum operating conditions (6.0 wt.% NaOH for 30 min at 150 ºC) predicted 

the removal of the 88.0 % of the lignin present in the autohydrolysed solid with an avoidable 

cellulose loss percentage of 26.4 %, as it is shown in the Table 3.9. These predictions were 

experimentally corroborated and non-statistically significant differences (p-value > 0.05) were 

found between the predicted and the experimental values. The solid delignified during the 

microwave-assisted treatment carried out under the optimum conditions contained 56.9 ± 0.4 

wt.% of cellulose and 21.8 ± 1.3 wt.% of lignin. Taking also into account that during the treatment 

42.9 % of the autohydrolysed solid was solubilised, it was estimated that 81.8 % of the lignin and 

34.6 % of the cellulose present in the autohydrolysed solid were removed.  

Therefore, it was observed that the assistance of the alkaline delignification treatment by 

microwaves could improve the delignification yield, using half of the NaOH concentration and 

28.0 % of the reaction time used during the alkaline delignification treatment carried out by 

conventional heating (Section 3.4.2), despite of the use of higher temperatures.  
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3.4.2.2 Characterisation of the lignins obtained by different 

delignification procedures  

 
As the extraction procedure influences the physico-chemical features of the isolated lignin [3.79], 

the ones obtained during the organosolv and acetosolv treatments as well as those obtained during 

the alkaline delignifications with and without the assistance of ultrasounds and microwaves were 

analysed in detail. 

The different lignins were subjected to several chemical analyses in order to determine their 

composition, as it is one of the most important features and it could provide verification that the 

precipitated solid is indeed lignin. Thus, during the acidification of the black liquors obtained 

during the alkaline delignification, the repolymerisation and precipitation of the aromatic species 

takes place leading an insoluble solid, being these species coming from the solubilisation and 

transformation of the lignin and carbohydrates present in the feedstock [3.80].  

As it can be seen in Table 3.10 all the lignins isolated from the autohydrolysed solid obtained at 

200 ºC presented a high acid-insoluble lignin content and therefore a high purity, independently 

of the procedure employed for their isolation.  

 

Table 3.10. Composition and purity (expressed as g/100 g oven-dried lignin) of the lignins 

isolated from the autohydrolysed solid obtained at 200ºC using different delignification 

procedures.  

Fraction Organosolv Acetosolv Alkali Alkali + US Alkali + Mw 

Klason lignin 81.0 ± 4.4 82.3 ± 1.9 79.6 ± 0.7 88.6 ± 0.9 93.0 ± 0.9 

Acid-soluble lignin 1.12 ± 0.01 1.2 ± 0.1 1.66 ± 0.04 1.9 ± 0.1 1.6 ± 0.2 

Glucose 0.36 ± 0.05 0.57 ± 0.01 0.84 ± 0.02 1.3 ± 0.1 1.2 ± 0.1 

Xylose 0.30 ± 0.05 0.43 ± 0.02 4.2 ± 0.1 5.4 ± 0.1 1.58 ± 0.04 

Ash 8.7 4.6 2.6 0.1 0 

Lignin purity (%) 82.1 83.5 81.3 90.5 94.6 

 

The high purity of these lignins and their low carbohydrate content was a consequence of the 

autohydrolysis treatment to which the vine shoots were subjected prior to the delignification, as 

during this treatment around 87.0 % of their hemicelluloses was removed. Nevertheless, the 
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glucose and xylose content determined in the different lignins could be associated with the co-

precipitation of lignin with the solubilised carbohydrates.       

Zamudio et al. [3.81], for instance, observed that the acid-insoluble lignin content in the black 

liquors obtained during the alkaline delignification of autohydrolysed Paulownia was 21.5% 

higher than in the black liquors obtained by the same procedure from untreated Paulownia. They 

attributed this to the removal of the hemicelluloses during the autohydrolysis treatment [3.81]. 

Carvalho et al. [3.82] also were able to obtain a lignin with a high purity (91.6 %) and only 1.9 % 

of glucose and 0.4 % of xylose from acid pretreated coffee (Coffea Arabica) husk by an alkaline 

delignification.  

 

 

3.4.2.2.1 Py-GC/MS analyses of the lignins isolated by different delignification 

procedures 

 
The obtained lignins were subjected to Py-GC/MS analyses in order to determine qualitatively 

the phenolic compounds that form part of their structure; however, it has to be taken into account 

that the determined compounds do not need to be forming part of the lignin structure. The 

compounds were identified using the NIST library and what it has been reported in the literature 

for the pyrolysis of lignin [3.83-3.85]. The pyrolysis products determined in each lignin together 

with their relative abundance is shown in Table 3.11. The identified compounds were categorised 

as lignin-derived and carbohydrate-derived compounds, being the first ones sub-classified as 

guaiacyl-derivates (G), p-coumaryl-derivates (H), syringol-derivates (S) and catechol-derivates 

(C) [3.86]. The first three groups are associated to the three phenyl propane units that constitute 

the lignin, while the catechol-derivates are supposed to be formed by the degradation of syringyl-

derivates due to the high pyrolysis temperatures [3.87].  

As it can be seen in this Table, the distribution of the compounds obtained during the pyrolysis 

analyses depended on the assessed lignin. The highest lignin-derived products content was 

obtained during the pyrolysis of the acetosolv lignin and of lignin isolated by the not intensified 

alkaline treatment (78.8 and 74.0 %, respectively). 
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Table 3.11. Distribution of the main compounds obtained in the pyrolysis of the lignins isolated 

by the different delignification procedures (expressed as g/100g lignin).  

Compound 
rt 

(min) 

Main 

fragments 

(m/z) 

Origin Organosolv Acetosolv Alkaline 
Alkaline 

+ US 

Alkaline 

+ Mw 

Toluene 3.94 91,92,65 - 1.00 1.03 0.58 0.57 0.77 

Furfural 4.86 96,95,67 Carbohydate ND ND 0.99 1.06 ND 

Phenol 7.29 94,66,65 H 4.47 10.53 4.23 3.52 5.44 

2-methyl phenol 8.49 108,107,79 H 0.75 2.16 0.64 0.56 1.37 

4-methyl phenol 8.82 107,108,77 H 4.22 8 3.24 2.91 3.98 

Guaiacol 9.12 109,124,81 G 5.95 13.98 4.94 4.03 6.26 

4-ethyl phenol 10.48 107,122,77 H ND 1.17 ND 0.73 ND 

4-methyl 

guaiacol 
11.10 138,123,95 G 6.68 15.45 7.42 4.76 6.46 

Catechol 11.22 110,64,63 C 1.01 ND 1.70 2.97 2.14 

3-methoxy 

catechol 
12.92 140,125,97 C 5.13 3.07 6.48 4.73 5.28 

4-ethyl guaiacol 13.43 137,152,122 G 2.39 4.84 3.16 2.83 3.97 

4-methyl catechol 13.77 124,123,78 C 0.88 0.45 1.99 1.76 1.26 

Syringol 15.73 154,139,111,96 S 8.22 6.63 8.67 7.29 7.71 

3,4-dimethoxy 

phenol 
15.97 154,139,111,151 S 2.39 ND 2.42 1.89 1.57 

Vanillin 17.00 151,152,81 G ND ND 0.61 0.90 ND 

Cis-Isoeugenol 17.07 164,149,77 G ND ND 0.60 0.61 0.76 

Isovanillin 17.28 151,152,81 G 1.79 0.79 ND ND ND 

4-methyl syringol 17.95 168,153,125 S ND ND 10.83 ND ND 

Acetovanillone 18.68 151,166,123 G 0.74 0.43 1.17 1.38 0.98 

4-ethyl syringol 19.37 167,182,168 S ND ND 3.79 3.31 ND 

Guaiacylacetone 19.46 137,180,122 G ND ND 0.97 0.85 0.70 

4-vinyl syringol 20.01 180,165,137 S ND ND 6.76 4.76 ND 

4-allyl syringol 20.56 194,91,119 S 0.66 0.81 0.83 0.76 0.70 

Homosyringalde-

hyde 
20.66 167,196,168 S ND ND 0.72 ND ND 

Syringaldehyde 21.40 182,181,167 S 1.42 ND 1.17 3.17 ND 

Acetosyringone 22.34 181,196,153 S 1.23 ND 1.65 3.08 0.50 

Total siryngyl derivates S 13.92 7.44 36.84 24.24 10.48 

Total guaiacyl derivates G 17.55 35.49 18.87 15.39 19.13 

Total p-coumaryl derivates H 9.44 32.39 8.11 7.72 10.79 

Total catechol derivates C 7.02 3.52 10.16 9.46 8.68 

 

Conversely, the lowest lignin-derived products content was observed in the organosolv lignin and 

in the alkaline lignin isolated by the microwave-assisted process (47.9 and 49.1 %, respectively). 

In the case of the alkaline lignin isolated with the assistance of microwaves, its low lignin-derived 

products content could be attributed to a more condense structure of this lignin which hinders its 
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pyrolysis. Its more condense structure could be associated to the repolymerisation reactions that 

could have taken place during the delignification treatment.  

The organosolv lignin surprisingly presented a lower lignin-derived content than what it was 

expected as this delignification procedure is supposed to provide relatively pure lignins[3.88]. 

Constant et al. [3.88], for instance, obtained organosolv lignins from untreated wheat-straw, 

poplar and spruce which contained 80.8, 77.5 and 79.6 % of lignin-derived products content. 

Sequeiros et al. [3.18] also isolated organosolv lignins from untreated olive tree pruning 

containing 98.0 % of lignin-derived products. 

 It is clear from the data shown in Table 3.11 that the distribution of the pyrolysis products 

generated from each lignin is non-identical, due to the different lignin isolation procedure 

employed. The most abundant products were the guaiacyl-derivates, except in the alkaline lignins 

obtained with and without the assistance of ultrasounds which presented a higher number of 

syringyl-derived compounds. The most abundant products determined in all the lignins were 

phenol, guaiacol, 4-methyl guaiacol, 3-catechol and syringol.  

The catechol-derived compounds identified during the pyrolysis could have been formed during 

the pyrolysis, while the p-coumaryl-derived products could be formed by demethoxylation 

reactions of the aromatic ring of guaiacyl or syringyl units or by the cracking of C-C inter unit 

bonds between the p-hydroxyphenyl units of the lignin as Shen et al. [3.89] suggested.  

These analyses demonstrate that in spite of having lignins with similar acid-insoluble lignin 

content, between 80.0 and 93.0 %, their phenolic composition varied highly with the employed 

isolation procedure.  

 

 

3.4.2.2.2 FTIR analyses of the lignins isolated by different delignification procedures    

 
The FTIR analysis of the isolated lignins permits the determination of the principal functional 

groups and units forming part of their structure. The FTIR spectra of each lignin, which are 

illustrated in Figure 3.9, presented the characteristic bands of the lignins isolated by different 

procedures from other raw materials, although their intensity varied. These variations could 

suggest that the abundance of some functional groups depended on the procedure employed for 
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the isolation of the lignin. García et al. [3.90] also observed differences in the intensities of the 

bands present in lignins isolated using autohydrolysis, organosolv and alkali treatments from 

Miscanthus sinensis. The assignation of the bands was carried out taking into account what it has 

been published about the FTIR analysis of lignin [3.58, 3.88]. 

 

 

Figure 3.9. FTIR spectra of the lignins isolated by different delignification procedures. 

 

All the spectra presented a wide band at 3350 cm-1 which corresponded to the O-H stretching 

vibration of aromatic and aliphatic hydroxyl groups. The bands observed at 2939, 2840 and 1452 

cm-1 corresponded to the C-H stretching vibration in methyl and methylene groups and to the C-

H bending vibrations of the same groups, respectively. All the lignins presented the bands 

attributed to the characteristic vibrations of the aromatic skeleton of the lignin at 1595, 1511 and 

1422 cm-1. The first band is associated with the aromaticity, while the last two are associated with 

the presence of guaiacyl units, corresponding the latest one to the C-H deformation in guaiacyl 

rings. The bands observed at 1029 and 915 cm-1 also confirmed the presence of guaiacyl units in 

the lignin structure as they are attributed to their C-H bond deformation and C-H out of plane 

bending. The presence of syringyl units in the isolated lignins was corroborated by the bands 

observed at 1324 and 1212 cm-1 which corresponded to the syringyl and condensed guaiacyl rings 

breathing vibrations [3.91] and to the C-O vibrations in these units. Moreover, bands associated 
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only to the syringyl rings were also observed at 1112 and 828 cm-1, being them associated to the 

C-H deformation and to the C-H out of plane bending vibration of these rings, respectively.  

The band observed at 1700 cm-1, which corresponded to the stretching vibration of non-

conjugated carbonyl groups with the aromatic lignin skeleton, was the one presenting the highest 

intensity variation between the different lignins. This band was very intense for the lignin isolated 

by the acetosolv procedure, being this intensity variation associated to the esterification during 

this treatment of some of the hydroxyl groups present in the lignin [3.92].    

According to the FTIR analyses all the lignins isolated from the autohydrolysed solid were 

constitute by syringyl and guaiacyl units. Thus, the catechol and p-coumaryl-derivate compounds 

determined during the pyrolysis analysis could have been generated due to the high temperature 

of the pyrolysis treatment [3.87, 3.89].  

 

 

3.4.2.2.3 HPSEC analyses of the lignins isolated by different delignification procedures  

 
The molecular weight distribution of lignin is an important feature to take into consideration for 

its application [3.93], as it is a factor that limits the solubility of this biopolymer in all the common 

solvents at room temperature [3.94]. The lignins isolated by different extraction procedures were 

analysed by HPSEC, being their average molecular weight (Mw), number-average (Mn) and 

polydispersity index (Mw/Mn) shown in Table 3.12. The molecular weight distribution of the 

different lignins is also plotted in Figure 3.10.  

 

 

Figure 3.10. Molecular weight distribution profile of the lignins isolated from the autohydrolysed 

solid using different delignification procedures.  
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As it can be seen in this Figure the procedure employed for the isolation of the lignin fraction 

influenced strongly the molecular weight distribution of this biopolymer. The lignins isolated by 

the organosolv and acetosolv treatments presented a lower molecular weight than the three 

isolated alkaline lignins, as it can be appreciated in Table 3.12. Nitsos et al. [3.95] also observed 

that the alkaline lignins extracted from softwood and hardwood presented higher molecular 

weight than the organosolv lignins extracted from the same raw materials. Constant et al. [3.88], 

for instance, obtained an organosolv lignin from wheat straw with a molecular weight (1960 Da) 

similar to the one observed in the organosolv lignins isolated from autohydrolysed vine shoots. 

Erdocia et al. [3.58] obtained an acetosolv lignin from olive tree pruning with a higher molecular 

weight (16416 Da) than the one observed in the acetosolv lignin isolated from the autohydrolysed 

vine shoots.  

 

Table 3.12. Average molecular weight (Mw), number-average (Mn) and polydispersity index of 

the lignins isolated from the autohydrolysed solid using different procedures. 

 Organosolv Acetosolv Alkali Alkali + US Alkali + Mw 

Mw (Da) 1902 6579 12,159 14,465 38,371 

Mn (Da) 915 1639 1297 1349 1453 

Mw/Mn 2.08 4.01 9.37 10.72 26.41 

 

Regarding the alkaline lignins, their molecular weight varies between 12,159 and 38,371 Da, 

presenting some of these lignins a molecular weight similar to the one observed by Toledano et 

al. [3.96] and Coral Medina et al. [3.49] when they analysed the alkaline lignins obtained from 

olive tree pruning and oil palm empty fruit (10875 and 12580 Da, respectively). The higher 

molecular weight of the alkaline lignins compared with the organosolv and acetosolv lignins could 

be attributed to the dissolution of larger lignin molecules, as Li et al. [3.97] suggested, which was 

also reflected on the higher delignification yields observed during the alkaline treatments. 

Furthermore, the high MW of these lignins could also be due to condensation reactions that could 

have been taking place during the alkaline delignification treatments [3.98]. Among these lignins, 

the ones obtained by the microwave- and ultrasound-assisted treatments presented the highest 
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molecular weights, due to the positive effect of these intensification techniques on 

repolymerisation reactions [3.28, 3.99].   

Regarding the polydispersity index, the alkaline lignins presented higher values due to their more 

heterogeneous distribution. This could be attributed to the possible breaking-up of high molecular 

weight lignin fractions in alkaline media [3.100].   

 

 

3.4.2.2.4 NMR analyses of the lignin isolated by the microwave-assisted alkaline 

delignification treatment   

 
In order to elucidate the structure and composition of the isolated lignins, the one obtained during 

the microwave-assisted alkaline delignification treatment was subjected to 13C- and 1H-NMR 

analyses. Only this lignin was analysed by NMR as it was the one obtained by the most promising 

delignification procedure. These analyses were carried out without acetylating the lignin as few 

differences between the results obtained with and without acetylated lignins have been reported 

[3.49]. The signals observed in the 13C- and 1H-NMR spectra were attributed using the assignation 

carried out by Coral Medina et al. [3.49], Santos et al. [3.91], She et al. [3.98] and Sun et al. 

[3.100] between others.      

In Figure 3.11, which represented the 13C-NMR spectra of this alkaline lignin, some of the 

characteristic signals of the lignin structure can be appreciated. The signal observed at 191.7 ppm 

corresponded to the carbonyl groups present in a benzaldehyde structure [3.101], while the one 

noticed at 175 ppm was attributed to aliphatic COOR structure which could have been produced 

during the oxidation of lignin. Nevertheless, this latest signal could also indicate the presence of 

proteins, hemicelluloses or ester-linked fatty/hydroxyl acids. 

The 13C-NMR spectra region between 150 and 100 ppm is associated to the aromatic region, being 

the signal observed at 153 ppm attributed to the C3 and C5 in etherified syringyl units. At 148.5 

ppm a signal corresponding to the C3 and C5 in syringyl units (phenolic) and to the C3 and C5 in 

guaiacyl units was appreciated. The signals present at 135 ppm and 130 ppm were associated to 

the C1 in etherified guaiacyl units [3.102] and to the C-α and C-β bonds in the Ar-CH=CH-CH2OH 

structures of guaiacyl and  syringyl units.  
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Figure 3.11. 13C-NMR spectra of the lignin isolated by the microwave-assisted alkaline 

delignification at the optimum conditions from the autohydrolysed solid obtained at 200 ºC. 

 

Apart from these signals that were characteristic of the lignin structure, the ones observed at 120 

ppm, 116 ppm, 104 ppm corresponded to the C6 in guaiacyl units, C5 in guaiacyl units and C2 and 

C6 in syringyl units, respectively. 

Between 95 and 50 ppm the oxygenated aliphatic region of the 13C-NMR spectrum could be 

observed, being the lignin inter-unit linkages appreciated in this region. The signal observed at 

86 ppm and at 56 ppm corresponded to the CH-α in syringyl units [3.102] and to the carbon in 

Ar-OCH3 structures, respectively. According to Erdocia et al. [3.58] between 80-70 ppm and 

between 70-60 ppm the signals associated to the C-α in β-O-4 guaiacyl and syringyl units and to 

the C-γ in cinnamyl alcohol units could be appreciated. The signals that were observed between 

40 and 10 ppm accounted for aliphatic and propylic side chains and they are a fingerprint of the 

lignin structure.    

Figure 3.12 represents the 1H-NMR spectra of the lignin isolated by the microwave-assisted 

alkaline delignification at the optimum conditions. The complex multiplet observed between 6.5 

and 7.5 ppm was attributed to the aromatic protons in syringyl and guaiacyl units, but it could 

also correspond to p-hydroxyphenyl units and to p-coumarates and ferulates [3.100].  
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Figure 3.12. 1H-NMR spectra of the lignin isolated by the microwave-assisted alkaline 

delignification at the optimum conditions from the autohydrolysed solid obtained at 200 ºC. 

 

The signals observed at 3.75 and below 1.5 ppm were associated to methoxyl protons and to 

protons in aliphatic and methylene saturated groups, respectively, while the one observed at 0.8 

ppm corresponded to the protons of the methyl group in aliphatic saturated structures. The signal 

associated to dimethylsulfoxide, which was used as the solvent, was observed at 2.5 ppm while 

the signal observed at 3.45 ppm was attributed to the protons of the water contained in the solvent.  

 

 

3.4.2.3 Enzymatic hydrolysis of the solid obtained after the 

delignification of the autohydrolysed solid obtained at 200 ºC 

 
The absence of the hemicellulosic fraction in the autohydrolysed solids seem to improve the 

enzymatic hydrolysis up to a conversion of glucan to glucose of 75.0 % when the autohydrolysed 

solid obtained at 215 ºC was employed, as it has been seen in the Section 3.4.1. However, this 

conversion is not efficient enough to industrialise the process. Thus, as the lignin also affects the 

enzymatic hydrolysis of the cellulose [3.65], the influence of the removal of this fraction on the 

enzymatic hydrolysis of the autohydrolysed solid was assessed.  
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As it is wanted to integrally revalorise the vine shoots, the autohydrolysed solid obtained at 200 

ºC was subjected to an enzymatic hydrolysis using an ESR of 25 FPU/g and a β-

glucosidase/cellulase ratio of 5 IU/FPU. Only this solid was employed, as this temperature of the 

autohydrolysis treatment permitted the maximum formation of oligosaccharides and the obtaining 

of the most bioactive extracts. The solid obtained after the alkaline delignification of the 

autohydrolysed solid obtained at 200 ºC, was also subjected to an enzymatic hydrolysis under the 

same conditions. In this case, the alkaline delignification was carried out without any assistance, 

as the optimisation of the alkaline delignification was carried out afterwards.  

It was observed that after 96 h of enzymatic hydrolysis 11.0 g glucose/L and 39.6 g glucose/L 

were achieved when the autohydrolysed and the delignified solids were employed. This 

corresponded to a glucan to glucose conversion of 49.5 % and close to 100.0 %, respectively. 

This confirmed that the removal of the lignin together with the removal of the hemicelluloses 

provokes an enhancement of the enzymatic hydrolysis, as it was expected. It has been reported 

that aside from removing the lignin fraction, the alkaline delignification also provokes the 

swelling of the solid, leading to an increase of the internal surface area, a decrease of the 

crystallinity of the cellulose. Furthermore, it promotes the separation of the structural linkages 

between lignin and carbohydrates [3.103], favouring all these changes the enzymatic 

saccharification.    

 

 

3.4.2.4 Study of the influence of each biorefinery stage on the structural 

features of the isolated lignins 

 
As it has been observed up to now, the lignin together with the hemicelluloses influence the 

enzymatic digestibility of the vine shoots, being the removal of these fractions essential steps in 

the proposed biorefinery approach of the vine shoots (Figure 1.10, Section 1.5). The removal of 

lignin could be carried out before or after the removal of the hemicelluloses or after the 

revalorisation of the cellulose by the production of bioethanol. Thus, the characteristics of the 

lignins isolated from the untreated vine shoots (VS), the autohydrolysed solid obtained at 210 ºC 

(AH) and the spent solid obtained in the SSF process (SFF) were studied, since the feedstock from 
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which the lignin is isolated could also influence its features. The composition and structural 

characteristics of these lignins could allow establishing the step of the biorefinery processing 

sequence of the vine shoot (Figure 1.10) in which is better to remove the lignin fraction. As the 

delignification procedure employed also affects the features of the lignin, the isolation procedure 

used for the three different feedstocks was the conventional alkaline delignification. 

In Table 3.13 the influence of the alkaline delignification treatment on the three different solids 

could be appreciated as their composition prior and after the delignification treatment is presented. 

As it can be appreciated, the delignification yield is not significantly influenced by the employed 

feedstock as it varied from 60.3 to 67.7 %. However, during the delignification treatments not 

only the lignin fraction of the different solids was affected, since the hemicellulolosic fraction 

was also solubilised. For instance, the hemicellulosic content of the vine shoots was  reduced from 

18.9 to 4.8 % after the delignification treatment. Apart from being solubilised during the alkaline 

delignification treatments, the hemicelluloses are also partially deacetylated [3.104].   

 

Table 3.13. Substrate solubilisation (expressed as g/100 g oven-dried vine shoots), composition 

of the different solids prior and after the delignification treatment (expressed as percentage of dry 

spent solid) and the percentages of the delignification yield and cellulose loss. 

 Prior to the delignification After being delignified 

 
Untreated 

VS 

Autohydrolysed 

VS 

SSF 

residue 

Untreated 

VS 

Autohydrolysed 

VS 

SSF 

residue 

Substrate 

solubilisation 
- - - 57.5 ± 0.5 46.8 ± 0.5 60.9 ± 2.7 

Fraction       

Xylan 9.7 ± 0.2 2.9 ± 0.3 2.6 ± 0.7 4.8 ± 0.4 ND ND 

Arabinosyl 

substituents 
1.5 ± 0.1 ND ND ND ND ND 

Acetyl groups 4.2 ± 0.3 ND 0.4 ± 0.1 ND ND ND 

Galacturonyl 

substituents 
3.51 ± 0.03 ND ND ND ND ND 

Glucan 26.3 ± 0.2 33.3 ± 0.4 16.0 ± 1.9 54.6 ± 0.5 52.2 ± 3.1 27.4 ± 1.2 

Klason lignin 33.5 ± 0.6 54.5 ± 0.8 68.5 ± 0.4 31.3 ± 0.8 33.1 ± 1.3 60.7 ± 0.1 

Delignification 

yield (%) 
   60.3 67.7 65.4 

Glucan loss (%)    11.8 16.6 33.0 

 ND: not detected. 
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The cellulosic fraction of the three solids was also affected during the alkaline delignification 

treatments due to the peeling reactions that it suffers under these conditions. It can be appreciated 

that with the increase of the number of treatments to which the vine shoots were subjected the 

higher was the quantity of glucan lost during the delignification. This could be explained because 

of the structural alteration caused to the vine shoots during the autohydrolysis treatment and SSF 

process.  

It has been observed that although the same delignification procedure was used its effect was 

different depending on the feedstock used which could be translated in differences between the 

features of the lignins.   

 

 

3.4.2.4.1 Chemical composition of the lignins isolated from different feedstocks 

 
The lignins isolated from the untreated vine shoots (VSL), the autohydrolysed vine shoots 

obtained at 210 ºC (AHL) and the spent solid obtained in the SSF process (SSFL) were subjected 

to different chemical analyses in order to determine their content in carbohydrate, ashes and acid-

soluble and insoluble lignin, being their composition shown in Table 3.14.  

 

Table 3.14. Chemical composition of the lignins isolated from the three different feedstocks 

(expressed as g/100 g oven-dried lignin). 

Fraction VSL AHL SSFL 

Acid-insoluble lignin 48.8 ± 3.3  70.2 ± 5.9 87.8 ± 0.2  

Acid-soluble lignin 3.1 ± 0.1  2.38 ± 0.07 1.21 ± 0.05  

Glucose 2.30 ± 0.02 2.025 ± 0.002  2.38 ± 0.02  

Xylose 29.7 ± 0.2 3.1 ± 0.1 2.9 ± 0.1  

Ash ND ND 0.26 

Lignin Purity (%) 48.9 72.6 89.0 

                      ND: not detected. 

 

The lignin isolated from the untreated vine shoots presented the highest carbohydrate and the 

lowest acid-insoluble lignin content, as during the alkaline treatments the lignin and 

hemicellulosic fractions could be solubilised [3.6]. The carbohydrates solubilised during the 

alkaline treatments could be trapped during the subsequent precipitation stage or they could 
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remain covalently bound to the lignin [3.105], being forming part of the precipitated solid. Thus, 

the obtaining of lignin from pre-treated biomass permits the production of lignin with a higher 

purity. Similar trends were observed by Wang and Chen [3.106] when they studied the influence 

of a steam explosion treatment on the composition of the black liquor and consequently on the 

purity of the precipitated lignin. They appreciated an increase of the lignin present in the black 

liquor from 53.7 % to 93.0 % and a decrease from 45.8 % to 4.6 % of their carbohydrate content 

when prior to the alkali delignification of corn stalk a steam explosion treatment was carried out.  

Between the two lignins obtained from the pre-treated vine shoots, the one obtained after the SSF 

process presented the highest purity. Lee et al. [3.107] also recovered an alkaline lignin with a 

similar purity (84.5 %) from the residue generated during the bio-ethanol production from oak 

wood. 

 

 

3.4.2.4.2 FTIR analyses of the lignins isolated from different feedstocks 

  
The alkaline lignins isolated from the three solids were analysed by FTIR to determine their main 

functional groups and composition. The lignins, independently of the feedstock form which they 

were isolated, presented the characteristic bands of the lignin structure that have been detailed in 

the Section 3.4.2.2.1.  

However, the differences in the composition of the lignins also affected the intensity of some of 

the bands observed in the spectra shown in Figure 3.13. For instance, it could be appreciated that 

the band observed at 1030 cm-1 presented a higher intensity in the spectra of the lignin isolated 

from the untreated vine shoots than in the spectra of the other two lignins. The higher intensity of 

this band could be associated to the fact that it does not only correspond to the C-H bond 

deformation in guaiacyl units but it is also attributed to the stretching and bending vibrations of 

C-O, C-C and C-OH and glycosidic C-O-C bonds present in hemicelluloses [3.108].  
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Figure 3.13. FTIR spectra of the alkaline lignins isolated from the different feedstock obtained 

through the biorefinery sequence.  

 

The intensity of the band present at 912 cm-1 was also higher for the lignin isolated from the 

untreated vine shoots as apart from corresponding to the C-H out of plane bending of guaiacyl 

rings it is also associated to the presence of β-glycosidic linkages between xylopyranoses [3.108]. 

Furthermore, apart from the change of the intensity of these bands, the FTIR spectra of the lignin 

isolated from the untreated vine shoots presented a new band at 995 cm-1 which represented the 

C-O stretching in the hemicelluloses [3.109].  

The lower intensity of the band observed at 1030 and 912 cm-1 and the absence of the band 

observed at 995 cm-1 in the spectra of the lignins isolated from the autohydrolysed vine shoots 

and SSF confirmed their lower hemicelluloses content.  

 

 

3.4.2.4.3 Py-GC/MS analyses of the lignins isolated from different feedstocks 

 
The FTIR analyses permitted the perception of the guaiacyl and syringyl units forming part of the 

structure of the three lignins, however in order to have more information about the structure of 

the lignins they were analysed by Py-GC/MS. The pyrolysis products, which were identified using 

the NIST library and the literature about the lignin pyrolysis [3.83-3.85] together with their 

relative abundance are collected in Table 3.15.  
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Table. 3.15. Distribution of the main compounds obtained in the pyrolysis of the alkaline lignins 

isolated from the different feedstock obtained in the different biorefinery stages (expressed as 

g/100 g lignin).  

Compound Rt (min) m/z Origin % VSL % AHL % SSLF 

Toluene 4.03 91, 92, 65 - ND 0.69 0.63 

Furfural 4.97 96, 95, 67 Carbohydrate 8.13 0.65 0.34 

Furfuryl alcohol 5.21 98, 97, 81 Carbohydrate 0.60 ND ND 

Phenol 7.45 94, 66, 65 H 3.30 4.57 4.7 

o-cresol 8.65 108, 107, 77 H 0.69 1.04 1.02 

p-cresol 8.98 107, 108,77 H 3.25 3.68 3.98 

Guaiacol 9.28 109, 124, 81 G 3.01 4.03 4.47 

2,4-dimethyl 

phenol 
10.29 107, 122, 121 H ND ND 0.85 

4-ethyl phenol 10.47 107, 122, 77 H 0.67 ND ND 

2-ethyl phenol 10.67 107, 122,77 H ND 0.74 ND 

4-methyl 

guaiacol 
11.33 138, 123, 95 G ND 7.85 5.48 

Catechol 11.43 110, 64, 53 C 1.93 ND 3.47 

3-methyl 

catechol 
13.07 124, 78,123 C ND 1.17 ND 

3-methoxy 

catechol 
13.25 140, 125, 97 C 2.32 4.23 6.93 

4-ethyl guaiacol 13.77 137, 152, 122 G 3.34 2.27 2.45 

4-methyl 

catechol 
14.16 124, 123, 78 C ND 2.27 2.26 

3,4-dimethoxy 

phenol 
15.99 154,139,111,151 S 0.86 ND 2.8 

Syringol 16.01 154, 139, 111,96 S 2.39 6.63 7.72 

Vanillin 17.15 151, 152, 81 G ND 0.82 0.97 

Acetovanillone 18.90 151, 166, 123 G ND 1.47 1.26 

4-vynil syringone 20.20 180, 165, 137 S 2.36 5.36 6.09 

4-allyl syringol 20.75 194, 91, 119 S ND 0.69 0.82 

Syringaldehyde 21.58 182, 181, 111 S 0.7 1.21 0.9 

Acetosyringone 22.53 181, 196, 153 S 0.68 1.52 1.24 

Total syringyl derivates S        7.0 15.4 19.6 

Total guaiacyl derivates G         6.4 16.4 14.6 

Total p-coumaryl derivates H         7.9 10.0 10.6 

Total catechol derivates C         4.3 7.7 12.7 

ND: not detected. 

 



 
146 

The identified pyrolysis products came mainly from the degradation of the lignin and 

carbohydrates present in the isolated lignin. The one obtained from the untreated vine shoots 

presented the lowest lignin-derived products content (25.5 %) and the highest carbohydrate-

derived products content (8.73 %). Conversely, the lignins isolated from the autohydrolysed solid 

and the spent solid obtained in the SSF process presented higher lignin-derived products content 

(49.6 and 57.4 %, respectively) and lower   carbohydrate-derived products content (0.7 and 0.3 

% respectively) than the VSL.  

Among the lignin-derived products, although their relative abundance varied, almost the same 

products were determined in the lignins isolated from the pre-treated vine shoots, with the 

exception of some compounds such as 2,4-dimethyl phenol, 4-ethyl phenol, 2-ethyl phenol, 3-

methyl catechol, catechol and 3,4-dimethoxy phenol. The most abundant lignin-derived products 

also varied between the lignins isolated from the untreated and from the pre-treated vine shoots. 

The most abundant products obtained from the untreated vine shoots were 4-ethyl guaiacol, 

phenol and p-cresol, while the most abundant ones determined in the lignins isolated from the 

pre-treated vine shoots were syringol, 4-vynil syringone, 4-methyl guaiacol and 3-methoxy 

catechol.   

When comparing the type of lignin-derived products obtained from the three lignins, it was 

noticed that the content of the compounds of p-coumaryl, catechol and syringol type increased 

with the successive treatments to which the vine shoots was subjected. However, this trend was 

not followed by the guaiacol type compounds content, as their content is slightly higher for the 

AHL than for the SSFL.  

Although catechol and p-coumaryl type compounds were determined by the Py-GC/MS analysis, 

they were not observed during the FTIR analysis, so their presence could be associated to their 

formation during the pyrolysis [3.87, 3.89]. Regarding the carbohydrate-derived products 

obtained from the three lignins, the lignin isolated from the untreated vine shoots presented the 

highest content, being the furfural the most abundant compound.  

This is in accordance with what it was observed during the purity analysis of the different lignins. 

Thus, taking into account their chemical constitution, it seemed that it is better to carry out the 



 
147 

delignification treatment of solids from which the hemicelluloses have been removed, as they 

present lower carbohydrate impurities. 

 

 

3.4.2.4.4 HPSEC analyses of the lignins isolated from different feedstocks 

 
The lignins isolated from the three different solids were analysed by HPSEC in order to determine 

their molecular weight distribution, being their average molecular weight (Mw), number average 

(Mn) and polydispersity index (Mw/Mn) collected in Table 3.16.  

As it has been seen up to now, the treatments to which the vine shoots used for the lignin extraction 

had been subjected influenced strongly the lignin features and their molecular weight distribution 

is not an exception as it can be seen in Figure 3.14. Taking into account the data shown in Table 

3.16 and Figure 3.14, it can be appreciated that the lignin isolated from the untreated vine shoots 

presented a small fraction (14.3 %) with a molecular weight extremely higher (154,927 Da) than 

the Mw of the fractions of the lignins isolated from the other two solids.  

Such a high molecular weight could correspond to polysaccharides since during the alkaline 

delignification they could remain covalently bound to the lignin [3.88]. The absence of this 

fraction in the other lignins indicated that these compounds were solubilised or removed during 

the autohydrolysis treatment.  

Without taking into consideration this high molecular weight fraction present in the lignin isolated 

from untreated vine shoots, the lignin isolated from the spent solid obtained in theSSF process 

presented the highest molecular weight, as around 60.7 % of it presented an average molecular 

weight of 55987 Da. After the SSFL, the lignin isolated from the autohydrolysed solid presented 

the highest molecular weight. The higher molecular weight of the SSFL could be associated with 

the easier cleavage of the inter-bonds and ether linkages of the lignin as a consequence of the 

autohydrolysis and enzymatic hydrolysis treatments which also favoured repolymerisation 

reactions [3.110, 3.111].  
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Figure 3.14. Molecular weight distribution of the alkaline lignins isolated from the different 

feedstock obtained in the different biorefinery stages.  

 

The polydispersity index followed the same trend as the molecular weight distribution, 

confirming the condensation reactions that could have taken place during isolation of the lignin 

obtained after the bio-ethanol production from the autohydrolysed vine shoots, as according to 

Tolbert et al. [3.112] these aspects are related. 

Nevertheless, in spite of the very high molecular weight and polydispersity index of the lignins 

isolated from the spent solid generated in the SSF process, Qiao et al. [3.113] reported that these 

kind of lignins present better chemical reactivity than either lignosulfonate or Kraft lignins.  The 

lignins isolated from the solid residue generated during the bioethanol production have been 

employed for the production of polyurethanes, epoxy resins, copolymers for the heavy metals 

ions biosorption [3.113].
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Table. 3.16. Molecular weight average (Mw), number average (Mn) and polydispersity index (Mw/Mn) of the alkali lignins isolated from the solids obtained in 

the different biorefinery stages. 

 
VSL AHL SSFL 

% 14.3 29.6 29.4 19.9 6.9 Whole 49.3 19.8 13.7 15.1 2.1 Whole 60.7 25.2 7.5 5.4 1.2 Whole 

Mw (Da) 154927 9009 1420 692 364 25327 29807 1759 818 355 192 15212 55987 1195 362 236 280 34348 

Mn (Da) 120509 5108 1339 667 356 1298 8360 1649 788 362 191 1136 10035 981 353 35235 277 1248 

Mw/Mn 1.28 1.76 1.06 1.038 1.02 19.51 3.56 1.07 1.04 1.06 1.01 13.39 5.57 1.22 1.02 1.00 1.009 27.52 
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3.5 Conclusions 

 

Two different routes were assessed to revalorise the lignin and cellulose that remained in the vine 

shoots after their autohydrolysis treatment. The first route consisted on solubilising firstly the 

cellulosic fraction of the autohydrolysed vine shoots by a SSF process for the production of 

bioethanol and then the lignin fraction of the obtained solid by a delignification treatment. In the 

second route, the order of these procedures was inverted, firstly a delignification treatment was 

carried out followed by an enzymatic hydrolysis.   

In order to determine the most appropriate autohydrolysed vine shoots to be used for the 

production of bioethanol, the autohydrolysed solids obtained at different temperatures were 

subjected to enzymatic hydrolysis. It was observed that the enzymatic digestibility of the solid 

increased with the severity of the treatment due to the removal of the hemicellulosic fraction. The 

highest glucan to glucose conversion (75.0 %) was obtained with the autohydrolysed solid 

obtained at 215 ºC (S0 = 4.65). Due to the high digestibility of the solids obtained under the 

severest conditions of the autohydrolysis treatment, their employment for the obtaining of 

bioethanol was assessed. The production of bioethanol was performed using the solid from the 

autohydrolysis treatment carried out at 210 ºC (4.47), being possible to achieve a glucan to 

bioethanol conversion of 67.4%.  

To determine the best procedure to remove the lignin fraction from the autohydrolysed solid, 

according to what was proposed in the second route, different delignification treatments were 

carried out. Among the assessed treatments, it was observed that higher delignification yields 

were achieved with alkaline conditions (67.7 %) compared with organosolv or acetosolv 

treatments, in which only 12.6 and 25.0 % of the lignin present in the autohydrolysed solid was 

removed. It was observed that the delignification yield attained using alkaline conditions could 

be increased by employing intensification techniques such as the ultrasounds or the microwaves, 

obtaining better results with the last intensification technique. The employment of microwaves 

permitted the reduction of 72.0 % of the reaction time and 50.0 % of the amount of reagent used 

during the alkaline delignification carried out with conventional heating, obtaining at the same 
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time a 81.8 % delignification yield at the optimum conditions. Although the lignins obtained with 

the different delignification procedures presented purities between 80.0 and 90.0 %, their 

molecular weight distribution and their phenolic composition was quite different. Regarding the 

molecular weight of the lignins, the ones obtained by alkaline delignifications presented higher 

molecular weight and polydispersity index being theses parameters increased when ultrasounds 

or microwaves were applied. It was also observed that the ratio between the syringyl- and 

guaiacyl-derived compounds present in the lignin varied strongly with the delignification 

procedure.  

By carrying out the delignification of the autohydrolysed solid obtained at 200 ºC prior to an 

enzymatic hydrolysis, a glucan to glucose conversion close to 100.0 % was achieved, which was 

higher than the conversion achieved when the autohydrolysed vine shoots without being 

delignified was subjected to an enzymatic hydrolysis. Therefore, for an efficient enzymatic 

hydrolysis it has been seen the necessity of removing the hemicelluloses and lignin from the vine 

shoots. Furthermore, it was observed the suitability of removing firstly the hemicellulosic 

fraction, as the lignins obtained from autohydrolysed vine shoots presented a higher purity than 

the one isolated from untreated vine shoots.  

Thus, from the results presented in this chapter it could be concluded that the most suitable 

approach to accomplish an integral revalorisation of the vine shoots consisted on a multi-cascade 

processing that would incorporate an autohydrolysis treatment, as the first stage of the biorefinery, 

followed by an alkaline delignification and a subsequent enzymatic hydrolysis process. 

Alternatively, the last stage also could comprise a SSF to obtaining bio-ethanol. 
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Chapter 4 

 

 

 

 
Life Cycle Assessment of 

 the vine shoots biorefinery 
 

 

 

 

El futuro pertenece a aquellos que 

entienden que hacer más con menos 

es compasivo, próspero, duradero, 

más inteligente y más competitivo.  
-Paul Hawken 
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4.1 Background 

 
Throughout the Chapters 2 and 3 different procedures to carry out an integral revalorisation of 

vine shoots have been proposed being their main components, isolated, characterised and 

revalorised, except the lignin which was only characterised. Based on the results obtained in each 

fractionation step, the most suitable process sequence of a biorefinery approach for the integral 

revalorisation of the vine shoots was determined. Nevertheless, the realistic feasibility of the 

proposed vine shoots biorefinery in terms of its environmental impact has to be taken into account, 

by subjecting it to a Life Cycle Assessment.  

 

 

4.1.1  Life Cycle Assessment (LCA) 

 
The Life Cycle Assessment is a systematic procedure internationally standardised that permits the 

quantification of all the relevant emissions, resources consumed, impacts on the environment and 

health and resource depletion issues throughout a product´s life cycle [4.1, 4.2]. The life cycle of 

a product considers from the raw material acquisition, through production, use, end-of-life-

treatment and recycling up to the disposal of the remaining wastes [4.1]. 

The LCA provides complete, objective and transparent information about the impact of the life 

cycle of a product on the environment, permitting the determination of the problematic processes 

or stages also denoted as hotspots. This information allows the proposal of actions that could 

reduce the environmental impact or at least improve the situation. 

Although in 1990 the Society of Environmental Toxicology and Chemistry (SETAC) held LCA 

workshops and identified various stages of the LCA framework, it was not until 1997 when the 

ISO developed an Environmental Management series of norms that a global LCA standard 

became available [4.3].    

This standardised procedure is applied in many sectors such as the industry, the administration or 

by NGOs and it is also widely employed for assessing the environmental impact of biorefineries.  

The LCA has been employed, for instance, in biorefinery approaches in which bioethanol was 

produced from different feedstock such as corn [4.4], sweet sorghum stem [4.5] or sweet potatoes 
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[4.6], in order to determine the green house gases (GHG) emissions or other environmental 

impacts such as the acidification or the eutrophication [4.7]. There are also examples in which 

more complex biorefineries in which apart from bioethanol other co-products are obtained from 

lignocellulosic biomass. Bello et al. [4.8] assessed the impact of the production of bioethanol, 

acetic acid, lignin and furfural from hardwoods on different environmental aspects such as the 

climate change, the ozone depletion or the acidification. González-García et al. [4.9] for instance, 

applied the LCA during the production of oligosaccharides from sugar beet pulp in order to 

compare the effect of the autohydrolysis or the enzymatic hydrolysis on different environmental 

aspects such as, acidification, global warning or marine aquatic ecotoxity, between others.  

 

 

4.2 Objectives 

 
The main objective of this chapter is to subject the biorefinery approach proposed in Figure 4.1 

to a Life Cycle Assessment in order to study the environmental impact of its different stages. The 

proposal of the biorefinery approach for the vine shoots has been carried out taking into account 

the results obtained throughout the thesis. However, some of the stages considered during the 

LCA were not the same as the ones used in the thesis, since some of the treatments were not 

carried out before the LCA. Thus, the conditions of some of the treatments were taken from 

bibliography, while the results obtained in these stages were estimated.    

The proposed biorefinery scheme for the integral revalorisation of the vine shoots consisted on 

an autohydrolysis treatment of the vine shoots, as a first stage treatment. The liquid phase obtained 

in this hydrothermal treatment was subjected to a liquid-liquid extraction for the obtaining of 

antioxidants followed by a purification stage using membrane technology for the achievement of 

refined oligosaccharides. On the other hand, the solid phase obtained in the autohydrolysis 

treatment was delignified leading lignin and a solid residue which was used in an enzymatic 

hydrolysis being the leading glucose fermented for the production of bioethanol. 
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Figure 4.1. Biorefinery approach for the integral revalorisation of the vine shoots analysed by 

LCA.  

 

Although the conditions used for the LCA of this biorefinery approach were not in some stages 

the optimum ones determined throughout this thesis, this assessment would permit the 

determination of the hotspot stages which would need to be improved. 

 

 

4.3 Materials and methods  

 
The Life Cycle Assessment of the proposed biorefinery approach for the vine shoots was carried 

out considering the environmental impacts generated from the extraction of the raw material to 

the production of the target compounds, which consisted on a cradle-to-gate approach. The 

functional unit employed is based on the amount of biomass valorised per batch, in particular 100 

Kg of oven-dried vine shoots provided by a local farmer. The consideration of a reference unit 

based on the amount of the revalorised by-product is commonly used in LCA of waste 

management systems [4.9]. The proposed biorefinery approach, also denoted as Scenario in the 

LCA terminology, was considered as a multi-outputs system in which more than one product that 

could be used for further applications were obtained. However, due to the employed of this 
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functional unit no allocation has been needed and a system expansion approach has also been 

considered. 

 

 

4.3.1 Description of the valorising scenario  

 
The proposed valorisation scenario was constituted by different subsystems in which a different 

process takes place, as it can be appreciated in Figure 4.2. As it has been commented some of 

these processes employed conditions determined throughout this thesis while others have been 

taken from bibliographic data. Nevertheless, each subsystem will be described briefly.   

The first subsystem (SS1) considered the autohydrolysis treatment of the vine shoots with water 

in a stainless steel Parr reactor working with a LSR of 8 g/g (in oven-dried basis) in a non-

isothermal regimen at 200 ºC (15.54 bar), as it has been described in detail in the Section 2.3.2. 

The process related to the vine shoots production has not been considered within the system 

boundaries as the environmental impacts that it causes could be attributed to the grape harvesting, 

thus the allocation criteria was not applied in this study. It was considered that vine shoots of the 

optimum size (≈ 0.4 mm) were directly supplied by a local farmer.  

Once the autohydrolysis was finished the reaction media was cooled down during 10 min by 

internal refrigeration and the solid and liquid phases were separated by centrifugation (SS2). The 

obtained liquid phase was extracted with ethyl acetate in a single extraction stage at room 

temperature with 15 min of stirring using a hydrolysate:solvent ratio of 1:3 (v/v) (SS3), being this 

process described in more detail in the Section 2.3.4 . The obtained organic phase was vacuum 

evaporated at 40 ºC in order to obtain an extract rich in antioxidants and to recover the solvent 

(SS4).  

The obtained aqueous phase was concentrated by a membrane processing technology (SS5) 

previously described by González-García et al. [4.10]. Briefly, the concentration stage was carried 

out using a regenerated cellulose membrane of 1 KDa cut off (Millipore) working at a pressure 

of 4 bar at room temperature until an overall retentate to feed ratio of 1/4 (v/v) was achieved.  
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Figure 4.2. Valorisation scenario proposed for the vine shoots. 
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Then, the retentate was freeze-dried obtaining a solid containing the refined oligosaccharides, 

while the permeate was sent to a wastewater treatment unit (SS6). 

Conversely, the solid obtained in the autohydrolysis treatment was subjected to an alkaline 

delignification (SS7), as it is described in the Section 3.3.2.1. Briefly, the autohydrolysed solid 

was mixed in a LSR of 10 g/g (in oven-dried basis) with an aqueous solution of 12.0 wt.% NaOH 

and the obtained mixture was autoclaved at 124 ºC (pressure = 2.32 bar) during 105 min. The 

obtained solid and liquid phases were separated by vacuum filtration. The delignified solid was 

washed with water until its neutralisation and then it was filtered. The obtained black liquor was 

acidified with 96.0 wt.% H2SO4 until pH 2 and the precipitated lignin was recovered by filtration 

and washed several times with acidified water and then with water.  

The delignified solid was then subjected to an enzymatic hydrolysis (SS8) to obtain glucose which 

could be further employed for the production of bioethanol. Briefly, the delignified solid was 

mixed with water using a LSR of 30 g/g and 25 FPU/g (in oven-dried basis) of the cellulase 

(Celluklast 1.5L) and 5 IU/FPU of the β-glucosidase were added. The enzymatic hydrolysis was 

carried out at 48 ºC for 48 h and 0.05 N citric acid-sodium citrate buffer was used to maintain the 

pH of the enzymatic medium at 4.85. The obtained solid and liquid phases were separated by 

centrifugation (SS9), being the recovered solid residue considered as an additional product to be 

used for the production of energy. Thus, the production of energy (SS14) was also considered in 

this scenario. An avoided product approach was used with the production of the same amount of 

electricity (considering the Spanish electricity profile) and heat (considering the natural gas as a 

source) in a combined heat and power unit. 

The liquid phase obtained in the enzymatic hydrolysis was subjected to an alcoholic fermentation 

(SS11) to convert the glucose into bioethanol and CO2. To achieve this aim, firstly the inoculum 

was prepared (SS10) by growing the yeast Saccharomyces cerevisiae (DSM 70449) in a medium 

containing 10 g/L glucose, 5 g/L peptone, 3 g/L malt extract and 3 g/L yeast extract for 24 h at 

30 ºC and 120 rpm. Once, the cells were grown, they were separated by centrifugation, 

resuspended in a phosphate buffer and inoculated in the medium (to achieve a 2.5 g yeast/L in 
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oven-dried basis) together with the nutrient without glucose (SS11). The fermentation was carried 

out for 48 h at 35 ºC and 120 rpm.  

Once the fermentation was carried out, the yeast cells and the medium containing bioethanol were 

separated by centrifugation (SS12). In order to obtain bioethanol for chemical uses a distillation 

was carried out to purify the fermentation broth (SS13). The energy consumption of the 

distillation stage was taken from a database of Aspen Plus®. As it was carried out with the solid 

obtained after the enzymatic hydrolysis (SS9) the bioethanol was also considered with the avoided 

product approach. Thus, the avoided ethanol production was also taken into acount during the 

environmental impact evaluation.  

 

 

4.3.2 Inventory data acquisition 

 
To carry out a consistent LCA a high quality Life Cycle Inventory (LCI) data has to be collected. 

Particularly, the direct inputs and outputs of each subsystem, such as, the electricity requirements 

of the equipments, the chemical doses, the tap water and the nutrients and enzymes employed 

were taken from the experimental procedures carried out and they were measured and expressed 

as the average data per batch (100 kg oven-dried vine shoots). The energy requirements of the 

employed equipments were estimated taking into account the power of the equipments and their 

time of employment. The detailed information about the direct inputs is collected in Table 4.1 

while the information regarding the direct outputs is collected in Table 4.2.  

The data corresponding to the composition of the vine shoots and of the products obtained in the 

autohydrolysis and alkaline delignification treatments were the ones determined throughout the 

thesis, being the composition of the autohydrolysis liquor obtained at 200 ºC expressed as g/L 

collected in Table 4.3. Meanwhile the outputs obtained during the oligosaccharide purification, 

enzymatic hydrolysis and fermentation were estimated based on the experience of the group, as 

the conditions employed were not the same as those used throughout this thesis.  
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Table 4.1. Relevant inventory data (per functional unit) of the direct inputs considered during the 

vine shoots revalorisation into high added-value products. 

Inputs Quantity Inputs Quantity 

Autohydrolysis (SS1)  Enzymatic hydrolysis (SS8) 

Vine shoots 
100 Kg (oven-

dried basis) 
Electricity (Agitation) 5056 MJ 

Tap water 795 Kg Tap water 758.2 Kg 

Electricity (Reactor) 1763 MJ β-Glucosidase 6.18 Kg 

Centrifugation (SS2)  Celluclast 11.20 Kg 

Electricity (Centrifuge) 2.43 MJ Citrate buffer 46.68 Kg 

Oligossacharide extraction (SS3) Centrifugation (SS9)  

Ethyl acetatea 1964 Kg Electricity (Centrifuge) 2.61 MJ 

Electricity 20.4 MJ Inoculum preparation (SS10) 

Ethyl acetate recovery (SS4) Electricity (Fermenter) 334.5 MJ 

Electricity 943 MJ Tap water 93.0 Kg 

Concentration and freeze drying (SS5) Nutrients 2.00 Kg 

Electricity (Nanofiltration) 408.9 MJ Fermentation (SS11)  

Electricity (Freeze-dryer) 4523 MJ Electricity (Fermenter) 5856 MJ 

Wastewater treatment plant (SS6) Nutrients 28.0 Kg 

Wastewater 21,927 Kg Centrifugation (SS12)  

Delignification (SS7)  Electricity (Centrifuge) 167.9 MJ 

Electricity (Autoclave) 8505 MJ Distillation (SS13)  

Tap water (Delignification) 429.4 Kg Electricity (Distiller) 6364 MJ 

NaOH 7.51 Kg Energy production (SS14) 

H2SO4 94.0 Kg Solid waste fraction (from SS9) 
8.40 Kg (oven-

dried basis) 

Tap water (Filtration) 32.0 Kg   

Electricity (Filtration) 5.72 MJ   

Tap water (Washing) 20.644 Kg   

 

With respect to the background activities such as the production of the electricity, the chemicals, 

nutrients and tap water the information were taken from Ecoinvent database® [4.11]. The data 

regarding the production of electricity considered the average electricity generation and 

import/export data obtained in Spain in 2014 [4.12]. The data regarding the electricity and heat 

produced by the conversion of the solid fraction obtained in the enzymatic hydrolysis into energy 

(SS14) were taken considering the data given by Dones et al. [4.13]. While the data about the 



 174 

enzyme production were taken with respect to the data given by Nielsen and Wenzel [4.14] and 

Feijoo et al. [4.15]. 

 

Table 4.2. Outputs obtained during the vine shoots revalorisation into high added-value products. 

Components Composition 

Antioxidant extract (from SS4) 2.8 Kg 

Ethyl acetate (from SS4)  1964 Kg 

Waste stream into air (from SS5) 113.1 Kg 

Purified hemicellulosic  oligosaccharides (from SS5) 17.9 Kg 

Treated water (from SS6) 21,927 Kg 

Cellulose (from SS7)a 17.0 Kg d.m 

Lignin (from SS7)a 16.0 Kg d.m. 

Glucose liquors (from SS9)b 933.3 Kg 

Ethanol (from SS13) 10.7 Kg 

Electricity (from SS14) 13.1 kWh 

Heat (from SS14) 25.2 kWh 

ad.m.: dry matter, b22.39 Kg glucose 

 

Furthermore, the bioethanol obtained during the fermentation (SS13) could be used for the 

generation of energy and chemicals, thus a system expansion perspective was estimated. The 

production of this amount of ethanol by a conventional way was considered as “avoided product”, 

using the data provided by Jungbluth et al. [4.16]. This perspective was also applied for the energy 

produced from the solid residue obtained in the enzymatic hydrolysis (SS9), being the data 

corresponding to the obtained heat and electricity production considered as the heat generated 

from natural gas as fossil source [4.17] and the electricity achieved in a national grid as it has 

been mentioned above.  

Regarding the wastewater treatment unit in which the wastewater produced in the different 

subsystems was treated, inventory data provided by the Ecoinvent database ® [4.17] were 

considered, as this stage was not carried out experimentally.  

The detailed description of the data obtained from the Ecoinvent database ® is collected in Table 

4.4.  

 



 175 

Table 4.3. Composition of the liquors (expressed as g/L) 

obtained during the autohydrolysis treatment (SS1).  

Components Composition 

Glucose 0.32 

Xylose 0.28 

Arabinose 0.37 

Galactose 0.26 

Mannose 0.11 

Galacturonic acid 0.72 

GOS 8.64 

XOS 12.22 

ArOS 0.74 

GalactOS 1.25 

MaOS 1.22 

AcOS 3.30 

GaOS 1.05 

Acetic acid 1.99 

Hydroxymethylfurfural 0.08 

Furfural 0.27 

Total phenolic content 2.05 

Total flavonoid content 1.05 

 

 

Table 4.4. Detailed information of the main Ecoinvent database® processes.  

Input Process 

Electricity (CHP unit) Electricity, high voltage {ES}|heat and power co-generation, wood chips, 6667 

kW, state-of-the-art 2014| Alloc Rec, U 

Electricity (avoided) Electricity, medium voltage {ES}| market for| Alloc Rec, U 

Heat (avoided) Heat, central or small-scale, natural gas {RE}| market group for| Alloc Rec, U 

Tap water Tap water {Europe without Switzerland}| market for| Alloc Rec, U 

Inorganic chemical Chemical, inorganic {GLO}| market for chemicals, inorganic| Alloc Rec, U 

Wastewater treatment Wastewater, average {CH}| treatment of, capacity 1E9l/year| Alloc Rec, U 

Ethanol (avoided) Ethanol, without water, in 99.7 % solution state, from fermentation {GLO}| 

market for| Alloc Rec, U 

Ethyl acetate Ethyl acetate {GLO}| market for| Alloc Rec, U 

Sodium hydroxide Sodium hydroxide, without water, in 50.0 % solution state {GLO}| market for| 

Alloc Rec, U 

Sulfuric acid Sulfuric acid {GLO}| market for| Alloc Rec, U 

Buffer Chemical, inorganic {GLO}| market for chemicals, inorganic| Alloc Rec, U 
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4.3.3 Impact assessment methodology 

 
Once the scenario was described considering all the inputs and outputs, the environmental impact 

of the different subsystems forming part of the scenario was analysed. The impact assessment 

methodology employed was the CML 2001 method v2.05 as all the impact categories that it 

considers give a full overview of the environmental effect caused by the stages involved in the 

revalorisation scheme of the vine shoots. This method restricts quantitative modelling to early 

stages in the cause-effect chain limiting the uncertainty.  

The results provided by this method are classified in midpoint categories according to commonly 

accepted groupings or to common mechanisms [4.18]. The impact categories considered during 

the evaluation of the biorefinery approach used to revalorise the vine shoots were: the abiotic 

depletion potential (ADP), acidification potential (AP), eutrophication potential (EP), global 

warming potential (GWP), ozone layer depletion potential (ODP), human toxicity potential 

(HTP), freshwater aquatic ecotoxicity potential (FEP), marine aquatic ecotoxicity potential 

(MEP), terrestrial ecotoxicity potential (TEP) and photochemical oxidation potential (POP).  

 

 

4.4 Results and discussion  

 
4.4.1  Environmental impact of the vine shoots biorefinery 

 
Throughout this thesis, a biorefinery approach was proposed to revalorise the vine shoots (Figure 

4.1) obtaining added-value products such as oligosaccharides with prebiotic potential, 

antioxidant, bioethanol and lignin. The environmental impact of this biorefinery approach was 

assessed by determining the effect of each subsystem on the different impact categorise evaluated. 

The influence of each subsystem on the impact category is reflected in Figure 4.3.   

Although all the steps or subsystems considered in the biorefinery approach proposed for the 

revalorisation of the vine shoots have an effect on the different impact categories, the stage with 

the strongest influence was the SS8 (enzymatic hydrolysis), followed by the SS7 (delignification), 

SS11 (fermentation) and SS13 (distillation).  
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Figure 4.3. Distribution of environmental impacts per subsystems involved in the revalorisation 

of the vine shoots. 

 

It has to be also noticed that the consideration of avoided processes, which consisted on the 

employing the bioethanol and the solid phase obtained during the enzymatic hydrolysis for the 

production of energy, have a positive effect on the environmental impact being it more 

appreciated in some categories.   

Regarding the enzymatic hydrolysis process (SS8), the energy requirement for the agitation and 

the employment of the enzymes were the hotspots as they were the processes causing the strongest 

environmental impact as it can be seen in Figure 4.4. In most of the impact categories, the energy 

requirements presented the highest impact, but the production of the enzymes is almost the only 

responsible of the effect on the marine aquatic and terrestrial ecotoxicity (MEP and TEP).  
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Figure 4.4. Distribution of the environmental impacts per key factors involved in the enzymatic 

hydrolysis (SS8). 

 

The high impact of the enzyme production is associated with the employment of large amounts 

of energy and chemicals [4.15]. The high environmental impacts of the subsystems SS7, SS11 

and SS13 were associated to the high energy requirements of this procedures, as it can be seen in 

Figure 4.5, for the delignification stage.   

From the obtained results, it can be supposed that the improvement of the energy consumption 

and of the efficiency of the energy production could reduce the environmental impact of the 

biorefinery approach proposed for the revalorisation of the vine shoots. Thus, employing 

renewable resources for the production of energy instead of fossil resources could also benefit its 

environmental impacts.  

The biorefineries compared with the fossil fuel refineries have a lower environmental impact due 

to their adjustment to the “closing the loop” strategy which is supposed to reduce the waste 

produced, improve the environment profiles and increase the economic profits [4.19]. 

Nevertheless, in the environmental assessment of the biorefinery proposed for the revalorisation 

of the vine shoots it was observed that to achieve the “closing the loop” strategy the environmental 
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impact increased as the increase of the number of stages produce a raise of the chemicals and 

energy requirements. 

 

 

Figure 4.5. Distribution of the environmental impacts per key factors involved in the alkaline 

delignification process (SS7). 

 

Nevertheless, in the environmental assessment of the biorefinery proposed for the revalorisation 

of the vine shoots it was observed that to achieve the “closing the loop” strategy the environmental 

impact increased as the increase of the number of stages produce a raise of the chemicals and 

energy requirements. However, these observations could be related with the functional unit 

employed if the functional unit considers the production of the different added-value compounds 

and their potential revenues associated to their market, the environmental burdens would 

improved [4.9, 4.10]. In Table 4.5 the market price of the different added-value products obtained 

during the valorisation of the vine shoots is collected.  

Thus, the environmental impact of the proposed biorefinery approach for the revalorisation of the 

vine shoots could be carried by reducing for instance the energy requirements of the different 

subunits that form part of the biorefinery approach by the intensification of some of the stages for 

instance. 
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Table 4.5. Market prices of the added-value products obtained during the revalorisation of the 

vine shoots.  

Added-value product Market price Reference 

Antioxidant extract 167.3 €/g [4.9] 

Refined hemicellulosic oligosaccharides 36.3 €/g [4.20] 

Cellulose 686 €/t [4.21] 

Lignin 302 €/t [4.21] 

Ethanol 0.64 €/Kg [4.22] 

Electricity 0.140 €/kWh [4.23] 

Heat 0.016 €/kWh [4.23] 

 

The assistance of the delignification stage by microwaves, for instance, could reduce the energy 

requirements of this treatment as although higher temperatures were needed to achieve promising 

results compared with the conventional heating the reaction time and the amount of the reagent 

employed were reduce in high degree. The obtaining of added-value products with higher market 

price, than the ethanol for instance, could also improve the economical viability of the proposed 

approach.  

 

 

4.5 Conclusions 

 
The biorefinery approach employed for the revalorisation of the vine shoots was subjected to a 

Life Cycle assessment in order to evaluate its environmental impact and to determine its hotspots. 

It was observed that this biorefinery approach was not as green as expected and research is still 

needed to improve its environmental impacts.  

The main hotspots of the proposed biorefinery approach were the enzymatic hydrolysis, 

delignification, fermentation and distillation processes, due to their high energy requirements. 

Thus, the employment of more energy efficient procedures as the intensification of the 

delignification treatment by microwaves or the performance of the simultaneous saccharification 

and fermentation instead of carrying out the two steps separately could reduce the environmental 

impact associated with the high energy requirements. 
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Another aspect that could promote the revalorisation of the vine shoots by a biorefinery approach 

could be the obtaining of products with higher market values, as although the biorefineries have 

environmental impact they are still lower compared with the ones generated in fossil fuel 

refineries.  
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Solo atravesando la noche se llega 
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-J. R. R. Tolkien 
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CONCLUSIONS 

 
In this work, an integral revalorisation of the vine shoots was carried out through a biorefinery 

approach with the aim of obtaining added-value products from each of their fractions, instead of 

burning or using the vine shoots as fertilizers.  

The biorefinery scheme that permitted the greatest revalorisation of the main constituents of the 

vine shoots obtaining products with high purity and added-value, consisted on an autohydrolysis 

followed by a delignification and an enzymatic hydrolysis. During the aqueous processing 

between 40.0 and 93.0 % of the hemicelluloses present in the vine shoots were solubilised, 

depending on the employed conditions, obtaining oligosaccharides as the main products. The 

obtained oligosaccharides consisted on a mixture of xylooligosaccharides of different 

polymerisation degrees, highly acetylated and with a high number of branches. The 

autohydrolysis liquor obtained at the optimum conditions after being refined by membrane 

technology contained 97.0 % of oligosaccharides with a prebiotic potential similar to 

commercialised prebiotics such as the fructooligosaccharides. The high polymerisation degree 

and the branches would permit the oligosaccharide reach the distal colon conducting there their 

prebiotic activity, due to their low digestibility and fermentation rate. Thus, the oligosaccharides 

of vine shoots could be suitable candidates to be employed as functional food ingredients.  

During the autohydrolysis secondary reactions apart from the hemicelluloses solubilisation take 

place, being possible to isolate extracts with bioactive properties. These extracts contained 

phenolic and flavonoid compounds apart from carbohydrate-derived compounds, being their 

abundance and constitution affected by the severity of the hydrothermal treatment. The extracts 

isolated from the autohydrolysis liquor obtained at the optimum conditions were the ones 

presenting the highest specific antioxidant activity. It presented a higher radical scavenger 

capacity during the ABTS assay than the synthetic antioxidant BHA. However, this extract did 

not only present antioxidant activity it presented also antimicrobial effects and it had an inhibitory 

effect on the growth of Gram positive and negative bacteria. Thus, due to their antioxidant and 
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antimicrobial activity the extracts isolated from the autohydrolysis liquor obtained from the vine 

shoots could be used as food preservatives.  

Furthermore, the aqueous processing leaded a solid residue enriched in lignin and cellulose which 

was subjected to a delignification prior to an enzymatic hydrolysis. Although conversion of the 

glucan to glucose up to 75.0 % was achieved when the solid obtained in the autohydrolysis carried 

out at the severest conditions was employed, due to the removal of the hemicellulosic fraction, it 

was observed that the employment of delignified autohydrolysed solids permitted the 

achievement of conversion close to 100.0 %.  

Among the different delignification procedures employed it was observed that the alkaline 

delignifications permitted the achievement of higher delignification yields. The intensification of 

the alkaline delignification by microwaves permitted the achievement of higher delignification 

yields compared with conventional heating (81.8 vs 67.7 %) using half of the reagent dose and 

28.0 % of the reaction time employed with the conventional heating. Independently on the 

delignification method the isolated lignins presented a high purity, due to the removal of the 

hemicellulosic fraction from the vine shoots in a previous stage, but differences in the composition 

and structure of the lignins were observed. For instance, the alkaline lignins presented a higher 

molecular weight and polydispersity index than the organosolv and acetosolv lignins. Thus, the 

applicability of each lignin could vary depending on its features.  

As it was seen that the autohydrolysed solid with the higher digestibility could be employed for 

the obtaining of ethanol, achieving a glucan to ethanol conversion of 67.4 %, it could be expected 

that the employment of delignified autohydrolysed solids would improve the conversion yield 

due to the higher digestibility of these solids. The residue obtained after the ethanol production 

stage could also be used for the obtained of lignin with promising characteristic as it was seen. 

The environmental impacts of a biorefinery approach similar to the one proposed for the vine 

shoots were evaluated by a Life Cycle assessment observing that it hotspots were the 

delignification, enzymatic hydrolysis and fermentation stages, due to their high energy 

requirements. Thus, it could be expected that the assistance of the delignification process by 

microwaves and carrying out the enzymatic hydrolysis and the fermentation stages 
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simultaneously could reduce the environmental impact of the proposed biorefiney approach for 

the revalorisation of the vine shoots.   

So still research need to be carried out on the one hand to increase the number of added-value 

products obtained from the vine shoots and to reduce the number of isolation processes and to 

make them greener, in order to promoted the biorefinery of winery by-products such as the vine 

shoots.   

 

 

FUTURE WORKS  

 
To continue the work in this field, the following lines of research could be tackled. 

 The intensification of the autohydrolysis treatment by the employment of microwaves.  

 Study the environmental impact of a biorefinery approach of the vine shoots in which the 

enzymatic hydrolysis and fermentation are carried out simultaneously and in which the 

autohydrolysis and delignification treatments are assisted by microwaves.  

 To carry out the fractionation of the vine shoots in a single procedure exploiting each of 

their fractions using intensification techniques. 

 Study the influence of the features of the lignins isolated in the different stages of the 

biorefinery approach in the characteristic of different biomaterials. 

 Employ the delignified vine shoots for the obtaining of different products from the 

cellulosic fraction chemically or biotechnologically.  
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APPENDIX I 

 
ANALYTICAL PROCEDURES FOR THE 

CHARACTERISATION OF THE BIOMASS AND THE 

SOLID FRACTIONS 

 
This appendix collects the procedures used for the chemical characterisation of lignocellulosic 

biomass. The chemical composition of the raw material (vine shoots) and solid phases obtained 

after the different evaluated treatments was determined by protocols developed by the Technical 

Association of Pulp and Paper Industries (TAPPI) [A.I] and the National Renewable Energy 

Laboratory (NREL) [A.II].  

The NREL protocol was used to determine the hemicelluloses, glucan and acid-insoluble lignin 

content of the raw material and of the different solid phases. Furthermore, the raw material was 

subjected to protocols proposed by Wise et al. [A.III], Rowell [A.IV] and to a TAPPI protocol for 

the analysis of the holocelluloses, α-cellulose and acid-insoluble lignin content, respectively.  

Each analysis was carried out in triplicates being the results given in oven-dried basis as the 

arithmetic average value and the standard deviation.  

 

 

Conditioning of the biomass (TAPPI T257 cm-85) 

 
This section describes procedures of drying, size reduction and representative sampling applied 

to the biomass before subjecting it to the different treatments and compositional analyses.  

The homogeneity of the raw material is an important characteristic to take into consideration when 

working with it, as its particle size could influence the surface area of the biomass and therefore 

the impregnation rate of the reagents could vary. According to the TAPPI standards, the particle 

size of the biomass should be between 0.4 and 0.25 cm, while for the quantitative acid hydrolysis 

(QAH), following the protocol described by the NREL, the particle size of the biomass should be 

smaller than 0.5 mm.  

In this thesis, once the raw material was air-dried, it was milled, using a Retsch SM 2000 cutting 

mill, and sieved in order to have a particle size smaller than 0.4 cm, while only for the protocol 
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proposed by the NREL the solid was milled and sieved again in order to have a particle size 

smaller than 0.5 mm.  

 

 

Moisture content determination (TAPPI T264 cm-97) 

 
Biomass samples can contain large and varying amounts of moisture, which can change quickly 

when exposed to air. Thus, the moisture of the samples when they are in equilibrium with the 

environment was determined. The determined moisture content has to be taken into account in 

the subsequent analyses, as the results of chemical analyses of the biomass are typically reported 

on an oven-dried basis, in order to be meaningful. The procedure used for the moisture 

determination consists of:  

 Weight accurately 1 ± 0.001 g of the sample (m0) in a previously tared recipient (m1). 

The recipient has to be previously dried in an oven at 105 ± 3 ºC for 6 h and cooled down 

in a desiccator. 

 Introduce and keep the recipient containing the sample in an oven at 105 ± 3 ºC for 24 h. 

 After this time, introduce the recipient with the sample in a desiccator until it cools down 

to room temperature. Then, weight the recipient with the sample (m2) until the weight of 

the sample is constant to ± 0.2 mg. 

The moisture content of the sample (H) is determined as follows: 

 𝑴𝒐𝒊𝒔𝒕𝒖𝒓𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (𝑯)(%) =
(𝑚2 − 𝑚1)

𝑚0
 ∙ 100 

 

 

Determination of the ash content of biomass (TAPPI T211 om-93) 

 
The ash content of biomass could be attributed to the mineral matter of the raw material, to the 

metallic matter from piping and machineries, to various residues from the chemicals used in its 

manufacture, and/or to the filling, coating, pigmenting or to other added materials. The ashes or 

the inorganic materials of the biomass can be classified as structural or extractable. The structural 

ash is bound in the physical structure of the biomass, while the extractable ash can be removed 

by washing or extracting the biomass.  
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According to the TAPPI protocol the ash content of the biomass is defined as the solid material 

that remains after igniting the biomass at 525 ºC and it was determined as follows: 

 Weight accurately 1 ± 0.001 g of the sample (m0) in a previously tared crucible (m1). The 

crucible has to be previously ignited in a muffle furnace at 525 ± 25 ºC for 30-60 min, 

cooled down slightly and introduced in a desiccator. 

 Introduce the crucible containing the sample in a muffle furnace and raise the 

temperature slowly to 525 ± 25 ºC so that the sample is carbonized without flaming. 

 Keep the crucible with the sample in the muffle furnace at 525 ± 25 ºC for 3h. 

 After this time, let the muffle furnace cool down somewhat, remove the crucible 

containing the sample and placed it in a desiccator until it cools down to room 

temperature.  

 Then, weight the crucible with the sample (m2) until the weight of the sample is constant 

to ± 0.2 mg. 

The ash content (AC) of the sample is estimated as follows: 

𝑨𝒔𝒉 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (𝑨𝑪) (%) =  
(𝑚2 −𝑚1)

𝑚0 ∙
(100 − 𝐻(%))

100

 ∙ 100 

 

 

Determination of solvent extractives in biomass (TAPPI T204 cm-97) 

 
The solvent extractives are associated to different type of compounds present in the 

lignocellulosic biomass, such as fatty acids, resins or waxes, between others. As these compounds 

do not form part of the cell walls of the biomass, they could be separated by extraction. This 

should be carried out prior to the determination of the acid-insoluble lignin, holocelluloses, 

hemicelluloses, α-cellulose or glucan content of biomass, since the extracts could interfere with 

these analyses. The procedure used for the determination of the solvent extractives consists of:  

 Weight accurately 4.0 ± 0.001 g of the sample (m0) in an extraction thimble and place 

another thimble on top of this to avoid any sample loss. 

 Place the extraction thimble containing the sample in position in the Soxhlet apparatus. 

Fill the extraction flask with 150 mL of an ethanol-toluene mixture (1:2 v/v). The 
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extraction flask has to be previously weighted (m1) after having it dried in an oven at 105 

± 3 ºC for 6 h and cooled it down in a desiccator. 

 Connect the flask to the extraction apparatus and start water flow to the condenser section. 

Adjust the heaters to provide a boiling rate which will cycle the sample for not less than 

24 extractions over a 4-5 h period.  

 After this time, remove the flask from the apparatus and partially evaporate the solvent 

of the extraction flask reaching a volume of 20-25 mL.  

 Then, introduce the extraction flask in an oven at 105 ± 3 ºC until the extraction mixture 

is evaporated. 

 Once the extracts are dried, introduce the extraction flask in a desiccator until it cools 

down to room temperature. Then, weight the extraction flask containing the extracts (m2) 

until the weight of the sample is constant to ± 0.2 mg. 

The solvent extractives content (SEC) of the sample is estimated as follows: 

𝑺𝒐𝒍𝒗𝒆𝒏𝒕 𝒆𝒙𝒕𝒓𝒂𝒄𝒕𝒊𝒗𝒆𝒔 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (𝑺𝑬𝑪) (%) =  
(𝑚2 −𝑚1)

𝑚0 ∙
(100 − 𝐻(%))

100

 ∙ 100 

 

The determination of the solvent extractives was only carried out for the raw material, as during 

the hydrothermal treatment almost all the extractives present in the raw material are removed.  

 

 

Determination of the acid-insoluble lignin content of biomass          

(TAPPI T222 om-98) 

 
The lignin is constituted by an acid-soluble and an acid-insoluble fraction being the latest one 

determined in this protocol. The acid-insoluble or Klason lignin is defined as an insoluble 

compound in 72.0 wt.% H2SO4. During this protocol, the cellulosic and hemicellulosic fractions 

are hydrolysed and solubilised together with the acid-soluble lignin, while the Klason lignin is 

recovered as a solid residue. However, it has to be taken into account that the ashes present in the 

biomass are not solubilised in this procedure, so since they will remain as part of the acid-

insoluble material their content has to be deducted. The TAPPI protocol used to determination 

the Klason lignin content of biomass consists of: 



 206 

 Weight accurately 1 ± 0.001 g of the extractive-free sample (m0) in a 1000 mL beaker.  

 Add 15 mL of 72.0 wt.% H2SO4 to the beaker containing the sample and stir the mixture 

with a glass rod in order to have an homogeneous mixture.  

 Keep the beaker at room temperature for 2 h and stir the sample frequently during this 

time to ensure the complete solution.  

 Add about 300 to 400 mL of water to a round bottom flask and transfer the content of 

the beaker to the flask. Then, rinse and dilute the content of the beaker with water to a 

total volume of 575 mL in order to have a solution with 3.0 wt.% H2SO4.    

 Boil the mixture for 4 h using a reflux condenser to avoid sample loss.    

 After this time, separate the mixture contained in the flask by filtration using a Gooch 

crucible with a grade 3 pore size and wash the solid residue with hot water until it is 

neutralised. The Gooch crucible should have been previously dried in the oven at 105 ± 

3 ºC for 6 h, cooled down in a desiccator and weighted (m1).  

 Dry the Gooch crucible containing the solid residue in an oven at 105 ± 3 ºC for 24 h.  

 After this time, introduce the Gooch crucible with the solid residue in a desiccator to cool 

it down to room temperature. Then, weight it (m2) until the weight of the sample is 

constant to ± 0.2 mg. 

The acid-insoluble lignin content of the sample is estimated as follows: 

𝑨𝒄𝒊𝒅 − 𝒊𝒏𝒔𝒐𝒍𝒖𝒃𝒍𝒆 𝒍𝒊𝒈𝒏𝒊𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) =  

(

 
 (𝑚2 −𝑚1)

𝑚0 ∙
(100 − 𝐻(%))

100

 ∙  (100 − 𝑆𝐸𝐶 (%))

)

 
 
− 𝐴𝐶(%)  

 

 

Determination of the holocellulosic content of biomass (Wise et al., 1946)  

 
The holocellulose comprises the water insoluble carbohydrates present in the lignocellulosic 

biomass, being it constituted by the sum of the hemicellulosic and cellulosic fractions. The 

determination of the holocellulose was carried out by a procedure proposed by Wise et al. [A.III] 

which consists on a delignification process in acid medium using sodium chlorite. In this process 



 207 

the lignin is solubilised remaining the carbohydrates unchanged. The procedure used to determine 

the holocellulosic content of biomass consists of:  

 Weight accurately 2.5 ± 0.001 g of an extractive-free sample (m0) in a 250 mL beaker 

and add 80 mL of hot distilled water.   

 Introduce the beaker containing the mixture in a water bath at 70 ºC for 6-8 h and stir it 

periodically in order to have a homogeneous sample.  

 Every hour, add 0.5 mL of glacial acetic acid and 2.6 mL of 25.0 wt.% NaClO2 to the 

beaker. 

 After the 6-8 hours period, keep the beaker in the water bath at 70 ºC for another 12 h 

without carrying out any addition.  

 Then, separate the solid and the liquid phases by filtrating the mixture using a Gooch 

crucible with a grade 2 pore size and wash the solid phase with hot water until it is 

neutralised. The Gooch crucible should have been previously dried in an oven at 105 ± 

3 ºC for 6h, cooled down in a desiccator and weighted (m1). 

 Dry the Gooch crucible containing the solid phase in an oven at 105 ± 3 ºC for 24 h.  

 Then, introduce the Gooch crucible with the sample in a desiccator to cool it down to 

room temperature and weight it (m2) until the weight of the sample is constant to ± 0.2 

mg. 

The holocellulosic content of the sample is calculated as follows: 

𝑯𝒐𝒍𝒐𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒊𝒄 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) =  

(

 
 (𝑚2 −𝑚1)

𝑚0 ∙
(100 − 𝐻(%))

100

 ∙  (100 − 𝑆𝐸𝐶 (%))

)

 
 
  

 

 

Determination of the α-cellulose and the hemicellulosic content of 

biomass (Rowell 1983) 

 
There is a TAPPI protocol for the determination of the α, β and γ-cellulose but it is specific to 

paper pulp and special emphasis is placed on this. Therefore, in this thesis the determination of 

the cellulosic and hemicellulosic content of the lignocellulosic biomass was carried out using the 
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protocol proposed by Rowell [A.IV]. In this method, only the α-cellulose is determined, being it 

considered as the fraction of the holocelluloses that remains insoluble after the treatment with 

NaOH and acetic acid. The α-cellulose is the main cellulose type in lignocellulosic biomass. The 

hemicellulosic fraction, on the other hand, is considered as the fraction of the holocelluloses 

solubilised in this procedure. As only the α-cellulose is determined by this protocol there could 

be some errors during the estimation of the cellulosic content of the lignocellulosic biomass as 

the β and γ-celluloses are considered as hemicelluloses. The procedure used for the determination 

of the α-cellulose and the hemicelluloses consists of: 

 Weight accurately 2.0 ± 0.001 g of dry holocellulose (m0) in a 100 mL beaker. The 

holocellulose used has to be extracted by the methodology described in the previous 

section (Determination of the holocellulosic content).  

 Add 10 mL of a solution of 17.5 wt.% NaOH to the beaker containing the sample, using 

continuous stirring.  

 Add three times 5 mL of a solution of 17.5 wt.% NaOH to the beaker waiting 5 minutes 

between additions. After the last addition, let the alkali solution react with the sample at 

room temperature for 30 minutes. 

 After this time, stop the reaction by adding 33 mL of distilled water to the beaker 

containing the sample and wait 1 h.  

 Then, separate the solid and liquid fractions by filtration using a Gooch crucible of a 

grade 2 pore size and wash the solid with 100 mL of a solution of 8.3 wt.% NaOH and 

twice with distilled water. The Gooch crucible should have been previously dried in an 

oven at 105 ± 3 ºC for 6 h, cooled down in a desiccator and weighted (m1). 

 Add 15 mL of a solution of 10.0 % (v/v) acetic acid to the Gooch crucible containing the 

sample. After 3 minutes remove it by filtration and wash the solid residue with hot water 

until it is neutralised.   

 Dry the Gooch crucible containing the solid residue in an oven at 105 ± 3 ºC for 24 h.  
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 Then, introduce the Gooch crucible with the solid residue in a desiccator to cool it down 

to room temperature and weight it (m2) until the weight of the sample is constant to ± 0.2 

mg. 

The α-cellulose content is estimated as follows: 

𝜶 − 𝑪𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒊𝒄 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) =  
(𝑚2 −𝑚1)

𝑚0 ∙
(100 − 𝐻(%))

100

  

 

The hemicellulosic content is calculated as the difference between the initial holocellulosic 

content and the determined α-cellulose content of the sample. 

𝑯𝒆𝒎𝒊𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒊𝒄 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) = 𝐻𝑜𝑙𝑜𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑖𝑐 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) − 𝛼 − 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑖𝑐 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) 

 

 

Quantitative acid hydrolysis (NERL) 

 
This protocol developed by the NERL [A.II] permits the determination of the structural 

carbohydrates and the acid-insoluble lignin present in extractives-free lignocellulosic biomass. 

This procedure consists in two consecutive acid hydrolyses, being the first one used to convert 

the cellulosic and hemicellulosic polymers into oligomers and the second one to convert the 

oligomers into monomers. The determination of the concentration of the monosaccharides at the 

end of the hydrolysis permits the estimation of the hemicelluloses and the glucan content of the 

lignocellulosic biomass. After the hydrolysis a solid residue is obtained which corresponds to the 

Klason lignin, but which could also contain ashes. The main drawback of this procedure is that it 

does not permit the estimation of the cellulose itself as the glucan content determined in the 

biomass could belong both to the cellulosic and hemicellulosic fractions. The quantitative acid 

hydrolysis of biomass samples was carried out as follows: 

 Weight accurately 0.25 ± 0.001 g of the sample (m0) in a test tube. The particle size of 

the sample should be below 0.5 mm and the moisture of the sample (H) has to be 

previously determined.  
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 Add 2.5 mL of 72.0 wt.% H2SO4 to the test tube containing the sample and stir it in order 

to have an homogeneous mixture. Then, introduce the test tube in a water bath at 30 ºC 

and keep it there for 1 h, stirring it periodically.  

 After this hour, add distilled water to the test tube in order to stop the reaction. Then, 

transfer the content of the test tube to a previously tared pressure flask and add distilled 

water until the weight of the whole mixture is 74.33 g (m1), which corresponds to a 

concentration of 4.0 wt.% H2SO4.   

 Note down the weight of the pressure flask with the sample (m2) and autoclave it for 1 h 

at 121 ºC.   

 After this time, cool down the pressure flask by introducing it in a water bath and once 

it is cold, note down its weight again (m3). This would permit the estimation of the sample 

losses that could occur during the second hydrolysis stage.  

 Separate the mixture contained in the pressure flask by filtration using a Gooch crucible 

with a grade 3 pore size. The Gooch crucible should have been previously dried in an 

oven at 105 ± 3 ºC for 6h, cooled down in a desiccator and weighted (m4).  

 Dry the Gooch crucible containing the solid residue in an oven at 105 ± 3 ºC for 24 h.  

 After this time, introduce the Gooch crucible with the solid phase in a desiccator to cool 

it down to room temperature. Then, weight it (m5) until the weight of the sample is 

constant to ± 0.2 mg. 

 Analyse the liquid phase obtained after the filtration by High Performance Liquid 

Chromatography (HPLC) in order to determine the concentration of monosaccharides, 

acetic and galacturonic acid and degradation products (furfural and 

hydroxymethylfurfural (HMF)).  

Throughout this thesis, the HPLC analyses were carried out using a Jasco LC Net II/ADC 

chromatograph equipped with a refractive index detector and a photodiode array detector. 

However, the methods and the columns used for the determination of the monosaccharides, the 

acids and the degradation products were different. The determination of the monosaccharides 

(glucose, xylose, arabinose, galactose and mannose) was carried using a Transgenomic 
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CARBOSep CHO-682 column working with a flow rate of 0.4 mL water/min at 80 ºC and eluting 

40 µL of the sample, after neutralising it with BaCO3. The determination of the acetic and 

galacturonic acids, furfural and HMF was carried using an 300 x 7.8 mm Aminex HPX-87H 

column (Bio-Rad Laboratories, USA) working with a flow rate of 0.6 mL/min at 50 ºC and eluting 

20 µL of the sample with a mobile phase of 0.005 M H2SO4.  

The Klason lignin content of the sample is estimated as follows: 

𝑲𝒍𝒂𝒔𝒐𝒏 𝒍𝒊𝒈𝒏𝒊𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) =  

(

 
 𝑚5 −𝑚4

𝑚0 ∙  
(100 − 𝐻(%))

100

 ∙ (100 − 𝑆𝐸𝐶 (%))

)

 
 
− 𝐴𝐶(%)  

 

The glucan and xylan content and the content of arabinosyl (ArOS), mannosyl (MaOS), galactosyl 

(GalactOS) and acetyl groups (AcOS) and galacturonic acids (GaAc), which could be present as 

substituents of the hemicelluloses, is estimated as follows: 

𝑮𝒍𝒖𝒄𝒂𝒏/𝒙𝒚𝒍𝒂𝒏/𝑨𝒓𝑶𝑺/𝑴𝒂𝑶𝑺/𝑮𝒂𝒍𝒂𝒄𝒕𝑶𝑺/𝑨𝒄𝑶𝑺/𝑮𝒂𝑨𝒄 (%) = 𝐹 ∙ 𝐶𝑒𝑠𝑡 ∙  
[𝑋]

𝜌
 ∙

𝑃

𝑚0 ∙  (
100 − 𝐻(%)

100
)
 ∙  (100 − 𝑆𝐸𝐶(%)) 

 

𝑷 = (𝑚1 − (𝑚0 ∙ (
100 − 𝐻 (%)

100
) ∙
𝐾𝐿𝐶 (%)

100
 )) ∙  

𝑚1 − (𝑚2 −𝑚3)

𝑚1
  

 

where the parameters F describes the degradation of the carbohydrates and Cest takes into account 

the increase of the molecular weight of the monosaccharide during the hydrolysis. These two 

parameters are standardised for the different monosaccharides and their value are collected in the 

Table A.1. [X] is the concentration (g/L) of the monosaccharide or acids determined during the 

HPLC analysis, ρ is the density of the liquid phase obtained in the QAH and it is considered 1.022 

g/L.  P is the weight of the liquid phase at the end of the QAH taking into account the losses that 

could have taken place during the second stage of the QAH.       

The hemicelullosic content was determined as follows: 

𝑯𝒆𝒎𝒊𝒄𝒆𝒍𝒍𝒖𝒍𝒐𝒔𝒊𝒄 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) = 𝑥𝑦𝑙𝑎𝑛 (%) + 𝐴𝑟𝑂𝑆 (%) +𝑀𝑎𝑂𝑆 (%) + 𝐺𝑎𝑙𝑎𝑐𝑡𝑂𝑆 (%) + 𝐴𝑐𝑂𝑆 (%) + 𝐺𝑎𝐴𝑐 (%) 
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Table A.1. Values of the F and Cest parameters for the different monosaccharides, the acetic acid 

and the galacturonic acid.  

 Glucan/Manosyl/Galactosyl/  

substituents 

Xylan/Arabinosyl 

substituents 

Acetyl 

substituents 

Galacturonic 

acid substituents 

 CGn/CMan/CGan CXn/CArn CGA CGGaAc 

 Glucose/Mannose/ Galactose Xylose/Arabinose Acetic acid Galacturonic acid 

F 1.04 1.088 1.00 1.00 

Cest 162/180 132/150 43/60 212/230 
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APPENDIX II 

 
PROCEDURES FOR THE CHARACTERISATION OF THE 

LIQUORS OBTAINED DURING THE AUTOHYDROLYSIS OF THE 

VINE SHOOTS  

 
This appendix collects the procedures used for the chemical and structural characterisation of the 

liquid phases obtained during the autohydrolysis treatments of the vine shoots carried out at 

different temperatures.   

The chemical characterisation of the liquors was carried by determining their non-volatile content 

(NVC), their other non-volatile content (ONVC) and their content in monosaccharides, 

oligosaccharides, acids and degradation products, being these analyses carried out following the 

procedures described by Garrote et al. [A.V]. The total phenolic and total flavonoid content (TPC 

and TFC, respectively) of the hydrolysates were also determined using the Folin-Ciocalteau (FC) 

method [A.VI] and the procedure described by Blasa et al. [A.VII], respectively. These analyses 

were carried out in triplicates.   

The structural characteristics of the compounds present in the hydrolysates were determined by 

subjecting them to instrumental analytical techniques such as HPSEC, FTIR, TGA, HPAEC-

PAD, MALDI-TOF and UPLC-DAD-ESI-MS. Prior to the FTIR, TGA, HPAEC-PAD, MALDI-

TOF and UPLC-DAD-ESI-MS analyses the hydrolysates were freeze-dried, in order to facilitate 

their handling and analysis.  

 

 

Determination of the monosaccharide, acids and degradation products 

content 

 
The monosaccharide content of the liquors together with the acetic and galacturonic acids and the 

degradation products (furfural and hydroxymethylfurfural) generated during the autohydrolysis 

were determined by HPLC. The method employed for the determination of these compounds was 

the same as the one used for their determination in the liquid phases obtained in the QAH of the 

biomass, which is described in the Appendix I. Briefly, the monosaccharides (xylose, arabinose, 

glucose, mannose and galactose) were quantified using a Transgenomic CARBOSep CHO-682 
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column after diluting and neutralising the sample, while the acids and degradation products were 

quantified using an Aminex HPX-87H column.  

 

 

Determination of the oligosaccharides content 

 
The oligosaccharides, which are constituted by monosaccharides, acetyl groups and/or uronic 

acids, are the main products obtained in the solubilisation of hemicelluloses by an autohydrolysis 

treatment. The oligosaccharides can not be quantified by HPLC, so in order to quantify them the 

hydrolysates were subjected to a hydrolysis to convert the oligosaccharides into monosaccharides. 

Thus, the increase of the concentration of the monosaccharides and acids after the hydrolysis is 

attributed to the quantity of oligosaccharides, which is expressed as its equivalent of 

monosaccharides. The procedure used to quantify the oligosaccharides was modified from the 

one described by Garrote et al. [A.V], as instead of 20 minutes, 30 minutes were necessary for 

the complete hydrolysis of the oligosaccharides. The procedure used for the determination of the 

oligosaccharides consists of: 

 Weight between 1 and 5 ± 0.001 g of the liquors (m0) in a previously tared pressured 

flask.  

 Add water and 96.0 wt. % H2SO4 to the pressured flask until a solution of 25 g containing 

4.0 wt.% H2SO4 is obtained (m1).  

 Note down the weight of the pressure flask containing the sample (m2) and autoclave it 

for 30 min at 121 ºC.  

 After 30 minutes, cool down the pressure flask by introducing it in a water bath and once 

it is cold, note down its weight again (m3). This permits the estimation of the sample 

losses that occurred during the autoclaving stage.  

 Subject the obtained sample to the HPLC analyses described for the characterisation of 

the composition of the liquid phases obtained during the QAH (Appendix I) in order to 

quantify the monosaccharides and acetic and uronic acids that it contained.   
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The quantity of glucoologosaccharides (GOS), xylooligosaccharides (XOS) and the content of 

arabinosyl (ArOS), mannosyl (MaOS), galactosyl (GalactOS), acetyl groups (AcOS) and 

galacturonic acids (GaAc) as substituents is estimated as follows: 

[𝑮𝑶𝑺/𝑿𝑶𝑺/𝑨𝒓𝑶𝑺/𝑴𝒂𝑶𝑺/𝑮𝒂𝒍𝒂𝒄𝒕𝑶𝑺/𝑨𝒄𝑶𝑺/𝑮𝒂𝑨𝒄] (g/L) =  (
𝑚1
𝑚0
 ∙  (

𝑚1 − (𝑚2 − 𝑚3)

𝑚1
)  ∙  [𝑋]) − [𝑋0]  

 

where [X] is the concentration (g/L) of the monosaccharides or acids determined during the HPLC 

analysis of the hydrolysed liquors. [X0] is their concentration (g/L) in the liquors prior to their 

hydrolysis, also determined by HPLC as it has been described in the Appendix II for the 

determination of the monosaccharides, acids and degradation product content of the liquors.  

 

 

Determination of the non-volatile content (NVC) 

 
The non-volatile content (NVC) of the hydrolysates corresponds to the solid content of the liquors. 

This solid content is constituted by saccharides (including monosaccharides, oligosaccharides and 

their substituents) and non-saccharide compounds (denoted as other non-volatile content 

(ONVC)), which could be phenolic compounds, for instance. The procedure used for the 

determination of the non-volatile content consists of: 

 Weight accurately 1.5 ± 0.001 g of the liquor (m0) in a previously tared recipient (m1). 

The recipient has to be previously dried in the oven at 105 ± 3 ºC for 6 h and cooled 

down in a desiccator. 

 Introduce and keep the recipient containing the sample in the oven at 105 ± 3 ºC.   

 From time to time, introduce the recipient with the sample in a desiccator until it cools 

down to room temperature and weight it (m2) until the weight of the sample is constant 

to ± 0.2 mg. 

The non-volatile content (NVC) of the liquors is determined as follows: 

𝑵𝒐𝒏 − 𝒗𝒐𝒍𝒂𝒕𝒊𝒍𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (𝑔 𝑁𝑉𝐶/𝑔 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒)  =  
(𝑚2 − 𝑚0)

(𝑚1 − 𝑚0)
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The other non-volatile content (ONVC) of the hydrolysates corresponds to the difference between 

the NVC and the saccharide content (including monosaccharides, oligosaccharides and their 

substituents) of the liquors. The ONVC of the liquors is calculated as follows:  

𝑶𝒕𝒉𝒆𝒓 𝒏𝒐𝒏 − 𝒗𝒐𝒍𝒂𝒕𝒊𝒍𝒆 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (𝑔 𝑂𝑁𝑉𝐶/ 𝑔 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑎𝑡𝑒) =  (
𝑁𝑉𝐶 − 

∑𝑋𝑖𝑑
𝜌

𝑁𝑉𝐶
) · 100  

 

where Xid is the concentration (g/L) of the identified saccharide compounds and ρ is the density 

of the liquor (aprox. 1000 g/mL).    

 

 

Determination of the total phenolic content (TPC) 

 
The autohydrolysis liquors could present phenolic compounds as the low pH achieved in the 

treatments could facilitate the solubilisation of the acid-soluble lignin. The estimation of the total 

phenolic content of the hydrolysates was carried out according to the Folin-Ciocalteau (FC) 

method [A.VI]. The FC is a bright yellow reagent that presents a different colour depending of its 

oxidation state. When it is oxidised the FC is colourless while when it is in contact with reducing 

agents it presents a dark blue colour (with a maximum absorbance at λ = 750 nm). The FC method 

has been widely used for the spectrophotometric determination of phenolic compounds due to 

their capacity of reducing this reagent.  

Prior to the determination of the total phenolic content of the hydrolysates, a calibration curve has 

to be constructed in order to interpret the absorbance measurements, and to transform them in 

total phenolic content, expressed as gallic acid equivalent (CGAE, mg/L). The calibration curve 

was constructed using six aqueous solutions of gallic acid with concentrations between 100 and 

500 ppm.  

The determination of the phenolic compounds present in the liquors and of the gallic acid present 

in the calibration solutions was carried out as follows: 

 Place 300 µL of the hydrolysate or the calibration solution in a test tube. 

  Add 2.5 mL of a 1/10 (v/v) aqueous solution of the Folin-Ciocalteau reagent to the 

test tube and stir it for 1 min using a vortex.  
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 Add 2 mL of a solution of 7.5 % (w/v) Na2CO3 to the test tube and stir it for another 

minute with the vortex.  

 Cork the test tube with parafilm, cover it with aluminium foil and keep it in a 

thermostatic bath at 50 ºC for 5 minutes. 

 After this time, cool down the test tube at room temperature and then measure the 

absorbance of the sample at 760 nm. In this thesis, the measurements were carried out 

in a Shimadzu UV-1800 spectrophotometer. 

In order to estimate the absorbance associated only with the reduced FC reagent a blank solution 

was used. This solution was prepared following the same procedure as the ones described above 

but adding water instead of the hydrolysates or the calibration solutions.  

 

 

Determination of the total flavonoid content (TFC) 

 
The obtained  autohydrolysis liquors could also present flavonoids due to the solubilisation of 

extracts during the treatments. The estimation of the total flavonoid content of the hydrolysates 

was carried out according to the method described by Blasa et al. [A.VII]. This method is based 

on a spectrophotometric analysis using aluminium trichloride.  

In a basic medium the aluminium cation forms stable complexes with the flavonoids, producing 

a change of the colour of the medium, from colourless to pink (with a maximum absorbance at λ 

= 510 nm). This method is widely used for the determination of flavonoids as it does not present 

interferences of other phenolic compounds.   

Prior to the determination of the total flavonoid content of the liquors, a calibration curve using 

rutin as reference and distilled water as solvent was constructed. The calibration curve permits 

the interpretation of the absorbance measurements, and their transformation in total flavonoid 

content (expressed as rutin equivalent (mg/L)). The calibration curve was constructed using six 

solutions containing rutin between 0 and 700 ppm.  

The determination of the flavonoids present in the hydrolysates and of the rutin present in the 

calibration solutions was carried out as follows: 
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 Place 1 mL of the hydrolysate or the calibration solution in a test tube. 

  Add 0.3 mL of 5.0 % (w/v) NaNO2 to the test tube and stir it for 1 min using a vortex.  

 Wait 5 minutes, add 0.3 mL of 10.0 % (w/v) AlCl3 to the test tube and stir it for another 

minute with the vortex.  

 Wait 6 minutes and add 2 mL of 1 N NaOH to the test tube. 

 Wait 5 minutes and measure the absorbance of the sample at 510 nm. In this thesis, the 

absorbance measurements were carried out in a Shimadzu UV-1800 

spectrophotometer. 

In order to estimate the absorbance associated only with the aluminium-flavonoid complex a 

blank solution was used. This solution was prepared following the described procedure but adding 

water instead of the hydrolysates or the calibration solutions.  

 

 

High Performance Size Exclusion Chromatography (HPSEC) analysis 

 
The autohydrolysis liquors were analysed by HPSEC analysis to evaluate the molecular weight 

distribution of the saccharide compounds present in the hydrolysates and to estimate their average 

molecular weight (Mw), number average (Mn) and polydispersity index (Mw/Mn). These 

analyses were carried in a Jasco LC Net II/ADC chromatograph equipped with a refractive index 

detector and a photodiode array detector. The chromatographic separation was carried out by an 

Agilent Aquagel-OH column with a mixed-H phase and a particle size of 8µm, working at 40 ºC 

with a flow rate of 0.6 mL/min. 40 µL of the hydrolysate were eluted using a solution of 0.005N 

H2SO4 as the mobile phase.    

The calibration of the HPSEC was carried out using pullulan polysaccharides with molecular 

weights between 180 to 805,000 Da, supplied by Agilent.  

 

 

Freeze-drying of the hydrolysates  

 
To have more sensible FTIR, TGA, HPAEC-PAD, MALDI-TOF and UPLC-DAD-ESI-MS 

analyses the autohydrolysis liquors were freeze-dried in order to concentrate the compounds that 



 219 

they contained. Firstly the hydrolysate was kept at -20 ºC and once it was frozen, it was introduced 

in a Christ Alpha 1-4 LD plus freeze-dryer (Biolock Scientific). The sample was kept in the 

freeze-dryer until the water contained in the ice crystals was sublimated.  

 

 

Fourier Transform Infrared (FTIR) spectroscopy analysis  

 
The chemical structure of the compounds present in the liquors was evaluated by analysing the 

freeze-dried hydrolysates by a PerkinElmer Spectrum Two FT-IR spectrometer. The FTIR spectra 

were recorded between 4000-800 cm-1, accumulating a total of 8 scans in transmision mode with 

a resolution of 4 cm-1. 

 

 

Thermogravimetric analysis (TGA)  

 
The thermal stability of the compounds present in the hydrolysates was assessed by subjecting 

the freeze-dried hydrolysates to thermogravimetric analyses using a Mettler Toledo TGA/SDTA 

851 thermogravimetric analyser. Between 3 and 5 mg of the sample were tested under a nitrogen 

atmosphere using a heating rate of 10 ºC/min to increase the temperature from 25 to 600 ºC.   

 

 

High Performance Anion Exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC-PAD) analysis  

 

The polymerisation degree (DP) of the oligosaccharides present in the freeze-dried hydrolysates 

was determined by subjecting them to HPAEC-PAD analyses. The determination was performed 

using an ICS3000 instrument (Dionex, Sunnyvale, USA) equipped with a 250 ×2 mm CarboPac 

PA-1 column (from Dionex). The sample was eluted in a non-isocratic mode being the mobile 

phases used; water (phase A), a solution containing 0.2 M NaOH and 2 M NaOAc (phase B) and 

a solution containing 0.2 M NaOH (phase C). The elution pattern used was the following one; 

during the first 30 min the employed mobile phase was composed by 88.0 % A and 12.0 % C, 

from 30-35 min 50.0 % A and 50.0 % C, from 35-40 min 2.5 % B and 47.5 % of C, from 40-50 
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min 4.5 % B and 45.5 % C, from 50-65 min 6.5 % B and 43.5 % C, from 65-66 min 26.0 % B 

and 24.0 % C and from 66-95 min 50.0 % A and 50.0 % B. 

The calibration of the equipment was carried out using xylooligosaccharide standards with DP 

between 2 and 6, provided by Megazyme. 

 

 

Matrix Assisted Laser Desorption-Ionisation Time of Flight Mass 

Spectrometry (MALDI-TOF) analysis  

 
The freeze-dried hydrolysates were analysed by MALDI-TOF to determine the molecular weight 

distribution of the oligosaccharides present in the hydrolysates. The analyses were carried out in 

an Ultraflex workstation of Bruker Daltonics (Bremen, Germany) working in positive ion mode. 

The data were acquired as the sum of 100 shots using 100 ns of delayed extraction time and 25 

kV of accelerating voltage. To carry out the analysis 1 µL of an aqueous solution containing 

1mg/mL of the freeze-dried hydrolysates and 0.1% (v/v) of trifluoroacetic acid (TFA) was mixed 

with 1 µL of a matrix solution of 10 mg/mL of 2,5-dihydrobenzoic acid (DHB) in 50.0 % (v/v) 

acetonitrile. The calibration of the MALDI-TOF was carried out using xylooligosaccharides 

standards with DP between 2 and 6 supplied by Megazyme.     

 

 

Ultraperformance Liquid Chromatography-Diode Array Detector-

Electrospray Ionisation-Mass Spectrometry (UPLC-DAD-ESI-MS) 

analysis 

 
The freeze-dried liquors were subjected to UPLC-DAD-ESI-MS analyses to obtain more 

information about the composition of the oligosaccharides and to complement the information 

obtained by other structural analyses carried out. The analyses were carried out in an UPLC 

(Acquity, Waters) equipped with a diode array detector and using a 100 x 2.1 mm C18 column 

with 1.7 µm particle size (Acquity, Waters). 5 µL of a methanol solution containing the freeze-

dried hydrolysates in a concentration of 500 mg/L were eluted using a flow rate of 0.3 mL/min at 

40 ºC. The elution of the sample was carried out using a non-isocratic method being the mobile 

phases used; an acidified water solution containing formic acid (0.1 % (v/v)) (phase A) and 
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methanol (phase B). From 0 min to 2 min 99.0 % of the mobile phase A was used, then until the 

minute 28 the mobile phase contained 99.0 % of B and then until the minute 30 the mobile phase 

was composed by 99.0 % of the mobile phase A. The DAD recorded UV spectrums from 200 to 

500 nm, while the chromatograms were registered at 254, 280 and 320 nm. The mass spectrometry 

analyses were carried out using a LCT Premier XE (Waters) fitted with an electrospray ionization 

interface. The ESI-MS was performed using scans from m/z 100 to 2000, working in positive 

ionization mode and with a capillary voltage and cone voltage of 2000 and 100 V, respectively.      
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APPENDIX III 

 
PROCEDURES FOR THE EVALUATION OF THE 

DIGESTIBILITY AND THE PREBIOTIC ACTIVITY OF 

OLIGOSACCHARIDES 

 
This appendix gathers together the procedures used to determine the digestibility and the prebiotic 

activity of the refined oligosaccharides obtained from the autohydrolysis liquor produced at 200 

ºC after their purification by membrane technology and ion exchange (stream F). The digestibility 

of these oligosaccharides was determined by simulating an in vitro gastrointestinal digestion using 

the protocol described by Gullón et al. [A.VIII]. Their prebiotic activity was tested by subjecting 

them to the protocol described by Gullón et al. [A.IX] in which an in vitro fermentation with 

human faecal microbiota is carried out. All the analyses were performed in triplicates, being the 

results given, in oven-dried basis, as the arithmetic average value and the standard deviation.  

Prior to these analyses, the refined oligosaccharides (Stream F) were freeze-dried in order to 

concentrate these compounds. The employed procedure was the same as the one described in the 

Appendix II for the freeze-drying of the liquors obtained during the autohydrolysis treatments.  

 

 

Evaluation of the in vitro digestibility of the refined oligosaccharides 

 
The digestibility of the refined oligosaccharides (stream F) after freeze-drying them, was tested 

by subjecting them to an in vitro digestion that simulates the conditions of each gastrointestinal 

stage [A.VIII]. This protocol describes the conditions used to simulate the three different stages 

of the digestion: the mouth, the stomach and the small intestine. The digestions were carried out 

using enzymes while the absorption and the mechanical agitation was simulated using dialysis 

tubing and peristaltic movements.  

The procedure used to simulate the mouth digestion consists of: 

 Mix 2.4 g of the freeze-dried oligosaccharides with 9 mL of water and 1 mL of simulated 

saliva. Prepare the simulated saliva by diluting 100 U/ml α-amylase (provided by Sigma 
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Aldrich) in 1 mM CaCl2. Add 1M NaHCO3 to adjust the pH of the mixture to 6.9. The 

saliva solution simulates the mastication stage.  

 Crush the mixture for 2 minutes. 

 Then, transfer the sample to a glass screw topped bottle and incubate it at 37 ºC for 5 min 

in a water-shaking bath at 50 rpm.  

The gastric digestion was simulated as follows:  

 Decrease the pH of the solution obtained after the mouth digestion until pH 2 with 6M 

HCl.   

 Add 1 mL of pepsin dissolved in 10 mL of 0.1 M HCl to the acidified sample. 

 Incubate the sample for 2 h in a water-shaking bath at 37 ºC and 50 rpm.  

The procedure used to simulate the small intestine digestion conditions consists of: 

 Increase the pH of the solution obtained after the gastric digestion until pH 7 with 6 M 

NaOH. 

 Add 2.5 mL of pancreatin (provided by Sigma Aldrich) dissolved in 10 mL of 0.5 M 

NaHCO3 and 2.5 mL of a bile salt mixture (provided by Sigma Aldrich) dissolved in 10 

mL of 0.5 M NaHCO3.  

 Incubate the sample for 2 h in a water-shaking bath at 37 ºC and 50 rpm.  

 After the 2h of incubation, heat the sample at 100 ºC for 5 min in order to inactivate the 

enzyme. 

 Once the solution is cooled down, transfer it to a dialysis membrane of 1 kDa molecular 

weight cut-off and dialyse it overnight at 25 ºC in a solution of 10 mM NaCl to remove 

low molecular weight digestion products. 

 Subject the dialysed solution to an HPAEC-PAD analysis and to HPLC analyses to 

determine its monosaccharide and oligosaccharides content, using the procedures 

described in the Appendix II.   
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Assessment of the prebiotic activity of the digested oligosaccharides 

 
The prebiotic activity of the digested oligosaccharides (stream F) after freeze-drying them, was 

evaluated by an in vitro fermentation of the oligosaccharides using human faecal microbiota 

[A.IX]. The fermentation of the oligosaccharides promoted the growth of the bifidobacteria 

present in the microbiota and the generation of short chain fatty acids (SCFA) and lactic acid as 

fermentation products. In this thesis, the faecal microbiota was obtained from three healthy human 

volunteers, who did not consumed antibiotics or probiotics nor did have any digestive diseases 

during the three months previous to the study. Apart from the digested oligosaccharides, 

fructooligosaccharides (FOS) from chicory (Sigma-Aldrich Co., St. Louis, USA) were also 

subjected to the in vitro fermentation in order to compare the results achieved when 

oligosaccharides obtained from vine shoots were used with commercialised prebiotics.    

Prior to the fermentation stage, the faecal inoculum and the fermentation media which contains 

the digested oligosaccharides or the FOS were prepared separately. All the additions and 

inoculations were carried out inside an anaerobic cabinet (5.0 % H2, 10.0 % CO2 and 85.0 % N2). 

In this thesis, a Model Bactron IV anaerobic cabinet (Hel-Lab, USA) was used. 

The faecal inoculum was prepared as follows: 

 Prepare a reduced physiological salt solution (RPS) that contains 0.5 g/L of cysteine-HCl 

and 8.5 g/L of NaCl and presents a pH of 6.8. 

 Dissolve the faecal sample with RPS until a concentration of 100 g faeces/L is achieved. 

The faeces should have been collected in sterile vials, kept in an anaerobic cabinet and 

used within a maximum of 2 h after their collection.  

The fermentation media was prepared as follows: 

 Prepare a solution containing 5 g/L of trypticase soya broth without dextrose (supplied 

by BBL, Lockeysville, USA), 5 g/L of bactopeptone (Becton-Dickinson, Ammersham, 

Buckinghamshire, UK), 0.5 g/L of cysteine-HCl, 1.0 % (v/v) of a trace mineral solution 

and 0.2 % (v/v) of 0.5 g/L of resazurin solution. To this solution also 1.0 % (v/v) of a salt 

solution A containing 100 g/L of NH4Cl, 10 g/L of MgCl2 · 6 H2O and 10 g/L of CaCl2 · 
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2 H2O and 0.2 % (v/v) of a salt solution B containing 200 g/L of K2HPO4 · 3 H2O were 

added. This solution consists in the nutrient medium solution.  

 Adjust the pH of the nutrient medium solution to pH 6.8 with a NaOH solution.  

 Deoxygenate the nutrient medium solution by bubbling it with a constant stream of 

nitrogen overnight. When the anaerobic conditions are achieved the pink medium 

solution passed to be colourless due to the reduction of resazurin, which acts as a redox 

indicator. 

 Dispense 8 mL of the nutrient medium into airtight anaerobic culture tubes and seal them 

with aluminium caps.   

 Add aseptically the stock solution of Yeast Nitrogen Base (YNB) and the a solution 

containing the oligosaccharides (FOS or the digested oligosaccharides) to the anaerobic 

culture tubes containing the nutrient medium, in order to have a concentration of 5 g 

YNB/L and 10 g oligosaccharides/L in the medium. Previously, concentrated aqueous 

solutions of the YNB (x60), of the digested oligosaccharides (x130) and of the 

fructooligosaccharides (x130) are prepared and filtered-sterilized into sterile airtight 

serum bottles. 

Once the faecal inoculum and the fermentation medium were prepared, the determination of the 

prebiotic activity was analysed as follows: 

 Inoculate 0.2 mL of the solution containing the faecal slurry in a concentration of 2.0 % 

(v/v) to the prepared fermentation medium containing the YNB and the digested 

oligosaccharides or FOS.  A negative blank was also prepared by adding the faecal slurry 

to solution to which no carbon sources were added.   

 Incubate the mixture at 37 ºC for 33 h, without agitation. 

 At determined fermentation times, take an aliquot from the mixture and centrifuge it in 

order to separate the cells and the supernatant.  

 Analyse the supernatant by HPLC in order to determine the monosaccharides present in 

the supernatant and the short chain fatty acids (SCFA) and the lactate generated during 
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the fermentations. In this thesis, the HPLC method used for these analyses was the one 

described in the Appendix I for the determination of the composition of liquid phases 

obtained after the quantitative acid hydrolysis. The SCFA were analysed by the Aminex 

HPX-87H column.   

 Analyse the oligosaccharide content of the supernatant following the procedure described 

in the Appendix II for the determination of the oligosaccharides content of the 

autohydrolysis liquors.  

 Subject the cells or the particulate matter to a Fluorescence In Situ Hybridisation (FISH) 

analysis in order to quantify selected bacterial groups.  

In this thesis, the FISH analysis was carried out using a synthetic oligonucleotide probe labelled 

with fluorescent dye Cy3. The probe employed (probe Bif164) targets specific regions of the 16S 

rRNA gene of the Bifidobacterium genus. 

 The FISH analyses were carried out as follows: 

 Mix 375 µL of the slurry containing the particulate matter with 1125 µL of a solution of 

4.0 % (w/v) of filtered paraformaldehyde.  

 Maintain the mixture overnight at 4 ºC in order to have the cells fixed.  

 Centrifuge the cells and wash them twice with a filtered phosphate-buffered saline (PBS) 

solution. 

 Suspend the washed cells in a mixture of 150 µL of PBS and 150 µL ethanol and store 

them at -20 ºC for at least 1 h. 

 Add 16 µL of the fixed cells, after warming them up, 64 µL of distilled water and 200 µL 

of a filtered hybridisation buffer to a 1.5 mL microcentrifuge tubes. This prepared 

solution consists on the hybridisation mixture. The hybridization buffer has to be 

previously prepared and it contains 40 mM Tris-HCl at pH 7.2, 1.8 M NaCl and 20 mL/L 

of a solution of 100 g sodium dodecyl sulphate/L. 

 Add 5 µL of a solution containing the nucleotide probe in a concentration of 50 ng/µL 

and 45 µL of  above hybridisation mixture to a 0.5 mL microcentrifuge tubes.  
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 Shake the mixture contained in the 0.5 mL microcentrifuge tubes and incubate it 

overnight at 50 ºC.  

 Add 20 µL of a solution containing 4´,6-diamino-2-phenylindole (DAPI) in a 

concentration of 500 ng/mL and 5 mL of a pre-warmed hybridisation buffer, which 

contained 20 mM Tris-HCl and 0.9 M NaCl, to a 10 mL microcentrifuge tube.  

 Add the previously prepared hybridisation mixture, shake it and incubate the mixture at 

50 ºC for 30 min.  

 Filter the samples through a 0.20 µm pore size filters under vacuum.  

 Place the filter on a slide, add 5 µL of an antifade reagent, which consist on polyvinyl 

alcohol mounting medium with DABCO antifading, and cover the filter with a coverslip. 

 Store the slides in the dark at 4 ºC for a maximum of 3 days and during this time examine 

them with a Olympus BX41 epifluorescence microscope equipped with a Fluor 100 lents. 
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APPENDIX IV 

 
PROCEDURES FOR THE CHARACTERISATION OF THE 

ETHYL ACETATE SOLUBLE EXTRACTS OBTAINED 

FROM THE AUTOHYDROLYSIS LIQUORS  

 
This appendix brings together the procedures used for the chemical characterisation of the ethyl 

acetate soluble extracts and for the assessment of their biological activities. These extracts were 

obtained by a liquid-liquid extraction of the hydrolysates generated during the autohydrolysis 

treatments of the vine shoots carried out at different temperatures.  

The chemical characterisation of the extracts was carried out by subjecting them to a total phenolic 

content (TPC) and to a total flavonoid content (TFC) determination by the Folin-Ciocalteau (FC) 

method [A.VI] and by the protocol described by Blasa et al. [A.VII], respectively. The extracts 

were also qualitatively analysed by GC/MS in order to identify some of the compounds present 

in the extracts.  

The biological properties tested on the extracts were their antioxidant and their antimicrobial 

activities. The antioxidant activity was determined by the 2,2´-azino-bis (3-ethylbenzothiazoline-

6-sulfonic acid)  (ABTS), (α,α-Diphenyl-β-picrylhydrazyl) (DDPH) and Ferric Reducing 

Antioxidant Power (FRAP) assays following the methodology described by Re et al. [A. X], Von 

Gadow et al. [A. XI] and Benzie and Strain [A. XII]. The antimicrobial activity of the extracts 

was determined using a microdilution assay following the method described by Moreira et al. 

[A.XIII]. The analyses were carried out in triplicates, being the results expressed as the arithmetic 

average value and the standard deviation.   

 

 

Determination of the total phenolic content (TPC) 

 
The total phenolic content of the ethyl acetate soluble extracts was determined following the 

method developed by Singleton and Rossi [A.VI]. The Folin-Ciocalteau method has been 

described in detail in the Appendix II for the chemical characterisation of the hydrolysates. 

Briefly, 300 µL of an ethanol solution containing 250 ppm of the extracts were introduced in a 
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test tube. Then, 2.5 mL of a solution of the Folin-Ciocalteau reagent (1/10 (v/v)) and 2 mL of 7.5 

% (w/v) Na2CO3 were added to the test tube. After incubating the samples for 5 min in a water 

bath at 50 ºC their absorbance at 760 nm was measured using a Shimadzu UV-1800 

spectrophotometer. To interpret the absorbance measured in the samples and to transform it in the 

total phenolic content a calibration curve was constructed using ethanolic solutions containing 

between 0 and 320 ppm of gallic acid. The blank solution in this case was prepared with ethanol 

instead of distilled water.   

  

 

Determination of the total flavonoid content (TFC) 

 
The determination of the flavonoid content of the extracts was carried out by the procedure 

developed by Blasa et al. [A.VII], which has been detailed during the determination of the TFC 

of the hydrolysates in the Appendix II. Briefly, 1 mL of an ethanol solution containing 480 ppm 

of the ethyl acetate soluble was introduced in a test tube. Then, 0.3 mL of 5.0 % (w/v) NaNO2, 

0.3 mL of 10.0 % (w/v) AlCl3 and 2 mL of 1N NaOH were added to the test tube. After keeping 

the sample 5 minutes at room temperature, its absorbance at 510 nm was measured using a 

Shimadzu UV-1800 spectrophotometer. In order to interpret the absorbance measurements and to 

determine the total flavonoid content a calibration curve using ethanolic solutions containing 

between 0 and 550 ppm of rutin was constructed. The blank solution was prepared using ethanol 

instead of distilled water.   

 

 

Qualitative analysis of the extracts by Gas Chromatography/Mass 

Spectrometry (GC/MS) 

 
The identification of the compounds present in the extracts was carried out by subjecting them to 

a GC/MS analysis. An ethyl acetate solution containing 0.02 % (w/v) of the extract was analysed 

in an Agilent Technologies 7890A gas chromatograph (GC) coupled to an Agilent Technologies 

5975C mass spectrometer (MS) using He as the gas carrier with a flow of 1 mL/min. 1 µL of the 

sample was introduced in the GC in split mode and it was passed through a 30 m x 0.25 mm x 
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0.25 µm film thickness HP-5MS (5.0 % phenyl-methylpolysiloxane) column. The GC method 

used for the separation of the compounds present in the extract consisted on increasing the 

temperature from 50 ºC to 120 ºC (5 min) at 10 ºC/min, then to 280 ºC (8 min) at 10 ºC/min and 

finally to 300 ºC (2 min) at 10 ºC/min. The mass spectrometer worked in electron ionization (IE) 

mode applying an electron energy of 69.9 eV. The identification of the compounds was carried 

out by comparing the mass spectra of each compound with the National Institute of Standards 

Library (NIST) and with compounds reported in the literature. The peak area ratio of a specific 

compound can reflect its concentration as its chromatographic peak area is correlated linearly 

with its quantity [A. XIV]. The peak area ratio was calculated for the compounds with 

chromatographic peak areas higher than 0.4 % and the sum of these peak areas were normalized 

to 100.0 % to determine the relative abundant of each compound.  

 

 

Determination of the antioxidant activity of the extracts by the ABTS 

assay  

 
One of the procedures used for the determination of the antioxidant activity of the ethyl acetate 

soluble extracts was the ABTS assay [A.X]. In this assay, the capacity of the extract to reduce the 

ABTS radical is measured spectrophotometrically. When the ABTS is oxidized or it is as a radical 

it presents a dark blue colour (with a maximum absorbance at λ = 734 nm), while when it is 

reduced it becomes colourless. The ABTS radical is formed by the oxidation of the anionic species 

resulted from the dissolution of the 2,2´-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt and it is very sensitive to the light and to the presence of heavy metals.  

Prior to the determination of the capacity of the extracts to reduce the ABTS radical a calibration 

curve was constructed using phosphate buffer saline (PBS) solutions containing between 25 and 

500 ppm of Trolox. The calibration curve permits the interpretation of the absorbance 

measurements in order to transform them in Trolox equivalent antioxidant capacity, expressed as 

Trolox equivalent (mg/L).  

The procedure used for the ABTS assay consists of: 
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 Prior to the analysis of the samples and calibration solutions, prepare the ABTS radical 

solution by mixing 7 mM ABTS stock solution with 2.45 mM potassium persulfate (final 

concentration) and left the mixture for 12-16 h in the darkness at room temperature to 

ensure the radical full formation.  

  Afterwards, dilute the ABTS radical solution with PBS to have an absorbance of 0.70 at 

734 nm. In this work, the absorbance measurements were carried out in a Shimadzu UV-

1800 spectrophotometer.  

 Add to a test tube 20 µL of an ethanolic solution containining 450 ppm of the extract or 

20 µL of the calibration solutions.  

 Then, add 2 mL of the diluted ABTS radical solution to the test tube and wait 6 minutes. 

 After this time, measure the absorbance of the samples at 734 nm.   

In order to observe the reduction of the absorbance produced only by the Trolox or by the extracts, 

a blank solution was prepared using ethanol instead of the sample or of the calibration solutions.  

 

 

Determination of the antioxidant activity of the extracts by the DDPH 

assay  

 
Another procedure used for the determination of the antioxidant activity of the extracts was the 

DPPH assay [A.XI]. As it occurs with the ABTS assay, this test also consists on a 

spectrophotometrical analysis of the capacity of the extract to reduce the DPPH radical. The 

DPPH is a dark powder composed by stable radical molecules and once it is dissolved it presents 

a violet colour (with a maximum absorbance at λ = 515 nm). However, when the DPPH is 

neutralized by another radical or it is reduced, the solution changes the colour from violet to pale 

yellow.  

Prior to subjecting the extracts to the DPPH assay, a calibration curve using ethanolic solutions 

containing between 0 and 100 ppm of Trolox was constructed. The calibration curve permitted 

the interpretation of the absorbance measurements in order to transform them in Trolox equivalent 

antioxidant capacity, expressed as Trolox equivalent (mg/L).  

The procedure used for the DPPH assay consists of: 
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 Place 50 µL of an ethanolic solution that contains 450 mg/L of the extracts or 50 µL of 

the calibration solutions in a test tube.  

 Add to the test tube 2 mL of an ethanolic solution that contain the 0.06 mM DPPH and 

stir it for 1 min using a vortex.   

 Cork the test tube with parafilm, cover it with aluminium foil and keep it in the dark at 

room temperature for 16 minutes. 

 After this time, measure the absorbance of the sample at 515 nm. In this thesis, these 

measurements were carried out in a Shimadzu UV-1800 spectrophotometer. 

A blank solution that contained ethanol instead of the calibration solutions or the solutions 

containing the extracts was subjected to the DPPH assay in order to observe only the reduction of 

the absorbance produced by the Trolox or by the extracts.  

 

 

Determination of the antioxidant activity of the extracts by the FRAP 

assay  

 
The last procedure used for the determination of the antioxidant activity of the extracts was the 

FRAP assay [A.XII]. As it occurs with the described methods for the determination of the 

antioxidant activity, this assay consist on a spectrophotometrical analysis of the capacity of the 

extract to reduce the Fe3+ cation to Fe2+. The Fe3+ forms an stable colourless complex with the 

2,4,6-tripyridyl-s-triazine (Fe3+-TPTZ) in an acid medium however in the presence of antioxidants 

the Fe3+ is reduced and the (Fe2+-TPTZ) complex is formed, which presents a blue colour (with a 

maximum absorbance at λ = 593 nm).  

As it was done in the previous antioxidant assays before subjecting the extracts to the FRAP assay, 

a calibration curve was constructed using methanolic solutions containing between 0 and 350 ppm 

of Trolox. The results were expressed as Trolox equivalent (mg/L).  

The procedure used for the FRAP assay consists of: 

 Prior to the analysis of the samples and of the calibration solutions, prepare the FRAP 

reagent solution by mixing 25 mL of a 0.3 M acetate buffer (pH 3.6), 2.5 mL of a 10 mM 

solution of 2,4,6-tripyridyl-s-triazine in 40 mM HCl and 2.5 mL of 20 mM FeCl3 · 6 H2O.   
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  Afterwards, place 100 µL of the calibration solutions or 100 µL of a methanolic solution 

containing 500 ppm of extracts in a test tube.  

 Add 3 mL of the FRAP reagent to the test tube and stir it for 1 min using a vortex.   

 Then, incubate the test tube in a water bath at 50 ºC for 20 minutes.  

 After this time, cool down the test tube at room temperature and measure the absorbance 

of the sample at 593 nm. In this thesis, the measurements were carried out in a Shimadzu 

UV-1800 spectrophotometer. 

A blank solution prepared with methanol was also subjected to the FRAP assay.  

 

 

Determination of the in vitro antimicrobial activity of the extracts 

 
The antimicrobial activity of the extracts obtained from the different hydrolysates against six 

different bacterial strains was determined using the procedure described by Moreira et al. [A. 

XIII]. The bacterial strains used were Listeria innocua (NCTC 10528), Staphylococcus aureus 

(isolated from food sample, accession number 18N, collection from CINATE), Escherichia coli 

(ATCC 25922), Bacillus cereus (DSM 4313), Pseudomonas aeruginosa and Salmonella sp. 

(isolated from food source, internal collection from CINATE). The antimicrobial activity of the 

extracts was estimated by the determination of their minimum inhibitory concentration (MIC) and 

their minimum bactericidal concentration (MBC). The MIC is considered as the lowest extract 

concentration needed to inhibit microbial growth after 24h of incubation at 37 ºC. The MBC, on 

the other hand, is the lowest extract concentration necessary to prevent the bacterial growth, being 

the initial viability also reduced by at least 99.9% after 24h of incubation at 37 ºC.   

To carry out the determination of the in vitro antimicrobial activity of the extracts, firstly the 

microorganisms were cultured.  

The culture of the microorganisms was carried out as follows: 

 Reactivate the microorganism by inoculating it to sterile Mueller-Hinton broth (MHB).  

In order to store the microorganisms they have to be mixed with glycerol at 15.0 % (v/v) 

and stored in criovials at -80 ºC until use.  
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 Let the inoculum reactivate by incubating it at 37 ºC for 10-12 h under aerobic conditions 

without shaking.  

 Then, transfer an aliquot of the culture to a tube containing fresh MHB and incubate it 

overnight at 37 ºC.   

Once the microorganisms were cultured, different samples in which the bacterial growth reduction 

was analysed were prepared. These samples were the followings: 

 A positive control which corresponds to a MHB solution of the inoculum containing 

DMSO in a concentration of 5.0 % (v/v).   

 Negative controls which correspond to MHB solutions containing 5.0 % (v/v) of DMSO 

and between 5 and 20 mg/mL of the extracts. These solutions represent the abiotic 

controls.  

 The test samples correspond to MHB solutions of the inoculum containing 2.0 % (v/v) of 

MHB solutions containing between 5 and 20 mg/mL of the extracts. In each solution the 

tested bacteria presents a population of 106 CFU/mL.  

All the samples were incubated  at 37 ºC for 24 h. The positive and negative controls are used to 

check potential contaminations and for comparative purposes.   

To determine the MIC and MBC of the extracts, the bacterial growth reductions were determined 

by comparing the viable cell counts between the positive control and the test samples after 0 and 

24h of incubation. The bacterial growth reduction was evaluated as follows: 

 Dilute 100 µL of the test samples or of the positive control with peptone water through 

serial decimal dilutions.  

 Place 20 µL of each diluted sample on a MH agar and incubate them at 37 ºC for 48h. 

 Count the viables using the drop count method described by Miles et al. [A.XV] after 0 

and 24h of incubation.  
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APPENDIX V 

 
PROCEDURES FOR THE CHARACTERISATION OF 

LIGNIN   

 
This appendix gathers the procedures used to characterise chemically and structurally the lignins 

isolated by different delignification treatments. The chemical composition of the lignin was 

determined by measuring its monosaccharide, ash and acid-soluble and acid-insoluble lignin 

content. The monosaccharide and acid-insoluble lignin content were determined following the 

protocol described by Erdocia et al. [A.XVI], after being modified. The acid-soluble lignin and 

the ash content were determined by the TAPPI (TAPPI UM250 um-83) protocol [A.I] and by 

modifying the protocols described by Liu et al. [A.XVII], respectively. These analyses, except 

the determination of the ash content, were carried out in triplicates, being the results expressed as 

the arithmetic average value and the standard deviation.  

Furthermore, the lignin was subjected to different instrumental analyses such as FTIR, Py-

GC/MS, HPSEC, TGA, 13C-NMR and 1H-NMR in order to elucidate better its structure and to 

have more information about its composition.  

 

 

Determination of the ash content of lignin 

 
The ashes consist on the inorganic matter present in the lignin isolated from biomass and its 

presence is typically attributed to the procedure used in its isolation. In this case, instead of using 

the procedure detailed in the Appendix I for the determination of the ash content in biomass a 

modification of the procedure proposed by Liu et al. [A.XVII] was used.  Instead of carrying out 

the determination using a muffle furnace a thermogravimetric analysis was carried out, as it 

permits the employment of milligrams of sample. To analyse the ash content in lignin, between 3 

and 5 mg of the isolated lignin were introduced in a TGA/SDTA RSI analyzer 851 (Mettler 

Toledo) working under an air atmosphere and using a heating rate of 10 ºC/min to increase the 

temperature from 25 ºC to 800 ºC.  
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The determination of the ash content (AC (%), expressed as g/100 g oven-dried vine shoots) is 

important for the estimation of the acid-insoluble lignin content of the isolated lignin, as the ashes 

are not solubilised during the acid hydrolysis treatment and they contribute in the gravimetric 

determination of the acid-insoluble lignin.   

 

 

Determination of the acid-insoluble lignin and carbohydrate content of 

lignin 

 
The determination of the chemical composition of the lignins isolated by the different treatments 

is an essential analysis as it permits the determination of its purity, which is estimated as the 

contribution of the acid-soluble and acid-insoluble lignin. The isolated lignins could contain 

carbohydrates as impurities, since during the delignification treatment cellulose and 

hemicelluloses could be partially solubilised and trapped in the lignin during the precipitation 

stage or they could remain covalently link to the lignin [A.XVIII]. The determination of the acid-

insoluble lignin and carbohydrate content was carried out by modifying the procedure described 

by Erdocia et al. [A.XVI], as instead of having the samples at 100 ºC for 3h, they were autoclaved 

at 121 ºC for 1h, obtaining comparable and more precise results.    

The procedure used to determine the acid-insoluble and carbohydrate content of the isolated 

lignins is the same as the quantitative acid hydrolysis used for the determination of the chemical 

composition of the biomass (Appendix I). However, to carry out the second hydrolysis stage the 

sample has to be less diluted as the concentration of H2SO4  in the has to be 12.0 wt.% instead 4.0 

wt.%. In this thesis, the carbohydrates present in the lignin were determined by analysing the 

resulting liquid phases using an 300 x 7.8 mm Aminex HPX-87H column (Bio-Rad Laboratories, 

USA), as in almost all the cases the lignins have been extracted from autohydrolysed solids from 

which the hemicelluloses have been removed.   

The estimation of the acid-insoluble or Klason lignin was carried as follows: 

𝑲𝒍𝒂𝒔𝒐𝒏 𝒍𝒊𝒈𝒏𝒊𝒏 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 (%) =  (
𝑚5 −𝑚4

𝑚0 ∙  
(100 − 𝐻(%))

100

 · 100 ) − 𝐴𝐶(%)  
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The estimation of the carbohydrate present in the isolated lignin was carried out as follows: 

𝑮𝒍𝒖𝒄𝒂𝒏/𝒙𝒚𝒍𝒂𝒏/𝑨𝒓𝑶𝑺 (%) = 𝐹 ∙ 𝐶𝑒𝑠𝑡 ∙  
[𝑋]

𝜌
 ∙

𝑃

𝑚0 ∙  (
100 − 𝐻(%)

100
)
 ∙  100 

 

𝑷 = (𝑚1 − (𝑚0 ∙ (
100 − 𝐻 (%)

100
) ∙
𝐾𝐿𝐶 (%)

100
 )) ∙  

𝑚1 − (𝑚2 −𝑚3)

𝑚1
 

 

A more detailed explanation of these calculations is collected in the Appendix I.  

In order to determine the acid-soluble lignin present in the isolated lignin, the volume of the liquid 

phase obtained from the above treatment has to be measured (VF).  

 

 

Determination of the acid-soluble lignin content of the isolated lignin 

(TAPPI UM250 um-83)  

 
In the estimation of the purity of the lignin the acid-soluble lignin is also taken into account, as 

due to the acid conditions used in the determination of the acid-insoluble lignin part of the isolated 

lignin could have been solubilised.  

The determination of the acid-soluble lignin content on the isolated lignin consists of: 

 Dilute 75 times an aliquot of the liquid phase obtained during the determination of the 

acid-insoluble lignin using a solution of 1M H2SO4.  

 Measure the absorbance of the sample at 205 nm, using the solution of 1M H2SO4, as the 

blank. The absorbance measured should be between 0.1 and 0.8. In this thesis, the 

absorbance measurements were carried out in a Shimadzu UV-1800 spectrophotometer.  

The acid-soluble lignin was estimated as follows: 

𝑨𝒄𝒊𝒅 − 𝒔𝒐𝒍𝒖𝒃𝒍𝒆 𝒍𝒊𝒈𝒏𝒊𝒏 (%) =  
𝐴𝑏𝑠205 𝑛𝑚 ∙ 𝐷𝐹 ∙  𝑉𝐹

𝜀 ∙ 𝐷𝑀 · 𝑙
 ∙ 100 

 

where Abs205 nm is the absorbance measured at 205 nm (relative to a 1M H2SO4 at 205nm) and DF 

is the dilution factor. ε is the extinction coefficient of the lignin at 205 nm (110 L/g·cm ), DM is 

the weight of the sample used in the acid hydrolysis (in oven-dried basis) and l is the path length, 

typically 1 cm. 

The purity of the isolated lignin is estimated as follows: 
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𝑷𝒖𝒓𝒊𝒕𝒚 (%) = 𝐴𝑐𝑖𝑑 − 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 (%) + 𝐴𝑐𝑖𝑑 − 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 (%) 

 

 

Fourier Transform Infrared (FTIR) spectroscopy analysis  

 
The chemical structure of the lignin was evaluated by analysing it by a PerkinElmer Spectrum 

Two FT-IR spectrometer. The FTIR spectrums were recorded between 4000-600 cm-1, 

accumulating a total of 8 scans in transmission mode with a resolution of 4 cm-1. 

 

 

High Performance Size Exclusion Chromatography (HPSEC) analysis  

 
The molecular weight distribution of the lignins was determined by subjecting it to HPSEC 

analysis, being their average molecular weight (Mw), number average (Mn) and polydispersity 

index (Mw/Mn) studied. Prior to the HPSEC analysis, a solution containing 3 g lignin/L in 

dimethylformamide (DMF) with 0.1 % of lithium bromide was prepared. 20 µL of this sample 

were analysed by a Jasco LC Net II/ADC chromatograph equipped with a refractive index 

detector and two PolarGel-M columns (Varian Polymer Laboratories) in series. The sample was 

eluted with the DMF solution at 40 ºC using a flow rate of 0.7 ml/min.   

The calibration of the HPSEC was carried out using polystyrene standards with molecular weights 

between 62,500 and 266 g/mol, provided by Sigma Aldrich. Since, these standards were used the 

results obtained by the HPSEC analysis are orientative and only serve for the comparative analysis 

carried out throughout this thesis.  

 

 

Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) 

analysis  

 
The Py-GC/MS analysis of the lignin provides information about its structure, as the pyrolysis 

products represent in higher or lower degree the structural units that constitute the original lignin 

structure [A.XIX]. However, it has to be taken into account, that these products could not be 

forming part of the lignin, as during the pyrolysis the structure of the lignin is changed. The 

isolated lignin was analysed by a 5150 Pyroprobe pyrolyzer (CDS Analytical In., Oxford, PA) 
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connected to an Agilent 6890 gas chromatograph coupled to an Agilent 5973 (Agilent 

Technologies In., USA) mass spectrometer. The gas chromatograph employed He as the carrier 

gas and it was equipped with a 30 m x 0.25 mm x 0.25 µm film thickness HP-5MS ((5.0 % 

phenyl)-methylpolysiloxane) column. The pyrolysis was performed at 600 ºC (15 s) reached using 

a heating rate of 20 ºC/ms and the interface was kept at 260 ºC. The chromatographic method 

used for the separation of the pyrolysis products was the same as the one detailed for the 

qualitative analysis of the extracts, which is described in the Appendix IV. 

 

 
13C and 1H Nuclear Magnetic Resonance (13C- and 1H-NMR) analysis  

 
The NMR analyses of the lignin provide information about its chemical structure, as it permits to 

determine qualitatively some important building blocks of its structure. To carry out the analysis 

40 mg of lignin dissolved in deuterated dimethyl sulfoxide (DMSO-d6) were analysed by a Bruker 

Avance 500 MHz equipped with a z-gradient BBI probe working at 30 ºC. The spectral width 

used was 25,000 Hz for the 13C and 5,000 Hz for the 1H analysis. 
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